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How to steer active colloids up a vertical wall

An important challenge in active matter lies in harnessing useful global work from entities that produce work locally, e.g., via self-propulsion. We investigate here the active matter version of a classical capillary rise effect, by considering a non-phase separated sediment of self-propelled Janus colloids in contact with a vertical wall. We provide experimental evidence of an unexpected and dynamic adsorption layer at the wall. Additionally, we develop a complementary numerical model that recapitulates the experimental observations. We show that an adhesive and aligning wall enhances the pre-existing polarity heterogeneity within the bulk, enabling polar active particles to climb up a wall against gravity, effectively powering a global flux. Such steady-state flux has no equivalent in a passive wetting layer.

Self-propelled agents, like bacteria, cells, microorganisms, animals, or synthetic active particles, inject energy at small scale into their environment, driving the system out of equilibrium. Often, this energy only powers disordered agitation akin to thermal energy 1 and a major challenge is to better understand active energy flows to extract useful work from seemingly low-grade heat. This was achieved in a few configurations with, for instance, swimming micro-organisms driving unidirectional rotation [START_REF] Di Leonardo | Proceedings of the National Academy of Sciences of the United States of America[END_REF] , or decreasing the apparent viscosity of their sheared medium [START_REF] Rafaï | [END_REF] , both effects that have no equivalent in equilibrium systems. To date, such active energy harvesting did not show up in the ubiquitous configuration of self-propelled particles exposed to a constant and uniform force, e.g. gravity. There, indeed, active sedimentation properties were shown to be essentially that of a hotter suspension 4 . In this paper, we explore how this picture may change drastically when bringing a lateral confining wall in contact with sedimenting polar active particles, a configuration which may fall within active wetting phenomena.

A straightforward mean for harvesting active selfpropulsion forces is to herd the system. This can be obtained with a polarizing external field, where particles align with the field and are harnessed to produce useful work. For instance, the swimming direction of magnetotactic bacteria can be polarized by a magnetic field, producing a net flux 5 . Bottom-heavy algae 6 , colloids [7][8][9] or walkers 10 may point up, effectively acting against gravity. Yet, in the absence of external torque acting on particles, a constant and uniform force field can still promote a local averaged polarization 11,12 . However, this polarization only arises self-consistently to balance the sedimenting flux such that no net flow is created at steady-state. * These two authors contributed equally Confining walls are known to promote complex responses of active systems which challenge the intuition one has for the equilibrium. At odds with at-equilibrium thermal motion, the pressure exerted by self-propelled particles on walls depends on the wall stiffness 13 and curvature 14 . Alike, because of directional persistence 15,16 , self-propelled particles tend to accumulate at and to polarize towards walls, although the wall-particle interaction, in particular aligning interactions, have a major influence on the detention time of the particles 16 .

Considering a heterogeneous active system displaying a fluid-fluid interface, the introduction of a wall extends wetting phenomena to active systems. With simple molecular liquids, surface tension that stems from the attractive interactions of the molecules with the wall and between each other [START_REF] De Gennes | Capillarity and Wetting Phenomena: Drops, Bubbles, Pearls, Waves[END_REF] can trigger "wall-climbing": from the formation of a wetting layer, to a meniscus, to capillary rise. Yet, the steady-state of this equilibrium system displays no net flux. Such phenomenology also extends to complex fluids such as a colloidal suspension with attractive interactions [START_REF] Aarts | [END_REF]19 . In this case the interfacial tension between the colloid-rich and the colloid-poor phase is ultralow leading to mesoscopic interface fluctuations. Starting from such equilibrium wetting configuration of phase separated polymer solutions near a vertical wall, a recent experimental and theoretical study 20 demonstrated surprising wetting-like phenomena when adding an active nematic into one of the two phases. In particular, an activity-induced transition towards full wetting was observed.

Even without attractive interactions, active particles can also display a purely out-of-equilibrium separation into a dense and a dilute phase, called motility induced phase separation (MIPS), which is due to a slowdown occurring during collisions between particles 21 . We may thus anticipate for such repulsive active systems a possible extension of the passive scenario, although the mere definition of surface tension is difficult and may yield negative values 22,23 , which should be incompatible with a stable interface. Indeed, a recent theoretical study demonstrates such an analogue out-of-equilibrium behavior, where a repulsive active dense phase can form a meniscus on a wall or rise against gravity in a confining channel due to the slowdown that occurs during particle-wall collisions 24 .

Here, we present experimental observations of the behavior of a non phase separating gaseous assembly of active colloids that are sedimenting in a gravitational field in the presence of a confining wall. We provide the evidence of an unexpected and dynamic adsorption layer at the wall that has no analogue in passive systems. We also offer a numerical model that recapitulates the experimental observations. It enables us to test the respective influences of adhesive and aligning interactions with the wall, parameters that are challenging to adjust experimentally. Our results demonstrate that a confining wall can act as a pump against a force parallel to it, opening the door to active microfluidic circuits where a configuration as simple as gravity and walls could play a role analog to a generator in an electric circuit.

