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The analytic structure of non-Gaussian correlators in inflationary cosmologies has recently been
proposed as a test of the quantum origin of structure in the Universe. To further understand this proposal,
we explore the analogous equal-time in-in correlators in flat space and show they exhibit the same features
as their cosmological counterparts. The quantum vacuum is uniquely identified by in-in correlators with a
total energy pole and no additional poles at physical momenta. We tie this behavior directly to the S-matrix
and show that poles at physical momenta always arise from scattering of particles present in the initial state.
We relate these flat-space in-in correlators to the probability amplitude for exciting multiple Unruh-de Witt
detectors. Localizing the detectors in spacetime, through the uncertainty principle, provides the energy and
momentum needed to excite the vacuum and explains the connection to cosmological particle production.
In addition, the entanglement of these detectors provides a probe of the entangled state of the underlying
field and connects the properties of the correlators to the range of entanglement of the detectors.
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I. INTRODUCTION

Quantum mechanics is responsible for a number of
physical phenomena that are impossible in classical physics.
Characterizing these unique properties of quantum systems
is a problem of wide scientific interest. Bell famously
provided one such example [1] where the measurements
of a small number of entangled spins (qubits) clearly
distinguishes quantum from local classical physics [2,3].
Physical properties of real world systems are far more
complex and therefore isolating their uniquely quantum
behavior can be more challenging [4–6]. One particularly
interesting example is the origin of the initial density
fluctuations in the Universe. They are believed to have arisen
from quantum fluctuations during an inflationary epoch
[7–11]; however, this hypothesis has been difficult to test
observationally. The universe is classical on cosmological
scales and one cannot easily apply Bell’s inequality to the
density fluctuations directly [12,13] (but see e.g., [14–28] for
ongoing work). Instead, one is led to ask if quantum
mechanics was important in establishing the (statistical)
initial conditions for our classical cosmological observations.
Quantum effects play a crucial role in the dynamics of

the early Universe in many inflationary models. While the
resulting observational signals can often be traced to
quantum mechanics, the challenge is showing no classical

mechanism could produce the same signal [29–34]. One
proposal of this kind was made in [35], where it was shown
that the analytic structure of (non-Gaussian) correlation
functions is different for classical and quantum theories
when the correlations are produced by local evolution. The
origin of this difference arises from the nonzero number of
particles needed to produce classical density fluctuations,
as illustrated in Fig. 1. Creation of particles from the
quantum vacuum violates energy conservation but is
allowed because of the uncertainty principle. In contrast,
physical particles will scatter and decay in an interacting
theory while conserving energy, giving rise to poles at
physical momentum for classical fluctuations. These results
are consistent with a number of results relating scattering to
the analytic structure of cosmological correlators [36–49].
These features of the correlators are also directly tied to the
prospects of observing the signal [50–52].
The relationship between correlators and scattering is, of

course, best understood in flat space. The Lehmann-
Symanzik-Zimmermann (LSZ) reduction formula [53]
gives a rigorous map between in-out correlators and
S-matrix elements. While measurements of flat space
correlators are not subject to the same limitations as
cosmology, we can still ask if the analytic structure of flat
space in-in correlators encodes the quantum vacuum in the
same way. Furthermore, one could hope to use LSZ to
connect the difference between the analytic structure of
classical and quantum correlators directly to scattering of
particles in the initial state.
On a purely theoretical level, flat space provides a testing

ground for our understanding of cosmological correlators.
Yet, if in-in correlators are encoding the physics of the
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quantum vacuum, one would naturally like to understand
how they are related to measurable quantities. Cosmological
expansion is essential in producing fluctuations from the
vacuum during inflation and does not occur in flat space. To
make sense of their flat space analogs, we must introduce
particle detectors localized in the spacetime (Unruh-de Witt
detectors [54,55]). The very act of measuring the state of the
quantum field at a localized point in spacetime introduces the
energy and momentum needed to excite the vacuum (break-
ing the time and space translations). This observation was
essential for making sense of Unruh radiation [54] (i.e., the
Rindler temperature), another example of particle production
in flat space. In that case, a thermal distribution of particles is
seen by a constantly accelerating (Rindler) observer because
of the energy and momentum needed to accelerate the
detector in the first place [56,57]. Similarly, measuring
correlators at a fixed time also requires the injection of
energy (by the uncertainty principle) and naturally explains
the apparent particle production from nothing which is
encoded in the in-in correlators.
The nonlocal correlations of a field in the quantum

vacuum also generates entanglement between the various
particle detectors used to detect them [58–68]. As such, the
detector entanglement represents a probe of the entangle-
ment of the interacting vacuum of the fields themselves.
Famously, the entanglement entropy of the fields on a finite
region is expected to be proportional to the area for the
quantum vacuum [69,70] and the volume for a generic
excited state (see e.g., [71] for review). While the entan-
glement entropy is not a quantity we can easily measure (or
calculate), naturally one would like to understand if the
non-Gaussian signature of the quantum vacuum state is
related.
In this paper, we will expose the connection between flat

space scattering, entanglement, and cosmological observ-
ables through the properties of in-in correlators. While they
are a less natural observables in flat space than the
S-matrix, we show that there is a precise link between
the structure of poles in the in-in correlators and the

associated scattering processes, as illustrated in Fig. 1.
This provides a robust demonstration that the poles
appearing at physical momenta in classical states are
directly tied to the decay or scattering of particles in the
initial state. The poles are absent in the quantum vacuum
because it contains no particles, connecting the analysis of
[35] to flat space amplitudes.
To make physical sense of these results, we show that the

in-in correlators can be interpreted as the amplitudes to
excite multiple UdW detectors localized at spacelike
separated points. These detectors then provide a natural
connection between cosmological Bell-type tests and more
typical characterizations in terms of entanglement. The
entanglement of these detectors shares many similarities
with the entanglement of the underlying field; yet, we can
directly connect these properties to the underlying in-in
correlators. We will see that the analytic structure of the
correlators is directly related to short- or long-ranged
entanglement of the detectors.
This paper is organized as follows: in Sec. II, we will

discuss the relationship between the S-matrix and the in-in
correlators, demonstrating our main results about the
analytic structure of these correlators. In Sec. III, we show
how to interpret our results in terms of UdW detectors. We
then show how these detectors are entangled in Sec. IV, and
conclude in Sec. V. Appendix contains additional details
about the relationship between enforcing causality of our
classical theory and the existence of antiparticles.

II. FROM IN-IN CORRELATORS
AND THE S-MATRIX

The process of creating particles from the vacuum is an
inherently quantum mechanical phenomenon. It gives rise
to structure in inflationary models [7–11] and Hawking
radiation from black holes [72]. In flat space, such a process
is forbidden by energy conservation, but the amplitude is
still formally well defined as it is related to physical
scattering processes by crossing symmetry. This statement

FIG. 1. Illustration of the difference between non-Gaussian in-in correlations of ϕ for quantum vacuum fluctuations (left) and classical
fluctuations (right). Measuring quantum fluctuations of ϕ at three spacelike separated points corresponds to the creation of three
particles from the vacuum, producing a total energy pole in the correlator. In contrast, classical fluctuations only occur in a state
containing particles. Any local classical process that produces a total energy pole will also cause particles in the initial state to decay,
producing additional three-point correlations with poles at physical momenta.
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can be made rigorously through the LSZ reduction
formula [53].
We would like to understand how quantum fluctuation

can be distinguished from classical (e.g., thermal) fluctua-
tions. Classical fluctuations may occur in any spacetime
and thus we can ask this question in flat space as well. We
will show in this section that an isolated total energy pole in
an equal-time correlator (in-in or in-out) is precisely a
reflection of the amplitude for production of particles from
the vacuum. We will then show that for classical fluctua-
tions, additional poles arise from the on-shell scattering
processes of particles in the initial state. This difference
between quantum vacuum fluctuations and classical fluc-
tuations is illustrated in Fig. 1.

A. The in-in formalism

Cosmological correlators are described by (equal time)
in-in correlations functions. In perturbation theory, these
are defined as [73,74]

hinjQðtÞjini ¼
�
T̄ exp

�
i
Z

t

−∞ð1þiϵÞ
Hintðt0Þdt0

�
QintðtÞT

× exp

�
−i

Z
t

−∞ð1−iϵÞ
Hintðt0Þdt0

��
; ð2:1Þ

where HintðtÞ ¼
R
d3x

ffiffiffiffiffiffi−gp
Hintðx⃗; tÞ, g is the determinant

of the metric, Hintðx⃗; tÞ is the Hamiltonian density of the
interaction Hamiltonian, and QintðtÞ is the operator QðtÞ in
terms of the interaction picture fields. Computed in a quasi-
de Sitter background for superhorizon modes (i.e., points
separated by superhorizon distances or fourier modes
with superhorizon wavelengths) the in-in correlators give
the classical statistical correlations of the initial density
fluctuations.
It is occasionally useful to express the in-in correlators in

terms of commutators (although, technically, it only applies
when ϵ ¼ 0). Expanding the time-ordered exponentials,
one finds

hinjQðtÞjini¼
X∞
N¼0

iN
Z

t

−∞
dtN

Z
tN

−∞
dtN−1 � ��

Z
t2

−∞
dt1

×h½Hintðt1Þ½Hintðt2Þ��� ½HintðtNÞ;QintðtÞ��� ���i:
ð2:2aÞ

This representation is useful for two reasons. First, this
expression makes causality manifest as the commutators
must vanish outside the light cone. Second, the nonzero
commutator is the defining characteristic of a quantum
theory and thus this representation is useful in isolating the
quantum nature of the correlators.
Our goal in this paper is to understand what aspects of

the in-in correlator reflect truly quantum fluctuations and
what other aspects could arise purely classically. With this

in mind, we will focus on the fluctuations of a single scalar
field ϕ, which may be represented as a quantummechanical
operator or a classical stochastic variable. Following [35],
we can describe the free classical or quantum theories using
the mode expansion

ϕðx⃗; tÞ ¼
Z

d3k
ð2πÞ3 e

ik⃗·x⃗ 1ffiffiffiffiffi
2k

p ½a†
−k⃗
eikt þ ak⃗e

−ikt�; ð2:3Þ

where k≡ jk⃗j. The distinction between quantum and
classical is how we interpret ak⃗ and a†

k⃗
.

