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Abstract

Although the concept of a free atom is of use as
a first approximation, a full quantum descrip-
tion of the interaction of atoms with an om-
nipresent electromagnetic radiation field is nec-
essary for a proper account of spontaneous emis-
sion and radiative level shifts such as the Lamb
shift (Chap. 27). This chapter is concerned with
the changes in the atom-field interaction that
take place when the radiation field is modified by
the presence of a cavity. An atom in the vicinity
of a plane perfect mirror serves as an example of
cavity quantum electrodynamics [1, 2, 3, 4, 5].

The interaction between atom and intracav-
ity light field can significantly change the spon-
taneous and stimulated emission of light, and
induce transitions of the atom between different
quantum states. In the case of strong coupling,
it also becomes possible for a single atom to con-
trol the transmission of light through the cav-
ity, and for a single photon to deterministically
change the state of the atom.

Introduction

In the weak coupling regime, the coupling of an
excited atom to a broad continuum of radiation
modes leads to exponential decay (Fig. 79.1a),
as first described by Weisskopf and Wigner [6].
Spontaneous emission may be enhanced or sup-
pressed in structures such as waveguides or bad
cavities. Cavities also introduce van der Waals
forces and the subtle Casimir level shifts [7].

In the strong coupling regime, the excited
atom is strongly coupled to an isolated reso-
nant cavity mode. In the absence of damp-
ing, an oscillatory exchange of energy between
the atom and the field replaces exponential de-
cay (Fig. 79.1b) with a coherent evolution in
time. Experimental investigations of these ef-
fects began [8] with the development of suitable
resonators and techniques for producing atoms
with long lived excited states and strong dipole
transition moments.

79.1 Atoms and Fields

79.1.1 Two-level Atoms

Most of the essential features of cavity QED can
be elucidated by the two-level model atom dis-
cussed in Chapts. 68, 69, 70, and 77 (see also [9]).
A ground state |g) and an excited state |e) are
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Figure 79.1: Upper row: Excitation probabil-
ity of an excited atom. (a) Exponential decay
in free space or bad cavities in the weak cou-
pling limit. (b) Oscillatory evolution in good
cavities or in the strong coupling case. Lower
row: The spectral signature of exponential de-
cay is a Lorentzian line shape (c¢) while the so-
called vacuum Rabi splitting (d) is observed in
the strong coupling case

coupled to the radiation field by a dipole interac-
tion. Using the formal equivalence to a spin-1/2
system, the Pauli spin operators are

Op =04 +0_,
oy =—i(oy —0o_) , (79.1)
0, =040_ —0_04 = [O’+,O'_] ,

with o4 = |e)(g| and o_ = |g){e|]. The quadra-
tures (out of phase components) of the atomic
polarization are given by o, and o,, while o,

is the occupation number difference. The free
atom Hamiltonian is
1
Hatom = ihwoo'z , (792)

where wy = E. — E, is the transition energy.

79.1.2 Electromagnetic Fields

Classical Fields Classical -electromagnetic
fields have longitudinal and transverse compo-
nents:

E(r,t) = E'(r,t) + E*(r,t) . (79.3)
In the Coulomb gauge, the longitudinal part is
the instantaneous electric field. The transverse
part is the radiation field which obeys the wave
equation

2 1P\ gy L9
(V c? Ot2 E(r,t) = €0C? 3t‘7(r’t) '

(79.4)

In empty space, the driving current density
J(r,t) vanishes, and the field may be expanded
in a set of orthogonal modes as

= ZEu(t)e

—iw,r

u,(r)+c.c.,
(79.5)

with slowly varying amplitudes E,(t). The
spatial distributions w,(r) obey the vector
Helmholtz equation

{VQ - (wc”ﬂ uy(r,t) =0,

depending on geometric boundary conditions
as imposed by conductive or dielectric mirrors,
waveguides, and resonators. In free space, plane
wave solutions u,(r,t) = u.e®” have a contin-
uous index p = (k, €) with wave vector k and an
index e for the two independent polarizations.
The orthogonality relation

1
v /V u,, - uid’r =6,

applies. For a closed cavity, V is the resonator
volume. In waveguides and free space, an artifi-
cial boundary is introduced and then increased
to infinity at the end of a calculation, such that
the final results do not depend on V.

(79.6)

(79.7)
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Quantum Fields The quantum analog of the
classical transverse field in (79.4) is obtained
through a quantization of its harmonic modes
leading to a number state expansion. Field
operators obey standard commutation relations
[au,al] = 6,.., and for a single mode with index
i, the amplitude E,, in (79.5) is replaced by the
corresponding operator

E.(t) =&, et E;L(t) = SIL*aLei“’t .
(79.8)
The normalization factor £, is chosen such that

the energy difference between number states
|n), and |[n+1), in the volume V is fuww,,, giving

huw
T Iz
Eéu eV (79.9)
The Hamiltonian of the free field is
1
HField = § h(,du (C’/Lau + 2) . (7910)

14

In the Coulomb gauge, the vector potential A(r)
is related to the electric field E = —0A /0t by

& —iw iw
Au(r,t):—w—“ (aue t+aLe Nuy(r) .
m

(79.11)

The ground state |0),, is called the vacuum state.
While the expectation value (n|E|n) = 0 for
a number state, the variance is not zero, since
(n|EE*|n) > 0, giving rise to nonvanishing fluc-
tuations of the free electromagnetic field.

79.1.3 Dipole Coupling of Fields
and Atoms

The combined system of atoms and fields can be
described by the product quantum states |a,n)
of atom states |a) and field states |n). The in-
teraction Hamiltonian #H; of the atom and the
radiation field is given by (The AZ-term plays
an important role in energy shifts and can only

be neglected when radiative processes involving
energy exchange are considered.)

2
q 2
—A .
5 A7)

Hy (79.12)

——Zp-A(r) +
m

This interaction causes the atom to exchange
energy with the radiation field. In the dipole
approximation, the interaction can be reduced
to the commonly used form of p - E [10], with
the coupling strength proportional to the com-
ponent of the atomic dipole moment d.;, =
g{e|reglg) along the electric field. The coupling
constant

9u(1) = duy - wu(P)EN /B (79.13)
In the rotating wave approximation (RWA)
(Chapts. 68, 69, and 70),

Hrwa = Z h(guorau+ghalo_) , (79.14)
w

where we have used the atomic operators of
(79.1).

For the simplest scenario of a two-level atom
interacting with a mono-mode cavity, the Hamil-
tonian under RWA reduces to the Jaynes-
Cummings (JC) model

1
Hic = §hw00z + hweala + | (ga+a + g*ata_)
(79.15)

where we denotes the cavity mode frequency,
and the zero-point energy of the field is ne-
glected. Note that the JC model is valid only if
the RWA can be employed to describe the coher-
ent dipole interaction between the atom and the
field mode. This usually requires the coupling
constant g is relatively much smaller than the
energy scales of wg and we. Research beyond the
RWA has been conducted in the regime where
the coupling constant g is comparable with the
atomic and field frequencies.

In a continuous electromagnetic spectrum, the
atom interacts with a large number of modes
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having quantum numbers u, yielding exponen-
tial decay of an excited atomic level at the
rate [6]

27
Leg = ) E , E |9u|25(wu —wo) - (79.16)
ik

Here we have separated the discrete (&) and the
continuous part (wave vector k) of the mode in-
dex p. If g, (79.13) does not vary much across
a narrow resonance, then

oy = 27 lgu(w0) Y plwo) . (79:17)

The density of states corresponding to the con-
tinuous mode index k of dimension v can be
evaluated on a r-dimensional fictitious volume
V) as

v

Pp = % 5(wﬂ’k — w) — W/O d”ké(wﬂ,k —w

(79.18

~—

provided w(k) is known, and by converting the
sum (This is formally accomplished by taking
the limit of Ak = 2/l for large [, where [ is
a linear dimension of an artificial resonator, and
the resonator volume is V = [3. If the rela-
tion between mode spacing Ak and geometric
dimension is nonlinear in a more complex ge-
ometry, this analysis can be very complicated.)
over plane wave vectors k into an integral.

The Rate of Spontaneous Emission In
free space [w(k)? = (ck)?], the sum in (79.17)
contributes a factor of two, due to polariza-
tion, to the total density of states in free space,
Prree(w) = Vw? /m%e3. When the vector coupling
of atom and field (79.13) is replaced by its aver-
age in isotropic free space, that is, by 1/3, the
result

627’39603
Doy = Acy = Srechc (79.19)

is obtained for the decay rate A., as measured
by the natural linewidth I'c,.

79.2 Weak Coupling in Cav-

ity QED

The regime of weak cavity QED generally ap-
plies when an atom is coupled to a continuum
of radiation modes. This is always the case with
mirrors, waveguides, or bad cavities. The signa-
tures of weak cavity QED are modifications of
the rate of spontaneous emission, as well as the
existence of van der Waals and Casimir forces.
Formally, this regime is well described by per-
turbation theory.

79.2.1 Radiating Atoms in Waveg-
uides
Within the continuous spectrum of a waveguide,

radiative decay of an excited atomic level re-
mains exponential, and I'c; may be determined

Jas in the preceding section. We now consider

the modifications of spontaneous decay in a par-
allel plate waveguide. According to (79.17), the
theoretical problem is reduced to a geometric
evaluation of mode densities. Between a pair
of mirrors it is convenient to distinguish TE,
and TM,,, modes, where n is the number of half
waves across the gap of width d. The dispersion
relation w(k) reflects the discrete standing wave
part (nm/d) and a running wave part as in free
space,

2 n
wik :02(|k|2+n7r/d) n TE
(79.20)

The average mode density [du = 1, (79.13)] is
evaluated [(79.18), v = 2] with an appropriate
quantization volume containing the area of the
plates, V = Ad, giving

welw
PTE(W) = 7[2}/’&6(:(“}6) )
2w¢
W+ 1] (79.21)
™ _ We | W
P (w) = 42002 pfree(WC) 9

where [z] is the largest integer in z, and w. =
me/d gives the waveguide cutoff frequency. Be-
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Figure 79.2: Modification of the average vac-
uum spectral density (pT® + p™) in a paral-
lel plate cavity (thick line) compared with free
space (thin line)

low w., the TE-mode density clearly vanishes
and, with the pictorial notion of turning off the
vacuum introduced by Kleppner [11], inhibition
of radiative decay is obvious. Figure 79.2 shows
the calculated mode density for a parallel plate
waveguide. The decay rate can be calculated
from (79.17), with the spatial variation of g,
included. This configuration was used for the
first experiments which showed the suppression
of spontaneous emission in both the microwave
and the near optical frequency domain [12, 13]
with atomic beams.

79.2.2 Trapped Radiating Atoms
and Their Mirror Images

Boundary conditions imposed by conductive
surfaces may also be simulated by appropriately
positioned image charges. Inspired by classical
electrodynamics, this image charge model can be
successfully used to determine the modifications
of radiative properties in confined spaces. In the
simplest case, an atom is interacting with its im-
age produced by a plane mirror. Trapped atoms
and ions allow one to control their relative posi-
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Figure 79.3: Sinusoidal variation of the A =
493 nm spontaneous emission rate of a single
trapped Ba ion caused by self-interference from
a retroreflecting mirror. The experimental ar-
rangement is sketched at the bottom [14]

tion with respect to a mirror to distances below
the wavelength of light. Hence they are ideal
objects for studying the spatial dependence of
the mirror induced modifications of their radia-
tive properties. In an experiment with a single
trapped ion (see Fig. 79.3), its radiation field
was superposed onto its mirror image [14, 15],
yielding a sinusoidal variation of both the spon-
taneous decay rate and the mirror induced level
shift with excellent contrast.

79.2.3 Radiating Atoms in Res-
onators
Resonators In a resonator, the electromag-

netic spectrum is no longer continuous and the
discrete mode structure can also be resolved ex-
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a) Open resonator

Figure 79.4: Two frequently used resonator
types for cavity QED: (a) Open Fabry—Perot op-
tical cavity. (b) Closed pillbox microwave cavity

perimentally. While a resonator is only weakly
coupled to external electromagnetic fields, it still
interacts with a large thermal reservoir through
currents induced in its walls. The total damp-
ing rate is due to resistive losses in the walls
(kwan) and also due to transmission at the radi-
ation ports, 1/7'“ = Ky = Kwall T Kout- An empty
resonator stores energy for times

Ti :Q/Wu7

and the power transmission spectrum is
a Lorentzian with width Aw, = w,/Q,. The
index u, for instance, represents the TE;,, and
TMy,, modes of a pillbox microwave cavity, or
the TEMy;,,, modes of a Fabry—Perot interfer-
ometer (Fig. 79.4).

When cavity damping remains strong, I'), >
I'cq, the atomic radiation field is immediately ab-
sorbed and Weisskopf-Wigner perturbation the-
ory remains valid. In this so-called bad cavity
limit, resonator damping can be accounted for
by an effective mode density of Lorentzian width

(79.22)

Aw,, for a single isolated mode,

SN LD
pu(w) = T (w—wp)? + (W /2Qu)?

(79.23)

Bad and Good Cavities The modification
of spontaneous decay is again calculated from
(79.17). For an atomic dipole aligned parallel to
the mode polarization, and right at resonance,
wy, = wo, the enhancement of spontaneous emis-
sion is found to be proportional to the Q-value
of a selected resonator mode:

regy _ pulu(r)| _ 3Q\3 | (’r)‘Q _ 3Q\3
]_'\tfirgee Pfree 47T2V 47T2chﬁ“ ’
(79.24)

where the effective mode volume is Veg =
V/|u(r)|?. The lowest possible value Vog ~ \*
is obtained for ground modes of a closed res-
onator. For an atom located at the waist of
an open Fabry—Perot cavity with length L, it is
much larger. Special limiting cases for concen-
tric and confocal cavities are V5" = \>L(R/D)
and Vet = AL? /2r, respectively, where (R/D)
gives the ratio of mirror radius to cavity diame-
ter.

At resonance, the atomic decay rate I, grows
with @, whereas the resonator damping time
constant x, is reduced. Eventually, the energy
of the atomic radiation field is stored for such
a long time that reabsorption becomes possi-
ble. Perturbative Weisskopf~Wigner theory is
no longer valid in this good cavity limit, which
is separated from the regime of bad cavities by
the more formal condition

Ieg’ > kp (79.25)
The strong coupling case is considered explicitly
in Sect. 79.3.

Antenna Patterns Since the reflected radia-
tion field of an atomic radiator is perfectly coher-
ent with the source field, the combined radiation
pattern modifies the usual dipole distribution of
aradiating atom. The new radiation pattern can
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Figure 79.5: (a) Normalized rate of modified
spontaneous emission in the vicinity of a per-
fectly reflecting wall for ¢ and 7 orientation of
the radiating dipole. (b) Corresponding energy
shift of the resonance frequency. Shaded area
indicates contribution of static van der Waals
interaction

be understood in terms of antenna arrays [16].
For a single atomic dipole in front of a reflect-
ing mirror for example, one finds a quadrupole
type pattern due to the superposition of a sec-
ond, coherent image antenna. In some of the
earliest experimental investigations on radiating
molecules in cavities, modifications of the radi-
ation pattern were observed [17].

79.2.4 Radiative Shifts and Forces

When the radiation field of an atom is reflected
back onto its source, an energy or radiative shift
is caused by the corresponding self polarization
energy. An atom in the vicinity of a plane mirror
(Fig. 79.5) again makes a simple model system.
Since the energy shift depends on the atom wall
separation z, it is equivalent to a dipole force
F 4, whose details depend on the role of retarda-
tion. Here we distinguish between the two cases
where no radiation energy is exchanged between
the atom and the field (van der Waals, Casimir
forces) and where the atomic radiation causes
forces by self-interference.

The Unretarded Limit: van der Waals
Forces When the radiative round trip time
t, = 2z/c is short compared with the character-
istic atomic revolution period 27 /weg, retarda-
tion is not important. In this quasistatic limit,
van der Waals energy shifts for decaying atomic
dipoles vary as z~2 with the atom-wall separa-
tion. Such a shift is also present for a nonra-
diating atom in its ground state. In perturba-
tion theory, the van der Waals energy shift of an
atomic level |a) is

(alg? [(d® - )% + 2(d” - 2)?] |a)
64megz3 '

Avaw = —

(79.26)

Since the van der Waals force is anisotropic for
electronic components parallel (2) and perpen-
dicular (Z;) to the mirror normal, the degener-
acy of magnetic sublevels in an atom is lifted
near a surface. The total energy shift is ~ 1 kHz
for a ground state atom at 1 pm separation, and
very difficult to detect. However, the energy
shifts grow as n* since the transition dipole mo-
ment scales as n?. With Rydberg atoms, van
der Waals energy shifts have been successfully
observed in spectroscopic experiments [18].

The Retarded Limit: Casimir Forces At
large separation, retardation becomes relevant,
since the contributions of individual atomic os-
cilllation frequencies in (79.26) cancel by de-
phasing, thus reducing the A,qw. A residual
Casimir—Polder [19] shift may be interpreted as
the polarization energy of a slowly fluctuating
field with squared amplitude <52> = 3hc/64epz*
originating from the vacuum field noise

1 3hecagy
4dmeq 8mzd

Acp = — , (79.27)
where «g is the static electric polarizability.
The vacuum field noise Acp replaces Ayqw at
distances larger than characteristic wavelengths,
and is even smaller. Only indirect observations
have been possible to date, relying on a deflec-
tion of polarizable atoms by this force [20, 21].
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The Casimir—Polder force can also be regarded
as an ultimate, cavity induced consequence of
the mechanical action of light on atoms [22]. It
is an example of the conservative and disper-
sive dipole force which is even capable of binding
a polarizable atom to a cavity [23].

Radiative Self-Interference Forces Spon-
taneous emission of atoms in the vicinity of a re-
flecting wall also provides an example of cavity
induced modification of the dissipative type of
light forces, or radiation pressure. If the return-
ing field is reabsorbed, the spontaneous emission
rate is reduced and a recoil force directed away
from the mirror is exerted. If the returning ra-
diation field causes enhanced decay, a recoil to-
wards the mirror occurs due to stimulated emis-
sion.

If the photon is detected at some angle with
respect to the normal vector connecting the
atom with the mirror surface, two paths for the
photon are possible: It can reach a detector di-
rectly, or following a reflection off the wall. At
small atom—mirror separation these paths are in-
distinguishable, the atom is thus left in a super-
position of two recoil momentum states.

79.2.5 Experiments on Weak Cou-
pling

Perhaps the most dramatic experiment in weak
coupling cavity QED is the total suppression
of spontaneous emission. For the experiments
which have been carried out with Rydberg atoms
and for a low-lying near infrared atomic transi-
tion [12, 13], it is essential to prepare atoms in
a single decay channel. In addition, the atoms
must be oriented in such a way that they are only
coupled to a single decay mode (see the model
waveguide in Fig. 79.4). This may be interpreted
as an anisotropy of the electromagnetic vacuum,
or as a specific antenna pattern.

