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Abstract. We compute the rate with which super-Hubble cosmological fluctuations are deco-
hered during inflation, by their gravitational interactions with unobserved shorter-wavelength
scalar and tensor modes. We do so using Open Effective Field Theory methods, that remain
under control at the late times of observational interest, contrary to perturbative calculations.
Our result is minimal in the sense that it only incorporates the self-interactions predicted by
General Relativity in single-clock models (additional interaction channels should only speed
up decoherence). We find that decoherence is both suppressed by the first slow-roll param-
eter and by the energy density during inflation in Planckian units, but that it is enhanced
by the volume comprised within the scale of interest, in Hubble units. This implies that, for
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the scales probed in the Cosmic Microwave Background, decoherence is effective as soon as
inflation proceeds above ~ 5 x 10° GeV. Alternatively, if inflation proceeds at GUT scale
decoherence is incomplete only for the scales crossing out the Hubble radius in the last ~ 13
e-folds of inflation. We also compute how short-wavelength scalar modes decohere primordial
tensor perturbations, finding a faster rate unsuppressed by slow-roll parameters. Identifying
the parametric dependence of decoherence, and the rate at which it proceeds, helps suggest
ways to look for quantum effects.
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1 Introduction

One of the most remarkable consequences of cosmology’s recent conversion into a precision
observational science has been the detection of large-scale correlations in the way that matter
and radiation are distributed across the observable universe [1, 2]. These correlations point
to a pattern of nearly scale-invariant primordial fluctuations inherited from the much-earlier
universe about which otherwise little is known.

Even more remarkably these primordial fluctuations share the spectral properties ex-
pected of quantum fluctuations, if these were stretched across the sky in the remote past by
some sort of accelerated universal expansion [3-8]. A natural question in any such a picture
is how initial quantum fluctuations become the classical fluctuations that are known to de-
scribe the later observations so well [9-17]. Part of this question concerns precisely what is
meant by ‘classical’ in this context (e.g. tree-level vs. loop-level; WKB-squeezed vs. generic
quantum states; decoherence and so on).

In this paper our interest is the evolution of a quantum field’s reduced density matrix,
(p1]0|p2), in the field basis, where ¢ = Treyy p is obtained by tracing out certain ‘unob-
served’ degrees of freedom (in the language of open systems what is called the ‘environment’).
Classicalization will mean decoherence, in the sense that ¢ evolves from a pure to a mixed
state; in particular one whose off-diagonal elements rapidly fall to zero in the field basis.
Once p becomes diagonal in this way it is indistinguishable from a non-quantum statistical
ensemble of classical field configurations with probability distribution P[y] = (¢ ] o] ).

Although it has long been recognized that existing cosmological measurements are
largely insensitive to any off-diagonal components (¢1 | o|¢2) [11, 12], proposals are now



being made to circumvent this to seek observational evidence for a quantum origin for pri-
mordial fluctuations [18-21]. The efficiency of any primordial decoherence is likely relevant
to such searches, and in particular rapid decoherence can make it unlikely that quantum
effects survive to the present day to be seen [22].

An obstacle must be surmounted and a choice must be made in order to describe such
primordial quantum-to-classical transitions. Decoherence requires an environment: not all
degrees of freedom should be measured. So the choice is to identify the environmental modes
whose removal decoheres the fluctuations we can see. Since super-Hubble modes play a
special role by freezing in early-universe effects, smaller wavelength sub-Hubble modes are
natural candidates for a decohering environment. We therefore study how rapidly super-
Hubble metric fluctuations are decohered by shorter-wavelength metric perturbations, using
only the mutual gravitational self-interactions predicted by General Relativity.

The obstacle to be surmounted is more technical: the time interval between fluctuation
generation and detection can be extremely large, and effects that were initially small can have
enough time to become large during the long wait in between. This can cause a breakdown
of perturbative methods; what are often called ‘secular growth’ effects in cosmology [23-25].
Similar late-time breakdown of perturbative methods are ubiquitous elsewhere in physics
because no matter how small a perturbing interaction Hins < Ho is, it is always true that
e~ (Hot M)t i not well-approximated by e~ "0t (1 — ¢H;yt + ---) at sufficiently late times.
The good news is: because these problems are ubiquitous, tools for circumventing them and
making reliable late-time predictions are also very well-developed [26]. All that is required
is to adapt these tools to cosmology [27].

In this paper we follow up on earlier work adapting to gravity well-developed tools from
the quantum theory of open systems,' whose use to explore late-time evolution we call Open
Effective Field Theory (Open EFT) [17, 27, 34-41]. These tools show how the evolution
equation for the reduced density matrix in the interaction picture can be brought into an
approximate (schematic) form

0o = —i [Hint ; Q} + % (o) + 0O (H?nt) terms, (1.1)

where Hiyt denotes the terms in the interaction Hamiltonian that couple the environment
to the measured degrees of freedom and H;,; denotes its average over the environment. %
contains all terms second order in Hiy and in many circumstances has a Lindblad form [42,
43], which is derived below in some detail. Lindblad equations can have solutions that re-sum
late-time behaviour even if the evolution equation itself is only computed perturbatively. Any
terms not written explicitly are at least cubic in Hjp.

We here apply these tools to compute the decoherence of super-Hubble scalar fluctua-
tions of the metric in the simplest single-clock near-de Sitter (inflationary) cosmologies that
are the best-explored explanations of primordial fluctuations [44]. An important observation
is that the linear term in H;y; never contributes to decoherence because it simply represents
Liouville evolution (which can never take pure states to mixed states). All decoherence ef-
fects necessarily first arise at second order in Hiy, and this plays an important role when
identifying the dominant interactions.

We work within the standard joint slow-roll and semi-classical expansions that track
powers of small slow-roll parameters, ¢;, and powers of the small loop-counting parameter

'Refs. [28-31] explore the use of Open EFT techniques for the much simpler case where late-time predictions
are only sought for an Unruh-DeWitt qubit detector [32, 33], rather than for the entire ¢ field, for which very
explicit calculations can be performed.



GH? = H?/(8wM?) where G is Newton’s constant, H is the inflationary Hubble scale and
M, is the reduced Planck mass.? For super-Hubble modes of co-moving momentum k these
are supplemented by an additional expansion in powers of k/(aH) where k = |k|.

General relativity predicts that in such an expansion fluctuations of the metric self-
interact. Of these only the cubic interactions — whose detailed form is worked out for near-
de Sitter geometries in ref. [47] (summarized for convenience in appendix A) — contribute
at leading order when considering how interactions with shorter wavelength modes decohere
the long-wavelength super-Hubble modes relevant for primordial fluctuations.

There is a simple reason why only cubic interactions dominate. As argued above,
decoherence first arises at second order in Hj,; and consequently does so at order 1 /Mg
Although quartic interactions can also contribute to fluctuation evolution at order 1 /Mg
they do so in (1.1) only through terms linear in Hj,;, and so cannot cause decoherence.
Quick inspection of the interactions listed in ref. [47] (and appendix A) shows that all but
two of these are additionally suppressed for super-Hubble modes, either by additional factors
of slow-roll parameters or by additional powers of k/(aH).

For super-Hubble scalar metric fluctuations the two relevant interactions involve either
v &' G;v or v v Okvij (where v denotes the Mukhanov-Sasaki scalar perturbation and v;; is
the tensor perturbation) and both contribute with equal strength. These respectively describe
decoherence generated by short-wavelength scalar and tensor fluctuations. In passing we also
compute how the interaction v¥ d;v 0;jv allows short-wavelength scalar modes to decohere
super-Hubble tensor modes, finding them to be less suppressed by slow-roll parameters. We
do not compute the similar-sized contribution of short-wavelength tensor modes towards the
decoherence of long-wavelength tensors.

To determine the effect of the dominant cubic interactions we compute the evolution
equation for the reduced density matrix describing the quantum state of the subset of modes
visible to late-time observers like ourselves. We show why this evolution is very quickly
well-approximated by a Lindblad equation describing Markovian evolution for super-Hubble
modes during inflation. We then integrate this equation to identify the late-time evolution
of ¢ where perturbation theory naively breaks down. We use this to compute a mode’s
decoherence over time and show that it is already very rapid despite the feeble gravitational
strength of the interaction. Inclusion of other interactions is likely only to speed up the
decoherence process.

As has been remarked elsewhere [17, 48] the squeezing of modes during inflation [49]
explains in a simple way why the density matrix diagonalizes in a basis of field eigenstates;
making these the system’s natural ‘pointer’ basis. It is the surviving diagonal elements P[p] =
(p|o|e) at which stochastic [50-54] and de Sitter EFT [55-57] methods ultimately aim.

Our result for the amplitude of decoherence is given by eq. (4.17) and arises suppressed
by the gravitational loop-counting parameter (H /Mp)2 and by the first slow-roll parame-
ter [58-60], e; = —H/H?, leading to an amplitude controlled by?

2
Sl 2p <107 %1070 (1.2)
P
where P¢(k) ~ HQ/(87r261M§) ~ 10719 is the observed size of scalar perturbations and
g1 < 1072 is bounded above by the non-observance of primordial tensor perturbations [61].

ZWe follow the power-counting estimates of refs. [45, 46] for these two expansion parameters and use
fundamental units throughout (for which &= c=1).
3The same arguments imply tensor modes decohere with an amplitude H? /Mg (i.e. unsuppressed by €1).



But this small amplitude is abundantly compensated by an exponential growth since (4.17)
grows during inflation proportional to (aH/k)3 o e3H.

For piln/f > 5 x 10° GeV, or equivalently a tensor to scalar ratio r > 6.5 x 10728, this
predicts classicalization of CMB scales is long completed before inflation ends. Alternatively,
if 7 ~ 1073 (and so the discovery of primordial tensor fluctuations is within reach) then
decoherence becomes important for modes that spend more than around ~ 13 e-folds outside
the Hubble scale during inflation. All of these estimates assume no additional decoherence
occurs (or disappears) after inflation ends, or occurs during inflation due to other interactions
with short-wavelength modes, or due to interactions with other environmental degrees of
freedom.

Our presentation is structured as follows. Section 2 starts by setting up the Open EFT
relevant to the scalar fluctuations of the metric using only the standard building blocks of
single-clock inflation. We focus on the implications of the dominant cubic self-interactions,
taken from amongst the cubic interaction terms outlined in ref. [47]. We focus initially on
interactions involving only scalar modes (returning to include tensors in section 3) setting
up the system and environmental degrees of freedom in terms of the super-Hubble and sub-
Hubble modes of the Mukhanov-Sasaki field v.

Section 3 derives the relevant late-time evolution equation for super-Hubble modes,
showing that it has the form of a Lindblad equation for each mode k of the field. This is
done by first passing through the intermediate step of deriving a Nakajima-Zwanzig mas-
ter equation and then carefully identifying the regime in which it becomes approximately
Markovian. The environmental correlation functions appearing in this Lindblad evolution
are evaluated explicitly and it is shown how the ultraviolet (UV) divergences encountered
when doing so can be re-normalized. We also provide here a preliminary discussion of the
issues of the gauge-dependence of our formalism.

Section 4 then applies these results to compute some implications for observable modes
from the removal of their shorter wavelength counterparts. Two observables computed are
(i) very small corrections that are predicted for the power spectrum and (ii) the late-time
decoherence that is implied for super-Hubble modes by the tracing out of these unobserved
short-wavelength degrees of freedom.

We conclude in section 5 with a brief discussion of the open ends that our calculation
does not resolve and possible next steps. Included in this discussion is a calculation of how
short-wavelength scalar modes decohere super-Hubble tensor modes during inflation. This
suffices to confirm the dependence on small parameters predicted by power-counting argu-
ments but leaves open the contribution of short-wavelength tensor modes to the decoherence
of primordial tensor fluctuations.

2 Open system of super-Hubble metric modes

This section sets up the open-system framework for describing the self-interactions of metric
fluctuations in a near-de Sitter geometry. The system of interest is as found in many of the
simplest single-clock inflationary models, with the metric g, coupled to a real scalar field ¢
through

S = [d'%z /= %R—lwa Ao —V 2.1
= TV | 59" Oup g (v) (2.1)

where ]\4p_2 = 871G, R is the Ricci scalar and V (p) is the potential energy of the inflaton .
Our focus is on the late-time evolution of fluctuations about a homogeneous near de Sitter



geometry given by ¢ = ¢(t) and the metric

ds? = —dt? + a®(t) de® = a*(n) (—dn2 + dwz) (2.2)
with scale factor )
af:th:—H—n. (2.3)

Here H is the usual Hubble scale, H = a/a, computed® using cosmic time ¢ (to which
conformal time 7 is related by a dn = dt).

2.1 Curvature perturbation and self-interactions

To this end we expand the scalar field about its homogeneous background, ¢(t, ) = ¢(t) +
do(t, ), and employ the ADM decomposition to describe small metric fluctuations about
metric by foliating the space-time into a family of space-like hyper-surfaces,

ds? = —N2dt? + hy;(dz’ + N'dt) (da? + N7dt) . (2.4)

After picking a gauge to fix time and spatial reparametrizations, standard arguments reveal
that the scalar fluctuations described by the action (2.1) end up being described by a single
physical scalar degree of freedom plus tensor fluctuations. More specifically, we follow ref. [47]
and write the metric fluctuation to second order as

~ . A 1
hij = aQGQChU with hij = 51']‘ + vi; + 5 5kl’}/ik’)/lj + -, (2.5)

where det ﬁij = 1 and §Y0;vjr = 0"v;; = 0. Two convenient gauge choices are then ob-
tained by either setting dp = 0 (co-moving gauge) or setting ¢ = 0 (spatially-flat gauge).
Dependence on the slow-roll parameters is easier to follow when J¢ is the scalar variable
(since its expected amplitude does not involve the slow-roll parameters) but super-Hubble
time-evolution is clearer using the variable ¢ (because ¢ as defined in (2.5) becomes time-
independent to all orders in fluctuations in the limit £ — 0). This is why hereafter we work
in the co-moving gauge. We here temporarily drop the tensor fluctuation,’ 7i;, and focus
exclusively on scalar perturbations, since these are the ones that have arguably been ob-
served through cosmological measurements, but circle back to reconsider tensor fluctuations
in section 3.4.

The leading (quadratic) part of the action governing fluctuations comes from expand-
ing (2.1) in powers of ( and has the form (see for example refs. [47, 62, 63] — with some
details also given in appendix A)

(2)S _ d d3 qéQ 32 a 2 9
= [arde o] - a2 (26)
where we recall that ¢(t) denotes the background value of the inflaton and (9¢)? = 6 9;¢ 9;C.
The kinetic term can be made canonical by re-expressing in terms of the Mukhanov-Sasaki
variable [3, 62], given by

U(n’ w) = aMp\/E‘C(nv m) ’ (27)

4We denote derivatives with respect to ¢ with overdots and derivatives with respect to 1 using primes.
®The variable v;; used above is equivalent to 7;;, just normalized differently — see (A.17).




where )
H
2
is the first slow-roll parameter — related to the field velocity through ¢? = 2H QMgel —
which is small if the background geometry is near de Sitter. In terms of v the quadratic part
of the action given in eq. (2.6) takes the canonical form [63]

€1 =— (2.8)

"
2= %/dn dPx [(1/)2 — 0900 djv + (aver)” v . (2.9)
a

€1

Interactions arise at cubic and higher orders in the fluctuations, with Sj; = Bls +
1) S +... where (™S involves n powers of the fluctuation fields. Amongst the self-interactions
involving just ¢ obtained in this way is

<3>53/ dt &z Iﬁw (8¢)* ¢ (2.10)

where the symbol “O” emphasizes that there are other cubic interactions in S that are not
explicitly written (for a full list of the cubic scalar interactions see eq. (3.9) of ref. [47], or
eq. (A.15) in appendix A).

As argued in the introduction, quartic and higher interactions beyond those cubic in v
need not be considered when computing decoherence of super-Hubble modes because they
can contribute only sub-dominantly in 1/M;,. The variable v is convenient when counting
factors of 1/M,, in this way because its lowest-order correlations functions are independent
of M. In terms of v the cubic interaction (2.10) becomes

3)53/dnd3 2\/‘? (670050) v, (2.11)
pCL

revealing it also to be order ,/e1" in slow-roll. What is important for our later purposes is
that all of the other cubic interactions listed in ref. [47] are either higher-order in slow-roll
parameters or trade two spatial derivatives for two time derivatives.® The freezing of ¢ on
super-Hubble scales implies (/¢ o k%/(aH)? for k < aH and so implies time derivatives
contribute only sub-dominantly in powers of k/(aH) for super-Hubble modes.

The momentum conjugate to v is p = 6.5/dv" = v/, and the Hamiltonian is

H(n) = Ho(n) + Hint(n) (2.12)

with free part

1 3 2 | sijn. . _(a 51)” 2
Ho .—2/d:1: lp + 0" 0;v Ojv e ve| . (2.13)

The interaction corresponding to (2.11) is

Hing > — /d% 50 By dyu + - (2.14)

2fMa

5The neglect of time derivatives relative to spatial derivatives acting on environmental modes is only
justified when the environmental modes are also super-Hubble and need not be a good approximation for
modes with k/a ~ H. Our calculations shed some light on the validity of this approximation, though the
issue remains a partially open problem. See section 4 for further discussion.




This form of the interaction Hamiltonian is obtained in the co-moving gauge. Although
gauge-independent observables are difficult to construct at cubic and higher order in cosmo-
logical perturbation theory, in ref. [47] it was checked that a calculation performed in the
spatially-flat gauge gives the same result for the bispectrum. This supports the idea that
physical results obtained from our calculations using this interaction Hamiltonian will be
gauge independent.

Our goal is to describe dynamics perturbatively in Hiyz and so it is useful first to
diagonalize Hg. This is achieved in momentum space,

vin,xr) = v & .
and writing Vk (77) in terms of mode functions Uk (77)

ve(n) = ur(n)ek + u g (m)c . (2.16)
shows that hermiticity in real space v(n, ) = vf(n, ) implies v_g(n) = v};(n) in momentum
space, and these are both equivalent to having particles and antiparticles not being inde-
pendent of one another. A similar expression holds for the conjugate momentum field pg.
Equal-time commutation relations for the operators vg(n) and pg(n)

[ (1), pg(n)] = i0(k + q), (2.17)

are equivalent to [cg, cg] = d(k—q), provided the ug(n) are normalized by upu®, —upu’ , = i.
Plugging this decomposition into (2.13) gives, at the classical level,

) o= 5 [ @ [oulnpi(n) + 2 (k. m)un ()i o). (2.18)

On quantization noncommuting operators are replaced by their symmetrized product — such
as prpy, — %{pk, p,Tc} — so that hermiticity is preserved. The time-dependent frequency is

(a\/e1 )”.

W2(ka77) = k2 - av/e1

(2.19)

In the limit €; — 0 this frequency function w(k,n) takes the well-known de Sitter form

wi(k,n) ~ k> — % : (2.20)
n
and describes adiabatic evolution in the regime k?n? > 1.

In what follows we quantize using a field basis rather than the particle Fock space built
using the creation and annihilation operators c; and CL. For the free system this is the analog
of treating harmonic oscillators using states (z|W¥) and density matrices (z|p|y) described in
the position basis (rather than using occupation-number representations (n|W¥) and (n|p|m)
built from the raising and lowering operators ¢ and cf). We briefly pause here to clarify an
issue that arises due to the reality condition v_j = v,t.

Normally the position eigenvalue x for an oscillator is real and so having a complex field
vy, for each k sounds like it contains too many coordinates to describe a single oscillator for

each k. For a complex field (for which particles and antiparticles are not identified) this is



correct: complex coordinates correspond to two sets of real position coordinates and these
correspond to the two types of oscillator — one each for particle and antiparticle — that
exist for each k.

For real fields the condition v_g = v}; cuts the number of oscillators in half and so leaves
a single oscillator for each k. There are two equivalent ways to frame the field representation
in this case. We can either restrict ourselves to only half of the total available momentum
labels and keep the complex variables vy arbitrary, or we can keep all momentum labels and
use the reality condition to have effectively only a single real field for each k.

To see how these are related in detail we follow ref. [37] and write the real and imaginary

parts of vy

U(R) iv(l)
ok (n) = k (77)\‘/"5 k (77)7

for which v_j, = v}; implies v}} = vﬁk while v}c = b k- U}} and v}c evolve separately under

linear evolution and this evolution is identical provided the Hamiltonian is invariant under
reflections in k, which is true in particular if the physics involved is parity invariant or if it
is invariant under arbitrary rotations. We may therefore treat the system as if it involves a
single real field, 7y = 17,1 for all k and then identify /2° v,l;{ = O+ 0_p and /2% v}c =0 —V_p
respectively as its even and odd parts under reflection. The evolution equation for #, v® and
o' are all identical in the applications below. In what follows our interest is in the matrix
elements of the density matrix pg for the single oscillator that arises for each k, and for fixed
k we compute their evolution in an eigenbasis of the real field 7, since this simplifies the
notation by allowing us to drop the superscripts ‘R’ and ‘I’ on the fields. A similar story
applies also to the momentum which we denote py.

(2.21)

2.2 The system and the environment

We next divide the Hilbert space of states for this system into the ‘system’ (i.e. degrees of
freedom we choose to follow because they appear in observations made at late times) and an
‘environment’ (consisting of all modes that are not observed), see also figure 1. Having made
this split we trace out over the environment modes and follow only state evolution within
the observed sector.

Present-day measurements only sample primordial fluctuations whose co-moving mo-
menta have magnitudes k = |k| that lie within a finite range

ke < k < kyy (2.22)

where kg /ag ~ 0.05 a9 Mpc ™! and kyy/ag (with kyy ~ 2500 ki) are the smallest and largest
currently observable physical momenta (such as through CMB or large-scale structure ob-
servations) and ag is the present-day scale factor. Figure 1 shows this schematically (not
to scale).

In what follows we define the observed system (system A) to be those modes whose
co-moving momenta satisfy” k < kyy while the environment (system B) satisfies k > kyv,

"In practice we define our system to include both observable modes and those with k < kir whose wave-
lengths are too long to have been observed. Such modes are expected to be absorbable into the definition
of the background geometry, and their inclusion should not affect our later discussion since they do not con-
tribute to the observables (e.g. decoherence) on which we ultimately focus. (See ref. [64] for an open-system
treatment of IR modes.).
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Figure 1. We sketch out the domain of the system and environment modes. The black line denotes
the Hubble radius and the coloured lines stand for the mode wavelengths. The system is comprised
of co-moving scales between k;z and kyy, both of which are outside the Hubble radius at the end of
inflation. The environment is made of all scales such that k > kg .

and so write the position-space field as
U(T],iﬂ) = UA(777$) ®-’ZB +IA ®UB(77a $) (223)

with v, denoting the system and vz representing the environment:

UA(U#L') T / (27()3/2 ( uv — )Uk(ﬁ)e - /k<kUV (27T)3/2 Uk(ﬁ)e ) ( : )
d3k7 ik-x dgk ik-x
vp(n, @) = / @n) O (k — kuv)vk(n)e™™ = oy (27)32 vk(n)e (2.25)

where ©(x) is the Heaviside step function and Z, and Z representing the appropriate unit
operators. The free Hamiltonian similarly becomes

Ho(n) = Ha(n) @ s + Ty @ Hp(n) (2.26)

where H, and Hjp are both given by (2.18) but with the momentum range respectively
restricted to the intervals k < kyyv and k > kyy.

Inserting the decomposition (2.23) into the cubic interaction Hamiltonian H;y, defined

in eq. (2.14) gives several contributions, of the schematic form v3, v2vg, v4v% and v3. Of

these, only the cross terms (v2vyz and v4v2%) couple the system to the environment (and so



contribute, say, to decoherence), and of these momentum conservation suppresses the vvy
interactions because it is impossible to sum two small momenta to get a large one. The largest
interactions also come when derivatives act only on large-momentum (environment) fields.
For these reasons we focus primarily on the contribution that has the form v,6% (d;vz)(9;v5)
and so take

. _7\/5 €T v xr i iU r)o;v xr
Haw ) 2 =5 [ &z va.2) @ 69 0ws(n.2)00m(02). (227

We therefore seek an open-system description of evolution using the Hamiltonian
H(n) =Ha(n) @ L+ Ta @ Hp(n) + Hine(n) (2.28)

with Hamiltonians given explicitly by egs. (2.18) and (2.27). We circle back to include mixed
tensor-scalar cubic interactions in section 3.4.

