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WELCOME NOTE

Quantum Optics is a conference that periodically gathers leading scientists in the fields of optics and
quantum optics from different regions of the world.

Held for the first time under the organization of the University of Rochester, New York, in the 1960s,
this first edition was attended by leading figures in this area of study in the United States, such as
physicists Leonard Mandel and Emil Wolf.

In Latin America, the first of these meetings was held in Santiago, Chile, in 2000. Since then, these
meetings have been held every two years, which brings us to Quantum Optics X, in the city of Puerto
Varas, in the Los Lagos region of Chile.

This year, the conference aims to reunite diverse members of academia to facilitate research
collaboration and the exchange of key knowledge for the international development of Quantum
Optics but also seeks to recognize the trajectory of Chilean researcher Miguel Orszag, who
organized the first edition of the congress.
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Adan Cabello, Universidad de Sevilla

Experimental tests excluding nonlocal, superdeterministic and
retrocausal explanations of quantum theory

Adan Cabello? C. H.S. Vieira®, R. Ramanathan®

? Departamento de Fisica Aplicada Il, Universidad de Sevilla, 41012 Sevilla, Spain
b Departamento de Fisica, Universidade Federal do Piaui, Campus Ministro Petrénio Portela, CEP
64049-550, Teresina, Piaui, Brazil
¢ Centre for Quantum Technologies, National University of Singapore, 3 Science Drive 2, 117543
Singapore, Singapore

The violation of Bell inequalities implies that at least one of the assumptions in Bell's theorem fails in
nature. Existing experiments are inconclusive about which is the assumption that fails. As a
consequence, possible explanations of Bell non-locality include theories with different amounts of
instantaneous actions at a distance, different degrees of measurement dependence (that may occur
due to limitations to freedom of choice or to retrocausal influences), and combinations thereof. Here,
we drastically narrow down the possibilities. Our first result is a proof that any non-local hidden-variable
(HV) theory with outcome independence (Ol) and arbitrary joint relaxation of measurement
independence (MI) and parameter independence (Pl) can be experimentally excluded in a Bell-like
experiment on specific high-dimensional entangled states. Our second result is a proof that any non-
local HV theory with MI, Pl and arbitrary relaxation of Ol can also be experimentally excluded using
specific qubit-qubit entangled states.

These results show that Bell's theorem is just the tip of an iceberg: quantum theory does not only offer
advantage in information processing, communication and computation with respect to local models,
but also with respect to any model that allows partial instantaneous actions at a distance or that only
partially constrain freedom of choice or only allow for partial retrocausal influences.
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Luiz Davidovich, Universidade Federal do Rio de Janeiro

Quantum Sensing of Open Systems: Beyond the Classical Limits
of Precision

Luiz Davidovich?

4 Universidade Federal do Rio de Janeiro

Quantum sensors allow the estimation of parameters with precision higher than that obtained with
classical strategies. Devices based on quantum physics have allowed the precise estimation of the
gravitational field, the detailed imaging of the brain, the detection of gravitational-wave sources more
than 400 million light years away, and an ever-increasing precision in the measurement of time.
Quantum metrology is the conceptual framework that encompasses all these devices. This talk
reviews recent developments in this field, leading to precision bounds for noisy systems [1,2,3], with
applications to the quantum speed limit [4] and the estimation of absorption [5,6] and depolarization
of light [7].

[1] B. M. Escher, R. L. de Matos Filho, and L. Davidovich, Nature Physics 7, 406 (2011)

[2] B. M. Escher, R. L. de Matos Filho, and L. Davidovich, Braz. J. Phys. 41, 229 (2011)

[3] C. L. Latune, B. M. Escher, R. L. de Matos Filho, and L. Davidovich, Phys. Rev. A 88,

042112 (2013)

[4] M. M. Taddei, B. M. Escher, L. Davidovich, and R. L. de Matos Filho, Phys. Rev. Lett. 109, 050402
(2013)

[5] J. Wang, L. Davidovich, and G. S. Agarwal, Physical Review Research 2, 033389 (2020)

[6] J. Wang, R. L. de Matos Filho, G. S. Agarwal, and L. Davidovich, Physical Review

Research 6, 013034 (2024)

[7] L. Davidovich and R. L. de Matos Filho, Physical Review A 108, 042612 (2023)

12



2024

0 QUANTUY M INTERNATIONAL
OpTlcs CONGRESS

Berge Englert, Beijing Institute of Technology

Uncertainty Relations: 97 Years Later

Berge Englert °°

? Beijing Institute of Technology, China
® Centre for Quantum Technologies, Singapore
° QuTalent, Singapore

In addition to reviewing the history of uncertainty relations, starting with Heisenberg's work in 1927,
the talk will discuss how all the standard inequalities — for products or sums of variances — follow from

one basic equation.

[1] arXiv:2310.05039; Phys. Lett. A 494, 129278 (2024).
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Akira Furusawa, The University of Tokyo

Optical quantum computers with quantum teleportation

Akira Furusawa®®

% Department of Applied Physics, School of Engineering, The University of Tokyo
° RIKEN Center for quantum computing

We did the first experiment of unconditional quantum teleportation at Caltech in 1998 [1]. Then we
did various related experiments like quantum teleportation network [2], teleportation of Schrodinger’s
cat state [3], and deterministic quantum teleportation of photonic qubits [4]. We invented the scheme
of teleportation-based quantum computing in 2013 [5]. In this scheme, we can multiplex quantum
information in the time domain and we can build a large-scale optical quantum computer only with
four squeezers, five beam splitters, and two optical delay lines [6].

For universal quantum computing with this scheme, we need a nonlinear measurement and we
invented the efficient way [7]. We recently succeeded in the realization [8]. Our present goal is to build
a super quantum computer with 100GHz clock frequency and hundred cores, which can solve any
problems faster than conventional computers without efficient quantum algorithms like Shor’s
algorithm. Toward this goal we started to combine our optical quantum computer with 5G
technologies [9].

For the realization of fault-tolerance with our optical quantum computers, we use Gottesman-Kitaev-
Preskill (GKP) qubits [10]. We recently succeeded in the generation [11] and invented an efficient way
for the generation [12]. We built a real machine of optical quantum computer in Riken and will put it
on the cloud in October, 2024. We launched a new start-up company OptQC in September, 2024
which is working on building a large-scale neural network based on optical quantum computers.

[1] A. Furusawa et al., Science 282, 706 (1998).

[2] H. Yonezawa et al., Nature 431, 430 (2004).

[3] N. Lee et al., Science 332, 330 (2011).

[4] S. Takeda et al.,, Nature 500, 315 (2013).

[5] S. Yokoyama et al., Nature Photonics 7, 982 (2013).

[6] W. Asavanant et al., Science 366, 375 (2019).

[7] K. Miyata et al.,, Phys. Rev. A 93,022301 (2016).

[8] A. Sakaguchi et al., Nature Communications 14, 3817 (2023).
[9] A. Inoue et al., Appl. Phys. Lett. 122, 104001 (2023).

[10] D. Gottesman, A. Kitaev, and J. Preskill, Phys. Rev. A 64, 012310 (2001).
[11] S. Konno et al., Science 383, 6680 (2024).

[12] K. Takase et al., Phys. Rev. A 110, 012436 (2024).
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Juan José Garcia Ripoll, Instituto de Fisica Fundamental (IFF-CSIC)

Waveguide QED for Superconducting Quantum Networks

Guillermo F. Pefias?, Ricardo Puebla®, Juan José Garcia Ripoll®

? Instituto de Fisica Fundamental, IFF-CSIC, Calle Serrano 113b, Madrid 28006 Spain

b Departamento de Fisica, Universidad Carlos Il de Madrid,
Avda. de la Universidad 30, 28911 Leganés, Spain

One avenue to scale up quantum computers is to connect quantum processors with quantum links
that transport information as flying qubits [1]. This paradigm of quantum links and state transfer has
been demonstrated in various platforms, including superconducting quantum circuits. This platform
has the advantage that static qubits (transmons) and flying qubits (microwave photons) are the same
particles: plasmonic excitations of the superconductor hybridized with the electromagnetic field. This
enables strong light-matter interactions and multiple ways to interface scalable quantum processors
with said quantum links at macroscopic distances that defy local models [2]

In this talk, | will describe our efforts to realistically model the design and operation of superconducting
quantum links, exploring performance limits and their origin in the waveguide properties [3],
overcoming those limitations with clever photon engineering [4], analyzing the ultimate bandwidth
limitations of superconducting channels in multiplexed scenarios [5] and putting together these
ingredients to support scalable entanglement distribution protocols in generic topologies [6].

[1] Quantum State Transfer and Entanglement Distribution among Distant Nodes in a Quantum Network, J. I.
Cirac, P. Zoller, H. J. Kimble, and H. Mabuchi, Phys. Rev. Lett. 78, 3221 (1997)

[2] Loophole-free Bell inequality violation with superconducting circuits, S. Storz et al. Nature 617, 265-270
(2023).

[3] Universal Deterministic Quantum Operations in Microwave Quantum Links, Guillermo F. Pefias, Ricardo
Puebla, Tomas Ramos, Peter Rabl, and JJGR, Phys. Rev. Applied 17, 054038 (2022)

[4] Improving quantum state transfer: correcting non-Markovian and distortion effects, G. F. Pefias, R. Puebla,
JJGR, Quantum Science and Technology 8, 045026 (2023).

[5] Multiplexed quantum state transfer in wavequides, G. F. Pefias, R. Puebla, JUGR, arXiv: 2403.12222

[6] Deterministic multipartite entanglement via fractional state transfer across quantum networks, G. F. Pefias,
JJGR, R. Puebla, arXiv:2408.01177
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Marco Genovese, INRIM

Quantum Imaging

M.Genovese?

2 INRIM, Strada delle cacce 91, 10141 Turin, ltaly

In the last years the specific properties of quantum states (as entanglement), for long time considered
as peculiarities discussed by the restricted community of physicists interested in the foundations of
quantum mechanics, became a fundamental resource for the development of new technologies (as
quantum communication, computation and imaging), collectively dubbed “quantum technologies”. In
this talk, | will introduce the new possibilities in imaging and optical sensing offered by quantum
measurements [1] and, in particular, of photon number correlated states. Then, | will discuss in more
detail some of these new protocols, in particular exploiting quantum photon number correlations, as
quantum lithography [2], ghost and sub shot noise imaging (both in absorption and phase [3]) and
quantum illumination [4], the contribution of INRIM having been particularly significant for the last two.
In particular, | will discuss practical applications. For instance, these range, for ghost imaging, to
imaging in turbulent or diffusive media to imaging in cryogenic situations, while for sub shot noise
imaging (and other techniques) can be relevant for biological /medical applications (e.g. retinography).

[1] M.Genovese, Journal of Optics, 18 (2016) 073002.

[2] M.D'Angelo, M.V. Chekhova, and Y.Shih Phys. Rev. Lett. 87, 013602 (2001)

[3] G. Brida, M. Genovese, |. Ruo Berchera, Nature Photonics 4, 227 (2010). G. Ortolano, A. Paniate,
P. Boucher, C. Napoli, S. Soman, S. F. Pereira, |. Ruo-Berchera, M. Genovese, Light: Science &
Applications 12,171 (2023)

[4] E.Lopaeva, I.Ruo Berchera, I.Degiovanni, S.Olivares, G. Brida, M. Genovese, Phys. Rev. Lett. 110,
153603 (2013).
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Paul D. Lett, JQI, NIST & University of Maryland

Generation of hypercubic cluster states in 1-4 dimensions in a
simple optical system

Paul D. Lett*, Zhifan Zhou?, Luis E. E. de Araujo® , Matt Dimario®, Jie Zhao?, Jing Su?,
Meng-Chang Wu?, B. E. Anderson®, Kevin M. Jones®

# Joint Quantum Institute, National Institute of Standards and Technology and the University of
Maryland; College Park, Maryland 20742, USA.
® Institute of Physics Gleb Wataghin, University of Campinas (UNICAMP); 13083-859 Campinas,
Sao Paulo, Brazil.
¢ Department of Physics, American University; Washington DC 20016, USA.
d Department of Physics, Williams College; Williamstown, Massachusetts 01267, USA.

Measurement-based quantum computing for continuous variables has been proposed for optical
quantum information processing. This one-way quantum computing technique uses cluster graph
states, where the initial state and the entanglement required for computation are built into the
constructed quantum state, and a series of (possibly conditional) measurements is carried out that
encodes the computational program [1]. Error correction in measurement-based quantum computing
schemes will require the construction of cluster states in at least 3 dimensions. Here we generate 1-,
2-, 3-, and 4-dimensional optical frequency-mode cluster states by sending broadband 2-mode
vacuum-squeezed light through an electro-optical modulator (EOM) driven with multiple frequencies.
We create the squeezed light using 4-wave mixing in Rb atomic vapor and mix the sideband
frequencies (qumodes) using an EOM, as proposed by Zhu et al. [2]. This produces a pattern of
entanglement correlations that constitute continuous-variable graph states containing up to several
hundred qumodes. We verify the entanglement structure by using homodyne measurements to
construct the covariance matrices and evaluate the nullifier expressions. This technique enables
scaling of optical cluster states to multiple dimensions without increasing loss. Using sawtooth
waveforms to drive the EOM allows for simpler 50/50 beamsplitting, larger state mixing, and simplifies
the nullifier expressions from those derived for the sine-wave case.

[1] H. Briegel, D. Browne, W. Diir, R. Raussendorf, M. Van den Nest, Measurement-based quantum computation.
Nat. Phys. 5, 19 (2009).

[2] X. Zhu et al., Hypercubic cluster states in the phase-modulated quantum optical frequency comb. Optica 8,
281 (2021).

17



0 QUANTUY M INTERNATIOZI\?iE
OpTlcs CONGRESS

Irina Novikova, William & Mary

Atom-based quantum sensors

Irina Novikova?®

? Department of Physics, William & Mary, Williamsburg VA USA

For decades atoms have been the heart of precision measurement experiments. They make natural
candidates for optical quantum sensors thanks to exquisite understanding of light-atom interactions
and quantum control [1,2]. In this talk | will discuss the status of hot atom-based sensors and will
speculate on the potential quantum enhancement of their performance and associated challenges. |
will also briefly review atom-based sources of non-classical light and their pros and cons for quantum
sensing applications.

[1] C.L. Degen, F. Reinhard, and P. Cappellaro, “Quantum sensing,” Rev. Mod. Phys. 89, 035002
(2017).

[2] Jun Ye and Peter, “Essay: Quantum Sensing with Atomic, Molecular, and Optical Platforms for
Fundamental Physics”, Phys. Rev. Lett. 132, 190001 (2024)
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Morgan W. Mitchell, ICFO - Institut de Ciencies Fotonigues

Quantum limits of field sensing with ordinary and
ultracold matter and application to fundamental physics

Morgan W. Mitchell®

#|CFO - Institut de Ciencies Fotoniques Avda Carl Friedrich Gauss 3
08860 Castelldefels, Barcelona, Spain
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The search for new physics is an application that motivates new methods of detecting tiny fields and
forces. We describe recent results on the quantum limits of field sensing, with a focus on magnetic
and magnetic-like fields. We describe and explain the “energy resolution limit” that limits today's
highest-performing field-sensing technolgies, consider (and discard) possible universal principles
limiting sensor “energy resolution” to Planck’s constant hbar, and suggest new technologies to
improve sensitivity [1]. One of these technologies is a spinor Bose-Einstein condensate (SBEC). We
describe the quantum optical limits of such a sensor using a phase-space picture, show that it beats
the hbar limit that constrains other sensors [2], and describe the potential of the SBEC to detect new
forces mediated by the (virtual) axion, a well-motivated dark matter candidate [3].

[1] M. W. Mitchell and S. Palacios Alvarez. Colloquium: Quantum limits to the energy resolution of magnetic
field sensors. Rev. Mod. Phys., 92, 021001 (2020)

[2] S. P. Alvarez, P. Gomez, S. Coop, R. Zamora-Zamora, C. Mazzinghi, and M. W. Mitchell. Single-domain Bose
condensate magnetometer achieves energy resolution per bandwidth below h. Proceedings of the National
Academy of Sciences, 119, €2115339119 (2022)

[3] P. Gomez, F. Martin, C. Mazzinghi, D. Benedicto Orenes, S. Palacios, and M. W.

Mitchell. Bose-einstein condensate comagnetometer. Phys. Rev. Lett., 124, 170401 (2020)
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Juan Pablo Paz, Universidad de Buenos Aires

Quantum Optics with Superconducting circuits: How to build and
use a controlled squeeze gate?

Juan Pablo Paz*®

aDeparta\mento de Fisica, FCEyN, Universidad de Buenos Aires, Argentina
®|nstituto de Fisica de Buenos Aires (UBA-CONICET), Argentina

In this talk we review a recent proposal to build a controlled squeeze gate with superconducting
circuits [1]. When combined with single qubit operations, Gaussian operations on a resonator and
single qubit measurements, this is a new universal type of gate that induces the squeezing of the state
of a resonator depending on the state of a qubit. We show how to use this type of gate to encode
quantum information in the state of the resonator in a way that makes the most common source of
errors (the ones induced by photon losses) easily detectable by a parity measurement. Along the way,
we discuss interesting properties of states which are superposition of states squeezed along
orthogonal directions.

[1] “A controlled-squeeze gate in superconducting quantum circuits”, N. Del Grosso, F. C. Cortifias,
P.. Villar, F.C. Lombardo y J.P. Paz, arXiv preprint arXiv.:2408.08404 (2024),
https://doi.org/10.48550/arXiv.2408.08404
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Luis Sdnchez Soto, Universidad Complense & Max-Planck-Institut fur die Physik des Lichts

Measuring impossible parameters with indefinite causal order

L. L. Sanchez-Soto®®, A. Z. Goldberg®, K. Heshami®, J. McKinlay¢, M. Rambach?, S.
Slussarenko®, A G White®

2 Departamento de Optica, Universidad Complutense, Madrid, Spain
b Max-Planck-Institut fur die Physik des Lichts, Erlangen, Germany
© National Research Council of Canada, Ottawa, Canada

d ARC Centre of Excellence for Engineered Quantum Systems, Brisbane, Australia ® Centre for
Quantum Dynamics, Griffith University, Brisbane, Australia

Quantum theory promises sensors with significantly enhanced precision compared to classical
systems, but this advantage is often undermined by noise. Indefinite causal order— a quantum
phenomenon where the sequence of events exists in a superposition—can boost communication
capacity even in noisy environments. In this study, we experimentally show that indefinite causal order
allows for probing noisy channels and a target channel in a way that remains robust against arbitrarily
high levels of noise [1]. This holds true even when the probe is completely mixed and one of the noisy
channels entirely erases all information.

[1] A. Z. Goldberg, L. L. Sanchez-Soto, K. Heshami, Phys. Rev. Res. 5, 033198 (2023).
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Peter Zoller, University of Innsbruck & Austrian Academy of Sciences

Quantum Simulation with Atoms and lons

Peter Zoller®?

2 Institute for Theoretical Physics, University of Innsbruck, Austria
P1Q0AQI, Austrian Academy of Sciences, Innsbruck, Austria

Quantum simulation seeks to efficiently solve quantum many-body problems using programmable
quantum devices, and quantum optical systems of atoms and ions provide one of the most promising
ways to implement quantum simulators in the laboratory. In this talk, we highlight recent
advancements in both analog and digital quantum simulations, covering topics from condensed
matter physics to high-energy physics. We begin with a brief overview of atomic platforms and the
engineering of many-body Hamiltonians. Next, we provide examples of recent research that includes
programming and verifying quantum simulators through Hamiltonian learning [1], investigating large-
scale entanglement [2], and simulating lattice gauge theories [3,4]. We conclude with a forward-looking
perspective on quantum simulators as programmable quantum sensors [5].

[1] M. Joshi et al., unpublished

[2] M.K. Joshi, C. Kokail, R. van Bijnen, F. Kranzl, T. V. Zache, R. Blatt, C. F. Roos & P. Zoller, Nature
624,539 (2023)

[3] M. Meth, J. F. Haase, J.L. Zhang, C. Edmunds, L. Postler, A. Steiner, A. J. Jena, L. Dellantonio, R.
Blatt, P. Zoller, T. Monz, P. Schindler, C. Muschik, M. Ringbauer, arXiv:2310.12110

[4] D. Gonzalez-Cuadra et al., unpublished

[5] C. D. Marciniak, T. Feldker, I. Pogorelov, R. Kaubruegger, D. V. Vasilyev, R. van Bijnen, P.
Schindler, P. Zoller, R. Blatt & T. Monz , Nature 603, 604 (2022)
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Gabriel Aquilar, Universidade Federal do Rio de Janeiro

Quantum Reality Erasure with Spacelike-Separated Operations

G. H. Aquilar®, J.S. Aratjo®, D.S. Starke®, A.S. Coelho®,
J. Maziero®, R. M. Angelo*

% Instituto de Fisica, Universidade Federal do Rio de Janeiro,
Caixa Postal 68528, Rio de Janeiro, RJ 21941-972, Brazil
b Department of Physics, Center for Natural and Exact Sciences,
Federal University of Santa Maria, Roraima Avenue 1000, Santa Maria, RS, 97105-900, Brazil
¢ Department of Mechanical Engineering, Federal University of Piaui, Teresina 64049-55, Piauli,
Brazil
d Department of Physics, Federal University of Parana, Curitiba, Parana, P.O. Box 19044, 81531-980,
Brazil

In 1935, Einstein, Podolsky, and Rosen argued that quantum mechanics is incomplete, based on the
assumption that local actions cannot influence elements of reality at a distant location (local realism).
In this work, using a recently defined quantum reality quantifier, we show that Alice’s local quantum
operations can be correlated with the erasure of the reality of observables in Bob’s causally
disconnected laboratory. To this end, we implement a modified optical quantum eraser experiment,
ensuring that Alice’s and Bob’s measurements remain causally disconnected. Using an entangled pair
of photons and quantum state tomography, we experimentally verify that, even with the total absence
of any form of classical communication, the choice of quantum operation applied by Alice on her
photon is correlated with the erasure of a spatial element of reality of Bob’s photon. In this case, it is
shown that Bob’s photon can entangle two extra non-interacting degrees of freedom, thus confirming
that Bob’s photon path is not an element of physical reality.
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Francisco Albarran-Arriagada, Universidad de Santiago de Chile

Noise reduction via optimal control in a light-matter quantum
system

F. Albarran-Arriagada®, G. Romero?, E. Solano® and J. C. Retamal®

? Departamento de Fisica, CEDENNA, Universidad de Santiago de Chile (USACH), Avenida Victor
Jara 3493, 9170124, Santiago, Chile.
b Kipu Quantum, Greifswalderstrasse 226, 10405 Berlin, Germany

Quantum noise reduction below the shot noise limit is a signature of light-matter quantum interaction.
A limited amount of squeezing can be obtained along the transient evolution of a two-level system
resonantly interacting with a harmonic mode, in the well-known Jaynes-Cummings model. The role of
squeezing in quantum technologies involve quantum teleportation [1], continuous variable quantum
computing [2], quantum error correction [3], and quantum metrology, where one of the most
impressive applications was the gravitational wave detection [4].

In this work [5], we propose the use of optimal quantum control over the two-level system to enhance
the transient noise reduction in the harmonic mode in a system described by the Jaynes-Cummings
model. Specifically, we propose the use of a sequence of Gaussian pulses in a time window where the
dissipative effects can be neglected. We find that the correct choice of pulse times can reduce the
noise in the quadrature field mode well below the shot noise, reaching reductions of over 80%. As the
Jaynes-Cummings model describes a pivotal light-matter quantum system, our approach for noise
reduction provides an experimentally feasible protocol to produce a non-trivial amount of squeezing
with current technology in several platforms like superconducting circuits or trapped ions.

[1] A. Furusawa, J. L. Sgrensen, S. L. Braunstein, C. A. Fuchs, H. J. Kimble, and E. S. Polzik. Science
282,706 (1998).

[2] N. C. Menicucci, P.van Loock, M. Gu, C. Weedbrook, T. C. Ralph, and M. A. Nielsen. Phys. Rev. Lett.
97, 110501 (2006)

[3] T. Aoki, G. Takahashi, T. Kajiya, J.-i. Yoshikawa, S. L. Braun- stein, P. van Loock, and A. Furusawa.
Nat. Phys. 5, 541 (2009)

[4] T. L. S. Collaboration. Nat. Phys. 7,962 (2011).

[5] F. Albarran-Arriagada, G. Romero, E. Solano, and J. C. Retamal. arXiv: 2406.18693 [quant-ph]
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Gabriel Araneda, University of Oxford

Distributed Quantum Computing between Two lon-Trap
Nodes in a Quantum Network

Gabriel Araneda®

*Department of Physics, University of Oxford, UK.

Trapped ions are a leading platform for quantum computing due to their long coherence times, precise
control over both internal and external degrees of freedom, and inherent full qubit connectivity. High-
fidelity single- and multi-qubit operations (>99.9%) have enabled the realization of small-scale
universal quantum computers. However, scaling up to larger systems remains a significant challenge.
A promising solution is to connect smaller quantum

computers via entanglement, creating a cluster of interconnected quantum processors.

In our work, we aim to demonstrate the first operational and fully controllable two-node quantum
computer, where each node functions as a small-scale quantum processor linked by photonic
entanglement. We use two ion trap systems that confine mixed chains of Strontium and Calcium ions.
The Ca ion offers exceptional qubit coherence, while the Sr ion is optimized for efficient photonic
entanglement generation. Remote entanglement between nodes is established by utilizing 422 nm
photons emitted by the Sr ions.

Recently, we achieved a remote remote entanglement fidelity of 96.0(2)% at a rate of 100 entangled
events per second, and an average CHSH violation of 2.677(6). In this presentation, | will discuss our
recent experimental progress in the use of remote entanglement between two trapped-ion quantum
processors, separated by meters, to execute deterministic distributed quantum computing tasks.
These include teleported quantum gates and basic instances of distributed quantum algorithms [1].
Additionally, | will showcase how this elementary quantum network has been used for proof-of-
concept experiments in secure quantum communication [2] and quantum sensing [3].

