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Lay Abstract:

Open Effective Field Theories are a class of quantum theories in which a measured sector (the
system) is used to make physical predictions with, while interacting with an unmeasured sector
(the environment). In this thesis arguments are made that Open EFTs are useful for studying
gravitating quantum systems, especially when there is an event horizon present (for example in
gravitational fields like that of a black hole). Open EFTs are applied to simple toy problems in

such settings to illustrate their usefulness.
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Abstract:

Open Effective Field Theories are a class of Effective Field Theories (EFTs) built using ideas from
open quantum systems in which a measured sector (the system) interacts with an unmeasured
sector (the environment). It is argued that Open EFTs are useful tools for any situation in which
a quantum system couples to a gravitational background with an event horizon. The main reason
for this is that for any EFT of gravity one generically expects perturbation theory to breakdown
at late times (when interactions with the background persist indefinitely). It is shown that the
tools of Open EFTs allow one to resum late-time perturbative breakdowns in order to make
reliable late time predictions (without resorting to solving the dynamics exactly). To build
evidence of their usefulness to these types of gravitational problems, Open EFT approximation

methods are applied to two toy models relating to black hole physics.
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Chapter 1

Introduction

The goal of this thesis is to motivate the use of Open Effective Field Theories (EFTs) for ap-
plications on some gravitating quantum systems (especially when event horizons are present),
underlining why they are useful for these specific problems. As argued below, calculations in-
volving quantum systems weakly coupled to gravitational backgrounds are often plagued with
late time breakdowns of perturbation theory — this is problematic since late times are often
times precisely the regimes of interest in such calculations. The techniques discussed in this
thesis are one way of reliably resumming these late time issues in perturbative theories (which
EFTs always are for gravitational applications). Although this thesis focuses on applications of
Open EFT methods to toy problems only, the idea is to emphasize their utility so that these be
eventually applied to more realistic gravitational problems (in particular those involving EFTs

of gravity).

1.1 Effective Field Theories

The building blocks of fundamental physics appear to be quantum fields — roughly speaking,
Quantum Field Theory (QFT) is the quantum mechanics of fields (like the electromagnetic field),
which are here operators which take on a different value at each point in the spacetime continuum
[4, 5]. Excitations of quantum fields appear to us as elementary particles (such as electrons, pho-
tons and so on) which implies that particle number is not generically conserved in QFTs, which
helps to explain why they are so ubiquitous in modern physical descriptions, from relativistic
applications to many-body physics. It is often said that QFT is the most important unification
of special relativity and the principles of quantum mechanics (for example important ingredients

like cluster decomposition are satisfied by QFTs, and relativity of simultaneity implying the
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existence of antiparticles [4]).

Given the huge variety of particles and quantum phenomena seen at different energy scales,
the discussion of QFTs naturally leads to the concept of Effective Field Theories [6]. So-called
Wilsonian EFTs are built out of quantum fields, in settings where there exists a hierarchy of
energy scales E < M that can be exploited in order to yield a low-energy expansion of an
action in powers of E/M <« 1 — these are designed to make predictions about the low-energy
behaviour of relativistic! quantum phenomena (occurring with energies ~ E) without needing
all the details of the higher energy theory (or UV “completion”, occurring at the heavy mass
scale ~ M). For example, the most successful and general theory of the elementary particles is
the Standard Model, which includes electroweak interactions. In this more UV-complete theory
the weak nuclear force is described as being mediated by the W and Z gauge bosons. However
in sufficiently low-energy processes Fermi’s theory of weak interactions is much easier to use for
calculations (an EFT where there are no gauge bosons at all ée. the heavy degrees of freedom

W and Z have been integrated out).

To illustrate, consider the decay of a muon into an electron and two types of neutrinos. Elec-
troweak theory predicts that the W boson interacts with the muon and muon neutrino, as well as
the electron and electron neutrino (without the electron and muon interacting directly). What
this means is that this electroweak (flavour-changing) process is mediated by a W-boson (with
mass My ~ 80GeV), and with some effort the decay amplitude can be computed (explicitly
depending on the mass My, ). Since the masses of the electron and muon (m, ~ 0.0005GeV and
m,, ~ 0.1GeV) are extremely small compared to My, this decay amplitude can be expanded for
large My (since all momenta will be small compared to My, in the rest frame of the decaying
muon) — after expansion, this decay amplitude scales like 1 /M‘%V to leading order. Fermi’s theory
of weak interactions is the EFT which captures this leading-order behaviour, by considering an
effective interaction in which the electron and muon interact directly (with this operator in the
effective action being suppressed by a power of 1/M3,, as expected from the generic description
of an EFT as being a low-energy expansion in powers of E/M < 1). It turns out for these sorts
of low-energy processes, Fermi’s EFT of weak interactions is far more convenient for computing
various decay and scattering amplitudes. From this perspective, EFTs are useful because they

are practical.

The EFT framework allows for the systematic assessment of theoretical errors when computing

11t is worth emphasizing here, that EFTs are incredibly useful for studying non-relativistic problems as well
(like condensed matter systems)
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any observable, since one can in principle work to whatever arbitrary order in the low-energy
expansion (in powers of E/M < 1, with more and more work with each increasing order). This
is especially true when the effective interactions weakly couple the field content so that well-
established perturbative techniques apply (many if not most EFTs are weakly interacting, with

some exceptions like QCD describing the strong nuclear force).

Related to this, since the action for a Wilsonian EFT can have arbitrarily many operators in
its action (ie. we can work to any power of E/M < 1 we’d like) this totally dismisses renor-
malizability as a criterion for the well-posedness of an EFT: they are (in general) notoriously
non-renormalizable theories. Long ago, it was thought that a field theory should be renormal-
izable in order to be well-defined (meaning all divergences can be absorbed by a finite number
of counter-terms), however EFT quickly does away with this outdated notion — the point is
that an EFT is plenty predictive even though it is not always renormalizable (the reason for this
being that to compute any physical observable to a particular order in the EFT expansion, one
only needs a finite number of counter-terms, which is all that is needed in practice anyways).
The aforementioned Fermi theory of weak interactions is an example of such an EFT, as it is
technically non-renormalizable, and yet it makes plenty of predictions that helped pave the way

for its more UV-complete counterpart (the Standard Model).

Underlying the framework of EFTs is the principle of decoupling — this principle dictates that
we tend to have different physical descriptions depending on what length scale we are studying
(for example the motion of water in your bathtub obeys equations which don’t need to take
into account the details of string theory — it is then said that the physics at these two scales
is decoupled). Decoupling says that effective descriptions change depending on the length scales
we probe: most of the details of small-distance phenomena seem to be irrelevant for the physical
description of larger-distance phenomena, and it turns out that quantum fields seem to obey this

general physical principle. Philosophically this is at base of the EFT programme.

The above discussion has focused so far on the ways EFTs are useful when its more UV-complete
behaviour is known. There is however another way in which EFTs can be useful: they help in-
form us about high energy behaviour when UV completions are still mysterious to us. If we
think we understand the symmetries and field content of a low-energy theory, we can straight-
forwardly work to higher and higher order in a low-energy EFT expansion. By studying physical
observables and their dependence on the parameters in such an EFT (and then comparing this
to experimental data) one can in principle glean information as to what kind of new physics kicks

in at higher energies (in this way, this algorithm is very general as it is by construction agnostic
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about many of the details of the UV completion). The Standard Model EFT (SMEFT) commu-
nity works along these lines — by thinking of the Standard Model as the low-energy limit of a
fancier UV completion, one looks at higher dimension operators in its low-energy expansion in
the hopes of finding deviations and inklings of new physics beyond the Standard Model. Another

EFT of this type important to this thesis are EFTs of gravity.

EFTs of Gravity and Semiclassical Gravity

Given that the earlier discussion motivated EFTs through the marriage of special relativity and
quantum mechanics (at least partially), it may first come as a surprise that Einstein’s theory of
gravity, General Relativity (GR) [7, 8], may be regarded as the lowest order term in an EFT
expansion. In an EFT of gravity [6, 9] the field content is the gravitational metric g,,, and
the symmetry is general covariance (aka. diffeomorphism invariance of the theory under local
changes in coordinates). One can build a low-energy Wilsonian EFT expansion out of various

contractions of the Riemann curvature tensor R,..,[g] in an action of the form?
M2
S = */d4$ \/g|:A+ %R+61R2+62RHVR”V+... (11)

where Mp; = (871'G)_1/2 is the Planck mass, A is the cosmological constant, and R,, = R,
and R = RV, are standard definitions of the Ricci tensor and scalar. Depending on what
the particular application of the EFT of gravity is, it is well-controlled (meaning all quantum
corrections are small and the theoretical errors can be quantified) when understood as a low
energy expansion in powers of E/M as earlier (where the heavy scale M may sometimes be the

Plank mass Mpj, but this need not always be the case).

Just like the Fermi theory of weak interactions, GR is non-renormalizable (meaning, if one keeps
the leading-order term in (1.1) all divergences in the theory cannot be absorbed by a finite
number of counterterms — this turns out to be because the coupling M3, has dimensions of
mass squared). However as emphasized earlier, renormalizability is not necessary for an EFT
to be predictive. For this reason, the action (1.1) is interesting to study and helps to inform us
of how gravitons (the particle excitations of g,,) behave, and may help to provide clues about

what more UV complete physics may look like.

Our universe is of course filled with matter, and so from this point of view we should be able

to couple other kinds of quantum fields to gravity. In what follows, we explore two important

2If one is expanding to second order in curvature, in principle one should include RuvopRMOP if one is being
completely general about what scalars one can build out of two curvature terms — note however that this term
is related to the other curvature squared terms in (1.1) through a topological invariant, and so can be eliminated.
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examples where gravity couples to other forms of matter; the first where the quantum fluctuations

of the metric are studied, and the latter where the metric behaves classically.

The first example where gravity is coupled to other kinds of quantum fields, is in the theory of

inflation [11, 12, 13, 14, 15, 16] with action
4 Mlgl 1 v
S=—[d*v—g TR+ §gw8"¢8 d+V(p)+... (1.2)

where ¢ is a real scalar field (which drives the accelerated expansion of the early universe), and
V(¢) is a potential in ¢. In order to study scalar fluctuations as well as gravitons, one takes

(1.2) and expands
gMV = g/w + hul/ (13)

about a de Sitter space background §,, (thought to be the large-scale geometry of our universe
at the time of this writing), where h,,,, are the small gravitational fluctuations (whose excitations
eventually give rise to gravitons). The dynamical variables in the above theory are then ¢ and
hij, which have been used to describe the power spectrum of the Cosmic Microwave Background
(CMB) radiation at very late times to a remarkable degree of accuracy [17, 18] (note however no

quantum correlations have been detected in the CMB — we return to this point briefly in §5).

Moving on to the second example, when we constrain the EFT of gravity given in (1.1) to be
in the semiclassical gravity regime, we are in a regime where the gravitational field is classical
(keeping only the classical background g, in the expansion g,, = gu. + hu, and neglecting
quantum effects) all while responding/backreacting to the presence of other quantum fields it is
coupled to. A further approximation to this is QFT in Curved Spacetime (QFTCS) [19, 20, 21],
where gravity is classical but the other quantum fields do not back-react onto the metric (meaning
quantum processes like particle production to do with the other quantum fields are free to occur,
but the gravitational background is assumed to behave as if no quantum fields are present at
all). Semiclassical gravity and QFTCS gives rise to many interesting results, most notably for
this thesis: the fact that for classical spacetimes g,,, which contain event horizons, there arises a
notion of temperature for any quantum fields that reside there. This is known to be true for free

quantum field theories coupled to classical gravity of the form

S =— /d% V=g nga%a”gb + %m2¢2 +... (1.4)

[43 7

where the are meant to emphasize that there are higher-order interaction terms being
neglected here (when thought of as some, here unspecified, low-energy EFT expansion). The

fact that a notion temperature arises in all of the well-understood spacetimes with horizons
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(Minkowski [24], de Sitter [25], and various black hole spacetimes) is partially what makes the

later discussions of Open EFTs so appropriate in these settings.

Most famously, when §,, is Schwarzschild spacetime,
-1
ds? = g, datdz? = — (1 . ’"7) ar? + (1 - 7’7) Ar? + r2d0? + r2sin? pde? (1.5)

with s = 2GMpy the Schwarschild radius (with Mgy the mass of the black hole) one encounters
the Hawking effect [22, 23]. The quantum field ¢ behaves as if it is immersed in a thermal bath

at Hawking temperature (for observers far from the black hole)

1
T 1.6
B g, (1.6)

and furthermore the black hole radiates perfect blackbody radiation at the above temperature
and therefore slowly loses mass and starts to disappear at late times. The process of black
hole evaporation is of course only true in the semiclassical gravity regime (in this case, when
Mp)/Mpn < 1 so that quantum gravity effects are smallg)7 which means that the description
stops being semiclassical at some point when the black hole loses enough of its mass. As a result

there has been much debate about the fate of black holes at very late times [26, 27, 28, 29, 30, 31]).

Before moving on to the next subsection we make two final remarks. First, that in both of the
standard gravitational examples explored in the above (and indeed many others as well), late
times are regimes of great interest that we would like to understand. Secondly, if we understand
actions such as (1.4) to be the zeroth-order terms in a low-energy EFT expansion (since in (1.4)
we ignore higher-order interactions of the quantum fields) then this means we are implicitly
saying we have perturbation theory under control (including at late times). In the next section
we argue that interactions in EFTs of gravity are settings where perturbation theory may in fact

be suspect at late times.

1.2 Late Times, Secular Growth and Gravity

Consider an arbitrary quantum Hamiltonian

g = I_AIO+gHint (17)

3The reason for this is that the relevant low-energy scale for power-counting the EFT is set by the typical
size of a derivative in the background configuration E? ~ 82§. For the Schwarzschild background (1.5) one finds
E? ~ rs/r3, which means that the EFT expansion is organized in powers of E/Mp| ~ 1/(rsMp)) ~ Mp/Mpp < 1
for r ~ rs near the event horizon. Whenever Mp,/Mpy < 1 this ensures that quantum loops associated with the
metric are negligible [6].
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where there is some dimensionless coupling g < 1 assumed small so that the interaction ]:Iim can
be considered weak, and where the quantum evolution under the free Hamiltonian ﬁo is known.
Solving for the dynamics in time-dependent perturbation theory generically leads to non-sensical
predictions at late times for observables, known as secular growth. An observable O(t) computed

in perturbation theory,
O(t) = Zgnon(t) ) (1.8)
n

is called secularly growing if O, (t) — oo at late times t — oo (for any n > 1). The reason for
this breakdown of perturbation theory and why it can be so generally expected to occur is that

fundamentally observables are computed using unitary operators of the form
U(t) = e (HotgHin)t (1.9)

In performing a perturbative expansion, the evolution operator effectively gets expanded in g < 1
such that U(t) ~ e*“%t(l — igHint +...) — what this means is that no matter how small the
coupling ¢ is, there always comes a time late enough in which it is a bad approximation to

compute U (t) in powers of gHint.

As emphasized above, the EFT paradigm is generally a perturbative programme (especially when
gravity is involved) and so one may naturally ask why so many calculations in particle physics
seem to be free of secular growth issues: the answer is that this is because scattering calculations
are one of the few types of quantum mechanical calculations where this is distinctly not an issue.
In a typical scattering problem, the wavepackets of the initial components start off distantly
separated at early times, and only interact for a brief moment as their wavefunctions overlap
during the scattering event, and then finally the products freely fly off at late times (see Figure
1.1). This exception to the rule of secular growth helps to explain why the commonness of secular

breakdowns are somewhat under-appreciated in the particle physics community.

There are however plenty of other communities where secular growth is a well-known obstruction
to reliably computing late time behaviour. In particular, it is an issue whenever interactions
persist indefinitely (so perturbatively small effects accumulate to eventually yield large divergent
contributions): most notably in cases where particles interact with a medium, or environment.
Perhaps the best-studied setting where this happens is in calculations involving thermal baths
— when these thermal perturbative calculations are phrased in terms of EFTs, secular growth
often manifests itself in momentum space as severe (aka. power-law as opposed to logarthmic)
divergences, which translate to secular growth predictions for observables such as correlation

functions (for example, in hard thermal loop QCD calculations for near-massless bosons [32, 33],
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Early Times (¢ = —o0)

E S S——

Atin‘ueraction

Late Times (¢ — +00)

Figure 1.1: A cartoon of a scattering problem: non-interacting wavepackets are set up
far apart from each other at ¢ — —oo, interact for a brief moment Atiyteraction @s their
wavefunctions overlap (with Atipteraction @ short time interval over which perturbation theory
can be trusted), and the products fly off again for late times ¢ — +oo.

or the breakdown of mean-field methods when calculating nearby a critical point [34]).

Gravity as a Medium

It turns out that essentially any quantum system coupled to a gravitational field tends to suffer
secular breakdowns of perturbation theory. The reason for this is not that there is something
special about gravity (in this regard), but simply because the gravitational background is eter-
nally present: for any quantum degrees of freedom coupled to the background, gravity acts as a
medium for secular growth effects to manifest over. There are plenty of examples of this in the
literature, most prominently in cosmological settings [35, 36, 37, 38, 39, 40, 41, 42], but has been
shown to occur in Minkowski space [43, 44] as well as black hole spacetimes [45]. Since secular
divergences are known to be commonplace in thermal field theories, this is perhaps unsurprising

since all of these spacetimes have horizons and therefore a notion of temperature within them.

1.3 Late-Time Resummations

Just because weakly-coupled theories suffer secular growth problems does not mean we need to

exactly solve the theory in order to make reliable predictions at late times. Through a late-time
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resummation, one can extend the validity of perturbation theory to gain access to late time

behaviour (at least for certain regimes of parameter space).

The simplest example of this has to do with particle decay, where the number of particles N (¢)

in the system obeys the evolution equation

AN(2)
at

= —TN(t) . (1.10)

The decay rate I' is computed in perturbation theory, and so it may seem at first surprising that
we can trust the solution

N(t) ~ N(0)e " (1.11)

out to very late times where I't > 1. If one were to solve the equation naively in perturbation

theory, all the equation tells you is that
Nit)~NO)[1-Tt+...], (1.12)

which clearly suffers the problem of secular growth and stops begin useful the moment I't ~ O(1)

or larger. Why then can we trust the exponential in (1.11)7

The saving grace here is the observation that the evolution equation & N(t) = —I'N(t) is time-
local. Tt does not depend explicitly on ¢ (only implicitly through N), and therefore its perturbative
solution can be derived anywhere along the time axis. For example, one need not solve equation
(1.10) starting at ¢t = 0, one can instead solve it at a different later time ¢ = t; > 0, where the
perturbative solution is

N@#)=N(t)[1 =Tt —t;) +...] (1.13)

where (similar to the above) the perturbative solution can be trusted for I'(t — ¢;) < 1. The
above implies that we have a family of solutions, each which can be trusted for some very small
window of times — if these windows overlap, then we can trust the solution over the union of
all these windows, and for this reason it truly makes sense to trust the exponential decay law
N(t) =~ N(0)e~'*, even though I' is computed in perturbation theory. See Figure 1.2. If, for
example, the decay rate is computed to second order in the interaction so that I' ~ O(g), then
it is said that the solution has been resummed to all orders in g¢t, while neglecting orders g%t
effects. This happily means we have access to much later times than the original perturbation

series.

The above late-time resummation argument is in spirit a renormalization group-like argument

as it is reminiscent of how perturbative expressions for the runnings of couplings (as a function
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N(t)
N(0)- AN (¢
® _ _r vy
dt
~NO)1-Tt+...]
> 1
0 t to ts ts ts te
> 1
0 tl tg tg t4 t5 t6
Figure 1.2: In the upper figure, perturbation theory gives a valid solution over a tiny interval
t € [0,t2] where I't < 1. In the lower figure, since the evolution equation is time-local, it
does not matter which tiny interval we perturbatively solve the equation in. We can trust
each of the perturbative solutions in the small interval where it is valid and stitch them all
together to trust the resummed solution N (t) ~ N(0)e~!* out to very late times.

of energy scale ) get their domain of validity extended. For example in a standard course
in quantum electrodynamics (QED), one often computes the running of the renormalized* fine
structure constant «(u) in perturbation theory [6] for energy scales u > m, above the mass of
the electron (where famously ag := a(m.) = e€?/(4w) ~ 1/137 with e the elementary charge). At

one loop in QED, one finds

a0 = [1 = 2 1og (4] atuo) (1.14)

for any energy scale u nearby a reference scale pg such that ‘alog(;ﬂ / ,u%)’ < 1. Since the
reference scale g is arbitrary, one can derive the solution (1.14) for p close to any applicable

QED scale o > m. — differentiating the above expression with respect to log(u?) one then finds

4typically in the modified minimal subtraction renormalization scheme

10
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that (1.14) implies

da(p) _  a*(p)
Tiog(® ~ B (1.15)

which gives an answer for a(u) with a much larger domain of validity than (1.14) would naively
imply, requiring the much weaker condition @ < 1. When (1.16) is solved with the initial

condition ag = a(m,), one finds that

= [ 2~ L (2)] a1

and it is here said that the renormalization group improved running implied by (1.16) is valid
to all orders in alog(u?/m?) (so long as a < 1) — this is the same kind of resummation being

performed at late times in the remainder of this work.

There are different ways to derive late-time resummations in the literature, however the method
used in Open EFTs (and so pertinent to this thesis) comes from Markovianity arguments in the

study of open quantum systems.

1.4 Open Quantum Systems

The framework of Open Quantum Systems (OQSs) [46, 47, 48, 49, 50, 51, 52, 53] is designed to
study a sector A (called the open system) whose degrees of freedom we are interested in tracking,
which interacts with some unobserved sector B (called the environment). Sectors A and B have
their own respective Hilbert spaces Hgystem and Henvironment Which means that the interaction

is assumed to mix the two sectors with a Hamiltonian of the form
H=H,01,+1,® Hy + gHyy . (1.17)

For simplicity we assume in this section that the above Hamiltonian is time-independent. The
operators H a,p and I, 5 are free Hamiltonians and identities on the Hilbert spaces of the system
and environment respectively, and the coupling g is usually assumed to be small so that the

system can be studied perturbatively assuming that the operator
Hy:=H,®I,+1,® H, (1.18)

can be treated as a free Hamiltonian (under which the evolution of the system can be solved).
The situation is depicted in Figure 1.3. As with any quantum system, the density matrix p(t)

describing the state of both sectors A and B (an operator on Hgystem @ HEnvironment) Obeys the

11
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Figure 1.3: Schematic set-up for an open quantum system interacting with an environment.

Liouville equation
ap i oA
52 = —ilHo+ gHu p()] (1.19)
The unitary time evolution underlying the equation is guaranteed to preserve the essential prop-
erties of the density matrix: (i) pT = p, (ii) Tr[p] = 1 and (iii) p > 1 (the latter meaning that

the eigenvalues of j are non-negative). In particular the properties (ii) and (iii) together ensure

that all probabilities associated with the density matrix are properly bounded between 0 and 1.

In the framework of OQSs, the goal is to understand what the accessible sector A is doing

(without directly tracking the evolution of B), which means to track the reduced density matrix
or = Tr[j] (1.20)

with all the degrees of freedom of sector B traced away. In principle, 3, (an operator acting
on Hgystem alone) allows one to calculate whatever time-dependent observables desired in the
system. What is intriguing about OQSs is that the time evolution is no longer unitary — since the
interaction mixes the Hilbert spaces of the system and environment, if one tracks the evolution
of ¢, alone then it is free to undergo dissipation (leakage of energy into the environment), as
well as decoherence (loss of quantum coherence so that g, tends towards a classical statistical

ensemble).

12
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1.4.1 Master Equations

Typically the evolution of ¢, is understood using a master equation, which is derived from the
underlying Liouville equation. In this subsection we briefly derive an elementary master equation,
which is derived from the interaction picture version of equation (1.19)

AT

dp
ot

= —ig[Hy (1), p'(t)] - (1.21)
where the interaction picture variables are defined as

294 . _+iHot 7 —iHot
Hint(t) =€ vHo ]_Iint6 tHo

(1.22)
Pl (t) = e+m0tﬁ(t)e_mot
and similarly for the reduced density matrix
(1) = etiflaty, (pe—tat (1.23)

The best would be if one could simply apply the partial trace operation Trp directly onto (1.21)
so as to yield a master equation involving ¢, only. It turns out this is not so straightforward, and
one needs a more useful form of the Liouville equation to make progress. To this end we note
that there are other ways of writing the interaction picture Liouville equation, the first being the

integral version of (1.21)

Pt = p'(0) —ig / ds [FIi (3), 7' (5)] (1.24)

and another version which involves inserting (1.24) into the RHS of (1.21) giving

aﬁl - 71 AT 2 ! s 71 71 s). 5 (s
o = =il 0,00 = g [ ds [0, (5. ()] (1.25)

Note that (1.21), (1.24) and (1.25) are all equivalent. However it turns out that the last equation
is a useful starting point for developing a simple master equation if one additionally assumes

that the initial state is uncorrelated
5(0) = 01,(0) © B (1.26)

where 9B is the initial state of the bath (assumed to be time-independent). By examining equation
(1.25), one can easily deduce that any correlations for ¢+ > 0 must come in at O(g) or higher®,

and so under this assumption one performs the so-called Born approximation

pl(t) ~ 04 (t) @ B+ O(g) , (1.27)

STnserting p(t) = 0a(t) ® B+ JPcorrelations (t) into (1.25) shows that this ansatz is consistent.

13
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in equation (1.25) giving

aﬁl ~ —j 71 AT 2 ! s 71 71 s). 6% (s %
y = =il 0.0 O] = o [ ds [0, (). 200 2B (129)

If one then assumes that the interaction is of the form

g Hi (1) =g S (@ B'(t) (1.29)

then one can easily take the partial trace of (1.28) which gives rise to (after a change of integration
variable s — ¢t — s)

90,
ot

~ _92/0 ds ((Bf(t)BI(t—s)>%[§’(t),5”(t—s)@;(t—s)] +h.c.> (1.30)

where for simplicity we assume that
T (—iglH (1), 5 (0)]) = 0 (1.31)
and we define the environment average
(O)g = ’gr[O%] . (1.32)

The master equation (1.30) is a simple master equation, which happens to agree with the leading-
order term of its more sophisticated counterpart the Nakajima-Zwanzig equation [54, 55] used in
the §2 and §4 of this thesis. However, as it stands equation (1.30) is not time-local and so an

additional approximation is required if it is to help us gain access to late times.

1.4.2 Horizons, Open EFTs and Lindblad Equations

For any type of EFT of gravity which couples quantum objects to a gravitational background it
seems that an OQS description strongly resembles the way in which an event horizon partitions
the degrees of freedom in the problem. The horizon naturally splits up the system into an
observed and an unobserved sector, which interact with one another (even though we can only
make measurements on one side of the horizon — see Figure 1.4). Considering this, and the fact
that gravitational backgrounds seem to introduce secular growth issues, it turns out that the

techniques of OQSs are extremely useful for studying such EFTs of gravity.

In order to be considered an Open EFT however, there should be a hierarchy of scales available
in order to simplify computations. It turns out that access to late times relies on whether there

is a limit of master equations like (1.30) in which it becomes time-local on the right hand-side,
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7'[System

O ——
TS

HEnvironment

Figure 1.4: A cartoon of how an open quantum systems treatment may be applied to a
regions of spacetime separated by an event horizon (in this case that of a black hole with
Schwarzschild radius 7).

such that

il —g? /Ooods ((Bf(t)é”(t—s»% [S7(t), S"(t — 8)0",(1)] +h.c.> . (1.33)

Here one expands (about s = 0) the operator
04 (s) = pi(t) — 00, (t) + - .. (1.34)

on the RHS of (1.33), under the assumption that there exists a hierarchy of scale between the
correlation time of (B’ (t)B'(t — 5))g and the size of 9,0/, (t) — the limit in which (1.33) is true
is known as the Markovian approzimation®. Note that in equation (1.33) we have additionally
assumed that we probe times ¢ much larger than the correlation time in the environment (so

that the upper limit on the integration can be approximated by o).

The Markovian approximation coarse-grains the evolution along the time axis, since it loses the
“memory” of the integration over s. What is so powerful about the Markovian approximation is

that one can convert equations like (1.33) into so-called Lindblad form [56, 57, 58] (now written

6Whose namesake comes from the Markov chain stochastic process, a sequence of events in which the probability
of an event occurring depends only on the state attained in the previous event.

15



PhD Thesis - G. P. Kaplanek; McMaster University; Physics & Astronomy

in the Schrodinger picture)

9pat)
ot

S . 1( stz
= *l[HAJFQQHeffaQA +922h3k< JQA AT Q{A]];AjaQA(t)}> (1'35)

for some effective Hamiltonian H.g, and some family of operators AJ— (usually closely related
to operators S” (t) in the original interaction), and the matrix [h;;] are called the Kossakowski

coefficients (which in practice are the s-integrals in (1.33) over the correlations (3’(t)BI(s)>%).

Most crucially, Lindblad equations like (1.35) are time-local and therefore reliably predict late
time behaviour. The way this works is to notice that time-dependent perturbation theory would
instead predict the behaviour (in the interaction picture, where Hlg(t) := etiHat [ ge—ifat and

Al(t) == eTiflat i e—iflat)
Pt~ —ig? / ds [Al(s), &4 (to)
vt [l Zh]k( o) 4119~ § {4 (941000 e} )

for any initial time tg > 0 (c.f. equation (1.14)), with this perturbative expression being valid

(1.36)

for g2(t —to)/¢ < 1 (with £ some typical timescale associated with the environment). Since the
solution is valid over any perturbatively small interval anywhere along the time axis (picking to
anywhere we like, not necessarily at to = 0), this means we can trust the solutions over the union
of all these tiny overlapping time intervals and one can therefore trust the integrated solution to

(equivalent to (1.35))

aﬁét(w = —ig’[Hig(t), 04(t)] + ¢ Zh]k< oL (A — %{AITA;, ;()}) (1.37)

to all orders in g?t/¢ (so long as g < 1). This is the same late-time resummation argument
given in §1.3 and is the main tool of the Open EFT treatment considered in this thesis as it
is fundamentally a hierarchy of scales argument (for other examples of Open EFTs used for

gravitational problems see [61, 62, 63, 64, 65, 66, 67, 68]).

Finally we note that Lindblad equations like (1.35) are easily shown to preserve hermicity and
unit traces of g,. It is also a theorem that if the eigenvalues of the Kossakowski matrix [h;;] are

non-negative then the Lindblad equation preserves positivity”:®. One of the lines of reasoning

"Technically, it preserves a stronger notion of positivity called complete positivity — by definition a finite
dimensional operator Ois completely positive if O®Iy it is positive for any identity operator Iy. This notion of
positivity is important in open quantum systems since it ensures states are positivity-preserving no matter what
kind of system they may get entangled with.

8The proof that complete positivity is preserved by Lindblad equations with non-negative Kossakowski coeffi-
cients is rather technical (using the technology of so-called quantum dynamical semigroups), and so we refer the
reader to [56, 57, 59, 60].
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taken in the Open EFT approach in this thesis is that if one consistently tracks the size of
theoretical errors when taking each approximation in the above then one must end up with a
positivity-preserving Lindblad equation (since the underlying Liouville equation one starts with

is positivity-preserving).

1.4.3 Qubits

For the rest of this section we make use of the earlier developments of this section so as to study
the simple toy model of a qubit (or Unruh-DeWitt detector [24, 69]) which moves through some

spacetime coupled to a quantum field (see Figure 1.5). We specify to the simple case in which the

Figure 1.5: A cartoon of an Unruh-DeWitt detector: a qubit which traverses some trajectory
through a curved spacetime, while interacting with a quantum field living there.

role of the environment is played by a real scalar field ¢ living in flat Minkowski space (assumed

to be massless and non-interacting), and the qubit free Hamiltonian is

- w ., dr
Ha(r) = 563 37 (1.38)

where &; denote the standard 2 x 2 Pauli matrices. We pick the interaction between the open

system and environment to be (in the interaction picture)

g Bi(r) =g S0 B) T (1.39)
with
§'(t) = [0 ‘3*;”} and  BI(1) = ¢’ [y (7) (1.40)

where ¢’ is the interaction picture field and the trajectory of qubit is y#(7) (parametrized by
the proper time 7 as measured by the qubit). Note that both (1.38) and (1.39) include Jacobian
factors d7/dt, which ensure that these operators generate translations in terms of the qubit’s

proper time (where ¢ is the Minkowski time with which the scalar’s free Hamiltonian generates
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time translations in). The trajectory is here chosen to be (for a > 0)
y*(7) := (Lsinh(ar), L cosh(ar),0,0) . (1.41)

Observers moving along the above uniformly accelerated trajectory will famously experience the
Minkowski vacuum |M) to be a thermal state at Unruh temperature T = a/(27) [24, 70]. By
assuming the environment is prepared in the Minkoswski vacuum B = |M)(M]|, it turns out that

(1.30) becomes the set of equations

85;1 = 92/_ ds W(s)e s — 4g2/0 ds Re[W(s)] cos(ws) o1 (T — s) ,

%k — ag? [ ds RelW(s)Je T alu(r - 5) + 207 [ ds RepV(s)e ety —)
0 0

(1.42)
where (with the limit ¢ — 0" understood)
a2
W(r) = Tr(@'[y"(N)]e'ly"(0)]) = — 167 sinh? [2] (1.43)
and where we have used
! ! ! !
o= )=l ) ase

So as to take the Markovian approximation, we note that the correlator W(7) is peaked around
7 = 0 and correlations die away exponentially fast with timescale ~ 1/a. When the timescales
associated with 9,0’ (7) are large compared to 1/a the Markovian approximation should apply.
However, as emphasized in [71] (as well [1, 72, 90]) taking the Markovian approximation in (1.34)
results in an equation of motion that additionally requires w/a < 1 (otherwise the subleading
terms in the Taylor series (1.34) become too large, spoiling the approximation). One way of
very easily attaining this (surprisingly stringent) Markovian limit is to take instead of (1.34) the

Taylor series
oL (r— 5)5”(7' —8) ~ @;(7')5”(7) —s (6T@2(7)5”(7') + @;(T)BTSI(T)) +..., (1.45)

keeping the leading-order term so that (1.42) becomes (also assuming 7 > 1/a so the limits on

the integrals can be taken to be o)

donq o [T 2 [T I
~g ds W(s) — 4g ds Re[W(s)]oi;(7) ,
or / /0 1 (1.46)

I
88971_2 —2¢° / ds Re[W(s)]o1(7) + 2g%¢ +2MT/ ds Re[W(s)]o15(7) -
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After some integration, the above equations simplify to

00} 2a
871'1 = ) (1 - 2@11@')) )
g2

891 a TwWT I%*
22 2 (- ) + () )

(1.47)

These time-local equations have solutions which can be trusted to all orders in g?ar where®

1 1 _glar

() = 5 - |3 - @) 5T

(1.48)
I _g27a2‘r * 920‘ 2iwT
012(T) = e” 477 | 012(0) + 912(0)m(1 -,
which means that the late-time state attained by the qubit is

. I Lo

Tlgrolo oL (1) ~ [8 é} (1.49)

which is a maximally mixed state (to be understood as the high-temperature limit of a ther-
mal state at the Unruh temperature), with the off-diagonals vanishing in the late time limit

diminishing all quantum coherence.

To connect the above solution to the earlier discussion of secular growth one notes that the

solution pf;(7) found in time-dependent perturbation theory is simply

1 2
011(7) = 011(0) — <911(0) - 2) 92:27 +... (Perturbation Theory) (1.50)

which is easy seen to be the g2ar < 1 limit of (1.48). All this means is that perturbation theory
correctly captures the departure from the initial state, but fails to work when g%ar > O(1)
(resulting in a secular growth breakdown at late times). Finally it is worth noting that one can
easily place the equations (1.47) into Lindblad form, where

3

8@ Jwa A " A A 1 (A t. 4
o = i {503,94 +9° > hjk (UjQAUZ = 2{0110;‘7&}) (1.51)

jk=1

where the Kossakowski matrix is in this case simply

g’a
272

0 0
hjgl= 10 0 0], (1.52)
0 0 0

which is easily seen to have non-negative eigenvalues. What this confirms is the logic that when
the appropriate limit of the underlying equations is taken, all equations should be well-behaved
physically (in this case, we see that the resulting equation of motion preserves positivity without

requiring any further approximations, like the rotating-wave approximation — see also [74, 75]).

92("
An2w

91n solving 015 one additionally assumes that < 1 so as to examine a simplifeid non-degenerate regime
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1.5 Point Particle EFTSs

Wilsonian effective field theories described in §1.1 are organized in terms of a hierarchy of energy
scales. In the case that one studies a tiny compact object, in which the details of the short-
distance (aka. high energy) physics is unknown to us, it is useful to organize an EFT in terms of
a hierarchy of length scales. These types of effective theories are known as point-particle EFTs

(PPEFTSs). We briefly describe these since both §3 and §4 use ideas from PPEFTs.

In general PPEFTSs can be useful for parametrizing UV physics over length scales of the same
order or much larger than the size of the compact object (or point particle). Oftentimes these ef-
fective theories are applied to atoms with complicated substructure which ordinary QFT methods
are hard-pressed to describe (this already becomes an issue for relatively small nuclei, with atomic
numbers Z 2 2). For example, if one seeks to compute observables like energy shifts in non-trivial
atoms (when finite nuclear size effects are difficult to derive from first principles), PPEFTs are
useful in accounting for nuclear-size effects in a model-independent way (with systematic control

over theoretical errors at every order in the EFT expansion) [76, 77, 78, 79, 80, 81, 82].

The PPEFT framework need not however be constrained to describe atoms only though: for
astrophysical objects these same techniques can be used to help understand the UV physics for
compact objects like black holes. For example, PPEFTs have been used to quantify the size of
potential UV physics near the event horizon of a black hole in [83, 84] (since quantum gravity
effects are thought to modify near-horizon physics). As described later in this thesis, PPEFTs
are in part used to develop a toy model of a black hole (which also contains Open EFT features),
which is designed to apply over macroscopically large distances compared to the size of the black

hole.

1.6 Outline of Thesis

The rest of this thesis is structured as follows: In §2 we study a qubit which hovers near the event
horizon of a black hole, and we find its late-time thermal state. In §3 we introduce the hotspot
model, which is meant to serve as a toy model of a black hole highlighting the OQS nature of a
black hole’s degrees of freedom (being split by the presence of an event horizon). This model is
understood as a PPEFT, meant to serve as a predictive model only over distances much bigger
than the size of the toy black hole. In §4 we study the hotspot model further, while applying
two Open EFT techniques on the field describing the exterior of the toy black hole. Finally, we

make some concluding remarks in §5.
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Chapter 2

Hot Qubits on the Horizon

G. Kaplanek and C. P. Burgess,

“Qubits on the Horizon: Decoherence and Thermalization near Black Holes,”
JHEP 01 (2021), 098

doi:10.1007/JHEP01(2021)098

[arXiv:2007.05984 [hep-th]].

2.1 Preface

We begin by studying the so-called Unruh-deWitt detector model (encountered earlier in §1.4.3),
in which a particle detector (ie. a qubit in this case) is coupled to a real scalar field ¢, which
in turn is coupled to a classical Schwarzschild spacetime. The qubit is here forced to hover just

outside the event horizon of the black hole.

A free real scalar field is the simplest type of quantum field that can interact with a gravita-
tional background. Despite this the mathematics involved in coupling a scalar to Schwarzschild
space are immensely complicated — computing correlation functions like (p¢) are in general very
complicated mode sums [85], which can at best be only approximated by asymptotic forms. A
large portion of the work in this chapter has to do with controlling the near-horizon limit of a
class of correlation functions (obeying the Hadamard form coincidence limit) — in particular for
static observers sitting outside the horizon, correlations simplify drastically due to the enormous
redshifts factors that contribute near the horizon of the black hole. It is shown that the late
time limit At/ry > 1 (with At the Schwarzschild coordinate time) is accessible for the remark-
ably simple self-correlations found along the trajectory of the qubit (with all corrections being

parametrically small and controllable).
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Armed with these simplified correlations, the Nakajima-Zwanzig master equation is used to take
the Markovian approximation using the hierarchy of scales between the Hawking temperature
(~ rs the correlation time in the environment) and the size of the variation of the qubit’s
reduced density matrix. One finds the expected result that the qubit thermalizes to the Hawking
temperature at very late times (because of the equivalence principle of GR there is also a close

relationship here with the uniformly accelerated trajectory studied in [71] and §1.4.3)

The major theme of this paper is control of theoretical error in the late time regime of the
qubit: both the complicated correlations of Schwarzschild space, and the Markovian limit of
the associated qubit state take a remarkably simple form once one is careful to stay within
the described approximation scheme. Another point of emphasis is just how tightly the late
time resummation constrains the parameter space here — by being careful to remain within
the domain of validity of the Markovian approximation one finds that only small qubit gaps

(compared to the Hawking temperature) admit a Markovian description.
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ABSTRACT: We examine the late-time evolution of a qubit (or Unruh-De Witt detector)
that hovers very near to the event horizon of a Schwarzschild black hole, while interacting
with a free quantum scalar field. The calculation is carried out perturbatively in the
dimensionless qubit/field coupling g, but rather than computing the qubit excitation rate
due to field interactions (as is often done), we instead use Open EFT techniques to compute
the late-time evolution to all orders in g2t/r, (while neglecting order g*t/r, effects) where
rs = 2GM 1is the Schwarzschild radius. We show that for qubits sufficiently close to the
horizon the late-time evolution takes a simple universal form that depends only on the
near-horizon geometry, assuming only that the quantum field is prepared in a Hadamard-
type state (such as the Hartle-Hawking or Unruh vacua). When the redshifted energy
difference, weo, between the two qubit states (as measured by a distant observer looking at
the detector) satisfies weoms < 1 this universal evolution becomes Markovian and describes
an exponential approach to equilibrium with the Hawking radiation, with the off-diagonal
and diagonal components of the qubit density matrix relaxing to equilibrium with different
characteristic times, both of order r4/g2.
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1 Introduction and summary

Making reliable predictions can be difficult at the best of times. But reliably predicting
behaviour at very late times is notoriously hard. What makes it difficult is the inevitable
breakdown of perturbative methods that happens at late times; a huge handicap given that
perturbative methods dominate a theorist’s intellectual toolbag.

