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Time-crystalline order in lone and coupled 
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The possibility of observing systems in a state of spontaneous robust temporal oscillations insensitive 
to the effect of any source of noise (including the unavoidable quantum fluctuations) has sparked a lot of 
debate in the last decade. Originally introduced as potential exotic equilibrium states of matter [1], these 
were dubbed time crystals by analogy with regular crystals, whose periodic spatial pattern shows the same 
type of robustness. While nowadays we know that time-crystalline order cannot exist in generic systems at 
equilibrium, several non-equilibrium workarounds have been suggested to circumvent their limitations. In 
particular, it has been suggested that the long-term (asymptotic) state of driven-dissipative systems might 
spontaneously break time-translational symmetry, given the right conditions.  

In this work we consider the quantum version of an incoherently-pumped oscillator subject to nonlinear 
loss (so-called, quantum Van der Pol oscillator [2]), which in the classical regime serves as the paradigm 
of a self-sustained oscillator. We use this generic driven-dissipative model to analyze how robust the 
classical oscillatory states are to quantum noise, arriving to the conclusion that quantum fluctuations always 
tend to restore (through phase diffusion) the time-translational symmetry broken at the classical level. In 
this sense, we argue that such systems are not true time crystals, since their oscillations are not robust. We 
prove this both through a Floquet-based linearization technique that we developed recently [2,3], as well 
as first-principles numerical simulations based on phase-space stochastic techniques.  

In an attempt to halt the phase diffusion responsible for destroying time-crystalline order, we consider 
a feedback mechanism by which the oscillator’s state at some time t acts as a driving mechanism at a later 
time t+τ. Denoting by g the feedback rate strength, we show that in this case the phase diffusion rate receives 
a (1+gτ)−2 contribution, which indeed makes the oscillations more robust, but still not fully insensitive to 
quantum fluctuations except in the unphysical gτ → ∞ limit.  

On the other hand, we also study the possibility of halting phase diffusion and stabilize the self-sustained 
oscillatory states by coupling several oscillators in a lattice, entering the many-body realm. Let us denote 
by L the number of oscillators (system size), which we arrange in 1D, 2D, or 3D square geometries, but 
consider as well all-to-all connections, that is, the so-called mean-field or ∞D limit. Our analysis shows 
that the phase diffusion rate receives now a 1/L contribution at long times for all geometries, and hence one 
of the conditions for the existence of time-crystalline order is indeed satisfied: many-body effects in the 
thermodynamic L → ∞ limit halt phase diffusion asymptotically. However, we also show that by the time 
phase diffusion is halted, the phase variance has reached an asymptotic value that scales as Lβ, where β =0 
for ∞D, 1>β>0 for 2D and 3D, and β >1 for 1D. This is a consequence of the Lieb-Robinson bound, which 
limits the speed at which correlations can propagate in the many-body system, and which applied to our 
case says that time-crystalline order is clearly achieved for ∞D and might be achieved in practice for large-
but-finite systems in 2D and 3D, but possibly not at all in 1D. To our knowledge, it is the first time that this 
strong conclusion is unequivocally reached by considering full quantum dynamics of a driven-dissipative 
many-body lattice model. 

We propose concrete implementations based on modern quantum platforms such as superconducting 
circuits where our findings can be experimentally explored.  
 
[1] F. Wilczek, Phys. Rev. Lett. 109, 160401 (2012). 
[2] C. Navarrete-Benlloch, T. Weiss, S. Walter, and G. J. de Valcárcel, Phys. Rev. Lett. 119, 133601 (2017). 
[3] C. Navarrete-Benlloch, R. Garcés, N. Mohseni, and G. J. de Valcárcel, Phys. Rev. A 103, 023713 (2021). 
 
