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Disentangling Pauli blocking of atomic decay from cooperative radiation and atomic
motion in a 2D Fermi gas

Thomas Bilitewski,™*? Asier Pifieiro Orioli,"»? Christian Sanner,! Lindsay Sonderhouse,

1

Ross B. Hutson,! Lingfeng Yan,! William R. Milner,! Jun Ye,! and Ana Maria Rey"?

LJILA, National Institute of Standards and Technology and Department of Physics,
University of Colorado, Boulder, CO, 80309, USA
2Center for Theory of Quantum Matter, University of Colorado, Boulder, CO, 80309, USA
(Dated: August 9, 2021)

The observation of Pauli blocking of atomic spontaneous decay via direct measurements of the
atomic population requires the use of long-lived atomic gases where quantum statistics, atom recoil
and cooperative radiative processes are all relevant. We develop a theoretical framework capable
of simultaneously accounting for all these effects in a regime where prior theoretical approaches
based on semi-classical non-interacting or interacting frozen atom approximations fail. We apply it
to atoms in a single 2D pancake or arrays of pancakes featuring an effective A level structure (one
excited and two degenerate ground states). We identify a parameter window in which a factor of two
extension in the atomic lifetime clearly attributable to Pauli blocking should be experimentally ob-
servable in deeply degenerate gases with ~ 10% atoms. Our predictions are supported by observation
of a number-dependent excited state decay rate on the 'Sg — 3Py transition in 3”Sr atoms.

Introduction.—Spontaneous emission emerges from
the interaction of the dipole moment of an atom with
the vacuum of electromagnetic field modes. It depends
on the atomic internal structure but also on the density
of final states of the joint atom-photon system, which can
be modified by external means as widely demonstrated in
cavity QED [1-19] and waveguide QED [20-38] systems.

The density of final states can also be modified by
Fermi statistics and Pauli blocking of the available exter-
nal motional states into which an electronically excited
atom can decay [39—18]. Observation of Pauli blocking of
radiation has been difficult due to the complex interplay
of cooperative effects and atomic motion. Cooperative
effects emerge from the virtual exchange of photons with
other atoms, which results in dipolar interactions that
can enhance or suppress the radiative decay rate of the
system [19-61], especially at the high densities required
to observe Pauli blocking. At the same time the emission
process directly couples the motional to the internal de-
grees of freedom as energy and momentum is exchanged
between the atoms and photons. Thus, there is a com-
petition between the recoil momentum and the extent of
the Fermi sea that blocks spontaneous emission.

Recent experiments have for the first time observed
Pauli blocking through measurements of light scattered
by atomic ensembles [62-(G4]. There, the mentioned un-
desirable competing effects were minimized by perform-
ing angular resolved measurements to select low momen-
tum transfer processes and by using a far detuned probe
to minimize cooperative dipolar processes and suppress
the number of excited atoms.

However, an observation of enhanced life times due
to Pauli blocking by direct measurements of the excited
state population has yet to be demonstrated. Resonantly
exciting a significant fraction of atoms to the excited
state to subsequently measure their decay may result in

significant dipolar interaction effects in striking contrast
to scattering experiments. Moreover, working on a slow
transition enabling time-resolved observation of the ex-
cited state population poses the challenge that radiative
decay rates and cooperative effects become comparable
with the Fermi energy and associated motional degrees
of freedom which all need to be taken into account.

In this work, we develop a theoretical framework based
on a master equation (ME) formulated in momentum
space capable of describing the full dipolar dynamics
of optically excited atoms confined in two dimensions
(see Fig. 1), or in stacks of two-dimensional pancakes.
Our framework significantly advances the applicability of
theory into the interacting quantum degenerate regime,
where prior approaches fail since they either account for
Pauli blocking in a semi-classical non-interacting setting
[45-47], or include interactions, but cannot account for
atomic recoil or Pauli blocking in a natural way (frozen
atom coupled dipole models) [19-61].

Our key finding is that a highly imbalanced ultra-cold
Fermi gas excited by a resonant 7 pulse (which suppresses
coherences) can feature at T/Tr ~ 0.1 (with Tp the
Fermi temperature) up to 50% Pauli suppression at peak
densities of 104 cm ™3 in a parameter regime where coop-
erative effects only affect the lifetime weakly. Our predic-
tions are consistent with measurements on the 1Sy — 3P,
transition in fermionic 87Sr at T/Tr = 0.6 with a natu-
ral lifetime of T~ = 21.3 us. The experimental results
not only demonstrate the relevance of our theory model,
but also help validate its capability to capture the essen-
tial physics in a complex many-body regime where ex-
act numerical calculations are intractable. It also stimu-
lates future experimental efforts to observe Pauli blocking
through direct lifetime measurements, which could have
important implications in atomic clocks.

