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Zusammenfassung

Unsere Umgebung und die Natur als Ganzes betrachtet sind grundsitzlich nicht im Gleichgewicht.
Die Existenz von Leben auf der Erde ist nur aus diesem Grund moglich. Alltdgliche Beispiele fiir
Nichtgleichgewichtsprozesse sind verschiedene Wetterphidnomene, die durch Luft- und Warmestrome
angetrieben werden, Staus auf Autobahnen oder das Schwarmverhalten von Tieren in Gruppen. Diese
stehen exemplarisch fiir viele weitere Phinomene und motivieren, ein besseres Verstandnis von Nicht-
gleichgewichtsprozessen - seien sie klassischer oder quantenmechanischer Natur - zu entwickeln.
Im Nichtgleichgewicht sind die bekannten Konzepte fiir Gleichgewichtssysteme im Allgemeinen nicht
oder nur approximativ anwendbar. Zu diesen Konzepten zdhlt, dass sich alle makroskopischen Strome
im Mittel zu Null addieren und der Gleichgewichtszustand eines Systems nur durch das fundamentale
Prinzip der Entropiemaximierung und die vorliegenden Symmetrien bestimmt ist. Nach dem Noether
Theorem, einer der grundlegendsten Beziehungen der Physik, ist jede kontinuierliche Symmetrie mit
einer zugehorigen Erhaltungsgrofe verbunden.

In dieser Arbeit betrachten wir Vielteilchen-Quantensysteme mit Erhaltungsgrofen, von denen ein
Teil durch eine schwache duflere Storung verletzt wird. Wir zeigen, dass unter diesen Umstinden
hochgradige Nichtgleichgewichtszustinde erreicht werden konnen, die sich durch groBle Strome
auszeichnen. Das Phidnomen, dass eine kleine Storung einen sehr gro3en Effekt haben kann, falls
diese Erhaltungsgrofen schwach verletzt, lidsst sich zum Beispiel anhand eines Treibhauses veran-
schaulichen. Im Inneren des Treibhauses ist aufgrund der guten Isolierung die Energie ndherungsweise
erhalten. Als Konsequenz kann das Innere sogar nur durch schwache Sonnenlichteinstrahlung auf
sehr hohe Temperaturen erwérmt werden.

Die Arbeit gliedert sich wie folgt: Im ersten Kapitel fithren wir analytische und numerische Methoden
sowie grundlegende Konzepte ein, die in der Arbeit verwendet werden oder zum Verstdndnis der
weiteren Ausfiihrungen beitragen.

Im zweiten Kapitel entwickeln wir eine Storungstheorie fiir den stationdren Zustand eines schwach
getriebenen Systems mit ndherungsweisen Erhaltungsgroflen. Dabei verwenden wir als Entwick-
lungspunkt ein verallgemeinertes Gibbs Ensemble (GGE), das alle approximativen Erhaltungsgrofien
des Modells beinhaltet. Definiert ist das GGE im stationdren Zustand nur durch die Form der
schwachen dufleren Storung, beziehungsweise durch das Gleichgewicht von verallgemeinerten Heiz-
und Kiihlprozessen. Wir verifizieren die Giiltigkeit der Storungstheorie fiir zwei schwach gestorte

fermionische Modelle, in denen jeweils die Teilchenzahl und die Energie approximativ erhalten sind.
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Im dritten Kapitel wenden wir unsere Theorie systematisch auf schwach getriebene integrable Sys-
teme an, die eine makroskopische Anzahl von Erhaltungsgrof3en besitzen, wobei wir die Analyse
auf die nullte Ordnung der Storungstheorie beschrianken. Wir zeigen, dass das Konzept von GGEs,
gegen frithere Annahmen, auch in Anwesenheit von schwachen integrabilitidtsverletzenden Storungen
anwendbar ist, falls zusétzlich "in Freiheitsgrade gepumpt wird", die durch approximative Symmetrien
nidherungsweise beschiitzt sind. Weiterhin zeigen wir numerisch, dass auch die Zeitentwicklung von
schwach gestorten integrablen System durch ein zeitabhdngiges GGE beschrieben werden kann.

Im vierten Kapitel schlagen wir verschiedene Methoden vor, wie unsere Theorie experimentell belegt
werden konnte. Insbesondere formulieren wir einen Vorschlag fiir effiziente Spin- und Warmepumpen.
Im fiinften Kapitel fithren wir das Konzept eines GGEs mit ortsabhingigen Lagrange-Multiplikatoren
ein, mit dem sich rdumlich inhomogene Zustinde beschreiben lassen konnen. Ferner stellen wir
zwei konkrete Beispiele vor, wie solche Inhomogenitéiten durch eine homogene Kopplung an ein
Bad erzeugt werden konnen. Diese Formulierung erlaubt es, Phaseniibergidnge und spontane Symme-
triebrechungen zu untersuchen.

Im letzten eigenstiandigen Kapitel betrachten wir ein periodisch gestortes O(3)-symmetrisches Heisen-
berg Modell in einer Dimension, wobei die Storung derart konstruiert ist, dass sie einerseits die
Rotationssymmetrie des Modells nicht bricht, aber andererseits in Anwesenheit eines antiferromag-
netischen Ordnungsparameters einen endlichen Spinstrom induziert. Wir untersuchen, inwieweit in
einem solchen Modell ein Zustand mit langreichweitiger Ordnung stabil ist und es zur spontanen

Symmetriebrechung kommen kann.



Summary

Our environment and nature as a whole are fundamentally not in equilibrium. The existence of life on
earth is only possible for this reason. Everyday examples of non-equilibrium processes are various
weather phenomena driven by air and heat flows, traffic jams on motorways or the swarm behavior of
animals in groups. These are just a few examples of many more phenomena and motivate a better
understanding of non-equilibrium processes in classical as well as quantum systems.
Non-equilibrium means that the known concepts, which are valid in equilibrium, are generally not
or only approximately applicable. In equilibrium, all macroscopic currents add on average up to
zero and the configuration of a system is solely determined by the fundamental principle of entropy
maximization and the symmetries present in the system. According to the Noether theorem, which
represents one of the most fundamental relations in physics, each continuous symmetry is associated
with a conservation law.

In this thesis, we consider quantum systems that have a set of conservation laws of which some
are weakly violated by an external perturbation. We show that under these circumstances highly
non-equilibrium states can be reached which are characterized by large currents. The phenomenon
that a small perturbation can have a very large effect if it breaks a conservation law can, for example,
be illustrated with a greenhouse. Inside the greenhouse the energy is approximately conserved due to
the good insulation. As a consequence, the interior can be heated up to very high temperatures by
even weak sunlight.

The work is structured as follows: In the first chapter we introduce analytical and numerical methods
as well as basic concepts that are used within this thesis.

In the second chapter we develop a perturbation theory for the stationary state of weakly perturbed
many-particle systems with approximate conservation laws. As an expansion point, we use a general-
ized Gibbs ensemble (GGE), which includes all approximately conserved quantities of the system.
In the stationary state, the GGE is only defined by the form of the weak external perturbation or
equivalently by the balance of generalized heating and cooling processes. We verify the validity of
the perturbation theory for two weakly perturbed fermionic models, in which the particle number and
the energy are approximately conserved.

In chapter three we apply our theory systematically to weakly driven integrable systems that have an
extensive number of conservation laws where we limit our analysis to zeroth order in perturbation

theory. We show that the concept of GGEs can, against previous assumptions, also be applied in
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the presence of weak integrability breaking perturbations if one ’additionally pumps into degrees
of freedom’ that are approximately protected by symmetries. Furthermore, we provide numerical
evidence that the time evolution of weakly perturbed integrable systems can be described by a time-
dependent GGE. In the fourth chapter we present different suggestions of how our theory can be
verified experimentally. In particular, we formulate a proposal for efficient spin and heat pumps based
on approximate integrability.

In the fifth chapter, we introduce the concept of GGEs with space-dependent Lagrange parameters that
can be used to describe spatially inhomogeneous states. Furthermore, we give two concrete examples
of how such inhomogeneities can be generated by a homogeneous coupling to a non-thermal bath.
This formulation allows investigating phase transitions and spontaneous symmetry breaking.

In the last chapter we consider a periodically driven antiferromagnetic O(3) Heisenberg model in
one-dimension, where the perturbation is constructed in such a way that on the one hand, it does not
break the rotation symmetry of the model, and on the other hand, induces a finite spin current in the
presence of a finite antiferromagnetic order parameter. We investigate to what extent in such a model

a state with long range order is stable and spontaneous symmetry breaking can occur.



Chapter 1

Introduction

1.1 Methods

1.1.1 Density matrix formalism

The configuration of a quantum mechanical system is described by an element in a Hilbert space, the
so-called quantum state. The time evolution of an abstract state |y(¢)) is governed by the Schrédinger

equation

i |y(t)) = H|y(1)), (L.1)

where H is the Hamiltonian of the system considered. Note that we set 7 and all other appearing phys-
ical constants to one throughout this thesis. The formal solution of Eq. (1.1) for a time-independent
Hamiltonian is given by |w(¢)) = U (z,10) |w(t)) where U(t,1o) := e~ (=) denotes the time evolu-
tion operator and | y(fo)) the initial state at 7 =#;. In the case of a time-dependent Hamiltonian, the time
evolution operator needs to be replaced by a time-ordered exponential U (z,1) = F exp(—i ftf) drH(t"))
where 7 is the time-ordering operator [1].

Of special interest are the expectation values of physical quantities, also called observables, which
can, in principle, be measured in experiments. According to quantum mechanics, physical quantities
are described by hermitian operators which act on the underlying Hilbert space. The expectation value
of an observable O in a state |y(¢)) is given by (O) = (y/(7)|O|y(t)). Using the cyclicity property of

the trace this formula can be also written as

(0(1)) = Tr [0 w(©)) {w(b)]] = Tr[Op (1)). (1.2)

Eq. (1.2) defines the statistical operator, also called density matrix p(¢), of a pure state |y(z)). If

a system is in a pure state, its density matrix is simply a projection onto this state. In general, the
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density matrix for a statistical mixture of orthonormal states {|y;)} reads
p(t) =Y pilyi()) (wi(1)], (1.3)
i

where p; is the probability that the system is in state |y;(¢)). The density matrix has the following
properties: p = p' (hermicity), p > 0 (positivity) and Tr[p] = 1 (normalization). Starting from the
Schrédinger equation, one can derive an equation of motion for p(¢),

P =Zop (1), Zop(t) := —ilHo,p(1)] (14)
which is referred to as Liouville-von-Neumann equation. The dynamics of p(t) is governed by the
so-called Liouville superoperator (Liouvillian) %. The name superoperater origins in the fact that
% does not act on states but on operators. While states live in a Hilbert space of dimension d,
the dimension of the space of operators acting on this d-dimensional Hilbert space is d>. In the
following, we denote superoperators by letters with hats. However, we will drop the prefix super in
some situations to increase readability.

In the presence of dissipation which could, for example, arise due to a coupling to an external bath,
the Liouvillian can under certain assumptions be extended by an additional non-unitary superoperator
(dissipator) 9, .3% - P = 95,20 + 2 and Eq. (1.4) is then simply referred to as Liouville equation.
The formal solution of Eq. (1.4) is given by p(¢) = eZt p(to) where p(1y) is the initial density matrix
at time ¢ = fy. For a time-dependent Liouvillian the time evolution superoperator again has to be
replaced by a time-ordered exponential. The eigenvalues of 2 arein general complex. Their real
parts are less than or equal to zero if the described physical system is stable. While the imaginary
parts of the eigenvalues originate in the Hamiltonian dynamics, the real parts are due to dissipation
and lead to relaxation [2].

The left {|v)} and right {|ug)} eigenvectors of .Z do in general not form an orthogonal set as the
Liouville superoperator is not hermitian in the absence of time-reversal symmetry. The time evolution

of the density matrix in terms of right eigenvectors reads

p(t) = aneka(tito)ma)a j‘.ua) = Aalla) (1.5)
o

and the steady state density matrix p.. is defined by <2 P = 0. The conservation of probability
guarantees the existence of at least one steady state. The relaxation time, which is the time after which
the steady state is reached, is determined by the so-called Liouvillian gap, i.e. ming|Re(Ay)|.

For our purpose, it is useful to introduce a projection (super)operator P onto the right eigenstates of

2. Inthe general case of non-orthogonal eigenstates, P can be represented as

P=Y (4 oplte) (il Xap = (Halup) (1.6)
o,p
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where density matrices are interpreted as vectors and (.|.) denotes the standard scalar product. The
adjoint Liouville superoperator .2 can be defined through the relation Tr[0.Zp] = Ti| <.,? wLO) pl. In
quantum mechanics there are different representations, also referred to as different pictures, to describe
the time evolution of states, observables and density matrices, respectively. In the Schrodinger picture
that is used in Eq. (1.1), states evolve in time while observables are time-independent where we
neglect an explicit time-dependence. In contrast to that, in the Heisenberg picture the time evolution
is transferred to the operators under the constraint that expectation values do not change. The time

evolution of an observable O in a state |y(z)) is given by

(w(t)|0ly(1)) = (w(0)e"™|0le™ "y (0)) = (w(0)|e™ O™ |y(0))
= (w(0)|0™)(1)|w(0))

where we have set 7o = 0 for convenience. Hence, in the Heisenberg picture the time evolution of
operators reads O (1) = ¢ 0e~H". Also commonly used is the interaction picture representation
in situations when the Hamiltonian can be split into a free Hamiltonian Hy and an (time-dependent)
interacting part H;(¢) such that H = Hp + H;(t). This motivates to introduce the time evolution
operators Uy(t) = exp(—iHot) and Uj(t) = UJ (1)U(t). Using Uy(t) and Uj(¢) the expectation value
of O(t) reads

(w(n)loly (1)) = (w(0)U" (1) |0JU (1) (0))
= (W(0)U(1)Uo(1)|Ug (1)OUs (1) |Ug (1)U (1) w(0))
= (y(0)U (1) U (1) OUo (1) Uy (0)) .

The equations of motion for states, operators and density matrices in the different pictures are

summarized in table 1.1.

Schrodinger Heisenberg Interaction
states 9 [y (1)) = —iHS) |y (1)) [y (1)) =0 Ay (@) = it (1) [y (1))
operators 9,01 =0 Q0 (1) =i[H™ oW ()] | 9,00 () =i[H", 00 ()]
density matrices | 9,pS)(r) = —i[H®),p(S)(1)] ap™ () =0 Aap (1) = —ilH" (1), (1)]

Table 1.1 Time evolution of states, operators and density matrices in the Schrodinger, Heisenberg and
Interaction picture.

