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Abstract

We introduce a novel approach for analysing light-matter interactions within driven-
dissipative environments. Our study centres on the interaction between dye molecule
solutions and photonic cavity modes, mediated by Jaynes-Cummings coupling. These
dye molecules exhibit discrete electronic and rovibrational energy levels influenced
by the surrounding thermal environment imposed by the solvent.

The principal contribution of this work lies in the development of a mapping that
links the discrete-level structure of dye molecules to auxiliary bosons, subject to
an additional operator constraint. This mapping facilitates the application of field
theory methods, particularly leveraging the Schwinger-Keldysh formalism to address
general non-equilibrium scenarios. Especially, this framework allows for the exact
implementation of the operator constraint. It enables us to consider Markovian and
non-Markovian baths coupled to the molecules. Including non-Markovian baths is of
significant importance in achieving thermalisation beyond the occupation of levels
and allowing to imprint the thermal fluctuation-dissipation relation onto the spectra.

The main goal of this work is to investigate the emergence of phase coherence in the
photon field. Our method enables a unified treatment of photon field fluctuations
and coherence dynamics, allowing the spontaneous breaking of the U(1) symmetry
inherent in the Jaynes-Cummings interaction. The large dye reservoir is incorporated
via a simplified Dynamical-Mean-Field Theory leveraging an expansion in the dye
molecule density. We investigate the implications of broken U(1) symmetry in an
open-driven context and validate the corresponding Ward identity in the phase of
the Bose-Einstein condensate. This sheds light on the intricate interplay between
coherence, fluctuations, and symmetry in light-matter coupled systems within
driven-dissipative environments.
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Preface

The study of light-matter interactions is at the heart of modern condensed matter physics. New
experimental platforms are being discovered continuously, moving ever closer to the realm of
Quantum optics. We will focus here on organic materials coupled to light in micro-cavities.
Organic molecules, with their diverse electronic structures and optical properties, offer the
opportunity to study a broad range of phenomena. They can reach from weak to strong coupling,
and from their intrinsic driven-dissipative nature, life at the border between equilibrium and
non-equilibrium. This allows these platforms to show a diverse set of phenomena, from lasers
[1] and photon Bose-Einstein condensates (BEC) [2-4] over exciton-polariton condensates [5, 6]
to single-photon sources [7]. The inherent open nature makes these systems a perfect testing
field for studying the competition of coherent and incoherent processes.

We will focus on dye molecule solutions in a cavity. This system was demonstrated to form
a BEC of light [2]. The dense liquid leads to rapid thermalisation of the dye, imprinting thermal
equilibrium properties onto the emission and absorption spectra of the solution. This translates
to a thermalisation of the emitted light, such that a Bose-distributed photon spectrum can
be observed. The BEC state also shows strong temporal coherence [8]. The emergence of
this coherence has not been tackled in conjunction with the fluctuation spectrum till now.
The incorporation of both of these properties of light in this strongly dissipative system
is theoretically challenging. The large number of matter constituents does not allow for a
treatment with numerically exact methods. On the other side, a rate equation approach is
inherently semi-classical and relies on a classical distribution of photon and matter excitation,
neglecting coherence effects. Additionally, as we will show, non-Markovianity will be necessary
in various places. The central result of this thesis is an auxiliary particle representation of the
driven-dissipative dye molecule solution in a thermal environment. It relies on mapping the
molecule’s discrete-level structure to auxiliary bosons with an additional operator constraint.
This opens up the way to a rich variety of field theory methods, which are not applicable in
the original representation due to the non-canonical commutation relations of the electronic
operators. Within the field theory framework, the constraint can be implemented exactly,
and photon fluctuation and coherence can be treated on the same footing. It allows the
incorporation of Markovian and non-Markovian baths on general and flexible grounds. The
drawback of Markovian baths is that they can not imprint a temperature onto the system. They
can imprint occupation following thermal expectations if the coupling constants are chosen
appropriately. However, they fail to imprint the crucial fluctuation-dissipation relation onto
the system. This relation manifests in the spectra of correlation functions and is responsible
for the Kennard-Stephanov relation between the molecule’s absorption and emission spectra.
Here, the two-time correlators are of particular interest, which the field theory method focuses
on. The coherent photon field emerges with an intricate relation to the two-time correlator
manifesting in the Hugenholtz-Pines relation, which we generalise to open systems.



The thesis is structured as follows.

In the first chapter, we introduce the experimental setup and a phenomenological explana-
tion of the photon BEC. We will introduce the system’s central Hamiltonian and show how the
often employed master equation approach emerges. Here, we will encounter the central theme
of this thesis, the phase coherence of light, and give the corresponding perspective on it from
the master equation approach.

The second chapter is devoted to field theory methods in non-equilibrium many body sys-
tems. First, the Schwinger-Keldysh formalism will be introduced with a specific focus on bosonic
open quantum systems. We will briefly outline how these systems can be treated numerically,
solving for the two-time Green functions. Here, a central point are the Kadanoff-Baym (KB)
equations involving self-energy kernels for which an adaptive time-stepper is developed. We will
then go on exploring how the self-energies can be constructed in a conserving way. This leads
us to the effective action formalism, where we will focus on the 2-particle irreducible effective
action (2PI-EA). Within this formalism, we discuss relations between the usual Ward identities
and the Ward identities obtained in the 2PI-EA, which will be necessary for later application
to spontaneously broken symmetries.

The third chapter is devoted to the auxiliary particle theory. We introduce the mapping
of the system to auxiliary particles, leading us to the necessity of imposing an operator con-
straint onto the dynamics. We show how this constraint can be implemented in a general
non-equilibrium and open system setting. We discuss the formal consequences of a broken U(1)
symmetry in the photon sector and its influence on the equations of motion. Afterwards, a
resummation technique inspired by Dynamical-Mean-Field-Theory (DMFT) is introduced to
deal with large molecule reservoirs. We further discuss the Ward identities associated with
the broken U(1) symmetry in an open system setup and relate these to the limitation of the
non-crossing approximation (NCA). The chapter is closed with comparisons to the cumulant
expansion approach.

In the fourth chapter, we present results for a multi-mode cavity. We briefly recap all the

processes included in the treatment. Afterwards, we discuss how the molecule spectra are
obtained and contrast Markovian- and non-Markovian couplings to the solvent. It turns out that
a non-Markovian coupling is necessary to implement the Kennard-Stephanov relation between
absorption and emission spectra. We then turn to the discussion of the light in the cavity. First,
we look at the photon dynamics in the normal state and show the thermalisation of the photon
spectra. Here, two regimes are discussed. A pre-thermal stage shows the fluctuation-dissipation
relation between the photon correlators but at an elevated temperature and a less dissipative
thermal state, thermalising close to the temperature of the dye-reservoir.
We then turn to the condensed state. The condensate emerges energetically close below the
fluctuation spectrum. Its energy is compared via Ward-identity, and the phases are analysed.
The calculation necessarily includes anomalous photon propagators, which we will analyse
afterwards. We close with a short discussion on the strong coupling regime.



Part 1

Introduction to the photon BEC






Chapter 1

Fundamentals of the Photon BEC

The phenomenon of Bose-Einstein condensation (BEC) was for a long time believed to be
reserved for massive particles. Already predicted in 1924-1925 by Einstein [9] applying the
key insights of Bose on massive particles, it still took until 1995 [10] [11] to realise a BEC
of massive bosons in an atomic gas. This triggered a rapid development such that quickly
afterwards, various exotic atoms could be condensed, and even the BCS-BEC [12] crossover
could be realised in 2005. Despite many fundamental concerns, in 2010 also, a BEC of photons
could be realised by [2]. It is far from obvious that it is even possible to condense photons
into a BEC state. In the case of massive bosons, the condensation is driven by a statistical
enhancement due to the way how microstates are counted. It suppresses large spreads of the
distribution of single-particle states. This leads to the famous Bose distribution, which in
thermal equilibrium describes the particle number distribution by

1

b(w)=———— 1.1
@) = (L.1)
where w is the energy of the state and p is the chemical potential. One of the key features of
the distribution is the divergence for energies at pu. The reason why the chemical potential
can be added in the first place is due to the conservation of the number of massive bosons. In
this way, u controls the total particle number given in a continuum limit by a density of states

integral

N = Ny + /dwp(w)b(w) = No+ Neg . (1.2)

Here, N, is the number of particles above the ground state. In the continuum limit, the
density of states at the ground state energy has zero measure. Therefore, if the ground state
is not macroscopically degenerate, the occupation of the ground state Ny needs to be added
by hand. The formation of a BEC can be understood from here as follows. Increasing the
chemical potential p adds particles to the system, which distribute over the states of the system
following the Bose distribution. But if the integral for the excited states N, is finite for u =0,
the occupation of these excited modes will saturate, and further increasing the particle number
will occupy the ground state. Therefore, in the limit of large particle numbers, the ground
state occupation will be of the order of the total particle number, which is then called a BEC.
Note that this can also be achieved by tuning the temperature. It allows for a description in
terms of either a critical particle number at a constant temperature or a critical temperature
at a constant particle number. The requirement that Ney(p = 0) is finite is a condition on
the density of states to vanish fast enough at the ground state energy. It also entails that
the ground state is not macroscopically degenerate. The density of states of free particles in



dimensions D > 2 allows for a BEC to form. In trapped gasses [13], the density of states
changes due to the trapping potential, e.g. for harmonically trapped gases also in D = 2, a
BEC in the thermodynamics limit can be formed. In the resulting state, essentially all particles
occupy the same single-particle wavefunction. This led Gross [14] and Pitaevskii [15] to the
equations of motion of this single particle wavefunction, the Gross-Pitaevskii equation. As a
key feature, it explicitly describes the BEC as a coherent wavefunction of the particle in the
condensate. Photons are different in various regards from massive bosons. Most importantly,
for the present case, their particle number is not conserved since they are gauge bosons of the
electromagnetic force. The profound consequence of this is that no chemical potential can be
added and the temperature determines the particle number. This leads to black body radiation
[16] and a particle number scaling of N oc T3. Photons also do not directly interact with each
other, unlike massive bosons. Therefore, the thermalisation process is vastly different. Where
in the case of massive bosons collisions lead to thermalisation, it is emission and absorption
processes with a thermal reservoir leading to a thermal distribution of light in the black body
case. This process is not photon number conserving due to the conversion. These issues are
intimately linked since the heat bath and the particle bath are the same. Disentangling these
baths is the major challenge in achieving photon condensation.

This leads to three main requirements that need to be met to create a photon BEC: a thermali-
sation process that conserves photon number; a mechanism acting like a chemical potential,
which allows for tuning the photon number independent of temperature; and, thirdly, a density
of states allowing for the formation of a BEC. All these criteria could be attained by [2] in an
optical microcavity filled with a fluorescent dye medium.

The experimental setup can be seen in Fig. 1.1.
This system uses a microcavity with two Pump beam

Mirror

curved mirrors to impose an effective har-
monic potential onto the photon states. The Dye
longitudinal wavenumbers give a natural low- 2 A
energy cut-off, on top of which the transversal <  \ l
modes are energetically equally spaced due to V
the harmonic potential. A dye solution is filled Camera/

. spectrometer
between the mirrors and kept at room tem- x

perature. It serves as a thermalising medium

and a means through which the photons can Figure 1.1: Scheme of the experimental setup.
be injected into the cavity modes. The dye is The trapping potential V(z,y) for the two-
pumped via an external laser, which is blue dimensional photon gas imposed by the curved
detuned wrt. to the cavity modes and enters mirrors. [2]
the cavity at a 45° angle. This prevents the '
cavity modes from being directly populated
by the pump laser. Due to the strong reser- wl [
voir coupling of the dye liquid, it thermalises
rapidly so that the emitted photon spectrum
is thermally distributed, as seen in Fig. 1.2.
Upon reaching a critical pump strength and
with this a critical particle number, the lowest
transversal mode developed a peak, indicating
the onset of BEC. In the following, we will de-
tail how this setup meets the aforementioned 565 570 e 580 585
requirements.
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Figure 1.2: Spectral intensity distribution [2].
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1.1 Thermalisation through
the dye medium

The key ingredient for a number conserving
thermalisation process are the dye molecules,
in the present case mostly rhodamine 6G [2].
The dye is dissolved in a solvent, which is
optically transparent at the cavity modes and
minimises non-radiative losses [1], achieving a
quantum efficiency of around 95%. The solu-
tion is kept at room temperature of T' &~ 300
K. Even though tremendously complicated in
the details, the physical picture of the dye
molecules can be understood by the Franck-
Condon principle, see Fig. 1.3. Here, we con-
sider two electronic states, each having a vibra-
tional substructure, which might be approx-
imated by a harmonic oscillator around its
respective minimum. By absorbing a photon,
the electronic state changes abruptly from its
ground state to its excited state. The process
is so fast that the position of the heavy nuclei
does not change, so in the new electron config-
uration, it is not in the equilibrium position of
the excited state oscillator. Higher vibrational
modes are excited by this transition, namely
the one with the most spatial overlap to the
initial vibration configuration. In a dense
medium, this excited vibrational state relaxes
quickly due to collisions to the new equilib-
rium position, so the lowest vibrational state
[19]. The transition to the electronic ground
state follows the same principle: the vibration
configuration of the ground state with the
most overlap with the vibration ground state
of the excited electronic state. Here again, the
equilibrium position changes and then relaxes
back to the original ground state configura-
tion. Transitions are most likely for wave
functions of the initial and final states having
a significant overlap at the atomic positions
in the instant of absorption. This creates a

= ———
\ —
\ —

BN

\
=
\

7
=~/
=/
-/

w]

Eg

Aq q

Figure 1.3: Franck—Condon principle energy di-
agram. The minima of the electronic potentials
are shifted wrt. to each other. The rovibrational
states involved in the absorption and emission
are those that correspond to a minimal change
in the nuclear coordinates and, therefore, most
spatial overlap (adapted from [17]) .

/o
absorption f fluorescence
A
k>
_ B T
500

550 600 650
WAVELENGTH / nm

Figure 1.4: Absorption and fluorescence spec-
trum of rhodamin 6G [18].

symmetry between absorption and emission, where the initial and final vibrational states are
interchanged. These processes result in an average conservation of the photon number but a
net loss of photon energy between absorption and emission, the Stokes shift, giving rise to a
characteristic shape of absorption and fluorescence spectra, e.g. for rhodamine 6G Fig. 1.4.
This energy shift can be expressed by the sum rule of the frequency of the photon €2, the

7



frequency of the vibrations w and the electronic level splitting A as
Q+ngw=A+n.w.

If the relaxation of the vibrational state happens as fast as assumed, the thermal occupations
of the phonons state in the respective electronic states n,./, must be related by ng/ne = e,
with the detuning § =  — A. In this case, the Kennard-Stepanov relation ' for absorption and
fluorescence spectra follows

BabS(é) _ 656
B (0)
This relation usually holds around to the zero phonon line, at a detuning § = 0, but might be

violated at larger detuning, strong coupling or when relaxation is not rapid enough to thermalise
the vibrations in the excited state.

(1.3)

1.2 Particle number control

The control of the photon number inside the cavity can be understood from a rate equation
approach, considering the molecules as effective two-level systems. Here molecules emit and
absorb photons with a rate Be,, and By respectively in a process

Yy+g=e¢e

Additionally, the molecules are pumped by an external laser with a rate I'y. The pump laser
is blue-detuned to the cavity modes, so it can not directly populate them. Processes which
lead to a loss of molecule excitations are described by I'|. Either they decay non-radiatively or
emit out of the cavity. The cavity modes themselves couple out of the cavity with a rate x due
to the finite reflectivity of the mirrors. This leads us to rate the equation for the number of
excited molecules M, and a single photon mode occupation n as

oM, = PTMg — FiMe + BabsMgn — BemMe(n + 1) (1.4)
On = —kn + BepMe(n + 1) — BypsMgn (1.5)

In a steady state, we can compute the photon occupation as

1
n = - Bups M, 1 . (16)
BemMe BemMe

If we work in a regime where B, M, > Kk, so the emission rate is far larger than the cavity loss,
we might use the Kennard-Stepanov relation to define a chemical potential for the photon by

BavsMg s

— = ith = —kpTlog(M,/M.) . 1.7

s with i = ~knT log(M,/M,) (1.7
The ratio of ground and excited state molecules can be obtained from the steady state as

Mg . FT + Bapsn (18)

M, o F¢+Bem(n+1) ’

With this, the chemical potential depends on the pump rate and the photon occupations inside
the cavity. From here, we conclude that the photon occupation follows a Bose distribution with
a chemical potential which can be tuned independently of the temperature via the pump rate.

_ 1
- eﬂ(d_ﬂ) -1

1For simplicity, we assume here the same vibration structure in the ground and excited state.

n

8



1.3 Density of states

The light is trapped in a cylindrical microcavity, which dispersion relation in the presence of
the dye solution [20] is given by

Wy = %vk? + k2(r).

Here, the longitudinal wavenumber is given by k,(r) = mq/D(r) with D(r) being the distance
between the mirror as a function of the radial coordinate on the mirror. For a symmetric
spherical cavity with curvature R it is given by D(r) = Dy — 2(R — v R? — r2). Experimentally,
the curvature is far larger than the radial coordinate R > r and therefore D(r) ~ Dy — r2/R.
Additionally the mirror are rather far apart such that Dy > r2/R, so that we can use
ko (r) = GH(1+ RTJQDO ). This allows us to write the dispersion relation in paraxial approximation

as
b = Bk 1+k%thk+lcﬁk21N C7Tq(1+ 7«2)+ 1Ck21(D 7‘2)
e k:gan 2n "k, nDg RD, 2n "mq 7R
2 2 -1
¢\ hmgn 1hmgn 2c 9 1 (hmgn 2,9
~ = - - hk 1.9
<n> Do 2 ¢Do n2RD, T2 \eDy " (1.9)
We already suggestively ordered the expression so that we can define m = hgg’? and ) = n221i)0
to obtain
2 2.2
1 hk
hwp, =m ) 4 omo? 4 Lo (1.10)
n 2 2m

It emerges that the dispersion is equivalent to a particle with mass m in a two-dimensional
harmonic trap with frequency ). The energy spectrum can be written in terms of transversal
quantum numbers g, as

w=Qng +ny+1)+wp. (1.11)

The energies are linearly degenerate, and the density of states above the ground state energy
in a continuum limit is given by p(w) = %w /. It vanishes linearly for w — 0, allowing the
particle number integral to be finite. A simple estimate of the critical particle number can be
given by

kT 2 g2

N, ~ 2/000 dwp(w)b(w) = 2 (m) = (1.12)

The factor of two comes from the two independent polarisations of the photon.



1.4 Phase coherence

_» Spectrometer
Ko

M2
I ] Dye Laser
\ Mode filter Beam
Pump Polarizer
Beam < R (
. . =
Mlcrtcx;favny, N ’
Ul 90:10 fast
Dye solution PMT
SM fiber

Figure 1.5: Overview of the experimental setup. From the emission out of the dye-filled
micro-resonator, the condensate mode is filtered and, after a polariser, overlapped with the laser
reference. The resulting beat signal is detected on a photomultiplier tube (PMT). Simultaneously,
radiation transmitted through the second cavity mirror at the reverse side is used to record
spectra of the photon gas. [§]

We have shown how a Bose distribution

for the photon number spectrum arises from
a phenomenological rate equation approach.
When reaching the BEC regime, the system is -
expected to form a macroscopically occupied
wavefunction in its ground states. This wave-
function has a spontaneously chosen random
phase for each experimental realisation but
should have a fixed phase in a single experi-
mental run.
This has been experimentally investigated in [8]. The setup is shown in Fig. 1.5. The light from
the cavity is spatially filtered to isolate the ground mode contribution and interfered with a
reference laser. The signal is then detected with a photomultiplier tube. If the light coming
from the cavity is coherent, beating signals should be observable. These beating signals have
been observed in different regimes. In Fig. 1.6, the result in the canonical regime is shown.
This regime is realised at larger detuning from the zero phonon line and is characterised by a
larger photon number and a smaller number of excited molecules. This makes particle exchange
small and reduces number fluctuation in the photon system. A steady beating signal could be
observed, indicating that the ground mode is coherent.

0 25 50 75 100

Time, t(ns)
Figure 1.6: Temporal interference signals be-
tween photon condensate and reference laser in
the canonical regime. (Adapted from [8] ).

This experiment shows that the light from the BEC has a classical electric field with a stable
phase. From the canonical quantisation of light [21], one obtains the electric field operators®
for a mode with wavefunction v (x) as

Ei(w,t) o 0 [dr(w)ax(t) + vi(z)af(t)] - (1.13)

Therefore, if the observed light has a macroscopically well-defined electric field, it implies that

(E(t)) # 0 and therefore also (ax(t)) # 0. This expectation value requires breaking the U(1)
symmetry of the photons. Its description will be the primary goal of this thesis.

2For simplicity, we drop the polarisation degree of freedom here.
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1.5 Master equation approach

In this section, we will examine a widely used method to describe the system. Until now, most
theory work on the photon BEC was done using a Markovian master equation approach. A few
of the most relevant works in the present context are [22], [23], [24], [25]. Within this approach,
the formation of a Bose distribution in the photon numbers could successfully be described,
and various non-trivial phases and properties could be uncovered. Nevertheless, within this
approach, the question of phase coherence demonstrated in [8] was not tackled before. Here,
we want to review the essential steps in constructing the master equation and the treatment of
the resulting equations of motion of the observables of interest. We especially want to see what
this approach can tell us about the phase-coherent photon field.

We will start out with the Holstein-Tavis-Cummings model used in [23]

M
H= Z 516(111% + 7 Z (a,ta; + a;mf) + Zw [b}bi + sof(b;-r +b)| . (1.14)
k ik i—1

We consider here a microcavity filled with M dye molecules. The energy difference between
the photon modes and the 2-level splitting is the detuning d,. The molecules interact with the
cavity modes via a Jaynes-Cummings interaction, which is the reason why we can write the
energy of the two-level system and the photons just in terms of the detuning. The dye has
various rovibrational modes. We assume we can treat them in the harmonic limit so that they
can be modelled by a harmonic oscillator with operator b;. Nevertheless, the minima of the
electronic potentials from which we extract the oscillators in the electronic states are different.
This is reflected in the last term. The oscillator part Uf(b;-r +0b;) o< 072; gives the displacement of
the minima with a different sign between electronic ground and excited state. The displacement
is parameterised by the Huang-Rhys factor s2. It will lead to the characteristic shift between
emission and absorption spectra. So, light is usually emitted at lower energies as it is absorbed.
To proceed, we diagonalise the molecule part of the Hamiltonian via the Polaron transformation

Ui(s) = exp (305(1)3 - b2)> . (1.15)

It is a shift of the oscillator minima to the origin. Consequently, the shift will appear in
the interaction term with the photons, with an addition factor of two in the shift parameter
reflecting that ground and excited state oscillators were separated symmetrically from the
origin. This leads us, up to a constant, to the transformed Hamiltonian

4 = Z 5ka;2ak + Zszbi + ’yz (D;L(s)a};af + Di(s)akoj) (1.16)
with D,(s) = exp (23(()1» — bz)) :

We assume that the phonons thermalise rapidly after absorption of a photon and emit from

an equilibrium phonon distribution. To implement this approximation, we transform into an

interaction picture wrt. the free photon and phonon part and obtain the von Neumann equation
in the interaction picture as

pi(t) = eMlpe™0t = idyp;(t) = [V (2), pr(1)] (1.17)
where we used

V(1) = (DLtalt)or (1) + Dielar(or () with Di(t) = Di(t) = (Di) -
ki

(1.18)
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To apply the Born approximation, we expand to the second order in V', obtaining

¢
i0rpr(t) = [V (1), pr(0)] = Z/O at'[V(t), V(). pr()]] - (1.19)
The phonons are now treated as a bath in equilibrium, so the density matrices fractorise
p(t) = ps(t) @ pp and pp is thermal. This can be done for each molecule individually. Therefore,
we drop the molecule index for the moment. With this assumption, we can perform the partial
trace of the phonon degrees of freedom, leading us to

t
i0hps(t) = trp{[V (1), p(O)]} — i / dt'tep{[V (), [V (E'), p(t)]]} (1.20)
0
The first-order vanishes, and the second-order contributions are generated by

tp{[V(0), [V ('), p(!)]]} = Vtrp{DL(t)aj(t)o™ () + De(t)ax(t)o ™ (¢) (1.21)
 [DIEal ()™ (') + De()ar ()™ ('), o))} (1.22)

This factors into three distinct contributions as

The first line is responsible for the usual emission and absorption processes. The second line
contains anomalous contributions, which are conjugate to each other. We go now through each
of these terms separately and collect their contribution. For the first term, we find

af()o™ (Baw ()0t (t)ps () (DI Delt)) p = ars ()™ (') ps(¢')af (£)o ™ (t) (DL De(t'))
—al ()0~ (D)ps(t)ar (1) ot (1)) (D) DLO)) g + ps () ars ()0 (¢ )af ()0~ (1) (De(t') D))

We now employ the Markov approximation to pull system operators acting at ¢’ out of the
remaining time integral. By this, we set the processes as instantaneous on system time scales.
This has to be done by factoring fast time scales out of photons and electronic states. Here
namely the detuning J; and electronic pump I'y and loss processes I'|. Techniquely this
is done as a(t') = e 'q = e O g(t) and oF(t') = e~ TrHTV/2=t5%(1) 3. After this
transformation, all integrals can be extended to infinity due to scale separation to the phonon
bath. The bath correlation function are only dependent on relative time 7 = ¢t — ¢’ and we
define them by D> (t,') = (D.(t)DI(')) 5 and D=(t,t') = (DL(t') D.(t)) 5 leading us to

(a0 @a 0™ (00x(t) = aw (O O altro(0)] [ dresere 5 D<)

+ [ps(a (o™ (a0~ (1) — al(Hho~ (Dps(B)ar (H)o* ()] /0 " dremteme 3

r
D> (1)

We now proceed with the other terms in the same approximation. The second term is given by

ar(t)o* (t)ag, ()o~ (¢)ps(t') (De(t)DIE)) g — afp ()0~ (¢)ps(t'ar (D)o () (De(t) DY) ])
—ar ()0 (8)ps(t)al, ()0 () (DLE)De(t)  + ps (t)al, (¢)o ™ ()ar(t)o (1) (DLt De(t))

3The transformation for the Pauli matrices into an dissipative interaction picture is non-trivial and generally
not possible [26], but will be justified by later comparison to another approach.
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Applying the same approximations as before, we obtain

|ak (W)™ (Dal, (o™ (1)ps(t) = aly (o™ (Bps(Har(t)r (¢)] /OOO dreTe D7)
+ [ps(t)az,(t)a*(t)ak(t)ng(t) —ap(t)ot(t)ps(t )aL, (t)a*(t)} /O°° dretnT e TT;FlT/D< (r)

The third term is given by

(o~ (D)ap, ()~ (t')ps(t') (DIE)DLE)) g — af (') o™ () ps(t')al (t)o~ () (DI (t) DI(t)) 5
(¢

f i
a k c
(o ()ps(t')al, (o™ () (DL )DLD)) 5 + ps(t)al, (¢)o~ (¢)af(H)o™ () (D) DL(1)

I X+

—a

Applying now the same approximations with F(t,t") = (D.(t)D.(t')) 5 we arrive at tremendously
simplified expression since (% (t))? = 0.

