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Ultracold fermionic atoms placed in a synthetic magnetic field arrange themselves in Landau levels.
We theoretically study the optomechanical interaction between the light field and collective excitations of
such fermionic atoms in synthetic magnetic field by placing them inside a Fabry-Perot cavity. We derive
the effective Hamiltonian for particle hole excitations from a filled Landau level using a bosonization

technique and obtain an expression for the cavity transmission spectrum. Using this we show that the
cavity transmission spectrum demonstrates cold atom analog of Shubnikov—de Haas oscillation in
electronic condensed matter systems. We discuss the experimental consequences for this oscillation for

such a system and the related optical bistability.
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By allowing an ultracold atomic ensemble to interact
with a selected mode of a high-finesse cavity it is possible
to probe the quantum many-body state of such an ultracold
atomic system. The resulting cavity optomechanics or
cavity quantum electrodynamics with ultracold atoms has
recently witnessed a significant development [1]. The
experimental successes include the coupling of collective
density excitation of an ultracold bosonic condensate with
a single-cavity mode and observation of the coupled
dynamics through cavity transmission [2], a strongly
coupled cavity mode with a highly localized ultracold
atomic condensate trapped inside a single antinode of a
cavity field [3], demonstration of strong ultracold atom-
cavity-coupling-induced optical nonlinearity even at low
photon density [4], and selected atom-photon coupling of a
single atomic ensemble in a multiensemble system [5] to
name a few.

In another development, there has been significant
experimental and theoretical progress in studying the
effect of optically induced artificial or synthetic gauge field
[6] on such neutral atoms, making it a playground for
quantum simulation of phenomena that occur when an
electronic condensed matter system is placed in a real
magnetic field. The experimental achievements in this
direction include the observation of vortices, Abrikosov
vortex lattice in trapped ultracold atomic superfluid ini-
tially by achieving the synthetic magnetic field through the
rotation of the trap [7], and later by Raman laser induced
spatially varying coupling of the hyperfine states of such
ultracold atoms [8]. A more recent development in this
direction includes the creation of optical flux lattices [9],
realization of spin-orbit coupling for such neutral ultracold
bosonic [10] and fermionic atoms [11] with the possibility
of creating ultracold atomic analogs of topological con-
densed matter phases [12].

This Letter aims to combine these two developments by
considering a system of such ultracold atoms trapped
inside a high-finesse Fabry-Perot cavity interacting with
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a single-cavity mode (see Fig. 1), additionally, in the
presence of a synthetic magnetic field. Specifically, we
consider the case of ultracold fermionic atoms [13] in a
synthetic magnetic field [14,15] such that a set of Landau
levels (LLs) can be filled according to the Pauli principle.
We consider the coupling between the bosonic particle-
hole-like excitations from such filled Landau levels of
fermionic atoms with the cavity mode. We find that the
atom-photon coupling explicitly shows Landau level
degeneracy and has finite discontinuities at certain values
of artificial magnetic field strength that resembles the well-
known Shubnikov—de Haas oscillation [16] in a condensed
matter system. The cavity transmission spectrum shows
optical bistability, a hallmark of optical nonlinearity in
such a cavity system [17], but now the features of the
bistable curve also reveal the Landau level structure. Our
results suggest that cavity optomechanics with such atomic
Landau levels can be a powerful probe for ultracold atoms
in synthetic gauge field.

FIG. 1 (color online). Schematic diagram of the system con-
sidered. The concentric cylindrical surfaces represent the Fermi
surfaces that correspond to Landau levels (LLs) of fermionic
atoms inside the cavity with LL quantum number n. The particle
hole excitation from the last filled Landau level is also shown.
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We consider a two-dimensional system of N ultracold
neutral fermionic two-level atoms each of mass M sub-
jected to a synthetic magnetic field [8,14,15,18], placed
inside a Fabry-Perot cavity of area /A which is driven at
the rate of 7 by a pump laser of frequency w, and wave
vector K = (K, K,). The atoms have transition frequency
w,, and interact strongly with a single standing wave
empty cavity mode of frequency w.. We take the artificial
magnetic field as 2Q2Z. We also ignore the effective trap
potential assuming it is shallow enough in the bulk. The
resulting single particle Hamiltonian is analogous to the
Landau problem of a charged particle in a transverse
magnetic field (for details, see Ref. [19]) that can be
written as

2

H; = 2M I (1)
where Il = p — MA is the kinetic momentum, with the
effective vector potential A = € X r in symmetric gauge.
The eigenstates of this Hamiltonian are Landau levels
with effective cyclotron frequency w, = 2() and eigene-
nergies E, ,, = 2h€d(n + 1/2). The effective magnetic
length in this problem is [, = /h/2M().

