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Thermal noise as a window into the quantum vacuum: Spatial patterns revealed
by simple experiments

Sun-Hyun Youn
Department of Physics, Chonnam National University, Gwangju, South Korea

M (Received 2 May 2025; accepted 3 June 2025; published 20 June 2025)

We show that the spatial structure of electromagnetic vacuum fluctuations, predicted by quantum elec-
trodynamics, can be indirectly observed using thermal noise at radio frequencies. Using simple laboratory
equipment like coaxial cables and radio frequency splitters, we detect a clear suppression of thermal noise
near conducting boundaries, mirroring the expected modulation of vacuum modes. This provides accessible,

experimental evidence for quantum vacuum behavior without requiring advanced optics or cryogenics.

DOLI: 10.1103/fyk5-nbwd

I. INTRODUCTION

The behavior of electromagnetic fields near a mirror sur-
face is fundamentally altered by boundary conditions, leading
to the formation of standing waves [1,2]. This, in turn,
modifies the vacuum fluctuations, impacting phenomena like
spontaneous emission [3-7]. While theoretical predictions
suggest a reduction in vacuum fluctuations near a mirror,
direct experimental verification in the optical regime has been
challenging due to limitations in spatial resolution. Here, we
propose and demonstrate an approach using radio frequency
(RF) measurements of thermal noise to indirectly probe the
spatial distribution of vacuum fluctuations near a mirror. We
leverage the fact that thermal noise, dominant in the RF
domain, populates the same electromagnetic modes dictated
by the boundary conditions as vacuum fluctuations. By char-
acterizing the spatial distribution of thermal noise, we infer
the corresponding modification of vacuum modes and, conse-
quently, the vacuum fluctuations.

When light, an electromagnetic wave, is incident upon a
mirror, the electric field must vanish at the mirror surface
(assuming a perfect conductor). For a plane wave propagating
in the z-direction and a mirror in the xy-plane, this boundary
condition results in a standing wave pattern. The electric field
intensity is zero at integer multiples of half the wavelength
from the mirror and reaches a maximum at odd integer multi-
ples of a quarter wavelength. This principle forms the basis of
optical resonators (cavities), where only specific wavelengths
(resonant modes) satisfying the boundary conditions imposed
by two mirrors can exist.

It is well-established that this modification of the elec-
tromagnetic field also affects the vacuum fluctuations, the
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zero-point energy of the electromagnetic field [1]. These
vacuum fluctuations are linked to shot noise in optical mea-
surements, and it has been demonstrated that they can be
reduced below the standard quantum limit through nonlinear
optical interactions [7]. In 1993, one of us theoretically pre-
dicted that the magnitude of vacuum fluctuations could be
reduced near a mirror surface, simply due to the boundary
conditions, without requiring nonlinear media [8]. While in-
direct evidence supporting this prediction was obtained [9],
direct experimental verification in the optical domain has
remained elusive due to the difficulty of achieving subwave-
length spatial resolution in the direction of light propagation.

The fundamental properties of electromagnetic waves, in-
cluding the modification of modes near a boundary, are not
limited to the optical regime. We therefore propose an experi-
mental approach in a different frequency domain, specifically
the RF range, to overcome the limitations of optical measure-
ments.

The vacuum fluctuations of a specific electromagnetic
mode correspond to the lowest possible energy state of that
mode, as defined by its frequency. To isolate and measure
these vacuum fluctuations, one must eliminate all contribu-
tions from thermal noise and other external signals at the
corresponding frequency. This condition can only be ap-
proached by cooling the system to absolute zero (0 K) and
shielding it from any extrinsic electromagnetic interference.

A compelling question then arises: once a state composed
solely of vacuum fluctuations has been established, how does
the subsequent introduction of thermal noise manifest spa-
tially in terms of energy distribution? At a given frequency, the
thermal energy added to the system acts to further excite the
electromagnetic mode that initially harbored only the vacuum
fluctuation energy. This added excitation effectively modifies
the population of the mode, leading to a new energy distribu-
tion shaped by both vacuum and thermal contributions.