(o~ (O)ps(D)al (D)o (1 / h dfe“kffe—r“”fF*(—T)

~ a0 OOl (o) [ dreere

TF* ( )
The fourth term is given as

ar(t)o ™ (t)aw ()0 (') ps(t') (De(t)De(t')) g — aw () () ps(t)ar(t) ™ (t) (De(t) De(t'))
—ai(t)o T ()ps(t)aw ()0 (t') (De(t') De(t)) g + ps(t )ars ()™ () a(t)o™ () (De(t') De(t))
After the same approximations, we are left with

FT+1"l

~ a7 Opar()o () [ dre e ()

— ap(t)o " () ps(H)ag ()™ (1) /OOO dre 0 Tem 2T (=)

The explicit expressions for the correlators D and F can be found in the appendix. They
depend on the specific phonon model used, but the expressions should cover many possible
models. With this at hand we define now K (J) and P(4) as

/ dre™ z§k/'r -
T+T

P(6) =~ /0 dre P Te™ "3 ¢T.7:(7') :72/0 dre W Te™

TD> / dre=itum et Tp< (—7) (1.23)

FT+

T]-"*( ) (1.24)

We can now collect all contributions as

:aL(t)a‘(t>ak/(t)a+(t)ps( ) — aw (t)o™ (t)ps(t)a T(t)cf‘(t): K (0)
+ :ps(t al, (o~ (t)ar(t)ot (t) — ak(t)ﬁ(t)ps(t)a;,(t)a*(t)] K*(6p')
+ :ps(t ap (D)ot (t)al (o™ () — al()o™ (£)ps(t)ar (t)cT*(t): K*(=0p)

+ an (ot (Bal (Do~ (Ops(t) = al, (o™ Ops(Dar(t)r™ ()] K(~4)
(1)

13

Bak ()™ () (P(Sr) + P*(=0k))" = ap (o™ ()ps(t)ar(t)o™ (£)(P(3) + P*(=0x))



Splitting this in real and imaginary parts and assuming spatially orthogonal photon modes, we
can drop k # k' terms and obtain

(e~ Baro" ©)ps(t) + puB)al(B)o™ ()ar()r* (1) — 2ax(E)o™ () ps(B)af (B (+)] Rek (5)
+ [poBart)e* (Dal (o™ (1) + ax(t) (Hal(t)o™ ()p(t) — 20, ()0~ (Dps(B)ar(B)o™ (1) Rek (~5)
i [al ()ar () Pyps(t) — po(t)al(Dan(t) Py(1)] T (51)
i [an()al () Peps(t) — po(t) Paa(t)al (1) | TmK (~0y)
—ar(t)o* (Dps (Dar()o™ () (P(0k) + P*(=8k)) — al(t)o~ (Hps(Dal(t)o~ (1) (P(0k) + P*(~31))"

The first two lines give us the emission and absorption processes in Lindblad form, and the
third and fourth lines are contributions to the Hamiltonian, the Lamb-shift. The fifth line has
not been mentioned in the literature until now and only contributes in the coherent photon
phase.

The third and fourth lines might be written as

i [aL(t)a <t>ngs<t> ~ po(B)al () Py(t)] K (6)
i [ar(t)al (1) Peps () — ps(8) Prar(t)al (1) TmE (~61)
=i [a}(tan(t) Pyps(t) = ps(t)al (Dar(t) Py(H)| (MK (6,) — TmE (~5))
+ i [al (On(Bar(®)ps(t) = ps(t)al Orar()| K (=84) + i [Pepy(t) = po(t) P.] T (~65)

The last two terms contribute to a Hamiltonian term AH = ImK (—6;) P + ImK (—d;,)ala. We
can gauge these contributions and have as the sole Hamiltonian part

§H = Tm(K (6;) — K(—6x))alaP,

We can now transform back into the Schrodiger picture and restore the molecule index to obtain
the Lindblad master equation.

o K T T Y .
0up(t) =~ T, + 3 5 Ll + X [ lo ) + S clor ]+ el (1.25)
k i
Bem((sk) — Babs(ék’)
+ ; [2 Llalor] + = Llaxo] (1.26)
+ Z [a(ék)akafpakaf + 04*(%)%201-_0@;2%_} (1.27)
kyi
with H = Z((Sk + nkPg)aLak + Z'YB(GLU; +apo) and L[X]=2XpX'T - {XTX, p}
k ik

The coupling constants are given by 7, = ImK(d;) — Im(K(—6%)), v = v(D)g, Bem =
2Re(K (0k)), Baps = 2Re(K(—0dx)) and a(dr) = P (i) + P*(—0k). An example of emission and
absorption spectra obtained using K (0) can be seen in Fig. 1.7 taken from [24]. Furthermore,
k is the cavity loss, and 4 is the dephasing of the molecules due to collisions.

The master equation obtained in [22] contains the Lindblad emission and absorption parts and
was extended by the renormalisation of the coherent coupling in [24]. The last term, coupling
via «, was not shown before but does not alter any of the results obtained by these authors
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Figure 1.7: Absorption and emission spectra obtained by [24] using K () from eq. (11.5) with
a super Ohmic phonon density of states.

since it only couples to U(1) variant averages, which were not analysed before.

We can use this master equation to obtain the Markovian equation of motion for averages. For
this, we use the fact that the molecules are uncorrelated and, therefore, averages of operators
on different molecules factorise. Using this, we treat every molecule in the same way and drop
the index, introducing the factor M for the molecule number. We aim here to describe the
coherent and incoherent parts of the photons. This requires breaking the U (1) symmetry of the
photons, which has been discarded in the studies until now. The argument for this is that the
phase will be randomly selected in each experimental run and average to zero when averages
are performed over many experimental realisations. Here, we take a different perspective and
focus on one specific phase to see if the system supports a state with a finite coherent field.

Technically, the equations of motion for the observables are generated from
00 (A(1)) = tr [(Dup(1))A] - (1.28)

This usually generates a large set of averages on the rhs. for which also equations of motion
must be obtained. However, the so-generated set of equations does not close, and trunca-
tions must be applied. A cumulant expansion of the expectation values can achieve this
[27]. Technically the averages are decomposed in cumulants as (AB) = (AB)_+ (A) (B) and
(ABC) = (ABC), + (AB)_.(C) + (AC).(B) + (BC).(A) + (A) (B) (C). The higher-order
cumulants are then dropped at some point to close the set of equations.

We will simplify our setup to get some insight into the mechanisms involved. We focus on a
single photon mode and drop the Lamp-shift as also the term proportional to c. None of the
conclusions drawn hereafter are altered by including them.

It is worthwhile to first look back again at the phenomenological rate equation we used
before. These can be obtained from the master equation by only considering the averages
n = (a'a) and M, = (cF07).

on = —kn+ BeM(n+1) — Bo(M — Mc)n (1.29)
M, =T4M — (T'+ + T )M, — BeMe(n + 1) 4+ By(M — M)n. (1.30)

Let us compute the steady state. We express the excited state molecule number through the
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photon number by

_FTM—mn
c FT+F¢

FT K
FT+F¢ FT+F¢'

=It+M —kn with Iy = (1.31)

=
I

This leads us to a quadratic equation for the photon number as

b
en?®—bn—a=0=>n= 2t V(b/2¢)? +ajc =ng + \/n2 +n} (1.32)
C
a=BJI+M , b=—r+ BJI+M — Bek — BM +T+MB, , c¢=#k(B.+ B,) (1.33)
_ T4(BeM — K) =T (BoM + K) — kB, o BItM
2k(B, + By) © "7 k(Be + Ba)

Mg

At large molecule numbers, the photon number has two distinct regimes, which differ in the
sign of n,. For large negative n, and small k, one obtains

2
n B
= 1+n2/n2~ L ~T € 1.35
n="ng+ ‘na| +nb/na 2’77/(1‘ T’FTBe_F¢Ba‘ ( )
which does not scale with the molecule number. For large positive n,, one obtains
Iy B
~2ng ~ M——-"—. 1.36
1 Sl % Be+ By (1.36)

In this regime, the photon number scales with the molecule number, leading to a sharp rise
in the photon number when the pump rate is increased. This is at the root of the behaviour
uncovered in the more sophisticated multi-mode setup in [22].

Let us now include the phase coherent photon field. Just adding its equations of motion
additional to (1.29) and (1.30) will lead to an equation of motion of {a), which is similar to the
whole photon number but misses spontaneous emission. Therefore, in the longtime limit, (a)
will vanish, and no steady state with a finite value can be obtained. The minimal set of averages,
which allows for a finite coherent part in the steady state, can be achieved by including (o7).
With (a) = ¢, (a'a), = n. and (¢7) = x the equations of motion obtained from the master
equation are

One =Be M, + [_"43 + Be M, — Ba(M - Me)] Ne (137)
1
Oup = = ibp —ingMx + 5 [~k 4+ BeMe — Bo(M — M.)] ¢ (1.38)

Ox = — i'YBSO(M - 2Me) - [(FT + Fi) + Bane + Be(nc + 1) + (Be + Ba)|§0|2 X/2 (1-39)

8tMe = - i’)’ﬁM [SOX* - (P*X] + [Ba(M - Me) - BeMe] |§0‘2
+ T4 M — (D4 + T M, + Bo(M — M), — BeMe(ne +1) (1.40)

We look now for a steady-state solution for the densities |¥|? and |x|*.
One quickly arrives, using (1.37) at

BeM,

Mn |‘P|2(2Me — M) = (FT + Fi) + Bane + Be(ne + 1) + (Be + Ba)“10|2 |X|2 (1.41)
C

The rhs. is positive. Therefore, a condition for a finite phase coherent part is (2M, — M) > 0.
This condition is not altered when all second-order cumulants and the term proportional to «

are included. This is the usual population inversion criterium obtained in lasers. If population
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inversion is not possible, the transition in the phenomenological rate equations still exists.
Therefore, the transition found here is likely a laser transition, not a BEC transition. However,
the experiments operate far from population inversion.

Another odd property is that the density of phase-coherent photons is explicitly dependent
on the square of the detuning, so it does not contain information about the sign. This hints
at a possible reason why the rate equations lead to odd results for phase-coherent averages.
In performing the Markov approximation, one assumes that the bath is unstructured on all
energy scales of the system. This reduces the complicated molecule dynamics to Marko-
vian two-level dynamics. Therefore, energetically, the photons see a single two-level system
with a fixed energy. Nevertheless, the vibrational bath is structured and has states at large
detuning, which the photons interact with. This leads to a scenario closer to a multi-level system.

In the rest of this thesis, we will develop a formalism to explain the observed phase coherence.
We incorporate the phonon dynamics in a non-Markovian way, keeping as many spectral and
memory effects as possible. For this, we will need various field theoretical tools, which we will
introduce in the following chapter.
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Chapter 2

Non-equilibrium Quantum Field
Theory

2.1 Schwinger-Keldysh formalism

A natural approach to non-equilibrium physics is the Schwinger-Keldysh formalism, which is
most easily implemented in the path integral formalism. It allows us to treat general systems as
open and driven quantum systems. We follow here essentially [28] and [29]'. The key ideas can
most easily be motivated by considering how a quantum average of a time-dependent operator
is computed. For the moment, let us consider a Hamiltonian system prepared in an arbitrary
initial state p(tp). The time-dependent average of an operator A is then given by

(A(t)) = tr(U (to, £) AU(t, o) plto)) (2.1)

Reading the expression from right to left, the initial state is time evolved from #y to the time
t at which the operator A is applied, and then time evolved back to the initial time ty. The
forward- and backward-time evolution appearing here is the crucial idea, which should also be
reflected in the time-slicing procedure used to derive a path integral.

We will be interested in bosonic many-body systems and specialise to this case here. They
can be described by canonically commuting creation b and annihilation operators b. The path
integral representation is then set up using coherent states as a basis defined by their eigenvalue
equations

blg)=ole) (b= 0" (4]. (2.2)
These states form an overcomplete basis, and their explicit (unnormalised) form and overlap are
i % 4/
@) =€ 10) ,  (pl¢) = e (2.3)
From this follows the resolution of unity as
1= [ astaoe jo) ol (2.4)

In the later chapters, we will construct a moment-generating functional whose basis is laid here
by considering the time-dependent partition function

2t] = tr(U (to, 1)U (¢, o) p(to)) - (2.5)

!The reader might also be interested in [30] and [31].
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Figure 2.1: Illustration of the time evolution of eq. (2.1)

At this stage, the definition does not look too helpful since U(tg,t)U(t,tg) = 1 and the density
matrix is normalised, giving us Z = 1. Nevertheless, constructing the time-sliced version of this
expression will allow us to generalise it to a more useful object. To this end, let us consider a
system with dynamics governed by a normal-ordered, time-independent Hamiltonian leading to
matrix elements and time evolution operator

(GIHO!,b)¢) = H(™ ) (9l¢) . U(t,t) = e/, (2.6)
The time evolution operator has the group property U(t,t') = U(t,t)U(¢,t') and therefore

N N
Ut,t)=[[e /" with > At,=t—+. (2.7)

n=1 n=1

In principle, the At,’s can be chosen non-equidistantly, but we will specialise to the equidistant
case At, = At. The time-slicing procedure is now done by using this decomposition and
inserting resolutions of unity in the coherent state basis with ¢ > tg as

Ut to) = e~ tHAYh=iHAY ho—iHAD | ~iHA/ (2.8)

- / Pne N o) (G| e HAY / Pn_1e”N 1 gn ) (pyoi|e T (2.9)

N
= {H /d%¢n€|¢"|2] o) (| e A g 1) (dn—1| e A g o) (dn—af ... (2.10)
n=1

The remaining matrix elements can be computed in the limit of N — oo, At — 0 with
NAt =t —ty by expanding the exponential to first order and later re-exponentiation as

(pn| eTHAYR 6 1) & (p] 1 — iH (b, b)AL/R | dp_1)

~ 4 (2.11)
= (On|dn-1) (1 — iH(¢p, dn—1)AL/R) (2.12)
~ <¢n|¢n—1> eiiH(wL@”*l)At/h ( )
—° (2.14)

Ghdn—1o—iH (@ bn—1) At/

Collecting all these contributions, we obtain

N

U(t,t()) = / H d2¢n€*|¢n|2e¢2¢n—le*iH(¢Zv¢n—1)At/ﬁ e*\¢1\2 ’¢N> <¢1’ d2¢1 (215)
n=2
O $u— ¢ )
= [ [IL#one (mt/h finag 2=t H<¢;,¢n_1>}) 1P gu) (1] 26,

(2.16)

The backward part of the time evolution can be done analogously, noting that the time interval
At must be chosen with a different orientation, leading to an additional minus sign in front of
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the Hamiltonian and a derivative which points in the negative time direction. This means in
the following expression, increasing n gives decreasing physical times, leading us to

v - [ | 11 daﬁnexp(—mt/n{ hor 22 A‘f“—H(as;,%_l)})

n=N+2

e o0 | o) (S| by (2.17)
(2.18)

Combining these expressions with the definition, dt,, = £At being + if n is on the forward
time evolution and — if it is on the backward time evolution, we find

2N ¢ ¢
= [ |TL#n] e Z(Stn/h[hqb* PPl H (@7 0n-0)| e (6 plto) o)
n=1

We will usually work with the continuum limit of this expression, but it is worthwhile to
note the structure of the discrete time-sliced version.

The initial state is encoded in the matrix element at the end of the expression. For a
Gaussian initial state, p(to) = pgTb, it can be expressed as (¢1] p(to) |pan) = e?1P0%2N . For a
quadratic Hamiltonian, this leads to a matrix form of the action, which is nearly bi-diagonal,
except for the matrix element encoding the initial state. This is crucial in the matrix inverse,
directly related to the correlation functions.

We will only be concerned with Gaussian initial states and only briefly comment on more
complicated initial conditions. In principle they can be encoded, but lead to various complica-
tions. The most used non-Gaussian state is the thermal state of an interacting system. Here,
the initial state can be added to the Keldysh contour as a piece from 7 = i — 7 = 0. This
requires the implementation of the Kubo-Martin-Schwinger (KMS) boundary conditions when
determining correlation functions. Already, this approach covers a large class of initial states
since the Hamﬂtonian on the imaginary time branch can be chosen independently from the time
evolution.” General initial states can encoded in the n-PI EA formalism [32] [33]. However, the
computational cost to solve the eom. following this approach is too high to be useful at the
moment.

In the continuum limit, the initial conditions are not written explicitly but must be
remembered when eom. are solved. From here on out, we will take A = 1, until further noted.
The partition function on the time contour then reads

- /D¢exp {z’/cdt [0 (t)iopp(t) — H(¢*,¢)]} = /D¢e"s (2.19)

The action S is now formulated along the Keldysh contour but should be decomposed into the
usual physical time for practical calculations. This is done by a characteristic doubling of the
degrees of freedom ¢(t) in non-equilibrium. We introduce a field ¢ (¢) on the forward contour
and ¢_(t) on the backward contour. Decomposing the contour integral and taking care of the
orientation of the contour, we may write

[t [ @ivio®) - B, 0)] (2.20)
= [ ae{[srios. 0 - H 00 - [0 idw- (0 - H 0]} (221)

0

2Note, that in these cases also the adiabatic theorem needs to be used to apply Wick’s theorem [30].
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It will in the following be useful to define the "free” part of the action as the quadratic part of
the action and collect it in g !(¢,#), writing it on the contour as

Lt t)e-(t)

So= [[atdts" ()9 (1 000(t) = [ dtatst (g7 ()0 ) + [ a1
— / dtdt' ¢ (g (¢, o (') — / dtdt'¢* (t)g=1 (¢, t) o1 () (2.22)

Note that in the definition of g !(¢,t') often contour-delta functions are used, which are defined
by contour-theta functions as d.(t,t') = 9;0.(¢,t'). In decomposing the contour- into real-line
integrals and attaching contour indices to the time arguments, one arrives at an additional
minus sign at the backward contour, namely

Ot—t) if t,t' e+
1 if te—,t'e+
O.(t,t) = ’ = 0.(t, V) =68(t,t") [0 100 4+ — 6 0w _| (2.23
1) =19, foled e (t.t) = 0(t,t') [0e,4+-0p 4 — O~ 0y ] (2.23)

o —t) if t,t'e—
The functions g.(t,t') are the non-interacting 2-time correlators of the system namely

9c(t, 1) = —i(T(o(t)9"(t')))o - (2.24)

Here T, is the contour ordering symbol, and the subscript zero at the average denotes that
the corresponding action is taken to be Gaussian. It emphasises the need to keep in mind
that initial conditions are implicit in the continuum representation and must be applied when
solving for the free Green function via the equations of motion

/dt'gc_l(tlyt')gc(t',tz) = 0c(t1,12) . (2.25)

We will briefly give some definitions here that will be helpful later. The different components
of g.(t,t') on the contour are called

gy 4 (t,t) = =i (T(p4 ()7 () = g" (t, 1) time-ordered Green function (2.26)
g —(t, ) = =i (T(p_(t)p*(t))) = gT(t, t") anti-time-ordered Green function (2.27)
g —(t, 1) = =i (¢ (t )P+ (1)) = g=(¢, 1) lesser Green function (2.28)
g+ (1) = —i{p_ ()L () = g7 (¢, 1) greater Green function (2.29)

The time- and anti-time ordered Green functions can be decomposed as

Tty =0t —t)g” (t,t)) + 6t —t)g=(t, 1) (2.30)
T(t,¢) = 0t — t)g” (t, ') + 0(t — t)g=(t, ') (2.31)

This notation, connecting the contour index with the label, will also be used later for the full
Green functions G. In this thesis, we will decompose all these Green functions into greater and
lesser functions. To give some intuition about these functions, let us consider an equilibrium
system. For fermions, the lesser function gives the particle contributions and is proportional to
the Fermi function f(w). The greater function, on the other hand, is proportional to 1 — f(w)
due to the anti-commutation relation of fermion operators. It is usually interpreted as the hole
contributions. For bosons, it is more intuitive to take a different perspective and think about
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these correlators as a probe of the systems properties. A lesser function gives information if
we can remove a particle from the system. Therefore, for bosons, as in the fermionic case, it
contains information on particle occupation and is proportional to the Bose function b(w). The
greater function tells us if we can add a particle to the system. In the fermionic case, it checks if
a hole is present. For bosons, it is proportional to 1 + b(w). One can add particles to a bosonic
system via spontaneous and stimulated emission.

All these components can be collected in a 2 x 2 structure in g.(¢,¢'). But one can choose
different basis representations, giving different fundamental Green functions. Nevertheless,
following from the 2 x 2 structure, only two can be truly independent. The choice depends
on the problem at hand. A popular choice is the basis of retarded-/advanced- and Keldysh
Green functions. Here retarded and advanced are related by conjugation and interchange of
time arguments. This basis can directly be implemented on the level of fields by transforming
to a “classical-quantum” basis (c, q) defined by the average and difference of the (4, —) basis®

Ge(t) = (¢4 (t) + d—(1)/V2 | dg(t) = (6+(t) — (1)) /V2. (2.32)

Another basis choice is then spectral function A and the occupation function p, * being in the
boson case, averages of the commutator and anti-commutator, of the fields at different times.
Even though it might be the most physically intuitive representation to the best of the author’s
knowledge, there is no transformation of the fields leading to this decomposition due to the
requirement of implementing time-ordering theta functions. For reasons becoming clearer in
later chapters, a representation in terms of greater and lesser functions will be the most suitable
for the case at hand.

2.2 Lindbladians in path integral representation

One of the primary methods to incorporate open quantum system dynamics is the Lindblad
formalism. The Lindblad form of the Master equation is intimately related to the structure of
the Schwinger-Keldysh contour. In [34], the path integral formulation belonging to a master
equation of the density matrix is derived. We will take a different route, considering the
Hamiltonian of the system and bath as fundamental and show how the Lindblad form emerges
in the action. This approach allows for easier generalise to more complicated bath situations as
shown in [35].