1.1.2 Linear response theory

In this section, we give a short introduction to linear response theory based on the lecture notes of
Prof. D. Tong [3].
Linear response theory deals with the response of a system to an external influence which could, for

example, be an applied electromagnetic field or a coupling to an external bath. In linear response
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theory it is assumed that the external perturbation is small such that the response of the system can be
calculated to first order in the perturbation amplitude. Then, the change of the expectation value of an

observable O; due to an external force ¢; can be written as
6(0i(0)) = [ dt" ¥ ()00 (7
J

where y;; is called response function. In the following, we assume that the system considered is
invariant under translations in time, hence allowing us to write x;;(¢,7") = xij(t —¢'). As Eq. (1.7)

then becomes a convolution, its Fourier transformation factorizes
§5(0/(o)) = /dt’/dzzeiwfx,-j(t—z')¢j(t')
J
_ /dt//dtzeiw(tfz’)xij(t B t/)ei(m,%(t/)
- J
= ;%ij(w)‘Pj(w)'

Thus, in a linear approximation, the system responds at the same frequency ® as it is perturbed
with. For simplicity, we will drop the indices i, j for the moment. Since the expectation value of
an hermitian observable is real, y(r —¢') must be real as well. (In the general case ) must be a
hermitian matrix. However, in the basis where J is diagonal the problem can be reduced to the case
considered here.) As a consequence x'(®) := Re(x(®)) is an even and x”(w) :=Im(x(w)) is an
odd function of ®. Likewise, the Fourier transformation of x’(®) and x”(®) are even and odd under
time reversal, respectively. The imaginary part x” (@), which is also called spectral function, therefore
describes dissipative processes. It can be written in terms of (@) as ¥”(®) = —4 [x(®) — x*(®)].
The response function (¢t —t') describes how a perturbation at time ¢’ influences some quantity of

interest at time ¢. As the past can not be affected by the future it directly follows that

x(t—1t)=0 for <t

which is referred to as causality property. For a quantum mechanical system whose Hamiltonian
H(t) = Hy+ 0(t)AH|(t) can be split into a dominant part Hy and a weak perturbation AH;(t), the
response function can be calculated as follows

()0 =T [p (10 ()
—Tr —poei Jo ) (yar' (1) (1) oA (t’)dt/]

i t t
~Tr | po (]l—i—i / AH" (t’)dt’) o\ (1) (11 —i / AH (t’)dt/)}
i Jo 0o -

~ (Oi)o +/0 Kij(r—1")dr,
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where we have assumed that the system is in a thermal equilibrium state py of the unperturbed system
att < 0. Moreover, we have set (.)o = Tr[.po| for the corresponding expectation value. The change of
the expectation value 8(0;) = (0;) — (O;)o due to the perturbation is the integral over

it —1') == —i6(t — 1) ([0 (1), AH (1")))o. (1.8)

This result is known as the Kubo formula. From the Kubo formula, we can deduce that the quantum
mechanical response function can be written in terms of a two-point correlation function. In general
two-point correlation functions are a measure for variances or fluctuations. On the other hand,
the imaginary part of the response function encodes the amount of dissipation in a system. This
implies that there is a connection between fluctuations and dissipation in quantum systems that can
be formulated in terms of the so-called fluctuation-dissipation theorem (FDT). In order to find one

possible formulation of the FDT we consider the correlation functions

C7: (1) = (0i(t)0,(0))o, (1.9)
C55 (1) = (0i(0)0;(1))o

and set AH; = O;. With the help of Eq. (1.9), the imaginary part of the response function can be

written as
A1) = — 3 Otse) — (1)
= 2 (0 {01)05(0))o  (0;(0)0x(1)}o] — O(~1) {O5(~1)0i(0)}o — {0:(0)05(~1)}o]
=2 (- 0),

where we have used (;;(r))" = xji(—t), 0(t)+ 6 (—r) = 1 and the fact that the equilibrium expectation
value fulfills (0;(—1)0;(0))o = (0i(0)O0;(t))o. Employing the cyclicity property of the trace one can
show that the Fourier transformations of C7;(t) and C; (t) are connected through

Ci(w) = eP2C (), Cii(0) = e POC (—w). (1.10)
With this relation, we arrive at

1
1) = =3 (1-¢7P2) ¢ (o). (1.11)

While the left side of Eq. (1.11) quantifies the amount of dissipation in the system, the right side
captures the fluctuations C;; () in equilibrium. Eq. (1.10) provides an experimental tool to test
whether a piece of matter is in thermal equilibrium or not. The response of an experimentally
accessible observable could, in principle, be measured in a typical scattering experiment such as

Raman scattering at energy differences @ and —m of the incoming and outgoing particles. If the
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system is in equilibrium, the ratio C;; (—®)/C; (@) is equal to the Boltzmann factor ef®. Away from

equilibrium we expect that this relation is violated.

1.1.3 Bogoliubov transformation

The Bogoliubov transformation is a method to diagonalize Hamiltonians that can be written as a sum
of bilinear terms while simultaneously preserving the fermionic or bosonic commutation relations of
the involved operators. The topic is treated in many textbooks. Here, we mainly follow [4]. As an
example, we consider the bosonic case, which appears again later in Ch. 6, for a general Hamiltonian

H = const + Z&‘ka;gak + Ekaka,t + YkaZaT_k +Viara_g
k

& YT ag & Y
= const + al a_g , Cr:=
;( ‘ ) (Wf 8k> (“T—) (Wf 8k>

with z—:,f > |%|? and ¥, = y_. Our aim is to find a transformation 7}, that diagonalizes H and preserves

[ak/,aZ] = & x as well as [ap,ar] = [az,,az] = 0. We define ‘PZ = (a,t,a_k) and denote the new

coordinates by ‘PZ = (d,t,c"z_k) such that ¥, = T;¥; where T} is given by

Up Vg
T, = .
Vi uty

The commutators [ak/,aZ] and [ay ,a] then transform as

!
Gy = luap +viea! ] +via_s] = (el = vl g af] = S

= Jwl?—wlF =1 (1.12)

G, ] = [upap + Vk’aikuukak + Vkaik] =0

= U_1vi—v_gux =0. (1.13)

In order to satisfy condition Eq. (1.13) we assume that u; = u_; and vy = v_; hold. Moreover,

condition Eq. (1.12) is trivially fulfilled if we set

u = €% cosh(6y), Vi = % sinh(6).
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Using relation Eq. (1.12) the inverse transformation from ¥, to ¥, reads

P, = Tk—lli,k _ ( uk* —Vk> ‘Pk
*Vk Uy

as det(Ty) = |ux|> — |vx|> = 1. The transformed Hamiltonian becomes
H= Z T ") T

o Zliﬁ —vkuk}/k—i— ’I/tklzi-fk—Vkl/t}:')ﬁ(k +€k‘vk’2 u,%}/k—i—v,%ﬁ — 2U Vi &
- k
% (Ve 21+ (w0)* Y — 2eviu; Vil & — Vi — viaap ¥ + | €

)li!k. (1.14)

When we parameterize ¥, = ||e'? by its absolute value |};| and argument ¢, the dependence on ¢
vansihes for ¢; x = — /2 and ¢, x = ¢ /2. To diagonalize the Hamiltonian, we define the angle 6
such that the off-diagonal terms in Eq. (1.14) vanish. For the chosen values for ¢; x and ¢, ; the two
off-diagonal terms are real and identical. This yields the condition

| %] (sinh?(6;) 4 cosh?(6y)) — 2& cosh(6y) sinh(6;) 20

|7k’

= tanh(26y) = .
e

where we have used the identities sinh(2¢¢) = 2sinh(c) cosh(a) and cosh(2a) = sinh?( o) +cosh?(a).
With the help of the transformation 7, we finally arrive at

H = const + Z (Dkd,tdk,
k

@ = (cosh?(6;) + sinh?(6y)) &—2cosh(6y) sinh(6;) | 7| = \/ €2 — | %/?.

Alternatively, the approach outlined above can be reformulated as a pure diagonalization problem. In
order to do so, we first write the constraints set by the commutation relations in terms of [y ;, ¥, j] =

ij where o¢ denotes the third Pauli matrix. The transformed commutation relations then read

| ~ ~
0f = (B ] ] = (1), (1)) = (10T ) (1.15)

Multiplying Eq. (1.15) from the right with 6* yields an expression for the inverse of 7, Tk’l = o.szT o*.
By setting 7}, := kal, we obtain

H = const + Z‘i’,: TkTCka‘i’k = const + Z‘i’};@k‘i’k
k k
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which suggests that T; has to be chosen such that G := YN}CTC;{T;{ is diagonal. This is equivalent to
diagonalizing the matrix 6°Cy as

o°Cy = (GZTkTGZ> o*Ci Ty = T, '0°Ci T

In general, 6°Cy, is not hermitian and the transformation 7}, is not unitary.

1.2 Closed quantum systems

A quantum system is called closed if it is completely isolated from its environment. While the whole
universe is expected to represent a closed system, each subsystem of it is even under the best laboratory
conditions exposed to external perturbations and therefore not truly isolated. Nevertheless, in some
experiments, as in ultracold atom setups, systems can on experimentally relevant timescales to a good
extent be considered to be closed [5]. To this end the timescales of decoherence and dissipation have
to be much longer than the timescale of the experiment. In typical ultracold atom experiments atoms
are cooled down to very low temperatures up to ~ 107K and trapped in optical lattices [6]. Using
these experimental setups it is possible to realize models known from condensed matter physics like
the Hubbard [7] and the Heisenberg model [8], whose coupling parameters and lattice constants can
to high precision be manipulated experimentally.

The Hamiltonian Hy of a closed system is time-independent and its time evolution is unitary. As a
consequence energy is conserved at all times. As pointed out above, the time evolution of an initial

state | yp) reads

(1)) = e " yp) . (1.16)

The dynamics of |y(t)) is completely deterministic. If the state |y/(¢)) is known at some point in
time 7, the state |y/(7')) at any other time ¢’ can be deduced from Eq. (1.16). For the state |y(z)) the

expectation value of an operator O is given by

O(H) ) = 0 el'H()tOefiH()t 0 Cn * lE E Onm (117)
Y Vo)
—Z\cnIZOnnJr Y cuch, Omne {En—En)t
n#m

where we have used the eigenstates |n),|m) and the corresponding eigenvalues E,, E,, of Hy and
the notation O, := (n|O|m), ¢, := (n|yp). The first term in the second line of Eq. (1.17) is time-
independent while the second one shows oscillatory behavior. Observables that commute with H are

time-independent and conserved. An observable O is said to equilibrate under the dynamics of the



1.2 Closed quantum systems 13

system if the long-time limit expectation value (O(t)) relaxes to the time-averaged value (O1)),, [9],

T
(O1)) =5 (0= Jim [ a0 (). (1.18)
100 —eo T Jo

In generic systems, without any symmetries, there are no degeneracies in the energy spectrum. As a
consequence, the second term in Eq. (1.17) averages to zero, such that

(0o =Y |cal*Onn. (1.19)

Equivalently, Eq. (1.19) can be written as (0)),, = Tr[Oppg] where ppr = ¥, |c,|* |n) (n] is the
so-called diagonal ensemble [10]. It is important to note that the second term in Eq. (1.17) only
becomes exactly zero in the thermodynamic and long-time limit. For finite systems, there is always
the possibility of quantum revivals, meaning that the sum of a finite number of oscillating terms can
always come arbitrary close to its initial condition [11, 12]. However, in generic systems, such events

happens on very long time scales and can often be neglected.

1.2.1 Integrability

Nature is far too complex to be described in an exact way. Even simplified physical models can, in
general, not be solved analytically. Despite that, there is a class of models which have a particularly
rich underlying structure that often allows for an analytical solution. These systems are characterized
by an extensive set of constants of motion and are referred to as integrable. The existence of constants
of motion enables one to determine the dynamics of the system by integration. Thus, it is not necessary
to find the solution of a set of potentially coupled differential equations, but to solve a system of
ordinary equations or integrals. However, that can still be a very challenging task and one might not
be able to solve the system completely with the available means.

Classical dynamics is characterized by trajectories in phase space which is spanned by all possible
position x and momentum variables p. The dynamics of a quantity f that is function of these
phase space variables is governed by % f={f,H} where H denotes the Hamiltonian and {A,B} :=
Y %%ﬁ — %% the Poisson bracket. In contrast to generic systems, integrable systems do not
explore the whole phase space, but are typically limited to certain orbits and often show quasiperiodic
behavior in their dynamics [13]. Famous examples of classical integrable systems are the two-body
Kepler problem, the classical harmonic oscillator and the Korteweg-de-Vries equation. Integrability is
a very fine-tuned and fragile property. If a weak anharmonicity is introduced in the harmonic potential
or a light third mass is added in the case of the two-body Kepler problem, integrability is immediately
lost.

A mathematical rigorous definition of integrability can be given as follows: A classical system
described by a Hamiltonian H(q, p) with 2f degrees of freedom is called Liouville integrable if f

functionally independent constants of motion C; exist that commute with the Hamiltonian {C;,H} =0
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and also mutually commute with each other {C;,C;} =0 [14].

The Liouville-Arnold theorem states that the Hamiltonian of an integrable system can be mapped to a
canonical form which does not depend explicitly on time but only on the new canonical action-angle
coordinates being constant or evolving linearly in time [15]. Note that, in principle, in any classical
interacting many-particle system, the starting points of all trajectories in phase space are constants of
motion as they do not change with time. However, these are not constants of motion in the sense of
Liouville integrability. For a given configuration of the system at time ¢ > ty, where fg is the initial
time, they can, in general, only be determined by solving the coupled equations of motion and then
evolving the system backward in time.

It seems natural to define integrability in quantum systems by taking the classical definition and
replacing the 2f dimensional phase space by a f dimensional Hilbert space, Poisson brackets by

commutators and independent functions in phase space by algebraically independent operators
[Ci,H] =0, [Ci,Cj]=0 Vi, j.

However, in this analogy it is ambiguous how the constants of motion are defined. If C; commutes
with H, any algebraic function f(C;) commutes with H as well. Moreover, every projection operator
|n) (n| onto an eigenstate |n) of H commutes with the Hamiltonian and the number of these projection
operators is as large as the dimension of the Hilbert space. Hence, according to this definition, each
quantum system would be integrable.

Importantly, not all of these constants of motion are relevant in a similar sense as not all initial
conditions in a classical many-particle system are constants of motion according to the Liouville
theorem. An additional criterion is needed to define integrability in quantum systems. This criterion is
locality. For a discrete lattice system with translational symmetry, we can define a local conservation

law C; fulfilling [C;, Hp) = O as a translation-invariant sum of local densities c; ; [16],

N
Cl' = Z C,‘J
j=1

where ¢; ; has only non-trivial support on a finite number of adjacent lattice sites, i.e. ¢; jx = 1 for
|k — j| > n;. The number of local conserved quantities scales linearly with the system size N and not
exponentially as the size of the Hilbert space. Throughout this thesis, we refer to constants of motion
also as conservation laws, conserved quantities and charges interchangeably.

Quantum integrability can be associated with the existence of an extensive set of local conserved
quantities. Another approach is to say that a quantum system is integrable if a classical limit exists in
which the corresponding classical system is integrable [17]. There are integrable lattice as well as
continuum models, for example, free [18—20] and conformal field theories [21, 22], non-linear sigma
models and non-relativistic field theories like the Lieb-Liniger model [23, 24]. Examples of quantum
integrable lattice models are the XXZ spin chain [25], the transverse Ising model [26, 27] and the
Fermi-Hubbard model [28, 29] in one-dimension.
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In nature, only approximately integrable systems exist because any weak integrability breaking per-
turbation destroys integrability. However, as already mentioned, integrable systems can, up to good
precision, be realized in ultracold atom experiments, at least on certain time scales.

Quantum integrable systems can roughly be divided into two classes. Firstly, systems in which local
degrees of freedom can be mapped onto non-interacting quasiparticles using a canonical transforma-
tion like a Bogoliubov transformation, or bosonization techniques. This is, for example, the case for
the spin-1/2 XY and the transverse Ising model. Due to the equivalence to a single (quasi)particle
picture, these systems are also called quasifree [16]. Secondly, Yang-Baxter integrable systems in
which multi-particle scattering can be separated into two-particle scattering events. Such systems can
be diagonalized using so-called Bethe ansatz techniques [30]. Typically, integrable quantum systems
are low-dimensional and feature short range interactions. Often, the notion of quantum integrability
and solvability is used interchangeably. However, there are also exceptions as reported in [31].

An effective theoretical approach to test whether a finite size system is integrable or not is to investi-
gate its level statistics. While the distances of adjacent eigenvalues in integrable models are Poisson
distributed, in generic systems they obey, in the presence of time reversal symmetry, the statistics of
the Gaussian orthogonal ensemble (GOE) and feature level repulsion [32, 33].

