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T1R. Hydrodynamics and Geophysics
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neville, P. Odier, N. Plihon, A. Pumir, J.-F. Pinton, S. Roux, N. Taberlet, A. Venaille,
V. Vidal, R. Volk

Post-docs: E. Calzavarini, M. Creyssels, L. Ducasse, L. Fiabane, J. Munroe, C. Nardini,
X. Riedinger, J. Salort, H. Scolan, F. Seychelles, H. Touil, A. Venaille, M. Vosskuhle

PhD students: G. Bordes, B. Bourget, C. Brouzet, A. Cahuzac, E. Horne, O. Liot,
N. Machicoane, M. Mercier, S. Miralles, B. Percier, E. Rusaouen, C. Sánchez, T. Tangarife,
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Many activities of the laboratory involve fluids or complex matter flows. Some of these activities relate
to fundamental hydrodynamics, whether experimental, theoretical or numerical. Following the new technical
developments on particle tracking, a group in our laboratory has designed experiments to study the dynamics
of particles in a turbulent flow, while other groups tackled the same issue via theoretical stochastic approaches.
Another research axis has been focussing on mass or heat turbulent transport, studying ice melting or gravity
currents dynamics, as well as forced turbulent convection. Finally, pursuing our solid tradition in statistical
physics, several groups have been working on statistical turbulence, using multifractal or conformal invariance
theory, and turbulence modeling, developing new Large Eddy Simulations (LES) approaches. Others activities
are dedicated to, inspired by, or might be of potential applicability in the geophysical context. Regarding
oceanic and atmospheric applications, the main focusses have been on energy transfer by internal gravity
waves, as well as statistical approaches of large scale flows. Following the success of the VKS experiment,
various new results have also been obtained on the behavior of a dynamo generated magnetic field and its
coupling with the magnetohydrodynamics (MHD) flow. Other groups have concentrated their efforts of multi-
phase flows, working on the formation of ripples on roads, the discharge of a grain silo or the motion of
gas bubbles through complex material. Regarding the complexity of all the considered phenomena in the
geophysical context, we think that progress in these fundamental studies would be of primary interest to the
understanding of field observations.

A. Turbulent transport

Particle dynamics in turbulent flows (ANR
DEPSET and TEC, M. Bourgoin, LEGI, J. Bec,
OCA, M. Lance LMFA)

Experimental studies of particle dynamics. Mod-
ern experimental techniques make possible nowadays
to resolve the dynamics of small material particles
in highly turbulent flows. Using Extended Laser
Doppler Velocimetry, we have focused experimentally
on the dynamics of small neutrally buoyant particles
with sizes larger than the dissipative scale of the flow,
and observed that not only their variance of accelera-
tion decreases as (D/η)−2/3 (following pressure incre-
ments), but also the intermittency of their dynamics
[98]. These results compare qualitatively well with
a Faxen model of material particle dynamics we im-
plemented in a DNS simulation of homogeneous and
isotropic turbulence [17, 18]. More recently we in-
vestigated the possible clustering of neutrally buoy-
ant material particles, and compared the results with
what was obtained for inertial particles with same
Stokes number in a homogenous and isotropic turbu-
lent flow [105]. We observed that if large neutrally
buoyant particles share common properties with in-
ertial particles, they do not exhibit clustering in ho-
mogeneous isotropic turbulence [34, 35]. Tracking the
dynamics of painted spheres with diameters of the or-
der of the integral length of the flow (L) allows for
6 dimensional tracking of both position and orien-

tation in the whole flow volume of a turbulent von
Kármán flow. We observed both translation and ro-
tation dynamics are still very intermittent for these
large scale objects, with strong coupling between the
two through a lift force [104]. We also observed
a transition in the dynamics of very large particles
which become trapped in the large scale structures
of the underlying flow, leading to non-homogeneous
sampling [45].

Theoretical studies of particles dynamics. From the
theoretical point of view, these studies raise ques-
tions about the statistical properties of the orienta-
tion of objects transported by the flow. In this spirit,
we have proposed a very simple model of rotating
sphere in a turbulent flow, and obtained explicit re-
sults about the dynamics of decorrelation of the ori-
entation [101], which can be formally understood in
terms of irrational quantum numbers. We have also
demonstrated the alignment of small rods in the flow
with the fluid vorticity [67]. A generalization of this
study concerns the deformation of more complex ob-
jects, such as triangles in turbulent flows [68].

It has been noticed for many years that turbulence
leads to an enhanced collision rate between (heavy)
particles suspended in the flow. Using direct numeri-
cal simulations in the limit where the size of the par-
ticles is very small compared to the smallest length
scale of the flow, we have demonstrated that the
“sling effect” [29], whereby inertial particles slung by
vortices acquire a velocity which is very different from
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the flow velocity, plays a much more important role
than preferential concentration in the enhancement
of collision rates, and prevents unexpected multiple
collisions between pairs of particles, which we observe
when particles are simply following the flow [100].

Tracking the motion of several particles following
a turbulent flow allows us to obtain important infor-
mation on the structure and on the dynamics of tur-
bulence. In particular, varying the overall size of the
set of particles leads to a systematic characterization
of the flow properties on scale. Among the results
obtained recently, we have determined the alignment
properties between vorticity and the rate of strain
tensor as a function of scale. Remarkably, we find an
(essentially) self-similar behavior in the so-called in-
ertial range of scales [64]. We have also demonstrated
that the dynamics of alignment between vorticity and
the rate of strain tensor can be understood in terms of
elementary physical properties, such as angular mo-
mentum conservation [103].

Theoretical studies of velocity gradients dynam-
ics, Application to particles. Following general de-
velopments aimed at modeling the velocity gradient
dynamics along lagrangian trajectories in turbulent
flows, we have applied this stochastic approach to
diverse problems including the short-time dynamics
[22] and the very peculiar structure of the pressure
Hessian [21]. More recently, we have shown that
this model was able to give a realistic picture of
the rotation rate of rods in turbulence, whereas the
level of fluctuation of discs remains an open problem
[23]. Also, in a different but related context, we have
shown in [43] how to use the short-time dynamics of
the Euler equations to get new and realistic closures
for the subgrid stress tensor entering the momentum
equation of the filtered velocity field (also called Large
Eddy Simulations).

Ergodic properties of inertial particles. In [38] the
simplest model of massive inertial particles in turbu-
lent flow was analyzed using the theory of stochastic
equations with hypoelliptic generators. The rigorous
results obtained were confronted with earlier numer-
ical predictions of Bec-Cencini-Hillerbrand about the
algebraic tails in the distribution of relative veloc-
ity differences of close particles. They confirmed the
numerical predictions in two dimensions but also es-
tablished the algebraic decay of the distribution and
the values of the corresponding exponents in three
and higher dimensions where the numerical analysis
did not provide definite answers.

Turbulent mixing

Turbulent heat transfer. A particle larger than the
dissipative scale cannot follow the fluid motion, and
an important slip velocity between the particle and
the flow is present which can enhance heat or mass
transfer from the particle to the flow. We have stud-
ied the melting dynamics of large ice balls in a turbu-
lent von Kármán flow, and compared the results ob-
tained with attached particles to the ones obtained
with freely transported particles in the whole flow
(Fig. 1). Using an optical shadowgraphy setup, we

recorded the time evolution of particle sizes which
gives access to the Nusselt number Nu as a func-
tion of the particle Reynolds number ReD. For the
fixed particle case, we observed that the Nusselt num-
ber behaves as Nu ∝ ReD

0.8, an exponent smaller
than the one obtained for freely advected ice balls, for
which Nu ∝ ReD, compatible with what is expected
in the ultimate regime of forced convection [44].

a) b)

c) d)

Figure 1: (a) Ice ball from a spherical mold. (b) Ice ball
(14 mm diameter) freely advected by a counter-rotating
von Kármán flow. (c) Ice ball (18 mm diameter) fixed
at the center of a counter-rotating von Kármán flow, and
melting under the effect of turbulent fluctuations only.
(d) Ice ball (18 mm diameter) fixed at the center of a
von Kármán flow with a single rotating disk, melting due
to a strong mean shear and weak turbulent fluctuations.

Turbulent gravity currents. The entrainment and
mixing properties of a turbulent gravity current was
studied experimentally. Particle Image Velocimetry
and Laser Induced Fluorescence were used to obtain
a simultaneous measurement of the velocity and den-
sity fields. We showed that vertical fluxes of mo-
mentum and density display a quadratic correlation
with vertical gradients of velocity and density, re-
spectively [58]. We explained this correlation using
a mixing length model. In addition, we character-
ized the entrainment of ambient fluid by the current,
showing that it depends not only on the Richard-
son number (representing the shear/stratification bal-
ance) but also on the Reynolds number, a parameter
often neglected in entrainment parametrizations used
for ocean dynamics numerical simulations [57].

B. Turbulent thermal convection

(ANR Gimic, J.-P. Hulin, FAST, J. Magnaudet,
IMFT; Region CIBLE).

One fundamental point in the highly turbulent
thermal convection is the understanding of the role
of the boundary layers versus the bulk, as well as
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their interaction [25]. We performed separate exper-
imental measurements and modelizations of the bulk
and boundary layers.

Our model system to study the bulk is a square
channel (5 × 5 cm2), vertical or inclined, connect-
ing two chambers, a hot one at the bottom and a
cold one at the top, filled with water. We measure
the temperature gradient along the channel and the
velocity field, using PIV (Particle Image Velocime-
try). These measurements, which allow severe cross-
checks, have been very fruitful, evidencing a laminar
regime and a turbulent regime, separated by an inter-
mittent one [69]. The laminar regime was interpreted
in details, almost without adjustable parameters [71].
In the turbulent regime, the birth of an inertial range
was clearly visible. The evolution of the velocity pro-
file with the tilt angle of the device could be traced
back to the growing influence of the stratification on
turbulent mixing [73], an often neglected or under-
estimated effect. We recently built a larger channel
(20 × 20 cm2) to reach the turbulent regime even at
large tilt angle.

On the other hand, we studied the influence of
a well-controlled roughness on the heat transfer be-
tween a plate and the fluid, and on the flow. This
roughness consists in square blocks of height h0, d×d
horizontally, arranged in a square lattice of period 2d.
In our Rayleigh-Bénard cells, the hot plate is rough
and the cold one is smooth. Their heat transfer be-
haviors are approximately independent. The rough
plate heat transfer becomes more efficient when the
thermal boundary layer is smaller than h0. Dou-
bling the d and h0 values, we showed that this ef-
ficiency enhancement saturates in the neighborhood
of 70%, larger than the surface enhancement (naive
argument). Our first interpretation attributed the
enhancement to the convection of the notch between
two blocks [79]. However, we realized that a large
part is due to the top of the block, where the bound-
ary layer is much thiner. This was shown by tem-
perature profile measurements close to the plate and
confirmed in a air cell 6 times bigger, at Ilmenau Uni-
versity, within the European Initiative EuHiT.

We also used a smart lagrangian particle, able to
measure and communicate the instantaneous temper-
ature. It can work continuously 20 hours, which al-
lows detailed statistical studies both lagrangian and
eulerian. The goal is to evidence an asymmetry
due to the difference between the plates, rough and
smooth. This asymmetry seems very subtle, in agree-
ment with the apparent independence of the plates.

C. Statistical turbulence and modelling

Multifractal. Our findings in the context of the
multifractal modeling of Eulerian and Lagrangian ve-
locity fluctuations in turbulent flow were gathered
and explained in a review article [23] (see also [24]).
We have furthermore added some new extensions al-
lowing to take into account in a realistic way the
asymmetry of the densities that are consequences of
the energy transfers.

Recently, in collaboration with mathematicians
[20], we have succeeded to build up a realistic in-
compressible homogeneous and isotropic random vec-
torial field able to mimic non trivial properties ob-
served in simulations and experiments, in particular
the preferential alignment of vorticity and the energy
transfers.

Large Eddy Simulations (LES). In engineer-
ing and environmental contexts, numerical simula-
tions are increasingly used to investigate complex
flow phenomena, and accurately account for the time-
dependent behavior of the large-scale motions ; this
refers to large-eddy simulations (LES). When com-
bined with computationally-efficient algorithms such
as the Lattice Boltzmann method (LBM), LES opens
a path to more and more trustworthy simulations.
Our contributions on this topic have been both fun-
damental and applied. First, we have developed a
shear-improved variant of the Smagorinsky model
that allows us to address the LES of strongly non-
homogeneous and unstationary turbulent flows. This
innovative modeling relies on physical arguments
combined with signal processing techniques (adap-
tive Kalman filtering) [15, 16]. A second contribu-
tion has been achieved within the industrial project
LaBS (since 2010). The LBM, originally designed
for regular flows on sufficiently-fine uniform lattices,
has been extended to handle turbulence modeling on
coarse non-uniform lattices [80] (Fig. 2). This study
has been applied to the commercial solver LaBS, mar-
keted since july 2013 and already used by Renault for
aero-acoustics R&D.

Figure 2: LES of the flow past a cylinder in the sub-
critical turbulent regime on a multi-resolution lattice (col-
ormap of axial vorticity).
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2D turbulence. Seemingly without intermit-
tency, the inverse energy cascade of two-dimensional
Navier-Stokes turbulence offers more hope for analyt-
ical solution than the intermittent three-dimensional
direct energy cascade. The numerical discovery of
conformal invariance of the zero-vorticity lines statis-
tics (of the SLE type) pointed to the presence of a
conformal sector in the inverse cascade regime. We
undertook a study of the influence of 2D curvature
on the inverse cascade. Surfaces with different curva-
tures are locally conformally equivalent so the com-
parison of inverse cascades in different background
curvatures should exhibit the conformal sector of 2D
turbulence. By studying the Navier-Stokes turbu-
lence on a hyperbolic plane, (a surface with constant
negative curvature) we unraveled a spontaneously
broken asymptotic long-distance conformal symme-
try of the Navier-Stokes equation in that geometry.
We also showed that the presence of negative curva-
ture speeds up the energy transfer on scales longer
than the radius of negative curvature, an effect that
could be searched for in the soap-film flows. This
work [32] opens new perspectives in the study of 2D
turbulence.

D. Geophysical fluid dynamics

Internal gravity waves in stratified fluids
(ANR PIWO, C. Staquet, LEGI, F. Auclair, POC,
ANR ONLITUR, F. Moisy, FAST, CNRS PICS,
T. Peacock, MIT)

The study of internal waves (IW) is of great inter-
est owing to the evolving appreciation of their role
in many geophysical systems. In addition to their
particularly intriguing properties from a fundamental
point of view, these waves play an important role in
dissipating barotropic tidal energy in the ocean, are
an important means of momentum transport in the
atmosphere, while IW activity also impacts modern-
day technology. However, many unanswered ques-
tions remain, particularly regarding the fate of inter-
nal waves and how much mixing they generate in the
ocean and via what processes.

To tackle some of these questions, we have devel-
oped a new wave generation in stratified fluids. This
innovative mechanism [10], which involves a tunable
source composed of oscillating plates, generates well
defined propagating plane wave beams, as shown in
the left panel of Fig. 3. This generator has been used
(and also copied in several laboratories throughout
the world) for several studies described below.

For example, our study of the scattering of a low-
mode internal tide by finite-amplitude gaussian to-
pography allowed to support the belief that finite-
amplitude topography produces significant reflection
of the internal tide and transfers energy from low to
high modes. Using this device, we have also evi-
denced the production of a robust horizontal mean
flow induced by internal gravity waves, when a wave
beam is forced at the lateral boundary of a tank. The
key ingredient for the existence of these horizontal
mean flows is the concomitant existence of variations

10T0 50T0

Figure 3: Snapshots of the experimental vertical density
gradient field for 10 and 50 primary wave periods.

of the wave amplitude in both horizontal directions.
In the transverse direction, the variations are simply
due to the fact that the wave generator is localized
in a segment smaller than the tank width. In the
longitudinal direction, the variations of the wave am-
plitude are due to viscous attenuation

However, the study which has attracted most at-
tention was related to another important way through
which large-scale oceanic internal waves transfer their
energy to small-scales, possibly inducing mixing: the
parametric subharmonic instability (PSI). Using this
novel generator, we were indeed able to provide the
first experimental verifications of this nonlinear res-
onant interaction through which a primary wave
(plane waves or vertical modes) excites pairs of waves
whose frequencies and wave numbers add up to the
frequency and wavenumber, respectively, of the pri-
mary wave [14]. The right panel of Fig. 3 presents
how the initial beam is destabilized and emits sec-
ondary waves out of the beam, since the unusual
dispersion relation of IW implies a different angle of
propagation when the frequency is modified.

Interestingly, we discovered that the disconnect be-
tween theory, which assumes the waves are periodic in
space and time, and reality in which waves are tran-
sient and more importantly spatially localized, mod-
ifies drastically the result. We have thus shown the-
oretically, numerically and experimentally that the
width of the internal wave beam is a key element, a
feature totally overlooked previously, despite numer-
ous numerical simulations. In particular, we have re-
ported dramatic consequences on the triad selection
mechanism. The subharmonic plane waves that are
theoretically unstable can only extract energy from
the primary wave if they do not leave the primary
beam too quickly. This finite-width mechanism has
two opposite consequences on the wave energy dissi-
pation: it can hinder the PSI onset (reducing transfer
and therefore dissipation), but when PSI is present
it enhances the transfer towards small wavelengths,
more affected by dissipation.

We have also shown that PSI unexpectedly de-
stroys the coherence of an internal wave attractor in a
confined fluid domain [75]. The triadic resonance ap-
pears to be, moreover, a very efficient energy pathway
from long to short length scales. This work provides
an explanation of why attractors may be difficult or
impossible to observe in natural systems subject to
large amplitude forcing. Finally, let us stress also
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that we have also provided an experimental study of
PSI in the very similar context of inertial waves in a
rotating homogeneous fluid.

We studied internal solitary waves first by revisit-
ing the deadwater phenomenon when a boat evolving
on a two-layer fluid feels an extra drag due to waves
being generated at the interface between the two lay-
ers whereas the free surface remains still. Second, we
generated quasi-two-dimensional internal wave beam
impinging on a pycnocline, resulting in the generation
of internal solitary waves at this interface. These ex-
periments were inspired by observations of internal
solitary waves in the deep ocean from synthetic aper-
ture radar (SAR) imagery.

In addition to above fundamental studies, we have
started to study more realistic situations in which the
different mechanisms studied separately occur simul-
taneously. The most challenging issue was related
to the complex double-ridge system in the Luzon
Strait in the South China Sea, which is one of the
strongest sources of internal tides in the oceans. We
have developed a large-scale laboratory experiment
performed at the Coriolis platform in Grenoble. It
was carefully designed so that the relevant dimension-
less parameters closely matched the ocean scenario.
The results [47] advocate that a broad and coherent
weakly nonlinear, three-dimensional, diurnal internal
tide, which is shaped by the overall geometry of the
double-ridge system is radiated into the South China
Sea and subsequently steepens; it explains one of the
strongest sources of internal tides in the oceans, asso-
ciated with which are some of the largest amplitude
internal solitary waves on record.

Statistical mechanics of oceanic and atmo-
spheric large scale flows (ANR Statocean, J. Som-
meria, LEGI, X. Carton, LPO)

A striking property of oceanic and atmospheric
flows is their propensity to self-organize into robust
large scale coherent structures, which are major fea-
tures explaining weather and climate (cyclones, an-
ticyclones and jets). This robust self-organization
involves a huge number of degrees of freedom cou-
pled via complex nonlinear interactions. Statisti-
cal mechanics is a very powerful theory that allows
us to reduce the complexity of the system down to
a few thermodynamic parameters. Statistical me-
chanics approaches to the large scales of geophys-
ical fluid dynamics can be decomposed into three
classes. First, equilibrium statistical mechanics, fol-
lowing the pioneer works of Miller Robert and Som-
meria(MRS) in the 90’, applicable for 2d Euler flows
and quasi-geostrophic models. Second, kinetic the-
ory approaches, developed during the last ten years,
allowing for taking into account effects of forcing
and dissipation in a close to equilibrium framework.
Third, the use of large deviation theory to deal with
far from equilibrium problems. Here we present ap-
plications of the first and the second approaches, see
also [13]. More fundamental aspects and the large
deviation approach are discussed in section II T7R D.

Over these last five years we have applied the equi-

librium theory to several problems of oceanic rele-
vance [13]. For instance, we have shown the existence
of a formal analogy between bubble formation and the
emergence of mesoscale (300 km) oceanic rings, which
are observed everywhere in the oceans. This theory
explains many of the observed properties of mesoscale
ocean vortices [89]. We have then shown that bot-
tom intensified anticyclonic recirculations above to-
pographic bumps such as the observed Zapiola anti-
cyclone are close to an equilibrium state [85] and we
have more generally provided a statistical mechan-
ics interpretation for the vertical structure of oceanic
flows, including the barotropization problem [87].

For atmospheric and oceanic flows at planetary
scales in a statistically stationary regime, the long
time effect of forces and dissipation is crucial. We
have developed a kinetic theory for the description of
planetary zonal (east-west) jets. It was developed in
a inertial limit, when there is a clear separation of
time scales between the rapid evolution of the fluctu-
ations of the velocity field and the slow evolution of
the zonal jets. This is relevant to describe for instance
multiple zonal jet on Jovian atmosphere. The theory
predicts the jet velocity profile and the turbulence
statistics, with a systematic expansion improving the
justification of previous approaches based on quasi-
linear approximations or cumulant expansions [12].