[1] https://arxiv.org/abs/2408.01177
[2] Nature 609, 689—694 (2022)
[3] Nature 607, 682—686 (2022)
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Pablo Barberis-Blostein, Universidad Auténoma de México

Usefulness of quantum entanglement for enhancing
precision in frequency estimation

Pablo Barberis-Blostein ?,
Marco A. Rodriguez-Garcia®, Ruynet L. de Matos Filho®

? Instituto de Investigaciones en Matematicas Aplicadas y en Sistemas, Universidad Nacional
Autonoma de Mexico, Ciudad Universitaria, Ciudad de Mexico. Mexico 04510, Mexico
®Center for Quantum Information and Control, Department of Physics and Astronomy, University of
New Mexico, Albuquerque, New Mexico 87131, USA
°Instituto de Fisica, Universidade Federal do Rio de Janeiro, Rio de Janeiro, RJ 21941-972, Brazil

We investigate strategies for reaching the ultimate limit on the precision of frequency estimation when
the number of probes used in each run of the experiment is fixed. That limit is set by the quantum
Cramer-Rao bound (QCRB), which predicts that the use of maximally entangled probes enhances the
estimation precision, when compared with the use of independent probes. However, the bound is only
achievable if the statistical model used in the estimation remains identifiable throughout the
procedure. This in turn sets different limits on the maximal sensing time used in each run of the
estimation procedure, when entangled and independent probes are used. When those constraints are
taken into account, one can show that, when the total number of probes and the total duration of the
estimation process are counted as fixed resources, the use of entangled probes is, in fact,
disadvantageous when compared with the use of independent probes. In order to counteract the
limitations imposed on the sensing time by the requirement of identifiability of the statistical model,
we propose a time-adaptive strategy, in which the sensing time is adequately increased at each step
of the estimation process, calculate an attainable error bound for the strategy and discuss how to
optimally choose its parameters in order to minimize that bound. We show that the proposed strategy
leads to much better scaling of the estimation uncertainty with the total number of probes and the total
sensing time than the traditional fixed-sensing-time strategy. We also show that, when the total
number of probes and the total sensing time are counted as resources, independent probes and
maximally entangled ones have now the same performance, in contrast to the non-adaptive strategy,
where the use of independent is more advantageous than the use of maximally entangled ones.
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F. Elohim Becerra, University of New Mexico

Optical phase estimation with optimized measurements

F. Elohim Becerra?

# Center for Quantum Information and Control, Department of Physics and Astronomy,
University of New Mexico, Albuquerque, New Mexico 87131, USA

Optimized quantum measurements play a central role in metrology, which is at the core of

many areas in physics and engineering. Among diverse metrological tasks, optical phase estimation
uses the interaction of an optical probe state with a physical system to learn about a specific parameter
of the system. In this process, the information about this parameter is mapped to the phase of the
optical probe, and an optimal (or near-optimal) measurement of the optical phase then allows for
inferring the property of the system under study. The ultimate limit for the precision of optical phase
estimation depends on the quantum state used as the probe, and it can be achieved by the optimal
phase measurement on the probe. However, while theoretically the optimal phase measurement
exists, for most quantum states there are no known physical realizations of such optimal
measurements. The task is therefore to find quantum measurements optimized for a particular
quantum state that can approach the performance of the ideal optimal measurement for optical phase
estimation. In this talk, | will discuss recent advancements in optimized quantum measurements for
optical phase estimation for various quantum probes: coherent states [1,2], squeezed states [3], and
single photons. We consider measurements based on single photon counting, homodyne
measurements, and optimized adaptive strategies. We find that these optimized adaptive strategies
can allow for optical phase estimation for different optical probe states with precisions surpassing the
conventional measurement limits, and in some cases approaching the quantum bounds.

[1] M. T. DiMario, F. E. Becerra, “Single-shot non-gaussian measurements for optical phase
estimation,” Phys. Rev. Lett.125 (12), 120505 (2020).

[2] M. A. Rodriguez-Garcia, M. T. DiMario, P. Barberis-Blostein, F. E. Becerra, “Determination of the
asymptotic limits of adaptive photon counting measurements for coherent-state optical phase
estimation,” npj Quantum Information 8 (1), 94 (2022).

[3] M. A. Rodriguez-Garcia and F. E. Becerra, “Adaptive phase estimation with squeezed vacuum
approaching the quantum limit,” (2023) quant-ph/2312.07686.
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Janos A. Bergou, The City University of New York

Average concurrence and entanglement swapping

Janos A. Bergou?®

? Department of Physics and Astronomy, Hunter College, The City University of New York, 659 Park
Avenue, New York, NY 10065, USA

We discuss the role of average concurrence in entanglement swapping in quantum networks [1]. First,
we focus on qubit pure states and present a very simple rule that governs the propagation of average
concurrence in multiple swaps. We find a similarly simple rule for average concurrence when creating
a Greenberger-Horne-Zeilinger state from three entangled pairs. We then look at examples of mixed
qubit states and find that the relation for pure states gives an upper bound on what is possible with
mixed states. Next, we consider entanglement swapping of qudits, where we find that I-concurrence
plays a central role. The situation is more complex than for qubits, but in some cases relatively
straightforward results can be obtained. We also look at additional limitations arising from linear optical
implementations, which is relevant in linear optical networks.

[1] J. A. Bergou, D. Fields, M. Hillery, S. Santra, and V. S. Malinovsky, Phys. Rev. A 104, 022425 (2021).
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Gustavo Caiias, Universidad del Bio-Bio, Chile

Perfect Vortex Beams for Enhanced Classical and Quantum
Communication

G.Canas ? N. Villalba ®, S. Ayala®, C. Melo ¢, E. S. Gémez °,
S.P.Walborn®, G. Lima®, and G. Saavedra °

2 Departamento de Fisica, Universidad del Bio-Bio, Collao 1202, 5-C Concepcion, Chile
b Departamento de Fisica, Universidad de Concepcion, 160-C Concepcién, Chile
° Departamento de Ingenieria Eléctrica, Universidad de Concepcion, 160-C Concepcion, Chile

This research explores the innovative use of perfect vortex (PV) beams for coupling into ring-core
optical fibers (RCFs) to enhance spatial multiplexing in classical and quantum communications.
Traditional Laguerre-Gaussian (LG) beams are limited by variable coupling efficiency that depends
on the orbital angular momentum (OAM) value, which can hinder transmission efficiency. PV beams,
with their consistent beam shape regardless of OAM value, offer nearly perfect and uniform coupling
efficiency across all supported OAM modes. This makes PV beams especially beneficial for
multiplexing large numbers of OAM channels within a single fiber, simplifying optical setups and
boosting transmission systems. Experimental results reveal that PV beams significantly outperform
LG beams, providing higher coupling efficiency, lower power demands, and reduced variability in bit
error rates. Additionally, the successful high-fidelity transmission of 4-dimensional quantum states
encoded in PV beams indicates a promising path for high-dimensional quantum communication
through space-division multiplexing in RCFs. These findings highlight the potential of PV beams in
advancing both classical and quantum optical communication technologies.

[1] Santiago Rojas-Rojas, Gustavo Carias, Gabriel Saavedra, Esteban S. Gémez, Stephen P. Walborn,
and Gustavo Lima, “Evaluating the coupling efficiency of OAM beams into ring-core optical fibers,”
Opt. Express 29 (15), 23381-23392 (2021).

[2] Nelson Villalba, Cristobal Melo, Sebastidn Ayala, Christopher Mancilla, Wladimir Valenzuela,
Miguel Figueroa, Erik Baradit, Riu Lin, Ming Tang, Stephen P. Walborn, Gustavo Lima, Gabriel
Saavedra, and Gustavo Canas, “Transmission of optical communication signals through ring core fiber
using perfect vortex beams,” Opt. Express 31 (24), 40113-40123 (2023).
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Polarization-encoded photonic quantum-to-quantum Bernoulli
factory based on a quantum dot source

Giovanni Rodari®, Francesco Hoch? Alessia Suprano?, Taira Giordani®, Elena Negro?,
Gonzalo Carvacho?® Nicolo Spagnolo?, Ernesto F. Galvao®®and Fabio Sciarrino®

? Dipartimento di Fisica, Sapienza Universita di Roma, Italy.
® International Iberian Nanotechnology laboratory (INL), Portugal.
¢ Instituto de Fisica, Universidade Federal Fluminense, Niteroi, RJ, Brazil.

A Bernoulli factory is a randomness manipulation routine that takes as input a Bernoulli random
variable, providing as output another Bernoulli variable whose bias is a function of the input bias [1].
Recently proposed quantum-to-quantum Bernoulli factory schemes encode both input and output
variables in qubit amplitudes. This primitive could be used as a subroutine for more complex quantum
algorithms involving Bayesian inference and Monte Carlo methods.

Given the broad applicability of such a problem, in recent years, quantum counterparts to the BF
problem were theoretically introduced [2,3]. Here, we report an experimental implementation of a
polarization-encoded photonic quantum-to-quantum Bernoulli factory recently published [4]. We
present in Fig.1 three interferometric setups implementing the basic operations of an algebraic field
(inversion, multiplication, and addition), which, chained together, allow for the implementation of a
generic quantum-to-quantum Bernoulli factory. These in-bulk schemes are validated using a quantum
dot—based single-photon source [5] featuring high brightness and indistinguishability, paired with a
time-to-spatial demultiplexing setup to prepare input resources of up to three single-photon states.

Figure 1 Full experimental

f2/ Operation State
/ & i tomography apparatus: We use a Qd single-
T N ¥y photon source kept in a
H f——" R 8 @ | awr T cryostation at 4 K and
v S DMxi;! & D | ) O e operatednonresonantly in the
—ui e L L= 41 e so-called 1A phonon-assisted
‘;é : configuration (38). the output
= A_A [ — o] > - of tl?e Qd source is connected.to
\ ° 0 o ToC a time-to-spatial dMX, which
= distributes the single-photon
(@ preparation (3) Measurement stream in bunches of ~180 ns

toward three output modes:
here, temporal synchronization is achieved via finely tuned in-fiber delay loops. the three-photon re-source states are
then input to the modular QQBF setup: At its output, the set of projective measurements required for state reconstruction
is performed with a sequenceof QWPs, hWPs, and PBS.

[1] M. Keane, G. I. O’Brien, ACM Trans. Model. Comp. Simul. 4, 213—219 (1994).
[2] H. dale, D. Jennings, T. Rudolph, Nat. Commun. 6, 8203 (2015).

[3] J. Jiang, J. Zhang, X. Sun. Phys. Rev. A97, 032303 (2018).

[4] Rodari et al., Sci. Adv. 10, eado6244 (July 2024).

[5] N. Somaschi et al. Nature Photonics 10, pages340—345 (2016).
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Observation of Space-Dependent Rotational Doppler Shifts with a
Single lon Probe

Nicolas A. Nufiez Barreto®®, Muriel Bonetto®®, Marcelo A. Luda®’,
Cecilia Cormick®®, Christian T. Schmiegelow®”

? Universidad de Buenos Aires, FCEyN, Depto. de Fisica. Buenos Aires, Argentina
® CONICET - UBA, Instituto de Fisica de Buenos Aires (IFIBA). Buenos Aires, Argentina
° CEILAP, CITEDEF, Buenos Aires, 1603, Argentina
Y IFEG - CONICET and Universidad Nacional de Cordoba, Argentina
® Instituto de Fisica, Facultad de Ingenieria, Universidad de la Republica, Uruguay

We present an experiment [1] investigating the rotational Doppler effect using a single trapped ion
excited by two copropagating vortex beams. The setup isolates the azimuthal gradients of the fields,
eliminating longitudinal and curvature effects. We achieve a thorough characterization of the
phenomenon by deterministically placing a single ion across the beams and measuring fluorescence
spectra with sharp “dark resonances” that depend on the angular velocity of the ion and the difference
of helicity between the two beams. The interpretation of the measurements is supported by numerical
simulations and by a simplified analytical model. Our results reveal key properties of the rotational
Doppler effect, showing that it increases approaching the center of the beam and that it is independent
of the waist of the beam. The experiment offers insights into the feasibility of super-kicks or super-
Doppler shifts for sensing and manipulating atomic motion transverse to the beams’ propagation
direction.

[1] Articulo en fase de referato, e-print arXiv:2407.05080 (2024).
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Philippe Courteille, Universidade de Sdo Paulo

Quantum correlations in ultracold atomic clouds driven by
dissipative cavities

Philippe Courteille?

% Instituto de Fisica de Sdo Carlos, Universidade de Sao Paulo, Sio Carlos, SP 13566-970, Brazil

Cold atoms represent an ideal platform for the implementation of second-generation quantum
technologies. Particularly interesting opportunities emerge from a coherent coupling of the atoms to
single-mode light fields enabled by resonant optical cavities. | will present experimental and theoretical
studies of the interaction of ultracold strontium atoms with a ring cavity in parameter regimes suitable
for the creation of non-classical collective states of the atomic cloud with possible application in
Heisenberg-limited interferometry or superradiant lasing.
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Dual phonon-photon lasing in an optomechanical system

Vitalie Eremeev®, Hugo Molinares®, Luis A. Correa®, Bing HeoI

? Facultad de Ingenieria y Ciencias, Universidad Diego Portales, Santiago, Chile ® Departamento de
Ciencias Fisicas, Universidad de La Frontera, Temuco, Chile “Departamento de Fisica, Universidad
de La Laguna, Espana “Centro Multidisciplinario de Fisica, Universidad Mayor, Santiago, Chile.

The interdisciplinary field as cavity optomechanics bridges quantum optics and nanomechanics and
has found applications in high-precision measurement, quantum information processing, as well as in
the exploration of fundamental quantum mechanics at macroscopic scales [1]. In recent years, one
fascinating phenomenon explored in hybrid optomechanical systems (OMS) is the possibility of
achieving simultaneous lasing of photons and phonons [2,3].

Here we propose a theoretical study to achieve simultaneous lasing of photons and phonons in OMS
driven by a two-tone field. We specifically focus on the condition where the frequency difference
between the drive tones is tuned to match the mechanical frequency of the system. Our analysis
delves into the dynamical processes induced by the two-tone drive, which enhances the
optomechanical interaction and facilitates coherent energy transfer between the mechanical and
optical modes. The model demonstrates that when the frequency difference condition is satisfied, both
photon and phonon populations can attain steady-state coherent oscillations, resulting in dual lasing.
Numerical simulations support our analytical findings, indicating that this frequency condition
maximizes amplification for both optical and mechanical modes. This study provides a comprehensive
understanding of the mechanisms underlying dual lasing and presents a new strategy for optimizing
optomechanical interactions through tailored driving fields. Our setup, consisting of a single
optomechanical cavity, is simpler than previous realizations of dual lasing. The phenomenon of dual
lasing may significantly influence the development of advanced OMS, including applications in
quantum information processing, high-precision sensing, and hybrid photonic-phononic devices.

[1] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, Cavity optomechanics, Rev. Mod. Phys. 86, 1391 (2014).
[2] N. Wang, H. Wen, J. C. A. Zacarias, et al, Laser2: A two-domain photon-phonon laser, Science Advances 9,
eadg7841 (2023).

[3] Y. Fu, F. Liang, C. He, H. Yu, H. Zhang, and Y.-F. Chen, Photon-phonon collaboratively pumped laser, Nat.
Commun. 14, 8110 (2023).
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Quantum and classical regimes for four-wave mixing in an
ensemble of cold two-level atoms

Daniel Felinto?

é Departamento de Fisica, Universidade Federal de Pernambuco, 50670-901 Recife, Pernambuco,
Brazil

Here we report experiments exploring different regimes of four-wave mixing in ensembles of cold
rubidium atoms prepared in a pure two-level system. Out of resonance, we observe quantum
correlations at short time scales, which win over regular Rayleigh scattering without filtering. These
quantum correlations are verified by the violation of the classical bound of a Cauchy-Schwarz
inequality on the normalized second order correlation functions of the scattered light. As they result
from the competition between scattering on sidebands and on the excitation frequency, these
correlations are enhanced by spectral filtering. On longer timescales, the correlations lose their purely
quantum traces and reflect the decay of excitation gratings on the external degrees of freedom of the
ensemble's ground state. At resonance, however, we observe a different regime, without violating any
classical bound, in which all correlations disappear on a very short time scale, on the order of the
natural linewidth of the transition. We also present some first theoretical analysis for our various
observations. As a whole, our investigation opens the way to use purely cycling transition for the
generation of quantum light.
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Abstract Matter-wave rings and shells: experiment and theory with
radio-frequency fields

Barry M. Garraway?®

 Department of Physics and Astronomy, University of Sussex, Falmer, Brighton, BN1 9QH, United
Kingdom

The motivations behind this work are the analysis of systems that may be used to make Sagnac
interferometers [1,2,3] for rotation measurements, and the analysis of idealized shell states of a Bose-
Einstein condensates. For the latter case, experiments on the Cold Atom laboratory in space, or CAL
[4,5], have stimulated wide interest in the creation and physics of bubbles of quantum gas [6]. This
includes the collapse and expansion of bubbles, vortices on closed surfaces, and vibration of the shell.
In this presentation an introduction and overview will be given.

We have developed techniques for the analysis of wave packet dynamics in 2D and 3D. We use a
Gaussian approximation to a wave-packet in a ring potential and show how the orientation of the wave-
packet changes as it propagates around the ring. Further to this, a method to obtain corrections to the
Gaussian wave-packet is obtained by transforming the Hamiltonian of the system to a local co-moving
and rotating harmonic basis [7].

Further, by using a method of representing a wave-function by a swarm of Gaussian wave-packets we
also analyse the dynamics of matter-wave rings and shell states expanding in free space. This uses
simplified expansions based on a method inspired by quantum optics.

[1] See e.g. Matter-wave analog of a fiber-optic gyroscope, K.A. Krzyzanowska, J. Ferreras, C. Ryu, E.C. Samson, and M.G.
Boshier, Phys. Rev. A 108, 043305 (2023).

[2] L. Amico, M. Boshier, G. Birkl, et al., AVS Quantum Sci. 3, 039201 (2021).

[3] Atomtronic circuits: From many-body physics to quantum technologies, L. Amico, D. Anderson, M. Boshier, J.-P.
Brantut, L.-C. Kwek, A. Minguzzi, and W. von Klitzing, Rev. Mod. Phys. 94, 041001 (2022).

[4] Observation of Bose—Einstein condensates in an Earth-orbiting research lab, D.C. Aveline, J.R. Williams, E.R. Elliott et
al., Nature 582, 193 (2020).

[5] Observation of ultracold atomic bubbles in orbital microgravity, R.A. Carollo, D.C. Aveline, B. Rhyno et al., Nature 606,
281 (2022).

[6] Perspective on Quantum Bubbles in Microgravity, N. Lundblad, D.C. Aveline, A. Balaz et al., Quantum Sci. Technol. 8,
024003 (2023).

[7] Propagation of Non-Gaussian Wave-Packets in Two Dimensions, G. Wilson and B.M. Garraway, pp. 227—248 in
Proceedings of the Second International Workshop on Quantum Nonstationary Systems, A. Dodonov and C.C.H. Ribeiro
(Eds.), (LF Editorial, Sdo Paulo, 2024).
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Aaron Z. Goldberg, National Research Council of Canada

Entanglement, loss, and quantumness: When balanced beam
splitters are best

Aaron Z. Goldberg®, Noah Lupu-Gladstein®, Anaelle Hertz*

# National Research Council of Canada, 100 Sussex Drive, Ottawa, Ontario, Canada

Entanglement generation by beam splitters lies at the heart of quantum optics, from the Hong-Ou-
Mandel effect to boson sampling. Yet, the conjecture that maximal entanglement is generated by
beam splitters with equal reflection and transmission probabilities has remained unproven for almost
two decades, despite overwhelming positive evidence [1]. We report on our recent proof of this
conjecture [2]. Our results yield corollaries from inequalities for quasiprobability distributions to
properties of states undergoing photon loss to measures of quantumness. One can now definitively
state: the more balanced a beam splitter, the more entanglement it can generate.

[1] Asbéth, Calsamiglia, Ritsch, Physical Review Letters 94(17) 173602, 2005.
[2] Goldberg, Lupu-Gladstein, Hertz, in pr
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State tomography in quantum computers with minimal local
resources

Dardo Goyeneche®”

pontificia Universidad Catolica de Chile
® Millennium Institute for Research in Optics (MIRO), Chile

In the current state of the art of quantum computing [1], the full state reconstruction of a quantum
computer is a challenging task even for a small number of qubits. This is primarily because existing
protocols (see e.g. [2-5]) necessarily involve at least one of the following quantities growing
exponentially with the number of qubits: number of projective measurements, number of ancillary
systems, number of non-local gates, depth circuit in the measurement stage, and postprocessing time.
In this talk, we introduce a method that overcomes all these challenges by using a fixed set of 2n rank-
one projective measurements to univocally reconstruct the state of n-qubit systems, offering an
explicit reconstruction formula and eliminating the need for postprocessing operations. Additionally,
the measurement stage involves only a single local Pauli gate applied to each qubit. Moreover, a
subset of these projectors enables us to define a tomographic protocol using just a fixed set of five
rank-one projective measurements, complemented with classical communication between the qubits.
As a result, we push the boundaries of state tomography, achieving high fidelities for genuinely
entangled quantum states with systems exceeding 10 qubits.

[1] Preskill, J. (2018). Quantum computing in the NISQ era and beyond. Quantum, 2, 79

[2] Gross, D., Liu, Y. K., Flammia, S. T., Becker, S., & Eisert, J. (2010). Quantum state tomography via
compressed sensing. Physical review letters, 105 (15), 150401.

[3] Cramer, M., Plenio, M. B., Flammia, S. T., Somma, R., Gross, D., Bartlett, S. D,, ... & Liu, Y. K. (2010).
Efficient quantum state tomography. Nature communications, 1 (1), 149.

[4] D. Goyeneche, G. Canas, S. Etcheverry, E. S. Gomez, G. B. Xavier, G. Lima, and A. Delgado (2015).
Five Measurement Bases Determine Pure Quantum States on Any Dimension. Physical review letters
115 (9), 090401.

[5] Pereira, L., Zambrano, L., & Delgado, A. (2022). Scalable estimation of pure multi-qubit states. Npj
Quantum Information, 8 (1), 57.
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Quantum Theory of Rotor-Like Systems

Zdenék Hradil?, Ladislav Mista® and Jaroslav Rehacek®

? Department of Optics, Palacky University, 17. listopadu 12, 779 00 Olomouc, Czech Republic

The talk will cover the theoretical foundations of quantum technologies that utilize complementary
quantities, with a focus on exploring previously overlooked degrees of freedom. Rather than the
commonly used position, momentum, or spin variables, we will concentrate on a quantum rotor,
characterized by complementary quantities such as angular momentum and the unitary exponential
of the angle operator [1,2]. The developed quantum theory encompasses the design of uncertainty
measures based on the moment of inertia, the formulation of relevant uncertainty relations, the
derivation of optimal conditions for simultaneous measurements, the identification of extremal states,
and phase space representation. The theory will be demonstrated through experiments on optimal
pulse shaping and detection at the ultimate quantum limit. Additionally, we will reformulate tight
uncertainty relations in the time-frequency domain and present an optimal tomography scheme to
retrieve complete information about the pulse at the quantum limit.

[1] L. Mista, Jr. et. al., Angle and angular momentum: Uncertainty relations, simultaneous
measurement, and phase-space representation, Phys. Rev. A 106, 022204 (2022).

[2] L. Mista, Jr., M. Mista, and Z. Hradil, Unifying uncertainties for rotor-like quantum sys-
tems, accepted for publicaton in PRA 2024, arXiv:2043.02498 (2024)
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Lindblad Master Equations for Quantum Systems Coupled to
Dissipative Bosonic Modes

Simon B. Jiger ®°

®Physics Department & Research Center OPTIMAS, University of Kaiserslautern-Landau
bPhysikalisches Institut, University of Bonn

We present a general approach to derive Lindblad master equations for a subsystem whose dynamics
is coupled to dissipative bosonic modes. The derivation relies on a Schrieffer-Wolff transformation
which allows to eliminate the bosonic degrees of freedom after self-consistently determining their
state as a function of the coupled quantum system. We apply this formalism to the dissipative Dicke
model and derive a Lindblad master equation for the atomic spins, which includes the coherent and
dissipative interactions mediated by the bosonic mode. This master equation accurately predicts the
Dicke phase transition and the correct steady state. We also discuss further applications of the
Lindblad master equation to time-periodically driven systems and to interaction and dissipation
engineering.

[1]S. B. Jager, T. Schmit, G. Morigi, M. J. Holland, and R. Betzholz, Phys. Rev. Lett. 129,063601 (2022).
[2]S. B. Jiager and R. Betzholz, Phys. Rev. A 108, 013110 (2023).
[3]S. B. Jager, J. M. Giesen, |. Schneider, and S. Eggert, Phys. Rev. A 110, L010202 (2024).
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Rotation sensing with nuclear spins in diamond

Andrey Jarmola®, Sean Lourette®®, Jabir Chathanathil®, Sebastian C. Carrasco®,
Victor M. Acosta®, Dmitry Budker®®, Svetlana A. Malinovskaya®'d, A. Glen Birdwell®,
Tony lvanov®, Vladimir S. Malinovsky”

®University of California, Berkeley, CA, USA
°U.S. Army Research Laboratory, Adelphi, MD, USA
‘University of New Mexico, Albuquerque, NM, USA
¢ Johannes Gutenberg-Universitat Mainz, Mainz, Germany
¢ Helmholtz-Institut, Mainz, Germany
" Stevens Institute of Technology, Hoboken, NJ, USA
9 Technische Universitdt Darmstadt, Darmstadt, Germany

Diamonds doped with nitrogen-vacancy (NV) centers are a promising solid-state platform for rotation
sensing [1,2] capable of operating in a broad range of environmental conditions. In our previous work
[3], we demonstrated a solid-state rotation sensor based on 14N nuclear spins intrinsic to NV centers
in diamond. This type of sensor detects rotation by measuring the shift in the precession rate of nuclear
spins, analogous to vapor-based NMR devices. The sensor employs direct optical polarization and
readout of the 14N nuclear spins and a radio-frequency double-quantum Ramsey interferometric
scheme that monitors 14N nuclear spin precession, and it does not require microwave pulses resonant
with the NV electron spin transitions. However, these types of sensors are sensitive to variations in the
magnetic field, temperature, and amplitude of the applied RF pulses, limiting the long-term stability of
the device. To improve the robustness of the sensing technique, we develop and implement a
generalized version of the Ramsey interferometric scheme, employing stimulated Raman adiabatic
passage (STIRAP) techniques to perform the required nuclear-spin-state manipulation with high
fidelity [4]. The enhanced robustness of the STIRAP-based Ramsey scheme to variations in the pulse
parameters is experimentally demonstrated, showing good agreement with theoretical predictions.
Our results pave the way for improving the long-term stability of diamond-based sensors, such as
gyroscopes and frequency standards.

