
HAL Id: hal-04798915
https://hal.science/hal-04798915v1

Submitted on 22 Nov 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Sonification of Wigner functions: case study of intense
light-matter interactions

Antoine Reserbat-Plantey, Maciej Lewenstein, Reiko Yamada, Eloy Piñol

To cite this version:
Antoine Reserbat-Plantey, Maciej Lewenstein, Reiko Yamada, Eloy Piñol. Sonification of Wigner
functions: case study of intense light-matter interactions. Mathematics and Computation in Music
MCM2024, 2024, �10.1007/978-3-031-60638-0_38�. �hal-04798915�

https://hal.science/hal-04798915v1
https://hal.archives-ouvertes.fr


Sonification of Wigner functions: case study of
intense light-matter interactions

Reiko Yamada1, Antoine Reserbat-Plantey3[0000−0002−9106−8750], Eloy
Piñol1[0000−0002−3763−175X], and Maciej Lewenstein1,2[0000−0002−0210−7800]

1 ICFO – Institute of Photonic Science, Barcelona Institute of Science and
Technology Av. C.F. Gauss, 3 - 08860 - Castelldefels - Barcelona - Spain

2 ICREA Lluis Companys, 23 - 08010 - Barcelona - Spain
3 Université Côte d’Azur, CNRS, CRHEA. Valbonne, Sophia-Antipolis, France

Abstract. In quantum mechanics, the Wigner function ρW (r,p) serves
as a phase-space representation, capturing information about both the
position r and momentum p of a quantum system. The Wigner function
facilitates the calculation of expectation values of observables, examina-
tion of quantum system dynamics, and analysis of coherence and corre-
lations. Therefore, it might serve as a tool to express quantum systems
intuitively, for example, by using sonification techniques. This paper sum-
marizes the experimental strategies employed in a previous project and
delineates a new approach based on its outcomes. Emphasizing the attri-
bution of specific Wigner functions to their underlying quantum states,
dynamics, and sources; our proposed methodology seeks to refine the
sonification and scoring process, aiming to enhance intuitive understand-
ing and interpretation of quantum phenomena.

Keywords: quantum mechanics · sonification · Wigner function ·
electro-acoustic composition

The development of atomic and molecular optics[10], ultra-fast optics[8],
nanophotonics[7] or quantum transport – to name a few – has led to experimental
situations involving genuine and complex quantum mechanics phenomena. While
quantum mechanics textbooks often refer to the building blocks such as quantum
harmonic oscillator, single particle in a box, or single spin states, modern physics
has to deal with systems with physical properties that evolve on a very short
length scale, often smaller than the De Broglie wavelength[3]. Consequently,
quantum phenomena such as entanglement, cluster states, mesoscopic quantum
state superposition, or strongly correlated states appear. Their description and
modeling sometimes require mathematical tools, such as Wigner functions[4].
Sonification of quantum phenomena has often revolved around simple physical
systems, such as a Gaussian wavepacket in a potential well[5], or quantum har-
monic oscillators[9,6]. Motivations for sonifying quantum phenomena vary, from
enhancing understanding of quantum behavior [5] to developing sound-based
protocols for quantum information storage[9] or even creating tools for sorting
and categorizing features within quantum systems[2]. Campo’s 2005 study [2]
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elegantly demonstrated the sonification of mass spectra of subatomic particles
like baryons. Some approaches also emphasize the aesthetic aspect of sonify-
ing quantum phenomena, exemplified by Rodney Du Plessis’ piece Psi (2021),
which utilizes the QHOSYN sound emulator to simulate quantum harmonic os-
cillators’ superposition [6]. In such a manner, this tool enables the simulation
and generation of quantum-based sound. Another illustration comes from the
sonification of many-body systems – which are situations often challenging to
analyze –, as presented in Bob Sturm’s piece 50 Particles (2001), where musical
gestures map inter-particles coupling, and the system dynamics drive the piece
development[12].

As this article will detail, Wigner functions are powerful tools for describ-
ing and computing massively quantum systems. We attempted to sonify the
Wigner function describing a quantum superposition of optical states – known
as Schrödinger cat state – using various methodologies, and we anticipate that
sonifying its quantum nature may yield unexpected manifestations beyond pre-
conceived paradigms. Therefore, our objective is to explore various strategies for
sonifying quantum phenomena, to achieve a multi-perspective understanding,
exemplified by optical Schrödinger cat states[8] through auditory information.