Transport in integrable systems is characterized by infinite conductivities. If a current j that is
protected, or at least partially protected, by conservation laws is driven by a time-dependent pertur-
bation E(t), the response of the system is infinitely strong. In a linear approximation, the current
and the perturbation are related through j(®w) = o(@)E(®). The real part of the conductivity o(m)
in frequency space can be written as Re(6(®)) = Opeg(®) + D(T)0 () where 0., (@) denotes the
regular part of o(®) [34, 35]. The temperature-dependent Drude weight D(T) is a weight of the
non-regular contribution at @ = 0 that is non-zero if the relaxation of currents in the long-time limit is
prohibited by conservation laws. In contrast to that, in generic non-integrable systems D(T) is zero.

According to the Mazur inequality, a lower bound for the Drude conductivity is given by

DIT) = 3y im0 0) 2 37 £ Ve (120)

where L denotes the system size and {Cy } is a set of orthogonal conserved quantities, (CtC;) = (C2) 5y
[36].
1.2.2 The XXZ model

Within this thesis we mainly consider the spin-1/2 XXZ model in one-dimension. The Hamiltonian

of the model reads

i o
Hyxz = Y5 (ST +S7851) +ASiST,, (1.21)
J
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where J denotes the exchange interaction and A the anisotropy term. The ladder operators Sji are
defined by Sj: = %(G}C + iGjy- ) and 85 = %GZ where 6% (o = x,y,7) are Pauli matrices. At A = J the
XXZ model simplifies to the SU(2) Heisenberg model. The excitation spectrum is gapless in the
regime |A| < |J| and gapped otherwise [37].

The local conserved quantities of the model can be calculated recursively using the so-called boost
operator B := —iY; j hj, where h; = 1/2J(SJ+S;+1 +S; S}:_l) + AS%S%  is the local Hamiltonian
density. The conserved quantity C;; of order i+ 1 can then be obtained with the formula C; | = [B,Cj]
for i > 2 [25]. The complexity of the charges increases with increasing order. A conserved quantity
C; of order i contains local densities that have non-trivial support on maximal i neighboring sites. The
most local charges of the XXZ model are the total spin in z-direction C; = S¢, the Hamiltonian itself

C, = Hxxz and the heat current operator

=Jh=1J Z " x87) xS, (1.22)

where we have defined S’ = \/E ¢, 8= \/AZ/TQSf‘ for A, =A/J, A, = A, = 1. The set of
local conservation laws can be d1V1ded into the sets of even {Cy,} and odd {Cy,+} charges. Odd
conservation laws are conserved currents. In contrast to the set of even charges, they are, for example,
odd under time reversal and certain spatial reflection symmetries.

Due to the conservation of the heat current, the corresponding Drude weight is finite at all finite

temperatures [38]. In contrast to that, the spin current operator
J, —JZ (8387, 538541) (1.23)

is not conserved, [Hy,J;] # 0. As Jy is odd under spin-reversal while all local conservation laws of the
XXZ are even under this transformation, one would expect that the spin Drude weight (also called
spin stiffness) is zero. However, it was found that the Drude weight of the spin current is non-zero for
|A| < |J] [39] which was explained recently by the detection of an additional set of charges [40, 41].
Importantly, these charges cannot be written as a sum of local densities. The corresponding charge
densities can rather be considered as quasilocal, meaning that they are local up to exponential tails. In
contrast to the local conservation laws, they do not exhibit spin-reversal invariance and have a finite
overlap with the spin current at |A| < |J|. Among the known quasilocal conservation laws are the
families of X and Z charges [16] where the more exotic charges of the Z family even break the U(1)

symmetry of the underlying model.

stiffness is non-zero indicating ballistic transport. Using the set of common eigenstates {|n)} of the

local conservation laws the conserved part of the spin current can be constructed as

JE =Y (nlJgln) |n) (n] . (1.24)

n
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1.2.3 Thermalization

One of the major hallmarks of equilibrium statistical physics is the fact that macroscopic systems with
many degrees of freedom can be described by only a few parameters like, for example, temperature 7
and chemical potential (. Such a coarse-grained description cannot capture all possible microscopical
configurations but it can predict the typical behavior of a system on macroscopic scales. Generally,
one is not interested in the position and velocities of all molecules in a classical gas or the exact
wave function of a quantum many-body system but rather in measurable correlation functions and
local observables. The expectation values of these observables, like energy and particle number,
define macroscopic states that are compatible with many microstates. The approach of statistical
physics is to replace the description of deterministically evolving microstates by a stochastic theory
for macrostates.

The existence of stationary equilibrium probability distributions, also called ensembles, originates in
the second law of thermodynamics, which states that the entropy increases in (almost) all processes
[42, 43]. The thermal equilibrium distribution is then distinguished as the distribution with maximal
entropy.

The entropy of a macroscopic state is a measure for the number of microstates that can realize the
former. Thus, in equilibrium where by definition each state in configuration space is equally often
reached during the time evolution, a closed system tends to be most likely in the macrostates being
consistent with the most microstates. As an illustration, we consider a gas of N particles in an isolated
box that is virtually divided into two halves (This is a very commonly used example. A similar setup
was, for example, also considered in [44]). We assume that all particles are initialized in the left half
of the box at time = 0. After a certain equilibration time, the particles fill the whole box uniformly,
as this is the macrostate with the most microscopical realizations. The entropy of a macrostate with

N particles on the left and N — N, particles on the right side is

s~ )] =[]~ | e

:const—%(ln[Nl] +In[N—=N]) =N (In[N;]—1) = (N—=N;) (In[N =Ny ] — 1),

where we have used the Stirling formula n! &~ +/27n (n/e)" which is valid for n > 1. The entropy is
maximal at Ny = N/2 as

1 1
=|=———<——+h|N-N{|—In|N

1-N
Ni=N/2 N

Hence, in the most likely configuration half of the particles are on the left and the other half on the

dS(N)

IN,
d2S(Ny)
92N,

= 0,
N=N/2

right side. However, due to fluctuations on the microscopic level there is a chance to measure a
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slightly different number of particles. The probability to find N/2 — M particles in one and N/2 +M
particles in the other subsystem is

Py= N ~ LW (M < N)
MToN\Nj2tm) T AN ’

where 2V is the total number of macrostates. Fluctuations are Gaussian distributed with variance
02 = N/4. We see that the probability for all particles N being again in the left half of the box is
exponentially small in N. The second law of thermodynamics sets a fixed arrow of time towards
the equilibrium state. This is referred to as irreversibility. The system can go back to its initial
low-entropy configuration but the probability for this process is extremely tiny in a macroscopic
system.

In the context of thermal equilibrium, it is important to introduce the concept of a thermal bath. A
bath is a large thermodynamic system with so many degrees of freedom that its temperature, chemical
potential, ... do not change when it is coupled to the actual system of interest. On the contrary, it
dictates the intensive parameters of the system and fixes the expectation values of the corresponding
extensive quantities. It can serve as an infinite reservoir for heat, particles or other quantities that are
conserved in the whole system.

To find the equilibrium distribution for a given bath coupling one can, for example, use an approach

from information theory. The Shannon entropy of a discrete probability distribution is defined as [45]

N
Slpi}l = - lej In(p;). (1.25)
j=

where p; is the probability of the system to be in a macrostate labeled by j. We aim to find the
probability distribution that maximizes Eq. (1.25) in the presence of possible constraints set by a
coupling to an external bath which can be incorporated in terms of Lagrange multipliers. In the case
of a closed system, the only constraint is the normalization of the distribution, i.e. }; p; = 1 and the
entropy is maximized by a uniform distribution with p; = 1/N. In physics, this is referred to as the
microcanonical ensemble. If the system is coupled to a heat bath that fixes the expectation value of

the energy E =} ; p,E, the Shannon entropy is maximal for

PAE) = Sogse P, 28) = Lot
where 8 = 1/E is the inverse temperature and Z(E) the canonical partition sum. This is the so-called
canonical ensemble. In the case of energy and particle number fluctuations one obtains the grand
canonical ensemble. These are the most commonly used ensembles in statistical physics. In the
thermodynamic limit, when the relative fluctuations of energy and particle number tend to zero (by
virtue of the central limit theorem), these ensembles are believed to be equivalent. This has been

rigorously proven for systems with short range interactions [46].
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Systems in equilibrium are considered to be ergodic [47]. Ergodicity means that the whole phase space
is filled equally during the time evolution. As a consequence, the time average of physical observables
becomes equivalent to the ensemble average which allows us to work only with time-independent
probability distributions in equilibrium statistical physics. For a system in equilibrium with N discrete
states, ergodicity means that all transition rates I';_, ; between states i and j are non-zero and therefore

all states can be reached during the dynamics. In equilibrium, the detailed balance relation
[iy P =T;.iP; (1.26)

holds, which implies that all probability currents vanish. This can be seen as a defining property of
thermal equilibrium. Besides ergodicity, thermalization is associated with the concept of dynamical
chaos [48]. A system is said to be chaotic if its final state, which is reached after some time ¢, is
extremely sensitive to the initial conditions. Even small changes in the starting configuration can lead
to a very different final state. The microscopic state of a system in equilibrium might look completely
different for slightly different initial conditions. However, at macroscopic scales, the system can in

both cases be well described by an equilibrium ensemble.

1.2.4 Thermalization in quantum systems

A natural question to ask is under which circumstances equilibrated observables in isolated quantum
systems can be described by ensembles known from statistical physics. A typical experimental
as well as theoretical approach to investigate this question are so-called quantum quenches. In a
quantum quench, a system is, typically, first prepared in an eigenstate (mostly the ground state) of a
Hamiltonian H (A ). Then one parameter A of the initial Hamiltonian is suddenly set to a new value 4.
As a consequence, the initial state is, in general, no eigenstate of H(A') anymore and evolves unitarily
under the new Hamiltonian.

In the case of a generic system, the expectation value (O) of an observable O is expected to be given

by Eq. (1.18) in the long-time limit which can also be formulated in terms of the diagonal ensemble
poE =Y |cal* |n) (] (1.27)
n

as (O) = Tr[Oppe]. It can be said that an observable O thermalizes if its long-time limit expectation

value can be reproduced by an equilibrium density matrix p,, depending only on a few parameters

T,u,...,
(0) =Tr[O ppg| = Tr[O pey(T, 1, ...)]. (1.28)

Note that this statement can only be exactly true in the thermodynamic limit. It is again a priori not
clear why closed quantum systems should thermalize as their dynamics is completely unitary. This

apparent contradiction is in some sense similar to the paradox of thermalization in deterministically
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evolving classical systems. In classical statistical mechanics the contradiction can be resolved by the
assumption of ergodicity and dynamical chaos.

The question is how thermalization can be explained in quantum mechanics. A thermal state is
completely independent of the initial configuration. In contrast to that, in a closed quantum system,
the information about the initial conditions remains available for all times. However, it is important to
note that information propagates during the time evolution and is after a sufficiently long time only
accessible by global measurements. Typically, the speed at which information spreads in quantum
systems is limited by the so-called Lieb-Robinson bound [49] whose explicit value depends on the
details of the system. As most of the relevant physical observables are described by local operators,
the information about the initial state is effectively lost as long as local measurements are concerned
and ppr in Eq. (1.28) might be replaced by an equilibrium distribution. Another way of defining
thermalization is the following: An infinitely large system B is considered to be thermal if the reduced

density matrix of all possible finite subsystems A C B is given by a thermal distribution, i.e.

Pa = Trgalp] = Peg(T. ... (1.29)

If this condition is met, it is said that the system serves as its own heat bath. A commonly used
explanation to illustrate thermalization in quantum systems is the so-called Eigenstate Thermalization
Hypothesis (ETH) [50, 51] which is based on two major assumptions: 1) The diagonal matrix elements
Oun = O(E,) of an operator O depend smoothly on the energy and 2) the off-diagonal matrix elements
are much smaller than the diagonal ones Oy, > O,,,,. If we assume that all relevant energies lie within
a shell of width AE centered around the energy E, we obtain for the expectation value of O in the

long-time limit
<0(t)> — Z’cn|20’m+ Z Cfncnei(Emen)zOmn
t—>o0 o n#m
1),2)
Z ]cn\ZO(En) ~

n,|[E—Ey|<AE

1
Qae(E)

Q

O(E,) ~ O(E) (1.30)

1n,|E—Ey,|<AE

where the last equality holds if O(E,) ~ O(E). Moreover, we have assumed that ¢, scales as
1/ \/m where Qar(E) denotes the total number of states in the energy shell with energy
between E + AE. The result Eq. (1.30) is equivalent to the one predicted by the microcanonical
ensemble and, therefore, an equilibrium expectation value.

The energy window can be chosen sufficiently narrow that only one eigenenergy is included within
the shell. Then the expectation value of the observable with respect to the corresponding energy
eigenstate is equal to the prediction of the microcanonical ensemble. Thus the information, whether
a system thermalizes or not is stored in the energy eigenstates itself. This observation allows the
interpretation of energy eigenstates as single ensembles [52]. Thermalization of quantum systems has

been observed in several studies as in [10, 53]. However, not all systems thermalize.



1.2 Closed quantum systems 21

1.2.5 Generalized thermalization in quantum systems

One famous example of the failure of thermalization are strongly disordered systems. We consider a

spin-1/2 Heisenberg model in one-dimension

H:ZJ Sjsj+1+hiS§~ (1.31)
J

that is subject to a random magnetic field i; € [—-W,W]. The field 4; is different on all sites and drawn
from a uniform distribution. The model was studied in [54, 52]. Here, we repeat some of the main
results. The system shows a phase transition from a thermal to a Many-body localized (MBL) phase at
a critical disorder strength (W /J), =~ 3.5+ 1 for an energy density compatible with a 7' = oo thermal
state. In the Many-body localized phase, the system fails to equilibrate and its local configuration is at
all times set by the initial conditions. This becomes especially apparent in the extreme limit J — 0
(W #£0). AtJ = 0 the model is describing isolated spins precessing in a random magnetic field. Their
dynamics is completely determined by the initial configuration and the wavefunction of the whole
system is simply a product state of the single-particle wavefunctions. Moreover, each operator 7; = S;
is a local conserved quantity. In the many-body localized phase at (W /J) > (W /J). one can still find
a set of local conserved quantities {7;}. They can be constructed by applying a non-local uniform

transformation U to the local operators S7 [55],

G=USUT = Si+ Y JAPSesE +.., (1.32)
jk

where the transformation U is chosen such that UTHU is up to terms of order (J/W)" < 1 diagonal in

the eigenbasis of S*. Then all operators 7; commute with the Hamiltonian and also mutually commute

with each other

[t,H) = [USSUT,H|=U (SSUTHU —UTHUS)U" ~ O (J/W)"),

[51] = [USiUTUSiUT = U (5585 - 5387 U <.

The expansion in powers of J/W can for sufficiently strong disorder strength be truncated after
the first order. The prefactor Jgf decays exponentially with the distance of the spins S;, Si to the
central spin S; where the characteristic length scale for the decay is given by the localization length
& [56]. Hence, the operators 7; can be considered as local up to exponential tails. In contrast to the
conservation laws of integrable systems (cf. Sec. 1.2.1), these charges are typically robust and simply
adjust to small local perturbations. Note that the former statement does not hold in the case of a
weak coupling to a thermal bath [57]. Due to the existence of an extensive set of local conserved
quantities, a MBL system cannot thermalize to an ensemble that is only described by a few parameters.

Further differences between the thermal (ergodic) and the many-body localized phase are listed in
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Therrmal phase

MBL phase

* Many-body eigenvalue spacing follows GOE/
GUE/ GSE statistics

* System is a reservoir for itself
* Diffusive transport of energy, spin
» ETH is valid

* ‘Volume-law* entanglement

Many-body eigenvalue spacing follows
Poissonian statistics

System is not a reservoir for itself
Zero spin and heat conductivity
ETH is invalid

‘Area-law‘ entanglement

Table 1.2 Comparison between the thermal and the many-body localized phase. The table is reproduced
from [52].