Model. —We analyze first the case of a Fermi gas in a
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FIG. 1. a) A 2D cloud of atoms is optically excited by a

laser pulse Wlth Rabi frequency €21, and wave-vector k, prop-
agating perpendicularly to the 2D plane and linearly polarized
(nr) along z. b) Internal level structure (A-system), with one
excited state e and two ground states g. The single-particle
decay rate for e — go is T'aa. c) Protocol: after state prepa-
ration, atoms evolve freely and decay during a dark time ¢,
followed by population measurement. d) In-plane momentum
space (kz,ky) with two Fermi seas (red/blue circles). Filled
circles denote occupied states. Interaction processes involving
virtual exchange of photons between atoms at k and q are
depicted as a wiggly line, single particle spontaneous decay
proportional to I' are illustrated as the circular region (blue
shading) around k’. e) Processes included in the master equa-
tion. Top: Dipolar exchange between atoms in momenta k
and q. Bottom: spontaneous decay from k’ to q’.

single pancake in the regime where only the ground state
harmonic oscillator mode nyg , is occupied, but motion is
allowed in z and y (Fig. 1a). For simplicity, we work with
two-dimensional plane-waves in x, y as our single-particle
atomic basis, labelled by the momentum k = (k,, k).

We consider an effective A type internal level structure
(Fig. 1b) with two internal ground states as the minimal
system allowing strong Pauli blocking even under full ex-
citation of one of the states, but note that our results can
be straightforwardly extended to more general multilevel
systems. For specificity we focus on the 1Sy (F = 9/2) to
3Py (F = 11/2) transition of 87Sr, with the mp = —9/2
excited state as e and the mp = —9/2,—-7/2 ground
states as go and g7, respectively, and set the quantiza-
tion axis along x. We assume the presence of a magnetic
field large enough to suppress transitions to other levels
(which are omitted in the figure). The atoms are initially
in an incoherent mixture with Ny atoms in gy and N7 in
g1. This configuration features m and o~ polarized de-
cay, at rates I'pp = 2/11T" and T'y; = 9/11T, respectively,
with T=1 = 21.3 us [65].

Atoms are excited by a short laser pulse with pulse
area 6 and then let to evolve and decay for some time ¢ in
the dark after which the total excited state population is
measured (Fig. 1c). We focus on the effective decay rate
Vet (0) = lim; 0 Nee(t)/Nee(O) obtained at initial time
for the total number of excitations N.(t). While the

decay rate can change with time, in the cases discussed
here the decay at early times is well approximated by an
exponential decay with rate veg.

The initial excitation laser with wave number kj is
propagating along the strongly confined z direction and
linearly polarized (ny) along x so that it only excites
go atoms to e (Fig. 1b). Due to the strong confinement
along z, the motional state does not change during ex-
citation, so the Rabi pulse transfers a gy atom with mo-
mentum k into the superposition cos(6/2)|go, k, no,.) +
sin(6/2)|e, k, ng ) (Fig. 1c), where § = Q¢ with the Rabi
coupling €, of the gp-e transition. The pulse is assumed
to be fast so we can ignore any interactions during it.

To describe the dynamics during the dark time we start
from the usual atom-light Hamiltonian and perform a
Born-Markov approximation leading to a multilevel mas-
ter equation (ME) with dipolar interactions [66]. We fur-
ther assume that momentum-changing interactions are
negligible. The latter approximation is justified at early
times by the initial condition, which does not contain co-
herences between states of different momenta k’ # k. For
the atomic density matrix this leads [67] to the following
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Here, Jé“gl = éikégmqv and é;k(é;mk) creates a fermion
in the e (gq) state with in-plane momentum k = (k, k)

in the harmonic oscillator ground state ng . along z.
The terms Aglém“ (TXm™) describe coherent (inco-

herent) exchange of phoggns of the relevant transitions
a, = 0,1 between two atoms in the corresponding
internal and motional states (Fig. 1d,e). They are
defined as projections of the real (R) and imaginary
part (I) of the Green’s tensor G as A” = AT G d,,
Fg’ﬁkl = dgG‘IJ kld7 where d, = Cana, given in
terms of the Clebsch-Gordan coefficient C, and the
polarization vector n, (ng = e,, n; = (e, + ie.)/Vv2),
and d”, d denote the transpose and complex con-
jugate, respectively. The Green’s tensor is G(r) =
%{[I—r@ I] < e L I-3F®1 %*%H,

with the Wavevector ko of the ground-excited state
transition. The matrix elements GYX' are defined

as Gkl — fdrdr’ q@i(r)qﬁj(r) G(r — r/)ﬁgk(r/)@(r/)’
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FIG. 2. Pauli blocking of spontaneous emission for non-

interacting atoms. Decay rate 725" /T' vs T/Tr compar-
ing 3D (dashed) to 2D (solid) for Ny = Ni, and 6 = 7.
Nap = 100, 200, 400, 800 for the colored lines (top to bot-
tom), corresponding to ko/kr = 1.51, 1.26, 1.07, 0.90. N3p
is chosen such that ko/k3’ = ko/k2P at these atom numbers.
Inset: Illustration of the initial state before and after laser
excitation in 2D and 3D. Colored circles denote Fermi seas of
different atomic levels and striped areas denote an overlap of
two Fermi seas. Blue circles of radius kg labelled I show the
states reachable by a spontaneous decay process.

where ¢y (x,y,2) = ﬁei(k”*kyy)wo(z). The area A is
chosen to approximate a harmonically trapped gas with
trapping frequency w,; = 27 x 150 Hz [67].

