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Zusammenfassung

In dieser Arbeit identifizieren und untersuchen wir verschiedene universelle Quan-
tenphdnomene, die insbesondere, aber bei Weitem nicht ausschlieSlich, relevant
fiir Gravitation sind.

Im ersten Teil beschéftigen wir uns mit der Frage, wie lange ein generisches
Quantensystem als klassisch angenahert werden kann. Wir benutzen ein Skalar-
feld mit Selbstwechselwirkung als prototypisches Model, um mégliche Skalierun-
gen der Quantenbruchzeit ¢, zu diskutieren, nach der die klassische Beschreibung
zusammenbricht. Anschliefend wenden wir diese Analyse auf das hypothetische
QCD-Axion an. Unser Ergebnis ist, dass die Naherung als klassisch oszillierendes
Skalarfeld extrem genau ist. Als Néchstes untersuchen wir de Sitter. Dabei ist
unser Ansatz, die klassische Metrik als Multigraviton-Zustand, der auf Minkowski-
Vakuum definiert ist, auszulosen. Auf der einen Seite schafft es dieses zusam-
mengesetzte Bild von de Sitter, alle bekannten (semi-)klassischen Eigenschaften
zu reproduzieren. Auf der anderen Seite fiithrt es zu einem Zusammenbruch der
Beschreibung durch eine klassische Metrik nach der Zeitskala ¢, = 1/(GnH?),
wobel Gy die Gravitationskonstante ist und H der Hubble-Parameter. Dieses Re-
sultat zieht wichtige Einschrankungen fiir inflationdre Szenarien nach sich. Auf-
grund von Anzeichen, dass Quantenbrechen im Spezialfall von de Sitter zu einer
Inkonsistenz fiihrt, formulieren wir auflerdem die Quantenbruchschranke. Sie be-
sagt, dass jede konsistente Theorie einen quasi-de Sitter-Zustand verlassen muss,
bevor Quantenbruch eintreten kann. Folgen dieses Kriteriums sind, dass Selb-
streproduktion in Inflation unmaoglich ist sowie dass die heute beobachtete dunkle
Energie nicht konstant sein kann, sondern sich langsam mit der Zeit verdndern
muss. Zudem hat die Quantenbruchschranke weitreichende Folgen hinsichtlich
Physik jenseits des Standard Modells, da sie jede Erweiterung mit einer spontan
gebrochenen diskreten Symmetrie ausschliefit sowie die Axion-Losung zum starken
CP-Problem unausweichlich macht.

Im zweiten Teil untersuchen wir, wie ein Quantensystem effizient Information
speichern kann. Wir zeigen auf, dass generische bosonische Systeme mit schwacher
und attraktiver Wechselwirkung Zustande besitzen, die wegen emergenter nahezu
masseloser Freiheitsgrade eine starke erhohte Speicherfahigkeit aufweisen. Dies ist
von grofler Bedeutung sowohl fiir das Speichern von Quanteninformation unter
Laborbedingungen als auch fiir die Simulation anderer Systeme mit erhohter Spe-
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icherfahigkeit, wie z.B. Schwarzer Locher, de Sitter und neuronaler Netze. Wir
untersuchen eine vereinfachte Version eines attraktiven Bosegases mit Dirichlet-
Randbedingungen in einer Dimension als prototypisches Beispiel. Schlieflich gehen
wir nédher auf des Phédnomen der Speicherbiirde ein, dessen Kern ist, dass gespe-
icherte Information generischer Weise eine Riickreaktion auf das System austibt
und es auf diese Weise an seinen Anfangszustand bindet. Fiir Schwarze Locher
und de Sitter entspricht dies der Beschreibung von Quantenbruch aus der Perspek-
tive von Quanteninformation.

Die herausragende Bedeutung nahezu masseloser Freiheitsgrade fithrt uns zum
dritten Teil, der sich mit Infrarotphysik beschéftigt. Bisher existieren zwei Meth-
oden, um mit Infrarotdivergenzen umzugehen, die in Theorien mit masselosen
Teilchen wie QED und Gravitation auftreten: die Inklusion weicher Emission und
das Verkleiden asymptotischer Zustdnde. Unser erstes Ziel ist es, einen kom-
binierten Formalismus zu entwickeln, der diese beiden Anséitze vereinheitlicht.
Seine entscheidende Stérke ist, dass er im Gegensatz zu seinen Vorgéangern zu einer
sinnvollen Dichtematrix des Endzustands fiihrt, d.h. er ist in der Lage, die kleine
aber nichtverschwindende Menge an Dekohédrenz zu beschreiben, die sich durch
die Spur iiber unbeobachtete weiche Strahlung ergibt. Hinsichtlich Schwarzer
Locher zeigen wir auf, dass infrarote Strahlung nicht die fithrende Ordnung der
Entropie erfassen kann, sondern nur einen logarithmischen Bruchteil. Wegen der
Verbindung des Theorems iiber weiche Gravitonen mit der BMS-Gruppe asymp-
totischer Symmetrien untersuchen wir aufferdem das Verhaltnis von Supertransla-
tionen und der Information eines Schwarzen Loches. Unser Ergebnis ist, dass die
erstgenannten nattirlicher Weise zur Buchhaltung genutzt werden konnen, aber
dass sie nicht pradiktiv oder einschrankend wirken.



Abstract

This thesis seeks to identify and investigate various universal quantum phenomena
that are particularly, albeit by far not exclusively, relevant for gravity.

In the first part, we study the question of how long a generic quantum system
can be approximated as classical. Using a prototypical model of a self-interacting
scalar field, we discuss possible scalings of the quantum break-time ¢, after which
the classical description breaks down. Subsequently, we apply this analysis to
the hypothetical QCD axion. We conclude that the approximation as classically
oscillating scalar field is extremely accurate. Next we turn to de Sitter. Our
approach is to resolve the classical metric as a multi-graviton state defined on
top of Minkowski vacuum. On the one hand, this composite picture of de Sitter
is able to reproduce all known (semi)classical properties. On the other hand,
it leads a breakdown of the description in terms of a classical metric after the
timescale t, = 1/(GnyH?), where Gy and H correspond to Newton’s constant and
the Hubble scale, respectively. This finding results in important restrictions on
inflationary scenarios. Furthermore, indications that quantum breaking results in
an inconsistency in the special case of de Sitter lead us to formulate the quantum
breaking bound. It requires that any consistent theory must exit a quasi-de Sitter
state before quantum breaking can take place. This criterion rules out the regime
of self-reproduction for inflation and moreover it implies that the present dark
energy cannot be constant but must slowly evolve in time. Additionally, it has
far-reaching consequences for physics beyond the Standard Model by ruling out
any extensions with a spontaneously-broken discrete symmetry and by making the
axion solution to the strong CP problem mandatory.

In the second part, we investigate how a quantum system can efficiently store
information. We point out that generic bosonic systems with weak and attractive
interaction possess states that exhibit a sharply enhanced memory capacity due to
emergent nearly-gapless degrees of freedom. This has important implications both
for the storage of quantum information under laboratory conditions and for simu-
lating other systems of enhanced memory capacity, such as black holes, de Sitter
and neural networks. As a prototypical example, we study a simplified version
of an attractive Bose gas with Dirichlet boundary conditions in one dimension.
Finally, we elaborate on the phenomenon of memory burden, the essence of which
is that stored information generically backreacts on the system and tends to tie it
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to its initial state. For black holes and de Sitter, this amounts to the description
of quantum breaking from the perspective of quantum information.

The crucial importance of nearly-gapless degrees of freedom leads us to the
third part, which revolves around infrared physics. So far, two methods exist to
deal with infrared divergences that occur in gapless theories such as QED and
gravity: the inclusion of soft emission and the dressing of asymptotic states. Our
first goal is to develop a combined formalism that unifies these two approaches.
Its crucial strength is that unlike its predecessors, it leads to a sensible density
matrix of the final state, i.e. it is able to describe the small but nonzero amount
of decoherence that arises due to tracing over unobserved soft radiation. With
regard to black holes, we conclude that infrared radiation can only account for a
subleading logarithmic part of the entropy. Motivated by the relationship of the
soft graviton theorem and the BMS group of asymptotic symmetries, we moreover
investigate the connection of supertranslations and black hole information. We
conclude that the former can be naturally used as a bookkeeping tool, but that
they have no predictive or constraining power.
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Chapter 1

Introduction

1.1 High Energy Physics after Planck, LHC and
LIGO

1.1.1 Challenges

Physics has seen great progress in the 215 century. A spectacular success consisted
in the first direct detection of gravitational waves [11] more than 100 years after
they were predicted [12]. Equally important was the discovery of a new parti-
cle at the LHC [13,/14] that appears to be the Standard Model Higgs boson, as
it was predicted more than 50 years ago |15H17|. If this expectation turns out
to be true, this would mark the completion of the Standard Model. Finally, the
unprecedented precision with which the Planck-mission has observed the cosmic
microwave background has greatly advanced our understanding of the early Uni-
verse [18,|19]. In particular, its results are fully consistent with the paradigm of
inflation [20]. Nevertheless, outstanding challenges remain, of which we shall name
a few important examples.

e First evidence for dark matter was found more than 80 years ago [21], but
its microscopic nature is still unclear.

e Likewise, the mechanism behind the accelerated expansion of today’s Uni-
verse, which was discovered in 1998 [22,23], needs to be determined. Promi-
nent candidates include a very small but nonzero cosmological constant and
a dynamical quintessence field.

e Despite the discovery of a candidate for the Higgs boson, the LHC has defied
many theorists’ expectations since so far it has found no compelling evidence
for any physics beyond the Standard Model (see e.g. [24]).

e While the Planck results are in line with the paradigm of inflation, a great
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challenge consists in selecting a concrete scenario among the plethora of
proposed models.

e Finally, it remains to be elucidated how the black holes, the mergers of
which lead to detectable gravitational waves, were created in the cosmological
evolution.

We shall try to extract common themes from the above questions. Needless to
say, such an attempt is a matter of interpretation and highly subjective.

The Importance of de Sitter. By definition, inflation corresponds to a
quasi-de Sitter state, i.e. a cosmological solution that is sourced by an almost-
constant vacuum energy. Likewise, the observation of the accelerated expansion
of the present Universe implies that it starts to be dominated by vacuum energy.
Therefore, it is of great importance to study de Sitter.

The Reality of Black Holes. In the past, black holes have often been the
arena of theoretical gedankenexperiments. Probably the most prominent example
consists in the debate about black hole information [25,26], to which we shall
turn in the subsequent section [1.3.1] Since the observation of black hole mergers,
however, understanding their dynamical properties has become even more relevant,
also with regard to observations.

Minimalistic Models. One could try to interpret all finding to which we
referred above in a minimalistic approach, in which the simplest possible theories
are selected. For example, the scenario in which dark matter corresponds to a
noninteracting scalar field is still viable (see e.g. [27])[| Moreover, the LHC has
found no degrees of freedom beyond the Standard Model. Finally, simple single-
field inflation is still able to explain all Planck-data. The inflaton could even be a
particle of the Standard Model, as it is the case in Higgs inflation [30].

1.1.2 New Perspectives

The goal of the present work is to investigate if progress on the above-mentioned
challenges can be made by viewing them from new perspectives that we shall
propose.

Limitations of Classical Physics. Mathematically, both black holes and de
Sitter correspond to solutions of classical gravity that are derived in the absence of
quantum effects. We know, however, that any fundamental description of Nature
has to include quantum phenomena. Therefore, it is crucial to investigate the lim-
itations of classical physics, i.e. to study how far it can take us and at what point
it breaks down. We will show that quantum effects can become more important

1One can argue that it would be even more minimalistic if dark matter were explained by
right-handed neutrinos since the latter are required in any case due to the observation of neutrino
oscillations. This scenario is e.g. realized in the ¥MSM [28][29].
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than one would naively expect. In particular, they can be relevant for macroscop-
ically large objects. Apart from implications for the challenges mentioned above,
this observation is moreover crucial for the question of black hole information. Fi-
nally, also for the study of dark matter it is important to determine if the classical
approximation is valid or if quantum effects need to be taken into account.

The Importance of Quantum Information for Gravity. Once we con-
clude that the classical approximation of black holes and de Sitter tends to break
down due to quantum effects, a very natural follow-up question is what the classical
description is replaced by. Whereas it is very hard to find a complete answer, we
shall show that quantum information can play a crucial role. In short, the reason
is that any microscopic description of black holes or de Sitter has to account for
the huge Bekenstein-Hawking [31] or Gibbons-Hawking entropy [32], respectively.
Therefore, we will develop a picture that is completely independent of geometry
by viewing the gravitational systems from a perspective of information storage.
Such an approach can have important observational implications. For example,
it leads to inflationary observables that are sensitive to more than the last 60 e-
foldings. Moreover, it is conceivable that black hole evaporation slows down due
to their high capacity of information storage. If this is true, it would alleviate
constraints on small primordial black holes as dark matter candidates (see e.g. [33]
for a review).

Consistency Issue of the Cosmological Constant.  Finally, the study
of how long the description of de Sitter in terms of a classical metric is valid will
reveal signs of a fundamental conflict. Whereas the cosmological constant is an
unchangeable parameter of the theory, quantum effects gradually lead to a com-
plete deviation from de Sitter. This is an indication that de Sitter is inconsistent
on the quantum level. Interestingly, this phenomenon is an effect of infrared quan-
tum gravity, i.e. it is fully independent of the UV-completion of gravity. If the
cosmological constant indeed leads to an inconsistency, then any consistent theory
must exit a quasi-de Sitter state before quantum effects start to dominate. This
implies that the present dark energy cannot be constant but must slowly evolve
in time and moreover it leads to important restrictions on inflationary scenarios.
Additionally, the inconsistency of a metastable de Sitter vacuum would rule out
many well-motivated extensions of the Standard Model. The more involved a
model is, the more likely it becomes that an inconsistent de Sitter vacuum exists
somewhere in phase space. In this way, a fundamental problem of de Sitter in its
infrared quantum description could provide a reason why minimalistic theories are
observed in experiment.

The purpose of this thesis is to elaborate on the above approaches. Before
we come to original work, we shall use the remainder of this chapter to review
important results upon which our studies are based.
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1.2 Conventions

First, we introduce the conventions used in the following. Throughout, we will set
¢ = kg = 1, but we keep h explicit unless states otherwise. The metric signature
is (+,—,—, —). In order to simplify notations, we will omit numerical prefactors
in large parts of chapters[I] [ and 3] Therefore, except for chapter [4] the symbol
“~” stands for equality up to a numerical prefactor.

We denote Newton’s constant by Gp. Correspondingly, the Planck mass is

M, = /h/Gx and the Planck length is Lp = \/hGy .

1.3 Quantumness on Macroscopic Scales

As said, any fundamental description of Nature has to include quantum effects.
Nevertheless, the classical approximation is extremely accurate in almost all con-
texts. In fact, it works so well that quantum physics was not even discovered
until the 20" century. It appears that the reason why quantum phenomena are
so hard to observe is that they are solely relevant on microscopically small scales,
i.e. when only a relatively small number of quanta is involved. As systems become
macroscopically large, it seems that the importance of quantum effects diminishes.
However, this does not always need to be the case, so it is very interesting to look
for large systems which nevertheless cannot be descried classically. In this regard,
systems that are stationary or static on the classical level are especially relevant.
For those, quantum effects will always be the dominant source of time evolution,
no matter how long it takes until they become important.

1.3.1 Black Holes
The Puzzle of Black Hole Information

One such class of systems that are static in the classical approximation are black
holes. Moreover, they are particularly interesting because of the long-standing
debate on what has become known as “information paradox” [26], which is a
suspected violation of unitarity by black holes. As we shall elaborate on, how-
ever, there is no paradox, so we will use the terminology “puzzle of black hole
information”. In short, the upshot will be that the assumption that a black hole
of macroscopic size can always be described classically leads to a contradiction.
Therefore, it follows by consistency that the classical description must break down
on macroscopic scales. Based on earlier suggestions [34-36], this idea that a black
hole is a macroscopic quantum object was first put forward in [37].

We will begin by introducing the relevant quantities. The geometry of a black
hole of mass M is described by the Schwarzschild radius

re =~ MGy . (1.1)
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The dimensions of the quantities are [ry] = (time), [M] = (energy) and [Gn]| =
(time)/(energy). Furthermore, a black hole possesses the Bekenstein-Hawking
entropy [31]

7“2

~ g
S = WG (1.2)
In its simplest form, it arises from requiring that whenever energy is added to a
black hole, the entropy of the black hole must increase in such a way that the
entropy of the whole Universe is conserved.

In the classical theory, black holes have two remarkable properties. First, they
form an event horizon, i.e. nothing can ever escape them. Secondly, they possess
no hair (see e.g. [38] for a review), i.e. all black holes of the same mass have
are described by the same metric outside the horizon] Hawking has famously
shown [25], however, that the first property changes once quantum effects are
taken into account. For the following discussion it is crucial to note that he works
in the semiclassical limit, i.e. quantum fields are studied on top of a fixed classical
metric. Therefore, by construction, no backreaction on the black hole is taken into
account.

In this limit, Hawking has derived that black holes emit quanta the energies of
which are distributed thermally with the characteristic energy hr;l. The rate of
this particle production is

Tt (1.3)

g

Moreover, the produced particles are in a completely mixed quantum state. Most
importantly, since his calculation is only sensitive to the classical black hole metric,
all black holes of the same mass emit exactly the same spectrum of particles.
Finally, we emphasize that this process of Hawking particle production is a vacuum
process, i.e. it is based on the observation that the vacuum for one observer appears
as an excited state to another observer.

Additionally, we remark that the semiclassical calculation of black hole evap-
oration is independent of the UV-completion of gravity. The latter is expected
to become relevant when the curvature exceeds the scale M, i.e. on microscopic
distances that are smaller than the Planck length L,. In contrast, Hawking’s cal-
culation only relies on properties of the black hole near the horizon. Since the
curvature there is set by the scale r;l, it is small for black hole of large mass, i.e.
with M > M,. Only for black holes of small masses of the order of M, effects of
strong gravity become important and Hawking’s result can no longer apply.

The fact that in Hawking’s computation all black holes of the same mass emit
exactly the same spectrum of particles immediately leads to the the puzzle of
black hole information. In order to illustrate it, we can perform the following
gedankenexperiment. We prepare different initial states in such a way that they

2We assume a vanishing electric charge and angular momentum since they are inessential for
our discussion.
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(a) In the classical limit (1.4)), there is no emission.
(b) In the semiclassical limit (1.5), Hawking’s calculation of particle production is exact.
Since the mass of the black hole is infinite, however, the black hole does not shrink.

/
N

(¢) In the fully quantum picture, in which both Gy and / are finite, the black hole
evaporates and can disappear, but Hawking’s calculation is no longer exact.
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Figure 1.1: Evolution of a black hole in the classical and semiclassical limit as well
as in the fully quantum picture. In each case, the initial, intermediate and final
state are displayed from left to right. Only in the fully quantum picture, black
hole hair becomes visible.

all collapse to black holes of the same mass M. Subsequently, we wait until
they evaporate. By unitarity, we know that the evaporation products must be
different in correspondence to the different initial states. However, this appears
to contradict Hawking’s computation, in which the evaporation products are the
same for all black holes of a given mass and any other information about the initial
state is lost. We shall show, however, that a paradox can only appear as a result
of an inconsistent use of limits. We will study the three relevant cases, which are
depicted in Fig. [I.1] The following discussion closely follows [34137].
Classical Limit. First, we can take the classical limit,

h—0. (1.4)

In this approximation, the classical no-hair-theorem applies, i.e. different initial
states indeed form black holes that are indistinguishable for an outside observer.
However, this is not a problem since the black holes cannot evaporate in the absence
of quantum effects. Therefore, it is consistent to attribute the information about
the initial state to the interior of the black hole. We note that the Bekenstein-
Hawking entropy diverges in the classical limit, i.e. the amount of information
contained in a classical black hole is infinite Pl

3This reflects the fact that in a classical theory, infinitesimally small differences between initial
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Semiclassical Limit. As already mentioned, the crucial point is that Hawk-
ing’s calculation [25] is performed on top of a fixed classical metric, i.e. it does
not take into account any backreaction on the black hole. Therefore, it is only
exact in the limit in which the backreaction vanishes. This can be achieved by
taking the black hole mass to infinity because then the production of Hawking
quanta of finite mass indeed has no effect on the black hole. As the geometry and
therefore the Schwarzschild radius have to be kept fixed, we arrive at the following
double-scaling limit:

M — o, Gn — 0, ry fixed . (1.5)

It is important to note that A is kept finite. For this reason, the scaling rep-
resents the semiclassical limit, in which the geometry is kept fixed while quantum
effects are nonvanishing. In the semiclassical limit, there is no paradox, either.
The evaporation products are indeed featureless, i.e. identical for all black holes of
the same mass, but the black holes never shrink due to evaporation because of their
infinite mass. Thus, just as in the classical limit, it is consistent to attribute the
information about the initial state to the interior of the black hole. We note that
as in the classical limit, the entropy of the black hole diverges in the semiclassical
limit.

Fully Quantum Picture. Finally, we turn to the fully quantum picture, in
which both Gy and h are finite. Correspondingly, also the black hole mass is finite
so that black holes can indeed shrink due to evaporation. If Hawking’s calculation
were still able to describe black hole evaporation in this case, this would lead to a
paradox. Namely, then all black holes that have formed from different initial states
would lead to the same evaporation products, thereby contradicting unitarity/[]

Fortunately, Hawking’s calculation, which is performed in the limit of infinite
entropy S, is no longer exact for a black hole of finite mass but only represents
an approximation. In the most naive estimate, one would expect that corrections
appear that scale as 1/5 E] Already this simplest possible guess indicates that at
the latest after on the order of S quanta have evaporated, the corrections should
become important. This corresponds to the timescale

ty =~ Sry, (1.6)

states are still resolvable. Therefore, there are infinitely many ways to form a black hole of a
given mass.

4We note that even if Hawking’s calculation were applicable throughout the whole evaporation
process of a black hole of finite mass, it would still not be able to describe very small black holes
close to the Planck mass M, for which the curvature on the black hole horizon becomes large.
Therefore, no statements can be made about the final stages of evaporation. However, since at
that point the mass of the black hole is arbitrarily smaller than it was at the beginning, this
uncertainty bears no relevance for the question of unitarity.

50ne can even arrive at this conclusion using semiclassical arguments about the backreaction
of evaporation [39].
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after which the semiclassical description would no longer be trustable. As we
shall sketch below, more accurate and involved arguments indeed also yield this
result. Following [40], we will refer to ¢, as the quantum break-time. It will play a
prominent role throughout this thesis.

Even beyond the semiclassical limit, energy conservation still has to be ful-
filled. To the extent that evaporation takes place, the mass of the black hole must
diminish. Because Hawking quanta carry an energy of order hr;l, the quantum
break-time corresponds to the timescale when the mass of the black hole
has diminished significantly. Since Hawking’s calculation is performed in the limit
of vanishing backreaction, it is clear that there is no reason any more to assume
that a black hole still admits a description in terms of a classical metric once the
backreaction has becomes important [

A breakdown of the semiclassical description after the timescale ((1.6) may
sound surprising at first. The reason is that after losing on the order of half its
mass, an initially large black hole is still a macroscopic object, r, > L,. Thus, the
curvature on the horizon is still expected to be small so that UV-effects of quan-
tum gravity cannot be important. From this perspective, there is no reason why
Hawking’s calculation should no longer be applicable. The crucial point, however,
is that the breakdown of the semiclassical description after the timescale is
not related to effects of large curvature, which take place on small scales. In-
stead, it occurs on a macroscopic scale due to a strong backreaction from quantum
processes.

We can also formulate the puzzle of black hole information in terms of the
purity of states. If one forms a black hole from a pure state, unitarity dictates
that the final state of evaporation also has to be pure. In contrast, the emitted
quanta in Hawking’s computation are in a completely mixed state. During the
initial stages of evaporation, however, the emission of quanta in a mixed state does
not contradict a unitary evolution since one can imagine that the whole quantum
state, i.e. black hole and evaporation products, is in a pure state, but a mixed state
for the emission products is obtained after tracing over the black hole. As Page
has shown [42], this has to change at the latest after half evaporation, when the
Hilbert space of the black hole and the Hilbert space of emitted quanta are of the
same size. At this point, the emitted quanta need to purify and information has to
be released. Thus, the timescale also indicates the point when information
has to be released at the latest. In this context, the timescale r,5/2, which is
analogous to Eq. , is called Page’s time.

We can go one step further and use the above observation concerning the re-
lease of information to invert the argument about the validity of a semiclassical
description of the black hole. Namely, unitarity implies that after half evapora-

6As early as in 1980, Page noted the importance of this fact that backreaction already leads
to a significant deviation from the semiclassical description when the black hole is still macro-
scopically big [41].
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tion, the total state of all evaporation products needs differ significantly from a
completely mixed state. Therefore, a sizable departure from the result of the semi-
classical computation has to occur at the latest after the corresponding timescale
. The minimal strength of this deviation is determined by the requirement
that it can lead to a significant purification.

Loosely speaking, a paradox arises when we know “too much”, i.e. when we
possess two pieces of information that contradict each other. As we have seen,
however, the opposite situation is realized in a black hole. When the backreaction
due to evaporation has become significant after the timescale , we know close
to nothing about what the black hole has evolved into. In particular, there is
no reason any more to assume that it can still even approximately be described
by any classical geometry, let alone the metric of a black hole. Except for the
fact that the mass has to diminish due to evaporation, it is not even clear if the
black hole shrinks in any geometric sense. Likewise, it is completely uncertain
how the process of evaporation changes during the evolution of a black hole. After
the quantum break-time (1.6)), it is equally conceivable that it might slow down,
leading to an almost stable object, or speed up, causing a kind of explosion.

Quantum N-Portrait

As we have seen, the release of information, i.e. deviations from thermality, can
only be observed in the fully quantum picture, where both A and G are finite. Of
course, it is very hard to make quantitative predictions beyond the semiclassical
limit. To tackle this problem, Dvali and Gomez have proposed the quantum N-
portrait [34], which they developed further in [35-37,140,43,44]. Since we will
often refer to it throughout this thesis, we will briefly review this corpuscular
view of black holes. The key idea is to regard a black hole as an excited multi-
graviton state defined on top of Minkowski vacuum. This means that geometry is
no longer fundamental but only arises as expectation value of the quantum state
of constituent gravitons. Correspondingly, any interaction with the black hole and
the time evolution of the black hole arise due to scattering of or with the gravitons
of which the black hole is composed.

A strong motivation for this emergent picture of black holes comes from the
fact that they can be formed with the help of excitations in flat space. It is clear
that one can prepare an initial quantum state on top of Minkowski vacuum in such
a way that it subsequently forms a black hole. Although it may be very hard to
compute this process explicitly, the mere existence of such a unitary description
of collapse suffices for our argument. By evolving the initial state, it leads to a
quantum description of the final state, i.e. the black hole, on top of Minkowski.
This shows that it must in principle be possible to view a black hole as excited
state defined in flat space.

In the quantum N-portrait of a black hole, the wavelength of its constituents
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is set by the scale r, of the classical geometry, i.e. they have the energy
mg = hr,", (1.7)

where we use the unusual symbol m, for an easier comparison with later discus-
sions. In order to reproduce the classical energy M of the black hole, the number
of gravitons must bd’|

7,—2

_ g

N = Gnh (1.8)

We note that this number is identical to the Bekenstein-Hawking entropy ,
but this is a coincidence at this point. Because of the universality of gravitational
coupling, the interaction strength between two individual gravitons of energy hrg_l

is given by

g = hGNrg_2 , (1.9)

where we consider 4-point interaction for concreteness. We note that o, is mi-
nuscule for a large black hole, M > M,. However, the collective coupling, i.e.
the strength with which an individual soft graviton couples to the collection of all
others, is strong:

Ag=0oyN =1. (1.10)

Thus, the constituents of the black hole differ significantly from free gravitons.
Finally, we can investigate the classical limit and the semiclassical limit
in this approach. As is evident from Egs. and , both lead to a diverging
number of particles and a vanishing coupling:

N — o0, a, =0, Ay fixed. (1.11)

Therefore, it is clear why the (semi)classical limit corresponds to a vanishing back-
reaction. A state of infinite particle number cannot be changed by any process
that only involves a finite number of quanta.

Now we can turn to Hawking particle production in the quantum N-portrait.
There, it is no longer a vacuum process, but it arises as a result of ordinary
scattering. For example, two of the N soft gravitons that make up the black hole
can scatter and thereby produce a free graviton, i.e. one that is not part of the black
hole state. This process is depicted in Fig. [[.2] We can estimate its rate. Since
two gravitational 3-point interactions are involved, the amplitude scales as the
gravitational coupling a, (see Eq. (L.9)) and consequently the rate must contain
a factor of ozf]. However, this would only be the rate for the scattering of two
fixed gravitons. In the state of N gravitons, it gets enhanced by the possibilities

of choosing two out of the N gravitons, (1;[ ) ~ NZ2. Finally, the only quantity that

can give the rate its dimensionality of [I] = (1/time) is r;*. In total, we obtain

I'~r,'+O(1/N), (1.12)

TAs we can absorb numerical prefactors in redefinitions of N and «,, we use exact equalities.
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Figure 1.2: Hawking particle production as rescattering of gravitons: Two of the
N gravitons interact and thereby produce a Hawking quantum. (This figure was
adopted from [35].)

where we used that \;, = oy, N = 1. As indicated, this estimate receives corrections
that scale as 1/N. In particular, they arise due to the fact that the number of
gravitons in the final state of the black hole is different than in the initial one.
Thus, the 1/N-corrections encode the backreaction of particle production on the
black hole.

The derivation of the rate achieves two goals. First, it is able to repro-
duce Hawking’s rate in the semiclassical limit N — oco. Secondly, however,
it also gives a handle on computing particle production for finite A and G NEI In
this case, corrections arise that scale as 1/N. As explained before, we expect on
general grounds that such deviations occur beyond the semiclassical limit. That
we obtain those corrections is good news since those can lead to the deviations
from a featureless thermal evaporation that are required for unitarity. Moreover,
we can estimate the timescale of validity of the semiclassical description. Since
the process of Hawking particle production now is an ordinary scattering process,
which backreacts on the quantum state of the black hole, it leads to a signifi-
cant deviation from the initial state as soon as on the order of N gravitons have
experienced it. This gives the timescale

tq~ N1y, (1.13)

which is in full accordance with the previous simple estimate of the quantum
break-time.

Finally, the quantum N-portrait also provides us with a very natural perspec-
tive on black hole formation. We can consider a scattering process of two hard
gravitons. In such a case, a black hole can form if the center-of-mass energy is
super-Planckian. Once the black hole is viewed as an object composed of N soft

8What makes quantitative computations difficult is the fact that the collective coupling is
strong, A\, = 1. For this reason, tree-level processes in which a large number of gravitons of the
initial state scatter are not suppressed. Still, an explicit S-matrix computation (for the case of
black hole formation) has e.g. been performed in [45|.
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gravitons, one expects that black hole formation should be understandable as pro-
cess of 2 — N-scattering. It was shown in [45] that this is actually the casel’] (A
related calculation can be found in [49].)

1.3.2 De Sitter

Semiclassical Properties

Apart from black holes, another object that is stationary in the classical approx-
imation is de Sitter space, i.e. the vacuum solution of Einstein’s equations in the
presence of a positive cosmological constant A. We will discuss that it exhibits
many similarities to the case of black holes but also crucial differences. The ge-
ometry of de Sitter is described by the Hubble radius

/1
g — 1.14
RH A ) ( )

where the respective dimensions are [A] = 1/(time)? and [Ry] = (time). In the
classical theory, the spacetime possesses an energy density

A
N —. 1.15
e (1.15)
Analogously to the Bekenstein-Hawking entropy of black holes, de Sitter is char-
acterized by the Gibbons-Hawking entropy [32]

1
hGyA~

S~ (1.16)

Also particle production by a black hole has a counterpart in de Sitter, namely
Gibbons-Hawking particle production [32]. Again, it will be crucial for our dis-
cussion that this phenomenon was derived in the semiclassical limit, i.e. when
quantum fields are studied on top of a fixed classical metric. As before, this means
that no backreaction on de Sitter space is taken into account. In this limit, Gib-
bons and Hawking have derived that an observer in de Sitter will see a thermal
spectrum of particles with characteristic energy ARy'. The rate of this particle

production is
I'~ R, . (1.17)

As in the black hole case, this phenomenon arises as a vacuum process in the
semiclassical limit.

Again we shall discuss the three relevant limits. As always, the classical limit
corresponds to A — 0. In this case, the Gibbons-Hawking entropy diverges

9This calculation is moreover related to the idea that gravity self-completes by classicalization
[46-48], i.e. that it manages to self-consistently avoid a strong coupling regime by distributing
large energies among many soft quanta.
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and the process of particle production shuts off. For the computation of Gibbons-
Hawking radiation, the semiclassical limit is relevant, in which the energy density
of the spacetime is taken to be infinite while the geometry is kept fixed. From Eqgs.
(1.14) and , it is evident that this corresponds to

/1
GN — O, RH = K fixed . (118)

In analogy to the semiclassical limit for a black hole, the gravitational cou-
pling goes to zero while A stays finite. Again the entropy diverges. In this
limit, it is consistent to consider quantum effects that do not backreact on the
classical metric.

Finally, we discuss the fully quantum picture, in which both A and Gy and
consequently also S are finite. Since Gibbons-Hawking particle production was
computed in the limit of infinite S, one could naively expect that as for black holes,
corrections appear that scale as 1/S. Since those become important at the latest
after on the order of S quanta have been produced, the simplest possible guess for
the timescale after which the semiclassical description is no longer trustable is

tq~ SRy . (1.19)

A detailed study of this quantum break-time of de Sitter will be performed in this
thesis. As we shall sketch shortly, it will turn out that the estimate is indeed
justified, in agreement with the previous result in [44].

As for the black hole, the only statement that we expect to remain exact beyond
the semiclassical limit is energy conservation. Thus, to the extent that particles
are produced, the energy associated to de Sitter has to decrease. Beyond that,
it is completely unclear what de Sitter evolves into after the timescale . In
particular, there is no reason any more to assume that it can still even approxi-
mately be described by any classical metric. So the most likely scenario is that
the de Sitter radius neither increases nor decreases but simply ceases to exist as
a geometric notion. Likewise, particle production might equally well speed up or
slow down after quantum breaking.

Finally, we want to mention a crucial difference between black holes and de
Sitter. The mass M of a black hole is a parameter of a solution. Thus, in one
and the same theory of gravity, multiple black hole solutions corresponding to
different masses can exist. For this reason, it is at least in principle conceivable
that even though a full classical description of a black hole ceases to be valid after
the quantum break-time, it still shrinks in an appropriate sense due to evaporation.
In contrast, the cosmological constant is a parameter of the theory. Thus, there
is only one single de Sitter solution in a given theory. For this reason, one cannot
imagine how the backreaction due to particle production could even approximately
be described as a decreasing cosmological constant. As already noted in [44,[50],
this conflict between the fixed parameter A of the theory and the time evolution
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due to quantum effects indicates that quantum breaking could represent a more
severe problem in the special case of de Sitter. Section of the present thesis
will be devoted to the discussion of this point.

Fully Quantum Picture

Next, we turn to de Sitter beyond the semiclassical limit, i.e. when both A and
Gy are finite. As suggested in [44] (based on early ideas in [34]), it is possible
to develop a fully quantum picture of de Sitter in great analogy to the quantum
N-portrait for black holes. In this corpuscular approach, on which parts of this
thesis will be based, de Sitter is also viewed as a composite state of many soft
gravitons. We will briefly review it.

The first question that arises is what vacuum those gravitons are defined on.
Namely, de Sitter is traditionally regarded as a fundamental vacuum of gravity.
However, this point of view leads to well-known problems. In particular, the lack
of a global time makes it impossible to define an S-matrix. This creates a big
challenge since the S-matrix formulation is crucial for quantum gravity and string
theory. In order to circumvent these problems, Dvali and Gomez have proposed
a different point of view [44], in which Minkowski is regarded as the only true
S-matrix vacuum. As soon as de Sitter is treated as an excited state on top of the
Minkowski vacuum, it can profit from the well-defined S-matrix in flat space.

Another motivation for this emergent picture of de Sitter comes from inflation.
After reheating, we expect no obstruction in describing the Universe as a collection
of particles defined on top of Minkowski vacuum. Then we can make an analogous
argument as we did for black holes in section As long as reheating can
in principle be described as a unitary evolution, then also the Universe before
reheating, i.e. the quasi-de Sitter state of inflation, must possess a description as
quantum state defined on Minkowski vacuum.

Once we view de Sitter as emergent, we can proceed in analogy to the black
hole case. First, the wavelength of the constituent gravitons is set by the scale Ry
of the classical geometry, i.e. their energy is

my = hRy . (1.20)

The next requirement is to reproduce the classical energy density (1.15)) associ-
ated to the cosmological constant. To this end, one has to choose the number of
gravitons per Hubble patch as

1

N = .
hGyA

(1.21)

As in the black hole case, this number coincides with the entropy (1.16)) of de Sitter,
but again no fundamental reason is apparent to us why this should have to be the
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case. The strength of the gravitational coupling among individual constituent
gravitons is set by their energy:

a, = hGyA . (1.22)

Whereas this number is generically very small, the collective coupling, i.e. the
strength with which an individual graviton interacts with the collection of all
others, yields

Ag =agN =1. (1.23)

In full analogy to the quantum N-portrait of black holes, the collective interaction
is strong and therefore the constituent gravitons of de Sitter have to differ signif-
icantly from free gravitons. Finally, we can again investigate the classical limit
and the semiclassical limit in this picture. According to Egs. (1.21))
and , both correspond to an infinite number of particles and a vanishing
coupling:

N — o0, ag =0, Ag fixed. (1.24)

As is evident from Eq. , this is fully analogous to the black hole case. Any
quantum process that only involves a finite number of particles cannot backreact
on the quantum state of de Sitter in the (semi)classical limit.

Next, we turn to Gibbons-Hawking particle production in this composite pic-
ture of de Sitter. As for black holes, it no longer corresponds to a vacuum process,
but it arises as a result of ordinary scattering. Like before, we can for example
consider the case when two of the IV constituent gravitons of de Sitter scatter and
thereby produce a free graviton. Fig. can equally describe this process. Also
the estimate of the rate is fully analogous to the case of Hawking particle pro-
duction. Because two 3-point interactions of gravitons are involved, the amplitude
must contain a single power of o, and consequently the rate scales as 043. Moreover,

it is enhanced by a factor of (gf ) ~ N? due to the possibilities of choosing the two
gravitons that scatter. Since only Ry can give the rate its correct dimensionality,
we get in total

I'~ Ry + O(1/N), (1.25)

where we used that A\, = o,N = 1. Backreaction, i.e. the fact that the final
state of the constituent gravitons is different from the initial one, again leads to
corrections that scale as 1/N.

On the one hand, the rate reproduces the result of Gibbons and
Hawking in the semiclassical limit N — oco. On the other hand, however, it can
be used to obtain an estimate for the quantum break-time of de Sitter. Namely,
a significant deviation from the initial state of the constituent gravitons occurs as

soon as a sizable fraction of them has experienced the scattering process depicted
in Fig. This leads to the timescale

ty~ NRy (1.26)
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which agrees with the previous simple estimate ((1.19)) of the quantum break-time
of de Sitter.

1.4 Entropy Under the Microscope

Typically, geometry is regarded as the primary characteristic of gravitational sys-
tems. This is the case not only on the classical level but e.g. also in the fully
quantum pictures of black holes [34] and de Sitter [44] that we have just reviewed.
Also there the primary goal is to give a quantum resolution of the geometry.

In the following, we shall suggest an alternative point of view on these systems,
which is completely independent of their geometry. Based on early ideas [34], this
line of thought was pioneered in [36] and further developed in [51-53] using the
example of black holes. The starting point is that both black holes and de Sitter
share a remarkable property, namely they satisfy the Bekenstein bound [54] on
information storage capacity.m This means that among all systems of a given size,
black holes and de Sitter can record the most information, where their storage
capacity is measured by the Bekenstein-Hawking entropy and the Gibbons-
Hawking entropy ([L.16]), respectively. Whereas it is very difficult to give a complete
microscopic description of these gravitational systems, a necessary condition that
any such theory must fulfill is that it gives an explanation of the entropy. Therefore,
we shall suggest to view their maximal capacity of memory storage as key property
of black holes and de Sitter.

For this reason, we focus on the question how a generic quantum system can
achieve a high capacity of information storage. We will largely follow the argu-
ments presented in [34,36,51-53]. To account for a large entropy S, which could
e.g. represent the black hole entropy or the de Sitter entropy , a system
must possess an exponentially large number of microstates,

# microstates = e . (1.27)

A very natural way to achieve this is through a big number of lowly-occupied
modes that scales as

# modes ~ S, (1.28)

where we used that S distinguishable modes with a maximal occupation of d yield
S? different states.

The crucial point is that the states can only count as microstates if they
are nearly-degenerate in energy. Thus, the energy difference between the state in
which all of the modes are occupied and the one in which none are must be small.
For example, one can require that it is smaller than some fundamental energy gap

10WWe note that up to the numerical prefactor, the Bekenstein bound coincides with the previ-
ously discovered limit on information storage capacity by Bremermann [55].
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FEiypical of the system in question. In this case, the energy gap of a single mode
must satisfy[']

AE ,S Etypical 7 (130)
S
where Fiypical = hr;l for black holes and FEliypical = hRI_{l for de Sitter. The
property is remarkable as the resulting energy gaps are arbitrarily smaller
than the typical level spacing of the system, provided the entropy is large enough.
In summary, we conclude that systems of enhanced memory storage, such as black
holes and de Sitter, must possess a large number of modes that have an
extremely small energy gap . In other words, a big entropy necessarily
requires the existence of many nearly-gapless modes.
This observation has two important implications. First, it promises to provide
a new way of studying black holes and de Sitter. Since nearly-gapless modes play
a crucial role for them, one can look for such nearly-gapless excitations in other
systems, which are easier to study both theoretically and experimentally. If this
search is successful, one could use those prototype systems to draw conclusions
about information storage and processing in the gravitational systems, which are
much harder to analyze. Secondly, one can also invert the argument. We know
that black holes and de Sitter exhibit a sharply enhanced capacity of information
storage. Thus, if we manage to understand how they achieve this property, one
can try to imitate their mechanism in order to build devices that can efficiently
store quantum information under laboratory conditions, i.e. one could attempt to
construct “black-hole-like” storers of quantum information.

1.5 Infrared Physics

As we have seen, the large and in fact maximal entropy of black holes and de Sitter
requires the existence of a large number of extremely soft modes. Moreover, we
know that there is no mass gap in gravity. Because of these two facts, it is very
natural to ask if infrared physics, which deals with the infrared divergences that
arise in gapless theories, could help to shed light on how black holes and de Sitter
store and process information, as was e.g. suggested in [56] for the case of black
holes.

HTf we assume that the nearly-gapless modes can have both positive and negative energies, it
is also possible to adopt the weaker criterion

Eiypic:
AFE < —pical (1.29)

VS

In this case, not all but most states still fit in the elementary gap Eiypical- This suffices to obtain
the scaling (1.27)) of the number of microstates. For the following discussions, the difference
between the criteria ((1.30f) and (1.29)) will be inessential.
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The key observation of infrared physics is that in a gapless theory, any small
amount of energy suffices to produce an arbitrarily large number of quanta. That
this fact has important implications was already realized in the thirties [57] and
further studied in the sixties [58,[59]. As a first step, we can consider a generic
scattering process in which no soft quanta are emitted. When we compute the
amplitude for such a process, we generically find that it vanishes because of diver-
gent loop corrections. This fact is known as “infrared divergence”. It is crucial to
note, however, that it does not represent a problem of the theory. Instead, it is
a physical result: The probability that no soft modes are emitted in a nontrivial
scattering process is zero.

Next, one can include soft quanta in the final state. The number of soft quanta
can be arbitrarily large but the total energy contained in them must be small.
Then computation shows that the sum over all such final states that include soft
quanta gives an infinite contribution. However, when combined with the vanishing
contribution due to loop corrections, a finite total rate is obtained [57-59]. Thus,
all divergent contributions cancel self-consistently. Moreover, it turns out that
the tree level result, which includes neither loops nor soft emission, is a good
approximation and infrared physics only gives a small correction to the total rate.

This result could sound like the end of the story, but it is not. Shortly af-
ter Weinberg’s computation [59], a different approach to infrared divergences was
suggested, in which no soft emission was considered. Instead, charged asymp-
totic states were modified by adding to each of them, i.e. to both final and initial
states, a carefully chosen coherent state of soft photons [60-65]. The physical
justification for this modification of asymptotic states is that in a theory with
long-range interactions, approximate eigenstates of the asymptotic Hamiltonian
can only be formed if the above-mentioned dressing by soft photons is included.
Even though the procedure is very different, the combination of all dressing factors
approximately results in the same contribution as the one from soft emission and
therefore yields a finite total rate.

This finding immediately leads to the puzzle why two seemingly very different
procedures should generically yield the same result. Additionally, it is unclear
why not both soft emission and soft dressing should be included at the same time.
Doing so would lead to a total rate that is infinite and therefore clearly unphysical.

This tension between soft emission and soft dressing has recently been height-
ened by the study of the density matrix of the final state of scattering. Its diagonal
contains the well-known rates, but the off-diagonal elements encode information
about the coherence of the final state. This is generically an interesting question
since one expects that the tracing over unobserved soft radiation leads to a small
but nonzero amount of decoherence. It was found, however, that solely consider-
ing soft emission or solely including soft dressing can only lead to full decoherence
or full coherence, respectively [66], 67HT_7] Therefore, the relationship of soft emis-

121t was proposed in [67] that one should also perform a trace over soft dressing. In this case,
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sion and soft dressing constitutes an interesting subject of study, which we shall
investigate thoroughly in this thesis.

Finally, the question of coherence of the final state leads back to the study
of black hole information. Namely, if unobserved soft radiation could lead to a
sizable amount of decoherence, then this could be connected to the fact that the
result of Hawking’s calculation is a mixed state. In this proposal [56], the complete
final state, which includes both hard quanta and soft radiation, would be pure and
a mixed state would only arise due to tracing over unobserved soft modes. Of
course, such an explanation would be very surprising since soft emission occurs in
any process of gravity or QED whereas the information puzzle is specific to black
holes. Nevertheless, this shows that it is important to clarify the relationship
of infrared divergences and quantum coherence, which is one of the goals of this
thesis.

1.6 Outline

The outline of this thesis is as follows. In chapter 2| we study the question of
quantum breaking, i.e. of how long a given system can be approximated as clas-
sical. We use simple scaling arguments and the analysis of a prototypical self-
interacting scalar field to draw conclusions about quantum breaking in generic
systems. Subsequently, we investigate two concrete examples. For hypothetical
cosmic axions of QCD, we show that the classical approximation of today’s axion
field is extremely accurate. Next, we study quantum breaking in de Sitter. First,
we construct a concrete model for the corpuscular picture of de Sitter reviewed
in [I.3.2] in which the spacetime is resolved as excited multi-graviton state on top
of Minkowski vacuum. We show that our model is able to reproduce all known
classical and semiclassical properties of de Sitter. Moreover, it allows us to explic-
itly compute the quantum break-time, after which the description in terms of a
classical metric ceases to be valid. Our result is in full agreement with Eq. .
Additionally, we study implications of quantum breaking for the dark energy in
today’s Universe and for inflationary scenarios. Whereas the discussion up to this
point is independent of the question if quantum breaking is a sign of a fundamental
inconsistency of de Sitter, we finally discuss some of the important consequences
that arise if a consistent theory must not allow for de Sitter quantum breaking.
In particular, this makes the existence of a QCD axion mandatory and excludes
the self-reproduction regime in inflation as well as any extension of the Standard
Model with a spontaneously-broken discrete symmetry.

In chapter [3] our goal is to study gravitational systems from the perspec-
tive of quantum information. First, we investigate more generic, i.e. potentially

also soft dressing would lead to full decoherence. We will argue in section however, that
both the physical justification and the mathematical soundness of such a trace is questionable.
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nongravitational, bosonic systems and show that nearly-gapless modes and there-
fore states of sharply enhanced memory capacity are a common phenomenon in
them, provided weak and attractive interactions exist. We discuss the underlying
mechanism, which we shall call assisted gaplessness, that leads to the emergence
of nearly-gapless modes and provide an analytic procedure for finding them, to
which we refer as c-number method. Moreover, the fact that simple nongravita-
tional systems already feature states of enhanced information storing capabilities
opens up an exciting perspective of simulating other systems of enhanced mem-
ory capacity, such as black holes and neural networks, in table-top experiments.
Subsequently, we demonstrate assisted gaplessness and the c-number method on
a concrete prototype model of three interacting bosonic degrees of freedom. We
conclude the chapter by studying the phenomenon of memory burden, the essence
of which is that a large amount of stored information generically backreacts on
the system and prevents it from evolving. This observation leads us back to grav-
ity. For both de Sitter and black holes, memory burden turns out to describe the
information-theoretic aspect of quantum breaking.

We turn to infrared physics in chapter [d] First, we review known results and
comment on the relationship of the soft photon/graviton theorem and charge con-
servation. Subsequently, we propose a new approach to deal with infrared diver-
gences, which we shall call combined formalism. Its purpose is to resolve the tension
between the emission of soft radiation and the dressing of asymptotic states by
providing a unified description of the two phenomena. Unlike previous approaches,
the combined formalism leads to a sensible density matrix that is able to describe
the small but nonzero amount of decoherence that arises due to the emission of
unobserved soft modes. Finally, we study the implications of infrared physics for
black holes. First, we show that the emission of soft radiation can only account
for a subleading fraction of the black hole entropy and therefore cannot play a key
role for resolving the puzzle of black hole information. Secondly, the connection of
the soft photon theorem and the asymptotic symmetries of gravity at null infinity,
namely the BMS group [68-70], leads us to study the relationship of BMS symme-
tries and black hole hair. Our result is that those asymptotic symmetries can be
used as a bookkeeper of black hole information, but that they have no predictive
or constraining power.

Finally, we conclude in chapter 5] by summarizing our findings and relating them
to the challenges introduced in [I.1.1] Moreover, we point out future directions of
research.



Chapter 2

Quantum Breaking

This chapter is devoted to the study of quantum breaking. Originally introduced
in [40], this is the question of how long a given system can be approximated as
classical. The corresponding timescale, after which the quantum evolution deviates
from the classical description, is the quantum break-time.

First, we show in section that simple scaling arguments already tightly
constrain what the quantum break-time must generically depend on.

Next, we analyze a prototypical example of a self-interacting scalar field in
section [2.2] Following the study of quantum breaking in various regimes, we try
to draw conclusions for generic systems.

Subsequently, we study the hypothetical QCD axion in section Since it
is possible to describe those axions as self-interacting scalar field, we can directly
apply the results of the preceding section to infer that the approximation of today’s
axion field as classical is extremely accurate. Moreover, we critically examine
contrary claims made in [71] by emphasizing the distinction between classical and
quantum interactions.

In section [2.4, we turn to the investigation of quantum breaking in de Sitter.
First, we resolve the classical metric as expectation value of a multi-graviton state
defined on top of Minkowski vacuum, thereby providing a concrete model for the
corpuscular picture [44] of de Sitter reviewed in [1.3.2] This construction allows
us to explicitly compute the quantum break-time, after which the spacetime can
no longer be described by a classical metric. The result is in full agreement with
previous findings [44]. Finally, we study implications for the dark energy in today’s
Universe and for inflationary scenarios. Corresponding restrictions arise because
observations show no deviation from the description in terms of a classical metric.

In the last section we discuss if the consequences of quantum breaking
could be even more severe in the special case of de Sitter. Namely, it was suggested
in [44/50] that it could be a sign of a fundamental inconsistency of the spacetime.
Therefore, we analyze some of the important constraints that arise if de Sitter
quantum breaking indeed must not happen in a consistent theory. In particular,
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this rules out the self-reproduction regime in inflation, makes the axion solution
to the strong CP problem mandatory and excludes any extension of the Standard
Model with a spontaneously-broken discrete symmetry.

This chapter is based on the papers [1,/7-9], which are joint work with Gia
Dvali and Cesar Gomez, as well as the paper [3], which is joint work with Gia
Dvali.ﬂ To a large extent, this chapter is an ad verbatim reproduction of these
publications. Section [2.2| uses material from both [1] and [3]. Sections [2.1] and
follow [3]. Section [2.4] follows [1], where section additionally uses material
from [7]. Section follows [1], [7], [8] and [9]. Appendix [A.1]} which belongs to
this chapter, follows [1].

2.1 General h-Scaling of Timescales

Before computing the quantum break-time in specific models, we will discuss some
general features of classicality that are based on scaling properties. A key charac-
teristic of any quantum field-theoretic system is the strength of interaction between
its quanta, which can be parameterized by a dimensionless quantity «. In the quan-
tum language, a controls the magnitude of scattering amplitudes. Typically, it is
convenient to use 2 — 2-scattering as a reference point. Of course, the system
may possess more than one type of interaction, and correspondingly more than
one type of a. However, for purposes of this discussion, a single « is sufficient.
We can always normalize fields in such a way that o < 1 corresponds to a
weak-coupling domain, in which a perturbative expansion in powers of a can be
performed. Correspondingly, & > 1 describes a strong coupling regime, for which
perturbation theory in « breaks down. Throughout we shall restrict ourselves to
systems with weak coupling. Even for a < 1, however, the system can become
strongly interacting in a collective sense. This can happen if the system is put in
a state in which the occupation number of interacting quanta N is large enough.
In that case, the strength of interaction is determined by the collective coupling

A=aN. (2.1)

The regimes of interest can be then split according to whether it is weak (A < 1),
strong (A > 1) or critical (A = 1).