Now, consider a resonator formed by two mirrors in ther-
mal equilibrium with a reservoir. The electromagnetic field
inside the resonator will also reach thermal equilibrium,
with energy distributed according to Planck’s law. However,
crucially, the frequencies are no longer continuous but are
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discrete, corresponding to the resonant modes of the cavity.
The energy introduced by thermal noise will populate these
discrete modes, adjusting the photon number in each mode
to reach thermal equilibrium. In other words, photon creation
or annihilation is always defined with respect to a chosen
set of spatial modes, determined by boundary conditions or,
experimentally, by cavities, waveguides, or well-collimated
free-space beams [10]. Injecting monochromatic radiation of
frequency wy therefore does not create a new field configu-
ration ab initio; rather, it increases the excitation level of an
already defined mode from |n; > to |ng4 >, exactly as adding
energy to a mechanical oscillator drives it to a higher eigen-
state [11]. Coherent, thermal, or squeezed superpositions of
such Fock states constitute the operational toolbox of modern
quantum optics [12,13].

Our main idea is to investigate how thermal noise is
distributed under specific boundary conditions, and, by char-
acterizing the electromagnetic field modes that arise in such
conditions, infer the properties of vacuum fluctuations. This
inference is justified by the fact that, in quantum electrody-
namics, the ground state of quantized electromagnetic field
modes, defined by the given boundary conditions, exhibits
vacuum fluctuations that share the same spatial characteristics
as the modes themselves [11,12,14].

Therefore, by measuring the spatial distribution of RF ther-
mal noise near a mirror, we can infer the spatial distribution
of the vacuum modes near the mirror and, consequently, how
the vacuum fluctuations are modified.

While direct measurement of vacuum fluctuations in the
RF domain is challenging due to the overwhelming thermal
noise, measuring the spatial variation of the thermal noise al-
lows us to deduce how the vacuum modes are shaped near the
mirror, providing indirect access to the behavior of vacuum
fluctuations. This approach opens a new avenue for experi-
mentally investigating quantum electrodynamic effects near
boundaries, circumventing the limitations of optical measure-
ments.

Our experimental configuration utilizes BNC cables, with
one end modified to achieve a zero impedance, effectively
creating a mirrorlike boundary condition. In a simplified sce-
nario, an amplifier with a 50-Q2 input impedance connected
to a 50-Q2 BNC cable of length L, terminated with a load
impedance Z;, would primarily detect thermal noise originat-
ing from the amplifier’s input stage. The input impedance in
this setup is well-described by transmission line theory, being
a function of cable length and load impedance.

However, we interpret the observed thermal noise signal
not merely as a passive measurement, but as a consequence of
energy from the amplifier’s input stage thermal noise exciting
vacuum modes within the cable, leading to the formation of
electromagnetic waves. Therefore, measuring the spatial char-
acteristics of this thermally induced noise within the cable is
equivalent to probing the spatial characteristics of the vacuum
modes themselves, effectively providing a measurement of the
vacuum noise’s spatial properties within the cable environ-
ment.

In this work, we first characterized the frequency-
dependent thermal noise by varying both the length of the
BNC cable connected to the amplifier input and the termina-
tion impedance (0 and infinity). While varying cable length

for a fixed frequency is possible, we chose to analyze thermal
noise across a range of frequencies for a fixed cable length
to determine the spatial distribution of electromagnetic waves
within the cable. This provided a comprehensive characteriza-
tion of the electromagnetic mode structure.

Furthermore, analogous to how a beam splitter (BS) com-
bines and separates optical beams, RF splitters can also
manipulate electromagnetic waves through reflection and
transmission. We employed a 4 x 4 RF splitter, connecting
BNC cables to two input ports to define specific electro-
magnetic modes. By characterizing the propagation of these
modes through the splitter, we investigated the behavior of
vacuum fluctuations in the presence of a mirrorlike boundary,
analogous to studying vacuum fluctuations near a reflecting
surface. This configuration allows us to probe how zero-point
energy manifests in such a constrained RF environment.

II. SPATIAL MAPPING OF THERMAL NOISE IN
COAXIALLY CONSTRAINED GEOMETRIES:
PROBING VACUUM FLUCTUATION MODES

We consider a system comprising a voltage source (vp) in
series with an impedance (Z;), connected to a transmission
line of length L4 and characteristic impedance Zy. The trans-
mission line is terminated with a load impedance Z;. While the
voltage across the device can be determined using equivalent
impedance methods, we present here an analysis based on the
theory of propagating electromagnetic waves [15,16].