Perturbative methods break down for a simple reason: if a Hamiltonian can be written
H = Hy + gH; for some small dimensionless parameter g, then there is always a time
beyond which the time-evolution operator U(t,ty) = exp[—iH (t — to)] is not well-described
by perturbing in g. The time where this breakdown occurs scales as an inverse power of
g, but is eventually exceeded no matter how small g might happen to be. Like death and
taxes, perturbative failure is just a matter of time.

This might not be bothersome if such late times were never of interest. However many
important physical processes occur on long time-scales like these. For example, even when
individual photons interact weakly with individual atoms, phenomena like refraction and
reflection (where 100% of photons scatter in one direction or another) occur on time-scales
long enough to invalidate perturbing in electromagnetic interactions. Thermalization is
another phenomenon whose time-scales are very large and scale inversely with coupling
strengths like g.
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In this paper we explore similar late-time issues for interacting quantum systems mov-
ing in gravitational fields. That similar phenomena must exist — particularly in the pres-
ence of horizons — is clear given the thermal nature of quantum fields in these space-
times [1-6]. Test probes should be expected to thermalize in such environments, and any
description of this process should share all of the late-time complications that thermal-
ization calculations always have [7-14]. In this paper we show this is true for quantum
systems exterior to a Schwarzschild black hole, extending our own earlier work that does
so for spacetimes with Rindler [15, 16] and de Sitter horizons [17].

The reason for doing so is not because this kind of thermalization is soon likely to be
observed. On the contrary, it is worth doing because the tools used are informative in their
own right. In particular, they show how standard techniques used to describe late-time
behaviour in optics and thermal physics apply equally well in gravitational settings [18—28].
This makes them potentially relevant to late-time puzzles known to occur in gravity, such as
the problem of secular growth in cosmological spacetimes [29-57] (for reviews see [58, 59])
and to problems like information loss [60] or ‘firewall’ problems [61, 62] in black-hole physics
(for reviews see [63, 64]).

In this paper we compute the late-time evolution of a two-level quantum system (i.e. a
qubit or Unruh detector [5, 65, 66]) that hovers at fixed radius r = ry above the event
horizon of a Schwarzschild black hole while interacting with a quantum scalar field. We do
so perturbatively in the dimensionless coupling strength g with which the qubit interacts
with the quantum field. We show that if ws, is the redshifted splitting of the two qubit en-
ergy levels, and if wy, rs < 1 where s = 2GM is the usual Schwarzschild radius, and if the
scalar-field mass also satisfies mrs < 1, then such a qubit has universal late-time behaviour
(for t > rs/g?) provided that it sits sufficiently close to the event horizon: 0 < 79 —7rs < 7.

Not surprisingly, this universal evolution describes the evolution of the qubit towards
an asymptotic thermal state whose temperature equals the Hawking temperature T =
Ty = (4777"5)’1. Perhaps more surprisingly we show that this approach to equilibrium
is also very robust, occurring exponentially with two different thermalization time-scales
proportional to

_ 4mtanh (2775 woo) N 8m2r,
9PWoo g

+ -+ since weers K 1. (1.1)

This evolution is robust in the sense that it depends only on the qubit/field coupling
strength, g, and on the background geometry for any quantum state whose Wightman
function has the standard ‘Hadamard’ form [67-69] at small field separations: i.e. it satis-
fies (3.13), reproduced here as

1
Go(z,2') =

_ 1.2
8n2o(x, ') o (12)

where o(xz,2') is half the square of the geodesic distance between spacetime points x and
2’. In particular, eq. (1.1) applies equally well if the quantum field is prepared in either the
Hartle-Hawking or Unruh vacua, and is independent of the scalar-field mass in the mass
range mrg < 1.
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It has been known for some time that Hadamard behaviour suffices for deriving the
steady-state Hawking flux around Schwarzschild black holes [70], and our results extend
this conclusion to the approach to equilibrium for quantum probes. We remark in passing
that our results differ from early — and some recent — calculations of Unruh detectors
in Schwarzschild geometries [71-76], which often compute qubit excitation rates, finding
results that differ when the field is prepared in different states (such as the Hartle-Hawking
or Unruh vacua). These calculations usually compute the rate with which a qubit is ex-
cited out of its ground state, as opposed to the qubit’s late-time approach to its asymptotic
thermal state (as is computed here). Although the excitation rate can be accessed per-
turbatively in g, more effort is required to obtain the approach to equilibrium since the
time-scale involved is of order r,/g>.

We are able to make reliable predictions using arguments of Open Effective Field
Theories (Open EFTs) [24, 26, 28]. As is explained in more detail in [16], these recast
techniques from elsewhere in physics into an effective field theory language that is easily
adapted to gravitational systems. In essence these arguments have a renormalization-group
like structure: one sets up a differential evolution equation for the object of interest (in
this case the reduced density matrix for the qubit) whose domain of validity is larger than
the integrated evolution from which it is derived. That is, one explicitly evolves the system
using perturbation theory starting from an arbitrary initial time, ¢tg. Although perturbative
evolution can only be used to evolve a limited way forward in time, say from ¢ to t;, within
this window the result can be differentiated with respect to time to derive a differential
evolution equation.

If this evolution equation itself makes no specific reference to ty then the same con-
struction could equally well be used to derive the same evolution equation starting at ¢1,
with perturbative validity out to to, and again starting at ¢3 and so on. Whenever this can
be done the solutions to the differential evolution equation can be valid on the union of
each of these derivation intervals. If g < 1 is the small perturbative expansion parameter
then this process ends up resumming all orders in g%¢, say, but neglecting contributions in
the evolution! that are of order gt. As a result the solutions found this way can be trusted
even when t ~ O(rs/g?).

One reason to explore the simple qubit systems considered here is to make this con-
struction very explicit, making it easier to understand. The starting point for the argument
is the Nakijima-Zwanzig equation [77, 78], which is a general evolution equation for the
reduced 2 X 2 density matrix, @(t), of the qubit. It is obtained by tracing over the Liouville
equation describing the evolution of the full qubit/field system, and then eliminating that
part of the density matrix that describes the non-qubit degrees of freedom. The result is an
integro-differential evolution equation that is useful because it refers only to the qubit’s re-
duced density matrix and not to the other degrees of freedom, which appear only implicitly
through correlation functions of Hj,t. Although the Nakajima-Zwanzig equation does not
in itself automatically allow perturbative time-evolution to be extended out to very late
times, it provides a useful starting point for identifying situations where this can be done.

1Order g*t evolution is similarly predicted using a more accurate evolution equation, and so on.
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As is true for most effective field theories, relative s implicity comes only when there is
a hierarchy of scales that can be exploited. The important hierarchy arises in this case if the
field correlation function (Hint (t)Hins(t')) falls off to zero for [t —t'| > ¢, for some character-
istic time-scale (. In this case the useful hierarchy arises when exploring time-evolution over
much longer time-scales At > (. Access to late times can happen if the Nakajima-Zwanzig
equation remains sufficiently simple once expanded in powers of this ratio ¢/At.

The qubit example studied here shows in detail how this can happen: the leading terms
in the Nakajima-Zwanzig equation become Markovian, in the sense that d;0(t) depends
only on g(t) and not on the details of its past history prior to time ¢. Markovian behaviour
of this form emerges for qubits near a black hole once At >> r (at least this is true when the
redshifted energy difference wo, between the two qubit energy levels — as seen by a static
observer looking at the qubit far from the black hole — satisfies weors < 1), Evolution to
all orders in g2t is then described by a Lindblad equation [79, 80]. (Some implications of
Lindblad evolution in Schwarzschild geometries are also explored in [81-87].) By deriving
the Lindblad equation as a limit of the Nakajima-Zwanzig equation for this system, we are
able to assess its domain of validity.

This paper. The rest of this paper is organized as follows. The next section, section 2,
sets up the system whose late-time near-horizon evolution is to be computed. In particular
section 2 defines our qubit/quantum-field system for static spacetimes, and then briefly
explores the properties of qubit trajectories that hover at fixed positions just above a
Schwarzschild black hole.

Section 3 follows this with a brief description of how reduced density matrices are
evolved in open systems, describing the Nakajima-Zwanzig equation whose solutions govern
the qubit’s late-time behaviour. Since at lowest nontrivial order the quantum field enters
into the qubit evolution only through its Wightman function, we also summarize in section 3
the near-horizon form for this function for field states that satisfy the Hadamard form for
small separations.

Finally, section 4 shows how the near-horizon limit of the Wightman function allows
the Nakajima-Zwanzig equation to be approximated by a Markov process, describing the
late-time exponential decay towards a Hawking-temperature thermal state. The time-scale
for this approach to equilibrium is computed for qubits asymptotically close to the horizon,
and found to be universal in the sense that it is determined only by qubit properties and the
black-hole geometry. Provided m rs; < 1 this rate is largely independent of the details of the
quantum field, and assumes only that it is prepared in a Hadamard state. In particular the
approach to equilibrium is the same when the field is prepared in either a Hartle-Hawking
or Unruh state.

2 Qubits in Schwarzschild

This section sets up the framework — a qubit/field system and the spacetime through
which the qubit moves — that is used to perform the calculations to follow.
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2.1 The qubit/scalar system

The system whose evolution we follow consists of a real massive scalar field ¢(z) coupled
to a single two-level qubit through the action S = Sg + S + Sint, Where Sp describes a
self-interacting quantum field

A g 2.1)

gwja,uﬁb O+ (m2 + fR)¢2 + 12

Sp = —%/d‘lx V=g

within a background metric? given as in (2.20) or (2.22). For this paper we neglect self-
interactions (A = 0), though we briefly comment in the conclusions on how things can
change in their presence. The coupling & plays no role because Schwarzschild is Ricci flat,
and for reasons to be clear below the mass m is assumed to satisfy mrs < 1.

The free qubit action is given by?®

Sy = /d%/ds {5 Z3 55—\ 92 (wo -7 €Tk, 53‘31@)} 54[37 —y(s)], (2.2)

where 3;(s) are classical Grassman variables (with i = 1,2,3) with 3; := d3;/ds and 3’ :=
(5ij;~,j. The quantities Z, wp and & and u’ are real parameters (with uu’ = 1), with Z
eventually absorbed into the 3; to obtain a convenient normalization that simplifies later
formulae.* The integral over d*z is trivially done using the delta-function, and reveals
that the integration is over a specific timelike world line x# = y*(s), along which the qubit
moves through the ambient spacetime.® Here s is a parameter along this world line, and
the quantity

y~2 = guu[y(s)] yﬂ yy (23)
is what is required to ensure that S, is invariant under reparameterizations of s. It is
usually convenient to fix this freedom by choosing proper time, 7, along the curve as the

parameter, in which case % = —1.
Interactions beween 3 and ¢ are assumed to take the form

Sint = %/d%/dT ¢ 555 04z — y(1)) = g/dT Oly(T)] €% ni55(r)an(T),  (2.4)

where § and n’ are real coupling constants, with n;n’ = 1, and our analysis is ultimately
performed perturbatively in §.

2Nothing precludes also quantizing the fluctuations of the metric about the given background, using
standard EFT arguments [88-91], though for simplicity we do not do so since we do not expect this not
to alter our main point. In principle, dropping metric fluctuations can justified quantitatively by working
with N > 1 scalar fields and computing in the leading large-/N limit.

3Terms linear in 3; do not appear in this action because we require the classical Grassmann action to be
Grassman-even.

‘Hats appear on couplings like & and § to distinguish them from the corresponding quantities once
appropriate powers of Z have been absorbed into 3;.

SFor real systems y*(s) is itself a dynamical variable to be quantized, but for simplicity we ignore
this complication here (treating the qubit trajectory as being specified), since it does not affect our later
discussions.
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Quantization. Working in the interaction picture, quantization of 3; and ¢ is performed
as if they did not interact, with interactions included in powers of g (and A) once time-
evolution is evaluated.

For 3, this quantization goes through as usual [92], keeping in mind this is a constrained
system. To see why, recall that the canonical momenta are given by

_ 05 _iZ

i._ _ i. 9.
5, 29 (2.5)

Because this cannot be solved for j; as a function of the p’ it is instead regarded as a
constraint: p’ — £Z3° = 0. The qubit hamiltonian (generating evolution in proper time 7)
becomes

N

h=p"%— {5 35— (wo - Zeljkw 3]‘31@)} =wy — Ze”kui 3i3k - (2.6)

The canonical quantization conditions turn out to imply that the anticommutator of p? and
3; is proportional to 5;7 and the parameter Z can be chosen to ensure that the quantum
version of the Grassmann condition becomes

{3i,3j} =20;j . (2.7)

The space of quantum states furnishes a representation of this algebra, and for a 2-level
qubit this representation is two-dimensional. The required operator representations for the
3:; therefore are the Pauli matrices

01 0 —1 d 10 2.8)
=0 = R = 09 = al =03 = . .
31 1 10 32 2 i 0 33 3 0 -1

With this choice, properties of the Pauli matrices ensure that ¢”/*3 3k = 2i3', and so defining
coordinates so that u- o = o3 then allows (2.6) to be written explicitly as

h:wo]l—l—%ag, (2.9)

where I is the 2 x 2 unit matrix, and hats are dropped on w when variables are normalized
so that (2.7) holds. Eq. (2.9) reveals the free-qubit energy eigenvalues to be wy & 5 w and
S0 wy is their mean energy while w (which we take to be positive) gives their level splitting
(as measured by an observer whose time is the qubit’s proper time, 7).

With this representation for 3; the qubit/field interaction (2.4) becomes

S = =g [ dr oly(r)}nios = =g [ ar dly(r] o, (210)

where the second equality specializes to the case where n’ is perpendicular to u’ (and so
can be chosen to lie along the ‘1’ axis).

In the absence of couplings (A = g = 0) the scalar field is quantized in the usual fashion
for a static curved space [6]. The interaction-picture field equation is

(-O+m*+£ER)$ =0, (2.11)
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and so for a static geometry one expands

(@) = 3 [un(@) an + uj(2) o], (2.12)

n

where u,, simultaneously satisfies £,u, = —iw,u, and eq. (2.11), where £; is the symmetry
generator in the timelike direction along which the metric is static. Canonical commutation
relations imply the creation and annihilation operators satisfy [ay,,a}] = 0mn. As men-
tioned earlier, for applications to Schwarzschild our interest is in small masses,® mr, < 1,
and Ricci-flatness makes the term R drop out of subsequent discussion.

The scalar field hamiltonian (including self-interactions) is easily computed in the
presence of any spacetime metric of the form

ds? = —fdt? + g dz® dab (2.13)

where g+ = 0 and both g = —f and the spatial metric g, = 74 are t-independent. The
hamiltonian density (for the generator of evolution in t) is then given by

H =10, — L (2.14)

where £ is the lagrangian density from (2.1) and the canonical momentum is

(553
- 552 \f &, (2.15)

where (2.1) is again used, together with the metric (2.13), to evaluate the derivative.

Therefore the scalar-field hamiltonian density, H, becomes

H=1\Fy at¢) + g“baa¢ab¢+ (m +ER)? + ,¢>4 : (2.16)

Total energy. We can now assemble everything to identify the total field/qubit hamil-
tonian, leading to the following sum:

H = Hy+ Hiyg (2.17)
where the ‘free’ hamiltonian is the sum of the two free hamiltonians constructed above
d
HO:H®]I+I®hd—Z. (2.18)

Here 7 is the unit operator in the scalar-field state-space, while H and § are as given in
egs. (2.16) and (2.9). The factor dr/dt is required because b generates translations in
proper time 7 while Hy (and H) are defined to generate translations in ¢.

Since the interaction Lagrangian does not involve time derivatives its contribution to
the hamiltonian is simple to write down, starting from (2.10)

Hi = g 6ly(r)] @ nio; S = g oly(r)] © o T (219)

SPhysically, once the scalar mass becomes much bigger than the temperature its states become exponen-

tially rarely occupied, leading one to expect them to decouple from qubit evolution. This expectation can be
very explicitly verified for simple systems such as an accelerating qubit moving through flat spacetime [16].
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In what follows we compute the implications of this interaction out to second order in g.
The nature of this perturbation theory depends on the relative size of w and the O(g?)
corrections to the qubit energy levels, and for simplicity we work in the regime where these
corrections are much smaller than the qubit’s zeroth-order level splitting, a restriction that
eventually leads to the parameter conditions summarized in table 1.

2.2 Near-horizon geometry

Our interest lies in the near-horizon limit of the exterior of a spinless black hole, defined
in Schwarzschild coordinates by

-1
ds® = — (1 - %) a? + (1 - %) ar? + 12d6? + r2 sin? 0 dg? (2.20)

where r > rg, where r = ry := 2GM defines the event horizon. These coordinates are
useful because they fall into the category defined in (2.13), with ¢ being the static time on
which the metric does not depend, and so £, = ;. The (Kretchsmann) curvature invariant
for this geometry is R,57 777" = 1272 /7%, and so is nonsingular at r = r;.

Schwarzschild coordinates famously break down at the horizon, in the vicinity of which
Kruskal coordinates, (T, X, 6, ¢), defined by

T

T t
X=,/—-1 — sh | — 2.21
Ts P (274.9) o8 <2Ts) ’ ( )

are more useful. In terms of these the line element becomes
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4 3
% e/ (—dT? + dX?) +12d6° + 2 sin? 0 dg? (2.22)

ds? =

where now r = r(X,T) is the implicit function of X and T given by solving

X2 -T%= (1 - 1) erlms (2.23)
T's
and so is given by
1
r(X,T) =rs [1 + W(z)] where z:= =(X?-1T?), (2.24)
e

and W is the Lambert W function defined by W(z) exp[W(z)] = z (which has a unique
real solution for z > 0 and two real branches for —e~! < z < 0).

Although these coordinates are well-behaved at the horizon, the spatial geometry at
fixed T is T-dependent. This is a reflection of the coordinate-independent statement that
the metric is only static outside of the horizon (where it can be rewritten as (2.20)). Inside
the horizon the metric’s symmetry directions are all spacelike.
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Hovering world-lines. The qubits whose late-time evolution we follow are chosen to
hover at fixed r = r9 > r above the event horizon. This is clearly not a geodesic and so the
qubit can be maintained along this trajectory through the action of some non-gravitational
force, whose detailed nature need not concern us here.

Consider two events on this world-line that are distinguished by two values, 71 and 7,
of the qubit’s proper time; separated by A7 := 19 — 7 > 0. These two events are separated
by a redshifted time At for hovering observers situated at spatial infinity, with (2.20)

"to dy” dy'/ T
AT = dt \| —gu—2 -0 = At, /1 - =2 2.25
4 /n I "t Vi (2:25)

implying that

where y}j(t) denotes the curve along which only ¢ varies, with r, § and ¢ all fixed. Notice,
for future use, that A7 < At when 0 < rg — r; < rs.
Both of these intervals differ from the geodesic separation of these two points,

to dy,ufdyV
A ::/ At (| —gu, 29 s 2.26
= Iv=qe "t (2:26)

where the subscript ‘g’ indicates that integration is evaluated along the geodesic y# (t) that
satisfies
iy + Dy =0 (227)

as well as 0(t) = 0y, ¢(t) = ¢ for all ¢ while r(t1) = r(t2) = ro. Because this is a
geodesic it must describe the longest time interval as measured along any timelike curve
that connects the two events, so As > A7. Such a geodesic is possible if dr/dt(t;) > 0 is
chosen appropriately, since then any freely falling body initially moves radially away from
the horizon before eventually turning back and falling into the black hole.

In what follows it proves more convenient to work with the Synge world function,
o(x1,22), defined for timelike geodesics by [93-95]

o (21, 2) = —% (As)?, (2.28)

since this has an integral form that is easier to manipulate (see appendix A).

For later purposes we are interested in a limit that simultaneously has a small invariant
interval, As < rg, but corresponds to late times At > r;. We remark in passing that the
above formulae show that both of these can be simultaneously true provided we pick ro > 7y
sufficiently close to the horizon so that

r

1- 2«1, (2.29)
0

r

Being close to the horizon suffices because the curve that hovers at fixed r = rs is a
geodesic, although it is a null geodesic — for which As = 0 — rather than a timelike one.

3 Time evolution in open systems

We return now to the evolution of the qubit that hovers just above the horizon while
interacting with the quantum field. Our interest is in how this qubit responds to the
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fluctuations of the quantum field, and in how this response becomes universal in the late-
time limit very near the horizon.

Since it is only the qubit’s behaviour that is to be predicted, it is convenient to trace
out the scalar field from the system density matrix, and work instead only with the qubit’s
2 x 2 reduced density matrix, defined as

o(t) = Tr [o(1) (3.1)

where p(t) is the total — i.e. the combined field/qubit — density matrix, and the trace is
over the scalar-field part of the Hilbert space.
When needed we assume the field and qubit to be initially uncorrelated,

po=p(t) =2 ® go (3.2)

where gg defines the initial qubit state and 2 is the density matrix for the quantum field.
Three commonly made choices for Q might be the Hartle-Hawking state, Q5 := |H)(H]|, the
Unruh state €, := [U)(U]| or the Boulware state, Q25 := |B)(B|. These are all pure states
that are candidate vacua for the field, with |H) corresponding to the vacuum in the presence
of a black hole that is in equilibrium with a bath of radiation prepared at the Hawking
temperature, while |U) is the late-time vacuum for a black hole that forms in isolation.

Time evolution for g is in principle determined by the evolution of the full system’s
density matrix, which in the interaction picture satisfies

dup(t) = =iV (), p(1)] (3.3)

where V (t) := etHot [ e =0t Eq. (3.3) has a standard perturbative solution

p(t) = po fi/: ds [V(s) po] - %/: dsy /:1 dss [V(Sg) , [V(sl) pOH oy (3.4)

given the initial condition p(t;) = po.

As is discussed at great length elsewhere — see for example [16, 17, 28] and references
therein — there are two major obstacles to using egs. (3.3) or (3.4) to predict o(7) at late
times.

1. At first sight one could trace (3.3) over the scalar-field sector to obtain d;p, but the
result is hard to solve for o(7), because the dependence of the right-hand side on @
is only implicitly given through its dependence on the full density matrix p.

2. The solution (3.4) does not have this same difficulty because in his equation we may
use po = Q ® go. The problem with (3.4) is that the perturbative approximation on
which it relies systematically breaks down at very late times (in the present example
this breakdown occurs at times of order t ~ r4/g?).

The Nakajima-Zwanzig equation [77, 78] provides the solution to problem (1) above,
and this is useful because the result shows how to find solutions that are not afflicted by
problem (2), in that they allow reliable perturbative predictions even when t is so large
that g2t cannot be neglected relative to .
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3.1 The Nakajima-Zwanzig equation

The logic of the Nakajima-Zwanzig equation is to project the full density matrix onto the
reduced density matrix and its complement:

o="P(p) and EZ:=Q(p) (3.5)

for some projection operator P2 = P and the second definition uses Q := 1 — P = Q2.
Since the time-evolution equation (3.3) for p is a linear equation it can be turned into a pair
of coupled linear evolution equations for the two quantities @ and =. Eliminating = from
this system gives the Nakajima-Zwanzig equation: an evolution equation that involves only
@, but is nonlocal in time due to the elimination of =. Because this is essentially a linear
problem, it can be solved in great generality [77, 78].

As applied to the current example, following identical steps as given in [16, 17] leads
to the following result at second order in the coupling g:

0211) . g [ s (Gatrs) m'(9) ¢! (5). (7] (3.6)

+Gi(rs) [ (7). () 9] ) —1 [ S 0'(7)]

where 0'(7) = eT™g(7) e ™7 is the reduced density matrix in the interaction-picture
representation and so similarly m’(7) := e*®7g1e7"7 (and conventions generally follow [16,
17]). At this point several features of (3.6) bear explanation.

e First, notice that eq. (3.6) gives the evolution of g as a function of proper time along
the qubit trajectory, and does so despite its derivation starting from the Liouville
equation (3.3), which is phrased in terms of the geometry’s static time coordinate,
t. This occurs in detail because of the time-dilation factors d7/d¢ that appear in the
Hamiltonian in egs. (2.18) and (2.19).

e Second, in expression (3.6) the quantity Gq(7, s) represents the scalar-field Wightman
functions

Gal(r,s) = Tr( oly(r))oly(s)]) (3.7)

evaluated at two places along the qubit trajectory, y*(s), and we use the property
Ga(s,7) = G§(1,s) for the Wightman function of a real scalars. These are fairly
complicated functions when evaluated in Schwarzschild spacetime and are usually
given implicitly in terms of a sum over mode functions [65, 71, 81, 96-102]. In what
follows we choose a near-horizon trajectory along which they take a simple form.

e Third, the final term in (3.6) comes from a counter-term interaction, obtained by re-
placing w — Whare = w+0dw in b, with dw regarded as being O(g?). This counter-term
is required because the qubit/field interaction shifts the inter-level energy spacing,
and so makes the parameter w appearing in h no longer equal to this spacing. If the
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parameter in § is therefore instead called wpare then w remains the physical spacing
of qubit levels if éw is chosen to cancel the order g2 qubit energy shift.”

e Finally, notice that (3.6) would agree with the time derivative of (3.4) if in the right-
hand side one were to replace p’(s) with its initial condition gj. Furthermore, such
a replacement at face value seems to be compulsory, because the difference between
0"(s) and g is higher order in g. It is this assumption that o’(s) and p{ are only
perturbatively different that breaks down at very late times, and when it does it
is (3.6) that is the more reliable equation.

Since g is a Hermitian 2 x 2 matrix with unit trace, its elements g21 = g}, and
022 = 1 — p11 can be eliminated from (3.6) to leave the following two decoupled evolution
equations for the remaining two variables p11 and g19:

0014 _ gz T ds e—iwsGQ(T T—3s) (3.8)
or r ’
—4g2/ ds Re[Gq(r, T — 8)] cos(ws) ol (T — s),
0
and
L T o2 7 N iws T
5 = 1w 019(1T) — 29 ds Re[Ga(r, 7 — s)]e ™ol (T — 5) (3.9
T 0

. T .
+2g2e 2T / ds Re[Go(r, T — s)]e”“®o15(1 — s) .
Jo

These two equations perform a change of integration variables s — 7 — s relative to (3.6),
since the result takes a particularly simple form when the Wightman functions are transla-
tion invariant in 7. These are the main equations on which the remainder of the paper rely.

We note in passing that it can happen that the appearance in the above equations of
WT

the oscillatory factors e*™* and ™" can complicate the construction of their solutions.
Such terms can be removed from an ordinary differential equation by standard changes of
dependent variable, which in the present instance amount to returning to the Schrédinger

picture. The result in Schrédinger picture is

8:Qll 2 T —iws
oy — 9 , ds e "*Gq(r, 7 — 3) (3.10)
—492/ ds Re[Gq(r, T — 8)] cos(ws) o, (T — s),
0
and
do12 . 2 7
o = —i(w + dw)p12(7) — 2¢ A ds Re[GQ(T, T — s)} 012(T — 8) (3.11)

+292/ ds Re[Ga(T,T — 5)]012(T — ).
0

"A bonus of this definition is that dw also automatically cancels an ultraviolet divergence that arises in

the computed energy shift.
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3.2 Near-horizon Wightman function

So far the description of qubit evolution has been quite general, with little said about
the specific field state 2 or about the details of the qubit trajectory. Application of this
formalism to a qubit near a black hole requires filling in some of this detail, starting with
some information about the scalar-field Wightman function in a Schwarzschild geometry.

Hadamard correlation functions. As mentioned earlier, for generic trajectories the
scalar field Wightman function can be quite complicated, even for comparatively simple
states like the Hartle-Hawking, Unruh or Boulware vacua [65, 71, 96-102]. One of our
central points is that the late-time evolution very close to the horizon does not depend on
which of these choices for field state is made, with universal predictions relying only on the
state being ‘Hadamard’, in the sense that the Wightman correlation function

Gaf,a') :=Tr [Q o(z) ¢(x’)] (3.12)

has — in four spacetime dimensions — the following limit as = — 2’ [69, 103-106]:

12(g, 2! oe(z, 2’
Golz, ') = 8% {W +V(z,2') log ’%' + WQ(:I:,:E/)} , (3.13)
with
oc(z,2) := oz, ') + 2ie[T (x) — T(2))] + €2, (3.14)

and o(z, 2’) the so-called Synge world function [68, 93] that is equal to half the square of the
geodetic length between x and 2’ (see appendix A). Here T is any future-increasing function
of time, and € — 07 a small-distance regulator with dimensions of length that appears in
the above formula so that Gq(z,2’) satisfies the correct temporal boundary conditions.
The quantities A(z,2’), V(z,2') and Wq(z, 2') are biscalar functions that are symmet-
ric in x <+ x/, and regular in the limit that z — /. The renormalization length scale L > 0
is introduced on dimensional grounds, and different values for L can be absorbed into the
precise definition of Wq(z,2'). The subscript 2 on Wq is meant to emphasize that its
detailed form depends on the state Q [107]. The same is not true of the functions A(z, ')
and V(z,2’), which are universal in the sense that they depend only on the geometry of
the spacetime (and — in the case of V(x,2’) — on parameters like the mass of the field).
What this says is that the leading part of the coincident limit of Gg(z, 2') is universal in
curved space, and shares in particular the singularity structure also found in flat space. The
Hadamard form expresses the physical condition common to all effective field theories [28]
that states that the details of very high-energy field modes are irrelevant provided because
for slowly changing backgrounds they are prepared within their adiabatic vacuum. This
amounts to a quantum variant of the principle of equivalence: modes with wavelengths
much shorter than the local radius of curvature do not ‘know’ that they are in curved space.
Because they depend only on local properties, there is a general procedure for com-
puting the geometric functions V(z,z’) and A(z,z’) in the coincident limit, for which
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o(x,2") — 0 [68, 108]. For a real massive scalar field evaluated on a Ricci-flat spacetime
(like the Schwarzschild geometry) they have the form

1
AV (z,2") = 1+%RQMBVRMBPU"U”o)‘ap+(’)(05/2) (3.15)
S | 41
Vix,2') = (T;l ——360RP‘TLR,)MVU”J” + %5 +71440Rpo'7'/<;RpaTﬂ O'MO’”-FO(O’B/Z),

where 8,0 = 0, and o/ = g", obey the relation o,0" = 20. Terms written O(c%/2) are
those containing three or more factors of o,,. For massive fields it is conventional to choose
the form of Wq(z,2') so that L? = 2/m?, so that

1 1 m?
Ga(z,z') ~ 2 {oe(x,x’) + (2 —l—) log

Of the vacuum states described above, the Hartle-Hawking [109] and Unruh vacua [110]
are both Hadamard states, and so share the same values for A(z,z’) and V(z,2’) but not

mQJs(xa .%'/)

+} (3.16)

for Wq(x,z')). The Boulware vacuum is not, however, as can be seen from its singular
form for the stress-energy tensor at the horizon [102].

In practice the leading behaviour suffices for our purposes, which means we may use
A(z,2') ~ 1 and drop V(z,2’) in the applications to follow, leaving the result

1
= 82 [o(z,7) — [T (x) — T )] +

Ga(z,2) +-ee (3.17)

that applies when |o(z,2')| is much smaller than both 72 and m 2.

Evaluation for qubits hovering near the horizon. What is special about the small-
o(x, ') limit is that it applies not just as  — 2/, but also when x and 2’ are generic points
situated sufficiently close to a null geodesic. Small o(z, z) should apply in particular for any
two points hovering at a fixed position (r, 8, ¢) = (rg, 0o, ¢0) just outside the Schwarzschild
event horizon, with o(x,z’') — 0 as 79 — 75.

The function o(z,z') is evaluated in this limit in appendix A for points on such a
hovering trajectory as a function of their separation At in Schwarzschild time, with the

result [75, 86, 87])
B 9 rs\ . .o (At o2
o(x,2') = —8r? (1 - %) sinh (478> +0 <r§) (3.18)

in the limit o(z,2’) — 0. It is important that (3.18) remains valid even if At > ry,
provided that rq is chosen close enough to 74 to ensure that |o(z,2)| < r2. (The validity
of this approximation in the regime At > ry is verified numerically in appendix A.)

For separations for which (3.18) applies, eq. (3.17) states that the Wightman function
for any Hadamard state has the form

1
Gao(t + At t) =~ — 5+ (3.19)

64m2r2 (1 - :—;) (sinh [At/(4rs)] — ie/(4r5))
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4 Universal late-time near-horizon evolution

This section ties everything together to obtain a closed-form expression for the two universal
thermalization time-scales that arise for qubits hovering asymptotically close to the horizon.
The result is surprisingly simple because of an apparently paradoxical result: the simplicity
occurs because in the near-horizon limit one can exploit the Wightman function’s small-
o(x,2") Hadamard form (3.13). This seems paradoxical because thermalization occurs in
the limit of very long time separations, At > r;. The coexistence of these two limits is
possible only because of the enormous time-dilation that relates static clocks running very
near the horizon and those far from the black hole; two near-horizon events separated by
a small geodesic separation can look to a distant observer like they are separated by very
large times.

4.1 The near-horizon Nakajima-Zwanzig equation

The starting point is the interaction-picture Nakajima-Zwanzig equations (3.8) and (3.9)
for the qubit state o’ (7). At order g2 this gives

0o! T iws T
% =g° i ds e F (vs) — 492/0 dsRe[F (vs)] cos(ws) 011 (T — ), (4.1)
and
agi?_ ) I 22 Td R +iws I 4.9
aor w 01(7) — 29 0 s Re [§ (vs)] e 015(T — 5) (4.2)
+2g%t37 [7ds Re[§ (ys)] e ol (r — ).
0
where

1
V1—rs/ro’

Our later interest is in late times as seen by an observer far from the black hole, so

F(AL) := Ga(t + At,t) = F(vAT) with ~:= (4.3)

changing coordinates T =t/ gives

agil_ 2 td —iwoos§ 42 td R § I t 4.4
T =9 s =T (s) — a9 | ds Re | §(s)] coswnos)ofi(t—5),  (44)
and
8@{2 . I 2 t ~ +iwWooS I
el —10weo 012(t) — 2g /0 ds Re [S(s)] et plo(t — s) (4.5)

) t _ )
+2g2e+2w°°t/ ds Re [3(5)] e WSt (t — 5),
0

where for convenience we define the redshifted qubit gap as seen by observers looking at

the qubit far from the black hole
Ts
Woo = wy /1 — = (4.6)
70
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and perform a similar scaling of the O(g?) counter-term dweo := dw(1 — 75/70). Finally, §
denotes the scaled Wightman function

3(t) = (1 — %) 3(t). (4.7)

In the small-o(z, 2") limit inspection of (3.19) shows that § has the simple asymptotic

form
_ 1

S(At) ~ — 647272 (sinh [At/(4r,)] — ie/(4r5))*

(4.8)

which is identical to the analogous result for the massless Rindler correlation function found
in [16] once one replaces rs — 1/(2a). Recall from appendix A that this asymptotic form
for §(t) is valid so long as |o(z,2")| < r2 and so applies when

1 —rs/ro)
4

At
— < ‘2103; <

S

: (4.9)

and so in particular there is always an rg > r, sufficiently close to the horizon for which
this is satisfied, no matter how large At/rs happens to be.

4.2 The late-time Markovian approximation

From here on the story evolves much as it did in the Rindler example considered in [16],
by virtue of the similarity between (4.8) and its counterpart for an accelerated qubit in flat
spacetime.

In particular egs. (4.4) and (4.5) greatly simplify when @’ is slowly varying (compared
with the light-crossing time of the black hole, r5) and we focus on t > rg, because in this
case the sharply peaked form for F(t) allows the upper integration limit to be taken to
infinity, and implies that a Taylor expansion in the integrand of ;;(t — s) in powers of s
converges very quickly.

After choosing dw to cancel the field-induced shift in qubit energy — which means
picking

OWoo = 0w (1 - :—;) = —¢’Ds, (4.10)

with Dy defined by (4.14) below — these steps lead (at face value) to the following approx-
imate evolution equations (see [16] for details)

dola(t) _  2¢°Cs

ot T edmrswee | ] - 29265 Qil(t) ) (411)
and
6~QI t - W *
%() ~ —g°Cs 015(t) + g*(Cs — iDs) e 2= pl5(t) (4.12)
in which the quantities Cg and Dy are defined by
o0 - 0o COth (277 5o
Cs = 2/ dsRe[F(s)] cos(woos) =~ Yoo €O 4( mrsoo) (4.13)
0 T
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G2Cs/wee €1 ¢*Dsfwe < 1

2 2

TsWoo K 1 8772‘;]4% Qg? log [e/(2rs)]
2 2

TsWoo > 1 L 50 log (e wooe)

Table 1. The large- and small-w,,7rs asymptotic forms for the two quantities that must be small
to work with nondegenerate perturbation theory (see [16]).

o — Woo eve
27

. Woo .
Ds =2 ; ds Re[F(s)] sin(weos) =~ 5.3 108 —) + WRG [w(o)(—erswo@)] . (4.14)

where 1) (2) = T'(2)/I'(2) is the digamma function [112].

Control over approximations. The words ‘at face value’ are added above egs. (4.11)
and (4.12) because the term involving Dy must actually be dropped in the above if we
are consistent. The reasons for this lie in the size of the deviations from the leading
approximation, and the assumptions that must be made in order to neglect them. We
briefly summarize the issues, following closely the discussion in [16, 17]. A side effect of
this observation — together with the energy shift (4.10) — is the elimination of all singular
dependence’ in the limit ¢ — 0 that enters through eq. (4.14).

There are two kinds of approximations to consider — one convenient and one essential.
The issue of convenience concerns the relative size of the qubit splitting w and the generic
size of field-driven corrections to this splitting. Assuming we to be much larger than the
corrections to w induced by the interactions with the field simplifies calculations by allowing
use of non-degenerate methods. In terms of the functions Cs and Dy this condition requires

275« (4.15)

Table 1 displays the asymptotic form for these two quantities in the limit of large and small
WeoT's, sShowing that they require wsrs not to be taken smaller than g2 /4.

The essential approximation is the one that makes the Markovian evolution dominate
the Nakajima-Zwanzig evolution. To see what this involves, recall that the Markovian
approximation is derived from the Nakajima-Zwanzig equation by Taylor expanding ij(tf
s) =~ 0/;(t) — s0;(t) + - inside the integrands of equations (4.4) and (4.5),

7 [[ds f@)elt -9 = g [T ds F@) eyt - e+ (@0

8 A flat-space analog of D is computed in [16] for generic field masses m # 0 and with the replacement
a — 2/rs (using the different notation A, there). Equation (4.14) follows as the m — 07 limit of this
function (this same function is evaluated in [111]).

9For the purposes of estimating the size of different contributions we take € here to be much smaller
than other scales, but not infinitely small so that logarithms of € cannot overwhelm powers of g2.
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g2%<<1 g2%<<1 %—j%«l “c%:—flfi <1
Tswoo < 1| §*rsweo/3 % log [e/(2rs)] | 8m2r2w2, /3 | 4rswoo log [e/(2r5)]
TsWoo > 1 % % log(€"weo€) 1 2 Jog(€Twooe)

Table 2. The large- and small-w.rs asymptotic forms for the four quantities that must be small
to believe the Markovian approximation to the Nakajima-Zwanzig equation (see [16]). Notice that
rsWeo > 1 is incompatible with Markovian evolution.

where t > 75 is used to take the upper limit of integration to infinity (given the exponential
falloff of f(s) for s > rs). The size of the sgj;(t) term characterizes the size of deviations
from the Markovian limit, and we evaluate it to understand what demands are made on
the free parameters of the model by the requirement that these be small. Physically this
amounts to requiring the evolution time-scale of gj; to be large compared with the domain
of support of the rest of the integrand.

The quantitative conditions are obtained self-consistently, by evaluating ¢;; assuming
the time dependence is given by (4.11) and (4.12), whose integration implies

1 o2
011(t) = Hrrewm 11 + [Qll(o) - m] eIt (4.17)
and , )
—g? 5 9°Ds | .97Cs s
o) = 7" 1a0) a0 (572 +8E )=t L g

Differentiating this to find ij then allows the ¢’ term to be computed in equations
like (4.16), and requiring the result to be negligible relative to the leading term for all
of the integrals appearing in egs. (4.4) and (4.5) requires the following four quantities all
to be negligible:

ac aD wao dC woo AD
2 S 2 S [e%s) S [e’s) S
s o9 1 and 9=

e S T do Co do S8 MY s

<1. (4.19)

The first two of these are required whenever the derivative in ¢;; is of order g°Cs while the
second two arise when it is order ws. [Differentiation with respect to we, arises from use
of identities like scos(woees) = (d/dweso) sin(wees) in equations like (4.16).]

Table 2 displays the asymptotic behaviour for these four quantities in the limits where
rsWeo 1S Very large or very small. This table makes clear in particular that only rswe, < 1
is consistent in the Markovian regime, since otherwise the bounds weC;/Cs < 1 and
Weo D% /Cs < 1 necessarily fail (because the e®=! oscillations are too rapid).

The asymptotic forms of table 2 say more than just this, however. From them we also
notice that rswe, < 1 implies'” Dg/w ~ D’ and so

2D dp 2c o dD 2C
95292 S:gSX(L s)<<gs

Woo dwso Woo Cs dweo

, (4.20)

oo

2z

DUsing 9 (z) ~ Ly 2 ((3)2* +... for |2| < 1 (with ¢ the Riemann zeta function) [112],
Ds = 525 (log(55) +4¢(3) (rswee)” + O[(rswee)']) and D =~ 515 (log(55) + 12¢(3) (rswee)” + O[(rsweo) ).
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which implies that the g?Dg/we, term appearing in the solution (4.18) is negligible rela-
tive to the g2Cs/ws term. This means that the g?Dg terms in the Markovian evolution
equations (4.12) can be neglected, allowing the Markovian evolution instead to be written
as (4.11) and
I

8%71@) ~ —g2Cs 055(t) + g°Cs eTH=tpli(t) . (4.21)
In particular the divergent quantity Dg plays no role in the Markovian limit, apart from
shifting the qubit energy levels in the way that is renormalized into the definition of w.
Following the steps discussed at great length in [16, 17]) shows that these equations preserve
positivity of o(t) to O(g?) in the Markovian limit, with no additional approximations
necessary.

