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Chapter 1

Introduction

The field of quantum optics [I, 2] lies at the crossing point of atomic physics
and quantum field theory, where atoms, the electromagnetic field and their
interaction are investigated. It provides a setting to explore fundamental
quantum problems like quantum measurement, hidden variables and entan-
glement. On the other hand, many practical applications and devices stem
from quantum optics, like the laser, atomic clocks or a randomness generator
[3]. Typical problems of quantum optics that are relevant in the context of
this work are the spontaneous decay of the electronic state of an atom un-
der the emission of a photon, the atom driven by a laser, and cavity QED,
a problem dealing with an atom interacting with an electromagnetic field
whose modes are modified by a cavity. In a similar way, photonic crystals
can modify electromagnetic modes.

Photonic crystals are periodic structures of materials with different refrac-
tive index. From the viewpoint of classical optics, the multiple reflections and
refractions of light at the interfaces and their interference alters the transmis-
sion of light, depending on angle and frequency. In the quantum framework,
periodicity allows to treat photonic crystals with similar mathematical tools
like crystals in solid state physics. Like the electrons in a solid state crystal
form a bandstructure of allowed and forbidden bands, in a photonic crystal
there is a bandstructure with band gaps. Therefore photonic crystals are
also called photonic band gap materials. The role of the electronic modes is
played by the photonic modes. An atom that is placed in a photonic crystal
will be inhibited strongly to emit a photon in the band gap, i.e. the sponta-
neous decay is modified [4]. If the atom is pumped by a laser, the resulting
emission spectrum will be altered as well.
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In contrast to solid state crystals, photonic crystals are in general artifi-
cially manufactured materials. Due to the technological progress in nanofab-
rication, the experimental possibilities has grown substantially in the recent
years. In the rapidly evolving field of photonics, photonic crystals appear as
waveguides, photonic crystal fibers or cavities. Modified spontaneous emis-
sion of semiconductor quantum dots in photonic crystals have been observed
experimentally [5].

The system focused on in this work, the pumped two level atom in a
photonic crystal environment, is an example of an open quantum system.
Open quantum systems [0] are systems with few relevant variables and an
environment, also called bath, that interacts with the system. The objective
is to determine the behaviour of the system while the environment variables
are ‘traced out’, i.e. they are taken into account only in a compact way
like a response function. Open quantum systems appear in many fields of
physics like solid state physics, chemical physics or nuclear physics. Many
approaches have been developed.

In a closed quantum system the unitary evolution ensures the conserva-
tion of probability. In an open quantum system the evolution is not unitary
any more, but is required to preserve the trace of the system’s reduced density
operator. Many authors also add the requirement of a completely positive
evolution [7,[§]. However, in the derivation of the equations of motion approx-
imations have to be made that spoil the theoretical requirements. Actually,
even the assumption of an entangled initial state may destroy the completely
positive evolution [9].

In the Heisenberg picture, the reduced dynamics leads to generalized
quantum Langevin equations, where the noise originates from the environ-
ment. In our case, these equations are the Bloch equations. In the Schrodinger
picture, the resulting system density matrix obeys a quantum master equa-
tion. Both approaches are equivalent.

If the characteristic time scales of the environment correlation functions
are much smaller than the system evolution, one can neglect memory effects
for the reduced system. The dynamics can be described by a Markovian
quantum master equation in Lindblad form [8] [6].

With the usual Wigner-Weisskopf-approximations, Photons that are emit-
ted by a pumped atom in free space disappear from the system. Therefore
the system has no memory. In contrast to that, if the atom is located inside
a photonic crystal,the former approximations cannot be applied. One can
image, that the photons may be reflected and thereby the crystal provides a



memory for the system, where the history has to be taken into account.

In the present case, the two level system represents the relevant degrees
of freedom, whereas the photonic modes are considered as irrelevant. In the
general case, the question, which degrees of freedom belong to the system
and which to the environment, is not fixed a priori. In cases where only few
environment variables are coupled to the system, it may be appropriate to
include them into the system. If the environment spectral function can be
approximated by Lorentzians, then the non-Markovian open system can be
treated like a Markovian system by including additional degrees of freedom

[10].

Open quantum systems in solid state physics have to deal with a finite
temperature of the environment. In our case the photonic cristal is assumed
to be free of excitations, apart from those emitted by the atom. That corre-
sponds to zero temperature of the environment and a vacuum initial state.
The vacuum initial state for the environment together with an arbitrary
atomic initial state is a product initial state. The product initial state is
already a Markov approximation but seems to be justified in the zero tem-
perature case. For the calculation of the spectra, we use the stationary system
state.

Many methods for open quantum systems have been developed; also for
the driven and non-Markovian case, but they are not always applicable. A
quantum jump approach can be used to solve non-Markovian master equa-
tions [I1]. The time evolution is calculated numerically with a quantum
Monte Carlo wave function method. The method was not appropriate with
the photonic crystal correlation function. Furthermore, the driving caused a
strongly growing computing time with system time, such that the statistical
limit cannot alway be reached.

Path integrals [12] 3] provide another approach to open quantum sys-
tems. When the bath is integrated out and the system coordinates are fixed,
the relevant degrees of freedom are described by the influence functional, that
gives the weights for the paths of the system. This approach was developed
in the context of the spin boson model. The difficulty of arriving at prac-
tical results was partially overcome by approximation techniques like NIBA
(non-interacting blip approximation). The conditions for the NIBA are not
always met and hard to verify, so this approach did not turn out useful for
the present work.

In this work, mostly the Heisenberg appoach is used with the Liouville
approximation and a projection operator technique.
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Outline

In chapter 2l we discuss some aspects of a one-dimensional photonic crystal,
like the band structure and reflectance as well as the local density of states.
We use transfer matrices that connect Bloch eigenstates to develop a effective
medium theory. Defect modes and negative refraction is also adressed. In
chapter Bl we explain the Hamilton operator and its variations as well as the
density of states for the present problem. In chapter 4] related problems
like the dephasing model, the driven atom and resonance fluorescence in
free space are discussed. Chapter Bl shows a analytical solution for the time
evolution of a pumped two-level atom in a photonic crystal. The calculation
of correlation functions and spectra is the topic of chapter [l The results of
two different methods using the quantum regression theorem on the one hand
and the fluctuation dissipation theorem on the other hand are compared.
We also give some examples for squeezing. In chapter [ we use projection
methods to calculate time evolution and spectra.

Publications that do not appear in this thesis

[14] G. Boedecker, C. Henkel, Ch. Hermann, O. Hess, ‘Spontaneous emission
in photonic structures: Theory and simulation’ in Photonic Crystals, (edited
by K. Busch, S. Lolkes, R. Wehrspohn, H. Foll), John Wiley & Sons (2006).
Basic concepts (Fermi’s Golden Rule, local density of states) are reviewed
and possibilities of optically tuning an optical transition frequency across a
band edge are discussed. We give a review of quantum electrodynamic ap-
proaches to radiative decay close to a photonic gap. In the second section,
simulation techniques are described that permit the determination of the lo-
cal density of photon states in arbitrary photonic structures.

[15] C. Henkel, G. Boedecker, M. Wilkens, ‘Local fields in a soft matter
bubble’, Appl. Phys. B 93, 217 (2008).

The electric field created by a point dipole located in a dielectric void (“bub-
ble”) is calculated. We consider a continuous profile of the medium per-
mittivity and find that, at large distances, the effective dipole field depends
on the model chosen for the bubble walls, in particular their thickness. A
boundary layer model is analyzed that gives good agreement with numerical
calculations.



Chapter 2

Aspects of a one-dimensional
photonic crystal

This chapter was published in [I6]. We consider light propagation in a fi-
nite photonic crystal with a transfer matrix approach. The Bloch modes
inside and the vacuum modes outside the photonic crystal are linked with
a transformation matrix that is interpreted as a transfer matrix. So the
transmission and reflection from a one-dimensional system are described in
an effective medium theory, which reproduces exactly the results of trans-
fer matrix calculations. We derive simple formulas for the reflection from
a semi-infinite crystal, the local density of states in absorbing crystals, and
discuss defect modes and negative refraction.

2.1 Introduction

Periodic crystals do not exist in the real world, they are all finite. It turns out
that in a finite crystal one has to consider the reflection of the Bloch waves
at the endfaces. This leads to the formation of standing waves, as mentioned
e.g. by [I7]. Reflection amplitudes are easy to find in the long wavelength
limit using effective medium theory. We construct here an effective medium
theory that describes at all frequencies the light propagation through a finite
crystal. Its key ingredients are the reflection and transmission coefficients
for a half-space crystal, calculated using an expansion in Bloch waves. With
our approach, standard formulas for a homogeneous layer can be used for a
finite crystal. We consider a few important applications: the local density of
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states for finite or infinite systems, even with absorption, and frequencies of
defect modes. We discuss negative refraction. Our results are illustrated by
exact formulas for a 1D Kronig-Penney (planar scatterer) model.

2.2 Transfer matrix approach

We start by recalling the transfer matrix method for a one-dimensional sys-
tem made of a finite number N of unit cells. We use units with ¢ = 1 and
denote w the wavevector in the background medium with permittivity ¢ = 1.
The transfer matrix 7" connects the field E,, at the left edge of the nth unit
cell to the field E, 1 at the next cell. Expanding the fields in plane waves
propagating to the left and right

En(ﬂf) =a, eiw(x—na) + bn e—iw(x—na)’ (21)

where a is the crystal period, we have (see chap. 6 of [18])

QAn41 G,
(e )or (o) ”
Since det T = 1, its eigenvalues A\ can be written in the form \; = et
where k is the Bloch quasimomentum. An eigenvalue on the unit circle
(real k) corresponds to a propagating (extended) Bloch mode whereas real
eigenvalues (k imaginary) are found in the band gaps. An example is shown
in Fig. 2] for the Kronig-Penney model detailed below.
The reflection and transmission amplitudes from a finite crystal are given
by the Nth power of the primitive transfer matrix, e.g. ry = =15 /TH. TN
is particularly simple to compute in the Bloch basis:

ikaN
N (& 0 -1 . N+ N_
(4 S Yo e () ey
The ratios of the plane wave amplitudes for the Bloch states +k are
erhe — Ty, T
= = — . 2.4
= Ty eFika — Thy (24)

Independent of the normalization factors N4 chosen for the Bloch eigenstates,

the reflection coefficient is given by (in agreement with [I7, [19])
cyc_ (eikaN _ e—ikaN)
C+eikaN — ¢_e—thkaN =

N = (25)
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Figure 2.1: Left panel: complex eigenvalue A\, = e vs. frequency for the
Kronig-Penney model, Eq. (2.9)), with point scatterers of polarizability a =
(0.2 + 0i) a. Right panel: band structure w(k) of the infinite crystal. The
thick dispersion curves correspond to the physical Bloch momentum fixed by
the requirements of causality and energy conservation. Even bands exhibit

negative refraction (k < 0).

For a finite number of periods N, the reflectance |ry| shows oscillations as a
function of frequency due to the formation of standing waves between the end
faces of the crystal, with a fringe spacing scalingwith 1/N. If these are not
resolved due to some finite frequency resolution (or fluctuations in the crystal
thickness), the envelope of the reflectance is a useful generalization. Maxi-
mizing |ry| with respect to N for each fringe period, we find from Eq. (2.3])
in allowed bands (see Fig. [2.2))

2cic_ ’

0< <
_|TN| Tley e

(2.6)

provided energy conservation holds. This envelope function is consistent with
[T7] and overestimates the reflectance in the band gap.

In the preceding plots, a Kronig-Penney type model has been used for
definiteness. We consider a wave equation with point scatterers (see [21] for
a 3D generalization)

d*E ()
dx?

+ w2(1 + iané(x —(n— %)a)) E(z)=0 (2.7)

where the polarizability «, characterizes the strength of the nth scatterer.
We focus on «,, = a to get a periodic crystal. The continuity of the electric
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Figure 2.2: Left: reflectance |ry| for the Kronig-Penney model with o =
(0.240i) a, N = 4 (blue line). The envelope, Eq. (2.6]), is shown as well. Solid
green line: half-space approximation |r|, Eq. (2.10]). Dashed dark green line:
|r| for absorbing scatterers (o = (0.2 + 0.027) a). Right: reflection coefficient
|ri| for Bloch waves reflected from the end face of a semi-infinite crystal.
Solid line: our result, Eq. (2I3); dashed line: proposed by Sakoda [20].
Kronig-Penney model with a = (0.2 + 07) a.

field £ and its first derivative on the scatterers leads to the transfer matrix

T ( (1+Jwajes Jwa ) (2.8)

Siwa (1 fwa)e

whose eigenvalues are given by

Ay = cos(wa) — % sin(wa) 4 isin(wa) \/1 + wacot(wa) — tw2a?  (2.9)

We have chosen the sign of the square root such that A, is located on or
inside the unit circle (provided « has an infinitesimally positive imaginary
part).

2.3 Half-space-approximation

We show here that the Bloch modes for the infinite crystal can be used to
define a reflection coefficient r for a semi-infinite crystal. The key idea is
to use the transformation matrices M and M~! occurring in Eq. (23] as
transfer matrices, linking plane waves in the vacuum outside the crystal to
Bloch modes inside the crystal. For a unit incident amplitude from the left,
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transmission and reflection amplitudes are thus given by

()r() e

Independent of the eigenmode normalizations, this yields
eiwa o eika

r=Cy = eiwaeika _ 1’

(2.11)

where the second equation is valid for the Kronig-Penney model. At low
frequency, we recover the standard effective medium result r ~ (1 —mneg)/(1+
neg) with the effective index neg = (1 + a/a)'/? = lim,,_o k(w)/w. Fig.
shows that Eq. (ZII]) gives, for all frequencies, a good approximation to
the reflectance from a finite crystal, when |ry| is averaged over the standing
wave fringes. In the band gaps, we recover the intuitively expected perfect
reflector, |r| = 1.