In the quantum theory, ak⃗ and a
†
k⃗
are operators satisfying

½ak⃗; a†k⃗0 � ¼ ð2πÞ3δðk⃗ − k⃗0Þ ak⃗j0i ¼ 0; ð2:4Þ

where j0i is the vacuum of the free theory. In contrast, in
the classical theory they are only random variables obeying
the statistics

ha†
k⃗
ak⃗0 ic ¼

1

2
ð2πÞ3δðk⃗ − k⃗0Þ ¼ hak⃗0a†k⃗ic: ð2:5Þ

In the free theory, these choices give the same equal-time
correlators which are (essentially) the only cosmological
observable. Of course, in flat space, we would be free to
directly measure the commutators of the operators or non-
equal time correlators to expose the difference between
classical and quantum mechanics, but we will restrict our-
selves to equal-time to parallel the cosmological correlators.
We can start with a simple example for illustration:

given a massless scalar ϕ with a cubic self-interaction,
Hint ¼ 1

3!
μϕ3, the in-in three-point function in terms of

fourier modes (the bispectrum) is given by

hϕðt; k⃗1Þϕðt; k⃗2Þϕðt; k⃗3Þi

¼ 2Im
Z

t

−∞
dt0

μ

8k1k2k3
e−iðk1þk2þk3Þðt−t0Þ ð2:6Þ

¼ −
μ

4k1k2k3ðk1 þ k2 þ k3Þ
; ð2:7Þ

where hQðtÞi≡ hΩjQðtÞjΩi is the correlation in the inter-
acting vacuum, jΩi. We have only fourier transformed the
spatial coordinates by analogy with a typical cosmological
correlator. Just like a cosmological correlator, we see that
this in-in correlation function exhibits a pole only in the
total energy kt ¼ ðk1 þ k2 þ k3Þ. The presence of such a
pole is a unique signature of the quantum vacuum and
therefore we would like to better understand the physical
significance of this correlation.
For classical fluctuations, the appearance of additional

poles can be seen by perturbatively solving the equations
of motion with the same cubic interaction, Hint ¼ 1

3!
μϕ3,

such that
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ϕð2Þðk⃗; tÞ ¼ μ

2

Z
t
dt0Gðk; t− t0Þ

Z
d3p
ð2πÞ3ϕðp⃗; t

0Þϕðk⃗− p⃗; t0Þ

ð2:8Þ

where Gðk; tÞ ¼ sin kt=k is the causal Green’s function.
Using this to calculate the bispectrum we find

hϕðt; k⃗1Þϕðt; k⃗2Þϕðt; k⃗3Þic ¼
μ

16k1k2k3

�
3

kt
þ
X3
i¼1

1

kt − 2ki

�
;

ð2:9Þ

where we assumed the contribution from t → −∞ van-
ishes.1 We see that the classical example has poles both in
the total energy and in folded configurations where
k1 ¼ k2 þ k3 and permutations therefore. In this respect,
we see that flat space in-in correlators exhibit the same
structure as the cosmological counterparts.2

Naturally, we would also like to understand how one
interpolates between the quantum mechanical and classical
result. After all, we certainly live in a quantum universe and
would like to understand how classical fluctuations would
arise. We can make this connection by taking the quantum
theory in the limit where every momentum state is highly
occupied,

jnk⃗i ¼
1ffiffiffiffiffi
n!

p ða†
k⃗
Þnj0i → jni≡⨂

k⃗i

jnk⃗i: ð2:10Þ

Suppose we have a real field ϕ is in an n-particle state, jni.
We see that the operator ϕ̂ acts schematically

ϕðk⃗; tÞjni →
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n−k⃗ þ 1

q
fðk; tÞjn−k⃗ þ 1ijn̂;−k⃗i

þ ffiffiffiffiffi
nk⃗

p
f�ðk; tÞjnk⃗ − 1ijn̂; k⃗i; ð2:11Þ

hnjϕðk⃗; tÞ →
ffiffiffiffiffiffiffiffiffiffiffiffiffi
nk⃗ þ 1

q
f�ðk; tÞhnk⃗ þ 1jhn̂; k⃗j

þ ffiffiffiffiffiffiffi
n−k⃗

p
fðk; tÞhn−k⃗ − 1jhn̂;−k⃗j; ð2:12Þ

where fðk;tÞ¼eikt=
ffiffiffiffiffi
2k

p
is the positive frequency classical

solution, and we defined

jn̂; q⃗i≡ jni≡ ⨂
k⃗i≠q⃗

jnk⃗ii: ð2:13Þ

The two-point function in this state is therefore

hϕðk⃗; tÞϕðk⃗0; t0Þi ¼ ððnþ 1Þf�ðk; tÞfðk0; t0Þ
þ nfðk; tÞf�ðk0; t0ÞÞð2πÞ3δðk⃗þ k⃗0Þ;

ð2:14Þ

which reproduces our classical statistical when taking
n → ∞ with fðk⃗; tÞ ffiffiffi

n
p

fixed. In this limit, the two-point
function becomes

hϕðk⃗; tÞϕðk⃗0; t0Þi → nðfðk; tÞf�ðk0; t0Þ
þ f�ðk; tÞfðk0; t0ÞÞð2πÞ3δðk⃗þ k⃗0Þ:

ð2:15Þ
This expression is symmetric in t ↔ t0 and thus shows that
ϕðk⃗; tÞ and ϕðk⃗0; t0Þ commute, as we would expect for a
classical variable and not for a quantum mechanical
operator.

B. Relation to the S-matrix

Now we want to understand how the poles in our in-in
correlators are related to physical scattering processes.

1. Quantum vacuum

The most direct relationship between scattering and
correlation functions is the LSZ reduction formula [53].
Given a time-ordered (quantum) vacuum correlation func-
tion in flat space, we can extract the associated S-matrix
elements via

hfpjgoutjfqigini ¼
Z Ym

i¼1

	
d4xi

ieiqi·xið−□xi þm2Þ
ð2πÞ32Z1

2




×
Yn
j¼1

	
d4yj

ie−ipj·yjð−□yj þm2Þ
ð2πÞ32Z1

2




× hΩjTϕðx1Þ…ϕðxmÞϕðy1Þ…ϕðynÞjΩi;
ð2:16Þ

where we are using the metric signature ð−þþþÞ. The
scattering states that appear on the left of this expression are
defined by

jfqigini ¼ lim
t→−∞

Y
i

ffiffiffiffiffiffiffiffiffi
2ωq⃗i

q
a†q⃗i jΩi;

hfpjgoutj ¼ lim
t→þ∞

hΩj
Y
j

ffiffiffiffiffiffiffiffiffiffi
2ωp⃗j

q
a†p⃗j

: ð2:17Þ

Because the vacuum jΩi is annihilated by ak⃗, isolating the
positive frequency via the Fourier transform (i.e., integrat-
ing the correlation function with

R
dte−iωt for ω > 0) also

isolates a particle in the initial state.

1For vacuum correlators, this is equivalent to the iϵ prescrip-
tion. For excited states, this will ultimately be tied to how the
poles at physical momentum are resolved.

2In [35], it was shown that this conclusion is an inevitable
consequence of causality and Lorentz invariance. In theAppendix,
we extend this argument to show that it is equivalent to the need for
antiparticles in a relativistic quantum theory.
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In perturbation theory, the time-ordered and in-in corre-
lators are closely related, allowing us to directly relate the
poles in each to the associated S-matrix elements. To
calculate the in-out correlators, we need the time-ordered
Green’s function

h0jTðϕðt1; k⃗Þϕðt2; k⃗0Þj0i

¼ 1

2k
e−ikjt1−t2jð2πÞ3δðk⃗þ k⃗0Þ: ð2:18Þ

We can calculate an equal time in-out correlator for our
example with a cubic interaction to find the same result as
the in-in correlator

hTϕð0; k⃗1Þϕð0; k⃗2Þϕð0; k⃗3Þi

¼ −i
Z

∞

−∞
dt

μ

8k1k2k3
e−iðk1þk2þk3Þjtj ð2:19Þ

¼ −
μ

4k1k2k3ðk1 þ k2 þ k3Þ
: ð2:20Þ

To see the connection to the S-matrix elements, we need to
consider unequal times such that

hTϕðt1; k⃗1Þϕðt2; k⃗2Þϕðt3; k⃗3Þi

¼−i
Z

∞

−∞
dt

μ

8k1k2k3
e−ik1jt1−tje−ik2jt2−tje−ik3jt3−tj ð2:21Þ

¼ −
μ

8k1k2k3

�
e−ik2ðt2−t1Þ−ik3ðt3−t1Þ

k1 þ k2 þ k3
ð2:22Þ

þ eik1ðt1−t2Þ−ik3ðt3−t2Þ − e−ik2ðt2−t1Þ−ik3ðt3−t1Þ

−k1 þ k2 þ k3
ð2:23Þ

þ eik1ðt1−t3Þþik2ðt2−t3Þ − eik1ðt1−t2Þ−ik3ðt3−t2Þ

−k1 − k2 þ k3
ð2:24Þ

þ eik1ðt1−t3Þþik2ðt2−t3Þ

k1 þ k2 þ k3

�
; ð2:25Þ

where we have assume t1 < t2 < t3 without loss of
generality.
Since our above expression assumes t1 < t2 < t3, apply-

ing LSZ while maintaining this order is consistent if t1 is
associated with the initial state and t2, t3 are the final states.
We can calculate the S-matrix elements by first taking the
Fourier transform,

hTϕðω3; k⃗3Þϕðω2; k⃗2Þϕðω1; k⃗1Þi0

¼
Z

dt1dt2dt3eið−ω1t1þω2t2þω3t3Þ

× hTϕðt3; k⃗3Þϕðt2; k⃗2Þϕðt1; k⃗1Þi: ð2:26Þ

Performing the integral imposing t1 < t2 < t3 gives the
term of interest

hTϕðω3; k⃗3Þϕðω2; k⃗2Þϕðω1; k⃗1Þi0

⊃
iμ

8k2k2k3
2πδðω2 þ ω3 − ω1Þ

�
−

1

ω3 − k3

1

ω3 − k3 þ ω2 − k2

1

k1 þ k2 þ k3

−
1

ω3 − k3

1

ω3 þ ω2 − k1

1

−k1 þ k2 þ k3
þ 1

ω3 − k3

1

ω3 − k3 þ ω2 − k2

1

−k1 þ k2 þ k3

−
1

ω3 − k1 − k2

1

ω3 − ω2 − k1

1

−k1 − k2 þ k3
þ 1

ω3 − k3

1

ω2 þ ω3 − k1

1

−k1 − k2 þ k3

−
1

ω3 − k1 − k2

1

ω3 þ ω2 − k1

1

k1 þ k2 þ k3

�
: ð2:27Þ

Now we want to isolate the part of the correlator that
encodes the k⃗1 → k⃗2 þ k⃗3 scattering amplitude. Using
LSZ, we see

hk2; k3jk1i ¼ lim
ωi→ki

ðω1 − k1Þðω2 − k2Þðω3 − k3Þð8k1k2k3Þ

× hTϕðω3; k⃗3Þϕðω2; k⃗2Þϕðω1; k⃗1Þi: ð2:28Þ

Since each factor of ðωi − kiÞ will vanish in the limit
ωi → ki, it is easy to see that only terms in the in-out
correlator with three poles in on-shell limit will contribute

to amplitude. As result, only two terms from Eq. (2.27)
contribute to the amplitude,

hk2; k3jk1i ¼ iμð2πÞ lim
ωi→ki

δðω2 þ ω3 − ω1Þ

×

�
−
ω3 − k3
ω3 − k3

ω1 − k1
ω3 þ ω2 − k1

ω2 − k2
−k1 þ k2 þ k3

þ ω3 − k3
ω3 − k3

ω2 − k2
ω3 − k3 þ ω2 − k2

ω1 − k1
−k1 þ k2 þ k3

�

¼ −iμð2πÞδðk2 þ k3 − k1Þ: ð2:29Þ
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We see that the poles in k1 − k2 − k3 are precisely those that
give the k1 → k2 þ k3 scattering amplitude.
The equal-time in-in and in-out correlation functions are

the same, yet in both cases thepoles responsible for a nonzero
scattering amplitude vanish at equal time. This is a reflection
of the fact that no scattering process takes place in the
vacuum: the only way to produce the scattering process
requires one of the operators to be placed at t → −∞ and the
other two taken at t → þ∞. The total energy pole that
survives at equal time reflects only the 0 → 3 or 3 → 0
processes that are forbidden by energy conservation.

