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Fluorescence images of individual atoms trappedriays of optical tweezers separated by a few mietens
(courtesy of A. Browaeys, 10GS, 2017)
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A glimpse of research at LPTM&ntrolling threebody observables by a Floquet drive (Sykes, Landa & Petrov, upper
picture), random matrix theory wheel of fortune (Grabsch, Majumdar &€fexstress generation in a biopolymer
network (Ronceray & Lenz, background).
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Introduction

The LPTMS (Laboratoire de Physique ThZorique et ModSkasistiques) is a joint ParBud University and
CNRS unit (UnitZ Mixte de Recherche 8626). We areeatily located in the valley of Orsay camp&sd
of 2018,we will change premises to occupy a brand new buildimghe plateau.

The laboratoryturns 20 years old in 2018. Initially an offspring of the Olivisle Physique

, ThZoriqueO within the Orsay Nuclear Physics Institiis activities gradually expdad to

cover a large gamut of subjects in the realm of statistical phyRiesearch at LPTMS aims

| at modeling, qualitatively understand, and quantitatively descdomplex phenomena

"“ ' arising in diverse areas of (OkawergyO) physics and related disciplines. Our activities

= thereby highlight the common grounds between condensedrraattejuantum fluids, span a

‘spectrum of themes pertaining to equilibrium and-aquilibrium statistical systems, and
explore a growing number of interfaces, with mathematics, cae@nmaience, biology, or

social sciences in particular. In essence, our efforinisunderstanding emergent and

collective phenomena.

2 D Visibility, accolades and overview of achievements

The lab visibility starts with the a@lity of the staff, collaborators and corresponding sciengifaduction.
Among the500 peerreviewed articles we published between January 2013 and May 2018 (@xgu
proceedings), there are more théh papers in the Physical Review Lettersr Physical Review X, and
about90 including journals such as PNAS, Nature, Nature Physic$Nature Communications, Science
and Cell. Yet, visibility can also be assessed from other perspectiv@sndthe 20132018 timespan,
several lab members

¥ received distinctns: ERC grants for G. Shlyapnikov and M. Lenz, several adjunct prasegsofor
S. Majumdar (Raman Research Institute, VARJA, Tasditute of Fundamental Research), IUPAP
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Young Scientist prize anEMBO Young Investigator award for M. Leninstitut Universitaire de
France for S. Franz and E. Trizac, P&isd seed funds for C. Texier, Outstanding APS Refanead
for D. Petrov, E. Bogomolny and G. Shlyapnikov),ptide Tangente award for H. Krivine; besides,
severalof our students received awardsifps from the BettencouBchueller foundation, French
Italian PhD prize, IOP best paper in J. Phys. A); we alste that among former LPTMS graduates,
there are 3 CNRS bronze medal, 2 ERC recipients, one 8hgelin prize, and some already are full
professors,
¥ were invited as plenary speakers in main conferencased lectures, summer schools (StatPhys
2013 StatPhys 2016, Liquid MatteBerkeley Statistical Mechanics Meeting, Rutgers Stiatl
Mechanics Conference, Les Houches, Gordon Conferé&siR8March Meeting, KITP, Cargese, IHP,
ESI, Newton Institute, Simons Center, )etand have been active in the African Institute for
Mathematical Sciences.
¥ have participated in various European networks (including ETN, ITNpréaliboards (JSTAT, Phys.
Rev. Lett. where S. Majumdar has been a divisional associate editor, J. Stat. Phys, 4., ERL...),
¥ acted in governing bodies at the national or international SCARE where P. Leboeuf was a deputy
director for physics during 5 years, Institut HeRdincarZ where G. Schehr is a member of the board
of directors, Les Houches where T. Jolicoeur was the head of gumgioral program, ComitZ
National de la Recherche Scientifigue where S. Fmaam V. Terras wer@r are active, Conseil
National des UniersitZs for C. Texier, ANR panel for N. Pavloff and S. @u&uropean Physical
Society...),
¥ occupied high profile positions (M. MZzard at ENS Paris, P. Lebate@NRS/INP then IDEX Pars
Saclay).
We note that the large majority of lab membBrmore thantwice the mean national figur® has been
awarded a Prime d'Excellence Scientifige (PES/PEDR), either by CNRS or by the University. Our
important implication in local committees, and in tHev@stissements d'Ave@irprogram was summarized
in section 1 We turn to conferences, several large scale of which, wioter or summer schools, were
organized under thauspices of the lab (total of 3&ents, see Appendix 3). A large number of those has
been supported by our administrative staff. The lab is also involved ionrtfamization of the recurrent
QlournZes de Physique StatistiGuea well known twday meeting point taking place in Paris end of
January.

The lab visibility also goes through the publicatimhmonographs. C. Texier addressed an unddrgte
audience with his booksMZcanique quantique, cours et exercices cor@y{s and M levels, Dunod,
second edition in 2015) and 'Physique statistique, desepsus ZIZmentaires aux phZnaseollectifsO
(same level and editor, in collaboration wiB Roux, 2017). LPTMS capitalizes on competitioncsin
another pair (N. Pavloff from the lab and N. Sator, a forfAeD student of ours, now at Sorbonne
UniversitZ) published Rbysique Statistiqu® (Vuibert), a year beforaVe have already presented
publications for the public at large in section 2.
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Finally, we enjoy an active visitor program (40 @ fseople per year for stays that exceed the waek) we
can further gauge the lab attractiveness by the quality of tberggi(17 PhDs currently under way), and the
postdocs (currently 11). For instance, we had about 40 applications forbtip@sadoc in 2016, in spite of

a suboptimal timing. In 2018, our assistant professaitipa attracted 45 applicants, out of which 10 were
shortlised, and were truly high level. This represents about the sameupe as for the notoriously difficult
CNRS junior competition (around 200 applications4qrositions), with strong overlap for the bestdile



