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Supplementary Note 1: Vacuum correlation function

The quantized electric field operator in general absorptive and dispersive optical environ-
ments described by the permittivity ϵ(Ω) can be obtained using the framework of macro-
scopic quantum electrodynamics (QED)1. We start with expanding the field in its frequency
components

Ê(r, t) =
∫ ∞

0
dΩ e−iΩtÊ(r, Ω) + H.c. (1)

Either by canonically quantizing classical macroscopic quantum electrodynamics2 or by
using the fluctuation-dissipation theorem3 one can show, that the ground-state two-point
correlation function of Ê(r, Ω) is given by1
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⟨Êvac(r, Ω)Ê†
vac(r′, Ω′)⟩ = h̄Ω2

c2ε0π
δ(Ω − Ω′)ImD(r, r′, Ω). (2)

Here D is the Green’s tensor of the vector Helmholtz equation defined via

(
∇ × ∇ × −Ω2

c2 ε(Ω)
)

D(r, r′, Ω) = δ(r − r′), (3)

with the boundary condition D(r, r′, Ω) → 0 for |r − r′| → ∞. We are only interested in
the xx component of the Green’s tensor which is most conveniently expressed as1

Dxx(r, r′, Ω) = − 1
3k2 δ(ρ) − eikρ

4πk2ρ3

{[
1 − ikρ − (kρ)2

]
− ρ2

x

ρ2

[
3 − 3ikρ − (kρ)2

]}
, (4)

with ρ = r − r′, ρ = |r − r′| and k = n(Ω)Ω/c. In the retarded limit, i.e. for ρk ≫ 1,
which will be used in Supplementary Note 2 B below we find

Dxx(r, r′, Ω) =
(

1 − ρ2
x

ρ2

)
eikρ

4πρ
. (5)

This can be seen by expanding the exponentials in Eq. (4) in powers of ρk. Expressing
the correlator of the electric field in time domain in terms of the correlator in frequency
space we find

{Êx(r, t), Êx(r′, t′)} =
∫ ∞

0
dΩ

∫ ∞

0
dΩ′e−i(Ωt−Ω′t′)⟨Êx(r, Ω)Ê†

x(r′, Ω′)⟩

+ ei(Ωt−Ω′t′)⟨Êx(r′, Ω′)Ê†
x(r, Ω)⟩ (6)

=
∫ ∞

0
dΩ

∫ ∞

0
dΩ′⟨Êx(r, Ω)Ê†

x(r′, Ω′)⟩(e−i(Ωt−Ω′t′) + ei(Ω′t−Ωt′)) (7)

= 2h̄µ0

π

∫ ∞

0
dΩ Ω2cos(Ωτ)Im[Dxx(r, r′, Ω)]. (8)

Using Eq. (4) and neglecting absorption such that k is real, this can be further simplified to
yield
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{Êx(r, t), Êx(r′, t′)} = h̄µ0

2π2ρ3

∫ ∞

0
dΩ Ω2

k2 cos(Ωτ)

×
{[

sin(kρ)(k2ρ2 − 1) + kρcos(kρ)
]

− ρ2
x

ρ2

[
sin(kρ)(k2ρ2 − 3) + 3kρcos(kρ)

]}
. (9)

Assuming ρx/ρ ≪ 1 and ρk ≫ 1 one finds

{Êx(r, t), Êx(r′, t′)} = h̄µ0

2π2ρ

∫ ∞

0
dΩ Ω2cos(Ωτ)sin(kρ). (10)

Supplementary Note 2: Electro-optic sampling in space
and time

A. Full calculation

In this section we calculate the EOS signal allowing for the full, medium-assisted quantum
vacuum inside the nonlinear crystal as predicted by macroscopic QED with the only ap-
proximation that absorption effects are neglected. This is a reasonable assumption in the
accessed THz frequency range, see Supplementary Refs.4,5 for a thorough discussion of ab-
sorption effects in EOS.
The electro-optic sampling signal accounting for dispersion inside the nonlinear crystal and
the full medium-assisted quantum vacuum, including counter rotating terms, has been de-
rived using macroscopic quantum electrodynamics and it reads4,5

g(1)(δt, δr⊥) =
∫

VC
d3r
∫

VC
d3r′

∫ ∞

0
dΩ

∫ ∞

0
dΩ′F (r, r′, Ω, Ω′)⟨Êx(r, Ω)Ê†

x(r′, Ω′)⟩. (11)

Here, VC is the volume of the nonlinear crystal and F (r, r′, Ω, Ω′) is the filter function in
frequency domain given in the laser-paraxial approximation introduced in Supplementary
Ref.5 by

F (r, r′, Ω, Ω′) = 2
(

2χ(2)Nωp

πcϵ0w2n(ωc)

)2

Γ(Ω)Γ(Ω′)e−ing(Ωy−Ω′y′)/c

×
[
e−2[r2

⊥+(r′
⊥+δr⊥)2]/w2eiΩ′δt + e−2[r′2

⊥+(r⊥+δr⊥)2]/w2e−iΩδt
]

. (12)
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χ(2) is the nonlinear susceptibility of the crystal, c is the speed of light in vacuum, ϵ0 is
the vacuum permittivity, n(ωc) is the refractive index at the central frequency of the laser
pulses ωc, N is the number of detected photons, ωp is the averaged detected frequency and
Γ(Ω) = e−Ω2τ2

σ/8 is the spectral autocorrelation function. Note that τσ is connected to the
full width half maximum (FWHM) of the laser pulses τp via τσ = τp/

√
2ln(2). τp has been

determined experimentally and is given by τp = 195 fs, see Supplementary Note 2 D for
details. Furthermore, ⊥ denotes the plane perpendicular to the laser propagation direction
such that r⊥ = (x, 0, z)T .
Equation (11) can be transformed to the time domain by inserting the inverse Fourier trans-
form of Eq. (1), i.e.