Simultaneously, we are interested in providing an auditory perspective on
the Wigner function that faithfully describes the system as it exists rather than
concentrating solely on specific studies of it. In some respects, our approach
echoes the sentiment expressed by John Cage[1]: “I have nothing to say, and I
am saying it, and that is poetry as I need it”.

We will begin by examining Wigner functions’ utilization to depict highly
non-classical states. Subsequently, we will describe the methodology for obtain-
ing datasets within a specific experimental context: intense light-matter inter-
actions aimed at generating Schrödinger cat states. Finally, we will introduce
various sonification strategies and scoring processes employed in our approach.

1 Wigner distributions

1.1 Classical distributions and quasi-distributions

In classical mechanics, a particle’s position r and momentum p can be determined
with arbitrary precision. If the particle’s state is defined statistically, it can be
described by a distribution function, ρcl(r, p). This function is always positive,
must be normalized to unity, and may include correlations between the particle’s
position and velocity.

In quantum mechanics, these two representations – position and momentum
space (connected through Fourier transformation) – are also commonly used. In
contrast to the classical situation, these representations are exclusive. All infor-
mation regarding the particle’s momentum is lost in the position representation,
while the converse is also true. A necessary consequence is that no informa-
tion about correlations between the particle’s position and momentum can be
extracted.
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The latest quantum mechanical description is often not practical, and there
is a need for an intermediate description that maintains information about r
and p – with a specific limitation in the precision – while respecting the laws of
quantum mechanics. Such a tool was introduced by Wigner in 1932 and consists
of a quantum mechanical function – named ρW (r, p) – that allows computing
average values, similar to what can be done classically. Indeed, in a classical
distribution ρcl(r, p), if one wants to know the average value of a given operator
A, the distribution shall be multiplied by this operator and summed over all
phase space (r, p). Wigner distributions – or Wigner functions – are thus helpful
in computing any average values of observables. From a practical standpoint,
the Wigner function contains all information about a quantum system and its
evolution. This article considers sonifying Wigner functions to gain a more in-
tuitive perception of a quantum system and its dynamics. Therefore, we shall
first describe the key differences and similarities between a classical statistical
distribution function and a Wigner quasi-distribution function.

1.2 Negative values in Wigner functions

While classical distributions are always positive or zero and normalized to 1,
the description of a quantum system can be more nuanced. On the one hand,
there are cases where the Wigner function ρW (r, p) is always positive and thus
behaves like a classical distribution. Here, such Wigner function can be seen as a
probabilistic distribution and is used to describe systems having quantities that
vary in space over large distances (i.e. on a length scale much larger than the
de Broglie wavelength λ = h/∥p∥), as found in quantum electronic transport.
Notably, to fulfill the Heisenberg uncertainty principle, the width of the Wigner
function around a given value – i.e. p0(r) – is of the order of h̄/d, where d is
the coherence length of the wavefunction. In systems where physical quantities
vary at a length scale comparable to λ, quantum effects become important.
Surprisingly, the Wigner distribution can take negative values. As a result, it
is no longer possible to refer to it as a probability distribution, and the more
appropriate term is quasi-distribution. It is often said that negative values of the
Wigner function carry the quantumness of a physical system. We will derive the
Wigner function for a case study and explain the emergence and signification
of negative values. We consider the first excited state Ψ1(t) of a 1D quantum
harmonic oscillator. The envelope of this odd wavefunction is similar to the
first harmonics of a string, having a node at its center. Its Wigner function at
(r, p) = (0, 0) is defined by[4]:

ρW (r = 0, p = 0) = 1
2πh̄

∫
dy Ψ1

(
y
2

)
Ψ∗
1

(
−y

2

)
= − 1

2πh̄

∫
dy |Ψ1

(
y
2

)
|2 < 0 (1)

The negative value highlights that a Wigner function cannot be seen as a proba-
bility distribution but rather a quasi-distribution. Negative values for ρW are of-
ten observed in various situations, ranging from simple interference experiments
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like Young’s slits (tamasic or dark rays) to complex quantum states resulting
from intense laser-atom interactions[8].