As a starting point, we take the same setup as in the usual derivation of the Lindblad formalism.
Consider the full Hamiltonian of system and bath with operators b linearly coupled to some
system operator A as

H=H,+Hg+~(Ab+h.c). (2.33)

For simplicity, we will take the bath Hamiltonian to be quadratic °. The action follows with
the field representation of the system operators as

S =255+ / dtdt'v () gL (¢, t)b(t') + / dt(AL ()b (t) — AL (D)b_(t) + hec.) . (2.34)

3This transformation is not so straightforward for fermions, see [28].
4Note that the letters for these two functions vary in the literature, e.g. [32] reverses the definitions.
®For more complicated bath, see methods used in [35].
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We can complete the square using the inverse of g ! leaving us with
S =8+ / dtdt' drdr’ (b1 (1)0(t,7) + 7 AT (O)ge(t, 7)) g7 (7, 7) (87, DY) + 1067, ) A(L))

—fy?/dtdt’AT(t)gc(t,t’)A(t’). (2.35)

&
We assumed that the initial state factorises in a product of the system and bath density matrices.
This allows us to obtain the free bath correlators only considering the bath state and dynamics.
With this assumption, the integral over the bath fields can be performed by a shift that does not
change the path integral measure. This leaves us with the last term and leads to the dissipative
action

S =8, — 2 / dtdt'Ai(t)g+7+(t,t’)A+(t’) — 2 / dtdt’ AT (t)g_ _(t,t)A_(t) (2.36)

2 / dtdt’ AL (£)gy —(t,t)A_(t') 4+~ / dtdt’ AT (t)g_ o (t, ')A, (t'). (2.37)

We now perform the Markov approximation. To this end, we consider the symmetry properties
of greater and lesser functions

g7 (1) = =i @' () (o7t ) = g7 (1) (2.38)
g () = =i " )p(1) (o=t ) = —g=(t' 1) (2.39)

They are anti-hermitian and in a steady state, as in equilibrium, only depending on relative
time. Until now, we did not consider the mode structure of the bath, but it can easily be
restored. For bosonic modes with energy wy in equilibrium, these functions are

gt t) = —ie ) gL (4, t) = —ie T R (ng(wy) + 1) (2.40)

In the expression before, we should now sum over all the bath modes. We assume that the
bandwidth of the bath is large so the time integrals only have little support in relative time
wrt. to the time scales of the system. It allows us to assume both system operators at equal
time and the remaining integrals are of the type

0o 0o 0
/_ dtg<(t) = /0 dtg<(t) + /_ dtg=(t) (2.41)
= /oo dt [g=(t) — (¢%)*(t)] = 2@'1111/00 dtg=(t). (2.42)
0 0

To obtain the Lindblad form, one assumes an empty bath, meaning ny(wy) = 0. This sets
the lesser function to zero, and in the greater function, only the density of states contributes,
which will be absorbed in the coupling constant later. The integrals for the (+,+) and (—, —)
components can be computed as

/ dtdt’ AL () gy 4 (1, 1) AL (') ~ /_ b dt Al (1) A (t) /_ h dt'gy o+ (t,) (2.43)
_ / T Al (1) A (t) /0 Tt g (1) (2.44)
/ dtdt’ AT (t)g_ _(t,t)A_(t) = / ” dtAT (H)A_(t) / h dt'g_ _(t, 1) (2.45)
_ /_ T Al (1AL (0) /_ R (2.46)
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The remaining integrals can be complex and are related by

00 o) 0 0 *
/0 dtg (t)——/o dt(g” (—1)) ——/_Oodt(g () = — [/_oodtg (t)] k. (247)

Collecting all the terms we obtain
S =8, — % / dt AL ()AL (1) + vy / dtAT (1) A_(#) + 2iTm(s / QAT (DAL (1) (2.48)
_— / dtAL (DAL (1) + x*/2 / dtAT (A () + iTm(x) / QAT WAL (2.49)

If the system operators are linear in the fields, the real part of y can be absorbed into the free
part of the Hamiltonian as a Lamb shift. For other cases, the bath density of states can be
chosen symmetrically such that y is purely imaginary, leading to the standard form of

S =S, +iT/2 / dt AL () A (1) +iT)2 / dtAT (A (t) — T / dtdt AL ()AL (1), (2.50)

The general structure of the Lindblad equation is here directly reflected. The first two terms
represent the anti-commutator. Therefore, the doubling of the degrees of freedom can be seen
in the master equation as the application of operators from the left or the right of the density
matrix. Further discussion of the operator perspective on the doubling of dof. can be found in
[36].

We will mostly be interested in the case where the system exchanges particles with the
bath. Here, we want to see how this influences the free propagators of the system. For this, it
is sufficient to consider a single non-interacting bosonic mode with action

So= [ dt [61.(00 — )6..() ~ 6* (00— )o-(1)] (2.51)

We now include dissipation by a particle pump and a loss. The system operators in (2.33) are
then Ajpss = ¢ and Apymp = ¢* leading us to

So :/dt (0% () (10 — € + i /2(kt + K1) (t) — &= (£)(i0r — € — i/2(kt + K1) d— ()]
- / dt [iry " (D)) (£) + iny 6" () ds ()] (2.52)

In the following chapters, we will deal with the phenomenon of condensation, which emerges
here due to the spontaneous breaking of a U(1) symmetry. In foresight thereof, we extend the
application of g~!(¢,t') also to give us the time evolution of anomalous (explicitly symmetry
breaking) averages. To this end, we need to specify a matrix structure for the operators
contained in g, which we choose in the usual Nambu/Beliaev form as [37]

(Ta(®)al () (Ta®a() ) _ (P(1) Fo(t,1)
PHLt) = <<Tc<a*<t>cﬁ<t'>>> <Tc<a*<t>a<t’>>>> - (f%u') PC(t',w) (25

This structure ensures the symmetry under hermitian conjugation namely P2 (t,t') = —(P=(t, ).

Similar relations hold for time- and anti-time ordered Green functions. The inverse propaga-
tors acting from the left can directly be obtained from the action. Here, one needs to take
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into account that the time derivative acting on the conjugate field gets a minus from partial
integration, leading us to

Iy = (iat o i(/)z(ﬁT e —i0 — € + ?/z(m + m)) (2.54)
1 (=0 —e—1i/2(ky + K})) 0
9-- = ( 0 (=it — e — /2 + @)>> (2.55)

-1 [y O -1 _ [y O
g*,Jr - ( 0 iHT) ) g+7, - ( 0 il‘ii) : (256)

Note here a subtlety when applying these operators from the right; the rhs. of the eom. is a
contour delta function. Therefore, the free inverse propagators acting from the right are minus
the hermitian conjugated acting from the left. This essentially reflects that the derivative is
acting on the conjugate operator. Let us now carry on and calculate the eom. of the greater
and lesser components.

-1 P -1 P o z@t —6—2/2(KT+H¢> 0 P><t,t/) f(t/,t)
Imt Pk 7 9= et = 0 —idy—e—i/2(ry + 1)) | \ FL,¥)  P<(t,1)
ik, 0 PT(t,t")  fT(t,t)
+ ( 0 m) (fT(t,t’) PT(#' 1) (2.57)
1 p, ol (10 — e+ 1/2(kt + Ky) 0 P<(t,t")y  f(t,t)
AR A 0 —idy —e+i/2(m + 1)) ) \ F( 1) P>(t,0)
: T / Ty
ik '0 Ii t,t) .t (2.58)
0 isy )\ ST(t,t) PT(t',1)
For the normal greater/lesser functions in the presence of dissipation, we find
10y P” (t,t') = (e +i/2(ry + k1)) P~ (t, V') — iy PT (¢, 1) (2.59)
10 P=(t,1') = (e — i/2(ky + K)))P<(t,¢) + z’mPf(t, t'). (2.60)

In the end, we will need to time evolve these equations. Therefore, we separate the time
derivative and multiply with o, to switch the sign in the lower component, leading us to

0y 0\ (P<(t,t) ft )\ [e—i/2(ry+ ) 0 P<(t,t)  f(t, 1)
0 0 f,ty P>t t)] 0 —e+1/2(kt + K}) ft,t)y P>(t't)

ik 0 PTt) [Tt
+<0 —m> (f(t,t') P%’,t)) (2.61)
0, 0\ (P>(t,t) f, 1)\ _ [e+i/2(kr+ k) 0 P>(t,t)  f(t,b)
0 o ft,t)y P<(t.t)] 0 —e —i/2(kt + K)) f(t,t")  P<(tt)
ik 0 P, ¢) fT (1)
_<0i —im) (fT(t,t’) PT(t’,t)> (2.62)
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We will also consider the one-point field (¢(t)) = ¢(t). As a one-time function, it must be the
same on both branches of the Keldysh contour. It will describe the phase coherent part of the
light field. The eom. are obtained as

Grl™ (1) — grh (1) = (0, — e+ & (s + R))plt) — inril)

= iuplt) = e 0y — )] ol0) (2.63)

2.3 Influence of interaction in non-equilibrium

Until now, the discussion has been limited to non-interacting systems. In interacting systems,
the rhs. of the equations of motion have additional self-energy terms. How these emerge will
be discussed in the next chapter. Here, we only want to give the general structure of these
equations for future reference. The rhs. are given in terms of a contour integral of a self-energy
Y with a Green function G. After the contour is decomposed, and time- and anti-time order
Green functions are written in terms of greater and lesser functions one finds

/ A (- DG ) = / C DG () / LRSS (DG ()

c to to

4 / S (1 DG () - / CEHCEY)  (264)

to to

/ St DGE ) = / S (1 DG () — / " (.0 (L)

c to to

+ / R (. DES () / LSS DGR, (2.65)

to to

The eom. for the two-time Green functions are called the Kadanoff-Baym (KB) equation. They
represent the main challenge in solving interacting non-equilibrium problems.
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Figure 2.2: Time-stepping procedure [38]

2.4 Numerical solution of Kadanoff-Baym equations

The general non-equilibrium set-up leads us to an initial values problem, whose main difficulty
is solving the two-time Kadanoff-Baym equations given by non-linear Volterra integro-differntial
equations (VIDE). In a unified notation for the self-energy parts they may be written as

O ) = ho(DG(E ) + / AL DGEY) (2.66)
y

here the integral boundaries are 7' = [tg, t] or 7' = [to,t'] due to causality, as already shown
when employing the decomposition in greater and lesser Green functions. Note here that the
usual quadratic part ho(t) is time dependent as we will need later. The equations of motion
in ¢’ can be obtained from eq. (2.66) by employing the symmetries of the Green function
under conjugation. For complex fields, the equations of motion in ¢’ are the adjoint of the
equations of motion in ¢. In [38], we developed a variable order and variable step size Adams
(predictor-corrector) method, which we will outline here only briefly and refer for more details
to the paper and references therein. The package is written in Julia and can be found on
Github or as package import KadanoffBaym.jl. Specific details of the symmetry and dissipative
properties of the KB equation for the system considered will be discussed in later chapters.

We take the Cartesian product of a non-equidistant one-dimensional grid
T={tg<ti <..<t;<..<tn} (2.67)

with itself, to obtain a symmetric mesh 7 x T = {(t, t|teT,t e T} for the two-time plane.
The time-stepping procedure can be visualised as fan-like stepping in the symmetric two-time
mesh, as depicted in Fig. 2.2. Due to the symmetry of the Green functions, only one of the
half-planes ¢ > ¢’ or ¢ > t must be computed. The other can be inferred by reflection. The KB
equation can now be understood as a system of vector-valued differential equations

10, GV (t;) = ho(t;))G(t;) + (X0 G)" (t;)  (vertical step)
—i0y, GM(t;) = G"(t;)ho(t;)! + (G o )" (t;) (horizontal step) (2.68)

1

10, G(t5) = ho(t:) G () — G4(t)ho(t) + (B0 G — GoB) (1) (diagonal step) ,
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where
(t17tl)77G(tl)t2):| ) (269)

and o denotes the element-wise Volterra integration

(2.70)

(AoB)'() = l/ dt_A(ti,Z)B(t_,to),// dt_A(ti,Z)B(t_,tl),...,// dF A(t:, D) B(E, 1)
Y v vy

As the dimension of the KB equations grows with each time-step, also the size of G"(t) and
G(t) grows by one. This requires a continued resizing of the equations and is one reason why
such equations are not straightforwardly compatible with the extensive amount of available
ODE solvers. The new equations added have a self-energy kernel over past points. This can
is visualised in Fig. 2.2 for a diagonal step. The self-energy integrals involve an integration
over the points in the shaded region. This emphasises why we build a non-equidistant but
symmetrical time mesh. For a general non-symmetric mesh, the points for these integrals must
be interpolated, and the reflection symmetry of the Green functions can not be directly used,
introducing another layer of complexity. In terms of the system of vector-values differential
equations eq. (2.68), the KB integration procedure can be solved as an effective one-time ODE
problem.

Following the structure of eq. (2.68), we consider a univariate non-linear VIDE

¢
v (O = Fity(t) + [ dsKle.sy(s) . (271)
to
which can be seen as a system of two equations, where one is an ordinary differential equation
and the other a Volterra integral equation with initial conditions y(ty) = yo as

y'(t)=Flt,yt)] +2(t) , z(t) = / ds Kt, s, y(s)]. (2.72)

to
We use a variable order and variable step size Adams (predictor-corrector) method. It provides
a good trade-off between cost (two function evaluations per step) and overall accuracy, even
when the number of equations is very large. We first integrate eq. (2.72) from ¢, to t,4+1 to
obtain

y@wﬂzymﬁ+lnH®{Fbw@H+d@}- (2.73)

The integrals are then evaluated with interpolating quadrature formulas. The main computa-
tional bottleneck is in the computation of z(¢), which can be evaluated with a direct quadrature
method as

t n—1 toy1
z(tn) :/ ds K [tn, s, y(s)] = Z/ ds K [tn, s, y(s)] . (2.74)
t =0/t

0 4

The variable Adams method [39] is a predictor-corrector scheme where the integrand of eq.
(2.73) is approximated by a Newton polynomial of previously computed points, and a prediction
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Yy 1 for the solution of y(t,1) is obtained with an explicit method with a (k — 1)-th order
polynomial as

Ynt1 =yn+/t"+1 ds Z H S—tng)| & {F [ty y(tn)] +z(tn)} . (2.75)
n = i=0

The divided differences are defined recursively as

8°F [te,y(te)] = F [te, y(to)]
& F [te,y(te)] — 6 'F [te—1,y(te-1)] (2.76)
te— to_; '

§F [te,y(te)] =

The prediction for y(¢,+1) is corrected via an implicit method, where the k-th order interpolation
polynomial of the integrand depends on the predicted value y;; , +:

tnt1 k-1
Yn41 = y;+1 +/ ds H(S —tn—i) 5" {F[tn-&-lv (tnt1)] + 2(2 n—l—l)} . (2.77)
tn i=0

The integrals in eq. (2.74) can be evaluated in the same predictor-corrector manner:

n—1 tor1 k-1 |j—1
Z::Z/w ds S° | [T — tei) | 9K [tery(t)]
=0 "¢

i=0 | i=0
’ (2.78)
n—1 top1 k—1
Zn =2z + Z/ ds H(s —to—;) K, [tgH, y(tgﬂ)] ,
(=071 i=0
with divided differences defined as
5 K [tfv ( )] =K [tnatby(t )] )
67 Ky [te,y(te)] — 07 Ky [te—1,y(te-1)] (2.79)

53K [tg, (tg)] = t
—J

The predictor-corrector equations (2.75) and (2.77) can be solved by recurrence formulas [39],
making the evaluation of the integrals and j-th derivatives more efficient. An estimate of the
local truncation error can be obtained by ¥n+1 — Yn+1, where gp+1 is the result of the implicit
step using a (k + 1)-th order formula. A measure of this error satisfying specific tolerances is
obtained via

Yn+1 = Ynt1
lep(n+1):= , 2.80
#l ) atol + rtol - max (yn|,|ynt1|) (280)

for which the integration step is accepted if

D=

. [ 1G e
|lex(n+1)|| <1, with [lz] = nzi:ym . (2.81)

The local error is then used to adjust both the step size h,, := (tn,4+1 — t,) and the order k, such
that the next time step is chosen as the largest possible step that still satisfies the local error
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being < 1. For more details, see [38] and [39] IIL.5 and III.7. Given this acceptance criterion,
the roles of the tolerances rtol and atol in (2.80) can be better understood considering them
separately under the infinity-norm. In this scenario, —log;, rtol controls the minimum number
of correct digits between time steps, while atol is a threshold for the magnitude of the elements
of y for which the minimum number of correct digits is guaranteed.

Since publication, native support for one-time functions and improved methods determining
the integration weights using the Vandermonde matrix [40] has been implemented.

2.4.1 Spectra

Understanding the information contained in two-time Green functions can be tricky and most
of the insight can be gained by analysing spectra in the steady state. For this, the Green
functions must first be rotated to Wigner coordinates defined by 7' = (¢t +t')/2 and 7 =t — ¢'.
In the particular case of our non-equidistant grid, the data of the Green functions must first
be interpolated into an equidistant time grid. Afterwards, we can map the Green functions to
Wigner coordinates via

G(t,t)=G(T +7/2,T —1/2). (2.82)

To obtain the spectra, it is Fourier transformed wrt. to relative time 7, leaving us with G(T, w),
which is then on the equidistant time and frequency grid. The package has native functions
implemented for this procedure. In a steady state G(T',w) can be interpreted as spectra of the
respective Green functions. Note that during the time evolution, when the steady has not yet
been reached, the interpretation as spectra does not strictly hold. Nevertheless, the obtained
signal can still give valuable insight into the dynamics. One should also be careful with spectra
extracted close to the end of the time evolution. Here, the data for the Fourier transform is
only in a small time domain; therefore, various artefacts are bound to appear. This is especially
pronounced for sharp peaks in the frequency spectrum, which require long time intervals to be
resolved.
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2.4.2 Memory truncation

In many systems of interest, the self-energies and Green functions have a finite memory, which
means they decay away from the equal-time diagonal ¢t = t. Usually, the self-energies decay
faster than the Green functions. An example often encountered is small self-energy contributions
so that the Green function has a plane-wave-like structure in the two-time plane with a small
exponential decay in relative time due to interactions. In this case, the self-energy is closely
confined to the equal time diagonal ¢t = ¢/, but the Green function has long time scales. The
photon Green functions we will consider behave in this way. Therefore, if we can assume
that the self-energies are decayed on a scale ty; away from the equal time diagonal, we can
approximate the integrals in the KB equations (2.65) and (2.64) as

t

/ LS DG ~ Bt — 1) / LS DGE) + 0t — 1) / FSEDCEY)  (2.83)

0 0 t—tx

The second integral up to ¢’ can cross the equal time diagonal and is different in the case t > t/
or t' > t. In the two cases, we can approximate the integrals as

/ C ES DG ~ 0t — 1) lﬁ(tg 1) / L S BDCES) + 00t — t)0(F + 15 — 1) / " sepor)
0 0 t

_tz

FO(t —t) [9(752 - t){@((tg S — /Ot dES(t, DG(E,t)

Ot — (tn + 1)) /0 " s G, ")}

20— ) {ol(ts +1) —t’)/ A (DG

t—tx

FO( — (ts + 1) / o dES(t, DG, t’)H (2.84)

t—ts
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Chapter 3

2-Particle Irreducible Effective
Action

Non-equilibrium dynamics pose a challenging problem in the formulation of consistent approxi-
mation schemes. The equation of motion will necessarily have strong non-linearities to capture
relaxation dynamics, but here, care has to be taken to preserve conservation law during time
evolution [41]. This chapter will introduce a functional method to formulate such problems
and approximation schemes. The method goes back to [42] [43] [44] and has a rich history
with many contributions from various perspectives [45] [46]. We will follow here closer in the
spirit of [47]. First, we will show the main train of thought and techniques on the 1-particle
irreducible (1-PI) effective action (EA). The approach can be generalised to a 2-PI EA, which is
better suited for perturbative approaches and allows for the generation of conserving equations
of motion for 2-time propagators. After introducing the 2-PI EA we will discuss properties of
approximations and their effect on Ward identities. This chapter will be rather technical; for a
broader overview of the technique, see [33] [32] [29]; for a more technical introduction, see [48].

3.1 1-PI Effective action

We will start with the 1-PI formulation following [31]. For clarity’s sake, we focus on a
scalar theory, but the generalisation to a complex theory is straightforward. We first define a
generating functional with an external source J and restoring # as

Z[J] = /D@HSWHM] . (3.1)

The first step is to shift the integration variable ¢ — ¢ + ¢g. This does not change the domain
of the integral, nor introduces a Jacobian factor leading us to

Z17] = enlSiool+I0] / Depet [S16+001=Sl601+7¢] _ o [Sléol+700] 7,1 7] (3.2)

The cumulant generating functional or the generator of connected Green functions is then
WJ] = —ihlog(Z[J]) = Sl¢o] + Jpo + W1 with W) = —ihlog(Z:1[J]). (3.3)

Till now, ¢y was arbitrary, but we will fix it now to be the full one point average ¢y = (¢) =

56—‘3/ = . This will determine the external field J[p] as a function of ¢ through the equation

ow 0S oWy | é 6S Wi | o

5 5o | 57 5 5 0. (3.4)
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The factor g—ﬁ generates the connected 2-point Green function and is therefore generally non-zero.
We will show that shortly. Therefore the equation determining J as a function of ¢ is

08 oWy

J=—|—+—1. 3.5

[&0 T ] 35

We will now introduce the 1-PI effective action I'1[¢] as the Legendre (-Fenchel) transformation
of the W[J], which is therefore a functional of ‘%‘I/ =

ow or
Lyl = W] = J 5 = WJ] = Jp = S[e] + Wilg] with J = —57)1 (3.6)
where in the last equality, it is implied that all dependencies of J in W; must be re-expressed
in terms of eq. (3.5), which leads us explicitly to

, i 6S[pl oWyl
= —ihl D - — — .
Wi = —ilog | [ Doexp 1 {816+ ¢l - sl - | 574 20 (37)
. i or
= —ihlog /Dgf)exp {h [S[qﬁ + | — Slp] — ¢ 61£pq } . (3.8)
The connected 2-point Green function will in the following only be called G and is given by
= |69 - (9] = ¥ = ¢ (3.9)
Another useful relation can be shown from the properties of the Legendre transform, namely
S; Spi 0.7, 2w —6°T 52T
dij = = [ dz d = [dz—-G,;. 3.10
T i s il v vl K s (310)
This means that 221; G, so the 1-PI EA generates the inverse 2-point Green function as its

Hessian matrix.

We start evaluating Wi and show that the theory governed by this functional has some
pleasant properties, namely that the one-point averages vanish. This can already be anticipated
from the choice of ¢g = ¢, but we will explicitly show it here. Therefore let us consider the

derivative of W, wrt. to ¢ governed by the action S = S[¢ + ¢] — S[¢] — ¢ {55[“7] + M]

oW1 1 i3 |0S[p+ ] Sy 52
—=— D — —¢0— . A1
= g [ et | A - A (Sl + Wil (3.11)
The first term can be rewritten in terms of
/qu i ¢+*0 h/D(;S /ngh IS+ mild . G
The first term is a total derlvatlve, vanishing when mtegrated so that we can write
oW, 1 ig| o 3S[p]
&Dzzl/D%hs !&p [Sle] + Wile]] _V_d) [ % ]+W1[90H] (3.13)
1 ig | OWq
_Zl/meh [so ¢ [ [0 ]+W1[g0]]] (3.14)
R4 52 Do ig
P [S[e] + Wile]] /Zleh ¢ (3.15)
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For the equation to hold, the second term must vanish. We note that % [S (o] + W [gp]] = 6;;21 )

which is by the construction of the Legendre transform the inverse Green function. The relation
must hold for all J. So, we obtain the result that the first moment of the probability distribution
given by action S must vanish.

With this, we have shown that Wj contains all 1-PI connected vacuum diagrams from the theory
generated by S. To obtain these diagrams, the action S [¢] can be expanded around small ¢
dropping terms until the first order to obtain a theory governed by a new free propagator given
by the second derivative of the action and interaction given by all higher derivatives

1625[p] — 1 6"5[¢]
== = E — " 1
SO[(Z)] ) 5@2 ¢ ’ SI pat nl 5@” <f> (3 6)
From now on, we will always define the free propagator as G|, L — 625‘?;[2”]. To obtain a more

explicit form for the 1-PI EA we normalise the integral inside the logarithm of W; with det(Gy)
to obtain proper averages so we can write
ih -1 . 19

Tilp] = Sle] + Etr In(Gy ") —ihln (er) g + const. (3.17)
This result can be understood as follows. In a perturbative expansion, Z contains all vacuum
diagrams and therefore W contains all connected vacuum diagrams. The Legendre transforma-
tion factors out all diagrams, which are 1-particle reducible. All 1-PI diagrams are now written
in terms of free propagators Gy. Expectation values are obtained by first decomposing them
into cumulants as derivatives of W. The cumulants can then be calculated using the Hessian of
the Legendre transforms, which must be the minus inverse of each other. This defines the full
two-point Green function from the 1PI EA, namely

62Ty
5] 5¢]¢Z y ( )

This allows us to derive various exact relations between expectation values. We will return to
the explicit procedure later and contrast it to the 2-PI EA case.