2.3 State evolution

We seek to predict the evolution of the system’s state p(n) given the above choice of Hamil-
tonian, at first working perturbatively. We do so within both Schrédinger picture and inter-
action picture, since each can be more convenient for some kinds of questions.

The Schrodinger-picture density matrix for the full system-plus-environment, ps(n),
evolves through the standard Liouville equation,

%’: = —i[Hs (), ps(m)| (2.29)
The interaction picture density matrix is defined relative to this by
p(1) = U3 (1, 1) ps(n) Vo (1, 7in) (2.30)
where -
Ut} o= Texp (i [ an #os(0)) (231)
and so satisfies op
o = i Hins(n), p()] - (2.32)

In particular, both pictures agree at the initial time p(7in) = ps(Min)-
Field operators vg(x) are time-independent in Schrodinger picture, but interaction-
picture fields

U(ﬁ,m) = Ug(n7nin)vs(w) U0(77777in) (2'33)

evolve only via the free part of the Hamiltonian with initial condition v(ny,x) = vs(x).
Because the free evolution factorizes between system and environment

Uo(n1,m2) := Uoa(n1,m2) @ Uos(n1,12) (2.34)

where

m m

Uoa(ni,m2) =T exp <—l/ dn HAs(U)> and  Upg(ni,m2) =T exp <—%/ dn HBs(U)> ;
n2 2

(2.35)
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the system and environment parts of the fields
'Us(a:) — ’UAs(m) ®IB “I—IA ® UBs(a:) (236)

evolve independently under free evolution:

0a (1) = U4 (1,1 )as () Uoa (0 ) 20 (1) = U (1, 1))V (1 1) -
(2.37)
We evolve the state assuming that the system and environment are uncorrelated at
17 = nin and all modes are prepared in the Bunch-Davies vacuum [65]:

P(Min) = ps(Nin) = 0){0] = [04)(04] ®[05)(05]. (2.38)

Here

04) ;== ) |0k) and [0p):= X [0k) with cg(nw)l0x) =0 forallk, (2.39)
k<kuv k>kuv

with the mode functions ug(n) appearing in eq. (2.16) given (for massless states) by

g (n) = ‘“\’;T’: (1 - ];7) . (2.40)

The time evolution for observations restricted to be only in sector A is completely
determined by the evolution of the reduced density matrix, g, obtained by tracing out all the
environment degrees of freedom of sector B from the full density matrix.

o(n) = "Tr|p(n)] (2.41)

In the absence of interactions the free evolution of the density matrix factorizes in momentum
space, with separate momenta remaining uncorrelated

o) = Q& orn), (2.42)

k<kyv

at all times. The time-dependence of each factor describes the squeezing of super-Hubble
modes due to their non-adiabatic evolution in the presence of the time-dependent Hamilto-
nian. It is the deviations from this that are of most interest in what follows.

3 Evolution equations

This section contains the core derivation on which our results ultimately depend: we derive
here how the interaction (2.27) alters the late-time evolution of the reduced density matrix
for the observed modes. Because this interaction is linear in the long-wavelength field our
evolution equation remains quadratic in this field even at second order, and so evolution still
proceeds separately for each super-Hubble mode k, greatly simplifying the analysis.

We do so because this proves to be the dominant interaction through which short-
wavelength scalar modes decohere long-wavelength scalar fluctuations. Simplified evolution
emerges for super-Hubble modes at late times and its domain of validity is studied in some
detail because within it predictions can be made at unusually late times. Finally, these
arguments are repeated for gravitational interactions coupling scalar and tensor metric modes
to determine ones through which these modes dominantly decohere one another.

- 11 -



3.1 Nakajima-Zwanzig equation

As an intermediate step we first derive the Nakajima-Zwanzig equation for the reduced
density matrix o. This equation explicitly eliminates the unseen environmental degrees of
freedom to rewrite the Liouville equation purely in terms of the observed degrees of freedom.

Although very general, this equation computes 9,0 as a convolution of the earlier values
of ¢ throughout its past history, and so is not so in itself. We show how this equation
simplifies when specializing to super-Hubble modes at very late times (compared with the
Hubble time), because it then becomes Markovian. The resulting Lindblad-type evolution
equation for the reduced density matrix ¢ lends itself to making reliable late-time predictions
that would otherwise lie beyond the reach of perturbative methods.

3.1.1 General derivation

To simplify later formulae it is useful to write the interaction-picture interaction Hamilto-
nian (2.27) as

Huni () = G(0) [ & va(n.2) @ Bl.) (3.1)

where B denotes the relevant environmental field combination
B(na m) = 5ij8iUB(nam)aij(n’m)a (32)

and the coupling strength is
Gn)=—=F——— ver (3.3)
2v/2' M, a(n)

To derive the Nakajima-Zwanzig equation (see ref. [28] for a similar derivation in a
simpler setting) we define the projection super-operator P to act on an arbitrary operator O
in the Hilbert space by

P{O} = Tr[0] ®[05){0s] , (3.4)

where |05)(05| is the Bunch Davies vacuum for the environment sector as given in eq. (2.39).
This satisfies P2 = P as does its complement Q = 1 — P, which is also a projection super-
operator. In particular, P maps the full density matrix p(n) onto the reduced density matrix
o(n) as follows:

P{o(n)} = o(n) ©[05)(0s| , (3.5)

where g is the reduced density matrix for the system defined by (2.41).
The Nakajima-Zwanzig equation for o(n) is derived by applying P to the interaction
picture Liouville equation, written in terms of a Liouville super-operator:

Oup(n) = Zylp(n)} with  Zy{p(n)} = —i|Hins (n), p(n)] (3.6)

with the goal of expressing it purely in terms of p. Using P + Q = 1 this leads to

P{0np(n)} = PLP{p(n)} + P£,Q{p(n)} (3.7)
AIhp(n)} = QLP{p(n)} + QL Q{p(n)}- (3-8)

These can be regarded as evolution equations for P{p} and Q{p} provided P{0,p} =
0, P{p}, which is true because the Bunch-Davies vacuum used in the definition (3.5) is
time-independent in the interaction picture.

- 12 —



(3.8) can then be employed to eliminate Q{p(n)}, using the formal solution

U
o)} =G mn)Lp(mn)} + [ dr G(n,7)QZ,P{p(7)} (3.9)
Min
where
0 n Tn—1
Gn.r) =1+ [Tan o [ an 0 0%, (3.10)
n=1 T T
Inserting this into eq. (3.7) yields
n
P{Onp(n)} = PLyPLp(n)} + PL,G(1,0)Q{p(rin) } + / ds K(n, s){p(s)} (3.11)
Min
with kernel
K(n,s) =PL,G(n,s)QLP. (3.12)
For the uncorrelated initial state used here the second term in eq. (3.11) vanishes, since
Q{104)(04] ® [05)(05[} = 0. (3.13)

This gives an evolution equation that involves only P{p}, which can be expanded to
any desired order in Hin. Stopping at second order — for which we may use G(n,s) ~ 1 —
we find

O,P(p(m)} = PO} = PLPLom) + [ ds PLQZP((s)}.  (3.14)

Min
which, using the definitions of P, Q and .Z;,, becomes the following equation for o:
89 - K / / /
oo~ =i Tr{ [Pue(). o) 1000 051]} [ an” T M) [P ). 0) @ 100} 0]

= 1e{ [Pns ) 20) 102) 0s1] } 10305} (3.15)

Specializing to the interaction (3.1) the evolution equation for g finally simplifies to
0 . n
oo = G0 [ d'e wama).oln) - [ & [aa’ [" 4y G
Min
x { [va(n, @), va(n',2")o(n)] Co(n, 152 — &) + [o(n )va(n', &), va(n, )] Cp(n, 02 — w’)}

(3.16)
whose right-hand side neglects O(G?) terms. The required expectation values of the envi-
ronment operator B are

3
20 = 0alBlr2)l0m) = [ S kPl .17
and
Colifs = ') = (0u] [B1,2) - B [BO/ &)~ 26 05). (319

The second equality in (3.17) uses the translation-invariance of the Bunch-Davies state as
well as the specific for the operator given in (3.2), and a similar expression for Cj is given
in eq. (B.9). The integral in (3.17) diverges and part of the later discussion shows how such
divergences are handled.

~13 -
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Figure 2. Re[%%(n,n')] and Im[Gk(n,n’)] as a function of kn’ for kn = —0.2 and kyy/k = 5. Note
the singularity at ' ~ n.

3.1.2 Nakajima-Zwanzig equation for each mode

The second-order Nakajima-Zwanzig equation (3.16) simplifies considerably when the inter-

action is linear in v, — as it is in (3.1) — because evolution does not mix modes, similar

to free evolution. To make this explicit define the momentum-space correlation function
%k (n,n') using

Cotnrlsy) = [ -8 gin,of)eits 3.19

3(77,77,31)—/(27T)3,/2 k(1 )e™ (3.19)

%1, is computed explicitly in appendix B.2 for k < kyy, which shows in particular that

%1 (n,n") only depends on the modulus k = |k| — and so in particular ¢_g(n,n') = €r(n, 7).
Factorizing the density matrix as in eq. (2.42) shows that g for each mode k evolves

independently. Eq. (3.16) implies that (for k # 0) each factor separately satisfies

oo = —m [ 60 GO { (). o) ulo!)) .o

+ L)), )] G 01 (3.20)

where @, is the proxy for vf and v}, defined below (2.21) and the factor V denotes the
volume of space and arises when keeping track of the normalization of momentum modes
in the continuum limit (see appendix D). Its presence ensures the final expressions remains
finite as V — oo when k is taken to be continuum normalized. A similar expression also
holds for k = 0 but also includes a contribution from & = (B)eny-

3.1.3 Environmental correlations

Later sections explore implications of the Nakajima-Zwanzig equation (3.20) and in particular
what it predicts for very late times. The result depends in detail on the environmental
correlator 6% (n,n’), which is computed explicitly in appendix B, see eq. (B.62). It is plotted
as a function of k7 in figure 2. For later use this section summarizes several useful limits of
the result found there.

— 14 —



In the coincidence limit 7’ — 7, the correlator is singular and can be expanded as

E° 1 64 4 1 64
6 " ~ 3% —8— — 4+ — |+ — [ —— K> —16Kk>+32
1) = e |yt (3258 gt e (10882

16 64\ 32 5 _ ., 32, , 64 44} ™ - )
o Ty o2f5 o A2 - e e s _
3 +15n> 3 K> —8Kk™ + 9143 + 4k 15/<c 15 +32(27r)7/2[ (n—mn)
2 N2 512,/ !
4n—n") oy / 4[77 +(1) +(€k 7777_4)7777} " /
+—L 25" (n—n) + ' (n—mn
' ( ) n?(n')? ( )
A(n—n') (3K>ny' —4) 5 (n— 1) + TR’ () + 5K [90* — 3200 +9(1/)?] + 16
2 (n')? *(n')?
j 24 20(k*n? — 6) 40
s(n—1 :
<ol 77)]Jr?)z(%)?/? [(7/—77)5 3P (' =n)®  P(n' —n)?

E2(43k%*n? — 460) 40 92k2
(43k™ ) _ 40 92k7) (3.21)
1502 (' —n) no o 3P
where we define .
K= % >1. (3.22)

The above expression assumes 1 > 7' and the result for n < ' is found using €% (n,n') =
%y (n',n). Notice that the imaginary part is completely contained in the last lines of this
expression, and is totally independent of the parameter kyy .

Alternatively, for ' — —oo (for fixed n and parametrically making |kn/| > 1) the
correlator instead has the form

L A+ s(—kn))* (262 — 1)*
T 3202m)72 | K2(—kn)2(—kny')?

N 16k (k 4+ 1) [i + k(—kn)] [i + (—kn)(k + 1)] 6i(1+2ﬁ)k(7777/)}
(—kn)2(—kn')2 '

which falls off for large i’ proportional to (') ~2.

Cr(n.n) e~ 2ikuv (=) (3.23)

(3.24)

3.2 Markovian approximation

Now comes the main approximation. The main observation is that the Nakajima-Zwanzig
equation (3.20) for each mode simplifies if the contribution to the kernel G(n)G(n)€x(n,n')
is so sharply peaked about 7' ~ n that og(n) does not vary significantly in the integration
region where the kernel has appreciable support. When this is true the evolution becomes
Markovian in the sense that 0,0 depends only on gy evaluated at the same time (rather
than on its entire earlier history).

3.2.1 A false start

Before proceeding we first pause to describe a common method often used in the literature,
which in this case does not reveal the correct Markovian limit. In this method one expands
the density matrix in a Taylor series,

k(1) = ok (n) + (0 = 1)dyor(n) + O[(n' —n)?] (3.25)

~15 —



with the result truncated at leading order to obtain the Markovian regime. Such an ex-
pansion seems very likely to be a good approximation because eq. (2.32) shows that in the
interaction picture all contributions to 0,0y are suppressed by the perturbative coupling (in
our case HQ/MIf).

Interestingly, we find that this derivation leads in the present instance to an unphysical
Markovian limit, whose evolution equation can violate the fundamental positivity conditions
that density matrices must satisfy. This signals a failure of the approximations used. Since
this procedure is frequently used in the literature, we here describe in more detail the way
in which it fails in the current setting.

Inserting the leading term of eq. (3.25) into eq. (3.20) leads to the evolution equation®

1% an o . 2 t 1 +
(27_‘_)3 8777 =1 {Heﬁk(n)7 Qk} + n;:1 hk:,nm [Ok,ngk(n)ok,m - 5 {OkymOk:,na Qk(n)}:| )
(3.26)
where we define
Ok1 = k* Ok = ki, (3.27)
and
Herro (1) = Im [Rge (1, 7in)] (k) + I [ B (1, 1in)] O - (3.28)
The matrix of coeflicients is
1 2Re [Qlk (777 771n>] k %Z(na nin)
Rk m = — , 2
k, k4 < kB (1, Min) 0 (3:29)

where
e ) = 1202 [ Ay’ GG 6. ) [~ (o) + i ()] . (3:30)

Tin

B (1), Min) 1= i(2m)*/ : dif G(m)G(n)Ei(n,n) [ui()ur () — we(mui ()] . (3.31)

Now comes the main point: evolution using eq. (3.26) only keeps the eigenvalues of o
real and between 0 and 1 (as required for probabilities) if the eigenvalues

1

Np = K Re[2(m)) = K~ y/Re [ (n)]® + k2 Re [Be(n)]® + k2 Im [Be(n)® (3.32)

of hy nm are strictly non-negative. But in the super-Hubble limit —kn < 1 with —kn;, fixed
and k = kyy/k > 1 one finds
361 H2 k‘g

Re[2] ~ St (3.33)

is negative and this implies A\, is also negative. The sign of Re(%ly) is evaluated numerically
and shown in figure 3 as a function of ki /k and kn (for the case of kny, — —o0); showing that
the leading small —k7 limit is negative whenever —kyyn < v/3' (and so kyy is super-Hubble)
but is positive otherwise.

8Tn order to arrive at this equation using these steps, one must expand vk (7 in terms of ladder operators
which are then inverted with a Bogoliubov transformation to give rise to the operators in eq. (3.27).
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Figure 3. A plot of the sign of Re 2 as a function of kn and & = kyy/k (for the case kny, — —00),
with blue representing positive and red being negative. The boundary between the two signs follows
roughly the curve kyyn ~ /3.

3.2.2 A Markovian regime

Another strategy is to jointly expand all terms that multiply the sharply peaked kernel
G(n)G(n)6r(n,n') in the integrand of eq. (3.20),

[1:0m), 510 ) o] = [T(n), B (m) o ()] + (0 =) B0 (m), (51 (m) D0 (m) + Br(maw ()] + -+

(3.34)
and

Lok ()0 (0'), ()] == [or(m)on(n), Bw(m)| + (1 = ) [ [0k (e () + 0x(MBr ()] B ()] + -+
(3.35)
and seek the regime where the first term dominates the integral.
When this is a good approximation eq. (3.20) becomes the following interaction-picture
Lindblad equation,

VYV Ook - N . - 2
G oy = etk )] [B8:(n), [5(n), 0x(m)]] = i T [0, min)] |5 ()], 2 (0)]
(3.36)
where we define the integrated environmental coefficient
n
S, nm) = (2m)3/? dn' G(n)G(n)6r(n,n) (scalar environment) . (3.37)

Tin

Eq. (3.36) describes Markovian evolution and, for the same reasons as described above for
the false start, the evolution (3.36) is only consistent with a probability interpretation for g
if Re[Fk] > 0, so this must be true in any valid approximation. We verify that it is true for
several explicit limits below.

Experience with open systems suggests that the solutions to eq. (3.37) can sometimes
be trusted well into the future in a way that those of eq. (3.20) cannot. A necessary condition
for this extended domain of validity is that the right-hand side not make explicit reference
to the initial time 7y, since it is only then that one can expect the evolution equation to
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have a broader domain of validity than its perturbative derivation (for the reasons outlined
in detail in ref. [26]). For this to be useful in the present instance would require the function
Sk(n, min) to be approximately independent of 7.

We therefore evaluate eq. (3.37) in some detail in appendix C, encountering along the
way ultraviolet divergences that we renormalize after first regularizing using a variant of
dimensional regularization. The general expression for §; we obtain is somewhat unwieldy
for general values of its arguments 7, N, and kyyv > k and so we quote here only several useful
limiting forms. In particular we find that Re [§x(7, 7in)] is UV finite and becomes universal
in the late-time super-Hubble limit —kn < 1, with

Re [3k(777 nin)]

_ aH%? { 207 _'_Q(Kakﬁin)
102472 M2 | (—kn)? (—kn)

This is universal in the sense that all dependence on the parameters kyy and n;, first appear
at subdominant order in kn; within the known function g(k,knin). We show below that
Re [§k(n, nin)] is the quantity relevant to decoherence and its universal form for late times
opens up the possibility of also trusting its solutions at very late times.

In the slightly more restrictive regime —kn < —kny < 1 we similarly have — see

formula (C.59) — &k = Sgﬁv) + S,(cﬁn) where the UV-divergent part is

(div) ie1 H?k? [ 40 92 43 L 2]{1 | {kw( 1)}}
in) = - =+ —=(- - — 2+ = .
Sie (1 7m) 10247202 | (—kn)? ~ 3 AETARGON B Pl vl G (3.39)

+0 [(—km)o}} . (3.38)

and so only contributes to Im §x. The remaining finite part is

(fin) g1 H?K? 207 4i
§ 7, Min) = + 7—10log[e”(2k 4+ 1)(—kn
1 4 16 3 n 407 467 1283
e LGRS
921
+55 o [€ (26 -+ 1)) + O (~Fen, ~F) ) (3.40)

where 7 is FEuler-Mascheroni constant. The divergence is visible in the limit that the regular-
ization parameter 0 < |¢| < 1 tends to zero, and p > 0 is the usual associated arbitrary mass
scale. Although the formula (3.40) above neglects terms O(—kn), we explicitly write out
the divergence proportional to (—kn)? in formula (3.39) for completeness, and for later use
when asking whether and how the divergences appearing in eq. (3.39) can be renormalized
by appropriate choice of counter-term.

The goal is to solve eq. (3.36) and extract the physical observables from it, such as the
decoherence rate and the (very small) corrections to the power spectrum. Before pursuing
this we must tie up two loose ends: understand how to renormalize the divergences appearing
in eq. (3.40) (so that we can understand why they do not affect the physical predictions) and
verify the validity of the underlying Markovian approximation.

3.2.3 Domain of validity of the Markovian approximation

As the example of section 3.2.1 shows, truncating a Taylor expansion inside the integral need
not always be a good approximation. It should be a good approximation however if the
time-scale T" over which the Taylor expanded quantity varies is much longer than the width
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7 of the correlation function’s peak, since then subsequent terms should be suppressed by
powers of 7/T. We here show that the leading corrections to eq. (3.36) are suppressed by
powers of k7 in the late-time super-Hubble limit (for which kn — 0).

To see why, insert the subdominant term of eq. (3.35) into eq. (3.20), yielding

(2:)3(?: = —Re [§k(m, mn)] [08:(n), [08:(n), 0 ()] — i T [Fe (7, min)] | (50(m)”, 01()]
— Re [ (0, min)] [0k (1), [Pr(n), e ()] — i Tm [ (1, 1) [0k (1), {Br (1), 2k (M) }]
where the first line is the same as eq. (3.36) and Fy, is as defined in eq. (3.37) while A
M, ) = (2m)2 [ dof GG ) Giln, o) (o — ). (3.42)

Min

We seek the regime where the terms involving § dominate those proportional to 9.
The function M, is computed in appendix C.4, where we find — cf. formula (C.67) —
that in the super-Hubble limit 0 < —kn < —kniy, < 1

_ 40ilog (1n/min) + O(—knin) Y

61H2k‘
mk(TL nin) = 7]{:77 (714:,'7 )

102472 M2

I ), (3.43)

16 1 n
4 24 — — =1 -
+ (8/<+ + 3 HQ) og( .)4—(9( kn)

EMin

where we again encounter a 1/e divergence in the imaginary part of the form

div 5ie H?k 1 2kyy + K
ml(c )(77, Nin) = —W(—k’ﬂ) {6 + log [UL” . (3.44)

This can be absorbed by a counter-term in the same way as can the divergences in § (see
below). By contrast, the real part Re[M(n, nin)] is finite and O [(—kn)°] in the super-
Hubble limit. What is important is that this is subdominant to Re[§x (7, 7in)] o (kn)~2 in
this regime; putting late times and super-Hubble scales squarely within the domain of validity
of the Markovian methods.

3.2.4 Renormalization of the Lindblad equation

Next consider the issue of renormalization. How renormalization works is easier to see if we
convert eq. (3.36) to Schrodinger picture, since this reintroduces the free Hamiltonian (whose
parameters are presumably the ones that get renormalized) into the evolution.

Repeating the above steps leads to the Schrédinger picture Lindblad equation,

YV 0Oosk
(2m)3 on

~ —Re[Fx (1, 7in)] [Tsks [Osk, 0sk(n)]] (3.45)
— i [ Mo (n) + T[S (0, m50)]2k, 050(m) ] (3.46)

where the Hamiltonian in momentum space is Hgg(n) = %é(,?(n) + 0Hsk(n) where

i 2\
H () = 5 {pﬁk + <k2 - 172> vgk} , (3.47)
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is the free part coming from the action of eq. (2.1) and 0y (n) contains any order 1/M?2 terms
coming from local corrections to this action. The counterterms that cancel the divergence
in Im [§ (7, nin)] must come from the quadratic term 0 in the expansion of dHgxk(n). What
is important in eq. (3.45) is that this is possible because these counter-terms only appear
together with the imaginary part of Fj that contains the 1/e divergences in eq. (3.40).

But what are the counter-terms into which divergences might go? This ultimately is
determined by the parameters appearing in the Lagrangian, and for a renormalizable theory
(like QED) this would simply be our starting Lagrangian (2.1). However General Relativity is
famously not renormalizable in the same way, and so for it divergences must be handled within
an effective field theory treatment in which eq. (2.1) is regarded as the leading part of a low-
energy derivative expansion. In this case standard power-counting arguments [66] determine
what kinds of terms must be added to it at any perturbative order to capture divergences.
For the gravitational systems of interest here this means that counter-terms arise either as
renormalizations of Newton’s constant (or M) or as parameters appearing in four-derivative
interactions, like curvature-squared or mixed scalar-derivative/curvature terms.

Although we cannot here definitely prove that divergences all get renormalized into these
parameters, we can provide several consistency checks. We cannot be definitive because it
was only when we specialize to decoherence that we are free to ignore all other interactions
beyond our specific cubic interaction, even at order 1 /MS But these other interactions can
contribute UV divergences and it is only the complete set of divergences at a fixed order in
the small couplings — powers of H? /Mg and £1 in the present instance [45, 46] — that are
guaranteed to cancel. What we can do is check that the divergences we encounter have the
dependence on k and n that is required if they are to be absorbable into the expected Einstein-
Hilbert or curvature-squared counter-terms. Along the way we show that the decoherence
calculation is UV finite, and so in particular is independent of the values of these renormalized
parameters.

To see how this works” notice that formula (3.39) shows that the divergences encountered
in eq. (3.45) all have the form

51H2
Mg

- C1 ~
Im [Fx (1, Min)] 92 o (772 + o k? + c3 k4172) o2, (3.48)
for some real constants c; 2 3 that all contain a 1/e divergence in dimensional regularization.