If the pump laser frequency w, is far detuned from the
atomic transition frequency w,,, the excited electronic state
of the two level atoms can be adiabatically eliminated. It is
assumed that such atoms interact dispersively with the
cavity field, taken to be single mode. In the dipole and
rotating wave approximation, we get the effective system
Hamiltonian (details in Ref. [19])

Hyg=H, +H +He, 2)
with

- f PVt () [ 2M 10 (r), 3)

n, = [ PrVt () [Ucos*(K - Datalb(r), (4

c=hA.ata —mn(a — at). 5)

Here, Uy = g3/A, is the effective light-matter coupling
constant with g, a single photon Rabi frequency, A, =

o w,. Here, H; is the atomic Hamiltonian in the

P

synthetic magnetic field, A, captures the dynamics of
the cavity photons with A, = @, — w,,. H; is the term
that describes interaction between atom and the cavity
mode. The atomic field operator in the Landau level basis

(symmetric gauge) is given as

—lzI* /483
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|n, m) is the
symmetric-gauge

with z=x+1y.
{rln,m) is the
(e /A 27 13) Gy iz /Do) are
harmonic oscillator wave functions whose properties are
given in [19].

éZ,m is the fermionic creation operator that creates the
state |n, m), namely, a fermion in the nth LL, with the
guiding center m obeying (7) with n =0,1,2,...,v — 1
andm=0,1,2,...,Ny — 1. v = N/N¢ is called the fill-
ing factor, where Ny = A/(2wl}) is the degeneracy of

Landau eigenket.
wave function.

two-dimensional

each Landau level. The atomic Hamiltonian (H;) can be
diagonalized in the Landau level basis yielding H; =
hwo Yo o (n + (1/2))é} ué, . Using 4cos* (K - r) =
2+2cosK 1) =2+ e 2KT + 2Kt f1 0 in  the
Landau basis can be written as

X [Gn’,n(zK*IO)Gm’,m(zKlO)

+Gn/,,,(—zK*meam(—2Kzo>]}fﬁa, ®)

where K = K, +1K,, K* = K, —iK,, |K|* = K} + K3,
and the summations are done over all available n, n’, m, m'.
If we assume that the interaction time between the cavity
and ultracold fermions is much shorter than any time scale
associated with the reorganization of the atomic ground
state in the presence of the standing wave inside the cavity,
the role of the interaction Hamiltonian (8) is restricted to
transfer momentum *2|K| to the particle-hole excitation
above the Fermi level.

By looking at the cavity transmission spectrum, we are
interested in studying such low-energy excitations above
an integer number of filled Landau level. Such particle-
hole excitations are bosonic in nature and are known as
magnetic exciton in the literature of quantum Hall systems
[20]. In the absence of atom-photon interaction, the ground
state of our system is a direct product state of photonic
vacuum and excitonic vacuum, obtained by completely
filling the first ¥ Landau levels of each guiding center:

Ng—1,—

m=0 n=

IGS) =

These inter-Landau-level excitations only involve the
change in the Landau level index; they can be studied
using the language of bosonization [21] by introducing
the bosonic operator
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This operator creates a bosonic particle-hole excitation by
shifting an atom from the nth LL to the n + pth LL, where

bl (k) =

J,, is the Bessel function of the first kind, R, = V2vly, and
obeys
[6,(k), b,(k")] = [5] k), b (K')] =0, a

[5,(k), (k)] = 8(k — k)5,

Using the commutators of the bosonic operator (11), the
bosonized version of the Landau level Hamiltonian (3) of
ultracold fermions can be written as

Z probp(k )b,(K). (12)

The atom-photon interaction (8) can similarly be rewritten
in terms of the bosonic operator (10) as

Z ,/N(,5 pJ2(2KR,)

X [61(2K) + bp(zK)]aTa. (13)

The derivation of the Hamiltonians (12) and (13) from (8)
is given in the Supplemental Material [19]. The bosonized
effective Hamiltonian (2) of the atom-photon system thus
becomes

Hu = z{zpwobwk)b,)(k) NS,

p=1

+ Ep(zK)]a*&} + hAata —m(a —at),  (14)

U
y = 40,/N¢J (2KR,). (15)

The above Hamiltonian is one of the central result of this
Letter. Here the operator N is replaced with its steady-state
expectation value; subsequently, the term [(NaU,)/2]ata
is incorporated into #A ata of H to get the effective
cavity detuning A = w, — @, + (NU/2).

0y, is the atom-photon coupling constant that couples the
excited levels with the photon field. Figure 2 depicts its
variation with the field strength when an atom gets excited
from the filled LL to the next unoccupied LL. For that
purpose we choose experimentally achievable parameters:
A =500 nm(K =10’ m™ '), A=~(30 um)?, k=27 MHz,
atomic mass M = 1.5 X 1072 kg, N = 2000, g, = 27 X
10 MHz, pump-atom detuning  , o = 27 X 50 GHz.
It linearly depends on atom-photon coupling constant U,
and is enhanced by the Landau level degeneracy /N,
which is different as compared to the case of ordinary
fermions [17] and akin to the scaling of the atom-photon
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FIG. 2 (color online). Variation of coupling constant (for
p = 1) with synthetic field strength. The green steps in the
background correspond to the corresponding first empty LL,
v=206,5,4

coupling constant by /N for an N-boson condensate [2,3].
In Fig. 2, with increasing (), the coupling constant oscil-
lates along with jump discontinuities. This is the usual
Shubnikov—de Haas effect [16], now occurring for a syn-
thetic magnetic field when the Fermi level makes a jump to
the previous level at some increased value of the field.

