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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].



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

Emix = —Ya Xa¢, (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 R+ 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 € > r4 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



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).
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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 x* 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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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 e 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

'In 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].



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:=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.

The Heisenberg-picture evolution is used to compute the Wightman function
W(t,x;t',x") = (p(t,x) ¢(t',x’)) for the external field, assuming the ¢ field starts
in its vacuum at ¢ = 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 ¢ — ¢’ 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.

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

A
Ly=-3 P (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(€)/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



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, Ry, of infinite extent. The environment is given by N 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 R4
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 R.. 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 = S, + S_ + Sjyt where the
kinematics of ¢ and x® are described by

1

S, = —% / d*z 8,0 0"¢ and S_ = -5 d*z 54 X0 X" . (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

Sint = _/ d4.%' |:Ga Xa¢ + % ¢2 ) (22)
St 2



in which the integration is over the world-tube, Sg 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 G4 here have dimension mass: [G,] = [Gy] = +1.

In the limit £ — 0 the 2-sphere S¢ degenerates to a point and this interaction becomes

Sue = = [ dt [gux"(£.0)6(1.0) + 5 (1.0)] (23)

where the integration is over the proper time of the interaction point x = 0 in both R4 and
R_. The couplings appearing here are g, = 47¢2G, and \ = 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 Il := 04 01", (2.4)

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

0t x)p(ty)] =i (x—y) and [X*(tx). IL(ty)] =i* (x—y).  (25)

The free Hamiltonian is Hy := Hy ® Z_ + 7y ® H_, where Hy and Zy are the
Hamiltonian and identity operators acting separately within the ¢- and y-sectors of the
Hilbert space. Explicitly

1
e dx [p?+(V9)?| and H_ = / Az (01,10, + 60, VX" V'] . (2.6)
R—

25 Ry 2

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

Hi = 009(1,0) © X°(1,0) +  ¢*(1,0) T 2.7

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) = p+ @ 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

ga(t) = @(t) Ya » (29)



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 x® sector to be in a thermal state,

o—PH-

=08 = ————, 2.11

P 0= Ty [e=BH-] (2.10)

with inverse temperature 8 > 0. The prime on the trace indicates that it is only taken
over the y 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 Sy 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

2. 5“bgagb = Ng2 , (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 — oo. 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- NV 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)

_ d3p ip-x —ip-x * / sz a —ip-T pax
= e e and e
/\/(277)32Ep e T X Wl 27r) 28, Sk
(2.13)
where p -z = p,at = —Ept + p-x with £, = |p|, and the canonical commutation
relations imply the usual creation- and annihilation-operator algebra: [ap, aq] = [bF, bb]

0 (together with their adjoints) and [ap, ag] = §3(p — q) while (b3, bg*] = 5“b53(p q).
This diagonalizes H 4 :

E
,H.A,_:/dgp?p

* * E a r.b* ax
apap, + apap] and H_ = /d3p 7”5@ {bpbg + by bi’)] . (2.19)



The interaction-picture interaction Hamiltonian in the pointlike limit (£ — 0) similarly
becomes

A
Hint (t) = .QaQS (t, O) ® Xa (ta O) + 5 ¢2 (t7 0) ® I
d3p d® . , A ,
= / ped g(l(ape_ZEpt + a;‘,e“E”t) ® (b“qe_’eq + baq*eJ”eq) (2.15)

2(2m)° VE,F,

A ‘ . . .
- g(ape’ZEPt + ajet ) (age el et Py @ T_|

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 Hiy. 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, g4(t), the full time-
evolution operator U(t,t') can be defined as the solution to 9,U(t,ty) = —iH (t)U(t,to)
that satisfies U(t = t9) = Z. This leads to the usual time-ordered form

¢

U(t,to) =T exp <—z’ 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:

Ay (t) = U*(,0)AU(t,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

ou(t,x) == U(t,0) [¢S(X) ® I*] U(t,0) and x5 (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 ¢y (t,x) in terms of creation and annihilation operators involve
both ap and by, as does the expansion of the x (¢, x).



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),

D An(t) = —iU(t,0)[As, Hs(£)]U(t, 0) = —ilAp(t), Ha(1)] (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[0s(x), H(t)] =ps(x),  —i[xE(x), H*(1)] = (), (2:20)

—i[l18(x), Hs(1)] = VAE(x) = ga0°(x) ¢5(0)
and

= ifps0), Ho(8)] = V2os(00) = 8°00) (92 X4(0) + 25(0)). (2:21)

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

(<0 + %) 02,30 = 5(x) |\ (,0) + gu(8.0) (222)

and
S (—af + v2) X5 (6, x) = 6% (x) gadhu (,0) . (2.23)

These equations can be solved because they are linear in all of the fields, a consequence
of Hiy 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(t’ X) = ¢(tv X) + é(t X) and XCPLI(t7 X) = Xa(t7x) + Xa(tv X) ) (2'24)

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

/ e [ (t,%) ap+ S (1,3) @ | @T_+ Ty @ by [ (1) b+ (£,%) bl ] }
(2.25)
and

"x)= /,/ 2m) 32E
(2.26)

where the to-be-determined mode functions {Sp, s, Ry, rgb} vanish in the absence of Hiyg.

{[Ra(t%) ap+ Ry (1,%)" ap| ©T_+T4 ® Gy [rg (8,365 + 787 (¢, %) b5 | |

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.

~10 -



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, Sps R, rgb}:

(~07 + V2) Sp(t, %) = [A(e“fpt + Sp(£,0)) + g R (¢, 0)] 53(x)
(—6? + Vz) sp(t,x) = [)\ sp(t,0) + 6% gy e Bt 4 gy rf)a(t, 0)} 53(x) (2.27)
dap (—0F + V2) By (£,%) = ga [e " + Sp(t,0)] 6% (x)

dac (—0F + V) 1il(t,%) = 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 xy* 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 \(¢) = AO(¢), and
so the time-dependence of egs. (2.27) can be made more explicit:

(=07 + V2) Sp (t,%) = O () [A [ 7" + S (£,0)] + guRp (1,0)] 6° (%) (2.28)
dap (—0F + V) Rb (1,%) = O (1) ga [e 7" + S (¢,0)] 6% (x)
and
(=07 + V2) s (1,%) = O (1) [Asp (£,0) + 0%g, e ! 4 gy rbe (£,0)] 67 (%) (2:29)
(=07 + V) gl (t,%) = © (1) 6°gesh (£,0) 6° (x) .
These are to be solved subject to the initial conditions
Sp(0,%) = 8,5p(0,%) = 52(0,%) = 9;55(0,x) = 0
and R%(0,x) = 0, R%(0,x) = r¥(0,x) = 9r’(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

ot —t)
A ) — ) —x —
Ginltxity) = 0|t =) = x =] (2:31)
that satisfies the equation of motion
(~07 + V2) Galt,x; ', y) = —6(t = )% (x —y) . (2.32)
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In terms of this the formal solutions for Ry and rgb (the mode functions appearing in x%)

are
oo .
RA(t,x) = —3%g, /0 ds Ga(t.x:7,0) [~ + 5, (7, 0)]
Ot — X1 —ip (1
_ _sab iEp(t—|x]) _
= =09 7B + Sp(t — [x],0)] (2.33)
and
Ot — |x])

rgb(t,x) = —30%g. slr’,(t — |x],0). (2.34)

4m|x]|
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 ¢, :=t —r
and with an amplitude that is suppressed by a power of 1/r.

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

(~7 + V) Sp(t.x) = O(1) <)\ et 4 S (1, 0)] (2.35)

— §2@(t — ‘y,) ) 53(X)

—iEp(t—lyl) _
47‘("}” [6 P +Sp(t ’y’70)]

ly|=0

as well as

e~ Ept (2.36)

)

(=02 + v2) sa(t.x) = O(1) {A 0 (t,0) + ;%

~2
I
] (= 1y1.0)

ly|=0

where we specialize to the case where all of the g,’s have the same size, and use (2.12) to
write g, = §/v/'N 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 §? 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
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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

32O (t—e)

4re

(~07+V?) Sp(t,x) = (@(t))\[eiEpt—i-Sp(t, 0)] - [ B9 4 Sy (t—e, O)D 53(x)

(2.37)
and

G ~9
@ a 9 —iE, g°O(t —¢)
(-0 + V) st ) = (@(t) 2 5p(0.0) + o] - T00 0
where we use O(t)O(t — €) = O(t — ¢) since € > 0.

