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Detection of quantum-vacuum field correlations
outside the light cone

Francesca Fabiana Settembrini 18, Frieder Lindel ZM, Alexa Marina Herter!, Stefan Yoshi Buhmann3 &

Jérome Faist® 1™

According to quantum field theory, empty space—the ground state with all real excitations
removed—is not empty, but filled with quantum-vacuum fluctuations. Their presence can
manifest itself through phenomena such as the Casimir force, spontaneous emission, or
dispersion forces. These fluctuating fields possess correlations between space-time points
outside the light cone, i.e. points causally disconnected according to special relativity. As a
consequence, two initially uncorrelated quantum objects in empty space which are located in
causally disconnected space-time regions, and therefore unable to exchange information, can
become correlated. Here, we have experimentally demonstrated the existence of correlations
of the vacuum fields for non-causally connected space-time points by using electro-optic
sampling. This result is obtained by detecting vacuum-induced correlations between two 195
fs laser pulses separated by a time of flight of 470 fs. This work marks a first step in analyzing
the space-time structure of vacuum correlations in quantum field theory.
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t the core of Einstein’s principle of relativity is the fact

that two events lying outside the light cone cannot have a

causal relationship to each other. In simple words,
information can only be carried at the speed of light c. Never-
theless, in a very counter-intuitive way, quantum electrodynamics
(QED) predicts that two atoms located at a distance |r, — r|
from each other can be correlated in a statistical sense after
interacting with the quantum vacuum of the electromagnetic field
for a time 8t<|r, —rg|/c, so before they would have time to
exchange a photon!-2. Such a surprising result can be interpreted
either in terms of swapping of nonlocal correlations from the
fluctuating vacuum field to the two atoms or in terms of a non-
local photon ‘propagation’. In this second picture, the Feynman
propagator that describes the probability amplitude to create a
photon at one location and annihilate it at another has nonzero
values outside the forward light cone.

The question how vacuum-induced correlations between cau-
sally disconnected atoms can be reconciled with special relativity
has a long and interesting history. Using the ‘two-atom’ model
problem, shown schematically in Fig. la, Fermi® concluded
already in 1932 that the second atom would react to the state of
the first one only after an elapsed time 8t > |r, — 15|/c, showing
the compatibility between the emerging quantum mechanics and
special relativity. Later theoretical work helped firmly establish
this result®. At the technical level, causality is preserved within
second-order perturbation theory because the influence of atom
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A on atom B depends on the commutator of the electric field
operator at the two locations of the atoms r, and rg, respectively,
which strictly vanishes outside the light cone in quantum field
theory>®. The correlations on the other hand also involve the
anti-commutator of the fields at the two locations. The ground-
state expectation value of the latter, similar to the Feynman
propagator, is non-vanishing outside the light cone, i.e.

M

To summarize, two non-causally connected space-time points
cannot influence each other—in keeping with special relativity—
but the vacuum can induce correlations between them. Note that
as shown in Fig. 1a, a verification of these correlations depends on
the comparison of two measurements performed at the two
locations which requires a time delay 8t > |r, — ry|/c in order to
carry the signals to a joint observer.

These space-time features of the quantum vacuum have
recently seen a gain of interest since it was shown that not only
classical correlations, but also entanglement could be generated
outside the light cone”8. The key idea is to have two probes at two
different locations that interact with vacuum field for a finite
duration, such that the process occurs in two causally dis-
connected regions’.

Using a technique known as electro-optic sampling, an electric
field can be measured inside a non-linear crystal through its
interaction with a very short near-infrared laser pulse. The unique
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Fig. 1 Nonlocal measurement of quantum-vacuum induced correlations. a Statistical correlations between two atoms A and B can be detected even
before an exchange of information between the two can occur. This can be ascribed to their interaction with the quantum vacuum, whose correlation at
different space-time points (r, t) and (¥, t') is non-vanishing even for non-causally connected regions (in yellow). b A delay stage controls the temporal
distance dt between the ultrashort probes, while a piezo mirror controls their relative spatial distance 8r, through their relative angle §6. The zinc telluride
(ZnTe) detection crystal is placed in a 4 K environment to isolate it from thermal radiation. The change in polarization of each probe separately is
measured by ellipsometry. € The interaction with the vacuum occurs when the 195fs long pulses enters and leaves the non-linear crystal.
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feature of this technique is that it provides deep subwavelength
resolution in space and time!? and led to measurements!!!2 and
proposals of vacuum field measurements!3-1° based on the noise
analysis of a single beam.