E. Magnetohydrodynamics and the dynamo effect

(ANR VKS-dynamo, S. Fauve, LPS, F. Daviaud,
SPEC, CEA Saclay; PICS Russie, P. Frick, Perm)

Induction, dynamo and turbulence at low
magnetic numbers. Experimental investigations
of MHD flows at moderate magnetic Reynolds num-
ber (Rm ∼ 5) have been developed in a von-Kármán
gallium flow (the flow is driven by fast rotation of
counter-rotating disks inside a cylinder) with charac-
teristic size 10 cm and velocity 1 m/s. Our recent
studies are a follow-up of previous investigations and
were focussed on three items: (i) the effect of high
conductivity and/or high permeability solid rotating
parts on magnetic inductions mechanisms [93], (ii)
the characterization of the dynamics of the Bullard-
von Kármán flow - a simple synthetic experimen-
tal dynamo incorporating turbulent fluctuations and
an external amplification - and in particular the oc-
curence of on/off intermittency [76, 94], and (iii) the
transition from hydrodynamic turbulent regimes to
MHD turbulent regimes obtained with a high ampli-
tude, externally applied magnetic field which modi-
fies the flow [91]. Other investigations have also been
developed, which are detailed in T8R.

Dynamos at high magnetic numbers: the
VKS experiment. The VKS experiment is a joint
experiment run by ENS Lyon, ENS Paris, and CEA
Saclay consisting in a large scale von-Kármán flow
driven in liquid sodium. Following the observation of
self generation of the magnetic field, achieved in 2006
as well as dynamical regimes relevant to astrophysical
situations, a detailed characterization of the genera-
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tion mechanisms and the dynamics of these dynamos
have been lead. The various dynamics and bifurca-
tions are summarized in [6, 53] and include bistability
between stationary and oscillating dynamos [5], and
observation of localized dynamos [37]. Generation
mechanisms were shown to be localized close to the
high permeability driving impellers [8]. The statis-
tical analysis of the response to an external forcing
shed light on the influence of the conductivity and/or
magnetic permeability on the dynamo threshold [51].

F. Instabilities in 2- and 3-phase flows

Washboard road (FRAMA, V. Langlois, LGL).
The tendency of unpaved road surfaces to develop
lateral ripples (washboard or corrugated road) is an-
noyingly familiar to drivers on dry gravel roads. Sim-
ilar ripples are well known on railroad tracks and
many other rolling or sliding, load bearing surfaces.
Our approach combined laboratory experiments and
soft-particle direct numerical simulations. In previ-
ous studies we have shown that the onset of the rip-
ple pattern exhibits a sharp threshold as the speed is
varied. The ripple pattern appears as small patches
of travelling waves which eventually spread to the en-
tire circumference (Fig. 4). The ripples move slowly

Figure 4: Washboard Road at the laboratory scale. A
ripple pattern appears spontaneously due to the repeated
passing of a wheel on a sandbed.

in the driving direction. Interesting secondary dy-
namics of the saturated ripples were observed. Based
on empirical laws for force acting on a wheel, a lin-
ear stability analysis near onset was developed and
recovers all experimental features. In more details
we have performed measurements of the drag and lift
forces experienced by a blade dragged at constant ve-
locity at the surface of a sandbed. In order to probe
the frequency response of the system, tests were car-
ried out where the blade was forced to oscillate on a

flat bed, or where a horizontal motion of the blade
was imposed over a sinusoidal sandbed [60]. These
measurements are the keystone of the linear stabil-
ity analysis presented in [61]. The key results of this
work are the prediction of a critical velocity for the
onset on the instability and of the wavelength of the
pattern.

Silo discharge Flows of granular media through
orifices present interesting features that have been
intensely studied in the last 50 years. Among them,
the most peculiar is that the flow-rate from an orifice
does not depend on the height of the granular column
above it. Even if the flow-rate is well accounted for
by empirical laws, the underlying physics is still not
well understood and questions remain open.

In this context, using the discharge of a 2D hori-
zontal silo [3] or measuring the stress profile at the
base of a vertical 3D silo [62], we discussed the
(in)dependence of the flow-rate on the local stress
in the outlet region. In addition, we studied the dis-
charge of a silo when the material is slightly cohesive.
For small grains, Van der Waals forces or humidity
indeed lead to sticky grains. We observed that the dy-
namics inside the silo (interesting by itself) does not
significantly alter the flow-rate which still obeys the
classical empirical law, but that the flowing particles
are not individual grains but rather clusters of grains
whose typical size depends on the humidity [36].

Degassing through complex fluids In many
natural systems, gas rising through complex mate-
rials is at the origin of a wide variety of behaviours.
Understanding the dynamics of such systems is of cru-
cial importance in the mitigation of natural hazards.
Flow regimes in saturated granular media, for in-
stance, can go from homogeneous seepage (fluid per-
colation) to piping and partial failure. This last case
plays a major role in soil liquefaction, mud volcanism
and diapirism, and hydraulic fracture. Experiments
were set up in the laboratory to model two main pro-
cesses encountered in natural phenonema, and quan-
tify the mechanisms that govern their dynamics.

First, we focused on gas venting at the seafloor.
The experiment consists of a 2D or 3D cell, filled with
a granular medium immersed in water. The grain
size and polydispersity are varied, as controlled pa-
rameters. Air is injected at the bottom of the cell
through a nozzle, at constant flow-rate. This, ap-
parently simple, experiment exhibits a complex dy-
namics, from percolation to fracture when the air
crosses the medium, as well as the formation of a
fluidized zone whose characteristics were fully deter-
mined [81, 84]. Application to seismic microevents
produced by gas expulsion at the seafloor in the sea
of Marmara was performed [77]. Second, we modeled
the degassing in a volcanic conduit by injecting air
at the bottom of a complex-fluid column. The fluid
is viscoelastic, with yield strength, to mimic the lava
rheological properties. The dynamics alternates be-
tween successive bubbles and continuous degassing,
and may be at the origin of the intermittent behavior
observed on some volcanoes [27, 96, 124].
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T2R. Soft Matter : Multi-scale Mechanics, from Measurements to Models
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Over the last five years, we have developped a wide range of studies in the field of Soft Condensed Matter
Physics, combining experimental work with theory and numerical simulations. Our research interests have
focused on the mechanical and rheological properties of a large variety of so-called “Soft Materials”, such as
liquid crystals, melted polymers, elastomers, emulsions, gels, foams, granular and biological materials. In order
to understand and establish links between the microscopic structures of such materials and their macroscopic
physical properties (as for instance aging, flow, resistance to rupture), we haved combined experimental and
theoretical tools used in many different fields of physics and engineering (optics, acoustics, non-linear and
statistical physics). Thanks to the development of model systems and state-of-the-art instrumentation, we
apply those tools on a wide range of scales - from the nano/microscopic constituents, through the coarse-
grained mesoscopic level, and up to the macroscopic scale of the systems considered. This multi-scale approach
constitutes the cornerstone of our work, highlighted in the following detailed description of our studies: from the
nano-mechanics of viruses or carbon nanotubes, to the design of self-assembled structures, and the deformation,
fluidization up to the failure of both brittle and ductile heterogeneous materials. Finally, we want to underline
that a strong effort is placed on bridging the gap between fundamental studies and real-world applications, as
witnessed by various active industrial collaborations (L’Oréal, Solvay, Bluestar). We are therefore conducting
a multi-disciplinary approach, which as a result stimulates many collaborative efforts within the various teams
of our laboratory, transverse to the various themes presented in this report, and also active exchanges with
numerous world renowned institutes, national and international.

A. Nano-mechanics

Passive micro-rheology: from kBT to G(ω)
(Coll. LMA, ERC OutEFLUCOP) – At equilib-
rium, thermal fluctuations generate spontaneous ran-
dom deformations in all materials, fluids or solids.
The fluctuation-dissipation theorem directly links
this thermal noise to the dissipative (imaginary) part
of the associated susceptibility, i.e. the inverse of the
linear viscoelastic modulus 1/G(ω). Applying the
Kramers-Krönig relations to this component yields
the conservative (real) component. G(ω) can thus be
fully determined from the measurement of the ther-
mally excited deformations. We apply this strategy
to many different systems:
• A µm-sized fiber glued to an Atomic Force Micro-
scope (AFM) tip is dipped into a (possibly opaque)
liquid to measure its viscosity.
• One or two µm-sized beads are inserted into a
medium, and their Brownian motion is optically
tracked (one-point or two-point micro-rheology). The
resulting viscoelastic modulus compares well with
that directly measured with a high-frequency piezo-
rheometer on actin networks [187].
• The thermal noise driven waves at the medium-air
interface are optically recorded using surface fluctu-
ation specular reflection (SFSR) spectroscopy. Af-
ter elimination of gravity and surface tension effects,
the obtained viscoelastic modulus agrees with that
directly measured on polymeric systems [173].

• AFM cantilevers with a metallic or dielectric coat-
ing (thicknesses from 10 to 500nm) present 1/f ther-
mal noise in deflection at low frequency, a signature
of the viscoelasticity of the coating layer. Using an
ultra-sensitive interferometer, we access to G(ω) with
only a 10−4 relative incertitude over a 4 decade fre-
quency range [151, 169].
All these methods allow assessing the viscoelastic
properties of a material by probing its equilibrium
mechanical fluctuations, on a much wider frequency
range than conventional techniques, and in a true zero
stress limit.

Nano-mechanics of single objects (Coll. JP.
Aimé CBMN, A. Ayari ILM, ANR HiResAFM) –
AFM can be used to apply mechanical stress on sin-
gle nanoscale objects to study their mechanical re-
sponse (stiffness, adhesion. . . ). We use such an ap-
proach on systems ranging from viruses to carbon
nanotubes with commercial as well as home made
AFMs (see section Imaging and Instrumentation).
Nano-indentation measurements are for example per-
formed on retroviruses (HIV-1) or small icosahedral
viruses (AAV) to study their mechanical properties
at thermodynamic equilibrium and their stability as
a function of the environment (temperature, pH, os-
motic pressure) and/or genome (RNA, ss-DNA or
ds-DNA). In other experiments, single wall carbon
nanotubes, grown directly at the AFM tip apex, are
pressed against a flat substrate. The quasi-static
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force vs distance curves are characteristic of processes
of adhesion and peeling during retraction, leading
to quantitative measurements of the adhesion energy
(Fig. 5). In parallel, the nano-contact thermal noise
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Figure 5: We push a single wall carbon nanotube (CNT)
against a flat substrate and record the force vs the com-
pression. The interaction is attractive and strongly hys-
teretic, showing force plateaux signaling the absorption
of the CNT and a peeling process during retraction. The
value of the plateau is a quantitative measurement of the
adhesion energy per unit length: Ea = 1 nJ/m for this
CNT on graphite [113].

leads to the intrinsic stiffness of the nanotube [113].
This process is a close nano-scale analog to the macro-
scale peeling of adhesive tapes (see section II T2R C).

Stress relaxation in entangled polymer melts
(ANR CompPhysSoftBioMat) – Understanding the
role of entanglements in the dynamics of high molec-
ular weight polymeric liquids is a classical subject
of polymer physics. We perform extensive computer
simulations of the equilibrium and relaxation dynam-
ics of entangled model polymer melts and explore
the shear relaxation modulus, G(t), into the plateau
and into the terminal relaxation. Using the known
(Rouse) mobility of unentangled chains and the melt
entanglement length determined via the primitive
path analysis of the microscopic topological state of
our systems, we perform parameter-free tests of sev-
eral different tube models. We find excellent agree-
ment for the Likhtman-McLeish theory using the dou-
ble reptation approximation for constraint release, if
we remove the contribution of high-frequency modes
to contour length fluctuations of the primitive chain,
demonstrating that the primitive path analysis of the
microscopic structure endows the tube model with
predictive power for dynamical processes [142].

B. Self-assembled systems

We have a long-standing expertise in the self-
assembled phases of soft matter including liquid
crystals, surfactants, colloids, and polymers. The
challenge in understanding, or in devising, self-
assembled molecular structures consists in linking
the macroscopic properties of a material to the sym-
metries of the interactions between its molecules via
the formation of self-assembled ordered structures
at mesoscale. Over the last five years we have been

devoting efforts to colloidal self-assembly. Compared
to molecular systems, colloidal phases offer a unique
opportunity: their structures can be probed not only
by scattering techniques to achieve high statistics
and high temporal resolution [181], but also by
optical imaging to gain a direct and quantitative
insight into their structure and their slow dynamics.
We shall focus here on two prototypical studies.

Figure 6: (a) Schematics of two chiral colloidal mem-
branes. The twist of the colloidal rods at their edges
leads to atypical coalescences: (b) coalescence by twist,
(c) line defects formed through incomplete coalescence,
(d) alternating pores and line defect also formed through
incomplete coalescence. Scale bars: 10 µm.

Chiral Coalescence (ANR HARB) – We use
colloidal-rod droplets as a proxy to address generic
coalescence mechanisms which govern the equilibrium
behaviour in various systems ranging from intercel-
lular transport to planetary formation. We studied
the coalescence pathways of circularly shaped 2d self-
assembled colloidal membranes, which are one rod-
length-thick liquid-like monolayers of aligned rods.
We characterized pathways that do not proceed to
completion but instead produce partially joined mem-
branes connected by line defects (Fig. 6). Using laser
tweezers we have shown the possibility to create and
manipulate the line defects, leading to a robust on-
demand method for imprinting networks of channels
and pores into colloidal membranes [184],

Microbubbles that live longer – From an ap-
plied perspective, colloids at interfaces have been
used to stabilize foams for decades. This so-called
Pickering method is a well-established laboratory ex-
periment. However, carrying out the process on an
industrial scale is limited by the need to chemically
modify the particle’s surface and to establish a vi-
able protocol for large-scale production and post pro-
cessing. For practical applications including medical
diagnostics, wastewater treatment, food and cosmet-
ics, microbubbles need to be encapsulated to extend
their lifetime. Our work has focused on creating new
microbubble encapsulation techniques that overcome
these limitations. The basis of the method resides
in the use of ionic surfactants that adsorb to the
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Figure 7: Cross-sectional schematic illustrations (top)
and corresponding Scanning Electron Microscope images
(below) of microbubbles encapsulated with nanoparticles
of various geometrical shapes.

gas-liquid interface of the microbubble. They play
two roles: i) they lower the surface tension, which
decreases the energy needed to create microbubbles
and diminishes the Laplace pressure, and ii) their
ionic nature supplies the bubble surface with a resid-
ual charge that will induce electrostatic interactions.
Choosing oppositely charged nanoparticles leads to a
strong attraction of the particles to the bubble surface
- the particles “stick” to the bubble surface and form
a coherent encapsulating layer. This simple process
is completely general and can be applied to a wide
range of systems. We have demonstrated the method
with particles having different geometrical forms (e.g.
spheres, platelets, needles) (Fig. 7), and shown that
the microbubbles can last for over a year (that led to
pending patents in collaboration with L’Oréal).

C. Deformation and instabilities

In the previous section, we aimed both at inventing
new materials from the self-assembly of microscopic
constituents, and at characterizing the original physi-
cal properties of the resulting microstructures at rest.
Here, we consider the behaviours of soft complex ma-
terials driven far from mechanical equilibrium. Not
only does this question raise difficult fundamental is-
sues but it is also of prime practical importance, as
deformation is involved in virtually any everyday-life
application of soft materials. In order to address the
problem, we combine experimental and theoretical
skills from many different fields in physics and engi-
neering, e.g. microscopy and acoustics, rheology and
mechanics, nonlinear and statistical physics, etc. The
challenge lies in understanding how an external defor-
mation couples to the material structure and possibly
leads to highly nonlinear behaviours, instabilities or
even collective phenomena. In the following we high-
light our most important discoveries in the field.

Mechanics of liquid crystals – The effects of
a temperature gradient, of a rotating magnetic field,
or of an electrical field on the texture of liquid crys-
tals have been systematically addressed, leading re-
spectively to a better knowledge of the thermome-

chanical Lehmann effect in cholesterics with a pro-
found questioning of the Leslie theory [160] (Fig. 8(a),
to a better modeling of surface viscosity and yield
torque at the nematic-substrate interface [164], and
to the discovery of a new electro-capillary instabil-
ity (Fig. 8(b)). We also initiated a study of smectic
liquid crystals doped with gold nanoparticles which
were shown to be responsible for a strong hardening
of the smectic phase and could be used to improve
the lubricant properties of the phase [166].

Creep of granular matter driven by temper-
ature changes (ANR Internationale MicmacGrains)
– Even minute temperature changes due to the associ-
ated dilation of the grains can lead to the destabiliza-
tion of granular packings. Thus, subjected to temper-
ature cycles, a granular column compacts slowly. We
assessed the phenomenon experimentally [109] and
numerically, in more [171] or less [110] model systems.
The study reveals a critical amplitude of the temper-
ature variations which separates rest from creep and
around which the system flows erratically, alternating
between rest and sudden flow events. Rest periods
are characterized by temporal correlations whereas
memory effects are absent in flow periods.

Figure 8: (a) Lehmann rotation of the extinction branches
of two disclination lines observed between crossed polar-
izers in a planar cholesteric sample. (b) Electro-capillary
instability of a nematic-isotropic interface. (c) Shear-
induced structuration into vorticity-aligned rolls in a car-
bon black dispersion. (d) Wrinkle pattern in a confined
layer of protein gel.

Instabilities in confinement (ERC USOFT) –
Confinement often leads to original, unexpected ef-
fects in physical systems. When a homogeneous as-
sembly of attractive particles is sheared between two
walls with a gap distance comparable to the parti-
cle or aggregate size, a striking instability is observed
in the microstructure: the system separates into log-
rolling aggregates aligned perpendicular to the shear
direction [139]. We have shown that this instability
occurs not only in Brownian systems such as carbon
black dispersions (Fig. 8(c)) but also in non-Brownian
suspensions of attractive glass beads. Besides shear-
induced structuration, we have studied thin layers of
protein gels confined between two non-adhesive walls
and discovered an original instability whereby, upon
slow acidification of the initially stable protein sus-
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pension, a gel layer forms that progressively swells
and wrinkles as shown in Fig. 8(d).

Fluidization dynamics of yield stress mate-
rials (ERC USOFT) – Yield stress materials such as
concentrated emulsions or colloidal gels show solid-
like properties at rest but flow easily when submitted
to an external stress larger than some characteris-
tic “yield” stress. We have shown that some model
microgels display long-lived transient shear localiza-
tion in the vicinity of the yield stress and that the
timescales for full fluidization follow critical-like scal-
ings with the applied stress or shear rate, raising the
question of universality in yielding dynamics [126].

Elastic instabilities and shear banding (ERC
USOFT) – Entangled polymer solutions develop
strong normal forces under flow that lead to a rich
phenomenology, akin to classical inertial instabilities
in Newtonian fluids such as the Taylor-Couette in-
stability. Combining ultrasonic imaging to rheom-
etry, we compared the case of polymers to that of
viscoelastic surfactant systems forming wormlike mi-
celles. In the latter, strong flow–microstructure cou-
pling drives shear-induced structures and/or shear
banding, which affects elastic instabilities and the
transition to elastic turbulence [132].

Strain localization in cohesive granular mat-
ter (Coll. F. Melo, Chili) – Cohesive granular ma-
terials (fine powders, wet grains) constitute another
class of materials exhibiting instabilities due to their
peculiar mechanical response. We revealed experi-
mentally the formation of a complex fracture pat-
tern in a stretched layer of cohesive granular material
(Fig. 9(a)) and proposed a mechanism based on the
stretch-thinning nature of the response to strain[106].

Figure 9: (a) Fracture pattern at the surface of a stretched
layer of cohesive granular matter. (b) Analysis of a crack
path in paper. (c) Droplet configuration in a confined
emulsion submitted to a periodic flow.

Fracture of soft & heterogeneous materials
(Coll. L. Vanel, O. Ramos, ILM, FRAMA CRACKS
& ERC USOFT) – We characterize experimentally
the mechanical instabilities during the deformation
and failure of various heterogeneous materials. The
main goal is to get a better understanding of those

mechanical instabilities in order to control and pre-
vent catastrophic rupture events. First, we have char-
acterized the avalanche dynamics observed during
the subcritical thermally activated slow crack growth
in paper sheets (Fig. 9(b)) [182]. Thanks to high
frequency acoustic monitoring, we have shown the
existence of temporal correlations between rupture
events, similar to aftershocks for earthquakes [177].
These correlations have an impact on the value of the
exponent characterizing the distribution of the energy
of avalanches, which is a crucial parameter for the
prediction of catastrophic events. Second, we have
found that acid-induced protein gels display creep de-
formation followed by the nucleation and growth of
fractures when submitted to an external shear stress.
The detailed rupture scenario of these soft biogels is
strikingly reminiscent of brittle failure in hard ma-
terials and shows excellent agreement with the most
recent fiber-bundle models.

Grains and compressible interstitial fluid –
Dry granular materials have been widely studied, but
the effect of the interstitial gas is generally neglected.
However, due to complex interactions between the
solid grains and the fluid, fine powders exhibit very
surprising behaviours. For instance, droplets of such
materials climb slopes when they are vertically vi-
brated [170]. A strong influence of the interstitial air
is also clearly evidenced by the study of the acceler-
ation signals from an instrumented sphere impacting
into a granular medium, which leads to a cavity col-
lapse as observed in fluids.

Stick-Slip peeling (Coll. L. Vanel, ILM, P.-P.
Cortet, FAST, M. Cicotti, ESPCI, ANR StickSlip) –
The crackling sound heard when unwinding quickly
an adhesive tape is a direct manifestation of the jerky
advance of the peeling front, moving at a speed that
alternates between slow (stick) and fast (slip) phases.
This rupture instability results from the coupling be-
tween the elastic tape and the nonlinear rheology of
the adhesive. Our experiments show that the peeling
angle is a control parameter of the instability [116]
and unveil the crucial role played by inertial effects
[117].