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

st 0)> 5 (x)

4me

to give
Sp(t,x) = —W (e =P 4 Syt~ [x], 0))
. w [(—iBp)e (=D 1 9,5, (¢ — [x],0)]
and
S2(t, )_—‘w[As;(t—!xl,0)+\/’%e"’EP“""')]+W$§<t—|x\—fv0)
_memp(txn _Watsg(t_\xw)

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 E,e < 1 for all modes when expanding the
exponential function.

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

Api=A— ——, (2.41)
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showing that the divergence renormalizes the ¢ self-coupling A. Dropping the subscript ‘R’

for notational simplicity, egs. (2.39) and (2.40) become?
and
sp(t) = LB e 2O o 0)- R 00w 0).

(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 egs. (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

.~2E ~2
g Ly (t ‘][D —zEp(t—|x|) g 5(t ‘XD :
[ — J— _—— '1
Sp(t,x) =~ <)\ 1 ) irx| 1672 x| (perturbative) (3.1)

e 90(t — x|)

a ~ 99U —|x e~ Ep(t=1x])
t,x) ~

p(f:) 47/ N |x]|

to leading nontrivial order in A and g. The real part of the perturbative solution (3.2)

s (perturbative) (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

i 520(1—Ix G20 (t—|x
GOp(t,x)~ ((ﬁ(t,x)—)w(ﬁ(t—X|70)_Mp(t_|x|’0)_m
_g9(-[x))

47?\/>|\

where (as above) ¢ and y are the interaction-picture fields given in (2.13) and p = 0;¢ is

¢>(0,0)> A

ZI ®@x*(t—x,0) (3.3)

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 §(t — |x|) by using the
initial conditions to eliminate Sp(0,0) = s5(0,0) = 0 in the final result.
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Figure 4: Re[s}(t,x)] from (3.2) vs ¢ 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 Ry only the
correlators of the field ¢ can be accessed, and so we therefore next compute the two-point
correlator,

Wi(t, %, %) = Tr [ (t, %) (¢, %) po] =Z—Tr[¢>H<t x) (', %) (|vac) (vac|@e ™))

(3-4)
where pg denotes the system’s state, for which we use the state given in (2.8), (2.10)
and (2.11). Zg := Tr' [e"BH—} is the partition function for the N thermal x® fields.

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,

Ws (t,x;t',%x")
~ (vac|¢ (t,x) ¢ (t',x) [vac)

W<V&C|¢(t—’><|>0)¢(t’,x’) |Vac>_)\@ii‘;,")(l|)<VaC|¢(t,X)¢(t'—|x/|7O) Ivac)
52 / /
g e (t1—6|;(2‘|)X®||§:I|_|X D TI‘/ [Xa (t—|X|,0) Xb (t/— |X/|,O) Qﬂ:| (35)
G2 ~2 / !

_!WWE%C!P (t—1x[,0) ¢ (t',x') [vac) —W(v&dgﬁ(t,x)p (t'—|x'|,0) |vac)
526 (t— ., 528 (+ — |x!

- TP aclo0,0) 6 ¢ e~ L0 B el 1) 600.0) e
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This can be simplified using the following explicit forms for the free correlators

1
t ' x’ = 3.6
<Va’c‘¢(7x>¢( 7X)|Vac> 47T2[—(t—t/—7,6)2+|x—x,’2:|’ ( )
., t—t
(vac|p (t,x) ¢ (t',x') |vac) = 5 5 (3.7)
2m2 [ (t =t — i8)” + |x — x/|?]
and
(vl (£, %) p (¢,x) [vac) = — (vaclp(t, %) (¢, x') vac) = SAL
’ ’ ’ ’ 22 [— (t—t'—i0)2+|x—x'[2]*
(3.8)
leading to
Wg(t,x;t’,x’)
N 1
CAm? [ (t—t' —id)? 4+ |x—x|?]
A (@(t|xy) 1 RCIGE) 1 )
1673 x| (t—t'—|x|—1id)%—|x'|? |x/| (t—t'+|x'|—16)%—|x|?
g0 (t—|x))e( —|x'|)
B (3.9)
6472 32| |x/| sinh? |7 (¢ [x| —#/+ |x'| —i0)]
N g° (_@(t—\xn t—t —|x| +@(t’—]x’|) t—t'+|x'| )
32m! x| (=t —|x|—i6)2— |x|2] x| (=t x| —i6)2 - |x[2]
n g < 6(t—Ix[) n o(t'—[x]) )
64t \ [x|[— (¢ +i0)2 —|x/[2] * [x/|[—(t—i0)2—[x|?] )"

where the inverse temperature = 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. ¢t > |x| and
t' > |x/|). In this region the above expression becomes

Ws (t,x;t',x')

N 1 A x| + |X/|
e Yy 2] T I6emIx] |(— v —i9)’ - e
am? = (t =t = i8)” + |x — x/|?] (t —t' —i6)" — (|x + [x'])

§2

6472 32 x| x| sinh? | 5 (¢ — [x| = + x| — id)|

(3.10)

G 1 t—t — |x| 1 t—t + x|
4 7wl 2 T 2
2\ - = )2 - 2] - ) - i) - xP2

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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Figure 5: The equal-time ¢t = ¢’ 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' — |y|, with correlations that die exponentially once t, — ¢, > . By contrast,
the temperature-independent O(§?) term — and the O()\) contributions — preserve the
power-law fall-off for large ¢ — ¢/, 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
Wolt it X) > oo~ ~ Toma el (] & ) (311
g’ n g’

6472 32| |x'| sinh? [ 5 (|| — [x/])] 167 (Ix[* — ]x'[?)?

Notice (3.11) is real-valued, as should be the case for unitary time-evolution. The A- and
the g*-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 sf into the implicit solutions (2.33) and (2.34) for the x®-mode functions Ry
and rgb, which gives

a oG Ot—=x) g x|
Ry(t.x) =~ 2 et o (3.12)
and )
ab _ g7 Ot—Ix[—€) _ig,(t—x-o
Ty (t,X) = = BT e " (3.13)

*Note that this formula has no i6’s left in it — the reason for this is that any poles located at |x|+|x’| can
safely have § — 0" taken. For the remaining poles at |x| — |x/|, we use the identity m = 5 +ind'(z)
and notice that a cancellation occurs.
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to leading order in 2 and A. The solution (3.13) contains a 1/e divergence, which can be
absorbed into the coupling for a self-interaction proportional to Z, ® da;x®x" (although for
brevity we do not do so here).

Eqgs. (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 (¢¢) correlator because the explicit 1/N suppression is compensated by the sum
over a and b in the combination g,gsy(x® x%). It follows that these correlators satisfy

Telx (1,300 (1.3 )po] = T [\ ()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®

(X (@)X (") 5= T’ [Xa(t’X)Xb(t,,X/)gﬂ} 51s)
ab

= 8775(!5X—X’! {coth {; (t—t’ﬂx—x/—z’é)} —coth [g (t_tl—\X—x’\—w)] } ’

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

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

5ab
t—t' —i0)? + |x —x/|?]’