An important problem in detecting the modi-
fication of radiative properties — changes in emis-
sion rates as well as radiative shifts — arises

from their inhomogeneity due to the dependence
on atom—wall separation. This difficulty has
been overcome by controlling the atom—wall sep-
aration at microscopic distances through light
forces [18], or by using well localized trapped
ions [14, 15]. Furthermore, spectroscopic tech-
niques that are only sensitive to a thin layer of
surface atoms [24] have been used to clearly de-
tect van der Waals shifts.

An atom emitting a radiation field in the
vicinity of a reflecting wall will experience an
additional dipole optical force caused by its ra-
diation field. This force has been observed as
a modification of the trapping force holding an
ion at a fixed position with respect to the reflec-
tor [25].

Conceptually most attractive and experimen-
tally most difficult to detect is the elusive
Casimir interaction. Only for atomic ground
states is this effect observable, free from other
much larger shifts. The influence of the corre-
sponding Casimir force on atomic motion has
been observed in a variant of a scattering exper-
iment, confirming the existence of this force in
neutral atoms [20, 21].

The success of this experiment shows that
spectroscopic techniques involving the exchange
of photons are not suitable for the Casimir prob-
lem. A notable exception could be Raman spec-
troscopy of the magnetic substructure in the
vicinity of a surface. In general, scattering
or atomic interferometry experiments are more
promising methods. The experiment by Brune
et al. [26] may be interpreted in this way.

79.2.6 Cavity and Di-

electrics

QED

There are two variants of dielectric materials
employed to study light-matter interaction in
confined space: Conventional materials such as
glass or sapphire, and artificial materials called
photonic materials or metamaterials.

While dielectric materials are theoretically
more difficult to treat than perfect mirrors,
since the radiation at least partially enters the
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medium, they have a similar influence on radia-
tive decay processes. One new aspect is, how-
ever, the coupling of atomic excitations to exci-
tations of the medium, which was observed for
the case of a surface-polariton in [27].

Cavities with dimensions comparable to the
wavelength promise the most dramatic modifi-
cation of radiative atomic properties, but mi-
crometer sized cavities for optical frequencies
with highly reflecting walls are difficult to man-
ufacture. So-called whispering gallery modes of
spherical microcavities [28] have been intensely
studied, but no simple way of coupling atoms to
these resonator modes has been found yet.

On the other hand, dielectric materials with
a periodic modulation of the index of refraction
may exhibit photonic bandgaps in analogy with
electronic bandgaps in periodic crystals [29, 30].
Electronic phenomena of solid state physics can
then be transferred to photons. For example,
excited states of a crystal dopant or a quantum
dot cannot radiate into a photonic bandgap, the
radiation field cannot propagate, and the exci-
tation energy remains localized. The bandgap
behaves like an empty resonator, and if a res-
onator structure is integrated into the device,
the regime of strong coupling [31, 32] can be
achieved with such photonic structures. An
overview of suitable systems can be found in [33].

79.3 Strong Coupling in

Cavity QED

Strong coupling of atoms and fields is realized
in a good cavity when I', < I'¢y (79.25). The
Hilbert space of the combined system is then
the product space of a single two-level atom and
the countable set of Fock-states of the field,

H = Hatom ® Held ) (7928)
which is spanned by the states
In;a) = |n)la) . (79.29)

9
o
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Figure 79.6: Level diagram for the combined
states of noninteracting atoms and fields (a)
which are degenerate at resonance. Degeneracy
is lifted by strong coupling of atoms and fields
(b) yielding new dressed eigenstates

The interaction of a single cavity mode with an
isolated atomic resonance is now characterized
by the Rabi nutation frequency, which gives the
exchange frequency of the energy between atom
and field. For an amplitude &£ corresponding to
n photons,

Qn) =guvn+1. (79.30)

This is the simplest possible situation of
a strongly coupled atom—field system. The new
energy eigenvectors are conveniently expressed
in the dressed atom model [34]:

|[+,n) = cosBlg,n+ 1) +sinfle,n) ,

79.31
|—,n) = —sinf|g,n + 1) + cosble,n) , ( )

with tan20 = 2g,v/n +1/(wo — w,). The sep-
arate energy structures of free atom and empty
resonator are now replaced by the combined sys-
tem of Fig. 79.6. At resonance, the new eigen-
states are separated by 2hQg, where Qr = g, is
the vacuum Rabi frequency.
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79.3.1 The
Model

In a microscopic laser, simple atoms are strongly
coupled to a single mode of a resonant or near
resonant radiation field. Collecting atomic and
field operators from (79.2), (79.10), and (79.14),
this situation is described by the Jaynes—
Cummings model Hamiltonian (79.15) [40, 41]

Hic = Hatom + Heeld + HrwA

1
= Shwoo: + hw,al,a, (79.32)

+ h(guoya, + g:aLa_) .

The JC model (79.32) represents the most ba-
sic and, at the same time, the most informative
model of strong coupling in quantum optics. It
consists of a single two-level atom interacting
with a single mode of the quantized cavity field.
The time evolution of the system is determined
by

59Y

"o =HV-

(79.33)

This model can be solved exactly due to the ex-
istence of the additional constant of motion

N=adat+o, +1, (79.34)
i.e., conservation of the number of excitations.
Its eigenvalues are the integers N which are
twofold degenerate except for N = 0. The si-
multaneous eigenstates of H and IV are the pairs
of dressed states defined in (79.31) which are not
degenerate with respect to the energy H. The
initial state problem corresponding to (79.33) is
solved by elementary methods in terms of the
expansion

ZZCJ

n=0 j=1

)|n, ) (79.35)

Jaynes-Cummings where the expansion coefficients are

cxo) = (€20 {costm -
st o)

ey

(79.36)

and

C%(t) = <C’Z(O){ cos[Q(n + 1)t]

+ 12(2(75—&—1) sin[Q(n + l)t}}

Lguvn 1 .
- 1m0 4+1(0) sin[Q(n + 1)t}>

1
X exp [—iwﬂ (n + 2) t] ,

(79.37)

with 0 = w, — wp the detuning between the
atom and cavity and Q(n) =
the generalized Rabi frequency. The coefficients
CJ(0) are determined by the initial preparation
of atom and cavity mode. The result simplifies
considerably for § = 0 to

%((52 + 4gin)1/2 is

o0

|T(t)) = Z {0;1(0) o iw (m—1/2)t

m=0

x [ cos (guv/mt)|m; 1)

—isin (gyv/mt)im —1;2)]

+ 07271 (0) e—iwmu(m-&-l/2)t

x [cos (g vVm +1t)|m;2)

—isin (guv/m+ 16)[m +1;1)]
(79.38)

The coefficients C7 (0) represent any initial state
of the system, from uncorrelated product states
to entangled states of atom and field. There ex-
ist numerous generalizations of this model which
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include more atomic levels and several coherent
fields.

79.3.2 Fock States, Coherent
States and Thermal States

We now illustrate the properties of the Jaynes—
Cummings model by specifying the initial state.
Assume that the atom and field are brought into
contact at time ¢ = 0 and that all correlations
that might exist due to previous interactions are
suppressed.

Rabi Oscillations If the atom is initially in
the excited state and the field contains precisely
m quanta, then

Ch(t=0) = bpmbj2 - (79.39)

The solution of (79.33) assumes the form

|W(t)) = e iwnlmF1/2)t [cos (guvVm +1t)|m; 2)
—isin (guvVm+1t)|m+1;1)] .
(79.40)

The occupation probabilities of the atomic
states evolve in time according to

no(t) = (U(t)[2)(2|¥(t)) = cos? (guvVm+1t) ,
(79.41)
ny(t) = (¥(t)|1)(1[T(t)) = sin® (g, vV/m + 1¢t) .
(79.42)

The photon number and its variance are
(n(t)) <\I/(t)aTa\IJ(t)> =m + sin® (g,Vm + 1t)
(79.43)

(A%n) = (W(t) (aTa - <aTa>)2\IJ(t)>

B sin? (2gﬂx/m + 1t)
= 1 .

(79.44)

In the limit of large m, g,»/m + 1 is proportional
to the field amplitude and the classical Rabi os-
cillations in a resonant field are recovered. The
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nonclassical features of the states are character-
ized by Mandel’s parameter

<A2n> — (n)
Qu=-—"7+-—""2=2-1. (79.45)
(n)
For the present example,
1 sin® (2g,v/m + 1t
Om = —1 4 - —2 Rguv/m+11) (79.46)

4m + sin? (gux/m + lt)

@wm > 0 indicates the classical regime, while Q) <
0 can only be reached by a quantum process.

The Coherent State Consider the case
where the field is initially prepared in a coherent
state

_ t * — o—lal?/2 E a®
a) = exp (aa a*a)l0) =e n),
|cv) p( )| ) P ﬁn!| )
(79.47)

while the atom starts from the excited state

- e—la"/?%aﬂ . (79.48)

In this case, the general solution specializes to

o an
> e
n:O\/E

x [cos (guVn+1t)|n;2)
—isin (gVn+ 1t)n+1;1)]

C3.(0)

—iw(n+1/2)te—\a|2/2

W (t))

(79.49)
and the occupation probability of the excited
state is
na(t) = 1 1+ i Me_‘a|2 cos (2g,Vn + 1t)

2 — n! "

(79.50)

From here, detailed quantitative results can only
be obtained by numerical methods [42]. How-
ever, if the coherent state contains a large num-
ber of photons |a|? > 1, the essential dynamics
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can be determined by elementary methods. Ini-
tially, the population oscillates with the Rabi
frequency € =~ g,|a|, which is proportional to
the average amplitude of the field, as expected
from its classical counterpart. With increasing
time, the coherent oscillations tend to cancel due
to the destructive interference of the different
Rabi frequencies in the sum:

ng(t) = 1

2 [1 + cos(2g, o] t) e~ (92

(79.51)

However, strictly aperiodic relaxation of na(t) is
impossible since the exact expressions, (79.35)
and (79.36), represent a quasiperiodic function
which, given enough time, approaches its initial
value with arbitrary accuracy.

For short times, the oscillating terms in the
sum cancel each other due to the slow evolution
of their frequency with n. However, consecutive
terms interfere constructively for larger times ¢,,
such that the phases satisfy

Gy (te) — dn(te) =27 .

For |a|? > 1, the increment of the arguments is

(79.52)

nt1 — On = gute/laf (79.53)

and therefore the first revival of the Rabi oscil-
lations occurs approximately at t, = m|a|/g,.
A clear distinction of Rabi oscillation, collapses,
and revivals requires a clear separation of the
three time scales

th <t <ts, (79.54)

where t; ~ (g,|a|)~! for Rabi oscillation, t; ~
g, ! for collapse, and t3 = |a/g,, for revival.
The discovery of collapse and revival of Rabi
oscillations is one of the key demonstration of
photons [42, 43, 44]. The typical features of
the transient evolution starting from a coherent
state are shown in Fig. 79.7. With time increas-
ing even further, revivals of higher order occur
which spread in time, and finally can no longer
be separated order by order. It is also proposed

. Population n,(), £ =4
A

1.75
0.5

0.25

Figure 79.7: Rabi oscillations, dephasing, and
quantum revival

that by carefully manipulating the initial states
and atom-light coupling during evolution, arbi-
trary Fock states can be created with prechosen
evolution time [45].

The Thermal State Consider a microwave
resonator brought into thermal contact with
a reservoir, inducing loss on a time scale £~ and
thermal excitation. The dissipative time evolu-
tion is described by the master equation

p=(Lo+L)p
=i[H, p]/h+ k(nen + 1){ [a, paT] + [ap, aT] }

+rnan{[a'pa] + [a'p.a]}
(79.55)

where ny, = [exp(Bhw) —1]71, at T = kgB~1, is
the equilibrium population of the cavity mode,
L symbolizes the unitary evolution according to
the Jaynes—Cummings dynamics and L is a dis-
sipation term.

The solution of this model can be expressed
in terms of an eigenoperator expansion of the

equation
Lp=-Xp. (79.56)

The eigenvalues A that determine the relaxation
rates, as well as the eigenoperators, are known
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in closed form for the case of vanishing temper-
ature [46]. Since energy is exchanged between
the nondecaying atom and the decaying cavity
mode, cavity damping is modified in a character-
istic way due to the presence of the atom. The
technical details can be found in [47].

79.3.3 Vacuum Splitting

In the classical case, the eigenvalues of the inter-
action free Hamiltonian are degenerate at res-
onance. The atom-field interaction splits the
eigenvalues and determines the Rabi frequency
of oscillation between the two states. One conse-
quence is the existence of side bands in the res-
onance fluorescence spectrum [48]. In the quan-
tum case, the field itself is treated as a quan-
tized dynamical variable determined from a self-
consistent solution for the complete system of
atom plus field. The vacuum Rabi frequency
Qyac = g, remains finite, and accounts for the
spontaneous emission of radiation from an ex-
cited atom placed in a vacuum. In the limit-
ing case of a single atom interacting with the
quantized field, the photon number n can only
change by +1, and the population oscillates with
the frequency Q(n) given by (79.30). For an en-
semble of N atoms, n can in principle change
by up to +N. However, if the field and atoms
are only weakly excited, the collective frequency
of the ensemble is determined by the linearized
Maxwell-Bloch equations. The eigenfrequencies
are given by

NE = 2 [itrs + #) £ 42N = (v = 0)?] |

(79.57)

where ”yj_l is the phase relaxation time of the
atom and x£~! the decay time of the resonator.
This is the polariton dispersion relation in the
neighborhood of the polariton gap. The spectral
transmission

Ay + (o — w)

T =%\, 5Hw =)

(79.58)
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of an optical cavity containing a resonant atomic
ensemble of IV atoms reveals the internal dynam-
ics of the coupled system and a splitting of the
resonance line occurs. Ty is the peak transmis-
sion of the empty cavity. The splitting increases
either with the number of photons, approach-
ing v/n + 1 in the presence of a single atom, or
with the number of atoms, approaching v/N in
the resonator when the field is weak. The latter
case is demonstrated in Fig. 79.8 [35] for an opti-
cal resonator with 1-10atoms interacting with
a field that contains, on average, much less than
a single photon.

79.3.4 Strong Coupling in Experi-
ments

In order to achieve strong coupling experimen-
tally, it is necessary to use a high-@Q) resonator
in combination with a small effective mode vol-
ume. This condition was first realized for ground
modes of a closed microwave cavity [8], and
later also for open cavity optical resonators
(Fig. 79.6) [35]. It is interesting to control the
interaction time of the atoms with the cavity
field. In earlier experiments, this was typically
achieved by selecting the passage time for an
atom transiting the cavity. The advancement
of atom trapping methods has also led to the
observation of a truly one-atom laser at optical
frequencies [36].

More recently, this situation has also been
realized for artificial atoms including supercon-
ducting systems [37, 38] and quantum dots [31,
32].

Rydberg Atoms and Microwave Cavities
At microwave frequencies, very low loss super-
conducting niobium cavities are available with
Q ~ 10'°. Resonator frequencies are typically
several tens of GHz and can be matched by
atomic dipole transitions between two highly ex-
cited Rydberg states. By selective field ioniza-
tion, the excitation level of Rydberg atoms can
be detected, and hence it is possible to measure
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Figure 79.8: Intracavity photon number (mea-
sured from a transmission experiment, [35]) as
a function of probe frequency detuning, and for
two values of N, the average number of atoms
in the mode. Thin lines give theoretical fits to
the data, including atomic number and position
fluctuations. Curve () in the lower graph is for
a single intracavity atom with optimal coupling
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whether a transition between the levels involved
has occurred. The efficiency of this method ap-
proaches unity, so that experiments can be per-
formed at the single atom level. The interac-
tion or transit time T is usually much shorter
than the lifetime 7R, of the Rydberg states in-
volved. For this reason, circular Rydberg states
with quantum numbers [ = m = n — 1 are par-
ticularly suitable.

Rydberg atoms [39] are prepared in an atomic

beam, selectively excited to an upper level, and
then sent through a microwave cavity where the
upper and lower levels are coupled by the elec-
tromagnetic field. If the atom is detected in the
lower of the coupled levels as it leaves the res-
onator, the excitation energy has been stored in
the resonator field. Thus the evolution of the
resonator field is recorded as a function of the
atomic interaction.

A microwave cavity in interaction with a sin-
gle or a few Rydberg atoms is called a micro-
maser (formerly a one atom maser) [8]. The ex-
perimental conditions may be summarized as

gy >1/T >1/mRy > Ky - (79.59)
Strong Coupling in Open Optical Cavities
At optical wavelengths, a cavity with small Vg
in (79.24) is clearly more difficult to construct
than at centimeter wavelengths. However, di-
electric coatings are now available which allow
very low damping rates w, /@, for optical cav-
ities. Very high finesse F ~ 107 (which is
a more convenient measure for the damping rate
of an optical Fabry—Perot interferometer) has
been achieved. By reducing the volume of such
a high-@ cavity mode, strong coupling of atoms
and fields at optical frequencies has been demon-
strated [35].

In open structures, the atoms can still decay
into the continuum states with a rate . There-
fore the condition for strong coupling in such
systems is usually given as

2
EIESY

79.60
e (79.60)

79.4 Micromasers

Sustained oscillations of a cavity mode in a mi-
crowave resonator can be achieved by a weak
beam of Rydberg atoms excited to the upper
level of a resonant transition. For a cavity with
a @ ~ 10'°, much less than a single atom at
a time, on average, suffices to balance the cavity
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losses. Operation of a single atom maser has
been demonstrated [8]. The atoms enter the
cavity at random times, according to the Pois-
son statistics of a thermal beam, and interact
with the field only for a limited time. In order
to restrict the fluctuations of the atomic tran-
sit time, the velocity spread is reduced. This is
achieved either by Fizeau chopping techniques,
or by making use of Doppler velocity selection in
the initial laser excitation process. Since most
of the time no atom is present, it is natural to
separate the dynamics into two parts [49]:

1. For the short time while an atom is present,
the state evolves according to the Jaynes—
Cummings dynamics, where H is defined in
(79.32),

p(t) = i[H, pl /1,

and damping can safely be neglected. The
formal solution is abbreviated by p(t) =

F(t —to)p(to).

(79.61)

2. During the time interval between succes-
sive atoms, the cavity field relaxes freely to-
ward the thermal equilibrium according to
(79.55) with Lo = 0:

pt) = Lp,

with the formal solution p(t) = exp[L(t —
to)]p(to)-

The time development of the micromaser there-
fore consists of an alternating sequence of
unitary F(t) and dissipative e(“) evolutions.
Atoms enter the cavity one by one at random
times ¢;. Until the next atom enters at time
t;+1, the evolution ¢; is given by

(79.62)

p(tiv1) = exp(Lty) F(T)p(ti) , (79.63)

where t, = t;41 —1t; —7, and 7 is the transit time.
If 7 < tj41 — t; on average, then ¢, ~ t;41 — ;.
After averaging (79.63) over the Poisson distri-
bution P(t) = R exp(—Rt,) for ¢,, where R is
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the injection rate, the mean propagator from
atom to atom is

R
(p(ti1)) = g—7 F(){p(t:)) . (79.64)
After excitation, the reduced density matrix of
the field alone becomes diagonal after several re-

laxation times k!

