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Atomtronics
Atomtronics is an emerging field  in quantum technology seeking to realize 
atomic circuits exploiting ultra-cold atoms manipulated in micro-magnetic or 
laser-generated micro-optical traps or circuits. 

•

Some goals 
• Enlarge the scope of cold atoms quantum simulators (currents). 

• Many-body physics (exotic quantum phases of matter: topological order..)

• Bridging mesoscopic and cold-atoms physics.

• Insights in foundational aspects of quantum science. 

• New quantum devices.

• Quantum sensing.

• Hybrid systems.

• ……..

Cold atom circuits: ‘Quantum many particles in ring-shaped potentials’, Amico, Osterloh, Cataliotti, PRL 2005. 

“Atomtronics:  Ultracold-atom analogs of electronic devices.”,  Seaman, Kramer, Anderson , Holland, PRA ( 2007).

‘‘Roadmap on Atomtronics: state of the art and perspectives’, Amico, Boshier, Birkl, Kwek, Miniatura, Minguzzi et al, AVS Quantum Science 2021, arXiv:2008.04439.


‘Roadmap on quantum optical systems’, Amico, Boshier ‘Atomtronics’ J.Optics 2016


New J. Phys. Focus on ‘Atomtronics enabled quantum technology’ 2015, Amico, Birkl, Boshier, Kwek Eds.  

Amico, Anderson, Boshier, Brantut, Minguzzi, Kwek, Rev. 

Mod. Phys. 2022 

https://arxiv.org/abs/2008.04439
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Ring-shaped atomtronic circuits
• The condensate can be put in motion along different routes: stirring, 

Raman angular momentum transfer,  painting potential techniques…

G. Campbell, W. Phillips, C. Clark and co-workers@NIST,  (2014–2015)


Boshier group@LANL, PRL 2013, NJP 2015.

• Atomtronic QUantum Interference Devices (AQUIDs)

• Quantum many particles in ring-shaped optical lattices

Amico, Aghamalyan, Aukstol, Crepatz, Kwek, Dumke SREP 2014.

Spatial Light Modulators

An Atomtronic Flux Qubit: A ring lattice of Bose-Einstein condensates interrupted by three weak links15

Figure 8. Our feedback algorithm. Starting at the top left the initial phase and
target are used in the MRAF code. This generates the phase guess, �i, which is
uploaded to the SLM and an image captured by the CCD camera, Mi. This is used to
calculate the discrepancy between the image and the original target, and a new target
Ti+1 is created. The loop then repeats.

Figure 9. Left: Final image of the ring lattice after completion of the feedback
algorithm. Right: Azimuthal Profile. The solid line plots the target profile. This is
compared to the result after the 1st and 5th iteration of the feedback algorithm (red
and blue lines respectively).

most cases) and outputs a phase kinoform, �i. The kinoform is now applied to the SLM

and an image recorded on the camera in the monitoring arm of our system, Mi. The

discrepancy, Di, between the original target and the measurement is calculated and used

Aghamalyan, Nguyen, Auksztol, Gan, Martinez Valado, Condylis, Kwek, Dumke, 
Amico NJP 2016

 Aghamalyan, Cominotti, Rizzi, Rossini, Hekking, Minguzzi, Kwek,  
Amico NJP 2015.

Roadmap review: Amico, Boshier ‘Atomtronics’ J.Optics 2016

New J. Phys. Focus on ‘Atomtronics enabled quantum technology’ 2015, Amico, Birkl, Boshier, Kwek Eds.  

Painting

Digital micromirror device

Spatial light modulator

Barredo, Lienhard,  de Léséleuc, Lahaye,  Browaeys, Nature 561, 79 (2018)