(X" (@)X (")) g — g (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

®Note the given d-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—i3,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 A\/4mwe, where € is the very small regularization length scale used to regulate the
divergences (as in egs. (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

Hine () = % / Bz §2(t,x) %(x) = % 62(1,0) (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 (1,%) = A6 (1,0) 6*(x), (42)
this is also the equation satisfied by each mode function, wugy,(t,%x), in an expansion
(cf. equation (2.13)) like

co +/L

otx) =3 3 / dw [uwm(t,x)%gm+u;;4m(t,x)aj;ém . (4.3)

{=0m=—¢

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 +L

(vac| ¢(t,x)o(s,y) |vac) = Z Z /dw Ut (t, X) U (S, Y) - (4.4)

(=0 m=—/¢
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Here |vac) satisfies a4, [vac) = 0, and a4, satisfies the standard commutation relations
*

[awéma u@[m
normalized.

| = 0(w — ©)0,70mm, and the mode functions uyyy, are assumed to be properly

The main observation is that the dependence of u,,, on A can be inferred by integrating
its equation of motion

(=07 + V) thatm (£, %) = At (1, %) 6 (x) (4.5)

over a tiny sphere B, := { x € R | |x| <€} 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

wem t?
4re? <W>r:€ = A Uyem (t, %) . (4.6)
That is, for r > € mode functions simply satisfy the Klein-Gordon equation
(=07 + V2) up(t,x) = 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,

uw[m(t7 X) = eiithwé(r)}/ém(ea ¢)7 (48)
the radial solutions are spherical Bessel functions
Ro(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

47e® OpRy(€) = A Roele) (4.10)

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

l
O fu(wr) = — folwr) = wferr(wr) (4.11)
(that holds for both f, = j; and f; = ys), shows that the boundary condition (4.10) becomes
A (ro.mR) = bielwe) = wejerr(we) + (De/ Co)llye(we) — weyer (we)l. (4.12)
Are r=e je(we) + (De/Cr) ye(we)

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

Dy(w) _ [(A/4me) — £]jr(we) + wegpt (we) (4.13)

Ce(w) [(A/4me) — Oye(we) + weyera (we) |

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

limit we may use the expansions
2T (4 +¢)

T 2t
Je (2) _VTE +0 (2“2) and y,(2) = T m T

o (erd) +O (=) @)
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to find that (4.13) becomes

Dy (w) T { (N/4me) — 4 } (we)z”l (4.15)
C’g(w)_p<g+%)p(5+%) (A/4me) + 0+ 1 2 ' '
The coefficient here can be simplified using
24Z+2 ! 2
T - 14 (4.16)

r(e+3)T(e+3) 2@+1[01°
The inverse of (4.15) — or equivalently, the small we limit of (4.12) — similarly becomes

A C(we/2* T+ (04 1) Xy (w)

dre T (w22 X, (w) (.17)
where
Xo(w) = %F (e+ ;) r(e+ %) gj((:j)) . (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 €

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 D;/Cy 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;/C;. 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 D;/Cy 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

ﬁ:(2€+1)v—1, (4.19)
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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/€,). 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 =(¢+35) -0, (4.20)
As is easily verified, the solution of (4.20) subject to the initial condition v(ep) = wp is
given by
o(e) = (vo + 1)(6/60)2“'1 + (vo — 1)
(vo + 1)(e/€e0) 2+ — (vg — 1)

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

(4.21)

the combination D;/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 A is specified using a specific choice of regularization
scale eg. 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 (€9, \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 \g =
A(€p) 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 Ag, 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

7y := sign (112 - 1) . (4.22)

n, is an RG-invariant quantity inasmuch as the sign of v — 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
nx = —1) or where it diverges (if 7, = +1). Using this definition the general solution (4.21)

simplifies to

U(E) _ (6/6*)2£+1 + 1,
N

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

(4.23)
(€0,v0) by 1, = sign(vg — 1) and

(6*)2£+1 _ (UO_ 1) _
€0 = vo+ 1 N

(4.24)

Vo — 1
vo+ 1 ‘ ’

What makes these variables convenient is that e, provides an invariant length scale
that is shared by all representatives (e,v) or (e, \) along a particular RG trajectory. It is
consequently this length scale — and not ¢y or \g, 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(¢) in terms of e, by combining (4.19)
and (4.23) to get

A (6/6*)2“_1 +
—+1=(20+1 =(20+1) —F—— 4.25
e 1= 0L+ 00 = (4 1) T T (4.25)
and for later purposes also record its inverse (cf. egs. (4.19) and (4.24))
(6*)2£+1: U—l‘:‘ [)\/(471'6)}—6 ‘ (426)
€ v+1 A/ (dme)| + L+ 1| ‘

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

Dy(w) _ T <we*>”“
Co(w) TE+3)T(+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 €, ~ aRy, 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 A/4me

It is instructive to explore the connection between A(e) and €, explicitly in the weak-
coupling limit, by expanding (4.25) in powers of €,/e. In this limit (4.23) simplifies to
v(e) ~ 1+ 2n, (e/€)* Tt 4 -+, and so

A €y 2041

For the £ = 0 mode in particular A becomes e-independent in the perturbative limit, with
A > AT, (for . =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 are negligible these expressions need have
no dependence on regulators like ¢, 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 \/47e 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 \; 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, A/4me], and does so perturbatively in \/4me. The result can be
turned into an expression O = Olwe, €, /€] 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 \/4me and
€./€ are not small, is given by the same expression O = O[we,] since it does not depend
at all on e. Expressing this result in terms of O = O[we, \/4me| using (4.25) then gives an
explicit resummation of the observable to all orders in A(¢)/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 A/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/4me 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 g = 0:

/
Ws(t,x;t',x') ~ 1 A [( x| +Ix] }

I [ (=0 —i8)2+ x—x'[2] | 1673 x][x| L(t—t'—i8)2— (jx+ x| )2

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

1 T)x€x |X|+|X/|
Wa(t,x:;t',x') ~ { }
B X ) = e i) ] A ] L (=7 =i0)— (- [x])?

(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
I 1
<Mumdux»:4ﬂ{_@_ﬂ_my+m_xw} (4.32)
L N - L
16m3|x||x!| [ (A/4me) + 1| [(t — ¢ —id)% — (|x]| + [x])2]

This clearly agrees with (4.30) for small \/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 Dy/Cy to be given in terms of €, as in (4.27), repeated here for
conenience:

Du(w) T <w€*>2€+1 . (4.33)

Cilw) T+ Hre+H\ 2
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Mode normalization. The integration constants Cy and D, are determined separately
by combining (4.33) with mode-function normalization, which requires

(Uwtms Uggm) = 0(W — ©)6y70mim s (Uwbms Uojz) = 05 (Upm, Usjs) = —0(w — @)0,70mm
(4.34)
where the angle brackets denote the Klein-Gordon inner product

(F,G) =i / S (F(t,x)@tG*(t,x) _ 8tF(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

Jo(€) o |[F(t,%)0,G*(t,%) = 0, F(t,x)G*(1,x)| = (A" = N)[Ft,x)G(t,%)|  (4.36)

r=e r=e
and so vanishes for real \.
The normalization integrals are computed in appendix C.1, leading to the following
ex~dependent results for Cy and D, separately

Com(w) = \/Z{l +

1/2

- we, 204172~
F(6+;>F<€+§>(2> ] } ’ (4.37)

and
20+1
T % WEx w
D) = we \T [ 4
)=t e s vr{

With these choices the mode functions and field operators satisfy the required boundary

7r we, 20+1 —1/2
L+ Hre+3) (2> ] } '

(4.38)

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 yg(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,

' - we, \ 2641
uw@m(tax) = Cfm(w)e_wnt jf(wr> + F(E—I— l)l—‘(f—i- §) (2> y@(wr)‘| Y'Zm(eyfb)a
’ : (4.39)

that properly matching at the boundary condition at r = € (dropping subdominant terms
in we). As argued above, all explicit dependence on e 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
€. In particular, egs. (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+

=3 % [ (X)) (4.40)
{=0m=—¢
oo 4 . o we, 2041
—;%2;{/ dw e 1| Gy (w) 2 Pdwhb+rw+ﬁﬂﬂﬁb(:z> yﬂﬂxd
i / T we, ) 2! / x (pl il
X []E(MX |)+m (2) Yo(w[x') | Yo (0,0) Y, (0, 8') -

Performing the sum over m (see appendix C.2 for details) leads to the intermediate expres-

sion

(o(t, X)¢(t’ x))
2£+1

Wy 2041
e Cro(w)? [z<w|x|>+””*3( ) yz(w|XD]

D(0+3)0(0+3)

, - we, \ 261 / ;
j — | = P, . 4.41
il D+ s (57) el | Palcost) . (@)
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/€,. 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

cos(z)

. and yo(x) = — > (4.42)

sin(x)