We remark that in the case of an extended system, N refers to the number
of particles with which a given particle can interact efficiently. In the case of
a constant particle density, a natural choice therefore is to consider the typical
wavelength A ~ h/FE of a particle as characteristic size of the volume, where E
is its typical energy. This is the reason why we restrict ourselves to one Hubble
patch in the corpuscular picture of de Sitter, which we reviewed in section [1.3.2]
Equivalently, it is also possible to consider an arbitrary volume, but then a needs

Tmportant aspects of [1] were moreover published in the proceedings [72].
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to be chosen in such a way that it describes the average interaction strength of
a pair of particles. If an interaction is short-range, it correspondingly leads to a
small value of a.

We can draw important conclusion by studying how the various quantities scale
when we take the classical limit, h — 0, while keeping all the classically-measurable
expectation values fixed, i.e. all the parameters in the classical Lagrangian are kept
finite. In particular, the collective coupling A is a classical quantity since it char-
acterizes the strength of classical nonlinearities. Therefore, it is independent of A
and stays finite in the classical limit. Since the quantum coupling vanishes, o — 0,
for h — 0, this implies that in the classical limit we have N — oo. Therefore,
states which behave approximately-classically are characterized by a large occupa-
tion number of quanta N. This is in full accordance with our discussion of black
holes and de Sitter in section [L.3

Keeping in mind that we are at large NV, small a and some fixed A\, we can now
perform some dimensional analysis. We assume that the system is well-described
classically at some initial time ¢ = 0 and we wish to estimate how long it will
take for the classical description to break down. Obviously, this timescale must
satisfy the scaling property of becoming infinite in the classical limit & — 0. Then
assuming a simple analytic dependence, the quantum break-time should scale to
leading order as

tq =~ (fixed classical quantity) x N” = (fixed classical quantity) x a™", (2.2

where 8 > 0 is an integer and we used that A\ = a/V is a fixed constant. Already
for 8 = 1, this timescale is huge for macroscopically-occupied weakly-interacting
systems.

For completeness, we want to point out that there is another possible functional
dependence which fulfills a simple scaling behavior in the classical limit and which
requires special attention:

tq ~ (fixed classical quantity) x In(N) = (fixed classical quantity) x In(a™").

(2.3)

Such a scaling cannot be excluded on the basis of general dimensional analysis. In

fact, it was explicitly shown in [40] that it does take place, but under the following

conditions:

1) the system must be in an overcritical state, i.e. in a state with A > 1; and

2) the system in this state must exhibit a classical instability, i.e. a Lyapunov

exponent which is independent of A.

Under such conditions, the quantum break-time was found to be given by

te~ Q7' x In(N), (2.4)

where € is the Lyapunov exponent. In section [2.2.4] we will review the system
studied in [40] that can exhibit such a short quantum break-time.
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2.2 A Basic Example

2.2.1 Classical Solution
Nonlinearities

Next, we investigate quantum breaking in an explicit example of a scalar field ¢
in 3 4+ 1 dimensions. First, we study it on the classical level where its Lagrangian
is

1 1 1
_ = w22 T =4
L= 23M¢8 0] 2m 10) +4!agb . (2.5)

Here m is the classical frequency and « represents a classical coupling constant.
We put a bar on these quantities to distinguish them from their quantum coun-
terparts, which we shall discuss shortly. In the classical theory, the dimensions
of the parameters are [m~!] = (time) and [a] = (time) x (energy) whereas the

dimensionality of the field is [¢] = \/ (energy)/(time) . The equation of motion
reads

1
(O +m?)¢ — 65‘¢3 =0. (2.6)
In the free case, i.e. for @ = 0, a solution is given by
¢o(t) = Acos(mt), (2.7)

where A is the amplitude and we specialized to the spatially homogeneous case.

Our first goal is to study the full classical solution and in particular to determine
how long it can be approximated by the free solution . To this end, we compute
the first anharmonic correction ¢; to in a series expansion in powers of a.
Plugging in the split

¢ = ¢o+ (2.8)
in (2.6), we obtain the equation of a driven harmonic oscillator:
A3
(0} +m*) gy = 3 cos®(mt) . (2.9)

Using the identity cos®(z) = (cos(3x) + 3cos(x)) /4, it is easy to check that
2

A——

192m?

is the solution for the initial conditions ¢;(0) = 0;¢1(0) = 0. One could repeat
this procedure to iteratively find the full classical solution.

For us, however, only the leading deviation from the free solution will be im-
portant. It is caused by the resonant term o (mt) and can be neglected as long
as

o1 = (cos(mt) — cos(3mt) + 12mt sin(mt)) (2.10)

A2
a—gmt < 1. (2.11)
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This leads to the timescale
— 9
m

aA?’
We will refer to it as classical break-time since it determines the point where
the approximation in terms of the free solution ceases to be valid. The
nonlinear corrections that cause this breakdown correspond to an expansion in the
dimensionless quantity

td%m

(2.12)

2

A= O‘:p , (2.13)
which determines the strength of classical interactions. It will become clear shortly
that as notation indicates, A indeed corresponds to the collective coupling in the
quantum theory, as defined in Eq. . For our conclusions, it will be important
that corrections which scale as A are classical and therefore cannot lead to quan-
tum breaking. Correspondingly, we emphasize that the classical break-time has a

fundamentally different meaning than the quantum break-time.

Classical Versus Quantum Break-Time

The next step will be to find a quantum description of the classical solution. In
doing so, the presence of classical nonlinearities leads to an immediate difficulty.
This is the problem of identifying the Fock space of creation and annihilation
operators ¢', ¢ in which the coherent quantum state describing the given classical
solution can be defined. If for a given solution nonlinear interactions are important,
in general its quantum constituents ¢éf, ¢ differ from the quantum constituents
é}ree, Crree Which describe the (almost) free waves obtained by solving the classical
equations of motions in the same system, but in a weak field limit. The obvious
reason for this difference is that in nonlinear waves, interactions are important and
the would-be free particles are off-shell. Correspondingly, the dispersion relation
of the modes ¢f, ¢ is in general very different from the one of &},., éqee. In other
words, é}ree creates a free quantum whereas ¢' creates one which interacts with the
other background constituents.

Ideally, one would choose the operators ¢, ¢ that take into account all non-
linear interactions in such a way that a coherent state formed out of them leads
to the correct classical expectation value for all times, as long as one neglects
quantum interactions, i.e. sets h = 0. For a generic classical solution, however,
it is impossible to find such operators. To overcome this problem, our strategy
is to approximate the classical solution by the free solution and correspondingly
to replace ¢f, é by 6Iree, Cree- This is only possible on timescales that are shorter
than the classical break-time t,. Within the validity of this approximation, we
will be able to compute quantum effects that lead to a deviation from the classical
solution.

The crucial question is what we can learn from this analysis based on the free
classical solution about quantum breaking in the full nonlinear case. Clearly, we



26 2. Quantum Breaking

will not be able to draw conclusions about the precise way in which quantum
effects lead to deviations from the classical description since we have changed the
classical solution. It is important to note, however, that our approximation is
purely classical: We replace the exact classical solution by a different classical
function. For the approximate function, we find an exact quantum-corpuscular
resolution in terms of 6Iree, Crree- When the description of the classical solution in
terms of é}ree, Crree breaks down, this only happens because the approximation of
the exact solution on the classical level stops being valid. Thus, we only neglect
classical nonlinearities. It is reasonable to expect that taking those into account
would not change the overall strength of quantum effects, i.e. the rate at which
the classical solution deteriorates. Since the timescale of quantum breaking is only
sensitive to the magnitude of quantum effects but not to their precise nature, we
will be able to estimate the quantum break-time. We will elaborate on this point
in section Z.2.51

2.2.2 Deviations from the Classical Evolution
A Quantum Picture of the Classical Solution

Now we are ready to give a quantum description of the field ¢. To this end,
we need to switch to the relevant quantum quantities. The classical frequency
m determines the mass of the quantum particles and the classical coupling «
determines the dimensionless quantum coupling;:

m = hm, a=ha. (2.14)

We note that the relevant powers of A can be inferred from dimensional analysis.
Because of the importance of the scaling with A, we will continue to keep it explicit.
The quantum Lagrangian that corresponds to the theory is

O N 1 ~ 1

L= 50,00" Tmm%? + 1

Our overall goal is to investigate corrections which lead to a departure of the

true quantum evolution from the classical solution. To this end, the next step is to
understand the classical solution as expectation value in an underlying quantum
state. As explained, we will neglect interactions in doing so, @ = 0. In that
case, we can expand the full Heisenberg operator ngﬁ in creation and annihilation
operatorsﬂ

agt . (2.15)

= ST (ege ™ + clee®r) | (2.16)
e k

2We use sums instead of integrals to emphasize that any physical process happens in a finite
volume. Correspondingly, we employ dimensionless operators éE” ¢z. This convention also
makes it easier to take the nonrelativistic limit. If one considers the idealization of infinite space
in order to facilitate computations, this leads to >z — V/(27h)® [d3k .
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where V' is the volume, kr = wpt — h 1%k T and wp = i h/m? + ]ZP The

creation and annihilation operators satisfy the standard commutation relations,
[éz,Cp] = [6%,6%,] =0, [ég,é%»/] =0p - (2.17)

Next, we need to fix the quantum state | V) of the scalar field ¢. Tt has to fulfill
the requirement that the expectation value over it yields the classical harmonic
oscillator solution ¢g(t) of equation . Since ¢q(t) is translation invariant, we
can only use quanta of zero momentum. In this momentum mode, the simplest
state that yields the classical solution is a coherent state:

N) = e 3N+VNg 0) =e 2V n) , with 2.18
IN) 10) Z \/—! (2.18)
mA2
N = . 2.1
V 57 (2.19)
In this formula, |n) = (AT ) (n))~= |0) are normalized number eigenstates of n

quanta with zero momentum. Because of Eq. ( , it is easy to see that the state
|N) indeed yields the correct expectation Value i.e. the oscillating solution ([2.7)):

(N|$|N) = Acos(mt), (2.20)

where we used that ég |N) = V/N'|N). Thus, the requirement to reproduce
the classical expectation value fixes the mean occupation number N of the coherent
state.

We conclude that from the point of view of the noninteracting quantum theory
(i.e. for a = 0), the oscillating classical field ¢g(t) is a coherent state of zero-
momentum quanta of mean occupation number density

mA?
2h

n= (2.21)
In order to obtain a typical total particle number, we need to choose a volume. As
explained in section [2.1] it is natural to use the wavelength of particles as reference
scale since this corresponds to the distance on which a given particle can interact
efficiently. This leads to V = m =3 and we obtain
A2
N=hr'"+ 2.22

As already discussed in section , we observe that N scales as h~!. This means
that it becomes infinite in the classical limit 7 — 0.

Furthermore, we want to study the energy of the coherently oscillating solution
(2.7). There are two ways to evaluate it. First, we can compute it on the classical
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level, i.e. by plugging the solution in the Hamiltonian derived from the classical
Lagrangian (2.5)). For a = 0, we obtain the energy density

m?A?

2

p= (2.23)
On the quantum level, there is a second way to determine p. Since the coherent
state |V) has a number density n and each quantum carries an energy m, the
energy density must be

p=mn. (2.24)

As is evident from Eq. (2.21)), this yields the same result. The energy density
of the classical solution ¢¢(t) and of the quantum state |N) match. We remark
that Eq. can also be used to derive the occupation number of the coherent
state from classical quantities: Given the energy density p and the frequency m,
it determines the number density of the quantum state as n = p/(hm).

Finally, we conclude that A has acquired a twofold meaning. First, it controls
the strength of classical nonlinearities, as is apparent from Eq. . Secondly,
it follows from expression for N that it corresponds to collective coupling
of the quantum theory, A = aN, in accordance with Eq. . Thus, classical
nonlinearities translate to the quantum theory as collective interactions. We will
elaborate on this point in section [2.2.3]

Construction of the Coherent State

For the sake of completeness, we will outline two procedures to construct the
coherent state (2.18]). The first one is to look for a state which maximizes the
classical expectation value, i.e.

(VI3 2.25)

(NIN) '
This condition amounts to realizing the classical result with a minimal quantum
input. As shown in [73], this procedure leads to (2.18)). Essentially, the reason is
that coherent states are eigenstates of the annihilation operator.

A second justification for the use of coherent states would be to follow [74].
There, the idea is to consider a shift of the state ¢ = 0, which corresponds to the
classical vacuum, to a different value ¢ = A. In the limit m — 0, such a shift
¢ — ¢+ A by a constant A would correspond to a symmetry. The corresponding
shift-generator Q, which would represent a conserved charge for m — 0, has the
form:

O(t) = / BT 0, = —iq (e ™o — emeL)., (2.26)
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ki =(2m, K)

ko = (2m, 77{)

}/v':/v4

Figure 2.1: Four quS-particles of the coherent state annihilate into two free particles
with nonzero momenta. Their 4-momenta are denoted by k; and ks.

with ¢ = \/mTV. Using this generator, we can obtain the coherent state |N) by
shifting the vacuum state |0) corresponding to ¢ = 0:

IN) = exp {—iAQ(t = 0)/h} |0) = exp {VN (5 — ¢k) }[0) | (2.27)

with VN = Ag/h, ie. N = A;;’;V as in (2.19). Note that our states must be
time-independent since we are working in the Heisenberg picture. Thus, we have
evaluated the charge operator at a fixed time. We could have introduced a constant
phase in this way, but for simplicity we set it to 0. Using the Baker-Campbell-
Hausdorff formula, we finally obtain ([2.18)).

Leading Quantum Process

Now we can come to our main goal, namely the computation of the quantum break-
time, which is the timescale when the expectation value of the quantum field will
no longer match the classical solution. Because we approximated the classical
solution by neglecting classical nonlinearities, we cannot make a statement about
what the resulting (“departed”) state will be. Nevertheless, we can estimate the
time scale ¢4 on which the coherent state approximation and therefore the classical
description break down. The implications of our approximations will be further
discussed in section 2.2.5]

We are interested in the leading process that is not captured by the classical
solution. Generically, the dominant contribution would come from scattering due
to four-point coupling. However, in the approximation in which the initial and final
particles are treated as free, the rate is suppressed due to momentum conservation:
Since both initial and final particles carry vanishing momentum, the phase space
for such a process is zero.

Therefore, the lowest order nonvanishing process involves the participation of
six gzg—particles. For instance, four particles of the coherent state can annihilate
into two particles with nonzero momenta, as is depicted in Fig. 2.1 The final

state of such a process _can be a tensor product of two one-particles states of

4-momenta k; = (Fi, k1) and ky = (Eg,?g) with a coherent state |N — AN)
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of zero momentum particles of reduced mean occupation number N — AN. We
will not fix AN for now but discuss its meaning shortly. By energy-momentum
conservation, we have ky = —ky and F; = E_% = 2m. The tree-level amplitude
A for the transition |[N) — |N — AN) |k1) |k2) comes from a process with one
internal propagator:
A~ a2 _ Tl /Tl (AT At A A A A o 272, —AN2

~ <N AN| <I€1| <k52| (Ck—l»CszOCOC()Co) ’N> ~a N-e 8N s (228)
where the factor e_% is due to the overlap of coherent states with different mean
occupation number.

For large N, we can approximate it as e_%f ~ 1—-AN?/(8N). Thus, as long as
AN? <« N, different choices of the final coherent state lead to the same amplitude,
up to 1/N-corrections. This is due to the fact that a coherent state is not a particle
number eigenstate, i.e. coherent states with different mean occupation numbers
have a nonzero overlap even without any interaction. Our goal is not to consider
this non-Hamiltonian effect. Instead, we want to focus on how the coherent state
evolves due to interaction of coherent state constituents. Therefore, it is most
natural to consider the process which would also be possible if we were to replace
the coherent background states by number eigenstates. This leads to AN = 4.
Moreover, this choice of AN conserves the expectation value of the energy in the
limit of vanishing interaction energy. In any case, the precise value of AN does
not matter for our conclusions.

Since we are only interested in the leading contribution to the rate of the
scattering process, we will neglect the 1/N-correction that is sensitive to AN from
now on. Then we obtain

Ty ~m(aN)* =mAt, (2.29)

where we used the collective coupling A as defined in . Note that the classical
frequency m appears, which leads to the correct dimensionality [[';2,] = (time).
The rate determines how fast the coherent state loses its constituents and
de-classicalizes.

We point out that one can estimate the rate (2.29) without an explicit S-
matrix computation. Namely, we know that the amplitude consists of two 4-point
couplings. Thus, it must scale as o® and therefore the rate contains a*. However,
this would describe a process in which four fixed particles scatter. Because of the
degeneracy in the initial state, there are (]Z ) possibilities to select the four particles

that scatter. This leads to an enhancement factor of (JZ ) ~ N*%. Finally, the only

quantity that has the correct dimensionality 1/(time) of a rate is m. Putting
together these ingredients, we get a rate I'y_,o ~ ma*N*, in full accordance with
Eq. (2-29).

Finally, we remark that for tree-level multi-particle amplitudes with a large
enough number of external legs, perturbation theory is expected to break down
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due to a factorial growth of the diagrams. This breakdown will not affect our con-
clusions because nonperturbative arguments indicate that multi-particle quantum
processes — e.g. ones in which the coherent state loses order-one fraction of its
constituents during one oscillation time — must be exponentially suppressed. This
suppression can be explicitly seen by adopting the results of [45], where analogous
multi-particle amplitudes have been computed for gravitons. For reading out the
exponential suppression, the spin of the particle is inessential. Hence, we can safely
conclude that the leading-order process which leads to de-classicalization of the
spatially-homogeneous time-dependent field has the rate .

Quantum Break-Time

So far, we have computed the timescale I'; %, during which 4 constituents of the
coherent state experience rescattering. However, this is not yet the quantum
break-time. A significant deviation from the classical solution only occurs once
a significant fraction of the particles in the coherent state has undergone such a
process. Since the mean occupation number in the coherent state is /N, quantum
rescattering is able to give a significant departure from the coherent state only
after a sufficiently large fraction of particles, i.e. of the order of N, experience
rescattering. This process takes the time
1

tq7 49 = NFZ_lﬂ = m_lm .
We can verify that ¢y 4,2 is indeed a quantum timescale. Whereas m and \ are
classical, i.e. independent of A, the quantum coupling scales as a ~ h. Therefore,
we have tq 450 ~ h~! and the quantum break-time becomes infinite in the classical
limit A — 0, as it should. Furthermore, we remark that the result is in full
accordance with the generic scaling-argument in section , which led to Eq. .

(2.30)

The Classical and Semiclassical Limit

We can investigate the meaning of the classical and semiclassical limit, which we
have introduced in section [I.3] In the classical limit A — 0, all quantum effects
vanish. This leads to an infinite quantum break-time, as we have just discussed.

Quantum breaking can also be avoided in the semiclassical limit. As we have
shown using the examples of black holes (Eq. (L.5]) and de Sitter (Eq. (L.18)),
its key idea is to make the energy of the classical solution infinite while keeping
the collective coupling fixed. In this way, any backreaction can be avoided. In
the present case, it follows from Eqgs. (2.13)) and (2.23]) that the semiclassical limit
corresponds to taking

A— 0, a—0, aA? fixed . (2.31)

Thus, we consider a vanishing classical coupling and an infinite classical amplitude
while keeping A finite.
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Figure 2.2: Two qg—particles of the coherent state annihilate into two particles that
are not in the coherent state. Their 4-momenta are denoted by k; and ky. Because
of phase space suppression, this process only becomes possible if the constituents
of the coherent state have nonzero momenta or if the interaction potential gives a
contribution to the asymptotic energies.

Both the classical limit & — 0 and the semiclassical limit (2.31]) imply on the
quantum level that

N — 0, a—0, A fixed , (2.32)

as is evident from Eqs. (2.13), (2.14]) and (2.22)). This is in full accordance with the
analogous limits in the case of black holes (Eq. (1.11))) and de Sitter (Eq. (1.24)).
Thus, we uncover a universal mechanism. The (semi)classical limit corresponds to
avoiding backreaction by making the number of particles infinite. Correspondingly,
a — 0 leads to a diverging quantum break-time.

2.2.3 Other Scattering Processes
Quantum Break-Time due to 2 — 2-Scattering

So far, we have considered 4 — 2-scattering as the leading quantum process. The
reason was that 2 — 2-scattering is kinematically forbidden in the approximation
that initial and final particles are free. In reality, however, the interaction potential
gives a small contribution to the asymptotic energy of the particles. This makes
the process of 2 — 2-scattering possible. Moreover, this process becomes relevant
for generic initial states, in which particles in the coherent state have nonzero
momenta. Therefore, we give an estimate of the quantum break-time due to 2 — 2-
scattering.

First, we compute the rate of this process, which is displayed in Fig. 2.2l We
will give an upper bound on the rate by assuming that the momenta are comparable
to m, i.e. we ignore any phase space suppression. In that case, we get

Loy A2, (2.33)
The corresponding quantum break-time is given by
1
toase ~ NT L, =m ' —. (2.34)

Ao



2.2 A Basic Example 33

In the undercritical regime A < 1, this timescale is shorter than the quantum break-
time due to 4 — 2-scattering. Still it also scales as £y 22 ~ at ~ hpl
Thus, it is a quantum timescale and compatible with the scaling relation ({2.2).
Moreover, we conclude that the collective coupling A controls which process gives
the dominant contribution to quantum breaking.

Using the classical break-time , we can rewrite Eq. as

te
tq 200 = El (2.35)

This shows that even the lower bound on the quantum break-time is larger than the
timescale of classical nonlinearities by the big factor 1/a. This observation that
quantum effects always grow more slowly than classical ones will be important
later.

Role of Decay

Furthermore, we would like to investigate quantum breaking due to particle decay.
To this end, we shall enlarge the theory b)) by introducing a coupling of ¢ to a
new particle species ¢ to which gzﬁ can decay. The Lagrangian becomes

= 50,00 — B mad 4 il 0 — V. (2:36)

We take zﬁ to be a massless fermion, although the spin and the mass are unimpor-
tant for this consideration as long as the new particle is light enough to allow for
a decay of ngﬁ In order to make a clear comparison, we have chosen the coupling
to fermions to be of the same strength as the bosonic self-coupling. In this way,
the amplitudes of both 2 — 2 scatterings, ¢ + ¢ — ¢ + ¢ and ¢ + ¢ — 1) + 1, are
controlled by the same coupling «.

The decay rate for the production of a pair of zZAJ—quanta is given by

Tiecay & MaN . (2.37)

The corresponding macroscopic timescale, after which on the order of N quanta
of the initial coherent state have experienced this decay process, is

~ o —1
tdecay ~m

1
ot (2.38)
As in the processes considered before, this timescale is quantum, fqecay ~ ht,
because of the scaling with 1/cv. Comparlng Eq. - ) with the quantum break—
time ) due to 2 — 2-scattering of gb quanta, we conclude that decay is the
dommant quantum process in the regime A < 1. Nevertheless, the corresponding
timescale is still longer than tq = m ™! /A, as it should.
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The role of decay is special since it does not affect the coherence of the state of
gzg—quanta. The reason is that the part of the interaction Hamiltonian responsible
for a two-body decay of gg—quanta only contains the annihilation operator ¢z of gg—
quanta and the creation operators for ﬁ—particles. The coherent state | V), however,
is an eigenstate of ¢z and hence unchanged under its action. Thus, the final state
of a pure decay process is still maximally classical. Correspondingly, the evolution
can be described by a seemingly classical equation with an additional friction term:

6+ tccay® + M6 — 24 = 0. (2.39)

It is crucial to note, however, that Eq. is in fact not classical since tgecay
depends on h.

This shows that decay represents a border case of quantum breaking. On the
one hand, the final state of decay still admits a classical description. On the other
hand, the transition to this final state can only be described by a quantum process.
A classical observer is completely blind to it. Finally, we remark that the theory
(2.36) will eventually also violate coherence. This happens due to rescattering
events of the produced @Z;—particles since the corresponding interaction term also
contains creation operators of q@—particles.

Quantum Picture of Classical Processes

We have discussed that the interaction rate gets enhanced by a highly occupied
initial state, e.g. in Eq. for the case of 2 — 2-scattering. A natural question
to ask is if it is possible to further enhance the rate if also the final state is highly
occupied. Sticking to the example of 2 — 2-scatting, we see that the rate gets
indeed enhanced by a factor of N if one of the modes in the final state is also
highly occupiedﬂ

T enhanced & MAZN . (2.40)

Correspondingly, the timescale after which on the order of N particles have expe-
rienced such a process is much shorter:

1
~ -1 ——1
tcollective ~ NI' m ﬁ .

enhanced —
The crucial point, however, is that this result is independent of A. Instead, tconective
only depends on the classical quantities m and A. Thus, this process is not quan-
tum, but we have discovered how classical nonlinearities can be described in the
quantum language. Obviously, such an interaction cannot lead to quantum break-
ing.

(2.41)

30ne can wonder why we do not consider a process in which both modes in the final state are
highly occupied. The reason is that in such a case, the rate of a process in which initial and final
states are exchanged are the same to leading order so that these interactions effectively cancel
(see e.g. also [75]).
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2.2.4 Nonrelativistic Model

Fast Quantum Breaking

As we have already discussed in section it was demonstrated in [40] that a
simple system of cold bosons can exhibit a remarkably short quantum break-time
in the regime in which the boson gas is overcritical and unstable. In that case,
this timescale is determined by the Lyapunov exponent of the classical instability,
which the system exhibits in this regime.

In this section, we review the corresponding results from [40]. The system
studied there, which was previously analyzed in [76], consists of nonrelativistic
bosons of mass m, which are contained in a periodic d-dimensional box of radii
R and exhibit a simple attractive interaction. The Hamiltonian has the following
form:

~ e —h2A - g ~
H:/dd" e —f/dd” 1) 2.42
pil =0 -4 [az ) 242
where the parameter g > 0 controls the strength of the attractive interaction among
the bosons. The corresponding dimensionless coupling is

B 4gmR?

RV
where V' = (27rR)? is the d-dimensional volume. Note that up to the choice of
boundary conditions, the system ([2.42)) is the nonrelativistic limit of the model
(2.15) in the case d = 3.

~ We can_represent @ as a classical mean field and the quantum fluctuations,
Y = b + 61, where 1) satisfies the Gross-Pitaevskii equation [77,78]:

(2.43)

2

ih@twd = <_2h;nA - 9We1|2> wcl = /’Lwcl . (244)

The parameter p is the chemical potential, which plays the role of a Lagrange
multiplier for imposing the constraint [d?Z [1)q|?> = N. We shall focus on the
homogeneous solution,

az=-t =" 2.45
|t g (2.45)

It represents a mean field description of the quantum state in which only the
zero-momentum mode is macroscopically occupied. This solution exists for all
nonzero values of the parameters. However, beyond a certain critical point it
becomes unstable and the system undergoes a quantum phase transition. In the
overcritical regime, the instability of the homogeneous solution manifests itself as
Lyapunov exponent which is independent of h.

In order to investigate stability, we go to momentum space:

b= ——enTay. (2.46)
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N
Her_e) [ is ihe d-dimensional wave-number vector, which determines the momentum
as k = hl /R. The operators dTT, a7 are the creation and annihilation operators

of bosons of momentum-number vector | and satisfy the usual algebra: [a7, di—,»] =
077 and all other commutators zero. Then the Bogoliubov-de Gennes frequencies

are given by [79|:
— 7:1,2 =
-2 = 2 _
fuwy \Hsz2\/\H A (2.47)

They are controlled by the collective coupling A = aN. All modes with |T|2 <A
become imaginary. Thus, instability sets in for A > 1, and the number of unstable
l-modes depends on the magnitude of the criticality parameter A. In the regime
in which only the | [ | = 1-mode is unstable, the explicit numerical analysis of [40]
shows that the quantum break-time scales as

tq st ~ w3 In(N). (2.48)

By increasing A\, one can destabilize higher and higher momentum modes and
correspondingly make the Lyapunov exponents large. Finally, we note that w are
classical quantities because m/h is classical and represents a zero mode oscillation
frequency of an underlying classical field, whose quanta are the bosons in question.
Thus, an important message which we take from the results of [40] recounted above
is: The quantum break-time can be shortened in the overcritical regime, provided
that the initial state exhibits a classical instability, i.e. an instability characterized
by an h-independent Lyapunov exponent.

However, the following clarification is in order. The expression creates
the impression that we can make the quantum break-time arbitrarily short time if
the system is sufficiently overcritical, i.e. if we increase the collective coupling A,
e.g. by keeping all the other parameters fixed and increasing the occupation number
of zero-momentum quanta. However, one has to be very careful with this limiting
case. Although it is legitimate to take the limit A — oo in the nonrelativistic model
given by the Hamiltonian (2.42)), an underlying fundamental relativistic quantum
field theory may go out of the validity. For example, in the case of cold bosons,
one reason is that they can only be described by the Hamiltonian as long
as the gas is sufficiently dilute.

No Quantum Breaking]|

It is also very interesting to study the model (2.42) in the undercritical regime
A < 1. In that case, it is possible to investigate the model analytically, where we
will confine ourselves to d = 1. We will follow the analysis of [40]. First, we go to

4Here some material from appendix B.2 of [5] was used.
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momentum space by using Eq. (2.46)):

o)
A

H= 2mR2l Z Paja, — 2 1 S 4fala, Ham_n]. (2.49)

l,mn=—o00

Then we use the Bogoliubov approximation 79|, ap — v N , to focus on states in
which only the 0-mode is occupied. We obtain

. h? l A
H = > (l2 _ )alal — —AZ d;& + a0 l)] : (2.50)
2mR? | ¢ s 2 Iz
Now we perform the Bogoliubov transformation
dl = ullA)l + ’UZKBT_Z y (251)

where we choose

1 2-3 1(12-3
2 _ ~ (1 2 2 _ = 2 _1]. 2.52
Uy 2( + e >, (% 2( o > (5)

This gives the diagonalized Hamiltonian

h?

5 ;)elebl, a=/I2(12=)\) . (2.53)
Obviously, the Bogoliubov transformation is only well-defined in the undercritical
regime A < 1. Moreover, since the Bogoliubov approximation neglects corrections
that scale as 1/N, it already breaks down close to the critical point, i.e. for A < 1E|
Nevertheless, the Bogoliubov energies agree with the previous result both
in the undercritical and in the overcritical regime: fw;, = h%/(2mR?)e;.

In this model, we can study quantum breaking by analyzing the number of
depleted particles Ny in the ground state |0;) of the Bogoliubov modes:

k0 140

A

H =

In the regime A\ < 1, we get

Ti\2
720
which is smaller than 1. Clearly, this shows that for A < 1 significant depletion
never happens, N; < N, i.e. there is no quantum breaking. We note that the
dominant contribution to depletion is due to the lowest-lying modes [ = =1.
Thus, the absence of quantum breaking is connected to the fact that the phase
space for depletion is very small, i.e. only a few modes are accessible. For this
reason, we expect that in a generic quantum field-theoretic system, in which many
different momentum modes are accessible, quantum breaking also takes place in
the undercritical regime.

Ny = (2.55)

5We remark that the Bogoliubov approximation can be made arbitrarily precise in the double-
scaling limit (3.20]), which we shall introduce and discuss in section
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2.2.5 Summary

We will summarize what we have learned about quantum breaking. The first
question is about the validity of our approximations. Namely, we have seen (see e.g.
Eq. ) that the quantum break-time ¢, is generically bigger than its classical
counterpart to. Since the linear approximation of the classical solution, on which
we base our computation of quantum effects, already breaks down on the timescale
of the classical break-time, one is immediately led to wonder whether one can make
any statement at all about the quantum break-time of the full nonlinear system.

The answer is positive and the reason is that we determine the quantum break-
time in a two-step process. First, we only study the system on timescales shorter
than t.. In this regime, we can reliably compute quantum effects. The second step
is to assume that the overall strength of quantum interactions, i.e. the rate at which
the classical approximation deteriorates, stays approximately constant even after
ta. Since quantum breaking is only sensitive to the magnitude of quantum effects
but not their precise nature, this allows us to obtain the quantum break-time by
extrapolation.

The reason that we expect this procedure to work is that our approximation
solely happens on the classical level. In order to promote our linear approximation
to the full solution, the only missing ingredient are classical nonlinearities. Thus,
one would have to change the Fock basis by performing an appropriate Bogoliubov
transformation and to use the coherent state description in terms of interacting
quanta ¢', ¢ instead of free ones é}ree, Crree- In this way, we could increase the
classical break-time. The key point is that doing so can solely lead to classical
corrections, which only depend on A. In contrast, the strength of quantum effects
that lead to a gradual departure from the classical evolution is still given by the
quantum coupling «. Therefore, the timescale on which these quantum effects
become important is of the same order of magnitude as in our linear model.

This fully resonates with our reasoning in section which was solely based
on scaling arguments. Since the quantum break-time that corresponds to the
leading quantum effect must scale as h~!, it still needs to contain a factor of 1/a
in the fully nonlinear theory. By taking into account classical nonlinearities, only
corrections that depend on A may arise. Thus, we can represent the quantum

break-time generically as

te
g~ 2 (2.56)

«

where the classical timescale t, may be sensitive to classical nonlinearities, i.e. to
A. As already stressed, the key point is that the quantum break-time is generically
long due to the small quantum coupling a.

We must remark that in principle systems can exist for which the estimate
(2.56) of the quantum break-time fails. However, this can only happen if the
overall strength of quantum effects is drastically changed during the nonlinear
evolution of a system. Whereas such a behavior seems very hard to achieve in
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general, we have seen in the explicit model that quantum breaking may not
take place at all. As explained there, we believe that this behavior is caused by
the lack of phase space, i.e. the absence of different accessible momentum modes.
Therefore, we expect quantum breaking to take place in the relativistic model
. In any case, studying quantum breaking in more detail in such a system
constitutes an interesting topic of future research.

Whereas we can obtain the timescale of quantum breaking by extrapolation,
it is important to note that we are unable to make a statement about the precise
characteristics of quantum effects within our approximation: Since the classical
solution already deviates from the full nonlinear theory in our linearized model,
we cannot predict in what way the true quantum evolution deviates from the
classical description.

Finally, we emphasize that all considerations above pertain to the undercritical
regime, i.e. to a collective coupling A < 1. In the opposite case, A > 1, we
have reproduced the result of [40] that quantum breaking can become fast,
provided a classical instability exists.

2.3 Application to Cosmic Axions

2.3.1 Importance of a Classical Description of Dark Matter
Axions

Next, we study quantum breaking in a concrete system, namely cosmic axions.
The axion [80,81] is a well-known hypothetical particle which is predicted by
the Peccei-Quinn (PQ) solution [82] to the strong CP problem. It is a pseudo-
Goldstone boson of spontaneously-broken global chiral PQ symmetry. The explicit
breaking of this symmetry by the chiral anomaly through nonperturbative QCD
effects results in a nonzero mass of the axion. One of the beauties of axion physics
is that its low energy dynamics is extremely constrained due to the Goldstone
nature and the power of anomaly. The mass m, and the decay constant f, of the
axion field are related via a nonperturbative scale Aqcp: m, = hA(QQCD /fa- Note
that in any theory in which the sole source of the PQQ symmetry breaking is the
QCD anomaly, the scale Aqcp is entirely determined by the nonperturbative QCD
sector and the low-energy parameters of the Standard Model (such as the Yukawa
coupling constants of quarks) and is insensitive to the precise embedding of the
axion into a high energy theory, i.e. low energy axion physics is insensitive with
respect to UV-completion.

Phenomenological constraints put a lower bound on the scale f, approximately
around 10° GeV (see e.g. [83185]). This speaks in favor of so-called invisible axion
models [86-89], in which the PQ symmetry can be broken at a very high scale
around f, > 10° GeV. Such a weak coupling implies that the axion is essentially

~

stable on cosmological scales. This fact makes the axion a very interesting dark
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matter candidate. In this scenario, the role of dark matter energy is played by the
energy of coherent oscillations of the axion field. Of course, the current energy of
the axion field depends on the cosmological epoch of the onset of axion oscillations
as well as on its initial amplitude A;,. Some conservative estimates are based on the
assumptions that the axion oscillations first started in the epoch of thermal phase
transition of QCD and with the maximal initial amplitude A;, ~ f,. This gives the
famous cosmological upper bound: f, < 102 GeV [90H92]. We must notice that
there exist loopholes [93] which soften this upper bound and allow for much higher
values of f,. For the present study, however, this change is unimportant and we
can safely assume f, to be below its conservative upper bound, f, < 102 GeV.

The search for the dark matter axion has been an active field of research since no
signs of it have been found so far (see e.g. [94-100] for current experimental efforts).
Several of the proposed experiments heavily rely on the approximation of the gas of
axions by a coherently oscillating classical scalar field a(t). There has been a recent
discussion of the axion field on the quantum level (see e.g. [71,101-103]). Although
the main motivation there was astrophysical, it was also suggested that quantum
effects can significantly correct the classical description of axions. Obviously, it is
important to clarify this issue both from a fundamental as well as an experimental
point of view. In doing so, we will not discuss the astrophysical consequences
proposed in [71,/101-103]. Instead, we will only be concerned with the general
question if the classical description as oscillating scalar field is valid for axions.

Therefore, we will calculate a lower bound on the quantum break-time of the
cosmic axion field, i.e. the minimal required timescale before the true quantum
evolution of a multi-axion quantum state can depart from its classical mean field
description. To this end, we will show that axions can effectively be described by
the Lagrangian (2.15]). Therefore, after identifying the appropriate parameters,
we can simply use the result and derived before. It will turn out
that if for some initial time the approximation of an axion gas by a classical
field is good, it remains good — with an extraordinary accuracy — for timescales
exceeding the current age of the Universe by many orders of magnitude. Hence,
experimental searches relying on the classical field approximation are safe for all
practical purposes.

2.3.2 Axion Properties
General Properties

First, we have to specify the theory by which axions can be described. In order to
determine their quantum break-time, however, the precise form of their potential,
which we denote by V(a/f,), is not so important. For our analysis, it suffices to
assume that it is a periodic function of a/f,. Only later, for concreteness, we shall
use a specific form which is widely used in the literature. In general, the energy
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density of a time-dependent classical axion field a(t) is given by

Do = ;az +Via/f.). (2.57)

So far, all quantities are classical and in accordance with our previous discussions,
the fields and parameters in (2.57)) have the following dimensions: [a] = [f.] =

\/(energy)/(tz’me)‘ and [V] = (energy)/(time)3.

Of course, for a generic nonsingular function V(a/ f,), the exact form of a(t) can
be very complicated and the oscillation period ¢, can have a nontrivial dependence
on the amplitude. However, as long as the axion field does not reach the maxima
of the potential during its oscillations, the order of magnitude of ¢.. is given by
the inverse curvature of potential V(a) at its minimum, about which the axion
oscillates. Without loss of generality, we can set the minimum to be at a = 0.

Then, t;2 ~ 823‘2((;1) la=o = m2, where m, represents the classical frequency of small
oscillations (with infinitesimal amplitude).
In the cosmological environment, the coherent oscillations of a homogeneous

axion field are described by an equation similar to a damped anharmonic oscillator:

. . 0V(a)

a+va+ 5 =0, (2.58)
where the friction term ~ predominantly comes from the Hubble damping, v ~ 3H,
due to the expansion of the Universe. The contribution from the axion decay is
negligible. Note that for 7 < m,, which is the case for most of the situations of
our interest, we can still identify certain important properties of the time evolution
a(t) without actually knowing the explicit forms of the functions V(a) and a(t).
The usual trick to achieve this is to first rewrite equation in the following

form:

fa = —ya*. (2.59)

Next we can average this expression over a timescale of order m !, on which the
variation of v is negligible and it can be treated as constant. Moreover, if the
axion oscillation amplitude is smaller than f,, nonlinearities are not important
and oscillations are dominated by the mass term. In such a case, the average
values over a period of oscillation of the kinetic and potential energies of the axion
field are equal and each carry half of the total energy density, %? =V(a) = %m, SO
that we can replace a2 on the r.h.s. of by pe. Finally, applying the resulting
average expression for the evolution on timescales longer than the Hubble time
vt > m;t we get the following equation describing the time evolution of the
axion energy density:

Pa = —7 Pa; (2.60)
where we drop the bar from now on. This can be easily integrated to give

pult) = pultn) o (~ [ 20y ar) (2.61)

tin



42 2. Quantum Breaking

where ¢, is some initial time. Taking into account that v = 3H, we immediately
get the well-known result that the axion energy density dilutes as the inverse-cube
of the cosmological scale factor, i.e. redshifts just like dust.

Correspondingly, we can use the temperature of the microwave background
radiation in the Universe as a useful clock for keeping track of the axion energy
density. Thus, we represent the evolution of the axion energy density in the fol-
lowing frequently-used form:

TS

pa(T) = pa(Tin)ﬁ . (2‘62)

The fact that the classical axion energy density redshifts as dust nicely matches

the quantum intuition according to which the time-dependent classical axion field
represents a mean field description of a quantum gas of cold bosons.

In the language of the oscillating classical field a(t), this means that due to

Hubble damping, the amplitude of the axion field reduces as

T3/2
in 3/2

in

A(t) = (2.63)

Since the initial amplitude Aj, is bounded as Ay, < f, because of the periodicity
of the potential, we conclude that in the cosmological environment, the amplitude
quickly satisfies

AL fa, (2.64)

i.e. oscillations are small due to Hubble damping.

In section[2.3.4] we will show that the friction term, which reduces the density of
axions, does not affect the validity of the classical description: The axion evolution
is still well-described by a classical solution of damped oscillations. We shall
therefore structure our analysis in the following way. First, we will ignore the
contribution from the friction term and develop a coherent-state picture of the
axion in the absence of dilution. In this setup, we identify the effects which lead to
a quantum break-time of the axion field. We show that the timescale is enormous.
We shall later take into account the underlying quantum effects which lead to
friction in the classical theory and show that the original assumption that they do
not contribute to quantum-breaking is consistent at the fundamental level.

Fundamental Parameters

For concreteness, we model the axion potential by the following widely-considered
form

V(a/fa) = Moen(1 = cos(a/ fa)) | (2.65)

where the scale Agcp that is set by QCD and quark masses has dimensionality
[Adqep] = (energy)/(time)?. A crucial simplification occurs because the amplitude
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of oscillations is small due to Hubble damping, i.e. we have a/f, < 1. Corre-
spondingly, we can expand the axion potential. To leading order, we obtain a
Lagrangian of the form ([2.5)):

1 1 1

L= §8Ma6“a — §m2a2 + Eo‘zaa‘l. (2.66)
For the axion, the classical parameters are given as
A2 A?

— Qb A, = —2D (2.67)

Ma=Tp T M T

Thus, we can directly apply the whole analysis of section to the case of cosmic
axions.

First, we turn to classical nonlinearities. They are controlled by the collective
coupling

A2
2
where we plugged in the axion parameters in Eq. (2.13]). Thus, the smallness ([2.64))

of oscillations implies that the collective coupling of axions is small:

Aa (2.68)

A < 1. (2.69)

This undercriticality of cosmic axions, which we shall further discuss in section
2.3.5], will be important for our conclusions since it prevents the axions from enter-
ing a regime in which fast quantum breaking could take place. Moreover, since the
axion field can be well approximated by the free classical solution , it follows
that its energy density is given by

B A*AGep

_ 2,
Pa 2z (2.70)

in accordance with Eq. (2.23]) discussed before.
On the quantum level, we conclude that the mass m, and the dimensionless
coupling «, are given as before by

me = himy , o, = hay, . (2.71)

Consequently, the occupation number in the reference volume V = m_? is

| faA?

N=h" ,

(2.72)

as is evident from Eq. (2.22). This matches the energy density ([2.70)).
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2.3.3 Quantum Break-Time

Having determined the three fundamental parameters of the axion field — the mass
mg and coupling «a, of the quantum theory as well as the state-dependent value of
Ao — We can apply our previous analysis of quantum breaking, i.e. we simply need
to plug in the values for the axion field in the formulas for the quantum break-time
derived before. We will set A = 1 for the remainder of the discussion of axions.

First, we consider the process of 4 — 2-scattering depicted in Fig. This
is the leading process in the limit of small axion momenta. Its rate is given by

,I’toda 12
T ~m, Y) 9.73
ma () (273)

where we used the collective coupling (2.68)) of the axions as well as the dependence
of the amplitude on the temperature. When we take T;, &~ 100 MeV as the
temperature of the QCD phase transition and also conservatively assume A, = f,,
we get for today’s axion field:

Cioday ~ Ma 107144 (2.74)

Thus, the characteristic rescattering time required for a single scattering process,
i.e. for reducing the coherence of today’s axion field by a factor of order 1/N,
already exceeds the age of the Universe by many orders of magnitude.

As we have discussed, quantum breaking can only occur once a significant
number of the order of N scattering processes has taken place. The corresponding
timescale is given by t, ~ I'"'N, which yields Eq. :

8
1 1 :m—l fa
g3 “ m2AS

(2.75)

g = m,

We see that the quantum break-time increases as A=%. Now we can evaluate it
at different epochs. First, we consider it at the onset of oscillations assuming the
initial amplitude to be maximal: A;, = f,. For example, taking the axion mass
mg &~ 107° eV, which implies f, ~ 102 GeV, we get t, ~ 10**s. Even in this crude
estimate, in which we ignore Hubble dilution, the quantum break-time exceeds the
current age of the Universe by a factor of approximately 10%.

In order to estimate the quantum break-time for the present epoch, we
can express it in the form
fama

03

~ —1
tq ~ myg

: (2.76)

In Fig. the process of 4 — 2-scattering arises due to the exchange of a virtual axion.
We remark that instead, it can also come from taking into account the six-point interaction of
axions, which follows from keeping the next order in the axion potential . Both processes
lead to a rate of the same order of magnitude.
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where we plugged in the energy density . Using the energy density of dark
matter, p, ~ (1073eV)?*, we obtain t, ~ 10'™s, which exceeds the current age
of the Universe by a factor of approximately 10°7. Thus, the coherent state
approximation for describing the axion field in the present epoch is extremely
accurate.

Effect of Nonzero Axion Momenta

So far, we have only considered 2 — 4-scattering. In reality, since the classical
axion field in the Universe is a distribution over different wavelengths, the 2 — 2-
rescatterings can also contribute to decoherence. They are displayed in Fig. [2.2]
As we have discussed, the process of 2 — 2-scattering moreover becomes possible
even in the absence of axion momenta because the axion potential gives a small
contribution to the asymptotic energy of the particles. The corresponding rate

(2.33) gives for the cosmic axions:

A4
F2_>2 ~ maﬁ . (277)
For today’s axion density, we get 'y = mq T{q,,/Ti & mq 1077, which is again
minuscule.
As is evident from Eq. (2.34]), the corresponding quantum break-time is given
by

4 4
1 fa _mflfia

242 a )
m2A Pa

tq. 250 = M, (2.78)
Evaluating this expression at the onset of oscillations with maximal amplitude
A = f,, we get the same result as for the 4 — 2-scattering: tq 2,0 ~ 10%?s.
On the other hand, if we evaluate the quantum break-time for the current epoch,
in which the axion energy density is taken to be the dark matter density, we
get tq 250 & 10%s, which exceeds the current age of the Universe by a factor of
approximately 10%°. Thus, the inclusion of 2 — 2-scattering due to the distribution
of coherent state axions over different momenta does not change our conclusion
that the coherent state description for dark matter axions is extremely accurate.

2.3.4 Validity of Our Simplifications

In order to conclude our argument, we wish to point out that the simplifying
assumptions which we have made in our estimates do not significantly change the
result. For example, one could wonder whether particle production, which takes
place in an expanding universe, could have any significant effect. In particular, one
might be worried about produced free axions, which could scatter off the coherent
axion state and lead to decoherence. However, this does not happen since not
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enough particles are produced: Because of v = 3H < m,, particle production is
exponentially suppressed by the Boltzmann factor exp(—m,/H).

A similar argument holds for the effect of the QCD phase transition, which leads
to a change of the axion mass. The corresponding transition time ¢qcp, which is of
order of the Hubble time around the QCD-temperature, tqcp ~ M,/ AéCD, is much
longer than the axion Compton wavelength: tqcp > m,'. Therefore, 1, < m2,
i.e. the transition is adiabatic. Consequently, the quantum creation of free axions
due to the time dependence of the mass is suppressed by exp(—m? /ri,) and there
are not enough produced particles to have a significant effect on the coherence of
the axion state.

Of course, axions also interact gravitationally. Considering gravitational in-
teraction in the rescattering process amounts to replacing a, by the gravitational
coupling strength

o, = Gym?, (2.79)

where Gy is Newton’s constant. So this is equivalent to replacing f, by the Planck
mass M, = 1/v/Gx . Hence it is obvious that unless the axion decay constant is
trans-Planckian, the gravitational interaction among axions is much weaker than
the interaction due to QCD and therefore does not affect the quantum break-time.
We remark that the analysis of a gravitationally self-interacting scalar field will be
performed in the analysis of de Sitter in section [2.4]

Finally, we turn to the dilution of the axion number density. In a cosmological
context, this dilution originates from the Hubble expansion as well as the decay of
axions into some lighter particle species, e.g. photons. For realistic values of the
axion mass, the decay is a subdominant process. Therefore, we focus on the effect
of Hubble friction. Since it describes a classical process, namely the dilution of
gas in the background of an expanding universe, we intuitively expect that it does
not lead to quantum decoherence.

Our goal, however, is to make this statement more precise. Thus, we generalize
Lagrangian ([2.66)):

s @ ~oun 222
L= bl (@ﬂ@“a —m;a ) : (2.80)

where a is the scale factor and indices are now raised and lowered with the flat
Friedmann-Robertson-Walker-metric, g,, = diag (1, —a? —a?,—a*). We do not
consider self-interaction of the axion since our present goal is only to investigate
possible decoherence due to Hubble friction. The canonically conjugate momentum
fIa = a®*0ya gives the Hamiltonian

?%::ﬁg+—&5«agaf-%nﬂaﬁ. (2.81)

Specializing to a spatially homogeneous field, the Heisenberg equation of motion
1S
a+vya+m2a=0, (2.82)
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since v = 3H = 3a/a. As the Heisenberg equation is linear, we can apply the
Ehrenfest-theorem, i.e, we can take its expectation value to conclude that for any
quantum state, the expectation value of the time-evolved quantum operator is
equal to the classical solution given by . Thus, the fact that friction is a
linear term suffices to show that it cannot destroy classicality.

For completeness, we will nevertheless explicitly study the quantum time evo-
lution, where we use the calculation of [104]. The former paper contains a deriva-
tion of the following eigenvalue equation for an initially coherent state |N) in the
Schrodinger picture:

(eim“t cosh(ét) ey + et sinh(ét) é%’) IN(8)) = VN'IN(1) , (2.83)

where the creation and annihilation operators é%, ¢y are still defined by the mode
expansion (2.16) (at t = 0). In order to make the formulas more transparent, we
wrote down the solution only to leading order in v/m, and neglected 5/(mg7y). As
explained above, both simplifications are reasonable in a cosmological context. In
this limit, shows that |N(t)) is a squeezed coherent state with real squeezing
parameter s = yt/2. The uncertainty is no longer equally distributed,

Aaoce ™2 ATl o /2 (2.84)

but still minimall] Thus, |N(¢)) continues to be maximally classical. Including
higher terms in v/m, does not change these conclusions signiﬁcantlyﬁ This means
that also in the presence of classical Hubble friction, the classical description of
the free axion field remains valid indefinitely. It does not lead to a quantum
break-time.

2.3.5 Undercriticality of Cosmic Axions

As we have discussed in section 2.2.4] quantum breaking can be greatly enhanced
in the overcritical domain A > 1, provided a classical instability exists. Obviously,
cosmic dark matter axions cannot enter such a regime since they are undercritical.

"The emerging physical picture has a straightforward interpretation. In terms of the physical
field 0ya, we have
Aa = Adya o e /2 (2.85)

From this point of view, |N(t)) is therefore still coherent. Time evolution only reduces the
overall uncertainty in physical space. This is in accordance with the commutation relations

alt, @), T, (t, g_])} =i0(7 — ), which read in physical space

[a(t, @), d0a(t, T)] = ia 20(Z — 7). (2.86)

This means that uncertainty is conformally conserved but dilutes with the physical volume.
8In this case, the state |N(¢)) is no longer exactly squeezed at all times, but the deviation of
AaAll from 1 vanishes periodically and is bounded by a constant which scales as v2/m2.
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In order to obtain a quantitative estimate, we can represent the collective coupling
as

o= P (2.87)
which follows from ([2.68]) when we express the amplitude A in terms of the energy
density . Using the present energy density of dark matter, we get \, = 10744,
which is minuscule.

Nevertheless, it is instructive to discuss what an overcritical regime would
imply for cosmic axions. First, we consider the truncated theory . The
potential has a minimum at ¢ = 0, a maximum at a? = 6m2/a, = 6f> and is
unbounded from below for larger values of a. Thus, the critical value is given by
Ao = 6, i.e. the instability sets in for A? > 6f2. Overcriticality of the axion gas
would imply that the amplitude of oscillations A exceeds a., and the classical field
aq(t) grows unbounded. This classical growth is accompanied by an instability of

modes with momenta |%’| < \/ Graq(t)? — m2 so that finally all the modes become
unstable. Of course, in such a situation the quantum breaking can be efficient, but
it is also meaningless since in this regime the truncated model no longer describes
physics of the axion gas correctly. The truncation is only meaningful as long as
the amplitude of oscillations does not exceed ac.. So the short quantum breaking
in a would-be overcritical regime of axion gas is unphysical and is an artifact of
an invalid description.