We then derive equations of motion by using a mean
field approximation, which factorizes 4-operator terms as
products of 2-operator terms (see [67]). Given the uncor-
related initial conditions this treatment is well justified
at short times. We further assume that the dynamics is
dominated by the momentum diagonal elements of the
density matrix, phg = <6L7qéy7q>, where u,v = e, go, 91,
given the lack of momentum off-diagonal coherences in
the initial state. Under these approximations the popu-
lation of the excited state in momentum q evolves as
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where gkk a9 — Al(;l/;’qq + ifil;,’qq. The first line corre-
sponds to the spontaneous decay process |e,q, o .) —
|9, K, M0 2) at a rate set by T'3kd which accounts for
the momentum conservation in the emission process, and
is Pauli suppressed by the factor 1—p{5?~. Thus, the ME
in momentum space naturally recovers Pauli blocking for
arbitrary multilevel structures and generic geometries,
while also including the most relevant cooperative effects,
such as superradiance and subradiance, that emerge from
the terms in the second line. The latter depend on the co-
herences, p®9~, between the excited and the ground state
atoms and have contributions from the coherent (A) and
incoherent dipolar exchange processes (I').

Pauli blocking in non-interacting atoms.—We start by

studying the first line of Eq. (3) fully neglecting interac-
tion effects, and note the close resemblance to prior semi-
classical approaches [16] where the decay of the atoms
is dictated solely by the volume of the available phase-
space. To gain intuition note that I'9%¥d mediates the
decay of an atom e with momentum q to the ground state
Jo. at momentum k if |k — q| < ko (2D) or |k — q| = ko
(3D) [67]. This decay will be Pauli blocked if the corre-
sponding state is occupied due to the factor 1 — pfs?=.
Consequently, in the presence of a Fermi sea of ground-
state atoms, the decay rate will be reduced. The degree of
Pauli blocking will depend on the ratio of kg to kg (con-
trolled by the density), and the mean occupation within
the Fermi sea (set by the temperature of the gas).

To illustrate this phenomenology we show in Fig. 2 the
rate ng?n-int /T for an initially balanced Fermi gas with
Ny = Ni non-interacting atoms, and full excitation of all
go atoms to the e state (i.e. § = 7), as a function of the
temperature T'/Tr. In this case the maximal Pauli sup-
pression achievable is I'11 /T" ~ 81% when all decay chan-
nels into g7 are blocked. We compare the 3D (dashed) to
the strongly confined 2D system (solid) for a range of N
(colors), i.e. of ko/kpr. Most notably, we observe a strong
enhancement of Pauli blocking in 2D compared to 3D,
over a significantly larger range of temperatures.

This can be understood as follows. Firstly, the axial
confinement changes the energy spectrum, and thus the
density of states. This results in a higher mean occu-
pation fraction in 2D, and consequently stronger Pauli
blocking than in 3D for the same ko/kp. Secondly, the
initial laser excitation imparts a momentum kick to the
atoms in 3D that displaces the excited population away
from the unexcited ground state Fermi sea facilitating
decay to unoccupied states (inset of Fig. 2). In contrast,
in 2D for laser excitation along the strongly confined di-
rection, the motional states are unaffected enhancing the
probability to decay to an already occupied state.

Interplay of dipolar interactions with Pauli blocking.—
In Fig. 3 we study how ~72¢™"* (dashed lines) is modi-
fied by dipolar induced cooperative effects using the full
master equation (ME) (solid lines) as a function of the
pulse area 6 for a balanced gas, No = N;. At 6 = 7,
interactions have no effect on v.g due to the absence of
initial coherences. However, for smaller 6 and increasing
N there is an intricate competition between interactions
and Pauli blocking. Note the modifications from 6 affect
exclusively the e — gg transition. On the one hand, low-
ering 6 results in a higher population in the gy ground
state ~ cos?(6/2) which increases Pauli blocking of the
e — go decay channel for non-interacting atoms. On the
other hand, interaction effects become stronger at low
0, leading to an enhanced normalized superradiant de-
cay which scales as ~ cos?(6/2) [67]. Importantly, the
superradiant enhancement also scales with N. This in-
terplay leads to dominant Pauli blocking and thus lower
decay rates at low atom numbers and dominant cooper-
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FIG. 3. Interplay of dipolar interactions and Pauli blocking
in 2D. a) yer (0) /725" ™ () comparing the full ME (solid) to
the non-interacting part (dashed) at T'/T% = 0.1 for different
N = Ny = Ni. b) Decay rate vesr/I" at 0 = w/2 versus N at
different temperatures comparing the full ME (solid) to the
frozen atom approximation (dashed-dotted). c¢) Decay rate
ARenint () versus No and Ni. d) Interaction effects quanti-
fied by fyeﬁ/fyélf‘;n_int for 6 — 0 versus Ng, Ni. ¢) and d) are
in thermal equilibrium for To = T1 and T'/Tr:1 = 0.1.

atively enhanced emission and faster radiative decay at
high densities as 6 decreases.