3 b Scientific report

The present scientdireport is for the period between January 2013 and June RO&8ot meant to be
exhaustive, but aims at providing an overview of the researdiorpexd, and focuses on a number of
highlights. It goes with the complete list of publications providedAppendix 4, where the references
mentioned below can be found. They are ordered &y tlor convenience, and cited such that-fi[is for
the regular peer reviewed article numireof team 1 etc. [CSR] stands for the production involving
members of difrent teams (Common Scientific Production). Proceedings and diapters are gathered
separately, under [FMn], where the M stands for OMiscellaneousO. Mosirgbapers can be found on the
ArXiv, and are systematically uploaded on HAL repositor

3.1 Condensed matter and quantum fluids

There are currently 8 permanent members, 6 PhD stsidend 2 postlocs in the team, The main topics in
recent years have been at the crossroads between abonmmlecular physics on the one hand, and
condensed matteon the other. This includes a number of strongly cateel systems. Topological features
appear in different clothing across a large fraction of our ceteg) ongoing, or future projects.

Analog Hawking radiation

We have proposed to studyomentum correlation for detecting acoustic Hawkirdjation in BoseEinstein
condensates. Indeed, one of the most celebrated predictiondatketisdephen Hawking is the fact that black
holes are not completely black, but emit a small radiation trgghéy vacuum fluctuations. For practical
reasons, it cannot be detected. Yet, it has beeropeapthat hydrodynamical systems exhibiting a kineti
structure similar to that realized at the horizom gfravitational black hole would emit an analogotsuatic
radiation. One of the major goals of scientists wagkim the domain of analogous gravity is to deteat an
study the quantum properties of this acoustic Hawkatijation. We have analyzed the flow of a quE3i
BoseEinstein condensate past an oblarealizing an acoustic horizon (the upstream flow is subsonic,
while downstream is supersonic). The theoreticallpleated momentum correlation pattern across this
horizon displays clear signatures of analogous Hawking radiation, wittruatuse indued by the
correlations between the Hawking phonon (emitted upstream) tanpaitner which is dragged by the
downstream supersonic flow. Moreover, the intensity of these caoredagives a direct measure of the
entanglement of the two quagsarticles. Weproposed several realistic scenarios for measuring this
entanglement and showed that the signal is quite resiliertetonal decoherence: the signature of the
quantum non separability persists even at temperatures larger thahetiéal potential, which is quite
remarkable [T436].

[Permanent member involved: N. Pavloff]
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Collective phenomena in layered materials

We modeled spatitemporal evolution after optical pumping of excitons which angpted to a symmetry
breaking order parameter. A qil@ondensate of excitons appears as a macroscopic quantum state which
then evolves by interacting with other degrees of freedamepto instability. This coupling leads to self
trapping of excitons; this locally enhances their density which da@ exced a critical value and trigger a
dynamical phase transition. The system consequently becomes stratifiecdomains which are persistent,
evolving through a sequence of merging events, after the imitiadxcitons have recombined. The
theoretical workwas inspired by experiments performed in Japan asaseh France (Rennes Univ.) [T1
56, T1:57].

The injection or pumping of charge into some layareterials
leads to the formation of globules or to a network of chérge
domain walls created by thetiimsic Coulomb instability of the
superlattice of selftrapped electrons [F21, T150, T84, Tl

‘ 102]. Monte Carlo simulations [F109] of this 2D classical
»js“"'m charged lattice gas show an ordering phase transition followed
& R by a gradual coalescence of poddfects into interconnected
— e segments  of domain walls, which subsequently branch at

Frequency [THz]

| Time delay At, [ps]

2 4 6 8 10 12 14 16 100

Time delay At,, [ps] vertices where vorticity is concentrated. The surprising effective
attraction coming from the purely repulsive Coulomb interasti- ST
follows from the charge fractionalizatiacross the domain wall. il %
Broken symmetry states in quddd electronic systems respond .. \Q
charge injection or spin polarization by forming a concentragbi O

microscopic topological defects the solitons [TiM6]. Under

cooling, the ensemble of solitons a coupled array of chair o
undergoes two phase transitions: confinement of individual sol

into bound pairs; then aggregation of microscopic solitons = - At”%
macroscopic domain walls. This was confirmed by Mo@arlo o ;
studies including the destructiveole of long range Coulomb

interactions [T171].

[Permanent member involved: S. Brazovski]

Cold atom physics

We developed a theory describing a stable topolbgicaipy superfluid of (identical) microwaveressed
polar molecules in 2D optical lattices, which is promising for topalalti protected quantum information
processing. A sizable critical temperature of tens of nanokelgirshievable here due to the leragpge
character of the intermolecular dipalgole interaction. We then showed that nradie 2D lattices strongly
reduce the rates of inelastic decay processes for-dnge interacting identical fermionic atoms compared
to free space, still retaining a sizable critical temperature-fwaye superfluidity. This result is now in the
agendaof experimental groups as it provides the most spectacular way atingreopological pvave
superfluids [T162,T1-89].

