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Quantum optimal control allows finding the optimal strategy to drive a quantum system

in a target state. We review an efficient algorithm to optimally control many-body quantum

dynamics and apply it to quantum annealing, going beyond the adiabatic strategy. We report

some theoretical and experimental applications of optimal quantum annealing, among which,

its application to Rydberg atoms in optical lattices and to the gauge theory resulting from the

mapping of classical hard problems to short-range quantum Hamiltonians. Finally, we present

an information theoretical analysis of quantum optimal control processes and speculate on their

implications on quantum annealing.
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of quantum systems in which the dynamics is affected by interactions between particles and where much is to 
be gained from speeding up the desired transformation. Given the diversity of the two physical systems, of the 
dynamical processes, and also of the theoretical models used to describe them, our results support the vision 
that QOC will become a general approach to engineer quantum protocols at the fundamental and eventually at 
technological level.

In the first experiment, we demonstrate a fast control scheme for the motional state of a quasi-one dimen-
sional Bose–Einstein condensate (BEC) on an atom chip (Fig. 1b). In this experiment, and in general in the 
common case of driving a transition between two energy levels of a system, an intuitive protocol (for example an 
adiabatic solution) does not necessarily exist. The transition can, under certain constraints, be driven by a Rabi 
pulse at the frequency of the level splitting. However, in the presence of other accessible levels or loss processes, 
this option has a strongly limited efficiency. Indeed, the complexity of the first experiment we present arises from 
the multiplicity of accessible motional states and the non-linearities induced by atom-atom interactions. We 
show that, by using a mean-field Gross-Pitaevskii description of the system, QOC is successful at optimizing state 
transformations or state preparation, making it a versatile tool for potential quantum information processing 
applications. Following an optimized non-trivial trajectory, we achieve theoretical and experimental infideli-
ties below 1%. Let us note that the optimized transfer reported here corresponds to the initialization step of a 
twin-atom beams source. This transfer is done in 1.09 ms, which is a major improvement compared to the 5 ms 
previously needed20,21, since it allows separating the timescales of source initialization and twin beams emission.

In the second experiment, we speed up the crossing of the finite-size one-dimensional superfluid 
Mott-insulator (SF-MI) crossover of cold atoms in an optical lattice (Fig. 1c). In this scenario, and in general in 
any crossing of a quantum phase transition, i.e. any adiabatic quantum computation scheme, adiabatic manip-
ulations are generally applied. Although maintaining adiabaticity is impossible in the thermodynamic limit, 
almost adiabatic transformations can become feasible for finite size systems. However, they are – by definition 
– slow compared to the typical timescales of the system. Speeding up the transformation can lead to a signifi-
cant gain in that regard. We simulate and optimize the dynamics by means of time-dependent Density Matrix 
Renormalization Group simulations and demonstrate the power of QOC to efficiently treat many-body dynam-
ics: we cross the phase transition on a time scale compatible with the QSL — about one order of magnitude faster 
than the adiabatic protocol — while maintaining the same final state fidelity. This experiment is the first example 
of QOC applied to the crossing between different phases at the QSL and might have implications to improve the 
efficiency of future adiabatic quantum computation protocols.

As we will show, in both experiments the optimal transformations we engineer are robust with respect to finite 
temperature and moderate fluctuations of the systems’ parameters, such as the atom number, a fundamental 
requirement for a successful application of optimal protocols to experimental systems.

Figure 1. (a) The optimal control algorithm (CRAB, see Sec. 1.1) applies a first control field Vguess(t) to a 
numerically simulated experiment. Taking into account experimental constraints, it optimizes the control field 
V(t) relying on the figure of merit F after time evolution. The final control field obtained after optimization, 
VOPT(t), optimally steers the system in the minimal possible time TOPT compatible with the theoretical and 
experimental limitations. (b) Vienna atomchip experimental setup: illustration of the experimental setup 
with the atomchip (top) used to trap and manipulate the atomic cloud (middle) and the light sheet as part of 
the imaging system (bottom). The trapping potential, centered on a DC wire, is made slightly anharmonic by 
alternating currents in the two radiofrequency (rf) wires. It is then displaced (black arrow) along the optimal 
control trajectory VOPT(t), using an additional parallel wire located far away from the DC wire and carrying a 
current proportional to VOPT(t). By this mechanical displacement of the wavefunction, a transition is realized 
from the ground to the first excited state of the trap. The atomic cloud is imaged after a 46 ms time-of-flight.  
(c) Garching lattice experiment setup: an optical lattice is applied along an array of tubes and drives the 
superfluid to Mott-insulator transition with one atom per site (top) following the optimized control field 
VOPT(t) applied to the lattice depth (black arrows). The distribution of atoms in the Mott regime is probed by 
fluorescence imaging through a high-resolution microscope objective with single-site resolution and single-
atom sensitivity (bottom right).

Figure 1. Optimal control protocols applied to quantum technologies experiments, from [2].

[1] J. Cui et al. Quantum Sci. Technol. 2, 35006 (2017).

[2] S. van Frank et al. Sci. Rep. 6, 34187 (2016).

[3] M. Dalmonte and S. Montangero, Contemp. Phys. 7514, 1 (2016).

[4] S. Lloyd and S. Montangero, Phys. Rev. Lett. 113, 10502 (2014).