Ê(r, Ω) = 1
2π

∫ ∞

−∞
dt eiΩtÊ(r, t). (13)

This leads, after some algebra, to Eq. (2) of the main text which we repeat here

G(1)(δt, δr⊥) =
∫

dt
∫

VC

d3r
∫

dt′
∫

VC

d3r′L1(r, t)L2(r′, t′)⟨{Êx(r, t), Êx(r′, t′)}⟩. (14)

Note, that
∫

dt ≡
∫∞

−∞ dt and that we normalize the anti-commutator such that

{Êx(r, t), Êx(r′, t′)} = 1
2[Êx(r, t)Êx(r′, t′) + Êx(r′, t′)Êx(r, t)]. (15)

In Eq. (14) we have defined the EOS sampling signal G(1)(δt, δr⊥) = g(1)(δt, δr⊥)/C normal-
ized by the detector efficiency C which reads

√
C = 2Lχ(2)Nωp

ϵ0cn(ωc)
. (16)

Furthermore, the space-time volumes of the laser pulses as functions of position and time
are given by

L1(r, t) =
( 2

π

)3/2 1
τσw2L

e−2(ng
y
c

−t)2/τ2
σ e−2r2

⊥/w2 (17)

L2(r′, t′) = L1(r′ + δr⊥ex, t′ + δt). (18)

Here, ex is the unit vector in x direction. Note, that in Eq. (14) one integrates over the
arguments of L1 (r, t) and L2 (r′, t′) separately such that one still finds non-zero contributions
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to G(1) even if the overlap between L1 and L2 is exactly zero.
To be able to discuss the contributions form correlations between causally and non-

causally connected space-time regions in Supplementary Note 2 C we substitute relative
coordinates ρ = r − r′ and τ = t − t′. This enables one to distinguish causal and non-
causal space-time points via ρ < |τ |cn and ρ > |τ |cn, respectively. To simplify the resulting
expression we introduce spherical coordinates:

∫ ∞

−∞
dt
∫

VC

d3r =
∫ ∞

−∞
dτ
∫

d2ρ⊥

∫ L/2−y′

−L/2−y′
dρy =

∫ ∞

−∞
dτ

∞∫
0

dρ ρ2
2π∫
0

dϕ

min[ L/2−y′
ρ

,1]∫
−min[ L/2+y′

ρ
,1]

dcos(θ).

(19)

Inserting this in Eq. (14) and using that S(ρ, τ) ≡ ⟨{Êx(r, t), Êx(r′, t′)}⟩ only depends
on ρ and τ such that the r′

⊥ and t′ integrals can be carried out, we get

G(1)
eo (δt, δr⊥) = 1

2π3/2τσw2L2

∫ ∞

−∞
dτ
∫ ∞

0
dρ ρ2

∫ L/2

−L/2
dy′

∫ 2π

0
dϕ
∫ min[ L/2−y′

ρ
,1]

−min[ L/2+y′
ρ

,1]
dcos(θ)

× S(ρ, τ)e−
(ngρy

c +δt−τ)2

τ2
σ

− (ρ⊥−δr⊥ex)2

w2 . (20)

Realizing that the integrand is independent of y′, we can integrate by parts and make
use of the Leibniz integral rule to find

G(1)
eo (δt, δr⊥) = 1

2π3/2τσw2L

∫ ∞

−∞
dτ

∞∫
0

dρ ρ2
2π∫
0

dϕ

min[ L
ρ

,1]∫
−min[ L

ρ
,1]

dcos(θ)

×
(

1 − ρ

L
|cos(θ)|

)
S(ρ, τ)e−

(ngρy
c +δt−τ)2

τ2
σ

− (ρ⊥−δr⊥ex)2

w2 . (21)

Inserting the two point correlation function in Eq. (8) and carrying out the ϕ integral one
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obtains

G(1)
eo (δt, δr⊥) = h̄

ϵ0c2π

∞∫
−∞

dτ

∞∫
0

dρ

∞∫
0

dΩ Ω2

k2ρ
cos(Ωτ)

×
{
F1(ρ, τ)

[
sin(kρ)(k2ρ2 − 1) + kρcos(kρ)

]
− F2(ρ, τ)

[
sin(kρ)(k2ρ2 − 3) + 3kρcos(kρ)

]}
,

(22)

with

F1(ρ, τ) = 1
2τσw2Lπ3/2

min[ L
ρ

,1]∫
−min[ L

ρ
,1]

dcos(θ)
(

1 − ρ

L
|cos(θ)|

)
J0

(
2ρδr⊥sin(θ)

w2

)

× e−
δr2

⊥+ρ2sin2(θ)
w2 e−

(ngρy
c +δt−τ)2

τ2
σ , (23)

F2(ρ, τ) = 1
2τσw2Lπ3/2

min[ L
ρ

,1]∫
−min[ L

ρ
,1]

dcos(θ)
(

1 − ρ

L
|cos(θ)|

)
w

2ρδr⊥sin(θ)J1

(
2ρδr⊥sin(θ)

w2

)

× e−
δr2

⊥+ρ2sin2(θ)
w2 e−

(ngρy
c +δt−τ)2

τ2
σ . (24)

Here, Ji are the modified Bessel functions of the first kind. The way the EOS signal is
expressed in Eq. (22) as integrals over the space-time distances ρ and τ allows one to use it
as a starting point for the discussion of causal and non-causal contributions to the signal in
Supplementary Note 2 C below. Before we do so, some approximations to the full expression
in Eq. (22) are applied which will simplify the discussion of the result. Note, however, that
none of these approximations have been made in order to analyze the experimental data.