Let us now go to the full axion model with periodic potential H We can
make the axion overcritical, i.e. achieve A\, = A%/f? > 1, by assuming a high
number density of zero momentum axions. Since p, = AqA§cp, this implies in the
classical language that we are looking for a time-dependent solution with energy
density p, > A§cp. In this regime, the solution, up to corrections O(A§cp/pa),
has the form:

aalt) = v/2pat. (2.88)

This solution has an obvious physical meaning. Since the energy of the axion field
exceeds the height of the axion potential, the evolution is the one of a free field
with a constant energy density. Let us examine the stability of this solution. The
momentum modes of the linearized perturbations around it satisfy the following
equation:

ap(t) + <h2]—§)2 + m? cos ( 2\, mat>) ap(t) =0, (2.89)

where we have used the collective coupling in the form of Eq. (2.87)). Introducing
a new variable y = /22 m,t, we can rewrite (2.89) in the form

ap(y) + <B + )\2 cos(2y)> ap(y) =0, (2.90)

a

9Naturally, in doing so, we ignore a possible backreaction from the axion field on QCD dy-
namics.
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A
10 15 20

Figure 2.3: Behavior of the solution of for fixed ¢ and B when the collective
coupling A, changes. The maximal value of az|(y/Aa/2 m,4t)| in the interval 20 <
mat < 25 is plotted. The values for B are 0.85 (purple), 0.95 (red), 1.05 (orange,
dashed) and 1.15 (blue, dashed). The closer B is to the critical value 1, the stronger

the instability is and the longer it persists. In each case, the instability disappears
for big A,.

where B = 2?2/(Aam§).

This is the Mathieu equation, which is known to exhibit instability bands
around certain values of B [105]. However, it is important to remember that we
work in the approximation p, > A?QCD, which is equivalent to a large collective
coupling: A\, > 1. Therefore, the term o< cos(2y) responsible for generating the
instability is suppressed. For this reason, the instability bands get narrower as A,
increases so that the phase space for the production of the corresponding modes
is Suppressed.m

Additionally, we study the scaling of the timescale of instability. To this end,

we investigate how an unstable solution az(y/A./2m,t) of (2.90) changes at a

fixed ¢t when we increase \,. In doing so, we change k in order to keep B fixed
near an unstable value. Numerical analysis shows that the timescale of instability
for a given mode indeed becomes longer as the collective coupling A, increases,
i.e. the instability disappears for A\, — oo. This is not surprising since Eq.
becomes the equation of a free particle in this limit. The result for the dominant
instability around B = 1 is displayed in Fig. [2.3] Therefore, we conclude that the
increase of stability caused by the narrowing of the instability bands outweighs the
reduction of the break-time due to the scaling ¢ oc y/v/A, . In summary, this shows
that once the full axion potential is taken into account, the quantum break-time
cannot be made arbitrarily short even in the overcritical regime.

As a final remark, we note that @ cannot be arbitrarily large due to the fact

10T this regime, the most relevant instability is the lowest-lying one around B = 1, i.e. for
modes with k2 = \,m?2 /2.
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that it backreacts on the Peccei-Quinn field. In particular, there is an absolute
bound on @ given by @ &~ f? because at this point, the backreaction from the axion
field on the vacuum expectation value of the modulus of the Peccei-Quinn field,
Ppg = faei®fa becomes order one and the axion decay constant f, changes. This
must be taken into account. So the simple description in terms of a pseudo-scalar
a with a periodic potential breaks down and one has to consider the full theory.
For the collective coupling of the axion gas, this restriction translates as the bound
A <oyl

In conclusion, in the overcritical domain the quantum break-time can in princi-
ple be made shorter at the expense of Lyapunov instabilities along the lines of the
mechanism of [40]. However, this domain is irrelevant for the cosmic axion field
because of the following reasons. First, this regime cannot be reached within the
validity of axion effective field theory model (2.66)), due to backreaction. Secondly,
the would-be overcritical domain — in which potentially a fast quantum breaking
could occur — is way outside of the realistic parameter space of dark matter axions
in our Universe since as explained, the present energy density of dark matter im-
plies a tiny collective coupling. Of course, this does not exclude the possibility that
fast quantum breaking can occur for axions that are in special highly localized con-
figurations. However, this can only happen if two conditions are simultaneously
fulfilled: There must be an extreme overdensity to reach A\, = 1 in some small
subregion and moreover the configuration must be classically unstable.

2.3.6 Relationship to Other Work

We conclude by discussing in more detail the relationship of our work to the
results presented in [71,1014103]. Also there, the classical axion field is resolved as
a multi-particle quantum state. Subsequently, the authors investigate the axionic
self-interaction. They do so by calculating the process of 2 — 2-scattering, which
we also considered. In full agreement with our result, they obtain the quantum
break-time (see T's, which is defined before equation (8) of [71]). Therefore,
they also conclude that the timescale of this process vastly exceeds the age of
our Universe and does not play any role for current observations. They proceed,
however, to study processes of 2 — 2-scattering in which also the final state is
macroscopically occupied. In accordance with our discussion in section [2.2.3] they
obtain the enhanced rate and correspondingly the shorter timescale ([2.41)):

1

tcollective ~m, \2 ) (291)

where we restored factors of h for the present discussion. At the onset of oscilla-
tions, it can indeed be short: tconective = m;l. They argue that this process leads to
Bose-Einstein condensation of the axions, i.e. they increasingly occupy the mode
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of zero momentum [7]

We are, however, not interested in implications of this process. Our key point
is that feonective 1S a classical quantity that only depends on the collective coupling
Ao = a,N. As discussed in section [2.2.3] it corresponds to the timescale of classical
nonlinearities. Thus, even if t oective 1S short, it does not jeopardize the classical
description of the axion field or lead to a quantum break-time. This agrees with
the discussion in reference [75], which is cited in |71]. Also there, it is noted
that the process of condensation corresponds to a classical interaction of different
momentum modes and can be described as scattering of classical waves[?|

As a second step, [71,101-103] contains the study of gravitational self-interaction
of the axions. Whereas we concluded in section 2.3.4] that it is a subdominant ef-
fect in comparison to the axionic self-interaction, it is argued in |71,[101H103] that
gravitational self-interaction becomes strong at late times. But as for the axionic
self-interaction, the key point is that short timescales only appear when classi-
cal processes are considered, i.e. ones in which also the final state of scattering
is macroscopically occupied.m As before, we do not want to make a statement
about the potential significance of these classical effectsﬂ For us, it is only im-
portant that whatever the effect is, it can be described as classical gravitational
self-interaction. A quantum treatment is not necessary. In particular, there is no
reason why classical simulations of dark matter evolution should fail.

Finally, we want to make a brief remark about the classicality of coherent states,
which is relevant beyond the application to axions. In [107], it is claimed that
coherent states fail to reproduce a classical evolution even when their occupation
number N is infinite. We want to point out that this observation is only an
artifact of an unphysical limit. Namely, the authors of [107] take N — oo while
keeping the coupling « fixed. This does not correspond to the classical limit but

M Our approach is even more radical with respect to the distribution in momentum space. We
already start with a fully condensed state in which all axions are in the mode of zero momentum.
12That condensation can be described classically was also discussed more recently in [106].

13We can explicitly conclude this from equation (11) of [71] when we write the timescale of

gravitational interaction as
_q 1
tcollcctivc, g =M, ! OégN . (292)

Since N scales like h~! and the gravitational coupling strength is given as oy = hGnm2,
we conclude that tcoliective, ¢ i independent of 7, i.e. classical.

14We would be surprised, however, if the classical gravitational self-interaction were strong. If
we look at e.g. the cross section in equation (3.30) of [101],

Gim;
997 Tt

(2.93)

where v is the spread of speed of the axions, we note that it only diverges as a result of the
forward scatting pole v — 0. It is not clear how this leads to a physical effect. Moreover, if any
effect due to gravity exists, it is not evident to us why it should only occur for axions and not
also for other potential forms of light dark matter.
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to an infinite amplitude of oscillations: A — oo. As is clear from Eq. (2.1]), this
limit N — oo with fixed coupling o corresponds to an infinite collective coupling:
A — 00, i.e. to an infinite overcriticality. When we write the quantum break-time

due to 2 — 2-scattering (2.34) as
;1

— 2.94
. (299

tg=m-
we see that the limit of infinite amplitude implies that t, ~ 1/N m This is the
scaling also observed in [107] (see Fig. 2 there). In particular, the instabilities
developed in the artificial limit A — oo are irrelevant for axion physics since as we
have shown in section this domain is not applicable for the realistic axion
field, which is safely subcritical: A\, < 1.

As discussed in section [2.1] one obtains the correct form of the classical limit
by taking A — 0. In this case, we have N — oo while the collective coupling aN
stays fixed. Since this implies that o ~ 1/N, equation leads to the scaling
tq ~ N. Thus, the classical description stays valid indefinitely in the classical limit
N — o0.

2.4 Application to de Sitter

So far, we have studied quantum breaking for a simple self-interacting scalar field
in section [2.2l Moreover, we have shown in section that this analysis has
immediate implications for cosmic axions. In the present section, we turn to a more
involved system by investigating quantum breaking in de Sitter. As for the scalar
field, we proceed in two steps. First, we have to find a quantum description of the
classical solution. Secondly, we determine the quantum break-time by studying
quantum effects that are not captured by the classical solution. The first step
turns out to be more complicated in the case of de Sitter whereas the second one
is largely analogous to the scalar field example.

2.4.1 A Quantum Description of the de Sitter Metric

In the introduction we have reviewed the quantum picture of de Sitter pro-
posed in [44]. In this approach, de Sitter does not correspond to a fundamental
vacuum, but it is obtained as expectation value of an excited state that is defined
on top of Minkowski vacuum[Y| Since Minkowski has a well-defined S-matrix, one
of the main advantages of such a construction is that all problems that arise due to
the lack of an S-matrix in de Sitter can be avoided. Our first goal is to make the
above quantum picture of de Sitter more explicit, i.e. to find a concrete quantum

15See [108] for a suggestion to extend the validity of the classical solution in the overcritical
regime by averaging over a set of random initial conditions.
6 More studies of this corpuscular picture of de Sitter can be found in [109H111].
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theory for the constituent gravitons that is able to reproduce the classical metric
description. Thus, we take a constructive approach towards the idea to regard
de Sitter as a multi-graviton state on top of Minkowski by showing that this can
indeed by achieved in a suitable approximation.

Since we are not able to give a quantum description of the full nonlinear solu-
tion, we will proceed as for the scalar field by linearizing the classical equations of
motion. However, even the linearized solution still does not admit a straightfor-
ward quantum description. Therefore, we will replace the cosmological constant
source of the linear theory by a graviton mass in such a way that both theories —
the one with the cosmological constant and the one with the graviton mass — have
the same solution. In this deformed theory, we will give a quantum description of
the linearized classical solution. In determining these classical solutions, we will
largely follow [112][7]

Linearizing the Classical Solution

First we work on the classical level and linearize the Einstein equations on top of
the Minkowski metric 1),

Gﬁgﬁab’ = _2A77uz/a (295)

with the linearized Einstein tensor defined as egfﬁag = DEW - nu,,DE — 8ﬂ8°‘f~za,, —
8V0Q7Lw + OM&,?L + nw,aaﬁﬁfzaﬁ. The gauge symmetry is,

Ty = hyw + 0uEy + 08, (2.96)
where £, is a gauge-transformation parameter. In de Donder gauge, 6“%“, = %GJL,
the equation takes the following form:

- 1 -
D@w—zmm):—mmw (2.97)

Here 71”,, is dimensionless and denotes a small departure from the Minkowski metric
caused by the presence of a constant source A. In the full nonlinear de Sitter
solution, A would correspond to the de Sitter Hubble parameter, A = 3H?. It
determines the curvature radius Ry = H !, as already stated in Eq. (1.14).

It is very important not to confuse ;Lw, with the linear metric perturbation on
top of a de Sitter metric: EW is a short-time approximation of the de Sitter metric
itself, not a fluctuation on top of it.

1"Note that we corrected minor numerical factors as compared to [112].
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Following the results of [112], the equations of motion (2.97)) are solved by

hoo =At?, (2.984)
- 2

~ 9 A

hi]’ = — At 51’]’ — 561']‘ y (298C)

where €;; = x;x; for i # j and 0 otherwise. Still following [112], we apply a
diffeomorphism to obtain

1 1 L
ds? = dt? — (1 + 3At2> 0;;dz’da’ — gAxixjdx’de , (2.99)

which is an approximation of a de Sitter Universe in closed Friedmann-Robertson-
Walker slicing:

dr?
2 3,2 _ 2 2102
ds® = dt* — cosh (\/A/S t) (1 — A3 + r2dQ) ) . (2.100)

To first order in the At?- and Ar?-expansion, it is clear that (2.100]) reproduces
(2.99). We conclude that our approximation of weak gravity is valid as long as
t < A=2 and © < A~2. This yields the classical break-time

tO ~ A2 (2.101)

It is instructive to confront expression for the classical break-time of
de Sitter with its counterpart for the self-interacting scalar field. The clas-
sical oscillations of the scalar field are defined by three parameters: frequency m,
amplitude A and the strength of classical nonlinear interaction a. We can de-
fine the corresponding parameters for the classical de Sitter space at short times.
The characteristic frequency is defined by the Hubble scale, m, = VA’ Secondly,
the amplitude of the canonically normalized graviton field beyond which nonlin-
earities become crucial is given by the inverse square root of Newton’s constant,
A, = 1/y/Gy'. Finally, the strength of gravitational nonlinearities in de Sitter is
defined by o, = AGx. Replacing in the expression for the classical break-time
of the anharmonic scalar field the parameters m, A and @ by their grav-
itational counterparts m,, A, and &,, we get exactly expression , which
we had obtained by comparing the metrics and . Despite the fact
that the anharmonic scalar field and de Sitter are very different systems, their
classical break-times obey the universal relation (2.12). The difference is that in
gravity, unlike in the scalar field case, only two out of the three parameters are in-
dependent. Correspondingly, we do not have the flexibility of making the classical
break-time longer than 1/v/A’.



2.4 Application to de Sitter 55

Mapping the Cosmological Constant on a Graviton Mass

Our subsequent task is to provide a quantum-corpuscular description of in
form of a coherent state. To this end, we slightly deform the linearized theory by
promoting it into a similar theory, which has exactly the same metric description
for the relevant timescales, but for which the coherent state description is much
more straightforward. The choice of deformation for the linear theory is unique.
It is given by the only existing ghost-free linear theory of a spin-2 field beyond
linearized Einstein gravity: Pauli-Fierz theory of massive spin-2 [113]. We denote
the graviton mass by m,. Because we are still in a classical theory, however, only
the graviton frequency m, = mg,/h is relevant. We will use the terms frequency
and mass interchangeably although we keep h explicit for now.

But what are the reasons for adding a mass? First, as observed in [112],
this deformation leads to a solution which reproduces the de Sitter metric for
times ¢ < m;l = 1/v/A’ even in the absence of the cosmological constant term.
For short timescales, the graviton mass consequently has the same effect as the
cosmological term. This means that for short timescales, observers coupled to such
a gravitational field cannot tell whether they live in a de Sitter metric of Einstein
theory or in a coherently oscillating field of a massive Fierz-Pauli graviton on top
of a flat Minkowski vacuum. Since we want to map the cosmological constant to
a graviton mass, we already expect at this point that

mg ~ VA . (2.102)

We will elaborate on this relation later but keep m, arbitrary for now.

Secondly, such a deformation allows for a simple coherent state interpretation
of the de Sitter metric: It is much more straightforward to describe a coherently-
oscillating free massive spin-2 field as coherent state than its massless counterpart
sourced by a cosmological term.

In addition, it matches the physical intuition that if de Sitter space allows for
a sensible corpuscular resolution in form of a coherent state, the constituents must
have frequencies given by the Hubble parameter since this is the only scale of the
classical geometry. Thus, these constituents can be viewed as some sort of off-shell
gravitons of nonzero frequencies set by H. The mass term is the simplest term
which provides such an effective off-shell dispersion relation. Thus, for a sufficiently
short time-interval, t < t., we can think of the gravitons of the massless theory
which are put off-shell by nonlinearities as on-shell massive gravitons of a free
theory. This mapping allows for a coherent state interpretation of the de Sitter
metric for sufficiently small times. Although the approximation breaks down after
ta, it suffices to “fish out” the 1/N-quantum effects which lead to a departure from
the classical solution.

We therefore modify our theory by adding a graviton frequency m, and remov-
ing the cosmological constant source. To linear order, the massive graviton, which
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we shall denote as h,,,, obeys:
€D hap + (A — nuh) =0, (2.103)

with the linearized Einstein tensor given as above. Additionally, it must satisfy
the Fierz-Pauli constraint

0 (hyy — nuwh) = 0, (2.104)

which shows that it propagates five degrees of freedom. Following [112,/114], these
degrees of freedom can be split according to irreducible massless representations
of the Poincaré group into three different helicity components: helicity-2 7LW,
helicity-1 A, and helicity-0 x:

~ 1 1 10,0,
Py = hyw + m—g((?HA,, +0,A,)+ EWWX + 3 ’r;lg X (2.105)

This decomposition is unique in the sense that in this basis, the kinetic mixing
among different helicities is absent and in the limit m, — 0, the field h,, “disin-
tegrates” into three independent massless representations of the Poincaré group:
spin-2, spin-1 and spin-0. Note that the gauge redundancy of the massless
theory is not lost. The gauge shift is compensated by a corresponding shift
of A,
A, — Ay —mgé,. (2.106)
Hence, A, acts as Stiickelberg-field, i.e. we can continue enjoying the gauge free-
dom for fixing the gauge of the Ew—component. This is particularly useful, since
following [114], we can integrate out the additional helicities and write down an
effective equation for 7LW.
This equation in de Donder gauge, 8“EW = %&JL, is a massive wave equation:

- 1~
(O+m2) (hW _ Zn,wh) _0. (2.107)
One solution is given by

~ 2A _
hoo = — m—g cos(myt) , (2.108a)
— (myt) (2.108b)

; =——— sin(myt)x; , ,

0 3my g
- 2A A
hij :m—g cos(myt)d;; — 3 cos(myt)e;j (2.108¢)

where the additional helicity-0 part assumes the following form:

~ 8A _
x=—h= 3 cos(mgt) . (2.109)
g
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This formula is a manifestation of the fact that y and A are not independent
but mix through the mass term and undergo simultaneous coherent oscillations.
Correspondingly, the oscillating classical field represents a coherent state composed
out of quanta which reside both in x and h.

For t <« mg—l, the oscillating solution of the massive theory without any
cosmological constant fully reproduces — up to an additive constant — the de Sitter
solution (|2.98]) of the massless theory with a cosmological constant as source:

o o~ 2A
hg;@g;éo, A=0) _ hLTg:O, A#£0) _ Mo = - (2.110)

g

Due to the normalization of the amplitude 2A/ mf], this relation holds irrespective of
the graviton mass.ﬁ Obviously, the classical break-time after which the oscillating
field no longer approximates the massless solution is
ta ~my, " (2.111)
Finally, we choose m, such that the classical break-times of linearized solutions
in the two theories are the same: In nonlinear massless gravity, the classical break-
time is reached when the variation of the dimensionless metric h,,, becomes of order
one. This is equivalent to the statement that the linearized approximation breaks
down when the canonically-normalized field iNLW becomes of order of the Planck
mass M,. Applying the same criterion to the oscillating solution of the linearized
massive theory, we must set

my = VA . (2.112)

With this choice, the classical break-times in the two theories match: the timescale
of the breakdown — due to classical nonlinearities — of the linearized de
Sitter solution of a massless Einstein theory and the timescale of
the breakdown of the same solution — due to the mass term — in the linear
Pauli-Fierz massive theory. This means that the classical nonlinearities in Einstein
gravity and the mass term in the free Pauli-Fierz theory are doing the same job of
putting the solution out of business. Of course, this argument would allow
for a constant prefactor in Eq. . It will become apparent in section
why it has to be 1. We will adopt the choice from now on.

We conclude that we have accomplished our first goal of finding an appropriate
approximation to the exact classical solution. Its classical break-time is

ta~ A2, (2.113)

18We note, however, that the massive solution (2.108]) diverges in the limit mg — 0. This shows
why it is not convenient to use a free massless field for the quantum description of linearized de
Sitter.
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Thus, for short timescales t < t., the graviton mass fully replaces the effect of the
cosmological term. This fact shall allow us to give a well-defined coherent state
representation of de Sitter space during that time span.

We would like to stress that although we borrow the setup of [112], we do not
use its approach of killing (i.e. de-gravitating) the cosmological constant by means
of the graviton mass. Instead, we manufacture the de Sitter metric by replacing
the cosmological constant by a graviton mass.

In this respect, the idea of our simple model is also reminiscent of the idea of
self-acceleration [115] in which a de Sitter-like solution is achieved without the cos-
mological constant source, due to modification of the graviton dispersion relation.
More recently, such solutions were obtained [116-118] in the theory of massive
gravity of [119]. Since our focus is not on a modification of Einstein theory but
rather the creation of a simple setup which allows for a composite interpretation
of the de Sitter metric, the graviton mass is merely a computational device which
replaces the effect of nonlinearities. In other words, we map the interacting off-
shell massless gravitons onto free massive ones. Hence, we shall not be concerned
with nonlinear completions of the massive theory|™]

The Basic Classical Model

Let us summarize the basic model we shall be working with in the following: We
replace the linearized massless theory of an Einstein graviton A*” coupled to a
cosmological constant source A,

1 /1

gt 2
Lr (hﬂ“egfha5+

VGN

by a linear theory of a Fierz-Pauli graviton of mass m, = VA

— h ho T
5 hA + 167/ Gy hy T (\I/)+...>, (2.114)

1 1 v 1 v 7 v
Lo = o (GHethas + SAUu ™ = 12) + 167G Tpu T (W) +...)
(2.115)

This is the theory on which we will base our analysis. It is crucial to note that it
does not include a cosmological constant. Instead, it only contains the Fierz-Pauli
mass term (h,, h*" — h?).

Again, by no means should one think that the cosmological term gives the
graviton a fundamental mass. This is not the case as it is obvious already from
counting the number of degrees of freedom. We use the fact that the Einsteinian
spin-2 helicity component BW of the Fierz-Pauli massive graviton without cos-
mological term has the same form as it would have in a massless theory with
cosmological constant.

19Tt could nevertheless be an interesting independent project to extend our quantum analysis
to a full nonlinear massive theory of the type [119].
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In both Lagrangians, we moved to canonically normalized classical fields by di-
viding by v/G . Therefore, both h,, and h,, as well as the A,- and x-components

of h,,, have dimensionality of \/ (energy)/(time) . Correspondingly, the helicity de-
composition of h,, continues to have the form given by (2.105). T**(¥) denotes
the energy momentum tensor of all modes ¥ which do not belong to the mode-
decomposition of the background de Sitter solution, i.e. the quanta which in the
quantum picture are not part of the coherent state description of the de Sitter
metric. We only keep the lowest order dependence of 7" (W) on the fields.

For definiteness, we assume that T*” is the stress-energy tensor of some exter-
nal particles and does not contain a graviton part. Including h,, into T*” would
result in nonlinear self-interactions of h,,,, which would contribute to both classical
and quantum break-times. Since our approach is to replace the effect of the self-
coupling by an effective graviton mass, we will not include gravitons in 7" ().
In addition to that, it is convenient to couple gravity exclusively to external parti-
cles with initial occupation number equal to zero because such particles manifest
themselves only via quantum processes and this is precisely what we are after.

Moreover, we couple T#” (W) only to the Einstein spin-2 helicity component A,
in the Lagrangian . The reason why we do not couple the y-component to
external sources is that we want the external particles W to experience — in the
classical limit and during the timescale of validity of — “life” in an effective
de Sitter metric.m As explained above, the solution for the helicity-2 part
h,. alone suffices for that since it is equivalent to the de Sitter solution (2.98) of
a linearized massless theory for t < t,. B

Finally, we further split the helicity-2 component h,, according to the sym-
metries of the Poincaré group. The scalar part, on which we shall focus in the
following, corresponds to the trace of the helicity-2 component EW:

hs, = — V167 ¢ 1, , where (2.116)

1
[0} :m cos(myt) . (2.117)

From Eq. (2.109)) it is clear that ¢ also describes y:
X =8VAar ¢. (2.118)

Thus, the field ¢ represents the scalar degree of freedom which simultaneously
resides both in the trace of the helicity-2 component h,, and in the helicity-0
component .

In the following, we restrict ourselves to the scalar part and disregard
the off-diagonal elements of EW. Doing so can be regarded as a last deformation

20Notice that the coupling of the helicity-1 component A, to T, automatically vanishes due
to the conservation of the source: 0*T},, = 0.

21The numerical prefactor was chosen to cancel the factor of 1/(167) in the Lagrangian .
This choice, however, is arbitrary.
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of the theory. We will show that despite its great simplicity, this model of the
scalar component of the graviton suffices to capture all essential properties of de
Sitter@ In summary, we consider the effective theory

L ; GO — ;quﬁ Gy o), (2.119)

where we absorbed a factor of v/167 in a redefinition of the energy-momentum
tensor 7, (¥). The classical frequency is given by

My = VA . (2.120)

Moreover, the amplitude that corresponds to the solution (2.117)) is

A= (2.121)
g \/47TGN . .

Finally, we remark that obtaining ¢ as in is only possible with a particular
choice of gauge. We selected it for simplicity: It enables us to study linearized de
Sitter in terms of only one scalar degree of freedom. We have this gauge freedom
at our disposal since the Lagrangian is manifestly gauge-invariant. Had we
chosen a different gauge, the analysis would generically become more complicated
as a single scalar degree of freedom would no longer suffice to describe the de Sitter
metric.

The Quantum State of de Sitter

Having given an effective model of de Sitter in terms of the scalar field ¢, it
is straightforward to describe it on the quantum level. We can proceed in full
analogy to the prototypical theory studied in section [2.2.2] The results that we
find in our concrete model will completely match the generic scaling relations of
the corpuscular approach to de Sitter, which we reviewed in section [1.3.2] First,
the classical frequency m, determines the mass of the field as

my = VA, (2.122)

as is required in the Fierz-Pauli theory ([2.115)) ﬂ This agrees with Eq. (1.20)).

22Tn contrast, numerical prefactors, in which we are not interested, might change due to this
deformation.

Z3We note that the limit m, — 0 was used in |74] to obtain a coherent state description
of Minkowski space in terms of zero energy gravitons. This connection makes a fundamental
difference between the two spacetimes evident: The quantum constituents of de Sitter must
carry nonzero energies.
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Next we can construct the coherent state |N) of gravitons as in Eq. (2.18),
where the mode operators are defined in terms of the expansion (2.16) @ Then

the mean number of gravitons in a volume V' turns out to be
_Vmy
N SThG N ’

where we plugged in the amplitude (2.121)) in Eq. (2.19). In one Hubble volume,
V ~ A732 we get

(2.123)

1
N —_=
hG A

gravitons, in accordance with Eq. 1}
At this point, we can also analyze the energy of de Sitter. In our quantum de-

scription, its expectation value per volume V is given by a product of the graviton
rest mass and their average occupation number in a coherent state:

(2.124)

E =myN . (2.125)

Taking into account Eq. , we conclude that the quantum description indeed
yields the correct classical energy m The matching of energy is also the
reason why the numerical coefficient of the graviton mass has to be 1 in Eq.
112).

Finally, we can estimate the quantum coupling of the coherent state gravitons.
Despite the fact that the classical solution was obtained in the approximation of
ignoring the self-coupling of gravitons, the strength of their coupling is universally
fixed by general covariance. To first nonlinear order, the graviton self-coupling
can be estimated by taking into account the coupling of gravitons to their own
energy-momentum tensor T}, (h) evaluated to bilinear order in h. Even without
presenting the explicit long expression for Tw,(ﬁ), it is clear that for coherent state
gravitons of energy my, the strength of the effective four-point coupling is given
by

ag = hm2Gy , (2.126)

in accordance with Eq. (1.22). Taking into account formula ([2.124)) for the number
of gravitons per Hubble patch, we conclude as in Eq. ((1.23) that the collective

24This means that we define the quantum state of %;w by defining a quantum state for each
symmetry component. Subsequently, we can view the full graviton state |N;) as tensor product
of them: |N;) = |N) ®; |0p,), where |0,) are the vacua for the other components.

Z5Note that in any case we need to work with volumes V' < A~=3/2 for the validity of our
first-order approximation.

26We remark that we deal with two different notions of energy. The classical energy is associ-
ated to the source A. The energy of the massive gravitons originates from the gravitational field.
We could compare this to the situation for a shell of mass M and radius R: In that case, M is
the energy of the source whereas M2Gx/(2R) is the energy of the gravitational field.
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coupling A\, = a, NV is strong:
g = L. (2.127)

This fact immediately demonstrates the consistency between Eqgs. ,
and for the classical break-time of de Sitter and the general formula (2.12)):
The classical break-time is equal to the de Sitter Hubble radius because the col-
lective coupling A, is of order one. Finally, we remark that we will not consider
the self-coupling of gravitons in the following but solely focus on interactions with
external particles.

Summary of Approach

We can summarize our approach. On the mathematical level, we consider a theory
of free massive gravity, in which we fix a coherent state of N gravitons at some
initial time. After that, it evolves according to its free time evolution. During
the whole regime of validity of the first order approximation, i.e. for ¢ < ¢y (see
(2.113))), the expectation value over this state reproduces the classical de Sitter
solution of a massless theory.

Consequently, the following physical picture emerges: At the fundamental level,
we deal with a theory of massless gravity with the constant source A. It leads to
the formation of a multi-particle state which represents a quantum description of
the de Sitter metric. The characteristic features of this state are:

1) the gravitons are off-shell due to the collective couplingﬂ and
2) the strength of this collective interaction is critical: a,N = 1.

Thus, this state is not accessible within the standard perturbation theory, i.e. by
expansion in operators &Lee, dfree Of free massless gravitons However, following
[44], we propose that it is possible to “integrate out” the effect of the cosmological
constant source as well as of collective interaction and replace it by an effective
graviton mass. In other words, for a short time we can model the effect of collective
interaction — putting massless gravitons off-shell — by means of a mass term in a
free theory. Hence, we can approximate the interacting massless gravitons by free
massive gravitons, described by the Fock space of af, a.

The first evidence which supports the validity of such a modeling is that the
state of free massive gravitons reproduces the correct classical expectation value.
Of course, this argument does not suffice, since one can realize a given expecta-
tion value in a multitude of ways. Therefore, we will collect further evidence by
demonstrating that our framework is constructed such that it automatically repro-
duces all semiclassical results in de Sitter. We shall accomplish this by coupling

2"This off-shellness is real in the sense that a detector would measure a particle of nonzero
energy and zero momentum.

28For reasons that will become apparent shortly, we denote creation and annihilation operators
by af, @ from now on.
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the “constituent” gravitons of the coherent state to external quantum particles via
the universal gravitational coupling and studying quantum processes due to this
interaction ] After making sure that these quantum processes correctly account
for the known phenomena, we use the example of particle production to show that
they also lead to an inevitable deviation from the description in terms of a classical
metric and correspondingly a finite quantum break-time of de Sitter space.

2.4.2 Uncovering the Quantum Origin of Classical Evolu-
tion
The Semiclassical Limit in the Coherent State Picture

At this point, we have obtained a consistent coherent state description of linearized
de Sitter, which — for a short enough time interval — reproduces the classical metric
as expectation value of the graviton field. The resolution of the background
metric in form of a quantum state allows us to achieve the following goals:

1) to understand standard classical and semiclassical processes — such as the prop-
agation of a probe particle in a background metric and particle creation by a
time-dependent classical metric — in the language of underlying fully quantum dy-
namics; and

2) to identify new corrections originating from this quantum dynamics which the
standard semiclassical treatment is unable to capture.

In this section, we shall deal with the first point. We will focus on the semiclas-
sical description, in which all fields other than the background metric are treated
as quantum, and establish how it emerges as limiting case of our quantum descrip-
tion. From this semiclassical picture it is trivial to obtain the classical limit, in
which only classical fields exist. Our starting point is the quantized version of the
Lagrangian (2.119). After taking into account the coupling to an external field ¥,
it reads

L=

(060" 6 — m2d* + 0,90" — m3 ¥?) + T (). (2.128)

N | —

9
M,

For simplicity, we chose U as a scalar field of mass my. Its stress-energy tensor
is Tm(0) = —/167 (8“@8”@ — 3009, I + %m%\fﬂn‘“’), where we use the
unconventional normalization —+/167 in order to simplify notations. Moreover,
we set i = 1 from now on. Correspondingly, we switch to the Planck mass M, =
1/V/Gy .

In general, the semiclassical treatment corresponds to quantizing weak field
excitations on top of a fixed classical background metric, i.e. ignoring any backre-
action to the metric from the creation and propagation of quantum particles. In

29In marked difference to other theories, the choice of coupling is unique. This might explain
why the corpuscular approach is particularly suited for gravity.
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our model, this amounts to quantizing the U-field in an effective de Sitter space-
time created by the classical ¢-field. Thus, we can derive the standard semiclassical
evolution of a probe particle U in the background classical metric by the effective
Lagrangian

LEW = (a WOy — m3?) + ba T[j(\i’) : (2.129)
M,

which can be obtained from when we replace the quantum field é by the
classical solution, QAS — ¢o. Here ¢ is given by . In such a treatment, the
only relevant asymptotic quantum states are the initial states |iy) and the final
states |fy) of the U-field since the background metric is a c-number.

As discussed in the section treating ¢ as a fixed classical background is
only consistent in the semiclassical limit :

A =fixed, M, — . (2.130)

In that case, any backreaction from the dynamics of ¥ can be ignored and we can
treat ¢ as an eternal classical background. As already stated in Eq. (1.24]), the
semiclassical limit implies for the fully quantum picture of de Sitter that

A =m?=fixed, N — o0, (2.131)

which is evident from Eq. . The absence of backreaction is therefore
achieved by considering an infinite mean occupation number of gravitons. It is
important to note that we keep h fixed in both limits.

As we have seen, the replacement @ — ¢ suffices to obtain the semiclassical
limit. However, we are asking for more. In our theory, this approximation must
emerge as a result of fully quantum interactions between the metric-quanta and
external particles . This means that we would like to understand this replacement
not as an external prescription, but as a result of taking the limit in the
full quantum evolution.

In order to achieve this, let us first describe the evolution of a U-field in the
effective semiclassical theory in the language of an S-matrix evolution op-
erator. The nontrivial quantum evolution is due to the last term, which represents
the off-diagonal part of the Hamiltonian density:

(bcl
M

p

Hin (2) = 17 T(D). (2132)
We can derive the quantum evolution in a weak-field perturbation theory in the
expansion parameter ¢ /M, < 1. To first order in this expansion, we define the
effective S-matrix evolution operator

int

e /d4xT HeD () (2.133)
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The quantum evolution of U is then described by the matrix elements between
different initial and final states:

A = (f]5CDig) . (2.134)

Of course, since the effective Hamiltonian is explicitly time-dependent, the evo-
lution described by the effective S-matrix is in general nonunitary. This leads
to subtleties in defining the relevant initial and final S-matrix states on such a
time-dependent background. This complication is completely standard and is a
consequence of taking the zero backreaction limit.

Our immediate goal is not to enter in these well-known issues, but rather to
understand the effective semiclassical evolution as the limit of the underlying fully
quantum one. For this it is enough to recall that the coherent state | V) is defined
in such a way that it reproduces the classical metric in form of the expectation
value:

¢a = (N[N . (2.135)

Consequently, the effective semiclassical S-matrix operator can be written as
{fulS“V]iy) = ((fa] © (N]) S (IN) ® [iw)) (2.136)
where S is the full quantum S-matrix evolution operator
§=—i / d'a T {His(2)) (2.137)

defined by the full quantum interaction Hamiltonian

A

Hint () = ]\?Tﬁ(‘i’) . (2.138)

p

This means that the initial state in the fully quantum picture does not only consist
of the external particles |iy). Instead, we use the coherent state (describing de
Sitter) with external particles on top of it: |N) ® |iy). Likewise, the final state is
IN) ® |fy).

Of course, the true quantum evolution inevitably implies transitions to final
graviton states | N') which differ from the initial coherent state | N) and in general
are not even coherent. Such transitions are not equivalent to simply replacing the
graviton field by its expectation value and lead to departures from semiclassical-
ity. Therefore, Eq. makes the quantum meaning of the semiclassical limit
apparent: It corresponds to setting |N’) = |N), i.e. ignoring any backreaction to
the graviton state. Thus, the semiclassical S-matrix elements, which reproduce
the motion of an external \i/-particle in the classical metric, are the subset of fully
quantum S-matrix elements in which the quantum field $ is taken in the same
initial and final state |N).
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Notice that this selection of matrix elements is automatic in the limit (2.131)),
due to standard properties of coherent states. This is true since the overlap of
coherent states yields the factor

(2.139)

—AN?
(N+AN|N>:eXp< N ),

which was already used in Eq. (2.28). We conclude that (N + AN|N) ~ (N|N) =
1 for N — oo. In that case, we can set |N’) ~ |N). This consistently explains
why this limit corresponds to a zero backreaction. A similar argument holds for
transitions from the initial coherent state to noncoherent ones.

Finally, we note that establishing the connection between the semiclassical and
the quantum S-matrix evolutions sheds new light on the standard difficulties of
defining in- and out-states of the semiclassical S-matrix in a time-dependent exter-
nal metric, such as de Sitter. The reason is the eternal nature of the background
metric. As we have seen, in the quantum language this eternity translates to the
approximation in which the initial and final states of gravitons can be taken as the
same undisturbed coherent state |N). But for finite IV, this approximation is good
only for a finite time: For finite N, the coherent state cannot be eternal. As we
shall see, precisely because of backreaction to it, the coherent state has a charac-
teristic lifetime, which defines the quantum break-time of the system. This time
scales as V. Consequently, the coherent state can be treated as truly eternal only
in the limit , i.e. for infinite N and zero coupling. This makes the whole
story self-consistent, at least at the level of the approximate toy model which we
possess. Despite its simplicity, this model allows us to capture the key essence of
the semiclassical problem as well as of its quantum resolution. In short, we do not
need to worry about defining final S-matrix states on top of de Sitter in the light
of the fact that the coherent state |N) itself has a finite lifetime. Still, an effective
S-matrix evolution can be applied as a valid approximation for processes which
happen on timescales shorter than this lifetime.

Redshift as Induced Graviton Emission

We have established the connection between the semiclassical and fully quantum
S-matrix descriptions. Before turning to concrete examples, we will switch to a

different convention for the mode operators. Instead of the dimensionless é%, g
we use

. |

ap = ok cr (2.140)

Correspondingly, the commutation relations (2.17)) become

ap.ap) = labab] =0, [agal) =69k - &), (2.141)
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and the mode expansion of the field reads

~ — 1 . .
= [k ——= (ape ™ +ale*) 2.142
o= | W)ng(k + alet) (2.142)
Further discussions of the connection of discrete and continuous momentum vari-
ables can be found in appendix A of [73].

As a first concrete example, we will discuss the redshift which a probe parti-
cle experiences in a classical de Sitter metric. Even though redshift can also be
described classically, we will study it in the semiclassical S-matrix description, in
which this process corresponds to an initial state |ig) = ZA)% |0) of 4-momentum

p = (po, p) that has a higher energy than the final state |fg) = lA)T]—J», |0) of 4-

momentum p’ = (pf), p’). Here we denote the creation operators of ¥ by B% The
corresponding amplitude is

A = (0[bp SeDb10) . (2.143)

A complication arises since the external particle does not propagate on a Minkowski
background, but in a time-dependent de Sitter metric so that true noninteracting
out-states, which would be required for the S-matrix calculation, do not exist@
This problem does not concern us since it only pertains to the semiclassical treat-
ment. What we are only interested in is mapping the fully quantum calculation
to the semiclassical one.

By the correspondence we discussed before, the fully quantum ampli-
tude is

A= (N'|by SHLIN) . (2.144)

For the purpose of later generalization, we kept |N') arbitrary, but we will soon
specialize to |[N’) = | N). Plugging in the full S-matrix operator ([2.137)), we obtain

A= K(pp) [dze @) (N|3IN) | (2.145)

where the gravitational field solely appears in (N’|¢|N) and the kinematical factor
K(p,p’) only depends on the external particles. We do not need its explicit form
in the present discussion but write it down for the purpose of later use:

, A 167
Kp,p") =i M,

G PG @) (p-p' —2m3) (2.146)

30As the de Sitter metric is only invariant under spatial but not under time translations,
solely the momentum of the external particle is conserved, unlike its energy. This means that
the dispersion relation of a W-particle is not Poincaré-invariant but depends on time because
also asymptotically, it never stops interacting with the effective background metric. Therefore,
noninteracting asymptotic states do not exist. A strategy to overcome this difficulty could be
to approximate the initial and final dispersion relations as different but constant. Since the
time-dependent change of the dispersion relation scales with the Hubble energy m, we expect
this to be possible if we restrict ourselves to po, pf, > my.
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N =N+1

Figure 2.4: Redshift as stimulated graviton emission: An external particle of initial
4-momentum p deposits a graviton in the background state of N gravitons. The
final 4-momentum of the external particle is p'.

with the abbreviation (g (p) = ((2m)32po) ">

As already discussed, we see explicitly that we can achieve the semiclassical
limit ¢ — ¢ by setting |[N') = |N). Plugging this in as well as the mode expansion

(2.142)), we obtain

_Cm)t s
A ﬁm—g/C(p,p)(? (P-7")

(5(—190 +p6+mg)\/§+5(—p0 +p6—mg)\/§> : (2.147)

This formula makes the quantum dynamics of this process transparent. The
external particle emits (contribution o 6(—py+py+my)) or absorbs (contribution o
d(—po+py—my)) a background graviton. The emission of a graviton, during which
the external particle loses energy, corresponds to redshift whereas the absorption
of a graviton leads to an increased energy, i.e. blueshift’] In the case of redshift,
we furthermore observe that we deal with a process of induced emission which
is enhanced by the N already existing gravitons. In the fully quantum S-matrix
language, redshift therefore corresponds to the induced emission of a graviton, as
already suggested in [44]. We depict this process in Fig. [2.4]

It is important to note that the final 4-momentum of the emitted graviton
is completely fixed in this process of induced emission. Therefore, also the 4-
momentum of the external particle is uniquely determined % In this way, our fully
quantum computation is able to reproduce the classical redshift.

As already discussed, we deal with a process of induced emission, which is
enhanced by the N already existing gravitons. Consequently, we can obtain the
amplitude Ag,on of spontaneous emission in the de Sitter background by removing
this enhancement: Agone = A/ V/N'. This relation is particularly interesting in

31From our perspective of short timescales, these two processes are indistinguishable. We
expect that the boundary conditions of the expanding de Sitter branch select redshift.

32Namely, we have p’ = (pg — mg, P). This shows that the dispersion relation of the \i/-particle
has to change, as we already pointed out.
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the semiclassical limit , which corresponds to N = oo. Since the amplitude
A of redshift is finite, we conclude that the coherent state representation of the
geometry produces the classical redshift although the amplitude of spontaneous
emission Agpong 1S zero in this limit. This is the essential difference between red-
shift and standard loss of energy by gravitational radiationﬁ In the corpuscular
resolution of de Sitter, the classical process of redshift is therefore fully analogous
to a phenomenon of a nonvanishing stimulated emission with zero spontaneous
emission. This phenomenon takes place due to the representation of the graviton
background as coherent graviton state whose mean occupation number is infinite
in the semiclassical limit .

Heuristically, the process of redshift is analogous to the transitions between
energy levels in an atom. In this picture, the initial “atom” U emits a graviton
under the influence of a coherent state gravitational “radiation” and gets deexcited
to a lower energy state 0. Clearly, the mass of the atom has to change in the
course of this process. The difference between the atom in a radiation field and a
particle in de Sitter is that the atom possesses different energy levels even without
radiation whereas there are no energy levels for a particle in Minkowski.@

Dilution of Gas as Conversion Process

To conclude this section, we want to briefly point to another process, namely the
dilution of a gas of massive neutral particles in a de Sitter background, which
at the classical level is described by a coherently oscillating real scalar field with
Hubble friction termf*]

U+ V3AY + m2¥ = 0. (2.148)

We restrict ourselves to the regime where the gas only leads to a small perturbation
of the pure de Sitter metric. In the standard classical treatment, one would at-
tribute the dilution to the Hubble damping given by (see also the discussion
in .

In our fully quantum treatment, a different picture emerges. Just like the
de Sitter metric, also the gas has a quantum description as coherent state of
\i/—particles. The coupling of ¥ to gravity makes possible a process of induced
decay, which is depicted in Fig. [2.5] For simplicity, we restricted ourselves to
my = nmy/2, with n integer. In that case, two \i/—particles can annihilate into
n gravitons. In this manner, the mean number of \if-particles and therefore the
density of the gas decreases. The classical condition that the gas only leads to a

330f course, as all other processes in our picture, the classical redshift is corrected by quantum
1/N-effects.

34This means that the particle is analogous to an atom with degenerate energy levels which
only split in the presence of external radiation.

35Note that in the presence of a chemical potential, the story is a bit more involved and will
not be considered here.
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Figure 2.5: Dilution of gas as conversion of the gas particles: Two gas particles
of 4-momentum p; and po, which are at rest, annihilate into n gravitons. In this
process, both the graviton and the gas state are coherent.

small perturbation from pure de Sitter amounts to a small backreaction on the
quantum level, i.e. to the condition that the change of the graviton state |NV) is
negligible. This is the case if my Ny < myN, where Ny is the mean occupation
number of the coherent W-state. In summary, at the quantum level, the dilution
of gas is caused by a real conversion process between U- and gzﬁ quanta.

2.4.3 Gibbons-Hawking Particle Production as Decay of
the de Sitter State

Fully Quantum S-Matrix Calculation

Next, we study the process of Gibbons-Hawking particle production. In doing so,
our goal is twofold. As in the previous section, we first want to explicitly discuss
how the standard semiclassical treatment can be obtained as limiting case of our
fully quantum description. Secondly, we shall discuss what new quantum effects
arise if no semiclassical limit is taken. Those lead to a finite quantum break-time
of de Sitter.

How Gibbons-Hawking particle production arises in the semiclassical limit, in
which quantum fields are studied on top of the undisturbed classical metric back-
ground, was already reviewed in section In this picture, particle production
arises as a vacuum process: Since the vacua of quantum fields depend on time in
the evolving de Sitter metric, their early-time vacuum contains particles from the
point of view of a late-time observer. As already emphasized several times, the
crucial point is that by construction, there is no backreaction in the semiclassical
limit, i.e. particle production does not change the classical de Sitter metric.

In our fully quantum description of the de Sitter metric, particle production
emerges as a Hamiltonian process of scattering and decay of the gravitons which
compose the coherent state. Once we take into account the coupling of gravitons to
other species and to each other, inevitably quantum processes emerge in which part
of the coherent state gravitons gets converted into free quanta (both in gravitons
and in other species). The final states of these decay and scattering processes
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Figure 2.6: Particle production as graviton decay: One of the N initial gravitons
decays and produces 2 external particles of 4-momentum p and p’.

correspond to the Gibbons-Hawking quanta, which arise in the usual semiclassical
treatment.

We remark that in this context, “free” quanta are those with dispersion rela-
tions of particles propagating on top of a classical de Sitter background. As we are
working to linear order in the de Sitter metric, the free quanta will have dispersion
relations of Minkowski quanta to the leading order, with the de Sitter metric being
a small correction. Due to the limitations of our approach, it only makes sense to
take into account leading-order effects.

For illustrating the point, we limit ourselves to studying decay processes of
background gravitons into external particle species. Due to the universality of
graviton coupling, the process of graviton production has a similar rate. The sim-
plest process contributing to particle production via decay is given by a transition
from the initial state | V) to a final state which contains two particles other than
gravitons. It is depicted in Fig. The corresponding amplitude is determined
by the one of redshift , after the substitution p — —p (where now both and
p and p’ correspond to outgoing external particles):

A= (N'bgbzSIN) = K(=p,p) [dla @07 (N'GIN) (2.149)

As already explained in the previous section, the crucial novelty of our approach
is that it uncovers the existence of quantum processes in which the final state | N')
of background gravitons is different from the initial one |N). These processes
correspond to 1/N-corrections and therefore are fundamentally invisible in the
semiclassical picture which in our framework is reproduced in the limit N — oc.
In particular, the final state |N’) obtained as a result of particle production in
the quantum theory does not even have to be a coherent state. This deviation
from coherence causes a gradual departure from classicality and eventually leads
to quantum breaking.

However, for the case of de Sitter even the transitions among coherent states
with different occupation numbers are sufficient for capturing the departure from
the classical evolution since classically de Sitter is an eternal state and simply
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cannot change. Any quantum process which changes the characteristics of de Sitter
space marks a fundamentally new phenomenon not visible in the semiclassical
theory. Therefore, for illustrating this point we shall consider transitions to a
coherent state, but with different mean occupation number N’ £ N. As explained
in section [2.2.2] it is most natural to consider a process in which the expectation
value of the energy is conserved. Since we consider the decay of a particle, this
leads to AN = N’ — N = —1. In any case, the precise value of AN does not
matter for our conclusions.
Using AN < N, we obtain the matrix element:

(N'|GIN) =

imgt —imgt AN2
(o' VN" 4 et VN) (1 - N ) (2.150)

1
\/2mgV
where the 1/N-correction comes from the overlap of different coherent states. It
vanishes in the semiclassical limit. The S-matrix element subsequently becomes:

_ (27T)4 NS3) (= el AN?
A—\/W’C(—pmﬁ( "T+7P) (1 ~ 3N )
(5(po + Py — mg) VN + 8(po + py + mg)VN') . (2.151)

After the substitution p — —p, the matrix element reduces to the result for
redshift in the limit N’ = N, as it should. The amplitude of particle production
consists of two parts. The first one describes a process where a graviton leaves the
bound state and the second one corresponds to adding a graviton to the bound
state. In contrast to the case of redshift, the second process cannot occur because
of energy conservation so that the term will be dropped.

As is derived in appendix [A.1.1] the rate of particle production is

o0 /M _ 2 N 2 2 2 _
o2/ —my (M) (- AN SAANY (2.152)

- M2m? 2 AN

We observe that particle production to first order only takes place for light parti-
cles, my < m,/2, as we expect it. In order to simplify the discussion, we specialize
to massless external particles (my = 0):

Nm? AN? — 4AN _A2V1 AN? — 4AN

a (1- 4N )32w(_ AN ).

= T (2.153)

For dimensional reasons, this result does not come as a surprise. The rate must
be proportional to the volume V. Since particle production can also be derived in
the semiclassical treatment, i.e. in the limit M, — oo, the Planck mass should not
appear so that we can only use A to obtain the correct mass dimension.
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Figure 2.7: Leading-order process for the production of particles with high total
energy £ > my,. At least n > E/m, of the initial N gravitons have to decay to
produce the two external particles of 4-momentum p and p'.

Glimpses of Gibbons-Hawking Temperature

Before we proceed to our main result, the quantum break-time, we want to check
to what extent our approach is consistent with the semiclassical result. To this
end, we estimate the power of produced particles. As a pair of produced particles
has the energy hv/A', our quantum result for the decay rate leads to

Py~ hA, (2.154)

where we restored powers of A for a moment. As it should, particle production
vanishes in the classical limit 7 — 0 but is finite in the semiclassical limit M, —
0o. The power matches the semiclassical treatment, in which the Hubble
horizon radiates like a black body of temperature 7' &~ hiv/A' because the Stefan-
Boltzmann law yields the emitted power P ~ T*A, where A ~ A~! is the area of
the horizon.

Having concluded that the total power of produced particles is of the right order
of magnitude, we investigate the distribution of produced particles. To first order,
they are not distributed thermally, but all have the same energy m,/2. As soon as
one goes to higher orders so that more than one background graviton participate
in the scattering process, this d-distribution will be smeared out. Furthermore, we
expect at least qualitatively that the resulting distribution is thermal.

For example, one of the key features of the Gibbons-Hawking thermal spectrum
is the Boltzmann suppression of the production rate of particles of energy E higher

than the de Sitter Hubble parameter v/A :
[ o e BVA (2.155)

Our quantum description of de Sitter space gives a very interesting microscopic
explanation of this suppression. The production of particles is a Hamiltonian
process in which the background coherent state gravitons get converted into free
quanta. Since the frequencies of background gravitons are given by m, = VA
the production of states with energies £ > m, requires the annihilation of n
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background gravitons, with n > E/m,. The leading-order contribution to this
process is schematically expressed in Fig. 2.7, which depicts the annihilation of n
gravitons into a pair of W-quanta with total energy £/ = nmg,. The probability of
such a process is highly suppressed due to the participation of a large number of
soft gravitons in it: Each soft vertex contributes a factor & = 1/N to the rate.

For estimating this suppression, we can directly use the results of [45], where
multi-graviton transition amplitudes have been calculated (see [49] for a related
discussion). Accounting for the fact that there are (g ) possibilities to choose the
n annihilating gravitons, we obtain the rate:

I (;{)nn' (Z) | (2.156)

Using Stirling’s formula twice, which is valid for N > 1 and N —n > 1, we get

N )N_n | (2.157)

r -n
xX e (N—n

Before we discuss the exponential suppression, we analyze the additional factor

N-—n
(N]Xn) . Defining | = N/(N —n), we can rewrite it as [V/!. Tt is 1 for [ = 1 and

[ — oo. Its maximum is at [ = e and gives eM/°. At this point, the rate is still
exponentially suppressed:

T OC € 61" (2.158)
Thus, we conclude that
I ocecn (2.159)

with ¢(n) ~ 1 and ¢(N) = 1. Since we have n = E/m, and m, = VA, the
above expression reproduces the exponential suppression of the Boltzmann factor
for the thermal bath. For n = N, this correspondence even becomes exact.
It is remarkable that the analysis of multi-graviton scattering suffices to obtain a
thermal behavior.

Having studied produced particles of high energies, we note that smearing
out of the energy spectrum also takes place on the infrared side. Indeed, we
can produce arbitrarily soft quanta in processes of decays or annihilations of the
background gravitons by redistributing the rest of the energy among the remaining
background gravitons in form of a recoil. For example, one of the background
gravitons can decay into a pair of \if—particles of energy FF < m, while transferring
the energy difference AE = m, — E to the remaining /N —1 gravitons. The process

36The approximation (2.157) is no longer valid for | — oo, i.e. n = N, but we can directly read
off from (2.156)) that the additional factor is one: T' oc eV,
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Figure 2.8: Higher order process of particle production, in which the produced par-
ticles recoil against all remaining gravitons. In particular, this allows for produced
particles of low energies E, E' < m,/2.

is schematically depicted in Fig. [2.8| Unlike the case of E' > m,, the processes
with £ < m, are not exponentially suppressed.

