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Bosonic transport across dot structures:

In this work we study the quantum transport phenomena of bosonic particles through a chain of
quantum dots with on-site particle-particle interaction. The system is driven out of equilibrium via
two bosonic reservoirs that stay in equilibrium and have a continuous and nonzero density of states
over a finite frequency interval. We study the behaviour of the system via two approaches.

In the first case a scalar action is constructed from which the needed nonequilibrium Green’s functions
can be extracted. Many-body effects are taken into account via a simple approximation of the self-
energy. In the weakly interacting case, a current conserving and causality conserving approximations
are derived and applied to the system. As an alternative, a flow equation of the effective action is
solved in order to obtain the same observables of interest.

The second approach describes the behaviour of the system via a Master equation in Lindblad form.
By using the Wigner method the problem is mapped to a set of stochastic differential equations and
solved numerically. This equation can be also derived from an action, which allows us to compare
directly both approaches. In addition to the numerical calculations, this connection is described in
detail.

Bosonic transport across dot structures:

In dieser Arbeit wird der Quantentransport bosonischer Teilchen durch eine Kette von Quanten-
punkten mit Teilchen-Teilchen Wechselwirkung untersucht. Das System wird durch zwei bosonische
Reservoirs aus dem thermischen Gleichgewicht gebracht. Die Reservoirs selbst befinden sich im ther-
modynamischen Gleichgewicht und haben eine kontinuierliche und iiber einen Frequenzintervall nicht
verschwindende Zustandsdichte. Das Verhalten des Systems wird durch zwei unterschiedliche Meth-
oden beschrieben.

Im ersten Fall wird das Problem duch eine skalare Wirkung beschrieben, von der die notwendi-
gen Nichtgleichgewichts-Green-Funktionen berechnet werden konnen. Die Vielteilcheneffekte wer-
den durch eine Approximation der Selbstenergie beriicksichticht. Im Fall schwacher Wechsel-
wirkung werden zwei Ndherungen hergeleitet, die den stationdren Strom durch das System und
die Kausalitdtsbedingung erhalten. Dieselbe Observable wird zudem durch die Losung einer simplen
Flussgleichung der effektiven Wirkung hergeleitet.

Als zweite Moglichkeit kann das Verhalten des Systems durch eine Mastergleichung im Lindbladform
beschrieben werden. Mit der Wigner-Methode wird das Problem auf ein System von stochastischen
Differentialgleichungen abgebildet, die numerisch gelést werden kénnen. Das Gleichungssytem kann
auch von einer skalaren Wirkung hergeleitet werden, was im Detail bescrieben wird. Dies erlaubt uns
beide Methoden zu vergleichen.
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Part 1
Introduction

The advance in technology in the last decades has allowed the creation of smaller and smaller devices
reaching the point where the realisation of logic structures on the atomic level is possible. There are few
important reasons making these systems interesting. Because of their low dimensionality the dynamics
of the sytem can be dominated by quantum effects, opening a large playground for experimental testing
of various problems. On the other hand one can make use of the atomic structure of the particles loaded
in such devices and create logic structures analogous to the known semiconductor devices [1] or create
qubits.

In order to reveal the quantum properties of a system it has to operate at very low temperatures
and in perfect isolation from the enviroment. Nowdays, the progress in cooling atoms allows to reach
temperatures below 10~7K. If one compares the corresponding thermal energy of an alkali atom like
sodium with its hyperfine splitting in the ground state one will see that the first one is by many orders of
magnitude smaller than the other. The revealed atomic structure in alkali atoms, especially the interac-
tion of the atomic dipole moment or the electonic spin with an electric/magnetic field is exploited in the
creation of various magneto-optical traps and optical lattices. The main breakthrough in manipulating
atoms is the creation of a Bose-Einstein condensate [2], which together with the use of optical lattices
allowed the study of a large set of problems. Part of them are the one and two dimensional Ander-
son localisation [3], [4], tunneling and spectrum of Wannier-Stark ladders [5], [6], [7], [8], dynamics of
superfluid-insulator transitions in composite bosonic gases loaded in optical lattices [9] , [10] etc.

A promising way of creating and manipulating systems of ultracold atoms is provided by microchip
based magnetooptical traps. Due to the possibility of imprinting various current networks on a chip and
changing the current through them, one can create, split or transport a condensate over a finite distance
[11]. Creation of a quantum dot coupled to a Bose-Einstein condensate by the use of laser beams sepa-
rated by a small distance is also investigated in [12], [13]. A new level of control of the particle number
at a single site of an optical lattice is demonstrated in [14], [15], where due to an electronic or laser
beam the position and number of the removed particles from the system can be exactly manipulated.

The advances in this field boosted the investigation into transport of ultracold atoms in systems
with reduced dimensionality. In [16] the transport of fermionic and bosonic ultracold atoms in quantum
wires is studied theoretically. A possible creation of such a system is given in [17]. Quantum pumping
with ultracold atoms on an atomchip has also been studied in [18]. Decreasing the dimensionality of the
tunneling region from one to zero, a new field is investigated - the atomtronics. The creation of bosonic
analogues to the mesoscopic systems used in electronic devices like a diode or field-effect transistor is
suggested in [19]. Additional studies of atomic transport in different setups can be found also in [20], [21].

In this work we will focus on a bosonic transport through a chain of quantum dots coupled to two
bosonic reservoirs that keep the system far from equilibrium. In the first case the reservoir will be above
the critical Bose-Einstein condensation temperature. The confinement of many thermal particles in a
trap is indeed possible by the use of buffer gas cooling techniques [22], where lifetimes of more than
100s are achievable for particles with high magnetic moments.

The second topic is devoted to chain of quantum dots coupled to zero temperature Markovian reser-
voirs. Although such systems do not exist in nature they represent a good approximation of reservoirs
with constant density of states over a large frequency range. Such reservoirs could be created by filling
a tilted optical lattice with ultracold atoms such that every lattice site is equally occupied [19]. We
also introduce an on-site particle-particle interaction in the system. The value of this parameter can in
principle be tuned experimentally by making use of Feshbach resonances.

Overview

The treatment of both systems is separated into two different chapters. Each of them is supple-



mented with a brief description of the needed theory. The results are presented and discussed. A final
chapter summarises the results of this work and set a future outlook of the problem. All (less) important
details of the calculations can be found in the appendix.

In Part Two, we look at two bosonic reservoirs in thermal equilibrium (7" > T;:) but with different

chemical potentials. They force the system out of equilibrium in a way that a particle flow between
both reservoirs is established. The problem is described with the use of Nonequilibrium Green’s func-
tions. The idea of this formalism is explained in detail in section 1. The Green’s functions (GF’s) of
the different building blocks of the system are calculated in section 2. Constructing the GF of a small
system coupled to an infinitely large enviroment, the concept of a self-energy is introduced. It is used
later to introduce the interactions in the system.
In section 4, two approaches that handle interactions systematically are presented. In both of them
a certain class of Feynman diagrams contributing to the GF is summed. This is the basis for a con-
struction of a Schwinger-Dyson equation from which an approximation of the full GF can be obtained.
In the first approach the current is conserved and in the second one - the causality condition. As an
alternative, in the appendix, a flow equation of the effective action is solved in order to obtain the
observables of interest. In section 5, a specific realisation of the system is chosen and the results from
both approximations are presented and discussed.

Part Three is devoted to the case of zero temperature reservoirs. The dynamics are described
by a master equation in Lindblad form. The Lindblad superoperator L is responsible for the particle
gain and loss, and drives the system out of equilibrium. The equation can be mapped to a stochastic
differential equation that can be solved numerically. In section 1 important stochastic processes are
briefly described and a numerical method for solving them is presented. The idea of mapping a Mas-
ter equation in Lindblad form to a stochastic differential equation (Wigner mapping) is explained in
section 2. An alternative method to solve the master equation in Lindblad form in the limit of low
occupation numbers (the Quantum Jump method) is given in the appendix. The connection between
the nonequilibrium GF method and the Langevin equation is made in section 3. The origin of the
noise and the memory kernels in a stochastic differential equation and their dependence on the reservoir
properties is shown explicitly. This allows us to apply techniques of the previous chapter to the current
problem. A motivation for the use of the Master equation in Lindblad form is given in section 4. This
will complete the understanding of the underlying physics behind the equation we solve. In addition,
in the end of the section a comparison of the methods in the context of a simple problem is made. The
system we are interested in is presented in section 5. The results are presented and discussed in section 6.

Part Four summarises all the results from the previous two chapters and points out new relevant
questions that can be investigated in the future.



Part 11
Nonequilibrium Green’s function approach

In this section we study the behaviour of a quantum dot coupled to two bosonic reservoirs. In contrary
to the fermionic counterpart of this problem (bosonic reservoirs are replaced by semi-infinite metallic
electrodes), which is widely studied, the bosonic transport in a similar to our setup is studied only in
[19]. The bosonic problem differs from the fermionic one in the following points:

e The Hilbert space of the quantum dot is infinitely large.
e The density of states of the bosonic reservoir is zero below some frequency.

e Below a critical temperature the reservoir contains an additional macroscopically occupied state,
that has to be additionally taken into account in the description of the sytem.

Since the system we work with is not in equilibrium, the most natural way to describe and solve the
problem is by the use of nonequilibrium Green’s functions (GF’s). The basic definition of a GF and
its physical meaning is given in section 1. A detailed explanation can be found in [25] and [26]. The
way how the problem is described by the use of these GF’s is given in section 2. Section 4 presents a
well-known approach to handle interactions in the system by adding an approximation of an interaction
self-energy to the known noninteracting Green’s function. An alternative approach to solve the problem
by constructing a flow equation of the effective action is described in the appendix. In section 5 we
choose a concrete realisation of the system - two bosonic reservoirs coupled to a qunatum dot, and
present the results from the used approximations.

This section should give answer to the following problems:

e Description of a bosonic gas condensed in energy, that is coupled to the system.

e Influence of the particle-particle interaction at the quantum dot on the system behaviour.

1 Basic definitions

1.1 Time evolution and contour ordering operator

Consider a system described by the Hamiltonian H = Hy+H®. Hy will always refer to the noninteracting
part quadratic in the fields and H' to the interacting part of the Hamiltonian. In this thesis we will work
only with Hamiltonians that do not depend explicitly on time. The subscript g, or x of an operator
should show in which picture we work (f:fo for the Interaction picture and H for the Heisenberg picture).
For an arbitrary operator O this means:

@Ho @) = et Ho(t—t:) Ap—+ Holt—t.)

N an NP, 1
Ongy = (TetA—1)TO(FetAl-t0) 0

where ¢, is the reference time where all pictures coincide and T is the time ordering operator. The
expectation value of an arbitrary operator O at time ¢ is given by:

©Ow) = w[0py]
= w[OUgt ] L . .
tI‘ [p’\u"—(t’tr)e_%HO(t_tr) e%HO(t_tr)Oe_%HO(t_tr) e%HO(t_tr)u(t’tr) ] (2)
—
L?LOA(LW) Z;{Ho(tir)

= te [l ) Ot (Uit (1.0,

- N A L
where Uy =Te " ftr M is the time evolution operator. In the last line we have also defined the

form of the same operator Z/A{Ho(t,tT) in the Interaction picture. From the last line of eq. (2) one can see
the transformation rule from the Interaction to the Heisenberg picture:

Oty = Uk, (t,00) Oty ) Utto 1.1, (3)



Instead of the definition of Z/AlHO(t’tr) given in eq. (2) we will use the following one !

~ A —1 ¢ drH? =
Z/[Ho(t,tr) =Te LT Hq (7) (6)

To simplify the notation in the last line of eq. (2) we introduce the time contour ¢ given in fig.
(1) that goes from ¢, to ¢t and back to t,.. The position on the contour is now given by the composite
argument t/ (j € {<, —}) where the superscript j of the time argument gives information if we are on
the forward (—) or backward branch of the contour. At the return point ¢ both branches should be
connected, i.e. t =t~ =t . The contour ordering operator T, then orders the operators according to
their position on the contour. They are ordered from right to left beginning with those in the beginning
of the forward branch and ending with those in the end (t/ = ¢{7) of the backward branch. After
the contour ordering operator all bosonic (fermionic) operators can be treated as complex (Grassman)
variables. So the expectation value of an operator @(t) can be written as:

O = Wl Onofinuee)
tr [,61{1{0 gtf,t)OHQ (U, (tyt?)] (@)
tr [ﬁTC (UHO (t,t)OH, (t))]

: B

Figure 1: Contour branch on which the operator 7. acts. The forward (from #, to t) and the backward (from
t, to t) branches will be later denoted with (—) and (+) instead with (—) and (+).

1.2 Green’s function. Definition

Consider the problem of a single particle with the wavefunction ¢z, that evolves according to the

Schrédinger equation:
. d
(ih g = H)b@n =0 (8)

where H is the system’s Hamiltonian. If 1)z 4 is known at #' one can obtain the wave-function at times
t > t' with the use of the formula:

Yz = /G(f,t;f’,t/)w(f’,t’)df/ 9)

G(#,1:# 1) 1s called Green’s function and should be interpreted as the conditional probability amplitude
for a transition of a particle to (Z,t) given that it was previously at (#,¢'). The restriction ¢ > ¢’ is put
to preserve that the wavefunction propagates only forward in time. Gz, 1) is defined as the solution

of the equation:

. d ;
(zﬁ% — H) Gzt 1) = 1hd (a3 0 (1—17) (10)

1One can proof this by applying the Heisenberg equation of motion for an arbitrary operator @H(t):

ih= Oty = [On oy, H] = U' (1,1, [0, H)U 11, @
Then one has to use the transformation for @H(t) given in eq. (3) and apply directly the time derivative:

lh%@H(t) = Zh% (u}r‘lo(tathéHOA(t)uHU(t’tr)Q .
il (te0) ([H > Ono (0] + [Ho, Ong (0)])Ung (2,8,
= iUy () 1007 ([H,0] + [Ho, O]) e B0 Uy (44, (5)

u(*m,) Ut,tr)

= M(Tt,t,. [Ov H]u(t»tr)

)

The first term in the second line origins from the application of the time derivative at L{LO (t,tr)» UH (¢,t,) and the second

term from the application of % at Op, -



So one can show that 1z ) also obeys the Schrédinger equation:

(Zh* - H /G (Z,t;3 t/)i/) z! tr)dl‘ = Zfl/5 t t’)w(a‘:”,t’) = iﬁ(S(t,tr)?ﬁ(f,t) =0 fort > t/ (11)
Going from single-particle to many-particle systems there is a slight change in the interpretation of the
casual (time ordered) Green’s function (¢, < ¢,¢'; ¢ = 1 for bosonic and ¢ = —1 for fermionic particles):

G @uayy = —itr[pa 1z Dy ) 0y — iCtr[paky o im0
= — tr[ (max(t )t )T(uHo(max(t )t )aHo(t)aHo(t/))} (12)
= —itr [pT aq (z, ﬁ)aH(f, =)
—i [ drEL R
= —itr [pT ( e Ho ( )aHo(i‘,ta)aLO(i‘/,t/ﬁ))]

It describes the creation of a particle in the system at (&, ¢') and its destruction at (&, t) for ¢ > ¢’ or both
actions in the reverse order for ¢ < . The operators a',a are responsible for the creation/annihilation
of a particle and the Heaviside step function keeps the causality in the application of the operators on
the system. The last three lines of eq. (12) are just different representations of the same expression.
In the third line of the last equation we have introduced the contour going from ¢, to max(¢,t) and
back to t,. We have also set both variables t,t' to lie on the forward branch because in this case the
contour ordering operator orders both operators a,al in the same way as the time ordering operator
T does. In the second and last line we have used eq. (3) and the fact that after the contour ordering
operator all operators can be commuted as complex/Grassman variables. One can always extend the
return point of contour from max(¢,t') to infinity since the phase collected from the propagation in the
forward direction after max(¢,t’) is cancelled by the propagation in the backward direction, i.e:

Ul (00, max(t, t'))Up, (00, max(t,t')) =1

1.3 Schwinger-Keldysh formalism. Short introduction

The Schwinger-Keldysh theory is a natural way to extend the equilibrium perturbation theory to inter-
acting systems in nonequilibrium steady state. Doing this we get also rid of some constraints like that
the interaction should be switched on and off adiabatically [25] and that the ground state should be
nondegenerate. The price we have to pay is that instead of one Green’s function we have to work with
four different types of them. The theory can also be easily extended to systems at finite temperature.

We work in the interaction picture representation since we can easily obtain the explicit time de-
pendence of the creation and annihilation operators of the system. On the other hand this picture is
also appropriate to do perturbation theory of the expectation value of a given observable if some non-
quadratic interaction term is added to the Hamiltonian. We can just expand the exponential function of
the nonquadratic part of the Hamiltonian (of L[}io), apply the Wick’s theorem? and express everything
in terms of noninteracting Green’s functions, which are known, in order to derive some useful approxi-
mations.

The need for the use of the Schwinger-Keldysh method can be seen explicitly if one writes down the
definition of the time ordered Green’s function given in eq. (12) (¢, — —o0):

G(f,t;f’,t/) = _Z tl“ [Z/?LO (OO,—OO)T(L?HO(OO,—OO)&HO (fat)d-‘l—‘lg (f’,t,))] . (13)

Only in the case where the temperature is equal to zero and the ground state of the system is non-
degenerate one can show (Gell-Mann and Low theorem [23]) that after adiabatically switching on and off

2The Wick’s theorem gives a way to decompose Gaussian averages of strings of operators. If p is the density matrix
of the noninteracting system, i.e. p = exp[—SHo/tr|exp[—BHp]] then the expectation value of a string of contour ordered
operators is equal to the sum of all possible pairwise products (a.p.p.):

R () = el p] R
(Te(@(r)0(r,_r) -G = Zapp. L {Te(@ryyan )

where &,y can be 4, or dZT ) In the case that one works with fermionic fields one has to count explicitly the number
n

of operator permutations (1) and multiply the expression with (—1)%.



the interactions, the system remains in its ground state and only the phase of the state is changed. This
allows one to decouple eq. (13) at ¢ = co and do only an integration on the forward contour. However,
this simplification is not possible in the nonequilibrium case and one has to perform an integration
following the path from —oo to co and back to —oco. So instead of the time-ordered GF one has to work
with the more general one:

Gizasarry = =i apoTule™ -0 g, o il o). (14)

In the derivation of the last equation we have already assumed that we are not interested in transient
time phenomena but in the steady state properties of the system. The density matrix py we use at
t, = —oo is the density matrix of the noninteracting system. Unlike eq. (12) where both operators act
only on the forward branch, in eq. (14) they can act on both branches. The four possible combinations
are accounted by introducing the following matrix notation for the Green’s function (¢ = 1 for bosons
and ¢ = —1 for fermions):

Gi-'i.-‘/ ’ Gi-:‘r.-*/ ’
G(f,t;f',t/) = Si”f’w *) Gf’t’w ) (15)
(Z,6;2,t") (Z,t;3,t)
CGapwyy = —itr [dem)&L(zat’)] tt'eC
++ P /-0 1
G(f,t;ic",t’) = —tr [TaH(w,t)aH(z’,t’)] t, t'eCt
G(f,t;f’,t’) = _CZ tr [dL(r/7t/€dH(m7t)} t € Ci, t/ S C+
Gg’_t;il’t/) = _Ztr[dH(-;_pf)dH(x t)]_ te C+,t/ & C_
Ggf,t;f',t') = Oy (G(fi;f' t) G(z 4T, t’))
G(Ia{cit;f’,t/) = ?r(t/ t) (G(w 3 t’) - G(a:7t,:i"7t’))
G(fyt;f’,t/) G(z ;7@ 1) + G(a: 43 )

The superscripts j, j of G(L now refer to the branch on which the operators ap (z sy, &L(f,,t,j/) are

L 1)
applied. For example G(ft,f, ¢y means that ap(z4) is applied on the forward contour and &L(f,ﬂy) on
the backward, so the annihilation operator acts always before the creation one. Because of the definition

of the four Green’s functions in eq. (15) they always fulfill the causality condition:
—— ++ - +-
Gariey v Canm e G(I vy T G (16)

and one can eliminate one of them and work with the rest three GF’s. Instead of the first four GF’s one
often prefers to work with the retarded G, the advanced G4 and the Keldysh G¥ Green’s functions
since they have a more transparent physical interpretation: G4 and G carry information about the
spectral properties of the system and the last one, G¥, contain information about the quantum statistics
of the concerned particles (examples are given in the next section).

2 Some important Green’s functions

In this section all GF’s that are needed will be derived. The GF of an isolated noninteracting bosonic
reservoir is calculated in sec. 2.1 and that of a chain of two quanum dots is derived in sec. 2.2. With this
knowledge one will be able to write down the action of a system of a chain of quantum dots connected
with two reservoirs and then extract from it the GF’s one need (sec. 2.3). The addition of a self-energy
term into the Green’s function and the description of a bosonic gas, condensed in energy, are given in
sec. 2.4, 2.5.

2.1 Calculation of the Green’s function of a noninteracting bosonic reservoir

The Hamiltonian of the system can always be diagonalised and given in the form (set i = 1):
f:’ = ZEki/Li/k (17)
k

where ¢, are the eigenenergies of the Hamﬂtoman The index k comprises all relevant quantum numbers
that describe fully a state and Lk, L are the usual ladder operators. The density matrix of the system



at temperature T is given by po = exp[—B(H — uN)]/tr{exp|—B(H — uN)]} with p, N defined as the
chemical potential and the particle number operator respectively and 8 = (kpT)~!. In the Interaction
picture representation the ladder operators are given by (¢, = 0):

[A/k: Ho(t) = e%ﬁﬂ(t_tT)ike_%Ho(t—tr) _ e—%ak(t—tr)ik 8
Iik,Ho = B%Ho(t—tr)ﬁlzef%ﬁo(tfm — e%ak(tftr)i;rg (18)
From the four components of the reservoir Green’s function gir/,z(¢,1) = —1 tr[Tc (f/k,H(t)IA/;L,H(t/))] we

will calculate only the (——) one since the rest of the GF’s can be obtained in a similar way. We also
use the fact that we are in a steady state and only the time difference between the application of both
operators matters. So we use the short notation gix/.r(s,¢y = gkk';L(t—¢)- The Fourier transform of
Grpr.1,(t—t7) 1S given by (see sec. 5 of appendix):

Gowinw) = oo e g o)
= [ dtet (=) (oL Ll 1 0)]00 + 0L o) D)0 o)
—i limg_,o+ ( 2 dtetment ity (ng, 1) + [0 dtei(w_sk_i‘s)tékk/nak_u) (19)
= 51—i>%1+ Ok (Ney—p + l)m - 5kk’(nak—u)m
= (=270) 0k S (u—ep) (Mep—p + 3) + P

W—Ek

where ng, _, = 1/[eler=1B —1] = tr [&T&ﬁo]. In the third line we have added a small convergence factor
0 and in the last line we have used the Sokhotsky-Plemelj-theorem (see appendix sec. 4). Similarly, we
obtain the other three components of the matrix grx/.r, (w):

1
Nep—p + 3 Ney—p Yo P 1

n +1 n +1 i -
S er—n T3 w— g

Gkk';L(w) = —2T00kp O(w—cy) (20)

with o, - the Pauli z-matrix. From the last equation one can obtain useful information like the mean
occupation number of a single mode and its spectral function. Both are defined as:

ng = tr[ﬁof}Lk} = igEkTL(tﬁ)l:if%igfka(w) = Mep—p (21)
Swy = *2%(9/@1@;L(w)) *2%(9kk;L(w)*9kk;L(w)) 2T 0(w—ey,)

The spectral function S, gives information about the response of the system after applying a slight
perturbation at the frequency w. S, fulfills always the condition f %S(w) =1.

2.2 Green’s funtion for a chain of one or two quantum dots

Consider the system of two quantum dots at energy levels Aj, As that are connected via a hopping term
proportional to n: .
H = Ajarat + Ara*Ta® —natta® — nra*Tal (22)

The superscript of a refers to the position in the lattice. In the following we rewrite the Keldysh partition
function in a path integral form, then from this expression we extract the action S and the Green’s
function of the isolated quantum dots. The Keldysh partition function is defined as:

S pfe(e F )] (23)
ul7]

It is equal to one since the time evolution operator is not interrupted by any other operator during its
evolution on the forward and backward contour. We rewrite the trace in basis of coherent states {|@;)}
with |@;) = [a} aF) (the index j refers to the time) which have the properties:

Bpla;) = b = hiaThiie o
amla;) = aj'ld;) o OO
D= T (F5)e @8 000



By dividing the forward and backward contour into infinitely many parts and inserting ($<<>) between
them one can derive (see sec. 7 of appendix) the path integral representation of the Keldysh partition
function:

Z= / D&y, @ JeiS1Ea] (24)

where D[d* ., d (] should be interpreted as the integral over all functions a*,a (m € {1,2}, ] €
() (m) 1,5 1,5

{+,—}, j - discretised time index that in the limit of infinitely many partitions of the contour becomes

continuous 3). The action S is defined as:

o o dw =t -1~
S[OZ Oé] = fCf7-1d7-204(17'1)g(7.1 27_2) (72)2_ 7a(w)g(w)a(w) (25)
Ay = (Lw dhw 2w dw)
The Green’s function G is given by the 4x4 matrix (o, - Pauli z-matrix):
-1

-1 _ | 911 (w) N0z
Gl = L ! 26
(w) 0o, 9221(11)) ( )

and the GF for an isolated singe quantum dot is gj_jl(w) =(w—Aj)o, (57 € {11,22}).