B. Simplified expression

In this section we introduce an approximated simplified expression for the EOS signal. We
do not use this approximation in order to analyze the experimental data and only introduce
it here, such that it can be used in future studies and in order to ease the discussion of the
frequency cut-off in the beginning of the next section.
Since the two laser pulses are separated by δr⊥ = 50µm and we expect that most con-
tributions stem from vacuum fluctuations which do not propagate perpendicularly to the
propagation direction of the laser pulses (see discussion at the end of Supplementary Note 2
C), we expect to find most contributions for ρ > 100µm. Thus, we can approximate kρ ≫ 1
which allows one to use the retarded limit of the Green’s tensor, see Eq. (5). We will further
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assume ρx/ρ ≪ 1. Using these approximations the two point correlation function is isotropic,
i.e. S(r − r′, t − t′) ≈ S(ρ, τ) such that

G(1)
eo (δt, δr⊥) =

∫ ∞

−∞
dτ

∞∫
0

dρ ρ2S(ρ, τ)F1(ρ, τ) (25)

= h̄

ϵ0c2π

∫ ∞

−∞
dτ

∞∫
0

dρ ρ
∫ ∞

0
dΩ Ω2cos(Ωτ)sin(kρ)F1(ρ, τ). (26)

C. Contributions from causal and non-causal quantum vacuum
fluctuations

The causal and non-causal contributions to the EOS signal are calculated in this section,
using the expressions for the EOS signal in time domain derived in the last two sections.
To simplify the discussion we often stick with the approximated result in Eq. (26), but all
arguments made using this approximated result are qualitatively also true for the general
result in Eq. (22). Note, that the results shown in Fig. 3 of the main text do not assume
any of the approximations used in Supplementary Note 2 B.

Equation (26) can be used, in principle, to estimate the contributions to the EOS signal
G(1)

eo (δt, δr⊥) stemming from non-causal space-time regions by limiting the τ integral to the
range [−ρn(Ω)/c, ρn(Ω)/c]. This leads to

G(1)
eo,nc(δt, δr⊥) = h̄

2ϵ0c2π2w2L

∞∫
0

dρ ρ

min[ L
ρ

,1]∫
−min[ L

ρ
,1]

dcos(θ)

×
(

1 − ρ

L
|cos(θ)|

)
J0

(
2ρδr⊥sin(θ)

w2

)
e−

δr2
⊥+ρ2sin2(θ)

w2

∫ ∞

0
dΩ Ω2e− Ω2τ2

σ
4 sin(kρ)

× Re
{

eiΩ(ngρy
c

+δt)
[
Erf

(
iτσΩ

2 + ngρy + n(Ω)ρ
cτσ

)
− Erf

(
iτσΩ

2 + ngρy − n(Ω)ρ
cτσ

)]}
. (27)

The full signal on the other hand is obtained from Eq. (25) by integrating τ from −∞ to ∞
giving

G(1)
eo (δt, δr⊥) = h̄

ϵ0c2π2w2L

∞∫
0

dρ ρ

min[ L
ρ

,1]∫
−min[ L

ρ
,1]

dcos(θ)
(

1 − ρ

L
|cos(θ)|

)
J0

(
2ρδr⊥sin(θ)

w2

)

× e−
δr2

⊥+ρ2sin2(θ)
w2

∫ ∞

0
dΩ Ω2e− Ω2τ2

σ
4 sin(kρ)cos

[
Ω
(

ngρy

c
+ δt

)]
. (28)
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Using Eqs. (27) and (28), the causal contribution can be obtained via G(1)
eo,c(δt, δr⊥) =

G(1)
eo (δt, δr⊥) − G(1)

eo,nc(δt, δr⊥). As can be seen by inserting the asymptotic expansion of
the complex error function6

Erf(z) → − e−z2

z
√

π
for |z| → ∞ and π

4 < arg(z) <
3π

4 , (29)

the non-causal contribution G(1)
eo,nc and consequently also the causal contribution G(1)

eo,c in-
dividually exhibit ultra-violet divergencies, while the full signal G(1)

eo remains finite. These
divergencies are a common feature in the field of quantum vacuum physics which one e.g.
also faces when deriving the Casimir force between two perfectly reflecting mirrors7. Here,
the divergence can be regularised in a physically meaningful way by recourse to the finite
frequency bandwidth of the detection scheme: in the EOS experiment discussed here only
vacuum fluctuations up to a certain maximal frequency Ωmax can be measured. This fre-
quency bandwidth is directly related to and controlled by the pulse duration τσ as can be
seen from the spectral autocorrelation function Γ2(Ω) = e−Ω2τ2