2. Classical fluctuations

Time-ordered (in-out) correlation functions are also
calculable for classical statistics. Using the time-ordered
Green’s function, we can calculate the leading correction
to φ as

ϕð2Þðk⃗; tÞ¼ μ

2

Z
dt0GFðk;t− t0Þ

Z
d3p
ð2πÞ3ϕðp⃗; t

0Þϕðk⃗− p⃗; t0Þ;

ð2:30Þ

where we are using the Feynman propagator

GFðk; tÞ ¼
1

2k
e−ikjtj: ð2:31Þ

We can then calculate the time-ordered correlator by
substituting this expression and applying the classical
(Gaussian) statistics,

hTϕðt; k⃗1Þϕðt; k⃗2Þϕðt; k⃗3Þic
¼ −i

Z
∞

−∞
dt0

μ

16k1k2k3
e−ik1jt−t0j−iðk2þk3Þðt−t0Þ

þ permutations

¼ −
μ

16k1k2k3

�
3

kt
−

1

k1 − k2 − k3
−

1

k2 − k3 − k1

−
1

k3 − k1 − k2

�
: ð2:32Þ

Like the quantum case, this is precisely the same as the in-
in correlator and we see the appearance of poles at physical
momenta.
In order to understand these new poles, we first notice

that the LSZ formula does not apply straightforwardly to
our classical correlator. Concretely, we recall that the
relation between ω > 0 (ω < 0) and particles in the in-
state (out-state) relied on the fact that the quantum vacuum
is annihilated by the negative frequency mode, ak⃗jΩi ¼ 0.
To make sense of what LSZ would imply for our classical
correlations, let us interpret the classical correlators as
arising from a highly occupied state, jni. If we apply LSZ
in this state, we get

Z
d4z

ieiq·zð−□z þm2Þ
ð2πÞ32Z1

2

× hnoutjTφðx1Þ…φðxmÞφðzÞφðy1Þ…φðynÞjnini
¼ ffiffiffiffiffiffiffiffi

2ωp

p hnoutjTφðx1Þ…φðxmÞφðy1Þ…φðynÞa†pjnini
−

ffiffiffiffiffiffiffiffi
2ωp

p hnoutja†pTφðx1Þ…φðxmÞφðy1Þ…φðynÞjnini;
ð2:33Þ

where we have labeled jnouti and jnini to indicate that they
are defined to t ¼ þ∞ and −∞ respectively. We see that
the LSZ formula does not isolate a particle in an in- or out-
state, but instead isolated a particle in the in-state minus a
hole in the out state (or vice versa) for every field.
A related consequence of this analog of Eq. (2.33) is that

equal time correlators can now exhibit physical poles.
Specifically, we can use LSZ to calculate the S-matrix
element,

lim
t→þ∞

ðhnoutjak2ak3a†−k1Þjnini¼hnk2 þ1;nk3 þ1;nk1 −1jnini

∝A1→2δðk⃗1− k⃗2− k⃗3Þ: ð2:34Þ

This is just the amplitude for the decay of a particle with
momentum k⃗1 in the initial state to particles with momen-
tum k⃗2 and k⃗3 in the final state. Since all the operators
acting on hnj as t → þ∞ do not vanish, there is no reason
to expect the equal-time correlator to vanish either.
The most straightforward consequence is that the poles at

physical momenta seen in the equal-time in-out (and
consequently in-in) correlators, Eq. (2.32), are the same
poles responsible for the 1 → 2 and 2 → 1 S-matrix
elements determined by LSZ. This can be seen by directly
applying the (naive) LSZ formula to the unequal-time
classical in-out correlator. The result mirrors our quantum
calculation. The full expression for the nonequal time
correlator is quite long, but the term responsible for the
“S-matrix” element is now

hφk1ðt1Þφk2ðt2Þφk3ðt3Þi0c
⊃

μ

16k1k2k3

�
cos½k2ðt1 − t2Þ þ k3ðt1 − t3Þ�

k1 − k2 − k3

þ cos½k1ðt1 − t2Þ þ k3ðt2 − t3Þ�
−k1 þ k2 þ k3

þ cos½k1ðt1 − t3Þ þ k2ðt3 − t2Þ�
−k1 þ k2 þ k3

�
ð2:35Þ

⟶
t1¼t2¼t3 μ

16k1k2k3

1

−k1 þ k2 þ k3
: ð2:36Þ

In other words, if we were to repeat the LSZ procedure, as
in Eq. (2.29), to the first two lines of (2.35), we would
recover a nonzero result. The final line shows that this term
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survives the equal time limit, in contrast to quantum case.
This provides a concrete demonstration that the physical
poles in the in-in correlators can be interpreted as the decay
of particles in the initial state, as was argued in [35] for
inflationary correlators.

C. Resolving and interpreting poles
at physical momenta

The connection between in-in correlators and S-matrix
elements provides some useful intuition. However, if the in-
in correlators represent physical measurements, we would
not expect them to have true poles at physical momenta, as
the answers to physical questions are rarely infinite.3 In the
case of inflationary correlators, it was argued in [35] that the
S-matrix elements that are responsible for the poles also
cause the particles to decay, therefore introducing an
effective width. As a result, one might expect the physical
poles to be replaced by a resonance, both in the inflationary
context and in flat space. While this resolution was seen in
explicit examples [32,34], it is less clear that this is the only
resolution, particularly in cosmology. In an expanding
universe, the energy density blueshifts in the past and
diverges as t → −∞. As a result, cosmological correlators
are also regulated by the finite duration of inflation [76–81].
Flat space provides a very useful testing ground for the

regulation of these physical poles. First, there is no analog of
the blueshift and the energy does not diverge at early times.
As a result, the t → −∞ limit is not necessarily unphysical.
In addition, in flat space, decays can be forbidden by energy
conservation4 and thus can eliminate the role of a finitewidth.
This is easily achieved by considering massive scalars in
place of our massless correlators. Using this approach, we
will see that it is not strictly cosmological expansion that is
responsible for physical divergences as t → −∞.

1. Massive particles

In flat space, the decays of particles are controlled by
energy conservation. The simplest way to test the con-
nection between the physical poles and decay is to consider
massive particles such that Ek ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þm2

p
and the pos-

itive frequency mode functions become

ϕðk⃗; tÞ ¼ 1ffiffiffiffiffiffiffiffi
2Ek

p eiEkt: ð2:37Þ

With the modified mode function, we can calculate the
equal time in-in bispectrum as before. For quantum and
classical statistics, one finds

hTϕð0; k⃗1Þϕð0; k⃗2Þϕð0; k⃗3Þi ¼−
μ

4E1E2E3ðE1þE2þE3Þ
;

ð2:38Þ

and

hϕðt; k⃗1Þϕðt; k⃗2Þϕðt; k⃗3Þic
¼ μ

16E1E2E3

�
3

Et
−

1

E1 − E2 − E3

−
1

E2 − E1 − E3

−
1

E3 − E1 − E2

�
; ð2:39Þ

respectively. While we see the poles when E1 þ E2 ¼ E3,
and permutations thereof, these poles cannot be reached at
physical energies for the same kinematic reason that the
lightest massive particle is stable. As a result, we see the
connection between the stability of these particles and the
absence of poles at physical momentum.
At first sight, this indeed suggests that the finite width of

the particle is sufficient to avoid poles at physical momenta.
At least for the three-point function, eliminating the width
also eliminated the pole. However, if we continue to higher-
point correlators, even stable particles can lead to poles as
physical momenta. We do not find such poles at four points
with a λϕ4 interaction. However, the classical five-point

correlator due to a contact interaction Hint ¼ 1
5!

ϕ5

Λ takes the
form

hϕðt; k⃗1Þ::ϕðt; k⃗5Þic
¼ 1

256ΛE1E2E3E4E5

�
5

Etot
þ
X
i

3

ðEtot − 2EiÞ

þ
X
i≠j

1

Etot − 2Ei − 2Ej

�
ð2:40Þ

where Etot ¼
P

i Ei. The final term contains a pole that is
consistent with the allowed kinematic region of 2 → 3
scattering. In this sense, we can see that nothing prevents us
from reaching this pole for physical momentum. In
addition, since the particles do not decay, there is no finite
width that needs to be included in this calculation. Finally,
there is no analog of the blueshifting of energies at early
times that demands that we regulate the early time limit of
this calculation. Clearly we need another physical inter-
pretation for how this pole arises.

2. Finite time of interactions

The origin of the physical poles in the classical case
can be understood from the integral expression for the
correlator,

3It is also known that these divergences are not regulated by
standard renormalization techniques, as was seen from studying
the divergences of perturbation theory in non-Bunch Davies dS
vacua [75].

4As energy is not conserved in cosmology, decays can always
occur.
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hϕðt; k⃗1Þ::ϕðt; k⃗5Þic ¼
1

16ΛE1::E5

X
i

Z
t

−∞
dt0 sinðEiðt− t0ÞÞ

×
Y
j≠i

cosðEjðt− t0ÞÞ: ð2:41Þ

When we sit on a pole where Etot − 2Ei − 2Ej, there is a
nonoscillatory contribution to the integrand such that the
integral diverges at t → −∞. This is a reflection of the fact
that there is now an on-shell process that changes the
classical distribution. Specifically, our Gaussian state jni is
not a stationary configuration in the presence of these
interactions. Instead, the particles can now scatter, exchang-
ing energy, momentum, and even particle number. Given an
infinite amount of time to interact, we should expect the
final distribution of particles to be a stationary configura-
tion, e.g., a thermal distribution. Stationary states do not
normally exhibit the long-range correlations of the quantum
vacuum fluctuations.5

We should therefore create the initial Gaussian state at a
finite time in the past, ti < t, such that the distribution at
time t is only weakly non-Gaussian. For simplicity, we
return to the bispectrum

hϕðt; k⃗1Þϕðt; k⃗2Þϕðt; k⃗3Þic
¼ μ

16k1k2k3

�
3ð1 − cosðktΔtÞÞ

kt
ð2:42Þ

þ
�
1− cosððk1−k2−k3ÞΔtÞ

k1−k2−k3
þpermutations

��

ð2:43Þ

whereΔt ¼ t − ti. Unlike a mass or width which moves the
poles to complex momenta, now we see that there are no
poles at all. Instead, when we take k1 → k2 þ k3

μ

16k1k2k3

1 − cos ððk1 − k2 − k3ÞΔtÞ
k1 − k2 − k3

→
μ

32ðk1 þ k2Þk2k3
ðΔtÞ2ðk1 − k2 − k3Þ; ð2:44Þ

which vanishes as k1 − k2 − k3 → 0. This correlator gets its
largest contribution when ðk1 − k2 − k3Þ ≈ Δt−1 and is
enhanced relative to the total energy pole by a factor
Δtkt. As a result, the signal in the folded configurations will
still dominate over the equilateral [82], much like the
cosmological setting [35],. This is consistent with more
general expectation about the perturbative structure of
cosmological correlators. On general grounds, even the

total energy pole is expected to vanish for cosmological
correlators in a UV complete theory [38,83]. Yet, in
perturbation theory the poles accurately capture the observ-
able signals [84].

III. PARTICLE DETECTORS AND THE
IN-IN FORMALISM

The structure of in-in correlation in flat space is largely
the same as in (quasi-)de Sitter space. However, without
cosmological particle production, we do not have an
obvious interpretation of the correlator in terms of some
physical process. One might worry that this is some
mathematical device that lacks a physics reality outside
of cosmology. In this section, we will show how the in-in
correlator arises in physical models of particle detection.
This will allow us to give a clear physical meaning to the
flat space correlators and their poles.