The 1-PI EA is constructed with a free propagator Gy and, therefore, lacks strong non-linearities
necessary for various physical processes such as thermalisation. In the following, we will introduce
the 2-PI EA, which better suits perturbative approaches capturing essential non-linearities.
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3.2 2-PI Effective action

The 2-PI formulation is constructed along similar lines but has the advantage that the resulting
equations of motion are in terms of full 1- and 2-point Green functions. The arguments are
nevertheless more complicated and involved. Therefore, we will tackle this problem from
different perspectives. First, we set up the general ideas and expression. From there, we can
prove that the remaining diagrammatic part is 1-PI in the sense we discussed before and only
contains full 2-point Green function lines. Afterwards, the explicit expression from [47] will be
discussed. With this ansatz, an explicit expression for the diagrammatic part can be found,
showing that it contains only 2-PI diagrams. This allows us to perform explicit perturbative
expansions. The starting point is a moment-generating functional, including a 2-point source
R. We stick here again to a scalar theory. The moment- and cumulants generating functionals
are then

Z1J.R] = /D¢e*%[s[¢’]”¢+5“¢] — AWILA] (3.19)

We perform the same trick as in the 1-PI case and shift ¢ — ¢ + ¢g

Z[J,R] = e%[5[¢o]+J¢o+%¢oR¢o] / D ¢6%[5[¢+¢0]—S[¢0}+(J+R¢o)¢+%¢R¢] (3.20)
— 6% [S[¢O]+J¢O+%¢OR¢O:| Zl [J R] ) (321)
The cumulant generating function may then be written as
1
W([J, R] = S[¢o] + Jpo + §¢)0R¢50 + Wy with Wy = —ihlog(Z1[J, R]). (3.22)
We again fix ¢g to be the full 1-point average ¢ and obtain the 2-PI EA as
ow ow 1
r -—J - — —=R|i 2 2
Gl =W = 2 = SER =W =) 2R[mG+@} (3.23)
1
= Sl] + Jo + w?R + Wi o] = SR [mG n @2} (3.24)
h
= Slg] + W — LRG (3.25)

We used here the connection of derivatives wrt. to J and R of W[J, R] to the correlation
functions, namely

oW
—_— = -2
== (3.26)
W
o [ <¢>2} =G (3:27)
S5 =3 ) = [<p + th} (3.28)
The first derivatives of the 2-PI EA give the connection to the source fields as
or oW 0J OW IR
R A IV (3:29)
oW éoJ OSW IR 0J OW IR
or  ow o0J ik W OR
5G~5a Y5G 2" GRmsG (3.31)
_GWOR GW4I 8T ih, SWSR__ih 55
TOROG 570G YoG T 2 SROG 2 ‘
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From here, we obtain the key feature and the reason why this formulation is called the effective
action. At the physical point, where J and R vanish, the theory of interest, also the derivatives
of T'[, G] vanish

or

@’J,R:o = ’ @‘J,R:o =0. (3.33)

This leads to a variational principle for quantum field theories.
We now follow the ideas of the analysis in the 1-PI case and analyse the theory given by Wj.
Taking the derivative wrt. to ¢ leads us to

oWy 1 ig|0S[o+¢]  S[e 82T 1 ,6R
5o~ 7 /D¢eh 5 5 ¢&p2 +5¢ 5(’0 (3.34)
ig |0S[¢+¢]  dS[yl 52r i
i L2
/D¢ S S (b h(;ﬁ &péG (3:35)

We can write the first term, dropping boundary terms again as

—zh/we% /m iS5 [5S[¢+¢] or +2i¢5r} =0 (3.36)

dp dop h" oG
:>/D<;S ’555"5“0 /Dqs 15[‘52— h¢5G] (3.37)
Using this result, we can rewrite the expression as
6;21 =7 / Dgei® _fs; - 2h¢§g - (Si[;d - (’522; + %¢2 5f<SFG (3:38)
~ 7 /we;g _5514; - izh(;fG B ¢g2 4¢2m - ﬁ%a (3:39)
Bt o il At e

Both terms in front of the integrals are non-zero due to the invertibility of the Legendre
transform from the convexity of W already assumed. Therefore we obtain (¢)s = 0 and
<¢2> = thG, so all diagrams contained in Wj are 1-PI and written in terms of full propagators

We can further isolate all 2-PI diagrams. Here, we follow the approach of [47], which uses a
clever ansatz for the effective action, which we will justify later, namely

Iy, G] = S[e] + %tr log G~ + %trGalG + T2, G] + const . (3.42)

Here, I'? is the remaining diagrammatic part containing only 2-PI vacuum diagrams. We will
call this form the CJT form of the 2PI EA. Taking the derivative, we obtain the equations of

. . ) : i o2

motion and define the self-energy by analogy with Dyson’s equation as 3 = %W'
or ih ih or?  —ih
— =——G! —G — =—R Gl=g;t1-x 3.43
5G9 tse=2 k= | ] PR (3.43)
ST 68 ihéGy 1 oT?
I G+-— =—J—0R. 3.44
dp  dp 2 dyp + dp v ( )
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In the case of complex fields, one must be more careful at this point and remember that the
Green functions are two index objects of complex fields. This means the derivatives must be
performed keeping the appropriate order of indices as

2i 612

) 5Gp7 1
5G@ - Zlog( k k= Z k,p 5G’L] - G],Z
= Zij = —

—1 . ’ h 5G]77{ ’
(SG i kz (GO )])7'

(3.45)

Note that if I'? contains only 2-PI vacuum diagrams, then ¥ contains 1-PI diagrams with
external indices. The sources can now be represented as

_ -1 _ ~—1 it T S —1
R=G =G+ 555 =G" -G +% (3.46)
r
J:—ip—k G1-Gyt+ 2| . (3.47)

This allows us to obtain the 2-PI EA more explicitly using its integral representation.
i = [vexp 1[S04 90 - )+ 3R — &~ 16)
i ) 1
. /dqbexp; [S[qb + o] — Sle] + (J + ¢R)p + §R(¢2 - ZhG)]
o 15[@} ’L (SF 1 -1 2 .
=en d¢ exp - S[¢+@]—S[s@]—*¢+ 5 (G =Gy +3)(¢" - ihG)

_ i [stgerio- ) /d¢ exp% [S[qﬁ + ] — Slp] — §£¢ + %gb?(G‘l —Gg')+ %2((?2 - “’LG)}

i ih =l _ili, 1 ) T
= A A [ L] L0+ 116,01+ 35067 - in6) + 6 (- 5)]
2 op by
where we have defined the effective interaction as Sy =), _4 %67;2%0] ¢"™. We now pull the

remaining integral into the exponent and normalise the integral by its Gaussian part, obtaining
tr(log(G)). In this way, we find for I'[, G] and the diagrammatic part I'? the expressions

ih
Tle, G] = S|y] + - GG - Tt 1+ —htr In(G~1) + 2 (3.48)
1 S or
— 4kl 1 .y —1 — - .
it [ 2 %e p [ 6G716 -+ 5116,¢] + L5(&? mG>+¢(5¢ 5¢)}}
(3.49)
We can equate this with what we have found before from the CJT ansatz.
Clp, G] = S[e] + Etr logG™" + EtrGO G 4+ T[p, G] + const (3.50)
= Slp] + W7 — @tr(RG)
2
ih ih
=Ty =W; — Etr(R + Gy HG + %tr log G + const (3.51)
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We now analyse I'? diagrammatically at the saddle point, so when the equations of motion
hold and the sources vanish. For this, we factor Gy in its free contribution, coming from the
quadratic part of the action gy and the interacting part V; to find

ih ik 52V,
I, Gl =W, — ZEtrGalG + ZEtr log(1+ (X — W;)G) + const . (3.52)
Expanding the logarithm in powers of the self-energy we obtain
9 ih 1 ih %
e, G] = Wp — —trG G— 5} T; — (W —X)G| + const. (3.53)

The third term generates all 2-PR diagrams assuming that ¥ contains only 1-PI diagrams in
a loop tr(GXGYX) 4+

condensate insertions in propagators. These are already included by the definition of G L

This shows that the assumption that 3 o % contains only 1-PI diagrams is consistent with

the form of I'?. Therefore I'? must only contain 2-PI diagrams, with lines given by full Green
10™8
n=3 n! 6<p£?0} Q.

functions and vertices given by Sp =

3.2.1 Explicit expansion

We want to show here how explicit approximations can be obtained. We focus on the h
expansion, but also expansion in terms of coupling constants [31] or 1/N [49] are obtainable
from the expression of I'?. The reason for the focus on the i expansion is that it measures
quantum fluctuations. This can be seen directly from the path integral by the weighting factor
1/h in front of the action, measuring deviation from the classical path. Therefore, one can
often obtain good results even in strong coupling regimes if a well-defined mean field exists and
fluctuations around it are small. We now focus on the path integral inside of the logarithm.
Note here that this already has a factor of A in front. Let us first scale the integral variable
explicitly with & as ¢ — Vh¢ leading us to

¢ . 1 Z(SFQ 2 1635 1571—‘2
exp i ¢G ¢+S,+h5G(¢> iG) — Vhe 5558 +h&p (3.54)

with S; = Y s A/ 5nS —=¢". The first term of the h expansion starts at the second order

Tl
since we already factored out the first order via the logarithm. Therefore we can expand

I? = Do R"T'2. To be explicit, we focus now on a theory, which only contains terms up to
¢* in its interaction. Let us start collecting the orders of # in the action up to order A2

F2
qSG "6+ V|5 ~ 9355 159" +—G2(¢ +G)| + 0%, (3.55)

163 164
55 5SG] [55

We now expand the exponential around a Gaussian with second moment G in powers of .
Note that we do not need to expand around a shifted Gaussian since we have already shown

1Some reader might wonder where diagrams are contained, which are not apparent loops, like ladder diagrams,
which are reducible by cutting two lines at the same rung. All these diagrams can be obtained by self-energy
insertions into Green function lines. The ladder diagrams, for example, are produced via self-energy insertions of
NCA-type diagrams.
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that the theory has a vanishing central moment. A direct expansion leads us to

1+¢7 - - —u—G 3.56

%Eﬁ ¢ ¢ e — ¢ ¢ (3.56)
h64s oT

+ i b 4¢4+ ih 2(z¢>2+G)+(’)(h3/2)] (3.57)

Now, we have to remember that the integral is inside a logarithm; therefore, all disconnected
parts are factored, so we only need to consider the connected part. The vk order drops out
since we average wrt. to a symmetric Gaussian. In order A, we find first the Hartree-Fock
diagrams, which are connected and 2-PI. The last term in the second line vanishes since the
propagator of the shifted theory is the full Green function. The last term in the first line
generates the non-crossing > approximation (NCA) and also needs to cancel the dumbbell
diagram, namely

¢3 595G

2703 ¢

1638
[ 225, (3.58)

[1&5

1639 31 63
55¢3 554

Let us explicitly show the cancellation using the diagrammatic representation of the three
terms.

waﬁ_wku%9+ww0{ﬂ (3.59)

$s 17 1
[;¢3G] - 0O (3.60)

dep

3 3
[ 5S¢i¢55 ]ZQF*C>*3 (3.61)

63

Collecting all the terms, the dumbbell diagram cancels, and we only obtain the NCA diagram
2+ 00+,00-;00-5;3 (3.62)
2! 4 4 2 -2 ‘ ‘

The first contributions are of order A? as anticipated and are the NCA diagram and HF given
by

rs

13 3 14
#[ 538 4838 5501 (3.63)

2808 5p3 8ot

Higher order contributions are now obtained iteratively since the next order will depend on TI'3,
which is needed to cancel various 2-PR contributions.

2Qften called the sunset diagram.
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3.3 Approximations of 2-PI EA

The 2-PI EA is tremendously helpful in developing conserving approximations for a theory.
Nevertheless, various caveats should be kept in mind when interpreting results. Here, we want
to investigate a few of these issues. To clarify the point, let us first look at how expectation
values are computed in an approximation of the 1PI EA T';. As an example, let us take a
four-point average. The idea is to decompose the expectation value into its cumulants and then
compute the cumulants using the 1PI EA. To this end, one obtains

_ SW W §W §W o
(DidjOrdt) = S 57 5 5

[ X J
2 2 . J—
R (%% +2permutations ) X + | | + =

. SW W 82W . [ ] [ ] [ N ] —_— [ ] [ ]
—ih? (EEMM +5permutat10n8) | o+ + ot o |+

o0 ' o
BW_ W . e o
—h? (5(]1'75‘]]'&]1@ 57 T 3 permutations ) N+ A+ |7. + N
23 AW
T ST T 0T, [l

Here, we have introduced an intuitive graphical notation to clarify permutations. Each corner
is one of the indices (i, j, k,1) connected to various cumulants. The first four lines separate all
processes, which have some independent parts, and the last line gives the non-separable part
of the average. From now on, we will need to keep track of internal indices, which need to be
summed up. We use a sum convention that over every index, which is a number, is summed
and integrated appropriately, and every letter is an external index.

The cumulants are obtained from the approximation of the 1PI EA using recursion as follows.
We know that the second derivative of the 1PI EA is the inverse 2-point Green function

-1
5Ty 52T 2w
S M9 = 0w S G = 5050 8.Ji0.J; (3.64)
17]
We can now obtain the next cumulant by chain rule as
W 5 [oor 17
- = | (3.65)
(5JZ5J](5J]€ (5Jk (5(,05@ .
7’7‘7

—1 —1 —1
_%i 52F1 . (5& 52F1 (53F1 (52F1 (3 66)
§Jk 1 | dpdep g 0J | 0o | 0p10padips | Spdp Ny '
531,
= —G1Gi2Gig— = 3.67
1Gi2 ]’359016@25@3 Q— ( )

The diagrams represent the three derivatives of I' and attach three Green functions to the
external legs. The fourth cumulant can be computed using the same method, leading us to

stw 6Gr 1 83T 6Gio 83T
00 J 0000y od TS - k1Gs (3.68)
0J50J1.0J; I ©10p203  0J; dp10¢p20p3
6Gj3 83Ty § 8Ty
= G G~ — G 1GinGig e —— L 3.69
0J; 2 k’15(p1(5g02(5g03 k17,2 ]735Jl (5(,01(5@2&03 ( )
=G G Ty T G5,:Ge; + (2 permutations ) (3.70)
T S0 pads T apadiosdps permarion ‘
53Ty
Gp1GioGi3G4g——— 3.71
B S o e (8.71)

=3 permutations of%—@( + % (3.72)
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Note here that all derivatives of W are taken wrt. J and of I with . Each of these derivatives
commutes, and therefore, the averages will always have the correct symmetry imposed by the
action. From this property, one can derive the exact Ward identities, which we will show later.
The case of the 2-PI EA is different in that here derivatives wrt. to the second source R produce
expectation values that can be decomposed in derivatives wrt. J. This already occurs for
quadratic averages and, more importantly, for cubic averages as

1 2
oW _1[swew . 8w (.73
0Rey, 2 |0Jg0d, 8J,0J,
W L[ SPW oW W W] b 8w (3.74)
0Ruy0d. 2 |0J500. 00, 00,00, 00y | 2 6J500,00. ‘

The set of relations generated by this procedure strictly holds only if no approximations are
employed [50] [51] [52] [53]. Applying approximation might lead to a violation of these identities
between different correlation functions following the exact structure of the theory. We will
start now to derive exact relations from the 2-PI EA for the self-energy and show where such
problems can arise. As a starting point, we use that the 2-PI EA is constructed via a Legendre
transformation. Therefore, the Hessian matrices of W and I' must be inverse, such that the
transformation is involutive. We first represent the sources J and R in term of derivatives of I"
as

or 260 0200
(5% ih (5Gi71 pL= ! ih 5Gi7j N

—Ri;. (3.75)

The two relevant relations between the second derivatives in the present case can then be
constructed as

5Jz (5<p1 0 5G12 0 oo 2 oI
8 i =t = — | d —-— 3.76
7 (5J] [5J] 5@1 + (5J] 5G172] [(SQOZ ih 6Gz‘,3 ()OS] ( )
W | 8T 2 T 2 oI
(5Jj(5J1 5g01(5(pi ih (5Gi735g01 ih 5G1,i
SBW 6T 2 6T
+ (5Jj5J15J2 5G1’2(5<pi B %5G1,25GZ‘73 s (3'78)
_5Rk,l . 2 5@1 1) 5G1’2 1) or
0= (SJZ - ih léjz (5(,01 5Jz 5G1’2 5Gk,l (3'79)
I A S 4 5T (3.80)
N ih (SJz(le (5g01(5Gk71 5J1'5J1(5J2 (5G172(5Gk71 '

The second relation can be used to cancel the explicit dependence of ¢ in the first relation to
obtain

N PBwW 5°T
5Jj(5J1(5J2 5G1725(pi .

52T 2 4T

%j = G Sp100i  ihoGy,

(3.81)
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To relate this expression to the self-energies we now use the CJT form of the 2-PI EA and take
the required derivatives, leading us to

e, Gl = S[e] + %tr log G~! + %trGalG +T?[p, G] + const (3.82)
0 b,y ih, . _, oT?
5Gz,y - 9 G:E,y + 9 (GO )x,y + 5G.’E,y (383)
2 2 ; 4 212
0°T _ 0°S +@ %S | 0°T (3.84)
0palpy  Opzdpy 2\ 0pzdpydprdps 8pz0¢py
82T h 83 621
_ih %S (3.85)
000G qp 2 0pz0padpy  0pr0Gay
62T th 1 1 6212
5GapdCry — 2 0oy Y 5G 5a (3.86)
At the physical point where the sources vanish, we obtain through these relations
528 ih 548 51?2
0ij=Gi1 | ——+ = | ———— + 3.87
7 -1 0p10p; 2 <59015g0j5<p25g03 ’3> 0109, ( )
3 ; 3 2F2
+ W th__0°5 + 0 . (3.88)
5Ji(5J1(5J2 2 (5(,0154,02&0]- 5@j5G1’2

By comparison with the Dyson equation, we can identify the self-energy part of the equation as

ih 51s 6212
—Gi121,, =G | = | ———CG + 3.89
R I (59015%59026@3 2’3> 3100 (389
3 ; 3 2F2
+ il ﬂ 0°5 + d . (3.90)
5Ji5.]15<]2 2 59015@25(,0]' &,Dj(SGLQ

In this thesis, we will only be interested in cubic interaction, which reduces the expression to

_ih W s Pw 8T
2 5Ji5J15J2 5(,01&,025(,%‘ N 5J¢5J15J2 5G1725<,0j '

Gi1%1; = (3.91)

This gives us a direct connection between the self-energy contributions in the KB eq, and
certain expectation values related to the interaction. We can further establish a consistency
equation for the self-energy. For this, we take another look at the second Hessian equation to
obtain

5T BW 82T

G - . 3.92
P 0010GR  0i016J5 0G1 260Gy (8.92)

We now use that we can construct the inverse of g%l; via a Bethe-Salpeter equation to obtain

) 5°0 BW 8T
= - : (3.93)
, 0G50, §J;0J10J2 6G1,26¢;

52T
5G2
2,3,4

1905y

52T

Gir 010G 3
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Compared with our previous result for a cubic interaction, this leads us to an equality for the
self-energy

: 3 -1 3

th__0%5 [G‘lG_l + 52} _05 i (3.94)

2 0pi0p10p2 0G 1’273,45903590459%' ’
One might note that most conserving self-energy approximations do not fulfil this relation. In
[50] [51] [52], it was shown that (3.94) is crucial to preserve the proper connections between
correlation functions of different order due to symmetry. They proposed a way to restore
this symmetry again by using (3.94) to supplement the missing diagrammatic channels. This
means one first chooses an approximation for I'> and extracts the self-energies accordingly.
The insertion in the lhs. of (3.94) will usually lead to an infinite class of distinct diagrams
defining the self-energy which should be used. The solution of this system will usually now
also involve the solutions of a Bethe-Salpether equation, which determines the new self-energy
approximation. This approach is tremendously hard to implement. Therefore, one might
wonder what we are losing if (3.94) is not implemented.

3.4 Ward-Takahashi identities

Later on, we will investigate systems with spontaneously broken symmetry (SSB). In this
case, the action and the path integral measure, following from there also the effective action,
are invariant under continuous transformations. However, the solutions of the equations of
motion generated do not necessarily have the full symmetry but pick a specific subgroup.
An example is the Heisenberg model in d = 3, in which the Hamiltonian is invariant under
rotations. Nevertheless, in the thermodynamic limit at low temperatures, a magnetisation with
a specific direction, which is spontaneously chosen, can form. The symmetry of the model
nevertheless restricts the dynamics in the SSB phase. These restrictions are most clearly stated
in the Ward-Takahashi identities, which are most easily derived from the 1-PI formalism. In
this section, we focus on the problem that the effective actions are rarely known exactly and
need to be approximated and truncated, leading to non-equivalence of different N-PI effective
actions [32]. However, we will see different effective actions lead to different Ward identities,
which are only equivalent when evaluated exactly. We will limit ourselves here to only the
first-order Ward-identities. Let us begin by considering the 1-PI EA TI'1[®], with n scalar fields
®, which is invariant under a continuous transformation O = e, where T is the generator of
the transformation. Since the effective action is invariant under all transformations of this kind,
we can look at an infinitesimal transformation and see how the correlation functions behave.
First, we expand to linear order in the parameter a and obtain

or ol [®] aT®
[[®] =T1[0®] =T1[(1 + aT + ..)@] =T [®] + a—ala + ... =T4[®] + 51(1[) ] (;a a+
ol [®
= Fl[(I)] +a { 5(11)[1 ]T1,2@2:| + ...
oI [P
5;)[1 ]Tm@z =0. (3.95)

Since the relation must hold for all a, every coefficient in the power series must vanish. Note
here that this is not just a constraint on I'y on the physical solution but on the whole functional.
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Therefore, we can differentiate again wrt. to ®, and obtain

621 (@] 6T [®]
0= P T . 3.96
50,60, 22T 6@, b (3.96)
At the physical point, the second term vanishes, and we obtain for the physical solutions that
3°T1[9] 1
= T2 =G 1T12P,.. .
0 53,00, 11202 G, 1T1292 (3.97)

Let us now consider a bosonic theory with a U(1) symmetry, which we can easily obtain by
choosing ¢, = ¢ and ®, = ¢*. The Ward identity leads us then to

/dt’ (@6 — G5 (16 ()] = 0 (3.98)
= [ [-Sas(t.0)6(0) ~ (10— ho) — o (1.0) 6°(2)] (3.99)

To understand the implications, let us consider that the system reached a steady state, which
implies ®(t) = ®o ® and the self-energies only depend on relative time so that they can be
represented in frequency space. With this, we obtain the Hugenholtz-Pines relation

[ho — E¢,¢(w = 0) + Ed),(;ﬁ* (w = O)]q)o =0 (3.100)

which relates the normal and anomalous self-energies to the chemical potential and ground
state energy contained in hg. This enforces the pole position of the Green function so that it is
not invertible at the frequency w = 0. This fact can be most easily understood in equilibrium,
where the distribution function is the Bose function with a pole at w = 0. The spectral function
must change sign and at least linearly vanish at this point so that the fluctuating particle
number spectrum remains finite and positive. It is an essential consequence of the stable,
macroscopically occupied single-particle wavefunction ¢.

Taking higher order derivatives of (3.96) leads to further connections between response functions,
whose dynamics are all restricted by symmetry.