σ/4 appearing in Eq. (11) where
it effectively limits the frequency bandwidth of the EOS to a finite frequency range. Re-
stricting the analysis of causal and non-causal contributions to the EOS signal to this finite
frequency bandwidth thus introduces a natural cut-off of the frequency integral in Eq. (27),
i.e. the Ω integral in Eq. (27) is limited to the frequency range [0 THz, Ωmax].
To find a good estimate for Ωmax we numerically evaluate Eq. (11) only allowing for frequen-
cies up to Ωmax and compare it to the result without any frequency cut-off. We find that for
Ωmax ≈ 3.5 × 2π THz, the ratio of the cut and full signal is given by 96 %, showing that the
majority of the signal comes from vacuum fluctuations with frequencies below 3.5 × 2π THz.
For the experimental parameters used to obtain this result see Supplementary Note 2 D. Note
also, that this suppression of the signal for frequencies above Ωmax = 3.5×2π THz is confirmed
by calculating the spectral auto-correlation function at Ωmax which gives Γ2(Ωmax) = 3.6%
and thus shows a suppression of the signal for Ω > Ωmax.
Using this frequency cut-off at Ωmax ≈ 3.5 × 2π THz one can numerically evaluate Eqs. (27)
and (28). Also using G(1)

eo,c(δt, δr⊥) = G(1)
eo (δt, δr⊥) − G(1)

eo,nc(δt, δr⊥) enables one to find the
ratio between the EOS signal at δt = 0 stemming from causal and non-causal vacuum fluc-
tuations: G(1)

eo,c(0, δr⊥)/G(1)
eo,nc(0, δr⊥) = −33 % (again we used the experimental parameters

summarized in Supplementary Note 2 D to obtain this result). We find that the majority
of the vacuum correlations measured in the experiment are non-causal. Note that a more
thorough comparison of the amount of causal and non-causal contributions to the EOS sig-
nal, which also accounts for the fact that the contributions of the different frequency modes
of the vacuum fluctuations to the EOS signal can have a positive or negative sign, is carried
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out at the end of this section, see Eqs. (38) and (39).

Further insight into the space-time structure of the accessed vacuum fluctuations is found
by exploiting the correlation measurement performed in the experiment. The spectrum of the
measured vacuum fluctuations can be accessed via a Fourier transformation of G(1)

eo (δt, δr⊥)
as given in Eq. (11) with respect to δt5,8, i.e. we find

G(1)
eo (Ω, δr⊥) ≡ 1

2π

∫ ∞

−∞
dδt eiδtΩG(1)(δt, δr⊥) (30)

= 1
2

∫
VC

d3r
∫

VC
d3r′F (r, r′, Ω)⟨Êvac,x(r, Ω)Ê†

vac,x(r′, Ω)⟩. (31)

Such a relation is also known as the Wiener-Khinchin theorem. Note, that one has to
set δt = 0 in the filter function appearing in Eq. (31). We see in Eq. (31) that obtaining
G(1)(Ω, δr⊥) from a series of correlation measurements with varying δt allows one to access the
signal stemming from individual single-frequency mode of the quantum vacuum fluctuations.
Such a signal can be directly computed in the time domain by using Eq. (14) and assuming
that only a single mode of the vacuum field is present such that Ê(r, t) → Êx,Ω(r, t) ≡
Êx(r, Ω)e−iΩt. This leads to

G(1)
eo (Ω, δr⊥) = 1

2

∫
dt
∫

VC

d3r
∫

dt′
∫

VC

d3r′L1(r, t)L2(r′, t′)⟨{Êx,Ω(r, t), Êx,Ω(r′, t′)}⟩. (32)

Note, that here again δt has to be set equal to 0. Following the same steps as in Supplemen-
tary Note 2 A gives

G(1)
eo (Ω, δr⊥) = h̄

2ϵ0c2π

∞∫
−∞

dτ

∞∫
0

dρ
Ω2

k2ρ
cos(Ωτ)

×
{
F1(ρ, τ)

[
sin(kρ)(k2ρ2 − 1) + kρcos(kρ)

]
− F2(ρ, τ)

[
sin(kρ)(k2ρ2 − 3) + 3kρcos(kρ)

]}
.

(33)

In order to calculate the full contribution G(1)
eo (Ω, δr⊥) as well as its non-causal component

G(1)
eo,nc(Ω, δr⊥) of each single-frequency mode, the τ integral is either carried out over the full

real axis so from −∞ to ∞ or over the non-causal space-time region [−ρn(Ω)/c, ρn(Ω)/c]
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only, respectively. This way one obtains

G(1)
eo (Ω, δr⊥) = h̄

2ϵ0c2π

∞∫
0

dρ
Ω2

k2ρ
e− Ω2τ2

σ
4 cos

(
Ωngρy

c

)

×
{
F1(ρ)

[
sin(kρ)(k2ρ2 − 1) + kρcos(kρ)

]
− F2(ρ)

[
sin(kρ)(k2ρ2 − 3) + 3kρcos(kρ)

]}
, (34)

and

G(1)
eo,nc(Ω, δr⊥) = h̄

4ϵ0c2π

∞∫
0

dρ
Ω2

k2ρ
e− Ω2τ2

σ
4

× Re
{

eiΩ ngρy
c

[
Erf

(
iτσΩ

2 + ngρy + n(Ω)ρ
cτσ

)
− Erf

(
iτσΩ

2 + ngρy − n(Ω)ρ
cτσ

)]}
×
{
F1(ρ)

[
sin(kρ)(k2ρ2 − 1) + kρcos(kρ)

]
− F2(ρ)

[
sin(kρ)(k2ρ2 − 3) + 3kρcos(kρ)

]}
. (35)

Here, we have defined

F1(ρ) = 1
2w2Lπ

min[ L
ρ

,1]∫
−min[ L

ρ
,1]

dcos(θ)
(

1 − ρ

L
|cos(θ)|

)
J0

(
2ρδr⊥sin(θ)

w2

)
e−

δr2
⊥+ρ2sin2(θ)

w2 , (36)

F2(ρ) = 1
2w2Lπ

min[ L
ρ

,1]∫
−min[ L

ρ
,1]

dcos(θ)
(

1 − ρ

L
|cos(θ)|

)
w

2ρδr⊥sin(θ)J1

(
2ρδr⊥sin(θ)

w2

)
e−

δr2
⊥+ρ2sin2(θ)

w2 .