Together with D. Papoular (Cergy) and the experimegtoup of M.Zhan (Wuhan, China), we considered
collisional stability of a twestom system in a small trap, which indicated the possibility of crgdtim-
gubit quantum gates using atoms in different states. The next worknie creation of the CNOT gate
and entangled state of two atoms of different isotopes (whjdvia Rydbeg blockade, with almost no
crosstalk at short interatomic distances. These investigatpmarsreew horizons for quantum computing with
cold atoms [T1104].

In the domain of exotic quantum fluids, the work camed finding generic and stable supersolidestan
free space. These exotic states should demonstodite coystalline order and superfluidity (fluid with a
crystal structure of the density). We found and describededdupersolid states of dipolar bosons (polar
molecules or magnetic atoms) in daer geometry, where unlike in a single layer the emergibgd/
repulsion prevents the collapse of the supersolidatitid polar molecules are now actively studied and
experiments on superfluid properties of supersolids may beeonew domain in naphysics [T144].

In the domain of noftonventional disordered quantum systems, we first consideesdklyvinteracting
bosons in the quasiperiodic potential representing a superposition of a attep &nd a shallow
incommensurate lattice. We then described the interaotauced localizatiordelocalization transition at
finite temperatures. This revealed an anomalous Ziingewith heating" phenomenon in which an increiase
temperature leads to fluidsulator transition, thus favoring the insulator state. The work MitBeng, L.
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Santos, and B.L. Altshuler considered dipolar exicites propagating via dipoleduced exchange among
immobile molecules randomly spaced in a 3D lattice. It was shibatrall eigenstates are extended, but can
be nonergodc. This is the first work that found bands of extended-amuodic states in a physical system
and it indicates a possibility of a novel ergedimnergodic phase transition [2b, T1:61].

We have experimentally investigated the quantum eonoti

of an impurity atom that is immersed in a stron -
interacting onedimensional Bose liquid and subject to ;..
external force. We find that the momentum distributior #*
the impurity exhibits characteristic Bragg reflections at
edge of an emergent Brillouin zonéWhile Bragg
reflections are typically associated with lattice stiwes, in :=
a strongly correlated quantum liquid they result from -
interplay of shorrange crystalline order and kinema B : ‘
constraints on the marlyody scattering processes in Lo roevem——
onedimensional system. As a consequence, the impurity Hesxmbrlodlc dynamics that we interpret as
Bloch oscillations, which arise even though the quamliquid is translationally invariant. Our obsetions
are supported by laregcale numerical simulations [T96].

According to the meatfield theory, a condensed BeB®se mixture collapses when the interspecies
attraction becomes stronger than the geometrical average of theéciessrepulsions. We have shown that
instead of collapsing, such a mixtugets into a dilute liquidike droplet state stabilized by quantum
fluctuations, thereby providing a direct manifestatod beyond meatfield effects. We have studied various
properties of the droplet and found, in particular, that in a wide rahgamameters, its excitation spectrum
lies entirely above the particle emission threshold. The droplstahtomatically evaporates itself to zero
temperature, a property that is potentially interesting from thepaew of sympathetic cooling of other
systems. This theory turned out to be relevant alsalifoolar gases tuned close to the collapse instability.
Droplets stabilized by such beyontkanfield effects have recently been observed experimgritatipolar

Dy and Er atoms, as well as in Potassiumtores. The physics beyomdeanfield in the weaklyinteracting
regime is currently of broad interest in th@mainof ultracold gases [T48].

[Permanent members involved : G. Shlyapnikov, Did®etM. Zvonarev]
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Strongly interacting Quantunystems

Topology is a mathematical concept that aims atsifldag shapes by some features that are robushstga
deformation. Tools from differential geometry provide an analytic dgesam of surface and volume that
help to compute some of these inaats, such as Chern numbers. In quantum mechanics, differential
geometry appears for instance when varying the Hamiltonian parametgrghe Brillouin zone of some
nortrinteracting particles Hamiltonian. Since the 80s, it has been démmusthat somebservables, for
instance conductivity of a quantum Hall material, are connectethgotopological structure of the
wavefunctions. A current trend in condensed mattgsiak is to further explore these aspects and tenelx
them in the case of interaagjiparticles. In this context, we discussed the simplest georhetraltows for a
guantum flux to pierce through, the thag ladder. In the case of interacting bosons, as realized in
experiments, we found a physics reminiscent of the fractionahtgm Hal effect [T1-99]. In two
dimensions, we proposed a way to create a topological Hamiltonian fondbasing Floquet engineering
[T1-100]. Last, by studying the bosonic version of the Kiiede model, we found that such systems host an
exotic chiral phasa the Mott regime [T4113].
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The AubryAndre model can be realized experimentally using ivemmmensurate lattices filled with cold
atoms. This highly controllable setup has been recently usaiemblematic topics of disordered quantum
systems: Bose glass physics and mhagly localization. In this context, we have been involved in the recent
experimental investigation of the interaction versus disorase diagram [T-16,T1-66], testing some of
our previous predictions. Inhomogeneity and finite temperature effetsapkey role in the interpretation,
while nonthermalization issues observed at strong interaction could Hiegarprint of manybody
localization. We also proposed Bragg spectroscopy as & faie localization mechamis[T1-12], which

is different from the usual Anderson mechanism.

An ongoing direction for quantum simulators is tangarecision and reach longer lifetime. In the extof
Rydberg based quantum simulators, we have contdbitenumerical simulations & proposal made by
colleagues at College de France {I'11]. It shows promising results that call for a deeper understanding of
the proposed setup.