RESULTS

Experimental and numerical observation of "Wetting-like" behaviour -We study experimentally the behavior of sedimenting active colloidal particles in the presence of a vertical wall. The experimental configuration, as shown in Fig. 1 and explained in detail in the Methods section, is composed of Janus microspheres of average radius R = 0.8 µm, sedimenting along the vertical direction z under an effective gravity ⃗ g * . Those particles self-propel through phoretic effects in the presence of hydrogen peroxide 25,26 . In line with our previous works, we determine the activity of the system by analyzing the sedimentation profile, in the dilute regime, far away from the wall, assuming a Boltzmann distribution. From the characteristic sedimentation length, we extract the ratio of the effective to the room temperature, T eff /T 0 , which indicates how far the system is out-of-equilibrium 27,28 . By changing the concentration of hydrogen peroxide, this ratio can typically be tuned between 1 and 75.

A wall is introduced in the system as a glass capillary oriented along z and immersed down to the colloidal sediment. To study how this wall impacts the active particles system, we measure the density field ϕ(x, z) for various T eff /T 0 . In Fig. 1 we show images of the sediment together with a few iso-densities (see Methods) in the passive and active cases. As expected for purely repulsive particles with no wall-attraction, passive colloids at T 0 (Fig. 1 A-B) are hardly affected by the wall 29 and the passive system does not adsorb at the wall.

As we activate the colloids with hydrogen peroxide (T eff /T 0 > 1), iso-densities remain horizontal and parallel to each other far from the wall. This is what is expected for activity resulting in a simply hotter system with a higher sedimentation length (Fig. 1 C-D). Strikingly, this hot-colloids mapping breaks down in the vicinity of the wall, where we evidence an upturn of the iso-densities that rise with increasing activity. The wall causes particles to climb up at its contact. Indeed, we observe what seems to be a wetting or an adsorption layer, a layer of one particle thickness. Past this wall region, we note a small dip of the iso-densities before progressively returning to the far-field "flat" region. Overall, this departs strongly from the global features of classical passive wetting or of recent extension with active perturbation [START_REF] De Gennes | Capillarity and Wetting Phenomena: Drops, Bubbles, Pearls, Waves[END_REF]20 , where a macroscopic upward meniscus smoothly bridges between the wall and far-field unperturbed region.

In a classical picture, colloids excess at the wall comes from attractive wall-particle interactions. Indeed, as already mentioned in the introduction, wall accumulation of active particles is a generic feature for which directional persistence provides an underlying mechanism for effective adhesion 15,28 . However, in specific systems, interactions between walls and active-particles comprise a rich variety of contributions. For instance a direct wallparticle attraction may also arise due to activity through phoretic or hydrodynamic effects 28,30,31 . Likewise, hydrodynamic interaction of dipole micro-swimmers with surfaces can induce alignment with the wall [32][33][34][35] .

To complement our experimental evidences, we also analyzed the predictions of a model of sedimenting repulsive active Brownian particles (ABPs) 36 in the presence of a vertical wall. As we shall discuss, this allows us to explore the importance of the detailed interaction between walls and active-particles. When including an activity-induced interaction, mimicking known diffusiophoretic adhesion 28 as well as a wall bipolar (also called nematic) alignment parallel to the wall 32,33,37 (see Methods for details), the whole experimental phenomenology is reproduced. As is shown in Fig. 1 E, numerical simulations display both the adsorption layer at the wall in the active case and the small dip close to the wall. Note that consistently with experiments, we explored here an activity region for which no MIPS occurs, corresponding to moderate activities quantified by Pe s ≤ 17, far enough from Pe crit ≈ 26.7 38 (see Methods for the definition of the normalized swim persistence length Pe s ). In the MIPS regime self-propelled particles generate a phenomenology that is reminiscent of classical wetting configuration as a recent theoretical study predicted a smooth macroscopic wetting meniscus 24 , in contrast with the present observations.

Detention time at a wall without gravity -Before interpreting our results, we have to understand how active particles accumulate at a wall in the absence of gravity and the influence of wall-particle interactions on this accumulation. To do this, we generalize arguments that have been laid out in the case of steric 15 and hydrodynamic interactions 16 . To simplify the argumentation, we neglect the translational diffusion, i.e. Pe s ≫ 1. In the absence of attractive interactions, an active particle is able to escape the wall as soon as the normal component of its propulsion force points away from the wall. Since its orientation evolves through rotational diffusion, a particle polarized towards the wall will have a long detention time, whereas a particle polarized tangentially to the wall have a shorter detention time. Therefore, wall-aligning interactions actually reduce detention time because they bring the particles closer to the escape angle. By contrast, attractive interactions push the escape angle away from the wall and thus increase detention time. A combination of attractive and wall-aligning interactions traps the orientation parallel to the wall while pushing the escape angle away, and thus increases detention time. Let us now explore how a force parallel to the wall affects these behaviours and how it explains our observation of an activity-induced adsorption layer. To do this, we use our ABP model to explore systematically the influence of the above-mentioned contributions, namely self-propulsion, direct wall adhesion, wall alignment and the combination of these.