The voltage originating from vy, is initially divided at the
input of the transmission line. Due to the series connection of
Zp, and Zy, the voltage appearing at the input of the transmis-
sion line (vp) is given by [15,17]:

Zy
Vpo——.
Zy+ 2y

This voltage vy propagates along the transmission line of
length L, to the load impedance Z;. At the load, a portion of
the wave is reflected. The reflected wave travels back along
the transmission line (length L4) to the input of the device.

The voltage of this first reflected wave arriving back at the
input (vy,,) is:

ey

Vg =

Vi = voe e, @

where k is the wave number of the electromagnetic wave. The
term I'; represents the reflection coefficient at the load (g jég ).
Upon reaching the input, this wave encounters the impedance
Zp, leading to a further reflection. The voltage of this reflected

wave (vyp) is:

vip = voe M e Ty, 3)
where The term I';, is the reflection coefficient at the source
Zy—Z
end (Z_i+zg ).

At this stage, the total electromagnetic wave amplitude at
the device input is the superposition of the initial wave and the
first two reflected waves, vo + vy, + vyp.

However, vy, subsequently propagates along the line, un-
dergoes reflection at Z;, returns to the input, and is partially
reflected again by Z,. This process of repeated propagation
and reflection continues indefinitely. The resulting superposi-
tion of all these waves at the device input leads to the total
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FIG. 1. Schematic of the noise measurement setup for a BNC ca-
ble. Noise amplified by a preamplifier is measured using a spectrum
analyzer. The preamplifier is connected to a BNC cable of length
L, with a terminal impedance 7;. The sum and difference of the
electromagnetic waves entering through terminals J; and J4 of the
beam splitter are transmitted to terminals J; and J,, respectively. J3
and J, are connected to BNC cables with terminal impedances Z; and
Z, and lengths L; and Ly, respectively.

voltage v; becomes
Vs = U0+U1m+vlp+v2m+v2p+"'
eZikLA + Fl
e2ikLy FlFb'

In the specific case where the device impedance matches
the characteristic impedance of the transmission line (Z, =
Zy), the reflection coefficient at the source end becomes zero.
This eliminates all subsequent reflections from the source end,
significantly simplifying the expression for vy.

The magnitude squared of this simplified voltage, repre-
senting the power delivered to the device, is then:

02— U;% le cos®(kLy) + Zg sin® (kLA)' )
(Zo +7)?

This expression can be recast in terms of the microwave
frequency (f). The wave number (k) is related to the fre-
quency by k = @, where c is the speed of light in vacuum
and n is the refractive index of the transmission line material:

Z2 cos?(2m fnLa/c) + Z3 sin® (2w fnLa/c)
(Zo+71)?

Prior to incorporating the BS (see Fig. 1), we conducted ex-
periments varying both the length and termination impedance
of the BNC cable connected to the preamplifier. Measure-
ments were performed using an E4443A spectrum analyzer
and an SR445 preamplifier at room temperature. The mea-
sured electromagnetic signal originated from thermal noise
generated by the 50-Q2 input impedance of the preamplifier.
Cable lengths of 4 m and 8 m were tested, with the cable
terminated in either a short circuit (0 ) or an open circuit
(infinite impedance).

Figure 2 presents the measured noise power as a function
of frequency for a 4-m BNC cable, comparing the cases
of short-circuit and open-circuit termination against a 50-$2
matched termination. Red circles represent the short-circuit

“

:UO

v2(f) = v} . (6)

FIG. 2. Noise spectra measured using a spectrum analyzer, with
the input BNC cable of the preamplifier set to a length of 4 m.
Red circles and blue triangles indicate measurements taken with the
cable end impedance set to 0 €2 and infinity, respectively. Values
are normalized to the case where the cable end impedance is 50
Q. Theoretical predictions (solid red and dashed blue lines) were
calculated using a BNC cable with a length of 4.08 m and a refractive
index of 1.60.

termination (0 €2), while blue triangles represent the open-
circuit termination (infinite impedance). The solid and dashed
curves represent fits to the data, incorporating the preamplifier
gain and system errors.