The case of the 2-PI EA is more complicated. Here also, the Green functions need to be
transformed, meaning that we now obtain after infinitesimal transformation

I[®,G] =T[0®,0'GO] =T[(1+ aT)®, (1 + aT)G(1 + aT)] = T[(1 + aT)®, G + a(GT + TG) +

or or
=T[P,G]+a 5%, —1T Q‘I)Q—I—F [G1 3130+ 11 3G32] (3.101)

Therefore, generally, the 2-PI Ward-ID is different from the 1-PI Ward-ID, namely generated by

or or
6<I>1T1 2@ + 3Cra [G1,3T32 + T1,3G32] =0. (3.102)

Explicitly, we again take the ®, derivative using here that this must hold for all ® and G being
independent and then restricting to the saddle point, leading us to
6T 8T

T12®9 +

50,00, 8.0G, (Cralhe + Tialsa] = 0. (3.103)

3Generally, a time evolution with a phase factor involving the ground state energy is possible, which in the
translational invariant, weakly interacting Bose gas is chosen to be zero. We will come back to this point when
we analyse the system of interest.
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At this point, one might be tempted to declare the second term as the culprit of this changed
Ward-identity. But in the 2-PI EA case, 6°I'/§®? also has a different meaning from the full
inverse Green function. Therefore, the result should better be interpreted as a condition onto
the two-point Green function to fulfil

52T 52T
Ty obyt — 0t
50,00, 22T 53,00,

!
(G13T32 + T13Gs 2] = G, 1 T1 2% (3.104)

Let us again specialise in the case of a cubic theory, where we can use the identities obtained in
the previous section. This allows us to write

52T

|
50,0C15 [G1,3T32 + T1 3G32] = (GyHag — Be1) 1,202 (3.105)

(Go)anT12®s +

We can find another identity from (3.102) by taking a derivative wrt. to the Green function to
obtain

5T 52T 6T 6T

———— T 2P+ —————— |G13T T, 3G Ty1i——+ —T =0. (3.106
Gy 20 565G, (1T T Tiabsal ¥ Tungg ot g e =0 (3:106)

The last bracket will vanish at the saddle point, and we can manipulate the first two terms to
obtain

-1
52P 52P 62P 52P
[ ] G13T32 + T1,3G3 2] (3.107)

1

0pr0Gra |0G? | 0G0 15696 = 50 5G1s [
The left-hand side contains the expression for the self-energy found before. This means the
Ward identity will only be fulfilled if the self-energy fulfils eq. (3.94). The interpretation in
non-equilibrium is that the condensate energy should be at the pole position of the Green
functions following eq. (3.97). If the self-energy does not follow (3.94), the condensate’s energy
is no longer constrained to this position.
An approach to remedy this problem was proposed in [54]. Here, one discards the equation of
motion of the condensate generated by the stationarity condition of the 2-PI EA in favour of
eq. (3.97). This will force the condensate to the pole of the Green function determined by the
approximation of I'2. This approach, nevertheless, can lead to a loss of solutions in some cases
One should note that dissipation in the form of particle loss and gain will not alter any of the
arguments given above. The U(1) symmetry, usually used to argue particle number conservation,
is still present on the path integral level but can now not be decoupled in the (+) and (—)
branch of Keldysh contours independently. From this follows a continuity equation rather than
a conservation law [34]. But the Ward identities are formally the same as in eq. (3.97). Here,
the free propagator contains additional dissipative contributions, which must then be taken
into account.
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Auxiliary-Particle Theory
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Chapter 4

Auxiliary-Particles Representation

We now turn to the auxiliary particle representation of the Hamiltonian. The approach was
first followed in [56-58]. This method is generally applicable if the system can be mapped to an
effective single impurity model and has been applied to strongly correlated electron systems for
a long time [59]. The mapping to a single impurity model can be archived by various methods.
In the present case, we will employ ideas from Dynamical-Mean-Field Theory (DMFT). The
underlying insight is that if the photon self-energy is a local quantity, then a local mean field
can capture the effect on the molecule. In the present case, the molecule solution is dilute in
the sense that the dye molecules are uncorrelated. Therefore, the photon self-energies generated
by the photon-molecule interactions are purely local, and we can treat the molecules as single
impurity systems coupled to a dynamical photon bath. For this reason, we drop the molecule
and photon mode indices at the present stage and focus on the single impurity problem. How
large molecule reservoirs and multiple photon modes are treated will be discussed later. The
Hamiltonian in the rotating frame of the molecule was already introduced and reads:

H = dala+ <wab + swo® (b + b)) +~(afo™ +ao™) (4.1)

The aim is to treat the problem with field theoretical methods. Pauli matrices have the property
that they do not commute canonically, which means that the commutator of two Pauli matrices
again produces a Pauli matrix. This leads to various problems when working with them, among
others, Wick’s theorem does not hold. One of the methods to circumvent this is to introduce
auxiliary bosons, which explicitly address the basis states with a set of bosonic operators. The
key idea for the problem at hand is to enlarge the basis such that all physically different states
are represented by their own bosonic single-particle state. It allows us to introduce auxiliary
particles and create the original states from a vacuum as

jen) = dl lvac) |9, m) = df, [vac) (42)

Note that this approach is completely independent of the specifics of the molecule model used.
This is one reason why this method is tremendously flexible regarding which systems can be
treated.

To construct the operator in the new basis, we start by considering the action of the physical
operators b and o* on this new bosonic Hilbert space. The creation and annihilation operator
for the phonons can then be decomposed in bilinear terms, which destroys a particle in a state
with n - phonons and creates a state with n+4 1, or n — 1, phonons giving an appropriate matrix
element. These operators preserve the electronic state o € {e, g} and can be written as

bt = Z \/md;n—i—ldgvn b= Z \/mdi',nd@n'i‘l : (43)

n,o on
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The auxiliary bosons have the usual commutation relation: [dg y, dl, m] = 0mnbs0- The original
operators act now as effective hopping between states with different phonon numbers. However,

we need to preserve the commutation relation between the original operators, which leads us to:

b6l = > Vn+Dm+Dd],donsrrdls o dorm]

m,o,n,o’
= Z n+1 m+1 (an Un+17dam+1d0m] [damdlm-‘rldﬂm]d"""‘l)
m,n,o
= Z n+1 m+1 (d on o.m+1[da7n+l7da',m]
o,m,n

+ [domt s AL 1] don) + (AL oy 15, don] +1df 0, dE 1 1dom) do gt

6n+1,m+1 _ém,n
= > Vi + D) m+ )], domOmstnir — b i1 dons10mn)
o,m,mn
=Y | odoo + Y dlpdon(n+1-n) | = Y dl,don:=Q=1. (4.4)
o n=1 o,n=0

This equation gives us an operator constraint we have to impose on the Hilbert space to be the
physical subspace. We will call this operator constraint Q It tells us that only one of the states
we introduced can be occupied to have a faithful representation of our original system. So, a
product state must have a definite electronic state and phonon number. Still, superpositions of
states in this subspace are physical.

We now calculate the other relevant terms for the Hamiltonian:

bto= 3" n+ )m+1)dl, 1 dondl . dor it

m,n,o,o’

= > Vot D)m+0d,ddendemir + > /(4 D (m+1)d] L doms10mn
o0’ ,;m,n o,m,n

= > mdl dom + > VA D(m+1)dl,d  dende i (4.5)
o,m=0 o,0’ mmn

The last term is a normal ordered product of two creation and two annihilation operators. This
term vanishes in the physical space, where Q = 1 since the physical system is constrained to
a total auxiliary particle number of one. Therefore, two destruction operators annihilate this
subspace. Terms of this kind can be dropped. The Pauli matrices in this basis are given by:

ot =N "dldgn 5 0T =D dlden 5 07 =D (d] yden —df jdgn).  (4.6)

n

The commutation relations lead again to the same constraint Q In this basis, we find the
Hamiltonian in the constraint subspace as:

H =ba'a + andenden + andgndgn
- Z swvn+1(d, ang n+ dgmdg’nﬂ) + Z swvn +1 (dl,n+1d€7n + d;ndemﬂ)

+ Z(aTd;nde,n +adf ,dgn) (4.7)

52



Even though, for some applications, collecting all quantum numbers in subscripts is pretty
useful and will be employed for certain derivations later, it is often more transparent to make
the electronic quantum number explicit by dy, = g, and d. , = e,. It will later on make the
naming of 2-time Green functions more intuitive. The Hamiltonian reads now

H =da'a + Z wnel en + Z wngl gn + Z swvn+1 (eILHen - gLHgn + h.c.)
n n

n
+ Z(afrg};en + ael gn). (4.8)
n

The molecule part of the Hamiltonian, which is not interacting with physical particles, is still
bilinear. This is a characteristic of the auxiliary particle method and allows for diagonalisation
of the free molecule part by the analogon of the polaron transformation. As in the original
theory, this will lead to a photon interaction strength -, ,,, which explicitly mixes different
phonon states n and m. The coefficients are given by Frank-Condon integrals, as shown in
the appendix. This representation can be useful in derivations of rate equations, where the
molecule part is taken as stationary equilibrium distributions. However, it does not lead to
meaningful simplifications for dynamical calculations, which we are primarily interested in.
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4.1 Auxiliary particle projection

We now discuss how the auxiliary particle constraint () = 1 can generally be implemented
exactly in a field theoretical Green function approach. This procedure is model-independent,
and we call the auxiliary particle creation and annihilation operators just d' and d. We will call
the operator, which we did not represent as auxiliary particles, the physical particle operators.
In the problem at hand it would be the photons.

The first observation is that every auxiliary particle Hamiltonian commutes with the

constraint [H,Q] = 0. This follows from the fact that every operator represented by the
auxiliary particles must commute independently with the constraint. Therefore, if the initial
conditions can be projected to the correct Hilbert space, the density matrix will stay in the
correct subspace during the time evolution. Historically, this has been archived in equilibrium
via a chemical potential [59]. Here, we take an equivalent route but focus on the fugacity, which
more intuitively generalises to non-equilibrium situations.
Let us consider an operator A, which we represented through auxiliary particle operators. We
want to compute the average of this operator in the physical Hilbert space. This operator will
always annihilate the vacuum of the auxiliary particle theory. Furthermore, we can always
choose the density matrix of the auxiliary particle system to factorise in the different particle
number sectors Q. We will label these particle number sectors by attaching a factor ¢% to
the density matrix p — p(?. The traces in the averages can then be taken separately in the
different () number sectors. For reasons which will become clear in a second, we will divide the
grand canonical average (A) by the average of the constraint (Q)) and separate the different
QQ—sectors explicitly as

(A)  tr(pcRA)  trgoo(pCCA) + trooi(pClA) + trgoa(pC2A) + ...

(@~ 6(pC?Q) ~ rgo(pC0) + trg1(pC1T) + trga(pC2) + . (49)
_ trg=1(pA) + (tro—a(pA) + ... (4.10)
trg=1(p) +2Ctro=2(p) + ... '

From this expression, we can obtain the average over the desired subspace () = 1 by taking the
limit of { — 0 as

_ trg=i(pd) _ {4)
We=Som ~ @) (a1)

This means we can do computations in a grand canonical setting with a density matrix p¢?,
where Wick’s theorem applies and later take the limit of ¢ — 0. The additional factor 1/ (Q) is
treated differently depending on the system settings. In equilibrium and steady-state calculation,
the problem reduces to a boundary value problem, and the value of () must be considered
explicitly. In general, non-equilibrium one solves an initial value problem, and it can be fixed
via the initial conditions from the onset.

The projection procedure of taking ( — 0 has various implications on field theoretical
treatment. Firstly, all one-point averages of auxiliary particles must vanish (d) = 0, which is a
consequence of demanding that the density matrix factorises in different ) sectors and that
[]:I , Q] = 0. Secondly, to perform the limit ¢ — 0, we will need a way to make the leading order
(¢ scaling of the equations of motion explicit. This can most transparently be done using greater
and lesser Green functions. Considering them at initial times, one can find the leading order
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DO

Figure 4.1: First diagrams contributing to the projected Luttinger-Ward functional. Solid lines
represent auxiliary particles, and wiggly lines are physical particles.

scaling as
G (to, to) o< (ddT) = tr(p¢%dd") = Qtio(pddT )+ 0 =0(1) (4.12)

G (to, to) o (d'd) = tr(p¢?did) (pd'd) + O(¢) = O(¢).- (4.13)

= tr

Q=0
The leading order ¢ scaling is preserved in the time-evolution since the constraint commutes with
the Hamiltonian'. Therefore, we can get the scaling of diagrammatic contributions by counting
the lesser functions contained after decomposing the Keldysh contour. The approximations
to models must be obtained via conserving approximations to guarantee the constraint’s
preservation. We are using the 2-PI EA to generate these. Contributions from I'? can be
classified in terms of auxiliary particle loops. For simplicity, we focus on the 3—vertex theory,
where two auxiliary particle operators connect to one physical particle operator. The general
argument does not change for vertices with more operators since the number of auxiliary
operators must still be two. Nevertheless, the topology of the resulting diagrams is more
complicated and clutters up the diagrams.

We now organise I'? in terms of auxiliary particle loops. First, we look at all diagrams with one
auxiliary particle loop. The first order is the non-crossing approximation (NCA). The higher
orders involve more crossing of propagators of physical particles. The first few contributions can
be seen in Fig. 4.1. Let us consider a generic diagram from this class on the Schwinger-Keldysh
contour. A diagram with N-vertices will contain N-auxiliary particle propagators connecting
them in a loop. The vertices will also be connected by N/2 propagators of physical particles
in various ways; all these possibilities can be collected in a function x¢(¢1,t2,...,tnx). We can
write these diagrams as

N
H/dti Gc(tl,tQ)GC(tQ,t3)...GC(tN_1,tN)GC(tN,tl)Xc(tl,tQ,...,tN). (4.14)
i=17¢

At this point, all propagators in the expression are contour-time-ordered and place for G°(¢,t'),
a greater function is ¢ > ¢’ and a lesser function if ¢t < ¢'[60]. To obtain the leading order
scaling in (, we must order the times #; to ¢ in ascending order to pick up the least lesser
functions. This results in V — 1 greater functions and one lesser function from the Green
function connecting the last to the first vertex G¢(tx,t1). This shows that the lowest order
contributions are of O(¢). The same argument can be applied to diagrams with more auxiliary
particle loops, leading to another power of { for every auxiliary particle loop. This means that
in the limit of ¢ — 0, only the one-loop diagrams will contribute, and of these, only the subset

!Note that this implies that the spectral function is given only by the greater function. This means that the
normalisation of the spectral function carries over to the greater function at equal time as G;;(t,t) = —id; ;.
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with a single lesser function.

The greater and lesser self-energies are now generated as

2

> (¢, 1) = im (4.15)
2

(L) = zm . (4.16)

Note that the ¢ scaling of the Green functions is inherited by the self-energies and leads to a
simplification of the equations of motion of the auxiliary Green functions, the Kadanoff-Baym
equations (KB).

They are generally given by eq. (2.64) and (2.65) which are

t/ t
dFS> (£, )G (F, 1) — / dFS= (8,5)G (F, 1)

to

(i) — BG> (1.1)) = /

to

t t
+ / 4> (£, )G (E, 1) — / 45> (£, 5)G7 (1, 1) (4.17)
to to
t - v B
(i0; — h)G=(t,t") :/ dtX” (¢, 1)G<(t,t) —/ dtS=<(t, 1)G” (¢, 1)
to to
o B t B
+/ dtX<(t,1)G=<(t,t") —/ dtX<(t, 1) G<(t,t). (4.18)
to to
We now take the ¢ — 0 limit on both sides and keep only the leading order contribution.
Various terms on the rhs. vanish. In this way, one obtains simplified equations of motion for
the auxiliary particle Green functions

t t/

(10 — RG> (t,1) = / 4> (£, )G (1, 1) — / 45> (£, 5)G7 (1, 1) (4.19)
to to

(i0; — h)G=(t,t") :/t dtX” (¢, 1)G<(t,t) —/t dtS<(t, )G~ (¢, 1) . (4.20)

These equations have two essential properties at equal-time ¢t = ¢': They preserve the constraint
encoded in the lesser component, and they preserve the commutator encoded in the greater
component.

4.2 Renormalisation of physical particles

Another important aspect is the scaling of the self-energy of the physical particles, which are
influenced by the auxiliary particles. Extracting it directly from I'? leads to a scaling of O(¢)
and vanishes therefore. As a result, Green functions of physical particles appearing in the
auxiliary particle self-energies are not renormalized by them. Nevertheless, the observable
physical Green functions get renormalized. This can be seen from the connection of the rhs. of
the KB equation to expectation values, which we have shown before in eq. (3.91) to be

538 A%
8p6p10p2 0J16J50J;,

E:E,lczl,y X (421)

2Note that in the presence of dissipative interactions, the contour ordering argument must be modified since
they allow to change the contour branch at an interaction point. It still holds that greater and lesser functions
classify the scaling, but the contour-time ordering argument is not directly applicable. Nevertheless, generic
dissipative interaction can be traced back to a Hamiltonian interaction with a bath, where the arguments
presented hold. We will return to this point later when we discuss open system dynamics for auxiliary particles.
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5BW
ST 5T55T,
We can now apply the projection procedure for expectation values eq. (4.11) as

Here on the rhs. belongs to an expectation value of an auxiliary particle operator.

BW 1 8w
LG I O A 4.22
[5J{5J§5Jé] oo <50 (Q) 57767307, (4.22)

Using this in the KB equation, for the photon Green functions P, we obtain for the rhs. in the
projecting limit

. 1 ) 1
[Zz,lpl,y]Qzl = %12% @Zx,lpl,y = éli% @Em [(Go)1y + (Go)1,252,3Ps,] (4.23)
X
= lim =21 (Go)1y - (4.24)

¢—0 (Q)

Therefore, in self-energies of the physical particles coming from auxiliary particles, only terms
linear in ¢ are retained. The equations of motion are no longer of the usual Dyson form but
obtain a T-matrix form GalP =0 + lim¢_ %Go.

As we have seen, the auxiliary particle lesser function vanishes in the limit of { — 0. But in
all observables, it appears with an additional factor of 1/ (Q). This gives rise to a contribution
of the finite part of the lesser functions. To isolate this part, we define a new auxiliary-particle
lesser Green function through G< = ¢(G<. This way, the finite part of G< is retained, and the
¢ scaling is explicitly performed on the equations. We will always use initial conditions with
tr(G<(to,t0)) = —i so that (Q(tp)) = ¢. In this way, we only need to change all G< into G< in
the equations obtained before. In all following expressions, we will use the old symbol G< for
G< to not clutter up the notation, but the difference should be kept in mind.

We can now write the equations of motion for the photon Green functions due to a single
molecule as
.

t
Gy P (tt) = [ i (DGs(EY) - [ S (DG (E1)

to to
t t
+/ dt‘2>(t,ﬂG5(ﬂt’)—/ dt¥” (¢, 1) Gy (¢, 1) (4.25)
to to
t t
Gy'P=(t,t) :/t de>(t,f)G(§(f,t’)—/t dtx=<(t,1)Gg (£, 1)
0 0
t t
+ / A< (DG () — [ AR DG E). (4.26)
to to

4.3 Lindblad dynamics with auxiliary particles

Including dissipation is essential for many systems of interest and can also be done in the
auxiliary particle formulation. This can either be achieved by directly using the field theory
generated by the corresponding Lindblad operators [34] [35] or by coupling a bath to the system
and using Born and Markov approximation. Due to the constraint of the auxiliary particles,
this procedure is not entirely straightforward. The class of allowed operators, which are coupled
to the reservoir, must commute with the constraint so that it is conserved in the time evolution.
This is naturally fulfilled if one starts with physical operators and writes these with their
corresponding auxiliary particle representation. Starting with a Lindblad operator, therefore
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a Markovian bath, generates interaction terms of fourth order in the auxiliary fields, which
mix different branches of the Keldysh contour. The projection can still be done in terms of
greater and lesser functions. A more transparent way is to consider the bath directly coupled
to the system and investigate the field theory generated, bearing in mind the Born and Markov
approximation. This also allows for a straightforward generalisation to general bath setups, e.g.
coloured or thermal baths and coherent pumps. Here, we will need to keep track of the auxiliary
particle indices. Note that every impurity operator A can be represented in the Hilbert space
of interest in terms of auxiliary particle operators d,, as

A= "Tpmdid,. (4.27)

We now consider the coupling to a bath with bosonic operators b as

AH =(ATb+514) =73 [r;;mb + Dbt | did,, (4.28)

with bath correlation functions g(z, z') = —i (T.(b(2)b'(2')). The first contribution to I'? is the
NCA diagram with auxiliary particle Green functions G and is given as

/dzdz' Z ’yQmeF,’;’le,l(Z,z')Gk,n(z’,z)g(z',z). (4.29)

n,m,k,l

The contour-ordered self-energies follow as

Zig(tt) =97 3 [DugThiGrn () (4 ') + Tis T, Gron ()9 (¢ 1)
n,k

— in? [g(t’,t)FG(t,t')PT +gt)TTGE | . (4.30)

/L?]

In the second line, we introduced a useful matrix notation.
To obtain the usual Lindblad form, we assume that the bath is not occupied (¢<(¢,t') =0 ),
which leads us to the auxiliary particle self-energies as

¥ (t,t') = iv?g” (¢, ) ITG™ (¢, )T (4.31)
S<(t, ) = in2g” (', DG (¢, )T, (4.32)

These are now used in the KB equations for auxiliary particles (4.20) and (4.19)

t
(10 — WG (t,1)) = / dEing” (t, DTG (¢, DTG (£, ¢) (4.33)
t/
t
(10, = WG(t.6) = [ deiv’y” (1,0T'G” (6,0TC= (£.1)
to
t/
- / din2g” (F, TG (t, HTTG™ (1) (4.34)
to

To perform the Markov approximation, we assume that the bath correlation function has
vanishing time support on the characteristic time scales of the system so that the auxiliary
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particle Green functions can be pulled out of the integral. This allows us to obtain

t
(i) — )G (1, 1) ~T1G> (1, TG (1, 1) / diin2g” (1,1) (4.35)
t/
t
(i0; — h)G<(t,t") ~ITG” (t, ) TG=(t,t') | dtirv?g” (t,1)
to
t/
—FG<(t,t)FTG>(t,t’)/ dtin*g” (t,t) . (4.36)
to

Due to the small time support of the bath correlation functions on the scale of the system, ¢
and t' are always far separated on the time scale of the bath, and we can assume

/t: dig(t, ) = /_; dig(t — ) = /OOO drg(r). (w37

We can further simplify this by choosing the bath density of state symmetric p(e) = p(—¢),
allowing us to show that the integrals are purely imaginary as

* o0 o0 i 00 ) . T
/ dTg(T) = —i/ dep(e)/ dTe—ieT — _ —i/ dep(e)/ dTe’LET]
0 o 0 s ;
T

o [Z /_: dep(—o) /0"0 dre—ieT = - [Z /_ Z dep(e) /O h dTe—ieT]

4 ple)=p(=¢)

;s/ooo drg(t) = — [/OOO dTg(T)]T = Re (/OOO dTg(T)> =0= /OOO drg(t):=1if

The other integrals can be computed by considering the cases of t > t' and t < t’; note that we
have chosen here a theta function convention 6(0) = 1/2

.I.

/t, dtg” (t,1) = 0(t' —t) /Oo drg” (1) = 0(t' —t)2if (4.38)
/tt, dtg” (t — t) = sign(t — t')if (4.39)

Using now Gi>,j (t,t) = —id; ; and defining the bath coupling r/2 = —v2f we obtain the general
form of a Lindblad contribution to auxiliary particles

(10, — h)G™ (t, 1) = — igsign(t —TITG> (¢, ¢) (4.40)

(10 — h)G=(t, 1) = — igFTFG< (t,t") — kOt — ) G=(t,)[TG™ (¢, 1) (4.41)

>The bath dos. is positive p(¢) > 0 and therefore f < 0.
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Figure 4.2: Diagramatic representation of the NCA approximation eq. (4.46). The left diagram
generates the dynamics in the normal phase. The right diagrams only contributed in the
condensed phase.

4.4 Equations of motion

We now define the correlation functions and equations of motion. We use the notation introduced
in the Keldysh section eq.(2.53) for the photonic part. For the molecule part, we define

Gy (t: ) = =i (Te(gn (D) g1 (1)) (4.42)

E;, (8,1)) = =i (Te(en(t)el, () (4.43)

EG, 1 (t,1') = =i (Te(en(t)gh (1)) (4.44)

GE;, (1, 1) = =i (Te(gn(t)el, (1)) (4.45)

The first contributions to the diagrammatic part are the NCA diagrams given by
1
2 2 / C (4! c / c /
=2y ;/cdtdt [PE(t )G (¢ ) ES, , (t,) + h.c.
+ GE; . (t,1)GE;, (', 1) f°(t, ') + h.c] . (4.46)

Here, the first term will give the dynamics in the normal phase, whereas the second term only
contributed in the condensed phase. The self-energies are extracted from this expression. Here,
we are using the symbols P and f for the photon Green functions, but one must remember that
they are the free photon propagator at this point. We come back to this in the next chapter.
The molecule parts are given by

(S8 nm(t,t) =iV Ex (6,8 P<(t,t) (4.47)
(S5 nm(t,t)) =iV’ Ex,, (t,8)P” (¢, 1) (4.48)
(S nm(t,t) = iv°G, (8, 1) P~ (1) (4.49)
(SHnm(t,t)) = iv* G (8, P=(t, 1) (4.50)
(ChInm(t,t) = iV*GE; (6, ) (f(t,t) + f(t',1))/2 (4.51)
(SE@Inm(t,t) = iv*GE;,, (6, ) (f(t,t) + f(t',1))/2 (4.52)



The photon self-energies generated are

(Z2)(t, 1) MZ m(t )G (1) (4.53)
(25)(t, 1) w?Z ()G (1) (4.54)
(S7)(t,t) wQZEG (t,t)EGy, (¢, 1) (4.55)
(Z5)(t,t) wQZEG (t,t)EGy, (¢ 1) (4.56)

We will collect all of these quantities in matrix structures and define the molecule Green
functions as

N (g g () gn(t)eh ()

—~
~
~
~—
®
3
—~
~
~—
®

and similarly, collecting the self-energies and free propagators as

st = (S S )

- 1875571 m h _7()0* (t)(sn m
G (t) = ’ v ; 4.59
(G7)rm () ()0 1O — B (4.59)
This notation allows us to use a matrix structure in the KB equation. Note that the "free”
part of the molecule time evolution also contains contributions of the interaction term, namely
the photon condensate (). It is the only point where the coherent photon field influences
the molecules. These are obtained from the free propagators since it is defined as the second

derivative of the action evaluated at the macroscopic field 2 5 ¢2

Additionally, various Lindbladians need to be considered on the molecule side, which we will
discuss now using the notation introduced in eq. (4.27).