Acknowledgements: This work was funded by the Spanish Ministerio de Ciencia, Innovación y Universidades, 
Agencia Estatal de Investigación, and the European Union Fondo Europeo de Desarrollo Regional (FEDER) through 
Projects No. FIS2014- 60715-P, No. FIS2017-89988-P, and No. PID2020-120056GB-C22. C.N.-B. thanks sponsorship 
from the Yangyang Development Fund, as well as support from a Shanghai talent program and from the Shanghai 
Municipal Science and Technology Major Project (Grant No. 2019SHZDZX01). 
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Variational Approach to Coherent Matter-Wave Splitting  
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We report an efficient protocol for coherent matter-wave splitting in Bose-Einstein condensates. 
Following the variational principle [1], we inversely engineer the quantum dynamics in the mean-field 
approximation, which is indeed the shortcuts to adiabaticity [2] for the system. We evaluate the shortcuts 
by numerical simulations with the multi-configurational time-dependent Hartree method for bosons, see 
Fig. 1. We also introduce atom interferometry as one of the most straightforward applications of our 
protocol. Further extensions of the work will pave the way for developing quantum technologies for 
metrology. 
 

[1] V. M. Pérez-García, H. Michinel, J. I. Cirac, M. Lewenstein, and P. Zoller, Phys. Rev. A 56, 1424 (1997). 
[2] D. Guéry-Odelin, A. Ruschhaupt, A. Kiely, E. Torrontegui, S. Mart´ınez-Garaot, and J. G. Muga, Rev. Mod. Phys. 
91, 045001 (2019). 
 
Acknowledgements: X. C. acknowledges Ramón y Cajal program (RYC-2017-22482). 

 
Figure 1. (a) The initial ground state of the BEC with nonlinearity gN=1 (curve) and the variational ansatz (dotted 
curve). The fidelity between them is F=0.99755, where the optimal parameter a=1.05. (b) The wave packets after 
coherent splitting, the target ground state (dashed curve), and the variational ansatz (dotted curve). We simulate the 
many-body dynamics by MCTDHB of M=3 with N=1000 bosons. The fidelity between the final state and the target 
state is F=0.99996. (c) The wave packet dynamics during the STA of operation time tf=7.60. We plot the heatmap of 
|Ψ(x,t)|2. The BECs population on the three natural orbits are 999.59, 0.40704, and 0.0013845, respectively. 
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A versatile magnetometer must deliver a readable response when exposed to targets fields in a wide 
range of parameters. In this work, we experimentally demonstrate that the combination of a 171Yb+ atomic 
sensor with adequately trained neural networks [1] enables the characterisation of target fields in distinct 
challenging scenarios, schematically shown in Fig. 1. In particular, we estimate parameters of radio 
frequency drivings with large shot noise, including the limiting case of continuous data acquisition with 
single-shot measurements, and in regimes where the magnetometer delivers a response that significantly 
departs from the standard harmonic behavior [2].  

Figure 1. (a) Energy scheme of the 171Yb+ atomic sensor and the corresponding transitions. This leads to the level 
configuration in (b) which is defined in the dressed state basis. (c) Schematic configuration of the experimental setup. 
(d) Scheme of the neural network. The response from PMT, i.e. X, is processed by a number of hidden layers and the 
NN gives the outputs Y. 

[1] Y. Ban, J. Echanobe, Y. Ding, R. Puebla and J. Casanova, Quantum Sci. Technol. 6, 045012 (2021).  
[2] Y. Chen, Y. Ban, R. He, J.-M. Cui, Y.-F. Huang, C.-F. Li,  G.-C. Guo, and J. Casanova, arXiv: 2203.05849 
(2022). 
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Quantum tunneling (QT) is one of the most fundamental phenomena in quantum physics. It plays
a crucial role in many physical processes such as nuclear fusion, high-energy particle collisions, reaction
kinetics, and is at the core of recent quantum technologies [1]. On the other hand, and unlike classical
objects, a quantum system is perturbed under the action of measurements. In particular, it is known
that frequently checking whether a quantum system is in its initial state slows down the evolution
[2, 3], which is called quantum Zeno effect, and more generally quantum Zeno dynamics (QZD). The
higher the frecuency of measurements, the lower the probability of evolution, which is impossible with
continuous measurements [2, 3].

Mixing QT and QZD, we study the dynamics of a tunneling particle while it is frequently observed
[4]. Unlike previous works, ours involves momentum measurements. These are performed to ascertain
if the momentum direction is the same as initially, say, positive. Thus, we prevent the natural
evolution of the particle (reflection changing its momentum sign), as in Fig. 1(a), forcing the particle
to mantain its initial positive sign, as in Fig. 1(b), and causing the particle to traverse the barrier
easier. Tunneling probability PN increases with the number N of measurements within the tunneling
time interval, as seen in Fig. 1(c), and tends to unity when N goes to infinity. Measurements are less
effective as the particle becomes classical (higher action), as illustrated in Fig. 1(d).