To demonstrate the importance of including atomic
motion and its interplay with quantum statistics we also
compare the ME in momentum space to the usual frozen
atom approximation (FA) ([49-60]), which is derived for
atoms assumed to be at fixed positions in real space. We
show the resulting veg for a @ = m/2 excitation as a func-
tion of the atom number N and temperature T/TF in
Fig. 3b. The FA properly captures the superradiantly
enhanced decay rate due to dipolar interactions. How-
ever, its inability to account for Pauli blocking results in
incorrect predictions in the quantum degenerate regime,
and an incorrect scaling of the decay rate with N.

Finally, Figs. 3c and 3d explore the role of the imbal-
ance N1/Ny of the initial populations of the two ground
states on the effective decay rate. For non-interacting
atoms it is highly advantageous to only excite a small
fraction of atoms ([46]) to maximize Pauli blocking. This
is demonstrated in panel ¢ which shows the decay rate
vgf(f’nfint/F at T/Tr = 0.1 for § = =, predicting the
largest suppression in the N7 > Ny regime. Interestingly,
for the 2D system even in the presence of superradiance
as # — 0 it is possible to minimize interaction effects
while maintaining significant Pauli suppression (~ 66%)
by choosing N7 > Ny as shown in 3d. This is because
only the Ny atoms feature coherences and experience

103
N

FIG. 4. Decay rates in stacked pancakes geometry. a) Scal-
ing of the decay rate veg with N comparing the balanced
case (dotted), No = N1 = N, to the highly-imbalanced case
(solid), No = 200, Ny = N, for a § = 7 pulse. The gray shad-
ing denotes the fixed N = 1500 used in panel b) ~veg/T" vs 6.
Temperatures indicated in the legend in b, in the imbalanced
case To = Ty and T/Tr given with respect to Tr 1. Points
with error bars are experimental data taken under the same
conditions as the solid green lines.

dipolar interactions at early times.

Comparison with experiment.— Here we perform ME
simulations for an array of two-dimensional pancakes (in-
set of Fig. 4), realised by confining the initially 3D Fermi
gas in a deep optical lattice along z, and compare with
experimental observations. The extension of the theory,
and details on the experimental preparation and mea-
surement protocol are provided in [67].

Fig. 4a shows the effective decay rate yog/T" as a func-
tion of the atom number, pulse area and temperature,
comparing a balanced (dotted) to the imbalanced case
(solid) for a 7 pulse excitation. For N ~ 4 x 103
and T/Tr = 0.1 corresponding to peak densities of
10" em ™3, we predict up to a factor of 2 enhancement
in the atomic lifetime. In Fig. 4b we demonstrate the
strong interaction effects present for balanced gases when
preparing initial coherences due to superradiance. In con-
trast, we emphasise the weak dependence on 6 in the im-
balanced case, which demonstrates the lack of significant
cooperative effects.

In Fig. 4 we also include experimental data available
for the highly imbalanced scenario, which appears to
be consistent with our theory predictions within errors
(green points and lines). The excellent agreement with
the ME, in a regime where interactions are shown to only
weakly modify the decay, supports the validity of the the-
oretical model and motivates further experimental work
to demonstrate Pauli blocking in population measure-
ments. A particularly important future direction is to
prepare a deeply degenerate Fermi gas in 2D, where the
differences between balanced and imbalanced cases be-
come rather striking.

Outlook.— We identified a regime in imbalanced mul-
tilevel 2D Fermi gases where superradiant effects are
weak and thus enhanced lifetimes attributable to Pauli



blocking can be directly observed via population mea-
surements. While our calculations are restricted to short
times where a mean-field analysis is valid, as confirmed
by comparisons with experimental measurements, they
will break down at longer times. This in turn might give
rise to genuine many-body effects and unexpected novel
behavior yet to be explored.
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Supplemental Material

Level structure and geometry

We consider a two-dimensional system engineered by
tightly confining a gas of ultracold fermionic atoms along
one direction, z, and applying only a weak in-plane con-
finement along z and y. We assume the system is in the
regime where only the ground state harmonic oscillator
mode ng . along z is occupied, but motion is allowed in
x and y.

Moreover, each atom has a A-type internal electronic
level structure, where an excited state e can sponta-
neously decay into the ground states go or g; with decay
rates ['gg or I'11, respectively. Specficially, we consider
the 1Sy (F = 9/2) to 3Py (F = 11/2) transition in 87Sr.
Atoms are prepared in the mp = —9/2 and mp = —7/2
ground states, and optically excited to the mp = —9/2
state in the excited state manifold. Using the notation
|F,mp) for angular momentum states, we label the two
ground states as go = |9/2,—9/2), g1 =19/2,—7/2), and
the excited state as e = |11/2,—9/2). We will assume
that the emitted photon for e — g (g1) has 7 (¢7) po-
larization with quantization axis along x.

In principle, dipolar exchange interactions can couple
the go — e and g1 — e transitions to other internal tran-
sitions, and lead to population transfer to other Zeeman
sublevels. However, by applying a strong magnetic field
the mp levels are split in energy, making such processes
off-resonant, and thus fully suppressed. In this way, we
can limit our internal states to a 3 level A subsystem.

