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1. Introduction

Although the first laser had been considered as “a solution looking for a problem” [1], lasers
nowadays serve as the standard source of coherent light with a wide range of applications [2].
The term “laser” was originally coined as an abbreviation for its operation principle, “Light
Amplification by Stimulated Emission of Radiation”. The basic components of a laser are a
resonator that stores photons and selects particular modes, an optically active medium
that emits photons coherently into the resonator by stimulated emission, and a pumping
process that establishes population inversion in the medium [3]. A large variety of systems
can serve as optically active medium. This includes natural atoms [4] or semiconductor
devices [5], but also superconducting circuits [6] or quantum dot systems [7]. The latter
ones are often called “artificial atoms” because they provide a simple energy level structure
similar to that of natural atoms, but they are artificially created structures.

In 2007, Astafiev et al. demonstrated the creation of coherent laser radiation with a
superconducting single-electron transistor coupled to a coplanar waveguide microwave
resonator [6]. This setup should in principle be called a “maser” because it emitted
microwave radiation instead of optical light. Since that time, several experiments followed
which demonstrated lasing with other types of superconducting circuits and quantum dot

systems [7} [8 [9].

So far all single or few-artificial-atom lasing experiments produce radiation at a rather low
intensity. A way to reach a higher output power is to couple more artificial atoms to a
common resonator. Such multi-atom setups are named “quantum metamaterials” for the
following reasons [10]: First, the size of an artificial atom is of the order of micrometers or
below, i.e., it is much smaller than the wavelength of the emitted radiation, which is of
the order of centimeters. Second, the properties and couplings of the artificial atoms can
be tailored in order to obtain new functionality by the interaction of these atoms with a
radiation field.

A possible application of quantum metamaterials is the construction of a microwave laser.
Coherent microwave radiation is necessary to control superconducting quantum bits (qubits).
Currently, microwave generators are used as a source of coherent microwave radiation, but
they have to be connected from outside to the superconducting qubits in the cryostat.
This limits the number of independently controllable qubits and introduces undesirable
heat bridges. Approaches to build on-chip microwave sources have been studied, including
voltage-biased Josephson junctions or nonlinear resonators close to the quantum regime
[13]. However, these devices emit incoherent radiation unless driven by a coherent
microwave source. The usage of quantum metamaterials as active lasing medium offers
another way to build on-chip microwave radiation sources for low-temperature experiments.
As a proof of principle the coupling of 20 superconducting flux qubits to a microwave
resonator has already been demonstrated experimentally by Macha et al. in 2014 [14].
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Disorder

A challenge in the usage of artificial instead of natural atoms for lasing is the presence of
fluctuations in the parameters of the individual atoms, e.g., in the level-splitting energy,
the coupling strength to a resonator, or the local driving. There are several reasons for this
behavior. First, superconducting circuits are typically created using thin-film deposition
techniques, e.g., shadow evaporation, or optical or electron-beam lithography [15]. In
this fabrication process the actually obtained device geometry deviates from the intended
dimensions, which causes fluctuations of the setup parameters, for instance, the capacitances
and critical currents [16]. A second source of fluctuations is noise due to the environment of
the artificial atoms, e.g., fluctuations of the control voltages or the control magnetic fields,
inhomogeneities of applied fields, flux trapping, or charge noise [16]. In the following
we denote these fluctuations of atomic parameters in a multi-atom lasing setup as disorder.

Disorder may obstruct multi-atom lasing because artificial atoms with a weak coupling
strength to the resonator or a far-detuned level-splitting energy are expected not to
participate in the lasing process. For example, in the flux-qubit metamaterial only 8 out of
20 artificial atoms interacted resonantly with the microwave cavity at a time [14].

In this thesis the influence of disorder on multi-atom lasing setups is investigated, with a
focus on static sample-to-sample fluctuations and quasistatic fluctuations on long timescales
of up to hours. We show that multi-atom lasing setups are surprisingly robust against
disorder as the range of parameters that allow for lasing is widened because of collective
effects arising for a large number of atoms in the metamaterial. Choosing a large number
of artificial atoms in the metamaterial is actually a way to compensate for disorder.

Longitudinal couplings

An interesting property of the usage of artificial atoms as active lasing medium is the
presence of longitudinal couplings to the radiation field. In the radiation gauge, the
interaction between an atom and an electric field E is well described by a dipole interaction
Hiy = —er - E, where —er is the dipole moment of the atom [17]. Natural atoms have
an inversion-symmetric Coulomb potential, i.e., the wave function of each state is either
symmetric or antisymmetric with respect to inversion, which corresponds to a parity of +1,
respectively. The dipole-moment operator has parity —1, hence, all of its matrix elements
which are taken between atomic states with the same parity vanish. Therefore, the coupling
of a two-level atom with an inversion-symmetric atomic potential has only a transversal
contribution,

Hin = hgo, (a + aT) , (1.1)

where o, is the first Pauli matrix. The annihilation and creation operators of the electro-
magnetic field are denoted by a and af, respectively, and g is the coupling strength of the
atom to the electric field.

However, for superconducting circuits and quantum dot systems an additional longitudinal
contribution arises: For superconducting qubits there are two basic circuit designs, a
so-called Cooper pair box and a rf SQUID [18]. The Cooper pair box allows for the
construction of charge and transmon qubits, depending on the chosen parameters. The rf
SQUID is used to construct flux and phase qubits. In practice, more sophisticated circuit
designs are used in order to achieve tunable qubit parameters or the reduction of noise and
undesired interactions with the environment. For charge and flux qubits there is a bias
point where the level structure shows a large anharmonicity, i.e., the two lowest energy
levels are nearly degenerate and all other levels have a much higher energy. Then, the



system can be restricted to these two lowest energy eigenstates and is effectively described
by a two-level system [18],

Hrps = gTz - %Tx . (12)
For a charge qubit the level-splitting energy ¢ is proportional to the control charge on
the superconducting island and ¢ is given by the Josephson energy of the junction. For
a flux qubit the asymmetry § of the effective double-well potential depends on the flux
bias through the SQUID loop and ¢ is the tunneling rate through the central barrier. Both

circuit designs couple to the electromagnetic field of a resonator by a 7, interaction [19],
Hint = hgr, (a + aT) . (1.3)

Quantum computation and lasing processes are performed in the eigenbasis of the Hamilto-
nian (1.2), which is obtained by a rotation of the state space by an angle 6 = tan™!(—t/4).
This yields the diagonalized Hamiltonian H%lfsg = %\/ 02 + t20,. The diagonalization modi-
fies the interaction term as well, which takes the following form in the eigenbasis of
the qubit Hamiltonian (1.2):

H28 — hg(cos(B)o. + sin(0) o) (a + aT> . (1.4)
In contrast to the pure o, interaction 1' of conventional atoms an additional o, interaction
arises for superconducting circuits. The relative strength of the o, and o, interactions is
adjusted via the angle 6 originating from the diagonalization of the qubit Hamiltonian.

The interaction term (1.4) applies also to quantum-dot systems [20].

For conventional atoms a longitudinal o.-type interaction is forbidden by the inversion
symmetry of the atomic Coulomb potential. Therefore, systems with an interaction of
the form of Eq. can be considered as artificial atoms with an atomic potential with
broken inversion symmetry. In the second part of this thesis we show that such longitudinal
couplings allow for the creation of photon-number squeezed light characterized by a Fano
factor F' < 1.

Squeezed light

Interferometric measurements are sensitive to the phase difference of light that has traveled
along different optical paths. Lasers are used as light sources for these experiments because
they provide coherent light with large coherence lengths and times at high intensity and,
therefore, allow for long optical pathways. Because of the quantized nature of light, the
amplitude and phase of a monochromatic electromagnetic wave obey an uncertainty relation
and cannot be instantaneously determined to arbitrary precision. Therefore, even an ideal
laser shows shot noise fluctuations of its intensity and phase [2I]. This ultimately limits
the precision of interferometric measurements.

The usage of squeezed light has been proposed as way to overcome this quantum shot-
noise limit [22]. For squeezed light the uncertainty of one quantum-mechanical observable
is reduced at the cost of an increased uncertainty of its conjugate quantity. So-called
quadrature-squeezed light is successfully applied to increase the phase-measurement sensi-
tivity of gravitational wave detectors 24]. Also spectroscopic measurements and
qubit read-out benefit from the usage of squeezed light. Besides quadrature squeezing,
intensity fluctuations can be decreased as well. A way to obtain such sub-Poissonian or
photon-number squeezed radiation is presented in this thesis. Scully and Agarwal showed
that in Ramsey-type interferometers the signal-to-noise ratio is proportional to the Fano
factor F of the radiation used to excite the atoms and, therefore, the usage of photon-
number squeezed light in Ramsey interferometry enhances the measurement sensitivity

[27).
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Contents

This thesis is organized as follows: In Chap. |2| the quantum-mechanical treatment of a
laser based on a density-matrix description is introduced. We derive the Bloch-Redfield
master equation which describes the coherent interaction of the atom with the radiation
field as well as pumping, relaxation, and dephasing processes. Different approaches to
solve this quantum master equation are presented. The semiclassical approach is reviewed
briefly, because it provides estimates on the lasing threshold that are used in the following
chapters.

In Chap. 3| the basic types of squeezed light are introduced and the Fano factor is defined,
which is a measure for the photon-number squeezedness of radiation.

The influence of disorder on multi-atom lasing setups is investigated in Chap. 4l We use
a semiquantum approach to calculate the photon-number expectation value (n) out of
the Bloch-Redfield master equation. Disorder in the setup is modeled by a probability
distribution that describes the spread of the lasing parameters around their intended mean
values. A method to relate the mean photon-number expectation value to the standard
deviation of this distribution is developed and applied to disorder in the detuning, the
coupling strength, and the pumping strength. The mean photon-number expectation value
is found to be surprisingly robust against disorder. The origin of this is a widening of the
range of parameters that allow for lasing: In a multi-atom lasing setup the lasing resonance
curve as a function of the detuning is broadened, the minimal required coupling strength to
the resonator is lowered, and the lasing-threshold pumping strength is decreased compared
to a single-atom laser. The origin of this effect is enhanced stimulated emission, which is
shown by reformulating the multi-atom lasing equation as a set of coupled single-atom
lasing equations that have to be solved self-consistently.

In the near future, experimental realizations of metamaterials are expected to consist of a
not too large number of artificial atoms, e.g., of the order of 100 or below. Then, significant
sample-to-sample specific deviations from the mean photon-number expectation value are
likely. Similar deviations may also be caused by quasistatic fluctuations of the atomic
parameters in a setup that is operated for a longer time. Therefore, in a last step we
investigate these fluctuations numerically.

In Chap. 5| the influence of an additional longitudinal coupling to the resonator is examined.
We study lasing in the presence of an interaction term given by Eq. . This generalized
lasing Hamiltonian is mapped onto a Jaynes-Cummings-like Hamiltonian by a polaron
transformation. In the interaction term of this polaron-transformed Hamiltonian the
annihilation and creation operators are replaced by more complicated operators acting on
the radiation field of the resonator. In particular, the effective coupling strength between
atom and resonator vanishes for certain numbers of photons in the resonator. This opens
a way to create photon-number squeezed light if the photon-number expectation value
(n) is chosen close to such a root of the coupling. The master equation is solved for the
polaron-transformed Hamiltonian following the approach of Scully and Lamb [17]. In a
first step we calculate the photon statistics and the Fano factor of a single-atom laser and
we discuss the implementation of a pumping process. Roots of the coupling exist for any
mixing angle 6 that allows for a nonzero o, and o, interaction. We discuss the dependence
of squeezing on the mixing angle § and it turns out that the creation of squeezed light is
possible if there is a strong o, interaction between the atoms and the radiation field.

In a second step our results are generalized to a multi-atom lasing setup, which is treated in
a mean-field theory. The photon-number expectation value scales linearly with the number
of atoms, M, which opens a way to increase the output power of the laser. However, we
find that the Fano factor F contains terms that scale proportional to M? and may spoil



squeezing. For a large number of atoms of the order of 100 or above, this restricts the
range of lasing parameters that allow for the creation of photon-number squeezed light.

Finally, we investigate the influence of fluctuations in the mixing angle € and the detuning
on the multi-atom lasing setup. Such fluctuations are caused by charge or flux noise.
We find that disorder decreases the photon-number expectation value and increases the
Fano factor. However, even for large disorder a photon-number squeezed state can still be
realized.






2. Quantum theory of the laser

A laser consists of three basic components [3]: First, a resonator is needed to store photons
and to select particular modes of the radiation field. Second, an optically active medium
is necessary which provides several energy levels. At least one transition energy between
two levels should match the resonator frequency, such that photons are emitted into or
absorbed out of the resonator by atomic transitions between these levels. This transition
is also called the lasing transition. An atom interacting resonantly with a radiation field
emits photons either by spontaneous or by stimulated emission. Stimulated emission is
a coherent emission process triggered by an already excited radiation field. Spontaneous
emission is independent of the excitation state of the radiation field and, in general, photons
are incoherently emitted by spontaneous emission. In a laser, stimulated emission must
dominate over spontaneous emission. Therefore, third, a pumping mechanism is needed
that creates population inversion, i.e., contrary to a thermal population the upper state of
the lasing transition has a higher occupation than the lower one. If population inversion is
established, stimulated emission dominates over spontaneous emission and the interaction
of the atom with the radiation field yields a highly coherent multi-photon state in the
resonator.

In this chapter we discuss how to model these three components in a quantum theory of
the laser. We start in Sec. with an effective Hamiltonian which describes the coherent
interaction of the atomic lasing transition with a radiation field. Pumping, relaxation, and
dephasing processes are accounted for by Lindblad terms in a quantum master equation,
which is derived in Sec. In Sec. we discuss different approaches to solve this
quantum master equation and, finally, in Sec. the semiclassical approach is reviewed
because it provides expressions for the lasing threshold that are used in the following.

2.1. Effective lasing Hamiltonian

The interaction of a single atom with a single mode of the radiation field is modeled by the
following Jaynes-Cummings Hamiltonian [17]:

1
Hjo = hwala + €0z + hyg (J+a + O'_CET) ) (2.1)

The radiation field of the resonator is described by a harmonic oscillator with bosonic
annihilation and creation operators a and a', respectively. Only the lasing transition of the
atom is considered, which is modeled as a two-level system with level-splitting energy e.
We denote the Pauli matrices by o, .. The matrices o4+ = % (0, £i0y) describe atomic
transitions between the two lasing states. The interaction has a coupling strength g.

In this thesis multi-atom lasing setups are studied. Therefore, the Jaynes-Cummings
Hamiltonian (2.1) needs to be generalized to M two-level atoms coupled to a common
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resonator. If direct atomic interactions are neglected, the setup is described by the Tavis-
Cummings Hamiltonian

M M
1. , ,
Hrc = hwa'a +) §ejag + Y hy; (aia + aiaT) : (2.2)
j=1 j=1

The M individual atoms are labeled by the index j, j € {1,...,M}. Each atom may
have an individual level splitting energy €; and an individual coupling strength g; to the
resonator. The superscript j at the Pauli and transition matrices o7

T denotes the index
of the atom they act on.

2.2. Quantum master equation in Bloch-Redfield form

The Hamiltonians and describe only the coherent interaction of a resonator field
with a two-level system representing the lasing transition. In order to obtain a complete
description of a laser, incoherent processes have to be accounted for as well: First, the
pumping process is modeled as an incoherent excitation process of the two-level atom with
an excitation or pumping rate I'y. Second, light is coupled out of the resonator in order
to be used in experiments, which is essentially a photon loss process of the resonator. A
method to account for both coherent and dissipative processes is to use a quantum master
equation for the density matrix p of the system, which is derived in this section.

Coherent processes are described by a Liouville term that involves the coherent Hamilto-
nian Hop,

9
o’

)
=——|H hy P| -
coh h[ ° }

In our case, Hop is the Jaynes-Cummings or the Tavis-Cummings Hamiltonian. Incoherent
processes are modeled by Lindblad superoperators Liyc,

9
ot”

= Linep .

mc

If the master equation is considered as a set of coupled linear first-order differential equations
for the matrix elements of the density matrix p, the Lindblad superoperators introduce
terms describing a decay of the matrix elements. As a starting point for the derivation
of particular Lindblad superoperators we derive the Bloch-Redfield form of the master

equation. We follow the path described in Refs. and [29].

A way to obtain an effective description of incoherent processes is to assume that the
system under consideration, described by the Hamiltonian Hg, interacts with external
baths, described by Hpg, via an interaction Hc. Thus, the full Hamiltonian reads

H =Hg+ Hg + Hc.

The external baths represent a large environment whose macroscopic state is not perturbed
by the interaction with the much smaller system. Later, the bath degrees of freedom are
traced out to obtain an effective equation of motion for the system only, which then includes
dissipative processes. Hc describes the interaction of the system with the baths, therefore
we have the following commutation relations:

[Hs,Hr] =0,
[Hs, Hc] # 0,
[Hr,Hc) #0.
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The equation of motion of the full density matrix x for the system and the external baths
is given by the Liouville equation with the full Hamiltonian H,

d i
Sy =—Z[H.].
X #,M

In the interaction picture with respect to Hg + Hr we obtain

d i
EXI — _ﬁ [HC,IaXI] ) (23)

xi(t) = e HsHHR)(=t0)/hy () o=i(Hs+Hr) (t—to) /h

9

Hci(t) = ei(Hs+HR)(t*to)/hHCe*i(HerHR)(t*to)/h )

In the interaction picture Hc is explicitly time-dependent. Equation (2.3 can be cast
into a corresponding integro-differential equation,

d i

i\? [t
S =1 Hea@oatto) + (<3) [ af [Hoao), [Hea@)oa(@))] . (2.0

to

Now, several assumptions are made: First, we assume that at the time ¢y the full density
matrix y factorizes into a product of a density matrix p(tp), describing the state of the
system, and a density matrix R(tp), describing the state of the reservoir,

xi(to) = x(to) = p(to) ® R(to) -

The reference time tg may be far in the past, tg — —oo. In order to eliminate the first
term on the right-hand side of Eq. (2.4)), we assume that the reservoir coupling operators
have zero expectation value with respect to R(tp),

Trg (Hc1R(to)) = 0.

This condition can always be fulfilled by including a nonzero expectation value into the
system Hamiltonian.

Second, a Born approximation is performed. Since the bath is assumed to be much larger
than the system, its initial state R(¢¢) should not be changed significantly by the interaction
with the system, i.e.,

X(t) = p(t) ® R(to) -

Third, the system is assumed to be Markovian, i.e., the time evolution of p(t) only depends
on its present state. This is equivalent to the assumption that the bath correlation time is
much shorter than the timescale on which the system changes.

Using these assumptions we can trace out the bath degrees of freedom and obtain an
equation of motion for the reduced density matrix of the system,

Sontt) =~ [ @t T [Hoato), [Hoal®), m(t) © Rito))]) (2.5)

As a fourth assumption, we specify the interaction term Hc to be a linear interaction
between time-independent Schrédinger operators,

He = hXO,
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where X is a bath operator and O is a system operator, thus [X, O] = [Hg, X] = [Hg, O] = 0.
In the interaction picture we have

HC I(t) — heiHS (t—to)/hoe—iHs(t—to)/ﬁeiHR(t—to)/ﬁXe—iHR(t—to)/h, — hOI (t)XI(t) .

Then, Eq. (2.5) is given by

%Pl(t) = - /tt dt’( [O1(®)O1(t) pr(t) — O1(t") 1 (1) O1 ()] (X () X1 (')

+ [P DOK(t)O1(t) = Or(H)pr(H)O1(#)] (Xa(#) X1()), )

where the abbreviation (AB)y = Trg (R(tg)AB) was introduced. If A and B are time-
independent Schrodinger operators, the correlator (A(t)B(t'))y is invariant under a trans-
lation in time, i.e., it depends only on the time difference ¢’ — ¢t. Transforming back to the
Schrodinger picture and introducing 7 = ¢ — t we obtain the Bloch-Redfield form of the
master equation,

%pu) = —% [Hs, p(t)] + [O4p(1)0 + Op(t)0— — 004 p(t) = p(1)O-O| ,  (2.6a)
O) = / U dr eilsTINQe-ittsT/h (X1(0)X1(T))g (2.6b)
= [ U dr s/ it (X1(0)X1(=7))g - (2.6¢)

The properties of the bath enter via the correlators (X7(0)Xi(£7))g. Their Fourier trans-
form is the spectral density of the bath,

_ /_ O:O dr (X1(0) X (7)) 7 .

For later we also introduce the half-sided Fourier-transformed quantities

1 0 1 dw S(w
SS4(e) = [ Ar (Xi(0)Xi(1)g e = 55(0) + 1P / 2”_ (2.72)
dw 5(w)

%5_(6) _ /0  dr (X1 (0)Xa(7))g e = %S(e) _ip /

0 2me—w

, (2.7b)
where P [ denotes the Cauchy principle value integral. It holds S(e) = 354 (e) + 35— (e).

2.3. Lindblad superoperators of dissipative atomic and resonator pro-
cesses

In order to derive a Lindblad superoperator describing relaxation effects of a resonator,
Eq. is evaluated for a coupling operator Oyes = al + a. An explicit derivation of this
superoperator is given in Sec. where we also account for effects arising from a polaron
transformation of the Hamiltonian. One obtains the following Lindblad superoperator

:
Lrp = g(Nth +1) (2apaT —a'ap — paTa> + gNth (2a7pa —aalp — paaT> , (2.8)
where x is the damping rate of the resonator and Ny is the thermal photon number in the

resonator. Equation (2.8)) is a specialization of the results obtained in Sec. in the limit
Po — 0.



2.4. Approaches to solve the quantum master equation 11

Atomic pure dephasing is derived using the coupling operator Opq = 0. Relaxation and
pumping processes are obtained using Opr = 0,. Dephasing, relaxation, and pumping can
be included into a single Lindblad superoperator
ry 'y
Lqop = 9 (20-poy — poyo_ —or0-_p)+ b} (204po— — po_oy —0_04p) (2.9)

F*
+ 4 (0:p0: = p)
where I't is the pumping rate, I'| is the relaxation rate, and I'}, is the pure dephasing rate.
Again, a derivation of this superoperator is given in Sec. where additional effects due
to the polaron transformation of the system are also taken into account.

2.4. Approaches to solve the quantum master equation

The dynamics of a laser consisting of M atoms coupled to a common resonator is modeled
by the following quantum master equation:

d i M
3P =3 Hre. pl + Lep + > La,p- (2.10)
j=1

Here Hrc is the Tavis-Cummings Hamiltonian given by Eq. (2.2). The Lindblad superop-
erators Ly and Lq ; are defined in Eqgs. (2.8) and (2.9). The subscript j denotes that Lq ;
acts only on atom j.

There are several ways to solve Eq. . If only the photon-number expectation value
(n) is of interest, a semiclassical or semiquantum approach can be used, which amounts
to derive a closed set of equations for the photon-number expectation value (n). In order
to obtain such a closed set of equations, certain expectation values have to be factorized,
which is equivalent to neglecting the corresponding quantum-mechanical fluctuations.

Using the master equation (2.10) and the cyclic property of the trace we obtain the following
equation of motion for the expectation value of any time-independent operator X:

. M
CUX) = Tr (5X) = © T ([H, X] p) + T (Lnp) X) + ST ((ag)X) . (21D
=
In the semiclassical model all correlations between atomic and resonator states are neglected,
for instance, (ola) ~ (o) (a). This is equivalent to assuming a factorization ansatz for
the density matrix, p = patom ® pres [30, B1]. It turns out that this description neglects
spontaneous emission, but yields a good description of the lasing threshold [32]. In the
semiquantum model only products of radiation field operators with diagonal atomic operators
are factorized, e.g., <agaTa> ~ <ag> <aTa>. This approach accounts for spontaneous emission
and the photon-number expectation value (n) calculated in the semiquantum model coincides
well with a direct solution of the master equation [33].

Alternatively, the master equation (2.10) can be solved directly. Using this approach one
can calculate not only the photon-number expectation value (n), but also the photon
statistics of the laser.

2.5. Semiclassical approach

In this thesis, an analytical solution of the master equation is calculated in Chap. |5 in
order to analyze the influence of longitudinal couplings. The semiquantum approach is
used in Chap. [4] to investigate the influence of disorder in the lasing setup.
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The semiquantum model predicts a smooth lasing crossover where the system switches
from a low, close to thermal average photon number (n) to a high photon number. In the
limit of large numbers of atoms, this crossover becomes a sharp, kink-like transition, which
coincides with the position of the lasing transition predicted by the semiclassical model.
Semiclassical and semiquantum model yield the same results in the limit of large photon
numbers or large numbers of atoms. However, it has been shown that the position of the
lasing transition in the semiclassical approach also provides a good estimate for the position
of the lasing crossover in the semiquantum model, even for small numbers of atoms [32].
Therefore, in this section the semiclassical approach for multi-atom lasing setups is briefly
discussed and the semiclassical expression for the lasing threshold is derived, following

Ref. [34].

Within the semiclassical approach, equations of motion for the expectation values (a), <Jg>,

and <U]; > are calculated. Using Eq. (2.11) and the Tavis-Cummings Hamiltonian (2.2) the
following equations of motion are found:

d
£<a> (zw—i— ) Zzg]< >,
i (o2) =2i0; ()~ () = Tu (o2) + T1sns.