(0| Tratom(p)|m) = Pndnm - (79.65)

Due to the continuous injection of atoms, the
field never becomes time independent, but may
relax toward a stroboscopic state defined by

(p(tit1)) = (p(t:)) -

The state of the cavity field can be determined
in closed form by iteration:

(79.66)

(79.67)

where N guarantees normalization of the trace
and Ay = (R/n)sin®(g,7y/n), and exact res-
onance between cavity mode and atom is as-
sumed. Since all off-diagonal elements vanish
in steady state, (79.67) provides a complete de-
scription for the photon statistics of the field.

79.4.1 Maser Threshold

The steady state distribution determines the
mean photon number of the resonator as a func-
tion of the operating conditions:

n)y = i nP, .
n=0

A suitable dimensionless control parameter is

0= %gHT\/R/Ii .

For ® <« 1, the energy input is insufficient to
counterbalance the loss of the cavity, effectively
resulting in a negligible photon number. With
increasing pump rate R, a threshold is reached

(79.68)

(79.69)
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Figure 79.9: Average photon number as a func-
tion of the normalized transit time defined
by (79.69)

at © ~ 1, where (n) increases rapidly with R. In
contrast to the behavior of the usual laser, the
single atom maser displays multiple thresholds
with a sequence of minima and maxima of (n)
as a function of © [50]. This can be related to
the rotation of the atomic Bloch vector. When
the atom undergoes a rotation of about 7w during
the transit time 7, a maximum of energy is trans-
ferred to the cavity and (n) is maximized. The
converse applies if the average rotation is a mul-
tiple of 2. This behavior is shown in Fig. 79.9.
The minima in (n) are at © ~ 2nr.

79.4.2 Nonclassical
the Field

Fluctuations can be of classical or of quantum
origin. The variance of the photon number

Features of

(79.70)

is a measure of the randomness of the field in-
tensity. Classical Poisson statistics require that
02 > (n). A value below unity indicates quan-
tum behavior, which has no classical analog. In
Fig. 79.10, the variance is plotted as a function
of ©. Regions of enhanced fluctuations o2 > (n)

Normalized transittime £

Figure 79.10: Variance normalized on the aver-
age photon number 02<">/(g). Values below
unity indicate regions of nonclassical behavior

alternate with regions with sub-Poissonian char-
acter 02 < (n) [51]. When (n) approaches a lo-
cal maximum it is accompanied by large fluctua-
tions, while at points of minimum field strength
the fluctuations are reduced below the classical
limit. This feature is repeated with a period of
© ~ 27, but finally washes out at large values
of ©.

The large variance of n is caused by a splitting
of the photon distribution P, into two peaks,
which gives rise to bistability in the transient
response [52]. The sub-Poissonian behavior of
the field is reflected in an increased regularity of
the atoms leaving the cavity in the ground state.

79.4.3 Trapping States

If cavity losses are neglected, operating condi-
tions exist which lead directly to nonclassical,
i.e., Fock states. If the cavity contains precisely
ngy photons, an atom that enters the resonator
in the excited state leaves it again in the same
state provided the condition [53]

guTy/Ng +1=2qm

is satisfied, i.e., the Bloch vector of the atom
undergoes g complete rotations. Such a photon

(79.71)
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Fock state |ng) is referred as trapping state in
the literature of maser. Note that the same term
is also used in other contexts with very different
definitions. If the maser happens to reach a trap-
ping state |ng), the photon number n, can no
longer increase irrespective of the flux of pump
atoms. With the inclusion of cavity damping at
zero temperature, n, still represents an upper
barrier that cannot be overcome, since damp-
ing only causes downward transitions. Even in
the presence of dissipation, generalized trapping
states exist with a photon distribution that van-
ishes for n > n, and has a tail towards smaller
photon numbers n < n,. However, thermal
fluctuations at finite temperatures destabilize
the trapping states since they can momentar-
ily increase the photon number and allow the
distribution to jump over the barrier n = n,.
Nevertheless, even for nyg, < 1077, remnants
of the trapping behavior persist, and can be
seen in the transient response of the micromaser

(Sect. 79.4.4).

79.4.4 Atom Counting Statistics

Direct measurements of the field in a single atom
maser resonator are not possible because de-
tector absorption would drastically degrade its
quality. However, the field can be deduced from
the statistical signature of the atoms leaving the
resonator.

The probability P(n) of finding n atoms in
a beam during an observation interval ¢ is given
by the classical Poisson distribution

P(n) = (Rt)"e B /n! . (79.72)
Information on the field inside is then
revealed by the conditional probability

W(n,|g),m,|e),T) of finding n atoms in
the ground state and m atoms in the excited
state during a time t. Since there are only
two states, it is sufficient to determine the
probability

W(nv |g>,t) = Z W(nu |g>,m, |6>7t) (7973)

m=0
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for being in the ground state [54]. For n = 0, the
probability of observing no atom in the ground
state during the period t is

W(O, |g>, t) = Tr(pstst) eXp{L + R[O|9>
+ (1 =n)O)y — 1]t}
(79.74)

where Oy = (j|F(7)|7) (79.61) and pgs is the
steady state of the maser field. This probabil-
ity is closely related to the waiting time statistic
P5(0, |g),t) between two successive ground state
atoms, a property which is easily determined in
a start-stop experiment. For an atom detector
with finite quantum efficiency 7 for state selec-
tive detection, the waiting time probability is

PQ(Oa |g>7 t)
= {Tr(pstst)O\g)
x exp[L + R[Ogy +

/[Tr(,sttst)Ol.«M2 :

(1 - "7)O|e) - ”T]O\m}

(79.75)

How a specific field state is reflected in the atom
counting statistics will be illustrated for two sit-
uations: the region of sub-Poisson statistics and
the region where the trapping condition is sat-
isfied. Increased regularity of the cavity field
Qv < 0 manifests itself in increased regular-
ity of ground state atoms in the beam. The
statistical behavior exhibits anti-bunching, i.e.,
P5(0, |g),t) has a maximum at finite ¢, indicating
repulsion between successive atoms in compari-
son with a Poissonian beam. If the transit time
7 is chosen in such a way that gr ~ 27, the
chance of observing an initially excited atom in
the ground state is negligible. At some point,
however, an unlikely thermal fluctuation occurs,
adding a photon. The rotation angle of the
Bloch vector suddenly increases to 27v/2 ~ 3,
and the atoms tend to leave the cavity in the
ground state. After a typical cavity lifetime,
the field decays and the trapping condition is
restored again. Under this operation condition,
the statistics of ground state atoms is governed
by two time constants:
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Figure 79.11: Waiting time probability for
atoms in the ground state while cavity is op-
erated at vacuum trapping-state condition

1. a short interval, in which successive atoms
leave the cavity in the ground state after
a thermal fluctuation;

2. a long time interval, in which the trapping
condition is maintained and all atoms leave
the resonator in their excited state until the
next fluctuation occurs.

The probability P»(0,|g),t) is plotted in
Fig. 79.11. The plot clearly shows the two time
regimes that govern the imperfect trapping sit-
uation.

79.5 Cavity Cooling

In previous sections, we present some important
aspects of cavity QED by examining the effect of
coupling between a single cavity photon and the
atomic (pseudo-)spin degree of freedom. How-
ever, an experimental realization and a perfect
control of such coupling requires very cold atoms
trapped at a specific position. Thus, the exter-
nal degree of freedom associated with the kinetic
motion of atoms needs to be taken into account
to achieve a complete description of the sys-
tem. As an example, the cavity modes can exert
light forces on moving atoms, and induce signif-

icant effect in transmission spectroscopy mea-
surement [55, 56, 57].

Another important example, and one of the
most promising applications of the cavity QED
dynamics involving atomic motion is the real-
ization of cavity cooling, i.e., the dissipation of
kinetic energy through the cavity photon loss
channel in a controlled manner. The realization
of cavity cooling has been proved to be an es-
sential step for the experimental achievement of
strongly coupled cavity QED systems with suffi-
ciently long interaction times and precise control
of atomic motion. In the weak coupling regime,
the atom can be cooled by coupling with cav-
ity photons if the pumping is red detuned with
wp —we < 0, in which case the average fre-
quency of emitted photons is higher than that of
the pumping laser due to the increase of mode
density around the cavity frequency. The en-
ergy hence has to be compensated by the loss
in kinetic energy of the atomic center-of-mass
(CoM) motion. In the strong-coupling regime,
however, the atom-light scattering process be-
comes complicated with the non-negligible pho-
ton reabsorption. For a high-finesse FP cavity,
the dynamic cavity cooling effect in this case
can be interpreted in the frequency domain with
a Sisyphus-type mechanism using the dressed-
state picture [58]. For the case of a ring cavity,
the intuitive photon scattering picture can still
be used but with a full velocity dependence of
the radiation pressure [59].

79.5.1 Master Equation

As a simplest example, we consider a system of
a single two-level atom trapped in a single mode
optical cavity, which is driven by a monochro-
matic pumping laser. Under the dipole approx-
imation and the RWA, the Hamiltonian of the
system can be written as

H=Hcic+ Hcom + Hpump - (79.76)
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The generalized Jaynes-Cummings (GJC) term
is similar to the JC model in Eq. (79.15)

1
Haic ziﬁwo(r)az + hwea'a

+h[gf(r)ora+g*f*(r)ato_]
(79.77)

where the atomic frequency wo(r) acquires ex-
plicit dependence on the CoM coordinate r of
the atom owing to a differential AC-stark shift
induced by a far-detuned external trapping po-
tential exerted on the atom. Besides, the atom-
photon coupling strength is spatially modulated
with a function f(r) according to the electric
field strength of cavity mode. For a standing-
wave mode in an FP cavity, the coupling mod-
ulates in magnitude with f(r) = cos(kz), while
for a propagating-wave mode in a ring cavity, the
coupling modulates in phase with f(r) = e’™*2,
In the both cases, the intracavity mode is as-
sumed without loss of generality to be along the
x direction. The motion of the atomic CoM de-
gree of freedom is described by the term

2

HCOM = pi + Vtrap(r) )

o (79.78)

where m is the mass of the atom and Viyap(r)
denotes the trapping potential. If pumped by
a driving laser at frequency wy, the pumping
Hamiltonian takes the form

—iwpt

Hpump = ihn(aT —ae

. (79.79)
+ihQ,(r)e Pt (o — o),

where the first term describes a pumping laser
applied along the cavity direction to couple the
cavity mode with amplitude 7, and the second
corresponds to a driving directly on the atomic
spin degree of freedom at a position-dependent
Rabi frequency €,(r).

The dynamics of the system can be described
by the density operator p, which satisfies the
master equation

do _

at _% [Ha P} + Leavp + Latomp (79'80)
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where the Liouville operators are introduced to
describe the dissipation of cavity photons and
atoms. If the environment is Markovian, this
photon decay can be approximated by

Leawp = —K (aTap + pata — ZapaT) (79.81)
with k the cavity decay rate. Another decay
channel of the system is the spontaneous decay
of atom from the excited to the ground state,

accompanied by the emission of a photon into
the environment. This process takes the form

Eatomp = _’Y[UJrU*p + pPO+0—

- 2/de‘J_h(f‘J_)a,e_““"“peik‘”"i o4],
(79.82)

where ~ is the spontaneous decay rate, r) is the
directional unit vector in the transversal plane,
ry =r -1, is the projection, and kg = wp/c is
the recoil wave vector of the atom. The function
h(ry) is present to describe the directional dis-
tribution of spontaneous decay of specific atomic
transition.

In general, it is not possible to solve the mas-
ter equation (79.80) analytically even for a sin-
gle atom. If the population of the atomic excited
state is negligible, one can significantly simplify
the Hamiltonian Eq. (79.76) by adiabatically
eliminating the atomic excited state. This ap-
proximation is valid provided that the atomic
transition between the two internal spin states
is far detuned from the pumping laser, or has a
large spontaneous decay rate. In either case, the
atomic operator can be approximated as

gf(r)a+Q(r)

o~ 2= .
_Z(wp - WO) +7

(79.83)

By substituting the expressions of o_ and o4 =
o' back into the Hamiltonian Eq. (79.76), we
obtain an effective Hamiltonian in which the
CoM motion of the atom is coupled to the cavity
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mode

p2
Heff = % + ‘/trap(r)

— h[(wp — we) — Uplf(r)?] ata (7984)
+ e (x) [f*(0)al + f(r)a]

where the position-dependent effective pumping
strength is given by

(wp — wo)g8dp(r)

79.85
(o — )2 + 72 (79.85)

Nett(T) =
In this effective model, one can see clearly that

the cavity photons provide a trapping potential
hUs|f(r)|?a’a to the atomic CoM motion with

92(‘*’1} —wo)

U = = .
"= Ty —wo)? + 72

(79.86)
The gradient of this effective potential acts as a
force exerted on the atom. This force acquires
an explicit dependence on the amplitude of the
cavity mode, which depends not only on the mo-
mentary position of the atom but has a mem-
ory effect owing to the finite decay rate k. The
force hence becomes velocity-dependent, which,
in a semiclassical theory of atomic motion, leads
to an effective viscous friction that can cool the
atom.

79.5.2 Cavity Cooling Experi-
ments

Cavity cooling of single atoms was first demon-
strated with 3°Rb atoms trapped in an FP cav-
ity [60]. In this experiment, the trapping field
was red detuned with respect to the atom, while
the cooling laser was a blue-detuned probing
field with frequency w, > wg. From Eqgs. (79.84)
and (79.86), the interaction between the prob-
ing laser and the atom induces to a blueshift of
the cavity frequency by an amount of Up|f(r)|?,
which then leads to an increase of the energy
stored in the cavity field with a cost of kinetic en-
ergy of the atoms. The cooling effect was demon-
strated via the observation of extended storage

times and improved localization of 8°Rb atoms
from time-resolved measurement of the cavity
transmission signal. As a result, a cooling rate
of B/m = 21 kHz is achieved, which exceeds the
estimated value of 4 kHz for blue-detuned Sisy-
phus cooling of a two-level atom in free space,
or with the Doppler cooling rate of 1.5 kHz at
equivalent atomic saturation.

With the advanced progresses of free-space
laser cooling and trapping, other achievements
have been obtained in the exploration and ap-
plications of single-atom cavity QED systems.
These include the high-precision measurements
demonstrated the basic cavity QED model
in the optical domain [61, 62], the quantum
anharmonic domain of the Jaynes-Cummings
spectrum [63, 64], the generation of squeezed
light [65], the development of a determinis-
tic single-photon source [66, 67], the realiza-
tion of the long-time sought atom-photon quan-
tum interface [68, 69] and single-atom quan-
tum memory [70], and the realization of electro-
magnetically induced transparency with a single
atom [71].

79.6 Cavity QED for Cold
Atomic Gases

Another new research direction in cavity QED
is about the hybrid system of cold and ultra-
cold atomic ensembles and high-finesse optical
resonators. With the common coupling of atoms
to the cavity field, there exits a long-range inter-
atomic interaction mediated by coherent scatter-
ing of cavity photons, an ingredient which is usu-
ally absent in free-space cold atom experiments.
As a result, this strongly interacting many-body
system can present novel quantum phenomena
with strong correlation. Besides, the coupling
between the cavity mode and the atomic mo-
tion can induce a frequency shift of the cavity
frequency and its backaction on mechanical mo-
tion, which may lead to a self organization of
atoms and an implementation of cavity optome-
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chanics.

79.6.1 Atomic
Cavity

Ensembles in a

The interatomic interaction in a cavity is medi-
ated by the cavity mode by its direct coupling to
the atomic electric-dipole moments. However,
the nature is inherently different from the in-
duced dipole-dipole interaction, i.e., the van der
Walls interaction in free-space. In a cavity, the
interaction strength does not decay with the in-
teratomic separation and depends only on the
local coupling of the atoms to the cavity field.
More importantly, the interaction is a global
coupling with the ensemble of atoms collectively
coupling to the cavity field and experiencing the
resulting backaction. Thus, even in cases where
the interaction between a single atom and cavity
mode is not strong enough, the collective inter-
action energy can still be enhanced coherently
within an atomic ensemble. Next, we discuss
the character of the cavity-mediated interatomic
interaction in two different pumping geometries,
namely, pumping the cavity either directly or in-
directly via light scattering off the laser-driven
atoms.

In the case of cavity pumping, the detuning
between the driving laser and the dispersively
shifted cavity resonance depends on the position
of all atoms, which in turn experience the opti-
cal dipole force of the intracavity field. Under
the adiabatic approximation with small atomic
velocities and low saturation, the interaction po-
tential among the ensemble of N atoms takes the
form [73]

V(rly"'arN)

il —wo)lnf?
(wp —wo)k + (wp —we )y
1Yk — (Wp - wO)(Wp —we + ggf—f)

(wp — wo)k + (wp —we)y
(79.87)

X tan

The collective coupling strength g.g depends on
the spatial distribution of the N atoms. This

cavity-mediated long-range interatomic interac-
tion gives rise to an asymmetric deformation of
the normal-mode splitting, which has been ob-
served experimentally [74].

The situation drastically changes if the system
is atom pumped by a driving laser from a direc-
tion perpendicular to the cavity axis. In this
case, photons are Rayleigh scattered by atoms
into the cavity mode. Photons scattered from
different atoms will interfere either destructively
or constructively depending on the relative po-
sitions of the atoms. Consider as a simple ex-
ample of two atoms trapped in a cavity, if the
two atoms are separated by odd integer multi-
ples of the half-wavelength, the photons scat-
tered into the cavity have the same magnitude
but opposite sign, resulting in destructive inter-
ference and a vanishing cavity field intensity. On
the other hand, if the two atoms are separated
by even integer multiples of the half-wavelength,
the photons scattered off the two atoms interfere
constructively to yield a fourfold enhancement of
the field intensity. This collective enhancement
of scattering photons from multiple atoms is re-
ferred as superradiance [75, 76].

Approximately, in the limit of Uy — 0, the
collective potential of the atomic ensemble reads

_ Dy — WC)\neff\Q

\%
(rla (Wp o WC‘ + KJ2

7rN
2

N
X ZCOS (kx;) cos(kz;)
j=1
(79.88)

Here, we assume the cavity mode and the pump-
ing laser are both standing waves along the z
and z directions, respectively. Notice that if one
moves along the cavity direction over a wave-
length, the potential varies from its maximal
value to zero, leading to a contrast of unity re-
gardless of the atom-cavity coupling constant g.
This is in clear contrast to the case of cavity
pumping, where the atoms cause only a small
modulation of the cavity intensity as g — O.
This observation suggests that significant many-
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body effects can be encountered even in the
weak-coupling regime in the atom pumping ge-
ometry.