(37)

G(1)
eo,c(Ω, δr⊥) can be obtained from Eqs. (34) and (35) via G(1)

eo,c(Ω, δr⊥) = G(1)
eo (Ω, δr⊥) −

G(1)
eo,nc(Ω, δr⊥). Equations (34) and (35) have been numerically evaluated for different val-

ues of Ω to obtain Fig. 3 of the main text. We find that G(1)
eo (Ω, δr⊥), G(1)

eo,c(Ω, δr⊥) and
G(1)

eo,nc(Ω, δr⊥) have positive and negative contributions. This mean to estimate the amount
of the EOS signal stemming from causal and non-causal space-time regions we evaluate

∫ Ωmax
0 dΩ|G(1)

eo,nc(Ω, δr⊥)|∫ Ωmax
0 dΩ|G(1)

eo,nc(Ω, δr⊥)| + |G(1)
eo,c(Ω, δr⊥)|

= 75 %, (38)
∫ Ωmax

0 dΩ|G(1)
eo,c(Ω, δr⊥)|∫ Ωmax

0 dΩ|G(1)
eo,nc(Ω, δr⊥)| + |G(1)

eo,c(Ω, δr⊥)|
= 25 %. (39)

Here, we have used Ωmax = 3.5 × 2π THz as before. Equations (38) and (39) show that
75 % of the measured signal stems from non-causal vacuum fluctuations, whereas causal
vacuum fluctuation only amount to 25 %. The existence of these residual causal contributions
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might seem surprising, considering that the overlap of the two laser pulses has been almost
completely removed. They, however, stem from modes which propagate from one pulse to
the other at a very shallow angle compared to the propagation direction of the laser pules
(indicated as ŷ in Fig. 1 b) of the main text). These modes are also the ones favored by
the phase-matching condition, as can be seen from the phase matching factor introduced
in Supplementary Ref.5 which reads sinc2

[
L
2 (kz − ngΩ/c)

]
= sinc2

[
LΩ
2c

(n(Ω)cos(θ) − ng)
]
.

Using the measured data for n(Ω) found in Supplementary Fig. 1a and ng = 3.18, we find
that for frequencies larger than Ω ≈ 1 THz modes are phase-matched which propagate at an
angle θ = arccos[ng/n(Ω)] < 0.4 rad with respect to the propagation direction of the laser
pulses and at Ω = 2 × 2π THz where the signal has its maximum we have θ = 0.18 rad.

D. Experimental parameters estimation

Paramount to a correct prediction of the experimental result, is a thorough characterization
of the experimental parameters used. Amongst them, the focus should be put in particular
on the detection crystal refractive index n(Ω), the temporal duration of the ultrashort probe
pulses τp, their transverse Gaussian beam waist w and their distance δr⊥. In the following
we will provide the methods and techniques used to estimate them.

The refractive index at 4 K of the 1 mm ZnTe used for the theoretical prediction of
quantum-vacuum electro-optic correlation G(1)

eo (Ω) is displayed in Supplementary Fig. 1 a).
It has been extrapolated from the detection crystal refractive index at room temperature
n(Ω, Tr) with Tr = 300 K. In order to do this, we have used the experimental curve expressed
in Eq. (40), which describes the dependence in frequency domain of the measured ZnTe
refractive index on the crystal temperature Tf

n(Ω, Tf ) = n(Ω, Tr) + 3 · 10−4∆T + 2.9 · 10−6∆T 2. (40)

Here Tr is the room temperature and ∆T = Tf − Tr. The original refractive index
at 300 K n(Ω, Tr) has been measured with a commercial THz Time-Domain Spectroscopy
(TDS) system. The relative change in the transmitted THz electric field as a function of
frequency has been used to extrapolate the ZnTe parameters according to the procedure
described in detail in Supplementary Ref.9,10. In Supplementary Fig. 1 a), as a reference, we
show also the group refractive index ng of the near-infrared ultrashort pulses chosen to best
reproduce the experimental data ng = 3.1811.

The temporal extent of the ultrashort pulses τp has been measured along the laser optical
path via a commercial autocorrelator. From the fitting of the intensity autocorrelation trace,
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Supplementary Figure 1: Experimental parameters. (a) The refractive index of the 1
mm < 110 >-cut ZnTe crystal used for the simulations reported in Fig. 3 of the main
text is shown as function of frequency. The value of the group refractive index of ZnTe at
800 nm at 4 K is also reported (dotted-dashed line). The perfect phase matching condition
between probing pulses and THz radiation occurs around a frequency of 1 THz. (b) The
autocorrelation function of the ultrashort pulse at the laser output (Pos. 1, red) and before
being split (Pos.2, blue) is shown. We have retrieved the temporal extent of the pulse from the
full-width half maximum (FWHM) τFWHM of the gaussian fit (solid lines) of autocorrelation
functions. The values obtained in this case are equal to τp,1 = 80 fs and τp,2 = 133 fs.
(c) A sketch of the setup used to determine the near infrared probes spotsize is shown. By
projecting the focal plane of the lens onto a near infrared CCD camera, we are able to observe
the transverse intensity distribution of the beams (insert). The Gaussian beam waist w of
each beam at the focal point has been measured via a built-in software.
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one can infer the temporal duration of an ultrashort pulse12. In our case, a Gaussian fitting
function of the form f(t) = a · exp(− 2.77·δt2

τ2
F W HM

) has been chosen. The final temporal extent of
the pulse intensity envelope τp can be obtained through the relation τp = 0.707τFWHM, where
τFWHM is the full width half maximum of the autocorrelation trace.

