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SCIENTIFIC BACKGROUND

Fractional quantum Hall (FQH) systems provide one of the most remarkable realizations of strongly correlated
quantum matter. In these two-dimensional electron gases, quasiparticles carry a fractional charge e* and obey
exchange statistics interpolating between bosons and fermions, giving rise to anyons. For the simplest Laughlin
states with filling v = 1/(2k + 1), one finds e* = ve and a statistical phase § = vm. More complex series, such
as the Jain sequence, feature multiple quasiparticle species with distinct charges and exchange phases [1], whose
identification has long relied on transport measurements through quantum point contacts (QPCs) embedded in Hall
bars.

The first quantitative determinations of fractional charge were achieved via Poissonian DC shot-noise measure-
ments [2], confirming Laughlin’s predictions. The Unifying Nonequilibrium Perturbative Theory (UNEPT) [3] has
since provided a significant theoretical advance, extending the validity of the Poissonian fluctuation—dissipation the-
orem (FDT) beyond bipartite and inversion-symmetric systems, even in regimes where Tomonaga—Luttinger liquid
(TLL) models fail. UNEPT also offers robust, model-independent schemes for extracting the fractional charge e*
from dynamical observables such as photoassisted current and finite-frequency noise [3], successfully implemented in
experiments at complex filling factors [4, 5], which reveal deviations from standard TLL behavior.

In contrast, the direct observation of anyonic statistics remains a major challenge despite remarkable experimental
progress. Existing methods probe braiding either in space or in time. Spatial braiding has been investigated using in-
terferometric geometries [6-8], but these measurements are often hindered by strong Coulomb interactions and device-
specific effects [9, 10]. Temporal braiding has been addressed through current cross-correlations in Hanbury-Brown-
Twiss [11-13] and “anyon collider” geometries [14], realized in pioneering experiments by G. Feve [15]. However, these
approaches cannot disentangle the braiding phase 6 from nonuniversal parameters such as the scaling dimension ¢ or
plasmonic-mode renormalization, and discrepancies with theoretical predictions have been reported [16, 17]. Time-
resolved Hong-Ou-Mandel interferometry [18, 19], based on pulse shaping by an AC drive [20], has further advanced
the field, though its interpretation remains debated [21].

To overcome these limitations, UNEPT has recently been extended to tackle fractional statistics without relying
on TLL assumptions. It provides original, experimentally accessible methods to probe the anyonic braiding phase 6
through measurable transport quantities such as finite-frequency noise and admittance [3, 22, 23]. These developments
open the way for systematic exploration of anyonic statistics in nonequilibrium and driven regimes.

OBJECTIVES

The goal of this project is to develop theoretical tools and experimental protocols for probing anyonic statistics in
both time and frequency domains within the UNEPT framework. It builds on three recent studies [21-23], two co-
authored with postdoctoral researcher Aleksander Latyshev (formerly at the University of Geneva with E. Sukhorukov,
where he has co-supervised a PhD student), who will contribute actively to the supervision.

(1) Extension of the braiding FDT to finite DC and AC drives. Recent work introduced a braiding
fluctuation—dissipation theorem (braiding FDT) linking measurable quantities—such as DC noise, conductance, and
admittance—to the anyonic braiding phase 6, even under nonequilibrium conditions. A first objective is to extend this
relation to finite DC and AC biases, providing a unified framework for experimental investigation. Within thermal
regimes, this theory reveals that 6 is related to the scaling dimension §, suggesting that the time-braiding phase
may not be strictly universal but instead reflect edge-state dynamics. The PhD candidate will learn to derive these
relations analytically and delimit the class of models consistent with time-domain braiding.

(2) Extension to interferometers and space—time braiding. UNEPT has been recently generalized to describe
interferometers under AC drives, offering a unified treatment of photoassisted transport and coherence in Mach-



Zehnder and Fabry-Pérot geometries. Since the time-braiding phase depends on nonuniversal effects, exploring the
corresponding space-braiding phase through interferometers provides a promising route to identify universal topo-
logical signatures. The student will analyze this duality to build a consistent description of anyonic statistics across
temporal and spatial domains.

WORK PLAN AND TRAINING

The training combines analytical modeling, theoretical development, and strong collaboration with experimental
teams at ENS Paris (G. Féve), C2N Saclay (F. Pierre), and ENS Lyon (P. Degiovanni). The main tasks include:

e Generalize the braiding FDT to nonequilibrium configurations with multiple QPCs, temperature gradients, and
dephasing.

e Fxtend UNEPT to interferometers under AC drives and establish the connection between temporal and spatial
braiding.

e Identify experimental observables—phase-resolved admittance, finite-frequency noise-allowing direct extraction
of # and §.

e Collaborate with experimental groups to design feasible measurement protocols within current FQH and circuit-
QED platforms.

The candidate will be trained in advanced non-equilibrium quantum transport, field-theoretical methods, and FQHE
edge-state physics, gaining direct exposure to experimental practice through ongoing collaborations.

EXPECTED OUTCOMES AND PERSPECTIVES

The project will establish a unified framework to probe anyonic statistics via both temporal and spatial interference
signatures. By clarifying the relation between the braiding phase 6 and the scaling dimension ¢, it will distinguish uni-
versal topological effects from nonuniversal interaction-driven dynamics. Beyond the FQH regime, these methods can
be extended to other strongly correlated or topological systems, including hybrid superconducting structures hosting
Majorana or parafermionic excitations, and engineered quantum circuits emulating one-dimensional quantum fluids.
Overall, this work will consolidate UNEPT as a versatile tool for nonequilibrium quantum transport and dynamical
braiding phenomena, strengthening the theoretical-experimental synergy at LPS Orsay and partner institutions.