In a similar manner, we define a coefficient r; for the ‘interior’ reflection
of a Bloch wave from a crystal end face, say the left one:

( qi ) =M ( 2 ) (2.12)

Reflection from both end faces can be described by the same coefficient. This
fixes the normalization of the Bloch eigenmodes:

N_ N+C+
ri:—— = — = —C_. 213
N, N + (2.13)
For the last equality, we have used the relation ¢, c_ = 1 which follows from
the symmetry relation Tjo = —T5; of the transfer matrix for an even scatterer.

Note the 7 phase shift between ‘exterior’ and ‘interior’ reflection amplitudes.

Our expression for the interior reflection can be compared to a conjecture
by Sakoda, r;(Sakoda) = (ny — 1)/(ng + 1) where the group index n, =
dk/dw. When the standing waves inside a finite crystal are used for lasing, |r;|
determines the quality factor of this cavity [20]. Sakoda’s result qualitatively
agrees with ours (see Fig. 22), but underestimates |r;|, except very close to
the band edges.
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2.4 Applications and discussion

Effective medium theory. In the preceding section, we have seen that
physically reasonable reflection and transmission amplitudes can be intro-
duced for the endfaces of a photonic crystal, when the field inside the crystal
is expanded in Bloch modes. This immediately suggests an effective medium
description of a finite length crystal. The reflectance ry, e.g. would be given
by the well-known Fabry-Pérot expression [22]

tTit/G%kaN

1 — y2¢2ikaN’ (2.14)

TNFP =T+

where the standing wave oscillations arise by summing a multiple scattering
series.

It is easy to check that ry pp coincides with the transfer matrix result 7y,
Eq. ([Z3), by substituting the reflection amplitudes, Eqs. (211, 2.T3]), and the
corresponding transmissions. In fact, this is not surprising because according
to the definitions Eqs. (210, 212) of these amplitudes, the transformation
matrices M and M~! can play the role of transfer matrices at the crystal
endfaces. If we express them in terms of the r, 7y, ¢, ¢, the expression Eq. (Z3))
for TV becomes precisely the product of transfer matrices one would write
down for a homogeneous layer, and leads to Eq. (2.14]).

It has been previously noted that the Bloch momentum k is a useful
quantity to describe the propagation inside a finite-size crystal [19, 21] 23]. In
particular, Jeong et al. [23] interpret the phase of the transmission amplitude
in terms of a frequency-dependent effective index, but find differences with
respect to the conventional expression neg = k/w close to the band edges.
Our analysis indicates that this is due to the contribution of the Fabry-Pérot

denominator in the expression ty = tt'e?* /(1 — r2e2ikalV),

Local density of states. The LDOS p(z,w) is the key quantity for the
radiative decay of a two-level system in the crystal [24], and it is well known
that it is obtained from the imaginary part of the Green function G(zx, z;w)
(the field radiated by a pointlike test source). If we put two (finite or semi-
infinite) crystals at distances dp g from a test source, the Green function is
easily obtained from the corresponding reflection coefficients r z. Normal-
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Figure 2.3: LDOS, Eq. (ZI8), in an infinite crystal with scatterers at
r = ...,—a/2,a/2,... Left: no absorption (a« = 0.2a). Right: nonzero
absorption (a = (0.2 4 0.057) a).

izing to the free space LDOS, we get in this way

dL: —dRzﬂf.

(2.15)
Note that the distances dj, g are defined relative to the reference planes im-
plicit in the reflection coefficients 1 g (located a/2 in front of the first scat-
terer in our example). This simple formula reproduces more involved ex-
pressions given, e.g. in [25]. For an infinite crystal with point scatterers, the
LDOS is plotted in Fig. and shows the characteristic inverse square root
singularities close to the band edges [19]. One also recovers the well-known
dielectric and air bands at the gap edges.

T,L(W)BZide +7,R(w)€2id3w + 2 1)

— Re( _
p(z, w) ‘T2 11 (w)rp(w)eilds tdr)

Our approach immediately allows for a nonzero absorption in the sample
where, at least for an infinite crystal, standard band theory breaks down
because all Bloch vectors become complex (extended states do not exist any
more; see [26] for a detailed discussion). For finite absorbing systems, it
is well-known that transfer matrix techniques still provide the required re-
flection and transmission spectra (see, e.g. [27]). To define consistently a
half-space reflection amplitude Eq. (2.I1]), we require that r(w) be nonsin-
gular as a function of complex frequency in the upper half plane (as dictated
by causality). For the Kronig-Penney model, we can show that it suffices to
choose the eigenvalue e™*® located inside the unit circle. (This condition is
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consistent with the limit N — oo of Eq. (Z3)) for finite absorption.) The
reflection coefficient for finite absorption is shown in Fig. it drops be-
low unity in the band gaps. The LDOS (Fig. [Z3) exhibits a smoothing
out of the dielectric band edge while the singularity at the upper gap edge
persists. This is due to the approximation of point-like scatterers in our
Kronig-Penney model, which makes the mode functions at the air band edge
insensitive to the scattering strength a.

Defect modes. As a final application, we investigate the situation that
two crystals surround a defect scatterer with ay # «. Expanding the field
in plane waves around the defect, we find that the defect mode frequency is
determined by

2iwdp __ 1 2iwdy, 1

rr(w)e N rr(w)e
rr(w)e?@dr 1 rp(w)e?wde 4 1’

(2.16)

—woag =

where dp ;, are again the distances between the crystals and the defect. For
given real w, aq is in general complex and can be absorbing or even active.
In the latter case, the crystal backscatters more light than is incident when
the defect resonance is hit (see Fig. [2Z4]). By varying aq4, the defect mode
frequency can be tuned across the band gap.

Negative refraction. To conclude, we point out that the simple one-
dimensional Kronig-Penney model provides an exactly soluble example of a
photonic crystal with negative refraction. For a non-absorbing, semi-infinite
crystal, the requirement that |r|?> < 1 leads to the condition sin(wa) sin(ka) >
0 for the ‘physical” Bloch momentum k. This is fulfilled when an incident
plane wave in an even frequency band injects a Bloch wave with negative k
into the crystal. Note that this choice of £ is consistent with the well-known
rule that the Bloch wave should have a positive group velocity v, = dw/dk
(see, e.g. [28]), as is manifest from the thick lines in Fig. 211
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Figure 2.4: Left: reflectance from two N = 6 layer crystals (o = 0.2a) with
a defect in between (dg = dp = a/2). Green line with peak: active de-
fect with scattering strength aq/a ~ —0.62 — 0.044, given by Eq. (2.16]) for
wa/2mc ~ 0.462. The same structure with a passive defect (aq ~ —0.62a)
gives the green line with the transmission dip. Blue line: reflectance for
g = Q.

Right: defect frequency in the first band gap vs. real part of scattering
strength ag.
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Chapter 3

Quantum optics in a photonic
crystal

3.1 Atom-field quantized interaction in a PhC

In a photonic crystal, the dielectric constant € is position-dependent and peri-
odic. It is assumed to be real. We use the gauge condition ([29]) V - (eA) = 0,
B(r,t) =V x A(r,t), E(r,t) = =2 A(r,t). The wave equation

LVX(VXE(*t))——ia—QE(*t) (3.1)
e(r) DUIE T e\ '

has to be solved with a periodic €(7"+ @;) = €(r), @; being an elementary
lattice vector. The solution is of the form

E(7,t) = E(f)e”™! (3.2)

Because of the periodic e, Bloch’s theorem applies and the solution is of the
form

E(7) = B, (") = g, (e (3.3)
with a periodic function w}, (7" + @;) = 1y, (7) and a band index n. kis a
wave vector in the first Brilouin zone.

The electric field is expanded into eigenmodes Egn(r) The amplitudes de-
scribe a harmonic oscillation. So the field can be quantized by replacing the
amplitude by annihilation and creation operators.

15
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The electric field operator is then
hwkn il AT 7
0= o gl - 0RO 6

V' is the the volume of the photonic crystal and the normalization factor is
chosen such that the eigenmodes of the electric field in the crystal are the
states of a harmonic oscillator with the elctromagnetic energy per mode hw
times the photon number operator (not including the zero-point energy).
The interaction Hamiltonian for A - p-coupling is (discarding the term oc A2
is allowed for not too intense light beams)

Me

- ‘EZ 2605% (a7, (1) g, (r) = af, (DEF, (0] -p - (3.6)

kn

- —zzg,m g, (1) — . (D)o, (37)

We take the electric field at the position of the nucleus r (dipole approxima-
tion). Furthermore we used p = m.d/e = iwam.d/e and defined

2h
——F - dge (3.8)

Giin = WA
kn eoVwr,

If d is real (only m=0 transitions) then d = 2(g|d|e)o, = 2d .0,

3.2 The Hamilton operator

The full system Hamilton operator describes a two level atom with frequency
wa that is driven by a laser characterized by the Rabi frequency € = dg.
‘E/h. and the laser frequency wy. The environment Hamiltonian describes
the photonic modes where ai, ay are the photon creation and annihilation
operators. The summation over A includes the wave vector as well as the
band index. The last term is the coupling of the atom and the electric field.
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1 .
H = §thUZ + hecoswyt o, + ; hw,\an\aA +ih ;gA(ai —ay)o, (3.9)

In the rotating wave approximation rapidly oscillating terms are discarded.

1 —iw w .
H = §th03+he(a+e tio_ e Lt)+; hw,\aia,\+zh;g,\(a§a —a)oy)

(3.10)
0y = 0, £ 1o, describes the excitation/deexcitation of the two-level atom.
For certain methods it is appropriate to use a transformed Hamilton operator.

3.2.1 Hamiltonian in the frame rotating with laser fre-
quency

This transformation delivers a Hamilton operator without explicit time de-
pendence. A unitary transformation with U = exp(—iwro.t/2) exp(—iwrt ), alay/2)
leads to

1
H= §hAALO'3+h€(O'++O'_)+Z hA)\La:f\a)\+ihZg,\(a:r\cr_—a,\cu) (3.11)
} }

with Aap = wa — wr, , Ay = wy — wy. Due to the rotating wave approxi-
mation, the summation is over near-resonant frequencies.

3.2.2 Frame rotating with atom frequency wy

In this frame the term for the free atom Hamiltonian disappears.

H = he(o, e™Art 4 g_e~art) 4 Z hA,\AaTAa,\ +ih Z g,\(a;a, —ayoy)
A A
(3.12)

with A)\A = W) — Wy

3.2.3 Dressed basis interaction Hamiltonian

The dressed basis states are the eigenstates of the system consisting of atom
and driving laser. After the transformation to the dressed basis the laser
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part of the Hamilton operator disappears.

1) = d1)+sl2)
2) = —s|1) +cf2)

where ¢ = cos¢, s = sing, sin®¢ = L[1 —1/(4e2/A%, + 1)2], and Q =
[€2 + A2, /4]2, the new spin matrices are Ry = |2)(2| — [1)(1] etc.
The non-interacting part of the Hamiltonian is then

Hy=hQRs+hY_ Ayalay
A

On resonance A4, = 0 both coefficients are equal, ¢ = s and 2 = ¢. For
weak driving, Hy describes approximately the whole system. The interaction
Hamiltonian in the interaction picture

Hi(t) = ih[(csRs+ AR e 2" — s*R_™M)) Z grale ™t
A
the, (3.13)

This interaction Hamiltonian includes resonant as well as antiresonant terms.
The R3 terms produce dephasing.

3.2.4 Spin-Boson-Hamiltonian

A frequently discussed system is the spin-boson model, see e.g.[13]. Tt is a
double-well potential, where the detuning of the ground states is denoted by
€, the quantity %hA is the matrix element for tunneling between the wells,
the “tunnel splitting”. It can be compared easier to our system, if we rotate
the spin coordinates around the y axis by 7/2, thereby exchanging o, and

Oy.

1 1 1 N .
Hgp = —éhAam - 57’16@ + 5@712(1:%[(% +a)+ hza:waaaaa (3.14)

The rotating wave approximation is usually not performed in this context.
A model with time-dependent potential €(t) was discussed in [12].
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3.3 Environment

The photonic crystal provides an environment of the atom that changes the
photonic modes by multiple Bragg scattering at the interfaces. Since the
dispersion relation is in general complicated, we consider an effective mass
approximation at the band edge [30]. In the isotropic model, the dispersion
relation is given by w(k) = w, + A(k — ko)2. w, is the band edge frequency, kg
is the radius of the sphere in k space, about which the expansion is performed
and A = $0%w/0k?|;y, is a constant characteristic for the material. A better
approximation to a realistic photonic crystal is the anisotropic model with a
dispersion relation

w(k) = we + A(k — ko)? (3.15)

ko is a point in the boundary of the Brillouin zone and the dispersion relation
approximates the “air band” above the bandgap. We will use the anisotropic
dispersion relation in this work. The density of states describes the number
of modes present for a certain frequency. A definition of the density of states
is

po(w) = 3 (k) - w) (3.16)
E
In the following, we use the projected local density of states:

pw) =Y 1o *3(w (k) — w) (3.17)
i

g; characterizes the coupling of the Bloch modes at the position of the atom.