Keeping in mind that a(n) = —(Hn)~!, these have the k- and 7-dependence appropriate to
the renormalization of terms in the Lagrangian of the form

2
%f}gk - [i(av)} . e k?0, C e(0v)? and ez kP2, C ez (0%0)2. (3.49)
These are among the kinds of operators that arise in the fluctuation expansion of the Einstein-
Hilbert Lagrangian \/—¢ R, or of a curvature-squared term like \/—¢g R?. (For more detail
on this see appendix A.)

The same EFT reasoning also explain why terms proportional to n? — such as in
eq. (3.39) — are not problems even at early times where 1 can be big (a limit that would
also require choosing 7y, to be big as well). These naively seem to be in danger of interfering

9Notice that these types of consistency checks are easiest to do when using dimensional regularization since
this preserves the underlying gauge symmetries of the gravitational action.
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with the physical arguments that select the adiabatic Bunch-Davies initial conditions at early
times. To see why they are not a worry, consider for example a term of the form

€1H2 2 Elgg)
L2 (k) ~ (3.50)
MS A%)hys

where ¢, = 1/M,, is the Planck length and Apnys ~ a/k = (—Hkn)~'. Such terms can only
be important for physical wavelengths Aphys S (/€1 4p, and so lie well outside the domain of
validity of any EFT of gravity.

3.3 Gaussian transport

Because the right-hand side of eq. (3.45) is quadratic in the fields it follows that an initially
gaussian state — such as the Bunch-Davies vacuum — remains gaussian under evolution.
When this is true eq. (3.45) can be converted into a direct late-time evolution equation for
field correlations (rather than for the density matrix), as we now show. This alternative
formulation is possible because for gaussian systems ogx is completely characterized by the
one- and two-point functions of fields and canonical momentas:

(UskUskr) = Poo(k)0(k — k'), (Pskpsrr) = Ppp(k) 6(k — k'), (3.51)

(FokPor) = [pvp(k) + ;} Sk — k). (3.52)

Directly differentiating the definitions — e.g. (Ok) = Tr[02, osx] — and evaluating the
time derivative of pg using eq. (3.45), together with commutation relations like eq. (2.17),
leads to the following transport equations for the power spectra

Py, (k,n) = 2 Pyp(k,n), (3.53)
Py, (k) = Pop(k, ) = {w?(k, ) + T[S (m, )] } Pow (k) (3.54)
By (k,m) = =2 {w?(k,m) + T[S0, mn)] | Pap(k,m) + 2 Re[Sk(mmn)] . (3.55)

Like the Lindblad equation these equations can be integrated to late times when the function
Sk is independent of the initial time 7;y,.

The effect of the cubic interaction in this evolution is twofold. First, it ensures that the
frequency w?(k) only appears in the combination

&*(k,n) = w?(k,n) + Im[Fx(n, nin)] , (3.56)

and so effectively alters the k-dependence of the dispersion relation by shifting w?(k) —
w?(k). This shift would also be expected from the form of eq. (3.45) since there Im(F)
appears as an additive contribution proportional to f)gk in the Hamiltonian.'? As described
above, it is because UV divergences only appear in Im(§g) that they can be renormlized into
parameters appearing in w?(k). Such terms cannot drive decoherence because they contribute
to evolution as would a correction to the Hamiltonian appearing in the Liouville equation,
and so cannot evolve pure states into mixed states.

10T an unfortunate nomenclature corrections like these to the lowest-order dispersion relation have come
to be referred to in the literature as ‘Lamb shift’ terms.
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The cubic interaction’s other effect is to add a source term Re(Fg) into the evolution
equation for P,,. Section 4 below shows that this term is the one responsible for decoherence
and because Re(F) is UV finite so must be the decoherence rate. Showing this involves
solving these equations explicitly and this is facilitated by eliminating two of the variables
to obtain a single third-order differential equation for P,,:

P (k,n) +43&°(k,n) P, (k,n) + 4@&(k,1n) &' (k,n) Py, = 4Re[Fr(n, )] - (3.57)
Once this is solved the remaining correlators P,, and P,, are found from eqs. (3.53) and (3.54).

3.4 Contribution from the tensor environment

Before finding solutions we conclude this section by computing the rate with which an en-
vironment of short-wavelength tensor modes decoheres the long-wavelength scalars, showing
that it gives twice the rate found above from a scalar environment. The full rate for de-
cohering visible scalar fluctuations is the sum of the contributions from smaller scalar and
tensor modes.

We first show that a tensor environment contributes to decoherence with the same
leading parametric dependence on €1, H/M;, and —kn = k/(aH) as does a scalar environ-
ment. The same arguments as given above again imply that decoherence first arises at order
(H/M,)? and does so only through cubic interactions. Furthermore, short-wavelength tensor
modes can only decohere super-Hubble scalar fluctuations through the tensor-tensor-scalar
interactions listed in ref. [47] [see also eq. (A.20) and eq. (E.1)], and of these only the inter-
action

M2
®)g 5 ?p/dtdgwaa?l Cal%'jal%'j, (3.58)

contributes at leading order in slow-roll parameters and in powers of k/(aH).

Appendix E shows in detail how scalar evolution is modified by the presence of the tensor
environment, again leading to an evolution equation of the Nakajima-Zwanzig form (3.20),
but with the correlator %} replaced by 6 + J%, with Z defined by

/ oo / 4’k N k-
Cr(139) = (001 1B ) = B2(0)] [Ba(o, @) = 2] 09) = [ G555 Tl )™,
(3.59)
where %1 (n) := (05|Br(n,x)|05) and
Br(x) := 59667 0,01, (0, 2)0jv15(n), ) (3.60)

is the new (tensor) environmental operator implied by eq. (3.58).

Appendix E also evaluates the leading behaviour of 7, for small (—kn), which turns out
to be twice the contribution from %), alone. The combined tensor and scalar contributions
are therefore three times larger than the scalar result alone, with the combination of scalar
and tensor environments leading to a late-time limit —k7n < 1 limit that is three times larger
than in eq. (3.38) [see eq. (E.71)]:

e  H?K? 607 1 .
Re[§k(n, Nin)] =~ 10;47T2M3 {(_kn)Q + O <—k377)] (scalar+tensor environment) .
(3.61)
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Again all dependence on 7y, and kyy appear only at subdominant order in (—kn). We
comment here that the kyy-independence of the result follows because the most important
scales for decoherence are the ones that are closest to the scale k being decohered (both
much larger than the Hubble length). Because the important scales are not at the cutoff,
the decoherence is largely insensitive to the value used for kyy. This also helps to further
underline why the v, ® (9v)? interaction is the dominant contribution in going from (2.14)
to (2.27) — all other neglected interactions there contribute most near the value of kyy and
so are unimportant for decoherence (for the same reason the value of kyy itself is not).

4 Late-time solutions
We now solve the Lindblad equation (3.45) to extract some of its physical implications.

4.1 Solution to the Lindblad equation

Because the right-hand side of the Lindblad equation is quadratic in the system field v(n, x),
the solutions for the reduced density matrix in the field eigenstate basis remain Gaussian. In
Schrédinger picture this means

~ - Re ar) — Ck ag . ar
(Osk,1] Osk |Usk,2) = Relax) — o eXP( 2 -

-9 ~ -
- - — + cp Vg 10, 4.1
T 2 sk,1 2 sk,2 k Usk,1 Sk,2> s ( )

for time-dependent functions ag(n) and cx(n). This state is properly normalised inasmuch as
Tr(osk) = 1 and the requirement Qlk = ok implies ¢y, is real.

The Lindblad equation determines the functions ax(n) and cg(n), and because the state
is Gaussian these are completely determined by the two-point functions P,,(k), P,,(k) and
P,,(k), through the formulae

1 Im(ay) lap? — &
Puk)=—————, Pplk)l=———""—, Pyplk)=——-—"""—, (4.2
(k) 2 [Re(ay) — cx] p(k) 2 [Re(ay) — ci] oo () 2 [Re(ay) — cg] (42)
which invert to give
1 1 Py, (k)
= Pyo(k)Pyp(k) — P2 (k) + ~| , 1 =" 4.
Re(ax) = gy |Poo(B)Plh) = Pa0)+ ] o Im(a) = 3200 (43)
cp = Ponlh) [Pw(k)Ppp(k) — Py (k) — 4] . (4.4)
A measure of the state’s decoherence is given by its ‘purity’, defined by
o 2
pi(n) =T o2 ()] (4.5)

This quantity satisfies 0 < pg, < 1 and pg = 1 if and only if g is a pure state. Decoherence is
said to be effective when pg < 1. For a Gaussian state the purity (4.1) evaluates to [22, 67-69]

Re(ak) — Cg _ 1
Re(@k) + ¢k~ 2, /Pou(k) Pyp(k) — Pop(k)

vp

Pr = (4.6)

where the second equality uses egs. (4.3)—(4.4).
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The state is pure if and only if ¢; = 0, or equivalently P,,(k)P,,(k) — P2,(k) = 1/4.
By contrast, the state is strongly decohered when pjy < 1 and so P,,(k)P,,(k) — ng > 1/4.
This corresponds to the case ¢; ~ Re(ax) and so eq. (4.1) becomes

5 ~ Re(ar) , . 5
‘<"Usk,1| Osk ’Usk,2>‘ X €xXp {_ (2 k) ("Usk,l - Uslc,Q)2 ) (4-7)

showing in particular that decoherence occurs in the field basis — i.e. [(01]0|U2)| — §(91 —02)
— if Re (ag) also grows in this limit.

For later use we notice that egs. (3.53)—(3.55) imply the following evolution equation
for the combination of correlators that controls the purity:

0
an
Among other things this confirms that decoherence is driven purely by the UV-finite quantity
Re(Fk), as foreshadowed in earlier sections. Its late-time behaviour is reliable in the regime

—kn < 1 because in this regime eq. (3.61) shows Re(Fx) is approximately independent of 7y,
and kyvy.

[va(ka n)Ppp(k> 77) - ng(ka 77)} = 2Re[3k(777 nin)] va(k) : (4'8)

4.2 Solution to the transport equations

It remains to solve the Lindblad equation to determine the functions ax(n) and cx(n). We
exploit the Gaussianity to do so directly using the equivalent transport equations (3.53)
through (3.55) or their equivalent (3.57).

Eq. (3.57) can be integrated when there is no source term on its right-hand side, with
solution given by Py, = |ii|?, where iy, solves the Mukhanov-Sasaki equation i}, +@? (k)i =
0 obtained using the modified dispersion relation w(k) — @(k). This solution builds in
the initial condition that it approaches the Bunch-Davies vacuum @ — ug in the limit of
vanishing cubic coupling.

Nonzero source term can then be included using the Green’s function formalism, lead-
ing to

Pyy(k,m) = lir(n)|* + 8/: dn Re[Sx (', min)] Im® [ (n) 5 ()] - (4.9)

Egs. (3.54) and (3.55) then give the two other power spectra,

Pup(k, n) = Re [ (), (n)] + 8 7: dn Re[S (0, min)] I [, (')t ()] T [ (') ()]
(4.10)

Py (k) = [t ()| + 8/: drf’ e[k (1, min)) Ton? [, () 3! ()] - (4.11)
These in principle solve the Lindblad equation entirely once eqgs. (4.9)—(4.10) are used in
eqs. (4.3)—(4.4) to evaluate the density matrix (4.1). We do not write the corresponding
expression here explicitly because our purposes are already well served by egs. (4.9)—(4.10).

There are two distinct regimes in which these solutions can be used. In straight-up
perturbation theory they can be used directly provided one works only to lowest order in
the semiclassical expansion. This in turn requires replacing i with ug inside the integrals
given that Ty is already order (H/M,)?. An extended domain of validity could apply in
circumstances where Re(§%) and Im(Fx) are independent of iy, but this must be checked on
a case-by-case basis.
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4.3 Quantifying decoherence

We may now compute the time-dependence of the state’s purity by directly integrating
eq. (4.8). Assuming that the state is pure at n = 9y, we have

1
= 4.12
PR() = s (4.12)
with
K / / /
Zu(n) =8 [ dn’ RelFu(o ) Poo (k1) (4.13)
TMin

where P,, is given in eq. (4.9). We next evaluate this expression and assess its domain of
validity.

To that end we first remark that P,, never deviates much from its counterpart in the free
theory, namely P& = |uy|? where uy, is the Bunch-Davies mode function (2.40). Although
eq. (3.40) shows that Im(Fx) ox (H/Mp)?*n~2 oc a? H*/M? (up to logarithms) grows strongly
on super-Hubble scales, it does not grow faster than w? o n=2? & a?H?. Up to logarithms
both quantities grow at the same rate and so Im(Fk) gives a correction to the effective
mass of super-Hubble fluctuations (and so to the tilt of the power spectrum) of relative size
Im(F)/w? o< (H/Mp)? (and therefore remains negligible even at late times).

The integral in eq. (4.9) can thus be evaluated by letting g ~ ug. Using the ap-
proximate form (3.61) (which includes the contribution of small-scale tensors) for Re §x on
super-Hubble scales, together with the super-Hubble limit

(n* =)

6 + O(E*n?), (4.14)

Im [ug (1) ()] ~

which follows from eq. (2.40), leads to the power-spectrum correction

S5e1H? |1 (n* 3 n
APy~ ——— |= | &+ — 2| —nlog () . (4.15)

" 192w M2 l@‘ <7713n n? Nin
Here, n, corresponds to the time at which the integration starts, which in this expression
is assumed to be already super-Hubble, so that the Markovian approximation holds (see
section 3.2.3). In practice, suppose k = oai, Hiy, where o < 1 denotes the ratio between the

Hubble radius and the mode wavelength at the initial time. The above thus implies a very
small, time-independent and scale-invariant fractional correction to the power spectrum

APy 5e1H?03
Py, — 5T6wM2

(4.16)

In summary, as expected gravitational mode coupling leaves only a tenuous imprint on the
power spectrum: an extremely small correction to the its tilt that is suppressed by (H /]\413)27
and a correction to its amplitude that is suppressed by e1(H/M;)? (see also [40]).
Returning now to the decoherence, we therefore approximate P,, in eq. (4.13) by its
Bunch-Davies counterpart, P,, = |ug|?>. Recall that eq. (4.13) is derived by integrating
the Markovian evolution equations and so strictly speaking its validity requires —kn’ <
1 throughout the entire integration region. But within this region the small kn’ form of
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Sr(n',min) shows that the integrand strongly peaks!! in the regime —1 < kn' < kn, with
the dominant contribution coming at late times driven by the universal leading behaviour
shown in eq. (3.61). Using this and the super-Hubble form P,, ~ a?H?/(2k3) = 1/(2k3n?)
in eq. (4.13) leads to

s 0o () LB H2<aH>3 17
=R = 6ar \ M, ) (—kn)3 T 64r \ M, k) '

showing how Zi(n) grows strongly at late times. This type of growth proportional to a® is as
expected fairly generally when decoherence is driven by a short-distance environment [14, 17],
and is also seen in the strictly perturbative calculation of [70].

Eq. (4.17) leads to several interpretational questions. First, the strong a® growth implies
that Zg(n) can easily become order unity over 60 e-foldings of inflation despite the presence
of the extremely small factors 61H2/M§. Can eqgs. (4.12) and (4.17) still be trusted once
Zk is no longer small? We argue that they can because in the late-time regime where
this growth dominates the evolution is controlled by eq. (3.36) — or eq. (3.45) — with a
coefficient function §x that is independent of 7;,. This is the regime for which the arguments
of [28, 29, 35] (see also [26]) allow the domain of validity of the Lindblad evolution equation
to be broader than the naive perturbative domain on which the Lindblad evolution itself is
derived.'? This is why we use the full form (4.12) rather than expanding py out to linear
order in =j.

Another conceptual question concerns the restriction —kny, < 1 that is required to
keep the entire integration regime of eq. (4.13) within the Markovian regime. Ideally we’d
instead like to take the limit 7y, — —oo, pushing the initial epoch when environment and
system are uncorrelated to the distant past where the uncorrelated Bunch-Davies modes for
the environment are deeply sub-Hubble and effectively behave as if they are in flat space.

Physically one expects that no decoherence arises for early times because at these times
both the system modes of interest and their shorter-wavelength brethren in the environment
are all sub-Hubble and so behave largely as they would in flat space. The vacuum then
doesn’t decohere for the same reason that short-wavelength vacuum modes don’t sponta-
neously decohere long-wavelength quantum systems around us all the time in flat space. In
principle this can be demonstrated explicitly in perturbation theory without the need for
any late-time resummation (such as by going back to the full Nakajima-Zwanzig evolution
equation (3.20) to compute how things evolve once kn’ < —1 in the presence of the full
correlation function €% + %).'3

One therefore expects decoherence to begin only once modes become of order Hubble
size, and because decoherence rates are usually suppressed relative to the enivronment’s
underlying correlation scale (the Hubble scale in the de Sitter example) by factors of the
system-environment coupling (in our case gravitational in size: H? /Mg) it is plausible that

" As a technical aside, one might worry that because Re [§k (7, 7in)] is singular in the coincident limit,
integrating through the singular region away from small k7 might give a competing contribution. Appendix C.3
shows that these contributions are in fact subdominant in kn.

12This is much the same way that the evolution equation dn/dt = —I'n reliably predicts the exponen-
tial decay law when I't is greater than unity, despite the decay rate I' itself usually being computed only
perturbatively.

131t is important when doing so to keep in mind that all times are evaluated along a time contour that has
a small negative imaginary part (as is also done here), since this is what projects the initial state onto the
vacuum along the lines described in [47].
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most of the decoherence happens only once modes are deep in the super-Hubble regime. In
this paper we compute for technical reasons the late-time decoherence (with kn;, also chosen
to be super-Hubble) but the fact that our leading results are universal (independent of kyy
and 7y, ) strongly suggests that the decoherence rate we find also captures the dominant super-
Hubble evolution experienced by modes prepared in the Bunch Davies vacuum at 7y, — —oc.
A final dangling question involves the relative importance of cubic interactions involving
environmental fields differentiated with respect to time rather than space. As argued earlier,
these are subdominant when the environmental modes are super-Hubble, so the validity of
neglecting them depends on whether Hubble-sized or sub-Hubble modes in the environment
contribute significantly to the decoherence of super-Hubble system states. At face value our
calculation does not rule this out because it shows that the decoherence of super-Hubble
sytem modes at time 7 is mostly driven by environmental correlations between times 7 and
1’ — 1. Since this receives contributions from very short wavelength fluctuations it is con-
ceivable that sub-Hubble modes are significant, and so we are continuing to examine whether
additional environmental operators can contribute significanly to the decoherence rate.

4.3.1 Numerical estimates

Let us re-express the small factor e, H? /Mg appearing in the decoherence parameter (4.13)
in terms of common observables, in order to better understand its size.

In the single-field slow-roll inflationary models of interest here, the amplitude of the
primordial scalar power spectrum is given by

H2

~ 000~ -9
~ G = 22X 10 (4.18)
p

P¢
where the numerical size is what is required for this to explain the observed primordial power
spectrum [61]. Furthermore, in these models the first slow-roll parameter is directly related
to the tensor-to-scalar ratio r by r = 16¢1. It follows that

_ _ P ro\? _N)— _
Zp(N) ~ 1.7 x 10717 (2‘2 ><<10—9> (10—3> P Nena =) =8(Nena =) (4.19)

where we trade time for the number of inflationary e-folds N, with Negnq denoting the number
of e-folds at the end of inflation while N, = N, (k) is the number of e-folds evaluated at the
horizon exit during inflation for mode k. The same expression can alternatively be written

in terms of the energy scale at which inflation proceeds, pilr{? , leading to

_ 1/4\ 8

o o 5 PC ! pin/f S(Nend_N*)_'g(Nend_N)

k() = 16 X 10° (555 e : (4.20)
: 1%

For scales probed in CMB experiments one typically has Nepng — N, ~ 50 and if so
eq. (4.19) or (4.20) show the purity for CMB scales at the end of inflation is given by

4
o (1073 _ax [ M,
peMB(Nend) ~ 6.5 x 10728 (T> ~21x107% (ﬁ) . (4.21)
inf

Gravitational decoherence is efficient if inflation proceeds at energy scales larger than piln/f4 >

5.2 x 10 GeV or (equivalently) r > 6.5 x 10728, Alternatively, a future detection of the
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tensor-to-scalar ratio r at a level above r ~ 1073 as targeted by future CMB polarization
experiments [71] (which puts the energy scale of inflation above 10'®> GeV) implies decoherence
proceeds quickly after Hubble crossing during inflation.

More generally, the purity at the end of inflation, peng := Pr(Nend), depends on two
parameters: the mode k of interest — characterized by Nepnq — N«(k) — and the energy
scale of inflation, pilr{;l . This dependence is shown as a colour scale in figure 4, which reveals
two regions — one for which pepng < 1 (red ‘decohered’ region) and one for which peng ~ 1
(black ‘coherent’ region), separated by the relatively abrupt transition represented by the
thin white region. This transition corresponds to where Z in eq. (4.20) is order unity; i.e.

by the straight line Nepg — Ny >~ 110 — 6.141n {p1/4 (1 GeV)}.

inf
For comparison, for any fixed k a relationship is also predicted between Nepnq — Ny (k)
and pilr{;l by following the mode’s post-inflationary evolution through the reheating epoch
up to the present day. For k corresponding to a physical wavelength that today equals the

Hubble radius, k/anow = Hpow = h (100 km/sec/Mpc) the prediction is

1/4 2\ Ta(ire 9 /143 1/4
Ny = Nepa = In | (Q,9) /4 Leri_ (”9> _Z ( + w) m( Pint )

1GeV 30 3\ 14+w 1GeV
1—-3w Treheat)
— 1 4.22
3(1+w)n(1GeV ’ (422)

where Q0 ~ 2.471 x 107> /h? is the fraction of radiation today, peri ~ 8.099 A% x 1047 GeV
is the critical energy density today, g, the number of degrees of freedom after the end of
inflation, Tieheat the reheat temperature and w = p,,/prn the equation of state parameter
during reheating. The curves expressing eq. (4.22) are also shown in figure 4 for several
choices of reheating properties.

If CMB polarization experiments detect a cosmic gravitational wave background in the
foreseeable future then r cannot be too much smaller than r ~ 10~3 and the above expressions
show that only modes that leave the Hubble radius less than ~ 12.9 e-folds before the end of
inflation do not have time to decohere. Whether the very small scales associated with such
modes can be probed observationally is of course an open question.

5 Discussion

The main conceptual result of this paper is to apply open-system techniques to the evolution
equation for the quantum state of observed metric modes during single-field inflation, includ-
ing effects generated by their gravitational interaction with shorter wavelength modes. We
identify those gravitational interactions that dominate the decoherence of long-wavelength
modes, and show that their contribution to the evolution of longer-wavelength modes is given
by equations like (3.20).

5.1 Decoherence of scalar modes

We compute the relevant environmental correlation functions — i.e. the function %%(n) ap-
pearing in eq. (3.20) and its tensor counterpart 7% (n) once short-wavelength tensors are in-
cluded in the environment — and show that their peaked form implies the evolution becomes
Markovian for super-Hubble modes during inflation, leading to the approximate evolution
equations (3.36) or (3.45) (in interaction and Schrédinger pictures, respectively) whose coef-
ficient function Fx(n, nin) we also compute explicitly. In particular §x(n, 7in) turns out to be
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Figure 4. Purity as a function of the scale (namely, number of e-folds before the end of inflation) and
the energy scale of inflation. Also plotted are predictions for how these two quantities are related for
the value of k that is just re-entering the Hubble scale today, as a function of assumptions made about
the post-inflationary reheat epoch, with the solid, dashed and dotted lines respectively representing
instantaneous reheating at the end of inflation, Tyer, = 10'2 GeV and T, = 10° GeV (with g, ~ 1000
and w = 0 during reheating for the latter two).

universal (depend only on k7 to leading approximation in the super-Hubble, late-time regime
and grows strongly with dominant support at late times when k7 is small). All dependence
on other parameters (like 7;, and kyy) arising only at subdominant order in kn. We also
derive an equivalent set of evolution equations — egs. (3.53) through (3.55) — for correlation
functions in this Markovian regime.

Because §, peaks at small k7 it is super-Hubble modes in the environment that dominate
the decoherence process. This in turn simplifies the selection of the dominant interactions
because it implies that interactions can be neglected if they involve time derivatives (as
opposed to spatial derivatives) acting on environmental fields.