The quantity we aim to measure, v>(f), originates from
the thermal noise generated at the input impedance of the
preamplifier [18-20]. Within a given boundary condition, this
thermal noise exhibits a frequency-dependent spatial distribu-
tion. However, the signal measured by the spectrum analyzer
includes not only vf (f) but also various forms of environmen-
tal and instrumental noise.

Indeed, if there are additional losses in the BNC cable,
thermal noise can be further introduced according to the
fluctuation-dissipation theorem [21,22]. However, the resis-
tive losses in the cable are much smaller than 50 €2 and are
uniformly distributed along its length. As a result, the associ-
ated thermal noise contributes as a uniform background noise
that does not significantly affect the frequency-dependent
mode structure.

It is important to note that such additive background noise
does not contribute to the reduction of thermal noise; rather, it
increases the overall noise floor of the measured signal. There-
fore, we performed a fitting of v2(f) in the low-noise region,
where the noise power is minimal, and extended the fitting
across the entire frequency range by introducing two fitting
parameters: a system noise component (sn) and a relative gain
factor of the measurement system (a).

The total measured signal, as recorded by the spectrum
analyzer, is expressed as (v + sn)-a. Since the spectrum
analyzer provides measurements in dBm, we converted the
expression to a logarithmic scale. The final theoretical fitting
function is given by:

f = 10logy, (a(v; + sn)). @)

Since multiple cables were connected in series to extend
the total length, resulting in a cable length of several meters, a
few centimeters of uncertainty in the total length were treated
as a fitting parameter in the calculation of v?. Optimization
yielded a = —1.754, sn = 1.91, a cable length of 4.08 m,
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FIG. 3. Noise spectra measured using a spectrum analyzer, with
the input BNC cable of the preamplifier set to a length of 8 m.
Red circles and blue triangles indicate measurements taken with the
cable end impedance set to O 2 and infinity, respectively. Values are
normalized to the case where the cable end impedance is 50 €2. The-
oretical predictions (solid red and dashed blue lines) were calculated
using a BNC cable with a length of 7.93 m and a refractive index of
1.60.

and a refractive index of n = 1.60. As evident in Fig. 2, the
measured noise power exceeds the fitted values in regions of
high noise. Conversely, in low-noise regions, the measured
data aligns well with the theoretical predictions.

Figure 3 displays analogous results for an 8-m BNC cable,
again comparing short-circuit (red circles) and open-circuit
(blue triangles) terminations with a 50-2 matched load. The
solid and dashed curves represent fits using the same values
for a, sn, and n as in Fig. 2, with only the cable length adjusted
to 7.93 m for optimal fitting.

In this section, we experimentally investigate the spatial
distribution of electromagnetic waves associated with thermal
noise by directly connecting a BNC cable to the preamplifier
and adjusting the impedance at the cable end to induce reflec-
tions of the propagating waves. The measured spatial profiles
of the thermal noise show good agreement with theoretical
predictions for cable lengths of 4 m and 8 m. Considering that
thermal noise does not generate new spatial modes but rather
excites existing electromagnetic modes, the spatial structure
of thermal noise reflects the spatial characteristics of these
modes, which, in turn, correspond to the spatial distribution of
vacuum fluctuations. Therefore, our findings provide experi-
mental insight into the spatial profile of vacuum fluctuations.

J

4k, T Zy
8

2
vi(ms, my) =

III. THERMAL NOISE DISTRIBUTION IN BS
CONFIGURATIONS: INFERRING VACUUM
FLUCTUATION SUPPRESSION

We analyze the propagation of electromagnetic waves and
the contribution of thermal noise within a system incorporat-
ing a H2979 BS. The BS in Fig. 1 combines electromagnetic
waves input at ports J3 and J4 to produce a sum signal output at
port J; and a difference signal output at port J,. A BNC cable
of length L, is connected directly to port J, for connection to
the preamplifier. Port J; is terminated with a 50-€2 impedance
to prevent reflections. BNC cables of lengths L3 and L4 are
connected to ports J3 and Jy4, respectively, with characteristic
impedances Z3 and Z;.