Jo(wlx|) =

the contribution up to leading (linear) nontrivial order in we, can be simplified to
<¢>(t x)o(t',x"))
i ) e O ot Piost)

_<47”7>{ - / in (w|x' } 22 }
1673 [x|[x/] sin(w|x|) cos(w|x'|) 4+ cos(w|x|) sin(w|x'|) | + O(w?ey) ¢-
I iw(t—t') __(mnee) / 2 2 }
4772|x X/|/ dwe™ {51n(w[x x'|) 167T3|X|‘X/|51n[w(|x\+\x |)}+(9(w ).
(4.43)
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Evaluating the remaining integrals then gives

(6 (606 (X)) ~ 1 [_ T Ml)Q o X/|2] (4.44)
(471e€) [ x| + x| 1
16w x]x] [ (£~ ¢ —ia)” — (] + )7

where § = 07 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 Sp and sp:

St = 2P (om0 10, 0) - TBE sy )
- fgjf’zji” Ot — [xc|) | (=i B e 1 9,5, (1 — [x], 0)]
and
splt.3) = 2 (s e ) - XU D oy o)
_ fg;%b\icl Ot — [x|) Dy (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) = sp(¢,x) = 0, as required by causality. In the opposite case t > |x|
they instead become

A

Splts) = g [P0+ Splt — Il 0) 53)
5abgagb . B (t—‘x‘)
B 1672 |x| [(_ZEp)e + 9¢Sp(t — |x, 0)} when t > |x]|
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and

a 8y B, (t—|x) _ A ags 8" grge B
sp(t,x) = ~ i € 4W‘X|5p(t 1x|,0) — 6n7x] drsp(t—1x[,0) when ¢ > |x]| .
(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|:€ and 8tSI(,O)(t — |x[,0) =
atsﬁ,o) (t— |X|,y)||y|:6 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  Er(t=Ix)) when ¢ > |x] (5.5)

and
s3(t,x) = G(jx|)e Fr(=) (for all @) when ¢ > |x], (5.6)

and soS ( —|x],0) := F(e) e *Er(t=IxI=¢) and 8,5 ( —|x[,0) := F(e) (—iE,)e Erlt=Ixl=¢)
and similarly for sj. These ansdtze solve (5.3) and (5.4) provided F and G satisfy

iG> ,
P = (- 4:|X’ 1 69772?:;') [1+ F(e) e+B] (5.7)

and
g A iG> E,
G(x|) = ——~—=—+ (— +
(=) 47V N x| Ar|x|  1672|x|

whose solutions are

) G(e) e+iEve (5.8)

A ig’E, 9 B
4rr|x|  1672|x]| 47/ N|x|

F(lx])= and G(|x|) = .
() e () —
1— _7_’_ +1E'pe 1— _7_’_ +1E'pe
4de  1672%€ 4de 1672
(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 e'»¢ ~ 1 without loss, giving

the mode functions

A iG*E,
dnlx| 16712\X] .
Sp(t,x) =~ 5 zg2E Bp(t—1x]) when t > [x] (5.10)
e 16m3€
and 3
_%e*iEp(t*\XI)
41 N‘X| —iE, (t—
s (t, x) = N iE " Ep(t=x) when t > |x] . (5.11)

dme  16m2e
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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 K,
dre  16m2€

<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 £, < 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
— 1 d
dme < an 1672€

5.2 Performing the mode sum

<1. (5.13)

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

1
Ws (t,x;t',x") = —Tr {qﬁH (t,x) ¢y (', %) (|Vac) (vac| ® e_/m*)]
Zg
=7 (t,x;t,x') + & (¢, %51, %) (5.14)
where the functions .7 and &3 are defined by

dgp —i ip-X iBpt' —ip-x’/ *
y(t, X3 t/7 X/) = / m (e Ept+ p + Sp(t, X)) (6+ Ept p + Sp(t/,X,)) (515)

and

&Es(t,x;t',x") ! g: / p / Ik <s“ (t,x)st (¢, x")Tr' [ba bb*e_m'[*}
B, X5, == ) k ) k
Zs gy ) \Jem2E, ) VRTT2EL\ T P

o (L )sk(E )T (oo 7] )

(5.16)

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

5%

1
o 5.17
( y X3 7X) 472 [_(t — ¢t —i(S)Q + ’X_X/P] ( )
+262[1<t_t'+|x|+|x'| ¢) = I(t =t~ |x| + x'|.c)
Pl | |

— (=t = K Lt~ ¢ x| = [x]0)

€ 1 1
T S]] [_ PR Y ] ey Ty vy —w}

2 4 A
_32met (14 57)

'

(=t = o e) o+ Lyt = = x|+ x],0)

62

CAr? x| X |(t — ¢ — x|+ x| — )2

gHIxllx
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where the parameter ¢ is the following combination of couplings and e,

1672¢ A
= 1+—. 1
¢ g? ( * 47re) (5.18)
The functions I+(7) are defined by
] e_u
I+(1) = e Ey (£ c[r —id]) where FEj(z):= / du —, (5.19)
2 u

is the E,-function with n =1 (closely related to the exponential integral function) and the
limit § — 07 is (as usual) understood.
The temperature-dependent contribution similarly evaluates to

262 2 (t=t' = |x|+|x| =id) 2m (t—t' —|x|+|x|—id) 2
5ﬁ(tﬂx;t7xl)zé{q>(e ’ ’1,%>+¢)<6+ ’ ! CB)]_l]

g2l '| 2w o)) ep
(5.20)
where ®(z,s,a) is the Lerch transcendent, defined by the series ®(z,s,a) = > .02 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
W3 = ¥ + &5 reduces to the perturbative correlation function quoted in (3.10) in the
appropriate perturbative limit. The perturbative expression in powers of g is obtained
from the asymptotic form when both ¢ > 1 in .% (as shown explicitly in section D.1.1)
and c¢f > 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 \/(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 R4+ 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 Ry. 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 IV copies and evaluate

(30 (0,0))5 = - Tr[x(1,)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 (nghale ™ [{nyh)

N=0{np}n
~1I ZO o BEpnp _ H — BE H Zy. (A.2)
P np=

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_,npEp. The field expansion for this normalization of states is

1 —iEpt+ip- i Ept—ip-
X):Zi pezp+sz+b*ezp 1Pp-X (A?})
S p
where b, is the discretely normalized destruction operator, and the conversion between
discrete and continuum normalization is given by

1/2
bp:[@;)g] bp and > = (2V d’p, (A.4)

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

leading to
—iByttikex +iEt—ik-x O\ o
(e x)x(0,00 = miz ; rk = ErE, bie) (ba+b5) |
q
1 > Tr Ke—iEkt—l—ik.xbk n 6+iEkt—ik.xbl*(> (e + 1) e‘ﬁH} .
2VZ 4 B |
1 Z o—iBkt+ikxy {bkbie—ﬂﬂ} | e iBRt kX, [bﬂbke—ﬂﬂ}
2V7 4 o |

and so, using byby = bybx + 1, this becomes

1 e~ 1 Bkttikx 1 Ccos (Ekt —-k- X) * —BH
(x(£,%)x(0,0))5 = QVZTMTZ SR i

B / dgk 6—1Ekt+zk X i cos (Ext — k - x)
VZ ” Ej,

Tr {bl*(bk e*mq (A.6)
The required trace is a standard manipulation

S e ] = 5 3 S bl Eo B ()

= O{Np}N
1
e S A7)
npeé E s .
p np—o P 65 e 1

— 33 —



and so

B e—lEkt'Hkx +/ d3k cos ( Ekt_k X) (A.8)

271') 5Ek — 1)

(x(t30x(0.0))5 = [ ¢

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

d3k‘ —iExt+ik-x 1
/ ‘ - , , (A.9)
(2m)3  2E 472 [—(t —i9)? + |x/|?]
where the limit § — 07 is understood, and the geometric series
n—=

allows the remaining term to be written

/ d3k cos(Ept—k-x) / ekt 4 gtikt sin ([x])
(2m)3 Ej (eBEr—1) 47r2|x] C(ePF—1)

- —ikt | +ikt) —nBk
_47r2|x] Z/ dk: e +e )e sin (k|x|)

mx@/ b {e ™ sin [k(t+[x])] —e " sin [k(t~[x])] |

__ 1 Qi[ t+x)/6 — (=Ix)/B
8rfBlx| m = Ln?+[(t+[x])/B1*  n?+[(t—[x])/B]?

}. (A.11)

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

coth (1z) = — + — Z 22, (A.12)
and so
1 1 1 1 1
It x)x(0.0))s = g <t+ K= - =@ i+ = |x> (A-13)

N coth [ (t + |x|)/B] — coth [x(t — |x]|)/5]
87 B|x]| .