A. Unruh–de Witt detectors

We will first review the Unruh-de Witt (UdW) model for
particle detection. The central idea is that we have a single
qubit that registers whether or not there was a particle in
some localized region of space-time. To do so, we place it
in the zero-state initially (j0is). We then couple this qubit to
our field, ϕðx⃗; tÞ, for some finite amount of time and inside
some localized region of space. After we turn off the
coupling to ϕ, we should have a nonzero probability of
finding our qubit in the one-state, j1is, if there was a
particle (or were particles) in the detector while it was on.
We implement this model by introducing an interaction

Hamiltonian that couples our qubit to ϕ. Following [56],
the detector is described by a Hamiltonian

HD ¼ λϵðtÞ
Z

d3xϕðx⃗; tÞ½ψðx⃗Þŝþ ψ�ðx⃗Þŝ†�; ð3:1Þ

where λ is the coupling constant, ϵðtÞ is a function that
defines how we turn on/off the detector, and ψðx⃗Þ is a
function that defines the spatial resolution of our detector
such that ψðxÞ vanishes outside the detector. The detector
state is defined by

ŝj0is¼ ŝ†j1is¼ 0; ŝ†j0is ¼ j1is; ŝj1is ¼ j0is; ð3:2Þ

and the free field is again given by

ϕðx⃗; tÞ ¼
Z

d3k
ð2πÞ3

1ffiffiffiffiffi
2k

p eik⃗·x⃗½a†
−k⃗
eikt þ ak⃗e

−ikt�: ð3:3Þ

Even though we are giving a quantum description of the
detector, the fluctuations of field ϕ may be quantum or
classical.
Let us check that, at leading order in λ, this detector

works as promised. We will put the scalar field into a single
particle state

5We are not claiming long-range correlations are impossible in
general, but the consistent appearance of these poles in pertur-
bation theory suggests that it does not arise from a generic local
Hamiltonian near a Gaussian fixed point.
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jϕ1ðy⃗; t0Þi ¼ ϕðy⃗Þj0i

¼
Z

d3p
ð2πÞ3 e

−ip⃗·y⃗fðp; t0Þa†p⃗j0i; ð3:4Þ

where fðp; tÞ ¼ eipt=
ffiffiffiffiffiffi
2p

p
as before. If we now turn on the

detector interaction, the probability for finding an excited
detector at leading order, Oðλ2Þ, is

P1 ¼ jA1;1→0j2 þ jA1;1→2j2 ð3:5Þ

where

A1;1→0 ¼ h0jλ
Z

dtϵðtÞ
Z

d3xψ�ðx⃗Þ

×
Z

d3p
ð2πÞ3 e

ip⃗·ðx⃗−y⃗Þf�ðp; tÞfðp; t0Þj0i ð3:6Þ

¼ λ

Z
dtϵðtÞ

Z
d3xψ�ðx⃗ÞGFðx⃗; t; y⃗; t0Þ ð3:7Þ

and

A1;1→2 ¼ h2jλ
Z

dtϵðtÞ
Z

d3xψ�ðx⃗Þ

×
Z

d3p
ð2πÞ3 e

ip⃗·ðx⃗−y⃗Þϕð−p⃗; tÞϕ0ðp⃗Þa†pj0i ð3:8Þ

¼λ

Z
dtϵðtÞ

Z
d3xψ�ðx⃗Þh2jϕðx;tÞϕðy;t0Þj0i: ð3:9Þ

The first term A1;1→0 is the amplitude that the particle at y⃗
and time t0 is absorbed at time t in the detector located at x⃗.
This term captures the physics of interest, namely the
detection of the particle that we put in the initial state. The
second term A1;1→2 is the probability that the detector
creates an antiparticle6 from the vacuum while registering a
particle in the detector. This contribution is not the
detection of our initial particle, but is the detection of a
particle created from the vacuum by the detector.
One important aspect of the UdW detector is that it

shows concretely that the act of measuring the field ϕ
changes the state of the system. In particular, if we try to
measure a particle in the vacuum (of the free theory), a
nonzero amplitude for exciting the detector (at order λ)
requires the creation of an antiparticle. We can see this, in
analogy with Eq. (3.4), by projecting onto a 1-particle final
state,

A1;0→1 ¼ λ

Z
dtϵðtÞ

Z
d3xψðx⃗Þh1jϕðx; tÞj0i: ð3:10Þ

We can interpret this as follows: the act of performing the
measurement absorbs a particle from a particle-antiparticle
pair, creating an outgoing antiparticle of equal and opposite
momentum in the process. Importantly, it is the act of
localizing the measurement in time and space that provides
the energy and momentum needed to excite the vacuum.
This explanation coincides with our intuition from the
uncertainty principle.
To confirm the interpretation, let us consider what

happens as we change the function ϵðtÞ to be less localized
in time, thus corresponding to smaller energies by the
uncertainty principle. If we create the one-particle state at a
time t0 < 0 and measure at t ≈ 0 with

ϵðtÞ ¼ 1ffiffiffiffiffiffi
2π

p
σt
e−t

2=ð2σ2t Þ ψðx⃗Þ ¼ δðx⃗Þ; ð3:11Þ

then the amplitude becomes

A1;0→1 ¼ λ

Z
dtϵðtÞ 1

2Ek⃗

eiEk⃗t ¼ λ

2Ek
e−E

2

k⃗
σ2t =2: ð3:12Þ

This is, again, nothingmore than the uncertainty principle, as
our resolution in energy is inversely proportional to our
resolution in time, σE ∝ σ−1t . Given that we start in the
vacuum (zero energy), we must have a large uncertainty in
energy to create particles. For example, if we were to work
with massive particles such that Ek⃗ ≥ m for all k⃗, the
probability of finding a particle in the vacuum is exponen-
tially suppressed unless σE ≫ m or, equivalently, σt ≪ 1=m.

B. Particle detection and cosmological correlators

Now suppose we want to measure correlations of
these vacuum fluctuations using our particle detector.7

We can imagine placing N UdW detectors at distinct
points in space x⃗i such that the detectors do not overlap,
ψðx⃗ − x⃗iÞψðx⃗ − x⃗jÞ ¼ 0 for i ≠ j. Furthermore, we will
assume that ϵðtÞ is sufficiently localized in time such that
the detectors are all spacelike separated when they are on.
We denote jΩi as the interacting vacuum of ϕ when λ ¼ 0,
so that the amplitude for all N detectors to be in the j1is
state and for ϕ to remain in the vacuum is

AN;Ω ¼
�Y

i

Z
dt0id

3x0iλϵðt − t0iÞψðx⃗i − x⃗0iÞ
�

× hΩjϕðt01; x⃗01Þ::ϕðt0N; x⃗0NÞjΩi þ local: ð3:13Þ

We see that this amplitude is proportional to the in-in
correlator, convolved with the detector. Because the detec-
tors are spacelike separated, from Eq. (2.1) we see that any

6The real scalar ϕ is its own antiparticle, but this distinction is
helpful for gaining intuition. See the Appendix for more details.

7Here we are using particle detectors in flat space, but it is
interesting to also consider these detectors as a probe of inflation
directly [85].
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additional terms associated with the commutator of the
interaction Hamiltonian Hint with the detector Hamiltonian
HD will give purely local terms (i.e., these contributions are
equivalent to field redefinitions of ϕ and do not produce a
total energy pole). We can write this in terms of the in-in
correlation function in fourier space as

AN;Ω ¼
�
λN

Y
i

Z
dt0id

3kie−ik⃗i·ðx⃗i−x⃗i
0Þϵ̃ðt − t0iÞψ̃ðk⃗iÞ

�

× hΩjϕðt01; k⃗1Þ::ϕðt0N; k⃗NÞjΩi ð3:14Þ

where we used the notation where ψ̃ðk⃗Þ is the fourier
transforms of ψðx⃗Þ. We see that the fourier modes that
contribute to this amplitude are only those that appear in the
detector itself via ψ̃ðkÞ.
In the case where ϵðtÞ ≈ δðtÞ and ψðx⃗Þ ≈ δðx⃗Þ with

t0i → t, the amplitude becomes proportional to the equal
time in-in correlator in position space:

AN;Ω → λNhΩjϕðt; x⃗1Þ::ϕðt; x⃗NÞjΩi: ð3:15Þ

For quantum vacuum fluctuations, the amplitude for three
coincident particles becomes

A3;Ω ¼ λ3hϕðx⃗1; tÞϕðx⃗2; tÞϕðx⃗3; tÞi ð3:16Þ

¼ −λ3
μ

4

�Y
i

Z
d3ki
ð2πÞ3 e

ik⃗i·x⃗i

�

×
1

ðk1 þ k2 þ k3Þ
ð2πÞ3δðk⃗1 þ k⃗2 þ k⃗3Þ ð3:17Þ

¼ −λ3
μ

4

Z
d3k1
ð2πÞ3 e

ik⃗1·x⃗13

×
Z

d3k2
ð2πÞ3 e

ik⃗2·x⃗23
1

ðk1 þ k2 þ k3Þk1k2k3
; ð3:18Þ

where we defined x⃗ij ≡ x⃗i − x⃗j. In order to make the k⃗i
integrals manageable, let us assume x2 is far from x1 and x3
so that x13 ≪ x23. We can then expand in k1 ≈ k3 ≫ k2 to
find

hϕðx⃗1; tÞϕðx⃗2; tÞϕðx⃗3; tÞi

≈ −
μ

4

Z
d3k1
ð2πÞ3 e

ik⃗1·x⃗13

Z
d3k2
ð2πÞ3 e

ik⃗2·x⃗23
1

2k31k2
ð3:19Þ

≈
μ

32π4
log x13
x223

: ð3:20Þ

For comparison, the two-point function of the massless
field ϕ will fall off like 1=x2 (ϕ is dimension one in 3þ 1
dimensions). As we separate the detectors, it is important

that the contribution to the amplitude will decay with the
same power of the distance as it would in the free theory.
In contrast, let us see what happens to the detector in the

presence of classical fluctuations. We again take the in-in
three-point function and we will focus on the contribution
from a physical pole (the total energy pole we give the same
result as the quantum theory),

hϕðx⃗1; tÞϕðx⃗2; tÞϕðx⃗3; tÞic
⊃

μ

16

�Y
i

Z
d3ki
ð2πÞ3 e

ik⃗i·x⃗i

�
1

k1k2k3ðk1 þ k2 − k3Þ
× ð2πÞ3δðk⃗1 þ k⃗2 þ k⃗3Þ

⊃
μ

16

Z
d3k1
ð2πÞ3 e

ik⃗1·x⃗13

×
Z

d3k2
ð2πÞ3 e

ik⃗2·x⃗23
1

k1k2k3

1

k1 þ k2 − k3
; ð3:21Þ

where in the second line k3 ¼ jk⃗1 þ k⃗2j. Again we will
assume the point x2 is far from x1 and x3. As such we
consider the limit x13 ≪ x23 by expanding in k1 ≈ k3 ≫ k2,

hϕðx⃗1; tÞϕðx⃗2; tÞϕðx⃗3; tÞic
≈

μ

16

Z
d3k1
ð2πÞ3 e

ik⃗1·x⃗13

Z
d3k2
ð2πÞ3 e

ik⃗2·x⃗23
1

k21k
2
2ð1 − cos θÞ

ð3:22Þ

≈
μ

64π4
1

x13x23

�
− log

�
θ2min

2

�
fðx̂23 · x̂13Þ

�
; ð3:23Þ

where θmin is the minimum angle between k⃗1 and k⃗2 and
fðx̂23 · x̂13Þ is a function of the angle between x⃗13 and x⃗23
with fð1Þ ¼ 1. This formula is noteworthy for two reasons:
first, it has a pole as x13 → 0 which enhances the size of the
non-Gaussian signal. Second, it falls off more slowly than
the Gaussian two-point function and will therefore give the
dominant contribution to any long distance correlations.