2h
eV wi

i = wa Er - dge (3.18)
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plw) = Zlg;;|25(w(15)—W)

2 2 o0 -1 .

= thd%e/ dPk—(w(k) — w)
«(2m)® Jr, o wp
2hwidy.

00 k:2
= - Ak? —
50(27r)3/0 dkwe+Ak25(we+ k* — w)

T 2m
/ df sin @ cos® 0 / do
0

_ 4thdge 2 Jw— we Ow — w,)
3c0(2m)2 A2 w

avw — wO(w — we) (3.19)

. We have taken into account that the dispersion relation

Q

SEwidge
360(27’(’)214%(4}6
is only valid for w near the band-edge. Therefore we keep only the differences
w — w, and approximate w ~ w,.

with a =

Environment correlation function The correlation function is in the
interaction picture

Gip(t—1t) = O|Z“E€W wa)t Za e~iwmwa)t| ) (3.20)
— 292 i(wr—wa)(t— t/) (321)
= /dwei w-wa)(t=t) Z gid(w — wy) (3.22)

E

= /du)eZ w=wa)(t=t) () (3.23)
In the Heisenberg picture the expression differs only in a factor e®a(t=*)
Gult—1) = / dwe™ ) () (3.24)
For the anisotropic DOS (w ~ w,):
Git—t) = a/ dwe @) S0 0 (w — we) (3.25)
_ e_i(t_t/)(WA_we)a\/m<_1 +1) (3.26)

2(t — t/)3/2
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G(t)

0.04
o.ozH

: ‘ ‘ — ¢
o \/ 5 10 15 20
-0.04

In contrast to the free space correlation function o< §(t — t), the photonic
crystal correlation function provides a memory for the system. Earlier times
have to be taken into account.

Since the root function y/w — w, in the density of states is infinitely grow-
ing, we may want to use a cutoff in later chapters \/w — wee @ )° A re-
alistic density of states will look much more complicated and the square root
approximation is only valid at the band edge. The cutoff parameter should
be chosen such that the nonrelativistic approximation is valid.

Figure 3.1: Density of states
Blue: p(w) = Vw — we, we = 1;

Redip(w) = w —wee Meomwe)’
A=1/10, w. =1

spin boson bath In the spin-boson model eq.(3.I4]) the bath spectrum
(spectral function) is defined as follows:

Jw) =Y 720w -we) = 2 S0 5w —wy) (3.27)

- 2h — MaWa
The spectral function is of the form
J(w) = Bwe /v (3.28)

For s = 1, this is called ohmic dissipation, 0 < s < 1 subohmic, s > 1
1

superohmic. The subohmic case for s = 3 is similar to the photonic crystal

bath, but without the shift to the bandedge w..
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Chapter 4

Related problems

In this chapter we discuss several problems which illustrate some aspects of
our problem and can be treated more easily than the full problem. The de-
phasing model arises from our full resonance fluorescence model by omitting
the atom rotation. The driven atom only considers the self rotation of the
atom and the driving laser. The resonance fluorescence in free space uses a
flat density of states instead of the photonic crystal density of states.

4.1 Analytical solution of simplified Hamilto-
nian — the dephasing model
We consider the spin-boson Hamiltonian eq.(3.14]) in the zero tunneling case

A = 0. This is treated by Palma et al. [31] by using the interaction picture
evolution operator (h = 1).

H = eaz+ZA,\a§a)\+Zg)\az(a;+a,\) (4.1)
) )
We use the interaction picture with Hy = eo, + >, A,\aiaA, Uy = e tHot,
The state
W) = c0]0) + 1]1) (4.2)

is in interaction picture:
|T) = U |W) = et (¢5]|0) + ¢1[1)) = ™co|0) + e~ ey |1) (4.3)

23



24 CHAPTER 4. RELATED PROBLEMS

and the interaction Hamiltonian is

f{[(t) _ eiHotHle—iHot _ ngdz(aLGiAkt + ake—iAkt) (44)
k

The time evolution is then
Ut) = Te o Hulthi (4.5)

In order to simplify U(t), we break up he integral into infinitesimal time

intervals € = %, N — oo and define
B to+ne B
Hl,n = —’l/ H](lfl)dt/ (46)
to+(n—1)e

U(t, to) = U(t,t - E)U(t - G,t — 26)U(t0 + 2€,t0 + 6)U(t0 + ¢, to)

= ]}im eflivHrn-1  oHizoHr (4.7)
Since ) )
[Hi(t), Hi(t")] = —2i Y _ g7 sin(Ag(t' — ")) (4.8)
k
and . . .

[H(t), [Hi(t), H(t)] =0 (4.9)
we can apply the Baker-Campbell-Haussdorff relation ede? = eAtBHABI/2,
and get

N o/ LT N

U(t,ty) = lim exp [231 (Hl,n +3 Hl,nakZHI,k]>]
n= =1

t t t
= exp [—z/ Hy(t)dt —|—i/ dt'/ dt”Zgi sin(Ag(t" — t”))]
0 0 0 .

t
—A(t) exp|—i / S guo (e + age S )a
0 %

= At explo; S (ale() — s (1) (1.10)
K
where we defined ‘
1 — elAkt
&k(t) = 29 (4.11)

Ay,
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and A(t) = exp [z fot dat’ fot/ dt" Y, gi sin(Ag(t' — t”))} . The phase factor A(t)
drops out in the calculation of expectation values and correlations.
U(t) is a displacement operator for the field, depending on the system state

@) = 10y T D& wAw) (112
k
v = 1T D& AR (113)
k
with
D& (1)) = expaféu(t) - aéi(1)} (114
and
D(~&(1)) = D*(&(t) (115)

4.1.1 Expectation values

Since the Hamilton operator commutes with o,:

o, =Ul)o. U (t) =0, (4.16)
the expectation value is constant
(02(8)) = (|6:|¥) = —|cof* + |ea (4.17)
The operator o, in interaction picture:
Gpo=0, +6_=o0,e 2 4o e (4.18)
and
G, =—i(6y —5_) = —i(oe " —g_e¥) (4.19)

Now we can calculate the expectation value of o:
(0a(1)) = (¥6,[P) (4.20)

=TI (- Syt + pCan)

k
(O_Jref%et Lo e2iet)

IT (l0 D=6 (0) + ) D6 56u) ) 0,

k/

= JI (Gere ™ WlD(+6(6)[¥)y + cocie™ (W], D(—Ei(t))[¥),)
k
_ efl‘(t) (CgclefZiet + Cocikem'et) (4.21)
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with the definition

O = 3 gladn)P (4.2

k

and we used

TT(0L D)0y, = e~ Zx 55 = -1 (4.23)
k

With a similar calculation for (o,) we can write down the system density
matrix

B |01 |2 6—1‘(1&) Coca{e—m‘et
o0 = (o2 (4.21)

Its eigenvalues are Ajjp = 2(12+/1 — 4e=2'@|¢y[2[c4[?). Since 0 < |eg)?[er|* <

i, and if ['(¢) > 0, both eigenvalues are positive. We discuss the function

['(t) at the end of this section.

The purity is

p o= Ph+ P+ 220
= 1+ 2|co}erP (e P — 1) (4.25)

Since p < 1 for I'(t) > 0, we have a mixed state.
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4.1.2 Correlations

We calculate the correlations to be able to compare them to the solution of
our original problem. We note that U(t) = Uy (t)Ug(t)

(oD (£) = (BoUnUL(E0|¥(2)
— WOIUOU (a0 (U
U U(E U ()o-Un(®)U () 0(0)
Ol O <>U+< Yo () (2)
= T (P*3ai + 0 (el

k
o€ —2@etU( )U+( ) 6225t’

TT (o) (=366t + s )DL St

k

= LD Ga)OlU U () @l0) D+ 5GP,

k

= H<\P|D+(€k(t)) <O|C>{Cl |0>D(€k(t,))|\I/>b6_2i5(t_tl)
k
= |01 |267% Dok k() =&k (t/)|2672ie(t7t’) (4_26)

Other correlations:

(0:()0=(t)) = (T(@)]a.(UEU (). P (1))
IS SN RO AHIE (4.27)
(o.(t)oy(t) = —i (caclefr(t)e’%t/+c’{coer(t)62m/> (4.28)

(oy(t)o=(t) = (o=(t)oy(t)"
(4.29)

(o (t)oy (1)) = (¥()]G,(OUU* ()5, [T ()
efF(t)fI‘(t/)<|CO‘2€f4iet + |Cl‘2€4iet) (430)
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08

Figure 4.1: e7'® with § = —0.5 (blue), 6 = —2 (red), § = —10 (yellow)

o = o0, +ioy, (4.31)
o_ = o0,—i0y (4.32)

(0-()o(t) = (o:(t)o-(t) +iloy(t)o.(t)) — i(o=(t)oy(t)) + (oy(t)oy(t))
= 1—2cycle 2(F(lt)JrF(t’)) —2iet 20*0 e—%(F(t)—f—F(t’))eQiet

+|co|Pe TN g diet 1|62 TOZTE) et (4.33)

The decay function I'(¢) is for the photonic crystal density of states

r = Tl

— cos wyt
= 2 Z gk o2
k

1 — e—i((w—wA)t

~ Re /0 " (@)

(W—wa)?

_ e_i((w"—‘"’e —wa)t)

o 1
= Re/ dww? e/ (4.34)
0

(W4 we —wa)?
If the atom frequency is in the band, § := wsq — w., > 0, the integral is
diverging and the atom decays instantaneously.
In the gap 6 < 0 and

D(t) 7% Re[Vite™ — inv/—ot — QL\/__a(l — 2i5t)erfv/—idt]
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The error function for large arguments is to lowest order

erf(z) =1 — \/1%26‘22 (4.35)

and therefore

I(t) = Re[Vite® —inVot — ﬁ(l — 2idt)erfv/ —idt]

t—o0 ™
2v/—0

Fermi’s Golden Rule predicts zero decay, actually we find a partial decay,
i.e. an initial decay at the beginning and a constant nonzero value for long
times.

(4.36)

4.2 Driven atom

For a very weak coupling to the environment, the limiting case is the atom
with only driving. This can be solved analytically. The dressed state Hamil-
tonian can be used, since the dressed states are its eigenstates.

1
H= §AALO'Z +e(loyr+oo) (4.37)

The equations of motion are

o (t) = i[H,o | =—iAaLo_(t)+ico,
o.(t) = i[H, o0, =2ie(—o,+0_) (4.38)
The solution is with Q = VA2 + 42, A = Ay
o-(t) = 5|22+ T(A QP 4 LA+ 0% o (0)
02 4 4
e2[2 — e _ g (0) + [Ae — 62]@(0)}

1

Uz(t) = @

+e(2A — (A + Q)™ — (A — Q)e ™ )]o_(0)
+[A% 4 2e%e 78 4 QEZeiQt]UZ(O)} (4.39)

[€(2A — (A + Q)e ™ — (A — Q)e™™)]o_(0)
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The dipole correlation is (1|0 (t)o_(t')|¢). The Fourier transformed corre-
lation function with 7 =¢ —# and t =0 is

S(w) = é\/ﬁ[AQ(AQ—l—QGQ)—0—462(A2—|—262)]5(w)

1 2 2
+ozy/ (A + Q% +4€3(w — Q)
+$ gKA —)* +4€%6(w + Q) (4.40)

it consists of three d-peaks at 0, —€2, +€.

4.3 Resonance fluorescence in free space

The discussion of resonance fluorescence in free space can be found for exam-
ple in [I]. The resulting spectrum is the Mollow triplet. With the Hamilton
operator eq.(3.I0), where the g are the free space coupling constants in this
section, the Heisenberg equations of motion are

o_(t) = i[H o0 ] = —iwso_ +iece “Lo, + Zg,\a,\az (4.41)
)

o.(t) = i[H, 0. =2ie(—o e + o ) —2 Zg,\(aj\ra, +oiay)
)

(4.42)
(']JA(t) = Z[H, a)\] = —’L'(.U)\a)\ — g\O_
(4.43)
The last equation is formally solved by
t
ax(t) = ax(0)e N — / ro (e =) gy (4.44)
0

Then

t
ngax(t) = ZgAaA(O)efm*t — Z/ Go_(te ™ gt (4.45)
A A A 70

For the second term we change the sum into an integral

; - 2(2‘;)3 / dkk? / sin 0d6 / dp (4.46)
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t A /
] — Z/ gig_(t,)e_uw‘(t_t )dt/
)\ 0

V t ‘ /
= 2<2—/dkk2/sin«9d9/dg0/ gig;(t’)eﬂwx(t*t)dt/
)
th t—t") g4/
= /dww/dﬁsm@ws Q/dgo/ w(t=t") gy
260637T3

2hw? d
= 3 gQ/dww/a Je Wt gy
€QC°Tr 0
2hw? d / /
~ 3 f; ! /dww/ dtO’ 7ZwAt 72w(t t')
€3 0
2hw? d
= 3 é 5 “wate (0) /dww/ dt' w—wa)t'=t) (4.47)
€3

With the free space dispersion relation k£ =
the lowest order (Liouville) approximation:

w
c

, €+ dge = cos fdy, and we used

o_(t) = e g _(0) (4.48)

/ dww/ dt' @)= (4.49)

the quantity w varies little around w = w4 for which the time integral is not
negligible. Therefore we replace w by wy and the lower integration limit with
—00.