In the limit 6 — 0" (for real ¢ and x) the real parts of the second line cancel leaving

coth [ (t + |x| — i6) /8] — coth [m(t — |x| - i6)/5]

(x(t,%x)x(0,0))5 = 87|

(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).

~ 34—



A.1.1 The KMS condition

A subtlety with the id-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 - iB,X)X(t,,X/»ﬁ = <X(t,aX/)X(taX)>ﬁ = <X(taX)X(t/aX/)>Ea (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’))g. To see how this works, go back to (A.8)
(with arguments ¢’ and x’ reinstated) which says

3 —iE (t—t")+ik-(x—x') 3 +iEy (t—t')—ik-(x—x")
d°’k e / d°k e (A.16)

(x(t,x)x(t', %)) 5 = / (27)% 2B, (1 — e PFx) (27)% 2By, (ePBr — 1)

after use of the identity 14 (8% —1)~! = (1 — ¢7#P%)~1, Evaluating this with t — ¢t — i3

gives®

L o Bk e BBk p—iBk(t—t')+ik-(x—X') A3k eTBEketiBL(t—t")—ik-(x—x')
<X( _ZB7X)X( X )>,3_/ (27.‘.)3 2Ek (1_€7BE,€) / (27.‘.)3 QEk (eﬁEk—l)
/ A3k et ER(t—t")+ik-(x—x') Bk eTiBR(t—t")—ik-(x—x')

21)3  2Ej (eBEr—1) (2m)3 2B (1—e—PEx) (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 d-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)
sinh(a + b) sinh(a — b)

coth(a + b) — coth(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 (M)

(X)X (X)) g = — — PG _igﬂ o () ]

8
(A.19)

SNotice that replacing ¢t — t + ib for some imaginary part b in the above makes the integral converge
for all =3 < b < 0, since (e?Fx —1)7! ~ ¢ #F% and (1 — e #F%)71 ~ 1 4+ ¢ PP for large momenta
BE, > 1. This means that the correlator is a complex-analytic function of time ¢ € C in this strip [117]
(with —8 < 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

_ L T B.1
szg—l—D (B

g(e
where ¢ 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 = A/4me while p. = 3 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=-Xyw), (B.2)

where ) Dy (@)

- 3 1y Lrlw
Xp(w)i=—T (¢+35)T(e+3) ok (B.3)

For later use, eq. (B.1) also inverts to give
B — Dy

% = : B.4
P =Gy 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

dg lAD—BC (B.5)
( :

c49 3<:2<{(09—A)(B—D9)
de szC+D)2

AD — BC ’

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

points at g = g«, where
A B
9=G O 9=]

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
g(e) = u(e) + 3 (C’ + D) , (B.7)
in terms of which the fixed points are
1/A B AD — BC
“V=%<c‘p)—i(:wp>v (B-8)

and (B.5) becomes

du  2(CD [ - (AD—BCH [UJF(AD—BCH _

“de = 4aD—BC " 2CD (B.9)
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Finally rescale

AD — BC
. [ . } (B.10)
to see that dv
e — =((1—2?) (B.11)
de
is an automatic consequence of (B.1) once one defines
g:u+%:;<é—g>v+;<é+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)(e/€0)* + (vo — 1)
(vo + 1)(e/€0)? — (vo — 1)

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

v(e) = (B.13)

universal flow that runs from v = —1 to v = +1 as € flows from 0 to oco.

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 (g, v9) that specifies
an initial condition vy = wv(€p), or it can be taken to be the pair (e, y.) where y, =
sign(|v| — 1) = 1 distinguishes the two classes of trajectories, and ¢, 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, y) 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 A is related to the universal scaling variable v by (B.12), which becomes

A 1 1 A
4—“_5{(26—#1)1)—1] and so U_%—H<27T6+1)7 (B.15)

as used in the main text.

C Mode properties

This appendix evaluates several properties associated with the modes in the presence of
a %)\qﬁQ(O) 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

uwﬂm(tv X) = e—iwt [Cg((JJ)jg(WT) + Dg(w)yg(wr)]ng(G, ¢)7 (Cl)

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

(s tin) = [ 4% (1 (X758 ) = Wt X157, (8. )
= CH@)Cy@)w + D) I [ @ jo(wr) Vi (0, 6)j@r) Ve 0, 6) (C:2)
+ CH@DE) @ + ) [ d o (wr)Yon 0, B)yy(@r)Vim (0, 0)
+ D) Cy@)(w + @) [ @ ywr)Yin (0. 6)Ji(@r)Yim 6. 9)
+ D} () Dy(@) @+ &) [ d%a yy(r) Yo (0, 6)s@r) Yo 0, )
Using orthonormality of the spherical harmonics Yo (6, ¢)
[ 429 Yin (0, 6)Y35,(6.0) = by 6 (C3)
allows the above to be written as
(s i) =G4S | G @)Co(@ e + D) [ ar sy (€
+ G @) Dif@)w +)e 1 [T dr 2 jy(r)yelor)
+ D (@)CH@)w + &) [ dr sy, (wr) (o)
+ D} (w)Dy(@) (w + @)t @) / dr ryg(wr)ye(@r)

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

| dr e = [ dr iflenuen = 5w -5),  (C3)
0 0 2w?
while the cross-terms are evaluated in appendix C.1.1, giving
~\0
> 2 -y (w/w)
/0 dr r*je(wr)ye(or) = Rk (C.6)
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The above manipulations lead to the expression

(Ut Uz = Sibam | O () Ce(@) (w + @)D 6(w — @) (C.7)
+ O (w) De(@) (w + w)e”(w—@t%
+ D (w)Co(@) (w + w)e“(w—@tw
+ D} (w)Dy(@) (w + @)e+z‘<w—@>t$5(w — @)

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

(Ueotms U gs) = Oy O (Z(|Ce(w)|2 +[Dy(w)?)d(w — @) (C.8)
etilw—@)t Wt ot
Tt { - CE(W)DZ(@)W + DE(W)CE(@)WD :

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 D,
that follows from the boundary condition, which states

Dem(®) G (waf”l (C.9)
Com(w) ~ T+ HT(e+3) \ 2 ' '
Using this, the square bracket in (C.8) becomes
] oW LD
[—Cz (w) Dy (@) St (w) Ce (@) w”l]
. - Dy(@) wt Dj(w) @
=C7 (w) Cp (@) l Cy (@) o1 + C; (w) Wt
7”7*sz (w) Cfm (w) o ‘Dﬁ*>2€+1 We + (wﬁ*)%—"_l (Z)é ‘|
U (e+3)r (0+3) 2 @t o\ 2 Wt
=0, (C.10)

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

~(ICem(w)[* + [ Do (w)[*) 0 (w — @) (C.11)

T
w

. e\ A6+ ) )
= 0,7 Omin ” 1+ ( 5 ) |Com (W) (w — @),

<uw€m; u@fm> = 5&7 5m7h

2
™

T(l+3)T(+3)
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which uses 72 = 1. Proper normalization then implies

. Wy 204172 | —1/2
eprp(s) ) o

- we, \ 2 2, -1/2
T(0+Hre+3) <2> ] }
(C.13)

as claimed in the main text. It is straightforward to similarly check the other relations
(Ut Uggz,) = Og7 Omin 6(w — @) and (Ugem, v’ ;. ) = 0.