It would not be very informative to give a more precise estimate of processes
with the production of deep-infrared quanta of energy £ < m, since the wave-
length of such particles exceeds the size of the de Sitter Hubble patch and thus
the timescale of validity of our model. So in the discussion of very low energy
particle production, we will be satisfied with qualitative arguments, which clearly
show that — even ignoring classical nonlinearities and formally extrapolating our
model for longer times — the production of very soft modes is possible due to
multi-graviton processes.

We thus see that by taking into account multi-graviton contributions to particle
production, the ¢-distribution gets smeared out. Its peak is still at £ ~ mg, but
the region £ > my, is exponentially suppressed by a factor that is strikingly
similar to a thermal Boltzmann suppression factor (2.155)). It is remarkable that
the thermal-like distribution of the produced particles can arise in the microscopic
theory as a result of the structure of soft multi-graviton amplitudes without any
need of the notion of temperature.

In summary, we have managed to reproduce essentially all key short-distance
features of Gibbons-Hawking particle production, i.e. those features that deal with
timescales within the validity of our approximation. We have achieved all this
within a simplest framework in which the classical part of de Sitter is mapped on
a coherent state of gravitons of a linear theory. The quantum effects of de Sitter
— such as Gibbons-Hawking radiation — result from quantum interactions of these
gravitons. Of course, we do not expect that this simple theory can quantitatively
capture all the properties of de Sitter, but it already took us surprisingly far.

Consistency Check: Gauge Invariance

As a final consistency check, we consider a brief example of how the rate of particle
production transforms under gauge transformations. To this end, we study the first
order of the transformation from conformal time ¢ to physical time t": dt = a(t)d?’,



76 2. Quantum Breaking

where a(t) oc cosh(y/A/3 t) is the scale factor. Since a(0) = 1, we expect this not
to have any influence on the decay rate in the semiclassical treatment. Our goal
is to show how this gauge invariance arises in our framework. Since the leading
order of the gauge transformation changes the metric as g}, — goo < At?, our first
order perturbation generalizes to

Ry =c hoo (2.160)

where ¢ = 1 yields the untransformed Valueﬂ For the quantum description in
terms of interacting gravitons, ¢ # 1 means that we have to introduce two different
scalar function for hgg and the spatial diagonal perturbations.

Generalizing our calculation of the first order matrix element, we observe that
only the kinematical factor (2.146| changes:

v 167

K (=p,p) =i —Co(p)Gu (')
13 1 1., 1 3
<—(—2c + §)pop6 + (56 + i)p P — (50 + 2)”@) : (2.161)

Plugging in the kinematics of a decay, we conclude that the kinematical factor and
thus also the rate are indeed gauge—invariant:@

2 2
K (=p, )" = <ﬂ;g + m%) . (2.162)

2.4.4 Quantum Break-Time

As we have explained in section [2.2.3] a decay process leads to a fully coherent
final state, as long as rescattering events of the produced quanta are not taken into
account. Nevertheless, it causes quantum breaking since the transition process is
quantum, i.e. it is invisible in the classical theory. This point becomes particularly
clear in the case of de Sitter. Even if hypothetically we were allowed to maintain

37TThis corresponds to the infinitesimal transformation ¢* o §fc At3. It destroys de Donder
gauge, but the resulting metric still is a solution of the ungauged equations of motion.

38This result also determines how the decay rate changes under rescaling of the spatial com-
ponents,

ﬁ’n :7/22 = 7‘%3 = bﬁll :

Since we have shown that a change of hgo has no effect, the spatial transformation is equivalent
to a rescaling of all perturbations, h:w = bhy,. This can be absorbed by the redefinition

AN =bA.

Both in the classical and the quantum description, all results will change according to a modified
cosmological constant.
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only processes which preserve the coherence of the state of background gravitons,
this would still lead to a quantum evolution which has no counterpart in the
semiclassical picture: Semiclassically, de Sitter is an eternal state with no clock.
Therefore, even a “clean” transition between the two different coherent states |N)
and |N') gives an intrinsically quantum evolution of the state which cannot be
matched by anything in the classical theory.

Notwithstanding the above, we expect that coherence of the graviton state
is not preserved after ¢,. The reason is that the collective interaction is strong,
agN = 1. Therefore, a higher-order process such as 2 — 2-interaction, which
is depicted in Fig. [.2] has the same rate as decay. This is evident from Eq.
(1.25). Even in our model, which does not include self-interaction of gravitons,
the exchange by virtual U-particles will lead to their rescattering and subsequent
decoherence, albeit on a longer timescale.

In summary, we have found a crucial difference to the semiclassical treatment:
In our quantum description of de Sitter, the backreaction of particle production on
the spacetime leads to a change of the coherent state | N) into | N'), which is either
a different coherent state or a decohered one. On the order of one background
graviton leaves the coherent state each Hubble time, due to decay into free quanta
or due to rescattering.

After a macroscopic number of gravitons AN of the order of N has decayed, the
resulting quantum state | N — AN) can no longer — even approximately — reproduce
the initial de Sitter metric. Consequently, we obtain the quantum break-time

N
ty~T7IN="=. 2.163
: Ir (2163)

Rewriting in terms of more conventional parameters, we get

M2

ty = A372 ) (2.164)
As discussed in section [2.2.5 this timescale is physically meaningful even though
tq > ta. The reason for this is that ¢y could be increased by a better choice of
operators a', a, which take into account classical nonlinear interactions. But for
any choice of operators, the decoherence mechanism will continue to work and lead
to a significant deviation from the classical solution after ¢,. Thus, at the latest
after the timescale , the classical description of de Sitter breaks down. This
quantum break-time constitutes the main result of the present section.

Since the timescale fully agrees with the earlier result of [44],
which we reviewed in section [1.3.2], we want to comment on the relationship of
the two approaches. In [44], a model-independent perspective was adopted, i.e. no
concrete theory of the constituent gravitons of de Sitter was provided. Instead,
generic scaling relations were derived that any model of de Sitter has to fulfill.
The fact that such general arguments already suffice to determine the quantum
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break-time is a great strength of this approach. This universality of the quantum
break-time matches the fact that the result fulfills the universal dependence
(2.56)), in which the quantum break-time is set by 1/a. This is true since the
classical timescale is t ~ H ' (in turn, this follows from A, = 1) and the quantum
coupling is o, = 1/N.

In contrast, we have employed the explicit model in the present work.
In this way, we have managed to confirm the generic predictions of [44] in a con-
crete scenario. Thus, it is the combination of the general argument of [44] and
the results in the explicit model that make the prediction of the
quantum break-time especially robust. In particular, it is important to emphasize
that the quantum break-time is not tied to the specific scenario and its
shortcomings, but we expect it to hold in a more generic setting because of the
general scaling arguments.

Relationship to Other Work on de Sitter

There are manifold studies of the backreaction of particle production on de Sitter.
In particular, it was proposed that due to energy conservation, the vacuum energy
should decrease [120, 121].@ In contrast to our approach, however, the assumption
was made that this process can still be described by a classical metric, i.e. by an
effectively decreasing cosmological constant. In this picture, the cosmological con-
stant would dynamically relax to zero.@ There is, however, no reason to assume
that the gravitational state of reduced energy can still be described by a classical
metric. In the case of black holes, precisely this assumption would lead to the
information paradox. Whereas the question of information is less clear for de Sit-
terﬂ the proposal of a decreasing cosmological constant is much more problematic
than that of a shrinking black hole mass. As also discussed in section [1.3.2] the
reason is that unlike in the black hole case, the source A is a fixed and eternal
parameter of the theory and therefore can never change. Consequently, we will
not follow the idea of an evolving cosmological constant.

The timescale also appears in a second independent line of research,
in which de Sitter is treated as a fixed background metric. The central question
is how long perturbation theory can be valid on top of this classical metric. Ex-
ploiting analogies to the black hole case, it was put forward in [129] and shortly
afterwards made more explicit in [130] that this also leads to Eq. (2.164), i.e. a
perturbative expansion on a de Sitter background ceases to be valid after this time-
scale. Numerous calculations in various different setups have since confirmed this

39This idea bears similarities to the instability of de Sitter space put forward in [122/{124].

40An explicit realization of this approach can e.g. be found in [125H127], where Eq. (2.164))
acquires the meaning of the timescale on which the cosmological constant changes significantly.

4INevertheless, the timescale (2.164]) can also be derived from considerations of information in
de Sitter [12§].
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finding. Examples include [131H133] and [134] summarizes more recent results[?]
It is important to emphasize, however, that all the above findings only point to
a breakdown of perturbation theory. This does not exclude the possibility that a
resummation or a nonperturbative calculation could successfully be performed on
top of the de Sitter metric.

In contrast, we come to a much more dramatic conclusion in our corpuscular
picture of de Sitter. The whole notion of a metric ceases to be valid after the
quantum break-time (2.164]). This breakdown is fundamental and no calculation
performed on top of a classical metric can overcome it. For us, the breakdown
of perturbation theory on top of the fixed metric therefore gives an indication of
quantum breaking, but its implication are more severe than can become visible in
a semiclassical study. Not only perturbation theory breaks down but the whole
classical metric.

Emergent Nature of de Sitter Symmetry and Breaking Thereof

We would like to briefly comment on symmetry properties of the 1/N-effects which
lead to a quantum break-time of de Sitter. Obviously, since these effects cause a
departure from the semiclassical evolution, they are obliged not to respect the de
Sitter invariance.

The above fact is fully consistent with our quantum approach. In the stan-
dard treatment of gravitational backgrounds, spacetimes with different values of
the cosmological constant are considered as different vacua. The corresponding
symmetries of such classical backgrounds are thus viewed as vacuum symmetries.
The novelty of our picture is to treat the de Sitter state associated to a certain
value of the cosmological constant as a particular quantum state constructed in a
Fock space with a unique fundamental Minkowski vacuum. In our approach, de
Sitter therefore is an excited multi-particle state.

Once we “demote” de Sitter from the rank of a vacuum into an ordinary co-
herent state, its symmetry acquires the meaning of an emergent symmetry: It is
not a symmetry of the vacuum, but a symmetry of an expectation value over a
particular state. In such a situation, an arbitrary process which affects the expec-
tation value is expected to violate this emergent symmetry. This is exactly what
is achieved by 1/N-effects which change the de Sitter coherent state and lead to a
finite quantum break-time.

Relationship to Black Holes

As we have explained in section [I.3] the break-time (2.164) of de Sitter and the
break-time (|1.13]) of black holes are analogous in the sense that they correspond to
the timescale after which backreaction of particle production becomes significant.

42 An interesting connection of this breakdown of perturbation theory in de Sitter and asymp-
totic symmetries, which are the subject of section [4.4.2} was established in [135].
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In both cases, the description in terms of a classical metric ceases to be valid at
this point. For black holes, the timescale corresponds to the half lifetime and
it is moreover known as Page’s time [42] in the context of the puzzle of black hole
information.

Whereas the breakdown of the classical description takes place in the whole
volume for de Sitter, we should distinguish between the exterior and the interior
region for black holes. The latter are asymptotically flat, i.e. the influence of the
localized black hole on the spacetime far away from the horizon is always small.
Therefore, a classical geometry should continue to exist even after quantum break-
ing. Only near the horizon and in the interior of the black hole, the description in
terms of a classical metric breaks down completely.

It would be very interesting to study this phenomenon of quantum breaking
in more detail by generalizing the present study of de Sitter to the black hole
case. This means that one would have to find an explicit implementation of the
quantum N-portrait of black holes [34], which we reviewed in section Fﬂ If
such a quantum model can be found that is able to reproduce the classical mean
field description for initial times, this would allow for an explicit computation of
the quantum break-time along the lines presented here.

Bound on Number of Particle Species

It is known [150-152] that semiclassical black hole physics puts a strict upper
bound on the number of particle species Ny, in terms of the gravity cutoff scale
L,:
L2
Ny < T2 - (2.165)
P

That is, the fundamental cutoff length of gravity L., in the presence of species,
is no longer given by the Planck length Lp, but becomes larger and is given by
L, = Lp\/N . This bound originates from the fact that the rate of Hawking
radiation is proportional to N,. Consequently, the evaporation of black holes

of size smaller than Lp\/N, cannot be thermal — even approximately — due to
a very strong backreaction from the decay. Thus, black holes beyond this size
are in conflict with basic properties of Hawking radiation and cannot be treated
semiclassically. Therefore, the scale L, marks the boundary of applicability of
semiclassical Einstein gravity. This results in the bound .

It is interesting to study the effect of the number of species on the de Sitter
quantum break-time. So we assume in our simple model that the graviton is
coupled to a large number of particle species \flj, j=1,2,...,Nyp. The presence
of more species opens up more channels for Gibbons-Hawking particle production

43Further work on the corpuscular picture of black holes can be found in [35-37,40,/43-45.[136/-
149].
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so that the rate increases by a factor of N,. Correspondingly, the quantum break-
times becomes shorter and Eq. (2.164]) takes the form:

1 (1 M

This relation reveals a very interesting new meaning of the black hole bound on
species ([2.165)) in the context of de Sitter. Namely, when the number of species
exceeds the critical value

M2
Nex & T” (2.167)

the quantum break-time becomes shorter than the Hubble time 1/v/A. At the
same time, the de Sitter radius Ry becomes shorter than the gravity cutoff length
L,.

Moreover, notice that N, = N. Thus, the maximal number of particle species
allowed in any theory which can provide a de Sitter metric as a trustable classical
solution cannot exceed the mean occupation number of the de Sitter coherent state.
If we violate this bound, everything goes wrong: The quantum break-time of de
Sitter becomes shorter than the Hubble time and the de Sitter radius becomes
shorter than the quantum gravity cutoff.

We see that, first, there is a nice consistency between the bounds derived from
very different considerations: Two seemingly different requirements — namely that
the de Sitter radius on the one hand and the quantum break-time on the other
hand should not exceed the gravity cutoff — lead to the same conclusion. Secondly,
the corpuscular picture of de Sitter gives a very transparent meaning to the species
bound: With too many particle species available, the constituent gravitons would
decay so rapidly that de Sitter would not last even for a time equal to its radius.
Of course, this would make no sense. The theory protects itself from entering such
a nonsense regime, which would require the classical de Sitter space to have a
curvature radius shorter than the quantum gravity length L., which is impossible.

2.4.5 Implications for the Cosmological Constant

The concept of quantum breaking provides a new perspective on the cosmological
constant problem. Because we know from experience that the present Universe can
be described classically, we conclude that quantum breaking has not yet happened.
Since any patch with a given value of the Hubble parameter H = v/A can be
described classically at most during the time tq ~ (H™'/N,)(M}/H?) (see Eq.
(2.166)), this puts an upper bound on the dark energy in our Universe in the case
that it is explained by a cosmological constant. The older our Universe is and the
more species it contains, the lower this bound becomes.

First, we can study quantum breaking for the observed value of the cosmological
constant VA = 10742 GeV. Currently, the phenomenologically acceptable number
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of hidden sector species is bounded by A, &~ 1032 because a larger number of
species would lower the gravity cutoff below the TeV-scale, which is excluded
by current collider data [150H152]. Assuming this number, the observed value
of the cosmological term would saturate the quantum break-time bound if our
Universe were approximately 10% years old. This age should not be confused
with the Hubble time or the Hubble radius. It pertains to the entire duration of
the classically describable history of our patch.

We can also apply the constraint in the other direction: Knowing the classical
age of a given universe and the number of species, we can deduce an upper bound
on A. For the present age ¢, of our Universe, we obtain H,x ~ (MI? Jt)Y? =
107! GeV, where we set N, = 1 to obtain a more robust bound. This means that
the energy density associated to the cosmological constant, p ~ H 2]\/[3, can be at
most 10740 of the Planckian energy densityEf] On the one hand, we cannot explain
why the cosmological constant is as small as it is. On the other hand, however,
the cosmological constant has to be small for consistency.

2.4.6 Implications for Inflation
Bound on Inflaton Potential

Next we apply our results to inflation [20] and especially its slow-roll version |153].
Since the quantum break-time becomes shorter for higher values of the Hubble
scale (see e.g. Eq. (2.164)), it is very interesting to study quantum breaking dur-
ing inflation when the corresponding Hubble parameter was much higher than it
is today[™| All predictions that we can derive from inflation are based on the semi-
classical treatment (see e.g. [155] for a review), in which the notion of a classical
metric is meaningful. Thus, an inflationary scenario is only predictive if it avoids
quantum breaking. This condition and several of its consequences, to will we shall
turn shortly, were already discussed in [44]. Moreover, since all results derived in
the semiclassical limit appear to agree with observations, it is very unlikely that
an inflationary scenario that undergoes quantum breaking can be viable. For this
reason, we arrive at the requirement of avoiding quantum breaking:

tose < tq. (2.168)

The quantum break-time must be longer than the time it takes for the system to
escape from the quasi-de Sitter state, i.e. longer than the total duration of inflation.

In inflation, generically several degrees of freedom with different interactions
exist. Then ¢, is the shortest timescale before any subsystem quantum breaks.

“ncluding Ngp = 1032 would lead to Hpax ~ 1072 GeV and an energy density of at most
10752 of the Planckian value.
45More studies of corpuscular inflation can be found in [110,/111},/154].
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Therefore, we can represent the quantum break-time as

ty ~ H’1i , (2.169)
Q>
where we used the general relation for the quantum break-time. Here a- is
the strongest interaction that exists in the system and we roughly approximated
the classical timescale as tq ~ H~'. Since the number N of e-foldings determines
the during of inflation as te. = H !N, condition leads to a maximal
number of e-foldings given by

1
Nopax & — . (2.170)

Q>
Thus, the stronger the coupling is in the system, the more severe the requirement

(2.168)) of avoiding quantum breaking becomes.

Because gravitational interaction always exists, a model-independent upper
bound on the quantum break-time is given by the break-time (2.166|) due to pure
gravity:

2

p .
NopH?
Note that we obtain this relation when we plug the effective gravitational coupling
ag = NgpH?/M? in the general formula ([2.169). This leads to the absolute upper
bound on the number of e-foldings{™|

ty < H* (2.171)

1 M?
NspHQ’

which must hold in any inflationary scenario.

The condition of avoiding quantum breaking can be translated as a
constraint on the inflaton potential V' ()), where v is the inflaton. Namely, the
change of the potential AV over some time At =~ t, must satisfy [AV] 2 V.
Approximating AV ~ Vi) At and assuming that slow roll is satisfied, ¢ ~ —V’ /H,
we get AV ~ —V'2At/H. Plugging in Eq. m, we arrive at the followmg
bound:

Nuax < (2.172)

M, |V’

‘ ‘ 2\ (2.173)
Again, we observe that the constralnt becomes more stringent as the coupling a-
increases. If the coupling is stronger, the quantum break-time gets shorter and
the system needs to move faster to avoid it.

46Tn [44] it was also suggested that inflaton-graviton scattering could lead to a second bound
Niax = (M,/H)*/3. However, here we adopt the model-independent gravitational bound
. Furthermore, as discussed in section we note that bounds on the number of
e-foldings analogous to Eq. have been derived earlier in numerous semiclassical studies
of perturbation theories on top of a fixed de Sitter metric. The earliest examples (without the
consideration of the species effect) can be found in [129,/130].
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Additionally, we note that the bound has the form conjectured in [156].
For us, however, the r.h.s. is not a fixed constant but can depend on @ and V.
Therefore, it does not need to be of order 1 but can be much smaller. For example
if the strongest coupling is gravitational, we get ,/a," = \/Nep H/M,. We will
elaborate on the connection to [156] in section [2.5.1] as was already done in [157]
shortly after [156] appeared[7]

Finally, we emphasize that so far, our discussion of inflation is independent
of whether or not quantum breaking in de Sitter leads to an inconsistency. We
will discuss this question in section [2.5] Instead, our only requirement is that a
semiclassical description of inflation exists since otherwise it is not a predictive
scenario. Thus far, we therefore only require that quantum breaking must not
take place in the Hubble patch that we observe. Consequently, eternal inflation
[158,/159] is not yet excluded at this point.

Inflationary Observableg™|

On the one hand, quantum breaking can constrain inflationary models. On the
other hand, it can lead to new observables for those scenarios that are not excluded.
In the semiclassical picture of inflation, only data from the last 60 e-foldings is
accessible. All preexisting information is erased. As already explained in [44], the
situation is different in the corpuscular picture of de Sitter. The reason is that the
1/N-effects, which lead to a deviation from the classical metric description, cannot
be washed out. Therefore, they provide a quantum clock that encodes information
about the total duration of inflation. In this way, the perturbations produced at
different epochs are no longer identical and the age of de Sitter becomes a physical
observable.

It is important to note that this difference is unrelated to the standard time
variation of the Hubble parameter due to a classical slow-roll of the inflaton. In-
stead, it comes from the fact that the de Sitter background ages due to its quantum
decay. In other words, the backreaction that is measured by 1/N-effects violates
the de Sitter invariance in the same way as the evaporation of water from a fi-
nite volume tank violates the time-translation invariance. Even if the rate of the
process is constant, the water level in the tank changes and this is an observable
effect. Determining how these new effects that contain information about the to-
tal duration of inflation can be measured constitutes an interesting topic of future
research. What is clear, however, is that the effects are stronger if inflation lasted
longer. Therefore, those scenarios that are maximally close to quantum breaking
are the most interesting.

4TWe note that the bound ([2.173) is stronger than the one presented in [157] by a factor of

1/1 /O .
48The following paragraphs use material from [10].
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2.5 Implications of Quantum Inconsistency of de
Sitter

As we have explained, quantum breaking is about the breakdown of an approx-
imation. After the quantum break-time, the true quantum evolution deviates
significantly from the classical solution. In order to describe the system after this
point, one has to take into account quantum effects.

In the special case of de Sitter, there are indications that the consequences
of quantum breaking could be much more severe. Namely, it could lead to an
inconsistency [44}|50]. The argument goes as follows [50]: What sets de Sitter
apart from all other gravitational solutions is the fact that its source is intrinsically
classical, namely a parameter of the theory. For this reason, quantum effects in
the state of de Sitter cannot be matched by any evolution of the cosmological
constant. Whereas the gravitational field inevitably departs from de Sitter, the
cosmological constant is eternally tied to it. This conflict indicates that de Sitter
is inconsistent on the quantum level.

We emphasize that for other systems, quantum breaking cannot lead to an
inconsistency because also the source of the gravitational solution possesses an
underlying quantum description. Therefore, quantum effects in the gravitational
field can be matched consistently by quantum effects of the source.

Moreover, we must stress that the question if de Sitter quantum breaking is in-
consistent remains open and constitutes an interesting topic of future research. If it
does not lead to an inconsistency, this would mean that some exotic future-eternal
state exists past the quantum break-time, the mean field description of which no
longer matches any reasonable classical metric solution of general relativity. Such
a scenario was termed as quantum eternity in [44].

In the following, we will not further discuss whether de Sitter quantum breaking
is inconsistent. Instead, our goal is to explore some of the implications that arise
if quantum breaking indeed leads to an inconsistency for the special situation of
de Sitter. In that case, it must not happen in any consistent theory. Therefore,
whenever there is a positive energy density, a degree of freedom must exist that
relaxes it on a timescale t that is shorter than the quantum break-time:

tese S g - (2.174)

~Y

This condition, which we shall call de Sitter quantum breaking bound, looks iden-
tical to the one discussed previously in Eq. , but now it acquires a different
meaning. It is no longer about the existence of a (semi)classical description and
therefore about predictivity. Instead, it concerns the fundamental consistency of
a theory, completely unrelated to the breakdown of any computation techniques
or classical approximation.

As already discussed in [44,50], an immediate consequence of the de Sitter
quantum breaking bound is that the currently observed dark energy cannot be
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constant but must change in time. Namely, a degree of freedom must exist that
drives our Universe towards Minkowski vacuum within a time that is shorter than
tq. However, this represents an extremely mild restriction. The reason is that for
the current phase, the quantum break-time from gravity is enormous, t, ~ 101%? y
(see section @ Nevertheless, this point of view promotes the cosmological
constant problem from a question of naturalness to an issue of consistency.

2.5.1 Exclusion of Self-Reproduction in Inflation
Bounds on the Potential

In the case of inflation, the quantum breaking bound can lead to more severe
restrictions. For slow roll, we have already investigated the implications of condi-
tion . It leads to the bound on the first derivative of the inflaton
potential.

Next, we can consider extrema.@] First, we study the case in which the ex-
tremum is unstable — it can either be a local maximum or a tachyonic direction
around a saddle point with a negative curvature — and additionally the curvature
[V”| is much larger than the Hubble parameter H* = V/M?. Then the field leaves
the neighborhood on a timescale te. & [V”|7'/2, which is much shorter than the
Hubble time H~!. Therefore, the system has no chance to suffer from de Sitter
quantum breaking.

In the opposite case, in which the curvature is small, |V”| < H?, the sign
of V" plays no role. The field behaves as effectively-massless and experiences a
random walk with variation i) ~ H per Hubble volume per Hubble time. These
quantum excursions lead to a self-reproduction of the de Sitter phase |158,(159|.
Whereas inflation ends in some Hubble patches, there always exists a Hubble patch
in which the field would stay on top of the hill longer than the quantum break-
time (2.166). However, the de Sitter quantum breaking bound demands
that quantum breaking must not happen at all in a consistent theory, i.e. not in
any Hubble patch. Therefore, eternal inflation violates the consistency condition

(2.174]). Avoidance of this violation implies the following bound:
V'S =V/M? . (2.175)

In summary, it follows from the de Sitter quantum breaking bound that either
the first derivative is sufficiently big (Eq. (2.173))) or that the second derivative is
sufficiently negative:

M,|V'|
p 1" 2
49Tn the presence of the maximal number of species, Nyp = 1032, the quantum break-time can
be shortened to tq ~ 10190 y but is still huge.
500ur study of extrema was motivated by the refined de Sitter swampland conjecture [160],
which we shall discuss shortly.
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We remark that this condition leaves enough room for inflationary model build-
ing. Whereas situations that necessarily lead to eternal inflation are excluded, as
is e.g. the case for topological inflation [161}|162], other scenarios require closer
scrutiny in order to make sure that they avoid quantum breaking. For example,
hilltop inflation [163], in which inflation occurs near a maximum, is not necessarily
incompatible with the de Sitter quantum breaking bound.

Relationship to de Sitter Swampland Conjecture

It is also very interesting to study inflation in string theory because it has gener-
ically proven difficult to construct compactifications that contain such quasi-de
Sitter states, as was already apparent since the early models of inflation driven by
D-branes [1641/165]. Recently, the swampland program has spurred renewed inter-
est in the consistency of de Sitter in string theory. The term swampland, which
was coined in [166], refers to the space of consistent low-energy effective field theo-
ries that nevertheless cannot be completed into a string theory of quantum gravity
in the ultraviolet{f] Regarding quasi-de Sitter states, the conjecture has recently
been put forward that an inflaton potential must satisfy the following conditions
in order to avoid the swampland [156}[160]

A

T Ra v V'S —aV/M?, (2.177)

where ¢; and ¢y are numbers of order 1.

This conjecture motivated us to express the de Sitter quantum breaking bound
in the form ([2.176). Our work is based on [157], where the relationship of quantum
breaking and the constraint [156] on the first derivative of the inflation potential
was already discussed. When we compare the conditions and (2.177)), we
note that the constraint on the second derivative is identical. Thus, both exclude
eternal inflation. In contrast, the bound on the first derivative due to quantum
breaking is in general milder since /o>’ can be much smaller than 1. There-
fore, quantum breaking does not generically exclude slow-roll inflation whereas
the swampland conjecture does, at least in the simplest scenariosF_g]

As an outlook, we can try to establish a more direct connection between the
quantum breaking bound and the de Sitter swampland conjecture in string theory.
If indeed quantum breaking leads to an inconsistency for de Sitter, then string

S1A current review of the swampland program, including the de Sitter swampland conjecture
on which we focus in the following, can be found in [167].

"2First [156], only the part of the conjecture concerning the first derivative was proposed.
Later [160], following the suggestions of [168] and [169], the conjecture was weakened by adding
the condition concerning the second derivative. Some further exemplary discussions of the de
Sitter swampland conjecture can be found in [170H180].

53 A first discussion of this and other cosmological implications of the swampland conjecture
can be found in [170].
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theory as a consistent theory of quantum gravity must never allow for a state that
experiences de Sitter quantum breaking. In this picture, the de Sitter swampland
conjecture can be regarded as a consequence of the quantum breaking bound.
String theory is obliged to escape a quasi-de Sitter state in order to avoid quantum
breaking.

We can illustrate how string theory appears to respect the quantum breaking
bound by considering a simple realization of an unstable extremum. Following
the setup proposed in [164}/165|, we study a Ds3- and an anti-Ds-brane in a 10-
dimensional space on which 6 extra dimensions have been compactified. We choose
their characteristic radii R to be much larger than the string length L, and we shall
assume that the Ds- and anti- D3 brane are separated by a distance S that is much
smaller than R. Moreover, the branes are aligned with 4 noncompact dimensions.
In this situation, the branes fall towards each other due to a force that is mediated
by the tree-level exchange of closed strings. In the regime S > L, this process
was considered in |164}/165] with the goal of constructing slow-roll inflation.

For the present discussion, however, we will only be interested in the situation
S =~ L,. As soon as the branes are that close to each other, an open string mode
becomes tachyonic. A complete form of its potential is unknown, but it suffices
for our considerations that the mass of the tachyon is given as m? ~ —L;?. Since
the energy density of the brane scales as L;?/g,, we arrive at the escape time
tese ~ Ly ln(gs_l). We can also estimate the quantum break-time of the system.
Using the general relation with tq & Lg, we obtain t, ~ Ls/g*. We conclude
that in the regime in which the string theory is weakly coupled, the escape time
is much shorter than the quantum break-time, i.e. the bound is satisfied.

We can equivalently derive this result from a 4-dimensional point of view.
There the Hubble scale is
L _r—2_Ys E

H? ~ CHNNEE P R VA 2.178
o2~ 5 RLL RILJ (2.178)

where we expressed the 4-dimensional Planck mass in terms of its 10-dimensional
counterpart, M = M R° and we moreover used that My, = L7®%/g3. As g, < 1
and L, < R, it immediately follows that the bound is satisfied. This shows
that de Sitter quantum breaking does not take place.

2.5.2 Exclusion of de Sitter Vacua

The most immediate consequence of the de Sitter quantum breaking bound
is that a consistent theory must not possess any stable or metastable vacuum with a
positive energy density. This exclusion of de Sitter vacua is particularly interesting
since the same requirement also follows from the swampland conjecture .
Therefore, one can choose either the quantum breaking bound or the de Sitter
swampland conjecture as starting point for the following arguments.
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Thus, any theory that in principle allows for a de Sitter vacuum can be ruled
out. It is important to stress that it is inessential if these vacua are actually
populated, e.g. as a result of cosmological evolution. If vacua with a positive
energy density lead to an inconsistency, the mere fact that the theory possesses
such vacua rules it out. This leads to important constraints on model building.

Necessity of the QCD Axion

First, we study the strong CP problem of QCD. Usually, it is posed as a naturalness
question: Why, among all possible #-vacua, do we live in the one in which QCD
is CP-conserving to an extraordinary accuracy? However, if de Sitter vacua are
excluded, the strong CP problem turns into a matter of consistency. The reason
is that, as we shall show shortly, most 6-vacua possess a positive vacuum energy
density and therefore correspond to de Sitter. The only way out is to render the
f-angle unphysical. Consequently, the axion solution to the strong CP problem
arises as a mandatory consistency requirement, independently of any naturalness
considerations or even a fine-tuning.

We will prove this statement by contradiction, i.e. we will assume that there
is no axion in QCD and show that this leads to an inconsistency. If no axion
is present, QCD contains distinct vacua that can be labeled by the #-parameter
[181},/182]. Those #-vacua possess different energies and it follows from the Vafa-
Witten theorem [183] that a global minimum of the energy is achieved for 6 = 0.
Although the exact energy dependence is not known for large values 6 = 7, it is
clear that the maximal energy density is set by the QCD scale AéCD ~ (100 MeV)*,
where we ignore a mild suppression by the quark masses.

Now we can combine this knowledge with two experimental facts. First, we
know that the value of # in the vacuum that we live in is close to zero, < 10710,
Secondly, we use the observation that the density of dark energy is very small,
e < (1073 V)4, and in particular negligible as compared to the QCD scale AQCDE
Notice that our present argument is independent of the cosmological constant
problem. It is inessential for us why the vacuum energy is as small as it is, but we
simply use the fact that whatever the reason is, it leads to the observed value.

The above findings imply that we live very close to the #-vacuum with the
smallest energy. Therefore, other vacua exist that have a larger value of # and
correspondingly a higher energy density of up to (100 MeV)*. Whatever the mech-
anism is that relaxes the small vacuum energy in the present Universe to zero, its
effect on vacua with energy densities of (100 MeV)?* is negligible. Consequently,
we can safely conclude that the vacua with higher values of 6 correspond to de
Sitter. However, such states are inconsistent by the quantum breaking bound. By
contradiction, this proves that an axion must exist that renders 6 unphysical”’|

54 As explained in the beginning of section the quantum breaking bound implies that the
present vacuum energy cannot be constant but must slowly relax to zero.
%®Note that any degree of freedom that relaxes 6 is effectively an axion, regardless of whether
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Of course, each #-vacuum belongs to a different superselection-sector, i.e. no
transitions among them are possible. As explained above, however, this is inessen-
tial for our argument. According to the de Sitter breaking bound, a consistent
theory must not possess a de Sitter vacuum, even if this state is not realized in
our Universe. The mere fact that the theory in principle allows for de Sitter states
rules it out. Moreover, it is crucial to note that the role of 6 is special in the sense
that unlike other parameters of the Standard Model, it specifies the choice of a
vacuum in one and the same theory, rather than a choice of a theory. Therefore,
if the Standard Model develops de Sitter vacua for some values of its parameters,
this only rules out those values but not the whole theory[™|

Finally, it is important to study whether de Sitter quantum breaking can still
happen once the axion is introduced. In this case, the points € # 0 are no longer
vacua but relax to the state 6 = 0. The corresponding relaxation time is set by
the inverse axion mass, tee &~ m; ! ~ f,/ A?QCD. Now we consider the state with
energy density € ~ AéCD because it would have the shortest quantum break-time
given by tq = MP/AQcp. Representing it as tq & tese M2 /(Adcpfa), We obtain
tqy ~ 107 tog. even for f, ~ M,. Therefore, de Sitter quantum breaking cannot
happen and the bound is fulfilled.

After relaxation, the axion field continues to perform damped oscillations. We
have studied quantum breaking for this model in section [2.3]and concluded that the
classical approximation is extremely accurate. But even if quantum breaking were
to happen for cosmic axions, this would not lead to an inconsistency. Instead, it
would merely mark the point when quantum effects have to be taken into account.

Exclusion of Spontaneously-Broken Discrete Symmetries

Next, we shall show that if de Sitter vacua are inconsistent, this rules out any
extension of the Standard Model with a spontaneously-broken discrete symme-
try, provided the phase transition happens after inﬂation{gj This conclusion holds
both for exact and for approximate symmetries. In short, the argument is the
following: If the symmetry is exact, the scenario is ruled out because of the well-
known domain wall problem [186]. However, if the symmetry is only approximate
so that domain walls can be avoided, this leads to de Sitter vacua, which are also
excluded. Thus, the domain wall problem and the de Sitter quantum breaking
problem complement each other in theories with low-scale spontaneously-broken
discrete symmetries. This rules out many well-motivated extensions of the Stan-

dard Model.

it is elementary or composite.

560f course, extensions of the Standard Model exist in which other parameters, e.g. the Higgs
mass, can be promoted to parameters of vacuum superselection and be relaxed dynamically (see
e.g. |[184,[185]). Our de Sitter bound then would become applicable to such models.

57Discrete symmetries with a very small scale below about 1 MeV are not excluded, as we shall
discuss shortly.
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First, we review the well-known cosmological domain wall problem [186], which
occurs in the presence of spontaneously-broken discrete symmetries. Its key point
is that the domain walls, which are formed during the phase transition of spon-
taneous symmetry breaking, possess an energy density that redshifts as ¢ ~ 1/a,
where a is the scale factor. This means that their energy dilutes more slowly
than that of matter or radiation. If domain walls existed, they would therefore
quickly come to dominate the Universe, in contradiction with observations. One
way to avoid this conclusion is to consider a case in which the domain walls are
formed sufficiently late due to a very small scale v of symmetry breaking. From
CMB-measurements, one can deduce the bound v < 0.9 MeV [187,|188].

If the scale of symmetry breaking is bigger than this bound, there are essentially
two ways to avoid the cosmological domain wall problem. The first one is to
assume that the phase transition took place before inflation since in this case the
exponential expansion stretches domain walls to superhorizon sizes. However, this
solution is only viable if the symmetry breaking scale is sufficiently high. The
second approach to tackle the domain wall problem is to introduce a soft explicit
breaking of the discrete symmetry, thereby making the domain walls unstable. If
this bias is strong enough, the domain walls decay before they start to dominate
the Universe ]

Our goal is to show that the quantum breaking bound rules out the second
solution since it would necessarily imply the existence of a metastable de Sitter
vacuum. We begin by estimating how strong the explicit breaking has to be in order
to avoid the domain wall problem. Although generalizations to higher discrete
symmetries are straightforward, we consider the case of Z; for concreteness. We
assume that a scalar field @/A) spontaneously breaks the symmetry by its vacuum
expectation value (VEV), (@Z) = 4wv. During the phase transition, domain walls
that separate the two vacua £v are formed by the Kibble mechanism [190}/191].
Unless very small couplings are involved, the tension of the domain walls is of
order o ~ v3. This corresponds to the force Fiension =~ o Ry that stabilizes the
domain wall, where Ry is the Hubble radius. Now we introduce a small split
of the energy densities of the vacua. It leads to a pressure force Fiess ~ BR%
that destabilizes the domain walls. If Fl,ess 2 Fiension, the pressure takes over and
forces the domain walls to disappear [192]. This leads to the bound § > o/Rpy,
where Ry is the Hubble radius at the latest during nucleosynthesis.

Now we can proceed as in the case of axions. Thus, we assume that a discrete
symmetry with a bias of 8 exists and then show that this leads to a contradiction.
The key point is that after the decay of domain walls induced by the bias 3, only
the lowest-lying vacuum persists. In particular, this would be the vacuum that we
live in. Since we know from experiments that the energy density in the present
Universe is nonnegative, this means that another vacuum would exist with an

%8For instance, an explicit breaking of sufficient strength can come from Planck-scale sup-
pressed operators [189).
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energy density of at least 5. This vacuum corresponds to de Sitter and would
thereby contradict the quantum breaking bound. Consequently, the soft breaking
of the discrete symmetry is excluded.

Of course, the inconsistent de Sitter vacuum would not be populated as a
result of a realistic cosmological evolution. But as for the case of axions, this is
inessential for our argumentEj] The mere fact that theory in principle possesses
an inconsistent de Sitter state rules it out.

Moreover, we remark that we cannot exclude that it is possible to evade the
quantum breaking bound by making the bias 8 time-dependent in such a way that
it goes to zero after the domain walls have decayed. We will not consider this
possibility for two reasons. First, it appears that a model that can realize this idea
would be rather involved. Secondly, the explicit breaking terms are expected to
generate an energy splitting through quantum corrections. In order to avoid this,
severe fine-tuning would be required.

In summary, the quantum breaking bound rules out a large class of phenomeno-
logically-viable extensions of the Standard Model in which a discrete symmetry is
spontaneously broken after inflation. An incomplete list of such models includes:

NMSSM. This is an extension of a Minimal Supersymmetric Standard Model
by a gauge singlet superfield. The VEV of this superfield spontaneously breaks a
discrete Z3 symmetry and generates a p-term in the superpotential. The VEV is
around the weak scale and unless inflation happens at very low scales, the domain
wall problem follows. The standard solution is to assume a small explicit breaking
of the Z3 symmetry (see e.g. [193] and references therein). However, our analysis
shows that such a solution implies the existence of a local de Sitter minimum and
is therefore excluded by the quantum breaking bound.

Spontaneous CP Breaking. Another important example is a theory with
spontaneous breaking of CP symmetry. This is achieved by an extension of the
Standard Model either by a second doublet [194] or a singlet [195]. In both cases,
there is a spontaneously-broken discrete symmetry around the weak scale and
domain walls result. Again, an attempt to eliminate them by an explicit breaking
leads to the creation of a local de Sitter minimum and is excluded.

Constraints on Peccei-Quinn Models. Exactly by the same reason as
above, we exclude the versions of the Peccei-Quinn model with post-inflationary
phase transitions and with a nontrivial discrete symmetry. Of course, there are
versions of the theory free of domain walls that are fully compatible with the
quantum breaking bound.

Gaugino Condensate in Super-Yang-Mills. It is known that the gaugino
condensate in SU(N) gives rise to domain walls due to spontaneous breaking of
a discrete Zy symmetry [196]. This is important because the gaugino condensate

9n fact, the argument is even stronger for the case of discrete symmetries. Whereas 6-vacua
correspond to superselection sectors, a very small but nonzero probability exists that all Hubble
patches that lead to the currently observed Universe happen to be in the false vacuum.
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is a commonly accepted source for hidden sector supersymmetry breaking in su-
pergravity theories [197]. If the phase transition with gaugino condensation takes
place after inflation, the walls must be eliminated by an explicit breaking of the
Zn-symmetry. As we have explained, this results in the existence of unacceptable
de Sitter minima, which are excluded by our criterion. Hence, we obtain the cos-
mological requirement that gauginos must condense before the end of inflation. In
the simplest version (in which the gaugino sector is not directly coupled to the in-
flaton) this would translate as a lower bound on the scale of gaugino condensation,
i.e. it must be above the reheating temperature.

As a final remark, we point out that an alternative solution to the domain
wall problem exists for some scenarios [198,(199]. It is based on the idea of sym-
metry nonrestoration [200-202]. This mechanism is compatible with a discrete
symmetry that is not explicitly broken but exact. The reason is that the sym-
metry is not restored at high temperature and therefore the domain walls never
form. As shown in [198]/199], however, such a nonrestoration requires a very spe-
cial choice of parameters. Whereas it can work in some models, such as the ones
with spontaneously-broken C'P and Peccei-Quinn symmetries, it is incompatible
with renormalizable supersymmetric theories [203]. Therefore, it cannot eliminate
domain walls in NMSSM.
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Chapter 3

Storage of Quantum Information

One conclusion of the previous chapter is that the classical description of de Sitter
and black holes can cease to be valid on macroscopically big scales. An immediate
question that follows is how these systems can be described on the quantum level.
The goal of the present chapter is to show that quantum information can play a
crucial role.

First, we are more general and study generic, i.e. potentially nongravitational,
bosonic systems in section . Building on the models and concepts of [204,]205],
we work out a general mechanism by which nearly-gapless modes and correspond-
ingly states of enhanced memory capacity can emerge. This phenomenon, which
we shall call assisted gaplessness, can occur in any bosonic system, provided it
possesses weak and attractive interactions. Moreover, we develop an analytic pro-
cedure for finding such nearly-gapless modes. We refer to it as c-number method
and it is a generalization of the approach that was used in [51] to study a spe-
cific model. The fact that assisted gaplessness occurs in generic bosonic systems
naturally leads to the idea that it could also be operative in black holes and de
Sitter and be responsible for their large entropies. This approach, the essence of
which was first suggested in [36], leads to the exciting possibility of using table-top
experiments to simulate the storage and processing of information in gravitational
systems. Similarly, such studies could contribute to understanding other systems
of enhanced memory capacity, such as neural networks [204,205].

In section 3.2 we turn to a concrete prototype system that we obtain as trun-
cation of an attractive Bose gas in a one-dimensional box with Dirichlet boundary
conditions. We first employ the c-number method to find states of enhanced mem-
ory capacity and then confirm their existence by numerical analysis.

In section [3.3] we study the phenomenon of memory burden, which was first
described in [206]. Its essence is that a large amount of information tends to
backreact on the system and thereby ties it to its initial state. After studying a
prototype system, we discuss implications for black holes and de Sitter.

This chapter is based on the paper [5], which is joint work with Gia Dvali and
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Marco Michel, as well as the paper [10], which is joint work with Gia Dvali, Lukas
Eisemann and Marco Michel. To a large extent, this chapter is an ad verbatim
reproduction of these publications. Sections and as well as appendix [A.2]
which pertains to the present chapter, follow [5]. Parts of [5], in particular the
aspects presented in section [3.2] were reported independently by Marco Michel

in his master’s thesis [207]. Figs. , , , and are based on earlier
versions presented in [207]. Section [3.3] follows [10].

3.1 Enhanced Memory Capacity in Attractive
Cold Bosons

3.1.1 Storage of Information in Gapless Modes

We shall consider a completely generic quantum system. We can fully characterize
it by its degrees of freedom and by the rules of the interactions among them. Each
degree of freedom corresponds to a particular oscillatory mode of the system.
In quantum field theory, such modes are described as quantum oscillators that
can exist in various excited states. The level of excitation of a mode k in a
given state |ny) can be conveniently described by an occupation number ny, of the
corresponding quantum oscillator, with the usual creation/annihilation operators
I;L, b and the number operator 7y = l;zl;k (where £k =0,1,..., K). At this point,
k is a generic label. In the concrete models that we study in the following, it will
denote the dimensionless wave number. We shall limit ourselves to bosonic degrees
of freedom, which satisfy the standard canonical commutation relations:

~

(b, 0] = 65, [by, i) = B}, B}] = 0. (3.1)

One of the most important characteristics of a system is the energy level-spacing
between states of different occupation numbers, i.e. |ny) and |ng £ 1), which we
shall denote by &.

We will view quantum states from a perspective of quantum information theory.
When a degree of freedom can choose among d different possible states |ny) with
n =0,1,...,d — 1, it represents a qudit. Then information can be stored in the
set of d¥T! basic states |ng,ni, ...) and each basic state corresponds to a distinct
pattern. In this setting, the energy cost of information storage and read-out is
set by &, i.e. for a pattern |ng,ny,...), it is given as E, ., . = > Exny. This
means that the transition between patterns in which the occupation numbers differ
significantly is in general expected to be costly.

This situation changes in systems that possess nearly-gapless modes. The
latter term requires some quantification. Under a nearly-gapless mode we mean a
mode for which the minimal excitation energy & is much smaller than the typical
energy gap Eiypical, €xpected for the system of a given size. For instance, for a
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nonrelativistic particle of mass m trapped in a box of size L, one would expect
the energy gap between the ground state and the first excited state to be set by
the inverse size of the box, Fiypical &~ h?/(2mL?). The goal of this chapter is to
show that systems with nearly-gapless modes have a greatly enhanced capability of
information storage. Namely, based on the characteristics described in [204,205],
we can identify the following three key properties, on which we will elaborate in
the following:

1. The density of patterns that can be stored within a given energy gap is
exponentially enhanced.

2. The decoherence time of recorded information increases significantly.

3. The stored patterns can be rearranged under the influence of very soft ex-
ternal stimuli.

Enhanced Entropy

Clearly, two states that only differ in the occupation numbers of nearly-gapless
modes are almost degenerate in energy. Thus, if we imagine that a subset of N
modes is nearly-gapless and that the maximal occupation number of each of those
modes is d, then d" patterns fit within a small energy gap. This constitutes the first
property of enhanced information storage, namely the fact that a large number
of patterns almost possess the same energy. Correspondingly, we can define an
entropy as the logarithm of the number of such nearly-degenerate states:

Entropy = N In(d) . (3.2)

We note that this formula matches our discussion of the entropy of black holes and
de Sitter in section [I.4] As stated in Eq. (1.28), on the order of N nearly-gapless

modes are required in order to give a microscopic explanation of an entropy V.

Long Decoherence Time

Apart from a low energy cost, systems that feature gapless modes possess a second
property that makes them ideal information storers. Namely, gaplessness of a given
mode by implies that the disturbance from other modes is small since otherwise
the gaplessness would be destroyed. This suppression of interaction is either due
to a relatively high energy gap of the other modes or due to a very weak coupling
to them (or both). In both cases, the time evolution into the other modes is small.
Therefore, gaplessness implies a long information storage time[l]

This point can be illustrated in very general terms on an example with one
additional mode ¢ that can correspond to another mode of the system or to an

IFor a particular model, this property was already discussed in [51].
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environment. We assume that in the absence of the mode ¢, the nearly-gapless
mode by, would be close to an eigenmode of the Hamiltonian, i.e. it corresponds
to a degree of freedom obtained after an approximate diagonalization procedure.
How this can be achieved will become apparent in section In this situation,
the relevant part of the Hamiltonian can be written in the following 2 x 2 form:

vt (S 2\ (b
H = (b} cf)({ E2> (;) (3.3)

where FE. is the gap of the other mode and g is the coupling constant. In order not
to disturb the nearly-vanishing gap &, g must satisfy ¢ < V&L E. , i.e. ¢ must be
sufficiently small in order to maintain the level-splitting. This implies that either
the time evolution will be strongly suppressed due to the large level-splitting (in
the regime of E. > &) or the evolution timescale will be set by

toon ~ 1/ & (3.4)

and thus will be long (in the regime of E. ~ &). In both cases, we have an effective
protection of the stored information. In other words, the information contained in
a gapless mode Ek is maintained either due to the suppression of the amplitude of
oscillations or due to a very long timescale of this transition.

Soft External Stimuli

Finally, the third property that makes systems with nearly-gapless modes ideal
storers of information is the fact that information contained in those modes can
be recorded and read out using soft external stimuli. This point, which was al-
ready discussed in [204], is of particular interest with regard to the experimental
realization of such systems. As before, we will focus on a single nearly-gapless
mode by,. Following [53], the essential features of the coupling to an external field
can be captured by the Hamiltonian ({3.3), where now & could correspond to a
mode of the photon field in an experimental setup.

We can start with no excitations in the nearly-gapless mode and a coherent
state of the external field:

[@(t = 0)) = [0),, ® 7). (3.5)

where v parametrizes the occupation of the external coherent state. Straightfor-
ward calculation gives [53]:

(D) eTe|D(t)) = ~> (1 — g;snﬁ (?)) , (3.6)

where we defined

1

5y =/ (B.— &) + ¢ . (3.7)
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Thus, the coupling to the nearly-gapless mode leads to a fluctuating occupation
of the external field. The amplitude becomes appreciable for E,. ~ &, i.e. when
the external mode is as soft as the nearly-gapless mode. As already discussed,
this implies that the coupling has to be small, g < &, in order not to disturb the
gaplessness of the mode by..

In this situation, the occupation number of the nearly-gapless mode evolves in
time as,

(DO 000)) = & i (‘5;) | (39)

This means that we can use soft excitations of an external field to bring the nearly-
gapless mode to a desired state. Correspondingly, information can be read out from
soft ¢é-quanta that are emitted due to the deexcitement of the bi-mode. In this
way, soft radiation could be used to store and retrieve quantum information.

Furthermore, we remark that Eqs. and also show why soft external
radiation is sensitive to the existence of nearly-gapless modes. If none are present,
the lightest mode has a much bigger gap, i.e. & > FE.. In that case, the ampli-
tude of fluctuations gets suppressed as (g/&)?. This means that soft radiation
stops interacting with the system. Thus, nearly-gapless modes exist whenever soft
radiation, the energy F. of which is much smaller than the typical energy of the
system, i.e. F, < Eipical, €xperiences a significant interaction.

The energy efficiency of the information storage within the gapless mode goes
hand in hand with the difficulty of the read-out of information. Since the gap is
small, the different information patterns are barely discriminable and the read-out
time is correspondingly very long. Thus, if we would like to design a device that
could read out the information on a timescale shorter than the inverse gap, such a
reader must necessarily disturb the gap. In such a case, the reading device can be
included in an effective Hamiltonian in form of a time-dependent interaction term
that is switched on externally when needed. With regard to black holes, however,
this challenge in reading out the recored information turns out to be good news
as such a delay would naturally explain why the quantum information stored in
them cannot be resolved for a very long time. We will elaborate on this point in
section B.T.3

3.1.2 Assisted Gaplessness

In view of the importance of nearly-gapless modes for information storage, we
need to understand what physical mechanisms can allow a finite size system to
deliver such modes. We shall focus on a mechanism schematized in [204} 205,
which can be referred to as the phenomenon of assisted gaplessness. It represents a
generalization of the original idea [36] of information storage in gapless modes that
emerge in certain quantum critical states of attractive bosons. The key principle of
the assisted gaplessness mechanism is easy to summarize. If the interaction energy
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among the degrees of freedom of a system is negative, a high excitation of some
of those modes lowers the excitation energy thresholds for the others. In this way,
these highly excited degrees of freedom play the role of master modes that assist
others in becoming easily-excitable. When the occupation numbers of the master
modes reach certain critical levels, the assisted modes become nearly-gapless. At
this point, a state of enhanced memory storage capacity is attained.

In order to understand the essence of the phenomenon, following [204}205], we
consider an exemplary situation in which a mode 7y, which is typically the one
with the smallest kinetic energy Ej, can be highly occupied and has the following
negative-energy coupling with a set of K modes:

K
H = Z Ek(l — Ozﬁo)ﬁk + EOﬁQ + ... (39)
k=1

In this way, ng becomes the master mode. Its interaction energy with each mode
Ny is proportional to the threshold energy €, of the latter modes via an universal
proportionality constant . Due to the negative sign, such a connection is exci-
tatory, i.e. it is energetically favorable to simultaneously excite the inter-coupled
modes.