In an extension of this technique, we have recently shown that
electro-optic sampling can be used to measure both the second!®
and first order correlations of the electric field at two different
space-time points, and demonstrated that these electric field
correlation measurements can be performed even in the limit of
the field being in its ground state!”.

We show here that our measurements at two different space-
time points also allow to successfully test the existence of field
correlations outside the light cone?. As shown in Fig. 1a, ¢, our
correlation measurement uses a setup that can be faithfully
mapped onto the one considered in Fermi’s two-atom system
Gedanken experiment. Here, the two atoms that are used to probe
the vacuum fluctuations of the electric field are replaced by two
laser pulses. Their entering and leaving the non-linear crystal
defines the time during which they will interact with the vacuum
fluctuations. After leaving the crystal, they travel without inter-
actions to their respective detectors and allow for the field cor-
relation to be measured. Note, however, that we do not measure
the causal exchange of information between the laser pulses
(atoms), as originally considered by Fermi, but rather the gen-
eration of (non-causal) correlations between them?:818:19,

Results

Experimental measurement scheme. The working principle of
the experimental setup is summarized in Fig. 1b. A femtosecond
near-infrared pulse generated from a Ti:sapphire laser is split into
two identical replicas, which are mutually delayed by a time 6t
and propagate with a relative angle §6. To enable the sampling of
non-causally connected points, a symmetric pair of lenses collects
and focuses both ultrashort probes into the detection crystal, a 1
mm long (110)-cut zinc telluride (ZnTe). In this way, a relative
angle of 06 between the two beams is translated into a separation
Or, = f80 at the focal point of the lens as shown in Fig. 1b. In the
work presented here, the relative distance between the probes has
been chosen to sample non-causally connected regions of the
quantum vacuum, such that 7, = 50 pm > w, where w =10 um
is their Gaussian beam waist. This is in strong contrast to the
work of ref. 17 which used collimated beams that presented a
significant spatial overlap. The probe polarization is oriented
along the z axis of the ZnTe crystal and thereby maximizes the
electro-optic effect but suppresses all undesired coherent y(?)
effects?0. After emerging from the crystal, both ultrashort pulses
will have acquired an additional orthogonal electric field com-
ponent via their interaction with the terahertz (THz) quantum
vacuum inside the crystal. A system of ellipsometric balanced
detection reads the polarization change of the single probes and
retrieves the amplitude of the THz vacuum fluctuations measured
inside the nonlinear crystal. From the electro-optic signal of both
beams, the vacuum electric field correlation can be accessed. The
THz detection crystal is placed inside a cryostat kept at 4K and
shielded to remove all relevant thermal background.

In this way, as we show in Supplementary Note 2 building
upon previous theoretical works?1-24, the experiment measures
the following quantity which has been normalized by the detector
efficiency such that it has field units:

GW(68t, 6 :/d/d3/d’/d3’
wOhOr) = [dif dr [arf, 4 @)
x Ly(r, DLy (r, ) (E (x, 1), E (', £)}).

Equation (2) has an intuitive interpretation which closely
connects our experiment to Fermi’s two-atom system in Fig. la
as discussed before. The two laser pulses can be seen as ‘vacuum
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Fig. 2 Experimental measurement. The electro-optic electric field

correlation G(e?(&t, dr ) on the quantum vacuum is reported as a function of
the temporal delay 6t between the laser pulses. The measurement (faded
line) has been performed with an average spacing of 6r; =50 pm between
the probing beams. For better visualization, a 3 THz low-pass filter has been
applied to the experimental curve (thick line). The measurement presents a
peak-to-peak amplitude of 7.5V2m~2 and a temporal coherence of several
picoseconds. The error bar indicates the 2¢ statistical confidence interval.

field detectors’ moving with the group velocity of the infrared
radiation through space and time and thereby ‘scanning’ what we
seek to measure over their space-time volumes described by L, ,:
the vacuum electric field correlation given by the ground-state
expectation value of the anti-commutator of the electric field
operator ({E, (r, 1), E (¢, t)}). Varying the relative positions of
the infrared probes in space and time thus allows to access
vacuum correlations between different space-time regions and
therefore analyse their space-time structure.

As shown in Fig. 2, the experimental measurement, performed
with a separation of §r, = 50 pm, yields a very strong signal of
5V2 m~2 for zero time delay. The experimental uncertainty is
equal to 0= 1.05 V2 m~2. In this configuration, the vast majority
of the sampled points access non-causal correlations. For
instance, the propagation time between the centers of the two
probing pulses at 6t =0 is 470 fs, which is much longer than the
duration 7, = 195 fs of the pulse itself.