[1] M. P. Ledbetter, K. Jensen, R. Fischer, A. Jarmola, and D. Budker, Phys. Rev. A 86,052116 (2012)

[2] A. Ajoy, P. Cappellaro, Phys. Rev. A 86, 062104 (2012)

[3] A. Jarmola, S. Lourette, V. M. Acosta, A. G. Birdwell, P. Blumler, D. Budker, T. lvanov, and V. S. Malinovsky,
Sci. Adv. 7, eabl3840 (2021)

[4] S. Lourette, A. Jarmola, J. Chathanathil, S. C. Carrasco, D. Budker, S. A. Malinovskaya, A. G. Birdwell, T. G.
Ivanov, and V. S. Malinovsky, arXiv:2407.16057 (2024)
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Effects of collective coupling on four-wave mixing in atomic
samples
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Sahagun-Sanchez® and A. Kunold®

% Instituto de Fisica, Universidad Nacional Auténoma de México, Ciudad de México 04510, México
® Instituto de Investigaciones en Matematicas Aplicadas y en Sistemas, Universidad Nacional
Auténoma de México, Ciudad de México 04510, México
¢ Area de Fisica Teérica y Materia Condensada, Universidad Autonoma Metropolitana
Azcapotzalco, Ciudad de México 02200, México

Optimization of non-linear optical responses of multilevel atoms and the coherent control of light is
better accomplished when microscopic models are taken into account. These models are traditionally
based on single-atom effects that are parametrically extrapolated to include collective effects, such as
an enhanced response or propagation within atomic media. In this work we present a systematic
analysis of the cooperative effects arising in driven systems composed of multilevel atoms coupled via
a common electromagnetic environment. The analysis is based on an interplay between dressed
states induced by the driving field and photon exchanges, and collective decay channels. This theory
is applied to the case of four wave mixing induced by a pair of lasers acting on atoms with internal
levels in the diamond configuration. Three regions of operation are identified: (i) laser-dominated,; (ii)
intermediate; and (iii) dipole-dominated. Single and two-photon correlations are shown to exhibit a
transition from a Lorentz-like dependence on the two-photon detuning —with general features that
can be obtained in an isolated atom scheme —to a two-peaked distribution when the dipole-dipole
interactions become relevant. For weak Rabi frequencies whose value is smaller than the highest
collective decay rate, the atoms are trapped inside their ground state as they approach each other. It
is found that the anisotropy of the dipole-dipole interaction and its wave nature are essential to
understand the behavior of the photons correlations. Signatures of these processes are identified for
existing experimental realizations.

[1] An experimental setup to generate narrowband bi-photons via four-wave mixing in cold atoms, N. Arias-
Tellez, I. F. Angeles-Aguillén, D. Martinez- Cara, A. Martinez-Vallejo, L. Y. Villegas Aguilar, L. A. Mendoza-
Lépez, Y. M. Torres, R. A. Gutiérrez-Arenas, R. Jauregui, |. Pérez-Castillo, A. Ceré, and D. Sahagun Sanchez,
Revista Mexicana de Fisica 68, 031303 (2022).

[2] Collective coupling of driven multilevel atoms and its effect on four-wave mixing, P. Yanes-Thomas, R.
Gutiérrez-Jauregui, P. Barberis-Blostein, D. Sahagun-Sanchez, R. Jauregui, and A. Kunold, arXiv:2404.03615.
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Open quantum dynamics and quantum networks

Igor Jex?, Jaroslav Novotny*, Gernot Alber®

*FNSPE CTU in Prague, Czech Republic
® AIP TU Darmstadt, Darmstadt, FRG

We give a summary of our work on the dynamics of open system dynamics given by iterated quantum
maps and give several examples of possible applications. Among others we discuss how the properties
of the network can determine the asymptotic dynamics and point out the link between the asymptotic
dynamics and the Jaynes principle.

[1] Novotny, J; Alber, G and Jex, I, Universality in random quantum networks, 2015, Phys. Rev. A,
92(6)

[2] Novotny, J; Maryska, J and Jex, I, Jaynes' principle for quantum Markov processes: generalized
Gibbs-von Neumann states rule, 2023, European Physics Journal Plus, 138 (7)
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Quantum resources for assisted optimal state discrimination
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Optimal unambiguous quantum state discrimination assisted by an auxiliary system has been studied
in the context of the underlying resources required to perform the task. The design of the problem led
to the assumption that entanglement was such resource. However, to discriminate between two
nonorthogonal states, it has been shown that entanglement is not necessary at all, whereas quantum
dissonance may or may not be required, depending on the relationship between the overlap and the a
priori probabilities of the inputs Zhang et al. [1]. Here, we resume this discussion and show that,
regardless of this relationship, coherence [2] and purity [3] are required resources for the task and,
therefore, more fundamental than dissonance. Coherence is analyzed based on its generalized
resource theory [4], which allowed us to find the scenario that generates the maximal cryptographic
randomness gain in the protocol. Purity, on the other hand, is shown to be greater than coherence,
including the extreme cases of orthogonal and parallel states, where the latter is zero. Therefore, purity
is the most elementary resource for assisted optimal state discrimination, in accordance with the
known hierarchy among resources for quantum information processing [3].

[M1] F. L. Zhang, J. L. Chen, L. C. Kwek, and V. Vedral, Requirement of dissonance in assisted optimal
state discrimination, Sci. Rep. 3, 2134 (2013).

[2] T. Baumgratz, M. Cramer, and M. B. Plenio, Quantifying coherence, Phys. Rev. Lett. 113, 140401
(2014).

[3] A. Streltsov, H. Kampermann, S. Wolk, M. Gessner, and D. Brus, Maximal coherence and the
resource theory of purity, New J. Phys. 20, 053058 (2018).

[4] F. Bischof, H. Kampermann, and D. Brus, Resource theory of coherence based on positive-
operator-valued measures, Phys. Rev. Lett. 123, 110402 (2019).
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Recognition of light orbital-angular-momentum
superpositions for quantum communication

A.Z.Khoury? M. Gil de Oliveira?, A. L. S. Santos Junior? P. M. R. Lima®, A.C. Barbosa
2 B. Pinheiro da Silva?, S. PAdua®

% Universidade Federal Fluminense
® Universidade Federal de Minas Gerais

We study the tomography of spatial qudits encoded on structured light photons in the space of fixed
order transverse modes. While direct position measurements with cameras do not provide an
informationally complete Positive Operator Valued Measure (POVM), this property is achieved with
the use of astigmatic transformation, allowing full characterization of the spatial quantum state from
simple intensity measurements in both the intense and in the low photocount regimes. These methods
are useful for classical and quantum communication with structured light. Here we deal with two
regimes: in the first, we treat intense beams, which are equivalent to measurements on many copies
of a quantum system and, therefore, one has reliable estimates for the probabilities of each
experimental outcome. Then, we explore the low photocount regime, which is more subtle, as one
cannot determine with certainty the state being observed. This fact is considered by some
tomographic techniques, such as maximum likelihood [1,2] or the variational tomography method [3,4].
Here we will employ Bayesian inference [5,6], where one assigns a probability for each possible state.
This probability is updated with each new observation, being initially broad when one has performed a
low number of measurements, and then concentrating around a particular state as more and more
data is used to update our knowledge.

[1] J. A. Smolin, J. M. Gambetta, and G. Smith; Physical Review Letters 108, 070502 (2012).
[2] J. Shang, Z. Zhang, and H. K. Ng; Physical Review A 95, 062336 (2017).

[3] T. O. Maciel and R. O. Vianna; Physical Review A 80, 032325 (2009).

[4] T. O. Maciel, A. T. Cesério, and R. O. Vianna; Int.J. Mod. Phys. C 22, 1361—1372 (2011).
[5] C. Granade, J. Combes, and D. G. Cory; New Journal of Physics 18, 033024 (2016).

[6] J. M. Lukens, K. J. H. Law, A. Jasra, and P. Lougovski; New J. Phys. 22, 063038 (2020).
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Detection of multipartite correlation transfer via discrete Rényi
entropy

A.B. Klimov?, C. MufioZz®, L. Roa®
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We show that the total amount of correlation stored in N-qubit systems, as characterized by the
discrete Rényi entropy, can be effectively employed to detect the presence of N-partite

correlations within the framework of deterministic measurements. An associated optimization
procedure can be analytically performed for a broad range of N-qubit states, encompassing both
symmetric and nonsymmetric ones. This analytical approach enables the analysis of the asymptotic
limit N>>1. It is proved that the appropriately normalized quadratic discrete Rényi entropy always
decreases in the process of deterministic measurements. This allows us to introduce a robustness
parameter for assessing the stability of pure multipartite states under the protocol of measurement-
induced optimal correlation transfer.

[1] C. Muiioz, L .Roa, A.B. Klimov, Phys. Rev. A 109, 012421 (2024)
[2] L. Roa, A. Muiioz, C. Muiioz, and A. B. Klimov, Phys. Rev. A 99, 052344 (2019).
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Cold Rydberg atoms in the presence of light and
Microwave

Arturo Lezama ? Horacio Failache *
? Universidad de la Republica, Uruguay.

Rydberg atoms have long been considered as a promising support for the study of collective effects
and quantum information protocols implementation [1]. | will describe experiments and theoretical
modeling of cold ®’Rb trapped in a magneto optical trap and optically excited to the 55D, Rydberg
state in the presence of a microwave (RF) field. The RF frequency is tuned between 12 and 15 GHz
covering three different transitions to neighboring Rydberg states. The EIT signal of the exciting light
as a function of RF frequency shows structures at frequencies detuned from the Rydberg transitions
by several hundred MHz. We argue that these spectral features are indicative of mechanical effects
induced by the RF which result in the removal of atoms from the interaction region and elaborate on
the use of such effects for the coherent manipulation of Rydberg atom pairs.

[1] Quantum information with Rydberg atoms. M. Saffman, T. G. Walker, and K. Mglmer
Rev. Mod. Phys. 82,2313 (2010).
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Device-Independent Certification of Qudit Generalized Quantum
Measurements
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Quantum measurements are essential for understanding and applying quantum theory. Traditionally,
they have been viewed as projections of a quantum system but modern understanding enables more
general, non-projective, measurements that go beyond the traditional textbook concept. These
generalized measurements are conceptually intriguing and they are becoming increasingly important
in quantum information science.

However, generalized measurements present two major challenges. (i) They are difficult to implement
faithfully because they require control of auxiliary degrees of freedom. (ii) It is difficult, from both a
theoretical and experimental standpoint, to certify the operational advantage of generalized
measurements without making considerable extra assumptions.

In our work, we present a versatile platform for faithful implementation of generalized quantum
measurements. For the first time, we go beyond the simplest, two-dimensional qubit, scenario and
show how one can perform these measurements on higher-dimensional systems, while achieving a
quality high enough to certify them as a useful quantum information resource beyond traditional
measurements even under minimal assumptions. This is achieved by developing technology for
multiport beamsplitters that are built inside multicore optical fibers operating at telecom wavelengths.
This platform achieves a very high measurement quality, without compromising the faithfulness of the
implementation.
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Shortcut to adiabaticity in a superconducting cavity with moving
mirrors

Fernando Lombardo?
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Shortcuts to adiabaticity constitute a powerful alternative that speed up time evolution while
mimicking adiabatic dynamics. In this talk we describe how to implement shortcuts to adiabaticity for
the case of a massless scalar field inside a cavity with a moving wall. The shortcuts take place
whenever there is no dynamical Casimir effect. We obtain a fundamental limit for the efficiency of an
Otto cycle with the quantum field as a working system, that depends on the maximum velocity that
the mirror can attain. We describe possible experimental realizations of the shortcuts using
superconducting circuits.
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Nonlinear Optical Characterization of Layered Transition Metal
Dichalcogenides in the Femtosecond and Nanosecond Regimes
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Manufacturing Directorate, AFRL, Wright-Patterson Air Force Base, Dayton, Ohio, United States
®Institute for Lasers, Photonics, and Biophotonics and The Department of Chemistry, University at
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Atomically thin 2D materials, including metallic, semimetallic, semiconducting, insulating, and
superconducting, are of significant scientific interest due to their unique properties. Layered transition
metal dichalcogenides (TMDs) possess tunable bandgaps, making them promising candidates for
optoelectronic devices such as solar cells and photodetectors. In this talk, we investigate the excitation
dynamics of TMDs—specifically metallic NbS2, semimetallic ZrTe2, and semiconducting MoS2—
using optical Z-scan and photoacoustic Z- scan techniques across different temporal regimes.

[1] Melissa Maldonado, Manoel L. da Silva Neto, Pilar G. Vianna, Henrique B. Ribeiro, Cid B. de Araljjo,
Christiano J. S. de Matos, Leandro Seixas, Ali M. Jawaid, Robert Busch, Allyson J. Ritter, Richard A. Vaia,
Anderson S. L. Gomes; Femtosecond nonlinear refraction of 2D semi- metallic redox exfoliated ZrTe2 at 800
nm. Appl. Phys. Lett. 4 January 2021; 118 (1): 011101. https://doi.org/10.1063/5.0031649

[2] Melissa E. Maldonado, Avishek Das, Ali M. Jawaid, Allyson J. Ritter, Richard A. Vaia, Danilo A. Nagaoka,
Pilar G. Vianna, Leandro Seixas, Christiano J. S. de Matos, Alexander Baev, Paras N. Prasad, and Anderson S.
L. Gomes; Nonlinear Optical Interactions and Relaxation in 2D Layered Transition Metal Dichalcogenides
Probed by Optical and Photoacoustic Z-Scan Methods. ACS Photonics 2020 7 (12), 3440-3447.
https://doi.org/10.1021/acsphotonics.0c01327

[3] Melissa Maldonado, Manoel L. da Silva Neto, Pilar G. Vianna, Henrique B. Ribeiro, Vanessa O. Gordo, Isabel
C. S. Carvalho, Leonardo de S. Menezes, Cid B. de Araljjo, Christiano J. S. de Matos, Leandro Seixas, Ali M.
Jawaid, Robert Busch, Allyson J. Ritter, Richard A. Vaia, and Anderson S. L. Gomes, Femtosecond Nonlinear
Optical Properties of 2D Metallic NbS2 in the Near Infrared. The Journal of Physical Chemistry C 2020 124
(28), 15425-15433. https://doi.org/10.1021/acs.jpcc.0c02383
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Scalable Generation of Continuous Variable Multipartite
Entangled States of Light
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Multipartite entanglement is a valuable resource in quantum information science, as it is at the center
of applications such as distributed sensing and quantum computing. We present a scheme based on
a parametric amplifier (PA) network to generate scalable multipartite continuous variable (CV)
entangled states of light [1]. We show that the symmetry of the PA network makes it possible to
demonstrate the scalability of the proposed scheme to an arbitrary number of 2N entangled parties
through different entanglement measurements, such as the positive partial transpose (PPT) criteria
or a-entanglement of formation. We leverage the spatial multimode nature of four-wave mixing in Rb
vapor [2, 3] to implement the proposed scheme in a compact and scalable configuration. We present
initial results that show the presence of quantum correlations between all expected mode pairs for
quadripartite and octapartite quantum states [4].

[1] S. Kim, S. Onoe, and A. M. Marino, “Generation of Scalable Genuine Multipartite Gaussian
Entanglement with a Parametric Amplifier Network,” arXiv:2409.02417 (2024).

[2] V. Boyer, A. M. Marino, R. C. Pooser, and P. D. Lett, “Entangled Images from Four wave Mixing,”
Science 321, 544 (2008).

[3] G. Nirala, S. T. Pradyumna, A. Kumar, and A. M. Marino, “Information Encoding in the Spatial
Correlations of Entangled Twin Beams,” Science Advances 9, eadf9161 (2023).

[4] D. Thomas, “Scalable Multipartite Entanglement using Squeezed Light,” M.S. Thesis, University of
Oklahoma (2022).
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Optical properties of Vanadium Oxide Phthalocyanine
and phonon longitudinal relaxation of electronic spins for
quantum technologies
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*Departamento de Quimica, Facultad de Ciencias Naturales, Matematicas y del Medio
Ambiente, Universidad Tecnoldgica Metropolitana, Santiago, Chile

Single emitters in molecules and large bandgap materials are nowadays on demand as controllable
systems for quantum applications and electro-optical devices. A deep understanding of their
properties and interaction with their environment is crucial for their implementation in quantum
technologies. In this presentation, | will discuss about the internal

structure of a single emitter hosted in the molecule vanadium oxide phthalocyanine (VOPc) and how
it determines their optical properties and interaction with phonons [1]. VOPc is an organic molecule
with sub nanoseconds excited state lifetime and presents a large emission intensity under red
excitation. At the single molecular level, it shows a clear response to the polarization of optical
excitation which allows to unravel details of its internal structure and interaction with vibrations. We
will also discuss about the phonon longitudinal relaxation for this molecule in terms of recent findings
for the longitudinal relaxation of the electronic spin associated to the nitrogen-vacancy center in
diamond, for which we have found that its zero- field splitting plays a crucial role in making this
electronic spin robust in a phonon environment [2]. These aspects are important for defect
engineering with desired optical properties for quantum photonics and quantum metrology.

Acknowledgements: ANID-Fondecyt Regular 1221512, ANID-Anillo ACT192023, ONR Project
N62909-18-1-2180 and AFOSR FA2386- 21-1-4125.

[1] Escalante, R. et al, Optics Express 32, 29447 (2024)
[2] Cambria, M. et al, Phys. Rev. Lett. 130, 256903 (2023)
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Photoinduced Floquet topological magnons in Kitaev magnets
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We study periodically driven pure Kitaev model and ferromagnetic phase of the Kitaev- Heisenberg
model on the honeycomb lattice by off-resonant linearly and circularly polarized lights at zero magnetic
field. Using a combination of linear spin wave and Floquet theories, we show that the effective time-
independent Hamiltonians in the off- resonant regime map onto the corresponding anisotropic static
spin model, plus a tunable photoinduced magnetic field along the [111] direction, which precipitates
Floguet topological magnons and chiral magnon edge modes. They are tunable by the light amplitude
and polarization. Similarly, we show that the thermal Hall effect induced by the Berry curvature of the
Floquet topological magnons can also be tuned by the laser field. Our results pave the way for ultrafast
manipulation of topological magnons in irradiated Kitaev magnets, and could play a pivotal role in the
investigation of ultrafast magnon spin current generation in Kitaev materials.

[1] S. A. Owerre, Paula Mellado and G. Baskaran, EPL, 126 (2019) 27002
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Physics-informed neural networks for quantum control
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Quantum control is a ubiquitous research field that has enabled physicists to delve into the dynamics
and features of quantum systems, delivering powerful applications for various atomic, optical,
mechanical, and solid-state systems. In recent years, traditional control techniques based on
optimization processes have been translated into efficient artificial intelligence algorithms. In
particular, physics-informed neural networks (PINNs) have been introduced as a new artificial
intelligence paradigm that only requires the model itself [1,2]. Here, we introduce a computational
method for optimal quantum control problems via PINNs [3]. We apply our methodology to open
quantum systems by efficiently solving the state-to state transfer problem with high probabilities,
short-time evolution, and using low-energy consumption controls. Furthermore, we illustrate the
flexibility of PINNs to solve the same problem under changes in physical parameters and initial
conditions, showing advantages in comparison with standard control techniques.

System dynamics

NN States | &\ AN u(t))x(t)

(1, A, x(0),u(0))

Neural Network

N.(t), N, (t)
: Parametrization
Loss function x(t) = x(0) + f(t)Nx(t)
L = melvl it [‘mmm] + Leonst + I‘““»'v u(t) =u(0) + f(¢)Ny(t)

[1] M. Raissi, P. Perdikaris, G.E. Karniadakis, Journal of Computational Physics 378, 686- 707 (2019).
[2] G. E. Karniadakis, |. G. Kevrekidis, L. Lu, P. Perdikaris, S. Wang, and L. Yang, Nat Rev, Phys 3, 422—440 (2021).
[3] Ariel Norambuena, Marios Mattheakis, Francisco J. Gonzélez, and Raul Coto, Phys. Rev.Lett. 132, 010801 (2024)
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Entangled Two-Photon Absorption Cross Section in Cesium
Atoms
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The two-photon absorption processes driven with entangled photon pairs (ETPA) has been of great
interest due to its linear dependence with the photon flux. This dependence opens new possibilities to
study ETPA in, e,g,. biological samples with a reduced probability of destroying them in the process.
The ETPA cross section has been measured in different molecules. Results presented until now are
in discussion due to the difficulty to distinguish the ETPA signal in organic molecules in experiments
using a coincidence detection scheme. An alternative to clarify the origin of the signal is to study the
ETPA process in atomic systems. The first step towards this goal is the quantification of the TPA cross
section in atoms. Here we present the theoretical and experimental results the TPA cross section in
the transition in cesium atoms. From these results the ETPA cross section for the transition is
calculated using the density operator formalism. These results are the input to design ETPA
experiments in Cesium based on a coincidence detection scheme.

[1] Michael Caracas Nufiez, Miguel A. Gonzalez, and Mayerlin Nufiez Portela. “Theoretical and
experimental study of the 6S-8S two-photon absorption cross-section in cesium atoms.” In: Opt.
Express 31.20 (Sept. 2023).

[2] Michael G. Raymer, Tiemo Landes, and Andrew H. Marcus. “Entangled two-photon absorption by
atoms and molecules: A quantum optics tutorial.” In: The Journal of Chemical Physics 155.8 (Aug.
2021).

[3] Schlawin, Frank. “Two-photon absorption cross sections of pulsed entangled beams”; The Journal
of Chemical Physics 160.14 (2024).
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Quantum engineering of light
with intracavity Rydberg superatoms
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4 JEIP, UAR 3573 CNRS, College de France, PSL University, 11, place Marcelin Berthelot, 75231
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| will describe our efforts towards using Rydberg superatoms coupled to an optical cavity [1] as a
platform for quantum engineering of light enabling strong photon-photon interactions. Using this
system, we prepared Wigner-negative free-propagating states of light by mapping the internal state of
an intracavity Rydberg superatom onto an optical qubit encoded as a superposition of 0 and 1 photons
[2]. This approach allows us to reach a 60% photon generation efficiency in a well-controlled spatio-
temporal mode, while maintaining a strong photon antibunching. By changing the qubit rotation angle,
we observe an evolution from quadrature squeezing to Wigner negativity. | will show that, like single-
atom-based setups, this system can be accurately modeled from first principles, and | will present our
recent progress towards increasing the number of manipulated qubits.

[1] J. Vaneecloo et al, Phys. Rev. X 12, 021034 (2022).
[2] V. Magro et al, Nature Photonics 17, 688—693 (2023).
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Experimental quantum interference of force with pothons
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Aharonov et al. discuss the radiation pressure that photons exert on mirrors in an interferometer using the weak
value concept [1]. One conclusion is that the superposition of a positive photonic radiation pressure with a null
radiation pressure may result in a negative photonic radiation pressure in a mirror, a non-intuitive behavior.
Inspired in the results of [1], the quantum interference of force effect was introduced in [2]. It was shown that
the quantum superposition of a positive force with a null force on a quantum particle may result in a negative
momentum transfer to it. As a consequence, an ensemble of quantum particles may receive an average
momentum in the opposite direction of the applied force [2] and charges of the same sign may suffer an
effective electrostatic attraction in an interferometer [3], non intuitive behaviors. These intriguing effects were
not experimentally verified so far.

Here we show experimentally an implementation of a quantum interference of force experiment using
entangled photons. Although photons are massless particles, they have linear momentum, and we
experimentally show that the quantum superposition of a positive momentum transfer with a null momentum
transfer may result in a negative momentum transfer to an ensemble of photons, a behavior with no classical
analogue. Also, the momentum transfer to each photon is defined by the result of a polarization measurement
performed in another photon, initially entangled with it.

We use entangled photons generated by spontaneous parametric down-conversion (SPDC) to implement a
quantum interference of force experiment in the present work. Paired type | BiBO crystals with orthogonal optic
axes are pumped by a continuous wave laser (CW) at 405 nm polarized at 450 producing photon pairs with
wavelength at 810 nm. Photon pairs (signal and idler) are entangled in momentum [4] and polarization. Photons
are reflected by a spatial light modulator (SLM) that subjects the horizontal polarization component of the signal
photon in path 1 to a linear grating, which causes a shift in momentum, and the horizontal component of the
idler photon in path 2 to a uniform phase mask, in order to maximize the destructive spatial interference in the
coincidence rate after projection in the diagonal polarization basis. Photon signal is the one that will be
subjected to a quantum interference of force. Due to the system entanglement, its quantum state depends on
projective measurements performed on the momentum and polarization of photon idler and the negative
momentum transfer to photon signal can be controlled nonlocally by the projection in photon idler. We
acknowledge the support of CAPES, CNPq, National Institute of Quantum information (INCT-IQ), and
FAPEMIG.

[1] A. Aharonov, S. Botero, Nussinov, S. Popescu, J. Tollaksen, and L. Vaidman, New J. Phys. 15, 093006 (2013).

[2] R. Corréa, M. F. B. Cenni, and P. L. Saldanha, Quantum 2, 112 (2018).

[3] M. F. B. Cenni, R. Corréa, and P. L. Saldanha, Phys. Rev. A 100, 022101 (2019).

