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We experimentally and theoretically study the formation of dressed states emerging from strong collective
coupling of the narrow intercombination line of Yb atoms to a single mode of a high-finesse optical cavity. By
permanently trapping and cooling the Yb atoms during their interaction with the cavity, we gain continuous
experimental access to the dressed states. This allows us to detect both their field and their atomic properties,
by simultaneously measuring the steady-state cavity transmission and free-space fluorescence. By varying
the cavity and probe frequencies, we observe coupled atom-cavity states with atom-number-dependent splitting,
the hallmark of collective strong coupling of the atoms with the single cavity mode. We find additional
fluorescence output at atomic resonance, which we explain by the effects of dephasing and inhomogeneous
broadening. We compare our experimental results with a theoretical model and find good qualitative agreement.
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I. INTRODUCTION

Cold atomic ensembles in optical cavities are a versatile
platform to study collective effects such as self-organization
[1-6], super- and subradiance [7-15], and in general long-
range or even arbitrary cavity-mediated interactions [16-20].
Based on these effects, various applications have been
proposed, ranging from quantum simulators and comput-
ers [21-23] to ultraprecise lasers and active optical clocks
[24-28]. Trapping light in the confined geometry of an optical
cavity massively enhances the interaction between a photon
and a single atom. In the presence of many atoms, this in-
teraction is in addition collectively enhanced, which allows
for very strong light-matter interactions and the achievement
of very large collective linewidths even when working with
atoms that possess very narrow natural linewidths due to the
constructive interference of their emission amplitudes. With
this, one can work in a regime where very strong nonlineari-
ties can be generated while unwanted decoherence channels
such as spontaneous emission are weak, which is an ideal
ground for future quantum technologies.

However, this field faces a major challenge which arises
from atomic motion inducing line broadening and also even-
tually the loss of atoms. Cooling and trapping [29] of the
atoms in a regime where the total broadening is smaller than
the collectively enhanced coupling strength is a minimum
requirement. In several experiments this is achieved in a se-
quential way where first the gas is cooled and prepared in
a trap and then one investigates collective effects emerging
from the atom-cavity coupling in a second step. In this second
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step the atoms will heat, which leads to the loss of atoms and
sets the time limit on which operations can be performed.
This is a major limitation and only recently several groups
investigating light-matter interaction with narrow linewidth
atoms have proposed [26,30-35] and realized [36,37] the
operations of such devices in a continuous regime where
atoms are constantly refilled. An alternative to such atomic
beam configurations is to achieve continuous operation due
to simultaneous trapping and cooling that counteract adverse
heating effects. The possibility to achieve with this continuous
lasing on a narrow line has been proposed by several the-
oretical groups [38—42] and partially realized in experiment
[43,44]. An open question here is to understand the formation
of dressed states between the narrow-line atomic transition
and the optical cavity mode. In particular, it has not been
explored experimentally how broadening due to motion and
incoherent light scattering affects the spectral features of the
emerging dressed states.

In this paper we address this question by experimentally
and theoretically investigating the dressed states formed by
strong collective coupling between the 'Sy <> P, intercombi-
nation line of '"*Yb atoms and a resonant optical cavity. The
formation of dressed states has been studied in several works
ranging from single-atom experiments [45-52] to atomic en-
sembles [50,53-56]. More recently, these studies have also
been extended to narrow intercombination lines [33,57,58].
In contrast to these studies, we observe the dressed states in
a fully continuous fashion which is facilitated by simultane-
ous cooling and trapping with a magneto-optical trap on the
1S, <> P transition. Besides the fundamental interest in such
continuous collective coupling regimes, it also allows us to
efficiently collect and analyze free-space fluorescence from
the narrow transition over several seconds.

Over such long timescales, we detect the photonic and
the atomic character of the dressed states by measuring the
cavity transmission and by detecting the fluorescence from
the narrow intercombination line, respectively. We compare
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FIG. 1. (a) Schematic of the experimental setup for probing the
atom-cavity coupled states. Atoms are held by a conventional three-
dimensional MOT on the 'Sy <> ' P, blue line and a laser drive is
provided along the cavity axis. The cavity transmission is detected
using a photomultiplier tube (PMT) and an avalanche photodetector
(APD) is used for counting the fluorescence photons emitted by the
atoms into free space. (b) The atomic level scheme shows the relevant
transitions for the experiment, where the atoms are held using the
broad blue transition and the atom-cavity interaction is on the narrow
1S, <> 3P, intercombination line.

these measurements to theoretical predictions that include
inhomogeneous broadening of the narrow atomic line. We find
qualitative good agreement for realistic atom numbers and
broadening. Our work is a step towards exploring the behavior
of narrow-linewidth atoms strongly coupled to optical cavities
while they are continuously trapped on a broader line, which
is a possible scenario for their use in quantum technologies.