Adsorption layer height dependency -From the density field we obtain the density profiles ϕ wall (z) close to the wall (within the adsorption layer) and ϕ bulk (z) in the bulk, far away from the wall (see Methods). It is clear from Fig. 1 F that at a given altitude, the adsorption layer has an excess density as compared to the bulk and that the altitude corresponding to a certain density is much higher in the adsorption layer than far from the wall. The height difference between the adsorption layer and the bulk gets even larger as the density decreases. We now define the adsorption layer height ∆H as the difference in altitudes corresponding to a given density of ϕ = 0.08 in the adsorption layer and the bulk. ∆H is a global observable of the activity-induced phenomenon.

For a passive system, wall adhesion promotes the creation of a gravity-fighting adsorption layer [START_REF] Aarts | [END_REF]29,39 , as can be seen in Fig. 2-A where however ∆H only reaches a few particle radii R. Now, let us consider an active system experiencing both wall accumulation due to the persistence of motion and an activity-induced direct adhesion. Indeed, for Janus colloids, the self-generated electro-chemical gradients responsible for self-propulsion also generate a wall-attraction force, thus scaling as the propulsion velocity (see Supp. Mat. for an explanation for the form of the adhesive energy, along with simple estimation on its magnitude). Accordingly, we take a wall adhesion strength as ε ∝ Pe s in our ABP model. Comparing passive and active systems with same direct adhesion parameter in Fig. 2-A, we observe that ∆H of self-propelled particles exceeds by more than a decade the one of passive colloids. This is a further indication that this active system does not merely behave as an equilibrium system regarding adsorption properties, with self-propulsion of individual particles a key factor of the global response.

In Fig. 2-B, we thus focus on self-propelled particles showing ∆H obtained numerically for different levels of activity as quantified by effective temperatures T eff /T 0 = 3/8Pe 2 s + 1 40 . A neutral wall represents the benchmark situation where no direct interaction -neither attraction nor orientation-is present aside the short-range steric repulsion. In line with above discussion, adding a direct activity-dependent wall adhesion increases the adsorption layer height as compared to neutral wall. To mimic the tangential alignment of Janus colloids with a wall, we we choose an alignment strength as Γ ∝ Pe s . This is consistent with the experimental characterization of Janus colloids as force dipole microswimmers 41 which strengh is proportional to the propulsion speed 33 (see Supp. Mat. for an explanation of the form of the alignment strength, along with simple estimation on its magnitude). Our model predicts that the influence of wall-particle interactions on the adsorption layer height is consistent with its influence on detention time without gravity: pure alignment interaction decreases ∆H as compared to the neutral case, and the combined effect of both alignment and direct adhesion increases ∆H above all other cases considered. However, we shall see in the following that a wall parallel to gravity also exerts a singular influence on polarity and fluxes. As a final note on the global adsorption layer height ∆H, let us stress that Fig. 2-B also incorporates experimental measurements. As we see, our ABP model recapitulates both the experimental order of magnitude and the dependence on activity.

Polarization at the wall -

To go beyond the global adsorption layer height, we measure numerically the local time-and ensemble-averaged polarization M(r) (see Methods) and in particular its component parallel to gravity M z (Fig. 3-B). As we already mentioned, a re-markable feature of sedimenting active particles is the existence, in the absence of lateral walls, of a non-vanishing local polarization M z (z) 11,26 . In the dilute regime, the mean orientation points upward (M z > 0) to balance the downward sedimentation and to guarantee the absence of a net particle flux. By contrast, in the dense sediment at the bottom of the cell there is a downward polarization (M z < 0), as the total polarization has to vanish 42 .

Far away from the wall, this bulk behaviour is well recovered in our system (Fig. 3-B) with a local polarization that remains unchanged irrespective of the wall properties details. At the wall, the same qualitative picture is retained for the averaged polarization, which reverses from an upward to a downward orientation when going from large z down into the sediment. There, however, the polarization strength becomes very dependent on the wall-particle interaction properties. For a neutral or a purely adhesive wall, the polarization at the wall is lower than in the bulk. Indeed, as recalled above, in the absence of gravity, a particle pointing towards the wall will in average remain longer at the wall than a particle nearly parallel to it. Mean polarization at the wall is thus obtained from an initial bulk distribution by adding extra weight to normal orientation at the expense of tangential ones, so that vertical non-aligning walls will act as dampers for the bulk z-polarization.

On the opposite, a vertical bipolar aligning wall will boost any initial upward or downward polarization bias in the particles orientation. This is what we observe (Fig. 3-B) for all aligning configurations (with or without additional adhesion) where the wall acts as an enhancer of the bulk polarization. In a side experiment, we probed the Janus colloidal particles polarization at the wall (Fig. 3- A). The method, fully detailed in Supp. Mat., is based on the tiny shifts between a particle location in the three color channels of a camera that correspond to the colour difference between the two faces of the Janus. As chromatic aberrations are benchmark in the bulk region, only excess polarization at the wall is reported. We observe a strong upward excess polarization, which is a clear and independent indication of alignment interaction in the experiment.

Fluxes, circulations, and wall dynamics -As we just pointed out, the colloid polarization at a vertical wall is an important feature of the present system. With self-propelled objects, this naturally raises the question of permanent fluxes in the system, a property forbidden in equilibrium wetting or adsorption. Therefore, we calculated the local particles flux J(r) (see Methods) predicted by our ABP model and show the result in Fig. 3-C. We observe an upward flux at the attractive and aligning wall in the dilute regime, consistent with the enhanced upward polarization (Fig. 3-A andB). Unlike in the (unconfined) bulk, the balance between gravity and upward propulsion is broken at the wall.