2.3 Addition of reservoirs to a chain of one or two quantum dots

Single quantum dot
We modify the system from the last subsection by an addition of two reservoirs and removal of one of
the quantum dots. The system is described by the Hamiltonian:

H = Aata+ Z exliLi+ Z e Rl Ry — Z (wepLha+ripa'Ly) — Z (Vg Ry + g R G) (27)
K K K K

Here k, k" are indices that contain all quantum numbers, IA/L, Rz, create particle with the set of quantum
numbers k/k’ in the left/right reservoir. Both reservoirs are connected with the quantum dot via the
coupling . From the derivation of the action in the last subsection one can deduce the form of the new
action (w dependence dropped for legibility):

. d —x —1= Py -1 7 .Sk —1 >3
1S = fﬁ[ 1a gqq a'+zk ZLk‘gk:k:;LLk +Zk’ ZRk,/gk/k/;RRk/}‘F
J 52 1500 Li (im0 02@) + 33 (@ iv5ip0.) Ly + X Bl (10 po=@) + 2 (d*i%/Rgz)Rk/g )
28
The vectors Ek, ﬁk, are of the same form as @ = (a_ () a+(w))T. Because the reservoirs are noninter-
acting YeksL/R = 5kk,gkk;L/R, which is already taken into account. The Keldysh partition function is of
the form:

Z = /D[d*,c‘i, L*,L, R* Rjeislaal LR R (29)
Since the action is quadratic in the L, R fields they can be integrated out*. The result is:
Zz = fD—**—’zSaa] (30)
iS' = i fgratgn — X VL0290 — X 1?02 90iripo]d =i /5% =09 w)a(w)

G(w) is the Green’s function of a noninteracting quantum dot connected to two reservoirs that are in
thermal equilibrium. For the terms ), |7y, L/R|2crzgkk_L/Raz one can go from summation to integration
(>rL—=f deDL/R(E)) where D (), Dp(w) is the density of states of the left, right reservoir. With the
substitution:

Upyre = mDpp (6)|7L/R ol?

e (5)'7 El

Ryjni = lwhgl>5f dePuinplnsnel (1)
Ay = Apw) + Mg

3Since we have inserted (&<O<) in both directions of the contour C we have added again an additional variable [ = +
to denote the position of the field a’* on the contour.
4One has to apply the formula for a Gaussian integral.



one gets:

S e 20 G (0T = =i ) (2nw—py 1)+ p (w0) 2R ) } i { Ap(w) 0 } '
k ’ El

L) (20w—pp +2) =T () (20— +1 0 —Arw
(32)
The Green’s function Q( w) is then given by (w-dependence dropped; nr = ny—,; ):
g _ 1
(w) 7 (w—A=A)2+(TL+TR)?2
o | Tw=A=A) 4T 20 +1) + TR(2ng+1)) (U 20y, + T p2np) ) }
(33)
The matrix fulfills the relations (a%g(;j) =0= %g(t};), g@; = — (gjw*))*) They will come in hand in sec.

4.
Two quantum dots
We construct the Green’s function in the same way as in the last subsection. For the Hamiltonian:

H = Aja'ta' + 26262 + Y, e, LI, + 3, e R Ry (34
— 2k (’VkLLLdl + ’YZLleLk> - (7765“‘32 + 77*&27&1) Y (Vk/RdQTRk/ + VZ/RRL&Q)
we have the following action:
iS = i[gtgla
S fl on 1 2 2 T (35)
d = (ddw diw adw atw)
The inverse Green’s fuction is a 4x4 matrix which in a block matrix form looks like:
Gl o= 91_11 -2 WkL|2‘7z9kk;LUz no (36)

- * —1 2
(w) no, 922 — Zkf Vi Rl 09k k;RO 2

where g;; = (w— A;) o, jj € {(11),(22)} is the Green’s function of an isolated quantum dot and
Yxr;1/r are the GF’s of both reservoirs.

2.4 Addition of an interaction term. Self-energy.

In the last two subsections we have dealt with systems consisting of a chain of quantum dots coupled
to bosonic reservoirs with infinite number of degrees of freedom. Since we were interested only in the
properties of the chain of quantum dots (which we call system) but not of the reservoirs (which we call
enviroment) we have integrated out the reservoir degrees of freedom in the Keldysh partition function.
Doing this we have modified the system GF with terms of the form Y, |vk|?0.9x;0., e.g. in the case of
a single dot coupled to two bosonic reservoirs we had:

9f11(w) g Gfll(w) = 9f11(w) - Z |7kL‘20z9k;LL(w)0z - Z |WkR|2Uz9k;RR(w)Uz .
k

k (37)

Sres,L(w) Yres,r(w)

These objects, called self-energies, contain the complete information about system-enviroment scattering
processes.

Their effect can be seen by comparing the spectral function of a single isolated quantum dot Ap(w) and
quantum dot coupled to one (ore more) bosonic reservoir(s) A;(w):

Ao(w) = 2wé(w — A)

. 2Ty, (w) (38)
Ar(w) = (w=A—Ap (w))2+T (w)

The self-energy renormalises the energy level of the quantum dot by Ap(w). Since . 1 (w) is not
Hermitian the eigenvalues of the system matrix get an additional imaginary part which accounts for the
finite lifetime of the corresponding eigenstates. This results in a broadening of the spectral function.
The strength of broadening I'r (., is proportional to the sum of the particle escape and entry rates:
Trw) = =5 (8 (w) = 2.0 () (39)

res,L res,L



The idea of an addition of a self-energy term to the GF can also be extended to the case of a particle-
particle interaction process inside the system (X;,,¢). If we denote the sum of all self-energy contributions
to the isolated sytem GF g(w) by X then the full system GF G(w) should have the following form:

w = 197w~ Bintaw) (40)

If all processes (particle-particle interaction, system-reservoir tunneling, etc..) are properly taken into
account the system GF G should again fulfill the causality condition (eq. (16)) and it follows that:

it )+ Tt () = =it (w) ~ it (w) (41)

In the time domain eq. (40) is also equivalent to the Schwinger-Dyson equation 5 :
G(t,t’) = gu) T fc dm fc d7—2g(t,7'1)E;7lt(leT2)G(T27t/) (42)

Guay = guwy + [ o0 dn [0, dT29(.7)0: e (r1 72) 02 G (my 1)

with ¥,,, = 0,%},,0,. In the second line of the last equation we used the matrix notation of a Green’s
function given in eq. (15). One can also express both sides of the last equation in terms of retarded,
advanced and Keldysh Green’s functions (RAK-notation). In this case the equation has the same matrix
form as before but g, G, ¥;,,; are triangular matrices:

Gy = % Gy = o) Bint(t.t) = wr G 43
(t,t7) l gg’t,) gt (t,t") Gﬁ’t,) Gl t(t,t) Zé,t,) (43)

In this work we will use the on-site interaction given by ﬁint = %df&féd. In practice 3;,; can never be
calculated exactly and approximations have to be used. This means that the self-energy will not always
fulfill some important relations like the causality condition or the conservation of the current in steady
state.

2.5 Addition of a BEC

In general, the time evolution of any closed system is periodic, the period 7 being proportional to
the inverse of the smallest difference of the eigenenergies. By the addition of bosonic reservoirs with
continuous density of states 7 — oo, and the time evolution of the system becomes irreversible. Now,
consider the case of two noninteracting bose gases at 7' = 0 that are condensed in energy and coupled
to both ends of a chain of N' quantum dots. The system can be described by the Hamiltonian:
H = e LiLo+ Y00 Aala; + ey nRER, )
ty(Lhag + ad Lo+ Rhay_, +ale_ Ro) + X2 n(@l, 4, +ala.,)
where € 1,,€0,r are the lowest energy levels of the left,right reservoirs. In this case the time evolution is
reversible and has a finite periodicity in time 7. So the average particle flow through the chain of dots
is for times ¢ > 7 approximately zero. In order to have a steady state one has to include a reservoir
with continuous and nonzero over some frequency intervall density of states. Now assume that the mean
particle occupation of these states follows a Bose-Einstein distribution (np ) = (exp[8(w—u)]—1) _1).
At T = 0 np(w) # 0 only for w = g9 = p. One can calculate the mean particle occupation of every
dot and of the zero modes of the reservoir and find out that it is zero. In this case the reservoir modes
provide escape channels for the particles in the lattice chain but do not feed it with new particles.
We list some important aspects of adding a condensate to the system:

e If the reservoir contains a discrete set of states, the discrete set has to be added explicitly to the
action and not integrated out.

e The inclusion of a noninteracting bosonic gas condensed in energy (g¢) does not modify the steady
state of the system. The system is modified only by the existence of the energy level &g.

e In the limit of very weak coupling between the system (the chain of quantum dots) and the discrete
energy levels of the reservoir, i.e. - is the smallest energy scale in the system, one can neglect the
discret set completely in the action of the system (see fig. 2). One can not do the same for the
ocntinuous density of states of the reservoir, since they provide the existence of a steady state.

5Multiply eq. (40) with G on the right and with g on the left side, then perform a Fourier transformation.
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Figure 2: Chain of quantum dots with energy levels Ag... An_1 coupled to two reservoirs with continuous
density of states D(w). The strength of the coupling is 7. In the case that for the lowest energy level of the
reservoir, £o, the equation D(go) = 0 is fulfilled, we add this level explicitly to the system. If the coupling
between the reservoir and the chain of dots is the smallest scale of the system and T'(w) = 7D (w)y? >  one
can completely neglect the o 1, levels in the Hamiltonian.

3 Calculation of the steady state current

Consider a chain of quantum dots coupled to two reservoirs. The system is described by®

A L L N
7 ]:
. . . . N-1
Zk: (VkLLLal + ’VI:LQJ{L/C) + ; (“kaRaijkf + VZ/RRL@N) + 21 (nja;’aj+1 + ”;aj‘ﬂaj)
=

(45)
The operator for the particle flow between the j-th and the (j41)-th quantum dots is derived in [27] and
is given by:
NSRS ot
I= 35 (njaj 105 —n;a505,,) (46)
It is positive if the flow on average is from site j to site j + 1. The average steady state current at
arbitrary time t is given by:

() = (=)t [poal 1 i@ ] = F(=0te[pod] i nw] = G5 fno - $Gi0  (47)

If we are interested in the current between the bosonic reservoir and the first dot of the chain we have
to apply the formula above for all tunneling channels labelled with & (5 = 1):

<f> =>4 [’ykLGl:fr(tZO) - VZLGfJ(t:O)] (48)

Because of the fact that there is a linear coupling between the reservoir and the lattice chain one can
express G, Gy in terms of known GF’s like grx, G11 (a proof for a simpler Hamiltonian is given in
sec. 6 in the appendix):
Grito) = W% fc dTgk-k;L(t,r)Gn(T,o)
* (49)
Girwo) = i le dTG11 (4,7) Gkks L (7.0)

Because [ dr = [%_dr + [ dr both GF’s can be rewritten as:

Gia w0 = /e AT (G20 Gy (r0) ~ Ikt en) G () (50)
Gk t0) = T Loo dT(Gn (t,7)9kk;L(7,0) — G (tﬁ)gkk;L(TaO))
The steady-state current is then:
<I> = Zk [’YZGlaJr(t:O) - ’YkG;;(t:O)]
= oo dr X Il [gz_k_;L(T)Gl_1+(—T) - gk_kJ;rL(—T)Gﬁ_ )] (51)

= [ Pl G ) = Iren ()Gt (w))

SIn this section we have changed the sign of all tunneling terms because we do not want to count additional minus
signs in the derivation of some important formulas. In the end one can always resubsitute v — —v, n — —n, etc...

11



In the derivation we have used the Causality condition (GT™F =G~t + Gt~ - G7).
This formula express the current in terms of already known Green’s functions Gi11(w), grr;r.(w). The
result for the special case of a quantum dot coupled to two bosonic reservoirs will be discussed briefly:

O m AT, Th S
B = J5 (w—A— A2+ (Tp + PR)2( L= "nR) (52)
T

The result coincides with the one for the fermionic case if the Bose-Einstein distribution ny,ng is
replaced by the Fermi-Dirac one. Despite this similarity there is a difference in the transport properties.
In the fermionic case in the low temperature regime the fermionic distribution function can always
be approximated with a Heaviside step function with a step at p and it follows that the difference
ny — ng is nonzero only in the interval [ug, ur] (ur < pr); the current depends only on the values
of T in this range. If the reservoirs are bosonic the difference ny — ng is well defined and non-zero
over the whole positive axis (4 < 0 for bosons). If the bosonic reservoirs have a density of states
D(w) = Dw?0(w)0(ecut — w) (€cur > 0,D > 0) then modes in the range w € [0, 0] contribute to the
current. Since nr,ng (and also their difference) drop rapidly with increasing w one expects that the
main contribution to the current comes from the energies close to zero.

4 Approximations for interacting quantm dots
Consider the Hamiltonian:

H = AaTa+Zk5kL Ly+ Y epRLR,,
-2k (“YkL R+ “YkLaTL ) = 2k (e rd’ Ry + Rl a a) + Ga'ataa

In this subsection two possible approximations of the self-energy ¥;,; coming from the on-site interaction
term %deT&& will be discussed.

(53)

4.1 Self-consistent approximations for the interacting case
4.1.1 Approximation that conserves the current

In order to do an approximation for the interacting contribution to the self-energy we expand the dot
Green’s function as a sum of Feynman diagrams, sum part of them and neglect the rest in order to build
a Schwinger-Dyson equation (eq. 42) for the full Green’s function. All diagrams that do not include
interaction terms are summed exactly. From the interaction diagrams we take only those which have
the form of chain of Tadpole and/or Sunset diagrams (see fig. 3). They have the advantage that their
symmetry factor factorises into a product of symmetry factors of the single Tadpole/Sunset diagrams.
All calculations of the symmetry factors and the derivation of the Schwinger-Dyson equation for the
case of a single quantum dot or a chain of quantum dots coupled to two bosonic reservoirs can be found
in sec. 8 of the appendix, 9. In the following g denotes the Green’s function of an isolated quantum
dot or a bosonic reservoir, G - the GF of the dot with U = 0,7,z # 0 and G - the complete GF with
Ua ’YL/R # 0.

The contribution of all diagrams that have a form of a chain of Sunset and/or Tadpole diagrams is given
by:

Y (w) = 21 + X2 (w)
Bt = [ 5 M) (54)
Esun(w) = g)ﬂ)ué a Mw L' w'w! —w)0 z
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with:

M,y = +4(i5)G,
Mgy = —405)90)
W = 0=ty
M i wrry = (i%)jgg@)g@;)g@,,) (55)
(W' ' wy = (Z%)fg(w g(w”)g(w”’
L (zg)2gg(w,)g(w,,)g(w,,,)
MES iy = (15) 7 8G0G o Gty

Figure 3: Sunset (left) and Tadpole (right) diagrams.

Properties of the approximation

Since we do not sum over all diagrams we can not expect that the approximated X fulfills all symmetries
that the true self-energy should have. We show that ¥ does not fulfill the causality condition but it still
gives real quantities for the average current and the mean ocupation number of the dot.

Causality condition
In order to show the statements above we recall again the result from sec. 2.3 for the full Green’s

function of the noninteracting system (eq. (33)). Since Gy = — (g(fj)) it follows that X7 =
f(EJ(H'))* for the Sunset and Tadpole contributions. From §R(g(_w+) =0= (Q( _) one obtains that
%(E(w)) =0=R(Z] () In order to fulfill the causality condition (X, + E(w) +E )+ E(w_) =0) the
approximated X has to fulfill the equation:
[ - —
\S(Esuné )7—": Zsun( ) + Efgn (w) + Esun (w) + Etad + Etad) - (56)
23 Esun (w)) + \y(zsun (w)) + ‘S(Esun (w)) + 26(21‘(1(1) =0
This is in general not the case.
Current
. . -1
The determinant of the matrix G(w) [g(w) w)] is given by:
_ -1
Det = Det [Q(w) — ng)] , ,
= —[(w—A-A-RE) + (T +Tr+ST " +3T7)7] (57)
+[2987 7 + Q% + 98] [20L(ng + 1) + 2T R(nR 4+ 1) + I8
and the Green’s function of the interacting system is given by:
Gw) = per
’L'(FL(QTLL—F})—FFR(QTLR—&-I)—%E__) (FL2TLL+FR2’I’LR+\XE )
| —w—A-A-RETT) (58)

(w—A-A-R%")
i(TL(2nL +2) +Tr(2nr +2) + X)) +i(P(2ne +1) +Tr(2nr +1) + ST 7)

Because the causality condition for ¥, is not fulfilled the same statement follows for G(,,). Looking
again at the formula for the determinant (eq. (57)) one can see that the last line is nonzero only because
of the violation of the causality condition (the left expression in the square brackets is equivalent to the
LHS of eq. (56) ). We assume that neglecting this term should improve the approximation.
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Figure 4: The solid line in the figure corresponds to the noninteracting Green’s function G(,,).

The average currents between the left reservoir and the dot (f 11), between the dot and the right reservoir
(I1g) are given by "

(L) = zk: [ViGr (=0) = WG (1=0)]
= %lr) Elgjét [ZFR(HL —ng)+nL (YT —QT~F) — %E""] (59)
(hg) = [%2E[20L(ny —ng) —nr(SET — S8~ F) + 38~ F]

Since that are the main observables we are interested in, we have to be sure that they are equal. We
consider first the case where only the Tadpole approximation is applied. From eq. (54) we see that
E;lz =0= Z;}, it follows that both currents are equal. For the following discussion we have to define
the full Green’s function obtained by this approximation:

Crad (w) = —[(w = A=A =RE;5)2 + (T +Tr+9%,0)7]

Det (1)
i(FL(2nL + %) + FR(QHR + 1) — %E;a;) i(FLQRL + FR2TLR) (60)
B RN O S5 ]
(w—A—-A-RE, )+
i(FL(2nL + 2) + FR(QTIR + 2)) i(I‘L(2nL + 1) + FR(QTIR + 1) — %E;a;)

Next, we calculate the Sunset contribution but instead of G, given in eq. (54),(55) we use Gyaq (w)-
This means that every line of the left diagram in fig. 3 has the form given in fig. 4. The full GF has
the form:

Gy = —[(w = A=K = RTq — RT0)? + (Tr + Tr + Sy + ST5n + 98807
Det3 (w)
i(FL(QnL + 1) + FR(2’I’LR + 1) — ‘52;1; — st_u_n)— i(FLQHL +T'r2ng — %Z;j;l)

(w—A—-A-RE_; —RE)

tad

* (w—A—-A-RY,, —REo)+
i(Cr(2nr +2) +Tr(2nr +2) + STHL) i(CL(2nL +1) +Tr(2nr +1) — S, — SToun)
(61)

In the ideal case the difference between (I71) and (I1z) has to be equal to zero. In this approximation
it is equal to:

(Ipn—Lip) = [de[lengtlamngyts  20eutielntl) gy o4 ] (62)
Using the fact that Yy, ~ U? and g ~ U we can assume that for small enough U we can neglect
Y sun from Dets. In this case Dets &~ Dets and one can express the terms in the last equation completely

: —+ ot
with G, 5, Giq:

<fL1 - j1R>

Q

[ Gt — Glaait]
i 2 w w/ w// _ _ _ _
8(7[]) % [Gta-g(w)G:;d (w’)Gsz (w”)Gta—g(w%w”*w)] (63)
: 2 ! dw"’ _ _ _ _
8(% )" J Ml (G () Gt () G (w0 G (w )]

|
+

= 0.
In the next to last line we have performed a variable transformation to get the desired result. So in the

case of weak interactions the steady state current is approximately conserved.
In the for us relevant case I' = I';, = I'g we will work with the symmetrised current:

(I)= Y+ hg) = [ L[4+ 1O — S8 )] (ng — ng) o)
~ 5 —Dletg (A2 + DX — 3%~ H)|(ng, — ng)

"We do not use the result from eq. (51) since there we have already used that G () fulfills the causality condition.
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4.1.2 Approximation that conserves the causality condition

Instead of working with four GF’s we can rewrite the action of the system entirely in terms of retarded
(R), advanced (A) and Keldysh (K) Green’s functions and approximate the corresponding Self-energies
again with Tadpole and Sunset diagrams as before:

Zg‘v/)“x/K = EZ/(IA/K + ERu/F?/K(w)
£ e
Eg‘%/K(w) = f duilg;ﬂ” M(Ifu/élf’f/{w 'w! —w)
Moy = () GGG, 400G Gy + 205 01 0]
Misurny = (5) 126 G(hinGfom) +ig7 (w) < () G + 25009 w/,)gﬁu//,)]
My = (%) [zg(w,)g(w/,)g(w,,,)+2(g(w,)g(w,,)+g(w)g(w,,))g(w,,,)]

()" [49050) Glin Gy + Gy Sl

Using that Q(Ifu) = (g(}u))*, %Q(I;) = 0 it follows Zfz ) = (EA ) %Zf) = 0 which is also fulfilled for
the full Self-energy. This approximation will be appropriate to calculate the spectral function of an
interacting quantum dot coupled to two reservoirs:

Sw) = —2%G?w)
2T +Tr—SER) (66)
(w—A—A—REE)2 (T +Tr—STR)2"

The symmetrised current in the for us relevant case I'y, = I'r =T is given by:

<f>—%<IL1+I1R ——fd“’ZI‘\sGR(nL—nR) (67)

5 Quantum dot coupled to two bosonic reservoirs

In the last section we have derived the general form of the Green’s function of a system consisting
of a chain of quantum dots coupled to two bosonic resrvoirs. We have also presented a simple way
to approximate the interaction effects of the system coming from an on-site interaction term in the
Hamiltonian. Now we apply this theory to bosonic reservoirs above the critical temperature. First we
start with the calculation of the density of states of the bosonic resrvoir and the reservoir-quantum dot
transparency (sec. 5.1) followed by short description of the system parameters (sec. 5.2). In the end, the
observables we are interested in (current, spectral function, mean particle occupation of the quantum
dot) are calculated and presented (sec. 5.3).

5.1 Reservoir density of states and reservoir-dot transparency calculation

Consider the case of noninteracting particles with mass m in a 3D-harmonic potential V(7 = %m(w%wQ +
w? y + w222) (w; = \/K;/m; K;-stiffness coefficient). The Hamiltonian describing the system is given
by:

=2 +V (68)
Since it is quadratic in its operators it can be diagonalised and rewritten in the form:

H = (5+ala.)hw, + (5 + ajay)hw, + (3 + ala.)hw, (69)
The single particle eigenenergies are given by:
€ = E(nanyms) = (% + nl)hwx + (% + ny)ﬁwy + (% + nz)hwz n, €Ng (i=ux,y,2) (70)

The ladder operators a‘L ,a; with [a;, a j] = §;; are responsible for the creation of an excitation with energy
hw; (i =z,y,2). In order to calculate the density of states we treat n; as a continuous variable. The
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number of configurations N that fulfill the condition A(w,n, +wyn, +w.n.) < e— %h(wx +wy +w,)
is given by (¢/ = ¢ — $h(w, + wy + w.)):

=5 —ﬁw‘LnL 5/7hwxnw7ﬁwyny

- T hwy S Tr— _ 3 _ [e=ih(wetwy+w.)]?
5) - fOﬁ dnx fO ! dny fO " dnz - 6h3w€mwywz - 6ﬁ3wt'w:wz (71)
The density of states is given by:
_ dN(@y =L h(wetwytw,))? N 2
D(E) — de T 2277,3wmwylwz 0(6—%h(wm+wy+'le)) - D(g - C) o(e—c) (72)
with ¢ = %h(wz +wy+w,), D= m We have also multiplied the result with a Heaviside step
2 Wy W,

function in order to keep in mind that the density of states is zero for negative energies. Now we take
the many-particle Hamiltonian:
H=Ycqila, (73)

The operators d%, a create/annihilate a particle with energy £;7%. In order to calculate the action of

the system of a chain of quantum dots connected to two bosonic reservoirs (eq. (30),(35)) we have to
calcualte terms of the form )~ |7ﬁ|2029ﬁ7;,(w)02. The resrvoir GF g_ -, () is given in eq. (19). We show
only the calculation of the (——) component of this matrix. It consists of two terms. The first one is:

> il (=27m0)0 ey (Mw—py + 3) = f5 deD(e)|7e*(=270) 80—y (M) + 3)
= =2imD ) V() 2 (Rw—p) + 3) (74)
= 2T () ((w_p) + 3)

The left(right) reservoir-quantum dot contact transparency is I'f, (y) (F R w)) Since the left and right
reservoirs are the same but with different chemical potetntials the contact transparencies are the same
(Crw) = Cr@w) = Lw)-

The second summand of the (——) component of Y V#2095 ()0 is:

2
= lim dsiD(E)l’y“)l .

o 6—0% lw—e|>8 wen

ALk w) = 2 bl Py (75)

At this point one should take into account that a physical harmonic trap should have a finite depth
and particles with energies larger than this depth should be lost from the system. This constraint is
implemented by multiplying the density of states with a sharp (smooth) cut-off function Fy () (F2 (w))
that damps all contributions with energies larger than some cut-off value €.,+:

Fiw) = Oonite—w)

w—(Ecut+c - 76
Fow = [exp(t=Cetad) 1] (7

The degree of smoothness of the cut-off is controlled by x (small  corresponds to a sharper cut-off).
Because of the cut-off functions the integral in eq. (75) is now well-defined °. For the case of a sharp
cut-off the expression in eq. (75) can be calculated explicitly (vy(,) = v = const):

—D~*(w — ¢)?In (Lt + 1) w<e
AL/R (w) = —Dy2 12, + ccw(w — )] +{ =Dy (w — ¢)?In(Let — 1) c<w < Eeyt +C
—D*(w — ¢)?In(1 — Zeut) Ecut + €< w

(77)

We substitute /N\(w) = ]\L (w) + ]\R (w)+
We can now calculate the Green’s function in eq. (30):

_ 1
g(w) - (w A— A(w))z+4r(ur)
o[ —w= A=A +i2l(n +nr + 1) 2l (nL + ng) (78)
iZF(nL+nR+2) (w—A—A(w))+i2F(nL—|—nR—|—1)
8They fulfill also the relation [aﬁ,a_,] = 6(_32,, lam,a7:] =0= [aa,a ;00 = Sngnt, 5nyn/ S nt, -

9 Another possibility could be to use an energy-dependent coupling Y(e) but this does not change anything in the final
result, since the action of the system depends on the product Dv2.
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Figure 5: Left panel: A(U,) defined in eq. (75) in dependence of the chosen cut-off. Larger cut-off parameter
k corresponds to smoother cut-off of the density of states of the reservoir. The function defined in eq. (77) is
obtained in the limit k — 0.