The solutions in the Markovian regime therefore become

1 1
L) = 0) — 7] —2t/¢ 4.22
911( ) 647”5“"’0 +1 + {911( ) e47l"7‘sw<x> +1 € ’ ( )
and
! —t/¢ N oot
012(t) =€ 012(0) + 2912(0)f(1 —e N (4.23)
where ( ) )
1 47 tanh (277 swee 8mrs
£ = 0. = 5 ~ 3 (4.24)
g-Ls g " Woo g

and the last line follows since the Markovian approximation demands wers < 1. These
solutions describe the exponential decay towards a thermal distribution (with temperature
T = 1/(4nrs) = Ty that equals the Hawking temperature), doing so with the characteristic
time-scale & ~ 8m%r, / g%. Notice that the approach to equilibrium takes place twice as fast
for the diagonal components of g compared to its off-diagonal parts.

We remark in passing that it is also possible to solve the Nakajima-Zwanzig equation at
late times using weaker assumptions than those that lead to the above Markovian solutions,
using methods similar to those used in [17] (see also [111], where a non-Markovian solution
for an accelerated qubit is derived by method of Laplace transforms). The utility of such a
solution is less interesting here since the Markovian condition 7swe, = rswy/1 —14/rg < 1
is satisfied for any qubit of fixed rest-frame energy splitting that hovers sufficiently close
to the black-hole horizon.

Frame independence of the Markovian limit. Since the solution (4.22) and (4.23)
refers to the redshifted time At defined in (2.25) one may wonder about the physical
meaning of tracking a time coordinate as measured by a hovering observer far from the
black hole horizon, and whether the discussion of perturbativity and Markovianity applies
only in such a frame.

What matters is that there is a hierarchy of scales between the late times of interest,
At(r), (such as the equilibration time) and the correlation time of the environment, 7.(r)
(in this case, the local Hawking temperature). These can equally well be compared at the
position of the qubit or by an observer at infinity. Although gravitational redshift changes
both At and 7. (and this is why they depend on r), this redshift cancels in their ratio;
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observers at all radii agree that At(r) > 7.(r). Both a local observer travelling with the
qubit and one hovering at spatial infinity agree on the heirarchies of scale

A pats1 s AT T(ro)At > 1 (4.25)

Ts rsy/1—1s/rg
where Ty, = (4mrg) ™! is the Hawking temperature, and T'(r¢) = Ty /+/1 — 75/r¢ is the local
temperature. This means that there is nothing special about tracking the qubit evolution
in terms of the redshifted time At, and in fact an observer at any radius will agree on a
hierachy of scales as in (4.25).

5 Conclusions

In summary, this paper shows how Open EFT methods can lend themselves to late-time
resummation in more general gravitational systems than the cosmological examples pre-
viously explored. As in the examples of [16, 17] simplicity arises near the horizon at late
times, even when the underlying geometry tends to makes quantum mechanical calcula-
tions difficult. Standard tools for open quantum systems give relatively easy access to
times of the order 74/g?, at least in the specific instance of an Unruh-DeWitt detector
placed very close to a Schwarzschild horizon and interacting with a quantum field. The
resulting evolution describes qubit thermalization with the expected Hawking radiation,
asymptoting to the Hawking temperature Ty = (47rs)~!. The time-scale for thermalizing
a hovering qubit can be computed, and in the very-near-horizon limit takes a universal
form that relies only on properties of the near-horizon geometry given only the relatively
weak assumption that the quantum field is prepared in a vacuum state of Hadamard form
(including in particular the Hartle-Hawking and Unruh states).

What makes the late-time evolution easy to resum is its Markovian nature over
Schwarzschild times that are long compared with rs. Autocorrelations of the field in a
Hadamard state then fall off very robustly for qubits hovering very near the horizon, effec-
tively washing out the past entanglement history. As one might expect from the equivalence
principle, the qubit behaviour becomes equivalent to that of a qubit accelerating through
flat space in the limit of infinite acceleration. It is the large acceleration (and blueshift)
experienced by the qubit which ensures that the quantum field mass eventually becomes
negligible in the near-horizon limit, explaining why the mass largely drops out of our re-
sult. As a consequence, the Markovian evolution seems likely to be very robust, at least
asymptotically close to the horizon (provided rswe, < 1, so that the qubit states are not
too split to allow thermal excitation).

The absence of mass dependence (in the mr, < 1 limit) also carries information about
dependence on the scalar self-coupling, A. Scalar self-couplings are known to give rise to
secular effects for accelerated observers even in flat space [15] (see also [113] for other
evidence for secular growth in black-hole geometries), where it is known that they can
also be resummed at late times. For the Rindler problem late-time resummation amounts
to re-organizing perturbation theory using a small shifted mass, ém? ~ Aa?, similar to
the development of small temperature-dependent masses in thermal environments [15].
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Similarity with the Rindler problem makes it is very plausible that a similar resummation
can be obtained near the Schwarzschild horizon by shifting the scalar mass by an amount
dm? ~ \/r%, making the m-independence of near-horizon qubit evolution likely also to
imply the same for A\-dependence, at least when A is small and times are late.
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A The Synge world function

This appendix derives some of the features of the Synge world-function that are used in
the main text.

Definitions. To this end consider two points, x and z’, that are connected by a timelike
geodesic T'. If A is an affine parameterization of T' then it is described by the curve y*()\)
along which

§' + 69797 =0 (A1)

is obeyed for all A, with ¢# := dy*/d\. The fact that I" connects x and ' is expressed as
the boundary conditions y(Ai) = 2’ and y(\f) = .
For such a geodesic the Synge world function, o(z,2’), is defined by [93-95]

1 At ey
o(z,2) = 5(/\f - \i) -/)\ dA 99"y, (A.2)

where the integral is performed along the geodesic I'. This integral is actually quite easy
to evaluate because the geodesic equation (A.1) implies that the quantity

(= guuyﬂyy (A3)

is independent of A along T', and so o(z,2') = ¢ (A — Aj)%. For timelike curves ¢ is
negative, and if in that case the parameter is chosen to be proper time along the geodesic
—i.e. if A\ =7 — then ( = —1 and A\f — \; = As, establishing that
/ 1 2
U(.CC,J} ) = _E(AS) ) (A4)

as used in the main text.
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Expansion as « — «’. The dependence of o(z, ") on the geometry can be made explicit
in the limit x — 2/. This is most easily done using (A.2) and specializing the evaluation
of ¢ to the point 2’ (as can be freely done since ¢ is independent of \), leading to

o(e,2') = 50 = N gl O (N (4.5)

where here (and below) a prime on a field like gj,,, indicates that it is evaluated at 2'.
Expanding y*()\¢) in powers of A\f — A; gives

gt () = v () + (A — M) 94 () + %()\f — )\1)2 g () + %(/\f - )\1)3 '?'J‘/L()\i) +..., (A6)

in which we use the boundary conditions y();) = 2’ and y(A¢) = z, as well as eliminating
¢ using the geodesic equation, leading to

. 1 . oy
at — o = (A — M) 9H(N) — *(Af — A)PTh 5P ()Y () (A7)
1 . v e
— 6 O = ) (9T, — 204 ) 47 () ()7 () + ...
Inverting the above gives a series expansion for (Af — A;)9#();) in powers of z — 2':
O = A3 (N) = (& —2/Y 4+ LT (o — 2P (o — ') (A8)
+6 (GAF,% + FK;FQ;) (x— 2 WMo —aV(e—a)+...,
which, when used in (A.5), gives [93, 95]
1 1

o(w,a') = g (@ =)@ —2)" + Jg, (v -2V (@ —a) (e —2)7+-- . (A9)

One can continue in this way to any fixed order.!!

Expansion for fixed r in Schwarzschild. We next evaluate (A.9) for the special case
x and 2’ lie along a trajectory at fixed r = 7 (and 6 and ¢) in the Schwarzschild geometry.
Choosing ' to correspond to ¢ = 0 and z to be ty = At, we have (in Kruskal coordinates)

T—T/:UZ—Z—lexp( )Smh(er)
X-X =,/ :—2 -1 exp< ) [cosh (27“5) 71} . (A.10)

4 3
= s gro/ra (A.11)

To

So using (2.22)

— Y9rr = 9xx

1 Although neither the coefficients nor z —z’ in this expansion are covariant, the final result is (transform-
ing as a bi-scalar). A more explicitly covariant expression can be found by expanding in a more covariant
variable, but expression (A.9) suffices for our present purposes.
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T_O =1+ 10—5
TS
5 10 15 20 At
Ts
-0.5
/
-1 —— Exact U(i’; )
—— Approximation — 8 (1 — E) sinh? (ﬁ)
To 4r,

Figure 1. Numerical comparison of the Synge world-function and the asymptotic expres-
sions (A.12) and (A.15), showing how (A.12) enjoys the broader domain of validity. This plot
assumes 7¢/rs = 1+ 1075,

the leading-order term in (A.9) is [75]

o(e,a') = 3 gy [T =T+ (X = X)) + Of(w — &)’
S (1 _ %) sinh? (th) + Ol —a')Y). (A.12)

which uses the identity sinh?a — (cosha — 1)? = 4sinh?(a/2).

Evaluating the sub-leading terms in the series shows that corrections are of order

o [(x - x/)3]] =0 {Tf [(1 - :—;) sinh? (ﬁi)F} =0 {02(2’30/)] , (A.13)

showing that (A.12) is a good approximation so long as |o(z,2')| < r2, or

At
(1 - L) sinh? (—) <1. (A.14)
) 4r,
Notice that this can remain valid even when At/rs > 1 so long as r¢ is sufficiently close

to rs that (A.14) remains satisfied.
Performing the same calculation using Schwarzschild coordinates instead gives

olwal)~— (1 - 1) (A2 (A.15)

To
Although this agrees with (A.12) for At < rs, the domain of validity of (A.9) turns out
to be larger, applying even when At/r, is not small. This can be seen numerically in o,
as is shown in figures 1 and 2. Also shown in these figures is how the domain of validity
of (A.12) can be extended out to extremely large values of At/rs simply by choosing rg to
be ever-closer to the horizon itself.
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To

10 E = 1 + 10_14
20 40 60 30 At
Ts
—10
—20

o(z,z’)

-30 —— Exact log ‘ 5
r

—— Approximation log

-8 (1 - T—S) sinh? (ﬂ)’
70 4r,

Figure 2. Numerical comparison of the Synge world-function and the asymptotic expres-
sions (A.12) and (A.15), showing how (A.12) enjoys the broader domain of validity. This plot
assumes /1, = 14+ 10714,
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Chapter 3

Hotspots as Toy Black Holes

G. Kaplanek, C. P. Burgess and R. Holman,

“Influence through Mixing: Hotspots as Benchmarks for Basic Black-Hole Behaviour,”
JHEP 09 (2021), 006

doi:10.1007/JHEP09(2021)006

[arXiv:2106.09854 [hep-th]].

3.1 Preface

As described in §1, any time a quantum system is coupled to spacetime with an event horizon, it
seems that an open quantum systems description is useful. One of the most interesting settings
to apply Open EFT techniques are then of course in black hole spacetimes. What complicates
this is that ordinary black holes are compact objects with horizons localized around the black
hole, which always end up involving complicated mathematics. This tends to obfuscate the OQS

features that are present in such calculations.

For this reason the following paper introduces the exactly solvable hotspot model — a toy model
of a black hole designed to emphasize the open quantum features held by a black hole, so as to
provide a simpler playground to test Open EFT techniques. The basic set-up for the model is
for the external region of the black hole (outside the event horizon) to be modelled by a single
scalar field ¢, and the internal region of the black hole (ée. inside the horizon) to be modelled by
a large amount of hot/thermal scalar fields x* which cannot be directly probed in the external
region. Since black holes have an enormous amount of degrees of freedom hidden behind their

event horizons, we assume there are N > 1 scalars x*. The internal and external degrees of
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freedom only interact in a compact region of space, which we take here to be some infinitesimally

small point (the “hotspot”).

Because the interaction occurs at a single point, PPEFT techniques are used to describe this
model which means that the hotspot model can only describe distances macroscopically far away
from the black hole when calculating physically relevant quantities for the external region of
the black hole. Since the interaction is taken to be Gaussian, the model is exactly solved by
calculating the 2-point correlation functions for the model. Notably, since the interaction region
is assumed to be a single infinitesimally-small point, one encounters “Coulomb-like” singularities
(seen in other contexts as well [86, 87, 88, 89]) when computing physical observables which are

later renormalized using PPEFT techniques.
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ABSTRACT: Effective theories are being developed for fields outside black holes, often with
an unusual open-system feel due to the influence of large number of degrees of freedom
that lie out of reach beyond the horizon. What is often difficult when interpreting such
theories is the absence of comparisons to simpler systems that share these features. We
propose here such a simple model, involving a single external scalar field that mixes in a
limited region of space with a ‘hotspot’ containing a large number of hot internal degrees
of freedom. Since the model is at heart gaussian it can be solved explicitly, and we do
so for the mode functions and correlation functions for the external field once the hotspot
fields are traced out. We compare with calculations that work perturbatively in the mixing
parameter, and by doing so can precisely identify its domain of validity. We also show
how renormalization-group EFT methods can allow some perturbative contributions to be
resummed beyond leading order, verifying the result using the exact expression.
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1 Introduction

At long last the detection of gravitational waves [1] has made near-horizon black-hole
physics an experimental science, and this is very likely to deepen our understanding of
General Relativity (GR) and/or end its hundred-year reign as the paradigm of choice when
describing gravity. With the advent of measurements — eventually precision measurements
— it behooves theorists to raise their game when quantifying the kinds of physics one might
hope to see in this new regime. And this they are doing; both by pushing the accuracy of
GR gravitational-wave predictions, and by exploring more systematically the predictions
of alternatives theories when gravitational fields are strong (for reviews see [2-5]).

Effective field theories (EFTs) are usually important tools for this kind of work, because
they allow predictions for physics on observable length scales that are robust to changes
in the details of what goes on at smaller scales [6-10]. This is useful both when these
smaller scales are understood and when they are not. Although EFT methods have a long
history, their use is even now still being developed for black hole applications [11-27]; a
development that has been slowed both by the relative novelty of EFT applications to
gravity in general [10, 28-32] and by some of the novel aspects of black hole physics in
particular, since these differ from more garden-variety applications of EFT techniques.

One issue — though not the only one [25-27] — that complicates developing EFT
methods for black-hole behaviour is their open and thermal nature, since the entanglement
and decoherence that such physics can involve is not captured by traditional Wilsonian
EFT tools. Such differences have led some to ask whether an effective description of
extra-horizon physics might involve unusual features (such as nonlocality) or otherwise
evade the arguments that usually preclude these phenomena from arising in a Wilsonian
context [33-43].
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What usually helps when developing EFT tools are concrete systems for which both
UV and IR sectors are well-understood and within which the EFT description can be
assessed by comparing to other methods. These kinds of comparisons are not yet available
for black holes, and the search for effective descriptions of black-hole physics are the poorer
for it. The purpose of this paper is to help fix this situation by providing a simple black-
hole proxy that can help fill this void. On one hand the model should be simple enough to
solve, but on the other hand share enough black hole properties to be informative about
some of their putative EFT descriptions.

The model we propose — inspired by similar models in condensed matter systems [44—
46] — has a large number of degrees of freedom with a thermal character and no gap; to
which an external field couples only in a small region of space; what we call here for brevity
a ‘hotspot’. We model the thermal degrees of freedom as a collection of N massless scalar
fields — x* with a = 1, - -- , N — that are initially prepared in a thermal bath. These fields
are meant to model the black hole’s interior. We take these fields to ‘interact’ with the
external massless scalar field ¢, which is a proxy for the black hole’s exterior. The word
interact appears in quotes because ¢ only couples to the x* through a bilinear mixing term
of the form

£mix = 7gaxa¢: (11)

and so the entire theory remains gaussian and can be solved in great detail.

So far this just describes a field mixing with a thermal bath. To make it more black-
hole-like we imagine these two sectors only mix in a small localized region of space, and
not interacting — even gravitationally — otherwise. In order to do this we imagine space
at a given time to come with two spatial sheets, Ry and R_, with ¢ living only on R
and x“ living on R_. These two branches only intersect on a small spherical ball, S¢, of
radius &, that plays the role of the black hole itself (see figure 1).

In principle gravity can be included in this model, and does not generate couplings
between the two sectors away from their overlap on S¢ (and this is why we take R4 to
be disjoint). We do not pursue this gravitational coupling further in this paper, focussing
instead on how the field ¢ responds to the presence of the localized hotspot built from the
thermal fields x®. As a result our model does not capture the causal nature of the horizon
or the exponential redshifts that arise in its vicinity for real black holes.

Broadly speaking there are two types of black-hole EFTs that are usually pursued,
and both can have counterparts in our hotspot model. The main variant is one that is
appropriate to gravitational wave emission, and applies on length scales A > r; that are
much larger than the black hole’s size (see figure 2). In this ‘world-line’ or ‘point-particle’
EFT the closest distance to the black hole that can be directly resolved corresponds to a
cutoff that has size € > r, and so the black hole dynamics is described by its center-of-mass
coordinate; it is regarded as a point mass moving along a trajectory in spacetime. The
response of the black hole to applied ‘bulk’ fields (and the back-reaction of the black hole
back onto these fields) is described by an action defined as a functional of the bulk fields
integrated along the black hole’s one-dimensional world line. This type of EFT is obtained
in the hotspot example by taking the radius { of the interaction sphere S¢ to be much
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Figure 1: A cartoon of the two spatial branches, R4 and R_, in which the field ¢ and
the N fields x® repsectively live. The two types of fields only couple to one another in the
localized throat region, which can be taken to be a small sphere of radius £ (or effectively
a point in the limit that & is much smaller than all other scales of interest).

re L e<< A

Figure 2: An EFT regime appropriate for small black holes, for which the UV cutoff scale
is much smaller than the length of any low-energy probe, € < A, but much larger than the
horizon scale € > r,.

smaller than all other scales: £ < e < A.

The puzzle for this EFT is how it should capture the enormous number of degrees of
freedom that are internal to the black hole, its perfect absorber properties and the Hawking
radiation that comes with it. In [12, 47-52] these are modelled by ‘integrating in’ a large
number of degrees of freedom, and in the hotspot model it is the y® fields that play this
role. The drawback of this approach is the model-dependence that enters when choosing
these extra degrees of freedom. Although the fluctuation-dissipation theorem implies that
predictions in linear response do not depend on these details, it remains open the extent
to which other predictions do, and if so whether the same might be true for low-energy
black hole properties. Although the extra degrees of freedom can again be integrated out,
they are not the traditional massive states of the usual Wilsonian treatments, and so can
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ELX ALy

Figure 3: A ‘membrane’ EFT regime for which hypothetical UV physics modifies near-
horizon properties, for which the cutoff scale is much smaller than the length of any low-
energy probe, which is in turn much smaller than the horizon scale € < A < 7.

lead to actions with unusual properties including some forms of nonlocality. In companion
papers [53, 54] we use the hotspot model to explore some of these properties in an effort
to ascertain the rules for such an EFT, and the extent to which locality and ordinary
Wilsonian reasoning breaks down.

The second class of black hole models to which our hotspot setup can be relevant are
those for which probe scales, A\, and the UV cutoff length, €, are both much smaller than
the horizon size, but where an effective description — whether of conventional [55-59] or
more exotic [60-70] physics — is envisaged to apply sufficiently near the event horizon
(see figure 3). The beginnings of an EFT treatment of this kind of physics are developed
in [71, 72], and involves an effective 3-dimensional action defined on a membrane that
shrink-wraps the world-tube a distance € from the black hole event horizon. EFT methods
underline that the microscopic length € is a regulator scale and so drops out of all physical
predictions (as regulators always do), and this makes the EFT framework particularly useful
for understanding the physical significance! of the length-scales involved in these types of
models. This type of EFT can be studied within the hotspot framework by allowing the
radius & of the interaction sphere S¢ remain larger than the cutoff scale: e < A < . We
do not pursue this variant further in this paper.

The remainder of this paper sets up the hotspot framework and derives the equa-
tions that govern how ¢ responds to the hotspot (topics that dominate the discussion of
section 2). Along the way we also make some preliminary explorations of its physical im-
plications (with more to follow in [53, 54]). We find in particular the following noteworthy
properties.

e The field equations satisfied by the Heisenberg-picture field ¢ are solved explicitly
under the assumption that the hotspot couplings g, of (1.1) turn on suddenly at time

n particular, the relevant physical scale involves both couplings and the intrinsic UV length scale, and
so for weak coupling is often smaller than are the physical length scales of any micro-physics that may be
involved [71, 72].
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t = 0 and remain constant thereafter. The result is first computed perturbatively in
the hotspot coupling g, in section 3, and then as an exact expression in section 5.
Using the mode expansion of (2.25) and (2.26) our perturbative solution for the mode
functions appearing in ¢ is given in (3.1) and (3.2), while the exact result is given
in (5.10) and (5.11). The quantity § appearing in these expressions is defined by
9 =%.0=Ng".

Using the Heisenberg picture allows us to work in position space where we can follow
the passage of the initial transient wave (generated by the turn-on of the couplings)
as well as watch how the ¢ field settles down at later times in the on-going presence
of the hotspot coupling. Computing both exact and perturbative results allows us
to identify precisely which small dimensionless parameter controls the perturbative

expansion.

e The Heisenberg-picture evolution is used to compute the Wightman function
W(t,x;t',x') = (p(t,x) p(t',x')) for the external field, assuming the ¢ field starts
in its vacuum at ¢t = 0~ and the x® fields are prepared in a thermal state. The
perturbative result is given in (3.10) while the exact expression is in (5.14), (5.17)
and (5.20). These results are computed for arbitrary spacetime separations for the
fields, but we also obtain specific formulae for the regime where ¢ > |x| and ¢’ > [x/|,
but ¢t — ¢’ is otherwise arbitrary.

This result has a thermal character (in the sense that its temperature-dependent
part satisfies a detailed-balance relation — the Kubo-Martin-Schwinger (or KMS)
condition [73, 74] — though does so in a way that depends on the distance from the
hotspot.

e Section 4 detours to explore the consequences of supplementing the basic hotspot
interaction of (1.1) with a self-coupling, also localized at the hotspot, having the
form

E,\:—%QBQ. (1.2)

Including this coupling is not simply an intellectual exercise because its presence
is often required to renormalize divergences that arise because fields like ¢ diverge
at the hotspot position once couplings are turned on there. As is well-known from
other contexts [76-87] having fields divergence at the position of a source like this
is fairly generic — the simplest example being the Coulomb potential diverging at
the position of a source charge. From an EFT perspective the presence of couplings
like A is often compulsory, because the requirement that UV divergences drop out of
physical observables causes the couplings to run and A = 0 need not be a fixed point
of this renormalization-group (RG) flow.

Section 4 computes the renormalization-group evolution implied for the coupling A in
the hotspot model, along the way showing how this can be used to resum contributions
to all orders in A(e)/4me (where € is a near-hotspot regularization scale) along the
lines explored in [80-82]. The A-dependence of the Wightman function is also given
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in the general expressions quoted above, and comparison with the exact result —
cf. egs. (5.14), (5.17) and (5.20) — verifies how the RG resummation captures the
A-dependence of the full expression.

Finally, section 6 briefly summarizes some of our conclusions and discusses some directions
for future work. Many of the calculational details are given in a collection of appendices.

2 Modelling the hotspot

This section sets up the benchmark model whose properties we study. We do so using
the language of open systems, with degrees of freedom divided up into an observable
system and an ‘environment’ — a proxy for the black hole interior — whose properties are

never measured.

2.1 Hotspot definition

For the observable sector we choose a single real scalar field, ¢(z), and take it to live in
a spatial region, R, of infinite extent. The environment is given by NN real scalar fields,
x® with a = 1,--- , N, that reside in a different spatial region R_. While one or both of
R+, R_ could in principle be curved, we take them to be flat for simplicity. We also take
all of these fields to be massless.

We suppose that the fields interact with one another locally and only do so on a
relatively small codimension-1 2-sphere, S¢, of radius £ which is the only place where R
and R_ actually touch one another (see figure 1). In practice this means that both R
and R_ have a small sphere excised from the origin (for all time) and the surface of this
sphere is identified in the two spaces.

Our interest for much of this paper is in scales much larger than £ and so consider the
idealization of taking £ — 0, in which case S¢ reduces to a single point of contact between
R+ and R_, which we take to be the origin x = 0 of both R4. In this limit the couplings
of ¢ to x* are captured by an effective action localized at x = 0.

2.1.1 Action and Hamiltonian

The action that defines the model is therefore taken to be S = Sy + S_ + Siy, where the
kinematics of ¢ and x® are described by

1 1
Sy =—5 / A% 0,60" and S_ =~ [ % 6,000, 2.1)
Ry R_

Our later interest is usually in the case where the x® couplings do not break the O(N)
symmetry of their kinetic terms.

The lowest-dimension interaction (mixing, really) that involves ¢ on the interaction
surface is given by

S == [ ds [Guxto+ ] (22
Sf,
3
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in which the integration is over the world-tube, Sé swept out by the surface S¢ over time.
The Einstein summation convention applies, so there is an implied sum over a. The cou-
plings G, and Gy here have dimension mass: [G,] = [Gy] = +1.

In the limit £ — O the 2-sphere S¢ degenerates to a point and this interaction becomes

Sint =~ _/dt |:ga Xa(tv 0) ¢(t7 0) + g¢2(tv 0) ) (23)

where the integration is over the proper time of the interaction point x = 0 in both R and
R_. The couplings appearing here are g, = 47¢2G, and A = 47r§2G¢ and have dimensions
[9a] = [\] = —1. Although the coupling A might seem unnecessary, in later sections we see
how it can be generated by the presence of the couplings g,.

In what follows we allow the couplings g, and A to depend on time, and in particular
will use this time dependence to turn on suddenly the interaction between the fields at
t = 0. Doing so allows us both to study transient effects associated with the couplings
turning on as well as late-time effects after the transients have passed.

The quantization of this model follows closely the treatment of a field coupled to a
central qubit given in [46]. The canonical momenta for this problem are

P =0 and II, := 6 thb, (2.4)

and quantization proceeds by demanding these satisfy the equal-time commutation rela-
tions

[6(tx)p(ty)] =i (x —y) and [x"(tx), (ty)] =i (x—y).  (25)

The free Hamiltonian is Hy := H4 ® I + I, ® H_, where Hy and Z; are the
Hamiltonian and identity operators acting separately within the ¢- and y-sectors of the
Hilbert space. Explicitly

Moo=t / d3x [p2+(v¢)2] and H = [ a [5abnanb+5abvxa.vxb] . (2.6)
2 Jr, 2 Jr_

The interaction Hamiltonian (in the limit of a point-like interaction surface) is similarly

Hiwe = g2 (1,0) © X*(1,0) + 5 67(1,0) & 7. . (27)

2.1.2 Initial conditions and the sudden approximation

For later calculations we assume the state of the total system at ¢ = 0 to be of the form

p(0) = py ® p—, (2.8)

for separate density matrices p+ in the two sectors. In general, interactions introduce corre-
lations and so do not preserve this factorized form, and it is for this reason that we imagine
the couplings between ¢ and x® to be initially absent, being turned on suddenly with

9a(t) = O(t) ga , (2.9)
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where O(t) is the Heaviside step function. This allows us to prepare initially uncorrelated
states and then observe how the joint system reacts to the onset of coupling.
In practice we choose the ¢ sector initially to be in its vacuum,

p+ = |vac) {vac| (2.10)

where |vac) is the standard Minkowski vacuum defined by ap [vac) = 0. With eventual
comparison to black holes in mind we take the y® sector to be in a thermal state,

6757-[_
=05 = ——— 2.11
P= =0T PR @11)
with inverse temperature § > 0. The prime on the trace indicates that it is only taken
over the x sector.

2.2 Time evolution in different pictures

Our goal is to solve for the time-evolution of the ¢-sector of the system and because Siy is
bilinear in ¢ and x® the system’s evolution can be evaluated in quite some generality. An
exact solution is in particular given in section 5, after first detouring in section 3 to describe
an approximate solution that is evaluated perturbatively in the following combination of
hotspot couplings

% = 0%gagp = Ng?, (2.12)

where the second equality specializes to the case where all couplings are equal.

Although not required when solving the model, a large- N limit can be defined wherein
the coupling ¢ is held fixed (and need not itself be particularly small) as N — co. This
limit is briefly discussed in section 3.3, where it is shown that the behaviour of the x fields
becomes particularly simple since they become oblivious to the presence of the ¢ field. The
large-N limit is not used elsewhere in this paper, besides in section 3.3.

2.2.1 Interaction picture

For perturbative evaluation we first diagonalize the free Hamiltonian. This is done in the
usual way, by writing (with time-dependence as appropriate for the interaction picture)

ip-x —ip-T ¥ a ipTpa —ip-Typax
ePTap+e a ] and x*(z eP*bp +e bp]

o dp _ d’p
o )_/./(zw)f’QEp[ : /,/(2w)22Ep[

P

(2.13)
where p -z = pyat = —Ejt + p-x with E, = |p|, and the canonical commutation
relations imply the usual creation- and annihilation-operator algebra: [ap, aq] = [b%,b%] =

0 (together with their adjoints) and [ap, aj] = 6%(p — q) while [b%,b%] = §°53(p — q).
This diagonalizes H.:

E E
Hy = / d*p =7 {apa;, + a;;ap} and H_ = / d*p = dap [bgb’;,* + b;*bg} - (219)
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The interaction-picture interaction Hamiltonian in the pointlike limit (§ — 0) similarly
becomes

Hin (1) = 606/(1,0) @ x* (1,0) + 5 6 (1,0) © T

d’p d’q i Ept i Ept i Byt i Byt
:/ , ga(ape™ "7 4 afet ) @ (bge Mt + bt e T at)  (2.15)

2(2n)’ VE,E,

—iELt * +iELt —iEgt * +iEqt
+ 5 (ape™ " +ape™ ) (age™ " fage™ M) @ 7|

2
Matrix elements of this can be used in standard fashion to compute the evolution of the
system’s state.

2.2.2 Heisenberg picture

Later sections solve explicitly for time evolution, and do so by solving how the fields evolve
in Heisenberg picture, including the effects of the couplings in Hj,s. To this end it is worth
briefly setting up the Heisenberg picture quantities and in particular exposing differences
from the interaction-picture description given above.

Keeping in mind that we later entertain time-dependent couplings, g,(t), the full time-
evolution operator U(t,t') can be defined as the solution to U (t,t0) = —iH (t)U(t, o)
that satisfies U(¢t = to) = Z. This leads to the usual time-ordered form

ot

Ut to) = T exp (—i ds H(s)) . (2.16)
to

It is this transformation that is used to construct time-dependent Heisenberg-picture op-

erators, Ay(t), from Schrodinger-picture operators, Ag, using:

Au(t) = U*(t,0)AsU(2,0). (2.17)

We assume here that the two pictures agree at ¢t = 0.

A virtue of transforming to the Heisenberg picture that the state does not evolve
at all. In Heisenberg picture it is the field operators that carry the burden of any time
evolution when computing correlation functions or transition amplitudes. This means that
the factorized form (2.8) for p can also be used at later times, ensuring that x“-sector
expectation values can always be taken using the thermal state (2.11).

Eq. (2.17) implies in particular that the Heisenberg picture field operators are given by

¢u(t,x) = U"(t,0) [¢S(X) ® Z*} U(t,0) and x%(t,x):=U"(t,0) [IJr ® X;(X)]U(t, 0),
(2.18)
and similarly for their conjugate momenta. An important conceptual point about this
definition is that the presence of the interaction term in H implies that the Heisenberg
field operators do not only act separately on the two sectors of the Hilbert space. In
particular, expansion of ¢(t,x) in terms of creation and annihilation operators involve
both ap and by, as does the expansion of the x{(¢,x).
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In later sections the time-evolution of the fields ¢; and x¢% is determined by explicitly
integrating their Heisenberg-picture field equations. These express the differential version
of (2.17),

OpAp(t) = —iU™(t,0)[As, Hs(t)]U(¢,0) = —i[Ay(t), Hu ()] . (2.19)

To work out the implications of (2.19) for the field operators explicitly we first record the
following Schrédinger-picture commutators with the full Hamiltonian

—i[gs(x), Ho(t)] =ps(x),  —i[x&(x), H* ()] = (), (2:20)

— i[18(x), Hs(t)] = V2X4(%) — gab*(x) 65(0)
and

= s, Hs(t)] = V2s() — 5°(x) (90 x4(0) + 205(0)) . (2:21)

Using these in (2.19) yields the equations of motion?

(=02 +V?) du(t.x) = °(x) {A%(t, 0) + gax (1, 0)} (2.22)

and
o (=0 + V%) iy (1) = 0 (%) gudu (1,0) (2:23)

These equations can be solved because they are linear in all of the fields, a consequence
of Hin describing more of a mixing between ¢ and x* than an honest-to-God interaction.
It is convenient to do so by first expanding the fields in terms of mode functions and then
using the field equations to set up a coupled series of linear differential equations. That is,
writing

¢H(t7 X) = d)(tv X) + (Z)(tv X) and X?I(tv X) = Xa(t7 X) + Xa(tvx) ’ (2'24)

with ¢ and x“ being the interaction-picture fields given by (2.13), then the deviations from
the interaction picture are

p (%) ap+Sp (1) ap| T+ Ty @ dap [sf (£,%) bh+55 (%) bly] }

tx/\/r

and

H6x) /,/27r 32E
(2.26)

where the to-be-determined mode functions {Sp, spy Ry, ab} vanish in the absence of Hjyt.

(2.25)

R“ t,x) ap+ R (t,%)* a } QI_+I.® 5bc[ (t,x)b;+r;b*(t,x)b;*]}

2Use of (2.19) assumes no further time-dependence arises through a time-dependence of couplings after
they are initially turned on, which amounts to assuming the ‘sudden’ approximation when turning on
couplings at t = 0.
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Inserting (2.25) and (2.26) into the Heisenberg equations of motion (2.22) and (2.23)
leads to the following set of coupled equations for the mode functions {Sp, 55, R, rgb}:

(-2 +V?) Splt.x) = [A(e’iEPt T 5p(t.0)) + guRb(, 0)} 53 (x)

(~07 + v2) sit.x) = [A $2.(1,0) + 6% gy e~Evt 4 gy 1o, 0)} Bx) (227)
dap (07 + V2) R (£, %) = ga|e ™" + Sp(t,0)] 6% (x)
dac (= 0F + V2) 12 (1, %) = gash(t,0) 6*(x).

2.3 Integrating out x“

We wish to understand how the ¢ field responds to the presence of the hotspot, and we
do so under the assumption that no measurements directly involve the fields x®. Because
no x® measurements are made the y* mode functions can be solved as functions of the ¢
mode functions to obtain a reduced set of equation to solve.

To see how this works explicitly consider preparing the ¢ field in its vacuum and then
suddenly turn on hotspot couplings at ¢ = 0. This should generate a flurry of transient
behaviour before the ¢ field settles down at late times into a new adiabatic vacuum whose
properties we wish to compute. To this end write g,(t) = g, ©(t) and A\(¢) = A O(¢), and
so the time-dependence of eqgs. (2.27) can be made more explicit:

(=07 + V) Sp (t,%) = © (1) [A [T + 8y (1,0)] + g (1,0)] 07 (%) (2.28)

ban (=07 + V2) Y (£,%) = O (1) go [ + 55 (1,0)] 6° (x)
and

(=07 + V2) s (1,%) = © (1) [\ s (1, 0) + 5°g, 7! 4 g, b (1,0)] ° (x)  (2.29)
(=07 + V) i (1, %) = © (1) 8°gesy (1,0) 6° (x) .

These are to be solved subject to the initial conditions
Sp(0,%) = 01Sp(0,x) = s5(0,x) = Osp(0,x) =0
and  Rp(0,x) = 0 R (0,x) = rgb(O,x) = (9trgb(0,x) =0. (2.30)
2.3.1 Solving the x* equations

The mode functions associated with x® can be eliminated from the coupled equations (2.28)
and (2.29) with initial conditions (2.30) by using the retarded propagator

Gultxit'y) = Lol =)~ x—v]], (231)

that satisfies the equation of motion

(=07 + V2) Galt, x;t',y) = =0(t — )3 (x —y) . (2.32)
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In terms of this the formal solutions for RY and Tgb (the mode functions appearing in x%)

are
R (t,x) = —6%g, /0 ds G(t,x;7,0) [e ™7 4 Sp(7,0)]
Ot — X1 —im (-
_ _gabg, O = XD T —im, (t—[x)) _
50 [P + Sp(t — [x],0)] (2.33)

and Ot — |x|)

ab _ _sac XD by

rp (t,x) = —0"g, | sp(t —[x],0). (2.34)

These solutions have support only in the forward lightcone of the event where the couplings
turn on, and there give the mode functions at a distance r = |x| from the hotspot in terms
of their values at the hotspot position, but as a function of the retarded time ¢, := ¢ —r
and with an amplitude that is suppressed by a power of 1/r.

Using these solutions to eliminate R% and r& from (2.28) and (2.29) leaves a coupled
set of equations involving only the mode functions appearing in ¢:

(=02 + v?) Splt.x) = O(1) (A[W’Eﬁ 1 Sp(t,0)] (2.35)
_greit—lyl) o Ep(t-ly) _ 3(x
i AR X (Ul I R
as well as
(=02 +v?) si(t.%) = O() {A $2(1,0) + \/Lﬁ e~iF! (2.36)
_ g2®(t — |Y|)Sa _ 3 x
i U B R

where we specialize to the case where all of the g,’s have the same size, and use (2.12) to
write g, = g/ VN for all a. The factor of /N is extracted here for convenience because it
cancels an explicit factor of N that comes from the summation over the index ‘a’ in (2.35).

Egs. (2.35) and (2.36) reveal a characteristic ‘Coloumb’ singularity as |y| — 0, which
at face value appears to threaten any program to solve (2.35) and (2.36) iteratively as a
series in g2 and A. In what follows, this divergence at |y| = 0 is regularized by instead
evaluating y at the microscopically small scale |y| = e. This divergence problem is a general
issue that arises when exploring effective field theories describing compact sources, where
the domain of validity of the low-energy /long-wavelength theory does not allow sufficient
spatial resolution to resolve the source’s structure; it is generic that external fields diverge
at the position of a compact source.

But the example of the Coulomb field for a small charge distribution also suggests
that evaluating the 1/r divergence at r = 0 is really an artefact of trying to extrapolate to
zero an external solution that is not actually appropriate in the microscopic theory within
which the source’s structure can be resolved. A general EFT treatment of these issues is
possible [10, 80-84] (and tested in detail calculating nuclear finite-size effects in atoms [85—
87]), and shows how all such divergences get renormalized by the effective couplings in

69



PhD Thesis - G. P. Kaplanek; McMaster University; Physics & Astronomy

the action — such as the coupling A of hotspot action (2.3) — that describes the source’s
low-energy properties (as we also see in detail below).

2.3.2 Renormalization of A and e-regularization

Regulating the field equations on the microscopic surface |y| = € allows (2.35) and (2.36)
to be rewritten

3*O(t—e)

4me

(~0p+7?) Sp(t.x) = (e(t)x[e*iEmSp(t,O)] - [e-En-0 +sp(t—e,o)]> 5 (x)

(2.37)
and

B 320(t —¢)

4me

(ﬂ?f +V2> sp(t,x) = (@(t) [As8(t,0) + \/%e—mpt]

where we use ©(t)O(t — €) = O(t — €) since € > 0.

These equations can also be formally integrated using the retarded propagator (2.31)

st -, 0)) 5 (x)
(2.38)

to give
Splt ) = =22 (B 1 5 - ], 0)
W [e=Blt-x1=9 1 5, (¢ = [x| - €,0)]
R e R XA
and
spltod == 2P gm0 Lo m DO o)
(B 2] P
- ﬁ%a B _5721@6;;')';") Oust(t—[1,0)

where the approximate equalities exploit the fact that € is a microscopic quantity to ex-
pand each of the last terms in powers of ¢, and dropping terms that are O(e). Note that
this expansion in e implicitly assumes that Ep,e < 1 for all modes when expanding the
exponential function.

Although the 1/e term diverges, this divergence can be absorbed by redefining

~2

-9
Ani= A= (2.41)
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showing that the divergence renormalizes the ¢ self-coupling A\. Dropping the subscript ‘R’
for notational simplicity, eqs. (2.39) and (2.40) become?

_ 0= [x]) g, a—ix) g2t — |x])
~2
GOU—1xD)r1, .0\ iy —Ix))
= o[BI 4 asy(t — [x1.0)
and
_ a2 _
Sap(t,X) — g@(t ‘XD —zEp(t—\x|) ( |XD ( | I )_ @(t |X|)atsap(t_|x|70) )

47/ N x| 4 x| 1672|x|

(2.43)
These are the equations that are to be solved in the next sections to determine the mode
functions for ¢, and from these also determine its response to the hotspot.

3 Perturbative response

This section provides one of the points of comparison for the exact results of section 5. Here
we solve eqs. (2.42) and (2.43) iteratively in § and A, and use the lowest order solutions to
determine perturbatively how the fields evolve in time.

3.1 Mode functions
The iterative solution to (2.42) and (2.43) gives the perturbative result

-9 =2
o (\_14 Ep) Ot — %) —im,—x) _ 979 — [x]) :
Sp(t,x) =~ ()\ i pp 1672[x] (perturbative) (3.1)

and

sp(t,x) ~ — 949(\1}|X||) e~ Ep(t=IxD) (perturbative) (3.2)
TV N|x

to leading nontrivial order in A and §. The real part of the perturbative solution (3.2)
is shown in figure 4, which shows how the result is nonzero only after the passage of the
wave-front that radiates out from the turn-on event at t = x = 0.

Using these mode functions in the expansion for ¢, the leading-order perturbative limit
of the Heisenberg-picture fields truncated at order §? can be written

—x GO (t—|x G5 (t—|x
S (t, %) <¢(t,x)—%¢(t—|x|,0)—%p(t—|x|,0)—%¢(0,0)> 9T

47r\ﬁ||

where (as above) ¢ and x are the interaction-picture fields given in (2.13) and p = 0,¢ is
the canonical momentum defined in (2.4). The Heaviside step functions show how ¢ (¢, x)
does not respond to the turn-on of the hotspot couplings at ¢ = 0 until after the transient
wave reaches the particular point x, after which mode interference occurs. The sum over
a is written explicitly in (3.3) to underline the necessity of keeping this term, even in the
large-N limit despite the factor of 1/v/N.