[4] C. H. Monken, P. H. S. Ribeiro, and S. Padua, Phys. Rev. A 57, 3123 (1998).
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Quantum Nonlinear Optics Mediated by Rydberg Atoms
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Exciting atoms in dilute cold gases to highly excited Rydberg states introduces an amplification
mechanism where single photons can significantly impact the optical properties of surrounding atoms.
By leveraging this phenomenon, a large ensemble of individual atoms can be transformed into a
collective system that behaves like a single two- level emitter, exhibiting enhanced coupling to the
optical driving field. This approach allows for strong, coherent interactions at the few-photon level,
even in free space.

In this talk, we present tools that exploit this principle to manipulate light at the few-photon level.
Additionally, we will discuss the ongoing development of an experiment in Mexico aimed at placing a
cloud of cold atoms inside a low-finesse cavity to further explore the light-matter interaction through
the collective atomic response.

[1] Free-Space Quantum Electrodynamics with a Single Rydberg Superatom, Phys. Rev. X 7,
041010 (2017).
[2] Quantum Optics with Rydberg Superatoms J. Phys. Commun. 7 052001 (2023).
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Extending loophole-free nonlocal correlations to arbitrarily large
distances
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One of the most striking features of quantum theory is that it allows distant observers to share
correlations that resist local hidden variable (classical) explanations, a phenomenon referred to as Bell
nonlocality. Besides their foundational relevance, the nonlocal correlations enable distant observers
to accomplish classically inconceivable information processing and cryptographic feats such as
unconditionally secure device-independent key distribution schemes. However, the distances over
which nonlocal correlations can be realized in state-of-the-art Bell experiments remain severely limited
owing to the high threshold efficiencies of the detectors and the fragility of the nonlocal correlations
to experimental noise. Instead of looking for quantum strategies with marginally lower threshold
requirements, we exploit the properties of loophole-free nonlocal correlations, which are
experimentally attainable today, albeit at short distances, to extend them over arbitrarily large
distances. Specifically, we consider Bell experiments wherein the spatially separated parties randomly
choose the location of their measurement devices in addition to their measurement settings.

We demonstrate that when devices close to the source are perfect and witness extremal loophole-free
nonlocal correlations, such correlations can be extended to devices placed arbitrarily far from the
source, with almost-zero detection efficiency and visibility. To accommodate imperfections, close to
the source, we demonstrate a specific analytical tradeoff: the higher the loophole-free nonlocality close
to the source, the lower the threshold requirements away from the source. We utilize this analytical
tradeoff paired with optimal quantum strategies to estimate the critical requirements of a
measurement device placed away from the source and formulate a versatile numerical method
applicable to generic network scenarios.

The talk is based on paper [1].

[1] A. Chaturvedi, G. Viola, M. Pawtowski, npj Quantum Information 10 (7) (2024).
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Quantum Tomography for Pure States:

Minimal orthonormal bases and Adaptive Fisher Symmetric
Measurements

L. Pereira®, L. Zambrano?, C. Vargas®, and Aldo Delgado®

?ICFO - Institut de Ciencies Fotoniques, The Barcelona Institute of Science and Technology, 08860
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® Instituto Milenio de Investigacién en Optica y Departamento de Fisica, Facultad de Ciencias
Fisicas y Matematicas, Universidad de Concepcidn, Casilla 160-C, Concepcion, Chile.

Quantum state tomography [1], the process of experimentally determining the complete description
of a quantum system, is essential for numerous applications, ranging from quantum information
processing to quantum computing. Tomographic protocols for pure states have become an alternative
for increasing the scalability and precision of those methods. In this talk, we present two tomographic
methods for pure states. First, we present an analytical method to estimate pure quantum states using
a minimum of three measurement bases in any finite-dimensional Hilbert space [2,3]. This is optimal
as two bases are insufficient to construct an informationally complete positive operator-valued
measurement (IC-POVM) for pure states [4]. We demonstrate our method using a binary tree
structure, providing an efficient algorithmic path for implementation. Second, we introduce an
adaptive tomography method with Fisher Symmetric measurements. They can estimate a pure
quantum state with the ultimate precision given by the Gill-Massar bound [5], using the minimal
number of outcomes. However, FSMs are limited in their effectiveness to the vicinity of a known
fiducial state, thus restricting their usability for completely unknown states. We demonstrate that by
combining a single-shot measurement on a computational basis with three adaptive FSMs, we can
estimate any pure state with precision close to the Gill-Massar bound.

[1] M. Paris and J. Rehaéek, Quantum State Estimation (Springer Berlin Heidelberg, 2004).

[2] L. Pereira, L. Zambrano, and A. Delgado, Scalable estimation of pure multi-qubit states, npj Quantum Inf 8,
57 (2022).

[3] L. Zambrano, L. Pereira, and A. Delgado, Minimal orthonormal bases for pure quantum state estimation,
Quantum 8, 1244 (2024).

[4] S. T. Flammia, A. Silberfarb, and C. M. Caves, Minimal informationally complete measurements for pure
states, Found. Phys. 35, 1985 (2005).

[5] N. Li, C. Ferrie, J. A. Gross, A. Kalev, and C. M. Caves, Fisher-Symmetric Informationally Complete
Measurements for Pure States, Phys. Rev. Lett. 116, 180402 (2016).
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Improving quantum measurement and amplification
in superconducting quantum devices
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The current generation of quantum machines can perform universal quantum logic operations, but
the number of successive operations is limited by noise, imperfections, and decoherence. My work
focuses on improving the quality of qubit measurement in superconducting circuits, which currently
induces the largest error per process.

| will first review the standard procedure for dispersive qubit readout and then discuss new approaches
to improve it. In particular, | will present new tomographic methods to experimentally reconstruct the
complete quantum process describing a quantum non- demolition (QND) measurement [1,2]. This
provides valuable information to identify measurement errors, and we show how to use this to improve
the calibration of multi-qubit readout, quantifying more precisely the QND-ness, back-action, and
cross-talk of the measurement.

| will also comment on a fundamentally new way of performing directional and broadband parametric
amplification of quantum microwave signals based on an array of Josephson junctions with topological
properties [3,4,5].

[1] L. Pereira, J.J. Garcia-Ripoll, TR, “Complete physical characterization of QND measurements via
tomography”, Phys. Rev. Lett. 129, 010402 (2022).

[2] L. Pereira, J.J. Garcia-Ripoll, TR, “Parallel QND measurement tomography of multi- qubit quantum
devices”, npj Quantum Information 9, 22 (2023).

[3] TR, J.J. Garcia-Ripoll, D. Porras, “Topological input-output theory for directional amplification”,
Phys. Rev. A 103, 033513 (2021)

[4] A. Gémez-Ledn, TR, A. Gonzilez-Tudela, D. Porras, “Non-Hermitian topological phases in
traveling-wave parametric amplifiers”, Quantum 7, 1016 (2023).

[5] TR, A. Gémez-Leédn, J.J. Garcia-Ripoll, A. Gonzalez-Tudela, D. Porras, “Directional Josephson
traveling-wave parametric amplifier via non-Hermitian topology”, arXiv:2207.13728
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We report on the control of spin pair fluctuations using two-tone Floquet engineering. We consider a
one-dimensional spin-1/2 lattice with periodically modulated spin exchanges using parametric
resonances. The stroboscopic dynamics generated from distributed spin exchange modulations lead
to spin pair fluctuations reaching quasi-maximally correlated states and a subharmonic response in
local observables, breaking the discrete-time translational symmetry. We present a protocol to control
the interacting many-body dynamics, producing spatial and temporal localization of correlated spin
pairs via dynamically breaking correlated spin pairs from the edges towards the center of the lattice.
Our result reveals how spin fluctuations distribute in a heterogeneous lattice depending on parametric
resonances. These two-tone Floquet protocols may open new routes for exploring distinct
nonequilibrium states of matter.
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Figure 1. Nearest-neighbor correlation functions Cj;4,(nT) as a function of stroboscopic time T
following the two two-tone Floquet protocols for a spins lattice of size L=10. b) Correlation Cs ¢(nT)

function between central spins, whose maximum value reaches 0.9977 at t=5T.

64


mailto:guillermo.romero@usach.cl

0 QUANTUY M INTERNATIOZI\?iE
OpTlcs CONGRESS

Nara Rubiano da Silva, Federal University of Santa Catarina

Light shapes in nonlinear optics and linear algebra
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Light may be structured in intensity, phase and/or polarization. In this talk, | will present our recent
research on structured light for rather opposite purposes. From a fundamental point of view, we use
structured light beams to reveal the underlying physics of nonlinear conversion phenomena. In
particular, we investigate the selection rules and polarization-controlled generation of optical modes
in stimulated parametric down-conversion [1-3], and further demonstrate the identification of optical
vortex topological charge by the modulation of light by light [4]. Then, from an application perspective,
we show that structuring light can be a tool for data processing via the optical computation of linear
algebra operations. We propose an optical scheme to solve a NP-hard problem reformulated in a
matrix formalism [5], and an ongoing implementation of one-time-pad encryption of binary information
contained in a modulated light beam. Through theoretical description and experimental validation, we
advance the ever-growing number of technical and fundamental uses of structured light.

[1] Rubiano da Silva et al., Phys. Rev. Applied 15 (2021) [2] de Oliveira et al., Phys. Rev. Applied 14
(2020)

[3] de Oliveira et al., Phys. Rev. Applied 16 (2021)

[4] Pinheiro da Silva et al., Optica 9 (2022)

[5] Hengeveld et al., J. Opt. 24 (2021)
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Entanglement from which process indeterminacy
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Raman processes consist of an inelastic light scattering where an incoming photon is converted into
an outgoing one with less (Stokes) or more (anti-Stokes) energy due to the creation or absorption of a
vibrational quantum of the material.

Sometimes, both photon conversions take place simultaneously and a correlated Stokes- anti-Stokes
(SaS) photon pair may be generated. Despite being explored for decades in the

semi-classical intense fields regime, the intrinsic quantum aspects of SaS pairs have only gained
momentum after being directly related to corrections of the extraction of temperature through SaS
spectroscopy [1]. Time, spatial and polarization correlations were predicted and experimentally
demonstrated in the last few years for different transparent materials [2-6]. However, many important
open questions remained. Two of the most relevant ones concerned whether SaS pairs could be
entangled in polarization and why the spectrum of SaS coincidence counts displayed an asymmetry,
being severely suppressed for detections beyond the Raman resonance peaks.

In this work, we answer both questions and show that they originate from the same phenomenon.
More specifically, we calculate theoretically and demonstrate experimentally

that SaS pairs emitted by diamond can be entangled in polarization. More than that, we show that such
entanglement originates from a “which process” indeterminacy, where the quantum interference of
Raman scattering and electronic four wave mixing collaborate to form the entangled pairs.
Furthermore, this very same interference also explains the rate of

pair production as a function of the energy of the photons, finally solving a decade long open puzzle
[7-8].

[1] C.A. Parra-Murillo et al, Phys. Rev. B 93, 125141 (2016)

[2] M. Kasperczyk, et al, Phys. Rev. Lett. 117, 243603 (2016)

[3] A. Saraiva et al, Phys. Rev. Lett. 119, 193603 (2017)

[4] F.S. de Aguiar Junior et al, Phys. Rev. B 99, 100503 (2019)
[5] F.S. de Aguiar Junior et al, Phys. Rev. Res. 2, 013084 (2020)
[6] T A Freitas et al, Phys. Rev. A 108, L051501 (2023)
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Fast Femtosecond Pulse Measurements for Quantum
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Ultrashort pulses are essential for quantum information processing in the long term due to their high
power and coherence. With ultrashort pulses, quantum states can be easily manipulated and
entanglement can be generated using nonlinear processes. Femtosecond quantum communication
and processing based on quantum frequency combs is just one example. In general, ultrashort pulses
will be used in quantum computing, quantum cryptography and quantum networks with secure
communication protocols. Quantum processes such as tunnel ionization in the generation of high-
order harmonics only work optimally with ultrashort pulses. Femtosecond pulses can also carry orbital
angular momentum. Spin-orbit torque generated by femtosecond pulses can be used in optical
tweezers for particle trapping. Devices such as broadband oscillators, amplifiers, OPAs and fiber
compressors are often used for quantum applications. For this and for the quantum processes
mentioned above, the temporal pulse shape and phase must be precisely defined and measured.

Femtosecond pulse measurement techniques are available as scanning versions and as single- shot
versions, the latter not requiring mechanically moving parts [1,2]. Single-shot versions are robust, easy
to adjust and require few components, which also reduces systematic measurement errors, and finally
they are practical and therefore currently preferred over scanning versions. When comparing
interferometric and non-interferometric methods, it should be noted that the latter do not require fringe
analysis techniques. There are currently only two robust non-interferometric single-shot methods,
namely frequency-resolved optical gating (FROG) and dispersion scan (d-scan) [3]. The latter is
convenient because the pulses do not have to be synchronized to generate a delay axis. This means
that single-shot d-scan is not alignment sensitive, which is also referred to as inline setup. This
contribution presents a new single-shot d-scan variant with which not only short fs pulses (<60 fs) can
be measured, but also long ones [4].

[1] M. Miranda et al., Opt. Express 20, 688—697 (2012)

[2] D. Fabris et al., Opt. Express 23, 32803-32808 (2015)

[3] Maité Louisy et al., Appl. Opt. 56, 9084-9089 (2017)

[4] Francisco Capdeville et al., Opt. Express 32, 28742-28752 (2024)
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Nonlinear squeezing generation based on multimode PDC and
squeezing characterization via direct intensity measurement
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The rich potential of quantum modes of light in generating cluster states has been the subject of
extensive study due to its promising applications in quantum computing and quantum information
processing [1, 2]. To increase the number of generated modes, promising resources are multimode
squeezed states, which allow accelerating the generation of cluster states [3]. However, for universal
quantum computing, it is necessary to accompany the Gaussian large-scale quantum resources with
non-Gaussian elements. At the same time, non-Gaussian resources and operations are quite
challenging in quantum optics [4]. An example of such an operation is cubic nonlinearity [5], a low-
order operation that produces a nonlinear transformation in the Heisenberg picture and can produce
non-Gaussian states.

We present a method based on a multimode parametric down-conversion (PDC) process and
quantum optical catalysis technique to generate quantum states that carry nonlinear squeezing. In
such a system, a multimode PDC is seeded by multimode coherent light followed by detection in the
idler channel. To maximize the nonlinear squeezing, a proper detection basis (shape of the local
oscillator) should be chosen. Therefore, it is of great importance to know the mode structure of the
multimode PDC. However, the existing methods of its characterization (homodyne detection,
projective filtering) are technically complicated, and in the best case, deal with a single mode at a time.
Therefore, we present a method [6] based on a cascaded system of nonlinear crystals to
simultaneously measure squeezing in different spatial modes. In such a system, the second crystal
serves as an amplifier/deamplifier for the squeezed light generated in the first crystal (squeezer), while
the direct intensity measurement of light after the amplifier allows us to reconstruct its squeezing.

[1] M. V. Larsen, X. Guo, C. R. Breum, et al., Science 366, 369 (2019)

[2]. S. Yokoyama, R. Ukai, S. C. Armstrong, et al., Nat. Phot. 7,982 (2013)

[3] T. Kouadou, F.Sansavini, M. Ansquer et al., APL Photonics 8, 086113 (2023)
[4] M. Walschaers, PRX Quantum 2, 030204 (2021)

[5] S. L. Braunstein and P. van Loock, Rev. Mod. Phys. 77, 513 (2005)

[6] I. Barakat, M. Kalash, D. Scharwald, et al., arXiv:2402.15786 (2024)
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The interaction between a collection of atoms and light can be cooperatively modified via quantum
correlations between the atoms. Such cooperative light-matter interaction can be understood as a
constructive or destructive interference between the atomic dipoles and the emitted radiation, which
manifests as an enhancement (superradiance) or suppression (subradiance) of the total spontaneous
emission from the atomic ensemble. | will present an overview of collective atom-field interactions
going from short interatomic separations to distances comparable to coherence length of the emitted
photons, wherein the memory effects of the intermediary electromagnetic environment become
pronounced. We demonstrate that such a system can exhibit surprisingly rich non-Markovian
dynamics, with collective spontaneous emission rates exceeding those of Dicke superradiance
(‘superduperradiance'), formation of highly delocalized atom-photon bound states and spontaneous
generation of emitter-emitter entanglement in the presence of delay. Our results are pertinent to
analyzing retardation effects in quantum networks and distributed quantum information protocols
based on long-distance emitters.

[1] K. Sinha, P. Meystre, E. A. Goldschmidt, F. K. Fatemi, S. L. Rolston, and P. Solano, Phys. Rev. Lett.
124, 043603 (2020)

[2] K. Sinha, A. Gonzalez-Tudela, Y. Lu, and P. Solano, Phys. Rev. A 102, 043718 (2020) [3] P.
Solano, P. Barberis-Blostein and K. Sinha, Phys. Rev. A 107,023723 (2023)

[4] K. Sinha, J. Parra-Contreras, A. Das, and P. Solano, arXiv:2402.10303 (2024)

[5] W. Alvarez, P. Solano, K. Sinha, P. Barberis-Blostein, Phys. Rev. Research 6, 023213 (2024)
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We study the geodesics on the manifold of mixed quantum states for the Bures metric. It is shown that
these geodesics correspond to physicalnon-Markovian evolutions of the system coupled to an ancilla.
Furthermore, we argue that geodesic evolutions are of interest in quantum metrology. In fact, if the
unknown parameter is a phase shift proportional to the time parametrizing the geodesic, the
estimation error obtained by processing the data of measurements on the syste alone is equal to the
smallest error that can be achieved from joint detections on the system and ancilla. This means that
the ancilla does not carry any information about the parameter. The estimation error can saturate the
Heisenberg bound. In addition, the measurement on the system bringing most information on the
parameter is parameter-independent and can be determined in terms of the intersections of the
geodesic with the boundary of quantum states.
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The internal energy of individual subsystems is not well defined in interacting quantum systems,
leading to ambiguities in the definition of thermodynamic quantities. Applying the Schmidt basis
formalism to general bipartite autonomous quantum systems, we demonstrate that the master
equation describing subsystem evolution adheres to the principle of minimal dissipation. This enables
to define internal energy of each subsystem in a consistent way. Moreover, by utilizing general aspects
of open quantum systems, we show that this master equation is unique. We analyze heat and work for
each subsystem as derived from this formalism, providing deeper insights into the thermodynamics of
interacting quantum systems.
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Quantum optics for mid-infrared molecular nanophotonics
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Light-matter interaction between nanoscale infrared resonators and molecular modes appears as new
devices for studying cavity quantum electrodynamics at room temperature. Infrared (IR)
nanoantennas combined with tip nanoprobes can be manipulated to enhance nanometer spatial and
femtosecond temporal resolution by coupling the vacuum field with molecular vibrations. However,
the requirements to design accurate protocols for reaching the desired goal represent a challenge
both theoretically and experimentally. To advance in the design of quantum nanophotonic devices in
the mid-IR, we study different light-matter systems with Kerr nonlinearities driven by mid-IR
femtosecond laser pulses. We propose alternative schemes to improve tip-design rules for the
experimental manipulation of vibrational strong coupling and Fano interference effects in open
infrared resonators [1]. In addition, we describe an approach to transfer the molecular anharmonicity
to the infrared vacuum, which generates stationary power-dependent nonlinear shifts [2]. Our findings
demonstrate the implementation of phase control in the weak coupling regime, in contrast with
conventional cavity-QED schemes that require strong light-matter interaction. Our work paves the
way to advance in the development of quantum platforms at the infrared regime and contributes to
the design of future experimental implementations using current nanophotonic technology.

[1] J. F. Triana, M. Arias, etal, Semi-empirical quantum optics for mid- infrared molecular
nanophotonics, J. Chem. Phys., 156, 124110 (2022).

[2] M. Arias, J. F. Triana, A. Delgado, F. Herrera, Coherent anharmonicity transfer from matter to light
in the THz regime, New Journal of Physics, 26, 13003 (2024).
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Spin-wave control via Floquet engineering
Maritza Ahumada? Natalia Valderrama-Quinteros? and Guillermo Romero?

Departamento de Fisica, Universidad de Santiago de Chile (USACH), Santiago, Chile.

Periodic driving of quantum many-body systems can drastically change their properties, giving rise to
exotic nonequilibrium states of matter with no static analogue. In this poster, we introduce a Floquet-
engineered transverse field Ising model designed to control the one- dimensional propagation of spin
waves. The proposed mechanism leverages high-frequency driving and characteristic parametric
resonances in the spin-lattice. This approach provides a method for controlling spin-wave propagation
and realizing a quantum switch. Our schemes have possible applications in quantum batteries,
quantum thermal engines, and state transfer in quantum many-body systems.
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Optical communications have proven to be the technology of choice for maximizing bandwidth and
data processing speeds in modern telecommunications networks, enabling massive flows of
information between users worldwide. Each year, this data volume continues to grow exponentially,
and unfortunately, attacks on critical telecommunications infrastructure are becoming increasingly
frequent.

Quantum communication, grounded in fundamental principles of natural science, has emerged as a
promising solution to provide high-level security for these infrastructures. For instance, numerous
government and industrial entities consider quantum communications to be a crucial layer for
ensuring information security in the coming decades. However, integrating quantum technologies into
current optical networks and industrial systems presents significant challenges: Many existing
quantum optical systems rely on free-space optical devices or do not easily integrate with optical fiber
networks, which limits the scalability and adaptability of the quantum systems in use.

In this work, we present an all-fiber optical platform capable of performing a wide range of tasks aimed
at advancing the generation and detection of photonic states. Among its key features is the generation
and detection of photonic quantum states carrying orbital angular momentum. The platform can also
be configured to generate random numbers based on quantum mechanical measurements, a central
component for future information technologies.

Our approach utilizes cutting-edge space-division multiplexing (SDM) technologies, such as few-
mode fibers and photonic lanterns. It is scalable to high dimensions, operates in the 1550 nm
telecommunications band, and uses only commercially available components. We offer a viable
alternative that ensures compatibility between current optical networks and future quantum
communication technologies.

[1] A. Alarcén et al.,, ACS Photonics 10, 3700-3707 (2023).
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Single quantum emitters are crucial for advancing quantum technologies, including quantum
repeaters and quantum information processing. The ability to isolate individual molecules with stable
optical properties at room temperature is key for these applications. Vanadium-oxide phthalocyanine
(VOPc) molecules have emerged as promising candidates due to their long coherence times,
previously measured at the ensemble level [1], a detectable EPR signal[2] and has shown to couple to
microwave photons [3].

In this work [4], we study the optical properties of isolated VOPc molecules, enabling the
determination of its lifetime under two different detectors, resulting in approximately 1.27 and
0.8 nanoseconds. Our findings reveal that the optical properties of the molecule remain stable under
controlled laser illumination matching a pyramidal C4v symmetry and, additionally, the equipment's
highly precise instrument response function (90 picosecond resolution) allowed us to observe
previously unreported anomalies in the molecule's lifetime, consisting of a series of oscillations and a
plateau behavior on the aforementioned. These results highlight the potential of single VOPc
molecules to act as quantum emitters, with robust stability and measurable intrinsic properties at room
temperature.

[1] Atzori M, Tesi L, Morra E, Chiesa M, Sorace L, Sessoli R. Room-Temperature Quantum Coherence and Rabi
Oscillations in Vanadyl Phthalocyanine: Toward Multifunctional Molecular Spin Qubits. J Am Chem Soc. 2016 Feb
24:138(7):2154-7. doi: 10.1021/jacs.5b13408. Epub 2016 Feb 11. PMID: 26853512.

[2] J. M. Assour, J. Goldmacher, S. E. Harrison; Electron Spin Resonance of Vanadyl Phthalocyanine. J. Chem. Phys. 1
July 1965; 43 (1): 159—165. https://doi.org/10.1063/1.1696446

[3] Bonizzoni, C., Ghirri, A., Atzori, M. et al. Coherent coupling between Vanadyl Phthalocyanine spin ensemble and
microwave photons: towards integration of molecular spin qubits into quantum circuits. Sci Rep 7, 13096
(2017). https://doi.org/10.1038/s41598-017-13271-w

[4]Escalante, Richard & Mathpal, Mohan & Ruiz-Tagle, Catalina & Alvarado, Vicente & Pinto, Felipe & Martinez, Luis &
Gence, L. & Garcia, Griselda & Gonzalez, lvan & Maze, Jerénimo. (2024). Photophysics of a single quantum emitter based
on vanadium phthalocyanine molecules. Optics Express. 32. 10.1364/0E.527703.

77



0 QUANTI M INTERNATIOZI\?iE
OpTlcs CONGRESS

Maximiliano Araya Gaete, Universidad de Santiago de Chile

Role of Quantum Coherence in Counterdiabatic drivings
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Universidad Nacional Auténoma de México, C.U., Delegacion Coyoacan, C.P. 04510, Ciudad de
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Center for the Development of Nanoscience and Nanotechnology, and Departamento de Fisica,
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The Adiabatic Quantum Computing (AQC) [1] is a promising candidate for solving mathematical and
physical problems encoded in a many-body system Hamiltonian, such as QUBO problems, through
the adiabatic evolution of a Hamiltonian from an initial state to a final one that encodes the solution of
the problem. However, slow evolution is necessary to ensure high fidelity in the solution, which makes
it difficult to implement on current noisy devices. To circumvent this problem, the use of
counterdiabatic (CD) protocols to speed up adiabatic evolution has been proposed in recent years [2],
presenting a promising paradigm for quantum computing and quantum technologies in general. In
this work, we calculate the quantum coherence generated during an adiabatic evolution with different
CD terms. Specifically, we consider QUBO Hamiltonians, p-local Hamiltonians, and non-stochastic
Hamiltonians. We explore quantum coherence production across different regimes: the impulse
regime (short evolution time), the middle regime, and the adiabatic regime (long evolution time),
demonstrating how each regime is characterized by a different hierarchy of CD terms [3]. This work
paves the way for a better understanding of CD terms and how various quantum resources are
produced and consumed during an adiabatic evolution enhanced by counterdiabatic approximations

[1] T. Albash and D. A. Lidar, Adiabatic quantum computation, Rev. Mod. Phys. 90, 015002 (2018)
[2] N. N. Hegade, K. Paul, Y. Ding, M. Sanz, F. Albrarran-Arriagada, E. Solano and X. Chen, Shortcuts
to Adiabaticity in Digitized Adiabatic Quantum Computing, Phys Rev. Applied 15, 024038 (2021).

