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projet "biomixing with light", respectivement dans la conception du dispositif expérimental

Keywords: bioconvection, microswimmers, active matter, suspensions

The mechanism by which living organisms seek optimal light conditions, phototaxis, is a fundamental process for motile photosynthetic micro-organisms that rely on light to survive. Phototaxis is thus ultimately involved in virtually all natural processes and applications involving light-harvesting microbes, from bloom formation in aquatic environments to the diel vertical migration of phytoplankton, through the production of high-value chemical compounds in photobioreactors. At the crossing between active matter and complex fluid physics, this thesis aims at understanding the collective response, at the scale of a population, of the model photosynthetic micro-algae Chlamydomonas reinhardtii to complex space and time-dependent light fields.

In a first step, the phototactic response of these micro-organisms in dilute suspensions is characterized and is found to be highly sensitive and nonlinear. Next, we show that phototaxis can be exploited to generate self-sustained macroscopic flows in moderately concentrated, yet shallow, suspensions of Chlamydomonas reinhardtii using specific illumination patterns. These flows originate from the light-controlled local accumulation of the micro-algae which are negatively buoyant. This in turn creates density gradients which drive fluid flows, an hydrodynamic instability specific to active suspensions and known as bioconvection. In this regime, we find that the algal population self-organizes as a result of the coupling between self-generated flows and nonlinear phototaxis and it undergoes multiple symmetry breaking instabilities. These instabilities are also investigated theoretically using an asymptotic model of light-induced bioconvection.

Next, a fluorescence-based PIV setup is developed to allow for the direct quantification of bioconvective flows in a Hele-Shaw cell. The magnitude and structure of these flows are deciphered for the first time and contrasted with a classical model of bioconvection.

In the last chapter of this thesis, we present a preliminary study on the effects of lightcontrolled bioconvection on the growth-rate of Chlamydomonas reinhardtii cultures, with in mind an application to photo-bioreactors.

Keywords phototaxis,

Résumé

Le mécanisme par lequel les organismes vivants recherchent des conditions de lumière optimales, la phototaxie, est un processus fondamental pour les micro-organismes photosynthétiques mobiles qui dépendent de la lumière pour survivre. La phototaxie est donc impliquée dans la quasi-totalité des processus naturels et des applications impliquant des microbes photosynthétiques, de la formation des efflorescences dans les environnements aquatiques à la migration verticale diurne du phytoplancton, en passant par la production de composés chimiques à haute valeur ajoutée dans les photo-bioréacteurs.

Au croisement entre la matière active et la physique des fluides complexes, cette thèse vise à comprendre la réponse collective, à l'échelle d'une population, de la micro-algue photosynthétique modèle Chlamydomonas reinhardtii en présence de champs lumineux complexes dépendant de l'espace et du temps.

Dans un premier temps, la réponse phototactique de ces micro-organismes dans des suspensions diluées est caractérisée et s'avère être hautement sensible et non-linéaire. Ensuite, nous montrons que la phototaxie peut être exploitée pour générer des écoulements macroscopiques auto-entretenus dans des suspensions peu profondes de Chlamydomonas reinhardtii en utilisant des motifs d'illumination spécifiques et en augmentant l'intensité des effets collectifs. Ces écoulements proviennent de l'accumulation locale, contrôlée par la lumière, des micro-algues qui ont une flottabilité négative. Cette accumulation entraîne des gradients de densité qui déclenchent des écoulements. Cette instabilité hydrodynamique est spécifique aux suspensions actives et est connue sous le nom de bioconvection.

Dans ce régime, nous constatons que la population d'algues s'auto-organise en raison du couplage entre les écoulements auto-générés et la réponse phototactique non-linéaire et qu'elle subit de multiples brisures de symétrie. Ces instabilités sont également étudiées théoriquement à l'aide d'un modèle asymptotique de bioconvection induite par la lumière.

Ensuite, une méthode de vélocimétrie par images de particules basée sur la fluorescence est développée pour permettre la quantification directe des écoulements de bioconvection dans une cellule de Hele-Shaw. L'amplitude et la structure de ces écoulements sont examinées pour la première fois et comparées à un modèle classique de bioconvection. Dans le dernier chapitre de cette thèse, nous présentons une étude préliminaire sur les effets de la bioconvection contrôlée par la lumière sur le taux de croissance des cultures de Chlamydomonas reinhardtii, avec pour objectif à long terme une application aux photobioréacteurs.

Mots-clés Phototaxie, bioconvection, micronageurs, matière active, suspensions et dans la mise en place des expériences.

Je remercie maintenant Julien Dervaux et Philippe Brunet qui m'ont encadré pendant ces années de doctorat à MSC. Vous m'avez inspiré de manière durable et je vous garderai comme exemples s'il m'arrive d'encadrer des étudiants. Julien, tu m'as beaucoup appris scientifiquement et dans la gestion de ma thèse. Tu as su me tirer vers l'avant et me réorienter aux bons moments. Ton enthousiasme et ta bonne humeur m'ont fait beaucoup de bien. Philippe, tu m'as appris à avoir une vision d'ensemble sur ma thèse. J'ai toujours aimé tes bonnes idées et aurais aimé pouvoir les mettre en oeuvre plus souvent. J'ai apprécié ton calme et ta bienveillance. Votre disponibilité s'est particulièrement manifestée au moment de la rédaction de cette thèse et je vous en suis très reconnaissant. in their surrounding fluid and can be described as "active particles", so that we call their suspensions "active suspensions". Active suspensions are actually a class of active matter systems composed of "particles" capable of converting chemical energy into mechanical work for self-propulsion. Thus, the physics of active suspensions is at the intersection between active matter physics and complex fluids physics. It inherits two questions from these domains. How does active matter self-organize ? How are suspensions properties related to the properties of individuals ? Another question, more specific to active suspensions is: can we harvest the mechanical work produced by the microorganisms towards a larger scale in the fluid ? In the next paragraph, we give some examples of phenomena related to these questions.
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1.1. Active suspensions

Some phenomena in active suspensions

Self-organization

The animal kingdom exhibits fascinating behaviors like schools of fish or aerial flocks of birds or insects. The question of the self-organization is easily triggered by these observations, but it is also relevant for microbial life. In a study by [START_REF] Dombrowski | Self-Concentration and Large-Scale Coherence in Bacterial Dynamics[END_REF], different scales of organization were observed in centimetric drops of bacterial suspension of B.subtilis (Figure 1.2), a rod-shaped bacterium of length l ∼ 5 µm. At the scale of the whole drop (> 1000 times larger than the size of a bacterium), the suspension organizes in plumes, sliding along the meniscus (Figure 1.2.a). Thus, cells self-concentrate near the contact line. In this region, they reach a high volume fraction ≳ 0.1 and swim collectively with vortices and jets at a scale that is > 10 times larger than the size of a bacterium (Figure 1.2.b). These two phenomena have different physical origins. The formation of plumes of high concentration is a hydrodynamic pattern formation driven by macroscopic buoyancy differences in dilute suspensions of microorganisms denser than water. It was first termed "bioconvection" by [START_REF] Platt | Bioconvection Patterns" in Cultures of Free-Swimming Organisms[END_REF] and can be seen as the biological analog of thermal convection. The collective swimming occurs is sometimes referred to as "bacterial turbulence" or "mesoscale living turbulence" [START_REF] Wensink | Meso-Scale Turbulence in Living Fluids[END_REF]) and fundamentally relies on pairwise interactions between microbes in concentrated suspensions. In nature, a self-organization phenomenon of much broader scale also takes place.

Algal blooms consist of fast and very large accumulations of microalgae at the surface of water bodies (Figure 1.3). They are thought to be triggered by complex combinations of environmental conditions. They can be harmful, in particular because they often lead to a strong decrease in the amount of dissolved oxygen in water when the biomass is 

Modification of suspensions properties

Swimming microorganisms can also modify their suspensions properties. For example, Sokolov and Aranson 2009 indirectly showed that the bacteria Bacillus subtilis lower the viscosity of their suspensions when compared to passive particles. The authors either measured the time decay of vortexes or the viscous torque exerted on a particle on freestanding suspensions films. Later, López et al. 2015 directly measured the rheologic response in suspensions of bacteria Escherichia coli. In particular, they found that in the semi-dilute regime and at low shear the system activity fully overcome viscous dissipation and the suspension behaves like a "superfluid" of vanishing viscosity. On the other hand, Rafaï, Jibuti, and Peyla 2010 reported a significant increase of the macroscopic effective viscosity in suspensions of Chlamydomonas reinhardtii when compared to passive particles. They also reported a shear-thinning behavior. These results questions on what are the intrinsic differences between microalgae and bacteria which could explain the difference in the rheological properties of their suspensions.

Another example of a property of a suspension modified by active particles was provided by Wu and Libchaber 2000. In suspended thin bacterial films (h ∼ 10 µm) of Escherichia coli, the authors measured positional fluctuations of beads as large as 10 µm diameter. They found that beads diffused as if the effective temperature (in Kelvin) of the bacterial bath was 100 times greater than room temperature due to collective motion.

A different type of active suspensions contains artificial motile systems. Active colloidal particles can be powered chemically, owing their self-propulsion to asymmetric chemical reactions at their surface in the presence of fuel. In such systems, an increase of the effective temperature was also found [START_REF] Palacci | Sedimentation and Effective Temperature of Active Colloidal Suspensions[END_REF].

Harvesting energy from active suspensions

In thin bacterial films of B.subtilis, Sokolov et 

Microorganisms motility

Some of the phenomena previously introduced can be partially understood by studying microorganisms motility and its consequences. We first introduce some hydrodynamics of swimming microorganisms related to hydrodynamics interactions and rheology in active suspensions. Then we introduce the random and directed motions of microorganisms relevant to bioconvection when microorganisms are denser than water.

Hydrodynamics of swimming microorganisms: some basics Propulsion mechanisms

In their review, Lauga and Powers 2009 define a "microswimmer" as a cell that moves by deforming its body in a periodic way, although this definition excludes other motility mechanism developed by microbes such as vacuoles for buoyancy regulation in A microswimmer of size ∼ l s swimming with velocity v s that suddenly stops deforming its body to swim coasts at a small distance d relatively to l s due to the small inertia. In this case, the Reynolds number can be interpreted as the dimensionless coasting distance Re ∼ d/R s . Locomotion at low Reynolds number displays the following features : a microswimmer instantaneously stops propelling as soon as it stops deforming its body.

Consequently, swimmers must display non-reciprocal body kinematics [START_REF] Purcell | Life at Low Reynolds Number[END_REF]): this is often referred to as the scallop theorem. Finally, by flows fields around microswimmers can be described by a superposition of flow fields associated to point forces applied on the fluid at different locations. This approach is used in models of microswimmers described hereinafter.

Model with force dipole and flow fields around microswimmers

In canonical models of microswimmers related to hydrodynamics interactions in microswimmers suspensions [START_REF] Hatwalne | Rheology of Active-Particle Suspensions[END_REF]), a microorganism moves at a constant velocity, exerts no net force on the fluid (neutrally buoyant) and is a force dipole. Its flagella thrust and body viscous drag forces compose a force dipole that gives the flow field around the microswimmer. This flow decays with the distance from the active particle as ∼ 1 r 2 . In these models, bacteria E.coli and B.subtilis and microalgae Chlamydomonas represent two types of model microswimmers. Both E.coli and B.subtilis push the fluid behind them to propel and are called pusher swimmers. They are modelled by a positive 

Qualitative explanations of effective viscosity and collective motion

These models provide qualitative predictions for the increase or the decrease of the suspension effective viscosity by microswimmers and for some collective motions. A qualitative explanation can also be given to why so-called "bacterial turbulence" like that shown in Figure 1. To test these force dipoles models, flow fields were measured experimentally around E.coli [START_REF] Drescher | Fluid Dynamics and Noise in Bacterial Cell-Cell and Cell-Surface Scattering[END_REF]) and Chlamydomonas reinhardtii [START_REF] Drescher | Direct Measurement of the Flow Field around Swimming Microorganisms[END_REF]. The flow field around E.coli was indeed well described by a positive force dipole. On the contrary, in Chlamydomonas reinhardtii, the flow field induced by a negative force dipole is only valid at distances ≳ 7R CR (cell radius) where the flow is already ≲ 1% of the cell velocity. For smaller distances, the flow is better described by a force tripole that takes into account flagella separation. Then, it was finally proposed that Chlamydomonas reinhardtii increase the viscosity by resisting the flow vorticity [START_REF] Levan | Effective Viscosity of a Suspension of Flagellar-Beating Microswimmers: Three-dimensional Modeling[END_REF]. At distances ≳ 35R CR , the flow field around Chlamydomonas reinhardtii measured by [START_REF] Drescher | Direct Measurement of the Flow Field around Swimming Microorganisms[END_REF] is well described by a force monopole that originates from microorganisms negative buoyancy. This cell property was neglected in the models described above but it is precisely the non-homogeneous repartition of a multitude of cells denser than water that leads to bioconvection. In the next paragraph, we introduce random and directed motions of swimming microorganisms that control their spatial repartition.

Random and directed motions of swimming microorganisms

Random motion

The repartition of swimming microorganisms in a still fluid is the result of a superimposition of their random and directed motions. On initial examination, single microorganisms trajectories are random in the absence of stimulus. Berg and Brown 1972 Similar behavior is also observed in Chlamydomonas [START_REF] Hill | A Biased Random Walk Model for the Trajectories of Swimming Micro-organisms[END_REF][START_REF] Polin | Chlamydomonas Swims with Two "Gears" in a Eukaryotic Version of Run-and-Tumble Locomotion[END_REF]). Thus, microswimmers explore their environment in a diffusive-like behavior, with for each one a specific regulation of their swimming.

Taxes

Berg and Brown 1972 also observed that bacteria biais their random trajectories when swimming in a gradient of a chemical attractant. This response to an external stimulus is called a taxis. To find favorable conditions in heterogeneous environments, swimming microorganisms have developed a wide array of mechanisms to direct their motion as a response to external stimuli. They either detect and process external physico-chemical signals or are subjected to passive mechanical forces affecting their trajectories. Such a directed motion is termed taxis. In the case of chemotaxis in E.coli, cells actively tend to suppress directional changes in a gradient of an attractant. A taxis can be positive (towards a stimuli) or negative (away from a stimuli). E.coli swims towards nutrients by positive chemotaxis but also to avoid predators by negative chemotaxis away from chemicals secreted by predators.

Other taxes include magnetotaxis, geotaxis/gravitaxis, thermotaxis. An important taxis often found in photosynthetic microorganisms that seek optimal light intensities like Chlamydomonas is phototaxis, which enables directed motility in response to light.

A typical feature of phototaxis is that there is a critical inversion intensity I crit that separates positive phototaxis I < I crit and negative phototaxis I > I crit . In section 1.4, we will describe in more details the phototactic ability of Chlamydomonas reinhardtii. It is especially relevant in bioconvection controlled by light in suspensions of these cells.

Bioconvection

In active suspensions where cells that have a density mismatch with the surrounding fluid, the local density depends on the local cell concentration. Bioconvection is the resulting resulting hydrodynamic instability driven by gravity that originates from gradients of cell concentration. It is the biological analog of thermal convection with which Chapter 1. Introduction it shares many similarities but from which it also stands out. Cells repartition does not result solely from the combined effect of advection and diffusion because their taxis is also the driving force. Gyrotaxis was intially introduced to describe the competition for a competition between viscous and gravitational reorientation torque. In all generality, any preferential 1.3. Bioconvection orientation driven by a passive or an active torque can compete with viscous torques and leads to a gyrotactic effect. In particular, Williams and Bees 2011b proposed a model for photo-gyrotaxis in Chlamydomonas as resulting from the competition between viscous torque and phototactic reorientation torque. They also suggest that the phototactic reorientation torque is stronger than the gravitational torque in gravitaxis, so that photo-gyrotaxis occurs at higher vorticities than gravi-gyrotaxis. Another example characterized by [START_REF] Waisbord | Destabilization of a Flow Focused Suspension of Magnetotactic Bacteria[END_REF]. In this case, a competition between the flow vorticity and the preferential orientation of magnetotactic bacteria lead to a flow focusing further destabilized into a new pearling instability.

Mechanisms in bioconvection caused by upward swimming

The bioconvection Rayleigh number

Qualitatively, the emergence of instabilities in bioconvection are controlled by a Rayleighlike number, which compares the timescale of cells diffusive transport to their negative buoyancy-driven convective transport :

Ra = τ diff τ conv (1.1)
To define the Rayleigh number, we model a sinking plume in Figure 1.9.c by a blob of typical size H, with a horizontal cell concentration differential ∆c with the surroundings and a density ρ(∆c). Its convective transport timescale is obtained from its sinking velocity v ∼ H/τ conv given by the balance between negative buoyancy and viscous drag (ρ(∆c) -ρ 0 )gH 3 ∼ ηvH. We find τ conv ∼ η/gH 3 (ρ(∆c) -ρ 0 ). On the other hand, the blob can also spreads by diffusion with a timescale τ conv ∼ H 2 /D. Thus, the Rayleigh number can be written as :

Ra = ρ 0 gβH 3 ∆c Dη (1.2) Above, β = ρ(∆c)-ρ 0 ρ 0 ∆c
is actually independent of ∆c in the typical range of cells volume fraction and quantifies the density difference between cells and the ambient medium.

Indeed, we have at small volume fraction :

ρ(∆c) = ρ 0 +ϕ(∆c)∆ρ cell = ϕ≪1 ρ 0 +∆cV cell ∆ρ cell .
We find : β = ∆ρ cell ρ 0 V cell , where V cell and ∆ρ cell are respectively the volume and the excess density above water of a cell. The diffusion coefficient and the viscosity are generally taken independent of the cell concentration so that the Rayleigh number is proportional to H 3 and to the magnitude of the horizontal cell concentration difference ∆c. In particular, this reasoning suggests that once bioconvective flows are generated, their magnitude is controlled by horizontal density gradient, regardless of the fact that cells motion is biased in the vertical direction.

In practice, the horizontal cell concentration difference arising in situ cannot be easily imposed experimentally, in stark contrast with the temperature difference arising in thermal convection. Instead, we use the initial cell concentration c 0 as a typical scale for Chapter 1. Introduction the cells and we replace the Rayleigh number by a pseudo-Rayleigh number (keeping the same notation) :

Ra = ρ 0 gβH 3 c 0 Dη (1.3)
To give an order of idea in bioconvection in a suspension of Chlamydomonas reinhardtii, we typically have V CR ≈ 500 µm 3 , ∆ρ CR ≈ 50 kg/m 3 and β ≈ 25 µm 3 . The typical order of magnitude of initial volume fraction is ϕ 0 ∼ 10 -3 (hence a volume fraction much smaller than that required for bacterial turbulence in certain pushers suspensions). Therefore, the relative density difference is actually very small : Williams and Bees 2011a used various illumination configurations in photo-gyro-gravitactic bioconvection of Chlamydomonas augustae. This experimental study aimed to combine gravitaxis and vertical phototaxis in order to create controlled gradients of cell concentration, also with significant influence of gyrotaxis. Because light was shone from above or from below, phototaxis occured in the vertical direction and either supported or competed against gravitaxis, and as a result controlled the torque balance in gyrotaxis. When pho-Chapter 1. Introduction totaxis and gravitaxis worked hand in hand, cells tendency to swim upward was strong enough to suppress gyrotaxis. In this case, bioconvection was dominated by the overturning mechanism (Figure 1.12, top half). On the other hand, when phototaxis did not support gravitaxis, cells tendency to swim upward was weaker and bioconvection was dominated by gyrotaxis. This resulted in more focused plumes and smaller wavelengths than with the overturning mechanism (Figure 1.12, bottom half).

ϕ 0 ∆ρ CR /ρ 0 ∼ 5×10 -5

Main quantitative studies and other remarkable examples

Continuum models in bioconvection

The example of gyrotaxis first demonstrated in 1985 [START_REF] Kessler | Hydrodynamic Focusing of Motile Algal Cells[END_REF] and then quickly included in theoretical models [START_REF] Pedley | The Growth of Bioconvection Patterns in a Uniform Suspension of Gyrotactic Micro-Organisms[END_REF] shows that in bioconvec- 

Main ingredients

Here, we give the flavor of the different continuum models. The main constituents of standard continuum models are momentum balance, flow incompressibility (which generally applies for aqueous active suspensions), cells conservation, and a description of the cells orientation field as a function of the flow.

The momentum balance describes the evolution of the velocity ⃗ v and pressure fields.

The forces monopoles of non-neutrally buoyant cells are coarse-grained in an additional term which couples the pressure and the velocity fields to the cell concentration field c.

Together with the incompressibility constraint, we have :

ρ 0 ∂⃗ v ∂t + (⃗ v • ⃗ ∇)⃗ v = η∆⃗ v -⃗ ∇p e + ρ 0 βc⃗ g and ⃗ ∇⃗ v = 0 (1.4)
Above, p e is the excess pressure above hydrostatic pressure, β = ∆ρ cell ρ 0 V cell was introduced in the definition of the pseudo-Rayleigh number with V cell and ∆ρ cell the volume of a cell and its excess density above the density of water ρ 0 . Active stresses due to cells propulsion mechanisms are neglected in eq. (1.4), although they may become significant they become significant in concentrated suspensions [START_REF] Pedley | Instability of Uniform Micro-Organism Suspensions Revisited[END_REF]).

The key equation of the model is the equation for the conservation of the number of cells in the suspension. Death and birth of cells for which the time-scale is much longer than that of typical bioconvection experiments are neglected. The cells conservation takes the form of an advection-drift-diffusion equation :

∂c ∂t = ⃗ ∇ • ( D ⃗ ∇c diffusion - c⃗ v drift drift due to taxis -c⃗ v advection ) (1.5)
The diffusive and the drift term describe the motility of the organisms in absence of flow while the advection term describes their recirculation by by fluid flows. The diffusive 1.3. Bioconvection term originates from cells random motion and D is an effective diffusion coefficient. The drift term can be written c⃗ v drift = c|v drift |⃗ q and describes a cells biais in a direction of unit vector ⃗ q at a speed v drift due to a particular taxis (gravitaxis, chemotaxis, phototaxis, etc...).

In generality, ⃗ q differs from the microorganisms preferential orientation q ̸ = ⃗ e p . ⃗ q is selected by a competition between the reorientation torque towards ⃗ e p and the viscous torques exerted by the fluid. This is modelled by the equation of gyrotaxis :

∂⃗ q ∂t = 1 2B [⃗ e p -(⃗ e p • ⃗ q)⃗ q] + 1 2 ⃗ ω × ⃗ q (1.6)
On the right hand side of eq. (1.6), the first term tends to align cells along their preferential orientation ⃗ e p . B is the gyrotactic parameter. It can be interpreted as the timescale of reorientation along ⃗ e p when the flow is switched off. The second term corresponds to the rotation by the vorticity of the flow ω = ⃗ ∇ × ⃗ v. Note that this form of the equation of gyrotaxis is for spherical swimmers.

It should be noted that with chemotaxis, there is an additional coupling with an equation for the conservation of the chemoeffector that induces a chemotactic response. 

Models without gyrotaxis

Deterministic models with gyrotaxis

After its discovery, gyrotaxis was included in bioconvection continuum models by [START_REF] Pedley | The Growth of Bioconvection Patterns in a Uniform Suspension of Gyrotactic Micro-Organisms[END_REF]. At this stage, cells swimming direction ⃗ q was calculated in a deterministic way and the diffusion coefficient was written independently of ⃗ q. The authors explained that it is inconsistent because the diffusion coefficient should represent the probability of cell orientation which is biased around ⃗ q. They argued, however, that the model is still valid in the case of a weak bias of cells swimming in the direction ⃗ q.

Stochastic models with gyrotaxis

Later, Pedley and Kessler 1990 presented a stochastic model to resolve the inconsistency previously noted. In this new model, cells orientation ⃗ q is a random variable.

Chapter 1. Introduction

Its distribution is theoretically found by solving a Fokker-Planck equation based on the rate of change of ⃗ q, ∂⃗ q ∂t . It is the rate of change that is calculated deterministically with the gyrotaxis equation eq. (1.6). The drift due to taxis in eq. (1.5) is by replaced by ⃗ v drift → |v s | < ⃗ q >. Here, < ⃗ q > is not a unit vector anymore but is the ensemble average of ⃗ q and |v s | is the swimming speed of a microorganism. The diffusive tensor is calculated as a function of the distribution of ⃗ q, the speed of a swimmer |v s | and a correlation time τ c . Continuum models of bioconvection including gyrotaxis are quite advanced. However, parameters related to behavior of microswimmers still need to be estimated from quantitative experiments. In this thesis, we worked with the phototactic microalgae Chlamydomonas reinhardtii. In the following section of the introduction, we present important results on Chlamydomonas reinhardtii random and phototactic motion.

Localized photo-bioconvection

Open questions in bioconvection

Chlamydomonas reinhardtii as a model phototactic microswimmer 1.4.1 Presentation

The photoactive microalga Chlamydomonas reinhardtii has emerged as an important model microorganism in cellular biology, bioengineering and biophysics, from a fundamental point of view as well as for industrial applications. Chlamydomonas reinhardtii is the best-studied Chlamydomonas species, and many features Chlamydomonas reinhardtii behavior can be generalized to the whole genus and vice-versa. This green photosynthetic bi-flagellated cell (Figure 1.15.a) is found is fresh water. Chlamydomonas reinhardtii is widely studied for several reasons. It is used to study fundamental questions in life sciences such as metabolic pathways, photosynthesis or flagella-mediated locomotion (swimming or gliding). Its genome is fully sequenced. It has also been proposed as a potential production platform for biohydrogen and biofuel [START_REF] Beer | Engineering Algae for Biohydrogen and Biofuel Production[END_REF]. A few words about the cultivation of Chlamydomonas reinhardtii in laboratories can be found in appendix A.

Chlamydomonas reinhardtii is also a model microswimmer for physicists. It has an almost spherical shape of diameter 10 µm and is slightly denser than water with an If the viewing distance is large enough, one can considers that the swimmer swims in a straight line along the helix axis with a velocity v CR ≈ 50 -100 µm/s. In a homogeneous environment, Chlamydomonas reinhardtii appears to follow a run-and-tumble dynamics but its trajectories can be biased by phototaxis. It is mostly phototactic to green and blue light and does not respond to red light and higher wavelengths.

In localized photo-bioconvection of Chlamydomonas reinhardtii, it is essential to quan- tify the diffusive and phototactic behavior of cells, which will be the focus of this last section of the introduction. Historically, efforts in research dedicated to Chlamydomonas motility were first concentrated in understanding its phototaxis.

Methods for phototactic behavior analysis in Chlamydomonas

Phototaxis can be studied either on cell populations or on individual cells as illustrated in Figure 1.16 where a few examples of experimental methods are given. 

Cells population phototaxis experiments

For cell populations, the most simple method for phototactic behavior analysis is the "dish test" (Figure 1.16.a). A Petri dish is filled with a suspension of cells and illuminated from one side. After a few minutes, cells accumulation on the illuminated side (here with CC-125 and modified CC-124) or on the opposite side (here CC-124) corresponds respectively to positive or negative phototaxis while no accumulation means no phototactic response. This simple test is very useful to quickly determine the phototactic sign of a strain, for example after a reagent was added to the medium or after a gene was modified. In Figure 1.16.a, it was used to evidence that a modification of the gene agg1 can restore positive phototaxis of CC-124 [START_REF] Ide | Identification of the Agg1 Mutation Responsible for Negative Phototaxis in a "Wild-Type" Strain of Chlamydomonas Reinhardtii[END_REF]). Schaller, David, and Uhl 1997 developed an infrared light scattering system to monitor the degree of orientation of a cell populations. Chlamydomonas cells are not exactly spherical so that the scattered infrared light intensity increases as more and more cells respond to an orienting actinic 1.4. Chlamydomonas reinhardtii as a model phototactic microswimmer light (a light source that triggers a photo-response) stimulus. This methods allows for quantitative measurements, at such as the measurement of the sensitivity to light intensity as a function of the wavelength (action spectra). This method is quite sensitive and the authors could mesure how an initial orientation induced with a continuous light was transiently perturbated by dim light flashes.