This fundamentally out-of-equilibrium response, which involves the presence of permanent fluxes in the steadystate, allows us to propose a rationale for the complex dependence of the rising height ∆H on aligning wall interactions (Fig. 2-B). When the alignment comes with an additional direct wall adhesion, particles are trapped at the wall 16,43 and display an extra upward polarization in the dilute region as compared to the sedimentationcanceling bulk reference. Accordingly, we expect a high rise of the particles at the wall, which is of purely dynamical origin. On the contrary, when the wall has only alignment interactions, the extra upward polarization is counteracted by a shorter detention time, which limits the possible rise. Although the final balance is difficult to anticipate, it turns out (Fig. 2-B) to yield a weaker rise than even a simple neutral wall.

Moreover, an aligning wall also enhances the downwards polarization present in the dense part of the bulk. Consistently, it causes a strong downward flux close to the wall, resulting in a well pronounced vortex in the bulk. As pointed out, the existence of steady-state particle currents is a strong signature of the non-equilibrium nature of active adsorption 44 . Note that, so far, such currents are only accessible in our ABP model, since the velocity measured numerically from the flux is, at maximum, 0.1v 0 , which is lower than the experimental resolution. For the neutral wall (Fig. 3-D), we observe a small downward current close to the wall. Such current can be explained by the polarization decrease at the wall, breaking the nearby flux balance and generating a downward current.

As we just showed, dynamical aspects are the key in the out-of-equilibrium active phenomenon we report. So far, we have mostly discussed it in terms of single particle properties at the wall. However, when zooming in on this wall layer, we see it forms an assembly of 1D clusters, which we denote as trains, since they move collectively along the wall (see inset of Fig. 4-A and movie in Sup. Mat.). In a recent study of Janus particles orbiting along a circular post in quasi-2D 31 , similar train structures were observed resulting from collisions as well as hydrodynamic and osmotic interactions of 1D-moving swimmers. Although large trains tend to move slower than single particles at the wall, our trains are dynam-ical structures. They can merge or break apart. Particles leave the trains at their ends or are squeezed out into the second, more labile, layer. We focus in Fig. 4-A on the probability distribution P (n) of train size n in the experiments. We observe that the distribution decays exponentially and thus is completely dominated by monomers. To describe such behavior, we examine the possible origin of trains in our system, and the extent to which trains can appear randomly, without an underlying formation mechanism. To do so, we consider a simple site-adsorption model where the adsorption layer is considered as a 1D system with homogeneously distributed adsorption sites. These sites are randomly populated by adsorption-desorption exchanges with the nearby bulk reservoir (see Methods). The probability of having a train of size n is very well described by such a random site-adsoprtion model, as shown in Fig. 4-A. The dotted lines correspond to geometric laws, where the average density is the only adjustable parameter. The values obtained fall within the range of experimentally measured densities (see Sup. Mat.) Overall, the is no indication of collective dynamics on the wall layer which justifies the single particle arguments used so far, although we cannot rule out more subtle collective effects.

Finally, a complete description of the active wallclimbing adsorption phenomenon requires a characterization of exchanges between particles in the bulk and in the adsorption layer. We now report the detention time τ detention that is the average time a particle remains in the adsorption layer (Fig. 4-B). As monomers dominate train statistics, we focus on the detention time of a single particle. Our ABP model predicts how τ detention depends on the particle-wall interaction. As expected, adhesion always increases detention time as compared to a neutral wall. On the other hand, particles escape a purely aligning wall sooner with increasing activity, however, the opposite is true for a wall that is both adhesive and aligning. These observations are consistent with the wall detention time arguments of 16 at Pe s ≫ 1, and with the adsorption layer height dependency on wall-particle interactions, and thus validate our single-particle arguments above.

As shown also in (Fig. 4-B), we were also able to measure τ detention in experiments. There, we observe τ detention to decrease with activity, which is the same trend as for a purely aligning wall, however, with longer times overall. This is consistent with the presence of an alignment interaction, and compatible with an adhesion, however weaker than assumed in our ABP model. Nevertheless, for the detention time, there is not a perfect quantitative agreement between the experiments and simulations. Achieving a more accurate agreement would require fine-tuning of the adhesion and the alignment strengths, but beyond that, it would also be necessary to refine the ABP model, particularly by including hydrodynamic and diffusiophoretic interactions 34,35,45,46 .

DISCUSSION

To summarize, we study experimentally and theoretically the behavior of an assembly of active colloidal particles in the presence of a vertical confining wall and gravity. We observe a dynamic adsorption layer at the wall that rises with activity, and we find that the interaction between the particles and the wall has a significant impact on this layer. A combination of effective adhesion, alignment and polarization enhancement at the wall of an already existing bulk polarization are most likely responsible for the significant increase of density at the wall and the persistent vertical pumping we observe in the system.

How does this persistent pumping fit into the broader context of active matter studies?