In the integral

We use -
/ dwe @)=t — on5( — 1) (4.50)
To get the result
dhowdd?,
I = ﬁe*wa_(m (4.51)
4hw? d2,
= 36003; o_(t) (4.52)

The response function is
4hw§ld2

3egcim

G(r) = o(1) =: Bé(1) (4.53)
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This is a delta-peaked response function that does not include the state of
the system at earlier times. In a photonic crystal this approximation cannot
be made and the equations of motion have a memory kernel.

o_(t) = —iwao_(t)+iee Lo, (t) — Bo_(t)
+> o= (t)ax(0)e N (4.54)
A
o.(t) = 2ie(—ore @ 4o ety —23(1+0,)
—2) ga(oyax(0)e N + o _af (0)e) (4.55)
A

Taking the expectation value with a vacuum bath state ((ay) = (a)) = 0)

and solving for (o, + 1):
(o.4+1) = e ?{5,(0)+1)

4€? t /
+/82~|»% / dt'[(—A)eﬂ(t —t) sin AAL(t, — t))
AL Jto

(Beos Ayt — 1)’ — BP0 (5 () (4.56)

With the definition A4z := w4 — wy,
Resonant case A = 0:

462 t
+_

ﬁ to
+e7 2 5,(0) + 1) (4.57)

(0:(6) +1) = At (A0 — P (1))

The convolution integral suggests a Laplace transformation

(s +B)(s+28)(=28+ s(0:(0))
lo=(s)) = s((s + B)(s +28) + 42)(s + 2) (4.58)

We assume an initial condition ¢,(0) = —1 and define Q := /16€? — 2.
The back transformation shows a constant term and damped oscillations.

0.0) = — 23 E(IQ+38) _agion _ CU2=30) _1asrion
: 202 +4e2 (2062 + 4€?)i) (2032 + 4€?)if2

(4.59)
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Figure 4.2: o,(t)
solid:e = 3,3 =0.1

In the long time limit the oscillating terms decay

232
@) ~ 5

(0_) and (o) oscillate with frequency wa

2ief3
2% + 4¢?

—iwat

(o_(t)) = iee(i‘““B)t/dt/eﬁtl(az(t)) —

2ief3 piat
2(3% + 4¢?

{o+(1))

This can be compared later with the solution in a photonic crystal.

33

dotted:e = 3,6 =0.03
dashed:e = 0.1,3 = 0.1

(4.60)

(4.61)

(4.62)
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Chapter 5

Driven two-level atom in a PhC

In this chapter we calulate analytically the expectation value of the popu-
lation inversion (o,(t)) in the Liouville approximation of lowest order. The
equations of motion are after adiabatic elimination of the photonic degrees
of freedom:

G (t) = —iwao_(t) +ice Lo, (t) — /0 G(t —t)o_(t)

+ Z a0 (t)ay(0)e At (5.1)
o.(t) = 2ie(—op (t)e ™t + g_(t)e™rh)

— [ = )+ 61— (e O) 1 (1)

23" ga(ow (Dan(0)e ™ + af (0)o— (1)) (5.2)

The equation for o, () is the hermitian conjugate of the o_(t) equation.
Taking the expectation values in vacuum state removes the last terms. The
Laplace transformation is, with initial values (o_(0)), (c.(0)):

(s +iwa+ G(s))(o-(s)) = (0-(0)) +ie(o=(s +iwp))
(s + G(s —iwa) + G* (s +iwa)){(o.(s)) = (0.(0)) — 2ie(oy (s +iwy)) + 2ie{o_(s — iwy))

_é(g(s —iwa) + G*(s +iwa))

35



36 CHAPTER 5. DRIVEN TWO-LEVEL ATOM IN A PHC

Where G*(s + iw,) is the Laplace transformation of G*(t)e~*4!. The equa-
tions are solved for o.(s). 0,(0) is o, for t = 0 etc.

2¢2 n 2¢2 )
s+id+G*(s+iwy) s—id+G(s—iwp)
2iec 4 (0) 2ieo_(0) 1

s+i0+G*(s+iwy)  s—id+G(s—iwp) _E(G(S—WA)JrG (s +iwa))

0:(s) (5 + G(s —iwa) + G*(s+ iwa) +

=0,(0) —

We consider the case 0_(0) = 0,(0) = 0 and define 6 = w;, —wa, Ga(s) :=
G(s—iwa), G(s) .= G*(s+iwa), GL(s) := G(s—iwy), G;(s) == G(s+iwr)

[50.(0) — (Ga(s) + G5 (s)](s + 16 + G5(8))(s —id + GL(s))
S+ Calo) F G5 1 0+ Gy () (5 — 10+ Gu(s)) + 22025 + Gols) T CL)]

o.(s) =

This has four poles like the free space solution eq.(ZES]), but also four branch
cuts stemming from the square root in G(s) = av/iy/s + iw,.. For the back-
transformation we have to take into account the branch cuts.

Y4100
/ o.(s)et + / o.(s)e’ =2mi Y Res|o.] (5.3)
y—100 cuts seroes

Res|o.| are the residues of o, and the sum is over the zeroes of the denomi-
nator of o.(s). We use the following contour on the complex plane

A

D
D

S|

Since G%(s) = [Ga(s*)]" we see 0.(s) = [0.(s")]*. The poles appear in pairs,
so the pole contributions are real, exponentially decaying functions.

Due to the direction of the line integral, the cut contribution is imaginary.
The backtransformation is done with Mathematica by numerically finding
the zeroes of the denominator and consequently calculating the residues.
The results depend on the distance to the band edge w4 — w. = w;, — w. and
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the Rabi frequency € in units of the coupling a.
With small Rabi frequency and an atomic frequency slightly in the band, we
see a fast and complete decay:

1
0.5¢
0.2 0.4 0.6 0.8 1
o5l Figure 5.1: (0,(t))
wa = wr, wa — w, = 0.27,
4l e=025a=1

In the band, we get decaying oscillations for stronger Rabi frequency and
stronger decay for weaker Rabi frequency.

0.5

I UEAVA Y % 0.8- —1 Figure 5.2: (0,(t))

-0.25 \\\\\ / wp = wLa WA — We = 10’
—0.5 | > o = 1, solid: ¢ = 30,
-0.75 \\"“\\\ dashed: e = 10, dotted:

LT e=1
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A stronger coupling a causes faster decay and larger oscillation frequen-
cies:

051\

/=20 Figure 5.3: (0.(t))

WA =Wp, Wa—Wwe =1, €=
3, solid: a = 0.1, dashed:
a = 0.5, dotted: aa =1

Three different band edge frequencies such that the oscillations in the gap
decay more slowly.

Figure 5.4: (0,(t))

wyag = wr = 100, € = 30,
solid: w, = 50, dashed:
w, = 90, dotted: w, = 150

These results may be compared to the decay given by Fermi’s golden rule
[32]. The expression for the decay rate of the excited state to the ground
state

D= 2r ) 10, g, |4 EIL,0g,)*6(wy,, — wa)
k,n

= 2mp(wa)
= 21« AAe (54)
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And therefore o.(t) = 2|e 1?2 — 1 = 2|e~2m@VA4et|2 _ 1. Tt does not decay
for wy in the gap and decays completely to —1 for wy, in the band.
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With G(s) = ay/i(s+iwe)), the final value theorem states that the
steady state value is lim,_.g so,(s) = limy_, 0,(t).
Resonant case

—a?(we —wa)

(5.5)

li . =
ran () a?(we —wa) + 2€2

For € = 0 this is the spontaneous decay solution.
In general there are four different cases:

e For wy in the band (w4 > w,) and wy, in the gap (w; < we), GL(0) +
G5(0) =0, Ga(0) + G%(0) = 2G 4(0) and therefore

—2G4(0)(i6 + G%.(0))(—i6 + G1(0))

li = =-1 5.6
lim 50=(5) 2G 4(0)(i0 + G (0))(—id + G1(0)) (5.6)
e For wy, in the band and w, in the gap:
lim so(s) = 0 —0 (5.7)
s—0 0 2e2(Gr(0) + G(0) '

e For both wy, and wy in the gap G(0)+G5(0) = 0 and G4(0)+G%(0) =
0. L’Hopital’s rule can be used. The stationary state depends on the
initial condition:

(0.(0) + 72=)(5 — a/Ber)?

lim so,(s) = ~ -
§—0 (1+ TeA)((S —ayv/Ap)? + 252(—7 +2)

(5.8)

e For both w; and w4 in the band:

lim so,(s) = — Bac(0” + a"Asc) (5.9)

50 VB4 (02 + a2A ) + 22/ AL,




Chapter 6

Fluctuation Dissipation
Theorem

This chapter was published in [33]. Correlation functions of a driven two-
level system embedded in a photonic crystal are analyzed. The equations of
motion for two-time correlations are derived by two different methods, the
quantum regression theorem and the fluctuation dissipation theorem, and
found to be the same.

6.1 Introduction

In most theoretical treatments of open quantum systems the Markov ap-
proximation is used. That means it is assumed that quanta emitted from the
system disappear in the reservoir. However, there are systems where this is
not justified, e.g. for an emitter in a photonic crystal. The multiple Bragg
reflections from the crystal planes can trap photons (band gap). But even
in allowed bands, they create a significant memory of the photon bath that
influences the system at later times. In the calculation of system correlations
(Mollow spectrum), quantum regression approaches are used [34] that are
justified in the Markov case.

However, the quantum regression “theorem” (QRT) ist not always ap-
plicable. A counter-example was provided by Ford and O’Connell [35]. We
want to analyze here the QR approach for the case of a driven atom in a
photonic crystal by comparing the equations of motion for correlations with
those derived from linear response theory, as they are used in the fluctuation

41
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dissipation theorem (FDT). The discussion highlights transient (or inhomo-
geneous) terms that are absent for one-time averages, but drive correlations
— they provide a correction to the naive form of the QRT [36]. The same
kind of transients also appears in the FDT, although technically for different
reasons. The analysis shows that the two methods have to face the same
challenge, namely to bring the non-Markovian equations of motion in a form
that can be efficiently solved.

6.2 Quantum regression theorem

The quantum regression theorem states that the equations of motion are
the same for one-time as for two-time correlation functions [I]. The time
dependence for the expectation value (A(t)) and the correlation function
(A(t)B(0)) of two system observables is

(A(t)) = w{U(AO)U(t)p}
= trs{A(0) trp{U()pspsU " (t)}} (6.1)
(A()B(0)) = tr{U()AO)U()B(0)p}
= trs{A(0) trp{U(t)[B(0)ps]psU~" (1)}} (6.2)

If the density matrix is at ¢ = 0 in a product state p(0) = ps(0) ® pgr(0),
the time dependence for both quantities is the same. The Wiener Khin-
chine theorem requires a stationary state to calculate the spectrum, but the
stationary state is in general entangled for non-Markovian reservoirs. In
other words, for a stationary correlation (A(t)B(t')) with both ¢, — oo,
the density matrix at time t’ is neither in product form nor does it contain
sufficient information to predict the evolution towards the time t. A solu-
tion to circumvent this problem is provided by linear response theory and
the fluctuation-dissipation theorem, that does not require an initial product
state and a Markov approximation.

6.3 Fluctuation dissipation theorem

Several relations are called fluctuation-dissipation theorem in the literature.
In our case, we use one that is suitable for zero temperature, also called Kubo
relation [37], [38]. The system described by Hj is perturbed by an additional
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term H;
H=Hy+ H,, Hy=Af(t) (6.3)

A is a hermitian operator and f(¢) is a test function vanishing in the very
far past (¢ < 0). The system state is then described by pg, so (B(t))y =

tr{poB(1)}.
The density matrix in the interaction picture is

prlt) = p0)+ 5 [ 1Hur(0) pr(0) (6.4)

For a small parameter in H;;(t) this may be iterated as follows:
1 t
pr(t) = p(0)+ - / dt1[Hy(t1), p(0)]

tJo
1 t t1
+Z—2/ dt1/ dta[Hyf(t2), [His(t1), pr(0)]] +...  (6.5)
0 0
We use this formula to calculate the expectation value

(BWO) = tr{Bi0)pi(1))
= B+ 7 [ B Bt

*%2/0 dt1/01dt2<[HH(t2)[HH(t1),Bl(t)]]>0+... (6.6)

with Hy;(t) = A;(t)f(t). The linear response of the system to the pertur-
bation is achieved by performing the functional derivative §/6f(¢') around
f=0:
5<B(t)>’ 0 /°° 1 1 £ :
- dt'd(t, ) F(t) = B¢, t 6.7

with the response function

O(t, 1) = —i([Bi(t), Ar(t)])oO(t — 1) (6.8)

In contrast to the QRT, this version of the FDT provides us only with the
commutator expectation value. To obtain the anticommutator and to com-
pare it to the QRT, a thermal state and a temperature dependent factor is
necessary [37] that is singular in the zero temperature case. In addition, the
temperature is not well-defined here, since we deal with a driven system.
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6.4 Resonance fluorescence with coloured bath

We are investigating a two-level atom with frequency w4 coupled to a ra-
diation field with annihilation operators ay and creation operators a;. The
coupling constants are denoted g, and a driving laser with frequency w;, and
Rabi frequency e is applied. The Hamilton operator in the frame rotating at
the laser frequency wy, is, making the rotating wave approximation (h = 1),