3In arriving at (2.42) and (2.43) we simplify the terms which come multiplied by (¢ — |x|) by using the
initial conditions to eliminate Sp(0,0) = s5(0,0) = 0 in the final result.
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87 /E,
/B +0.1g4E,
67/Ep -
~—~
»
o
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=
2 /Ep |
0 ‘ —0.1ga Ep
0 2r/Ep 4r/E, 6m/Ep 8m/Ep

x|

Figure 4: Re[sp(t,x)] from (3.2) vs t and |x|, showing the wave-front emanating from
t = x = 0, the growth for small |x| and the oscillatory behaviour with wavelength set by
E,. (Colour online.).

3.2 Two-point ¢ correlator

The physical implications of the field evolution just calculated gets communicated to ob-
servables through field correlators, and because the model considered here is gaussian the
two-point function carries all of this information. For observers situated in R only the
correlators of the field ¢ can be accessed, and so we therefore next compute the two-point
correlator,

Wit %; ', %) = Te b (£, %) b (¢, ) po| = = Te[ s (£, %) (t', X') ([vac) (vac| e =%
(3.4)

where po denotes the system’s state, for which we use the state given in (2.8), (2.10)
and (2.11). Zg := ' [e*m‘—] is the partition function for the N thermal x* fields.

1
Zs
Using the perturbative solution for ¢, given in (3.3) allows the leading-order in §? and

A contribution to be written in terms of the free correlation functions,

Wg (Lx;t',x’)
~ (vac|¢ (t,x) ¢ (',x") |vac)

O (t— ., AO (¢ —|x' ) )
*MWMWQ*‘XLO)(?@ ') IVaC>*%(vac|¢(t,x)d)(t — x|, 0) [vac)
FO—x)O ' —[x]) f [ a by (ot
167T2|X||X,| Tr [X (t—|X‘,O)X (t _|X |:0) Qﬁ:| (35)

NQ(-) 2Ot —|x'

el (e (1= ] 0)6 ¢, ¢) o) - =00 B el 1509 (1 ', 0) )

) 25 (¢ —|x'
g 16(;2| |7|<‘)< aC|¢(070)¢)(t’,x’) ‘Vac>*%2|)|:,(||)<VaC|¢(t,x)¢(O7O) |vac) .
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This can be simplified using the following explicit forms for the free correlators

1

t t',x = :
(vacl|o (t,x) ¢ (t',x) [vac) o] iy T iy gy (3.6)
t—t
(vac|p (t,x) ¢ (t',x) [vac) = 5 (3.7)
2m2 [~ (t =¥ = i0)” + [x — x/|2]
and
{vaclo) (t,)p (¢',x') [vac) = —(vaclp(t, ) (#',x") vac) = SALS
’ ’ ’ ’ 22— (t—t/ —i6)2+|x—x/|2]*
(3.8)
leading to
Wﬂ(t,x;t/,x/)
N 1
AR [—(t—t'—id)? 4 |x—x'|?]
A <®(t7|x\) 1 O =Ix) 1 )
1673 x|  (t—t'—|x|—10)2—|x|? [x/| (t—t/+|x'|—10)% —|x|?
B ge(t—Ix)et - |x') (3.9)
6472 32 x| x| sinh? [ 5 (t— x| —#/+[x'| i)
N 9 <7@(t*\XI) t—t'—|x| o' —x) t—t'+|x| )
32r! Xl [t —xl—ie2—x2” X [ x]—id)2—[x[?]”
N g ( 5(t—[x]) ('~ x']) )
64t \ [x| [— (¢ +10)?—[x'|?] * [x/|[—(t—id)*—|x[*] )

where the inverse temperature 5 = 1/T arises from the thermal average in the x sector.

Of particular interest is the form of this result after the passage of the transients, with
both ¢ and ¢’ chosen to lie in the future light cone of the switch-on event (i.e. ¢ > |x| and
t' > |x/|). In this region the above expression becomes

Wp (t,x;t', %)

N 1 A |x| + |x]
- 9 ’ .\ 2 712 +167T3‘X||X/| 7 ,7.527 112
am? [ (¢ =t/ = i6)" + |x — x'|2] (t =t —id)" — (]x +[x'])
§2

_ (3.10)
647232 x| |x'| sinh? [ 5 (¢ — x| — ¢/ + [x/| — i0)]

3> 1 t—t —|x| 1 t—t + x|
294 | T 14| 2 el 2
SN K [t — v = x =2~ ] P - ) - 8)% — ]

As expected, in this limit the O()\) and O(§?) terms break translation invariance, though
time-translation invariance is restored once the transients due to the coupling turn-on have
passed. Rotations about the position of the hotspot remain a symmetry. Apart from a
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10A 10-3/A2 10-3g2/p*

_ % %
R B 0 \N/ 0 K
AR =3 x
= =
% 5 107 e 5 107 -
x| Ix]
(a) A-dependent term. (b) g*-dependent term.

Figure 5: The equal-time ¢ = ¢’ limits of the A-dependent term and §-dependent term of
the Wightman function given in eq. (3.11). (Colour online.).

global 1/r fall-off the thermal O(§?) term depends only on the retarded times ¢, = t — |x|
and t. = t' — |y|, with correlations that die exponentially once ¢, — .. > 8. By contrast,
the temperature-independent O(§%) term — and the O()\) contributions — preserve the
power-law fall-off for large ¢ — t/, but modify its amplitude in a way that becomes less
important further from the hotspot.
For some applications it is the equal-time correlator evaluated with ¢ = ¢’ that is of
interest (at late times ¢ > |x/, |x/|). In this case the above simplifies to*
/ 1 A
W12 = o B T6m I (] + <) 40
- 3 . 7
647232 x| |x'| sinh? [ 5 (jx| — [x/|)] 267 (] — [x'}2)?

T
B

Notice (3.11) is real-valued, as should be the case for unitary time-evolution. The A- and
the §2-dependent terms of (3.11) are plotted in figure 5

3.3 Two-point x® correlator in the large-N limit

Although the (¢¢) correlator does not simplify in the large- N limit, the same is not true for
(xx) correlations. This can be seen by inserting the perturbative formulae (3.1) and (3.2)
for Sp and s into the implicit solutions (2.33) and (2.34) for the x“-mode functions Ry,
and rgb, which gives

a N~ 9 OU— D) _ig,w-x)
Ry (t,x) ~ AT e +... (3.12)
and )
ab g S (t - |X| — E) —iEp (t—|x|—¢€)
== . - 7 ... 1
mp (1:X) N 16m2|x|e c (3:13)

“Note that this formula has no id’s left in it — the reason for this is that any poles located at |x|+|x’| can
safely have § — 07 taken. For the remaining poles at |x| — |x’|, we use the identity m = % £imd'(2)
and notice that a cancellation occurs.
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to leading order in g2 and A. The solution (3.13) contains a 1/e divergence, which can be
absorbed into the coupling for a self-interaction proportional to Zy ® dux®x? (although for
brevity we do not do so here).

Egs. (3.12) and (3.13) show that the mixing of x* with ¢ is suppressed by powers of
1/N, and so become negligible in the large-N limit. The same suppression does not occur
in the (¢p¢) correlator because the explicit 1/N suppression is compensated by the sum
over a and b in the combination g,g,(x® Xx?). It follows that these correlators satisfy

T (8,30 (¢, %) po] = Tr” [x* (&, )X (¢, %) 05| + O(1/N) (3.14)

and so in the limit N > 1 are simply the thermal correlation functions for free fields, as if
the ¢ field did not exist.

For completeness we quote here the explicit form for this free thermal correlator, with
details of the calculation given in section A.1. The result evaluated at spacetime points
r = (t,x) and 2’ = (¢',x') is®

(@ (@)= [ (6x)x" (' x)es] (3.15)
- 87T/3(Zb_x/| {COth {% (t—t/+\x—x/|—i5)} —coth {% (t—t/—|x—x’|—i5)} } ,

in agreement with standard formulae [92]. In this expression the limit 6 — 07 is to be taken
at the end of the calculation. Notice that eq. (3.15) obeys the required reality property

(for real scalars)

XWX @) = [0 @)X W))s] (3.16)
and at zero temperature (8 — c0) goes over to

5ab
BT -t — 2+ x—x|7

(x*(2)x"()) (3.17)

as it should.

4 RG Improvement and resumming the A expansion

This section studies the dependence of hotspot physics on the self-coupling A, in particular
exploring how limiting it is to treat its implications perturbatively. Although the validity of
expansions in A might seem to be a tangential issue if one’s focus is on the thermal coupling
g, it really is not. As discussed earlier, the response of a field like ¢ to the hotspot typically
diverges at the hotspot position — cf. for example equations (2.39) and (2.40) — and these
divergences are ultimately handled by being renormalized into couplings like A, as in (2.41).
As a consequence of this renormalization couplings like A run in the renormalization-group

5Note the given id-prescription is only valid for real time arguments. Given that the N environment
fields are assumed to be prepared in a thermal state, this correlation function must obey the Kubo-Martin-
Schwinger (KMS) condition (x*(t—i83,x)x"(0,0))s = (x“(t,x)x*(0, 0))%, which assumes a shift in imaginary
time — for the correct id-prescription in this case, see (A.19) in appendix A.1 (which agrees with the above
prescription for real time arguements).
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sense, and (as we show here, following [80, 81]) this can make it inconsistent to set them
to zero at all scales.

This section derives precisely how the coupling A runs, and along the way shows that
the dimensionless expansion parameter that justifies treating A perturbatively turns out
to be \/4me, where € is the very small regularization length scale used to regulate the
divergences (as in eqgs. (2.39) and (2.40)). Physically, both A and e might reasonably be
expected to be of order the size & of the compact hotspot; a length scale that has been
assumed to be much smaller than the other scales of physical interest. If perturbative
calculations actually require A < 4me then they may not be that useful, since A would have
to be much smaller even than this already very microscopic scale. The renormalization-
group arguments presented here show how perturbative predictions can be extended to the
regime A 2 4me, providing results that can be compared to the exact calculations to follow
in section 5.

4.1 Effective interactions and boundary condition

To better understand the effects of A beyond perturbation theory this section temporarily
turns off the coupling ¢ in order to eliminate unnecessary distractions. Non-perturbative
information is then extracted by leaving A nonzero for all time and exploring more sys-
tematically how it modifies the dynamics of the ¢ field. A natural framework for this is
the language of point-particle (or world-line) EFTs, since these systematically incorporate
the effects of small objects on their surroundings, organized in powers of ka (where a is
the object’s size and k is the momentum of a typical probe). In practice we therefore work
completely in the R sector, following closely the logic of [10, 80, 81], with the bulk field
interacting only with the contact interaction

Hina(t) = % / B G2 (1, %) 53 (x) = g 62(t,0), (4.1)

with A independent of time.

The implications of A are incorporated by identifying the mode functions that are
appropriate in the presence of this interaction. Since the Heisenberg equation of motion in
this case — cf. equation (2.22) — is

(=02 +V2) 6 (t,%) = A6 (1,0) 6*(x), (42)
this is also the equation satisfied by each mode function, wugen,(t,x), in an expansion
(cf. equation (2.13)) like

o) +4

o(t,x) = Z Z /dw {uwzm(t,x)uwgm + U (6 X) O g | - (4.3)

{=0m=—L

Once the A-dependence of these mode functions is identified by solving (4.2), the implica-
tions for the Wightman function are obtained from formulae like

oo +/

(vac| p(t,x)p(s,y) [vac) = Z Z /dw Ugem (B, X) U (S, ¥) - (4.4)

l=0m=—¢
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Here |vac) satisfies agpm, |[vac) = 0, and a,y, satisfies the standard commutation relations

*
[awfmv u@[m

normalized.

| = 8(w — @)8,70mm, and the mode functions we,, are assumed to be properly
The main observation is that the dependence of g, on A can be inferred by integrating

its equation of motion

(=02 + V) thton (£,%) = At (2, %) 03 (x), (4.5)

over a tiny sphere B, := { x € R3 | |x| < e} of radius € > 0 centred around the origin.
Following standard steps [80-82, 84] this integration leads to a A-dependent boundary
condition near the hotspot, of the form

0 t
4me? (M> = X U (£, %) (4.6)
8’[‘ r—e r=¢
That is, for > € mode functions simply satisfy the Klein-Gordon equation
(=08 + V%) up(t.%) =0, (4.7)

and only learn about the coupling A through its appearance in the boundary condition (4.6).
Concretely, expanding the solution in terms of spherical harmonics,

Uwém(t: X) = e_thRwé(T)nm(ev ¢)7 (48)
the radial solutions are spherical Bessel functions
Ruo(r) = Co(w)je(wr) + De(w)ye(wr) , (4.9)

where Cy(w) and Dy(w) are integration constants, whose ratio is determined by the bound-
ary condition (4.6) and so is A-dependent. Explicitly, the boundary condition (4.6) implies

47€® Op Rpe(€) = A Ry (€) (4.10)

Substituting the solution (4.9) into (4.10), and using the Bessel function identity

1
Orfe(wr) = folwr) = wfera(wr) (4.11)
(that holds for both f; = j, and fy = ys), shows that the boundary condition (4.10) becomes
A Cjo(we) — wegprr (we) + (De/Co)[lye(we) — weypyq(we)]
2 _(ro,mRy) = , (412
re = (PO Rr) Jilwe) + (Di]Co) e 2

and this, once solved, leads to the following solution for the A-dependence of D,/Cy

Dy(w) _ [(\/4me) — lje(we) + wejps1(we)
Cow)  [(\/4me) — ye(we) + weypyr (we) - (4.13)

These expressions simplify in the limit of practical interest, where we < 1. In this

limit we may use the expansions

e
= —YTE L0 ad (o) = _W Lo(=),

~Fnr(erd) (4.14)
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to find that (4.13) becomes

Dy (w) ™ [ (Ndme) — ¢ } (we)”"‘l (4.15)
Cow) "r(e+3)T(0+3) WA +L+1] L 2 ' '
The coefficient here can be simplified using
24Z+2 ! 2
T 4] (4.16)

Pler)r(e+d) 2@ nieor

The inverse of (4.15) — or equivalently, the small we limit of (4.12) — similarly becomes

A L (we/2* T+ (E41) Xy (w)
Ine ST (e - Xe () e
where ) D
Xe(w) = =T (e+ g) r(e+ %) Cj((:)) . (4.18)

Whether the numerator and denominator of thse last expressions can be further expanded
depends on how the quantities (A/4me) — £ and Dy/Cy behave when we < 1.

4.2 Renormalization group and the interpretation of e

There are two ways to read the above boundary conditions. The naive way is as given
in (4.13) or (4.15): they give Dy(w)/Cy(w) as an explicit function of £ and the two dimen-
sionless variables A/4me and we. What is bothersome about this interpretation is that it
makes Dy/Cy depend not only on the coupling A, but also on the arbitrary regularization
scale e.

But if Dy/C; depends on € then so also will the physical observables that are built from
it. Normally regularization dependence in a calculation drops out of physical quantities
because it gets renormalized into a redefinition of the couplings. Or, equivalently, it is
cancelled by an implicit regularization dependence that is hidden within couplings like .

4.2.1 Running of A\

This observation suggests a different way to interpret the above boundary condition [80, 81].
This alternative reading insists physical quantities cannot depend on arbitrary regulariza-
tion scales, and because of this neither can D;/Cy. In this case expressions like (4.12)
or (4.17) should be reinterpreted as making explicit how A = A(e) must depend on € in or-
der to ensure that Dy/Cp remains e-independent. That is to say, in this interpretation (4.17)
is an RG equation for the coupling A(e).

To see what the evolution implied by (4.17) means more explicitly, it is worth expressing
it in differential form. As explored in detail in appendix B, this can be put into a universal
form by defining the new variable v(e€) using

A
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v(e) 41; f
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Figure 6: The two categories of RG flow described by the evolution equation (4.20). This
figure plots the universal variable v(e) against In(e/e,). An example is shown with both
|[v] > 1 and v < 1, and the plot shows the sign of |v| — 1 is invariant because v = %1 are
fixed points. (figure taken from [87].).

for which differentiation of (4.17) becomes

dv 1
e =(0+3)(1-0?). (4.20)
As is easily verified, the solution of (4.20) subject to the initial condition v(ey) = vg is
given by
v(e) = (vo + 1)(e/e0)* ™ + (vo — 1)
(vo + 1)(e/€0) ! = (vo — 1)

and this agrees with (4.17) once (4.19) is used, with integration constant vy determining

(4.21)

the combination Dy/Cy. These generically describe evolution from v = —1 to v = +1 as €
ranges from 0 to co. A plot of two representative solutions to (4.21) is given in figure 6.

Of course there is nothing wrong with simply regarding the boundary condition as
specifying Dy/Cy once a coupling Ag is specified using a specific choice of regularization
scale ¢g. What the RG interpretation tells us is that once this choice is made, we are
completely free to use any other regularization scale, €; instead, provided that we also
change the value of the coupling to A\; where both pairs (e, A\g) and (€1, A1) lie on the
same RG trajectory A(e) defined by (4.17) (or, equivalently by (4.19) and (4.21)). It is
only when the coupling and regulator are changed in this correlated way that physical
quantities remain unchanged.

4.2.2 RG-invariant characterization of coupling strength

Because physical observables depend only on the coupling trajectories it is more informative
to specify the strength of the coupling by labelling the coupling trajectories using a more
convenient RG-invariant parameterization, rather than simply by specifying its value A\g =
A(ep) for a specific (but arbitrary) regularizations scale ¢y. This section follows [80, 81] and
identifies a particular choice of RG-invariant parameterization that is convenient because
(unlike the value Ao, say) the parameters are simply related to physical quantities.
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To this end the first observation is that the evolution equation (4.20) has two fixed
points, v = =£1, along which v is e-independent. Trajectories that do evolve therefore
cannot cross v = +1 and so fall into two distinct categories, distinguished by

Ty = sign (vz — 1) . (4.22)

1, is an RG-invariant quantity inasmuch as the sign of v2 — 1 does not depend on ¢ for any
v(e) satisfying (4.20).

Any specific curve can be uniquely characterized in an RG-invariant way by specifying
both 7, and the new variable ¢,, defined as the place where the curve passes through zero (if
7% = —1) or where it diverges (if n, = +1). Using this definition the general solution (4.21)

simplifies to
_ (e/e)* 4.
v(e) = (e/ex) 20T — 1y,

and this shows that the pair (ny,¢€,) are related to any specific choice of initial condition

(4.23)

(€0,v0) by 1, = sign(vd — 1) and

(6*)2[—Fl 7 ('UO*l) B
€0 = vo+ 1 o

What makes these variables convenient is that e, provides an invariant length scale

’Uofl‘

4.24
—— (4.24)

that is shared by all representatives (e,v) or (e, A) along a particular RG trajectory. It is
consequently this length scale — and not €y or Ag, say — that is physical and so whose size
characterizes the values of physical observables. This is shown in detail in [80-84, 86, 87],
where cross sections and energy shifts in many examples are evaluated and found to be
simply related to e,.

To see explicitly why this is so, we write A(e) in terms of e, by combining (4.19)
and (4.23) to get

(e/e)* ™ + s

A
— +1=20+1)v(e) = (20 +1) —F——, 4.25
e 1= @ De(0) = 201 D (4.25)
and for later purposes also record its inverse (cf. egs. (4.19) and (4.24))
20+1 _ _
(i*) _|v 1‘ _ ‘ [N/ (4me)] — £ ' . (4.26)
€ v+1 A/ (4me)] + £+ 1

eq. (4.25) can be used in (4.15) to determine the integration constant ratio D;/Cy from
which physical quantities are ultimately determined. This exercise gives

Dy(w) _ i)y (we*)%“
Cew) TE+HT(+3)\ 2 ’

(4.27)

verifying that the explicit dependence on € and A\ combines into the invariant combinations
7% and €,. In particular, it is the dimensionless quantity we, that controls the size of
any physical response, and (4.27) shows quantitatively in this language how small angular
momenta ¢ are preferred when we, < 1.
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In practical examples €, is set by the size of the underlying object (in this case the
hotspot) times the appropriate coupling that controls the interactions through which it is
probed. For example, when a similar analysis is applied to describing the effects of finite
nuclear size on the energy levels in pionic atoms, one finds €, ~ Ry is of order the nuclear
radius [82]. But the same analysis when describing nuclear-size effects on Hydrogen energy
levels finds €, ~ @Ry, with « the fine-structure constant [80, 81].

By comparison, if boundary conditions must be imposed for an effective theory outside
the nucleus then € > Ry. Concrete examples like these show that a small source probed
by a weakly coupled field tends to produce €, < ¢, if € is regarded to be typical linear size
of the compact object.

4.2.3 Resumming all orders in \/4me

It is instructive to explore the connection between A(e) and e, explicitly in the weak-
coupling limit, by expanding (4.25) in powers of €,/e. In this limit (4.23) simplifies to
v(e) ~ 1+ 2, (e./€)* " + -+, and so

€x

A 20+1
oo =20+ 20,(20 4 1) (?> . (4.28)

For the £ = 0 mode in particular A becomes e-independent in the perturbative limit, with
A =2 47,6 (for f =0and e, <€) . (4.29)

This shows that for s-wave processes, expressions for physical quantities as functions of
we, (for mode frequency w) can be turned into corresponding expressions as functions of
Aw, by using (4.29). Provided powers of ¢e,/e are negligible these expressions need have
no dependence on regulators like e, making any discussion of RG evolution completely
unnecessary.

But what happens if € is now decreased and A(e) adjusted along a particular RG flow
to a point where €,/e is no longer negligible and A/4me is no longer small? The answer
for the physical observable as a function of we, does not change at all, because physics
depends only on which RG trajectory one lives, and not on the particular point one sits
along this trajectory. All that changes as € and A are varied is that expression (4.29) can
no longer be used to trade ¢, for A; instead one must go back to the full result (4.25) when
doing so.

This observation provides a way to resum all orders in A/4me while holding quantities
like we, fixed. Suppose one computes an observable as a function of two dimensionless
quantities O = Olwe, \/4me], and does so perturbatively in A/4me. The result can be
turned into an expression O = O|we, €, /€] by trading A for €, using (4.29). But we know
that € is just a calculational artefact that is not actually in the physical result, which must
therefore really only be a function of the one variable we,.

The result for the same observable elsewhere on the RG trajectory, where A/4me and
€,/€ are not small, is given by the same expression O = Olwe,] since it does not depend
at all on e. Expressing this result in terms of O = Olwe, A\/4me| using (4.25) then gives an
explicit resummation of the observable to all orders in A(e)/4me.
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4.3 Resummation of the two-point function

The above reasoning can be applied to the perturbative calculation of ¢-field response given
above, allowing results that are derived to lowest nontrivial order in \/4me to be promoted
into expressions that work to all orders in this variable.

4.3.1 s-wave resummation

We derive the resummed results here, and then check (in this section) that they capture
a full mode sum using the boundary condition (4.6). In later sections we also verify that
the results found for large A/4we in this way also agree with the exact expressions derived
in section 5.

The starting point is the perturbative expression (3.10), that is given again here in the
special case § = 0:

Wa(t,x;t',x") ~

1 n A { x|+ x| }
T Ar[—(t—t—i0)2+|x—x2] | 1673 x|[x| '

T—0—i0)— (X))

(4.30)
Anticipating the dominance of the £ = 0 mode (as is appropriate in applications for which
€x < |x[, |x'| say, see next section), we may trade A in this expression for ¢, using (4.29)
to find

Wa(t,x;t',x) ~ +
8 ) Am2[—(t—t/ —id)2+|x—x'|2]  4n?|x||x/]

1 MNx€x ‘X|+|Xl‘
{(t—t’—i5)2—(|x+|x’|)2} '
(4.31)
But an expression with broader validity than (4.30) can be obtained from (4.31) by using
in this result the more general ¢ = 0 relation giving €, in terms of A given in (4.26), leading

to
N 1 1
(ot x)o(t', x)) = — {_(t_t, it |X_X/|2} (4.32)
41 A H x| + x|
16m3[x[[x| | (\dme) + 1| [(t— ¢/ —i0)2 — (x| + x])2)~

This clearly agrees with (4.30) for small A\/4me, but its validity is now extended to include
the regime A 2 4me provided only that £ = 0 modes dominate when computing the hotspot
influence. The conditions under which this is true are explored more fully in the next
section, which verifies (4.32) starting directly from a mode-sum using modes that satisfy
the boundary condition (4.6).

4.3.2 Mode-sum calculation

We next recompute (4.32) by evaluating the ¢-field correlator as an exact function of A,
by calculating the sum over mode-functions whose A-dependence is acquired through the
boundary condition (4.6). As described above, this boundary condition fixes the ratio
of integration constants D;/Cy to be given in terms of €, as in (4.27), repeated here for

conenience:

Dy(w) T (we*>2€+1

- 2

Colw)  TEU+HTE+D) (4.33)
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Mode normalization. The integration constants Cy and Dy, are determined separately
by combining (4.33) with mode-function normalization, which requires

<Uwfm7 u@[ﬁ;> = (5(&) - (D)(S(deﬁm ) <uwhn7 u:;[m> =0, <u<:k;€m7 Ufgﬁ) = —(5((4} - @)(Sﬁémm

w.
(4.34)
where the angle brackets denote the Klein-Gordon inner product

(F,G) =i / B (F(t,x)@tG*(t,x) - atF(t,x)G*(t,x)) . (4.35)

As is easily verified, this inner product is time-independent when evaluated for any solu-
tions F, G to the Klein-Gordon equation, and this remains true even in the presence of
the modified boundary condition (4.6), whenever the effective coupling A is real. To see
why notice that this boundary condition implies the radial flux density of Klein-Gordon
probability at r = € is

Jnle) o [F(t,x)0,G7 (%) = 0,F(£,%)G*(t,%)] = (A = N[FEx)G*(t%)]  (4.36)

r=e r=€
and so vanishes for real A.
The normalization integrals are computed in appendix C.1, leading to the following

e.~dependent results for Cy and D, separately

w s WE. 241 _1/2
awir - s [ ()} e
and
—1/2
B T we \ 2 1o T wey \ 21 A
Dm(”)‘r(u%)r(ug) (T) w{” T((+Hre+3) <7> }
(4.38)

With these choices the mode functions and field operators satisfy the required boundary
condition at r = ¢, and this completely determines their dependence on e,.

The main approximation made in deriving (4.37) and (4.38) is to assume that we is
small enough to allow the replacement of j;(we) and yy(we) with their leading asymptotic
forms; that is by using (4.15) instead of (4.13). Since the Bessel functions are explicitly
known this approximation can be improved to any desired order in we, by upgrading
condition (4.33) using a more accurate representation of the Bessel functions.

Mode sum. We are now in a position to compute the Wightman function in terms of a
mode sum, using the above e,-dependent form for the modes,

) T we, \ 20+
Uyem (t,X) = CEm(W)eﬂm Je(wr) + m (7) yé("”‘)] Yim (0, 9)
’ ’ (4.39)

that properly matching at the boundary condition at r = € (dropping subdominant terms
in we). As argued above, all explicit dependence on € drops out of this exression once
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evaluated at |x| = €, cancelling between any explicit dependence and the e-dependence
implicit without the coupling A, leaving a dependence only on the RG-invariant quantity
€x. In particular, eqs. (4.37) and (4.39) do not assume validity of the weak-coupling limit
€, < € (or equivalently A/4me need not be much smaller than unity).

The Wightman function is given in terms of these modes by

(ot x)o(t',x))

oo 44

= Z Z / dw gy pm (E, X)) g, (T, x) (4.40)
(=0m=—¢"0
=3 5 e Gy [t g (22 o)
== e rererp\z )Y
et (S) ™ el | Vi 9.0)7i,0 )
¢ T, v v\ o 14 tm\Y, ) .
T+ Hre+3) \ 2 tm
Performing the sum over m (see appendix C.2 for details) leads to the intermediate expres-
sion
(o(t,x)o(t',x"))

_ X 2041 [o° —iw(t—t) 9. - (%)%H
_g o /o dwe |Cro(w)] Jé(Mﬂ)-FW 5 ye(w|x])

' ) o we, | 2H1 il p ,
i )+ e (57) el Paleoso) . (@)
The terms in this sum involving two factors of j, reproduce the standard vacuum Minkowski
Wightman function in the absence of the hotspot source.

Leading order in we,. To make further progress we assume we, < 1, which is a natural
limit for modes with energies much smaller than the UV scale 1/e,. In this case because
we, appears raised to the power 2¢+1 it follows that the leading regime comes purely from
the s-wave partial wave with £ = 0. Using

sin(z)

Jo(wlx]|) = and yo(z) = — , (4.42)

the contribution up to leading (linear) nontrivial order in we, can be simplified to
(o(t,x)o(t', X))

1 e (it > . .
24—2/ dw e t){wZ(%—i—l)jg(w\x|)jg(W\X'DPg(COSG)
= Jo =0

_% {Sin(w|x|)Cos(w\x’|)+cos(w|x\)sin(w|x’|)} +0(w263)}.
~ é/mdwe*iw(pt’) {sin (w|x—x’|) fwsin[w(|x|+\x’|)] +O(w262)} .
A —x'| Jo 1673 ][] 2

(4.43)
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Evaluating the remaining integrals then gives

<mt@¢wxw:4;[_@_ﬂ_w}+k_xn] (4.44)
Mmm)[ el + I }
167 ]| [ (¢ — ¢ i6)° — (x| + [x])?]

where § = 0T is the usual positive infinitesimal that is taken to zero at the end of the
calculation.

Notice that (4.44) precisely agrees with the result found in (4.31), and so guarantees
that the result (4.32) is found once the combination n.e, is traded for A(e) using (4.26).
Higher orders in we, can be included systematically by including higher partial waves and
by working to higher order in the small we expansion of the mode-functions.

5 Exact two-point correlator

In this section we evaluate the ¢ mode functions without perturbing in A and g, and sum
these modes to obtain the exact (¢¢) Wightman function.

5.1 Mode functions

The first step is to find the mode functions in a way that does not rely on couplings being
small. To this end we must solve equations (2.42) and (2.43), which are repeated here for
ease of reference, for the mode functions S, and sg:

St ) = *%(6%”“"’“’ + Sp(t — [x],0)) - f;%ffl St—1x)  (5.1)
ﬁ%ﬁ@“wmi@%4WHW+@&aﬂmﬂ
and
sp(t, x) = —Z:bil] Ot — [x|) e~ Erlt=Ix) _ %@{‘\XD s2(t — |x],0)
B f;;%b& O(t — [xI) Osp (t — |x], 0) (5.2)

subject to the initial conditions (2.30).

Clearly, whenever ¢ < |x| the right-hand sides of these equations vanish and so they
imply that Sp(t,x) = s5(t,x) = 0, as required by causality. In the opposite case ¢ > |x|
they instead become

A

Ar)x]|

Sp(t,x) = [ Brt=IxD 5 (1 — |x],0)] (5.3)

5Gagb [, o\ B (1
B 167r2a\x| [(_ZEP)E Eplt—x) 4 OpSp(t — |X‘70)] when ¢ > |x|

85



PhD Thesis - G. P. Kaplanek; McMaster University; Physics & Astronomy

and

8%y i, (t— A sbe

At x)= —_J0 70 p(t=[x[) _ a 9vgc a

sp(t:) 4rr|x| c 47r|x|8p(t 1x.0) 1672|x| Grsp(t =1, 0) hen > ||
(5.4)

As suggested by the perturbative case, solutions to these equations unsurprisingly diver-
gence at the location of the compact source x = 0, which we regulate as before by re-
placing x = 0 with |x| = e Sp(t — |x],0) = Sp(t — \X|,y)}|y|:E and 8,551()0)@ - |x],0) =
8tSI(,0)(t — |X"y>‘\y|=e and so on.

To solve (5.3) and (5.4) (in the special case where g, = §/v/N for all a) we make the
ansatze

Sp(t,x) = F(|x])e =) when ¢ > |x| (5.5)

and
st (t,x) = G(|x|)e =) (foralla)  when ¢ > |x|, (5.6)

and so S (t—|x], 0) := F(e) e Er(t=x1=9 and 8,5 (t—|x|, 0) := F(€) (—iE,)e Ep(t=lxI=)
and similarly for sj,. These ansdtze solve (5.3) and (5.4) provided F' and G satisfy

A iG°E ,
F(x]) = = == + w52 | [1 + F(e) eTEre 5.7
() = (= 7] * Tz ) (1 + Pl ¥ 6:7)
and
g A B g e
G(|x|) =— +(f + G(e) eTore 5.8
(1<) 47/ N x| drx| = 1672|x] (€) (5.8)
whose solutions are
- A ig?Ep _%efiEp(tf\x\)
4r|x|  1672|x 4mv/ N|x
Pl = — TP ang G - .
1— =249 2p ) ptibye Y AR e
dme  1672¢ 4dme  16m2¢
(5.9)
Recalling that the derivation of equations (2.42) and (2.43) assume eE, < 1 — see the
discussion below equations (2.39) and (2.40) — we can take ¢’Fr¢ ~ 1 without loss, giving

the mode functions

R iG*E,
dmlx|  1672x| _ip (-
Sy (t,x) ~ iy (t—[x|) hen ¢ > 5.10
pltx) = e when £ > [x] (510)
dre  16m2¢
and ~
_%e*iEp(t*IXI)
Ar vV N|x| —iEp(t—
sp(t,x) =~ N iiE, e~ Ep(t=Ix)) when ¢ > |x] . (5.11)

dre 1672

86



PhD Thesis - G. P. Kaplanek; McMaster University; Physics & Astronomy

Comparing (5.10) and (5.11) to the perturbative solutions (3.1) and (3.2) in the regime

t > |x|, it is clear that the perturbative expression are valid only when
A iG*E,
dre  16m2e

<1. (5.12)

For this to be small for all p requires each term to separately be small. If A is a bulk cutoff,
so that E, < A for all p (which in principle is logically distinct from the UV cutoff 1/e
associated with proximity to the hotspot) then at face value the perturbative limit requires

~2

A Ag
R <1 and 162¢ <1. (513)

5.2 Performing the mode sum

Given the mode functions in (5.10) and (5.11) the Wightman function of (3.4) can be
evaluated as a mode sum. For two points (¢,x) and (¢/,x’) satisfying ¢ > |x| and ¢ > |x/|,
the result becomes

W (0351, 5) = T [ (,3) o (1) ([vne) (vac] @ 7))

=7 (t,x;t,x") + & (t,x;¢, %) (5.14)
where the functions . and &3 are defined by
d3p
t,x;t',x') = / e
b x;t,x) (27)32E,

and

(672’Ept+ip-x 4 Sp(t,X)) (eJriEpt'*iP'X/ 4 S:)(t/’xl)) (5.15)

Ez(t,x;t',x") = (sg(t,x)si*(t',X')Tr/ [bgbf:e*m{*}

1 X d*p 4’k
Zg(%::l./ \/(Qﬂ)ngp/\/(Qw)SzEk
s () s, X) T b bl | ) :
(5.16)

These mode sums are performed explicitly in appendix D, giving the following result for

0
1
L(tx;t,x') =
X 8X) = G — v = + x =]

2¢2
g% |x|1x/|

(5.17)
+ {L(t—tw x| + '], €) — I_(t— ¢ — || + [¥'], )

STt — x| ) e) Tyt — t — [x| |x’|7c>}

€ 1 1
t x| [* PR e ] Ry STy v gy 45]

32#264(1+2Am)[
- mel T (t—t — x|+ x|, e) + I (t -t — |x| + x',c}

62

CAm?|x[|X[(t — ¢ — |x| + x| — )2
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where the parameter c is the following combination of couplings and e,

1672 A
= — |14+ —). 5.18
¢ g* ( * 47r6> (5.18)

The functions I (7) are defined by
I+(r) = ¢XTEy (£ c[r —i6]) where Ey(z) := / du & (5.19)
2 u
is the E,-function with n = 1 (closely related to the exponential integral function) and the

limit 6 — 07 is (as usual) understood.
The temperature-dependent contribution similarly evaluates to

9¢2 (=t — x| +[x| i) o (t—t'—|x|+|x'|—i6) 9
gg(t,x;t,x/):;{q)(e B 1 %>+<I><e+ B 1 Cﬁ)}——ﬂ}

32|x|[x| " on or )] e
(5.20)
where ®(z,s,a) is the Lerch transcendent, defined by the series ®(z,s,a) = >0 ﬁ

for complex numbers in the unit disc (with |z| < 1), and by analytic contribution else-
where in the complex plane. Asymptotic forms for the functions I, and ® are given in
appendix D.1.1.

These expressions pass all of the smell tests. In particular, the full correlation function
Wg = 7 + &3 reduces to the perturbative correlation function quoted in (3.10) in the
appropriate perturbative limit. The perturbative expression in powers of § is obtained
from the asymptotic form when both ¢r > 1 in . (as shown explicitly in section D.1.1)
and ¢ > 1 in &3 (see section D.2.1). The expression found in this limit agrees with (4.32),
obtained earlier by resumming the perturbative result to all orders in A/(4me). Further
taking \/(4me) < 1 in this expression then reproduces exactly the perturbative correlation
function (3.10) found previously.

Finally, this result has a thermal character in the sense that &3 satisfies the Kubo-
Martin-Schwinger (KMS) condition [73, 74], as we show explicitly in appendix D.2.3.

6 Conclusions

Black hole physics is a puzzle wrapped in an enigma hidden by a horizon, and ongoing
studies of information loss show that Hawking radiation is the discovery that keeps on
giving. Although Hawking radiation in principle occurs in the weak-field regime where cal-
culation control should be good, reliable and explicit calculations of corrections to Hawking
radiation are relatively rare (partly due to the extremely late times involved). Yet resolv-
ing issues such as the existence (or not) of firewalls, possible loss of locality and the like
are crucial towards gaining an understanding of what a theory of quantum gravity should
ultimately look like.

In this paper we construct a Caldeira-Leggett type [45] toy model of a hot compact
relativistic object that captures some of the features of black holes, and so can be used as a
benchmark against which real calculations can be compared. The model is simple enough
to be solved explicitly, but complicated enough to capture some of the open-system effects
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believed to be important for black holes. Although the toy model cannot in itself resolve
the thorniest puzzles associated with horizons, it can show which features are shared with
more mundane systems that are hot and relatively small.

There are several directions in which this model might fruitfully be explored. In a
companion work [53], we apply to it several approximate Open-EFT techniques designed
to probe late-time evolution, to better identify their domains of validity and whether they
can illuminate the extent to which the open nature of the hotspot causes a breakdown
of local descriptions of the physics of the field ¢ living in Ry. A second companion [54]
explores the behaviour of an Unruh detector (or qubit) that couples to the field ¢ in the
vicinity of the hotspot, to determine the extent to which it thermalizes as a function of its
couplings and its distance from the hotspot.

Other useful directions might explore the regime where the radius £ of the interaction
sphere S¢ is not small, and so parallels the EFT discussion of [71]. By tuning the physics
at the interface between the spaces R+ one might hope to mock up the entanglement
between modes inside and outside the horizon, and provide a simple analog of the matching
calculations often used to extract black hole phenomenology from scattering amplitudes.
The model can be further developed to include redshifting and the geometrical effects of
gravitational fields in regions R.. We offer up the hotspot model in the hopes that such
comparisons and extensions will prove instructive.
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A Thermal correlation functions

This appendix computes the thermal correlation functions used in the main text. This is
partly done as a confidence-building exercise to verify the techniques used elsewhere.
A.1 Free thermal correlation function

The first correlation to compute is the standard two-point function for a free thermal field.
Although the main text works with N fields for this correlation function it suffices to work
with only one of the N copies and evaluate

((E9X(0, 0)) = o Te[x(t,x)x(0,0) ] (A1)
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where translation invariance in R_ is used to set one of the fields to (#,x’) = (0,0), the
relevant free-particle part of the Hamiltonian H_ is denoted H and Z denotes the partition
function

Z=Te ™ =3 Y {nphule ™ |fnpha)

N=0{np}n
- H Z e~ BBy _ H - ﬁEp HZ (A.2)
P np=0 P

This last expression temporarily switches for convenience to discretely normalized mo-
menta, as would be appropriate when the spatial volume V is finite, and takes the eigen-
values of H to be 3>°,n,Ej,. The field expansion for this normalization of states is

b e—iEpt—H’p-x +bi¢; eiEpt—ip-x (A3)

1
x)=>_ [ P
5 V2EpY
where b, is the discretely normalized destruction operator, and the conversion between
discrete and continuum normalization is given by

)3 12
bp = |:(2V) ] bp and Z / D, (A4)

and so on.
Inserting (A.3) into (A.1) allows it to be evaluated in the occupation-number basis,

leading to
) Tr [(efiEktJrik-xbk + €+iEkt7ik'xbii) (bq + bg) e’m‘]
((E:%)x(0,0))5 = 557 kZ i E,
q

1 Tr |:( —iEpt+ik- Xb + e+1Ekt ik- xb*) (bk =+ b )6 ’B’H}

= 7 zk: o (A.5)
1 e~ Bpttik-xy [bkbl*(e—ﬁ’}-l] 4 etiBrt—ik-xmy. [bﬁbke_’B,Hjl

= vz 2 Ej 7

k

and so, using biby, = bpbx + 1, this becomes

1 o—iBrttikx 1 cos (Ext —k - x) * —PH
(x(t,%)x(0,0))5 = QVZT+V7 . e e
FE k eszkmkx 1 cos (Eyt —k - x)
= Y T T b e M
/ —m tvz zk: E; Tr[ ichic € ] (A.6)

The required trace is a standard manipulation

PLICTYREED I DRI LS MRSl ne

= O{”P}N
sEm 1
_H pzneBEpp_HieﬁEp717 (A?)
np=0 1
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and so

A e—iBxt+ikx / a3k cos (Ext —k -x) (A.8)

(x(E:X)x(0.0)5 = [ @)} 2k (@m)? By (PP — 1)

It remains to perform the integrals. The first evaluates to the vacuum Wightman
function while the second is the thermal correction. That is

d3l€ efiEkthik-x 1
= A9
/ (2m)3  2E} A2 [—(t — i6)? + |x|?]’ (A.9)
where the limit § — 0T is understood, and the geometric series
# - S —npk A10
eﬁk —1 - Z € ’ ( . )
n=1

allows the remaining term to be written

d3k cos (Bt —k-x) 1 oo ikt ikt
= dk in (k
/ (27)3 By (PBx—1) 47r2|x|/0 gy Skl

1L ™ ik ik k
= R Z/o dk (e_’ tyett t) e "k sin (k|x|)
n=1

= 747r;|x| > /OOO dk {efnﬁk sin [k(t+x|)] —e " *sin [k(t—|x|)}}
n=1

__1 Ei{ (t+xD/B (t=x)/B
8pBlx| = Ln?+[(t+Ix])/B1*  n?+[(t—|x])/B)?

n=1

}. (A.11)

This final sum can be performed using identity (1.421.4) from [116], which for z € R states

hir)= L 423 7 (A.12)
CO mZ) = — — Y .
Tz A n? 4+ 22’
and so
1 1 1 1 1
t 0))s = - - Al
({6, 2)x(0,0))s = gy <t+\x| Sy gy s By e \x|> (A-13)

. coth[m(t + [x])/B] — coth [x(t — |x|)/5]
8n6|x|

In the limit § — 0% (for real ¢ and x) the real parts of the second line cancel leaving

coth|m(t + [x| - i0)/8] — coth[(t — [x| - id) /5]
8mf|x|

(x(t,x)x(0,0))5 = (A.14)

which is the result quoted in (3.15) of the main text (after restoring the arguments ¢’ and
x’ of the second field using translational invariance).
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A.1.1 The KMS condition

A subtlety with the i0-prescription in the above formula (A.14) is that it is only correct for
real t and |x|. This matters because the thermal correlation function is supposed to obey
the Kubo-Martin-Schwinger (KMS) condition given by

(x(t —ip, X)X(tlv Xl))ﬁ = <X(tl7 X/)X(tv X)>ﬂ = (x(t, X)X(t/7 X/)>z ) (A.15)

which (A.14) apparently does not satisfy because of the id-prescription used there.