Right panel: Spectral function. The peak depends clearly on the energy level A of the quantum dot. The peak
at w = ecur = 2K for A = 1K is due to the cut-off of the density of states of both reservoirs. For A = 2.2K the
peak lies outside the intervall, where the density of states of the reservoir is non-zero. The peak is very sharp
since it is barely influenced by the reservoir.

In fig. 5 one can see that A(w) has a a removable singularity at w = ¢ and singularity at w = €. + c.
The nature of the singularity is due to the cut-off function have we used. For a smooth coutoff it is
absent. The second important feature of A, is that it is negative for w < 0 and converges to zero for
w — —oo which means that the equation (w —A— i&(w) = O) can have solutions for negative w and
thus G,y can have poles. Since A(w) is proportional to D~? it follows that an increase of Dy? moves
one of the solutions of (w - A - A(w) = 0) to the left towards zero. For strong enough Dv? the line
w — A can cross A at two points around e.,;. The first crossing is for w < €.+ and does not produce
any singularities in G, since I'(,,) is nonzero, the second crossing at w > €.y leads to a singularity or
a very strong peak in dependece of the chosen cut-off.

5.2 Parameters

Using the fact that atoms of a thermal gas can be trapped via buffer gas cooling tecniques [22] with
maximal depth of few Kelvin we choose the value of the cut-off to be .,y = 2K. The temperature of
the reservoir is set to be 0.2K. The trapping frequency w is set to w = 10"Hz. With this value the
order of extension of the particles in the potential is of the order of 10~%m if one assumes that the
gas obeys classical statistics. The chemical potential p is varied in the range [—1.8K, —0.6K]. With
these parameters the mean particle number in the reservoir N = [deD(e)n(e) varies in the range
[2.10%, 10*!]. The critical temperature at which Bose-Einstein condensation occurs is given by [31]:

T. ~ 4.5 (5555 ) NV/*nK. (79)
This value is smaller or equal to the temperature we work with, so no extra care of the condensate
fraction is needed. In the following all quantities will be given in units of Kelvin. For the coupling
between reservoir and lattice we choose v = 1072K; the transparancy I'(w) and A(w) will be of order
0.1K,0.4K in the range w € [0,2K].

5.3 Results. Quantum dot coupled to two bosonic reservoirs

In the following graphs the interaction strength will be measured in units of I'. The quantity is defined
as

_ 1 Ecut
I'= A I‘(w)dw (80)

Ecut
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Figure 6: Left panel: Mean particle occupation of the quantum dot. Tadpole (solid line) and mean field
(dashed line) approximation. Additional parameters: pur = —1.1K, ur = —1K, T = 0.2K.

Right panel: Steady state current. Tadpole (solid line) and mean field (dashed line) approximation. Additional
parameters: pur = —1.1K, ur = —1K, T = 0.2K.

and is to be intepreted as the average transparency.
We discuss the behaviour of the current, mean particle occupation and spectral function of the quantum
dot obtained by the approximations introduced in the previous section.

5.3.1 Current

First, we apply only the Tadpole approximation. It has two effects on the behaviour of the system: it
shifts the position of the energy level of the quantum dot (the shift being in the same direction as the
sign of U) and it introduces a positive additive contribution to I' in the denominator of the formula for
the current (64). The second effect leads to a decrease of the current but this can not be seen because
the system is dominated by the shift of the energy level (see fig. 6). Including the Sunset contribution
to the Self-energy in the way described in sec. 4.1.1, leads to an insignificant decrease of the current.
So this correction does not introduce any additional effects into the system.

5.3.2 Spectral function

Looking at the definition of the Tadpole approximation (eq. 65), we see that it is entirely real, so the
on-site interaction leads only to a shift of the energy level of the quantum dot. In fig. 9 one can see a
decrease of the peak of the spectral function and an increase of its width for an increasing interaction

T T T T T
2x10° T
@
1x10° E
0 . 1 . 1 . 1 . 1
0 5 10 15 20
ur]
Figure 7: Steady state current, Tadpole approximation (solid line). Parameters: pur = —1K, ur = —1.1K,

A =0.6K,T = 0.2K. One sees that changing the interaction strength U is effectively the same as changing the
energy level of the quantum dot since the shape of the curve is the same as in the right panel of fig. 6.
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Figure 8: Steady state current in dependence of the chemical potential u; of the left reservoir; Tadpole
approximation (solid line). Parameters: ur = —1.1K, A = 0.6K, T'= 0.2K. The interaction strength is given
in units of I" defined in eq. (80).

strength. This is due to the fact that the spectral density of the reservoirs increases for higher frequencies
and so the denominator of eq. (66) is larger for higher frequencies. In addition we have also added the
Sunset contribution to the self-energy, but this approximation fails in giving physical results since we
have obtained a spectral funciton that has negative values and that does not fulfill the normalisation
condition [ 24S(w) = 1.

One should note that by shifting the position of A towards zero the point is reached, where the peak of
the spectral function reaches w = 0. A further decrease of A leads to the appearance of an additional
0-peak of S(w) at w < 0. The exact position should be at the negative solution of the equation
(w — A — 2A(w)) = 0 and the strength of the d-peak should be chosen such that the normalisation
condition [ %’:S (w) = 1 is fulfilled. In the parameter regime we work with, such a §-peak appears for
A < 0.05K.

5.3.3 Mean particle occupation

In the Tadpole approximation one sees that instead of a shift of the graph for the mean particle occupa-
tion (n) to the left for higher interaction strengths there is always a rapid drop for values of A < 0.05K.
The reason is that the particle self-interaction contribution (Tadpole contribution) rapidly drops to zero,
meaning that n is approximately given by:

[P 4 NL (w) 1R (w)
n [ 57 Sw) 2 (81)
T T T T T T
30 - ——U=0 b,
—U=5T
—U=10T| T
—U=20T
20 -
e
w
10 | §
0
1 L 1 L 1 L 1 L 1
0,0 0,5 1,0 1,5 2,0
o[K]
Figure 9: Spectral function of a quantum dot. Tadpole approximation (solid line). Parameters: pur = —1K,

pr=—11K, A =0.6K, T = 0.2K.
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where S, is the spectral function in the noninteracting case. Since for A < 0.05K almost the whole
weight of S(w) is included in the new J-peak at w < 0, we observe a rapid decrease of n.

In addition to the Tadpole approximation we have added also the results from a mean-field approx-
imation'®. Since we investigate a zero-dimensional system, we can not expect that this approximation
should give reliable results. Although this approximation modifies only the energy level of the quantum
dot similarly to the Tadpole approximation, the results are qualitatively different (see fig. 6). This can
be explained with the fact that the mean occupation number at the dot is smaller than one and the
energy correction A — A+U((n)—1/2) is negative for positive interaction strengths ((n)-mean particle
occupation of the dot).

10Mean field approximation:
Approximate ataata ~ 2ata(ata) — (ata)? (substitute afa = 7). It follows that the interaction term %&Tcﬁd& only
modifies the energy level of the dot:

Aata — (A +U((n) — 1/2))&Td. (82)

The expectation value of the dot occupation (n) is still unknown. One can get it by solving the equation:
NA+U({n)y—1/2)) = (n) (83a)
NQA) = dw 2V (w) ("L (w) TR (w)) (83b)

27 (w—A=2Ay) )2+4F?w> ’

where the last function is the mean occupation number of the quantum dot.
Since the typical values of (n) in our case are less than 103 the left hand side of the eq. (83a) is in a good approximation
constant for (n) € [0,1073], so the equation has always a solution.
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Part II1
Master equation approach

In this section an alternative approach to the nonequilibrium Green’s function method is presented
that allows us to calculate the expectation values of the observables we are interested in, like mean
occupation number, current, equal-time first and second order coherence. We start from a Hamiltonian
H of a lattice chain of quantum dots (which we call system), but instead of an action we construct a
Master equation in Lindblad form for the density matrix p of the system. We should note that the H
we use does not contain information about the bosonic reservoirs (denoted also as enviroment). Their
effect is simulated via addition of a particle loss and gain terms at specific lattice sites in the equation.
One can expect that this approximation is worse than the nonequilibrium GF method because of the
crude description of the effect of the particle reservoirs on the system. These aspects are also discussed
in this chapter.

There are two methods to solve the Master equation which work in different regimes. In the case that
the particle number in every lattice site is small, we cut the system Hilbert-space and apply the Quan-
tum jump method [43]. In the case of average and large occupation numbers in the lattice sites, we use
the Truncated Wigner method [32] to map the Master equation in Lindblad form for the density matrix
to a Fokker-Planck equation for a probability density funciton. Under certain conditions the latter
equation is equivalent to a Langevin equation for the conditional probability density function and can
be solved numerically via the Euler-Maruyama or a higher order method. We also show a connection
between the nonequilibrium GF formalism and the Truncated Wigner approximation. This allows us
to apply the approximation methods from the previous chapter and apply them for the current problem.

This section starts with some basic definitons of stochastic processes (sec. 1), followed by an expla-
nation of the Wigner mapping and the Quantum jump method (sec. 2, 3). A connection between the
formalism in the previous chapter and the Wigner method is made (sec. 3). The master equation in
Lindblad form is then physically motivated, using a simple system as an example. All methods discussed
in this chapter are applied to this particular system and compared (sec. 4). Details to the numerical
application of the method to the system we are interested in are given (sec. 5). In the end the results
are presented and discussed (sec. 6).

1 Stochastic processes. Basics.
We first recall some basic definitions. A random variable is formally described by the following map:

X: S — Z
s — X(s)== (84)
The domain S is the set of events of the system and the image Z can be interpreted as the set of
events of the measuring system. The map should fulfill the condition that every event of the measuring
system Z corresponds to an event of the system S. A family of random variables {X;}ier (with
X:TxS8—Z; (t,s) = Xi(s)) that describe the time evolution of a random value along some time
intervall T' = [to, tmaz| is called a stochastic process. The Path or trajectory of a process is defined
by the following map:

X(,8): T — Z

vses t o X(s) = a(®)

(85)

In addition if we take a set of points ¢; from T and the corresponding random variables X;, we can
describe their properties completely by their joint probability distribution:

PXty s Xey Ty - 1) = p(Tn, tni - 121, 1), (86)

In the definiton we always order the times such that ¢, > t,_1 > ... > t;. The conditional proba-
bility that the event x,, occurs at t, given that the events z,_1,Z,_2...x1 have occured is denoted
by p(zn, tn|Tn—1,tn—1-..21,t1). The conditional translation probability refers to the special case
p(x1t1|zoty). The short notation for the expectation value of a random variable is (X;) = [ dzp(z,t)z.
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A Gaussian distribution with mean p and variance ¢ is denoted by N (u, 0?).

All processes used in this chapter are presented in the following paragraphs:

1.1 White Gaussian noise

This is a process whose joint probability density function always factorises into a product of density
functions for a single random variable, i.e:

P Tyt Tttt .. 21, t1) = Hpi(xi,ti) VvneN and ti,...t, €T (87)
i=1

where p(z;,t;) is a Gaussian distribution function with mean (X;) = 0. The random variables at
different times are completely uncorrelated. This is expressed by the autocovariance:

(20— (x0) (X0 = (X)) = (XiXe) = 0% t)3(t - V) (88)

If 02 does not depend on X then the process is called additive. Since 0(0) = oo it follows that the
probability density function of the random variable can not be defined, i.e. no trajectory of the process
actually exist. In the following we denote a white Gaussian noise with &;.

1.2 Wiener process

A Wiener process (Wi)ier, I = [to,T] is defined by the following conditions:
1. Wi, > 0.
2. For tg < t; < ... <ty the increments of the process W}, , — Wy are stochastically independent.

3. For every pair (¢,t') € I x I with ¢t > t' the increments W; — Wy are normally distributed with
variance equal to (t —t').

4. The paths of W; are almost surely continuous.

For simplicity the process can be formally defined as:
W, = [} dré, (89)

where &, is a white Gaussian noise. This allows us to show many of the properties of a Wiener process
like:
We) = [y dr(&) =0
(W W) = fto dr ftto dr'(&:6+) = f; dr f:o dr'é(r —7') = (t — tg) (90)
<WtWt/> = min(t, t/) — tO

Next, if we want to calculate an integral of a function over such a process we have to use the definition
of an Tto integral. For an arbitrary nonanticipating function G(t) it is given by:

N-1 N—-1 N—-1
[P G(s)dw, = Jim 32 G(tn)(Wey, = We, )= lim 30 G(ta)AW,, = lim 3 G(tn)VALG,

to — 00 n—0 " N—o0 n=0 —00 n=0

(91)
where g < t; < ... < tn, Ay = tpp1 — tn, AWy, = Wy 1n, — Wi, and {(, }n—o..n—1 is a set of
uncorrelated random variables with A/(0,1). The limit N — oo means that we divide the time intervall
into NV parts and let N — oo. The last equality follows from the third line of the definition of a Wiener
process and the fact that /A, (;, is N(0,A,). There are two important things that one has to note.
The first is that the result in eq. (91) differs from the one obtained by the simple replacement dW; = dt¢&,
from eq. (89). The second is that for every interval in the sum of eq. (91) we evaluate G(t) at the
beginning of the interval, which is important since in the limit N — oo the result depends on the point
where we take G(t). This is the main difference from the case of Riemann integration.
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1.3 Markov process

This process is characterised with a short memory that can be expressed by the following condition:
(X tn|Tn1,tn—1; - .3 Zo,t0) = P(Tnytn|Tn—1,tn—1) VN EN Vig,...,t, €T (92)

This means that the conditional probability that the event z, occurs at t, given that the events
Tp_1...xo have occured at t,_1...tp, depends only on the last event but not on any of the previ-
ous ones. The conditional translation probability describes the process almost completely since every
joint probability density function can be rewritten as a product of conditional translational probabilities
and the initial density function of a single random variable p(xg, to):

p(Tn,tni 50, t0) = p(@n,tn|Tn—1,tn—1-..T0,t0)p(Tn—1,tn—1i-.-;%0,%0)
= p(xn7tn|$n—17tn—l)p(xn—htn—l;-~-;-T0at0)

= p(Tn, tnlTn1,tn1)p(Tn—1,tn-1|Tn_2,tn2) ... p(x1,t1]T0, t0)p(20, t0)
(93)
With this relation one can derive the Chapman-Kolmogorov equation for the conditional translation
probability:
p(x1,tiles,ts) = [dwap(wr, ti]es, t2)p(wa, ta]rs, t3) (94)

There are three basic types of Markov processes: the Deterministic -, Jump - and Diffusion process. In
the first one the sample paths are smooth solutions of a deterministic equation of motion and only the
intial conditions are taken to be random. The second one is characterised with discontinuous sample
paths broken by instantaneous jumps. The last one has still continuous but not differentiable sample
paths. It will be analysed more carefully.

A process that has continuous but nowhere differentiable sample paths fulfills the following equation:

—

dX, = f(Xp, t)dt + o( Xy, t)dW, X, f(X,t) eR" (X, t) e R™™ W, € R™ (95)

where f (X ,t) is a continuous differentiable function responsible for the deterministic drift of the trajec-
tories of X; and W; is a Wiener process (called also Brownian motion). If one looks at a single trajectory
x(t) and differentiates formally with respect to t one gets the Langevin equation:

F(t) = F@(0), 8) + o(3(0), (1) (96)

with (& +&+) = 0;;0(t —t'), 4,7 = 1,...n. It can be solved analytically only in few special cases, so we
need an appropriate method to calculate it. If we use the Euler-Maruyama method the increments of a
single trajectory have the following form:

AZ(t) = [, dx = [ (@) mydr + [ (@ (), r)di(n) & FE0), Odt + o(#(0), )0Vt
(97)
with ¢; ~ N(0,1). The discretisation of the first term should be familiar since f(Z(t),t) is a continuous
function and we have a Riemann integral. The discretisation of the second term is already discussed. A
trajectory is calculated via the prescription:

Htapr) = () + F@00), 1) D + 0 (F(t). 10).C(t) VAL (08)
Ay = tppr—tn to<t1 <...tpy <tn...<T

If the functions f,o fulfill the conditions for an existence of a solution of the stochastic differential
equation (see sec. 2 of the appendix), then the method has a strong order of convergence of 1/2 in
the sense that the difference of the exact trajectories ’'(t) of a process starting at to = 0 and its Euler
approximation Z(t) for a special mesh of the time axis fulfills the following relation:

(I1X1 = X||2) < K(T)AY?2 A =max{A;,Ay...} (99)

where || ... || is an arbitrary norm and K (7T') is some real positive funciton. In this work we use methods
with a higher strong order of convergence. Their exact form and the basic idea of their derivation is

23



given in sec. 1 of the appendix.

In the end one can show (Kramers-Moyal expansion) that the equation of motion for the trajectories
of the process defined in eq. (96) with probability density function p(Z,t) is equivalent to a Fokker-
Planck equation for the conditional translation probability p(Z,t|Z’,t'):

Oup(Z, )T ) = =0y, [f;(Z(t), ) p(&,t|Ft)] + 104,04, [Dijp(Z, |7, 1)) D;j = ooy (100)

This relation will be used in the next section.

2 The Wigner formalism

There is a great effort made to represent quantum mechanics using entirely the language of phase space
variables like in the classical mechanics. From the Heisenberg uncertainity principle it is clear that
the evolution of the system can not be described by a single trajectory in the phase space. One can
suggest that instead of a d-function the state of a quantum mechanical system can be described by
some probability density function p({x;}) (z; are arbitrary variables). In order to describe completely
the dynamics of a QM-system one has to define a transformation that maps a density operator p to
a quasi-probability density function p({z;}) and a normal ordered operator Q({d;'d;}ics) to a func-
tion of real variables Q({z;}icr). The expectation value of an observable is then naturally defined as
Q) — [deip({2:})Q({x;}). This map is not uniquely defined. In practice one uses the Q-, P- and
Wigner representations [52]. We will concentrate on the last one.

The expression that assigns a quasiprobability density function to a density matrix is the Wigner
transform of the density matrix. It is convenient to define it with the use of coherent states:

pr— pw (1, %) = / di*dny (b — 1/2|pl + 1/2) e P/ HL/2607 0 =0u) (101)

The field ¥ can be interpreted as the center of mass coordinate or as a classical trajectory of the system
and 7 as the quantum fluctation around .

The second expression that maps a normal ordered operator to a function of complex variables is:
Qa,at) — Qu(@,97) = [dn dy e POW —n/2,90% +17)2), (102)

where Q(v) —1/2,¢* +1*/2) is the normal ordered operator with quantum operators a,a' replaced by
complex numbers (¢ — n/2), (¥* + n*/2). Qyy is called the Weyl symbol of Q). This map is equivalent
to representing the normal ordered operator as a function of symmetrically ordered operators and then
replacing a, at by v, ¥*.

2.1 Truncated Wigner approximation (TWA)

Our aim is to describe the time evolution of an interacting quantum system for which we expect that it
evolves closely to a corresponding classical system. We are not interested in the time evolution of the
full density matrix but only in the expectation values of some operators. In order to be more concrete
consider that the system is described by the Hamiltonian H = Hy+ H'. Then for an arbitrary operator
Q) in the Heisenberg picture we have to calculate (notation as in the previous chapter):

(00 = [pta) (T - 000, 0) (103)

where ¢ denotes time ordering along the Keldysh contour (see fig. 10) and ¢y is the time where the
Schrédinger and Heisenberg pictures coincide.

For this operator one can develop a perturbation theory in quantum fluctuations around the classical
path [32]. The zeroth order approximation gives a discrete nonlinear Schrédinger equation (DNSE) and
the first order - the TWA. In the latter approximation the evolution of the system still obeys the DNSE
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Figure 10: Keldysch contour used in eq. (103).

but one has to average the time dependent expectation values over the initial conditions of the system
and over the initial distribution of a set of random variables. The advantage of this formalism is that
one can increase the accuracy of the estimated expectation value by including higher order quantum
corrections. Here we will not repeat the steps in the derivation of the formalism in [32] since the idea is
the same as in the derivation of the path integral in sec. 7 of the appendix, but just briefly discuss the
main result of it:

Q) = [ D, n* 1D, ¥*1ow (W, 5 ) (e, 97)

exp ( [ artur i im0l w:,ﬂ})

to

t 2n+1 2n+1H * mx2n+1—m
xexp(z/ dTZ Z 9 (W, 7)1z ) (104)

to n>1 m=0 8w:_n¢i2n+l—m 22”m‘(2n +1-— m)l

The fields 9, n: refer to the classical trajectory and the quantum fluctuations around it and the index
t to the time. D[n,n*] = Il;£0dn.dnt, D, v*] = I dy.dyr , pw, y are the Wigner transform
of the density matrix and the Weyl symbol of Q respectively, and L£;[¢;, ¢, 7] stands for the classical
differential operator acting on the field 1, ! :

By, SH(br %)

‘Cj[wT?w:5T] dT 52/}*
2T

(105)

If one takes for H the normal ordered Bose-Hubbard Hamiltonian (eq. (156)) and replaces a;, [1;[ with
¥, 97 respectively then the equation L; [tr, 1%, 7] is equivalent to the DNSE equation:

i —J (i1 +¥i-1) + Ulp;)*0; (106)

The last exponent of eq. (104) which contains all higher orders of 1 in its argument represents the
quantum corrections to the classical equation of motion. Neglecting this term we get'?:

<ta)> RJ‘/dwfodwtopW('l/}tm¢:0)Qw(tvwtvw:)é(ﬁ[wvaivT])d(ﬁ*[w‘rvw:aT]) (107)

1 One can compare the action given in eq. (104) with the action we used in the last chapter. There are only two
significant differences between them. In eq. (104) the path extends only in the range between ¢o and t and in the previous
chapter its extension is from —oo to co. In the derivation of the action from the last chapter (see sec. 7 of the appendix) we
have argued that the boundary terms appearing at oo are correctly absorbed in the nonequilibrium GF’s. The Keldysh
partition function was then of the form:

2= [ D¢ = [ Dl IDpw, 676
where in the second step we have performed the transformation

1, _ _
V=" +eh) n=¢ —¢"
In equation (104) the path has finite extension and going from summation to functional integration the boundary terms
at 7 = to and 7 = t are kept explicitly. The terms at ¢y are absorbed in the definition of pyy and the terms at ¢ are
absorbed in the definiton of the Weyl symbol of 2. That is why D[n,n*] = [] dn-dnZ, i.e. the boundary terms have

T#0,t
been already integrated out.

'?Use the formula §(f (¢ (), 1/132))) = fD[W]eizfd‘rnf(w(*)’w(*)). The action can in general also contain terms that are
quadratic in the quantum fields. These terms can be eliminated with the use of a Hubbard-Stratonovich transformation

§2
1 2 t .
e2M) = /D[g]e* sa N e

The condition £ = 0 then corresponds to a Langevin equation (eq.(96)).
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where 1(0) = . This approximation is called the Truncated Wigner approximation.