Following refs. [26-29, 35] we argue that the universality of Fx (1, nin) allows the solutions
to egs. (3.36) and (3.45) to be trusted to later times than usual for perturbative reasoning,
and so allows the late-time resummation of the secular growth found within the perturbative
predictions for decoherence. We compute the late-time behaviour implied by the leading
Markovian evolution and use it to evaluate the evolution of the mode purity.

The main practical results that emerge from this reasoning are given in eqs. (4.17)
and (4.16) that respectively describe the rapid decoherence of observable primordial scalar
metric fluctuations and the (very small) change to their power spectrum arising from their
interactions with the environment of shorter-wavelength metric modes. Both scalar and
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tensor metric fluctuations in the environment act to decohere super-Hubble scalar modes
and do so with the same dependence on inflationary parameters and the same efficiency
per mode. The two spin states then ensure that tensor modes give twice the decoherence
of scalars.

Because super-Hubble modes during inflation decohere at a rate proportional to
(aH/k)? o €38t they grow exponentially quickly in cosmic time. This growth is initially
small because it is suppressed by a small coupling prefactor oc eGH?, and so starts off at
most 10~!* in single-field models. But it can become order unity during the 40-60 e-foldings
of inflation that follow horizon exit and so can easily allow decoherence to be complete well
before inflation ends. We believe our predictions continue to be valid even when decoherence
is not small because the Lindblad evolution resums this late time growth. The associated
modification to the power spectrum for scalar and tensor fluctuations remains very small
(being loop-suppressed) at all times.

5.2 Decoherence of tensor modes by a scalar environment

We note in passing that the slow-roll suppression found above is not generic for all fluctu-
ations. In particular super-Hubble tensor modes decohere more quickly than scalar modes
because their dominant interactions are unsuppressed by slow-roll parameters. Since the
factors of H/M,, and (aH /k) arise on very general grounds (leading order in the semiclassical
expansion and the environment having shorter wavelength than the decohering modes) one
is led to expect the decoherence of tensor modes to be of order (H/My,)?(aH/k)3, and so be
larger than our scalar result by a factor of 1/¢;.

This expectation can be tested using a relatively minor extension of the calculations
described above that give the decoherence rate of tensor modes due to an environment of
shorter-wavelength scalar metric fluctuations. We here provide a partial calculation of this;
computing only the decoherence caused by interactions with environmental short-wavelength
scalar metric fluctuations. A full calculation of the total rate with which tensor modes are
decohered by their couplings to the short-wavelength tensor environment is in preparation.

5.2.1 Lindblad evolution

Repeating the same arguments as above shows that the leading cubic tensor-scalar-scalar
interactions from the list in ref. [47] — cf. eq. (A.19) — is

g 5 / dt & M2e1a7 (9:€) (9¢) (5.1)
which contributes to the interaction hamiltonian the slow-roll unsuppressed interaction
1 ,
Hin(n) = 372 [ @ vigtn@) © B0, 2). (52)
Here v;; is the canonical field related to ~;; by eq. (A.17) and the environmental operator
B (z) := §%67 0,v(n, x)0v(n, ) (5.3)

is related to the operator B of eq. (3.2) by 5@,],Bij = B. Crucially, the absence of slow-roll
suppression in eq. (5.2) gives it an effective coupling

G = 3 =2\ = G- (5.4

where G(n) is the effective coupling defined in eq. (3.3).
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Rotation invariance implies % = (05| B%|05) o< 6% and so because §”v;; = 0 the mean
of BY can be ignored in what follows. Similarly, the required correlation function is

Ciedt(n, ;@ — a) = (0p] [ B (n,@) — B ()] B ,&') = ()| 105)  (5.5)
Pk iagp ik ()
= /(27T)3/2 6 € , (5.6)
with
iai 2 1 a9 * *
G = = [ el r Y o) se+a -k, (51)
(277) / ¢,p>kuv

and comparing this with eq. (B.12) shows that €} = (5m(5jb<5,iaj ® is the quantity computed in
section 3.1.3 above. Appendix F shows how rotation invariance can also be used to reduce
this to a set of scalar integrals, related to those appearing in %%(n,7n’). Once contracted
with the graviton polarization tensors the required correlator at leading order in k7 is again
universal — i.e. independent of 7, and kyv — and related to our earlier result by

; b / 2 !
G €y T 6ro"" (5.8)
up to subdominant order in kn.

Keeping in mind the coupling (5.4), repeating the same steps as in earlier sections
imply the analog of the Nakajima-Zwanzig evolution equation (3.20) involves %}’ M and in

the super-Hubble limit again takes the Lindblad form (3.36) but with eq. (3.37) now given
by the leading universal form

e H?k? 207 . 16 H?
Re T m))~ gy { e +O 1O} (58) = g 69

with T the Lindblad coefficient analogous to §y for the scalar (defined in eq. (F.40)).
Comparing this with the result (3.38) for how scalars modes decohere other scalar modes
reveals the expected lack of slow-roll suppression.

5.2.2 Decoherence

The contribution of scalars already shows that tensor modes decohere more quickly than do
scalar modes because their self-interactions are less suppressed by slow-roll parameters. The
purity of tensor modes is given by an expression like eq. (4.12) with = replaced by

n
Ek(m) =8 | dif Re[Te(n', nw)]Jur ()], (5.10)
Tlin

and the universal late-time contribution of the short-wavelength scalar environment to §
given by eq. (5.9). This implies a leading late-time contribution to = of size

L 1 (2 1 1 (H\ faH\?
:k(n)zs&r<Mp> (—kn)3:367T<Mp> (k) ’ (5:11)

which is to be compared with equation (4.17). In particular it is unsuppressed by slow-roll
parameters, as claimed (see also [72, 73]). The full expression for tensor decoherence requires
adding to this the contribution of the tensor environment.

~31 -



5.3 Open questions

The calculation described herein is clearly only the first step in a potentially long journey.
Many things remain to be pinned down, and there is much value in doing so particularly if
primordial fluctuations turn out to have a quantum origin (as they so far seem to do). We
next list some of the open issues for scalar-mode decoherence, and then turn to what our result
might imply for proposed late-time searches for observational quantum signatures [18-21].

One open issue concerns post-inflationary evolution of the reduced density matrix. We
have shown how super-Hubble evolution during inflation acts to diagonalize the density ma-
trix in a field basis, but we also know that the large factor (a.H/k)? shrinks after inflation
until it is again order unity at horizon re-entry. When saying that decoherence is efficient in
the later universe we take for granted that the reduced density matrix remains effectively di-
agonal during the subsequent post-inflationary evolution before horizon re-entry. This seems
intuitively reasonable: entanglement can be fragile and one rarely expects initially classical
mixed systems to spontaneously self-purify. But this should be possible to prove, and we
have not yet done so.

A related question concerns the effects of other degrees of freedom with other (possi-
bly stronger) interactions or other variations like possible changes to the speed of sound (as
in the EFT of inflation [74]). We have no general statements as to how more complicated
interactions might change our result (4.17) apart from the general observation that most
interactions are stronger than gravity and so likely produce a larger effect, making the de-
coherence progress faster — it is in this sense that our calculation is minimal. One suspects
that many of these issues can benefit from further exchange of ideas between cosmology and
the physics of open quantum systems.

5.4 Loopholes

At face value the efficiency of gravitational decoherence we find makes observing quantum
coherence in measurements of primordial fluctuations much harder, assuming that these
are generated by quantum fluctuations in single-field inflationary models and that the scale
of inflation is not extremely low. So if evidence for coherent fluctuations should appear
tomorrow, what might this mean?

Calculations like ours are useful for this question because they identify how decoherence
depends on a theory’s parameters. Even within the domain of validity of our result the
inflationary scale might turn out to be very small. Or the modes in question might be
short enough that they do not spend as much time outside the Hubble scale (even for &1 ~
102 modes can spend about 10 e-foldings outside the Hubble scale during inflation before
decoherence stops being negligible).

There are also a variety of assumptions on which our calculations rely, at least one of
which would have to break down. Perhaps the model involves more than the single inflaton; if
so then ( need not be conserved and this conservation played an important role in suppressing
interactions involving time derivatives. Perhaps the important environmental scales are not
at short wavelengths compared with observable modes; if so then their interactions need not
be local and so the general argument of ref. [17] need no longer imply the same dependence
on a® as found here. Perhaps additional interactions can re-cohere initially decohered states.
Inquiring minds need to know.

Let us also note that the precise amount of decoherence it takes to erase a particular
quantum feature can vary. For instance, in ref. [22], it was shown that decohered states
in a de Sitter universe still carry a large quantum discord if decoherence is slow enough,
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i.e. if pr o a™P with p < 4. Given that we have found p = 3/2 in the case of gravitational
decoherence, this implies that, although decoherence is very effective, the erasure of quantum
discord is not, which might still leave open the possibility to detect quantum signatures.
There is also the possibility to look for quantum effects at small scales, that spend too few
e-folds outside the Hubble radius during inflation to efficiently decohere. If inflation proceeds
at GUT scale, such wavelengths cannot be probed in the CMB, but they might be accessible
in smaller-scale structures.

In many ways finding observational evidence for quantum coherence amongst primordial
fluctuations is the most attractive option; by our present lights it would be the most surprising
and so likely teach us the most.
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A Higher-derivative operators in the action

This appendix fleshes out the details of the derivation of the standard EFT of scalar and
tensor fluctuations for single-field inflation (defined in ref. [47]), as well as the expansion
of higher-curvature squared operators when this is understood as an EFT of gravity. The
purpose of this appendix is two-fold: first, it is to review the set of cubic interactions con-
sidered in this work and in particular to further identify which interactions are dominant
in driving decoherence. Secondly, it is to provide evidence that the counter-term operators
renormalizing divergences in section 3.2.4 are indeed amongst those in the EFT of gravity in
single-field inflation.

A.1 Single-field inflation

We start with a brief review of the standard fluctuation formalism that is to be used. As
described in section 2, single-field inflation consists of gravity and a single scalar field in the
form of the action (2.1), repeated here for convenience,

M? 1
Slguws @] = /d4x e l;’R— 59‘” Oup O = V(p)| . (A.1)

Homogeneous classical solutions for the inflaton ¢(¢) and Hubble parameter H = a/a (recall
that a dot means derivative with respect to cosmic time) therefore obey

3MZH? = %dﬁ V(). M= —%& and ¢+ 3HG + V() = 0. (A2)
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We perturb about a near-de Sitter spacetime, ds?> = —dt?+a?(t)dx?, working in the Arnowitt-
Deser-Misner (ADM) formalism as in ref. [47] using the perturbed metric

ds? = —N2d¢% + hy; (Nidt + dxi) (det + dxj) , (A.3)

with N the lapse function and N? the shift vector and the inverse of spatial metric A% defined
by h¥hj, = §%. In terms of these variables the action (A.1) becomes

M2 E;;Ei — B2 > — Nidjp)® 1.,

(A.4)

with R the 3D Ricci scalar built from the spatial metric h;; and K;; = E;;/N is the extrinsic
curvature of these spatial slices, where
By =2 (i N N, E:=h'E A
i'.—§<h¢j—vi i —V; z) and = h"E;; . (A.5)
Specializing to the gauge where the inflaton has no perturbation, ¢ = 0 and so ¢ = ¢(t),
the vanishing spatial derivative dj¢ = 0 allows the action to be simplified to

M2 E. E"L] _ EQ (Z'52
= [d'z VAN |2 ] - —— . A.
s / v Vi [ . <R+ - V(6) + Sos (A.6)
The constraint equations obtained by varying N and N*? then become
Bt — §.F M2 E.E"Y — E2 2
_ J J _ “p ij _ _
Vi ( N ) 0, 5 (R + N2 Vo) + SN2 0. (A7)

These constraint equations are solved for N and N? as functions of the physical variables ¢
and ~;;, defined by
1

hij = aZe® ((5@' + vi5 + i’ng’w + .. > , (A.8)
with 0;vi; = i = 0. The goal is to express the action (A.6) as a function of these variables
after eliminating N and N’ using the constraints. Since our focus is mainly on scalar fluc-
tuations we drop <;; in what follows, simply quoting when needed the graviton-dependent
terms found elsewhere [47]. For the metric (A.8) the following relations prove useful:

Vh'=a?e*, R=a"2%% {—4(820 - 2(8{)2} ) (A.9)
where “9” here denotes spatial differentiation.

A.2 Quadratic scalar action

We first verify the standard quadratic action for {. At leading order in ¢ the lapse and
shift are

¢ 0i¢
N~1+—=, N;j~-—
+H’ ! a’H

+0ix, (A.10)



where the field y is defined as a solution to the equation 82y = ¢>¢/(2H 2M5), and so

d')2
X:

_ —2F _ o 972 Al

Using the background equations of motion (A.2) and integrating by parts gives the quadratic
action

@9 = / dt &z Miey [a*? ~ a(0C)?] (A.12)

as given as eq. (2.6) in the main text, with e = —H/H? = ¢2/(2H2M§). This becomes
canonical when expressed in terms of the Mukhanov-Sasaki field

v =aMpv2e1 ¢ (A.13)

and when specialized to near-de Sitter geometries. Eq. (A.12) has the same form as two
of the three divergent terms found in eq. (3.49) that require renormalizing in the Lindblad
equation:

1 1 1
2) g~ CIN BN S B PP
S_/dnd x [2(1))—|— 7722} 2(82}) . (A.14)

A.3 Cubic scalar interactions

We next record the cubic self-interactions contained in the cubic part of the expansion S =
)8 4+ (S + ... of the action in powers of the fluctuations found in ref. [47]. The part cubic
in the scalar perturbation can be written

®g = / dt B3z {E%Mg [a (9C)? ¢ + a3¢2<] —2e3M2a> ¢ (aia*g‘) (9;¢) — %6§’M§a362c

cod [ & P> 1 o .
4 32 3as2,.3 2 2
+ 261 Ma*(¢ (2(1.) - 4H2Mg> + 5etMa® (919,07C) (99,0 g)g}.

(A.15)

This way of writing the cubic action is organized in increasing powers of the slow-roll pa-
rameter, with the first line containing the dominant terms and the rest being subdominant.
Although the first line is naively O(e?) the quadratic action (A.12) shows that correlations
of { are themselves enhanced by slow-roll parameters. For this reason slow-roll behaviour
is easier to read when the action is expressed in terms of v, and shows that the leading
term of eq. (A.15) is actually O(/21). Notice also that for super-Hubble modes each time
derivative of { counts as two spatial derivatives, so only the very first term dominates when
both slow-roll parameters and k/(aH) are small.

A.4 Tensor fluctuations

Tensor fluctuations are also straightforward to include by expanding the action (A.1), leading
to the quadratic piece

M2
@95 /dt Pz ?p [ag’%'j’%‘j — a(Okiz) (Okvig) | » (A.16)
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and revealing the canonically normalized field to be
1
Uij = iaMp%j . (Al?)

The momentum-space mode expansion for this field then becomes

3 .
v = [ kg me (A1)

P=+,x

where €f;(k) is the polarization tensor with properties k'ef;(k) = 0 and efjefj/ = §FF,
The cubic interactions that involve both scalar and tensor fluctuations are obtained
along the same lines as above, leading to the following expressions [47] for the tensor-scalar-

scalar interaction:
1 1 .
955 [ dt d ME|21095(0:0)(0,0) + § 4015000010 + 5216°35(8iC) (050
1 L
+ 2Ha5%j%'jx] ; (A.19)

which ignores redundant terms such as total derivatives and those that can be removed with

field re-definitions. The y-dependent terms become non-local expressions once x is eliminated

using eq. (A.11). Again only the very first term dominates in the slow-roll limit, but this

time arises unsuppressed by €1 as is most easily seen when expressed using v rather than (.
The tensor-tensor-scalar interaction is found in an identical way and is given by

€1 €1 3. . 1.
s> /dt d*x M} (8 a C yijOvij + ga?’C%j%j - 4a3%j31%j31><) : (A.20)
where y is again given by eq. (A.11) and redundant terms are dropped. For super-Hubble
modes only the first term dominates in the slow-roll approximation and once powers of
k/(aH) are neglected, showing that the leading result is in this case O(,/e1).

A.5 Curvature-squared counterterms

We finally show that the final divergent contribution depends on k and 7 in a way con-
sistent with it being absorbed into a curvature-squared counter-term, which can have the
general form

S 5 / d'z =g (coR® + doRy ). (A.21)

where ¢y and dy are two constants. There is no RWUARWU’\ term here because we work in
4D where this term can be regarded as part of a topological invariant.

In particular, the operator proportional to k*n? (véz))2 in eq. (3.49) is found within the
R? term, which when expanded in powers of ¢ contains the contribution

: o 2
/d%ﬁRQ:/dtd?’a:a?’(l—i—BC) <1+1§I> {Mga e [_42(320—2(3()2] +} 7

(A.22)
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which when expanded out involves the term

/d4:c\/—g RS /dt Bz a® (1 +30) (1 + é) Miate %4 (82()2
2

/ dt dx AMAa™ (9%C) / dn &Pz g (0%0)2. (A.23)

Once translated to Fourier space (and using a o< 77!) this has the same time- and momentum-
dependence — k* 2( ék)) — that appears in the last operator of eq. (3.49).

B Environmental correlations

B.1 Correlations in real space

In this appendix, we explicitly compute the correlation function €% (n,n’) defined in eq. (3.19)
for each mode k in the Lindblad equation associated with the environment operator

B(n,x) = (5ij8iv3(77, x)0vp(n, x) . (B.1)

Using the canonical commutation relations (2.17) it is easy to see that the one-point function
defined in eq. (3.17) has the integral representation

3 3
Bn) = (05|B(n,2)|05) = — //k » d(;jgw @) ur(n) ul () (K + q) -0
| (B.2)
3
= Jiskoy ((217:)63 K u ()] (B.3)

This function is independent of the position & and is also formally divergent, although we
avoid regulating it since it does not enter into any physical predictions in this work.
From here we similarly compute the two-point function:

d3k: d3 d? d3£
(0| Bln,@) By @) o) = [[ el [
k.q>kuv £>kUV 7T

X (k:-q)(p-E)(Oslvk(n)vq(n)vp(n) 0()]05) eitkta)etipte)e
(B.4)

In the expectation value above there are many combinations of creation and annihilation
operators which occur, but only the following two survive:

(05 |excl cchAOB>:6(k+q>5(p+£) (B.5)
(0] creqe e T ,105) = 0(k +£)6(p+ q) + 6(k + p)d(£+ q). (B.6)

This gives

d3k d3 d3£ ) ) ,
(00| B(n, 2) By, 2')|05) = / / / / (k- q)(p- £) citb+ara+ipieya
k,q>kuv pA>kuv 271—

x {ur(n) uq(n)up(n Jug (') (k +q)d(p +£) + s (n)ug(n)uy (0 )ug (1)
x [6(k+2)5(p+q)+0(k+p)i€+q) }. (B.7)
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Using eq. (B.2) the first pair of J-functions can be seen to give rise to a pair of 1-point
functions. In addition to this, the term involving the second pair of §-functions is easily seen
to be equal to the term involving the third pair after a re-labeling of momenta giving

37. 13 ' /
(05|B(n,2)B(n',2')|05) = B(n )+ 2// d kd’q (k q)(k - q) cilk+q)-(z—a')
k,q>kuv 77

X g (n)ugq (m)ug,(n)ug (n'), (B.8)

and so
Cs(n,n'sz — ') = (05|B(n, 2)B(n',2')|05) — B(n)2(n)

d3qd3 * * i (z—x'
=[] o 2 P gy o). (B9)
p>koy (27)

B.2 Correlations for each mode k

B.2.1 Integral expression

Finally we here compute eq. (3.19) defined in the main text, which is the Fourier transform
of the fluctuating part of the environment correlation function, where

Cr(n,1') = /dgyC (n, s y)e Y (B.10)
) (277')3/2 B ) ) . .

We note in particular that we are interested in %%(n,n’) for modes k € R3* in the open
system with 0 < k < kyy since the Nakajima-Zwanzig equation (3.20) is written in terms of
these modes. We begin with the position space representation (B.9)

3.3
sinti) = [| S éAa o g SO (B)
g,p>kuv )
We notice that the (double) momentum integration is restricted to be in the environment
only. Next notice that Cy(n,n;y) is a function of y = |y| only — to see why, note that
any rotation y — y’ = Ry can be undone by a rotation of coordinates in the integrals,
such that ¢’ = R~!q and p’ = R~ !'p (each with Jacobian one) so that clearly C(n,n’;y) =
Cs(n,n; Ry) for any rotation matrix R. This then of course implies the Fourier transform
%r(n,n') is a function of k = |k| only.
Inserting the above expression for Cz(n,n';y) into our definition for €% (n,n') we get

) = o [ dadp (a-p) g () g (), 00) o 1) 0+~ ).
(B.12)

From here we convert to spherical coordinates ¢ = (q,0y,¢4) and p = (p,6,,pp), where
we have
q-p=qp [sinb,sinb), cos(¢q — ¢p) + cosb, cosb,], (B.13)

and, in addition, we have the identity (for any arbitrary vector £)

6(q — 0)8(0g — 00)5(pg — 2)
q?| sin 0]

é(q—£) =

(B.14)
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In eq. (B.12) we must express the vector £ := k — p in spherical coordinates — to this end,
we exploit the rotational symmetry of the function 6% (n,n’) in k and pick k = (0,0, k) to be
pointing along the 3-axis, so that in Cartesian coordinates £ := k —p = (—pg, —py, k — D2),
which implies that

k —pcosb,
\/p2 + k% — 2kpcos b,

KZ\/pz—i—k:Q—Zk:pcost‘, ngcos_l( ‘), Y= @p+T.

(B.15)
With these identities, eq. (B.12) becomes

2w 2w
dqq / dé 81119/ deg dpp / dé s1n9/ dep

X (qp) [sin 0, sin 0, cos(pq — pp) + cos O, cos ep] ug (1) up (1) u;; (77/) ufl (77,)

x%é {q—\/pz—i—kQ—QkpcosHp}é 9q—cos_1 k—peosty \
q”sinfy \/p2 + k2 —2kpcos b,

x 6 g — (p+ )], (B.16)

Integrating over ¢4 and then ¢, yields

2 o0 ™ oo s
(1) = —=75 / dg / dé, / dp/ d6, ¢* p* sin 6, (— sin 6, sin 6, + cos B, cos )
(277)7/2 kuv 0 kuv 0

2
Cr(n,n) = @2n)

kuv kuv

X g (1) up (0) uy, () uy (n') 6 [q — \/}92 + k2 — 2kp cos Qp]

x 6 |0, — cos™ k—pcost, - (B.17)
\/p2 + k% — 2kpcos 0,

The next step consists in integrating over ¢,. Using the identities

cos |cos™! R~ peosty || = k—peosty - (B.18)
i \/p2 + k2 — 2kpcos b, | | \/p2 + k? — 2kp cos 0,
_ B - o

sin |cos™! b peosty || = ] ‘, (B.19)
i \/102 + k% — 2kpcos 0, \/p2 + k? — 2kp cos 0,

this leads to

2 o0 o0 ™ . [(k—pcosb,)cosb —psin20}2
/ — de 2 4 0 p p p
‘Kk(nﬂ?) (271')7/2 _/kUV dq AUV dp\/O pq P SIMUp p2 + k2 — QkpCOS ep
X ug (1) up (1) uy, (n) Uy (n') 6 (q — \/p2 + k2 — 2kp cos 01,) . (B.20)

Now switching coordinates to y := cos ¢, turns the above into

(p — kp)? N ot (o
G / d/ d / d :
(n,1') = @) 7/2 L da ), dp na? pp = iyt (1) () () g (o)

x5<q—\/p2+k2—2kp,u) ) (B.21)
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Next, we notice that the §-function is actually easiest to integrate over the u variable, and so
to this end we take note of the rule 6 [ f ()] = §(u—po)/|f (po)| where o = (p?+k>—q?)/(2pk)
is the (only) zero of the function f(u) := q — /p? + k2 — 2pkyu . This implies

2 2 2
Y CEETI \N_ 4q PR -
5 (q \/p +k 2p/<>u> T 5 (u ook ) (B.22)
giving
Cr(n, 1) = dg [ dpa®pPug (n) up (n)up (') wi (1)

(277)7/2k kuv kuv
! (p — kp)? P4k ¢
X dy ————"F—>0 |l p———5—1| . B.23
/4 K p? + k2 — 2kpp a 2pk ( )
The p-integration can now be performed in the sense that

1 _ 2 2 2 _ 2 2 2 1.2\2
1 p*+k*—2kpu 2pk 4qg°p

but only in the region of momentum space where

2 g2 _ 2
PR s e SRS (B.25)
2pk

which affects the region of integration in the (p, q)-plane. Note that this means the region
which the above inequality bounds is actually rectangular — to see why note that —1 <
PR =0 plies (p + k)2 > % while 2222 < 1 implies (p — k)2 < ¢2, which that
T p D q~ while =5 implies (p g, which means tha

this region corresponds to

p—kl<qg<p+k. (B.26)

Note that whenever k < kyy (as we use in the main text), the above simplifies to the region
in which p — k < ¢ < p+ k (since p > kyy > k). Note however that we must have p > kyy
and g > kyy in addition to the earlier inequality being satisfied — this means that the actual
region being integrated is the quadrilateral region U depicted in figure 5, giving

) = smrrmg [, pAapa et 45— K g () () () (o). (B27)

In the current form it is complicated to integrate the above integrand — for this reason we
transform integration variables to

P
p= ;Q and 4= (B.28)
with the Jacobian o(p.q) )
b,q
— B.29
o(PQ)| 2 (B.29)

The transformation (p,q) — (P, Q) rotates the region U by m/4 (and rescales it as well)
giving rise to the set U’ depicted in figure 6 below. Then, using the explicit form of the mode
functions, this leads to the following expression

Gr(n,n') = 64(271)7/% /U dPdQ (P* + Q* — 2k*)? {1 ~ P fi@n] [1 + @ _222)”,]
il o (B:30)
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k+ ZkUV T

]i' + kUV_

kuv 1

0 ] i
0 k kuv k+ kyv k + 2kyy

Figure 5. Defining the integration region in (p, g)-space for computing 6%(n,7n’) in eq. (B.27) i.e.
after the p-integration is completed in eq. (B.23). The green region corresponds to p,q > kyy and
the blue region corresponds to —1 < (p? + k% — ¢?)/(2pk) < 1 (assuming k < kyy) — the intersection

of these regions (in red) is the resulting integration region U for computing %% (n,n’') in (p, ¢)-space
in eq. (B.27).