() =~ g i) () gy (o)

All correlations between atomic and resonator operators are neglected, i.e., (cia) =~ (d7) (a)
for v € {+,—,z}. Decomposing the expectation values into a slowly-varying classical
amplitude and a high-frequent oscillation,

(a) = a(t)e™™",
(o) = shpes,
(o1) = s1(0),

we obtain the following equations of motion for the classical amplitudes:

d 4
7= —ga - Zigjsj_ , (2.12a)
d
asz = 2ig; (s ( T ot — s+a> Fljsz +T1,;Do,;, (2.12b)
d . , ‘ .
asi =Ty 8" —iA;s’ +ig;sla, (2.12¢)

where A; = €;/h — w is the detuning of atom j. The classical field amplitude «(t) decays
on a timescale of the order of £~1, whereas s/ (t) and s’_(t) decay on a timescale of Ffl and
FSD ;» respectively. For typical lasing setups it holds k < I'1,I'y, and, therefore, atomlc and
resonator dynamics can be decoupled using an adiabatic appr0x1mat10n. We assume that
s and si adapt to changes in a quasi-instantaneously with respect to the timescale on

which « evolves. Using the stationary solution of Egs. (2.12b) and (2.12¢), s’ is eliminated

in Eq. (2.12a), yielding

K 97 Dy o
T TR T T Ay

=SC

Mo,5
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Here ny’; is the photon saturation number in the semiclassical theory,

Ty T2 .+ A2
s = el T (2.13)
497 Ty

The photon-number expectation value in the resonator is given by \a\z. Its stationary value
(n) = |oz|§t is defined by

M
T,; Do
/s;—g 2g7 s (n)=0.
o Test ATy

7 SC
n2‘.
0,7

For systems consisting of M identical atoms, this equation can be solved explicitly for (n).
=8SC

By replacing Aj = A, g; = g, I'nj; =T'1, Ty, = T'y, nfy; = g for all atoms j, the following
quadratic equation for the photon-number expectation value is obtained:

(n)? + (n) (ﬁ(sf - MF;/?O> =0.

There is a positive stationary photon-number expectation value if the following condition
holds:
D()Fl

nec < M . 2.14
ng < o ( )

The laser operates above its lasing threshold, i.e., at a nonzero photon-number expectation
value (n) > 0, if the condition is fulfilled. If all but one lasing parameters are fixed,
Eq. defines a lasing threshold value for the remaining free parameter. For instance, if
all lasing parameters except of the detuning A are fixed, the laser operates above threshold
if the detuning does not exceed a maximum value A,

D
A < Amax = Ty [202M—> — 1. (2.15)
kL

Likewise, if all parameters except of the coupling strength g are fixed, the laser operates
above threshold if the coupling strength is larger than a minimal value gmyin,

ko T2+ A2
i = . 2.16
g > 9min \/2MD0 Fgo ( )

Finally, the corresponding condition for the pumping strength Dy is

k T2+ A% 1

Do > Domin = =———5——. 2.17
0 0,min 292 F<p M ( )
These expressions provide a good estimate for the position of the lasing crossover in the

semiquantum model and are used in Chap.






3. Squeezed Light

In this chapter the basic concepts of squeezed light are introduced, which are needed later.
We derive the amplitude and phase fluctuations of a quantized electromagnetic field and
introduce quadrature and photon-number squeezing. The Fano factor is introduced as
a measure of the squeezedness of a photon-number squeezed state. Our argumentation
follows Refs. [21] and [35].

3.1. Canonical quantization of the electromagnetic field

The vector potential A of the free electromagnetic field canonically quantized in the
radiation gauge, V- A =0 and ® = 0, is given by

h . o
A(x,t) = Z Z 2Wkeovek,>\ (ak7>\€zkw iwit az)\e zkw—i—zwkt) )
kA

The scalar potential ® is chosen to be zero for a free field. The wave vector of the field
modes is denoted by k, A € {1,2} are the polarization degrees of freedom, and wy, = c|k| is
the dispersion relation of the field. The normalized polarization vectors € ) are orthogonal
to each other and to the wave vector k. The quantization volume is denoted by V' and ¢g
is the electric constant. The bosonic creation and annihilation operators for a photon with
wave vector k and polarization A are denoted by ag \ and a}; » respectively. They obey
the following commutation relation: 7

[ak7)\, CL};,’)\,} = (S(k? — k,)(SA’)\/ .

All other commutators are zero. The electric field strength is defined as E = —9;A — VO
and reads

E(:I), t) = Z Ziek,)\@ (ak’)\ezkxfzwkt _ aLy/\efzkarzwkt) )
kA

The Hamiltonian of the electromagnetic field is the sum of harmonic oscillators with angular
frequency wy,  that represent the single modes,

1
H = ZZM}CA (a;[c)\ak)\ + 2> .
kA
The term 1/2 is a constant vacuum energy and is usually neglected.

3.2. Quantum-mechanical fluctuations of a monochromatic electromag-
netic field

We now focus on a linearly polarized single mode of the electromagnetic field in a one-
dimensional cavity along the z-axis. Then, the electromagnetic field takes the following

15
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f) ' X f) (X)) ) (X)) f) (X))
(a) (b) () (d)
Figure 3.1.: Quadrature plot of classical and - quantum-mechanical elec-

tromagnetic fields. The quantum-mechanical fields represent a coherent, a quadrature-
squeezed, and a photon-number squeezed state, respectively. The gray area indicates the
fluctuations due to the uncertainty relation ((AX)?){(AP)?) >1/16. Figures based on
Ref. [21].

form [37]:

E . .
E(Z,t) _ 02(2) (ae—zwt + aTezwt) )
The indices k and A have been dropped because only one mode is considered. The prefactor
Ey(z) describes the spatial variation of the field and the wave vector k must satisfy the
boundary conditions of the cavity. By introducing the quadrature operators

Xz%(a—l—aT) and Pz%(a—aT)

the electric field can be rewritten as
E(z,t) = Ey(z) (X cos(wt) + Psin(wt)) . (3.1)

Such a monochromatic electromagnetic field is the output of an ideal single-mode laser.

For a classical electromagnetic field, X and P are real numbers which define its amplitude
VX2 + P? and its phase § uniquely. In a quadrature plot, the state of a classical monochro-
matic electromagnetic field is represented by a constant phase vector (X, P), which is also
called a phasor (Fig. . In order to obtain the time-dependence of the electric field, the
phasor is rotated around the origin at an angular frequency w and its projection on the X
axis is taken, according to Eq. (3.1)).

The quantum-mechanical state with the same properties for the expectation value of the
electric field operator, (E), is a coherent state |«). Coherent states are eigenstates of
the annihilation operator, a|a) = a|a). They have the following decomposition into
photon-number Fock states,

a:e_laP/QOoa—nnzoo n)|n) .
) ,;)\/EH ;:%P()H

From this equation it can be read off that a coherent state has a Poissonian photon statis-
tics p(n). The expectation values of the quadrature operators for a coherent state are (X) =

|a| cos § and (P) = |a|sind, and the field amplitude is <aTa> = |of® = \/(X)? + (P)*.

However, contrary to the classical case X and P are non-commuting operators, [X, P| =1i/2,
and, therefore, an uncertainty relation holds for any quantum mechanical state describing
an electromagnetic field,

(ax7) (apP) > o
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where we introduced the fluctuation AO of an operator O around its expectation value,
AO = O — (O). The equality holds for so-called minimum uncertainty states, for instance,
coherent states and the vacuum state. Hence, amplitude and phase of a quantum-mechanical
monochromatic electromagnetic wave cannot be specified at arbitrary precision, but they
must satisfy an uncertainty relation. Therefore, as a consequence of the fundamentals of
quantum mechanics frequency-independent shot-noise in the amplitude and phase of an
electromagnetic field arises. In the quadrature plot the classical phasor is replaced by an
uncertainty region which is centered at the point ((X), (P)) and whose area is proportional

to ((AX)?) ((AP)?), shown in Fig.

3.3. Types of squeezed light

For coherent states and the vacuum state, the uncertainty region is a circle. However,
it is possible to decrease the uncertainty along one direction in the quadrature plot at
the cost of an increase of the uncertainty along another direction. This process is called
squeezing. There are two different types of squeezed states, quadrature-squeezed states
and photon-number squeezed states.

For quadrature-squeezed states the uncertainty circle is deformed into an ellipse, i.e.,
fluctuations along a given direction in the quadrature plot are reduced and they are
increased along the perpendicular direction (Fig. . Using quadrature-squeezed light,
the sensitivity of interferometric experiments can be enhanced [22]. This is used, for
instance, in gravitational wave detectors [23].

For photon-number squeezed states the uncertainty of the amplitude (n) is reduced at
the cost of an increased phase uncertainty. Hence, the deformation of the uncertainty
area is performed in a polar instead of a cartesian geometry (Fig. [3.1d). Photon-number
squeezed light opens a way to improve the signal-to-noise ratio of Ramsey interferometry
38]. In Chap. we discuss a way to create photon-number squeezed light using quantum
metamaterials as active lasing medium.

3.4. Fano factor

A measure for the squeezedness of a photon-number squeezed state is the Fano factor F,
which is defined as the expectation value of the variance ((An)?) normalized to the field
amplitude (n),

F:M>O. (3.2)

For a thermal state, the Fano factor takes the value F' = (n) + 1. A Poissonian or coherent
state corresponds to a Fano factor F' = 1 and a photon-number squeezed state has F' < 1.
Photon-number squeezed states are also called sub-Poissonian. The Fano factor is used in
Chap. |5/ to quantify the squeezedness of the calculated photon statistics of the laser.






4. Disordered active lasing materials

In this chapter the influence of disorder in the atomic parameters on the photon-number
expectation value of a laser is examined. In Sec. we use the semiquantum approach
introduced in Sec. to derive a fixed point equation for the photon-number expectation
value (n),, of a M-atom lasing setup. In this setup each atom may have individual values
for its lasing parameters. Disorder is modeled by a probability distribution that describes
the spread of the lasing parameters around their intended mean values. In Sec. we
develop a method to calculate the mean photon-number expectation value @ y for a given
disorder probability distribution out of this fixed point equation. This method is exact in
the limit of large numbers of atoms. We apply it for disorder in the atomic detuning A, the
coupling strength g, and the pumping strength Dg and we find that collective effects modify
the lasing contribution of a single-atom and widen the range of parameters for which the
system is in a lasing state. Therefore, multi-atom lasing setups acquire robustness against
disorder.

In Sec. the physical origin of this collective effect is analyzed. In a first step we show
that in ordered M-atom lasing setups the minimal coupling strength required for lasing
is lowered by a factor of v M - and the maximum allowed detuning is enhanced by a
factor of v/M compared to a single-atom laser. Likewise, the threshold pumping strength
is lowered by a factor of M~!. In order to describe disordered setups the fixed point
equation is decomposed into a set of coupled single-atomic contributions (n;) to the total
photon-number expectation value (n) = "M (n;), which have to be solved self-consistently.
Using this decomposition we show that the widening of the range of lasing parameters is
caused by an enhanced stimulated emission of each individual atom in a multi-atom lasing
setup and that it is also present in disordered setups.

In the near future, quantum metamaterials are expected to have a rather small number of
artificial atoms M < 100. Hence, the approximations made in Sec. describe the mean

photon number (n),, correctly, but significant sample-specific or quasistatic fluctuations
of the actual photon number (n),, around (n),, are expected. These fluctuations are
examined numerically in Sec.

4.1. Semiquantum approach

Within the semiquantum approach equations of motion for the expectation values of the

photon number (n) = <aTa>, the atomic polarization (o7), and the quantity <Jia are
considered. Using the M-atom Tavis-Cummings Hamiltonian (2.2) and Eq. (2.11) we
obtain

2 (ata) = S iy (o) = (o2a1)) = ({ula) = M) 410

€ (o1) = 2ig; (o2t — (ha)) T (o) + TusD0 (4.1b)
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% <Ui_a> =—(Tx; —i4) <Ui_a> — ig; <UgaTa> - l%] (1 + <U§>) (4.1¢)

M .
- Z ik <Jﬁrali> (1—10k,) -
k=1

Some approximations are performed in order to get a closed system of differential equations.

First, direct atomic interactions are neglected, i.e., <ai k > = 0 for j # k. Second,
correlations of the diagonal atomic operator ¢J and the photon-number operator afa are

neglected, <agaTa> ~ (o) <aTa>. Contrary to the semiclassical approach discussed in

Sec. the expectation value <Uia> is not factorized, hence, correlations of o1 and a(f)
are now accounted for in the calculation. Third, like for the semiclassical model an adiabatic
approximation holds because for typical lasing parameters the resonator decay rate & is
much smaller than the atomic pumping, relaxation, and dephasing rates I't, I, and I'.
Therefore, atomic and resonator processes are decoupled by inserting the stationary solution

of Eq. (4.1c) into Egs. (4.1a) and (4.1b). We obtain the following rate equations for the

photon number (n) = <aTa> and the atomic polarization:

LI P ; 1 ;
3 = Z 293’@ (<Uz> (n) +35 (1 + <Uz>>) — k(n) + N, (4.2a)

% (0,) = —49]2% <<U;> (n) + % (1 + <J§>)) —I'y <Ug> +T1,;Do;. (4.2b)

In contrast to the semiclassical model the semiquantum approach accounts for a thermal
photon number Ny, in the resonator and for spontaneous emission, which is described by
the terms proportional to (1 + (¢2))/2 in Eq. (4.2). The terms proportional to (o) (n)
describe the stimulated emission of photons by atom j.

Using the adiabatic approximation a second time the stationary solution of Eq. (4.2b)
is plugged into Eq. (4.2a)), yielding a fixed point equation that implicitly defines the
photon-number expectation value (n),

M D ((n 1 1
(n) = N+ 3 5; o (tn) +3) +3

=1 T2+ At <<n> + %)

(4.3)

where the factors a; and 3; are defined to be

Ty | .
aj = 4gJ2 Ffij and f; = 2932-% )
The photon-number expectation value (n) appears on the right-hand side of the fixed
point equation because of the terms that describe stimulated emission in Eq. . In
the following, the solution of Eq. is denoted by (n),,;, where M is the number of
atoms in the setup. Within this thesis, numerical solutions of fixed point equations are
obtained using the FindRoot function implemented in WOLFRAM MATHEMATICA,
version 9.0.1.0.

Considering the limit (n) — co on the right-hand side of Eq. (4.3) we obtain the maximum
photon number that can be reached for given pumping and decay rates,

n = —_— . .
M th = 2%
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Figure 4.1.: Photon-number expectation value (n), (A, g, Do) for a single-atom laser.
(a)t (n); (A, g,Dp) as function of the detuning A for a coupling strength g = 0.001 w and
a pumping strength Dy = 0.5. (n); (A, g,Dyp) as function of the coupling strength
g for a detuning A = 0.01w and a pumping strength Dy = 0.5. (n); (A, g,Dyp) as
function of the pumping strength Dy for a detuning A = 0.01w and a coupling strength
g = 0.001 w. Solid blue lines are the results obtained out of the semiclassical theory, dashed
red and dash-dotted green lines represent the results obtained out of the semiquantum
theory for a thermal photon number Ny, = 0 and Ny, = 10, respectively. Plot parameters
are I'y = 0.008w, I', = 0.001w, and k =1 X 107° w.
For a single-atom laser Eq. (4.3) is solved by the following single-atom lasing curve:
- Y T
<n>1:X+\/X2+Nthn0+2th+4;(Do+1), (4.5)
1 N Dyl n
x=_ Lt No, Dol 7o
4 2 4Kk 2
Ty IZ2 4 A2
0= —2'{7 . (4.6)
4g Iy

The subscript j at the rates and the coupling strength has been dropped as only one atom is
considered. By 7o we denote the photon saturation number derived from the semiquantum
theory. Compared to the semiclassical photon saturation number 7{, defined in Eq. 1 ,
I',=T1/2+ I'; has been extended to I'y =T'y, + K /2. Typical lasing parameters satisfy
k< I't, I}, IS, hence the difference is negligible and we have n{’ ~ 7.

In Fig. the single-atom lasing curves (n), obtained out of the semiclassical and the
semiquantum theory are compared. The semiclassical theory (solid blue curves) predicts
a sharp, kink-like transition from a state with zero photons in the resonator to a lasing
state. In the semiquantum theory (dashed red curves) this is replaced by a smeared-out
crossover. However, the lasing threshold of the semiclassical theory, derived in Sec.
provides a good estimate for the position of this crossover. Semiclassical and semiquantum
theory yield identical results for large photon numbers if thermal photons in the resonator
are neglected, Ny, = 0. A nonzero thermal photon number in the resonator increases the
semiquantum photon expectation value by N, and slightly broadens the lasing crossover
region (dash-dotted green curves).

4.2. Mean photon-number expectation value for large systems

In order to study disorder in the lasing system we introduce a probability distribution
p(A,g,...) that models the spread of the different lasing parameters around their intended
mean values. There are several ways to relate the photon-number expectation value (n),,
to the parameters of the probability distribution p:
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e For a small system size, M < 3, the fixed point equation (4.3) can be solved analytically
and the result can be averaged over p. This approach is not suitable to study large
quantum metamaterials.

e For any system size M a set of lasing parameters {A;},{g;},... can be chosen
randomly according to the probability distribution p. This represents a realization of
a particular M-atom lasing system and Eq. can be solved numerically for this
particular set of parameters. Statistical information is acquired by averaging over a
large ensemble of randomly chosen lasing systems. This approach is used in Sec.

to study fluctuations of (n),, around its mean value (n),, that arise because of a
finite system size M.

e Information on the mean value (n),, can be acquired on a numerically less demanding
way: If the system size M is large enough, the sum in Eq. can be rewritten
as an integral over the probability distribution p. A modified fixed point equation
is obtained which depends on the parameters of p and is solved numerically. This
approach is justified and used in the following.

An alternative approach is to reformulate Eq. (4.3) as a set of modified single-atom lasing
equations that have to be solved self-consistently. This reformulation gives further insight
into the physics of the problem and is discussed in Sec. [4.3.2|

We now pursue the third way and derive a fixed point equation for the mean photon-number
expectation value WM. For large numbers of atoms, M > 1, the sum over individual
atoms can be replaced by an integral: As the labeling of the individual atoms is arbitrary,
they can be resorted by their lasing parameters, for instance, by increasing detuning and
coupling strength. For a sufficiently large system size M, the number of atoms within a
certain range of lasing parameters, e.g., [Ag, Ao+ dA] X [go, go + Ig], is approximately given
by Mp(Ag, go)dAdg, where p(A, g) is the underlying probability distribution of the lasing
parameters of a single atom. Therefore, we perform the following replacement in Eq. (4.3):

ij}--zM//dAdg...p(A,g,...).... (4.7)

The system size M required to sample p sufficiently well depends on the width of p. If M
is chosen too small, large sample-to-sample fluctuations of (n),, arise. Such fluctuations
are studied in Sec.

Having rewritten the sum we obtain the following form of Eq. (4.3):
Do ((n)+4) +4
F%+A2+a(<n)+%> .

<n>:Nth—|—M//dAdg...p(A,g,...)B (4.8)

The integration yields a modified fixed point equation for (n),,, which is solved numerically.

In the following, disorder in only one lasing parameter at a time is considered. A Gaussian
and a box distribution are used, which allow to solve the integrals analytically,

)

2o o

) = [0(v-n+3)-0(e-n-3)].

Here x is the variable to be averaged over, u is its mean value and o is its standard deviation.
The width of the box distribution is b, which is related to its standard deviation via

b=+120.
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By ©(x) we denote the Heaviside step function, which is equal to unity for z > 0 and zero
otherwise.

Typically, there are restrictions in the allowed range of values of the lasing parameters.
For instance, the coupling strength g; and the level-splitting energy €; should be positive
and, therefore, the detuning should suffice A; > —w. These conditions put constraints
on the allowed values of the disorder standard deviation o. If a Gaussian distribution
pa(z) is used, the standard deviation o must be chosen such that the area of the tail of the
distribution below a minimal value x,;, does not exceed a certain ratio € of the total area
of the distribution. The area of this tail is given by the cumulative distribution function

Pg(x) = /—Zo pe(t)dt = L erfc ( \[:)

where erfc denotes the complementary error function. Now we can reformulate the condition
P(zmin) < € as a threshold for the disorder standard deviation o

M — Tmin

\ferfc L2e)”

If x is bound by an upper value xpax, the corresponding threshold for o is given by

(4.9)

Tmax — M

\ferfc L2e)”

For the box distribution the width b can be increased up to Tmin — g + /2 = 0 or
Tmax — 1 — b/2 = 0. These conditions yield

H — Tmin Tmax — M

NIV T

o< (4.10)

respectively.

In the following subsections we use Eq. (4.8) to calculate the mean photon-number expec-
tation value (n) )y for disorder in the detunlng, the coupling strength, and the pumping.
4.2.1. Disorder in the detuning

In this section disorder in the atomic detuning A is investigated. The mean detuning
be A =0, i.e., the atoms ideally be on resonance. Having performed the integration in
Eq. (4.8) we obtain the following fixed point equation for the photon-number expectation
value (n):

(0 = Ny + 8 Do () + 3) + 5] 1 (¢) (4.11)

Cny = \/I‘i+a (<n> —i-;)

The integrals I(¢) for the two types of distributions are given by

0= imoe (o) (7).
Ig(C) = mamtan <\[CUA> .

Again, erfc denotes the complementary error function.
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Figure 4.2.: Photon-number expectation value (n),,,(ca) for a lasing setup with M =
100 atoms and disorder in the atomic detuning A. Thick solid lines are calculated for a
Gaussian disorder distribution with mean detuning A = 0 and standard deviation o,
thick dashed lines represent a box distribution with the same parameters. In oder to
avoid unphysical values of the detuning the results for the Gaussian distribution are
plotted only for oo < 0.43w. Inset: Single-atom lasing curves (n); (A). The remarkably

slow decrease of (n),,,(ca) cannot be explained by averaging the single-atomic resonance

curves over the same probability distributions, which yields (n) A;re represented by the
curves plotted with thin lines in the main plot. The thin dash-dotted and dotted lines
correspond to a Gaussian and a box distribution, respectively. Plot parameters are
Iy = 0.006w, Ty = 0.002w, T = 0.001w, £ =1 x 107°w, and Ny, = 0. Blue curves
g = 0.004 w, red curves g = 0.002w, and green curves g = 0.00075 w.

In Fig. numerical results for the mean photon-number expectation value (n) A are shown
for a M = 100 atom lasing setup and the two types of distribution pg /g(A) (thick solid and
dashed lines, respectively). Three different coupling strengths to the resonator are used,
corresponding to the different colors. The level splitting energy ¢; of each atom should
be positive and, therefore, the atomic detuning must fulfill A; > —w. Equations
and yield the following constraints on the standard deviation oa:

oa < 0.430w for the Gaussian distribution and € = 0.01,
oan < 0.577w for the box distribution.

The results for (n),, for the two types of distribution are plotted up to these different
maximum values of the disorder standard deviation in Fig.

Remarkably, the mean photon-number expectation value mloo in Fig. decreases only
weakly with increasing disorder standard deviation oa. The magnitude of the decrease
depends on the coupling strength g. Up to oo = 0.2w the setup is still operating at at
least 40% of the maximal photon number obtained for an ordered setup, which is given by
the limit oA — 0. This reveals that the lasing activity of an atom changes significantly
compared to the single-atom lasing curve (n), if the atom is part of a multi-atom lasing
setup. The bare single-atom lasing curves (n), are given by Eq. and are shown in the
inset of Fig. In order to compare the expected lasing behavior based on these bare
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single-atom lasing curves (n), with the numerical results for (n),,, we average (n), over
the same disorder distribution,

—bare

)y (oa) = M [ dA p(a) (m),(A).

The thin lines in Fig. represent the results for (n) ]\;re(aA). They decrease much faster
than (n),,;(oa) because the fraction of atoms at a detuning larger than the single-atom
lasing threshold, Aj > Apax(1), grows with increasing disorder standard deviation. These

atoms are expected not to contribute to the lasing process any more and the photon-

—b
number expectation value (n) ]\;re decreases accordingly. The observed slow decrease of
(n),, indicates that the atoms in a multi-atom lasing setup tolerate a much larger detuning
than a single-atom, while they are still participating in the lasing process.

As a second observation, the mean photon expectation values (n),,, and <n>?gée differ
for a weak coupling strength g = 0.00075w in the limit oo — 0. According to the green
single-atom lasing curve (n); (A) in the inset we expect a maximum contribution to the
overall photon number of (n), (A = 0) =~ 183 photons by a weakly coupled resonant single

atom. But we actually observe a larger contribution per atom of (n),q,(ca — 0)/100 =~ 200
photons in the multi-atom lasing setup.

Finally, the results obtained for a Gaussian and a box distribution coincide for small disorder
standard deviations oa < 0.1w. For sufficiently narrow distributions the actual shape of
the distribution does not matter any more. This effect is discussed in the Appendix

In conclusion, the observed slow decrease of (n),, implies that atoms in a multi-atom lasing
setup are described by an effective lasing curve which differs from the bare single-atom
lasing curve (n),, given by Eq. (4.5), in the following aspects:

1. The lasing curve as a function of the detuning is broadened, i.e., the range of tolerable
atomic detuning is increased in the multi-atom lasing setup.

2. The lasing activity of resonant atoms at a weak coupling strength is enhanced, i.e.,
resonant atoms in a multi-atom lasing setup emit more photons into the resonator
than predicted by the bare single-atom lasing curve (n), (A = 0).

The reason for this behavior is discussed in Sec.

4.2.2. Disorder in the coupling strength

Disorder in the coupling strength g between the atoms and the resonator is examined
similarly to the previous subsection. Having performed the integration over the coupling
strength ¢ in Eq. (4.8) the fixed point equation takes the following form:

(n) = Ngp + ]\ggl <D0 + 2<n>1+1) I (C<n>> , (4.12)

T2+ A2
“ TN\ 4((ny + 1/2)T,

where the integrals are given by

IG(C) =1- 7TCV(§, Og, C) ’

[arctan (g—i—\/gag> — arctan <g—\/§>ag>] .