In practice this integral is evaluated by sampling a finite number N of points from the pdf py, (¥ (to), ¥* (to)),
letting them evolve according to the DNSE’s given in the argument of both §-functions and taking the
average of ) evaluated as follows'?:

The TWA is exact only for harmonic systems. In all other cases, one can improve the approximation
by expressing the quantum corrections in the form of stochastic quantum jumps of the trajectories one
calculates [42]. Since each jump carries a factor of 2%, an expansion in the number of jumps is equivalent
to an expansion in powers of the Planck’s constant.

In [32, 33] one can see how these corrections are implemented in practice for closed quantum systems.
From the results one sees that the TWA is asymptotically correct at short times. However, both the
TWA and higher order quantum corrections, fail to reproduce the purely quantum mechanical effects
of the system. In [32] the author compares the exact, the TWA and the first quantum correction for
a condensate loaded in an optical lattice where the tunneling is completely switched off (J=0) and the
initial state is a product of coherent states (|0) = |[v/N)i¢|V/N)ac..., N - particle number per well).
Here both approximations fail to reproduce the periodicity in time of the expectation value (G;) for a
particular lattice site j.

In open quantum systems, where we have coupling to a thermal bath represented by a set of harmonic
oscillators, one obtains a dissipative term (see example in sec. 3) which can be directly added to the
DNSE. At large time scales, the effects of dissipation can wash out all the quantum scattering processes
and also all purely quantum mechanical effects of the evolution of the system. This motivates us to
believe that the TWA is a good approximation for such systems. A discussion about the role of dissipative
terms and decoherence to provide the needed quantum-classical correspondence can be found in [47],
[35].

2.2 Operator correspondences

The action of an operator a on a density operator p can be mapped onto the action of a differential
operator on a P-; Q-, or Wigner function. The idea can be easily illustrated if we work in a basis of
coherent states!?.

One has first to define the symmetrically ordered characteristic function:

Xw (A, A) = tr (ﬁe*&*-“) = [ dPacr "N pyy(a,a”), (109)

where A\, \* € C and a', @ can be any pair of quantum conjugate operators and d?>\ = d\d\*. This name
comes from the fact that:

~satr o s o * s k1 *
(0" epm) = 5 (D SO o = [ Paa’a” po(aa). (110)

Here we show how ap is mapped onto (a + %80(*) pw(a, @®). One first evaluates:

tr (&ﬁe/\dt)‘*d) = tr ﬁemfe*’\*defwgﬂd
- tr ﬁemfe—uﬁ/ze—)\*ad
= tr pAe’\‘A’Te_p"z/2 (—(%\*e_)‘*&))
=t (5 (32— ) e Ve N2))
(AN = 0n) tr (ﬁe’\afe*’\*&e”’“z/?)
= (320 ) xow(A A

130ne has to keep in mind that the map p — pyy does not carry over all the properties of j to pyy. The Wigner function
can take also negative values and special care is needed evaluating the average of Q2. In this work we always use coherent
states as initial condition for p which are mapped to a non-negative Wigner function.

(111)

14 A coherent state [t)) is defined as an eigenstate of the annihilation operator a: |[¢)c = exp(>_, 1/)1-&;[)|vac). The scalar
product of two operators is: (¥|¢) = exp(>,; 1 ¢;). The identity operator is given as: [ D[plexp(— >, ¢ ¢i) o) (o] = 1.
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Taking A = 0 on both sides confirms the consistence with eq (110). One takes the Fourier transform of
the last expression and after partial integration obtains:

L [d®xer AT (AN =052 ) xw (A, N) = (300 + a) pw(a, a®). (112)
Similarly, the other correspondences are:

atp < (@ —30a) pw(a,a”)
o (a—100) pwiosa®
pat < (a* + 30a) pw(a,a

) (113)
*).

One has to keep in mind that these correspondences are not exact since we do not take A = 0 in the
middle step. In the end we also apply the following transformation:

a = z1+iz Oa = 3(0: —105,)

a* = z1 — 129 Opr = %(5‘,21 +10,,) . (114)

2.3 Mapping of a master equation in Lindblad form to a set of Langevin
equations

In this thesis we will often work with the master equation in Lindblad form:
45 = lH,6)+ Ls. (115)

The operators &, H are the density matrix and the Hamiltonian of the system we are interested in.
The properties of the (in most cases much larger) enviroment are comprised in the superoperator L that
acts on ¢. In the particular case of a single quantum dot coupled to a Markovian reservoir we use the
following ansatz:

H = Adla+ Yatataa

. 116
£(5) ~T(n+1)[afaé + 6ata — 2a64'] — Tnlaats + saat — 2at6a)]  T,n e Ry. (116)

I' is a measure for the refreshment rate of the particles in the dot. If it is the largest scale of the system
then the mean occupation number of the particles in the dot is equal to n. The second term in the
Hamiltonian represents an on-site particle-particle interaction. All varibles are discussed in detail in
sec. 4.1. Here it is important only that this form of L preserves all properties of the density matrix
(positive definiteness, hermiticity, trace equal to one) as necessary for a consistent formalism [40]. By
the use of the operator correspondences given in eq. (113) for every operator a; (j = 1,....N) of the
problem and % p % pw one gets in general a differential equation of the form:

Fow(Zt) = (=Vz f(Z 1)+ 30:,0:,Dij + R)pw(Zt)  Ze R, (117)

where R denotes all terms that contain at least three or more powers of a differential operator 0.,
(j = 1,...2N). We can map this equation to an equation of motion for the conditional translation
probability py (Z,t|Z/,t'):

pw(Zit1) = [dZpw(Z1,ti: Zs,ts) = [ dZspyw (21, 1|75, ts) pw (2, ts)

o o = N iR 118
d%ﬂw(zhh) = fdZad%(PW(Zl,t1\23,t3))Pw(237t3)- (118)

Neglecting the R-term we get in general a Fokker-Planck equation for pw(Z,¢|Z’,t"). Assuming that
pw(Z,t) is the pdf of a Markovian process with trajecories Z(t), we can use the fact that the Fokker-
Planck equation for the conditional translational probability function is equivalent to the equation of
motion for the trajectories of the process Zy:

—

dZy = f(Zy,t) + 0(Zy, t).dWr, Zy e R2N 0(Z,,t) € RN >*m W, ¢ R™ (119)

where W, is a Wiener process. The corresponding Langevin equation for the trajectory of the process
Zy is given by:

— —

72t = fZ6) +o-€(1) (120)
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with £(t) - Gaussian white noise. For the particular problem given in eq. (116), we have N = 1,
R = —%(210., — 220.,)(02 4+ 02,), 0 = \/T(n+ 1/2)I2x2 and the Langevin equation has the form:

d [21 } _ { —&—Azg—l"zl}JrU[ +25 + 2329 —

dt | 29 —Az; — Tz 23— 220+

2 &i(t) ]
++/I(n+1/2 . 121
w1 | £ (121)
One can obtain the time evolution of the Wigner function pyy by calculating a finite number (N7)
of trajectories z7(t), 5 = 1... Nz, where the initial conditions Z(tq) at to are sampled according to

pW<5a tO)

3 Connection between the Nonequilibrium Green’s function
method and the master equation in Lindblad form

In section 2, we have argued that the only quantum effects of the system dynamics that are taken into
account in the calculation of an observable <@> in the TWA are captured at two points. The first one
are the probabilistic initial conditions and the second one is the fact that we use a symmetrised operator
@Sym instead of O that acts at the turning point of the time contour. The initial conditions do not
play a role since the system we are interested in reaches a unique steady state. One can now try to
change the contour in a way that its ends are at t = —oo and the turning point is at ¢ = co. Since we
are interested in the steady state properties of the system and not in the transient phenomena we can
absorb the boundary terms of the path integral that describes the Keldysh partition function (O = ﬁ)
and get an expression like eq. (24):

Z = [D[g @
is = ifdegigg, (122)

where S, G are the action and nonequilibrium Green’s function of the system. So both methods are
equivalent as soon as one is interested only in steady state properties of the system and the Hamiltonian
is quadratic in the fields.

In subsection 3.1, we show the action of a system described by the Langevin equation (96). This will
allow us to apply the approximations used in the last chapter and compare the results with those from
the TWA and Quantum jump approach 3.

In subsection 3.2, we discuss how the Langevin equation is modified if we consider a system with more
general reservoirs.

3.1 Mapping of the Langevin equation to an action

The problem in performing this mapping lies in the fact that we do not have started with a particular
Hamiltonian, but have used a Master equation in Lindblad form as an ansatz. The Langevin equations
obtained after the Wigner mapping can be converted into a proper classical action. This procedure which
is in essence an inversion of what was done in [32] and mentioned briefly in section 2 was formulated
by Martin, Sigga and Rose (MSR)!® [48]. In the following we start from the result obtained by the
MSR-method and show that it reproduces the correct Langevin equations, i.e. we guess the form of the
action and show that it is the right one. This is done for the simplest case of a quantum dot coupled to
a bosonic reservoir. The generalisation to the case of larger systems is straightforward.

The current system of interest is described by the following action (w-dependence dropped):

1S = 1Sy +iSint

iSo = if%egigTg
iSint = 125 (0 0 oo — Lot prpy) (123)
g—l = 0z (’U) - A) - Zk ‘,Yk|20-zgkkgz
G = (o= o)T

The reservoir GF ggy is given in eq. (20). We first set U = 0 and perform a Wigner transformation of
the fields (the Jacobian of the transformation is equal to one):

b S A Y s

15 A good explanation of the method can be also found in [26]
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The new fields v /n are called quantum/classical fields. In this basis the action is expressed in terms of
retarded, advanced and Keldysh GF’s:

dw [,),% % 0 (’LU - A) —il’ d}

S = Jn T Ay pir iermt1/2) Hn} (125)
where (G71)EW = (GRA)=1 = (v — A) 4 (=)', 3(G™1)K = i2['(n + 1/2). We set the self-energy
contributions coming from the reservoir to be energy independent, i.e. n = const, I' = const and express
the action as a time integral over the Fourier transformed fields ¢(w) = [ dte_“”td)( ). The fields ¥, n
are rewritten as a sum of their real and imaginary parts and for the terms quadratic in 7, Sn one
performs a Hubbard-Stratonovich transformation:

e—% de(Q?Rn)ZF(n-Q—%) _ fD[de—% der(%i/Q)-i-Qde(%n)C' (126)
The Keldysh partition function then has the form:

Z = [D,Glexp] — Lrt ) [ DIRY, S¢) [ DI, S
exp{i2 [ dr(Rn)[-ARY) - T(S¥) - =(3¢) + (]}

exp{i2 [ dr(Sm)[~A(S9) + T(Re) + L (Re) + Ca]} (127)
= [ D[, Glexp{ — A p LY [ DR, SYIS(.. )5 ).
The arguments of both §-functions give the following equation of motion (EoM)!®
d R | _ oz o Gi(t) co o [ +ASY — TRy B
pn [ Sy } = f(RY,SY) + 0 - [ &) } f(RY, SY) = CARY - TS0 o =laxo. (128)

The terms (1, {2 should be interpreted as stochastic processes which fulfill the condition (¢, :(;v) =
0i;0(t —t)T'(n+1/2). In the equation above, one can also use a white noise process f_;g with (& &) =
8i0(t —t') and o5 = \/T'(n + 1/2)8;;17 . In order to calculate an observable that depends on classical
fields one has to sample a finite number of 1; = (R, I)T points, where R, 3¢ are arbitrary since
their initial distribution is not important for the steady state. One lets zZ evolve in time according to
the equation of motion (EoM) given in the argument of the d-function in eq. (127). At t — oo, a
steady state must have been reached. Because of the probabilistic nature of (7, (2, one has to perform,
again, many realisations of the trajectory 1/7(75) (add an additional subscript j to count the different
realisations). The expectation value of any arbitrary observable O at ¢ — oo that depends on classical
fields after calculating Nt trajectories is given by:

Nr 251 O (1)) (129)

This is the same formula as the one used in the TWA (eq. (108)). The value of an observable O
coincides with the corresponding value obtained in the TWA if the equation of motion in the arguments
of the d-function (eq. (127),(128)) coincides with the equation of motion of the trajectories in the TWA
(eq. (121)). This is indeed the case if one identifies Ry = 21, P = 22. So we have shown that if we
are only interested in the steady state properties of the system, the action (eq. (127)) is an equivalent
description of the physics described by the Master equation in Lindblad form:

&p = —ilH, P+ L(p)
H = Adfa (130)
L(p) = -T(n+1)atap+ pata —2apat] — Tlaatp + paat — 2atpa).

161n order to have full equivalence one has to change (3 — —(1 in the d-function in eq. (127). This does not change
the stochastic equation since the probability density function (pdf) of the stochastic process is a Gaussian with zero mean
and theere is no correlation between (1 and (2.

170One can check that:

((0irlr,e)(051&1,0)) = 0inoji €k, e&i,e) = T(n+1/2)6;56(t — t') = (GG, )-
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If we include the on-site interaction in the system and perform the same steps as we did for the nonin-
teracting part of the action Sy we get:

iSimt = —U%;“Z (Protp_p_ — Phetprps)
—ig [T [ n + 0 ) + (0P + )] (131)
= —zQdeT?Rn?)‘W(?R@bZ + Qp?) — i2U [ drSnSy(Ry? + Sep?) + terms cubic in 7.

The terms cubic in the quantum fields are neglected. The other linear in 1, n* (called also classical part
of the interaction) change the equation of motion (EoM) in the d-functions such that the EoM for the
classical fields for a system of a single quantum dot is given by:

d IR | s o Gi(t) Fon o | FASY-TRY ][ +39° + RSy B
(132)

where ((; +(j.¢) = 0;;0(t—t")['(n+1/2). If one compares it with the corresponding eq. obtained through
the TWA, we see that they are similar. The only difference lies in the fact that in the TWA we have
interaction terms linear in the fields. They can be absorbed by the energy levels of the dots A — A—U.
In the case of large occupation numbers of the dots (1000 particles per site) a typical value of the in-
teraction will be U/J ~ 1073, meaning that it will change the position of the energy level insignificantly.

3.2 Generalisation to arbitrary reservoirs

By now we have only dealt with stochastic processes driven by a white noise, which is not the common
physical situation. A good understanding how the noise changes and how the memory is incorporated
into the system can be gained if one considers an arbitrary but physically realistic density of states of
the bosonic reservoir. The action can be obtained in the same way as we already did before but without
performing a Fourier transformation of the bosonic and quantum dot Green’s functions. After a Wigner
transformation, one obtains the following action:

0 8 — 01807y — 2L (ry 7O rs— P
S = drid b 5 (r1—=12)"r2 (r1—=m2)Y(r2—71) (72)
2 Zf T1AT2 [1/) (11) 77(7'2)] 5(7—1—72)7:87—2 +21F(71—T2)6(7—1—7—2) 27;(].1(71—}—1/2))(7.1,72) Nera) 5
(133)

where Ty = [ 22T, et and (['(n + 1/2))s) = [ L) (00w + 1/2)e?™t. If we assume that the
density of states of the reservoir D(,,) and the reservoir-dot coupling 7, are real functions, then I'(,,
is real and its Fourier transform fulfills the relation Fz‘t) = I"(_4). With this relation, one can show that

the Keldysh term quadratic in the quantum field n contains a real symmetric matrix ¥, .y = X7, _7,):

RIE(+1/2) (11 —rs) —SC(+1/2)) (s —r0) | [2R0(r)

_1 (o3 - 1—T2 - 1—T2 2

3 deldTQ [2%77(7'1) 2\3‘77(7'1)] |: (F( 1/2))(7_1_72) %(F(n 4 1/2))(71_7_2) 2%17(72) ) (134)
——

B(r—m2) Hi(ra)

where [R(I'(n +1/2))]i; = R(T(n + 1/2)(r,—7,)), [ST(n+1/2))]ij = S(T'(n + 1/2)(7,—7,))- Discretising
the time into A/ — 1 intervals one can again apply the Hubbard-Stratonovich transformation for the
2N x 2N Y-matrix (we also assume that it is positive definite):

7 = 1 = -1 » . o=
o3 Jdridra (200 )8y ey (27(ry) e 2 fdTld724<r1>E<T17T2>C(fz>621fdﬂ?(TT)C(T) (135)

with (37 (7)) = (271)(ry—r,) defined such that [drX » ! =9

(T1=72) 7 (T2 —73) (T1—73)"
processes (a,t,(p, are correlated if %f(t) # 0 (i.e. if the function I'(,,) has nonzero odd contribution
since this part survives an integration weighted with isin(—wt) = $(e=*?)). Their autocorrelation is
also in general nonzero for different times because of the nonzero off-diagonal terms of the four block-
matrices contained in 3.

After integrating out the quantum fields of the Keldysh partition function one gets two J-functions
whose arguments contain the following set of differential equations:

4 || _
dt %¢(t)

The two noise

A%w(t) — f dT %’(/) (r) — 2\SF( )\S’(/J(,,-))
—A?Rlb(t) — f dr(2 %’lﬂ (r) T Q%F \S’(/J(,,-))

+ [_CB“;} . (136)
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Besides the form of the noise process which we have already mentioned, the inclusion of a more complex
bath leads to the appearance of memory integrals. The current value of the field ;) depends not
only on its latest value (which is characteristic for a Markov process), but also depends on its previous
values since both integrals in eq. (136) are only over times smaller than t. The importance of the past
values of 1 for its future evolution depends on I'. With an increase of the number of bath modes and
the frequency range they are distributed in, the function f‘(t) decays faster for [¢| > 0. In the limit
where the bath contains modes, equally distributed in the whole range w € (—o00, o), the function f(t)
equals zero for t # 0 and one reaches the white noise (Markovian) limit. The memory integrals now
only contain the latest value of ¢ and the autocorrelation function of the noise process g:;g becomes a
é-function. In the opposite limit, when the frequency range of bath modes decrease, the correlation
function f‘(t) decays slowly. If, at some point, one considers that the number of modes is finite, the
motion of the system becomes completely deterministic and the evolution of the trajectory 1) depends
only on the initial conditions of the system!'8.

In principle, it makes no sense to solve this equation numerically if we deal with an action that is
quadratic in its fields, since the exact solution can be obtained much easier with the formalism of the
previous chapter. But if the classical part of the on-site interaction %deTdd is added, the nonequilibrium
GF formalism is not capable of solving this problem exactly. The set of Langevin equations similar to
those in eq. (136) is still exact, so one can try to solve them numerically. The realisation of this
task is not trivial. The discretisation of the time evolution and the calculation of the time integrals
of an equation like eq. (136) should not be a serious problem, since the integration is only over past
states of the trajectory and one can use an explicit numerical method to do this. The simulation of a
stochastic process with arbitrary autocorrelation function is in principle possible for a partition of the
time intervall into N parts if A is small. In this case one can generate a collection of random variables
Y, (j=0,...,N; t;<tjfori< j) with the desired autocorrelation sequence {f(t0)7 . ,f(tN)}. The
random variable Y;; is generated iteratively from the previous random variables of the sequence and
with the help of an additional set of N'+ 1 independent normally distributed random variables G, [44].
However, the generation of the coefficients of the iterative formula and the memory needed to save them
are operations of complexity O(N?3) and O(N?) respectively. This limits the range of applicability of
the numerical method. One can find faster methods for generation of a collection of random variables
but they work only for specific collections of autocorrelation functions.

4 Quantum dot coupled to a Markovian reservoir

In the first subsection, we start from a problem described by the full density matrix of the system plus
enviroment and reduce it to a problem for the smaller system density matrix. Doing this, we motivate
the form of the Lindblad operator given in sec. 2.3 and explain its physical meaning. In the second
subsection, we apply all methods discussed in this chapter to solve this problem in order to have a better
understanding of how the methods work and what are their drawbacks and advantages.

4.1 Motivation of the Master equation in Lindblad form

Given the Hamiltonian H = Hp + Hp + H' where Hp = Aa'a describes the only energy level of the
first system, fIR => akRJ,L]:?k - the bosonic bath and H' = Dk (’yk]%de + VZR£d> - the coupling
between the two systems. Our aim is to find the time dependence of the reduced density operator &. In
order to do this, we have to reduce the von Neumann equation, which describes the time dependence
of the density operator of the whole system, to an equation of motion of the reduced density matrix 6.
It is appropriate to use the Interaction picture representation for the following calculations. The von

180n can, of course, make the motion indeterministic again by assuming that the bath is represented by a finite set of
oscillators whose initial conditions are unknown and obey some distribution. In most problems, one often chooses that
they obey the Boltzmann statistics, which is parametrised by the temperature 7. In this case, the memory of the system
(i.e. the decay of f‘(t)) depends on T'. For small T' the Boltzmann distribution p(,,) is more condensed in the sense that

almost the whole part of the area under the graph of P(w) COmes from a small frequency intervall. This means that r

decays slower. In the high temperature limit however, the spread of the distribution function becomes so large that f‘(t)
practically decays instantaneously and one again reaches the situation where 9y is driven by a white noise. So one can
say that the white noise limit is reached in the regime of high temperatures.
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Neumann equation in this representation is given by (FIO =Hp+H R):

0 = 05, 0)
HHo(t) = Ho(t ty )Hz LHo(t—t,) (137)
pH (t) = ehHU(t tr)pe hH (tftr),
0

where the subscript Hy indicates that we define the operators in the interaction picture, p(t) is the density
operator in the Schrodinger picture and ¢, is the time where both pictures coincide. We integrate the
last line of eq. (137):

Prtg () = pygy (=00) + 3 [ o dt | Higy (), g, ()] - (138)

Then we use this ansatz for py (¢) and replace pg (t') with it:

. R I fri R .

pHO(t) = pHU(—oo)—i-%/ dt’ {HHO(t’),pHO( (zh) / dt’/ dt” HH [HHo(t”) P o(t”)H '
(139)

Now we use the fact that we can prepare the system at ¢ — —oo such that the density matrix is not

entangled ( ppy (—00) = oy (—00) ® pfi (—o0) ) and take a derivative with respect to ¢ on both sides

of eq. (139):

Loy (t) = [ (0 gy (—00)] + ()7 S oot [H, (2), [Hig, (1), g, ()], (140)

To obtain the equation of motion of 65, (t), we have to take the partial trace over the reservoir degrees
of freedom on both sides of the last equation:

@0, () = Gtrglog, (0)]
= tryg [dtpHo (t)]
~ 2 ot ri ri ~
= trg[or [Hiy (), hy (—00)] ]+t [ (55) " S dt! [H g, (8), [Hi, (1), i, ()]
2 ot g g ~

= Gr)" S dt'og [[Hig, (0 [Hi, () pr, ()]
We have to justify why the first trace in the next-to-last line vanishes. First, we assume that at time
t — —oo the reservoir is in thermal equilibrium. This means that we can write explicitly:

(141)

—o0) = R = ﬁ = pf, (—00). (142)

~R
( trg |e

p

In the last step we used the relation [H'R, }AID} =0.
Next, with the help of the relations [Hp,a'] = Aat, [H}),a] = —Aa and [Hp, RL] = EkRL, [Hp, R,] =
—skRk, one can show that:

iy, (1) = 55y (e Rdle Dt 4 g Rlaer = 1) (143)

This operator contains only terms which have different powers of R and R, but pm, (t = —o0) has only
terms with equal powers of R and R so their product contains only terms which have different powers
of both operators. Thus the partial trace over the reservoir degrees of freedom is zero.

4.1.1 Born and Markov approximations

To continue the calculation, we have to do some approximations.

e Born approximation
The density matrix can always be written in the form:

Py (t) = 611, (1) @ P, (1) + Peorer(t) (144)
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If peorer = 0 we can interprete the total state as a probability distribution of two uncorrelated
product states. What we want to do is to justify the following approximation:

Pry(t) = 6, (1) © P, - (145)

First, we define the two time scales 7g and Tp. The first one is a measure for the time scale over
which the reservoir R reaches its stationary state (and information from previous interactions is
lost). The second one defines a characteristic time scale at which significant changes in 6y, may
occur. If 7p < Tp, the reservoir is, in a good approximation, in its stationary state all the time.
In addition, we assume that the statistical properties of the reservoir are unaffected by the weak
coupling to the system D and the stationary state is purely defined by Hp (pF(t) = [)go (t) = p™).
In the nonequilibrium Green’s function approach, we have always used 7g = 0, i.e. the reservoir
is always in equilibrium.

e Markov approximation
After the approximations we have done, the equation of motion for &y, (t) is:

H0m,(0) = ()" S dt g [[Hy, (1), [Hiy, (1), 6., (¢) @ 7]]]. (146)

The term on the right hand side depends on the state of the density matrix at times earlier than ¢.
One can imagine that in this case the system memorises the events that have happened at ¢’ < ¢
and takes them into account for the current evolution. We assume that the two-point correlation
function of the reservoir decays very fast (in a time scale much smaller than the typical evolution
time of 6, (t)). So we can replace &g, (t') by &, (). In other words we assume that the density

of states of the reservoir is constant from which follows that the two-point correlation function
(Ri(t)Ri(t)) ~ 6(t — ).