Ring circuits

LETTERRESEARCH

The frequency of the time-averaging field is chosen such that the mag-
netic spin of the atoms can follow adiabatically but the centre of mass of 
the atoms remains virtually unchanged (ωm/(2π) = 5 kHz)27. Starting 
from a d.c. magnetic quadrupole trap and a vertically polarized radio- 
frequency field, we can produce a ring-shaped waveguide by applying 
a vertical audio-frequency field. If we tilt the audio-frequency field 
from its vertical axis, then the ring tilts as well, and gravity creates an 
azimuthal trapping potential along the ring. The full time-dependent 
magnetic field is
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where the first term of the sum stands for a d.c. quadrupole (Bdc) field of 
gradient α. The second term represents an audio-frequency modulation 
field (Bm(t)), which is mainly in the vertical (z) direction but can be 
tilted by a small angle δ in the direction φ0. The final term of the sum is 
a radio-frequency field (Brf(t)) with a linear polarization in the vertical 
direction. Near the resonance ħωrf = |gF|µBB = |gF|µB(Βdc + Βm), where 
µB is the Bohr magneton, the radio-frequency field Brf(t) dresses the 
atoms in the magnetic field. This turns the quadrupole trap into a shell-
like trap29. If the modulation frequency (ωm) of the homogeneous field 
Bm(t) is small compared to the Larmor frequency (ΩL = µB|gFB|) but 
high compared to the eventual radial trapping frequency (ωz,r), then the 
atoms are trapped in the time-average of the adiabatic potential, which 
results in a ring-shaped matter-waveguide of radius R ≈ ħωrf/|gF|µBα 
from the zero-field point27. A detailed description of the TAAP potentials 
is provided elsewhere18,27. Near the core of the waveguide, the TAAP 
ring potential can be described in cylindrical coordinates (r, φ, z) as18,27

φ Ω ω ω

δ φ φ

= + − +

− −

V r z ħ m r R m z

mgR

( , , ) 1
2

( ) 1
2

2
cos( )

(2)
r r zrf

2 2 2 2

0

where Ωrf is the Rabi frequency associated with the radio-frequency 
field and ωr and ωz are the radial and axial trapping frequencies, respec-
tively, g is Earth’s gravitational acceleration and m is the mass of an atom. 
For δ = 0, equation (2) represents a circular waveguide. Figure 1 shows  

ultracold atomic clouds in such ring-shaped potentials. The radial  
and axial confinement frequencies are ω ω β= + − /(1 )r 0 m

2 1 4  and 
ω ω β= − + − / /2 [1 (1 ) ]z 0 m

2 1 2 1 2, respectively, where βm = |gF|µBBm/(ħωrf) 
is the index of modulation of the time-averaging field and ω0 =  
(|mFgF|µBα)(mħΩrf)−1/2 is the radial trapping frequency of an adiabatic 
shell potential in the absence of modulation27,29.

One of the most interesting aspects of a circular waveguide is its 
ability to guide atoms with extreme precision at very high angular 
momentum. Figure 1d, for example, shows atoms travelling at an angu-
lar momentum of φ̇= =L mR ħ17, 0002  per atom. This is an ideal start-
ing point, for example, for the excitation of quantum Hall states and 
well defined higher-lying Landau levels. In order to accelerate the atoms 
one needs to create an azimuthal potential along the ring. For this we 
apply a small horizontal modulation field, which tilts Bm(t), and thus 
the ring, in the direction of the horizontal modulation field (φ0) by an 
angle δ/2 with respect to the horizontal direction (see equation (1) with 
δ ≠ 0). The gravitational potential of the atoms then creates a trap in 
the azimuthal direction at φ0. The azimuthal trapping frequency is then 
simply that of a tilted pendulum ω δ= /φ g R2 . By adjusting the ampli-
tudes of the modulation fields in the two horizontal Helmholtz coil 
pairs we can freely move the position φ0 of the minimum around the 
ring. The basic idea of our accelerator ring is to load a BEC into a static, 
tilted ring and then modulate the amplitudes of the modulation field 
in the x and y directions so that the minimum of the trap accelerates 
along the ring and then transports the BEC at a constant angular veloc-
ity over large distances.