1
H = éAALaZ+;A,\La;\ra)\+e(U++U_)

+i Z a(afo_ —oiay) (6.9)
A

where the detunings are Ay, = wa — wyp, Ay, = wy — wr. The Heisenberg
equations of motion are

o_(t) = —iAapo_(t) +ieo,(t) + Zg)\crz Jax(t (6.10)
o.(t) = —2ieo, (t)+ 2ieo_(t)
—2 Z gxa(af ()o_(t) + oy (t)ax(t)) (6.11)

a)\(t) = —ZA)\LCL)\(t)—i—g)\O',(t) (612)
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with an analogous equation for o, (¢). The last equation is solved formally
and substituted in the first two equations

o_(t) = —iAapo_(t)+ieo.(t)
+Z/O dty 3o, (t)o_(ty)e Brelt=t)
+3 " gros(t)ax(0)e (6.13)
By
o.(t) = —2ieo(t)+ 2iec_(t)

t
2% [t ot et
)\ O

-2 Z gaay (0)o_(t)e' S et
By

t
23" [ dngio (o (e
)\ O

=2 " gaoi(tax(0)e A (6.14)

Weak driving Born approximation

In the integral terms of the foregoing equations, we are faced with products
of system operators at different times. This highlights the nonlinearity of the
equations that should be removed to get a closed system of equations. In this
section, we use the evolution of the system alone, neglecting the coupling to
the bath and the driving for a weak coupling Born approximation

TCO : 0.(t) = 0,(ty), o_(t) e Pl (1)), t>t (6.15)

from later to earlier times to get a time convolution (TC) integral. We
will call this the TCO approximation. It is also possible to use the oppo-
site evolution for a time convolutionless (TCL) version of the equations, see
Secl6.7.2 below. An improved approximation is discussed in Secl6.8l Defin-
ing the bath response at shifted frequencies Gr(7) := >, g3e "7 and
Ga(T) := 3, g3 47 the expectation values with the photonic bath in



46 CHAPTER 6. FLUCTUATION DISSIPATION THEOREM

the vacuum state are

(0-(1)) = —iBar{o-(t)) +iefo=(t))
(0:(t)) = —2ie(o(t)) + 2ie(o (1))

_/t dty (Galt — 1) + G4t — 1) (1 +ou(h))  (6.17)

0

where we used a,(0)[0) = 0. The solution of these equations was given in
chapter [

6.5 Spectrum via quantum regression theo-
rem

In accordance with the quantum regression formula, for ¢ = 0 the correlation
function can be found from the equations

%(fh(t)a(o» = +ihar(o(t)o-(0)) —ieo.(t)o-(0))

- /0 o G5 (t— 1) (os (1) (0)) (6.18)
S0t () = ~2ielo () (0) + 2ielo_ (1o (0))
- / i (Galt — 1) + Gt~ 1)((1 4+ 02(0)o(0)) (6.19)

plus a similar equation for (o_(t)o_(0)), so we get a closed system for

(01 ()o-(0)), (0.(t)o—(0)), and (o (t)o_(0)).

Stationary limit

The spectrum is proportional to the Fourier transform of the normally or-
dered dipole correlation function (o (¢)o_(t')) with respect to ¢ — ¢’ in the
stationary limit (i.e., both ¢t and ¢ — o0). It will be sufficient to con-
sider t > t' [see egs.(6.57, 658) below]. The initial conditions for the
correlation functions are then fixed by stationary state expectation values
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(o4 (t)o-(t)) = 3(L + 0:(t)), {o=(t)o- () = —{o-(t)), (o-(t')o-()) = 0.
Since we now have ¢’ # 0, additional terms must be added to the regression
equations (.18 [6.19). These happen to be zero for the normally ordered
correlation in the weak-drive Born approximation (TCO0), and eq.(6.18) still
holds with o_(0) replaced by o_(t') everywhere. This is no longer true in the
next-order (TC1 approximation), see Seclo.8

But if we consider the anti-normally ordered correlation (o_(t")o (1)), a
triple average containing, e.g., (o_(#')ay (0)o.(t)) occurs. So the commutator
[0_(t'),a}(0)] is required. Using the formal solution for the bath operator to
make the operator a,(t') appear and using the TCO approximation, we find :

o-(#).a5(0)] = [o-(t).af (£)] e
_gA/O dtl e*iAALtl [0_7@/)7 U+<t1)]

tl
= gre At / dty e Ao (1) (6.20)
0

The equation of motion for (o_(t')o, (t)) is then

d

S (o= () (1)) = iBarlo-()o. (1)) —ielo-(¢)a=(t))

_ / dty G5 (t — 1) (o ()04 (1))

0

tl
+ / dty G (t — ty)e 24" (5 (1)0, (1)) (6.21)
0

Note that the argument ¢ — ¢; of the response function is positive over the
integration range of the last line; this term therefore vanishes in the strict
Markov limit. It is a “transient” that decays in the limit ¢ — ¢ — oo.

6.6 Spectrum via fluctuation dissipation the-
orem

Instead of comparing the results of the QRT and FDT equations of motion,
we compare the equations themselves. For the FDT approach

H=Hy+ Hi(t), H(t)=ft)o + f o (6.22)
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where H is the full system Hamilton operator eq.(6.9) and f(¢) an arbitrary
complex function that vanishes for ¢ < 0. We calculate the equations of
motion for H and get an additional term —if(¢)o,(t) in the equation for
oy (t) and 2i(f(t)o_(t) — f*(t)o,(t)) in the equation for o,.

The linear response is obtained by taking the variational derivative do(t)

of (t’)
oo oo (t

around f(t) = 0, using %éf((;)) = 5f((t,)). When setting f(t) = f*(t) =
the terms containing f*(¢) drop out. In the following, we use the shorthand

notation
o (1)

0f () {50
and consider only ¢ > ¢’. The averages (---) are taken in the non-perturbed
state (f = 0).

Applying the same procedure (the TCO approximation) as above to re-
duce multi-time correlations to single-time averages, we get the equations of
motion

o f(t,t) = (6.23)

Clonstt)) = idanlon s (11)) — ielo.s(t.1)
—ib(t — ){o.(0)
- / dty (o (1, E) Gt — 1) (6.24)

Cloast ) = —2iel(os g1, 1)) — o (1. 1)
12i8(t — ) {0 (1))

9 /t dty (o, (b, ) (G (E— 1) + Galt — 1)) (6.25)

With the fluctuation dissipation theorem (o4 f(t,t')) = —i([oL(t),0_(t')]) at
the time ¢t = ¢/, the initial conditions are

(o4s (1) = —i(lo(t),0-()]) = —i(o=(t)) (6.26)
(0.0 (1)) = —i([o=(t), o-(t)]) = 2i{o_(t)) (6.27)
(o_s(t,t) = —i{lo-(t),0-()]) =0 (6.28)
The terms containing §(t — t') in Eqgs.(6.24] [6.25) produce a jump of the
response functions. This jump is of the same amount as the initial condi-

tion (6.26H6.28)). Since we assign the initial value right after the jump, this
implies that the solution before the jump is zero. This is consistent with eq.

©3).
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Born approximation including perturbation

One could argue that in the FDT approach instead of eq. (14) one has to
include the solution containing f(t). The approximation to keep or discard
the term is independent of the weak coupling approximation.

Let us take a careful look at the equation of motion including the pertur-
bation H,(t) = f(t)o_ + f*(t)o;. Recalling eq.(6.13), we have without any
approximations

oy (t) = iAo (t) —ieo,(t) —if(t)o.(t)
+/ dtl Gz(t - t1)0'+(t1)0'z(t)

+ > gaaf (0)o(t)ei ! (6.29)
A

where the sum over the bath modes has been performed in the memory
integral. The last term vanishes when taking the expectation value (initial
vacuum state for the bath).

When we now “pull back” the operator o,(t) under the integral to the
carlier time ¢;, we have to take into account the perturbation H;(¢) in the
equations of motion (weak-drive Born approximation)

G (1) ~ —iDago_ () +if*()o.(t) (6.30)
Git) ~ Do () — if (1o (t) (6.31)
6.(t) ~ 2(f(Ho_() - F* (D)o (1)) (6.32)

with initial conditions at ¢;. The solution is up to linear order in f(t), f*(¢)
is

o_(t) ~ e Barlt=tg (1) (6.33)
t
+Z/ dt/e—iAAL(t—t’)f*(t/)O_z(tl)

t1
el'AAL(lfﬂfl)JJr (tl)

t
—i / dt’ e 41t £ o, (1) (6.34)

t1

Q

o (t)

o.(t) ~ o.(t)+2i /t dt' f(t')o_(t;)ettart—t) (6.35)

t1
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Inserting eq.(G35]) into the memory integral, we get

/ Gt — 1) (1) (1)
m/tdth’}J(t—tl)[—our(tl)

+Z/ dtgf(tg)(]_ +O’z(t1))6_iAAL(t2_t1) (636)

t1

At this stage, we are ready for the functional derivative with respect to f(t').
Combining Eqs. (629, 630) yields for the response function the (approxi-
mate) equation of motion

Clows 1)) = iBarlos(t,8) — ielo (0, 1)
(1~ ){o-(1)

t
- / dty Gt — 1) {04, ¥))
t/
t/
+ z/ dty G (t — ty)e ™ ar =11 4 o, (1))
0

Note the lower limit of the first integral, the quantity (o, ¢(¢1,?')) being zero
for t; < t'. The second term is a transient that does not appear in eq.(6.16])
for the one-time average. This integral covers again only 0 < t; < t’ and the
response function G7 (¢ — t;) makes it vanish for t — ' — 0.

The same argument can be worked out for the response of the other
observables: with transient terms appearing in some places. We compare to
the regression approach in the following Section.

6.7 Comparison of the different approaches

6.7.1 Regression vs FDT

We compare the equations of motion for correlation functions in the form of
commutators as calculated in the previous sections. First of all, the homoge-
nous parts of the equations are identical for the regression approach and in
linear response, apart from the memory integrals that start at ¢; = 0 for
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quantum regression [eq.([@.2I])] at ¢; = ¢’ in linear response [eq.([6.37)]. In ad-
dition, the transient terms look different. The extra term from the regression

formula eq.(6.27]) yields

d :
2o+ (@), 0= (t)])

trl

t/
= — / dty G (t — ty)e a1 (5 ()0, (1)) (6.37)
0

The memory term of the regression formula (6.I8]) may be split in two inte-
grals below and above ¢'. This gives a second transient term to be added to

eq.([6.37),
_/0 dty Gy (t — t1) (o (1), o (¢)])
~ - / G~ 1) e 1) (6.38)

in the TCO approximation. On the other hand from linear response eq.([6.37)
we have

. d /
[ $<0+,f(tat)>

tr

t/
_ / dty G (= t)e— B (1 4 o (1)) (6.39)
0

Within the accuracy of the weak-drive approximation, it is consistent to shift
the o, operators in time. Doing this with o,(¢), the sum of Egs.(637 6.38)
simplifies to the linear response result eq.(6.39).

It is interesting to see that (i) the correction to the regression equations
takes a similar form as for master equations with non-factorizing initial condi-
tions (a transient forcing dependent on one-time averages that dies out after
the first time argument t'), see, e.g., Ref.[39]. And (ii) that the transient
terms come out in the same form from the linear response analysis although
they arise technically in different places (FD: pull back under the memory
integral, QR: non-commuting system and bath operators).
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6.7.2 Convolutionless formulation

De Vega and Alonso treat a similar problem in [36, 40]. We compare their
results with ours, in the e = 0 case for consistency with the TCO approxima-
tion:

Clouto (1)) = iBafon(o_(1))
- /0 t At G (t — ) (o (Ho_ (1) (6.40)
—(o_(t)o(t)) = iAap{o_(t)o.(t))
- /O t dty G4 (t — t1){o-(t')o (1))
. / DG - 1) o (o) (641)

Since these equations do not contain convolutions, it is more appropriate
to compare them to the convolution-less version of the QR equations. The
latter are derived by using in eq. (EI3) and eq. (@I4]) the “forward pull”
(this could be called TCLO approximation)

o.(t) mo.(t), o_(t) e Parli=q ()t <t (6.42)

instead of eqs. (G.IH). We then find that equations (618, G.I9) of our ap-
proach yield eqs. (640, [641). The last term in eq.([6.41]) is produced by the

transient correction that was worked out before, due to the nonzero commu-
tator [al(0),0_(¢')]. The only difference is therefore whether the equations
contain convolutions or are written in convolution-less form.

6.8 Beyond weak driving

The previous argument can be generalized to moderate driving where the
Rabi frequency € is not small. More precisely, instead of eqs. (G.I0), we
include the pumping laser and solve

(1)
&.(1)

—iA o (t) +ieo.(t) (6.43)
—2ieo (t) + 2ieo_(t) (6.44)

Q

Q
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for pulling back the system operators and removing the nonlinearity. The
resulting Bloch equations contain the bath response at shifted frequencies
Giq(T) = Gr(7) e where Q = /A%, + 4¢? is the generalized Rabi fre-
quency. In this way, we take into account the change in the bath spectral
density across the Mollow sidebands.

The programme of the previous sections can be carried out as before
to calculate the equations of motion for correlation and response functions.
Without entering into the details, we find that the homogeneous part of the
regression equations (all except the last lines of egs. (618 [£.19)) is equal to
the result of the fluctuation dissipation theorem. The remaining parts (the
transient terms) are discussed in more detail here.