Collective behaviors in microfluidic flows –
We have used emulsions as a proxy to investigate a
broad class of hydrodynamically coupled objects. We
showed that the combination of short-range collisions
and long-range hydrodynamic interactions results in
the propagation of density waves even though nei-
ther inertia nor potential interactions participate to
the droplet dynamics [121]. When driven periodi-
cally and despite the reciprocal nature of the hydro-
dynamic couplings, emulsions undergo a nonequilib-
rium first-order phase transition where reversibility is
collectively lost through structural (dis)organization
of the droplet ensemble (Fig. 9(c)) [143]. We also ad-
dressed theoretically the emergence of collective mo-
tion in confined swimmer suspensions, demonstrating
that homogeneous isotropic states are generically un-
stable and that the swimmers self-organize to display
coherent motion at arbitrarily large scale [111].
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We have an intense activity in the field of biological physics, where we study physical principles and mecha-
nisms by which living organisms survive, adapt, and grow. Our interests span a broad range of length and time
scales: from nucleic acids and proteins to cell nuclei, and from single cells to organisms. The projects often
combine experimental work, the analysis of massive amounts of experimental data, and physical modeling us-
ing both analytical and numerical techniques. An increasing number of projects is carried out in collaboration
with (mostly experimental) colleagues from biology laboratories at ENS de Lyon and elsewhere.

A. Nucleic acids and proteins

The interplay of proteins and nucleic acids is cen-
tral to biological organisms. Proteins typically fold
into a specific three-dimensional globular structure
determined by their amino acid sequence. They act as
catalysts and molecular machines or perform a struc-
tural role by assembling into cytoskeletal filaments or
viral capsids. DNA’s primary role is to store genetic
information in the nucleotide sequences of the com-
plementary strands of the double helix.
At low temperatures proteins exhibit a universal dy-
namical transition to a glassy state and there was
evidence that this behavior is reproduced by one
of the simplest physical models, the frustrated Gō
model. We have investigated the incoherent neutron-
scattering structure factor, the transitions among en-
ergy states at low temperatures, and the transient vi-
olation of the fluctuation–dissipation theorem in non-
equilibrium fluctuations after a sudden temperature
quench and found, that the equilibration in the Gō
model follows Arrhenius behavior [220].
DNA shows different elastic behavior on different
scales, crossing over from the nano-scale elastic-
ity [194] of the double-helix to a kinked [273] worm-
like chain [193] on large scales (ANR CompPhysSoft-
BioMat). Some proteins binding to specific DNA
sequences do so by probing the mechanical proper-
ties of the double helix (“indirect readout”). We
have explored the nano-scale structure, elasticity, and
fluctuations of the double helix as a function of se-
quence and temperature in the framework of the rigid
base-pair model [240]. This allowed us to apply a
standard exercise in mechanical engineering to high-
resolution structures of DNA-protein complexes: the
inference of external forces and torques on the DNA
from its given static shape and its known elastic prop-
erties [195]. The revealed nanomechanical interaction
patterns provide a new view on DNA-protein binding
that complements structural analysis.

Key biological and nano-technological processes re-

quire the partial or complete association and disso-
ciation of complementary DNA and RNA strands.
We have developed a variant of the Poland-Scheraga
model for DNA melting, which reproduces experi-
mental data for melting temperatures over the full
experimental range of strand length, strand concen-
tration, and ionic strength of the solution [227]. For
RNA we have shown how to systematically predict
complex folded structures such as multiloops and
pseudoknots from a lattice model for the conforma-
tional entropy of folded RNA, which avoids popular
ad hoc generalizations of the Jacobson–Stockmayer
loop entropy [229]. Bubbles or open loops also exist
in the DNA double-helix. For long chains, the coop-
erativity of the melting transition and the different
thermal stability of GC and AT base pairs lead to
the successive step-wise opening of more and larger
domains. The open sites introduce flexible joints
that strongly reduce the DNA persistence length on
approaching the melting transition [273]. The size of
the closed regions can also be probed through neu-
tron scattering [282]. We have measured a local
melting profile of designed sequences and have shown
that, at biological temperature, the fluctuations of
AT-rich regions influence the local conformation of
base pairs up to 10 base-pair away [208]. While
correlations between thermal melting properties and
the biological information content of genomic DNA
can be used for ab initio gene finding [228], we found
a much stronger signal when analyzing mechanical
opening of superhelically stressed DNA where bub-
bles open with finite probability and are frequently
located directly upstream of transcription start sites
[225, 230].

B. Chromatin

The chromatin fiber constitutes the first step in the
hierarchical packing of DNA in the nuclei of eukary-
otic cells. Typically 80% of genomic DNA is bound
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inside of nucleosome core particles, where 147 base
pairs of DNA tightly wrap around a “spool” formed
by a histone octamer. The nano-mechanical analysis
clearly reveals the dominant forces, which are exerted
on the DNA at regularly spaced backbone-histone
contact sites where the minor grove faces the his-
tone octamer [196]. The remaining 20% form “link-
ers” between the core particles. Through interaction
with the histone H1/H5 the linker DNA can further
condense into a nucleosomal “stem.” We have inves-
tigated the stem structure by combining the nano-
scale description of the DNA structure and elastic-
ity with results of biochemical footprinting and cryo-
electron-micrography of reconstituted mono-, di- and
tri-nucleosomes [239, 272]. Our results suggest that
the stem should be viewed as a dynamic, polymor-
phic, hierarchically organized structure whose forma-
tion stabilizes and facilitates the formation of dense
chromatin fibers.

As an important actor in the regulation of nuclear
functions, the nucleosomal organization of the 10 nm
chromatin fiber is the subject of increasing inter-
est. Recent high-resolution mapping of nucleosomes
along various genomes ranging from yeast to human,
have revealed a patchy nucleosome landscape with
alternation of depleted, well positioned and fuzzy re-
gions. A recurrent question is to what extent the
genomic sequence dictates and/or constrains nucle-
osome positioning and dynamics [275]? Combining
single-molecule AFM measurements of the confor-
mation of surface deposited “designed” DNA chains
and 2D “worm-like chain” models with sequence-
dependent elastical properties [247–249], we were able
to show that long-range correlations (LRC) present in
genomic DNA [186] can favour “mesoscopic” bend-
ing of naked DNA chains and reduce the mechanical
cost of nucleosome formation (ANR DNAnucl (CGM-
CNRS)).
To describe nucleosome positioning along the chro-
matin fiber, we developed a simple thermodynami-
cal Tonks-gas model that accounts for both sequence
specificity of the histone octamer and for nucleo-
some–nucleosome interactions [186, 205]. While

Figure 10: Comparison of predicted nucleosome oc-
cupancy (log2) profile along the yeast chromosome II
genome with in vivo and in vitro profiles.

the good agreement with genome-wide in vitro data
demonstrates the reliability of the model, the compar-
ison to in vivo data reveals the action of external fac-
tors including transcription factors, ATP-dependent

chromatin remodelers [243, 274] and histone chap-
erones [215] (see Fig. 10). We experimentally con-
firmed this sequence-induced statistical positioning
mechanism by AFM measurement of nucleosome dis-
tribution along in vitro reconstituted nucleosomal ar-
rays [241].

While the preferred position of the histones along
the DNA is sequence-dependent, cells can influence
the fiber structure by locally recruiting histone vari-
ants. We have combined experiments and modeling
to investigate this effect [246] as well as the conse-
quences of the activity of chromatin remodeling pro-
teins. In particular, we have shown [245] that RSC re-
modeling of oligosome templates results in the pack-
ing of the nucleosomes at the edge of the template
with large stretches of nucleosome depleted regions
in the center. This feature of RSC may be used by
the cell to actively overcome barriers imposed by the
presence of nucleosomes.

C. Large-scale functional and structural organization of
genomes

(ANR HUGOREP (CGM-CNRS,IBENS,IBCP),
ANR REFOPOL (IBENS,CEA,CGM-CNRS), ANRS
LEDG-VIH-1). Chromatin displays a rich structure
beyond the nucleosome scale and we try to elucidate
the underlying physical mechanisms On the highly
studied S. cerevisiae organism, we showed the im-
plications of the highlighted “positioning via exclud-
ing”mechanism on the structure and function of yeast
genes [205, 206, 241, 276]. The generalization of our
modeling to other organisms such as humans has fur-
ther provided new insight on the close relationship
between the primary nucleosomal structure and the
genome organization and function (replication [188],
viral integration [236], gene activation [243]). In
particular, analysis of in silico and in vivo nucleo-
some landscapes revealed that “master” replication
origins in human cells were enriched in intrinsic nu-
cleosome free regions as a signature of an open chro-
matin state [188].
In previous work, we had shown how to identify
the likely location of replication origins from the
analysis of DNA strand compositional asymmetry
(skew) profiles [186, 526]. We found that the cor-
responding replication domains are closely related
to (i) genome evolutionary dynamic [203, 204, 233],
(ii) gene organization [285], (iii) epigenetic signaling
[188, 231, 232], and (iv) chromosome 3D architecture
[192, 244, 528, 555] These observations raise a num-
ber of interesting physical questions.

Concerning the influence of replication, we have
proposed a global model for the spatio-temporal pro-
gram of DNA replication in mammals [223]. Its cen-
tral parameter is the replication polarity which mea-
sures the mean directionality of the DNA polymerase
as a function of position. Both the skew resulting
from mutational asymmetries associated with repli-
cation [190, 191] and the derivative of experimental
replication timing profiles [192, 217] are shown to be
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proportional to replication polarity. We propose that
replication initiates at the “master” origins located
at borders of the observed megabase sized replication
domains with characteristic N-shaped skew profiles
[535] and corresponding U-shaped replication timing
profiles [192, 529, 530]. Secondary origins are re-
motely activated by the approach of a center oriented
DNA polymerases, allowing replication to progress
faster than the known speed of a single fork [217].

Secondly, we have asked how cells self-organize and
maintain the epigenetic marking allowing them to ex-
hibit different stable phenotypes from the same DNA
sequence. We have developed a stochastic model that
describes the dynamics of epigenetic marks along a
given DNA region [226]. In particular, we showed the
emergence of bistable epigenetic states from the coop-
erative recruitment of modifying enzymes. Thirdly,
we have further investigated a simple physical mech-
anism explaining the ubiquitous intra-chromosomal
looping, the spatial organization in terms of domains,
and the existence of chromosome territories. Sim-
ilarly to macroscopic strings tied into knots, chro-
matin fibers can slide past each other, but their back-
bones cannot cross. With relaxation times for their
topological state of the order of centuries, large chro-
mosomes exhibit the same “territorial” behavior as
corresponding equilibrated, un-entangled ring poly-
mers. The crumpled state is characterized by ran-
domly branched looping on the entanglement scale
( 100 kbp for chromatin) and the formation of lo-
cally compact domains on the scale of 10 entangle-
ment lengths (or 1 Mbp of DNA) [269] (see Fig. 11).
The model quantitatively predicts the generic form of
the available experimental FISH and HiC data for dis-
tances, mobilities and contact probabilities of (pairs
of) specific genetic loci [268].
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Figure 11: Crumpled polymers as a model for interphase
chromosomes. L.h.s. The territorial behavior of crumpled
polymers. Systems are comparable in size to human cell
nuclei. R.h.s. Comparison of model predictions to exper-
imental data for the generic, sequence-averaged contact
probability as a function of genomic distance [268, 269].

The question of compaction of genetic material is
not only relevant to higher organisms, but also to
viruses. Again the mechanisms involve the associa-
tion with proteins, but here in the form of a viral
shell. Bacteriophages are viruses that infect bac-
teria. Their DNA is actively packaged inside a viral
protein shell called the capsid. During the infection,
phages inject their genome across the bacterial cell
membrane. Using Isothermal Titration Calorimetry,
we were able to measure the energy stored by genome

compaction inside phage Lambda as it is externalized,
and to relate this quantity to existing models of DNA
packaging [224]. Similarly, we quantified the maxi-
mal amount of DNA to be filled inside an infectious
phage, and we correlate this result to the efficiency
of molecular motor performing the packaging[255].
Most viruses are incorporated as a whole into their
target cells. They need to be completely disassem-
bled upon cell entry and reassembled upon cell exit.
Hence our interest to study formation and stability of
viral protein shells (Prix Fondation Del Duca, ANRS
HIV-AD). We investigated the Human Immunodefi-
ciency Virus (HIV-1), which is responsible for AIDS.
For the assembly of HIV-1, we isolated viral parti-
cles produced by transfected cells and imaged them
at high resolution using an AFM. We observed quan-
titatively the size distribution of viral particles and
found that mean size and polydispersity is larger for
shells encompassing the viral genome. The analogy
to molecular self-assembly suggests that this obser-
vation is explained by general entropic arguments
[201, 202, 213]

The structures we have discussed above range from
the nm to the µm scale. The associated complex dy-
namics involves an even wider range of time scales.
Progress in cellular biology based on fluorescent mi-
croscopy techniques and the use of an original light
scattering experimental device allow to study the the
global internal dynamics of the nucleus of living cells.
We found evidence that the dynamics is dominated
by two different and independent kinds of relaxation
that are well separated in time and specific to the
phase of the cell cycle [271].

D. From cells to tissues

Swimming bacteria propelled by helicoidal flagella
display an oriented circular motion near surfaces.
This motion is antagonist to the run and tumble
chemotactic behavior of bacteria in the bulk, since
circling confines bacteria to a definite space. The
dynamics of swimming is driven by hydrodynamic
interactions and was theoretically predicted to be
dependent of the slipping properties of the inter-
face. We experimentally demonstrated by direct
videomicroscopy (ANR CONE, Pasteur Institute),
that the orientation is anti-clockwise at a clean air
water-interfaces [234] and clockwise at non-slippery
solid surfaces [235] . Interestingly, the orientation
may change as a consequence of bacterial secretions
modifying the surface properties, thereby freeing the
bacteria from the trap on the surface and restoring
the possibility of chemotaxis.

All the adult life long, two types of cells insure the
permanent renewal of the bone material: the osteo-
clasts, which resorb the bone, and the osteoblasts,
which secrete new material replacing the old one.
The adhesion of these cells with substrates involves
the formation of local structures, the podosomes, in
the contact region. Individual podosomes consist
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of a dense polymerized-actin core surrounded by an
actin cloud, whose dynamics we have modeled at the
molecular level [221]. Depending on the substrate
and on the differentiation stage, podosomes assemble
and form clusters, rings or belts. We have shown ex-
perimentally, that these assemblies move collectively,
dragging along the osteoclast cells, which catch up
in rapid jumps whenever the posterior edge detaches
from the substrate [222].

In tissues there is a dynamic mechanical equilib-
rium between cells exerting contractile stresses and
the resisting extracellular matrix surrounding them.
We have studied the mechanical adaptation of plant
[242] or mammalian [216, 238] cells to an external
constraint (ANR MECHASTEM, RDP) and the com-
plex oscillatory dynamics in asymmetric division in
C-elegans [265]. We found that the force balance is
essentially dynamic and that cells control the veloc-
ity of their response to stress by recruiting a highly
specialized assembly of molecular motors.

To some extent tissues resemble foams: the cell
walls form an array of flexible membranes, which en-
close the cytosol. However, the situation is more
complex, because the cell cytoskeleton is a network
of semiflexible actin proteins with the characteristics
of a gel [187]. We have proposed a model for the
viscoelastic behaviour of soft tissues [254] and have
validated it for different soft organs[250, 251]. The
model combines the elastic response of the cell walls,
the newtonian behaviour of the inner fluid and the
power-law time-dependent gel-like response of the cy-
toskeleton; it also accounts for the shear-thickening
due to the low extensibility of cytoskeleton fibers,
a characteristics opposite to the shear-thinning dis-
played by entropic polymer chains.

Finally, we are using non-linear physics approaches
to study rhythm generation and synchronization in
various biological tissues. The synchronization of
biological activity with the alternation of day and
night (circadian rhythm) is performed in the brain by
a group of neurons, constituting the suprachiasmatic
nucleus (SCN). We showed that both the period and
strength of the external signal, and the coupling be-
tween the sensory and the oscillating neurons in the
SCN are crucial in determining the synchronization
of the system [283]. Similarly, the appearance of
cell synchronization in the uterus before delivery is
not really understood, given that none of these cells
taken in isolation spontaneously oscillate. Instead, it
had been noticed that the cellular coupling very sig-
nificantly increases shortly before delivery, and that
birth could be hindered by interfering with this in-
crease in cellular coupling. This has led us to inves-
tigate assemblies of muscle and passive cells electri-
cally coupled together, and to study the role of the
coupling in the dynamical regimes occurring spon-
taneously [284]. Using simplified models of muscle
cells, we have shown that increased coupling may in-
deed generate rhythmic activity in the system, and
that, at sufficiently high values of the coupling, the
activity is synchronized [270]. More recent results,
using realistic models of uterine muscle cells, show

Figure 12: Scanning surface plasmon microscope topo-
graphic image of a smeared erythrocyte and its 3D height
(in nm) image captured with atomic force microscopy.

that the transition towards synchronized activity oc-
curs in the physiologically observed range of coupling
values at delivery time.
Cardiac arrhythmias, which are due to a lack of syn-
chronization of the organ, are the leading cause of
death in the industrialized world. Our study has
been aimed at understanding why the only method
capable of restoring cardiac rhythm, cardiac defib-
rillation, requires extremely high electric fields, and
how to reduce the energy necessary to re-synchronize
the heart. We have developed an understanding of
the interaction between the electric field and hetero-
geneities acting as “virtual electrodes”, allowing us
to propose a method which can reduce the energy
necessary to defibrillate by 80-90% [214, 237].

E. Technical advances

Surface plasmon microscopy is widely recognized
for its high sensitivity to nanoscale structures and
interaction. Thanks to the coupling of this evanes-
cent wave plasmonic excitation to high numerical
aperture objective lenses, we pushed its resolution
down to the diffraction limit (ANR BIOPLASMO-
SCOPE), allowing the detection of nanoscale ob-
jects, such as isolated single nucleosomes for instance
[267, 286, 287]. We have also developed a com-
plete modeling of the response of this system to ex-
plain how it can detect such small objects while most
other microscopies are constrained by the diffrac-
tion limitation [209, 211]. Being a scanning method,
surface plasmon microscopy is particularly efficient
for cellular imaging since it spans nano- to submi-
croscales, affording more than four decades of scales
[185, 197, 198, 266]. In the last two years we have
both experimentally and theoretically demonstrated
that from a set of images captured by this microscope,
the topography and index of cells and soft objects can
be retrieved. [200, 210, 774].

The understanding of biological systems requires
a multi-scale approach. We have developed a con-
current multi-scale scheme for complex fluids, which
is formulated in terms of a global Hamiltonian [259,
260]. Within the H-AdResS scheme molecules, or
parts of them, can cross boundaries between areas
at different resolution, while maintaining the overall
thermodynamic equilibrium.
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T4R. Mathematical Physics and Fundamental Interactions

Permanent Members: F. Bouchet, F. Delduc, K. Gawedzki, E. Livine, M. Magro, J.M. Mail-
let, G. Niccoli, H. Samtleben, V. Terras , F. Toninelli

Post-docs: F.E. Borja, A. Le Diffon, J. Tambornino, R. Wimmer

PhD students: V. Bonzom, Q. Berger, C. Charles, M. Dupuis, N. Grosjean, D. Lévy-
Bencheton, C. Tauber, T. Ortiz

The main fields of research within the mathematical physics group include: rigorous methods in statistical
physics, integrable models, conformal field theory, string theory, supergravity, and quantum gravity. Work
at the interface between statistical physics and probability theory involves strong ties with mathematicians
and has led to rigorous results in disordered systems and problems of relaxation to equilibrium for stochastic
dynamics of spin systems. Integrable systems are thoroughly studied in the group ever since its creation, with
many important results concerning in particular the asymptotics of correlation functions. In conformal field
theory, the ongoing work involves the use of new mathematical tools – gerbes – and unfolds obstructions to
the construction of gauged Wess-Zumino models. Supergravity has been a topic of intense activity in the last
five years, with many original results concerning gauged, extended and higher-dimensional supergravities and
supersymmetric field theories. The classical aspects of strings in a maximally symmetric background using
integrable methods is a relatively recent subject in the group. Last but not least, considerable work has been
devoted to quantum gravity, which is a subject of utmost importance in high energy theoretical physics.

Our results have given rise to 123 publications in international refereed journals. Before describing in more
details the results obtained over the last five years, we would like to highlight the following main achievements:

– Form factor approach to asymptotic behavior of correlation functions in critical models.

– Classification of global gauge anomalies in gauged 2-dimensional sigma models with Wess-Zumino terms.

– Proof of inviscid damping for the linearized two–dimensional Euler equations.

– Proof of disorder relevance for the 1+1-dimensional disordered polymer pinning model.

– Construction of an integrable q-deformation of the AdS5 × S5 superstring action.

– Construction of the En-covariant form of the full eleven-dimensional supergravity.

– Quantization and coherent states for discrete twisted geometries (with curvature & torsion).

A. Integrable systems and conformal field theory

Integrable systems: (ANR DIADEMS, IMB, Di-
jon, CNRS GDRI) Integrable systems are ubiqui-
tous in modern theoretical physics appearing both
in statistical mechanics and field theory with appli-
cations ranging from condensed matter to string the-
ory. They provide unique possibility to obtain non-
perturbative and exact results for strongly correlated
systems that cannot be obtained by other methods;
among others, it leads to invaluable benchmarks used
in numerics for more general cases. Besides the com-
putation of spectrum, scattering matrices and par-
tition functions the main challenge in this domain
concerns the exact computation of the form factors
and correlation functions that connect to measurable
physical quantities in such systems. Our group was
at the origin of several significant breakthroughs in
these problems along the last 15 years, starting from
the resolution of the so-called quantum inverse scat-
tering problem for spin chains that led to the com-
putation of their form factors and correlation func-
tions in the framework of the Algebraic Bethe Ansatz
(ABA). Among the works done in the last five years
we would like to emphasize the following three most
promising directions :

- Extension of the above method to models asso-
ciated to elliptic quantum algebras like the solid-on-
solid (SOS) model, which is the archetype of the class
of so-called face models with the XYZ model as the
main future goal. We obtained determinant represen-
tations for the finite-size form factors of local oper-
ators [376] and multiple integral representations for
the local height probabilities in the thermodynamic
limit [377].