Thus, on states in which the occupation number of the master mode is (7o) =
Ny, the effective gap for other modes is lowered as,

where we introduced the collective coupling
A= aN. (3.11)

We note that this formula is in full accordance with Eq. (2.1)), which was impor-
tant for our study of quantum breaking. Thus, we see that the master mode 7
assists the rest of the modes in becoming more easily excitable. Accordingly, once
the occupation number of the master mode reaches a critical value Ny = a~! cor-
responding to A = 1, the assisted modes n; become gapless. The corresponding
excitation energy as a function of A is plotted in Fig. [3.1a] Note that small devi-
ations Ny ~ 1 of the occupation number Ny from the critical value result in the
generation of an effective gap of order & ~ €ya. Correspondingly, the smaller « is,
the less sensitive the gap becomes to small fluctuations of the occupation number
Ny around its critical value. Therefore, we will focus on cases with small o and
large Nj.

In the model (B.9), all states of the form [Ny, ni,...ng), where nj.o can take
different possible values from 0 to d — 1, possess the same energy. In accordance
with our previous discussion in section we see that gapless modes lead to an
exponential number of information patterns that are degenerate in energy. The
resulting density of states as function of the collective coupling A is plotted in Fig.
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Figure 3.1: Schematic plots of the behavior of a system of attractive bosons such
as (3.9) in the vicinity of a critical point with nearly-gapless modes that arise due
to assisted gaplessness.

B.1al Since the neighborhood in the Fock space with a large number of states
that fit within a narrow energy gap is characterized by the same macroscopic
parameter, i.e. a macroscopically large occupation number Ny of the ng-mode,
we can say for sufficiently small d that the states |Ny,ni,...ng) for all possible
values of nj.o are macroscopically-indistinguishable. Hence, they form a set of
microstates belonging to the same macrostate. In this sense, Eq. acquires
the meaning of a microstate entropy, i.e. it is the logarithm of the number of such
nearly-degenerate microstates, where K = NN in this case.

An important point of our analysis is that we do not introduce a gapless mode
by hand but discover that such modes emerge even if the system is confined within
a box of finite size. This is a highly nontrivial phenomenon that requires a crit-
ical balance between the coupling and the occupation number. In this way, the
decoherence time of quantum information stored in a gapless mode can be made
arbitrarily long, even for fixed values of the size of the box and £ (see Fig. [3.1b)).

Already the study of the prototype system suggests that the phenomenon of
assisted gaplessness is generic. It will become evident in section that this is
indeed the case: The only requirements for assisted gaplessness to take place in a
bosonic system are a weak attractive interaction and a high occupation number of
some of the modes. Therefore, as explained in [204], we expect that gapless modes,
which lead to states of high memory storage capacity, are a generic phenomenon
in these systems. Only the details, such as the exact number of the emergent
gapless modes and the corresponding microstate entropy, depend on the symmetry
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structure and other details of the Hamiltonian.

However, we must stress that among all the states of a system, the subset in
which gapless modes occur is small. Whereas some states of enhanced memory
capacity exist in bosonic systems with weak and attractive interactions, those
states are very rare as compared to the total number of states in the Hilbert
space. Therefore, it can be a hard task to identify those states.

Lastly, we can compare our effect of assisted gaplessness to the well-known
phenomenon of appearance of gapless excitations in the form of Goldstone bosons.
The latter modes emerge as a result of a phase transition with the spontaneous
breaking of a global symmetry. The crucial difference is that Goldstone modes
consistently exist in a domain past the critical phase. This is not the case for
assisted gaplessness. Our gapless modes only exist at the critical point and they
appear due to a cancellation between the positive kinetic energy and the negative
collective interaction energy with a certain highly-occupied master mode. In gen-
eral, it is therefore hard to interpret the appearance of our gapless modes in terms
of a Goldstone phenomenon of spontaneous breaking of any global symmetry/]
This difference is what in particular makes the phenomenon of assisted gapless-
ness interesting since there is no a priori symmetry reason for the emergence of
any gapless modes. This said, however, once assisted gaplessness takes place, the
number of such modes can be highly enhanced by unbroken symmetries of the
critical state, such as spherical symmetry [208].

3.1.3 Simulating Black Holes and Others in the Laboratory
Assisted Gaplessness in Black Holes

As we have seen, the phenomenon of assisted gaplessness appears to be generic in
bosonic systems with weak and attractive interactions. Since gravity exhibits pre-
cisely these properties, the important question arises if the same mechanism could
also be operative in black holes and thereby represent the key to a microscopic
explanation of the Bekenstein-Hawking entropy (1.2)). In this picture, assisted gap-
lessness would deliver the required S nearly-gapless modes (see Eq. ) If this
is true, one can shed light on black holes, for which the lack of nonperturbative
techniques prevents computations beyond the semiclassical limit, by looking for
analogous properties in systems that are much easier to solve.

We note that this point of view is a priori independent of the quantum N-
portrait of black holes, which we reviewed in section [1.3.1] Namely, as explained
in section any quantum description of a black hole must provide a microscopic
explanation of the entropy and therefore contain on the order of S nearly-gapless
modes. However, the idea that assisted gapless takes place in a black hole becomes

2We note, however, that for the model (2.42)), to which we will turn in appendix the
critical mode due to assisted gaplessness was mapped on a pseudo-Goldstone mode of a sigma
model [51].
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particularly plausible in the quantum N-portrait. The reason is that in this picture,
the black hole is composed of a large number of soft gravitons. The corresponding
highly-occupied mode represents a prime candidate for the master mode which is
required for assisted gaplessness. We will make this point more explicit in section
3.3.3

The question if a universal phenomenon, which also takes place in simpler
nongravitational systems, could be operative in black holes was first investigated
in [34,36], where a system of attractive bosons in a box of dimensionality D > 1
with periodic boundary conditions was studied.ﬂ It was noticed that the critical
state of enhanced memory capacity in this simple system exhibits some similarities
to certain universal scaling properties satisfied by analogous parameters for black
holes. Therefore, it was hypothesized in [34,[36] that the emergence of gapless
qudits responsible for nearly-degenerate microstates of a black hole in its bare
essence is the same phenomenon as the appearance of gapless qudits around the
quantum critical point in the system of attractive bosons.

This point of view is strengthened by the fact that it is difficult to read out
information that is stored in nearly-gapless modes. As discussed in section [3.1.1]
the read-out time is set by the inverse of the small gap (see also Eq. (3.4)). There-
fore, as long as the gap is not disturbed by turning on additional couplings to an
environment, it takes a very long time to resolve the information stored in the
nearly-gapless modes. This could contribute to answering the long-standing ques-
tion why the quantum information stored in black hole modes cannot be resolved
for a very long time. The answer would be that information is unreadable because
it is stored in nearly-gapless modes (see e.g. [53]).

Finally, the idea that assisted gaplessness takes place in black holes receives fur-
ther support from the model of [208] (see [205] for its neural network realization),
which describes a nonrelativistic bosonic quantum field living on a D-dimensional
sphere and experiencing a momentum-dependent attractive self-interaction. This
model comes closest to imitating the black hole information properties. Namely, it
exhibits a one parameter family of critical states labeled by the occupation number
N of the lowest momentum mode. In each state, a set of gapless modes emerges.
The remarkable thing is that the number of these gapless modes scales as the area
of a D — 1-dimensional sphere. This means that the resulting microstate entropy
obeys an area law, similar to Bekenstein entropy of a black hole. Therefore, the
emergent gapless modes represent holographic degrees of freedom and the model
gives an explicit microscopic realization of the idea of holography, which is usu-
ally considered to be an exclusive property of gravitational systems, such as black
holes [209,210] or AdS-spaces [211},]212]. These findings give a strong motivation
for further studying the proposed mechanism of emergence of gapless modes at
criticality in systems of bosons with “gravity-like” attractive interactions.

3 A simple example of this sort, which has been explicitly solved, is given by the system (2.42)).
It is the model that we use in appendix to demonstrate our c-number method.
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Mapping on Neural Networks

On top of its connection to black holes, we shall show that the phenomenon of
assisted gaplessness has a direct application to quantum neural networks along
the lines of [204,]205]. The key ingredients of any neural network are on the one
hand the neurons and on the other hand the synaptic connections among them.
Following [204,205], it is possible to describe them by an effective Hamiltonian in
which the neural excitations are the degrees of freedom. The threshold excitations
correspond to kinetic energies and the synaptic connections translate as interaction
terms. In this description, the time evolution of the excitations is generated by
the effective Hamiltonian. In particular, this framework enables us to study the
energetics of information storage. This is the aspect we shall focus on. So we will
not study any specific algorithm, but our goal is to investigate the energy cost of
recording and reading out information.

The synaptic connections can be either excitatory or inhibitory, i.e. an exci-
tation of a given neuron k can either decrease or increase the probability of the
excitation of another neuron j. In the effective Hamiltonian description of the
network, the excitatory and inhibitory nature of the connections can be given an
energetic meaning. This meaning is defined by the sign of the interaction energy
of two or more simultaneously excited neurons. The negative and the positive
signs of the interaction energy respectively translate as excitatory and inhibitory
connections in an energetic sense. Below, we shall denote the parameter that sets
the characteristic strength of these interactions by the same constant o as we have
used for the system of bosons.

As noticed in [204,205], a neural network defined in this way in the case of
negative (i.e. attractive and therefore “gravity-like”) synaptic connections exhibits
the phenomenon of assisted gaplessness with sharply enhanced memory storage
capacity. For describing the idea, it suffices to consider the simple Hamiltonian
and to think of it as representing a quantum neural network. Thus, we
consider a network for which the synaptic connection energy of a set of inter-
connected neurons is negative. This means that the excitation of a given neuron
lowers the threshold for the excitation of all the other neurons from this set, i.e.
for the ones that are connected to the former neuron by negative energy couplings.
If we normalize the characteristic step of the excitation to unity, then exciting a
neuron to a level N, in general, lowers the threshold for the others by the amount
~ aN. Thus, at the critical point N = 1, gapless modes emerge and we can store
a large number of patterns within a very narrow energy gap.

More concretely, it was shown in [205] that such a neural network is isomor-
phic to the physical system of a bosonic quantum field. In this correspondence, the
neural degrees of freedom are identified with the momentum modes of the field,
whereas the synaptic connections correspond to the couplings among the different
momentum modes. This mapping allows to give a unified description of the phe-
nomena of enhanced memory storage capacity in neural networks and in systems
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with cold bosons. Thus, the connection to neural networks also contributes to the
relevance of investigating assisted gaplessness.

Experimental Realization

The facts that the phenomenon of assisted gaplessness is generic in bosonic sys-
tems with weak attractive interactions and that it already takes place in simple
systems such as give a natural hope that it could be experimentally stud-
ied under laboratory conditions. For example, such an observation of emerging
gapless modes could be achieved in systems with cold atoms (see e.g. [213]214]).
Such experiments, which have never been performed previously, could serve two
purposes.

First, as already suggested in [36,[51H53|, they promise to be relevant for the
practical storage of quantum information. Namely, assisted gaplessness could en-
able the construction of devices that can store quantum information at a low
energy cost and over an extended period of time. Such an application would have
manifold importance, e.g. in the context of quantum computing.

The second purpose of the experimental observation of assisted gaplessness is
that it could provide a framework to understand and simulate other systems of
enhanced memory storage capacity. This gives an interesting prospect of study-
ing in table-top quantum experiments the key mechanism of information storage
in such seemingly-remote systems as black holes and quantum brain neural net-
works. Such simulations could both verify the proposed phenomenon of assisted
gaplessness and check how far the similarity with black hole information processing
goes.

For the case of black holes, a very concrete effect that one could check would be
how the timescale of information storage near criticality scales with Ny, which plays
the role of a macroscopic parameter analogous to the black hole mass. Another
interesting question concerns the scrambling and release of information: When an
excitation is added to a system of enhanced memory capacity, how fast does it
get entangled with the rest of the system and how long does it take to read it out
afterwards? Obviously, the main focus is on understanding generic features of en-
hanced information storage and by no means on imitating intrinsically geometrical
properties of black holes.

3.1.4 The C-Number Method

So far, we have highlighted the relevance of nearly-gapless modes that arise due to
the phenomenon of assisted gaplessness. In this light, a very important task is to
find a method that enables the search for states with gapless modes in a systematic
way in a theory of bosonic modes with a generic interaction Hamiltonian. We will
do so in the following. Our method relies on the Bogoliubov approximation, in
which mode operators are replaced by their expectation values [79]. In this way,
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we transform the Hamiltonian in its Bogoliubov counterpart, which only depends
on c-numbers. We will show that it suffices to look for flat directions in this
Bogoliubov Hamiltonian to conclude that gapless modes exist in the spectrum
of the full quantum system. This allows us to replace the difficult problem of
diagonalization of the Hamiltonian by a much simpler task of extremizing a c-
number function.

This approach, which we shall call c-number method, is a generalization of the
one used in [51], where it was shown for a specific model that the appearance
of a gapless mode at the critical point can be deduced from the minimization of
a nonlinear sigma-model obtained by replacing the Hamiltonian by a c-number
function. Apart from its practical application, the c-number method also serves a
second purpose. The fact that any flat direction in the Bogoliubov Hamiltonian
already implies a gapless mode supports the reasoning of [204] that the emergence
of gapless modes, which leads to states of high memory storage capacity, is rather
generic, provided the interacting degrees of freedom of a system are bosonic and
that some of the interaction energies are negative.

Procedure

We consider a set of K + 1 bosonic quantum modes described by the creation and

annihilation operators &L, ar, (where k = 0,1,..., K), which satisfy the standard
canonical commutation relations
4,6} = 0, lag,a = [al,a}] = 0. (3.12)

We call the modes a5 instead of IA)k since unlike before, the Hamiltonian is not
required to be approximately diagonal in the ai-modes. For later convenience, we
introduce the notation

N R R N o N

a = (ay,...,0x), a =(al,... ak), (3.13)
where no distinction will be made between a vector and its transpose. The reason
for singling out one of the modes, in our notation ag, will become apparent shortly.
We assume that the dynamics of the system is governed by a generic Hamiltonian,

H=A@ %8 a). (3.14)
A priori, we do not have to put any restriction on it, i.e. we expect our method
to work when depends on all possible normal-ordered interactions of the
modes. But the concrete application of the c-number method will be sensitive to
the symmetries of the Hamiltonian. The reason is that any symmetry also leads to
a gapless transformation ] However, we do not want to consider those but solely
focus on the ones that arise due to a collective attractive interaction.

4The simplest example is the Hamiltonian of a noninteracting mode,

A~

H=aa, (3.15)
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For the sake of simplicity, we will not consider the case of generic symmetries,
but focus on a special case of particular physical importance. We assume that the
Hamiltonian only possesses one symmetry, namely a global U(1)-symmetry due to
particle number conservation. So the generic Hamiltonian reads

K K
2 At A (4)  Afata &
H = Y elpr + Y, 0jrunOplimin (3.16)
k=0 k,j,m,n=0
(6) ATATAT A A A
+ Z Odk]mnopaka]amana()&p
k7j7m7n’07p:0
(8) ATATAT AfA A A A
+ Z akjmnopqrakajamanaoapaan + )

k,j,m,n,o,p,q,r=0
where ¢, afé)mn, oz,(f;knop, ag)mnopqr, ... are some parameters. We shall assume
that the full Hamiltonian is bounded from below, but some interaction terms can
be negative so that the energy landscape is nontrivial. We are interested in the
phenomenon of assisted gaplessness, i.e. we would like to identify states around
which a high occupation of some modes assists other in becoming gapless. As
explained, the nearly-gapless modes will lead to a neighborhood in the Fock space
where a large number of states fits within a narrow energy gap. This causes the
enhanced memory capacity in which we are interested.

Finding such critical states requires a diagonalization of the Hamiltonian, which
in general is computationally a very hard task. Our goal is to show that under
certain conditions, the diagonalization procedure can be substituted by a much
simpler approach of finding an extremum of a c-number function. To this end,
we perform the Bogoliubov approximation [79], i.e. we replace the creation and
annihilation operators by c-numbers,

T, o ar, (3.17a)

K K
o — | N =Y a2, @b — ([N =D Ja]?, (3.17D)
k=1 k=1

where a; are complex numbers and we introduced the abbreviation
Zz’:(al,...,aK), 5’*2(&’{,...,@}). (318)

Note that we have replaced K + 1 quantum modes by only K complex variables.
The reason is particle number conservation, as will become apparent in the proof
of our method. Because of it, the sum of the moduli are fixed and moreover we

which possesses a global U(1)-symmetry, & — ¢, due to particle number conservation. So
the states |¥(a)) and |¥(e*¥a)) have the same expectation values of the energy, but this is not
connected to attractive interaction.
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have to fix a global phase. Furthermore, note that particle number conservation
as in (3.17h|) shows that the complex numbers scale as a; ~ v N . In summary, we
obtain the replacement

(@ @4l a0) = Huog(@, 3, (3.19)

where Hy,oq( @, @*) is an algebraic c-number function, which depends on K complex
variables.

We expect that the error in the Bogoliubov approximation scales as 1/N. Thus,
we can make it arbitrarily small if the particle number is large enough. Since we
want to keep the collective coupling fixed, the relevant limit is

N — o0, a0, with A\ = oD NY/271 = const. (3.20)

where we suppressed the indices of the coupling constants. We note that we
obtain the collective coupling A = aN for the special case of 4-point interaction,
in accordance with Eq. (3.11)). Moreover, it is important to emphasize the the
double-scaling limit is identical to the (semi)classical limit as discussed in
Eq. . In this limit, the c-number method for finding gapless modes will be
exact. For finite N, corrections appear that scale as a power of 1/N. Thus, as
already mentioned before, we will throughout be interested in the regime of large
N and correspondingly small .

Before we can come to the main statement of this section, we introduce the
notion of a critical point of the Bogoliubov Hamiltonian Hy.e. It is defined as a
value @, such that the first derivative vanishes,

—0, (3.21)

and moreover the determinant of the second derivative matrix is zero,

B* A)

B (3.22)

det/\/l_) =0, WhGIQME(

o

1 — 82Hbog _ aszOg . . .
Here the matrices A and B denote A;; = Pazda, and By; = Daxde. which implies

BT = B and A' = A. So we deal with a stationary inflection point of the function
Hyog(@, @*), i.e. a point at which the curvature vanishes in some directions. Our
goal is to prove the following implication.

Theorem: If the c-number function Hy., possesses a critical point (in the
above sense), this implies — in the full quantum theory — the existence of a state
with emergent gapless modes, and correspondingly, with an enhanced microstate
entropyﬁ To put it shortly, any critical point is a point of an enhanced memory
storage capacity.

®Note that example (3.9) is a special case in which all K modes become gapless. In general,
conditions (3.21)) and (3.22)) only imply at least one gapless mode.
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Proof

In order to prove this, we will follow the known procedure for determining the
spectrum of quantum fluctuations around a given state. Namely we consider the
expectation value of the Hamiltonian in an arbitrary state, for which only the
expectation value of the particle number is fixed:

K
N =" (alay) . (3.23)
k=0
In the following, expectation values will always refer to such a state. As explained,
we moreover want to fix a global phase to exclude the gapless direction that arises
due to the corresponding symmetry. Up to 1/N-corrections, we therefore obtain

1

(o) = (ab) ~ JN =3 () - (3.24)

In this way, we can make particle number conservation manifest and obtain a
Hamiltonian that only depends on K modes.

Next, we shift the remaining K mode operators by the constants corresponding
to the above-discussed stationary inflection point of the c-number function Hi,,g,

T d.ra, @ oara. (3.25)
Obviously, the operators o?,t, &y satisfy commutation relations analogous to .
So the replacement is always possible and exact, not only as an equation
for the expectation values. But of course, the Hamiltonian is not diagonal in the
new modes &}, ay.

Now we want to expand the theory around a state in which the expectation
values of the original d,-modes are given as (a}dy) = |ao /2. Thus, we write down
the effective Hamiltonian in which we keep terms up to second order in the &y-
modes. Since @, extremizes the c-number function Hyog, terms linear in &j-modes
are absent from the Hamiltonian. Moreover, the c-numbers scale as a, ~ VN
whereas the &, are independent of N. Thus, each additional factor of &; leads to
a suppression by 1/ V/N'. So in the limit of large N, the second-order term
dominates and the effective Hamiltonian takes the following form:

1) = Hot (8 AR) + ;<<353> N @%@B) | (3.26)

where the constant Hy = Hbog((_z'o, 5’2) denotes the value of the c-number func-
tion at the extremal point. Up to this irrelevant constant, we can rewrite the
Hamiltonian in block-matrix form:

* N
(H) = ;<<3T 3) (flT “g) (i)) + const. (3.27)

(07
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Now we can bring the Hamiltonian into a canonical diagonal form by perform-
ing the following Bogoliubov transformation:

EN) o
a\ b ] (VU
or equivalently, . .
i = Up;bh + Vighy (3:29)

where U and V are the transformation matrices and ZA);, Bj are the new modes that
form a diagonal canonical basis. The canonical commutation relations imply the
conditions:

vvi-uut =1, VU '-UVT=0. (3.30)

As always, we choose the matrices U and V' such that off-diagonal terms, of the
type b;b;, and b}b;, are absent from the Hamiltonian. This implies that U, V satisfy

UTATV* + VIAU* + VIBV* + UTBU* = 0. (3.31)

In this way, we bring the Hamiltonian to the form
(H) = (bL.Ek;b;) + const. (3.32)
where the matrix £ is given by
E=UTATU + VIAV +VIB'U + U'BV . (3.33)

Note that the conditions (3.30)) and (3.31]) allow the multiplication of U and V by
an arbitrary unitary matrix. Therefore, without loss of generality, we can set the
Hermitian matrix £ to be diagonal.

Now, due to the fact that the modulus of the determinant of the matrix 7 is 1,
the condition det M = 0 is equivalent to the condition det & = O.ﬁ Thus, among
the degrees of freedom described by the operators ZA)L, IA)k, there exist gapless modes.
Moreover, the number of zero eigenvalues of the two matrices is the same since
multiplication by regular matrices does not change the dimension of the kernel of a
matrix. So the number of gapless modes is given by the number of zero eigenvalues
of the matrix M, i.e. by the number of independent flat directions at the critical
point of the c-number function Hyg.

This conclusion is exact in the limit of infinite N. In this case, the
gap collapses to zero and the different quantum states that correspond to the

Following [215|, we can infer the determinant of the matrix 7 from the relation
TIT =7, (3.34)

where J = diag(1,—1) and 1 is a unit matrix of dimension K. The equality (3.34]) in turn is a
consequence of the Bogoliubov conditions (3.30)).
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different occupation numbers of the gapless modes become exactly degenerate. So
the system can store an unlimited amount of information within an arbitrarily
small energy gap. Note that the fact that we only make a statement about the
expectation value of the Bogoliubov Hamiltonian in is not a restriction since
it suffices for us to find states with degenerate expectation values of the energy.
For finite N, corrections appear which scale as a power of 1/N. They come
from higher-order terms in the effective Hamiltonian and from corrections
to relation . So in this case, the modes will only be nearly-gapless, with a
gap that scales as a power of 1/N. Also the critical value @, will receive 1/N-
corrections. However, one can make all these corrections arbitrarily small if one
chooses N large enough. So also for finite N, the information stored in the various

states of the ?—modes is energy cost-efficient. In summary, we conclude that
the critical point of the c-number function Hyee corresponds to the appearance
of nearly-gapless modes in the full quantum theory. Each nearly-gapless mode
corresponds to a zero eigenvalue of the second derivative matrix M.

We remark that our c-number method is conceptually similar to the study of
the Gross-Pitaevskii equation [77,[78], which we employed in section [2.2.4 The
latter corresponds to working in position space and expanding the field operator
w around its classical value: w Yol + 52/1 In this approach, one can identify
gapless modes by studying the spectrum of quantum fluctuations 57,0. Our c-
number method can be viewed as momentum space analogue of this technique.
Namely, we first go to momentum space by expanding @ in mode operators a.
Then we proceed analogously to the Gross-Pitaevskii method by expanding mode

. : EN 2N
operators around their classical values: @ = @o + a.

Coherent State Basis

Finally, we note that an alternative proof of the enhanced memory capacity around
the stationary inflection point of Hy., consists of moving to the basis of coherent
states, as opposed to number eigenstates. We recall that coherent states | @) are
the eigenstates of the destruction operators, i.e. for all modes we have a |@) =
ay | @), where ay, are complex eigenvalues. Obviously, coherent states satisfy |az|? =
(d| Ay | ). Tt is clear that taking an expectation value of the Hamiltonian (3.16)
over a coherent state | @) simply amounts to the Bogoliubov approximation ([3.17)),
i.e. to replacing the operators by c-numbers, a; — aj. Therefore, we have the
relation

<a)| }AI |?L)> = Hbog . (335)

This means that coherent states explicitly realize the replacement . Since this
procedure is exact also for finite IV, it gives immediate meaning to the Bogoliubov
Hamiltonian from the perspective of the full quantum system.

In particular, this construction is relevant when the Bogoliubov Hamiltonian
possesses a stationary inflection point @,. If in this case the eigenvector with
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vanishing eigenvalue is given by 5_(1), then we can consider the state | @, + eé_a)>. For
small values of ¢, it fulfills

(To+ c0a| H | o + €da) = (To| H|Ts) - (3.36)

Thus, we have obtained a family |, + eé_a)) of quantum states with nearly de-
generate expectation value of the energy. Information stored in them therefore
occupies a narrow gap.

For quantifying the information storage capacity, we must take into account
that coherent states do not form a orthonormal basis and that only coherent states
with large enough differences in a; are nearly orthogonal. Indeed, the scalar prod-
uct of two coherent states | @) and |@’) is

(@] @) [? = e~ 2w lowmeil” (3.37)

Because of this, although the coherent state parameter can take continuous values,
only sufficiently distant states, which satisfy

> lag —a> > 1, (3.38)
k

contribute into the memory-capacity count. Therefore, the information storage
capacity in the coherent state basis is the same as in the basis of number eigenstates
of the Bogoliubov modesﬂ However, the usefulness of the coherent state basis
lies in the ability of taking a smooth classical limit. This is convenient for the
generalization of the enhanced memory storage phenomenon to classical systems,
such as e.g. classical neural networks [204].

For an exemplary step-by-step application of the c-number method, we refer
the reader to appendix . There we use it to study the system , which
we have already review in section from the perspective of quantum breaking.
For this system, a complete analytic treatment is possible. This means that on
the one hand, all equations resulting from the c-number method can be solved
easily and on the other hand, the Bogoliubov transformation can be carried out
explicitly. It is therefore a good starting point to both familiarize oneself with the
method and to check its validity on a concrete example.

"Relation implies that coherent states can be counted as different as soon as |n, — nj,| >
Vi, where ny = |ag|? and nj, = |a,|?. So there are on the order of \/ny different possible
expectation values of the particle number. In addition, however, there is the freedom of choosing
a phase ;. Taking into account the uncertainty, AnyAypy 2 1, this gives \/ny " different phases
for each modulus ny. In sum, this gives n; different states, the same result as in the basis of
number eigenstates.



3.2 Prototype Model: 3-Mode System 113

3.2 Prototype Model: 3-Mode System

3.2.1 Introduction of Bose Gas with Dirichlet Boundary
Conditions

Choice of System

In order to demonstrate the c-number for finding critical states of enhanced mem-
ory, we apply it to a concrete prototype system. We consider a gas of cold bosons
that experience a simple attractive contact interaction and are placed in a one-
dimensional box with Dirichlet boundary conditions. Therefore, it is similar to
the system studied previously in [36}/76], some aspects of which we have already
discussed in section [2.2.4] The only difference is that in the latter model periodic
boundary conditions were used. In the present system with Dirichlet boundary
conditions, we moreover truncate the tower of momentum modes to three and thus
end up with three interacting bosonic quantum modes with a specific Hamiltonian.
Despite the expected simplicity of this 3-mode system, we shall discover that it
exhibits a rich variety of quantum phases. The nature of quantum phase transi-
tions is qualitatively different from the analogous system with periodic boundary
conditions.

Since the three modes are bosonic, each of them can be in many different states
labeled by its occupation number. Thus, from a quantum information point of
view, they represent three qudits. The attractive interaction translates as negative
interaction energy between different modes. Correspondingly, the system satisfies
the conditions discussed above for the emergence of a nearly-gapless mode and for
reaching the critical states of enhanced memory capacity. Our goal is to show that
there is indeed a critical value of the coupling at which such a mode emerges. We
will first identify it with our analytic method and then confirm its existence by
numerical analysis.

In the light of models of the type [208|, which are easy to access analytically
and which have a much closer connection with black hole entropy, the reader may
wonder why we do not focus on those as opposed to the one-dimensional case with
nonperiodic boundary conditions. There are two reasons for this. The first one
is presumed experimental simplicity. It should be easier to realize a simple con-
tact interaction, as opposed to the momentum-dependent one considered in [208].
Moreover, the prototype models studied so far only used periodic boundary condi-
tions. For an experimental realization, however, it is important to determine how
sensitive the phenomenon of emergence of gapless modes is to boundary condi-
tions. In particular, nonperiodic boundary conditions may also be easier to attain
in an experimental setting. Needless to say, we are aware of the extraordinary
difficulties in performing such experiments. Therefore, what we present is not a
concrete experimental proposal. In particular, we do not discuss any of the prob-
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lems that arise due to an imperfect isolation from the environment.ﬂ Nevertheless,
we hope that the study of our prototype model can contribute to the experimental
realization of a system that shares the key properties of our prototype model, in
particular the emergence of gapless modes.

The second reason for the choice of our prototype model is that the nonperiodic
and nonderivative case is harder to analyze analytically, and therefore it represents
a better test of the c-number method. To put it shortly, we trade a simpler-solvable
model with a higher entropy for a harder-analyzable one with a smaller entropy
due to the idea that the latter model promises more experimental simplicity and
a tougher theoretical test of our method. The price we pay for this choice is that
our system only produces a single gapless mode at the critical point. Nevertheless,
it suffices to illustrate the key qualitative point of assisted gaplessness in a simple
setup with potential experimental prospects.

Truncated Hamiltonian

The Hamiltonian of our prototype model, the one-dimensional Bose gas in a box,
is given by
A L R? o o Ry

H:/d{zfaz SR } 3.39

[z |00 - RN (3.30)
Here « is a dimensionless, positive coupling constant describing the attractive four-
point interaction of the atoms and L is the size of the system. Up to the choice
of boundary conditions, the system (3.39)) is identical to the periodic model ([2.42))
studied in the context of quantum breaking, where we identify L = 27 R. Unlike
before, we impose Dirichlet boundary conditions so that the free eigenfunctions
now read

N 2 & kmz
== apsin | — | . 3.40
b= i Lo () 8.0
Going to momentum space, we then obtain
R 47T2h2 00 /{72 a o]
Al =22 N 2 ath, — = alal Qi rim + 205 0] G an—
ImL2 ];4 k%k SM%::l(klmka klmkl+m)
—2(a) il il al al ama 3.41
(] o O Qo Gy = G, Qo Qo) | | - (3.41)

Both analytically and numerically, however, it is difficult to obtain explicit solu-
tions of the full Hamiltonian (3.41)). Therefore, we will truncate the system to

8We could try to understand the disturbance effects due to the environment as a fluctuation
0N of the particle number. Since we expect it to grow slowly with the total number N of bosons,
it is clear that the relative disturbance 6 N/N shrinks when we increase N. This suggests that
choosing a large number of bosons, which is required in any case for decreasing the gap of the
light modes, could also help to suppress disturbance effects from the environment.
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the lowest three modes, £ < 3. This is the smallest number of modes for which
the nonperiodic system behaves qualitatively differently from its analogue with
periodic boundary conditions. Explicitly, we obtain after truncation:

=1
At A A 124 124 At24 A At ata
agalag + QaI a3 + 2a§; a3 — 2a1 a1as — 2aJ{a§a
At A A Atata A At At A 24 o
a£a2a3 + 4a;a§a1a2 + ZaIagag + 2a§ aids

+ 3a4%a2 + Sabalasas + 2aha2 + 2al%a2 + 3al%a?|. (3.42)

This Hamiltonian defines the prototype system that we shall study in the following.
For convenience, we set L = 27 and h = 2m = 1 from now on. Our subsequent
task is to understand the phase portrait of the Hamiltonian (3.42)) with the aim of
identifying an emergent gapless mode that leads to enhanced entropy states with
long decoherence time and large information storage capacity.

To prepare the application of our analytic method, we now perform the Bogoli-
ubov approximation. Clearly, since the conditions (3.21]) and (3.22)), which define
critical points of the Bogoliubov Hamiltonian, allow for a reparametrization of the
complex variables contained in @ and @*, we can use a different parametrization

defined byf]

ay — /N1 —2) cos(), @y — VNze®?, a3 — /N(1—2z)sin(f)e™s.

(3.43)
As it should be, this substitution already incorporates particle number conserva-
tion, i.e. we replace three modes by only two complex numbers, or equivalently
two moduli and two phases. Here 0 < x < 1 is the relative occupation of the
2-mode and 0 < 0 < 7/2 characterizes how the remaining atoms are distributed
among the 1- and 3-mode. Moreover, Ay and Aj are relative phases. The Bogoli-
ubov Hamiltonian, which we obtain after plugging in the replacements in
the Hamiltonian , reads:

H;g — i (1 +3z+8(1—x) sin2(0)> — é\{sin2(20)(1 - x)2(; + cos(QAg))

+ 3420 — 22% + 42(1 — x) < cos(243) cos?(6) + cos(2A, — 2A3) sin2(9))

+ 25sin(20)(1 — x) (3: cos(2As — Ag) + cos(A3) (Qx —(1—-2) 0082(9>>> ] :

(3.44)
9The equivalence of the vanishing of the second derivatives in @ and z is nontrivial and only
holds if there are no unoccupied modes, a; # 0. Schematically, the reason is that % = aag‘;"g

82Hbog _ 282Hbog + a}qbog
0%a 0%z or

and therefore
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Figure 3.2: Relative occupation numbers of the ground state of the Bogoliubov
Hamiltonian as functions of \. The 1-mode is displayed in blue, the 2-mode in or-
ange and the 3-mode in purple. There is a discontinuous change in the occupation
numbers at Ay = 3.5.

Analysis of the Ground State

As a preparatory exercise, we analyze the ground state of the Hamiltonian (3.42)).
We can do so by finding the global minimum of the Bogoliubov Hamiltonian (3.44]).
It is evident that the choices Ay = 0 as well as A3 = 0 or A3 = 7 are preferred
since they minimize each term separately.ﬂ It is straightforward to minimize
the energy with respect to Az and the remaining two continuous parameters x
and 6 numerically.E The resulting occupation numbers of the ground state as
functions of the collective coupling A are displayed in Fig. 3.2l We observe that
the occupation numbers change discontinuously at the critical point Ay = 3.5,
where the subscript gs stands for ground state.

In order to understand this behavior better, we plot the Bogoliubov Hamilto-
nian as a function of z and 6 for the critical value A = 3.5 in Fig. Since we
observe two disconnected, degenerate minima, we can explain the discontinuous
change of the occupation numbers as transition between the two minima. To an-
alyze how the second minimum develops, we marginalize over 6 and As, i.e. we
only fix x and minimize the energy with respect to the remaining parameters 6
and Asz. Fig. shows the result for different values of \. We conclude that a
local minimum exists at = 0 for all values of A and that another local minimum
at & = Tyin(A) # 0 starts to exist for A > A\, where

A = 1.8 (3.45)

Here the subscript Im stands for light mode since we observe that the critical point

10This follow from the last line of the Hamiltonian (3.44). For 3ny > ny, Az = 0 is preferred
and otherwise As = 7.
L All numerical computations in this work are performed with the help of Mathematica [216].
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Figure 3.3: Bogoliubov energy (rescaled by the inverse particle number) for A = 3.5
as a function of x and 6. The red surface is the region where A3 = 7 minimizes
the energy and in the orange surface, Az = 0 is preferred. We observe two discon-
nected, degenerate minima, one for = 0 (green point) and one for x # 0 (blue
point).

Aim corresponds to a stationary inflection point and will therefore be crucial for
our discussion of the gapless mode in the next section. With regard to the ground
state, we can conclude for now that Ay, corresponds to the point where the second
minimum becomes energetically favorable.

Thus, we expect from the analytic analysis that the ground state changes dis-
continuously at the critical point Ay = 3.5, i.e. that there is a first-order phase
transition. We can check that this indeed happens in the quantum Hamiltonian for
finite N. To this end, we diagonalize it numerically to find the true ground state.
When we plot the expectation values of the occupation numbers of the ground
state as functions of A, the result is indistinguishable from Fig. [3.2] above already
for N' 2 100. We therefore confirm that there is a critical point at A, at which
the ground state of the system changes discontinuously.

This represents a marked difference to the periodic system, where the ground
state changes continuously, i.e. a second-order phase transition takes place ,.
Because of the continuity of the transition, higher modes only get occupied slowly
in that case so that one can describe the full system solely in terms of the lowest
three modes. This makes it easy to obtain numerical results for the periodic
system. As we have seen, however, the occupation numbers change discontinuously
for Dirichlet boundary conditions. Therefore, the truncation to three modes is no
longer justified already near the critical point. For this reason, the full system
does not necessarily need to exhibit the behavior which we observe for the
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Figure 3.4: Minimal value of the Bogoliubov Hamiltonian (rescaled by the inverse
particle number) subject to the constraint that the relative occupation of the 2-
mode is z. At )\, = 1.8, a stationary inflection point signals the appearance of
a second minimum and at A\gs = 3.5, this second minimum becomes energetically
favorable.
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truncated Hamiltonian (3.42)).

3.2.2 Ceritical Point with Gapless Mode
Application of C-Number Method

We proceed to perform a detailed analysis of the point A = Aj,,,. Our goal is to
show that it features a light mode and correspondingly an increased density of
states, i.e. that the phenomenon of assisted gaplessness takes place at this point.
First, we will do so using the analytic c-number method developed in section
B.1.4L As explained there, it allows us to forgo the involved analysis of the full
spectrum. Instead, we are only faced with the much simpler task of showing
that the Bogoliubov Hamiltonian, which solely depends on two complex variables,
possesses a stationary inflection point.

Since we already expect from Fig. that a stationary inflection point appears
at A\ = \j,, it remains to confirm that this is the case. To this end, we first study
the first derivative of the Bogoliubov Hamiltonian. Setting it to zero yields four
equations, which we can solve for the four Bogoliubov parameters x, 6, Ay and
Az. We observe that the latter two parameters behave as in the second minimum,
Ay = Az = 0. Only the derivatives with respect to x and #, which are displayed
in equation in appendix yield nontrivial conditions. As we expect
from the previous analysis, solutions, i.e. local extrema, only exist for A > A\,
which we determine as \;,,, = 1.792. Next, we compute the matrix M of second
derivatives, which is displayed in equation . At the local minima, we plug in
the above determined values of the Bogoliubov parameters and then compute its
determinant. We display the result in Fig. as a function of A\. We confirm
that it vanishes as A approaches \;,, from above. Therefore, A = \;,, corresponds
to a stationary inflection point in the Bogoliubov Hamiltonian and it follows from
our c-number method that a nearly-gapless mode and consequently an increased
degeneracy of states exists in the full spectrum.

In order to confirm this finding, and also to make a more quantitative state-
ment, we explicitly perform the Bogoliubov transformation to obtain the full quan-
tum spectrum in the limit N — oo. As explained in section [3.1.4] the first step
is to replace a;/ al — \/ N — d%&z — &;&3‘ in the full Hamiltonian to ensure
that we only consider fluctuations that respect particle number conservation. Then
we expand to second order around the point defined by the Bogoliubov approxi-
mation . We display the result in appendix in equations and
A.11). As before, we subsequently look for pairs (z, ) where the linear term
A.10)) vanishes and stable fluctuations exist. We obtain the same values as above.
At those points, we calculate numerically the Bogoliubov transformation for the
corresponding quadratic Hamiltonian using the method described in [215]217].
The so obtained diagonal matrix contains the excitation energies associated to the
Bogoliubov modes. The smallest energy gap as a function of A is shown in Fig.
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Figure 3.5: Excitation energy as a function of A for N — oo derived in two different
methods. In both cases, we observe a gapless excitation at \;,, = 1.792. Stable
excitations only exist for A > Ap,. As is clear from the Hamiltonian (3.41)), the
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[3.5b] As expected, the result is in accordance with the previous one displayed in
Fig. [3.5al Thus, this analysis confirms that a gapless mode exists at A, in the
limit N — oo. For finite N, we therefore expect that a nearly-gapless mode, whose
energy is suppressed as a power of 1/N, appears close to Aj,.

The critical state, around which the gapless modes emerge, is not the ground-
state of the system. Nevertheless, the present analysis also shows that it is stable.
This follows from the fact that the gaps of all modes are positive and large in
the relevant regime A > \;,, except for one almost flat direction (see Fig. |3.5b)).
This conclusion will be corroborated by the numerical analysis since it will not
show any sign of decay, either. Of course, in order to perform any experimental
analysis of the system, it has to be coupled to additional external modes. Such
a coupling could destabilize the system, provided it is strong enough. But as we
have discussed in section [3.1.1] any interaction to an external field has to be weak
anyhow in order not to disturb the gaplessness of the Bogoliubov mode. We expect
that the weakness of the external influence also ensures a sufficient stability of the
critical state, although the matter has to be studied on a case by case basis for
potential experimental setups.

Slow Mode in Full Spectrum

Our goal is to confirm the existence of a light mode in the spectrum of the quantum
system for finite N. To this end, we will use the fact that modes with a small
energy gap & evolve on the long timescale /€ (see Eq. (3.4)). When we consider
a state close to a critical point of enhanced memory storage, we therefore expect
the appearance of large timescales in its time evolution. So we will prove the
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existence of a light mode by showing that quantum states with a drastically slower
time evolution exist there[”| As discussed in section we expect such states to
have an experimental signature in the form of absorption lines of low frequencyH

The timescale of evolution also determines how long a state can store informa-
tion. We can imagine that we experimentally prepare a state in such a way that
we can choose its components in a certain basis. Then it is possible to encode
information in these components. If we measure the state before it has evolved
significantly, we can directly read out the components and therefore the stored
information. In contrast, if the state has already evolved, it is practically impos-
sible to retrieve the information since this would require precise knowledge of the
dynamics of the systems, in particular of its energy levels. In a narrow sense, the
timescale of evolution therefore determines a decoherence time. It is the time after
which the subset of nearly-gapless modes has been decohered by the rest of the
system.

Practically, we need to come up with a procedure to single out a quantum state,
for which we then analyze its time evolution. For A = A, this quantum state
should correspond to the stationary inflection point of the Bogoliubov Hamilto-
nian. In order to make a comparative statement, we moreover need to determine
analogous quantum states at different values of \. We will achieve this by con-
structing a method to associate a quantum state |®i,s) to the inflection point of the
Bogoliubov Hamiltonian. This inflection point exists for all A 2 1 but is stationary
only for A = A\j,.

Our approach to determine | ;) is to define a subspace of states close to the
inflection point and then to select among those the state of minimal energy. On the
one hand, this subspace should not be too big in order to be sensitive to properties
of the stationary inflection point at A = );,,. On the other hand, the subspace
cannot be too small since otherwise the energy of the state that we obtain by
minimization is too high. Of course, there is no unique way to determine this
subspace and therefore no unique quantum state |®;,), but it suffices for us to
come up with a method to find some quantum state with drastically slower time
evolution. In particular, we expect that there are many different such quantum
states corresponding to different occupation numbers of the light mode.

Concretely, we will construct the subspace using two conditions, which we
derive from properties of the inflection point zi,¢(A) of the Bogoliubov Hamiltonian.
First, we only consider quantum states |®;,) for which the expectation value of the
relative occupation of the 2-mode, ny(t) := (Ping ab(t)az(t) |Ping) /N, is equal to

12For the periodic system, it was shown explicitly that the time evolution is significantly slower
at the critical point [51].

13We remark that it does not suffice to look for eigenstates in the spectrum whose energies
only differ by a small value AE. The reason is that even when eigenstates have a similar energy,
the transition between them can nevertheless be a suppressed higher-order process, i.e. it can be
very hard to transit from one to the other. In this case, no light mode exists and a soft external
stimulus cannot induce the transition.
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Zint(A). Secondly, we restrict the basis used to form the quantum state |®i,), where
—as in all numerical computations — we use number eigenstates of total occupation
number N as basis. Namely, we determine from the Bogoliubov Hamiltonian all
relative occupation numbers at the inflection point. Then we choose upper bounds
on; on the spread of the different modes, i.e, we only consider basis elements for
which the relative occupation numbers deviate by at most dn; from the values
determined from the Bogoliubov Hamiltonian. With the guideline that modes with
bigger relative occupation should have a bigger spread, we empirically determine
ony = 0.4, ony = 0.375 and dng = 0.225 to be a good Choice.ﬂ
Once we have determined the state |®y,¢), we study its time evolution. In doing
so, we use the full quantum Hamiltonian and therefore also the full basis. We show
the result for N = 60 for exemplary values of X in Fig. 3.6, where we plotted na(t).
Clearly, drastically lower frequencies dominate around A = \j,,. In order to make
a quantitative estimate about the coherence time as a function of the collective
coupling A, we extract a typical frequency from the time evolution of |®;,¢). To this
end, we use a discrete Fourier transformation with respect to the n,., frequencies
f1,2f1, ..., nmax f1 to obtain the Fourier coefficients ¢y, ca,..., ¢, ... With their
help, we can define the mean frequency as
o s ilal®

f= e

As explained, the timescale of evolution can be interpreted as decoherence time,
namely as the timescale after which the subset of nearly-gapless modes has been
decohered by the other modes. In this sense, we get:

sz}. (3.47)

(3.46)

For f; = 1/3000 and nya, = 12000, we show f.,, as a function of A in Fig. E
We observe that it increases distinctly around A = 2.083.

The fact that for N = 60 a state with drastically slower time evolution appears
at )\l(fr?) = 2.083 is consistent with A, = 1.792 since we expect that as in the
periodic system, the critical value )\l(fx ) of the collective coupling at finite IV receives
1/N-corrections{™

AN — N\, fa- N7 (3.48)

lm

14We compared the results obtained in this truncation with the ones derived using the full
basis. For N < 50, we observed that their qualitative behavior, which we shall discuss in a
moment, is identical whereas this no longer seems to be the case for higher N. However, the
only important point for us is to come up with some recipe to find the slowly evolving states.

15We checked that different choices of f; and n,ax lead to the same result. Therefore, cutting
off low and high frequencies, which is required in a numerical treatment, has no influence on our
findings.

16Tn contrast, note that we do not expect t.on to diverge for infinite N because |®ing) generically
contains an admixture of nongapless modes.
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Figure 3.6: Time evolution of the quantum state |®i,¢), which corresponds to the

inflection point of the Bogoliubov Hamiltonian. The value of nsy(t) is plotted for
N = 60. We observe that lower frequencies dominate around A = 2.083.
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Figure 3.7: Estimate of the decoherence time t.,, associated to |®i,) as a function
of X for N = 60. We observe that it increases distinctly around A = 2.083.

where a > 0 and b > 0 are two undetermined parameters. To confirm that this is
the case, we repeated the above analysis of the decoherence time as a function of
A for N between 40 and 90. This determines critical values Al(n]f) as the values of
A for which time evolution is the slowest at a given N. Subsequently, we fit the
function to the result and thereby determine a = 3.56 and b = 0.61. We
note that b is close to 2/3, which was the result in the periodic system [76]. As is
evident from Fig. the numerically determined values )xl(ﬁ) are well described by
the fitted function . This is a clear indication that the slowed time evolution
we found is due to the nearly-gapless Bogoliubov mode that we predict from the
analytic treatment. So in summary, we observe the appearance of a nearly-gapless
mode around A\ = A, also for finite V.

As a final remark, we discuss the critical state |®i,s) for N = 60 and A = 2.083
in position space. Its particle density is given by

. 13 At C(kz\ . [lz
p(2) = (Ding| [V | Ping) = - > (Ping] a1 | Ping) sin < |sin{ 5 ) (3.49)

k=1 2

We display it in Fig. 3.9, where we also illustrate what the gapless mode looks like
in position space. To this end, we fix the critical value of the collective coupling,
A = 2.083, but slightly vary the value of x used in the minimization procedure
that determines the quantum state: x; = xpe(\) + dx;. This determines a family
of quantum states | @i,y i), where Dy ;) is a state of minimal energy subject to the
constraint that its relative occupation of the 2-mode is x;. Their particles densities
are also shown in Fig. [3.9,
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Figure 3.8: Critical value )\I(TZZ) as a function of particle number N. The positions
obtained from numerical simulations are plotted in blue. The fitted function (3.48|)
is shown in red.
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Figure 3.9: Variations of the critical state at A\ = 2.083 for N = 60 in position
space. The relative particle density p/N is plotted. The green line corresponds to
the critical state |®,) itself and the adjacent lines are variations of it, which we
obtained by slightly changing the value of z used in the minimization procedure
that determines the quantum state: z; = wiue(A\) + dz;. The values of dz; are
indicated in the plot.
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Figure 3.10: Representation of the Hamiltonian (3.42) as neural network. The
three neurons are displayed as circles and diamonds represent interaction terms.
The number of lines to a diamond indicates how many mode operators of the
corresponding neuron participate in the interaction.

3.2.3 Neural Network Analogue
Mapping

Using the dictionary developed in section [3.1.3] we shall represent the system
as a neural network. Namely, it is fully isomorphic to a quantum neural
network with three neurons in which the excitations of neurons are described by
the momentum modes &,‘;, ay and the synaptic connections between the neurons are
described by the interaction terms in H Fig. shows the representation
of Hamiltonian as neural network.

To make a closer contact with the neural network language, it is useful to
rewrite the Hamiltonian as

0= aalar— . ajWiya;, (3.50)
k=1 k,j=1
where €, = 1k? are the threshold excitation energies of the neurons and W, is a

1"We remark that this system only represents a part of a neural network that can be used for
actual memory storage. In a realistic situation, one needs a first device to input information,
a second one to store it and a third one to retrieve it. However, our system solely realizes the
second part. So we only study situations in which no input or output operations take place.
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Hermitian 3 x 3 matrix operator of synaptic connections. Its elements are:

Wy = ?’g‘aial : (3.51a)
Way = ?’;‘a;ag, (3.51D)
Wi = ?’;‘agag, (3.51¢)
Wo = S (4@3@1 +2alay + gagag + aga2> , (3.51d)
Wy = 5 (4@@,@1 +2atay + ga;e@ _ 2a{a1> , (3.51¢)
Wy = S <4a;a2 + 2abas + ga{ag + a§a1> | (3.51)

Now we can directly apply all our results to the above neural network. We shall
all the time assume the regime of very weak synaptic connections, i.e. we assume
a < 1. In this situation, we study the memory storage capacity of the network
for various values of the total excitation level N.

First, we examine the memory storage capacity of the neural network around
a state in which the total excitation level is well below the critical level, N < 1/a.
In such a regime, the negative energy of synaptic connections is negligible and does
not contribute to lowering the energy gap. Note that the ability of the synaptic
connection energy to lower the gap of neurons is parameterized by the strength
of the collective coupling A = oV, which is very weak in the considered regime,
N < 1/a.

Correspondingly, in such a regime the energy difference between different num-
ber eigenstates |N — ng — ng, na, ng) and |N — nf, — nf, nb, ns) mostly comes from
the first threshold energy term in the network Hamiltonian and is very large

Exer = 1 (30 — o) + 8(n — ns)) + O (3.52)
Hence, the patterns stored in such states occupy a very large energy gap. For
example, in order to redial a pattern stored in the state |N,0,0) into the state
IN —1,1,0), we need to overcome an energy gap £ ~ 3/4, i.e. an external stimulus
that is needed for the redial of information |V,0,0) — |N — 1, 1,0) has to have an
energy of order ~ 3/4.

Now we increase the total excitation level N. With this increase, the contribu-
tion of the negative synaptic connection energy gradually lowers the gap between
some neighboring states. The gap attains the smallest value when the total exci-
tation level N reaches the critical point. As discussed above, this happens when
aN = \,,. At this point, a state becomes available around which a gapless ex-
citation emerges. This means that for a certain relative distribution of excitation
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levels, the gap between the set of patterns collapses to

1
g)‘:)‘lm ~ W, (353)

where [ is a positive constant. By taking the double scaling limit , we can
make the gap arbitrarily narrow. In this situation, the storage of patterns in such
states becomes energetically cheap.

So far, we have described a quantum neural network. We can move to a classical
neural network by using the coherent state basis and replacing the Hamiltonian
operator by its expectation value over the coherent states. In this way, we obtain a
classical neural network described by the c-number energy function Hyoe(@, @*)

Enhanced Pattern Storage

When discussing the storage of patterns in a neural network, we must introduce the
notion of the pattern vector. In general, this vector is different from the quantum
state vector of the system and may contain less information. This is determined by
those characteristics of the state to which an external reading device is sensitive.
Indeed, when the underlying quantum state characterizing the system is given by a
coherent state, which is labeled by three complex numbers |a, as, as), the storage
of a pattern and therefore the pattern vector is determined by the combinations
of these numbers to which the reader is sensitive. If the reader is sensitive to
the full quantum information, i.e. to the phases as well as to the absolute values
of a;, then the pattern vector can be identical to the quantum-state vector. If
instead the reader is only sensitive to the absolute values, the pattern vector can
be correspondingly chosen in the form (|ay], |az|, |as|). Since we do not specify any
external reading device, we shall keep the definition of the pattern vector flexible.