The other important feature, the oscillatory behavior of
0y, can be attributed to the length scales associated with
the current problem. In the presence of synthetic gauge
field the cyclotron radius of the ultracold atoms
(lp ~ 200-800 nm) is comparable with the wavelength of
the probing photon (A ~ 600 nm). With an increase in field
strength the cyclotron radius decreases and the number of
wavelengths that fit within this radius also changes, leading
to the oscillatory behavior of the atom-photon coupling
strength as a function of the field strength. In comparison,
in the corresponding electronic problem the electron
cyclotron radius is much smaller (/; ~ 20 nm), so the
incident photon cannot actually see the individual cyclo-
tron orbit, making such oscillation hard to observe in
electronic LL spectroscopy [22,23].

The oscillation of the coupling constant as a function of
the strength of the synthetic gauge field can be obtained
from the steady-state cavity transmission spectrum, an
experimentally measurable quantity. The Hamiltonian
(14) represents a coupled system of particle-hole excita-
tions (magnetic exciton) and photons. The steady-state
solution of Heisenberg equations for operators associated
with the dynamics of exciton and photon yields the cavity
transmission spectrum. For this purpose we introduce
phase space quadrature variables

X, = [b}2K) + b,02K)]/V2;
[} 2K) — b,(2K)1/V2,

~
~
I
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FIG. 3 (color online).

(e’

Steady-state interactivity photon number as a function of (a) pump cavity detuning for a set of synthetic field

and 7/ «; (b) pump rate for the same set of synthetic fields and cavity detuning A = 277 X 2.5 MHz.

which obey the standard commutator [X;, P;] = 1. The
resulting Heisenberg equations are

170.4 N dP A
—L=pw P, —F=—pwX,—ds2pata,
dt d
(16)
da el .
d—ct’= —1Y 8U2pRLa—10a+n— ki + 2Ky,
p=1

Here, « is the cavity decay rate and a;, denotes a
Markovian noise operator [24] with zero mean, correlation
(al (na, () = 2k8(t = '), and (4;,(1)a;, (1)) = 0, so it
can be dropped for steady-state analysis. The steady-state
solutions are given by

PO =0, £ =~ OVIP iz,
pP®o 17
o . a7

k+ 1A = S,aTWal)y’

2

wo

UXAM

Sv = 327

PACHEES [1 — J}(2KR,)]
p=1

Therefore, the steady-state intercavity photon number is
2

A a9 ps) — n
n a a .
h K2+ (A = S, Ap)?

(18)

The cavity transmission spectrum is given by its
expectation value that follows

S?,ngh - 2S,,Anlz)h + (K + A)ngy = n% (19)
Such a nonlinear cubic equation is characteristic of optical
multistability [2,4]. Figure 3 shows the behavior of a
steady-state mean photon number as a function of pump
rate, and A. To understand this multistability we study the
fluctuation around the steady state through a linear stability
analysis. To that end, we write ny, = ny, t ony, in
Eq. (19), where Noh corresponds to the steady-state inter-

with [25] cavity photon number plotted in Fig. 3(b). Then only the
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FIG. 4 (color online).
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Variation of S, with (a) number of trapped atoms and (b) gauge field strength.
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terms linear in dnyy, are kept in the resulting equation, and
the steady-state solution (19) is substituted in it to get

[383(n5,)> — 48, Ansy, + (k2 + A%)]6n,, = 0. (20)

The solution of this equation defines the upper and lower
bounds of the unstable regime as the turning points of the
plot in Fig. 3(b). In the region between these two turning
points, the intercavity photon number is a decreasing func-
tion of the cavity parameter (7/k)? and corresponds to the
unstable solution [26-28].

A more formal way of doing the linear stability analysis
is through the Heisenberg equation of motion of the
operators, namely, setting O(r) = O + §O(r). However,
for the current problem, O(r)=[X,()?~', P, (r)"~},
X, (0)P=2, P (0)p72, .., X(1), P(n))", with X =(at +a)/+/2,
P = i(a’ — a)/~/2 being the cavity quadratures. The linear
stability analysis gets contributions from all p’s and the
resulting stability matrix is infinite dimensional and cannot
be handled in the same way as one in the absence of such
synthetic gauge field [17]. A more detailed discussion on
this issue is given in the Supplemental Material [19]. The
distance between the two turning points of the bistability
curve in Fig. 3(b) is calculated to be

4(A% - 3k2)32

h(S,) = 7S

1)
An experimentally obtained cavity spectrum [2—4] can be
used to extract the corresponding %(S,), and hence the
corresponding S, which can be compared with the theo-
retical value obtained from Eq. (17). Figure 4 provides the
informations about the Landau levels inside the cavity.

To summarize, we have shown that cavity optomechanics
could be a very useful tool to explore an ultracold atomic
system in a synthetic gauge field, providing us direct access
to the atomic Landau levels. Future studies may consider
the system in the limit when atom-photon interaction will
lead to the reorganization of the many-body atomic state in
the presence of the standing wave in the cavity as well as a
similar problem for the bosonic systems, where bosons will
prefer to stay in the lowest Landau level.
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