- Development of a new method to tackle the large
distance and large time asymptotic behavior of corre-
lation functions for interacting critical models start-
ing from their form factor expansion, hence deriv-
ing from first principle their conformal properties
in the thermodynamic limit for two point functions
[365, 367] and then for arbitrary n-point functions.
This also led to the exact derivation of the so-called
X-ray edge singularities for the 1D Bose gas at ar-
bitrary positive coupling and the computation of its
correlation functions at low temperature [371, 372].
One of the goals of the method is to give a micro-
scopic and physical approach to conformal field the-
ories starting from lattice models.

- Setting up the resolution of the quantum inverse
problem and the computation of correlation functions
in the framework of the separation of variable (SOV)
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method to consider general integrable systems not
solvable by ABA; the first examples worked out have
been the lattice Sine-Gordon field theory [354] and
the Chiral Potts model [355].

Conformal field theory: We continued to de-
velop a geometric approach to 2- and 3-dimensional
field theory models based on the theory of gerbes
and their modules. In particular, we applied this ap-
proach to classify global gauge anomalies in gauged
2-dimensional sigma models with Wess-Zumino terms
on worldsheets without boundary [343] and with
boundaries or/and defects [344]. In the case of coset
models of conformal field theory, an almost com-
plete classification of the anomalous cases was ob-
tained [320].

B. Exact results in statistical physics and dynamical
systems

Our work is at the interface between statistical
physics and probability theory. Among the topics of
research are the rigorous study of disordered systems
(spin glasses, polymers in random environment) and
problems of relaxation to equilibrium for stochastic
dynamics of spin systems.

Polymers in random environment: The ran-
dom pinning model is one of the simplest disordered
models exhibiting a phase transition. It is also an
ideal testing ground to give mathematical basis to
the so-called Harris criterion, that gives predictions
on when disorder changes critical exponents (disor-
der relevance). The work [346] considers the case of
the pinning models in dimension 1 + 1, where disor-
der is “marginal” in terms of Harris criterion. In that
work it is proven that the critical point is modified by
disorder w.r.t. the homogeneous case (and that, for
weak disorder, the critical point shift is smaller than
any power of the disorder intensity). This proves a
conjecture by Derrida, Hakim and Vannimenus (’92).

Stochastic dynamics and relaxation to equi-
librium: Stochastic Markov evolutions of Glauber
type are naturally associated to discrete statistical
mechanics models (e.g. the Ising model). Classi-
cal question is how (and how quickly) the dynamical
process converges to the equilbrium measure. These
questions are particularly challenging at low tempera-
ture, where energy barriers between different thermo-
dynamic phases dramatically slow down dynamics.
In [312], sharp bounds on the time of relaxation to
equilibrium for the zero-temperature dynamics of the
three-dimensional Ising model were proven (Fig. 13).

Inviscid damping in fluid mechanics and
stochastic partial differential equations: (ANR
SYSCOM, LEGI, LPO) Turbulent flows are obvi-
ously irreversible. Less obviously this irreversibility
is probably independent of the microscopic dissipa-
tion processes, and formally time reversible dynam-
ics, like the two–dimensional Euler equations, have a
macroscopic irreversible behavior. In a recent work
we have shown that this is indeed the case, proving

Figure 13: An initially cubic droplet of ”minus” spins
in a sea of ”plus” spins for the 3D Ising model, evolving
according to the zero-temperature Glauber dynamics, is
eroded as time goes on. For the continuous-time evolu-
tion, an L×L×L droplet takes a time approximately L2

to disappear [312].

inviscid damping for the linearized two–dimensional
Euler equations [307]. This phenomenon is analogous
to the non-linear Landau damping, recently studied
by Cédric Villani and Clément Mouhot. Moreover,
the study of the non-linear inviscid damping for the
two-dimensional Euler equations is a current hot sub-
ject in the mathematical physics community.

Related to the stochastic two dimensional Navier–
Stokes equations, deep collaborations have been de-
veloped with mathematicians specialists of stochastic
partial differential equations.

C. String theory and supergravity

String theory is a theory to describe nature at the
smallest length scales, which replaces the concept of
point-like elementary particles by extended strings.
Its consistency requires supersymmetry and the pres-
ence of ten space-time dimensions. At low energies,
and after compactification of the extra dimensions,
the theory gives rise to supersymmetric effective field
theories, the so-called gauged supergravities. Central
themes of our research have been the classification
and construction of supersymmetric field theories, the
use of integrable methods in the study of string the-
ory on AdS5 × S5, and the holographic dualities.

Integrability and AdS5 × S5 string theory:
(PICS DIGEST, Hertfordshire) Integrability plays a
key role in the context of the AdS/CFT correspon-
dence between four-dimensional N = 4 superconfor-
mal Yang-Mills theory and type IIB superstring the-
ory on the ten-dimensional AdS5 × S5 background.
During the last five years, two important results have
been obtained. The originality of the approach con-
sists in focusing on the algebraic structure sustaining
integrability at the classical hamiltonian level.

In this context, the first steps of the Faddeev-
Reshetikhin approach developed in 1986 for the SU(2)
principal chiral model have been extended to the
AdS5 × S5 superstring [325]. We succeeded in deter-
mining the generalised Faddeev-Reshetikhin Poisson
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bracket for this theory. Unlike the case of the princi-
pal chiral model, this procedure does not completely
do away with the non-ultralocality in the canonical
Poisson bracket of the Lax matrix. However, it leads
to an alleviation of the non-ultralocality. Indeed, the
generalised Faddeev-Reshetikhin Poisson bracket of
the Lax matrix can be regularized and leads to a well
defined lattice algebra of the general quadratic form
identified by Freidel and Maillet in 1991. It has also
been shown that the Faddeev-Reshetikhin procedure
leads naturally to performing a Pohlmeyer reduction
of the superstring. This has therefore revealed an
unknown link between these two approaches.

The generalised Faddeev-Reshetikhin Poisson
bracket has also been used to construct an integrable
q-deformation of the AdS5 × S5 superstring action
[328]. The properties of this deformation are the fol-
lowing. Its integrability is guaranteed from the very
outset. The global PSU(2, 2|4) symmetry is broken
to its Cartan subgroup [U(1)]6. However, it admits
a q-deformed symmetry, which is the classical ana-
log of Uq(psu(2, 2|4)). The action is invariant under
κ-symmetry. The deformation interpolates between
the AdS5 × S5 and dS5 ×H5 spaces.

The original motivation related to these two results
comes from the AdS/CFT correspondence. However,
the methods have been developed within the general
framework of integrable σ-models. For instance, in
the case of the deformation, we have recovered in this
way the Yang-Baxter σ-model introduced by Klimcik.
This also generalises results obtained for the squashed
S3 σ-model.

Supersymmetric field theories: (ANR Chaire
d’excellence) Understanding the detailed structure of
the effective 6d theory of multiple M5-branes remains
one of the important longstanding issues of string/M-
theory. On general grounds this should be a (2,0) su-
perconformal theory of non-Abelian chiral tensor su-
permultiplets. Such structures show similarity with
concepts of higher gauge theories, Q structures, and
non-abelian gerbes extended to higher degree forms.
This is analysed in current work with mathemati-
cians at ICJ, UCBL. In [403] explicit six-dimensional
superconformal models with non-abelian gauge cou-
plings for multiple tensor multiplets have been con-
structed. A crucial ingredient in the construction is
the introduction of three-form gauge potentials which
communicate degrees of freedom between the ten-
sor multiplets and the Yang-Mills multiplet, but do
not introduce additional degrees of freedom. In later
work [404], we have classified the general gauge group
structure of these models and extended the construc-
tion to the presence of hypermultiplets which com-
plete the field content to that of superconformal (2,0)
theories.

Supergravity: Supergravity theories arise as low-
energy effective field theories of string compactifica-
tions with applications in the holographic descrip-
tion of gauge theories. In [396] the unique maxi-
mally supersymmetric theory in two dimensions with
gauge group SO(9) was constructed. The theory is
expected to describe the low-energy effective action

upon reduction on the D0-brane near-horizon geome-
try, dual to the supersymmetric (BFSS) matrix quan-
tum mechanics. The existence of this theory has
been a long-standing conjecture based on its field con-
tent and higher-dimensional analogies. Unlike all the
other maximal supergravities relevant for the higher-
dimensional holographic dualities whose construction
has been accomplished in the 1980’s, the construc-
tion of this theory had to await modern tools. Its
construction is based on selecting the proper embed-
ding of the gauge group into the infinite-dimensional
symmetry group of the ungauged theory.

Another natural application of supergravity the-
ories is the construction of globally supersymmetric
field theories on curved spacetime. Such theories have
attracted increased attention with the advent of lo-
calization techniques that allow for numerous exact
results for supersymmetric gauge theories, such as the
computation of indices, partition functions and Wil-
son loops, providing in many cases checks of highly
non-trivial dualities. In recent work, the rigid super-
symmetric theories in four-dimensional Riemannian
spin manifolds have been classified [405]. The condi-
tions for supersymmetry translate into set of condi-
tions on the torsion classes of a suitable SU(2) or
trivial G-structure. Later work has extended this
analysis to interacting vector and tensor multiplets
on six-dimensional Riemannian spin manifolds.

In further work, we have constructed and analyzed
solutions of supergravity theories in various contexts
(wrapped branes, AdS flux compactifications, black
p-brane intersections, BPS black holes, warped AdS,
rotating branes).

Exceptional field theories: Eleven-dimensional
supergravity reveals large exceptional symmetries
upon reduction, in accordance with the U-duality
groups of M-theory, but their higher-dimensional ge-
ometric origin has remained a mystery. In [357, 360]
and subsequent work, D=11 supergravity has been
extended to a form which is fully covariant under the
exceptional groups En(n), (n = 6, 7, 8). In this covari-
ant formulation the exceptional symmetries acquire a
geometric realisation in terms of a higher-dimensional
‘exceptional spacetime’. Remarkably, this formula-
tion likewise comprises the IIB theory.

D. Quantum gravity

(ANR LQG09, CPT, LPT Orsay, LPTA) A very in-
teresting axis of development of the research activities
of the mathematical physics group is quantum grav-
ity. This is a huge challenge for theoretical physics.
The goal is to produce a theory describing the gravi-
tational interaction at all scales of length and energy,
from the Planck scale at 10−35m to astrophysical and
cosmological scales. It should provide a unified frame-
work for quantum field theory, particle physics and
general relativity. There are a few solid and fruit-
ful approaches to this longstanding issue. We distin-
guish string theory, loop gravity, dynamical triangu-
lations, exact renormalization group techniques and
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non-commutative geometry. Although inspired from
different perspectives, they often lead to comparable
pictures.

The quantum gravity team of the laboratory
focuses on loop quantum gravity and its associated
spinfoam path integral framework. The theory
defines quantum states of geometry and their dy-
namics is described by transition amplitudes given
by spin foam models. The goal is to understand and
analyze the quantum fluctuations of geometry and
apply the results to extreme gravitational fields for
which quantum gravity should cure the ill-behavior
of general relativity, but we also aim to study the
coarse-graining and renormalization flow of the quan-
tum dynamics in order to recover the standard laws
of gravity at our scale in a semi-classical regime and
to derive consistently quantum corrections, which
could be tested in cosmology, astrophysics or in the
phenomenology of particle physics. Over the past five
years, the team has produced a large array of relevant
results among which one can emphasise the following:

Spinfoams: correlations, asymptotics & dy-
namics: In both 3 and 4 space-time dimensions, we
have studied the properties of spinfoam transition
amplitudes and correlations on quantum states, es-
pecially focusing on their large-scale asymptotics and
recursion relations. On the one hand, beside powerful
analytical results on asymptotics and new methods to
derive the quantum corrections to the classical lead-
ing order, we have performed in collaboration with
Canadian colleagues the first numerical simulations
showing that we recover the r−2 behavior of New-
ton’s law for classical gravity at large distances (see
Fig. 14) while having completely regularized correla-
tions at the Planck scale [316].
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Figure 14: Numerical evaluation of the 2-function of 3d
quantum gravity in terms of the scale parameter j0: on
the log-log plot, the green dashed line is the leading order
reproducing the classical gravity law, the next-to-leading
order in blue with the oscillations takes into account the
path integral corrections.

On the other hand, recursion relations are not only
very useful numerical tools to compute the spinfoam
amplitudes but also reflect the existence of symme-
tries satisfied by those amplitudes. Having explored
this relation for 3d gravity, we have interpreted spin-
foam amplitudes for coherent states as generating
functions for the amplitudes in the standard spin ba-
sis and shown how to convert the recursion relations
into differential equations reflecting the Hamiltonian
constraints of the theory.

Non-commutative geometry: Formulating
spinfoams in terms of group field theory, which gener-
alizes matrix and tensor models, they are interpreted
as non-commutative quantum field theories that leads
to deformed special relativities with possible exper-
imental signature in particle physics [353]. From a
physical viewpoint, it amounts to working with a
curved momentun space. From the mathematical
perspective, we formalized this non-commutative ge-
ometry in terms of ?-products and a group Fourier
transform and showed it is related to a Moyal-Voros
product.

Spinor networks & coherent states: We in-
troduced a new parametrization of the phase space
of loop gravity in terms of spinors. These spinor net-
works clarify the interpretation of the quantum states
as discrete (twisted) geometry with torsion, also sim-
plifying the analysis of the constraint algebra. They
allow a direct quantization and the definition of well-
behaved coherent states of geometry (see e.g. [341]).
These have all become standard mathematical tools
for loop quantum gravity and spinfoams. In partic-
ular, spinfoam amplitudes are now all naturally ex-
pressed as path integrals over these spinorial coherent
states, which allows a more direct link with Regge
calculus ofr discretized general relativity. We further
generalized these tools to twistorial networks, which
are covariant under Lorentz transformations and ac-
count explicitly for the extrinsic curvature of our 3d
space into the 4d space-time.

Quantum cosmology: Cosmology is the main
arena for potential tests of quantum gravity. We
have developed a framework for homogeneous quan-
tum cosmology from loop gravity and computed the
spinfoam transition amplitude between cosmological
coherent states. This allowed to derive modified FRW
equations for the evolution of the universe[385], pre-
dicting a Big Bounce replacing the Big Bang singu-
larity. We hope to extend these group quantization
and coherent state techniques to dealing with inho-
mogeneities.

Side-products: mathematics & quantum in-
formation: Research in quantum gravity often re-
quires deeper studies in geometry and quantum me-
chanics, leading to results relevant for pure mathe-
matics (especially discrete geometry and knot theory)
or other fields of physics. In particular, we have ad
many interactions with the field of quantum informa-
tion and we would like to put forward a work defining
unitary N -designs [319].
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Condensed Matter embraces a wide range of different physical systems, whose common denominator is a
complex behaviour emerging from either strong interactions, or quantum statistics, or the conjure of both. Our
recent activities have covered a broad spectrum of subjects, ranging from the physics of bulk solids to that of
nano-structures, quantum fluids, and dilute quantum gases. A pervasive theme in modern condensed matter
is that of emulation and emergence, whereby the collective behaviour of a complex system (the “emulator”)
can exhibit the distinctive features of a widely different physical system, a priori unrelated to the emulator’s
elementary constituents. As an example of such a principle, semiconductors can reproduce the physics of
relativistic fermions; magnetic materials can mimic the physics of classical and quantum electrodynamics
admitting magnetic monopoles, or the physics of correlated Bose fluids; diluted quantum gases can mimic the
physics of dense materials (becoming therefore a subject of condensed matter physics) both in equilibrium
and far from equilibrium. On a different note, the electron waves in mesoscopic conductors can be used as a
coherent probe of the solid environment in which these waves travel: electron waves can unveil the decoherence
mechanisms at play in a quantum Hall bar, whose edges define an electron interferometer; and they can probe
the complex spin pattern inside a spin glass. Finally quantum fluids exhibiting turbulent flow, or ionised to
form a plasma, unveil the impact of quantum effects in extreme conditions.

A. Emergence and topology

ANR IsoTop, Univ. Bordeaux; FCAR, M. Gingras
(Univ. Waterloo); ENS, F. Mila (EPFL).

The last decade has experienced an explosion of
interest in materials whose low energy sector con-
sists of ”relativistic” excitations: Dirac fermions in
graphene, topological insulators and Weyl fermions
in semimetals. Dirac point engineering, relevant for
cold atoms in optical lattices, microwave experiments
on photonic crystals and the organic conductor α-
(BEDT-TTF)2 I3 have also given access to diverse
topological transitions. We have studied the effects of
disorder on these excitations and transitions. In [447]
we have studied 2D Dirac fermions in the presence of
long-range correlated random potentials. The den-
sity of states and full counting statistics for fermionic
transport at low energy have been investigated. In
[430] the effect of disorder on the topological tran-
sition from a semi-metal to a band insulator due to
merging of two Dirac points was studied.

We have studied geometrical and topological prop-
erties of energy band structures in crystals, with a
particular interest in topological insulators and semi-
metals. Recently, in close collaboration with an ex-
perimental group in Grenoble, it was shown that the
surface states originating from these topological prop-
erties can extend way beyond the expected energy
range [433]. In parallel, we have clarified the notion of
Berry curvatures in band structures, and their phys-
ical relevance (Fig. 15).

The emergence of magnetic monopole quasi-
particles as low temperature excitations of spin
ice materials is an exciting development in frus-

Figure 15: Dispersion relation of topological surface states
of HgTe as observed in ARPES (left) and in a numerical
k.P description (right). From [433].

trated magnetism. In these extraordinary materi-
als, the monopole vacuum is an extensive and quasi-
degenerate band of states whose spin configurations
are slave to an emergent U(1) gauge field. Conse-
quences of the gauge field constraint include symme-
try breaking transitions outside the usual Landau-
Ginzburg-Wilson description and thermally induced
topological sector fluctuations up to the mesoscopic
scale. Analysis of the emergent electrostatics and
stochastic dynamics of the Coulomb fluid shows
regimes of monopole crystalization [426] (Fig. 16) and
point towards non-Ohmic conduction via the Wien
effect (see II T7R B).

Adding quantum fluctuations to spin ice endows
its gauge-field description with intrinsic quantum dy-
namics, and it leads to an emergent compact quan-
tum electrodynamics with gapped electric and mag-
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Figure 16: Simulated neutron scattering pattern from
spin ice in a monopole crystal state. The moments frag-
ment into two parts showing long range order (grey scale)
and diffuse scattering characteristic of a Coulomb phase
(color scale) [426].

netic monopoles and a gapless photon excitation.
These features characterise a U(1) spin liquid phase,
whose realization in realistic models and experiments
remains challenging. Our recent efforts have focused
on two-dimensional spin ice in a transverse field, pro-
viding quantum fluctuations, and a realistic Hamil-
tonian for frustrated Ising models realised e.g. in
the context of trapped ions. A spin-wave analy-
sis [457] has shown that the transverse field is not
able to lift the exponential ground state degeneracy
at the harmonic level. Anharmonic quantum fluc-
tuations have been addressed via a novel quantum
Monte Carlo scheme, which allows sampling of differ-
ent topological sectors of the gauge theory, revealing
a low-temperature thermal U(1) spin liquid phase.

B. Quantum simulators: from cold atoms to condensed
matter

ANR ArtiQ; ENS, M. Boninsegni (U. Alberta);
CNRS PEPS-PTI.

Quantum simulation, proposed in 1982 by Feyn-
man, represents a rapidly developing subject, with
potential implications for any physical domain whose
models are susceptible to be implemented experimen-
tally via synthetic quantum systems such as ultra-
cold gases, trapped ions, superconducting circuits,
etc. Our recent theoretical activities on the subject of
quantum simulation have followed two main themes:
1) prediction of fundamental quantum many-body ef-
fects within realistic reach of experimental quantum
simulation; 2) “calibration” of quantum simulators,
in direct interaction with experiments. In particular
our activity has focused on two classes of controllable
quantum systems, which can be viewed as quantum
simulators of fundamental quantum many-body mod-
els: (a) ultracold gases, and (b) quantum magnets.

In the case of ultracold gases, a significant part
of our activity has been devoted to the study of
the equilibrium properties of one-dimensional (1d)
bosons and fermions [431]. In particular we have
provided a comprehensive study of the experimen-

tal signatures of the localised Bose-glass phase for
1d bosons with on-site interactions in a random and
quasi-periodic potential, addressing both its com-
pressibility [480, 481], finite-size scaling [440] and its
gapless spectral features [484] (Fig. 17). Moreover
we have extended this study to the case of bosons
with long-range dipolar interactions, unveiling the
fate of the exotic Haldane insulator and the criti-
cal line separating it from the Mott insulator in the
presence of strong disorder [441, 442]. Our investi-
gations have also focused on the study of equilib-
rium properties of bosonic mixtures, reconstructing
the complex phase diagram of binary hardcore-boson
and fermion mixtures with mass [434, 478] and pop-
ulation [434, 479] imbalance, which features liquid
and crystalline phases of dimer and trimer bound
states, as well as finite-momentum (Fulde-Ferrell-
Larkin-Ovchinnikov) pairing. For one-dimensional
mixtures, a bosonization description was used to ob-
tain the expressions of response [471, 473] and spec-
tral functions [474]. In parallel to the study of equi-
librium properties, we have also devoted our atten-
tion to strongly out-of-equilibrium systems, focusing
in particular on quantum quenches (abrupt Hamilto-
nian changes) and their subsequent Hamiltonian evo-
lution. In particular we have shown how a quan-
tum quench can give rise to supersolidity [468] or to
Anderson localization [460] in a strongly imbalanced
Bose mixture trapped in a species-dependent optical
lattice; and we have investigated crossovers between
adiabatic and non-adiabatic correlations as a func-
tion of distance [419] (Fig. 17). Finally, we have used
our theoretical tools to validate an actual quantum
simulation of the Lieb-Liniger model in a trap via
ultracold Rb-87 trapped on an atom chip [462].