Individual cells phototaxis experiments

Phototaxis of single cells can be studied by tracking individual trajectories in a light landscape as in Figure 1. 

The eyespot and intracellular mechanisms in phototaxis

General description of Chlamydomonas eyespot apparatus

The eyespot apparatus allows Chlamydomonas to sense light and to respond to it.

It is located at the equator of the cell (the flagella basal body being one pole), with an offset of 45°counterclockwise from the flagella plane when the cell is viewed from behind with the cis-flagellum on the right. Figure 1.17 represents a cross section of the eyespot.

Light is detected by channelrhodopsins photoreceptor proteins named ChR1 and ChR2 located on the cell plasma membrane. Below photoreceptors, the eyespot contains layers of carotenoid granules responsible for the orange color of the eyespot. Each layer is covered by a thylakoid double membrane. Carotenoid granule layers both reflect and attenuate light. When light comes from the inside of the cell, the "rear side", it is blocked both by the cell body (attenuation) and the carotenoid layers (attenuation and reflection). When it comes from the outside of the cell, the "front side", it is reflected after passing through the plasma membrane and thus amplified on the photoreceptors. Therefore, the eyespot works as a directional antenna for light coming from the "front side". 

History of the research on Chlamydomonas eyespot apparatus

The research on Chlamydomonas eyespot apparatus really took off with first electron microscopy in 1980 and culminated when the photoreceptors were finally identified in 2001.

Carotenoid granule layers optics

The carotenoid granule layers were observed with electron microscopy observations by Foster and Smyth 1980. The authors then explained that the eyespot can be considered as an absorbing quarter-wave mirror with reflection by constructive interferences. They theoretically predicted maximum reflectivity in blue light with a band width at half maximum reaching green light. For light coming from the "front side", the authors noted that, interestingly, constructive interference between the incident light and the reflected light should give a maximum light intensity at the plasma membrane. Consequently, they postulated that photoreceptors, unidentified at that time, could be located on the membrane. Schaller and Uhl 1997 later measured a maximum reflectivity in green light, in contrast to the theoretical results. They also showed that the attenuation through the cell body and the carotenoid layers peaks in blue and is very poor in yellow.

Thus, the carotenoid granule layers optics and the eyespot location explained the directivity of light detection in blue-green light. They also gave a clue of the possible location of photoreceptors on the plasma membrane. In particular, the extremely fast rise of calcium photoreceptors current after a brief light flash led to the conclusion that the rhodopsin and the calcium channel are intimately linked in a protein complex, or even within one single protein. This was verified ten years later, when the type of photoreceptor rhodopsin proteins were finally uncovered following the Chlamydomonas genome project. They were identified and named Channelrhodopsin 

Investigation on photoreceptors for phototaxis

Helical motion

Key to the mechanisms of phototaxis that will be described in the following is the helical trajectory combined with cell rotation of Chlamydomonas which was documented by

Rüffer and Nultsch 1985. The authors showed that Chlamydomonas rotates counterclockwise around its body length axis at about 1-2 Hz. It also follows a helical swimming path due to an additional beat of a dominant flagellum every 20 beats, with a beat frequency of ∼ 50 Hz. This dominant flagellum is directed outward with respect to the helix.

Phototactic turn mechanism

The prevailing phototactic turn mechanism was elucidated by Rüffer and Nultsch 1991.

The cell rotation around its body is essential to scan its light environment and the cell orients itself by a change in the flagellar in case of periodic illumination of the eyespot.

The authors stimulated the eyespot of Chlamydomonas single cells held on micropipette and observed the flagellar response in beating pattern with a high-speed camera. They The authors proposed that a phototactic turn occurs when a cell initially swims perpendicularly to the light and consists of two steps. When the eyespot faces light coming from the front side, the trans-flagellum transiently beats stronger (Figure 1.20.a). The cell then makes an eigth turn towards light during half rotation around the body axis.

During the second half rotation, the eyespot faces away from the light (Figure 1.20.b). It is then the cis-flagellum that transiently beats stronger and the cell makes an additional eigth turn. Finally after one cell body rotation, a quarter turn towards light has been completed. The flagella work the other way around for negative phototaxis. With this mechanism, the timescale of a phototactic turn is thus given by one body rotation and is of the order of ∼ 1 s. This also justifies the equatorial location of the eyespot for phototactic turns to occur when the cell swims perpendicularly to light. They found that the phototactic sign is indeed associated to a flagellar dominance.

Keeping phototactic orientation

Cis-dominance (trans-dominance) was correlated to positive (negative) phototaxis. Then, they observed in situ phototactic turns in two steps predicted by Rüffer and Nultsch 1991.

The observed the behavior shown in Figure 1.19 for cis-dominated positive phototaxis and the reverse for trans-dominated algae. Finally, the saw that the natural dominance then helped to keep the right phototactic orientation by shielding the eyespot, as predicted by Schaller, David, and Uhl 1997.

However, it remains elusive how this flagellar dominance is regulated. How a the switch from positive to negative phototaxis occurs at high light intensity is not clear either. Chlamydomonas reinhardtii cells were subjected to a millifluidic flow. By turning on an attractive light upstream, a band of concentrated cells at the center of the channel was bserved (Figure 1.22.b). This self-focusing was understood as gyrotactic effect : the mean cells orientation is the result of a competition between flow vorticity that rotates cells and phototactic turns towards light (Figure 1.22.c). This phenomenom was only observed when the shear rate was in the range 1 s -1 ≲ γ ≲ 3 s -1 . It corresponds to the inverse of a phototactic turn timescale. Below this range, the flow is to weak to rotate cells while above it, phototactic turns are two slow compared to cells rotation by the flow. This experiment is the equivalent of the historical experiment gyrotactic focusing of gravitactic algae in downwelling flow by [START_REF] Kessler | Hydrodynamic Focusing of Motile Algal Cells[END_REF] Here, light provides a greater control: focusing can be controlled for any flow direction and can be switched on and off on demand.

Photo-gyrotaxis or photo-focusing

Chlamydomonas motion in the dark

We now present some results that reflect the current state of the art concerning Chlamydomonas motility in the absence of light. 

Analysis of the mean square displacement

Additional features

Gravitaxis

Chlamydomonas is also (negatively) gravitactic. A gravitational torque orients cells upward on average in the absence of flows or phototaxis. There are two possible mecha-1.4. Chlamydomonas reinhardtii as a model phototactic microswimmer 
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Dependence of phototaxis on external factors

When studying phototaxis, one should keep in mind possible dependences on external factors. We give here some examples.

The dependence on culture growth was studied by Stavis and Hirschberg 1973 and Feinleib and Curry 1971. In particular, phototaxis is at its strongest during the exponential growth of cells. [START_REF] Stavis | Phototaxis in Chlamydomonas Reinhardtii[END_REF][START_REF] Nultsch | Effect of External Factors on Phototaxis of Chlamydomonas Reinhardtii, III. Cations[END_REF] studied the effects of cations on phototaxis and motility in Chlamydomonas reinhardtii. They found inhibitions effects at high cations concentrations but also a specific transient boost following an addition of calcium at moderate concentration. Although photosynthesis is actually not needed for phototaxis [START_REF] Stavis | Phototaxis in Chlamydomonas Reinhardtii[END_REF], the photosynthetic activity of cells can alter their phototaxis [START_REF] Takahashi | Photosynthesis Modulates the Sign of Phototaxis of Wild-Type Chlamydomonas Reinhardtii: Effects of Red Background Illumination and 3-(3',4'-Dichlorophenyl)-1,1-Dimethylurea[END_REF]. CO 2 can modify the critical inversion intensity between positive and negative phototaxis [START_REF] Nultsch | Effect of External Factors on Phototaxis of Chlamydomonas Reinhardtii, II. Carbon Dioxide, Oxygen and pH[END_REF]. One can use reactive oxygen species (ROS) or ROS-scavengers to control the sign of phototaxis [START_REF] Wakabayashi | Reduction-Oxidation Poise Regulates the Sign of Phototaxis in Chlamydomonas Reinhardtii[END_REF]). Finally, a finding that stands out is that the effectiveness of phototaxis increases when lowering cells swimming speed due to better light detection (Choudhary, Baskaran, and Sharma 2019). In particular, this translates into a greater Chapter 1. Introduction phototactic effectiveness in concentrated suspensions (> 3 × 10 7 cells/mL).

Concluding remarks and open issues

The role of flagella is well understood in Chlamydomonas random and phototactic motilities. During almost straight swimming, Chlamydomonasactually rotates around its body axis and follows a helical trajectory with a naturally dominant flagellum located outward. In random motion, changes in direction are due to short periods of asynchronous beating that result in sharp turns in cells trajectories. Phototaxis, whose sign is correlated to the natural flagellar dominance, relies on the other hand on opposite amplitude modulations of flagellar motion for reorientation and on shielding the eyespot to keep the phototactic orientation. Nevertheless there are still some open questions.

The origins of the regulations of random change of directions and phototactic reorientations remain open issues. It is also possible that there is an interplay between these regulations which has not been studied yet.

Diffusion coefficients can be measured either with cells population experiments or from individual cells. However, some discrepancies remain between measurements performed at these two different scales.

In phototaxis on the other hand, there is a lack of quantitative laws linking the directed biaised velocity to the light intensity. In the context of bioconvection, this is in contrast with highly advanced models of gyrotaxis. Moreover, the difference between swimming in a light intensity gradient and swimming along the direction of propagation of light is often omitted and both are referred to as "swimming towards light".

Outline of this thesis

The main goal of this thesis is to understand the collective response, at the scale of a population, of the model photosynthetic micro-algae Chlamydomonas reinhardtii to complex space and time-dependent light fields. The main goal is divided into the following objectives.

1. Propose a phenomenologic law of the phototactic velocity of a population of Chlamydomonas reinhardtii in light intensity gradients with a dependence on the light intensity. Finally, in chapter 6, an original experimental setup able to induce sustained and unstationary bioconvective flows over timescale comparable to the cell division timescale is presented, together with preliminary results on the influence of bioconvection on the growth-rate of Chlamydomonas reinhardtii cultures (objective 4).

A summary of the findings and a brief outlook are given as a conclusion in chapter 7.

Additional methods and data are given in appendices A to C.

Phototaxis: a taxis in a vectorial field

Prevailing mechanisms in Chlamydomonas phototactic motility aim to explain how cells find an orientation towards light and keep this orientation. But because a light field is a vector field, swimming towards light can have two meanings : either swimming towards the direction from which light comes from, or towards increasing light intensities. Thus, there are two possible phototaxes and it remains unclear whether cells orient themselves in the light propagation direction, in the direction of light intensity gradient, or both.

Bennett and Golestanian 2015 proposed a simple swimming model for Chlamydomonas to better understand what drives phototaxis. It relied on a modulation of the flagellar balance by the light intensity received by the eyespot, in addition to a natural cis-or transdominance. A phase-shift between light and darkness, and noise to check for robustness were also added. They analytically derived that in their model, the swimmer is able to measure light intensity temporal derivative within its reference frame, which translates into light intensity gradient within the laboratory reference frame. Their model was then tested in numerical simulations of cells trajectories. They recovered essential features of Chlamydomonas motility : its rotation around its body-length axis, its helical path, its random walk in the dark and phototaxis when exposed to light. This is a good indication that Chlamydomonas should be able to detect light intensity gradients, although it is not known how at the subcellular level.

In most experiments involving phototaxis, directional light was used so that it could not be distinguished whether phototaxis was along the light intensity gradient or along the direction of propagation of light. The situation is quite different when a localized light beam is used as in our experiments and in recent studies (Giometto et 

Experimental setup

Experimental setup

In this section, we describe the experimental setup that we used to investigate how cells collectively respond to light intensity gradients. The experimental setup is sketched in Figure 2.1. A levelled Petri dish (horizontality ±0.05°, diameter 139 mm) was filled with an algal suspension of initial cell concentration c 0 to a desired liquid height H and placed in an optical enclosure. We turned on an actinic green light beam (532 nm) projected at the center of the Petri dish to establish an heterogeneous light environment. Cells response to the actinic light was monitored by measuring the cell concentration field. Because cells do not phototax in red light, this was achieved by measuring the amount of red light transmitted through the suspension.

Principle of the experiments

This experimental setup was adapted from Dervaux, Capellazzi Resta, and Brunet 2017 with an additional control of the green light beam width. In all generality, the cells spatial organization results from a coupling between their phototaxis along the horizontal green light gradient, their diffusive behavior and their recirculation by bioconvection. In order to measure the phototactic response in the absence of flows, the pseudo-Rayleigh number was kept low enough to prevent bioconvective flows from arising in these experiments. We kept H ≈ 1 mm and c 0 in the range (1.5-3.0)×10 6 cells/mL. The green light intensity gradient was tuned by widening the light beam and controlling the maximum light intensity at the center.

The detailed experimental protocol can be found in the appendices (appendix B.1).

Tuning of the light intensity gradients

To tune the light intensity gradient, we performed experiments with different beam profiles. We initially had a thin gaussian laser beam of known light intensity radial profile.

Our goal was then to spread this light beam and still know the light intensity profile. We placed stacked diffusers on the light beam path to spread it out. The number of stacked diffusers between 0 and 4 defined a unique normalized light intensity radial profile while the maximum light intensity at the center was adjusted with crossed polarizers. After calibration (see appendix B.2), laser light intensity profiles could be precisely acquired over several decades of light intensity on the green channel of the images. 5 light beams with from 0 to 4 diffusers on their path are shown in Figure 2.2, here with a fixed maximum light intensity of 5 W/m 2 . On the reconstructed images and on the lin-lin laser intensity radial profile, we see that the beams have gaussian profiles of similar widths close to the center, with only a minor effect of the diffusers in this part. However, the inset log-linear plot shows that the profiles have non-gaussian tails of significantly different widths due to the diffusers.

Top view cell concentration imaging

We used the red light transmitted through the suspension to measure the cell concentration field. After calibration, red light intensity could be converted to depth averaged cell concentration knowing the liquid height H.

The Figure 2.3 shows the time course of cells accumulation around the light beam.

gives an example of a pattern formation from an initially homogeneous cell concentration field. After the laser was turned on at t = 0, cells accumulation around the location of the 

Measurement of Chlamydomonas reinhardtii phototactic susceptibility

With the experimental setup described previously, we let cells phototaxing in light intensity profiles of different spreadings and irradiances ranges in conditions where convection could be neglected. With a Keller-Segel model, we measured the phototactic susceptibility to light intensity gradients as a function of the spacially swept light intensity.

The Keller-Segel approach

After the green light was turned on, we monitored the cell concentration field until a steady state was reached. In these experiments, it shared the radial symmetry of the light field. We now theoretically analyze these curves to extract the phototactic susceptibility.

We performed experiments with very thin layers of algae suspensions, H ≃ 1 mm. In these conditions, recirculation flows generated by fluid density gradients can be neglected in the algal mass transport. This will be confirmed in the next chapters. We thus propose a Keller-Segel framework in which the stationary cell concentration field results from the balance between the cells phototactic flux that creates inhomogeneities and the diffusive flux that arises from concentration gradients. 

D ⃗ ∇c = c⃗ v drif t

The velocity drift is controlled by light intensity gradient and we write :

⃗ v drif t = χ(I) ⃗ ∇I.
χ is the phototactic susceptibility to light intensity gradients that we let depend on the spatially swept light intensity I. Then, given the radial symmetry of the experiments, the balance between diffusion and phototaxis reads :

D ∂c ∂r = cχ(I(r)) ∂I ∂r
The phototactic susceptibility can be obtained from gradients of cell concentration and light intensity at any point of the radial profiles.

χ = (D ∂c ∂r )/(c ∂I ∂r ) (2.1)
For a single experiment, χ(r) can be calculated from the formula derived above, using D = (0.85 ± 0.15)10 -7 m 2 .s -1 (see section 1.4.5). Knowing the light intensity profile I(r), we thus obtain a parametric curve {I(r), χ(r)} (see Figure 2.5).

In Figure 2.5, the light intensity range is given by the fact that light intensity radial profiles typically decay by a factor 10 4 over a few tens of mm in the camera field of view.

Here, only positive phototaxis is observed in this range (χ > 0). The susceptibility is much higher at low light intensity and then decays by 5-6 orders of magnitude.

In order to characterized Chlamydomonas reinhardtii phototactic response over a wide range of light intensities, we performed a series of experiments by changing light beams. By varying the maximum value at the center by 3 orders of magnitude, we obtained a total light intensity range of 7 decades (10 -4 to 10 3 W/m 2 ) in the series of experiments.

Chlamydomonas reinhardtii phototactic susceptibility curve

The parametric curves {I(r), χ(r)} obtained by changing light beams are plotted together on a bi-symmetric logarithmic plot in 

Range of light detection in phototaxis

We obtained two remarkable values of light intensity in the curve of the susceptibility to light intensity gradients : a detection threshold intensity and a critical inversion intensity 

Detection threshold

Single photon detection in phototaxis

The minimum number of photons necessary to trigger a photomovement response in Chlamydomonas reinhardtii was specifically studied by Hegemann and Marwan 1988.

They compared light stimulus-response curves to theoretical Poisson distribution curves to evidence the probabilist nature of Chlamydomonas reinhardtii phototaxis. They could evaluate the minimum number of photon required for a phototactic turn. This method was first applied by Hecht, Shlaer, and Pirenne 1942 to show that 5-8 events occur at threshold of human vision.

Hegemann and Marwan 1988 used 50 ms light flashes on tracked individual cells. In the analysis of the experiments, the probability that exactly n photon produce a direction change was treated as a Poisson process of expected value α. α is the average number of effective photons per cell, i.e. photons that do contribute to a movement :

α = F • N r • σ r • Φ r • k eff
F is the photon exposure (given by irradiance × flash duration). N r , σ r and Φ r are the number of photoreceptors per cell, their absorption cross section and their quantum efficiency for activation. k eff is the effective yield for an activated rhodopsin to contribute to a direction change. In the formula above, the product Φ r • k eff means that an effective photons should activate a photoreceptor and that this absorption should lead to a movement response.

Then, the frequencies R(F ) of direction changes at a photon exposure F corresponds to the probability P {N ≥ n} (α) that n or more photons are effective at an average number of effective photons α(F ). This is shown in Figure 2.7. Since log(α) = log(F ) + log(N r σ r Φ r k ef f ), a horizontal offset X was applied to the stimulus-response curves to fit Poisson distributions. The theortical curves shapes depend on n . The best fit was obtained for a minimum number of photon required n = 1, that is to say phototactic turn is a single-photon event.

The effective yield for an activated rhodopsin to contribute to a direction change was also evaluated. From the value of the horizontal shift X applied to fit stimulus-response data points with theoretical curves and which corresponds to X = log(N r σ r Φ r k eff ) (where both N r , σ r and Φ r are known), the authours found k eff ∼ 0.05. Detection threshold light intensities could then be further interpreted. The average value of 1 photon-activated photoreceptor/cell/s at threshold irradiances (see section 2.4.1) can be multiplied by k eff to give 0.05 photomovement response/cell/s. The authors concluded that cells experienced tens of rotation between phototactic turns at these threshold irradiances.

Critical inversion intensity and negative phototaxis

A similar calculation to that of section 2.4.1 can be performed at the critical inversion intensity I crit ∼ 100 W/m 2 . We can estimate that ∼ 80 000 photons/cell/s are absorbed 

Discussion

Hypothesis of the unique dependence on light intensity

Our measurement of the phototactic susceptibility can be compared to a previous In the determination of the phototactic susceptibility, we assumed that it only depends on light intensity. Choudhary, Baskaran, and Sharma 2019 reported a dependence of phototaxis on cell concentration. For concentrations > 3 × 10 7 cells/mL, they found that light detection is enhanced due to a lowering of cells swimming speed. Nevertheless, they found relative variations (by a factor 2) that are negligeable compared to those we found with light intensity. In all generality, the phototactic susceptibility can also depend on cell concentration via the effective diffusion coefficient in the formula eq. (2.1).

An additional vertical drift along the direction of propagation of the light beam could be neglected in this experimental setup according to Dervaux, Capellazzi Resta, and Brunet 2017. Finally, the phototactic susceptibility could also depend on the light intensity gradient. We note that we partially decoupled light intensity and its gradient in the determination of χ by using light beams of different shapes and maximum intensities. Yet, the parametric curves {I(r), χ(r)} still collapsed on a master curve. a posteriori, this is good indications that dependency of χ on light intensity gradient can be neglected with the light beams used in our experiments. We also check that the drift velocities calculated from the phototactic susceptibility remain reasonable in our experiments using the definition ⃗ v drift = χ ⃗ ∇I. In pattern formation experiments presented in the next chapter, we used light beams with fixed I max = 5 W/m 2 . In this case, we can calculate χ| avg × | ⃗ ∇I| max ∼ 200 µm/s, which is still comparable to the swimming speed of Chlamydomonas reinhardtii.

Time dependence of phototaxis

We obtained the phototactic susceptibility curve at rather long timescale (∼1h). Nevertheless, it should be noted that phototaxis also displays some interesting time-dependent features. An example is a self-adaptation to light exposure reported by [START_REF] Arrieta | Phototaxis beyond Turning: Persistent Accumulation and Response Acclimation of the Microalga Chlamydomonas Reinhardtii[END_REF].

They observed cells orbiting around a light source as if optimal light intensity was found but then cells left their orbit and the field of view.

We also observed a time dependent phototactic response in side view imaging experiments in Hele-Shaw cells (see appendix C.2). In these experiments, the field of view allowed to image the whole length of Hele-Shaw cells. We observed that each time the light beam was turned on, we first observed negative phototaxis during ∼ 5 min with algae accumulation at the sides, away from the light beam. Then, positive phototaxis was observed with later accumulation around the light beam. We are currently not able to explain this behavior. Thus, the phototactic susceptibility that we measured should be interpreted as a response at long timescale.

Conclusion

Conclusion

In this chapter, we discussed that there are two possible phototaxes: either along the direction of light propagation or along light intensity gradients. In this work, we developed an experimental setup to study the interaction between algae and controlled light intensity gradients within shallow suspensions. With very thin layers, we used a Keller-Segel approach to determine the phototactic susceptibility to light gradients as a function of the spatially swept light intensity. Such a macroscopic approach does not model the mechanisms that regulate phototaxis along light intensity gradients but offers a robust and quantitative description of its effect at the population scale. We obtained a curve of the phototactic susceptibility over several light intensity gradients. It features a detection threshold, a higher sensitivity at low light intensities and a critical inversion intensity from positive to negative phototaxes. The value of the detection threshold that we found for phototaxis in light intensity gradients is consistent with values previously reported for phototaxis in directional light, corresponding to a remarkably symbolic value of 1 photon/cell/s. Thus, the two phototaxes likely share the same detection system for which it was shown that single photon absorption events are sufficient to trigger photomovement response. Here, we also found that the full range of isomerization states of the photoreceptors is used in the positive phototaxis range of Chlamydomonas reinhardtii, which leaves the question of the mechanism behind negative phototaxis open.

Let us now tune the intensity of the collective effects in Chlamydomonas reinhardtii

suspensions by increasing the magnitude of the Rayleigh number.

CHAPTER 3 Pattern formation in localized bioconvection

In the previous chapter, we characterized the phototactic response of populations of Chlamydomonas reinhardtii in shallow suspensions illuminated with heterogeneous light fields. Here, the same system is used but in a different regime. Keeping the heterogeneity of the light field as a critical control parameter, we now tune the collective effects by changing the pseudo-Rayleigh number to trigger bioconvective flows in Chlamydomonas reinhardtii suspensions. We aim at understanding the cells self-organization in these sustained self-generated flows by characterizing light-induced pattern formation in localized photo-bioconvection. First, we show the role of the two control parameters -the pseudo-Rayleigh number and the width of the light beam -on the formation of different patterns.

Then, we characterize separately and in detail several light-induced instabilities observed in the experiments.

Tuning collective effects: control parameters

We used the experimental setup presented in the previous chapter. In this chapter, we tuned the intensity of the collective effects by increasing the magnitude of the Rayleigh number as in previous studies of localized photo-bioconvection (Dervaux, Capellazzi Resta, and Brunet 2017; [START_REF] Arrieta | Light Control of Localized Photobioconvection[END_REF]) where a thin light beam was used. Here, we introduced a new parameter which is the width of the light beam to tune light intensity gradients.

Shaping of the light beam

We used the width of the light beam to tune light intensity gradients at fixed maximum light intensity. In the previous chapter, we identified the positive phototaxis range in Chlamydomonas reinhardtii to be: 10 -3 W/m 2 ≲ I ≲ 10 2 W/m 2 (section 2.3.2). Here, we fixed the maximum light intensity at I max = 5 W/m 2 to remain within the range of positive phototaxis. Qualitatively, a larger beam width then corresponds to two effects : it broadens the spatial range of phototaxis and it weakens the magnitude of light intensity gradients.

# diffusers

Beam width σ, Gaussian width w, with I(r = w)/I max = 0.005 0 0. Let us now defined the beam width. As explained in section 2.2.2, the use of diffusers to widen the initially gaussian light beam gave 5 light intensity radial profiles shown in Figure 2.2. Given the low intensity threshold for detection (I thresh ∼ 10 -3 W/m 2 ), we chose an arbitrary threshold at I(r = w)/I max = 0.005 to define a beam width w for each of these profiles, which corresponds to I(r = w) = 2.5 × 10 -2 W/m 2 at fixed

I max = 5 W/m 2 .
As discussed in section 2.2.2, the light intensity radial profiles have similar gaussian shape at the center but significant different tails. The high sensitivity of

Chlamydomonas reinhardtii phototaxis at low light intensity justifies now that the beam width w can be defined in the tails of the light intensity radial profiles. The values of the beam widths w are given in Table 3.1, together with the values of the gaussian widths σ for 3.2. Phase diagram and global properties of patterns comparison. Note that the beam width defined at the detection threshold for phototaxis I thresh could have also been used as a meaningful measure of the beam width.

Tuning the pseudo-Rayleigh number

Let us recall the pseudo-Rayleigh number :

Ra = ρ 0 βH 3 c 0 Dη (3.1)
The pseudo-Rayleigh number is controlled by both the initial cell concentration c 0 and the liquid height H. The initial cell concentration could be adjusted in the range c 0 ∼ 10 6 -10 7 cells/mL using the procedure described in appendix A.3 although most of the time, c 0 was the cell concentration of grown liquid cultures c 0 ∼ (1.5 -3.0) × 10 6 cells/mL. In practice, the pseudo-Rayleigh number Ra was mostly controlled with the liquid height 1 mm ≤ H ≤ 5 mm. We obtained a range of pseudo-Rayleigh number :

Ra ∼ 10 -1000.

Phase diagram and global properties of patterns

Classification of photo-bioconvection patterns

We observed different photo-bioconvection patterns that we report in Figure 3.1 when varying both the Rayleigh number and the beam width. We observed round patterns 

Primary instability

Round patterns were observed at low Ra. They were first documented by Dervaux, Capellazzi Resta, and Brunet 2017 as the primary pattern formation of localized photobioconvection for thin light beams (w/H < 1) and low Ra. In this study, we showed that if Ra remains low, they still appear at large beam width (w/H > 1). In round patterns, the cell concentration field reaches a steady state that keeps the symmetry of the light beam. It results from a coupling between lateral phototaxis, diffusion and convection. Because only positive phototaxis occurs with I max = 5 W/m 2 , cell concentration monotonically increases towards the center. Dervaux, Capellazzi Resta, and Brunet 2017 underlined that although the overal shape of round patterns did not significantly change when increase Ra, the appearance of convection was testified by the discrepancy between the experimental concentration radial profite and that predicted by the balance between diffusive and phototaxis fluxes, for Ra ≳ 20. Above this value, convection arising from 

Secondary instabilities

Waves, dendrites, and directional growth are secondary instabilities that break either the initial radial symmetry imposed by the light beam or the time invariance of the pattern. They arise when increasing either the pseudo-Rayleigh number Ra or the light beam size (w > H), or both.