4.1.2 Further calculations

For the evaluation of the second trace we take into account that only terms proportional to (]%TR)",
n € Ny survive and use trR[RiRkpR] = [exp(Be,) —1]7! = n,,. So from eq. (146) we get (we drop some
of the indices):

L6y, (1) = —(Z;)Q g gl? ffoo dt' [aatéon, — asal (n, + 1) — atean, + sata(n, + 1)]et*Ea- 2t 4
i gl L dt [afae(n, +1) — afean, — asal (n, + 1) + 6aatn, e (e =)
(147)

To calculate the time integral, we use eq. (192). After regrouping the terms and transforming back into
the Schrodinger picture, we get:

%6(75) — %[e—%ﬁo(t—m&m (t)e%ﬁo(t—tr)]
e RH—t) [ (1) — & [Hy, by, (1)] ] eFHol0)
—1[3A = = P([deD(e) ()P =) [afa, 6(1)] (148)

—I'(ny +1) [ata6(t) + 6(t)aTa — 2a6(t)a]

—I'npfaate(t) + 6(t)aal — 2at6(t)al,
where D(g) is the density of states of the reservoir and I' = 7g(A)|y(A)|2. The next-to-last line describes
the particle loss of the quantum dot with rate ~ I' and the last line describes the particle gain of the
QD. This equation looks exactly like a Master equation in Lindblad form for a single quantum dot:

o6 =1[H,5] + Ls. (149)

The energy of the dot in this case is not A but is shifted by a finite amount because of the principal-value
term in the third line of eq. (148). The division of the L into particle gain and loss terms can be traced
back in the definition of the quantum jump method (see sec. 3 of the appendix). There, the first two
terms of the last two lines of eq. (148) were responsible for the nonunitary evolution of a given state of
the system. The third term in the last two lines of eq. (148) caused quantum jumps into states with
lower /higher particle number.
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4.2 Calculation of the mean occupation number of the quantum dot. Com-
parison between the methods.

4.2.1 Exact calculation

The calculation of the time dependence of the expectation value of afa is straight forward (trp - trace
over the dot degrees of freedom):

O (a'a) = trp[aTade(t)] = 2T (na — (a'a)).
The solution for the population of the single well is:
(ata)(t) = ((a'a)o —na) e " + na — na. (150)

So the system reaches a steady state.

4.2.2 Wigner method

In sec. 3, we have already written the Fokker-Planck equation for the conditional probability function
pw(Z,t|Z",t') and the Langevin equation for the corresponding Ito process. The only thing we have to
do is to impose an initial condition of py (2, ty). We take the initial probability density function (pdf)
to be generated from a coherent state with mean particle number equal to N. It can be represented by
a product of two Gaussian pdf’s with mean values (z;) = v/N and (z;) = 0 and standard deviation 1/2
although any combination, for which (21)? + (22)2 = N, is allowed:

_1(G1-vM? 1%
pw(Zo,t0) = —e 2 /DT ¢ 20/27, (151)
7r
If we sample Ny points 2; = (#1,,22,5), j = 1,..., Ny from pw(Z,ty), the evolution of the population
number of the quantum dot is given by:
(@a)t) = (a'a)sym(t) - 3

= [da’pw(a,a* t)aa* — 3

2
N
Nr L1 (O — 3

N
NLT Zj:Tl (Z%](t) + Z%;(ﬂ) - %

In the last step we used the variable resubstitution given in eq. (114). The time evolution of the
observable is plotted for different number of trajectories together with the exact result (eq. (150)) in
figure 11.

From the example, one can conclude that the exact method is by far faster than the stochastic
one since in the first case one has to solve only one equation and in the second case one needs to
calculate thousands of trajectories to get a good approximation. The situation changes drastically if we
are interested in observables like (dj&;&idj) and go to larger systems like a chain of A/ quantum dots
coupled to two bosonic reservoirs (the indices i, j refer to the position on the lattice). In the TWA one
has to calculate m trajectories for the vector Z with 2" components, i.e. one has to solve 2mN equations
to get the desired result. On the other side, to get the exact solution one has to calculate all two-point
correlation functions whose number is proportional to A/? despite some of the possible symmetries of
the system. So, for large N the Wigner method becomes numerically faster. The complexity of the
method also does not change if one includes nonquadratic terms in the Hamiltonian. By changing m
dependent on the computational resources available, one can get results with high enough accuracy (but
never exact) and acceptable computation time.

(152)

4.2.3 Quantum jump method

The method is described briefly in sec. 3 of the appendix. Starting from eq. (115), (116) the non-
hermitian Hamiltonian is given by:

H = Adta —ihD(na + 1)ata — ihlnaaal. (153)
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Figure 11: Left panel: Evolution of (4'a) obtained after averaging over different number of trajectories;
I' = 557!, mean particle number in the reservoir in the mode with energy A is na = 10, initial mean particle
number in the well n(tg) = 0, time step dt = 10~ °s.

Right panel: Evolution of the mean occupation number of a quantum dot coupled to a Markovian reservoir. Its
expectation value (n) is given in the legend. Npqo denotes the cut-off of the Fock-space. I' = 5371, na = 10.

As a basis of the infinite dimensional Hilbert space of the system (dot) we use the Fock-basis {|n)}nen,
with |n) = %|0> We cut it by using {|n) }ner, I = {0,1,... Npaz } and define af|Np,q.) = 0. The time
step dt is chosen such that the conditon dp < 1 (see eq. (185)) is fulfilled. We take the initial state of
the system to be |¢(0)) = |0).

The results of the expectation value of the occupation number aféa are plotted in fig. 11. One sees that
the dynamics of the system can be significantly influenced by the choise of the cut-off N,,q.. If Npas
is not large enough the contribution of the states |n), n > Ny, to the evolution of the system is not
negligible and excluding their weight from the calculation of the expectation value of the mean particle
number results in underestimation of the result.

4.2.4 Nonequilibrium GF method

As already mentioned one can not compute the time evolution of an observable but only its steady
state. From the GF given in eq. (33) for a dot coupled to two reservoirs we set the coupling to the right
reservoir to be equal to zero ' = 0, set I'y, = I' = const and ny, = na = const as already discussed.
The mean occupation number of the dot is then:
At dw ;73— d

<CLT0,> = f ﬁlg(uj)_ = ﬁ (w—K)FZ-H“? na =na (154)
The result is independent of I' and A since they change only the width and the center of the Loretzian
curve that has to be integrated but not the area under the graph. Even in the limit I' — 0 the Loretzian
transforms into a d-function and the result is unchanged. As expected it coincides with the result from
eq. (150) in the limit ¢ — oo.

5 Linear chain of N lattice sites coupled to two Markovian
reservoirs.

We investigate the system of a linear chain of three/four quantum dots, both ends of which are coupled
to two different Markovian reservoirs. The effect of the coupling is described by the superoperator
L, which adds and removes particles at the zeroth and last lattice sites and assures that the particle
number at both ends of the chain remains constant. The time evolution of the system is described by
the Master equation in Lindblad form:

4yt i

o (155)
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Figure 12: Linear chain of N lattice sites coupled to two Markovian reservoirs. If one maps the Master equation
in Lindblad form to a Langevin equation, then the stochastic differential equation describes the dynamics of
a chain of quantum dots coupled to two reservoirs with constant density of states D(w) = D and constant
occupation of these states nr(w) = nr = const, nr(w) = nr = const.

The Bose-Hubbard Hamiltonian is given by:

N-1

: R e P NS g
H= Zo Ajaja; — Zo J; (aj+1aj + ajaj+1) + 3 'Zo U,ajaza;a;, (156)
i= = =

<

where only the hopping between two neighbouring sites J and the interaction between particles in the
same lattice site U is taken into account. The effect of a coupling to a bosonic reservoir is descibed by
L:

Lp=— ¥ TNy, + 1) (alayp+ pala, —2a,p80) = 3 T;News (ajalp+ pajal — 2alpa, )
je{ON—-1} je{ON -1}
(157)
It captures the process of particle transfer between the quantum dot and the reservoir. If I'; is the
largest scale in the system the mean particle number of the j-th dot is approximately equal to Ny ;.
So the £ operator just keeps this number constant and also gives an easy way to adjust it. I' can be
interpreted as a measure how fast a deviation from the steady-state particle number in the dot N, ;
is damped. In the following we will denote Nyes.0 = nr, Npes—1 = MR-
In order to solve eq. (157) we map it to a differential equation for the Wigner function pyy using the
correspondence rules given in eq. (113), (114) for every operator a; of the theory (j =0,...,N —1):

N—-1

%pW = - A; (xjayj - yjarj) Pw

1™

<
o

T

Jj (mjayjﬂ + ijrlayj - yjazj+l - yj+18$j) Pw

|
1

=

N—
+ > U; (-f?ayj - y?aw,- + xjy]zayj - x?yjawj - xjayj + yjaﬂw) pw (158)
=0
Xf*l 1 2 2
+ ZO Uji (250y,; — y;02,5) (07 ; + 0 ;) pw
=
Y 5T (Nesy +1/2) (93 5+ 05 ;) pw + T (0w jj + 9y jy5) pw
JE{ON—1}

In order to map this equation to a solvable type of stochastic differential equation we neglect all therms
where a third or a higher order derivatives occur (fourth line). This is exactly the truncated Wigner
approximation.

In the end, we map x; — 225, y; — 2241 to get an equation of the form:

- - F - 19 -
dhepw(Z,t) = =v..f(Z,t)pw(Z1) + §WDi,j(t)Pw(«Z»t> (159)
2,002,

with D; j = I'j(Nyes,j + %)51-]-. As already mentioned in this work, we use the Euler-Maryama method

and the Taylor method of strong order 1.5 to obtain the needed trajectories. Since the noise is addi-
tive the first method coincides with the Milstein one that has a strong order of convergence equal to one.
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Next, we discuss in detail the accuracy of the numerical solution of the equation above (sec. 5.1.1)
and formulate the same problem in the language of nonequilibrium Green’s functions (sec. 5.2). In both
cases we work with a lattice chain of three wells since the generalisation to larger lattices is analogous.
The explicit form of the Langevin equation corresponding to the truncated version of eq. (158) will also
be needed in the following subsections:

dZt = f(Zt, t)dt + U(Zt, t)dﬁ/t (160)
with:
Z0 J[—73] WA
7! J+2?] —ToZ"
> | 22 N MZ3+ J[-2Z°5-ZY +UL[+H(Z3)3 + (Z2%)%Z3 — Z3]
Z = Z3 f(th) - _A122+ J[+Z4 + ZO} —|—U1 [—(Z2)3 _ (Z3)2z2 + Z2} (161)
Z4 J[-23] Iy 24
z° J[+22] Iy 25

and o = diag(\/T (Nyes,0 + 1/2), /T (Nyes,0 + 1/2),0,0, /T(Nyes 2 + 1/2), /T (Nyes 2 + 1/2)).

5.1 TWA. Details on the numerical evaluation
5.1.1 Numerical computation. Noninteracting case

Since the Lipschitz and growth conditions are fulfilled (see sec. 2 of the appendix) we know that an
unique solution of the stochastic equation exist.

Comparison with the numerical results
We calculate a finite number of trajectories Ny that evolve within the time interval [0, T] and average
an observable over them. After some time # < T we assume that the system is in a steady state, and
take an additional time average of the observable, e.g. for the mean occupation number n; of the i-th
quantum dot this means ((n;(¢)) calculated in eq. (152)):

n; = 75 fg dr{n;(7)) (162)

The time integration is needed since there are fluctuations of the observable due to the finite number of
trajectories, so assuming that the fluctuations are around the true mean value we should get a better
result.

In order to get a feeling for the number of trajectories and the time step needed to obtain good results,
we plot the relative errors of the expectation value of the current between the last two lattice sites of the
chain in dependence of the chosen time step d¢ and number of trajectories N7 (tab. 1). The strength
of the fluctuations in dependence of Ny can be seen in figure (13). The results from those observations
do not change if the system one investigates is a chain of four or five quantum dots.

dt 100 T1002 T 1073 [ 107¢
A Euler-Maruyama | 0.694 | 0.049 | 0.004 | 0.004
A Taylor 1.5 | 0.509 | 0.054 | 0.003 | 0.004

Table 1: Relative error of the steady-state current between the zeroth and first element of a chain of three
quantum dots in dependence of the chosen method and time step. System parameters: I'o/J = I'2/J = 5,
J = 18717 A1/J =0, Nyes,1 = 4000, Nyes,2 = 100, U/J = 0.001. The number of trajectories used to calculate
the observable is Ny = 10%.

5.1.2 Numerical computation: Interacting case

—

The drift vector f(Z,t) from eq. (160) now contains terms that are cubic in z and thus the Lipshitz
condition is not fulfilled. Therefore we do not know apriori if a solution of the stochastic differential
equation exists. But if we construct the action S that corresponds to eq. (160), we see that no terms
proportional to the interaction are included in the Keldysh part of the full Green’s function. Since
this part of the action is responsible for the convergence of the path integral, and is unchanged by
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Figure 13: Left panel: Time evolution of the occupation number of the zeroth (solid line) and first (dashed
line) quantum dot (the same observable for the third dot is not plotted because of the different scales of the
results). Used parameters are To/J = T'1/J = 5, A1/J = 0, J = 1s~'. Right panel: Time evolution of the
current between the first and second well of the lattice for Nt trajectories. The parameters used are the same
as in the left figure.

introducing U # 0, it follows that the Keldysh partition function is still well defined. All terms of iS
proportional to U are purely imaginary. Their influence on the dynamics can be seen by the following
example. Consider an arbitrary path Z7(¢) = (29(t), ..., 2z5(¢)) that is nonzero and slowly varying in its
second and third components (those that are coupled to U in the Langevin equation). The role of the
interaction is to give a rapidly oscillating weight to this path such that it has no contribution to the
Keldysh partition function.

One can also look at the solutions of eq. (160) by setting the stochastic force equal to zero. For U =0
the terms proportional to I' are responsible for the convergence of the solutions to the zero-vector. An
increase of U leads to oscillations of the components of Z. The stronger U, the larger is the frequency
and the initial amplitude of the oscillations. But even in this case, the amplitude of the oscillations is
damped in time.

From the above discussion, one can assume that the failure of some of the numerical methods to converge
for large U is due to the finite time step one uses, but not because of the divergent behaviour of the
equation.

5.2 Formulation of the problem with nonequilibrium Green’s functions

The main idea of the method is already discussed in the previous chapter, so we only write down the
explicit form of the needed Green’s functions. The noninteracting GF of the chain of three quantum
dots is given by:

—ZL JO’Z 02><2 . .
— _FL R(2nL/R+1) ZFL/RQ’I’LL/R
G l=| Jo. (w—Ao, Jo Spp=| ol ;
(w) z z z /R _
02><2 JUZ —ER ZFL/R<2TLL/R+2) ZFL/R(QTLL/R‘FU
(163)
and the self-energy is:
O2x2  O2x2  O2x2
Yint(w) = | O2x2 Xw) O2x2 |, (164)
O2x2  O2x2  O2xo

where Emt(w) = Ytad + Vsun(w) is the sum of the Sunset and Tadpole contributions to the self-energy.
The subscript ij (¢,j = 0,1,2) denotes the block matrix position and the superscript n,7" (9,7 = %)
denotes the element of the block matrix. In the following, we will not calculate Y sun (w) since the Tadpole
approximations gives results that coincide qualitatively with those from the TWA. The Tadpole self-
energy is given by:

Staa = A% [9G y =U(l+nL+ng). (165)
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If we use the fact that for every A the mean particle occupation in the middle well is ny = 0.5(ng, +ng),
one can rewrite the correction to the energy level of the middle dot in the following form:

Al — Al —|—U(1+2n1)

6 Results

We present a systematical discussion of how the different parts of the Hamiltonian (see eq. (156))
influence the system behaviour.

6.1 First and second order coherence function

As already mentioned in section 2 the only quantum effects of the system that are captioned in the
truncated Wigner approximation come from the initial conditions (the probability density function at
to) and from the fact that we have mapped the observable operator Q to its Weyl symbol. We have also
argued that the coupling to a bosonic reservoir (or some dissipative term) should lead to decoherence.
So we expect to have a dependence between the reservoir constant I' = I'g = I's and the first and second
order coherence functions ¢ (4, 7), ¢® (i, ). Both functions are defined as:

g(l)(z}j) S L
V(alai)alay) (166)

. (alala,
9@@,j) = alanatan

The observables are plotted in fig. 15 for the noninteracting case U/J = 0 and I'/J = 5,50. First we
discuss the behaviour of ¢(?) (i,7). It is equal to two which is a direct consequence of the fact that the
Hamiltonian of the system is quadratic in the fields'®. In the limit of large occupation numbers this
value can be measured via the variance of the mean occupation number:

) =92 2\ — 92(n.\2

’ z < (n7) (ni) (167)
= Var(n) = (A7) — (1;)* = (i)

If we recall the theory of photon detector counting statistics, the result in the equation above can be

intepreted as having atoms that arrive at the dot in bunches. The statistics is analogous to that of an

incoming thermal light as soon as one compares the first two moments of the corresponding distribution

functions. In fig. 15 one observes that a decrease of I' increase the coherence as expected.

The same conclusions can also be made from the second order coherence functions plotted in fig.
15 . For i # j the value 9(2)(1', j) = 1 means that there is no correlation between the particle number
operators in the different wells, since

9P (i) = 1 & (i) = (i) (i) - (168)

191f one draws an arbitrary Feynmann diagram contributing to the expectation value of g(2>(i,i) one will first realise
that the symmetry factor is equal to two. Since there is no nonquadratic term in the Hamiltonian, the paths of two
particles to their final destination do not depend on each other (i.e. there is no graph that connects both paths). One
has first to count the different outcomes of the journey of the particle pair. There are two and they are plotted in fig. 14.
Because of the independence of both paths on each other and because the symmetry factor of every Feynmann diagramm
is the same, the sum of the paths of both particles factorises into a product of the sum of the paths of every one of the
particles. This product is cancelled by the denominator in the definition of ¢()(4,4), so only the combinatorial factor of
two remains.
In the same way one can show that

9@ (0,5) =1+ gW(i,5)9™M (4,9).

[ e e J
. >
Figure 14
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Figure 15: First (left panel) and second (right panel) order coherence function for a lattice chain of three
quantum dots. The crosses (solid lines) denote the result obtained from the TWA (Tadpole approximation).
Used parameters are A;/J =0 (j =0,1,2), n, =100, '/J =To/J =T'2/J =5 (upper panel), I'/J =To/J =
I'>/J = 50 (middle panel) and U/J = 0.001, I'/J =Ty/J =T2/J =5 (lower panel).

The result from fig. 15 can also be obtained exactly in the noninteracting case with the nonequi-
librium GF method. Assuming that I'> > 8.J2, the values of the first order coherence functions are?’

20Imposing T'? > 8J2, the determinant of G~! has six roots that lie on the imaginary axis (z = J/T'):

1 1 1 1
w2 = +il’ w3 4 = Fic ws 6 = B aF\/2—2$2—1/4—2$2 BF\/2—2332+1/4—23;2

It follows that all components of the Green’s function have six poles on the imaginary axis (which can be also removable).
With the use of the relations a + 8 = I', a8 = 212 and the Residue theorem all quantities of interest in this subsection
can be calculated since they are integrals over some linear combination of Green’s functions.
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(x =J/T,¢ =np/ngr):

1) _ 9ot e -1 1
19 (1,0)] = \/guf 0Gor @ VI+aZ G T ae
g™ (2,0)] = (169)
‘g(l)(Q,l | _ ISt (0)] _ oz ¢—1 1

VG (0)G5,7(0) Vita? (+1 \/z’“rﬁ'

Comparing the results of both approaches (that should be equal), we see that |¢™")(2,0)| deviates from
zero in the TWA. This is due to the finite number of trajectories. Even though g(l)(Q,()) oscillates
around zero its absolute value is always greater than zero.

Additional effects that appear in the system by switching on the on-site interaction in the middle
well can be seen in the first and second order coherence functions plotted in fig. 15. From the upper and
lower panel of the figure, one sees that the first order coherence between the left/right and the middle
well decreases (black and blue crosses) and the first order coherence between the left-right wells increases
(red crosses). If we think in classical terms, this can be connected with the fact that a particle transfer
from the middle site to the left /right reservoir changes the energy of the system, and this process should
be correlated with other additional processes in order to fulfill the energy constraint. Tunneling from
the left to the right reservoir does not change the energy of the system so it becomes more favourable.

The physics behind the deviations of the first and second order coherence functions can be better

unserstood in the case of a chain of four quantum dots, the middle two of them having a non-zero
on-site interaction. The result that ¢®)(2,1) < 1, in fig 16, is equivalent to having a negative correlation
between an arrival of particles at the site one and two?!. At the classical level, for large ”voltages”
(nr, > ng) we assume that the particles arriving at site j come mostly from its left neighbour, site
j — 1. If both j — 1 and j have nonzero on-site particle-particle interaction, a simultaneous arrival of a
particle at sites j — 1 and j should in most cases increase the total number of atoms in both wells by one.
But this is connected with an increase of the total energy of the system and makes such a simultaneous
arrival unlikely to happen.
The increase of g®)(2,2) and ¢(® (1, 1) means that particles arrive in large bunches, which leads to strong
oscillations of the current between the first and second lattice site around its steady state. Indeed, if
one compares the time evolution of the current between the neighbouring sites j — 1 and j I;_1,;(t),
one will see that the oscillations around the steady state for I1_,5 are larger than I, 3.

We end the discussion about the coherence functions with a final remark about the Tadpole ap-
proximation which can also be seen in fig. 15 and 16. We see that it qualitatively reproduces the
same behaviour of the first order coherence as the TWA. The Tadpole approximation fails completely in
describing bunching and antibunching effects that are visible in the TWA. This is because the effect of
interactions does not change the quadratic structure of the Hamiltonian but only modifies some of the
prefactors of the qudratic terms, e.g. in the case of a lattice chain of three wells with on-site interaction
in the middle one we have only modified the energy level of the middle well from A to A+U(1+ng+ng).

6.2 Mean occupation number and current.

6.2.1 Chain of three lattice sites

The linear dependence of the mean occupation number in the middle well and the steady state current
can be confirmed by the nonequilibrium GF method. The exact expectation value of the observables

210ne can check that the autocorrelation between n;, n; is given by:

<mi (n:)) (n; — m)> - 9 (i,4) 1

V() ma —m)?) (6?0 - 1) (6P G.3) - 1)
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Figure 16: First and second order coherence functions for a lattice chain of four quantum dots. The crosses and
solid lines denote the results obtained from the TWA and Tadpole approximations respectively. Used parameters
are A;/J =0(j=0,1,2,3), J=1s"', ng =100, T/J =To/J =T3/J = 5.

we are interested in is in the case I'> > 8.J2 given by (z = J/I):

<I> = J—lfzz(annR)
_ dw;~—+ _ _ np—ng x>

no = [ 5790 (w) =1L 2 T+a? (170)
— f dw -g—+ _ nptngp

ny = 2n Y11 (w) = T2 )
_ dw ;—+ _ nrR—"n T

ny = [ 52iGs" (w) =ngr — MG T+a22°

They are confirmed quantitatively by the results from the numerical solution of the Langevin equation
(eq. (160)) shown in fig. 17. They also prove the statement made in the beginning of section 5 that, if I'
is the largest scale of the system (z — 0), the particle number in the wells connected with the reservoirs
is approximately equal to ny,ng.

In the interacting case, one observes that there is no change in the mean occupation number in the

42



T T T T T T T T T T T [ T T T T T T T T T T T ]
2000 —UlJ=0 B HL X n, UN=0 x 25000
—Uun=10°TWA || | 4+ n, UN=10° ]
—— U/J=10" tadpole
1500 |- -+ ¥ - 20000
- 1000 | - ¥ - 15000
= L i c
IS X - 10000
500 |- aK* |
*BK
- - ¥ - 5000
X _
0r Pl ¥
1 N 1 N 1 N 1 N 1 N 1 C * N 1 N 1 N 1 N 1 N 1 0
0 1x10*  2x10*  3x10*  4x10* 5x10* O 1x10*  2x10*  3x10*  4x10*  5x10*
NN, n
T T T T T T T T T T T [ T T T T T T T T T T T
2000 |- — 4[| X n, un=0 x
—— Ul=0 3 ~ 4+ n, uu=o 3k 25000
—— UN=10° TWA L ¥
1500 | — UlJ=10" tadpole| || X n un=10 * 4 20000
+ n, UN=10° ¥
| X * 1
5 1000 | il * - 15000 C
= L * |
1+ ¥ 410000
500 - 411 X % ]
X %
- X % - 5000
or 3L a + + + + 1
1 N 1 N 1 N 1 N 1 N 1 C % N 1 N 1 N 1 N 1 N 1T 0

0 1x10*  2x10*  3x10*  4x10* 5x10* O 1x10*  2x10*  3x10*  4x10*  5x10*

NNg n.
Figure 17: Steady state current I and mean occupation number n of the middle lattice site for a chain of
three (upper panel) and four (lower panel) quantum dots. The results in the noninteracting case are plotted
with black lines or black crosses, the results from the TWA - with red lines and crosses, the results from the
Tadpole approximation - with blue lines. In the right panel there are no results from the Tadpole approximation
since they are the same as in the noninteracting case. Used parameters are A;/J =0 (j = 0,1,2), J = 1s™*,
ng=100,T/J =T¢/J =T2/J =5.

middle well, but the current does not have a linear dependence on the applied “voltage” any more. By
comparison of the current-voltage curves for different interaction strengths one can see that the deviation
from linear behaviour occurs at Un;/J ~ 1. In order to show this, we denote the mean occupation
number in the middle well with n; and the current through the well with I. For different interaction
strengths we take points n; where the relative current difference in the noninteracting and interacting
case is 0.3. The plot U vs. Uny is shown in fig. 18. It follows that the above defined condition for the
breakdown of the linear behaviour of the current is fulfilled for Uny/J ~ 1.8. One obtains analogous
results for lattice chains of four sites, the middle two of them having nonzero on-site particle-particle
interaction.