We can explicitly write down the pattern vector for our concrete system .
First, we discuss the case in which the reader is sensitive to the full quantum infor-
mation. Using the notations , the pattern vector can then be parameterized

a V1 —x cos(6)

ay | = VN’ N : (3.54)

as V1 — x'sin(f)eids
where as before 0 < x < 1. If in contrast the reader is only sensitive to the absolute
values, we can effectively describe this situation by neglecting the phases in ,
Ag - A3 - 0

As before, we can discuss states of enhanced memory capacity. Thereby, the

role of the negative synaptic connection energy in creating such a state is the same
since, up to 1/N-corrections, the energy expectation value is identical in a number
eigenstate and in a coherent state. So for A < 1, when the synaptic connection
term is negligible and the energy of the network is given by the threshold excitation
energy, we obtain the energy gap . When we remember that due to the
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properties of coherent states only patterns with large parameter differences that
satisfy count as distinct patterns, we conclude that the energy difference for
distinguishable patterns is given by the threshold excitation energy and therefore
necessarily large, £ 2 1. This situation changes dramatically in the critical state,
where a stationary inflection point appears in the energy function Hy.e(@, @)
Because of the corresponding flat direction, the energy difference between distinct
patterns collapses to zero, as is evident from . Hence the system can store

different patterns within an arbitrarily narrow energy gap.

In order to attain such a critical state of enhanced memory storage, one has to
proceed as follows when one is given the system with some small coupling
a < 1. First, one needs to go to a total excitation level of N = \;,,/a = 1.8/a.
Then one has to distribute those excitations so that the expectation values in the
three neurons approximately match the stationary inflection point of the Bogoli-
ubov Hamiltonian. This means one has to choose (&Edﬁ = TinfN = 0.32N as well
as (alay) = (1 — Zing) cos2(Bing) N = 0.67N and (ahas) = (1 — Zing) sin?(Gine) N =
0.01N. Around such a state, an increased number of patterns exists in a small
energy gap, provided N is big enough.

One can also repeat this procedure for different, i.e. noncritical, values of A.
Then one finds that the energy gap is not small, £ 2 1. Determining in this way
the minimal energy for pattern storage as a function of A, one reproduces Fig.
B.5D] Of course, it is important to note that this plot is only valid in the limit
of infinite N. For finite N, corrections appear that scale as a power of 1/N. In
particular, the critical value of A, at which the enhanced memory storage takes
place, deviates slightly from \,. In Fig. 3.8 this critical value of \ is shown for
some exemplary finite excitation levels V.

A small energy gap has a direct implication on the longevity of states, i.e. on
the timescale t.,, on which excitation levels of the neurons start to change. As
is exemplified in Fig. [3.6] this timescale is short, t.on &~ 1, for states away from
the critical point (Fig. and . In contrast, it is long, t..n > 1, for critical
states (Fig. . If one investigates this timescale of evolution for different values
of A, this leads to Fig. 3.7, We observe that states that evolve significantly more
slowly appear at the critical point.

The mechanism for memory storage, which is based on assisted gaplessness, can
be summarized as follows. In the presence of excitatory synaptic connections, we
increase the total excitation level to a point at which a flat direction appears in the
energy landscape. On this plateau, there exists a large number of distinct states
within a small energy gap. Those states are, however, very close, so typically one
would expect that they mix very quickly and information gets washed out. But
the key point is that we can distinguish them because they evolve very slowly.
Thus, if we read out a state on a timescale smaller than its timescale of evolution,
we will encounter it precisely as we have put it in the system.

To conclude this section, we have seen that a simple system of cold bosons
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truncated only to three modes effectively describes a neural network of remarkable
complexity. Most importantly, once excited to a critical level, it forms states of
sharply enhanced memory capacity in which a large number of patterns can be
stored within an arbitrarily very narrow energy gap. This behavior also persists
when taking the classical limit of the neural network. The above connection opens
up the possibility of simulating enhanced memory capacity neural networks in
laboratory experiments with cold bosons.

3.3 Memory Burden

3.3.1 General Mechanism

We have shown how assisted gaplessness leads to states with great capabilities of
quantum information storage. In this section, we shall discuss that such systems
of sharply enhanced memory storage capacity are subjected to a universal phe-
nomenon of memory burden [206]. Its essence is that stored information generically
backreacts on the systems and ties it to its initial state. In order to demonstrate
how this comes about, we will again turn to the prototype model (3.9):

A\ K
H= (1_”0)Zemk+eoﬁo+..., (3.55)
NJi=

where we expressed the small attractive coupling « in terms of a large parameter
N,ie. a=1/N. We recall that iy is the master mode and that the quantities ¢
represent the threshold excitation energies in the absence of interactions. Although
the precise form of the spectrum is unimportant, it is usual for quantum field
theoretic systems that the number of modes increases with ¢;. We have ignored
the interactions among the ni-modes, but their addition is trivial and changes
nothing in the essence of the phenomenon (see [204-206,208]).

As is clear from Eq. (3.10]), the effective energy gap functions for the model
(3.55) read

1o

In the following, we shall denote expectation values by the same symbols as opera-
tors but without hats, i.e. in this case ng = (7p). In accordance with our previous
analysis of the model , the energy gaps are large and therefore the memory
storage capacity is poor around the vacuum, nyg = 0. However, a nonzero expecta-
tion value of the master mode ny lowers the effective energy thresholds and they
collapse to zero for a critical value no = N. At this point, the modes 7 can
therefore be excited at zero or very little energy cost. Thus, an exponentially large
number of information patterns can be stored in the orthogonal microstates that
represent different number eigenstates of the 7n,-modes,

|pattern), = |ni,ng,...,nk) . (3.57)
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Following [206], we shall call the corresponding Fock space the memory space.
Its dimensionality scales exponentially with K and leads to the entropy (3.2).
Moreover, we will refer to the ng-s as memory modes.

We can discover the memory burden effect when we introduce a second type
of degrees of freedom, to which the fg-modes can decay. We denote their creation
and annihilation operators by é,i, Cr, where k =0,1,2,..., K, and correspondingly
the new number operator is m; = éLék The b- and é-sectors commute with
each other and also the ¢-sector satisfies the usual algebra, [éj,éz] = 0, and
), ¢] = [éj,él] = 0. We shall introduce the simplest possible interaction that
allows the particle number transfer between the two sectors, but other choices do
not affect the outcome. Thus, we consider the following Hamiltonian:

A Ao\ K A Ko 1 E
H = (1 — ) Z el + €9l + Z LMy + —— Z ek(bick + cLbk) . (3.58)
NJi= k=0 2N 5
As will become evident, the choice of the last coefficient is motivated by the analogy
to de Sitter and black holes.

Our goal is to study how the memory pattern influences the decay of the 7n-
mode into 7. Namely, although the states |ni,...,ng) are nearly-degenerate
in energy, they exert different backreactions on the master mode ng for different
values ny.o. This backreaction is measured by a quantity to that we shall refer as
memory burden [206]. A general definition of it is:

K
&y,
= —. 3.59
For the particular case of (3.56)), this gives
Epat
_ 3.60
N ) ( )

where €, = S& | exny represents the would-be cost of the pattern in the state
no = 0, i.e. €5 is an unactualized energy cost. It is important not to confuse this
quantity with an actual energy cost of the pattern E,,; = <f[ ).

Now we study the time evolution of the system, where we use the initial state

lin) = |N,nq,...,ng), ®10,0,...,0) . (3.61)
The resulting occupation numbers as functions of time are given by [206]
t
mo(t) = NA sin® <) :
-

2
where A = 1/(1+ (%) )and T = %\/ A. These findings already suffice to capture
the essence of the memory burden effect since the time evolutions for small and
large values of p are very different. The critical value is set by |u| ~ €y/N.
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First, we investigate the case |u| < €9/N. Then we have A ~ 1, i.e.

no(t) ~ N (1 _ sin? (;&)) | (3.63)

Thus, the occupation number of the master mode almost fully diminishes after the
time t ~ wN/ey. As both the 74- and 7,.0-modes are unoccupied, the system
behaves as if they did not exist and effectively reduces to the two modes 7y and
mo. In contrast, in the case |u| > ¢y/N, the master mode only loses the following
small fraction of its initial occupation number:

oy _ & :<60>2 (3.64)

No N Q/LQ €pat

We conclude that the system is stabilized against the decay by the burden of its
OwWn memory.

The physics behind this phenomenon is very transparent. Any decay process
that changes the value of ngy takes the system away from the critical state of
enhanced memory capacity. As a result, the fzo-modes are no longer gapless
and the stored memory pattern becomes very expensive. Indeed, a decrease of the
master mode by dng = N — ng increases the actual energy cost of the pattern by
dEpat = 0np|p]. Thus, the fact that the stored quantum information becomes very
expensive if ng changes creates a memory burden that backreacts on the decay
process and tries to shut it down.

One could wonder whether it is possible to avoid memory burden by offloading
the expensive pattern into the 7;.o-sector together with the emitted ro-particles.
However, this does not work due to an enormous energy splitting between the 7;.-
modes and their my-partners. We recall that the later modes are “normal”. This
is clear from the explicit form of time evolutions, which for initial times takes the
form,

nk(t) = Ny — mk(t) . (365)

This shows that the pattern stored in 7nj-modes gets imprinted into the corre-
sponding 1;-modes with 1/N2-suppressed coefficients:

oo Dy (3.66)

\pattern), = |ﬁ’ )

We note that we deal with an intrinsically quantum effect due to finite N.
Having explained the essence of the memory burden phenomenon, it is impor-

tant to study if a system can delay or even avoid the effect. Above all, this depends

on two aspects. The first one is the form of the functional dependence of i on the
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control parameter ngy in the vicinity of a given enhanced memory state ng = N.
The second one is whether the memory enhancement takes place for some other
values ng = N'.

In the model , we assumed a simple linear dependence of £, on ny. How-
ever, the dependence may be nonlinear. For example, we can take

. ﬁO P K
N k=1

with p > 1. According to (3.59)), the memory burden correspondingly depends on
the departure dng from the critical state as

ono\? ' e o
[L=—p <N°> ;’Vt . (3.68)

We see that for a nonlinear dependence of & on ng, the memory burden becomes a
higher order effect in dng/N and the backreaction is delayed. Equating the burden
to the critical value p = —¢p/N, we get an upper bound on dng above which
the backreaction from the memory burden cannot be ignored:

o\ VD)
Sng = ( 0 ) N . (3.69)
pepat

Since any nontrivial pattern satisfies €p; > €y, the absolute upper bound is dny ~
N. Thus, at the latest after its naive half-decay time,

tm ~ Neyt, (3.70)

the memory burden stabilizes the system, unless the memory pattern is offloaded
beforehand.

As already discussed at length in [206], such offloading is possible if the system
possesses another state of enhanced memory capacity, i.e. if for a different value
nog = N, a different set of modes ﬁ;, becomes gapless. This can be modeled by
the following Hamiltonian:

N ’fLO b K N 'ﬁ,() P K AN
H = (1_N> > et + (1— N’) > ety .., (3.71)
k=1

k=1

where N' < N and “...” includes mixing with the ésector analogous to the terms
in . In the theory , a new set of memory modes ﬁ;c, becomes gapless
after changing ng by dng = N — N'. At the same time, the old ones 7, acquire
nonzero gaps given by & = € (1 — N//N)p.

As soon as other sets of gapless modes exist, the system can avoid the memory

burden by offloading the pattern from 7;-modes into ﬁ;c,—ones. For the efficiency
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of such a process, the mixing between 130— and ¢g-modes should be larger than 1/N.
Whether or not a full rewriting of a pattern from 7-modes into ﬁ;,—ones can be
realized in a concrete system constitutes an interesting subject of future research.
If such an offloading is possible, we remark that during this process the pattern
becomes scrambled, i.e. the modes ﬁ;c, become entangled with each other in the
new state [206].

But even if such a continuous rewriting from one set of nearly-gapless modes to
another one is possible, there are indications that the system will stabilize after a
certain time. The reason is that generically the occupation of the initial pattern is
K nx & Kd/2, where d is the maximal occupation per fi;-mode and we assumed
an equal probability for all quantum states. Therefore, if there are less ﬁ;ﬂ,—modes
than ng-ones, which is usually the case since the system becomes less energetic,
then offloading will stop as soon as the number of modes in the next level is too
small. Therefore, the memory burden will stabilize the system at the latest when
the number of nearly-gapless modes has reached

Ku~K, (3.72)

i.e. when the entropy has decreased by a sizable fraction, e.g. by half.
In summary, a system can handle memory burden in two ways.

1. If p is sufficiently large, the memory burden can be postponed until dng
becomes large. During this time, the pattern can stay encoded in the -
modes.

2. Another option is that the memory burden gets eased by a continuous of-
floading of the pattern into other sets of modes, which become nearly-gapless
for a smaller occupation number N’ of the master mode 7ng. But also in this
case, the system will stabilize at the latest when the number of accessible
nearly-gapless modes has decreased by a significant fraction.

Finally, it is important to understand that the memory burden effect does not
reduce to a statement that a system likes to be in a state of high entropy, although
the two effects are related. The entropy is a property of a macrostate whereas mem-
ory burden is a property of a particular microstate from a given macro-ensemble,
a priori unrelated to the number of fellow members in the ensemble. However,
by simple combinatorics it is clear that for a system of microstate entropy .S, the
number of empty patterns is exponentially suppressed [206].

3.3.2 Application to de Sitter

We have described a universal phenomenon of memory burden, which appears
to be generic in systems of enhanced memory storage capacity. As explained in
section [I.4], de Sitter must be a prominent member of the above category because
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of its Gibbons-Hawking entropy [32]. Since the modes that carry this information
possess a gap that is much smaller than the smallest gap of any free mode (see
Eq. (1.30)), it seems unavoidable that the nearly-gapless modes arise due to an
interaction, i.e. that assisted gaplessness is at work. Just as in the case of a black
hole, this resonates with the fact that gravity is bosonic and features attractive
interactions.

If assisted gaplessness is operative in de Sitter, this means that the Gibbons-
Hawking S entropy is attained because a certain control parameter ny assumes a
critical value N. Whatever the precise origin of ng is, we know that classically
the value of this control parameter is set by A, which is a fixed parameter of the
theory. However, the quantum evolution caused by Gibbons-Hawking evaporation
must lead to a change of ny and thus to a subsequent departure from the enhanced
memory state. This results in a memory burden effect which becomes strong after
a certain critical time. It is important to note that for this conclusion, we do not
need to know the precise origin of the degrees of freedom that are responsible for
the Gibbons-Hawking entropy. The mere fact that they exist suffices.

First, we will consider the case in which no offloading of information to other
levels takes place. We will explain shortly why rewriting can play no significant
role for de Sitter. Then it is reasonable to assume that the critical time after which
memory burden sets in must be bounded from above by the time during which
the total energy radiated away via Gibbons-Hawking quanta becomes comparable
to the energy of the entire Hubble patch. As is evident from Eq. , the latter
is given by E;s ~ SH, where H is the Hubble scale. Because each Hawking
quantum carries an energy of order H, the effect gets strong at the latest after the
total number of emitted quanta becomes on the order of S:

tS ~ SH™, (3.73)

in agreement with Eq. (3.70). We set & = 1 from now. The timescale (3.73), after
which memory burden has to set in at the latest, is the same as the quantum break-
time of de Sitter derived before. We will comment on the connection to
quantum breaking shortly. We emphasize that at this point, we have not made any
extra assumption that ties the control parameter ny to the energy of the system.
Our statement merely is that when a memory-storing device loses half of its mass,
then typically also the control parameter ny changes significantly. Therefore, it is
pushed out of the original state of enhanced memory capacity. For this reason, we
expect that the above qualitative picture is rather insensitive to the details of the
microscopic theory.

Next, we will make the description of memory storage in de Sitter more quan-
titative by mapping it onto the model (3.55). In doing so, we will assume that
the mode ny carries a significant part of the de Sitter energy. On the one hand,
we make this assumption for simplicity. On the other hand, it is motivated by
the connection to the corpuscular picture [44] of de Sitter, which we reviewed in
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section [1.3.2] and further developed in section Namely, it is very natural to
identify the master mode 7y with the soft graviton mode of wavelength Ry and
occupation number N & S (see Eq. (2.124)). Still, the following discussion will be
largely insensitive to this identification.

In the mapping onto the model , the first step is to set ¢ = H in order to
match the energy of the emitted Gibbons-Hawking quanta. To obtain the correct
rate, we must moreover choose N = S for the critical occupation number of the
control mode. In this way, the state loses its total energy F, 5 ~ SH after on the
order of S quanta have been emitted. Finally, we need to reproduce the Gibbons-
Hawking entropy. This determines the number of nearly-gapless modes 7 as
K = 5. Having expressed all relevant quantities in terms of the Hubble scale H
and the Gibbons-Hawking entropy S, we conclude that Eq. reproduces the
timescale , after which Gibbons-Hawking decay has to get stabilized because
of memory burden. We emphasize that so far, our conclusions still do not rely
on any assumption about the microscopic structure of de Sitter other than the
requirement that it can describe the Gibbons-Hawking entropy.

Even without speculating where the critical modes 7 come from, we can still
gain some more valuable information. For example, these modes can be labeled
by quantum numbers that are symmetries of the de Sitter space in the classical
limit. In order to have a level degeneracy S, these modes must belong to very high
angular harmonics, which leads to the estimate e, ~ v/S€y. Of course, this scaling
also fully matches the holographic counting [209,210] naively applied to de Sitter,
which implies the existence of S Planck wavelength qubits. We can thus estimate
that the typical unactualized energy of a memory pattern carried by a de Sitter
patch is equal to €pa ~ S$3/2¢y ~ Eu5v/S. This scaling reveals how incredibly
efficient de Sitter’s memory storage is. A pattern that with naive counting would
exceed the energy of the entire de Sitter patch by a factor of /S is stored at the
same cost as the empty pattern. Of course, this is nothing more than restating the
fact that an enormous microstate degeneracy must underlie the Gibbons-Hawking
entropy.

Next, we turn to the question why rewriting cannot efficiently ease the mem-
ory burden in de Sitter. The reason is that the critical number N is set by the
cosmological constant A. Consequently, it represents a fixed parameter of the the-
ory. So even if de Sitter possesses information storing minima for other values of
ng = N’ # N, their energy must be an increasing function of [N — N’|. We can
illustrate this with the help of the following Hamiltonian:

a— (1" pf: he (1 Mo p+ 1 )" i e (3.74)
= — — €ELNn — — - €, N0 .
N k:1k k N/ N i~ Kk )

where ¢ > 0. The resulting energy landscape is plotted in Fig. |3.11]
Even if two sets of modes ﬁ;, and 7y, could carry an identical pattern, n;f, = ny,
its energy costs in the state ng = N’ exceeds the one in the state ng = N by the
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Figure 3.11: Highly schematic plots (for even values of p) of the energy thresholds
of the memory modes in a theory with cosmological constant. Only around a single
value of ng, gapless modes emerge.

amount Ep.e = (1 —ng/N)?€pas. So even if de Sitter keeps copying the pattern
from one set of modes into another one, the memory burden increases steadily.
Since we do not fully specify the microscopic theory of de Sitter, we cannot say
what p and ¢ are. However, a universal constraint on the parameters is that in the
limit N — oo, only a single macrostate of enhanced memory capacity must exist.
This is necessary for matching the semiclassical description of de Sitter. Under
these circumstances, it is clear that the memory burden should set in at the latest
for 0ng =~ N, again reproducing Eq. . After this point, it strongly backreacts
on the decay process.

It is important to note that the phenomenon of memory burden in de Sitter
is purely quantum. In the (semi)classical limit , which implies N — oo, the
information-carrying modes become exactly gapless and therefore the time it takes
to resolve them diverges. Accordingly, the timescale after which memory
burden starts to backreact becomes infinite. Since memory burden is inaccessible
in the (semi)classical limit, any classical metric description of de Sitter has to
break down once the backreaction due to memory burden becomes significant.
Therefore, we have rediscovered the phenomenon of de Sitter quantum breaking,
which we have discussed in section 2.4} in the language of quantum information.

Finally, we turn to implications for inflation, where the information stored in
the nearly-gapless modes — we shall call it M-pattern — can have crucial phenomeno-
logical implications. Since the M-pattern is purely quantum, the (semi)classical
evolution cannot affect it. Therefore, it cannot be erased by slow-roll inflation so
that it represents a cumulative quantum effect that is sensitive to the whole history
of the Universe and not only the last 60 e-foldings. Therefore, the M-pattern is
fully analogous to the 1/N-effects discussed in section .

Both effects are easier to observe if inflation lasted longer. In particular, the
M-pattern has the strongest influence if the end of inflation is maximally close to
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quantum breakingm The reason is that the M-pattern represents quantum hair
stored in degrees of freedom that initially are essentially gapless. Therefore, it is
not surprising that due to quantum uncertainty, a very long time is required for
decoding a pattern of such a narrow energy gap. This means that the situation with
the M-pattern is exactly opposite to other forms of preexisting information which
are readily eliminated by a de Sitter phase. This creates the exciting prospect to
search for imprints of the primordial M-pattern in observational data. Answering
the question how to detect it requires a separate investigation.

3.3.3 Application to Black Holes

In great analogy to de Sitter, black holes possess an enhanced information storage
capacity due to their Bekenstein-Hawking entropy . Therefore, they are also
subjected to the phenomenon of memory burden. As for de Sitter, we can make
the generic argument that at the latest after a black hole has lost half of its mass,
the backreaction due to memory burden becomes strong:

tor & Sty (3.75)

where we recall that r, = M /Mg corresponds to the Schwarzschild radius and M
is the black hole mass. Note that this formula holds irrespective of whether or not
rewriting takes place in a black hole. If it does not, it is due to Eq. . If it
does, it follows from Eq. and the fact that after losing half its mass, the
black hole has lost more than half its entropy. So as for de Sitter, the backreaction
due to memory burden sets in at the latest after its naive half lifetime.

We can make this argument without assuming that the control parameter ng
represents the black hole mass. When we add this assumption, it is straightforward
to map a black hole on the model , which leads to the identifications ey = rg_l,
N = S as well as K = S. Clearly, both Eq. and support the bound
. Moreover, the resulting microscopic picture of the black hole fully resonates
with the quantum N-portrait, which we outlined in section [[.3.1} In this picture,
the black hole consists of N ~ S soft gravitons of wavelength r,.

Additionally, the relationship to quantum breaking is full analogous to the de
Sitter case. Since memory burden is a fully quantum phenomenon, this means
that any (semi)classical description has to break down once it sets in. Therefore,
it is not surprising that the quantum break-time of a black hole is given by
the timescale . At this point, the black hole either gets stabilized or it has
to start releasing information, in accordance with Page’s argument [42].

18This is independent of the question if quantum breaking in de Sitter leads to an inconsis-
tency. As explained in section [2.4.6] any inflationary scenario that experiences quantum breaking
is highly disfavored since the semiclassical description of the late inflationary epoch shows no
conflict with observations.
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Figure 3.12: Highly schematic plots (for even values of p) of the energy thresh-
olds of the memory modes for the case of black holes. Multiple minima exist,
corresponding to different possible black hole masses.

However, there is one crucial difference between black holes and de Sitter.
Whereas a theory with cosmological constant only allows for a single de Sitter state,
one and the same theory features a multitude of different black hole solutions.
Correspondingly, numerous sets of modes 7, ﬁ;g/, ..., which become gapless at
different points, must exist. In this energy landscape, which is plotted in Fig.
B.12] rewriting of a pattern between different sets of modes can play a crucial role
for black hole evolution, as was suggested in [206]. In particular, it can lead to the
scrambling of information.
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Chapter 4

Infrared Physics and Information

In the previous chapter, we concluded that nearly-gapless modes play a crucial
role for the storage of information. For a long time, it has also been known that
understanding the behavior of soft modes is important for the study of scattering
processes in gapless theories.[] Therefore, we will investigate in this chapter if there
is a connection between these two subject areas.

We begin in section by reviewing known results in infrared physics. The
starting point is the long-known finding that in gapless theories, soft loops lead
to vanishing amplitudes for any nontrivial scattering process [57]. There are two
procedures to deal with theses so-called infrared divergences and to obtain nonzero
rates: the inclusive formalism [57-59], in which the emission of soft modes is taken
into account, and the dressed formalism [60-65], in which all charged asymptotic
states are dressed with soft modes. During the review of these approaches, we
also comment on the relationship of the soft photon/graviton theorem and charge
conservation [218], which has recently received renewed attention in a different
context [219).

In section [4.2] we propose a physical criterion to distinguish between soft emis-
sion and soft dressing. It enables us to develop a new approach to deal with
infrared divergences, which is able to simultaneously describe both the emission
of soft radiation and the dressing by soft modes. In this combined formalism, we
obtain the same finite rates that the two preexisting procedures yield.

In section [4.3] we go one step further by studying the density matrix of the
final state. Its diagonal contains the known rates but the off-diagonal elements
encode information about the coherence of the final state. Our study is motivated
by the recent finding that the inclusive and dressed formalisms can only lead to full
coherence or full decoherence [66,67]. In contrast, an important strength of the
combined formalism is that it leads to a small but nonzero amount of decoherence,
as we expect it to occur due to the emission of unobserved soft radiation.

'n this context, any mode with an energy that is much smaller than the characteristic energy
of the process is soft.
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In section we come to implications of infrared physics for black holes. First,
we examine the recent suggestion that the emission of infrared radiation could
account for the whole information of a black hole [56]. However, our findings imply
that this is not the case, but that it only leads to a subleading correction. Secondly,
we study the relationship of asymptotic symmetries of gravity at null infinity,
namely the BMS group [68-70], and black holes. We are motivated by the recently
discussed connection of the soft graviton theorem and BMS transformations [220]
and in particular by the suggestion that asymptotic symmetries could assume the
role of classical black hole hair [221-224]. In contrast, we show that they cannot
lead to observable features, but that they only represent a bookkeeping tool.

This chapter is based on the paper [2], which is joint work with Cesar Gomez,
as well as the papers |4, 6], which are joint work with Cesar Gomez and Raoul
Letschka. To a large extent, this chapter is an ad verbatim reproduction of these
publications. Sections [4.1] and follow [6], where section additionally
uses material from [4]. Section and appendix , which pertains to the present
chapter, follow [2].

4.1 Review of Infrared Physics

4.1.1 Tree Level Processes: Soft Theorem

We will begin by studying tree level processes, which are free of infrared diver-
gences. As a first step, we review the derivation of the soft photon/graviton
theorem [58,59,21§]. Since the situation is fully analogous in gravity and in QED,
we will confine ourselves to QED for calculations and only comment on gravity.
We consider an arbitrary scattering process a — (3, where initial and final states
may contain both charged particles and photons. Our goal is to investigate what
happens when we add a soft photon in the final state: o« — 5+ ;. The additional
soft photon can be emitted from any electron line. It turns out, however, that
only the emission from external legs is relevant since only such a process leads to
a divergent contribution. We will call such photons IR-modes.

In contrast, soft photons that are emitted from internal lines are non-IR-modes.
The comparison between IR-modes and non-IR-modes is displayed in Fig. [4.1]
Throughout we will not consider non-IR-modes. So the term soft will always refer
to soft IR-modes.

As a first step, we study the emission of a soft photon from a fixed external leg
with momentum p. For concreteness, we take it to be ingoing. We assume that
the process a — 3 is described by the amplitude S, 5 = ...T'(p; ¢)u,, where wu,
is the spinor of the ingoing electron on which we focus and I'(p; ¢) is an arbitrary
vertex function. The rest of the diagram, indicated by the dots, is not essential for

our considerations. Then the amplitude SS)’M» that includes the emission of the

soft photon of momentum % and polarization [ from the electron with momentum
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Figure 4.1: Comparison of IR-radiation and non-IR radiation. A mode ~; is IR if
it is emitted from an external line.
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Apart from the additional electron propagator and an additional vertex, this am-
plitude also contains the polarization vector e%l of the photon as well as the

normalization 1/ \/2(27r)3|?| of the final photon. The star denotes complex con-
jugation. Since the momentum of the photon is small, the electron propagator is
almost on-shell. We can extract the leading singularity,

2p'5*/_c’,z_k¢*l_5,l " p'g*l?,lu
p—k)3Z2-—m2+ie’  —p-k "

p—%+m

(p— k)2 —m?+ie

12

(4.2)

fik),lup = (

where we used the Dirac equation in the first equality and focused on the leading
singularity for small | k| in the second step. Then the diagram gives

1), P ER, e
sUr, = S5+ (4.3)

" Pk \J2(2m)3 K|

where we used that I'(p — k;q) = I['(p;q) to leading order for small |?| The
important observation at this point is that the contribution of the soft photon
factorizes from the rest of the diagram. Additionally, it only depends on properties
of the external electron but not on any other details of the process.

We can rg eat the same procedure for all external legs so that we obtain the

amplitude S*/ - for the emission of a soft photon:
a, Bk

g _ K0 Fols(k)

wsf = TR (44)
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where we introduced the notation

— Pn-& 2
FOL(k) = il E (4.5)
’ ngza;g 2(2m)3 Pk

Here e, is the charge of the n'* particle and p, is its momentum. The sum
includes all incoming and outgoing charged particles. Moreover, n, = +1 or —1
for an outgoing or incoming charged particle, respectively. The reason for the sign
difference is that emission from an incoming particle takes away momentum from
the electron propagator whereas emission from an outgoing one adds momentum.
Analogously, one can consider the absorption of a soft photon. The same argument
as above yields

B0 —F5 (k)

a?,ﬁ - |l{,"1/2 a, B (46)

i.e. up to a sign and complex conjugation, absorption and emission give the same
contribution.

In gravity, a fully analogous argument gives the same relation , but now
the soft factor is

- VTGN N PRPRE, T
FOR) = S YA LE (4.7)

nea, 2(27T)3 Pn - k

where ¢, 2 v corresponds to the polarization tensor of a graviton.

4.1.2 Charge Conservation

The meaning of the soft photon/graviton theorem is manifold. A very interesting
early application [218] was to derive charge conservation from it. To this end, only
one additional ingredient is needed, namely Lorentz invariance. In a pure S-matrix
formulation, one can show that Lorentz invariance implies that any amplitude must
be invariant under the shift [218],

Sy el N (R EP (4.8)
where )\Z(E}) is an arbitrary function. We will not repeat the argument of [218|,
but simply note that invariance under can also be derived as a straightfor-
ward consequence of gauge invariance, i.e. the decoupling of longitudinal photons.
Of course, the latter argument is less powerful since it requires a Lagrangian de-
scription of the system. Now we can plug the shift into the soft factor .
Invariance then implies that

/\?(?) Z entn =0, (4.9)

nea,
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i.e. that the total incoming charge must be equal to the total outgoing charge.
In this way, one can derive charge conservation in a pure S-matrix formulation.
In gravity, the same argument yields the equality of inertial and gravitational
mass [21§].

Comment on New Conservation Laws

Recently, it has been proposed that previously unknown symmetries exist in QED
and gravity [219225-231]. These argument were based on considerations of asymp-
totic symmetries, in particular the BMS-group [68-70] in gravity. We will further
discuss aspects of these asymptotic symmetries in section [£.4.2] Already now,
however, we want to point out that the proposed symmetries do not contain more
information than the soft theorems themselves. Since absorption and emission of
soft photons give analogous contributions, we can rewrite the soft theorem as

FO5(k) +f(§“*(ﬁ) 3
|]l§1|m (BlagsS — Sal|a) = ]k|1/2 P2 0818 ) (4.10)

Moreover, we can define the operator () as

= [@% £(F) ( - [@F () ( G Jfl*’?) )) . (an)
' V20@2m)3 k| p -k

where an arbitrary function f (Z) parametrizes the integration over different pos-

sible momenta k of the soft photon, and

ﬁ—ez(bhb —dl 5d.7) (4.12)

is the charge density operator for electrons and positrons, with b / d 7 the cre-
ation operators for an electron/positron of spin s and momentum p Up to a
derivative with respect to angles and transformation into position space, this op-
erator appears to be equivalent to the charges considered in [219,225-231]. There,
the first term is dubbed soft charge and the second one hard charge. Now we can

write as
(81 Q'S — 5Q1a) = 0. (4.13)

In this way, we reproduce the Ward identities of [219]225-231]. However, this is
simply a formal rewriting of the soft theorem. It does not contain more information
than the fact that soft photons decouple, i.e. that the amplitude for emission or
absorption of a soft photon only depends on initial and final charged states but
not on any other properties of the process.



146 4. Infrared Physics and Information

One mlght be tempted to promote equation (4.13)) to an operator identity since
in that case, Q would correspond to a nontrivial conserved charge, i.e. imply a new
conservation law. However, it is easy to show that in general

QTS -850 +0. (4.14)

We can verify the former equation by contradiction. Assuming QTS -8 Q =0, it
would follow that (/| Q 18) = (af StQS la) = (¢ Of |a). Plugging in the definition
and using the fact that the asymptotic states |«) and |3) do not contain
soft photons, we would deduce for arbitrary % and arbitrary polarization that

—

FOR) + F5(K) =o0. (4.15)

However, this equality is only fulfilled when F(g{)ﬁ(/_c)) = 0. Since this condition
will be of further importance, we will briefly stop to analyze it. Using the integral
(4.23), which we shall discuss shortly, it is easy to show that it holds if and only
if the charge of the initial state |a) and the charge of the final state |3) match at
each angle [66]. When the latter condition is fulfilled, we shall call the two states
equivalent, |o) = |). This condition is slightly weaker than the equality of two
states since, for example, a positron and an electron at exactly the same angle
are equivalent but not equal to a state without charged particles. However, such
states form a set of measure zero of all possible states. Therefore, we can call a
scattering process with equivalent initial and final states trivial. In summary, we
conclude that Fé{)ﬁ(?) = 0 only holds when |a) ~ |3). As this is not true in any
nontrivial scattering process, it follows by contradiction that in general we have
(4.14). In particular, we have that

QS-80=0 < ax§p. (4.16)

The operator Q only corresponds to a conserved charge for processes of trivial
forward scattering.

Finally, we want to remark that the well-known decoupling of soft photons
and gravitons can be interpreted as a symmetry. We refer the reader to [232-236]
for the argument, the physical upshot of which can be summarized as follows:
We consider an arbitrary scattering process Wlth initial state |«) and final state
|8). Now we add a soft mode of momentum ¥ to the initial state: a.» |a). In this
situation, there always exists a finite energy scale — which depends on the process in
question — below which the soft excitation decouples. Thus, if we choose the energy
of the soft mode below this energy scale, it cannot interact with the other particles
and the final state simply is a |3). In this sense, the well-known decoupling of
soft gravitons and photons can be interpreted as symmetry of a scattering process.
However, this symmetry bears no relevance beyond the decoupling of soft modes.
In particular, this phenomenon cannot account for the information of a black hole

(see section [4.4.1]).
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4.1.3 Loop Corrections: Infrared Divergences

So far, we have discussed the soft theorem for tree level processes. Its real power,
however, only comes into play once we include loop corrections, for they lead
to infrared divergences. Therefore, we will again consider the arbitrary process
a — [ but now study loop corrections in order to review the results of [57H59).
As before, we are solely interested in divergent contributions. It turns out that
they only come from loops among external legs. Moreover, only the soft part of
the integration over the loop momentum matters, i.e. we only integrate loops up
to a cut-off scale A that cannot exceed the typical energy scale of the process, e.g.
the center-of-mass energy.

As a first step, we compute the contribution of one soft loop. Initially, we
consider the loop between two fixed external legs with momenta p; and p,. We
get

- +m
llooppp d4 k pl 771% s
/ —mk;q) (pr — k)2 —m? + ie ery uyp,
P, + ek +m
.T k- 2 v
2(p2 + 1m2k; g2) (P2 + k)2 — m2 + ic €27 Up,
il (4.17)

C2m)i(k? —ie)

where we introduced an IR-regulator A that will be set to zero in the end. Moreover,
nm and 7y account for the fact that the electrons may be outgoing or ingoing.
Approximating the two electron propagators in the soft limit as in (4.2)), this gives

A H v _“7
SUFH = Saperes [k — P L2 W (418
PN —mp1 - k4 i€ mapa - k 4 ie (2m)4(k? — i) (4.18)
As for the case of emission, the important point is that the contribution of the
soft part of the loop integral factorizes. Since only the first term in 1/(k? — i€) =
im§(k?) + PV 1/k? gives a divergent contribution]] we arrive at

- A d?%) Tn2p1 - P2
LR ap— / s . 419
P22 I K| pkpa k (4.19)

Next we sum over all possible soft loops between external legs,

ABE 1 N m€n€m Pn * P
Slloop_ / n'Imtntm Pn m 4.20
:/82 ’k| 2 n"n/%’ﬂ pn'kpm'k 7 ( )

where the additional factor of 1/2 accounts for the fact that each loop is counted

twice in the sum. Since >, % T ng’ , = N", we observe that we can write the result

2Here PV denotes the principal value.
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in terms of the soft factor (4.5)), which we encountered in the soft photon theorem:

AP
Sy =S, . 4.21
a, B 5 2 A\ ‘ k” Z ’ a, ,8 ’ ( )
The radial integral is straightforward,
Bk A
]: In — 4.22
[ e Basln (422

and the angular part gives

1 nm€nCm Pn * Pm
Ba 5 — Z /d2 /)7 77 - _

7 2( 3nm6a5 pn'kpm'k
]' —1 1 + Bnm
=T o 9 Z nnnmenemﬁnm In () R (423)
87T2 n,mea, 1- 5nm

where k indicates the normalized photon vector and [, is the relative velocity:

m2m?2 1/2
o= (1 i)
(pn : pm>2

Clearly, B, s is nonnegative. Moreover, as already discussed at the end of section
4.1.2 it is zero only if initial and final state are equivalent, i.e. when their charge
matches at each angle. Finally, we obtain:

-1 A

”BTBOC”BlnX . (425)

(4.24)

s =,

In the limit when the regulator vanishes, A — 0, we get S“OOP — —oo for any
nontrivial scattering process. This means that perturbation theory breaks down
and we have to resum all orders in the coupling.

Whereas this task is not doable in general, it turns out that the resummation
can be performed for soft loops. The reason is that in the soft limit, the factoriza-
tion of Sofg loops persists to higher orders. For example, for two loops with soft
momenta ki and ko, one observes [59):

1 1 1 1
— - — + — - -
mp1 -k +ie mpr - (ky+ke) +ie - mpr-ky i€ mipr - (kg + kp) + e
1 1

- ‘ : 4.26
mp1 - k1 1€ mpy - ko + i€ ( )

Generalizing this formula inductively to higher orders, we conclude that the con-
tribution of exactly n soft loops is

(_%Baﬁln %)n
n!

ShIPP = S, 5 : (4.27)
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where the factor 1/n! accounts for the overcounting of permutations of the soft
loops. Therefore, we can resum the contribution of soft loops to all orders:

loop A a7ﬁ/2
S(LB — SO[’ﬂ K . (428)

When we send A\ — 0, we observe that the amplitude for any nontrivial scatter-
ing process, in which @ % 3, vanishes. This is the famous infrared divergencel
However, it is important to point out that this does not hint towards a problem of
the theory. Rather, it is a physical result. It states that no nontrivial scattering
process can take place without the emission of soft photons.

In gravity, we obtain a formula analogous to (4.28)), but now the exponent is
given by

G 1+ 5 14 Bum
Bmﬁ == Z TN M My, i Bnm In ( i B ) R (429)

2 n,mea, B ﬂnm(l - B%m>1/2 - 6nm

where m,, is the mass of the n'* particle.

4.1.4 Taking Emission into Account: Inclusive Formalism

The most straightforward way to interpret the missing photons is in terms of soft
bremsstrahlung [57-59]. Then — as just said — the vanishing of any nontrivial am-
plitude due to soft loops indicates that no momentum transfer can happen without
the emission of soft photons. Therefore, it is natural to include the emission of
any photon state whose total energy is below some small scale ¢, which we can
identify as resolution scale of a detector in an experimental setup. Since this yields
an inclusive rate, we can call this approach inclusive formalism. We compute:

=2 (Hl/d% Z) iﬁ’m!(<0|ah,a---aln,:®<5|)éra>\2
] (4.30)

where n sums over the number of emitted soft photons. Using the soft theorem

(4.4), it is straightforward to conclude that

d3k -
Femlssmn — Zn‘ (H/ (ll ( z ) Z| j| |Sa,ﬂ|2 . (431)

|k | j=1

The same integral appears as in the computation of soft loops. Using the result
(4.22), we obtain

emission €\ Pe s 2
rner = ($)7 S (Bas) 1800

3Since the amplitude vanishes, one may wonder why the terminology “divergence” is used.
The reason probably is that before resummation, each order of perturbation theory diverges.

. (4.32)
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The additional function f(B, ) is due to energy conservation, which is encoded
in the #-function [58.|59]:
e
T@) =052
Here ~ is Euler’s constant and I' is the gamma function. For small z, it can be
approximated as

(4.33)

2

™
=1-—a". 4.34
f@)=1-Ts (434)
Therefore, its effect is subleading in this regime. For large x, it scales as
1
f(z) ~ - (4.35)

In this parameter range, it leads to a sizable suppression but no definite statement
about the rate can be made due to lack of knowledge about |S,, s|* [58).

Now we can combine the contributions due to soft loops and from
soft emission to obtain

€

chluswe tot _ [+ Ba, s f(B S 2 4.36
=3 o,8) [Sa,8]" - (4.36)

The IR-regulator A has dropped out so chmswe is IR-finite. This is the well-
known central result of IR-physics [57-59]: Taklng into account soft emission leads
to an IR-finite rate. Moreover, the dependence of the rate on the resolu-
tion scale is sensible. It vanishes in the limit of zero resolution, e — 0, because
then no bremsstrahlung can be emitted. Moreover, it can reproduce the spec-
trum of classical bremsstrahlung. To first order in «, the differential rate scales
as dFlrlCluSlve **/de o« BJe. Consequently, the emitted energy per frequency is
constant as we expect it from the classical calculation.

4.1.5 Modifying Asymptotic States: Dressed Formalism

Soon after Weinberg finished his seminal work on the inclusive formalism, a differ-
ent take on infrared divergences was proposed by Chung [60]. His goal was to avoid
the inclusion of radiation but to modify the asymptotic charged states by dressing
them with soft photons in such a way that IR-finite amplitudes can be obtained.
In what follows, we call this approach dressed formalism. We will first focus on the
computation, i.e. simply assume an appropriate dressing of the asymptotic states
but not motivate it. Afterwards, we will derive the modification of the asymptotic
states from first principles.

In order to determine an appropriate dressing of charged states, we start from
the observation that we can split the soft factor ]-' (k) in a part that depends
only on the initial state and in another one that depends only on the final state:

FOR) = FP(E) = FOF), (4.37)
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where accordingly

FOE) = , (4.38)

2(2m)3 DPn-k

and ]-"[gl)(Z) is defined analogously. Using these functions, we introduce the coher-
ent state

P

ID(a))} = exp{—;Ba ln;}exp{/ FXI: FO( }yo> L (4.39)

Here r is a nonzero regulator needed for the definition of the coherent state. Inves-
tigating its physical meaning will be crucial in the following discussions. Therefore,
we explicitly indicated the borders of integration in |D(«))}. The state (4.39) is

normalized, i.e. [y S d|3kk| Z|}' (k)2 = B, In £, which leads to

€En€m Pn * Pm
B, = / qzq men o (4.40)
3 n%a Pn - k Pm - k

Already at this point, it becomes apparent that the factor B, In { in the normal-
ization of the coherent state, and equivalently the expectation value of the particle
number, diverge for A — 0. We will postpone the discussion of how the state can
nevertheless be well-defined to section 1.6

As explained, our goal is to show that including the dressing leads to an
IR-finite amplitude [60]. The starting point is to modify the asymptotic charged
states by replacing

) = [a))} = |a) ® [D(a))y (4.41)

i.e. to add to an asymptotic state |a) a specific cloud of soft photons — defined by
the factor .7-"&”(?) connected to emission or absorption. To leading order in the
coupling, the additional soft photons in the asymptotic states give three divergent
contributions to a generic amplitude S, g. The first one arises when the final
dressing states absorb photons that were emitted from external lines. It gives

r BE rE ) 7
Sle‘“=<6|( & )5| )= ), " P () Ss
g FZ “ //\ | k| ’

(4.42)
where we used the soft theorem in the last step. Analogously, the absorption of a
photon from the dressing of the initial state yields

abs T d3z l - )% e
glste — _ A m;fg(k)fg}ﬁ(k)sa,g. (4.43)
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When we sum these two contributions, the factors fc(f)(%)) and ]:él)*(?) combine
to form F, S)ﬁ(?) and we obtai

LSus. (4.44)

r B3 - 2
1em labs __ @) _
S+ 5 = [ S |FUS(R)[ Sup = Basln g

||

where we used Eq. in the last step. We get an analogous contribution as
from emission (see Eq. ), up to an additional factor of 2 after squaring in
the rate.

Fortunately, there is a third contribution due to the overlap of coherent states.
Since we will need the corresponding computation shortly, we will calculate it to
all orders and only specialize to the first order in the end. We get

r 3%
-3 [ SR BT (R

MD(@)|D(B))5 =e

r 37
fA \/TZ (l)*(k al%’e d Z (l)

< e o)
B T d3 f(l)ﬂ(k ‘
A Ba, /2
=|- . 4.45
() (1.49
To first order, this gives
Gloverlap _ g mls (4.46)
DI N '
Summing all three contributions, we end up with
1
Sldressed Slem Sla S + Sloverlap §Bo¢ P In )\Soa,,B . (447)

As before, this argument persists to all orders in the coupling and we get [60]

resse T Ba.p/2
Seressed = (A) Se.p - (4.48)

Combining with the loop contribution (4.28]), we arrive at the final result

Ba. g/2
dressed, to r B
Serg et 1t = (A) Se. - (4.49)

Thus, we get an IR-finite amplitude.

“Note that 3, l)*(z)]:él)(?) is real.
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Moreover, if we identify r = ¢, we also obtain the same IR-finite rate that
we obtained in the inclusive formalism, up to a subleading deviation due to the
absence of the f(B,, 3)-function, which encodes energy conservation. It is natural
to expect that the dressed formalism does not incorporate energy conservation
since it is symmetric by construction: Initial and final states are dressed in an
analogous manner. Unlike the inclusive formalism, the dressed formalism therefore
cannot describe how charged particles lose energy due to soft radiation.

The present result is puzzling mainly for two reasons. First, it remains to be
justified why charged particles should be dressed as in ([£.41]). Secondly, it is not
clear why these different procedures, i.e. inclusion of soft emission and dressing
of asymptotic states, can both cancel IR-divergences. In particular, there is no
reason why the soft photon dressing should be sensitive to the resolution scale, i.e.
why one would identify » = €. In the remainder of this section, we will answer the
first question by showing how the long-range dynamics of a gapless theory such
as QED imply that asymptotic states should be dressed as in (£.41]). In section
4.2, we will come to the second question. It will turn out that generically both
dressing and radiation should be present in a scattering process and that indeed r
should not be identified with e.

4.1.6 Introduction to von Neumann Spaces

Before we can study dressed states in more detail, we have to give a brief review of
how the Fock space can be constructed and what complications arise in a gapless
theory. In particular, we want to understand how states with an infinite particle
number, such as the coherent state (4.39), can be defined. Our starting point are
the Hilbert spaces in each momentum mode . We are given well-defined Hilbert
spaces H 7, which feature inner products ( , )7 and creation and annihilation op-
erators djj, a, p that fulfill canonical commutation relations:

g oal o ~ow, fagpang] = [alpal 2] =0 (4.50)

We already included the polarization [ since we will later be interested in photons.
The problem lies in defining the tensor product @3 Hy of the infinitely many
Hilbert spaces corresponding to all possible momenta s

For this task we can rely on the seminal work by von Neumann [237], who
defined the space Hyn C @7 Hy. It consists of elements for which a scalar product
can be defined. For |p),|¥) € Hyn, ie. [p) = @7 |p)p and |V) = @7 |¥) 7, it is
given as

(l¥) =T[(erl¥z)z - (4.51)

—

k

It is clear from this definition that the von Neumann space is very big. In partic-
ular, it contains any product of states that are normalizable in the individual H 2,
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ie. |¢) = @z |p)p such that (pzlpz)y = 1 for all k. W.lo.g. we will assume
normalized states from now on.
This scalar product defines an equivalence relation in the von Neumann space
given by
lp) ~ V) = Z; ‘(gpg\\yﬁg - 1’ convergent. (4.52)
K

The significance of this equivalence relation lies in the fact that elements from
different equivalence classes are orthogonal,

|p) o |W) = (p|¥) = 0. (4.53)

Therefore, the equivalence classes constitute mutually disjoint subspaces in the
von Neumann space. The physical implications of this construction were derived in
[238]. First of all, a special role is played by the equivalence class of |0) := ® |0) 2,
which we denote by [0]. In it, one has the standard representation of canonical
commutation relations:

&Z,E’7d;/,lg7:| = 5(3)(k - k/)éllla |:dl E’a&uﬁ} - |:d;:E,&T *] =0. (454)

N:=Yab ag,. (4.55)

i.e. (p|N|g) is finite for each ¢ € [0]. Therefore, this equivalence class alone
represents the whole Fock space.

One can also understand the other equivalence classes in terms of particle
number [238]. Two states are in the same equivalence class if and only if their
difference in particle number is finite,

@) ~ ) & {p|Nlp) — (TIN|T) < oo, (4.56)

where it is understood that the subtraction is performed before the sum over the
momentum modes. Since one can moreover show that each equivalence class is iso-
morphic to the Fock space, it follows that the von Neumann space can be thought
of as infinite product of Fock spaces with unitarily inequivalent representations of
the commutation relations in each subspace. So in each equivalence class [a], we
have:

[al[“] a[ﬂl] = 5O (K = F")ow [al[“] al[“L} = [a,[“}ci ,agali} =0.  (457)

This immediately raises the question which subspace of Hyy is physically relevant.
A reasonable requirement for any state to be physical is that it has finite energy.
Whenever a theory has a mass gap, the Fock space — defined by the requirement of
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finite particle number — is the only equivalence class with finite energy and therefore
contains all physically relevant states. So it makes sense to restrict oneself to the
Fock space.

However, the situation is drastically different in a gapless theory. Then there
can be states that contain an infinite amount of zero modes but nevertheless carry
finite energy. Therefore, there are distinct equivalence classes with finite energy
and there is no reason to restrict oneself to only one of them. In a gapless theory,
states of different equivalence classes are therefore physically sensible. In fact, as
we shall discuss, the S-matrix generically enforces the transition between different
equivalence classes so that it is impossible to restrict oneself to a single equivalence
class in an interacting system. The fact that states in different equivalence classes
are — by definition — orthogonal will be important in the following.

4.1.7 Dressing from Asymptotic Dynamics

With the tools of von Neumann spaces at our disposal, our next goal is to sketch
the derivation [61-65] of why asymptotic states should be dressed as in (4.41)).
This gives the justification of Chung’s calculation [60]. In an S-matrix calculation,
asymptotic states must be approximate eigenstates of the Hamiltonian in the limit
of large separation. In a theory without long-range forces, in which interaction falls
off fast with separation, this leads to eigenstates of the free Hamiltonian. However,
the crucial observation is that in a gapless theory, asymptotic dynamics cannot
be approximated by the free Hamiltonian, but the leading order of the interaction
term has to be taken into account as well [65]. It is given byf]

7 d3 k — —> D &7 ek
W (t)y = exp / /d3 D Lk Gt Lelhet — h.c. ,
W bk i
(4.58)
where () is the charge density operator D of electrons and positrons. We

can define asymptotic states by applying W (t)5 to a bare state |«) of electrons
and positrons [65],

) = W {tobs)3 1) (4.59)
where t,,s is a so far arbitrary reference time. We keep it finite for now, but
following [60,/65], we will set it to zero for the computation. The reason we can
do so is that the final result only depends on the divergent zero-mode part of the
dressing state whereas the phase controlled by t,,s only changes the finite part of
nonzero modes[]

5We omit the Coulomb phase both in the definition of the asymptotic state and in the S-
matrix since it will not matter for our discussion.

6Strictly speaking, one can even by more general and choose an arbitrary state in the equiv-
alence class [«] [65]. But since only the zero-mode part of dressing matters, we can adopt the
choice of [60}/65]. We will further comment on this freedom in choosing a dressing state

in section [I_TS}
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Clearly, definition also depends on 7 and is nontrivial only for r nonzero.
However, there is little discussion of its physical meaning in the standard liter-
ature on infrared physics. Typically, the identification r = € is assumed for the
simple reason that in such a case the rates in the inclusive and in the dressed
formalism match approximately. In contrast, we will argue that the two scales are
in general different. While we will discuss this point in more detail when we turn
to the density matrix of the final state in section [4.3] we briefly comment on the
interpretation of r already now. If one wants to interpret |«))% as initial or final
state of scattering, it is most natural to think of ¢,,s as the timescale after which
the state will be measured. Once t.,s is fixed, r is no longer independent. The
reason is the fact, noted in [65], that the phases wash out if kt,,s is sufficiently big,
i.e. limys 1 exp (ikpt/po) /pk = 0. Therefore, all modes with k > t,. effectively

obs
disappear and do not contribute to the asymptotic dynamics any more:

W (tobs)3 & WV (Fobs) ™ - (4.60)
Thus, if we only want to consider the physical modes, we have to set

i.e. we can identify r with the timescale t,,s after which the final state is measured.
The choice can also be justified from a more physical point of view. Namely
it is crucial for the photons in the dressing state that they decouple. Since a photon
of energy r needs a timescale of r~! to interact, it only makes sense to consider
r < t;bls.

Before we investigate the dressed states more closely, we want to mention that
the S-matrix is not modified in the dressed formalism [65]. The reason is that in
the limit of infinite time, relation becomes

tllglo Wi(t) =1, (4.62)
which follows from lim; 1, exp (ikpt/po) /pk = +imd(kp). For this reason, asymp-
totic dynamics do not contribute to the S-matrix but only modify the asymptotic
states. Setting t,,s = 0, we get the asymptotic state (4.59)):

)5 = lo) @[ D(a))y (4.63)

where we plugged in Eq. (4.58). In this way, we recover the dressing state [D(a))},
which we already introduced in Eq. (£.39). So the justification for considering
dressed asymptotic states lies in taking into account the long-range interaction of
asymptotic dynamics. Once this is properly done, Chung’s computation shows
that we obtain IR-finite amplitudes.