C
IB(C):l_ﬁ
g
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(a) Mean coupling strength § = 0.001 w close to the single-atom lasing threshold
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(b) Mean coupling strength g = 0.005w above the single-atom lasing threshold
Figure 4.3.: Photon-number expectation value (n), (o) for a lasing setup with M = 100
atoms and disorder in the coupling strength g. Thick solid lines are calculated for a
Gaussian disorder distribution with mean coupling strength g and standard deviation oy,
thick dashed lines represent a box distribution with the same parameters. In order to
avoid unphysical values of the coupling strength, the results for the Gaussian distribution
are only plotted up to a maximum disorder standard deviation o, = 4.3 x 1074w
and o, = 2.15 x 1073w, respectively. Inset: Single-atom lasing curves (n), (g). The

remarkably slow decrease of (n),,,(cy) cannot be explained by an average of the single-
—b
atomic lasing curves (n), (g) over the same probability distributions, which yields (n) I\;re

represented by the thin curves. The thin dash-dotted an dotted curves correspond to a
Gaussian and a box disorder distribution, respectively. Plot parameters are I'y = 0.006 w,
') =0002w, I'; = 0.00lw, £ =1 x 1075w, and Ny, = 0. Red curves A = Ow, blue
curves A = 0.1w, and green curves A = 0.2w.
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V' is the Voigt function
1 T —1ig 2 T —1g
P _ _
V(g,04,7) =1/ 5 ex — erfc | ——= | + c.c..
(9, 9,2) 22moy p[(ﬂag>] (\/iag>

In Fig. numerical results for the mean photon-number expectation value @M are
shown for a setup consisting of M = 100 atoms and the two types of distribution pg/g(g)
(thick solid and dashed lines, respectively). Figure corresponds to a mean coupling
strength g = 0.001 w close to the single-atom lasing transition, Fig. to a mean coupling
strength g = 0.005 w above the single-atom lasing transition. The value of 7 is indicated by
a black circle at the single-atom lasing curves (n); in the insets. Three different values for
the atomic detuning are used, corresponding to the different colors.

Again, the range of physically reasonable values of the disorder standard deviation o is
restricted. The coupling strength g > 0 be positive, which imposes via Eqs. (4.9) and (4.10)
the following constraints on o4 for g = 0.001 w:

04 S 4.30 x 10~* w for the Gaussian distribution and € = 0.01,
0y < 5.77 x 107 w for the box distribution.

Likewise, for § = 0.005w we obtain

04 5215 x 1073 w for the Gaussian distribution and e = 0.01,
0y < 2.89 x 1073 w for the box distribution.

In Fig. the results for @M are plotted up to these different maximum values of the
disorder standard deviation.

Like for disorder in the detuning, (n),q,(0y) is remarkably independent of the disorder
standard deviation o4 over a quite large range of values. The results cannot be explained
by the properties of the bare single-atom lasing curves (n),, given by Eq. and shown
in the insets of Fig. For comparison we average these bare single-atom lasing curves
(n), over the same disorder distribution and obtain

——bare

)ar " (04) = M [ dg plg) () (s)

which corresponds to the thin lines in Fig. [4.3]

In a first step we compare the photon-number expectation value (n),,(c4) to the average

——bare . _ . .
(n)y; (og4) for resonant atoms at a mean coupling strength g close to the single-atom lasing

transition (red curves in Fig. |4.3a). The average over the bare single-atom lasing curves

. . ——cbare -—
predicts a smaller photon-number expectation value, (n),, < (n),;, because some atoms
have a very small coupling strength ¢ < g and, therefore, do not contribute significantly to
the lasing process. However, we observe that the contribution of each atom to the photon
number is actually mloo /100 = 200 photons, i.e., all atoms emit the maximum possible
photon number irrespective of the individual coupling strength g. This is a hint that the
collective lasing threshold coupling strength g, in the multi-atom setup is actually much

lower than the corresponding value in a single-atom lasing setup.

The lowering of the threshold coupling strength and, therefore, an enhancement of the
lasing activity per atom in the multi-atom lasing setup is even more obvious for the blue
and green curves in Fig. [4.3a] corresponding to a detuning A = 0.1w and A = 0.15w,
respectively. For these values of the detuning the single-atom lasing resonance curves



28 Chapter 4. Disordered active lasing materials

predict no lasing at all, whereas the multi-atom setup is still operating at approximately
80% and 20% of its maximum photon number, respectively. Even an increase of the average

photon-number expectation value (n),, as a function of the disorder standard deviation o,
is observed for A = 0.15w.

In a typical lasing experiment the laser is operated far above the lasing threshold of a
single resonant atom. The results corresponding to this parameter regime are shown in
Fig. For resonant atoms far above the lasing threshold, Wﬁ;re and WM coincide
for almost all values of the disorder standard deviation o4,. However, for detuned atoms,
|A] > 0, the bare single-atom lasing curves predict a small or even close to zero photon
number whereas the actual mean photon-number expectation value @M is still close to
the maximum photon number of approximately 20000 photons and depends surprisingly
weakly on the detuning A.

In conclusion, also for disorder in the coupling strength the effective contribution of each
atom in a multi-atom lasing setup to the overall photon number differs from the bare
single-atom lasing curve (n);:

1. The lasing-threshold coupling strength gpi, in a multi-atom setup is lowered compared
to its value in a single-atom setup.

2. The lasing activity of detuned atoms is enhanced, i.e., detuned atoms in a multi-
atom lasing setup emit more photons into the resonator than expected from the
single-atomic lasing curve (n);.

An explanation for this observations is given in Sec. [4.3.2]

4.2.3. Disorder in the pumping strength

Finally, disorder in the pumping strength is considered. A measure for the pumping strength
is the stationary atomic polarization

_ -0y
0 F¢ + T 1 )
It is a function of the pumping and relaxation rates I'y and I'j. These rates appear in
Eq. (4.8) via the expression Dy, but also via the total relaxation rate I'y = I'y + I'|.
Therefore, in principle disorder in Dj has to be modeled by disorder in the pumping and
relaxation rates, which instantaneously implies disorder in I'1, too. However, in this section
we concentrate on disorder in Dg only, while I'; is assumed to be constant.

Experimental motivation for considering only disorder in Dy

A motivation for this step is provided by experiments, for instance, the laser constructed
out of a superconducting single-electron transistor (SSET) presented in Ref. [6]. A sketch
of the circuit is shown in Fig. The SSET consists of a charge qubit whose island (I)
is connected by an additional Josephson junction to a drain electrode (D). The electric
potential of this additional electrode can be adjusted by the voltage source Vp in order to
allow for single-electron tunneling from the island to the drain electrode. This establishes
a pumping process. Furthermore, the island of the qubit is capacitively coupled to a
coplanar-waveguide resonator, which acts as a laser cavity. The system is described by the
following Hamiltonian:

Hsser = Ec(N — Ng)? — Ejcos(¢r,) — eVpNr + g(N — 1)(a + a') + wa'a.

Here E¢ is the charge energy of the island, N is the number of electrons on the island, Ny
is the number of electrons that tunneled from the island to the drain electrode, and Ng is
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Figure 4.4.: Circuit of a superconducting single-electron transistor (SSET). The SSET
is a charge qubit (dashed box) where the superconducting island (I) is connected to an
additional drain electrode (D) by a second Josephson junction. For a suitable drain
voltage Vp single electrons tunnel from the island to the drain. Figure based on Ref. [6].

the number of control charges on the island, which is adjusted by the external voltages Vg
and Vp. The superconducting phase difference across the left Josephson junction separating
the island from ground is denoted by ¢r,. It is the conjugated variable to N. As usual, w
is the frequency of the resonator and a (a') are the annihilation (creation) operators of
the radiation field. By choosing Ej appropriately one can restrict the system to the three
eigenstates with lowest energy. Diagonalization of this restricted Hamiltonian yields

1
H = 50E0. + Eo(1 - Ng)? 1) (1] + const,

with 6 = \/16(]\7(; — 1)2E% + E3. The eigenstates are given by

0 0
1) = cos 5 |0) — sin 3 2)

0 0
1) = sin§ 0) + cos 3 12) ,
1),

where |N) is the state with IV electrons on the island and the mixing angle 6 is defined by
tanf = —Fj/(4(Ng — 1)E¢). Charge noise in the SSET causes quasistatic fluctuations of
the angle # on a timescale of hours, which translates into a change of the eigenstates. The
pumping process is described by the following quasiparticle tunneling Hamiltonian:

Hqp = Z E,k'Yi,I'Yli,Deinﬂ +h.e.,
ik

where T; ;. are the tunneling coefficients and ~; (”y;) are the quasiparticle annihilation
(creation) operators for the mode ¢ on the island (I) and the drain (D), respectively. Using

Fermi’s golden rule the following dependence of the transition rates on the mixing angle is
found:

0 0
| FNIC'e sin? 2 oy sin? 3

Iy o cos? 5 [t cos? 3
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Assuming that the population of the intermediate pumping state |1) is constant, p; 1 = 0,
we obtain effective pumping rates between the states ||) and |1),

I I 0
Iy = 219t eost 2
Lo+ T 2
I I 0
IS N 2

Therefore, a quasistatic change of the mixing angle 6 translates into a fluctuation of Dg
and I'; according to

2cos 6
x - P7
14 cos26’

Flocé<1+00529) .

0

Typically, the mixing angle fulfills § < 7/2, hence Dy fluctuates proportional to 6§ — 7/2
whereas I'y is approximately constant. Therefore, we focus in this section on disorder only
in the pumping strength Dj.

Analysis of disorder in Dy

Having performed the integration over the pumping strength Dy in Eq. (4.8) we obtain the
following fixed point equation:

(n) = Nen + Mp

Its solution is given by

N, Ty —
<n>M=X+\/X2+Nthﬁo+2th+M4;(Do+1), (4.13)

1 N Mﬁon o

4+2 4k 2

An obvious difference between the case of disorder in the pumping strength and the
previously analyzed cases of disorder in the detuning or the coupling strength is that the
averaged fixed point equation depends only on the mean pumping strength Dgy. There is
no dependence of the disorder standard deviation o4 and any probability distribution p
with mean Dy yields the same averaged fixed point equation irrespective of its shape.

Again we compare three different scenarios: First, a mean pumping strength Dy = 0.6 far
above the lasing threshold at zero detuning is examined (left subplot of Fig. . Second,
we choose a nonzero detuning A = 0.015w, but we keep the mean pumping strength
Do = 0.6 fixed (central subplot). Third, we examine a mean pumping strength Do = 0.15
close to the lasing threshold at zero detuning (right subplot of Fig. . The pumping
strength Dy must take values in the range [—1, 1]. Therefore, Eq. restricts the allowed
values for the disorder standard deviation to op, < 0.17w for a Gaussian distribution in
the first and the second scenario, and to op, < 0.36w in the third scenario.

For the first scenario, Dy = 0.6 and A = Ow, we find that the mean photon-number
expectation value (n),, is well approximated by an average over the individual lasing
resonance curves (n), (Dy). For typical lasing parameters above the threshold Eq.
and the following relations hold:

IRV (4.14a)

D
M ol'1
2K

> Nip . (4.14b)
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Figure 4.5.: Photon-number expectation value (n),,,(0p,) for a lasing setup with
M = 100 atoms and disorder in the pumping strength Dy. The results for @100 (thick
lines) are identical for a Gaussian and a box distribution. Inset: Single-atom lasing
curves (n); (Do). The thin dash-dotted and dotted lines in the main plot represent an
average over the single-atom lasing contributions for a Gaussian and a box distribution,
respectively. Both curves coincide in the left and the central subplot. Plot parameters
are g = 0.001w, I'y = 0.0052w, I', = 0.001w, k =1 % 107% w, and Ny, = 0. Blue curves
A =0w, Dy = 0.6. Red curves A = 0.015w, Dy = 0.6. Green curves A = 0w, Dy = 0.15.

These values are indicated in the inset by colored circles.

Then, for zero detuning the mean photon number @M reduces to

— Flﬁo
~ N, M —
(n) p th + o

70 (0) .

Analogously, the same linear dependence on Dy is obtained for the single-atom lasing

curve ,

with a photon saturation number 714(0) of the order of unity. Therefore, for atoms on
resonance and a sufficiently narrow disorder distribution, such that all values of Dy are
large enough that the assumption holds, the mean photon-number expectation
value WM is expected to be equivalent to the average over the bare single-atom lasing
curves (n),,

——bare

e = / dDy p(Dy) (n),(Dy).

The thick blue curve in the left subplot of Fig. represents W}M and the coinciding thin
dashed and dash-dotted curves represent m]\;re for a Gaussian and a box distribution,

—b
respectively. The average over single-atom lasing curves (n) A;re describes the mean photon-
number expectation value (n),, of the multi-atom lasing setup quite well, but we still
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observe a small enhancement of the lasing activity in the multi-atom setup for the chosen
parameters.

—b
However, for a nonzero detuning (n) ]\;re deviates significantly from the photon-number
expectation value (n),, of the multi-atom lasing setup (central subplot in Fig. . The

behavior of <n>33re can be understood as follows: The bare single-atom lasing curves
(n); (Do) in the inset show a crossover from a very low photon number at pumping
strengths below the lasing threshold to a nonzero photon number that depends linearly
on the pumping strength above the lasing threshold. This threshold pumping strength
increases for nonzero detuning, but the slope of the lasing curve above the threshold is still
the same, i.e., the single-atom lasing curve (n), is effectively shifted along the Dy axis for
a nonzero detuning. Therefore, the single-atom photon-number expectation value (n), at
a fixed pumping strength Dg decreases for a nonzero detuning. Surprisingly, comparing
the thick red and blue curves in Fig. we find that the actual mean photon-number
expectation value @ s is quite independent of the detuning. This implies that the effective
lasing-threshold pumping strength for detuned atoms in a multi-atom lasing setup is
significantly lowered and is actually close to zero.

Also for the third scenario, resonant atoms at a mean pumping strength Dy close to the

bar
lasing transition, (n),, and (n) 1\; ¢ differ significantly (right subplot of Fig. . For a

small disorder standard deviation op, the average (n) ]\;re is almost constant, which is
the expected behavior if an average over the linear part (n); o Dy of the single-atom
lasing curve is taken: The increase of the photon number for atoms at a pumping strength
Do > Dy is compensated by a decrease of the photon number for atoms at Dy < Dy.

However, for op, 2 0.1w the average m;;re starts to increase with op,. In this regime the
probability distribution is sufficiently broad such that some atoms have a pumping strength
Dy < 0 and, therefore, do not contribute to the lasing process any more. Hence, they cannot
compensate for the increase of the photon number for atoms at Dy > Dg and the overall

average photon number W?;re increases. However, the actual multi-atom photon-number
expectation value @M is found to be independent of the disorder standard deviation op,.
This implies that the single-atom lasing curve (n); is modified in a multi-atom lasing setup
and has a linear dependence on the pumping strength Dg, even for a pumping strength
close to zero.

In conclusion, for disorder in the pumping strength the mean photon-number expectation
value @M is only a function of Dg and, in particular, independent of the disorder standard
deviation op,. For resonant atoms above the pumping threshold, A = 0 and Dy > 0, the
observed collective behavior is explained quite well by an average over single-atom lasing
curves (n),. However, the observed behavior of @M for non-resonant atoms or a mean
pumping strength close to the single-atom lasing-threshold pumping strength implies that

the single-atom lasing curve (n), is modified in a multi-atom lasing setup as follows:

1. The lasing-threshold pumping strength of detuned atoms in a multi-atom lasing setup
is decreased compared to its value in a single-atom lasing setup, and

2. the effective lasing curve of atoms in a multi-atom lasing setup shows a linear
dependence on the pumping strength Dy, even for a pumping strength close to zero.

An explanation for these observations is given in Sec. [4.3.2]

4.3. Collective effects caused by stimulated emission

The results of the previous section show that a multi-atom lasing setup is rather robust
against disorder in the atomic detuning, the coupling strength, and the pumping strength.
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The observed dependence of the mean photon-number expectation value W)M on the
disorder standard deviation suggests, that

1. the range of tolerable atomic detuning increases with the system size M,

2. the minimal coupling strength to the resonator required for lasing decreases with the
system size M, and

3. the lasing-threshold pumping strength in a multi-atom lasing setup is close to zero,
even for detuned atoms, and the single-atom lasing curve has a linear dependence on
the pumping strength Dg, even for a pumping strength close to zero.

In this section this collective effect is examined in more detail. First, we discuss ordered
multi-atom systems. There we already observe a widening of the range of parameters that
allow for lasing in multi-atom systems. In a second step, Eq. is reformulated as a set
of M coupled equations, each describing the lasing activity of a single atom, which have to
be solved self-consistently. Using this approach we discuss disordered setups and show that
the observed collective effect is caused by enhanced stimulated emission.

4.3.1. Widening of the range of lasing parameters in ordered systems

Before dealing with disorder in the atomic parameters, the properties of ordered systems are
studied. For ordered systems Eq. can be solved analytically. Having replaced A; = A,
gi=9,T1;="1,Tx; =Tx, Do = Dy for all atoms j € {1,..., M}, an evaluation of the
the sum yields

(n) = Nen + M3 = (<n> ! %) "

The stationary photon-number expectation value of an ordered system is

N, T
(n)Y, :X+\/X2+Nthﬁo+2th+M4;(Do+1)a (4.15)
1 Nth D()Fl /FLO
X:—f —_— M - a8
1T T T

where the superscript 0 denotes the ordered system. For a single atom, M = 1, <n)g4 is
identical to the single-atom lasing curve (n); given by Eq. (4.5). The following scaling
relation for the photon-number expectation value per atom, <n> /M, holds [32]:

a7 (0% (e A VN = () .8, N

In Fig. the consequences of this scaling relation are illustrated:

e Provided that the coupling strength in the multi-atom system is rescaled by a factor
of VM _1, the qualitative dependence of (n), /M on the detuning A or the coupling
strength ¢ is the same for different numbers of atoms, M, and the total photon
number (n)}, grows linearly with the number of atoms.

e For M — oo the smeared-out crossover from a non-lasing state to a lasing state is
replaced by a sharp, kink-like lasing transition. The position of this kink coincides
with the lasing threshold obtained out of the semiclassical theory. Thus, semiclassical
and semiquantum theory yield identical results in the limit M — oc.
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Figure 4.6.: Properties of the photon-number expectation value per atom, <n>(1)\/[ (A, 9)/M,
in an ordered M-atom lasing setup. [(a); Plots as a function of the atomic detuning A
for a coupling strength g = 0.002w. Plots as a function of the coupling strength
g for atoms on resonance, A = Qw. Solid red curves represent <n>(1) (g,A), dashed blue

curves <">?\4 (9/v/M,A)/M, and dash-dotted green curves <”>?v1 (g,A)/M. For a fixed
coupling strength g an increase of the system size M increases the maximum tolerable
detuning. For a fixed detuning it lowers the minimal coupling strength required for lasing.
In the limit M — oo the semiquantum theory predicts a sharp, kink-like lasing transition
that coincides with the one predicted by the semiclassical theory. Plot parameters are
't =0.006w, I'y = 0.002w, T';, = 0.001lw, k =1 X 107 %w, Ny, = 0, and M = 100.

e If the coupling strength is not rescaled by a factor of v M 71, the width of (n),, /M
as a function of the detuning increases and the minimum coupling strength decreases
with the number of atoms. From Egs. (2.15) and (2.16) we obtain the following

scaling behavior:

Amax X VM,
1

in X —/——.
gmll’l \/M

These relations imply that for a fixed coupling strength a many-atom lasing system tolerates
a larger detuning than a single-atom laser, while still being in a lasing state. Furthermore,
the coupling strength of the individual atoms to the resonator can be lowered compared to
that of a single-atom laser, while the system is still in a lasing state. From Eq. we
read off that the required minimal pumping strength is also lowered in a multi-atom lasing
setup,

1
DO,mln X M .
In conclusion, for ordered multi-atom systems the range of atomic parameters for which
the system is in a lasing state is actually widened compared to the corresponding range
of parameters for a single-atom laser. There is a collective broadening of the tolerable
range of atomic detuning and a lowering of the minimal coupling and pumping strength,
consistent with the observations made in Sec.

4.3.2. Self-consistent superposition of single-atomic resonance curves

In order to discuss these collective effects for disordered setups, Eq. (4.3) is reformulated as
a set of M equations for the single-atomic photon contribution (n;) to the overall photon-
number expectation value (n),,. The set of equations has to be solved self-consistently.
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This reformulation of the problem allows to demonstrate the widening of the range of lasing
parameters also for disordered systems and reveals that it is caused by stimulated emission.

The total photon number (n) is split into contributions of the individual atoms, (n;), by
rewriting

5
Il
s
5

)= (ni) + (niaa) (4.16a)

7j=1
. M
<n;dd> = Z (nj) (4.16D)
j#i
j=1
where i € {1,..., M} is the index of an arbitrarily chosen atom. The quantity (n’4,) is

the number of photons that are emitted into the resonator by all atoms except of atom i,
including the corresponding fraction of the thermal photon number. It forms a background
of additional photons in the resonator that does not originate from the lasing activity of
atom ¢. By inserting Eq. into the stationary limit of Eq. the photon-number
expectation value is separated into M equations describing the individual atomic
contributions (n;) to the overall photon number. Using Eqgs. and we obtain

Naw | Dy, (<”i> + (nhgq) + %) +3
1 ; .
P2+ A2+ aq ((ma) + (nigg) + 1)

(4.17)

For a single-atom laser, i.e., i = 1, M = 1, {n1) = (n), and (nly,) = 0, this equation
reduces to the single-atom case of Eq. (4.3). A summation over all M atoms yields the
general fixed point equation (4.3).

The fixed point equation 1} for the individual atomic contributions (n;) is solved by

'
4xk

) = X+ %24 3 (s Gt + 1) 4 T (Dus o) + 1) +1), (219

5oL {Maa) | Now  TiiDoi o

4 2 2M 4k 2
The M equations for (n;), i € {1,..., M}, and Eq. (4.16) form a set of coupled equations
which have to be solved self-consistently. This is done numerically using the following

iterative algorithm:

1. Initially, the resonator is assumed to have zero photon number, i.e., (n) = 0 and
(n4q) =0 for all atoms ¢ € {1,...,M}.

2. The contribution of each atom to the photon number in the resonator, (n;), is
calculated.

3. New values for (n) and <”;dd> are calculated using Eq. (4.16).

4. The procedure is continued starting from step |2/ until (n) changes between two
iterations less than a previously chosen threshold.

The calculations of the mean photon-number expectation value (n),, performed in the
previous sections effectively solved this self-consistent set of coupled equations. However,
this reformulation of the problem allows to study the broadening and enhancement effects
observed in Sec. also for disordered systems.

On the right-hand side of Eq. (4.18) the photon background (n{ ;) appears always together
with (n;), which is the term accounting for the stimulated emission of atom 4. Therefore,
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Figure 4.7.: Modification of the single-atom lasing curve (n;) in the presence of additional

photons in the resonator. (n;) (A, g,Dp) as a function of the atomic detuning A for
a fixed coupling strength g = 0.001 w and Dy = 0.5. (ni) (A, g,Dp) as a function of
the coupling strength g for a fixed detuning A = 0.2w and Dy = 0.5. |(¢)f (n;) (A, g, Do)
as a function of the pumping strength Dy for a fixed detuning A = 0.02w and a fixed
coupling strength g = 0.001 w. Solid red curves represent the bare lasing curve without

additional photons in the resonator, dashed blue curves represent the modified lasing

curve in the presence of <n,i dd> = 4000 additional photons in the resonator. The presence
of additional photons broadens the resonance curve as a function of the detuning and

decreases the minimal threshold coupling strength required for lasing. The lasing threshold
pumping strength vanishes such that (n;) (Dg) is proportional to Dy for all pumping rates.
Negative pumping decreases the number of photons in the resonator. Plot parameters
are I't = 0.006w, I'y = 0.002w, I';, = 0.001w, and £ =1 % 10~% w. Subfigure has

I't =0.0052w.

the presence of additional photons in the resonator modifies the stimulated emission lasing
activity of the atom. The effect can be illustrated by simply assuming the existence
of additional photons, wherever they actually come from. In Fig. the individual

atomic contribution (n;) is plotted for (n!,,) = 0 and (n ;) = 4000 additional photons,
respectively.

In Fig. the atomic lasing contribution (n;) is plotted as a function of the detuning A.
The presence of additional photons broadens the curve, i.e., the range of tolerable values of
the atomic detuning is significantly widened, as deducted from the plot of WM (oa) in
Fig. The presence of additional photons in the resonator increases the lasing activity of
detuned atoms and effectively “drags” them into resonance. Furthermore, an enhancement
of the photon-number expectation value (n;) at zero detuning is observed, which is also

consistent with the observations made in Fig.

Similarly, (n;)(g) is plotted as a function of the coupling strength ¢ in Fig. A

lowering of the minimal coupling strength gmin(M ), rigorously derived for ordered setups,
is also shown qualitatively by (n;) (¢) in the presence of additional photons. Hence, also
in disordered setups a collective lowering of the lasing threshold coupling strength takes
place, consistent with the observations made in Fig. Simultaneously, for large coupling

strengths g >> gmin(1) the presence of additional photons enhances (n;) (¢) up to a maximum

photon number per atom (n)y/™ /M, irrespective of the actual detuning of the atom. The

maximum photon number (n)3/™ is defined by Eq. (4.4) and depends on the pumping
and decay rates of the system. This enhancement is the reason for the remarkably weak

dependence of (n),y,(cy) on the detuning A observed in Fig. m

In Fig. we observed that (n) 1 (0g) increases or decreases as a function of o, depending
on the detuning A. This behavior is connected to the local curvature of the modified atomic
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resonance curves (n;) (g) at the mean coupling strength g. An expansion of (n;) around g,

(ni) (9) =a+bg—9) +elg—9°+0((9-9)°) .

yields

/O:o dgp(g) (ni) (9) = a + co?.