Dipolar multilevel master equation

The dipolar multilevel master equation derived in
Ref. [66], restricted to the A level configuration described

above, is given by p = —i {ﬁ,ﬁ} + L(p), with

- Z/drdr’ (do -ReG(r —1') -dp)
o,
Gego (T) Ogae(r’), (S1)

== Z/drdr’ (do - ImG(r —1') - dp)

({&ega r)Ggse(r p} paega(r))v (S2)

20%6

where 6,.(r) = & _(r)éc(r) destroys a fermionic atom in
excited state e at positon r and creates a fermionic atom
in ground state g, at positon r. The operators C(T)( ),
X € {90,91, ¢}, fulfill the usual fermion anticommutation
relations.

The electromagnetic Green’s tensor at position r is
given by

3r ethor
= — I —7r r
6 = {-rei
ieikor e’ik‘o’r
I-3t®t) | —5 — S3
+W-sred] [ - oo
where ¢ = r/r, r = |r|, and I is a three-component

identity matrix. The dipole operators are d,, = Cyn,
which depend on the Clebsch-Gordon coefficient C,, =
(9/2,-9/2 4 ;1,—|11/2,—-9/2) and the polarisation
vector n,, ng = e,, n; = (e, + ie,)/v/2, of the rele-
vant transitions.

Lindbladian in momentum space

Expanding the atomic creation operators in a single
particle basis as ¢f(r) = Y, pi(r)el ¢!, where cT creates
a fermionic atom in the state described by the wave-
function ¢;(r), we obtain from Egs. (S1) and (S2) the
model

=SS ARG o, (S4)

a,B ijkl
,kl ~ Akl A~ An
ZZFU ({ elng(, gﬁeap} - 20 Bepa-elana)
a,B ijkl

(S5)

where we normal ordered the Hamiltonian part to not
introduce spurious self-interactions and the matrix ele-
ments are defined as

A / drdr’ 3:()é5() Re Gag(r — 1) dic(r')a(x').

(S6)
L' = / drdr’ §;(r)¢;(r) Im Gap (r —t') di(x) 1 (x),
(S7)

with the projections
GOQ = Cg (1’10 -G - I_lo) 5 (SS)
G11 :C12 (Ill 'G'fll), (Sg)
G01 = GlO = COC’1 (Il() -G - fll) . (SIO)

Mode-conserving approximation

In a first approximation we only keep terms that con-
serve the modes of the involved particles, e.g. we match
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the creation and annihilation operators in Egs. (S4) and
(S5) by setting ¢ = j, k =1 or i =1, k = j. While this
approximation is uncontrolled it has been shown to be ef-
fective in describing the dynamics of a variety of systems
(citations).

This results in the master equation presented in the
main text,

T kk7qq FUNY:
H= Z Z A Ce kcgg C‘JoukC@ q
a,B

kq

+ ZAkq ke Tkégg Cgarqlek | (Sll)

k#q
KK, A kk Kk
ZF qq( GgsePTcge — {Ueg gﬁe’p})
a,B \ kq
kq,qk k
+ ZF 5 (20'9116/)0'69& - {0’691 gﬁe’p})
k#q

(S12)

Mean field equations of motion

Starting from the master equation of Egs. (S11) and
(S12) we can derive equations of motion for the elements
of the density matrix. Since we used a mode-conserving
approximation, we also only consider the evolution of
mode-diagonal elements of the density matrix, specifi-
cally phg = <éL7qéy7q> with u,v = e, go, g1-

When deriving equations of motion for these two-body
operators we generically encounter expectation values of
4-body operators of the form (AL lciJcH k€ 1). We fac-
torise these as

(@18l 5w wburn) m (@] sew )@l s ) — (e e (el senn)
= (BB — e e
~ Bndp(Gl VG ) — Ol (G )8,

where the first approximation assumes that 4-body op-
erator factorise into 2-body operators as for a non-
interacting Fermi gas, and the second approximation as-
sumes that there are no mode-off-diagonal correlations.
The first approximation is justified as long as there are
no strong correlations in the initial state, and as long as
interactions do not result in significant correlations dur-
ing time-evolution. The second approximation is exact
for the initial state we consider, but will become invalid
as coherences between different momenta build up dur-
ing time evolution. However, since the initial dynamics
will be dominated by the initial coherences which are di-
agonal, we expect this latter approximation to be good
at least for short times.

With these approximations we then obtain the equa-
tions of motion as

dpqq ZZ — pfsse)pee. rka,ak
a
. kk o kk
ﬂzz (pa%rpif Al i 023 )
a,B k
(S13)
dpgage

z : kq,qk
: — f!( pgaga) ce I q
z : § : kk Jkk
Z (pegapgﬁe qq pgaepegﬁ(;qq )
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(S14)
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Here, Qkk a9 = Akk’qq + Fkk’qq We further used that
gkq Ka' _ gkq,k q _ gk q kq and Zk Ea Fgl;,kq =T/2

af
for the matrlx elements in the geometry we consider with

the explicit expressions derived next.