The exploration of mechanical aspects in active matter, such as the concept of pressure has triggered an abundant literature illustrating how active matter can depart from equilibrium systems 13,14 . These peculiarities of active systems become evident when they interact with walls or interfaces, at the core of striking features such as work extraction from a bath with ratchet-like rotors 2 . Following this appealing route, the extension of wetting phenomena to active matter was recently considered 24 . In MIPS systems, activity provides an effective attractive interparticles interaction responsible for the phase separation into a dense active-liquid phase. It also provides an effective wall-particle attraction so that phase separated systems in contact with a solid wall display the global phenomenology obeyed by wettable walls in contact with a liquid: macroscopic ascending meniscus, capillary rise, etc. 24 . Also starting from phase separated systems, but here made of classical polymer-polymer solutions, a rich panel of phenomena were evidenced when adding activity into one of the phases 20 . Indeed, activity promoted the transition from a highly wetting meniscus to a fullwetting configuration reminiscent of the Landau-Levich coating transition 47 -although this was not discussed along this line in 20 . On the contrary, the present system does not phase separate and was only shown to form clusters 26,27 . The dense phase is held together mostly because of gravity, and overall no macroscopic meniscus forms at the wall whatever the conditions explored. In that respect, the wall layer that forms with activity would be closer to the adsorption of supercritical fluids at solid surfaces 48 . At odds though with this equilibrium analogy, this adsorption layer is associated with strong dynamical effects with steady-state fluxes across the system.

Our results demonstrate that a vertical wall effectively harvests energy from the microscopic scale to produce a macroscopic work. More generally, a side wall can act as a pump against a force parallel to it, generating a net steady-state flux in the system. These results pave the way for active microfluidic systems, where even a basic configuration involving walls and gravity could play a role analogous to a generator in an electric circuit.

METHODS

Experimental set-up. Gold particles of radius R = 0.8 µm were grafted with octadecanethiol 49 and halfcoated with Platinum to form Janus microswimmers when immersed in hydrogen peroxyde (H 2 O 2 ) 25,26 . Due to their high mass density µ ≃ 11 g/cm 3 , the particles immediately sediment onto the flat bottom of the experimental cell, forming a bidimensional monolayer of sedimented active particles. A very low in-plane apparent gravity ⃗ g * is obtained by tilting the whole set-up with a small angle θ ≈ 0.1 • in the z direction. An elongated borosilicate micropipette bent on the bottom of the observation cell and dipped into the 2D sediment acts as a lateral wall. We focus on the half-space on the right side of the wall.

By tuning H 2 O 2 concentration from c 0 = 3.0 × 10 -4 v/v up to 5c 0 , it is possible to vary the activity of the colloid. In practice, for each experiment, we characterize this activity by measuring, from the sedimentation profile in the dilute regime, the ratio T eff /T 0 , where T eff and T 0 are the effective and the room temperature, respectively 27,28 . For each concentration in H 2 O 2 , 3000 images of 2048 pixelx2048 pixel are recorded at 5 fps using a Basler camera (ac-A2040-90um) mounted on a Leica DMI 4000B microscope and a custom-made external dark field and a 20x fluotar objective. The pixel size is 0.273 µm. We track the positions of the center of the particles using Trackpy toolkit on Python 50 . We measure, within one pixel (30% of R) the most occupied position x m close to the glass wall. We set the origin of the x axis (x = 0) at 0.5R before x m . We define the adsorption layer as the layer between x = 0 and x = L = 2R. Note that the average equilibrium distance between particles is 2.4R.

Our observable for the analysis are the density maps ρ(x, z), that are obtained by averaging over time the number of particles for each pixel divided by its surface 7.45×10 -2 µm 2 . The density profiles of the bulk are computed as ϕ bulk (z) = πR 2 xr-x l xr x l ρ(x, z)dx with x l = 80R corresponding to a value far enough from the wall, at least six times the average equilibrium distance between particles, and x r = 340R, corresponding to the border of the image. The density profile in the adsorption layer is obtained via ϕ wall (z) = πR 2 L L 0 ρ(x, z)dx. From both density profiles, adsorption layer heights can be determined by measuring the difference of altitude using a 0.01 broad interval centered on ϕ = 0.08.

We define the trains by considering the set of particles in the adsorption layer whose centers are separated by a distance of less than 2.4R. The train size distribution was analyzed for trains at altitudes higher than, z = 300 µm corresponding to a position at which the bulk density is approximately 0.08 for all studied activities.

Polarity is measured on different experiments, on the same system, recorded in reflection with a Baumer HGX40c color camera, a 60x objective and a 1.6x zoom.

The polarity of a particle is given by the shift between its position on the green channel and its position on the blue channel, corrected for chromatic aberration, as explained in Supplementary Methods.

Random site-adsorption model. We look at the statistics of trains, that is, of segments of continuously populated sites. We note p the probability that a site is occupied by a particle and q = 1 -p the probability that a site is empty. p corresponds to the mean lineic fraction of particles along the wall. The probability that a random chosen site belongs to a train of size n is proportional to np n (1-p) [START_REF] Di Leonardo | Proceedings of the National Academy of Sciences of the United States of America[END_REF] . From which we derive the probability of having a train of size n as P (n) = (1 -p)p n-1 = q(1 -q) n-1 that abides a geometric law.