[3] P. W. Claeys, M. Pandey, D. Sels and A. Polkovnikov, Floquet Engineering Counterdiabatic
Protocols in Quantum Many-Body Systems, Phys. Rev. Lett. 123, 090602 (2019).
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This project looks toward the generation of Mutually Unbiased Bases (MUBs) in photonic chips
through the combination of Mach Zehnder’s interferometers and phase controllers aiming to
implement experimentally quantum information protocols based on qudits (d-level quantum system).
We will use multiport beam splitters to perform unitary operations necessary to implement the
protocols. Even though they do not allow us a universal gate, they can be used to implement the
operations needed only with phase control. The design will be based on silicon nitride (Si3N4) wave-
guides and silicon dioxide (Si02) cladding at the wavelength of interest 795 nm, close to Alkali atom
lines.

[1] Cooper, M. L.; Mookherjea, S. Numerically assisted coupled-mode theory for silicon waveguide
couplers and arrayed waveguides. Opt. Express, Optica Publishing Group, v. 17, n. 3, p. 1583—-1599,
Feb 20009.

[2] Cherchi, M. 3x3 transfer matrix modelling of integrated optical devices. 2022.

[3] Huang, W.-P. Coupled-mode theory for optical waveguides: an overview. J. Opt. Soc. Am. A,
Optica Publishing Group, v. 11, n. 3, p. 963—983, Mar 1994.

[4] Sun, H. et al. Silicon photonic phase shifters and their applications: A review. Micromachines, v.
13,n.9,2022. ISSN 2072-666X.

[5] Macho, A;; Pérez-Ldpez, D.; Capmany, J. Optical implementation of 2 x 2 universal unitary matrix
transformations. Laser Photonics Review, 05 2021.
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The concept of the weak value of an observable was introduced by Aharanov, Albert, and Vaidman in
1988 [1]. In general, weak values are complex numbers that appear when the outcomes of
independent repetitions of an experiment are averaged. For weak values to emerge, experiments
should include three key ingredients: initial system state preparation, weak measurements (that is,
weak interactions between the measurement apparatus and the measured system), and final state
post-selection, which is a probabilistic process that selects a final system state. In this statistical sense,
weak values are analogous to expectation values. However, they may be complex quantities or lie
outside the eigenvalue range of the observable being measured, in which case the weak values are
said to be anomalous. In such situations, the effect of the measured system on the measurement
apparatus is amplified, a phenomenon often referred to as weak value amplification. This amplification
arises from the post-selection of a final state, which comes at the cost of losing data when post-
selection fails. Indeed, there is a trade-off between amplification and data retention.

Weak values have found applications in various areas. On the one hand, they have inspired a technique
for measuring a quantum state (called weak state tomography), which has been compared to
conventional state tomography [2]. From a more fundamental perspective, weak values have been
useful for analyzing quantum experiments that lead to paradoxes when analyzed in a counterfactual
manner [3]. On the other hand, the weak value amplification effect has been used in precision
metrology for the estimation of small effects such as beam deflections or phase shifts, among many
others, allowing, for example, the measurement of beam displacements on the order of angstroms [4].
In this poster [5], we will describe the weak value amplification effect, with an emphasis on its
application and progress in the field of precision metrology under different noise scenarios.

[1] Aharonov, Y.; Albert, D.; Vaidman, L. How the result of a measurement of a component of the spin of a spin-1/2
particle can turn out to be 100. Phys. Rev. Lett. 1988, 60, 1351.

[2] Maccone, L.; Rusconi, C.C. State Estimation: A Comparison between Direct State Measurement and Tomography.
Phys. Rev. A 2014, 89, 022122.

[3] Aharonov, Y.; Botero, A.; Popescu, S.; Reznik, B.; Tollaksen, J. Revisiting Hardy’s paradox: Counterfactual statements,
real measurements, entanglement and weak values. Phys. Lett. A 2002, 301, 130.

[4] Hosten, O.; Kwiat, P. Observation of the Spin Hall Effect of Light via Weak Measurements. Science 2008, 319, 787—
790.

[5] Carrasco, S.; Orszag, M. Weak Value Amplification of Photons in Optical Nonlinear Medium, Opto- Mechanical, and
Spin-Mechanical Systems. Photonics 2024, 11, 291.

80



2024
QUANTI M INTERNATIONAL
0 OPTICS CONGRESS

Patricia C. M. Castilho, Universidade de Sao Paulo

A 2D Bose gas to study quantum hydrodynamic instabilities
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Hydrodynamic instabilities in classical fluids, often characterized by the exponential growth of a well-
defined pattern, are encountered in many mundane situations. Increasing our understanding of the
underlying mechanisms of such instabilities has a strong impact in modeling fluids dynamics in a broad
scenario and in fundamental problems such as the transition from laminar to turbulent flow. In the
context of quantum fluids, quantum hydrodynamic instabilities (QHI) are related to the superfluid
properties of these systems offering a new approach when studying superfluidity [1,2]. Thanks to their
high degree of control and simple detection techniques, ultracold atomic gases are ideal platforms to
engender and observe such QHI. In this work, we present the current status of the construction of a
new experimental setup capable to address the specific conditions for the onset of different
hydrodynamic instabilities in a 2D Bose gas.

[1] K. Sasaki et al. Rayleigh-Taylor instability and mushroom-pattern formation in a two- component
Bose-Einstein condensate. Physical Review A 80, 063611 (2009).

[2] R. Blaauwgeers et al. Shear flow and Kelvin-Helmholtz instability in superfluids. Physical Review
Letters 89, 155301 (2002).
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Free-space optical communication (FSOC) is a promising method for improving data transmission
over long distances. Nevertheless, its potency is diminished due to atmospheric turbulence which
leads to, among other things, a change in the refractive index of the transmittance’s medium, and
therefore, adds a not negligible amount of scattering, noise and degradation. In order to address these
challenges, this research explores the use of bright two- mode squeezed state (b TMSS) as a method
to enhance data transfer rates within FSOC systems. By using binary Pulse Position Modulation (PPM)
[1] and On-Off Keying for encoding information, this work aims to leverage the quantum properties of
bTMSS to achieve an improvement in the signal-to-noise ratio (SNR). This enhancement is primarily
attributed to the reduction of quantum noise in specific quadratures, which is expected to lead not only
to a more efficient data transmission but also enhance the security of the communication, making a
more resilient FSOC system. The main objective of this study is to demonstrate that, under certain
conditions, the use of bTMSS can lead to an improvement in the data transfer performance in optical
communication systems. This research also intended to serve as a foundation for eventual
developments of the next generation of FSOC networks.

[1] Waseda, A., Sasaki, M., Takeoka, M., Fujiwara, M., Toyoshima, M., & Assalini, A. (2011). Numerical
evaluation of PPM for deep-space links. Journal of Optical Communications and Networking, 3(6),
514-521.
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We introduce a method to iteratively approach the quantum state of one quantum computer to the
state of another, which we call “synchronizing”. We use the gradient-free optimization procedure over
the complex variable domain introduced in [2], in order to optimize the fidelity between the first system
and the second system (or subsystems of the two quantum computers). This fidelity can be calculated
using only local measurements in randomized product bases communicated classically between
computers [1]. We show that the fidelity is bounded by the precision induced by the number of unitaries
and measurements used at each step to estimate it.

[1] A. Elben, B. Vermersch, R. van Bijnen, C. Kokail, T. Brydges, C. Maier, M. K. Joshi, R. Blatt, C. F.
Roos, and P. Zoller, “Cross-Platform Verification of Intermediate Scale Quantum Devices”, Phys. Rev.
Lett. 124, 010504, doi: 10.1103/PhysRevLett.124.010504

[2] A. Utreras-Alarcon, M. Rivera-Tapia, S. Niklitschek, and A. Delgado, “Stochastic optimization on
complex variables and pure-state quantum tomography”. Sci Rep 9, 16143 doi: 10.1038/s41598-019-
52289-0
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Polarization control is essential in the fields of fiber optic communication and fiber optic sensors. One
of the elements that allows this control is the fiber squeezer, or in-line polarizer. While their effects on
polarization have been studied in various types of fibers, such as single-mode fibers [1] and hollow-
core photonic bandgap fibers [2], their influence on multi-core fibers has not yet been studied. We
characterize the unitary operation performed by the in- line polarization controller (IPC) on each core
of a multi-core fiber.

[1] In-Line Fiber Optic Polarization Controllers, https://www.thorlabs.com
[2] M. Pang and W. Jin, A Hollow-Core Photonic Bandgap Fiber Polarization Controller,
Opt. Lett. 36, 16 (2011).
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This research explores the impact of temperature on phase quadrature noise in a microchip-based optical
parametric oscillator (OPO). By examining how phase quadrature noise varies with temperature, the study
aims to enhance the OPQO’s performance for applications like generating entangled light.

Recent advancements in silicon chip technology have facilitated the generation of squeezed light states and
enabled quantum protocols such as boson sampling [1]. On-chip x(3) platforms are capable of producing
squeezed states in both single-mode [2—4] and two-mode [5, 6] configurations. In earlier research [7], we
achieved 2.30(3) dB of squeezing in the amplitude difference quadrature of a two-mode state generated by a
silicon-nitride OPO chip. However, excess noise in the phase sum quadrature hindered the observation of
entanglement.

We investigated how phase quadrature noise in a x(3)-based OPO varies with the OPQ’s temperature. Using
integrated microheaters, we precisely adjusted the cavity resonance to match the pump frequency, altering
the microring’s size and refractive index via the thermo-optic effect. This method allows the micro-resonator
to maintain a resonant optical path for each temperature, determined by the pump wavelength. A locking
system was em- ployed to drive the heater into resonance, enabling temperature selection for examining its
impact on the phase quadrature under resonant conditions using a tunable pump laser.

The measurement setup (see Figure 1-(a)) uses a tunable diode laser in a Littrow configuration, amplified by
an Erbium-Doped-Fiber-Amplifier (EDFA). The pump light is meticulously filtered to minimize amplitude and
phase noise before being coupled to the chip through a tapered fiber. On the chip, a high-Q silicon-nitride
microresonator OPO (Q ~ 1 x 106) is maintained at the desired temperature using a Ditter-Locking system,
ensuring alignment with the pump field resonance. The wavelength of the transmitted field is analyzed using
an Optical Spectrum Analyzer (OSA), while quadrature noise in both phase and amplitude is measured via a
Resonant Assisted Homodine Detection scheme.

[1] L. S. Madsen, et al. Nature, 606(7912):75—81, 2022.

[2] Y. Zhao, et al. Phys. Rev. Lett., 124:193601, May 2020.

[3] R. Cernansky and A. Politi. APL Photonics, 5(10):101303, 2020.
[4]Y. Zhang, et al. Nature communications, 12(1):2233, 2021.

[5]A. Dutt, et al. Phys. Rev. Appl., 3:044005, Apr 2015.

[6]V. D. Vaidya, et al. Science advances, 6(39):eaba9186, 2020.
[7]1R. A.K "ogler, et al. Opt. Lett., 49(11):3150—3153, Jun 2024.
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Quantum state production and characterization are fundamental elements for many quantum
technological applications. In this paper, we studied the generation of polarization quantum states by
interacting light with a Kerr medium and the dependency of the outcome on orthogonal polarization
seeding. Starting from coherent states produced by Ti:Sapphire laser, interaction with a 87Rb warm
vapor cell led to noise compression of —5.2 + 0.5 dB (6.4 + 0.6 dB after correction of the detection
quantum efficiency). Experimental characterization of the effect of an orthogonal polarization light
seed on squeezing is shown to agree with the theoretical model.

[1] A. Chirkin, Optics and Spectroscopy 119, 371 (2015).

[2] W. P. Bowen, R. Schnabel, H.-A. Bachor, and P. K. Lam, Phys. Rev. Lett. 88, 093601 (2002).
[3] S. Barreiro, P. Valente, H. Failache, and A. Lezama, Phys. Rev. A 84, 033851 (2011).

[4] T. Horrom, Ph.D. thesis, William & Mary (2013).
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This work presents an implementation of the One-Time Pad cryptographic protocol using an optical
processor based on encoding information in light polarization to intensity [1]. We exploit the properties
of polarization and spatial light modulators (SLMs) to perform the One-Time Pad protocol. The XOR
operation, fundamental to this protocol, is achieved through an SLM that alters the polarization of light
from diagonal to anti-diagonal, corresponding to bits O and 1, respectively.

The system utilizes a pair of SLMs: the first encodes the message in the transverse profile of the light,
and the second contains the random key, determining whether the light’s polarization remains
unchanged (encoding a 0) or is inverted (encoding a 1). This process effectively executes the XOR
operation between the message and the key, ensuring that the encrypted message is entirely secure.
As the One-Time Pad protocol guarantees, the encryption is theoretically unbreakable when paired
with a truly random, single-use key. The process can be repeated by re-encoding the encrypted
message in the first SLM and the key in the second.

After the polarization-based XOR operation, the result is visualized through light intensity using a
projection system involving a half-wave plate and a polarizing beam splitter (PBS). This setup
translates the encoded polarization into an intensity pattern that can be measured, revealing the
encrypted message or its XOR combination with the key.

Our experiments demonstrate that this optical method guarantees secure communication and
significantly improves processing speed and parallelization compared to traditional electronic
techniques. We discuss the system’s efficiency in distributing and applying keys using light
polarization and assess its robustness against potential attacks. The findings suggest that optical
processing offers a promising solution for implementing high-security encryption, particularly for high-
speed communication networks.

[1] S B Hengeveld, N Rubiano Da Silva, D S Gongalves, P H Souto Ribeiro, and A Mucherino. An optical
processor for matrix-by-vector multiplication: an application to the distance geometry problem in 1D. Journal
of Optics, 24(1):015701, January 2022.
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Efficient qubit control is crucial for quantum computing and its applications. In particular, preparation
of highly entangled states in the smallest possible time represents a major challenge in currently
existing quantum devices [1]. A possible way to achieve such a fine tuning control of quantum
correlations in multi-qubit systems is by considering a series of electromagnetic pulses [2] instead of
using predefined gates. In this work, we certify the preparation of genuine multipartite entangled
quantum states by applying local and bipartite pulses to three and four qubit systems. Our results are
tested on quantum computers provided by IBM.

[1] Preskill, J. (2018). Quantum computing in the NISQ era and beyond. Quantum, 2,

79.65:8—20, 2021

[2]Krantz, P., Kjaergaard, M., Yan, F., Orlando, T. P., Gustavsson, S., & Oliver, W. D. (2019). A quantum
engineer's guide to superconducting qubits. Applied Physics Reviews, 6 (2)
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With the emergence of new technologies, quantum computing opens up a new World of possibilities,
capable of tackling computationally complex problems, such as optimization [1], cryptography [2] and
molecular simulations [3]. One of the current challenges is the noise and intermediate scale of
quantum computers in the NISQ era, where errors from quantum phenomena hinder many algorithms
from reaching their full potential. A way to harness the power of current quantum computers is through
the Variational Quantum Eigensolver [4], a quantum-classical algorithm able to compute the minimum
energy of the electronic structure for molecules. By mapping fermionic systems to qubits, we use this
algorithm to obtain the equilibrium energy and the geometric configuration of diatomic molecules such
as H2H2, LiH, and HF, and for the triatomic molecules H20H20 and 0s. A further study includes the
simulation of isomerization reactions for the CaHs C4H8 molecule.

[1] Abbas, Amira, et al. Quantum optimization: Potential, challenges, and the path forward. arXiv
preprint arXiv:2312.02279, 2023.

[2] Bennett, Charles H.; BRASSARD, Gilles. Quantum cryptography: Public key distribution and coin
tossing. Theoretical computer science, 2014, vol. 560, p. 7-11.

[3] Cao, Yudong, et al. Quantum chemistry in the age of quantum computing. Chemical reviews, 2019,
vol. 119, no 19, p. 10856-10915.

[4] Peruzzo, Alberto, et al. A variational eigenvalue solver on a photonic quantum processor. Nature
communications, 2014, vol. 5, no 1, p. 4213.
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Partial coherence beams have gained notoriety in optical research due to some advantages over fully
coherent beams under turbulence [1]. Furthermore, this class of beams has been studied in parametric
down-conversion in order to explore both the advantages of the process and the partial coherence
[2,3]. Here, we perform an experimental investigation about the conservation of twist phase when
Twisted Gaussian Schell Model (TGSM) beams interact in both up and down conversion three wave
mixing nonlinear processes. TGSM beams are generated independently and prepared with several
different twist parameters. They are used for pumping and seeding the nonlinear interactions and the
beams generated in the processes are analyzed in order to determine their twists. Our results show
that the up and down converted beams have twists that depend on the twists of the pumping
and seeding beams. They also indicate that the twist phase is conserved in the process, in qualitative
agreement with the theoretical predictions. This research is motivated by the growing potential
applications for TGSM beams.

[1] Wang F & Cai Y. Second-Order Statistic of a Twisted Gaussian Schell-model Beam in Turbulent
Atmosphere. Optics Express 18, 24661, 2010.

[2] Gustavo H. dos Santos, Andre G. de Oliveira, Nara Rubiano da Silva, Gustavo Caiias, Esteban S.
Gomez, Stuti Joshi, Yaseera Ismail, Paulo H. Souto Ribeiro, and Stephen Patrick Walborn. Phase
Conjugation of twisted Gaussian Schell model beams in stimulated parametric down-conversion.
Nanophotonics, 11(4):763-770, 2022.

[3] Gustavo H. dos Santos, Raphael C. Souza Pimenta, Rafael M. Gomes, Stephen P. Walborn, and
Paulo H. Souto Ribeiro. Partial Coherence and Coherence Length in Stimulated Parametric Down-
Conversion. Physical Review Applied 20, 024007, 2023.
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Quantum mechanics allows for the application of two quantum operations in a superposition of orders,
coherently controlled by an ancillary system. This transformation, known as the "quantum switch" [1],
is an example of a causally nonseparable process. The quantum switch has been proposed also as a
way to study the interface between quantum mechanics and gravity. For example, an indefinite causal
structure could arise from the superposition of two different geometries associated to a massive body
prepared in a superposition of two distinct states [2]. However, the state of a physical system is usually
described by a wave function whose domain is continuous. Hence, a more realistic scenario should
consider a causal structure controlled by an infinite-dimensional quantum system. In this work we
revisit the quantum switch and introduce a new definition of it, allowing for a continuous control. Then,
we provide a study case built on a periodic Hamiltonian and a cyclic control of the time ordering
operator. Finally, we propose a photonic simulation of this process. Although we do not apply our
definition to a gravitational scenario, our proposal could inspire new research on the superposition of
causal structures.

[1] Chiribella, G., D’Ariano, G. M., Perinotti, P. et al. Quantum computations without definite causal
structure. Physical Review A 88, 022318 (2013).

[2] Zych, M., Costa, F., Pikovski, I. et al. Bell’s theorem for temporal order. Nature Communications 10,
3772 (2019).
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We have proposed the following scenario based on the protocol described in reference [1]. The
transmitter randomly chooses between two quantum states, |a) or |B), with equal probability. It then
emits the state encoded in an electromagnetic signal. Afterward, the signal reflects off the target and
is directed to the receiver, who knows the quantum state chosen by the transmitter. Upon arrival, the
receiver can obtain information about the target, such as its position and velocity, through the time of
arrival or the Doppler effect, among other properties. However, there is a possibility that the target
might perform spoofing by emitting a false signal that alters the information. The only way for the
receiver to determine if the information has been falsified is by analyzing whether the encoded state
has been perturbed.

We derive an upper bound for spoofing detection when two quantum states are randomly encoded in
an electromagnetic signal and demonstrate that it can be achieved using coherent states. We also
analyze how encoding squeezed states in the signal affects the detection probability and examine the
implications when the spoofer's capability is limited solely to generating coherent states [2].

Our analysis shows that the quantum advantage in spoofing detection is independent of the number
of photons, eliminating the need for low-photon constraints in experimental demonstrations. We
optimize the probability of discrimination between two arbitrary states and identify the optimal states
that saturate the success bound for spoofing detection. Furthermore, when squeezed states are
encoded, the detection probability approaches 100% if the spoofer can only generate coherent states.

Finally, we conclude that a significant quantum improvement in spoofing detection is achievable using
both coherent and squeezed states, surpassing classical limits. We highlight its potential in practical
applications where quantum security is crucial.

[1] Blakely, J. N., & Pethel, S. D. Physical Review Research, 4(2), 023178. (2022)
[2] Tomas P. Espinoza, Sebastian C. Carrasco, José Rogan, Juan Alejandro Valdivia and
Vladimir S. Malinovsky, arXiv:2406.14750. (2024).
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This research focuses on solving time-dependent partial differential equations (PDEs), in particular
the time-dependent Schrédinger equation, using matrix product states (MPS) [1]. We propose an
extension of Hermite Distributed Approximating Functionals (HDAF) [2] to MPS, a highly accurate
pseudospectral method for approximating functions of derivatives. Integrating HDAF into an MPS
finite precision algebra, we test four types of quantum inspired algorithms for time evolution: explicit
Runge-Kutta methods, Crank-Nicolson method, explicitly restarted Arnoli iteration and split-step. The
benchmark problem is the expansion of a particle in a quantum quench, characterized by a rapid
increase in space requirements, where HDAF surpasses traditional finite difference methods in
accuracy with a comparable cost. Moreover, the efficient HDAF approximation to the free propagator
avoids the need for Fourier transforms in split-step methods, significantly enhancing their
performance with an improved balance in cost and accuracy.

Both approaches exhibit similar error scaling and run times compared to FFT vector methods;
however, MPS offer an exponential advantage in memory, overcoming vector limitations to enable
larger discretizations and expansions. Finally, the MPS HDAF split-step method successfully
reproduces the physical behavior of a particle expansion in adouble-well potential, demonstrating
viability for actual research scenarios [3].

[1] Garcia-Ripoll, J. J. (2021). Quantum, 5, 431.
[2] Hoffman, D. K. et al. (1996). J. Math. Chem., 20(1), 117—140.
[3] Roda-Llordes, M. et al. (2024). Phys. Rev. Lett., 132(2), 023601.
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Resources required to reconstruct the global state of a quantum computer typically scale
exponentially with the number of involved qubits, namely number of quantum circuits, number non-
local gates and postprocessing time. Despite many quantum state tomography protocols are known,
see e.g. [1-5], none of them optimize all the above mentioned aspects, as far as we know. In this work,
we provide a tomographic method that considers 2n + 1 quantum circuits for n-qubit systems, each of
them composed by a single Pauli gate in each qubit, in the measurement stage. As further advantages,
we provide an explicit reconstruction formula, whereas postprocessing is not required to estimate a
valid quantum state. This protocol has been tested on IBM quantum computers obtaining high
fidelities for genuinely entangled states up to 12 qubits. These results push forward the boundaries of
state tomography in quantum computers beyond 10 qubits in the NISQ era [6].

[1] Gross, D., Liu, Y. K., Flammia, S. T., Becker, S., & Eisert, J. (2010). Quantum state tomography via
compressed sensing. Physical review letters, 105(15), 150401.

[2] Cramer, M., Plenio, M. B, Flammia, S. T., Somma, R., Gross, D., Bartlett, S. D., Landon-

Cardinal O., Poulin, D. & Liu, Y. K. (2010). Efficient quantum state tomography. Nature
communications, 1(1), 149.

[3] Goyeneche, D., Canas, G., Etcheverry, S., Gémez, E. S., Xavier, G. B, Lima, G., & Delgado, A. (2015).
Five measurement bases determine pure quantum states on any dimension. Physical review letters,
115(9), 090401.

[4] Pereira, L., Zambrano, L., & Delgado, A. (2022). Scalable estimation of pure multi-qubit states. Npj
Quantum Information, 8(1), 57.

[5] Verdeil, F., & Deville, Y. (2023). Pure-state tomography with parallel unentangled measurements.
Physical Review A, 107(1), 012408.

[6] Preskill, J. (2018). Quantum computing in the NISQ era and beyond. Quantum, 2, 79
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Nitrogen-vacancy (NV) centers in diamond are renowned for their exceptional quantum sensing
capabilities, making them valuable in fields such as metrology and life sciences. In this work, we
demonstrate the use of shallow NV centers as quantum sensors for nanoscale nuclear magnetic
resonance (nano-NMR) applications [1].

We can selectively target and detect signals from specific nuclear spins by applying magnetic field
gradients, resulting in distinct spin resonance frequencies. This capability is further enhanced by
employing magnetic force microscopy (MFM) with cobalt-coated scanning probes [2, 3], which
generate a spatially varying magnetic field gradient. This approach allows for high-resolution detection
of nuclear spins, even within dense spin samples.

Our technique provides a novel approach to achieving high-resolution nano-NMR and nanoscale
magnetic resonance imaging (nano-MRI) using NV centers. This advancement holds significant
potential for applications in materials science, biomedical imaging, and quantum information
processing.

[1] 1. Lovchinsky et al. Nuclear magnetic resonance detection and spectroscopy of single proteins
using quantum logic. Science 351, 836-841 (2016).

[2] Baha Sakar et. al. Quantum calibrated magnetic force microscopy Phys. Rev. B 104, 214427
(2021)

[3] Grinolds, Met al. Subnanometre resolution in three-dimensional magnetic resonance imaging of
individual dark spins. Nature Nanotech 9, 279—-284 (2014).
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Simulating the time evolution of quantum systems remains a critical challenge in the field of quantum
information, especially for complex Hamiltonians. Traditional methods often face computational
limitations, particularly as system size grows. In this work, we introduce a machine learning-based
model designed to efficiently simulate the dynamics of a small quantum system composed of two
qubits, governed by a specific Hamiltonian. Given an initial quantum state, the model predicts its
evolution at a desired time t.