FEvolution of the excited state population

Considering for a moment only the evolution of the
excited state population in Eq. S13, we note that the
first line corresponds to spontaneous decay of the excited



state e in momentum q to ground state g, in momentum
k mediated by I'k39k and Pauli blocked by 1 — p{37=.
The second line in contrast can result in a sub/super-
radiant decay mediated by the interactions ggg’kk and
the coherences p®9.

For the initial states we consider we have p9°90 ~
cos?(0/2) which therefore controls the Pauli blocking
factor. In contrast the relevant initial coherences are
P90 p9o¢  ~  (sin(f/2) cos(A/2))?. Since we normalise
the decay rate by the initial excited state population
p°¢ ~ sin?(6/2), the interaction induced change scales
as cos?(6/2).

Matrix elements for 2D homogeneous system

In the strongly confined two dimensional limit an ap-
propriate single particle basis is given by ¢;(z,y,2) =
fwo( ) Qz 2Z+qq, yy) Where 1/]0( ) — #e_(z/a2)2/2

a,\/m

is the ground state harmonic oscillator \A\{;V(e—function
along z and a, = \/h/(Mw,) the corresponding oscilla-
tor length, e%(%.»7+%.v¥) are plane waves in the 2D plane,
and A is the two-dimensional area of the homogeneous
system. In our simulations we use w, = 40 kHz unless
stated explicitly otherwise.

In this basis the matrix elements of the Green’s func-
tion become [c.f. Egs. (S6) and (S7)]

1 I irap(Q—ai) Lirhp (Qr—au)
72 erDerDe 2D (95 —9q: e'r2p qr—4qi
A

/dzdz/|1/10(z)|2 G(rap —1hp, 2

Glj Jkl

2') o (")
(S17)

Defining the second line as the two-dimensional Green’s
function G?P we then have

Gl _ LQ / drypei™20 (@i —a0)
A

drlype™2p(=a) G2P (v, — vl ) (S18)
1 -
= Z‘Sqﬁqi+(qqu)G2D(qJ - q;) (S19)

with é2D(q) = ferDeil‘qu G2D(I‘2D).

Calculation of the 2D Green’s function
We can compute the 2D Green’s function as

G*P(q / drype™2PaG2P (ryp) (S20)

= / erDeirZDq

/ dzd=' o) 2 Grap, = — ') [go() (S21)

/
:/drzpeir“’q dzdz'dqz %e_ique_iq;Zl
2 27

/ Fllo?)(2) G(rap, = — ') Flltol?)(d])

(522)
dq, ~
= | SEF(00P)(a:)C e 4y 0:) Flluol*)(~a:)
(523)
where we defined F[[¢0*](g:) = [ dz|vo(2)[?e"%* and

= [d*qe' T G(r).

Fourier-transform of the Green’s function

We evaluate the Fourier transform of the 3D Green’s
function, GR(I = [dqe' TG (r), a

- B (27)3 2/€(2)+q2 aa o A
2
+——(G®4q S24
Tl = k%)(q q) (524)
and
~ (27)3 1
Grla) =~ 2 (I-a®da)d(g— ko). (525)

These expressions allow the explicit evaluation of the
two-dimensional Green’s function G2P(q) as shown in
the next subsection.

Imaginary Part/Consequences of 2D on Pauli blocking

Explicitly, the imaginary part of the 2D Green’s tensor
reads

1 1

——— (KI-d*a®4q) 0(ko —

27_‘_]{:8\/@(0 ‘JQ®Q)(0 Q)
(S26)

where q = (gz, ¢y,0) is the in-plane momentum and we

dropped the factor e/ 2a2(k3-4¢") which reduces to 1 in
the strongly confined limit a,k — 0 with the harmonic
oscillator length a, = v/h/(Mw,)

G7P(q) =



We point out the following important modification in
the two-dimensional setting. Whereas in 3D [Eq. (S25)]
the imaginary part couples states q to states g’ on a
spherical shell with |q — q'| = ko, in 2D [Eq. (S26)] the
coupling occurs to all states with |q — q'| < ko.

To understand the relevance of this for Pauli blocking,
consider a perfect Fermi sea at T' = 0 with kg > 2k;. In
3D all states inside the Fermi sea then couple to states
outside the Fermi sea, and no Pauli blocking can occur.
However, in 2D for every state inside the Fermi sea at
least some of the coupled states will always also be within
the Fermi sea, resulting in some degree of Pauli blocking
for arbitrary ko.

Approximating harmonically confined gas

We have developed our master equation in a plane wave
basis, which describes a homogenous system in a box
potential. To facilitate comparisons of this model with a
weakly trapped harmonically confined system, we have to
properly choose the parameters of the box trap to adjust
for the distinct densities of states.

Specifically, for a homogeneous 2D gas in a box of size
L x L, the density of states is constant with each momen-
tum state occupying a volume of ((27)/L)? in momentum
space. The Fermi energy is Er = h?k%/(2M) in terms of
the Fermi momentum kr and the atomic mass M. Given
the constant density there are

k%
((2m)/L)?

particles within the Fermi sea.

In contrast, for a 2D harmonically confined gas the
density of states is linear in energy E. The Fermi energy
depends on the total atom number and trapping param-
eters as Ep = hw, V2N for a radial trapping frequency
w . For all simulations in this work we use w; = 150
Hz.