Ti-3 Ti-2 Ti+1 Tit2 Ti+3
i— i—1 i i+l i+ i+3
Ti-3 Ti Ti+3

i-3 i

i+3

Figure 1.1 In the limit J — 0 each local operator 7; = S commutes with the Hamiltonian and is
therefore conserved (upper figure). For small but finite J (W /J) > (W /J).), conserved quantities 7;
can be defined which are local up to exponential tales (lower figure).

table 1.2. Another and related class of systems that fail to thermalize are integrable systems which
have been introduced in Sec. 1.2.1. Similarly to MBL, an extensive set of local conserved quantities
that constrains the time evolution of the system eventually prevents thermalization.

Experimentally, the failure of thermalization in an integrable system was first observed by Kinoshita
et al. [58] in 2006. In their seminal experiment, they found that the momentum distribution of a
trapped one-dimensional gas of 8’Rb bosons with point-like interaction does not equilibrate even after
several thousands of collisions. The experiment can be theoretically described with the integrable
Lieb-Liniger model. In a very simplified picture, this observation can be explained with an idealized

Newton’s cradle that consists of point like masses moving effectively in one-dimension and colliding
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fully elastically. When a ball collides with one of its neighbors, energy and momentum conservation
is only satisfied if momenta are exchanged. Such a system can never equilibrate to a thermal state.

It has been conjectured that in the thermodynamic limit, the steady state after a quench that preserves
integrability can be captured by a generalized Gibbs ensemble (GGE) rather than a Gibbs ensemble
[59, 26, 60]. At least this is expected to be true as long as the expectation values of local physical
observables are considered. A GGE includes all relevant local (and quasilocal) charges of a system

with corresponding Lagrange parameters A,

PGGE ~ €Xp (-ZA,Q) (1.33)
j

and maximizes entropy under the constraints set by the conservation laws. In the case of quenches that
break integrability weakly, it was reported that the system eventually thermalizes in the long-time limit.
However, on an intermediate timescale, it was found that local observables can be well described by a
GGE determined by the initial configurations of the system. This transient regime is called prethermal
[61, 62]. A further approximation can be made in Eq. (1.33) by including not all conserved quantities
but only a finite number N, which turn out to be most relevant for the case considered. The ensemble
is then referred to as a truncated GGE (tGGE).

In the case of free models, the local conserved quantities C; can be replaced by the occupation number

operators .7 = ockT

oy where OckT and oy, denote the creation and annihilation operators of a quasiparticle
state, respectively. The operator .#; is non-local in position space, but local in momentum space. The
values of the Lagrange parameters in the steady (or prethermal) state are determined by the initial

conditions,

(W!Cjlwo) = (C))aae (1.34)

where we have used the notation (Cj)gce = Tr[Cjpgce]. The validity of the GGE ansatz has been
shown theoretically for a broad class of free and quasifree models that can be mapped onto free
theories [26, 60]. However, there was a long debate about whether a GGE is also able to correctly
describe the steady state expectation values of local observables in the presence of interactions. In
[63—65], it was observed that a GGE including only local charges cannot capture the exact steady state
of a XXZ model after a quantum quench. However, it was found later that the GGE ansatz indeed
works if all local and quasilocal conservation laws are included [66—68, 65], at least for certain initial
conditions [69, 63]. Thus, the exact validity of the GGE ansatz strongly depends on the fact if all
relevant conservation laws can be detected and included in the GGE ansatz. Nevertheless, there is the
notion that more local conservation laws, included in the tGGE ansatz, have a more substantial impact
on the expectation value of local observables than less local ones.

The first experimental verification of the GGE ansatz in an integrable system was given by Langen et.
al in 2015 [70]. They showed that a degenerate one-dimensional gas of bosonic 3’Rb atoms, which

is, as already mentioned, to a good extent a realization of the integrable Lieb-Liniger model, relaxes



24 Introduction

10-point

A
AV

zy(um) [ 3
theorv experiment

=20 0 20 -20 0 20 -20 0 20 =-20 O 20 -20 0O 20 =20 0 20
Zy(Hm)

Figure 1.2 Comparison between the experimentally measured 4, 6 and 10-point correlation functions
and the theoretical prediction obtained from a tGGE ansatz including 10 conservation laws. The figure
is taken from [70].

to a steady state being well captured by a GGE ansatz. By splitting the system into two nominally
identical subsystems with approximately the same number of atoms, a quantum quench was performed
triggering the non-equilibrium dynamics of the system. To validate the GGE ansatz, they measured
n-point correlation functions, using matter-wave interferometry between the two subsystems, and
compared their results to theoretical predictions obtained from a truncated GGE ansatz including up to
ten conserved quantities. As shown in Fig 1.2 they found a very good agreement between experiment
and theory even for higher order correlation functions.

1.3 Open quantum system

A quantum system that is not completely isolated, but subject to external influences and perturbations
is referred to as an open quantum system. Such an external influence could, for example, be a coupling
to a thermal or non-thermal bath or an applied time-dependent force field.

One convenient approach to deal with the first case is to decompose the Hamiltonian of the whole
system into three parts. One part which acts only on the degrees of freedom of the system Hg and
the bath Hp and another one Hgp describing the system-bath coupling. As one is typically mainly
interested in the actual system and not in the bath, the latter one can under certain assumptions be
treated as an average influence on a coarse-grained time scale. By tracing out the bath degrees of
freedom one can derive an effective non-unitary theory for the dynamics of the reduced system. In the
case of time-dependent driving, it is in general difficult to find a simple theory describing the time
evolution of the system. Exceptions are situations in which the drive is periodic. Then the so-called
Floquet theory provides powerful tools to capture the state of the system at stroboscopic times.
Open systems that are not simply coupled to a thermal bath do in general not thermalize in the
long-time limit but reach a non-equilibrium steady state (NESS). These states can host stationary

currents and do not need to be time-independent. For instance, they can show periodic behavior as
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limit cycles. In the absence of equilibrium, it is a priori not possible to make an ansatz for a steady
state. One rather needs to keep track of the time evolution of the density matrix for given initial
conditions or solve d;p = 0 to determine the steady state.

In the following, we consider a system with a set of possible configurations C = {c,} and an initial
probability distribution P,—y(c,). The equation governing the time propagation of P; is called Master
equation. The most general form of a Master equation reads

d

EB(Cn) = ;Fm—mpt (Cm) - ;rnﬁmpt (Cl’l)7 (135)

where I',,_,,, denotes the transition rate from configuration ¢, to configuration c,,. The first term in
Eq. (1.35) describes gain processes while the second one represents losses. The Master equation
preserves the normalization property as Y, d;P(c,) = 0. Eq. (1.35) can be formulated as a matrix

equation
oP, =P, (1.36)

where .Z is the Liouville operator (cf. 1.1.1). The entries of P; and .Z are given by P; ,, = B(c,,) and
Lom = —Tnom + Oum Lo Um—me. The Liouville operator is in general not hermitian. However, it is
constrained by the conservation of probability

Lok () =L (L% ) Rle) =0

m n

T
meaning that the sum over each column of . is zero. Moreover, the real parts of all right eigenvalues
of .Z have to be smaller or equal to zero to ensure stability. That can easily be seen if one decomposes
P using the right eigenstates of .Z. A positive eigenvalue leads to an exponential growing term that,
in turn, violates the normalization condition. Also due to the conservation of probability, the Master
equation guarantees the existence of at least one stationary probability distribution P., that fulfills
ZLP.. =0.

In equilibrium, P, can, potentially under constraints set by conservation laws, be directly deduced
from the principle of entropy maximization. In practice, an equilibrium distribution can be generated
with an update scheme that satisfies detailed balance, i.e. T, P (¢;) = Uyn—snPr (i), in each evolution
step. The precise details of the implementation might not be important as long as detailed balance is
fulfilled. That is why, for example, in the case of the Ising model, different numerical methods like
the Metropolis algorithm or the Glauber update scheme lead to the correct equilibrium distribution.
The physical statement of the detailed balance relation is that all probability currents vanish. This is
a hallmark of equilibrium. In contrast to that, out of equilibrium, detailed balance is in general not
valid and steady states with stationary probability currents exist. In fact, one class of stationary non-

equilibrium systems are characterized by the compensation of fluxes (heat, particle, . ..) that are driven



26 Introduction

C C

VANVAN

|
A B A B

Figure 1.3 Schematic sketch of a 0+ 1 dimensional system with three possible states A,B,C. Left:
all transition rates are equal and detailed balance is fulfilled leading to a thermal state in which no
currents are present. Right: detailed balance is violated and a steady state with non-vanishing currents
establishes.

by dissipation and external pumping. As an example we consider the situation depicted in Fig. 1.3
which was, for example, also presented in [71]. Transitions between three possible states A, B and C
withrates ['4 g =T'p 4, I'psc =Tcp, Tcwa =Tasc=D(eft)and ' s4a =T'asc =Tcp=T
(right) are given. In both situations the stationary probability distribution is ps = pp = pc = 1/3.
However, in the first case, detailed balance is fulfilled meaning that an equilibrium configuration is
reached while the second case lacks detailed balance leading to a steady state with a stationary current

|Jag| = |JBc| = [Jca| = T'/3 between two states.

1.3.1 Markovian master equation

In this section, we review briefly how to derive an effective description for the time evolution of an
open subsystem S coupled to an environment B. We mainly follow reference [2] which gives a very
detailed introduction to the topic. Firstly, we assume that the whole system is closed and its dynamics
is unitary. Moreover, we split the Hamiltonian H of the system into one part acting on the system of

interest S, one acting on the bath B and one that couples the degrees of freedom of S and B
H = Hs+ Hp + Hsp. (1.37)

The time evolution of the density matrix is governed by the von Neumann equation d,;p(t) =
—i[H,p(t)]. To derive an effective description for the time evolution of the reduced density ma-

trix ps, we trace out the bath degrees of freedom yielding

9,ps(t) = —i Tr[[Hsp,p(1)]] (1.38)

= —/Otds TI‘B[[HsB(t), [HSB(S)ap(S)H]
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where we have used the interaction picture representation and the assumption Trg[Hsp(t),p(0)] = 0.

This expressions can be simplified if the following three approximations are made.

* The Born approximation assumes that the influence of the system on the bath is small. As a
result, the density matrix of the bath pp is only weakly affected by the interaction with the
reduced system and the total density matrix factorizes p (1) = ps(t) ® pp.

* The Rotating-wave (secular) approximation assumes that highly oscillating terms in Eq. (1.38)
that change on a timescale 7, ~ 1/|@ — @’|, where ®, @’ (@ # ®’) are typical energy scales of
the system S, can be neglected. This is justified if the timescale 7, is much smaller than the
typical relaxation time scale of the reduced open system 7.

* The Markov approximation assumes that environmental excitations decay fast on a time scale
Tp compared to the timescale Tg on which the reduced open system varies significantly. Thus, in
a coarse-grained picture, the bath does not keep any memory of the configuration of the system.
As a consequence of this approximation, the time evolution of the reduced system is not unitary
anymore but only Markovian, i.e. the dynamics depends only on the current configuration and
not on the past.

Using these approximations the Markovian master equation (Lindblad equation) finally reads in the

Schrédinger picture

dps(1) = Lps(t) = —ilH, ps(1)]+ D [ps(1))], (1.39)

I1ps(0)] = ¥ Laps(1)L ~ 5 (Ll P50},

where the coupling to the bath is encoded in the so-called Lindblad operators Ly. The Liouville
superoperator 9 (Lindbladian, Lindblad dissipator) preserves hermicity, positivity and the trace of
p(t) at all times. It describes dissipative processes. The dynamics generated by 9 can be viewed
as those governed by an anti-hermitian Hamiltonian H ™~ := —% Yo L} L. If we decompose the total
Hamiltonian into H,,, = H + H~, we obtain with pg(r) = e~ {H+H ) po(0)lH—H)t,

dps(t) = —i [(H+H") ps(t) — ps(t) (H—H)]
= —i[H,ps(t)] —i{H ", ps(t)}

. 1
= —i[H,ps(t)] — EZ{LJ&LaaPS(t)}
o
which is identical to Eq. (1.39) up to the term Y, Lo p (t)fo that has to be added to ensure conservation

of probability. In the following, we drop the index S and denote the density matrix of the reduced
system simply by p.
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1.3.2 Floquet theory

Floquet theory deals with the dynamics of periodically driven systems whose Hamiltonians H ()
fulfill

o=

H(t)=H@+T), T o

(1.40)

where € is the driving frequency. In analogy to the Bloch theorem for systems with a discrete spatial
translation symmetry, the Floquet theorem specifies the form of the eigenvalues and eigenstates of
a Hamiltonian in the presence of a discrete translational symmetry in time. Here, we present some
of the basic ideas of Floquet theory. Note that this section is based on [72, 73]. In order to derive
the Floquet theorem, we start from the Schrédinger equation, Eq. (1.1) that is formally solved by
|w(t)) =U(t)|w(0)). It is convenient to introduce the so-called Floquet Hamiltonian

H (1) = H(t) —i0,

which is also a hermitian operator and periodic in time. The Floquet Hamiltonian commutes with the

so-called Floquet operator U (t) := U (t +T) that translate a state by one period T,
UF(OHT (1) = UF (0BT () (U7 (1) ' UF (1) = HF (4 T)UF (1) = HF (1)U ().

Therefore, one can find a common eigenbasis {|y, (1))} of H (¢) and UF (T), where v labels all
possible quantum numbers of the state |yy). As U’ (¢) is a unitary operator, the corresponding

eigenvalue equations are of the form

U () [y (t)) = e T [y (1)) . (1.41)

Due to Eq. (1.40), the Floquet operator satisfies U (nT) = (U"(T))". Hence, the eigenvalues of
U* (¢) fulfill the relation e~ ("T) = (¢=#9+(T))" Tt follows that the phase @y (T') is linear in 7' and can
be written as ¢ (7') = &,T where €, € R is called quasienergy. The quasienergies are only defined
up to integer multiples of Q. By diagonalizing the Floquet operators at all times, Eq. (1.41) can
formally be solved. However, it turns out that this is in most cases not really practical due to the
time-ordering operator g appearing in the formula of U7 (). An alternative approach is the following:

The eigenstates of the Floquet operator can be rewritten as

W (1) = e " [y (1)), (1.42)

where the so-called Floquet states |y (t)) are periodic in time,

[0y (e+T)) = %D |y (14 7)) = DU (1) |y (1)) = € [y (1)) = |9 (2)).-
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Inserting the Floquet state Eq. (1.42) into the Schrodinger equation yields the eigenvalue equation

HY (1) |9y (1)) = &v |9y (1)) - (1.43)

The advantage of Eq. (1.43) is that the eigenvalues €, are time-independent while the Floquet states
|@y (7)) are periodic in time with period T'. For a given solution |y, (¢)) with Floquet state |9y (¢)) and
quasienergy &, an identical solution |y (¢)) = |wy (¢)) with |@y/(2)) = e~ ¥ | ¢, (¢)) (n € Z) can be
found where the corresponding quasienergy €,» = €, — nQ is shifted by nQ. Thus, for each solution
with quantum number V an infinite set of Floquet copies exists.

Similar to the dispersion relation in systems with a discrete translation symmetry, the quasienergy
spectrum consists of bands in different Floquet sectors which we label by n. The band structure within
one sector repeats when shifted by an integer multiple of Q. For convenience one can choose the
sector with —Q /2 < &, < Q/2 as a physical reference. Even though there is an analogy between a
translation symmetry in space and time, there is also a crucial difference. While the space coordinate
is an operator in quantum mechanics, time is not. In lattice systems that have a discrete translational
symmetry in space, one finds an infinite number of physical electronic bands. In contrast to that, the
number of physical bands in Floquet systems is finite with an infinite number of replicas.