Our approach involves an encoder that maps the input state to a latent space, capturing key features
of the system. A scalar parameter is then introduced in this latent space to guide the model for the
correct construction of the output state at time t. Architectures based on Convolutional layers, used
commonly for image-to-image reconstruction [1], give us good results in terms of Fidelities between
model and theoretical predictions. The incorporation of the scalar parameter is included in the latent
space that, the input density matrix, is reduced after the action of an encoder.

The goal of this the methodology is to demonstrate the adaptability of machine learning models for
quantum simulations, like [2] where an autoencoder is used to solve the marginal problem. With deeper
architectures, this approach can be scaled to larger systems, highlighting the potential of machine
learning as a powerful tool for constructing scalable quantum simulations.

The significance of this work is underscored by recent achievements in the field; this year’s Nobel
Prizes in Physics and Chemistry were awarded for research intrinsically related to the use of neural
networks. This recognition underscores the growing importance of machine learning, especially as an
adaptive tool capable of supporting diverse scenarios by reducing costs and solving complex
problems.

[1] C. Schaefer, M. Geiger, T. Kuntzer and J.-P. Kneib, Deep convolutional neural networks as strong
gravitational lens detectors, A&A 611 A2 (2018).
[2] D. Uzcategui-Contreras, A. Guerra, S. Niklitschek, A. Delgado, Machine Learning approach to
reconstruct Density Matrices from Quantum Marginals, arXiv:2410.11145.
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In this work [1] we present a study of a photonic waveguide model featuring topological walls. By
bending one waveguide in the array, which is the one where the domain wall is present, it is possible
to guide light across the lattice (see Figure 1c) with a high transmission. Remarkably, the topology of
the system is crucial for this phenomenology since a trivial domain wall cannot achieve the same
behavior (see Figure 1d,e). We used this system to propagate non classical states, like squeezed light
and we characterized the dynamics of this system. Interestingly, we found that when two domain walls
interact, this interaction can be seen as an effective two port beam splitter for quantum light.
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Figure 1. a) scheme of a SSH array. b) scheme of a SSH array with a domain wall. ¢ scheme of a domain wall
and its transport across the lattice. d) and e) numerical simulation of the dynamics for the topological and trivial

case, respectively.

[1] G. O’'Ryan Perez et al., Scientific Reports 14, 12435 (2024)
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Generalized coherent states (GCS) are generated through the nonlinear interaction between a
coherent state and a medium [1]. These states retain key properties of coherent states, such as
Poissonian photonic statistics and coherence as defined by the correlations functions g™ at all n orders.
However, unlike traditional coherent states, GCS exhibit distinct quantum behavior in phase space, as
evidenced by negative values in their Wigner representation. While this characteristic enhances their
potential for different application (like quantum metrology), it also presents challenges in directly
identifying their quantum properties through correlation functions alone.

To overcome this limitation, we propose using a quantum/classical criterion based on the intensity-
field correlation function g®? to check if the GCS states break the classical inequalities associated with
this function [2], which sets a classical bound and provides a more comprehensive approach to
identifying quantum behavior in GCS. Furthermore, we investigate the entanglement [3] properties of
GCS—absent in regular coherent states—by applying entanglement criteria such as von Neumann [4]
and Shannon entropies [5] after the states pass through a beam splitter. Preliminary results indicate
that these criteria offer a robust method for determining whether a state exhibits quantum
characteristics, even when these cannot be discerned solely through standard correlation functions.

[1] RM. Uria et al. Emergence of Non-Gaussian Coherent States Through Nonlinear Interactions
(2022).

[2] H. J. Carmichael et al. Giant Violations of Classical Inequalities through Conditional Homodyne
Detection of the Quadrature Amplitudes of Light. (2000).

[3] Ja'nos K. Asbo’th et al. Computable Measure of Nonclassicality for Light (2005).

[4] Samina S. Masood= et al. A von Neumann Entropy Measure of Entanglement Transfer in a Double
Jaynes-Cummings Model (2014).

[5] S. P. Walborn et al. Entropic Entanglement Criteria for Continuous Variables (2009).
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The progress in realising ultracold atomic mixtures has greatly revitalised the interest in studying
impurities immersed in quantum mediums [1]. Amongst them, Bose polarons, i.e. impurities immersed
in bosonic baths, have attracted increased attention since their experimental realisation in 2016 [2, 3].
Following these developments, and motivated by the possibility of trapping ultracold atoms in optical
lattices [4], the theoretical study of impurities in lattice configurations has emerged as a new platform
for studying polaron physics. In this direction, in the past few years, different studies of lattice Bose
polarons have revealed intriguing features across the superfluid-to-Mott insulator transition [5-7].

In this work, we study an impurity interacting with a bosonic bath and immersed in a harmonically
confined optical lattice. The harmonic confinement enables us to model a realistic scenario and study
polaron physics across superfluid and Mott domains. We consider a one-dimensional configuration
and study the system theoretically with DMRG simulations for a large number of particles. We reveal
that baths with Mott domains produce an enlargement of the polaron cloud and the onset of a sudden
orthogonality catastrophe of the polaron quasiparticle.

[1] C. Baroni, G. Lamporesi, and M. Zaccanti, arxiv:2405.14562 (2024).

[2] N.B. Jgrgensen, L.Wacker, K.T. Skalmstang, M. M. Parish, J. Levinsen, R. S. Christensen, G. M. Bruun and J.
J. Arlt J. J,, Phys. Rev. Lett. 117, 055302 (2016).

[3] M.-G. Hu., M. J.van de Graaff, D. Kedar, J. P. Corson, E. A. Cornell.and D. S. Ji, Phys. Rev. Lett. 117,055301
(2016).

[4] I. Bloch, Nat. Phys. 1, 23 (2005).

[5] V. E. Colussi, F. Caleffi, C. Menotti, and A. Recat, Phys. Rev. Lett 130, 173002 (2023).

[6] V. R. Yordanov and F. Isaule, J. Phys. B 56, 045301 (2023).

[7] F. Isaule, A. Rojo-Francas, B. Julia-Diaz, SciPost Phys. Core 7,049 (2024).
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This project aims to explore the possibility of distinguishing between space-time metric theories in
terms of the post-Newtonian parameters (PPN) [1], through quantum state discrimination techniques
[2], and therefore constitutes an instance of hypothesis testing. To determine the most suitable
hypothesis—that is, which alternative theory is correct—an experiment is proposed. To perform this
task, we employ massive particles with internal degrees of freedom that act as quantum clocks [3], and
use Wigner polarization rotation in the case of photons [4]. Both quantum resources enable the
distinction between several PPN theories using unambiguous state discrimination among other
discrimination strategies.

[1] Will, C.M. The Confrontation between General Relativity and Experiment. Living Rev. Relativ. 17, 4
(2014).

[2] Reference bJiménez Henriquez, Omar Alejandro. "Aplicaciones de la discriminacién de estados
cuanticos." (2012).

[3] Igor Pikovski, Magdalena Zych, Fabio Costa, and Caslav Brukner. Time dilation in quantum systems
and decoherence. New Journal of Physics, 19(2):025011, feb 2017.

[4] Palmer, Matthew & Takahashi, Maki & Westman, Hans. (2011). Localized qubits in curved
Spacetimes. Annals of Physics. 327. 10.1016/j.a0p.2011.10.009.
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The conversion of solar energy into electrical energy is a crucial point in the quest for sustainable
environmental solutions and our research presents an innovative method that utilizes laser light
amplification to optimize the solar energy conversion process [1]. This involves modeling the effects
of introducing a photovoltaic cell(PVC) or a thermoelectric cell within the optical cavity of a laser
generated by sunlight, as itis shown in Fig. 1. Although these converters have low efficiency (around
5%), their environmentally friendly production processes make them highly sustainable.

The process involves concentrating sunlight in the optical cavity of a laser, which is then generated
in an active medium, such as Nd:Cr:YAG. A key aspect of the study is the collection of laser light
through a converter, enhancing net efficiency due to the quantum amplification of light. By analyzing
the laser dynamics and applying the laser rate equationsfor a four-level gain medium, we calculate
the overall power-conversion efficiency. Our findings demonstrate a significant net efficiency of 45%
in converting solar energy to electricity, as is shown in Fig. 2, comparable to commercial silicon cells.

It is demonstrated that this technology has the potential to achieve the same efficiency usingmore
sustainable processes. The combination of advanced optics and fundamental laser theory shown
the great potential of optics in developing innovative solutions to the critical issues faced by today's

society. M
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Figure 1. Representation of the proposed Figure 2. Maximum achievable efficiency
system, where a PVC is included between is shown as a function of the laser

the mirrors. wavelength [1].

[1] I. Jiménez, S. Wallentowitz, B. Seifert, el. al, "Intra-cavity laser-assisted solar-energyconversion," J. Opt. Soc. Am.
B 40, 1922-1930 (2023).
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In driven non-linear systems, various kinds of bifurcations can be observed. From the evolution of
Floquet multipliers one can extract information which serves as a precursor for phase transitions and
dynamical instabilities. This method is applied in classical non-linear physics, for example, to obtain
early warning signals. Utilising the control over an atom-cavity platform, we are able to prepare our
system in various dynamical regimes and study the bifurcation experimentally in a quantum gas to
obtain insights that could potentially be applied to more complex systems. We prepare a Bose-Einstein
condensate inside the centre of a cavity and pumping it perpendicular to the cavity axis with a standing
wave light field. Upon crossing a critical pump strength, we observe a pitchfork phase transition from
a normal to a steady state self-organized phase [1]. Employing an open three- level Dicke model, this
transition can be understood as a transition between two fixpoints, indicating a pitchfork bifurcation. If
the pump strength is increased further, the system undergoes a Hopf bifurcation. This causes limit
cycles, which have time crystalline properties, to emerge [2]. In this regime, our model no longer shows
fixpoints but stable attractive periodic orbits [3]. For strong pumping, we observe a second bifurcation,
in our case a Neimark-Sacker bifurcation. Its main characteristics is an oscillation with two
incommensurate frequencies and using the language of many-body physics, this may indicate the
formation of a continuous time quasicrystal. In contrast to the limit cycle regime, the system is not
confined on a loop in phase-space but samples a torus [4]. Finally, in the regime of very strong
pumping, we observe chaotic dynamics with many contributing frequencies.

[1] J. Klinder, et al., PNAS 112, 11 (2015)

[2] P. Kongkhambut, et al., Science 307 (2022)

[3] J. Skulte, et al., Phys. Rev. A 109, 063317 (2024)
[4] P. Kongkhambut, et al., arXiv: (2024)
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We theoretically show how, in the estimation of isotropic displacements [1], single-mode stabilized
GKP states [2] can be used to surpass the gaussian limits of sensing [3]. This is the case even when
the gaussian approach is allowed to use an infinite number of photons. Concretely, we show how the
guantum-error-correction stabilization protocol implemented in Refs. [4, 5] can be adapted to sense
weak displacements. Importantly, at all times during the metrology protocol the photon number is
bounded, improving over a previous proposal [1] using GKP states to beat the Heisenberg limit of
sensing at the cost of an exponential increase in the photon number with time. In summary, our
protocol beats the gaussian limits of sensing, is robust against noise sources, and can be implemented
in current architectures.

[1] Duivenvoorden, K., Terhal, B. M., & Weigand, D. PRA 95(1), 012305, (2017).
[2] Royer, B., Singh, S., & Girvin, S. M. PRL 125(26), 260509 (2020).

[3] Hanamura, F., et al. PRA 104(6), 062061 (2021).

[4] Sivak, V. V., et al. Nature 616.7955 (2023).

[5] De Neeve, Brennan, et al. Nature Physics 18.3, 296-300 (2022)
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Diamond nitrogen-vacancy (NV) centers have been the object of various studies in the last few years
due to their unique properties that make them promising for applications related to quantum
metrology and quantum computation. This defect can be found in three different charge states:
negatively charged (NV), neutrally charged (NV°), and positively charged (NV*), of which the former is
usually utilized for metrology applications. The main defining characteristics of NV centers are their
long coherence times and an easily readable and optically preparable spin state, suitable for
temperature and magnetic and electric fields sensing [1]. Nevertheless, implementation of sensor
technologies based on NV centers is usually limited due to the need for the defect to be near the
diamond surface and therefore being prone to a reduction of relaxation times due to an increasing
number of interactions with surface impurities of various kinds, including other NV defects. An arising
question is then whether it is possible to increase the relaxation time of NV centers by direct
manipulation of the surrounding environment.

For this purpose, we propose an experimental approach based on the implementation of a confocal
setup and lasers of different wavelengths (532 nm, 594 nm, and 633 nm) to modify and read the
charge state of NV centers surrounding a singular NV. The charge state of surrounding NV centers
can be modified by a series of laser pulses and an optical vortex (used to isolate a particular defect) to
exploit the ionization and recombination processes related to the energy structure of the defect,
allowing the creation of both negatively and neutrally charged environments with 532 nm and 633 nm
pulses, respectively, while the charge state readout is carried out by 594 nm pulses that do not
dramatically affect the charge state of defects [2,3].

It is expected that given the total spin number of neutrally and negatively charged NV’s (S=1/2 and
S=1 respectively), an increase in relaxation times compared to the natural environmental state would
be observed for a neutrally charged environment given a reduction in hyperfine interaction between
the sensing NV spin and the surrounding environment, while a reduction of this time would be
observable for a mainly negative environment. For this reason, studying the impact of the surrounding
environment on the coherence dynamics of NV centers could be a gateway to improve the main
limiting factors in future implementation of technologies based on this defect.

[1] F. Dolde, H. Fedder, M. W. Doherty, T. N"obauer, F. Rempp, G. Balasubramanian, T. Wolf, F.
Reinhard, L. C. L. Hollenberg, F. Jelezko, and J. Wrachtrup. Nature Physics, 7(6):459—463, Apr 2011.
[2] Nabeel Aslam, G Waldherr, Philipp Neumann, and F Jelezko. New Journal of Physics, 15,01 2013.
[3] Isabel Cardoso Barbosa, Jonas Gutsche, and Artur Widera Phys. Rev. B 108, 0754112023.
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In order to fully harness quantum correlations into quantum communication and quantum processing
applications [1], a complete state reconstruction of the quantum state is desired. Quantum correlated sources
in the continuous variable domain (CV), offer different configurations which open broad set of applications. For
instance, optical parametric oscillators (OPOs) below or above threshold can be used to generate squeezed
states and entangled state.

For most of these systems the spectral quantum state reconstruction is done by either direct intensity
measurement or homodyne detection. Such kind of detection is sufficient for complete tomography of light
sources with symmetric emission spectra, in which the upper and lower sideband modes around the carrier
frequency present energy balance. Nevertheless, the photocurrent spectrum cannot discriminate the
contribution of upper and lower sidebands in general, leading to an incomplete information of the state. Thus,
the state can only be reconstructed, by manipulating these sidebands prior to detection [2].

In this work we present the interesting case where entanglement involving the standard combination of
sidebands is not observed, but the detailed analysis of their sidebands structure present entanglement. This
work open ups the possibility for optimization of quantum resources when performing a detailed quantum
operation involving specific modes. In order to demonstrate that case, we study the entanglement produced by
a four wave mixing (4WM) process in an isotopically selected **Rb vapor cell [3]. The full state tomography of
individually addressed frequency modes associated to each beam is done by using the dispersive response of
an auxiliary resonator [2], achieving the complete reconstruction of the two-beam covariance matrix. Due to the
spectral narrow bandwidth of the 4WM process, we are able to measure the asymmetry of entanglement in a
4WM system, demonstrating a hidden entanglement that can not be observed in solid state systems or chips.
We support our experimental observations through a theoretical model based in the microscopical description
of 4 level system proposed in ref. [4]. Our theoretical model describes the correlations in the twins beams of the
4WM process, predicting to some degree the asymmetry of the quantum correlations between the pair of
sidebands.

[1] M. A. Nielsen and I. L. Chuang, Quantum Computation and Quantum Information (Cambridge University Press,
Cambridge, England, 2011).

[2] F. A.S. Barbosa, A. S. Coelho, K. N. Cassemiro, M. Martinelli, P. Nussenzveig, and A. S. Villar, Phys. Rev. A 102,
063705 (2020).

[3] C. F. McCormick, V. Boyer, E. Arimondo, and P. D. Lett, Opt. Lett. 32, 178 (2007).

[4] Q. Glorieux, R. Dubessy, S. Guibal, L. Guidoni, J.P. Likforman, T. Coudreau and E. Arimondo, Phys. Rev. A 82 033819
(2010).
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Vector Vortex Beams (VVB) have an inhomogeneous distribution of polarization in their transverse
profile. They have been explored in several applications, such as imaging, optical traps,
communication protocols (classical and quantum) and even the use in non-linear optics. In [1], we
show that triangular cavities can also be used to analyze and discriminate vector vortex beams.

In cavities with an odd number of mirrors, in addition to the Gouy phase accumulated in every round
trip, modes that present horizontal antisymmetry acquire an extra m phase compared to those
displaying horizontal symmetry, due to the odd number of reflections. For polarization, a similar
phenomenon occurs: horizontally polarized modes gain an extra m phase compared to the
horizontally polarized ones. Therefore, describing VVBs as linear combinations of Hermite-Gaussian
modes with different polarizations allows us to analyze how VVBs behave in a triangular optical
cavity.

For the two first-order VVBs, radial and azimuthal modes, we have experimentally demonstrated that
resonance is reached for separate cavity lengths, suggesting that such cavity may be used as a VVB
mode sorter. We have tested this by sending a mode of spiral polarization to the cavity and observing
one resonance peak for each VVB it is composed of: radial and azimuthal modes. Additionally, we
are building a Mach-Zehnder interferometer with an extra mirror to also use as a mode sorter,
according to the same principle explained here. Our intuition is to compare these two methods.

The cavity and the Mach-Zehnder interferometer use mirrors with piezoelectric material to scan
their lengths. For them to act as legitimate mode sorter, their lengths must be fixed at a resonance
peak, so that one mode is transmitted and the other is reflected. Since these systems lack stability,
our group developed an electronic circuit capable of locking the interferometers fixed at constructive
interference.

[1] Rodrigues, L.M., Marques Fagundes, L., Salles, D.C. et al. Resonance of vector vortex beams in a triangular optical
cavity. Sci Rep 14, 10542 (2024)
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Exploring entanglement dynamics in an optomechanical cavity
with a type-V qutrit and quantized two-mode field
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The main objective of this work is to measure the degree of interaction of a type-V qutrit with a two-
mode quantized field in an optomechanical cavity [1]. We first deduce the Hamiltonian in the
interaction picture to identify the oscillatory terms and then obtain the effective Hamiltonian
analytically. By selecting initial conditions for the atom, the two-mode field, and the moving mirror, we
can determine the state vector of the entire system through a first-order approximation of the effective
Hamiltonian. With this information, we proceed to solve the Schrodinger equation, generating a
coupled set of differential equations that is solved numerically based on the initial conditions. The
atomic von Neumann entropy allows us to obtain the temporal evolution of the degree of
entanglement of the qutrit in the cavity and the atomic population inversion. The results indicate that
entanglement in this tripartite system, composed of the qutrit and the mirror-field subsystems, as well
as the population inversion, can be manipulated by the initial state conditions of the system, the qutrit-
field and mirror-field coupling coefficients, the pump field, and the dissipation rates of the two-mode
field and the movable mirror, respectively.

[1] Miguel A. Medina-Armendariz, L.F. Quezada, Guo-Hua Sun, Shi-Hai Dong, Physica A
635 (2024) 129514.
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Parametric processes, such as those occurring in optical parametric oscillators (OPOs) and optical
parametric amplifiers (OPAs), are well-established for their ability to produce non-classical states of
light through interaction with non-linear materials. These processes are crucial for the development
of quantum technologies, including quantum computing, where properties like entanglement play a
key role. To implement a quantum network capable of processing and sharing information, it is
necessary to generate a significant number of entangled modes, with atoms acting as nodes and
entanglement as the communication channels [1].

In order to create a network of multimode entangled states, also referred to as cluster states,
different groups presented proposals for their generation. Examples are Olivier Pfister's group that
used an OPO based on PPKTP crystal to generate 15 entangled modes [2], and that of Laboratorio
Kastler Brossel that used an OPO with synchronized short-pulse laser pumping [3]. More recently,
the group of Jietai Jing has used hot alkali atoms to produce spatial multimode states [4]. They
produce this state using two pumps with the same wavelength and an angle between them. All the
different states obtained in these experiments present their advantages and disadvantages.

Our proposal aims to generate, instead of spatial, a frequency multimode state through the four-
wave mixing (FWM) process. In order to produce such a state, we employ two superposed pump
fields with a relative frequency of the order of MHz that interact with rubidium 85 atoms in an OPA.
Now, in the multimode FWM process we can have the annihilation of two photons from the first
pump, or two from the second or even one from each. This leads to a cascade that can create
different frequencies photons for the probe and conjugate.

With this configuration we are able to generate and characterize a frequency multimode state with
tunable frequency separation between the modes in the probe and conjugate beams. This work
paves the way to characterize the quantum correlations among the generated frequency modes and
study the multimode properties to determine whether it is a cluster state for developing a quantum
network.

[1] H. Kimble, The quantum internet Nature 453, 1023—1030 (2008).

[2] M. Pysher, et al. Parallel Generation of Quadripartite Cluster Entanglement in the Optical Frequency Comb Phys. Rev.
Lett. 107, 030505 (2011).

[3] Y. Cai, et al. Multimode entanglement in reconfigurable graph states using optical frequency combs Nature
Communications 8, 15645 (2017).

[4] K. Zhang, et al. Reconfigurable Hexapartite Entanglement by Spatially Multiplexed Four-Wave Mixing Processes,
Phys. Rev. A, 124,090501 (2020).
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Currently existing quantum computers belong to the so-called Noisy Intermediate Scale Quantum
(NISQ) Era [5]. This generation of computers is good enough to star solving problems in areas like
molecular optimization [1-2], materials design [2] or drug discovery [4]. However, codifying these
problems in quantum computers typically requires to consider several qubits and circuits with large
depth. A fundamental step to make such implementations possible is to select the required subset of
qubits in the best possible way, in the sense of maximizing connectivity and mitigating propagation of
errors. In this work, we introduce a method to choose the best possible subset of qubits for the
implementation of a given quantum algorithm and show that it outperforms the transpiler optimization
tool (level 3, with 1A) provided by IBM [3].

[1] Delgado, A., Arrazola, J. M., Jahangiri, S., Niu, Z., Izaac, J., Roberts, C., & Killoran, N. (2021).
Variational quantum algorithm for molecular geometry optimization. Physical Review A, 104(5),
052402.

[2] Bauer, B., Bravyi, S., Motta, M., & Chan, G. K. L. (2020). Quantum algorithms for quantum chemistry
and quantum materials science. Chemical Reviews, 120(22), 12685-12717.

[3] https://docs.quantum.ibm.com/api/qiskit/transpiler#transpiler

[4] Blunt, N. S., Camps, J., Crawford, O., I1zsak, R., Leontica, S., Mirani, A., .. & Holzmann, N. (2022).
Perspective on the current state-of-the-art of quantum computing for drug discovery applications.
Journal of Chemical Theory and Computation, 18(12), 7001-7023. [5] Preskill, J. (2018). Quantum
computing in the NISQ era and beyond. Quantum, 2, 79.
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Unitary logic gates for quantum computing
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Simulation of quantum devices with classical resources is a highly interesting topic in the current Era
of quantum computing [1]. This poster demonstrates the efficient emulation of fundamental unitary
operations for quantum computing by encoding quantum bits in classical photonic waveguides,
offering a practical approach to understanding and simulating quantum behavior.

[1] Preskill, J. (2018). Quantum computing in the NISQ era and beyond. Quantum, 2, 79.65:8-20
[2] Guzman-Silva, D., Caceres-Aravena, G., and Vicencio, R. A. (2021). Experimental Observation of
Interorbital Coupling. In Physical Review Letters (Vol. 127, Issue 6). American Physical Society (APS).
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Nonlinear Effects of Bragg Lattices on Atomic Vapors
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The need to control the flow of light has an important impact in optical information processing.
Research groups have focused their efforts into high speed optical switches, which has pointed in the
direction of non linear switching effects for their implementation into optical systems. The study of
nonlinear optical effects in atomic vapors is then crucial for the development of advanced optical
devices. In this research, we investigate the nonlinear effects present in Bragg lattices on atomic
vapors, leveraging the unique nonlinear properties of atomic systems, and explore the potential
bistability within the system. Previous studies have identified nonlinearities in the response of the
system, originating in the third kerr coefficient; yet the bistability of such configurations remains
unexplored. Through our research, we aim to characterize this bistability and uncover its origins. This
could lead to the development of all-optical switches and optical diodes, which are vital components
in the design of integrated optical systems and future quantum networks. Our findings could thus pave
the way for new applications in optical signal processing and communication technologies.

[1] Erdogan, T. “Fiber Grating Spectra.” Journal of Lightwave Technology, vol. 15, no. 8, 1997, pp.
1277—-1294, https://doi.org/10.1109/50.618322.

[2] Everett, Jesse L, et al. “Stationary Light in Atomic Media.” Advanced Quantum Technologies, vol.
2, no. 5-6, 30 Apr. 2019, https://doi.org/10.1002/qute.201800100.

[3] Wang, Da-Wei, et al. “Optical Diode Made from a Moving Photonic Crystal.” Physical Review
Letters, vol. 110, no. 9, 25 Feb. 2013, https://doi.org/10.1103/physrevlett.110.093901.

[4] Yavuz, D. D., and D. E. Sikes. “Giant Kerr Nonlinearities Using Refractive-Index Enhancement.”
Physical Review A, vol. 81, no. 3, 29 Mar. 2010, https:/doi.org/10.1103/physreva.81.035804.
Accessed 27 Aug. 2020.
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We study a multiqubit quantum circuit that operates on a chain of N qubits as target and 2N qubits as
control states. The circuit is composed of a sequence of unknown unitary operators, U. The design,
inspired from [1], enables the transfer of information from the unitary operator U - represented in the
Weyl-Heisenberg basis - to the control states without loss of information, while remaining independent
of the target state. This approach is then extended to explore its applications in unitary tomography
and its potential in quantum metrology.