Later in appendix D.2.3 we prove that the function &3 obeys a KMS-type condition,
and so for later use we here flesh out the argument for why the KMS is explicitly obeyed
for the free thermal correlator (x(t,x)x(t',x’))s. To see how this works, go back to (A.8)
(with arguments ¢’ and x’ reinstated) which says

(A.16)

3 —i By (t—t")+ik-(x—x") 3 +iEg (t—t")—ik-(x—x")
(x5 = [ s [

2m)% 2B (1 — e7FPr) 21)3  2E), (ePBx — 1)

after use of the identity 1+ (%% — 1)1 = (1 — e~ #Fk)~1, Evaluating this with t — t — i3

gives®

i - Bk e BBk —iBk(t—t")+ik (x—x) A3k e HBER Bk (t—t))—ik-(x—x')
<X( —Zﬂ,X)X( 7X)>B_/(27T)5 2Ek(1—€7ﬁE") /(2,“_)3 2Ek (eﬁEk_l)
d3k e—iEk(t—t’)+ik~(x—x’) A3k e-&—iEk(t—t’)—ik‘(x—x')
:/ @1 2B (PB—1) ) (2n)P 2B, (1_e PFr)

(A.17)

=(x(t,x)x(t,x))s,

as required by the KMS condition (A.15).

The validity of the KMS condition can be made manifest in position space if we re-
write (3.15) with an éd-prescription that is both consistent with the KMS condition and
reduces to (3.15) in the limit of real ¢. To do this notice the identity

sinh(2b)

coth(a + b) — coth(a — b) = ~ Sinh(a + b)sinh(a = b) for any a,b € C, (A.18)

which allows the correlation function to be written in the KMS-consistent form (cf. for-

mula (A.13))
sinh <727T|xﬁi}(,‘>

AT ) ] o (5 1]
(A.19)

(et x)x (¥, %)) g =~
8mf|x—x/| [sinh(

SNotice that replacing ¢t — ¢ + ib for some imaginary part b in the above makes the integral converge
for all =8 < b < 0, since (e®Fr —1)7! ~ ¢ PPk and (1 — e PP¥)™! ~ 1 4 ¢ PF* for large momenta
BE, > 1. This means that the correlator is a complex-analytic function of time ¢ € C in this strip [117]
(with —3 < Im[t] < 0).
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B RG evolution

This appendix summarizes some parts of the renormalization evolution not made explicit
in the main text, closely following the discussion in appendix F of [87].

B.1 Universal evolution

The boundary conditions of the main text provide examples where the effective couplings
are found to satisfy equations of the form

_ Ap*+B

g(e) = ;
(€) 0o 1D

(B.1)

where g is a representative coupling and e appears on the right-hand side through the
variable p. In the example of (4.17), for instance, we have g = \/4mwe while p, = %we, the
power is ( = £ + % and the parameters A, B,C and D are given explicitly by

A=¢, B=({(+1)Xy(w), C=1 and D=-Xy(w), (B.2)

where ) Dy (@)

EE N 1y Defw
Xe(w)=~T (e+3)r(e+3) R (B.3)

For later use, eq. (B.1) also inverts to give
B — Dg
2 _

o: Co— A (B.4)

The goal is to derive a universal differential version of this evolution (see, for exam-
ple [80-84] for more details). To start this off directly differentiate (B.1) holding A, B, C, D
fixed, leading to

2 _ o [(Cg—A)(B - Dyg)

dg C[(ADBC (B.5)

-2 — Bt
de Cp?C + D)2

where the second equality uses (B.4) to trade p?¢ for g. This evolution equation has fixed

points at g = gx, where
B
Jx = C or g« = D’
which can also be seen as the p. — 0 and p. — oo limits of (B.1).

(B.6)

Equation (B.5) can be put into a standard form by redefining g to ensure that g, = £1.
To this end write

1/A B

g0 =u@+5(5+3) B.7)

in terms of which the fixed points are

1/A B AD - BC
““*%(6‘5)—i67f5*)’ (B8)
and (B.5) becomes
du 2¢CD AD — BC AD — BC

“de ~ AD-BC {“_( 20D )} {“Jr( 20D )} (B-9)
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Finally rescale

u= {ADQCDBC] v (B.10)
to see that do
e— =C((1—0v% (B.11)
de
is an automatic consequence of (B.1) once one defines
g:u+%:%(g—g>v %(%—I—g) (B.12)

These expressions emphasize that although the positions of the fixed points for g
depend on the ratios A/C and B/D, the speed of evolution along the RG flow depends
only on (. Indeed the general solution to (B.11) is

(vo +1)(¢/€0)* + (vo —1)

U(E) = (UO i 1)(6/60)2C — (UO — 1) (B13)

where the integration constant is chosen to ensure v(eg) = vg. For ¢ > 0 this describes a

universal flow that runs from v = —1 to v = 41 as € flows from 0 to occ.

Since the trajectories given in (B.13) cannot cross the lines v = +1 for any finite
nonzero € there are two categories of flow, distinguished by the flow-invariant sign of |v|—1
(see figure 6). That is, if |vg| — 1 is negative (positive) for any 0 < €y < oo, then |v(e)| —1 is
negative (positive) for all 0 < € < co. Every trajectory is therefore uniquely characterized
by a pair of numbers. These can equally well be chosen to be the pair (e, vg) that specifies
an initial condition vy = w(ep), or it can be taken to be the pair (e.,y«) where y, =
sign(|v] — 1) = £1 distinguishes the two classes of trajectories, and e, is defined as the
value of ¢ for which v(e,) = 0 (if y, = —1) or the value for which v(e,) = oo (if y. = +1).
The parameterization using (e, ¥x) is useful because physical observables turn out to have
particularly transparent expressions in terms of these variables.

For the specific cases given in (B.2) the fixed points are

A B

and \ is related to the universal scaling variable v by (B.12), which becomes

A 1 1 A
f§[(2€+1)v—1] and so vfm( —|—1>, (B.15)

4me 2me

as used in the main text.

C Mode properties

This appendix evaluates several properties associated with the modes in the presence of
a %)\ #2(0) interaction localized at the hotspot. The first subsection computes their nor-
malization constants and the second evaluates the mode sums required for the Wightman

function (in an approximate limit).
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C.1 Mode normalization

This appendix computes the e,-dependence of the integration constants Cp, and Dy, by

requiring the mode functions to be properly normalized. As discussed in the main text, we

do so using the standard Klein-Gordon inner product (4.35), since the reality of A ensures

this remains time-independent even with the A-dependent boundary conditions of section 4.
Our mode functions have the form

U (t,X) = 71 [Co(w)je(wr) + Dy(w)ye(wr)] Yem (0, ¢), (C.1)

where we have already seen that the boundary condition implies the ratio Dy/Cy is given
by (4.15) or (4.33). Inserting this into the Klein-Gordon inner product (4.35) yields

(st tgig) =1 [ €5 (it XV, (630 = s (8 X155, ()
= G @)C@)w + ) [ a0 joleor) Vi (6, 0)j(@)Yin 0, 6) (C:2)
+ Ci@)D@)w + )¢ [ 4% jo(wr)Yon 0, 6)ys@r)Yon (0, 6)
+ Di)C@) e+ &) [ B yy(wr) Vi (0. 01 @7 Yo (0,9)
+ Di(@)Dy(@)(w + ) [ d yi(or) Vi (8, O)yp(r)Yim 0, 6)
Using orthonormality of the spherical harmonics Yy, (6, ¢)
[ 829 Vi (6,6)73,(6.6) = 8500 (C.3)
allows the above to be written as
(s i) = O b | (@U@ + D) [ o sy (C)
+ CH@D@)(w + &) [ dr 2y (wrpn(ar)
+ D} (@)Ce@)w + @)t [T ar ryg(ur)jon)
+ Dj(@)De(@) e+ @) [T dr vy wory(ar)

The j-j and the y-y terms can be evaluated using the orthonormality relation for spherical
Bessel functions,

[ drrienie@n) = [T dr yonpon = 5 Héw-a), (©5)
0 0 2w?
while the cross-terms are evaluated in appendix C.1.1, giving
~\E
Ry -y (W/@)
/0 dr rje(wr)ye(r) = D) (C.6)
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The above manipulations lead to the expression

(Ut Ugim) = Ogibram | O () Cel@)(w + @)e D 255w — @) (c.7)

<N\
+ Cf (W) Dy(@) (w + @)eﬂ(w—@)t@((;Q/ifj)wQ)

~ 14
+ D} (w)Co(@)(w + a))e-‘ri(w—&;)t (@/w)

w(w? — @?)

* ” ~\otilw—@) T o~
+ D (w) De(@)(w + @)e 530w~ @)

Of these, the terms with J-functions are simplified if we take © — w, and after some
simplification on the cross-terms the above becomes

(it = s ( SCAP + 1D )i - 3 ©)
e+z(w @)t g ~g
+ﬁ{ Ci (W)Del@) Z7 + Di(W)Ce(@) )

The second line of this last equation seems suspicious because it is time-dependent and
the Klein-Gordon inner product should not be when evaluated on a solution to the Klein-
Gordon equation. However, this has not yet accounted for the relation between Cy and Dy
that follows from the boundary condition, which states

Dpm(w) T (wg)ﬂﬂ (9)
Com(w) ~ T+ 3HT(E+3) \ 2 '
Using this, the square bracket in (C.8) becomes
f
{CZ (W) Dy (@) —7 +Dp () Ce (@ w“l}
_ | De(@) wl Dj(w) &
=Cf (w )Cé(w)[ Cg(ﬁ))tb C*( )w“’l
,ﬂ_n*cékm( ( )22+1 +(L«)€*)22+1 a’)f
<£+2> oL 2 wttl
=0, (C.10)

S0, as expected, the boundary conditions ensure the time-independence of the inner prod-
uct.
The final result then is

(ICun(@)I* + [ Dem(w)[*)6(w — &) (C.11)

™ 2 Wey 4042 ) )
{1+ WW} ( 2 ) }|C€m<w>| 8w =),

<uw€ma u@ém> = 6@[ 6mm

™
w
™
w

= 07 Omm
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which uses 72 = 1. Proper normalization then implies

and
2 _
Do) m <?)2e+1 \/g {1 N M("g*)%H] }(Cl/z)
13

as claimed in the main text. It is straightforward to similarly check the other relations

(Uwotm Ugm) = g7 Omm 0(w — @) and (ugem, u’;.) = 0.
C.1.1 Evaluating the j, - y¢ product integral

We next compute the integral that appears in (C.6) above, when calculating the cross
terms when normalizing the mode functions. First we use ji(z) = 1/5-J,,1(2) to write
2

[ ar iutanpeter) = (<) [ dr ijear)joea ()
0 0

GRS Ca J , 1(b C.14

= ovd /0 rr é+%(ar) _4_%(7“) (C.14)
(7l)e+1ﬂ- . o —€

= v Ay AT een Ly ).

From here we must use the formula (10.22.56) from [118] where

v+p—A+1 W T | . a?
G/MF( “2 ) 2F1(H+V2+7MV2+7M+17€:72>

A pu—A+1T (%) T(p+1)

/OOO dr v, (ar)J, (br) = (C.15)

which assumes that 0 < a < b and Re[p + v + 1] > Re[A\] > —1. In the case that 0 < a < b
and picking some tiny € > 0 so that A=e¢—1 as well as =¥ + % and v =—{ — % we get

> —1)Hr 2 cos(m¥) az =3¢
drr?j by = Ty { : @ } C.16
[ ar e iarueor) = 1= 0 i SO R o) (C.16)
Noting that cos(mf) = (—1)* and taking the limit ¢ — 0T gives
£
g2 __(a/b)
/0 dT T ]Z(aT)ye(bT) = m When 0 <a< b (Cl?)

which is only true for the case a < b. For the other case a > b we switch the positions of
the Bessel functions in the formula giving us (we need to simultaneously swap a and b, as
well as £+ % and —¢ — %)

/OC dr r?je(ar)ye(br) = (=1)** /OC dr r%j_g—1(br)je(ar)
) 0

(C1)ftn e
= v 6l_igl+ ; dr 7‘176]_@_% (br),]“_% (ar) (C.18)
¢
= % when 0 <b<a.
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Combining gives the result for any ¢ > 0 and b > 0

00 a ¢
[ ar iaryton) = ;50 (c.19)

as quoted in (C.6).

C.2 Mode sum

This appendix evaluates the mode sum encountered in the main text when computing the
Wightman function for ¢ in the presence of the localized A¢?(¢,0) hotspot interaction. As
argued in the main text, the Wightman function is given by the mode sum

(o(t, x)o(t',x"))

oo +€
DY / dw e (b, %)t g (2, %) (C.20)
(=0m=—4
oo L 20+1
_ w(t—t') . T Wex
%2;/’We |@M)IPW$+NH?W#$(2) wwwﬂ
. ’ TNs WEx 21 ’ * (ol 1l
X [J((WX )+ W ( 5 ) Ye(w]x |):| Yo (0, 0) Y5, (0, 9)

C.2.1 Evaluating the sums

Next exploit spherical symmetry about the origin to rotate our coordinate axes so that
the x’ direction is the 3-axis of polar coordinates, in which case we can set & = 0 (not
specifying ¢'). Noting the identity (14.4.30) from [118] we can write

[20+1
Y (0, 9) = dmo “ar (C.21)

along with Yy(0, ¢) = Qi—ing(cos 0) where Py is the Legendre polynomial of degree £.
This gives

(o(t, x)8(t',x"))
we, \ 26+1
_226—#-1/ dw e~ w(t=t) |C£0( )‘ [jg@ﬂx‘)-ﬁ-%( 5 ) ye(waI)}

T+ 3T +3)

™ we, \ 26+1
< Ll + e (50) T wei D Pieost) . (C22)
2 2

Notice also in passing that the Gamma-matrix identities I'(n +1) = nI'(n) and I'(n) =
(n—1)!and T'(n + %) = 212" /7'(2n) /T (n) imply

7T B 27 a2 a2
T+ HD0E+3) 20+ DT+ 1)z 820+ 1)I(20)2  2(20+ 1)[(20)1]?

(C.23)
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Perturbative limit. For further progress assume we, < 1 and seek only the leading

20+1

ex-dependent contribution. Because of the factor (wey) this allows restricting to £ =0

in the e,-dependent term. In this regime we can approximate the mode sum
26 +1 _ wY . .
006 X)) =3 T [Tdoe @ (L) jiupx i @K Pileost)  (C24)

+7/ dw e~ (=) (%) Jo (W\XDF(%S%(%) (w;*> Yo (w[x'[) Py (cos )

b [T dweeen (¥ )r(snr*(%) (55 ) o el o (wlx) Po cost)

+0 (w?e?) .

where the s-wave normalization simplifies to |Cpp, (w)|? =~ £[1 + O(w?e?)]. Next use the
explicit form for the low-order spherical Bessel functions,

sinz(x) and  yo(r) = _Cosz(x) , (C.25)

Jo(z) =

and along with F(%)F(%) = 7 and Py(x) = 1 to get

(p(t, x) (', X)) ~ 4%2 / ~ dw e*iw(t*t’){wZ(zu1)j£(w|x|)jg(w|x’\)Pg(cose) (C.26)
0 =0
(47n,ey)
16w x| |x/|

/ dw el ”[bm( \x|)cos(w|x|)+cos(w|x|)s1n(w|x|)”

which drops (we,)? terms. The £ sum is performed using (10.60.2) from [118] which says

> ) _ sin \/u? + v? — 2uv cos(a
320+ Djelw)j(w) Prleos ) = %{2 —— C;O(OE) ) (C.27)

and so

(ot x)p(t',x"))

1 /oo L emil—t) sin (w\/|x|2 T2 = 2x[[X] cos(9)>
~ we .
o w /P + W7 — 2x|[¥] cos(0)

4
%/ dw e~ (t=1) {sm(w\x|) cos(w|x’]) + cos(w|x|) sin(w|x’])
1 —iw(t—t :
= mA dw e ( )Sln (le_X |) (028)
(dnses) —iw(t—t")
W/ dUJ e bln|: (|X| + ‘X |):|

The above result uses the alignment of the coordinates so that x’ points along the 3-axis

to write
|2 + |x'|? — 2Jx|[x/| cos() = |x — x| (C.29)
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The frequency integral finally is

/0 dw e” % sin(Xw) = %/7 dw O(w) [e_i(T+X)“ + e_i(T_X)‘”] (C.30)

! ( 1 1 )
C2\T+X-id T-X-1i
where ¢ is, as usual, the positive infinitesimal that arises in the Fourier transform of the

Heaviside step function. In this way the mode sum evaluates to the result quoted in the

main text:

1 1
t,x)o (', x)) ~ — - C.31
80306 (1)) ~ 3~ (a1
~ (4mnses) 1 B 1
2w x||x| Lt =t + x|+ x| —i0 t—¢ —|x|—|x|—1

D Mode sum for the exact two-point correlator

In this appendix we explicitly evaluate the mode sums for the functions . (¢, x;¢',x’) and
&3(t,x;t',x’) defined in (5.15) and (5.16), giving us a non-perturbative expression for the
Wightman function Wa(t, x;¢/,x") = (¢, x; ¢, x') + &3¢, x; ¢/, X').

D.1 The temperature-independent contribution, (¢, x;t',x’)

Using the explicit form for the mode function Sp(t,x) given in (5.10), the function
S (t,x;t,x") defined in (5.15) simplifies to

oI L 1 . ! . / . !
y(tvxat 7X) ) —(t—t’—i6)2+\x—x’|2 +y1(tax7t7x)+y2(t7xat7x)+‘5ﬂ3(t7x7tax)
(D.1)
with the definitions
g
1 d3p : ’ ’ : —A -y 2p
At xt %) = — / Py e e Bttt )tipx___dm 167 167 (D.2)
x| J (2m)32E, 1+ 4%& + 21%75;;
and op
1 d3p . ’ . ’ 7A+ Y 2;)
Frltxit,x) = o [ SR et i Tl ()
x| /- @m)°2E, 1+ 2 - 2%
as well as
2 52 2
p A 9°Ep
1 Pp ipr o () + (52)
St xit x) = —— / ¢ (b=t =[xl ) . (D4
x||x 2m)32F, AN\ (3%Ep )2
]/ @ny2E, (10 2) + (25)

Integrating the momentum angles away in spherical coordinates and simplifying turns the
above into

—47\/§% —ip

D.5
c+p (D.5)

€ 0 . / /
Al xt,x") = / dp e~ A=t +X1) g
1(t, x5t x") 2] Jo e sin(|x|p)
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and
~2 .
oy € % 4 et —IxD) i (15 ) — TN T D D
Saltxt X) = g | ave sin((x|p) — L0 (D.6)
as well as
2 v e 4T +
ot x4 K 267/ dp pe—wt—t'—Ixl+ix') ATA/G7)” + P~ D.7
3( ) X5 7X) 47T2|X||X/| o p pe 02+p2 ( )
where we define the constant ) \
167%e 4w

It is more convenient to arrange the integrals as

. . ~2
Altxit X)) = — / *ap (e—ip<t—t’+\x|+\x’\>_e—ip<t—t’—\x|+\x’\>> [w_l
50X = S o e
2 .
_ % / “ap (e—ip(t—t'+|x\+|x'|) _e—ip(t—t'—|x|+\x'|>) b
g21x|[x'[ Jo p—ic
__ e / ~ dp (e—ip(t—t’+\x\+\x’\)7e—ip(t—t’—\x\+|x’|)) (D.9)
8m2[x|[x'| Jo
and
oy = 26 % it D) gmin(t—t—lxl—x)) L
Yg(t,x,t,x) dp (e e
g2[x[1x'| Jo p+ic

ie o0 . ’ / ; ’ ’
S Y Loy e (R N —zp(tftf\xlf\xn) D.10
87r2|x||x’|/g P (e ¢ (D-10)

as well as

: > ip(t—t / [ — (4m)/5%)%]p
St x: %! :67/ dp e~ pli—t/—Ix|+]x |){ _ }
3( ) X5 X) 47T2|X||X/| o p € p 2 +p2
2 00
€ ; ’ /
[ 4 peiplt—t—IxHx)
Am?|x| x| /0 pre

L= nNPP] % e[ L1
- d —zp(t—t—\x|+\x\){7 } . (D.11
872 |x|[x/| /0 pe p—ic+p+ic ( )

From here we note the elementary integrals (where the limit § — 0T is understood)

00 ) —q 00 ) —1

dp ©(p)e™"? = d / dp © P =

/_OO p O(p)e p— an /.. W Owmpe (r—i6)2"
(D.12)

as well as the integrals .
%) e~ T

I-(7,c :/ d — . D.13
wre) = [Tap S (D.13)

We defer the calculation of the integrals to section D.1.2, where the result (D.30) is given
by

I=(1,¢) = X Ey (£ (T —id)), (D.14)
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where E1(z) := [°du % is the so-called exponential E,-function with n =1, and where
the limit § — 07 is understood (note that we have Ej(z) = Ei(z*) is satisfied, and so
I_(7) = I4(—7) remains true).

With the above we find

22
Fltxit,x) = =2 [1_(t—t'+\x|+|x’|,c)—1_(t—t'—|x\+|x'\,c)} (D.15)

g7 Ix|Ix'|

€ 1 1
- 8m2|x||x/| [t—t’—i— x|+ [x/|—i6  t—t — |x|+ x| —ié}
and

2¢2

St x:it X)) = -
L R &

Lt =t~ x4 X0~ Lt = ¢ =[x = [x].0)| - (D.16)

€ 1 1
- 8m2|x||x/] L‘ —t— x|+ [x[—id  t—t —|x|—|x]— ié}
as well as
€2 1
Am?|x||x!| (¢t — ¢ — |x| + |x/| —id)?
3212t (1+ 2)
g x| [x']

It x; ', x') = (D.17)
{I_(t—t’—|x|+|x’\,c)+[+(t—t’—|x|+\x'|7c)} .

Finally, putting the above all together into the sum (D.1) gives

1
St x;t,x) = D.18
R v g ey e (D-18)
+27€2{L(t—t’+|x\+|x’\ )= I (t—t —|x|+ |¥],0)
g2|x|[x'| ’ ’

STt =t — x| X)Lyt — t — [x| M@}

€ 1 1
t x| [_ P e ] R Sy v gy fi(i}

327T2€4(1 + —2;6) {
— I,t—t/—X—}—X/,C +I+t—t/—X+X/,C:|
g4|x||x’| ( | | | | ) ( | | | ‘ )

€2

CAr?|x[|X[(t — ¢ — |x| + x| — )2

which is the result quoted in (5.17).

D.1.1 Perturbative limit of .7

From here we wish to consider the perturbative limit of the above, which is taken by

16m2e 4w\
CT:<§QG+;>T>>1. (D.19)

assuming that
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Note that the function Fj(z) has the following asymptotic series

1 1
Ei(z) ~ e |- — 5+ 0(z73) for |z| > 1 (D.20)
z oz

which implies that the functions I+ (7, c) have the following asymptotic series for |c7| > 1

1 - 1
e(r —id)  A(r —1id)

I-(1,¢) = £ 5 + O(Jer| ™) for |er| > 1. (D.21)

We also note in passing that for any z € C (with |Arg(z)| < 7 so not directly on the branch
cut) has the series expansion

= ()
Fi(2) ~ —v —log(z) — D.22
()= =y —log(a) - 3. (D.22)

which is a convergent sum for any z € C but is particularly useful when |z| < 1. This
means that for |er| < 1 we have
I(1,¢) ~ —v—log (c(T —id)) + O(cr) ler| < 1, (D.23)

where this limit will clearly suffer from secular growth problems once c7 is no longer small.
Taking the |c7| > 1 limit of the expression .# here (dropping O(|er|~3) contributions),
and simplifying after using ¢ = (167%¢ + 47)\)/§? yields

S (t,x;t',x)
1
o~ 5 (D.24)
Ar? {— (t—t'—id) +|x—x/|2]
1 A x|+ |x]

+ . .
163|142 (E—t/—i8) — (|| +[x'])*

N 3* 1 t—t'—|x| N 1 t—t'+|x/|
2 |7 vl 2 T 2
somt (142:) | Pl [(e—t—xi i)~ ¥ [t 6y~ 2]
1 A2 1
" 6ard|x|[x| AN (t—t— N—ig)% "
||| (1+47€) (t—t/—|x|+|x| —id)

For perturbatively small A (meaning \/(4me) < 1) the above turns into
1
ar? [ (t—t'—i0)*+]x—x|?]
A x|+ x|
+163 N 2 N2
XX (t—t'—i8)" —(|x|+[x])

S (tx;t',x') ~ (D.25)

7 1 t—t' —|x| 1 t—t'+|x/|
4| x| 2T 2
82|l (et x i) 2] X et ) 6y x2]

where we neglect O(A\?) contributions. Notice that this exactly matches the temperature-
independent contribution to the correlator in the perturbative limit (see (3.10)).
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D.1.2 Evaluating the integrals I+ (T, c)

Here we evaluate the integrals I+ (7,c) defined in (D.13). Since I_(7,¢) = I;(—7,c¢), it
suffices to compute I_(7,c) here. Splitting apart I_(7,c) into real and imaginary parts
gives

Ccos T +csm T ccos(pt) + psin(pt
/ ap P P +/ dp p2 b (p7) (D.26)
p’+c +c

Assuming that ¢ > 0 and 7 € R and using formulas (3.723.1)-(3.723.4) from [116] the above
can be easily evaluated to give

I_(1,¢) = —e“Ei(—cT) +ime“"O(—7) (D.27)

where Ei(z) := — [% du %u is the exponential integral function. Since I_(r,c) = I{ (—7,¢)
this immediately implies that

Ii(7,¢) = —e “Ei(cr) —ime” 7 O(7) (D.28)

The above formulae can be simplified into a more useful form by relating it to the function
Ei(2) := [>du ©- (the so-called exponential E,-function with n = 1, related to the
exponential 1ntegral function for z > 0 by Ei(x) = —Ei(—=z)). Obviously F; closely
related to Ei — however for complex arguments, the definition of Ei becomes somewhat
ambiguous due to branch points at 0 and oo, and so F; is better defined for this reason.
Noting the behaviour of the function Ej(z) nearby its branch cut (along the negative
real axis) where

lim Ey(—z+i)) = —Ei(z) Fin forz >0, (D.29)
n—0+t

the functions I (7, ¢) can be written in the more useful form

I_(1,¢) = e Ey(c(T —4d)) (D.30)
I (r,¢) = e “"E1( — c(T —id))

where the limit 6 — 07 is understood as usual (note that we have Ej(z) = Ej(z*) is
satisfied, and so I_(7) = I (—7) remains true).

D.2 The temperature-dependent contribution, &3(¢,x;t’,x’)

In order to evaluate the trace, we put the system in a box (as done in appendix A.1 for
the free thermal correlation function). Performing the trace, and then reverting back to
the continuum limit, yields the mode sum

2Re [sg (t,x) sp (¢, x’)}
efEr — 1

& (tx;t,x') = 2/2 SoE,
71'

sp (6, %) sp” (', %) +

(D.31)
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Using the explicit form of the mode function s given in (5.11) the function &3(t, x;t',x’)
turns into the integral

& (t,x;t',x') / e (XD 2c05 [, (t— x| '+ [x'))]
167r2|x||x’\ (27) 2E 125’2)2+(1+rﬁ5)2 [(fgii)2+(1+rif)2] (1]
(D.32)

Integrating the angles away and simplifying the above yields

4e 00 P in(t—lxl ) 2cos[p (t — |x]| =t + [x'])]
& (t,x:t, x :7/ d { ip(t—x|=t'+x[) }
P (X 0X) = G Jy P e | ¥ 1
(D.33)
4¢?
=T (t—|x| =t +|X|,c B
e (= Xl =1+ )
where c is the constant (5.18) consisting of the couplings and e defined by
1+ 167%  4m\
¢ = i = =+ ==, (D.34)
1672e g g
and we define the integral
™ P —irp 2 cos(Tp)
I(T, C,/B) = /0 dp p2 n C2 |:€ =+ m s (D35)

which we evaluate here for ¢, > 0 and 7 € R. To compute I, use [;°dg e “sin(pg) =

P e
e giving

2eos(rp) } . (D.36)

I(t,¢c,B) :/0 dq/O dp e"“sin(pq) { e TP 4 T

Next we rearrange the above into the form

*LT+) e—i(r— o B
I(1,¢,B8) = / dge” cq[/ dp qu qp +/ dp sin T+q)egp_511n((r q)p):|.

(D.37)
We note the elementary result (with the limit § — 0% understood)
o —iyr _ o —iyr _ —1 D
/_Oo@(ac)e /0 dz e y—io (D.38)
as well as formula (3.911.2) from [116] (valid for a # 0 and Re[3] > 0)
< sin(ax) 1
/0 dxeﬁg_l_w th(B) = (D.39)
With these formulae the integral (D.37) becomes
1 [ 1 1
1 = dg e — D.40
(7:¢,8) 2/0 7e {T—i—q—ié T—q—1id ( )

e (5 o (59 1)
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Using the result of the Sochocki-Plemelj theorem

1
r i

= L Fini(a), (D.41)

the integral (D.40) simplifies to

I(1,c,B) = / dg e~ "q{m(S(TJrq)fm&(T q)+ Bcoth( (;q))f%coth (ﬂ(T[;‘Z))] .

(D.42)
Applying the Sochocki-Plemelj theorem yet again to the above yields

I(1,¢,B8) = % /ODO dg e™ {coth (W) + coth (W) } (D.43)

where the behaviour coth(z) ~ 1/z near z ~ 0 allows use of formula (D.41) (and so
justifying the id-prescription in the arguments of the coth(:) functions). From here we note

the identity
coth (g) -2, (D.44)

1—e%

and make the change of integration variable to @ = 2mg/8 giving

I(r,c,8) = / dQ e &8 [Coth (Q+2W[T—z'6]/6))+C0th(Q—2w[T—i5]/5)”

3 2
1 1
/ 1Qe e { e 2T D)Pe-Q | 1t d)Pe-Q 1}
27 (T—1i8) ef + 2m(r—i6) cf ™
- E p o) o8
2(1)< o )+ 2@< b 27r) B’ (D49)

where we use the integral representation (see formula (25.14.5) in [118])

1 r00 s 1e—a:c
D(z,8,a) = @/0 dz 1o valid for Re[s] > 0, Re[a] >0 & z € C\ [1,00)
(D.46)

where ®(z,s,a) is the Lerch Transcendent, usually defined by the series (see formula
(25.14.1) in [118))

0 n

z .
®(z,s,a) = Z @ty valid for |z <1. (D.47)

For other values of z € C (ée. not inside the unit disc) the function ® is defined via analytic
continuation in the complex plane. At the end of the day, using the above formula (D.45)
in (D.33) yields

2¢2 2m(t—t —|x| 4 x!| —id) Cﬂ +27‘r(t7t’f|x\+|x’\7i5) Cﬁ o
1 o ) )
ﬂ( » X5 ,X) gQ|xHx/| € ) 727[_ + € 5 7271‘ Cﬁ

(D.48)

which is the result quoted in (5.20) in the main text.
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D.2.1 Perturbative limit of &3

Here we take the perturbative limit of & which turns out to be the limit in which

cf
o> D.49
5 > (D.49)

We first note the asymptotic series of the Lerch transcendent for any large a

1 Ni (=1)"T'(s +n) Li_n(2)

(z,5,a) = 1—za® n! [(s) astn

+ 0@ for a > 1 (D.50)
n=1

for fixed s € C and fixed 2 € C\ [1,00), where Li_,(z) = (20,)" % are polylogarithm

1-z

functions of negative integer order. Using Li_;(z) = ﬁ and Li_s(z) = (ﬁjg, as well as
Li_s(2) = Z*('ffiz;)'f we find that for ¢3/(27) > 1 we have
(51,8 ) L2z ()T se (0NT g (D.51)
o) T 1—z2¢8  (1—2)2 \cB (1-2)3 \¢B ’

1 AT 1 27 z 27 2 2422 (2n 3 _
q)<2’1’%> ~ -] G (73) TP (?) +0((e8)™)

Which means that (half of) the sum of these two functions has the asymptotics
1 cf 1 1 c[j) us z (27T) 2 4
o (z1,= o (1,5 ) ———— | — D.52
2 (z’ ’ 27r) * 2 (z’ o B (1—2)2\cB + O((Cﬁ) ) ’ (D-52)
which when used for the function I(7,c¢, 3) given in (D.45) yields

_ 2m(7—id)

2

(D.53)

Using this and ¢ = 165;25 (1 + ﬁ), at the end of the day we find that &3 in the perturbative

limit is

~2 / / .
t—1 — —i0
Ez(t,x;t' x) ~ — g 2csch2 (W[ x| + x| 4 ]> +...
64282/ 1x] (1 + 2¢) B

which (at leading-order) is exactly the expected temperature-dependent contribution to
the perturbative result when \/(4me) < 1 (see formula (3.10), which neglects O(\2) con-
tributions).

D.2.2 I(7,c,p) in the limit § — 0T

Because ®(z,s,a) has a branch cut along z € [1,00), the limit § — 0% of the expres-
sion (D.45) is somewhat tricky to take. For completeness we take this limit here: to this
end, revert back to the integral form (D.42) and integrate the §-functions explicitly to get

I(r,¢,B) = % /UOO dg e {coth <w> + coth <w> } + %{6“79(—7) _ 6—07?13(24)
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The remaining integrals over ¢ are now ill-defined for general 7 (the reason for this being
that for any 7 € R one of the two coth(-) functions gets integrated over a singularity at
q = 7). Since the remaining integral is clearly symmetric under 7 — —7, we assume for
now that 7 > 0. For 7 > 0 the first integral is easier to compute, where we change the
integration variable to u = exp ( — 27(¢q + 7)/3) where

l 00 —eq 7T(q+7')) :1 o /'CXP(_ZﬂT/E) %71{ 2 B :|
25/0 dg e™“ coth (76 1€ A du u T 1 (D.55)

1 CcT - Cﬁ i
%€ B(e 727r70 5ch

where B(z;a,b) = [§ du u?1(1 — u)’~! is the incomplete Beta function. For the second

integral, the procedure is similar with the added complication that the integrand gets
integrated over the root at ¢ = —7 (since we assume here that 7 > 0). We find in much
the same way that

T oo _ 7T(q o T)) e—cT /-exp(+27r7'/ﬁ) @71 . T
o d 4 coth ) = du w2 (1 — - D.
25/0 ge “co ( 3 5, uu (1—w) 5B’ (D.56)

however since the upper limit on the integral is greater than 1 (since 7 > 0 is assumed),

the above integrand gets integrated over a singularity at w = 1. Interpreting the above
integral as a Cauchy Principal value turns the above into

00 _ 1-n exp(+277/8) B
s —cq =1 _ < R
25/0 dge coth( 3 ) =5 nh%%lJ’ {/ /1 } wuzr (1 —u) 505"

(D.57)
The first integral is easily seen to evaluate to B(1 — §; ;W, 0), while the second integral
requires a variable change u = 1/v giving
exp(+277/8) ﬁ—l 1 exp(—2n7/f) B 1
/ duvwer ™ (1—u)"" = / dvv 2r (1 —v)” (D.58)
J14n J1/(1+n)

exp(—277/f) 1/(14n) _B L
:{/ —/ }dvv 2r (1 —w)~
0 0

2T
_Ble 1L o)l L.1_F
B<e 1 27r70> B<1+7771 271'70
which then implies that

L - w(q—ﬂ):e*”[ (72’%. B )
»3/0 dge coth( 5 5 Ble 1-5-,0 (D.59)

. B 1 . B T
e {p(rge0) Bt e

The limit can be taken noting B(z;a,0) ~ —log(1 — z) — 90 (a) — v + O(z) for z — 1~
(with (0 (z) :=I"(2)/T'(z) the digamma function) giving

g e (MU50) < [o( T gL0) e ()] - -
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where the identity 1(?(1 — a) — (9 (a) = 7 cot(ra) has been used. Putting the above all
together (extending the domain to 7 > 0 for the above integrals) leaves

I(r,c,B) = il <e_ QﬂﬁITI ; £,0> —I—GTC‘T‘ {B <e_2ﬂT|T| ; 1—%,0) +mcot <§> } —%—%Sign(ﬂe*“h| .

(D.60)
To write the above formula in a slightly more convenient manner, we note formula (8.17.20)
from [118] which implies that

—a

B(z:1—-a,0) = B(z;—a,0) + Za , (D.61)

and so allows us to write the above formula as

c|7| 727r|‘r\ —c|‘r\ 7277‘T| .
1(77075)262 B(e ;ﬁ, )-I— 5 {B<e B — ;ﬁ )—Hrcot(cf)}—%sign(r)e*qﬂ.

(D.62)
The beta function can only be related to the Lerch transcendent for arguments |z| < 1,
which explains why the limit § — 07 is not straightforward from the representation (D.45).

D.2.3 KMS-like condition for &3

Here we show that the function &3 is thermal, in the sense that it obeys a KMS-like
condition (as does the free thermal correlator of appendix A.1.1) where

Ep(t —iB,x;t',x') = &3, %' t,x) (D.63)

cf. equation (A.15). The proof for this follows almost identically as the proof given in
appendix A.1.1, save for the fact that &3 enjoys a time-translation invariance only when

t > |x| and ¢’ > |x/| — in this limit, we have the representation (D.33)
e~ w(t=Ix|=t'+x'])  oFip(t—|x|—t'+[x"])
&zt x;t',x) |xHx’| / p + 5 { —— + 1 } , (D.64)
after using the identity 1+ (e%? —1)~! = (1 — e#7)~1. The above function is a complex

analytic function of time for in the strip where —8 < Im[t] < 0 — we then clearly have

{ e BPe—ip(t—|x|—t'+|xX'])  o+Bptip(t—|x|—t'+]x']) }

. A
gﬁ(t if,x;t',x') = |XHX/|/ p +C2 1—eBp + efr—1
(D.65)
e~ (E—x|—t'+[x'])  +ip(t—|x|—t'+[x'])
D.
2|XHX’| / p +62 [ efr—1 + 1—e—fp } 66)
=&t x'st,x) (D.67)

which shows that (D.63) holds true. Note however that the full correlation function
Wy = 7 + &3 is not explicitly thermal since the temperature-independent contribution %
obviously fails to satisfy a KMS-like condition analogous to (D.63). However, in a limit
where &3 dominates over . (provided ¢ > |x| and t' > |x’|) one should expect to see
thermality manifest itself more directly (this is explored using an Unruh-Dewitt detector
model in [53], where it is shown that a stationary qubit outside the hotspot thermalizes
whilst only interacting with ¢).
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Chapter 4

Hotspot Open EFT

Approximations

C. P. Burgess, R. Holman and G. Kaplanek,

“Quantum Hotspots: Mean Fields, Open EFTs, Nonlocality and Decoherence Near Black Holes,”
Fortschr. Phys. 2022, 2200019

doi.org/10.1002/prop.202200019

[arXiv:2106.10804 [hep-th]].

4.1 Preface

The previous chapter is essential to the current chapter. Where the earlier chapter solves the
hotspot model in full detail, the current chapter uses these exact solutions as a point of compar-

ison when applying Open EFT techniques to the hotspot model.

So far in this thesis, much of the discussions of Open EFT techniques have been in reference to
very simple problems involving particle decays and qubits (note that in [90] a qubit is shown to
thermalize when sitting next to the hotspot) — the work presented here is so far closest to what
one would wish to study in the Open EFT framework: what happens to the fields themselves
at late times? In this case to what degree can one solve for the open system sector’s evolution
alone? It is shown here that the same arguments apply for fields as they do for qubits in so far
as making reliable late-time predictions. The Nakajima-Zwanzig equation is developed here for

the exterior field ¢ and assumed to be Markovian in the limit that the energy of the field modes
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are much smaller than the inverse temperature set by the hot interior fields xy*. The Gaussian
components of the reduced density matrix are here solved for in the field-basis, in order to make

two points.