Generally, any quantum state | (7)) can be written as a linear combination of Floquet eigenstates

= Tewe 7 loul0) = Leve (€ o}

where we have defined ¢y = (¢ (0)|¥(0)) and used the Fourier decomposition |y (¢)) = ¥, e 7" | ¢11).
Often, it is conveniant to interpret the states |¢/') as components of an inﬁnitely large vector
[0v)) = (..., [0y ), 109), [oL),...)T that lives in the extended Hilbert space .# = # ® 7. Here,

A is the physical Hilbert space and .7 denotes the Hilbert space of all square-integrable periodic
functions with period 7. A scalar product in the extended Hilbert space .% can be defined through

(¢|y)) T/ dt. (1.44)

The components of an operators O : .% — .% are given by
~ 1 /T . o mo
Onm — ?/O eln lO(t)eflm f, (145)

where O,,, and O(t) act on the physical Hilbert space 7. For the Floquet Hamiltonian A" : .% — .7

we obtain

T .
— % / dre™¥ (H(t) —id,) e ™¥ (1.46)
0

=H,_,, — mQ0,,1
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with
1T
=_ / dte™ H(t)=H",. (1.47)
T Jo

The Hilbert space .# is infinite dimensional. However, for practical purposes, the number of Floquet
zones 2Ny + 1 can be truncated if the condition QNy > E,,, is met guaranteeing the validity of the
Floquet ansatz [74]. Here, E,,,, denotes the energy scale of the unperturbed Hamiltonian Hy when
using the decomposition H(t) = Hy+AH (t) (AH(t+T) = AH(¢)). By diagonalizing the truncated
matrix A" forn € {—Ny,...,0,...,Ns} one obtains the quasienergies &, and eigenstates |¢7)) which
can then, in turn, be used to determine |@, (¢)) and |y, (¢)).

Due to periodic driving, the expectation value of the Hamiltonian (H(t)) acquires an explicit time
dependence. It is important to note that energy is only conserved when the Hamiltonian commutes
with itself at different times, [H(z),H(¢')] = 0. Consequently, if this condition is not met, the steady
state that maximizes entropy without any constraints set by conservation laws is expected to be the
trivial state. The more physical picture is that in the presence of interactions, periodic driving provides
a channel through which the system can constantly absorb energy. Therefore, it is commonly believed
that generic interacting quantum systems, which are periodically driven and not coupled to a thermal
bath, heat up to an infinite temperature state in the long-time limit  — oo [75, 76].

This observation can again be explained with the help of the ETH. We consider the case that the
typical magnitude of the driving term &, is much larger than the width of the Floquet zone such that a
broadband of eigenstates |n) of the bare Hamiltonian H, contribute to each Floquet state |y (¢)). For

the expectation value of an observable O(t), we find using the ETH assumption

(0(1)) == Ylevl (9w (1) 01y (1) Z\CV\ZZOC 1) (n|Oln')

\%

“Z‘CV‘ 723 (05(0)=0 (n|O|n") Z|CV|2 Z (n|O|n)
\%

'/ nn'

— Z n|0ln) = —Tr[on]

where we have used ¥, |[cy|> = 1 and assumed that &' () = (¢y (¢)|n) ~ 1//D_zexp(i@l(t)) with
uncorrelated phases @}}(¢). Here, D denotes the dimension of the Hilbert space. From this argument
we can deduce that the steady state density matrix in the long-time limit is given by the trivial operator

1 or the infinite temperature state, thus a thermal state ~ e A# with B = 1/T — 0 (T — o).

1.4 Phase transitions

1.4.1 Equilibrium phase transitions

Matter in equilibrium can exist in different phases depending on an external set of parameters. A real

world example is water which exists in a liquid phase at room temperature, is a solid below 0°C and a
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gas above 100°C at atmospheric pressure. The existence of different phases can be understood with

the help of thermodynamic potentials like the Helmholtz free energy that is defined by
F(T,V)=E(T,V)-T S(T,V),

where E is the energy, T the temperature, V the volume and § the entropy of the system considered.
In equilibrium a system is in a state that minimizes the free energy. At small temperatures, this state
can be ascertained by minimizing the energy typically leading to an ordered state in the presence
of interactions, while at high temperatures where thermal fluctuations are strong, a large entropy
minimizes F, which corresponds to a disordered state. At some critical temperature 7, there is a
transition between these two phases.

The presence of phases and the transition between them that occur at a critical point in parameter
space can theoretically be described by an order parameter. Typically, the order parameter is zero
in one phase and non-zero in the other one. For instance, in the case of the liquid gas transition,
the difference between the density of the system and the density in the liquid phase can be used as
an order parameter. Transitions between phases can be classified according to the behavior of the
order parameter at the critical point. If the order parameter jumps, one speaks of a discontinuous
first order phase transition while otherwise the transition is referred to be continuous. In the liquid
gas transition, gas droplets can form in the liquid phase when the temperature is close to 7. (T < T;).
During the formation (growing, shrinking, nucleation) process of these droplets, the temperature
does not increase when more energy is pumped into the system as all of the added latent heat is
used to dissolve molecular bonds in the fluid. In a certain parameter regime the fluid and gas phase
coexist. The occurrence of such a coexistence regime as well as the exchange of latent heat are both
characteristic of a first order phase transition.

At a phase transition the properties of matter can change dramatically. For instance, a fluid has a
continuous translation symmetry while a solid is only invariant under discrete translations. One says
the continuous translation symmetry of the liquid is spontaneously broken at the transition point. This
is an emergent phenomenon that only occurs when many particles come together. A single particle
does not undergo a phase transition or show spontaneous symmetry breaking.

A well-known example of an equilibrium phase transitions in magnetic systems is the paramagnet
ferromagnet transition of the Ising model in dimensions d > 2. The model describes spins with two
degrees of freedom on a discrete lattice which interact with their nearest neighbors through their

relative alignment. The Hamiltonian of the model reads H = J}.; ;) S;S; where (i, j) denotes nearest

j
neighbors. In the ferromagnetic version of the model (J < 0), a para>11el alignment of adjacent spins is
energetically favored while for antiferromagnetic coupling (J > 0), neighboring spins are anti-aligned
in the ground state. For strong thermal fluctuations, the system is in a disordered paramagnetic phase
where the magnetization per site, being the order parameter of this transition, is zero. Below the
critical temperature, a finite magnetization builds up and the discrete Z,-symmetry of the model is

spontaneously broken as one of the two stable configurations is chosen. Thus, the system is in a
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state that has a lower symmetry than the underlying model. The transition is continuous which is

characterized by the power-law divergence of the spin-spin correlation length &,
E~ T =T,

accompanied by the divergence of further thermodynamic response quantities, for example, specific
heat Cy ~ |T — T.|~%* and compressibility k¥ ~ |T — T.|~". Importantly, for a continuous phase
transition, the so-called critical exponents o, 7, V,... are independent of the precise details of the
model but are only determined by the symmetries and the dimension of the system. This property
is called universal and transitions are classified according to their critical behavior in so-called
universality classes. For instance, phase transitions having the same critical exponents like the Ising
transition are commonly referred to as Ising-like transitions. The reason for universal behavior close
to the critical points is the divergence of the correlation length that becomes much larger than all
length scales of the system. Therefore, the precise details of the model average out and it is, typically,
sufficient to treat a continuous phase transition with an effective approach as Landau theory.

The development of the Renormalization Group theory (RG) also allowed to investigate theoretically
the dynamics close to a critical point. Considering the relaxation time 7 of a time-dependent correlation

function one can introduce a further critical exponent z,
T~ EF

describing the critical slowing down in the vicinity of the critical point. The classification of the
dynamics of classical equilibrium phase transitions goes mainly back to Hohenberg and Halperin
[77]. In their classification scheme, a transition is classified according to the number of slow modes
coupled to the order parameter and is labeled alphabetically starting from model A for systems with
no additional conservation laws.

In quantum mechanical models, equilibrium transitions between different phases can also occur at
zero temperature when tuning an intrinsic parameter of the Hamiltonian such as interaction strength
across a critical value. At this point, the structure of the energy spectrum changes significantly, i.e.
an energy gap closes or opens. Due to the absence of thermal fluctuations at T = 0, these transitions
are only driven by quantum fluctuations. Generically, the phase diagram of a continuous guantum
phase transition shows an ordered phase below and a quantum disordered state above the quantum
critical point (QCP) [27]. At sufficiently small temperatures where quantum fluctuations are still
dominating compared to thermal fluctuations, there is a quantum critical region while at high tem-
peratures, the system is classically disordered. Examples of quantum phase transitions are the Mott
insulator superfluid [78] and the superconductor insulator transition [79]. Practically, the 7 = O state
cannot be reached and therefore a pure quantum phase transition cannot be realized in experiments.

However, at low temperatures where quantum fluctuations become relevant, the theory of quantum
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phase transitions can still give an insight into the physics of a system at the critical point.

1.4.2 Non-equilibrium phase transitions

So far we only considered phase transitions in equilibrium. However, phase transitions can also occur
in non-equilibrium systems. Examples of classical non-equilibrium transitions are traffic jams [80]
and morphology transitions in growing surfaces [81]. As continuous phase transitions in equilibrium,
continuous non-equilibrium phase transitions can be classified according to their universal behavior
at the transition point. However, their classification is much less understood than their equilibrium
counterparts. A further complexity arises due to the fact that time is an additional degree of freedom
[71].

Comparable to the Ising universality class in equilibrium systems, the so-called class of directed
percolation plays a prominent role in the context of non-equilibrium phase transitions. It features
transitions to an absorbing state that can be reached by the dynamics but not be left by it. For example,
models describing the spreading of diseases in a population, fire in a forest or water in a porous
medium fall into this class. In the latter example, water can propagate through small pores modeled
by bonds of a lattice. These bonds can be open with a probability p allowing water to pass or closed
with probability 1 — p. In the case of directed percolation, there is an additional force (for example a
gravitational force) distinguishing one specific direction. If p is smaller than a critical value p,, the
medium is impermeable for the water. At p > p. it becomes permeable [71].

In the context of non-equilibrium quantum phase transitions, it is often useful to map the quantum
dynamics onto classical stochastic processes [82]. The mapping yields the time evolution of operators
or expectation values in terms of solutions of classical stochastic differential equations (SDEs).
Typically, the stochastic dynamics enters the deterministic Heisenberg equation of motion when
integrating out fast bath degrees of freedom for a given coupling to an environment. If there are two
or more stable or meta-stable solutions of the SDE, transition can occur. Within this description, they
can be detected by determining characteristic changes of the probability distribution P as a function
of the noise strength. If these changes are accompanied by true symmetry breaking, the transition is
referred to as noise induced phase transition [83].

In the context of dynamical systems and non-equilibrium phase transitions, the theory of bifurcations
plays a very important role. A bifurcation is a qualitative change in the structure of solutions of a
dynamical system at a critical point in parameter space. Such a change could, for example, be the
emergence of new stable or meta-stable states or the change of the stability of a given state when, for
example, the interaction or the driving strength is tuned across a particular value. Similarly to the
closure of the spectral gap in Hamiltonian systems, a non-equilibrium phase transition formulated in
the language of Liouvillians is signaled by the closure of the Liouvillian gap.
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1.5 Numerical methods

1.5.1 Exact diagonalization

As most of the numerical studies of one-dimensional 1/2-spin chains within this thesis are based on
exact diagonalization (ED), we give a short overview of the topic that follows closely [84]. ED is
a numerical method yielding the eigenstates {|n)} and corresponding eigenvalues {A,} of a given
Hamiltonian H acting on a finite-dimensional Hilbert space. With this information, any quantity of
interest can be calculated. Particularly, the dynamics of an arbitrary initial state |y(0)) under the

Hamiltonian is determined solely by the eigenvalues A, and eigenstates |n),

W) = w(0)) = T e ) ol 0)) = X ctwe ™ ).

:an

While ED is numerically exact, it is, on the contrary, also limited to very small systems as the Hilbert
space grows exponentially with system size. In order to obtain ground states, excitation energies and
correlation functions for larger systems, more sophisticating methods like the Lanczos algorithm or
t-DMRG have to be applied. In higher dimensions, thermodynamic quantities can be calculated using
Monte Carlo based approaches. However, these methods have their own limitations and do not solve
the system completely.

At the beginning of an ED analysis, a basis of the finite size Hilbert space has to be chosen where
it is often useful to start with a representation in position space. As an example, we consider a
one-dimensional spin-1/2 chain on a lattice with N sites. Each spin can be ina +1 (|1)) or —1 (|))
state with respect to a chosen axis. For convenience, we choose the z-axis as a reference. A basis
state in the position basis can then be written as a permutation of N zeros and ones as [1010...01)
where 0 or 1 at position i denotes a spin down or spin up state at lattice site i, respectively. For N
sites, where we assume N to be even in the following, the size of the Hilbert space is 2 and therefore
exponentially large in N. As a consequence, only very tiny systems of size N ~ 12 — 14 can be
calculated on conventional computers. This is mainly due to the limitation of memory. To reach bigger
system sizes, symmetries of the Hamiltonian have to be exploited. By choosing a convenient basis
that takes account of these symmetries, the complexity of the ED method can be reduced significantly.
A quantum mechanical system is invariant under a symmetry transformation S, if SHS~! = H holds.
In the case of a continuous symmetry transformation, Noether’s theorem states that S is associated with
a conservation law C which commutes with H, [H,C]| = 0. Therefore, there is a common eigenbasis
of C and H. We have

HC|n) =CH |n) = A,C|n) (1.48)

i.e., if C|n) # 0, C|n) is an eigenstate of H with the same eigenvalue as |n). There are two cases:
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e In case A, is nondegenerate, we have C |n) = ¢ |n) where c is a constant factor. Thus, |n) is a

common eigenstate of H and C.

* In case A, is m times degenerate, there are m eigenvectors {|n;)} (i = 1,...m) associated with
Ay. Since C |n;) is an eigenstate with eigenvalue A,, it can be written as a linear combination
of elements of {|n;)}. Therefore, C acts only in the subspace spanned by {|n;)} and does
not couple eigenstates of H with different eigenvalues. If one chooses a basis in which the
degenerate eigenstates belonging to an eigenvalue A, are grouped, the Hamiltonian becomes
block-diagonal in this basis.

The most convenient symmetries of a XXZ model with periodic boundary conditions are rotations
around the z-axis in spin space as well as discrete translations in real space. Associated with these
symmetry transformations are the conservation of the z-component of the total spin as well as the
conservation of lattice momentum. While the conservation of lattice momentum directly follows from
the discrete translation invariance of the system, the conservation of S° can be easily read off from
Eq. (1.21). The only process in the Hamiltonian that connects different states, flips two adjacent spins
if they point in different directions. However, this exchange does not change the total number of
spins pointing up and down and therefore conserves S°. The $* conservation can be straightforwardly
incorporated into the ED analysis by ordering the basis states according to their magnetization in
z-direction. Then the Hamiltonian written in this ordered basis decouples into NV + 1 subblocks that
can be diagonalized separately. The size of a block with magnetization M is
N!