If (n;) (g) is dominantly a linear function of the coupling strength at g, i.e., ¢ ~ 0, the mean

photon-number expectation value (n),,(cy) is a constant. Likewise, if the curvature of

(n;) (9) at g cannot be neglected, i.e., |c| 2 |b], its sign determines the behavior of (n),,(c4)
with increasing o.

Finally, Fig. illustrates the changes of the single-atom lasing contribution (n;) as
a function of the pumping strength Dy in the presence of additional photons. The plot
of (n;) (Dp) shows the expected linear dependence on the pumping strength Dy, even
for Dy < 0, which was concluded from the observations made in Fig. As a second
observation we note that the pumping threshold is zero even though the atom has a nonzero
detuning. The lasing crossover, where (n;) changes smoothly from a close to zero photon
number to a linear dependence on Dy, does not appear any more. Instead, for a negative
pumping strength the number of photons in the resonator is decreased by the inverse
lasing activity of the atom. The dependence on the pumping strength is linear for negative
pumping if the absolute value of (n;) is much smaller than the number of externally created
additional photons, |(n;)| < (n!4,). The linear dependence on Dy and the absence of a
threshold coupling strength is consistent with the observations made in Fig.

Application of the method to ordered systems

For disordered setups we showed that atoms above the lasing threshold, for instance, close to
resonance, “drag” others which appeared to be below the lasing threshold also into a lasing
state. Finally, a self-organized stationary state is established. But in Sec. a widening
of the range of parameters allowing for lasing was observed also in the case of ordered
systems. In particular, there is a nonzero multi-atom photon-number expectation value
in ordered systems, (n)?w # 0, even when all atoms have a detuning A > Ay .x(1), which
would be completely off-resonant in a single-atom setup. The reformulation of the fixed
point equation as a set of self-consistently added single-atomic lasing contributions
(n;) reproduces this nonzero value of <n)g4 as well. In order to understand this we consider
M identical atoms which would all be off-resonant in the single-atom setup, A > Apax(1).
As seen in Fig. the semiquantum model does not exhibit a sharp transition to the lasing
state. Therefore, each of the atoms produces a small but non-vanishing contribution (n;)
to the total photon number (n)?w even at a detuning A > Apax(1). This possibly very
small contribution is then enhanced by the presence of all other ones, which is sufficient to
drive the system into the lasing state.

4.4. Fluctuations of the photon-number expectation value for finite-size
systems

In the near future, experimental realizations of lasers using quantum metamaterials as
optically active medium will probably be constructed out of a not too large number of
atoms, e.g., M < 100. Therefore, one should expect significant sample-specific deviations

from the average photon number (n),, calculated in the previous sections. Consequently,
statistical fluctuations of (n),, around its mean value (n),, are studied in this section.

In order to study fluctuations of the photon-number expectation value (n),,, an ensemble
of Nepns lasing setups is chosen with randomly distributed lasing parameters according to a
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Figure 4.8.: Fluctuations of the photon-number expectation value (n),, around (n),,
for disorder in the detuning A due to a non-perfect sampling of a Gaussian disorder
distribution with mean A = 0 and standard deviation oo = 0.2w. Histograms are
created for Ngps = 10000 setups, randomly chosen according to a Gaussian disorder
distribution, for system sizes of M = 50, 100, 800, and 1600 atoms, respectively. The

mean photon number is given by (n),, = 7479, (n),,, = 16976, (n)g,, = 156184, and

@1600 = 316100 photons, respectively. Plot parameters are A = Ow, g = 0.002w,
I't =0.006w, I') = 0.002w, I', = 0.001w, k=1 x 107%w, and Ny, = 0.

given probability distribution p. For each of these setups Eq. (4.3) is solved numerically
for the photon number (n),,. This approach can be used to model two types of disorder:

1. Static disorder, e.g., sample-to-sample specific fluctuations of the lasing parameters
caused by the production process, and

2. quasistatic disorder on long timescales of the order of hours which is, for instance,
caused by two-level fluctuators, charge, or flux noise in superconducting qubits.

Fig. shows the results for Gaussian disorder in the detuning A with a standard deviation
oa = 0.2w. With increasing system size M the sampling of the ideal disorder distribution p
by the setup becomes better, which decreases the error made by rewriting the sum as an
integral in Eq. (4.8)). In the plots in Fig. this manifests as a decrease of the fluctuations
around @M with increasing system size M. Their standard deviation is given by 386, 352,
181, and 136 photons for M = 50, 100, 800, and 1600 atoms, respectively. However, even

for M = 1600 atoms fluctuations of the order of one percent of (n),, are expected.

Similar effects arise for disorder in the coupling strength g. The corresponding results
are shown in Fig. [4.9. When the mean coupling strength g is chosen close to the lasing
transition of a single-atom setup, the histogram of (n),, shows a main peak around (7>M
and a long tail consisting of a few ensembles with smaller photon number. The main peak
shows the expected narrowing with increasing system size M: If all histogram bins with
less than 10 counts are cut away, the standard deviation of the main peak is given by 0.25,
0.19, 0.17, and 0.15 photons for M = 50, 100, 800, and 1600 atoms, respectively. The
long tail is due to the fact that some atoms have such a weak coupling strength that they
either cannot participate in the lasing process at all or participate only with a reduced
photon number (n;) < (n);"**. Figure shows that such a situation is realized for a
coupling strength close to zero, even in the presence of additional photons in the resonator.
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Figure 4.9.: Fluctuations of the photon-number expectation value (n),, around (n),, for
disorder in the coupling strength g due to a non-perfect sampling of a Gaussian disorder
distribution with mean g and standard deviation o, = 0.0004w and M = 50, 100, 800,
and 1600 atoms, respectively. The mean coupling strength § = 0.002w is chosen
close to the lasing transition of a single atom on resonance. The distribution has a main

peak at (n),, and a large tail of a small number of systems with (n),, < (n),,, which
is not completely smooth even for Ng,s = 1000000 randomly chosen setups. The main

peak is situated at (n)., = 9998, (n),,o = 19998, (n)go = 159998, and (n),4,, = 319998
photons, respectively. The mean coupling strength g = 0.005 w is chosen far above
the lasing transition of a single atom on resonance. Data is obtained for Ne,s = 10000
randomly chosen setups. In this regime only the main peak is observed at (n)., = 10001,

(n)100 = 200001, (n)g,, = 160001, and (n),4,, = 320001 photons, respectively. The plot
parameters I'y = 0.006w, I') = 0.002w, I', = 0.00lw, k =1 X 10~%w, and Ny, = 0 are
identical for both subfigures.
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These events occur so rarely that a smooth distribution is not even found for a very large
ensemble of Neps = 108 setups.

In a typical lasing experiment the mean coupling strength g is chosen far above the single-
atom lasing threshold. In this regime only the main peak at WM is observed, as shown
in Fig. For the chosen parameters the fluctuations in the photon number caused by
disorder in the detuning dominate over the ones originating from disorder in the coupling

strength.

In conclusion, lasing setups with a finite number M of atoms show quasistatic or static
fluctuations of the photon-number expectation value (n),, of the order of a percent of the
mean photon number. Fluctuations decrease when the system size M is increased.

The long-term stability of current microwave generators depends not only on the source itself,
but also on the power amplifier and temperature fluctuations in the laboratory. It is mainly
influenced by fluctuations of the power amplifier bias point and the amplification of parasitic
signals [39]. If these effects are taken into account, the laser discussed here may compete with
current microwave sources for large system sizes M. For measurements on short timescales,
e.g., when the laser is used to control qubit operations in a quantum computer, these
long-term fluctuations do not matter. There, fluctuations on short timescales originating
from the photon statistics of the laser are more relevant. The photon statistics cannot be
derived within the semiquantum approximation. Instead, a direct solution of the master
equation is needed, similar to the calculations in the following chapter.
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5.1. Generalized lasing Hamiltonian

In the previous chapter the Tavis-Cummings Hamiltonian defined in Eq. was considered
as model of a multi-atom laser. It contains a dipole interaction between the atoms and
the radiation field, Hi, o o.(a + af), which takes the form Hiy o< oya + o_a' under
a rotating wave approximation. However, quantum metamaterials can be built out of
artificial atoms that couple to the radiation field differently. As discussed in the introduction
superconducting qubits exhibit not only a transversal o, coupling, but also a longitudinal
o, coupling. For flux qubits, charge qubits, and quantum dot systems Eq. needs to
be generalized as follows:

M M
Hy = hwa'a + Z %ejag + Z hg; (cos(ﬁj)ag + sin(ﬁj)ag,) (aT + a) . (5.1)
j=1 J=1

The photon creation and annihilation operators are denoted by a' and a, respectively, and
w is the frequency of the (single-mode) resonator. By €; we denote the level splitting energy
of the lasing transition of atom j, j € {1,..., M}, and g; is the coupling strength of this
atom to the resonator. The mixing angle 6; € [0, 7/2] determines the relative strength of
oz and o, interaction. The Pauli matrices acting on the two states of atom j are denoted
by ag%z. Contrary to the Tavis-Cummings Hamiltonian a rotating wave approximation

has not yet been applied.

In this chapter the photon statistics of a laser with both a longitudinal and a transversal
coupling between atoms and radiation field is calculated. We solve the quantum master
equation of the system in several stages: In Secs. to the photon statistics for a
single-atom laser with both a longitudinal and a transversal coupling is derived. In Sec.
we discuss how to create photon-number squeezed light in a system described by the
Hamiltonian . The assumptions made on the suppression of higher-order transitions
and the pumping process are justified in Secs. and In Sec. the results are
generalized to a multi-atom lasing setup with M identical atoms. Finally, in Sec.
individual mixing angles 0; are considered which arise, for instance, because of flux noise
in a multi-atom lasing setup.

5.2. Single-atom lasing: Polaron transformation and quantum master equa-
tion

The generalized lasing Hamiltonian (5.1) for a single atom, M = 1, is given by

1
H, = hwa'a + 5€0% + hg (cos(f)o, + sin(0)oy) (aT + a) . (5.2)

41
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For the sake of a compact notation the following abbreviations are introduced:
r = xg (aT + a) = hgsin(0) (aT + a) , (5.3a)
— g (af —a) =iZ t_
P = 1ipo (a a) Uy cos(6) (a a) . (5.3b)

H, is transformed into a Jaynes-Cummings-like Hamiltonian using the unitary polaron
transformation

U =exp Li cos(0) (a - aT> UZ} = exp (ipoy) , (5.4)

yielding (cf. Appendix B.1)

1 —1P e, — D P . 1D h 2
H=U'H\U = hwala + =0, + hg our%jta,e re g
2 hg hg

The irrelevant constant shift of energy is neglected in the following. The polaron-transformed
Hamiltonian has the structure of the Jaynes-Cummings Hamiltonian (2.1) with the photon
creation and annihilation operators replaced by the dimensionless operators

1 . .
A= h—ge_lpxe_w and (5.6a)
Al = iez‘pﬂneip (5.6Db)
hg ’

respectively. The properties of these operators are discussed in Sec.

As basis of the Hilbert space in the polaron frame the direct product of the photon states
In), n € Ny, and the states |1/ ]) of the two-level system is chosen,

it/ by =11/ @n).

The field operators and the Pauli matrices act on these states as usual,

alaln) =nin) ot/ =21/,
alln) =Vn+1ln+1), oIt/ =1L/1,
aln) =+v/nin—1) .

Because we have performed a polaron transformation, the state |n) does not represent a
Fock state with n photons in the resonator as it was the case in the previous chapters.
In the following a photon-number Fock state with n photons in the resonator cavity is
denoted by |n.). The basis state |n) in the polaron frame is a superposition of different
Fock states according to

o) @ [n) = Ut |o) @ |nc) .

This has implications on the calculation of the photon-number expectation value and is
discussed in Sec. The expansion of the state [n) in the polaron frame into Fock states
|mec) in the cavity frame is derived in the Appendix

The quantum master equation describing the coherent lasing interaction as well as pumping,
relaxation, and dephasing processes in the polaron frame is given by

d _ 7

—p= H L L 5.7
3" h[ ,p] + Lrp + Lqp, (5.7)
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where Lgr and Lq are the Lindblad superoperators for the resonator and the two level

system as introduced in Egs. and ,

g Nip + 1) (QapaJr —atap — pata )
+

( Nth (2a pa — aan — paaT) ,
Iy
2

Lrp = +
FT
2

Lop= — (20-poy — poyo_ —or0_p) (204po_ — po_o —0_0.p)

*
+ f (02p0. —p) .

In Sec. we show that this common form of the Lindblad superoperators is not changed
by the polaron transformation. The relaxation rate of the resonator is denoted by «, I'y
and I'| are effective pumping and relaxation rates of the atom, respectively, and I';, is the
effective pure dephasing rate of the atom. The master equation is solved in Sec.

5.3. Matrix elements of the generalized field operators

Before solving the quantum master equation (5.7) we analyze the properties and matrix
elements of the generalized field operators A = e~Pze™?/(hg) and AT = ePxe™ /(hg).

As a preparation we consider the matrix elements of the operator e*2", which are calculated
in the momentum space. We introduce the dimensionless variables £ = x/%y and n = p/po,
where Ty = \/h/(mw) and py = Vhmw are constants with the dimension of a length and a
momentum, respectively. The field operators are related to & and n as follows:

—= (E+in) ,
f
1
af = NG (€ —1n) .
Now, e*2P can be rewritten as follows:
£2ip _ g _at)| = B
e = exp [iQw cos(6) (a a )} =l
B = i2\/§i% cos(0) = £2v/2ipq .

The momentum-space representation of the state |n) is given by

(pln) = 2 () Hue .

where Ny ! = Wr\/Po is a normalization constant and H,(n) are the Hermite polynomials

2 dTL 2

Ha(n) = (~1)"e" {2
In the momentum space we obtain
]\f2 1 /—1 2 o 2

(n] €M |n +m) = \/TL'Z?;)”LWQ?L () ef /4[mdxe “ H, (x—i— g) Hyim (33—1— g) .
The integral is simplified by means of the properties of the Hermite polynomials,

" (n

Hy(z+y) =) <k> Hy(2)(2y)" ",
k=0

/ dzx 6_12H]€($)HZ(SC) = Qkk!\/%ék’l ,
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and by means of the definition of the generalized Laguerre polynomials,

S

n—j) j!
We obtain the following formula for the matrix elements of e2¥:
T,fm = (n| et2ip |n 4+ m) (5.8)
(£1)™ e (2p0)™ \ | ey L (4P5) for n € Ng, m € Ny,
B { (F1)mle=208 (2pg) el f IR LI (4p8) for n e N, m € Z, —n <m <0,

Now, we proceed to the operators of interest, A and Af. Their matrix elements can be

expressed in terms of 7. “mo

(n] Aln+m) = (n| 7_396_”’:66_"1’ |n +m)
:sin@(\/m an—i—\/TT o 1)+2%sin00089Tn_7m
(n| AT |n+m) = (n| %eipxeip |n +m)
:sm@(\/anmH—i—W o 1)—2%sin90030Tn+7m
The generalized Laguerre polynomials obey the following relations:

(m+ )L (x) = 2L (z) + (n+ m) Ly~ (=),
(m =)Ly (x) =2l +(n—m+1)L" %+1(1‘) :

This allows to simplify the matrix elements of A and A" by using

m
vn+m+1 nm+1+Vn+ T -1 = (2p0+2p0)T$m

for any n € Ng and m € Z, —n < m < oo. Thus, we finally obtain the following compact
form:

1 . . m sinf __ 1 muazg

(n|Aln+m) = (n| h—ge Pre P |n+m) = —ngmm = g 2 pOTnm, (5.9a)
1 . - m sin6 1 mxg

(n| AT |n +m) = (n] h—geﬂpme“p |n 4+ m) = +EmT;m = +hg 5 Tﬁm (5.9Db)

Figure |5.1/ shows a plot of the matrix element (n| A |n + 1). The operators A and Af have
the following properties:

e All matrix elements (n| A" |n + m) are purely real, which is read off from Egs. (5.8)
and (5.9).

e For all n € N we have (n| A |n) = 0.

e For § = /2 the polaron transformation is a trivial transformation and A = A" = af+a.
Hence, the matrix elements show for § = /2 the usual behavior of the creation and
annihilation operators, (n| A|n + 1) = v/n + 1, known from the Jaynes-Cummings
Hamiltonian (solid green line in Fig .
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Figure 5.1.: Coupling matrix element (n|A|n+ 1) of the coupling operator A =
e~ ®re~"/(hg). For § = /2 the coupling matrix elements reduce to the conventional
Jaynes-Cummings coupling matrix elements, (n| A |n + 1) = /n + 1, represented by the
solid green line. For 6 < 7/2 the coupling matrix elements have roots at photon numbers
n}. The position of these roots depends on py = £ cos . The blue curves have identical
values of pg, but different coupling strengths and mixing angles: Dashed line g = 0.02w
and 0 = /3, dotted line g = 0.012w and 6§ = 7/5. The red curve represents half the
coupling strength, g = 0.006 w and @ = 7/5. Therefore, pg has half the value of the dotted
blue line and the positions of the roots are shifted towards higher photon numbers.

e For 0 < # < 7/2 the polaron transformation is a nontrivial unitary transformation. At

sufficiently small photon numbers n the matrix element grows proportional to v/n + 1.
However, for larger n it deviates from the y/n-behavior and exhibits oscillations. In
particular, there are photon numbers n where the matrix element changes its sign.
The index 7 € N labels these photon numbers in an ascending order. In the following,
we refer to them as “roots of the coupling matrix element”. However, it should be
noted that the matrix elements (n| A |n + m) are defined only for integer values of n
and m. Hence, for arbitrary values of g, w, and 6 the value of the matrix element
(nf| A|ny + m) is in general close to zero, but not exactly zero.

e The matrix elements at a mixing angle § = w/2 are an upper bound for the matrix

elements at arbitrary mixing angles 0 < 6 < 7 /2:

(n|Aln+1) <vn+1.

e For 0 < 6 < 7/2 the positions of the roots of the coupling matrix elements depend on

the quantity po = Z cos(f). If py is increased, the positions n§ of the roots decrease
(compare the dotted blue and dash-dotted red line in Fig. . Hence, for a given
resonator frequency w the positions of the roots can be adjusted either via the coupling
strength g or via the mixing angle 6.

e For a small mixing angle 6, i.e., almost pure o, coupling, the positions nf of the roots

converge to constant values, but the amplitude of the coupling matrix elements tends
to zero. The positions of the roots n} for a small mixing angle § are defined by the
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asymptotic value of pg,

lim py = £
0—0 w

Therefore, the first root of the matrix elements, n{, is always at a finite photon
number n$ > 0. However, the amplitude of the matrix elements depends on 6, too,
and decays proportional to 0:

(n| AD |n +m) = i%% tan(0)TE,, ~ i%%HTi (5.10)

n,m n,m
where Af takes the upper sign.

5.4. Stationary photon statistics in the polaron frame
5.4.1. Recursion relation of the photon statistics

In this section the quantum master equation (5.7) is solved analytically for the stationary
photon statistics of the laser, following the path described in Ref. [17]. We assume that
only resonant transitions occur in the Hamiltonian H:

(n|Aln+m)=0and (n+m|A"|n) =0if m #1.

This assumption is equivalent to a rotating wave approximation and is justified in Sec.

The photon statistics p(n) of the laser is given by the diagonal entries of the reduced density
matrix of the resonator, p***,

p(n) = (n| P In) = > _(o,nlplo,n) .

The equation of motion of p®

the full master equation (5.7),

is obtained by tracing out the atomic degrees of freedom in

d , .

ap‘fes = —iw [aTa,pres} — 19 Tratom ([U+A +o_ AT, pD + Lgp™®. (5.11)
Details of this step are given in the Appendix|C. Because of the interaction term the equation
of motion of the reduced density matrix p™* is still coupled to the master equation (5.7) of
the full density matrix p.

To simplify this system of differential equations we decouple the dynamics of atomic
processes and changes of the resonator state by an adiabatic approximation [40]. The
Lindblad superoperator Lqp describes atomic decay processes that happen on a timescale of
FT_ L FIl, and (F:‘D)_l. Resonator decay processes described by Lgp happen on a timescale
of k1. For typical lasing parameters it holds x < ry,I',,T'; and, therefore, we neglect
decay processes of the resonator in the full master equation . This yields the following
simplified system of coupled differential equations:

d

apres = —iw [aTa,preS} — 19 Tratom ({O‘+A + U,AT,pD + Lrp™®, (5.12a)
%p: —%[H,p]—l—LQp. (5.12b)

In order to obtain the stationary photon statistics we calculate the stationary solution
of Eq. (5.12a]) for the diagonal elements of the reduced density matrix p*®. The matrix
elements of p and p' are denoted by popnirm = (0,n|p|T,m) and pnm = (n|p™ |m),
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respectively. To evaluate the trace over the interaction term in Eq. (5.12a) we need to
know the matrix elements pt .| n41 and py 41,1, Which are obtained from the stationary
solution of Eq. (5.12b)) as follows: Defining the vector

pT?”;T’m
Rn,m — Prnsd,mA1
Pln+11,m
Pl n+1;],m+1

and using pnm = Prntm + PLn:lms Bd. (5.12b) is cast into a set of matrix differential
equations

Rn,m = n,m ° RTL,’n’L + An,m (513)
for each photon number n,m € Ny. The matrix M, ,, and the vector A, ,, are given by
—iw(n —m) —I'y ig (m + 1| AT |m) —ig (n| Aln+1) 0
Mo ig(m|Alm+1) —iA—iwn—m)—-T, 0 —ig(n|Aln+1)
T —ig (n + 1| AT |n) 0 iA —iw(n—m)—Ty, ig(m+ 1At |m)
0 —ig {n+ 1| AT |n) ig(m| Alm + 1) —iw(n —m) —T4
T pn,m
0
An,m - 0

Fipn-i—lﬂn-‘rl

We introduced the abbreviations I'y = I'y + T') and I'y, = T'1/2 + I',. The dynamics of the
photon field in the resonator enter Eq. via the matrix elements of the reduced density
matrix p"* in the vector A, ,,. According to the adiabatic approximation the vector A, ,,
changes slowly compared to R, ;. Therefore, transient processes in R,, ,, can be neglected
and we take the stationary solution of Eq. ,

—1
Rn,m = _Mn,m ' An,m ’

which yields for n = m

n|Aln+1 . .
Prmslntl = 9F1M [pnnTt (A +iTy) = pngrpaly (A+iTy)] (5.14a)
det My, 5,
n+1| Al |n . .
Plntitn = QFIM [pnnTt (A =ily) = pry1paly (A —ily)] (5.14b)
det M,,
det My, = 4g°T1Ty, (n+ 1| AT [n) (n| A|n + 1) + TTA + TTT, (5.14c)
4g2
=112 (1
1+ ( + 1’\11—\%0 n) )
A% T,
= 1| AT A 1) . 14
0= g+t AT ) A+ 1) (5.14d)

By defining the quantity A = % the equation of motion for p,, can be expressed as
follows:

d
apn,n - K(Nth + 1)(” + 1)pn+1,n+1 - "iNth(n + 1)pn,n

- K’(Nth + ]-)npn7n + IiNthnpn,Lnfl
A
+ oy, | Al + D Cpariass = Drna)
A

e —-1A 2F nn_r n—1n— . 1
o [0 = A (Cpnn = Tipnoin) (5.15)
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For the stationary case a detailed balance condition applies and this equation separates

into two recursion relations for the diagonal elements of p™*,

A 2
(¥ + Dt s [0 = AT
= (s + g [~ HARIPT ) s
14+ 2AN, 4 ’

The second relation differs only by a shift n — n + 1 and does not provide any further
information. By reordering terms we find the following recursion relation for py, ;:
Pnn = fnpnfl,nfl > (5.16&)
2
n — 2
(Nen + 1)n + F¢W [(n — 1] Aln)|

(5.16b)

The photon statistics p(n) = pn,, is uniquely defined by Eq. (5.16a)) and the normalization
condition of the density matrix, Tr,(p") = 1. It has a local maximum at photon numbers
Nmax that fulfill f, . =1and f, <O0.

The recursion coefficient f,, is defined only for integer values of n because it contains the
matrix elements (n — 1| A |n). In the following we denote by f;, the value of the symmetric
difference quotient

Sl — fna1
fo= T,

which is the common definition of the derivative of functions with a discrete support.

5.4.2. Properties of the recursion coefficient

Before evaluating the recursion relation (5.16) in Sec. we now investigate the properties
of the recursion coefficient f,.

In Fig.|5.2 the recursion coefficient f, is compared to the result obtained for a conventional
laser with pure o, coupling, i.e., § = /2 (solid red vs. dotted blue curve). By introducing
the effective atomic pumping and relaxation rates

A
Thosnil = oA [(n| Aln+1)]*Ty and (5.17a)
A 2
T, n=—— A n|I*r, 1
1 1+2AN”I(nI In+ 17Ty (5.17b)

the recursion coefficient can be rewritten in a compact form,

fo = kNwn +Tpo15n
" H(JNrth + 1)” + Fn—>n—1 .