First, the equal-time correlator (¢(t)¢(t)) is computed by integrating over the Markovian solution
found in the third section of the paper — interestingly, this correlator only agrees with the exact
solution in a very specific limit of the perturbative regime (namely where the energy of allowed
modes of the field are far smaller than the temperature of the hotspot interior). Secondly, the
timescale for decoherence of the reduced density matrix is found to be cutoff dependent due to

nature of the Markovian approximation taken.

In the last section an attempt is made to study non-locality of the hotspot in analogy to the
non-locality that is thought to be exhibited by more realistic black holes. This is done by taking
the (so far not discussed) mean-field approximation in which the (interaction picture) unitary

evolution operator is split apart according to

V(t)=V(t) @I, +V(t) (4.1)
where the mean-field evolution operator ﬁ(t) is defined by the average ﬁ(t) = (V(t))5 over

the environment’s initial state, and the diffuse evolution operator is defined as the difference

V(t) == V(t) = V(t) ® [,. Writing ﬁ(t) as the exponentiation of a mean-field Hamiltonian

H iyt results in a non-local Hamiltonian in this framework, and is a good approximation for the
evolution of the system in the limit where the diffuse contributions are small. This technique is
known to be fruitful in a variety of settings where quantum systems propagate through mediums
(like photons propagating through glass [6], or neutrinos interacting with the interior of the Sun
[91]). Tt turns out that the mean-field approximation agrees with the solved physics of §3 only

in the limit that the ¢ and x* become decoupled (ie. when the hotspot interaction is negligible).

The work presented here shows that there are regimes where Open EFT techniques agree with
limits of the exact answer, but the Open EFT approximations are highly restrictive on the

parameter space where things do align with the known answers.

118



PhD Thesis - G. P. Kaplanek; McMaster University; Physics & Astronomy

4.2 Paper

Quantum Hotspots: Mean Fields, Open EFTs,
Nonlocality and Decoherence Near Black Holes

C.P. Burgess,*’ R. Holman® and G. Kaplanek®"

® Department of Physics & Astronomy, McMaster University, 1280 Main Street West, Hamilton ON, Canada.
b Perimeter Institute for Theoretical Physics, 31 Caroline Street North, Waterloo ON, Canada.
¢ Minerva Schools at KGI, 1145 Market Street, San Francisco, CA 94103, USA.

ABSTRACT: Effective theories describing black hole exteriors resemble open quantum systems inasmuch
as many unmeasurable degrees of freedom beyond the horizon interact with those we can see. A solvable
Caldeira-Leggett type model of a quantum field that mixes with many unmeasured thermal degrees of
freedom on a shared surface was proposed in arXiv:2106.09854 to provide a benchmark against which
more complete black hole calculations might be compared. We here use this model to test two types
of field-theoretic approximation schemes that also lend themselves to describing black hole behaviour:
Open EFT techniques (as applied to the fields themselves, rather than Unruh-DeWitt detectors)
and mean-field methods. Mean-field methods are of interest because the effective Hamiltonians to
which they lead can be nonlocal; a possible source for the nonlocality that is sometimes entertained
as being possible for black holes in the near-horizon regime. Open EFTs compute the evolution of
the field state, allowing discussion of thermalization and decoherence even when these occur at such
late times that perturbative methods fail (as they often do). Applying both of these methods to a
solvable system identifies their domains of validity and shows how their predictions relate to more
garden-variety perturbative tools.
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Contents
1 Introduction and Discussion

2 The hotspot reloaded
2.1 Time evolution
2.2 Correlation functions

3 Open EFT late-time field evolution
3.1 Open EFT evolution
3.2 Solutions for the reduced density matrix
3.3 Equal-time ¢-correlator
3.4 Decoherence

4 Mean-field methods
4.1 Definitions
4.2 Application to the hotspot
4.3 Mean-field ¢ correlation function

A Useful intermediate steps
A.1 Kernel equations for the gaussian ansatz
A.2 The Calculation of M~1(x,x';t)
A.3 Schrédinger-picture equal-time free-field correlator

B Mean-field details
B.1 Correlators using v
B.2 Integrals appearing in the Equal-Time Correlator
B.3 Quantities entering with the diffuse correlator

1 Introduction and Discussion

Quantum fields in black-hole backgrounds have long been known to behave in surprising ways [1, 2],
even at energies well below whatever new physics ultimately describes gravity at its most foundational
level. Although the nature of the approximations being made when studying these effects was initially
puzzling, this quantum-gravitational interplay has been integrated into the broader framework of
theoretical physics within the formalism of effective field theories (EFTs) [3, 4] (for reviews see [5-9]).

In the meantime black hole physics grew up, with the discovery of gravitational waves [10] con-
fronting EFT calculations [11-21] of black hole properties with experimental measurements. This has
stimulated much work and has underlined some of the unique challenges posed when working with
black holes in an EFT framework. One of these challenges asks how the EFT should handle the large
numbers of gapless and dissipative degrees of freedom [12, 22] associated with the black hole’s entropy.

It would be useful to compare black-hole calculations with similar ones for well-understood solvable
systems that share as many of these features as possible, and to this end ref. [23] proposed a solvable
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Caldeira-Leggett style [24, 25] model in which an ‘external’ massless quantum field ¢ interacts with
many unseen gapless thermal fields, but only on a surface meant as a poor man’s model of the event
horizon. Following [23], in what follows we call such a hot localized source a ‘hotspot’.

In this paper we use this model to explore two types of approximate tools that both lend themselves
to black-hole applications and capture different aspects of black-hole exceptionalism. (A companion
paper [26] computes the response an Unruh-DeWitt (qubit) detector that couples to the external field
¢ at a fixed distance from the hotspot.) Applying approximate tools to a solvable model allows explicit
identification of their domain of validity, which can be useful for applications to more realistic systems
for which a full solution is not known.

The two approximations explored here are late-time Open-EFT methods' and mean-field expan-
sions. Ref. [23] solves the system dynamics exactly, but does so within the Heisenberg picture and
so obscures how the ¢ field state evolves once couplings to the hotspot are switched on. Open-EFT
methods are designed to extract this state evolution, in principle allowing access to questions such
as whether (and how quickly) the hotspot decoheres the external ¢ field. Furthermore it does so
with a domain of validity that allows it to treat phenomena (like thermalization) that occur at times
sufficiently late that naive perturbative methods generically fail.

Mean-field methods provide a framework within which an effective Hamiltonian description is
possible even while including open-system effects (see for example [9] for practical examples treated in
the same framework used here). Such a Hamiltonian description need not be guaranteed for generic
systems. Furthermore, the effective mean-field Hamiltonian is often nonlocal and/or non-Hermitian,
making it natural to ask whether mean-field methods might provide relatively mundane origins for
exotic non-Wilsonian behaviour in the vicinity of black hole horizons; exotic behaviour that is often
speculated to exist near black holes [44-50].

Our arguments and results are laid out as follows. §2 starts by briefly reviewing the hotspot model
given in [23] and summarizes the results computed there that are relevant for later comparisons. The
model’s main variables are a massless field, ¢, (meant to represent observable degrees of freedom
on the near side of the horizon) plus a thermal bath (also with massless fields, x*) meant to model
the dissipative effects of beyond-the-horizon physics. These fields ‘interact’ locally by mixing only
on a surface meant to represent the horizon itself (though the interaction surface is not an actual
geometrical local horizon).

Once the model is set up §3 formulates the evolution of the external field ¢ after tracing out the
thermal degrees of freedom. This section does so by deriving eq. (3.22); a Nakajima-Zwanzig evolution
equation [51, 52] — a common open-systems tool — for the reduced density matrix of the field ¢. We
find a limit in which this equation takes a Markovian form — (3.29) — and we solve for the field’s
density matrix in this Markovian limit, doing so perturbatively in the system couplings and working
in the field basis where the solution is a Gaussian state. Using this result we compute the equal-time
correlations (¢(t,x)¢(t,y)) — with the result (3.74) — and identify the domain of validity of Markovian
methods by comparing this to the correlator given in §2.

§3 closes by computing a measure of the ¢ state’s purity after the x® fields are integrated out, and
computes the decoherence rate as a function of the ¢-x coupling parameters and hotspot temperature.
For each mode the rate of departure from an initially pure free-vacuum state is controlled by the time
scale §2/f where f3 is the inverse hotspot temperature and § is a measure of the ¢-x couplings.

1Refs. [26-29] also explore the use of Open EFT techniques, but do so for the much simpler case where late-time
predictions are only sought for an Unruh-DeWitt qubit detector [30, 31], rather than for the entire ¢ field. (See [32-41, 43]
for related discussions of field decoherence in cosmology.)
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Finally, §4 defines what a mean-field Hamiltonian is, and what this definition means — c.f. eq. (4.15)
— for the field ¢ in the hotspot model. The result is in general nonlocal on the interaction surface and in
time (with characteristic nonlocality scales given by the surface radius, &, and the inverse temperature,
B), but is typically local in the radial ‘off-horizon’ direction. This mean-field Hamiltonian is used to
compute once again the system correlation function (¢(¢,x)¢(s,y)) for comparison with the results of
§2, showing that validity of mean-field methods requires some couplings (like the ¢ self-coupling A) to
dominate the temperature-dependent combination §2/p.

Taken together, the respective approximate methods described in §3 and §4 hold in complementary
regimes of parameter space, both of which are subsets of the broader domain of perturbative methods
found in [23].

2 The hotspot reloaded

This section briefly summarizes the hotspot-model setup as given in [23]. The fields involved consist
of an observable sector — a single real massless scalar field, ¢ — and an unmeasured disspative and
gapless environment — N real massless scalar fields, x® prepared in a thermal state. These two
systems live in different spatial regions (R4 ) that only intersect in a small localized domain: a sphere
S¢ of radius ¢ enclosing the origin that is identified for the two spaces (see Fig. 1). We choose here not
to follow the gravitational back-reaction of these fields, and so treat Ry as independent flat spatial
slices. A surface Sg+ encircles the origin within each of these spaces, with S¢+ identified to obtain the
interaction surface S¢. The x“ fields are meant to represent unmeasured degrees of freedom internal
to the black hole with which external fields can interact.

Figure 1. The two spatial branches, R4 and R_, in which the field ¢ and the N fields x* repsectively live.
In practice the two regions are idealized as flat (though curvature can in principle also be included) with the
spherical interaction region Se identified. The two types of fields only couple to one another within S¢ (which
effectively becomes the world-line of a point in the special case that £ is much smaller than all other scales of
interest). Figure taken from [23].

Interactions on S; are taken to be bilinear mixings of the fields, of the form Liyy = —gq X* 0,
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plus possible quadratic self-interactions of the fields as required by any renormalization-group flows.?
With black holes in mind we consider observables that depend only on the ¢ field and do not directly
measure any of the x*’s.

The action for the model is

Syy = —1/ d'z 9,0 0" — 1/ d*z 84 O x O X" —/ d’z [Ga X6+ @gﬁ?} . (2)
where R, denote spacetime regions whose spatial slices are R4, and the integration for the interaction
is over the world-tube, Sg swept out by the surface S¢ over time. The couplings G, and Gg have
dimension mass, and G is included because it can be required to renormalize divergences that arise
due to the presence of the ¢-x mixing G,. When performing calculations we usually specialize to the
case where G, = G is a-independent and define the combination

G? = §7G,G, = NG?. (2.2)

As described in [23] this hotspot model comes in two versions, depending on whether or not the
radius € is regarded to be an ultraviolet scale.> When £ is a UV scale the 2-sphere S¢ degenerates to
a point and the above description gets replaced by an effective action organized in powers of £&. The
leading ¢-dependent interactions in this effective theory become

Suan = = [[at | (0.0)0(0.0) + § %0.0)] (2.3

where the integration is over the proper time of the interaction point. At leading order the effective
couplings A and g, are related to the couplings in (2.1) by

go = 4m€%G, and X\ = 473G (2.4)
and so have dimensions of length. In this limit it is the quantity
3% = 0" gagy = Ng* (2.5)
that plays the same role as did (2.2) when £ was not small.

2.1 Time evolution

The Hamiltonian for this system can be written H = Hy + Hint where Hy ;= Hy @ Z_ + 7, Q H_
is the free Hamiltonian, with H+ and Zy the Hamiltonian and identity operators acting separately
within the ¢- and y-sectors of the Hilbert space:

1 1
Hy = 7/ dPx [p2 n (v¢)2] and H_ == / &z [6“"Haﬂb YoVt -V, (26)
2 Jr, 2 Jr_
and the canonical momenta are defined by p := 9;¢ and II, := 6,5, 9;x*. The interaction Hamiltonian
is similarly

G
Hip = / A’z {G,,, PR X+ 7‘1’ ®? ®I_} , (2.7
Se

2Such flows arise due to renormalizations of the Coulomb-like divergences that appear even at the classical level near
the interaction surface [53-57].

3The same distinction also arises for black-hole EFTs, for which the black hole event horizon can either be regarded
as being shrunk to a point — as in world-line point-particle EFTs [11-21] — or can be regarded as being macroscopic
[58, 59]. This latter type of EFT can be used to summarize situations where it is ordinary GR [60-64] or exotic physics
[65—-73] whose UV near-horizon physics is being summarized.
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which in the point-hotspot limit reduces to
A
Hin(t) ~ ga 6(1,0) © X“(1,0) + 5 $*(t,0) @I . (2.8)

Reference [23] solves explicitly for the time-evolution for this model within the Heisenberg picture,
with most of the explicit results given for the point-hotspot limit (for which £ — 0). The remainder
of this section quotes a few of the results found for later comparisons.

2.1.1 System state

In the Heisenberg picture states do not evolve with time, and correspond to the initial state of the
system in the Schrodinger or interaction pictures. Correlation functions in [23] are computed assuming
the ¢ and x® fields are initially uncorrelated, with

po=p+®p—, (2.9)

where the ¢ sector is in its standard Minkowski vacuum, |vac), and the x* sector is in a thermal state,
08, with temperature T' = 1//:

e*BH,
p+ = |vac) (vac| and p_ = pg:= T [P (2.10)
Here H_ is the x“-sector bulk Hamiltonian and the subscript ‘—’ on the trace indicates that it is only

taken over the x sector.

2.1.2 Operator evolution

In Heisenberg picture the entire burden of time evolution falls on the field operators, which evolve
according to

bu(t,x) :=U""(t,0)[¢s(x) ®I_]U(t,0) and x%(t,x):=U""(t,0)[ZT; ® x4(x)]U(t,0), (2.11)

where the full time-evolution operator is U(t,t') = T exp <7i f:, ds H (s)) and 7 denotes time-
ordering.

In differential form, a generic Heisenberg-picture operator A (t) satisfies 9; Ay (t) = —i [AH(t), H,(t)],
which in particular implies the fields ¢, and x9, satisfy the equations of motion that follow from the
action (2.1): O¢ = Ox® = 0 for all points exterior to S¢. For points on S the presence of the
interaction implies the equations of motion instead impose the boundary condition

8"¢‘H5 - (Gaxa e ¢) , (2.12)

r—&

(and similarly for x®). In the & — 0 limit of a point source both the bulk equation and boundary
condition are efficiently summarized by the equations

(=02 4 V2) o (£, %) = 8*(x) [AasH(t, 0) + gur (. 0)} (2.13)

and
Sab(=07 + VX% (t, %) = 6%(x) gadu(t,0) . (2.14)

It is these last equations that are solved explicitly in [23], with the result used to compute the
time-evolution of the system’s correlation functions. These integrations are performed assuming the
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couplings G, and G (or g, and A) turn on suddenly at ¢ = 0 and remain time-independent thereafter.
These solutions generically diverge as r — £ (or r — 0 in the point-hotspot limit) and because of this
these equation must be regulated, such as by evaluating the boundary conditions at a small distance
& + ¢ from the singular point. The divergences associated with taking ¢ — 0 are ultimately absorbed
into renormalizations of couplings like G [53-57]

2.2 Correlation functions
The main result of [23] is the calculation of the correlation functions for the fields, whose results we
now quote for future use.

2.2.1 ¢ correlation functions

The ¢-field Wightman function is defined by
Wi(t,x;t',x') == Tr | du (t,X)du (t',x)po | , (2.15)

where py is the state given in (2.9), with explicit formulae given in the small-hotspot limit (£ — 0).
The result computed to leading nontrivial order in §? and A turns out to be given by
1
dm2[— (L=t —i6)2 + |x — x/|?]
A (Ot - x]) 1 . o' —|x'|) 1
1673 x| (t—t —|x| —140)% — |x|? |x/| (t—t' +|x| —i6)% — |x|?
g*e(t — x)o(' — x'|)

We(t,x;t',x") =~

- (2.16)
647232 |x||x| sinh? [g(t — x| =t + x| — 2'5)]
7 (7 ot — [x|) t—t' — x| n o’ —[x']) t—t' + x| )
32 x| [t =t — x| —i6)2 — [x[2]” X[ =+ x| —i6)? — [x[2]”
~2 / /
g 6(t — |x]) 5(t" —[x']) ) :
turbative) ,
G4t (\X|[f @ 1) =] W[ (= 0)? — <] (perturbative)

where the delta functions and step functions describe the transients due to the switch-on of couplings
at t = |x| = 0. The infinitesimal § — 07 is taken to zero at the end of the calculation.

Of most interest here is the form for the correlation function inside the future light-cone of this
switch-on (i.e. for t > |x| and ' > |x/|), for which this perturbative expression becomes

1 A x| + [x']
Wp(t,x;t',x') =~ + A
st %t x) ar2[— (L=t —i0)2 + [x — x'|?] 167r3|xux'|[(t—t/—za)z—(\xﬂxf\y
§2

_ (2.17)
6472 32|x ||| sinh [g(t — x| -+ |x] — 7:5)]

e ( 1 t—t — |x| +L t—t' 4 x| )
RN X [t — v — x| —i0)2 — 2] X[t =t + x| —i5)? — x[2]”

(inside light cone, perturbative)

The exact correlator is also computed in [23] and the result is compared there to this perturbative
limit, verifying that the full dependence on A agrees with RG-improved resummations using point-
particle EFT boundary-condition based methods [57]. Because the full result is not needed in what
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follows it is not repeated here, beyond observing that the perturbative result emerges from the full
one once it is expanded in powers of

52 by -1 92 by -1
1+ — 1 and ———(1+-— 1. 2.18
16m2er ( * 47Te> <boan 16m2e8 ( * 47Te> < (2.18)

For later comparisons it is useful to focus on the equal-time special case of these formulae, for which

t' = t. Of particular interest when comparing with other approximation schemes is the equal-time
limit of the perturbative result (2.17), which is

1 A
Wp(t,x;t,x') ~ -
5(t,x;t,x") Am?|x —x'|2 1673 |x||x/|(|x| + |x|)

g’ g

647232 |x][x/| sinh? [gux\ - |x/\)} 16m% (x| — |x'[?)?

(2.19)

(inside light cone, perturbative)

2.2.2 x“ correlation functions

Reference [23] also gives the explicit form for the x* free-field thermal correlator. Evaluated at
spacetime points z = (t,x) and 2’ = (¢/,x’) the result (at large N) is

5ab
Xt x)x0 (X)) = SnAx =% {coth {% (t—t' +x—x|- 26):| (2.20)

™

— coth [ﬁ (t—t/—|x—x’|—15)H,

in agreement with standard formulae [74]. In this expression the limit § — 07 is to be taken at the
end of the calculation.

3 Open EFT late-time field evolution

The solution to the hotspot problem given in [23] is provided in the Heisenberg picture, and a drawback
of this picture is that it obscures how the system’s state evolves. This is unfortunate because it makes
it difficult to compare with much of the literature on open quantum systems, which is often phrased
in terms of the system’s reduced density matrix (see for example [9]).

In this section we aim to make this comparison more transparent, by solving the hotspot problem
using the Schrodinger-picture (in practice we use the interaction picture once we resort to perturbative
methods), computing in particular the reduced density matrix o (¢)

os(t) = Tr_[ps(1)], (3.1)

for the ¢-field (defined as the partial trace of the full Schrodinger-picture density matrix pg(t) over
the x® sector).

The cumbersome nature of the Schrodinger picture for field theories prevented us from solving
exactly for o5(t) even within the hotspot model (though we have no reason to believe that this cannot
be done). So we instead compute this evolution perturbatively in the hotspot couplings, also restricting
for simplicity to the case of a point-like hotspot (¢ — 0). A major drawback of using perturbation
theory, however, is that perturbative methods intrinsically break down at late times, seeming to put
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beyond reach a reliable calculation of phenomena like decoherence or thermalization. We therefore
also adapt Open EFT techniques [9, 27-29, 41, 75-77] to verify that they allow the perturbative result
to be resummed to extend the perturbative domain of validity to very late times.* Doing so also allows
the testing of these tools in this relatively unfamiliar quantum-field setting.

3.1 Open EFT evolution

In principle the time evolution of the system’s state is given within the Interaction picture by the
Liouville equation,

% = —i[Hiw(t), p(t)] 2

where Hipn(t) is given by eq. (2.7), and where p(t) is the interaction-picture state
p(t) = et pg(t) e~ ot (33)

where Hy = Hy ® I_ +Z; ® H_ is the free Hamiltonian for the combined system. It is easy to see
from the above that the Schrodinger-picture reduced density matrix os(t) is related to the interaction-
picture reduced density matrix o(t) through the relation

o(t) = etHto (t) e+t | (3.4)

When solving these equations we assume the uncorrelated initial state p(0) = pg = p+ ® p— given in
(2.9) where py = |vac) (vac| and p_ = gg is the thermal configuration for the x sector.

3.1.1 Nakajima-Zwanzig equation

In principle the evolution of o(t) is given by taking the trace of (3.2) over all unmeasured degrees of
freedom (in this case the fields x*). In perturbation theory one usually first formally solves (3.2) and
then takes the trace of the result, leading to

t t 51
o(t) =0(0) - z/ ds Tr_ [Hint(s) ,po] + (fi)Q/ dSl/ dsg Tr_ [Hint(sl) , [Hint(52) 7/;0]] 4.

0 0 0 (3.5)
where Tr_ denotes the partial trace only over the x® sector. The drawback of this expression is
the relatively complicated dependence of its right-hand side on the full system’s state. Because the
right-hand side refers explicitly to the initial state pg successive terms in the series generically grow
without bound for large ¢, causing the perturbative approximation to fail at late times and precluding
accessing issues like thermalization and late-time decoherence.

The better route for late-time purposes is to take the trace of the differential relation (3.2) and to
eliminate from this the dependence of the right-hand side on any unmeasured degrees of freedom (for
a review of the steps given below see for example [9]). The good news is that because of the linearity
of (3.2) this can be done in great generality, with the resulting evolution equation for o(t) known as
the Nakajima-Zwanzig equation [51, 52]. Although this is a textbook derivation, we now describe it in
some detail since it is not often applied to quantum fields (as we do here) in the relativity literature.

The logic of the derivation proceeds as follows. One first defines the super-operator & acting on
operators in the Hilbert space by

Z0) = Tr_ Ol ®p— , (3.6)

40Open EFT techniques were also applied to the hotspot in ref. [26], but only to obtain the late-time thermalization
behaviour of an Unruh-DeWitt detector [30, 31] that sits at rest displaced from the hotspot.

127



PhD Thesis - G. P. Kaplanek; McMaster University; Physics & Astronomy

where p_ = pg is the time-independent initial thermal density matrix for the fields x*. This is a
projection super-operator because it satisfies 22 = &, as therefore must its complement Z = 1 — 2.
The definition (3.6) is defined so that it projects the full density matrix p(¢) onto the reduced density
matrix o(t),
Zpt)] =ct)®@p_ , (3.7)

and so Z[p(t)] can be regarded as describing all of the unmeasured parts of the full density matrix.

Our goal is therefore to rewrite the Liouville equation as a coupled set of evolution equations
for the mutually exclusive quantities & [p(t)] and Z[p(t)], and then eliminate Z[p(t)] from these
by solving its equation as a function of &2 [p(t)} To this end write the interaction-picture Liouville
equation (3.2) in terms of a linear Liouville super-operator,

Oip = Z(p) where Zi(p) = —i[Hine (1), p] (3.8)

and project the result using the operators & and #Z. Since & + % =1 this leads to

P(Op) = PLP(p) + P LA(p) (39)
and
R(Owp) = RLP () + RLA(p). (3.10)
The unmeasured degrees of freedom are eliminated by formally solving eq. (3.10):
t
Alp(t) = 9(60Fp(0)) + [ ds 9(t,5)22,2 () (3.11)
0
with o .
g(t,s)=1+2/ ds; /  ds, BRL., - RL,, (3.12)
n=1"9% s
and inserting the result into (3.9). This yields the desired self-contained evolution equation for Z[p(t)]:
t
Z00ip(t)] = L. P[p(t)] + 2 L,G(L,0)Z[p(0)] +/ ds K(t, s)[p(s)] (3.13)
0
with kernel
K(t,s) = PLG(t,8)RL P . (3.14)

For uncorrelated initial states of the form p(0) = p4 ® p_ the second term on the right-hand side of
(3.13) vanishes because 2 [p(0)] = p(0) and so Z[p(0)] = 0.

In what follows we wish to use (3.13) but work only to second order in Hin(t), which means
expanding out the kernel (¢, s) to second order in .%;. At this order we can therefore take G(t,s) ~ 1
in K(t, s), which becomes

K(t,s) ~ PLRL, D, (3.15)
and so (3.13) simplifies to
t
Plowplt)) = 2L p0) + [ ds PLALP|p() (3.16)
0
Writing this out explicitly using the definitions of &, #Z and .%; then gives the more explicit form
do .
i Tr,{ [Him(t), o) ® p,] } (3.17)

[ as e {[tnto) [#n(6). 502 -] = T ([Hs(5)010) 9] -}
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To apply this expression to the hotspot fields expand Hip(t) in terms of a basis of operators with
the factorized form

Hint(t) = A" (1) @ B4(1), (3.18)
where A* acts only in the ¢ sector and B, acts only in the x* sector. With this choice (3.16) simplifies
to become

do .
S =i [Aut), o] (B®) (3.19)

+ [ s ([A006). A0 (BB ) ) + [0 09140 (B B0 )
- / as ([A“(sw(s) AN + [t ,U(S)A“(S)H) (Bo(t) D Ba(s) ) -

where ((O)) := Tr_ [p_ O] = Tr_ [pgO] is the thermal trace for operators acting purely in the x sector.
For the point-hotspot system the interaction Hamiltonian given in (2.8) has the form Hin(t) =
9ad(t,0) ® X*(t,0) + 2A¢2(t,0) ® Z_ (in the Interaction picture) and so using ( x*)) = 0 the second-
order Nakajima-Zwanzig equation reduces to
0o INT o 't b .
E = _? ¢ (t7 0)> O'(t)} + Ga9p ds << X (t7 O)X (Sa 0) >> (f)(S, 0) O’(S) a¢(ta 0)] (320)
0
(6,0 (.0)) [0(1.0) o165 0)]

We write the thermal correlation function for two x fields as

B X1, O (5,0)) = P (1 = ) = =L csch? [g

where § = 0T goes to zero at the end of any calculation and the first equality defines the function

(t—s— ia)} (3.21)

W (t) with §2 := 3% g,gp as given in (2.5), while the second equality uses the explicit form for the
x" — x limit of the correlation function given in (2.20).
Finally, after a change of integration variables s — t — s we arrive at the form for the Nakajima-
Zwanzig equation whose properties are explored below:
2
2

o~ 2 [0%(1.0).0(0)] (3.22)

+g° /Ot ds (W(s) [¢(t —5,0)0(t—s),9(t, 0)] +W*(s) [¢(t, 0),0(t — s)p(t — s, O)D )

3.1.2 Markovian limit

Since the correlation function #(s) is sharply peaked about s = 0 and falls off exponentially fast like
W (s) < e=27/8 for s > B, the integral simplifies if the rest of the integrand varies more slowly in the
region where # varies quickly. In such a case the integral is well-approximated by expanding the rest
of the integrand in powers of s, using

Bt — s)o(t — s) ~ ¢(t,0) o (t) — s[D,¢(t,0) o(t) + ¢(t,0)0,0(t)] + ... (3.23)

beneath the integral sign in (3.22). Notice that this assumes both ¢ and o vary slowly, and so its
justification requires both that o(t) should be slowly varying and that we work in an effective descrip-
tion that keeps only those modes of ¢ whose energies satisfy £ < 1/3. This becomes relevant when
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choosing momentum cutoffs for later integrals, since this Markovian derivation requires A < 1/3. Part
of the discussion to follow aims to identify more precisely the region of parameter space for which this
Markovian approximation is valid (which we find by asking when the subleading terms in the series
(3.23) are small).

Keeping only the leading-order term in the Taylor-series (3.23) yields the approximate equation

of motion
P .
= = —% 9%(1,0),0(1)] + 7% [6(1,0) o(1) , (¢, 0)| + 3%¢* [6(1,0) .0 (Do(1,0)] . (3.24)
where the coefficient is given by ,
€(t) := / ds ¥ (s) (3.25)
Jo

and the approximate equality requires ¢ > ( so that the integration includes the strong peaking of
# (s) (with exponential fall-off) noted above. Although the coefficient €(t) is in principle a function of
t, in practice the narrowly peaked form of #(t) ensures it approaches a constant exponentially quickly
once t > . The value of this constant can be evaluated explicitly by taking the upper integration
limit to infinity and evaluating the resulting integral using expression (3.21) for #/(t):

P LT ds RN e

for t > . The divergence as § — 0 is a reflection of the divergence of the integrand as s — 0.
It is sometimes useful to convert (3.24) to the Schrédinger picture, as is done by noting that

iy 100 0o .
€ ’H+t§6+ Mt = aits + Z[H+7 O'S(t)] . (327)
which follows from the relation (3.4), giving

05 e i[He 4 36200),00(0)] + 7 [6:0)02(1), 6:(0)] + 3¢ [6:(0) s (D)6 (0)] . (329)

Using this in (3.28) finally gives

dog
ot

12

—i[Ms + 502(0),05(0)]
(5= 5) [60a0.0.0]+ L (5+5) [0.0)0.00.0] 329
—i[Hs 4 2262(0), 04(1)] + 4“;7 ([6:(0) (1) . 65 (0)] + [05(0) (1) 6:(0)] )

which shows that the divergence can be absorbed into the renormalization

~2

9
22§

Aren = A (3.30)

3.1.3 Evolution equation in a field basis

Tt is easiest to solve an equation like (3.29) in a basis that diagonalizes the interaction Hamiltonian,
and in this instance this suggests using a basis of field eigenstates defined as the basis that diagonalizes
the Schrodinger-picture field operator ¢(0,x) = ¢5(x):

Bs(x) [p()) = o(x) [p()) (3.31)
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where the eigenvalue ¢(x) is a real-valued function of position.
The wave-functional of the free vacuum |vac) in this reprsentation is given by a gaussian [78]

(wolvaeh = VN exp [ [ @x [ @y exy)pboety)] (3.32)
= VNo exp [—%/% E, sopsofp}

where the kernel £(x,y) is given by

£ - d’p E. P (x=y)
(x,y) = W p € ) (3.33)
where E, := |p| and the normalization factor Ay is determined by using the normalization condition

(vac|vac) = 1.
In the field basis the reduced density matrix is a time-dependent functional of the basis field
configurations ¢1(x) and 2(x), with components

osler, pa;t] = (p10)|os(t)le20)) (3.34)
which the Markovian equation (3.29) implies must satisfy

0o g1, pa;t ,
P0sle1 23] o i (1) [0 )] oot) (3.35)

Z.>\1ren
2

_ [4%(@1(0) — 2(0))” + X (2(0) — w%(o))}as[%@??t] :

We henceforth drop the subscript ‘ren’ on the renormalized coupling parameter A. Evaluating the
commutator term using

wolts ) = 5 [@x] - o+ 19e6l] ol (3.30

for any state |¥), the equation of motion for oy finally becomes

doslpr,pait] i [ 3 62 2 62 2 .
ot — _2 /d X| = 5@1()()2 + |V(,91(X)| + 6@2()()2 - |V(,92(X)| O-S[(fghw?vt]
=2

74%3(991(0) - 802(0))205[9017 pa;t] — %(9"%(0) —¢3(0)oslpr, eait] -
(3.37)

As is easily verified, when A = § = 0 this equation has as a solution
os(t,p1,2) = (p1()|vac) (vaclpz()
— Koo (— [@'x [y sx -y 10 ) + eaheay)]) (339
where the second equality uses (3.32) and the kernel £(x —y) is as defined in equation (3.33).

3.2 Solutions for the reduced density matrix

We next solve eq. (3.37) for the ¢-sector density matrix in the presence of the hotspot interactions.
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3.2.1 Gaussian ansatz

Keeping in mind that the hotspot ‘interactions’ are all bilinear in the fields we seek solutions to (3.37)
subject to the more general Gaussian ansatz

lorpnst] = Nyesp (= 5 [ [ @by {dixyit) 21001 0) + A v30) p20)at)

+2B(x,y;t) ¢1(X)<p2(y)}) , (3.39)

with the kernels A;, Ay and B to be determined. Note that we can without loss of generality assume
the symmetry

Aj(x,y3t) = A (v, ;) (3.40)

and that hermiticity of the reduced density matrix — o%[¢1, @2;t] = 0s[p2, ¢1;t] — implies N*(t) = N (t)
and

Ai(x,y;t) = Aa(x,y5t) and BY(x,y;t) = By, x;t) . (3.41)

Notice that o5 = |U) (¥| for a gaussian pure state (o()|¥) o exp [—3 K(x,y) ¢(x)¢(y)] only if

with the free vacuum (3.38) corresponding to the choice K (x,y) = £(x —y). Since the first of these is
an automatic consequence of (3.41), this shows that 4; and As can be regarded as the deformations
of the ground state away from the free result due to the interactions, while having B # 0 corresponds
to the interaction causing the initially pure state to become mixed.

The kernels are obtained by plugging the ansatz (3.39) into (3.37) and equating the coefficients of
the different functional forms on both sides of the equation. The details are worked out in Appendix
A.1, with the results simply quoted here. Equating the coefficients of terms independent of ¢; implies

%88—'/;/ = —% /dgx[/ll (x,x;t) — Az(x,x5t) | . (3.43)
This expression can also be derived from the condition that Tryos(t) = 1 for all times. The coefficient
of p1(x)p1(y) similarly gives

ot

~2

= V2 (x—y) + (;r—ﬁ + iA) 5 (x)5%(y) (3.44)

+ [ @2 [~ 0 Ay + iBoxzst)Bly 20

while the coefficient of ps(x)pa(y) leads to

aAZ (X7 Y; t)

5t =iViB(x—y)+ (— - i)\) 53 (x)5%(y) (3.45)

Z]2

213
+/d3z [iAg(x,z;t)Az(y,z;t) —iB(z,x;t)B(z,y;t)| -
Finally, the coefficient of ¢1(x)p2(y) gives

0B(x,y;t) _i&,

= 550" (0 () (3.46)

+/d3z [fiAl(z,x; t)B(z,y;t) + iB(x,z;t) Az (z,y; 1) | -
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The implications of these equations are simpler to see in momentum space, so we define

4’k d3q ik-x —iq-
aieyit) = [ 55 [ G Aty eriememiay (347
d’k d3q ik-x —iq-
and B(X7Y7t) = /W/(Qﬂ-)s B(kaq7t) e+k € 'qu

for which the symmetry A;(x,y;t) = A;(y,x;t) of (3.40) implies
Ak, q;t) = Aj(-q, —kt) . (3.48)

In terms of these equation (3.43) becomes

1 0N i [ d’k
T —5/(%)3 [Al(k,k,t)—Az(k,k,t) (3.49)
while equations (3.44) through (3.46) become
8A1(k7q;t) . 3 2¢3 - i . =
— a5 = i(2m)°k[?6°(k —q) + 2B +iA (3.50)
" dp 1 .
+/ W[—zAl(km;t)Al(p,q;t)+ZB(k,p;t)B(—q7 —pit)|,
OAr(k,qst) o 3 acs 9.
— % = i(2m)°|k[*0%(k — q) + om0 iA (3.51)
D 1ty e, pit) Asps 1) — i3 k; t)B(p, q; ¢
+ (277_)3 |:l 2( » P3 ) 2(p7q7 )_7‘ (_p7_ ) ) (p’qa ):|
and
B, ait) G I’k . 4 . .
o = et Gl M k0Bl w) HiBR DAk an] . (652)

These are the equations we solve in the next few sections. Notice in particular that (3.46) or (3.52)

implies §2/8 # 0 is an obstruction to B(q,x,t) = 0 being a solution.
3.2.2 Perturbative solution

As is easily verified, for A = § = 0 these above equations are solved by
B(p,q,t)=0 and A4;k,q) = (27)%k| &k —q), (3.53)

corresponding to the vacuum solution of (3.38). We next seek solutions that are perturbatively close
to this vacuum solution, as should be possible for small § and A.
To this end we write

Ajk,qt) = (2m)°[k| 6°(k — @) + a;(k,q;t) +... and B(k,q;t) = b(k,qit) +...,  (3.54)

and linearize egs. (3.49) through (3.52) in the perturbations a; and b. The resulting evolution equations

decouple, to become

omkat) g :
> =575 +ix —i(k| + |a]) a1 (k, q; 1), (3.55)

133



PhD Thesis - G. P. Kaplanek; McMaster University; Physics & Astronomy

day(k,q;t)  §°

=— —ix+i(k k,q;t 3.56
o = g~ A (K| ) aal act) (3.56)
and ob(k ) 2
' q g .
— == — (k| - k,q;t). .
o 55— (0l ~ lal) blk.a:) (357)
These are to be solved subject to the initial conditions
a1(k,q;0) = az(k, q; 0) = b(k,q; 0) =0, (3.58)

since the scalar ¢ is starts off in its vacuum state.
The solutions to these initial-value problems are given by

i —i(jcl+lal)t
g 1—e
akgt) = A-"*— ) —F——, 3.59
et = (3= 35) S (359)
) +i(\kl+\ql)t
g 1—e
az(k,q;t :(/\—i-f)i 3.60
)= M 5r5) T Tl (50
and 2 (|~ Ja)t
ig? \ 1 — e i(Iki-la
bk, q: 1) = (7) — 3.61
o= \sm5) T (00
In the limit k = g (or in the limit of small ¢) this last solution simplifies to
gt
b(k,q;t) — “onp when k—q. (3.62)

As remarked earlier — and explored in more detail in §3.4 — nonzero b is a signature of og
becoming a mixed state, and so (3.61) shows that this only happens for nonzero §2/3. Furthermore
when §2/8 is nonzero there can be no static solution with 9;b = 0, (and in particular no solution with
b = 0) and |b(k, k;¢)| monotonically increases. The coupling A, by contrast, just deforms the ground
state but leaves it pure.

The normalization A () is found in a similar way. Using the above solution in (3.49) allows it to

be written
N i [ d’k
tT = —% / (27)3 |:l:l1(k7 k,t) - a?(k7 k7 t)}
&k : 7 .
= G {A cos(|k|t) sin(|k|¢) — o5 Slﬂ2(\k|t)} : (3.63)

The integral on the right-hand side diverges in the ultraviolet, which we regulate using a momentum
cutoff |k| < A, leading to the result
=242 =2
geAZt A 7

— — ———sin(2At -
16733 1672t (247) + 16736t
where Cj is the integration constant. In terms of the initial condition A(0) = Ny, where A is the
normalization of the free-vacuum state, we have

N(t) = exp (Co — sin2(At)) , (3.64)

Ny = exp (Co — ;%) , (3.65)
[N O 4 J <T) B 101 | S

The significance of the divergences in the time-dependence of N (¢) is discussed further in §3.4.
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3.3 Equal-time ¢-correlator

This section uses the reduced density matrix for ¢ computed in the previous section to calculate the
(¢ ¢) two-point function. Comparison of the result with the Wightman function given in §2 provides
a check on the domain of validity of the Nakajima-Zwanzig late-time evolution.

The correlator evaluated at ¢ = ¢’ is convenient because it has a simple representation in terms
of the reduced density matrix. This is because the only evolution operators that appear are the ones
that convert between Heisenberg, interaction and Schrodinger pictures:

T [ 01 () 62 (8, X') po| = Te [8(2,3) 9(2, %) (1) | = Try [ 65(30) 6 (x) 05(8)| (3.67)

where Try in the second two terms denotes a trace only over the ¢ sector of the Hilbert space.
The calculation based on the field-representation of the Schrédinger-picture reduced density matrix
evaluates the trace using a partition of unity written as a functional integral over the field eigenstates,

Try [¢S(X)¢S(X/)US(’5)} = /DSO ()] Ps(x) Ps(x") a5 ()]0 () (3.68)

- / Dy p(x) p(x') o5, 3 1],

with og[p1, @2;t] given in terms of the kernels A; and B as in (3.39). Our focus here is in particular
on the A and § dependent parts of the density matrix, since Appendix A.3 verifies that the above
functional integral correctly reproduces the free-field Wightman function inasmuch as it shows that in
the limit A = § = 0 eq. (3.68) reproduces the usual expression

(vac| 6(t, x)(t, ') [vac) = —1

k=% (3.69)

Eq. (3.68) shows that only the diagonal part of the reduced density matrix is required to compute
the equal-time Wightman function. Explicitly, this is given by

1 . .
nilipitl = Mo (5 [ [ @ Mexxipex)) (3.70)
where
M(x,x';t) := 2Re [.Al (x,x';t) + B(x,y; t)] , (3.71)
and we use the symmetry (3.41). Evaluating the gaussian integrals then implies
To 65 ()0 () / D p(x)p(x) ¢4 oS s Mot ten)ote)
= M (x,x;t), (3.72)

where M~1(x,x/;t) is the inverse of M(x,x';t), in the sense that [d’z M~1(x,2z;t)M(z,x;t) =
§3(x — x'). The components M~!(x,x’) are computed explicitly in Appendix A.2 using (3.71) and
the perturbative solutions for A; and B given earlier. Using the result in (3.72) then gives
1 A 1
— Ot —|x'|) - —
Arx —x'2 16m3(|x[2 — [X']2) | x| ot — ) x| @( IxI)
52

g /
g O KA =D (3)

Specializing to the forward light cone of the switch-on of couplings — i.e. to ¢ > |x| and ¢ > |x

Tri [$s(x)¢s (X )os(8)] =

/‘ o
the above becomes
/ 1 A 7’ /
Try [¢s(x)¢s(x)os(t)] ~ - — + 5(lx] = |x']) . (3.74)

Am?lx —x'[2 1670 x| [x'|([x] + [x]) 327 Blx][x’|
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Comparison with Heisenberg picture

Expression (3.74) is to be compared with the Wightman function computed in Heisenberg picture,
whose expansion at linear order in A and §? is quoted in (2.17) and whose equal-time limit is given in
(2.19), reproduced for convenience here:

1 A
dm?(x — x'[2 1673 x| x| (x| + |x/])
'S s

64726 |x||x'|sinh® [ 3(|x| — x'})] 167 (xI* = x'P)?