Figure 1. a) Initial (dashed), partially reflected and transmitted (red) probability densities through a potential barrier
(dotted). Position is in units of the initial wavepacket width ∆x. b) The same but with N measurements. c) Tunneling
probability versus number of measurements. d) Tunneling probability versus number of measurements and normalized
action p0∆x/ℏ, where p0 is the initial mean momentum of the particle.

We model the measurements as von Neumann projections into the positive-momentum subspace
(selective), and also as short interactions with probe particles (nonselective) that acquire information
on the sign of momentum. With both models of measurements QZD enhances QT, nonselective
measurements being more effective.

The implementation of this QZD control of QT would have an impact on the quantum technologies
where QT is a key ingredient.

[1] A. Knothe, L. Glazman and V. I Fal’ko, New J. Phys. in press (2022) https://doi.org/10.1088/1367-
2630/ac5d00
[2] P. Facchi, V. Gorini, G. Marmo, S. Pascazio, and E.C.G. Sudarshan, Phys. Lett. A 275, 12-19 (2000).
[3] M.A. Porras, A. Luis, and I. Gonzalo, Phys. Rev. A 90, 062131 (2014).
[4] M.A. Porras, N. Mata, I. Gonzalo, arXiv:2202.10150v2 (2022) (submitted to Phys. Rev. Lett.).

Acknowledgements: M.A.P. acknowledges support from Project No. PGC2018-093854-B-I00, and M.A.P. and I.G.
from project No. FIS2017-87360-P of the Spanish Ministerio de Ciencia, Innovación y Universidades. N.M. acknowledges
support from grant No. D480 (Beca de colaboración de formación) of the Universidad Politécnica de Madrid.



XXXVIII Reunión Bienal de la RSEF – Murcia 2022
Two lines of space reserved to include

codes of the symposium and of this communication

Decoy-State Quantum Key Distribution Secure
Against Trojan-Horse Attacks

Álvaro Navarrete∗, Marcos Curty
EI Telecomunicación, Dept. of Signal Theory and Communications, University of Vigo, E-36310 Vigo,

Spain.
atlanTTic Research Center, University of Vigo, E-36310 Vigo, Spain.

*e-mail: anavarrete@com.uvigo.es

Most security proofs of quantum key distribution (QKD) disregard the effect of information leakage
from the users’ devices, and, thus, do not protect against Trojan-horse attacks (THAs). In a THA,
the eavesdropper injects strong light into the QKD apparatuses, and then analyzes the back-reflected
light to learn information about their internal setting choices. Only a few recent works consider this
security threat, but predict a rather poor performance of QKD unless the devices are strongly isolated
from the channel.

We present an improved finite-key security analysis for decoy-state-based QKD schemes in the
presence of THAs, which significantly outperform previous analyses [1]. For this, we take advantage
of the reference technique [2] equipped with a Cauchy-Schwarz-based constraint to incorporate the
information leakage from the bit/basis and intensity encoding setups in the security analysis. This
requires the users to bound a single parameter that encapsulates all the imperfections, which in
practice can be directly related to the amount of isolation of Alice’s transmitter. Besides, we use
novel concentration bounds to deal with the finite-key effects.

For illustration purposes, we evaluate the performance of the standard decoy-state BB84 protocol
and the decoy-state loss-tolerant protocol in the presence of THAs. The results demonstrate the
feasibility of both schemes over long distances given that the information leakage is small enough,
which could be achieved by increasing the isolation of the devices. Besides, for the decoy-state BB84
case, we compare the secret-key rate attainable with our security proof with that obtained in previous
works [1]. The improvement in terms of performance is clear, as shown in Fig. 1, in which our
analysis basically allows to double the maximum achievable distance attained by previous works in
some realistic scenarios.

Figure 1. Comparison between the secret-key rates
R obtained in the presence of a THA for the case of
N = 1012 transmitted signals. Our results correspond
to the blue lines, while those from [1] correspond to
the red lines.