Com(w) = /% {1+

™

and

2041
T )% WEx w
Dy, = hat Z
() T+ Dre+3) ( 2 ) 7r{ +

C.1.1 Evaluating the j; - y¢, product integral

We next compute the integral that appears in (C.6) above, When calculatmg the cross
terms when normalizing the mode functions. First we use j/(2) = /52 J,, 1 +1 ) to write

/Ooo dr r2je(ar)ye(br) = (—1)*! /oo dr r?jo(ar)j_o—1(br)
:( K—H / dr rJg+ (ar)J_,_ 1(br) (C.14)

(_1)Z+1 00
= Tg EIL%L ; dr '~ 6JH_ L(ar)J_,_ 1(b7‘)

From here we must use the formula (10.22.56) from [118] where
alT (u+u;>\+1) o Fy (u+u ML pv bl ] b2>
_ — A
OApH—A+1IT (%) T(u+1)

/O T dr v (ar) y (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 u = ¢ + % and v = —{ — % we get

1 1
o0 9. (e 2cos(nl) axttpm2t
/0 dr rje(ar)y.(br) = 27\/% 61_1}(1;1+ - S R + O(e) (C.16)
Noting that cos(mf) = (—1)* and taking the limit e — 0% gives
00 bt
/0 dr r2je(ar)ye(br) = b(l()g/—Lz) when 0 < a <b (C.17)

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 —¢ — 1)

/OO dr r2je(ar)ye(br) = (=1) /OO dr r%j_¢-1(br)je(ar)
0 0

(D e
= ovm dm [ dr e () g er) o (CA8)
bZ
—b(l()g/_Lg) when 0 < b < a.
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Combining gives the result for any a > 0 and b > 0

) a/b)’
/0 dr r2je(ar)ye(br) = 17(1(72/% (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

(bt x)o(t',x))

oo +L 0o
= Z Z / dw Uwgm(t, X)U’Zzem(t/?X,) (C20)
=0m=—0"9
o+ oo 20+1
— —iw(t—t") 2 1. e [ WE
SX Y [ e ) [mmx\) + s (5 ymxw]
. ’ TNk WEx 26+l / x (ol 4l
X l]E(W’XD"'W (2> y@(w\x\)] Yo (0, 0) Y (0, 6) -

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 6/ = 0 (not
specifying ¢’). Noting the identity (14.4.30) from [118] we can write

20+ 1
Yim(0,¢") = 6mo e (C.21)

along with Yy (0,¢) = 2i—;lpg(cos 0) where P, is the Legendre polynomial of degree /.
This gives

(ot x)p(t', x'))

B 2041 [ ieo(t—t) ot . (we*)zul
_ ;0 = /O dw e Cool)Plield) + e () velelx))]
: / T we, | 26+ ,
X [Je(w|x']) + ) (2> yo(w|x'|)] Py(cosb) . (C.22)

Notice also in passing that the Gamma-matrix identities I'(n+1) = nI'(n) and I'(n) =
(n—1)! and I'(n + 1) = 2!72"/7['(2n)/T'(n) imply

T o 24E+2I‘<€)2 24€+2 [61]2

L+ +3) 20+ 1T+ 3)? TR0+ )T(202 T 220+ 1)[(20)12

(C.23)
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Perturbative limit. For further progress assume we, < 1 and seek only the leading

2041

e,-dependent contribution. Because of the factor (we,) this allows restricting to £ = 0

in the e,~-dependent term. In this regime we can approximate the mode sum

(0(x) 6 () = 30 2

/ dw e~ w(t=t) ( )]g(w|x|)]g(w|x|)Pg(0059) (C.24)
+a / e 00 (2 jy wlx) F(”F<> (557 ) i) Po (cost)

/ dw e~ (=1 (i)r(lm* (26* Yo (w|x]) jo (w|x'|) Po (cosB)
+0 (w%f) .

where the s-wave normalization simplifies to |Cpy(w)|? 2~ £[1 + O(w?e?)]. Next use the
explicit form for the low-order spherical Bessel functions,

Jo(z) = sinafx) and Yo(w) = _Cosx(:c) , (C.25)
and along with T'(3)I'(3) = % and Py(z) = 1 to get
ORI X = oy [ e O 04 D)l D leost)  (C26)

=0

(47m.€x) —iw(t—t
W/ dw e~ )[sm(w|x|)cos(w|x ) + cos(w|x]) sin(w|x’ |)}

which drops (we,)? terms. The ¢ sum is performed using (10.60.2) from [118] which says

- N ~sin/u? 4 0?2 — 2uw cos(a)
ggo(% + 1)je(u)je(v)Py(cos ) = T 0T —%us conla) (C.27)

and so

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

o0 . sin (z,u\/|x|2 + [x']2 — 2|x]||x/] cos(@))
/ dw e—zw(t—t )w .
w /[x]? + [X]%2 = 2]x|[x'[ cos()

4 * Sk —
M/ dw e~@(t=t) [s1n(wx|) cos(w|x']) + cos(wlx|) sin(w|x’|)
1 —iw(t— .
:47r2|x—x’|/o dw e @) gin (w]x — x'|) (C.28)
(47”7*6* —iw(t—t")
167‘(3|)(||)(/|/ dw e Sln[ (|X‘ —+ ’X |):|

The above result uses the alignment of the coordinates so that x’ points along the 3-axis

to write
Ix|2 + |x/|> = 2|x||x/| cos(f) = |x — x'|2. (C.29)
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The frequency integral finally is

/ dw e~ Tw sin(Xw) / dw ©
0

1
<T+X—15 T—X—ié)

71(T+X)w + ei(TX)w:| (CSO)

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:

(6 (06 (X)) = 1y - (t—t’—i61)2+x—x’|2 (C.31)
(477.€4) 1 1

C2mx||x!| Lt —t + x|+ x| =6 t—t —|x|—|x|—i0

D Mode sum for the exact two-point correlator

In this appendix we explicitly evaluate the mode sums for the functions . (¢, x; ¢, x’) and
63(t,x;t',x’) defined in (5.15) and (5.16), giving us a non-perturbative expression for the
Wightman function Wa(t,x;t',x") = L (t,x;t',x) + E5(t, x; ¢/, x').

D.1 The temperature-independent contribution, .7 (t,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

1 1
y(t,x; t/,X/) = oo} . - _7;5)2 T ‘X—X/|2 +,71(t,x;t,x’) + yg(t,X;t,X/) + y3(tvx;taxl)
(D.1)
with the definitions
A ig>Ep
At x: %) = / ¢~ Ep (it Hx/ ) hipx _dx — 1672 (D.2)
1) e, T+ o+ B
and
By (1=t —|x|)—i _%Jriféb;p
- = e~ iEp(t—t'—[x|)—ipx’ __ 4w T 1672 D.
yz(t,X,t,X |X‘/ 271_ 32E 1+7_zg2Ep ( 3)
4me 16m2e
as well as
2 =2 2
A g Ep
i) +
Fa(t,x; ', x") / e~ P (t=t —Ix|+x]) (47r) (16W2) . (D4)
lelx’l 2r) 32E (1+L>2+ (ngp)z
4me 16m2e
Integrating the momentum angles away in spherical coordinates and simplifying turns the
above into
€ o0 i (! ’ —47T>\/g2—7,p
Pt xt %) = / dp e~ A=t +1x']) g I D.5
(txt ) = o [ ane sin(fxp) - (D.5)
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and

o i —4mw\/§? +ip
Folt it x) = e [ dp e —4mNG +ip D6
2( ) 7X) 47T2’X”X,| 0 p e SIH(|X |p) c— Zp ( )
as well as
’ ’ 47r)\/§2)2+p2
At 7/ dp pe—ip(t—t—Ix+h) (ATA/G7)” +p” D7
(3t = o Jy PP 2+ p? (D7)
where we define the constant )
1677 4w
cC=—+ —F . D.8
7 7 (D.8)
It is more convenient to arrange the integrals as
) _ ’ ’ _ / 7 ) 47T>\/g2—6)
St x 7/ d ( ip(t—t/+ x| +x') _ j—ip(t—t'— |x|+x|>) [Z(_l
(t:xitx) = S P ¢ e
e / dp (e—z’pu—t'ﬂx+|x'|>_€—z‘p<t—t’—|x|+x'|>) 1
52 ! —9
g ’XHX‘ 0 p—ic
iE o0 : ’ / ;: ! /
e [ (et ) ip(—t x| Hx |)> D9
87r2|x||x/\/0 p<€ ¢ (D-9)
and
262 o0 : ’ ’ : ’ ’ 1
St x:t X! :_%/ d (e—zp<t—t—|x|+x |>_e—zp(t—t—x|—|x>>,
2( Tl p+ic
’ie 0 s 4 ! . 4 !
_87r2\x|!><’|/o dp (e ip(t—t/— x| +|x']) _ —ip(t—t'~|x| |x>> (D.10)
as well as