Active Brownian Particle (ABP) model. We model the self-propelled particles as two-dimensional active Brownian particles swimming with a constant velocity v 0 in a container of size L x and L z along the x-and zdirection, respectively. The position r i = (x i , z i ) and the orientation e i = (cos θ i , sin θ i ) of the i-th particle evolve according to the overdamped Langevin equations:

ṙi = v 0 e i + γ -1 t f i -v g e z + 2D t η i (1) θi = γ -1 r t wall i + 2D r ξ i (2) 
for i = 1, . . . , N . The Einstein relation for translation and rotation is γ t = k B T 0 /D t and γ r = k B T 0 /D r , respectively, where γ t and γ r are the friction coefficients, D t and D r the diffusion constants and k B T 0 the thermal energy. η i , ξ i are zero-mean unit-variance Gaussian white noises. For a spherical Brownian particle, we have D r = 3D t /(2R) 2 . Due to the reduced gravity, particles sediment with velocity v g along the negative zdirection -e z . The force on i-th particle f i consists of a part due to particle-particle, j̸ =i f ij , and particlewall interaction, f wall i . The particles interact via a repulsive pair potential V (r) = k 2 (2R -r) 2 if r ≤ 2R, i.e., the inter-particle distance r is smaller than the particle diameter 2R, and V (r) = 0 otherwise 36 . The repulsion strength k is chosen such that the particle overlap is 0.01 of the diameter 2R during a head on collision. The force on i-th particle due to j-th particle reads as

f ij = f (r i -r j ) = -∇ ri V (|r i -r j |).
To account for a possible wall adhesion, we let the particles interact with walls via a Lennard-Jones potential, which for the left wall at x = 0 reads as

V wall left (x) = 4ϵ R x 12 - R x 6 , (3) 
where ϵ controls the attraction to the wall, and similarly for the right, bottom and top wall. For a neutral (purely repulsive) wall, we use a Lennard-Jones potential truncated at x = 2 1/6 R and set ϵ = k B T 0 /2. In order to mimic a possible bipolar (or nematic) wall alignment, the particles experience a position-dependent torque, which for the left wall (x = 0) reads as

t wall left = Γ sin (2θ) R x 3 , (4) 
where Γ is the strength of alignment. For Γ > 0 this torque orients the particles parallel to the wall. The form of t wall is motivated by hydrodynamic interaction of force dipole microswimmers with surfaces 33 , as Janus colloids were experimentally characterized as pushers 41 . Four dimensionless numbers govern the system. A measure of activity is the normalized swim persistence length, Pe s = v 0 /(RD r ) sometimes also called swim Péclet number. The range of activities considered here was 5 ≤ Pe s ≤ 17, which is below the critical point Pe crit ≈ 26.7 38 . Similarly, one can define a gravitational Péclet number as Pe g = v g /(RD r ), which we kept fixed to the experimental value Pe g = 1. Furthermore, we define a dimensionless adhesion and alignment strength as ε = ϵ/k B T 0 and Γ = Γ/k B T 0 , respectively. Our simulation box was of size L x = 500R and L z = 1500R and contained N = 14000 particles. The simulation time was at least 750000/D r . For comparison, the observation time in the experiment was approximately 300/D r . Microscopic fields. The density field at position r is given by

ρ(r) = N i=1 δ(r -r i ) , (5) 
where the angles denote a statistical average, δ the Dirac delta function, and r i the position of i-th particle. The microscopic fields are coarse-grained using a Gaussian kernel instead of a delta function 51,52 . The local polarization is defined as

M(r) = i e i δ(r -r i ) , (6) 
where e i is the orientation of i-th particle. The particles flux J(r) is obtained from the force density balance equation

J = v 0 M + γ -1 t F -v g e z ρ -D t ∇ρ , (7) 
where F denotes the internal force density field 53 . Each term of Eq. 7 can be measured easily in simulations.
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SUPPLEMENTARY MATERIAL

Measurement of the excess polarity at the wall

Colour shift

We acquire RGB images with a Nikon water Immersion x60 objective, NA=1.2 and a x1.6 zoom lens. On an image, a pixel is 57 nm (≈ 29 pixels per particle diameter and we have 2048x2048 pixel 2 . Our color camera (Baumer HGX40c) is composed of a monochrome sensor equipped with colour filter following a Bayer matrix. Therefore there are twice as many green pixels as red or blue pixels. Since the green channel is the most spatially resolved, we use it to localize the particle position with subpixel accuray using the package Trackpy 50 . Around the position of each particle, we localise with subpixel accuracy the local maximum of the red (respectively blue) channel. For each particle, we can thus define two vectors: the 'redshift' vector (respectively vector) is the difference between the position on the red channel (respectively blue channel) and the position on the green chanel. The results are shown on Fig. S5.

On the left zoom, it is obvious that the redshift vectors are mostly oriented towards the left and the blueshift vectors mostly towards the top right. However on the right zoom the redshift vectors are oriented towards the top right and the blueshift vectors are oriented towards the left. This means that we have chromatic aberration in our optical system: the different wavelength of light are not propagated in the same way, therefore the red image does not form at the same place on the camera as the green image or the blue image. The raw redshift and blueshift vectors must be corrected of this chromatic aberration before they can yield any information on particle polarity.