(5.18)

The properties of the recursion coefficient are determined by the interplay of the resonator
excitation and decay rates, kK Nyyn and k(N + 1)n, and the corresponding effective atomic
pumping and decay rates, I'y_,+1 and I'y11-,. The effective pumping and relaxation
rates vanish at the roots nj of the coupling matrix element (n| A |n + 1). The recursion
coefficient f, has the following properties:

e The recursion coefficient for pure o, coupling, f,(6 = 7/2), is an upper bound for
the recursion coefficient f,(0) at arbitrary mixing angles 0 < 0 < 7/2,

Fal0) < fn (g) ,
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Figure 5.2.: Recursion coefficient f, of a single-atom laser. The dotted blue line
represents f, for a conventional laser, i.e., § = w/2. The solid red line represents f,, for a
laser with 90% o, coupling, i.e., # = w/10. Arrows indicate the maximum of the photon
distribution for a conventional laser, nﬁll, for the laser with additional o, couplings, ny,,
and the first root of the coupling matrix element, nj. Plot parameters are g = 0.0067 w,
I't =0.006w, I') = 0.0001w, I';, = 0.001w, A = 0w, Ny =0, and £ =1 x 1077 w.

because of the following reason: As discussed in Sec. the matrix elements
(n| A|n + 1) have an upper bound (n| A|n + 1) < /n+ 1, where the equality holds
for § = /2. This implies the following bound on the effective pumping rates:

A(n+1)
1+2A(§%+n+1

Pn%n+l/n+l~>n < ) FT/i .

For typical lasing parameters we have I'y > I'|, which finally yields

kNgyn + T An
- ’ T 1+2A<222 %Jrn)
fn(e) < fn (2) - An
K(Nen +1)n+1T7 T

For a resonant atom, A = 0, and i = le;f < 2n the recursion coefficient f,(7/2) is

independent of the coupling strength ¢. In this regime the maximum of the photon
distribution depends only on the bare pumping and loss rates I'y, I'|, and &.

The photon statistics p(n) has a local maximum at photon numbers n,, where the
conditions f,, =1 and f] < 0 hold. For a conventional laser with pure o, coupling
fn(m/2) is a monotonically decreasing function and there is exactly one maximum of
the photon distribution, situated at

m

d:1<rT—r¢_ 1) A2 Ty
2
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For generalized couplings there are roots nj, of the coupling matrix elements where
fn takes the value

Nin

i = —<1.
0 Ngp+1

fn

Hence, near each root of the coupling matrix element f,, () deviates from the conven-
tional recursion coefficient, f,,(7/2), and drops down to the value fné < 1. Therefore,

near each root nj of the coupling matrix element the conditions f, = 1 and f}, < 0
are fulfilled and additional local maxima of the photon statistics occur.

For typical lasing experiments with artificial atoms at low temperature, it holds
Nin = 0. Then, the recursion coefficient for a conventional laser, f,(7w/2), reduces to

s FTl
I <2>“zm

A similar behavior is found for f,(6) at arbitrary mixing angles #: For a sufficiently
small effective relaxation rate, I';,_,,,_1 < kn, the recursion coefficient is approximated
by

~ Fn—1—>n
fn(0) & kn

For photon numbers n far away from the roots nj of the coupling matrix elements
the right-hand side simplifies to the same form as f,(7/2),

1
T okn

fn(0) (5.19)

However, close to the roots of the coupling matrix elements, i.e, if n ~ n} for an index
1 € N, the recursion coefficient f,(6) deviates significantly from the conventional
behavior and is dominated by the dependence of the coupling matrix elements on the
photon number,

I'oi5n _ 292FT |<TL - 1| A ’n>|2
Knj I'Tyk n '

fn(0) = (5.20)

The range of photon numbers around the roots n{ where f,,(6) deviates significantly
from f,(7/2), is defined by the following condition:

T,

2
o= 1A ) <

This implies that the deviation range increases if the bare pumping, relaxation, and
dephasing rates are chosen large or the coupling strength is chosen small.

Depending on the values of the lasing parameters x, I'y, and I' | the recursion coefficient
is bound from above by
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5.4.3. Numerical methods to calculate the photon statistics

Equation (5.16) can be evaluated numerically in order to obtain the photon statistics
p(n) = pn,n in a range of photon numbers [Niower; Nupper]. The boundaries njgwer and nypper
should be chosen such that

1. the photon statistics p(n) has probabilities close to zero at the edges of the interval,
for instance p(nupper) = P(Mower) = O(10719) and

2. all local maxima of the photon statistics with a probability of the order of unity are
situated inside [niower, upper]- This condition is automatically fulfilled if f,, > 1 holds
for all n < njower and f, < 1 holds for all n > nypper-

Two numerical approaches to solve Eq. (5.16) have been implemented in WOLFRAM
MATHEMATICA, version 9.0.1.0, and are described in the following.

First, the recursion relation is evaluated directly. Therefore, an arbitrary initial
photon number n; € [Njower, Mupper] and an arbitrary initial value p(nij) = p; are cho-
sen. Using Eq. the values of p(n) for all photon numbers in the considered range
[Mower, Nupper| are calculated iteratively, starting from n;. Once p(n) has been calcu-
lated for all n € [Niower, Pupper), the probability distribution is renormalized such that the
normalization condition of the density matrix is fulfilled,

Nupper

Tr, (%)~ > p(n) =1. (5.21)

N=Nlower

The trace over the resonator states is restricted to the interval [Rigwer, Mupper] because
we assumed that the photon statistics has only peaks of the order of unity inside this
interval and that p(n) vanishes at the edges of the interval. In order to ensure numerical
convergence of this algorithm the initial photon number n; should be chosen close to the
actual maximum of the photon statistics, ny,, and the initial value of the distribution, pj,
should be chosen not too small, e.g., of the order of unity.

Alternatively, we calculate the exponent R, of the photon statistics,
P = € T (5.22)

Then, Eq. (5.16a) takes the form
R, = —log(fn)+ Rn-1- (5.23)

In order to calculate the exponent R,, in the range [niower, Pupper], We choose an arbitrary
initial value for R, . and evaluate Eq. iteratively for all photon numbers up to
Nupper- There is a photon number ney where the exponent R, takes its minimal value
R,.... As last step before calculating the actual photon statistics p(n), R, is shifted by
the value of this minimum,

R, —+R,=R,— R, .
This shift ensures that the photon statistics p(n) obtained by applying Eq. on R,
has approximately the right order or magnitude: R, , = 0 corresponds to the main peak
of p(n), which then has the probability p(next) = 1. Finally, p(n) is normalized to unity by
imposing the condition (5.21).

Figure compares numerical results for the photon statistics p(n) obtained by the two
different algorithms. If they are implemented in MATHEMATICA using symbolic calcula-
tion, both algorithms yield identical results. However, in a purely numeric programming
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Figure 5.3.: Comparison of the numerical methods to calculate a double-peaked photon
statistics. The solid red curve of the main plot is obtained using the direct evaluation
of Eq. whereas the coinciding dotted blue curve represents result obtained from
the logarithmized recursion relation . The numerical differences of both results are
smaller than 7 x 107!, Inset: recursion coefficient f,,. Plot parameters are g = 0.015w,
0 = 7/10, T+ = 0.006w, I'y = 0w, T, = 0.00lw, A = 0w, k = 1.384 x 1077w, and
Nth =0.

language the direct evaluation of the recursion relation is expected to be numerically less
stable because of the following reasons: Away from the main peaks the photon statistics p(n)
takes very small values, e.g., of the order of 1073°0 at n = 15450. These values may easily
underflow the range of floating point values representable on a computer. Furthermore,
multiplication of small numbers is prone to numerical errors. In the direct evaluation
of Eq. such a multiplication is performed in every iteration step and numerical
errors add up. Hence, in a purely numeric programming language a single-peak photon
statistics is calculated properly when the starting photon number n; is chosen close to
the maximum photon number n,,.,. But if the photon statistics has two or more peaks,
the numerical results may diverge at the peaks far away of the initial photon number n;.
The logarithmic evaluation circumvents these problems because the values of R,, are of an
order of magnitude that can easily be represented by a computer. Second, multiplication
is replaced by addition circumventing numerical errors of multiplication of very small
numbers.

In conclusion, in a symbolic programming language like MATHEMATICA both algorithms
yield identical results, shown in Fig. which is also a crosscheck of the implementation.
However, in a purely numeric evaluation the evaluation of the logarithmized recursion
relation is expected to be numerically more stable.

5.5. Photon-number squeezing

A new feature of a laser built out of artificial atoms with additional longitudinal couplings
to the radiation field is the presence of roots of this coupling. This changes the recursion
coefficient f,, significantly compared to a conventional laser. In this section we examine the
impact of these roots on the photon statistics p(n). The photon statistics is expected to
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Figure 5.4.: Photon statistics of a single-atom laser. Red dots represent the photon
statistics corresponding to the recursion coefficient f,, plotted in red in Fig. i.e., 90%
o coupling or a mixing angle § = 7/10. Inset: Coupling matrix element. The first root
of the coupling matrix element at n} = 22598 causes the photon statistics to be peaked
at the photon number n,, = 21854 with a photon-number expectation value (n) = 21851
and a Fano factor F' = 0.062 in the cavity frame. The filled faint blue curve represents the
Poissonian photon statistics of a conventional laser operating at the same photon-number
expectation value (n), which has a Fano factor F' = 1. Plot parameters are g = 0.0067 w,
I't =0.006w, I'y = 0.0001 w, I', = 0.001 w, A=0w, Nyp=0,and k =1 x 1077 w.

deviate significantly from the one of a conventional laser if its photon-number expectation
value (n) is close to a root nf of the coupling matrix element. The red dots in Fig. are
numerical results for the photon statistics p(n) corresponding to such lasing parameters.
We compare this photon statistics to a Poissonian distribution with the same photon
number expectation value (n), which is the result obtained for a conventional laser with
only o, couplings (filled faint blue curve). For the given lasing parameters the photon
statistics obtained for a laser with additional longitudinal couplings is much narrower than
a Poissonian distribution, i.e., the laser has a sub-Poissonian or photon-number squeezed
statistics. We use the Fano factor introduced in chapter |3/ to quantify the squeezedness of

the photon statistics p(n).

5.5.1. Corrections to the Fano factor due to the polaron transformation

In Sec. we introduced the polaron frame with the basis states |o, n). All calculations in
this chapter are performed in this basis. In particular, the photon statistics p(n) is defined
in the polaron frame. However, the Fano factor F' given by Eq. is defined with respect
to the cavity photon states |n.), i.e., in the notation of this chapter it has the form

<n§> — <n<:>2

F=2le/ = e

(nc)

In order to calculate the Fano factor F' out of a photon statistics in the polaron frame the
expectation values (n?) and (n.) have to be transformed to the polaron frame, which gives
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rise to additional correction terms. For an arbitrary operator O it holds

<OC> = Z <U7 nc‘ pcOc ’0'7 nc>

= {o,n| UUpUUTOUUT |0, nc)

n,o

- Z <O',TL‘ pOp |U7 n) )

n,o

where p and p. are the density matrices in the polaron and the cavity frame, respectively.
The polaron-transformed operators n;, and ng are given by

ny = Ulalal = afa — ¢ (a +af) + 2, (5.24a)
n2 = alaafa - ¢ (ala (a +af) + (af + a) ala)

+ & (a2 + (aT)2 +data + 1) — 9¢3 (a + aT) + &, (5.24b)

£ = poo. (5.24c)

For the stationary density matrix the relations py p.ont1 = 0 and pymn.onte = 0 hold [41].
Hence, all terms containing an odd power of field operators and all terms proportional to
a? and (a')? vanish, yielding

SI,OZO (TL2 + 2])(2)77,) pn,n - (Ziozo npn,n)Z + p(Q)

F =
> om0 NPy + p(Q)

For typical lasing parameters we have p3 < 1 < (n), which allows to rewrite the Fano
factor in the following form:

F:Fp+2p3,

(n?) — (n)*
(n) ~

where F}, is the Fano factor calculated in the polaron frame out of the polaron-frame photon
statistics p(n). For the single-atom case the correction 2p2 < 1 does not change the value
of F}, significantly. For instance, for the photon statistics shown in Fig. we obtain
F, = 0.0621 in the polaron frame and F' = 0.0622 in the cavity frame. However, for the
multi-atom case discussed in Sec. larger corrections may arise, depending on the lasing
parameters.

Iy, =

5.5.2. An estimate of the Fano factor

The results of the previous section are sufficient to calculate /' and F}, numerically. However,
in order to gain insight into the physics of photon-number squeezing we derive an estimate
of the Fano factor F}, in the polaron frame. This estimate connects the value of F}, to
the slope of the recursion coefficient f,, at the photon number ny,.y corresponding to the
maximum of the photon statistics.

As discussed in Sec. the position npy.y of the maximum of the photon statistics is
defined by f,,., =1and f; < 0. We linearize f, around the photon number 7myax,

fn =~ }fn =1—c¢(n— nmax) , (5.25)

where ¢ = —f; > 0 is the absolute value of the slope of the recursion coefficient f,, at
Nmax- 1f ¢ is large compared to the slope of f,, for pure o, coupling, the photon statistics
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p(n) drops to zero in the vicinity of npayx faster than a Poissonian distribution. Then, the
photon statistics p(n) can be calculated using the linearized recursion relation fi* because
it is already close to zero in regions where the deviation between f,, and fi* becomes

significant. Using Eq. (5.25) we obtain the following photon statistics:

Plin (’I’L) =

pU(*C)n (1 - % - nmax)n 0 <n < nmpax + % s
0 otherwise .

The two cases arise from the fact that the linearized recursion coeflicient is negative for
photon numbers larger than ny,.x + 1/¢, yielding an unphysical probability distribution.
We introduced the Pochhammer symbol

I'(xz+n) .

@) =2z(z+1)...(x+n—-1)= )

The constant pg is determined by the normalization condition > >°  p(n) = 1 and is bound
from above by the corresponding value of a Poissonian distribution, py < e~ "max,

For typical lasing setups ¢ > e~ ™»ax is fulfilled. Then, the following expressions are
obtained for the Fano factor and the photon number expectation value by using py,(n):

(M)lin = Nmax — 1, (5.26a)

Fiin = — = - : (5.26b)

In order to obtain a small Fano factor F' < 1 a large photon-number expectation value
(n) &~ nmax and a steep slope ¢ of the recursion coefficient at nyax are needed. The
numerical value of ¢ is smaller than unity because the recursion coefficient f, decreases
very slowly as a function of n. Therefore, ¢ and nyax compete in order to get a small Fano
factor. For example, for the lasing parameters used in Fig. we have nmax ~ 2 x 10°
and ¢ ~ 7 x 107%. The value of ¢ is, however, still larger than the one obtained for a
conventional laser, which would be ¢ ~ 5 x 1076,

5.5.3. Connection of squeezing and roots of the coupling matrix elements

The estimate (5.26b)) allows for a physical interpretation how squeezing is connected to the
presence of roots of the coupling.

For a single-peaked photon statistics the photon-number expectation value (n) is approxi-
mately given by the position nmyax of the maximum of the photon statistics. The photon
number nmay is determined by the conditions fy,,,. =1 and f, < 0. Equations
and reveal that this conditions can be fulfilled in two different ways:

1. For photon numbers n far away from the roots nj of the coupling matrix element the
recursion coefficient f,, coincides with the recursion coefficient of a conventional laser.
For a conventional laser there is a photon number nflllax where the bare pumping and
loss rates I'y, I'|, and & are in balance. This photon number n¢,  depends linearly

on FT‘

2. At the roots nj, of the coupling matrix elements the interaction between atom and
resonator breaks down and f, drops to a value smaller than unity. Therefore, there

are additional photon numbers 7244 close to the roots n§, which also fulfill the criteria

of a local maximum of the photon statistics. Their positions n2d4 are defined by the

roots n, of the coupling matrix elements and, therefore, they depend on the quantity
po = gcos(f)/w, but they are independent of the bare pumping rate I'y.
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Figure 5.5.: Dependence of the photon-number expectation value (n) and
the Fano factor F' on the lasing parameters. Strongly photon-number squeezed light is
obtained near each root nj) of the coupling. The positions nj, of the roots decrease for
increasing py = g cos(f)/w. [(c)t Polaron-frame photon statistics p(n) for the three points
a, b, and ¢ marked in the density plots. They represent a transition from a “trapped”
state to a conventional state. The Fano factor at the point b is much larger than unity
because the photon statistics is double-peaked. Photon-number expectation value
(n) as a function of MT'+/k for a fixed value of pg. This figure is a cut through the density
plot|(a)|along the dashed line indicated there. (n) increases linearly with the effective
pumping rate, but it is trapped at roots of the coupling matrix elements and takes a
constant value for a certain range of pumping rates. Plot parameters are M = 1, Ny, = 0,
A=0w, ') =T7 =0.0001w, £ =1Xx 1077w, and 6 = 7/10. g € [0.003w,0.015w] and
I'+ € [0.0005w, 0.01 w]. Other values of k, M < 100, and 0 < 0 < 7/4 yield qualitatively
the same plot.
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In Fig. the photon-number expectation value (n) is plotted as a function of the pumping
rate ['y and the coupling strength g. For a fixed coupling strength g the photon-number
expectation value (n) increases linearly with the pumping rate as long as it is far away
from roots n, of the coupling matrix elements. This is the usual scaling behavior of a
conventional laser, (n) ~ ng,. o I'y, corresponding to the first scenario mentioned above.
However, in the vicinity of a root n%) the photon number (n) gets “trapped” by this root,
(n) ~ nﬁ?adx ~ n}, and keeps constant for a certain range of pumping rates I'+. This trapping
of the photon number is due to the breakdown of the coupling between the atom and the
resonator and corresponds to the second scenario. It is clearly visible in Fig. where a

cut through the density plot at a constant coupling strength g is shown.

The photon statistics p(n) describes the fluctuations of the photon number around its
expectation value (n). The fluctuations arise as follows: For photon numbers n < (n)
we have f, > 1, i.e., the pumping process dominates and drives the system back to the
photon-number expectation value. Likewise, for n > (n) losses dominate and, again, the
system is driven back to the photon-number expectation value. Figure shows that for
the first scenario, (n) ~ nc . the fluctuations have a Poissonian statistics characterized
by a Fano factor F' =1 (cf., for instance, point “a” in Fig. , which is the expected
outcome for a conventional laser. However, if the photon-number expectation value (n) is
trapped by a root, (n) ~ n2dd fluctuations are strongly suppressed, which corresponds to

max?

a small Fano factor F' < 1 (cf. point “c”).

This can be understood as follows: If the photon-number expectation value (n) ~ n2dd

is trapped by a root, the bare pumping rate I'y is larger than the bare loss rates I'| and
k. This means that if there were not any roots of the coupling matrix elements, the
laser would have a much larger photon-number expectation value (n), but it is trapped at
(n) ~ n2dd hecause of the breakdown of the effective pumping rates. If some loss process
decreases the photon-number slightly, n < n24d the coupling to the radiation field becomes
nonzero again and the strongly pumped atom compensates the photon loss in the resonator
immediately, driving the system back to the photon-number expectation value (n) ~ n2dd

max*
Mathematically, the sudden increase in the photon creation rate for n < n2dd is represented
by the inverse slope 1/c in the estimate (5.26b)) of the Fano factor.

For some values of the pumping strength in Fig. a Fano factor F' > 1 is found. This
occurs at the transition from a trapped state with a constant photon-number expectation
value (n) to a conventional state with a linear scaling of (n) with the bare pumping rate
I'+. An example of such a state is marked by the point “b” in Fig. At this transition
the photon statistics is double-peaked and, therefore, the Fano factor is much larger than
unity. The change of the photon statistics at such a transition is shown in Fig.

The axes in Fig. are scaled by the quantities MT'y/k and pg = gcos(f)/w. The latter
determines the position of the roots nj of the coupling. As shown by Eq. the factor
MT'+/k represents the dominant dependence of the recursion coefficient f,, on the lasing
parameters. The factor M arising for a multi-atom setup is derived in Sec. Because
of this scaling of the axes the shown behavior of (n) and F is qualitatively the same for
setups with a different number of atoms, 1 < M « 100, a different resonator decay rate k,
or a different mixing angle 0 < 0 < /4.

In conclusion, the roots of the coupling matrix elements act like a valve that inhibits
an increase of the photon number at n, by suppressing the coupling of the atom to the
resonator. Fluctuations around (n) are the more suppressed the more suddenly the coupling
between atom and resonator breaks down in the vicinity of nj, i.e., the more quickly the
valve opens and closes. Mathematically, this is expressed by the inverse slope 1/c¢ of the
recursion coefficient in the estimate of the Fano factor. In order to obtain a strongly
photon-number squeezed state the lasing parameters have to be chosen such that the
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photon-number expectation value (n) is situated close to a root nj of the coupling matrix
elements.

5.6. Field strength in the resonator cavity

In this section we derive the field strength of the electric field in a coplanar waveguide
resonator as a function of the photon-number expectation value (n). A coplanar waveguide
resonator consists of a central box-shaped metallic conductor that is flanked by two grounded
metal planes which are separated from the conductor by narrow gaps. The central conductor
is assumed to be oriented along the z-axis from z = 0 to z = L. Its width and height are
denoted by W and H, respectively. The canonically quantized electromagnetic field (cf.
Sec. and Ref. [35]) of a single resonator mode is

E(z,t) =4/ th:uv sin(kz) (ae_m + aTeM) :

The wave vector k must satisfy the boundary conditions, e.g., E(0,t) = E(L,t) = 0 if both
sides of the conductor are connected to ground. The quantization volume is denoted by
V = LHW and ¢, is the effective electric permittivity. The electric field strength in the

resonator is
JUEG D) =2 2e§:V sin(kz) [ (n) + % ~ Fysin(k)/(n)

Typical values of the resonator parameters are [42]

L ~20mm, &I,
W a~ 10 pm, f ~5GHz,
H ~ 200nm.

Hence, the prefactor Fy is of the order of unity when measured in SI units and the
dependence of the electric field strength on the photon-number expectation value is

(IEGDP) ~ 1.9%sm(kz)\/@.

5.7. Suppression of higher-order transition rates

For the solution of the quantum master equation in Sec. we simplified the
Hamiltonian by assuming that only the energy-conserving matrix elements (n| A |n + 1) and
(n + 1| AT |n) are nonzero. However, the matrix elements (n| A |n +m) are in fact nonzero
for m # 1, too. In this subsection we show that there is a range of lasing parameters where
the energy-nonconserving processes corresponding to these matrix elements are suppressed.

The suppression of energy-nonconserving transitions is crucial for the existence of a photon-
number squeezed state. As shown in Fig. the roots of the matrix elements (n| A |n + m)
do not coincide for different values of m. If energy-nonconserving transitions are not
suppressed, the lasing process is driven across the squeezing points near the roots nj of
the energy-conserving coupling matrix element (n| A |n + 1): If the single-photon emission
breaks down at nj), the two-photon emission takes over and increases the number of photons
in the resonator further. Similarly, single- and three-photon creation processes take over at
the roots of the two-photon matrix element (n| A|n + 2) and the laser finally evolves into
a stationary state where the photon-number expectation value is defined by the balance of
the bare pumping and loss rates I'y, I'|, and s. In general, this results in the Poissonian
photon statistics of a conventional laser.
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Figure 5.6.: Influence and suppression of energy-nonconserving transitions. Matrix
elements |(n| A|n + m)| for m = 1 (solid blue), m = 2 (dashed red), m = 3 (dotted green),
and m = 4 (dash-dotted orange curve). Plot parameters are g = 0.0067w and 6 = 7/10.
Suppression of the two-photon transition rate I';,_,, 2 (coinciding dash-dotted red
and dotted blue curves) compared to the single-photon transition rate IT';,_,,41 (solid
red and dashed blue curves) at the maximum of the photon statistics, n,, for a small
bare pumping rate I'y and § < 7/4. Because of approximations the two-photon rates are
only plotted close to the first root n} of the coupling matrix elements. The red curves
correspond to the plot parameters of Fig. ie., g =10.0067w, § = 7/10, I'y = 0.006 w,
I'y =0.000l w, I'Y, = 0.001 w, A=0w, Ngp =0, and £ =1 x 1077 w. The blue curves are
calculated for ten times larger pumping rates I't = 0.06 w, I') = 0.001w, and I'}, = 0.01 w.

In Sec. we already introduced the single-photon transition rates 1D

A
Fn%nJrl - 1+2AN
n
A
Pn+1—>n = m
n

These single-photon transition rates vanish at the roots nj of the coupling matrix element
(n| A|n + 1). In order to prevent the take-over of energy-nonconserving transitions, higher-
order transition rates should be suppressed for all photon numbers n near nj where the
photon statistics p(n) is nonzero. A complete analysis of higher-order effects for arbitrary
photon numbers is only possible within a numerical solution of the master equation .
However, near n{, the single-photon matrix elements vanish and the calculations presented in
Sec. can be performed including the two-photon transition rates. We obtain a modified
version of Eq. that is valid near nj and in which the single-photon transition rates
have been replaced by two-photon transition rates,

d
P = K(Ntn + 1)(n+ 1) pnt1,n+1 — Nen(n + 1) pnp

[(n| Aln+1)°T;  and

[(n| Aln+1)°Ty.

- /‘G(Nth + l)npn,n + "‘thhnpn—l,n—l
+ Fn+2—>npn+2,n+2 - Fn—>n+2pn,n - Fn—>n—2pn,n + Fn—2—>npn—2,n—2 .