Figure 17: Left: Dynamic structure factor of a 1d lattice
Bose gas undergoing localization due to a quasi-periodic
potential. [484] Right:. Correlation function of 1d lattice
bosons after a slow interaction quench. [419]

With respect to cold atoms, a complementary re-
alization (or quantum simulation) of interacting de-
generate Bose gases is provided by quantum mag-
nets possessing an uniaxial symmetry, in which Bose-
Einstein condensation (BEC) of magnetic quasipar-
ticles (corresponding to spontaneous magnetic order)
can be induced by an applied magnetic field. Ad-
vances in the synthesis of magnetic insulators have
provided remarkable examples of magnetic BEC com-
pounds, with quasi-1d magnetic interactions (such
as (C5H12N)2CuBr4 - Hpip for brevity) or more
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markedly 3d ones (such as NiCl2·4SC(NH2)2, DTN
for brevity). Our collaboration with different experi-
mental groups has led to two main results. We have
been able to establish that Hpip in a field realises a
system of coupled Luttinger liquids, developing true
condensation at low temperature due to the residual
3d coupling [424, 490]. We have also shown that field-
induced magnetic quasiparticles in Br-doped DTN
form a well-controlled realization of the long-sought
Bose-glass state in 3d, and of its quantum phase tran-
sition to a BEC state [495, 497, 498] (Fig. 18).

3

FIG. 2: (color online) (a)-(c) Crystal structure of BaCo2V2O8 contains edge-sharing CoO6 octahedra forming the chains along
c. The dominant exchange interaction between Co2+ spins runs along the chains. Much smaller exchange interaction between
Co2+ spins in neighboring chains is mediated by the O-O bridges. Corresponding schemes of interchain exchange couplings are
shown in (d)-(f). (d) Couplings of four different sizes [highlighted, also shown in (a)] between the NN chains combine into eight
frustrated pairs, which sum up to the tunable effective coupling J1(B). (e) Non-frustrated interaction between the NNN chains
is based on couplings J2. (f) Chains form a frustrated square lattice in the a-b plane, where J1(B) competes with J2. (g) J1(B)
given by Eq. (2) calculated for j0 = 1.0, j−1 + j1 = 3.4, j2 = 2.3 [all defined in (d)] and exchange anisotropy ∆ = 2.17 between
the critical fields Bc = 3.9 T and Bs = 22.7 T. The value of J1(B) with respect to J2 selects the ordered state. (h),(i) Sketches
of the columnar and ferromagnetic ordered states with SDWs mapped onto the classical spins (arrows). (j) Field-temperature
phase diagram obtained from the NMR data shown in Figs. 4(a) and (b) for a field parallel to c. It agrees with the specific
heat data available up to ∼Bp = 8.6 T [14]. Lines are calculated phase boundaries based on J1(B) [plotted in (g)] between the
TLL state and the ordered states.

nar with k = (π, 0) or (0, π) for −2J2 < J1(B) < 2J2

[Fig. 2(h)], or checkerboard with k = (π, π) for J1(B) >
2J2 (not shown) [20]. In the original picture, k describes
the arrangement of the phase shifts of SDWs in the a-b
plane. Finally, as we are free to tune J1(B) in accordance
with Fig. 2(g), covering all three ground states, we are
in possession of a simulator of frustrated magnetism on
a square lattice.

We check this picture experimentally by extracting
the spin arrangement in various states from the corre-
sponding 51V nuclear magnetic resonance (NMR) spec-
tra [29]. At temperatures above the ordered states,
throughout the TLL state, the spectrum exhibits a sin-
gle peak [Fig. 3(a)] generated by a single crystallographic
V site located in between the NN chains [Figs. 2(a) and
(c)]. This symmetry breaks at the transition to one of the
ordered states, and the spectrum develops features. The
appearance of the sinusoidal SDW breaks the transla-
tional symmetry along the chains and leads to the charac-
teristic U-shaped spectrum [30]. Between Bc = 3.9 T and
Bp = 8.6 T, the spectrum develops two U-shaped com-
ponents [Fig. 3(b)], a fingerprint of the columnar SDW

state. The components are generated by two sets of V
sites arising from the broken symmetry between the a
and b directions. Above Bp and up to at least 15 T, the
highest field in our experiment, the spectrum consists of a
distribution of U-shaped components, which are revealed
during the transverse (i.e., T2) relaxation [Figs. 3(c) and
(d)]. The distribution is generated by a single set of V
sites, implying that the symmetry between a and b direc-
tions is restored. This suggests that either the ferromag-
netic or the checkerboard SDW state is realized above
Bp. Small linewidth of the spectrum is compatible with
the ferromagnetic SDW state [29]. The spectrum is per-
fectly reproduced by a distribution that corresponds to
the 2D sinusoidal modulation of the SDW amplitude in
the a-b plane [Fig. 3(c)].

The field dependence of J1 is deduced from the mea-
sured shape of the phase boundary between the ordered
SDW states and the TLL state [Fig. 2(j)]. Transition
temperatures in different fields are obtained from the
temperature dependence of the 51V longitudinal and
transverse relaxation rates, T −1

1 and T −1
2 [29]. In par-

ticular, the divergent behavior of T −1
1 (T ) and T −1

2 (T ) on

Figure 18: Phase diagram of BaCo2V2O8 (left) and of
Br-doped DTN [497] (right), comparing experimental and
theoretical data.

Further work on magnetic insulators includes the
study of quantum order by disorder, in which quan-
tum fluctuations lift a classical degeneracy, giving a
long-range ordered state. We have recently shown
that the planar, frustrated antiferromagnet Er2Ti207

provides the first clear cut example of this counter-
intuitive phenomenon [499], which has proved elu-
sive for decades. We have also established that the
quasi-one-dimensional antiferromagnet BaCO2V2O8,
featuring dominantly Ising intrachain interactions
and frustrated interchain couplings, exhibits a field-
induced Luttinger liquid behavior, in which the frus-
trated couplings between the Luttinger liquids are
modulated by the field. The low-temperature ordered
phase is an incommensurate spin density wave, with
a transition induced by the field between a colum-
nar and a ferromagnetic ordering in the transverse
direction.

C. Coherent transport

ANR 1-shot, LPA (ENS Paris), CPT Marseille;
ANR Mesoglass, NEEL Grenoble.

Coherent transport is a regime observed in sam-
ples whose size is smaller than the inelastic mean-free
path. Electrons then remain coherent over the sam-
ple, giving rise to quantum deviations from classical
transport theory. Our group has considered coherent
transport in (1) quantum Hall edges, with the goal of
realizing the equivalent of fiber quantum optics with
electrons (2) quantum spin Hall and topological in-
sulators, with the aim of characterizing remarkable
properties of these novel states of matter.

Electron quantum optics : In nanophysics, there is
a growing interest in the ultimate regime of quantum
electronics involving single electron excitations. This
regime is called electron quantum optics by analogy

with its optical counterpart. Its accessibility arises
from the recent availability of single electron sources
in ballistic conductors acting as wave guides for elec-
trons. However, electron quantum optics goes be-
yond the mere reproduction of optical setups using
electron beams. Electrons differ from photons firstly
because of their fermionic statistics which, in metals,
implies the presence of the Fermi sea. Secondly, as
charged particles they experience strong Coulomb in-
teractions. Single electron manipulations in quantum
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FIG. 2. (Color online) Density plot of the Wigner function for a
sinusoidal drive V (t) = V0 cos (2πf t) in terms of t/T and h̄ω/hf

for eV0/hf = 10 at (a) zero temperature and (b) kBTel = eV0/4.
Quantum ripples discussed in the text are visible at Tel = 0 K. The
pixelization corresponding to the scale h̄ω/hf = 0.5 is also only
visible on graph (a) at zero temperature.

the Wigner function is locally dominated by these interference
effects. In such a situation, one would not be able to see the
overall picture of the Fermi step at chemical potential µ̄(t) =
µ − eV (t). As we shall see in Sec. III B2, Lorentzian pulses
realize such a situation.

B. Single electron sources

1. The mesoscopic capacitor

An on-demand single electron source can be realized using
a mesoscopic capacitor operated in the nonlinear regime. This
source was demonstrated in 2007 by Fève et al.8 Properly

operated, it emits a single electron and a single hole excitation
per period at GHz repetition rate. One of its main advantages is
that these excitations are energy resolved and that their average
energies and width can be tuned to some extent.

A description of this source can be achieved within a non-
interacting electron approximation using the framework of the
Floquet scattering theory. This approach has been developed
by Moskalets and Büttiker to describe quantum mechanical
pumping in mesoscopic conductors49 and since then has been
applied to a variety of systems among which is the mesoscopic
capacitor.50 In particular it has been used to predict the low-
and finite-frequency noise emitted by a periodically driven
mesoscopic conductor.51,52 These theoretical results have been
compared to experimental results on finite-frequency noise of
the source.53 The Floquet scattering amplitude for electrons
propagating through a driven quantum conductor is

SFl(t,t ′) = exp
(

ie

h̄

∫ t

t ′
Vd (τ ) dτ

)
S0(t − t ′), (37)

where Vd (τ ) is the periodic ac driving voltage applied to the dot
and S0(t − t ′) is the scattering amplitude across the undriven
conductor, expressed in real time. Knowing the Floquet
scattering amplitude (37) leads to the real time single electron
coherence emitted by the driven mesoscopic conductor24 in
terms of the Floquet scattering amplitudes Sn(ω) defined as

cout(ω) =
+∞∑

n=−∞
Sn(ω) cin(ω + 2πnf ). (38)

A Fourier transform then leads to the general expression for
the Wigner function emitted by a source described within the
framework of Floquet scattering theory:

W (e)(t,ω) =
+∞∑

n,k=−∞
Sk(ω + πnf )Sn+k(ω − πnf )∗

× fµ(ω + 2πf (k + n/2)) e−2π inf t . (39)

This expression can be used to compute either analytically
or numerically the Wigner function within Floquet scattering
theory.

Let us now discuss the numerical results for the mesoscopic
capacitor driven by a square voltage: V (t) = Vd for 0 < t !
T/2 and V (t) = −Vd for T/2 < t ! T . We namely consider
realistic values of the parameters of the mesoscopic capacitor:
hf/$ = 0.06, kBTel/$ = 0.01, and eVd = $/2 so that the
voltage step corresponds to the level spacing of the dot $.
These results are obtained by evaluating the single electron
coherence numerically using a specific form for the scattering
amplitude of the dot S0(ω) already used to interpret the
experimental data:15

S0(ω) =
√

1 − D − e2π ih̄(ω−ω0)/$

1 −
√

1 − D e2π ih̄(ω−ω0)/$
. (40)

Here D denotes the dot to lead transmission controlling the
tunneling between the dot and the chiral edge channel. Another
tunable parameter is the position h̄ω0 of the energy levels of
the dot which can be controlled by applying a dc voltage to its
top gate. Note that electron/hole symmetry is realized when
h̄ω0 is an integer multiple of $. Depending on D, various
behaviors are expected.

205303-7

Figure 19: Wigner function of a sinusoidal electrical cur-
rent at zero temperature. Image selected by Phys. Rev. B
editors [448].

conductors have been the subject of intensive research
in the recent years and important milestones such as
the demonstration of Hanbury-Brown and Twiss [423]
as well as Hong-Hu-Mandel experiment [420] have
been achieved. Our group has played a key role
in these developments by constructing the theoreti-
cal framework for electron quantum optics, thereby
transposing basic quantum optics concepts and tools
to electronics [453, 454]. This work is the result of a
very fruitful collaboration with several leading exper-
imental groups [436, 443, 452], leading in particular
to the observation of spin/charge separation in quan-
tum Hall edge channels at filling fraction 2 [421]. Our
work provides a simple and unified framework for all
the recent single and two particle interferences effects
demonstrated in quantum nano-electronics over the
last decade [422]. Supplemented by non perturbative
computations of electronic decoherence [435], it opens
the way to a quantum-signal-processing approach to
electronic coherence [448] (Fig. 19).

Topological insulators : In Quantum Spin Hall sys-
tems, there are two counterpropagating edge states
carrying opposite spins that are mapped to each
other by time reversal symmetry. Those edges are
protected by a topological invariant, and cannot be
backscattered into each other by phonons or non-
magnetic impurities. Our group has analyzed the

Superconductor
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HgTe

I
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L

Figure 20: The setup of the superconducting barrier on a
Quantum spin Hall edge realized in an HgTe/CdTe quan-
tum well.
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effect of a superconducting barrier, as the one rep-
resented on Fig. 20 on such edge states [411]. The
absence of backscattering has remarkable effects: nor-
mal reflection and crossed Andreev reflection are
completely suppressed leaving only transmission and
normal Andreev reflection. In particular, in a suffi-
ciently long superconductor, a perfect Andreev re-
flection takes place at each interface giving a to-
tal G = 4e2/h conductance without current noise.
In shorter samples, Fabry-Perot resonances of the
Bogoliubov quasiparticles inside the superconducting
barrier are expected to give rise to perfect transmis-
sion of electrons at special energies.

Coherent Transport in Spin Glasses : Spin Glasses
are amorphous magnetic phases. In a collaborative
effort with an experimental group from Grenoble,
we proposed to probe their physics through coherent
transport of electrons at the micron scale. Among
the initial results, we can mention a unique and orig-
inal measure of the distribution of internal fields in
a spin glass phase from monitoring the amplitude of
conductance fluctuations. The evolution of the elec-
tronic dephasing rate as a function of a magnetic field
allows to deduce the distribution of effective fields ac-
tive on the various magnetic moments in the sample
[427]. This technique should provide direct access to
overlaps between spin configurations.

D. Quantum fluids

ANR Shrek, CEA et NEEL (Grenoble), CEA
Saclay.

Our investigations on quantum fluids have mainly
focused on two aspects: quantum (or superfluid)
turbulence (QT), and quantum plasmas/ interacting
Bose gases.

As far as turbulence is concerned, two different and
complementary approaches have been carried out. i)
Firstly, QT is studied within the framework of a two-
fluid model that obeys coupled Navier-Stokes and Eu-
ler dynamics for a (thermally excited) normal fluid
and a (ground state) superfluid respectively. The
coupling originates from the interaction of the su-
perfluid quantised vortices with the normal (viscous)
fluid. Based on numerical simulations, it is argued
that the energetics of QT shows similarity with clas-
sical turbulence at large scales (as usually admitted)
but that some discrepancies are observable at small
scales of motion where dissipation by mutual coupling
prevails [477, 486, 487]). The influence of boundary
conditions on the onset of turbulence is also investi-
gated through Lattice Boltzmann simulation of the
two-fluid model. ii) The second approach focuses on
the microscopic structure of Helium, taking into ac-
count the roton minimum as measured in the disper-
sion law of the excitations [492] (Fig. 21). We have
shown that the depth and position of the roton gap
governs completely the density close to the singular-
ity. Furthermore, in this zero temperature limit, we
make use, theoretically and numerically, of the non
local Gross-Pitaeviskii equations to understand the

internal structure of the vortices. Let us also men-
tion a parallel experimental investigation [485] taking
place in Grenoble in which we are involved.
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Figure 21: Upper panel: Superfluid density of a vortex
ring in cylindrical coordinates. Left: Gross-Pitaeviskii
simulation. Right: our model based on the roton gap
[492]. Lower panel: Phase diagram of quantum plasmas,
showing the validity domains of our Scaled Low Temper-
ature (SLT) expansion (hatched region) and of the virial
expansion (shaded region) [416]. Quantum Monte Carlo
(QMC) results, as well as state points of Sun photosphere
and of Brown dwarfs atmospheres, are also shown.

A proper treatment of recombination in quantum
plasmas at equilibrium has been a long standing prob-
lem for many years. The combination of diagram-
matic methods with path integrals allowed us to build
a screened cluster representation [413] which is well
suited for handling both recombination and screen-
ing. In particular, this formalism provides the equa-
tion of state of the hydrogen plasma in the partially
ionised atomic regime, with a very good accuracy
as shown through comparisons with quantum Monte
Carlo calculations [416]. The effects of interactions
on the condensation of a Bose gas is another cen-
tral question which, despite numerous works and ex-
periments, remains still debated. In particular, the
persistence of off-diagonal long range order in the
one-body density matrix, has been proven rigorously
only within the familiar Kac limit which amounts
to consider both infinitely weak and infinitely long-
ranged two-body interactions. Using the hierarchy
equations for the imaginary-time evolved Green func-
tions, we have recovered the result that the mean-
field approach becomes exact in that limit, and we
have shown that the contributions of fluctuations in-
validate the familiar Hartree-Fock approximation for
large but finite interaction ranges [417].
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T6R. Infophysics, Signal and Systems
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P. Flandrin, N. Garnier, P. Jensen, J.F. Pinton, N. Pustelnik, S. Roux

Post-docs: V. Chudacek, G. Dewaele, J. Hamonier, H. Hegalson, G. Lozenguez,
A.Moghtaderi, R. Pereira, J. Schmitt, J. Spilka

PhD students: F. Angeletti, R. Boulos, A. Costard, J. Frecon, S. Grauwin, R. Hamon,
N. Mallick, G. Michau, N. Tremblay

Data analysis and signal processing play central roles in physics, as well as in many other fields beyond
physics. From its early days, the Physics Laboratory has chosen to devote a specific activity deeply connecting
Physics to Signal Processing and, more broadly, Information Sciences. This “infophysics” research effort
gathers thus a twofold objective: On the one hand, methodological contributions are conducted per se, with
applications relevant to many different domains, including physics; On the other hand, problems, as well as
methods and approaches, stemming from physics, are nurturing and suggesting new methodological signal
processing developments. In addition, extracting information contained in experimental data from various
systems such as biological or medical applications, social and complex systems, computer networks, calls for
advanced methods in signal and image processing and/or physics. These back and forth interplays between
signal and physics constitute the leading theme of the “infophysics” activity within the laboratory, covering
topics ranging from multifractal analysis, multifractal vector fields (cf. II T6R A), nonstationary approaches
(cf. II T6R B), multiscale studies of genomic data, heart rate variability analysis, fMRI data of the brain
(cf. II T6R E), social or transportation data (cf. II T6R F), Internet traffic analysis (cf. II T6R G), with thus
a strong multidisciplinary flavors, from (statistical) signal and image processing to physics, mathematics or
computer science. The success of this research line is made visible through the obtention of several funding
competitive at the national level, as well as by publications in international top ranked journals both in signal
processing, mathematics or physics and in leading journals in application fields. The “infophysics” theme also
sustains numerous local, national and international well-established collaborations either with other signal
processing teams, or with partners of other fields and world-reknowned experts in applications, thus making
the results described below part of the fore-front international research effort on those subjects.

A. Scale invariance for multivariate signals and fields:
theory and applications

Multivariate scaling signals. (V. Pipiras, UNC,
USA) Theoretical definitions and practical synthe-
sis of multivariate non Gaussian processes whose
marginal distributions and covariance function are a
priori and jointly prescribed has been achieved both
via non linear pointwise transformations f of a suit-
able Gaussian process, whose covariance function de-
pends both on the targeted covariance and on the
Hermite polynomial expansion of f [606, 607, 657],
and via optimal transport, a technique borrowed from
image processing, that displaces alternatively and it-
eratively the time and frequency contents of a well
chosen Gaussian seed [543]. This has notably been
used to obtain long range dependent non Gaussian
processes, with same covariance and marginals with
yet different joint distributions. It has also been ex-
tended to multivariate fields [608]. Multifractal Ran-
dom Walk, a close relative, yet with additional mul-
tifractal properties, has also been thoroughly studied
theoretically, aiming at defining the range of param-
eters within which the process is well defined [509].

Multifractal and anisotropic image textures.
(ANR AMATIS, S. Jaffard, Paris Est, H. Wendt,
IRIT Toulouse, B. Vedel, Bretagne Sud, M. Clausel,
UJF, Grenoble). Multifractal Analysis, based on
wavelet Leaders, has been extended to isotropic fields.
This required notably careful analyses and under-

standing of the role of Hölder global regularity and of
the use of fractional integration [512, 612, 658, 675,
676, 678]. The interplay between self-similarity and
anisotropy in image textures has been carefully stud-
ied, yielding an accurate estimate of the selfsimilar
parameter despite anisotropy. This disentangling of
selfsimilarity from anisotropy has been made possible
by the use of the 2D Hyperbolic Wavelet Transform,
that permits anisotropic dilations [501, 648, 652].

Multifractal vector fields. (ANR CHAMU,
V. Vargas, ENS Paris, C. Garban, ENS Lyon, R.
Rhodes, Paris 7) Motivated by the analysis the phys-
ical mechanisms for 3D fluid turbulence, modeled by
Euler or Navier-Stokes equations (energy cascade and
vorticity stretching,. . . ), random vector fields that
combines scaling (multifractal) properties and geo-
metrical constraints have been defined and studied
[20]. Their exact statistical characterization is chal-
lenging as it amounts to generalizing multiplicative
chaos. A first step has been achieved in [559], that
showed that such random vector fields defined from
exponential of long range dependent processes are
well defined mathematical objects, whose covariance
and higher order moments are analytically tractable.