We(t,x;t,x') ~ (3.75)

Although the free and the A-dependent terms here agree with those in (3.74), the same is in general
not true for the g>-dependent terms. This need not be a problem since they should only be expected to
agree within the domain of validity of both, and (3.74) is derived under more restrictive assumptions.

Recall in particular that the derivation within the Schrédinger picture approximated the Nakajima-
Zwanzig equation (3.22) using a Markovian limit in which o (t—s)@(t—s,0) ~ o(t)p(t, 0) is used under
the integral sign. Doing this assumes both o4 and ¢ vary very slowly on the time-scale § for which
the thermal x“ correlator was sharply peaked (see the discussion surrounding eq. (3.23)). This is only
valid if the UV cutoff, A, for the ¢-field modes satisfies A < 1, since only in this EFT is the field ¢
sufficiently slowly varying.

Within this regime the term involving the hyperbolic function has a microscopic width and so
approaches a delta function. To see this explicitly it is easier to work in momentum space, in which
case (3.75) is given by the following mode sum

1 ) \ o i
. N~ . / —ip|x| o1 /
Wﬂ“’x’t”‘)—m/o dp Sm(p|x_x|)_WxHx/\/o dp e 7sin [p(lx] + <)

i ,,/wdpp{cos[p<|x+|x’ﬂ+2“s[p‘x'"x'”}. (3.76)
0

64m4|x||x efr —1

Because p < A < 87! we can expand the temperature-dependent last term using fp < 1,

L OCd {cos [ (|1x| + |x'|)} + {i -1+ bp +O( 363)] cos [ (x| — |x’m } (3.77)
camifxlx] Jo PP Bp 6 OV g o

and perform the momentum integrals term-by-term, giving

~2
g 1 |:27T / 1 B 7 ’ ]}
— + f(SX*X +7*76 X — |X —+ ... . 3.78
e e R E G R Ry U] (378)
Using this in the Wightman function gives
1 A
Ws(t, x;t,x') ~ - 3.79
pltxit,X) = 1673 x| |x'| ([x| + [x]) (3.79)
~2 ~2
g / g
+— (x| -+ ——F 4+ 0.
3273 B]x||x’| ( ) 167r4(|x\2—|x’|2)2

Notice that the leading term in this expansion indeed matches the Schrodinger-picture calculation.
This comparison reveals more explicitly the long-wavelength domain of validity inherent in the Marko-
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vian limit,” revealing it to depend on both an expansion in powers of §? and on taking long wavelengths
compared to the thermal length scale 5.

3.4 Decoherence

Earlier sections explore the behaviour of the ¢-field state by computing its reduced density matrix
once the hotspot fields x are all integrated out. It was there argued that the kernel B(x,x’;t) — or
equivalently b(k,q;t) — provides a diagnostic of whether the state is pure or mixed (because pure
states seem to require B =b=0.)

That is what makes egs. (3.57) and (3.61) so interesting; they quantify the rate with which deco-
herence accumulates when hotspot couplings are turned on with ¢ prepared in its vacuum state. These
equations show in particular the growth of decoherence at early times has a momentum-independent
universal rate, set by §2/(273). Since all momenta start to decohere with the same rate, the accumu-
lated decoherence should be dominated by the highest momenta, for which there is the most available
phase space. It is for this reason that measures of integrated decoherence — such as the purity diag-
nostic computed explicitly below — tend to diverge in the ultraviolet, at least so long as the cutoff
remains below the characteristic hotspot temperature, as assumed for the Markovian approximation
above.

3.4.1 Purity

To pin down the decoherence process more precisely it is useful to have a practical diagnostic for state
purity. A standard choice for this is often Tr, [02] since this is unity if and only if the state is pure
(in which case 02 = o).

This trace can be computed as a function of the state kernels A; and B, as follows:

o2 = [ Der [ Doa (erloa(t) ) ezl oa®) )
= N(t)Q/Dsol/Dwz exp{—%/d?’X/dg’y {2Re[«41(x7 y; t)] (wl(X)sol(Y)Jr@z(X)st(Y))
e [Bxyi)] 1 () |} (3.50)
:N(t)g{det { 1 (ZRe[Al(t)} QRe[B(t])”‘”Q

27 \ 2Re[B(t)] 2Re[A; (1))

In the last line we write quantities B(x,y) as matrices, with rows and columns labelled by position.
In this notation the matrix Re[B(t)] is symmetric, since the identity B*(x,y;t) = B(y, x;t) means
B(x,y;t) + B*(x,y;t) _ B(x,y;t) + By, x;t)

Re[B](x,y;t) = 3 = 3 , (3.81)

a fact that has been used in writing the last line of (3.80).
This result can be further simplified using the following identity® that applies for any two square

matrices X and Y:

det (); i) — det(X — V) det(X + V). (3.82)

5At least in the way it is derived here. A Markovian limit with a broader domain of validity might also be possible,
such as if only os(t — s) is expanded in powers of s without also expanding ¢(¢t — s). Examples along these lines are
seen in some simpler examples involving qubits interacting with fields [28].

6To see this, take the determinant of both sides of [(I) ” [))f }ﬂ [é _II} = [X;;Y XSY]‘
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This leads to

Tr[o?] = N(t)? {det E (Re[Al (t)] — Re[l’)’(t)])} det H (Re[Al(t)] + Re[B(t)])] }_1/2 (3.83)
) det [% <Re[A1] + B(t))] s
\/det [% (Re[Al ()] — Re[B(t)])] det [% (Re[A1 ()] + Re[B(t)])]
which uses
N(t)? = det E (Re[.Al] + B(t))] =det M(2). (3.85)

Notice that this last relation verifies that B(x,y) = 0 implies Tr[o2] = 1, so B = 0 is sufficient to
ensure that oy describes a pure state.

These expressions can be made even more explicit by switching to momentum space and evaluating
them using the above perturbative solution near the free vacuum. In this case repeated use of the
identity det = exp Trlog leads to

Trlos(t)?] = exp U @ L 2kt 0(54)}

K[ (2m)f
gt [ d’k
— e |55 [ i o) (3.56)
~2A2
= exp {7%71_3; + (9(§4)] ,

revealing the divergence described above. These ultimately arise because the Markovian derivation
required A < 1/8. Presumably the same calculation would not have diverged if A could have been
taken larger than the temperature, though we have not succeeded yet in capturing this evolution in a
fuller calculation.

Notice that the purity starts out at 1 since the initial vacuum state is pure, and then drops
monotonically as time passes. A strictly perturbative calculation would only have been able to capture
the leading contribution in powers of §2, and so would have given

G2A%t

Tr[os(t)?] ~ 1 — 5735

+ 05" (perturbative), (3.87)

with the linear secular growth with ¢ eventually causing the perturbative calculation to break down.
It is the deviation of Nakajima-Zwanzig equation from straight-up perturbation theory that allows the
resummation of the secularly growing terms to all orders in ¢ into the exponential form visible in
(3.86), along the lines also seen in simpler examples (such as in [27-29, 76]). This allows us to see that
it approaches 0 for late times, corresponding to a maximally mixed state (in D-dimensional quantum
mechanics, a maximally mixed state has purity 1/D and in the present instance D — oc0).

4 Mean-field methods

One of our goals is to explore the nature of nonlocality in open systems, in hopes that this can shed
light on whether nonlocality can also arise near horizons for black holes. Nonlocality in this context
traditionally means the extent to which the effective action (or Hamiltonian) is not simply the integral
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of a Hamiltonian density that depends only on fields and their derivatives at a single point (a property
normally held by Wilsonian actions as a consequence of cluster decomposition and microcausality
[78]).

Locality is a question for which the language of open quantum systems used above is less well
adapted because it frames its predictions in terms of the evolution of the reduced density matrix that is
obtained after tracing out any dependence on unmeasured sectors of the Hilbert space, as given by the
Nakajima-Zwanzig equation [51, 52]. Although entanglement and information exchange ensure this
equation naturally involves nonlocality (particularly in time), the absence of an effective Hamiltonian
or action in this approach makes its lessons relatively obscure.

To help understand the issues that are at play this section sets up the mean-field approximation
for the hotspot system, since the mean-field limit provides a natural definition of an effective hamilto-
nian (and effective action) that can provide a good approximation to the system’s evolution in some
circumstances even for open systems [9]. Part of the purpose is to identify the kinds of nonlocality that
can emerge for the mean-field Hamiltonian, but at the same time also to identify precisely when the
mean-field description is a good approximation to the full dynamics. The hotspot provides a relatively
simple test laboratory for exploring these ideas.

4.1 Definitions

The essence of the mean-field approximation is that averages in the unmeasured (or ‘environment’)
part of the open system dominate the fluctuations in this sector, allowing an informative expansion
in powers of small deviations from the mean. There is some freedom in how to set up this expansion
when working beyond the leading order, which we first summarize before computing how things look
specifically in the hotspot example.

We use, as before, the ‘double-bracket’ notation

(O) :=Tr_ [pg (9] where pg =7, ® 0p (4.1)

with gg being the thermal state appearing in (2.10) and the partial trace running only over the
environmental sector of the Hilbert space (which in the hotspot example is the sector spanned at the
initial time by the x fields). For example, for O = Y~ A, ® B, expanded in terms of a basis of
operators acting in the ¢ and x* sectors,

<< o >> = Z An Tr_ [Qﬁ Bn] = Z An <Bn>5 . (42)

In particular, ((O)) is an operator that acts only in the measured sector (i.e. the ¢ sector of the
hotspot example).
4.1.1 Mean-field evolution

For a perturbative analysis it is worth specializing to the interaction picture, for which expectation
values for observables evolve according to

A) = Tr [ ps (1) Os] = Te[p, ()0, (8)] = Tr | (O)V* (1O, BV (1)] (4.3)

where V(t) = U (t)U(t) is the interaction-picture evolution operator for the state p,(¢). In what
follows we drop the subscript ‘I’ for interaction-picture quantities.

For the observables that only measure the ¢ sector the Schrodinger picture operator has the
factorized form Oy = Ogy ® Z_. This factorization remains true in the interaction picture provided
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that the free part of the Hamiltonian does not couple the two sectors to one another. That is, if
H = Hy + Hipy where Hy=H, ®Z_ +7Z, ® H_, then

Uo(t) = exp|~iHot| = U4 (t) 2 U- (1), (4.4)
and so in the interaction picture
O@):=Uit) Os Up(t) = O+ (t) @I (4.5)

Now comes the main point: in the mean-field approximation the interaction-picture evolution
operator is well-approximated within the observable sector by the operator

V() = (V(t

D) (4.6)
—1-i [ ar ((H-lm(T)))—i-%(—i)Q/O dn/o "y ( Hint (1) Hi(72) ) 4+ - |

where Hint(t) denotes the usual interaction-picture interaction Hamiltonian Hing(t) = Ug () HintUo (1).
Writing the full evolution operator as a mean-field part plus the rest (with the rest here called the
‘diffuse’ evolution, in analogy to optics)

V)=V RI_+V(@), (4.7)

the mean-field approximation is a good one when contributions of the diffuse evolution operator, V(t)
are parametrically small.

The point of defining the mean-field evolution using V(¢) (as opposed to simply averaging the
Hamiltonian, say) is that this ensures that for any observable of the form (4.5) there is no cross-
interference — to all orders in perturbation theory — between the mean field evolution and diffuse
evolution. That is, computing the expectation of O(t) using (4.7) gives

Te [p(t) O)| = T [V()p(0)V* (1) O()| = Trs [V, V' (1) 04(0)] + TV )p(0) v (O], (4.8)

with the first trace being only over the measured (¢) sector, and we assume the uncorrelated initial
conditions (2.9) and (2.10). Notice the absence of any cross terms involving both V' and V, which
vanish because (4.6) and (4.7) together imply (V(t))) = 0.

4.1.2 Mean-field Hamiltonian

Given the mean-field evolution, the mean-field interaction Hamiltonian, Hiy(t), is defined as the
operator that generates V (¢), or equivalently is related to V(t) by the usual iterative expression

Vit)=1 —z‘/o dr Hing(T) + %(—i)2 /O drm /071 A7y Hing(11) Hing (12) + - - - (4.9)

Comparing this with (4.6) we read off

ot
Hona(t) = ( Hine(£)) — i / dr (8 Hung(8) 6Hine (7)) + -+ , (4.10)
0
where the ellipses represent terms at least third order in § Hyyt and

6Hint(t) = Hint(t) - « Hint(t) >> B (4~11)
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Notice that starting at second order in d Hj, the mean-field Hamiltonian need not be hermitian,
since Hin(t) = H(t) + 4 3(t) with

8(0) = Hunl0)) = [ a7 {[3Hius(8) Hn(r)]) + -
and J(r) = —% /0 dr ({6Hin(t) , 0Hine ()} ) + -+ (4.12)

The failure of unitarity for V(¢) that arises in this way merely reflects the relatively artificial nature
of the mean-field/diffuse split, since ‘diffuse’ interactions with fluctuations in the environment can
deplete probability from the mean-field description.

These diffuse interactions are themselves described perturbatively by

V(t) ~ —i /Ot Ar §Hing (1) + -+, (4.13)

where ellipses now represent terms second-order in Hi,:. (Recall that knowing ) at linear order suffices
to compute observables to second order because expressions like (4.8) depend quadratically on V.) It
is only the total evolution (with mean-field and diffuse contributions combined) that must be unitary,
and this can be expressed as a generalization of the optical theorem, relating the imaginary part of
Hiyg to the rate of diffuse scattering [9]. This makes the relative size of the imaginary and real parts
of Hiy a proxy for the relative importance of diffuse and mean-field evolution.

4.1.3 Domain of validity

Broadly speaking, mean-field descriptions arise as good approximations for real systems in two common
ways, depending on whether or not (( Hiy )) is zero. The simplest case is when {( Hing )) # 0, because
then perturbation theory alone can justify the mean-field approximation. This can be seen because the
leading (linear) contribution in powers of Hiy is necessarily a mean-field result (because V first enters
expressions like (4.8) at second order). Neutrino interactions with matter inside the Sun or Earth
provide practical examples of this type, for which the mean-field description follows as a consequence
of the extreme feebleness of the weak interactions [79, 80].

Things are more subtle when (( Hiy )) = 0, however, because then the leading contribution of V' (#)
to eq. (4.8) arises at the same order in dHiy, as does the diffuse contribution V(¢). This is typically
what happens for the interactions of photons with transparent dielectric materials, for example, and in
this case perturbation theory in § Hyy itself is insufficient for mean-field methods to dominate.” This is
also the regime appropriate to the hotspot, and in what follows we identify possible control parameters
for mean-field methods by comparing for the hotspot the relative size of the real and imaginary parts
of H int-

4.2 Application to the hotspot

The above is made concrete by specializing to the specific hotspot interactions of the previous sections.
Consider first the case of non-negligible hotspot size, £, where the underlying coupling has the form
given in (2.7):

Hin(t) = : A%z Gy X°(t, %) P(t, %), (4.14)
3

"For photons it is instead a large-N argument based on coherence that justifies mean-field methods (see e.g. [9]).
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with S¢ the 2-sphere of radius ¢ centred on the origin. For the purposes of the present discusion the
coupling Gy ¢* can be regarded as part of the unperturbed Hamiltonian because it does not couple
the ¢ and x® sectors to one another.

4.2.1 Nonlocal mean-field Hamiltonian

Since (x®) = 0 in the thermal bath the mean of the interaction Hamiltonian vanishes, (( Hing(t) )) = 0,
and so the leading term in (4.10) is the second-order contribution, giving

t
Hipg () ~ —iGQ/ dT/ d2x/ 422’ Ws(t,x;7,%x) ¢(t,%x) ¢(1,x), (4.15)
0 Se Se

where (as before) ((x*(t,x) x?(r,x') ) = 6% #j3(t,x;7,x') and G2 := G, Gy 6** = NG2 is the coupling
after summing over environmental fields. Evaluating the correlator using (2.20) gives the explicit form

1
Wt x;7,x') = 8rBx — x| {Co'ﬁh [% (t—7+x—x| - ifﬂ (4.16)

— coth [%(t—r—|x—x’|—z‘6)”,

Expression (4.15) for the mean-field interaction Hamiltonian is explicitly nonlocal, in two different
ways. First, it is nonlocal in space because the correlator (x®(t,x) x*(#',x’)) has support for arbitrary
pairs of points x and x” on the localized interaction region S¢. No interactions at all (local or nonlocal)
arise in Hing(t) away from Sg as a consequence of the absence of x® fields anywhere in R4 away from
the interaction surface. This does not preclude the field ¢ from acquiring nontrivial autocorrelations
away from S¢ in response to these interactions, however, such as those seen in (2.16). The spatial
nonlocality has a relatively simple form in the limit where the times of interest are more widely
separated than the light-crossing time for the hotspot itself: |t — 7| > |x — x/| > 2£. In this case
eq. (4.16) shows that the effective interaction (4.15) becomes

_ 1G>

t

. . ™ .

Hie () ~ -2 / At deo(t,€) deo(r, €) csch? {f (t—1— 15)} , (4.17)
462 Jo B

which uses the relation (2.4) (i.e. g, = 47¢2G,) and defines the projector onto the £ = 0 spherical

harmonic of the field ¢(x,t)

4

beolt.) = - [ PR(tr = .0.0), (418)

with the integration d?Q being over 4 solid angle. This form, local in angular-momentum space (and
so nonlocal in position space), is also seen in other applications [81].

The second source of nonlocality is in time, although this dies off exponentially quickly once
w|t — 7| > B. This nonlocality is only consistent with the approximation that led to (4.17) if 5> ¢
since otherwise it is impossible to satisfy both [t — 7| < /7 and |t — 7] > 2£. It should be noticed
in this context that in the black hole analogy 8 = 47¢ and so choosing |t — 7| > 2¢ would also imply
[t —7| > p/m.

Both of these sources of nonlocality have their roots in the fluctutation of x* and so exist only in
regions where the x*’s have support. This is why all of the nonlocality mentioned above is restricted to
the world-tube swept out by the interaction surface S¢, from the point of view of an external observer
in Ry.
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The leading contribution to the diffuse evolution describing deviations from the mean-field limit
is given by (4.13), which (because (( Hint )) = 0 in the present instance), becomes

V(t) >~ —i /Ot dr Hing(7) = fz‘/ot dr /S£ A%z Gy X7, %) ¢(7, %) . (4.19)

As mentioned above, second-order contributions from this generically compete with first-order contri-
butions from (4.15) since both arise at second order in Hiy.

4.2.2 The local limit

The above mean-field interaction simplifies and becomes approximately local in the special case that £
and 8 are both microscopic scales, showing how locality ultimately re-emerges in the long-wavelength
limit. To examine this limit explicitly we use small £ to integrate out the hotspot’s spatial size, leading
to the effective point-like coupling given in (2.8). Using this to compute the mean-field Hamiltonian

then gives ,
Talt) = § 0200 = id#6(1.0) [ ds #(s) o0 = 5.0). (120)
where (as before) (x%(t,0) x*(t — 5,0)) = §%° #(s), with
1
o) =~ csch? {%(s - w)} . (4.21)

Two simplifications follow from the observation that #j(s) is peaked exponentially sharply around
s = 0, with width of order /7. First, the upper integration limit can be taken to infinity at the expense
of errors that are ~ e~27%/# and so are exponentially small in the regime ¢ > 3/7. Second, for fields
varying on scales long compared with 5 we can expand ¢(t — s,0) ~ ¢(¢,0) — s 9, p(t,0) + - - - inside
the integrand to get

— A
Hint(t) = 5 ¢2(ta 0) + A¢2(t7 0) + B¢6t¢(ta 0) +... ) (422)
where S oo
A= 7i§2/ ds #3(s) and B= ig2/ ds s #s(s), (4.23)
0 0
and so on.

These reveal the coefficient A to be a renormalization of the effective coupling A, while the co-
efficient B multiplies a new effective interaction proportional to ¢ d;¢. This last interaction plays
no role in the physics to follow because (depending on the operator ordering) it either involves the
commutator of ¢ with its canonical momentum (and so is a divergent contribution to an irrelevant
field-independent piece in Hiy) or it involves a total time derivative, 9;¢? (and so can be eliminated
using an appropriate canonical transformation).

The integrals giving the coefficients A and B can be evaluated explicitly to give

. N
A=—g { L L} +O(5) and B=ig? [ﬁ log (%) - é} +0(6), (4.24)

where the infinitesimal § is meant to be taken to zero. The divergences arise because #3 ~ s~2 as
s — 0, and so can be regarded as being ultraviolet in origin. They arise here as divergences when 6 — 0,

which just means that this infinitesimal — which was introduced for other reasons — is playing double
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duty; providing here also a near-hotpsot regularization for the singular integration (which could indeed
have been regulated in other ways). To the extent that they contribute to non-redundant interactions
these divergences can be renormalized into effective couplings, such as A, thereby underlining that
such self-couplings are generically always present in the effective theory.

What is not simply a small change to the effective description, even in the local limit, is the
generation of an imaginary part of A seen in (4.24). This cannot be absorbed into A without changing
the reality properties of A\, and its appearance is a manifestation of the general probability loss away
from the mean-field sector into its ‘diffuse’ complement. Since the relative size of 2/ to A provides a
measure of the relative importance of the real and imaginary parts of this coupling we should also only
expect the mean-field description to be a good approximation when A > §%/8. The above discussion
also suggests that if the ¢ self-coupling A at the hotspot is ultimately induced by the microscopic ¢—x
coupling, then its natural size is A ~ §2/¢. If true, this would suggest the mean-field limit should
appear to work best in the regime & < .

A more explicit expression for the real part of Hiy is given by

*

9(0) = g [Hualt) + Fie (1)

= 50%(0.0) =5 [ s (4(5) 0(6.0) o1t = 5.0) = #;(5) ot = 5,0) 0(1.0))

- g¢2(t,0)f% /0 ds Re[#5(s)] [¢(t, 0),(;5(757570)] (4.25)

~2 gt
+9 [ asmmprso) {o.0). 00 - 5,00}
0
by §2 t gQ t
= 2¢21,0)+ L1, / ds Re[#5(s)] 8'(s) + = / ds d'(s) {0(t,0) . 6(t — 5,0)}
2 4m 0 81 Jo
where the last equality uses the free-field commutator, [¢(¢, %), ¢(t', x)] = id’'(t —t')Z /(27), computed
in (B.12), and that the imaginary part of the free thermal Wightman function is Im[#3(¢)] = ¢’ (¢)/(4w),
as computed in (B.27).
Integrating by parts, the above formula becomes (noting that the §(¢) factors vanish for t > 0)

~2
8(0) = 5 (0.0 + 7. = Rel#3(0)]'0) - Ref#5(0))) (4.26)

2

g

~ L (5000 262(0.0) + 001, 0016(,0) + 0:9(1,0)6(1.0)).

For the present purposes we may drop any terms that are proportional to Z,, since these do not
contribute to the dynamics because they drop out of commutators with fields. We can also (as always)
omit redundant operators like ¢ 9;¢p — see the logic given below equation (4.24) — and after doing so

we have )

H(t) ~ % {/\ -L 5(0)} $(1,0) (4.27)

showing once more how the real part of the mean-field Hamiltonian serves to renormalize® the self-
interaction parameter A\, with

~2
A = Aw=A— L 500). (4.28)
2T
8Note that the shift shown in (4.27) matches the shift in (4.24), when one interprets §(0) = 1/(md) (which follows
from writing z—lié =1/x + ind(z).
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As usual we henceforth suppress the subscript ‘R’.
The imaginary part of Hiu(t) is similarly given by

30) 1= o[ (t) = T (1)

~2 t
= *%/0 ds (%(tfs) o(t,0) ¢(s,0) + #; (t — ) ¢(s70)¢(t,0)). (4.29)

Although this can also be written in terms of commutators and anti-commutators of ¢, it turns out to
be less useful to do so. After renormalizing the self-interaction parameter using (4.28) and combining
terms, the complete mean-field Hamiltonian can therefore be written as

Hine(t) = H(t) +i3(t) (4.30)
ig> (7
5000 =5 [ as (W40t 5)0(0.0) 65, 0) + #5 (1= ) 6(5.0) (1. 0))

4.3 Mean-field ¢ correlation function

The virtue of the hotspot model is that it can be solved exactly, making a comparison with mean-field
predictions instructive about the latter’s domain of validity. This comparison is most easily made
using the (¢ ¢) correlation function, since this has a known form [23] — given explicitly at late times
by (2.17) in the perturbative limit. To make this comparison we now evaluate the (¢ ¢) two-point
function within the mean-field limit.

4.3.1 Mean-field contribution

Keeping in mind that the similarity transformation relating the Heisenberg and interaction pictures
is ¢y (t,x) = V*(t) ¢(t,x) V() where V() = Uy '(t) U(t) (as before), the correlation function can be
written

Te[ 02 (%) 0 (¢, X )pu | = T [V () 63 VO V() 68 ) VE)O)] . (4.31)

in which we also use that the two pictures agree at the initial time, so p, = p(0) given by (2.9). The
mean-field result is obtained by using in this expression the approximate form

Vi)~ V() @I (4.32)

with V(t) given by (4.6).
With this replacement — and using the initial conditions (2.9) and (2.10) — the mean-field corre-
lation function reduces to an in-in expectation in the observed ¢ sector, of the form

T [0 (630000300 = o [T 00T OF (Ot x0T . |
= (vac| V" (t)o(t, x)V(O)V (t)p(t',x )V (') [vac) (4.33)
where the interaction-picture state is evaluated at t = 0. Evaluating H;y using (4.20), we have

V)~ T, ﬂ./ot A Hipe (1) ~ Ty — i/ot dr [5(7) + 1'5(7)} , (4.34)

145



PhD Thesis - G. P. Kaplanek; McMaster University; Physics & Astronomy

where real and imaginary parts of Hiy(t) are given by (4.30). Inserting (4.34) into (4.33) and working
to leading nontrivial order in Hj, then yields the quantity to be evaluated:

T [0 (6306 (', X )ou | == (vac] 9(t,x)0(t', ') [vac) (4.35)

o /0 dr vacl [5(r),0(t.30] 60" x) o)+ [ ar tvac| o430 [5(7). 0(¢"%)] [vac)

+/0t dr (vac| {3(7),¢(t,x)}¢(t',x') |vac) + /Ot/ dr (vac| d)(t,x){j(r), qﬁ(t',x/)} [vac) .

4.3.2 Aside: V' vsV |
We pause the main line of development here to settle a side issue that might bother the reader at this
point. The issue is this: equation (4.35) is derived by substituting the mean-field expression (4.32)
into the general correlator definition (4.31). For the full theory unitarity ensures V* = V=1 but the
same is not true for the mean-field limit, since we have seen V" #* 7' So although nothing changes
if we replace V* — V! in (4.31), making the replacement (4.32) in the result instead leads to
Ult,x:t', %) == (vac| V() o(t,x) VOV (¢) (', x') V(t') |vac) (4.36)
which differs from the right-hand side of (4.33). Using (4.36) would change (4.35) by replacing the
anticommutators {J, (1)} with commutators [J, (-)] — an important difference in practice because the
commutator is much easier to evaluate (as we do for completeness in Appendix B.1).

Which is right? This is partially a matter of definition, since it hinges on how the full result
gets spit into mean-field and diffuse parts. The guiding principle in §4.1 is to make this split so that
observables like (4.8) break into a sum of mean-field and diffuse pieces, with no interference terms. The
same principle tells us to define the mean-field correlator using (4.33) rather than (4.36). Specialized
to t = ¢’ both equations have the same form as (4.8), and it is only for (4.33) that mean-field and
diffuse parts cleanly split, because V* =V~ + V* divides linearly while V= does not.

4.3.3 Equal-time Limits

With the mean-field/diffuse split in mind, we next specialize the correlation function to equal times
(t = t'), so that (4.31) agrees with (4.8) with the choice O(t) = ¢(t,x)p(t,x’). As described above,
this ensures the equal-time correlation function nicely splits into the sum of mean-field and diffuse
parts

T [0 (8,300 (85X Do) = Tr [0 (6, X)0u(t.X)pu|  +Tr[0u(t,X)0u(t.x)pu] — (437)

where we define the (equal-time) mean-field correlations as’

Tr [¢H(t,x)¢>ﬂ (t, X’)pH]MF = <vac|V*(t)qﬁ(t,x)qb(t,y)V(t) |vac) (4.38)
= (vac| ¢(t, x) ¢(t,x") [vac) —|—2'/0 dr (vac| [S’J(T),qb(t, x)o(t, x )] |vac)
+/O dr (vac| {3(7‘),¢(t,x)¢(t,x )} [vac)

c.f. (4.34), while the diffuse part of the correlations is

Tr qﬁH(t,X)(Z)H(t,x')pH]diH = Tr [V*(t)qﬁ(t, x)qs(t,y)V(t)pH] 4 (4.39)

9Note that this is not the same as taking t = ¢’ in the formula (4.34), since V(£)V " (t) # L.
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4.3.4 Equal-time mean-field correlation

This section explicitly evaluates the equal-time mean-field correlation (4.38), ending with a final form
that reduces the mode sums to a single integration over explicit elementary functions.

The terms involving the real part § of the mean-field Hamiltonian involve commuators are simplest
and so all integrals can be evaluated explicitly. The quantity to be evaluated is

i /0 "ar (vac| [ﬁ(7)7¢(t7x)¢(t,x’)] Ivac) = % /O " (vac| [¢2(T, 0),¢(t7x)¢(t7x')] lvac)  (4.40)

(which is why we could ignore terms in $(¢) proportional to the Z, in (4.27)). Using the single-field
commutator

{d)(q 0)7¢(t7x)] = #}d (5 [r—(@—Ix))] —6[r—(t+ |x|)})z+ : (4.41)

evaluated in Appendix A.3 allows this term to be written
[#(r0).600.)] = g (3l = (= ] =817 = (¢ )] ) o.0) (1.42)

which in turn implies
[62(7.0),6(t,)6(1,%)] = [6%(,0), 6(t,%)] 6(t, X') + 6(t,%) [9%(7, 0, 6(¢, %)
= 2] (‘5 [~ f’f = [x)] = o[r = (t+ IXl)])qﬁ(T, 0)¢(t,x') (4.43)
+#x/‘ (5[7 (=] -o[r-(t+ |X/\)])¢(t,x)q§(T, 0).

contribute in the

Only é-functions with singularities at the retarded times ¢ — |x| and ¢ — |x/|

regime of interest, so

i/ot dr (vac| [.V)(T),qﬁ(t, x)d)(t,x')] |vac)

_ A [ (w (vac| ¢(7, 0)é(t, x') |vac) + w (vac| é(t, x)é(7, 0) \vac>)
1 Jo ] ]
= — g O Ixl) (e (¢ — [, 0)6(0,x) vac) = 7 O = [x]) (el (1, )6t — . 0) e

__ AO(t — |x]) B 2O(t — |x/))
= 167T3‘x|( — (—|x| —10)2 + |X’|2) 167T3|X"( — (|x'| —i6)% + ‘X|2) (4.44)

In the limit that the transients have passed — i.e. once t —|x| > 0 and ¢ — |x’| > 0 — this simplifies to

A

_ 445
16 ] (] + ) (4.45)

i/ot dr (vac| [ﬁ(ﬂﬁ(t,x)d)(t,x’)} [vac) =

which agrees with the A-dependent part of equal-time correlation functions computed in (2.19) and
(3.74), (evaluated using the renormalized coupling A = Ay).
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The more complicated contribution involves the imaginary part of Hi,, in which we evalaute J
using (4.29) to get

¢
/ dr {vac|{ (1), d(t, %) (t, x }\Vac (4.46)
/ dT/ dr’ (vac| { (% T 000 70); Patr = T)AT, Ol 0)) Lt x)p(t, X/)} |vac)

-Z /0 dar /0 dr' #y(r — 1) (vac| {¢(T,o)¢(r',o),¢(t,x)¢(t,x’)}\m),

where the last equality changes integration variables 7 <> 7/ in one of the two terms and uses the
property #5(t) = #g(—t) of the Wightman function. The formula (4.38) therefore takes the final
form

N 1 A
mre Ardx —x/|2 1673 x| x| (x| + [x'])

_g /0 ar /0 L Hp(r— ) v [6(r,006(',0), 6(t, )8 (¢, x') } [vac)

Tr|bu (t, %) fu (. X") pu

(4.47)

in the regime ¢t — |x| > 0 and ¢ — |x’| > 0 (after transients have passed from the switch-on of couplings
at t = |x| =0).
The matrix element in this last expression is evaluated in Appendix B.2 with the result

T ¢H(t7x)¢H(t,x’)pH] o~ {1, 7 (C(S)t 7/U°°dpp dDa(pﬁ)H

ve  Am?x — x/|? A2 \ w83 dp
A

h d k dk sin(k 4.48
1673 x| [x'| (|x] + [x'|) 167r4|xHx’|/ p sin( ‘X|/ sin(klx'[)  (4.48)

Cs(p) + Cs(k) Ds(p,6) + Dg(k,0)
x{% %[1+COS [(p-i—k)f]]}

sin [(p + k)t] —

where the Riemann-Zeta function evaluates to ¢(3) =~ 1.202 and the functions Cg and Dy are given by

P Bp P 2me’d P . Pp
Cs = 4—coth( ) and Dg = ﬁlog ( 3 ) + ﬁRe {w(o) <fz ﬂ)} , (4.49)

where ¢() is the digamma function defined by 1(®)(z) = £ logI'(z), and where d is (as usual) to be
taken to zero at the end (after renormalization).

Although the §%-independent terms in (4.48) agree with the perturbative and Markovian results
(2.19) and (3.74), those that include §* do not. This difference is due to the contributions of the
diffuse evolution first entering at this order, as we now show.

4.3.5 Including diffuse correlations

The above calculation omits the diffuse correlations (4.39), and to the order we work it suffices to use
the lowest-order expression (4.13) for V:

V(t) ~ —i /0 dr 0Hine (1) = —i /0 dr ga ¢(7,0) ® x*(7,0). (4.50)
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Using this in (4.39) then gives

¢ ¢
T [0 (600 (6x0pu] | =3 [ dr [ ar it =7 (vacl 6(r, 006t x)0(0 X)o7, 0) vac)
ar 0 0

(4.51)

We now show that adding (4.51) to the mean-field result (4.47) reproduces the perturbative ex-

pression for the full correlator given in (2.19). Summing these mean-field and diffuse contributions
gives the result

1 A

/ ~ o /
T [0 (6, ) (8, X )| = pre el v e T S B G

where the last term is given by the following combination of matrix elements
~2 ot t
Zotxx) i= =5 [ dr [ dar #ar - ) ] {017, 0)6(7',0). 630000, %) b lvae)  (1.53)
0 0

t ¢
477 [ dr [ ar Hytr ) (vac] (7. 0)0(t, 1)t X o(,0) fac)
0 0
These can be usefully (but tediously) re-written as a double commutator plus a remainder,
Is(t,x,x') = Ps(t,x,x') + Qp(t,x,x) (4.54)

where the double commutator is

Polt,x,x) i= —§ /0 ar /O N Wl — ) (vach [6(r.0),6(t,%)] [¢(',0), 6(t, )] [vac) ~ (4.55)

while the remainder becomes
Qs(t,x,x') = g/ot dr /Ot dr' Wy(r — ') (vac| <[¢(T, 0), 6(t, %) 6, 0)9(t,X)
—~6(r,0)[0(r",0), 6(t,%)] 6(t, %) + 6(t.3)[6(7.0), 6(t.%) | 6(+',0) ~ (4.56)
~0(t.x99(,0)[6(,0),0(6.)] ) )

These integrals evaluate (see Appendix B.3) in the regime ¢ — |x| > 0 and ¢ — |x/| > 0 to
2

Ps(t,x,x) = — g , (4.57)
647232 |x||x’| sinh? [%(ﬂx\ + x| — id)]
and )
g 1 1
t N = - . 4.58
0.5 X) = G | =T~ (T (45%)
When we use these in (4.52) the overall correlation function is therefore
Tr| ¢y (t,X)pu(t,x) o~ ! A (4.59)
2G| = G X 16m x| [x (1] + %)) ‘
§2 52 1

- + ot
647232 |x||x’| sinh? {%(—\x|+\x’|—ié) 16t (|x[2 —[x'[2)?

This last expressions agrees perfectly with the perturbative Heisenberg-picture result computed in
[23], once this is evaluated in the equal-time limit — see eq. (2.19) — inside the future light-cone of the
event at ¢ = |x| = 0 where the coupling switches on.
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4.3.6 Domain of validity of mean-field methods

We see from these calculations that the mean-field correlator does not in general agree with the
Heisenberg-picture result, even if this comparison is only made at leading order in A and §2. The
comparison of the previous section shows that the difference between the mean-field and Heisenberg-
picture answers is precisely given by the diffuse contribution that must be small for mean-field methods
to apply.

The difference between mean-field result (4.48) and the corresponding Heisenberg-picture answer
(4.59) lies completely in their G2 dependence; the term involving the self-coupling A is identical in both
cases. Since g and A both have dimensions of length, another scale must appearin the comparison of
A and g2, and the explicit evaluation — e.g. (4.59) — shows this scale to be either 3 or a combination
of x| and |x/|.

Because our interest is typically where |x| and |x’| are much larger than § the relative size of the
A-dependent term and the largest of G2 corrections is set by the relative size of A and §2/83, suggesting
that mean-field methods provide a reliable approximation in the regime A > §2/8.

In summary, we see that mean-field methods can apply to the hotspot problem, but only in
some parts of parameters space such as when A > §?/3. Where it does apply the resulting effective
Hamiltonian can be nonlocal, both in the angular directions of S¢ and in time, due to the nonlocality
of the x correlations with which the external ¢ field interacts.
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A Useful intermediate steps

This appendix gathers together many intermediate steps not given in the main text, including the
evaluation of several of the integrals encountered there. Our goal is to be as explicit as possible.

A.1 Kernel equations for the gaussian ansatz

This section evaluations the implications of the master equation (3.37) for the gaussian kernels in the
ansatz (3.39).
First we compute the time-derivative of the above ansatz

aas(t’gfl""?) - [8}5\%;) —/d3x/d3y {%&Al(& yit)e1(x)e(y) (A1)

30 Y32 (aly) + B (a(y) st or)
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and we note the RHS of equation (3.37)

i s [ 5% 2 L B 2
RHS of (3.37) = 5 /d x[ PPN +|Ver(x)]” + 572 (0° |Vor(x)|"|os(t,p1,02)  (A2)
g2 iA
*4%3(991(0) — 02(0)) 0a(t, 1, 02) — 5 (£100)* = 92(0)*) 05 (t, 1, 02) -
We first need to compute the functional derivative
505 t7 ) :
peleitel (- [ @y iy o) + By )] ) osltpnpsl (A3)

which assumes the symmetry A;(x,y;t) = A;(y, x;t). From there we have

20. 2
%(@g;@ﬂ = (A1(X,X; t) + { /d3y [Ai(x, 55 )1 (y) +B(x7y;t)<ﬂ2(3’)}} >0s[tv ®1, P2]

(f As(x,%58) + / Py / 2 [As(x,y: )1 (v) + B y: H)pa(y)] (A4)

X [A1 (x,2;t)p1(2) + B(x, z; t)gpz(z)})as [t, 01, 02] -

Since B is not symmetric, the other @o-derivative differs slightly from (A.4) (note the variable being
integrated in B here) where

20'9 y P11, p .
%(f{)“ - ( ~dabexit) + [Py [E2 A yine) +BE.x0a ) (A.5)

% [As(x, 7 )pa(z) + Bz x: t)sal(z)})os tor ]

which implies that

RHS of (3.37)
os(t, p1,92)

/d3x {fh (x,x;t) — A2(x,x;t) + |Vc,91(x)|2 — \V(pg(x)ﬂ (A.6)
N / Px / By / Pa ( A (xyit) o1 (0)+B(x.y: t)soz(Y)Q] [As (x.2:t) 01 (2) + B(x.m51) 2 ()]

[ Aoyt () +B xit)e1 ()] [As (x.mit) o2 () +B(xit) 01 (2)] )
2

| .

