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1 Internship framework and thanks

I completed my Master’s 2 internship in physics at the Laboratoire Kastler Brossel (LKB), coor-
dinated by Quentin Glorieux and his doctoral students.

The Kastler Brossel Laboratory is a multidisciplinary laboratory specialized in fundamental physics
of quantum systems. It is made up of 180 members spread across three locations : Collège de France,
Ecole Normale Supérieure and Sorbonne Université which welcomes the quantum fluid of light team.
I was a member of this team from March 10th to August 1st of 2025.

During this period, I have deepened my knowledge in different domains : quantum fluids, quantum
optics, and experimental physics. Having easy access to the lab and to scientific equipment was a
fantastic opportunity that helped me enjoy studying physics even more. This internship allowed me
to better understand the physics of fluid of light and to better grasp theoretical principles through
practical application.

I would like to thank Quentin Glorieux, without whom this internship would never have been possible,
as well as the whole team of quantum fluids of light in atom vapor team. This team is directed by
Quentin Glorieux and is composed of two postdoc Devang Naik and Noémie Marquet and several
Ph.D. students : Quentin Schibler, Clara Piekarski, Simon Lepleux, Myrann Baker-Rasooli, Alix Me-
rolle and Sukhman Kler. A team with which I enjoyed working and who guided me in the world of
research. In addition, we hold a weekly group meeting that allows me to ask questions and understand
each other’s work. Also, I thank the entire laboratory for their warm welcome.

I chose to apply to this internship in the domain of quantum fluid of the paraxial regime because
I particularly appreciate this domain, which joins several branches of physics that I enjoy : optics,
quantum mechanics, and cold atoms.

The aim of the project was to investigate the effect of quantum fluctuations in a photon conden-
sate.

This phenomenon is known as quantum depletion in the Bose-Einstein condensate language. This
effect reflects the fact that a certain number of particles leave the condensate due to interactions. This
phenomenon was never studied before in the domain of quantum fluids of light. Therefore, my work
focused on a mapping of quantum depletion for our system in quantum optics language and on finding
good observables in the perspective to measure quantum properties of fluids of light.
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2 Interests of fluid of light

The team strives to focus its research on fluid of light in paraxial regime. This study is the inter-
section between an abundant number of research topics : atom-light interactions, Bose-Einstein gases,
fluid mechanics, quantum optics, etc.

During this report, topics related to the creation of a light fluid, quantum optic, and the study of
weakly interacting Bose gases will be highlighted.

Paraxial fluids of light are a promising platform for exploring collective phenomena in a highly tunable
environment. These systems, which map the propagation of light through non-linear media onto the
wavefunction of effective 2D quantum fluids, offer a complementary approach to traditional platforms
such as cold atomic gases or super-fluid helium. This property comes from the fact that fluid of light
follows the nonlinear Schrödinger equation (NLSE) which can be mapped onto the Gross-Pitaevskii
equation (GPE) describing the evolution of Bose gases wave function. This equation appears in the
field of condensed matter and cold atoms [1], in plasmas physics [2], in nonlinear optics [3] , in fluid
mechanic [4] etc. NLSE universalizes physics governed by a system with complex processes thanks to
the non-linear part of the equation.

In particular, in the domain of optics, the NLSE describes the evolution of the electric field envelope
through a third-order nonlinear medium. This type of evolution appears for different configurations :
propagation in fiber [5] (where the beam is pulsed and propagates in one spatial dimension and in
time, we talk about a 1D + 1 system) and in the transverse plan in a non-linear medium , a 2D + 1
system [6]. The second configuration will be our subject of interest.

The correspondence with the GPE that describes temporal evolution of a dilute Bose Einstein conden-
sate (BEC) [7] allows us to study analogously cold atoms physics such as vortex generation, solitons
[8], superfluid regime [9], quantum turbulence [10].

Moreover, these experiments are less restrictive to set up than those with cold atoms. Furthermore,
cold atoms it is tricky to have access to amplitude and phase simultaneously.
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3 Propagation in nonlinear medium

In this section, we will focus on the propagation of an electric field through a non-linear medium to
obtain NLSE, with the aim of highlighting the fluid character of light in the paraxial regime. Moreover,
we will draw parallels with the Gross-Pietavskii equation.

In a vacuum, photons don’t interact with each other. But in χ(3) non-linear medium, the Kerr effect
(self-focusing or defocusing) can be interpreted as a attractive or a repulsive photon-photon interac-
tion. This non-linearity can be observed in semiconductors where the fluid is exciton-polariton [11].

In an atomic vapor cell, the fluid describes directly the behavior of photons through the cell. The
classical description of this quantum fluid is given by the so-called Non-Linear Schrödinger Equation
2 (NLSE). It can be obtained from the non-linearity of the polarization in the D’Alembert equation.

By decoupling Maxwell’s equations, we obtain the propagation equation for the electric field E(r, t),
the polarization field P(r, t) appears as a source term in the D’Alembert equation.