The structure of the two-photon transition rates is

A 2
r = Aln+2)|“ Ty,
w2 = Tl Aln + 2)P Ty
A 2
T = — Aln+2)|°T,
where the term N, in the denominator of the single-photon rates has been replaced by
— A—-w):l
Vo= LD Ao

492 T,
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We now derive suitable values of the lasing parameters in order to suppress the two-photon
transition rates. The positions ng of the roots should be fixed, hence py = £ cosf is
assumed to be constant. This allows to eliminate g, yielding
paw? tan?(0) X (n, 1)
14 A2T,? + 2p2w? tan?(0) X (n, 1)
pew? tan?(0) X (n, 2)

1+ (A — w)2T5% + 2ptw? tan?(0) X (n, 2)
The term X (n,m) contains all parts of the matrix elements that depend neither on 6 nor
on w (note that p? is a constant),

2 2ym—1,—4p n!
I, (n+m)!

Fn%nJrl FT )

Fn—>n+2 = FT .

X(n,m) =

(L)’

For typical lasing parameters it holds A = 0 and w > I',. This allows to simplify the
rates,

pw? tan?(0) X (n, 1)

= 2 L'y,
1+ 2p0w2 tan?(0)X (n, 1
pew? tan?(0) X (n, 2

w2F<p + 2piw? tan?(0) X (n, 2)

Fn—)n—H

Fn—>n+2 =

In the limit # — 7/2 both rates yield
. r
egm/z Poonr = 911¥>2 Pooniz = % ’

so there is no suppression. On the other hand, for each w there is an angle § — 0 such
that 2pfw? tan®(0) X (n, 1) < 1 and 2pjtan®(0) X (n, 2) < I';? hold near nf. In this limit
we obtain

Tpong1 = pow’ X (p, 1)60°Ty,

Tposnt2 = poX (p, DTp0°Ty = R(n)Tyy i1

where the prefactor R(n) is given by

We want p3 to be constant and
X(n2) _ 16 (L))’
X(n, 1) n+2\ L} (4p3)

is a function of n that diverges at nj and fulfills X (n,2)/X(n,1) < 1 for all photon numbers
where p(n) takes finite values. Therefore, the only way to suppress the prefactor R(n) is to
choose I', small compared to w. The condition I', < w implies small pumping rates.

Once the two-photon rates are suppressed, similar arguments are applicable to suppress
three- and multi-photon rates.

In conclusion, if a secular approximation or, equivalently [43], a rotating wave approximation
applies, i.e., if the rates I'y, I'}, and I';, are much smaller than w, higher-order transitions
are suppressed and it is possible to obtaln a photon-number squeezed state near a root nj
of the coupling matrix element (n| A |n + 1).

As the suppression relies on the case § < 7/2 a large o, coupling of the atom to the
resonator is needed. Figure illustrates the suppression of the two-photon rates for a
mixing angle §# = 7/10 and two sets of lasing parameters whose pumping rates differ by
one order of magnitude.
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5.8. Pumping process and Lindblad superoperators in the polaron frame

In section Lindblad superoperators in the polaron frame of the form of Egs. (2.8)
and (2.9) had been postulated. Now, a detailed derivation of these Lindblad terms is given.

5.8.1. Pumping and relaxation

An experimental realization of a pumping process needs at least a three level system. Two
levels are connected by the lasing transition and the third one, |1), is an intermediate level
for the pumping process. We discuss the following three-level pumping process:

lasing transition
) —

o— ,n) —|1,n) — |T,n hn+1) — ...

It increases the number of photons in the resonator in each pumping step by one.

In order to derive effective pumping rates between the two levels of the lasing transition,
the third level has to be accounted for explicitly. Therefore, the initial Hamiltonian (5.2)
is extended to

1
H| = hwa'a + 5€0% + hg(cos(@)az + sin(@)am) (a + aT) +e 1) (1] .

The energy of the intermediate pumping state |1) is denoted by €;. The atom couples
linearly to two external bosonic baths that provide the energy for the pumping process,

H = Hj + HYY" + HYF™ + hQu X )+ hQua Xy,
Qui =D+ A,
Qup = 1) I+ 1Al
The bath Hamiltonians H})?t/}i and the bath coupling operators X 3/ need not be specified

explicitly because they are integrated out. Only the spectral functions of the baths enter
the results. Now, o, and o, are generalized Pauli matrices defined by

o t) =+, oz 1) =),
a:[1) ==, oz 1) =11),
o,]1) =0, oz|1) =0.

The polaron transformation (5.4) maps Hj to a Jaynes-Cummings-like Hamiltonian and
modifies the coupling operators,

Hy, = Hi, + HY{™ + HYA™ 4+ hO1 X0+ hO1 4 Xy,

1 —1P .o —IP P e oD
Hi, = hwa'a + €0z +e1|1) (1] + hg <a+e e -, 0 ) + const,

hg hg
O1, =UTQ1 U =1)(l|e " +eP[]) (1],
O11 =UTQu4U = [1) (1€ + e 7 |1) (1] .

If we replace Hg = H{,p, Hi = H{Djth—l—H})}th, and Ho = Oy | X1 | +0; 1+ X1 1, the derivation
of the quantum master equation outlined in Sec. applies. By tracing out the bath
degrees of freedom iteratively we obtain
d i ~ ~ ~ ~
PO =5 [H,p]+ 3 [04p()0 + 0p(t)0- — 004p(t) — p(1)0-O] ,
0€{01,1,01,1}
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where the operators Oy are defined in Eq. (2.6).
We evaluate the operators O in the lasing basis |1 /| /1,n). As discussed in Sec.

a rotating wave approximation must hold in order to suppress higher-order transitions.
Hence, we can exploit the relation g < w and neglect the interaction term in H Lp for the
following calculation. Then, the states of the lasing basis are eigenstates of the system and
the matrix elements of the coupling operators O are given by

~ 0 ,
(.| O |o/sm) = [ dr oot/ (1] O o' m) (X(0) X (7))
1 Eon — Eorm
= §Si <:F7 3 : > (0,n|Olo’,m) .

An expansion of the coupling operators in the lasing basis yields

- 1 Ei,—FE ., i
Ol’“:zl 1git (—i) (nl e [m) [1,m) (L m|

1 Ein—E m i
+55¢" (Fﬁ) (ml ™ |n) |}, m) <1,n|] ,
1 E n _E m 3
S (=PRI () ) ) <1,n|] ,
~ 1 El,n - E ,m %
. [ it (=B BAm g ) 1) (.m
1 El,n - E ,m —1
+55¢" (,ﬁ) (m| e~ [n) |1, m) <1,n\] ,
Org- =3 [ eRall (ﬁ) (n] € [m) [1,n) (1, m|
1 E n - FE m —1
ST (=BT () e ) [, m) <1,nr] .

The matrix elements (n|e*® |m) are nonzero for m # n and, therefore, allow for pumping
steps that create or annihilate more than one photon per step. Contrary to the lasing
transition these pumping processes create or annihilate photons incoherently and they have
to be suppressed by suitably chosen spectral functions of the baths.

In order to define the properties of the spectral functions, the pumping process has to be
specified in more detail. We choose €; > fuww/2 > 0, i.e., the pumping process is now given

by

Pum_pi}ng ’1 TL> relax_at)ion ‘T7 n) lasingtLar;sition H/

oo — [4,n) n+1) — .

Y

Figure shows a sketch of the level diagram in the lasing basis. In the pumping step the
energy €1 + hw/2 = |—e; — hw/2| is absorbed out of the bath H'*. In the relaxation step
the energy e€; — fw/2 > 0 is released into the bath HT. Transition energies that create or
annihilate additional photons differ by an integer multiple of Aw. Therefore, the spectral
functions of the baths have to be peaked sharply at +e; — hw/2 and they have to be small
at all energies differing by an integer multiple of fw.
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Figure 5.7.: Pumping process. m Level diagram in the lasing basis. Green arrows
indicate a release of energy into the bath HT, magenta arrows indicate an absorption of
energy out of the bath H'+. Dashed transitions have to be suppressed by the spectral
functions of the baths. Spectral functions ST (solid red) and S+ (dashed blue)
of the baths. A positive frequency €2 > 0 corresponds to a release of energy into the
bath, €2 < 0 corresponds to an absorption out of the bath. Solid and open circles indicate
desired and suppressed transitions, respectively. The transitions of the pumping process
are marked in green and magenta. Black circles correspond to undesired higher-order
processes and blue circles indicate transitions of the inverse pumping process. The plot
parameters are e; = 5w, v = 0.28 w, and v = 0.08 w.

Figure demonstrates that these conditions can be fulfilled by a spectral function of
a harmonic oscillator at infinite temperature for the pumping bath and by a Lorentzian
spectral function for the absorption bath,

S
1,4 — — 0
So ol

SLT(Q) = SrelaX(Q) = ? (Q —w )2 4 7/2 :

Alternatively, a harmonic oscillator at zero temperature could be used for the relaxation
bath. The spectral functions S*T and S'+ have their resonance peaks at w, = €; — hw /2
and wy, = —e; — hw/2, respectively. If the width parameters fulfill v, &~ 0.1 w;, the spectral
functions drop fast enough to suppress all undesired transitions. An experimental setup
providing a Lorentzian spectral function has been demonstrated recently [9].

Based on these assumptions, the spectral functions are rewritten as follows:

Fin,—F
gLt <¢1"h¢m) = SYH(Fwr,)0nm »

Fi,—FE
S:IET (ZFW) = S:tT(:le,T)dn,ma

where Twy |4 = Evn — E| /1, Now, we separate the terms of the Bloch-Redfield master
equation into those which connect diagonal elements of p to either diagonal or resonant
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off-diagonal matrix elements of p, and all other terms,

(ip =7 [Hlpm]

2 [ St (=) |l e 1L} (Ll p[Lum) (Lol
+5%4 (w )| (nl€® )| 14 m) (Ll p[1,m) (Ll

. 1 1
=il )+ (58E () [ (ol 585 (-1 )p o) (o

i 2 1 1
~|tnle? )| - (QSwwu) L) (Ll p - 5 S™ (@) 1, m) (1, nr) ]

2 [ SM () (ol € )] [1m) {1l p 1) (1,
+8M (wrp) | (nl e m)] - [1.m) (1l p[L,m) (1.

[t i (5847 () 1) (ol o+ 58T~ o 1) (1,0

ool |
~ |tnl e |m)| -<251T(w1,T>y1,n> (Ll p+ 58 (@i ol n) (1,n\)]

+ terms connecting to non-resonant off-diagonal matrix elements .

All terms connecting diagonal matrix elements to non-resonant off-diagonal matrix elements
are neglected within a secular approximation. To justify this, we note that all rates in this
master equation are of the same order of magnitude, given by the product of a spectral
function and two matrix elements,

2S ’T/i(:twl T/i) (n| e'P |n) <n" e~ |m’> .

As it turns out below, the rates connecting diagonal elements to themselves are proportional
to the bare pumping and relaxation rates I'y and I'}. In Sec. we demanded the condition
I'y, I}, Iy, < w for the suppression of higher-order lasing transitions. Hence, all rates in the
above master equation are much smaller than w and all rates to non-resonant off-diagonal
matrix elements can be neglected using a secular approximation.

The terms in big round brackets are simplified using the relations (2.7a) and (2.7b), yielding

1
S5 ) L) (Ll p+ 5854w )L m) (Ll

Sl Ao SLHQ
= SRC) (o ot ol o+ [ S8 STyl
w1,y
555 M) 1) (Ll o+ £ S2 M )o1,m) (1,
Sl . dQ S
= 2 (1) Ll ) o+ P [ G2 2 (1) (Ll ).

and similar for the terms emerging from O; ;. The terms involving the Cauchy principle
value integral P [ dQ) are an energy renormalization and the remaining terms have the
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usual form of a Lindblad superoperator,

p=- % )
+§:[Ilgﬁ"@umwympumenvam«ump—pmnwym>
Tl 511 ) 1, — L) (L= ) {1,
FELD 51 ) (4l p 1, m) (L] = [1,m) {1l p— 1, m) {1, )

Fn%n
+15T’@mememanm—umMme—mLmaan

where the rates are defined as follows:

1 \L —ip 2 1 T ip 2
Cpnoin = S" (o) [le )], Trasnn = S (—wiy) [l e? )]
1 \L —ip 2 1 T ip 2
st = SUHwr) [(mle® )7 Tiape =S4 (i) [(n] € )]
Finally, the intermediate pumping state is eliminated and effective rates between the upper

and the lower lasing state are calculated. If the population of the intermediate pumping
state does not change, p1 .1, = 0, effective rates are given by

P¢ n—1 nrl n—T,n Sl’i(_wl i)Sl’T(Wl T) i 2
I'n=T = e e : : nle®?n)| , (5.27a
T Ln—tn FJ,,TZ—H,N +F1,n—>T,n Sl’i(—wl,J,) I Sl’T(wl,T) ‘< ‘ | >‘ ( )
I I
Ty =Ty = o 2~ 0, (5.27b)

FT,n—H,n + Fl,n—>¢,n

The rate I'j vanishes because the single-peaked spectral function ST suppresses the
transition rate ' 1, &~ 0. The matrix elements (n| e’ |n) have roots at certain photon
numbers nj’, but the first root of (n| e’ |n) is situated at a larger photon number than the
first root of (n| A|n + 1). Therefore, the pumping process allows to reach at least the first
root of the coupling matrix element (n| A |n + 1) and a photon-number squeezed state can
be established, there.

In conclusion, pumping and relaxation processes can be modeled in the polaron frame by a
Lindblad superoperator as given by the first line of Eq. (2.9). Pure dephasing is covered in
the next subsection.

5.8.2. Pure dephasing
Pure dephasing is modeled with a ¢, coupling to the external bath,
H = Hy + HY™ + hQpaXpa »
de =0z.

The coupling operator (Qpq is invariant under a polaron transformation so that the trans-
formed system is given by

Hp - Hl,p + Hggth + hOdepd s

Opa = 0.
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Again, the derivation of the master equation outlined in Sec. is used by replacing
Hg = H{’p, Hyp = Hgﬁth, and Hco = OpqXpa. The Bloch-Redfield form of the master
equation is now

S olt) =~ [HL o 0l0)]

+ [Opd,-f-p(t)Opd + Opap(t)Opd,— — OpdOpa,1p(t) — p(t)opd,—opd} :
~ 1
Opd,+ = §Sid(0)0pd~

We find that the Bloch-Redfield master equation is given by

Colt) =~ [Hi o p0)] +570) (000 — )

which corresponds to the standard form of a Lindblad superoperator for pure dephasing
with a pure-dephasing rate I'}, = 2574(0). Combining this with the result of the previous
subsection we find that the atomic Lindblad superoperator describing pumping, relaxation,
and dephasing in the polaron frame is given by Eq. (2.9).

5.8.3. Resonator decay

Resonator decay is modeled using the following coupling to an external bath:

H = Hy + H22™ 4 hQres Xres »

res

Qres = a + aT .
The polaron transformed Hamiltonian is given by

Hp = Hl,p + Hbath + horeeres ’

res

Ores = a + al — 2P0 .

The Bloch-Redfield form of the master equation is

S olt) = — [H] 0 p(0)]

+ {Ores,-ﬁ-p(t)ores + Oresp(t)éres,— - OresOres,-i-p(t) - p(t)éres,—Ores] ’

Ores,+ = % 1 (+tw)a + Sres( ) — SI®(0)poo .

Similar to the derivation of the Lindblad superoperator for pumping and relaxation, the
terms in the Bloch-Redfield master equation are separated into those which connect diagonal
matrix elements or resonant off-diagonal matrix elements to other diagonal or resonant
off-diagonal matrix elements, and all other terms. Again, all rates in the master equation
are of the same order of magnitude and a secular approximation holds because of the
condition k¥ <« w. Therefore, all terms that do not connect diagonal matrix elements or
resonant off-diagonal matrix elements to similar terms are neglected in the Bloch-Redfield
master equation. The remaining terms can be rewritten as follows:

Ores,+p0res + Orespéresﬁ - OreSOreSHrp - pOreS’*OreS
1 1
= S™(—w) (ana ~3 (aan + paaT>) + 5" (w) (aPaT 3 (GTGP + PQTG)>

STS(Q)  ST(Q)
2 qres . P t
T 4poS(0) (0zpos = p) i / <w+Q w—Q ) [a a,p} '
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Figure 5.8.: Influence of the mixing angle 6 on squeezing. The plots correspond to

the four cases discussed in Sec. 0=m/2,ny>ns, , F=1 0 =m/4,

nm < ng <nS._ F =0.16 but higher-order rates are not suppressed and drive the system

max?

across the squeezed state. 0 = 7/10, ny, < ng < nf  F =0.04, squeezed light is

produced. 6 = 7/500, F = 0.75, the recursion coeflicient decreases because of f,, o 6
and the steepness of the slope at n,, decreases. Therefore, the Fano factor increases again.
Plot parameters are g = 0.0067w, A = 0w, k = 4.5 x 1078w, M = 1, and Ny, = 0.

The last term is a renormalization of the resonator frequency that can be absorbed into the
system Hamiltonian. The first line on the right-hand side is the standard form of a Lindblad
superoperator for resonator relaxation. The spectral functions are given by 5™ (—w) = KNy,
and S™(w) = k(Ngn + 1). Because of the additional o, coupling arising form the polaron
transformation, the bath HP2*" has an influence on atomic pure dephasing, which is the
first term on the second line. This effect can be absorbed into the pure dephasing rate I';

in the atomic Lindblad superoperator.

In conclusion, pumping, dephasing, and relaxation processes for the atom and the resonator
are modeled by standard Lindblad superoperators even after a polaron transformation.

The rates T'y, 'y and I, are effective rates, given by Egs. (5.27a)), (5.27b), and

Ts = 2(574(0) + 4p35™=(0) ) -

5.9. Influence of the mixing angle on squeezing

In Secs. and we showed that the creation of a photon-number squeezed state relies
on the roots of the coupling matrix element (n| A |n + 1) and, therefore, on the presence of
a o, coupling to the radiation field. In this section we discuss the influence of the mixing
angle 0 on squeezing and find that only mixing angles 0 < § < 7/4 actually allow for
squeezing.

The polaron transformation is a nontrivial unitary transformation for 0 < § < 7/2. For any
mixing angle 6 in this range the coupling matrix element (n| A |n + 1) has roots at certain
photon numbers nf. However, in order to get photon-number squeezed light the position
of one of these roots, e.g., the first one, n}, must be smaller than the photon number n,
of the maximum of the photon statistics of a conventional laser with pure o, couplings.
The conventional photon number n¢ _ is defined by the balance of the bare pumping and

max
loss rates in the system.

For 0 ~ 7/2, i.e, pure o, coupling, po tends to zero and, therefore, the position of the
first root of the coupling matrix element tends to infinity. Hence, the first root is situated
beyond the photon number n_  of a conventional laser, nj > n¢_, and squeezing is not

possible for any set of realistic lasing parameters (Fig|5.8a)). Instead, a Poissonian photon

statistics is observed with a photon-number expectation value (n) =~ nS_ .
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For /4 < 0 < m/2, we may find a root of the coupling matrix element at a photon number
d oo ny < nd . by a suitable choice of lasing parameters. Then, a local
maximum of the photon distribution n,, ~ nj < nS, ., exists that allows in principle for a
photon-number squeezed state. However, in this range of the mixing angle higher-order
transition rates are not suppressed and they will drive the system across the root of the
coupling at n(l). The squeezed state cannot establish and the laser produces light with
a Poissonian statistics at the photon-number expectation value of a conventional laser,

(n) ~ng (Fig. 5.8b).

For 0 < § < /4 we still can satisfy the condition ny, ~ n{ < nf}lax and, now, higher order

rates are suppressed. Therefore, a photon-number squeezed state can be realized with an
average photon number (n) ~ n} (Fig. 5.8¢).

smaller than n

For very small mixing angles § — 0, i.e., almost pure o, coupling, the coupling matrix
elements are proportional to # as shown by Eq. . Hence, for sufficiently small 6 the
recursion coefficient is given by the approximation for all photon numbers n. By
combining this with Eq. we obtain a linear scaling of the recursion coefficient f,
with the mixing angle,

0

fnox —.
Kn
If the recursion coefficient f, tends to zero, the position of the maximum of the photon
distribution, n,, decreases. On the other hand, the position of the first root, nj, is bounded
from below by nfi" = limgy_,o p2 = 4. Therefore, for sufficiently small mixing angles 6 we
have n, < nf®. As shown in Fig. the slope of the recursion coefficient f,, at the
photon number n,, decreases. Therefore, the Fano factor increases and the laser intensity
decreases for a very small mixing angle § — 0.

In conclusion, squeezed light is created for a mixing angle in the range 0 < § < 7/4 and
there is a trade-off between a good suppression of higher-order transitions, which demands

a small mixing angle 6, and a sufficient coupling between atom and resonator, which relies
on a not too small mixing angle 6.

5.10. Multi-atom lasing setups

5.10.1. Polaron transformation and mean-field Hamiltonian

In this section we generalize the results obtained so far to a multi-atom lasing Hamiltonian.
We consider M identical atoms, i.e., the generalized lasing Hamiltonian (5.1) takes now
the following form,

M M
Hy = hwa'a + Z %eag + Z hg (cos(@)ag + sin(@)ai) (aT + a) :
j=1 j=1

The polaron transformation (5.4) is generalized to M atoms as well,

M
U =exp ipz Ug ,
j=1
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where the quantity p is still given by Eq. (5.3b). A polaron transformation of the Hamilto-
nian H)s yields (cf. Appendix [B.1)

H = hwa'a + Z feag + (O’ e Pre”? + o ¢Prel p)

M=

j= 1
g’ =
—op —2ip l 2zp )
- sin(#) cos( Z <a+a e + oo, ) (5.28)
j#l=1
g’ 9 :
— hZ=cos?(0)M — h= cos?(6) Z olol.
w w Poralt

Two new terms arise because of the polaron transformation: First, there are couplings
between the atoms that depend on the lasing activity, aial eT?P  Second, there are
correlations between the atoms, o/ 0 . In order to obtain an effective Hamiltonian of M
independent atoms coupled to a common resonator a mean-field approximation is performed
by rewriting

ool ~ ol <Ug> + <O‘lz> ol — <le> <Ug> ) (5.29a)

ool ~ ol <Ug> + <02_L> ol — <03:> <Jg> = <ag> . (5.29b)
In the last step we used that only energy-conserving matrix elements of p are nonzero.

Introducing the sum of all atomic polarizations except of the one of atom j itself,

S = % (ol) (5.30)
i

the Hamiltonian (5.28) can be rewritten as follows,
Hyr = hwa'a + Z —E(S))ol + Zhg ( LA(ST) + o’ AT(SJ)> (5.31)
Jj= l 7=1

with a modified level splitting energy E(S?), modified field operators A (S7), and an
irrelevant constant energy shift given by

E(S?) = € — 4hwpi sy, (5.32a)
, e~ Pyre=P 2 —
A(S)) = ——— J ,—2ip 39
M .
~hwptM + hwpl >- (ob) (o1} . (5.32c)
JA=1

The quantity S? needs to be determined self-consistently.

Both terms in the matrix elements (n| A" (S7) |n + m) are proportional to the operator
e 2" and, therefore, using Eqgs. (5.8) and (5.9) the coupling matrix elements can be

rewritten as follows:

. 1 mx 2

([ ASD -+ m) = = (3522 + 0w T (5.33)
1 2

(n] AT(S2) |n +m) = + (fign;]azg - hgacopgsg) T - (5.33b)
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The position of the roots is determined only by T,fm and does not depend on SJ. Hence,
the single-atom laser and the multi-atom laser have roots of the coupling matrix elements
at the same photon numbers né. However, the amplitude of the matrix elements contains a
term that scales linearly with S, i.e., in the multi-atom lasing setup the effective coupling
strength of each atom to the radiation field is increased. This increase of the effective
coupling strength is different from the collective renormalization by a factor of v/M found
in Sec. because SJ scales linearly with M. The scaling behavior follows from the

definition (5.30) and is explicitly derived in Sec.[5.10.3

5.10.2. Quantum master equation and photon statistics

The single-atom quantum master equation in the polaron frame, Eq. 1) is now generalized
to M atoms:

d M
dtp = _ﬁ [HMFa ] + Lrp + E LQJP- (5.34)
Jj=1

Here p is the density matrix describing M two-level atoms and the resonator. The derivation
of the Lindblad superoperators in the polaron frame shown in Sec. holds for multi-atom
lasing setups as well. By Lr we denote the usual Lindblad superoperator for the resonator
introduced in Eq. , and Lq ; is an atomic Lindblad superoperator as given in Eq. (2.9),
which describes the pumping, relaxation and dephasing of atom j. Hence, all Pauli matrices
in Lqg; act only on atom j. As all atoms are assumed to be identical, the pumping,
relaxation and dephasing rates I'y, I') and I', are the same for all M atoms.

Similar to the single-atom case the atomic states are traced out in order to obtain the
reduced density matrix of the resonator,

%pres = —iw |ala, ] - igg,: Traiom j ([0LA(S2) + 07 AT(SD), 7] ) + Lip™

Here p/'® represents a reduced density matrix describing the dynamics of atom j and
the resonator. Analogous to the single-atom case the interaction term still couples the
reduced density matrix of the resonator, p™, to the density matrix p?" that also accounts
for the dynamics of the atom j. As we assume all atoms to be identical it is sufficient to
calculate the reduced density matrix p*® for one arbitrarily chosen atom k. Similar to
the single-atom laser we are left with

d res - res - res res
= [aTa,p } —igM Tratom k ([O'iA(Sf) + o* AT(SF), o D + Lrp
(5.35a)
d
= [hwa a+ E(sk)o + hg (o5 A(SE) + 0 AT (8E)) , p* } + Laoip™™e.
(5.35h)

Details on the derivation are given in the Appendix Like for the single-atom case the
resonator Lindblad term Lgp has been eliminated from equation using an adiabatic
approximation. This system of coupled differential equations has the same structure as
the corresponding system in the single-atom case, Eq. , but the effective coupling
strength in equation has been increased by a factor of M originating from the sum
over all atoms.