Further advances in multifractal analysis.
(ANR AMATIS, S. Jaffard, Paris Est, H. Wendt,
IRIT Toulouse). Have also been studied: The esti-
mation of the Long Memory parameter for non Gaus-
sian processes [511], the multifractal properties of non
Gaussian self similar processes [673], and the rele-
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vance of a bayesian framework for estimation of the
multifractality parameter [672, 677]. The segmenta-
tion of image textures into pieces with homogeneous
local regularity (as measured from wavelet leaders)
has been investigated; it relies on the use of proximal
methods for functional minimization [642, 783].

Fractal analysis in Applications.
Ionosphere. (CNRS PICS, P. Sauli, Atmospheric

Phys. Dept., Prague) The Ionosphere electron con-
centration fluctuations measured across several mid-
latitude European stations have been shown to have
correlation both in seasonal trends and within scaling
behaviors, at short time scales, and they were related
to the Geomagnetic activity [70, 651].

Astrophysics. The 2D Wavelet Transform Modulus
Maxima Method has been used to detect and extract
coronal loops in ultraviolet images of the solar corona
[627] and to disentangle in solar magnetogram data
the multifractal properties in active regions from the
surrounding monofractal quiet-Sun field [620].

Art Investigations. (MoMA, NYC, Van Gogh Mu-
seum, Amsterdam) Scaling analysis in image textures
was used for art work investigations, tending to show
that copies, replica and forgeries show lesser irreg-
ularities (at very fine scales, below the millimeter)
than originals [504, 506, 510]. The extend to which
this betrays creation processes will be investigated.

B. Non-stationarity

Data-driven decompositions. Besides point-
wise practical issues (e.g., sampling [646]), the data-
driven technique of Empirical Mode Decomposition
(EMD) has been investigated in four different direc-
tions:

1) Model-free disentanglement of nonstationary
signals into a trend and a fluctuation [630, 632, 633].

2) Gap-filling in data with missing samples [631].
3) Limitation of “mode mixing” effects in a noise-

assisted way, thanks to an improvement upon conven-
tional Ensemble EMD that presents the two-fold ad-
vantage of increasing coherence of the averaging while
guaranteeing a perfect reconstruction [569, 659, 663].

4) Reformulation in analogy with the “texture-
geometry” decomposition problem in image analysis,
taking advantage of recent advances in optimization
and proximal methods [560, 639]: a new framework
has been proposed, that gets rid of the loosely con-
trolled “sifting” process that is involved in classical
EMD, and replaces it by an optimization problem
with constraints reflecting what EMD modes are sup-
posed to be [640, 643]. This proved effective for sig-
nals and led to natural extensions to images [660].

Time-frequency methods. Fundamentals in
time-frequency have been followed in two directions:

1) Construction of sparse energy distributions from
a “compressed sensing” approach [586].

2) Exploitation of phase information in Short-Time
Fourier Transforms, with new phase-magnitude re-
lationships [531], an improved reassignment scheme

[532] and new results on (reassigned) spectrogram ge-
ometry [583, 587]. This has also been explored within
the framework of “synchrosqueezing” [679], with
comparisons to both EMD and reassignment [533].

Characterizing and analysing nonstationar-
ities. Apart from pointwise contributions to an al-
ternative definition of instantaneous frequency [578,
579], multitapering in cepstral analysis [653], and
an entropy-based method for counting components
[656], most efforts have been devoted (within ANR
StaRAC) to revisiting the concept of stationarity
from an operational perspective:

1) It has first been argued that stationarity should
only been considered in a relative sense, including an
observation scale in the definition as well as in the
analysis [585, 589, 636].

2) It has been shown that any signal, stationary or
not, can be transformed in a “surrogate” stationary
signal via a proper randomization of its phase spec-
trum [543, 547, 548].

3) A general methodology has been settled for test-
ing stationarity on the basis of such surrogates used
as elements of reference for the null hypothesis of sta-
tionarity [549, 572, 573, 645]. In the specific case of a
non homogeneous process, an alternative stationarity
test has been proposed by searching for an optimal
partition thanks to a network flow algorithm [605].

4) Surrogates have been given a “machine learn-
ing” interpretation, leading to testing procedures as
well as characterizations of different types of nonsta-
tionarities [514, 515, 552, 638].

C. Graph signals and complex networks

Signal on graphs and networks.
For sensor networks, cycles (e.g., daily, yearly) and

trends are important. Using nonstationary tools, we
show how to compute cycles, residuals and corre-
lations for Live E! data (environmental sensors in
Japan) [539, 540]. We have used also EMD to detect
anomalies in sensor network of energy consumption
in building, [592, 593].

Not restricted to signals on networks, we study
complex networks. Using modularity, [597] studies
communities in networks with correlated data. Re-
visiting multi-scale modularity with spectral graph
wavelets a multi-scale community detection method
detects relevant network structures in communities
and their scales [666–668], as displayed on Fig. 22.
This method is a wavelet-based clustering and we
have shown how to use it on large networks with
wavelet transform of random vectors as features [665].

Complex network dynamics. To study dynam-
ical properties of networks, we have proposed new
descriptors and a model for the dynamics of mobil-
ity networks [550], before adopting a signal process-
ing approach. Leveraging on the transform of graphs
in signals, we propose “time-frequency”-like analy-
ses of dynamic networks [600, 601, 603]. This has
been applied to the network of bike sharing system
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Figure 22: The 3 stable partitions obtained by mul-
tiscale community detection using wavelets on a Sales-
Pardo graph (nodes in the same community share the
same color). An index of recovery of each partition is
also displayed, as function of the scale.

(cf. II T6R F). Relying on nonnegative matrix factor-
ization, features of temporal networks are exhibited
along with the periods they are active, opening a new
approach to the study of dynamical networks [602].

D. Statistical physics and signal processing

A PhD thesis explored how interactions between
tools and concepts of Statistical Physics and Signal
Processing can help to analyze and understand situ-
ations and models (inspired from Statistical Physics)
where usual convergence theorems fail. Studies of
independent random variables raised to a power de-
pending on the sample size were shown to yield
non standard limit distributions for the maximum
[520, 541]. For sums, it provided a link between
linearization effect in moment estimation and glass
transition in statistical physics [518, 521, 524]. In
addition, it formalized the existence of an intrinsic
critical moment order for a multifractal process [524],
thus comforting earlier results [534]. A critical mo-
ment estimator has been defined and studied for a
class of independent (yet with intricate marginal dis-
tribution) random variables [518]. A class of random
variables with intricate correlation has been studied,
whose joint distributions is written as a product of
matrices and which can have long range correlations.
This model can also be recast into the framework of
Hidden Markov Chain models, leading to theoretical
design and actual synthesis [519, 522]. The limit be-
havior of the sum of such random variables has been
characterized, both using rescaled limit distributions
[523] and large deviations [517].

E. Biological, genomic and biomedical signal and image
processing

Multiscale and multivariate methodologies
for genomic data analysis (ANR REFOPOL, O.
Hyrien, ENS Paris, C. Thermes, CGM, Gif/Yvette,
A. Goldar, CEA/Saclay) Multiscale and multivariate
concepts and methodologies are necessary to account
for the complexity of genome organization accommo-
dating the tradeoff between DNA compaction and
gene accessibility (as reviewed in [186, 526]). We de-

veloped multiscale wavelet-based algorithms provid-
ing us with original clues about the mammalian DNA
replication program [186, 192, 203, 217, 526, 528–
530, 535]. These signal-processing tools have now
been accepted as bona fide molecular biology proto-
cols [529]. Using a wavelet-based multiscale pattern
recognition framework, we described megabase sized
replication domain covering about 1/3 of the human
genome as N-shaped regions in DNA strand composi-
tional asymmetry (skew) profiles [186, 526, 535]. De-
termination of genome-wide replication timing pro-
files [204] provided us with the experimental confir-
mation of that skew N-domain border are active repli-
cation origins [203, 528]. Further multiscale analysis
of replication timing profiles lead us (i) to describe
replication U-domains that display a characteristic
U-shaped replication timing profile as the counter
part to skew N-domains [192, 529] and (ii) to com-
pute space-scale maps of effective DNA replication
speed [217]. These latter measurements are central
to our modeling of DNA replication kinetic in mam-
malian genome (cf. T3R) [223]. Using PCA, the ap-
parent complexity of a dataset of 13 epigenetic marks
was reduced to 4 epigenetic states [231, 232]. Each
states correspond to a well defined replication tim-
ing window so that the progression of the replication
along U-domains corresponds to a directional path
across the four chromatin states. These results sheds
a new light on the epigenetic regulation of the spatio-
temporal replication program in human and provides
a framework for further studies in different cell types,
in both health and disease. Finally, in a preliminary
work using a graph representation of high through-
put chromatin conformation capture data, we showed
that replication domain borders are hubs of the chro-
matin conformation interaction network [554, 555].

Microscopy image analysis (PEPS PROMIS,
L. Condat, GIPSA-lab, J. Boulanger, Institut Curie)
Structured illumination microscopy increases fluores-
cence microscopy resolution without constraint on
protein marking. This modality is based on the acqui-
sition on several low resolution modulated images fol-
lowed by a post-processing that aims at reconstruct-
ing the high resolution image. The first contribution
concerns the estimation of the modulation parame-
ters from the low resolution modulated images [570]
while the second contribution aims at providing an ef-
ficient reconstruction procedure based on non-smooth
convex optimization [641]. Such a framework allows
us to deal with a variational approach where the data
fidelity term and the regularization term are fitted
to the degradation model (Poisson noise) and to the
data (filaments that models actin and microtubules,
spots such as single molecules or vesicles) [553].

Biomedical signal processing
Heart Rate Variability (ANR FETUSES, M. Doret,

HCLyon, P. Goncalves, LIP ENS Lyon.) Heart rate
variability analysis is revisited using fractal variabil-
ity, with the aim of assisting obstetricians to perform
early detection of fetal acidosis during labor. Fractal
attributes have been shown to well characterize in-
trapartum fetal heart rate and to permit to decrease
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False Positive detection rate, hence the number of non
necessary operative deliveries (whose consequences
are potentially dramatic of the mother and the new-
born) [500, 503, 505, 507, 564, 565, 576, 604]. Dynam-
ics in adult baroreflex regulation have also been in-
vestigated [516, 577], with notably a methodology for
defining a time-frequency coherence function [634].

NeuroSciences (ANR SCHUBERT, P. Ciuciu, N.
Zilber, V. Van Hassenove, NeuroSpin, CEA Saclay)
Scaling in infraslow brain activity, considered before
as noise, is now regarded as crucial. Wavelet Leader
based multifractal analysis showed that scaling prop-
erties in fMRI data are modulated when subjects
achieve tasks [567, 568] and that scaling is affected
by multi-sensory perceptual learning [680, 681].

F. Analyses of social and human activities

The avalanche of digital data tracing social activi-
ties opens the way to combine data analysis and mod-
eling with social science studies.

Human face-to-face interaction network. Us-
ing active RFID tag and a dedicated experimen-
tal apparatus, data of time-resolved person-to-person
interaction networks were collected at conferences,
schools, hospital wards to analyze their dynamics
[558, 611]. Behavioral characteristics were studied,
for instance in a school to quantify interaction be-
tween children [662]. To understand how the dynam-
ics of contact networks affect infectious disease propa-
gation, SEIR infection models were run on these net-
works, showing that the daily durations has to be
accounted for [661]. The effect of time ordering of
contacts on propagations was studied [536]. Hospital-
acquired infections were studied by direct measure-
ment in hospital wards [670]. Finally, having only one
realization of these networks, we developed a boot-
strapping method using constrained graphs to probe
with statistical confidence the behavior of a group in
such a network [664, 669].

Social systems and human behaviour
Developing new sociological concepts. (Médialab,

Sciences Po, Paris) A naive approach of social sys-
tems by physicists would be to start with interact-
ing “social atoms” to probe collective phenomena,
“emerging” from the microscopic level. However, for
social systems, isolated (“atomic”) individuals do not
exist. Therefore we argue in [623] that it is more
interesting to use “collecting” entities instead of in-
dividual and collective levels, and develop this idea
through the use of heterogeneous networks.

Scientometrics. This approach is tested on scien-
tometric data (scientific articles). Mapping of sci-
entific institutions was developed [599], for instance
for ENSL and CNRS. The interdisciplinary practices
of 600 laboratories were studied through their publi-
cations [616]. Scientometrics is also useful to study
scientific fields, for instance the “complex systems”
domain [598], showing that it does not arise from
a single universal theory, but from shared computa-
tional methods and concepts on self-organization. A
study carried out on 7000 CNRS scientists regarding

their public engagement activities, was propagated
with a Special Issue in Public Understanding of Sci-
ence [537].

Model for conference submission behavior. An em-
pirical study of several datasets has revealed some
‘universal’ features in the temporal process of elec-
tronic submissions to conferences, leading to the
proposition of a simple predictive model [580–582].

Collective Free Improvisation offers a situation of
human interactions without any a priori reference
frame. For musical production process, a model and
studio experiments were done to gain a better under-
standing of emerging collective structures [556, 557].

Study of Vélo’v data and transportation.
(LIRIS (INSA), LET (Lyon 2), CMW et EVS (ENS
Lyon)). From 2008 on, we had access to data about
uses of Lyon’s Vélo’v system of shared bicycles, the
first large scale bike sharing system (BSS) of Europe,
and studied the mobility with BSS. In [542, 545],
we studied the rhythms of use and statistical model
for that. This was combined with spatial analysis
of the trips to draw pictures of their use in the city
[544, 551]. The data show that bicycles compete with
the car in terms of speed in downtown Lyon [619].
The work goes on in a ANR project VEL’INNOV.
Other works model part of the use of the system [629],
or discuss the need for mapping tools to display the
data [647]. Relying on network theory, we exhibited
the different rhythms of the stations [635]. Finally,
in a paper on spatial networks (such as transporta-
tion networks), it was shown that a spatial hierarchy
can emerge in network as a large-scale consequence
of local cost-benefit considerations [626].

G. Internet traffic and network

(K. Fukuda, K. Cho, H. Esaki, R. Fontugne from
the NII, IJJ and Univ. Tokyo (Japan), CNRS-JSPS
program) Signal processing is a great asset to study
the communications over the Internet network (e.g.,
see the coordinated Special Issue [624]). Accurate
host-level traffic classification is made possible by
relying on statistical features describing traffic of
a host, e.g. from the Multi-Scale Gamma Model
[609], or from traffic patterns reminiscent of traffic
graphlets [575, 610]. Leveraging on previous works,
using sketches and multi-resolution analysis, we prove
that long memory is a robust property in traffic, as
shown on seven years of collected traffic [546]. We
re-investigated the relationship between long mem-
ory (modeled as self-similarity) and heavy-tailness
of flows, theoretically (Taqqu’s theorem) [508], also
questioning the respective roles of the flow and session
levels [644], and experimentally on a grid [625], prov-
ing that long memory is a stable feature of Internet
traffic (vulgarisation article in [502]). Finally, lack-
ing methods to characterize and benchmark anomaly
detectors, we used graph analyses to compare them,
and we validated that by annotating the anomalies in
the MAWI traffic database [590, 591].
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C. Nardini

By vocation and design our laboratory covers a vast range of research topics. Statistical mechanics has
traditionally been the cornerstone of this diversity, providing connecting links across the board, from math-
ematical and high energy physics, to hard and soft condensed matter, to applications in biology, geology,
astrophysics, turbulence and complex systems applied to the macroscopic world. The present five year report
is no exception, as we present a large array of research themes where strong fluctuations, confinement, disorder
and absence of controlled equilibrium were key elements, providing exciting challenges for those seeking a sta-
tistical description. The laboratory made important theoretical contributions to the theory of active particles
in these five years. A new theme is that of their experimental study, developed for the first time through
a new protocol to motorize colloidal beads. This experimental simulator of active dynamics is providing an
important link between numerical and theoretical work and biological systems driven by collective dynam-
ics. Conversely, long-range interactions continue to be an active and innovative field of study in which the
laboratory has played a leading role, as witnessed by the extensive reviews and text book produced during
the report period. Applications from both the macroscopic and microscopic world include gravitating sys-
tems, hydrodynamic flow and Coulombic systems driven out of equilibrium by an applied field. Statistical
approaches to disordered systems and non-equilibrium phenomena appear in projects from condensed matter
to avalanche dynamics and the overlap in techniques used here and in statistical descriptions of turbulence is
striking. In the search for effective thermodynamic descriptions of model driven systems progress was made in
understanding how effective temperatures can depend on observables. The scope of effective thermodynamics
is pushed still further in this report, with the development of analogies for free energy and intensive control
parameters such as chemical potential in the study of social networks. Pinning centers are shown to play
a key role in the non-linear physics of disordered systems, leading to multi fractal statistics in flux lattices,
and intermittent dynamics for domain walls and interfaces strongly reminiscent of those observed in turbulent
flow. Fluctuation theorems have underlaid much recent progress in stochastic thermodynamics, providing a
vital link between equilibrium and non-equilibrium problems. Below we report spectacular results from both
theoretical and experimental studies. In particular it was shown that a particle evolving out of equilibrium
with Lagrangian dynamics appears to obey detailed balance when viewed from its Lagrangian reference frame,
while in a ground breaking experiment, Landauer’s bound on available work extracted from a two level system
was confirmed using colloidal particles in a double well potential. This experiment, considered one of the ten
most important results of 2012 by Physics World was extended to show the connection between the Landauer
bound and Jarzynski’s equality. The proposed projects maintain this wide range of themes. Projects include
developments of existing research as well as new ventures such as ”confinement and fluctuations” and ”model-
ing social systems”, or ”large deviations and computation of rare events for turbulent flows related to climate
dynamics and solar system dynamics”, providing a bright future for this eclectic domain of research.

A. Active particles

Physicists have been looking for a unified frame-
work to account for collective motion as observed
in a number of animal groups for almost 20 years.
We made significant contributions to this vivid field.
From a theoretical perspective, flocking can be con-
sidered as a nonequilibrium phase transition in an
assembly of self-propelled, or active, particles. We
introduced an effective kinetic-theory framework to
model assemblies of motile individuals and account
for their large-scale behavior [693]. Starting from a
prototypical microscopic model of pointwise motile
particles interacting via binary collisions that pro-
mote either polar or nematic alignment, we estab-
lished continuous equations for the density and the
orientational order fields [691, 693, 760]. Motivated

by recent observations on birds flocks, the case of in-
teractions between topological neighbors defined by a
Voronoi tesselation has also been successfully consid-
ered [762]. In agreement with numerical simulations
of agent-based model, these non-linear equations cor-
rectly capture all the salient features of polar and ne-
matic active matter. Among other results we analyt-
ically demonstrated that ensembles of self-propelled
particle that align with their (metric) neighbors sup-
port non-linear excitations in the form of band-like
swarms responsible for the first order nature of the
transition toward collective motion [111].

From an experimental perspective, we took ad-
vantage of an overlooked electrohydrodynamic insta-
bility to motorize colloidal beads, which we turned
into self-propelled rollers [111]. This unique sys-
tem makes it possible to handle and visualize pop-
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Figure 23: Collision between two herds of colloidal rollers
propelling along opposite directions in a microfludic chan-
nel. Superimposed pictures. Colloid diameter: 5 µm.
Duration of the collision 0.1 s.

ulations of millions of colloids on a single microflu-
idic chip (Fig. 23). Combining experiments and the-
ory we demonstrated that the short-range hydrody-
namic couplings between the rollers result in effective
velocity-alignment interactions, and revealed the first
homogeneous polar-liquid phase of synthetic active
matter (ANR Mitra, collaboration Gulliver ESPCI).

B. Systems with long range interactions

(ANR LORIS (S. Ruffo), IUF, EPSRCF with Max
Planck and UCL London). For systems with long-
range interactions, the two-body potential decays at
large distances as V (r) ∼ 1/rα, with α ≤ d, where
d is the space dimension. Examples are: gravita-
tional systems, two-dimensional hydrodynamics, two-
dimensional elasticity, charged and dipolar systems.
Although such systems can be made extensive, they
are intrinsically non additive: the sum of the energies
of macroscopic subsystems is not equal to the energy
of the whole system. Moreover, the space of acces-
sible macroscopic thermodynamic parameters might
be non convex. The violation of these two basic prop-
erties of the thermodynamics of short-range systems
is at the origin of ensemble inequivalence.

We have presented a comprehensive review [708],
and more recently a book, on the recent advances
on the statistical mechanics and out-of-equilibrium
dynamics of solvable systems with long-range inter-
actions. It consists in the detailed presentation of the
concept of ensemble inequivalence, as exemplified by
the exact solution, in the microcanonical and canon-
ical ensembles, of mean-field type models.

Gravitational interactions were studied for hard
spheres within a stationary state described by the
microcanonical ensemble. Introducing a new scal-
ing limit, we showed that the system locally thermal-
ize spontaneously as a consequence of both extensive
properties and smallness of fluctuations. The deriva-
tion sheds light on the mechanisms which ensure that
local equilibrium in infinite systems is entirely con-

trolled by hard-core interactions, while gravitational
interactions can be treated at the mean-field level.

Generalizations to models [720] with both short
and long-range interactions, and to models with
weakly decaying interactions [684], show the robust-
ness of the effects obtained for mean-field mod-
els. We have also studied [753] needle-shaped three-
dimensional classical spin systems with purely dipo-
lar interactions in the microcanonical ensemble. We
have observed and analytically explained sponta-
neous magnetization for different finite cubic lattices
and first order transition from paramagnetic to fer-
romagnetic phases. Long-range interacting systems
display an extremely slow relaxation towards ther-
modynamic equilibrium and, what is more striking,
the convergence towards quasi-stationary states. The
study of the effect of noise on this kind of systems is
very important but is only at its infancy. We have
studied long-range interacting systems driven by ex-
ternal stochastic forces [756] that act collectively on
all the particles constituting the system, showing that
it reaches a stationary state where external forces bal-
ance dissipation on average. These states have an
invariant probability that does not respect detailed
balance, and are characterized by non-vanishing cur-
rents of conserved quantities.