[1] Escandén-Monardes, J., Uzcategui, D., Rivera-Tapia, M., Walborn, S. P., & Delgado, A. (2024).
Estimation of high-dimensional unitary transformations saturating the Quantum Cramér-Rao bound.
Quantum, 8, 1405.
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In a standard interferometer where two waves interfere, the precision of phase shift measurements
can surpass the Standard Quantum Limit (SQL) using quantum resources [1]. In this work, we explore
multiport interferometers with the aim of identifying configurations and input states that enhance
precision measurement and enable the parallel determination of multiple parameters [2,3].

We analytically examine the phase shifts induced in multiport Mach-Zehnder interferometers,
focusing on the 3-input, 3-output and 4-input, 4-output configurations. Our approach utilizes various
input arrangements combining coherent states, squeezed states of light, and single photons,
alongside the measurement of different system operators to optimize the use of available information.
Preliminary results indicate that it is feasible to measure multiple phase shifts simultaneously with
enhanced precision.

Our findings so far suggest that multiport systems with different configurations and input states
provide an interesting pathway to improve multi-parameter estimation beyond conventional limits and
configurations.

[1] Aasi, J., Abadie, J., Abbott, B. et al. Enhanced sensitivity of the LIGO gravitational wave detector
by using squeezed states of light. Nature Photon 7,613-619 (2013).

[2] Barbieri, M. (2022). Optical quantum metrology. PRX Quantum, 3(1).

[3] Ciampini, M., Spagnolo, N., Vitelli, C. et al. Quantum-enhanced multiparameter estimation in
multiarm interferometers. Sci Rep 6, 28881 (2016).

113



0 QUANTUM 9.4
INTERNATIONAL

OpT|CS CONGRESS

Hironari Nagayoshi, The University of Tokyo

All-Gaussian Quantum Neural Network

Hironari Nagayoshi?, Warit Asavanant*®, Akira Furusawa2
2 Department of Applied Physics, School of Engineering, The University of Tokyo, Japan
® Optical Quantum Computing Research Team, RIKEN Center for Quantum Computing,Japan

Continuous-variable quantum computing (CV-QC) is a paradigm of quantum information processing
that exploits the continuous nature of bosonic systems for analog computation. Although recent
research both theoretically and experimentally paves the way to the fault-tolerant CV-QC with optical
components [1], current technologies have yet to realize universal quantum computing. In the
upcoming era of noisy intermediate-scale devices, it is crucial to find experimentally feasible use cases
for practical computation. In the qubit regime, variational quantum circuits (VQCs) [2] are vigorously
investigated as promising candidates for applying quantum devices. Although previous papers [3, 4]
have partially extended this framework to CV-QC, these proposals raise numerous challenges for
experimental implementation including high-demanding photon interactions and a lack of analysis on
sampling cost.

To overcome these obstacles, we present an experimentally feasible ansatz for CV quantum machine
learning. As illustrated in Fig. 1, the VQC employed here consists only of Gaussian gates, enabling a
straightforward implementation by a measurement-based quantum computation scheme using
cluster states. The trick is to insert data-dependent layers into the quantum circuit, introducing a
nonlinear transformation against input data that serves as an activation function of classical neural
networks. As is shown in Fig. 2, this ansatz can be successfully trained for multiple tasks such as curve
fitting and binary classification. We further analyze the sampling cost under a realistic noise model on
cluster states and discuss potential techniques to boost its performance such as parameter- shift
gradient estimation [5] and nonlinear feedforwarding.
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Fig. 1 All-gaussian VQC ansatz. Red dotted layer on  Fig. 2 Training data of binary classification on 2D plain
the right denotes input-dependent gates. (left) and training result on our VQC (right).

[[1] W. Asavanant and A. Furusawa, Optical Quantum Computers (AIP Publishing, 2022).

[2] M. Cerezo et al., Variational Quantum Algorithms, Nat. Rev. Phys. 3,625 (2021).

[3] N. Killoran et al., Continuous-Variable Quantum Neural Networks, Phys. Rev. Research 1, 033063 (2019).
[4] S. Bangar et al., Experimentally Realizable Continuous-Variable Quantum Neural Networks, Phys. Rev. A
108, 042414 (2023).

[5] M. Schuld et al., Evaluating Analytic Gradients on Quantum Hardware, Phys. Rev. A 99, 032331 (2019).
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Device-independent quantum key distribution (DIQKD) offers the strongest form of quantum security
for two fully uncharacterized users. However, its implementation, especially over long distances, poses
significant challenges as losses make Bell test difficult to conduct successfully. In this work, we
propose a photonic realization of DIQKD that offers significant advantages with respect to existing
proposals [1]. In particular, our scheme leads to positive key rates over distances of hundreds
of kilometers for state-of-the-art parameters, making the proposed setup a promising candidate for
securing long-distance communication in quantum networks.

Results have been obtained and the manuscript is nearing completion; we anticipate publication on
arXiv prior to the conference. Further details will be provided during the presentation.

[1] E. M. Gonzalez-Ruiz, J. Rivera-Dean, M. F. B. Cenni, A. S. Sgrensen, A. Acin, and E.

Oudot, "Device-Independent Quantum Key Distribution with Realistic Single-Photon

Source Implementations," in Optica Quantum 2.0 Conference and Exhibition, Technical Digest
Series (Optica Publishing Group, 2023), paper QM3B.3.
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Dealing with a generic time-local non-Markovian master equation, we define current and power to be
process-dependent as in classical thermodynamics. Each process is characterized by a symmetrical
transformation, a gauge of the master equation, and is associated with different amounts of heat
and/or work. Once the symmetry requirement fixes the thermodynamical quantities, a consistent
gauge interpretation of the laws of thermodynamics emerges. We also provide the necessary and
sufficient conditions for a system to have a gauge-independent thermodynamic behavior and show
that systems satisfying quantum detailed balance conditions are gauge-independent. Applying the
theory to quantum thermal engines, we show that gauge transformations can change the machine
efficiency, however, yet constrained by the classical Carnot bound.

[1] F. Nicacio and R.N. P. Maia, Gauge quantum thermodynamics of time-local non-Markovian
evolutions, Physical Review A 108, 022209 (2023). https://doi.org/10.1103/PhysRevA.108.022209
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Quantum optics is a promising platform for realizing quantum computers in the continuous variable
(CV) system. One of the main technical obstacles is the experimental difficulty of efficiently generating
non-Gaussian states and operations. Using a beamsplitter with low reflectance to tap the light and
measuring the number of photons is known to be a good approximation of annihilation operation (non-
Gaussian operator) on the quantum state. The number of detected photons corresponds to the
number of annihilation operators. This method is called photon subtraction, and it effectively
introduces non-Gaussianity to otherwise Gaussian states, using the quantum entanglement and the
non-linearity of the photon number resolving detectors (PNRD). For more than a decade, the number
of subtracted photons from squeezed light was limited to three [2,3], due to various technical
difficulties. This severely limited the kind of operation and state generation that could be used in
experiments. In this research, we experimentally demonstrated the first four annihilation operations
on squeezed light with four-photon detections. The output state was measured with a homodyne
detector. The Wigner function obtained from tomography revealed negativity without loss correction,
which is a strong indicator of the non-classicality of the output state. This experiment was enabled by
a low-loss optical parametric amplifier, fine-tuning of various parameters, fast and efficient PNRD, and
high stability of the system. This research is a state-of-the-art quantum optics experiment that
demonstrates more free manipulation of the quantum state, paving the way for full engineering of the
quantum state for optical quantum computers.

[1] Parigi et al., Science 317, 1890—1893 (2007).
[2] T. Gerrits et al., Phys. Rev. A 82,031802 (2010).
[3] M. Endo et al., Opt. Express 31, 12865 (2023).
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Squeezed light is a quantum state with diminished uncertainty on one quadrature at the expense of
gaining uncertainty at the orthogonal quadrature. This property allows for application in areas such as
metrology, quantum information, quantum computation, among many others [1]. The conversion from
single-mode to sole two-mode can be done by injecting two single-mode states into a beam splitter [2]
or a waveguide dimer [3] but currently, and up to our knowledge, there are no setups that can convert
one single-mode into a sole two-mode, and vice-versa. Understanding what kind of properties a
platform has to have to allow this kind of conversion will help with the manipulation, generation and
flexibility of squeezed light inside photonic devices.

Our investigation focuses on the theoretical and numerical study of different optical lattices in the
search of the condition for the generation of sole two-mode from one single-mode state which, if found,
should also be reversible allowing the conversion of two-mode into sole single-mode. We show a
numerical method capable of handling any linear Hamiltonian with time-dependent coefficients, and
different characterization of this system which can give a path for a better conversion of modes.

Homogenous lattice with vertical sites
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[1] Walls, D. Nature 306, 141—146 (1983)
[2] Samuel L. Braunstein and Peter van Loock. Rev. Mod. Phys. 77, 513. (2005)
[3] S. Rojas-Rojas, E. Barriga, C. Munoz, P. Solano, and C. Hermann-Avigliano. Phys. Rev. A 100, 023841. (2019)

— Two_mode_X1 on (30, 31)
Two_mode_X2 an [30, 31]
——— Two_mode_x1 an [31. 32]
Two_mode_x2 on [31, 32]
—— Two_mode_xX1 on [30, 32]
Two_mode_X2 on [30, 32]

Squeezing magnitude [dB]
Squeezing magnitude [dB]

118



2024
QUANTUY M INTERNATIONAL
0 OPTICS CONGRESS

Daniela Osorio, Pontificia Universidad Catoélica de Chile

Strongly Regular Graphs from Quantum Computers

D. Osorio® D. Rosenblatt?, P. Andagana? V. Gonzalez"
D. Goyeneche®

@ Pontificia Universidad Catoélica de Chile
® Universidad de Antofagasta

Strongly Regular Graphs (SRGs) find important applications in coding theory [1], design
of error-correcting codes [2], and network security protocols [3]. In this work, we develop
an algorithm suitable for quantum annealing [4,5] to construct SRGs, which is a NP-
hard problem [1] for classical computing. As a result, we find all inequivalent classes of
SRG up to 16 vertices, offering a promising new application of mathematical problems
that quantum computers can solve.

[1] Brouwer, A. E., & Haemers, W. H. (2011). Spectra of Graphs (pp. 214-217). Springer.

[2] MacWilliams, F. J., & Sloane, N. J. A. (1977). The Theory of Error-Correcting Codes
(Vol. 16). Elsevier.

[3] Kendall, M., & Martin, K. M. (2012). On the Role of Expander Graphs in Key
Predistribution Schemes for Wireless Sensor Networks. In F. Armknecht & S. Lucks (Eds.),
Research in Cryptology — 4th Western European Workshop WEWoRC 2011 (Vol. 7242, pp.
62-82). Springer. https://doi.org/10.1007/978-3-642-34159-5 5.

[4] Date, P., Patton, R., Schuman, C., Potok, T. (2019). Efficiently embedding QUBO
problems on adiabatic quantum computers. Frontiers in ICT, Vol. 3.

[5] Farhi, E., Goldstone, J., & Gutmann, S. (2014). A quantum approximate optimization
algorithm. arXiv e-prints arXiv-1411.
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Spatial correlation measurement of photons pairs generated by
type Il SPDC using an EMCCD Camera

Javier P. Pastén *°, Sebastian Ayala *°, Gustavo Lima °,
Stephen P. Walborn *° and Esteban S. Gomez *°

2 Departamento de Fisica, Universidad de Concepcion, casilla 160-C, Concepcién, Chile 1
® Millennium Institute for Research in Optics, Universidad de Concepcidn, casilla 160-C,
Concepcidn, Chile 2

Spontaneous parametric down-conversion (SPDC) in nonlinear crystals generates photon pairs
exhibiting correlations. We investigate spatial anticorrelation in photon pairs produced by type || SPDC
using an electron multiplying CCD camera (EMCCD). The experiment employs a He-Cd laser to pump
a BBO crystal, generating photon pairs at 650 nm. After rigorous filtering and capturing over 1,000,000
frames, using an algorithm that we developed we identify and quantify spatial anticorrelation. Our
results confirm that correlated photons appear in opposite regions of the detection plane,
demonstrating spatial anticorrelation. By the nature of the measurement this result is shown for every
pixel of the Region of Interest (ROI) which allows us to identify in a more precise way the behavior of
this phenomenon.

[1] M. Reichert, H. Defienne, J. W. Fleischer. Massively parallel coincidence counting of high-
dimensional entangled states. Sci. Rep. 8, 7925 (2018).

[2] S.P. Walborn, C.H. Monken, S. Padua, P.H. Souto Ribeiro. Spatial correlations in parametric down-
conversion. Phys. Rep. 495 87 (2010)
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Degenerate optical parametric oscillator based on four wave
mixing process in hot alkali atoms

P.E. Pinieros ?, L.K. Follador ?, H.M. Florez ?, M. Martinelli

? Instituto de Fisica, Universidade de Sio Paulo, Sdo Paulo, SP 05315-970, Brazil

Optical Parametric Oscillator (OPO) is a typical source to produce squeezed light [1] and entangled
beams in continuous variables [2]. Recently it has been shown [3] the realization of a nondegenerate
OPO based on four wave mixing in hot alkali atoms vapors, producing entangled beams above
threshold. In this work, we have implemented the generate version of such kind of OPO in atoms. Here
we present the characterization of the output power as a function of the input power. From this
characterization, we observed a soft transition between below and above threshold oscillation as the
finesse of the OPO cavity is reduced. Furthermore, we present intensity noise measurements of the
beam produced by the OPO through balanced detection. Moreover, we study the intensity noise of the
generated beam for different finesse of the OPO cavity and different pump power. Our preliminary
results show that in the degenerate operation we obtained excess noise in intensity of the output
beam. Nevertheless, our results show the rich spectral structure of the system, in which the finesse of
the OPO cavity allows us to observe the atomic contribution to the output spectrum. In particular, we
observed that for low finesse the spectrum of the atoms is more visible and thus the power broadening
effect is more evident.

[1] L. Wu, M. Xiao, and H. J. Kimble. Squeezed states of light from an optical parametric oscillator. J.
Opt. Soc. Am. B 4 (10), (1987)

[2] A.S. Villar, L. S. Cruz, K. N. Cassemiro, M. Martinelli,and P. Nussenzveig. Generation of Bright Two-
Color Continuous Variable Entanglement. Phys. Rev. Lett. 95, 243603, (2005).

[3] A. Montana Guerrero, P. Nussenzveig, M. Martinelli, A. M. Marino, and H. M. Florez. Quantum Noise
Correlations of an Optical Parametric Oscillator Based on a Nondegenerate Four Wave Mixing
Process in Hot Alkali Atoms. Phys. Rev. Lett. 125, 083601, (2020).
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Designing POVM for quantum computers

Luis Quezada®, Dardo Goyeneche®

@ Pontificia Universidad Catoélica de Chile

Positive Operator-Valued Measure (POVM), the most general kind of measurements allowed in
quantum mechanics [1], finds applications in entanglement detection [2], tomography [3] among
others. In this work, we find some general constraints for entanglement in multipartite POVM. In
particular, we focus on a special kind of quantum measurements knows as Equiangular Tight Frames
[4]. Finally, we derive some families of POVM that can be implemented in quantum computers with
low depth circuits.

[1] Nielsen, M. A.,, & Chuang, I. L. (2000). Quantum Computation and Quantum Information.
Cambridge University Press.

[2] Ya, X., Zheng, Z.-J., & Zhu, C.-J. (2019). Entanglement detection via general SIC- POVMs.

[3] Jung, D., Cho, Y.-W., Kim, Y., & Lee, J. (2024). Coarse-grained quantum state tomography with
optimal POVM construction.

[4] Tropp, J. A.(2005). Complex Equiangular Tight Frames. Mathematics Department, The University
of Michigan, 530 Church St., Ann Arbor, MI 48109-1043, USA.
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Experimental Noise-Resilient Quantum Random Access Code

F. M. Quinteros®®, H. S. Karthik®, S. Gémez**, Akshata Shenoy H.¢, S. P. Walborn®*, E. S. Gomez**, M.
Pawlowski®, G. Lima?®

2 Departamento de Fisica, Universidad de Concepcion, Casilla 160-C, Concepcion, Chile.
* Millennium Institute for Research in Optics, Universidad de Concepcion, Casilla 160-C,
Concepcién, Chile.
¢ International Centre for Theory of Quantum Technologies, University of Gdansk, 80-308 Gdansk,
Poland.

A n®?1 1 Quantum Random Access Code (QRAC) is a communication task where Alice encodes n
classical bits into quantum states of dimension d and transmits them to Bob, who performs appropriate
measurements to recover the required bit with probability p. In the presence of a noisy environment,
the performance of a QRAC is degraded, losing the advantage over classical strategies. We propose
a practical technique that enables noise tolerance in such scenarios, recovering the quantum
advantage in retrieving the required bit. We perform a photonic implementation of a 22 £ 1 QRAC
using polarization-encoded qubits under an amplitude damping channel, where simple operations
allow noise robustness showing the revival of the quantum advantage when the noisy channel
degrades the performance of the QRAC. This revival can be observed by violating a suitable
Dimension Witness (DW) inequality, which is closely related to the average success probability of the
QRAC. This technique can be extended to other applications in the so-called prepare and measure
scenario, enhancing the semi-device independent protocol implementations.

[1] Submitted to Physical Review Letters.

[2] A. T.-S. Andris Ambainis, Ashwin Nayak and U. Vazirani, Dense quantum coding and
quantum finite automata, J. ACM 49, 496 (2002).

[3] G. Kwiat, S. Barraza-Lopez, A. Stefanov, and N. Gisin, Experimental entanglement
distillation and ‘hidden’ non-locality, Nature 409, 1014—1017 (2001).

[4] B. Marques and R. A. da Silva, Quantum random access code in noisy channels (2022).
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Exploiting spatial correlations of entangled light beams
for a Four-Wave Mixing neural network

Fabidn Ramirez®®, Tim Woodworth®, Pablo Solano®, Carla Hermann?®
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® Millennium Institute for Research in Optics (MIRQO), Chile
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We propose an optical neural network inspired by recent advancements in deep physical neural
networks trained with backpropagation, but now utilizing the spatial correlations of entangled light
beams. Our approach exploits a four-wave mixing (FWM) process, which is a nonlinear interaction
between four modes of the field and an atomic medium. Here a high-power pump beam, interacts with
a hot atomic vapor and generates two temporally entangled probe and conjugate beam with low
power, which describe a two-mode squeezed state (TMSS). A seed probe beam is used to stimulate

the process (fig. 1). 3) Conjugate
[ X s
Pump \ ;'

Fig.1:  Scheme of the FWM process.

In our proposed framework, FWM serves as the nonlinear component of the neural network, with the
momentum of the pump encoding the network's weights and biases, while the seed beam's
momentum functions as the input. The computational output is then encoded in the cross-correlations
between the far-field probe and conjugate beams. This configuration allows us to exploit their quantum
correlations in the spatial domain, encoding the neural network's computation results in a way that
ensures secure data sharing, as the results cannot be fully accessed by observing only one of the
beams, making them suitable for secure information processing between untrusted parties.

The most recent works showing control over the shapes of the correlation only used first-order
approximation and a Gaussian seed [1]. Our work extends the theoretical understanding of the FWM
by moving beyond first-order approximations, aiming to accurately model the complex cross-
correlations of the probe and conjugate beams using higher-order terms with any arbitrary shape for
the seed field distribution. Preliminary results suggest that the shapes of the pump and probe fields
significantly influence these correlations, indicating a method to manipulate and control the neural
network's output. The long-term goal of this research is to experimentally build a physical neural
network exploiting the FWM process, thus bridging the fields of quantum optics, quantum information
and artificial intelligence.

[1 Gaurav Nirala et al, Information encoding in the spatial correlations of entangled twin beams.Sci.
Adv.9,eadf9161(2023).
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Controlling directional propagation of photons in driven-dissipative
lattices

Bastian Real®, Pablo Solano®, Carla Hermann-Avigliano®®

? Departamento de Fisica, Facultad de Ciencias Fisicas y Matematicas, Universidad de Chile,
Santiago, Chile
* Departamento de Fisica, Facultad de Ciencias Fisicas y Matematicas, Universidad de Concepcion,
Concepcidn, Chile
¢ Millenium Institute for Research in Optics, Santiago, Chile

Studying the propagation of photons in structured media or lattices is of great interest in the photonic
community because these systems enable the control or manipulation of their flow, which is rather
challenging in homogeneous media [1]. A number of geometries have been implemented in photonic
lattices to engineer different band structures, so that reaching a quite precise control over the photon
propagation [2]. More recently, in the context of quantum emitters coupled to photonic-lattice baths,
directional photon emission has been theoretically predicted when the emitters are in resonant with
certain energies within the band [3]. However, these latter findings have yet to be implemented.

In this work, we demonstrate that directional propagation of photons can be achieved purely optically

in any 2D photonic lattice presenting inflection points in its band structure. To demonstrate so, we use
as a testbed a square lattice, where we show that a single external drive at the energy of these
inflection points (resonant laser excitation) produces an anisotropic propagation. We then present a
unitary-driving configuration (UDC) that generates propagation along specific lattice directions,
resulting in a quasi-1D propagation. The addition of an extra drive allow us to route this propagation
towards a desire direction. Finally, we show how localized states can be also generated when using
multiples UDCs aligned along the predominant directions of propagation. Our numerical result can be
readily implemented in experiments using, for instance, lattices of coupled micropillars [4].

[1] J. D. Joannopoulos, S. G. Johnson, J. N. Winn, and R. D. Meade, Photonic Crystals: Molding the
Flow of Light (Princeton University Press, 2008), 2nd ed.

[2] D. N. Christodoulides, F. Lederer, and Y. Silberberg, Nature 424, 817-823 (2003).

[3] A. Gonzalez-Tudela and J. Cirac, Phys. Rev. Lett. 119, 143602 (2017)

[4] O. Jamadi, B. Real, K. Sawicki, et al., Optica 9, 706—712 (2022).
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Non-canonical steady state of two interacting oscillators in the
strong coupling regime

Felipe Recabal®, Felipe Herrera®®

* Department of Physics, Universidad Santiago de Chile, Santiago, Chile
* Millennium Institute for Research in Optics, Concepcidn, Chile

The dynamics of open-quantum system is typically modelled by local-Lindblad terms that describes
the effects of the baths in the system. This kind of modelling is valid when the system elements are
weakly interacting. However, for strongly interacting elements the system dynamics can be derived in
a consistent microscopic way through a global master equation. This local and global approaches have
shown differences in entanglement production and temperature dependence of system coherence
[1,2].

In this work, we microscopically derive a master equation for two interacting harmonic oscillators in
the strong coupling regime. The derivation uses Redfield equation that considers weak coupling and
Born-Markov approximation for the interaction between the oscillators and the thermal baths. The
obtained global master equation contains local terms, that describes independent relaxation
processes, and non-local terms, due to the inclusion of the coupling strength in the derivation.

Results show that the dynamics of the system is well described by local-Lindblad and global
approaches. However, in the steady state, the non-local terms in the global approach lead the system
to a canonical state. When these non-local terms are neglected, the system have a non-canonical
steady state, where the observables have a resonant behavior as in local Lindblad modelling. Possible
connections and coexistences of local-Lindblad and global approaches are discussed, including
regimens of temperature and oscillator energy detuning, and the inclusion of non-linear system bath
interactions.

[1] C. Joshi, et al, Phys. Rev. A, 90(6), 063815 (2014).
[2] J. Sousa, et al, Phys. Rev. A, 106(3), 032401 (2022).
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Exploring Wigner Phase Rotation as a Tool for Quantum Sensing
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®Instituto Milenio de Investigacion en ()ptica, Universidad de Concepciéon, Concepcidn, Chile.

In this work, we explore how the Wigner phase rotation [1], induced by a gravitational field on photon
polarization, can be employed as a tool for quantum sensing. We focus on the weak field and slow
rotation limit of the Kerr metric to calculate the rotation parameter. Within this framework, we analyze
how temporal time dilation and polarization rotation could be employed as resources for quantum
metrology. These results can be compared with those in [2], where gravitational time dilation was
considered as a tool for quantum sensing, but for particles with internal degrees of freedom.

[1] M. Palmer, M. Takahashi and H. Westman. “Localized qubits in curved spacetimes”.
Annals of Physics, 2012.

[2] C. Cepollaro, F. Giacomini and M. G.A. Paris. “Gravitational time dilation as a resource
in quantum sensing”, Quantum 7, 946 (2023).
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Adaptive Phase Estimation with Squeezed Vacuum States
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Optical phase estimation is an essential task for applications such as communication, sensing, and
quantum information processing. The precision of an estimator is ultimately limited by the Quantum
Cramer-Rao Bound (QCRB). For classical light states, the QCRB scales as O(1/n), where n is the
average photon number. This limit is known as the Standard Quantum Limit (SQL). In contrast,
squeezed states, which show quantum noise below the shot noise in one field quadrature, can achieve

the Heisenberg scaling, where the QCRB scales as O(1/n2). One approach to achieving the
Heisenberg scaling involves encoding the unknown phase 6 within the range [0,1/2) into squeezed
vacuum states and using homodyne measurements. When the phase matches a specific optimal value
determined by the squeezing strength, homodyne measurements on these states can achieve the
QCRB. However, deviations from this optimal phase can cause the precision of estimators based on
these measurements to be even worse than the SQL. To address this issue, a two-step strategy is
typically employed: initially, homodyne measurements on independent squeezed vacuum states
provide a coarse phase estimate, which is then refined through additional measurements. While this
strategy can achieve the QCRB near the optimal phase, its precision decreases as the phase deviates,
although it generally remains better than the SQL. Consequently, the ongoing challenge is to develop
strategies that achieve the QCRB for squeezed vacuum states across the entire range of phase values.