C. Classical interpretation

We have seen how the detector model provides a
physical interpretation of the quantum in-in correlators.
For quantum fluctuations, we can naturally understand the
role of the detector in exciting the vacuum and giving rise to
particles. The uncertainty principle tells us that localizing a
measurement in time will mean that we are no longer in an
energy eigenstate (in this case, the vacuum). This is an
inevitable feature of a quantum-measurement involving an
operator that does not commute with the Hamiltonian.
Stated this way, it is the interpretation of the classical

measurement that requires explanation. Classical measure-
ments do not have to disturb the state and therefore the
response of our detector should be a fundamental property
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of the classical system. On the other hand, our derivation of
the amplitude for exciting the detector did not assume the
in-in correlator was calculated in the vacuum and would be
equally applicable in the classical limit using

hϕðk⃗1Þ::ϕðk⃗NÞic ¼ lim
n→∞

2Imhnjϕðk⃗1Þ::ϕðk⃗NÞ

×
Z

t
dt0Hintðt0Þjni: ð3:24Þ

For this to be consistent with something classical, it must be
how we interpret the state of the detector that has to change.
For states close to the quantum vacuum, we demonstrate
that the UdW detector is designed to be excited when a
particle is present in the initial state. In the classical case,
we have lots of particles in the initial state, even in the
absence of fluctuations, and therefore the response of the
detector to this state requires more care.
Consider what happens as we evolve the state jni in the

presence of the detector Hamiltonian, HD. Working to
linear order in λ, we get at time t,

j0isjni → j0isjni þ iλj1is
Z

d3xψðxÞϕ̂ðx⃗; tÞjni ð3:25Þ

¼ j0isjni þ iλj1is
Z

d3k
ð2πÞ3

ψð−k⃗Þffiffiffiffiffiffiffiffi
2Ek

p

×
�
eikt

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n−k⃗ þ 1

q
jn−k⃗ þ 1ijn̂;−k⃗i

þ e−ikt
ffiffiffiffiffi
nk⃗

p jnk⃗ − 1ijn̂; k⃗i
�
: ð3:26Þ

The second term shows that the detector will register a
“particle” for both an increase and decrease in the total
number of particles. In addition, we notice that in the limit
nk → ∞, this is approximately

lim
n→∞

j0isjni

→ j0isjniþ iλj1is
Z

d3k
ð2πÞ3

ψð−k⃗Þffiffiffiffiffiffiffiffi
2Ek

p ffiffiffiffiffi
nk

p
cosðktÞjni: ð3:27Þ

Concretely, our state is responding to the classical (real)
oscillations of ϕ around the mean density.
In the free theory, there was no problem working in this

very carefully defined excited state, jni. Including inter-
actions not only produces higher-point correlations, it also
takes the state away from the static initial state we took in
the Gaussian theory. Since the detectors are essentially
registering changes in the state away from the Gaussian
initial state, this classical evolution alone should be
sufficient to excite the detectors. Evolving the state accord-
ing the interacting Hamiltonian, we find

jni → jni þ
Z

dt0Hintðt0Þjni ð3:28Þ

¼ jni þ μ

3!

Z
dt0

Z
d3xϕ3ðx⃗; t0Þjni ð3:29Þ

¼ jni þ μ

3!

Z
dt0

�Y
i

Z
d3ki
ð2πÞ3

1ffiffiffiffiffiffiffiffiffi
2Eki

p
×
�
eikit

0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n−k⃗i þ 1

q
jn−k⃗i þ 1ijnk⃗ii ð3:30Þ

þ e−ikit
0 ffiffiffiffiffiffi

nk⃗i
p jnk⃗i − 1ijn−k⃗iiÞ

�
δð3Þ

�X
i

k⃗i

�

× jn̂; k⃗1; k⃗2; k⃗3;−k⃗1;−k⃗2;−k⃗3i: ð3:31Þ

We see that the time evolution of state changes the number
(density) of particles of different momenta. This change to
the density is precisely of the form that our UdW detector
will register as a “particle.” Classically, the detector is not
responsible for exciting the fluctuations, those were already
created by the classical-time evolution of ϕ.
An additional confusion with this description is the

meaning of the total energy pole. The poles at physical
momenta capture the decay of the particles in the initial
state which leads to density fluctuations by changing the
number densities of particles with different momenta. The
total energy pole does not have such a simple description
classically. In the quantum theory, we interpreted this pole
as a violation of energy conservation, via the uncertainty
principle, which would be forbidden in a classical theory.
However, the quantum interpretation was needed because
the quantum vacuum is an energy eigenstate of the full
interacting Hamiltonian. In contrast, what we see in
Eq. (3.31) is that the state jni is not a stationary state of
the classical Hamiltonian. In the presence of the interaction,
the system wants to evolve towards equilibrium as
explained in Sec. II C 2. The total energy pole is therefore
not a violation of energy conservation but a reflection that
our classical probabilistic system included states of differ-
ent energies initially.

IV. DETECTOR ENTANGLEMENT

Entanglement has become an increasingly valuable
probe of fundamental physics. It can reveal the structure
of quantum field theories and states of matter in flat space
[71]. In curved space times, it is central to our under-
standing of black holes [86–88] and particle production
[89]. Entanglement is even thought to encode the causal
structure of spacetime itself [90–92].
In the quantum field theory, the entanglement entropy in

vacuum is expected to follow an area law [69,70], while it
should scale as volume in a generic excited state. This
offers a different starting point for understanding the nature
of the quantum vacuum than the structure of poles in
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cosmological correlators. In this section, we will explore to
what degree these properties are related.
In order to make the comparison, we will consider N

UdW detectors and some free field ϕ such that the state of
the detectors is

jΨϕ;UdWi ¼ ð1 − CÞj0figi − i
X
j

ΦjjΩij1j; 0fi;ĵgi

−
X
j;k

ΦjΦkjΩij1j1k; 0fi;ĵ;k̂gi þOðλ3Þ; ð4:1Þ

where Φi ¼ λ
R
dtϵiðtÞ

R
d3xψ iðx⃗Þϕðx⃗; tÞ, C is a normali-

zation constant, and the detector states are defined by

j1j; 0fi;ĵgi≡ ŝ†j j0isj⨂‘
i≠j

j0isi ;

j1j1k; 0fi;ĵ;k̂gi≡ ŝ†j j0isk ⊗ ŝ†kj0isk ⨂
i≠j;k

j0isi : ð4:2Þ

This setup is the N-particle generalization of the detector
configuration described in [59,60].
We will be interested in understanding the entanglement

of the individual detectors as a probe of the state of ϕ.
As the detectors already encode the cosmological correla-
tors, this offers a simple approach to connecting these
correlations with the entanglement. Our approach will be
qualitatively similar to entanglement harvesting [64,65].
However, given our cosmological motivations, we will not
be interested in whether the detectors themselves are in a
uniquely quantum state (cosmological observations are
always classical after all). Instead we want to use it as a
probe of the quantum nature of ϕ itself.
We will assume that we know that ϕ is in the interacting

vacuum. This is a useful assumption as we can project the
state in Eq. (4.1) onto the vacuum, so that the state of the
detector becomes

jΨUdWi≡ hΩjΨϕ;UdWi
¼ ð1 − CÞj0figi −

X
j;k

hΩjΦþ
i Φ

þ
j jΩij1j1k; 0fi;ĵ;k̂gi

þOðλ3Þ: ð4:3Þ

As a theoretical tool, this projection has the advantage that it
leaves the detectors in a pure quantum state. In other words,
we have projected onto the product state so that the density
matrix takes the form ρϕ;UdW ¼ ρUdW ⊗ jΩihΩj. As a result,
the entanglement between the detector and the field degrees
of freedom has been set to zero, Sdetector ¼ Sϕ ¼ 0. Note that
this procedure does not represent a true measurement, as the
purpose of the detectors is to measure the state of the fieldϕ,
which we presumably not know directly.

A. Position space entanglement

First, we will assume that each detector is localized at a
point in space-time so that the detector is described by
ψ iðx⃗Þ ≈ δðx⃗ − z⃗iÞ for some point z⃗i and ϵðtÞ ≈ δðtÞ. Note
that with these choices, λ has units of distance. We now
want to use the entanglement between the UdW detectors
as a proxy for the entanglement in the underlying state of ϕ.
Having localized the detectors in space, it is natural to
consider entanglement between the detectors localized in
two regions A and B.
For simplicity, let us take the region A as a sphere of

radius R and B ¼ Ā is the region outside the sphere. Now
we want to define the state of the detectors located inside A
and B, x⃗i ∈ A and y⃗j ∈ B, as follows:

j0; 0i≡ j0figi; ð4:4Þ

jfx⃗ng; 0i≡ j1x⃗1 ::1x⃗n ; 0fi;x̂1;…;x̂ngi; ð4:5Þ

j0; fy⃗Ngi≡ j1y⃗1 ::1y⃗N ; 0fi;ŷ1;…;ŷNgi; ð4:6Þ

jfx⃗ng; fy⃗Ngi≡ j1x⃗1 ::1x⃗n ; 1y⃗1 ::1y⃗N ; 0fi;x̂1;…;x̂n;ŷ1;…;ŷNgi ð4:7Þ

so that

jΨUdWi ¼ j0; 0i þ
X

fxng≠∅
afx⃗ngjfx⃗ng; 0i

þ
X

fy⃗Ng≠∅
bfy⃗Ngj0; fy⃗Ngi

þ
X

fx⃗ng;fy⃗Ng≠∅
cfx⃗ng;fy⃗Ngjfx⃗ng; fy⃗Ngi: ð4:8Þ

The entanglement between A and B can be determined
from reduced density matrix of the detectors in A (inside
the sphere) tracing over the detectors in B (outside the
sphere). The contributions from afx⃗ng and bfy⃗Ng can be
removed by a change of basis (as they do not entangle
detectors in A with detectors in B). The contribution to a
nontrivial density matrix comes instead from

ρfx⃗ng;fx⃗mg ¼
X
fy⃗Ng

cfx⃗ng;fy⃗Ngc
†
fx⃗mg;fy⃗Ngjfx⃗ngihfx⃗mgj: ð4:9Þ

In the free theory, these coefficients are determined by
Wick contractions alone,

cfx⃗ng;fy⃗Ng ¼
Y
i;j

hΦx⃗iΦy⃗ji þ permutations: ð4:10Þ

For a massive theory, these two-point functions are expo-
nentially suppressed and therefore

cx⃗i;y⃗j ∝ e−mjx⃗i−y⃗jj: ð4:11Þ
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Any nontrivial entanglement between the detectors in A
and B will therefore be exponentially suppressed as well.
For massless fields, correlations scale like powers for the

distance and thus are more entangled than the massive case.
Expanding in λ, the leading contribution is from

cx⃗i;y⃗j ¼ hΦx⃗iΦy⃗ji ¼
λ2

jx⃗i − y⃗jj2
; ð4:12Þ

where we assumed we are in 3þ 1 dimensions. The key
question we want to understand is how B and A are
entangled. We are particularly interested in how the
reduced density matrix of the detectors within A depends
on their proximity to the boundary with B. In massive
quantum field theory (QFT), entanglement is short ranged
and is responsible for the famous area law in the quantum
vacuum. We now want to understand what happens for the
range of entanglement of our detectors. For massive fields,
the exponential decay of the two-point correlators ensures
the entanglement is short range.
To understand the range of entanglement of the detectors

for massless ϕ, we will consider a small number of
localized detectors with A entangled with detectors in B.
The simplest such possibility is two detectors, one in A and
one in B. The state jΨUdWi of these detectors gives us a
density matrix at Oðλ4Þ

ρðABÞ ¼

0
BBB@

1 − c2x⃗;y⃗ 0 0 −cx⃗;y⃗
0 0 0 0

0 0 0 0

−cx⃗;y⃗ 0 0 c2x⃗;y⃗

1
CCCA; ð4:13Þ

where the matrix indices are j0x⃗0y⃗i, j1x⃗0y⃗i, j0x⃗1y⃗i and
j1x⃗1y⃗i. This is, of course, the density matrix of a pure state.8

Tracing over B produces the reduced density matrix for the
detector in A,

ρðAÞ ¼ TrBρðABÞ ¼
� 1 − c2x⃗;y⃗ 0

0 c2x⃗;y⃗

�
; ð4:14Þ

and entanglement entropy

SAent ¼ −TrρðAÞ log ρðAÞ

¼ −c2x⃗;y⃗ðlog c2x⃗;y⃗ − 1Þ þOðλ6Þ: ð4:15Þ

We see that in the limit y → ∞, holding x⃗ fixed,
SAent ∝ y−4 log y → 0.