An initial voltage, vy, applied to the input of a preampli-
fier, propagates along a cable of length L4 to port J, of the
BS. The wave is then split and directed toward ports J3 and
J4. The portion of the wave exiting J4 travels along a cable, is
reflected by an impedance Z,, and subsequently splits again,
propagating toward J; and J,. A similar process occurs for the
wave exiting J3, reflecting from impedance Z; and splitting
toward J; and J,. Port J; is terminated with a 50-2 impedance,
matching that of the cable, preventing further reflections at
this point. Therefore, the voltage at the preamplifier input
resulting from the reflected waves via the BS can be expressed
as:

Vg = UZO[I + eflkLA+zwt3zS321—w3872tkL3 e+zwrz3 s23€71kLA

+ e*lkLA+le42 S l—~46721kL4 P S24eilkLA], (8)

where I'; = (Z; — Zy)/(Z; + Zy) represents the reflection co-
efficient at impedance Z;, Z; is the characteristic impedance
of the cable, w is the angular frequency, s;; is the S-matrix of
the BS, and 7;; represents the propagation delay between ports
i and j of the BS.

If the thermal noise generated by the resistor connected to
the preamplifier is reflected back to the preamplifier through
the region coupled via the BS and the associated cables, as
described in Eq. (8), the thermal noise originating from the
resistors located at the termination of the cables connected to
the BS is transmitted to the preamplifier as given by Eq. (A4),
which is derived in detail in the Appendix. This expression
can be simplified by considering the limiting cases where Z3
and Z4 approach zero or infinity, yielding the following result:

{4 — 2(—1)m3 COS(2(kLA + kL3 — a)r23)) — 2(—1)’”4 COS(Z(kLA + kL4 — a)‘L'24))

— (=1)"™*"M cos(2kLs — 2kLy — wT13 + 0T1s — ©T23 + ©To4)

+ (—1)’"34—m4 COS(2(kL3 — kL4 — w73 + CL)‘L'24))}. (9)

Here, m; is an index representing the state of impedance Z;,
taking the value 0 when Z; = 0 and 1 when Z; — oo.

Figure 4 presents noise spectra measured at a spectrum
analyzer connected to output port J, of a BS via a preamplifier,
with specific cabling and termination conditions at the BS
input and output ports. Input port J3 is connected to a 2-m
BNC cable terminated with a 0-Q impedance, while input
port Jy is connected to a 1-m BNC cable terminated with an

(

open circuit (infinite impedance). Output port J; is terminated
with a 50-Q impedance, matching the cable impedance.
The green squares represent data acquired with a 2-m cable
between J; and the preamplifier, and the blue triangles
represent data with a 1-m cable in the same location. The data
are presented as the noise power relative to that measured
when the preamplifier input is terminated with a 50-€2 load.
The solid green line is a fit to the data using Eq. (9) with the
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FIG. 4. Noise characteristics measured after the electromagnetic
waves combined at the Beam Splitter (BS) were amplified by the
preamplifier. A BNC cable with a length of 2 m and short-circuited
impedance (0) was connected to terminal J5 of the BS, while a BNC
cable with a length of 1 m and an open-ended impedance (infinity)
was connected to terminal J4s. The noise characteristics were mea-
sured for cases where the BNC cable length between the preamplifier
and the BS was 2 m and 1 m, represented by green squares and
blue triangles, respectively. Theoretical values calculated for cable
lengths of 1.98 m and 0.98 m are shown as green and blue solid
lines, respectively.

following parameters: 14 = 133 =5.31ns, T =13 =
8.46ns, a=—1.27, s, = 1.10, and a distance of 0.98 m
between the preamplifier and J;. The solid blue line represents
a fit with identical parameters, except for an increased
preamplifier to J; distance of 1.98 m. The theoretical model
shows good agreement in the low-noise regions, while
discrepancies in high-noise regions are likely attributable to
the intrusion of external noise sources.

To predict the characteristics of the thermal noise measured
at the spectrum analyzer, as a function of BNC cable length at
the BS input, theoretical calculations are presented in Fig. 5.
The length of cable between J, and preamplifier is 2 m. The J,
is terminated with 50 2. A 1-m BNC cable, terminated with
an open circuit (infinite impedance), was connected to input
port J3. Another cable terminated to 0 2 was connected to the
other input port J,. Calculations were performed for the noise

FIG. 5. Theoretical noise power as a function of frequency and
BNC cable length at one input of a beam splitter (BS). The calcula-
tion assumes a 0-Q2 impedance termination at input port J, (variable
length cable). Input port J; has a fixed 1-m BNC cable terminated
with infinite impedance (open circuit). The preamplifier is connected
to the BS via a 2-m BNC cable.