To now make a direct comparison of the box system
to the trapped system, we want to ensure that both have
the same Fermi energy Er and the same number of par-
ticles N. Therefore, we choose the box size L of the
homogeneous system as

wk?
L= Fo—
\/47r2N

in terms of the Fermi energy Er of the harmonically
trapped system, and the total atom number N.

At finite temperature the harmonically trapped
gas expands further. To account for this effect we
scale L by an N and T dependent factor obtained
from a semi-classical calculation. Using the semi-
classical distribution function of a trapped Fermi gas,

_ 1 .
f(rp) = 2= peey g (e pEmwyTCy v g where Z is the

N = (S27)

MEp
2mh2N

(S28)
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fugacity ensuring normalisation [ d?rd?p frp(r,p) = N,
we can compute the ”average area” the Fermi
gas occupies at finite temperature. Defining
(r*)(T,N) = [dpd*rr*f(r,p)/ [ dpd*r f(r,p)
we rescale the box size L by the thermal expansion
factor \/(r2) (T, N)/ (r2) (0, N).

Exact HO matrix elements

To estimate the accuracy of the plane wave approx-
imation, we compare to calculations performed in the
harmonic oscillator state basis. Thus, we need the ma-
trix elements of the Green’s function with respect to the
2D harmonic oscillator wave-functions ¢, (X,Y’), where
n = (ng,n,) are the harmonic oscillator quantum num-
bers:

Pag™™™ = / Prd’t Gy (X', )nz (X, V)
X I GZE (1 — 1) ng (X, Y )y (X', Y)
1
_ / 020 F [y dma] (@) Im G25(q)

(2m)?
F [¢nz (bns] (_q)'

(529)

These cannot be evaluated analytically in closed form,
and are numerically extremely challenging to compute
due to the fast oscillations in the harmonic oscillator
wave-functions. However, we can reduce their computa-
tion to a semi-closed expression consisting of sums over
analytically known terms similar to the calculation in
[68]. We note that the required number of these ele-
ments grows as na, .., where n,,4, is the largest included
harmonic oscillator index, making simulations for a large
number of atoms or finite temperature unfeasible.

Semi-classics

In Eq. 3 of the main text, the first line can be used
to obtain the modification of the radiative decay due to
Pauli blocking for a non-interacting system assuming a
plane wave basis in the transverse direction. Inspired
by the semi-classical analysis described in Ref. [16] we
can generalize our equation to describe the decay rate of
an harmonically tapped gas. This yields the following
expression describing the decay rate of the excited state
as

Yo PPad’kd’r fo(k,r)TEEUN[1 — [y, (q,1)]
[ d&3kd®r f.(k,r) ’
(S30)
where TK%9% describes spontaneous radiative decay from
an atom in momentum #hk in the excited state to mo-
mentum hq in ground state o while emitting a photon
of momentum A(k — q). In 3D, we have that F};?C;qk ~

Veft =



d(k —q| — ko) [see Eq. (S25)], such that decay occurs
into states q on a sphere of radius kg around the initial
momentum k. The distribution functions are directly re-
lated to the semi-classical distribution function for har-
monically confined fermions in 3D

frp (q,1) =
1

z-1 exp [75 (Zi=w,y,z war?/? + h2q12/(2M))] +1

($31)

where 8 = 1/(kgT), kp is the Boltzmann constant, M is
the atomic mass, w; are the trapping frequencies and Z is
the fugacity ensuring normalisation, [ d*qd®r frp(q,r) =
N. These expressions reduce to the ones used in Ref. [16]
for the corresponding initial states and level configura-
tions considered there.

The initial Rabi excitation with a laser resonantly ad-
dressing the g9 — e transition with laser wave num-
ber k; and pulse area 6, leads to a shift of the initial
distribution by a momentum kj associated to the ab-
sorption of a laser photon. The resulting distributions
can be written as f.(q,r) = sin(0)?frp o(q — ki, r) and
fgo = cos(0)?frpo(a,r) and fy, = frpi(q,r), where
the indices 0,1 denote the different fugacities Zy, Z; as-
sociated to the gyo and g7 initial populations in the case
of imbalanced mixtures.

In 2D we instead have

> [d*ad*k d®r fo(k,r)[2Dkadk (] _ f (q,r)]
[ d*kd?r f.(k,r)

Veff =

(S32)
where now is the corresponding 2D expression and
allows decay into all modes with |q — k| < ko [see
Eq. (S26)], and f is the two-dimensional semi-classical
distribution function. Since the laser is oriented per-
pendicular to the 2D plane, k; ~ kge,, there is no
momentum transfer within the 2D plane and we have
fe(q7 I‘) = Sin(9)2fFD,0(qv I‘), fgo = COS(O)QfFD,O((L I‘),
and fg, = frpa(q,r).

]_"2D

Extension to array of 2D pancakes

It is straightforward to include a number of pancakes in
our model. Every index q = (¢z, ¢y) now also includes the
z lattice site, such that q; = (¢z, gy, n:), and the single-
particle basis becomes ¢q, = ﬁei(‘?”*qyywo(z — n;a)
with the lattice spacing a.