() ()

(1.49)

which can be much smaller than 2V. Therefore, by ordering the position basis properly, larger
systems with about N ~ 16 — 18 sites can be calculated. The numerical effort can be further reduced
by decomposing each magnetization subblock into N blocks with fixed momentum. To do so, we
introduce the translation operator 7 that shifts a state by one site. We define 7 by (T |y)); = |v),_,
where |y) is a basis state in position representation and the label i refers to the spin at lattice site i.
The eigenstates of the translation operator can be written as

1 N-l

IR() = 7= Y e MNTIIR), (1.50)
j=0

where \/Ng denotes the normalization constant and |R) is a representative for all position basis states
that only differ by translations. A unique way to define the representative |R) is to choose the basis

state that corresponds to the smallest binary number when the state is expressed as a permutation of
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ones and zeros. The eigenvalues of |R(k)) can be calculated as

T |R(k e MTITHR) = —kG=NTT|R) = ¥ |R(K)). (1.51)

1 N—-1
=— e
=L il >
Since TV |R) = |R), we can conclude that e=*¥ = 1. Hence, the possible values of k can be selected

as follows

2
k=" (n=0,...,.N—1).
N

The allowed momenta and the normalization constant Nk of a representative state |R) depend on its
periodicity pg. If a representative state |R) is periodic with periodicity pg, it holds |R) = TP%|R) and

the total weight of such a state becomes
14 e kPR 4 = 2kpR 1. 4 o= (N=PR) (1.52)

This sum vanishes unless the momentum fulfills the condition kpgr = 27tm where m is an integer

number. Then the total weight is N/pg and the normalization constant can be read off

REIRE) = - py (N> L

Ng PR

= Ng = Nfz
PR
The general protocol to define the new momentum basis is to first identify all representative states and
possible momenta in each magnetization subblock and then order all allowed states |R(k)) according
to their momenta. As a consequence, each magnetization subblock decouples again into N subblocks.
To calculate the matrix elements within a momentum subblock with momentum k, we apply H onto a

momentum eigenstate |R(k)),

1 N—1 —1N-1
ﬂkrTrH‘R Z Z eftkrTr j‘R

\/726 ]Or

HIR(K))

where we have used that H =} ; H; can be written as a sum of local densities and [H,T] = 0. The

operator H; maps the state |R) onto a new state that is assumed to be shifted by s; from a representative
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state ]R’J) and proportional to a complex number A%,

H|R i i —lkrTr Sj hR|R Z ] —lkcth|R/( )>

R OVHIRE) = 1| ko
= (R;(k)|H|R(k)) = N &

Using the conservation of the total magnetization in z-direction and the conservation of momentum
allows us to calculate systems of size N ~ 20.

In this thesis ED is, for example, used to determine the common eigenbasis and corresponding
eigenvalues of the spin-1/2 XXZ model C, = Hxxz and its mutually commuting local conserved
charges C;. Due to degeneracies in the spectrum of Hy, the common eigenbasis is not unique and the
eigenbasis of Zﬁ\i 1 Ci (1 <N <N) is, in general, not an eigenbasis of all charges C;. However, we
find numerically that diagonalizing ¥, £;C; with uniformly distributed random numbers &; instead,
indeed yields the desired common eigenbasis.

The limitation of ED becomes even more apparent if one goes from closed to open systems and from
unitary to non-unitary dynamics. Then not a Hamiltonian but a Liouville superoperator has to be
diagonalized to completely determine the dynamics of the system for given initial conditions. While
the Hamiltonian acts on states and has dimension 2%V, the Liouville superoperator acts on density
matrices and has dimension 2*. Thus, in the case of open dissipative systems, only spin chains of

size N ~ 6 can be treated on conventional computers without employing additional symmetries.

1.5.2 Numerical integration of stochastic differential equations

In this section we review how stochastic differential equation can be solved numerically. As a

reference we use [85]. We consider a stochastic differential equation of the form

dv:
= A1)+ LBy, )&, (153)
k
where y = (y1,...,yn) are the dynamical variables of the system and & are random variables drawn

from a Gaussian white noise distribution that fulfill

(&i(1))e =0,
(EE;()e = 078;8(t—1).
Here, (.)¢ denotes an average over noise realizations and the term white refers to the fact that the

noise-noise correlation function is frequency and momentum independent. If the function B (y,?)

depends on y, the noise is called multiplicative and otherwise additive. A differential equation of the
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form Eq. (1.53) without noise term can be solved directly using a discrete integration scheme with a
finite integration step Af. However, since the noise causes discontinuous jumps in the dynamics, the
values of y; and consequently also of Bj; are not defined during single noise kicks. Therefore, it is
a priori not clear where the non-smooth function Bj; has to be evaluated. There are two prevailing
interpretations. Typically, in physics, the Stratonovich interpretation is favored where By is evaluated
at the mean of y(¢) and y(¢ + Ar) leading to

Vit + A1) = yi(t) + A (Y([)at)At+ZBik <)’(l) +)’2(I+Al‘) ,t—;At> /ng(;’)dﬂ,
k t

For Stratonovich integrals, the usual rules of calculus apply. In the Ito interpretation By is evaluated
at a time ¢ before the jump. This yields

1+At
yilt+ ) =y +AGE)A+ LB ()0 [ &)
k t

Note that the Ito interpretation involves transformations that require new rules of calculus referred
to as Ito calculus [86]. The choice of the interpretation is not solely a technical question as both
methods can lead to different solutions of a stochastic differential equation. One language can be
translated into the other one by adding a drift term to Eq. (1.53). In the case of purely additive noise,
both interpretations lead to the same results. The simplest choice for a numerical integration method

is the Euler scheme which reads in the Ito language

ylgn+1) :ylgn) nyy <y(n)7t(n)>( (n+1) +ZBlk< ) ( k(n+1) _gk(n)>’

where the random increment AE" (1) := ‘g'k("H) - ‘g'k(") has the properties
(A&")e =

(AE"))e = o2 A,

In general, it is difficult to derive higher-order integration schemes for stochastic differential equations.
However, the Euler method can be straightforwardly improved by using the mean values of A; and Bj;

in the time interval (t(”) , t("“)),

yl(n+1) z()"" (Al(y() ())+A( (n+1) n+l>) ((n+1) )

X5 (Bl 1)+ Bas 0100 (g é)

\S] \

where $"t1) can be approximately predicted by the Euler method. The integration method above is
called Heun’s scheme. It yields Stratonovich solutions of stochastic differential equations and is of
order O'(At).



Chapter 2

Perturbative approach to weakly driven
many-particle systems

2.1 The model

We consider a many-body quantum system described by a Hamiltonian Hy that has a set of conserved
quantities. Importantly, we assume that the system is weakly perturbed, for example, by a periodic
drive or a coupling to an external bath that breaks at least one of the conservation laws. The statistics
of the system is described by a density matrix p whose dynamics is governed by the Liouville equation
p= Z p. Due to the weak perturbation, we split the Liouville superoperator L =%+ % into two
parts where A describes the dominant unitary Hamiltonian dynamics and ) the weak perturbation

of strength ¢ that drives the system out of equilibrium,

Zop = —ilHo,p], Zip= { —ileH (1), Pl 2.1)

EDP.
The perturbation, which is assumed to be translationally invariant, can in principle be of Markovian
Lindblad or unitary form where we consider static as well as time-dependent perturbations. However,
we first restrict our analysis to a static Z|. Moreover, we consider only cases in which a unique
steady state is obtained. Thus, the perturbation has to be chosen such that it breaks sufficiently many
symmetries of the bare Hamiltonian Hy. In case of a Markovian perturbation, the Lindbladian D is
defined by

A 1
7p =Y (LapLo— 5{LoLa:P}) (2.2)
o
with Lindblad operators Ly (cf. Sec. 1.3.1). We denote the conservation laws of the unperturbed

system, which are weakly broken by the perturbation, by C;, i.e. [C;,Hy] =0 (i=1,...,N,). Note
that in the thermodynamic limit (N — o), the number of approximately conserved quantities N,
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can be infinite in the case of integrable systems. In order to develop a perturbation theory for
the non-equilibrium steady state, we split the steady state density matrix p.. into the zeroth order
approximation py and corrections dp,

lim p(t) = pe = po + 6p (2.3)

t—o0

with pg = limg_,0lim,_,. p (7). It is important to note that the different limits do not commute. In the
trivial limit lim,_, . limg_,9 p(¢), one simply obtains an equilibrium state while in the opposite limit a
highly non-equilibrium steady state can be reached. For perturbations that are periodic in time, the
steady state density matrix is periodically oscillating as well. However, the formula above can still be
used when interpreted in Floquet space (cf. Sec. 2.2.1). The higher order corrections §p are formally
given by

Sp=—-2L""%py, L'> lin})(.,?— ni), (2.4)
n—
where we have used .2 Poo = A Po+ Z6 p =0and % po = 0. The inverse 2! should be interpreted
with an infinitesimal regularization 7, as 2 has a zero mode .2 P = 0. The regularization also
avoids the trivial solution py = —8p which can be deduced from the following argument: We can
write pg = ¥ coP? in terms of the right eigenstates p® of . that fulfill Zp%* = Aqp®. Then

Sp=—1lim(Z —ni) ' Lpo=—lim (L —ni)"'.2py
n—0 n—0

=—1lim(Z-n1)" ¥ Aacap®
a

n—o0
:—limZLcap“:— Y, cap®
n—0 o la—n 0, da k0

does not include a contribution from the zero mode py. Moreover, introducing a regularization
guarantees Tr[§p] = 0 as it follows from Tr[p] = Tr[.Zp] = 0 that Tr[p®] = 0 for all ¢ with Ag # 0.
Using the expansion of §p above then yields Tr[dp] = 0. Here, the regularization has to be chosen
with a positive sign as the real parts of all right eigenvalues of P are negative. Due to the conservation
laws of Hy, %po = 0 has no unique solution. While Eq. (2.4) is formally valid for arbitrary py with
.,Z%po = 0, the correction §p will only be small if py is chosen correctly which will be discussed in
the next section. Note that the following chapter is based on [87] for which Dr. Lenarci¢ contributed

most.
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2.2 Zeroth order: Generalized Gibbs ensemble

A closed system, which has a set of conservation laws C; and is initialized in a state |yp), is assumed
to relax to a generalized Gibbs ensemble

e LiMCi

R — 2.5
pGGE Tr[e*):i )Lici] 3 ( )

in the long-time limit [26, 59, 88, 89]. The Lagrange parameter are defined by the expectation
values of the conserved quantities in the initial state, i.e. (C;)coe = (Wo|Ci|Wo). The system might
be described by another ensemble, but the GGE ansatz is expected to yield correct results in the
thermodynamic limit as long as expectation values of local observables are concerned.

In the presence of a small perturbation that breaks the conservation laws only weakly, we expect that
a GGE is still a good approximation for the steady state density matrix. Therefore, we use the GGE as
an expansion point for the perturbation theory that will be developed in the following, i.e. pg = pgGE-
Trivially, the GGE ansatz satisfies % po = 0 that is the defining equation for pg by construction for all
choices of {A;}. Therefore, the perturbation ) has to fix the Lagrange parameters in the steady state.
Due to the perturbation, the charges C; are only approximately conserved and their expectation values
change during the time evolution. Hence, in the case of weakly open systems, the GGE in the
long-time limit is not determined by the initial conditions but is completely independent of them.
Instead, the steady state Lagrange parameters A; or, equivalently, the corresponding expectation values
of the charges C; have to be determined from rate equations governed by 4. One of our main
statements will be that even though the perturbation is weak of order &'(€), the change of the A; can
be very strong of order &'(1).

Eventually, the Lagrange parameters in the steady state are determined from the condition that the
steady state, projected onto the space of conservation laws, is stationary in combination with the
condition that §p should be small for small values of €. The first condition leads to (C;) = 0 which

can be evaluated using perturbation theory

(C)) = Tr[Ci.Zp.]
= Tt[C;. %1 po) + Tr[Ci.%1 8p) = Tt[Ci. % po) (2.6)

fori=1,...,N.. Above we have used that Tr[CiDS,’%Sp] = 0 which holds as jOTCi = i[Hp,C;] =0, and
the fact that §p is small. We therefore obtain from (C;) = 0 the condition

Te[Ci.Z o] = 0 (2.7)

that fixes pg. Hence, the Lagrange parameters in the steady state are defined by a set of N, linear
equations. In the analysis, we have omitted all remaining exact conservation laws to simplify the

notation. However, they could simply be incorporated by introducing additional Lagrange parameters



42 Perturbative approach to weakly driven many-particle systems

in the GGE that are determined by the expectation values of the exactly conserved quantities in the
initial state. For a generic GGE, we would have Tr[C,i% po] #0 foralli=1,...,N; and Eq. (2.7) can
then be viewed as a set of rate equations which describes the dynamics of the approximate conserved
quantities within the subspace of slow modes, cf. Sec. 2.2.2.

Note that the strength € of the perturbation cancels out in Eq. (2.7). Therefore, the steady state
density matrix is determined only by the form of the perturbation and not by its strength as long as
the perturbation is weak. As py is fixed to order €, it also induces changes of the approximately
conserved quantities of order &(1).

Typically, the expansion of Eq. (2.6) to first order in € is sufficient to determine py in the case
of a generic Markovian perturbation. However, if Tr[C,;i% po] = 0 is fulfilled trivially for all py,
one has to consider higher-order perturbation theory. For example, an expansion to first order
in € always fails in the case of purely Hamiltonian perturbations where A po = —i[eH), po), as
Tr[Ci[H1, po]] = Tr[H:[po,Ci]] and [C;, po] = 0. Therefore, (C;) has to be calculated to order 2. This
is well-known from Fermi’s golden rule transition rates which are always quadratic in the perturbation
strength. To expand 8p to order £, we use Eq. (2.4) and the general relation

X+Y)t=x"'—(x+y)'rx !, (2.8)

with X = %) and Y = 4. The inverses are considered to be regularized in the same way as in
Eq. (2.4). The correction dp to second order in € then reads

= -2 Apo+. L ALy Lipo. (2.9)

It can be argued that the contribution of the second term 8p /) vanishes in (C;). As this argument is
a bit cumbersome and requires the definition of projection operators that will be introduced later in
Sec. 2.2.2, it is shifted to App. A. Assuming that Tr[C.Z8p )] = 0, py is determined by

TH(C. 4.2y Zipo) = 0 (2.10)

in situations where Tr[C,-,,ibl po] = O trivially holds. As before, the precise strength € cancels out in
Eq. (2.10) and py is fixed to order £°. For a combination of Markovian and unitary perturbations,
the two conditions Eq. (2.7) and Eq. (2.10) have to be satisfied simultaneously. The order of the
perturbation that fixes pg can be deduced from the scaling behavior of the Liouvillian gap that can
be calculated numerically on small system sizes. If the gap scales as ~ €, py is determined by the

condition of order &F.
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2.2.1 Periodic driving

In the last chapter, we have discussed time-independent Liouvillians that lead to static steady states in
the long-time limit. However, the formalism can be easily extended to perturbations that are periodic
in time with period T, i.e. 2 (t) = 4 (1 + T) while we take %) and the conservation laws C; to
be time-independent. In the limit # — oo, the steady state density matrix can be written in terms of

oscillating Floquet components,

p(t)=Y e p"(r), neZ 2.11)

n
where p(_") =p"and 0 =2n /T. In the stationary state the Floquet components become time-
independent and for € — O the zeroth order term pg is simply given by the Floquet component
p©). In the spirit of Floquet theory, one can introduce an extended Hilbert space and interpret the
Floquet components as elements of an infinitely large vector p = (... D p@ pM ). Then the

Liouvillian becomes a static matrix in Floquet space

.?:.?o—i-.?l, (2.12)
A A T A .
2y =2y = [ A,
TJo
21 = (inw + 2) 8-

The rate equations Eq. (2.7) for Markovian and Eq. (2.10) for unitary perturbations that determine
po are still valid if the superoperators L, P, are replaced by matrices and C;, pp by vectors in
Floquet space. Moreover, stationarity of conserved quantities has to be understood on the level of
time-averaged expectation values. As C; and py are time-independent their only non-zero Floquet
entry is the n = 0 component. The matrix 2, contains only diagonal terms while 2 has off-diagonal
terms due to periodic driving and diagonal contributions in the case of static perturbations. The
additional terms inw in the diagonal entries of 2o originate in the explicit time dependence of p(z),
ie. p=Y,e " (—inwp™ +p).