2 Data from intense light-matter interactions
experiments

Our data is obtained through the collaboration between theoreticians and exper-
imentalists who study exotic quantum states that originate from the interaction
of intense laser fields with atomic clouds[8]. Especially for our second sonification
approach described in the methodology section, a comprehensive understanding
of the experimental conditions [8,11] is imperative. A coherent laser state ini-
tially interacts with a cloud of N Xenon atoms in their ground state. This inter-
action produces higher harmonic states and amplitude-shifted coherent states.
The quantum superposition of both states can produce an optical Schrödinger
cat state – in this case, kitten state –, similar to the quantum superposition of
at least two different macroscopic or mesoscopic states, such as |cat alive⟩ and
|cat dead⟩. Their Wigner function has the form:

ρCat
W (β) =

2

π(1− e(−|δα|2))
[e(−2|β−α−δα|2)

+ e(−|δα|2)e(−2|β−α|2) − e(−|δα|2)e(−2|β−α|2)

(e(2(β−α)δα∗) + e(2(β−α)∗δα))]. (2)

Here, α and β are complex numbers related to position and momentum through
the expression: β − α = r + ip. The value δα reflects the shift in amplitude for
the fundamental state. This shift is due to correlations between the fundamental
and the generated harmonics and is central to understanding system evolution.
When this shift is large, e.g. δα < −3, the resulting state is a coherent state with
a Gaussian profile, almost analog to a purely classical state. However, when δα
goes from −1 and tends to 0, the state evolves from a Schrödinger cat state (Eq.
2) to a quantum state with a well-defined number of photons, also known as
Fock state. The Wigner function describing such Fock state is:

ρFm

W (r, p) = (−1)m

π e−(r2+p2)Lm

(
2(r2 + p2)

)
ρF1

W (r, p) = − 1
π e

−(r2+p2)
(
1− 2(r2 + p2)

)
(3)

where Lm denotes the mth Laguerre polynomial. Both Wigner functions for the
Schrödinger cat state (Eq. 2) and the first Fock state (Eq. 3) are shown in Fig.
1a.

3 Sonification approaches to Wigner functions

3.1 Mesh discretization method of Wigner quasi-distribution

In our previous trials[13], we explored direct sound generation from Wigner func-
tions, employing a mapping method that discretizes its arguments and values
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Fig. 1. Sonification of Wigner functions. a: Phase space (r, p) representation of
the Wigner functions ρW (r, p) of a Schrödinger kitten state for δα = −1 (top, Eq.2),
and the first Fock state (bottom, Eq. 3) are plotted. b: Excerpt of the score for string
quartet using the method II. c: Excerpt of the score for string quartet using the method
III. Both methods II and III are described in Section 3.2.

into grids, ensuring 99 % coverage of the distribution. This mesh discretiza-
tion strongly depends on the type of grid used. Therefore, we considered two
approaches: regular grids with all the lattice sites equidistant and non-regular
grids based on Gaussian intervals, as detailed previously[13]. The latter phase-
space discretization accurately pictures the variations of the Wigner function as
it reduces the binning size to gain sampling resolution.

3.2 Sound generation

These meshes were subsequently translated into auditory representations
through various techniques: (I) mapping grid points to phase, frequency, and
amplitude of waves, generating up to 900 concurrent sinusoidal waves; (II) di-
rectly mapping minimum and maximum Wigner function values to frequencies;
(III) segmenting Wigner function values in four sections and correlating with
frequency intensity; and (IV) mapping mathematical moments of the Wigner
function to a set of harmonic oscillators distributed over a Gaussian envelope.

The neutral sinusoidal waves and triangular pulses controlled by Wigner
function data were used for acousmatic rendering. For acoustic instruments, fre-
quencies were rounded to the nearest quarter division of 12-note equal-tempered
pitches, and different playing techniques were employed to control timbres, re-
flecting the negativity of the Wigner function (shown in Fig. 1b-c).