This paper is structured as follows. In Sec. II we describe
the experimental setup, while Sec. III introduces our theo-
retical tools. In Sec. IV we report the measurements of the
cavity-field transmission and the free-space fluorescence and
compare them to theory. In Sec. V we summarize our results
and discuss our conclusions.

II. EXPERIMENTAL SETUP
AND MEASUREMENT PROTOCOL

A. Lasers

Two lasers are employed. One is used for cooling and
trapping the Yb atoms in a conventional six-beam magneto-
optical trap (MOT) on the 'Sy <> 'P; dipole-allowed transi-
tion at Ayor = 399 nm (so-called blue transition, linewidth
ymor = 27 x 29.1 MHz). The other laser is nearly resonant
with the 'Sy < 3P, intercombination line at A = 556 nm (so-
called green transition, linewidth y = 27 x 182.4 kHz); it is
used as a probe to drive the atom-cavity system through a
cavity mirror. The blue laser is frequency stabilized via a
transfer locking scheme [59] and the green laser is stabilized
to the green transition by atomic-beam spectroscopy. Both
lasers are tuned with acousto-optical modulators (AOMs). The
relevant transitions are displayed in Fig. 1(b).

B. Atoms

In the experiment we work with "*Yb atoms that are
evaporated from an oven operating at 500 °C. The collimated
atoms are guided to a MOT and slowed down by a Zeeman
slower operating on the 'Sy <> 'P; transition. The MOT,

typically operating at Ayjor = —27 x 30 MHz with a total
optical power of 6.5 mW, traps and cools the atoms in a
spatial region approximately 1 mm in size around the center
of our optical cavity [see Fig. 1(a)]. In the overlap region
between the MOT and cavity mode, about 10*-10° atoms are
held at a temperature of 5-10 mK.

C. Cavity

The high-finesse optical cavity has alength of L = 4.78 cm
in the Fabry-Pérot configuration and waist radius of 87 um
in the TEMy, mode. It couples to the 'Sy <> P, atomic
transition at A = 556 nm, where it has a loss rate of x =
2w x 70 kHz (finesse F = 45000). A single atom in this
setup couples to the cavity with a vacuum Rabi frequency
go = 27 x 66 kHz, corresponding to a single-atom coopera-
tivity Cy = g%/fcy = 0.34 [60]. By trapping a large number
N of atoms in the cavity mode, collective strong coupling
C = NC; > 1 is achieved, which leads to the formation of
atom-cavity coupled states in the system that we investigate.
Nevertheless, since the beam waist of the cavity is small com-
pared to the size of the cloud itself, only a small percentage of
the total number of atoms interact with the cavity.

The cavity length is stabilized by locking it to a reference
derived from the green laser. In our setup, we use a reference
beam which is 0.4 GHz shifted from the green transition
frequency and resonant to the 15th transverse mode of the
cavity. Feedback is applied to piezoelectric actuators attached
to the cavity mirrors. The uncertainty of the cavity frequency
is on the order of the cavity linewidth. The cavity frequency
is then controlled by shifting the frequency of the reference
beam with an AOM.

D. Detection

Detection in our setup happens in two channels: first, de-
tection of the cavity transmission, and second, detection of
the atomic fluorescence emitted into free space. The trans-
mitted light from the cavity is collected to a single-mode
fiber and detected with a photomultiplier tube (PMT). In the
figures shown below, 1 mV of the PMT signal translates
to about 70 pW of cavity output, or approximately 4 x 10*
photons inside the cavity. Fluorescence is recorded using a
telescope imaging scheme with a pair of 1-in. lenses to collect
and collimate the photons, which are then fiber coupled to
an avalanche photodetector (APD) in counting mode. A color
filter rejects the blue MOT fluorescence.