U/

Figure 6. Defining the integration region U’ in (P, Q)-space (after transforming (p,q) — (P, Q) in
eq. (B.28)) for computing éx(n,n’) in eq. (B.30).

By noting that the integrand in eq. (B.30) is symmetric under @ — —@, one can explicitly
integrate over the region U’ as

"o 1 k o0 2 . 2 212 2i 20
9

X {1—(P+ZQ)?J [1+(Pfi@n,] e~ iP=), (B.31)

This representation of the correlator is most useful for computing the Lindblad coefficient §g
appearing in the Lindblad equation.
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B.2.2 Integration of €k(n,n’)

We begin with the double integral (B.31), and note that it is somewhat tricky to evaluate the
P-integral because it is formally divergent in the ultraviolet. All this means is that we are
to understand these integrals as distributions — to deal with this we organize the integrand
in eq. (B.31) in terms of decreasing powers of P such that

no_ 1 —iP( )
Gr(n,m') = 322n) 7%k /0 /Q%UV D(P,Q) + F(P,Q)] e F1=n (B.32)

where we define the function D(P, Q) (giving rise to a formally divergent P-integral in the UV)

P342

D(P.Q) = P4 T

n?(n')?

0F o2 4 S =20 — 2(77’)2] P2

16i(n —n') [1 + (%Q2 — k‘2> 7717’} p
(')
16 {1~ 4(k2 — Q2 + (K2 = 3Q2) [ + ()] + L5202 0)2)

_l’_

n?(n')? ’
(B.33)

as well as the function F(P, Q) (yielding a formally convergent P-integral in the UV)

16(k* — Q°)
7 (n')?(P? — Q%)
—4(2Q* = K — 4} P? +i(n—n') [Q"m + (4 — Q*mf)| P

{4+ Q0 + IR = Q" [~ + (o ?]). (B.34)

F(P,Q) = (i =) [(# = Q%' — 4] P* +{ [0 + (0)?] (Q* = #?)

To further simplify the calculation, we compute the above under the assumption that n > 7/,
which is the more useful case for the calculation in the main text (and furthermore, we can
easily extract the opposing case n < 7’ from the symmetry &5 (n,n’) = x(n’,n) and so the
calculation is performed without any loss of generality).

First we compute the part of the double integral (B.32) above involving F defined in
eq. (B.34), namely the quantity

k 9] . ,
= / dQ dP F(P,Q) e =) (B.35)
k Jo Q+2kuy

which we note yields a convergent P-integral in the ultraviolet since for large P the associated
integrand behaves as:

i(k2 — O2? o 2 A2\t
F(P,Q) = ik -~ @) 77277(37,[)(2]{ Q%) 4] % +0 (P—z). (B.36)
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It turns out that we can exactly write down the P-primitive of F(P,Q)e™*" (=7") where

Py _ 32(K* = Q%) [P(1+ Q%) +iQ*(n — ') o—iP(n-1)
/de(P,Q)e =) = P2 2Q% (P2 — Q7) "

8(k* — Q%) (n — n){kQ[ 2

20720 oz (n—mn')+ in’W]

+i + 2iQ + Q2M iQ?’m]’} Ei [—i(P — Q)(n —1/)] e @1=)
n—rn n—mn

802 = Q%) — ) {k? 2

2 (1)2Q Q? (n— 77/) - ZQ37777,]

+n—2 - 2iQ + Q? (737+ Z’) +iQ } i [—i(P+Q)(n—n)] 90, (B.37)

where Ei is the exponential integral function defined for z € C\(—o0, 0] (i.e. there is a branch
cut along the negative real axis) as

00 —t
Bi(z) =— [ dt 67 , (B.38)

where the principal value of the integral is taken.
To evaluate the above primitive at the endpoint P — oo, we note the property

Ei(—iy) ~ —im fory>1, (B.39)

which must be used since we are evaluating the correlator under the assumption that n—n' >
0. Evaluating the P-integral for the required endpoints and simplifying yields

/Qo;kw dP F(P,Q)e —iP(n—n') _ W (Q(n—n’) [2(k2 FO) 4+ (K2 - QQ)ann/]
x cos[Q(n — )]+ {k* [Q*(n— )2~ 2] — Q% [Q*(n+n)?+2] } sin[Q(n — )

32(k* — @*)* [Q + 2kov ()] (1 + Q%) +iQ*(n = 1) _i(Q+2hpv)(n—n)

n*(n')?Q? [Q + 2kuy(n)]? — Q2
8(* =Q*)(n—1") .2 2 Y O2 (N L )3
20203 {’f { — +2iQ - Q°(n—n") +iQ nn}

+Q?

_8(k2_Q2)(77—77/) 2 i_ iO — O2(n— 1) —iO3m
n?(n')*Q3 {k [n—n’ 2Q-Qn—m) i 77?7}
(n+

+Q? ~2iQ + Q>

n) +ZQ37777HE1 [—2i(Q + kov)(n—n)] 90770 (B.40)
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Next we need to integrate the above function with respect to ), where we get exactly

o0 T 167k* sin[Q(n —n')] 1
dQ/ dP F(P,Q) e F—1) — _ —
/ Q+2kuy £Q) n*(n')? Q?
e~ i(Q+2kuv) (1) } L 16mk*(2 — K*nn) sin[Q(n — )]

2kyy @ 772 (77/)2

16k4
n?(n')?
1656~ H(@+2kuv)(n—n')
2koy n?(n —1')°(1')? {0 =o'y’ = a2y = ')? [ = 30+ (]

{ (n—n'")cos[Q(n—n")] —

32k2(n

_ —i(Q+2kuv)(n—7')
—8|n* =5y’ + (0)?| t + 777) —T COS -]+ ‘
2 = 5’ + ()] } e mcos[@Q(n—1')]

2k2kyy (n— 77’)5

x {2 —n')? [n? =/ + (2] + 4 [n? = 5’ + (0)?] }) Q
Ze_i(Q+2kUV)(77_77/)
koy (n—n')3

16(7’] ] ) e—i(Q+2kUv)(77—77/)
|:7] —57777 +( ) }}) QQ W WCOS[Q(T/_U/” - ey (n_n/)g, {772_67777/
ie~{QF2kov)(n—n)
2kyv (N —1')

+ 772(15,)2 <7r(2k277n’ —1)sin[Q(n —1)] - {Kn(n -

+(r')?] } Q° + ;s, {—w sin[Q(n —n')] +

2 N2)\2 4 /
+ 86(;2”2(22,); {(Z —Qn)(i+Qn)Ei [—QikUV(n — 77’)] e~ Qn—n') _ (i+Qn)(i — Q')

xEi [-2i(Q + kuv)(n —1')] eiQ(”_”/)} . (B.41)

The first few terms are organized by increasing powers of (), and the last term involves Ei
functions. Finally, evaluating the above primitive at the endpoints (from @ = 0 to @ = k)
gives

1927
kUV 772(77 - 77/)5

/ dQ AP F(P,Q) e =) = [e—%kuv(n—n’) _ e—i(k-*'?k’Uv)(??—’I')}
Q+2kyv

192: —2ik —n/ —i(k42k —n/ ;
" oy 3 — )" [e ) — eI Hk”)}
321 —2ikuv(n—1') 2 9 —i(k+2kuv)(n—n') ; ;
[ ) 2O )2 )
32i

—2ikyv(n—n') 2,2 —i(k+2kuv)(n—n') i) 2
e 2+ k 2e 1+ ik

8ik { —2ikuv (=) 33 _ g e~k H2kov)(1=1') (1 4 an)} ( 1 + 1)
-~ kovi n—n" 1
41

{e—mvv(”—”’) [81<:UV(2 + k*n?) — ik4n3] — 16 ¢~ MR+ 2ZRoV) =0 g (1 4 ikﬁ)} .
(B.42)

_|_ -
k2 nd(n')?
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Our next move consists in computing the part of the double integral (B.32) above
involving D defined in eq. (B.33), namely

k 00 . ,
1 / dQ dPD(P,Q)e =), (B.43)
k Jo Q+2kyv

As mentioned previously, the above P-integral is formally divergent (the integrand scaling as
o P* in the ultraviolet) however it is meaningful when understood as a distribution. Using
the definition (B.33) we write the above integral over P as

[o¢] i , 4 _ !
/ dpP D(P7 Q) eilp(nin ) =0y (77_77/7 Q+2kUV) +71(77 /77 )043 (77_77/7 Q+2kuv)
Q+2kyv nn

8y — 22 —2(1y)2 16i(n—11') [1+ (3Q%—k?) nrf|

2 2 /
+2|Q7 -2k n2(1)2 1 a2 (77_77 7Q+2kuv)+ 2072
/ 16 {148 = @ + (¥~ §Q2) [+ (1)) + S5 ()7
xai (n=n', Q+2kuv) + L
n?(n')
xao (n=1'",Q+2kuv) (B.44)
where we define the distributions for m € {0,1,2,3,4}
am(z,y) = / dpP pme~itT (B.45)
y

which we must now compute. We first note the Fourier representation of the Heaviside step
function
0o eiPm
O(P) = lim de ———— B.46
(P) 5—0t J_oo  2mi(x —i0) ( )

where we recall that O(z) =1 for z > 0 and O(z) = 0 for x < 0. Inverting the above gives

/ dpe~Pr= ' 14 o (x) (B.47)
0

T — 10 x

understood in the limit § — 07 (in the last equality we have used (z +1i0)~! = 2~ Find(z)
— the so called “Sochocki-Plemelj” theorem). From this we easily find that

o iPx _ieiixy
= dPe™ = —, B.48
O R (B.43)

which easily follows from a shift P — L in the integration variable L = P — y. By taking
the limit 6 — 0% in the above and using the property f(z)d(z) = f(0)d(z) of /-functions the
above can be more simply written as

—e ¥y

ap(z,y) = + 7o (). (B.49)
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From here we can easily get the remaining set of required functions by noticing that
10r0m (2, y) = amy1(x,y), giving:

o(.9) / AP Pe-iPr _ gio ( 3312 _ lj) +ind(z), (B.50)
as(z,y) = yoo dP P?e~ T — g~ivy (i; - i—g - W;) —nd"(z), (B.51)
> 3 —iPx iy (6 Gy 3y* iy o
as(z,y) = ’ dP P°e =e W <x4 + g i x) — im0 (), (B.52)
o0 4 iPe w241 24y 12iy* 4y iyt o
ay(z,y) = ’ dP P%e e y( 5t 3 _a:Q_ac>+7r5 (x)

Inserting the distributions oy, (z,y) with z =n — 1’ and y = Q + 2kyy into eq. (B.44) yields
the following expression

/ T APD(P,Q)e P = i@+ k) (-1) (l_ 24 24(Q+2kyy)

O+2kuy (n—n')° (n—n')*

(n—n')? (n—n')? n—n' n—n)A (n—1')3
3(Q+2kuy)?  i(Q+2kuy)? , 8 — 20 _2(77,)2] [ o
(

12i(Q+2key)?  4(Q+2kyy)? z’(Q+2kUV)4] 41'(77—77')[ 6 6i(Q+ 2kuvy)
! B - T | i

+2

22k
(n—n')? n—n' @ -2k n?(1)? n—n')3
_2(Q+2kuv>_i(Q+2kUv)2‘|_16i(n_n/) 1+ (3@ -#) | [ 1 +73(Q+2kuv)]
(n—n')? n—n' n2(1')? (n—n')? n—n'

16 {1-4(k2 = Q%' + (K2 3Q2) [n*+ ()2 + S350 )2}
7 (n')? (n—n’)

_l’_

8nm' —2n* —2(n')?
n*(n')?

o
T <5////(n_n/)+4(n n )5///(77_77/)_2 [Q2_2k2+

|10t

2_ k‘2 2
16 {1-4(k2 = Q%) + (K2 3Q?) [+ (n)2) + &2
n*(n')?
All that is left to do is to integrate over (), which happens to be straightforward in this case
with use of the integrals:

/\2
) }5(77—77’)) : (B.54)

knJrl

/dQQ”— —, (B.55)

ie—2itkuv(n—n') [_1 + e—ik(n—n’)}

/k dQ e~ (@+2kuv) (=) _ ’ (B.56)
0

(n—n)
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i . ) e—2ikUV(n—n’) 14 [1 + Zk'(?’] o 77/)] e—ik(n—ﬁl)
/ dQ e~ Q+2kuv)(n—n )Q - { — } , (B.57)
0 (n—n)
e e A o U U e il
e = )
0 (77 - 77/)3
(B.58)
k , , e—2ikuv(n—n') ,
/ dQ e @+ )= Qs — = {64 [~6 — Gik(n — ') + 3k (n — )2
0 (m—n')
+ik3(n —77/)3} efz'k(nfn’)} : (B.59)
ko e—i(Q+2kuv)(n—n') i e—2ikuv(n—n')
4= —24+ |24+ 24ik(n — ') — 12k*(n —1/)?
| a0 b Q= T {2 [ 2k — ) 1260 )
— ik (=P + KA (g — )| eI} (B.60)

The resulting expression contains many terms, but organizing the expression as a partial
fraction expansion in terms of 1’ yields:

k [%S) . ,
/ dQ AP D(P,Q)e " P=m)P — _ 224
0

( )6 [e—QikUv(ﬂ—n') _ e_i(k+2kUV)(77_77,)}
Q+2kyv n— 77’

- (,'7_8277/)5 [32kUv€_2ikUv(n_n,) — (25k + 32kUv)e_i(k+2kUV)(7I_77/):|
1 ' /
+ W {32 |:].0 + (5]43%\/ — ]{;2)772] e*?kuV(W*n ) _ 8 |:40 4 (7k2 + 26kkUV + 20]9%\/)772}

—i ! 1 . . N »
e~ ilk+2kuv)(n—n )} + i {32 [10 + Sikyyn — ikypy (k2 — 2]‘&2}\/)"73} e~ 2ikuv(n—n')
8 [40-+ 635K + 32k 1+ il (32 + Thy + 4R, )] ¢4 2kov)-)

* A —1)2 [56 + 64ikyyn 4+ 16(k% — 2k2)n? — (k2 — 2/{%\,)2774} o—2ikuy (1)

n*(n—

8 .
o (28 +(35K + 32k ) — (k + 2kion) (Th + 8k ) — 2k (k + ko) 0’

. N 39 . / 1 1
« et (k+2kuv)(n—n') + $(2 + ikuvn) [2 + 2ikoun + (kQ _ k%v)'ﬂQ]e—QZkUV(n_n ) <17 — + 17’)

8 .
5 (164 4i(Th + 6k )0 — (b + ko) (Th + 8k )n* — 2ikoy (k + 2kov) (6 + kov)n?)

—’L o/ 1 1 . _ Z o/
e (k+2kuv)(n—") (77 _n/ + 77,) _ n4(n/)2 {16 {6+4ZkUVT]+ (ki2 _ k%v)nﬂ e 2ikyv(n—n")

—8 [12 +i(Tk + 8kuv)n — 2kuv (k + kuv)n2] 6_i(k+2kUV)(n_n/)} +7k [5”"(77 - 77/)
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2 2 51.2,,./ !
4(77_77/) 111 / 4[77 +(77) +(€k " _4>7777} 1" /
+———=0"(n—1) + 0" (1 —
7 (m—n) )2 (=)
A4(n—n' 3]{?2 I _ 4 §k4n2(77/)2 + ékQ 9,,72 . 32,,7,'7/ 49 ,'7/ 2 +16
4 (n 77732((77/)27777 )5/(77—77/)+ 15 3 [772(”/)2 (r')’] s(n—n")|.

(B.61)

We are now in a position where the final result for €%(n,n’) can be obtained. The correlator
we seek is given by eq. (B.32). Using the derived results (B.42) and (B.61), and organizing
in terms of a partial fraction expansion in 77’ the result is at last

N 1 224 —2ikuv(n—1') —i(k+2kuv)(n—1")
eL(n,m) = 32(2m)7/2 o k(n —n')6 [6 uv —e uv }

Ckkoyn?(n—1')? {64i(3 +dkZyn?)e 2 Rovr) 824 + ki (25K + 32kuy )0
uv

x e~ ik +2kuv) (=) } +

1 .
TR {3267 + 10k — oy (K — 5k, )n’)

e~ 2kov(=1") 1 8247 — 8(3k + Skyy)n — kuv(Tk? + 26kkuy + 20k2,)7°%)

32

k kUv 7]4 (,,7 _ n/)g (_’L' + kUVn) [4 + GikUVU + (k2 . 214%\,)7]2

x e~ ik +2kuv) (n—n') } +
8i
kkovn* (n—n')?
+(8Kk? + 35kkyy + 32k2,)0* + 2k2, (k + kuy ) (3k + 4kgy)n* ek 2kov) =)

4
k kv nd (n—1")

—ikoy (K = 2k2,)n’le~2kuv (=) _ [—16 — 8i(3k + Skuy)n

5 [16i — 56kuyn + 8i(k* — 8kZ)n* — 16kyy (k* — 2kgy )0
8

k kuy 775 (77 - 77/)2

—i(8K* 4 35kkyy + 32k2 )17 4 kuv(k + 2kuy ) (Tk 4 Skov)n® 4 2k3, (k + kv )*n°)

8
k kuy 775

Fhoy (K2 — 2k2,)2n0]e2ikov =) 4 [8i — 4(4k + Thuy)n

x e~ (kH2kov)(n=n’) | [16kuy + 24ik2 1 + 8kuy (kK? — 2k2,)n?

by (11 8
iR — 2k )22 (=) ( ) — 2 (ke + 2k )-8
i 2 )2p3e T T +kkuvn5( + 2kuv)|

—4i(2k 4 3kuy)n + kuv (Th + 8kuy )0 + 2ik2 (k + Ky )n’le 1 F+2kov) (=)

1 1 4
) [16ikyy — 24K> Sikyy (k2 — 2k% )n?
: (77—77’ i 77’) R (O T 2R Stk o

(I — 2R3 e o) 2

uv

—ik‘UV(Wf + 8]“3UV)772 + 2k[2JV(k + kuv)773]€_i(k+2kw)(n_n,) +m 5””(77 - 77/)
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4(77 - 77/) s

+ g (n—n")+

nm n*(n
Aln—n') BK*m' —4) )
+ 8 (n—
772(77/)2 (77 77 )
BE? ()% + 2k% [9n* — 3200 + 9(1')?] + 16
3 L 218 50— ). (B.62)

which assumes that 7 > 7 (the result for the opposing case of 7 < i’ can be extracted from
the symmetry 6x(n,n') = €;(n',n) easily). This is the result used in the main text. In
section 3.1.3, we present the coincidence and the early time 7’ limits of the exact expression,
see egs. (3.21) and (3.23).

C Lindblad coefficients

In this appendix we explicitly compute the Lindblad coefficient §y, defined in eq. (3.37) used
to derive the physical predictions of the Lindblad equation. We later also compute the validity
coefficient 9y, defined in eq. (3.42).

We begin with the integral § defined in eq. (3.37), repeated here,

Sk(n ) = )2 [ an GGG (1), (C.1)

Tlin

where we here assume that 7, is fixed and arbitrary (assuming only that 9, < n < 0). To

evaluate this we use the representation (B.31) of Cg(n,7’), as well as G(n)G(1) = 581]\2{5 ',

see eq. (3.3), which expresses §x as the triple integral

N €1H2 n , k 0o ) , , - o;
Sk 1) = {55120 12k /n d /0 4Q | AP (P’ +Q” —2k7) [1_(13_@”]
S N PR 2 B FUNRE S BTt
g [1 i (P— QW] |:1 (P+ Q)n:| [1 * (P + Q)n/] € . (C.2)

The utility of this representation is that it allows for a more standard/straightforward han-

dling of the UV divergences that arise (which can be understood as UV divergences arising

in the P — oo limit). We proceed by computing the 1’ integrals first, where we note that
—iP-y) _ L 4

/nn A’ [1 P 2icz>nf} [1 TP Ei@n' ‘ P2 PP

4e~ P Ei(iPn) o iP(nmn) (1 _ Min n 4 ) 4e~ PN Ei(i Py
P2 _ Q2 P2 P P2 _ QZ P2 _ Q2 ’

(C.3)

where Ei is the exponential integral function defined around eq. (B.38).
To simplify the above expression we wish to express it in terms of dimensionless and
positive variables, so to this end we define

z:=—kn, Zin = —KkNin (C.4)
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and we also switch integration variables to

a:= 4 and b:= % (C.5)

After using the result (C.3) as well as these variable definitions, we find that eq. (C.2) becomes

€1H2k'2 2 2 2
5k(77,77m) 10247‘r2M2/ da/aJFQdeZ a +b ) [ (b—ﬂ)z} {1_’_((7“‘0)2]

l 1 iz 4 +4“’ZE1( ib2) | ib(ein- Z)(l i2in 4 >

2 b b2—q2 b2 — g2

2Ty T2

R ) o

b2 — g2

To emphasize the terms which depend on 7, we split up the above function into two pieces,

€ 21.2
R T (n) — G, )] (1)

Sk(1,Min) = m [

where

/ da~[1+zﬁdbz @+ - ) { (b —Qia)z} [1+ (bjia)z}

1 iz 4 4e*Ei(—ibz)
% [_bQ—b_bQ—a2+ b2 — a? ] (C8)
1 [e%e) 21 27
N 2 12 o2 o
gk(nﬂhn) . /0 da/a—’_%dbz(a +0o 2) |:1+ (b—CL)Z:| [1+ (b—i—a)z}
1 i 4 4 Ei( —ibzy )
ib(zin—2 n m
x[—e ( ><b2+ ; +b2_a2>+ R ] (C.9)

We next evaluate each of these functions exactly, and also derive asymptotic series for each.
We start by evaluating Gy and then use this to get Z (which is straightforward to derive
once we know what Gy, is).

C.1 The function G

Here we exactly compute Gg(n, nin) defined in eq. (C.9). It turns out that it is easiest to do
this by switching the order of integration relative to the formula (C.9), and so we compute
it in two pieces

Gro(n,min) = Gic* (0, min) + G (1, 7n) (C.10)

where gkA integrates over a triangular region

A 2k+1 b—2k
Gie (1, Min) ::/2 db/0 da f(a,b,z, zin) (C.11)

and where QE integrates over a rectangular region

G n.m) = |

2k+1

db/ da f(a,b, z,zin), (C.12)
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Figure 7. The triangular region A integrated over in equation (C.11) is shown in green and the
rectangular region [ integrated over in equation (C.12) is shown in blue.

using the shorthand

21 21
b in) = 2—}-[)2—22[1—}—} |:1+]
7(@:b, 2, 2in) := 2 (a ) (b—a)z (b+a)z
bz 1 iz 4 4e™* Bi(—ibziy)
—ib(zin—2 mn n
% [ e~ ) <b2 b b2a2> b? — a? 1 (C13)

for the integrand given in the definition (C.9). For a visual representation of the domains of
integration A and [J see figure 7.