[Permanent member involved: G. Roux]
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Geometry dependent decoherence in metallic devices

Phase cherence has been a major question in condensed matter as it coheefirmtier between the
classical and the quantum worlds. A relevant playground tstigate this problem is the study of electronic
transport in metallic devices. Several probestuge coherence have been used in the mesoscopic physics
community: persistent currents in metallic rings, weak locadisabr mesoscopic conductance fluctuations.
In particular, this raised the question whether thesmuws tools provide the same defion for the phase
coherence length, which is the fundamental scale above which quartenfierences are destroyed. In a
series of earlier theoretical works with several cdlalors, we investigated the role of geometry of the
device on decoherence, wh is important in order to interpret the experimental data in Ihcetangs or
grids, the most convenient devices for studying interference effdutsis crucial as it permits to interpret
correctly the temperature dependences observed and idelhéfymicroscopic mechanisms governing
decoherence, dominated by electronic interaction at low temperatuiest experimental validation was
provided within a collaboration with the team of H. Bouchiat at LB&4dy), by investigation of the weak
localisation of large grids. We also collaborated with an exmariai team of Institut NZel which has
compared the phase coherence obtained from weak localisation inmetadlic wires (i.e. averaged
properties) and the one extracted from the AhareBolvm oscilations of a single ring (i.e. from mesoscopic
fluctuations). This work is reported in Ref. [R]l where two lengths have been demonstrated to coincide.
[Permanent member involved: C. Texier]



Quantum Hall physics

Two-dimensional electron gases undestong perpendicular field exhibit incompressible iitjatates that

are the realm of the fractional quantum Hall effect. A successédré¢iical paradigm is the Ocomposite
fermionO, an entity made of one electron bound tofiwoquanta,
whose main viue is to map the fractional quantum Hall onto the
integer quantum Hall effect. This is a powerful idea since tltisrla
effect can be understood without interactions. For-filliig of the
lowest Landau level, the theory predicts the formation of degap
Fermi sea of these quasiparticles which do not feel external
applied magnetic field. It is known that the situation is more complex
in the second Landau level where instead of this Fermi sea,
experiments show again an incompressible i.e. gapped state. It was
proposed some time ago that the effective composite fermions may lpeaneng instability which leads to
the gapped state at filling nu=5/2. This state, called the OPfafftat&) remains mysterious nowadays
notably if one realizes that iparticlehole conjugate is also a good candidate to describe the 5/2 state. In the
real world, virtual transitions of electrons towards bbigher and lower Landau levels break the particle
hole of an isolated Landau level and hence decide which is chosen beheePfaffian and its partner
dubbed the OAntiPfaffianO. Detailed studies by numerical techniquesssivety parallel computers have
given evidence for the Pfaffian state, leading to definite faldiéi predictions for various transport
propertes. It remains to be seen if real samples have anything withdhe Pfaffian predictions [F46,T1-

50].

[Permanent member involved: Th. Jolicoeur]
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3.2 Statistical physics, field theory and integrable systems

This group (currently 10grmanent members, 5 PhD students and 2g¢mst) is a front runner in a broad
range of topics in diverse areas of statistical plsygextreme value and record statistics, localisation
problems in disordered systems, stochastic processes), withng gtoficiency in random matrix theory,
and quantum statistical mechanics in low dimensions. Theg studortequilibrium dynamics in quantum
many-body systems, together with quantum information theory and entanglemensd&eah the thrust of
research irthe last five years.
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Random matrix theory (RMT) and its various applications

A novel subjectrelated to the distribution of eigenvectors of ratandard random matrices was attacked.
Inspiration comes from the recent observation that chmeasurements of neutron resonance widths
contradict the PorteFhomas law, considered as one of the most univéesathmarks of random matrix
theory. Different scenarios have been proposed to explainliigagreement. In [F224], we found an exact
soluion of a model put forward earlier for this purpose. Theilte demonstrate that certain modifications of
random matrices are indeed capable to explain theriex@eatal observations. The methods used in122]
allow to find an exact solution of the RogeveigPorter model [T2L61], which recently caught the attention
of physicists and mathematicians. It is characterized by theeegés of unconventional nesrgodic phase.
The obtained solution is in excellent agreement wiimerical simulations and cstitutes the first instance
of an exact solution for a model with ntnivial fractal dimensions. Very recently, the investigations of
powerlaw banded random matrices was initiated in the intermediate eegimere no analytical methods
can be applied. Theesults demonstrate the existence of a new eigenvdigtribution. The latter is quite
different from the Portefhomas law but shares a number of universal prasewith it.

An important universal observable in mangdy disordered systes is the ratio of two consecutive level
spacings, as it is often insensitive to the details ofgllbbal density of states. We studied the statistical
properties of this ratio, in a variety of random matrix models andeegbiits universality [CSR, T2-2].

An interesting exact connection was uncovered, betweerpositions of 1d nemteracting fermions in a
harmonic trap at zero temperature and the eigenvalues of randomesagionging to the Gaussian Unitary
Ensemble (GUE). Exploiting this coection, new results were found for the edge properties of dasni
Generalization to higher dimensions, finite temp@&®tand arbitrary potentials was achieved. At finite
temperature and in one dimension, the edge propertiesroiofes were shown to belated to the height
distribution in the 1+1 dimensional KardBarisiZhang equation. Another application of this mappiog
GUE has been to compute the full counting statistitd the entanglement entropy of the fermions irap t
[T2-46,T265,T271,T2109,T2142, CSP21,CSP28].