E. Measurement protocol

The measurement begins with loading the atoms into the
MOT, tracking the fluorescence at 399 nm as a measure of
number of atoms trapped. The atomic flux to the MOT is
regulated using a motorized mechanical shutter. Using this,
we control the number of atoms that interact with the cavity.
The cloud position is adjusted by the MOT beam directions
and powers and monitored with CCD cameras to ensure the
geometrical overlap with the cavity mode. Once good overlap
is attained that supports the formation of the atom-cavity
states, the cavity is driven with the probe laser. The intensity
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of the probe is chosen such that it leads to an intracavity power
of 100 uW.

With the atoms inside the cavity, we set the detuning of
the cavity to a fixed value A, and scan the frequency of the
probe laser A,. For each parameter set (A, Ap) we measure
the cavity transmission and free-space fluorescence using the
PMT and APD, respectively, for 5-10 s to obtain a good
signal-to-noise ratio.

We emphasize some aspects in which our experimental
situation is peculiar and regarding which our results are novel.
First, the atom-cavity states are subject to dephasing induced
by (i) the MOT beams and (ii) the strong saturation of the
green transition inside the cavity. Second, on the scale of the
cavity and atomic linewidth, there is significant inhomoge-
neous (Doppler) broadening due to the MOT temperature. To
overcome these effects, we trap a large number of atoms and
produce a Rabi splitting nearly two orders of magnitude larger
than the linewidth. Finally, by measuring the fluorescence
when the strong probe is inside the cavity, we not only observe
the cavity transmission but also have simultaneous access to
the atomic response of the coupled system.

III. THEORETICAL DESCRIPTION
A. Mean-field description

We use a mean-field description for the dynamics of N
two-level atoms with the internal ground (excited) state |g)
(le)) interacting with the driven cavity mode. This model is
a generalization of disordered spin systems which have been
connected to the formation of dark states in cavities [61-65].
In our approach we replace all quantum operators by their
expectation values. The equations of motion describing the
coupled driven-dissipative atom-cavity dynamics are given by

da .
EZ(Z(A —A) — )Ot—l——l— E S, (D
ds . Y+ .
dtj = (l(Ap wj) — ) )Sj-i-l?otZ], (2)
dz:
% = —y(1 +z)) +igo(e’s; — sia), )

where a = (a), s; = (6;), and z; = (6;) are the mean values
of the cavity-field annihilation operator a, the lowering opera-
torcr = |g); j{el, and the inversion operatoro =le); jlel —
lg); j(g| respectively. This description is derlved in a frame
rotating with the laser frequency w;, and we have introduced
the respective detunings between cavity and atom A, = w, —
w, and between laser and atom Ap = w, — w,. In Eq. (1)
we have introduced the cavity linewidth «, the cavity-field
driving amplitude 7, and the vacuum Rabi frequency go. The
frequencies governing the dynamics of the atomic degrees of
freedom [Eqgs. (2) and (3)] are the natural atomic linewidth
¥, homogeneous dephasing y4, and an atom-dependent fre-
quency w; which is drawn from a distribution function

1
V2w Aw?

Inhomogeneous broadening described by Aw and ho-
mogeneous dephasing described by y4 is introduced to
model several effects in our experiment including Doppler

flw) = e /@A) (4)

broadening, magnetic shifts, and random motion introduced
by the MOT.

Equations (1)—(3) are the basis of our theoretical analysis,
and in the following we will derive the stationary state which
is used for comparison to the experimental results.

B. Stationary state

We will now derive the stationary state of Egs. (1)—(3). We
are interested in both the cavity field and the excited-state
population, which are accessed in the experiment by mea-
suring the cavity transmission and the atomic fluorescence,
respectively.