6.8.1 Linear response

In linear response, eq.([629) for o (¢) can serve again as a starting point.
We handle the correlation o (t1)o.(t) under the integral in the spirit of a
time-convolution approach and pull back the operator o,(¢) to the earlier
time ¢t;. With the approximation that the system Hamiltonian Hg alone is
sufficient here, this pull-back map is linear and can be written in the form

0.(t) =Y Realt,ti; foa(t),  a=+,z (6.45)

where R.,(t,t1; f) is a reminder that this depends on the perturbation f(#')
for t > t' > t;. With the shorthand

0+a(tr) = 04 (t1)0a(t1) (6.46)

for the operator product, the functional derivative becomes

) !
57 oHo O] = Realt = t)owas(t1,t)

o (o), o ()0t >t > 1) (6.47)
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where R,,(t — t1) corresponds to the non-perturbed time evolution, given by
egs. ([0.436.44)). Its solution with initial conditions at ¢,

1 A A
o, (t) — @ (AiL + 262 e—zﬂ(t—tl) + 262 ezﬂ(t—tl)) o, (tl)

+€ (QAAL — (AAL — Q) €7iﬂ(t7tl) — (AAL + Q) eiﬂ(titl)) (o (tl)
+e (ZAAL — (AuL +9Q) et (Aarp — Q) em(t*tl)) o_(t1)

(6.48)

yields the matrix elements R.,(t — t1). In the second term in eq.(6.471), we
have used the Kubo formula (6.8)) for the conservative system defined by
Hg to evaluate the linear response dR.,(t,t1; f)/0f(t')|f=0. The notation
O(t > t' > t;) is a square function with value unity as long as the double
inequality holds.

The first line of eq.(6.47) gives the memory integral of the homogeneous
part in the equations of motion. The second line yields the transient term

. d /
[ %(Uhf(tat))

- [ @i = n)ies e 0.0 ) (6.49)

The commutator must be evaluated with the non-perturbed system dynam-
ics, using R,,(t — t') instead of the pull back map eq.(6.43]).

6.8.2 Quantum regression

In the regression method, the operator pullback is based only on the matrix
with elements R,,(t — ¢;). Considering the commutator ([0 (t),o_(t')]), the
memory term in its equation of motion reads

/0 G — 1) 3 Realt — 1) (oalt)yo (D)), (6.50)

Note that now the time 0 remains the lower integration limit.
The comparison to the transient term of the fluctuation-dissipation ap-
proach is easier if we do not perform explicitly the pullback. The integration
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range 0 < t; < t’ does not appear in the linear response equations and can
therefore be identified as a transient. Restoring the operator o, (t), this piece

of eq.([6.50) gives
transient 1 :

/0 dt, G (t = t1) ([ (tr)o=(t), o ()]) (6.51)

Other transient terms arise from eq.([6.20)), because of a nonzero commutator
with the initial field operator a:r\(O). Putting the two together, we have

transient 1+2 :

/0 Aty G1(t — 1) ([0 (t)o= (), o ()] + [0 ('), o (t2)] o= (1))

— /0 dt G (t — 1) (o4 ()]0 (t), o ()]
(6.52)

This is precisely the transient term found in linear response, eq.(6.49).

For completeness, we discuss briefly the regression equations for normally
ordered correlations. The memory integral for the correlation (o (t)o_(t'))
is given by eq.(@.50) with the commutator under the integral replaced by the
operator product. In the TC1 approximation, the memory integral involves
the Green functions G1q(7) [defined after eq.(G.44])], as can be seen from
eq.([@48). The correlation function is coupled to (o,(t)o_(t')) (a = z,—)
whose equation of motion contains additional, transient terms. These arise
from the commutator [a)(0),o_(t')] which becomes, by analogy to eq.(G.20)

[ax(0),0-(t)] = (6.53)

t/
—g)\/ dtl eiAALtl {2R7Z<tl — tl)O',(tl) — R,Jr(tl — tl)O'z<t1)}
0
This is written in the spirit of a convolution integral, the matrix elements

R_.(t' —t;) (a = z,+) providing the pullback of the operator o_(t') to the
earlier time ¢;. As an example, we give here one equation of motion that
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features transient terms in the TC1 approximation

%(Uz(t)a— () = —2ie((o1(t)o_(t)) — (o-(t)o—(t)))
—2—;22 : dt (%(AAL + Q) (Ga(t —t) + Gt — 1))

+4e2 (Gt — 1) + G (t — 1))

+5(Bar = Q) (Goalt —h) + G gt — 1)) )
s{(1+o.(t) o (1)

—26((—AAL C Q)G — 1) + 284G (t — 1)
H(=Aap + QG ot — tl)) (o4 (t1)o— (1))
_26((_AAL —Q)Galt —t) + 28 4rGr(t — 1))

(
)

H(~Aar + Q)G alt — 1)) (o <t1>o_<t'>>]

+ /t dtyGr(t — t){(1 + o.(t1))o_(t')) (6.54)

Compared to the TCO version eq.(619), this equation contains the Green
function at shifted frequencies and a transient term.

6.9 Numerical results

6.9.1 Emission spectrum

The spectrum of the atomic dipole is defined as the Fourier transform of the
normally ordered dipole autocorrelation

(e 9]

Sa(w) = t/lgrolo dr{o, (' +7)o_(t')) e ™" (6.55)

Assuming that the correlation function becomes stationary, we have

(o4 (t' =)o (1)) = (o (t)o- (' + 7)) = (o4 (' + 7)o (t'))"  (6.56)
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so that eq.(G.55]) assumes the form of a Laplace transform

Sa(w) = 2Reoy (s — iw) (6.57)
oi-(s) = t}gl;o dre (o (t' + 7)o_(t)) (6.58)

0

One can show that this definition must be multiplied with the photonic mode
density to get the photon emission rate at frequency w [41]. This definition is
used in Figle.Il Note that the Laplace variable s approaches the imaginary
axis from the right half-plane (positive real part).

6.9.2 Laplace transformation

The equations can be solved by a Laplace transformation when the transient
terms are neglected. The bath correlation functions G (7), G (7), have
Laplace transforms (denoted with square bracket around the argument)

Gprls] = av/is — Ay, G1ls] = —ia/is + AL (6.59)

for a photonic crystal with a three-dimensional anisotropic dispersion relation
and a band edge frequency w, = wy, + A,y [42]. The strength of the coupling
to the photonic band is parametrized by o with dimension [frequency]'/2.

When the equations for the two-time correlation functions are solved by
a Laplace transformation, the initial conditions should be imposed at equal
times ¢ = t in equilibrium, but not at ¢ = 0, where the bath is in the vacuum
state. As an example, we consider the following equation (from the TCO
approximation):

£<0+(t)0—(t')> = +ildarlos(t)o_ (1) —ie(o=(t)o- (1))

dt
—/0 dty G (t — t1) (o, (t1)o_(t')) (6.60)

We neglect the lower integration range 0 < ¢; < ¢’ and change to the time
difference 7 = t; — t':

/0 dty G (t —t1) (o (t)o_(t"))

~ / T G- ot o (1) (6.61)
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which is a convolution integral. Furthermore

d

C s o)) = o (' + ) (1) (6.62)

s

Applying the Laplace transformation fooo dr e yields
504 () = (o ()0 ())]ioe
=1App0_(s) —ico._(s) — Gy[s]os—(s) (6.63)

where the notation o, (s) (a = =+, 2) is a defined by generalizing eq.(6.55]).
Similar algebraic equations are obtained for o,_(s) and o__(s). The analytic
continuation of o, _(s) to s = iw gives the dipole spectrum (G57).

In the TC1 approximation, the memory terms are more involved com-
pared to eq.(C00), see eq.(@54]) in Sec[6:.821 The transient terms arising
there must be neglected to apply the Laplace technique.

In Figl6.dl the parameters are chosen such that the left peak lies close to
the band edge. It is suppressed relative to the central and right peaks only
in the low-order approximation TCO, however. In the following order, the
symmetry of the spectrum is nearly fully restored.

The response function of the driven two-level system is illustrated in
Figl6.2] where the imaginary part of its Fourier transform ®(w) is plotted
for different laser frequencies. The absorption on the red sideband for blue
detuning and on the blue sideband for red detuning can be explained from
the dressed levels and happens already for a flat continuum (thin gray lines).
The TC1 approximation gives less absorption on the red sideband (more
on the blue one), compared to a flat band (light gray lines) because of the
asymmetric spectral density. We note that the linear absorption spectrum is
more regular than the normally ordered emission spectrum within the TC1
approximation: the latter would diverge and be negative at the detuning
corresponding to the lower thick spectrum in Figl6.2l

6.10 Remarks

We have seen that the limited validity of the quantum regression formula can
be healed by considering transient terms that appear from a careful treatment
of the operator ordering. The same transient terms are also provided by
the fluctuation dissipation theorem. De Vega and Alonso [30], [40] treat the
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problem with a coherent state approach. The time-convolutionless version of
our equations is identical to their modified version of the quantum regression
approach.

Lee and Lai use a Fourier transformation approach for the problem [43].
They do not adress the operator ordering problem that delivered the transient
terms in our derivation of the QRT equations. These extra terms also appear
in the correlations of a Brownian particle (damped oscillator), see the book
[6]. To bring the nonlinear Bloch equations into linear form, Lee and Lai work
in the low-order approximation only (called TCO here). Figl6d] illustrates
that this can lead to qualitative differences in the symmetry of the spectrum
compared to the next order TC1.
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S(w)[arb.u.]

0.2?/ A — TCo

A . I | I I I | I I I [ I I I | I I I | I I I J
-60 -40 =20 0 20 40 60
Wy

Figure 6.1: Mollow spectrum for resonant driving. Thin line: weak-drive ap-
proximation (called TCO in the main text); thick line: approximation TCI.
We plot the spectrum defined in eq.(@.57) multiplied with the spectral den-
sity: S(w) = Sy(w) Re G7 [iw], as appropriate for the photon emission rate
per unit bandwidth.

Parameters: Ay;, = 0 and wy — w. = 50a?, € = 20a% Fermi’s Golden
Rule predicts a linewidth in the TCO approximation of ReGp[s — 0] =
a/ws —we = V50a? = ReGy[s — 0]. Applying TCI1, the asymmetry
of the spectral density appears already at the level of the Golden Rule:
carrier linewidth ReGr[s — 0] = v/50a?, sidebands ReGuig[s — 0] =
aRevEQ + wy — we = {1/90,V10}a?.
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|
| ,
",
Wr, = WA \/ \‘\}\\x

Wred = We | \\\l/ /4

_—

6

—_

Figure 6.2: Linear absorption spectrum calculated from the commutator
—i[of(t'),o(t)] (t > t', response function), for different laser frequencies. The
spectra are shifted vertically for better viewing. The upper thick line corre-
sponds to resonant driving (w;, = wa); for the lower one, w;, = ws—0.45€: the
red sideband in the Mollow triplet is located at the band edge, w;, — 2 = w,.
Parameters: as in Figl6. Il from bottom to top, the laser frequency w; in-
creases in steps of 0.1¢€ from w4 — 0.8€ to wy + 0.8 €. Thin gray lines: flat
spectral density, fixed to the value at w,, thick black lines: photonic band
with lower edge w, = wq — 2.5 €, calculated with the TC1 approximation. On

resonance, the decay rate is Re G 4[0] = (1/v/8) e ~ 0.35¢.
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6.11 Dependence on the parameters - numer-
ical examples

On the following pages we present some illustrative examples of the spectrum
S(w) = Syg(w) Re Gy [iw] with different parameter values. Each example is
calculated for the TCO as well as for the TC1 approximation. The thin, blue
line is the result for TCO, the thick, purple line for TC1.

Distance from bandgap ws — w,

If the bandgap is far away and the atom frequency deep in the band, the
density of states becomes nearly flat and the spectrum looks similar to the
Mollow triplet. "t

Figure 6.3: S(w)

, wa = wyp, = 100, w, =
0, e=200 =08, \=
0

I I
=50 50
o, G(w) wa= 100 A= 0 €= 20 we= 0 o= 0.8 A= 0

Figure 6.4: S(w)

, wa = wyp, = 100, w, =
2, ¢ = 20,0 = 08,
A=0

I
=50
o, G(w) wa= 100 A= 0 €= 20 we= 20 a= 0.8 A= 0
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With decreasing distance w4 — w,, the left peak becomes more supressed.
This effect is stronger for TCO than for TCI.

Figure 6.5: S(w)

,wa =wp, = 100, w, =
50, ¢ = 20, aa = 0.8,
A=0

With one sideband in the gap, even negative peaks appear in the TC1
solution. That may be a signal that the parameters are out of the range of
validity of the performed approximations.

Figure 6.6: S(w)

,wa =wp, = 100, w, =
80, ¢ = 20, aa = 0.8,
A=0

Figure 6.7: S(w)

,wa =wyp, = 100, w, =
100, € = 20, a = 0.8,
A=0

. . . S
-150 ~100 =50 50 100 150

- G(w) wa= 100 A= 0 €= 20 we= 100 a= 0.8 A= 0

For wy in the bandgap, in TCO the steady state values of the one-time
expectation values are not independent of the initial values. In contrast to
this, in TC1 there is a unique stationary state.
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Changing the Rabi frequency ¢

Stronger driving causes the side peaks to move apart.

Figure 6.8: S(w)

, wa = wp = 100, w, =
0,e=30,a=08 A=
0

Figure 6.9: S(w)

, wa = wp = 100, w, =
0,e=48 a =08 \=
0

Figure 6.10: S(w)

, wa = wyp, = 100, w, =
0,e=50,a=08 A=
o 0

- G(w) wa= 100 A= 0 €= 50 we=0 a= 0.8 A= 0

When the side peak is in the gap, similar effects occur like for making
smaller w4 — w.. For stronger Rabi frequency, the TCO solution appears to
be more physical than the TC1 solution, that has a negative middle peak.
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Cut-off parameter

Not only the density of states at the band-edge is relevant. Indeed, the cut-off
parameter plays an important role. We use a cut-off function e=*“~<)*  For
increasing cut-off parameter, the right peak disappears for the TCO solution.
For the TC1 solution, the intensity is lowered on all three peaks.