The matrix elements pT mapmy and o7y +1 4., are calculated out of Eq. (5.35b) analogously

to the single-atom case, i.e., Eq. (5 35 ) is reformulated as a matrix dlfferentlal equation of
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the form of Eq. (5.13), but with the following replacements in the matrix M,

A — A(SY,
AT — AT(SFY,
A — A(SY) = E(S¥)/h—w=A — 4wp?SF.

The solution of this matrix differential equation generalizes Eq (5.14) as follows,

k,res <TL| A(Sf) |n7L 1>
I
Prnslntt = 914 (5F)

k,res o <n+ HAT(SE) ‘n> k . k .
Pins1an =901 det M (SF) {pn,nFT (A(Sz) - ngo) — P11l (A(Sz) - ZF@)} ,

[Tt (A(SE) +1T,) = past Ty (A(SE) +iT,) |

4 2
k\ _ 1212 k
det M, ,,(S7) = irs <1 + T\T, n(Sz)> ,

BT Ltk 11 A1(S5) o) (] ASE) I+ 1)

Nn(Sk) = 492 T
©

z

For later we also give the results for the diagonal matrix elements of p*es,

k,res FT

Pt = T Prn ~ T M(” +1) ((Nth + Dpnt1nt1 — Nthpn,n) and (5.36a)

ry
plj;;efn = F pnn + — F M ((Nth =+ 1)pn,n - Nthpnfl,nfl) . (5.36b)

The equation of motion of the diagonal elements of the reduced resonator density matrix,
Eq. (5.15)), now takes the following form:

d
P = K(Nen + 1)(n + D)pnt1nt1 — KN (n + 1) pnn
— K(New + 1)nppn + KNtwPn—1,n—1
MA & 2
+ Traan g [P AGD I+ D] Cpnsinss = Trona)
MA

1+ 2AN,_1(SF)

2
[ = 1] A(SE) [m)] " (Typn = Trpn-11) -

The quantity A = =% is the same as in the single-atom case. The recursion relation
obtained out of a detalled balance condition is modified as well,

n — fnpn—l,n—l s (537&)
2
AN+ Ty Ao [(n— 1] A(SE) )|

2
K(Nen + 1)n + F¢H2A§\V/[7il(szk) [(n — 1] A(SE) [n)]

o= (5.37b)

This result shows that for the multi-atom laser the bare pumping and relaxation rates are
rescaled by the number of atoms M, I'y/, — MTI'y,,. Therefore, the maximum photon
number of a conventional laser with pure o, coupling scales linearly with M,

ncl_l(MH_ 1) A Iy

mo2 K A

49°T,

The suppression of higher-order transitions and the derivation of the Lindblad superoperators
describing pumping, relaxation, and dephasing hold for the multi-atom case as well.
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Figure 5.9.: Recursion coefficient and photon statistics in a multi-atom lasing setup.
m Comparison of the recursion coefficient f,, in the single-atom case (dash-dotted blue
line, k = 1 x 1077 w) with the recursion coefficient for M = 100 atoms (solid red line,
k= 1x107°w). The dotted green curve represents the results obtained for a conventional
laser with pure o, coupling. Corresponding photon statistics p(n) for M =1 atom
(blue curve) and M = 100 atoms (red curve). Both setups produce photon-number
squeezed light with a Fano factor of F;, = 0.062 and F}, = 0.082 in the polaron frame,
which corresponds to a Fano factor of F = 0.062 and F' = 0.144 in the cavity frame,
respectively. The photon-number expectation values are (n) = 21562 and (n) = 21851,
respectively. The filled faint red and blue curves represent a Poissonian statistics with
the same mean photon number, which is the result for a conventional laser. The plot
parameters are g = 0.0067w, 0 = 7/10, I'y = 0.006 w, ') = 0.0001 w, ', = 0.001w,
A = 0w, and Ny, = 0. For the multi-atom lasing setup we have S* = 25.76.

In Fig. the recursion coefficient in the single-atom case (dash-dotted blue line) is
compared to the corresponding quantity in the multi-atom case (solid red line). The
resonator decay rate x is rescaled by a factor of M in the multi-atom lasing setup to
compensate the increase of the pumping rate by the same factor. Therefore, the recursion
coefficients are of the same order of magnitude and coincide for photon numbers away
from the roots of the coupling matrix element. As expected from Eq. the roots of
the coupling matrix elements are identical for the single-atom and the multi-atom case.
However, the range of photon numbers in which f, drops to zero near a root of the coupling
matrix elements depends on the value of SJ and is increased for a multi-atom lasing setup.
In Fig. the corresponding photon statistics in the polaron frame are shown. The
increase of the drop region of the recursion coefficient due to a nonzero value S*¥ > 0
decreases the photon-number expectation value (n) of the multi-atom lasing setup and
increases the Fano factor F}, in the polaron frame.

5.10.3. Self-consistency equation

The photon statistics p(n) is calculated numerically by evaluating Eq. (5.37) with the
methods described in Sec. Out of p(n) the atomic polarization S* is determined.
Using the matrix elements (5.36) we obtain the following expression for Sk

k <l i < i,res i,res M —12k
S=2 (o) = 2D (A = Aln) = (M = 1)Do = = r, () = New) -
(5.38)

The value of S* depends on the photon statistics p(n) via the photon-number expectation
value (n). In turn, p(n) is determined by the recursion relation (5.37) that depends
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on S¥. A self-consistent solution for these coupled quantities p(n) and S¥ is calculated
iteratively, starting with an initial guess for S*. The number of necessary iterations depends
significantly on this initial guess and should be as small as possible because the numerical
evaluation of the recursion relation is slow.

A good estimate on S¥ can be obtained as follows: The recursion coefficient f,, is plotted
for S*¥ = 0 and the maximum ny.y of the photon statistics, defined by f,.. = 1 and

5. <0, is calculated numerically. This calculation is performed much faster than the
evaluation of the recursion relation (5.37). Then, an estimate on Sk is obtained using
Eq. with the photon-number expectation value (n) set to nmax. If necessary, these
two steps are repeated several times until the estimate for S* converges to a constant value.

Finally, this value is used as an initial guess in the numerical evaluation of the recursion
relation (5.37).

For a conventional laser the photon-number expectation value (n) is determined by the
balance of pumping and loss rates. Therefore, the atomic polarization <ai> is close to
zero for all atoms and we have Sf ~ 0. However, for a laser producing squeezed light
the photon-number expectation value (n) is determined by the position of the roots of
the coupling matrix elements and, in general, we have (o) # 0 and Sk =£ 0. The value
of S§ is a measure how deep the laser is operated in the trapping regime, where the
photon-number expectation value is fixed by a root nj of the coupling matrix elements.
When the pumping rate I'y is increased, the quantity Sf increases starting from the value
Sf ~ 0 of a conventional laser to Sf > 0. Right before the trapping breaks down, Sf
reaches a maximum value (point “c” in Fig. and then jumps back to S* ~ 0 (point “a”

in Fig. [5.5).
5.10.4. Fano factor

The Fano factor F}, in the polaron frame is obtained out of the self-consistently calculated
photon statistics p(n). As discussed for the single-atom case it differs from the Fano
factor F' defined in the cavity frame by corrections due to the polaron transformation.
In this subsection the corrections for the multi-atom lasing setup are calculated. Out of
Egs. and the following corrections are obtained for the nominator of the
Fano factor:

(n2) = (ne)* = (n?) — (n)”
— (¢ (afala+al) + (a +ah)ala) ) +2 (a'a) (¢(a+al))
+ <§2 (a2 + (a)? + 4ata + 1)> - <§(a + aT)>2 —2 <aTa> <52>
—2(e¥a+ah)) +2()* (&(a+ah))
He) - (@)
with &€ = pg -, 0. Most of the terms cancel because of the following reasons:

1. Within the mean-field approach the expectation values of products of o, operators
factorize, i.e., (£") = (£)" and <§T§a(”> =(&)" <§a(T)> for r € Ny, and

2. energy-nonconserving matrix elements are zero, i.e., <§a(ﬂ> X ponon+l = 0.

Hence, only three of the correction terms remain,

(n2) = (ne)” = (n*) = (0)* + 4(€%ala) + (€*) — 2 (a'a) (&) .
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The expectation values (¢2) and <§2aTa> are obtained using Eq. (5.36),

M 2
2\ _ 2 2 k
<§ >—p0M+poM_1 (Sz) ;
2K 1
2 1\ _ 2\ 24K g 2\ 1
<£ a a> = (n) <f > porlSz [<n > ((n) + Nin) (<n> + 2)} )
Therefore, the Fano factor in the cavity frame is given by

Fy (n) + (2 (n) + 1) (€2) — p£5% [(n?) = ((n) + Nun) ((n) + 3)]
(n) +{€?) '

F=

In order to clarify the structure of this equation we use the approximations 1, Nyp, F}, (€ 2> <
(n). Then, F' can be rewritten as

8k M 2
F=F, (1 - nglS;f) +2 (p(z)M Ny (s%) ) . (5.39)

All corrections proportional to pg are negligible for typical lasing parameters, except of the
last term: As discussed in the previous subsection, in general the atomic polarization <a§>
is nonzero for a laser that produces squeezed light. Therefore, we have 0 < |S§| < M. For
typical lasing parameters and M of the order of 100 it holds p3M < 1, but p3M? may be
of the order of unity. Hence, the last term in Eq. can be a relevant correction to [},
depending on the actual numerical value of S¥,

2
F By + 28 (SF) < Fy+ 2p3M2. (5.40)

In conclusion, for a multi-atom setup large corrections to F}, may arise, depending on the
value of S¥. Even a Fano factor F' > 1 may be reached, i.e., larger fluctuations appear than
for a conventional laser. In order to avoid this the lasing parameters have to be chosen
such that S is close to zero. This is the case if the photon-number expectation value (n)
is close to the photon number n¢,  corresponding to the maximum of the photon statistics
of a conventional laser. This means that a multi-atom lasing setup should be operated at
the smallest possible pumping rate I'y that allows for a trapping of the photon-number
expectation value (n) by a root nj. If Iy is increased, the laser is further driven into the
trapping regime and corrections to F}, due to a nonzero value of S¥ may spoil squeezing.
On the other hand, if a nonzero value of S¥ cannot be avoided and if the Fano factor F
should not exceed a certain threshold value, Eq. puts an upper bound on the number
of atoms M in the setup.

5.10.5. Photon statistics in the cavity frame

The corrections to the Fano factor in the polaron frame and the increase of the Fano
factor in the cavity frame for large values of S¥ are due to the fact that |o,n) is actually a
superposition of several cavity-frame states |0, m.). The cavity-frame photon statistics is
a convolution of the polaron-frame photon statistics and the decomposition of a polaron
frame into cavity states. This broadens the photon statistics in the cavity frame. In this
section we derive an approximation of the photon statistics in the cavity frame in order to
qualitatively understand the enhancement of the Fano factor.

The polaron transformation is essentially a displacement operator

U = exp [po %02 (a — af)] = exp [aaT _ a*a} = D(a),
i=1
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where « is the displacement parameter. It holds U = D(—a). The displacement parameter
« is in this case a real quantity and proportional to the sum of all atomic polarizations,

M
% i
o=« :—pog 0.
i=1

In the following we denote the combined atomic and resonator states of a M-atom system
by |o,n) = |o) @ |n), where the vector o contains the M atomic states, o = (ol,...,aM).

In the Appendix the decomposition of a polaron-frame state |o-, n) into cavity-frame
states |0, m.) is derived, yielding

1 —a2 . n n m' m—+n—
an,m(a) = T | I/QIZ%(—D +’€<k> F_k)!(—a) n=2kQ(m — k),

where O(x) is the Heaviside step function, which is equal to unity for a non-negative
argument and zero otherwise.

Using this decomposition the full polaron-frame density matrix p is expanded in the basis
of cavity states,

P = Z Z Po,n;o’ |U’ n> <0J7 n,|

o,0’' n,n’

=22 2 Poownm(0) sy () o, me) (o, mi

o,0’ n,n' mm’

where o depends on the atomic state vector o and o’ on o’. We read off the following trans-
formation from the polaron-frame density matrix elements pg 1.0’/ to the corresponding
cavity-frame quantities pS -

cav _ * /
pa’,m;a”,m’ - E :Pa,n;a’,n’an,m(a)an’,m/(a ) :
n,n’

The photon statistics in the cavity frame is given by

cav  __ cav _ *
pm,m - § :pa,m;cr,m - E : E pa,n;a,n’an,m<a>an’,m(a)
o

o nn'

=D Pomoan |anm(@)* . (5.41)

o n=0

In the last step we used that only diagonal elements of the stationary density matrix in
the polaron frame are nonzero [41].

In order to evaluate Eq. numerically the sum over the photon numbers n is restricted
to all n for that a, ,(a) is nonzero. The matrix element py 5.0 is approximated by pp n
multiplied with the probability p, to find the system in the state |o), which is obtained as
follows: For M identical atoms the polarization (o.) of each atom is (0.) = S¥/(M — 1)
and the probability p;/, for this atom to be in the state [1) or |]), respectively, is

1+ (o,)

1 — {o2)
Pr= " and  p; = =
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Figure 5.10.: Comparison of the photon statistics in the polaron and the cavity frame.
The blue dots represent the photon statistics in the polaron frame shown in Fig.
Its plot parameters are M = 100, g = 0.0067w, § = 7/10, I’y = 0.006 w, I') = 0.0001 w,
'y, =0.001w, A =0w, k=1x10""w, and Ny, = 0. It has a Fano factor F, = 0.082
in the polaron frame and S* = 25.76. The solid red line represents the corresponding
photon statistics in the cavity frame with a Fano factor F' = 0.144. The dashed green and
the dash-dotted orange lines represent the photon statistics in the cavity frame which one
would obtain for §7 = 40 and 60 with a Fano factor of F' = 0.22 and F = 0.39, respectively.
For large SJ the photon statistics in the cavity frame evolves into a double-peaked shape
corresponding to a large Fano factor.

As all M atoms are assumed to be identical the total number of atoms in the state |[{), N
defines the state of the multi-atom system completely. Hence, the probability of a state |o)
with N atoms being in the state ||) and M — N atoms being in the state |1) is given by

_ M M—N
Pe =p(N) = (M NN) I 2

where the multinomial coefficient accounts for the different combinatoric possibilities to
distribute the state ||) on N out of M atoms. The displacement coefficient a(o) is also
expressed in terms of N, «(N) = —po(M — 2N), such that we finally obtain

P = Z annp ) [etnm(a(N))]? . (5.42)

N=0n=0

Figure shows numerical results obtained for different values of S*. The blue dots
represent the photon statistics in the polaron frame. For small values of S¥ the photon
statistics in the cavity frame is broadened, but still has a single peak (solid red and dashed
green curves). However, for large values of S* the photon statistics evolves into a symmetric
double-peaked shape corresponding to a strongly increased Fano factor F' > 1 (dash-dotted
orange curve).

The arising of a double-peaked photon statistics can be understood as follows: The polaron
transformation shifts a state |¢)) =3, g(n) |o,n) in the photon-number space, i.e., if its
distribution g(n) was originally peaked at a certain photon number npeax, the polaron-
transformed state U |¢) is peaked at a dlfferent photon number npeak However, the
expansion coefficients ay, (o) in Eq. ( are squared because both states in the projector
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|o,n) (o, n| undergo a polaron transformation. Therefore, the dash-dotted orange cavity-
frame photon statistics in Fig. has two peaks shifted symmetrically to the maximum
of the polaron-frame photon statistics.

The distance of the shift is given by the parameter a(o) and depends on the atomic
expectation values (). Equation shows that the sum of the atomic states |o)
represents essentially a superposition of all possible displacement parameters (o) weighted
with the probability of the realization of the corresponding atomic state |o). If the sum of
atomic polarizations is close to zero, S¥ ~ 0, both atomic states |1) and ||) are equally
probable, py ~ p|. Hence, most of the multi-atom states |o) correspond to a displacement
parameter a(o) ~ 0 and the cavity-frame photon statistics is only weakly shifted compared
to the polaron-frame statistics. However, if we have S¥ > 0, the probability p¢ is larger than
p, and, therefore, most of the atomic states |o) yield a nonzero shift parameter o (o) > 0.
Then, the polaron-frame photon statistics is shifted to lower and higher photon numbers,
which causes the broadening and the double-peaked shape.

5.11. Disorder in the mixing angle and the detuning

As discussed in the introduction different superconducting circuits, e.g., charge and flux
qubits, as well as quantum dots are described by the same effective Hamiltonian (1.2),

For a charge qubit the level-splitting energy d is proportional to the control charge on the
superconducting island and ¢ is the Josephson energy of the junction. For a flux qubit
0 describes the asymmetry of the double-well potential and ¢ is the tunneling amplitude
through the potential barrier.

The dominant source of noise in charge qubits are fluctuations of the control charge.
This so-called charge noise introduces fluctuations in the level-splitting energy 6 which
translate into a fluctuating mixing angle § = tan=!(—t/d). Flux qubits are designed to
be independent of charge fluctuations as the qubit control is based on the magnetic flux.
However, experiments revealed that flux qubits are sensitive to so-called flux noise. It is
caused, for instance, by flux trapping or fluctuations of the critical current of the Josephson
junctions [15]. Inhomogeneities in the applied magnetic flux in metamaterials built out
of a large number of flux qubits may also lead to different flux biases for the individual
qubits. In conclusion, also in a flux qubit system the parameters ¢ and ¢ are affected by
noise, which translates into fluctuations of the mixing angle 6. Simultaneously, also the
detuning A = /62 + t2/h — w is subject to variations as it depends on ¢ and ¢ as well.

In order to obtain understand the influence of these effects on squeezing we examine
numerically disorder in the mixing angle 6 and the detuning A in a multi-atom lasing setup.
We consider the following Hamiltonian,

M M
Hyr = hwala + Z %e]’ag + Z hg (cos(Hj)ag + sin(é?j)ai) (aJr + a) , (5.43)
j=1 j=1

with an individual mixing angle #; and an individual level-splitting energy ¢; of each atom
1. The generalization of our calculations to this Hamiltonian is given in the following
subsection. Numerical results are presented in subsection [5.11.2
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5.11.1. Photon statistics and Fano factor in disordered lasing setups

The polaron transformation that maps the Hamiltonian (5.43)) on a Jaynes-Cummings-like
Hamiltonian depends in a disordered setup on the individual mixing angles 6;,

M
U =exp [injag] ,
j=1

Dj = ipo,; (aT — a) = z% cos(6;) (aT — a) ,

xj = To; (aT + a) = hgsin(6;) (aT + a) :

The polaron-transformed Hamiltonian reads

M . o
1 e~ Wi e Wi . Wi e'Pi
Ze;0) + hwala+ h R AT B
2:22 G i g;("* Ry 0 ng
M
—h‘“nga hw Z po,jpojolol —2 Z wO,JPOI(U—i-O'le 2Pi 4o al62’pi> :
= JAl=1 jAl=1

Again, a mean-field approximation is performed, i.e., products of Pauli matrices are
rewritten using the approximation (5.29), and a self-consistency equation is introduced,

~ M .
Sg, = Zpo’i <U;> .
i#]
=1

Note that, compared to Eq. (5.30), S includes an additional factor pg ;. The effective
Hamiltonian within this mean-field approach is given by

M
= hwa a+z —Ei( S])Uj+hg2[ SJ)-FO']AT(S])}—FCODS'C,
j= 1 7=1
Ej(51) = ¢j — 4hwpo 351 ,
AJ (S’g) _ G*lpjxje*lpj B gwo,js’ge_Qipj ‘

hg hg

The master equation for the diagonal elements of the reduced density matrix of the resonator
reads

d
apn,n - R(Nth + 1)(” + 1)pn+1,n+1 - HNth(n + 1)pn,n

- K(Nth + 1)”Pn,n + IiNthnpnfl,nfl

M
A o ,
+ — | A5 In+ 1) (T pnsimst — Dipnn
jz::l 1+ 2AN)( ;)’H i(59) | >](w+1, 1= Cpnn)
A

“TTZAN (Sk)\m—uA( 5 )| Ty~ Trpncin-) |
—1

o (Aj—4wpo7j§j> Iy
- 42 T,

|l A+ 1
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with A = 2¢2/(I'1T,). The stationary solution for the diagonal elements pj, ,, of the reduced
density matrix of the resonator is defined by the following recursion relation,

Pnn = fnpn—l n—1, (544&)

o~ 2
i KN+ Dr 3000 o (= 1] A;(S2) [n)
j- 1+2AN? _ (57) ‘ . (5.44b)

ANt + n+ Ty S St | — 11 Aj(52) [n)

The self-consistency condition is now

M
=Do Y poj+ Z fi(n)(n+1) (Nthpn,n — (Nen + 1)pn+1,n+1) : (5.45a)
Ha
S 2 . 2\ —1
T [l A;(SD) [+ 1)) (&2 [(n] A(S) [n+ 1)) 5.150)
i\n)= p()" — = .
= 714+ 24ANY(S)) = 1+2ANL(S))
J:

For a given set of lasing parameters {A;}, {0;}, and {S?}, Eqgs. (5.44) and (5.45)) can be
solved numerically.

The Fano factor F' in the cavity frame is given by

(n?) —(n)*+(2n) + 1) () +4X +Y)
(n) +(€2) ’

M Mo
<52> =Y i+ Dod poiS.
=1 i1

F=

2 Y P A
R ’il —_— A 1 F n _F n) s
+ 1y ot 3 s [l A I+ [ (s = T

Do Zpoz 3 <n T <n>) (n+ 1)£i(1) [Nenpn — (Nen + D] -

n=0

ZPOzZ

111 n=0

3 [tm) (ot 5 = ) (m 1) Vo — (Vo + D

A
14 2ANi(S?)

[0l Ai(5E) I+ 1) (T s — wm]

Numerical results for the photon statistics and the Fano factor are given in the next
subsection.

5.11.2. Numerical results

In Fig. numerical results for the Fano factor F, the photon-number expectation value
(n), and the recursion coefficient f, in case of disorder in the mixing angle §; and the
atomic detuning A; are shown.

The photon-number expectation value (n) and the Fano factor F' are calculated for Neys =
150 systems consisting of M = 25 atoms. The lasing parameters of these systems are
randomly generated as follows: As a preliminary step a mixing angle 6 in the range
0 < 6 < /4 is chosen. The mean detuning be A = 0, which implies the condition

\/52—1-1&2;(«;,
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Figure 5.11.: Influence of disorder in the mixing angle # and the detuning A on squeezing.
Disorder in the level-splitting energy ¢ of the bare qubit Hamiltonian is modeled
by a Gaussian distribution with mean 6 = 0.95w and standard deviation os. m Fano
factor F' as a function of os. |(b): Photon number expectation value (n) as a function of
os. Data was obtained by averaging for each value of o5 over Ng,s = 150 systems. The
error bars indicate the standard deviation of the fluctuations. Recursion coefficient
fn for a randomly chosen system (out of Neps) for o5 = 0.001w (solid red), o5 = 0.0l w
(dashed blue), o5 = 0.1w (dotted green), and o5 = 0.3w (dash-dotted orange curve).
Plot parameters are g = 0.01w, Ny, =0, k = 4 x 107" w, I'y =0.008w, I') = 0.0001 w,
', =0.00lw, t = 0.31w, and M = 25.

where § and ¢ are the parameters of the qubit Hamiltonian . This condition is solved
by § = cos(f)w and t = sin(f)w, which determines the values of § and ¢. As discussed
in Chap. 4| the range of values of the standard deviation o of the disorder distribution
is restricted by physical constraints. First, the condition A > —w puts the constraint
V02 + t2 > 0 which is, however, always fulfilled. Second, the level splitting energy 0 of
the qubit Hamiltonian should be positive, § > 0. Therefore, Eq. (4.9) restricts the
standard deviation to

0
——— = 03w

V2 erfc™t(2€)

o4 <

for e = 0.001 and § = 0.95w. Now, the level-splitting energy J; of each atom i is chosen
randomly according to a Gaussian distribution with mean ¢ and standard deviation os.
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Out of this the individual mixing angle 6; and the atomic detuning A; are calculated:

6; — arctan | —~ @ A VEE?
;, = arctan | —— an = —w.
’ ( 5i) ! h

In Fig. [5.11a], the Fano factor F' as a function of the standard deviation o, of the disorder
distribution is shown. It increases with the disorder, i.e., disorder in the lasing parame-
ters perturbs photon-number squeezing. However, for the given parameters the photon
distribution is still photon-number squeezed even at the maximum allowed value of oy.

Similar to the observations in Sec. the photon number expectation value shown in
Fig. decreases slowly as a function of the standard deviation o5 of the disorder
distribution. Even at the maximum standard deviation the setup is still operating at
approximately 70% of the intensity obtained in an ordered system, whose results are
obtained in the limit o, — 0.

In order to explain these features it is instructive to examine the recursion coefficient f,
for disordered systems. Figure shows the recursion coeflicient of one randomly chosen
system out of the Ngpg systems calculated for each value of the standard deviation oy of the
disorder distribution. The different colors correspond to four different values of o,. The
plot reveals the following properties of the recursion coefficient f,, in disordered setups:

1. The position of the root of the coupling matrix element of atom i is determined
by poi = £ cos(6;). Disorder in the mixing angle 6; yields different positions of the
root for the individual atoms. Therefore, in disordered setups, s > 0, the recursion
coefficient f,, does not drop exactly to zero any more. However, the position of its
minimum coincides still quite well with the position n}) of the root in an ordered
system. The reason for this is that the quantity pg; o< cos(6;) ~ 1 — 01-2 is robust
against small fluctuations in the mixing angle ;. Therefore, the roots are only
weakly shifted and the recursion coefficient f,, still takes a minimal value at nf, that
is much smaller than unity. Only for the maximum standard deviation o5 = 0.3 w
the minimum of f,, in the disordered system differs significantly from the position n},
of the root in an ordered system.