A sudden acceleration, however, would excite centre-of-mass oscil-
lations of the ultracold cloud. Adiabatic acceleration, on the other hand, 
would take prohibitively long. An elegant solution is provided by opti-
mal control theory and its so-called ‘bang-bang’ scheme23, which com-
pensates the force due to a constant acceleration by an opposite force 
due to an offset in the position of the atomic cloud relative to the centre 
of the moving harmonic trap. We do this by instantaneously shifting 
the position of the trap forward by ¨φ φ ω∆ = + / 2 exactly at the moment 
when we start the acceleration φ̈. In the accelerated frame, the atoms 
then stay exactly at the bottom of the effective trapping potential. Once 
the target velocity is reached, we abruptly stop the acceleration φ̈ =( 0) 
and change the phase back by −∆φ, thus placing the atomic cloud at 
the bottom of the trap moving at a constant velocity. The uniform 
acceleration causes a uniform force on the atoms, which in turn cor-
responds to a shift of the parabolic azimuthal trapping potential. We 
correct this by a displacement of the trapping potential in the opposite 
direction. However, in practice the trapping frequency is not entirely 
independent of the angular velocity, which necessitates fine-tuning of 
the size of the phase jump. The same method can be used to decelerate  
the atoms. Figure 2 shows the measured positions of BECs (dots) and the  
corresponding theoretical prediction (lines) during acceleration  
in a TAAP ring, which range from 2π × 25 rad s−2 to 2π × 400 rad s−2, 
reaching angular velocities of up to 2π × 20 rad s−1, which corre-
sponds to an angular momentum of 44,600ħ. The deviations from the  
theoretical curves result from small changes in the trapping frequency 
during the acceleration. The centrifugal force associated with the rapid 
rotation in the ring forces the atoms outwards from a radius of 
436(2) µm in the static trap to 443.4(4) µm at an angular speed of 
2π × 10 rad s−1 (all uncertainties are 1 s.d.). Care has to be taken to 
ensure that the change in trapping frequency does not cause paramet-
ric heating of the sample. Here, for an acceleration of 2π × 50 rad s−2 
to a final angular velocity of φ = π ×! 2 10 Hz, the azimuthal trapping 
frequency decreases within 0.2 s from ωφ = 2π × 9.17(3) Hz to its final 
value of 2π × 7.76(1) Hz . Therefore, ω ω/ = .φ φ! "0 02 12   , which means 
that this change in trapping frequency is fully adiabatic even in the 
azimuthal direction27. Nevertheless, the phase jumps have to be  
optimized to take this change in trapping frequency into account. By 
making small adjustments of the phase jumps both at the beginning 
and the end of the acceleration, we can suppress any oscillation of the 
condensate in the final trap.

e

a d

f g h

b c

1 mm 1 mm 1 mm1 mm

Fig. 1 | Absorption images of ultracold thermal clouds and BECs in 
ring-shaped matter-wave guides. a–d, Column density of atoms in ring-
shaped waveguides. In a the atoms are at rest, whereas b–d show atoms 
travelling at maximum velocity, moving in the accelerating potential 
along the waveguide (b), just after release into the waveguide (c) and 
after travelling freely in the waveguide for 2 s (d). e–h, Experimental 
background densities calculated by subtracting a smooth theoretical model 
of the atomic densities from a–d . The complete absence of any signature 
of the ring in e and h clearly demonstrates that there is no detectable 
roughness in the atomic distribution and thus in the waveguide potential. 
From fits to a and d we deduce a maximum effective modulation of the 
potential of 250 nK and 189 pK, respectively. The colour scale represents 
the column density of the atomic cloud from low to high in the order: 
white, blue, yellow, red.
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G. Campbell, W. Phillips, C. Clark and co-workers@NIST,  (2013–2015) 

von Klitzing group@Heraklion, Nature 2019  

Perrin group@Paris, PRL 2019

Amico, Osterloh, Cataliotti PRL 2005

Persistent current in interacting many-
body systems in ring shaped potentials 
(ex Laguerre-Gauss)
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difference at the gradient discontinuity is ��I = 2⇡w, the
persistent current state with winding number w is excited,
characterized by a velocity of v = w~/mr and an angular
momentum per superfluid pair of L/N = w~.