Figure 6.11: S(w)

, wa = wp = 100, w, =
50, € = 20, @ = 0.8,
A = 0.0001

05

0.4

Figure 6.12: S(w)
,wa =wp, = 100, w, =
o 50, ¢ = 20, aa = 0.8,
A A = 0.0005

=50 f 50

o,- G(w) wa= 100 A= 0 €= 20 we= 50 a= 0.8 A= 0.0005

Figure 6.13: S(w)
, wa = wp = 100, w, =

J 50, € = 20, a = 0.8,
A = 0.001
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Increasing coupling constant «

Decreasing the coupling constant sharpens the peak. For small «, the result

is quite similar for TCO and TC1.

03]
50 T
wa= 100 A= 0 €= 20 we= 50 a= 0.1 A= 0.

Figure 6.14: S(w)

, wa = wyp, = 100, w, =
50, ¢ = 20, @ = 0.7,
A=0

Figure 6.15: S(w)

, wa = wp = 100, w, =
50, € = 20, a = 0.3,
A=0

Figure 6.16: S(w)

, wa = wp = 100, w, =
50, ¢ = 20, a = 0.1,
A=0
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Detuning wy — wy,

Even for small detunings, the peaks are strongly suppressed in TCI.

Figure 6.17: S(w)
, wWa—wr =5, we = 950,
e=20,a=08 A=0

Figure 6.18: S(w)
,wa—wp =7, w, = 50,
e=20,a=08 \A=0

Figure 6.19: S(w)
, wa —wp = 10, w, =

= 50, ¢ = 20, a = 0.8,
( A=0

In the last plot, the detuning is too strong for the TC1 approximation.
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6.12 Squeezing

The squeezing phenomenon appears already in the case of the Mollow spec-
trum [44]. It was discussed for the case of a photonic crystal density of states
by Lee and Lai [45]. We treat this topic in the framework of the preceding
section.

The dipole operator can be resolved into quadratures

zo(t) +ipo(t) _ip

o_(t) = NG (6.64)
The squeezing spectrum is
Sp(w) = 2 Re/ (6xg(t)Sxg(t — 7))e“Tdr (6.65)
0

= Re [ e (@14 7)) + o (o4 7)

+o (o (t+ 7))+ (o_(t)o, (t+7))dr (6.66)

The four appearing correlation spectra are calculated in TCO (thin blue
line) and TC1 (thick purple line) approximation.

6.12.1 Numerical examples

For later comparison, we first show the squeezing spectra in free space (Mol-
low triplet) for 6 = 0 (left) and 6 = /2 (right).

y
:

In the next plot, the squeezing spectrum is plotted as a function of the
angle 0 for the left, the middle and the right peak respectively.
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-2+

wi= -39.9687 wy= 0 w3= 39.9687 wa= 100 A= 0 €= 20 we= 80 a=1 A= 0 G(w)=1 G"(w)=1 TC1l

We plot the spectra for ten different squeezing angles. The squeezing
angle varies from 0 to w. For § = 0, the middle peak contributes the biggest
part to the squeezing, whereas for § = 7/2, the main contribution comes
from the side peaks.

So wa= 100 A= 0 €= 20 we= 50 o= 0.8 A= 0 G(w)= e W)’ g fy_w.+w, G (w)= -1ie? @) g fytw,-w

In the next plot the squeezing of them is shown for each of the three
peaks as a function of the angle 6.
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03F

0.3

02

-03 -02 -0.1

wio= -39.3126

wz0= 0 ws3g= 39.284
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For some parameters, the results for TCO and TC1 differ considerably.

In the next plot, the left peak is in the gap due to high €. The left peak

shows no squeezing in TC1, but in TCO.
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For finite cut-off parameter, the right peak shows no
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Another possibility to change the squeezing is to change the detuning.
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Chapter 7

Projection operator method

7.1 General method

In chapter Bl and [, we used the Wigner Weisskopf procedure to derive the
Heisenberg equations of motion for the TCO equations. For the TC1 equa-
tions we extendended this approach by including not only the atom part of
the Bloch equations, but also the driving in the memory integral. However
there are several other methods to derive Heisenberg equations of motion
for expectation values of the system variables. In this chapter we use the
projection operator formalism of [40], see also [47, [48]. It works also for
a time-dependent Hamilton operator. With this method, higher orders are
calculated systematically.

7.1.1 Basic relations

This section recalls some standard quantum relations and fixes the notation
to be used in the following sections.
Starting point is the Liouville von Neumann equation for the system and
bath density matrix
pt) = —iL(t)p(t) (7.1)

with the Liouville operator
L(t)- = [H(t),] (7.2)

H (t) consists of a time-independent part and H, and a time-dependent part
Hi(t). Accordingly
L(t)- = (Lo + Lq(t))- (7.3)

73
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Eq. (1) is formally solved:
p(t) = U (t,to)p(to) (7.4)

where U, (t,to) is defined as U, (t,ty) = Ty [e” Jro dt'iL(t')].
The expectation value of an operator A is

(A}, = tr{Ap(t)} = tr{A(t)p) (7.5)

where A(t) = U_(t,t0) A and U_(t, to) := T_[exp(i [, dt'L(t'))]; T stands for

increasing time ordering from left to right. In interaction picture:

U_(t, to) = T-[exp(i / t dt' Ly (t'))] (7.6)

to

Li(t) = etolt=t) [, (p)etholt=t0) (7.7)
The time-dependence of U_(L, ty) is

o - - "
S0 (t10) = Ut to)iLa (1) (7.8)

A projection operator P, P? = P, ) = 1 — P is used.
We apply P and @ on the right of eq.(Z.8))

%f/(t) = V_(t)iLy(t)P + W_(t)iL, ()P (7.9)
%W(t) = V_()ily(t)Q + W_(t)iL,(t)Q (7.10)
with
Y_(t) = (:]_(t,to)P (7.11)
W_(t) = U_(t,t)Q (7.12)

7.1.2 Time convolution decomposition

Eq. (CI0) is solved as

W_(t) = Qu_(t, to) + / drV_(7)iLly (1)Qt_ (¢, 7) (7.13)

to
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where .
G_(t,7) = T_[exp( / dr'iLy (7)Q)] (7.14)
Eq. (TI3) in eq. (T9) results
(jtf/_() = V_(t)iL,(t)P + / drV_(7)iLy (T)Qu_(t, T)iL: (t)P
+Qi_(t,to)iL ()P (7.15)

Usually PA = A, hence

~ A ~

V_(t)A=U_(t,to)PA = A(t) (7.16)
The result is then

izi(t) = V_(t)iL,(t)A + /t drV_(7)iLy(7)Qu_(t, 7)iLy (t)A
(t)A

+Qui_(t, to)iLy (t (7.17)

7.1.3 Expansion formulas: time convolution decompo-
sition

The integral kernel as well as the inhomogenous term of eq.([I7) are ex-

panded in powers of the Liouville operator.

iA( t) = U_(t,to)ily () A+ /t t drK_(t,T)A+1_(t)  (7.18)
K_(t,7) := U_(7,t0) PiLy(7)Qui_(t,7) (7.19)
I_(t) == Qu_(t, to)iL,(1)A (7.20)

Expansion of the kernel (expansion of @_(¢, 7))

t t
/dTK_(t,T) — /dtlfj (t, to) PO_5(t, 1)
to

/ dtl/ dtz / dtn 1
to

U_ (n L) POttty o tny)  (7.21)
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where

D_y(t,ty) = iLy (t)QiLs (1) (7.22)

D (t by, ooty tno1) = il (ty—1)Qiln (tn_2)...QiLy (t)QiLy (t)  (7.23)

PO, (t by, otn oty 1) = (il (tn1)iln (tn_2)..ily(t))apc  (7.24)

Where we defined the “antipartial cumulants”. Explicitly:

~

GLi(t)iLaO)are = Pili(t)QiLi() - (729)
= ((tLa(t1)iLa(2))) — (L1 (t1))){(iL1 (1)) (7.26)

With P. = ((.)). For the next order:

(iLy(t2)ily (t)iLy(t)) apc = Pily(ts

(7.28)

7.1.4 Time convolutionless decomposition

The equation of motion of the last section involves a convolution integral
with the time dependent operator and an integral kernel. By arranging the
basic equations in a different way, this convolution integral can be avoided
and the equations may be solved more easily. Using

Vo(r) = U_
V.

(1,t0)P = U_(t, 1) (P + Q)U.(t, )P
WU (t, )P+ W_()U(t,7)P (7.29)
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and eq.(T14), eq.(ZI0) is solved as

W_(t) = Qi(tt)
+(V_(t) + W_ (1)) /t drU, (t,7)PiLy(T)Qa_(t,7) (7.30)

We solve this equation for W_(t):

W_(t) = [Qi—(t,t0) = V_(1)(O_(t) " = 1)]O_(t) (7.31)
with
6_(t) = (1 - /t AU (t,7)Pil (7)Qi_(t, T)))—l
= (1-5.0) " (7.32)
From eq.([9) and eq.(Z31]) we get
%f/_ (t) = V_(t)ily(t)P — V_(t)(1 — ©_(t))iLy(t)P
+Qiti_(t,t0)O_(t)iLy(t)P (7.33)
So for A(t):
%fl(t) = V_(t)iLi(H)A — V_(t)(1 — ©_(t))iL1(t)A
+Qii_(t,t0)O_(t)iLy(t) A (7.34)
7.1.5 Expansion formulas: time convolutionless decom-
position
Working out on eq. (7.34])
%A(t) = U_(t)A+ J_(t) (7.35)
with
U_(t) = U_(t, o) PO_(t)iL:(t) 7.36)
7.37)

J_(t) = Qu_(t,t))O_(t)iLi(t)A
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W_(t) has the form

U_(t) = U_(t o) ZP ) i Ly (¢ (7.38)
= U_(t, ) ZP\I!,m (7.39)
n=1

We expand the exponentials in U, (¢, 7) and 4_(t, 7).
The first terms of the expansion are with P. = ((.)

U_(t) = PiLs(t) (7.40)
/t t dty PiLy (t)QiL (t)
= [ anfGa - Pk o)
/ dty ((GLr(0)iLa(0)) = (GLE (L)) (7.41)

U_s(t) = / tdtl / ) dt, Piﬁl(tQ)Qiﬁl(tl)Qiﬁl(t)
CPiLy () Pila(t2)Qila(t )}
= /t dt / dtg{ ((iLy (t2)iLy (t1)iLy (£))) — (L (ts)ilo (t))) (i1 (2)))

—((iLy (t2))) (L1 (t2)iL1 (£))) — (L1 (81))) (i L1 (2)i L1 (1))
+((iLy (L )>><(Z€1( )>><(Z€1( )
(L1 (41)) (L1 (2))) (L1 ()

These cumulants are called anti-ordered cumulants

boat) = (ia(®)aoc (7.42)
Voalt) = [ dnGLa)iu(O)soc (7.43)

o) = /t:dtl... /t:n2dtn_l(iﬁl(tn_l)...z’ﬁl(t»Aoc (7.44)
(7.45)
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T) = Qi(t,t0) Y (S(1))iLa(r)A

_y J_ (1) (7.46)
J_1(t) = QL (A (7.47)
Jat) =0 / il (6)Qil () (7.48)

7.2 Application to PhC Resonance Fluores-
cence

7.2.1 Hamilton operator

The general form of the Hamilton operator for the projection method is
H = Hy+ Hq(t) (7.49)

We choose the following partitioning into Hy and H;

1
Hy, = éwAUZJr;w)\a;\ra,\

Hy(t) = e(lope™ +o ") +i) gi(afo_ —axoy) (7.50)
A

= Hip(t)+ Hy(t) (7.51)

The time dependent operators (in the sense of the interaction picture) are

ezHotHlL (t)e—zHot — Ee—zthezwAto_Jr + €ezth€_ZwAtO',
= €ét)or +€(t)o_
ezHotH11<t)e—zHot — E g)\(a;l—o_iezwAt—zwAt + a)\O_Jre—zwAt-HwAt)
A

= b*(t)o_ +b (t)oy
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7.2.2 2nd and 3rd order TCL expansion

We apply the expansion in [[.T.5] to our problem.
and use the projection operator

The first order W_(t), eq.(Z40):

U_i(t)o, = Pili(t)oy
— Pilb 4+ (0)(02)
= —i(b" + &(t))po.
= —ié(t)o,

Ut o) 1(t)oy = —ie (t)6(t)

Define Bt := (bt (t) + &(t)), B~ := (b (t) + é(t)). Second order W_(t)
eq.([C41):

ooy = [ dn(GLa)iaO) ~ (LN (0N )
= - / at { (B~ (L) B 0) + (B ()B(1))) )+

(4B
— (B @M UBHO) + (BHON(B(0))) s
(B

(B (B (1)) = ((BX )N (B (0)) o}
(7.53)

The appearing one- and two-time correlation functions are for example:

{(BT(1) = &) (7.54)
(B~ ()BT (1)) = (b~ (t)b"(1))s + é(tr)E" (1) (7.55)

Since many of the correlations vanish, the result is

U_,(t)o, = — /t dty (b~ (t,)b* (1)) oy (7.56)
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O (1) s(t)or — — /t b (L6 ()56, (1) (1.57)

In order to determine W_ 5(¢) we first note:

((B~(t2) B (t1)BT(t))) = +(b (ta)b" (t1)) e (t) + (b~ (t2)b* (1)) 5 (t1)

(B~ (ta) BT (t1) B (t))aoc = ((B™(t2) B"(t1)B*(t))) — (B~ (t2) B* (t1))) ((B" (1))
—({(B~(t2))) (BT (t1) B*(1)))
—((BT(t)) (B~ (t2) BT (1))))
(B (t2))) (B (1)) ((BT(1)))
+{BF () (B~ (t2))) (BT (1))
=0 (7.59)
T_4(t) = / dt, / 1dt2<iﬁ1(tg)iﬁl(tl)iﬁl(t))Aoc:O (7.60)

=
I

QZLl(t)A
iL1(H)A — (L (1)) pA
iBY(t)(0—y —oy-) —i(B())p(o— —0oy-)  (7.61)

Joo = fudty (iLa(t)ila () = iLi(t) L (D)

—(iLy (t)ily (t)) 5 + <iﬁ1(t1))3<iﬁ1(t))B>A (7.62)

These terms will disappear after taking the trace.
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7.2.3 2nd and 3rd order TCL equations of motion

Collecting the results of the preceding paragraph, we arrive at the equations
of motion:

GO0 = @0l = ou(0) - [ dnGln - ()
Lo = @O =) = [ anGle—n)(o-)
d

o (t) = i&t)o- () — & () {o+(1))

-/ G — 1)+ Gl — 1) (o (1)

0

o (t)) = —iE(t) (o (1) + i€ (D) (o4 (2))

N / LGl — )+ Gt — 1) (e ()

with o, :==0,0_

The 3rd order terms are zero.