In Supplementary Fig. 1 b) we present the results of the ultrashort pulse autocorrelation
measurement performed at two different locations along the optical path: at the laser output
(Pos. 1) and at the entrance of the beam splitter (Pos. 2). The near infrared pulse right at
the laser output showed an initial temporal extent of τp,1 = 80 fs. Upon propagation along
the optical path, the pulse will experience a temporal broadening due to its interaction with
the remaining optics. In accordance with Supplementary Ref.12, the final temporal duration
of a Gaussian pulse after propagation through different media can be described via Eq. (41)

τp = τp,1

√√√√1 + (4ln(2)∑i αili)2

τ 4
p,1

. (41)

Here τp,1 is the duration of the initial Fourier transform limited pulse, li represents the
thickness of the different optical elements crossed by the near infrared pulse and the co-
efficient αi represents their respective group velocity dispersion (GVD). Using Eq. (41),
the ultrashort pulse measured at Pos.2 should have a duration of τp,2 = 130 fs. The
result is in good accord with the experimental measurement, which provides a value of
τp,2 = 133 fs. The final value of τp = 195 fs has been computed using the formula provided
in Eq. (41), the lengths of the different optical components present along the optical path
l1 = 15.9 mm, l2 = 25 mm, l3 = 10 mm and the GVD of their respective materials (optical
glasses NBK-7 and N-SF1 and calcite,respectively) α1 = 44.61 fs2/mm, α2 = 148.19 fs2/mm,

and α1 = 72 fs2/mm 13.
The experimental setup used to estimate the dimensions of the ultrashort probes beam

waist w and their distance δr⊥ as a function of the beams relative propagation angle δθ

is sketched in Supplementary Fig. 1 c). The focal plane of the lens has been imaged on a
infrared CCD camera, which displays the beams intensity profiles on the transverse (x,z)
plane (see insert in Supplementary Fig. 1 c) ). The beam waist w of the pair of ultrashort
pulses has been estimated through a Gaussian fit performed by the camera built-in software.

Their distance δr⊥ has been experimentally calibrated as a function of the inclination of
the piezo mirrors, which are simmetrically placed around the prism that directs both probes
towards the collecting lens inside the dilution fridge. We have defined the transverse distance
δr⊥ between the probing beams as the relative distance between the position of the maxima
of the two intensity distributions in the transverse plane (x,z).
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Supplementary Note 3: Data analysis

As described in detail in our previous work (Supplementary material of Supplementary
Ref.8), the experimental noise affecting our electro-optic correlation setup is of uncorre-
lated nature. A process of demodulation of the acquired signal at half the repetition rate of
the laser frep = 80 MHz provides an efficient technique for the removal of low frequency drifts
(see Methods section of Ref.8). In our previous work, we have furthermore proved that our
measurement is shot noise limited. The experimental noise can therefore be suppressed by
an appropriate choice of the integration time (see Sec. 3 of Supp. Material of Supplementary
Ref.8).

In order to quantify the experimental uncertainty on the measured quantum vacuum elec-
tric field correlation, we also observe electric-field correlations at long time delays G(1)

eo ((δt +
n · 1/frep)), where n is an integer. At time distances larger than 1/frep = 12.5 ns we ex-
pect no vacuum-induced correlation to persist and the resulting signal to arise from noise
contributions only.

More specifically, we select as experimental uncertainty per measurement point the stan-
dard deviation of the measured electric-field correlation G(1)

eo (δt + 50 ns) acquired with an
average distance δr⊥ = 50µm between the sampling beams, shown in Supplementary Fig. 2
a). The experimental value of the uncertainty is equal to σ = 1.05 V2m−2.

All experimental measurements reported in this manuscript have been acquired in units
of mV2 as described in Supplementary Note 2 A in Eq. (11). They have been converted in
units of V2m−2 using the value of the detection efficiency described in Supplementary Note
2 A in Eq. (16), with an average probe power of Pt = 740µW and Pδt = 620µW for the
non-delayed and the time delayed probe respectively. These power values have been used
to compute the expected shot noise, derived according to Eq. (37) of the supplementary
material of Supplementary Ref.8. The expected shot noise in units of V2m−2 obtained using
the experimental integration time is σn = 0.8 V2m−2, which is in good agreement with the
value of the experimental noise.