We find the stationary solution of Eq. (2), which reads

- (P
S = 2Zj o
J Y +va
(Ap — (,()j) =+ lT

®)

Using this result in Eq. (3) and imposing dz;/dt =0, we
obtain the steady-state expression for z;, which takes the form

Bl y+rg)

l+ ——0
(Bpap e+ (25

(6)

= —

With this solution we find s; [Eq. (5)], which is then used to
solve do/dt = 0 in Eq. (1) such that

n
2 (7)
(A —A )+ s+ l—
Here we introduced
é
. m
r= IZ Blel Gy
I+ %
(B (758)’
5
00 —ym
. ~ (Ap—w)+i
- l/ da)f(a)) go\ﬂ\z(y+yd) (8)
o 14+ ——
2
(ap—or+(25)
using the function
f@)=Y 8- ). ©)
J

For very large atom numbers N, this function approaches
f(w) = N f(w) with the distribution function introduced in
Eq. (4). We get then

Ny

-2
(Ap—w)+i T

(10)

Bl +rg)

1+ — -

(ap-r+ (1)
Note that I" depends on «, which requires that one has to solve
Eq. (7) self-consistently with Eq. (10). For A, = 0 = Aw and
zero dephasing y4 = 0 we have I' = NCk, with the cooper-
ativity C = g(z)/(/cy). More generally, I' represents the line
broadening and dispersive shift of the cavity due the presence
of the atoms. The result for the cavity field [Eq. (7)] when

F:ifooda)f(a))
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using Eq. (10) is equivalent to the result found in Ref. [58]
in the limit Aw = 0 = y4. Finally, we calculate the average
photon number leaving the cavity per unit time

S

4
(11)
4= Acis +is[

T =«laf* =

and fluorescent photon number per unit time
Qo +rg)
-
(Bp—wp+(T5e)
g(z,\ﬂ\z(erVd)

1+ ———
(Bp-ar+(250)’
(12)

Py Y25 = [ dons@)
j —00

We solve self-consistently Egs. (10) and (11) for ||, which
is then used to calculate the expressions 7 and F. In the
figures shown later we normalize the quantities 7 and F by
the empty cavity transmission Ty = 1/« and the collective
spontaneous decay rate Ny.

In the next section we use the results of this model and
compare them to our experimental data.

IV. COLLECTIVE LIGHT-MATTER STATES

In this section we present the main results, which include
the measured cavity transmission and fluorescence and their
comparison to the theory described in the preceding section.

A. Measured cavity transmission and fluorescence

In Fig. 2 we show the measured cavity transmission in
units of the voltage detected by the PMT [Fig. 2(a)] and the
measured fluorescence in units of photon counts measured by
the APD [Fig. 2(b)], as functions of the cavity-atom detuning
A, and probe-atom detuning A,. Both detunings are varied
in a range 2w x (—15,...,15 MHz). In the cavity signal
shown in Fig. 2(a), we observe transmission for large detun-
ings |Acl, |[Ap| = 27 x 10 MHz and when A. ~ A,. Closer
to atomic resonance, the transmission peaks show an avoided
crossing and their magnitude tends to zero. The fluorescence
signal, displayed in Fig. 2(b), shows behavior similar to the
transmission, but additionally it exhibits a bright central fea-
ture close to resonance A, ~ 0 across nearly the whole range
of A,. This feature does not appear in the cavity transmission.
To understand this behavior better, we apply our theoreti-
cal model and show the corresponding numerical results in
Figs. 2(c) and 2(d). The cavity transmission displayed in
Fig. 2(c) is in good agreement with the experimental data
in Fig. 2(a). The physical origin of the avoided crossing is
the formation of coupled eigenstates between the atoms and
the cavity. The coupled-state resonances are approximately

described by
Ac 1
L= —2° + 51/A§ + Ng3. (13)

We show the result of this formula as a guide to the eye
in Figs. 2(a)-2(d) for N = 25000, which is thereby used to
estimate the effective number of atoms participating in the
atom-cavity interaction.

A, (MHz)

A. (MHz)

/\ﬁal\QfaQ‘e\Q\ia :{D:\Qf‘ﬁ@(D\,Q\(,B
A, (MHz) A, (MHz)

FIG. 2. Atom-cavity coupled states. (a) and (b) Measurement and
(c) and (d) theory for (a) and (c) cavity transmission and (b) and
(d) fluorescence. (a) Cavity transmission detected with a PMT when
an effective atom number of 25000 is present in the cavity mode.
The white dashed line marks the resonance position according to
the simple dressed-state formula (13). A background originating
mainly from detector noise has been subtracted. (b) Simultaneously
measured atomic fluorescence photon counts in 10 s. Atom-cavity
coupled states are observed as in the case of cavity transmission. The
peculiar feature which appears to be an additional broad resonance
is visible around A, ~ 0. Also shown are the calculated normalized
(c) cavity transmission 7' /7y [Eq. (11)] and (d) fluorescence F/(Ny)
[Eq. (12)], when the cavity is driven with n = 27 x 87 MHz and an
inhomogeneous broadening of Aw = 2w x 0.9 MHz and dephasing
of ys = 2m x 1 kHz are used.