A related effort addressed the statistics of thgdsar eigenvalue in a class of random matrix modals,
particular its large deviation properties. The large deviation fomctvas shown to have a nanalytic
behavior at aritical value of its argument, the fingerprint of a univetbaid-order phase transition from a
strong coupling to a weak coupling phase. This thidker phase transition was shown to be generic and
appeared in a number afpriori unrelated models istatistical physics [T-23,T2114,T2133,T2153,CSP
9,CSPR11]. This body of work was highlighted in Nature Phy¢msM. Buchanan), Quanta Magazine (by N.
Wolchover) and also as a CNRS news item (OaleretfaueO).

7
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Another important olervable in RMT is the linear statistics of eigenvalues, e.gWigner time delay
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associated with mesoscopic transport in quantum cavities. Segsudtls were derived for the statistics of
Wigner time delay, using Coulomb gas method-BB1 T1-67, T1-82, CSR11]. By adapting thisechnique

a new class of truncated linear statistics (involving only #&icesd number of large eigenvalues) was
introduced and studied in [CSI5, CSP26].

During the last few year$pcalization theory has remained a qu&m of central interest. Our studies have
clarified the links between the Dys@cthmidt route to 1D localization and the approadhgithe product of
random matrices. In particular, the role of the Weyl fiomc has been discussed in detail in {W2].
Another intriguing issue is to understand why the Lyapunov exponent is often edpretsens of special
functions, in particular hypergeometric [G2P It was shown that these special functions are eigenstates of
some operators, which occur in the representatiomyhefcsemisimple Lie groups.

Motivated by the physics of the Anderson localizatianother line of research focused on the stedisti
properties of the products of random matrices in various models and dbs@wneral exact results for the
associated Lyapunov exponent fIZ,CSP2,CSR3]. Its fluctuations were worked out in [CEB]. A more
general multichannel model (Dirac equation with random mass) wasdeoed in [T168], presenting
topological phase transitions driven by the disorde

[Permanent members involved: Bogomolny, Comtet, igirdajumdar, Schehr, Texier+ Roux from team 1]

Quantum statistical physics in low dimensions

We studied th@onequilibrium dynamics of low-dimensional manybody quantum systemdqP-5, R6, P

7, R8, P9, R10,R11]. In particular, the latime behaviour of local observables in the XXZ chain (a
paradigm of interacting integrable model) has been analyzéd,fP16]. We found new conservation laws
in the quantum XY model 2], and identified two meemisms of preelaxation: one of them is based on
the breaking of nowmbelian integrability, while the other is related to spontaneyusmetry breaking at
exactly zero temperature. Quench dynamics in the presence of inhaitEgein the initial state vea
addressed [R5], also when the Hamiltonian has localized defects. These igatistis resulted in the
development of what is now known as ““generalized hydrodynamicsO0, wiiiehrbasarkable bproduct

of giving an exact analytic expression for tlepectation value of the currents of conserved operators in
interacting models solvable by Bethe ansati TP

——

Q ; o

&1 T2

A significant effort was invested in characterizinige tmulti-fractality of quantum wavefunctions.
Quantum particles in a disorderpdtential can be localized by quantum interferences, a phenomenon first
described by Anderson. At the localizatidalocalization transition, wavefunctions have multifractal
amplitude distributions. Various models with such a critleathaviour were proped and studied [F24,
T2-74], allowing the exploration of basic mechanisms and properties assbcigith quantum
multifractality: symmetry of critical exponents, linkith spectral compressibility, connection with
logarithmically correlated processesdaextreme value statisticSThis work led to a CNRS Oalerte
scientifiqueO in 2014.
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Conformal Field Theory provides a method of choice for unraveling the intricacies ofdinmensional
statistical models. These include geometrical propedfedusters in critical percolation addressed using the
numerical 2D conformal bootstrap technique I T222, T255, T295, T2122], the calculation of the
symmetry function in Toda theories [BA, T2101, CSP22], the Casimir effect with inhomogenous
boundaries [CSR9, CSP24] and the connection between Liouville field theory anddogelated random
variables [CSPL7, CSP20, CSP23, CSP29]. In the latter case, an exact mapping was established Inetwee
specific Liouville field theory and the Gibbs meare statistics of a thermal particle in a 2D Gaussiae Fr
Field plus a logarithmic confining potential. Theopability distribution of the position of the minum of

the energy landscape was obtained exactly by combining ahformal bootstrap and orstep replica
symmetry breaking methods. Operator product expangiohi®uville Field Theory allowed to unveil novel
universal behaviours of the lagprrelated Random Energy models.
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For guantum integrable systemsin onedimension, Bethe Ansais perhaps the most famous method of
resolution, but there exist numerous integrable sitnatin which it cannot be directly applied. During th
last five years, we studied several such examples: the antijgeXXZ chain [T288], the antiperiodic
elliptic solidon-solid model [T2115], and the celebrated eigigrtex model with all types of quageriodic
boundary conditions, including notably the lestanding problem of the periodic case with an odd bbem
of sites [T2119]. For all these models, tlguantum Separation of Variables method has been used to
diagonalize the Hamiltonian, and the usual separation charactmindtihe spectrum has been reformulated
into a more manageable description in terms of a functioi@lefuation of Baxter's typee. a set of Bethe
type equations. In simple cases (antiperiodic-IT3] and open [T240] XXX chains), the scalar products
of separate states have moreover been computed in a simple and ronfayes in terms of the roots of
these Bethe equations.
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The moments of the modified Bessel functions, thgiear in the perturbative Feynman expansion in a
model of a random magnetic impurity, were investigdied20]. In [T2-19] and [T249] we focused on the
properties of the winding angle (in velocity space rather than in théigmospace), in analogy with the
Thomas precession (sparbit). Two models in 2d were studied, where the currents assibaidtie these
winding angles were shown to be concentrated at thesedf the sample. In [¥27,T2-66, T286, T2120,
T2-146, T2156] spectral properties of the quantum Hofstadter Hamiltonian wexlyzed using various
techniques. These include the "sieving phenomenon”, calculatidre moments of the Hamiltonian as well
as the Thouless bandwidktrmula and its generalization.