The phonons are coupled to a bath due to collisions with other molecules in the dye
solution. Here, vibrational excitations are exchanged with the bath. This is usually described
by Lindblad operators b and bf. We decouple the vibrational bath for electronic ground and
excited state here. Using the projection operator on electronic ground Fj; and excited state P
they can be written as 0P, bF, bTPg and b P,. Additionally, it should be noted that we use
the Hamiltonian in the original phonon basis, so without polaron transformation. Therefore,
the oscillator equilibrium positions in the ground and excited state are not at the origin but
shifted. This shift must be included in the dissipator to thermalise into the proper equilibrium
distributions. In auxiliary particle representation, the corresponding coupling matrices are

(T)7% — (Vi + 1 1,m + 56n.m)00.0007 ¢ (4.60)
()7 = (Vi + 100 m41 + 80n.m) 00,00 c (4.61)
(P5)7:7 = (Vi + 10ns1.m — 50n,m) 00,9007 g (4.62)
(T80 = (Vi T Lnmst — 56nm)0ng00r g (4.63)
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We will use A as the bath coupling strength and n as the average phonon occupation in the
bath. This leads us to Lindblad couplings in the KB eq. of A(7 + 1) and An respectively.
The collisions between the dye and other molecules in the solution also lead to decoherence in
the electronic state, which has the effect of dephasing. It is described by a Lindblad operator
o, with coupling constant 7,4 leading us in auxiliary particle representation to
(L) = Onm (00,6007 e — 00,g00r g) - (4.64)

Also, the electronic states can be de-excited without producing a cavity photon. Two distinct
processes can lead to this. Firstly, the electronic excitation can be exchanged in a collision
between molecules, and the collision partner might not be radiatively coupled to the cavity
mode. This effect is highly suppressed due to the high quantum efficiency of the dye solution.
The second process is spontaneous emission into photon modes, which are not trapped in the
cavity, mainly the free space modes at the open sides of the cavity. These two processes can be
described by a Lindbladian ¢~ with coupling constant I'j and matrix elements

(I"’i)gfn = 0n,m0g,g00" ¢ - (4.65)
The external pump laser can be described in different ways. Experimentally, it is strongly blue
detuned wrt. the zero phonon line and does not couple directly to the cavity modes. Technically,
this can be included in the model via an external photon propagator. However, the energy is
quickly dissipated due to the rapid relaxation of the vibrational states. Therefore, another way
to model the pumping is via a Lindblad operator ¢ with coupling I'+ as

(T7 )% = 6 mOo.cO0t g - (4.66)

n,m

What is still left are the equations of motion for the photon condensate ¢(t) for which we obtain
(10, — h+ 5r)p(t) =iy zn: EGy . (t,1). (4.67)

As in the case of the photon self-energy, also here, the rhs. of the equation of motion vanishes
in the limit ¢ — 0, and only an unrenormalised photon condensate is seen by the molecules.
Therefore, starting without a condensate, only a trivial condensate from the initial off-diagonal
electronic correlation EG will be generated. This results from the fact that we only considered
a single molecule until now, which will not be able to form a macroscopic coherent photon state.
This will change when we include the macroscopic dye reservoir.
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Chapter 5

Dynamical Mean-Field Theory

The effect of large molecule reservoirs can be included via a variation of Dynamical-Mean-Field-
Theory (DMFT), which induces renormalisation of the photons due to the other molecules.
The literature on DMFT in lattice systems, in and out of equilibrium, is vast, and we refer the
interested reader to [61] [62]. Here, we will outline only the main train of thought of the cavity
construction of DMFT.

Let us begin by considering a liquid of V,,, dye molecules, with positions i, in a cavity with
modes k. The action in auxiliary particle representation and local constraints' reads:

S=>"el(G) e+ gl (GY ) g + D (G abar + 7> (algle: + aigie])  (5.1)

We did not write time arguments and internal phonon quantum numbers here to avoid further
cluttering the notation. Here,  is the local coupling strength of the photon to the molecule. To
obtain the coupling to the mode, the interaction can be transformed by considering the overlap
of cavity wave function yj (i) with the local wavefunction of the molecule states. This generally
produces a space- and mode-dependent coupling, reflecting the different mode profiles inside the
cavity v >, a; = > 1 ; Vikar. We will assume that this coupling can be represented uniformly.
This means we assume that all photon modes have the same overlap with all molecules we are
describing.”

The DMFT is now constructed as follows. First, we single out a molecule at position 0 and
integrate out all other molecules and local photon states. This involves certain approximations
in the coupling of this local problem to the rest we have integrated out. Namely, that the photon
self-energy is local. This reduces the problem to a single impurity problem, which we will solve
afterwards. In the second step, we set up the formalism for the full system, which we will call
the lattice problem, also assuming the locality of the self-energies and derive the equations of
motion. This is done in the mode representation of the cavity photons. We then assume that
the local Green’s functions and the local self-energies are the same for both approaches, closing
the self-consistency loop. In a local basis, we may write the action as

S=Y"el(G2) e+ gl(GY) e+ tijala;+4 (alglei + aigie])  (5.2)
7 1 i 7

with — ti; = > xi(0)xk()(G;"
k

!'Note that the auxiliary particle representation has various subtleties when multiple impurities are represented
in this way. Nevertheless, these issues will not change the construction of the DMFT in the case presented here.

2The ideas presented here can be extended to include the spatial dependence of the mode profile, but it is
computationally rather expensive. For the system in question, one would consider a spatial dependent but still
local self-energy.
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We now separate the action into a local part Sy, the coupling between the local system and
rest AS, as well as the rest of the system Sp.

Sy = t070a$a0 + eg(Ggo)*leo + gg(Ggyo)*lgo + ’y(agggeg + aogoeg) = t070a$a0 +Ss  (5.3)

AS = Z (tipajao + toiaba;) (5.4)

S = Zt”a a]—l—z el ei—}—ZgJ(G gl+Z’yaglel+aigie;r) (5.5)

1,j7#0 i#0 i#0 i#0
The partition function is expanded in terms of coupling between the local system and the rest
as
= /D[ao, eo, gole™ /D[ai, ei, gile B et™d (5.6)
= /D[ao,eo,go]eiso /D[ei,gi]eiSB [1 +iAS — AS?/2 + } (5.7)
_ /D[ao, €0, 90’0 25 [1 4 (AS) 5 — (A7) 2+ . (5.8)

The first two terms are given by

(A8)p = (tio {al)  ao + toif (a) ) (5.9)
i
<AS2>B = Z [ti,Ot_j,anaO (aja;r-)B + to,ito,jagaa (CLi(lj>B
1,j7#0
+ ti70t0’ja0a$ <a;raj>B + to,itj70a$a0 <aia;)B] (5.10)

Note here that different times are involved in the correlation functions in the second line and
that the averages are taken wrt. to the rest of the system. The averages in the second line can
be written as connected Green’s functions plus disconnected parts. We assume now that all
connected correlation functions of higher order than quadratic are negligible. This assumption
is equivalent to local photon self-energies since only the photon couples different positions.
Afterwards, we can use the link cluster theorem to re-exponentiate the expression and get the
connected correlation functions in the action. Writing now the new local action with explicit
time arguments, we obtain

/dt/dwT /dtcbT t) + h.c.) + Ss. (5.11)

Here ¥ (t) = (ao(t), ag(t))T is the Nambu representation of the photon fields and M~ (¢,t')
collects all contributions to the two-point correlation functions. In the same way, ®(t) collects
all contributions to the one-point correlations. The explicit form of these terms M~ and ®
appearing in the action is straightforward but also not important for a diagrammatic approach.
We will start to discuss the now changed local problem and give the connection to the "lattice”
problem afterwards to close the set of equations. In the local problem, the free photon propagator
is now given by the Weissfield M (¢,t') and appears as the photon Green function in the auxiliary
particle self-energies. The field ® appears as a source term in the equation of motion of the
condensate as

/dtM (t, ') _WZ(GE< ’)>—<I>(t) (5.12)
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The first term on the rhs. does vanish in the limit of ( — 0, as we have shown earlier. Therefore,
the condensate which the molecule sees ¥( is determined by

Uy(t) = —/dt’M(t,t’)(I)(t’) (5.13)

[

Nevertheless, as physical observable, the local condensate is by the same arguments as in the
case of two-point functions given by

< ’ oyl
W(t)=in S / A M(L,1) (gg%:gf;) _ / At M (1, 1) (1) (5.14)
n ;

We now close the set of equations and obtain equations for M and Wy. For this, we need
to extract the local Green functions from the local problem and from the ”lattice” problem.
This requires the knowledge of the local self-energy of the photons Y;,.. As we have shown in
the single molecule case, we obtained a T-matrix equation for the photon two-time functions,
where the T-matrix is given by naively generated self-energy of I'’2. Now we need to extract the
physical self-energy of the photons due to a single molecule ¥ from it using the definition of
the self-energy via the Dyson equation as

/dtlZ(t,tl)M(tl,t’) = /dtlE(t,tl)P(tl,t’) (5.15)

= S(t,t) =2t t) - /dt1 /dtzZ(t,tl)M(tl,tg)E(tQ,t,) (5.16)

In steady state calculation, this can conveniently be solved in frequency space using, for
the spectral components, £(w) = S(w) (1 + M(w)E(w))_l‘?’, but for general non-equilibrium
calculation, this is not possible. The local self-energy we obtained is due to a single molecule
and must be scaled by the molecule density N, to obtain the local self-energy in mode space.
Therefore, the local self-energy in the ”lattice” problem is ¥j,. = Npo2. The "lattice” KB
equation for each mode is then

(i0; — hi) Pe(t,t') = 00(t, ) + / dt1 Sioe(t, t1) Pr(t1,t') . (5.17)
C

In equilibrium calculations, this equation can be solved using the spectral components of the
Green functions since the distribution function is fixed to the Bose function, and the problem
can be converted to solving a single density of states integral. This is not the case anymore in
non-equilibrium. Here, every mode has to evolve individually. Using now our assumption that
the overlap of the spatial profiles of the modes with the molecule wave functions is the same
everywhere, we can extract the local Green function as P = Y ;. P;. The two-point Weissfield
is then calculated as

M(t,t’)—Ploc(t,t’)—/ dt1dto Proc(t, t1)S(ty, t2) M (t2, 1) (5.18)
C

The condensate in the "lattice” system for each mode is obtained from the equation of motion

) (5.19)

) (5.20)

' EGT<Ln t/7t/
= Ui(t) = i7Nmol / dt' (Go)i(t,) D (GE<’ Et' t’

3The Keldysh component can be extracted in a similar way.
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The local condensate is again obtained via Wj,. = >, Wi. The effective condensate seen by the
molecules ¥ from eq. (5.13) is then given as

olt) = iy [t | N S (Goultst) = M) Z(ﬁ%@“éﬁffﬁi). (5.21)
c & n n,n\"

For a complete DMFT treatment, one now needs to time evolve the local problem and (5.16),
(5.17), (5.18), (5.19) and (5.21). Some of the additional equations can not be transformed
into a KB form since some of the objects involved do not have an inverse connected to time
derivatives. They must be solved in Dyson form, which is numerically demanding and leads to
various difficulties.

Nevertheless, for the system in mind, tremendous simplifications can be achieved by noting
that N, is large, of the order 106 — 10%, and the local coupling constant v is small compared
to the intrinsic energy scales of the molecule. Therefore, the contribution of a single molecule ¥
is small so that we can obtain from eq. (5.18) that M(¢,t') &~ Gioc(t,t'). Then from eq. (5.16)
it follows that the local self-energy is given as 3joe(t,t') = NporX(¢,¢'). By the same reasoning
in eq. (5.21) Wg is just given by Wo(t) = >, Vi(t). Therefore, the set of equations can be
reduced significantly to only the ones which possess KB form, namely

(Zat hk)q/k = 1Y Nmol Z (GE< ’ > (522)

?

(i0p — hy) Pe(t,t') = 0c(t, ") + / dty Yioe(t, t1) Pr(t1,t') . (5.23)

[

Within this approximation, the photon propagator in the auxiliary particle self-energies is the
renormalised local Green function Gj,. = ), Gj and the condensate in the free part of the
molecule equation is given by Wo =", V.
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Chapter 6

Ward Identity and U(1) Symmetry

The Hamiltonian is invariant under two phase transformation. One is associated with the
conservation of the constraint () and is in equilibrium used to perform the projection. Here,
we want to investigate the second invariance under a! — afe™ and et — efe™ which is a
result from the rotating wave approximation used to obtain the Jaynes-Cummings interaction.
It is connected to the total number of excitations in the cavity a'a + P, or in auxiliary particle
representation afa + don e,Tlen. The symmetry is not fully broken by the inclusion of dissipation
but needs to be extended along the Keldysh contour. In the following, we want to explore
the consequences of this symmetry. Firstly, we note that the auxiliary particle must have
a vanishing one-point average (e,) = 0 at the physical point due to the strongly imposed
particle number constraint ). Therefore, the first order 1-PI Ward-identity will only contain
information about the photonic part. We explicitly include the open system case, leading us to

e 1ttt
G 1k,i Tz (I)j -G 1k,i TiJ,r'Jr‘I)j =
= a6 ety - G L) - [d (G ) - 6 e ) ()

We now separate the inverse Green functions into the free part and self-energies as

/ d (G5 (1) — Gy (6 ) () = / 4 (52 (1,8) — 5, (1,8))* (¥)

to

- / (S ) - S5O0 (62)

0

We obtain here the dissipative analogue of the Hugenholtz-Pines relation

(iat +h+ %(f% — w) D (t) :/t dt'(37 (L, 1) =55 (t,t) (1)

0

t
- / 0 (52, (1, 1) — S5, (6. 1) @ () (6.3)
to
Note that his condition still fixes the pole position of the Green functions, but now the imaginary
part of the self-energies must also compensate for the Lindbladian dissipation [34]. This might
be understood from the coupled system and bath Hamiltonian perspective. Here, the symmetry
transformation would also include the bath, and the self-energies would include explicit bath
contributions. But in deriving the Lindblad form, we made certain assumptions about the bath
density of states and distribution, which now imposes the occupations via the relations between
dissipative coupling constants k. We choose a symmetric bath density of states such that no
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real part is obtained, which would shift the chemical potential in a steady-state approach.
Therefore, only the imaginary part of the bath contributions must be accounted for through
the relation between the pure system self-energies. In practice, the main point of this result is
the energy shift due to the real part of the self-energies and a phase shift to compensate for the
dissipation.

Nevertheless, this result looks rather different from the equation of motion we obtain from the
variational principle of the 2PI EA. The equation of motion of the condensate is the same as
the 2PI Ward identity. The main caveat is that the NCA self-energies in the condensed phase
do not fulfil the consistency condition (3.94). This can be seen by expansion (3.94) in terms
of the derivative of the self-energy, which results in ladder-like resummation. Therefore, the
energy of the condensate is not necessarily forced to the pole of the Green function. This can
lead to inconsistencies between the fluctuation spectrum and the phase coherent contribution.
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Chapter 7

Relation to Cumulant Expansion

In this section, we look into the similarities and differences between the approach put forward
here and the often-used master equation approach. To this end, we first show the connection to
the Markovian rate equations. Secondly, we will show how cumulant expansions relate to the
approach used here.

We consider the case where the phonon spectra are static equilibrium spectra, so the photon
interaction does not influence them. Furthermore, we drop the symmetry-breaking terms for
the moment. We can isolate the specific electronic dissipative contribution to the spectra by
using the relative time dynamics. We obtain via the Lindbladian with loss I') and pump I's to
equations of motion as

i0,G” (t,t') = — i%sign(t —t"G= (t,t) (7.1)
i0,G<(t,1) :% (0t —tVE<(t',t') = 0(t' —t)E<(t,1)) G~ (t, 1) (7.2)
i0,E” (t,t') = — i%sign(t —tE~ (t,t) (7.3)
i0-E<(t,t) :% (0t —t)G=(t',t') — 0(t' —t)G=(¢,t)) E~ (¢, 1) (7.4)
These relative time contributions can be incorporated by substituting
Gt = Gt e ES(4,t) = E<(t#)e 3] (7.5)
G>(1,1) = G™(t, e 1Y Bt = B> (1, ¢)e 2 (7.6)

We are ultimately interested in the photon number. Therefore, we take a look at the equation
of motion of the lesser function at equal time. These are constructed from

(i0; — h)P<(t,t) :/tdt2>(t,E)P<(t,t’)/t/ dtX<(t, )P~ (t,t")

to to

t/ t
+/ dZE<(t,Z)P<(t‘,t’)—/ dtX<(t, 1) P<(t,t') (7.7)
to to
t/ t
(100 + h)P<(t,¢') = / dEP<(t, 557 (1) — / P> (4, )S<(E, )
to to
t _ _ t/ B B
+ | dtP<(t,D)X<(t,t") — [ dtP<(t,H)S<(t,t). (7.8)

to to
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Adding them at equal time leads us to the Boltzmann equation for the photon number

iOr P<(t,t) :/t dt [S7 (¢, 6)P<(t,t) + P<(t,£)%7 (t,1)]

to

- / LGP (DS + 55 D P ()] (7.9)

to

The photon self-energies in NCA and simplified DMFT approximation are

7 (t, ) = iNpory? Z m(t. )G (1) (7.10)

S<(t, ') = iNpmory? Z m(t )G (1) (7.11)

We now look at the self-energy integrals and go into an interaction picture, factoring out photon
detuning and electronic dissipation and assuming that photon occupation changes are slow on
the molecule time scales. This allows us to write the first integral as

/t dts> (L, D) P<(t,t) = iNmOl/ dtz m(t )G (6 ) P (£, 1) (7.12)

to

t Ty +F _
zz’NmolP<(t,t)/ By It g—id(-t) Z (DG (E ). (7.13)

to

Assuming that molecule spectra are static and not renormalized by the photons, we can factorise
the molecule Green functions in electronic occupations and phonon spectra as

Eim(ta t/) = _ip;,m(t - t/) Gs,m(t t/) - _ix9<T)p;,m(t - t/) : (714)

The molecule spectra are broad compared to the electronic dissipation processes, and we may
write

Iyl

—n(t)M, (1) /Omdme w-mzpnm WEn(—T) = —n(BMy(HK ). (7.15)

The second integral is treated in the same way, and we obtain the contribution from the greater
self-energy part as

e

—n(t)Mg(t)Re 272/0006176_ 2 Te_i572p57m(7)p;7n(—7) = —n(t)My(t)Baps - (7.16)

For the lesser contribution, we find with analogous definitions

t
/ dEX<(t, 1) P> (I,t) = iNpoy / dthyQE< (t,t)Gr, (' 1) P (E,1) (7.17)
to
t
m’NmO,P>(t,t)/ dffy2e il i6(0) Z m(t )G (t1) (7.18)
to
oo LT
z—Me(n(t)—i—l)/ dre= T *"”anm Wn(—T) (7.19)
0
= —M_(n(t) + 1)H(6). (7.20)
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The contribution from the lesser self-energy part is

o 2 —FT+FJ’T —i0T < >
Mc(n(t) + 1)Re |2 dry*e” "2 e mem(T)pm?n(—T) = M.(n(t) + 1)Bem, . (7.21)
0

n,m

The relation between the integrals can be obtained by complex conjugation

T
o —*FTjLFLT —10T
K()] = |2 /0 dre= T TS g2 o (=) (7.22)
o) 4T .
= 2 / dre =7 TS ps (T (—T) = H(=0) (7.23)
0 n,m

which are the same relations as we have found from the operator approach.
We obtain the contribution of the molecules to the equations of motion of the photon number
as

Oyn(t) = BemMe(n + 1) — BupsMyn . (7.24)

The equation of motion for the excited molecules M,(t) can be obtained in the same way as
shown here by considering the Boltzmann equation of the molecules. This shows that our
approach reduces to the rate equations in the Markovian limit.

Another interesting aspect is the origin of the Kennard-Stepanov relation for the absorption
and emission coefficient in this approach. This can most easily be seen in a steady state where
the photon self-energies can be Fourier-transformed as

¥ (w) = iNmol'yz/dyE>(w +v)G<(v) , XS(w)= iNmol'yz/dyE<(w +v)G” (v) (7.25)

In thermal equilibrium, the greater and lesser functions are connected via the fluctuation-
dissipation theorem! G<(w) = e #“G>(w). The photon self-energies will inherit this relation if
the molecule is in thermal equilibrium as

Y7 (w) = iNmOl’yQ/duE>(w + V)G (v) = iNmolfyZ/dye’B(‘“+”)E<(w +v)e PYG> (v) (7.26)
= PN oy / dvE<(w+ )G (v) = ’2%(w). (7.27)

We now take a look at another kind of approximation, which is, in spirit, closer to the
approach we are following. In [63] the phonon modes are not averaged out, but the system is
mapped to a 2N-level system, which is also effectively done in our approach. Afterwards, a
cumulant expansion up to the second order is employed to close the set of equations of motion.
Here, we want to explore the difference in the approximation schemes. To this end, we can
focus on a greatly simplified model of a two-level system, which will show different physics
but nevertheless make the comparison of the approximations more clear. In [63], the coherent
photon part was neglected, which we will also do here for comparison’s sake.

We start with a Hamiltonian of a two-level system coupled to a photon mode

H =da'a+ glac™ +a'o7). (7.28)

1t is equivalent to the KMS boundary condition.
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The equation of motion for the photon number with the ground/excited state projectors P,
are given by
i0; (a'a) = g (a'o™) — g (oTa) (7.29)
i0((a'o™) — (ao ™)) = —6((a’o™) + (a0 ™)) + 29 (aTaPy) — 29 (aa'P.) (7.30)

We now truncate in second cumulant order, neglecting symmetry broken terms, simplifying the
second equation of motion to

i0y((a'o™) = (ao ™)) = =6((alo™) + (ac™t)) + 2¢ (aTa) (Py) —2g (aa') (P,) (7.31)

We again look at the Boltzmann eq. to compare with the field theory approach

iOr P<(t,t) :/t dt [S7 (¢, 8)P<(t,t) + P<(t,£)%7 (t,1)]

—/tdt_ [P~ (t,0)2<(L,t) + Z<(¢, 1) P~ (£, )] . (7.32)

to

The rhs. of the KB eq. gives the approximation of the average generated by the Heisenberg
equation. Therefore, to compare the results, we take a time derivative of the rhs. of the
Boltzman eq. to get the approximation of the second equation of motion. We obtain via chain
rule:

[S7(t, ) P<(t,t) + P<(t, )57 (¢,t)] — [P7(t,)S<(¢,t) + S<(¢,t) P~ (L, 1)] (7.33)
+ /t:d (27 (£, D)0 P=(t,t) + O P<(t,£) 27 (£,1)] (7.34)

/t:d t[0.P” (¢, DX (£,t) + S<(t, )0, P~ (1, 1)] (7.35)
+ /t:d (0,27 (t,§) P<(£,t) + P<(t, 1), (£, 1)] (7.36)
— /t: dt [P~ (t,0)0, 2= (L, 1) + 0, 2<(t,t) P~ (L, 1)] (7.37)

The NCA self-energies of the Hamiltonian are given by
Y (t,t) = ig? E7 (t,)G<(t',t) , L<(t,t') =ig? E<(t,t )G~ (', 1). (7.38)
Therefore, from the first line (7.33) we obtain
2ig* [E” (£, )G=(t, t)P<(t,t) — E<(t,t)G” (t,t)P” (t,t)] = 2¢° [Mc(n+1) — Myn] . (7.39)

This already recovers the interacting part of the second-order cumulant expansion. Note that
the time-evolution with &, which would also be true for all free molecule contributions, is
recovered via chain rule from the derivatives of the self-energies. Here, the derivatives acting
on the Green functions in it can be written through the KB. eq., and the free part supplements
these contributions. The difference between the approaches is the self-energy integrals in eq.
(7.34-7.37) . We will later show their importance specifically for the Kennard-Stepanov relation
of the molecule spectra.
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Part 1V

Dynamics in Multi-Mode Cavities

73






Chapter 8

Summary of the Model

L] V

2 @

%
s

Figure 8.1: Schematic representation of the model used to describe the system. a) Cavity
system with dye molecule solution. b) Model of the dye molecules. ¢) Molecule spectra and
photon density of states. Details are discussed in the text.