∇2E− 1
c2
∂2

∂t2
E = 1

ε0c2
∂2P
∂t2

(1)

with c celerity of light and ε0 permittivity in vacuum.
Polarization P translates the response to an electromagnetic excitation E.This polarization can be
expanded in a power serie of E :

P(r, t) = ε0
∑
n

χ(n) En(r, t)

χ(n) is n-order the electric susceptibility tensor.

The linearly polarized electric field propagates inside a cell composed of rubidium vapor. This me-
dium is isotropic and centrosymmetric, so the expression of the polarization becomes simpler : χ(n) is
a scalar and the 2-order is null.

We now introduce the fundamental approximation that drive the geometry of the paraxial fluid.

The slowly varying envelope approximation : the variation of the amplitude in the direction of
propagation z is weak at the wave length scale. Then we can neglect the second derivative of the field.
∂2E
∂z2 << k ∂E∂z where k is the wave vector.
We obtain the evolution equation of the envelope field E , called Non-linear Schrödinger equation :

i
∂E
∂z

= − 1
2k0
∇2
⊥E + D0

2
∂2E
∂t2︸ ︷︷ ︸

Kinetic energy

− i

vg

∂E
∂t︸ ︷︷ ︸

Drift

− k0
δn(r)
n0
E︸ ︷︷ ︸

Potential

− k0
n2
n0
|E|2E︸ ︷︷ ︸

Interaction

−i α

2 E︸︷︷︸
Losses

(2)
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In addition, to illustrating the NLSE terms fig.2, we will discuss the physical meaning of each
terms.

Figure 1 – Effect of the different terms in NLSE, extracted from [12]

Kinetic energy : This term translates the wavefront curvature in the plane (x,y) and the dispersion
along z. The first comes from diffraction and the second represents group velocity dispersion. We can
define an effective mass for the photons : transverse mass m⊥ = k0 and longitudinal mass mt = − 1

D0

with k0 the wave vector and D0 the group velocity dispersion.

Potential : It is possible to create an arbitrary potential by locally modifying the linear refrac-
tive index. In warm atomic vapors, one can exploit the hyperfine structure of atomic levels to optically
pump atoms into a dark state. It can reduce the effective density of atoms and thus locally modify
the index of refraction.

Interaction : This is the so-called Kerr term that creates photon-photon interaction. The latter
is often described by a variation in the index of refraction ∆n. This index can be easily adjusted by
changing the intensity of the field and the third-order susceptibility. In the case of a non-linear index
of refraction n2 < 0, interactions are repulsive and the fluid is stable. In the other case, the beam
focuses as much as it is intense, leading to the phenomenon of filamentation. 1

Losses : Absorption creates linear losses due to the imaginary part of the susceptibility. The intensity
inside the cell follows the Beer-Lambert law. Moreover, the losses are considered to be negligible for
a beam far from resonance. (not always experimental conditions)

Drift : This rigid drift comes from the difference in the group velocity in the medium and in the
vacuum. This term can be easily removed thanks to a change of framework (by placing oneself in the
pulse frame of reference) and is important for a pulse or a nonmonochromatic beam.

1. It is note, that far from resonance ∆ >> Γ, where the laser detuning is large enough compared to the linewidth of
the transition, the Kerr term scales as χ(3) ∝ N

∆3 , which depends linearly on the atomic density N and is highly sensitive
to detuning.
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3.1 Mapping with GPE

Equation 2 looks like the Gross-Pietavskii equation (GPE) that describes the evolution of a ma-
croscopic wave function ψ of a Bose gas in a BEC :

i~
∂ψ

∂t
= ~2

2m∇
2ψ︸ ︷︷ ︸

Kinetic energy

+ V ψ︸︷︷︸
Potential

+ g|ψ|2ψ︸ ︷︷ ︸
Interaction

(3)

With ~ the Planck constant divided by 2π, m the mass of a particle, V the potential et g the
interaction parameter related to the scattering length.

To highlight the analogy, we will rewrite NLSE. To facilitate the description, we will consider the
most simple case : a monochromatic field with no losses. The spatial dynamic appears only in the
transverse plan and the kinetic energy also. Then equation 2 becomes :

i
∂E
∂z

= − 1
2k0
∇2
⊥E︸ ︷︷ ︸

kinetic energy

− k0
δn(r)
n0
E︸ ︷︷ ︸

Potential

− k0
n2
n0
|E|2E︸ ︷︷ ︸

Interaction

(4)

We can set the potential term as V = −k0
δn
n0

and the interaction term as g = −k0
n2
n0

.
Now, we can better see the similarity to GPE :

i
∂E
∂z

= − 1
2k0
∇2
⊥E︸ ︷︷ ︸

kinetic energy

+ V E︸︷︷︸
Potential

+ g|E|2E︸ ︷︷ ︸
Interaction

(5)

Finally, the only difference between the equations 5 and 3 is the spatial and temporal evolution of
the quantity of interest. NLSE describes the spatial evolution of the electric field envelope and GPE
describes the temporal evolution of the BEC wave function. So if we consider the propagation axis z
as an effective time : NLSE is analogous to a 2D photon gas evolving in the transverse plan and the
propagation axis describes the temporal evolution of the gas. We talk about a 2D+1 system fig.(2).