In this work, we present a multi-step adaptive Gaussian estimation strategy for optical phase
estimation using squeezed vacuum states. The strategy begins with homodyne measurements to
implement a series of locally optimal POVMs, which are then refined through adaptive optimization
using the Maximum Likelihood Estimator. However, strategies based only on homodyne
measurements are limited to phases within [0, T/2) because the probability distribution of the
outcomes is m/2-periodic. This periodicity restricts the asymptotic efficiency of the strategy to this
range. To overcome this limitation, our strategy incorporates heterodyne measurements, allowing the
estimator to achieve optimal performance for phases within [0, 1), which is the full range that can be
encoded into squeezed vacuum states [2]. Furthermore, by incorporating squeezed displaced states
as quantum probes, our protocol extends the phase estimation range to cover the full-period of [0,21).

[1] Berni, Adriano A., et al. "Ab initio quantum-enhanced optical phase estimation using real-time feedback
control." Nature Photonics 9.9 (2015): 577-581.

[2] M. A. Rodriguez-Garcia and F. E. Becerra, Adaptive phase estimation with squeezed vacuum approaching
the quantum limit, 2023, quant-ph/2312.07686.
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Stochastic resonant behaviours and steady state control
in harmonic systems

Adrian E. Rubio Lépez, Felipe Herrera®

? Universidad de Santiago de Chile (USACH), Chile
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Brownian motion and parametric resonance are two paradigmatic phenomena particularly

taking place on harmonic dynamical systems, covering a plethora of branches in science. While the
former gives a pathway to include dissipation and noise (additive noise) in asystem, the latter stands
for a physical mechanism that supplies energy to a system by exploiting the resonant variation of the
characteristic frequency. Both aspects find their syncretism in the so-called stochastic resonance,
where the competition between dissipation and the strength of the fluctuations in the characteristic
frequency of the system (multiplicative noise) defines whether the system undergoes exponential
growth (as in parametric resonance) or stabilises in a steady state in the long-time limit[1]. Typically,
the impact of this competition is neglected due to relatively high dissipation rates that overcome
resonant effects. However, the development of harmonic systems with increasingly quality factors
makes this competition to come into play, raising as a potential limiting factor but also as a possibility
for a novel control mechanism. In this talk, | will introduce the basics of the mentioned dynamical
phenomena to quantify its impact on experimental setups, such as optically levitated nanoparticle.
Moreover, | will also show how these concepts enter interacting harmonic systems, giving place to
enhanced resonant behaviours in the steady state. The latter can be exploited, for instance, for heat
transport and thermalisation|2)].

[1] B. J. West, K. Lindenberg and V. Seshadri, Physica 102A, pp. 470-488 (1980).
[2] A. E. Rubio Lopez and F. Herrera, Stochastic resonant behaviours and steady state
control in harmonic systems, in preparation.
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Modelling the excited state lifetime of vanadium
phthalocyanine single molecules for quantum
applications
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* Instituto de Fisica, Pontificia Universidad Catdlica de Chile, 7820436 Santiago, Chile ®
Departamento de Fisica, Facultad de Ciencias Basicas, Universidad de Antofagasta, Casilla
170, Antofagasta, Chile

Single molecules are promising candidates for applications in quantum technologies [1] and some
of them present large coherence times at room temperature [2]. Vanadium-Oxide Phthalocyanine
(VOPc) has proven to be a system with interesting characteristics at the single molecular level,
showing optical stability [3]. VOPc has an energy structure consisting of a first optically excited state
(doublet) and two other sets of excited states (doublet and quartet) arising from the geometry. This
configuration allows for electronic transitions upon laser excitation that can be studied when
measuring the lifetime of the excited state, showing interesting behaviors such as oscillations, upon
changes in the laser power. A theoretical study of the different models that can explain the decaying
paths in the lifetime of VOPc is presented. Starting from the basis of the two-level system interacting
with a photonic bath, we seek to construct a model that by considering all sets of excited states and
possible orientations of their interacting electric dipole moments can explain the decay and simulate
the observed experimental results.

[1] S. L. Bayliss, D. W. Laorenza, and P. J. Mintun, “Optically addressable molecular spins for quantum
information processing,” Science 370(6522), 1309—1312 (2020).

[2] M. J. Graham, J. M. Zadrozny, M. S. Fataftah, et al., “Forging solid-state qubit design principles in a
molecular furnace,” Chem. Mater. 29(5), 1885—1897 (2017).

[3] Richard A. Escalante, Mohan C. Mathpal, Catalina Ruiz-Tagle, Vicente H. Alvarado, Felipe Pinto,
Luis J. Martinez, Loik Gence, Griselda Garcia, lvan A. Gonzalez, and Jerénimo R. Maze,
"Photophysics of a single quantum emitter based on vanadium phthalocyanine molecules," Opt.
Express 32, 29447-29457 (2024).
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Parameter independent quantum alternating operator anzats
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9170124, Estacion Central, Chile.

* Departamento de Fisica and Center for the Development of Nanoscience and Nanotechnology,
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We propose a hybrid classical-quantum optimization algorithm that involves the digitization of an
optimized adiabatic process, with a particular focus on optimized schedule functions. This approach
serves as the digital counterpart to the recently introduced Variational Coherent Quantum Annealing
(VCQA) algorithm [1, 2]. What distinguishes our algorithm is its ability to produce a parameter-
independent quantum alternating operator ansatz, similar to the Quantum Approximate Optimization
Algorithm (QAOA) [3]. However, unlike QAOQOA, our version maintains a constant number of
parameters regardless of the number of layers. This allows us to reduce digital error (due to a large
number of layers) without increasing the complexity of the classical optimizer, helping to avoid barren
plateaus [4], one of the major challenges in hybrid algorithms. Specifically, we demonstrate that our
approach can achieve results comparable to or better than QAOA using fewer variational parameters,
reducing the cost of the classical optimizer and potentially decreasing runtime. This opens the door to
a new generation of variational algorithms, minimizing the role of the classical subroutine and making
it ideal for tackling large optimization problems on current quantum devices.

[1] N. Barraza, G. Alvarado Barrios, I. Montalban, E. Solano and F. Albarran-Arriagada, Variational
Coherent Quantum Annealing, arXiv:2310.02248

[2] N. Barraza, G. A. Barrios, J. Peng, L. Lamata, E. Solano and F. Albarran-Arriagada, Analog quantum
approximate optimization algorithm, Quantum Sci. Technol. 7, 045035

[3] Edward Farhi, Jeffrey Goldstone, Sam Gutmann, A Quantum Approximate Optimization
Algorithm, arXiv:1411.4028

[4] Martin Larocca, Supanut Thanasilp, Samson Wang, Kunal Sharma, Jacob Biamonte, Patrick J.
Coles, Lukasz Cincio, Jarrod R. McClean, Zoé Holmes, M. Cerezo, A Review of

Barren Plateaus in Variational Quantum Computing, arXiv:2405.00781
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Manipulating the light-matter coupling of a plasmonic nanosphere
and a dipole emitter with laser fields
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Near field plasmonic resonances that happen in metallic nanostructures provide a fascinating way to
en- gineer the interaction between light and matter [1]. It has been demonstrated that the coupling
between the cavity field and matter can lead to strong coupling with a single emitter in plasmonic
cavities [2]. We study the strongly coupled dynamical processes of a dipole emitter coupled to near-
field modes of a plasmonic nanosphere using macroscopic quantum electrodynamics (QED) and
explore the possibility of manipulating the photonic local density of states by driving the system with
narrowband laser sources. To achieve this, we develop a pseudo-mode representation of the
electromagnetic dyadic Green’s tensor of a nanosphere with dipolar and higher-order plasmonic
resonant modes, to build semi-analytical solutions of the set of coupled non-Markovian integro-
differential equations (IDE) that describe the laser-driven dynamics of material dipoles and photonic
degrees of freedom. We solve for experimentally relevant photonic and dipolar observables for a single
dipole emitter in a resonant optical nanocavity and compare the results with recent phenomenological
Markovian models developed for molecular polaritons [3].
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[1] T. W. Ebbesen, Acc. Chem. Res. 49, 11, 2403—-2412, (2016)

[2] A. Delga, J. Feist, J. Bravo-Abad, and F. J. Garcia-Vidal, Phys. Rev. Lett. 112, 253601, (2014)

[3] J. Triana, M. Arias, J. Nishida, E. Muller, R. Wilcken, S. C. Johnson, A. Delgado, M. B. Raschke and
F. Herrera, J. Chem. Phys. 156, 124110, (2022).
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High-dimensional decoy-state quantum key distribution over
1.2km installed multicore fibers
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Multicore fibers have attracted attention in telecommunications due to their higher transmission
capacity compared to single-core fibers, owing to a method known as space-division multiplexing [1].
In the context of quantum communication, they allow the generation of higher-dimensional quantum
states by encoding data in the relative phases of light sent through each core. However, when coherent
states are used for quantum key distribution (QKD) with the BB84 protocol, they are vulnerable to
photon number splitting attacks, which limits the maximum range at which secure communication is
achievable [2]. This problem is solved by the decoy state protocol, in which the intensity of each state
is randomly changed and Alice announces the intensity information of each state after the
measurement stage but before the sifting (basis reconciliation) stage [3].

In this poster, we report a decoy state quantum key distribution (QKD) experiment with numerically

optimized signal and decoy intensities [4] over 1.2km of four-core optical fiber installed in a realistic
environment. Our multicore optical fiber network presents advantages over using four single-core
fibers in a transmission channel, particularly its robustness against phase fluctuations between cores
owing to them being in the same cladding [5]. We achieved a transmission rate of 3.6 - 10-* bits/ns at
a frequency of 2 MHz, and our theoretical analysis shows that QKD with our setup is possible at
distances of over 100 km.

[1] D. J. Richardson, J. M. Fini, and L. E. Nelson, Space-division multiplexing in optical fibres, Nat. Photon. 7,
354 (2013).

[2] D. Gottesman, H.-K. Lo, N. Liitkenhaus, and J. Preskill, Security of quantum key distribution with imperfect
devices, Quantum Inf. Comput. 4, 325 (2004).

[3] H.-K. Lo, X. Ma, and K. Chen, Decoy State Quantum Key Distribution, Phys. Rev. Lett. 94, 230504 (2005).
[4] Z. Zhang, Q. Zhao, M. Razavi, and X. Ma, Improved key rate bounds for practical decoy-state quantum key
distribution systems, Phys. Rev. A 95,012333 (2017). Quantum Inf. Comput. 4, 325 (2004).

[5] G. Caiias, N. Vera, J. Carifie, P. Gonzalez, J. Cardenas, P. W. R. Connolly, A. Przysiezna, E. S. Gémez, M.
Figueroa, G. Vallone, P. Villoresi, T. Ferreira da Silva, G. B. Xavier, and G. Lima, High-dimensional decoy-state
quantum key distribution over multicore telecommunication fibers, Phys. Rev. A 96,022317 (2017).
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Integrated photonic quantum information processing (QIP) has advanced rapidly due to progress in
various nanophotonic platforms [1, 2]. Single photon detectors have been the subject of intense study
due to their ubiquity for state measurement and manipulation in QIP systems [3, 4], yet many state-of-
the art detectors operate at cryogenic temperatures under vacuum and suffer from long dead times
[5]. We propose and demonstrate a single photon detection scheme based on optical parametric
amplification in nanophotonic lithium niobate (LN) combined with a macroscopic photodetector. We
use quantum detector tomography and experimentally demonstrate an efficiency of 26.5% with a
2.2% dark count rate. We show that by improving the nonlinearity-to-loss ratio in nanophotonics and
using homodyne detection on a squeezed pump, the detector can achieve 69% efficiency with 0.9%
dark count rate. The detector operates at room temperature, has no intrinsic dead time, and is readily
integrated in LN nanophotonics, in which many other components of photonic QIP are available. Our
results represent a step towards all-optical ultrafast photon detection for scalable nanophotonic QIP.

[1] Arrazola, J. M. et al. Quantum circuits with many photons on a programmable nanophotonic chip. Nature
591. Number: 7848 Publisher: Nature Publishing Group, 54—60. ISSN: 1476-4687 (Mar.

2021).

[2] Zhu, D. et al. Integrated photonics on thin-film lithium niobate. Adv. Opt. Photon., AOP 13. Pub-lisher: Optica
Publishing Group, 242—352. ISSN: 1943-8206 (June 30, 2021).

[3] Hadfield, R. H. Single-photon detectors for optical quantum information applications. Nat. Photon 3, 696—
705. ISSN: 1749-4885, 1749-4893. (2023) (Dec. 2009).

[4] Grunenfelder, F. et al. Fast single-photon detectors and real-time key distillation enable high secret-key-rate
quantum key distribution systems. Nat. Photon. 17. Number: 5 Publisher: Nature Publish-ing Group, 422—-426.
ISSN: 1749-4893 (May 2023).

[5] Esmaeil Zadeh, I. et al. Superconducting nanowire single-photon detectors: A perspective on evo-lution,
state-of-the-art, future developments, and applications. Appl. Phys. Lett. 118, 190502. ISSN:0003-6951, 1077-
3118 (May 10, 2021).
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The interest in quantum computing has increase in the last year, with the advance in proposed to
algorithms, mainly based in qubits. Among the different approaches, adiabatic quantum computing [1]
has emerged as a significant candidate for solving optimization problems by leveraging the adiabatic
theorem to obtain the solution encoded in the ground state of a Hamiltonian that represents the
problem. Building on this approach, the digital version of adiabatic quantum computing, enhanced by
counterdiabatic driving [2], known as digitized counterdiabatic quantum computing [3], emerges as a
promising paradigm.that opens the door to fast and shallow-depth quantum algorithms. In this work,
we extend this paradigm to high-dimensional quantum systems, specifically focusing on qutrits—
three-level quantum systems—in the context of three-partition classification problems and quadratic
optimization.

We study the Multiway Number Paritioning problem, Max 3-cut problem and Portfolio
Optimization, deriving the Hamiltonian representations for qutrits in each case and calculating the
corresponding counterdiabatic drivings using approximate gauge potentials. Our study compares the
performance of these algorithms in qutrit systems to their qubit-based counterparts, revealing superior
results in terms of success probabilities and energy minimization in the qutrit case. Furthermore, we
explore the potential for physical implementation of these algorithms via digitalization on quantum
platforms that support qutrits, employing gate-based techniques.

[1] Farhi, J. Goldstone, S. Gutmann, J. Lapan, A. Lundgren, and D. Preda, A quantum adiabatic
evolution algorithm applied to random instances of an np-complete problem, Science 292,472 (2001)
[2] M. Demirplak and S. A. Rice, Adiabatic population transfer with control fields, J. Phys. Chem. A
107, 9937-9945 (2003).

[3] N. N. Hegade, X. Chen, and E. Solano, Digitized counterdiabatic quantum optimization, Phys. Rev.
Res. 4, L042030 (2022)
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Memory effects in a physical system are intrinsically linked to its non-equilibrium dynamical properties
[1]. Optomechanical (OM) systems have emerged as novel platforms for exploring the interplay
between photonic and phononic degrees of freedom [2]. In this work, we present a theoretical model
that explains time non-local memory effects in periodically pulsed OM systems, utilizing different time-
dependent electric field amplitudes. We establish the optimal conditions for maximizing these memory
effects through a geometrical characterization using a mean-field approximation [3] and optimization
techniques. By treating the electric field amplitude as an input (x(t)) and the mean number of photons
or phonons as an output (y(t)), we calculate the area A and perimeter P of the closed curve (x(t), y(t)),
optimizing the form factor F = 4wA/P2. Through the optimization of pulse parameterssuch as
amplitude, width, and frequencyusing both sinusoidal and Gaussian models, we demonstrate that
optomechanical hysteresis curves exhibit a time non-local memristive behavior [4] with an optimal
form factor. Our numerical simulations further indicate that the proposed control protocol can be
adapted to OM systems with varying coupling strengths, resonator frequencies, and dissipation rates.

[1] Massimiliano Di Ventra, Yuriy V. Pershin, Memristors and Memelements Mathematics, Physics and
Fiction, 1st ed. (Springer, Switzerland, 2023).

[2]Markus Aspelmeyer, Tobias J. Kippenberg, and Florian Marquardt, Cavity optomechanics, Rev.
Mod. Phys. 86, 1391 (2014)

[3] Y. Wu, G. Li, Bing He, and Q. Lin, Amplitude and phase locking of mechanical oscillation driven by
radiation pressure, Phys. Rev. A 105, 013521 (2022).

[4] L. Chua, If its pinched its a memristor, Semicond. Sci. Technol, 29,10,104001, (2014).
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In this work, we propose a deterministic approach to generate photon-added coherent states [1], which
effectively bridge the gap between Fock states and coherent states while exhibiting interesting
nonclassical features. We employ a Kerr-type nonlinearity [2] within a cavity that is excited by a
classical field, allowing us to observe the emergence of photon blockade [3]. This phenomenon allows
for the modulation of the photon distribution, enabling us to achieve an optimal distribution that retains
the essential characteristics of photon-added coherent states. Our methodology provides a robust
mechanism for controlling the addition of multiple photons through the adjustment of model
parameters, which is crucial for enhancing quantum properties and advantages across various
applications [4]. These findings pave the way for innovative strategies in the generation and
manipulation of photon-added coherent states, contributing to the advancement of quantum state
engineering.

[1] G. S. Agarwal and K. Tara, Phys. Rev. A 43, 492 (1991).

[2] M. Uria, A. Maldonado-Trapp, C. Hermann-Avigliano, and P. Solano, Phys. Rev. Res. 5, 013165
(2023).

[3] A. Miranowicz, M. Paprzycka, Y.-x. Liu, J. c. v. Bajer, and F. Nori, Phys. Rev. A 87,023809 (2013).
[4] P. V. P. Pinheiro and R. V. Ramos, Quantum Information Processing 12, 537—-547 (2012).
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In this work, we propose a machine learning approach for the quantum marginal problem. Our method
consists in training convolutional denoising autoencoders to find a global density matrix compatible
with a given set of quantum marginals. Features of the density matrix, such as hermiticity, positivity
and normalization, are imposed through the loss function during the training stage. Numerical
simulations show that this architecture performs this task with high accuracy. We speculate that future
advances in the field of machine learning and artificial intelligence can open the way to extracting
knowledge from this kind of architecture, which may help find new theoretical discoveries in the
problem.

[1] D. Uzcategui and D. Goyeneche, “Reconstructing the whole from its parts,”
(2022), arXiv:2209.14154.

[2] Y.-K. Liu, M. Christand|, and F. Verstraete, Phys. Rev. Lett. 98, 110503 (2007).

[3] K. O’Shea and R. Nash, “An introduction to convolutional neural networks,”
(2015),arXiv:1511.08458 [cs.NE].
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Fisher Symmetric Measurements (FSM) [1] can estimate a pure quantum state with the ultimate
precision, as defined by the Gill-Massar bound [2], using a minimal number of outcomes. However,
FSMs are limited in their effectiveness to the vicinity of a known fiducial state, thus restricting their
usability for completely unknown states. In this work, we demonstrate that by combining a single-shot
measurement on a computational basis with two adaptive FSMs, we can estimate any pure quantum
state. Numerical simulations indicate that this approach outperforms other tomographic methods for
pure states [3], although it falls short of reaching the Gill-Massar bound. Furthermore, we establish
that by introducing a third or more adaptive FSM, we can estimate any pure state with precision close
to the Gill-Massar bound. Numerical simulations support our results, and we provide a quantitative
analysis of the precision scaling.

[1] Nan Li, Christopher Ferrie, Jonathan A. Gross, Amir Kalev, and Carlton M. Caves. Fisher-
symmetric informationally complete measurements for pure states. Phys. Rev. Lett., 116:180402, May
2016.

[2] Richard D. Gill and Serge Massar. State estimation for large ensembles. Phys. Rev. A, 61:042312,
Mar 2000.

[3] L. Zambrano, L. Pereira, and A. Delgado. Improved estimation accuracy of the 5-bases-

based tomographic method. Phys. Rev. A, 100:022340, Aug 2019.
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The process of reconstructing the global state of a quantum computer is challenging. Informationally
complete sets of measurements are known [1,2], but typically a large number of quantum circuits is
required to fully recover the information of the quantum state from these protocols. Also, post-
processing procedures typically consume resources that increase exponentially with the number of
qubits. Among those protocols that sort out these problems, see e.g. [3,4], the consideration of non-
local gates considerably reduces the fidelity of the reconstruction process even for a relatively small
number of qubits. Intriguingly, for every known tomographic method there seems to be a trade-off
relation between the number of quantum circuits required to implement state tomography process
and the amount of non-local gates required to implement in the measurement stage of those circuits.
e.g. see [1-5]. In our work, we break such a paradigm by introducing a protocol that reconstructs the
global state of a quantum computer by requiring a fixed set of five quantum circuits without ancillas,
regardless the number of considered qubits, involving local operations and classical communications
only in the measurement stage. Furthermore, an explicit reconstruction formula is provided. This
protocol is the first of its kind, as far as we know.

[1] Cramer, M., Plenio, M. B., Flammia, S. T., Somma, R., Gross, D., Bartlett, S. D, ... & Liu, Y. K. (2010). Efficient quantum
state tomography. Nature communications, 1(1), 149.

[2] Gross, D., Liu, Y. K., Flammia, S. T., Becker, S., & Eisert, J. (2010). Quantum state tomography via compressed sensing.
Physical review letters, 105(15), 150401.

[3] Goyeneche, D., Canas, G., Etcheverry, S, Gomez, E. S., Xavier, G. B., Lima, G., & Delgado, A. (2015). Five measurement
bases determine pure quantum states on any dimension. Physical review letters, 115(9), 090401.

[4] Zambrano, L., Pereira, L., Martinez, D., Canas, G., Lima, G., & Delgado, A. (2020). Estimation of pure states using three
measurement bases. Physical Review Applied, 14(6), 064004.

[5] Pereira, L., Zambrano, L., & Delgado, A. (2022). Scalable estimation of pure multi-qubit states. Npj Quantum Information,
8(1), 57.
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On its own, the invariance by gauge transformations of Markovian master equations has mostly played
a mathematical or computational role in the evaluation of quantum open system dynamics. So far, the
fixation of a particular gauge has only gained physical meaning when correlated with additional
information such as the results of measurements carried on over the system or the environment in so-
called quantum trajectories. Here, we show that gauge transformations can be exploited, on their own,
to optimize practical physical tasks. To do so, first, we describe the inherent structure of the underlying
symmetries in quantum Markovian dynamics and present a general formulation showing how they can
be used to change the measurable values of physical quantities. We then analyze examples of
optimization in quantum thermodynamics and, finally, we discuss the practical implementation of the
optimized protocols in terms of quantum trajectories.

[1] Almeida, Yohan Vianna de, F. Nicacio and Marcelo F. Santos. “Physical consequences of gauge
optimization in quantum open systems evolutions.” (2024). arXiv:2407.02590v

141


https://arxiv.org/abs/2407.02590v1

2024

0 QUANTUY M INTERNATIONAL
OpTlcs CONGRESS

Nelson Villalba, Universidad de Concepcién

Transmission of optical communication
signals through ring core fiber using perfect vortex beams

Nelson Villalba®®, Cristobal Melo®, Gustavo Caifias®

® Departamento de Fisica, Universidad de Concepcion, 160-C Concepcion, Chile.

* Millennium Institute for Research in Optics, Universidad de Concepcion, 160-C Concepcidn, Chile.
¢ Departamento de Ingenieria Eléctrica, Universidad de Concepcidn, 160-C Concepcion,
Chile.
¢ Departamento de Fisica, Universidad del Bio-Bio, Collao 1202, 5-C Concepcion, Chile.

Orbital angular momentum can be used to implement high capacity data transmission systems that
can be applied for classical and quantum communications [1,2]. Here we experimentally study the
generation and transmission properties of the so-called perfect vortex beams and the Laguerre-
Gaussian beams in ring-core optical fibers. Our results show that when using a single preparation
stage, the perfect vortex beams present less ring-radius variation that allows coupling of higher optical
power into a ring core fiber. These results lead to lower power requirements to establish fiber-based
communications links using orbital angular momentum and set the stage for future implementations
of high-dimensional quantum communication over space division multiplexing fibers [3].

[1] M. Erhard, R. Fickler, M. Krenn, et al., “Twisted photons: new quantum perspectives in high
dimensions,” Light: Sci. Appl. 7(3), 17146 (2017).

[2] A. E. Willner, K. Pang, H. Song, et al., “Orbital angular momentum of light for communications,’
Appl. Phys. Rev. 8(4), 041312 (2021).

[3] Nelson Villalba, Cristébal Melo, Gustavo Caiias, et al., "Transmission of optical communication
signals through ring core fiber using perfect vortex beams," Opt. Express

31, 40113-40123 (2023)
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Parametric amplification is a nonlinear optical process used for frequency conversion from a pump
mode to both a signal mode and an idler mode, as well as for generating a squeezed state. Recently,
coherent XY machines have utilized nondegenerate parametric oscillators to simulate large XY spin
models using 5,000 signal modes [1] and 47,740 signal modes [2]. While the microscopic model
includes three times more modes (pump, idler, and signal), constructing a reduced model of a
nondegenerate optical parametric oscillator can simplify the description of the machine dynamics and
aid in further understanding of these machines. Although several studies in the literature have
proposed several effective models, they use phase space representation [3] and number
representation [4] of the density matrix, which can make it challenging to grasp the physical meanings
from these models.

In this study, we construct effective models represented in the Liouville-Fock space using the time-
convolutionless Nakajima-Zwanzig projection operator method. Assuming weak interactions among
the pump, signal, and idler modes, we derive an effective Liouvillian of the quantum master equation
for the signal and idler modes of a nondegenerate optical parametric oscillator within the 4th order
perturbation. The Liouvillian includes a two-mode squeezing term and a two-body loss term involving
the signal and idler modes. Additionally, we derive an effective Liouvillian for the signal mode, which
corresponds to the Scully-Lamb laser model within the 4th order. In the presentation, we also provide
numerical analysis of these Liouvillians using exact diagonalization.

[1] Y. Takeda et al., Quantum Sci. Technol. 3, 014004 (2018).

[2] Y. Yonezu et al., Opt. Lett. 48, 5787-5790 (2023).
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