In the previous chapters, we derived all the tools needed to tackle the coherence of the
photons. After this rather technical part, it is worthwhile to recapitulate the essential processes
captured in our approach. As shown in Fig. 8.1 a), we consider a cavity with a photon loss rate
r filled with a dilute dye molecule solution, pumped via an external laser source with a rate I';.
Molecules also lose excitation with a rate I'}, either due to radiationless decay or emission into
non-trapped cavity modes. These three contributions are modelled via incoherent Lindblad
processes as

kLlag] FTE[ZeLgn] , Fiﬁ[ZgLen]. (8.1)

The dye molecules Fig. 8.1 b), are modelled as two electronic states with an energy difference
of A, dressed with harmonic oscillator states with a spacing of w, representing the vibrational
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excitations of the molecules. The displacement between the equilibrium positions of these
oscillators due to the Frank-Condon principle is incorporated via a hopping in the oscillator
states with the Huang-Rhys parameter s2.

he +hg—AZe en—l—wz [ en—l—gngn}—l—wszx/n—l— (n+1en gIL+lgn+hc) (8.2)

Relaxation of the vibrations due to collisions is modelled with a coupling to a bath with a
coupling rate A and thermal occupation n. This will lead to the thermalisation of the vibrational
states to the bath temperature implicit in n.

M (r+1)L Z Vn+1elen, 1 +selen | +nL Z vn + 1€L+16n + seLen] (8.3)

+A | (n+1)C Z Vn+1glgni1 — sglgn| + L Z vn+ lg;rlﬂgn - sglgn] (8.4)
L n J L n

We will also explore the differences between a thermal and the Markovian Lindblad bath for
the phonon relaxation. The same collisions also lead to dephasing with a rate v, as

> ehen— ngn] - (8.5)

The interaction between the molecules and the cavity photons is modelled via a Jaynes-
Cummings interaction with coupling strength -, which we consider the same for all cavity
modes with energy €. The molecule number is incorporated via the simplified DMFT.

Yo L

H,+Hr = Z Qkalak + 72 {alg;&en + aggnel, (8.6)
k n,k

This setup leads to generic absorption Byps and emission Bey, spectra, as seen in Fig. 8.1 c).
They cross at the energy difference of the electronic states A, also called the zero-phonon line.
Due to the rotating wave approximation used to arrive at the Jaynes-Cummings interaction,
only the energy difference between the photon energy € and the molecule energy A is relevant.
Therefore, we use the detuning 0 = Q2 — A from the zero-phonon line as the energy of
the photon modes. The curvature of the mirror maps the cavity states to an effective two-
dimensional harmonic oscillator. This means that the photon states above the ground mode &g
are linearly spaced with a difference Ay and linearly degenerate, as indicated by the density of
states pp.
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Chapter 9

Molecule Spectra

Reconstructing the appropriate molecule parameters is one of the most challenging tasks when
applying the methods introduced here. The guiding principle is to reproduce the measured
emission and absorption spectra. One should keep in mind that these spectra are experimentally
dependent, among others, on temperature, solvents, and concentration. Therefore, we limit
ourselves here to the most simple reference model, which is the one introduced in the previous
sections. More complex molecule dynamics might lead to better agreement in the spectra but
will involve more constants to be fixed. As we have shown in the previous chapter, the molecule
spectra can be computed from the photon self-energies in a steady state as

>
and Bgps(w) = lim 2 (tw)

_ (¢ w)
Bep(w) = lim N G (D)

t;>oo Npotr(E<(t,t)) (9.1)

To analyse the underlying structure of the molecule states, it is helpful to look at a particular
property of the lesser Green function of the auxiliary particles. In the auxiliary particle method,
the lesser functions at equal time contain information about the reduced density matrix of the
molecule system. This can be seen by using the cyclic property of the trace in the not projected
Green function as

G (t,1) = —ite(pCOd], (1) dn (1)) = —itr(dn()p¢® df, (1)) (9-2)

We can trace the different @ sectors separately and take the ( — 0 limit. The trace over the
physical particle states |n,) is the same in each @ sector so that we can write

lim G (1.4)/C = ggg)—z'/c;mpr (vac| dn (1)p¢Od, (t) [vac) +ZtrQ( 0P, (6)) | ny)

= lim —i/C > myl | (da(0)] pC? fdn(t +ZtrQ( )o@}, (1)) | )

= lim —i/cz (ol [¢ (n(®)] 1 (1)) + O(C?)] Iny)

= hm —zz np,d | p(t) [y di) = —itry, ((dn] p(t) |dim)) (9.3)

Therefore we can obtain the reduced molecule density matrices as lim¢ 0G5, ,,, (¢, 1)/ = pmd (t).
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9.1 Molecule spectra with Lindblad bath

We analyse the spectra separately first, focus-
ing on the molecules’ dynamics generated by
eq. (8.2 -8.5). As a first step, we look at the
spectra obtained by coupling the molecules
only to Lindblad baths. We need to deter-
mine here the molecule vibration frequency
w, the Huang-Rhys factor s, the phonon re-
laxation rate A with the average phonon bath
occupation 7 as well as the dephasing rate vy.
Temperature will enter here through the av- — — :
erage phonon bath occupation 7. Afterwards, v|THz|
the coherent coupling v can be determined

by compar.lson with t}_le .measured ‘amphtude Figure 9.1: Absoprtion and emission spectra
of absorption and emlssmr'l coefficient. As a obtained with N = 6 , 7 = 0.385 .\ = 2.9 THz
reference for the Rhodamin 6G spectra, we w =8 THz s = 0.92,75 = 2.5 THz ,y = 550
follow [24], [64] and [65]. The spectra cover
a spectral range of roughly 180 THz with a
Stokes shift of 13 THz. We determine the
bath occupation from 7 = b(fw) with room
temperature at 7' = 300 K (= 6.25 THz). Considering four phonon states, a reasonable spectrum
can already be obtained, but more realistic spectra usually require more states. In Fig. 9.1,
spectra are shown for six phonon states using the parameters in the caption of the figure.

We first take a look at the state distribution of the phonons. Previously, we already argued
that the bath must couple to the shifted phonon operators b + so, to thermalise the system
to the minima of the respective potentials. To quantify if the system relaxes to the correct
minimum of the shifted oscillators, we compute the eigenvectors of the molecule Hamiltonian
and the lesser Green functions for the truncated phonon space from

G=(6,) g:(1)) = pilgi(1)) and By |of) = € o) . (9.4)

Rate|kHz|

50 100

MHz. Note all parameters are given in frequency,
not angular frequency.

The idea is if the system thermalises to the correct minimum of the respective oscillator, the
density matrix should be diagonal in the eigenbasis of this oscillator. The diagonal entries for
the electronic ground state lesser function at equal-time are shown in Fig. 9.2. Here Fig. 9.2a
is obtained directly from the time evolution and Fig. 9.2b is rotated into the eigenbasis of
the shifted molecule oscillator via its eigenvector matrix R. The lesser Green function in the
steady state is strongly diagonal in this basis. If we compare the eigenvectors of the lesser
Green function in the long-time steady state |g;(t — 00)), to the eigenvectors of the molecule
Hamiltonian [vf), we obtain an overlap of

N

1= (wf]gi(t = 00)) /N| =1.3-1072. (9.5)
i=1

In Fig. 9.3a, the steady-state distribution of the diagonal elements of the rotated lesser function
is shown. They are the diagonal elements of the reduced density matrix and give the occupation
probability of the phonon states. We also show a Boltzmann factor of the shifted molecule
Hamiltonian at room temperature. The same temperature imprinted by the n factor in the
phonon Lindbladians. They are in good agreement. As we will see, this result is rather deceiving.
Since the states follow a Boltzmann distribution of the molecule Hamiltonian, one might now
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Figure 9.2: Ground state phonon occupation of the molecule states during non-interacting time
evolution. a) Diagonal elements in the original basis; b) Diagonal elements in the eigenbasis of
the molecule Hamiltonian
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Figure 9.3: a) Diagonal elements of the steady-state lesser functions and the thermal density
matrix of the shifted molecule Hamiltonian for 7' = 300K . The system thermalises to the shifted
Hamiltonian. b) Ratio of the emission and absorption spectra as a function of frequency measured
from the zero phonon lines. Exponential behaviour is expected following the Kennard—Stepanov
relation. A fit shows a higher temperature in the spectra.

expect to find the Kennard-Stepanov relation between the emission and absorption spectra.
Their ratio should follow a Boltzmann factor and is shown in Fig. 9.3b. The behaviour around
the zero phonon line is exponential but with a higher temperature. Further away from the
zero-phonon line, the exponential behaviour quickly breaks down.

This can be traced back to the Lindblad coupling of the phonon bath. Due to the Markovian
assumption in the derivation of the Lindbladian, the spectral information about the temperature
of the bath is lost. In this approximation, the retarded and lesser functions in the long time
steady state can be computed from

-1

GRw) = |w—h—i) wT]T; . G (w) =GRw) | Y wTiGS (]| GAw). (9.6)

The coeflicients k; are the respective coupling constants of the Lindbladian and I'; the matrix
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elements of the operators in auxiliary particle representation. Here, G<(t,t) encodes the
long-time steady-state occupations determined by the coefficients ;. For general greater and
lesser functions in a steady state, a similar formula hold, where the Lindblad part between
retarded and advanced functions is replaced by the frequency-dependent self-energy [30]

G2 (w) = G (W) (w)GA(w). (9.7)

Using the Markovian approximation, the self-energy part loses its frequency dependence and
does not imprint the fluctuation-dissipation theorem onto the relation between greater and
lesser functions. But as we have seen in the previous chapter, the Kennard—Stepanov relation is
a direct consequence of it. Therefore, a Lindblad bath fails to capture the Kennard—Stepanov
relation. Nevertheless, it is possible to generate spectra which fulfil an exponential behaviour
over the spectral range of some photon states, but usually at a higher temperature as used in
the bath occupation n. The same shortcoming also limits the applicability at large detunings
where the ratio of emission and absorption becomes large. These regimes can not be reached
since the exponentials necessary for the strong decay do not govern the long tails of the spectra
but rather Lorentzians, as seen from eq. (9.6).

9.2 Molecule spectra with thermal bath

As in the rate equation approach, we expect the emission and absorption spectra’s statistical
distribution to be imprinted onto the photons. Therefore, it is imperative to obtain these
correctly. To achieve this, we must implement the fluctuation-dissipation relation on the
auxiliary particle Green functions. We have shown that this will not be possible with a
Markovian bath, as assumed in the Lindblad construction. Therefore, we go back to the
construction of the dissipation before the Markov approximation was performed. We obtained
the auxiliary particle self-energy due to a bath as

S0ath(t,¢') =i [g(t , ) TG(t, ¢)TT + g(t, ) TTG(t,¢)T| . (9.8)
i,

We now couple the phonons to an Ohmic bath in the usual linear way via the exchange of
oscillator quanta. The coupling matrix I' is then given by the auxiliary particle representation of
the shifted harmonic oscillator destruction operator from eq. (4.60) and (4.62). The density of
states of the bath is chosen as linear with an exponential cut-off p(e) = p—ﬁoe_D ¢. The temperature
is imprinted onto the bath via its occupation function, the Bose function. Numerically, the
bath must be discretised, and we compute the greater and lesser Green functions of it as

1
7 —ZZP e )e i (t=t) [66%_1+1] (9.9)
/ 1
g = _’sz Gk Zek t t)w . (910)

Care must be taken in the bath discretisation to avoid spurious signatures in the correlation
functions. The mode spacing Ae of the bath rnust be smaller than the reciprocal of the
maximum time the system is evolved to, Ae < ;**~. Otherwise, Poincaré recurrence leads to
periodic peaks appearing at long times. Therefore a large number of bath modes need to be
taken into account to cover the spectral range of the bath. The exponential cutoff D mainly
controls the long-time behaviour of the greater function and dampens oscillations.
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Figure 9.4: a) Absorption and emission spectra obtained with a finite temperature bath. The
parameter are N = 8 A = 3.85 THz w = 6.6 THz ,s = 1.05,74 = 1 THz ,y = 520 MHz with a
bath determined by , T'= 300 K, Ae = %—g THz, D/Ae = 150 and 2000 bath modes. ; b) Ratio
of emission and absorption in logarithmic scale. The Kennard-Stepanov relation is fulfilled over
a large frequency range with the temperature of the bath.
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Figure 9.5: Ground state phonon occupation of the molecule states during time evolution with a
thermal bath. a) Diagonal elements in the original basis; b) Diagonal elements in the eigenbasis
of the molecule Hamiltonian
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A spectrum obtained this way and the corresponding Kennard-Stepanov relation can be
seen in Fig. 9.4. The Kennard-Stepanov relation is now fulfilled for a larger frequency band,
such that the ratio of emission and absorption can be tuned over a large range. Two effects
dominantly produce deviations. Firstly, finite truncations of the phonon space. Here, enough
modes must be considered to represent all occupied states at the temperature T in the shifted
basis. Secondly, the dephasing parameter 4. It introduces the same issue encountered in the
purely Markovian bath case. One should also keep in mind that these spectra are generated
from a time evolution with finite accuracy on a non-equidistant time grid, then interpolated
onto an equidistant grid, and Fourier transformed on a finite domain. This also introduces
defects, which are most prominent in the ratio at the boundaries of the spectra.

In Fig. 9.5, the evolution of the diagonal elements of the lesser functions at equal-time are
shown. As in the previous case, the lesser functions become diagonal in the shifted oscillator
basis. Here, the overlap of the eigenvectors in the long-time steady state is

N

1= (Wf|gi(t — 00)) /N| =2-1072. (9.11)
i=1

Nevertheless, the eigenvalues for the lesser function do not follow a Boltzmann distribution
of the molecule Hamiltonian. Only in the limit of vanishing bath coupling, the system would
thermalise to this distribution [28]. In our case, the systems spectra are strongly influenced by
the bath, so the dynamics are also strongly governed by the bath coupling.

Another important aspect concerns the de-
phasing of the electronic states. In the

collisions, which lead to the exchange of 100
phonons with the bath, also phase infor- < oL
mation between the electornic states should =075t — "
be lost. In Fig. 9.6, the equal time dy- 5]
namics of the off-diagonal auxiliary particle = 050r
lesser function EG< is shown. It represent N
in the physical operator basis the expecta- \% 025 ¢
tion value (o (t)) = itr(EG<(t,t)). This T
: ~0.00 ‘ ; ; ‘ ‘
expectation value measures the coherence 00 03 07 06 08 oo

between the electronic ground and excited v,
state. In the master equation approach, it
decays with the dephasing rate 4. There-
fore, one might expect that the decay of
the correlations should be dominated by
the dephasing parameter 4. But they de-
cay much quicker due to the additional de-
phasing induced by the phonon relaxation
A

Figure 9.6: Decay of the equal-time, phonon
summed, Green function tr(EG<(¢,t)). It de-
scribes the molecule coherence and shows deco-
herence effects due to bath coupling far larger
than the expected dephasing rate ~ys.
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Chapter 10

Normal Phase Dynamics

Before diving into the photon dynamics inside
the cavity, let us briefly explain the numerical
details of all systems discussed in the follow-
ing. As initial conditions, we will always start
with an empty photon system. This means
all photon Green functions are zeros at initial
times except the greater components being —¢
due to the commutation relation. We must
imprint a phase into the system to obtain a
symmetry-broken phase. This is done by a
small value of the off-diagonal molecule corre- = 0 ;
lator itr [GE< (to, to)} ~ 1/Npo1, of the order v [THz|
of the inverse molecule number. In the normal
phase, this correlation will further decay, and,
in the condensate phase, grow. We also start
with a finite number of excited molecules in-
side the cavity, here 5%. This number must
be chosen to be significantly smaller depend-
ing on the system’s parameters. We will show
results in a dissipative regime close to the zero
phonon line. Here, most excitations in the cavity are contained in the molecule system and due
to the large dissipation, the number of excited molecules is relatively high. The systems are
solved with the KB solver introduced earlier with atol = 10~® and rtol = 10~%. The memory
integrals are cut following the decay of the self-energy eq.(2.84) at t5; - A = 8.

We now turn to the photon dynamics in the normal phase. This means in the following
parameter regime, no coherent field is supported. Due to the numerical complexity and the
available computational power, we need to make some concessions in the system’s parameters.
We consider a smaller number of phonon states, as shown previously, and enlarge the molecule
dissipative couplings. This results in the spectra seen in Fig. 10.1. The parameters can be
found in the caption. For these spectra, the Kennard-Stephanov relation is not fulfilled in
such a large range as in Fig. 9.4b. We consider 10 modes in the cavity, with a large trapping
frequency of Ad, = 1.5 THz, which are linearly degenerate. This resolves a temperature range
of around 2kpT. Due to the small number of modes and the large trapping frequencies, the
critical particle number is very small. This makes the system sensitive to tremendously small
changes in the pump rate. To counteract this, we work with rather large cavity loss. We first
look at large dissipation with x = 500 GHz and electronic loss I'y = 500 GHz.

[ V)
34

Rate [kHz]

S}
T

fe=l
T

50 100

Figure 10.1: Molecule spectra used in the inter-
acting case. We use a energy scale of 10 THz and
consider N = 4 phonon states with s = 1.05,
w =075 A=06,v =01 T =512
¥="5-1077, Ny = 108 .
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Figure 10.2: Time-evolution of the fraction of excited molecules and photons to a steady state
in the non-symmetry broken regime.

We use a detuning close to the zero phonon line dp = —20 THz and a pump rate of I'y = 2%/4.
This results in moderate ratios of absorption and emission rates.
In Fig. 10.2, we show the relaxation of the photon number and the excited molecules. These
quantities are obtained from the two-time correlators, the Green functions and self-energies.
Fig. 10.3a shows the self-energies from which the emission and absorption spectra are extracted.
They are strongly confined to the equal time diagonal, which allows us to cut the memory
integrals in the KB eq. following eq. (2.84). This is not the case for the photon Green functions
themselves. The imaginary part of lesser functions of the ground mode and the fifth excited
mode can be seen in Fig. 10.3b. At small cavity losses k, they have support on most of the
two-time grid. The spectra are obtained from these two-time data. The absorption and emission
spectra are obtained as slices in the centre of motion (com.) time T' = (¢ + t)/2 of the spectra
Fig. 10.3c.
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(a) Imaginary part of the normal photon self-energies in the two-time plane. They are strongly confined
to the equal time diagonal as anticipated in eq. (2.84) .
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(b) Imaginary part of the lesser function of the ground- and fifth cavity mode in the two-time plane.
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(c) Fourier transform of the photon self-energies in Wigner coordinates, so as a function of com. T and
frequency as Fourier transform wrt. to relative time 7 =t — ¢/. Left: The greater self-energy leads to
the absorption coefficient. Right: The lesser self-energy leads to the emission coefficient.

Figure 10.3: Example of the two-time functions computed in this approach.
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We now turn to the thermalisation of
the photon spectra in the normal state. For
this, we compare the fluctuation-dissipation
relation between the greater and lesser func-
tions in equilibrium. We consider the mode
summed functions

Ny(v) == Im (P (Too, ) (10.1)
k

Np(v) == Im (P} (T,v)) . (10.2)
k

In thermal equilibrium, they should be related

by

N,(v) = e PN, (1) . (10.3)

In Fig. 10.4, a fit of this relation is shown, and
the parameters are given in the caption. The
fit reveals that the spectra are thermal, but
the temperature is higher than in the phonon
bath. This can be traced back to two phe-
nomena. Firstly, as previously discussed, the
large Lindblad couplings in the molecules lead
to a higher temperature in the spectra. The
main contribution comes from the large de-
phasing parameter 4. But more importantly,
the large mode spacing and small number
of modes lead to small photon numbers. In
this regime, spontaneous emission dominates.
Due to the comparably large number of ex-
cited molecules but small emission coefficient,
it competes with the cavity decay k. This
issue was essentially already found in the phe-
nomenological rate equation approach in the
introduction eq. (1.6). But here, it manifests
in a higher temperature and the spectral func-
tions of the photons. Nevertheless, the spec-
tra follow the fluctuation-dissipation theorem
rather well. Therefore, the photon correla-
tions can be expected to be thermal even if
the spectra do not directly indicate this when
constructed from the free cavity density of

—30 —20 —10

V/K

—40

Figure 10.4: Test of the fluctuation-dissipation
theorem for the photon spectra. The spectra
thermalise, but due to the large dissipation at
a larger temperature T'y;; = 5.27T" and chemical
potential 4 = —132 k.

—30 —20 -1

v/k

Figure 10.5: Fluctuation-dissipation theorem
for the photon spectra at significantly smaller
dissipative coupling x = 20 GHz, I'y = /4,
76 = 250 GHz. The frequency axis is scaled
with the cavity loss used in fig. (10.3c). The
system has not fully reached a steady state,
and the spectra are not fully thermalised. A fit
shows a temperature T';; = 1.1 T and a chemical
potential p = —T71k.

states. This effect is significantly reduced at smaller dissipative couplings. In Fig. 10.5, the
relation for a system with smaller dissipation is shown. The system has not reached its steady
state at the point where the spectra are obtained. But already at this stage, the photon
spectrum shows a temperature close to the phonon bath temperature. Here, we again compare
with the bath temperature and not the temperature of the molecule spectra, which is higher
due to the dissipative coupling 4. The spikes in the spectrum Fig. 10.5 arise due to the
smaller time domain for the Fourier transformation at the end of the time evolution. They are
numerical and decrease for longer time evolutions.
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Chapter 11

Condensed Phase

We now turn to the condensation of the pho-
tons. The critical region is tremendously small
since the photon number in the phase inco-
herent fluctuations is small. This leads to a
strong sensitivity of the condensate fraction
with the pump rate. Therefore, one quickly
reaches a regime where the coherent field dom-
inates the system. This is also the regime
where we will show results here. We increased
the pump rate to I'y = %/ﬁi and left the other
parameter as in the first example. In Fig. 11.1,
the time evolution of the fraction of excited
molecules and the photon fluctuations can be
seen. Their drop coincides with the emergence
of the phase coherent condensate, as seen in
Fig. 11.2. Here, multiple modes contribute to
the condensate. In Fig. 11.3, the real part of
these fields is shown as a function of time in
a small time interval.
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(a) Fraction of excited molecules
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Figure 11.2: Density of phase-coherent photons
in the transversal cavity modes, including de-
generacies.
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(b) Fluctuating photon number without
degeneracy

Figure 11.1: Time-evolution of the fraction of excited molecules and photon fluctuations to a

steady state in the symmetry broken regime.
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They evolve with the same frequency. This
is a manifestation of the macroscopic wave- 1500
function of the photon system. To understand
this behaviour, let us, for a moment, turn to
cold-atom experiments on BECs. Let us as-
sume we have massive bosons in a trap, which 0N
interact with a contact interaction. Further-
more, let us assume that the description via
the Gross-Pitaevskii equation is valid. In the

real space representation, we can write it as —1500 & : ‘ ‘ ‘
13.0 13.5 14.0 14.5 15.(

1000

500

—500

—1000

10y (x,t) = ho(z)U(z,t) + g|¥(z,t)>V(x,1).

Here, hg is the single particle Hamiltonian Figure 11.3: Mode resolved real part of the
containing kinetic energy, the trapping poten- condensates in a small time interval.

tial, and the chemical potential. When the
BEC is formed in a steady state, the wave-
function evolves in time with its energy as
U(z,t) = e P10 (z). The density profile fol-
lows then from 2f

BU(z) = ho(2)¥(x) + g|¥(2) P U ().

But we can also look at this problem in the
basis of the eigenfunctions ¢, (x) of the single (im—ja_o_—’f%m TR T—
particle Hamiltonian hg. If we decompose the v/K

fields into this basis as ¥(z) = >, én(2)V,

we end up with

Figure 11.4: Photon number spectrum of the
T fluctuations and the energy of condensate E =
EV, =¢, ¥, + Up o VEUs W gy
v Z B —41.6x obtained from fitting the phase oscilla-
tion of the condensate. The spectrum fulfils the
with Uy pek =9 / d$¢n($)¢p($)¢;(l‘)¢;§($) fluctuation-dissipation theorem but at a higher
temperature.