[Permanent members involved: Fagotti, Giraud, OuBgntachiara, Terras+ Rosso and Emig from team 3]
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Diverse areas of statistical physics

Quantum information. Characterization and detection of multipartite egtament is largely an open
guestion. We developed a theory of multipartite entanglement of spas §iB62131], and in particular
established a tensor representation allowing to make connectighs awwellstudied problem in
mathematics, the truncated momembblem [T2147]. Various analytical results we obtained, and an
algorithm based on sefdefinite programming was developed. In collaboration with mathematjcihas
connections between entanglement and tensor eigenvalud2§T 2vere also investigated.

Stochastic resetting.The phenomenon of stochastic resetting was addrassedrious clothings. Any
stochastic process evolving under its own natural dycsmihen subjected to a resetting to the initial
condition at random times, approaches at long times a nahtranequilibrium stationary state. The
corresponding dynamics was shown to be rather unusual, dandolge a dynamical phase transition T2
84]. An optimizable and efficient search algorithm ensued. This demsonstrated exactly for varisu
randomwalk models [T212,T225,T235,T285,T2127], including LZvy flights [T242]. Furthermore, the
resetting dynamics was also studied for extendecesystsuch as fluctuating interfaces, leading to-non
trivial heightdistribution in the reset inducestiationary state [CSP4].

space

0 i time
n

Extreme value statistics and related topicsComputing the statistics of extremes, or of recoidsa
correlated time series is a hard problem with a wealth of applicsatiranging from climate studies to
finance.An example of such a correlated series is a randotk sequence (including LZvy flights), for
which several exact results for extreme and rectatistics were obtained over the last few yearsII2I2
14,T216,T221,T252,T2112]. For instance, for a discrete time random walk sequence &g, sthen
does the maximum occur and what is its value? What about the next mnaXiifhese questions naturally
emerge when studying the statistics of aftershocks in earthgquadtels. Similar problems pertaining ttoe
gap (between the two first maxima) and order statistics aceralevant for branching random walks in one
dimension. Exact solutions were achieved in a series of workd§TZ244, T252, T292, T293, T2118,
T2-144, T2145]. Another applications in two dimensions where the properties of convex hulla of
correlated stochastic processes (such as Brownian motion andibgaBebwnian motions) were computed
exactly using a connection to extreme value statistics of the asmhdidcomponent process [T&7, T268,
T2-69, CSP5]. These results were applied to understand the geometrical pespeftthe home range of
animals in ecological models, as well as to describe the outbfegkdemics of animal populations [CSP
5]. Related questions ari$er systems with many particles, interacting or ridr instance, the distribution
of the span (i.e., the distance between the rightmost and lefitessvisited by the walker) of a system of N
noninteracting Brownian motions on a line is rather-tronal, with interesting scaling behavior for large N,
that was computed exactly in [T221]. For interacting walkers, these questions are even more cldatignc
In the specific case when the walkers are-imd@rsecting, explicit results were obtained for their extreme
statistics in [T241]. A topical review on the subject of records and extremes waem{T2-136].
[Permanent members involved: Giraud, Majumdar, ScheRosso from team 3]
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3.3 Disordered systems, soft matter and interdisciplary applications

The group (currently 6 permanent members, 6 PhDestisdand 7 pogiocs) is active in a variety of
problems, from amorphous, glassy and disordered media to soft condensad Anptrticular thrust deals
with interdisciplinary applicéons, with works in biology, urban science, nuclear hyperp@ton, and
sociophysics to understand how collective decisions emerg

Disordered, amorphous and glassy systems

We attacked thehysics of avalanche$rom various angledrom glassy sysms or close to jamming [F3
154] to norconventional statistics displayed by realistic mod zmae o
In particular we studied the shear of amorphous soliud :
showed the presence of a pseig@dp of the excitation that is
the origin of an extended criticalitfT3-93] and new scalini
relation between critical exponents. Our study pointeda
connection between the yielding transition of sheared amorg
materials and the depinning transition of an elastierface [T3
61]. More recently, we studied the les@gnding problem o
ultra-slow motion of a magnetic domain wall in presencear
small magnetic field (creep regime). This revealsekistence of
large spatietemporal patterns composed by main shocks and afterslip8kE53] similar to the ones of
earthquakes models [T-56].

[Permanent member involved: Rosso]
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When jamming meets constraint satisfaction problemGlassy phenomenan condensed matter can be
viewed as a manifestation of generic features emerging in compéeg\elandscapes. Our interest bagn

in the applications of the mean field theory of glasses in @oanScience and Information Theory, with an
effort to progress in the theory of structural glassesg#éseription of the route
to the glass transition on the one hand and the propeasfiglasses at low
temperature on the other. During the reporting period, in additiaretwork
dynamics related studies [¥31,T371,CSP27], we formulated a quasi
equilibrium description of glassy relaxation and aging thiwel to exploit
static appoximations to describe slow dynamics {88 We here highlight one
line of research that has proven successful, dealing withersaility at the
jamming transitions [T34 ,T3-127,T3155], as can be found in amorphous
packings of spheres.