To measure the winding number, we extend to fermionic
superfluids the interferometric technique previously demon-
strated for weakly-interacting BECs [43–45]. Similarly to
the self-heterodyne detection in optics, we exploit a central
disk condensate as local oscillator to provide a phase refer-
ence [Fig. 2(a)], and measure the fringe pattern arising af-
ter interfering it with the ring during a time-of-flight (TOF)
expansion. In the strongly interacting regime, the resulting
interference is detected after having tuned a to adiabatically
transfer the superfluid into a molecular BEC. When the su-
perfluid ring is prepared at rest (see Appendix A for the de-
tailed procedure), the interferogram displays fringes arranged
as concentric rings [Fig. 2(d)], revealing an azimuthally uni-
form phase difference between the two condensates. On the
other hand, when a state at finite w is excited in the ring,
the interferogram changes into a spiral pattern of the fringes
[Fig. 2(e,f)], reflecting the linear trend of the phase around
the ring. In particular, the spiral direction indicates the sign
of the winding number w, while the number of arms yields
its magnitude [43]. The high resolution of the obtained inter-
ferograms allows to extract local information on the relative
phase � between the ring and the disk condensates [44]. By
switching from cartesian to polar coordinates [Fig. 2(g-i), bot-
tom] and performing a sinusoidal fit on each azimuthal slice
of the interferogram [46], we obtain a � � ✓ curve [Fig. 2(g-
i), top] whose slope measures the winding number. The lo-
cal imaging of the superfluid-ring phase provides an unparal-
leled resource for future investigations, especially with tightly
confined rings. For example, one could investigate the evo-
lution of the local phase and its fluctuations around the ring
when perturbations are added [43, 45], when multiple rings
are coupled together [47–49], or look for phase dislocations
that are expected to characterize the interferograms acquired
in the strongly interacting regime [50].

IV. PERSISTENT CURRENTS ACROSS THE BEC-BCS
CROSSOVER

By imprinting the superfluid phase and reading out the
winding number via the interferograms, we gain accurate con-
trol over the circulation state of the rings, which we tune by
acting on the imprinting parameters. In Fig. 3(a) we report
the measured average winding number hwi, over several ex-
perimental realization of the same imprinting procedure, in
the three interaction regimes as a function of ��I . In all su-
perfluids, hwi shows a step-like trend, consistently with pre-
vious observations with bosonic ring superfluids [17, 20] and
with Gross-Pitaevskii equation (GPE) numerical simulations
at zero temperature of our imprinting protocol (dashed line)
[46]. Both numerical and experimental BEC data show that
��I = 2⇡w is needed to deterministically excite the circu-
lation state of winding number w, but also that a lower im-
printed phase is enough to populate it (see Appendix B for fur-
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FIG. 2: Excitation and detection of the circulation state. (a) In situ
image of the BEC superfluid in the trap configuration we employ to
interferometrically probe the ring winding number. (b) Energy land-
scape of the ring superfluid as a function of the total angular momen-
tum per pair L/N . The imprinting of an optical phase ��I operates
the transition into one of the metastable persistent current states at
winding number w. (c) DMD-made pattern employed for the phase
imprinting and corresponding light shift U0. In the top panel U0(✓)
is averaged along the radial direction in the ring, in the bottom one
U0(r) is averaged over 0.07 rad across ✓ = 0, ⇡/2, ⇡, 3⇡/2 for de-
creasing line intensity, respectively. The sharp opposite gradient at
✓ ' 2⇡ has a dimension of �✓ = 0.15 rad. (d-f) Interferograms of
the BEC superfluid, obtained from a single absorption image after a
TOF expansion of 1.2 ms without phase imprinting (d) and with a
phase imprinting of ��I ' 2⇡ in the clockwise (e) and anticlock-
wise (f) direction. (g-i) Fit of the local relative phase � extracted
from the interferograms. After changing the image into polar coor-
dinates (bottom panel), a sinusoidal fit of each azimuthal slice of the
interferogram is performed to extract � (blue dots on top panels).
A linear fit (red solid lines) provides a measurement of the winding
number as the slope of the � � ✓ curve. The fitted slopes provides
w = 0.01(2), w = 1.00(9) and w = �0.99(9) for the (g), (h) and
(i) panel, respectively.