6.2.2 Chain of four and five lattice sites

We observe additional effects since there are two (three) sites with labels 1,2 (and 3) whose mean parti-
cle occupation is not fixed by the largest energy scale of the system. In the TWA, the linear dependence
of the mean occupation number in the middle sites 1,2, (3) on the applied voltage is interrupted if
the interactions Uy, Us, (Us) are switched on. From fig. 17 one sees that this difference increases with
increasing interaction strength and ”voltage” (ny — ng).

The nonlinear behaviour of the current can again be explained with the arguments used in the previous
subsection. The middle states of a classical particle transport from the zeroth to the third (fourth) via
the first, second (and third) lattice sites are energetically higher than the initial/final states. Since the
number of energetically unfavourable states in a larger lattice is higher, we expect that the current in
this system is smaller than the current through a system of three quantum dots. One can suggest that
a kind of a primitive Ohmic law exists, where the role of resistance is substituted by the interaction
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Figure 18: Left panel: Interaction energy per particle at the middle well of a lattice of three sites; U is the
on-site interaction at the middle well; The points in the graph are taken when the relative difference between the
current in the noninteracting system and the interacting system is equal to 0.3. Parameters: I'g = I's = 5571,
A;j=0(j=0,1,2), ng = 100, n = 15", dt = 107 Cs.

Right panel: Averaged interaction energy per particle at the middle two wells of a lattice of four sites; U is
the on-site interaction at the middle two wells; The points in the graph are taken when the relative difference
between the current in the noninteracting system and the interacting system is equal to 0.3. The parameters
are the same as in the left panel.

energy UN = Z;\/:EQ Ujn; (N - total number of lattice sites). This statement is examined for lattice
chains of length 3,4,5. The results are plotted in fig. (19) and do not reject our primitive statement.

In fig. 17 one can compare the TWA and the Tadpole approximation. The behaviour of the current is
qualitatively the same in both cases. In the TWA the current is a result of the competition between two
effects: an increase ~ (ny, —npr) that can be seen directly in the formula of the current of a noninteracting
system; a decrease because of the shift of the energy level of the middle dot A — A+ U(1 4+ ng + ng).
On the other hand the Tadpole approximation fails to reproduce the difference in the mean particle
occupation number of the middle sites of the chain.

6.3 Energy level of the middle well.

The decrease of the current because of an increase of the on-site interactions in the middle lattice site(s)
can be interpreted on the mean field level with the fact that an energy barrier for the particles tunneling
through the middle well arise. As explained in subsection 6.2, this originates from the fact that the

800 |- ]
° e 5wells
i e 4 wells
600 ° R ® 3wells|] |
L]
L]
- 400 °® -
— L[]
L]
L]
L]
200 e 4
® " o 0
oo g e @ . R
° °
ok .
1 . 1 . 1 . 1 . 1 .
0 5 10 15 20
UN/J

Figure 19: Current vs. interaction energy for the case of a lattice chain of length N' = 3,4,5; UN =
Z;\[:_IQ Ujnj, U; - particle-particle interaction strength at the j-th quantum dot, nj-mean particle occupation of
the j-th quantum dot.
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Figure 20: Steady state current (I) for a chain of three quantum dots in dependence of the energy level A and
the on-site interaction U of the middle dot. Used parameters are J = 1s™*, ng = 100, I'/J =To/J =T'2/J = 5.

energy of the sytem changes by an order of Uny if a particle moves from one of the boundary wells to the
middle one. The situation changes if one varies the energy level A of the middle dot. If we are completely
in the mean-field regime, then we can tune A such that the maximal current value is reached, as in the
noninteracting case. This possibility is checked in fig. 20. In the left subfigure the maximum of I for
different nonzero U shifts linearly with A, but the absolute maximal value decreases. The shape of the
graph I(A) becomes wider for increasing U (left subfigure) but is unchanged for increasing ”voltage” in
the system (right subfigure). So the mean-field theory is not enough to explain the qualitative changes
in the left subfigure.

6.4 Coupling strength to the reservoir

We consider again the case of a lattice chain of three quantum dots and non-zero on-site interaction
in the middle well. In order to understand the behaviour of the current in the TWA and the Tadpole
approximation in fig. 21, we will need more information about the spectral functions of the quantum
dots.

We recall the fact, that the spectral function of an isolated QD has a é-peak, that in general turns into
a wider curve after a coupling with some reservoir. This means that a quantum dot at energy &¢ is not
only accessible for particles with energy ¢ but also for particles with different energies. The time, that
a particle spends at this level becomes also finite.

For the case of a chain of three lattice sites coupled to two Markovian reservoirs, the spectral function
at the zeroth and last quantum dots (Sp(w), Sz2(w)) is the same. For increasing I" one sees, as expected,
that the spectral function becomes wider. The result does not change, if we vary the position of the
energy level A of the middle QD, except the appearance of a tight peak at w = A. In the following
discussion this effect is not important and we will not mention it any more.

The spectral function of the middle quantum dot (S;(w)) has different behaviour. For larger values of T’
the peak at w = A is almost unchanged. A shift of the position of A results in a shift of S;(w) leaving
also an additional small peak at w = 0 (see fig. 22).

Now, we look at the overlap of the spectral functions of the left and the middle quantum dots.
(So(w), S1(w)) (the results for the overlap between S;(w) and Sa(w) are the same). For A = 0 and
increasing I' the overlap is in the same energy range since the width of S;(w) is almost unchanged in
comparison to the width of So(w). Only particles in the left dot with energies, that are also accessible
in S;(w), can tunnel to the middle dot. But this number is smaller since Sp(w) spreads over a larger
range of energies and the particles at the left dot are distributed over this range. It follows that the
current should also decrease. This should explain the difference in the slope of the curves plotted in fig.
21 for small voltages n;, — ng. The same behaviour can be seen also in the first line of eq. (170).

With this simple picture we will also explain the position of the peaks of the curves plotted in fig.
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Figure 21: Steady state current for a lattice chain of three quantum dots coupled to two Markovian reservoirs
in dependence of T' = 7D(w)y? (D(w) = const - density of states of the reservoir, v = const - coupling between
the chain and the reservoir). TWA (left panel) and Tadpole approximation (right panel). Used parameters are:
U/J =0.001, A/J =0, ng = 100.
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density of states of the reservoir, 7 - coupling between the reservoir and the lattice, A-energy level of the middle
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21. In the Tadpole approximation we know that an increase of the interaction strength leads to a change
of the energy level of the quantum dot (A — A 4+ U(1 + ny, + ng)) We have to take into account the
following facts:

e For higher values of I Sp(w) is non-zero in a larger range around w = 0. So there is an overlap
between Sp(w) and the peak of Sij(w) at w = A for a larger range of values of A. Since A is
proportional to U(1 + ny + ng) = Uny, this means that if we keep U and A constant, then the
overlap between Sp(w) and the peak of S;(w) around w = A is non-zero for a larger range of
values of np,.
= Particles in the middle dot with energy ¢ = A can tunnel to the left quanum dot, because the
left QD can be excited at this energy level, and vice versa.

o If A is above some value, the overlap between Sp(w) and the peak of Si(w) at w = A drops
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significantly.
= The number of possibilities for particle exchange between the dots decrease.
= The current decrease.

So this should explain the fact that the peak in the curves plotted in fig. 21 shifts to the right for higher
Ir.

6.5 Limit of low occupation numbers. Comparisson with the Quantum jump
method.

We close the section with a short comparisson between the TWA and the quantum jump method in
the limit of low occupation numbers and high interaction strengths. The only approximation that is
applied in the Quanum jump methid is the use of a cut-off for the maximal occupation of a quanum
dot. In our case the maximal occupation number N,,,, = 40. The behaviour of the steady state current
in dependence of the interaction strength U is given in fig. 23. Both approaches give in this range
quantitatively close results. Although the Quantum jump method can be applied for higher interaction
strengths, it requires larger evolution times and a smaller evolution step in time, which makes the use
of the method for this problem not appropriate.

T T T T T T T T T T T
* X Quantum jump
04l + TWA |
X
2 L i
2 02 +
T
><;l<-¥
+
ool + + £
1 1 1 " 1 1 1
0 1 2 3 4 5
u/d

Figure 23: Steady state current (I) for a chain of three quantum dots in dependence of the on-site interaction
U. TWA (blue crosses), Quantum jump (red crosses). Used parameters are J = 1s %, np, =5, ngp =4, A/J =0,
r/J=To/J=T2/J =5.
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Part IV
Conclusions

In this thesis we have investigated the quantum transport through a quantum dot coupled to two bosonic
reservoirs.

In part two we have discussed how to describe the effect of a noninteracting bosonic gas condensed in
energy, that is coupled to the system. Next, we have added an on-site particle-particle interaction to
the system and we have assumed that the particles in the bosonic reservoirs are confined by a harmonic
potential. Using a simple self-energy approximation that conserves the causality condition, we have
extracted the change of the spectral function of the quantum dot. From another current conserving
approximation we have calculated the dependence of the steady state current on the interaction strength.
We have made the following observations:

e The inclusion of a noninteracting bosonic gas, condensed in energy (gp), does not modify the
steady state of the system. The system is modified only by the existence of the energy level &.

e For an increasing interaction strength the peak of the spectral funciton shifts to higher energies
and gets wider, as expected. Although we have taken corrections to the self-energy that go beyond
the Tadpole approximation, it turns out that these corrections are not significant.

e There is a resonance condition for the strength of the current, that depends on the position of the
energy level of the dot. Because the interaction U effectively shifts the energy level of the dot, we
observe an increase/decrease of the current in dependence of U and the initial position A of the
energy level.

We have to note that in calculating the Sunset approximation of the Self-energy we have chosen the
system parameters such that no poles in the noninteracting Green’s function occur. This makes the
multidimensional integrals over a product of Green’s funcitons well defined. If there are poles, then one
has probably to sum over an additional set of Green’s functions such that these poles are removed.

In part three we have studied a chain of quantum dots with on-site particle-particle interaction,
that is coupled to two Markovian reservoirs. First, we have motivated the use of a Master equation in
Lindblad form and then we have mapped the problem to a set of Langevin equations. We have shown
how to derive the same set of equations from an action. This has allowed us to apply two approaches
to solve the problem: the Truncated Wigner approximation (TWA) and the approximations applied in
part two.

The behaviour of the system in the noninteracting case is solved exactly via the nonequilibrium
Green’s funciton method and we have written down the results for the current, mean occupation number,
first and second order coherence. There are two interesting aspects to point out:

e The connection between the degree of coherence and the coupling to a Markovian reservoir is
shown explicitly in eq. (169). The expectation that a stronger coupling to the enviroment should
decrease the coherence is fulfilled.

e In eq. (170) we see a linear dependence of the current on the applied voltage.

In the interacting case we have rewritten the action in terms of classical and quantum fields and
pointed out, that the classical part of the interaction is completely taken into account in the TWA. From
the numerical simulations we have observed that in the TWA the following changes of the observables
occur:

(i) The current vs. voltage curve does not have a linear dependence any more but has a clear maximum
at finite voltage. The position of the maximum is approximately at the point where the interaction
energy is equal to tunneling energy. The behaviour of the current in dependence of the applied
voltage, the interaction strength and the coupling to the reservoir can be described qualitatively
with the Tadpole approximation. We have found also a simple explanation for these effects, that
is based on the form of the spectral functions of the quantum dots.
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(ii) The mean occupation number of the lattice sites that are not connected directly to a reservoir is
not the same any more but one observes self-trapping effects. This effect is not captured by the
Tadpole approximation.

(iii) For the case of a chain of four lattice sites there is a negative correlation between an arrival of
particles in the middle two quantum dots. The second order coherence g (i,1) also increases for
very high voltages, i.e. the particles arrive at the dots in bunches. For the first effect we have
found a qualitative explanation with the use of arguments based on the change of the total energy
of the system.

The problem of an increasing lattice chain coupled to two Markovian reservoirs is also solved ap-
proximately with the use of nonequilibrium Green’s functions. We have applied only the Tadpole
approximation since it conserves the causality condition and the steady state current. So we also know
apriori that the points (ii), (iii) can not be fulfilled. If one compares the behaviour of the steady state
current in dependence of the voltage ny — nr and the interaction strength U, there is a qualitative
agreement with the TWA. But the position and height of the peaks is different in both approximations.
In the end, we have assumed that there is an universal behaviour of the current, which depends on the
. . N—2 . . o
interaction energy of the system (UN =} =1 U;n;), n; - mean particle occupation at site j. We have
done simulations for a lattice chain of 3,4,5 wells with on-site interaction in the middle one,two,three
wells. The reults plotted in fig. 19 do not reject our assumption.

In this work we have managed to obtain and explain the behaviour of a system coupled to two
Markovian reservoirs by the use of two methods. But considering a more realistic reservoir we faced
with a large amount of difficulties and we were not able to capture the influence of the particle-particle
interaction that go beyond the mean-field effects. A possible way to do this is to describe the problem in
the form of a set of stochastic intgro-differential equations like those given in eq. (136) and solve them
numerically. We have already mentioned that the main drawback of this method is the memory and
computation time needed to simulate a stochastic process with the desired autocorrelation function.
But if we consider a reservoir whith density of states D(w) such that the Fourier transform T'(t) of
7D(w)y?(w) is a function decaying sufficiently fast in time, then the autocorrelation matrix given in
eq. (134) can be approximated with a band-matrix. The faster the function T'(t) decays, the smaller
is the width of the band of the autocorrelation matrix. The decomposition of such a matrix and the
memory needed to save the coefficients, which we need in order to generete the desired collection of
random variables, are problems which complexity dependes linearly on the width m of the band of the
matrix. So if m is sufficiently small, the problem can be solved numerically.
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Part V
Appendix

1 Higher order approximation of a stochastic integral. Ito for-
mula.

In part 3 we have argued that the increments of a Wiener process dW; = Wy 4. —W; can be approximated
by (Vdt, i.e. dW, is an infinitesimal of order 1/2. In order to derive a better approximation of the
stochastic differential equation one has to know how to approximate products of infinitesimals like
(dW3)?%, dW,dt, etc. One can show [34] that (dW;)? = dt in the sense that for any nonanticipating
function G(t) the following relation holds in the mean-square limit:

Jo (dW)2G(t) = [, dt'G(t) (171)

One can also show that (dW;)N = 0 for N > 2 and dW/idW] = d4;dt for two different Wiener processes
labeled with ¢, j. With these basics the formula for an infinitesimal change of a function f that depends
on some stochastic process X; can be derived?? (X € R, A € R?, B € R™>*™ W € R™):

dXi = A{(X,)dt+ B9dw}
2\ odxEyoaf(X af(X j dXF N (dXF\ 92f(X i 1tird
df(Xt) - ( dt ) 6)((’“) R -d +(dW]) 8)((k) & )th]_F%(de)(de)axkéx)l% < )—(dtWtdetj
(172)

If one replaces the derivatives of X, with respect to dt and dW; with the expressions in the first line of
the last equation one arrives at the Ito formula. It allows the calcualtion of the trajectories of a function
of a knwon porcess:

_ X 0% f(X
f(Xt) = tho +ftd5[Ak )g)((k) X=X, 1Bk]Bk]8X£<(9X)"

|+ R S|

(173)
One can apply the same formula for the drift and diffusion coefficients of the last equation and so obtain
an approximation of higher order. In this thesis we deal with stochastic equations where the matrix B
is constant (In this case the Euler algorithm coincides with the Milstein algorithm which has a strong
order of convergence equal to 1). This makes the expansion of a stochastic process up to second order
in dt a relatively simple task ()2 € R, Ae R?, B € R4x™, W e R™):

i i % t ii rt :
Xt - Xto+A(Xto)L dS—‘y—Bth Wj—|—
Z \OAY(X 92 A t s
{Ak(Xto) a)ék) + B’”B’” X’C(’)(Xi] Xfo ds [, ds'+ (174)
PR - O
kj 0A (X) kj ki 02AY(X) ) t s i
B J X )Z:)Z fto dS ft dW] —+ B ]B J ORI fto dS _[;50 de, ft de,,
to 0

For t = ty + At the integrals in the first two lines are known. The first integral in the last line is a
process which increments can be approximated by a normal distributed random variable AZ with zero
mean, variance equal to %At?’ and covariance (AZAW7) = 1 At? (AW is the incrment of the Wiener
process W7). Both, the increments if the Wiener process and of the new process, can be generated with
the use of two independent random variables ¢*, (2 ~ N(0,1):

AWI | (ApY? 0 G
{ AZ } 3(AY2 (A2 {Cz} (175)
U ¢

One can proove that this gives the right covariance matrix:

(A2 ] [ (AWIAWYT) (AWIAZ)
(At)3 ] { (AZAWT)  (AZAZ)

P At

(WO = U@ =vuT = | | N, (176)

SN NI

22T this section the superscript denotes an element of a vector and the subscript refers to the time.
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For the special problem we are interested in, all coefficients that are multiplied to the last integral are
equal to zero, so there is no need to evaluate the last integral.

The use of this second order Taylor method allows us to work with larger time step dt, but one needs to
perform more trajectories of the process Xt than in the Euler method in order to capture the additional
correlations between the processes AWJ and AZ.

2 Strong order of convergence of a process

The Strong order of convergence of some method for an Ito process can be defined only if the process
obeys the existence and uniqueness condition. It is given below.
Existence and uniqueness condition.
It is given the Ito process
dX; = f(t, Xy)dt + g(t, X¢)dW, (177)

with the following properties:

e f.g:[ty,T] x R = R are continuous in both variables.

f, g fulfill the Lipshitz condition, i.e:

Lix—y|] L>0

||J;((i’,?) :J;m i Liz—y| L>0 (178)
for all z,y € R, uniformly in ¢ € [tg, T.
o f,g fulfill the Growth condition, i.e:
[f(t2)] < K(l+[z]) K>0 (179)
lg(t,z)] < KQ+lz]) K>0

for all z,y € R.

The initial variable X, is non-anticipative transformation of a Wiener process, i.e. it does not
dependes on W; for t > tg.

The initial random variable X, fulfills the condition:

(Xiy) <00 (180)

Under these conditions the Ito process has an unique solution with initial value Xy, .
Now, for an Ito process that obeys the above condition, we denote the exact solution with Xt, t e
[to, T]. The solution obtained by some numerical algorithm with time step A is denoted by X, ¢ €
{to,t1,...ta}, tj =to + jA, ty = to + NA = T. The numerical algorithm has a strong convergence of
order v > 0 if: R

max(| Xy, — Xy, [) < KpA? (181)

where K is some positive T-dependent constant.

3 Quantum Jump method

This method is an alternative of the TWA in the limit of very low occupation numbers. We start again
with a Master equation in Lindblad form but instead of using the correspondence principle we truncate
the Hilbert space. If its dimension is A then the master equation in Lindblad form for the density
matrix is equivalent to a set of N2 coupled differential equations. The complexity of the method we
present is of order .
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For the Master equation in Lindblad form given in eq. (115) we rewrite the definition of £ in the
following form:

L©G) = =13 (ehémo + 68 — 26m0¢l,) — 33 (Eméh,o + aéch, — 28 6¢)
ém V20 (N + D)y,
e = /20 (N + 1)al, (182)
em = V2T Npim
e, = VeL,Npal,.

Since we work with a chain of quantum dots m is an index that denotes the different dots of the sys-
tem. We assume first that at the beginning of the time evolution the system is in a pure state, i.e.
a(0) = |¢(0))(¢(0)| but the approach can be generalised to arbitrary states. The wave function |¢(t))
is evolved in small steps. For every step it has in general two possibilities for evolution: it can evolve
via a non-hermitian Hamiltonian or it can perform a quantum jump to another state.

1. In the first case the non-Hermitian Hamiltonian is given in the form:
H=H-23 &, —23 &ncl, (183)
One applies an infinitesimal evolution of the state |¢(t)) with H followed by an additional renor-
malisation: o
(1 — £HAt)|o(t))
(B[ (1 + £HTSt) (1 — £HSt)|o(t)))

From the denominator of the last expression one takes only the terms in zeroth and first order in

ot:

(O] 100 (1 HANIOW) = 1= S eI, Enld(t)) ~ 5 GOEELIM) (oo

5Pm Jﬁm

6t +61)) =

— (184)

The probability that this evolution is applied is defined as (1 —ép) with op = > 0Dm +>_,, ODm-
The quantities dp,,, 0Dy, define the probability of the system to perform a quantum jump into a
state with lower, higher particle number at the m-th site respectively.

2. The second possibility for the evolution of the function - the quantum jump, is given by:

—  tmlé®) ; 1
lp(t +dt)) = W with probability dp,,, (156
lo(t+6t)) = “=l2O)  with probability 65y,

\ 0Pm /5t

The denominator renormalises the new wave-function.

The sum of all evolution possibilities is equal to one by construction. One has only to choose a
time step that is so small that dp < 1 since we want to have a positive probability for nonunitary
time evolution. In order to evolve the state from ¢y to ¢ we generate at every step a random number
¢ uniformly distributed in the intervall [0,1]. We divide the intervall into subintervalls with lengths
1—6p,dp1,--.,0pN, 0P1, - .., 0D - Dependent on the case in which domain ¢ lies we perform one of the
evaluation steps given in eq. (184),(186) The density matrix for one particular realisation from ¢y to ¢
is then:

oi(t) = [6:(t))(¢i(t)] (187)
The average density matrix of the system after performing Nt evolutions of the state |¢(t)) is:
ot) = 5 L la) )] (188)

If the initial state of the system is not a pure state we can always represent it as a sum of pure states
weighted with some probability:

a(to) = 32; pi|¢7 (£)(¢ (1)] (189)
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and we have to perform an additional sampling of the initial states such that the probability to pick
|¢7 (to)) is equal to p; for all j.
The calculation of the expectation value of some observable O is straight forward:

A N
(0) = 5= X5 (6:(D)[O] (1)), (190)
One can prove that &(t) coincides with o(t) by showing that they obey the same equation of motion.

A simple proof can be found in [43].

4 Sokhotsky-Plemelj-theorem

Given f(z) - complex valued function which is well defined on the real line; for a,b € R with a < 0 < b,
it follows:
lim v f(z)

e—=0t J, T+ e

———dx = Fin f(0) + ’P/ J(z) (191)
where P is the Couchy principal value. For f(z) = d(x — 2’) one gets the following relation:

lim i = Fw(@) + Py (192)

e—0t T

5 Short notation for the arguments of a Green’s function

In a steady state the propagator depends only on the time difference of its arguments. So one often uses
the following short notation:

Guuw) = 2T0(w—w)Gw) (193)
The short notation in the time domain is:
Gy = [ Ghre e Gy
Bre e M ) Gl (194)
= [gre =G,
= G(t—t’)

The inverse of the steady-state Green’s function is given by G(_wl wy = ié(w,w/)G(_wl). One can verify
that:

fdw G(w w/)G(w wry = fdw’?wé(w_w/)G(w 5(111’ w”)G( N = (5(w_w//). (195)
The short notation for the self-energy ¥ is extracted from the following equation:
1 _ -1 _
G(w w’’) - g(w’,w”) E(u}/,u)”)
= i Gy = &6 =3 196
or O(w' —w") T )y T 2rm (w/—w”)g(w/) - H(ww'") ( )
Z(w/’w//) = ié(w/fw//)Z(w/)

6 Derivation of eq. (49)

In the following we consider the Hamiltonian H' = Hy + 3, ('ykLﬁL& + ng&Tﬁk)7 Hy=3, skI:LIA/k
but the result can be generalised to a wider class of systems.