In weak electrolytes in moderate to high electric
fields, deviations from Ohm’s law can be cast in a
universal form using Onsager’s celebrated theory of
the second Wien effect. This theory has been ap-
plied to a wide variety of scenarios, including pho-
tocurrents in solar cells, proton transport in water
ice, and magnetic monopoles in spin ice (see Con-
densed Matter Emergence and Topology). The Wien
effect was recently simulated for the first time using a
lattice electrolyte [742]. The simulations provide di-
rect access to the correlations and hierarchy of time
and length scales driving the phenomenon in a simple
model system.

C. Model systems, disorder, and pinning

Non-equilibrium and disordered systems are on the
new frontiers of statistical physics and have impor-
tant applications. The laboratory is strongly involved
in developments based both on models systems that
can be studied in depth and on experiments carried
in parallel with theoretical analysis.

Among non-equilibrium systems, stationary states
are the simplest. They allow us to revise basic
concepts. When temperature is defined through
fluctuation-dissipation theorems it may depend on
the observable. We have related this to the non-
uniformity of the phase space distribution [752].

We analyzed dissipation-induced non-Gaussian en-
ergy fluctuations and were able to equate the non-
Gaussian order parameter fluctuations in model equi-
librium systems at criticality with energy fluctuations
in dissipative systems if there is macroscopic energy
transfer from large to small scales [695].

Disordered systems have numerous applications
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from domain walls in ferromagnets to liquid crystals.
Open questions concern their equilibrium structure,
their aging and long term evolution. A key observable
in diffraction experiments is the translational corre-
lation function which was so far known only within
a Gaussian approximation. To go beyond this, we
developed a new method based on functional deter-
minants and functional renormalization group [724].
We discovered multifractal structures in the Bragg
glass made by the Abrikosov lattice in disordered su-
perconductors and studied the surface scaling behav-
ior [447]. The method allowed us to compute some
class of diagrams which appear in the perturbative
determination of Konishi amplitudes and thus brings
together three different physical communities working
on superconductors, multifractality and AdS/CFT.

Time dependence was studied for trapped electrons
in resistive switching phenomenon in MgO-based tun-
nel junctions. Including the statistical distribution of
the trap potential barrier heights leads to a power-
law resistance as a function of time, under a constant
bias voltage, in accordance with experiments [694].

When submitted to slow external driving, out-of-
equilibrium heterogeneous systems respond by a com-
plex intermittent dynamics, in the form of collective
excitations or avalanches with scaling properties anal-
ogous to the ones observed close to critical phase
transition. This occurs for a large variety of systems
and length scales, from a few nanometers during the
jerky motion of domain walls in magnetic systems,
up to the geological scale during the fault dynamics
for earthquakes. We studied the spatiotemporal dy-
namics of interfaces driven through random media,
focusing our attention on the slow crack front prop-
agation along a weak heterogeneous interface and on
the imbibition dynamics of a fluid front slowly in-
vading a laboratory model of an open fracture of
variable aperture (Fig. 24). In both cases, with our
high-resolution experiments, we characterized both
the self-affine morphology [767] and the intermittent
dynamics of these interfaces [763, 769]. We demon-
strated that their propagation results from localized
bursts that fulfill scaling relations expected close to
critical depinning transition [745]. We have shown
that the fluctuations of the global front velocity Vl(t)
spatially averaged at scale l follow asymmetric non-
Gaussian distributions, either due to finite-size effects
and long range spatial correlations [763], or to the di-
verging variance of the underlying local front velocity
distribution [769]. We have also exhibited a broken
time-reversal symmetry in the avalanche dynamics,
which emerges from the local nature of the interac-
tion kernel mediating the avalanche dynamics [744].

At the mesoscale friction occurs through the break-
ing and formation of local contacts. We showed that
this phenomenon can be described by a master equa-
tion [704]. We examined the effect of temperature
and aging of the contacts by replacing individual con-
tacts by “macro-contacts” which describe collective
effects. Their aging leads to the Gutenberg-Richter
law, which relates the probability of occurrence of
earthquakes to their magnitude [706].

Figure 24: Top: Waiting time fluctuations of an oil/air in-
terface slowly invading a model disordered medium (Hele-
Shaw cell with a fluctuating gap spacing) obtained by the
superposition of 104 interfaces for a forced-flow experi-
ment performed at V = 0.134 mm/s. Bottom: corre-
sponding spatial distribution and duration of avalanches.

A model for electrical conduction has been consid-
ered. The exact solution of the corresponding Boltz-
mann equation in an external accelerating field pro-
vides useful insights on out-of-equilibrium stationary
states. For a strong applied external field, the sta-
tionary conduction state is far from equilibrium, so
the conductivity is no longer given by linear response
theory. Nevertheless, the diffusion coefficient is still
related to the velocity correlations through a Kubo-
like formula, while the relaxation processes are gov-
erned by hydrodynamic modes similarly to the close
to thermodynamical equilibrium case [682].

D. Statistical mechanics and turbulence

(ANR Statocean, with LEGI and LPO. ANR
Stosymap, with Polytechnique, Cergy and ENS-
Cachan). Several researchers have independently
studied aspects of two dimensional turbulence
through statistical mechanics approaches. A first
work related to cascades on the hyperbolic plane is
described in section II T1R C. Another project con-
cerns the connection between the statistical physics
of disordered systems and turbulence. We applied
a version of functional renormalization group (FRG)
originally developed for disordered systems to decay-
ing Burgers turbulence and then generalized it to
study the Navier-Stokes equation [725]. We solved
numerically the FRG flow equation for the decaying
2D Navier-Stokes turbulence. We found an inverse
cascade with explicit results both for large and small
distances in agreement with the Batchelor scaling.
Finally several works were led in the framework of
the equilibrium statistical mechanics of two dimen-
sional and geophysical flows [13], as described further
below.

Several studies dealt with the theoretical bases
(properties of the invariant measures, generic prop-
erties of phase diagram) of the equilibrium statistical
mechanics of two-dimensional and geostrophic turbu-
lence. Monte Carlo simulations, based on the Creutz
algorithm, have also been designed, allowing the pre-
diction of a phase transitions. The equilibrium statis-
tical mechanics has also been extended to the three
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dimensional axisymmetric Euler equations [770].

An emphasize has also been put on the develop-
ment of large deviation theory in order to describe the
dynamical properties of phase transitions in turbulent
flows. A first work described large deviations in dy-
namical systems with a connected set of attractors,
as is the case for the two-dimensional Euler equations
and the quasi-geostrophic dynamics.

E. Complex systems

In a famous model in the literature of social mod-
eling, Thomas Schelling showed that the relation-
ship between agents’ individual characteristics (mi-
cro level) and global states of the system (macro
level) is far from trivial. Using the tools of statis-
tical physics [732, 733], we could link analytically
the two levels, extending the notion of free energy
to systems driven by individual dynamics. We have
then studied in which systems this extension of the
free energy was possible [734]. The interest of this
approach lies on the one hand on the possibility to
easily describe segregation through standard meth-
ods used in the context of phase separation, and on
the other hand in the connection it brings between
socio-economic modeling and statistical physics tools
like the free-energy. Going further in this direction,
we managed to connect the socio-economic concept
of utility to the thermodynamic concept of chemi-
cal potential [748]. Other directions have also been
explored in the context of simple models of social
systems studied through statistical physics methods,
like the location of retail stores [622], opinion mod-
els [735], dynamical decision models [743] or urban
housing markets [747].

F. Stochastic thermodynamics and fluctuation theorems

We have studied both experimentally and theoreti-
cally the problem of the thermodynamics of small out
of equilibrium systems where fluctuations cannot be
neglected. We have considered systems slowly evolv-
ing toward equilibrium and systems driven by exter-
nal forces. The instrumentation to perform these ex-
periments has been designed and mounted in our lab-
oratory and the main features are described in T8R

Two review papers on the fluctuation theorem
[714, 717] and a book chapter [746] discuss our re-
sults of the injected and dissipated power on an har-
monic oscillator coupled with an heat bath. We have
also studied the power fluctuations produced by an
oscillating field applied to Liquid Crystals close to
the Freedericksz transition [739]. This is an interest-
ing example of a spatially extended system in which
only a fluctuating macroscopic variable is measured.
Recently we have established both theoretically and
experimentally a new formulation for the heat flux
produced by fluctuations in an electric system cou-
pled with two thermal baths. This work has given

the first experimental evidence of this kind of flux
[715, 716].

In work on the Fluctuation Dissipation Theo-
rem (FDT) it was shown [713] that non-equilibrium
Langevin dynamics respects detailed balance when
viewed in the Lagrangian frame of its mean local ve-
locity rather than in the laboratory frame. This ex-
plained the relation between measurements [729] in
both frames for a driven colloidal particle. In the con-
text of a colloidal particle driven out of equilibrium
we have experimentally verified other formulations of
FDT in out of equilibrium [730, 731].

FDT has been also studied in relaxing gels both
after mixing [738] and after a temperature quench
[728]. In the last case we have shown the connection
between heat flux in the systems and the violation of
the equilibrium formulation of FDT. These questions
have been experimentally analyzed in the context of
a quench at a critical point [740] where the critical
slowing down induces an extremely slow relaxation
towards equilibrium, making the dynamics very sim-
ilar to aging of amorphous materials.

It has been shown that the Landauer bound can be
experimentally reached in an erasure procedure per-
formed using a colloidal particle in a double well po-
tential [697]. We have also shown the strong relation-
ship between the Landauer’s bound and the Jarzynski
equality applied to this process [696].

In optimization studies following from the above,
the least dissipative finite-time protocol for the mem-
ory erasure was found using the Monge-Kantorovich
optimal mass transport as a special case of the finite-
time refinement of the 2nd Law of Stochastic Ther-
modynamics established in [683] and reviewed in the
wider context of fluctuation relations in not yet pub-
lished lecture notes.

Some experiments have been built that allow mea-
surements on granular gases, as examples of macro-
scopic dissipative thermostats. Parallels are drawn
with usual statistical mechanics, by verifying some
exact results out of their range of validity: in dissipa-
tive systems, where kTeff. ∼ 10−7 J, and far from the
thermodynamic limit.
– The FDT and the Gallavotti-Cohen Fluctuation
Theorem have been shown to coincide with a har-
monic oscillator coupled with this reservoir [755].
–Fluctuation relations hold for an asymmetric rotor
experiment in a granular gas even if the angular ve-
locity distribution of the rotor is double-peaked due
to a symmetry breaking in the granular gas [741].
– The Hatano-Sasa relation that generalises Clausius
inequality has been verified with a very high preci-
sion [754] in transitions between several states.
– The transport between two such systems at dis-
tinct Teff. is studied. It shows very specific intermit-
tent and asymmetric statistics for the fluctuations.
This asymmetry reveals the irreversibility of trans-
port, and verifies the Gallavotti-Cohen relation for
the first time between macroscopic dissipative sys-
tems far from the thermodynamic limit.
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T8R. Instrumentation and imaging

Permanent Members: F. Argoul, L. Bellon, V. Bergeron, F. Chillà, S. Ciliberto, S. Man-
neville, A. Naert, A. Petrosyan, J.-F. Pinton, N. Plihon, A. Pumir, N. Pustelnik, S. Santucci,
A. Steinberger, R. Volk

Our laboratory has a strong tradition in developing new instrumentations combined with specific signal
or image analysis including theoretical developments. This activity covers many fields in physics, from
atomic force microscopy to acoustical or optical imaging in complex flows. Several results described in
the other sections have been obtained because of the good performance of the instruments designed in
the laboratory. It is important to stress that these technical developments are only possible thanks to the
excellent competence of the staff working in the mechanical shop of the ENSL and in the electronic shop
of the laboratory. In this section we describe several instruments and imaging techniques, which have been
either developed or improved in the last five years and which have played an important role for getting
new scientific results. Note that several technological developments have led to patents and industrial contracts.

A. Imaging

Ultrasonic imaging coupled to rheometry
(ERC USOFT): We developed an ultrafast ultrasonic
scanner to image the deformation and flow of complex
fluids sheared within concentric cylinder geometries
of gap widths 1 to 5 mm. This scanner is coupled to a
commercial rheometer so that the technique records
simultaneously standard spatially-averaged rheologi-
cal data and the local flow field with a spatial res-
olution of 50-100 microns and frame rates of up to
20,000 fps [776].

High resolution surface plasmon microscopy
(ANR EMMA): Two Scanning Surface Plasmon Mi-
croscopes (SSPM) have been constructed, which can
be operated in linear, radial and azimuthal polariza-
tions. The first SSPM includes a fibered heterodyne
interferometer [773], compacted inside a close box,
coupled to an inverted microscope (fluorescence imag-
ing) on which we have also installed an atomic force
microscope head. The second SSPM operates at two
wavelengths, namely 633 nm and 1500 nm, with two
separate laser paths aligned on the imaging plane of a
high aperture objective lens, it includes two distinct
heterodyne interferometers. For both these systems
we have also implemented a 3D adaptive scanning
software that compensates the sample tilt and im-
proves their sensitivity to nanoscale objects [774].

Fast imaging techniques for particle
tracking in complex flows (ANR LTIF,
LMFA/OCA/LEGI): We developed a technique
to track simultaneously the position and orientation
of painted particles in turbulent flows [789]. Record-
ing images of particles with two independent views,
and comparing images to a collection of synthetic
images, this technique allows for a 6 dimensional
tracking of spheres larger than 5 mm with resolution
7,000 fps at high Reynolds numbers.

Fast image acquisition for trapped particle
tracking: We developed a fast image acquisition and
processing program based on Labview and C++. The
program allows us to follow the trapped particles x
and y positions in real time at 1600 fps with a spatial
resolution about of few nanometers (nm).

Creation of multiple traps with holographic
techniques: We developed Labview programs to

create phase patterns (holograms) on a spatial light
modulator. In this multi tweezers we are using an in-
frared laser which is more suitable biological objects.

3D structure of liquid foam (PSI - SLS
(Switzerland), LPMC, IPR): We have developed a
new fully-automated method for segmenting and la-
belling the void space in cellular materials, and ap-
plied it successfully to reconstruct the 3D structure
of liquid foams imaged by X-ray tomography [778].

Compressed sensing for tomography
(TOTAL/IMS-IMB Bordeaux): Considering sparse
data, the compressed sensing proposes a theoretical
framework allowing to acquire less data with similar
reconstruction performance. In a tomography frame-
work it leads to the reduction of the view number.
We have developed an efficient greedy algorithm that
provides an upper bound of the maximal sparsity
for which a given measurement matrix allows exact
reconstruction through a `1-minimization [775].

B. Instrumentation

Atomic Force Microscopy (AFM) with
ultra-high force resolution (ERC OutEFLU-
COP): Our home built AFM [781] is constantly up-
graded to maintain a cutting edge force resolution to
probe nanomechanics and thermal fluctuations. In
its current design, the spectral resolution in the mea-
surement of the cantilever deflection is of the order of
a few fm/

√
Hz from 1 Hz to 1 MHz, a world leading

result. Moreover, thanks to the quadrature phase in-
terferometric approach, this resolution is constant on
a few µm input range, giving this single instrument a
9 orders of magnitude dynamics. This AFM has been
duplicated so as to operate in a variety of environ-
ments: controlled atmosphere, regulated temperature
([15 − 120]◦C). Its unique characteristics have been
used to demonstrate a precise calibration of AFM
cantilevers through a mapping of the spatial distribu-
tion of the thermal noise on standard [782] or func-
tionnalized [777] cantilevers. In recent developments,
such a functionnalization replaces the tip by a cylin-
drical probe of a few µm in diameter and a hundred of
µm long. This probe can be partially dipped in a fluid
to perform microrheology measurements (including in
opaque liquids), as well as interfacial mechanics and
wetting measurements.
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Holographic/dynamic multiple tweezers: We
have developed and constructed a two-in-one switch-
able multi tweezers that combine fast scanning optical
tweezers based on an acousto-optic deflector (AOD)
and holographic optical tweezers. The AOD can scan
the laser beam very fast. It allows to modulate or
change the traps position at about 100 kHz rate.
Moreover, with holographic optical tweezers, which
are much slower (∼ 20 Hz) to use for measurements
of dynamics, we can create the controllable 3D static
traps with different shapes. In order to create a given
pattern on the focal plane of the focusing objective
we are using a commercial SLM from Hamamatsu.

Two beam optical tweezer with large dy-
namic range: We developed and made a versatile
modular multi tweezers based on visible laser with
wavelength 532 nm. In that model we use two spa-
tially separated orthogonally polarized beams. Hav-
ing two separated beams is important for the mea-
surements correlation. We can easily implement an
AOD or a beam shaping optics. We can do the par-
ticle position tracking with a fast camera or with a
position sensitive detector.

FractoLuminescence - when fractures dazzle
particle detectors (SNOLAB Queen’s (Canada),
ILM, MATEIS): The quest for ultra-rare particle
events demands the most rigorous exclusion of back-
ground noise in detectors. However, we have shown
that fractures due to mechanical stresses occurring
in scintillator crystals – used as particle detectors –
could produce enough light to reduce their sensitiv-
ity [786]. We have built a specific device to compress
scintillator crystals up to failure, and simultaneously
measure light and acoustic emissions at a very high
frequency (streaming at 2MHz for several hours). Us-
ing radioactive sources, we were able to accurately
calibrate the energy emitted by the scintillator and
quantify the fraction of elastic energy converted into
light during the fracturing process.

Joint heat flux-velocity probe for turbulent
flows (EuHit WP 21: Ins. Neel, IMUST Denvib:
Cethil): The understanding of turbulent thermal con-
vection currently lacks local experimental heat flux
data. In particular, the turbulent contribution to
the advected heat flux is unknown. It requires a
joint measurement of local velocity and temperature,
which is a challenge for the experimentalist. We in-
vestigate a novel kind of sensor, based on state-of-
the-art silicon microtechology, to make this type of
measurement possible. The new probe is a micro-
machined 1.2 micron-thick 375 x 50 microns can-
tilever. The elongation induced by the flow veloc-
ity is measured with a strain gauge patterned in a
thin nickel-chrome layer sputtered on the beam. This
gives access to a signed local velocity component. A
thin thermometric layer is sputtered on the tip of the
beam to get the local temperature at the same posi-
tion.

Acceleration measurements using in-
strumented particles (FUI PATVAX,
Sanofi/Merial/Leti/smartINST/Cyberstar): Smart
particles are instrumented device whose role is to

gather measurements in the Lagrangien reference
frame. For an industrial partner FUI PATVAX,
we developed new sensors for conductivity and
reflectance measurements with low consumption.
These devices can be mounted in smart particles cur-
rently used for industrial applications. We also tested
acceleration measurements against position-angle
tracking with cameras, and found new estimators
for acceleration moments and correlations that are
insensitive to the rotation of the particle [787, 788].

Velocimetry in electrically conducting fluids (ANR
VKS): Usual water flow measurement techniques are
usually restricted to media transparent to optical
wavelengths and thus do not apply in opaque liquid
metals which require very specific techniques.
- Potential probes in highly turbulent flows (PICS
ICMM): The method relies on linking the potential
difference measured between two electrodes to the lo-
cal velocity field characteristics in presence of a per-
manent magnetic field. We developed a miniature
potential probe allowing to probe fast dynamics of a
spin-down flow driven inside a torus filled with liquid
gallium [780], not accessible with usual methods in a
water prototype.
- Magnetohydrodynamic turbulent electromotive force:
The development of a 3-dimensional potential probe
coupled with magnetic field measurements allowed for
the first measurement of the turbulent electromotive
force in regimes of interest for astrophysical modeling
of the dynamo instability [784].
- A new concept: the magnetic distortion probe: We
developed a new local velocity measurement method
based on the interpretation of the magnetic induc-
tion from a conducting fluid flow in the presence of
a localized magnetic field [779] (Fig. 25). This work
led to the patent [FR10 54250] and several industrial
actors showed a strong interest in the technology.

Figure 25: Turbulent spectra of velocities measured with
a reference potential probe and the newly-developed mag-
netic distorsion probe in a liquid gallium flow.

Physics of the violin (C. Macabrey): To charac-
terize a musical instrument of the family of the violin
(viola, cello, etc.), it must be submitted to a pertur-
bation that does not affect bridge and strings. The
important point is that these last elements have a
strong but irrelevant response. A system has been
developed that measures the response to a broad-
band perturbation [patent FR12 60891]. The re-
sponse function is very sensitive with a high signal
to noise ratio. This might become very helpful for
the stringed-instrument maker, in repair as well as
construction. It can also be used to artificially play
the instrument, and improve its quality this way.
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and Jean-Christophe Géminard. Influence of non-
Newtonian rheology on magma degassing. Geophys-
ical Research Letters, 38, Jun 24 2011.

[29] Lauris Ducasse and Alain Pumir. Inertial particle
collisions in turbulent synthetic flows: Quantifying
the sling effect. Physical Review E, 80(6, 2), Dec
2009.

[30] E. Falcon, S.G. Roux, and B. Audit. Revealing in-
termittency in experimental data with steep power
spectra. European Physical Journal, 90(5):50007,
June 2010.

[31] E. Falcon, S.G. Roux, and C. Laroche. On the ori-
gin of intermittency in wave turbulence. European
Physical Journal, 90(3):34005, May 2010.

[32] Gregory Falkovich and Krzysztof Gawedzki. Turbu-
lence on hyperbolic plane: the fate of inverse cas-
cade. Journal of Statistical Physics, 156(1):10–54,
Jul 2014.

[33] Gregory Falkovich, Haitao Xu, Alain Pumir, Eber-
hard Bodenschatz, Luca Biferale, Guido Boffetta,
Alessandra S. Lanotte, Federico Toschi, and Int Col-
laboration Turbulence Res. On Lagrangian single-
particle statistics. Physics of Fluids, 24(5), May
2012.