Now let us consider the generalization of this case where
we take a single detector in A at location x⃗ with a large
number of detectors in B,NB, that are uniformly distributed
in space. The entanglement between any detector in A and
any detector in B is the same as our above example, such
that the reduced density matrix is again diagonal with ρ00 ¼
1 − ρ11 and

ρ11 ≈ λ4
X
y⃗j

1

jx⃗ − y⃗jj4
: ð4:16Þ

First let us place the detector in A near then center of the
sphere so that x ≪ R. Using the large NB limit to replace
the sum by an integral, the leading contribution to the
reduced density matrix becomes

ρ11 ≈
4πλ4NB

V

Z
∞

R
r2dr

1

r4
¼ 4πλ4

R
nB; ð4:17Þ

where nB ¼ NB=V is the number density of detectors in B.
In contrast, a point near the boundary gets a much larger
contribution. For example, if x ≈ R we can write

ρ11 ≈
2πλ4NB

V

Z
∞

1=Λ
r2dr

1

r4
¼ 2πλ4ΛnB; ð4:18Þ

where Λ−1 is the smallest distance between a detector in B
and x⃗. So far, the entanglement of a few detectors inside A,
for a free theory of ϕ, are consistent with the intuition that
entanglement mostly arises from a point near the boundary
of A, or that entanglement in the vacuum is short ranged.9

Now we would like to understand how the range of
entanglement changes with interactions. We will again
focus on the cases where the underlying QFT has a
nontrivial three-point function. The contributions of interest
will arise from entanglement induced between a single
detector in x⃗ ∈ A, now with two detectors in B at positions
y⃗1 and y⃗2. The interaction introduces a nontrivial amplitude
for exciting the three detectors simultaneously,

cx⃗;fy⃗1;y⃗2g ¼ λ3hΩjΦðx⃗ÞΦðy⃗1ÞΦðy⃗2ÞiΩi; ð4:19Þ

where we have used Eq. (3.16) to relate the in-in correlator
and the entanglement between detectors. This contribution
to the state of the detectors is illustrated in Fig. 2. Tracing
over the detectors in B we arrive again at a diagonal density

matrix for the single detector in A with ρðAÞ00 ¼ 1 − ρðAÞ11 , but
now with

8Notice this density matrix differs from those in similar two-
detector models as in [59,60]. The difference arises because we
have projected onto the ground state of ϕ to arrive at a pure state,
rather than tracing over ϕ, which results in a mixed state.

9We can also repeat this argument for generalized free field
(e.g., [93]) by substituting jx⃗ − y⃗j−2 → jx⃗ − y⃗j−2Δ in Eq. (4.12),
where Δ is the scaling dimension of the operator. It is interesting
to note that the unitarity bound Δ ≥ 1 ensures that entanglement
of the detectors is short ranged.
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ρðAÞ11 ¼ c2x⃗;y⃗1 þ c2x⃗;y⃗2 þ c2x⃗;fy⃗1;y⃗2g: ð4:20Þ

Since the three-point functions are different for classical and
quantum statistics of ϕ, we must consider the entanglement
separately as well. First, we consider the case where ϕ is in
the interacting (quantum) vacuumwith a nonzero three-point
function given byEq. (3.20).We are specifically interested in
the case where x⃗ is located near the center of the sphere
and the two detectors of B are close together so that
jy⃗1 − y⃗2j ≪ jx⃗ − y⃗1j ≈ jx⃗ − y⃗2j. In this limit, we find

cðquantumÞ
x⃗;fy⃗1;y⃗2g ≈ λ3

μ

32π4
log jy⃗1 − y⃗2j
jx⃗ − y⃗1j2

: ð4:21Þ

We notice that the contribution from the interaction is
suppressed relative to the contribution from the free theory.
Concretely, in the limit y1; y2 → ∞, we find the scaling
behavior

cðquantumÞ
x⃗;fy⃗1;y⃗2g ∝ λ3μy−21 ≪ cx⃗;y⃗1 ∝ λ2y−21 ; ð4:22Þ

where we used μλ ≪ 1, which is required for perturbative
control. The entanglement in regionA is therefore dominated

by the free theory and is again short ranged. This is consistent
with our expectations from QFT.
Now let use consider the classical (excited) state for ϕ

where the three-point correlator is given by Eq. (2.32).
When we compute the reduced density matrix with the
detectors again near the center of the sphere, we can use
Eq. (3.23) to find

cðclassicalÞx⃗;fy⃗1;y⃗2g ≈ λ3
μ

64π4
1

jx⃗ − y⃗1jjy⃗1 − y⃗2j

×

�
− log

�
θ2min

2

�
fðx̂ · ŷ12Þ

�
; ð4:23Þ

where y⃗12 ¼ y⃗1 − y⃗2, and x̂ and ŷ12 are the unit vectors
associated with x⃗ and y⃗12. We again take the limit in the
limit y1; y2 → ∞ but instead find

cðclassicalÞx⃗;fy⃗1;y⃗2g ∝ λ3μy−11 jy⃗1 − y⃗2j−1 ≫ cx⃗;y⃗1 ∝ λ2y−21 : ð4:24Þ

The range of entanglement is clearly increased by the
interaction. Furthermore, if we were to repeat the calcu-
lation in Eq. (4.17) with a large number of detectors in B,
the integrals would no longer converge. This long-range
entanglement between detectors at large distances for the
classical case, which is absent in the quantum vacuum, is
suggestive of the area versus volume law behavior known
to distinguish the two cases.
This difference between classical and quantum correla-

tors also manifests itself in the relative entropy [94], a
measure of distance between two states. Since we are
interested in distinguishing the quantum vacuum from the
classical (excited) state, consider the relative entropy for
detector A, SðρAjρ0AÞ ¼ trρA log ρA − trρA log ρ0A, where ρA
is the density matrix for detector A in the quantum vacuum
and ρ0A is the same density matrix in a classical state. Here
we can write ρ0A ¼ ρA þ δρ, where

δρ ¼

0
B@ ðcðclassicalÞx⃗;fy⃗1;y⃗2g Þ2 − ðcðquantumÞ

x⃗;fy⃗1;y⃗2g Þ2 0

0 −ðcðclassicalÞx⃗;fy⃗1;y⃗2g Þ2 þ ðcðquantumÞ
x⃗;fy⃗1;y⃗2g Þ2

1
CA: ð4:25Þ

Since both ρA and δρ are diagonal, ½ρA; δρ� ¼ 0, we can
expand the relative entropy

SðρAjρ0AÞ ¼ trρA log ρA − trρA log

�
ρA þ ρ−1A δρ −

1

2
ρ−2A δρ2

�

ð4:26Þ

¼ 1

2
trρ−1A δρ2: ð4:27Þ

As a result, the leading-order contribution to the relative
entropy is

SðρAjρ0AÞ ¼
c−2x⃗;y⃗
4

ððcðclassicalÞx⃗;fy⃗1;y⃗2g Þ2 − ðcðquantumÞ
x⃗;fy⃗1;y⃗2g Þ2Þ2: ð4:28Þ

This provides further confirmation that the difference
between correlators manifests itself a robust difference in
the states of the detectors used to observe them.

FIG. 2. Entanglement between detector in region A, located at
x⃗, and two detectors in B, located at y⃗1 and y⃗2, produced by the
three-point interaction Hint ¼ μϕ3. Time runs in the vertical
direction such that the correlation between detectors on the equal
time surface is due to interactions in the past.
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B. Momentum space detectors and entanglement

Although entanglement is more often discussed in
position space, momentum space entanglement [95–100]
offers another useful window into the nature of cosmo-
logical correlators. Cosmological correlators are easier to
calculate and represent in momentum space. Likewise,
entanglement in momentum space is easier to calculate
because the vacuum of the free theory is a tensor product in
the momentum basis. As a result, entanglement between
states of different momenta is uniquely a property of the
interacting theory and thus is a window into the non-
Gaussian nature of the correlations.
A natural approach that combines these benefits is to

work with UdW detectors that register particles in specific
momentum eigenstates, rather than specific positions. We
can achieve this by modifying the detector response so that

ψ iðx⃗Þ ¼ e−ik⃗i·x⃗; ð4:29Þ
and therefore

Φi ¼ λϕðk⃗i; tÞ: ð4:30Þ
By measuring momentum eigenstates at a fixed time, our
detectors are responding to ϕðk⃗; tÞ which is precisely what
appears in our cosmological correlators.
Now we can again split our detectors into two groups, A

and B, where momenta k⃗ ∈ A and p⃗ ∈ B. We will define
group A as the detectors with momenta below a fixed
cutoff, ki ≤ Λ, and the B detectors have momenta above the
cutoff, pj > Λ. The state of the detectors is again repre-
sented in analogy with Eq. (4.8), now defining

j0; 0i≡ j0figi; ð4:31Þ

jfk⃗ng; 0i≡ j1k⃗1 ::1k⃗n ; 0fi;k̂1;…;k̂ngi; ð4:32Þ

j0; fp⃗Ngi≡ j1p⃗1
::1p⃗N

; 0fi;p̂1;…;p̂Ngi; ð4:33Þ

jfk⃗ng; fp⃗Ngi≡ j1k⃗1 ::1k⃗n ; 1p⃗1
::1p⃗N

; 0fi;k̂1;…;k̂n;p̂1;…;p̂Ngi:
ð4:34Þ

As a result, the state of our momentum detectors is given by

jΨUdWi¼j0;0iþ
X

fk⃗ng≠0
afk⃗ngjfk⃗ng;0iþ

X
fp⃗Ng≠0

bfp⃗Ngj0;fpNgi

þ
X

fk⃗ng;fp⃗Ng≠0
cfk⃗ng;fp⃗Ngjfk⃗ng;fp⃗Ngi: ð4:35Þ

In the free theory, the Hilbert space of ϕ can be decom-
posed into a tensor product over momentum eigenmodes
via the Fock space,H ¼⊗p⃗ Hp⃗. Since each detector is tied
only to a single momentum scale, the combined state of the

detectors in A and B with the fields are similarly described
by a tensor product in momentum space. More dramati-
cally, when we project onto the vacuum of ϕ, which is a
zero momentum state, we will find the detector is never
excited unless we have two detectors with equal and
opposite momentum (i.e., k and −k⃗ or p⃗ and −p⃗). This
reflects the fact that, in the free theory, measuring a particle
at momentum k⃗ or p⃗ requires the production of (anti-)
particles with momentum −k⃗ or −p⃗. Without a second
detector, this is a real particle and therefore is not in the
vacuum. Furthermore, since k and −k⃗ are in A and p⃗ and
−p⃗ are in B, we cannot generate entanglement between A
and B in the free theory. Therefore, We need interactions in
order to generate entanglement in momentum space.
We can easily determine the detector state in the interact-

ing theory for a single detector in A with momentum k⃗ and
two detectors in B with momenta p⃗1 and p⃗2. Like the free
theory, the quadratic terms vanish, ck;p⃗1

¼ck;p⃗2
¼cp⃗2;p⃗1

¼0,
such that the leading nontrivial contribution to the state is

ck⃗;fp⃗1;p⃗2g ¼ λ3hϕðk⃗; tÞϕðp⃗1; tÞϕðp⃗2; tÞi: ð4:36Þ

We can now trace over the detectors in B to arrive at a

diagonal reduced density matrix for A with ρðAÞ00 ¼ 1 − ρ11
and

ρðAÞ11 ¼ jck⃗;fp⃗1;p⃗2gj2: ð4:37Þ

Again, the entanglement entropy ofA is given in terms of this
single coefficient

SAent ¼ −TrρðAÞ log ρðAÞ

¼ −jck⃗;fp⃗1;p⃗2gj2ðlog jck⃗;fp⃗1;p⃗2gj2 − 1Þ þOðλ8Þ: ð4:38Þ

From Eq. (4.36), we see that the entanglement entropy is
determine by the in-in correlators.
Now we want to compare the nature of the momentum

space entanglement for our two types of statistics. These
are just our in-in correlatators in moemtnum space, so in the
quantum theory we have

cðquantumÞ
k⃗;fp⃗1;p⃗2g

¼ −λ3
μ

4kp1p2ðkþ p1 þ p2Þ
; ð4:39Þ

and in the classical theory

cðclassicalÞ
k⃗;fp⃗1;p⃗2g

¼ −λ3
μ

16kp1p2

�
3

kþ p1 þ p2

þ 1

k − p1 − p2

þ 1

p1 − k − p2

þ 1

p2 − k − p1

�
: ð4:40Þ

The presence of poles at physical momenta means that

SðAÞ;classicalent ≫ SðAÞ;quantument . This again reflects the underlying
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fact that creating a state with classical fluctuations intro-
duces much stronger correlations between scales than occur
in the vacuum.
We also note that, in this case, the structure of entangle-

ment of the UdW detectors in momentum space is propor-
tional to the entanglement of ϕ in momentum space [96].
The origin of this relationship is that entanglement in
momentum space is trivial in the free theory. Therefore, the
perturbative construction of the detector states is consistent
with the perturbative nature of the entanglement in the
vacuum. In position space, the reduced density matrix is
nontrivial in the free theory and is less naturally organized
as a perturbative expansion in correlators (although see e.g.,
[101–103] for developments).