[1] Wang, W., Tamaki, K., & Curty, M., New Journal of Physic 20, 083027 (2018).
[2] Pereira, M., Kato, G., Mizutani, A., Curty, M. & Tamaki, Kiyoshi, Science Advances 6, eaaz4487 (2020).
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Quantum key distribution (QKD) exploits fundamental properties of quantum-mechanical systems to 
securely distribute cryptographic keys between remote parties through an insecure channel. This task is 
known to be impossible using classical cryptography alone, which makes QKD a promising candidate for 
long-term communication security. Nowadays, QKD has become a mature and prolific industry within the 
field of quantum information science, thanks to the combined efforts of theorists and experimentalists. 
Notwithstanding, the security of real QKD implementations is not fully established yet, due to the difficulty 
of experimentally guaranteeing that the QKD devices stick to the assumptions and models presumed in the 
security proofs. 

A particularly controversial assumption present in QKD security analyses is that no information leakage 
takes place through the boundaries of Alice’s and Bob’s labs. This premise opens the door for the so-called 
Trojan horse attacks (THAs), where an adversary injects bright light pulses into a QKD transmitter and 
then measures the back-reflected light, aiming to extract information about the internal setting choices of 
the transmitter. A possible solution to avoid this problem is to consider a passive (rather than active) QKD 
transmitter, where the protocol settings are set at random using inherent quantum randomness of the device, 
in so circumventing THAs. What is more, hardware-wise, passive transmission typically allows simpler 
architectures than active transmission. Notably though, these advantages come at the price of decreasing 
the key generation rate. This is so because, in a passive transmitter, additional post-selection is required to 
discard those rounds where the randomly generated settings do not lie in certain acceptance intervals. 

In this work, we propose a simple and passive QKD transmitter tailored for the decoy-state BB84 
protocol [1,2,3], the most popular practical QKD protocol to the date. Essentially, our scheme carefully 
combines two previously-known ideas: a proposal to passively generate random photon-polarizations in a 
plane (suitable for the BB84) [4], and a proposal to passively generate random intensity laser pulses for the 
application of the decoy-state method [5]. On top of it, we elaborate a custom-made security analysis to 
evaluate the secret-key-rate performance of our passive QKD transmitter. 
 
[1] Hwang, W. Y. Physical Review Letters 91, 057901 (2003). 
[2] Lo, H.-K., Ma, X. & Chen, K. Physical Review Letters 94, 230504 (2005). 
[3] Wang, X. B. Physical Review Letters 94, 230503 (2005). 
[4] Curty, M., Ma, X., Lo, H. K., & Lütkenhaus, N. Physical Review A 82, 052325 (2010). 
[5] Curty, M., Ma, X., Qi, B., & Moroder, T. Physical Review A 81, 022310 (2010). 
 
Acknowledgements: Víctor Zapatero acknowledges support from an FPU predoctoral scholarship granted by the 
Spanish Ministry of Universities (former Ministry of Education), under which the proposed research project was partly 
carried out. 
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Quantum key distribution (QKD) enables information-theoretically secure delivery of cryptographic 
keys between distant parties through an insecure channel. This possibility (which is inaccessible from the 
point of view of classical communications) makes QKD a promising candidate for private communications 
secure in the long-term. For this reason, QKD has experienced a tremendous development both in theory 
and in practice, in so becoming the most mature application of quantum information science. Nevertheless, 
despite this progress, various challenges must be addressed in order to achieve the widespread adoption of 
QKD. 

In particular, aiming to enhance the key generation performance of QKD implementations, it is very 
desirable to boost the repetition rate of the laser sources in QKD transmitters. Nevertheless, for clock rates 
of the order of GHz, intensity correlations between succeeding pulses appear [1,2], possibly opening a 
security loophole. To be precise, in the absence of ideal single-photon sources, most QKD protocols use 
attenuated lasers that operate emitting phase-randomised weak coherent pulses. These sources allow QKD 
users to implement the so-called decoy-state method [3,4,5], a standard procedure that enables a tight 
estimation of the secret key length of a QKD session by means of using multiple intensities for QKD 
transmission. Unfortunately though, the presence of intensity correlations invalidates the central 
assumption of the decoy-state method, namely, that the photon-number detection statistics do not depend 
on the intensity of the laser. This being the case, the question arises of how to account for arbitrary intensity 
correlations in the security analyses of QKD, a question for which existing results are notably restricted 
[1,6,7]. 