+ (74?73 - %) ©1(0)? + o /3991(0)@2(0) + (*497 + M) 2(0)*

We next need to collect the terms that are proportional to the various possible powers of ¢1(x) and
a(x) and so on (note that we re-label some integration variables here):

sy = (53 o0 + g0 - (5 - 5 Jeuor @
-5 [ - daoxin] < 5 [aix (19002 - (9000
/ / /d z A1 (z,%x;t) A1 (2, y;t) —B(x,Z;t)B(y,Z;t)]gm(X)‘Pl(Y)
/ / / [A1(z,x;t)B(z,y;t) — B(x,2;1)Ax(2,y: )] 01(x) @2 (y)
o [

/ — As(x, ;1) Aa(x,2: 1) + Bz % OBz, y: )] 02(x)02(y)
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Note that the above is equal to the quantity (with the time-derivative we computed above)

of (3. aN
Lo s _ 2 [ax oy {——M(x yither (e (y) (A8)

—gazflz(x,y; t)p2(X)p2(y) — 0:B(%, y; t)sm(X)«pz(Y)}

and so we need to get the RHS into this form. We then use integration by parts (twice) to write
[Ex19a? = - [ Examviae

- @ [ @y - pa ) Vi) (4.9)

= —/d3X/ &’y p1(x)p1(y) Vs (x —y)

which gives

WL = g [ oot —duteoxo] o

/ a'x / Py e { 5920 -3) - (54 2)#e0)

i

+§ /d3z [A1(z,x;t) A1 (z,y;t) — B(x,2;)B(y, z; t)]}

+ [ax [ @y pateatn] - Jo2x-y) - (f—ﬁ - 2)e0s)

/d3 (x,2;)As(y, z;t) + B(z, x; 1) B(z,y; )}}

+ [ [ @y oot £82005) +1 [ @ e x 0B i0) - Blx a0 Aslayio)]|

Setting LHS = RHS gives four equations. The constant piece gives

ﬁ%/ = —%/dgx {Al(x,x; t) — Az (x,x;5t) | (A.11)
while coefficient of 1 (x)p1(y) gives
. 3
0Ax ;1) (gt’ Yil) _ _iv28x—y) + (ﬁ + m) 3 (x)83(y) (A.12)

+ / Pz [ iy (2% 0) As (2, y; 1) + iB(x, 2: ) B(y, z: )] |

the coefficient of o (x)p2(y) gives (the first term in the integral has used the symmetry of As)

ot =iViS(x—y)+ (; - z)\) 53(x)83(y) (A.13)

273
+/d z [iAg(x,z;t)Ag(y,z;t) —iB(z,x; t)B(z,y;t)] ,

and the coefficient of o1 (x)p2(y) gives

% = fjr—ﬂé?’(x)é?’(y) +/d3z [fi.Al(z,x; t)B(z,y;t) +iB(X7z;t)A2(z,y;t)] . (A.14)
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A.2 The Calculation of M~1(x,x/;t)

We here compute the matrix M~1(x,x';t) appearing in the correlator (3.72). We do so by going to
momentum space and perturbing in the interactions. Defining the momentum-space version of M
using the expression

d*k dq _—
/. — +ik-x . —iq-x =
M(x,x';1) /(27r)3 @) e M(k,q;t)e (A.15)
for which the inverse-matrix condition
/dgz M (x,z;t)M(z, %5 1) = 63 (x — X) (A.16)
takes the form
d’p -1 353
[ G MM i )M (o cst) = (278 ) (A7)

where M ~1(k, q;t) denotes the momentum-space components of M~1(x,x’;t).
To solve for M~1(k, q;t) we perturb about the free-vacuum solution, writing

M(p,q;t) = 2(27)%p|6°(p — q) + m(p, q; t) (A.18)

T 3

where in both lines the first term is just the free-field result — see Appendix A.3 — and the second

M7'(k,q;t) =

term is the perturbation that is to be solved to linear order in g2 and ). Inserting these into the
relation (A.17) gives at linear order

1
2K -m(k,q;t) +i(k,q;t) - 2lq] >~ 0 (A.19)

and so i(k,q;t) ~ —m(k,q;t)/(4 |k| [q]). Using expression (3.71) giving M in terms of A; and B,
together with the solutions (3.59) through (3.61), then implies

; 1 ig? ) 1= i tal)e 1 G2 1 e—i(i=—la)t
1k7 ,f =————Re A— —— — Re| L.~ -~ ° A.20
(a1 2[k] |a] {( 23 Ikl +[q] 2lk| [q| | 278 k|~ [af (A.20)
The desired position-space inverse is now found by Fourier transforming:
&Pk [ dq .
-1 / +ik-xpsr—1 —iq-X
i) = | 53 2 M~ (k,q;t a
M (X7X 3 ) / (271')3 / (271')3 e ( ,q; )6
1 Pk [ Pa ek !

= Tk, qyt) e "X A21
dr?x —x'|? Jr/ (2m)3 / (2m)? © o git)e (A.21)

where the first term is the free result computed in §A.3. The angular integrals are simple because
i(k,q;t) depends only on |k| and |q|, and so

d’k dSq +ik-x ; —iq-x’
[ e | et

1 © > 1 g%\ 1 — e ikta)t
= ——— | dk /| dq -= Ao )
g, %, @ ( 2q K w) k+a

1 292 1— e*i(qu)t ) ) ,
“ kg e {m S — ksin(k|x|)gsin(g|x'|)
A g>

/ S —
e[lIi(x,x',t)] + 1675 1] 1P

—_ !
= S]] R (x,x',t) (A.22)
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where we define the integrals
1— e—l(k+q)t
(x,x,t) / dk/ dg ———— sin(k|x]|) sin(q|x']) (A.23)

and

sin[(k+q)t] sin[(k—q)t]\ . . ,
(x,x',t) / dk/ < o + P ) sin(k|x|) sin(q|x']) . (A.24)

To compute I; we use the Schwinger parametrization trick, which uses the identity

= /oo d¢e?, (A.25)
0

1

for any parameter p > 0 to rewrite the factor of (k4 ¢)~' in the integrand. This gives

I (x,x', 1) / d(/ dk:/ dg (1 — e " *+D) gin(k|x]) sin(g|x’|)e~*+D¢

= d¢ dk e=*¢ sin(k|x|) h dq e~ sin(gq|x']) (A.26)
foedd }{/0 )

- /000 d¢ { /0OC dk k(i) sin(\x|k)}{ /000 dq e~ 2(c+it) sin(\x'|q)}
- [ «[{eTe et - {earmme Hearemer )]

leaving an elementary integral over (. Performing this integral we find that I; evaluates to

' ' || 7O —|x]) i 14t/|x|| 7Ot — |x])
Lixox )= XL (0 it ~ 7 log _ C(A27
A N Rl Firy | R e R = ) <] R (A.27)
Only the real part of this expression
x| Ix'| U u
Re|l ,t —_— t— — Ot — A28
[ 1(X X )] |X‘2 |X/|2 2|X/| ( | |) 2‘X| ( ‘XD ( )

appears in (A.22).
To compute I it proves easier to first differentiate with respect to t, leading to

W = 2/:0 dk /(;OC dg sin(tk) sin(tq) sin(|x|k) sin(|x’|q)
_ %/Ooc dk (cos [t — [x])k] — cos [(¢ + |x\)k]) (4.20)
% /Ooo dq (COS [(t = [x'])g] — cos [(t + |x’\)q}>
= T (80— e = e+ ) ) (36— 1) = e+ <)

where the last line uses the real part of the Fourier transform of a Heaviside step function. Since
d(t —|x|) =d(t — |x/|) =0 for t >0, |x| > 0 and |x| > 0 this simplifies to

oL (x,x',t) «*

T2

ET o(t = [xN)a(t = [x1) = Z-o(t = xDa(lx] = [x]) - (A.30)
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Integrating with respect to ¢ with the initial condition I5(0,x,x’) = 0 (from the definition (A.24))

then gives
2

T
L(x,x',t) = 5 O — Ix])é(lx| - Ix']) - (A.31)
Putting everything together gives
M7 (x,x'5t) = ! - A Re[l(x,x,t)] + __r I(x,x',t)
T ar?|x — X2 swilx|[x| B 1675 8)x[|x/| 2T
1 A 1 1

= - —Ot—|¥X)- —=0O(t-— A.32
Tk —xF  T6mS(xE — ) [y O T D T g O~ (A-32)

~2
9 _ I
+agm g O~ PRI — ).

This is the expression quoted in (3.73) of the main text.

A.3 Schrédinger-picture equal-time free-field correlator

In this Appendix we compute the (¢ ¢) correlator for free fields at equal times ¢t = ¢/, as a check on
Schrédinger picture methods. Using the field basis and the vacuum wave-functional the equal-time
Wightman function is given by the functional integral

(vac| ¢5(x)¢s(x) [vac)

[ Pleo] (2016:(x)6.(x) fvac) (vacloto)

= [ Dleo] plx)olx) (ptolvac) (vacl) (A.33)
- N / D p(x)p(x’) e~ 2 ] 4T 4y 26 (e3)p (0 ()

— 26 (x X))

where we use the free Gaussian solution in the second-last line, where £(x — x') = [ (‘21371)‘3|k\e”“(x*x/)'k
given in (3.33). In order to perform the Gaussian integral we use the standard gaussian results

o0 1 -1/2
/ der €, Epye 3 Do Krobrbe — (ot (%) (K™ Yrs (A.34)

/::der BT Kt _ ot (%)71/2 (A.35)

The latter formula determines Ny = 1/det(%). Now we need to invert the “matrix” 2&€ here, where
the matrix [2£]71 is defined by

/dgz 28] Y (x —2)26(z — x') = B(x—x), (A.36)
We solve the above in Fourier space, by writing 28]} (x —x/) = [ 571)‘331(62'("*"/)‘]‘ for some function

Jx in momentum space which we solve for here. The above equation then implies

2k|T = 1, (A.37)
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which means that Jx = (2|k|)~!. We Fourier transform this to position space to find that

3

(2m)% | 2/K] /‘/ dk sin(k[x — x'|) (A.38)

47r2\x
1
4m2|x — x|

-Im U dk ©(k)e Ik

From here we use Weinberg’s formula (6.2.15) in [78] for the Fourier transform of a Heaviside step
function, where (in the limit § — 0%)

o(x) / dy etive — /oo dx O(z)e- 0" —i (A.39)
) = —z X x)e = .
o1 y—1id e Yy — 10
which gives us
1 1

28] M (x —x') = — - A.40

(28] (x = x) 4772|x—x’|< \x—x/\) ’ ( )
which tells us that the free correlation function is

1
<V&C| ¢S(X)¢S(X,) ‘V&C> = +m s (A41)

which is the correct answer for the Wightman function (for equal times ¢ = t').

B Mean-field details

This appendix collects various intermediate steps encountered in the mean-field calculations of §4.

B.1 Correlators using v

We first compute the mean-field correlator of eq. (4.36) that would have been obtained if the transition
to mean field methods had been done using V~! rather than V* in (4.31).
Starting with (4.36) leads to the following expression at leading nontrivial order in Hjy:

Ut x; ', x") ~ (vac| ¢(t, x)d(t', x') [vac) —l—i/o dr (vac| [ﬁim(r),qf)(t, x)] o(t',x") |vac)

+i /O “ar (vac| 6(t, x) [ﬁim(r), cf)(t/,x')] |vac) (B.1)

where only terms linear in Hj,; are kept. The first term in (B.1) is simply the free Wightman function

1

(vac| ¢(t,x)p(t', x") |vac) = P T E (B.2)
while the commutator in the subleading terms is evaluated in Appendix §B.1.2, giving
Hun(r):6(0.30] = 1567 = (1= D) = 5(r (¢ + b)) (.0)
~2
Ujlxl [@(t —xDO(r = [t — x[)#s(r — [t — |x])) (B.3)

79(7' —[t+ x])%(T —[t+ x])} o(7,0)

g g ! / ’
+m[5(r—<t—\xl))—6<f—<t+|x|>)}/0 ar' Wp(r)o(r —7',0).
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Using this in (B.1) we get, after some manipulations,

+ _
i [ (el [Hu (7). 60020 o0, %) vae) = =22 e ot~ x1,0)6(5, ) e
) 4r|x|
S _ x|
N M / dr' #5(r') (vac| $(r' + t — |x],0)¢(s, x') [vac) (B.4)
x| Jo
.9 _ ot—|x|
AP [ ar (00 (el ot = ] = 7, 0006, Iac)
and so the mean-field correlation function becomes
AN 1
Ut x;t',x') = 4#2[7 (t—t¢ —id)%2 + |xfxl‘2}
2O v o~ b 0)ot' ) ) — 2L B el ot 001t~ 1, 0) v
$2 _ x|
T [T ar w4 el ot~ ] + 7,000t ) )
S ey t—|x|
% /0 dr #5(7) (vac| §(t — |x| = 7,0)¢(t',x') |vac) (B:5)
e YT, x|
% /O dr Ws(7) (vac| 6(t, X)(t' — |x| + 7 0) [vac)
g — x'))

t—|x'|
) / dr #js(7) (vac| ¢(t,x)p(t' — |x'| — 7,0) |vac) .
0

4r|x!|

are much
—2nT /B

This expression simplifies further in the regime where all of ¢ — |x|, |x], ¢’ — |x/| and |x
greater than 8, because in this case the narrowness of the Wightman function — #3(7) x e
for 7> 8 — makes it a good approximation to approximate the upper integration limits by oo (with

'l '

only exponentially small error). Under these assumptions we also know O(t — |x|) = O(t' — |x/|) =1
and so get
1

Ut,x;t',x') ~
(¢, A2 [ = (L=t —i6)2 + |x — x/|?]

i{(‘ml(ﬁ(t = [x[,0)¢(¢', x') |vac) L (vac| ¢(t, x)¢(t' — %', 0) |vac) (B.6)
4 x| x| '
4Z§|; - dr #3(7) [ (vac| ¢(t — |x| + 7,0)0(t',x") |[vac) + {vac| ¢(t — |x| — 7,0)p(t', x) |V3,C>:|
4 0
Ly o
+L// dr #j3(T) |: (vac| o(t,x)p(t' — |x'| + 7,0) |vac) + (vac| #(t,x)d(t' — |x'| — T,0) |Vac>} .
ar|x'| Jo

The integrals involving #3(7) above are computed in Appendix B.1.3. These contain a divergence
from the 7 — 0 limit, but this has the same structure as does the second line of (B.6) so the divergence
can be absorbed into A. Once this is done, and using the explicit form (B.2) for the free Wightman
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function, we find

1
U, x;t',x') ~
(%) am2[— (t—t' —i0)2 + |x —x'|?]
A 1 1
: - B.7
+327r3|xHx’|{ t—t’+|x|+\x’|—1ﬁ5+t—t’—\x|—\x’\—i6} (B-1)
§2 Z§2

_ _ — —Im p® [1 + it —t +;x| +Ix |)]
1287232 |x||x'| sinb? [ (¢ — ¢/ + [x| + x| —ig)|  O4m*F Il |

n 7> N ig? m [1 Lttt || \x/‘)]
1287232 x| |x'| sinb? [5(¢ — ¢/ — |x| — x| —i)|  O4m* Il E

where () (z) := (d/dz)?InT(z) is the polygamma function of order 1. Recall that the derivation of
(B.7) assumes |x| ,t — |x| , x| ,t' — x| > 8.
The equal-time limit of eq. (B.7) is given by

Ut x;t,x') ~ ! A 7’ 1
U T A2 x — x!|? 218 ) 1673 |x||x’| (|x| + |x'])

(B8)

where the assumption |x|+|x’| > ( used in the above derivation allows use of the large-z approximation
Im[yp( (1 +iz)] = —1/2. Notice that the §> term in this expression does not satisfy the hermiticity
condition U*(t,x;t,x’) = U(t,x';t,x) because the density matrix is evaluated at t+ = 0 and the §°
contributions ensure the effective mean-field hamiltonian that evolves to general ¢ is also not hermitian.

We next evaluate the commutators required in the above, starting with the unequal-time commu-
tator of the field itself.

B.1.1 Field commutators at unequal times

For later use in Appendix B.1.2, we here compute the commutator [¢(t,x),¢(t',y)] of interaction-
picture fields at unequal times. This can be done using the standard field expansion in terms of
creation and annihilation operators, but it is simpler to obtain it directly from the Wightman function
given in (B.2). This can be done because the commutator of two free fields is a c-number, and so is
equal to its expectation value in the vacuum, giving

o(t, %), 6(t )] = ((vac| 6(t, x)6(t',x) Ivac) — (vac| 6(t',x')6(t, ) [vac) )

1 1 1
_ _ B.
in? {—(t—t’—ié)Q—&-\x—x’\? —(t—t’+i5)2+\x—x’\2} (B.9)

1 1 1
8m2|x — x| {(t—t’)—&- x—x/|—i6 (t—t)—|x—x|—ib

1 1
’(t—t/)ﬂx—xf\“&*(t—t')—|x—x'|+i5}

where a factor of the unit operator, 7., is implicit everywhere on the right-hand side.
Using the Sochocki-Plemelj identity (z —i0%)™! — (2 +i07)~! = 2ind(z) for infinitesimal and
positive 0T, the above becomes

7

¢(t,x),¢(t',x/)] {6(t—t'+|x—x/|) ot —t - \x—x'\):|Z+, (B.10)

- 4m|x — x/|
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which reduces when ¢ = t’ to the standard equal-time commutator when x # x’:
[¢(t, x),¢(t,x')] -0. (B.11)

Specializing (B.9) to the commutator for two fields at different times but with x = x’, instead gives

1 1
(v -2 "=t 1oy

¢(t7X)7¢(t'7X)} = ﬁ {* ] Iy = i o't —t") T, (B.12)

where the limit § — 0 is taken in the last equality and ¢’(z) denotes the derivative of the Dirac delta
function with respect to its argument.

B.1.2 The Commutator [Hi,(7), ¢(t,x)]

The next intermediate step required is the commutator with ¢ of the local mean-field Hamiltonian
Hipn(t) defined in (4.20):

[Tuctr).00.0] = 52 [ 0).00030] — i3 | s () [o(7,0)0(r  5,0),00%)] . (B13)
Using
[62(7,0), (2.0 | = =6(7.0) [0(t,%). 6(7.0)| = [0(t,%). 6(7.0)| (7. 0) (B.14)
with the result (B.10) we have
[¢2(7.0), 6(t.%)] = #X‘ [5(7 —(t—|x]) = 6(r — (t + \x|))} 4(1,0) . (B.15)
Similarly

i

0067 = 5.000(t%)] = L= [8s [ = (1= xD]) = 8(s ~ [r = ¢+ <) | o(r0) (Ba16)

+F\x| |:5(T —@t=1|x)—6(r—(t+ \x|))} o(t —s,0)

and so
[Fus(r).00.3)] = 7[00 = (¢ bxD) = 3(r = (¢4 b)) o.0) B.17)
A "ds s)[0(s — [T — (t—|x[)]) —d(s —[r — x
s om0) [ s Ha6) o5~ b (¢ ) = 6 — I (e )|

=2

+47€\x| [5(7 —(t—x)) —a(r—(t+ \x|))} /0 ds #s(s) &(r — 5,0) .

Performing the s-integrals using the delta functions gives

/OT ds #p(s) (s — [r = (t = x)]) = Ot — [xNO(r — [t — xII)#5 (7 — [t — [xI]) , (B.18)

where the step functions express the conditions under which the delta function has support within the
integration range: 0 < 7 — (¢ — |x|) < 7, which in turn implies 7 > ¢ — |x| > 0. Similarly

/OT ds %(5)5(5 — =0+ \x|)]) = @(T - [ter])%(T - [t+x]) . (B.19)

Putting the above terms together gives the result (B.3).
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B.1.3 The #j Integrals

This section computes the integrals

Tt x, ', x) = /000 dr %(T)|:<V&C‘ o(t—|x|+7,0)p(t',x") [vac) + (vac| p(t— x| —T,0)p(t,x") |vac) | ,
(B.20)

and

Jo(t,x,t',x) ::A dr %(T){(VaCW(t,XW(t’—\X'IM, 0) |vac)+(vac| ¢(t, x)(t' — |x'| -7, 0) Iva0>] ;

(B.21)

which appear in eq. (B.6) above. Writing the free Wightman function (B.2) as a mode sum yields

1
t tl / —
<VaC‘ ¢( 7X)¢( y X ) \vac) 47_(_2 [ _ (t _ t/ _ 7/5)2 + |X _ X/‘Q}
1 1 1

= - B.22
87T2|X*X/||:t*t/+‘X*X/‘*’L‘6 tft’f|xfx’|fi5} ( )

i > ip(t—t'+x—x'|i8) _ [ ip(t—t'—|x—x'| ~i5)
— dp |:e—zp t—t' +|x—x"|—1 _/ dp e t—t —|x—x"|—1 :|
8772\x7x’\/0 0
1 o0 , (s
—ip(t—t' —i . !
:m/ dp e sin (phe = ).

which allows (B.20) to be written as

> /4. > . i ) i
/ dr ﬂ(T) / dp |:efzp(t7|x\+7—ft —16) sin(p\x'|) + efzp(t7|x‘7‘r7t —1id) sin(p|x’\)}
0 0

Ji(t,x,t,x)

4m2|x/|
1 o . ,.
__ L —ip(t— x|t —i8) i (1! ,
2] /0 dpe sin(p|x’|) {Cg(p) + Z’CB:| (B.23)
with the definitions
Cs(p) := 2/ dr Re [#(7)] cos(pr) and Ks = 2/ dr Im [#(T)] cos(pT) . (B.24)
0 0
The first integral Cg was computed in [27, 29] and gives
Cop) = P coth (22 . (B.25)
4 2

Meanwhile to compute Kg (which turns out to be divergent as well as p-independent), note that the
imaginary part of #j actually vanishes if 7 is fixed but nonzero as § — 0, since it can be written as

) 1 1
7ol @{smlf [5(r—i0)] - sinn? (5 +i0)] } o

and so the complete contribution comes only from the regime near 7 — 0, for which

tm [#5(r)] =~ 82? {(T 711'5)2 = +1¢5)2} - i (), (B.27)

as 0 — 0, which follows from the the Sochocki-Plemelj identity. The required integral then is

o0 !
=2 [ ar S costpr) = - -
0 T

. 5(0) (B.28)
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which displays a divergence that ultimately gets absorbed into the coupling parameter A.
Combining the above into (B.23) yields

Tt x, ¢, x") = L /00 dp e~ PU=XI=t=18) gin (p|x'|) P oth 2 5(0) (B.29)
I A2 |x'| Jo 4 2 2 '
The divergent term simplifies using (B.22), leading to
Tt x,t,x) = —i 5(0) (vac| $(t — |x|,0)¢(t, x') |vac) (B.30)

7 o0 Bp T N e el il |
' [ qppeotn (PP ip(t—t'—|x|+|x|—i8) _ j—ip(t—t'—|x|—|x'|-i5)
32w3\x'|/0 ppeo (2)[ ‘

which can be integrated using

o /Bp) —ipr—is __ m? 2 { (1) ( ”) }
d h( = P =— ——1 1+—11, B.31
/O p p ot ( 2 )¢ P sinh? [%(T—i(S)] 2 Im ¥ +3 (B.31)

where ™) (z) := % log (T'(z)) is the Polygamma function of order 1 (for a derivation of this integral
see Appendix B.1.4). The final result found by inserting (B.31) into (B.30) is then

altx,t',x') = == 5(0) (vac] (¢ — [x, 0)(¢x') [vac) (B32)
) T ’
+ m — 312 —Im {w(l) (1 + it —t" — x| +[x |)) }
327332 |x/| sinh? [%(tft’f x| + [x/| 45)] 167332/ | B
-2 . 4 _ !
B i N 312 I {w(l) (1 N it —t —|x|—|x |)) }
3273 82|x| sinh? [%(tft’f x| — |x| fié)] 1673 32[x'| B

and in an almost identical calculation the integral (B.21) evaluates to

Tt %t x') = *% 6(0) {vac| ¢(t,x)8(t' — x|, 0) [vac) (B.33)
. o ) /
n s B 312 Im{w(l) (1+z(t t'+ x|+ |x |)>}
827382 x| sinh? [5 (¢ — ¢/ + x| + x| —ig)] 167 %I B
-2 . _ 4 /
B iT N 31 m {‘/}(1) (1 N it —t¢ — x|+ |x |)> } _
3273 32|x| sinh? [%(t —t — x|+ x| - z(5)] 1673 32| p

Using these in (B.6) then gives the result (B.7).

B.1.4 One-Sided Fourier Transform of pcoth(8p/2)

Here we derive the integral (B.31). To this end we use the identity coth (%) =1+ (413771 to write the
LHS of (B.31) as

'°° BPY —in(r—i ~ ip(r—i '°° (7p) = o psin(rp)
/ dp pcoth (—p> e i(T=10) — / dp pe~P(T=i) 4 2/ dp PN 4 Qi/ dp 2278 (B.34)
0 2 0 0 err — 0 ebfr — 1

1

where the limit § — 0 can be safely taken in the latter two integrals (since they are both convergent
at 7 = 0). The first integral evaluates to

- —ip(r—i 1
/0 dp pe P70 = TR (B.35)
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and the second integral is given in equation (3.951.5) of [82] (which converges for any Re[S] > 0)

©  pcos(Tp) 1 72
d L B.36
/0 P e 1 272 22 sinh? (%) ( )

and the third integral can be exactly evaluated as'®

Tgpente) Lo (i
/o dp o1 = 521111{111 <1+ﬂ>} (B.37)

where ((3) ~ 1.202. Putting the above altogether (in the limit § — 0) gives formula (B.31).

B.2 Integrals appearing in the Equal-Time Correlator

Here we simplify the integral

~2 i ¢
M(txx)i= =5 [ar [ar #ar ) ael (90,0000, 0), 06, 2)0(05)) o) (B.39)
0 0
appearing in the equal-time mean-field correlator (4.47).
B.2.1 Four-Point Wightman Functions

First we note the functional form of the four-point Wightman functions appearing in the above, where

(vac| ¢(t1,x1)d(t2, x2) (L3, X3) (L4, X4) [vac) (B.39)

3 3
_ d’k d p P—iEk(i1—t4)+ik'(x1—X4)P—iEp(t2—t3)+iP'(x2—X3)
@n2Ey, | @npeE, |© i

+e*iEk(t17t3)+ik-(x17X3)efiEp(t27t4)+ip»(x27X4) + e*iEk(t17t2)+ik~(x17x2)efiEp(t37t4)+ip~(X37X4)

where the commutation relations [ak, ap] = [af, a5] = 0 and [ax, ap] = 6%(k — p) have been used, as
well as the expectation values

(vac| axanag,dg [vac) = Bk-q)*P-1)+8k-p)s(qg-1) (B.40)
(vac| axdy apay [vac) = 6°(k —1)6°(p — q)
In terms of free (two-point) Wightman functions, the above has the simple form

(vac| (z1)¢(x2)d(w3)p(wa) [vac) = (vac| (z1)¢(x4) [vac) (vac| ¢(x2)d(w3) [vac) (B.41)
+ (vac| ¢(x1)d(w3) |vac) (vac| ¢(w2)p(z4) [vac)
+ (vac| (1) (x2) [vac) (vac| d(x3)d(x4) [vac)

using the shorthand z; = (¢;,x;).

10Note the integral representation (1) (z) = Jo7 dg q e72/(1—e™4) which follows from formula (5.9.12) of [83]. This
implies ¥ (1 + iy) = JoT dg q e=®1/(ed — 1), and then taking the imaginary part of this gives (B.37).
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B.2.2 One-Sided Fourier Transform of #j(t)

Here we compute the integrals

/Oo do #p(0)e*P7 = %([Cﬂ +iKg] £ [ - Ss+ iD5]> (B.42)
0

where the function Cg(p) = /= coth (@p) is given in (B.25) and the divergent constant g = —§(0)/(2)
is given in (B.28), and we furthermore define

Sa(p) - 2/0<>O do Im [#3(0)] sin(po)

Dy(p,d) i= 2 /0 ~ do Re [#3(o)] sin(por)

The functions Sg and Dg have also been computed in [27, 29] (where £ is replaced by either the Unruh
or Hawking temperatures). These functions take the form

p

Ss(p) = — 1~ ,

where « is the Euler-Mascheroni constant and (%) (z) = T'(z)/T(z) is the digamma function. Note

(B.43)

that the function Dy has a J-divergence, where 6 > 0 is the regulator appearing the correlation function

Wi(o) = — ! . (B.44)

4p2 sinh? (W)

Putting this all together in (B.42) we find that
o0 .
+ipe _ b Pp ¢ BA4
/0 do Wg(o)e |:87T coth ( 5 ) ] (B.45)

() 2 )]

B.2.3 The Integral Mg

It turns out that it is easiest to express the integral Mg in the nested-integral form of (4.46), where
g2 t T
Maltxx) = =5 [ dr [ ar Hy(r = o) vacl (907 0)0(,0), 00t )t X))} [vac)  (Budo)
0 0

gz ‘ T 1 gk / / / )
7?/0 dT/O dr" Wi (1 — ') (vac| {#(7',0)p(T,0), ¢(t, x)p(t, x") } [vac) .

By expanding the anti-commutators above and also using [¢(t, %), ¢(t,x)] = 0, the above can be
manipulated into the form

Mp(t,x,x') = —§* A dr /OT do Re |:7/5(0) ( (vac| ¢(7,0)¢p(1 — 0,0)¢(t, x)P(t,x’) [vac) (B.47)

T (vac] 6t X)(t, X )6(7, 0)(r  ,0) [vac) )}
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where the change of variable 7/ = 7 — ¢ has also been made. Using the formula (B.39) the four-point
correlators can be written in momentum space as

{vac| o(, 0)¢(T = 0,0)6(t,x)¢(t,x') |[vac) + (vac| p(t, x)$(t, x')¢(,0)p(7 — 0,0) |vac) (B.48)

3
/ / d’k 2671'Epae+ik»(x7x')
(2m) 32E (27)32E),

12Re |:e—iEpt+ip-xe—iEkt+ik-x’e+1‘,(Ep+Ek)T(e—iEpa i 6—1‘Ek0)] ) )

With this, the integral Mg splits into two pieces

Mg (t,x,x') = M (t, %, %) + MP(t,x,x) (B.49)
where
1) N . 95 P —iBpo ik (x—x")
My (t,x,x") : 252 / 277)32E / 27r32Ek/dT/ daRe[/ﬂﬁ o)e e } (B.50)
and
t T
(2) no. =2
MP(tx,%) = —2§ / 32E / - 32Ek/d7/0 do Re[#5(0)] (B.51)

. s . .
% Re [efLE,;t+zp-xef7,Ekt+zk<x 6+I(EP+E)¢)T(67LEPO' te LEkO)} .

First we focus on simplifying M) above. The k-integration is easily done, and then integrating the
p-angles away yields

MP(t,x,x') = 8ﬂ4‘x_x,‘2/ dpp/ dT/ daRe[%(a) ”} (B.52)

By switching the order of integration in the (7, o)-plane the above integral can be written as

Mg)(t,x,x/) = 87T4|X*X/|2/ dpp/ dU/ dr Re[% _WU}

= m/ dpp/ do ( tfa)Re{%( Je *”’"} (B.53)
=2

= _97/0 dpp {t /Ot do (Re[%g(a)] cos(po) + Im[#j(0)] sin(pa))

8md|x — x'|?
d t
fd—/ do (Re[%(a)] sin(po) — Im[#3(0)] sin(pa))}
P Jo
To simplify the integrals, we next assume that we probe times

t> 8, (B.54)

so that the upper limit on the o-integrals can be taken to be ~ oo (since #j3(0) o e~27/8). Upon
doing so the o-integrals in the above may be expressed in terms of the functions given in (B.42), where

dDg(p, 9) . dKs(p, )
dp dp

=2

./\/l(ﬁl)(t,x7 x') ~ g /:o dpp {t(Cﬂ(p) +8s(p)) —

1674|x — x/|2

(B.55)
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Note that 9,K3(p,d) = 0 from the functional form (B.28). Furthermore, using the functional forms of
Cs and Sg we note the value of the integral

- _ [ B
/0 dpp (Cs(p) + Ss(p)) 7/0 om(ePr 1) ~ np? (B.56)

where ((3) ~ 1.202 (with ¢ the Riemann-Zeta function). With this we get

o (C(3)t * dDg(p,9)
92(W53_./() ®P 3 )

1674 |x — x/|?

M}?(t,x, x') ~ —

(B.57)

where we note that the remaining momentum-integral appears to be ultraviolet divergent in the
momentum p.

Moving on to the second integral M®), we first integrate away the angles in the momentum
integrals and simplify to get

M;f)(mx,x’) = 167T4|XHX/|/ dp/ dk/ dr/ do sin(|x|p) sin(|x'|k) (B.58)
«Re |:e—i(17+k)te+i(17+k)r(e—ipa +e—ik0)Re[%(o)]:| )
We again can switch the order of integration in the (7, 0)-plane giving us
Mg)(t,x,x’) = 167T4|XHX/|/ dp/ dk/ da/ dr sin(|x|p) sin(|x'|k) (B.59)
«Re |:e—i(p+k)t6+i(p+k)7(e—ip(r +6—ik0)Re[%(U)]:| .

The 7-integration can now be easily performed such that

~2 (o] (o5} t
(2) / g . . ’
t = - dp s dk s k d B.
M) = ~ gt [ sinlxlp) [k s [ o (58.60)
x e[m(e“p” + e Re[W 5 (0)] — —— (e~ 77 + e~k Re[#/ (a)]}
k+ b kE+p g '

As noted above, we assume ¢t >  and so the o-integrals can be expressed in terms of the functions
Cg and Dg where

M(2)(t x,x') ~ 167r4|xHx’|/ dp sin \x|p)/ dk sin(|]x'[k)

xRe {%(Cﬂ(m +1Ds(p, 8) + Ca(k) +iDgs(k, b))
k = ——(Cs(p) — iDps(p, 6) + Cs(k) — 1:2)5(/@,5))}
wﬂﬂﬂ/<mmum/dewm (B.61)
x (7@*(1’; L i () - PRI 14 o+ k)t)]) .
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B.3 Quantities entering with the diffuse correlator

This Appendix computes quantities that arise in §4.3.5 where the diffuse contributions to the Wight-
man function are computed.

B.3.1 The integral Py

First we compute the integral Ps defined in (4.55). Using the commutator (4.41) we easily find that
(4.55) simplifies to

4r|x| 4r|x!|

Ps(t,x,x') = —g /0 dT/ dr’ #(r — 7 )75(77 [t = bxll) 26 (r" — [t~ X)) <Vac|If_ |vac)

Ot — [x)O(t — XN #s(—Ix| + [x'])

W
- ( 7 ) ot — |x))e(t — |x|) (B.62)
647252 |x|[x] sinh? 7r( x| + |x'| —i6)

This is the result quoted as (4.57) in the main text, and it agrees precisely with the O(§?) part of the
correlator given in (2.19).
B.3.2 The integral Qg

Next we compute the integral Qg(t,x,y) defined in (4.56). Using the commutator (4.41) allows this
integral to be rewritten as

~2 ’ . ’ ’
Qb %, %) = 92 / dT/ &' Wy(r — 77) (vac| Dr=(oxDIoE 0ot —idlr! ~(t=NISrO)6(x’) o)

x|

=2t )
+% / ar / A’ W(r — ') (vac| Il D000 ~(-IDIS6C0) 10y . (B.63)
0 0

4m|x’

Relabelling 7 and 7/ in the first term of each of the lines above allows this to be rewritten as

Qﬂ(ta X, X/) =

/ dT/ dr’ Tm[#3(7 — 7)]6[7" — (t — [x])] (vac| &(7,0)p(t,x') [vac)  (B.64)

47 |x|
4W|x/‘/ dT/ dr’ T (7 — P67 — (¢ — [x])] {vac| 6(t, ) (T, 0) [vac) -

Performing the integrations over 7/ now gives

F*e(t —

Qb %, x) = Ix1) / dr T [#3 (7 — [t — x]])] (vac| o(r, 0)6(t, %) [vac) (B.65)

47|x]|
7ot - |x')

4 |x!|

/ dr T (r — [t — [x']])] (vac] 6(t, x)(7, 0) [vac) |

and using the explicit form for the free Wightman functions as well as Im[#3(t)] = ¢’(t)/(47) makes
the integrand explicit:

~2 t ~2 ’
/ _g@(t—\x|)/ 8 (= [t - ) ot — [x']) / & (r =t =¥
ot % %) = = g i e e A VP ] i S A
(B.66)
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Integrating this by parts yields
=9 t
n_ GO0 — XD [o(lxl)  6(t—Ix]) ,/ ok L _
ol x) = TGmn [er ey O M) e

éz@(t—lx’\){au)«/\)_ ) _/t R i{ 1 H
BT (A Gl [ b B e Ll

where boundary terms with §(|x|) factors never contribute (since |x| > 0). In the regime of interest,
t—|x| > 0 and ¢t — |x/| > 0, the other boundary terms also do not contribute (since the Heaviside
functions all turn on).

All that is left is to perform the J-function integrations which gives the final result

Qp(t, x,x') = - [ - - : }
T Gdmt x| [opxr| (x| — x| +176)° 2| (|x| + [x'] +i6)
~2
g 1 1 }
_ (B.68)
64t |x/| [2|x|(|x — | +i0) 20x| (x| + x| — i)

~ et | =
- Gamtxx| (x| = [ +i0)2 (x| + [x])2]

where the last line safely takes 6 — 0. This is the result quoted in (4.58).
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Chapter 5

Conclusions and Outlook

5.1 Summary

The aim of thesis is to motivate the use of Open EFT techniques for gravitational applications,
specifically to backgrounds which contain an event horizon (which the OQS framework naturally
applies to due to the way horizons separate quantum degrees of freedom). This was done by
studying two Open EFT toy models (both involving black holes) in the hopes that this helps pave
the way for more realistic calculations involving EFTs of gravity. As argued here (and explicitly
shown in the toy models studied), quantum systems interacting in gravitational backgrounds
are susceptible to secular growth breakdowns of perturbation theory, and the main focus in this
thesis has been in resumming these breakdowns in order to make reliable late time predications

(without resorting to solving the theory exactly).

The late time resummations performed have been a result of taking a Markovian limit which
is naturally a hierarchy of scales argument. We have paid especially close attention to when
the Markovian approximation is valid, and one of the main results of this thesis is that the
Markovian regime is surprisingly rigid, usually applying in a small region of available parameter
space. In the toy models considered here we find furthermore that there is no danger of straying
into positivity-violating regions of parameter space so long as one is careful to remain in the

domain of validity of approximations taken.

In §2, the late-time thermalization of a qubit is tracked as it hovers just outside the event
horizon of a Schwarzschild black hole. One of the main themes of this chapter is control over
approximations even though the mathematics in the Schwarzschild background are in general

very complicated — this is demonstrated by the way in which the qubit self-correlations can be
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simplified near the horizon, as well as in the manner in which the Markovian approximation is
constrained (under the assumption that the qubit reduced density matrix varies slowly compared
to the correlation time ~ r, of the qubit self-correlations). The rigidness of the Markovian ap-
proximation was demonstrated here since this requires the qubit gap to be small compared to the
Hawking temperature, which moreover gave rise to state evolution which is positivity-preserving
for all times (not needing any extra approximations like the rotating-wave approximation often

used in the literature).

In §3 and §4 the hotspot model is studied, a solvable toy model of a black hole meant to em-
phasize the OQS features thought to be present in more authentic black hole backgrounds (like

Schwarzschild or Kerr).

In §3, PPEFT techniques are used to set up the hotspot model as an effective theory meant to
describe observables over macroscopically large distance scales compared to the size of the black
hole. Since the field theory is here Gaussian, the main focus in this chapter is in calculating
the correlation functions associated with the open system (aka. the quantum field correspond-
ing to the exterior of the toy black hole) and so §3 can be largely regarded as a detour from
Open EFT approximation techniques. Solving for the correlation functions requires some care
since the calculation involves small-distance “Colomb-like” singularities due to the point-particle
type interaction of the hotspot. The PPEFT framework is used to argue that any divergences
encountered do not end up contributing to physical observables (which is done by relating the

divergences to renormalization-group invariant quantities).

In the final paper of §4, Open EFT approximation techniques are applied to the open system
(ie. the exterior field) of the hotspot model. The mean-field approximation (describing evolution
using a non-local Hamiltonain) is shown to apply only when the hotspot interaction decouples,
and so happens to not be useful for this particular model. In contrast, the state of the exterior
field is shown to have a Markovian limit which agrees with the exact correlators of §3 only
for field modes with energies much smaller than the temperature set by the hotspot interior.
Decoherence of the open system is also observed, but in a way which leaves much to be desired

since the timescales for decoherence end up being (UV) cutoff dependent.

5.2 Future Work

The Open EFT approximations used in §4 give rise to decoherence timescales which are UV

cutoff dependent — this result heuristically suggests that the hotspot exterior decoheres, but
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lacks precision in that the nothing physical can depend on the cutoff of a theory. One line
of future work on the hotspot model is to find a way to take the Markovian approximation
which gives an unambiguous answer for the decoherence timescale. One possible way forward
is to use the spherical symmetry of the hotspot interaction and attempt a spherical harmonic

decomposition of reduced density matrix for ¢, such that

b = @ et (51)
w,dm

and derive a simpler equation of motion for each individual component @,(:J’Z’m). This is similar

to the strategy employed in [92], in which the reduced density matrix of the open system is split
apart according to momenta k (resulting from the spatial translation invariance of the interaction

studied there). It is likely that having a family of Nakajima-Zwanzig-type equations for each

component 6“*“™ will contain far more information than the equation (3.22) examined in §4
(which studied of all the spherical harmonics at once) — furthermore, since the environment

correlations in the model are the same as those in [93] it is likely that the same methods might
~(w,l,m)

apply and even non-Markovian effects in the evolution of g, can be studied so as to better

pin down a physical decoherence timescale.

Another project currently underway has to do with the theory of inflation described in equation
(1.2). As mentioned, the theory of inflation reproduces the observed density fluctuations in the
Cosmic Microwave Background (CMB) to a high degree of precision. However, one puzzle asso-
ciated with the measured spectrum of the CMB is to explain how the observed classical density
fluctuations could possibly have a quantum origin — in current work [94] this is resolved though
an Open EFT picture in which the observable modes are decohered through their interaction
with the unobserved modes (behind the de Sitter horizon) in this particular EFT of gravity (de-
scribed in [16]). The main result of our calculation is that the observable modes in the CMB have
decohered long ago (explaining why we see no quantum correlations in the sky) and that any
quantum corrections to the power spectrum are extremely small (ie. undetectable with current
technology). There have been many simliar calculations done along these lines: some for the
simpler problem of a spectator field living in de Sitter space and others which examine the full
EFT of inflation [96, 97, 98, 99, 100, 101, 102], however of particular interest in our work is the
derivation and assessment of the domain of validity of the derived Lindblad equations (and so

the late-time behaviour).
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5.3 Conclusions

As discussed in the introduction, standard EFTs are based on a hierarchy of energy scales, but
at each level of approximation energy is still conserved. Open EFT's are different in this regard in
that the division between the measured sector (the open system) and the unmeasured sector (the
environment) is not defined in terms of conserved quantities like energy, which is what results in
the emergence of unusual phenomena such as decoherence, dissipation and entanglement effects
normally not encountered in Wilsonian EFTs. To a large extent, this thesis is a step forward
towards a better understanding of these phenomena in EFT's of gravity, as well as reliably making

late time inferences.

In conclusion, the frameworks of Effective Field Theories and Open Quantum Systems are two
powerful tools which share the common ground of being able to describe EFTs of gravity with
horizons. Although a great deal of progress has been made in understanding these subjects
individually, this thesis aims to show that there is still much to be learned and utilized in their

merger in Open EFTs.
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