[34] L. Fiabane, R. Volk, J-F Pinton, R. Monchaux,
A. Cartellier, and M. Bourgoin. Do finite-size neu-
trally buoyant particles cluster? Physica Scripta,
T155, Jul 2013.

[35] L. Fiabane, R. Zimmermann, R. Volk, J. F. Pinton,
and M. Bourgoin. Clustering of finite-size particles
in turbulence. Physical Review E, 86(3, 2), Sep 21
2012.

[36] E. Freyssingeas, M. J. Dalbe, and J. C. Geminard.
Flowers in flour: Avalanches in cohesive granular
matter. Physical Review E, 83(5, 1), May 27 2011.

[37] B. Gallet, S. Aumaitre, J. Boisson, F. Daviaud,
B. Dubrulle, N. Bonnefoy, M. Bourgoin, Ph. Odier,
J. F. Pinton, N. Plihon, G. Verhille, S. Fauve, and
F. Petrelis. Experimental Observation of Spatially
Localized Dynamo Magnetic Fields. Physical Re-
view Letters, 108(14), Apr 2 2012.

[38] Krzysztof Gawedzki, David P. Herzog, and Jan
Wehr. Ergodic Properties of a Model for Turbulent
Dispersion of Inertial Particles. Communications in
Mathematical Physics, 308(1):49–80, Nov 2011.

[39] M. Gibert, H. Pabiou, J. C. Tisserand, B. Gert-
jerenken, B. Castaing, and F. Chilla. Heat convec-
tion in a vertical channel: Plumes versus turbulent
diffusion. Physics of Fluids, 21(3), Mar 2009.

[40] Eugenio Hamm and Jean-Christophe Geminard.
The weight of a falling chain, revisited. American
Journal of Physics, 78(8):828–833, Aug 2010.

[41] Sylvain Joubaud, James Munroe, Philippe Odier,
and Thierry Dauxois. Experimental parametric sub-
harmonic instability in stratified fluids. Physics of
Fluids, 24(4), Apr 2012.

[42] Jason Larkin, M. M. Bandi, Alain Pumir, and Wal-
ter I. Goldburg. Power-law distributions of particle
concentration in free-surface flows. Physical Review
E, 80(6, 2), Dec 2009.

[43] Yi Li, Laurent Chevillard, Gregory Eyink, and
Charles Meneveau. Matrix exponential-based clo-
sures for the turbulent subgrid-scale stress tensor.



40

Physical Review E, 79(1, 2), Jan 2009.
[44] N. Machicoane, J. Bonaventure, and R. Volk. Melt-

ing dynamics of large ice balls in a turbulent swirling
flow. Physics of Fluids, 25(12), Dec 2013.

[45] Nathanael Machicoane, Robert Zimmermann, Li-
onel Fiabane, Mickael Bourgoin, Jean-Francois Pin-
ton, and Romain Volk. Large sphere motion in a
nonhomogeneous turbulent flow. New Journal of
Physics, 16(1):013053, 2014.

[46] M. J. Mercier, R. Vasseur, and T. Dauxois. Res-
urrecting dead-water phenomenon. Nonlinear Pro-
cesses in Geophysics, 18(2):193–208, 2011.

[47] Matthieu J. Mercier, Louis Gostiaux, Karl Helfrich,
Joel Sommeria, Samuel Viboud, Henri Didelle,
Sasan J. Ghaemsaidi, Thierry Dauxois, and Thomas
Peacock. Large-scale, realistic laboratory model-
ing of M-2 internal tide generation at the Luzon
Strait. Geophysical Research Letters, 40(21):5704–
5709, Nov 16 2013.

[48] Matthieu J. Mercier, Denis Martinand, Manikan-
dan Mathur, Louis Gostiaux, Thomas Peacock, and
Thierry Dauxois. New wave generation. Journal of
Fluid Mechanics, 657:308–334, Aug 25 2010.

[49] Matthieu J. Mercier, Manikandan Mathur, Louis
Gostiaux, Theo Gerkema, Jorge M. Magalhaes, Jose
C. B. Da Silva, and Thierry Dauxois. Soliton gen-
eration by internal tidal beams impinging on a py-
cnocline: laboratory experiments. Journal of Fluid
Mechanics, 704:37–60, Aug 10 2012.

[50] P. Mininni, P. Dmitruk, P. Odier, J.-F. Pinton,
N. Plihon, G. Verhille, R. Volk, and M. Bourgoin.
Long-term memory in experiments and numerical
simulations of hydrodynamic and magnetohydrody-
namic turbulence. Phys. Rev. E, 89:053005, May
2014.

[51] Sophie Miralles, Nicolas Bonnefoy, Mickael Bour-
goin, Philippe Odier, Jean-Francois Pinton, Nico-
las Plihon, Gautier Verhille, Jean Boisson, Francois
Daviaud, and Berengere Dubrulle. Dynamo thresh-
old detection in the von Karman sodium experi-
ment. Physical Review E, 88(1), Jul 8 2013.

[52] Sophie Miralles, Johann Herault, Stephan Fauve,
Christophe Gissinger, Fran çois Pétrélis, Fran çois
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Jean-Fran çois Pinton, and Nicolas Plihon. Dy-
namo efficiency controlled by hydrodynamic bista-
bility. Phys. Rev. E, 89:063023, Jun 2014.

[53] Romain Monchaux, Michael Berhanu, Sebastien
Aumaitre, Arnaud Chiffaudel, Francois Daviaud,
Berengere Dubrulle, Florent Ravelet, Stephan
Fauve, Nicolas Mordant, Francois Petrelis, Mick-
ael Bourgoin, Philippe Odier, Jean-Francois Pin-
ton, Nicolas Plihon, and Romain Volk. The von
Karman Sodium experiment: Turbulent dynamical
dynamos. Physics of Fluids, 21(3), Mar 2009.

[54] G. Montagnac, R. Caracas, E. Bobocioiu, F. Vittoz,
and B. Reynard. Anharmonicity of graphite from
UV Raman spectroscopy to 2700 K. Carbon, 54:68–
75, Apr 2013.

[55] Balasubramanya T. Nadiga and Freddy Bouchet.
The equivalence of the Lagrangian-averaged Navier-
Stokes-alpha model and the rational large eddy sim-
ulation model in two dimensions. Physics of Fluids,
23(9), Sep 2011.

[56] P. Odier, J. Chen, and R. E. Ecke. Understanding
and modeling turbulent fluxes and entrainment in a
gravity current. Physica D, 241(3, SI):260–268, Feb

1 2012.
[57] P Odier, J. Chen, and R. E. Ecke. Entrainment and

mixing in a laboratory model fo oceanic overflow. J.
Fluid Mech., 746:498–535, 2014.

[58] P. Odier, J. Chen, M. K. Rivera, and R. E. Ecke.
Fluid Mixing in Stratified Gravity Currents: The
Prandtl Mixing Length. Physical Review Letters,
102(13), Apr 3 2009.

[59] Thomas Peacock, Matthieu J. Mercier, Henri
Didelle, Samuel Viboud, and Thierry Dauxois. A
laboratory study of low-mode internal tide scatter-
ing by finite-amplitude topography. Physics of Flu-
ids, 21(12), Dec 2009.

[60] Baptiste Percier, Sebastien Manneville, Jim N.
McElwaine, Stephen W. Morris, and Nicolas Taber-
let. Lift and drag forces on an inclined plow moving
over a granular surface. Physical Review E, 84(5,
1), Nov 3 2011.

[61] Baptiste Percier, Sebastien Manneville, and Nicolas
Taberlet. Modeling a washboard road: From exper-
imental measurements to linear stability analysis.
Physical Review E, 87(1), Jan 17 2013.

[62] Christophe Perge, Maria Alejandra Aguirre, Paula
Alejandra Gago, Luis A. Pugnaloni, Denis Le
Tourneau, and Jean-Christophe Geminard. Evolu-
tion of pressure profiles during the discharge of a
silo. Physical Review E, 85(2, 1), Feb 8 2012.

[63] Nicolas Plihon and Pascal Chabert. Ion acoustic
waves and double-layers in electronegative expand-
ing plasmas. Physics of Plasmas, 18(8), Aug 2011.

[64] Alain Pumir, Eberhard Bodenschatz, and Haitao
Xu. Tetrahedron deformation and alignment of
perceived vorticity and strain in a turbulent flow.
Physics of Fluids, 25(3), Mar 2013.

[65] Alain Pumir and Aurore Naso. Statistical proper-
ties of the coarse-grained velocity gradient tensor in
turbulence: Monte-Carlo simulations of the tetrad
model. New Journal of Physics, 12, Dec 16 2010.

[66] Alain Pumir and Aurore Naso. Insight on turbu-
lent flows from Lagrangian tetrads. Comptes Ren-
dus Physique, 13(9-10):889–898, NOV-DEC 2012.

[67] Alain Pumir and Michael Wilkinson. Orientation
statistics of small particles in turbulence. New Jour-
nal of Physics, 13, Sep 20 2011.

[68] Alain Pumir and Michael Wilkinson. A Model for
the Shapes of Advected Triangles. Journal of Sta-
tistical Physics, 152(5):934–953, Sep 2013.

[69] X. Riedinger, J.-C. Tisserand, F. Seychelles, B. Cas-
taing, and F. Chilla. Heat transport regimes in an
inclined channel. Physics of Fluids, 25(1), Jan 2013.

[70] S.G. Roux, P. Koucká Kńıžová, Z. Mošna, and
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[261] Anais Poulet, Rémi Buisson, Cendrine Faivre-
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[262] Anäıs Poulet, Sabrina Pisano, Cendrine Faivre-
Moskalenko, Bei Pei, Yannick Tauran, Zofia Haftek-
Terreau, Frédéric Brunet, Yann-Väı Le Bihan,
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Mathématique, 350(13-14):703–706, Jul 2012.

[312] Pietro Caputo, Fabio Martinelli, Francois Simen-
haus, and Fabio Lucio Toninelli. “Zero” Tempera-
ture Stochastic 3D Ising Model and Dimer Covering
Fluctuations: A First Step Towards Interface Mean
Curvature Motion. Communicatons on Pure and
Applied Mathematics, 64(6):778–831, Jun 2011.

[313] Pietro Caputo, Fabio Martinelli, and Fabio Lucio
Toninelli. Convergence to Equilibrium of Biased
Plane Partitions. Random Structures & Algorithms,
39(1):83–114, Aug 2011.

[314] Pietro Caputo, Fabio Martinelli, and Fabio Lu-
cio Toninelli. Mixing Times of Monotone Sur-

faces and SOS Interfaces: A Mean Curvature Ap-
proach. Communications in Mathematical Physics,
311(1):157–189, Apr 2012.

[315] Davide Cassani, Sergio Ferrara, Alessio Marrani,
Jose F. Morales, and Henning Samtleben. A spe-
cial road to AdS vacua. Journal of High Energy
Physics, (2), Feb 2010.

[316] J. Daniel Christensen, Igor Khavkine, Etera R.
Livine, and Simone Speziale. The sub-leading
asymptotic behaviour of area correlations in the
Barrett-Crane model. Classical and Quantum Grav-
ity, 27(3), Feb 7 2010.

[317] J. Daniel Christensen, Etera R. Livine, and Simone
Speziale. Numerical evidence of regularized correla-
tions in spin foam gravity. Physics Letters B, 670(4-
5):403–406, Jan 5 2009.

[318] Eoin O. Colgain and Henning Samtleben. 3D
gauged supergravity from wrapped M5-branes with
AdS/CMT applications. Journal of High Energy
Physics, (2), Feb 2011.

[319] Christoph Dankert, Richard Cleve, Joseph Emer-
son, and Etera Livine. Exact and approximate uni-
tary 2-designs and their application to fidelity esti-
mation. Physical Review A, 80(1), Jul 2009.

[320] Paul de Fromont, K. Gawedzki, and Clement
Tauber. Global gauge anomalies in coset models of
conformal field theory. Communications in Mathe-
matical Physics, 328(3), Jun 2014.

[321] Nihat Sadik Deger, Henning Samtleben, and Ozgur
Sarioglu. On the supersymmetric solutions of D =
3 half-maximal supergravities. Nuclear Physics B,
840(1-2):29–53, Nov 21 2010.

[322] S Deger, A Kaya, H Samtleben, and E Sezgin. Su-
persymmetric warped ads in extended topologically
massive supergravity. Nuclear Physics B, 884:106,
2014.

[323] F. Delduc, M. Magro, and B. Vicedo. A lat-
tice Poisson algebra for the Pohlmeyer reduction
of the AdS5 × S5 superstring. Physics Letters B,
713(3):347–349, Jul 9 2012.

[324] F. Delduc, M. Magro, and B. Vicedo. Alleviating
the non-ultralocality of coset sigma-models through
a generalized Faddeev-Reshetikhin procedure. Jour-
nal of High Energy Physics, (8), Aug 2012.

[325] F. Delduc, M. Magro, and B. Vicedo. Alleviating
the non-ultralocality of the AdS5 × S5 superstring.
Journal of High Energy Physics, (10), Oct 2012.

[326] F. Delduc, M. Magro, and B. Vicedo. Generalized
sine-Gordon models and quantum braided groups.
Journal of High Energy Physics, (3), Mar 2013.

[327] F. Delduc, M. Magro, and B. Vicedo. On classical
q-deformations of integrable sigma-models. Journal
of High Energy Physics, (11), Nov 26 2013.

[328] F. Delduc, M. Magro, and B. Vicedo. Integrable
deformation of the AdS5 × S5 superstring action.
Physical Review Letters, 112(5), Feb 5 2014.

[329] Bernard Derrida, Giambattista Giacomin, Hubert
Lacoin, and Fabio Lucio Toninelli. Fractional Mo-
ment Bounds and Disorder Relevance for Pinning
Models. Communications in Mathematical Physics,
287(3):867–887, May 2009.

[330] Maiete Dupuis and Etera R. Livine. Lifting SU(2)
spin networks to projected spin networks. Physical
Review D, 82(6), Sep 30 2010.

[331] Maite Dupuis, Laurent Freidel, Etera R. Livine, and
Simone Speziale. Holomorphic Lorentzian simplic-
ity constraints. Journal of Mathematical Physics,
53(3), Mar 2012.



50

[332] Maite Dupuis, Florian Girelli, and Etera R. Livine.
Spinors group field theory and Voros star product:
First contact. Physical Review D, 86(10), Nov 20
2012.

[333] Maite Dupuis and Etera R. Livine. Pushing the
asymptotics of the 6j-symbol further. Physical Re-
view D, 80(2), Jul 2009.

[334] Maite Dupuis and Etera R. Livine. The 6j-symbol:
recursion, correlations and asymptotics. Classical
and Quantum Gravity, 27(13), Jul 7 2010.

[335] Maite Dupuis and Etera R. Livine. Boundary state
stability under spinfoam evolution for the quantum
4-simplex. Classical and Quantum Gravity, 28(21),
Nov 7 2011.

[336] Maite Dupuis and Etera R. Livine. Holomorphic
simplicity constraints for 4D spinfoam models. Clas-
sical and Quantum Gravity, 28(21), Nov 7 2011.

[337] Maite Dupuis and Etera R. Livine. Revisiting
the simplicity constraints and coherent intertwin-
ers. Classical and Quantum Gravity, 28(8), Apr 21
2011.

[338] Sergio Ferrara, Alessio Marrani, Jose F. Morales,
and Henning Samtleben. Intersecting attractors.
Physical Review D, 79(6), Mar 2009.

[339] Laurent Freidel, Kirill Krasnov, and Etera R.
Livine. Holomorphic Factorization for a Quan-
tum Tetrahedron. Communications in Mathemat-
ical Physics, 297(1):45–93, Jul 2010.

[340] Laurent Freidel and Etera R. Livine. The fine struc-
ture of SU(2) intertwiners from U(N) representa-
tions. Journal of Mathematical Physics, 51(8), Aug
2010.

[341] Laurent Freidel and Etera R. Livine. U(N) coherent
states for loop quantum gravity. Journal of Mathe-
matical Physics, 52(5), May 2011.

[342] Krzysztof Gawedzki, Rafal R. Suszek, and Kon-
rad Waldorf. Bundle gerbes for orientifold sigma
models. Advances in Theoretical and Mathematical
Physics, 15(3):621–687, Jun 2011.

[343] Krzysztof Gawedzki, Rafal R. Suszek, and Kon-
rad Waldorf. Global Gauge Anomalies in Two-
Dimensional Bosonic Sigma Models. Communica-
tions in Mathematical Physics, 302(2):513–580, Mar
2011.

[344] Krzysztof Gawedzki, Rafal R. Suszek, and Konrad
Waldorf. The gauging of two-dimensional bosonic
sigma models on world-sheets with defects. Reviews
in Mathematical Physics, 25(6), Jul 2013.

[345] Krzysztof Gawedzki and Konrad Waldorf.
Polyakov-Wiegmann formula and multiplica-
tive gerbes. Journal of High Energy Physics, (9),
Sep 2009.

[346] Giambattista Giacomin, Hubert Lacoin, and Fabio
Toninelli. Marginal Relevance of Disorder for Pin-
ning Models. Communicatons on Pure and Applied
Mathematics, 63(2):233–265, Feb 2010.

[347] Giambattista Giacomin, Hubert Lacoin, and
Fabio Lucio Toninelli. Hierarchical pinning models,
quadratic maps and quenched disorder. Probability
Theory and Related Fields, 147(1-2):185–216, May
2010.

[348] Giambattista Giacomin, Hubert Lacoin, and
Fabio Lucio Toninelli. Disorder relevance at
marginality and critical point shift. Annales de
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pratiques du vélo’v : le regard de physiciens et
d’informaticiens. Revue Sciences/Lettres, 2, 2014.

[648] S. Roux, M. Clausel, B. Vedel, S. Jaffard, and
P. Abry. Transformée hyperbolique en ondelettes
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lyon based on large-scale behavioural dataset. Jour-
nal of Transport Geography, to appear, 2014.

[672] H. Wendt, N. Dobigeon, J.-Y. Tourneret, and
P. Abry. Estimation bayésienne du paramètre de
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ENS Lyon patent 09 50878, 2009.

[774] L Berguiga, E Provera, J Elezgaray, and F Argoul.
Sensing Nanometer Depth of Focused Optical Fields
with Scanning Surface Plasmon Microscopy. Plas-
monics, 8:715–722, 2013.

[775] Y. Berthoumieu, C. Dossal, N. Pustelnik, P. Ricoux,
and F. Turcu. An evaluation of the sparsity degree
for sparse recovery with deterministic measurement
matrices. J. Math. Imaging. Vis., 48(2, SI):266–278,
Feb 2014.

[776] Thomas Gallot, Christophe Perge, Vincent
Grenard, Marc-Antoine Fardin, Nicolas Taberlet,
and Sebastien Manneville. Ultrafast ultrasonic
imaging coupled to rheometry: Principle and
illustration. Review of Scientific Instruments,
84(4), Apr 2013.

[777] Justine Laurent, Audrey Steinberger, and Ludovic
Bellon. Functionalized AFM probes for force spec-
troscopy: eigenmode shapes and stiffness calibra-
tion through thermal noise measurements. Nan-
otechnology, 24(22), Jun 7 2013.

[778] Kevin Mader, Rajmund Mokso, Christophe Rau-
faste, Benjamin Dollet, Stephane Santucci, Jerome
Lambert, and Marco Stampanoni. Quantitative 3d
characterization of cellular materials: Segmentation
and morphology of foam. Colloids and Surfaces A-
Physicochemical and Engineering Aspects, 415:230–
238, DEC 5 2012.

[779] Sophie Miralles, Gautier Verhille, Nicolas Plihon,
and Jean-Francois Pinton. The magnetic-distortion
probe: Velocimetry in conducting fluids. Review of
Scientific Instruments, 82(9), Sep 2011.

[780] Vitaly Noskov, Rodion Stepanov, Sergey Denisov,
Peter Frick, Gautier Verhille, Nicolas Plihon, and
Jean-Francois Pinton. Dynamics of a turbulent spin-
down flow inside a torus. Physics of Fluids, 21(4),
Apr 2009.

[781] Pierdomenico Paolino, Felipe A. Aguilar Sandoval,
and Ludovic Bellon. Quadrature phase interferom-
eter for high resolution force spectroscopy. Review
of Scientific Instruments, 84(9), Sep 2013.

[782] Pierdomenico Paolino, Bruno Tiribilli, and Ludovic
Bellon. Direct measurement of spatial modes of a
microcantilever from thermal noise. Journal of Ap-

plied Physics, 106(9), Nov 1 2009.
[783] Nelly Pustelnik, Herwig Wendt, and Patrice Abry.

Local regularity for texture segmentation: Combin-
ing wavelet leaders and proximal minimization. In
2013 IEEE Int. Conf. Acoust., Speech Signal Pro-
cess (ICASSP), International Conference on Acous-
tics Speech and Signal Processing ICASSP, pages
5348–5352. Inst Elect & Elect Engineers; Inst Elect
& Elect Engineers Signal Proc Soc, May 26-31
2013. IEEE International Conference on Acoustics,
Speech, and Signal Processing (ICASSP), Vancou-
ver, Canada.

[784] Kian Rahbarnia, Benjamin P. Brown, Mike M.
Clark, Elliot J. Kaplan, Mark D. Nornberg, Alex M.
Rasmus, Nicholas Zane Taylor, Cary B. Forest,
Frank Jenko, Angelo Limone, Jean-Francois Pin-
ton, Nicolas Plihon, and Gautier Verhille. Direct
observation of the turbulent emf and transport of
magnetic field in a liquid sodium experiment. As-
trophysical Journal, 759(2), Nov 10 2012.
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