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Fig. 1. Model of the synthetic Hall tube: (a) Three-leg (labeled respectively by A, B, C) superconducting circuits with transmon
qubits. Along each leg, the qubits are coupled with their nearestneighbor sites, while they interact with each other between legs at
the same unit cell. All couplers are capacitors. C,; and EJV j are the effective capacitance and the Josephson energy of the qubit at
the jth site on the vth leg. Cy;; and {Capj,Cpcj,Cca;} are the capacitors to couple the qubits at the jth site on the vth leg
with its nearest-neighbor sites along each leg and between the legs, respectively. ¢,; is the phase of the Josephson junction of the
qubit at the jth site on the vth leg. The Josephson junction of the transmon qubit is a superconducting quantum interference device
(SQUID). Efg is the Josephson energy of SQUID. Each qubit is modulate by an external magnetic flux ®,;(t). (b) Schematics of
the synthetic Hall tube with an effective phase o in the plaquette Qa;—1)Q4;@Bj@B(—1) and Qc(—1)Qc; @B
QB(j—1) and 2¢p in the plaquette Q;_1)Qa;Qc;Qc(j—1)- The red, black, and blue filled circles indicate the qubits in the 4,
B and C legs, respectively.
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Fig. 2. Currents and densities distributions on the Hall tube
with (a) £=1.1 and tca=45; (b) =04 and
tca=18; (¢) =4 and tca=44; (d) t=2 and
toca = 2. The thicknesses of the arrow denote the currents
strength. The size of the red, black, and blue filled circles
indicate the densities on the A, B, and C legs respectively.
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Here to is used as the unit. The common parameter is po = 21/3.
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Abstract

Hall tube is an important model to simulate the quantum Hall effect. However it hasn't been realized in
superconducting circuits which have emerged as a promising platform for macro-controlling quantum effect.
Taking advantage of the fine tunability of superconducting circuits, the three-chain superconducting transmon
qubits with periodic boundary condition are designed in this paper. For constructing a synthetic Hall tube, ac
magnetic fluxes are introduced to drive each transmon qubit. The gauge field emerged in this synthetic Hall
tube can be tuned independently by properly choosing the driving phases. Then the ground-state chiral currents
are discovered in this synthetic Hall tube, which are Meissner current on zy plane (zy-M), vortex current on
zy plane (xy-V), vortex current on zz plane (zz-V), and vortex current on both zy and xz planes (DV). For
distinguishing these chiral currents, four order parameters Jo,,, Jas (Jsc), and Jea are defined. Then the
ground-state quantum phase diagrams are mapped out. The emergence of the different quantum phases is due
to the competition between the coupling strengths # and tca. The Meissner and vortex currents emerging in
this synthetic Hall tube also emerge in type II superconductor, which can generate an opposite field to weaken
the influence of the applied field. Thus this synthetic Hall tube can be used as a diamagnet. At last we consider
the influence of the imperfections in device fabrication. We proof when the strength of the imperfection is not
large enough, the quantum phase diagrams shown in this paper remain valid. Moreover, the possible
experimental observations of the ground-state chiral currents are addressed. The ground state of this synthetic
Hall tube can be generated by applying microwave pulses. Then the corresponding density matrix can be
constructed by the quantum state tomography. After constructing the density matrix, the order parameters can
be obtained by calculating the trace. These results enrich the quantum currents in Hall tube and provide a new

route to explore novel quantum phases.

Keywords: synthetic Hall tube, superconducting circuits, chiral currents
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