In order to proceed we note that f has the following a-primitive (assuming b > a)

] 1 b in 4(2 b , — b in
/ daf(a,b,z,m_e—zb<zm—z){_z<+m>as , [46+82) — beun)

302z

5b2

+2Z(2 + 2ibzin + b% — ib3zi) r
3b?

+z(4 + 4ibziy + 12b% — 4ib3 2, — 116% + ib5zin)a 8(i + bz)(6i — 6bziy + ib? + 5b32i,)

b2 3bz
42(15 + 15ibziy + 406 — 20ib3 2, — 436 + Tib%2,)  16(b% — 1)2(—1 +ib2)
— + 5
15b b’z
1 1 16(b% — 1)%22  16(b% — 1)(i + b2)(3i — bzin + ib? + b3ziy)
X + — +
a+b a-—b> b b3z

4 2
x coth™! (b) N e <— + 4z + 4ib — 3b2z> a+ =b <—6 + 62 + 6ib — 5b2z>
a 3 z 3 z

402 — 1)%2(1 —ibz) [ 1 1 ) 202+ 1)(1 —ibz) (b2 —1)z
407 -1
+ b2z (a+b+a—b>+ (b ) b3z + b
-1 b bz 1 :
x coth (a)} 4 €% Ei(—ibzip)- (C.14)

Next we use this primitive to evaluate both G& (1, 7im) and Gg (1, 7in).-
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Let us start with QkA. Here we take the double integral gkA defined in eq. (C.11), and
perform the a-integration by evaluating the a-primitive (C.14) at the end points a = 0 to
a=>b—2k:

b—2x : 28122 2 10z 43
) — —ib(zin—2) | _ in;4 A in g Vit b3
/0 da f(a,b,z,zin) =€ < T5 b* +4 [ - 3 + (15 + mzm> z}

2i(1 — 3k%) 2y
_3,€+Z(H>Z‘| 2}52

+

3kz 3

3 —5ikz;n  2(1 + 6Kz
+8{ 1Kz n (1 + 6Kzin) :

2(—1 K2 2i 2[—2+ik(4K% — 3)%
+8 {(—1:;62/{,2”1) + ;Z + ik 4+ 2(1 — k) zin + =2+ m(3/< )zin] z} b
VA

Kz 3

z} N 4 {2 [3 — 6k2(k? — 1) + 4ik3 (k% — 3)2in]

2 0i (2 1)s 2 _ oy,
4 {_2 2+ K% + 2ik(K* — 1)z - 2i(3n% — 4) + 8k(K* — 3)zin

—i(2r% = 1)%z,

3 K2z

4K(2K2 + 3)
3

4i(264 — 6K2 + 3) N 2ik(12k% — 20k% 4 15) 23, — 15(2K2 — 1)22} 1
K 5

1
b2

z

k2z(b— k)

8(k* —1)*(=1+ikz) 8 l4m4 — 12624+ 6 N rk(12k% — 20K2 + 15)
3 Kz )

. in 1 21 in — 2 2 - in
116 [ (2 — 20?4 Gt 2y ( P 2zin> po Bl —2) 242 -z
z z z bz
i(zin —32) 3 _1 ( b ) 2(3i — bkz) 5 ( . ) 2
—_—+ — th ——) 21 —— 4 b
+ b2 + b3 Co b—on + 3 + e +1+ 4Kz
1 i(bk% 42 10K2% + 4 8k(k? — 3
42 [ _BEY) Lo /-;2),2] by 0 o2 gy, B3,
z K Kz 3
dikz —2  2(k% —1)%(1 —ikz) 4 3 .9 2 z
- 4 |zb° — 2ib — =2z )b+ -
K22b k2z(b— k) Kzb? + [2 W <z Z) + b
21 2 -1 b tibz i
+ﬁ - ,21)3} coth (b — 2/{)} 4% Ei(—ibzip) - (C.15)

Next we find that we can explicitly write down the b-primitive (up to a constant) of the above:

b—2k ) 29472 1 481 168z;
db d b, 2, ziy) = e~ b(zn=2) in e
/ /0 a f(a;b,z,zm) = e 5(zin — 2)° + (zin — 2)* | K 5

16(14b — 15k)22, 1 [8(90b—19k)  8i(21b — 20k)zin
* BRCREE *

5 15k 5
N 16(21b? — 45bk + 30k2 — 10) 22, 64i N 1 320
15 l"ﬁzin'23 (Zin - 2)2 ’%Zi2n

8i[—45b% + 19bk + 30(k% + 1)] ~ 4(63b% — 120bk + 60K2 — 20)2iy,
+ 15K * 15
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15 k22 \ 22 Zin

8i [14b% — 4502k + 20D (3K2 — 1) — 40k + 30k] z?n} L 32 ( i b ;@>

in

5 + - —16k(b — k)

Zin — 2 Kz K 15

1 {32(b — k) 8(b2—2)b  4(19b* + 20)

4ib(216% — 60bk + 60K2 — 20)
+ 15

4
a1 (76" + 60(b* — 1) — 30(b — 2)brs — 2007

—~80b* + 60k + 15| 22, } +

3. 2
3z K23, b

8 [12(1; — k) , (b—2r) (50 — 2bk + 2K% — 6)]

+1i5 {4¢ (436 + 9062k + 40b — 405* — 60k ) — dziy [7b* + 60 (b — 1) K2

~30 (b2 - 2) b — 2002 — 80bk3 + 60K + 15] -

8k (1264 — 20k% +15) 2 })
b

_l’_

= = z
kzd k22 23 3k 15

64i 32 32 8i (4r" — 126> =3) A (%2 B 1)2z | Bix (12k* — 202 + 15) 2]

X Ei [~ib(zin — 2)] + lgjﬁ ~ R e 242 (4" _3;2“2 =3 _on? — 1)

4 B (124" 152052 + 15) 2| Ei[—ib(zin — 2)] + 8 { (,i + 51) b; + (;j,; a 2 B 41'/4;) v
P _%_% 2m;—1 H,(Hg_l)] b_% %_%_ 2(/<;2Z—1) _4m(/<;32—3)
. % }einEi iy 4 2007 2)21(1 —ibz) ( ﬁ ) [P Bi(—iba)
_e—ib(zin—z)} ) (C.16)

Finally we can evaluate this at the endpoints from b = 2k to b = 2k + 1 and we are left with
the answer

4 . 9942 1 48i 168z,  16i(13k + 14)
A ) — (2541 (2in—2) in 0t in 2
G (n,mim) = € {5(Zin — 2)® * (zn—2) L & 5 5 in

+

15 K ) 15

1 1288 48 8i(22k + 2Dz, 16(24k% + 39k + 11)2, N 64i
(2in — 2)

KZin23

N 1 32i  8i(112x% + 161k + 15) N 4(72K2% + 132k + 43) 21
(zin — 2)? | k2L 15k 15
8i(12k3 + 48K% + 29k — 6)22 | 32 [ i K+1 1 [32(k+1)
o +3 5 T + 2
15 2% \Kz§  KZn Zin — 2 Kz

4(104r3 + 224K + 21k — 30) 4 (48K + 7262 + 26k + 1) 2in
* 15k + 15
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8(6k* + 12k3 + 14K%2 + 3k + 1)22 |  32(k+1)  8(18k% + 18k — 1)
+ + 5
15 Kz % 32k+1)z
43(24kK3 + 156K2 + 148k + 3)  8k(12k* — 20K% + 15)z
15 15(2k + 1)
8 (6k% + 12K3 + 14k% + 3k + 1) 2in N 128i(k + 1)%k2[i + (25 + 1)2] | (n + 1)
— (0]
15 (2 + 1)22 &

o 2inan—2) | _ 22422 N 1 480 N 16821, 208ir2},
5(zin — 2)° (20 — 2)* K 5 5

+

1 1288 N 176ik2in N 32(12k2 — 5)22, 64i 1 32i
(zin — 2)3 | 15 5 15 2

KZin 23 + (zin — 2)? | Kz
+16i(5652 —15)  16(18k? — 5)zin N 16irk (6x* — 5) z?n] 32 ( i N 1 )

m
15k a 15 15 22 \k22 |z

4 8  4(26k% —35)  8ik(6K% —5)z;m  (12k* — 20K2 + 15)22,
— + + +
Zin — 2 | 25 15 15 15

32 16ik(6K% —5) 4 (12k* —20K% + 15

-+ m(l'; ) | 402w 15H+ )t )b a8

ZZin

81 4 43
74 +
Kz

23 Kkz?

(4t — 1262 —3) (262 —1)%2  ir(126* — 202 + 15)22
(4K . K )+(/-”v . )7z ik(12k 15"5 +15)2 {Ei[-2ik(zin — 2)]
K

8 12 4i(2k?—1) 4r* —4k?+1
Kzt 23 K22 2K22

—Ei[—i(2k + 1)(2in — 2)]} + 8 [

8  4(3k+2) N 4i(2k +3) 4k +10Kk% + 6K — 1

2iKz s ;
% X (— i) + 8 — L
‘ i(=2inzm) + { kzt Kz3 22 (2k+1)z

+i(18/<2 + 18k — 1) 16(k + 1)%k2[1 — (2K + 1)2] log <;-@ + 1) i)z
3 (26 +1)%2 K

x Ei[—i(2k + 1) 2] - (C.17)
We now turn to the calculation of QE. We follow similar steps for evaluating QE defined in

eq. (C.12). We first perform the a-integration by evaluating the a-primitive in eq. (C.14) at
the endpoints from a = 0 to a = 1 giving:

O o ; 1 4(270% —13)  4i(96 — 11)2;
_ —ib(zin—2) . in

G in) = db ——1b -

k (77777 ) /2,,@ 1 (e {(z ‘ ) { 3b2 3b ]

34 43 i(15b* —500% 4 43)z 16 (b2 —1) [4(b% —1)bziy, — b —3
2 0% o in in
+ {Hb 3 1502 155 ] S [ b2
i(b%+3) 9 1 42-3v%) (1 \ 9?-11
+ 5 + (b —1)(2in — 2) | coth™(b) p +4 5 Pl B
8(b'—1) (1 N, 4(®*-1)? 1 bz g
+ { 72 <bz —2) R e coth™ (b) ¢ €' Ei(—ibzip) | . (C.18)
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At this stage we must deal with a subtlety occurring in the above integration: the integral is
formally divergent in the b — oo limit (since b < P this means these are UV divergences). To

deal with this we separate out the diverging b — oo behaviour from the rest of the integrand,
so that

gE (777 nin) - gEVdiV(nv nin> + gE,reg (77; nin) (Clg)
where we define

[e.9]

G ()= |

) 4 )
db (47relbz [—z‘zb2 +4b+i (32 + )] + e b(zn—2) {— i22inb°
2k+1 z

2ib [6 6 10 8
—(52—4zin)b2+§{ Z“—30+(+5zm) z]+2<——6zin

z Zin z Zin

2322 —6 4i 4 1 4 4 2 3 43z
+——z |+ |- —+3%n |-+ — | 5 +—+ z
3z, b Zin z z5 3 Zy  Zn 60
(C.20)

. 4 .
db (—471'6“’2 {—izb2+4b+i <3z+)} + e ?(n—2) {— 16(2in — 2)b?
z

[e.9]

G ()= |

2k+1

_4i(z—;—jzin)2b+4[4+4+22+20 _z)}_i_élbi(% 3z 20z
m

2  Zin
4 +4_28>_1<432 52) 16 (b2 —1) | i(b*—1)bzin —b*—3
2zin 22 3 b2 b b2z

& T5+3z
i(b?+3) _ 4(2-30%) /1
+ +(b2—1)(zin—z)]coth 1(b)}+4{b<bz—z>

=
Zy Zin 3%

_|_

9p% —11
E— z+

4 2_1)2 )
S(be 1) (1_2) _|_4(bb1)z1 coth_l(b)}e’bZEi(—ibzin)> .

bz
(C.21)

One may check that summing QE’diV + QE’reg gives exactly eq. (C.18). The logic for this
organization is that QE’dW contains all the divergences, while QE’reg is a formally convergent

integral (one may check that it falls off fast enough to converge, like oc b= 'et®* 4 ... in the
limit b — 00).

In order to make sense of the divergent integral QE’diV, we must understand it in the
distributional sense — using the results (B.49) and (B.50) we have

/OO db e—ib(zin—z)b?) — e—i(ZH-}—l)(Zin—Z) 6 + 61(2’% + 1) _ 3(2/1 + 1)2 _ Z(2K: + 1)3
241 | (zin—2)* (2 —2)% (2 —2)? Zin — 2
— 78" (2in — 2), (C.22)
00 [ ; ; 2
/ Qb e~z 2 _ o=i(2r+1)(zin—2) 2 2@2k+1) i2s+1)7] 76" (50 — 2)
2h+1 | (2in—2)*  (2n—2)*  2zin—2 ’

(C.23)
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/ dp ey — =it [ L ACRED] e (oo
2

K+1 (Zin - Z)2 Zin — %
00 . i o—1(2641)(zin—2)
/ dbeiblzm—2) — ' +70(2in — 2), (C.25)
2k+1 Zin — %

and similarly

o ; i 21 2(2 1 (2 1)2
/ dbezbsz — €+z(2m+1)z [_; B ( H;— ) + ’L( K+ ) . 71_6//(2,)7 (026)
2k+1 z z z
0 : , 1 (2 1
/ dbetep = etirz |y Z(’H)] —ind'(2), (C.27)
2k+1 z z
00 . :+i(2k+1)z
/ dbetivz =1 mo(z) . (C.28)
2k+1 z

A comment on the §-functions is in order: we can ignore d(z) = 0 and its derivatives, since
we always assume that z > 0. Since we will care about the coincident limit 2, — 2z — 0 later
on, we need to keep d(zin — 2z) and its derivatives. Finally we also need to use

00 —ib(zin—2)
/ dbS " = {Bi[—i(26 + 1)(zin — 2)] + i} . (C.29)
241 b

Putting the above pieces all together in eq. (C.20) leaves us with

£ 2
6125

(2in — 2)*

_%+M+2K2+2R_1 +e—i(2f@+1)(zm—z) {_
z

gE,diV(777 nin) _ 87Tei(2f£+1)z
z

2
+———3[2i +3(26 + 1) zin] 2in + 5 1220 —4(2k+1)2in
(2in — 2)

_
(2in — 2)
+i[36/<a(n?—)|—1)—1]212n}_ 1 (2r 4 1)

22 + 2i(2k + 1) zip + ——————2

Zin — 2 3 m

1262+ 126 — 7 21

2
zi Zin 3

. _ o )
44 (_62+25+1> 4 4(2k+1) i (6052 + 60k —31)
z Zin

(26+1) (1262 + 126 —17) [1/4 4 4
+ Zin p +41 | — | — 4+ 32 + ===
3 Z \ Zin z 3

in

2 3 43z
+ (3 +—+ Zm) z} {Ei[—i(26+1)(2in — 2)| +im} +7 { — 22in0" (2in — 2)
Z  Zin 60

6z 6z

2
+(52 —42in)8" (2in — 2) — 3 (5ZZin + —+ — 30) 8 (2in — 2)
Zin z

+2 [10—8—621114- (23—2> z} (5(2111—2)}. (C.30)

Z  Zin 3z

We recall that, in the above expression, we have ignored the Dirac functions 6(z) and its
derivatives.
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Next we compute G, To this end note that the integrand in the definition (C.21)
has an explicit b-primitive where

: 6ib 10 16 4
G "B (1, Mhn) = <4rrelbz (b2 + 22 - 3) e~ b(Em=2) {— 16ib> + ( - ) b

z z Zin

4 3(z + Gzin)} 4322220 16 (B2 —1)* (=1 4ibz)
— 120 — th™1(b
3 { 0 222 oz b2z coth™(b)
400 120 (23 —2)  43i  4i(322 +2) .
_ VI e | L Eil[—ib(z:, —
il = 2 + 15 3 (zin — 2)Ei[—ib(2in — 2)]
100 2> —2)  i(9? —11)  4(b? — 1)%(1 — ibz) .
4| — th™*(b
+ 5 + be + 3 + 12, co (b)
b—o0
X e’szi(—z‘bzm)> (C.31)
b=2k+1
The integrand approaches m(z — ziy) [ ZS‘S_H - 12(;;21?2_2) + (32§‘+2) — %] at the upper limit
b — co. We find then that the result is " "
40 12(z,-2) 40325 +2) 43z , 10
O,reg ) . _ in in i(2x+1)z | _ Y
gk; (777771n) 7['(2’ Zln) lz2zin ZZiQH + Zi3n 15 —4me 2
6i(2k+1) 9 » . , 4322220
R 4 4 _2 _ 1(2H+1)(Zln Z) _16 2 1 2 o -
+ +4k*+4k } e i(2k+1) +15(2/<;+1)z

@t 1) <16_4) 4i [20_ (z+6zin)]+128/@2(/<+1)2[—1+i(2/f+1)z]

z  zn) 3 222 (2k+1)%z
(m—l—l)} 100 2(4k?+4k—1) i(36k*+36K—2)
x log —44—+
22 (26+1)z 3
22 (k+1)2[1—i(2k+1 1
32k (k+1)°[1—i(2k+1)z2] /a—i- D (21 1) 23]
(2k+1)22

|40 12(25,-2) (32m+2) 43

—i l—zzzm—i— w2 3 —5 (zin—2)Ei[—i(26+1)(2in — 2)]-

(C.32)

O,di
We now have explicit expressions for G, v

expression for G using the sum

O .
and G, ""*® and so we can finally write down an

Gr (0, 7in) = G (0, 7n) + G ™ (0, 1hn) + G 8 (1, 1him) - (C.33)

Using the explicit formulae (C.17), (C.30) and (C.32) we arrive at last to the formula:

gkf (777 77111) = €_i(2’i+1)(zin—z) {

22422, N 1 48i 168zin+2i(104/<c+97) 2}

5(zin—2)°  (zm—2) 1l Kk 5 5 “in
64i 1 8(161k+90) 4i(44k+37)  2(192x2+222k+43)
3 _I_ 3 - - Zin — Zin
Kkzinz3  (2in—2) 15k 5 15
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321 2i(448k2+479k+60)

K22 15k

in

32 ) Kk+1 1
el Tt + >
Kz% \ z Zin (zin—2)

in

Zin —

8(36x%+51k+14) i(96K3 4204k +52k—43)
+ 15 15 “in

32(k+1) L1 l32(/<+1) N 2(208k° + 118k — 50 —123)
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5 + Z
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4 [8 +4(26/<;2—35)+8m(6142—5) 1264 —20k% 415 21 32
z
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in
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2ir(12k% —20K2 +15)
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+(2k )z 5

22] {Ei[—2ik(2in — 2)]

—Ei[—i(26+1)(zin—2)]|} +4 A T3 Kz2 K22
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; 167 8(3k+2) 2i(8k+7) 4 1
« Eanin(—Q’i/ﬁZjn)+4 |:_i_ ( /i‘:)')‘ ) + ’L( H;‘ ) + /‘i(H‘F ):|
RZ RZ z z

x PR (26 +1) zin] +7 {— 22in6" (2in — 2) + (52 —42in) 8" (2in — 2)

2 in 1
—= <5zzin+62+ b= —30) & (2in—2)+2 [0 _8 —62ip
Zin z z Zin
23 2
+<—2> z} 6(zm—z)}. (C.34)
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Next we explore the various asymptotic limits of Gg (7, 7in). First we note that in the limit
Zin > 1 (so that 7y, — —oo in the distant past) we have

16 24i 8(2x2—1) i(2s2—1)°
P 2 + 2

Gre (1, Min) == dme" [

Kz 23 Kz K2z

+ 87rei(2n+l)z

8 4iBh+2)  8k+T  2ik(k+ 1)} Lo <1> . (C.35)

Zin

Kzt K23 22 z

and note that if we furthermore take the super-Hubble limit of this then we get
40m  4dim (24K3 + 6K2 + 16K — 3) L 92
22 3K22 3

Next let us fix arbitrary zj, and take the super-Hubble limit z < 1 so that

+0(2). (C.36)

40m 16 [ g | 2i(k*—3) 40 5 (2Rt 1) 5 4i  Br+4
gk (n’ 771n) B 22 + 3z {6 [ KZin + :‘fzign 12n e Hzi3n ’%Zi2n

i(4k? — 5Kk — 8) 5 3 o 5 4 21

T + (/i —9— 4/%2) El(—QZKZin)—F (-Ii +6:‘€+,{+2>

92
x Ei [—i(2k + 1)zin]} + ?ﬁ +0(z). (C.37)
Let us now take the above expression and take zj, < 1 (assuming the hierarchy z < zj, < 1)
40mr 1 401 1 16 .
G, n) = =5+~ | = P <H2 86+ oo+ 2) {2log[e”(2k + 1)zin| — i}

4% 1 2k + 1 1 1541
paf 31 10g< K+ )_ 6(39x + 15 + G/H)—i-(’)(zin)
3 K2 2K 9

92
+ 7” +0(2) (C.38)
where 7 is Euler-Mascheroni constant.

Finally let us take the coincident limit for z — z;;, where we have
6iz2, 4izin 2i (33 —522) . (40 92 43 2)
’ T (2 — 2 Zin — 2 Zin — 2 ‘ 22—3‘1‘15%1
R e Y P EM T

in

x log[e?(26 4+ 1)(zin — 2)] + 7 { — 22in6" (2in — 2) + (52 — 421n)8" (210 — 2)

2 n 1
—= <5,zzin + 6z + 0% _ 30) 8 (zin — 2) + 2 {O L 6zin
3 in z Zin
23 2
+ (3 - 2) z] 5z — z)} +0[(em—2)] . (C.39)

Most important for us is the real part of the above, where we have

Re [Gk (0, nin)] ~ 7 {—zziné”’(zin —2)+ (52 — 42in) 0" (2in — 2) — % (E)zzin + 6z + 02in - 30>

Zin z

X&' (2in — 2) +2 {120—8 —62in + (2; - 22> z} 5(zin—z)}+0 [(zin—z)o} )

Zin in
(C.40)

Notice that the singular part of the above is only coming from the §-functions.
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C.2 The function 7

Here we compute the integral (C.8), repeated here for convenience

1 00 2 24
T = [ d db z (a? b2—22{1 H1 }
k(1) /0 a/a+2,§ z(a® + ) + b—a) + b ta)
1 iz 4 4e*Ei(—ibz)
% B2 b h2—qa? b2 — @2 )

(C.41)

Luckily the computation of this is straightforward since we already know what the function

Gk (0, min) is — the reason for this is that the integrand of Zx(n) and Gk (n, min) are identical in

the limit 7y, — 1 (one must only be careful about the divergences in making this replacement).
As before, we split apart the integral Zy(n) into a triangular and rectangular region,

(1) = T (n) + T (1) (C.42)
where we define
2k+1 b—2r
T2 (n) ::/ db/ da f(a,b,z,z2) (C.43)
2K 0
] 1
T2(n) = / db/ da f(a,b, 2, 2), (C.44)
2k+1 0
cf. egs. (C.11) and (C.12) where we use
2 24
(2 12 92
fla,b,z,2) = z(a” + b —2) {1—!—(1)_&)2} [1+(b+a)z}
1 iz 4 4 Ei(—ibz)
X l_lﬁ_b_ b2—a2 + b2—a2 ) (045)
where f(a,b, z, ziy) is the integrand of Gg(n, nin), defined in eq. (C.13).
Note that
Ti(n) = lim_| G (n,1hn) | (C.46)

where we have the explicit formula for Gg' (1, min) given in eq. (C.17) and so we straightfor-
wardly have an answer for Z5 (1) (for brevity we avoid writing it down here).