One writes down Gy (t) in the Interaction picture representation and then expands the exponential
function in the expression below, namely the time evolution operator U, 2

P —i [dr(v. LT a ral b, -
Gult) = —i(T, LHok(f)&H s Oy 10 Ho(”LHw‘”)%
= =i ¥ G L (Ll H( Ly ey + 9,0 L))o (197)

2)271 +1 2n+1

_ 7T FYN )
= ZZ @ntT J.dn. 2n+1<TLk(t)a(O) U (’Yk,-ij(rj)a( ) Ve s )ij(m))>o

23We have dropped the subsctript H, in the second and third line of the equation.
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In the last line we used the fact that the even powers of the exponential have zero contribution to the
Green’s function since the total number of L, LT fields is odd. We select only terms of the exponential
that contain (n+1) times L and n times L. The combinatorial factor we get from this selection of terms

is ((jﬂ')l,;, since (o + B)2+l 3 antlpgn ((3141_)1!2:' = " tipgn (27:1_?11)_ Then we contract f/k(t) with one of

the ij (r;)-terms. Since there are n + 1 possibilities to do this we get the factor (n+1). So the overall

combinatorial factor in every term with (2n + 1) integrals over time is We also use the Green’s

function of a noninteracting bosonic reservoir:

n'n'

Jrkr L (4t = Ot Gphs () = LT [ﬁochf (t) H k’(t')} = 6kk/(_i)<ch;H0,k(t)[A’TH0,k'(t’)>0 (198)

So we get?4:

s (—i)2" Jf n+1 5t . 2n+1 X N
G (t) = —i ZO i Je A o Ve Gk (- n)<T (ry () H (e, L, (7)) H+2 (i, (s, L, (Tj))>0
n= j=n

(199)
One can compare for every n € Ny the terms from the sum in the last equation with the terms from
G11 (Tl, 0)25

Gll(Tl’O) = _7’<T aHo(Tl)aHo(O f (’Yk k( )a(T>+%€ (T) k(T )>0
2n+1
_ T TN £ ot 7
= —i Zn 0 (2n)‘ f dry opis <Tca(ﬁ) E 0) 1:[ (%ij ()0t ija(rj)ij (Tj))>0
) oo i . R n+1 . R 2n+1 . N
= -1 Zn:O (n!1)1! fc d7'2,.,2n+1 <Tca’('rl)a'(tO) H2 (’ykjL-‘];j (Tj)a(‘rj)) . H+2 ( Vi, a'(f )ij (Tj))>0
j= j=n
R R (200)
We have used again the fact that terms with odd number of L' + L operators are equal to zero (second
line) and that the number of LT and L operators should be equal (third line) and (a+3)%" > a”3" (2:) =

B2 Comparing eq. (199) and eq. (200) one gets the relation:

n!n!
Grit0) = e J. 4791k 1.0, G11.(r,0) (201)

The same proof can be made also for the Hamiltonian in eq. (45).

7 Detailed calculation of the Green’s function of a chain of two
quantum dots
The Hamiltonian of the system is26:

H = Aa'fa + Aza®fa® —na'fa® — nra®fal (202)

We use the coherent states basis {|@;)} with |a@;) = |aj a?) (the index j refers to the time) which have
the properties:

byli) = 5 = el ¢
and) = apl) 00
D= I (B ™0 000

We define the contour in the Keldysh partition function such that the beginning and the return points
are at the finite times ¢y and ¢;:

B tr[ﬁofc (e_% fC drﬁ'(f))]
Z = Tl
= [TI2-, 2829 (@ po|do) e -0 (203)

m

= [TI3, demidefo 2| %o (G o pld o) (ol _o)e T o d-0=dto ko

W yo=strlp...].

25all operators are again in the Interaction picture representation and we drop Hg after the first line of eq. (200).

2611 this section the superscript of an operator denotes the postion in the lattice and the subscript denotes the position
at the time contour.
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N-1 N
f f |
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N1

Figure 24: Contour branch on which the operator 7% acts. The forward (from ¢, to t) and the backward (from
t- to t) branches denoted with (—) and (+) are divided into N and N’ peices.

In the second and in the third lines we have inserted the completeness relation ($<$<). Since both
fields are at the initial time ¢y (the subscript ¢ of a refers to the time tg) we have added an additional
subscript [ = + to distinguish them. The minus will refer later to the forward and the plus to the
backward contour. Now divide the forward and backward contours into N, N’ parts as shown in fig. 24
and then let N — oo, N — o0, ty — oo and t; — —oo. Insert at the division points the completeness
relation ($<O<). The propagation from tg at the forward branch to ¢y at the backward branch can be
expressed in the form (A =1):

e L s L L G R

iHAt

(@,

ZHAt|c_i, N>

(@ ole™Ady 1) (@ ale : 6iHAt|5+,N'71><5+,N/71 le

<&'_7N|efiHAt|d_7N_1><d_7N_1|efiHAt o 67iHAt|(_i_,1><&'_71|67iHAt|d'_70>
(204)

—iAtH with the corresponding normal ordered expression and

For very small At one can approximate e
replace G, al with a,a*. The final result is:

(@4 0ld_o)e™ (@ 0:0-0) (@ 0-d+0) —

N N ’I’LE{]. 2}
D[&’*@']exp[ =A@ At Y A A 1 — AT Y, A ‘Lm D o1
m=1 ’ m=1 ’ m=1...N
: al
+iAt 3 (nata? oy +ta? el )] ol
m=1...N
N'—1 N'—1 ne{l,2}
xexp[ Z _ai,m"6+7m/ + Z C_ij»,m’fl'a‘f‘,m' + iAt Z A’ﬂaxj?m’flaﬁ,m
m/=1 m/=1 m/=1...N'—1
—iAt Y (e, _yd® .+ e, _jal )] 2
m/=1..N'—1 ’ ’
xexp[ — C_ii70.6_i_70 — c_ij_,o.c_i%_’o] o3

X exp [617N/_1.6,,N + 1At (Alaj_{N,_lal_yN + Aga’f,N,_laaN — naj_{N,_laQ_W — 77*‘112,1\//—1“1—,1\/) ] ' Y
(205)
We have used the shorthand notation for the integration measure:

e 2 o™ da™ 2 da"™da”
Mmdﬂ(ﬂ’Q”)H(H*uJ> (206)

7 \m=1 7 \m/=1

The terms (# 1) come from the division of the upper part of the contour (—oo,c0) into N parts, the
terms (# 2) come from the division of the lower part of the contour (co, —o0) into N’ —1 parts (At-terms
have plus-sign), (# 3) is the exponential from the very first line of the last equation and (# 4) comes
from <5L‘+,N/_1|€iAtH|d_7N>.

Look at the terms from (# 1) line. For At — 0 they can be represented in the form:

j=12 .
At ST |aY

[a?

L) A g

—,m

mfm 1:|+ZAt Z [nafmfm 1+77* tlm 27777. 1]:

m=1...N mf N
— [ dr [0 () (0r + D) ak () + a7 ) (05 +iD5)a? () — ina™ (rya? () — in*a”? (r)a(ﬂ]( |
207

56



In the same limit the terms from (& 2), (# 3), (# 4) are equal to:

Joo dr [0 () (0 + i) al (r) + a2 () (0r + i) % (1) — a3} (1)ad () — " @ (rak ()] +

\ ) ) (208)
A1 (00)8—(00) — Gy (00)y (00) — A (—00)@—(—o0)
One has to use now the definition of a Fourier transformation of a field to obtain:
S dral ) (0 +idg)a) oy = =i [7 5207 ) (w = Aj)a] (309)
[dral aley = [T $a el w)

I € {+,—}, 7 € {1,2}; in the second line j is the complement of j. Going from the discrete to the
continuous notation one can drop for a moment the boundary terms of the second line in eq. (208) in
the definition of the partition function Z. One also drops the term (@_ ¢|fo|@+0). So one can formally
write the partition function in the continuous notation as:

2= [ Dy e (210)

The action S is defined as:

|>—-[\3‘D~

a+<w> a2—<w> a% (w))

w)
The Green’s function is given by the 4x4 matrix (o, - Pauli z-matrix):
—1
Gy = | Tl T 212
(w) 1 02 gzzl(w) ( )

and the GF for an isolated singe quantum dot is g;jl(w) = (w—Aj)o (jj € {11,22}). One should note
that the 4, — fields are correlated because of (@_¢|po|d+0) and the terms in the second line of eq. (208).
One can show [26] that going from the discrete to the continuous notation the Green’s functions takes
automatically these correlations into account.

8 Quantum dot coupled to two bosonic reservoirs. Self-energy

approximation
In the following example the self-energy of a chain of sunset diagrams will be derived. The same idea
can be applied also to a chain of tadpole diagrams and generalised to the case where both diagrams are
included simultaneously.
The Hamiltonian of the system is given by?”
H = Adta+Y, e llLl, +>, e kLR, (213)
+ 3 (e Lha + 7500 0y) + X0 (g By, + A g Rla) + Safataa

We will use the following notation:

27In this section we have changed the sign of the tunneling terms . So we do not have to count the additional minus
signs arising from these terms in the following approximations.
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<. . .>0 = ﬁtr[AO 7’LdeH;‘Io(T)IU,‘y,:y:O:|
t ~
ttk too}C — (*Z)(TaA o () HQ(TtO)> = 911(tio)
t-k—<t—-k/: (_Z)<T0RH0,I¢()RHo,k’(to)>0 = Ikk:R(t,to)
B CE) ~ B
tf\f\-t/ = (_Z)<TLHka(t)TLHO,k’(to)>O = GpprL(tito)
#0 J—
k (7Z)<T Ho(t)aHo(to)>ﬁ = g(t,to)
k—e(\f\./ Y
--<—>€<—k Y
—X=— & g

a3

X

8.1 Symmetry factor of diagram contributing to the full propagator in the
U=0 case

We use a shorter notation for the operators in the Interaction picture a1 = an,(r,) and the contour
integration [ d., , = [ d. [ d,...d., . For simplicity we assume that the reservoir consists of only
one mode (yx =, Y& = 7, R, =R, etc...) but the results can be generalised for many modes. Now we
expand G ¢ +,) (t=<=t) in powers of the exponential weighting factor:

(0]

(—)(Toadl) = (—1)(Toagaf e arOFlatralleqal ey la)y
= (=)(Tedal,)o + (~0)* B f, oLy, LiayaiLo)o + . (214)
t—‘—t + —<—f\j\,—<— +
0

One can show that the symmetry factor for every diagram is the same. Take one diagram that consist
of N1 —eXP, Ny "P\K=—, N3 —eX——-, Ny -—<-X—-— parts. The relative order of the different parts
is also known. To obtain the symmetry factor we look onto the expansion of =(= and extract from it
the diagram we need: fo

_,yni-+ng+ngtng+1 A e B A ny+nz+nz+ng
g(t,to) = ((ZMTIM)‘CTC (f d-,—'yLTa +P)/ aTL + TR ’y Ria_r) 0
ny+ng4ngtng+1 +no+ns+
3 ((ZMW’Y 7*n27*n37n4m% Jdm1 ny g 4ngna (T atazox
ni St ni+no R ni+no+ns “ ni+ns+ns—+ng g
x I] (Lt,-atj) II ( ag, Ly ) I1 (Rtjatj) II (athtj)>0
Jj=1 Jj=ni1+1 j=ni+nz+1 Jj=ni+nz+nz+1
nj ~*N2 2 %n3 30 on;+1
= 7 1’7 n2,y 37 4nl!ng!lng,!n4! fl,... (_Z)Zl < . '>0
*
(215)
In the second line we used that (a1 + ... + @)™ T "m 3 Wa{“ ..am. The graph we are

interested in is contained in the x expression. One applies the Wick’s theorem (i.e sum overall possible
factorisations into pairs). A part of this sum gives the expression for our graph which consists of
a product of GF’s and a symmetry factor S’. One can easily realize that S’ = nqlna!nglng!. One
can imagine that the graph has n; —->QUPL, no NP E<—, N3 —e——-, Ny -—e—<— empty places and
exactly the same number of blocks for disposal. For every ¢ then the number of possibilities to distribute
the n; blocks at the n; free places is n;! and one gets the above result. S’ cancels the denominator from
the last equation and one gets that the graph we are interested in can be expressed as a product of
the propagators given in the beginning of the subsection and "1y*"24*"33"4  There is no additional
symmetry factor.
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Allowing to have more modes in the reservoir does not change the result. One just has to add an
additional index j to mij,naj, n3;, na; where the second index refers to the mode of the reservoir, e.g.
n1,; is the number of —«3\U and the proove can be done in the same way as for one-mode reservoirs.

8.2 Expansion of the full propagator (U # 0) in diagrams

Expand the full propagator in diagrams in the same way as given in eq. (214). First select the diagrams
proportional to UY. They sum up to =(=t which is already known.

0
Derivation of the symmetry factor of a Sunset diagram.
Select one Sunset diagram ~ U? (see fig. (8.2))?%. On every one of the five legs there is a finite
number of 1y 1 —€SRAP\, Ny 2 NPNK=—, N 3 —<XK——-, N 4 -—<>—— blocks (I = L,T,M,B,R), ("L” -
left,”T” - top, "M”-middle, "B”-bottom, "R” - right). The total number of the of blocks of every type
isn; =>,m,; (j=1,...,4). There are also two vertices with four legs. In order to find the symmetry
factor of the diagram we look at the expansion of the full propagator G(¢,ty) and extract from it the
diagram we need:

_,\n1tnotng+nyg+3 ~ _,*/‘ ~ At At A A
G(t7 tO) = Enfln2+n3+n4+2)l <T ata’t (f dT’}/LTa + vy aTL + I‘RT + Y R‘Jrr'aT + UO,I.CLICLTCI/T
+ng+nz+ng+2)!
3 (n1+n2+n3+n4+2)'7 7*"27*"37 ( %) Q(rzflll';l(znz:l)gnj"; n4)‘) del 2 n1+n2+n3+”4+0< ”>O

) ni+nz+nz+ng+2

*k
(216)
The U-term carries four operators unlike the other terms in the Hamiltonian that have only two. In

ny

Figure 25: Sunset diagram. Every line of the diagram can contain an arbitrary
number of ny 1,n4,2, 1,3, 11,4 blocks.

the ()¢ brackets there are ny + ng 4+ ng + ny + 5 pairs of operators and we extract an (—i) factor from
U in order to have an equal number of (—¢) and operator pairs in (*x). This is the reason why the
interaction vertex is equal to iU and not just to U. In the second line of the last equation we took the
symmetry factor from (a + b+ ¢ + d + e)mTnetnstnat2 5 2('7(1711??57;7'33(1?';&24)’) ambnzcnadtae?, The (xx)
term can be expressed as before as a sum over all possible factorisations into propagators. A part of
this sum gives the expression for our graph which consist of a product of GF’s and a symmetry factor
S’. S’ is equal to 8 if both the middle and lower internal lines propagating in the left direction (labeled
with M,B) are bare propagators and it is equal to 16 in all other cases. This factor does not depend
on the configuration of the two external legs and one can “tear” them off from the diagram if this is
needed. If one adds all Sunset diagrams from the expansion of G(t,ty) one gets:

k -~

J

Boring and lengthy derivation

1. Connect a(;) with some —eX\\, or —e>X—-- or equivalently choose some of the —e>xXupy or
—<>—=-- blocks that are not connected. Do this until the left external leg (labelled with L) is

28here every line of the graph could be any contribution form the propagator G(t,to)
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complete. The number of possibilities to do this step is:

n1~g §~'-(n1—nL,1+1)><
ng-(ng —1)---(ng —np2+1)x
s - (n — 1)+ (ns — g s + 1) @17
ny - ( ) (g —npa+1)

2. Pick one of the two vertices. The number of possibilities to do this step is 2.
3. Pick one of the two outgoing legs and connect it with the L-leg = two possibilities to do this step.

4. From the already picked vertex take the other outgoing leg and build the propagator labelled with
index U (the only one that moves in the right direction)The number of possibilities to do this step
is:

(n1—npa1) - (1 —np1 —ny1+1)x

(ng —np2)---(n2 —np2—nyz2+1)x (218)
(n3—ngs) - (ng—nrs—nus+1)x

(na—npa) - (na—nps—nya+1)

5. Pick one of the remaining unselected vertices. The number of possibilities to do this step is 1.

6. Pick one of the two incoming legs from this vertex and connect it with the propagator labelled
with index U. The number of possibilities to do this step is 2.

7. From the already picked vertex take the other incoming leg and build the propagator labelled with
index R in the same way as done in step 1. The M,B-legs can be constructed in the same way but
in the end one side of both legs is not connected. The number of possibilities to do this step is:

(n1—np1 —nua)l(ne —npe —nu2)l(ns —nrs —nus)(ng —npa —nua) (219)

8. In the end one has to connect the M ,B-legs to the rest of the graph. The symmetry factor for this
step is 2.

The number of possibilities to do the contraction of (...)g is 8 - 2In;!nalnzlng!. The 2! comes from steps
2 and 5. After multiplying with the factor of the last line of eq (216) one gets the symmetry factor 8.
One can extend this result for reservoirs with more modes. In this case one has to add an additional
index to ny ;, e.g. nr,1,; will denote the number of —e>\J'graphs in the left leg of the Sunset diagram.
The proof is the same with the difference that the number of columns in eq. (217),(218) will not be four
but 2 x (number of modes in the left reservoir + number of modes in the right reservoir).

Calculation of the symmetry factor of a diagram of the form of a chain of A/ Sunset
diagrams.

Now take one diagram of the expansion which has the form of a chain of N' Sunset diagrams (see
fig. (?7)). The sum of the —eX U, "PNK<—, —eX—<—-, -—«IX—=— elements is ny, ng, ny and ny
respectively. Calculate the symmetry factor as before:

G(t’ to) 2 (iU)2N7"1ry*n2§/*”37y”4 (2N)!n1&nz!n3!n4! fl,2._, (_,L')4/\/'+n1+n2+n3+n4+1<. . '>0

Kk ok

ASASAS AL

Figure 26: Chain of Sunset diagrams. Every line of the diagram can be an arbitrary contribution from the
G(r,-') propagator and should not be interpreted as g ,/).

(220)

60



The only difference from the procedure described in the last two subsections is that the steps 2,5
where one has to choose a vertex from the still unselected vertices one gets for the first Sunset diagram
not a symmetry factor of 2-1 but 2A/ (2N — 1). For the second Sunset diagram the symmetry factor is
(2N —2)(2N —3) etc ... This symmetry factor cancels the 1/(2N1) from eq. (220). The total symmetry
factor is then Hj-v:l (8).

If one adds all diagrams wich have the form of a chain of A/ Sunset rings then one gets:

/dﬁ,z,...eTc g(thl)M(T1yT2)g(T2,T3) s M(T2N—11T2N)g(7'2./\/’7t0) (221)

M4, 1) is defined as:
M(t1,t2) = (i%)zsg(tl,t2)g(t17t2)g(t2,t1) (222)
Now suppose we do the same summation for every ' € Ng. For ' = 0 we get trivially L€ The results

for every ' € Ng are added together. This sum should be an approximation of the full propagator of
the system. If this sum converges one gets the following result:

Git) = Yo f dry 3Gt r) M7, 70)G(72,00) T
+ fc d71,2,3,4g(t,‘r1)M 71’72)g(7'2;73 M(T3,T4)g(‘r4,to) +.. (223)
- g(t7t0) + fc dTlng(t,ﬁ)M(Tl772)G(7'2,t0)

which can be solved explicitly. The equation can be presented in the form (see App. FT):

Jgge G = [ grem TG+
—w(t— d )’dw”
f %e (t tO)g(w)UZ |:/ (11271_)2 M(w/7w//7w/+w//_w) UZG(w) (224)
)
with: o e
M(iu w!! ’LU”’) (Zg)Qgg(w_;_)g(w”)g(w’”)
M(w w!’! w///) = (Zf) 8g(w g(w//)g ///) (225)
M(w_w” w’’") = (74%)289 g (w') (w///)
++ _ -UN\2 ++ ++ o++
M(w w!’ w///) - (Z 2) Sg(w/)g( )g( ///)
The answer should be of the form:
1 —1
G(w) = [g(w) - O-ZEEw)UZ] (226)

Y (w) 1s the interaction contribution to the self-energy of the system.

9 Chain of two quantum dots coupled to two bosonic reservoirs.
Self-energy approximation

The Hamiltonian of the system is given by 2°

H = %}ekilik + %jsk,é,i,}?k, +Azata+ AT

+ 3 (v Lha+r*atLy) + (Yalb+*bta) + 3 (5,01 Ry + 35 RY,D) (227)
k k!

+%atataa + Lebtbibh

We use the following notation (I1,1y € {a,b}):

29Tn this section we have changed the sign of the tunneling terms . So we do not have to count the additional minus
signs arising from these terms in the following approximations.
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(..) = ﬁtr[b...eﬂfdfggo(”]
<>6 _ %tr[AO“_e—szdTH}IO(THU:o]
~ 71 d.Hi HU,~,5=
(= Al o
) 0,to o
e I lA (t)lo Hy(to))o = OuyJug(t.t0)
Lo
= (){LeRy, (t)RHO,kI(toﬁo = O rwrir(t.to)
t 0 - _
li\'l\’t (=)(TeLy, k(L Ho, k’(to)>0 = 5kk’gkk’;L(t,to)
] 0,t0 T _
=" = (—)(Tly,, (t)lo Ho(t0))0 = Gy (t.t0)
A A a o '7;
AT (228)
T T
—e— - :YZ
b a o '7/
a s b o ,7/*

s}
X
2 =

T
~.
vl

9.1 Symmetry factor of a diagram contributing to the full propagator for
U=0

We use a shorter notation for the operators in the Interaction picture a1 = ag,(r,) and the contour
integration [ dr, , = [ dr [ dr,...[ d, . Forsimplicity we assume that the reservoir consists of only
one mode (v, =7, Y, = 7, Ry, = R, etc...) but the results can be generalised for many modes.

One can easily see that the symmetry factor of every graph contributing to G, (¢,¢,) has a symmetry
factor equal to 1. In the previous section we have introduced the numbers n; (i = 1...4) in order
to count the number of different building blocks of the diagram. Now we have just to introduce n;
(i = 1...6) in order to count them. Everything else in the derivation of the symmetry factor is
unchanged.

9.2 Expansion of the full propagator (U,;, # 0) in diagrams

Expand the full propagator in diagrams in the same way given in eq. (214). First select the diagrams
proportional to U® which begin with Iy and end with I. They sum up to —= which is already known.
This is true for every combination of (I,1j) bt oo

Figure 27: Sunset diagram, l1,l2, k1, k2 € {a,b}, t,t0, 71,72 € R. Every line
of the graph could be any contribution form the propagator G ).

Derivation of the symmetry factor of a Sunset diagram

Select for 1,1y fixed one of the diagrams that looks like a Sunset-ring (see fig. (9.2)). On every one of
the five lines there is a finite number of n;; —e>\P\, 12 "PK—— etc. blocks (I = L,U, M, B, R).
The total number of blocks of every type is n; = >, n;; (j = 1...6). Let the left inner vertex of the
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diagram be U, and the right one be U, From the expansion of G p(,1,) We get:

1 N1 A *N2 %13 NPT Ub
Gl,lz(t,to) R il YTy e 5’7 6( ) fdﬁ it ng+2

n1+n2 ni+nz+ng ~

x (=a)P et e (Tl ) ) H (Lirpa Im) I (aepLl,)) I (aepbl,,)
=ni+1 j=ni+nz+1 ’
ni+...+ng ~ T n1+ tns ni+...+ne ~
X I1 (bery) ar )) _ I1 (R Tg)b(rj)) , I1 (b(T])R(TJ))>0
Jj=ni+...+nz+1 Jj=ni+...+na+1 Jj=ni+...+ns5+1

(229)
Except the addition of ns,ng there are two other minor differences from the procedure of section 8.2.
The first is in the step 2,5 where one has to choose a vertex. Since we have a U, and U, vertex one does
not get a prefactor of 2! but 1!1! (for the case of two U, or two U, vertices we get again 2!). But this
product cancels as before the denominator ﬁ and does not change the result. The second difference
is that since d,l; are different operators the bare propagator —2<Tcd(1f)l;T (to))o is zero. The symmetry
factor is again 8 and does not depend on [, [g.
If one keeps 1,1y and the two inner vertices fixed (Uy,, Ug,;k1,2 € {a,b}) and sums over all Sunset-like
diagrams which fulfill this constraint one gets:
(Z%) Uk2 8f drl 2gl k1 (t, Tl)gkl ko (7'177'2)gklvk2(7'177'2)gk527k1(T2,7'1)gk'2,l0(7'2,t0) (230)
We note again that one gets the same factor if one tears off the two external legs of the diagram. We
substitute this result (without the external legs i.e. without G r, (+,r,)Gks.10(r2,t,) and without the time
integration) with the 2 x 2 matrix My, r, (7, ) (see fig. (9.2)):

Mkl,kQ (t1,72) = Sgk17k2(‘r1,7'2)gk1,k2(T1,T2)gk2,k1 (72,71) (231)
8 ]{717'1 ]{527'2
Figure 28: Feynman diagram of the matrix My, ky(r, 7). k1,k2 € {a,b},
T, T2 € R.