Theoretical analysis. In order to discriminate the contributions
to the electro-optic sampling signal stemming from causally
connected space-time regions (|r —r'|<|t —t'|c,) from those
from causally disconnected ones (|r — r'|>|t — t'|c,,), the electric
field operator E,_(r, t) is expanded in frequency space to account
for the dispersive speed of light inside the crystal. That means we
use the experimentally measured refractive index #n(Q) to obtain
the speed of light inside the crystal ¢, = ¢/n(Q) for each mode of
the vacuum field with frequency Q. Restricting the space and time
integrals in Eq. (2) to the causal and non-causal space-time
regions, ie. |r—r/|<|t —¢|c/n(Q) and |r—r¥'|[>|t — '|c/n(Q),
respectively, allows one to split the total electro-optic sampling
signal G into its contribution stemming from causal (Ggg ) and

) such that Gg)) =GV +

non-causal vacuum correlations (G eonc

eo,nc
G . In view of the ultraviolet divergences which are omnipre-

sent in vacuum effects of quantum field theory, this is only
meaningful within the frequency bandwidth of the electro-optic
detection. See Supplementary Note 2 for details.

An even more detailed picture that builds upon the benefits of
our two-beam technique can be obtained by splitting the total
signal into its contributions from different modes of the quantum
vacuum and determining causal and non-causal components for
each mode. The signal stemming from individual frequency
modes is directly obtained, thanks to the Wiener-Khinchin
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Fig. 3 Causal and noncausal electro-optic signal contributions. a The
Fourier transform of the apodized measurement raw data shown in Fig. 2
(purple solid line) is compared to the theory (black solid line). Additionally,
the experimental data with parasitic low-frequency contributions removed
is shown by the dotted lines. The experimental error bars are also shown as
vertical lines and they indicate the 2 statistical confidence interval. b The
theoretical curve is separated in its causal (red dashed dotted line) and
non-causal (green dashed dotted line) contributions.

theorem, via a Fourier transform of the correlation along the time
delay axis GS,)(Q, or))=Qn)"! fd(?te"‘”ﬂGg,)(&‘7 0r ). From the
theory side, the individual single-mode contributions are derived
from Eq. (2) by assuming that only a single frequency mode is
present in the quantum vacuum such that we define f:"x’Q(r, ) =

E,(r, Qe with E (r,t) = [dQE, o(r, 1) to find

1
GW(@Q, or )=7/dt/ dSr/dt’/ &
eo( YL 2 Ve Ve (3)

x Ly (1, )L, (¢, ) {E, o(x, 1), E, o', )}).

As a result, GI)(Q, 8r,) allows for a direct comparison between
theory and experiment as well as between causal and non-causal
contributions in the spectral domain. Its computed value is
compared in Fig. 3a with the same quantity derived from the
measured correlation shown in Fig. 2 along with the statistical
errors of the experimental signal. The raw experimental measure-
ment data has been appropriately filtered in order to reduce noise
artefacts (see Supplementary Note 3). Taking into account also the
residual uncertainties in the refractive index, we can consider that
theory and experiments agree very well for frequencies above 1
THz, where the correlation signal peaks. We attribute the
additional correlations observed below 1THz to an incomplete
removal of parasitic low frequency signals (Supplementary Note 4).
The experimental data with an estimate of this parasitic
contributions removed is shown by the dotted line in Fig. 3a.
The causal and non-causal contributions G (Q,8r,) and

€o,c
Gi})fnc(ﬂ, Or ), respectively, are compared in Fig. 3b and clearly

show that the signal is dominated by the non-causal contributions.

In conclusion, we have demonstrated the existence of
correlations between fluctuations of the electromagnetic field
between non-causally connected space-time regions. If we accept

that the state that we measure is the quantum vacuum, a pure
state, this implies immediately that the correlations we observe
are a proof of entanglement outside the light cone in the quantum
vacuum, as predicted theoretically’. Our platform provides a first
step towards an in-depth analysis of the space-time structure of
the quantum vacuum.

Methods

We refer to the Supplementary Information for further information about: the
theoretical analysis of the experimental setup as well as derivations of all equations
in the main text, the characterization of the experimental parameters, the data
analysis which has been used and the analysis of the parasitic low frequency
contributions.

Data availability

The source data underlying with Figs. 2, 3a, b are provided with the manuscript as Source
Data file. Other data that support the findings of this study are available from the
corresponding author on reasonable request. Source data are provided with this paper.
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