Chromatic aberration

In order to quantify and correct for the chromatic abberation, we divide the field of view into a 32 × 32 grid and average the redshit and blueshift aberration of all the particles that are in a grid element at a given time, for all 6000 images of the video. Since the polarity of chemically bound dimers can be ill defined, we removed all pairs of particles closer than 28px from this ensemble average. Results are shown on Fig. S6.

We want to remove the global chromatic aberration, but not all polarity signal, especially close to the wall. Therefore, we remove from our grid all cells that can contain particles at walls, i.e. what is between the two vertical green dashed lines on Fig. S6. The remaining field is interpolated using splines. Now, at each instantaneous position of a particle, we can remove from redshift or blueshift the value of the spline at this position. The remaining redshift and blueshit are shown on Fig. S7, this time magnified by a factor 100. The abberation-corrected redshift and blueshift are typically 10 times smaller than the value of the chromatic aberration. Therefore, the arrows are now decorrelated from the apparent color shift on the image.

Many particles have a redshift or blueshit measurement that is below the resolution we can expect from particle localisation from images (0.1 px, here 0.2 px since we subtract two measures). Therefore, we cannot measure precisely the polarity of a given particle, we have to estimate statistical distributions on large numbers of particles. In order to minimze the noise, all the following statistical distributions will be established by weighting a particle contribution by the magnitude of its aberration corrected redshift and/or blueshift. Furtheremore, by subtracting the average of the redshift or blueshift far from any wall, we removed not only the chromatic aberration, but also any non zero polarity of the bulk. If corrected redshift or blushift contain polarity information, it is the polarity near the wall with respect to the bulk polarity, and not the absolute polarity.

In the following we consider only the abberationcorrected redshift and blueshift and thus drop the adjective. Colors correspond to particles in bulk, left wall and right wall, as indicated on the inset. Right: Probability distribution of the angle between the displacement of a particle between t and t + δt and the abberation-corrected redshift (respectively blueshift) of this particle at time t averaged over particles in bulk and time t. blueshift -----→ S blue i of particle i:

Statistical correlation between colour shift and polarity

P red blue (θ) = i S red i S blue i δ(θ red blue i -θ) i S red i S blue i , (8) 
where δ is the binning function, S red Redshift and blushift are statistically antiparallel in bulk, but the peak is quite large. At wall, they are cleany split between two populations, either antiparallel (majority) or parallel (minority).

Then, we compute the probability distribution function of the angle θ red i (t) between redshift at time t and the displacement ---→ ∆x (t) of the particle i between t and t + δt, where δt = 100 ms is the time interval between two successive frames:

P red (θ) = t i S red i δ(θ red i -θ) t i S red i , (9) 
where sums exclude dimers and particles at the wall. We define P blue (θ) in the same way. Both distributions are shown on Fig. S8 (Right). As P red (θ) is flat, the redshift is not correlated to displacement and is thus not a measure of polarity. By contrast, P blue (θ) shows a peak around π, meaning that blue shift is mostly antiparallel to displacement.

Even far from the walls, particle displacement is an indirect measure of polarity, as particles experience forces other than self-propulsion, i.e. Brownian motion, gravity and particle-particle interactions of electrostatic and hydrodynamic nature. In addition, automatic trajectory reconstruction is subject to tracking errors, which further decrease the signal to noise ratio. Despite these limitations, blueshift is a good statistical predictor of particle displacement and polarity.

Rationale of blueshift a. Why is blueshift a good measure of polarity and not redshift? The platinum cap is thin, thus the light reflected by the particles is mostly yellow, that is to say a mix of red and green with much less blue. The difference between red position and green position (redshift) thus contains little information. By contrast, platinum reflects more equally the colors, therefore the excess of blue with respect to green (or red) indicates the platinum side.

b. But why are redshift and blueshift antiparallel?

The filters on a colour camera slightly overlap. In particular the green channels also captures some red on one side and some blue on the otherside, whereas there is very little cross-talk between red and blue channels. With respect to the red position, the green position is thus slightly shifted towards the blue position. This shift, is enough to cause the statistical correlation between redshift and blueshift, but the signal is so small with respect to noise that the redshift is a poor predictor of polarity and even poorer predictor of the direction of motion.

Wall interaction for Janus self-phoretic particles

We discuss hereafter the form and magnitude of the wall-particle interaction used in numerical simulations.

Diffusiophoretic wall attraction

Gold-Platinum Janus particles have been shown to experience an activity-induced adhesive interaction of phoretic origin 28 . Indeed each catalytic particle act as a chemical monopole source from the far-field creating environmental gradients to which each swimmer responds. One thus expects that such attractive interaction is experimentally related to the phoretic mechanism responsible for the self-propulsion for which the associated swim force reads

F swim = k B T 0 D t v 0 . (10) 
Setting that the diffusiophoretic adhesion with the wall therefore involves an adhesion energy ϵ phor. ∼ F swim R, we thus expect an adhesion of dimensionless form

ϵ phor. = 3 4 Pe s , (11) 
where as in the main text ϵ phor. = ϵ phor. /k B T 0 and Pe s = v 0 /(RD r ). Overall, this justifies the form used in numerical simulation for the wall adhesion ϵ = αPe s , where moreover the constant α = 0.5 consistent with experiments is very close with the simple guess 3/4.