The long-range interaction between atoms is
the origin of various collective dynamical effects.
As an example, a thermal cloud of cold atoms
interacting with a single mode FP cavity shows a
phase transition upon tuning the atomic pump-
ing power P from a direction perpendicular to
the cavity axis [77, 78]. For pumping power less
than a critical value P.., the atoms distribute
uniformly to minimize its kinetic energy. The
light scattered from atoms in different positions
then interfere destructively and the average in-
tensity of the cavity field is zero. When the
pumping power P > P, however, the atoms
arrange themselves to form a checkerboard pat-
tern to compensate the long-range interaction
energy, so that the light interfere constructively
to achieve a macroscopic cavity field.

The self-organization of atoms in a transver-
sally driven FP cavity was first demonstrated in
2003 [79]. In that experiment, a total of N ~ 107
Cs atoms prepared at a temperature of 6 uK are
pumped by a strong enough red-detuned laser to
achieve collective emission of light into the cav-
ity. As a result, the emission rate exceeds the
free-space single-atom Rayleigh scattering rate
by a factor of up to 103, and the spatial configu-
ration of atoms features a spontaneous symme-
try breaking into either the odd or even sites of a
checkerboard pattern, which is revealed by mea-
suring 7 jumps in the phase of emitted cavity
field relative to the pumping laser. In a ring-
cavity with two propagating-wave modes, the
self-organization of atoms are also observed with
transverse pumping [80]. However, the system
spontaneously breaks a continuous translational
symmetry rather than a discrete Zs symmetry
as in the FP cavity.

79.6.2 Bose-Einstein Condensate
in a Cavity

As compared to a thermal cloud of cold atoms,
the system of a Bose-Einstein condensate (BEC)

coupling with an optical cavity is of particular
importance as it corresponds to some conceptu-
ally fundamental models of atoms coupling to
a single mode light field. When the atoms are
Bose condensed into a single motional quantum
state, the number of degrees of freedom required
to describe the system can be substantially re-
duced. Therefore, the experimental platform
can be used to mimic some model Hamiltonians
of matter-light interaction, including the Tavis-
Cummings or the Dicke model, as well as the
generic model for cavity opto-mechanics.

Under the mean-field approximation, which is
valid in the presence of a cavity-mediated global
coupling among all atoms, the condensate wave
function and the cavity field are assumed by
their amplitudes of expectation

U(r,t) — /Neo(r,t) ,

79.89
a(t) — aft) , ( )

where N, is the number of condensed atoms and
¢(r) is the normalized wave function. These
mean fields for atoms and cavity field satisfy the
Gross-Pitaevskii-like equations

ihat¢(ra t)
52v2
O

+ NeGatom|6(r, 1)|? 4+ | a(t)|? cos® (kz)
+ Inege[e(t) + o™ (t)] cos(kx) cos(kz)}¢(r, t),

i0p(t)
= [we — wp + NeUp (o] cos?(kz)|p) — ir] au(t)

+ i+ Noness (] cos(kar) cos(k2)| )
(79.90)

where the interatomic contact interaction
Gatom = 4mh%a, /m with as the s-wave scattering
length. On one hand, the dynamics of the cavity
field involves spatial averages over the conden-
sate density distribution. On the other hand,
the atoms are also affected by the backaction
from the cavity field according to the potential-
like terms which depend on the amplitude o and
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intensity |a|? of the cavity field in the Gross-
Pitaevskii equation for atoms. The mean-field
equations are usually solved numerically to ob-
tain the time-evolution of the system and the
steady state solutions for both atoms and cavity
field [81].

As in a thermal atomic ensemble, the BEC
trapped inside a cavity can also self-organize to
emit intracavity field collectively. The key dif-
ference in the case of BEC is that the atomic mo-
tion is also quantized, and the transition is now
between a uniform distribution and a periodic
array of atoms in the cavity-induced lattice po-
tential. As a consequence, the transition point is
determined by the competition of kinetic energy
and potential energy associated with the spatial
modulation of atomic density.

Under the mean-field approximation, the
steady state of the system can be determined by
the numerical solutions of the Gross-Pitaevskii-
like equations for both the cavity field a and the
atomic mode ¢(r). By assuming for simplicity
that the atomic motion is only along the cav-
ity axis and the cavity pumping n = 0, one can
define an order parameter © = (¢|cos(kx)|p),
which describes the non-uniform spatial modula-
tion of the atoms. As can be seen from a typical
result of numerical solution shown in Fig. 79.12,
the order parameter takes a nonzero value be-
yond a critical pumping strength 7.g, indicating
self-organization of the density of atoms.

Self-organization of a BEC was experimen-
tally achieved in 2010 [82]. In that experiment,
a BEC of about 10° atoms was trapped inside
a high-finesse FP cavity and was illuminated
from a transversal direction by a far red-detuned
standing-wave laser beam. By gradually increas-
ing the power of the transverse laser beam be-
yond a critical value, a sharp rise of the intra-
cavity field intensity and a macroscopic popula-
tions in the atomic momentum states (pz,pz) =
(+hk, £hk) are observed, indicating a transition
to the self-organization phase. Above this criti-
cal pump power, the relative phase A¢ between
pump field and cavity field is observed to stay
constant, which demonstrates that the system
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Figure 79.12: The steady-state order parame-
ter © plotted as a function of the effective cav-
ity pumping strength 7eg, indicating the self-
organization of a Bose-Einstein condensate in an
FP cavity [81]

reached a steady state.

Self-organization of a laser-driven BEC in an
optical cavity can also be considered as an real-
ization of the Dicke quantum phase transition in
an open system, where the quantized atomic mo-
tion acts as a macroscopic spin which strongly
couples to the cavity field. The Dicke model,
or equivalently, the Tavis-Cummings model, is
proposed to study the collective interaction be-
tween a set of two-level atoms and a single light
mode

O'gj) + hwea'a

M=

Fwg

1
HDicke :5

.
Il
-

(79.91)

=
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-

which contains a sum over all atoms with index
j that couple to the field mode. It is instructive
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to introduce the collective spin operators

1 N
_ = ()
S.=52 0,
Jj=1
N

Sy :Zd(ij) ,

j=1

(79.92)

together with the total spin operator S =
(Sz,Sy,S>), where N is the number of atoms,
Sy =8, £S5y, and o) are the Pauli spin op-
erators for the j-th atoms. In this notation, the
Dicke Hamiltonian becomes

Hpicke = hwoS: + hwca'a + hg (Sta +a'S_) .
(79.93)

Here we assumed that all atoms have the same
frequency wgy and that they are coupled with
the same strength g. Note that the eigenstates
of the Dicke Hamiltonian are highly degenerate,
reflecting the fact that there are many possible
ways to accommodate a fixed number of excita-
tions.

The eigenstates of the Dicke Hamiltonian,
usually referred as Dicke states, can be labeled
by the quantum numbers of the spin operators
S%|J, M) = J(J + 1)|J,M) and S.|J,M) =
M|J, M), where J = 0,1,...,N/2 and M =
—J,—J+1,...,J. In the weak excitation limit
of J+ M <« N, the Dicke states behave like a
harmonic oscillator, as can be seen from

[(J, M +1|S4|J, M)]> = (J+ M +1)(J — M)
~(J+M+1)N.
(79.94)

Thus, in this regime the Dicke model can be re-
garded as a pair of harmonic oscillators coupled
at a rate of v Ng. If there is only one excita-
tion in the system, the eigenstate is equivalent
to that of the JC model, except that the coupling
strength is collectively enhanced by a factor of
V/N. However, for the case of more than one
excitation, the energy spectrum acquires signif-
icant difference of anharmonicity.

For the case of large number of excitations,
the Dicke Hamiltonian has been investigated ex-
tensively in the context of superradiance, dur-
ing which process a macroscopic number of the
atomic ensemble decay collectively and emit a
large pulse of radiation. This can be seen from

SLS_|J, M) = (J + M)(J — M + 1)|.J, M),
(79.95)

which is proportional to the spontaneous emis-
sion rate of the ensemble. For the case of
M = J, the emission rate is proportional to N as
J = N/2. For the case of M = 0, however, it is
proportional to N2. This increase can be under-
stood as a result of strong correlations between
the atoms in the ensemble during the emission
process.

The self-organization of a BEC-cavity system
can be regarded as the Dicke model by consider-
ing a pair of motional states as two pseudo-spin
states [82, 83]. The two motional states are given
by the uniform condensate mode |p,,p.) = |0,0)
and the coherent superposition of the four mo-
mentum states | + hk, £hk), where x and z de-
note the cavity and pump directions, respec-
tively. Coherent light scattering between the
transverse pump beam and the cavity mode cou-
ples these two momentum states via two distin-
guishable Raman channels, resulting in a tun-
able interaction between the cavity mode and
the corresponding collective spin degree of free-
dom. Experimentally, the phase boundary was
mapped out as a function of pump-cavity detun-
ing w, — wc as shown in Fig. 79.13 [82].

79.6.3 Cavity Opto-mechanics
with Cold Atoms

The hybrid atom-cavity system can also be used
to study an important model of cavity opto-
mechanics, where a harmonically suspended me-
chanical element interacts with an intracavity
single mode field. In certain limiting cases
where the motional degrees of freedom of atoms
can be reduced to a single-mode harmonic os-
cillator [72], the effective Hamiltonian of Eq.
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Figure 79.13: Dicke-model phase diagram. The
mean-intracavity photon number is finite in the
superradiant phase with large pumping power
and small pump-cavity detuning [82]

(79.84) can be significantly simplified, leading to
a generic form of cavity opto-mechanics Hamil-
tonian

Hom = fiwpmcle — T | (wp — we) — g(cJr +¢)|dla

+ ihn(aJr —a),
(79.96)

where ¢! and ¢ denote creation and annihila-
tion operators of the mechanical oscillator at fre-
quency wy,, G is the dispersive shift of the cavity
frequency induced by the atomic density modu-
lation, and 7 is the pumping strength along the
cavity axis.

The key ingredient of the experimental real-
ization of the cavity opto-mechanics Hamilto-
nian Eq. (79.96) is that the cavity field must af-
fect and sense predominantly a single collective
motional mode of the atomic ensemble, which
hence can be regarded as the harmonically sus-
pended mechanical element. One possible way
to realize this condition is to trap ultracold
atoms in a far-detuned intracavity lattice poten-
tial such that the atoms form a stack of tightly
confined atom clouds [84]. Each atom cloud
is harmonically suspended with oscillation fre-
quency wy, and extends along the cavity axis by
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only a fraction of the optical wavelength. A cav-
ity mode, whose periodicity differs from that of
the trapping lattice potential, couples strongly
to a single collective center-of-mass mode of the
atomic stack. All remaining collective modes
are detuned from the cavity field and hence con-
tribute as a heat bath.

Another route to realize cavity opto-
mechanics Hamiltonian is reported in 2008 [85].
In that experiment, a BEC is prepared in an
external harmonic trapping potential, extending
over several periods of the cavity standing-wave
mode structure. Initially, all condensate atoms
are prepared in the zero-momentum state
[p = 0). The dispersive interaction with the
cavity field diffracts atoms into the symmetric
superposition of momentum states | + 2hk)
along the cavity axis. If the diffraction into
higher-order momentum modes can be ne-
glected, the dynamics of the coupled system
can be well described by the opto-mechanics
Hamiltonian Eq. (79.96).

79.7 Applications of Cavity
QED

79.7.1 Quantum Non-demolition
(QND) Counting of Pho-
tons

When the object of interest consists of only a few
atoms and a few photons, the puzzling conse-
quences of quantum mechanical measurement
become visible. In the case of the micromaser,
the information on the state of the field is im-
printed in a subtle way on the atomic beam.
While photon counting is normally a destruc-
tive operation, the dispersive part of the photon-
atom interaction may be used to determine the
photon number inside a resonator without alter-
ing it, on average. Dispersive effects shift the
phase of an oscillating atomic dipole without
changing its state.

The phase shift due to the field in the res-
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onator can be measured in a Ramsey-type ex-
periment [86]. Consider an atom with two tran-
sitions |g) — le) and |e) — |i). The first is
far from resonance with the cavity and the sec-
ond is close to resonance, but with a detun-
ing ;e = w — wie large enough so as not to
change the cavity photon number as the atom
passes through. The dynamic Stark effect of the
lg) — le) transition frequency due to state |i) is
then

Aweg = [gie\/nJr 1 2/51-@ .

If the resonator is now placed between the two
Ramsey cavities, which are tuned to wr ~ weg,
such that the polarization of the |e) — |g) tran-
sition is rotated by = m/2, then the additional
phase shift Awey7, where 7 is the transit time
through the optical resonator, can be measured,
and hence the photon number n. Since Ryd-
berg states have a large coupling constant g,,
the phase shift due to a single atom is de-
tectable [86].

This proposal was demonstrated experimen-
tally in 2007 at ENS [87]. With the ability of
developing super high-quality microwave cavity,
the experimental group successfully performs a
QND measurement on single photons via disper-
sive interaction of single atoms in circular Ryd-
berg states. The atoms have a high principle
quantum number n = 50 and the highest pos-
sible angular and magnetic quantum numbers
(I = n—1,m| = n— 1), hence acquire a life
time of the order 7 = 30ms. The experiment
can witness the birth, life, and death of a pho-
ton non-destructively.

(79.97)

A complete measurement of n requires a se-
quence of N atoms because a single Ramsey
measurement only determines whether the atom
is in state |e) or |g), and hence AweyT to within
+7/2. Since each measurement provides one bi-
nary bit of information, a sequence of N mea-
surements can in principle distinguish 2%V pos-
sible Fock states for the photon field. However,
with a monoenergetic beam, integral multiples
of 2w remain undetermined. A distribution of

velocities, and hence transit times, is therefore
desirable. An entropy reduction strategy for se-
lecting an optimal velocity distribution, based
on the outcome of previous measurements, is de-
scribed in [88]. The experimental demonstration
is also reported in 2007 by the same group at
ENS [89], where the experimental setup was re-
fined to distinguish states with photon number
n<T.

As a consequence of the uncertainty principle,
a measurement of the photon number destroys
all information about the phase of the field. In
the present case, the noise in the conjugate vari-
able (the phase) is prevented from coupling back
on the measured one, and hence the measure-
ment is called a quantum nondemolition exper-
iment. Many other aspects of phase diffusion,
entangled states, and quantum measurements in
the micromaser are discussed in [90].

79.7.2 Detecting and Trapping
Atoms through Strong
Coupling

One of the key ingredients of cavity QED exper-
iments is to deterministically localize atoms at
desired positions in a cavity, where the atom-
photon coupling can be well calculated and
tuned. From Fig. 79.8 it is obvious that an
atom travelling through the cavity will modify
the transmission properties of this cavity. The
ability of tuning strong coupling thus enables the
experimenter to detect the presence of a single
atom dispersively by monitoring cavity trans-
mission or reflection. Laser cooled atoms have
low velocities and spend sufficient time in the
cavity even in free flight to generate the trans-
mission signal shown in Fig. 79.14. The signals
correspond to individual atom transits, and the
shape depends on the detuning of the probe laser
from the resonantly interacting cavity-atom sys-
tem [55, 91]. Thus, the strongly coupled cav-
ity QED system can work as a sensitive single
atom detector, and can help us to extract the
temperature and the statistical properties of the
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Figure 79.14: Transmission of a strongly cou-
pled cavity for individual atom transits. Ce-
sium atoms and cavity are in perfect resonance
at A = 852nm while the probe laser is increas-
ingly detuned to the red side of the resonance
from top to bottom [109]

cold atoms, which have great potential in time-
resolved atom-cavity microscopy and in tracking
single atom trajectory.

The same scheme can also be applied to mon-
itor a specific collective motion in an atomic en-
semble [84, 92, 93]. In these experiments, the
cavity mode is shifted in frequency by the strong
interaction with the center-of-mass motion of
the atomic ensemble. This provides the ability
to realize continuous non-destructive measure-
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ment of a quantum many-body system.

The strong coupling between atom and cavity
mode can also be used to trap atoms at spec-
ified positions. If an atom absorbs a photon
inside the cavity, a strong dipole force can be
exerted due to the inhomogeneous field distribu-
tion of the cavity mode. Trapping of atoms with
a single photon was achieved [91], and from the
time variation of the cavity transmission a re-
construction of atomic trajectories became pos-
sible. Similar mechanism is also implemented in
a hybrid system of ion trap and optical cavity
to localize single ions [94, 95]. This has allowed
for very long trapping times of more than 90
min, as well as excellent control over the position
of trapped ions within a sub-wavelength preci-
sion [96]. Recently, position control was also
demonstrated individually for two ions trapped
in the same cavity [97].

79.7.3 Single Photon Sources

Coherent laser fields are considered the ultimate
source of classical radiation fields, and they are
characterized by the random arrival time of pho-
tons. Nonclassical light sources with, for in-
stance, a regularized stream of photons offer in-
teresting properties for low-noise measurement
applications.

Cavity-QED systems offer an attractive light-
matter process for the generation of such photon-
bit-streams, or single photon sources [98]. In
such devices, a single photon state can, for in-
stance, be created by Raman processes involving
a classical field, which serves as the control pa-
rameter for the process, and the vacuum field
of the optical resonator. The Raman process
leaves a single photon in the cavity, which only
weakly interacts with the atom. If the resonator
has suitable transmission properties, this photon
will then escape with predetermined frequency,
shape, and propagation direction. Determin-
istic single photon sources have been realized
with quantum dots [99, 100], single molecules
[101], and also with slow [102, 103] or trapped
[104, 105] cold atoms and ions [96, 106] inside
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optical cavities.

The high efficiency of photon sources also
paves the route towards quantum memory and
quantum network, which is essential for provid-
ing cluster states in one-way quantum comput-
ing [92] and for the quantum simulation of com-
plex solid-state systems [93]. Successive opera-
tions of photon generation, photon storage, and
photon retrieval were successfully demonstrated
in a hybrid atom-cavity system [70].

79.7.4 Generation of Entangle-
ment

In the middle of the 1990s, it was realized that
fully controlled quantum systems could be used
to implement a revolutionary type of informa-
tion processing now called quantum comput-
ing [107]. From the beginning, cavity QED has
conceptually played an important role for ex-
perimental realizations, since it offers a route
to manipulate, in principle, all physical param-
eters of a coherently interacting system. With
the well established microwave-cavity-Rydberg-
atom system, it was proven that the generation
of correlated and nonlocal, so-called entangled
quantum states, is possible [108].

The first application of cavity QED was the
transfer of the strong coupling idea to the com-
bined internal and motional quantum states of
trapped ions [110]. Here the harmonic oscilla-
tion of the ion replaces the electric field of the
conventional cavity-QED system. This quan-
tum gate was realized with a system of two
trapped ions coupled to each other by Coulomb
forces [111].

Ideas about how to use the strong coupling
of atoms and photons [112, 113, 114] for the
generation of atom—photon, photon—photon, or
atom—atom (by insertion of more than one atom)
abound, and become possible with the aid of ex-
perimental capabilities in the preparation and
control of atoms in high-finesse cavities.