2.2.2 Projection operators and effective forces

Before elaborating a perturbative expansion around py, it is worth noting that there is a crucial
difference between corrections §p| parallel and 6p; perpendicular to the subspace of slow modes
that is defined through 26 p; = 0. While the dynamics of slow modes is governed by the weak
perturbation 9221 on a time scale ~ 1/ ek > 1, the elements & pL (9220 0p. # 0) from the perpendicular
subspace evolve on a much faster time scale of order one. Due to the separation of time scales, it
is reasonable to treat the subspaces of slow and fast modes separately. To this end, we introduce a
(super)projection operator Ppo which projects onto the tangential space at pg. In the following, we

omit the argument py for brevity and set P = Ppo- The tangential space is spanned by the vectors
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dpo/dA;. Therefore, the projection operator P and the projection operator O onto the orthogonal
subspace can be defined by

=-Y 5 PO (1), TH{C X, 2.13)
j l

Ox=(1-P)X=X-PX, (2.14)

where we have set x;; = —Tr[C;dpo/dA;] = (CiC)),.. The matrix of generalized susceptibilities y;;
guarantees the properties P2 = P, 0> = Q and P§ p| = 6p that are required for a projection operator.
Moreover, we write for connected correlation functions (AB), . = (AB), — (A),(B),. According to our
definition, we have in general Ppy # po. The projection operator projects on the tangential space that
is spanned at pp and not on the subspace of GGEs. However, the definition can be adapted to obtain
this property by adding an additional term [90]. The method of projection operators is frequently used
in the context of open systems [91-95, 2].

The adjoint projection operator P that acts on operators and not on density matrices is defined through
Tr[(PTA)p] = Tr[A(Pp))]. Using the definition of P yields

pPra—=— Zc -1 ,,Tr[Ag’;S]. (2.15)

The adjoint superoperator projects operators onto the space of conservation laws. Thus, if the dynamics
is only governed by Zos (PTA) is conserved and its expectation value does not change during the
time evolution. The adjoint superoperator P’ is a very natural object in the context of conservation
laws and also appears in the memory matrix formalism [96, 97]. It can also be used to express the
Drude weight D(T') in systems in which the decay of a current J is prohibited by conservation laws,
ie. D(T) = %((ﬁ])ﬂc where L denotes the system size [98, 99].

The projection operator Eq. (2.13) can also be used to quantify the changes of the Lagrange parameter
during the time evolution. We project p onto the space of slow modes which yields the relevant part
of the dynamics in the long-time limit. Here, we assume that the density matrix of the system relaxes
after a short time of order & (1) to the subspace of GGEs. Within this subspace the system can then
approximately be described by py(r) parameterized by time-dependent Lagrange parameters A;(7), i.e.

N 8p0 8& apO
5 Xl: o 01 Z (2.16)
Ai=Fi~ =Y (7Tl JP] ==L i)
j J

In Eq. (2.16) we have introduced the generalized force F; governing the dynamics of the A; in the
space of Lagrange parameters. For a Markovian perturbation the generalized force F; is to leading
order in € given by F; = — Y ;(x )i Tr[C . Z1po]. To begin with, we restrict our analysis to the steady

state where pg is defined by the vanishing of all generalized forces F; = 0 Vi. The time evolution
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within the subspace of slow modes will be addressed later in Ch. 3. Using the projection superoperator

P the stationarity condition Eq. (2.7) can be written as
p (,2% po) —0. 2.17)
Similarly, we obtain for unitary perturbations
P(LZ5" Lipo) =o0. 2.18)

The geometrical meaning of Eq. (2.17) and Eq. (2.18) is that in the steady state, the generalized force
governing the dynamics of the system in the whole space of density matrices has to be perpendicular
to the subspace of slow modes. Hence, the part F of the force projected on the subspace of slow
modes vanishes. In the case of periodic driving, P has to be interpreted as a projection operator on the

n = 0 Floquet sector.

2.3 Perturbation theory

In this section, we present a well-behaved expansion of dp to all orders of €. We choose as an
expansion point py a GGE determined by condition Eq. (2.17) or Eq. (2.18) depending on the form
of the perturbation. In order to remove possible singularities in L7 itis necessary to distinguish
between the subspaces of slow and fast modes and carefully separate different orders % (&) within
these subspaces. As in the previous section, we denote the component in the image of 2 and 0 by I

and L and write
8p =PSp+Q8p =8p|+5p..

If one is only interested in the expectation values of conserved quantities, the perpendicular component
8p .. can be neglected, as Q7C; = 0 for [C;, Hy] = 0. However, 8p | affects the steady state expectation

values of observables that are not conserved.

2.3.1 Markovian perturbation

First, we consider the case where the perturbation breaks all relevant symmetries of the bare Hamil-
tonian Hy already to linear order in € such that 1’392211’S has no zero mode. We can then expand the

correction
6p = _jilQAi?]poa

where pg is defined through the condition 13.,?1 po = 0 around .,Z% —|-Pj1ﬁ. The second term regularizes
possible singularities of 0220_1 which are due to conservation laws. We use .2} = (P+ QA)fl (P+0)
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and the fact that f’,,?]f) is invertible to write

Z70=(%+2)""0

-1

A A A A A A A A A s oA s A\ A A s A A
—|(1+(r210+ 020+ 0%:0) (404 2218) ') (%o 22P)| 0
s oA A1 N A A A m A A A A P U LA
=(.=%+P,,sflp> y [— (P,,%Q+Q,,%P+Q$1Q> ($0+P$1P) ] O.  (2.19)
n=0
In Eq. (2.19) we have utilized the expansion (1+A)~! = Y= (—1)"A" and the relation (AB) ! =

B~'A~!. For power counting in €, we note that

N A A A R R
(Zo+P2P) 0= (040) 0~0(), (2.20)

where we have used ﬁjo = joﬁ = 0. While % is not invertible, the inverse (Qng) - within
the subspace is well-behaved. Eq. (2.20) is consistent with the condition 13.5?1 po = O that fixes py.
If the condition is not met, it holds 8p ~ .2~ 1P.Zpy ~ €(1) which contradicts the assumption
limg_,08p = 0.

Using Eq. (2.19) and the scaling relation Eq. (2.20) for correct power counting we can directly obtain
an expansion of 6p; and §p in €. It is important to note that the structure of the perturbation theory
is different in the parallel and the perpendicular subspace. For example, to calculate the first order
correction 8pj| in €, one has to expand Eq. (2.19) to second order in 2, while in the perpendicular

space an expansion to first order in .} is sufficient. We obtain §p = & p1,|+6p1.1 +O(e?) with

opy = (PLP) ! (PL0)(0L0) ' 0L po, (2.21)
8pi.1 = -2 02 po.

In the parallel subspace the two superoperators ) contribute together a factor €2 while the inverse
(P2 P)~! yields a factor 1/¢. Thus, the first non-vanishing term is proportional to €2/ = €. In
contrast to that, in the case of 0p; |, a straightforward expansion to first order in 4 gives the leading
order term in €. The effect of the weak perturbation to order € is schemetially sketched in Fig. 2.1.
With the help of Eq. (2.21), the change of (C;) to linear order in € can be calculated yielding

(C)1 =Tt [C,-(ﬁj] Py 'PLAOL T OLipo) . (2.22)

In Fig. 2.2 a graphical illustration of the perturbative expansion up to third order in € is shown where
we distinguish between the parallel (left panel) and the perpendicular (righ panel) components. We
represent the inverses (Q.,S,%Q)*l and (ﬁ.i% P)~! as black and white circles, respectively. Differ-
ent circles are connected by links substituting the superoperators ijlQ (black-black), ﬁjl’lQ
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e
w(e%)
L]

tangential
space at pg

Figure 2.1 The figure illustrates the effect of weak pumping on an approximately integrable system,
which is weakly coupled to a thermal bath, schematically. Starting from a thermal state, driving leads
to a shift of the steady state density within the subspace of GGEs to pggr where the changes of the
Lagrange multipliers parameterizing the GGE are of order €°. Corrections parallel and perpendicular
to the tangential space at pggr are of order €2 /¢ and €, respectively.
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Figure 2.2 Diagrammatic depiction of the structure of corrections to the zeroth order density matrix po.
The order of the diagram is given by the number of black circles, the sign by the total number of lines.
The number of terms to order €" is given by 2". Note that the corrections to order 7 in the perpendicular
and parallel sector are simply related by the relation §p,, || = —(PLAP) N (PL0)S Pn. 1 The caption
is partially taken from [87]

(white-black) and Q.ﬁ?{ll3 (black-white) which follows from PQ = QI3 = 0. There cannot be two
neighboring white circles as P.A P is used in the expansion point Lo+ PAP. The diagram can be
read from right to the left where the little square with the thin line represents 0.4 po. Due to the
O projection operator, the second circle from the right has to be black. The last circle on the left
determines whether the diagram contributes to the parallel (white) or the perpendicular subspace
(black). All circles in between can be chosen under the condition that neighboring white circles are
forbidden. The order &'(n) of a diagram is set by the number of lines minus the number of white
circles due to (P2 P)~! ~ 1/&. The sign of a term is given by (—1)M where Ny is the number of
lines.
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Alternatively, the same perturbative expansion can be obtained by explicitly solving the steady state

equations. To do so, we decompose d;p(¢) into the projected parts Pp(¢) and Op (¢). The Liouville

Pp(t PLP P20
) _(BLP PZ0Y (2.23)
op(1) Q2P 020
In the steady state, we can set Pp(r) = Op(t) = 0 and replace p(r) by the steady state ansatz
Pes = po + 6p yielding

equation then reads

(P2P+P20)| (po+8p) =0,
[Qliﬁl% QA-,?Q] (po+8p) =0. (2.24)

These coupled equations can be solved recursively to each order in €. We obtain from the second line

el (Q%Q) pPo=0
e 0.%1po + (Q»%Q) 0p11 =0

(2.25)

While the first equation is trivially fulfilled due to DS,% po =0and .,220 = Q.,S,’% Q the second equation
yields the same expression for p; | as Eq. (2.21). We obtain from the first line in Eq. (2.24)

80 : p,,?()p() =0
81 : ﬁjlpo =0
82 : (ﬁjlﬁ)ﬁpw + (pleA)Spl,J_ =0

(2.26)

The first equation is fulfilled as 13.,220 = 0 while the second equation determines the zeroth order
of the steady state. Using the result for p; | obtained from Eq. (2.25) and explicitly assuming that
(P2, P) # 0 holds, we can reproduce the formula for & p1, with the help of the third line in Eq. (2.26).
Higher-order corrections can be obtained similarly by solving the coupled steady state equations to

each order in € recursively.

2.3.2 Missing conservation laws

Until now, we have assumed that all approximate conservation laws of the system of interest are
known and included within the GGE ansatz. Then the zeroth order of the steady state density matrix

is correctly determined by Eq. (2.17), Eq. (2.18) or a combination of both. However, there could be
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situations in which not all conservation laws are known or it is simply not feasible to include them
all. This could, for example, be the case when the thermodynamic limit of integrable systems is
considered in which an infinite amount of local conservation laws exists.

In other situations, one might deliberately restrict the number of conservation laws to reduce the
complexity of the problem. This is a valid approach if not all charges affect equally strongly the
quantities of interest calculated from the GGE. We will show in Ch. 3 that locality can serve as
a selection rule for a hierarchy of conservation laws within the GGE ansatz. In such cases it is

convenient to approximate pg by a truncated GGE

exp < ZJA[I]C[])
Tr [exp <—Zj7LjZ]C£f})}

Py =

(2.27)

with a finite subset of conserved quantities denoted by the label [t]. A projection operator £ onto
the corresponding slow modes dpg/ 87LJ[k] can be introduced as in Eq. (2.13) with ¥/ defined for

[m]

the subset. We denote the missing charges which are not included in the GGE by C;™ and set

xl[;"m} (Cl-[m]Cﬁ-mb - and x[ml] = <Cl-[m] Cj[-t]>o.,c where (.)¢ is an expectation value with respect to p([)t}.
We aim to address the question of how the effect of the missing charges on zeroth order expectation
values can be calculated perturbatively and which signals due to the incorrect expansion point
develop in the perturbation theory around pg. For simplicity, we assume that the missing charges are
perpendicular to the C; " This assumption can always be guaranteed by redefining C N Q G; im]
where O, = 1 — P.. We define the projection operator £,, on the subspace of the tangential space that

is spanned by dpgy/dA j[.m] through

Z ‘9”0 H (=), Telcx] (2.28)

i,J i

with (dpg)/ 811-[’"])]’)([),] = —(Cl-[m} — (Cl-[m]>)pg}. The projection operator £ on the whole tangential
space is then given by P = P,, + B,. Under the assumption that the missing conservation laws affect
the Langrange parameters in Eq. (2.27) only weakly, we can expand py = pg] + 0po with

0 _ _
0po = Z Po y SNy = _p([)t} Zk“c,ﬁlk, Cy:=Cr— (C)o (2.29)
0
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in OA = A4 — 7Lk[t] where the index k runs over the included and missing conservation laws. Using

Eq. (2.7) we obtain the linear approximation AGA = a which is solved by

SAM D\ [ am Al NN/ o 230
salm | T\ Al glmm) am )’ (230)
(al"h); = THC" Zipf) = ("),

Al =mic A = €e,..

Jj i
This result can be used to calculate the change of the expectation value <Cl-[’]) due to the missing
charges,

8¢y, = - (x[”] (A~ a[m}) (2.31)

i
~ (x[ﬂ] (A[ft])‘lA[fm] (A[mM])‘l a[m])i‘
In the second step we have assumed that the matrix elements Al between the missing and included
charges are small allowing us to expand A~! in Al The physical picture of this assumption is that
small changes of the Lagrange parameters lj[-m] induce only small changes of (Ci[t]). We can deduce
that the effect of the missing conservation laws is small if either <Cl-[m} )o or the dynamical coupling
A,[-tjm] = <C,-[l}d-m]>o.,c is small. Equivalently, Eq. (2.31) can also be expressed in terms of the projection

operators P, and B, yielding

(8¢, = ~Tr [C,-[[]I% (PLP) By p([f]] (2.32)

~Tr {c}ﬂ (BAB)V(BAR) (PnZiB)  Bu? pgl] ,

where we have expanded (}3922115)*1 in (Is,.fllsm) We expect that for a well-considered choice of
included charges, the effect of the missing conservation laws is small as long as zeroth order results
are considered. On the contrary, their influence on higher order corrections can be very strong. If
an expansion point is not correctly determined to order ¢ (&%), a perturbative expansion around this
point typically leads to divergencies. In the linear approximation of <5Cl-m>, Eq. (2.22), the term
Qt (QtpoAt)_l Qt can for a finite subset of conservation laws be identified as a possible origin of a
divergence. If the image of pg] under ., has a component in the subspace spanned by (dpo/ 8)Li[m] ),
we obtain a diverging contribution in the limit 7 — O where 1 is the regulator of the inverse .,?0’1.

With the projection operator £,,, we can write

A

A A sA R P,
0.(0:%0)7"' 0, = — +0(nY). (2.33)
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Inserting Eq. (2.33) into Eq. (2.22) yields

A s oA PUPOUNE BN
(6¢y ~ —1r |CV(B.2B) (RZiBu) PaZipo) + o(n°) (2.34)
which is of order /1. We see that Eq. (2.34) is identical to Eq. (2.32) if we replace (ﬁmjlf’m) in
Eq. (2.34) by —n. The occurrence of divergencies within perturbation theory in the limit n — 0 at
finite value of € can be used as a signal for missing conservation laws and a wrongly chosen expansion

point pg.

2.3.3 Unitary perturbation

In the previous discussion, we have considered only the case where P(jl Po) = 0 is not trivally
fulfilled and P.Z P has a well-defined inverse. However, these assumptions are not met for unitary
(time-dependent) perturbations H; as Tr[C;[H,dpo/dA;j]] = 0 is always fulfilled due to the cyclicity
property of the trace and the fact that C; and dpy/dA; commute. In this case, the rate equations
d;(C;) = 0 have to be expanded to second order in € which leads to Fermi’s golden rule.