Wall aligning interaction

As stated in the main text, the aligning torque was taken based on the effect of hydrodynamic interactions between the wall and a pusher swimmer 33 . Indeed this was argued to be the dominant contribution for phoretic Janus particles 32 with an associated torque magnitude t reading for small deviations from wall alignment

t = k B T 0 R R + h 3 (2∆θ) × 1 8 Pe s , (12) 
As compared to the form adopted in simulations this amounts to a dimensionless torque magnitude of Γ hydro. = 1 8 Pe s , again in fair agreement with the magnitude used to compare with experiments Γ ∼ 0.5Pe s .

FIG. 1 .

 1 FIG. 1. Active Janus colloids climb a wall. (A) Experimental set-up: glass wall dipped into a sedimented monolayer of passive colloidal particles, at room temperature T0, under a gravity ⃗ g * . (B-D) Iso-density maps of the colloids at T0 (passive case) and for two activities 34T0 and 71T0. The isodensity values ϕ are from top to bottom 0.08, 0.12, 0.16, 0.24 and 0.3. The pale green arrow highlights the maximum height of the isodensity curve ϕ = 0.08 at the adsorption layer. The pale red arrow indicates the small depression of the density close to the wall. (E) Snapshot of the numerical simulation of an assembly of ABPs under gravity near a wall with alignment Γ = 6.5 and adhesion strength ε = 6.5, respectively, at an effective temperature 64.4T0 (see Methods for details). Isolines at densities ϕ = 0.08, 0.12, 0.16, 0.24, 0.3 are shown (from top to bottom). (F) Density profiles ϕ(z) predicted by our ABP model far from the wall (solid line), and in the adsorption layer (dashed line). The dotted line indicates the density ϕ = 0.08 from which the adsorption layer height ∆H is defined.

FIG. 2 .

 2 FIG.2. Adsorption layer height dependency. (A) Numerical values of the adsorption layer height ∆H as a function of the wall adhesion strength ε in the passive (brown stars) and active (orange dots) case, where in the latter case we assume that the adhesion strength increases linearly with activity as ε = 0.5Pes. (B) Adsorption layer height ∆H as a function of the effective temperature T eff /T0 from experiment (purple dots) and from simulations, for, a neutral wall (blue square), a purely adhesive wall (orange circle) with ε = 0.5Pes, a purely aligning wall (green diamond) with Γ = 0.5Pes and a wall with both alignment and adhesion (red triangles) with ε = Γ = 0.5Pes.

FIG. 3 .

 3 FIG. 3. Orientation distribution, polarization and fluxes. (A) Orientation distribution of particles near the wall for T eff = 19.5T0. We consider in our ABP model (dotted lines) as well as in experiment (purple solid line) the situation which corresponds to the left wall (x = 0) in Fig 1(E). Thus 0 • corresponds to a particle oriented away from the wall and 90 • is equivalent to a particle oriented against gravity. (B) The numerical profiles of the z-component of the polarization (particle orientation) Mz/ρ in the adsorption layer (dashed lines) and in the bulk (dotted line) at T eff = 109T0 for the four cases: a neutral wall (blue), an adhesive wall (orange), an aligning wall (green) and a wall with alignment plus attraction (red). Particles point upwards if Mz > 0 and downwards if Mz < 0. (C,D) Numerical streamlines of a velocity field v = J/ρ together with the packing fraction field ϕ for a simultaneously attracting and aligning wall with ε = Γ = 8.5 (C) and for a neutral wall (D).

FIG. 4 .

 4 FIG. 4.Trains statistics and detention time. (A) Experimental probabilities of the train size in the adsorption layer P (n) for different effective temperatures. Two colloids form a pair if the distance between the centers is below 1.9 µm ≈ 2.4R. Dotted lines represent a geometric law fit to the data (See Methods). Inset: Snapshot of active Janus colloids sticking to the wall and forming trains on both sides of the wall. (B) Detention time of colloids without a neighbour in the adsorption layer versus the effective temperature T eff . Purple dots indicate the experimental results. We examined different walls in simulations: a neutral wall (blue squares), an adhesive wall (orange circles), an aligning wall (green diamond) and a wall with simultaneous adhesion and alignment (red triangle).
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 56 FIG. 5. Raw (not corrected for chromatic aberration) redshift and blueshift vectors displayed as red (respectively blue) arrows on top of a white-balanced image. The length of the red and blue arrows are enhanced by a factor 10 for more visibility.

FIG. 7 .

 7 FIG. 7. Chromatic aberration-corrected redshift and blueshift vectors displayed as red (respectively blue) arrows on top of a white-balanced image. The length of the red and blue arrows are enhanced by a factor 100 for more visibility.

FIG. 8 .

 8 FIG.8. Left: Probability distribution of the angle between abberation-corrected redshift and blueshift of the same particle. Colors correspond to particles in bulk, left wall and right wall, as indicated on the inset. Right: Probability distribution of the angle between the displacement of a particle between t and t + δt and the abberation-corrected redshift (respectively blueshift) of this particle at time t averaged over particles in bulk and time t.

  from the sums. Results are shown on Fig. S8 (Left).
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