Waves are emitted when the beam width is kept small (w/H ≲ 1) above a critical pseudo-Rayleigh number (Ra ≳ 100). In this regime, round patterns start forming but their time invariance break. A concentrated region remains in the center and waves of intermediate concentration propagates away from this region. The wave velocity measured as a function of Ra in Dervaux, Capellazzi Resta, and Brunet 2017. Their appearance was understood as a photo-gyrotactic instability. In numerical simulations, algal concentration close to the center is higher in the lower part of the suspension because of the structure of the primary convection rolls (downward flow at the center). Then, when the Ra further increases, the flow vorticity increases and deviates cells from their preferential radial orientation as illustrated in Figure 3.2. Thus a layer of high concentration is formed just above the bottom of the Petri dish and is destabilized by gravity when dense enough. In dendrites instability, the orthoradial invariance of the light beam is lost but the pattern still reaches a stationary state. Branches of high concentration are separated by spaces of lower concentrations. From center to periphery, they exhibit splitting and their number increases, so that their spacing is a well-defined quantity seemingly selected by a physical mechanism. We shall give more details on this dendrites instability in section 3.3.

Directional growth was observed at high beam width (w/H > 1), either growing from initially round patterns at low pseudo-Rayleigh number Ra or mixed with dendrites at higher Ra. In both case, the same phenomenology is observed. Cell concentration patterns are initially centered but are destabilized and a finger grows in a given direction while the patterns remain anchored around the light beam. For w/H > 1, directional growth occurred quite randomly accross the whole range of Ra, and mostly at low to intermediate values. This instability will be discussed in more details in a dedicated section.

Global properties of photo-bioconvection patterns

Before describing in details the different instabilities, we take a step back and investigate the effect of both the pseudo-Rayleigh number and the size of the light beam on global properties of cell concentration patterns. For this, we focus on round, waves and dendrites patterns. In the absence of directional growth, cell concentration patterns are centered around the light beam and have a fixed radial extension . Thus, concentration fields can be averaged over time and along the angular coordinate θ. radial profiles c(r). First, the relative maximum concentration c max /c 0 quantifies the concentrating power of the light beam. Then, pattern radius R 1/2 is defined at c(r = R 1/2 ) = 0.5 × (c max + c 0 ). It should be related to the size of primary convection rolls, a relationship that will be tested when measuring flow fields in a dedicated experimental setup (chapter 5). At first sight, it seems that increasing Ra strongly decreases c max /c 0 and the size of the concentrated region increases with the width of the light beam. number Ra for different beam widths w. For w = 2.7 mm, we observe a slight increase of R 1/2 with Ra, by a factor 2 -3 when Ra is increased by 2 orders of magnitude. This effect becomes much more pronounced when increasing the beam width. If R 1/2 does not depend on much w at low Ra, it does however significantly increase with w at high Ra. This is a direct effect of the higher sensitivity of the nonlinear phototactic susceptibility to the low light intensities in the tails of the light beams radial profiles.

In conclusion, concentrating power c max /c 0 decays and pattern size R 1/2 increases when the pseudo-Rayleigh number Ra is increased. Thus convection spreads cell concentration patterns out. R 1/2 also increases with w : larger beam widths contribute to a wider range of localized bioconvection by attracting algae that are further away from the center. It should be noted that for low Ra ≲ 20, the both c max /c 0 and R 1/2 are largely independant of Ra, so that in this range of parameter values collective effects are indeed negligeable as we assumed in the previous chapter when measuring the phototactic susceptibility. 

Transitory regime

In a transitory regime, spots of intermediate algae concentrations form in the suspension within the first tens of minutes (Figure 3.5). This dots instability is reminiscent of spontaneous bioconvection that originates from an upward swimming of micro-organisms.

We did not study it quantitavely but we report here several observations. Dots appear in a region around the light beam whose area increases when increasing either the beam width w or the pseudo-Rayleigh number Ra. Their spacing also seems to increase with the liquid height H. Between R 1 and R 2 , there is a competition between the establishment of an orthoradial wavelength and the initial radial symmetry so that the spacing i b slightly increases with r. We however defined an orthoradial wavelength λ in this domain as the averaged spacing weighted by distance from center. This is equivalent to unroll all circles of radiuses R 1 ≤ r ≤ R 2 and then computing the average spacing. We thus have for the orthoradial wavelength : We analyzed the experiments with dendrites patterns as explained above. We found domains R 1 ≤ r ≤ R 2 on which orthoradial wavelengths were calculated using the formula 

Formation of branches

Wavelengths of dendrites

λ = R 2 R 1 ri b (r)dr R 2 R 1 rdr (3.3) stable domain

Validity and limit of the measurements wavelengths

Our analysis allows to define an orthoradial wavelength in a simple way compared to other methods that could have been used to measure characteristic lengths of dendrites patterns. As a complement, a method to measure average radial distance between splittings points could have been developed and this distance could have been compared to the orthoradial wavelength that we defined. Bees and Hill 1997 used Fourier transform to extract dominant wavelengths of bioconvection patterns in suspensions of single-celled alga Chlamydomonas nivalis. In fact, a Fourier analysis could have enabled to extract both the average radial distance between splitting points and the orthoradial wavelength. 

Directional growth

Characterization of directional growth

Although directional growth could occur for both initially round patterns or dendrites patterns, the phenomenology is the same in both cases. Figure 3.9 shows the kinetics of this unstationary instability on an example of a single experiment. On the images, we see the formation of an initially centered pattern with a maximum concentration at the center which eventually grows in a well defined direction θ 0 . As it grows directionally, the pattern also remains anchored at the location of the light beam. Here, the direction of growth is also materialized by a line of high concentration (Figure 3.9.c). For dendrites with directional growth, the direction of growth is perpendicular to periodic branches (see Figure 3 The patterns eventually grow in a well defined direction θ 0 away from the center (here towards the left of the image) with an aspect ratio growth rate ν > 0. c-f, The region for which c(r, θ, t) > cmax(t) 2 can be described by an ellipse of orientation θ e and of major and minor axis lengths 2a and 2b. The evolution of its axis lengths (d), aspect ratio (e) and orientation (f) with time allow to quantify directional growth kinetics. For t > t 1 , the slope estimate and standard deviation of a linear fit of the aspect ratio gives an anisotropy growth rate ν = (7.2 ± 0.6) × 10 -3 min -1 . Ra = 95 (H = 0.24 mm, c 0 = 2.2 × 10 6 cells/mL) and w = 7.5 mm.

(horizontality ±0.05°). However, we shall see that it can be triggered by an inclination of the Petri dish.

We first quantified directional growth of patterns when it occured in the experiments.

For this, we modelled patterns by ellipses of parameters major and minor axis lengths 2a, 2b, aspect ratio a/b and orientation θ e (Figure 3.9.c). We studied the time evolution of these parameters (Figure 3.9.d-f). Data reveal that there is a clear time t 1 at which directional growth starts. For t < t 1 , the ellipse grows with a constant aspect ratio close to 1 and there is not any fixed orientation at this stage. For t > t 1 , the system then finds a fixed direction of growth θ e ≃ C st . The minor axis length 2b reaches a plateau while the major axis length 2a still increases. The aspect ratio increases linearly with time, which can be fitted to extract the growth rate of the anisotropy ν.

We measured the anisotropic growth rate ν for all occurences of directional growth as a function of the pseudo-Rayleigh number Ra. Data are plotted in Figure 3.10.a. Measured anisotropy growth rates ν are of the order of ∼ 10 -2 min -1 . Patterns sizes are typically tens of ∼10 mm, so that this corresponds to drift velocities of the order of a Chapter 3. Pattern formation in localized bioconvection Growth rates and error bars were measured as explained in Figure 3.9. b, Statistics of directional growth occurences in intervals of pseudo-Rayleigh number for beam widths w ≥ 5.0 mm. Labels "unstable" and "stable" correspond respectively to occurence and non-occurence of directional growth. few µm/s. This is much smaller than the expected velocity of the primary convection roll (> 100 µm/s). We observed a decrease of the anisotropy growth rate when increasing the pseudo-Rayleigh number Ra.

To further investigate the effect of the Ra, we studied the statistics of occurence of directional growth as a function of Ra. Noting that directional growth did not occur for w < 5 mm, we counted its number of occurences for experiments with w ≥ 5 mm in intervals of Ra (see Figure 3.10.b). Data reveal that directional growth mostly occurs at rather low to intermediate values Ra.

Enhancing directional growth using inclination

To better understand the underlying mechanims from which directional growth originates, we carried out experiments with a slight inclination of the Petri dish, as illustrated in a schematic view in Figure 3.11.a.

In these experiments, we worked at fixed pseudo-Rayleigh number Ra = 140 with 3 beam widths w = 5.0 , 7.5 , and 20 mm because directional growth occurred mainly at intermediate Ra and w/H in the main experiments. We found that directional growth was indeed triggered by a slight inclination α of the Petri dish and patterns grew towards the lower side of the Petri dish, i.e the side where the layer thickness is the largest. We measured their anisotropy growth rate ν as a function of α. For w = 5.0 mm, we measured ν < 4.0 × 10 -3 min -1 . For w = 7.5 and 20 mm, ν increased from 1.5 × 10 -2 to 1.7 × 10 -1 min -1 for α increasing from 0.1 to 1.0°. The value of 1.5×10 -2 min -1 for α = 0.1±0.05°is found to be a close upper limit of the values of anisotropy growth rate measured with a levelled Petri dish (Figure 3.10.a). This is consistent with a possible defect of horizontality < 0.1°in the main experiments. In any case, the directional growth instability reveals a striking increase of the system sensitivity to any slight asymmetry when the beam width is increased.

Discussion

The mechanism behind this instability is not well understood at this stage. The higher concentration along the axis of growth in Figure 3.9.c is an indication that gyrotactic focusing could be involved. The stabilizing effect of Ra on the other hand is intringuing because bioconvection instabilities usually appear when increasing Ra. The role of w can be discussed qualitatively. A first effect of increasing w is to lower the magnitude of the light intensity gradients, which in turn weakens the phototactic restoring attraction towards the center. On the other hand, increasing w also enlarges the spatial range of localized photo-bioconvection. These two effects might play different roles at different distances from the light beam center.

Conclusion

We studied how cells self-organize in bioconvective flows triggered locally by light.

We found that pattern formation in the cell concentration field is controlled by both the Rayleigh number Ra and the beam width w. We first emphasized the role of both these parameters on global properties of cell concentration patterns. Then, we found that different instabilities are under the control of Ra and w. In particular, we showed that when the beam width is comparable or wider than the suspension depth, the cell Chapter 3. Pattern formation in localized bioconvection concentration field undergoes instabilities with striking breakings of the initial radial symmetry. We found the domain of existence of these intabilities and characterized them separately. Dendrites instabilities were found at high Ra and w/H with a well-defined orthoradial wavelength that scales with the liquid height H. Directional growth instability occurred mostly at low to intermediate Ra for large w/H . Its anisotropy growth rate is the direct illustration of the system high sensitivity to any slight asymmetry when the beam width is increased.

Chapter 4. Asymptotic model for bioconvection in thin layers

Axisymmetric structures 4.1.1 Preliminaries

Let us first write the general equations describing the collective behavior of a suspension of Chlamydomonas reinhardtii cells in the presence of a heterogeneous light-field. We shall use a continuum deterministic model with gyrotaxis of the form given in section 1.3.4.

Incompressibility : ⃗ ∇ • ⃗ v = 0
Velocity and pressure fields :

ρ 0 ∂⃗ v ∂t = η∆⃗ v -⃗ ∇p e -ρ 0 βcg⃗ e z
Cells conservation :

∂c ∂t = ⃗ ∇ • ( D ⃗ ∇c diffusion -c|v drift |⃗ q drift due to taxis -c⃗ v advection ) Gyrotaxis : ∂q ∂r = 1 2B [⃗ e p -(⃗ e p • ⃗ q)⃗ q] + 1 2 ω × ⃗ q (4.1)
Despite their complexity, the equations above can be studied numerically if we restrict ourselves to the plane spanned by the unit vectors {⃗ e r , ⃗ e z }.

Structure of the primary convective roll

Let us first show that the formation of the primary instability can be modeled with the continuum model for bioconvection recalled above without the need to include gyrotaxis.

We only consider a phototactic drift which steers cells along the imposed light intensity gradient ∂I ∂r , where in the absence of gyrotaxis, cells are strictly oriented, on average, along their preferential orientation ⃗ e p :

|v drift | = |χ ∂I ∂r |
⃗ q = ⃗ e p and ⃗ e p = sign χ ∂I ∂r ⃗ e r (4.2)

A continuum model for localized photo-bioconvection in a radial light intensity in the absence of gyrotaxis is thus :

Incompressibility : ⃗ ∇ • ⃗ v = 0
Velocity and pressure fields :

ρ 0 ∂⃗ v ∂t = η∆⃗ v -⃗ ∇p e -ρ 0 βcg⃗ e z Cells conservation : ∂c ∂t = ⃗ ∇ • (D ⃗ ∇c -cχ ∂I ∂r ⃗ e r -c⃗ v) (4.
3)

The nonlinear system of equations (4. 

The effect of gyrotaxis

The 2D model above without gyrotaxis is stable within the range of parameters explored in the experiments. In the study by Dervaux, Capellazzi Resta, and Brunet 2017, it was found that waves emission could be reproduced in 2D numerical simulations by introducing gyrotaxis and a deviation of cells orientation with respect to their preferential direction ⃗ q ̸ = sign(χ ∂I ∂r )⃗ e r . The equations for a 2D model with gyrotaxis are :

Incompressibility : ⃗ ∇ • ⃗ v = 0
Velocity and pressure fields :

ρ 0 ∂⃗ v ∂t = η∆⃗ v -⃗ ∇p e -ρ 0 βcg⃗ e z Cells conservation : ∂c ∂t = ⃗ ∇ • (D ⃗ ∇c -cχ ∂I ∂r ⃗ q -c⃗ v) Gyrotaxis : ∂q ∂r = 1 2B [⃗ e r -(⃗ e r • ⃗ q)⃗ q] + 1 2 ω × ⃗ q (4.4)
While gyrotaxis only has a weak effect on both the fluid flow and the depth-integrated cell concentration field, it does impact significantly the repartition of cell across the thickness of the suspension, as seen in (Figure 4.2.d.e.f). Qualitatively, in the presence of gyrotaxis, the dense layer of cell induced by the primary convective roll is slightly shifted above the bottom of the Petri dish. More precisely, the dense layer is located around the local maximum of the flow velocity. Because this cell-rich layer has a higher density than the cell-poor layer below, it ultimately undergoes a gravitational instability above a threshold in the Rayleigh number, as illustrated in (Figure 4.3). Because this secondary instability is advected by the primary convective roll, it manifests itself as rings of high concentration propagating outward from the center of the Petri dish. The wave velocity predicted by these numerical simulations was found to be in good agreement with experimental results (Dervaux, Capellazzi Resta, and Brunet 2017). Note that at that time, 

Hypothesis for the development of the asymptotic model

Numerical simulations restricted to the (⃗ e r , ⃗ e z )-plane cannot reproduce the orthoradial breaking of the radial symmetry observed in dendrites or in directional growth. However attempting a numerical resolution of a 3D model with gyrotaxis would require code optimization and/or numerical ressources that are not within our reach. Indeed, including gyrotaxis in (⃗ e r , ⃗ e z ) required to solve numerically 6 scalar fields equations (pressure p e , concentration c, velocity ⃗ v in (⃗ e r ,⃗ e z ), orientation ⃗ q in (⃗ e r ,⃗ e z )) and already took around 1 week of calculation (with COMSOL Multiphysics 5.3, on a desktop PC with 8 cores) in the unstable regime. In order to make further progress, we may take advantage of the fact that our experiments are performed in a thin layer geometry H ≪ L. We therefore chose to simplify the model by developing an asymptotic model, tailored to describe the limit H/L ≪ 1. As we shall see, this approach, together with additional simplifying hypotheses that we introduce in this section, allows us to reduce the systems of vectorial equation shown above to a single nonlinear partial differential equation describing the depth-averaged cell concentration in the suspension. In a second step, analytical solutions to this equation and numerical results will be presented and confronted to experimental data.

Dimensionless equations

We first rewrite in a dimensionless form the general equations (4.1) that describe the spatio-temporal evolution of the flow, pressure, concentration and orientation fields. We scale lengths by the liquid height H, time by the diffusion time scale H 2 /D, concentrations by the global cell concentration c 0 , velocities by D/H and pressure by ηD/H 2 . To simplify the writing, we keep the same notations for both dimensioned and dimensionless spacetime coordinates (r, θ, z, t), fields (⃗ v, c, p e , ω) and operators ( ∂ ∂t , ⃗ ∇, ∆). Dimensionless equations take the following form :

Incompressibility : ⃗ ∇ • ⃗ v = 0 (4.5)
Velocity and pressure fields :

ρ 0 D η ∂⃗ v ∂t = ∆⃗ v -⃗ ∇p e -(Ra.c)⃗ e z = 0 (4.6)
Cells conservation :

∂c ∂t = ⃗ ∇ • ⃗ J with ⃗ J = ⃗ ∇c -|T drift |c⃗ q -c⃗ v the mass flux (4.7) Gyrotaxis : G y ∂⃗ q ∂t = 1 2 [⃗ e p -(⃗ e p • ⃗ q)⃗ q] + 1 2 G y • (⃗ ω × ⃗ q) = ⃗ 0 (4.8)
They reveal that in this model, the system is governed by the following dimensionless numbers:

The pseudo-Rayleigh number, Ra = ρ 0 gβH 3 c 0 Dη

The drift number,

T drift = v drift H D
The gyrotactic number, G y = BD H 2 (4.9)

We already defined the pseudo-Rayleigh number Ra as the ratio of the time scale of diffusion to the time scale of convection. We see here that it quantifies the coupling of 

Effective drifts

In the dimensionless cell conservation and gyrotaxis equations (4.7,4.8), we need to specify the drift term and the orientations vectors. We consider two drifts : a phototactic drift due to the light intensity gradient of preferential radial direction and an additional 4.2. Hypothesis for the development of the asymptotic model drift of preferential vertical direction. We shall discuss the origin of this vertical drift later in this section. We thus replace the generic single drift term with two drifts terms and make the hypothesis that they are additive. Each drift term has its own dimensionless drift velocity and orientation unit vector :

|T drift |c⃗ q → |T ∥ |c⃗ q ∥ + |T ⊥ |c⃗ q ⊥ (4.10)
The dimensionless phototactic drift number T ∥ depends on space via the light intensity gradient and the phototactic susceptibility. In the model, the second term T ⊥ does not depend either on space or on time for simplicity and we shall obtain its value from comparison of the model with experimental results.

T ∥ (r) = χ(I(r)) ∂I ∂r (r) H D and T ⊥ = v ⊥ H D (4.11)
⃗ q ∥ and ⃗ q ⊥ are respectively radial and vertical vectors in the absence of flow. In the presence of flow however, they can have non-zero θ-components due to gyrotaxis. q ⊥,θ originates from the r-component of the vorticity acting on the vertical drift whereas q ∥,θ originates from the z-component of the vorticity acting on the radial drift. To further simplify the analysis, we write those θ-components as perturbations around known preferential horizontal and vertical orientations. Thus the radial and vertical components are known and we have :

⃗ q ∥ = sign(T ∥ )⃗ e r + q ∥,θ ⃗ e θ , |q ∥,θ | ≪ 1 ⃗ q ⊥ = sign(T ⊥ )⃗ e z + q ⊥,θ ⃗ e z , |q ⊥,θ | ≪ 1 (4.12)
In the perturbative limit where |q ∥,θ |, |q ⊥,θ | ≪ 1, ⃗ q ∥ and ⃗ q ⊥ are quasi-unit vectors.

Finally, we construct a total unit orientation vector ⃗ q tot on which to apply the gyrotaxis equation as the weighted sum of the two orientations unit vectors ⃗ q ∥ and ⃗ q ⊥ :

⃗ q tot = |T ∥ | T ⃗ q ∥ + |T ⊥ | T ⃗ q ⊥ with T = T 2 ⊥ + T 2 ∥ (4.13)
By construction, we have a similar expression for the total preferential orientation ⃗ e p,tot appearing in the gyrotactic equation 4.8. Then ⃗ q tot can also be rewritten with a perturbation on ⃗ e p,tot . We have :

⃗ e p,tot = |T ∥ | T sign(T ∥ )⃗ e r + |T ⊥ | T sign(T ⊥ )⃗ e z (4.14)
⃗ q tot = ⃗ e p,tot + q tot,θ

|q tot,θ |≪1 ⃗ e θ with q tot,θ = |T ∥ | T q ∥,θ + |T ⊥ | T q ⊥,θ (4.15) 

Timescales of the problem

Additional simplifications can be obtained by evaluating the characteristic timescales involved in the problem. The diffusion timescale is the longest timescale in the problem with H 2 D ≳ 10 s with H ≳ 1 mm. The viscous timescale is H 2 ρ 0 η ≳ 1 s. Finally, the time scale for phototactic reorientation is B ∼1 s. The respective ratios of the viscous and of the phototactic reorientation timescales over the diffusion time scale are thus : Dρ 0 η ∼0.1, G y ≲ 0.1 We can thus drop the time-derivative terms in both the flow and pressure fields equation (4.6) as well as in the gyrotaxis equation (4.8). In other words, we consider that the pressure p e , velocity ⃗ v and orientation fields ⃗ q ∥ , ⃗ q ⊥ , ⃗ q tot instantaneously adjust to the slowly varying concentration field c.

At this stage, we can rewrite the dimensionless equations as follows :

Velocity and pressure fields :

∆⃗ v = ⃗ ∇p e + (Ra • c)⃗ e z = 0 (4.16)
Cell conservation :

∂c ∂t = ⃗ ∇ • ⃗ J with ⃗ J = ⃗ ∇c -c|T ∥ |⃗ q ∥ -c|T ⊥ |⃗ q ⊥ -c⃗ v (4.17) Gyrotaxis : (⃗ e p,tot • ⃗ q tot )⃗ q tot -⃗ e p,tot = G y • (⃗ ω × ⃗ q tot ) (4.18) 
Note that this simplification implicitly assumes that gyrotaxis (or vorticity) is weak enough to allow the existence of stationary solutions to the gyrotaxis equation (4.8).

Indeed, at large vorticities, no such solutions exist and cells rotate continuously.

Boundary conditions

We also need to specify the boundary conditions. At the bottom and at the free surface, we have :

⃗ v(r, θ, z = 0, t) = ⃗ 0 no slip condition at the bottom (4.19) ∂v r ∂z (r, θ, z = 1, t) = ∂v θ ∂z (r, θ, z = 1, t) = 0 vanishing shear at the free surface (4.20) v z (r, θ, z = 1, t) = 0 constant thickness (4.21)
For simplicity, we assume that the system is infinite in the radial direction, so that the following conditions must also apply :

lim r→∞ ⃗ v(r, θ, z, t) = ⃗ 0 and lim r→∞ c(r, θ, z, t) = C st (4.22)

Geometry H ≪ L

We now take advantage of the geometry to reduce the dimensionality of the model, noting that the thickness H (typically 1 -5 mm in the experiments) is much smaller 

v z = 0 (4.23)
In practice, this lubrication approximation is only valid for distances from the center r > H (see primary convection roll toroidal structure in Figure 4.1.d). We also assume that the cell concentration field is stationary in the vertical dimension with vanishing vertical mass flux :

J z = 0 ⇔ ∂c ∂z -cT ⊥ = 0 (4.24)
This integrates to :

c(r, θ, z, t) = c ∥ (r, θ, t)e zT ⊥ (4.25)
The next step in the development of an asymptotic model consists in integrating the model equations over the liquid thickness ( 1 0 ...dz), as in classical lubrication theory [START_REF] Reynolds | IV. On the Theory of Lubrication and Its Application to Mr. Beauchamp Tower's Experiments, Including an Experimental Determination of the Viscosity of Olive Oil[END_REF]. Before proceeding to this step however, let us briefly discuss the physical origin of the vertical drift T ⊥ introduced in our model.

Physical origin of the vertical drift T ⊥

In classical continuum models for bioconvection, vertical drifts terms account for taxes in the vertical direction which are typically gravitaxis, phototaxis due to homogeneous top or bottom light, or aerotaxis toward/away from the free surface. For gravitaxis of Chlamydomonas reinhardtii, we typically have : T ⊥ ∼ 0.01 -0.1. In our experiments, possible causes of cells vertical swimming can be gravitaxis, upward phototaxis in the direction of propagation of the green widened light beam, or possible weak phototaxis due to bottom red light illumination. These vertical taxes were neglected in the previous section modeling the structure of the primary convective roll and the emission of waves.

In the proposed asymptotic model with gyrotaxis and a vertical drift |T ⊥ |⃗ q ⊥ , the first effect of T ⊥ is seen in the inhomogeneous cells repartition along the vertical direction for T ⊥ ̸ = 0 (eq. (4.25)). Cells accumulate at the top (resp. bottom) for T ⊥ > 0 (resp.

T ⊥ < 0) in a region of size ∼ 1 |T ⊥ | .
In this model with v z = 0, the vertical drift term |T ⊥ |⃗ q ⊥ enables to take phenomenologically into account the effect of the neglected vertical velocity (v z = 0 assumed) clearly visible on cells repartition in the vertical direction, as shown in the previous section. But then, to distinguish between an effect of the advection by flow and an actual vertical taxis with a vertical cell orientation, two vertical drifts T ⊥,flow ⃗ e z and |T ⊥,taxis |⃗ q ⊥,taxis should be included in the model. Only the orientation ⃗ q ⊥,taxis should Chapter 4. Asymptotic model for bioconvection in thin layers be taken into account in the total cell orientation ⃗ q tot in the gyrotaxis equation (4.8). For simplicity, we take a unique effective vertical drift |T ⊥ |⃗ q ⊥ with ⃗ q ⊥ taken into account in ⃗ q tot , whether T ⊥ originates from the flow or from a vertical taxis. In fact, it is still possible that in the experiments, the vertical downward flow at the center also orients the cells in the direction of the gravity field, in addition to pushing them towards the lower part of the suspension, but this is merely speculative.

Derivation of the asymptotic model

In this section, we derive an asymptotic model describing the evolution of the depthaveraged cell concentration field c which can be compared to the experiments. We first obtain the pressure p e and velocity fields ⃗ v as a function of the concentration field c. Then, we look for the orientations fields ⃗ q ∥ , ⃗ q ⊥ , ⃗ q tot knowing the vorticity from the flow field.

Finally, we use the solutions for ⃗ v, ⃗ q ∥ , ⃗ q ⊥ , all expressed in term of the cell concentration field c, in the cell conservation equation that we integrate over the vertical coordinate.

We obtain a nonlinear drift-diffusion equation for the depth-averaged cell concentration field given at the end of this section.