The coupled states are also visible in the fluorescence
[Figs. 2(b) and 2(d)] as their atomic contribution undergoes
spontaneous decay into free space. Importantly, in the theory
prediction in Fig. 2(d), we also find the central feature close
to atom-probe resonance A, ~ 0, which is not part of the
formation of atom-cavity coupled states. It will be investigated
in more detail in Sec. IV C.

B. Atom-number dependence

Controlling the atomic flux into the trapping volume allows
us to extend our experiments and include variation of the atom
number. We focus here on showing the fluorescence excited
via the probe, measured as in the preceding section but for
different numbers of atoms in the cavity mode. Figure 3 shows
the results when A, and A, are varied in the same range as in
Fig. 2. As we go from Fig. 3(a) to Fig. 3(d), the atom number
is increased and correspondingly more splitting is visible. In
Fig. 3(a), corresponding to the lowest number of atoms, the
fluorescence appears very close to the diagonal, A, = A; for
the next higher atom number one can observe the beginning
of splitting close to the atomic resonance. As we continue
to increase the atom number, in Fig. 3(c) a clear splitting
is observed, which becomes noticeably wider as we go to
Fig. 3(d). In the latter two maps, the splitting is accompanied
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FIG. 3. Fluorescence from coupled atom-cavity states as a func-
tion of atom number. The effective atom numbers interacting with
the cavity mode are (a) N = 2000, (b) N = 5000, (c) N = 21250,
and (d) N = 42500, according to the fitted white dashed line. Fluo-
rescence is counted for 10 s per pixel of the maps; the background
from APD dark counts has been subtracted.

by the already observed central fluorescence maximum; for
the smaller values of atom number, that feature masks the
splitting to some extent.

The normal-mode splitting predicted by Eq. (13) is shown
in Figs. 3(a)-3(d) as white dashed lines. The observations
indicate that for the range of atom numbers that we are able
to explore, we reach far into the collective strong-coupling
regime, where the separation of the coupled resonances of the
atom-cavity system is larger than the characteristic frequen-
cies of all relevant broadening mechanisms.

C. Central feature in the fluorescence

In this section we investigate the fluorescence from the
atoms with higher frequency resolution, in particular the cen-
tral feature which, conspicuously, does not appear in the
cavity transmission. In Fig. 4(a) the detected fluorescence
is plotted as a function of probe-atom detuning when the
cavity-atom detuning is set to zero. The laser frequency is
scanned over the range A, = 27 x (=6, ..., 6 MHz) in steps
of 2 x 200 kHz, and for each laser frequency the fluores-
cence photons are counted for 5 s. The measurement shows
two peaks around +5 MHz and a broad peak centered around
atomic resonance. The side peaks are understood as the atom-
cavity coupled states, and their separation is described by
gO\/N [Eq. (13) with A, = 0] corresponding to an effective
atom number of 22 500. Our prediction from theory calculated
using Eq. (12) is displayed in Fig. 4(b) and shows reasonable
agreement with the experimental measurement.

We extend our understanding by spanning the cavity-atom
detuning over the same range as the probe-atom detuning,
with the same resolution. Figure 5(a) shows the measured flu-
orescence vs A, and A.. Figure 5(b) shows the corresponding

. x103 5 x1071
(a) (b)
g 15
2 <
o <1
205 By
< 0.5
0 0
6 -4 -2 0 2 4 6 6 -4 -2 0 2 4 6
A, (MHz) A, (MHz)

FIG. 4. Central fluorescence maximum. Atomic fluorescence is
plotted as a function of laser detuning when the cavity is resonant to
the atomic transition A, = 0. (a) Measured photon counts using an
APD vs probe laser frequency, with 200 kHz resolution. (b) Calcu-
lated fluorescence using Eq. (12), where an effective atom number of
22500 is used with a cavity drive strength of n = 27 x 80 MHz and
inhomogeneous broadening of Aw = 27 x 0.62 MHz.

excited-state population calculated from Eq. (12). Apart from
the coupled states as in Fig. 2, the distinct peak around the
atomic resonance is also visible. We find by exploring our
theoretical model that its width increases with Aw; hence it
is a consequence of the inhomogeneous broadening. It also
requires significant driving strength, which indicates that it is
a saturation feature. Remarkably, when introducing dephasing
va ~ Aw we find that this central maximum flattens out and
becomes invisible. Detecting the feature in our experiment
therefore indicates that inhomogeneous broadening exceeds
the homogeneous dephasing rate in our experiment.