ther details). The switching point between w = 0 and w = 1
is observed to happen for a slightly larger imprinted phase in
the BEC experimental data respect to GPE results. This is
likely due to the collective sound-like excitations which un-
avoidably affect the superfluid as a consequence of the im-
printing pulse, and seem to have a more pronounced effect in
experiments with respect to simulations, possibly due to finite
temperature. In fact, we observe that immediately after an
imprinting pulse of any duration the density of the superfluid
is depleted at the location of the optical gradient discontinu-
ity [46]. We ascribe such a density depletion to the steep,
yet not infinitely sharp, light gradient in the opposite direc-
tion [Fig. 2(c)], due to the finite resolution of ⇠ 1µm of our
imaging system. The small extension of this sharp gradient
negligibly affects the capability of the imprinting procedure
to populate persistent current states at finite circulation, but
introduces density excitations which decay over a time scale
of a few ms into sound waves or vortices [46]. The vortices
nucleated after the imprinting are observed to survive on top
of the macroscopic current for a few hundreds of ms, without
perturbing the generated persistent current state, consistently

 PRL 2022 Kevin Wright group@Darthmouth 
G. Roati group PRX 2022 @Florence 
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Kormos, M., Collura, M., Takács, G. et al. Real-time confinement following a 
quantum quench to a non-integrable model. Nature Phys 13, 246–249 (2017).

Federica Maria Surace and Alessio Lerose 2021 New J. Phys. 23 062001.



Coherence of confined matter in lattice gauge 
theories at the mesoscopic scales

1d Z2 lattice gauge theory
The model

7

• Generator of local ℤ! transformations                                                gauge sectors

• Neutral gauge sector: 

String tensionExternal magnetic flux

2

a Z2 gauge theory whose confined matter can define QCD
mesons with a confining potential that linearly increases
with the quarks separation19–22. We refer to the mini-
mal, but interesting setting of mesons made of a single
quark pair36. As a remarkable aspect of such system,
we note that confined ’quark’ pair’s relative coordinate
and center of mass result to be tightly coupled. Such a
feature has dramatic and surprising e↵ects in the meson
current dynamics, showing up in phenomena acting on
the internal structure of the confined matter.

Methods – The model under consideration is a one-
dimensional Z2-lattice gauge theory of spinless fermions,
hopping in a ring-shaped lattice and pierced by an e↵ec-
tive magnetic flux �. Such a theory shows the confine-
ment of fermions into mesons19,21,43. The Hamiltonian
reads

H =
LX

j=1

w (ei
2⇡
L �/�0c

†
j
cj+1 + h.c.)�x

j+ 1
2
+
⌧

2
�
z

j+ 1
2
. (1)

The fermionic matter cj lives in the sites of the lattice.
Gauge fields, represented by spin 1/2 variables resid-
ing on the bonds connecting nearest neighbor sites, act
as a Z2 propagator: when particles hop across neigh-
bor sites, a spin-flip occurs in the corresponding bond.
The string tension ⌧ assigns quantum dynamics to the
gauge field. Such tension is responsible for the confine-
ment of fermions into mesons: ⌧ = 0 corresponds to a
deconfined phase; for finite tension, specific bound states
can be formed with an energy that is increasing with ⌧ .
The theory (1) is invariant under global U(1) transfor-
mations of the fermionic operators cj ! e

i↵
cj and under

local gauge transformations generated by the operators
Gj = �

z

j� 1
2
(�1)nj�

z

j+ 1
2
. Since [H,Gj ] = 0 8j, the dy-

namics is restricted to gauge sectors, singled out by the
eigenvalues of Gj : Gj | i = ±| i 8j (Gauss law).

Periodic boundary conditions constraint the fermion
parity to be even or odd, depending on the number of
negative eigenvalues of Gj along the lattice, as P =Q

j
(�1)nj =

Q
j
Gj . Here, we will work in the neutral

gauge sector Gj = 18j.

To address the matter current, we refer to the current
I = �@hH(�)i/@�, which is related to the U(1) symme-
try of the model (1); we note that [H, I] 6= 0 only if
⌧ 6= 0. As we shall see, the current can track relevant
features of the confinement-deconfinement transition.