Atom—photon entanglement A key advan-
tage of the hybrid atom-cavity QED system
is the potential to work as a quantum inter-
face through which quantum state can be faith-
fully transferred from one medium to another.
By driving a vacuum-stimulated Raman adia-
batic passage into a superposition of two atomic
ground states, for example with different orien-
tations of the atomic spin of 8" Rb atoms [69], the
internal state of a single atom can be entangled
with the polarization state of a single photon.

Photon—photon entanglement Starting
from the atom-photon entangled state, one can
drive another vacuum simulated Raman adia-
batic passage into a single atomic ground state
with a well-defined spin orientation to map the
quantum state of the atom into a second single
photon. This process disentangle the atom and
the light, and create an entangled photon pair.
The two photons are emitted one after the other
into the same spatial mode, hence have never
overlapped with each other [115].

Atom—atom entanglement By reversing
the role of field and atom, the atom—photon en-
tanglement can also be transferred to a second
atom to create atom—atom entanglement. Multi-
particle entanglement is considered as crucial re-
source of quantum simulation, quantum compu-
tation, and quantum-enhanced metrology. The
largest number of atoms ever to be entangled in
an FP cavity is about 3000 [116], and is more
than 40 in an optical fiber cavity [117]. The
entanglement between two ions and two atomic
ensembles via coupling to cavity mode were also
demonstrated in experiments [118, 119].

Quantum network Using the aforemen-
tioned atom—photon entangled state as building
blocks, an elementary quantum network can be
implemented with two fiber-linked optical cavi-
ties, each containing a single trapped atom as
a stationary quantum node. This scheme of-
fers a clear perspective of both addressability
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and scalability, because the atoms are trapped
in their corresponding cavities, and more con-
stituent cavities can be added to an existing
network without much apparent complications.
Besides, the component cavities can in principle
be arranged in any geometry and that two-party
links can be established at will, both in time and
space.

Elementary quantum network links imple-
menting teleportation protocols between remote
trapped atoms and atom-photon quantum gate
operations have been demonstrated in experi-
ments [115, 120, 121, 122]. Besides, quantum
networking between two cavities has also been
experimentally demonstrated with atomic en-
sembles [123, 124]. These achievements repre-
sent a big step towards the goal to realize an el-
ementary quantum network and a feasible quan-
tum computing system.
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PETTI A BT, Han 2K 7 sl s 1, AH AR ST ISR
TR AR e (. X B A A RN, AR o
MEA— B HERTHIF. 2005 4, KA HARMBHFT
# Yoshikawa 25 N7ESZ50 1At B4 2 B R H 7E 44
JR SR B T 2 ) AR A IS 1O, A AT s
50 v i oy 2 ST T S0 A U R s, O
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I AJE T A AR I ) 2 2 U SR R

T TR 40 AR 40 BS54 LK HL 1~ 22 TR AR LA
TR T RER A RO B k. O, AR AME
WA AR, AR e T SO E Nz,
X A1 2 7 B i ] L2 o AL, < e Jid
R AR DR R DGR SR, T AE B S A
B T2 RN RIS AEV IR B R, AATTHR TR
R R K Dy R, HECRAE W WG . T fE
RAPE, PO IO R we) HEEA RS
HPAR AT RES . o TV FENG 2, JATT AT A e Ji
TRA DMK ERES (HESIRE wa) REAE R
B (KA LB e Sl 0, 3K BURR Ol o e
Bl gedh, BT AT IDEHIEA A () 500 nm) Jz KT
Ja RS (2901 nm), A8 5 U 06 53 2 3T 8L
HE R AT DL A8 I RO B ) AR
K ATARR N AR AR Bl AE PN BESOL AN R BT BT
Fili 3 P R I AR LA R e i (AR SCHR
HARHAL h=1) WIS han FIEa,

H = weata + %A&Z + g0 (@T + a) (a—+ + a—_). 2)

Hopal a2 FIr A KER, 60 = le)g]
HMlo_ = |g)(e| R TITHERRE, 0. =|e){el—|g){g]>
go MEHGF b Az, Br 7R H &= 5L 1 BLAL,
AN TR 7R fg s ol R s i (5161 S 4
SRIE go /N T TFINE we, AR A 59 8 5 )
o HEy Ak, 75 E &AM WG R 7 17 &
A RS R O & BT SR B T R K R A
(70 200 MHz), {H & HAE A5 SR 3z /) F m] WL e A%
(~10% MHz) . {EIXFISATT, ma#itia (2) b ihe
WASHEIT a6 M alo, KRR ATELE, nfLpd
o fEREREETD, XAERRERR A g T, (Rotat-
ing Wave Approximation, RWA), JfHtn] LIS 3%
LI R 7 Jaynes-Cummings (JC) #7Y

H=wedlat 6. +go(a'o- +aoy).  (3)

R, WERRE G 9RIE go IBH] TOETHE we IER,
AP A BRGSO, BERIT ARG H], A A
DRERDIR NG g SRR A A s O A S AR kS G = S
E@}m% [15—16]o

EFRG AT, U0 N MR T 5 R

AHEAE R, AT 2w i B 5 A

N . N
2 PN WA ~ 9o PN At
H:wcaTa—l——E Uz-—i——g (ao t+ate_ )
2 = 3] /N g +,J 5]
(4)

HfaR/EEREN § = govVN. Ll (@ K
M Dicke W% &, H M Dicke fERLE LHUE T Lib
TR A S AH AR f,  AATINE L RE i A0 3 o B3 AT T 47
MEPIFIT . 24 5T ARG LR B, Tavis A1 Cum-
mings fRHTHIZS H T AR [ R i 8200, B7 LA SCik
i, I AR Dicke BERLFR A Tavis-Cummings (TC)
iR, S B — 2l TV, SR E 1S 2 T
MR I g U, 1973 4E, Hepp FI Lieb 4§
H AR R AR Sy 2 B A — AN AR 1220, R
TORE go ML IRIHE g5 = Vwawe/4 I, ECIHA
FMEHE (ata)/N # 0D, S H RN ERT
B RO ESs B SR BE T R, Bk T S IR R
T TRV 1, DR G B R B R ) T
o CaniE 1 PR o IXANEEARAE SRR AR A i A
SEARAR 1227230 R R AL, IX LA A AR A
HIEBR T RIAHAE, AT Dicke S #4213 77
2 RS LA

Bl 1. R R Dicke B[ AR S AH AR P4 R
A R SR, AR IR AR B A = g8

do =
wawc /4o

FESES b, O T SEBLGRRE A R R 5 A AR,
MNIFEEWFFT s FOC AR PRI SRR, ¥ BEC
BIOuET, nTLCSR IR G T ~ 20 GHz, Jf
PR R E M E A B B R 07251, HOR, T AR
JE G§F ~ wa ~ we, TEICHIE ISR TCTE H LS 2
HATARAR o X AT AT e A5 78 o ) AL B s
DR ARAR o Forp— AT e A OO 7 hr 2 0k 72,
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F P e L () BE A Dicke BE8L IR g
Zn AR A 261, 33X — Ry AR I AE S50 R A LSEE BT,
g3, R UAI BEC AT, 4E€ BEC 2R
PR ASAE P RE NI SIS S AT A 1281

bR T RERE W DL E T R A EAER K
SHJEE CAAR, Ol i AN T 3k G PR FE HICR) I A s - R
RGEMWFITIF T — BB R — P, XA
Rah, RN RS, Ja A ROd R R IR TR
EEPIRES, RN G OABFE R A 5. R4,
BRGNS )2 A RS SN IR L BB ) AR
PSS (dynamical nonequilibrium steady state). A
W AE AL H ORI, AU R MARE, AW
P T —ANAEBEIA (non-demolition) W% R 144 & 15
AR ES e G

XA RGN R, BT EHE BTN EL B
FES 6 2 M ARG, 38255 183 v i B 2 [A) (1) A%
s TR BLLIE S T E RS AN B
2 2, FEREROE LT, S MRS h JC
TS

-E[JC = _Apa&+&_ - Apch a+ gcuc(r)&6+

+ g:u:(r)dT&_. (5)

Xy (ue) Rt (B M. Bt
WME, upe(r) = cos(kper), ik, M ke 73050 3%
IRIRB R R . SiAh, bl g ARER L
TRIEAER, DR Sl EAR T T S5 BT A3 R s 48 11 2K
WA Apa = wp —wa M Ape = wp —wee AT
RIS ) R DL W 2 A A

N P2
Hmech = % + Vvext('r')- (6)

Horf Voo (r) 55 BT ISMIMATRBROG ik . UK
LB )y F W R A LT R

I:Ipump =7 (dT - &) + Qpup(r)et + Quus(r)a—. (7)
Na S W e W SR R P ) i W & Pt e DI =
WRUNAE B Utk b (BRI 73K 3)), atom pumping, 3K
AR F RGN Qy), 5 — MR E) L A %
KA s hs, IR G R Ak (BPEIKE), cavity
pumping, IXBICFIE MR G IRELR ) o AEFIRHFIT
IR ERATTA ISR IRE) T 20, RIS JR 1 Ik )
(e =0, Q, #0) BPARIEIKS) (e £ 0, Q, = 0D
R EPTIA, R R AR R 1 B ) 2R AT Ok R0
N ﬁo(T) = Hjc + Hupeen + ﬁpump"

PRSI TR, FRATTAE A — B Ak T ] U B LUR )
Y AR T, A T R )
RTIRED sy e hor m GEIREND SRR w, 1)
BWOCIRSN,  [R]IA 9X S OGS ARR T 7 1) 3L e A
Howa MRIFILI KT R FIOR ST, W |Ap| =
lwa —wp| > 7o XI, JRFAIERKE |e) MBEZT LA
2, IR BLANTE B8 B AR S R SEm,  JR f—A
HL A AR R 4 AR BR B a2 Bl XA BR B Pk Ay (1K
MM (dispersion limit). BEET, TEIRFGHTER AL bR 5
T, EE PG SR H(r) PR T RS E
HRE, TR R & RGN RIS 2 Wi Ho(r) v LA
5N

~2
7 p ata e fa N
Hy(r) = o + Vet (1) — ApCaTa + 17 (aT — a)
1 .
+A [QPUP(T) + gee (T)G’T]
pa
(s () + grul(r)a) - (8)
10 1 I I I =
o [8 o o0 a) 1
z B * :: ° 7
= 3 % o
[0} L -
g .. o © Y
:;— 1 .. ‘..
e) - =
3 f $ s E
E I — = o4 ]
z osk field ramp Qe field ramp |
F | | | |
> 1OF I I 1 I (=
N C 3]
& F b) 3
> - -
!
K 3 ]
N
N L 4
£
o °
§ 1 :_ ‘.. o © —:
(o)) - -
£ - n
E L .
.§ | [ ) -
® 03k 1| | | | |-

895 900 905 910 915
Magnetic field (G)

Kl 2. JE SR Feshbach g, b KA (0 <4 7E
ARG R IR T4 W BVE BITE IR ST, T RUN K
FERHUP B EAABURI, J B Kb . NG
KATHSTE] (time-of-flight) PGB HEA RHAEH I as B K
B o %R B 2% 3R [30].

B T BRL T Bl AT O R 2 A AR
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X R T R EE PR AT AR AR . SR R
M EAE ARSI RGPS IZARAE, A EAERTE
XAEETZ R, AR5, AR P2 A [ 4
AU EAEFHMIER . — s, MRS R R T
HEATHUS I, e AT 12 1R (0 A FE A B AR 2 232 i oh )2
B RO AH EAE I Rema, KRR AR B 2k 0
SFHMENAREAER, RIVOAE ORI V(r) o 1/r8, 7
TP B B ESCSRT IrlIny,  Gn SRAA 2R (9 £ ) 5 1
A LRI 2 B B L R s-, p-y d- R MR
TR S AR %, T 52 2% i R R A BAF
PG RSO BT BRI, TR 72 TR PR U K 2 2 KR A
ﬁwm%m AT A0 AT, AT RIS A R
JERAR (~ nK) HZJERERA (~ 1012 —10%em3)
i, W= — s WHEUTKIE ag — BhATLLE4
Z0 J5 7 22 ) R B A o R, R 22 1) (R A A

FH AT LU A 15 PP 1 ik 38 AL 3
V&Uwﬁ:Uﬁwﬁwﬁzggﬁﬁﬂ—r) 9)

B X Feshbach JLIRBEARMHZHAAMHAL, AATK
PR LA MRS s B B

as(B) = apg (1— B—AB())' (10)

K apg 7251 72 ) HE 5RO KR, By & Fes-
hbach HHR K EBM &, A HIEEE. Mok
(100 HEEH, 8N KE a UM —oco ELH
W 2] +oo, M SN AR B AE R Us Y.
1998 4F, Inouye B0 ZZEHJiF (23Na) BEC M 5%
F'7 Feshbach L4k (LK 2 ),

BEAh, AR R IR N, R R R
e R S B AR R R IR AR
o, TR RE A BB A = Rh?/3mkgT R
FIHPE d EPPEEE, JRTARSAT X5y, XB A1
B K 1) 22 A4 R B o3 ol HL A AR FERRRI A5 RR . 3K
TN PR P F1R) S SR 1l K MR R 8 1 A 2 Bl g 2
TR MTHET, mTgagi nr2 MR ik
F—NETEA, iR, skt 1 aRe
e R RACIPIRES — B2 RITIHEER, AT RN AL
RIRFREERRGGE— DR T M FokT, hT
WRIAMERE, F— P ErFSRATERS HlE—1
K, RSTERHKIN, FFAEAHHAEH PR TR
TS WSS 2 R .

TE R AR RGN, — AN R =X
BB T XN, O FEK 55 i R R 5 ok

ARUF:
(U (r), Ul (r)] = U(r) T (r') — BT (r")T(r)
=i(r—7r'), B
{U(r), Ul (r)} = ()T (') + UT(r") P (r)
=46(r—7r'), WK (11)

B () FD () ST AR RN A
Fo fERAMES T, YT BS 1

%sz@W%MﬂWW (12)

JEF T s P TLAR IS

U,
I:Iint = 2
0

TR T AT SO R PRI BRI, R 2H 23 9K 12 TR ) s
WA EAE A AE . IXHE, i1 28 1 A A s 25
B lfftot = Ho + Hingo
BRI RS, b1 FEmd R 11

R B S R O'G Js FRRE B 2R o 3K 7 TR & — e v LA
o BT A TR

95

aiﬁ = —1 [Htotna]
X p MECHIRTHAERAER D E LI, Loy
22[1 »Catom AD'J%LIHL%ﬁ?E’J*%ﬁQ f Born-Markov

fw@@ﬁMg@m@m wefa
oK

(13)

+ (Ecav + »Catom) ﬁ (14)

S (7O P | SR
Lcav = —H(&Td,ﬁ + ﬁde - Q&ﬁ&T>a (15)
Lusom = =515+ po'e

szuN( ) zkAurpAezkAur T) (16)

Hob s ZRERFEBAAE, v REAEIRT o) AKX
FRAT LA, ka A2 PERE B ARSI IR IHY w J7
] K S pP Bl e, N () 2 ORI T I A0 20 A s .
TAEAS T T YR B O fe A K, S R i
TR B AR fiE BB TEMoo AR we 5 WKL)
BRI, B |Ape| & ko [AIIN,  HIF R A
REZE Avp >k, IR 5 AEAL U R maa] LLZ
o SbAh, HATSLE C2 RN R 1 S R S I B b
MR go BBIEMINLTE ko RGN SEIL T 584N
g3 /Ky > 1 0720,
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U, R AR AR VT AT L o 15 ST K i
My (11) F1(13) X, PR ET5RE (14) X433,
R, BRATTRR 23 Tl A X 3 R AN Bl K AR IR A 4 DA
it

IV. JGoA I b Y B 034

FEAR L, O TR T3 (I DR £ 10 B2 B 480 B
P e i zsh Jr A2 13K 5, B ne = 010 Qp, # 0,
I HARBEIR S e PR Ry, T BT A ARG DL
T MRREE IS E R R

Hior = —Apeata + % j dr¥t (r) Ut (r) U (r) T (r)

2m

+ f dr\iﬁ(r){ P’ + Vexe (1)

1
+ [qup(T) + gCuC(T)dT]
Apa

[ (r) + gtus (r)al }\I/(r). (17)
Jo 7 AT A6 SEAT 1) Bl A A T R v AR B U R
e

iatil(T7t) = [\:A[J(”'ﬂf),Htot]f

152
2m

1
+ Vet (1) + T(qup(r)
pa

+ geue(r)al) (Quy (r) + giug (r)a) | ¥ (r, )

~

+ U U (r, )T (7, 1)U (r, 1),
i0pa(t) = [a(t), Huot) - — iralt

Q;gc *

2
= [ [ prpate+ ey

Tl (r, )W (r,t) — (Ape + ik)a(t).

(18)

HEAE B, AT ME S G N T O I R
Wl —ikao

10 FE AR H B3 e 7302 % 2
i, 1 FOG 3 1) Bk P& DL KRN 22 8] 1R 24 9] DL 22
W AN T B2, S i A R b AR A A R R
TR A B2 T R A, ot b AE — A
TE EHFEAE . X, ] U SR R
B U(r,t) — w(r,t), alt) — ot), 433 F-BEC
RGW T INB) )15 A TR (Time-dependent Gross-
Pitaevskii equation, TDGP equation). XA T &

CERDEI MRS &R, BAllE X Ape = Ape — NEB
RE R 72 B A SR, b N R
e = 92/Dpar B = (1/N) [ dry* (v, t)u(r)e(r,t) i
BT RFAEERES R AN ES R, R
A4 Bunching 8. WH |Ay] > k> wr, JRTFAMAE
NI ) 1 wr A ZENE, TG MO —0)
TR (t < 1/k), JeHELAE 1/Ape IR Py
KRG RRAs. ERXFERRST, RN
YAl B m,  [E Oy SOE S FE O IR R A, B
ARG BIREE, HARESTTHEN

_ Nn,©

B Apc +ik’

100(r) = | BtV () Vaa () U0 ()12 | ().

