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We are a quantum theory group working on quantum simulation 
and quantum computation. The quantum experiments of our 
primary interest are about atomic, molecular, and optical systems. 
We aim at developing theories, algorithms, architectures for 
programmable quantum simulations, with a particular focus 
on the schemes accessible to present or near-term quantum 
technology. One direction we are currently pushing is to exploit 
the computation power of programmable quantum simulations in 
resolving computation challenges that arise in both fundamental 
quantum science and nontrivial applications, including correlated 
quantum many-body physics, classical optimization, and simulating 
complex chaotic dynamics. This may revolutionize computational 
science or even the entire field of computation itself.

Research Focus 
• Quantum Reservoir Computing：Reservoir computing is 

a machine learning algorithm that takes a nonlinear dynamical 
system of sufficient complexity as a resourceful reservoir. The 
reservoir gains the capability of information processing by 
connecting to a trained model at its input or output, which 
could be simple linear regression or a more complicated neural 
network. One defining property of reservoir computing is the 
complex reservoir remains untouched in the processes of learning 
and computing. The role of the reservoir is to provide versatile 
nontrivial features. This means the reservoir computing naturally 
applies to the quantum simulation or noisy-intermediate-scale-
quantum devices, which lacks universal quantum control to 
certain extent and is often imperfect. This has led to quantum 
reservoir computing. In our group, we are currently interested 
in addressing several questions including — (i) What is the 
designing principle for the quantum reservoir to best perform 
the computation power? (ii) How to quantify the computation 
power of the quantum reservoir computing? (iii) What would 
near-term quantum technology provide to real-world applications 
by quantum reservoir computing? Some progress has been made 
along these lines in our group. 

• Hamiltonian Quantum Simulations：Our group has been 
making continuous efforts on Hamiltonian quantum simulations. 
There are two main themes of performing Hamiltonian quantum 
simulations. One is to use controllable quantum systems to 

simulate novel quantum many-body physics such as exotic 
quantum states, unconventional quantum dynamics, and 
intriguing quantum entanglement. In fact, various topological 
states including topological insulators, and semimetals have been 
engineered using quantum simulation platforms. The temporal 
crystalline order has been observed with trapped ions and 
superconducting qubits. These studies have substantially enriched 
our view of low-temperature quantum phenomena. The other 
theme is to use quantum simulation to solve computationally 
difficult problems, ranging from strongly correlated Fermi-
Hubbard models and high-Tc superconductivity to lattice gauge 
theories and high-energy physics. Our research interest was 
focusing on the former several years back, and the present focus 
is more towards the latter. 

We have developed a programmable architecture for per-
forming quantum simulation of spin glass models. This is not 
only of physics interest, but is also directly related to solving 
binary optimization problems of great applicational use. The 
spin glass model which involves long-range all-to-all couplings is 
mapped to a three-dimensional local Ising model having nearest 
neighboring interactions only. Our work shows the quantum 
simulation of three-dimensional local Ising model by itself makes 
a universal computation architecture for binary optimization. 

We also develop a generic recipe for performing quantum 
simulation of all translationally invariant quantum tunneling 
models, regardless the existence of long-range couplings. This is 
based on our constructed quadratic quantum Fourier transform, 
a variant of the well-known quantum Fourier transform. 
The algorithmic approach to perform Hamiltonian quantum 
simulations is highly flexible, enabling quantum simulations of 
Poincaré crystals and completely-flat topological bands, which 
are almost impossible to implement with other approaches. 

• Multi-Orbital Bose-Hubbard Superfluids：Multi-orbital 
effects are ubiquitous for electrons moving in molecules and 
solid-state materials. It has been established that orbitals with 
high angular-momentum and multi-orbital hybridization are 
commonly existent in high temperature superconductors such as 
cuprates and iron-pnictides. Optical lattice quantum simulations 
have largely been focusing on single-band Bose-Hubbard models. 
Quantum simulations of multi-orbital Bose-Hubbard models 
are relatively scarce. Our group has made quite some efforts on 
building optical lattice quantum simulators of multi-orbital Bose-
Hubbard models, and we work closely with experimental groups. 
We succeeded in loading ultracold Rb-87 atoms into a hexagonal 
optical lattice and prepare a Bose-Einstein condensate in its 
excited band. The condensate wave function involves a hexagonal 
sp-2 orbital hybridization. We predict the sp-2 orbital hybridized 
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Bose-Hubbard model on the hexagonal lattice supports Potts-
nematic and chiral superfluidity at low temperature. The Potts-
nematic phase, a superfluid reminiscent of liquid crystal, is 
achieved in our experiment. The chiral superfluid has also been 
observed in a separate experiment by a collaboration of Hamburg 
University, Germany and Southern University of Science and 
Technology, China. 

The multi-orbital Bose-Hubbard quantum simulator is a rich 
experimental platform to investigate many-body vestigial order, 
as it involves intricate interplay or competition between kinetic 
energy and multi-orbital correlations. Interaction renormalization 
is particularly interesting in this context. In the single-band Bose-
Hubbard model, interaction renormalization can only produce 
quantitative corrections to the phase transition points and critical 
exponents without giving entirely new physics. In sharp contrast, 
in multi-orbital Bose-Hubbard models, interaction renormalization 
may lead to selection of various orbital orders, making the 
system a lot richer than the single-band Bose-Hubbard model. 
We expect the superfluids with unconventional orders, and the 
quantum control techniques in achieving them in optical lattices, 
may have technological applications in constructing novel atom 
interferometers for quantum sensing. 

• Chiral induced Spin Selectivity：The phenomenon of chiral 
induced spin selectivity has been observed in a broad range of 

chiral molecules from DNA and protein to peptides and Helicene. 
One natural explanation of this phenomenon is that the electrons 
in these molecules exhibit strong spin-orbit couplings. However, 
such molecules as DNA and protein mainly consist carbon, 
hydrogen, nitrogen, and oxygen atoms, all of which are expected 
to produce quite weak spin-orbit couplings only—from the 
fundamental quantum electrodynamics only heavy atoms could 
exhibit strong spin-orbit interaction. Our theory of spontaneous 
spin-orbit coupling, which was developed in the quantum 
simulation setting to model certain anomalous behavior of spinor 
bosons in optical lattices, is applied to the system of electrons in 
chiral molecules. We consider a setup with the electronic valence 
and conduction bands of the one-dimensional chain molecule 
having s- and p-orbital character, respectively. This theory has 
a diverging susceptibility towards forming electron-hole pairing. 
Out of the numerous pairing channels, we identify a time-reversal 
symmetric spin triplet channel, from which a spontaneous spin-
orbit interaction emerges out of many-body correlations. Through 
this mechanism, we show that the naturally-existing weak 
spin-orbit interaction with carbon atoms can be dramatically 
amplified by interaction effects to the order of tens of mili-
electro-votes, which suffices to model the observed CISS at room 
temperature. This is one example of quantum simulation theory 
unveiling a microscopic mechanism for a mysterious phenomenon 
discovered in nature. 