A single meson in a ring pierced by an e↵ective mag-
netic field.– The single meson on the ring is described
by the state | i =

P
j1,j2;�

 
�(j1, j2)c

†
j1
c
†
j2
|0,�i . We

take � as the eigenvalue of �z

L+ 1
2
, distinguishing the

two allowed spin configurations corresponding to fixed
particles positions j1 < j2. We solve the first quan-
tized spectral problem corresponding to Eq.(1) exactly:
H

�
 
�(j1, j2) = E 

�(j1, j2)

FIG. 2. Quench of the meson wave function. A single me-
son with centre of mass s and relative coordinate r, local-
ized within a gaussian distribution of width ⌃ is quenched
by a applying the Hamiltonian (1) as in Eq.(4). To this
end, the flux is quenched to the value �/�0 = 0.8. The
probability to find the meson with centre of mass in s and
string length R (labelling the length of a string of spin ups),
P (s) =

P
r | hs, r| (t)i |

2 and P (R) =
P

s | hs,R| (t)i |2 are
displayed in panels in a),c) and b),d) respectively. The up-
per panels refer to ⌃ = 2, ⌧ = 1; the lower panels refer to
⌃ = 10�6, ⌧ = 1. All the figures refer to L = 21 sites.

 
�

K,l
(s, r) = e

iKs
�
�

K,l
(r) , K =

2⇡n

L
(2)

�
"
K,l

(r) = N

8
<

:

JEK,l
⌧ �r

�
2wK
⌧

�

JEK,l
⌧

�
2wK
⌧

� �

YEK,l
⌧ �r

�
2wK
⌧

�

YEK,l
⌧

�
2wK
⌧

�

9
=

; ,

with  
#
K,l

(s, r) obtained as � 
"
K,l

(s + L/2, L � r). The
variables s = (j1+j2)/2 and K are the centre of mass co-
ordinate and momentum respectively, while r = j2 � j1

is the relative coordinate. For future reference, we de-
fine the string length as R = r, if � =", or R = L � r,
if � =#: it represents the length of the string of spin
ups comprised between the two fermions forming a me-
son. J and Y are Bessel functions of the first and of
the second kind respectively, whose order is fixed by the
energies and particle relative positions44; their argument

figures wK(�) = 2w cos

⇣
K

2 + 2⇡�
L�0

⌘
providing the cen-

tre of mass energies. The energy eigenvalues are obtained
by requiring that �l(K,L) = �l(K, 0) = 0, correspond-
ing to the Pauli constraint on periodic boundary condi-
tions; as such, energies are labelled by an index l and
depend, through wK , on K and �: E = EK,l(�). As
Eq.(2) shows, r and s are indeed coupled: the motion of
the relative coordinate can be obtained after the center
of mass dynamics is specified in both the eigenfunctions
and energies. As a result, the magnetic field couples to
both meson center of mass and relative coordinates - see



Implementation: density dependent tunnelings

Schweizer, C., Grusdt, F., Berngruber, M. et al. Floquet approach to ℤ!
lattice gauge theories with ultracold atoms in optical lattices. Nature 
Phys 15, 1168–1173 (2019).

• Two atomic species, obtained from the internal levels of 87Rb, 
are trapped in a species dependent double well potential

• Tunneling processes are suppressed by large interaction U
• High frequency driving with                restore the tunnelings, that 

acquire a density dependence

Implementation: Driven matterwave



Implementation: Rydberg atomsImplementation: ℤ! LGT on a dimerized lattice

• Purple sites = matter sites: alternating detunings and Rabi frequency

• Red sites = gauge field links: detuning     and Rabi frequency

• In the limit of very large       and for                   we obtain an effective lattice gauge theory
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Meson on a ring

As a lattice effect, coupling between center of mass and relative coordinate dynamics
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Quench dynamics:   � = 0 ! � 6= 0
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FIG. 3. Analysis of the meson Aharonov-Bohm oscillations. A single meson wave function, whose center of mass is initialized
in the site s0, as specified in Eq.(4), evolves along the ring and is monitored at s = s0 + L/2. Here L = 20. The upper
and the lower panels are respectively for ⌧ = 0.1 and ⌧ = 10. The panels (a),(e) display Pmid(t) =

P
r | hs0 + L/2, r| (t)i |2.