2m
(19)

oAt ST URHAL S, ) = Qpg? /Apee TEL
L, Jrz e EXh 6 = (1/N)fdru;(r)uc(r)
lo(r)[2, X5 BE B F AR Zy R FRPE R B B
5O =0 I, BT BAISI T% 0 = +1
I, AR B B A% S (ke = 2nm) B A A% R
(ko = 20+ )m)e i FROCHIATE ) SRS o
B 1/ Bpe ST BT URRUFEITE, DT T2
JESZ 30— A HOG 1 YR R R A7 R A R
Vaa(r) = 5 (Dpuup(r) + geane(r)a”)
-
(uy(r) + g2u (r)a)

= Vp|up(r)|2 + €C|O“2|UC(T)|2 + Vpe(r).  (20)

KHEV, = Qu2/Apa IR T HIATIRS) 7 [ 1
JCER AR, B IR R IO S RO A, K
KT 6P |of® FIRE Ao S &, e —
I Ve (r) = mpoup (r)ug (r) + nyetug (r)uc(r) FOEE
S FIK G 2 18] FAH HLECR . 2007 4, Ei - ETH
ff] Esslinger /NHSZIL T ik 5256 444 125,

A. HHZ KRN

FENE SRS, AT IR Dt 4 [ B 0 ] — A A 5
B G, ECIIIRN o HEOBT st AR IR 0 A1
PO RN T RGUIRA . A TIKB) T, i
RO AR & MO T 22 8], AN TR B SO A 6 3 1Y
P W AR AL A 2 2 TR AT, L efy T AR AR S R ] B
BRSO RO ARG IR 22 7, BT LLARAR
A% S HUH P E AT AR . DL, eI AT 3K
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FERI RS ASH B . (A2 550,
WRETRR TR ECE =K VR D n] DU ORI 1
TERG 065 It K IE I B W) A6 I 2 BETK v, I 44
13 5 A AE 2 8] SRR o0 A, 0 2 W
dyd 33871, LR AR 23 R AR 4 A R R Ol
I —80 (Zy WRRMERBEE  RS3sl, 3 TR 7
AR, IXFRAHAS AR B 4127 (self-organization). X}
TGN, XA AR RR R R A A . 5 TR
Mes Ui B, FElm S b, R AR S T Dicke A1
o PR T SARTE O 0 A, R B RE
s el I R & Al I, BT DR AR S
PRI I TE w0 AR 3334, LRI oy s bl o
T2 2 1) Fokker-Planck J7 F2 (BUE BT 1231,
WiE 3 pron, BEAE B RS, R s R T ) ris
)y o Jo A R AR A AR (checkerboard, WL EED,
B SCAA  J Tt P 2 B T M 3 1R A FS 0 R T B
IR D o 3% —H i &5 J B o e sz g6 air s B4, (13
BEIE, X T UMK, T EEEE RS LA
AN, NAEERE 2 EA AR BARAR 3337],
Rl AR ) B AL GARAR, Bt DR T e 2R
EWSARURIMSE . AR—tE, BATHERE T
W RA I — SR (BCh = D AT, %E
— ANz JTCE R FP I, BB ue(z) = cos(kz),
Jis P S R ) g ) (I LT s D 1R3E B i R 4 A

R BB y T - T IR B R AR,
Ml up(y) = exp (iky), R B BRI G, HRT
R AT S)

f{tot = _Apc&Td + g

5 dz ! ()9 () (@) (2)

R —ﬁ282
+ J dzyf () [ o T 4 Vi (2) + &calacos? (k)

+mp(a’ +a) cos(kx)] (). (21)
i gip RoR A —YE 5 10 I A RO A 9 R
Vext (2) M TARETHISMNNAR S e W, 3k
TR IS Ve () HISENT . J546 5 58 =00E DG
W6 IO bk, B e — S0 H 1 O K B D6 TE K
T I, BUNRBE D gy B, 24 (ALl B
RIS I AAT A, 67 R 48 B ER Bl 5~k is
&), XGRS

70O
Ape — EB + i

&:

(22)
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3
T T,

) % R\
5 l«fb TPX NS g
a n \m WAl
g LS ) ¥ Uik
21 L ESDYNAVNAD
-:' / N\
2 ) \ ,‘A“ N\
sop @y ' w
E 1A P N
2, 2NN -
R T
§-2 \I

5 4

3 2 1 0 1 2 3

Az Ap, /4

time [ms]

K 3. BE: fElRAIREh AL, 40 4 35 Rb JHTLERT 40
ws FIEsh T, ANREBUEARRANFEIR T, Hp K2 AR
TR AT LB LA 9> A o R B 2% 30k [36]. !
JE AR B S AR 23 )RR CGREZRE AT E M) B ] (1)
Wb S D & AMRERERAMEZ I R, afEfiE
IS BARR IR THCh 40 A1 160 5. ZESk A S
2 30k [33,36]

K 6 = [dat(z) cos(kz)d(z), B = [dadi(x)
cos?(kx)(z). FEEEH O M B A5, FiUARLH
SRR e AESFIIE R, IR RS RE AR
1T A HERATTRE (22) F1 BEC 1) Gross-Pitaevskii (GP)
JiREIC A

o= _mO
Ape — &B + ik’
7ﬁ232
o(@) = | 5% + &lal? cos? (k)

T o+ a®) cos(ka) + gmwow] dola).
(23)
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KA IR

B 2n§ApC®

pe = %
2 2
AZ .+ kK

cos(kzx), (24)

H © = [ dacos(kz)|vo(x)[>. BRI BN 2L
Gl Aper LARIKEGARN T 5 TR A0 RAE Ap,
BINLRAE (Ape, Apa < 00, HIXBNEThRAR N
R HUg DI, Bk SR |of B CREE
FREID S8 Voo (2) AL LI e 5 7 37, 3x
o ER T AN [ A7 B 1 D WO 1 s O B LR,
o fls K 2 A H I e e (R, BB IR S
(K Th 2R W, S50 |np| BEZ K, & FikiEH
KGR AT LARAR, SRR 2k L LU R R 2
R BRAEAEHS S kz = 2nm (© > 0), 1 Vio(z) ¥7E
RO SN AEZTEUE 8 kz = 2n+ D)7 (© < 0)
WK, A 7y Ok a1 S 5 20 R R 5 | 38 5 500
T3 916~ 1 A A S 4 TR S ) P 9 A 43 i o
2 W 5 | BB ARG R SRR P TR S R e 4 AR LA
M R sEshbe AR Bror, By
X A AR ) TSR R A A A R, R
ATLGC R BIA o . B 4 B T BEC e8I T+ 1
WA T, eI 0 2 ERAER AL, o
LA B M IR EDGEE I — 2 I B S, AR R oy,
Vie () PRUEHEIN, 5 (¥ I8¢ R HOAE 25 AR 8 g 3k
oo VRN THL B BRI RS I A6
Tl e R SRS S TR I RO, X SR A
L Apa WAUHELLIAE . WERAZRLLRE, WG4
iU R e kv, R A S AT Al o

XA SRR A R R T H LSS S s
PSR B S (Mott) 48 2R H A8 2 AN 7] 1 o
I T, R A AL RI (2 0,
JELF BRI bR RO AT e A IR SR Ak 5 — DT, B
TEREALXBL (n, > 0 B, AURI AR AR
NFE (GURMGARRA RN E): Bh, W RN
TR, B a e, B R T
0 ST R > (o # pit B61,

ik BEC [ HARBL G AL W] LLidid Dicke A4k
B AR 5T IAAN AR T AR 3 IS oL R, MBS,
AT BEC R&RS, U7 KA EERTE [k = 0) R
o BFTPR—AETAR |k = £kg), ML AT
LA BE Y 1A B U, A S 2 i N .
MIRFPDGCIRSE n, (EIGS AT, BORRES, BT
MO B m B R AR D, IR BEC (19 56 4L

1
0.8
@
g
g 0.6
<
z
o 04+
g
=
8
0.2+
0 . ‘
0 65 130 195
V/N 7 [in units of wg]
10 4
=
3
s
= 8 122
= 3
S ! £
1] 6 10 E
= S
e -
=, <
o 4t {22
= £
] 8.
= 2t 14 5
S
ge!
=
0 L 2 L
-0.25 0 0.25 0.5 0.75

cavity axis x/A

K 4. FE: B-BEC & R4 HEN S8 0 M3 LR
ARk IR HR I S VNS = 65.6wr J&, TR
HIECIHN AL, 758 I IR R J5 T VR S A 3
oA, BN T IR Zo SFRIE. TRl 7 5 A o6
N FBREN SR E 5K v/ Ny = 100wr (BERIZE) FI VN =
300wr  CEEANZR) B, JRFUEREL [o(a)|> (5B LLEAH
IS 1 b s S 7 I 2R A €| ol cos® (ko) + Vie (z) (il
) A WA, B ITHSECN po = 10w, N& =
—100wr, Apc = —300wr. ZEIK BZ%3CHk [37).

L3

P(x) = \/ECA’O + \/gé’l cos(krz). (25)

Kb L RRFA TR, TR N = CJCo +
CA'ICAH &P EE. 5] N Schwinger £ % S+ S
CiCo B S, =1/2(CICy — C{Cy), ATLMEI P2
RS 35 0

H=-Apcata+wrS. + \%V(&T + @) <S+ + é_)

&N . (18,
+ L' 2+N + wrN. (26)

XH, S5 Co B Oy AREFWK —ABEN 0 8 +hg
IR, Ape = Ape — NEJ2, T, = VNno  WETE
(26) 3K 1R 50— T S S T LR AR (1 A2 5,
55 IR IR R WA B TR — AN S TR A 1 S
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e wr, M EHURIRFAOC Z MPAHEAERH . X =
T IE 3568 B Rt 2 Dicke AR, 55 PU I 7R B £ ) i
ILIRIARI B )7 R 5)), AEARAR s AT mT DL 20
Ak, A 2 BT AN S I GP 7R (23) 2
A LA B SRRSO R . AEAHAR ST, EGE TR
FHIBE AR (x) = Yo(2)[1 + ecos(krr)], € NILTT
ANEE, U IE HE A R AR 4 Pl 2 TR S 1) 3 o AR 1
THES I RERE . AR B I SRS oA

~Cr AQ + &2
Ty = = \[ (wr +2p0).  (27)

/7"\ Ger = \/Nngr’ we = _Apc’ waA = 2(WR + 2#0) (%
& T BT ISR g8, ERBLFZITIR
FYE Dicke Wil A AL B AR S AR AR (1l A1

2 2
W&+ K

4wc

Ger = WA - (28)

i LT, ZE RN EAL GRS A2 AT DAY

J124 Dicke FHAF—2%,

B. Tk

TEIX— 58, TATK s H — B e vk % 21 12 2
P E-BEC Ri& R M) —Mr & o . 78 I S rii bt
I, EEHARAS, Men JRF 4R RV — /N o 9 3
R H cos(krx) WIARZA B0, = B 903 0L 4% 14 1k

S B0 N B (KRR R S AR B, R O e I
KA MR PR F WO KT HER AW B 1 AL
T LSRG AR WO B AR D AL BT (po-

lariton) 741, Ze il AL BT, e K AE & 0 A AL i
JCLEBN A |k| = kr BT BERE B AL, H2IE A
RUN AR R %2, 3K SRR IR I B A G SR PR A T 1
(roton) U243l ZEiG Gt fi B UE, AT RILIE T & 1

B‘Jl[ﬁi'??aiﬁlﬁ —1, MMiAEE MRS Dicke BT F
ff) —1/2 [414445] =2 e AN J5 R f 1 J1s-BEC
M R LR BE WO T 1L 5 e 7 IRl & 3R A5 T AE K
IRk o XA AE A AT AT LU 1o 4200 B R WO 1o
PPN R FARRE TS R b, HFERRIE
FECEE L T K 1461, 3 DRk A B RS USR5 T U5
T AR BT 1431,

AT T EE L, BTSRRI AT ) L
[N, D 7 AR e MV Jot 2 TR 15 R D B, 2 I 22 s
Jf Z AR ILAE L. i (26) b da —Jiar LA
B, AR LA B8 R B (K Dicke 4587 (K A A i o

A a=(a), B=1(5_), w=/(S.), ATLAFZI

it = (~Bye —im)a+ T (5 + )

108 = wrB + 2%(@* + a)w,

100w = \/n%(oz* +a)(B* - B). (29)
K w? + |82 = N2/4 Rysplast.  BimxAS 7 R4

BAT DR o =B =0 M w=—-N/2, fREHE
WA CT, FIN I IR T HEES k= 0.
JEbE Np > ﬁff = 1/‘/5\/(A12>c + “2)WR/(_APC> I
B ISy Ab— ANk, RIS A H B0 o 9 ) O 1 AR
IR TFRTF RS k= kg, XA

~ ~cor\ 4
—Ape — 1K

Ip
N ~cr\ 4
2 o

N (7
w__2(77p>. (30)
eI AR ML, TR B k=
+kr PIMERAR /N, BT EL5I N Holstein - Primakoff 4%
#. S, =btb— N/2, Sy =bIVN—bib, S_ = ST,
CHL b ERIB Y, AR SRR b0 = 1. A
IR, BREEAR /N, ORI AT DU 4R MR K 1
JTAFEIE: g, < gt W CHIERAD,

HY = —Apcala+wrblb + ijp(al +a)) (67 + ). (31)

BN My B (REERRSEHD, @B a6 - a+¢é

M d=B/VN+d, i3
+ é))((iT + J)
+ gaa(dt + d)%. (32)

HSR = —Apéte + wrdld + gea(é!

KR EZSE ga = np/8(5 + 3(77 /77p)4)’~ gdd =
WR/8((77p/77 ) — (7 ”/Tlp) )0 1 wr < k< |APC| I,

PR K
[{_ (o 1 wh ()2
Wex = WR 1 (ngr> l1+ QAIQ)C‘F/QZ (ﬁlc)r) ‘|
KW 7
TRz, +Rn2(np) ' (33)
WO B B Re(wex)s 1 HFE N Tm(wex) o

él T}p =0, b%ijila Wex = WR» 'fﬁi‘% BEC E‘J;ﬁ#/]\
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SRR IR . T2 7y BORBELT T a5 i, ok
AR WA N %, B BEC B#ikG 7L TH
P

60 —

40t a) W
7

30

20 -

0f

excitation frequencies [wg]
N

5 25 45 65 85 105 125 145
VN 7 [in units of wg]

0.08

0.07F b

0.06 |

0.05F = mm m e e e e e L

0.04 |

0.03 t

decay rates [wg]

0.02 t
0.01 t

I
.
0 Z - v~ . o
5 25 45 65 8 105 125 145
VN 7 [in units of wg]

Bl 5. E-BEC RETREEHIKN (a) WAEME Re(wex) M
(b) FEHE Im(wex). FEHER T RN 6 3 BEC £5
CRIEF) M1 EES G MEERBREL. B (a) M
Bl (b) MBI ——X N AT B8, szt i g A
RMFEEER S MHERLL 5 4000 CEENEL), BEE R
PR (SR8 MFEHCR v BERLL 2. HARMS
HEE 4 1 EEMHF. ZEKES %R [37].

\

~ =

b RS R, BEC A 5 i Ak A AR th
KA T, PRGOS A TG, B
LB WO BT, [ 5 IR T E-BEC
W ARG T ARSI B RS E 7, = VNp 19
. e A VN = 7, = 75 GXHIRK 65.612
wr) LAN, BEC Bk CGRIET) EMW IO,
FEIEH A, BEC MR —MERBAA —3C (Bl 5
VAL BRI R ARUNRIZ) SRR, B
RN A4, e S BEC e B
By RCFEHCR A N %, 025 WO T R L e 1K
30 (B 5 s WS iifhe, ’a TR 7
RGP BOR AN R A E RS MR ik 7% - AT TT AR
BT (KX ST WOR IR (L5240 BEAE YRS L R Y

ST R4, RIS R RS RE RN, TFE
B AR AT BRAE CHE I F 0 B 3 15238 1R /N T B 2 B
THUERG BOGE D, B RGE AR R G T 3 2
AR X HBG R DA R T RV OC T PIAR Dicke
TR 18

WG K Z G n MAREER R, SRR 10w e AR 1A
WORBA W& 5 IR G, TSR T 67 AR R
P (BRRBE R S o (HREMRIKS)EHIE n — oo
I, BT A 5 AR A R PR3 s A B e A AL B, R
i BEC W5 AWK (L0524 Re SRR G .
B, BT IX — 3O3R A BRI AERCR, H R ML
CRLHE A S 1K) R HUR R AR A & (SR 2
A B E . X =3CHIRA T BEC A AAWOR s
JH TR I Bk, X — 20U [ R4 B v 280
FE 1RO - TR A B T AR A TG 1R o R o RABLR
FEEA R X b, 3R = SO XA A #ot. 1E
SRR T, BT A IR s 2 B A A
P i, cos(krr) & fpkia?, PR S EEK AR S 55 1]
PR AT 1 A

KIRFHOR G e s B ARE) — 3 (458 R
HE-BEC F& REMH—WORSMEER. hTHIE
N kg HILBORSRZEAT I S R BT B i, DRI X — 32
Weboe s A e 7 IR aE 42430, 2012 4F, Esslinger
AN AT PR IS T, SERRIE T iR R
WA BT I BE B B A BK 3 G a AR Ak ) A (B 6) .
SEIG R N U R T A TR ke = thr, ke = tkr) 1
JRF30 No FUEGTFE Nopo  th T7EIR S S A
BORA |ky = +kr, k., = £kr) AEM G, LHLER
LT Dicke #EAL [ EARBEATT 50 XF T 47 /68 5 5 AH
BT (V < 0), BEAE KSR 598 BRI I
Ko JE-BEC MG RGN IEH AL I SR S AH, ok
T RERSE G PR AT I AR, XFT Vo> 0 By,
BT G & ) T He ) 1 AR I 28 FE kv, DRI
BRI A A, ORI 1) e B R A I 20 0'6 R 1 i 3
e HTENDEHEER ke, IR KB E RS
1E p = hkg HOEOKIE, FTLAXASSRIGUESE T 1L -BEC
MG R RIS NAEAE. 7i4h, BRgsi
T B A R P B A i R AR A B TR s (42D,

C. M A%
R TGRS, RyrSEihilsa, &

63 5 M AR 3 BUROL I AW LRI 5,
VEIREE 2 W S AR By # i, AR
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- 10} V>0 ° s 6
T ° °©
o) o
X oloo |
X °
<
o6 V<0 %= -
>
& -
% :8:¢
s 2
2 *_
S 2+ o o atom data ¥
w @ o photon data

0 0.2 0.4 0.6 0.8 1.0 1.2
Pump power P (P.)

Kl 6. E-BEC W& AR IMRRE WA . 1 BL[H] I & 7 ok
BFR TS THMES [k = £k = £) BET
HONe, WO FRETETHES (LA V= n/A.
RFJR T IEZ BN FOR AR TG 4 T 5 R AR
WX (Vo <0, SELBED, B ER T %A B
TER (Vo> 0, 0D KO XK AR R T 0
BRI B T (& TP A et . Hams
B ER: BTN =17%x10° WT V <0 MEE
B Ape = —27 x (19.8,23.2) MHz, %F V > 0 (5K
I Ape = 27 x 15.1 MHz, JKEGCHIHRE P FIIG S48 Po
FRBE. ZER A% S0k [42).