In order to prevent the presence of noise-induced artefacts in the frequency domain
signal, the experimental data need to be apodized and appropriately filtered. We have
chosen to treat the raw data from the vacuum-induced electric-field correlation (in light
violet in Fig. 2 in the main text) by applying a Kaiser apodizaition window K(α). The
parameter α is defined as the strength of the windowing function. In order to optimize the
strength of the filtering function used, we studied its effect on a noisy signal with a known
spectral content. As a reference signal we have used the inverse Fourier transformation of
the simulated spectrum obtained according to Eq (3) and shown in Fig. 3 a) (solid black
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Supplementary Figure 2: Noise suppression as a function of the different filtering
functions strength. (a) The long time delay correlation trace G(1)

eo (δt + 50 ns) is shown as
a function of delay time. It has been measured with the same integration time per point as
the experimental timetrace in Fig. 2 (main text) and for the same average beam distance
δr⊥ = 50µm. Its standard deviation is used to estimate the experimental uncertainty and is
equal to σ = 1.05 V2m−2. (b) The time domain signal obtained from the simulated spectrum
(Fig. 3 in black in the main text) has been superimposed with random noise with standard
deviation σ. The effect of the Kaiser windowing function in time domain is shown for strength
values α = 0, 3, 6, 9. (c) In frequency domain, we show the effect of the filter on both the
simulated spectra (solid lines) and on their relative noise (shaded area) for different values
of α. In order to maximise noise suppression and at the same time preserve the spectral
bandwidth a value of α = 6 has been selected.
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line) in the main text. To it we have added a signal obtained from a white noise generator,
as it is shown in Supplementary Fig. 2 b). In order to compare the newly obtained noisy
signal with the experimental measurement, the noise has been normalized to have the same
standard deviation of the experimental uncertainty σ = 1.05 V2m−2.

The effects of the apodization in frequency domain are reported in Supplementary Fig. 2
c). The Fourier transform of the untreated signal (α = 0, yellow solid line in Supplemen-
tary Fig. 2 c)) presents a maximum of 0.75 V2m−2THz−1 at around 2.3 THz and a relative
noise amplitude of σα = 0.14 V2m−2THz−1. The latter has been obtained by the statistical
distribution of the windowed spectral noise amplitude over 100 different white noise distribu-
tions. The use of a windowing function slightly impacts the spectral amplitude of the signal,
resulting in a maximum value of 0.71 V2m−2THz−1, 0.68 V2m−2THz−1, 0.66 V2m−2THz−1

for windowing strengths of α = 3, 6, 9 respectively. The relative noise amplitude val-
ues at the same time decreases from the original value of 0.14 V2m−2THz−1 to a value
σα = 0.11 V2m−2THz−1,0.08 V2m−2THz−1, 0.07 V2m−2THz−1 for values of α = 3, 6, 9 re-
spectively.

A Kaiser window function with a strength of α = 6 has been chosen, as it represents a
good compromise between a preserved signal spectral amplitude and minimal uncertainty.

Supplementary Note 4: Parasitic low frequency corre-
lations

As shown in Fig. 3 a) in the main text, in the frequency region below 1 THz, a discrepancy
between the predicted and measured signal can be observed. The origin of the parasitic low
frequency component present in the experimental quantum vacuum-induced electric field
correlation could be attributed to either the presence of residual blackbody radiation or to
the presence of Kerr-induced third-order nonlinearities.

A. Residual black-body radiation

In order to prevent all external thermal radiation from influencing the experimental result,
the ZnTe detection crystal is positioned inside a closed cycle fridge. As sketched in Supple-
mentary Fig. 3 a), the latter consists of a series of thermalized metallic shields with relatively
decreasing temperatures. Along the probes optical paths, a series of small apertures have
been placed to block thermal radiation and allow the near infrared radiation to propagate
through the cryogenic setup.

A system of coupled short focal lenses, which is designed to focus the ultrashort probe
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Supplementary Figure 3: Thermal radiation removal. (a) The experimental setup in the
cryogenic environment consists of a series of concentric shields at low temperatures. The
1mm long ZnTe detection crystal is thermally anchored to a plate with a fixed monitored
temperature of 4 K. A pair of cold glass lenses also thermalized at 4 K provide an efficient
shield from THz thermal radiation while collecting and focusing the probing near infrared
beams in the detection crystal. In this measurement configuration, it is still possible for ther-
mal modes propagating at an angle with respect to the propagation directions of the beams
to contribute to the measured experimental signal. In order to prevent it an additional cold
shield at 4 K has been added. (b) The comparison between the time traces measured with-
out (yellow faded line) and with (purple faded line) the additional thermal shield is shown.
The yellow and purple thick lines represent respectively the experimental measurements per-
formed without and with the additional thermal shield treated with a 3 THz low-pass filter.
The uncertainty on the measurements are σW.O. = 1.2 V2m−2 and σW = 1.05 V2m−2 for the
measurement without and with thermal shield respectively (c). The spectral contents (thick
lines) of the two raw measurement reported in (a) are compared. The Fourier transform has
been performed using the same filtering described in Supplementary Note 3. The relative
spectral amplitude uncertainty is reported as a shaded area.
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on the detection crystal and re-collimate them afterwards, is also placed in thermal con-
tact with a metallic shield whose temperature is fixed at 4 K. The cold optical glass of the
lenses provides an efficient shielding for thermal radiation in the THz frequency region above
0.5 THz9, which could impinge on the detection crystal from the adjacent thermal shield at
45 K (orange arrows in Supplementary Fig. 3 a)). The block of 45 K thermal radiation is
however efficient only for thermal modes falling inside the solid angle defined by the surface
of the cold lens. In order to increase the shielding surface and completely block THz ther-
mally populated modes, we have placed an additional 4K thermal shield between the lens
and the detection crystal.