Calculation of the symmetry factor of a diagram of the form of a chain of A/ Saturn rings

In addition to the constraint given in the title of the subsection we keep both ends [, [y fixed. We
introduce a vector k = (k1,...,kon) kj € {a,b} that takes into account the type and the order of the
vertexes. This vector is also fixed. Let the number of U, vertices be M and the number of U, vertexes
be 2N — M. One repeats the steps from subsection 8.2 and takes into acount the following differences:

e the contribution from the vertexes in the expansion of the full propagator done more or less in the
same way as in eq. (220) changes:
1 . 1
(2N)! 2N — M)(M)!

e the contribution to the symmetry factor comnig from choosing one of the remained unselected
U,,» vertices to take an empty place for a vertex in the diagram changes:

2N — (2N — M) M)

konr—3  kan—2 kon-—1  kon
TON—3 ToN—-2 TaN -1 T2N

Figure 29: Feynman diagram of a chain of Sunset rings, ki, k2...kxn € {a,b}, 71,72 ...74 € R. The number
of the vertices given in the beginning of the subsection is arbitrary in every line of the diagram.
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So the symmetry factor for the diagram factorizes in a product of the symmetry factors of the single
Saturn rings i.e. it depends only on the vector k (position of the U,, U, vertices in the chain). It can
be formally written as: H?Ll(S).

If one adds all diagrams which have the form of a chain of A Saturn rings with [,y and k fixed one
gets that this sum is equal to:

/dﬁ,z...z/\/‘gl,/ﬁ (t,T1)M’€1J€2 (T1,T2)g7€2,/€3 (m2,m3) =+ + gk2/\f,zo (Tanrst0) (232)

c

where an integration over the variables t; ...¢oas is applied. One can sum now over all possible realisa-
tions of the vector k. The result is the (I,1y) elementh of the matrix product:

/dTl,z...Q}\/g(tﬂ'I)M(Tl77—2) s g(7—2/\f)t0) (233)

Do the last three steps for every N € N; for N' = 0 substitute the sum with G; (¢, o) and then add
all these expressions together. Assume that this sum gives an approximation for the full propagator
G, (t,t0). One can repeat the same steps for all combinations of I,ly. Then one gets the following
equation:
Gite) = Gitto) t ). dr oG,y Miry2)G(rasto) +- - (234)
= Guito) T Jodri 2 Gty Mry 1) G (7.0

Here it is assumed that the infinite sum converges. This equation of motion can be solved and probably
the solution should contain more information about the physics in the interacting case than the mean
field approximation.

10 Flow equation for the interacting self-energy

This is an alternative approach to obtain the interacting self-energy of a system that can be directly
implemented for a particular microscopic model (it is already implemented in [29], [30] ). We begin with
giving basic definitions of the effective action and its connection to the self-energy (sec. 10.1) followed
by a short explanation of the idea of the method and derivation of the flow-equation for the self-energy
from the flow equation for the effective action (sec. 10.2). The flow equations are simplified for the case
of a system in steady state with the use of a particular cut-off function (sec. 10.3).

10.1 Basic definitions

We use again the Keldysh partition function Z used in the last subsection but now we add additional
source fields which will be used to generate 2m-point functions (m € Ny). In the following the nor-
malisation factor in front of Z is unimportant, we leave it undefined. One also defines the generating
functional of connected Green’s functions Wi 30,

_ s el = Ufie o
Zigg = D[@tmexp[lfcﬂTl)g(n42)@(72)—@5%%(7)%(T><P6<T><Pﬁ<t>—2f£ﬁ(t>~<P<T>+<P<T>~77<T>)]
_ dw (= -1 = -U * * - ot = . —
= Dzt p1exP| [ 52 (1801) Gy Plw) =15 O (w) P (w) P8 (w) B (w) ~ (1) T =P () — 1B (w) T2 (w) ]
UfO o dfwﬂf —
=" exp[ — i [ G277,y 02 G(w)T=T(w) ]

Wigtap = [ 2]

(235)
Note that in the second line the length of the vectors g, is doubled because of the introduction of the
additional integration contour index. G can be interpreted as the Green’s function of the noninteracting
system. For the case of a quantum dot coupled to two reservoirs it is a 2 x 2 matrix. Then the vector
Pw) keeps only track of the position of the field on the time contour (Gr,) = (¢ (w), <p+(w))T). U is
the interaction that as before has different sign on both contours (U~ = U; Ut = —U). We absorb
the factor % in the definition of Gy, 7., and U. Later when we try to solve the flow equations for a

30The Keldysh partition function generates also connencted diagrams if the sources are swithed off.
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particular problem this constant will be extracted from G,

Let the subscript k describe the set of quantum numbers of interest. One defines also the new field
¢ = 0.7. The Green’s function Gy i (. is given by 31

%|U 0 —1G1 " (w) = (=0)*{P— k()% 1(w))5 :%b:o
M:wa(z Iy ]U o = —1Gu w) = ()X k)P 1w)s = %’Uﬂ (236)
(=on7, kl(swi)/;}é"]* L) =0 =10 (w) = (=) (Pt k)P 1(w))o = %’U:o

Cr s vz = 19 ) = () (@) 10))5 = s beri lu=o

The Green’s functions of an interacting system G, can be obtained in the same way without setting
U = 0. With the new notation one does not have to take care about the minus signs coming from the
position of the fields on the time contour and one can absorb the £ intex in the general index k. The
expectation value of the fields is given by:

5 . _ .
e iV (w)) =~ (w)
W ) . (237)
e = T UYEw) =~k w)
The definition of the one particle irreducible (1PI) effective action is:
Te 7 W[ & ,
T[¢*,d) = — [ o — | 2% <l e (238)
One adds also the term —i [ dw®} (w)Gri(W)Pi(w) to I'. The new effective action I' is then:
(g7, d) = — [ 2L — [ 2MEL G — i [ 5iGuon (239)
One can use the derivatives of IV with respect to the expectation values of the fields ¢, ¢*
6T _ S (o-1 6T ik -1
557 = iG—i(9g )lmf/)m Fr = i —iom (9 )ml
52T _ :6¢ S (a1 5°T _ ;0
Sorsdr = lsgy 1 (G u Sorsd = oon (240)
52T _ s8¢ s°r Y IS oot |
Soresr = dgr Soros  — legr U A
to construct the following equation®?:
8Py S d_i6W 4§ _idW 521’ 1 521’ 2w 2w
[6%/ 0 ] _ 54& 5¢'§; | 00k 0Cr 895 0Cr, | | 5¢%5e +1iG” 5¢*dp™ [54*54 8¢ 8¢ ]
0 Oppr | | 900 S0y | | D_i0W & oW | T 821’ 521’ nT P A S 1Y
ok 5¢’L 5¢>’1 0k G 0k OCF, 5650 Sp5d™ + Z(g ) 5C6C  6CaCH
241)
Since: ) ,
§2w —0— 02w
5¢¢ ’g:o:g* =0= 8¢*0¢* 1¢=0=¢*" (242)
the upper left part of the matrix equation then reads:
_ 521
Opk = (5¢>*5¢, + Gy )(5g 6Ck/)
Oy = (5g*g¢l + ngl )(_ )le/ (243)
Okkr = ggfég Gur + G Guw
If we compare the last equation with the definition of the self-energy (eq. (226)):
-1 -1
o = G — Sk
= _ 244
Sk = —SuGur + Gy Guy (244)
—i [ drHYy i
g =tr[po.. Je A,HO( )]|U:oﬁfD[@T,<p]"‘eS|U:0
()=t [PO 71fc dTHHo(T):I s fD[gﬁf,Lp] L etS

2 2
32We drop the internal indices for legibility: (éib*lzi/¢)kk’ = M‘%(gk/ .
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one can identify the second derivative of the modified 1PI effective action with the self-energy:
_ _aor’
TH = 55260 | pmozgr (245)

The identity will be used in the construction of the flow equation for the self-energy. One can formally
expand I"[¢*, ¢| as a sum of the 1PI vertex functions v, (n € N) which legs are connected with the
fields ¢j;, ox:

FEG;*K;] =7 + ﬁ’h(al;ﬁl)(bzl ¢51 + ﬁ72(a1,a2;51,52)¢31 ¢22¢ﬂ1 ¢)52 +. (246)

Here the subscripts o, g contain the information about all quantum numbers plus frequency.

10.2 Flow equation of the effective action

The main idea consists in making the bare propagator G, dependent on a cut-off function f(,). For
large A this function should switch off G,y and for A — 0 turn it completely on. If the bare Green’s
function is zero one can not construct complicated 1PI-diagrams with n legs consisting of G,,) and the
bare vertices given in the definiton of the interaction part of the Hamiltonian. The effective action is
then just given as a sum of the bare vertices. In this limit the (modified) effective action (I'”) I should be
equal to the interaction part of the action S;y;. Decreasing, A high energy modes of G,y are switched on
and for A — 0 the full (modified) effective action should be obtained. In this context the flow equation
interpolates the 1PI-vertices of IV from the bare interactions (which are known from Hjy,:) of Sint to
the full 1PT vertices of IV (which are unknown). From the 1PI vertex with two legs 71 (x) we can obtain
the effective action X (171 (ki) = Xr1) (see eq. (245)).

Without proof we give the general flow equation of the effective action plus the initial conditions:

d _ 21 S T8PWA A1

JFE&@ = tr[(G5")0a] _Ztr[ag*(sgg/x ] (247)
1A _ L . _ Q. ool

T'e 3 = Wi g = iSintig g

The dot denotes a derivative with respect to A. G is the bare Green’s function G multiplied with the
cut-off function f(). The subscript 5 in all other expressions means that we have replaced G with G
in their definiton. The equation of I is equivalent to an infinite hierarchy of flow equations for the 1PI
vertices. As in many other cases this hierarchy is cut off and the finite amount of equations is solved.

The components of 62;% that appear in the first line of eq. (247) can be extracted from eq. (241) with

G replaced by Gp:

-1

62WA 52WA r 62FIA + Zg_l 62FIA
6(*6% 6C*o6¢C* _ 0p*¢ A Gp*og*
2w 52wA - 52rA 52r'A + i(g—l)T
8¢o¢ 0¢6C* L 660 5pod* A
-1 7 521 -1
_ iGy 0| | Yoo sorer
- ; -1 e
Lo Gy 5355 Uiro |]
[ -1 b . r 521 -1
_ iGy 2 i [ iGa 0 } u;fmb T (248)
— . _1 - - ~T 521’
L9 i(GyY) 0 G L 5¢5F¢ ug*q&
r ) r 521" -1
_ |5 [ Gy 0 } Up-s  5grsgm —iGa 0 ]
I 0 iGy i §¢g¢ z,{g*d) | 0 —iGy
- o &R
In the second line we have used:
521’ a1 (—1 5°r’ _ (-1 _ =1
sorss T19x = (195" +m) + (5555 — 1) =i(Gn — %) +Uprg =Gy +Usg (249)

The expression in the beginning of the equation is redistributed such that Uy« is at least quadtratic in
the fields ¢, ¢*. The matrix Ey+4 is of the form (1 — M)~! and we assume that we can do the expansion
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oo
(1—M)~t = > M™. Then for every N € N only the first few terms of the upper left part of S+

m=0
contain fields ¢™¢*" with m +n < N.
The flow equation for the 1PI vertex with two external legs 7{\((11;51) one gets by applying on both

sides of equation (247) the operator (ﬁ e In the same way one gets the equation for
@y 1

the 1PI vertex function with four or more legs. So the equations for v1(a,;s,) and Y2(a;,as:8:,8,) are:

_ ~1 62
OAN(arip) = Ztr[G/\(gA )GA5¢;15¢31 u¢*¢] *=0=¢
— “1 st ; 82T AT 8°T"
ONV2(a1,00i81,8,) = _tr[GA (gA )GA 307, 005,005, 0Pa, ( — Uy ¢ — Ug= o Galdprg — 36 60 Gy 5¢5¢)]
(250)
We use the fact that we deal with bosons and because of the bosonic properties of the fields ev-
ery permutation of the first m or/and the last m indices of ~,, does not change the vertex (e.g.

V2(01,02381,82) = V2(az,a1381,82) = V2(a1,02;B2,81) — 72(042@1;52,/31))' This means that:

52 1
(u¢*¢)kl = 06704, [ > (2h2 72(n1,n2;m1,m2)¢;1 22¢m1¢m2 +¢*n¢’m‘"+m26 terms]
’ ni,n2,Mmi,ma
= Z 72(k,7L1;l,m1)¢:11 ¢m1 + ¢*n¢m|n+m24 terms
ni,mi
52

565,068, (u¢* ¢) kl

Sr0mp Y2 (k,a1;l,81)
(251)

10.3 Special case. Steady-state GF.

The equation can be further simplified if one takes into account that we work with steady-state Green’s
functions Gy ) = 270 (y—w) G () and G () = 37 5(w,w/)G(w) The 27-factor is cancelled if we take
into account that in the beginning of the subsection we have absorbed a factor of = 5- in the definition of
G and the source fields. From now on we separate the frequency from the multiindex k. The frequency
w appears as an argument of the function and the rest of the index k appears as a superscript. Both

w and k should be moved together if one applies the bosonic properties of some vertex function 7 (e.g.

51(7521115527%3@4) = 5?’52:&1’%3@4)). The product of three Green’s functions in eq. (250) now reads:
1 k1ka _ 1 ~kisk H—1\ka2,k 1 vkaka
[Ga(G3)Ga) ) = kzzkgfdwzf dw3 37 G (s ) 2TIN) (i) 2 G A (a0
ki ,k ka,ks ks, k
= Z GA1(151)( )(12111)3GA3(1;11)5 (w1—ws) (252)

[GA(QA LN

The flow equations for the two-leg 1PI vertex function is given by:

A (« . «
oAy ((wll;ﬁl,,)) = z%fdwl [Ga (QA )GA} Ik )vg(wl’“fjf " r) (253)

10.4 Lowest order flow equation for a quantum dot coupled to two bosonic
reservoirs.

In the lowest order approximation we assume that the four leg vertex does not change during the flow,
i.e. it is equal to the interaction term of the action S:

A oazfip _Aozozﬁﬁ _ 1 (-U\™
72 (wll,i)g,lwf,w2) 72 o(wll,wz;zi); ,zwé) - _E(ZE) 60”042/31/82 6(w1+w2—wi—w’2) (254)
The upper indices of the interaction, the 1PI n-leg vertices and the GF’s now denote only the position on
the time contour. The interaction U®! is given by U™ = U, UT = —U, 84, as.6, .8, = 6a1a26a2g165152.

all

All 1PT n-leg vertices with n > 4 are equal to zero. The flow equation for the self-energy Z(w W) =
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wf‘l(’u/jlw,,) is then:

8/\2?10_1:”) = +%5(w’—w”) fdw [GA (gxl)GA] (71117)
i - ++
ONX, &w w”) = 50w —wn [ du[Ga(G1") Gl (w) (255)
)0 wi:},,) = 0
-
NS = 0

It follows that in the lowest order approximation ¥ gives just a correction to the energy level of the
quantum dot:
NSt = 30w Zy ™ = 5 0w —wr) DA BN 2122 (256)

We specify the cut-off function to be f(z w) = 0(jw|-a) and G w) = fa,w)G(w)- We also define the GF
Ga (w) and give again the definition of G'a (4):

Graw) = (93 (w) EA]f

” 257
Gy = (075, -4 257

In order to overcome the ambiguity arising by having an integral over an expression that contains two
functions with discontinuity at the same point (like J(j,|—a) and 6(j,|—a)) we apply the Morris lemma33.
The lemma stays that for every function Fg,, ), continuous in its second argument at w = 0, we can
apply the following transformation:

1
S(w) F(o(w),w) = O(w) Jo duF(u,0) (258)

By performing a partial integration (see appendix sec. 12) one gets the following set of equiations:

Xt = F ¥ Gl BN = 3 GRY, (259)
w=EA w==EA
The initial condition is X ¥ = 0 for [,I' € {—,+}. The matrix G(w) given in eq. (33) fulfills the
relations (?Rg(_w'; =0= %QZU_)) , (g(—w; = —(g(f;g)*). Using this one can show (see appendix sec. 11)
that this equation conserves the relation £~ = —(X*++)". Tt follows that é(_u; = —(é?’wﬁ)* This
proof reduces the number of differential equations from two to one.

10.5 Lowest order flow equation for a chain of quantum dots coupled to two
bosonic reservoirs

Taking again GAE(w ) = %%,,w”)aAzA into account one obtains the following set of differential
equations:

a1\21\1__ = ZU ZAG/_\_H aAZA o= _% aAéth(w)
. w v~ A (260)
8/\292 = U Z GA 22(w 8AEA o= —TU E GXJ;Q(UJ)
w==2A w=%A

The initial condition is E;-\jo, W= 0forl,l' e {—,+} and j,j’ € {1,2}. For all other components of the
self—energy the flow on the RHS of the equation is zero. The matrices G (w) and G, are defined in

q. (257) and (36) respectlvely One can show again in analogy to the proof for one quantum dot that
ZA T = (ZA ++) and G~ iw) = (GA ]J(w)) for (jj) € {(11),(22)}. So instead of four one has
to solve just the first column of equations in eq. (260).

10.6 Properties of the approximation

Since we do not solve the infinite set of flow equations but truncate them we can not expect that the
approximated ¥ has all symmetries that the true ¥ has. We can show that the causality condition is
not fulfilled but the current is conserved. The results for the case of one quantum dot can be easily

33The precise definition is given in the Appendix sec 12.
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derived by taking the results from sec. 4.1 and setting (X~F = 0 = ¥77) 34, The causality condition
is not fulfilled since in general IX~~ # 0 and eq. (56) is not fulfilled. The current is conserved and it
is given by (see eq. (59)):
- w 4L ()T R (w
() = [Jo—=8u (e —nn) (261)

with Det .,y equal to (see eq. (57)):

Det(w) = — [(w — A - IN\L (w) — INXR (w) — %2__)2 + (FL(w) + FR(w) + SZ__)2]

262
+43¥ [FL (w)(nL—i-l) +T'g (w)(nR+ 1)] ( )

As in the previous approximation one can argue that the last line from the determinat origins from the
fact that the causality condition (eq. (56)) is not fulfilled and this term can be neglected.

11 Reduction of the number of flow equations for a system of
a quantum dot coupled to two bosonic resrevoirs

Proposition
First note that if (%g(:;g =0= %g(t;)) and (g(wj = —(g(t:g)*) for an arbitrary 2x2 matrix g by direct
calculation it follows that:
- RIS
(g(wl)) = - [(g(wl)) ]
—1\— N 1\t (263)
§R(g(w)) =0= §R(g(w)) .

For the 2x2 matrices G and X, it is given that:

RG.; = 0 37T = 0 VAER
%Q(f;) = 0 ¥iT = 0 VAER (264)
Gy = ~Gay) P = -(GX)
The flow equation for the self-energy is:
g S Gy 0
—— 2 A (w)

nZh = Or2iy 9 §++ = w=HA iU A+ (265)

0 ATA 0 7 X Ciw

The matrices G*, G*, G* depend on the flow parameter A and the cut-off function f(A), and are defined

as:
Gaw) = Gy f(A) .
Grw) = [QXi(w) — EL\J (266)
Gaw) = [Gw) — Za)
For A = 0 the cut-off function is equal to one and Gy = G,Gp = G, X = X.
One has to show that G ;) = —(G:w‘g)*. This condition is always fulfilled for 3°:
27T o= (2T STt =0=%*+". O

So we have to show only that the differential eq. (265) with the given initial conditions (right column
of eq. (264)) fulfills (¢) for A = 0.
In practice we use the Euler method to integrate eq. (265):

ShptAmt1) = Bhotan +ANEA|\_y oA (267)

34Tn the approximation of sec. 4.1 we had again that 2(7117) = —(E++)* and RE~T =0=RT+.
35 Just calculate directly G = [g — E} -1
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The finite integration step is A. The condition < can be fulfilled if for X, A(n41) it is partially fulfilled
for both summands in the RHS of the last equation and for all n € N (n is the integration step number).
One can proove this by iduction. So the statement we have to proove for every n € Ny is:

Sioras = ~(Ena)” (2682)
NN |A:A0+nA _(81\2/\ ) A=Ag+nA (268b)
For n = 0 it follows ;™ = —(S{)" because of the assumption in the beginning of the section. The

second condition - eq. (268b), is also fulfilled since ¥, = 0:

[T (RGA, () +1SG A (w) 0
OAZA| = ? fo () ho () J ¢ 3G }
|A,(LAO w:Z:EAo L 'U( 0 ) _%(%Gj{j(w) +Z%GX:F(UJ))
ARG (w) +1SG ™ () 0
_ v [ , 269
ST | 0 —15 (RGH () +i3GTF () (2609
weEA, | 0 j\fg (w) + T%g (w)

Now assume that eq. (268a),(268b) are fulfilled for some n € N. One has to show that they are fulfilled

for (n+1).
Proof: Since
i 0 [ D 0 } [ ONEy~ 0 }
Ao+(n+1)A _ Ao+nA +A A=A
++ o+ o+
[ 0 EAo+(n+1)A ] 0 TN 0 Oy A=Ag+nA
(270)
and both summands fulfill partially the condition f~= = —( f**)* by assumption, it follows that eq.
(268a) is fulfilled for (n + 1).
To show eq. (268b) we calculate:
{ NS}~ O++ } _ [ G natw) ~+E }
0 oaX = 2 L 0 -G w
A RN BrasEiyN Anae)
= U ¥ (G ) — EA0+nA)71]77 0 -
2 T, 0 —[(g(wl) —Yag4na) |
+(n+1)A
(271)

Use the Proposition for g = G. Because of the assumption for a given n € N (eq. (268a)) it follows that
the Proposition is fulfilled also for £40*"2 and for the sum G~ — YAo+na. Using these relations we
get:
- 11— - RN
[(g(wl) — ZAg+na) 1] = _([(g(wl) = YAg+nA) 1] ) (272a)
— _11—+ _ 14—
R[(Glw) = Sotna) '] =0= R[(G, — Saptna) '] (272b)
From eq. (272a) and eq. (271) it follows that eq. (268b) is fulfilled for n + 1 OJ.

12 Morris lemma. Application for lowest order flow equation

Let 0c(w,a) be a smooth cutoff function with 0y, 4) — 0 for w < A — ¢ and 0., 4) — 1 for w > A +e.
Define also 6. (,,,a) which is equal to zero for |w — A > ¢ and fulfills the equaiton (fdw5s(w,A) = 1). In
the limit € — 0 both functions should converge to the usual theta- and delta-functions:

Ocwry —555 Yw-n) (273)
Oc(w,p) —gt Ow-n)

Let f(p. (u.2),0) De a function whoose dependence on the second argument remains continuous at A—w
in the limit € — 0. The Morris lemma [28] stays that:

1
0w, M) [0 oty 557 O Jo ) (274)
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1

For the matrix [g;l(w) -3 ! (OAGA (w)) [g;l(w) —X] = —0AGA (u) with the cutoff function 6(,|—a)

this means:

—0AGA (w)

The partial

—0O [ggl(w) - E} o

= —Oa[(Ou-0 ) —%]
= —On0ui-m (9 = Ol -0 =]
= =0 (Oqui-n) Jy du[G) —u=]
(- (Gt = O-0Z] " On(u-2)) (95 = Otul-nB]
= Oul-n) fy Gy —uS] T+ 8ui-n) fy duulGrh —uS] B[ —us]”
= Sul-n) Jo Au[G0 —uS] T+ Sy fy duudu([G5) —us] )
= 0wy Jo du[G5y —uS] "+ 0ui—ayu[G5h = uS] T [§ = Sui—n) fy du[d7) — u]
= Sl [G — %]

1

—1

= O(fwl-2) G (w)
(275)
derivative dj is with respect to the arguments of the function Gy (), X(w) (here X,) =

const) but not with respect to the superscript of A of the self-energy (we have omitted it in the last

calculation).

13 Notation

Hamiltonian quadratic in its operators
Interaction part of a Hamiltonian

Operator in the Interaction picture representation
Operator in the Heisenberg picture representation
Time ordering operator

Anti-time ordering operator

Contour ordering operator

Interaction parameter in the Hamiltonian

Coupling between reservoir and the nearest quantum dot. Subscript p g refers to the

left /right reservoir

Density of states of a bosonic reservoir. Subscript 1,/ refers to the left/right reservoir.

Short notation for I,y = 7772D(w). Subscript 1,/ g refers to the case when vy, g and Dy, g (w)

are used.

— lim de D(E)L/R|’)’L/R|2
5H0+|w—5\>6 i

when vy,,r and Dy, /Rr(.) are used.

Short notation for A(w) = AL(w) + ]\R(w)

Short notation for ]\L/R(w) . Subscript 1/ refers to the case

Short notation for ngy—p, ) = lexp(B(w — pr)) — 1}_1. The chemical potentials of the
left /right reservoirs are denoted by pr,/g.

= te[p... e S o)

=tr[p... et ). dTHfifo(ﬂlU:o]

=trfp... e ). dTﬁ}’”(THU’WZO] =tr[p...]
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