Pressure and velocity fields

Using the simplifications of the previous section, the equation (4.6) describing the flow and pressure fields reduces to, at dominant H/L order and projected on (⃗ e r , ⃗ e θ , ⃗ e z ) : 

∂ 2 v r ∂z 2 =
p e (r, θ, z, t) = - Ra T ⊥ c ∥ (r, θ, t) + c 1 (r, θ, t) (4.29) v r (r, θ, z, t) = -Raf (z) ∂c ∥ ∂r (r, θ, t) + z(z -2) 2 ∂c 1 ∂r (r, θ, t) (4.30) v θ (r, θ, z, t) = - Ra r f (z) ∂c ∥ ∂θ (r, θ, t) + z(z -2) 2r ∂c 1 ∂θ (r, θ, t) (4.31)
where:

f (z) = e zT ⊥ -zT ⊥ e T ⊥ -1 T 3
⊥ c 1 is determined by first integrating the continuity equation (4.5) over the suspension depth and then using the boundary conditions of an infinite system (4.22). We successively 4.3. Derivation of the asymptotic model obtain :

∆c 1 (r, θ, t) = Ra 3[2(1 + T ⊥ ) + e T ⊥ (T 2 ⊥ -2)] 2T 4 ⊥ h(T ⊥ ) ∆ ∥ c ∥ (r, θ, t) (4.32)
and then, c 1 (r, θ, t) = Ra h(T ⊥ ) c ∥ (r, θ, t) (4.33)

Finally, the pressure and velocity fields can be expressed as :

p e (r, θ, z, t) = Ra -e zT ⊥ T ⊥ + h(T ⊥ ) c ∥ (r, θ, t) (4.34) ⃗ v(r, θ, z, t) = Ra -f (z) + z(z -2) 2 h(T ⊥ ) ⃗ ∇c ∥ (r, θ, t) (4.35)
It is worth noting that, because the pressure field is linearly related to the concentration field, the lubrication approximation yields a Darcy-like model where the horizontal velocity field is proportional to both the pseudo-Rayleigh number and the horizontal cell concentration gradient :

⃗ v ∝ Ra ⃗ ∇c ∥ (4.36) 
In chapter 5, quantitative measurements of experimental velocity fields will be presented and eq. (4.36) is precisely the kind of remarkable relationships with the cell concentration field that we will investigate.

Orientation field

We then solve the gyrotaxis equation for the total cell orientation ⃗ q tot . At first order in q tot,θ , the gyrotaxis equation (4.18) reads :

q tot,θ ⃗ e θ = G y • ⃗ ω × ⃗ e p,tot (4.37) 
In the right hand side of eq. (4.37), the vorticity is :

ω r = - ∂v θ ∂z (4.38) ω θ = ∂v r ∂z (4.39
)

ω z = 0 (4.40)
We note the absence of vorticity of ⃗ e z axis (eq. (4.40)). We thus find that the only contribution to the θ-component of the total orientation ⃗ q tot is q ⊥,θ which comes from the vorticity of axis ⃗ e r acting on the vertical drift and we have :

Chapter 4. Asymptotic model for bioconvection in thin layers q ∥,θ = 0, q ⊥,θ ̸ = 0 and q tot,θ = |T ⊥ | T q ⊥,θ (4.41)

Then the gyrotaxis equation yields :

q tot,θ = G y • ∂v θ ∂z T ⊥ T and q ⊥,θ = G y • ∂v θ ∂z sign(T ⊥ ) (4.42)

Depth-averaged cell concentration field

We then look for the depth-averaged cell concentration field, which we note c and is the obervable in the experiments. From eq. ( 4.25), we have :

c(r, θ, t) = 1 0 c(r, θ, z, t) dz = e T ⊥ -1 T ⊥ c ∥ (r, θ, t) (4.43)
We integrate the cells diffusion-advection equation with use of the solutions for the velocity (4.35) and orientation fields (4.41, 4.42) and of the formula (4.43). We find a nonlinear diffusion-drift equation :

∂c ∂t = ⃗ ∇ • [(1 + αc) ⃗ ∇c -c ⃗ ν eff ] (4.44) 
Where :

α = Ra • 1 + e 2T ⊥ (3 -2T ⊥ ) -4e T ⊥ 2T 3 ⊥ (e T ⊥ -1) + 3[e T ⊥ (T 2 ⊥ -2) + 2(T ⊥ + 1)] 2 4(e T ⊥ -1)T 6 ⊥ (4.45) ⃗ ν eff = T ∥ ⃗ e r + Ra • G y •   e T ⊥ -1 2T ⊥ + 3 T ⊥ -e T ⊥ + 1 e T ⊥ (T 2 ⊥ -2) + 2(T ⊥ + 1) 2 (e T ⊥ -1) T 4 ⊥   1 r ∂c ∥ ∂θ ⃗ e θ (4.46)
We note that the drift term ⃗ ν eff has a θ-component proportional to ⃗ ∇c ∥ • ⃗ e θ (and thus to ⃗ ∇c • ⃗ e θ ). Therefore, eq. ( 4.44) can be rewritten with an anisotropic nonlinear effective diffusion matrix :

∂c ∂t = ⃗ ∇ • D • ⃗ ∇c -cT ∥ ⃗ e r (4.47) D =   1 + αc 0 0 1 + (α -γ)c   =   1 + α 0 Ra • c 0 0 1 + (α 0 -γ 0 G y )Ra • c  (4.48) with α 0 = 1 + e 2T ⊥ (3 -2T ⊥ ) -4e T ⊥ 2T 3 ⊥ (e T ⊥ -1) + 3[e T ⊥ (T 2 ⊥ -2) + 2(T ⊥ + 1)] 2 4(e T ⊥ -1)T 6 ⊥ (4.49)
and 

γ 0 = e T ⊥ -1 2T ⊥ + 3 T ⊥ -e T ⊥ + 1 e T ⊥ (T 2 ⊥ -2) + 2(T ⊥ + 1) 2 (e T ⊥ - 

Physical interpretation of the model

Before proceeding to the analysis of the model, let us first provide a physical interpretation of the nonlinear diffusion-drift equation describing the evolution of the depthaveraged cell concentration :

∂c ∂t = ⃗ ∇ • D • ⃗ ∇c -cT ∥ ⃗ e r

A nonlinear diffusion-drift equation

The time evolution of c results from the competition between two fluxes: an anisotropic nonlinear diffusive flux D • ⃗ ∇c and a phototactic drift cT ∥ ⃗ e r of the Keller-Segel type. We note that the form of the phototactic drift simply carries over from the full threedimensional model (up to an integration across the thickness of the suspension) and its interpretation remains identical: cells move in the radial light intensity gradient with a velocity that depends on the local value of the light intensity field. The anisotropic nonlinear effective diffusion matrix D, on the other hand, incorporates several effects of distinct physical origins that we now discuss. We first note that it can be decomposed as the sum of three terms in the (⃗ e r , ⃗ e θ ) basis :

D =   1 0 0 1   linear diffusion +   α 0 (T ⊥ )Ra • c 0 0 α 0 (T ⊥ )Ra • c  advection +   0 0 0 -γ 0 (T ⊥ )G y Ra • c0   gyrotaxis (4.51)
The linear contribution corresponds to the random motion of Chlamydomonas reinhardtii cells. Nonlinear contributions originate from advection and gyrotaxis (second and third terms in the decomposition above). The advective term is isotropic and is due to the primary convective roll induced by cells accumulation at the center of the light beam. It is driven by the pseudo-Rayleigh number Ra and its magnitude is controlled by a convective coefficient α 0 . This convective coefficient depends on the dimensionless vertical velocity drift T ⊥ and we note that its sign is opposite to that of T ⊥ . Anisotropy is due to the gyrotactic term which creates an orthoradial diffusive flux. γ 0 is a gyrotactic coefficient.

It is not only multiplied by the gyrotactic number G y but also by the pseudo-Rayleigh number Ra. This means that both G y ̸ = 0 and a high enough Ra are necessary conditions Left : An orthoradial cell concentration gradient and the corresponding vertical profile of the orthoradial velocity. Cells are represented with an orientation ⃗ q ⊥ corrresponding to the competition between the vertical component of their preferential orientation and the vorticity of the flow. Middle : the repartition of cells along the vertical coordinate is given by the sign of T ⊥ . Right : direction of the depth-averaged gyrotactic drift with respect to the direction of the cell concentration gradient. On each graph, the vertical axis is that of the vertical coordinate z. See main text for a discussion. In this case of preferential downward swimming, the depth-averaged effect of gyrotaxis however, is slightly more complex than before. When this swimming is not too strong, then the cell concentration is almost constant throughout the thickness and the resulting effect of gyrotaxis across the suspension thickness is a drift directed toward the region of low concentration. In that case, gyrotaxis acts as an enhanced diffusion (γ 0 < 0). On the other hand, when downward swimming is very strong, algae will be almost entirely located near the bottom of the suspension. Because gyrotaxis in this region is in the opposite direction, the depth-averaged gyrotactic drift will this time be directed toward highly concentrated regions (γ 0 > 0), again providing a potential instability mechanism.

Effect of gyrotaxis

The effect of gyrotaxis is sketched in

Analysis of the asymptotic model

Theoretical analysis

As sketched previously, both the convective and the gyrotactic coefficient α 0 and γ 0 and their respective effects depend on the dimensionless vertical velocity drift T ⊥ . Their evolution as a function of T ⊥ is represented in Figure 4.6 (note that we plot -γ 0 ). When algae are preferentially located near the bottom of the suspension (T ⊥ < 0), α 0 > 0 and the primary convection rolls spreads the concentration field out, acting as an additional outward diffusive flux. For T ⊥ > 0, α 0 < 0, we have seen that advection reinforces the concentration gradient, which makes this regime prone to instabilities. For 1+α 0 Ra•c < 0, the cell concentration field becomes unstable in the radial direction.

For stability analysis in the orthoradial direction, we need to sum the curves of α 0 b,c). In the interval where α 0 -G y γ 0 > 0 between the two zeros, shown as grey domains in Figure 4.7, the cell concentration field is always stable in the θ-direction. Outside this stable domain, α 0 -G y γ 0 < 0 and the concentration field is potentially unstable in the orthoradial direction if the combined effect of gyrotaxis and advection overcome the stabilizing effect of diffusion, i.e if the sum 1 + α 0 -G y γ 0 is negative.

Analysis of the asymptotic model

Instabilities produced by the model

Whether it be in the ⃗ e r radial or in the ⃗ e θ orthoradial direction, we note that cell concentration field is potentially unstable when α 0 < 0 or α 0 -G y γ 0 < 0. In this case, in- Note that a small higher-order term ϵ 2 △ 2 c is added to the nonlinear diffusion equation to avoid the failure of the computation in the unstable regime.

stabilities only develop at high enough pseudo-Rayleigh number Ra and cell concentration c.

Analysis of the asymptotic model

We show the different instabilities produced by the model in numerical simulations in Figure 4.8. First, the cell concentration field keeps the radial symmetry of the light beam either for T ⊥ = 0 at all pseudo-Rayleigh number Ra or at low enough Ra for T ⊥ ̸ = 0. When the vertical drift is directed upward T ⊥ > 0, we always have α 0 < 0 and α 0 -G y γ 0 < 0. In this case the concentration field is unstable in both the radial and the orthoradial direction at high enough Ra • c and a convection-driven spinodal instability develops (left column).

We use the term spinodal to qualify the instability since it is associated with a negative diffusion coefficient, as in the classical Cahn-Hilliard equation. When the vertical drift is directed downard T ⊥ < 0, we always have α 0 > 0. Convection is always a stabilizing effect when cells are located near the bottom boundary of the suspension. In the orthoradial direction, the sign of α 0 -G y γ 0 depends on the values of T ⊥ and G y . In this case, the concentration field is unstable only in the orthoradial direction when α 0 -G y γ 0 < 0 at high enough Ra • c and a gyrotaxis-driven branching instability develops (right column).

Thus, the asymptotic model qualitatively reproduces two instabilities observed in the experiments. The convection-driven spinodal instability resembles the dots instability observed in the transitory regime of the experiments (see section 3.3.1, Figure 3.5). The gyrotaxis-driven branching instability resembles the dendrites instability observed in the experiments.

Comparaison with experimental data

We now compare theoretical predictions of the asymptotic model to experimental data.

First, we compare the axi-symmetric solution of the concentration field to experimental radial concentration profiles. In this process, we find the best values of α 0 , T ⊥ and γ 0 . This allows us to finally look into predictions of boundaries in the phase diagram.

Prediction of global properties of cell concentration patterns

The radially symmetric solution of the concentration field in the asymptotic model involves the convective coefficient α 0 but the not gyrotactic coefficient γ 0 and is :

c eq (r) c 0 = 1 α 0 Ra W Aα 0 Ra exp r 0 χ(r ′ ) D ∂I ∂r ′ dr ′ (4.52)
W is the Lambert function defined by the relation y = W (ye y ). A is found by the global conservation of the total number of cells and depends on the maximum light intensity I max . We do not compare directly this solution to individual θ-averaged concentration radial profiles obtained in the experiments. Instead, global properties of cell concentration patterns c max /c 0 and R 1/2 defined in the previous chapter are fitted by theoretical predictions.

We first note that c eq /c 0 monotonically decreases with the distance from the center r because the Lambert function W is increasing on R + while χ(r) ∂I ∂r < 0. Thus, the maximum concentration is obtained at the center : Finally, the asymptotic model predicts a boundary between round and dendrites patterns in the phase diagram (Figure 4.10). Using a preferential cells location at the bottom with T ⊥ = -12.6 previously found, the value of γ 0 is fixed which allows us to find the domain of existence of dendrites. In the model, the branching instability develops when 1 + (α 0 -G y γ 0 )Ra • c < 0. The corresponding boundary in the phase diagram can thus be found using the radially symmetric solution c eq and should correspond to 1 + (α 0 -G y γ 0 )Ra • c eq,max /c 0 = 0. However, because the hypothesis of v z = 0 is only Chapter 4. Asymptotic model for bioconvection in thin layers valid for r > H, we use the condition 1 + (α 0 -G y γ 0 )Ra • c eq (r = H)/c 0 instead. We also included the boundary between round patterns and waves emission predicted by the previous 2D model in (⃗ e r , ⃗ e z ) with gyrotaxis.

Discussion

Origin of the dendrites instability

The gyrotaxis-driven branching instability of strong downward drift found in this asymptotic model qualitatively displays the same orthoradial breaking of the intial radial symmetry as the dendrites instability observed in the experiments. Moreoever, the same domain of existence at high pseudo-Rayleigh number Ra and large beam width w/H is found in the phase diagram. We thus propose that the formation of dendrites in the experiments is also due to a gyrotactic coupling between a strong downward drift due to the primary light-induced convective flow and the vorticity of the flow.

We should also emphasize the role of the large beam width w/H as follows. When α 0 -γ 0 G y < 0, the branching instability is an instability of high Ra • c, i.e. high pseudo-Rayleigh number and high concentration. However, because the models fails to hold for distances r < H, we evaluated the condition of high concentration at r = H where the concentration is high enough only when w/H is large enough. In the experiments, the first effect of increasing the beam width is that larger cell concentration patterns are observed. Thus, the dendrites instability might be seen as a gyrotaxis-driven instability of high pseudo-Rayleigh and large pattern size.

Finally, although the model does predict thresholds values of the parameters for the instabilities, it does not predict any wavelength. Wavelengths are likely to be of order of the suspension thickness H where the hypotheses of the model fail to hold.

From the dots instability to the dendrites instability

The spinodal instability and the gyrotaxis-driven branching instability respectively reproduce the dots instability observed in the transitory regime of the experiments and the long term dendrites instability. However, in the model, these two instabilities are mutually exclusive because of opposite signs of of T ⊥ . In the experiments, it is in fact likely that a dependence of the migration of cells along the vertical direction on both space and time explains the switch from the dots instability to the dendrites instability. This switch could well occur in the time course of the establishment of the main convective roll, but we did not take this into account in our simplified asymptotic model.

Work towards directional growth

The model does not reproduce the directional growth instability observed in the experiments. This is possibly due to the hypothesis of an infinite system which forbids the formation of a fixed direction of growth as in the experiments. In the experiments, this 4.6. Conclusion fixed direction seems to be given by a slight defect of horizontality which is hard to include in the model because it breaks the hypothesis of constant thickness. Instead, theoretical and numerical works in progress look to adapt the asymptotic model to the case of a system of finite size with a slightly de-centered light beam in order to create a potentially fixed direction of growth (by creating a non-radially symmetric primary convective roll).

Conclusion

We developed an asymptotic model of light-controlled bioconvection with gyrotaxis.

The model was developed in the limit H/L ≪ 1 with additional simplifying hypotheses.

A single nonlinear partial differential equation describing the depth-averaged cell concentration could be obtained where information of the vertical direction was contained in the dependence on an effective vertical drift term. This nonlinear equation enabled to capture the effect of advection by the primary convective roll and gyrotaxis in a nonlinear and anisotropic effective diffusion matrix. This approach enabled to reproduce the dendrites instability observed in the experiments. According to the model, the dendrites instability originates from a gyrotactic coupling between the strong downward drift due to the primary light-induced convective flow and the vorticity of the flow. This occurs in cell concentration patterns whose large size is controlled by a large beam width. Global properties of cell patterns and threshold for the development of instabilities could also be reproduced by the model.

The structure of the flow field was a key ingredient in the model to predict the formation of instabilities. However, it could not be compared to any experimental data. In the next chapter, we develop an experimental setup to study quantitatively both the magnitude and the structure of bioconvective flows and compare them to classical bioconvection models.

CHAPTER 5 Direct quantification of light-induced bioconvective flows

The aim of this chapter is to investigate the intensity and the structure of light-induced bioconvective flows, to pinpoint the physical mechanisms controlling these flows, and to compare flow fields to cell concentration fields. First, I present the experimental setup that we developed to this end in a confined geometry. Then, I describe separately the concentration fields and the flow fields generated in this specific confined geometry. At the global scale, I then compare the structures of the flow and cell concentration fields. 

Cell concentration imaging and time dependent phototaxis

We used the red light transmitted throught the suspension to measure the cell concentration field. After calibration (details in appendices, appendix C.1), pixel intensity values on red channel of the images could be converted into thickness averaged (in the z-direction) local cell concentration c(x, y). phototaxis. This choice will be justified at the end of this section. Although this transient light response behavior is not well understood and escape from our full control, the fact that negative phototaxis is first observed is consistent with the classification of the strain CC-124 used here as negatively phototactic mutant, albeit in a different culture medium [START_REF] Ide | Identification of the Agg1 Mutation Responsible for Negative Phototaxis in a "Wild-Type" Strain of Chlamydomonas Reinhardtii[END_REF]). In the experiments by Arrieta et al. 2019 in a similar confined geometry, the strain CC-125 was used and only positive phototaxis was observed.

Experimental setup

(1) (2) (3) (4) (5) 

Fluorescent PIV

We developed a custom Particle Image Velocimetry (PIV) technique with light-fluorescent passive tracers to image bioconvection flows. PIV is an optical technique to image flow fields by tracking illuminated passive tracers particles advected by fluid flows.

Principle of classical PIV

A classical PIV setup is shown in Figure 5 

c). Repeating

this procedure for all the interrogation windows yields the tracer velocity -and hence flow velocity -for the investigated field of view. This can also be repeated at different times t 0 , t 1 , t 2 , ... to access velocity temporal variations. 

Principle of Fluorescent Particle Image Velocimetry

In our system, classical light-scattering PIV could not be used because light would also be scattered by Chlamydomonas reinhardtii cells. The highly diffusive nature of concentrated suspensions of Chlamydomonas reinhardtii, associated with their inhomogeneous spatial repartition, would induce a very heterogenous scattered light field, no suitable for PIV analysis. We thus used fluorescent tracers for which the wavelengths of absorption and emission differ from each other. Then, we adapted tracers illumination to Chlamydomonas reinhardtii high sensitivity to light. In our study, we used the separation of the RGB channels of the images to measure both the flow field and the concentration field. It was preferable not to use blue or green light pulses to which cells could show phototactic or photoshock responses. In principle, we could have used particles excited in red light.

However, we did not have the mean to measure the corresponding infra-red fluorescence.

We finally turned to a UV lamp to excite fluorescent particles. We also expected the flow to be quasi 2D because of the lateral confinement. Thus, we used widefield flashes to illuminate the whole volume instead of a light sheet and we measured the light emitted by the fluorescent particles rather than the light scattered by the particles as commonly used in classical PIV. We imaged the particles in the whole volume by setting the camera depth of field to the Hele-Shaw liquid chamber thickness.

Fluorescent microspheres

We used fluorescent microspheres as particle tracers that absorb UV light at 365 nm and emit blue light at 415 nm. Given the field of view needed to obtain flow field over large region (a few centimers), we used quite large particles (radius r s = 7.5 µm) for visualization. Because they are denser than water (density ρ 0 + ∆ρ s = 1.06 g/cm 3 ), they could be subjected to sedimentation. The sedimentation speed in the absence of flow is the Stokes velocity :

v s = 2r 2 s g∆ρ s 9η
With values given by the supplier, the sedimentation speed is 8 µm/s, corresponding to 1 mm every 2 minutes. In theory, the typical magnitude of bioconvection flows (∼ 100 µm/s) is enough to keep beads in suspension. In pratice, the limiting factor is the time needed for the system to generate strong enough flows. In particular, beads sometimes completely sedimented at the center before flows were generated by positive phototactic accumulation around the light beam. Performing experiments with the fast negative phototactic response helped in minimizing the amount of sedimentation

Range of UV flashes biocompatibility

UV flashes were kept as low in intensity as possible for biocompatibility, but this was limited by particles visibility on the images. We found an optimal UV intensity of ∼ 10 W/m 2 for periodic flashes of 500 ms every 1500 ms. We investigated the biocompatibility of such UV flashes with Chlamydomonas reinhardtii (details in appendices, appendix C.3).

We found that a few tens of UV flashes can safely be used without effect on cells during the experiments.

A typical experiment

Negative phototaxis

Finally, we performed experiments with negative phototaxis in order to image flows as soon as possible after beads seading. Algal suspensions seeded with fluorescent beads were placed in the liquid chamber. After the green light beam was turned on, structures of high cell concentration formed at the liquid chamber sides due to negative phototaxis (Figure 5.4.a,b). The evolution of the cell concentration field was monitored during 0 ≲ t ≲ 5 min, until the negative phototaxis pseudo steady state was reached. Then, we imaged the fluid velocity field with fluorescent PIV using only a few UV flashes (from 5 to 10). The total duration of the flow field acquisition was ∼ 15 s, much shorter than the time scale of variations of the concentration field (a few minutes). We also recall that the ratio of momentum diffusion and cells diffusion timescales is Dρ 0 η ∼ 0.1, so that we can assume that the velocity field instantaneously adjusts to the cell concentration field.

Therefore, the velocity field could be compared to the last image of the cell concentration 

Range of experimental parameters

In the experiments presented in the following, we carefuly studied the separated effects of both the initial cell concentration 3 × 10 6 cells/mL ≤ c 0 ≤ 15 × 10 6 cells/mL and liquid height 4 mm ≤ H ≤ 9 mm in a range of reasonable horizontal sizes 20 mm ≤ L ≤ 30 mm, with a fixed thickness e = 2.1 mm.

It should be noted that the liquid chamber geometry plays a crucial role in this study.

The thin thickness e = 2.1 mm stabilizes the system thanks to the predominance of viscous friction. For example, spontaneous gyro-gravitactic is expected for Chlamydomonas suspensions of infinite thickness in the range of suspension heights H (4 -9 mm) and cell concentrations c 0 ((3 -15) × 10 6 cells/mL) explored in these experiments [START_REF] Bees | Wavelengths of Bioconvection Patterns[END_REF]), but was not observed due to the confined thickness e. This allowed to work at higher cell concentrations and liquid heights than those used in Petri dishes. In particular, increasing the liquid height H delayed beads sedimentation during flows generation.

The confined thickness also enabled to use widefield UV flashes instead of light sheets tradionally used in PIV.

Global analysis

Cell concentration and velocity fields are first quantified independently in this section.

To study cell concentration fields, we defined global properties that describe their structure and inhomogeneities. From velocity fields, we characterized the structure and the intensity of the flows. Here, we introduce a pattern length L pattern that quantifies that quantifies the convection-dependent cell pattern size in the lower part of the suspension. For that, cell patterns on the left and right sides were delimited by two curves of iso-concentration ({(x l (y), y)|0 ≤ y ≤ H}, {(x l (y), y)|0 ≤ y ≤ H}, see caption). Then, we defined L pattern as the maximum lateral pattern extension in the lower part of the suspension :

Cell concentration fields

L pattern =    max{x l (y)} 0≤y≤H/2
on the left side max{L -x r (y)} 0≤y≤H/2 on the right side (5.1)

We investigated the effect of the global concentration c 0 and liquid height H of the algae suspension on the cell pattern length L pattern in Figure 5.8. At fixed c 0 , L pattern increases with and scales with the liquid height L pattern ∝ H (Figure 5.8.a). We also normalized data by the liquid chamber length L. It should be noted that the theoretical upper limit for a single measurement is L pattern /L ≤ 1 (with equality in the hypothetical case of a pattern localized on one edge side and spreading out to the opposite edge side). Now, measurements on left and right sides average out to L pattern /L ≤ 1/2. Normalized data reveal that when H increases relatively to L, L pattern /L increases towards its limit 1/2. For different geometries {H, L}, we also found that L pattern /L increases with c 0 (Figure 5.8.b). For c 0 ≥ 1.2 × 10 7 cells/mL, regions of high concentration are fully spread out along half the liquid chamber length and L pattern /L saturates at L/2.

We then tried to quantify the system ability to concentrate cells. In pattern formation experiments observed from top view, the height-averaged maximum cell concentration c max was introduced to this end. Here, with negative phototaxis, the measurement of c max is prone to error at x = 0, L. Instead, we defined c pattern as the mean concentration inside [START_REF] Bean | Geotactic Behavior of Chlamydomonas[END_REF][START_REF] Gallaher | Chlamydomonas Genome Resource for Laboratory Strains Reveals a Mosaic of Sequence Variation, Identifies True Strain Histories, and Enables Strain-Specific Studies[END_REF], [START_REF] Beckmann | In Vitro Identification of Rhodopsin in the Green Alga Chlamydomonas[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF], [START_REF] Beer | Engineering Algae for Biohydrogen and Biofuel Production[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF], [START_REF] Bees | Nonlinear Pattern Generation by Swimming Micro-Organisms[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF], (9, 30)} (in mm) in this data set. The inset shows the same data set normalized by the liquid chamber length L. b, Relative cell pattern length L pattern /L as a function of the initial cell concentration c 0 at different geometries {H, L}. For the different graphs, one point corresponds to the mean value for 3 experiments at fixed (H, L, c 0 ) triplet, knowing that there are two measures for each experiment (left and right sides). In particular, L pattern /L ≤ 1/2 when averaging over the two sides. Error bars show standard deviations. highly concentrated regions : Figure 5.9 shows the evolution of the cell pattern concentration c pattern as a function of the initial cell concentration c 0 . We found that patterns are less concentrated relatively to c 0 when increasing c 0 . Surprisingly, we did not find any effect of the liquid chamber height H on the cell pattern relative concentration c pattern /c 0 .

c pattern =            H 0 x l (y) 0 c(x,y)dxdy

Flow fields

We now characterize bioconvective flows associated to the previously analyzed cell concentration fields. capture the no-slip boundary conditions). Thus, we defined the sinking velocity as the height-averaged downward velocity in the vicinity of the side edges : [START_REF] Bean | Geotactic Behavior of Chlamydomonas[END_REF][START_REF] Gallaher | Chlamydomonas Genome Resource for Laboratory Strains Reveals a Mosaic of Sequence Variation, Identifies True Strain Histories, and Enables Strain-Specific Studies[END_REF], [START_REF] Beckmann | In Vitro Identification of Rhodopsin in the Green Alga Chlamydomonas[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF], [START_REF] Beer | Engineering Algae for Biohydrogen and Biofuel Production[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF], [START_REF] Bees | Nonlinear Pattern Generation by Swimming Micro-Organisms[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF], [START_REF] Bees | Wavelengths of Bioconvection Patterns[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF]} in mm in this data set. b, Sinking velocity v sink as a function of the initial cell concentration c 0 at different geometries {H, L}. For the different graphs, one point corresponds to the mean value for 3 experiments at fixed (H, L, c 0 ) triplet, knowing that there are two measurements for each experiment (left and right sides). Error bars show standard deviations. [START_REF] Bean | Geotactic Behavior of Chlamydomonas[END_REF][START_REF] Gallaher | Chlamydomonas Genome Resource for Laboratory Strains Reveals a Mosaic of Sequence Variation, Identifies True Strain Histories, and Enables Strain-Specific Studies[END_REF], [START_REF] Beckmann | In Vitro Identification of Rhodopsin in the Green Alga Chlamydomonas[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF], [START_REF] Beer | Engineering Algae for Biohydrogen and Biofuel Production[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF], [START_REF] Bees | Nonlinear Pattern Generation by Swimming Micro-Organisms[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF], [START_REF] Bees | Wavelengths of Bioconvection Patterns[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF]} in mm in this data set. The inset shows the same data set with L roll,1/2 /L normalized by L. b, Relative convection roll length L roll,1/2 /L as a function of the initial cell concentration c 0 at different geometries {(H, L)}. For the different graphs, one point corresponds to the mean value for 3 experiments at fixed (H, L, c 0 ) triplet, knowing that there are two measurements for each experiment (left and right sides). Error bar shows standard deviations.

v sink =    -1 H H 0 v y (x = δ,
for small aspect ratios H/L above which it is quickly limited by the horizontal size L. We observe the same saturation in the evolution of L roll,1/2 /L with c 0 in Figure 5.12 where Chapter 5. Direct quantification of light-induced bioconvective flows the relative convection roll length only slightly increases with c 0 .