Jamming points ar reached throughtteermal compression, when the space
where particles can move decreases to zero. Themsyistthen mechanically
marginally stable and critical. At variance with akphase transitions, the critical exponeBigich are
nontrivialbdo not appear to depend on space dimension, and have been computed withireloh¢la@oiy .
We have connected jamming to the Constraint Satisfadroblem of optimization theory, in the case of
continuous variables, studying a neural network, the perceptiore to the capacity limit for storing
random patterns: the jamming transition of the motlle¢ perceptron is a machihearning algorithm with a
long history of applications. Parameters dependent, one ¢@svax or a notonvex optimization problem:
jamming is noncritical in the former but critical in the latter. In the conwvease, jamming is approached
from a liquid phase while in the nconvex case, it occurs from a marginal glass phase. Surprisinglind
the same exponents as when paclgpgeres. We conjecture a unique supafersality class for continuous
nonconvex Constraint Satisfaction Problems, depending on theyglesure of the configurations in the
vicinity of jamming.

[Permanent member involved: Franz]

SoftMatter and physis-biology interface

We have achieved a better description of strowglypled charged colloids, a difficult problem due to the
failure of traditional meadfield approaches [T-24,T3139,T3181]. This required the shaping of analytical
tools that allowed t@olve pending questions in the field of Wigner Crysfalz-110]. We also emphasize
here our progress in computing analytically the electrostatic bendindjtyigif rigid charged charged

13



polymers, a longstanding problemwith the conclusion that the mpersistence length of doukdtranded
DNA has hitherto been overestimated by some 20%143.

From an impossible equilibration to better AFM imaging protocols In 1872, Boltzmann wrote a most
influential paper establishing a key bridgetween microscopic dynamics and macroscopic irreversibility,
through the seaalled Htheorem: a dilute gas thereby evolves towards equilibrium, wihdseruled by
Maxwell-Boltzmann statistics. He soon after realized thatmithe gas is confined by a heomnic trap, more
general timedependent solutions could exist, where the mean size and temperatugegats oscillate with
time without dissipation, giving rise to Obreathing modesO. Timsdts neere hitherto considered as
mathematical curiosities, bit 2015 though, the first three dimensional realization of thesathers was
achieved at JILAwith Rubidium atomssee our News&Views [F89]. In collaboration with
D. GuZryOdelin (Toulouse), we have recently shown that thasslof solutions could be
extended, in particular to tim#ependent trapping of classical or quantum gases0[3The
trap frequency then becomes a function of time. The newtesolutions for the Boltzmann
equation hold for arbitrary sheréange interaction potentials, and daa used to propose an
original molecular manipulation technique. The idea, in a reverse emmgigeerspective, is
to work out what timedependent confining potential is required to achieve a fast prescribed
time evolution of the state of the system,rélyy shortcutting slow transformations. Since
magnetic confinement techniqués cold atomsdo not offer the same degree of control as
their optical counterpart and in an effort to test our predictionthe lab, we initiated a
collaboration with the grup of S. Ciliberto in Lyon. Our idea was then exported and worked outoin tw
different contexts, 1/ for a Brownian confined colldii3-134], a typical soft matter system, where the
dynamics is ruled by a Fokk&anck equationand 2/ to shorten the @itjbration time of an AFM cantilever
[T3-133]. The latter study unexpectedly led to a patent for improved AFM prsto@ther Htheorem
related works were led in the field of granular gasdwres we have conjectured a Lyapunov functional for
the dynamis of free and forced system, a so far elusive questigitalforation with mathematicians, and
former LPTMS postocs).
[Permanent member involved: Trizad]hese works led to two CNRS news items (OalerasifiguesO).

Statistical physics in the ch. In biophysics, our work consists in theoretical and physical approaches in
close collaboration with experimentalists and biologists (alfT,Mthe

University of Chicago, the University of Geneva as wasl several Fren

laboratories). We highlight two a&n contributions concerning t

cytoskeletonand thecell membrane [T3-136] is a milestone in a loAgrm

endeavor to elucidate the geometrical origins of actomyosin gcthvibugt

both theory and experimental collaborations. The essence of the psoje

guestion a fundamental biological function that the community has tot

held for granted, namely that mixtures of cytoskeletal filamentsnamirs

generate contraction. While the geometrical foundation of this coitityaist

straightforward inthe wellorganized striated muscle, its origin in the m

more versatile disordered actomyosin assemblies falndughout nor

muscle cells is confounded by a fundamental symmetiye®sn contractio..

and extension (Lengt al, Phys. Rev. Let2012). We have offered a simple solution to this puzzle, namely
that the elastic properties of actin gels themselves reatifymotorinduced forces towards contraction
while also amplifying them considerably. By quesiign musclelike mechanisms as the only valid
paradigm for actomyosin contraction, this body of work could redefine a stwnerof our understanding of

14



cell motility, and demonstrates that crucial biomechanical processebe elucidated through concepts of
emergent collective behaviors origimaf in simple mechanical nonlinearities.