In the method IV, we compute the central value r0 and the standard devi-
ation σr of ρW (r, p). These parameters were then associated with the central
frequency f0 and the spectral filter bandwidth (often denoted as Q-value in
EQ treatment) of the generated sound event. Each event was produced from a
Gaussian distribution centered at f0(r0) of N different harmonic oscillators. The
envelope of this Gaussian distribution has a bandwidth mapped by Q(σr). The
resulting sonogram (or Fourier space representation of the generated sound) is
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displayed in Fig. 2a. Here, one can distinguish a Gaussian envelope for a set of
N = 21 oscillators (appearing as a bright set of lines at low frequencies) from
upper harmonics. The central value of the Gaussian distribution increases lin-
early as the Wigner function second moment σr(δα) changes, according to our
mapping protocol. Notably, the individual oscillator bandwidth remains constant
throughout this process.

The resulting audio events in every case exhibited a high degree of disso-
nance, characterized by transformations in the nuances of dissonance and a rich,
sustained texture, generating a plethora of overtones. This auditory experience
starkly contrasts with the prevalent visual representation of the Wigner function.
Depending on the mapping variables employed, massively quantum states (gen-
erally understood as when ρW displays negative values) can be distinguished
from classical states through sound, albeit discernible only to those informed
about the mapping approach to these variables.

3.3 Integrating Wigner function’s evolution into electro-acoustic
medium

In our latest methodology, we augment the diverse expressions of the Wigner
function with a focused consideration of its experimental conditions. We inte-
grate the method IV, as described in the previous section, using single-reed wind
instrument multiphonics to articulate the superposition of fundamental and high
harmonics in our experiments. Specifically, in this latest method, we combine the
functional elements derived from the quasi-distribution ρW – namely, the first
(r0) and second (σr) moments –, with the multiphonics of wind instruments
(Fig. 2b). This integration gives a dual perception of ρW and its corresponding
experimental situation. Indeed, on the one hand, one can track the evolution
of the Wigner function ρW as a function of δα, transiting from a Fock state
(δα → 0) to a kitten state (δα = −1), and finally to an almost classical coherent
state (δα = −3). On the other hand, multiphonic sound generation in single-reed
wind instruments maps the experimental process of quantum superposition of
higher harmonic states and amplitude-shifted coherent laser states. Thus, this in-
tegration enables us to simultaneously and audibly track the system’s evolution.
Furthermore, the position and momentum information encoded in the Wigner
function ρW (r, p) can be directly utilized for multi-channel spatialization in live
performance settings.

4 Conclusion and outlook

Highly non-classical states, such as the ones studied here and originating from in-
tense light-matter interactions, require mathematical tools such as Wigner func-
tions for description and computation. While attributing physical significance to
the Wigner function must be cautious, they prove invaluable for computing aver-
age values of quantum observables and representing the physical properties of a
given system [4]. In this work, we introduced various strategies to sonify Wigner
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Fig. 2. Spectral analysis of the rendition IV. a: Audio sonogram representation
(reduced to monophonic) of the transition from the first Fock state to a kitten state
and then to a coherent state in 4’33". b: Excerpt from the score for soprano and alto
saxophones using multiphonics.

functions to offer an auditory perspective. In particular, we proposed a mesh
discretization method for accurately mapping Wigner functions and sonifying
ρW from four perspectives based on direct parameter mapping (I-III). Further-
more, in some cases, the scoring (e.g. the use of sul ponticello or ricochet when
ρW < 0) highlighted the negative values of the Wigner function.

The latest sonifying method IV, based on extracting the moments of ρW ,
offers a statistical analysis of the Wigner quasi-distribution. Our study was lim-
ited to computing the two first moments (mean value and standard deviation).
Additionally, extracting the third and fourth moments – skewness and kurtosis,
respectively – could provide further insights into the asymmetric behavior (in
(r, p) space) and the tail extension of the Wigner quasi-distribution ρW .

One exciting area of research involves tackling interference phenomena, such
as the Young double-slit experiment. In this experiment, the wavefunction of a
particle (such as a photon) is split into two coherent wavepackets situated at
r = −a and r = a after passing through the slits. The diagonal components of
the corresponding Wigner function describe the two wavepackets. In contrast,
the off-diagonal components are non-zero at r = 0, where the probability of
finding a particle is zero. These off-diagonal components, also known as a ghost [4]
components, explain the observed interference pattern when the wavepackets
overlap. This scenario presents opportunities for sonification, as the system’s
observable can be precisely calculated using Wigner functions.
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