Relation between concentration and velocity fields structures

In the previous section, cell concentration and velocity fields were analyzed separately.

In this section, we compare them with each other. More precisely, we compare the structure of bioconvective flows to the structure of cell concentration patterns. 

Convective roll length versus cell pattern length

The case of well separated cell patterns

Let us focus here on the left region of the graph of 

The case of reduced space between cell patterns

On the right region of the graph in Figure 5.13, we have L pattern /L ≥ 0.25 and the separation between regions of high concentration is reduced. We enter this region by increasing either the initial cell concentration c 0 or the aspect ratio H/L. While cell 5.4. Local analysis

Local analysis

After looking at the macroscopic scale, we investigate in this section the local relationship between variations of the cell concentration field and variations of the fluid velocity field. Then, we compare this prediction to experimental data.

Theoretical prediction

Let us first that the ratio of the viscous and cells diffusion timescales is Dρ 0 η ∼ 0.1. Thus we suppose that velocity and pressure fields instantaneously adjust to the Cell concentration field and we have :

η∆⃗ v = ⃗
∇p e -ρ 0 βcg⃗ e y (5.4) We suppose that the liquid chamber thickness e of axis ⃗ e z is much smaller than both its height H and length L : e ≪ H, L. However, we note that 2/9 ≤ e/H ≤ 1/2 and e ≪ H is taken for simplicity. We neglect both the velocity v z and variations of the concentration field in the ⃗ e z direction : 

c = c(x, y) (5.5) ⃗ v = v x ⃗ e x + v

Summary

We used a continuum model of bioconvection in which we assume that the velocity and pressure fields instantaneously adjust to the cell concentration field. We take advantage of the lateraly confined geometry in the liquid chamber thickness direction (⃗ e z ) to reduce the dimensionality of the problem. The model predicts a linear relationship between the stream function Laplacian and the local horizontal cell concentration gradient.

From the expression of the proportional coefficient B th , we anticipate that fitting to experimental data should be highly sensitive to Chlamydomonas reinhardtii cells diameter

2R CR because β = ∆rho CR ρ 0
V CR varies with R CR 3 . Using 2R CR = 10 µm and a cell volume V CR = 500 µm 3 , we expect B th = 10 -8 cm 4 /s.

Data analysis

From experimental ell concentration and fluid flow fields data, we calculated local values of horizontal cell concentration gradients ∂c ∂x (x, y) and flow stream function Laplacian ∆ψ(x, y) and investigated their relationship. This analysis was first performed on single experiments as illustrated in Figure 5.16. It should be noted that the analysis was performed only within a flow area at some millimetric distance from the lateral edges

d 1 ≤ x ≤ L -d 2 (see caption).
The graph shows a linear domain for small concentration gradients | ∂c ∂x | < ×10 7 cells/m 4 . For a typical concentration scale of 1 × 10 7 cells/mL, this would correspond to spatial variation over distances > 1 cm, and thus to relatively In Figure 5.17, we notice that the range of horizontal cell concentration in which there is a linear relationship with the stream function Laplacian is more restricted than that of the single experiment analyzed in Figure 5. [START_REF] Clement | Bacterial Suspensions under Flow[END_REF]. Thus, we looked to identify what controls the deviation from the linear domain. In Figure 5.18, data are separated by initial initial cell concentration c 0 of the experiments. This additional step in the analysis shows that the higher the initial cell concentration, the sooner ∆ψ deviates from the linear 

Discussion

Physical parameters controlling the flow fields

We found that all lengths in the geometry of the system play a different role. At the macroscopic scale global properties, we found that global properties scale with the liquid height H but are limited by the horizontal length L. At the local scale, we found that the linear relationship between ∆ψ and ∂c ∂x is well described by a proportional coefficient with the thickness to the square e 2 . Therefore, the system is not controlled by the pseudo-Rayleigh number defined for an extended system of height H as Ra = ρ 0 βgc 0 H 3

Dη

. In this confined geometry, fluid flows are controlled by the number Bth = ρ 0 βge 2 12η on a local scale while macroscopic properties of the flow and cell concentration fields are controlled by the large lengthscale H until H becomes comparable to L at which point roll size and pattern size saturate. However, we found some surprising effects arising at high initial cell concentration c 0 that we discuss below.

The surprising effect of cell concentration

We found some interesting effects of increasing the initial cell concentration c 0 . We found a decrease of the sinking of the sinking velocity v sink (Figure 5.11.b). We also found an effect of c 0 on the deviation from the linear relationship between the stream function Laplacian and the horizontal cell concentration gradient (Figure 5.18). We note that the decrease of v sink with c 0 is in contrast to numerical results by [START_REF] Arrieta | Light Control of Localized Photobioconvection[END_REF]. We should stress that they did not measure directly fluid velocities but used swimming cells are tracers instead, which is fundamentally different. Still, their numerical simulations predicts higher cells recirculation velocities when increasing c 0 . In their experiments however, they only mention an effect of c 0 on plume formation. Possible explanations of the surprising effects of c 0 in our experiments are a significant increase of the effective viscosity at higher cell concentrations, edges effects or possible cell-cell interactions. ϕ. They found a shear thinning behavior for with a maximum viscosity at γ ≈ 4 s -1 . At 5 s -1 , η eff was doubled when ϕ increased from 0 to 0.15. In our experiments however, the volume fraction and the shear rate are quite lower. The volume fraction can locally reach at most ϕ max ∼ 0.03 while the typical shear rate can be estimated to γ ∼ v e ∼ 0.05 s -1 . Additionnaly, effects of locally high cell concentrations in our experiments could also be Experimental data could be further analyzed better to investigate these hypotheses.

The measurement of v sink could be supplemented with the calculation of the viscous energy dissipation (under the hypothesis of a constant viscosity) to see if this quantity also decreases or instead increases with c 0 . Concerning the relationship between ∆ψ and ∂c ∂x , the effect of the concentration could be further investigated by looking at local concentration values c(x, y) associated to different regions of the graphs {( ∂c ∂x (x, y), ∆ψ(x, y))}. Additional numerical experiments might also shed light on the physical mechanisms underlying the departure of the experimental data from the theoretical prediction, in particular by quantifying the effect of boundaries on fluid flows.

A remark on instabilities

So far, we have not discussed the effect of gyrotaxis in these experiments. In Petri dishes experiments presented in chapter 3, photo-gyrotaxis in the vertical plane focused algae in a dense layer above the bottom of the suspension because of opposite flow direction and cells preferential orientation. This eventually led to outward waves emission when the dense layer was unstable. Here, a similar photo-gyrotactic effect in the vertical plane was also observed. instances breaks into clusters of high concentration (Figure 5.20.c). We did not study in depth cell patterns photo-gyrotactic instabilities in these experiments. To give a simple picture, we think that high velocities and/or well separated cell patterns are necessary to observe these instabilities. The first condition is limited by viscous friction due to the thin thickness e while the second one is limited by the liquid chamber length L.

Conclusion

In conclusion to this chapter, we reported the first experimental quantitative study where bioconvection cell patterns and fluid flows were acquired simultaneously.

We developed a setup that enabled us to quantitatively study of bioconvection flows acquired simulateneously with concentration fields. We succesfully adapted a custom fluorescent PIV technique, harmless and non-intrusive for the cells, to measure flow fields.

In establishing a measurement protocol, we found some interesting time dependent features of the phototactic response in Chlamydomonas reinhardtii CC-124 with negative phototaxis followed by positive phototaxis.

In this negative phototaxis situation, we studied cell concentration fields consisting of cell patterns located at the side edges of the liquid chamber and spreading on the bottom of the suspension. We characterized the structure and the flow speed of the main convection rolls associated to those cell patterns with a flow directed downward close to the side edges.

In particular, we found that both the cell patterns spreading, the flow intensity and the convection rolls elongation, respectively described by L pattern , v sink and L roll,1/2 , all increase with the liquid height H. We also found that L pattern and L roll,1/2 increase with c 0 . On the contrary, v sink unexpectedly decreases with c 0 at high concentration. Next, the experimental setup enabled the first comparison of bioconvective flows velocity fields Chapter 5. Direct quantification of light-induced bioconvective flows to their associated cell concentration fields. We compared the structures of cell patterns and convective rolls. We found that a positive correlation between their relative lengths L pattern /L and L roll,1/2 but only when cell patterns located on both sides were well separated. Finally, we looked at the local scale a found a relationship between local variations of the cell concentration and of the fluid velocity. Experimental data are well described by a theoretical prediction of a linear relationship between the stream function Laplacian ∆ψ and the horizontal cell concentration gradient ∂c ∂x only at low concentration gradients. We found that experimental data deviate sooner from this prediction at high initial cell concentration c 0 . The surprising effects arising at high cell concentration are yet to be understood.

CHAPTER 6 Stirring with light: a perspective

The results presented in this chapter have been (partly/mostly) obtained during the internship of Dario Vignoli, which I co-supervised.

In this short chapter, we build upon the knowledge presented so far in this manuscript and investigate a question with potential important practical applications: can we use light to stir biological suspensions and enhance culture growth ?

We do not fully answer this question but, rather, we present an original experimental setup able to induce sustained bioconvective flows over timescale comparable to the cell division timescale and we show preliminary results on the influence of bioconvection on cell culture growth.

Cultures of photosynthetic microorganisms

Thanks to their ability to grow using carbon dioxide and light as their sole energy source, photosynthetic microorganisms are a natural source of biomass, which can then be converted into biofuels ( The scientific community is mainly faced with two challenges to make biofuels both economically sustainable and profitable, which are to improve the photosynthetic processes and to develop efficient photobioreactors. Concerning bioreactors, high economical and energetical costs may originate from the large amount of mechanical work required in many processes such as mixing, or gas compression and transfer [START_REF] Huang | Design of Photobioreactors for Mass Cultivation of Photosynthetic Organisms[END_REF].

In theory, a way to reduce the cost of the mechanical work needed is to utilize the mechanical work already produced by the swimming microorganisms at the microscopic scale. The associated fundamental question is: can we harvest the mechanical work produced by the microorganisms towards a larger scale in the fluid ? Upon the knowledge presented so far in this manuscript, bioconvection could induce a significant level of mixing 6.2. Experimental setup by the microorganisms themselves.

The goal of this short chapter is to quantify the effect of bioconvection on the growth of culture of microalgae. To this end, we have developed an opto-mechanical setup capable of projecting a wide variety of time and space-dependent optical patterns, at definite optical wavelengths, over a suspension of microalgae in order to trigger large-scale bioconvective flows. We also designed an experimental protocol tailored to sustain these flows over timescale comparable to the biological timescale of cell division. In order to assess the influence of bioconvection on Chlamydomonas reinhardtii culture growth, we monitored over time the cell concentration of the algal suspensions, with and without bioconvection.

Experimental setup 6.2.1 Time-dependent light-field for large-scale bioconvection

In order to induce complex flow fields on demand, and induce large-scale bioconvection, we have develop in collaboration with François Heslot an experimental device allowing us to project spatially and temporally structured light fields onto active suspensions.

Because of the extreme light-sensitivity of photosynthetic micro-organisms, devices based on conventional LCD screens, projectors or digital micromirror devices (DMD) cannot be used because of their excessive light leakage (for example, even when turn to a black state, the light leaking between pixels or even through the filter of a LCD screen is strong enough to trigger an active response from Chlamydomonas reinhardtii). Consequently, a dedicated experimental device involving fast-speed oscillating mirrors and a laser beam equipped with a shutter has been developed. A sketch of the setup is shown in Figure 6.2.a. Briefly, a strong green laser beam (532 nm, 100mW), is first dimmed using crossed polarizers and then projected onto two small mirrors oscillating on perpendicular axes driven by highspeed servo motors. After being reflected by the two mirrors, the green laser dot finally reaches the algal suspension. By modulating the amplitude and frequency of the current driving the servo motors, the angular position of each mirror can be tuned independently and, consequently, the position of the laser dot onto the suspension can be controlled with a high spatial and temporal resolution. A shutter is also present along the beam path to further tune the resulting patterns. The oscillation of the mirrors is controlled using audio files converted by a digital-analog converter (DAC) and further amplified to drive the servo motors oscillation.

In order to study the influence of bioconvection on the growth of Chlamydomonas reinhardtii cultures, two spatio-temporal light patterns were chosen.

A pattern appearing as a rotating bar to the naked eye, and mimicking a magnetic stirrer, was used to trigger large scale bioconvection in the algal suspension. The pattern was generated by oscillating the laser dot at a high frequency (100Hz) along the radial Images can be acquired during experiments using a homogeneous red light field passing through the suspension, as described in the previous chapters. The red panel light is not represented either. b The moving laser dot oscillates in the radial direction with a high frequency (100Hz) and a projected amplitude around 4cm. During the acquisition timescale of the picture (∼ 1 s), the green laser dot oscillates back and forth many times and appear as a clear rod on the picture and to the naked eye. The vertical series of image is a sketch illustrating the fast radial motion of the green dot but this motion is not actually captured by the camera. Algae accumulate around the laser light, as can be seen in the dark region surrounding the path of the laser dot. The scale bar is 3 cm. c Pictures of the experiment taken every 5 minutes and illustrating the slow rotation of the optical pattern, which appear to the naked eye as a rotating green rod. coordinates of the circular vessel containing the algal suspension (Figure 6.2.b), on top of which a much slower rotation frequency ( 10 -4 Hz) was added (Figure 6.2.c).

The requirement for the control experiment was mainly to bring to the algal suspension the exact same amount of photons (per unit of time), and at precisely the same wavelength, as spatially homogeneously as possible, in order to avoid triggering bioconvective 6.2. Experimental setup flows. To this end, a pseudo-random pattern was created by oscillating the laser dot at a high frequency (100Hz) along the radial coordinates and, instead of slowly varying its orientation, a new random orientation was chosen every second according to a uniform distribution in the interval [0, 2π]. The number of photon is the same for each light patterns. This choice of pattern for the control experiment, which was also constrained by technical limitations of the DAC, does not produce a completely homogeneous light intensity field and it may induces a small amount of bioconvection as a result since, once averaged over time, the number of photons will be highest at the center of the light-intensity field. Cell accumulation at the center over time was indeed noted in these control experiments but the magnitude of these accumulation was much smaller than in the experiments where bioconvection was triggered on purpose.

Microalgae preconditioning

One of the main challenges that needed to be overcome before we could study the impact of bioconvection on growth was to be able to induce phototaxis over timescales comparable to the timescale of cell division in Chlamydomonas reinhardtii (∼ 8 hours).

In particular, because the phototactic response of Chlamydomonas reinhardtii is tightly linked to the circadian rhythm of the algae, it usually decreases during the day [START_REF] Stavis | Phototaxis in Chlamydomonas Reinhardtii[END_REF]. In order to circumvent this problem, we used unsynchronized cell cultures continuously exposed to light during their growth before the experiments in this chapter. Unsynchronized liquid cultures were grown as described in appendix A.2.3. The growth of Chlamydomonas reinhardtii liquid cultures consists of a succession of different phases that starts when cells are introduced in the liquid culture medium. The first phase Chapter 6. Stirring with light: a perspective is termed the "lag phase". It is essentially a phase during which cells adapt to their new environment and during which no noticeable growth is detected. In particular, the duration of this lag phase can vary from one culturing method to the other. Following the lag phase, an exponential growth phase occurs during which we intend to perform our experiments. In this phase, cells have a maximum growth rate and a cell doubling time (the time required for a culture to double in concentration) can be calculated to measure the effect of external factors on growth. The phototactic response is also maximum during the exponential growth phase. At the end of the exponential growth phase, the growth rate gradually decreases and cells enter a stationary phase where they reach a maximum cell concentration (typically 3 × 10 6 cells/mL). We thus monitored the growth of unsynchronized liquid cultures to identify their exponential growth phase, as shown in Figure 6.3. An exponential growth was found for 24 h ≤ t ≤ 72 h with a typical cell doubling time of T 2 ≳ 10 h.

Experimental protocol

The experiments with and without bioconvection were performed using the following protocol. First, because of the high sensitivity of cultures of micro-algae to small environmental perturbation, the entire experimental setup was placed in a large environmental growth chamber with controlled temperature, humidity and lighting condition.

In order to check whether cell accumulation, and hence bioconvection, occurred in each experiment, we used transmitted dim red light to image the concentration field in the growth vessel. A computer controlled Nikon D700 digital camera was used to acquire one picture every 10min. Although the red light has little to no effect on phototaxis, it might still affect Chlamydomonas reinhardtii metabolism and it was thus kept at the same intensity in all experiments. Pictures were analyzed with the ImageJ software. At the end of the experiments, Petri dishes were weighted to assess the volume of suspension evaporated during the duration of the experiments. Algal suspensions were homogenized before measuring its absorption spectrum and optical density.

We performed experiments with unsynchronized liquid culture grown during 60h to 72h before the experiments. Thus, cells were close to the end of their exponential growth with fully developed phototaxis. In order to maintain cells in the exponential growth and to possibly measure significant growth in the experiments, suspensions were diluted according to the procedure described in A.3.2. The initial concentration before the experiments was typically adjusted to c 0 ≈ 6 × 10 5 cells/mL. Experiments lasted ∆t exp = 24 hours, and measurements of the cell concentration were performed in triplicate both at the beginning (c 0 ) and at the end of the experiments (c f ).

The cell doubling time T 2 was calculated for each experiment using these six measurements as: Finally, in order for bioconvection to have a significant effect on growth, the limiting factor for culture growth must be the availability (or accumulation) of dissolved gases, such as O 2 or CO 2 .

We investigated light-induced mixing for H = 2 mm and H = 6 mm and compared how Chlamydomonas reinhardtii grew in the presence or in the absence of bioconvection.

Results

Sustained phototaxis

A first result is that we did observed long sustained phototaxis as shown in Figure 6.4. This is especially evidenced in the top series of images where the accumulation of cells around the slow rotating bar was clearly visible. On the bottom series of images, we also see a cell accumulation at the center over time, as mentioned previously due to the higher number of photons at the center of the light-intensity field. We then investigated the effect of light-induced mixing on the culture growth mixing for H = 2 mm and H = 6 mm and in the presence or in the absence of bioconvection by measuring the cell doubling time in each case. This is represented in Figure 6.5. We see at first that for small culture depth (H = 2 mm), no significant changes in cell doubling time were measured when we changed the projected light pattern. In the case of deeper cultures, we observe an overall significant increase in the cell doubling time, indicating that the range of parameters used in our experiments is indeed relevant and that the diffusion of gases is indeed the limiting factor for the chosen values of the light intensity and wavelength, temperature, humidity, and pre-conditioning of the micro-organisms.

Effect of bioconvection on culture growth

Although the average value of the cell doubling time in absence of bioconvection is indeed 10hours larger than the average doubling time in the presence of bioconvection, the large error bars in the determination of the cell doubling time prevent us from being conclusive on the effect of bioconvection on cell culture growth. On the other, it strongly calls for additional experiments.

Conclusion

We investigated the possibility to use light to induce self-mixing in suspensions of Chlamydomonas reinhardtii and enhance growth. We developed an original experimental setup with the possibility to project spatially and temporally structured light fields on suspensions of Chlamydomonas reinhardtii. We performed experiments with a dynamic 6.4. Conclusion inhomogeneous light field used to trigger bioconvection during a timescale comparable to the timescale of cell division. The effect of bioconvection was studied by measuring cell doubling time and by comparison with experiments in which a quasi homogeneous light intensity field was used. When the liquid height was increased, gas dissolution seemed to become a limiting factor and a smaller doubling time could be measured in the presence of bioconvection, but with large error bars in the determination. Additional experiments will be performed with deeper suspensions.

CHAPTER 7 Conclusion

Results

The main goal of this thesis was to understand the collective response of populations of the model photosynthetic microalgae Chlamydomonas reinhardtiito complex space and time dependent light fields. This collective response involves the coupling between the ability to swim in light intensity gradients -phototaxis -and self-generated macroscopic flows that originates from density gradients -bioconvective flows. We have both studied these phenomena separately and the result of their coupling.

In a first step, the phototatic response of Chlamydomonas reinhardtii has been characterized in dilute suspensions under heterogeneous light fields. In these experiments, we spatially controlled stationary light intensity gradients and studied equilibrium cell concentration profiles resulting from the balance between cell diffusion and a phototactic drift. We proposed a constitutive law where the drift is proportional to the light intensity gradient and measured the corresponding phototactic susceptibility as a function of the spatially swept light intensity. On one hand, our macroscopic approach did not model the mechanisms by which individual cells swims in a light intensity gradient. On the other hand, it offered a quantitative description of phototaxis at the population scale, validated by the robustness to a wide range of light intensity and light intensity gradients. We not only have recovered the general trend that phototaxis is positive at low intensity and negative at strong light intensity, but we have also shown with a curve of the phototactic susceptiblity that the phototactic response is highly sensitive and nonlinear.

At the heart of this thesis, we have exploited this nonlinear phototactic response to generate complex and self-sustained macroscopic bioconvective flows in moderately concentrated, yet shallow, suspensions of Chlamydomonas reinhardtii using spatially controlled light intensity gradients. These flows are driven by density gradients that originate from the light-induced local accumulation of the microalgae which are negatively buoyant. In the experiments, the heterogeneous light fields consisted of vertical light beams projected at the center of the suspensions of different widths. We have found that in these bioconvective flows, the cells self-organize in patterns which, observed from above, can be Chapter 7. Conclusion classified as a function of two parameters: the beam width and the pseudo-Rayleigh number Ra which controls the magnitude of bioconvective flows. In particular, the cell concentration field undergoes remarkable instabilities with breakings of the initial axisymmetry when the beam width exceeds the suspension depth. Both of these instabilities which, we referred to as dendrites and directional growth, have been quantitatively described. We have also proposed an asymptotic model for light-controlled bioconvection which qualitatively reproduces some of the experimental observation and evidences that the cells self-organization results from a complex interplay between phototaxis, self-generated advection and viscous torques exerted by the flow. In this model, key elements were the cell repartition throughout the thickness of the suspension and both the structure and the magnitude of the flows, but these quantities could not be measured in the experiments.

Still, this study demonstrates the richness of the nonlinear physics controlling the behavior of active fluids, and the possibility to control complex self-generated flows using light in suspensions of Chlamydomonas reinhardtii.

Next, we have developed an experimental setup based on the tracking of fluorescent particles to quantitatively study bioconvective flows. These flows were also induced by light in a vertical, two-dimensional confined geometry and have been measured for the first time, simultaneously with the acquisition of the cell concentration field. In these experiments, we have successfully seen the flow field and its effect of the cell repartition, both on the vertical and horizontal directions, qualitatively in agreement with what was expected for bioconvective flows induced by horizontal density gradients. We quantitatively characterized the structure and the magnitude of the flows and investigated their relationship with the cell concentration field. We have found that the magnitude of the flow scales with the liquid height. Its structure on the other hand is controlled by the whole geometry and is to some extent correlated to the structure of the concentration field. At the local scale, we have found a relationship between the local variations of the velocity field and of the cell concentration field. This study also highlighted some effects of increasing the cell concentration that are not captured by simple models of classical bioconvection.

Finally, a work in progress addresses practical applications of the collective long-time response of Chlamydomonas reinhardtii to complex space and time dependent light fields.

We are interested in the following question: can we use light to enhance growth by inducing biomixing in suspensions? An experimental setup has been developed to provide a spatiotemporal control of complex light fields which does induce long sustained bioconvection, on a timescale comparable to that of cell division and a protocol has been developed to measure the effect of light-controlled bioconvection on growth.

Outlook

Outlook

The first encouraging results on the study of the effect of light-controlled bioconvection on growth will direct the immediate future works. They suggest to repeat experiments with deeper cultures in order to possibly enhance the effect of bioconvective flows.

In our exploitation of the phototactic ability of Chlamydomonas reinhardtii, we have found two different behaviors. The long term phototaxis response is well described by a nonlinear susceptibility that depends on light intensity. At shorter timescale, a transient negative phototaxis escaped our full control. Factors that influence this transition could be investigated in a first step towards understanding this feature. On the individual scale, the subcellular mechanisms that steer cells in light intensity gradients are still unknown.

At a much larger scale, constitutive laws of collective phototaxis in microbes, as the one we obtained for the phototactic susceptibility of Chlamydomonas reinhardtii, may help to understand environmental phenomena like algal bloom formation or the diel vertical migration of plantkons. 

Bioconvection

Alors que les mouvements collectifs ont pour origine des interactions entre nageurs, la bioconvection apparaît dans des suspensions relativement diluées. C'est une instabilité hydrodynamique qui a pour origine des gradients de concentration cellulaire qui peuvent être instables à cause de la gravité lorsque la densité des cellules diffère de celle du liquide. En l'absence de stimulus, le mouvement des micronageurs peut être décrit par une marche aléatoire avec persistence et un processus de diffusion. Les gradients de concentration sont expliqués par des taxies qui biaisent les mouvements des micronageurs en réponse (active ou passive) à des stimuli extérieurs. On peut citer la chimiotaxie, la gravitaxie ou encore la phototaxie.

La bioconvection peut apparaître spontanément lorsque des micronageurs plus denses que l'eau nagent en moyenne vers le haut, par exemple par aérotaxie des bactéries ou par gravitaxie (à cause d'un couple gravitationnel) des microalgues. Des plumes séparées 

Formation de motifs avec la photo-bioconvection locale

Avec le même dispositif expérimental, nous avons ensuite exploité la phototaxie pour générer des écoulements de bioconvection locale. Nous avons étudié l'auto-organisation des cellules dans ces écoulements. traduit la grande sensibilité de χ(I) aux queues de distribution des faisceaux lumineux. 