For computing Z¢/(n) in eq. (C.44) we use the formula (C.18) (after a integration has
been performed) and take the limit z;, — z giving

() = Ty ™ () + 1,7 () (C.47)
where
. o0 . 4
7, () = / db {47re+1bz —2'262—1—41)—1—@'(324—)} + | —i22® — 22
2k+1 z
2i(522 —18), 10z i/ 40 92 43 ,
— et —F | s+ = - = C.48
T3 +3+b< 213 15’2) (C48)
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re > , , 4 o036 4i(22+30
IkD’ *(n) :=/ —zzb2+4b+z(3z+z>} —36zb+z+l(23b;)

2k+1

db (—4ne+ibz

—432% — 260 16 (2ib°z — b* — 2b% — 2ibz + 3) 1 2 :
s + 75 coth™ (b) +4 4 — 3b°z + 12ib
1122 -36 8 8 402 =122 8, , 1 1
Ty |t - (== th=1(b
L b+b2z+[ b el )<bz )CO (®)
X einEi(—z'bz)> (C.49)

cf. the definitions (C.20) and (C.21). Note in particular that

T () = Jim_ [ G50, mm) | (C.50)

where we can straightforwardly write down an expression for IkD 8 (n) given we know what
G (0, min) is in eq. (C.32) (although once again we avoid writing this down here for brevity).

One can almost make a similar statement for IE ’1(77), but not exactly because this
integral is formally divergent — we need to use the distributions (C.26) to evaluate the first
terms in eq. (C.48), as well as the following dimensional regularizations of various powers of b:

o0 (b€ (2K + 1)+l (2K + 1)7H1
ay () =— BN Cik + 0, C.51
/2N+1 <M> Me(e+j+1) J+1 (€ (C51)

© 1 /b\ (26+1F 1 2% + 1

where the first relation applies for j € {0,1,2,3} and M = p/k > 0 (e € C) for some mass
scale pr > 0 and where we have expanded the above integrals for 0 < |e|] < 1 (although the
integrals are technically only convergent for Re(e) < —j — 1 and Re(e) < 0 respectively).
With this, we find that

v (40 92 43 2k 4+1\ 1 om0
7, (n):z(—+ 2>{log(ﬁ >+6] gmet(2rt1)

43 5 n 3i(2k+1)
22 3 15 M

2

z z

2k + 1) (4K% + 4K —
+2&2+2fi—1}+6i(2/§+1)2+( Rt L '; +4e—9),
N i(2k 4+ 1)2(1262 + 12k — 17) 2

12 ’

(C.53)

where we have ignored the Dirac functions. With the above, we can at last sum together all
the pieces to get our result

0, div O,
Ti(n) = Zic () + L, W () + I, "% (n)

40 92 43 1 2kyy + k 64 4di(k+4) 2
:Z.( 2> {Hog(m)FB_MguZ(g%s%oﬁz
€ Kz Kz Ik

2 3 15
(32k3 — 40k + 1)z i

| — _ 2 3 4
+79m+27)+ . T 900( 3611 — 3360k + 3602 + 4320% +720f<¢)
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64i 32 32  8i(4n® —12+% —3) o o Bik(126* —20k24+15)
3T — 42— 1
["“"4 A 3k (@r" 1)+ 15 &
2 1 . - 4 2 .
x log <ﬁ+> + 8et(2u 1)z Ry [—i(2k + 1)2] [_SZ _ (3k+2) n i(8k+T)
2K Kzt K23 22

2k(k+1) Sirss ¢ o 8 12 4i(2k?—1) (2k2—1)?
+ Z:| -+ 86 El (—21/432) [M ? — /q/ZQ — 2/{/22 (C54)
Writing out the real and imaginary parts of the above function gives
64  (32k3—40k+1)z 32 9 12 2k+1
= — —— —4(2k* -1 1
Re[Zu(n)) = g+ g [ gk~ 1% hog (252
» ;4 2 ; 2 1
+Re {861(2“+1)ZE1 [—i(2K +1)2] [—SZ _ABk+2) | iER4T) | 2n(nt )} }
Kzt K23 22 z
: , 8 12 4i(2k?—1) (2k%—1)2
PATF2A mE
+ Re {86 ZEI (—22/4}2) [w =+ ; — /{22 — 2K2z (055)

while the imaginary part is

€

40 92 43 1 2kyy + k A(k+4) 2
Im[zk(n)]:(£—3+l5z2)[ —|—log< = )}— (KZQ >+9/€<84/@3—|—60m2

—3611 — 3360k + 360K2 + 4320K3 + 720K* 64 32
+79n+27)+ o SOOKT 4 A520K7 + 20K 5 22
900 k2t KZ2

8(4r* — 122 —3) = 8r(12x* — 20K +15) , <2n+1>
+ + 27| log
3K 15 2K

rzd Kkz3 z

8i _4(3r+2) i(8k+T) | 2m(n+ 1)} }

+1Im {8ei<2ﬁ+1>2Ei [—i(2k+1)2] [— - >

+ - —_
23 Kkz2 2K2z

(C.56)

kzd

+Im {862i“ZEi (—2ikz)

8 12 4i(2k%—1) (2,#—1)2”

Next we explore the various asymptotic limits of Z(n). First we consider the super-Hubble
limit z < 1 (which also assumes Kz = —kyyn < 1)

(40 92\ [1 2kyy + k —207m 4 28¢ — 402 logle(2k + 1)z
1 /4 16 3 2 1
+ - ({—4 <39/€+15+) +3 (—4n2+36+2> log< s > + <72/<;+18
z \9 K K 2k
48 9 16 1 1
*®_ 7 g — 9 =22 bl
+ - K2>log[e (2/@+1)z]} 2im (8/<c+2+ 3n m2>) + 3{467T
+92ilog[eY (2K + 1)z] — 128} + O(2) (C.57)

Next we consider the early-time expansion z > 1 (which implicitly assumes that z;, > z >
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1), where

92 43 1 2k k 720k* + 4320k +360k2 — 3360k — 3611
B (5 1) [ (214 [P 02 it

= 5 T15° 900

2

3263 —40K+1 i (1_%2)2

15 3

2k+1
x log P

Lo <1> ‘ (C.58)

z
C.3 Asymptotics of §

8k (12K% —20k2+15) (2/14—1)
+ log

2i 2%+ 1
P {84/{3+60m2+79ﬁ+27+12 (45"~ 1257 —3) log( r )}
Ok 2K

We can now take the above asymptotic expressions for Gg(n,min) and Zg(n) and use for-
mula (C.7) to obtain expressions for §x (7, 7in) in various limits used in the main text. Most
importantly we consider the limit z < zj, < 1 in which, using egs. (C.37) and (C.57), we have
e H?k? <4o¢ [1 <2kuv+k>} 20m

= | |- Flog| —— | — —5
102472 M2 \ 2% |e 22

rof2)-[#F-0(2))

This expression (in fact an even more accurate version of this equation with higher order
terms written explicitly) is given in eq. (3.40). Eq. (3.38), which is also used in the main
text, also corresponds to the limit z < 1 but for arbitrary z,.

We now turn to address the question raised in footnote 11. This footnote asks whether
the singularity of Re [§k(n, 7in)] in the coincident limit might mean that integrating through
the coincident limit might compete in the expression for = even if k7 is not small. We show
here that these corrections are in fact subdominant in k7i,. In the coincidence limit, the
integral in the denominator of eq. (4.13) can be written as

_/zm &' Re {gk <_z’ _Zm>:| {1_’_ 1 ] - _Tr/zin € {—Z/Z' 5///(2. —Z/)
. Ek ()2 . o

2 6z 6z 10 8
—l—(5z' . 4Zin)5//(2m — z/) -3 <5z’zin + i + jn _ 30) 5'(Zin — z’) +2 7 T 62in

in Zin

+ (233 - 222) 4 (% — z’)} [1 + (;)2] (C.60)

in

Sx(7, Min) + % {28 — 40log [¢7(2k + 1)2]}

where we have used § o« Zr, — G, and where z ~ zy is close to the coincident limit so that
|20 — zin| < 1 and where we keep the J-functions because all other terms are regular in the
coincident limit. The above integral can be calculated exactly by using the regularization
Sc(z) = m1lime0 €/ (2% + €%). Then, one obtains

Zin 2z 1 2 (2-2 +1) 1024 — 4122 — 39
_ d IR |: (_7 _m>:| |:1 :| ~ n _ mn 1n
/ZO # Re |G k' k + ()2 €3 3z2€

2w (523, — 24)
323

in

+Oe). (C.61)

We see that the e-dependence is power-law, and any zj,-dependence is subdominant to the
result quoted in the main text.
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C.4 The validity coefficient

Here we compute the integral 9, defined in eq. (3.42)

D) = (202 [ aof GGt ) ).

(C.62)
Noting the earlier definition (3.37) of Fx(n, i), it turns out that we can decompose My, as
follows

My (1, Min) = k(1 Min) — 1Sk (7, Min) (C.63)
with 91 is defined by

(. mn) 1= 20 [ o/ G ) G) Gl o

(C.64)
Min
Following similar steps for the computation as for Fg(n, 7in) as in appendix C, we find that
Ny (N, Min) is given by the following expression
e1H?k 64 4 227 [ 3 5 2
i) = ————— [ 32k —8— — + - — — [32k° — 40 1—-12(2x“ -1
P 7i0) = 55477072 ( " e k23 [ TR (2+* 1)

2K + 1 40 4322\ 1 2k + 1 i 1 2 4
1 —iz | — —24 —+1 - 12(= —
x0g< 2r )} lz(zz * 15)L+0g< M >}+z[ (K,3+2E+1+I€>
32 2k + 1 iz 4 26+ 1\ 2 (36K + 24Kk3 + 6K + 9k + 4)

-= —|8(4 1)1 —
Kog( 2K )]+ml8(’€+)0g( 2K ) 2k+1
23 3611 2k + 1
+% [—12n4—72n3—6n2+56n+60—8(12n4—20m2+15)mog< "‘; ﬂ
44 . 1 2 k(1254 — 20K2 + 1
Y PG (4/<c3 + ) z— (1 — 2/12) 22+ in(12r Or” + 5)23 Ei[—2ik(zin — 2)]
Kz K 15

-8 l—; <i +5> +%(4n4+3n+1) +(1-2)" 2 i

25— —

5 3
30 (96m 160K> + 120k
+ 43)

— 4y o
15 it

23
Bi [i(26 + 1)(z — 20n)] — 7 (43 40)

_i_efZin(zinfz) { _ 22421311 4 162z

15¢ 16
—13ikz22 — —— + Tz -
5(2in — 2)°  5(zin — 2)4 ( Sizin K Tz ) + 15(zin — 2)3

15i 16
2 3 . 2

1K (652 - 5) 23 —12k%22
+3¢ (21k% —5) zin ~ 30i

1
27 + ——— | —12ik (66> = 5) 22 — 24 (3k®> = 5) 21
K +I€Zin+ +15(zin—z)[ m(ﬁ )Zm (H )Z
12i (3k%2 =5 1200 120 2 (262 —1)% 164
+M—(12m4—20m2+15)z?n+—;— ]Jrl—z(”g ) .
K i Zin z K KZ;

m
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- 16] - % [81’/1 (652 = 5) 2 + (126" — 2087 4+ 15) 22

Zin

36k* + 202 + 15
_ >

2

A7 (12f@4 — 20k% + 15)

4 2 ) i (
o 9 (12;<; 20K2 + 15) Zin +

108k* — 1002 + 15)1 }

+z
15 K

120z
K

. 22423 22in
+efz(2n+1)(zin*2) { Zin + : )4 [“104/‘0 + 97)Zi2n +
z

5(zin — 2)°  5(zin — B 562in}

1 2 3 : 2
T PR [—2 (19262 + 2225 + 43) 25, — 18i(24r + 17)28, —

48(28% + 15) 2y
K

_l’_

240i 1 [ 6 (168%2 + 1695 + 20) 2in
- |-

. 3 2 o 3
K :| " 15(Zin - Z) ! (QGE + 204K7 + 525 43) Zin

K

+6(2k +1)(165 4 23) 22, — -

41800 4 1
80i _ 48(9n + 5)1 + 5 [Bi (961 + 442

KZin K 15(Zin
480i
—285 — 3) 22, + (48K — 24K% — 6857 + 3dr +43) 2, — —
RZ

in

L 626 +1)(3r : 4)(85 = 5)zm | 480:;—1— 1) 6i(3k+ t)(&-; - 5)]

167 2 2k+1) ik(k+D] 1
6{_ G LG )]+[—21'(96n3—36n2—68n+17)zm

Z Kz KZin 2k +1 15

L2 (7253 — 18K2 + 43k + 60)
K

— (485" — 2457 — 6857 + 34k + 43) z?n] - 1’% [(48,#

o0 682 4 3 43) o (432k* + 24K% — 412K% — 345 + 77)1
n

2k +1

22

(48/14 — 24K> — 68K% + 34K + 43) } + { — 222.6" (2 — 2)

15
11 2 6len 2 !
+22in(32 — 22i)0" (zin — 2) + 37 5z (zin + 3) + 362in | ' (2in — 2)
4 18
+ 3 <14zzin + ;m — 922 — 30) d(zin — z)}) . (C.65)

The limit z < zj, < 1 of the above is

e1H?k 20 4i 64 4
n )~ ————— [ == 4+ Z{10log[e? (25 + 1)zin] — 7 32k —8 — — + —
k(TI?Tl ) 102471'2M§ ( =~ + P { Og [e ( H—i_ )Z ] }+< K 3’{ + :‘12)
40 T1 2k + 1
_q Z 41 . .
i~ L + og( % )] +(’)(z)> (C.66)
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With this formula, along with the earlier formula (C.59) in the same limit, we get

z
mummaZUQMWM—WSMm%JZmdmmm+E&@mw
LS {0 () 0 20T ()
N 10247r2M3 z & Zin Zin 3 € & M

) + O(z,zm)} ; (C.67)

1 16
+4<—+8&—|—+2)10g< z
K2 3K €Zin

where (as before) M = u/k.

D Infrared volume factors

After splitting apart the Nakajima-Zwanzig equation into different (continuous) momenta
k € R3*' in eq. (3.20) there appear volume factors V on the Lh.s. so that the equations
make sense dimensionally. This appendix derives the necessity of these volume factors, in
the simpler setting where there are no interactions at all where

1% 8st
(2m)3 On

= —i[Hsk(n), osk(n)] (D.1)

which is derived from the free Liouville equation. For clarity of notation, we omit the label
a = R,I from eq. (2.21) in the main text in this appendix. This is done by assuming an
ansatz of the form (2.42) for the reduced density matrix, repeated here,

o) = Q) oq(n), (D.2)

q<kuv

which assumes the momentum label is continuous. We justify the presence of the volume
factors in eq. (D.1) here by passing to the limit where discrete momenta are considered, so
that the system is placed inside a box of volume V. In this case the conversion between
discrete and continuum normalization is given by

)3 1/2 )3 1/2
Ck: 771n) = [(2V) ] Ck(”?in)» Vk(n) = [(2V) ] Uk(”)? (D'3)

where Ck(nin) are the discretely normalized annihilation operators, and Vi (n) are the dis-
cretely normalized Fourier transforms of the Mukhanov-Sasaki field, and so on. With this,
continuum momentum field expansions like

vine) = [ mume® = [ s [umetn + wime )] ¢+ (D4
become instead

on,@) = = S Vele™® = —= 37 [uk(n)Crlm) + wi()CL )| . (D.5)
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The tensor product structure of the ansatz (D.2) is now the same but over a discrete label
— this allows us to compute the time-derivative of gg as

%f}s:;? [ (09 st(n)] = > D0k Q) osq(n)

k<kuv k<kyuv on q<kuv,q#k

1% 6QASI€
= Pk ) D.6
o /k P < 0 (D.6)

q<kuv,q#k

On the other hand, the r.h.s. of the free Liouville equation does not end up with a volume
factor by the above logic. To see why, recall the form of the free Hamiltonian (2.18)

1 1

Hasl) =5 | &% [poemplin) + e muse (el = 5 [ d’Haa()
=15 [Pa Pl + eV V)] = X el D7)
k<kuv k<kyv

where we define the shorthand hgg(n) := %[Psk(ﬁ)ng(n) + w?(k, 77)Vsk(77)VsTk(77)] in the last
line, which is the discrete normalized version of the (free) Hamiltonian density Hgx(n) —
note that there is no volume factor since this operator is built from two fields. The above
implies that:

—i[Has(n), 0as(n)] = —i [ Z bsk(n), ® 0sq(1) (D.8)
k‘<k;UV q<kUV
=—i > [k, 05 X  osq(n) (D.9)
k<kuv q<kuv,q#k
=i dRam)oa)] © ou.  (D10)
k<kuv g<kuv.a#k

Using the above in the free Liouville equation yields eq. (D.1) with the desired volume factors.

E Scalar decoherence from a tensor environment

E.1 Correlation function in real space

Here we consider the (v interaction,
M2
Sint = ?p /dt AP aer COyij Oy (E.1)
which, after using a dn = dt corresponds to the interaction Hamiltonian

M2€1
Hint(n) = _%a?/dgm C("%iﬂ) ®6€7ij(n7$)8€7ij(na $) (E2)

Our interest is in how the environment of short-wavelength tensors decohering long-
wavelength scalar fluctuations.
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In terms of the canonical fields v = aMp\/2e1 ¢ and v;; = 3aMyy;; — see eq. (A.17)

and using a~! = —Hn — we have
Hint(n) = 2\/—*f /dng 777 )® 857)1] (77, )8ﬂ)zg (777 )
= G() [ dzvine)  Buly.2) (E3)

where G(n) is the same as that defined in eq. (3.3) and

Br(n,x) = 0pvij(n, x)0pvii(n, ). (E.4)

Next we concern ourselves with the mode expansion for the graviton, noting that the
free part of the graviton action is

M? 1 2
@Sy ==2 / dnd’x a® (%{j%{j - 3e%j3mj> =3 / dnd’e <U§jU§j — OpvijOpvij + 772Uijvij>

L5 fone [y (o= 2) ] .

which uses 4;; = ailfy;j as well as ay;; = V(U” + v;;/n), and the expansion in terms of
graviton modes, already introduced in eq. (A.18), and repeated here for convenience

3 .
vij(n, x) :/(2(1)’;/2 Z ef}(kz)v};(n)em'w (E.6)

P=4,X

where we recall that €/;(k) is the polarization tensor. Let us explain how they are defined
concretely. We here follow the conventions of ref. [75], up to numerical factors. For a given
momentum vector k = k /k pointing along the direction (6, ) in polar coordinates we define
the vectors

cosf cos p —sinp
e“(k) = | cosfsing |, e/(k) = | cosp | . (E.7)
—siné 0

These vectors are perpendicular to k as well as to each other where

A~

el(k)- eV (k) = 6,  k-el(k)=0, L,L'c(z,y), (E.8)

and under reflection k — —k these satisfy (this means taking 6 — 7 — 6 and ¢ — ¢ + )

A

e’(—k)=e"(k),  e'(—k)=—e!

b bl

). (E.9)

Note that when k = 2 with ¢ = 0 = 0 then the above reduce to e(2) = (1,0, 0) and e¥( A) =

(0,1,0). Next construct €™ := % (e"®e” —eY®eY)and € : % (e"®eV+eY®er), o

more simply in terms of components as:
|7 (R)es (k) — X (R)ed (k)] (E.10)

€7 (R)el (k) + e (k)es (k)] - (E.11)
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These are the standard linear polarizations, which for the familiar case of k & 2 simplify to

et (2) = — 010 e (2) = — oo (E.12)
V2 000 ’ V2 000 .
Note that these are normalized as
eri(k)ef; (k) = 0ppr . (E.13)

Importantly the symmetry under k — —k means that e;;(—k:) = ¢ (k) as well as e (—k) =

ij
—¢;5(k). This implies that
eii(—k)ei(k) =1, €j(—k)ej(k) = —1. (E.14)

Furthermore we have the identify, see eq. (2.21) of ref. [76]

[Lin (k) Ljm (K)+ Lim (K) Ljn (k)= Lij (k) Lom (k)] (E.15)

NN

> chi(k)en (k) =

where L1;; (k) = 6;; — k;k;j/k? is a (symmetric) projection tensor such that k; L;;= 0.
As for scalars, the reality of v;;(n, ) implies that v *(n) = v¥i(n) and v *(n) =
—v”;(n). This has the same mode expansion as the Mukhanov-Sasaki field with an extra

polarization label summing over P = 4, x. We then expand

ve(m) = un(n)ck + spuj(n) el (E.16)
with sp, = 1 for P = + and sp = —1 for P = X, where uy are the Bunch-Davies mode

functions (same as for the scalar) and the ladder operators satisfy [cy, c,}:”r] =0(k—q)dpp
and so on. The above then implies that the operator By (7, ) has the expansion

3 3
Br(na) = = ¥ [ S ke g me @ik

P,P'=+,X

(e *rae - (E.17)

which can be used to simplify the one-point function,

Br(n) = (05 | Bx(n, )] 0,) (E.13)
A3k d? ) |
= — Z / 3q (k . q) EZ(k)EZ (q)Sp/uk(n)uZ(n)é(k + Q)(Spplel(kJrq)'w
P,P'=+, X k,g>kuv (27T)
(E.19)
3k
: 2/ . B E.20
k>koy (27) |ur (1)) (E:20)

where we have used €;;(—k)sp = €;;(k) and then €3 (k)€ (k) = 1 for each P = +, x. Using
the one-point function %(n) defined in eq. (B.2), we find that

Br(n) =2 B(). (E.21)
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Let us now turn to the calculation of the two-point correlation function. Using the expectation
values

<OB ‘CIJ:CP/’;CII;//CP’ZT B> — 5(k + q)(S(p + e)(SPP’(SP”P"'a (E22)
(0s [ "1 05) = 6k + €)3(p + @) pprdprpn + 5(k + P)O(E + q)pprdprpm
(E.23)

this quantity simplifies to

d3kd3qd3pd3e
(02 | Ba(1,2) Ba(o )| 02) = () () + 2 / —
7q’p£>kUV

(2m)°

k
p,p! P P

X ef(R)el; (@)erm(P)erm (€) (k - q)(p - £)e! o eHimrta!

iJ i nm

X ug(n)ug(n)uy(n' )ug(n')sprspmd(k +£)5(p + q)dppmdppr .