In two consecutive works [8,9], we solve this pressing problem by developing the missing security 
analysis for decoy-state QKD with arbitrary intensity correlations. The central ideal is to pose a restriction 
on the maximum bias that an adversary may induce between the photon-number detection statistics 
associated to different intensity settings. Particularly, this is accomplished by using a fundamental result 
presented in [10], which constraints how much the measurement statistics of non-orthogonal quantum states 
can differ. We refer to this result as the Cauchy-Schwarz constraint, because it is a consequence of the 
Cauchy-Schwarz inequality in complex Hilbert spaces. Notably, our analysis relies on a very general and 
experimental-friendly characterization of the intensity correlations. Moreover, it may be combined with 
detailed correlation models, which are expected to be pointed out by ultrafast QKD experiments in the near 
future. Putting it all together, our results provide a fundamental step towards foolproof security of high-
speed QKD systems, with their imperfections. 
 
[1] Yoshino, K. I. et al. npj Quantum Information 4, 1-8 (2018). 
[2] Grunenfelder, F., Boaron, A., Rusca, D., Martin, A. & Zbinden, H. Applied Physics Letters 117, 144003 (2020). 
[3] Hwang, W. Y. Physical Review Letters 91, 057901 (2003). 
[4] Lo, H.-K., Ma, X. & Chen, K. Physical Review Letters 94, 230504 (2005). 
[5] Wang, X. B. Physical Review Letters 94, 230503 (2005). 
[6] Nagamatsu Y., Mizutani, A., Ikuta, R., Yamamoto, T., Imoto, N., & Tamaki, K. Physical Review A 93, 042325 
(2016). 
[7] Mizutani, A. et al. npj Quantum Information 5, 8 (2019). 
[8] Zapatero, V., Navarrete, Á., Tamaki, K., & Curty, M. Quantum 5, 602 (2021). 
[9] Sixto, X., Zapatero, V., Curty, M. (In preparation). 
[10] Pereira, M., Kato, G., Mizutani, A., Curty, M. & Tamaki, K. Science Advances 6, eaaz4487 (2020). 
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Quantum simulators are highly controllable devices that exploit quantum e�ects to answer ques-
tions about another system. They can be built using di�erent platforms, such as ultracold atoms
in optical lattices, superconducting circuits or atoms interacting with nanophotonic structures [1].
This last system is particularly interesting because the nanophotonic environment can be tailored to
generate exotic photon-mediated interactions between atoms [2], with both dissipative and coherent
evolutions, opening the door for the exploration of a wide range of physical models. However, these
atoms have been typically considered as two-level systems, which limits the type of models that can
be explored [3,4]. Our work considers the full hyper�ne structure of the atoms to go beyond this and
study e�ective spin-1 interactions between the quantum emitters, where Raman-assisted transitions
allow a mapping to well known models such as the Ising or the XX spin-1 interactions. In this context
new complications appear, such as the di�erent rates of each transition according to the corresponding
Clebsch-Gordan coe�cients, and we also propose di�erent ways to solve them. These results could
be interesting both in quantum simulation (where they could be applied to study spin chains or even
simulating some lattice gauge theories [5,6], and also be the base for digital-analog schemes) and
quantum computation (as a way to obtain quantum gates between qutrits [7]).

Figure 1. Main panel: Schematic representation of two atoms trapped near a

1D photonic crystal waveguide, showing the atom-photon bound state that

allows the tunable interactions. Inset: Full multilevel structure of a real atom,

including the excited states that are adiabatically eliminated to obtain the

e�ective spin-1 interactions between the quantum emitters.

[1] E. Altman et al., PRX Quantum 2, 017003 (2021).
[2] D.E. Chang, J.S. Douglas, A. González-Tudela, C.-L. Hung, and H.J. Kimble, Rev. Mod. Phys. 90, 031002
(2018).
[3] A. González-Tudela, C.-L. Hung, D. E. Chang, J. I. Cirac, and H. J. Kimble, Nature Photonics 9, 320
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