Paramètres de contrôle

Diagramme de phase et propriétés globales des motifs de concentration

Caractérisation des instabilités en dendrites et de croissance directionnelle

Modèle asymptotique pour la photo-bioconvection en couche mince

Nous avons alors proposé un modèle asymptotique de la photo-bioconvection locale en couche mince pour rendre compte de ces observations. Le champ de concentration 
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 11 Figure 1.1: Two examples of swimming microorganisms. a, Electron micrograph of the bacterium Bacillus subtilis (Cisneros 2008). The image shows a cell dividing into two. White filaments are multiple flagella that the cell uses to self propel. The scale bar is 1 µm. b, Electron micrograph of the microalgae Chlamydomonas reinhardtii by the Dartmouth Electron Microscope Facility (Dartmouth College). Cells are approximately 10 µm of body size and use their two flagella to self-propel.
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 12 Figure 1.2: Different scales of organization in a bacterial fluid drop of B.subtilis. A sessile drop of diameter 1 cm is deposited on a horizontal Petri dish. a, Macroscopic pattern formation and self-concentration in the drop imaged from top view. Convective plumes of higher concentration appear (bright). Plumes are pulled down along the meniscus, leading to self-concentration near the contact line. b, Close-up on a region of very high concentration, near the contact line (white line) and viewed from below after self-concentration. Cells exhibit a collective swimming at the mesoscopic scale with vortices and jets. The scale bar is 35 µm. From Dombrowski et al. 2004.
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 1 Introduction decomposed at the end of the bloom.
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 13 Figure 1.3: Coccolithophore bloom off Brittany, France. Image taken by NASA on June 15, 2004.
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 14 Figure 1.4: A microgear rotated by the collective motion of bacteria in a thin film. A microgear of polymeric material of 400 µm in diameter with asymmetric teeths is rotated in a thin film of a suspension of B.subtilis. Black arrows indicate the gears orientation and red arrows show the direction of rotation in the direction of the teeths slanted edges. Concentration of bacteria is 2 × 10 10 cells/mL and the film thickness is 200 µm. From Sokolov et al. 2010.
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 15 Figure 1.5: Sketch of flagellar propulsion mechanisms. a, A Chlamydomonas is propelled by its two flagella stroke. b, A bacterium is propeled by the coordinated rotation of its bundled flagella. From Gluzman, Karpeev, and Berlyand 2013.
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 16 Figure 1.6: Equivalent force dipoles and flow fields associated to model pusher and puller microswimmers. Left : Schematic representations of model microswimmers on the left with local forcing on the fluid in solid red arrows. Right : The equivalent force dipoles (shown in red arrows) generate surrounding flows of directions indicated by blue dotted arrows. a, A pusher is equivalent to a positive force dipole. b, A puller is equivalent to a negative force dipole.
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 17 Figure 1.7: Pusher and puller in an extensional flow and pairwise interactions. a, Pusher and puller in an extensional flow (curved sky blue arrows). The force dipole (solid red arrows) of a pusher reinforces the flow whereas a puller retards the flow. b,c. Pairs of pushers and pullers with local forces exerted by cells on the fluid in solid red arrows and swimming directions in thick solid green arrows. By hydrodynamic interactions, cells reorient each other in directions indicated by dotted blue arrows. b, Two pushers approaching each other tend to align eacher other. c, Two pullers moving away from each other tend to anti-align each other.

  2.b are not reported in Chlamydomonas. Two pullers modelled by force dipoles on a diverging course tend to reorient in opposite directions and further swim away from each other (Figure 1.7.c). In principle, pullers could also increase the shear viscosity by resisting a flow when oriented in its extensional direction (Figure 1.7.a). However, in Chlamydomonas reinhardtii, it is not obvious why cells would align in the extensional flow direction to increase the viscosity (Rafaï, Jibuti, and Peyla 2010; Mussler et al. 2013).

1. 3 .

 3 Bioconvection followed single cells trajectories in E.coli. Their motion consists of a series of straight runs in different directions interrupted by short times spent tumbling. This was termed run-and-tumble. Flagella rotate counter-clockwise and work in synchrony in the flagllar bundle during a run. During a tumble however, the clockwise rotation breaks the flagellar bundle : bacteria stop and randomly reorient in a new direction for the next run. This was modelled as a persistent random walk by Lovely and Dahlquist 1975. The authors explained that an effective isotropic diffusion coefficient D can be estimated from the swimmer velocity during run v s and the direction correlation time τ c as D ∼ v s 2 τ c . τ c is related to the mean duration of a run and to the mean angle between successive runs.
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 1819110 Figure 1.8: Bioconvection patterns in suspensions of upward swimming microorganisms a, Regularly spaced array of bioconvection plumes in a petri dish from top view with Chlamydomonas augustae. Concentration 1.5 × 10 7 cells/mL. Depth 0.2 cm. Width 5 cm. From Bees 1996. b, Falling bioconvection plumes in an Erlenmeyer flask of a suspension of Chlamydomonas augustae at < 10 5 cells/mL. From Williams and Bees 2011a.
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 15111112 Figure 1.11: Effect of height, concentration and time on the wavelength of gyro-gravitactic bioconvection patterns in suspensions of Chlamydomonas augustae. a, Initial wavelength (30s after mixing) as a function of liquid height and initial cell concentration. b, Long term wavelength (10 min after mixing) as a function of liquid height and initial cell concentration. From Bees and Hill 1997.

A

  continuum model was used for the first time by Childress, Levandowsky, and Spiegel 1975 to describe bioconvection due to gravitaxis in Tetrahymena pyriformis. At that time, gyrotaxis was not yet discussed in the context of bioconvection. The model consisted of equations (1.4,1.5) and cells were aligned with their prefenrial orientation ⃗ q = ⃗ e p given by upward swimming. The same model with ⃗ e p given by the direction of a light intensity gradient was recently used in Dervaux, Capellazzi Resta, and Brunet 2017, and Arrieta et al. 2019 to describe bioconvection triggered by a light beam in suspensions of phototactic microalgae Chlamydomonas reinhardtii.
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 113114 Figure 1.13: Mechanism in localized photo-bioconvection. Top : Cells diffusive behavior is biased by positive phototaxis along the horizontal light intensity gradient.Bottom : Cells accumulation at the center create a horizontal density gradient. Counterrotating convection rolls with downward flow at the center originate from higher density at the center. They are self-sustained because on average, density remains higher at the center. Low and high concentration are represented in dim and dark green respectively.

  photosynthetic microorganisms, can biomixing of gases and nutrients be controlled by light to enhance the growth-rate of suspensions, especially those used in photo-bioreactors ?

  excess density ∆ρ CR ≈ 50 kg/m 3 . Chlamydomonas reinhardtii swims by performing non-reciprocal breaststrokes as required for self-propulsion at low Reynolds number (Figure 1.15.c) with forward effective strokes and backward recovery strokes. It rotates around its axis and follows an helical path (Figure 1.15.d).
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 115 Figure 1.15: Presentation of Chlamydomonas reinhardtii. a, Minimal sketch of a Chlamydomonas reinhardtii cell. The cell body is a spheroid of diameter ∼ 10 µm. It has two flagella attached to its anterior face, one on the trans-(1) and one on the cis-position relatively to the eyespot (3) which detects light. The cells contains (non-exhaustive) a nucleus (4), a chloroplast (5) for photo-synthesis and has a posterior-anterior cell axis, or cell axis/body length axis (6). b, Metabolic pathways related to biofuel and biohydrogen production by cells (Beer et al. 2009). c, Decomposition of a beat of the flagella during swimming. The movements of the two flagella are not exactly identical and have an outof-plane component (not shown here). From Rüffer and Nultsch 1985. d, As a result its flagella beating, a cell rotates around its body length axis and follows helical trajectories. e, Cell random trajectory biased by phototaxis.

Figure 1 . 16 :

 116 Figure 1.16: Examples of methods for phototactic behavior analysis of cells population or individual cells. a, The "dish test" for phototaxis assays. Suspensions of different Chlamydomonas reinhardtii strains contained in Petri dishes after 10 min of illumination from the right (black arrow). In the middle, strain CC-124 with modified expression of the gene agg1. (From Ide et al. 2016) b, Schematic representation of an infrared light scattering. Curves of the infrared scattered light intensity reflect the time course of orientation at different phototaxis stimulation irradiances. (From Schaller, David, and Uhl 1997) c, Individual trajectories of cells phototaxing around a light beam located at the center of the graph. (From Arrieta et al. 2017) d, Single cell held on a micropipette, here not to study phototaxis but for dynamical forces measurements. (From Böddeker et al. 2020)

  16.c (Arrieta et al. 2017). Here, individual trajectories show loops around the light source, a feature that would not be accessible by studying the phototactic response of a population. Cells can be tracked only on finite portions of their trajectories, typically during tens of seconds and over submillimetric distances. The authors supplemented their individual cells phototaxis study with a population response study. Small portions of cell concentrations profiles could be estimated from individual trajectories and did match cell concentration profiles obtained from populations experiments. Individual cells experiments can also be performed with cells held on micropipette. A high-speed camera allows to track the flagellar beating as in Figure 1.16.d. In such a configuration, the eyespot can be stimulated and flagellar responses can be observed (Rüffer and Nultsch 1991; Harz and Hegemann 1991). In fact, fundamental steps in the understanding of phototaxis were possible thanks to individual cells experiments, in particular experiments with the micropipette technique.

Figure 1 . 17 :

 117 Figure 1.17: Schematic diagram of Chlamydomonas reinhardtii eyespot structure. The eyespot consists of carotenoid granule layers (red) and Channelrhodopsins (ChR1, ChR2; blue) photoreceptor proteins. The carotenoid layers reflect light (orange arrow): the signal from the inside of the cell ("read side") is blocked before the channelrhodopsins, while it is amplified from the outside of the cell ("front side") on the channelrhodopsins. (From Ueki et al. 2016)
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 118 Figure 1.18: Diagram of the light responses chain in Chlamydomonas phototaxis. Based on the understanding after Harz and Hegemann 1991.

1 . 4 . 4

 144 Phototaxis of Chlamydomonas can be broken down into two requirements. The first one is to find the right phototactic orientation by turning towards or away from the light source. The second one is to keep and swim along this direction. Let us see how both are achieved in this section.

  chose to periodically stimulate the eyespot with a frequency of 1-2 Hz to mimic light modulation due to rotation when swimming perpendiculary to light. Their observations for a positively phototactic cell are represented in Figure1.19.
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 11914120 Figure 1.19: Changes of the flagellar beating pattern to light conditions of a positively phototactic Chlamydomonas cell held on a micropipette. Transflagellum and cis-flagellum are shown separately at different phases indicated on the cell body. D 0 : after a prolonged period without illumation. L, D : respectively light-on and light-off phases of pulsed irradiation at 2 Hz. During the light-on phase, the eyespot faces light coming from the right (white arrows). Dotted red light indicate the reference front amplitude of the D 0 beat with which to compare the L and D beats. (From Rüffer and Nultsch 1991)
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 121114 phototaxis because the eyespot is located on the equator of the cell. An additional mechanism to keep the right phototactic orientation, away or towards from the light, should be proposed. The authors argued the right phototactic orientation should correspond to minimum photon absorption and thus reorientation probabilities. They explained that it is achieved by a shielding of the eyespot photoreceptors during the helical swimming path in between reorientations.

Figure 1 . 22 :

 122 Figure 1.22: Experimental study to investigate the interaction between lightseeking algae and flow. a, . A Poiseuille flow of a Chlamydomonas reinhardtii suspension is imposed with a flow rate Q in a millifluidic channel. A light source is located on the right of the channel to attract microalgae. The cells transport is imaged from below. b, Cells trajectories. Cells are transported from right to left by the flow, their trajectories are represented by white rods obtained by superposing images. Left : without light, homogeneous cells density profile on the transverse direction. Right : with light on the right side, higher cell concentration at the center of the flow. c, Proposed mechanism for the photo-focusing of cells attracted by an upstream light source. i) Phototactic turn towards light. ii) Rotation by vorticity. (From Garcia, Rafaï, and Peyla 2013)
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 1234124 Figure 1.23: Mean square displacement (MSD) of Chlamydomonas reinhardtii cells as a function of time. a, Mean square displacement of cells as function of time at short time scales. From Garcia 2013. Solid lines represent a slope 2 on log scale. b, Mean square displacement of cells as a function of time Rafaï, Jibuti, and Peyla 2010 entering the diffusive regime. The evolution of the MSD in well described by a persistent random walk of direction correlation time τ c = 3.5 ± 0.1 s. An estimate of the diffusion coefficient is D = (1.0 ± 0.2) × 10 -9 m 2 /s. Inset : log-log plot.
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 125 Figure 1.25: Possible mechanisms for gravitaxis in Chlamydomonas reinhardtii. Straight arrows represent the forces of buoyancy ( ⃗ F B ), drag ( ⃗ F D ) and gravity ( ⃗ F G ) anchored at their centers of application. Gravitational torques (curved arrows) orient cells upward. a, Centers of ⃗ F B , ( ⃗ F D and ⃗ F G are all the same as the cell body center of geometry, resulting in a zero torque. b, A bottom-heavines torque ⃗ T bh is due to the posterior location of ⃗ F G at a distance h from the geometric center. c, A shape asymmetry torque ⃗ T sa is due to the anterior position of the center ⃗ F D when the flagella are taken into account in the shape. From Kage et al. 2020.

2 .

 2 Study the self-organization of cells when bioconvective flows are induced by phototaxis in localized photo-bioconvection with a control on both the heterogeneous illumination and the pseudo-Rayleigh number. 3. Quantify the magnitude and structure of bioconvective flows for the first time, investigate their relationship with the cell concentration field and compare them with a classical model of bioconvection. 1.5. Outline of this thesis 4. Study a possible effect of long sustained light-controlled bioconvection on the growthrate of Chlamydomonas reinhardtii cultures, with in mind an application to photobioreactors. In chapter 2, the objective 1 is adressed using an experimental setup with a vertical light beam of controlled light intensity radial profile projected on thin layers of dilute suspensions of Chlamydomonas reinhardtii. The phototactic susceptibility to light intensity gradients is measured as a function of the light intensity at the population scale. Next, the same experimental setup is used in a different regime to tackle the objective 2 in chapter 3. The pseudo-Rayleigh number is increased to induce bioconvective flows and we study the formation pf pattern in localized photo-bioconvection with an additional spatial control of the heterogeneous illumination. The chapter 4 is then devoted to investigate theoretically the experimental observations of the chapter 3 in an asymptotic model of light-induced bioconvection which implements the phototactic susceptibility measured in chapter 2. In chapter 5, a fluorescence based experimental setup is developed to conduct the first quantitative study of bioconvective flows (objective 3). Bioconvection is triggered by phototaxis in suspensions contained in vertical Hele-Shaw cells. The magnitude and the structure of the flow fields are quantified. The relationship between the cell concentration and the flow fields is also investigated and comparison with a classical model of bioconvection is proposed.

  al. 2015; Dervaux, Capellazzi Resta, and Brunet 2017; Arrieta et al. 2017; Arrieta et al. 2019). In this case, the directions of light propagation and light intensity gradient are at right angle to each other. Thus, there is a possible competition between phototaxes along those two directions. In Arrieta et al. 2017, the drift velocity of individual cells was measured and showed a similar radial profile shape than that of the light intensity gradient. In Dervaux, Capellazzi Resta, and Brunet 2017; Arrieta et al. 2019, experimental data of cells spatial repartition were well reproduced with a phototactic drift proportional to the light intensity gradient. But then, with the prevailing motility mechanism in phototaxis, it is unclear how a cell can both shield its eyespot to keep the right phototactic orientation and measure light intensity gradients at the same time. It is possible that the a drift proportional to the light intensity gradient only exists at timescales larger than the characteristic time between reorientations.

Figure 2 . 1 :

 21 Figure 2.1: Sketch of the experimental setup used to measure Chlamydomonas phototactic response. A Petri dish contains a suspension of Chlamydomonas reinhardtii whose horizontal motion is directed by a green light beam. A camera is used to image the cell concentration field from above by measuring the amount of red light transmitted through the suspension. The experimental setup is kept in a dark enclosure.

Figure 2 . 2 :

 22 Figure 2.2: Laser beams of 5 different widths at fixed maximum light intensity. a, b, Images of laser beams reconstructed from their light intensity profiles. The green pixel intensities range from 0 to 255 and are proportional to the light intensity with 255 corresponding 5 W/m 2 . The images shown are for the smallest (a) and the largest beam width (b). c, Radial profiles of the laser intensity with a fixed maximum light intensity of I max = 5 W/m 2 .
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 323 Figure 2.3: Time course of cells accumulation around the light beam. Top view of the cell concentration fields showing cells accumulation around the light beam. The green light beam was turned on at t = 0. c 0 = 3 × 10 6 cells/mL, H = 1 mm, Ra = 10, I max = 10 W/m 2 .

Figure 2 .

 2 4 shows that the effect of light intensity on phototaxis is visible on the concentration field. At low maximum light intensity, cells show only positive phototaxis and their concentration monotonously increases towards the center of the light beam (Figure 2.4.a). Upon increasing the maximum light intensity, an inversion from positive to negative phototaxis occurs and the maximum cell concentration is reached at a non-zero distance from the center of the light beam (Figure 2.4.b).
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 24 Figure 2.4: Stationary cell concentration radial profiles for different maximum light intensities. Insets images show the corresponding cell concentration fields. Here, the imposed light intensity radial profiles have the same relative shape but differ from their maximum values at the center. a, c 0 = 2.6 × 10 6 cells/mL, H = 1.0 mm, Ra = 10, I max = 10 W/m 2 . b, c 0 = 2.5 × 10 6 cells/mL, H = 1.2 mm, Ra = 16, I max = 250 W/m 2 .
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 25 Phototactic susceptibility, χ(r) (m 4 /J)

  phototaxis are well described by a nonlinear function of light intensity. This finding is similar to the study by Giometto et al. 2015 in the phytoplankton Euglena gracilis, where the authors also used a Keller-Segel model to analyze concentration profiles around a light beam. At very low light intensity, no sensitivity to light intensity gradients is detected. Above a clear detection threshold intensity I th , cells show positive phototaxis (χ(I) > 0). The susceptibility decays as ∼ I -1.5 over 5 orders of magnitude of light intensity, highlighting in particular an enhanced sensitivity at low light intensity. At a critical inversion light intensity I crit , cells switch from positive to negative phototaxis with a change of sign of χ(I). The negative phototactic susceptibility then further increases (the cells become more and more repelled by the light) as the light intensity further increases abovre I crit . The detection threshold and the critical inversion intensity that delimit the range of positive phototaxis are reported inTable 2.1.
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 26 Phototactic susceptibility,χ(I) (m 4 /J)

  photons.m -2 .s -1 . The number of rhodopsin photoreceptors in each cell is N r ∼ 30000[START_REF] Foster | Light Antennas in Phototactic Algae[END_REF], with an absorption cross section σ r ∼ 1.5 × 10 -20 m 2 per rhodopsin and a quantum efficiency for activation Φ r ∼ 0.67[START_REF] Foster | Light Antennas in Phototactic Algae[END_REF][START_REF] Beckmann | In Vitro Identification of Rhodopsin in the Green Alga Chlamydomonas[END_REF]. It can thus be estimated that a remarkably symbolic value of 1 photon/cell/s is absorbed at threshold light intensity. This timescale of 1s is still much larger than that of photocurrents reaching a peak after light stimulation (tens of millisceonds,[START_REF] Harz | Rhodopsin-Regulated Calcium Currents in Chlamydomonas[END_REF], it thus provides an indirect measurement that single photon absorption events are sufficient to trigger photomovement response in Chlamydomonas reinhardtii.

  estimate in Dervaux, Capellazzi Resta, and Brunet 2017. The authors estimated a constant phototactic susceptibility of ∼ 1 × 10 -7 m 4 /J without taking a dependence on light intensity and below the critical inversion intensity with I max = 5 W/m 2 . From the pho-Chapter 2. Chlamydomonas reinhardtii phototactic susceptibility to light gradients totactic susceptibility curve, we can calculate the average value over the range of light intensity with the same value of I max = 5 W/m 2 . We find χ| avg = 1 Imax-I th Imax I th χ(I) dI ≈ 5 × 10 -8 m 4 /J, which is close to the previous estimation.

( 3 .

 3 1.a), waves emission (3.1.b), dendrites (3.1.c), and directional growth (3.1.d,e). We obtained the phase diagram of these instabilities as a function of the pseudo-Rayleigh number Ra and the relative beam width w/H (Figure 3.1.f). It gives the domain of existence of round, waves and dendrites on which directional growth is superimposed.

Figure 3 . 1 :

 31 Figure 3.1: Phase diagram of photo-bioconvection patterns. a-e, Cell concentration fields imaged from top view of the different types of patterns observed in photobioconvection experiments. Images are centered around the light beam. Colormap with low concentrations in dark blue, high concentrations in dark red and maximum brightness for intermediate concentrations. The 3 main patterns are round, waves and dendrites. a, Stationary round pattern. b, Waves of concentration propagating radially from the center to the periphery. c, Dendrites pattern with splits into branches of high concentration and a stationary radial extension. d, e, Unstationary directional growth during pattern formation for initially round patterns (d, growth towards bottom left of the image) and dendrites (e, growth towards top of the image). f, Occurences of the different patterns types are plotted in a phase diagram as a function of the pseudo-Rayleigh number Ra and the relative beam size w/H. Boundaries are a guide for the eyes to delimit the domains of existence of round, waves and dendrites patterns that are respectively colored in pale blue, green and violet.

Finally, advection by

  the primary toroidal flow generates waves of concentration. In the work that we present here, we precised the domain of existence of waves emission in the phase diagram of photo-bioconvection patterns, but we did not further characterize this instability. Dendrites patterns were observed by widening the light beam and at high pseudo-Rayleigh number. For w/H ≳ 3, we observed the transition from round to dendrites patterns above a critical Ra. This threshold in Ra was lowered when increasing w/H and was in the range 40 -100 in the experiments. For Ra > 100, the transition from waves to dendrites was observed when increasing w > H. Close to this boundary, we sometimes observed dendrites superimposed with waves emission (see appendix B.4, Figure B.3).
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 32 Figure 3.2: Sketch of the effect of photo-gyrotaxis in the presence of a recirculation flow Cells are attracted towards the light beam located at the center. In the upper part of the suspension, the flow is directed to the center with a free surface and cells are slightly oriented towards the bottom because of gyrotaxis. In the lower part of the suspension, cells are concentrated at the center of the Poiseuille flow.
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 333 Figure 3.3 shows stationary cell concentration profiles obtained with different values of the beam width and of the pseudo-Rayleigh number. In all cases, cell concentration c monotonically decreases with distance from center r. It is maximum at the center c max = c(r = 0). It then decays and sometimes reaches a limit value within the range of distance from center range for which cell concentration measurements were best calibrated (r < 30 mm), as in Figure 3.3.a. This limit should be c 0 for infinite systems : c(r) ---→ r→∞ c 0 . Thus, we defined two global properties of cell concentration patterns based on c 0 and on

  The analysis described above was performed for all experiments in the absence of directional growth. The relative maximum concentration c max /c 0 is plotted against the pseudo-Rayleigh number Ra for different beam sizes w in Figure3.4.a. Data reveal a global trend that c max /c 0 decreases with Ra. The maximum value of c max /c 0 for Ra → 0 indicates that there is a maximum concentration factor A that can be reached in our system in the absence of flow. A should depend on I max , on the total number of algae I max and on their collective diffusion coefficient. No significant effect of the beam size is observed on the normalized maximum cell concentration and data are well grouped together for w ≥ 5.0 mm. It should be however that the decay of c max /c 0 with Ra is more pronounced for w = 2.7 mm. Because experiments with w = 2.7 mm were first performed with smaller Petri dishes than that of experiments with w ≥ 5.0 mm (see Figure3

  .
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 4 
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 344 Figure 3.4: Effect of the pseudo-Rayleigh number and the beam width on two global properties of cell concentration patterns. Relative maximum concentration c max /c 0 and pattern size R 1/2 as a function of the pseudo-Rayleigh number Ra at different beam widths w. Each point corresponds to a single experiment. Experiments with w = 2.7 mm were first performed with a Petri dish diameter 8.4 mm while other experiments were later performed with a Petri dish of larger diameter, 13.9 mm. Error bars take into account both the precision of the local cell concentration measurements by red light transmission, and variability when averaging cell concentration profiles over time and along θ = [0; 2π].

Figure 3 .

 3 Figure 3.4.b shows patterns sizes R 1/2 measured as a function of the pseudo-Rayleigh

Figure 3 . 5 :

 35 Figure 3.5: Kinetics of dendrites formation. a-d, cell concentration field imaged from top view at different times during an experiment showing the formation of dendrites. The light beam at the center is turned on at t = 0. From an homogeneous cell concentration field (a), aggregates dots of intermediate concentrations move towards the center (b) where branches are splitting and growing with increasing concentration at the center (c) before reaching a stationary state (d). e, For the same experiment, kymograph of the cell concentration as a function of time and the angular coordinate θ at a fixed distance 5 mm from the beam center. Arrows show splitting events while merging events are circled. Ra = 1100 (H = 0.51 mm, c 0 = 2.6 × 10 6 cells/mL), w = 20 mm.

  Close to the center, cell concentration increases with time and the concentration fields self-organizes in branches of intermediate to high concentration that grow radially (Figure 3.5). The evolution of branches with time exhibits a complex kinetics of splittings and merging shown by a kimograph of the evolution of angular concentration profiles with time at a fixed distance from center in Figure 3.5.e. These events seem to accomodate for Chapter 3. Pattern formation in localized bioconvection a regular spacing between branches. The pattern eventually reaches a stationary state of maximum radial extension (Figure 3.5) in which we studied the spacing between branches.
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 3836 Figure 3.6: Analysis of branches number and interbranches distance in dendrites patterns. a, cell concentration field of a dendrites pattern with fully developed branches whose number and spacing can be measured as a function of the distance r from the center of the light beam. b, The number of branches m(r) is measured radially as the number of intersections with the centered circle of radius r. This is obtained by peak detection in orthoradial cell concentration profiles (see inset for which r = 4 mm). c, The interbranche distance i b (r) is evaluated as the side length of a regular m(r)-sided polygon inscribed in a circle of radius r. An orthoradial wavelength λ can be defined between r = R 1 and r = R 2 where the branches split (b) and their spacing only slightly increase (c) (see main text). λ = 1.9 ± 0.3 mm. Ra = 180 (H = 0.28 mm, c 0 = 8.4 × 10 6 cells/mL) and w = 20 mm.
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 37 Figure 3.7: Orthoradial wavelengths of dendrites patterns. Relative wavelenth λ/H as a function of the pseudo-Rayleigh number Ra at different beam widths w. Each point correspond to a single experiment. Error bars take into account the variability both when averaging the branches spacing i b along the distance from center and when averaging over the wavelength over time during the last 10 minutes of the experiments.

3. 3 .