To understand the dependences of this central feature better
we explore the fluorescence theoretically for various values
of inhomogeneous broadening Aw, driving strength n, and
dephasing rate y;. The results of this analysis are visible in
Fig. 6. In all the cases, we look at the calculated fluorescence
using Eq. (12) as a function of the probe frequency.

Figure 6(a) shows the influence of inhomogeneous broad-
ening as we vary Aw while y; and 1 are kept constant. As
one observes, the width and visibility of the central feature
increase for increasing Aw while the normal-mode splitting is
almost unaffected.

In Fig. 6(b) we study the effect of n for a given Aw =
6y. Upon increasing 7, one observes that the central feature

10 x102
— 15, 4 15.0
5 = o .
= 103 0 10.0%
2 i S
o & -2
< 05 4 5.0
-6

© MV QY N6
A, (MHz)

© MV QYN o
A, (MHz)

FIG. 5. Higher-resolution study of atomic fluorescence. (a) Mea-
sured and (b) calculated fluorescence are displayed vs A. and A,
exhibiting the atom-cavity coupled states alongside the broad reso-
nance around A, = 0. The parameters used for the calculation are
the same as in Fig. 4. A frequency resolution of 200 kHz was used
for both A; and A,,.
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- ’ 7, Aw=6y \; ' n=80MHz
=) g |
~
K

—=2y| () ——=2| _ (d)

0
2 0 2 4 6 6 -4 -2 0 2 4 6
A, (MHz) A, (MHz)

FIG. 6. Fluorescence calculated using Eq. (12) by varying dif-
ferent parameters as described below and for an effective atom
number of 22 500 and as function of the detuning A,. (a) Fluores-
cence for different Aw (see the inset) for fixed y;, = 27 x 1 kHz
and n = 2w x 80 MHz. (b) Fluorescence for different values of 7
(see the inset) for Aw = 6y and y; = 27w x 1 kHz. (c) Fluores-
cence for different values of y, (see the inset) for Aw = 6y and
n =2 x 80 MHz. (d) Same plot and parameters as in (c) but for
Aw=1y.

becomes more prominent, indicating the requirement for a
strong drive to observe this feature, highlighting that one
requires sufficient driving power.

Figure 6(c) shows the effect of homogeneous broadening
in the form of dephasing on the fluorescence. To explore its
effect we vary y, for fixed Aw and 5. The observation of the
central feature relies on how big y;, is relative to Aw. When
ya 18 smaller than Aw we observe the central feature. With
increasing y, the central feature becomes less pronounced and
for y; = Aw it seems to disappear completely. We believe
that this effect is an interplay of homogeneous and inhomo-
geneous broadening, as we explain now. For low dephasing
rates each emitter has a very narrow emission frequency. In
the fluorescence, however, we observe a broad central feature
which comes from averaging many narrow emission profiles
at different frequencies. The amount of fluorescence that is
observed when driving at a given frequency is then in a
first approximation determined by the number of emitters at
that given frequency. In contrast, for dephasing rates that are
comparable to the width Aw, one does not address individual
narrow frequency classes since each emitter experiences a
large homogeneous broadening. Consequently, one observes
a washed-out signal that follows the rather flat signal visible
in Fig. 6(c) for y; = 6y.

To stress this competition between homogeneous and inho-
mogeneous broadening in our system even more, we show in
Fig. 6(d) a calculation identical to that of in Fig. 6(c) but for
small Aw = y. Here the central feature is completely absent,

highlighting the importance of inhomogeneous broadening
to observe the central feature. We remark at this point that
the possibility to observe this central feature in experiment
is a consequence of working with narrow-linewidth atoms.
We expect that in a similar experiment working with the
blue transition, the broad line y\or = 27 x 29.1 MHz would
dominate inhomogeneous broadening, thus making the obser-
vation of the central feature impossible.