[1] X.-G. Wen, Int. J. Mod. Phys. B 06, 1711 (1992); 1. P. Levkivskyi, A. Boyarsky, J. Frohlich, and E. V. Sukhorukov, Phys.
Rev. B 80, 045319 (2009).

[2] L. Saminadayar, D. C. Glattli, Y. Jin, and B. Etienne, Phys. Rev. Lett. 79, 2526 (1997); R. de-Picciotto, M.Reznikov, M.
Heiblum, V. Umansky, G.Bunin, and D. Mahalu, Nature 389, 162 (1997).

[3] I. Safi and E. V. Sukhorukov, Eur. Phys. Lett. 91, 67008 (2010); I. Safi, arXiv e-prints (2014), arXiv:1401.5950 [cond-
mat.mes-hall]; 1. Safi, Phys. Rev. B 99, 045101 (2019); B. Roussel, P. Degiovanni, and I. Safi, Phys. Rev. B 93, 045102
(2016); I. Safi, Phys. Rev. B 102, 041113 (2020); I. Safi, Phys. Rev. B 106, 205130 (2022).

[4] M. Kapfer, P. Roulleau, M. Santin, I. Farrer, D. A. Ritchie, and D. C. Glattli, Science 363, 846 (2019).

[5] R. Bisognin, H. Bartolomei, M. Kumar, I. Safi, J.-M. Berroir, E. Bocquillon, B. Plagais, A. Cavanna, U. Gennser, Y. Jin,

and G. Féve, Nature Communications 10, 1708 (2019).

J. Nakamura, S. Liang, G. C. Gardner, and M. J. Manfra, Nature Physics 16, 931 (2020).

J. Nakamura, S. Liang, G. C. Gardner, and M. J. Manfra, Phys. Rev. X 13, 041012 (2023).

H. K. Kundu, S. Biswas, N. Ofek, M. Heiblum, A. Stern, and V. Umansky, Nature Physics 19, 515 (2023).

J. Nakamura, S. Liang, G. C. Gardner, and M. J. Manfra, Nature Communications 13, 344 (2022).

N. Read and S. D. Sarma, Nature Physics 20, 381 (2023).

I. Safi, P. Devillard, and T. Martin, Phys. Rev. Lett. 86, 4628 (2001).

E.-A. Kim, M. Lawler, S. Vishveshwara, and E. Fradkin, Physical Review Letters 95, 176402 (2005).

C. L. Kane, Phys. Rev. Lett. 90, 226802 (2003).

B. Rosenow, I. P. Levkivskyi, and B. I. Halperin, Phys. Rev. Lett. 116, 156802 (2016).

H. Bartolomei, M. Kumar, R. Bisognin, A. Marguerite, J.-M. Berroir, E. Bocquillon, B. Plagais, A. Cavanna, Q. Dong,

U. Gennser, Y. Jin, and G. Féve, Science 368, 173 (2020).


https://doi.org/10.1142/S0217979292000840
https://doi.org/10.1103/PhysRevB.80.045319
https://doi.org/10.1103/PhysRevB.80.045319
http://stacks.iop.org/0295-5075/91/i=6/a=67008
https://arxiv.org/abs/1401.5950
https://arxiv.org/abs/1401.5950
https://arxiv.org/abs/1401.5950
https://doi.org/10.1103/PhysRevB.99.045101
https://doi.org/10.1103/PhysRevB.93.045102
https://doi.org/10.1103/PhysRevB.93.045102
https://doi.org/10.1103/PhysRevB.102.041113
https://doi.org/10.1103/PhysRevB.106.205130
https://doi.org/10.1126/science.aau3539
https://doi.org/10.1038/s41467-019-09758-x
https://doi.org/10.1038/s41567-020-1019-1
https://doi.org/10.1103/PhysRevX.13.041012
https://doi.org/10.1038/s41567-022-01899-z
https://doi.org/10.1038/s41567-023-02309-8
https://doi.org/10.1103/PhysRevLett.95.176402
https://doi.org/10.1103/PhysRevLett.116.156802
https://doi.org/10.1126/science.aaz5601

[16] P. Glidic, O. Maillet, A. Aassime, C. Piquard, A. Cavanna, U. Gennser, Y. Jin, A. Anthore, and F. Pierre, Phys. Rev. X
13, 011030 (2023).

[17] M. Ruelle, E. Frigerio, J.-M. Berroir, B. Placais, J. Rech, A. Cavanna, U. Gennser, Y. Jin, and G. Féve, Phys. Rev. X 13,
011031 (2023).

| T. Jonckheere, J. Rech, B. Grémaud, and T. Martin, Phys. Rev. Lett. 130, 186203 (2023).

| M. Ruelle, E. Frigerio, and et al., Science 389, eadm7695 (2025).

| 1. Safi and H. J. Schulz, Phys. Rev. B 52, R17040 (1995).

| A. Latyshev, I. Taktak, I. Mandal, and I. Safi (2025), arxiv: 2509.07875.

] 1. Safi (2025), arXiv:2510.10525.

] A. Latyshev and I. Safi, arXiv:2510.20592 (2025).


https://doi.org/10.1103/PhysRevX.13.011030
https://doi.org/10.1103/PhysRevX.13.011030
https://doi.org/10.1103/PhysRevX.13.011031
https://doi.org/10.1103/PhysRevX.13.011031
https://doi.org/10.1103/PhysRevLett.130.186203
https://doi.org/10.1126/science.adm7695
https://doi.org/10.1103/PhysRevB.52.R17040

	Scientific Background
	Objectives
	Work Plan and Training
	Expected Outcomes and Perspectives
	References