 3 Normalized orthoradial wavelengths λ/H are plotted against the pseudo-Rayleigh number Ra for different beam widths w. Error bars (see Figure 3.7 caption) are relatively large. This is mainly due to the fact that i b slightly increases with r. Although the domain of existence of dendrites patterns in the phase diagram depends on the beam size, no effect of w is observed on the wavelength. Given the error bars, the relative wavelength is largely independant of Ra with λ/H = 0.63 ± 0.08.
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 38 Figure 3.8: Other dendrites patterns. a, Emerging dendrites with branches barely visible and a stationary radial extension. Ra = 95 (H = 1.4 mm, c 0 = 1.1 × 10 7 cells/mL) and w = 11.1 mm. b, Dendrites mixed with unstationary directional growth. Ra = 85 (H = 2.2 mm, c 0 = 2.4 × 10 6 cells/mL) and w = 20 mm.
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 39 Figure 3.9: Dynamics of directional growth. a-c, cell concentration field imaged from top view at different times during an experiment showing directional growth. The light beam was turned on at t = 0. Cells accumulate around the light beam (a), reaching a maximum concentration at the center (b).The patterns eventually grow in a well defined direction θ 0 away from the center (here towards the left of the image) with an aspect ratio growth rate ν > 0. c-f, The region for which c(r, θ, t) > cmax(t) 
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 310 Figure 3.10: Effect of the pseudo-Rayleigh number on directional growth. a, Anisotropy growth rate of experiments showing directional growth as a function of the pseudo-Rayleigh number. Each point correspond to a single directional growth occurence.Growth rates and error bars were measured as explained in Figure3.9. b, Statistics of directional growth occurences in intervals of pseudo-Rayleigh number for beam widths w ≥ 5.0 mm. Labels "unstable" and "stable" correspond respectively to occurence and non-occurence of directional growth.
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 311 Figure 3.11: Experiments of directional growth of photo-bioconvection patterns with a slight inclination of the suspension. a, Principle of the experiments. An inclination 0.1 ± 0.05 • ≤ α ≤ 1.0 ± 0.05 • of the Petri dish with respect to the horizontal is imposed and triggers directional growth towards the lower side of the Petri dish. b, Anisotropy growth rates as a function of the Petri dish inclination for different beam widths w at fixed pseudo-Rayleigh number Ra = 140.
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 341 Figure 4.1: Numerical simulation of the primary convection roll without gyrotaxis. a, The axisymmetry enables to work in a cross section in a vertical (⃗ e r , ⃗ e z )-plane and to reconstruct the 3D fields by revolution around the vertical axis. b, Side view of the stationary cell concentration field. The colormap brightness increases by steps from white for low concentration to black for high concentration. Contour lines are iso-cell concentration lines. c, Radial profile of the depth averaged scaled concentration c/c 0 . d, Detail of the streamlines of the principal toroidal convective roll near the light source. The second counter-rotating toroidal roll can be seen further away from the center of the light source. Red portions of the streamlines correspond to high velocities and blue portions to low velocities. e, Side view of the stationary velocity field. White arrows : local velocity vectors. The colormap brightness increases from chinese blue for low velocity to yellow for high velocity. f, Vertical profile of the radial velocity at a fixed distance away from the center (dashed red line in d.).
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 42 Figure 4.2: Effect of the Rayleigh number and of gyrotaxis on the cell concentration field. The magnitude of convection is controlled by 3 values of the pseudo-Rayleigh number. From top to bottom: 0.1, 1 and 100. The magnitude of gyrotaxis is controlled by 2 values of the gyrotactic timescale. On the left column, B = 0 s corresponds to the case without gyrotaxis. On the right column, B = 1s. Contours lines show iso-cell concentration lines.

4. 2 .

 2 phototactic re-orientation along the direction ⃗ e r of the light gradient when the flow is switched off : B = 1.2 ± 0.2 s, in agreement with previous models (Williams and Bees 2011b; Garcia, Rafaï, and Peyla 2013).

Figure 4 . 3 :

 43 Figure 4.3: Numerical simulation of waves emission with gyrotaxis. Side views of the cell concentration fields obtained in 2D numerical simulations with gyrotaxis. Contours lines show iso-cell concentration lines. a, In the presence of gyrotaxis, there is a gap between the cells dense layer in the lower part of the suspension and the bottom of the Petri dish. b, Later, waves are emitted. The dense layer is destabilized by gravity and breaks into clusters of high cell concentration advected by the flow. Ra = 125 (H = 2.5 mm and c 0 = 1.8 × 10 6 cells/mL), w = 2.7mm. From Dervaux, Capellazzi Resta, and Brunet 2017.

  the velocity ⃗ v and pressure fields p e with the concentration field c. The drift number T drift compares the ratio of the time scale of diffusion to the time scale of cells drift. It increases as cells swimming is more biased. Finally, the gyrotactic number G y compares the time scale of reorientation to the time scale of diffusion. It is alone hard to interpret because the algae re-orientation time scale B is usually compared to a characteristic time scale of the flow. Later, we will in fact see that, indeed, the gyrotactic effect is controlled by the product G y • Ra which compares the time scale of re-orientation to the time scale of convection.

4. 2 .

 2 Hypothesis for the development of the asymptotic model than the lateral extension L (typically 10 cm in the experiments). The lubrication approximation consists in developing the model equation in powers of the small parameter H/L and to retain only the first term in this development. At leading order in H/L, the incompressibility condition, together with the condition of constant thickness of the fluid layer, implies that the vertical component of the fluid flow vanishes :

1 ) T 4 ⊥( 4 . 50 ) 4 . 4 .

 1445044 Physical interpretation of the modelThe model with gyrotaxis and vertical drift therefore reduces, in the asymptotic limit H/L ≪ 1 to a single (r, θ, t) nonlinear anisotropic diffusion-drift equation describing the evolution of the depth-averaged concentration fields c (4.47) where information of the vertical direction is contained in the dependence of the nonlinear coefficients of the effective diffusion matrix on the vertical drift T ⊥ (4.49, 4.50).
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 444 Figure 4.4: Effect of advection on the cell concentration in the asymptotic model.Left : A horizontal (radial or orthoradial) cell concentration gradient and its corresponding velocity vertical profile. Middle : the repartition of cells along the vertical coordinate is given by the sign of T ⊥ . Right : direction of the depth-averaged advective flux with respect to the direction of the cell concentration gradient. On each graph, the vertical axis is that of the vertical coordinate z. See main text for a discussion.

Figure 4 . 5 :

 45 Figure 4.5: Effect of gyrotaxis on the cell concentration in the asymptotic model.Left : An orthoradial cell concentration gradient and the corresponding vertical profile of the orthoradial velocity. Cells are represented with an orientation ⃗ q ⊥ corrresponding to the competition between the vertical component of their preferential orientation and the vorticity of the flow. Middle : the repartition of cells along the vertical coordinate is given by the sign of T ⊥ . Right : direction of the depth-averaged gyrotactic drift with respect to the direction of the cell concentration gradient. On each graph, the vertical axis is that of the vertical coordinate z. See main text for a discussion.
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 45 Note that in this asymptotic model, Chapter 4. Asymptotic model for bioconvection in thin layers gyrotactic effects are only considered along the orthoradial direction (see eq. (4.51)). As previously, several cases must be distinguished. i) When cells tend to move toward the free surface (T ⊥ > 0 and Figure 4.5.a), the vorticity of the fluid flow rotates the cells away from their preferred vertical upward orientation. Close to the bottom of the container (below the dotted line), this rotation induces a drift in the direction of the low concentration while this drift is oriented toward the high concentration in the upper regions (above the dotted line). Since the microorganisms are preferentially located in the upper part of the suspension for T ⊥ > 0, the depth-averaged gyrotactic drift is oriented toward the highly concentrated region (γ 0 > 0) and gyrotaxis can therefore enhance fluctuations in concentration. ii) When cell have no preferential orientation (T ⊥ = 0 and Figure 4.5.b), then there is no gyrotactic effect (γ 0 = 0). iii) In the case where algae tend to move preferentially downward (T ⊥ < 0 and Figure 4.5.c), the fluid flow vorticity will again rotate the cells away from their preferential vertical orientation. Near the bottom of the dish (below the dotted line), the counter-clockwise rotation induces a drift toward the concentrated region of the suspension while, in the upper regions (above the dotted line), the rotation is clockwise and induces a drift toward the region of low concentration.
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 4614747 Figure 4.6: Evolution of the convective and gyrotactic coefficients α 0 and (γ 0 ) with the dimensionless vertical drift T ⊥ . Curves are obtained with formulas of eq. (4.49) and eq. (4.50). Tangents to these curves at T ⊥ = 0 are obtained using first order expansions around T ⊥ → 0 : α 0 ---→ T ⊥ →0

Chapter 4 .

 4 Asymptotic model for bioconvection in thin layers

Figure 4 . 8 :

 48 Figure 4.8: Instabilities predicted by the model. Left column : 1+α 0 Ra • c < 0 and 1+(α 0 -G y γ 0 )Ra•c < 0. Middle column : 1+α 0 Ra•c > 0 and 1+(α 0 -G y γ 0 )Ra•c > 0, for T ⊥ = 0 or at low enough Ra. Right column : 1+α 0 Ra • c > 0 and 1+(α 0 -G y γ 0 )Ra • c < 0.Note that a small higher-order term ϵ 2 △ 2 c is added to the nonlinear diffusion equation to avoid the failure of the computation in the unstable regime.
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 49410 Figure 4.9: Comparison between models theoretical predictions and experimental data of cell concentration patterns global properties. Global properties of cell concentration patterns as a function of the pseudo-Rayleigh number Ra. Data points : experimental data at different beam widths w. Lines : theoretical predictions from the asymptotic model. a, Relative maximum concentration c max /c 0 . Experiments are compared to theoretical curves only for w ≥ 5 mm. Data with w = 2.7 mm for which the Petri dish was smaller (see Figure 3.4.a) was smaller are shown with an opacity of 25% but not fitted. Theoretical curves are given by eq. (4.53) with A = 26 ± 6 and α 0 = (1.5 ± 0.2) × 10 -4 (best fit in black and error bar represented by the grey shaded area). b, Pattern size R 1/2 . For theoretical, the equation c eq (r) = 12 (c max + c 0 ) is solved numerically as a function of Ra for different w. c eq (r) is given by the formula of eq. (4.52) with best estimates A = 26 and α 0 = 1.5 × 10 -4 obtained previously. From lowest to highest curve : w = 2.7 mm (black), w = 5.0 mm (green), w = 7.5 mm (orange), w = 20 mm (blue).

Figure 5 . 1 :

 51 Figure 5.1: Sketches of the experimental setup used to study light-controlled bioconvection flows. A vertical Hele-Shaw liquid chamber contains a suspension of Chlamydomonas reinhardtii cells whose horizontal motion is directed by a green light beam. The camera is used to image both the cells repartition and the associated convective flows in the vertical plane (⃗ e x , ⃗ e y ) (averaged in the direction of confinement ⃗ e z ). The concentration field is obtained by measuring the amount of red light transmitted through the suspension. Fluorescent microspheres are used as passive tracers to obtain the velocity field. They absorb UV light and emit blue light. The experimental setup is kept in a dark optical enclosure. a, Front view (from the camera) of the experimental setup (red pannel not shown). b, Top view (from crossed polarizers) of the experimental setup.
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 525354 Figure 5.2: Experimental setup to study light-controlled bioconvection flows. Picture of the experimental setup. (1) UV lamp. (2) Camera. (3) Laser and crossed polarizers. (4) Liquid chamber on its holder. (5) Red filters on a white LED pannel. a b

  .5.a. Tracer particles are usually illuminated by a high-intensity laser sheet and the scattered light intensity is captured by a camera. The laser sheet defines a plane of measurement within the flow. Displacement are measured by imaging tracers twice within a short time interval δt. Images are divided into squares named interrogation windows containing several tracer particles. When all the particles within an interrogation window have moved homogeneously (Figure 5.5.b), the local displacement V δt is determined by images correlation (Figure 5.5.
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 55 Figure 5.5: Measurement principle of classical PIV. a, Typical PIV setup (from Kompenhans et al. 2000). b, Positions of the passive tracers inside an interrogation window at two successive images at t and t + δt. c, The correlation between the two images gives the local displacement V δt.
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 56 Figure 5.6: Superimposition of cell concentration and velocity fields acquired from front view. a, A quiver plot displays velocity vectors on a colormap of the cell concentration field. A velocity vector magnitude is indicated by both its arrow length and color. Streamlines in solid black lines are tangent to velocity vectors. b, The concentration field is averaged along y and plotted against x. c 0 = 6 × 10 6 cells/mL, H = 6mm, L = 30 mm. At t = 0 the green light beam was turned on with I max = 125 W/m 2 . The cell concentration field corresponds to the pseudo-steady state that was reached during the negative phototactic response after 5 min. Then, the flow field was measured with fluorescent PIV.

Figure 5 .

 5 Figure 5.7 shows several side views of cell concentration fields at different values of initial cell concentration c 0 and liquid chamber height H. At low c 0 and H (Figure 5.7.a), cells are essentially located against the sides of the liquid chamber. When either c 0 or H increases (Figure 5.7.a,b) cells repartition along the vertical coordinate y becomes highly asymmetric. This could not be measured in pattern formation experiments observed from top view. Here, we introduce a pattern length L pattern that quantifies that quantifies the

Figure 5 . 7 :

 57 Figure 5.7: Front views of cell concentration fields at different initial cell concentrations and liquid chamber heights. Cell patterns can be delimited by dashed magenta curves {(x l (y), y) | 0 ≤ y ≤ H} on the left and {(x r (y), y) | 0 ≤ y ≤ H} on the right that verify c(x, y) = c 0 . We respectively defined a cell pattern length L pattern and concentration c pattern as its maximum lateral pattern extension and its averaged Cell concentration.
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 58 Figure 5.8: Effect of liquid height and cell concentration on cell pattern length. a, Cell pattern length as a function of liquid height at fixed initial cell concentration c 0 = 6 × 10 6 cells/mL. The liquid chamber length L is not fixed and we have {(H, L)} = {(4, 20),[START_REF] Bean | Geotactic Behavior of Chlamydomonas[END_REF][START_REF] Gallaher | Chlamydomonas Genome Resource for Laboratory Strains Reveals a Mosaic of Sequence Variation, Identifies True Strain Histories, and Enables Strain-Specific Studies[END_REF],[START_REF] Beckmann | In Vitro Identification of Rhodopsin in the Green Alga Chlamydomonas[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF],[START_REF] Beer | Engineering Algae for Biohydrogen and Biofuel Production[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF],[START_REF] Bees | Nonlinear Pattern Generation by Swimming Micro-Organisms[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF], (9, 30)} (in mm) in this data set. The inset shows the same data set normalized by the liquid chamber length L. b, Relative cell pattern length L pattern /L as a function of the initial cell concentration c 0 at different geometries {H, L}. For the different graphs, one point corresponds to the mean value for 3 experiments at fixed (H, L, c 0 ) triplet, knowing that there are two measures for each experiment (left and right sides). In particular, L pattern /L ≤ 1/2 when averaging over the two sides. Error bars show standard deviations.
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 559 Figure 5.10 shows the analysis performed on velocity fields. Qualitatively, one can observe two main convection rolls on the velocity field shown in Figure 5.10.a, with significant flow speeds (dark blue) between 0 mm ≤ x ≲ 7 mm and 24 mm ≲ x ≤ 30 mm. We quantified this observation with lateral profiles of the horizontal and vertical velocities (Figure 5.10.b). First, we note that the y-averaged vertical velocity is highest close to the sides edges of the Hele-Shaw cell (the flow field resolution does not enable to

  y (x = L -δ, y)dy on the left side where δ ≈ 0.5 mm (5.3) Vertical profiles of the vertical velocity close to the side edges are shown in Figure 5.10.c. They have a well-defined maximum value that could have also been used as a measure of the sinking velocity. For example, we have on the right side a maximum downward velocity max |v y (x ≈ L, y)| = 70 µm/s and an average downward velocity v sink = 40µm/s. Next, we note that convection rolls occupy all vertical space and we studied their extension along the horizontal axis. A typical lateral profile of the y-averaged horizontal recirculation velocity magnitude is also plotted on Figure 5.10.b also. The horizontal velocity first increases as the distance from the sides edges increases, reaches a maximum value, and then decreases to zero. In this decrease, the distance from the side edge at which the maximum velocity is divided by 2 defines the length L roll,1/2 of a convective roll. We measured the sinking velocity v sink at different liquid heights H and initial cell concentration c 0 . First, Figure 5.11.a shows the evolution of v sink with H at fixed c 0 . The variability from one experiment to the next is quite large as shown by error bars. Data reveal that the sinking velocity increases and scales with the liquid height v sink ∝ H.
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 5510 Figure 5.11 shows a surprising evolution of v sink with c 0 for different H. For c 0 ≤ 9 × 10 6
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 511 Figure 5.11: Effect of liquid height and initial cell concentration on the sinking velocity. a, Sinking velocity v sink as a function of the liquid height H at fixed initial cell concentration c 0 = 6 × 10 6 cells/mL. The liquid chamber length L also varies and we have {(H, L)} = {(4, 20),[START_REF] Bean | Geotactic Behavior of Chlamydomonas[END_REF][START_REF] Gallaher | Chlamydomonas Genome Resource for Laboratory Strains Reveals a Mosaic of Sequence Variation, Identifies True Strain Histories, and Enables Strain-Specific Studies[END_REF],[START_REF] Beckmann | In Vitro Identification of Rhodopsin in the Green Alga Chlamydomonas[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF],[START_REF] Beer | Engineering Algae for Biohydrogen and Biofuel Production[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF],[START_REF] Bees | Nonlinear Pattern Generation by Swimming Micro-Organisms[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF],[START_REF] Bees | Wavelengths of Bioconvection Patterns[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF]} in mm in this data set. b, Sinking velocity v sink as a function of the initial cell concentration c 0 at different geometries {H, L}. For the different graphs, one point corresponds to the mean value for 3 experiments at fixed (H, L, c 0 ) triplet, knowing that there are two measurements for each experiment (left and right sides). Error bars show standard deviations.
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 512 Figure 5.12: Effect of liquid height and initial cell concentration on the convection roll length. a, Convection roll length L roll,1/2 as a function of liquid height H at fixed initial cell concentration c 0 = 6 × 10 6 cells/mL. The liquid chamber length L is not kept fixed and we have {(H, L)} = {(4, 20),[START_REF] Bean | Geotactic Behavior of Chlamydomonas[END_REF][START_REF] Gallaher | Chlamydomonas Genome Resource for Laboratory Strains Reveals a Mosaic of Sequence Variation, Identifies True Strain Histories, and Enables Strain-Specific Studies[END_REF],[START_REF] Beckmann | In Vitro Identification of Rhodopsin in the Green Alga Chlamydomonas[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF],[START_REF] Beer | Engineering Algae for Biohydrogen and Biofuel Production[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF],[START_REF] Bees | Nonlinear Pattern Generation by Swimming Micro-Organisms[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF],[START_REF] Bees | Wavelengths of Bioconvection Patterns[END_REF][START_REF] Gluzman | Effective Viscosity of Puller-like Microswimmers: A Renormalization Approach[END_REF]} in mm in this data set. The inset shows the same data set with L roll,1/2 /L normalized by L. b, Relative convection roll length L roll,1/2 /L as a function of the initial cell concentration c 0 at different geometries {(H, L)}. For the different graphs, one point corresponds to the mean value for 3 experiments at fixed (H, L, c 0 ) triplet, knowing that there are two measurements for each experiment (left and right sides). Error bar shows standard deviations.
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 513514 Figure 5.13: Correlation between the lengths of convection rolls and cell patterns. One point corresponds to one measurement of both the relative cell pattern length L pattern /L and the relative convection roll length L roll,1/2 /L on the same side in one experiment. A vertical black dashed line separates at L pattern /L = 0.25 separates the graph into two regions.
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 513 We have L pattern /L ≤ 0.25 and cell patterns on the left and right sides are well separated. In terms of experimental parameters, this region of the graph corresponds to low initial cell concentrations c 0 or low liquid heights H relatively to the horizontal size L (see Figure 5.8). In this region, both cell pattern length L pattern and convection rolls length L roll,1/2 scale with H (Figure 5.8.a, Figure 5.12.a) and there is a positive correlation between the two. Typical examples of such cell concentration and velocity fields are shown in Figure 5.14. The characteristic convection rolls length L roll,1/2 is slightly larger than L pattern and is not limited by the total length L. In most of the cases (> 3/4 of experiments), the flow speed decreases towards the center and only two main convective rolls are observed (Figure 5.14.a). In some cases (< 1/4 of the experiments), we observed an additional flow directed downard at the center induced by a little accumulation by positive phototaxis to which the system is very sensitive.
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 1516 Figure 5.16: Stream function Laplacian as function of the horizontal cell concentration gradient for a single experiment. Different points correspond to ∂c ∂x and ∆ψ measured at different locations (x, y) of the cell concentration and velocity fields. More precisely, the sets of points corresponds to {( ∂c ∂x , ∆ψ(x, y)) | d 1 ≤ x ≤ L-d 2 , 0 ≤ y ≤ H}, where cuts by d 1 , d 2 ≈ 1 mm enabled to limit the range horizontal range to | ∂c ∂x | ≲ 5 × 10 7 cells/cm 4 . Raw data were sorted by ascending order of ∂c ∂x and the median value was taken every 3 points to obtain a graph to reduce both the number of points and their dispersion. c 0 = 6 × 10 6 cells/mL, H = 6 mm, L = 30 mm.
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 1517 Figure 5.17: Relationship between the stream function Laplacian and the horizontal cell concentration gradient in the experiments. Data points of all experiments obtained as described in Figure 5.16 are all plotted together. Solid red line curve : data were filtered using local polynomial regression. Filtered data show a linear domain fitted with a straight line (dashed black line) of slope B exp = (0.55 ± 0.3) × 10 -8 cm 4 /s passing through the origin representing the Hele-Shaw approximation eq. (5.17).Inset : zoom on the linear domain with the same quantities and units as in the main plot.
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 518 Figure 5.18: Relationship between the stream function Laplacian and the horizontal cell concentration gradient in the experiments at different initial cell concentration. For each graph, both the data points and the filtered data curve (solid red line) were obtained for the experiments at a given initial cell concentration c 0 as in Figure 5.17. The dashed black line on the other side corresponds to the unique linear fit obtained for all experiments in Figure 5.17.

  Figure 5.18: Relationship between the stream function Laplacian and the horizontal cell concentration gradient in the experiments at different initial cell concentration. For each graph, both the data points and the filtered data curve (solid red line) were obtained for the experiments at a given initial cell concentration c 0 as in Figure 5.17. The dashed black line on the other side corresponds to the unique linear fit obtained for all experiments in Figure 5.17.
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 5 Discussionrelationship with ∂c ∂x .

  Rafaï, Jibuti, and Peyla 2010 performed the first direct experimental macroscopic measurement of the effective viscosity in suspensions of Chlamydomonas reinhardtii (Figure 5.19). They found a significant increase of the effective viscosity η eff with living cells compared to suspensions with dead cells, as predicted for puller-type cells by Ishikawa and Pedley 2007. They performed experiments at different shear rates γ and volumic fractions
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 519 Figure 5.19: Measurements of the effective viscosity of Chlamydomonas reinhardtii suspensions by Rafaï, Jibuti, and Peyla 2010. a, Effective viscosity as a function of the shear rate at different volume fractions. b, Reduced viscosity as a function volume fraction at shear rate γ = 5 s -1 . η 0 is the viscosity of the suspending medium. Measurements were performed in cone-plate geometry at imposed stress.
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 5520 Figure 5.20: Instabilities in cell concentration patterns. Front views of cell concentration fields represented with the same scale. a, A concentrated layer is visible above the bottom of the suspension on the right-hand side of a concentration field map. c 0 = 6 × 10 6 cells/mL, H = 5 mm, L = 25 mm. b, A bridge-like structure above the bottom of the suspension on the left-hand side of a concentration field map. c 0 = 1.2 × 10 7 cells/mL, H = 5 mm, L = 25 mm. c, Breaks into clusters of high concentration on the bottom-right corner of a concentration field map. c 0 = 6 × 10 6 cells/mL, H = 9 mm, L = 2 mm.

  Alam, Mobin, and Chowdhury 2015). Until the end of the last century, this abundant source of third generation biofuels was largely under-exploited in comparison with oil. More recently, the inevitable shrinking of fossil fuels, resulting in rising prices, combined with the awareness of their close link with climate change, has re-launched worldwide research aimed at producing biofuels (biohydrogen, biodiesel, biokerosene) in a sustainable and profitable way. An other application of microorganisms is the production of a wide range of chemical compouds for the medical, pharmaceutical, cosmetic and food industries (Mata, Martins, and Caetano 2010). Microalgae, like Chlamydomonas reinhardtii, are the most represented microorganisms in these applications. They are mostly cultivated in conventional fermenters (Figure 6.1, left), or sometimes in natural sites, in the sea or in raceways (Figure 6.1, right).

Figure 6 . 1 :

 61 Figure 6.1: Typical setups for the culture of photosynthetic micro-organisms. Left A photo-bioreactor for moss culture (Freiburg University). Right An open raceway pond
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 62 Figure 6.2: Experimental setup for the biomixing study. a Sketch of the setup designed to study the influence of bioconvection on cell culture growth. A green laser beam (532nm) is modulated in intensity using cross polarizers before being deflected by two mirrors oscillating at high speed around perpendicular axes. The moving laser dot is projected on an algal suspension covered with a lid (not represented for clarity).Images can be acquired during experiments using a homogeneous red light field passing through the suspension, as described in the previous chapters. The red panel light is not represented either. b The moving laser dot oscillates in the radial direction with a high frequency (100Hz) and a projected amplitude around 4cm. During the acquisition timescale of the picture (∼ 1 s), the green laser dot oscillates back and forth many times and appear as a clear rod on the picture and to the naked eye. The vertical series of image is a sketch illustrating the fast radial motion of the green dot but this motion is not actually captured by the camera. Algae accumulate around the laser light, as can be seen in the dark region surrounding the path of the laser dot. The scale bar is 3 cm. c Pictures of the experiment taken every 5 minutes and illustrating the slow rotation of the optical pattern, which appear to the naked eye as a rotating green rod.
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 63 Figure 6.3: Growth curve of unsynchronized liquid cultures. The growth of 3 unsynchronized liquid cultures (different symbols) was monitored by measuring the cell concentration of samples of the cultures at different times. Cells were introduced in their liquid culture medium at t = 0. For 24 h ≤ t ≤ 72 h, the growth is well described by an exponential growth of cell doubling time T 2 .
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 64 Figure 6.4: Series of images showing the response to the two spatio-temporal light patterns used in the experiments. Red channel of the images of the cell concentration field seen from above in 2 experiments. Top: Images 6h apart during a 24 hours-long experiment from 2:00 pm to 2:00 show the sustained phototaxis. The first image was taken at 8:00 pm. The rotating bar light pattern (see section 6.2.1) was used to trigger bioconvection on purpose. Bottom: Images 6h apart during a 24 hours-long experiment from 3:00 pm to 3:00 pm. The first image was taken at 09:00 pm. The pseudo-random light pattern was used to avoid triggering bioconvection (see section 6.2.1). In both experiments, the liquid height H = 2 mm with an initial cell concentration c 0 = 6 × 10 5 cells/mL.
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 65 Figure 6.5: Effect of bioconvection on growth. Cell doubling time in suspensions under two different illumination patterns at two different liquid heights. The heights of the bars and the error bars respectively represent the mean value and the standard deviation between the three replicates.

Finally

  photosynthétique modèle Chlamydomonas reinhardtii en présence de champs lumineux complexes dépendant de l'espace et du temps.