? © [ — (4m)/g*)*]
€ —in(t—t — 1 C A/ G p
Syt x; 1, X' :7/ dp e—Pt—t—IxFHxD [ ) }
36 ) = ot Jy e P 2+ p?
2
- < / * dp pe Pt —xlx)
Ar?|x|[x|

€ 2[c? — (47N /G?)? / dp e t—t'~ |x+|x/|)[ + 1, } . (D.11)
8772|x||x p—1ic p+ic

From here we note the elementary integrals (where the limit § — 07 is understood)

o0 ) — 00 . -1
d TP = d d P =
(Kwp@@k — an ‘[wp@@me =)

(D.12)

as well as the integrals

e~ T
(1,¢) / dp . (D.13)
pFic

We defer the calculation of the integrals to section D.1.2, where the result (D.30) is given
by

I+(1,¢) = X Ey (£ c(T —i0)), (D.14)
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where F(z) := [ du % is the so-called exponential E,-function with n = 1, and where
the limit 6 — 0T is understood (note that we have Ej(z) = Ej(z*) is satisfied, and so
I_(7) = I+(—7) remains true).
With the above we find
2¢?

At x;t,x') = ] [I(t —t x|+ X, e) =T (t -t —|x| + |X/|,C)} (D.15)

€ 1 1
8m2|x|[x] [t—t’—k x|+ [x/|—i6  t—t —|x]+ |[x] —ié}

and
A, 2¢? / / / /
St x;t,x7) = Nl L=t — x|+ [x],c) = Lp(t =" = [x] = x|, ¢)|  (D.16)
€ 1 1 ]
8m2|x||x!| Lt =t/ — |x| + x| —id t—t —|x|—|x|—1i0
as well as
€2 1

It x;t,x) = (D.17)

CAm?|x[|x| (=t — x|+ |x| — i6)2
2 4 A

_ 327’[’ € (1 + Tm)
gAx|x|

[I_(t —t' = x|+ [x|,e) + I (t =t — |x| + yx’y,c)} :

Finally, putting the above all together into the sum (D.1) gives

1
L(t,x;t,x') = o
(t,x;t,x") A2 [—(t — ' — 16)2 + |x — x'|?] ( |
+262[I (=t + x|+ ¥],0) = L (t =t = [x| + x|, ¢)
P ’ |

~ Ll =t = x|+ [x0) + Lyt~ ¢~ Ix] = [ )]

€ 1 1
¥ [_ P e ] Ry S Ty vy —ié}

2.4 A
_ 327e (1 + ﬁ)
g

(=t x|+ )+ Lt = € x|+ [ 0)

62

CAr? x| X |(t — ¢ — |x| + [x| — )2

which is the result quoted in (5.17).

D.1.1 Perturbative limit of .

From here we wish to consider the perturbative limit of the above, which is taken by

1672 47
or = <67”+7T>r>>1. (D.19)

assuming that

g g
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Note that the function Ej(z) has the following asymptotic series

1 1
Ei(2) ~ €77 s +0(273) for |z] > 1 (D.20)

which implies that the functions I+ (7, ¢) have the following asymptotic series for |cr| > 1

1 _ 1
et —i0)  A(r —id)?

I+ (r,¢) ~ £ + O(|er|73) 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

(—2)*
kK]

Eq(2) ~ —y —log(z) — i (D.22)
k=1

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(r —id)) + Ofer) leT] < 1, (D.23)

where this limit will clearly suffer from secular growth problems once c¢7 is no longer small.
Taking the |c7| > 1 limit of the expression .7 here (dropping O(|c7|~3) contributions),
and simplifying after using ¢ = (1672%¢ + 47\)/§? yields

S (t,x;t',x)
~ ! (D.24)
am? [ (t—t'—i8)*+ x—x'|2]
1 A x| +|x/|

+ . .
1673 |x|[x/| 142 (t—t'—i0)* — (x| +|x'|)

I 1 t—t'—|x| 1 t—t'+ x|
TR 2 2t %] 2 2
32t (1422 ) [(t—t/—[x|—i8)*~x'|2] [(t= /4[| —i0)” —[x[2]
1 22 1
644 |x||x'| (1+4¢>2 (t—t' —|x|+|x/| —id)*

For perturbatively small A (meaning \/(4me) < 1) the above turns into
1
472 {— (t—t’—i5)2—|—|x—x’\2}
A x|+ x|
+ 3 N Y N2
L6 [x'| - (¢ =4/ —i8)" — (|| +[x])

S (t,x;t, %) ~ (D.25)

G 1 t—t'—|x| 1 t—t'+ x|
994 | [+l 2 2
20 K v px i) -] X [t ) —i0)? ~ xP2]

+

where we neglect O()\?) 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,¢) into real and imaginary parts

gives

oo
[(r)= / dp pcos(pT) + 025111 pT) / dp ccos(pr —|—p2sm(p7') ' (D.26)
0 p>+c p?+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(x) := — [ du ©— is the exponential integral function. Since I_(7,¢) = I (-7, ¢)
this immediately implies that

I (1,¢) = —e “"Ei(ct) —ime” " O(T) (D.28)

The above formulae can be simplified into a more useful form by relating it to the function
Ei(z) == [[°du % (the so-called exponential FE,-function with n = 1, related to the
exponential integral function for = > 0 by E;(z) = —Ei(—=z)). Obviously E; 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 Ej is better defined for this reason.

Noting the behaviour of the function Fj(z) nearby its branch cut (along the negative
real axis) where

lim Ey(—x +i)) = —Ei(z) Fir for z >0, (D.29)
n—0+

the functions I+ (7, c) can be written in the more useful form

I_(,¢) = e Ey(c(r — i6)) (D.30)
I (1,¢) = e TE(—c(r —1id))

where the limit 6 — 01 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(t,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" (1, X/):|
ePEr — 1

é"/gtxtx 2/277 2E

sp (t, %) 55" ', x") +

(D.31)
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Using the explicit form of the mode function sf given in (5.11) the function &s(t,x;t',x’)
turns into the integral

=2 ds —i By (t—|x|—t'+|x') el |t
BTN g p e o 2cos [E, (t—|x|—t'+|x'])]
gﬁ(t,X,t,X)—16ﬂ2|x||x,| 2V oE 28, \2 T2 22 5 2
(2m) p <16ﬂ'2p€) +<1+R> {(iqsﬂpe) +(1+Tm) [ePEr 1]
(D.32)

Integrating the angles away and simplifying the above yields

& (tx;t,x') = 462/00 dp > {e_ip(t—|x—t’+|x/) L 2eosfp(t— x| — ' + |x])] }
o g2 xRl Jo

p?+c? efr —1
(D.33)
4¢?
= Sl E =[x =t + X|.c. 8
Pl )
where c¢ is the constant (5.18) consisting of the couplings and e defined by
1+ 2 167% 47\
CcC = §24ﬂ—€ - :,7; ¢ + ZTQ 9 (D34)
1672e g g
and we define the integral
_ o p —iTp 2 COS(Tp)
I(T, C,B) = /0 dp p2 T 02 |: € + 65177—1 5 (D35)

which we evaluate here for ¢, > 0 and 7 € R. To compute I, use [;° dg e”“Usin(pq) =
I# glVlng
o o0 .
I(1,e,B) = / dq/ dp e “Isin(pq) { e VP 2 (D.36)
0 0

Next we rearrange the above into the form

() (e’ ,L'e—i(T-'r(])pie—i(T—q)p o0 sin ((r —sin ((r —
I(T,c,ﬁ):/o dg e—cq{/o dp ( )_'_/0 dp ((t+q)p) (( q)p)] '