RGILE T R X P RESHE RS
R 5P 5 A A5 5 THUAS v e A7 AR A 20300 DA
HI T 2 L (9 Dicke BSR4 61, 6f 15 P AR GE A0 A
&, CPIIE IER ARSI FDE I EKE (6a70a) ens
Hy [41,44]
2
(06760 ers = S
- Gt)
W FHREUE —1/2, L — PR — 3 i
TR, PRI IRE R

2
(56168 s = n

2un(1 - (3£)')

HGFHREOE -1 (B Do Besh, JRFHER kT (B
W E ke ARIECE) (5bT6b) th BA HALRIIE AT
Sy VAL T O, SR T A R A K AR K Hh R T A
AR T

2013 4F, Esslinger /NHIE 58 I W &6 37 R AERL,
R AE H A IR s kR TR SR BUE —0.9(20.1),
5557 359 3 A 1) TN kA — 3 6T, fH, K 8 T
DLRIL, HEF a1 Bl g Fe S #e 1l CREELD
B S v T SE G BT A (anmsza i D . HAT A e
JFHORASIFER v OB ) W% I8k, A Refl
IR SEIARF (L. M, PRGN T

o< | — ncrrl , (35)

14

12 +

log(0bT6b)

6 10 14 10 6
log [1=y/y|
K 7. RS (Atsig) MEMAYS (HEBL) /Aain
TR SRS IR ye N LRI TR AT R o T IBR G AR
% K = 2WR» ﬁ%%%i&j’g Apc = —2wr, & = 0. i%%]ﬂé
5% (44

kv WL s T A RGN (BRZ) . Sk b,
S8 AN R S AT BRI R A& BEC 1 fied
KA LI TR, NIAEAS 57 K = BEOR &5 4
T NI, e T EOR R AE T ANBr AR
HIGHE o 3K 2800 6 SR AR T BX Bl sl AN A 3 R
BN, IF Has il i Tt S SUn & ik, M
5 BUR k3 A o A7 BRRST RN A I 2 i 45
i i 5 BRI PR G 2 5K 8 T — S R BT [ — e |2,
RIS R H B3, Sioh, R 8 )
PR, AR AR ST O e Bl N s . i,
TSR DL sub-ohmic #4723 I 1o A RE 2 % 2 5% w0 T
BCRGE T IIG SHREG A AT T 1 BT,

101 d I ' T T [E!
: ? 50 ] §:
[ 140 - :
E 100 41 40 > :
100 £ 100 o2 g_g
P o 80 t ] |
g & 60 1%
2 540 :
B 10_1 3 g ‘0 - 10 QC_) ]
= _o |
2 U 0 = I
z 0.3 0.4 0.5 0.6 0.7 0.8 'l
2, . | |
s 10 Time (s) o ]
.9
g llllll o>
E -? .-a..mom,,.,--ee:,-.
- 10 ............. _E
1074 & |
1 I | ]

1
0.6 0.7 0.8 0.9 1.0
Coupling (A/Acr)?

P 8. A B AR A Hi I kR (1D T e A0 R R SR
iR, ROSARME RGBSR, BORELLEE TR
Je IS FE RO BLS TION, 2L SRS IR IR T O A
A OROE R JRMME R, KR A2 %3k [46].
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B Tk I SR ELAAN, SRR AT
SEE) BRI W S K E S AR AR R SR TN S AE
AL CRERSD I F M, e i, R4
RIAR T A B, Hosth BRI 243 TE 95 K, IR IR
AR

TR |y — g [T, (36)

X z,v, 2 AT AR R & (p brid 3K
FIFHAZ ) J7 ), BN IE A SK 3l 21 B 20 230AH 8 sk
K)o SEEG b, MR M 3K S FR Gk I AR R E)
SREE S AR SIAR IR sh 3 A LSV R I St 4
2o = 0.75, 1 A B SR SRS )2 S A1 I 54
B 2o = 0.18 481, X —45 1 5 Kibble-Zeruk A1
WG SR EL 2,0, = 0.5 CELEEPIANIRB) 70D 225
BN, P NLELE AT R — P

D. B BRSO

FEMR S AR R A D, WD S TR — A A
A RIS, R T I SRS s E ARl
ML GRS AR IS, EC A2 “a i R
SPH TR A ROBBOR . RN 2 R
FELMERIAR AR, JFA W RESEU RIS
RN RIS —LE )R (swallowtail) &5
(A

i B AL, RE — A B2 7y B (0 U A B s
frizzh, HIE RS AR RER CRaraail, 1
IR I IR B I IR Bl . AR R,
AN & S T N D37 2 [ N 98, A D3R i 3
ARG, eI R R A

H=—Apala+in(a’ —a) + Ho + Hy + Hyy,
o A 9D N o s
Hy = —to Z(bib] +HC)+ 5 Zn(n 1),
(2,9) i
i, = gcafa(fvs +By),
Hy = np(&—F&T) (f)d—I—Ed). (37)

i Ao R SR L B A AR A (Bose-
Hubbard Model, BHM), H; # & i % % % 6 &
B B, Hon #5333t 5 O80T W,
o g D, = 3, Jang AT AL 8% B
i B. = Y, J5 (00, + blb,) 4 B A T T
HEMES 2 MBEE. BERE J; =

[ arf(rywi(ryw;(r). B P

‘mm={ﬁwmwm

€=2s,

e =d. (38)

p(T)uc(r),
s IV.A NTFTE, FEIRCS IR IR AR L K
JEEE ks BRBE I Iz g, oy B 2080, 5
R e AT s . i, fE )R ISl B
T, WA Z I Hov 5 0

ﬁLM :T]SH(DT+BT)(b+B). (39)

Rop nef = 2A,0m2 /(A2 + £2) ZIE T 5T 2 M
W5 T AT RO RE AR FLAE R (s B, mr DAIE i ok
KBNS np, FIEOEHE Ape SFHTY

1

(a) R
0.8 4
o P21/

0.2 S

0 /-

_________

[ (b) TN
01 0 ' 01 T o2

CLS/ER

K9 (a) BAEELEA n DT EEAME p, Al (b
LT BT BB K as 0840, B (a) HSEER 21
AAL T A A TG A R RO, R R A I HE M
AR E S IR Ver IO, BEAL, & = —ky Ape =
—3.75k, Veg = —4Fr. B (b) "R fE 0 T4 UG
fi5ol, RN N AR R . %KoK QS5 3C0Hk [49].

B T 0 3R AT 3 RS2 A, ot
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(1 f ik VA s T AR RRAS . — DT, TR
TR R A B 5 B TR IS B, BRI
Wik Sl 13 RIS R BB 21047 1491,
tetur, MIEYaTE npn = 0 B CGEATAMINR 25 AR 4
SSHIREAA EAE DD, OGS SR R TR B KRR
s (R npn = 1IN, BRI et 1B R
AR5, R R SRR, B )5+
FIESHEERANFEDTAHNENE (E9(a). B
(K VR B 23 B4 TN Feshbach 344 BEC X 48 F 8 1 20k
%, AW BCS DSk 40ikv%& (B 9(b)) .
— 71, G AN IR I S5O S A A4S SR T Y R AT
HRETC (J35) FOEREs AR T oen (e ki A
YN, t 35 T AR AR RS SR ERIT A48 2% ot
5P REEMFRAS, 1K s A8 5 0K Bl A R 1 0K 50 (1) 15
BT LG 2,

B 10, IRUKE T LN B AR (R AH B . BN DA RE TR
MIKBDOCRRIE k/n, PN ERSWAES 1/gip. 1%
K2k B 2% 30k [50).

PE I AE 9K IO D0 s el M 11 Al e P 25 A

A EAR FDG R 7 JO8 B 520, SER A s o HLVF
Z ARG BOSU, RGN KR AR B R I
BARMZES (B 10). 24 Ay < 0 I, JUF#m 55
AP E, AT R AR SO, XN R AR
e VERON IO B3 MWER Ap, > 0, T IREAN
W, AR MR S o PITTAE SR EK BN A R T
P A YRR 1) B € P B R — 3. ERE 2 IR Bl
S, AR R LT VR 2 R A X, T S A S By
YA U T A2A 300 S X

1 1 I 1
Al _
n =3
3F 0 -
-~
3 2k _ N -
1’10—2 \
______ -
1 |
nl
0 l -
1 1 1 1
0 0.2 0.4 0.6 0.8 1
K/s

Bl 11 JRFORBDIE BT 3 AR (A . Rl R
B SR G IR LT, VR B S A G T
AN A — AR B R A BAE A IR R R U)o B
EHFRACREE no = 1 WREBRSAHZNME, HihZS
B Ape = =50 K, & = —0.1 K, gip/FErA = 4.74 x 1074,
ZEK B2 3R (58],

TR F IR GO0, BT B I e A AR B A
REMH T I e I K/ IE3n ok, e A FLAE
RERR K o I AN AN A 73 18 U 1) SR 4 5 R B 70 1 i 57 O
EHRAR K, AL R LG AR [ % X 3K (lobes) 2 [H]
HILMBE (B 1D . ESSIRBII IR so — 0 B IR IEIK
Bk — oo (k/so — oo) I, FREGEIENIE) MR AH
CPEITHCAE) o BT IR 38 8 52 i (R FE 5
N, RGN ARS AR, AT SR R A
NN SRR 2k . AERBIR A LaZk k2 0], JRT R EE]
R TUE L A7 B UL 1 T 1 A R Pt LA rb A 5 T 90 1) o5
KT, WEHEA S ng =1 H 0.6 < k/sp < 0.78
I, T B A A 1 0k A U 1 A T
DAL 1T SRR IX Rk A R B [ A (supersolid). X i [E AH )
AR S SR A B ) T LR 128527571
DA F0R 2 AR B A KA EAE R R, i
AT WA T A BEC B4, 7EE-BEC & R4
e, l TR R AN G A AR R, A
FHR 2 B A SR K FEAR AR, e R 2
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H DX TR) T R H LR ] A1
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& 30t
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o 0
1
LI
60}
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2D lattice depth V, (Eg)

K12, 7ERWE Ape (RNEH Ao FEMERE Vep “FHIKAH
Ko ARSI SF (40t BBREAH SS (&),
HLAT 25 B A CDW (I () ISR iR (B ()
S0 AR AT B P, SO AR R
Wk, RZEXIBARE CDW M MI FILfF X . EPiEsa
Hono =~ 1. ZEEREAS% IR [57].

7E 2016 4E (K sz i 57, Esslinger /M 41 th
2y 4.2 x 10* 4~ 8"Rb Ji 741/ ) BEC GREE R 42
nK) AR B — AN e rh, T8 I A R R T s A
PIANTT I — AN O ik, R IR 5 — AN IEAS I T
[ Rel? S ) R W N 71 e N S R R I
MR |Apel/2r ~ 10 MHz iz K T i (1 FE 5
H k/2m ~ 1 MHz, [ J538& X KT IR 18 3 RS
K wr/2m ~ 1 KHz, KAT L2242 S0 B+
MR, 33 e g 1) 3 - 1 AL 7Y

. - Us — . .
11:—m§:®ym+HC)+7;E:nxm—l%

(e,0) i€e,o
(L) = - @)
e o i€e,o

A I ) P I0UAR R A G (1 B (- A 4 A
R, AR SRR th O T E R R T 2 KRR
AR, HRE U = KhinMo|?Ape/ (A2, + K?) o
Vop/Apes Vop NG EHEE. Hoh, Ape =
Ape — 6y Mo REB T MO 2 A1) & & EE,
S AR BT AT I HE R B XA R T
HL i 0 U 7 R DL R A S AR T B © =
| e = X ol /| oo + 2o mo| FAEe 24 Ape > 0
I, KRR AR 2 A 19 7 2 R R = T
111 0 B S A B SRR A R, 2 Ape < 0

I, U < 0, X RG0H A B
(O #£0),

S W RO B AE © (8] 12 BBILh D,
FEal k] K AT (time-of-flight) Wl & Bt AR 1) % ]
AT (B 12 B30 —J7if, 2RI |Ape] B
/NI, A ) R R AT A AR R T B e T 2
MR A RIS RERES (LU, SE). MRER
d A% ) 2 o R 1 B e, H 2 T ROt Bl 13
HLAT 85 B P A LA . PRI 2 ), AR BE AT R
TR S L Aar 2 FE B, RIS R AR R BB A (e,
SS). W—J7l, BEA R |Ape| B, itttk
AN, IR A% T, U BN 5y
stk (G, MD. HAHERERZ, Bt Ma s
A g R 58 AT F] e R B0, s 12 Rt IX
B, fEBER b, AR RGBT TR
FUIRIRIEST o 1350 B0 255 HH AR AH P R SI2 56 255 SR € 1 Wy
£ 1597620 e 3 ) H T WA S 0 3 1 T R SO
WIREE Vop W77 R TEALAH BAE I Uy, AR5
() IRt 2503 T AR AR T, BRI IR AN e B A A A
TEAAH HAEH Us Wsm. eah, 30053585 07
(Dynamical Mean Field Theory, DMFT) ik T —
Y RGP B A AOATAE 10364, )i p R (AR ELAE
AT A BT S0, T 2550 A R
SHAHAR IR I L (631, Bl 3 — DR AR, B %
S8 5 AR s R AR AR (00 A 4RI,
LG R RN, KA IR RS RS,
YR TR Re S, XS R FARRIER T — 2585
AR B9,

F— U7, HERFEEE « SRS wr M
M, B TFA R4 IRRE )R e, T4l
AR AL B0 5 A 2 5 3 i1~ 2 18] 1) 4 Jmy AH L
YER, oA AL RZ) 7 R0 . BRI, E-BEC
RS RG] LU B 3h ) 24 Aa s 1805), IRz e
i A R Ape < 0 B, I BOR R 7S Ak %
FEk,  BRIMAT SR 25 K AL AR S AR AR o 4 1l bl i
I FHE I, SRR R A AT I R, B
HBRRA AR, W 13 ProR. fEXANSER Y, R
AR |Ape] HIEIRERHUER © fEAR IR LY, B
i ono ~ 20. KT HSF AR AT 1L 45
HEUAH, SSF AR [R] Iy A F Ay %85 82 I F7 12 A) 4 1
PR IE AR, T SMI ARZRANAT FiL Ay 2 LI 16 4120
SOREAH . T AR s B R AR IS TR AR 2, A ATTAE
S RSB T AT H Bl ) S N T B R R AL

LAY H A o B P
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@
g 20+ .
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e
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Momentum [hky]

Kl 13. (a) IG5 N, BEA RO Ape (BIE T Seg) FIOX
s (B e, AL, Kl HSF AARKA R
A, SSF {RFMIE A, SMI AAEFEAN. (b) ¥ (a) T
MEk1e ABCD, o8B R Amms W A&
1E B — C ZI), W65 B 78R HA 2 e A1 T,
KZRALTF SSF M. (c) ¥y ABCD B2, HRZLE (b) il
AR E 1-8 I, B TAE Ky — ke P A IS E S i
KK B 2% 3K [65).

E. Ale-HEf & rge 4

- BB AR & RN AL AT 2 5 2 502 PR 1 1 €
AR AR AN E ey, AR R S i R &R (PR i,
TUBT 77 (1 Fe S WA AR RE WOk (6667, R0 5y i 21
o BUAT I S RS e B i B I RS O T
AN TRV RS 4 RE S R A e HE M & 301
AE e, Bt AR A A L A
R TR RAAAE R I — 2L PN . f R
AL SEBLN I Tre-BPE RS £ (K7 G2 o B A
G AFEER A GES, LA A R S = AT IR
fERish R . BRI TR L, Sttt &
A R GRIL — LA T AL SR T R G
JE T R R GUAE RS 2 B X ) N L R I = AR
B — FEAEWAN WA — AR 681, FEhy G od fe =
EREBEPUER G RS, BTSN
BEWCA S PR B RO . PR 8O O
TR K T WA IR TE T, WO A 10 b 4 m] B
BMEANTE, RO I (PSS A A AT TR I B S
B, WS — R e B T ROt B, W
I FR A e M RRE SR K it vy 2 i R N B R 4
15 R4 I R 451 (swallowtail) (691 25 4R 2k ¥k 2%
}T_\z [70—73]o

B, Ay LA 3 L Al 5 1 A8 Y RO K
R TR FEROT IR LR, Apa < 0) (RSP (R
WG, HrEEAR Qp) MBER (KB, LR Q1)
BB, (A I A 2 A IR S O D A 7 i A8 43 E AT
M T AR RE S, WL RH o~ et
Yy R I BE AR 15 KB D6 P A A IO RESL (R LEJIR gD,
XN Rl L PRy 2 R R SRR, B Qo — O
Qo — goo HHIRIZRGIIA RGBT [T

_6/2 M*(xﬁg)

h= M (z,y) §/2+ M.(z,y) |

(41)
Horb 6 BARIIAOL T3, M, (z,y) = Uy cos?(ky) +
Uoatacos®(kx) +n(a' + a) cos(kx) cos(ky) 1R A g
T B B2 3 (0 SR Sl 6 A0 5 D't 8 7 A D
TE— RSB, BREGHIR A Q B AHE EE AR
K ogo KRZ, i Qp /g0 = 10, PG50 5 2ok JE T
XSG S e (U1) FHERBE 5 6 2 [0 U 1.
A, M_(z,y) = [-Qcos(ky) + Qeacos(kx)e v
EH BN R U VA BN TR N TS S 7B iy VAR
Q= —00/A00 Qo = goQa/Ape. XIFHIE G
WRIE o« = (@) = (MO +Q.E)/(—UpB+ik), Hh B =
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(W, o (k) W), © = (W] cos(ha) cos(ky)T,)
Al E = (V)| cos(kz) exp(iky)|W+) 43 5T & T H Jig ¥
I RRL R A (R B By R BK SN O 9 BN RE D LA &
oz 5 T RO BRI (R HUR RE

12
@) LVAP
@9,/,f//’/’////
S 6 tri
< stripe
3
02 checkerboard
0.3 0.5 0.7 0.9 1.1 1.3
fm/EL
30 w03
(b) 4 ©
15 o 0.15
5
3 0f-.= i = Of~-z :
[l Teeeo B —eN el
“15) == -Re(a) "~ g 7015] - - -Re(®)/N
- = Im(«) S~ e == Im(E)/N . _,
-30 o —03 L
02 3 6 9 12 02 3 6 9 12
hQ/ErL hQ/Er

Bl 14, (a) BAWEEES A REHOE RS 0 25 3 60k
AR Erb Q S BMDCIREN 1 B e E R A e, n a2
REGIEE [E B ERE n = 0.7EL/h I, 61
WEE o HRTFHRRTSE © W M- PUBfHEmE Q 1
AL (b) 1 (c) Fim. B ASHh: SOLT i
2RI § = —4EL/h, WIDGE OG0 T L%
L Q1/go = 10. ZERAZS% 3R [74].

wE 14(a) i, fE Q> go P&, BER
WG Qo AR, % RGAEZH ] LI =R A
[FIRPIAE: BEEAR CEARD . K800 GEEE) A
W JiE- SO e dn ks A GBEARRD o« B G, 3D Q,
BN, U BT R U B (0 # 0),
1M A BERA E R ARG T (2 =~ 0). B AT IK
B0 1) 5 LR I s S N, O A o AT W A
(a = (a) # 0), BEIS A FER N PR L 254
FH AN AT 3 A 1) TS RO A3 A iesA 1S A s T
(RL -~ Z AAFAEAH BAE R, T b IR 1 1 2% 18] 43
M2 2 sgm, FARTE MO8 T BUKC R DU IR
¥ (Chromium, Cr) A%, A A e [0 i
KN ayy = ar) = 112ap Al ayy = 87.5ap (ap &I
IRAAR) WA (immiscible) 51F a2 > appayy,
BN S Vi TR AR - SR d e = i N VAR Rl
ANEIHL T . FEUR, B R IR G R Qo I
H Qo — Qp Al h Sk B8 H e 5B i & . X
T TE RS 15 250 AN T A TR RS PR A 28801
Y B = (B, B,) = —Qcos(ky)(cos(ky),sin(ky)), H
FAMR 7 /ko XA B R S S e I B % (5

TR 2n/k), IMBEE Q (Q2) MHEER, Bt
BBW R, EHEN—DH QY — Qo EFHRPTA
— RGO XN 3 T Al T 1) BT R 4 SO IR 4
fi (a=0), WK 14(b). )5, Mt L5 Q W,
Wi Qo — go HUMDGF IR 2B TTAG BIER, 1
N PR ¥ 06 I 2 B2 AU T 3 o b = e R O I BRI,
Bl O~0MZE#0 (K 14(c)). X T4 2 i fi
T PAER, PIRRZE 23 () IR A 25 1) T B AH 7] 1) 43 A1
(miscible)o VERFNZ AR T HH ST S TIIAT
A 8HEYy, — J7 AL I 718 B e i vE 454, o)
7 TS A I U8 R B3 PR AN T 00 T — S5 i Ji s e o
) 2/ kD o 3X S5 R500 gy (1) 5 5E WT B 3] LA
FRITRI g, XA AR & RGO I R
TR — 6.