Before we conclude we would like to draw a connec-
tion between our results and the results in Ref. [65], where
inhomogeneous broadening is understood as a form of disor-
der. By controlling and increasing the disorder strength, that
work demonstrates how disorder can break strong collective
coupling, making the previously dark states cross over to a
distribution of so-called gray states that are visible by an
enhanced cavity transmission close to resonance A, ~ 0 ~
A.. In our experiment disorder originates from the different
frequencies of the individual atoms that result in inhomo-
geneous broadening. Note that even such a simple form of
disorder already breaks the permutation symmetry in the
Tavis-Cummings model, disallowing for a clear separation of
bright and dark states. This form of disorder cannot be fully
controlled in our experiment as it is a combination of several
effects. Still, for large atom numbers for which we have the
strongest collective coupling rate, we observe in the cavity
transmission only the normal-mode splitting and almost no
signal close to resonance. This hints towards the emergence
of cavity-protected states, which have also been discussed in
Ref. [64]. In the fluorescence, however, we observe a very
clear signal in the form of a central feature. A possible ex-
planation for this finding is the formation of correlated states
with a significant number of atoms in the excited state that
cannot emit into the cavity but can emit into free space. Our
experiment could thus also be used to study disorder in col-
lectively coupled models with two clear advancements. First,
we are ultimately only limited by the very narrow transition
line, which potentially allows us to resolve narrower features
as in, for instance, Ref. [65]. Second, this is all achieved in a
continuous (strong) driven-dissipative setting, which, on one
hand, allows us to extract the information of the excited-state
population because of the massively enhanced measurement
time and, on the other hand, makes the physics even richer
because one cannot rely on Hamiltonian descriptions.

V. CONCLUSION

In this work we have investigated the formation of atom-
cavity dressed states in the collective strong-coupling regime
on a narrow atomic line, while the atoms are trapped and
cooled in a magneto-optical trap. The coupled states are ob-
served in the cavity transmission as well as in free-space
fluorescence, which enables us to simultaneously investigate
their photonic character and their atomic character. A theo-
retical mean-field description reproduces the main features
of the experimental observations. A broad atomic resonance
which only appears in fluorescence is also found in the theory
prediction, confirming our understanding. Hence it allows us
to study how inhomogeneous broadening as a result of cooling
and trapping on a much broader transition [66] can affect the
atom-cavity interaction on the narrow line.
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Our simplified theory models effects such as frequency
broadening arising from atomic motion, due to magnetic-field
gradients and fluctuations, and scattering of blue photons, by
two simple mechanisms: inhomogeneous broadening intro-
duced by Aw and homogeneous dephasing described by y4.
Despite these simplifications, we find satisfactory agreement
between theory and experiment. In addition, it should be noted
that the parameters used in the model calculations are consis-
tent with other measurements on the same system [44,66].

Nevertheless, we do not find full quantitative agreement
between the theory and the experiment. The most striking
difference is visible in the dressed-state resonances, which are
far more pronounced in the theory than they are in the experi-
mental measurement. Our theory predicts stable dressed states
even for driving frequencies close to resonance A, ~ 0. This
is not found in the experiment and therefore requires refined
modeling based on further measurements. One possibility
might be a probe-frequency-dependent source of dephasing
and broadening which is particularly pronounced close to
atomic resonance. Such a mechanism might be related to op-
tomechanical forces coming from the green laser light. While
such forces may be expected to have even significant effects
[1,3], they have not been considered in the present paper but
are left for future work.

Our experiment and its modeling demonstrate an approach
to study the formation and properties of atom-cavity states
on a narrow line, far in the collective strong-coupling regime,

and when the atoms are cooled and trapped continuously on
a much (greater than 100 times) wider transition. Notably, we
simultaneously investigate the photonic and the atomic char-
acter of the coupled states. Apart from the coupled states, we
highlight a central resonance, visible only in the atomic signal,
which allows us to draw conclusions regarding broadening
and dephasing mechanisms in the atom-cavity system. Apart
from fundamentally exploring collective latter-might phenom-
ena, we expect our work to find significance, for example,
in applications of narrow-line cavity coupling for ultrastable
lasers or active atomic clocks.
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