When we investigate the particle number of the dressing state,
r

"(D(a)|N|D(a)); = ByIn 8

(4.64)
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it becomes evident that it contains an infinite number of zero-energy photons in
the limit A — 0. Thus, although the states possess the finite energy B,r, they are
not in the equivalence class [0], i.e. in the Fock space. This is the reason why they
can only be defined in the bigger von Neumann space. Note that varying r does
not change the equivalence class but only alters the energy of the dressing state.
So the equivalence class only depends on the zero-momentum part of F (k). In
order to decide whether different dressing states are in different equivalence classes,

we recall Eq. :
\ Ba7ﬁ/2
1(D(0) D)), = () |

r

(4.65)

As we have discussed at the end of section , B, g = 0 only if |o) = |5),
i.e. if their charges match anglewise. If this is not the case, |[D(a))} and |D(B))}
have vanishing overlap for A — 0 and therefore are in different equivalence classes.
Thus, there is a different equivalence class for each charge distribution on the
sphere. We can parametrize the equivalence classes as o] in terms of the charged
states |a).

4.1.8 Collinear Divergences

As a side remark, we note that an interesting question is what happens when one
sends the mass of some of the hard particles to zero. In gravity, this situation
is not special, i.e. the kinematical factor By 5 (Eq. (£.29)) stays finite[] This is
related to the fact that gravitational radiation is quadrupolar. In QED, however,
the situation is drastically different. In the limit of a small electron mass m, it

follows from (4.23)) that the exponent B, 3 scales as
By g~ —Inm, (4.66)

i.e. it becomes infinite for massless electrons. The only exception are processes of
trivial scattering, in which initial and final state are equivalent. Thus, it is clear
from that the rate of any nontrivial scattering process vanishes.

As a consequence, one could try to consider a wider class of processes such
that a nonvanishing total rate can be obtained. This was achieved in [241], where
— on top of all soft emission processes — a special class of emission and absorption
processes was considered, namely the emission and absorption of collinear photons
of arbitrary energy. Taking into account both emission and absorption is moreover
required for Lorentz covariance: Unlike in the soft theorem , a single amplitude
of a particular emission process violates Lorentz invariance in the collinear limit.
However, it is doubtful whether it makes sense to consider absorption processes
since the origin of the absorbed photons of arbitrary energy is unclear.

"The explicit expression for B, g in the massless limit was derived in [49,239,240].
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4.2 Combined Formalism

As we have explained, one can obtain IR-finite rates by either employing the
dressed or the inclusive formalism. In the inclusive formalism, one leaves the
initial state unchanged but adds soft radiation to the final state. In contrast, the
dressed formalism corresponds to modifying initial and final states in an analogous
manner by dressing them with a cloud of soft photons. Those soft photons are
inseparably tied to the charged states, so they do not correspond to radiation
but to a redefinition of asymptotic electrons and positrons. We shall make this
statement explicit shortly.

Since both formalisms yield — up to subleading corrections — the same rate,
the question arises if they are equivalent. This would come as a big surprise since
the requirements of the two formalisms — emission of bremsstrahlung versus well-
defined asymptotic states — are very different. Both requirements are, however,
very reasonable and should be fulfilled. Therefore, we shall argue that both dress-
ing and soft radiation should be present in a generic process. Thus, the goal of
this section is to present a concrete formalism that interpolates between the inclu-
sive and the dressed formalism and makes the distinction between radiation and
dressing explicit. We shall call it combined formalism and we derive it from first
principles by applying the S-matrix, as operator in Hyy, to the dressed initial
state |a))5. This will lead to a final state that consists both of dressed charged
particles |5))% and of additional soft bremsstrahlung radiation.

Not surprisingly, it will turn out that also in the combined formalism, one
obtains the same IR-finite rate as in the two known formalisms. This finding
immediately raises the question about the relevance of our construction. However,
one can go one step further than the rate and investigate the density matrix of
the final state. Obviously, its diagonal contains the known IR-finite rates. So the
task consists in determining the IR-limit of the off-diagonal pieces of the density
matrix. These elements encode the information about the quantum coherence of
the final state. We will show that only in the combined formalism, physically
reasonable off-diagonal elements can be obtained. We will study this question in
section [4.3]

4.2.1 Equivalence Classes as Radiative Vacua

In gapless theories, we have seen that nontrivial asymptotic dynamics lead to
dressing states ([£.39)), which — in the limit A — 0 — no longer belong to the Fock
space because of an infinite number of zero-energy photons. However, as explained
in section [4.1.6] each equivalence class of the von Neumann space is isomorphic

to the Fock space. In particular, there is a representation of the commutation
relations (4.57)) in each of them [238]. We can formally relate those to the Fock
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space operators (4.54) via:

A

0% = W(0)a, g WH0). (4.67)
For finite A, this representation is unitarily equivalent whereas it is not for A — 0.
From the perspective of the operators ag ,1, the corresponding dressing state is a
vacuum:

0% ) = 0. (4.68)

Alelf
%
ie. a[ ]T corresponds to radiation on top of the dressing state defined by |D(«)).

Thus, represents excitations on top of the vacuum of the equivalence class [a],

This shows explicitly that there is no radiation in the dressed formalism.
—
For | k| > r, we have

0 =7, (4.69)
i.e. photons of energy above r are insensitive to the dressing and can be treated as
if they were defined in the Fock space. As the subsequent calculations will confirm,
only those photons constitute physical radiation. In contrast, photons of smaller
energy solely occur in the dressing states but do not exhibit dynamics of their own.
This is in line with the well-known decoupling of soft photons [232-236,242,243].
We remark that this is also consistent with the identification r = ¢_,. (see Eq.
(4.61))). Namely we expect that on the timescale ., the softest radiation photons
that can be produced have an energy t,,., so all photons of smaller energy are
decoupled f

For our argument, however, the precise identification of the scale r is inessential.
The only important point is that r splits the Hilbert space of photons in two parts.
Photons below r are part of the dressing. Those are symmetric, i.e. initial and
final states are analogously dressed. Moreover, the dressing of the initial state is
only sensitive to the initial state, but not to the final states and likewise for the
final state. Since the dressing states contain an infinite amount of photons, they
are not in the Fock space, but can only be defined in the larger von Neumann
space. In contrast, photons above r are part of radiation. They are asymmetric
since we can prepare an initial state without radiation, i.e. radiation only occurs
in the final state but not in the initial state. In turn, it will become clear that it
is sensitive to both the initial and the final state. In particular, it depends on the
difference of initial and final state, i.e. on the transfer momentum. The radiation
state contains a finite number of photons and is well-defined in the Fock space.
Thus, physical radiation is completely independent of the problems arising due to
an infinite number of photons.

8That t;bls should correspond to an effective IR-cutoff for physical radiation was also proposed
in [244H246).
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Radiation is characterized by a second scale €, which we can identify with the
detector resolution. It is crucial to note that the scales r and € are in general inde-
pendent since they contain different physical information. The energy r describes
the timescale after which the state is observed. In contrast, the scale € corresponds
to the resolution scale of the particular device used to measure the final state. As
explained, the only requirement is that » < e. In fact, it will turn out that r < €
is needed for a well-defined separation of dressing and radiation. In this limit, the
energy carried by the dressing states is negligible. So all energy is carried by the
radiation state whereas the only significant contribution to the number of photons
comes from the dressing. In total, we obtain the following hierarchy of scales:

A<r<e<A, (4.70)

where A is the energy scale of the whole process, e.g. the center-of-mass energy. In
the existing literature, the scales A, € and A are well-known. However, there is no
additional scale r. The reason is that — as we will show — all rates are independent
of r. So the introduction of the scale r, which separates dressing from radiation,
is unnecessary if one is solely interested in rates. In contrast, it will turn out that
the final density matrix does depend on r. The reason is that unlike the rate, the
density matrix is sensitive to the timescale after which it is measured. Therefore,
we have to keep the scale r in order to derive an IR-finite density matrix.

Introducing the new scale r amounts to interpolating between the well-known
dressed and inclusive formalisms. We can consider the two limiting cases. For
r = €, there is no radiation, but all photons are attributed to dressing. This leads
to Chung’s calculation [60], but corresponds to the unsatisfactory situation that
there is no soft emission and that the resolution scale € appears in the dressing
of the initial state. The opposite limiting case is to set » = A. Then there is no
dressing, in particular the initial state is bare, but the final state contains photons
of arbitrarily low energies. This leads to the calculations by Yennie, Frautschi and
Suura [58] as well as Weinberg [59]. However, this construction lacks well-defined
asymptotic states. For these reasons, we will work in the combined formalism
that realizes the general hierarchy (4.70). We will demonstrate that doing so leads
to the well-known IR-finite rates, but additionally it will allow us to obtain a
well-defined density matrix of the final state.

4.2.2 Calculation of Final State

We consider a generic scattering process. In order to determine the final state, we
need two ingredients: a well-defined initial state and the S-matrix of QED. Having
defined the initial state (&.63)), it remains to apply the S-matrix to it: S|a))}. The
first step it to insert an identity that is decomposed as a tensor product of three
factors. The first one, which we shall denote by D and which will correspond
to dressing, consists of all possible photon states composed of quanta with an
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energy below r. Analogously, the second one, which we shall call v and which will
represent soft radiation, contains all possible photon states in which each photon
has an energy above r but below €. Finally, the third factor [ is composed of
all remaining states, i.e. photons with energy above € and all other excitations, in
particular charged particles. We obtain:

Slai= X L X (Ineheln)(@lsble @)l
()\<ED<r) (r<Ew<e) (e<E5)
(4.71)
We will first turn to the sum over D. From Chung’s computation [60] we know

that <(D(ﬁ)| ® (v| @ (8| >§ la))i # 0, i.e. when we take the appropriate dressing

|D(3)) of the final state |3), we obtain an IR-finite amplitude. (From the point
of view of this computation, |v) is a hard state.) This implies that any state |D)
that belongs to a different equivalence class than |D(B)) has zero overlap with
Sla))s. In other words, the state in the mode k = 0, in which the number of
photons is infinite, is fixed. In the identity, one would nevertheless have to perform
independent sums over photons in the modes 0 < | s | < TH However, if we take r
small enough, those modes do not change the result of S |a))% and we can proceed
as for Eq. and fix them by the state |D(3)). For r < €, we therefore obtain

12

> ID)(D]

D
(A<Ep<r)

(DB ADPB) - (4.72)

This means that the dressing is not independent but fixed by the hard state |3).
In [60], the same approximation is used, i.e. the modes 0 < |?| < r are not treated
as independent.

In contrast, we will not neglect any states in the sum over radiation. As
explained, the definition of a radiation photon generically depends on the radiative
vacuum on top of which it is defined. However, it follows from that this
distinction is inessential for photons of energy greater than r and we can treat
them as if they were defined in the usual Fock space. Writing out the sum over
radiation explicitly gives

0
(r<E~<e)

| . . .
Z ’7) <'Y’ = Zn: E (1:[1/7“ dSkl Z) (a;rl,ﬁl l" En ’O> ) ( <O’ al1,z1 o 'aln,?n> )

9In other words, as is discussed in |65| one can replace Iy (k ) by fal)( k) (k) where @(Z)
is an arbitrary functlon that fulfills ¢( k) =1lina nelghborhood of ¥ = 0. Then neglecting the
sum over modes 0 < |k| < r corresponds to setting cp(k;) =1 everywhere.
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where 1/n! comes from the normalization of the photon states. We will not resolve
the third sum over hard modes . In total, we obtain

S|a>>;zzﬁ:;;(pl/ @', Z) (1805 ba) ) (ol @ 5081) S a5,
(4.74)

: , _ At At
where we introduced the notation |7,) = ay 70 2 |O>

Now we can use the fact that the soft photon theorem ) holds in an arbi-
trary process to obtain ( (7|3 ((81) 3 1)) = X318 a3 g FOENNIF

where the soft factor .7-'5%(?1) is displayed in Eq. (4.5)). Moreover, it follows from
Chung’s result (4.49)), which arises from combing the contributions of soft loops
and of the dressing states, that

N 7\ Ba.s/2
WBSI = (5) T Sase (@.75)

So we obtain

N r\ Ba,s/2
Sl =5 (5) " SealBio Y (

3 nl \i \R] l; !
(4.76)
We can resum this final photon state:
N r € Ba,B/Q . ¢
Sl =3 (5) " Ses (8@ (B (@77
B
where f 0
a,8/2 S(F)al -
(e, B)); = (6> ¥ "% 10) (4.78)

is a normalized coherent radiation state and we used the integral to compute
the norm.

Formula makes the physics of the process very transparent. Both in
the initial and in the final state, charged particles are dressed, as is required for
well-defined asymptotic states. The dressings consist of photons of energy below r
and only depend on their respective state. This means that the dressing |D(a))}
of the initial state only depends on |«) and the dressing |D(3))} of the final state
only depends on |#). On top of the dressing, the final state (but not the initial
state) also contains radiation. The radiation |y(c, £));. is made up of photons of
energy above r and depends both on the initial and on the final state of the hard
electrons, and in particular on the momentum transfer between them.

As we have explained, a difficulty that arises from IR-physics — which also
seemingly leads to full decoherence — comes from the fact that the dressing states
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are no longer in the Fock space due to the infinite number of zero-energy photons.
For this reason, those states can only be defined in the much larger von Neumann
space, which is isomorphic to an infinite product of Fock spaces. In our approach,
we manage to separate this difficulty from the physical radiation. Namely only
the dressing states |D(«a))} and |D(/))} contain an infinite number of photons,
but these state do not correspond to physical radiation. Instead, they are part
of the definition of asymptotic states. On top of the radiative vacuum defined
by |D(B)), the radiation state |y(a, 3)); exists. Since it only contains a finite
number of photons of energies above r, it can be treated as if they were part of
the usual Fock space. Solely the radiation is measurable and for r < €, only it
carries a significant energy.

We can check that the amplitude indeed gives the correct rate. To this
end, we need to sum over all possible soft radiation in the final state, i.e. over all
radiation states in which the sum of all photon energies is below €. For r < ¢, we
get

1 (& - T R R , N )
O (H [ @, Z) 0e =S IR D |(O0 a1, 57, 54061) S o
n Y \i=1"" L j=1
B 7\ Ba, 8 1 n ed3?i 1) = 12 noo_, )
= <A) ;; l:Hl/T 7 %:|fa,ﬁ(ki)| )9(6—;\ky‘|) |Sa, 51
€\ Bos 9
= (%) FBass) 1Sasl” (4.79)

where f(B,,s) was defined in Eq. (4.33). This is the well-known result
in the inclusive formalism [58,/59]. If we neglect the function f(B, 3), which is
possible for weak coupling, the rate is also identical to the result in
the dressed formalism [60]. In particular, it is clear that the answer that we obtain
is IR-finite since the regulator A has dropped out. It is important to note that
we never required [R-finiteness. It simply arises as a consequence of applying the
S-matrix to a well-defined initial state.

Moreover, we observe that the rate is also independent of the scale r.
As we have discussed, our approach interpolates between the dressed formalism,
which corresponds to r = €, and the inclusive formalism, which we obtain for
r= )\.H The fact that our result is independent of  implies that not only dressed
and inclusive formalism yield — except for f(B,, g) — the same rate, but that this
is also true for the interpolation between them.

As a side remark, we will for a moment take the limit » = A, in which the dress-
ings vanish and we obtain the inclusive formalism. Then formula becomes

10Sending € — r for fixed r corresponds to a situation in which no soft emission takes place.
When we work with well-defined, i.e. dressed states, the rate of such a process is suppressed by
the possibly small factor (r/ A)B“"’ but nonvanishing.
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IN € Ba, /2
$10) =2 (5) 7 San 8@ @ )3 (4.80)

B

where the electron states are not dressed. This leads to the IR-finite amplitude:

€

A Ba,5/2
Gotdle B8l = (5)  Sas: (181

So if we use as final state the correct state of radiation |y(c, 5))§, which depends
both on initial and final electrons, we get an IR-finite amplitude in the inclusive
formalism. However, the price to pay is that on the one hand, we are not able to
obtain the factor f(B, 3) that encodes energy conservation and that on the other
hand the radiation state |y(a,))} contains an infinite number of zero-energy
photons and is no longer part of the Fock space. Nevertheless, it is a physically
sensible state since it only contains a finite energy.

4.2.3 Large Gauge Transformations and Dressing

Another interesting question is how gauge transformations 87 T 6f T )\l(?) k*
which were already introduced in (4.8)), act on dressed states. Since dressing is
determined by photons with | k| < r, only large gauge transformations, for which

— — —

M\(k) has support for |k| < r, act nontrivially. With the definition (k) =

—

AN(E) Y heca€n/y/2(2m)3 , those lead to the transformed dressed state

A= {‘i [ R+ mﬁf}

exp {/; dgﬁ > (.7:0(})(?) + S\T(E)) &ZTE’} la) . (4.82)

Thus, dressing states are not invariant under gauge transformations [61765].5

Since the number of photons only changes by a finite amount, the equiva-
lence class to which the dressing state belongs and consequently also the cancel-
lation of IR-divergences are left invariant. Instead, gauge transformations merely
correspond to choosing a different representative of the equivalence class, i.e. to
modifying the choice (4.59). However, the amplitude is not invariant under this
transformation,

TBIS 1AN; = LIS e (1 - ;HZ \M’)f) S s

UTn contrast, the radiation state (4.78) is manifestly gauge-invariant.
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where we restricted ourselves to the leading order in 5\1(?) This effect is weak
for sufficiently small T’S\Z(Z) but generically nonzero. In order to restore full in-
variance, one has to apply the same shift to both initial and final states{f_z]
(BIS @5 = L((B|S]a))s. This shows that dressing states do not exhibit dy-
namics of their own, but that — in line with our previous discussion — the physical
meaning of dressing is to decouple photons of energy below r.

In our combined formalism, which includes both dressing and radiation, there
is an interesting interpretation of the gauge transformed dressing state . Up
to an inessential phase factor, it can be written as

~ —> 12 r d?’? YN A .
5(F) }exp{A - ;Axk)aif‘ii}mm

(4.84)
where &E?‘lkj is defined in Eq. (4.67)). It becomes evident that large gauge transfor-
mations correspond to adding photons that are not defined in the Fock space, but
according to the representation of the commutation relations in the equivalence
class [a].

l

o 1/Td3%)
(8% ~ eX — = e
)5 p{ >

4.3 Reduced Density Matrix

4.3.1 Well-Defined Tracing

So far, we have proposed a combined formalism, which can simultaneously describe
dressing and radiation. In doing so, we have introduced a new energy scale r which
separates dressing from radiation. We have shown that the rates are independent
of r, i.e. we obtain the same IR-finite results as in the two known formalisms. In
this section, we want to go one step further and investigate the density matrix of
the final state. This is particularly interesting since it turns out to be sensitive
to r. For a particular simplified setup, the density matrix in the presence of soft
bremsstrahlung was already studied some time ago. In a framework of real time
evolution [244-246|, which goes beyond the S-matrix description, the result was
that tracing over unresolvable soft radiation leads to some loss of coherence. But
for realistic timescales, the decoherence is generically small. As it should be, it
does not spoil the interference properties that we observe in Nature.

However, it was also derived in [244-246] how coherence depends on the time-
scale to,s, after which the final state is observed: Albeit slowly, it decreases as
the timescale increases. In the limit of infinite time, one obtains full decoherence.

12This is evident in the computations because all results solely depend on the difference
f((xl,)ﬂ(k). Therefore, it is possible to describe the same physical process with dressings that
are shifted by a common function, }'&l)(z) — ]—'((Xl)(?) + C’(Z) and fél)(z) — fél)(Tc») + C(Z)
Such modifications of the dressing states have recently been considered in [247}/248].
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Since this is precisely the limit on which the definition of the S-matrix is based, it
is immediately evident that it might be difficult to derive the density matrix in the
S-matrix formalism. In the inclusive formalism, this expectation turns out to be
fulfilled. Tracing over soft radiation, which is required for IR-finiteness, leads to
full decoherence [245}246]. In an independent line of research, this finding has re-
cently received renewed interest in the context of a generic scattering process [66].
However, if it were not possible to improve this result, this would mean that the
S-matrix is in principle unable to describe any interference phenomena in QED.
This finding is a clear indication that the inclusive formalism is insufficient for
describing the density matrix of the final scattering state.

In the dressed formalism, the opposite situation is realized. The reason is that
the dressing photons are part of the definition of the asymptotic states and are
independent of the scattering process. Therefore, there is no reason to trace over
them. In fact, it is not even clear how to define the trace in the von Neumann
space since it would amount to squeezing the infinite von Neumann subspaces into
a single Fock space. This means that there is no tracing and no decoherence in
the dressed formalism[®| Also this finding is unsatisfactory since one expects some
decoherence due to the emission of unresolvable soft bremsstrahlung.

Our goal is to show that the situation improves in the combined formalism that
we propose. Since in this case the final state consists both of dressing (defined by
the scale r) and of soft radiation (defined by the scale €), we have at our disposal a
well-defined notion of trace: We have to trace over radiation but not over dressing.
In this way, we avoid full decoherence. Moreover, comparison with the results
of [244-246] allows us to confirm that the scale r is set by the timescale after

which the final state is observed, r = t_,%.

Before tracing, the density matrix of the final state (4.77)) reads

P =S la))i ((als

=S (5T Ssta (ARl M) (o @3
| (4.85)

Using an arbitrary basis {|7y)}, of radiation, i.e. in the space of photons with

13The density matrix of the final state has also recently been studied in [67,249], where the
scales of radiation and dressing were identified, r = €, and a tracing over dressing states was
performed. Since states in different equivalence classes are orthogonal, a similar result as in the
inclusive formalism, i.e. a fully decohered density matrix of the final state, was obtained. As
explained, however, both the mathematical soundness and the physical meaning of tracing over
dressing states are unclear to us.
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energies above r but below e, the trace is
Bo, 5+ B, g

FUSSUE -9 (7) T SasSia DB bl s): bl ),

(4.86)

where as in the computation of the rate, we imposed that the total energy I,

in radiation is at most e. If we neglect energy conservation for a moment, the
computation becomes particularly transparent:

BDt» B+Ba, B’

P (2) T SusSha i B)b B AL (asT)

B.p8

Thus, we only have to compute the overlap of coherent radiation states:

—

1 [€d3F D 2 () 2

) SRS IED B HED,, (B

A, B)yv(a, B)); =e A

<1>(k)a

(l)*
<‘ Iy \/ﬁﬁ (k)alk f \/I—Eﬁ ’O>

_1 (e d3F
2J)r TF

FO,F)-F0, ()|

| e a3 ORI

_ifr % Z ]:B,B’(k)
=e 1

By o/2

T B, 8
- () , (4.88)

€

where the kinematical factor for a hypothetical process 8 — 3" appeared. In total,
we obtain the element of the reduced density matrix,

Ba, gt Ba, g Bg, !

re € 2 T\ "2 .
ngf = (A) () Sa, 890, p (4.89)

€

where it is understood that indices refer to dressed states. Clearly, this result is
IR-finite. Had we taken into account energy conservation, we would have gotten
the result (which is a generalization of the computation in [66]):

B, g+By g B

> B 8,8’
red __ € 2 T 2 B%ﬁ—'_Bavﬁ/_B@ﬁ' *
p,@ﬁ/ — (A) (6) f ( 2 Sa7ﬁsayﬁ/ . (490)

As it should be, we observe that the diagonal terms reproduce the well-known

rates (4.79), i.e. pi§ = La, 5.
Finally, we can use the matrix element (4.90) to further justify our choice
(4.61)) of . In a framework of real time evolution, it was derived in [244-246| for



168 4. Infrared Physics and Information

a particular simplified setup that the off-diagonal elements of the density matrix
scale as (1/tqys) P8 #/2 where tops is the timescale after which the final state is
measured. Comparing this with (4.90), we conclude that the identification r ~ ¢
was indeed justified. In this way, we obtain the same behavior as in [244-246|: The
longer we wait before we measure the final state, the smaller we have to choose r
and the more the off-diagonal elements of the density matrix get suppressed. We
note, however, that our combined formalism does not rely on the identification

(4.61]) and holds for general r.
(4.61) g

4.3.2 Generalization to Superposition as Initial State

As suggested in [249], it is interesting to study a situation in which the initial state
|1)) is not a momentum eigenstate,

Zf la))y, (4.91)

where 3, | f{¥)|? = 1 and we used the linearity of the definition ([#.59) of dressing.
Generalizing the above calculations, we get

Ba,BJFBo/,ﬁ/ Ba,,@+Ba/,5/ B
red 1/))* 2 <7’> 2 =B, g, a8
Pap = Z ¥ <A> ;
-f (Ba,ﬁ,aaﬁ/) Se.pSu g5 (4.92)
where
Ba,ﬁ,o/,,@’ = /dZQ nnnmenfm DPn Apm ' (493)
nea, B Pn k Pm k
mea’, 5’

The density matrix applies to the most general case and thereby constitutes
the main result of this section.

(Clearly, this density matrix avoids full decoherence. In order to further analyze
our result, we can decompose the sums:

Ba,ﬁ/ + Bo/,,é’ - BO¢70/ - B,B,ﬁ’
5 .

BO[, 67 Oé,, ﬁ/ - (494)

This shows that if there is only one momentum eigenstate in the initial state,
fW) = g0 the general density matrix (4.92)) reduces to the result (4.90) obtained
before. It is moreover interesting to analyze the rates that we obtain:

Ba,B+Bo¢’,ﬁ Ba,a’ B +B B
w)* 2 r 2 o, B o, — Da, o %
() () (BB,

(4.95)
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The f(B)-function is subleading since it we can approximate it as f(B) ~ 1 —
B? for small B (see Eq. (4.34)) and additionally it is insensitive to the ratio
r/e. Therefore, we can focus on the other two IR-factors, (¢/A)Pes+Ba.5)/2 and
(r/€)Ba.a’/2 Clearly, both are always smaller than 1. In the case of constructive
interference, they therefore always lead to a suppression of the rate. For destructive
interference, however, they can work in both directions, i.e. they can also serve to
diminish suppressing contributions and thereby increase the rate. The r-dependent
contribution (r/€)Pe.a’/2 is particularly interesting since it does not factorize, i.e.
it cannot be absorbed in a redefinition of S, 3. These findings also hold for the
off-diagonal elements. It is straightforward to show that the exponent of the r-
dependent term in Eq. is positive [249], so it also leads to a factor smaller
than 1. As before, this means that it leads to a suppression of off-diagonal elements
if there is constructive interference. In particular, this is always the case when the
initial state is only a single momentum eigenstate. In contrast, it can cause both
suppression and enhancement for destructive interference.

4.3.3 Estimate of Amount of Decoherence

At this point, it is important to estimate the amount of decoherence and the
corresponding loss of information that arises due to tracing over soft modes. To
this end, we compute the entanglement entropy of hard and soft modes. It is
defined as the von Neumann entropy of the density matrix p'¢ obtained after
tracing over soft radiation. For giving an upper bound, it turns out that it is
useful to investigate what off-diagonal elements would be needed to obtain a pure
density matrix. Thus, we assume that we are given a density matrix [¥))} | ((|
defined by a state

(@))% =2 as B3, (4.96)
B
which fulfills |ag|? = pgf% but can have arbitrary phases. This means that pP"¢
and p*d have the same diagonal and therefore describe the same rates. Now we
can parameterize the deviation from purity as the quotient of the actual element
of the reduced density matrix (4.92)) and the element required for purity:

red

v Pa.p
Chy = o (4.97)
s

So the deviations of the c(;%/ from 1 determine the decoherence and full coherence
corresponds to C(B\%, =

In the following, our goal is to give an upper bound on the von Neumann
entropy Sgop = — 1T p(a)’red In p(o‘)’md in terms of cg%,. To this end, we use the
following argument: If all off-diagonal element were zero, the maximal entropy

would be given by Sy.x = Indgy, where dy is the dimension of the hard Hilbert
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space. This maximal entropy would be reached if all final hard states were equally
probable, i.e. all diagonal elements were equal. For our estimate, we will therefore
restrict ourselves to a density matrix in which all diagonal elements are equal. Such
a density matrix is pure if all elements, i.e. also the off-diagonal ones, are equal.
In order to derive the upper bound on the entropy, we can consequently define
Apax = maxg g |1 — cg%,\ and then multiply the off-diagonal elements of the pure
density matrix, in which all entries are equal, by the function ¢ :=1 — Amax.ﬂ In
this setup, the eigenvalues of the density matrix arﬂ

1+ (dg —1)c 1—c

e = and ¢e; = for i € [2, dg]. (4.98)
dH dH

To leading order in Ay, this gives the bound

d
Ssoft < Arnax In (AH> . (499)

As expected, we obtain Sg.i = 0, i.e. purity, for A,.c = 0. Full decoherence can
only be obtained in the limit A,., = 1. For small A,.., we obtain the simple
bound on the relative entropy

< max |1 — cgl%,| . (4.100)

As expected, deviations of the cg%, from 1 determine decoherence.

To derive a concrete bound on the entanglement entropy, we have to choose ag.

As said, the absolute value is fixed by the requirement |ag|? = prﬂ‘f%. To obtain a

bound that is maximally sharp, we therefore have to set the phases such that c(ﬂ%,

is minimal. In the explicit computation of cg%,, it turns out that a good choice

1]

Ba,B+Ba’,ﬂ Boc,o/ B B B 1/2
« (€N 2 [T\ 2 a,5+ o, Pa,o/ *
v (Z 15 () (&)l > ) SC“’BS‘”)
Ba.p
- exp [z arngéw (/i) ’ Sa, 8 (4.101)

14 At this point, one can wonder why we could not use ¢ := 1 + A instead. The reason is
that any ¢ > 1 would lead to an unphysical density matrix with negative eigenvalues. Note that
is it nonetheless not excluded that some c/(;/)a, are bigger than 1.

15These are the eigenvalues of a quadratic matrix of dimension dy that has 1/dgy on the
diagonal and ¢/dg on all off-diagonal elements. A linearly independent set of eigenvectors v; is
given by the entries (v1)r = 1 and (v;)g = 01 — g for i € [2, dp].

16The absolute value is fixed by rate . The phase is chosen such that it reproduces the
density matrix in the limit » — € and f(B) — 1.
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Now we evaluate in the regime of weak coupling where all kinematical
factors become small, B < 1. Then we can expand the exponential and the f(B)-
functions. In the regime r < €, in which we work throughout, the contribution
of the f(B)-functions is, as already explained, subleading and we will ignore it.
Then we obtain to leading order

Ssoft 1

€
<In — max —
Shax =~ T B8 2

BOA, 5+Ba/! B!

Saw FOF(5) 7 Sa8Su 5 (Bag + Bag — 2Bap o)

Bap Ba g
(50 (5)° 500) (2 (5)F 52
Ba,ﬂ+Ba’,6

C Saw ()7 SasSupBaw

2

Ba, g
Zafc(;/}) (i) p) Sa,,B

B,, B’+Ba’, 8/

Ea,a’ f(g@b)fo(;f)* i fSa,B’S;gB/Ba,a'
- &) ; . (4.102)

2

Ba, s

9 Zafo(éw) (i) 2 Sa,ﬁ’

Already at this point, the physical properties of this result become evident. First,
decoherence depends logarithmically on the ratio €/r. This means that it gets big
if the resolution gets worse, i.e. € increases, or if one waits longer before measuring
the final state, i.e. r decreases. In the limit of the best achievable resolution,
€ = r, there is no decoherencem Moreover, we observe that the bound on the
entanglement entropy scales with the kinematical factors B, i.e. becomes small for
small B—factors.ﬂ Since they are proportional to e and the momentum transfer,
we conclude that decoherence scales with the coupling. Finally, it also depends on
the kinematics of the scattering process. In the case in which the initial state is a
single momentum eigenstates, this dependence becomes particularly transparent:

Ssoft <1 €
~ In—max

Bg g
Smax r Bs 2

(4.103)

17Qur derivation of the density matrix relies on r < € and is no longer valid in the limit
r = ¢, which corresponds to the dressed formalism. However, it is easy to rederive the density
matrix in this case and one obtains (4.92)) but without the r-dependent factor and without the
f(B)-function. Therefore, the boun also holds for » = € and shows that there is no
decoherence in this limit.

I8 An exception could occur in the case of fully destructive interference, i.e. when one of the
denominators in Eq. vanishes. However, as long as only a small fraction of the entries of
the density matrix goes to zero, it is clear that the amount of decoherence is still small. In that
case, one would have to employ a more sophisticated bound than the one that we use here.



172 4. Infrared Physics and Information

Since the kinematical factor Bg s depends on the angle between the electrons in 3
and (', we conclude that decoherence scales with the angle between different final
states, i.e. it gets bigger for bigger angles. This means that decoherence increases
for final states whose bremsstrahlung is macroscopically different.

4.3.4 Implications for Optical Theorem

In this section, we briefly discuss how infrared divergences in the optical theorem
and infrared divergences in the density matrix are related. To this end, we show
that the off-diagonal elements of the optical theorem are generically related to
the off-diagonal elements of a density matrix. Therefore, infrared divergences can
lead to a vanishing off-diagonal element in the optical theorem if and only if the
off-diagonal element of the density matrix vanishes as well.

In general, the optical theorem — as a straightforward consequence of unitarity
— relates the imaginary part of the amplitude for the process  — [’ to the sum
of the product of two amplitudes with arbitrary intermediate state,

— i (54081 185 — (818w 1B1)3)")
= XX H@Sk(lieh)) (eSSl eh))) @0l

(r<Ey<e) (e<Eaq)

where we have decomposed a complete set of states as a tensor product of hard
states |a))} and radiation |7> Here S, denotes the nontrivial part of the S-
matrix: S = 1+41iSy. We will drop the subscript since the distinction between St
and S will be inessential for our consideration.

Now we can use that the absorption and the emission of soft photons lead to
analogous contributions (see Eq. (4.6)). Since we have B, 3 = Bg , and moreover
all soft correction factors are real, we conclude that we can write the r.h.s. of the

optical theorem in terms of the matrix elements ,05 5,(a) of the reduced density
matrix defined in Eq. -
(T & T red, («
—i (3815w 1875 — (818 180)3) ) = S ™. (4.105)

«

While from the perspective of the optical theorem, |a))} is an intermediate state,
it takes the role of the initial state for the density matrix. For this reason, we
explicitly indicated the initial state in the notation pre% @ In summary, the
(off-)diagonal elements of the optical theorem are related to the (off-)diagonal
elements of the density matrix.

This enables us to check if the IR-behavior of the two sides of the equation

match. First, we consider the limit » — 0, which corresponds to the inclusive

19 According to the decomposition ([4.74)), we do not independently sum over photons of energy
smaller than 7 since they are already contained in the dressing of the hard states.
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formalism. In this case, we know that the off-diagonal elements of the density
matrix vanish whereas only the diagonal entries are finite. Indeed, this matches
the behavior of the 1.h.s. of the optical theorem. Namely, it is important to notice
that we did not include radiation in the states |3))% and |f’))%. Therefore, in the
limit of the inclusive formalism, off-diagonal element with |3))} % |5'))} vanish
because of soft loops. Only diagonal entries are finite.

In this opposite limit » — € of the dressed formalism, the off-diagonal entries of
the density matrix are maximal. Again, this matches the behavior of the Lh.s. of
the optical theorem since individual amplitudes without radiation are maximized
by taking r — €.

Finally, we remark that one can obtain nonvanishing off-diagonal elements of
the optical theorem also in the inclusive formalism. As usual, one has to include
radiation in the process § — f’. The resulting IR-finite optical theorem can
moreover be used to define an effective IR-finite density matrix in the inclusive
formalism. We will, however, not reproduce this construction, which we have
developed in [4], because the combined formalism provides us with a first-principle
derivation of the density matrix.

4.4 Implications for Black Holes

4.4.1 Information in Soft Modes

Next, we come to a very interesting connection of infrared physics and black hole
information. As is the case in any nontrivial process in gravity, the gravitons
emitted during Hawking evaporation are expected to be accompanied by soft IR-
modes. Since the energy of Hawking quanta is hrg_l, a mode can be called soft in
this context if its energy is much smaller than hrg_l.

It is very interesting to investigate how much information the soft modes that
accompany the Hawking quanta carry. In particular, the very interesting proposal
was made [56] that those could carry all information of the black hole. In this
picture, which we already briefly introduced in section [I.5] one would observe a
completely mixed final state if one does not resolve the soft modes. However, once
all soft modes are measured, a pure state would be obtained. Thus, soft modes
alone would suffice to purify Hawking radiation.

The goal of this section is to critically examine the proposal |56] and to investi-
gate how much information is contained in soft IR-modes. First, we will investigate
the number of IR-modes that are produced in the process of Hawking evaporation.
Those set the maximal amount of information that the soft sector can carry. Sec-
ondly, we will apply the results of section in which we estimated the amount
of entanglement between hard particles and soft modes. In both cases, the conclu-
sion will be that soft modes only give a subleading contribution to the black hole
entropy.
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In order to make a quantitative statement about the contribution of soft modes
to Hawking evaporation, we do not require an explicit S-matrix computation of
this process. This may seem surprising at first, but this fact is due to the power of
infrared physics. Namely, the corresponding contributions are only sensitive to the
asymptotic states. Even if we do not know the diagram, the knowledge of initial
and final states suffices to compute the contribution of infrared modes. We will
first do so for the emission of a single Hawking quantum.

Thus, we consider as initial state a black hole at rest, i.e. its 4-momentum
is ppn = (M, 6) In the final state, we have a massless Hawking quantum with

pu = (r; ', r;1€), where € is an arbitrary unit vector and we have momentarily set

h = 1. Correspondingly, the final state of the black hole is pj;, = (M —r, ", —r;1€).

This asymptotic data alone suffices to compute the infrared exponent B, 3. To
leading order in 7' /M,, a straightforward calculation of Eq. (4.29) gives

7“_2

Baym 7. (4.106)
p

This is the coupling strength that we expect in a process with momentum transfer
;' In terms of N = M?/M?, we get

B, s

1
N —. 4.107
R (4.107)

Number of Soft Modes

First, we want to study the number of produced IR-modes. To this end, only
physical radiation matters. We begin by determining its relevant energy scales.
Since we deal with a process of black hole evaporation, the scale r, which separate
dressing from radiation, is given by the lifetime ¢, = N1, of the black hole. Thus

we get
1

-
S 4.108
rels (4.108)
This implies that the best achievable resolution is
-1
r
Ehest QW' (4.109)

However, the resolution cannot be too bad, either. To be able to observe Hawking
evaporation, we need at least

€worst ~ 7,9—1 . (4110)

Next, we recall the computation of soft emission. The exponential
eBa.s X arises from a resummation of emission processes with different numbers
of soft photons in the final state. Specifically, the n'* summand of the exponential
series comes from the emission of n IR-modes. Therefore, we can estimate the
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number of soft modes from the term which gives the biggest contribution in the
series. We get™]

€
3
If no soft gravitons are measured, the number of unresolved soft modes scales
logarithmically with the infrared resolution scale e.

nies ~ B 4 ln (4.111)

Now we can investigate how many more soft gravitons we can resolve when we
lower the energy scale of resolution from €; to €:

WS ~ By g mZ . (4.112)

Plugging in the worst possible resolution (4.110]) and the best achievable resolution

(4.109) in the process of black hole evaporation as well as Eq. (4.107)), we get

1
< —InN. 4.113

nsoft ~ N n ( )
Thus, after the black hole has evaporated by emitting N Hawking quanta, the
maximal entropy contained in the soft IR-modes is

Seore <IN (4.114)

Independently of the question whether IR-modes are strongly entangled with the
Hawking quanta, this shows that they cannot account for the whole entropy of
the black hole but could only give a logarithmic correction. Of course, this leaves
open the possibility that non-IR soft modes could account for the bulk of black
hole information. However, since they are independent of IR-divergences and
accompanying dressing tools, the results of infrared physics do not constrain them.

Entanglement of Soft and Hard Modes

As a second independent argument, we can apply the entropy bound de-
rived previously. Plugging in as before € ~ rg_l, r e rg_l/N and B, 3 ~ 1/N as
well as Shax = N, we get

Ssott SNV, (4.115)

which is in full accordance with the previous argument based on the number of
soft modes. We conclude that soft modes give at most a logarithmic correction to
the black hole entropy.

208trictly speaking, this formula is only valid in the inclusive formalism, i.e. the limit r — \.
In the general case of the combined formalism, one would effectively have to replace A by r. Since
the final answer is independent of A, however, this does not change our conclusions.
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4.4.2 BMS Symmetries and Memory Effect

The asymptotic symmetry group of gravity at null infinity, the BMS group, has
been known since the sixties [68-70]. It was discovered during the study of gravita-
tional waves. When a gauge appropriate for this investigation was constructed, it
was realized that a full gauge fixing is not possible. Instead, an infinite-dimensional
group of residual gauge transformations remains. Together with the Lorentz group,
those so-called supertranslations form the BMS group.

Recently, it was suggested that those symmetries can have important implica-
tions for the puzzle of black hole information. There are two related but distinct
lines of argument. First, it is possible to establish an equivalence of BMS transfor-
mations and the soft graviton theorem [220].@ From this starting point one can
investigate what contribution soft gravitons give to the black hole entropy. This
has been the subject of the previous section [4.4.1]

Secondly, however, one can try to exploit the relationship of BMS transforma-
tions and the gravitational memory effect. The latter is the well-known fact |250]
that a gravitational wave that passes through results in a permanent displacement
of test particles. The new discovery consists in the observation [221] that this
memory effect directly corresponds to a supertranslation, i.e. the metrics before
and after the wave passes through differ by a supertranslation.

This fact promises to be very interesting from the perspective of black hole
physics. We can imagine the following gedankenexperiment. One starts with a
black hole of mass M and injects radiation with a total energy p and with an
angular distribution of energy F;,. This results in a black hole of mass M + pu.
Moreover, as we have discussed in section [1.3.1] the black hole must be sensitive to
other characteristics of the injected radiation, provided no classical or semiclassical
limit is taken: In order to preserve unitarity, the final state of the black hole
therefore also has to depend on F;,. If a different angular distribution of energy
Fin i with the same total energy p is used, the final state of the black hole must
also be different.

The question that we will investigate is if any traces of the characteristics of
these black holes are still accessible in the (semi)classical limit. We know that the
classical black hole metrics corresponding to different 5, ; must fulfill the no hair
theorem. Thus, they are related by diffeomorphisms outside the horizon. Now
the interesting connection to BMS symmetries is as follows: Because of the grav-
itational memory effect, we know that each angular distribution of energy Fi, ;
is related to a supertranslation, which we denote by 7% The latter is a diffeo-
morphism, i.e. precisely corresponds to the only kind of classically allowed hair.
This leads to the proposal [221-224] that supertranslations could be a candidate

21 Additionally, it has also been discussed to what extent BMS transformations lead to new
symmetries. We have briefly discussed this question in section Partly based on [232H236],
we have argued that they bear no physical relevance beyond the well-known decoupling of soft
gravitons.
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for classical black hole hair. The goal of the present section is to investigate this
approach, which has received widespread attention (see e.g. [74,251+262]). Our
conclusion will be that supertranslations can act as a natural bookkeeping tool in
the process of black hole formation and evaporation, but that they do not consti-
tute physical hair which could be measured outside the horizon.

Recap of BMS-Gauge and Memory Effect

We first recap some properties of BMS-gauge, which is defined by the four gauge
conditions [68-70]

gi1=¢qia=0, detgap=r’sin’6, (4.116)

where A, B, ... = 2,3. Typically, BMS-gauge is used to study a spacetime asymp-
totically, i.e. for r — oo, but it is possible to extend the metric to the bulk by
imposing the conditions to all ordersin 1/r. In a typical situation, however,
a metric in BMS-gauge does not cover the whole spacetime.

Such a metric in BMS-gauge exists both in retarded time u, which is suited to
describe outgoing radiation, and in advanced time v, which is suited to describe
incoming radiation. The matching between these two metrics will be crucial for
our treatment. Explicitly, an asymptotically flat metric in retarded time takes the
form [68-70]:

+
ds? = (—1 + % + 0(r2>) du? - (24 O(r™?)) dudr (4.117)
+7? ('VAB + Chprt + O(T*Q)) dzAdz? + O(r~?)dzdu, (4.118)

where the metric on the sphere has to fulfill the requirement det g4p = r?sin?#.
Here m} is the Bondi mass, yap the standard metric on the sphere and

Clp = (2DaDp — y4pD?) C* (4.119)

is determined by the supertranslation field C*, where D, is the covariant deriva-
tive on the sphere. It is helpful to expand the supertranslation field in spherical
harmonics. Then the mode [ = 0 represents a time shift and the mode [ = 1
corresponds to spatial translations. Therefore, all modes with [ > 2 define proper
supertranslations. Metrics with different values of C'* are connected via asymp-
totic diffeomorphisms, i.e. the choice of the supertranslation field constitutes a
residual gauge freedom of BMS-gauge. These diffeomorphisms are the famous
supertranslations. Therefore, we can define a supertranslation 7" in the group
BMS, at future null infinity by the change it induces in the supertranslation
field:

T .= ACT. (4.120)
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In order to analyze the effect of supertranslations, we will need the constraint
equation Ggg = 8tG nTho, the leading order of which reads in BMS-gauge:

1
Oymp = ——D*(D?* +2)0,C" — Four, (4.121)
4Gy
where .
Fout = g(auCXBxauCJFAB) + 4w rh_{go(TQTuu> (4.122)

is the total incoming null energy, composed of gravitational waves (first summand)
and other forms of gravitating energy (second summand).

Advanced Coordinates

The situation in advanced coordinates is very similar. The metric takes the form

ds* = (—1 + By O(r2)> dv® + (2 + 0(772)) dvdr (4.123)
r
+r? (’VAB + Cupr '+ O(T*Q)) dz?dz® + O(r~?)dzdv, (4.124)
where the supertranslation field in advanced coordinates and the supertranslations

of the group BMS_ at past null infinity are defined as in (4.119)) and (4.120]). The
constraint equation becomes

1
Oymp = ——D?*(D* +2)0,C™ + Fn, (4.125)
4Gy

where Fiy, is the incoming energy, in analogy to (4.122]).

Measurement of the Supertranslation Field: Memory Effect

As already discussed, one can change the value of the supertranslation field by a
diffeomorphism. Therefore, it follows by general covariance that the absolute value
of the supertranslation field cannot have any experimental relevance. However,
since it corresponds to physical outgoing or ingoing radiation, the difference of the
supertranslation field at different times does have experimental implications: It
describes the memory effect caused by the radiation, i.e. a permanent displacement
of test masses after the radiation has passed [221},250,[263].

We will restrict ourselves to a simple situation in which we start with some
stationary metric g, and we finish in a different stationary metric g7,,. In between,
there is a radiation epoch, i.e. Fj,/on only has support during this time span.
Asymptotically on J7F, the process defines a nonstationary metric interpolating
between g}w and gfw which should be a solution to the Einstein equations.
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Since Birkhoff’s theorem implies that we can set d4m% = 0 in a stationary
metric, we can single out the zero-mode from (4.121]) by integrating over the sphere:

2
#Jr:_fdufd Q]—"Om’ (4.126)

47
where we first consider retarded time and p* = mgz — mEJ is the total change
of Bondi mass due to the radiation epoch. This formula shows explicitly that
the Bondi mass m} is monotonically decreasing, i.e. it measures the energy which
has not yet left the bulk. Defining the emitted energy with nontrivial angular

distribution as AF,u := [du Fou — ', the constraint (£.121]) becomes

1 .
0=-—-D*(D*+2)T" — AFou - (4.127)
4Gy
Thus, angular features in the outgoing radiation induces a supertranslation 7 =
ACT. Note that it is independent of the total emitted energy u*.
In advanced coordinates, we get from the constraint (4.125):

_ Jdv [BQF,

4.128
yp (4.128)

The advanced Bondi mass mp is monotonically increasing, i.e. it measures the
energy which has already entered the bulk. Defining AF;, := [dv F, — p~, the

constraint (4.125)) becomes

1 .
0=-—-D*(D*+2)T + AF,. (4.129)
4Gy
This formula implies that an advanced supertranslation 7'~ tracks angular features
in the incoming radiation.

Goldstone Supertranslations

Our goal is to investigate black hole hair, i.e. characteristics of a black hole beyond
its mass and other ADM-conserved quantities. Therefore, we will be interested in
systems that have the same energy. For this reason, we will consider the following
two-step scattering process. First, we inject a wave with total energy p and an
angular distribution F;,. Then we wait till the system has returned the same
amount of energy u and record its angular distribution F,.; 2] While such systems
are of course special, we will see that black holes can be one of them. This is a zero-
energy process in the sense that the total energy of the system does not change.
Thus, this process, which is depicted in figure [£.2] constitutes a transformation
between degenerate systems and therefore defines hair.

22We restrict ourselves for now to pure gravitational radiation, which propagates along null
geodesics. Therefore, all emitted energy is bound to reach future null infinity J+.
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Figure 4.2: A Goldstone supertranslation on a generic system of mass M. Radi-
ation with angular distribution Fj, is injected in such a way that radiation with
angular distribution Fyy is returned. Since [dv [d?Q F, = [dud?Q Foy, the to-
tal energy of the system remains unchanged. Here JF;, can be described in terms
of the supertranslation 7~ and Fy in terms of T'.

As far as we reduce ourselves to gravitational radiation, we can generically
describe this process in terms of two supertranslations: At J—, T~ is determined
by the angular distribution AF;, of incoming energy according to the constraint
and at Jt, T follows from the angular distribution AF,y of outgoing
energy via the constraint . Thus, the whole process is associated to an
element (T, TT) in the product group BMS_ ® BMS,. It describes a zero-
energy transition which interpolates between two spacetimes of the same total
energy.

It is crucial to note that for an asymptotic observer, T~ and T are indepen-
dent. Whereas one is free to choose T~ by preparing an appropriate incoming
radiation, T is sensitive to the properties of the system in the bulk. In other
words, T'" is a response of the system which does not only depend on the ingoing
radiation, parameterized by 7T, but also on the state of the system and its partic-
ular dynamics, which are not entirely visible asymptotically. In particular, there
is no reason why (7, T) should be in any subgroup of BMS_ & BMS,.

Coordinate Matching

In order to compare ingoing and outgoing radiation, i.e. T~ and T, we need to
relate the supertranslation field C~ in advanced coordinates to the supertranslation
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field C*" in retarded coordinates. Namely, we assume that we are given a classical
spacetime whose asymptotic behavior is fully known to us. Then it is possible
to describe this spacetime both in advanced and retarded BMS-gauge. Given an
advanced coordinate system g, we want to know if there is a unique retarded
coordinate system g, we can associate to it. If we have such a mapping, it
determines the relation of the advanced supertranslation field C'~, defined as the
r! part of g%z, and the retarded supertranslation field C*, defined as the r! part
of giip-

Given gy, we therefore have to find a diffeomorphism D such that gy, :=
D(g;,) is in retarded BMS-gauge. Then we can read off from g7, the C* associated
to C'~. However, we could have instead considered the diffeomorphism D' =T o
D, where T is a supertranslation diffeomorphism in retarded coordinates. Also
D’ transforms the metric in advanced BMS-gauge to a metric in retarded BMS-
coordinates. Clearly, if T" is a nontrivial supertranslation, the supertranslation
field in the resulting metric differs from the one in g*. From this consideration it is
obvious that the matching between the advanced and the retarded supertranslation
field is in general not unique.

The only hope we could have is that there is a natural way to identify C'~ and
C*. In a static situation, a natural prescription is to require that the spatial part
of the two metrics matches, i.e.

9aB = 9aB - (4.130)

As is shown explicitly in appendix for the example of the Schwarzschild
metric, we can achieve this by identifying C* (6, ) = —C~ (0, ¢), as also proposed
in [257]. Up to a sign, we match the supertranslation field anglewise. Consequently,
the same matching holds for the supertranslations:

TH0,0) =T (0,¢). (4.131)

There are several reasons why the coordinate matching is natural. First
of all, the prescription (4.130) comes from a simple intuition. For an observer
in a static spacetime who lives on a sphere of fixed radius, the description of
the sphere should be the same independently of the choice of time coordinate.
More generically, it is possible to require that the action of advanced and retarded
supertranslations is the same in the bulk. This was done in [257,258] for the cases
of Schwarzschild and Minkowski.

Moreover, we can consider a detector at big radius which is sensitive to grav-
itational memory. Then we investigate a process of back scattering, in which the
angular distributions of incoming and outgoing energy are identical at each angle.
This corresponds to a wall in the bulk which reflects the wave without further
modifying it. In this case, the memory effect the ingoing wave causes, param-
eterized by T, is exactly canceled by the memory effect of the outgoing wave,
parameterized by T'F, so that there is no overall memory effect after the process.
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In that case, if we match T~ and T at each angle as in (4.131]), it is possible to
simply describe the overall memory effect as T~ + T,

However, it is crucial to stress that the coordinate matching does not
have any constraining power on the physical process. It does not predict outgo-
ing from ingoing radiation, but only shows how one and the same setup can be
described in different coordinates. This is also evident from figure[4.2] The match-
ing condition at i® only relates the absolute values of the supertranslation fields.
In contrast, processes of nonzero energy solely determine a change of the super-
translation field, as is clear from equations (4.127) and (4.129). Thus, radiation of
nonzero energy is independent of the coordinate matching.

4.4.3 Study of BMS Hair
Planetary Hair

In order to make the ideas presented above concrete, we first discuss an exemplary
system without horizon, which we shall call planet for concreteness. We start from
a spherically symmetric nongravitational source 7T}, which sources a spherically
symmetric spacetime g, with ADM-mass M. In such a spacetime, we want to
realize a Goldstone supertranslation, i.e. we send in a wave with total energy p and
angular distribution AFy, in such a way that after some time, the planet emits
a wave of the same energy p but with a possibly different angular distribution
AF,y. Of course, only a special class of planets behaves in that way.