D,q,k

The solution will be some distribution of the

V,,. But all these contributions still time-

evolve with the same energy E. This effect is

essentially what happens with the cavity modes in Fig. 11.3. Experimentally, this manifests in
a deviation of the density profile from the profile of the trap ground mode. This is an effect of
the interaction. In [2], a broadening of the spatial distribution was reported as the condensate
fraction is increased. Our result here does not necessarily explain this broadening. Here, even
though the interaction strength is realistically small, the condensate fraction is unreasonably
large due to the small number of modes, the large trapping frequency and the limitation on
how close the critical point can be approached in the time evolution. Also, other processes
contribute to the broadening, which are not contained in the treatment presented here. One
possibility is the heating of the solvent. The heating effects result in a thermo-optic interaction
considered in [66]. This effect is on a tremendously long time scale compared to the molecule
time scales considered here. Therefore, it is hard to incorporate into the presented formulation.
Another contribution could come from the pump spot size. It usually exceeds the mode profile
of the ground mode. At small pump rates, the molecule solution is in a global equilibrium in the
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Figure 11.5: Comparison of the equation of motion of the condensate with the Ward identity.
a) The imaginary part evolves with the same phase and phase velocity. b) Relative difference
of the relations.

cavity. However, after the BEC is formed and the pump rate is increased, the external regions,
not contained in the spatial profile of the BEC, accumulate molecule excitation. This might
lead to a broadening of the spatial profile. Studying this scenario by considering the molecule
solutions inhomogeneous would be tremendously insightful. Here, an interesting point is that
the different mode distributions inside the cavity can lead to mode competition and loss of
coherence [67]. Unfortunately, the available computational power does not allow us to study this.

As we have seen, we can obtain the energy of the condensate from its phase oscillation.
In Fig. 11.4, its position relative to the spectrum of the fluctuation is shown. It emerges
closely below the ground mode of the cavity as expected. The fluctuation spectrum follows the
fluctuation-dissipation theorem in the sense of the first example in the normal phase we showed.
Here again, the temperature is larger than that of the phonon bath. To test if condensate’s
energy fits the fluctuation spectrum, we look at the Ward identity obtained earlier. We compare
the Ward identity eq. (6.3) with the mode summed equations of motion of the condensate eq.
(5.22). This is the equation of motion of the local condensate, for which eq. (6.3) should hold.
It implies that

3

k

a7 08) = S5 (NG = [ (Eantt) = St )n(e)]| (111

0 to

L iy Npotr [GE<(t,1)] (11.2)

In Fig. 11.5a, we show their imaginary part in a small time window to resolve the oscillation.
The agreement is surprisingly good as shown by computing the relative error of the eq. (11.2) as
[lhs. — rhs.|/|rhs.|. Here Fig. 11.5b shows an agreement of around 2% — 4%. This agreement is
striking, considering we use a simplified DMFT formulation with a lowest-order approximation
for the impurity solver.
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We want to show another aspect that is un-
fortunately only hardly visible in the current
parameter range, but might be more impor-
tant when the cavity parameters are taken to
the experimental region. In Fig. 11.3, the os-
cillation of the condensate in the cavity modes
looks in-phase. This is not the case. The equa-
tion of motion leads to a necessary phase shift
of the modes depending on their detuning. As e e shift
shown from the Hugenholtz-Pines theorem for - : : =
open systems, this phase shift is crucial to Mode Number
cancel the dissipation due to x and obtain
a stable condensate. The phase shift can be
calculated from the equation of motion of the
phase coherent condensate
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Figure 11.6: Phase shift between the off-

diagonal molecule correlators and the coherent

fields in the modes. In blue is the numerical

. K It of the time evolution, and in orange, eq.

Orop(t) = —10 k(1) — =i (t resu ’ 8¢, €q

on(?) Pu(t) 2% ®) (11.4) with the condensate energy F = —41.6k.
+ YNpaitr [EGS(t,t)] . (11.3)

In the steady-state the coherent part of the

photons and molecules evolve with the same phase evolution ¢ (t) = e *Pte ¢, and
tr [EG=(t,t)] = e"*Fle™™g with g = [tr [EG=(t,t)] | and ¢ = |x(t)]. This allows us to
write

E — 6
K/2

—i(E — 8i) ¢y, = —gm + Y Nporge' ) = = tan(v — 6)) (11.4)
A comparison of this steady-state formula to the numerically obtained phase shift is shown in
Fig. 11.6. The relation seems already to hold for the higher modes, but the low-lying modes
still deviate. This could also be anticipated from Fig. 11.2. The density of the lower modes still
shows dynamics and has not reached a steady state yet. The phase shift to the molecule plays
here the role of stabilising the condensate against the cavity decay . This gives us another
perspective on the multiple modes contributing in Fig. 11.2. In the absence of the cavity loss,
we expect a decay of the occupations in the modes as 1/(E — 6;)2. This decay is slowed down
by dissipation x to a Lorentzian shape 1/(k?/4 + (E — 6;)?). We use a large dissipation .
Therefore, also modes that are further away energetically contribute to the phase coherent
part. This is the main reason why we obtain large occupations for the higher modes. Similar
behaviour due to finite cavity loss has also been reported in [68].
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Additionally to the photon condensate,
the anomalous photon propagators are also
present in this phase. Fig. 11.8 shows the 0.012 -

absolute values on the time diagonal, and ool :H‘f{z?)‘\ Hﬁi;‘\
Fig. 11.9 shows the imaginary part compared mf 3} _HZEE Z;I
to the evolution of the (scaled) square of the 0008 11| — I/t 0 — 117,00
condensate. They all evolve with the same 0.006 1
phase factor as the square of the condensate. 0.004 -

This indicates that all these anomalous prop-

0.002 |
agators are a property of the condensate. In /fw

Fig. 11.7, the anomalous propagator for the 0-000 0 : 10 e 50
ground mode and the anomalous self-energy tk

are shown in the two-time plane. The ab-
solute values of the anomalous propagators
are surprisingly large compared to the num-
ber of fluctuating photons. In the context of

atomic BEC’s, these correlators are usually

Figure 11.8: Absolute value of the anomalous
photon propagators, including the degeneracies
of the modes in com. time.

interpreted as a result of two-body scattering 0.05 -

[37]. They are necessary to implement the oosl (1, (0.6) —— T, (1.1) —— T (0.0)
symmetry relation between the 1-particle and ' ijmi Iiffiii;; Imx;
2-particle observables. Here, they fulfil a sim- 0031 (1)) — — Tn(i, ()

ilar role, as they are necessary to implement 0.021 An oA A A AN
the relation between the condensate and the 0.01 '/I/\ 1A //‘\ / / / \ / \
Green functions in Fig. 11.5a. It is unclear if 0.00 %&\@"%&é@;@ﬁ@’r%&@?\%@ﬁ
this would also hold with more realistic cav- ool £y ) \\/ \ \ [
ity parameters or if this is a consequence of N VoYY

the large condensate fraction. Nevertheless, 145 14.6 1T » 148 149 15

a comparison to atomic BEC’s [69] indicates

that at smaller mode spacing, these effects

are enhanced. From the quantum optics per- Figure 11.9: Phase evolution of the anomalous
spective, they tell us about squeezing of the propagators on the time diagonal compared with
light. We want to emphasise that the results the condensate phase evolution.

presented here do not provide any information

about multi-mode squeezing. However, these correlators might be especially interesting in
micro-structured cavities. By imprinting additional structures onto the surface of the mirrors,
different potential landscapes can be engineered. In this way, a double well was realised in
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[70]. Here, a direct tunnelling couples neighbouring sites due to the spatial overlap of the
mode. In this setup, the anomalous propagator between the sites can give information about
the entanglement of the sites [71]. Numerically, this system is demanding not only because
of the larger molecule space, which needs to be considered but especially because the local
modes have a smaller mode volume. This leads to fewer molecules in their profile, drastically
increasing the thermalisation time. On the upside, this makes the system even more interesting
since the tunnelling rate is on the time scale of the thermalisation.

11.1 Strong-coupling regime

The strong-coupling regime can be reached

by increasing the molecule density N, or sl

the photon-molecule coupling . Even though e o]
they are formally similar, they influence the o1l
system differently. This can most transpar-
ently be seen when eliminating the explicit oo}
dependence on the molecule number from the
equations. This can be achieved by map- ~%!f
ping v — ¥V Nmo and simultaneously scal-
ing the photon correlators as ¢ — ©/v/ Nyl : T I ——
and P< — PZ/N,,,. After this transforma- t

tion, the equations of motion do not have any
explicit dependence on N,,, anymore. The
molecule number now only appears in the ini-
tial conditions of the photon correlator. For an empty cavity, the greater functions at initial
time are P~ (tg,tg) = —i/Nme- This specifically scales the contribution of the commutator by
a factor of 1/N,,,;. From another perspective, the molecule number controls the contribution
of spontaneous emission. This scaling behaviour is a consequence of the simplified DMFT.
We will show here some results for a coupling v twice as large as before v+ = 1 GHz. At
larger couplings, various phases are expected, and the many dissipative couplings make this
method rather versatile. We do not aim here to claim any specific physical behaviour or
phase. This presentation aims to emphasise certain aspects which hint at inconsistencies and
should be checked when results are interpreted. Firstly, we show the total photon number
in the phase-coherent part against the off-diagonal molecule Green function in Fig. 11.11a
. The large value of the off-diagonal molecule correlator hints at the formation of excitons,
and the comparable size to the photon condensate suggests a polariton condensate. This view
is supported by the molecule spectra showing a strong peak emerging at the energy of the
condensate. They are shown in Fig. 11.11b with a scaled reference of the photon number
spectrum. The photon fluctuations are not vastly changed. They get shifted and broadened by
the larger photon self-energies. The energy of the condensate is gapped wrt. to the fluctuation
spectrum, which is a key feature of exciton-polariton condensates [5]. If we consider the Ward
identity, we find a large deviation as shown in Fig. 11.10. The exciton is a highly entangled
molecule state, which can here only emerge due to the strong interaction with the photons.
Therefore, we can expect to need more than the NCA diagrams to describe this state. This
discrepancy manifests here in an inconsistency between the fluctuations and the condensate.
Therefore, conclusions drawn on the state of the system and the signatures manifesting in the
light should be taken with a grain of salt.

—0.2 ¢

Figure 11.10: Test of the Ward identity.
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Figure 11.12: Loss of coherence in strong-coupling regime. a) Photon number accumulates in
the ground mode. b) Molecule and photon number spectrum at T'x = 1.8 : Parameters in units
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Increasing the coupling strength further,
the system loses its coherence and only the
fluctuating part of the photons contributes
Fig. 11.12a. The photon numbers show similar
dynamics as expected from the rate equation
approach. The molecule spectra get strongly
renormalised and a peak at the ground mode
energy emerges as the mode accumulates pho-
tons Fig. 11.12b. The photon spectral func-
tion Fig. 11.13 develops a slight negative part
at the ground mode to accommodate the large
photon numbers, and a faint high energy tail
or side peak emerges. The high energy be-
haviour was reported in a mean-field study
[72] and interpreted as a strong coupling sig-
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Figure 11.13: Photon spectral function.

nature attributed to an upper polariton band. Coherence is recovered at large pump rates, but
the molecule spectra get so strongly renormalised that they are hardly recognisable as molecule

spectra and are far from thermal.






Conclusion

Incorporating a coherent photon field, which leads to a classical phase coherent wave emitted
from the cavity, turned out to be complicated. In a rate equation approach, one quickly
concludes that it requires a lasing state, which is distinct from the BEC state. To remedy
this, we developed a formalism to describe the molecule dynamics in a field theory setting.
This auxiliary particle representation, in combination with the spontaneously broken U(1)
symmetry in an open-driven quantum system, requires a variety of different theory tools. We
gave an introduction to the Schwinger-Keldysh formalism and the approximation method of
the 2-PI EA. From this, we developed the auxiliary particle theory for an open-driven system
and incorporated large molecule reservoirs with a simplified DMFT. This leads us to a crucial
consistency requirement between the fluctuation spectrum and condensate. The time-evolution
of the coupled two-time Green functions and condensate is performed with an adaptive order
and step size method.

It turned out that a non-Markovian thermal bath for the vibrations is needed to obtain
physical spectra following the Kennard-Stepanov relation. We could show that the light ther-
malises in the cavity and pre-thermal states could be observed. We presented results in the
symmetry-broken phase and could show that for realistic molecule parameters, a phase-coherent
condensate emerges at the bottom of the fluctuation spectrum. Our approximation fulfils
the Ward identity at this point, revealing the importance of the anomalous propagators to
obtain consistent energies for the condensate. This allows us to conclude that we observed a
photon condensate in this parameter regime. What still remains is the question of whether
what we observe is a BEC or a laser. The presented parameter regime has a tremendously
small number of fluctuating photons, such that the condensate fraction is close to one. It
results from the combination of a small number of modes, the large mode spacing and the
strong cavity loss. With only the information of the g; function of the light, this state should
be experimentally indistinguishable from a lasing state. At the present stage, we can not
make reliable predictions for the go function. However, the state has two-photon correla-
tions manifesting in the anomalous propagators in a similar order to the fluctuations. From
atomic BEC, we can expect that this correlation grows as the mode spacing is reduced [69], as
we also expect from the photon fluctuations. Additionally, the occurrence of the anomalous
self-energy is crucial to maintain the Ward identity. This would not be expected in a lasing state.

In the presentation of the result, we have already hinted at various points that need
further investigation. These were mainly concerned with numerical improvements to reach the
experimental parameter of the cavity and tackle various effects from the cavity geometry. We
want to expand this list here on a few fronts;
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Second order coherence

These properties of the photon fluctuations have been investigated experimentally and theoreti-
cally using the rate equation approach [25] as well as the auxiliary particle method without
symmetry breaking [58]. In the symmetry-broken phase, the path to obtain these contribu-
tions is unclear. That we needed to check the Ward identity already hinted to the fact that
these correlation functions are manifestly not uniquely defined when approximations to the
self-energies in the symmetry broken phase are applied. A first principle calculation would, in
any case, result in coupled Bethe-Salpeter equations. At the present time, they are numerically
too expensive to solve in non-equilibrium. The most promising path to obtain these in the
symmetry-broken phase seems to be response theory, as applied without symmetry breaking in
[58]. Here, two main questions need to be answered. Firstly, in the Green function setup, the
response is usually calculated from the linear response of the two-time Green function [30]. How
this concept generalises to a simultaneous change of the coherent field is not explored. Secondly,
in this system, the light response will always be accompanied by a matter response. Their
correlation will mix on the level of KB equations. Extracting the photon correlations from
these signals requires an understanding of the underlying symmetries between these different
responses. Here, the analysis of the higher-order Ward identities might lead to some insight
into this problem. To the best of the author’s knowledge, the study of these connections
has only recently been started [73]. Nevertheless, in the context of the photon BEC, these
corrections can be expected to be small. Another unexplored aspect is that the two-time Green
function formulation of linear response theory can also provide additional information from
the two-time nature of the correlation functions. This might also be a pathway to obtain more
exotic correlation functions like out-of-time-ordered correlators.

Non-Markovian Molecule bath

In the approach put forward here, we included all internal molecule states, which makes it
numerically expensive. Therefore, it might not be applicable to large structured cavity systems.
But as we have seen, molecule spectra are largely unperturbed by the photon interaction in
the region where the photon BEC is studied. We have shown that the Markovian master
equation does not support a phase-coherent BEC state and that the Kennard-Stepanov relation
can not be obtained from a Lindblad bath. This means that also multi-level approximation
in a cumulant expansion as used in [63] will not show an actual Kennard-Stepanov relation.
Therefore, the most promising approach to minimize the computation cost seems to treat the
phonon system as a non-Markovian bath. Technically, this can be achieved using the Polaron
transformation and only applying the auxiliary particle representation to the electronic states.
The phonon bath can then be integrated out in the path integral formulation. This leads,
in NCA approximation, in the normal state effectively to a non-Markovian variant of the
master equation used in [22]. In the condensed phase, the anomalous parts also contribute as a
non-Markovian variant of eq. (1.25).

By now, a hallmark of condensed matter physics is that the experimentalists are quite ahead
of the theory, and the photon BEC is no exception. The micro-structuring of cavities opens up
entirely new possibilities, from studying the Kibble-Zurek mechanism in continuous rings, over
topology of open-driven systems in discrete arrays to entanglement in discrete lattice structures.
In the light of these developments, there is still much work ahead of theorists.
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Appendix

Correlation functions of the polaron transform

We want to show here how the polaron correlation function can be calculated assuming a
thermal phonon state. This can be done using the Schwinger-Keldysh formalism introduced in
chapter 2. We take a rather general approach here and only assume non-interacting thermal
phonons so that the bath density of state p(w) can be easily changed afterwards. This allows
us to write the phonon greater and lesser Green functions in frequency space as

G” (W) = —ip()b(Bw) . G = —ip(w)(b(Bw) +1).

The action can then be written in frequency space as

= / v S GG ()b () = / dvd ()G )P W)

o,0'et

The average of (D(t)) is the same on both branches and time independent, due to thermal
equilibrium. It can directly be computed from the path integral using n, = (1,0)7

/ \/deti /dv (¢ V)G ﬂ(u)&(u) + 2s (eivt¢i(y) — ¢+(V)e—iut>)
:/\/(mexp(i/du ((¢ (v) 4 2se~ 1 G(U))G_l(y)(_’(y) — 25G (V)™ +4S7’]IG(U)77+>

= exp [ms? / duGT(u)} = exp [—232 / dvp(v)(1 +2b(5y))} with  b(z) =

For the two-time correlator we obtain in the same fashion

R W pli [ av(& )6 )30)
+ 25 (™67 (1) = 6- (V) = P GLW) + 61 () ))

1
et —1°

—|—28 _Wt/,—e_iyt)G(V))G_l(l/)(q_;( )—QSG( wt eiut)T)

/Wexp /dy{

+ 452 ( —vt! _e—wt)Gv(V)(ewt’7 _eiut)T}]
= exp 425 / v (GT + GT (v) — e~ W=t G> (v) — ei”(t_t/)GK(V)) ]

= exp [4is® / v ((GZ(v) + GS(v))(1 — cos(v(t —t')) + isin(v(t — ') (G (v) — G=(v))) ]
= exp|[4is® /dV G>( )+ G<(v)2sin®(v(t — t')) +isin(v(t — t')(G” (v) — G<(V)))]
= exp[ — 4s° /dz/p(v) (2(1 + 2b(Bv)) sin?(v(t — t')) + i sin(v(t — t’))) ]
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0t )Dy0) = [ D et [ av(F w6 @)
+25(eM107 () = Bu(W)e ™ — e 5 (1) + - (v)e "))
- [ 2 [(qgl) expli [ A{(§ () + 25(e "~ GG )(E) - 256 (, —e)T)

+4s (efu/t7 _efwt’)Gv(V)(eiz/t7 _eiut’)T}]
= oxp [4is? / dv (GT(V) +GT () — =G> (v) — e_i”(t_t/)GK(u)) ]
= exp|[ — 457 / dvp(v) (2(1 + 2b(Bv)) sin®(v(t — t')) — i sin(v(t — t’))) ]

The symmetry properties are [D>(7)]" = D>(—7) = D<(1) = [D<(-7)]"
The two-time correlators F are given by

R W p(i [ av(0)6 0)3) + 257 ()
~9-W)e " 4 ML) = b)) )
= [ rmm e i (@) 25 GG )G + 256 )

+4s2 (e TG (w) (e eV Y]
— exp[dis? / v (GF () + GT () + G (1) 1+ G ()) ]
— exp|4is? / dv ((G7 () + G=(W))(1 + cos(w(t — ) — isin(u(t — )G (v) — G<(1))) ]
— expldis? / v ((G7(v) + G=(1))2cos*(w(t — ') — isin(u(t — #))(G7 (v) — G<(v)) ) ]

= exp[ — 4s? /dup(v) (2(1 + 2b(Bv)) cos?(v(t — t')) —isin(v(t — t’))) ] (11.5)

This lets us conclude the symmetry property as [ (1) f = F(—7). Another interesting property
of these correlators is the product of them follows (D_ (¢ )DT (")) (D_(t) D, (")) = (D)*.
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Polaron transformation in auxiliary particle representation

Most of the following section was used in the master thesis of the author [56].

The coupling matrix v, ,, is composed of the unitary transformations, which diagonalizes
the excited and ground state Hamiltonian. We want to find an analytic form for the structure of
the matrix. Our starting point, before the auxiliary particle transformation, was a Hamiltonian
containing operators of harmonic oscillators. Here, the coupling term comes from a position
shift of the oscillators to +x¢ in excited and ground state. The transformation diagonalizing
the molecule part should be a translation back to the original position. We now use results
obtained from the real space representation of the harmonic oscillator problem and apply
these properties to the auxiliary particle problem. To this end, we recapitulate here various
results of [74] [75]. The unitary transformation is the shift operator and can be considered in a
matrix form connecting the wavefunction in the two representations. Its entries are the overlap
integrals of the shifted oscillator wavefunction with the unshifted ones.

Uni’m = /dx\lln(q: + 20) V(). (11.6)

These elements are called the Franck-Condon coefficients or integrals.

The route we want to take is to derive symmetry and addition properties for these elements,
which allows us to show that the transformation needed to diagonalise the Hamiltonian has the
same properties.

We first consider the action of an exponential of creation and destruction operators of the
harmonic oscillator on a function composed of these:

E09 f(al,a) = fal,aF 20)e™ ™ Ef(al a) = f(aT £ 2, a)eF0 (11.7)
From here, it directly follows that
U =exp(zola—a'))  Udla= (a' +x0)(a+ 20)U = (a'a + zo(a’ + a) + 23)U .

This can be used to find relations between the matrix elements of U as

= nUnn = n/da;llfm(:c)U\I/n(x) = /dx\IJm(x)UaTa\Iln(x)
= /dx\IJm(ac)(aTa + z0(a’” 4 a) + 22)U¥,,(z)
= mUm,n + xO\/ﬁUm—Ln + zovVm + 1Um+1,n + ngm,n
= Vn+ 11Uy pt1 = /dxllfm(x)UaT\Iln(x) = /d:z:‘lfm(az)(aJf + z0) UV, ()
= \/EUm—l,n + xOUm,n

Considering now the with w scaled Hamiltonian of our auxiliary particles under this unitary
transformation:

> ndld, + sV + 1(d]ydp + did 1)

= " nd{ U} Uny + sv/n+ 1(dfdiU] ,\Uny + didiU] | Uni)
n,k,l
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We separate the operator content from the matrix elements of the unitary transformation and
evaluate the sum over the index n with the properties found earlier.

> nUf Ui+ svVn+ LU}, Ung + UL Ung1)

n,k,l
=" kU] Ung = sVEU] | Uny = sVE+ U], Uni + $°UL L Uny
n,k,l
+sVEU | Ung+ sVE+1UL Ly Uy — 252U Uny = (k= s2)UL Uni =Y (k= 5%)o

nk,l k.l

Therefore, the transformation diagonalises also the auxiliary particle Hamiltonian. Note here
that the unitary transformations for both oscillators are complex conjugates of each other,
which is equivalent to a shift by +s and —s.
The matrix elements can be obtained with the wavefunctions of the harmonic oscillators in
dimensionless units

1 2

We*%flﬂ(:ﬁ)

here H,(x) are the Hermite polynomials with the properties,

U, (x) =

Hy(z +a) = zn: (7) Hy(z)(2a)"" (11.8)

i=0
/den(aﬁ)Hm(az)emz = V/m2"nlb, m (11.9)

The overlap integrals can be calculated as

1 _(@—a)? _a?
? dee” 2 H,(x —a)e” 2 Hy(x)
Vr2rtmmln!

(z—a/2)? a/2)2
dxe” Hy(x —a/2)e”
\/7r2”+mm'n /
— —a’ m n z m J z2 ) )
\/7r2n+mm!n!e ' Z;'Zo< )(]) /dxe Hi(@)Hj ()
=0 j=

2 (1) () e
= ¢ 1 /w2416 ;
w2 tmmln! Zz;jz;) J (@ o

min(n,m)

_We“f ;} (?) (’?)(—a)ni(a)m%!

)

(era/ )2

Hp(z+a/2)

»

1 —a n—min(n,m m-+n
Ll e i

V2

) 2min(n,m) U[ min(n, m), \n — m’ + 1,@2/2]

vm!n! V2

Here Ula, b, z] is Krummers function of second kind, which is connected to the generalised
Laguerre polynomials through

Lo(z) = (71)nU[—n,a+1,x]. (11.10)

n!
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With this, we find

ng
7N
Sle
N———
3
3
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S 3

3
VN
| 8,
N———

3

Vv

3

Upm =€ S — , (11.11)
—a m: a
_ Lnm
() Vi ( 2 ) e

Under the transformation, the interaction with the photons transforms as

Z:fyaTdT en = Z 'yaTalJr elU,I’n( Z fyaTdT elUg’n(xo)U;l(xo)

n,l,k n,l,k
= Y= AU (@)U (w0) = U], (220)

n

e <x°‘[> \/Z»Ll ; (2 o) >k
( xm[) \//:Lk l( xg) k>1

As already mentioned, we will not use this representation further since, in the fully interacting
theory, the phonon quantum numbers will mix due to the photon interaction anyway.
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