(E.24)
Our interest is in the centred two-point function, defined by
Cr(n,n;x —a') = (05 HBT(% z) — %+(n)) [BT(U,, z') — @T("?/ﬂ ’ 0z)
= (05 |BT(77>m)BT(77,a wl)’ 0p) — Pr(n) B (0') (E.25)

which after using eq. (E.24), integrating over the J-functions and using spel, . (—k) = € (k)
gives rise to

3 3
st = X [ S el (@)@l k)2 k- )

p,p' 7/ ka>kuv
x Uk(n)uq(ﬁ)uf;}(ﬂ')uz(ﬁ')ei(k“’)'y : (E.26)

Using the identity (E.15) involving the projection L;; (k) := d;; — k;k;/k? the summations
over polarizations can be simplified to

3 3
Crlntsw) = [ 555 Lin () Ly (0% L ) Ly (B)= Loy () Ly ()
% 5 i (@) Lim (@4 Lim (@) Ljn (@)~ Lij (@) Lum (@)]2 (k- @)?
x g, () g (m)ug(n Jui, () B+ OV (E.27)

There is a sum over the indices 7, j,n, m, and so to this end we note that

2
Lin (k) Lin (q) =1+ (’;;2;12) ) (E28)
)2 ]?
Lin (k) Lin (Q) J—jm (k) J—jm (q) =1+ (’Z'Qqu) ] ) (E29)
(k-q)*
Lin (k) Lim (@) Ljm (k) Ljn (@) =1+ TRt (E.30)
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which are the only two types of contractions that occur in the above (after re-labeling i, j, n, m
in various ways). After some manipulation the above implies that

d*kd®q 1 (k-9*  (k-q)°
/' pr — 2 M 2
Cr(n,1';y) /MMUV 2nye 4[ 6 R (k- q)
X uge (1) ug(n)uy(n Jui (') e FTO Y. (E.31)

E.2 Fourier transform of Cr

What appears in the Lindblad equation for this interaction is of course the Fourier transform
of the above correlator which we define as

a3 ik
i) = [ i Crlsy) . (E.32)

We again are restricted to modes with 0 < k < kyy and using eq. (E.31) we find

2

n_ 4 3,13 )2 3(q-p)° 1(‘1'1))4
T(n,m') = @n )02 /quuvd qd’p(q-p)

1
1""5 q2p2 +1 gipt

X ug (1) up () upy () ug (n') 6(g@ +p — k). (E.33)

From here the integration over the angles goes over exactly in the same manner as in ap-
pendix B.2, eventually giving rise to the expression

N 1 k o0 1 3(P?4+Q*-2k%2 1(P2+Q%-2k>4
%(77777)—32(277)7/%/0 dQ/Q+2kUVdP l4+2 (P2 — Q2)? +Z (P2 — Q2)4 ]

X (P2 Q- 2k2>2

e R I

20 ~in—1)P
e Q)n’} ¢ . (E.34)

E.3 Super-Hubble limit of Lindblad coefficient

x{1+

Next we must compute the super-Hubble limit of the Lindblad coefficient
n
Fr(n,mn) == (20)%2 [ Ay’ G()G () [€r(n,7) + Ta(n,n)] - (E.35)
Tin

We use the earlier representations (B.31) and (E.34) of Cp and 9% above, as well as
G(n)G(n') = exH?nr' /(8M?), which expresses §y as the triple integral

e H? /” ,/’f > ) |5 3(P%+Q% - 2k%)°
8k (1, 7in) 10242322k Sy, 7 Jo Q TP LR i Sy =y
L(P24+Q? -2k /5 2\ 2 2i 2i
+- P? + Q% — 2k [1—} [1+}
4 (P?=@%)! ( ) (P —=@Q)n (P =@

e~ P’} (E.36)

X{l_(PiZQ)n] {”wfz@w
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We first evaluate the n’-integral using the formula (C.3),

n 21 21 . /
dn'n’ {l—k } [1+ ] o~ i(n—n")P
T T PQuy (P+Q)n

. , 1 ol 4 4 ,Z‘an. P / 77’~>n
= le—”?(n—n) <P2 - % + T Q2> - P2 _182 1 )1 (E.37)
77/_>77in
L i 4 ATBIP) b ipgg,) <1 U, 4 >
Pz plp2_()2 P2 ()2 P2 p Q2
4e= N [Ei(i Py + im]
+ — Q;“ , (E.38)

where we have added and subtracted an extra factor of 4ire=""/(P% — Q?) for convenience
later on. With this we find that

H2
il i) = T3 g (101) + 0.7 (E.39)

with the definitions

k 00
h) = | d@ P

Q+2kyv

14"5 (PQ_QQ)Q +1 (PQ_Q2)4

(P? + Q% — 2k%)? 2i 2i 1 in 4
; {1_(1’—@)17} [1_(P+Q)77HP2_P+P2 Q
_4e” PN [Ei(iPn) + in) }

_QQ
3(P2+Q2—2k2)2 1(P2_|_Q2_2k2)4‘|

5 3(P2+Q*-2k%)% 1(P*+Q*— 2k2)4]

X

(E.40)

/ /°° aprn 243 4o
91 hn) = 02k 1T P o@Qr2 1 (PP QY

e =] { T

_iNin N 4 ) 4~ [Ei(i Py, ) + i)

P Q2 _ Q2 ’

Our goal will be write down the 0 < —kn < —kni, < 1 limit of Fx (7, 7in)-
Let us now study the super-Hubble limit of A. As before, we make use of the variables

(E.41)

= —kn, zin = —knin and k := kyy/k and change the (positive) integration variables to
= —Q@n and y = —Pn which turns eq. (E.40) into

d E.42

./ . 23 ( )

with f defined by

> 5 3(a?+y?—229)% 12+ y* -2 5, 22
= dy |- + = - -2
[z, 2) /;c+2m Y L + 9 (22 — y2)2 + 4 (22— 2t (z°+y 2°)

() B At e ),
r—y T4y Y y -y ==Yy

(E.43)
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We next notice the Taylor series about z = 0,

/0 “do f(z2) ~ £(0,0)2 + Oz, (B.44)

for 0 < z < 1, which implies that f contributes to h in eq. (E.42) at order z~2 for small z,
such that

f(0,0) -
hin) ~ =5=+0(z h (E.45)
with coefficient through eq. (E.43) given as
00 27\ 2 ; 4eW
£(0,0) := 3/ dy v <1 + yz) {—‘r);;jy + % [Ei(—iy) + m} . (E.46)
0

In order to compare to the earlier section, let us focus on the real part of the above where
Re [£(0,0)] = 3/ dy (20 - y* +4(y* — 4) Re { " [Bi(—iy) + in] }
0
~16y Im { ™ [Bi(—iy) + in] }) - (E.47)

We next use (for y > 0)

e [Ei(—iy) + iw] = Ci(y) cosy + [Si(y) - ﬂ sin(y) + 4 {Ci(y) siny — [Si(y) — g] cos y} ,

(E.48)
where the functions Ci(y) and Si(y) are defined by
e t Yy int
Ci(y) = —/ at 0 Si(y) = / ar 220 (E.49)
y t 0 t

to write
Re[f(0,0)] = 3/000 dy (—y2 420 + 4(y* — 4) {Ci(y) cosy + [Si(y) — ;r} sin y}

—16y {Ci(y) siny — [Si(y) — 72r] cos y}) . (E.50)

For y > 1 the integrand in this expression behaves as
— 2 4+20+4(y> —4) {Ci(y) cos Y+ [Si(y) - 721 sin y} —16y {Ci(y) siny — [Si(y) - ;T] cos y}
72
2 —4
~ 4+ S +0(y (E.51)
o)

and so the integral diverges in the UV. A similar divergence also arose when summing over
scalar fluctuations, and corresponded to a distributional singularity in the correlation function
near 7 = 1/, see the discussion surrounding eq. (C.22). The distributional singularities
do not contribute to the integration over 7’ performed here, and for the present purposes
it is convenient to have an alternative approach that provides a short-cut to the small-z

behaviour without fully evaluating the position-space correlation function for all values of its
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arguments. We adopt here a regularization of this divergence that properly reproduces the
small-z behaviour found in the more complete treatment of appendix C.

To this end we regulate the divergence by first isolating the UV-divergent part oc y? of
the function, leading to

Re[f(0,0)] = -3 /OOO dy y* + 3/0C>O dy (20 —4(y* —4) {Ci(y) cosy + {Si(y) — 721 siny}

—16y {Ci(y) sin(y) — [Si(y) — ;r] cos y}) . (E.52)

We regulate the divergent integral [;° dy y? in the spirit of dimensional regularization by
writing

d li li dy y™ = li li — | = E.
/0 yy" — lim lim, /0 vl g ) T s ey | TS (B5)

where the initial integral only converges when Re(n) < —5 and we introduce a parameter
q > 0 to regulate the associated divergence in the IR (whose presence ultimately cancels the
UV divergence). This leaves the convergent integral

Re [f™5(0,0)] = 3/000 dy (20 +A(y? — 4) {Ci(y) cosy + {Si(y) -~ g] siny}
—16y {Ci(y) siny — [Si(y) - ;r] CoS y}) (E.54)

= { — 4y + 4Ci(y) [6y cosy + (y* — 10) sin y} —4 [(gf — 10) cosy — 6y sin y]

-

= 607 (E.55)
y—0
which is the result used in eq. (E.45).
Let us finally compute the super-Hubble behaviour of g defined in eq. (E.41). We again
use the variables z and z;, and we here argue that

9, m) ~ Oz (E.56)

in the z < 1 limit and so is subdominant to h. To see why it is easier to use the integration
a := @Q/k and b := P/k which turns eq. (E.41) into

1 [es) 2 2_22 1 2 2_24
9(77a771n) ::/ da/ db |}i+3<a +o ) +,(a +b ) ](a2+b22)22
0 a+2kK

2 (a2 —12)2 4 (a2 —b?)A

x[l— 2i HH 2 ]eib(zzm)(l_i_izin_ 4 )
(a—10)z (a+b)z b2 b a?—1?

4€¥ [Ei(—izinb) + in]
+ 22 . (E.57)
We then write the above as
1
9(z, zin) == / da¥(a, z, zin) (E.58)
0
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where we have

Y(a,z,zin) = /

a+2k

o0

X—-1 (CL, ba Zin)

db[
z

+ xo(a, b, zin) + x+1(a, b, zin)z} etz (E.59)

with the definitions:

vl = ot 3 ST SO o
" {eibzin (b12 N izgn - i b2> N 4[Ei(;2izin2+m]} (E.60)
Yo(a, b, zin) = _% li N g (azaj ig)g)z N i (az; izb;)z)zx @8 2
" {e—ibzin (b12 n izm - i b2) n 4[Ei(;2izin2 - iw]} (E61)

5 ,3(@+0°-2?% 1(a*+p*-2)*

X+1(a, b, zin) 1= [4 t3 (a? — b2)2 4 (a2 —b2)4

" {eibzin ( 1 n Zin 4 ) 4 4 [El(_lzinb) + ”T] } ) (E62)

1 (a® 4 b* — 2)?

2 b a2 b2 a2 — b2

Since eq. (E.59) reveals that ¢ is a Fourier transform, we note that its 0 < z < 1 limit
(for fixed 2, and k) is governed by the b > 1 behaviour of the functions x;, in which limit
we have:

xX—1(a,b, zin) ~ e~ ibzin {712ib — 60z, + O (bil)} , (E.63)
Xo(a, b, 2in) = e~ {—1221111)2 +60ib+ | (80— 68a°) 2y + 4?] +0 (b } , (E.64)

2i [(7a® — 10) 22, — 6]

Zin

, 12
X41(a, b, ziy) ~ e~ = {Sizmb3 + 156 + b+ =t 82a% — 100+ O (b—l)} .

in

(E.65)

To derive the required asymptotics of each of the above Fourier transforms, we write

/ dbx_1(a, b, zin) e = / dbe®%n (—12ib — 60zi,) €* + Z_1(2,a,2n)  (E.66)
a+2Kk a+2K
with the definition

E_1(z,a,zi) = /

a+2k

o)

db {X_l(a, b, zin) — €~V (—12ib — 60zin)] e . (E.67)

First note that Z_1(z, a, 2in) ~ O(2°) in the z < 1 limit, which follows from the fact that
its integrand converges to a z-independent constant when z — 07. What remains then is to
evaluate the distribution

/OO db e_ibzin (—12lb _ 60Zin) eibz — 6—i(zin—z)(a+2n) 12Z _ 12 (a + 2:% — 52):|
a+2K (Zin — Z)2 Zin — %
+ 1270 (2in — 2) — 6072100 (210 — 2) , (E.68)
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which follows from egs. (B.49) and (B.50). Fixing a and zj, in the above, and taking the
0 < z < 1 limits then implies that (also assuming that kz < 1)

oo - - . 12i  12(a + 2k — 5i
/ db e—zbzin (—12lb _ GOZl‘n) e+ZbZ ~ e—ZZin((l-f—?fi) |:27’ _ (CL + 2K 5Z) + 10) (Z) 7
a+2kK Zin Zin
(E.69)
which implies that
S) .
/ dbx_1(a,b, zin)e?* ~ O (zo) . (E.70)
a+2k

Similar computations show that in the super-Hubble limit 0 < 2z <« 1 with kz < 1,
[0edb xo041(a,b, zin)e™ ~ O(2°), which when combined with eq. (E.59) show that
G (a,z,2m) ~ O(z7!) in the same limit. Integrating from a = 0 to a = 1 in eq. (E.58)
leaves the same z-dependence and so we conclude that g(z, zi,) ~ O(z71).

Combining the above dependences for h and ¢ in eq. (E.39) implies

e H?k2  60r
102472 M2 (—kn)

Sk M) =~ 5+ 0 [(=kn)] (E.71)

in the super-Hubble limit, as claimed in the main text, see eq. (3.61).

F Tensor decoherence from a scalar environment

F.1 General considerations

Here we consider the interaction Hamiltonian (5.2)
Hin() = G(u) [ & vs(n,) © B9, ), (k1)

with G = —(2Mpa)~! defined in eq. (5.4), v;; the canonical tensor mode for the sys-
tem modes (related to v;; by eq. (A.17)) and the environmental operator BY(z) =
5590w (n, 2)Ov(n, ) defined in eq. (5.3).

Using an analogous setup as that used for the scalar, the Nakajima-Zwanzig equation
for the reduced density matrix (now for the graviton) at second-order in G is given by

50 = iG)F 1) [ [vialn. @), o)
- /d?’w/d?’w’ : dif GG ) { [via(m, @), v (@) o (1)) C*7 (113 — )
+ [0l Yo (1 @), via(n, )] C* (s 2 — ) | (F.2)
cf. eq. (3.16), with the definitions
B(n) := (05 B (0, 2)|0,) (F3)
and

C s — ') = (0s |[ B (n,2) - B ()| [B( @) - 2 ()][05).  (F4)
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Using the mode expansion of the scalar as usual one finds that

g = [ SE P = ) (F.5)
n kskuy (27)3 kN 3 n .
with % given in eq. (3.17)* and
Cot,ife—al) =2 [ SR Gt g o o 0 )
gp>koy  (27)
(F.6)
Using the mode expansion for v;; given in eq. (A.18), repeated here for convenience
valna) = [ kS ek e (F7
A (27T)3/2 P=,x Y ‘ , .
one can re-write the above equation as
n ~ ~ /
@Y [ @k [ ay GG EI ()
on pp /k<kuv Nin

x { [k ), 0ol €50 (n,0') + [o( Yol (), of ()] €5 ()} (F8)

where we define the Fourier transform ‘K,iajb of the correlator C**°(n,7/';y) in the variable
y where
3
iajb, d’y
(gk (77’77) - / (277)3/2

Clb (1 y) e kY

2 c c i a, ] * *
- W/ o PP ra g ugmup (g (' () 8 (p+ g — k) - (F.9)
a,p>kuv
From here we note that eq. (F.9) implies ‘Ki‘zjb(n,n’) = ‘Kéajb(n,n’), and we also use the
symmetry efé(—k;)vf/k(n’) = e%(k)v}jl*(n’) for each polarization P’ giving
8@ n ~ ~ ’
o=@ [k [y GG (ke (k)

p.p! k<kUV Tin
k)

< { [k ), ot Yoo G o) + [0l yoi T (), of ()] G (n, )} (F10)

We next split the density matrix into a product over modes as before, with mode labels k
and polarizations P = 4, X

p = Qok (F.11)
k,p

and repeating the arguments used in the scalar case leads to the separate evolution equation
for each label:

(27:;3/2652: = —(2n)*? /nn dn'G(n)G () {-(n,n') [0 (), 0% () ek ()] + hee.} . (F.12)

with ¢ a proxy for the real and imaginary parts of the field (as in the text below (2.21)) and
where we define o
el (k)eh (k) 67 (n, ) = 677 Fu(n,n) . (F.13)

Notice that since %'* o« ' then the contraction in the first term of eq. (F.2) vanishes since we assume
the graviton is traceless, where 0*“v;, = 0.
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F.2 Computing the correlation function

We first note that eq. (F.9) implies €. (n, 1) has the symmetries €,*° = )" = ¢} =
Cr 7 The most general form possible consistent with these symmetries is

G = 5 (50 4 005) + B o6 + % (6R7K" + 57K 'K" + 6Tk + 67K k" )
D /... L o
+5 ((5’%%” T 50%%3) + EE KKK, (F.14)

where the coefficients A through E are functions of 1, ' and k2. Contracting the above form
with two polarization tensors as in eq. (F.13) yields

, . , A
eE ) k) G ) = 87 (5 4 B) (F.15)
which uses €/(k) = €};(k), ef;(k)el; (k) = 6”7 and €f;(k) = k'e;;(k) = 0, showing that
LA
Fr(n) =5 +B (F.16)

is the function appearing in eq. (F.13). The required coefficients A and B can be computed
by inverting the following five expressions for rotation-invariant integrals:

8ii0ay6 " = 3A+ 9B + k*C + 3k*D + K'E, (
8iad v, " = €1, = 6A + 3B + 2k*C + k*D + K'E, (F.18
kiki6ap ™" = K* A+ 3K2B + K'C + 2k*D + k°E | (
Sinkiky6 " = 2k* A + k2B + ; K'C + KD + k°E, (
and
kikakiko 6" = KA+ K'B+ k5C + kD + K°E . (F.21)

Inverting these formulas gives the coefficients A through FE in terms of integrals, and using
the result in eq. (F.16) yields

_ 51']'5@1)(5]:@17 - kikjéabcg]iajb . k@'k‘akjl-:b%]i“jb

' F.22
Zr(n,n) 1 T e (F.22)
__ 2 3. 33 i gy | €D - (k-p)*¢°
o | el | S - S

k-q)%(k-p)?
+(q)4kf4p) 0(g+p—k) (F.23)
—2/ dq dp p4q4u (n)u (ﬁ)U*(n')U*(n') am dQQ dZQ }
(277)9/2 q,p>kuv I P e b 0 1 Pl4g
(k-p)?  (k-9?°(k-p)?
o 2k2p? + 4kAp22 g+p—k), (F.24)
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which writes the integrals in polar coordinates. The three terms mainly differ in their angular
integrations. Rotation invariance allows us to choose k (as in appendix B) to point along the
z axis: k = (0,0, k). Using this choice, the angular integrals become

o 1 (k-p)?  (k-q)(k p)
k)= [ d°Q,d*Q, |- — 5 —k F.2
J(p.q,k) /O ¢ A7, [4 21,2 + g (@+p—k) (F.25)
1 /1 2m 1 2w 1 cos?6, cos?6,cos’h
=— dcos d dcos@ d - — P 4 P
7 [ et [z [ ety [Fagy |G- S S
! k —pcosb,
X & q—\/p2+k2—2k‘pcosﬁp § | cos, — ‘
\/p2 + k2 — 2kpcos b,
X 6 [pg — (pp + )] (F.26)
Integrating over g4, ¢p and then 6,, and writing u = cos 0, yields
2 b 71 P (k — pp)*p? PHE ¢
k)= — dp |- — — olp——m—— F.2

which uses the identity 6(q —v/p? + k2 — 2kpu ) = kip 5 (,u, — ”24'2];#). The result vanishes

unless —2pk < p? + k2 — ¢®> < 2pk, which requires the p and ¢ integrals to run over the region

U depicted in figure 5. For p, ¢ in this region the final angular integral gives

(P + k=) K- (" — )
2p2 k2 16p2q2 k4 ’

J(p,q,k):%:ﬂﬂ{l— (F.28)

which when used in eq. (F.22) together with the Bunch-Davies mode functions (2.40) gives

2
N 20 (K40 —a*)?¢ | [k = (° = ¢*)?]
Fr(n,m) = W /qudp ap - 2k2 + 1644
(2 () =) () e e
qn qn pn pn

The integral over the region U is performed using the coordinate change p = %(P + Q) and
q= %(P — @), leading to

N _ 1 k - (P?-Q%)? (K +PQ?*P-Q)?
Fr(m,n') = 32(2m)7/2k /—k < /|Q|+2’fUV v [ 8 ) e
(k4 — P2Q?)2 21 2
+8k‘4] =l =r]
T 2 2 e—in—=n")P
[1 (P + Q)n} [1 T Q)U’] | -

Note that this integrand is not symmetric under ) — —@). By splitting up the @-integral to
be over [—k,0] and [0, k] and then taking @ — —Q in the first piece the above simplifies to

N T 2 22 [T 2 e, 2t
Tl ) = 128(27T)7/2k:5/0 Q=Y /Q+2kUv e {1 (P - Q)”}
2i o—itn—1)P. (F.31)

e (P +ZQ)77’]

e (P—QQ)W] - (P iZQ)n
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Our interest is in the leading behaviour as for small —kn and so we focus on the k& — 0
(and so also @ — 0) limit of eq. (F.31), which is

(') ~ 1/k dQ (k2 — Q2)2/°° dp P (1 _ Qi>2 (1+ 2i >2e—i(77—77’)P
R 128 (2m) 7285 g . Py Py
(F.32)
~_ 1 /OO dp P4 (1 _ 2i>2 (1 + 21 )2 e~ in—n")P (F.33)
N 240(271‘)7/2 2kuy Pn Py ) .

where the last expression is valid in the limit £ — 0. This is to be compared with the same
limit for the scalar contribution (B.31), which is

ne L o 7 (PP+@Q* -2k [ 2 %
Gl ) = 32(277)7/2/0 19 s & [1 (P_Q)”} {H (P_QW}
2 _Z ) imenP
<[ Framl [ e ¢ o
1 00 21 2 21 2 —i(n—n'
N W/%UV 1P P (1_Pn> (HPn’) e—in=m)P (F.35)

where, again, the last expression is valid for k£ — 0. Therefore, we see that for small &k

2
T(n) = 72 CGuln.n'). (F.36)

This can also be derived directly by taking the k — 0 limit of eq. (F.25), which becomes

1 T oag 20 |1 (kp)?  (k-@?(k-p)| (g P
T k= 0= ?5(1) - q)/o a7y Ll 222 wipre |0 (q + p)
(F.37)
2 1 1 HQ M4 4 I
—(125(17—61)/_1(1# <4—2+4 _15<c]2> é(p—q), (F.38)

which is 1% times the result obtained when the square bracket is 1.

F.3 Lindblad coefficient

Beginning with the Nakajima-Zwanzig equation (F.39), and applying the Markovian approx-
imation in the same spirit as earlier gives

(27:;3/2% = —Fk(n, 1) [0k (1), 0 (1) ok ()] = Fr(n, 1) Lo () 0k ('), 0 ()], (F.39)
where we define ;

and we note that again Re [T (7, 7im)] drives the decoherence. Using G(n) = Hn/M, as well
as eq. (F.31) means that eq. (F.40) can be written as the triple integral

in) = 1 Ty [ = ’ (12 202/7.2 22 2i
) = gy [, 7 ) 4Q [, 4P O = PR -Q 1= =
2 2i 2 o
- —i(n—n")P
g {H (P—Q)n’} {1 (P+Q)n} {” (p+QW} e . (F.41)
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We first evaluate the n’-integral using the formula (C.3), giving

H2 k [e'e) 23
T 7in:7/d dP n (k* — P>)?(k? — 22[1_}
k(n n ) 5127T2M§]{75 0 Q Ot 2hoy n ( ) ( Q ) (P _ Q)Tl
y {1 % ] 1 N 4 4eT'PMIEi(iPn) i)
PrQnl\ P2~ P PP P?—Q?

—iP(n—n; 1 an 4 4e= N [Ei(i Py + i)
in Tlin Tlin

The terms involving 7, can be handled in precisely the same way as in the discussion around
eq. (E.56), showing that they contribute only subdominantly for small (—kn), and so for our
purposes can be neglected. This leaves

Th (1), in) ik /k dQ /OO dP 1y (k* — P?)*(k* - Q*)? [1 & }
kUL Min) = o5 97915 Ui - - T L
2i 1 4 4= [Ri(i P '
y l:l _ (3 :| L m + o € [ 1(7’ 7]) + ”T] , (F43)
Prm\PP PP P?—Q?
which can be rewritten using the change of variables already used before, reproduced here
for convenience, z = —kn, kK = kyy/k, x = —Qn and y = —Pn as
212 p 22 2
~—— - [ d ——1] h F.44
R 51271'2Mp223/0 v <22 ) (@,2) ( )
with
00 2i 2i 1 i 4—4e% [Ei(—iy) +i7]|
h(z, z ::/ d 2—z“<1— ><1+ ) - ——+ .
( ) 42Kz y(y ) r—y -’E+y y2 Yy 12_92

(F.45)

This integral diverges (as did the previous examples), since the integrand approaches —?

for large y. We handle this divergence the same way as before by subtracting the divergent
large-y form, leaving a convergent result (see the discussion around eq. (E.53)).

Taking the z — 0 limit (which also implies z — 0) then gives the leading contribution

H2k? = (22 \? H2K2  [8K™5(0,0)
~ (0,0 / dr (5 —1) = : F.46
T~ gzt (00 f de <z2 ) 5127T2M522[ 15 } (F.46)

where (compare to egs. (E.46) and (E.54))

h*8(0,0) = /OOO dy <y4 (1 + 2;>2 {12 LA [Eig_iy) +in] } + y2> (F.47)

) ) Y

_ [™%(0,0)
=

This leads to the following 7;,-independent leading behaviour

=207 (F.48)

Re [Zk (777 nin)]

B 322

H2k? H2k? {647r
T 48wM222 1024w M2

+ O(z—l)] (F.49)
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and so comparing with eq. (3.38) we see that

Re [Tk(n,mn)] =~ Kl)iRe [Sk (1, 7in)] (F.50)

in the super-Hubble limit, as claimed in the main text. The factor 16/(15¢1) has two sources:
the factor of % seen in eq. (F.36) together with the factor of 8/¢1 coming from the change
in effective coupling noted in eq. (5.9).
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