We explicitly construct such spacetimes in appendix to which we refer
the reader for details of the calculation. First, we consider the incoming wave. As
discussed, the angular distribution AF;, of injected energy determines an advanced
supertranslation 7. As derived in equation (|A.25|), we can use it to describe the
change of the metric due to the injected radiation:

Q,MGN
r

095 = Tonon (0)5™ (1) (Lesirygp + 0000 (4.132)
where L¢, (r-)g;,, is an infinitesimal supertranslation which changes the supertrans-
lation field by a small amount 7~. Whereas the asymptotic supertranslation 7~
only depends on the leading part of the incoming energy, it is crucial to note
that the transformation is also sensitive to a careful choice of the sublead-
ing components of the incoming W&VG.@ Only with a particular choice, the wave
acts as a diffeomorphism not only asymptotically but also in the bulk outside the
planet.

We observe that the effect of the wave is twofold. First, it adds the total mass
i to the planet and secondly, it supertranslates the metric by 7. However, these

ZSubleading terms are the 1/r3-term in Tpo and the whole Ty in (A.26)). If one does not insist
that the wave acts as a supertranslation also in the bulk, one is free to choose the coefficient of
one of the two terms. The other one is determined by energy conservation: T, # = 0.
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effects are localized both in space and time. The function 7, ,,(v) describes the
smooth interpolation between gy, and gy, + dg;,,, i.e. we have 7,, ,, (v < v9) =0
and Ty, ., (v > v1) = 1. The function s~ (r) describes the absorption of the wave,
namely absorption takes place whenever s~ (1) < 0. There is no absorption outside
the planet, i.e. s~ (r > R) = 1, where R is the radius of the planet, and the wave
is fully absorbed before it reaches the center, s~(r = 0) = 0. It will be crucial to
note that the transformation s=(r)Le,r-)g;, only acts as a diffeomorphism when
s~ (r) = 0.

Moreover, the transformation shows that we focus on planets which
have a second very special property aside from the fact that they emit as much
energy as they receive: Namely there is no transport of energy between different
angles. This means that the mass of the planet does not redistribute after ab-
sorption (the same will be true after emission). The fact that this assumption is
unnatural and not true for generic systems will contribute to our conclusions.

As a second step, we consider the emission of a wave by the planet. Of course,
the properties of the emitted wave depend on the internal dynamics of the source
T,,. It is crucial to note we cannot resolve them in our purely gravitational
treatment, i.e. we cannot predict what wave will be emitted. From the point of view
of gravity, any emission process is possible as long as it respects energy-momentum-
conservation. However, we can study the effect of a given emitted wave. As derived
in equation , it can be described in terms of the supertranslation 7t induced
by the angular distribution AF, . of outgoing energy:

Q,UGN
r

50, = o, ()5 (7) (cgu(TﬂggV = TN (4.133)
As for the case of absorption, the emission has two effects: It decreases the total
mass by p and it supertranslates the metric by TF. Moreover, it is localized in
space and time in an analogous manner.

We want to compare the planet before and after the Goldstone supertranslation,
i.e. we are interested in the combined effect of the transformations and
(4.133]). To this end, we have to specify a mapping between the advanced and

retarded supertranslations. As explained in section [4.4.2] we employ the anglewise
matching (4.131)). Thus, we obtain the static final state of the planet:

0g, = 0(r — R)Le,(r+ 1) Gpuw
+ (R — 1) (57 (1) Le,rt) v — 57 (1) Loy (19 - (4.134)

We get a planet which has the same ADM-mass but a different angular distribution
of mass. This is clear from the fact that the transformation acts as a
diffeomorphism only outside the planet.

Since we used in our computation a planet with the special property that its
angular distribution of energy is frozen, we can read off the distribution from the
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difference of energy distributions of the injected and emitted wave. In this case,
T- — T* encodes all information about the angular energy distribution of the
planet in the bulk* However, this is no longer true for generic systems which
exhibit nontrivial dynamics after absorption and emission. In that case, T~ and
T+ merely encode the initial state. Only with full knowledge of the theory which
governs the internal dynamics of the planet, we can infer the state of the planet
at a later time from the asymptotic data T~ and T'F.

The Role of Supertranslations

In summary, we obtain the following key properties of a Goldstone supertrans-
lation in the case of a planet: Outside the planet, it acts as a diffeomorphism.
In particular, it does not change its ADM-mass. In contrast, it does not act as a
diffeomorphism inside the planet where absorption takes place. Therefore, it is not
a trivial global diffeomorphism but changes the spacetime physically. Thus, the
Goldstone supertranslation encodes differences in the angular distribution among
matter configurations degenerate with respect to the ADM-conserved quantities.
It is crucial to discuss the role of supertranslations in this process:

e For an asymptotic observer, (T, T") can be used as label for the angular
features of ingoing and outgoing radiation.

e An asymptotic observer, however, cannot infer 7 from 7'~. This is only
possible with knowledge of internal dynamics of the planet.

e Thus, (T~, T") is a bookkeeping tool but without detailed information about
the interior, it does not have predictive power.

As we shall discuss in a moment, the same conclusions hold in the black hole case.
The only difference is that the internal dynamics leading to emission are fully quan-
tum mechanical for a black hole. This will mean that in any classical description,
supertranslation cannot constrain or even predict black hole evaporation.

Hidden Angular Features

Finally, we discuss the transformation (4.134) when we do not have access to
(T, TT), i.e. when we do not record ingoing and outgoing radiation but only

24For the planet with frozen energy distribution, there is also a very literal way in which one
can interpret the quantity 7~ — 7T": One can imagine a gedankenexperiment where a source of
light is located in the interior of the planet after the Goldstone supertranslation and we collect
the light rays on the sky. The light sent from this common center point determines in this way a
section at infinity described by the supertranslation field 7~ — T'F. Thus, the different redshift
effects due to the inhomogeneities of the planet matter distribution define a supertranslated
section in the sky as the one for which light rays originate from a common spacetime point. This
is reminiscent of Penrose’s concept of “good sections” [264].
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compare the initial and final state of the planet. In that case, the planet possesses
an interesting property, namely a special kind of no-hair-theorem. Concretely, we
take the perspective of an observer who has no access to the interior of the planet
and discuss the difference between two planets which have the same mass but a dif-
ferent angular mass distribution. As we have observed, the transformation (4.134])
acts as a diffeomorphism outside the planet. Therefore, an outside observer can-
not distinguish the two following cases when he is given a supertranslated outside
metric. First, it could be the result of the transformation (4.134]), where the planet
was physically changed due to a Goldstone supertranslation. Secondly, however,
one can also obtain the supertranslated metric by acting on the initial planet with
a global diffeomorphism. In this case, clearly, the planet does not change. Thus,
also for a planet, an outside observer is not able to resolve angular features. In
order to decide whether two asymptotic metrics differing by a supertranslation
describe two different distributions of matter or the same distribution of matter
in different coordinates, one needs access to the whole spacetime, i.e. the interior
of the source.

We conclude that generic gravitational systems possess physical angular fea-
tures which are inaccessible for an outside observer. This is an indication that the
microstates of a black hole have a nontrivial projection on angular features. The
only difference is that while the restriction to outside measurements was artificial
in the case of the planet, an outside observer has in principle no access to the
interior of a black hole. As we will discuss in the next section, he can therefore
never decide whether a supertranslated metric corresponds to a physical change
of the matter inside the black hole or to a global and therefore meaningless diffeo-
morphism. This is the reason for the classical no-hair theorem of a black hole and
why we assign an entropy to the black hole and not to the planet.

4.4.4 Black Hole Quantum Hair

Supertranslations as Bookkeeping Device

Now we are ready to discuss the system of our interest, namely black holes. Since
absorption and emission are of different nature in that case, we will discuss them
separately. For absorption, we can proceed in full analogy to the planet and inject
a wave with total energy p and arbitrary angular distribution AF;,. By Birkhoff’s
theorem, the spacetime outside the black hole is the same as for the planet so that
the wave behaves identically. As in the case of the planet, the wave cannot be
absorbed outside the horizon and acts as a diffeomorphism everywhere outside the
black hole and also on the horizon.

For the planet, we observed that the knowledge of injected energy alone does
not suffice to predict what radiation the planet emits. Instead, this can only be
done with knowledge of the interior dynamics of the planet. Those, however, can
be described classically in the case of the planet. For the black hole, the situation
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is even worse. Not only do we not have access to any interior dynamics, but these
dynamics are also fully quantum. It is impossible to describe them even with full
classical knowledge of the interior of the black hole.

Before we elaborate on this point, we first show how it is possible to use su-
pertranslations as bookkeeping device for black hole evaporation. Unlike for the
case of the planet, this is a nontrivial question since the evaporation products are
generic quantum states. In order to define an associated supertranslation, we shall
proceed as follows. We consider an ensemble of quantum-mechanically identical
black holes of mass M | For each black hole, we wait until it has emitted exactly
one Hawking quantum. We only record their angular features, i.e. the deviation
from an isotropic emission. This means that we assume that the microstates of
the black hole have a nontrivial projection on angular features of the evaporation
products. Thus, we record the Hawking quanta using a filter for angular fea-
tures, where we use one for each spherical mode (I, m). This defines a probability
distribution for the angular features of the ensemble:

P(l,m). (4.135)

Obviously, the probability distribution only contains a part of the quantum-
mechanically available information. However, we will only focus on it since it can
be described in terms of classical supertranslations. At this point, it is crucial
to point out that the probability distribution does not originate from a
mixed state but as a result of an ordinary quantum measurement. Thus, unlike
in a description in terms of a mixed state, it is not associated to any fundamental
loss of information.
Since we need to recover a featureless emission in the semiclassical limit, it
follows that
P(0,0)=1-9, (4.136)

where 0 — 0 in the semiclassical limit. This means that only a fraction o of the
emitted quanta carries features. For [ > 2, we consequently get

P(l,m) = A, (4.137)

where 3%, >™=" | A;,, = 1. The information contained in the P(I,m) is purely
quantum mechanical. At the semiclassical level, we have that P(l,m) = §;o and in
the classical limit, we have no emission at all.

Using the quantum probability distribution , we can associate to every

Hawking quantum an average energy flux:

oo m=l

Fou = hryt > > P(l,m)Yim, (4.138)

=0 m=—1

25Experimentally, we can realize this by preparing identical quantum states in such a way that
they collapse and form black holes.
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Figure 4.3: A Goldstone supertranslation on a black hole of mass M. First, it
absorbs radiation with angular distribution F;, and then it evaporates radiation
with angular distribution Foy. Since [dv [d?QF, = [dud?Q F,., the total
energy of the black hole remains unchanged. Here F;, can be described in terms
of the supertranslation 7~ and F,,; in terms of T,

where V) ,,, are the standard spherical harmonics. Just like for the case of the
planet, where we considered a classical process of emission, we can use the flux
to define a classical supertranslation 7. Of course, this is only possible as
long as h # 0 since the energy flux is zero otherwise. When we record the quantum-
mechanically emitted energy Fo,, we can proceed in analogy to the planet and
use the supertranslation fields 7~ and T'" to track the evolution of the black hole.
Concretely, in order to perform a Goldstone supertranslation, we first inject an
energy p and then we wait until ngy = pu/ (hrg_l) quanta have evaporated, as is
depicted in figure 4.3l Then we end up with a black hole of the same mass as
before the process. Of course, the sensitivity of the final state on the initial state
is suppressed by /M, but unitarity dictates that the dependence is never trivial.

Insufficiency of Supertranslation Hair

However, it is impossible to predict T solely from the knowledge of T~. The
reason is that the wave that we inject acts as a diffeomorphism outside the hori-
zon and also on the horizon. Therefore, the geometry outside the black hole is
unaltered after the wave has passed. Since the semiclassical Hawking calculation
is only sensitive to the geometry on the horizon and outside the black hole, its
result cannot change as a result of a supertranslation diffeomorphism. Therefore,
additional knowledge about the interior is required to predict 7.

We can make this argument more concrete by taking the perspective of an
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observer who lives in a Schwarzschild metric supertranslated by 7~. The observer
has no record of how the black hole was formed and is only allowed to make
experiments outside the horizon. Her goal is to determine the microstate of the
black hole. More specifically, she wants to know if the black hole is in the bald
microstate, whose evaporation products are featureless and in particular perfectly
isotropic, or in a nontrivial microstate, whose evaporation products carry some
angular features. By our definition of microstate, one way to do so is to wait till
the black hole has evaporated and to determine the properties of the evaporation
products.

The question we are asking is if there is another way to determine the microstate
of a black hole. The answer is negative, for the following reason: When an outside
observer finds herself in a black hole metric with supertranslation field 7, this
can happen because of two very distinct reason. Firstly, it could be the result
of injecting a wave with a nontrivial angular distribution of energy into a black
hole. In that case, the black hole is in a nontrivial microstate and 7~ indeed
characterizes the microstate.

However, there is a second way in which we can obtain a supertranslated
Schwarzschild metric. Namely, we can consider a featureless microstate, whose
evaporation products are isotropic, and apply a supertranslation diffeomorphism
to this setup. In this way, we do not change the physical state of the black hole but
only describe it in a different metric. Thus, T~ can also correspond to a featureless
microstate described in different coordinates.

Without access to the evaporation products, the only way to distinguish those
two cases — injection of wave with angular features versus global diffeomorphism
— is to enter the black hole. There, the wave acts nontrivially, i.e. not as a diffeo-
morphism, whereas the global diffeomorphism still does. Since the same exterior
metric can correspond to both a trivial and a nontrivial microstate, the metric
alone cannot suffice to predict the evaporation products. From the outside, it is
therefore impossible to distinguish classical supertranslation hair and global dif-
feomorphisms.

In summary, as in the case of a planet, we can use (T, T") as a natural
bookkeeping device for the black hole to track the angular features of ingoing and
outgoing radiation. However, knowing 7~ does not suffice to predict T, i.e. an
observer outside the black hole cannot infer T+ from 7. This is only possible
with a microscopic model of the interior dynamics of the black hole, which is
inaccessible in any (semi)classical limit.

Generalization to Evaporation

Having discussed how we can implant hair on a black hole with a Goldstone su-
pertranslation, it is trivially to consider the case of pure evaporation. We obtain
it if we just leave out the first part of the Goldstone supertranslation, namely the
injection of a wave. Therefore, it suffices to consider J* as screen, where the
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constraint (4.127) determines the retarded supertranslation field T+ in terms of
the angular distribution AF.. In that case, the metric outside the black hole
changes according to (4.133)):

Q,UGN
r

59Z1, = Tug, w1 (U> (ﬁgu(T-&-)gzy — (52(53) . (4139)

This equation shows that the backreaction splits in two parts. First, energy con-
servation dictates that the mass of the black hole is reduced by the total emitted
energy p = [du [d?Q F,u. This part of the backreaction is undebatable but does
not suffice to ensure unitarity of the process. Fortunately, F,. contains more
information than just the emitted energy, namely the supertranslation TF. Con-
sequently, we obtain the backreacted black hole not only by reducing its mass
but by supertranslating it by 7't. In this way, supertranslations can be used as
bookkeeping device for emission.

4.4.5 Relationship to Black Hole N-Portrait

So far, we have not specified the magnitude of deviations from a thermal evapo-
ration. We can estimate them by requiring that we reproduce Page’s time [42] in
our approach. In its most basic formulation, which we have already introduced in
section [I.3.1], Page’s time is a direct consequence of describing the black hole evap-
oration in a Hilbert space of fixed dimension. In brief, if we keep the dimension
of the full Hilbert space, which describes at any time both the black hole and the
emitted radiation, fixed and equal to 2V, then at ¢t = ¢p, which corresponds to the
half lifetime, i.e. the evaporation of ~ N/2 quanta, there is no place to continue
increasing the entanglement between the radiation and the black hole internal de-
grees of freedom. At this time, entanglement starts to decrease and information
starts to be delivered.

Since Page’s time corresponds to the timescale for the emission of the order
of N quanta, we first consider an ensemble of /N identical quantum mechanical
black holes and for each of them, we record the first emitted quantum. For a
measurement on a single black hole, the standard deviation is

o1 ~ O(1) (4.140)

since the quanta are distributed isotropically to leading order. However, when we
average over [N measurements, the standard deviation decreases as

1
ON ~ —F— . 4.141
VN (4.141)
Features become visible as soon as their strength gets bigger than the uncertainty
of the measurement. After Page’s time we can therefore resolve features with the

relative amplitude

§ ~ (4.142)

1
VN
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In the formulation of the probability distribution (4.136), this means that after
O(N) measurement, those features becomes visible which are only carried by a
fraction 1/ VN of the quanta.

So far, we have only considered one emission for N identical black holes. If
we consider instead O(N) emissions of a single black hole, the difference is that
the probability distribution for each emission step is generically different. This
is true because of the backreaction of the previously emitted quanta. However,
the argument in terms of the resolution stays the same, i.e. after Page’s time, we
can still resolve those features which are only carried by a fraction § ~ 1/ VN
of quanta. Thus, unitarity requires that features must exist the relative strength
of which is at least given by . This finding resonates with the black hole
N-portrait [34] since it predicts the existence of deviations from thermality that
scale as a power of 1/N.



Chapter 5

Future Perspectives

5.1 Summary

We shall summarize our findings. First, we discuss each chapter separately and
then we try to draw overall conclusions.

5.1.1 Quantum Breaking

In the first chapter, we studied the question of quantum breaking. To begin with,
we pointed out that it is useful to characterize a generic system in terms of two
universal parameters, the (leading) quantum coupling, which scales as o ~ ki, and
the occupation number of the state, which scales as N ~ A~!. The product of
those two determines a third important quantity, namely the collective coupling
A = aN ~ R%. Already from their dependence on h, it is evident that « and
A describe fundamentally different phenomena. Whereas « fixes the strength of
quantum processes, A determines the importance of classical nonlinearities. This
distinction enables us to draw conclusions about quantum breaking by studying
the classical limit A~ — 0. Since the quantum break-time has to become infinite in
this limit, the corresponding timescale must scale as t, ~ 1/a. This observation
culminates in the generic relation ([2.56)).

As a first concrete example, we studied a prototype model of a self-interacting
scalar field. In an approximation which neglects classical nonlinearities, we com-
puted the quantum break-time due to various scattering processes and concluded
that its lower bound, Eq. , fully agrees with the generic dependence .
Moreover, we showed how classical nonlinearities can be described in the S-matrix
language. Namely, they correspond to processes in which the occupation num-
bers of both initial and final states are macroscopic, i.e. scale as N. Finally, we
reviewed findings of [40], where it was shown that the self-interacting scalar also
exhibits a special regime of fast quantum breaking, ¢, ~ In(1/a). This can only
happen, however, if the collective coupling is overcritical, A 2 1, and the system
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additionally possesses a classical instability.

A straightforward application of the results for the self-interacting scalar field
is the study of quantum breaking in cosmic QCD axions. We concluded that their
quantum break-time is larger than the age of the Universe by many orders of
magnitude so that approximating them as classical is fully justified. Moreover, we
commented on contrary claims made in [71,101-103], in particular by emphasizing
the distinction between classical and quantum timescales. The result that cosmic
axions can be described accurately as classically-oscillating field is of particular
importance for experimental axion searches.

Next, we turned to gravity by studying de Sitter. Following [44], the first step
was to give a quantum resolution of the classical metric, i.e. to understand de
Sitter as a multi-graviton state defined on Minkowski vacuum. A key motivation
for adopting this picture instead of viewing de Sitter as a fundamental vacuum
consists in the well-known problem that no S-matrix exists in the latter case. We
showed that our corpuscular picture of de Sitter is able to reproduce all its known
classical and semiclassical properties, such as redshift and Gibbons-Hawking par-
ticle production, as ordinary S-matrix processes of scattering and decay. Once a
quantum resolution of the spacetime is given, a finite quantum break-time emerges.
As displayed in Eq. , the result is that the description in terms of a classical
metric breaks down at the latest after t, ~ 1/(AGNA%?), in agreement with the
findings of [44]. Since the gravitational coupling is & = AGyA, we see that de
Sitter obeys the general relation (2.56)), which states that the quantum break-time
scales as 1/a.

For both inflation and the present dark energy correspond to quasi-de Sitter
states, the fact that we see no signs of deviations from the classical metric de-
scription in both cases has important consequences. For the present Universe, it
implies that the cosmological constant could not have been too big since otherwise
quantum breaking would have happened on a timescale shorter than the age of the
Universe. Although this argument cannot explain why today’s dark energy is as
small as it is, it leads to a new perspective on the cosmological constant problem.
For the early Universe, the requirement that no observable quantum breaking takes
place leads to a model-dependent upper bound on the total duration of inflation.

Finally, we discussed if quantum breaking is a sign of a fundamental incon-
sistency of de Sitter. As explained in [44]50], the reason that this could be an
issue is that the cosmological constant A, which sources the spacetime, represents
a fixed parameter of the theory. Whereas A is eternally tied to de Sitter, quan-
tum effects cause a complete deviation from it after ¢,. If this conflict indeed
implies that quantum breaking leads to an inconsistency in the special case of de
Sitter, this results in the quantum breaking bound. It requires that any consistent
theory must exit a quasi-de Sitter state on a timescale that is shorter than the
quantum break-time. This criterion bears similarities to the de Sitter swampland
conjecture [156,(160] in string theory, but unlike the latter, it is not in conflict
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with slow-roll inflation. Instead, it only rules out the regime of self-reproduction.
Moreover, it implies that the present dark energy cannot be constant but must
slowly evolve in time. Finally, an immediate consequence of the quantum breaking
bound (or equivalently the de Sitter swampland conjecture) is that any metastable
de Sitter vacuum is excluded. This has important implications for physics beyond
the Standard Model. It rules out any model with a spontaneously-broken discrete
symmetry and it makes the axion solution to the strong CP problem mandatory.

5.1.2 Storage of Quantum Information

In the second chapter, we turned again to a generic, nongravitational setup and
studied the question of how a quantum system can achieve an efficient memory
storage. Building on the results of [36],204,205], we pointed out that nearly-gapless
modes play a crucial role, i.e. systems that contain those have great capabilities of
information storage. First, nearly-gapless degrees of freedom lead to states that are
almost degenerate in energy and therefore to a big microstate entropy. Secondly,
they cause the decoherence time to be long and moreover they can be excited
by soft external stimuli. Generalizing the models of [204,205], we subsequently
showed that nearly-gapless modes can emerge due to a general mechanism which
we call assisted gaplessness. The only prerequisites for it to occur are that the
system is bosonic and that it features weak and attractive interactions. In this
case, a high occupation number of one of the modes can lower the energy threshold
for others and in this way assist them in becoming gapless.

Since gravity is bosonic and its interactions are attractive, the question im-
mediately arises if assisted gaplessness could be operative in black holes and de
Sitter and be responsible for their large entropies. As already emphasized in [36],
such a picture would not only pave the way for a microscopic explanation of the
Bekenstein-Hawking and Gibbons-Hawking entropy, but it also opens up the excit-
ing prospect of simulating those gravitational systems. Since assisted gaplessness
takes place in simpler nongravitational systems, which are much easier to control
both experimentally and theoretically, one can use those to draw conclusions about
information storage and processing in black holes and de Sitter. Similarly, such
analogue models have the potential to facilitate the analysis of further systems
of enhanced memory storage, such as neural networks. Finally, it is also very
interesting to study nongravitational systems that exhibit assisted gaplessness in
their own right since they could enable an efficient storage of quantum information
under laboratory conditions.

If states of enhanced memory capacity exist, we generically expect that they
are scarce among all states of a Hilbert space. Therefore, we proposed an ana-
lytic approach for finding them, which we call c-number method and which is a
generalization of the procedure employed in [51]. Apart from greatly facilitating
computations, it also serves to confirm our previous statement that bosonic systems
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with weak and attractive interactions generically feature some states of enhanced
memory capacity. We demonstrated the c-number method on a prototype model,
which we obtained as truncation of a one-dimensional Bose gas with an attractive
4-point interaction and Dirichlet boundary conditions, and numerically confirmed
our findings.

Finally, we discussed the phenomenon of memory burden, which was first an-
alyzed in [206]. Its essence is that in systems of enhanced memory capacity, the
stored information generically leads to a strong backreaction that tends to tie the
system to its initial state. For both de Sitter and black holes, we concluded that
memory burden describes the information-theoretic aspect of quantum breaking.
In the case of inflation, the stored information moreover acts as an observable that
is sensitive to the whole history of the Universe and not only the last 60 e-foldings.
For black holes, it remains an open question whether memory burden leads to a
slowdown of evaporation. If future studies show that this is true, it would con-
tribute to the interest in considering small primordial black holes as dark matter
candidates.

5.1.3 Infrared Physics and Information

Motivated by the importance of nearly-gapless modes for information storage, we
turned to infrared physics in the last chapter. After a brief comment on the
relationship of soft theorems and charge conservation, we reviewed key results on
infrared divergences. The starting point is the observation that in gapless theories
such as QED and perturbative gravity, the soft part of loop corrections leads
to a vanishing amplitude for any nontrivial process |57]. This is not a problem,
however, but a physical result. The probability that scattering takes place without
the emission of any soft bremsstrahlung is zero.

Therefore, a very natural way to deal with infrared divergences is the inclusive
formalism [57-59]. In this approach, one enlarges the final state by infrared radi-
ation, which is defined as a state of arbitrary photon/graviton number but with a
total energy below some resolution scale €. Doing so leads to a finite total rate.
However, there exists an alternative approach, the dressed formalism [60-65], in
which no infrared radiation is taken into account. Instead, both final and initial
charged states are dressed with a coherent state of soft photons/gravitons that
is characterized by an energy scale r. The justification for this modification of
asymptotic states lies in the fact that gapless theories exhibit nontrivial asymp-
totic dynamics. If one sets r = ¢, the dressed formalism leads to the same finite
rate as the inclusive formalism, up to subleading corrections.

This result is surprising for two reasons. First, it is unclear why two very dif-
ferent approaches should yield the same result. Secondly and more importantly,
considering both infrared emission and soft dressing at the same time leads to un-
physical infinite rates. For these reasons, we have developed a combined formalism
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that is able to simultaneously describe both radiation and dressing. The key step is
to give a physical interpretation of the scale r. Based on earlier work [244-246], we
argued that it is set by the inverse timescale of the process in question and thereby
determines the softest radiation that can be produced in the given setup. Thus,
photons with energy above r (but below €) represent physical infrared radiation
whereas photons softer than r are effectively decoupled and therefore constitute
dressing. We computed the total rate in the combined formalism and showed that
it is independent of r, thereby explaining why the inclusive and dressed formalism
yield the same result.

Subsequently, we went one step further and calculated the density matrix of
the final state. Its diagonal is composed of the known rates, but its off-diagonal
elements contain information about the coherence of the final state. Whereas
the inclusive and the dressed formalism would respectively yield a fully decohered
and a fully coherent density matrix [66,/67], a crucial strength of the combined
formalism is that it leads to a small but nonzero amount of decoherence. This is
what we physically expect because of tracing over unobserved infrared radiation.

The relationship of infrared divergences and quantum coherence has important
implications for the puzzle of black hole information. Namely, we expect that like
any process in gravity, the emission of a Hawking quantum is accompanied by
infrared radiation. This leads to the question of how much information is lost if
we do not observe the soft radiation. In particular, the proposal [56] was made
that infrared gravitons could carry all information of a black hole. In this picture,
the combined system of Hawking quanta and soft gravitons would be pure and
a mixed state would only arise due to tracing over soft radiation. Our results
show, however, that this is not the case. Because Hawking quanta become softer
for bigger black holes, infrared radiation can at most account for a subleading
logarithmic part of the black hole entropy.

Finally, the connection [220] of the soft graviton theorem and asymptotic sym-
metries at null infinity led us to study the proposal of [221-224] that BMS su-
pertranslations could play a crucial role for black hole information. The starting
point of this suggestion is the long-known fact [250] that physical radiation causes
a memory effect, i.e. a permanent displacement of test masses. In turn, the mem-
ory effect can be mapped on a supertranslation diffeomorphism [221]. This fact
that physical radiation, as it is absorbed or emitted by a black hole, can be de-
scribed by a diffeomorphism raises the hope that one could define classical black
hole hair that is nevertheless compatible with the no-hair theorem. Our results
show, however, that such hair cannot be observable in the classical or semiclassical
limit. Although supertranslations can be used as a natural bookkeeping device to
describe absorption and emission, they have no constraining or predictive power
on black hole evaporation.
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5.1.4 Overall Conclusions

One conclusion that we can draw is that the limitations of classical physics tend
to be more severe than naively expected. In particular, the description in terms of
general relativity can break down for macroscopically large gravitational systems.
As we have briefly discussed in the introductory section [1.3.1] this observation
is crucial for understanding the puzzle of black hole information. For de Sitter,
quantum breaking leads to a drastic change of perspective. Whereas the spacetime
is eternal on the classical level, the description in terms of a metric develops a
finite timescale of validity due to backreaction from quantum effects. This has
particularly interesting implications for inflation. It enables the search for new
observables in scenarios that are close to quantum breaking and it rules out models
that last longer than their quantum-break time.

The breakdown of the classical description for black holes and de Sitter imme-
diately highlights the needs for nonperturbative computation techniques beyond
the semiclassical limit. In the absence of those, a viable strategy is to study sim-
pler analogue systems that share important characteristics with gravity. Whereas
the focus is traditionally placed on geometrical features, we have proposed to view
their enhanced memory storage capacity as the key property of black holes and de
Sitter. This make it possible to learn about information storage and processing in
those gravitational systems by studying much simpler models that are accessible
in table-top experiments.

In many fields of particle physics, the problem is not to come up with some
viable model to explain a certain phenomenon. On the contrary, there exist a
plethora of proposed scenarios, e.g. for inflation, dark matter and dark energy.
So the challenge consists in selecting from these manifolds models the one that is
realized in Nature. Typically, the more parameters a model has, the harder it is to
rule it out. For a long time, it was thought that quantum gravity has little to say
about these mostly low-energy questions. This perspective changes, however, if de
Sitter quantum breaking indeed leads to an inconsistency. In this case, a constant
dark energy, inflationary self-reproduction and many well-motivated extension of
the Standard Model are ruled. It is particularly interesting that for more involved
models, it is more likely that they are excluded because of quantum breaking.
Additionally, an inconsistency of de Sitter states makes the existence of the QCD
axion mandatory.

5.2 Outlook

There are many promising ways to continue the research summarized above. For
example, we have seen that computational limitations often make it difficult to
predict in what way the true quantum evolution deviates from the classical de-
scription, i.e. what the “broken” quantum state looks like. Apart from its generic
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conceptual relevance, such a study can have important phenomenological impli-
cations. Namely, it would allow to draw conclusions about what imprints the
1/N-effects, which are sensitive to the whole history of inflation, leave on infla-
tionary perturbations. Similarly, it could be interesting to investigate if there is a
regime in which quantum breaking can lead to observable signatures in the grav-
itational wave signals due to black hole mergers. Finally, an explicit study of the
final state of quantum breaking in a simplified model promises to provide further
insights into the question if it leads to an inconsistency in the special case of de
Sitter.

Concerning the enhanced memory storage, an important task would be to study
analogue models that match the information storage and processing properties of
a black hole as closely as possible (see [206] for a concrete suggestion). If such
systems can be found, it would show that the large entropy of black holes indeed
arises due to a universal phenomenon that is not tied to gravity. Moreover, the
analysis of explicit analogue models allows to investigate if rewriting of information
between different critical levels plays a role in a black hole. On the one hand, this
can show if memory burden leads to a slowdown of evaporation. One the other
hand, one could draw conclusions about the question if fast scrambling [265,266]
is realized in black holes. While we have shown that critical states of enhanced
memory capacity generically exist in bosonic systems with weak and attractive
interactions, it would additionally be important to investigate to what extent a
system dynamically evolves towards themE]

Although we have concluded that infrared physics alone cannot elucidate the
puzzle of black hole information, it would nevertheless be very interesting to in-
vestigate if we can learn more from it about black hole evolution. Namely, the
great strength of infrared physics is that it is only sensitive to initial and final
states. Therefore, it allows to make statements about the corrections to scattering
processes involving black holes even if we do not know how to actually compute
the diagram itself. Due to collinear divergences that arise for a vanishing elec-
tron mass, such an approach could for example yield constraints on the Yukawa
couplings from black hole physics [

In the language of neural networks, this question was already studied in [267].
2First results on this question were already obtained in [268].
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Appendix

A.1 Concerning Chapter

A.1.1 Calculation of the Rate of Particle Production

In order to obtain the correct prefactors for the normalizations which we use, we
rederive how a general S-matrix element determines the differential decay rate. We
consider an initial coherent state |N), in which a constituent quantum of energy
m, decays to two particles with 4-momenta p; = (po1, p1) and ps = (po2, Pa)-
This leads to the final state |N') ® |fy), where |N’) is a possibly different coherent
state and |fy) = ZA)%IIA)%Q |0) describes the two external particles. The differential
transition probability is given by the square of the S-matrix element A, divided
by the norms of final and initial state and multiplied by the phase space factor:

|A[” EPVEFV

(NTN) (VTN (folf) @ap (2 AT PP

dWﬁ =

where we used that coherent states are normalized, (N|N) = (N'|N’) = 1, and

—

that (fy|fy) = ((5(3)( 0 ))2 = (V/(2m)3)?. Defining the Feynman amplitude M via

A= (27T)45(mg — Po21 —P0,2>5(3)(f?)1 — 79)2)/\/1 )

we obtain the differential rate

dw — —
Al = =% = [MP(2m)'Va(mg — por = po2) | Frf* d[ P 02,
where we regularized the divergence of the one-dimensional d-distribution with the
help of the time 7" during which the reaction happens, §(0) = % Evaluating the
last d-distribution, we get

£ _ | B1|VIM|?
dQ  1672m e (p1)2Cu(p2)?’

with Cg(p) = ((27)32pe) 2.
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For our application to particle production, the S-matrix element (2.151)) yields
the Feynman amplitude

1 N’ AN?
M = K(=p, o)\~ [1— .
Nl T ( 8N )
Thus, we get for the differential decay constant:

o %Z_m%]\f’ (p'P’+2m?p)2 <1—AN2> ;

dQ —  2nM2m? AN

where we plugged in (2.146)). After integrating over the angles, we obtain the final
decay constant to leading order in 1/N:

2™ — 2 N 2 AN?Z — 4AN
_ 4 v o 2 _
I'= M2 (p Y +2m\1,) <1 N ) :

A.2 Concerning Chapter

A.2.1 Review of Periodic Bose Gas

In order to provide a detailed example, we apply the c-number method to the
one-dimensional Bose gas with periodic boundary conditions and attractive four-
point interaction, which we already studied in section from the perspective of
quantum breaking.E] Based on the analysis of [76], quantum information features of
this system have already been studied in a series of papers [36,140,[51-53L|[136L[271].
In particular, the replacement of the Hamiltonian by a c-number function has
already been used to find its critical point in [51].

Our starting point is the Hamiltonian in momentum space. As we shall
justify later, we expect that for small coupling, momentum modes with |k| > 1
are suppressed due to their higher kinetic energy. Therefore, we first truncate the
system to the modes with |k| < 1:

A At A (8% R N R
H = Z a;al - — Z alTainanHam_n. (A.1)

I==+1 l,mn=—1

For convenience, we have set h = R = 2m = 1. Following the method introduced in
section[3.1.4] we then replace the creation and annihilation operators by c-numbers.
As explained, we have to take into account symmetries in this procedure. The first
one is conservation of particle number, which is incorporated in the replacement
rule of the 0-mode. An additional symmetry of the system consists in momentum

!The repulsive case, in which we are not interested, is the Lieb-Liniger model [269,270].
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conservation. In the superselection sector of zero momentum, it implies that the
expectation values of the particle numbers in the 1- and —1-mode have to be
the same: (ala;) = (a',a_;). Moreover, the Hamiltonian is invariant under an
additional phase symmetry, a; — e¢®a; and a_; — e~*®a_;. So in total, we have
to eliminate an absolute value and a phase. In addition to the replacement rule
due to particle number conservation, we consequently get: a_; — a;.

Thus, the Bogoliubov replacement (3.17)) reads

A ) A~ X
)6 P
ai aq a; a,

do = VN = 2a1?, @b — /N —2|as]? . (A.3)

This gives the following Bogoliubov Hamiltonian:

and

a
Hyog = 2|ay|* — 1 <N2 + 2N (ay + a})? — 2|a1|*(3|ay|* + 263 + 2ai2)> . (A4

For this so obtained complex-valued function, we want to find a flat direction.
First we look for an extremal point by finding a solution to (|3.21):

0Hy, )
ﬁ =24} — « (N(al +a}) — 3aia; — 3aya}® — a>{3> =0. (A.5)
An obvious solution is a; = O.E| The second step is to evaluate the matrix M of
second derivatives at this point. We need to determine when it fulfills (3.22)), i.e.
when its determinant vanishes:

det M = =4 +4aN = 0. (A.6)

This is the case for a collective coupling A = aN = 1. Therefore, we expect
a critical mode to appear for \,, = 1 in a state where all particles are in the
0-mode.

This fully matches our previous finding in section [2.2.4] As is evident from Eq.
, also the bilinear quantum Hamiltonian shows that a nearly-gapless mode
emerges for A = 1. Moreover, this finding has been confirmed by a numerical
analysis of the full Hamiltonian for finite N |76}[136,271]. As is expected, both the
gap and the critical value of X\ receive corrections that are suppressed as a power
of 1/N.

2There are two other solutions at a; ~ 30.5345,/ 0‘1\; —1  However, the determinant of the

second derivative matrix M never vanishes at these points, i.e. there is no flat direction.
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A.2.2 Formulas
e First and second derivative of Bogoliubov Hamiltonian (3.44]) for Ay = Az =

0:
1 OHpog 1 | . .
N 9z 16 { — 16\ sin(26) — 2Asin(460) + 16 cos(20) — 9\ + 28\x sin(20)

+ 2z sin(46) + 3A(x — 1) cos(40) + 21z — 4] : (A.7a)

1 OHpoy 1 ,
N o9 Z(m 1){ 8sin(20) + A(x — 1) cos(46)

- )\COS(QQ)(S(LE — 1)sin(20) — 7Tz + 1)} , (A.7h)
1PHpy 1 A(285in(26) + 25in(46) + 3 cos(46) + 21) (A.84)
N 0x2 16 ’ '

1 O*Hpog 1 :
N 9200 — Z( — 8sin(20) + 2\(7z — 4) cos(26)

+ A(x — 1)(2cos(46) — 3sin(46))) , (A.8b)
i@QHbog 1

o = (1) <8 cos(20) + A((7 — 1) sin(20) + 2(z — 1) sin(46)

43 —1) cos(49))) . (A.8¢)

e Second-order expansion of the full quantum Hamiltonian (3.42)) around the
point defined by the replacements (3.43|) of macroscopic occupation for Ay =
Ag = 0:

1 1 2
Hquad = H(E[u)ad + §H(§u)ad )

(A.9)

where we neglected the constant zeroth order. The first and second order
are given by

Hia 1
VN 8\/(1 — 2) cos?(6) [
+ 6d2\/?(3)\(1 — )2 sin®(0) + AW =2 (4z — 3) sin(6)

+ (M2z — 1)+ 1)y/—(z — 1) cos?(6) + Atan’(6) (1 — ) c052(9>)3/2)

+é <)\(x ~1)2cos(46) + A(Te — 1)(x — 1) cos(20)

VA= 37 sin(8) /= (z — 1) cos2(0) (3M(= — 1) cos(26) + 8))]
+ h.c. (A.10)
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and

H 1 [
W 198 (1 — ) cos2(6))*/?
+ 16a2a2) <\/1 — 2 ((23 — 16x)x — 4) sin(0)
+4(4x — 1) ((1 — ) 0082(0))3/2
— (1 —2)*%sin®(0)(2(z — 1) cos(20) + 21z — 6)>

+ 16ala, (2 sec® () (102 — 1) +3) (1 - ) cos”(8))*”

+ sin(9)< — 141 — 2)P2 sin*(8) — TA(1 — 2)*/2(Ta — 4) sin?(0)
— 6 tan’ (9) sec(8) (—(z — 1) cos(8))”” + M/T— (49 — 322) — 14)

— 2tan(9) sec(8) (\(13x — 4) + 3)((1 - 2) 0052(9))3/2»

+ 16&2&3)\\/5((1 — ) 0052(0)) (8(1’ — 1) cos(26) + 3z sec®(0)

+10vV1 — =z sin(Q)\/—(a: - 1) COSZ(G)‘ —x+ 1)

+ 16612&;)\\/?((1 — ) (3082((9)) (10(1: — 1) cos(26) + 3z sec®(0)

+2V1—xz sin(@)\/—(x —1) 0082(8)‘-1-.% — 1)

+ agasA(z — 1) (32 COS(QQ)\/(l — x) cos?(0) + 3295\/(1 —x) 0052(9)‘
+ 32 cos(46) sec(6) (1 — ) cos?(6))

— 61— x sin(0)(4(3x — 2) cos(26) + 3(x — 1) cos(40) + 17z — 5))

+16asa} (1 — x) cos*() ) sec?(9) (2@(33: — 1) +8)y/(1 — ) cos?(6)
+ sin(0) ( sin(f) (/\ sin(0) (5(m — 1) sin(6) (3\/ 1 — x sin(6)
+ 4\/(1 — x) cos?(0) > +9v1—xz(3— 4x)>

—2(A\(13z — 11) + 8)1/(1 — ) cos?(d) ) + 1221 — 2 (22 — 1)))
+h.c.. (A.11)
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A.3 Concerning Chapter

A.3.1 Matching in Schwarzschild Coordinates

In this section, we demonstrate explicitly how we can transform a Schwarzschild
metric with nontrivial supertranslation field from advanced to retarded coordi-
nates. In this way, we show how we can naturally identify the advanced super-
translation field C'~ with the retarded one C*. We start from the Schwarzschild
metric gZ;,O in advanced coordinates without supertranslation field:

2GNyM

ds? = —(1 Ydv? + 2dwvdr + r2dQ2. (A.12)

The corresponding generators of supertranslations are

& =1, (A.13a)
& =- ;DQf : (A.13b)
& Zf;A : (A.13¢)

which are characterized by an arbitrary function f~ on the sphere. Thus, the
supertranslated metric is

9 () =900 + Leyry900 - (A.14)

In retarded coordinates, the Schwarzschild metric g}j,;o without supertranslation
field is:

2GNM
r

ds* = —(1 — )du? — 2dudr + r*dQ?. (A.15)

The corresponding generators of supertranslations are

& =", (A.16a)
& —;D%"’+ : (A.16b)
& =— f::A , (A.16c)

where it is important to note that the signs of ¢” and &2 have changed with respect

to (A.13). The supertranslated metric is:

g (1) = g2 + Le )90 - (A17)

The task now is to transform gy, to retarded coordinates. As explained in
section there can in general not be a unique way to match the advanced and



A.3 Concerning Chapter 4 205

retarded supertranslation fields. However, a natural choice in a static metric is to
require that the spherical metrics match: ¢45(f~) = ¢g%5(f). Therefore, we use
the diffeomorphism D,, defined by

| D2f- B
’U:U"—Q Tomd’f’/—m—Qf . (A18)

Then it turns out that

Do (95,(17)) = 01 = Learr 95 = g (=) (A.19)
Thus, we identify
fr=—f". (A.20)

Up to a sign, the supertranslation field in advanced coordinates matches the re-
tarded one anglewise. With this choice, not only the spherical metrics match but
also the ggo-components, i.e. the Newtonian potentials.

A.3.2 Explicit Solution for Goldstone Supertranslation of
a Planet

Step 1: Absorption

The Goldstone supertranslation consists of two steps: First, an initially spherically
symmetric planet absorbs as wave. As is well-known (see e.g. (9.3) in [272]), the
metric of a static spherically symmetric spacetime can be cast in the general form

ds® = —A(r)dt* + B(r)dr* + r*dQ?, (A.21)

where all physical information is contained in the ¢¢- and rr-components. Since we
want to describe a planet, there should neither be a surface of infinite redshift, i.e.

A(r) > 0V r, nor an event horizon, i.e. B(r) < oo V r. Furthermore, asymptotic
r—00

flatness implies that A(r) == 1 and B(r) —= 1 sufficiently fast. Using the

transformation
r B
v :t—i-/ dr'y|—, (A.22)
ro

we obtain the metric g, in advanced BMS-gauge:

ds* = —Adv? + 2V AB dvdr + r?dQ?, (A.23)

which is suited to describe incoming radiation. Note that this metric describes the
whole spacetime and not only its asymptotic region, i.e. r — oc.
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We will restrict ourselves to infinitesimal supertranslations. In advanced time,
these are generated by

511;) :f_ ) (A24a)
& =- ;TDB&? : (A.24b)

A A / T A (VAB Y, (A.24c)
T

where an arbitrary function f~ on the sphere determines the change of the su-
pertranslation field. We denote it by f~ instead of T~ in this appendix to avoid
confusion with the energy-momentum-tensor of the wave. The minus-superscript
indicates that we deal with a supertranslation in advanced coordinates. Our goal is
to realize the infinitesimal diffeomorphism defined by in a physical process,
i.e. outside the planet, we want to have the stationary metric g;,, before some time
vo and after some point of time vy, we want to end up in the stationary metric
9w + Ley(7-)9p- For vg < v < vy, physical radiation interpolates between the two
metrics. Inside the planet, the wave should be absorbed so that the transformation
fades out and the metric around the origin remains unchanged. Adding as final
ingredient a change of the Bondi mass u, which is necessary to ensure the positive
energy condition, we obtain

Q,UGN

3950 = o ()5~ (0) (Levgrogh + 0080 ) (A.25)
where 0 < 7, ., (v) < 1 parametrizes the interpolation, i.e. Ty 0, (v < vg) =0 and
Tyo,v1 (0 > v1) = 1. The function s~ (r) describes the absorption of the wave by
the planet. It has the property that it is monotonically increasing with s~ (0) =0
and s~ (co0) = 1, where s~ (0) = 0 ensures that the wave is fully absorbed before
the origin and no black hole forms. Moreover, s~ (r) # 0 is only permissible
whenever the local energy density of the planet is nonzero. The magnitude of
s*/(r) determines how much absorption happens at r. It is crucial to note that the
transformation s~ (r)Le, (- gu,, is a diffeomorphism only where s~ (r) is constant.
Thus, the transformation acts as a diffeomorphism only outside the planet
but not inside. This reflects the fact that we want to obtain a physically different
planet. A transformation which acts as a diffeomorphism everywhere could not
achieve this.

Since we work with infinitesimal supertranslations, it is important that we
stay within the regime of validity of this first-order approximation, i.e. that terms
linear in f~ dominate. As it will turn out in the calculation, this is the case
if maxge) |f7| < vi — vp. This means that the timeshift induced by the su-
pertranslation must be much smaller than the timescale of the process, i.e. the
supertranslation must be performed slowly. We will choose v; — vy such that this
is the case and so that we can neglect all higher orders in f~ when we calculate
the Einstein equations.
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We have to show that the transformation leads to a valid solution of
the Einstein equations. Thus, if we calculate the Einstein G, and consequently
the new energy-momentum-tensor 7),,, we have to demonstrate that this is a valid
source. To this end, we have to perform two checks. First of all, it must be con-
served, T, # = 0. This is trivially true in our construction because of the Bianchi
identity, G,,,* = 0. Secondly, we have to show that 7},, fulfills an appropriate en-
ergy condition. For that purpose, we first note that this perturbation only depends
on the local geometry, except for £# and s~ (r), which also depend on spacetime
points at bigger radii. Thus, outside the planet, we have the same solution as
in [224], except for the fact the we perform our supertranslation slowly:

_ 1 1o 5 m2 _3M .,

Too =55 | = ;DX (D* +2)f "+ =D f | 7, (v), (A.26a)
aM

Toa =gz Daf 70,0 (). (A.26b)

where we used that there is no absorption outside the planet: s~ (r > R) = 1.
Obviously, the energy condition is fulfilled. At this point, we remark that leaving
out all subleading parts, which are proportional to M, would also lead to a valid
wave in the metric (A.23), i.e. T, would also be true to all orders if one only
considered the leading order of . This means that we add the subleading
parts to (A.26]) not because of energy conservation but since we want to realize
the transition not only to leading order in 1/r, but to all orders.ﬂ

Fortunately, we do not either have to worry about the energy condition inside
the planet. For a small enough perturbation, this is true since the energy condition
inside a planet is not only marginally fulfilled. This means that s~ (r) can be
nonzero inside the planet: This corresponds to absorption of the wave by the
planet.

Lastly, we have to show that the wave is still a valid solution after it has been
partly absorbed. For the purpose of illustration, we model the planet as a sequence
of massive shell with vacuum in between, 7},, = 0. In that case, the only nontrivial
question is whether fulfills the energy condition after it passed some or all
of the shells. Therefore, we calculate the energy-momentum-tensor in this region.
By Birkhoft’s theorem, the local geometry corresponds to a Schwarzschild solution
with diminished mass M (where M can be zero). It only depends on the matter
which it has passed via &Y. We parameterize the difference of ¢! and the vector
field one would get in a pure Schwarzschild geometry of mass M by

o [ A (VAB — 1)), (A.27)

Rmin

30f course, energy conservation relates the two subleading parts of Tyy and Tp4. When we
choose one, it determines the other.
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where we have no matter for r > R,,,x and between r and Rminﬁ Explicitly, this
means that we can write

& =" (i + a) :

where it is important that ¢ does not depend on r in our region of interest. Of
course, o = 0 corresponds to the case when there is no matter outside.
With the help of Mathematica [216], we compute:

1| 1 . 3M
Too =13 [,u —(1+or) <4D2(D2 +2)f — 2—D2f )1 Too (V) (A.28a)
3M .
Toa = D A.28b
g [W Daf 4 16 Da(D" 4 0| 0. (.250)
Tap =— 87 [(QDADB — YapD ) f } Tooun (V) (A.28¢)
where f~ = s~ (r)f~ is the supertranslation which is attenuated because of ab-

sorption in the outer shells. It is crucial to note that s~ (r) = 0 in this calculation
since we are not inside one of the shells of the planet and likewise i = s~ (r)pu. As
we can estimate o very crudely as 0 < 1/R, we see that for sufficiently large i, the
energy condition is fulfilled. With a more accurate estimate, we expect that the
freedom of choosing u is not restricted when the wave passes a massive shell. In
summary, we have shown that the metric (A.25]), which describes the dynamical
transition from a spherically symmetric planet to a counterpart with nontrivial
angular distribution of mass, is a valid solution.

Step 2: Emission

The second step is to describe the emission of the wave by the planet. Thus, our
initial metric is the one after absorption, as determined by equation (A.25)):

ZMGN

g5 =5 (Lesirrg + 22080 (A.29)
As we want to consider emission, our first step is to transform it to retarded
coordinates. Intuitively, it is clear that it should be possible to describe a slightly
asymmetrical planet also in retarded coordinates. While it is generically hard
to write down the corresponding diffeomorphism which connects the two metrics,
we can use that the metric of a planet does not differ from Schwarzschild in the
exterior region. Therefore, we can use the diffeomorphism to obtain

gy = gl + 57 (1) (Lewrgn” + O(R — r)dev) | (A.30)

4We use that AB = 1 in a Schwarzschild geometry of arbitrary mass.
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where ng,;O is the metric of the initial, spherically symmetric planet in retarded
coordinates. This means that we apply a supertranslation in retarded coordinates
which is defined by the function f~ used to defined the advanced supertranslation.
The function dev accounts for the fact that we do not know the continuation of the
matching diffeomorphism to the interior of the planet. Therefore, g, might
deviate slightly from BMS-gauge but only in the interior. We expect, however,
that the matching diffeomorphism can be continued such that dev = 0. Finally,
we want to point out that g%, (r = 0) = g°(r = 0) since s~(r = 0) = 0, ie,
the wave does not reach the center and the mass distribution of the planet is still
spherically symmetric around r = 0.

The case of the planet provides us with another justification why the matching
is natural. With this identification, both the metric in advanced
coordinates and the metric in retarded coordinates cover the whole man-
ifold. Extrapolating the results of [257,258|, where finite supertranslations of
Schwarzschild and Minkowski are discussed, we expect that for any other match-
ing, i.e. for any other value of the supertranslation field, this is no longer the case.
If this is true, the requirement that the BMS-coordinate system covers the whole
manifold singles out a unique value of the advanced supertranslation field as well
as a unique value of the retarded supertranslation field, and therefore a coordinate
matching.

Next, we want to describe how the metric emits a wave. This wave
should realize a supertranslation described by f*, which is generically different
from f~:

u + wo  2uGN
38 = Tagen (W) (Leroygts? = 750000 | (A.31)

r

where we used that Le,r+)9,, = Le,( f+)gjj’yo to first order in f* and f~. Thus,
working only to first order simplifies our calculations significantly since we can
simply use the calculations for the absorption. The wave m ) becomes:

Tho :473702 lﬂ — (L +or) (iDQ(DQ +2)f" - 32]\4D2f+>] Tuo,un (W), (A.32a)

Ty = — [83:4 Daf* + 16 DaD" 4207 | (0, (A.320)
Tap = — 8— [(2DADB —a5D?) F*] 7y (). (A.32¢)

As for the absorption, we have shown that we can realize the transformation ((A.31])
with a physical wave.

Finally, we analyze the joint effect of absorption and emission. Combining the
transformations and , we get total total change of the metric:

Ogy = 0(r R)ﬁgu(ﬁ—f—)gff’uo
+60(R—r) (3+(r)£5u(f+)g:j;,0 (1) Le, 9 + dev) ) (A.33)
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where we used retarded coordinates. As desired, the mass of the planet stays
invariant. Moreover, dg,o' acts as a diffeomorphism outside the planet, namely it is
the difference of the advanced supertranslation, described by f~, and the retarded
supertranslation, described by f*. If we furthermore assume that the term dev,
which reflects our incomplete knowledge of the matching between advanced and
retarded coordinates in the planet, is zero, we see that the metric does not change
for f~ = f*. We obtain a trivial transformation if the angular energy distribution

of ingoing and outgoing radiation is anglewise the same.
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