Panels (b),(f) display the Fourier transform of
�
Pmid(t)� Pmid

�
= P̃mid(w) at �/�0 = 0, where Pmid is the time average

of Pmid(t). (c),(g) �w =
q

hw2i � hwi2, where the average is weighted over the (normalized) distribution P̃mid(w). (d),(h)

P̃max
mid = maxw

⇥
P̃mid(w)

⇤
. The figure in panel (e) is plot for t up to 1000: indeed, for large ⌧ , the relevant time scale is set by

t/⌧ - see also text.

Fig.2. Such a remarkable e↵ect is originated by the lat-
tice, that in the present case is a defining feature of the
theory.

In this formalism, general features of the meson dy-
namics can be grasped. Specifically, the Heisenberg
equations of motion can be integrated exactly. The
string length is seen to perform characteristic Bloch
oscillations45. Due to the coupling between s(t) and R(t),
we find that the Bloch oscillations of the string length
propagate to oscillations of the center of mass position,
with a velocity which is fixed by I - see Supplemental
Material.

Meson Aharonov-Bohm oscillations. Here, we study
the Aharonov-Bohm e↵ect experienced by a meson as
function of its confinement. To this end, we apply a dy-
namical protocol in which a single meson, whose center of
mass is localized at s = s0, is put in motion by quenching
the e↵ective magnetic field:

 
�

�(t) = e
�iH(�)t

 
�

0 (t = 0) (3)

then, the wave function evolves along the ring, with
clockwise and anti-clockwise probabilities waves that can
eventually produce interference see Fig.1. The protocol is
initialized with  0(t = 0) describing a meson with center
of mass s localized within a Gaussian distribution:

 
�

0 (t = 0) = e
�(s+L/2 ��,#�s0)

2
/(2⌃)

 
�

K=0,l=1(s, r) (4)

Such a state excites center of mass momenta within val-
ues that depend on the Gaussian variance ⌃. This way,
the dynamics can e↵ectively explore di↵erent portions

of the meson spectrum. Below, we will see how the
interplay between confinement and the imparted phase
� establishes a peculiar dynamics of the meson, with
characteristic Aharonov-Bohm oscillations. For a quan-
titative analysis, we monitor the probability density at
s = s0 + L/2 - see Fig.1. The interference fringes dis-
play a marked dependence on the string tension whose
increase progressively localizes the meson - see Fig.3. As
a first feature, we note that the interference fringes are
generically blurred by decreasing ⌧ . Such a feature points
to a reduction of the number of distinct modes character-
izing the wave functions as the string tension is increased
(from k = 2⇡/L for strongly confined meson, to a nearly
double k number for loosely paired particles). Because
of the aforementioned coupling between s and R, the re-
sponse of the meson to the magnetic field is highly non
trivial: while, for strong confinement, the meson is char-
acterized by a single particle Aharonov-Bohm e↵ect, for
weaker confinements Aharonov-Bohm and relative coor-
dinate dynamics combine together to produce distinctive
Aharonov-Bohm oscillations. This feature is reflected in
the time dynamics of the probability density, which is
quantitatively analysed via Fourier transform. The num-
ber of the involved frequencies is strongly reduced at large
values of ⌧ , reflecting a suppression of the relative de-
grees of freedom, in favour of an emerging one-particle
picture (see Supplemental material for the single particle
behaviour). The distribution of such frequencies around
zero, as represented by �w - see Fig.3 c),g)- is signifi-
cantly broader for smaller values of ⌧ . In this regime,
the dynamics excites energy levels EK,l ranging over sev-
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The  relative coordinate dynamics is coupled with the magnetic field!



Ground state current
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Conclusions

• The dynamics of the current reflects the coupling between the center of mass and the 
relative motion of confined particles


•Mesoscopic properties of confined matter can be accessed through the meson current


•Aharonov-Bohm oscillations 

Atomtronics-enabled quantum simulation of lattice gauge theories: able to resolve features of 
the theory that are very hard (if not impossible) to access through particle accelerators. 