2 ePr 1
(D.37)
We note the elementary result (with the limit § — 07 understood)
/_Oo O(x)e W* = /0 dz e ™ = ” :25 (D.38)
as well as formula (3.911.2) from [116] (valid for a # 0 and Re[5] > 0)
© sin(ar) 0w a 1
/0 dzx B QBCOth(ﬁ) 5 ° (D.39)
With these formulae the integral (D.37) becomes
1 [ 1 1
1 = dge — D.40
(red) =3 | dget| e (D.40)

(7)o (559 o ]
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Using the result of the Sochocki-Plemelj theorem

1 1
= —F1 D.41
s = T i), (D.41)

the integral (D.40) simplifies to

dg e~ |ixd (7 +q) —imd T coth (T”))—” th(”(“q)”.
I(1,¢,B) = / qe [m (T4+q)—imd(T—q)+ BCO ( 3 560 3

(D.42)
Applying the Sochocki-Plemelj theorem yet again to the above yields

I(1,¢,8) = % /Ooo dge [coth (W) + coth (77((]—[;—15])) ] (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 (;) = -1, (D.44)

and make the change of integration variable to @ = 27q/ giving

I(1,¢c,B) = / dQe 27r {coth <Q+2W[T_i5]/ﬂ)> + coth (Q—27r[7—i<5]/5)>]

2 2
1 1
/ dQe” o [ e (/B Q@ | 1 et2nr0)/Be-@ 1]
2m(T—16) B +27"T id) cf ™
,q) B 1 -0 s Lo- 3 D4
(€ ”27r)+ ( ”27r> B’ (A

where we use the integral representation (see formula (25.14.5) in [118])

1 [ s—1_ ,—ax
O(z,s,a) = >/ dz % valid for Re[s] > 0, Ref[a] >0 & z € C\ [1,00)
0

I'(s 1—ze
(D.46)
where ®(z,s,a) is the Lerch Transcendent, usually defined by the series (see formula
(25.14.1) in [118])

o n

D(z,5,a) = Z(CLiT)S valid for |2| < 1. (D.A47)

For other values of z € C (ie. 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 2t =t —|x[+[x"| —i9) B +27r(t7t/f|x|+|x’|fi§) B 2
Gt o) oS )
a(txt,x) 2|x||x/| € "o tele "o cB

(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 &3 which turns out to be the limit in which

;—B >1. (D.49)

We first note the asymptotic series of the Lerch transcendent for any large a

N-1 n :
O(z,8,a) ~ L1 + Z (F1)"Tls +n)  Lion(z) +0(a*™N) for a > 1 (D.50)

l—za® *— n! I'(s) astn

for fixed s € C and fixed z € C\ [1,00), where Li_,(z) = (20.)" {% are polylogarithm
functions of negative integer order. Using Li_;(z) = ﬁ and Li_o(z

Li_(2) = ZHZHE we find that for ¢8/(2m) > 1 we have

cf 1 27 z 27 2 2422 (2 3 _4
<I><Z’1’2) R (R <ﬂ) +<1—z>3(c6) FOEA)™) (D5

1 cf - 1 2 z 27 z+ 22 2T 3 _
(I)(z’l’Qﬂ') B [1_1—z}£ (1—2)2 <cﬂ> (1—2)3 (cﬁ) +O((Cﬂ) 4>

z
) = Z+Z 5 as well as

Which means that (half of) the sum of these two functions has the asymptotics

1 cf cp z 21\ 2
2? 2? b 122\ - D.52
(’ "2 )+ (z’ ’27r> B (1_2)2(65) +0((eB)™), (D.52)
which when used for the function I(7,¢, ) given in (D.45) yields

_ 2m(7—146)

I(r,c, ) ~ —[ ‘ %}2(22)20((@5)4) S — () + oten)
1-e

(D.53)

Using this and ¢ = 1%7;25 (1 + ﬁ), at the end of the day we find that &3 in the perturbative

limit is

G2 t—t — ' — i
&t x;t', x') ~ — J 5csch? (W[ x| + ] =@ ]> +
64m202]x(x'| (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(A\?) con-
tributions).

D.2.2 I(7,c,B) 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 J-functions explicitly to get

I(,¢c,8) = % /OOO dg e [coth <w> + coth <%> } + %T[eﬂf@(—r) — e~ 7O(7)
(D.54)
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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
g = 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(¢ + 7)/3) where

o0 exp(—277/B) B 2
m —cq h (W(q + T)) = 1 CT/ P 27 -1 |: — 1:| D
23 /0 dg e”““ cot 5 1€ ; du u T (D.55)

1 cT -~ 27T cB i
= Z JC _
26 B(e ,%,0) 55

where B(z;a,b) = [§ du u*'(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 00 . 7r(q _ 7_) e—cT /exp(+27r7'/ﬁ) ﬁfl . T
— d 9 coth = du w2zr (1 — - D.
5 /0 ge “co ( 5 ) >, U U ( u) 57’ (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 v = 1. Interpreting the above

integral as a Cauchy Principal value turns the above into

L (g —7) = /QXP(H”/B) R
25/0 dge coth( 5 ) 5 n—>0+[/ du u2r ™ (1 — u) 53

(D.57)
The first integral is easily seen to evaluate to B(1 — d; ;ﬁ ,0), while the second integral
requires a variable change u = 1/v giving
exp(+277/8) ﬁfl 1 exp(—2n7/B) B 1
/ duw2r ™ (1 —u)"" = dvov 2r (1 —v)” (D.58)
14n 1/(1+n)

cf
dvv 2n(1 —v)!

{/exp(—Qﬂ/ﬁ) /1/(1+77)
Lo 0

2T
—Ble B1-Lo)_p( L .1
B(e i1 27r,0> B(1+7771 27r,0
which then implies that

T e w(qf))_e_”[ (—"’5 P )
2ﬂ/0 dge coth( 5 5 Ble i1 2,O (D.59)
. B 1 . B o
i {8 (1-ng0) B (-0 }-55

The limit can be taken noting B(z;a,0) ~ —log(1l — 2) — ¥ (a) — v 4+ O(z) for z — 1~
(with ¢ (2) := I'(2)/T'(z) the digamma function) giving

27;/000 dq e coth (W(qﬁ_ 7')) _ G;CT [B(e_Qg’T;l — gﬁ,()) -+ 7 cot (?)] - % )
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where the identity 1/(*)(1 — a) — 99 (a) = 7 cot(ra) has been used. Putting the above all
together (extending the domain to 7 > 0 for the above integrals) leaves

eIl 2m|7] —clr] 277|
I(7,c,p) = (3_ A '%70)+62 [B(e_ p ;lfﬂ 0>+7rcot<?)

"o o’

i 2'7TS ()e
—— ——sign
cB 2 &

—cl7l

(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) + z , (D.61)
a

and so allows us to write the above formula as

ec\T\ _27r|7'\ B 670|T‘ _27r|7'| C/B B it
— B .Y B . s —c|7]
I(1,¢,0) 5 B(e ,0> + {B (e o 0) +7 cot ( 5 ) ] 5 sign(7)e .

"o 2
(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

E(t —if,x;t', x") = &(t', x5 t, %) (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~ p(t=Ix[=t'+[x])  Fip(t—|x|—t'+[x'])
Gt % £, x) |x\|x’\ / Py —|— c? { e efr —1 } » (D-64)

after using the identity 14 (e —1)~! = (1 — e #P)~1. The above function is a complex

analytic function of time for in the strip where —f < Im[t] < 0 — we then clearly have

o~ Bpo—ip(t—Ix|—U+x')  oBp gtip(t—|x|—t+Ix'])
Ep(t=1f,x;¢',x) !x||X’|/ P +c2[ 1—eFp " efr—1 }
(D.65)
e~ t—Ix|—t'+[x'|)  o+ip(t—|x|—t'+|x'])
e R
:é”ﬁ(t',x';t,x) (D.67)

which shows that (D.63) holds true. Note however that the full correlation function
Wp = ¥ 4 &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 ¢’ > [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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