The comparison between the experimental electro-optic correlation G(1)
eo (δt, δr⊥) obtained

in the absence and in the presence of the additional thermal shield is shown in Supplemen-
tary Fig. 3 b) . Both measurement have been performed with an average distance between
the probing pulses of δr⊥ = 50µm. Their experimental uncertainty, estimated as describe
in detail in Supplementary Note 3, corresponds to σW.O. = 1.2 V2m−2 and σW. = 1.05 V2m−2

respectively. As it is shown, the experimental signal measured without and with addi-
tional shielding, even if presenting the same features and temporal extension in time do-
main, displays a variation in amplitude. Increasing the effective solid angle of shielded THz
thermally poplated modes reduces the experimental signal from peak value at δt = 0 of
G(1)

eo (δt = 0, δr⊥) = 7 V2m−2 to a value of G(1)
eo (δt = 0, δr⊥) = 5 V2m−2.

In frequency domain (see Supplementary Fig.3 c)), the electric field correlation function
G(1)

eo (δt, δr⊥) reduced amplitude translates into a decrease of the peak amplitude from a
value of G(1)

eo (Ω) = 1 V2m−2THz−1 centered around Ω = 2.2 THz to a value of G(1)
eo (Ω) =

0.9 V2m−2THz−1 around a frequency of Ω = 2 THz. We would also like to underline that the
bandwidth of the detected signal, dependent on the temperature of the detection crystal only,
remains unchanged. The decrease in amplitude of the experimental electro-optic correlation
function can be attributed solely to the efficient blocking of thermal radiation.

B. Non-coherent Kerr-induced third order non-linearity

We attribute the discrepancy in the low frequency region between the expected and measured
signal shown in Fig. 3 a) of the main text to a non-coherent Kerr-induced third order non-
linear effect. Due to the non vanishing value of the third order non-linearity tensor in
ZnTe14, it has already been shown in literature15 that depending on the relative orientation
of the crystallographic axes of the ZnTe crystal with respect to the probes polarization,
this effect can become the predominant contribution to the polarization shift experienced
by the laser probes. As shown in Supplementary Ref.15, the effect arises for near infrared
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Supplementary Figure 4: Origin of low frequency components contributions. a) The
scaled Kerr-signal (yellow shaded area) is compared to the quantum vacuum electro-optic
signal theoretically predicted (orange shaded area). Their sum will provide the total expected
experimental signal (red solid line). b) The measured quantum vacuum correlation (purple
solid line) is compared with the total expected signal (violet solid line). The two curves
show a good agreement within the experimental uncertainty, especially in the frequency
region between 1.75 − 3.25 THz.

electric fields polarized parallel to the ẑ crystallographic axis of the detection ZnTe crystal,
which corresponds to the detection configuration implemented in our electro-optic correlation
setup.

In analogy with electro-optic detection, electromagnetic vacuum at both THz and at the
frequency of the ultrashort probing pulses (near infrared) can be held responsible for the
correlated polarization shift experienced from the two laser pulses via a their third order
nonlinear interaction. However, due to the direct proportionality of the quantum vacuum
modes amplitude on their frequency, contributions arising from electromagnetic vacuum at
the same frequency of the ultrashort probing pulses will become predominant.

This Kerr-induced nonlinearity is particularly relevant for probing beams with high peak
electric field values. As such, our previous work in Supplementary Ref.8, which presented a
probe peak intensity roughly 100 times smaller than the current measurement configuration,
has not been affected by a similar higher order nonlinear effect. Moreover, as described in
Supplementary Ref.14, said Kerr-induced effect can be assumed to be dependent on the spa-
tial and temporal overlap of the intensities of the two interacting beams inside the nonlinear
medium. In particular, in frequency domain, Kerr-induced nonlinear electro-optic signal has
been shown to be characterized by a high presence of low-frequency contributions.

In order to estimate the third order effect influence for a generic value of the beams
transverse separation of δr⊥, we have measured the Kerr-induced non coherent electro-optic
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signal with δr⊥ = 0µm. This experimental electro-optic signal has been then rescaled
according to the normalized value of the tridimensional overlap of the near infrared pulses
intensities γov. inside the nonlinear crystal. The latter has been computed numerically and
experimental parameters such as the beam divergence and the non-collinear propagation of
the ultrashort probes has been taken into account for the numerical evaluation.

A normalized tridimensional overlap value of γov. = 0.001 has been used to perform
the rescaling. The value considered results slightly larger than the one computed for the
propagation of the two near infrared probes along a 1 mm ZnTe crystal, an average beam
distance of δr⊥ = 50µm and a Gaussian beam of w = 10µm. An increased value has been
chosen in order to take into account possible aberrations and non-perfect Gaussian behaviour
of the experimental ultrashort probing pulses.

The scaled signal obtained for the Kerr-induced measurement with δr⊥ = 50µm is
shown in frequency domain in Supplementary Fig. 4 a). It displays a peak amplitude of
0.2 V2m−2THz−1 and, as expected, it presents mostly contributions from modes with fre-
quency below 1.5 THz. In Supplementary Fig. 4 a) we also report the total expected signal,
which can be estimated as the combination of the Kerr-induced non-linear signal and the
theoretical prediction for the quantum vacuum correlation function G(1)

eo (Ω) obtained from
Eq. 3 in the main text. The comparison between the expected signal and the experimentally
measured one is presented in Supplementary Fig.4 b). As it can be seen, the two spectra not
only present the same amplitude of around 0.95 V2m−2THz−1, but also the same bandwidth
of about 3.5 × 2π THz. The slight mismatch in the peak position of both curves can be
attributed to the apodization treatment of the experimental data, as described in detail in
Supplementary Note 3.
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