Figure 8 . 1 :

 81 Figure 8.1 : Exemples de micronageurs et de phénomènes d'auto-organisation dans les suspensions actives. a, Bactérie Bacillus subtilis (Cisneros 2008). b, Microalgues Chlamydomonas reinhardtii de diamètre 10 µm (Dartmouth College). c,d, Deux échelles d'organisation dans une goutte de 1 cm de B.subtilis (Dombrowski et al. 2004). c, Plumes de bioconvection visibles dans toute la goutte. d, Mouvement collectif dans une zone très concentrée.
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 82083 Figure 8.2 : Images et mécanismes de la bioconvection due à la nage vers le haut. a, Bioconvection dans une boîte de Pétri (Bees 1996). b, Bioconvection dans une fiole Erlenmeyer (Williams et Bees 2011a). c, Mécanisme de renversement. d, Focalisation gyrotactique (Kessler 1985).
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 13 Le micronageur phototactique modèle Chlamydomonas ReinhardtiiNous avons travaillé avec des suspensions de la microalgue photosynthétique Chlamydomonas reinhardtii, une espèce de Chlamydomonas schématisée fig.8.4. Elle est avant tout très utilisée en sciences de la vie et est un candidat pour la production de biohydrogène et de biocarburants. C'est aussi un micronageur modèle utilisant ses deux flagelles pour nager à 100 µm/s, de densité ρ CR = 1.05 g/cm3 . Le stigma répond en lumière verte et bleue pour la phototaxie mais ne répond pas en lumière rouge.
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 84 Figure 8.4 : Schéma de Chlamydomonas. Flagelles en position trans (1) et cis (2) par rapport au stigma (3) ou oeil rudimentaire. Noyau (4), chloroplaste pour la photosynthèse (5), axe postérieur-antérieur (6) ou axe principal.
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 858282 Figure 8.5 : Contrôle de la motilité de Chlamydomonas par ses flagelles. a, Battements synchrones et asynchrones contrôlant la marche aléatoire en l'absence de lumière (Par Polin et al. 2009). b, Changement transitoire de l'équilibre des flagelles pour l'orientation vers la lumière : d'abord en faveur de la flagella trans lors de l'exposition du stigma puis en faveur de la flagelle cis lorsque le stigma est caché (Par Rüffer et Nultsch 1991).
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 2186622 Figure 8.6 : Dispositif expérimental pour étudier l'interaction entre la lumière et les algues. a, On étudie la réponse des algues à des faisceau lumineux vert à symétrie radiale projetés au centre de la suspension. Leur étalement et leur intensité sont respectivement contrôlés par des diffuseurs et des polariseurs croisés. Le champ de concentration est imagé en vue de dessus par transmission de la lumière rouge. b,c, Deux images du laser correspondant aux profils d'intensité lumineuse le plus fin (b) et le plus large (c) en (d). d, Profils d'intensité lumineuse lorsque le maximum est fixé à 5 W/m 2 . e-h, Accumulation d'algues au centre du faisceau laser dans le temps.
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 87 Figure 8.7 : Mesure de la susceptibilité phototactique à partir de profils de concentration à l'équilibre. Le pseudo nombre de Rayleigh est assez faible pour négliger la convection. Les profils radiaux de concentration stationnaires sont le résultat de l'équilibre entre la diffusion et la phototaxie. a, Profil de concentration avec seulement de la phototaxie positive à faible I max = I(r = 0). b, Profil de concentration avec de la phototaxie positive/ négative à grand I max . c, Évolution de la susceptibilité phototactique en fonction de l'intensité lumineuse. Courbes en gris clair : courbes paramétriques {I(r), χ(r)} obtenues avec la formule χ(r) = (D ∂c ∂r )/(c ∂I ∂r ) et en changeant le profil I(r) d'une expérience à l'autre. Courbe blue : courbe maîtresse.

  Nous avons contrôlé l'étalement du faisceau lumineux (largeur w) en fixant I max = 5 W/m 2 (voir profils fig. 8.6.d). Étant donnée la grande sensibilité de χ(I), w a été défini 8.3. Formation de motifs avec la photo-bioconvection locale avec les queues de distribution, soit w ∈ [2.7, 20] mm. Nous avons contrôlé le pseudo nombre de Rayleigh Ra avec la concentration initiale c 0 ∈ [1.5, 3.0] × 10 6 cells/mL et la hauteur de liquide H ∈ [1, 5] mm, soit Ra ∈ [10, 1000].

Figure 8 . 8 :

 88 Figure 8.8 : Effet du nombre de Rayleigh Ra et de la largeur de faisceau w sur la formation de motifs de concentration. a, Diagramme de phase montrant : des structures symmétriques stationnaires à faible Ra, des ondes de propagations se propageant du centre vers la périphérie à grand Ra et petit w/H, des structures en dendrites stationnaires à grands Ra et w/H, de la croissance directionnelle instationnaire à partir de motifs initialement symmétrique ou en dendrites à grand w/H. b-c, Deux propriétés globales des motifs en fonction de Ra pour différents w : maximum de concentration normalisé (b) et taille de motif (c). c max /c 0 et R 1/2 sont définies pour des motifs dont l'extension radiale est fixe et à partir de profils de concentration moyennés dans le temps et selon la direction angulaire. Un modèl asymptotique permet d'ajuster les frontières du diagramme de phase (a), une courbe maitresse en (b) avec sa barre d'erreur (zone grise) et les lignes discontinues en (c).
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 89 Figure 8.9 : Caractérisation des instabilités en dendrites et de croissance directionnelle. a, Longueur d'onde orthordiale normalisée λ/H en fonction de Ra. b, Vitesse de croissance de l'anisotropie ν = d(a/b) dt en fonction de Ra.
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8. 4 Quantification des écoulements de bioconvection induits par la lumière 8 . 4 . 1 8 . 4 . 2 Figure 8 . 10 :

 4841842810 Figure 8.10 : Dispositif expérimental pour quantifier les écoulements de bioconvection induits par la lumière. a-b, Schémas en vue de face (a) et de dessus (b) du dispositif. Un faisceau lumineux vert de taille millimétrique est projeté pour induire une réponse phototactique et des écoulements de bioconvection dans une suspension contenue dans une cellule de Hele-Shaw de dimensions (L,H,e = 2.1 mm). Le champ de concentration est imagé par transmission de la lumière rouge. Le champ des vitesses est acquis grâce à des traceurs passifs qui sont des microsphères fluorescentes excitées par des flashs UV dont l'intensité est maintenue aussi faible que possible et reste biocompatible. c, Superposition d'un champ de concentration et d'un champ de vitesse lorsque les algues répondent par phototaxie négative au faisceau lumineux et nagent vers les côtés de la cellule de Hele-Shaw.

8. 4 . 3

 43 Relation entre les structures des champs de concentration et des vitessesNous avons ensuite comparé la structure des écoulements à celle du champ de concentration. Nous avons mesuré d'une part la longueur de rouleau de convection L roll,1/2 et d'autres part la longueur de motif de concentration L pattern . Ces deux grandeurs normalisées sont représentées l'une en fonction de l'autre fig. 8.12.a. Le graphe montre que pour des motifs de concentration bien séparés avec L pattern /L < 0.25 (exemple fig. 8.12.b), L roll,1/2 /L et L pattern /L sont corrélés positivement. Cette région du graphe correspond à des faibles c 0 et H. Pour des motifs de concentration peu séparés avec L pattern /L > 0.25 (exemple fig. 8.12.c,d), L roll,1/2 /L sature et la corrélation avec L pattern /L est perdue. Cette région du graphe correspond à des grandes valeurs de c 0 ou de H.
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 4811 Figure 8.11 : Vitesse de descente des écoulements. a, En fonction de la hauteur de liquide à c 0 = 6.0 × 10 6 cells/mL. b, En fonction de la concentration initiale pour différentes tailles de cellule de Hele-Shaw. Un point correspond à une moyenne sur 3 expériences et la barre d'erreur à correspond l'écart type.

Figure 8 . 12 :

 812 Figure 8.12 : Relation entre la structure des écoulements et celle du champ de concentration. a, Longueur de rouleau normalisée L roll,1/2 /L en fonction de la longueur de motif normalisée L pattern /L. L pattern est mesuré à partir des limites iso c(x, y) = c 0 des motifs (lignes discontinues en magenta b-d). L roll,1/2 est calculé à partir de la décroissance de vitesse horizontale avec la distance aux bords (matérialisé par des lignes en pointillé blanches b-d). Ligne verticale à L pattern /L = 0.25 séparant le graphe en deux régions. bd. Superposition de champs de concentration et des vitesses représentatifs des différents cas. b, Faibles c 0 et H, L pattern /L < 0.25. c, Grand c 0 , L pattern /L > 0.25. d, Grand H, L pattern /L > 0.25.

Figure 8 . 13 :

 813 Figure 8.13 : Relation entre le laplacien de la fonction de courant et le gradient horizontal de concentration dans les expériences . Le nuage de points correspond aux différentes valeurs de ∆ψ et ∂c ∂x à différentes positions (x, y) dans les expériences. La courbe rouge est obtenue en filtrant le nuage de point. La droite en pointillé correspond à la prédiction théorique dans l'approximation de Hele-Shaw.
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 44585 fig. 8.14. Les résultats préliminaires sont encourageants quant à l'effet de la bioconvection sur le taux de croissance des suspensions.

Figure 8 . 14 :

 814 Figure 8.14 : Dispositif pour l'étude de l'effet de la photo-bioconvection le taux de croissance d'une suspension. a, Deux miroirs oscillants permettent un contrôle spatio-temporel d'un champ lumineux inhomogène projeté sur une suspension d'algue. bc, Un motif lumineux en barreau tournant est obtenu en combinant une oscillation radiale rapide et une lente oscillation angulaire. Il favorise des écoulements de bioconvection instationnaires par rapport à une illumination aléatoire avec le même nombre de photons à la même longueur d'onde.

  . The pseudo-Rayleigh number however can be quite large. To estimate Ra, we need a value of a diffusion coefficient. Because we work at the scale of a population, we use a value obtained from

macroscopic measurements on large populations : D ∼ 10 -7 m 2 /s (Polin et al. 2009, Dervaux, Capellazzi Resta, and Brunet 2017). For H ∼ 5 mm, c 0 ∼ 10 6 cells/mL, we have : Ra ∼ 500. A critical pseudo-Rayleigh number above which bioconvection occurs spontaneously (in the absence of light) due to upward swimming of Chlamydomonas reinhardtii was reported in experimental studies by Yamamoto et al. 1992; Dervaux, Capellazzi Resta, and Brunet 2017: Ra c ∼ 1500.

  tion, experimental observations drive the development of theory. Reviews in the domain (Pedley 1992, Hill and Pedley 2005, Bees 2019, Javadi et al. 2020) also emphasize the strong desire to compare experimental results to theoretical predictions.

Table 2 .

 2 1. 

Table 2 .1: Light intensity range of positive phototaxis in Chlamydomonas Reinhardtii

 2 

. The light intensity range of positive phototaxis is determined from the phototactic susceptibility curve. It goes from a detection threshold intensity to a critical intensity separating positive and negative phototaxis. from positive to negative phototaxis. This allows us to discuss the range of light detection in phototaxis of Chlamydomonas reinhardtii.

Table 2 .2: Reported values of light irradiance threshold for Chlamydomonas reinhardtii phototaxis in directional light

 2 Range of light detection in phototaxis totactic suspensions. Schaller, David, and Uhl 1997 measured the degree of orientation under continuous illumination with their light scattering system on cell populations. In all those studies, light stimulus-response curves do not show marked threshold but the response continuously increases with intensity at dim irradiance. Thus threshold intensities are obtained by interpolation to zero response of intensity-response curves. They are given in Table2.2. Threshold light intensity values obtained from cells population experiments were close to each other were around 10 -3 W/m 2 , close to our own measurement. On the other hand, it is not clear why threshold intensity measured with individual cells method was one order of magnitude higher (10 -2 W/m 2 ) than that obtained with population experiments. It is possible that individual cells experiments are more subject to sampling biais.

	Detection threshold intensities were previously measured for phototaxis in directional
	light by varying the homogeneous light intensity from one experiment to the other. Fein-
	leib and Curry 1971 measured threshold intensity for phototaxis with both cell populations

and individual cells methods. In cell populations experiments, they measured the rate of light-induced algae accumulation, while trajectories were analyzed in individual cells experiments. Both Foster et al. 1984; Hegemann, Hegemann, and Foster 1988, performed dish tests and measured rates of algae depletion on the illuminated side of negatively pho-2.4. . Values are rounded to 1 significant digit. 1: Feinleib and Curry 1971, population experiments. 2: Feinleib and Curry 1971, individual cells experiments. 3: Foster et al. 1984, population experiments. 4: Hegemann, Hegemann, and Foster 1988, population experiments. 5: Schaller, David, and Uhl 1997, population experiments.

  ) vs log(F ) + X with : R the frequency of direction changes, F the light exposure, X the applied horizontal shift to data points curves in order to fit Poisson distribution.
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by the ∼ 30 000 photoreceptors/cell at I crit . According to photocurrents measurements by

[START_REF] Kuhne | Unifying Photocycle Model for Light Adaptation and Temporal Evolution of Cation Conductance in Channelrhodopsin-2[END_REF]

, the timescale of Channelrhodopsin-2 relaxation to its dark-adapted state is ∼ 250 ms, so that they can be photoisomerized only a few times every second. This would mean that a majority (∼ 70%) of rhopdopsin photoreceptors are continuously photoisomerized at I crit .

Thus, the full range of photoisomerization states from single activation to almost full continuous activation is used in the positive phototaxis irradiance range of Chlamydomonas reinhardtii. Nevertheless, the negative phototactic susceptibility still increases with stronger irradiances I > I crit . It highlights the open question of the molecular mechanisms that control Chlamydomonas reinhardtii negative phototactic response. Although very meaningful, these conclusions at I crit should be taken carefully because it was previously observed that the inversion from positive to negative phototaxis is much more sensitive to external factors such as CO 2 tension and age of the culture compared to detection threshold

[START_REF] Nultsch | Effect of External Factors on Phototaxis of Chlamydomonas Reinhardtii, II. Carbon Dioxide, Oxygen and pH[END_REF][START_REF] Ella | The Relationship between Stimulus Intensity and Oriented Phototactic Response (Topotaxis) in Chlamydomonas[END_REF]

.

Table 3 .1: Green light beams widths

 3 

		79 ± 0.02 mm	2.7 ± 0.1 mm
	1	0.79 ± 0.01 mm	5.0 ± 0.5 mm
	2	0.81 ± 0.01 mm	7.5 ± 0.7 mm
	3	0.85 ± 0.01 mm	11.1 ± 0.6 mm
	4	0.98 ± 0.01 mm	20 ± 1 mm

. The gaussian beam width σ and its error are determined by the gaussian fit of the light intensity profiles. The beam width w is evaluated at I/I max = 0.005 cooresponds to a light intensity threshold of 2.5×10 -2 W/m 2 at fixed I max = 5 W/m 2 . The error takes into account the adjustement of the maximum light intensity at the center.

  /L ≤ 1. Then, measurements on both sides average out to L roll,1/2 /L ≤ 1/2. Moreover, because L roll,1/2 is defined at half of the maximum horizontal velocity, this upper limit is further lowered.In the inset, L roll,1/2 /L initially increases with H/L, then reaches a maximum plateau value of L roll,1/2 /L ≈ 0.35. Thus, convection rolls length L roll,1/2 is controlled by H only
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CHAPTER 2

Chlamydomonas reinhardtii phototactic susceptibility to light gradients

In this chapter, we investigate the phototactic response of Chlamydomonas reinhardtii populations in heterogeneous light fields in the absence of flow. In particular, our goal is to find a phenomenologic law that describes the phototactic behavior Chlamydomonas reinhardtii in light intensity gradients with a dependence on light intensity. First, we introduce the two possible phototaxes: either along the direction of light propagation or along light intensity gradients. Then, we present an experimental setup used to measure the phototactic susceptibility to light intensity gradients at the population scale. We finally try to link this macroscopic measurement to properties of individual cells.

CHAPTER 4 Asymptotic model for bioconvection in thin layers

This chapter is devoted to the development of an asymptotic theoretical model that captures several qualitative and quantitative features of the experimental observation performed in the previous chapter. 

Plan de la thèse

Le but principal de cette thèse est de comprendre la réponse collective, à l'échelle d'une population, de la microalgue photosynthétique et phototactique Chlamydomonas reinhardtii à des champs lumineux complexes dépendants du temps et de l'espace. Ce but se divise en les objectifs suivants :

1. Proposer une loi phénoménologique de la vitesse de dérive phototactique pour une population de Chlamydomonas reinhardtii dans des gradients d'intensité lumineuse en fonction de l'intensité lumineuse. 

APPENDIX A

Microalgae preparation

All experiments in this work were performed with the strain CC-124 of the unicellular green microalgae Chlamydomonas reinhardtii. In this section, I explain its culturing in laboratory and the suspensions preparation for the experiments. The methods can be used for other strains of Chlamydomonas reinhardtii. 2). We cultivated synchronized cultures with day/night cycles to synchronize phototaxis during the day and cells division during the night. We also cultivated unsynchronized cultures with continuous light exposition for cells that would be exposed to light during a long period in the experiments.

A.1 Microalgae strain and culture medium

To avoid contamination, we worked under sterile conditions for cultivation. Both the culture media and the glassware were autoclaved. Microbiology manipulations were performed under a flame with Petri dishes, pipettes and inoculation loops all sterile. Petri 1 Petri dishes were kept upside down with the cells aggregate facing the ground to prevent condensation droplets to fall on the cells dishes were sealed using parafilm and the top of the Erlenmeyer flasks were covered with autoclaved aluminium.

A.1.2 Culture medium

We use Sueoka's high salt medium with acetate (HSA) for both liquid and agar plates culture medium. The supplier provided both 4 stock solutions for the preparation of HSA solutions and the following formulation based on the stock solutions for 1L of water : The composition of the stock solutions can be found at on the Chlamydomonas Resource Center website 2 . The composition of the HSA medium can be determined from this formulation and is given in Table A For HSA agar plates, we added 15g of agar per liter of liquid solution. After the solution was autoclaved, the plates were prepared under an extractor hood. Petri dishes were filled (∼4 mm) with the solution, still hot and liquid, and then covered. After at least 3 hours of gelification and cooling at room temperature, the Petri dishes were sealed.

Both HSA solutions and gels could be kept in the fridge, which slowed the development of contaminations. Before use, the agar plate or the desired volume of liquid HSA were thermalized at room temperature. Another possibility was to store HSA solutions and gels at room temperature. Contaminations could appear faster but were detected more easily.

A.2. Solid and liquid cultures preparation

A.2 Solid and liquid cultures preparation

Solid cultures were used to keep cells and perpetuate the strain on the long term.

They were prepared by cells transfers from plates to plates. Small fractions of cells were taken from old solid cultures with inoculation loops and spread on fresh HSA agar plates.

Liquid cultures were prepared if needed for experiments with two possible methods :

• Solid-liquid transfer, where cells are grown by inoculating a small fraction of a solid culture in fresh liquid growth medium

• Liquid-liquid transfer, where cells are grown by introducing a small volume of a fully grown liquid culture in fresh liquid growth medium, with a typical dilution factor

A.2.1 Solid cultures

After inoculation, solid cultures were first grown in an incubator at 25°C with a 12h/12h day/night cycle with a white light at 2.5 kLux during the day cycle. Then, they were stored for longer preservation in a second incubator at 20°C with a 12h/12h day/cycle with a white light at 2 kLux during the day cycle. New solid cultures were prepared roughly monthly. However, in the case of contaminated cultures, a few months old healthy solid culture could still be used to transfer cells. Transfers were done more often until healthy growth was safe again. We restarted cultures from a new sample provided by the supplier every 1-2 years.

A.2.2 Synchronized liquid cultures

Synchronized liquid cultures were either prepared by solid-liquid or liquid-liquid transfers. Synchronized liquid cultures were grown in an incubator at 25°C with continuous agitation and a 12h/12h day/night cycle with white light at 2.5 kLux during the day cycle.

We performed experiments with 3 days old liquid cultures, at the end of the exponential growth. Every one to two weeks, we restarted liquid cultures from solid cultures.

A.2.3 Unsynchronized liquid cultures

Unsynchronized liquid cultures were prepared by liquid-liquid transfer, with synchronized liquid cultures as mother solutions. They were placed in an incubator, at 20°C, and left unagitated. They were exposed to a continuous continuous white light of 3.5 kLux.

They were grown between 60h to 72h before being used in the experiments.

A.3 Microalgae suspensions preparation for experiments

A.3.1 Suspensions cells concentration measurements

The cells concentration of a suspension was accessed using absorption spectroscopy with a 7310 Jenway spectrometer. We measured the optical density OD 580 at 580 nm.

It quantifies the degree to which the light intensity is reduced by passing through the solution and is defined with the light intensity transmission coefficient : OD = -log 10 T .

According to Beer Lambert's law, it has a linear relationship with the concentration for dilute suspensions with optical density values not greater than 1. Cell counting was previously performed with a Malassez cell on an inverted microscope and gave a cells concentration of (3.0 ± 0.6) × 10 6 cells/mL for an optical density OD 580 = 1 and a path length of 1 cm. For a averaged cell diameter and volume of respectively 10 µm and 500 µm 3 , this is equivalent to a cells volume fraction of ∼ 1.5 × 10 -3 . Higher cells concentrations were measured by diluting cultures samples to reach OD 580 values smaller than 1. In the litterature, measured cells concentration are sometimes expressed in OD 580 , with fixed values of conversion to cells/mL and to volumic fraction, which would be here 3 × 10 6 cells/mL and 1.5 × 10 -3 respectively.

A.3.2 Suspensions of arbitrary cells concentration

Cells concentration of grown liquid cultures typically ranged from 1.5×10 6 to 3.0×10 6 cells/mL, or equivalently to OD 580 from 0.5 to 1.0. Increasing the cell concentration of a suspension was obtained by centrifugation and removing the adequate volume of supernatant. To lower the cells concentration of a suspension, we diluted the culture with the supernatant obtained by centrifuging another aliquot of the same culture. Cultures were centrifuged at 3000 g for 3 min.

APPENDIX B

Pattern formation experiments : additional material and figures

B.1 Experimental procedure

Before each experiment of phototaxis-driven pattern formation, we first measured the cells concentrations of the suspension. For an experiment, the global cells concentration c 0 was either that of a grown liquid culture, for most of the time, or set to a specific value as described in A.3.2. Microalgae were then conditioned to seek dim light by keeping the suspension in the dark from 30 to 60 min before the laser is switched on.

In the mean time, the horizontality of the Petri dish was adjusted and controlled with a bubble level of precision 0.05°. It was then filled with HSA liquid medium to minimize cell adhesion to boundaries. Then, we shaped the green light beam to a known light intensity profile (see 2.2.2). We used a green laser diode from Thorlabs (CPS532, 532 nm, 4.5 mW). We modified the light intensity and the shape of the light beam profile with crossed polarizers and diffusers. We used overlays of grey photographic films as diffusers.

The Petri dish (inner diameter 139 mm) was then filled again with algal suspension to the desired liquid height and placed in the enclosure. We turned on the green light beam.

To observe the pattern formation around the light beam from top view, we used a dim red light background below the Petri dish at 230 lux obtained with a white light LED pannel and a red filter (high pass with a cutoff at 610 nm). Images were recorded using a Nikon D700 digital camera equipped with a Zeiss objective. The intensity values on the red pixels of the images were converted to local cells concentration after calibration.

One experiment lasted 1 to 2 hours during which we measured that the evaporation was typically 1-2 mL, which represents 1-10% of the total volume ranging from 10 to 50 mL. The temperature was not precisely controlled and could rise inside the enclosure because of a slight heating of the LED pannel. The same sample of an algal suspension was not used more than twice. Images and data analysis were performed with Python.

B.2 Laser calibration

We calibrated the acquisition of laser light intensity profiles. We used pictures of light beams projected on a white paper screen placed on an empty Petri dish. 

B.2.1 Green light intensity calibration

B.2.2 Green light intensity profiles acquisition

To measure radial light intensity profiles over several decades (see Figure 2.2), we used pictures of the laser beams at different camera exposures. At each exposure, a portion of green pixel intensity profile was converted to light intensity. Remembering that the B.3. Top view cells concentration imaging calibration conversion to light intensities is linear for low green pixel intensities, we used the largest exposure for the tails and decreased it when moving to the center.

B.3 Top view cells concentration imaging calibration

We used the transmitted red light to access the depth averaged cells concentration 

The resolution of cell concentration fields was such that c(x, y) = 3 × 10 6 cells/mL corresponds to 30 cells/px. 

C.2 Tests on the time dependency of the phototactic response

We tested the reproducibility of the time dependence of phototaxis described in section 5.1.2 with repeated exposition to the green light beam. After cells accumulated around the laser beam, we quickly rehomogenized the sample. Then, cells again showed a transient negative phototaxis followed by positive phototaxis.

Then, we tested different green light intensities and cells conditioning prior to the experiments. In all cases, negative phototaxis was observed in the first minutes of the experiments (sometimes mixed with positive phototaxis), and followed by accumulation around the light beam. It should be noted that the switch from negative to positive phototaxis was not due to the value of the maximum light intensity I max . Positive phototaxis towards the light beam could be observed even when the maximum light intensity at the center exceeded the critical inversion intensity I max > I crit because the light beam width was kept fairly small. We tested different I max . When decreasing the light intensity, phototaxis was still negative in the first minutes. However, we found that cells concentration gradients generally appeared slower and were less pronounced with lower light intensities.

We also tested the effect of cells conditioning prior to the experiments. When cells were kept in white light during 30 to 60 min before the experiments, only negative phototaxis was observed during the first minutes. When they were kept in the dark before the experiments, they showed both negative and phototaxis during the first minutes, resulting in a mixed concentration pattern similar to that of Figure 5.4.c.

C.3 Experiments on UV flashes and their biocompatibility in

Chlamydomonas reinhardtii

In the experiments, we used 500 ms UV flashes at ∼ 10 W/m 2 every 2 s. We investagated the effect of such UV flashes on cells. More precisely, we compared the interaction between algae and light in the absence and in the presence of UV flashes. In 

C.4 Experimental procedures and data analysis C.4.1 Hele-Shaw liquid chambers assembly

The design of a liquid chamber is illustrated in 5.3. Liquid chambers of different lengths L and heights H were cut in plexigas plates of constant 2.1 mm thickness with a laser cutting machine in the workshop of the laboratory. Then, two microscope glass slides were glued on the sides with Loctite SuperGlue-3 Glass. A bar was also cut from a plexiglas plate to cover the liquid chamber. Before the experiments, liquid chambers were successively cleaned with ethanol, distilled water and then filled with HSA.

C.4.2 Fluospheres purification

We used stock solutions of blue FluoSpheres TM Polystyrene Microspheres from Thermo Fisher Scientific of diameter 15 µm, density 1.06 g/cm 3 , and concentration 1 × 10 6 beads/mL. Micro-algae did not react well to the beads suspension medium, probably because it contains mercury (0.02% of thimerosal, an organomercury compound) [START_REF] Elbaz | Mercury-Induced Oxidative Stress and Impact on Antioxidant Enzymes in Chlamydomonas Reinhardtii[END_REF]. Samples of the stock solution were thus purified in centrifuge microtubes before use. The beads were left sedimenting in centrifuge microtubes and the supernatent was replaced by water. This purification was repeated until 99 % of the medium was replaced.

C.4.3 Main experiments

Main experiments were performed at 5 global cells concentration c 0 /c ref = {1, 2, 3, 4, 5} with c ref = 3 × 10 6 cells/mL. Suspensions were concentrated with the procedure described in appendix A.3.2. Microalgae were then exposed to white light at 2.5 kLux during 30 min before the experiment to get them into condition for swimming away from strong light (see C.2). The green laser maximum light intensity was set to 125 W/m 2 (same green laser diode and polarizers as in 2.2, without diffuser). Then, it was shrinked with an iris diaphragm (total power reduced by 1/4).

The liquid chamber was placed on the holder (see Figure 5.3.a) in the optical enclosure and filled with algal suspension. The suspension was then seeded with tracer particles and homogenized before the liquid chamber was closed with the plexiglas cover. We turned on the green light beam to start the experiment. Images were recorded using a Nikon D5600 digital camera equipped with a SIGMA macro objective. After a few minutes, a pronounced cells concentration pattern induced by negative phototaxis was visible on the red channel of the images and a pseudo steady state was reached. We then switched to flow field imaging by turning a UV LED on (Thorlabs, SOLIS-365C 365nm) powered by a driver with pulse modulation (Thorlabs, DC2200) to excite the fluorescent passive tracer particles. The UV lamp and the camera were synchronized with Arduino? 6 periodic UV pulses (500 ms on at ∼ W/m 2 , 1500 ms off) were shot to perform Fluorescent Particle Image Velocimetry. The time step gave a 2 particles apparent diameter displacement at 50 µm/s.

The same sample of a suspension was only used once. Images and data analysis of concentration fields were treated with Python. Flow fields were calculated with PIVlab on MATLAB and then analysed with Python. 

C.4.4 Fluorescent PIV settings