V. G R Y 2R AR

WIHGTHTIR, AR i, BN TR
252 G KRR AR S AR R 08 TR R ) K 5 L EL
HER CHALD AHAR B34, fH 2, Bl i B 12
BEAG, ANIE) & 7 e v PR T A3 A & R R DL AR
AR RIE G 0 T80T, S LR m%, JU
TP IR 5 R B AR B e i R INAS, AR AT A
MAE R Sy e dze ATk TS, AR MR
B SR REE A A S AH AR? AHAR IR R AR 4% A RVRRAIE 2
o AR T RIBEFE R, — 7, X TRy
i (spinless) PR, WA ANAR 28 o 2O AT 2R A
HEAR T AN AR, A AR LE SRR, AR A B AN
PES B I 5, T 248 5 RO I RO FE At 22 7 2E
FHWSW: 7, MR FRARAHES S B R
GEWIB) 1A, A R R B PE U A AT BN R IR
A8, T A s i RO T N IE R
A 1T6-T8) S AT BN

A. RGBS

A4 70 3 10 4 B R U T SEBOR IR, i
R DA R T R S B A B
SAEEAAHIRIES L (17) 3D . hFERekgih, &
TR A S (0 (r), U ()} = S(r — '), T
I 502 0 Al 0 P Bl R A 2 S B AR
B U, = 0. EHIERI R, S50k i BA 2w R
P BATRA TR R A E S (@) = a. 7ELT
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REIKSAE I T, e k&R &8 KT
PRI 2 Bk VA, AR B TR A 2 R, A R T
AR RS AR AR 52 B AR BRI AR L S . B R
WEFTR I (790, fs sy (0 g N7 — 5 T 2 T o s il 1 o
MURBE Eolao|? cos? (kra), I3 —J7 T 2% B 3T S 4IR (¥ 5K
At (wp = we) BEANGIE np(a + o) cos(krz), MH
YR BN 6 1 d ks VR BE R 2 2 IR B g e . Tl B i
YLl vl 131 SR K Bl i L

1 [A2.+#? B
2\ A, [
X B S HoE OSBRI B R — 2. b f
e AN SR REE . SKB SR JRF U R4
[ KIE .

f(a)1d

VN = (42)

3/4

1/2

o AP : o
" Boson (;A}b

1/4 1)2 3/4 1 1/4 1)2 3/4 1
f (c) 2d

FS1=

v s , Vo/Er

1/4 1/2 3/4 1 2.5 5.0 75 10.0

K 15. (a) 4. (b) =4, (c) —4ERP RO TNALE
RN A S E f PR S v K2R . S5 f RN 5
KRR R U AKX (42) Pros. B Vo HIKEDGI 50
B, MEACKFREZ T O RSOl (d) ANRIERFEEL
NZH 1/ f B Vo BT [ e Lo M S 2 (58 AR
FRFOL IR AN AL ko %R A 2% 30K [79].

Bl 15 JEn TARYER T f B PR v (R
B ARG R M W Feasming, mT
REF 0] DLy 8 ) — AN, BRI I 88 AN 2 A
W EALAERE I SEm (B REE) o (HRXS T 3OKR AT
oo BTN, PR T RER IRAT (K AT 1]
SRR EMAE L ISR A (SEEk) o AR LI
(v = 0), PORAAREEI A A 5) e A 4 5 AT
AZo AR LI, LA A7 SR 2 JE A A A AT

7.
5.
&
=]
3.
2.
; -0.5 -0.3 -0.1 0 0.1 0.3 05
0.0 0.5 1.0 1.5
kr/Q
‘ . 8
2 a)ng=0.5
Normal Superradiant 7
1t = = | 6
zsﬁ Unstable,~
oh ;
E 5 e
g A2k r\fPump b %
< 0 £z L 4=
=" -1 — 2
g b)yng=1.5 Superradiant; g
a t ]
L = || 39
E
4 L
“ Normal 2
2 b Unstable 1
0 bomeei : : : o
0 0.2 0.4 0.6 0.8 1

Pump field, n

Kl 16. LK —4E oy PR AR R A & 32 ] S
X =AM GERIZ ksT/E: = 0.01): # KK (Fermi
Liquid, FL). &0 Peierls 48251k (Superradiant Peierls
Insulator, SPI) . FE¥EN FM7 A7 28 K& (Superradiant
Charge Ordered Fermi Liquid, SCOFL). (&R
J% kgT/E: = 0o i IR S AH AR 7E 9 K T B2 G R
B (REEZR) BRHHREM (2. ZEBkASH R [80]. T
K. 4oy TR RIAE . Bt (a) # (b) 443k
HARH np = 0.5 A1 15 (NG00, SEEOSLLAER I, 4
EXLNE P, REEXIARRAT E X, %EXA
2R [81].

Ap [79=811 R b, 2 9K R JFE ' 3 10 08 R R A ik
£ (nesting) N, B AHABAR IG5 . 3X—BLIT
SR Pierels AHAZZEABL . ¢h T4 9K AR 1K 2%
K2R, SR v = 0.5 oKk Lk
B, MCRECON B, SEIRA ISR 9 — 0, W
Bl 15(a) AT 16 (D) Fron. BbiF, AR RIEGE
HRT LATE SR AT IR e B, A7 7R R Ik 4 4
(B 16 (D 1 SPIIX30 . IOz 29 13 i
A BRI 5 06 5 5 AN BEAE ORI AT §1 T RE R, BT Ji
TAAEI SR (16 (L) ) SCOFL X)), 5
PR R AL, SR A AR B T DA 3 AR AR A W] LA
P ARAE (F16). BRI =Yk R, TRk
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MANRESE AL, BERCR BAR Sl m S, HIR
FLUREN A REIA B2, Wil 15(b) Al (c) Fiw. MiH
FEHC P B TS AR AT I, SR OK I ) B2 R 45 R 23l ok
HONFEE WG Rk, Gy s b a0 AR IR B
B I IR AN 7 ) ) SRS R B I, R R i ) T B 2 U
s HES, TR SR AR A . X E R AR — AN
BONBIBCR I — AR, Wi 16 CF) EFR. X%
AN AH IR I AN [ 1 % R e o B Rl ok, RS AH
Ao

A RO/ R FE B T B A S s e i i g e
{HJ2 Bk 2 I G A0 S50 Y0 [ TS SR AT DA 4R, B
A BT B D) AT I A O M T kg 180, (i
AR, TR BAR B A AR T 3 (A U Ry
PE, (HETE S RS, SRR AR
P SARIIARAL R AL 7RG S B IE,  38R v LSS
4y Dicke Fify (821,

B. W7y ERIF AR

B e A BRI, DGR Py g & oK AU
SR N FF R 1L, mT AR T
Z Al s PR BE T LAd I Feshbach SE4RBIARZEAT
WHE, T IR AR ELAE D A] BN 5 W 5 1A B AR T 22
o 2 0E DA R Y 2 59 B9 HE R A AR, AR AR
K BCS-BEC . 7& BCS X (a5 < 0), KAE]
RN BERGETE, TR S A AR 32 SR I 9K AR &
RIRFAE, el S BK S 9 52 (%5 LA 7 BEC X K
(as > 0), MPNARDPEKZEOKTIBRE GG T, 1K
REWCA R AN Bt G0 v, U A AR AT AR 32 ARt B £
WAL, ol SR s R AR B LK. L
IEXIK (1/kpas — £0), ARBEFCA I 23 [ I B M
PR R, Rk, € BCS-BEC b, % 5 AH
Al S B 5y i 8 5ik Z AT I TR AH AR A0 1
w183,

BEAh, AEANR 238 9K 1~ )t ) LS BN G #E
WM NIE B - RS . BT A - RS & i o
KRG ENONF W IS, Htn B RerE /K3
MBS gk 851 Majorana 3k 1 (861, Weyl
g )E BT AR, AEAPERDE SRS A PR S
HT Ol T 2 AL B g BLi R & B899,
PR ORE G (1 O A BRI R R HEAT T RN
WEST OL92, FEoeae e ch, adm Rl A e PUE RS 1
FH L2 A4S S 1A R B TR B 2 ) AN (] £
RIS, g Fh e S A b s 17, Wk,

I3 HOAE TBOE TE th 1 79 AATTRT LLARBRIAR AT 5% 2 1A A
AN AT A AR A AR

A
~
P i 4 “y N
R .
| gA ':’\ gA |
-3-} ] QA "‘
T I

Z < -
YL—X

K17, R FPJRAE 2 5 9K R R SN I A Jie- e
AR T 5. A7 S T BT W — RIS wa IK
gy ARG PRI I RN Ihis sl R A
DTN AR I (e iR SX BN 1) 53— S B iz [B1R
A 5% 30k 9.

F B R b TR RO BE DL R I 2R R (L
y SLi) e F) FP b, e BT A7 10 K 5 Ji
T UdRT7 I i), R SR A AR R A A3 R 1) — 3¢
P i (Bt AD o RIS, el o — At
(B) B RRER Aot I, Wil 17 frox. K 7
20O 2D, A KSR ) A
BT ILHR,  HAN T3 5 B BOR S 2 K R iE. X
I WO G IEAR /N, T AR A B R O T R
B, BT T Al R AN 7 o) A 9 ) R A
LYY Ao, KT R SOKEE Epe X,
ORI SRR VR i b 7 ) R PR — Bl oK AU, JLAR:
Rty )
~ ~ _ K292
Hy = —Apcata + ZU:J dz ¥l (z) o

+ (Vo + Eaala) cos? (kox) + Eom | Uy ()

+ na(a+a) [f dx\ili(sc) COS(k0$)®¢($)+H.C.:| .
(43)

X a W, () 2 RIIER A RT3 10355 555,
Ape = wp —wa RHIKFPDEAX TR A R, Vo I
B B AT SO6RM, Ea = g3 /Apa N TX
R A RIAREBEE), na = sgaQa/Apa 72 R
K, omy, AW 2 TS XE s = exp(—k2p?/8),
ANpa = wp — weg > 0), & = £1. WRECIHANE,
MR (43) KU IR T R ERS BTN A
WEENERE
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XN S I7IE A (a) = ar BT
TR R IE K TR T R Re i Er = h2kg/2m
I, PRI G i 2L Bl P RS

~ na [ dwcos (kow) [<z/311ﬁ¢> +H.C.
“ Ape +ik—Ea, f dx(z[);q&(,) cos? (kox) .

UL, ARG I kA
(me < me) MSERMAIKAI (me > me)e MK
BSO8R
TR IR 5 R BT R B, N A R R A
Ao £ 0. FHEERRE, R8s e R e
BRI R, (790 T RO AR (Wannier) H 2K
AR DR TG . 4B AN (my < me), B8
S S 104 BRI O 5 K5 7 98 K T BRI A2 1 17
BE R T A N, RAHAT AMEINEREN S, X
AT 314 75 0 M 5% T A o 28— L X P
WLk R AEEFR LS (Winding) $Z0m (A1F 18 i),
R e B R A (edge state) (I7E. 4B
K TG RRA I (my > me), T E R AR AR
RS e — i 4 5 AR AR, T 5 —
A5 55 B MR BT 310 40 P R — 80, 33 L P 341 4
S AR TS TR R BT IR T R
s b B R 0T S T B, A D A
MR, TR 45 2 A A A B s R p BT
i 4 R B I L T RE R, 7 LR ) )
R 2 R R [ SSKBIRR 875 2R  1 Rt i D
HCIREE . CREWEI o) IIMIRES T T 5 1 4
EWTAT TR L. ST f L R (43) X, AL
FFTE m,na PHRAE, WE 19 Fir.

(44)

15 15 o)
1 1
05 05
0 0
-05 —05] "~
-1 -1 -

ko Tk

P18, 55 A LUK DX 0 S R S AT (a) A0 T A O AR
(b) AR FEM T . o 2L AR A TR 2 Bl
BORLAKR Al y M. #E SR T aES T A i
gt . %Kk BS% 30K (77

Tt e AWHE L AR T, RS
ZIRBIFPRESIFAERT 2P Nt 5 1 22 R o
T, ARG RS RE R R B O S 1 AR LR P
T MRUF IS . A2 TR, SRR 9 %

357 TSR b) —

M ; 4

0

o Kk K/ko

0 01 mc 02 03 04 05
m,/E;

K 19. HA TS A e PuE & e EAEH — 4ok Uk
MR 9550 m. < me I, REFEWKEDEIRE na 1
B, AIER GEAT (M) SEAS NN A (TSR).
om. > me N, RGN WA 424k (1), 2t
AR ST AHAR Jer g NSRS R IR S5 A (SR), Bt Kzl it —
A M IRAR AR AR ST AT (TSR). BItP RO, 26
RN T R AR A, 20 SR AR — AR AR
FE S me BAFAE—ANPUA R FlIE 7S T 35 AN A Sl
CGREHERD) PR, REl S5 AR, i (s
A EIAE RGO AR ST, K Ee N
Fik RIS . Bk AZ %530 [77].

A 2kp = ko, DRI 95 K T 1% 75 200 R A 285 98 it e
FHAZ, 3 AR AT AR BRI AT AT PR (10 9K ) 5 S mT
PG A R S AR AR (I 19 A A BR KBl i B U I T
BRI RN, IR 8N TRk Bt e
WG T — B L 0]l /Ona 2 AERERR & I R HL
AN EAR GG . B E REIE PRI AT I, A
SIS R AT AT RE I X 233K P FfBE R A

Bk, BT R8I 2 18] (K AR HL AR R0 5
I ) W e ) K 99

H; = —gip f do Wl (2) U] ()T (2) Uy (x).  (45)

XH gip A 5 2 [0 B 0o HAE - 58, A] B
W3k Feshbach RN s PHEH K oy BUEHITZ
W5 LR R TR ) R AR ) (BRI
FE p=+/h/mw) KIEFIKAE gip KIHK

drhla, 1 as -1

TN 7 7 (1 - C\@p) W
X € =1.4603. 4 gip > 0 B, B (R B0 B
YEH R 2 5 A AR, AR & 38 E e R R 54 B
T BCS Afae M Bes5 R 45 ¥ AR X (Cooper pair),
[F) B Sl K T R AR FHEAT FF— AN REBR, AR NEBRE.
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6 0 B 1) e TE R £ O S A ORI A 7 e
A, PR R SR, g
KW 03], BARTERCR SO W R I T B i A R4
S IEAF IO DX, H K 2 BN I AN S AR (R 3
A (K 2000 X T ORI AR S PR AN [ 1)

A7 LI E R R MU fr it — DT
45
9,0 E 025 @ 028 ® 0s ©
TSR TS
35 SR )

\

(um

W R
25
N(FP) SF N(FP) SF

0.2 0.3 04 050 0.1 0.2 03 04 050 0.1 02 03 04 05
m/E

“is
(dd)N "~

<)
o©
o

E20ﬁﬁm 753 B BE-FUE R A 10— 4 PR SR E A A EAR
I IR AN I o A EAE S8 gionl™®/Er WERAHIK
%ozau%xm,ﬁﬁﬁﬁﬁﬁlggﬁ B A1 HAT 5
JERIIEGR, HR (SF) WA K, EWE (N, GiEeek
1k (FP) ME/r Ak (PP)) MIXIRAS N, B sg s —kr
A, BLRRZINA, SEERBIME. ZEkAS
230k 93]

VI Mgk

AT EELEA T a5 15 ARG 1R o A+
A2, JEEE DR A B AR ORI B T AL
KA — LEBAE M S0 0 . AT I RUA FT LU
J5 7 N KB OGHE A, AT ALE I T
PR ARAR, A DEI B B g, R B A
5 A S TR 23 A H D PR BB o A A e e S A AR
iy TR R SR B hiE s, ol Rk
JeIh O B R A IR R, F RS, R
IS IR) A% R S Rk B0RR RS o AT el 2 ) ep A n i '
SAEE, RAR S AT AR i 6 K 32 2 DT LR P
B, Bt RO S R AR, IR RIA
BIR R oA ds, AR A S, Bt
WAE R TG, RIS AEA T W 7S
ﬁ%ﬁ%&ﬁﬁﬂﬁﬁoﬁgﬁﬁﬁﬂa%ﬁ@%%
(%3400 JEURE R0 49 J5 A A2 BAT RV GO0 ks R R IAT
N, ENERAPE R R AR SN R R
TR P YASETIRAE T E B

I}

1F 2 Bl B K B R R 5 & & (11274009,
11434011, 11522436) . FHEE (2013CB922000) LA
o E N ROKE R 4G (10XNLO016. 16XNLQO3) 1)
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Ultracold atomic gases in optical cavities

Yu Dong-Yang!, Ji Qing!, Zhang Xiang!:2, Zhang Wei':?

1. Department of Physics, Renmin University of China, Beijing 100872, People’s Republic of China
2. Beijing Key Laboratory of Opto-electronic Functional Materials and Micro-nano Devices,
Renmin University of China, Beijing 100872, People's Republic of China

The hybrid system of optical cavity and ultracold atomic gas has caught great attention in recent
years. This review article focuses on the up-to-date progresses in both theory and experiment
worldwide, especially on the superradiant transition and some interesting quantum phases in Bose
or Fermi atomic ensembles. It is shown that the hybrid system is highly valuable in the exploration
of many interesting physics including non-equilibrium states, quantum simulation of many-body

systems, and synthetical gauge field and spin-orbit coupling.

Key words: Cavity-QED, Ultracold atomic gases, Superradiant transition, Non-equilibrium state
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