Figure 2 – Sketch of the 2D+1 paraxial fluid of light. A laser propagates along z in a nonlinear
medium. Each transverse plane (x, y) is equivalent to a temporal snapshot. Input state is user-defined
and the final state is measured experimentally, extracted from [12]
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3.2 Dimensionless equation and comparison with cold atoms

To better understand the behaviour of a fluid of light. It is useful to provide a quantitative compa-
rison between paraxial fluids of light and ultracold atomic Bose gases ; it is useful to adimensionalize
the NLSE and the GPE. We rescale the transverse dynamics by the healing length : ξ = 1

k0
√

2|∆n|
which is defined as the length scale where kinetic energy equals the interaction energy. To get an idea
of this quantity, a short healing length corresponds to a significant local non-linear interaction, so the
field envelope is strongly modified over a short distance.

We also introduce another characteristic length in the longitudinal direction, the non-linear length :

zNL = 1
k0|∆n|

It is the propagation length (or effective evolution time).

We make the following changes of variables : r̃⊥ = r⊥
ξ , z̃ = z

zNL
and ψ̃ = E/

√
2I0
ε0c

where I0 is the
average intensity of the field.
Then, dropping the external potential for simplicity, the equation 5 becomes :

i
∂ψ̃

∂z̃
= (−∇̃2

⊥ + |ψ̃|2)ψ̃

With ∇̃⊥ the transverse normalized gradient. A similar adimensionalization can be done for the GPE
describing a uniform BEC by defining the healing length ξ = ~√

2mµ , the nonlinear time tNL = ~
ρg and

ψ̃ = ψ√
ρ0

where µ = gρ0. ρ0 is the average density of the condensate and µ is the chemical potential.
Intuitively, the healing length describes how quickly the wave function of the BEC can adjust to
changes in the potential.

Quantity Optics 2D+1 BEC
Evolution z in [m] t in [s]

Mass k0 in [m−1] m in [kg]
Energies in [m−1] in [J]

Kinetic energy k2
⊥

2k0
(~k)2

2m
Potential −k0

δn(r)
n0

V(r)
Interaction −k0∆n ρg

Healing length in [m] ξ = 1
k0
√

2|∆n|
ξ = ~√

2mρg

Non-linear length zNL = 1
k0|∆n| in [m] tNL = ~

ρg in [s]

Table 1 – Comparison between NLSE and GPE parameters. The natural experimental units to
express the energies are [m−1] in optics and [J] for atomic BEC

4 Bogoliubov theory

Equation (4) cannot be resolved exactly due to the presence of the nonlinear term. Nevertheless, we
can treat this equation with a perturbative approach and conserve the terms until first order. Seeing
as a development of the Bogoliubov theory can be long and tricky for a non-expert. I will bypass
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this di�culty by giving the equations without demonstration. Nevertheless, I will discuss the physical

meaning of the di�erent equations.

Starting by considering small �uctuations on the �eld. The latter can be decomposed following mean

�eld theory as :

E(r ? ; z) = < E > + � E(r ? ; z)

Where < E > is the mean �eld and � E its �uctuations with < E > >> � E

By injecting this form of solution into the GPE equation and linearising, it can be shown that these

�uctuations have a particular dispersion relation illustrated �g.(3).


 B (k? ) =

s

(
k2

?

2k0
+ 2k2

? j� nj) (6)

Figure 3 � Illustration of a Gaussian mean �eld
and the superimpose �uctuations in arbitrary
units

Figure 4 � Sketch of the Bogoliubov dispersion in
black. Red is the linear limit at low k? , while green is
the large k? with a parabolic shape.

Equation (6) is the Bogoliubov dispersion , which is characteristic of weakly interacting Bose

gases [13]. This dispersion that we note
 B (k? ) shows two regimes plotted in �g.(4) :

� For k? << k 0
p

j� nj, the dispersion is linear :
 B (k? ) � k?
p

j� nj this is the sonic or phononic

regime, which enables us to de�ne a speed of soundcs =
p

j� nj in meter per meter.2

� For k? >> k 0
p

� nj, we �nd the dispersion of free massive particules :
 B (k? ) � k2
?

2k0

To summarize, the Bogoliubov theory predicts the behaviour of �uctuations of the electric �eld

envelope in the rubidium cell. These �uctuations can evolve as a phononic wave or as a free massive

particle depending on their transverse wave vectork? compared to the inverse of the healing length.

These particles will subsequently be called Bogoliubov modes.

2. In BEC �eld, the sound velocity appears with the standard unity ( m:s � 1) but for �uid of light, the time is the
propagation axis
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