-1.0

FIG. 6. Noise characteristics measured after the electromagnetic
waves combined at the Beam Splitter (BS) were amplified by the
preamplifier. A BNC cable with a length of 1 m and an open-ended
impedance (infinity) was connected to terminal J; of the BS, while
a BNC cable with a length of 4 m and a short-circuited impedance
(0) was connected to terminal J4. The BNC cable length between the
preamplifier and the BS was 2 m. Theoretical values calculated for
cable lengths of 1.98 m are shown as a red solid line.

power spectral density as a function of frequency, varying the
length (L4) of a BNC cable terminated in a short circuit (0 £2)
connected to input port J4 from O to 4 meters. The calculations
reveal complex interference patterns arising from reflections
of electromagnetic waves within the cables connected to the
BS input ports.

Figure 6 shows the calculated thermal noise power spec-
tral density (red circles) for the case of Ly = 4m in Fig. 5.
The red solid line is a fit to this calculated data, using the
same parameters as in Fig. 4, but with a preamplifier to J;
distance of 1.98 m and a cable length of 3.98 m connected to
Js. The data in the lower-noise regions are in strong agreement
with the theoretical fit.

In this section, we experimentally investigate the spatial
distribution of electromagnetic waves associated with thermal
noise in several modes combined by the BS. The measured
spatial profiles of the thermal noise show good agreement with
theoretical predictions.

Thermal equilibrium of an object with its surroundings
implies a balance between the object’s internal thermal energy
and the energy stored in the electromagnetic modes estab-
lished by the environment. Consequently, the thermal noise
originating from the object does not generate new electro-
magnetic modes within the environment; rather, it excites the
pre-existing modes to maintain this equilibrium state.

Therefore, by examining the spatial distribution of elec-
tromagnetic waves originating from the resistor in the
preamplifier within the BNC cable, one can infer the inher-
ent electromagnetic mode structure of the BNC cable in the
absence of these resistor-generated waves. This is because the
electromagnetic waves due to thermal noise from the resistor
do not alter the intrinsic modes of the BNC cable but merely
excite them. As the temperature of the resistor decreases, the
magnitude of the generated thermal noise diminishes. Extrap-
olating to 0 K, it is reasonable to surmise that the vacuum
fluctuations, which would then be the dominant measurable
quantity, would exhibit a similar spatial profile. For these
reasons, measuring the thermal noise from the preamplifier
resistor within the BNC cable setup incorporating the BS
enables the prediction of vacuum fluctuations within a BNC
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cable terminated by a short circuit at one end. By extension,
this approach suggests a method for inferring vacuum fluctu-
ations in proximity to a mirror surface.

IV. DISCUSSION

In this work, we present an experiment that, while
conceptually simple and implementable within a standard un-
dergraduate physics laboratory, reveals striking insights into
the spatial structure of quantum vacuum fluctuations. By
measuring thermal noise propagating through BNC cables
connected to a BS, we uncover the spatial distribution of
electromagnetic modes shaped by the experimental bound-
ary conditions. Although the data could be interpreted using
conventional microwave impedance calculations at the pream-
plifier input, our approach instead emphasizes the coupling
of thermal noise—originating from a 50-$2 resistor—into the
spatially distributed electromagnetic modes supported by the
surrounding environment.

Crucially, these measurements go beyond characterizing
just thermal noise. The spatial pattern of the observed fluc-
tuations mirrors the mode structure that would persist in the
absence of thermal excitation—namely, the vacuum fluctua-
tions dictated by quantum electrodynamics. In this sense, our
simple setup offers a direct experimental window into the spa-
tial distribution of quantum fluctuations, typically considered
an abstract or inaccessible concept in undergraduate settings.

When the termination of the BNC cable is modified—for
instance, by introducing a reflective short (0-€2 termination)—
we observe changes in the standing wave patterns consistent
with mirrorlike boundary conditions. This allows us to infer
how vacuum fluctuations themselves are reshaped by spatial
constraints. The experiment thus provides a rare opportunity
to visualize how quantum noise is distributed in space, a phe-
nomenon usually confined to high-precision quantum optics
or condensed matter experiments.