With the definitions £(t) = fg dt1 (b~ (t1)b" (t)), and the rotating frame quan-
tities 64 (t) = e Wamwnllg (1), 6_(t) = el@awnlla_(t), £(t) = £(t)elwawrlt,

£ (t) = & (t)e " @awr)t and using o, = o4 — o_, we arrive at
Cout) = —ielon(t) — [E(D) + i(wa — wr))(F- (1) (7.63)
S0 = ielont) — () — ioa — w5 (1) (7.64)

%(%(t)) = 2ie(5- (1)) — 2ie(a4 (1)) — (€(1) + &7 ())(1) — (€(t) + £ (1)) (o=(1))

(7.65)

These equations are identical to the TCL equations of chapter[@l That means,
those equations are correct to 3rd order.

The equivalent master-equation in Lindblad form with time dependent
coefficients is

p=ilHs, pl +&(t)lo-poy —orop|+h.c. (7.66)
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with

1
Hs = €eloy+0o )+ §(WA —wr)o, (7.67)
(7.68)
£(t) must be positive to ensure that the equation is trace-preserving and
completely positive. A master equation in Lindblad form with constant coef-
ficients describes a Markovian open quantum system. The time dependence

of the coefficients reflects the non-Markovianity of the problem. Such master
equations were discussed in e.g. [49)].

7.2.4 Environment functions

The first integral of the response function £(t) = fot dt'G(t' —t) with

W — We

G(t' —t) = a/ dwel@=wa) =) (7.69)

w

We did not perform the approximation w ~ w, in the denominator like in
eq.([3I9) for the reason of convergence. In the band we get:

£(t) = /0 e -1
- Z—Z(—\/AAeerf((—l)?’/“\/AAet)
Hiy/we(—1 — e (=1 +erf((-1) Vi) (7.70)

£t) = T (/A pert((—1)y/—Aunl)

WA

e~ — A (—1 + erfe((—1)YAVE)))  (T.71)

In the long time limit in the gap:

t — 2We + 2/ —we A 4 — s A
i [Cave(r) — —imeaz et 2VEwla) | ralmy VAL,
t—o00 0 2wA\/TAe W

(7.72)
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in the band
t B - A
lim dt/é-(tl) _ _,L,ﬂ'a( We + M) + 7TO[( ’L\/(,T \/—A)t
e 2%/ Ba )

(7.73)

7.2.5 Special cases

Spontaneous decay In the case without driving, we see directly from
eq.(C.60) that the equations decouple

%<az(t)> = (&) +E () o (t)) — (E(t) +£7(1)) (7.74)
%Wt» = —[€(t) +ilwa — wi)l(F (1) (7.75)

The population inversion is therefore
(0:(8)) = ({0:(0)) + 1)l @) (7.76)

Resonance fluorescence in free space With the free space response

function eq.([@53]), £(t) = £*(t) o [ the free space equations eqs.(L54]) are
recovered for &, (t) = e~ ™4lg, (). (Without noise terms).

7.2.6 Numerical examples

The equations (Z.65]) can be solved numerically with Mathematica (see uchi8a.nb).
We give some examples for (o)
Spontaneous decay € = 0 in the gap and in the band:

AaL=0., Ape=—03, e=0., a=0.01 Aar=0., Ape=0.3, e=0., @=0.01

0.99

0.98 |

T S S E RS
50 100 150 200 250
0.97 -
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Atom frequency in the gap, smaller and bigger Rabi frequency:

AALZO,, AAe=—O.2, E=0.1, a=0.01 AAL:O., AACZ—O.S, 620.5, a=0.01

wn

0.5 0.5

I I I I I
I I I I I
10 20 30 0 50 10 2 0 0 30
05+

For larger coupling in the gap, a revival phenomenon appears.

ApL=0., Ape=—0.3, €=0.5, @=0.1

/\A A/\ M
IS W

In the band, with different couplings:

AaL=0., Ape=0.4, €=0.5, =0.01 AaL=0., Ap.=0.4, =05, a=0.1

05 05

——
—
—
—
i
—
—

i s

—05F

— |
—7
—]
|

=05

For larger couplings the approximation is not appropriate and the solution
becomes unphysical. A physical solution should stay inside the Bloch sphere
with [(o,)| < 1.
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AaL=0., Ap.=0.4, €=0.5, =03

10000 - /\
I I I I

‘
10 20 30 4o/ 0

—10000 -

—20000 -

—=30000 -

—40000

7.2.7 TC 3rd order

In this section we apply the results of section [[.1.2] to our problem to get the
time convolution version of the equations. The first term of the right hand

side of eq.(7I8) for A = o up to 3rd order is
U_(t,to)PiLy(t)A = ie* (t)(o_o(t) — os_(2)) (7.77)

The 2nd term is

/dTK (t,7)A / _(t1,t0)( ZL1(t1)ii1(t)>APCU+
+ dtl dtQ

_(tg,t0)< 1(t2)zL1(t1)iﬁ1(t))Apccr+ (7.78)

Since for 2nd order () apc = () a0c

(iLy(t1)iLy(t)) apcos = — / dty (b~ (t)bT (1)) o (t1) (7.79)

to

For the 3rd order we first calculate

Ly(ts) Lo () Ly (H)oy = “(t2)BY (1)) B (t)os— — B (1
+B7(t1) BT (t)B™ (t2)o—y + B (t)B ( 1
+B"(t2) B~ (t1)B" (t)o_4 + B (t2) BT

—B~(t,)BT ()BT (ts)o, - — BT (t)B~ (t,

t2)B*
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The 3rd order cumulants are

(B™(t2) BT (1) BT () arc = ({

The 3rd term of eq. (I8

87

I(t) = QiLy(t)+ / tdtchﬁ,z(t,tl)

0
t t1
+/ dt1/ dt2Q¢_73(t,t1,t2))0‘+
0 0

The first term of 1_ (%)

Qiil(t)@r =b" (04 —04)

(b (t2)b" (1))€" (1)

(b (t2)b" (1) (1)

0

0

0

0

(b ()b (t2))€" (1)

0 (7.82)
(7.83)
(7.84)

disappears ofter averaging as well as the others.
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7.2.8 TC equations of motion

Collecting the results of the preceding section, we arrive at the time convo-
lution equations of motion up to 2nd order

Gou) = =i Oe.0) - [ daGin -0 0)
Gl ) = @) = [ anGe - w)

So.t) = 2iE (B0 (1)) — 2iElt)(o (1)

_ /Ot dt1(G(t1 —t) + G(t — 1)) ({0 (t1)) + 1)
(7.85)

The 3rd order equations are

£l =0 + Gl e ()] 5 {ox()) + 1)

(o) = iE){o:() - dt1 (t —t1){o-(t2))

t
/ dtq dtg (t —to)e
0 0

_ /Ot dt1(G(t; —t) + G(t — t1))({o.(t1)) + 1)
(7.86)
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7.2.9 Numerical solution: time-evolution of TC2 and
TC3

For the solution of this system of integro-differential equations we use a
iterative method. It is suitable even for higher orders. Its limitations are the
long computation time for longer system time.

Iterative variational method

Following [50], we consider a general nonlinear system:

Dio(t)] + Flo(t)] = g() (7.87)

with a differential operator D and a operator F' and a given function g(t). For
the iterative method, where o, is the nth iteration, the following correction
functional is considered:

Gnn(8) = on(t) + /O AMS)[0'(5) + Flon(s)]lds (7.88)

Flo,(s)] is a restricted variation i.e. §F[o,(s)] = 0. X is a Lagrange multiplier
that is chosen using a variational method.

Soni(t) = Son(t) +0 /0 A(5)[0(5) + Flon(s)]]ds (7.89)

= 00,(t) + A(8)d0o,(8)]s=t —/0 N(s)do,(s)ds  (7.90)

The conditions for A\ are
)\'(3) = 0 (7.91)
L+ X(t) = 0 (7.92)

Therefore the Langrange multiplier is A(t) = —1.
In our problem, D ist the time derivative left side of the equation system, F
is the homogenous part of the right side and ¢ is the inhomogeeous part.

Plots

We present the numerical solution for TC 2nd order and TC 3rd order. The
first plot is the solution using the method of chapter [ for comparison.
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~
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7.2.10 Correlations

To get the equations for the correlations we use the quantum regression the-
orem without the transient terms for simplicity. We use a Laplace transform
in order to calculate the spectrum.

fliw) := /O h dtf(t)e™" (7.93)

t t1
/ dt, / dtoG(ty — t)e o (ty)
0 0
t t
_ / dts / G (E— 1) () — i[G*(w + A)o(w+ A) + G (w)o(w+ A)
0 to

t t1 ) 1
/0 dt1/0 dtsG(ty — )Mo (ty) — mG*(w + A)o(w+ A)
here G(t) = G(t).
For second order the Laplace-Fourier transform is,
-0, (0) —iwo, _(w) = —ieo, (w—A) -G (w)o;_(w)

—0__(0) —iwo_(w) = ideo,_(w+A) —G(w)o__(w)
-0, (0) —iwo, (w) = 2ieo__(w—A)—2ieo, (w+ A)
~(G(iw) + Gliw) (o (i) + =)

(7.94)
Frequency shift of the first two equations results in a closed linear system:

—04-(0) —i(w+ Ao (w+A) = —ieco,_(w) — G (w+ A)oy_(w+ A)
—0_ (0)—i(w—A)o_(w—A) = ieo, (w)—Glw—A)o__(w—A)
—0,-(0) —iwo,_(w) = 2ieo__(w—A) —2ieo,_(w+ A)
(6" (@) + Gw) (02— (@) + =)
(7.95)

These equations are identical to the TCO equations of chapter
Including all terms up to 3rd order and shifted:
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—oi- —i(w+ Ao (w+A) = —ieco,_(w) — G (w+ A)oy_(w+ A)
—(C @) + 6w+ Ao () + T
a_(0)

~=(G(w) + G (@))low (W) + ——
—0__ —ilw—A)o_(w—A) = ieco, (w) = Gw—A)o__(w—A)

]

5 (6 + 60~ Ao (@) + =)
+E0) + O @) w) + T
—0,_ —iwo, (w) = 2260__(w A) —2ieoy (w+ A)
(6" (@) + G) (- (@) + =)
(7.96)

In the resonant case A = 0 the Laplace transformed equations (7.86]) of
Jrd order are

— 0 (0) oy (@) = —ieos (W) — G*(W)oy ()

+iel[tG* ()] (w) (o, (w) + L)

£ (6() + G (@) o () + =)

—0__(0) —iwo__(w) = ieo, (w) — G(w)o__(w) R

LG (] (W) (s (W) + _Ll,w)

+=(GW) + G (@) (0 (@) + —)
—0,_(0) —iwo,_(iw) = 2ieo__(w) — 2ieo; _(w)
(@) + G2 () + =)
(7.97)

L[tG(t)] is the Laplace transformation of tG(t).
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7.2.11 Results

We want to compare the numerical results with our former solutions of the
spectrum
In the following figures, the blue, dotted curve is the TCO solution, identi-
cal to the 2nd order of ch. [@l The dashed, magenta curve is the TC1 solution
of chapter [6l The purple curve is the 3rd order solution of equs. (9897 .
The first first plot is qualitatively similar for the different solutions, how-
ever the height of the peaks differ.

0.5

—-100 =50 100
o, G(w) wa= 100 A= 0 €= 20 we= 20 a= 0.5 A= 0

With a larger system-bath coupling the peaks broaden, the middle peak
is considerably smaller for the 3rd order solution:

0.5
JE

.
~100
O, G(w) wa= 100 A= 0 €= 20 we= 20 a= 1 A= 0
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For a bigger band edge frequency,the right peak is split in two parts. The
results are very different for the TC1 and the 3rd order solution.

I .
-100 100

0.1
o, G(w) wa= 100 A= 0 €= 20 we= 60 a= 0.5 A= 0
For a considerable atom-laser detuning, the middle peak is negative in
the 3rd order solution.

0.0}

I
-100

—0.0!

-0.10

o, G(w) wa= 100 A= 20 €= 20 we= 20 a= 0.5 A= 0
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