2. The range of photon numbers in which f, drops from the asymptotic value f,(6/2)
to its minimal value is significantly broadened by disorder. In Sec. we showed
that the width of the drop region is defined by the condition

T,
492

- 2

(=11 4,(8]) )| < (5.46)
It implies that the drop region increases if the matrix elements are suppressed: For
small mixing angles # the matrix elements scale proportional to the mixing angle, as

described by Eq. ,

(n = 1] 4;(S) In) o< 0.

With increasing disorder the amount of atoms with a small mixing angle §; < 0
increases. The contributions of these atoms to the recursion coefficient f,, broaden
the drop region according to Eq. (5.46)).

This broadening shifts the maximum of the photon statistics, defined by f,, = 1 and f} <0,
to smaller photon numbers. Therefore, the photon-number expectation value (n) decreases.
However, the absolute value of the slope of f;, is still larger than the corresponding value
for an ordered system with a mixing angle § = /2, i.e., the photon statistics is still
photon-number squeezed.



82 Chapter 5. Longitudinal couplings

In conclusion, in the regime of large o, couplings, i.e., § < 7/4, the position of the minimum
of the recursion coefficient f, is almost independent of disorder. We observe a decrease of
the photon number expectation value (n) and an increase of the Fano factor F' in disordered
systems. These effects are caused by the scaling of the matrix elements proportional to the
mixing angle 6 and, therefore, a broadening of the drop region of the recursion coefficient
fn around its minimum due to the influence of atoms with a small mixing angle 6; < 6.
Although disorder in the mixing angle 6 and the detuning A increases the Fano factor F,
it is still possible to obtain a photon-number squeezed statistics.



6. Conclusion

In this thesis we investigated the influence of disorder and longitudinal couplings on lasing
setups that use quantum metamaterials as optically active medium. An advantage of
metamaterials built out of artificial atoms is the possibility to tailor the atomic properties.
This gives rise to novel interactions with the electromagnetic field and allows for new
functionality. In particular we have shown that longitudinal couplings between atoms and
the radiation field of a resonator allow for the creation of photon-number squeezed laser
light.

Whereas conventional atoms are identical by nature, artificially created atoms, e.g., super-
conducting circuits or quantum dots, exhibit fluctuations of their individual parameters,
for instance, the level splitting energy e, the coupling strength g to a resonator, or the
pumping strength Dy. These fluctuations are caused by the fabrication process, noise,
and interactions with the environment. If the magnitude of these fluctuations is too large,
some artificial atoms are expected not to participate in the lasing process, for instance,
because they are too far detuned or too weakly coupled. This may obstruct lasing processes
and, therefore, we have investigated the influence of disorder on multi-atom lasing setups.
However, we have found that multi-atom lasing setups become robust against disorder
when the number of atoms is increased, which opens a way to compensate for inevitable
fluctuations of the atomic parameters in quantum metamaterials.

In order to investigate the influence of disorder on a M-atom lasing setup we calculated its
photon-number expectation value (n),, using the semiquantum theory of lasing. Disorder
in the lasing setup has been modeled by a probability distribution p that describes the
spread of the atomic parameters around their intended mean values. We have developed
a method to relate the mean photon-number expectation value @M of a M-atom lasing
setup to the mean and the standard deviation of this probability distribution p, and we
have applied this method to disorder in the atomic detuning A, the coupling strength g,
and the pumping strength Dg. Multi-atom lasing setups have been found to be quite robust
against these types of disorder. The dependence of the mean photon-number expectation
value @ a on the disorder standard deviation for disorder in the detuning and the coupling
strength is remarkably weak: Based on the photon-number expectation value (n); of a
single-atom lasing setup one would expect the mean photon-number expectation value
EM of the multi-atom lasing setup to decrease strongly if the standard deviation o of the
disorder distribution increases. For disorder in the pumping strength Dg the photon-number
expectation value EM is even found to be independent of the standard deviation of the
disorder distribution, i.e., it depends only on the mean pumping strength Dy.

The origin of this robustness against disorder is a widening of the range of parameters
that allow for lasing in the multi-atom lasing setup: At a threshold detuning A (1)
a single-atom laser exhibits a crossover from a lasing state with a large photon-number
expectation value to a non-lasing state with a very small photon-number expectation value.
In a multi-atom system this threshold detuning A,ax is increased, Apax(M) > Apax(1),
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i.e., the multi-atom lasing system tolerates a larger detuning of each atom than a single-atom
laser, while still being in a lasing state. In particular, lasing is observed in a multi-atom
setup even if the individual detuning of all atoms is larger than Ay (1). Likewise, there is
a minimal coupling strength gmin(1) where the single-atom laser shows a crossover from
a non-lasing state to a lasing state. In a multi-atom lasing setup the minimally required
coupling strength to the resonator is lowered, gmin(M) < gmin(1). Similarly, the lasing-
crossover pumping strength Dg in in a multi-atom lasing setup is lowered compared to
the corresponding value of a single-atom laser. For an ordered system explicit expressions
for the scaling behavior have been derived, Apax(M) < VM, gmin(M) o 1/v/M, and
DO,min(M) 0.8 1/M

In order to explain the physical origin of this effect we have reformulated the implicit
equation defining the photon-number expectation value (n),, of a M-atom setup as a set
of coupled equations for the single-atomic contributions (n;), i € {1,..., M}, to the overall
photon-number expectation value (n) = 3=, (n;). The set of coupled equations has to be
solved self-consistently. This approach reveals that a collective widening of the range of
lasing parameters also takes place in disordered systems. It is caused by an increase of the
stimulated emission of each atom ¢ due to the presence of photons in the resonator that are
emitted by other atoms j # i. Therefore, strongly coupled resonant atoms create a nonzero
photon number in the resonator that “drags” detuned, weakly coupled, or weakly pumped
atoms into resonance such that they participate in the lasing process at a reduced effective
detuning and an increased effective coupling and pumping strength. The multi-atom lasing
setup evolves into a self-organized stationary state that is quite independent of the initial
disordered atomic parameters.

The derivation of the mean photon-number expectation value (n),, is exact in the limit
of large system sizes M — oo. However, for realistic system sizes M < 100 deviations of
the actual photon-number expectation value (n),, from its mean value @M are expected,
which are caused by sample-to-sample fluctuations of the atomic lasing parameters. Noise
and quasistatic fluctuations of the atomic parameters have a similar influence on (n),,. We
have investigated these fluctuations numerically. Disorder in the detuning at a realistic
standard deviation on = 0.2w of the disorder distribution causes relative fluctuations of
(n),, around (n),, of the order of 10% for small system sizes M < 100. These fluctuations
are reduced if the number M of atoms in the metamaterial is increased, and for M = 800
the relative fluctuations are found to be less than a percent. Hence, a laser built out of a
large metamaterial reaches a good long-term power stability even for realistic assumptions
on the disorder. This opens a way to build on-chip sources of coherent microwave radiation
that have applications in low-temperature experiments. However, it remains still an
effort to reach the stability of standard microwave sources even though they also show
power fluctuations due to thermal effects, fluctuations of the power-amplifier bias point, or

amplification of parasitic signals.

Superconducting circuits or quantum dots have not only a transversal but also a longitudinal
coupling to the radiation field. We showed that a strong longitudinal coupling allows for the
creation of photon-number squeezed light. Using a polaron transformation we mapped the
effective lasing Hamiltonian with both a longitudinal and a transversal coupling between the
atoms and the radiation field onto a Tavis-Cummings-like Hamiltonian. In this transformed
Hamiltonian the usual coupling operators to the resonator, a and af, are replaced by more
complicated operators that have roots at certain photon numbers and allow for multi-photon
transitions. At these roots the coherent emission of photons into the resonator breaks down.
The position of the roots can be adjusted via the coupling strength ¢ and the mixing angle
0 that defines the relative strength of longitudinal and transversal couplings.

We have shown that if the laser is operated at a photon-number expectation value (n)
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close to a root of the coupling matrix elements, photon-number squeezed light is created.
Realistic parameters, e.g., a coupling strength of the order of 1 x 1073w, allow for strong
squeezing, characterized by a Fano factor F' < 1, at large photon numbers, e.g., of the
order of 1 x 10%.

Numerical methods to examine a squeezed photon statistics of a laser are restricted to
rather small photon numbers of the order of 1 x 102. Our analytic approach allows to discuss
photon-number squeezing at photon numbers beyond the range of numerical methods.

The coupling operators allow for multi-photon transitions, but in order to obtain a squeezed
photon distribution these multi-photon transitions in the pumping process and in the lasing
transition have to be suppressed. This is the case if

1. the system has a strong o, interaction, i.e., the mixing angle # is in the range
0<0 < 7/4,

2. a rotating wave approximation holds, i.e., all atomic rates I'|, 'y, and I';; as well as
the resonator decay rate k are much smaller than the resonator frequency w, and

3. the spectral functions of the pumping and relaxation baths are sufficiently narrowly
peaked to suppress multi-photon transitions.

If the first requirement of a strong o, interaction is not fulfilled, the laser has a Poissonian
photon statistics like a conventional laser as observed in recent experiments [7]. The second
requirement holds for typical relaxation and decay rates in superconducting circuits. An
experimental setup that allows to fulfill the third requirement has been presented recently

[9].

Finally, the influence of disorder in the mixing angle # and the detuning A has been
investigated. Such fluctuations arise in quantum metamaterials built out of superconducting
qubits because of charge or flux noise. A numerical analysis revealed that the Fano factor
increases with increasing disorder, but the photon statistics still remains photon-number
squeezed even for large disorder.

A drawback of the studied effective lasing Hamiltonian is the need for a polaron transfor-
mation to obtain the Tavis-Cummings-like Hamiltonian with roots of the coupling to the
electromagnetic field. The density matrix and the photon statistics are calculated in the po-
laron frame. However, the photon state |n) in the polaron frame is actually a superposition
of different Fock states |m.), which represent states with exactly m photons in the resonator
cavity. Therefore, the photon statistics in the cavity frame is broadened compared to the
one calculated in the polaron frame. This implies that the experimentally relevant Fano
factor F' in the cavity frame is larger than the Fano factor F, in the polaron frame. We
have found that some corrections to the polaron-frame Fano factor F}, originating from the
polaron transformation scale proportional to M?2. For small numbers of atoms, M < 100,
these corrections are negligible. However, for M 2 100 significant corrections arise that
can be of the order of unity and spoil photon-number squeezing. In this regime, the photon
statistics in the cavity frame has been found to be double-peaked. The photon-number
expectation value (n) in the cavity frame is also modified by corrections due to the polaron
transformation, however, these corrections are negligible for any realistic system size M.

Hence, the polaron transformation imposes for large system sizes M a restriction on the
range of lasing parameters that yield a photon-number squeezed statistics. In the near
future, experimentally realized quantum metamaterials are expected to have rather small
system sizes, M < 100, and, therefore, are not affected by this restriction. For larger
system sizes an improvement can be achieved by using artificial atoms that have roots in
the coupling to the electromagnetic field already in the effective lasing Hamiltonian. Such
couplings have been discussed, for instance, for a superconducting single-electron transistor
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that couples to a resonator via the phase difference across its junction [44] and they are
also known for voltage-biased Josephson junctions in series with a resonator [13]. Our
calculations apply to these systems as well, but there is no need for a polaron transformation
of the initial Hamiltonian any more. Therefore, corrections to the Fano factor due to the
polaron transformation do not arise which opens a way to obtain photon-number squeezed
light also for quantum metamaterials with a very large number of atoms.

In conclusion, we found that disorder due to imperfections in the control of material
parameters does not prohibit the construction of multi-atom lasing setups using quantum
metamaterials as active lasing medium. Metamaterials built out of superconducting circuits
and quantum dots have longitudinal couplings to the radiation field which allow for the
creation of photon-number squeezed light. Our results will help to construct miniaturized on-
chip sources for coherent microwave radiation, which have applications in low-temperature
experiments, e.g., qubit control or interferometric measurements.
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Appendix

A. Influence of the shape of a disorder distribution on the mean photon-
number expectation value

Figures and show that, for disorder in the detuning or the coupling strength,
the mean photon-number expectation values @M obtained for a Gaussian and a box
distribution coincide for small values of the standard deviation of the disorder distribution.
For a sufficiently narrow disorder distribution the actual shape of the distribution, defined
by its higher moments, does not matter and the mean value and the variance are sufficient
for characterization. Here we substantiate this observation in the case of disorder in the

atomic detuning.

For disorder in the detuning the fixed point equation (4.8) reads

Do ((n)+4) +14
Fi—i—AQ—l—a((n)—F%) '

() = Naw+ M5 [~ dap(a)

In the case of a large photon-number expectation value (n) the right-hand side is expanded
into a Taylor polynomial of order N in terms of € = 1/ (n) < 1:

~ N
(n) = Nu + Mﬁ/ dA p(A) BO + 3 Cmmlyn + RN(n)] ,
o0 m=1

24 A2 4 )] a
em = (—1) ( am+12) (Do (FZ+A2)—2> ,

where the rest term Ry (n) is bounded by the upper limit

(Cr+ g +an)™
(an)m—i-l

a
2Dy

[Rn(n)| < Do 2 4 A% -

We now perform the integration term by term and obtain

(n) = Mp o
(=)™ 1 (Do u <m>< ) a)mk
cSE (RS () () e
— «a (n) a = k 2
_Do—i—lm_1 (m—l (Fi+0‘>m_1_kA2k>]
2 s k 2
+ Niw + Ry (n) , (A1)

where the moments of the probability distribution p are denoted by A2k = 22 dA p(A)A%k
and the averaged rest term is given by Ry(n) = M [ dAp(A)Ry(n). The Taylor
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expansion converges for photon-number expectation values fulfilling (n) > 1 + (I'2 + A?)/a.
Hence, if p(A) has a compact support [—a,a], a > 0, the rest term Rx(n) vanishes in the
limit N — oo for all photon numbers that satisfy the condition (n) > 2 4+ (I'2 +a?)/av. This
applies for a box distribution, whereas a Gaussian distribution has support (—oo, 00) and,
therefore, the expansion never converges. However, if the order NV of the Taylor expansion
is chosen suitably, the rest term Ry (n) takes a minimal value much smaller than unity so
that the expansion is still a good approximation.

The properties of the probability distribution p(A) enter into Eq. through its even
moments A2*. For a given probability distribution these moments can be expressed by
polynomials of the mean value pu, the standard deviation o, and other parameters of the
distribution. As all lasing parameters are much smaller than the frequency w, higher order
terms of these polynomials can be neglected because it holds p/w < 1 and o/w < 1.
Therefore, two probability distributions yield the same results for the mean photon-number

expectation value (n),, if their moments are identical to low orders of p and o.

B. Properties of the polaron transformation
B.1. Transformation rules

In this section we give the transformation properties of the Pauli matrices and the photon
creation and annihilation operators under a polaron transformation of the form

M
U =exp injag ,
j=1

Pj = Po,j (aT - a) = z% cos(6;) (aT - a) )

The field operators transform as follows:

M
ap =UtaU =a =" poiot,

=1

M
a;r, =Utd'U =al - Zpo,igi»
i=1

M M M
agap =U'talaU = a'a — Zpoﬂ»cr; (a + aT) + Zpai + Z 0,iP0,j 0202 .
i=1 i=1 i#j=1

For the third Pauli matrix and the atomic ladder operators we have
O';p = UTJZU = o},
oy = Ul U = e,

ol = Ule? U = o7 &*Pi |

B.2. Expansion of a polaron state into cavity states

In this section we calculate the expansion of a polaron-frame state |o,n) = |o) ® |n) into
states in the cavity frame, |0, m¢) = |o) ® |m.). The states of the M atoms are denoted
by the vector & = (ol,...,0M). Polaron and cavity states are connected via a polaron
transformation,

o, n) = Ul o, ne)

M
U = exp ZpOJUg (a — aT> ,
j=1
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which is essentially a displacement operator
U= D(a) =exp [oaff — a*a} )

with the displacement parameter a(o) = a*(o) = — Zj]vil po;ol. It holds UT = D(—a).
The expansion of the polaron-frame state |o,n) into cavity states |o, m¢) is formally given
by

oo
‘U7n> = Z an,m(a) ’07m0> )
m=0

anm(0o) = (o,m|D(—a(0)) |o,n) .

In order to calculate the expansion coefficient a,, (o) we use the following representation
of the state |n) in the polaron frame:

(@) gy 14"
Vnl dA” A=0

0) .
As a preliminary step we calculate the action of the displacement operator D(/3) on a state
exal 10),

D(B)er |0) = o~ |BI2/2=B"A+IB+A1% /2 1B+ \),

which yields the following matrix element:

(m| D(B)e*" |0) = ¢~ I8F/2=5"> W\/mi')m |

The matrix element (m| D(f) |n) of the displacement operator is connected to this via

1 2,y d” .
D = —18I7/2 —B*A m ]
(m D(B) o) = e P2 Sme 4|

By complete induction one can proof the identity

d™ s m_OO n n m! ek ek — 3"
e BN —k;(fl) +k<k>(m_k)!(ﬁ+A) (B re O (m — k),

where (}) is a binomial coefficient and ©(z) is the Heaviside step function, which is equal
to unity for z > 0 and zero otherwise. With this result we obtain

(m| D(B) |n) = \}e—'ﬂ'zﬂ i(—l)”*k (“) M gmek (3 kO (m — k)

nlm! b k) (m—k)!
1 — 2 n *\N—m
= \/ﬁe BE/2(—1)™(8%) U(—m,1—m+n,|8]?),

where U(a, b, x) is the hypergeometric function of the second kind.

For f = —a(o) = —a*(o) we finally obtain the expansion coefficient ay, ,,(0):

1 —|af? S n n m! m4n—
anm(0) = m@ | |/2]§)(—1) th (k)(m—k)!(_a) tn=2kQ(m — k).
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C. Calculating traces of the quantum master equation

The density matrix p is the most general way to describe the state of a quantum-mechanical
system. If only information of a certain subsystem is required, a reduced density matrix for
this subsystem is obtained by tracing out all degrees of freedom that do not belong to that
subsystem. Analogously, by tracing out certain degrees of freedom in the quantum master
equation of the density matrix p an equation of motion for the reduced density matrix
is obtained. In this section we discuss the behavior of the coherent Liouville term and
the Lindblad terms under such tracing operations. The time evolution of the full density
matrix p is given by the following quantum master equation:

. M
7

d
—p=—+[H.pl+Lrp+> Lq;p,
at h P

where the coherent M-atom Hamiltonian H and the Lindblad superoperators are given by

H =Hyes+ Y Hl +> H,
j=1 j=1
K K
Lrp = §(Nth +1) (ZczpaT —alap — paTa) + §Nth (2aT,0a —aa'p — paaT> ,
r o o o r o o o
Lqp= % (20]_in — ,OUZLU]_ — Uiffj_p) + ?T (QUipa]_ — paj_ai — aj_aﬁrp)
r: o
+ ?(p (ngog - p) .

Here H.es is the Hamiltonian of the resonator, Hgt is the Hamiltonian of atom j, j =

1,..., M, and H{, is the interaction of atom j with the resonator.

The state of the M atoms is denoted by the vector o = (ol,...,cM) and the state of

z) z

M — 1 atoms except of atom k is denoted by o} = (c2,...,087 L gkt . oM. In the

z Y z 4
following we are interested in the reduced density matrix of the resonator, p™, and the

reduced density matrix of the resonator and atom k, p*™, which are defined by

P =Trg(p) =Y (alplo),

g
pk}JQS — ’j[‘]:-a_;C (p) = Z <0‘;€| ,0 |o-;€> .
a./

k

C.1. Reduced density matrix of the resonator

If all atomic states are traced out, the different terms of the master equation yield
Ty ([H]) = 32 (0l [Hiis o] o) = So(B(o5) = B(oy) (@] plo) =0,
o Lo

Tro ([Hres; p]) = Z (0| [Hres, p] o) = Z [Hies, (o] plo)] = [Hres, P ,

Tr, ([ant,pD - Z (o] {Hﬂmp} lo) = Z <gg [Hﬂlt,pj,res} Ug> 7

LQJpj,res

Tre (Lagp) = Y (o

J
ol)
ol

= 2 (TP (1, = Oz) + Ta (P W) (8,5 = 8,,)) =0,

TI',,- (LRp) = LRpres .
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Therefore, the reduced density matrix of the resonator has the following equation of motion:

d

res __ 72' res .
ap Ty [ ress P h]zlz <g3

Hinw ™|

O_g> + LRpres

C.2. Reduced density matrix of one atom and the resonator

Similarly, if all atomic states but one are traced out, we obtain

g ([#]) = 3 ) ] o) = 5 [ 2] = ]

9k o
TI‘U;C ([HreS)p]) = Z <U'k| ress P ’U;C> = Z [Hres, <0';€| p ‘a-;ﬂ>] — [Hresapk res}
o o/

k

Tty (Lqjp) = ) (0%l Lajplok) = Lajp" 6,

/
T

Tryr (Lrp) = Lrp""™.

k

The trace of the interaction term is more complicated. For an interaction of the form
H], = hg(0?. A + o7 A1) we obtain for k = j

T, (B o]) = 22 )| [Hio o] [o5) = [ 7]

J

However, for k # j the interaction Hamiltonian yields

Do, ([ p]) = ho 3 bl [His ] o)

=@(A@W“ﬂm+mﬁmﬂmm>
— (1 PR 1) A = (1] 7R 1) AT,

where p/F* is the reduced density matrix for the resonator and the atoms j and k.
Therefore, we obtain the following equation of motion for the reduced density matrix of
atom k and the resonator:

%pk,res _ _% [Hft‘FHres"‘Hl];ta kres} +LQ,]€,0k’res+ kres_ ;Tr , ([ 1;1t7 }) .

7j=1

(C.1)

We neglect the term Tro/ ({H J

1nt’

D for j # k and the resonator Lindblad term Ly p"res
by using that

1. all M qubits are independent, i.e., there are no correlations between different qubits,
and

2. an adiabatic approximation holds for typical lasing parameters.

To justify this step we consider the contribution of Tr(.,;c ([ant, pD to the equations of
motion of the matrix elements ps n.0.n, Ptnlnt1, and pypi1:4n- These matrix elements
are subsumed in the vector R during the calculation of the photon statistics in Sec. If
only energy-conserving transitions are considered, we obtain the following contributions:

k,res

d
dtpan on X hg( <n‘ A ‘n + 1> PoLjn+Liog,15,n + <n| Af ’n - 1> Poi, 1 mn—1Liok,45,n

~Poy,ljniop,Tjn—1 (n—1[Aln) - Poy im0k, 15,n+1 (n+1| A |n>) )
(C.2a)
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d g
&pT:;ﬁ7n+l x hg( (n[Aln+1) Pty m+Lid, 1 (n| AT In—1) Pristi =1k by n+1

T Ptdsmide,Tn <n| A |n + 1> = Pty msdeods m2 <n + 2| Af \n + 1> )
=0, (C.2b)

d g
P bttt & ﬁg( (n+ 1] Aln+2) p, 1nr2tet;m + (A AT IR py 4 netedy m

=0. (C.2¢)
For the sake of a compact notation the superscript “k, 7, res” has been dropped at the
density matrix elements on the right-hand side. Equations (C.2b) and (C.2c) are zero
because the occurring density matrix elements describe correlations between the atoms
k and j. These matrix elements vanish as all M atoms are independent of each other.
However, the contributions to the equation of motion given by Eq. (C.2a)) are nonzero.

The assumption of independent atoms allows to rewrite the occurring matrix elements as
follows:

pak,aj,n;ak,a;,n’ = Poy,op, @ poj,n;a;,n/ '
Now we obtain

k,res

d
apmn;a,n X "gpo;,,o;, © ( (n|Aln+1) Pljmn+1tin T (n AT In—1) Prjm—1il5,n
Py ity (0= 1A = pp gy (n+ 1] Af n) ).

The terms in round brackets are evaluated using Eq. (5.14). We find that they only
introduce a phase change,

2 2
b : [(n — 1] A|n)] [{n] Aln +1)]
i o |0 (G A e A,
2 2
p, (o= AE  lAR D
Y\ det My, T M, bt

_ k,res k,res k,res
=1 [lea,n—l;a,n—l + ’yzpo,n;cr,n + 73p0,n+1;a,n+1:| .

A numerical evaluation reveals that the rates 1, 2, and 3 are of the order of the resonator
decay rate k.

This allows to apply an adiabatic approximation: The atomic Lindblad term LQ,kpk’reS in

Eq. (C.1) describes atomic decay processes that happen on a timescale of FT_ L 'Fi_l, and
(Fj;)_l. The resonator Lindblad term Ly p¥™® and the interaction term Try, ({H J s pD for

1
§ # k describe decay processes and phase changes that happen on a timescale of x~!. For
typical lasing parameters it holds x < I'y, I'|, I'7, and, therefore, we neglect these processes
in the master equation (C.1) focusing only on atomic decay processes.

In conclusion, the reduced density matrix for the resonator and the atom & has the following
equation of motion:

i k,res __ _i

dtp - i |:H.‘:]1€t + HreS + Hilgt, pk’res:| + LQ’]gkaes .
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