V. CONCLUSIONS

The nature of the vacuum in quantum field theory is
unlike any classical statistical state. The quantum vacuum
is the lowest-energy state and therefore dictates that
fluctuations only have positive energies. This fact, built
into the structure of perturbative QFT, manifests itself in the
structure of correlation functions and gives rise to the LSZ
reduction formula relating correlators and S-matrix ele-
ments [53]. Classical (e.g., thermal) fluctuations are always
around a positive energy state and thus can both increase
and decrease the energy.
In cosmology, these kinds of vacuum fluctuation are

thought to be responsible for structure in the Universe. Yet,
it remains a viable possibility that structure arose from
thermal fluctuation [29–34]. One cannot perform experi-
ments on the state of the Universe to isolate their quantum
nature and resolve this question [16]. Instead, we must rely
on statistical properties of the initial conditions to infer how
structure was created. Concretely, it was proposed in [35]
that the difference in the analytic structure of correlators for
quantum and classical fluctuations is both completely
general and observable.
In this paper, we demonstrated that this proposed

cosmological Bell-like test has a flat space analog. The
same analytic structure seen in cosmological correlators
appears in both in-in and in-out correlators in flat space,
and is responsible for the LSZ reduction for quantum
vacuum correlators. For classical correlators, the additional
poles seen in inflationary correlators is a direct conse-
quence of scattering processes involving particles that are
necessarily present in the initial state.
The meaning of the in-in correlator is less clear in flat

space than it is in cosmology. In cosmology, we interpret
these correlators as a signal of cosmological particle
production. In flat space, the interacting (quantum) vacuum
is a well-defined energy eigenstate containing no particles
and, yet, has nonzero in-in correlations. Instead, we show
the flat space in-in correlator contributes to the amplitude
for exciting a localized (Unruh–de Witt) particle detector.
The particle production arises in flat space because of the

uncertainty principle: a particle detector that is sufficiently
localized in space and time to make such a measurement
breaks translations and excites particles from the vacuum.
We additionally show that one can use the entanglement
of these detectors as probes to the entanglement of the
underlying field.
Much is known about the unique properties of quantum

mechanical systems in flat space. Naturally one would hope
these insights could be applied to cosmology, particularly
in light of some analogous structure of the correlators. The
central challenge is that cosmological observables are
classical, for all practical purposes; one cannot simply
expose the quantum nature of cosmology through the direct
measurement of noncommuting observables. Yet, the
question of what kinds of initial conditions can only be
prepared in a quantum universe is closely related to the
problem of quantum state preparation on a quantum
computer. One might hope that intuition from quantum
computing could shed further light on cosmology, or vice
versa [104,105].
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APPENDIX: CLASSICAL HIDDEN VARIABLES
AND ANTIPARTICLES

In our classical in-in correlators, the appearance of poles
at physical momenta can be traced to the form of the causal
propagator,

Gðk; tÞ ¼ sinðktÞ
k

¼ 1

2ik
ðeikt − e−iktÞ: ðA1Þ

The appearance of both positive and negative frequency
modes in this expression is responsible for the additional
poles in the classical correlators. If we were to simply
remove the negative frequency term in this expression in
the limit t → 0 the propagator is nonanalytic in k,
Gðk; t ¼ 0Þ ∝ 1=k. This would imply a violation of cau-
sality as the propagator is nonzero at spacelike separated
points. This is the precise sense in which replicating the
quantum signal requires a nonlocal theory [1–3].
The need for a negative frequency mode in the causal

propagator is essentially the same reason that causality
demands antiparticles. To see this connection, we will work
with a complex scalar, φ, such that

φðx⃗; tÞ ¼
Z

d3k
ð2πÞ3

1ffiffiffiffiffi
2k

p e−ik⃗·x⃗½ak⃗e−ikt þ b†
−k⃗
eikt�: ðA2Þ
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In contrast to a real scalar, we have the option of setting
b−k⃗ ¼ 0 so that we propagate only positive frequency
modes.
To make sense of the classical case, we will consider the

quantum theory at large occupation number, as we did in
Sec. II A. Suppose the field ϕ is in an n particle and n
antistate at each momenta, as defined in Eq. (2.10).
Schematically, the field would act on this state as

φðk⃗; tÞjn;ni→Ae−iktjnk⃗−1;niþB�eiktjn;n−k⃗þ1i; ðA3Þ

φ̄ðk⃗; tÞjn;ni→A�eiktjn−k⃗þ1;niþBe−iktjn;nk⃗−1i; ðA4Þ

hn;njφðk⃗; tÞ→ hn;nk⃗−1jB�eiktþhn−k⃗þ1;njAe−ikt; ðA5Þ

hn;njφ̄ðk⃗; tÞ→ hn;n−k⃗þ1jBe−iktþhnk⃗−1;njA�eikt; ðA6Þ

where jn;mi is an n particle m antiparticle state, and A and
B are time-independent functions of k that are determined
by how ak⃗ and bk⃗ act on these states. Concretely, if B ¼ 0 it
would imply b and b† annihilate the state jn; ni.
Using how the operators act on the states, we can write

the two-point functions as

hφðk⃗; tÞφ̄ðk⃗0; t0Þi ¼ jBj2eikðt−t0Þhn; nk⃗ − 1jn; n−k⃗0 − 1i
þ jAj2e−ikðt−t0Þhnk⃗0 þ 1; njn−k⃗ þ 1; ni;

ðA7Þ

hφ̄ðk⃗; tÞφðk⃗0; t0Þi ¼ jAj2eikðt−t0Þhnk⃗ − 1; njn−k⃗0 − 1; ni
þ jBj2e−ikðt−t0Þhn; n−k⃗ þ 1jn; nk⃗0 þ 1i:

ðA8Þ

In the local model A ¼ B ¼ 1=ð ffiffiffiffiffi
2k

p Þ. We argued from the
structure of the causal Green’s function that B ¼ 0 is
nonlocal, which eliminates the possibility of locally propa-
gating only the positive frequency modes classically.
We can see the connection between B ¼ A, locality, and

antiparticles using time-order (in-out) correlators. We start
by noting that a† creates a positive energy state when acting
on the right and negative energy state when acting on the
left. However, since the time ordering can be changed by a
Lorentz boost, φ must create a positive energy state when
acting on either the right or the left. As a result, φ creates a
particle when acting on the right and an antiparticle when
acting on the left. This is only possible with jAj ¼ jBj.
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and the search for primordial non-Gaussianity beyond the
local type, J. Cosmol. Astropart. Phys. 04 (2017) 002.

[51] R. Flauger, D. Green, and R. A. Porto, On squeezed limits
in single-field inflation. Part I, J. Cosmol. Astropart. Phys.
08 (2013) 032.

[52] D.Baumann andD.Green, The power of locality: Primordial
non-Gaussianity at the map level, arXiv:2112.14645.

[53] H. Lehmann, K. Symanzik, and W. Zimmermann, On the
formulation of quantized field theories, Nuovo Cimento 1,
205 (1955).

[54] W. G. Unruh, Notes on black hole evaporation, Phys.
Rev. D 14, 870 (1976).

[55] S. W. Hawking and W. Israel, General Relativity: An
Einstein Centenary Survey (Cambridge University Press,
Cambridge, UK, 1979), p. 919, ISBN: 978-0-521-29928-2.

[56] W. G. Unruh and R. M. Wald, What happens when an
accelerating observer detects a Rindler particle, Phys.
Rev. D 29, 1047 (1984).

[57] G. Kaplanek and C. P. Burgess, Hot accelerated qubits:
Decoherence, thermalization, secular growth and reliable
late-time predictions, J. High Energy Phys. 03 (2020) 008.

[58] A. Valentini, Non-local correlations in quantum electro-
dynamics, Phys. Lett. A 153, 321 (1991).

[59] B. Reznik, Entanglement from the vacuum, Found. Phys.
33, 167 (2003).

[60] B. Reznik, A. Retzker, and J. Silman, Violating Bell’s
inequalities in the vacuum, Phys. Rev. A 71, 042104
(2005).

[61] S.-Y. Lin and B. L. Hu, Quantum entanglement, recoher-
ence and information flow in an accelerated detector—
Quantum field system: Implications for black hole
information issue, Classical Quantum Gravity 25, 154004
(2008).

[62] E. Martin-Martinez and N. C. Menicucci, Cosmological
quantum entanglement, Classical Quantum Gravity 29,
224003 (2012).

[63] Y. Nambu, Entanglement structure in expanding iniverses,
Entropy 15, 1847 (2013).

DANIEL GREEN and YIWEN HUANG PHYS. REV. D 106, 023531 (2022)

023531-18

https://doi.org/10.1103/PhysRevD.96.063501
https://doi.org/10.1103/PhysRevD.98.083535
https://doi.org/10.1103/PhysRevD.101.043511
https://doi.org/10.1103/PhysRevD.101.043511
https://doi.org/10.1007/978-3-030-46777-7_21
https://arXiv.org/abs/2107.06910
https://doi.org/10.1088/1475-7516/2021/10/052
https://doi.org/10.1088/1475-7516/2021/10/036
https://doi.org/10.1088/1475-7516/2021/10/036
https://arXiv.org/abs/2203.03505
https://doi.org/10.1103/PhysRevLett.75.3218
https://doi.org/10.1103/PhysRevLett.83.264
https://doi.org/10.1103/PhysRevLett.83.264
https://doi.org/10.1103/PhysRevD.80.063533
https://doi.org/10.1007/JHEP01(2012)075
https://doi.org/10.1088/1475-7516/2012/09/004
https://doi.org/10.1088/1475-7516/2012/09/004
https://arXiv.org/abs/1310.4531
https://arXiv.org/abs/1310.4531
https://doi.org/10.1103/PhysRevLett.124.251302
https://doi.org/10.1007/JHEP09(2011)045
https://doi.org/10.1007/JHEP09(2011)045
https://doi.org/10.1103/PhysRevD.85.126009
https://arXiv.org/abs/1503.08043
https://doi.org/10.1007/JHEP12(2016)040
https://doi.org/10.1007/JHEP04(2020)105
https://doi.org/10.1007/JHEP04(2020)105
https://arXiv.org/abs/1811.01125
https://arXiv.org/abs/1811.02515
https://doi.org/10.1007/JHEP12(2020)204
https://doi.org/10.1007/JHEP12(2020)204
https://doi.org/10.1088/1475-7516/2021/01/023
https://doi.org/10.21468/SciPostPhys.11.3.071
https://doi.org/10.21468/SciPostPhys.11.3.071
https://doi.org/10.1007/JHEP10(2021)001
https://doi.org/10.1007/JHEP10(2021)001
https://doi.org/10.1007/JHEP05(2022)077
https://doi.org/10.1007/JHEP05(2022)077
https://arXiv.org/abs/2106.05294
https://arXiv.org/abs/2203.08121
https://doi.org/10.1088/1475-7516/2017/04/002
https://doi.org/10.1088/1475-7516/2013/08/032
https://doi.org/10.1088/1475-7516/2013/08/032
https://arXiv.org/abs/2112.14645
https://doi.org/10.1007/BF02731765
https://doi.org/10.1007/BF02731765
https://doi.org/10.1103/PhysRevD.14.870
https://doi.org/10.1103/PhysRevD.14.870
https://doi.org/10.1103/PhysRevD.29.1047
https://doi.org/10.1103/PhysRevD.29.1047
https://doi.org/10.1007/JHEP03(2020)008
https://doi.org/10.1016/0375-9601(91)90952-5
https://doi.org/10.1023/A:1022875910744
https://doi.org/10.1023/A:1022875910744
https://doi.org/10.1103/PhysRevA.71.042104
https://doi.org/10.1103/PhysRevA.71.042104
https://doi.org/10.1088/0264-9381/25/15/154004
https://doi.org/10.1088/0264-9381/25/15/154004
https://doi.org/10.1088/0264-9381/29/22/224003
https://doi.org/10.1088/0264-9381/29/22/224003
https://doi.org/10.3390/e15051847


[64] G. Salton, R. B. Mann, and N. C. Menicucci, Acceleration-
assisted entanglement harvesting and rangefinding, New J.
Phys. 17, 035001 (2015).