We need to compute the generalised matrix-elements

G%/klele = /d3rd3r’ q_Sqi (r)¢x, (r) Gryr(r — r')

éQz (r/)¢Ks (I‘/)
($33)
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for the cases q; = k;, Q; = K, and q; = Qy, k; = K.
In the latter case, the integrand contains the product
Yo(z —nia)o(z — nja)ho (2 — nia)o(z’ —nja) which is
exponentially small for ¢ # j due to the Gaussian decay
of the ground state oscillator wave-function, and can be
safely neglected for a, < a, where a, is the spread of the
ground state wave-function .

Therefore, the inclusion of the pancake degree of free-
dom only requires the additional terms with q; = k;,
Q; = K, . These reduce to

Gt = 1/4% / Brde)2(2) G s (-t WE (2 —(ni—n;)a),

(S34)
which do not depend on the momentum degrees of free-
dom. Thus, these integrals can simply be evaluated nu-
merically for the discrete set of n; — n;.

Model and density distributions in array of pancakes

To model the experimental sequence, we start from the
semi-classical density distribution n.(z,y,z; Nu,8) =
J @pfrp(r,p) of the 3D Fermi gas with the trapping
frequencies given below at the inverse temperature
with a total number of atoms Ny, N7 in the ground
states go,g1. To determine the number of atoms Ny,
that end up in each pancake n; after switching on the
optical lattice, we integrate the distribution to obtain

Non, = f(:iijll//;); dz [ dzdyne(z,y, z; No, 8), where a
is the z lattice spacing.

Having determined the atom number N, ,, in each
pancake n;, we then define the momentum plane wave
basis in each pancake. The occupation of momentum
modes is sampled from independent 2D Fermi-Dirac dis-
tributions in each individual pancake at the given tem-
perature and atom number.

All results in the main text then refer to the total pop-
ulations and decay rates summed over all pancakes.

Experimental sequence

Our experiment starts with the preparation of a de-
generate Fermi gas as described in Ref. [69]. 87Sr atoms
in all 10 nuclear spin states are evaporated to a tem-
perature of 0.6 times the Fermi temperature with radial
confinement of w,, = 27 x 100 Hz and axial confinement
of w, = 27w x 500 Hz. Optical pumping is used to remove

atoms in mp = —9/2 so that the number of atoms with
spin mp = —9/2 is a factor of 10 smaller than the number
of atoms in mp = —7/2. The atoms are then adiabati-

cally loaded into a vertical 1D optical lattice. The radial
trap frequency in the lattice is w, = 27 x 150 Hz, and
the axial trap frequency is v, = 44 kHz which gives a
Lamb-Dicke parameter along z of n = \/ufec/l/z = 0.33,
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FIG. S1. (a) Experimental setup. Light spin-selectively ex-
cites degenerate fermions trapped in a 1D optical lattice.
The atomic population is then measured using a separate
readout pulse, and the fluoresced light is detected using a
high NA imaging system. (b) Readout scheme. Atoms in
1Sy, mp = —9/2 are coherently excited to 3P, F = 11/2,
mp = —9/2 using a short square pulse with pulse area 7.
After tyqit the ground state population is removed and the
number of excited atoms is read out after returning to the
ground state via fluorescence imaging on the 'Sy - 'P; tran-
sition.

where V2, is the recoil frequency of the probe laser. The
vertical extent of the cloud is 4 pm so that roughly 10
pancakes are loaded with 1000 atoms in mp = —7/2 in
the central pancake at a Fermi energy of 320 nK. The

measured optical depth of the mp = —9/2 component is
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0.8.
In order to directly measure spontaneous decay dy-
namics, we then coherently excite the mp = —9/2 atoms

on the 'Sy - 3Py, F = 11/2 transition at 689 nm. With
its natural lifetime of 21.3 us the ®P; decay can be easily
observed in a time-resolved fashion. An applied magnetic
bias field of 3 G splits the excited state’s sublevels so that
the atoms can be selectively excited to the mp = —9/2
state using a 5 ps w-pulse with m-polarized light. The
probe beam is incident with 5 degrees with respect to z,
as shown in Fig. S1 (a).

To achieve fast, high signal-to-noise ratio measure-
ments, the atomic state readout is performed using the
30.4 MHz broad 'P; transition, where roughly 100 pho-
tons can be scattered in 1 us per atom. Around 1% of the
fluoresced photons are detected using a high resolution
imaging axis with a numerical aperture NA = 0.23. The
experimental sequence is shown in Fig. S1 (b). First, the
mp = —9/2 atoms are excited to the 3Py, F = 11/2,
mp = —9/2 state as described above. After a vari-
able time fyq:, a 10 us pulse of high intensity Ip,
light causes significant recoil heating to the ground state
atoms, which are as a result removed from the trap. Af-
ter a further 1 ms, all excited atoms have decayed back
to the ground state. A fluorescence image is then taken
during a 2 ps long 'P; readout pulse along the vertical
camera axis. Wait times are varied from 1 ps to 200
ps, and 200 randomized measurements are recorded over
20 different wait times. The lifetime is then extracted
from the time constant, which is determined by fitting
the entire data set to a single exponential.
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