The second contribution highlighted hef€3-78], illustrates our activity in the field of membrapeotein
interactions and our close work with experimentaldtere A. Roux along with the Scheuring grddjo
elucidate questions of direct interest to biologists. We tiyae the protein complex ESCRI, which
remodels lipid membranes in many cellular processes. €liaborators use electron microscopy,
micromanipulation experiments and higheed imagingat characterize the function of this complex on
multiple length and time scales. We use theory téywamd bridge the gap between experimental techsique
and infer the missing biophysical information. We thus retroict a coherent picture of the biolodiga
crucialbbut not directly observabl®mechanical stresses that underly the function of EBQI. Theory is
thus involved at all levels in this study, from data analysis toutiderstanding of the main mechanism
(largely based on an original propbsa Lenz et al.,Phys. Rev. Let2009), to the formulation of critical
predictions that we successfully validate.

[Permanent member involved: LenZhese works led to two CNRS news items (OalertagiigigesO).

Statistical plysics in the hospital

Nuclear Magnetic Resonance is one of the most powéarfils to obtainin vivo images with peerless
resolution and pronounced contrast between differesti¢is. Groundbreaking perspectives for NMR rely on
the possibility of designing novel contrast agewith huge levels of nuclear

spin polarizationDynamic Nuclear Polarization (DNP) is to date the most

flexible and effective technique to increase the rarcpmlarization by 4 to 5

orders of magnitude. Its traditional explanation goes back to Abraghams and i

based on the idea that the spin system, when irradiated, cools down to a

effective thermodynamic state characterised by a low spin temperégitre.

what is the microscopic origin of this temperatulrethese last five years, we

strived to answerhis question, first with phenomenological approaches [T3

3], and then with models of disorder interactopgantum spins [T&9, T3

193]. Our conclusions are that the DNP performances are relatdie to

ergodicity properties of the spin system. In particulahen the latter is maryody localised, a weak
hyperpolarization is reached, while in the-cmled Eigenstat&@hermalization Hypothesis phase,
hyperpolarization is efficient. We predict an optimal DNP perfareeaat the transition between both
regimes.Recently, we established a collaboration with a ilk@dNMR group who confirmed our main
picture [G. Bodenhausen, PSL & Sorbonne UniversitZ]. At the momentheary is the only one that
predicts correctly the performance of DNP as a function of thealacbncentration.

[Permanent member involved: Rosso]. This work waseh as a highlight by PALM Labex.

Statistical physics in the city: urban science.

While one research direction over the last 5 yeassdpplied methabf statisticalphysics to a plethora of
systems, such as the field of fluctuation induced effects, nadiflinary activities emerged in urban science
(traffic and climate models). As an example, we descoibbr work onUrban Thermodynamics. Cities are
home to the majority of the worldOs population and thus significantly degegiobal energy consumption,
waste, and pollution. The dynamics of the urbang@nbeudget, especially the thermal exchange betwesen t
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densely built infrastructure and the surrounding enviremimnare not well understooWe have studied the
dependence of Urban Heat Island (UHI) on urban geometryl7B3. Multi-year urbarrural temperature
differences (the intensity of UHI) and building footprints data combiniétd avheat radiation scaling model,
are used to demonstrate for more than 50 cities weidé that city textureD measured by a building
distribution function and the sky view factbrexplains cityto-city variations in nocturnal UHI. In a second
line of research, we map surface radiations from neamyhkl@cks of Manhattans West Side in New York
City [T3-168]. This includes measurements using a hyperspectral imaging instriandna theoretical
radiosity model for calculating the measured radiatidB-152]. The model results are subsequently
compared with the measured values.

Our results show a strong correlation between nodtwtHa and the city texture. This points to urban desi
parameters that can be modulated to mitigate UHI in planning amdittetg of cities. In a broagr context,
our work suggests that tools and methods from statistical physittee aght scale, can provide means to
guantitatively address the response of cities to climate. Theskis complement previous studies on factors
influencing daytime UHI. For our study of surface temperatures in New Yory,Ghe close comparison of
temperature values derived from measurements and theutednpurface temperatures implies that our
geospatial, thermodynamic model applied to urban structures, is prorfasiagcurate and high resolution
analysis of urban surface temperatures. The next step is tenmapt a time dependent analysis.

[Permanent member involved: Emig]. This work atteathational coverage, with an article entitled Gt'e
chaud une ville la ntO, in OCNRS le JournalO (2018).

Statistical physics in the City: sociophysics and migzld games

Mean field games were introduced independently bsry/aions, and by Huang/MalhamZ/Caines, in order
to bring a new approach to optimization problemswitarge number of interacting agents. The description
of such models spktin two parts: one describing the evolution of the density ofgulain some parameter
space, the other the value of a cost functional @éyer tries to minimizdéor himself anticipating on the
rational behavior of the others. This rapidly growingldi has until now been developed essentially by
applied mathematicians and engineering science researchers with theratitbebof economists and other
social sciences. With TGobron (Cergy), we have demonstrated that physicen bring a specific and
relevant contribution to the field, by providing a gee understanding of the solution of the Mdaeld
Games models. This is particularly true in the aafs@uadratic Mean [Eld Gamesin which the dynamics

of each player is governed bycantrolled Langevin equation with an associatedost functional that is
guadratic in the control parameter. In such cases, we have showhedteexists a deep relationship with
the nonlinear Schridinger Equation in imaginary time. This makes isipesto transfer to the analysis of
MeanField Games a wealth of techniques and approximatiois developed by physicists in the latter
context. The case of positive strong coordination ini@aar can be essentially understood in terms of the
motion of a soliton. Itformation and evolution can be obtained from the @malf the Ehrenfest relations as
well as from the introduction of an action, from whia variational approximations scheoan be designed
[T3-141].

[Permanent member involved: Ullmo]. This work lecat€NRS Oalerte scientifiqueO in 2016.
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