That such a profound insight can arise from a thermal
noise measurement using readily available laboratory equip-
ment underscores the deep connection between classical noise
and quantum fluctuations. While it might appear to be a
reinterpretation of a textbook phenomenon, we argue that
this perspective offers a more nuanced and spatially resolved
understanding of vacuum fluctuations. This has significant
implications for quantum-limited measurements—for exam-
ple, in gravitational wave detection, where squeezed states
are employed to suppress vacuum noise below the standard
quantum limit.

The potential for practical applications is particularly com-
pelling in the RF regime, where current technologies already
allow precise control of boundary conditions. In intensity-
stabilized light sources, for example, vacuum noise entering
unused ports of BSs limits the achievable stability [23]. Our
findings suggest that by incorporating reflective elements at
these ports, specific components of quantum noise can be sup-
pressed, enabling stabilization strategies that operate below
the standard quantum limit—particularly in the RF domain,
where subwavelength spatial resolution is readily accessible.

In summary, our experiment, though simple in execution,
reveals the spatial distribution of quantum vacuum fluctua-
tions shaped by boundary conditions, as inferred from thermal

noise measurements. This unexpected depth of insight from
an undergraduate-level setup highlights a broader principle:
that quantum phenomena, far from being confined to exotic
laboratories, can be probed and understood through care-
ful reinterpretation of classical measurements. This approach
opens new avenues for controlling and utilizing quantum
noise across the electromagnetic spectrum.
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APPENDIX: THERMAL NOISE CONTRIBUTIONS FROM
PREAMPLIFIER INPUT RESISTANCE AND BEAM
SPLITTER CABLE TERMINATIONS

To evaluate the propagation of thermal noise generated at
the termination resistances of the cables connected to ports J3,
Js, and J; of the BS to the input of the preamplifier, we begin
by analyzing the contribution from the resistance Z3 located at
the end of the cable connected to port J3. The resulting thermal
noise contribution is given by:

V3g = v3oe—lkL3+le23S23e—lkLA , (Al)
where vy = ngTUZO“MkBTZ& representing the voltage noise

spectral density at the source, with kz being Boltzmann’s
constant and 7' the temperature.

Similarly, the thermal noise contribution from impedance
Zy4 18:

—ikLy+iwtoy s24e—ikLA
b

Vgq = Vgo€

where vy = Zﬁ—ZONMkBTZé‘.

Finally, thermal noise originating from the termination
impedance at J; propagates through the BS, with portions
reaching the preamplifier input via J,. This contribution is
described by:

(A2)

_ —ikL +iwT —ikLa+iwT);3
Vig = vige e P53 Taspze AT

—ikLA+iwr24]
b

+ el sq114824€ (A3)

where V10 = %«/ 4k3TZl

The S-matrix parameters characterizing the BS are:
s =823 = —1/v/2 and s34 = 540 = 531 = 513 = 14 = 541 =
1/+/2. The phase shift w; ; represents the propagation delay
between ports i and j of the BS.
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Considering the statistically independent nature of thermal noise sources, the total mean-squared voltage at the preamplifier

input is:

, 4T 7o
v o=
M 8(Zo + 22)*(Zo + Z3)* (2o + Z4)?

(Zo + 22)*|Zy + Z3Z; + 4Z3(Zs + Zs) + AZ0Z3Z4(Zs + Zs) + 2§ (25 + 122324 + Z5)

—(Zg — Z32)(Z§ — Zf) cos(2kLs — 2kLy — wT13 + 0Ty — wT3 + 0)124)}

+4Z022{3Z5 + AZ3Zs + 3Z5Z5 + AZ3Zs + AZZ3Zy + AZ0Z3Zy + 3Z3Z; + AZ0Z5Z; + 3Z3Z;
—2(Z§ — Z5)(Zo + Z4)* cos(2(kLy + kLy — 0723)) — 2(Zo + Z3)* (Z5 — Z3) cos(2(kLs + kLy — wT24))
+Zg cos(2(—kLz + kLs + wty3 — wT4)) — 25232 cos(2(—kLz + kL4 + w3 — wTo4))

— Z§Z; coS(2(—kLs + kLs + 0To3 — 0To4)) + Z3Z; co8(2(—kL3 + kLs + 0To3 — 0Tos)) }.

(A4)
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