[65] D. Hümmer, E. Martin-Martinez, and A. Kempf, Renor-
malized Unruh-DeWitt particle detector models for boson
and fermion fields, Phys. Rev. D 93, 024019 (2016).

[66] A. Pozas-Kerstjens and E. Martin-Martinez, Harvesting
correlations from the quantum vacuum, Phys. Rev. D 92,
064042 (2015).

[67] A. Sachs, R. B. Mann, and E. Martin-Martinez, Entangle-
ment harvesting and divergences in quadratic Unruh-
DeWitt detector pairs, Phys. Rev. D 96, 085012 (2017).

[68] L. J. Henderson, R. A. Hennigar, R. B. Mann, A. R. H.
Smith, and J. Zhang, Entangling detectors in anti-de Sitter
space, J. High Energy Phys. 05 (2019) 178.

[69] M. Srednicki, Entropy and Area, Phys. Rev. Lett. 71, 666
(1993).

[70] J. Eisert, M. Cramer, and M. B. Plenio, Area laws for the
entanglement entropy—A review, Rev. Mod. Phys. 82, 277
(2010).

[71] H. Casini and M. Huerta, Lectures on entanglement in
quantum field theory, arXiv:2201.13310.

[72] S.W. Hawking, Particle creation by black holes, Commun.
Math. Phys. 43, 199 (1975); 46, 206(E) (1976).

[73] S. Weinberg, Quantum contributions to cosmological
correlations, Phys. Rev. D 72, 043514 (2005).

[74] S. Weinberg, Quantum contributions to cosmological
correlations. II. Can these corrections become large?,
Phys. Rev. D 74, 023508 (2006).

[75] T. Banks and L. Mannelli, de Sitter vacua, renormalization
and locality, Phys. Rev. D 67, 065009 (2003).

[76] R. Holman and A. J. Tolley, Enhanced non-Gaussianity
from excited initial states, J. Cosmol. Astropart. Phys. 05
(2008) 001.

[77] I. Agullo and L. Parker, Non-Gaussianities and the
stimulated creation of quanta in the inflationary universe,
Phys. Rev. D 83, 063526 (2011).

[78] A. Ashoorioon and G. Shiu, A note on calm excited
states of inflation, J. Cosmol. Astropart. Phys. 03 (2011)
025.

[79] J. Ganc, Calculating the local-type fNL for slow-roll
inflation with a nonvacuum initial state, Phys. Rev. D
84, 063514 (2011).

[80] D. Chialva, Signatures of very high energy physics in the
squeezed limit of the bispectrum (violation of Maldacena’s
condition), J. Cosmol. Astropart. Phys. 10 (2012) 037.

[81] I. Agullo and S. Shandera, Large non-Gaussian halo bias
from single field inflation, J. Cosmol. Astropart. Phys. 09
(2012) 007.

[82] D. Babich, P. Creminelli, and M. Zaldarriaga, The shape of
non-Gaussianities, J. Cosmol. Astropart. Phys. 08 (2004)
009.

[83] J. Maldacena, D. Simmons-Duffin, and A. Zhiboedov,
Looking for a bulk point, J. High Energy Phys. 01 (2017)
013.

[84] K. M. Smith and M. Zaldarriaga, Algorithms for bispectra:
Forecasting, optimal analysis, and simulation, Mon. Not.
R. Astron. Soc. 417, 2 (2011).

[85] G. Kaplanek and C. P. Burgess, Hot cosmic qubits: Late-
time de Sitter evolution and critical slowing down, J. High
Energy Phys. 02 (2020) 053.

[86] D. N. Page, Information in Black Hole Radiation, Phys.
Rev. Lett. 71, 3743 (1993).

[87] A. Almheiri, T. Hartman, J. Maldacena, E. Shaghoulian,
and A. Tajdini, The entropy of Hawking radiation, Rev.
Mod. Phys. 93, 035002 (2021).

[88] R. Bousso, X. Dong, N. Engelhardt, T. Faulkner, T.
Hartman, S. H. Shenker, and D. Stanford, Snowmass
White Paper: Quantum aspects of black holes and the
emergence of spacetime, arXiv:2201.03096.

[89] J. Maldacena and G. L. Pimentel, Entanglement entropy in
de Sitter space, J. High Energy Phys. 02 (2013) 038.

[90] M. Van Raamsdonk, Building up spacetime with quantum
entanglement, Gen. Relativ. Gravit. 42, 2323 (2010).

[91] J. Maldacena and L. Susskind, Cool horizons for entangled
black holes, Fortschr. Phys. 61, 781 (2013).

[92] M. Rangamani and T. Takayanagi, Holographic Entangle-
ment Entropy, Lecture Notes in Physics (Springer,
New York, 2017), Vol. 931, pp. 1–246.

[93] A. Dymarsky, K. Farnsworth, Z. Komargodski, M. A.
Luty, and V. Prilepina, Scale invariance, conformality,
and generalized free fields, J. High Energy Phys. 02 (2016)
099.

[94] V. Vedral, The role of relative entropy in quantum
information theory, Rev. Mod. Phys. 74, 197 (2002).

[95] R. Thomale, D. P. Arovas, and B. A. Bernevig, Nonlocal
Order in Gapless Systems: Entanglement Spectrum in Spin
Chains, Phys. Rev. Lett. 105, 116805 (2010).

[96] V. Balasubramanian, M. B. McDermott, and M.
Van Raamsdonk, Momentum-space entanglement and
renormalization in quantum field theory, Phys. Rev. D
86, 045014 (2012).

[97] T.-C. L. Hsu, M. B. McDermott, and M. Van Raamsdonk,
Momentum-space entanglement for interacting fermions at
finite density, J. High Energy Phys. 11 (2013) 121.

[98] L. Lello, D. Boyanovsky, and R. Holman, Entanglement
entropy in particle decay, J. High Energy Phys. 11 (2013)
116.

[99] R. Peschanski and S. Seki, Entanglement entropy of
scattering particles, Phys. Lett. B 758, 89 (2016).

[100] G. Grignani and G.W. Semenoff, Scattering and momen-
tum space entanglement, Phys. Lett. B 772, 699 (2017).

[101] S. Iso, T. Mori, and K. Sakai, Entanglement entropy in
scalar field theory and ZM gauge theory on Feynman
diagrams, Phys. Rev. D 103, 105010 (2021).

[102] S. Iso, T. Mori, and K. Sakai, Non-Gaussianity of
entanglement entropy and correlations of composite oper-
ators, Phys. Rev. D 103, 125019 (2021).

[103] S. Iso, T. Mori, and K. Sakai, Wilsonian effective action
and entanglement entropy, Symmetry 13, 1221 (2021).

[104] B. Swingle and J. McGreevy, Renormalization group
constructions of topological quantum liquids and beyond,
Phys. Rev. B 93, 045127 (2016).

[105] B. Swingle and J. McGreevy, Mixed s-sourcery: Building
many-body states using bubbles of nothing, Phys. Rev. B
94, 155125 (2016).

FLAT SPACE ANALOG FOR THE QUANTUM ORIGIN OF … PHYS. REV. D 106, 023531 (2022)

023531-19

https://doi.org/10.1088/1367-2630/17/3/035001
https://doi.org/10.1088/1367-2630/17/3/035001
https://doi.org/10.1103/PhysRevD.93.024019
https://doi.org/10.1103/PhysRevD.92.064042
https://doi.org/10.1103/PhysRevD.92.064042
https://doi.org/10.1103/PhysRevD.96.085012
https://doi.org/10.1007/JHEP05(2019)178
https://doi.org/10.1103/PhysRevLett.71.666
https://doi.org/10.1103/PhysRevLett.71.666
https://doi.org/10.1103/RevModPhys.82.277
https://doi.org/10.1103/RevModPhys.82.277
https://arXiv.org/abs/2201.13310
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF01608497
https://doi.org/10.1103/PhysRevD.72.043514
https://doi.org/10.1103/PhysRevD.74.023508
https://doi.org/10.1103/PhysRevD.67.065009
https://doi.org/10.1088/1475-7516/2008/05/001
https://doi.org/10.1088/1475-7516/2008/05/001
https://doi.org/10.1103/PhysRevD.83.063526
https://doi.org/10.1088/1475-7516/2011/03/025
https://doi.org/10.1088/1475-7516/2011/03/025
https://doi.org/10.1103/PhysRevD.84.063514
https://doi.org/10.1103/PhysRevD.84.063514
https://doi.org/10.1088/1475-7516/2012/10/037
https://doi.org/10.1088/1475-7516/2012/09/007
https://doi.org/10.1088/1475-7516/2012/09/007
https://doi.org/10.1088/1475-7516/2004/08/009
https://doi.org/10.1088/1475-7516/2004/08/009
https://doi.org/10.1007/JHEP01(2017)013
https://doi.org/10.1007/JHEP01(2017)013
https://doi.org/10.1111/j.1365-2966.2010.18175.x
https://doi.org/10.1111/j.1365-2966.2010.18175.x
https://doi.org/10.1007/JHEP02(2020)053
https://doi.org/10.1007/JHEP02(2020)053
https://doi.org/10.1103/PhysRevLett.71.3743
https://doi.org/10.1103/PhysRevLett.71.3743
https://doi.org/10.1103/RevModPhys.93.035002
https://doi.org/10.1103/RevModPhys.93.035002
https://arXiv.org/abs/2201.03096
https://doi.org/10.1007/JHEP02(2013)038
https://doi.org/10.1007/s10714-010-1034-0
https://doi.org/10.1002/prop.201300020
https://doi.org/10.1007/JHEP02(2016)099
https://doi.org/10.1007/JHEP02(2016)099
https://doi.org/10.1103/RevModPhys.74.197
https://doi.org/10.1103/PhysRevLett.105.116805
https://doi.org/10.1103/PhysRevD.86.045014
https://doi.org/10.1103/PhysRevD.86.045014
https://doi.org/10.1007/JHEP11(2013)121
https://doi.org/10.1007/JHEP11(2013)116
https://doi.org/10.1007/JHEP11(2013)116
https://doi.org/10.1016/j.physletb.2016.04.063
https://doi.org/10.1016/j.physletb.2017.07.030
https://doi.org/10.1103/PhysRevD.103.105010
https://doi.org/10.1103/PhysRevD.103.125019
https://doi.org/10.3390/sym13071221
https://doi.org/10.1103/PhysRevB.93.045127
https://doi.org/10.1103/PhysRevB.94.155125
https://doi.org/10.1103/PhysRevB.94.155125