As P2 P =0, we need to find an effective Liouvillian P.% P that governs the dynamics within the
subspace of slow modes at small values of £. We will define % by (P.AP) ! ~ (P.Z~'P) up to
small corrections in powers of epsilon. In order to calculate different projections of the full inverse
(P+0).Z " (P+0), we introduce the transformations

A A

U0=P+0-(P£0)(020)"'0, (2.35)
V=P+0-0(020)"' 04P

that is chosen in such a way that U PV is block-diagonal, i.e.

A

02V =020 (P£0)(020) " (0-4P), (2.36)

where we have used P.Z P = 0. Then the inverse of Eq. (2.36) can be determined by calculating the
inverses of the two subblocks,

2 =V (O02V)'0 (2.37)
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A

where we have defined £, = —.% 0 (Q Q) Q,,?l. For P.2P = 0, the projected inverse of 2
reads in the different subspaces

P 1P=P(PL,P) 1P~ L (2.38)
P21 0= —P(PEP) (PH0) (020) 0~ -,
0.L7'P=-0(020)" (QL P)(PLP) P ~ o

It is important to stress the difference between an inverse within a subspace, e.g. (QAD? Q) 'and a
projection on a regularized full inverse, e.g. 0.2-'). While the latter inverse is zero in this example,
the former one is finite, even in the limit € — 0. Using the scaling relations Eq. (2.38) we can express

the regularized full inverse projected on the space of slow modes as

PP P =P(PL,P) P (PP (14 0(¢)). (2.39)
with
D =—-40(040) " 0.4. (2.40)

This allow us to identify (ﬁjzﬁ) ~ €2 as an effective Liouvillian in the limit € — 0. The condition
Eq. (2.7) fixing pg can then be adapted by replacing 2 by D, ie Tr[Cijzpo] = 0 where the line
denotes the time average. Similarly, Eq. (2.17) becomes

P (,L%po> ) (2.41)

which is equivalent to Eq. (2.18). For PP # 0, which is generically the case for unitary perturba-
tions, a perturbative expansion can be developed around (9220 + }A’,i%ﬁ). We obtain

2= (G+ L) = (L+PLP)+ (L —PHP)) ! (2.42)
— (A +PDP) IZ[ —PAP) L+ PDP)" ]

where we have formally expanded the inverse in (jl — 13959213). A graphical representation of the terms
occurring up to order €3 in perturbation theory is shown in Fig. 2.3. Note that in comparison to Fig. 2.2,
(PLP)~" ~ 6(e") is replaced by (P.AP) ! ~ &(e72) (white circle). The new diagrammatic rules
are, (I) two neighboring white circles, (II) the combination white-black-white and finally (III) the
combination white-black-pg are not allowed. Their corresponding contributions vanish or cancel.
These rules directly follow from the definition Eq. (2.40) and the condition Eq. (2.41). The order of a
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Figure 2.3 Diagrammatic depiction of the corrections dp to the zeroth order density matrix py for
cases where P4 P =0 (unitary driving). One first draws all possible combinations of white and black
circles starting to the right with a black circle connected to py (small square). Then one eliminates all
diagrams with neighboring white circles, all with the combination white-black-white, and finally also
the combination white-black-pg (small square). The order is given by the number of black minus the
number of white circles, the sign by the total number of circles. The number of terms to order £” is 2".
Some diagrams do, however, vanish for monochromatic perturbations. The caption is taken from [87].

contribution is given by the number of black minus the number of white circles and the sign by the

total number of circles. As before the total number of possible terms to order 7 is 2".

2.4 Applications

24.1 Open Boltzmann equation

As a first application of our approach to weakly open quantum systems, we consider a situation in
which the unperturbed system has only two local conservation laws, energy and particle number.
The concrete model considered describes weakly interacting fermionic quasiparticles with energies
e, whose relaxation to equilibrium is governed by a Boltzmann equation. We assume a constant
density of states, which we discretize by L equidistant single-particle states with energies e, = n/L
(n=1,...,L) between 0 and 1. We denote the occupation function of a state n by f,, which is a

function of the energy e, and set f, = (1 — f,). The Boltzmann equation reads

df.
dt

:M[f]e+8D[f]e (2.43)

with collision integral

1
Mlfle= [ deidexdes §(e+ei—es—e3)(Firfisfes = Fofor T
1 - - -
- ﬁ Z(fefe,-fe_,'fel _fefe;fe_,-fel) 5e+e,-,e_,'+el-

[7./‘7[

The Kronecker delta and the delta function ensure conservation of energy during each collision event.

To simplify the model we have set all transition rates equal to unity.
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We assume that the system is weakly coupled to a bath which allows for particle exchange. Thus,

there are additional loss and gain processes which we describe by

D[f]e = —lofe +ge?e' (2.44)

Here, [, and g, denote particle loss (cooling) and gain (heating) rates, respectively. In the steady state,
the temperature and chemical potential of the system are determined by the ration /,/g.. Both of
them are independent of the exact strength of the perturbation as long as € is small. Note that in the
presence of Eq. (2.44), the total energy E =}, e, f,, and the total particle number N =}, f, are only
approximately conserved.

The perturbation theory for the steady states formulated in the language of Liouvillians can in a
one-to-one correspondence be translated to the case of the open Boltzmann equation. Instead of a

GGE, we expand around a Fermi-Dirac distribution

1
0 —
B = e (245)
as M[f°] = 0 holds for any 8 and u. This ansatz is equivalent to the choice of a GGE (py = pccE)
that always fulfills ,iﬁopo = 0 in the formulation of the previous discussion. In the steady state the
Lagrange parameters 3 for the energy and — B u for the particle number are determined by Eq. (2.7).

For the open Boltzmann equation these condition read in the thermodynamic limit
/ deci(e)D[f"]. =0, (2.46)

where we have denoted the conserved quantities by ¢ (e) = e and ¢ (e) = 1. For our explicit choice

of the perturbation, we obtain the following equations

1 dE |
T ~8/de e(—Lf)+g(1—-f) =0,

1 dN |

Pt /de(—leff—i—ge(l—ff))zo. (2.47)

These conditions can again be formulated with the help of a projection operator P that projects on the

tangential space at f0 which is spanned by the slow modes q? M
0 9 f0
ﬁﬁlvl(e)_ afe B.u _ fe
= , gh(e) = ——5—. (2.48)
1 g~ a(—Bu)
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In analogy to Eq. (2.13) the projection operator P can be defined by

2
== Y ) (N [ delesfe)x ). (2.49)

i,j=1
xii(B,u) /dec, (e).

Using this definition, condition Eq. (2.46) can be written as

PD[f] =0

which is the analogue of Eq. (2.17). We expect that after a short relaxation time, a Fermi-Dirac
distribution is a good approximation to the state of the system. Thus, after a few collision processes
the system can be described by a pair of time-dependent parameters {3 (¢), i (¢)}. The generalized
force governing the dynamics of the Lagrange parameters is according to Eq. (2.16) and Eq. (2.49)
given by

F(Bu)=—(x"), / dec;(e) eD[f"].. (2.50)

As the system has only two conservation laws, the generalized force has likewise only two components.

The equations of motion of the Lagrange parameter read to leading order in €

d(—Bu)

CO=R@0,

(1) = F(1). (2.51)

A complete comparison between the perturbation theory in the Liouvillian and the open Boltzmann
case can be found in table 2.1 at the end of this section.

In order to investigate the relaxation dynamics numerically, we initialize the system atf =0 in a
non-equilibrium state with f,, = 0 for odd and f,, = 1 for even n. Thus, in the thermodynamic
limit the total number of particles and the total energy are initially N = L/2 and E = L?/4. This
corresponds to a Fermi-Dirac distribution with (¢t =0) =0 and B(r =0)u(t = 0) = 0. As parameters
we take g, = 1/4,1, = e and set € = 0.01, L = 41. It is reasonable to assume that particles with higher
energies leave the system with a higher probability while the gain rate is fixed by the environment. In
Fig 2.4 the resulting generalized force field and the trajectory for the chosen initial conditions are
plotted within the space of Lagrange parameters. In the steady state we find 8 = 2.328 and u = 0.288.
A comparison between the dynamics of the exact occupation functions and the time-dependent Fermi-
Dirac distributions for a few levels is shown in Fig. 2.5. After a short time 7y ~ 5, which we find to
be independent of € for small €, collision processes have relaxed the system to a thermal state. The
subsequent dynamics is governed by the perturbation and can be qualitatively described by Eq. (2.51).
This can be seen in Fig. 2.5 by comparing dots (time-dependent Fermi-Dirac distribution) and solid

lines (exact time evolution). However, there are deviations for finite values of €. Similarly to the
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Figure 2.4 Generalized force field calculated with Eq. (2.50) for L = 41. The force determines the
time evolution of the Lagrange parameters according to Eq. (2.51). The red solid line shows the
trajectory for the chosen initial conditions where the unique stationary state is indicated by a black
circle. The caption is partially taken from [87].

1. T T T T
e s slow (b) |

Figure 2.5 Time evolution of the occupation function f,, shown forn =1,6,11,...,41 (L =41) and
€ = 0.01 starting from an initial state with f,, =1 (f,, = 0) for states with even (odd) n, respectively.
Left: on short time scales the system relaxes towards a state with  ~ 0 and equal occupation of
all levels. Right: the time evolution toward the steady state occurs on a time scale set by 1/€ and
therefore the time axis has been rescaled by a factor €. The points are obtained by solving the time
evolution of the Lagrange parameters using Eq. (2.51) which then determine a Fermi distribution
function. The comparison with the exact solution of the Boltzmann equation (lines) shows that this
allows for a quantitative description of the slow dynamics for small €. The caption is partially taken
from [87].

Liouvillian case, we therefore expand the steady state occupation function

felt = o0) =) " fr" (2.52)
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Figure 2.6 Level occupation f,, as a function of perturbation strength €. Solid lines are obtained from
the exact calculation using the Boltzmann equation, Eq. (2.43), while dashed lines are obtained from
the perturbative approach, including zeroth and first order in €. Only every third n is shown for a
system with L = 41 single-particle states. The caption is partially taken from [87].

in €. According to Eq. (2.43), f.(t — o) fulfills M[f,(t — o0)] + €D|[f(t — o0)] = 0. In a linear
approximation f,(t — o) = f0 4 ef!, this equation reads

0 =M +eDM)[f']+eD[f] (2.53)
& 1 =—M +ed) ' D[f),

where the matrices M(?) and D(!) are defined by a Taylor expansion
0
Mif) ey MO 1L (2.54)
n/

DIf.,) ~ DIf), +e Y. D) f! .

For our choice of perturbation, D(!) is simply a diagonal matrix. Note that Eq. (2.53) has the same
form as Eq. (2.4). Similarly, the first order correction f! = ( [ /1) has to be evaluated in the
parallel and the perpendicular subspaces, respectively. Using Eq. (2.53) the contributions to the first
order correction f = f |1‘ + fl are given by

fi=-(eM%9)"" D[f],
fi=@ep"pP)~t DV (oM Q)" D[f’).

For a concrete calculation, i.e. a finite number of energy levels, the integral in the definition of the
projection operator P has to be replaced by a sum. Then, P, 0 =1—P, DM and M can be expressed
in terms of finite matrices.

Fig. 2.6 shows the steady state occupation function f,, in dependence of € for 14 different energy
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Figure 2.7 Steady state expectation value of (a) particle and (b) energy density as a function of
perturbation strength €. The dashed line shows the result obtained from perturbation theory, including
zeroth and first order in € while the solid line shows exact results obtained from solving the open
Boltzmann equation. The caption is partially taken from [87].

Table 2.1 Comparison of semi-classical open Boltzmann dynamics for level occupation functions and
quantum Liovillian formulation for density matrices.

Boltzmann Liouvillian
occupation function f, density matrix p
e d
G = Mlfle+€D[fle ® = Zp+Ap
felt —00) = f0+ 51, p(t—>°°) po+8p
0_ 1 Y S rc
Fermi function: f,' = ;= GGE: py = Trie’)‘ici}

conservation laws and scalar product

ci(e) and qlﬁ’“

G and 8p0/8)L,

Jdeci(e)fe Tr[Cip] = (Ci)

2B 1) = — [ deci(e) g™ (e) 1 = ~Tr[Ci9po/ 9]

zeroth order perturbation theory R

[deci(e)eD[f°), =0 Tt[C;-Z1 po] =

PD[f)] =0 P(Zipo) =

first order correctlons o o

f1 (QM 90)~'oD[f’) op1L= —A(QA-%”OQ):IAQ::%PO

f“ (PD P) tppU )Q 5[)1_’” = (PﬁP):lPi?lAQ
x(oM© Q)" oD[f’] xZy ' 0% po

levels. We find that in the limit € — 0, the slope of f,, (€) can be reproduced by the first order
correction f'.

In Fig. 2.7 the steady state expectation values of the two approximately conserved quantities, energy
and particle number, are depicted. Both quantities depend only weakly on €. Nevertheless, we see that
an expansion of f,, (&) to linear order yields the correct € dependence as long as € is small. Higher
order-corrections can be straightforwardly obtained by expanding and solving M|[f,] + €D[f,] =0
subsequently in each order of € using the already obtained lower order results.

While the structure of the perturbation theory is the same in the case of the open Boltzmann equation
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Figure 2.8 Expectation values of (a) particle and (b) energy density as a function of perturbation
strength €. We compare perturbative results of order kK = 2,4, 10 to the numerically exact values.
Parameters: L =4, U = 0.3.

and Liouvillian dynamics (separation between the corrections in tangential and perpendicular sub-
spaces), we expect that corrections beyond the linear approximation differ. This is due to the fact that

the Liouville equation is a linear while the Boltzmann equation is a non-linear equation.

2.4.2 Lindblad dynamics of fermions

As in the previous example, we consider a fermionic system with L discrete energy levels e, = n/L
(n=1,...,L). The Hamiltonian of the system reads

L
Hy = Z e,,cjlcn +U Z cil c;flzcmcm, (2.55)
n=1 ny>ny,n3<ng
where the first term describes the single-particle energies and the second one interactions between
fermions in different levels. The full set of local and non-local conservation laws of Hy is given by the
projection operators |n) (n| on the many-particle eigenstates |n), Hy [n) = €, |n). A detailed discussion
of how these charges can be implemented within the formalism presented above can be found in
the next chapter. Here, we briefly present the numerical results we obtain for a small system. We

consider again the case that the system is weakly coupled to an environment which allows for particle
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exchange. Moreover, it is assumed that this coupling can be captured by a Lindbladian
D = &P+ D) (ex ), (2.56)
N -1 X
90 = Lo (uori - juitiey ).

5 i1
9 = Y (LLPLL —E{LL Lfnp}>,

where Qg describes gain processes and 7 particle losses. As Lindblad operators, we simply choose
LY = c;g, L,l1 = ¢, and set as above g, = 1/4 , I, = e,. Using the formulas derived in this chapter
we can determine the zeroth order of the steady state density matrix and corrections to it in higher
orders of €. In Fig. 2.8 the steady state expectation values of the particle number N/L and energy
density E /L are shown as a function of € for L = 4. Similar to Fig. 2.7, the € dependence of N/L
and E /L is very weak. We compare numerically exact values with results obtained from perturbative
approximations up to order k = 0,2,4 and k = 10. We find that for the tiny system considered with
finite level spacing, perturbation theory works for values of € which are much smaller than the mean
level spacing.

We also observe that in the finite system, corrections linear in € vanish, cf. Sec. 3.3. It is important
to note that there is a crucial difference between perturbation theory in finite and infinite systems.
At finite L, the regulator 1 in Eq. (2.4) needs to be smaller than the mean level spacing AE for
perturbation theory to be valid. However, in the thermodynamic limit, we are typically in the opposite
regime with 11 > AE. We will address this question in more detail at the end of the following chapter.



Chapter 3

Time-dependent generalized Gibbs

ensembles

In the last chapter, we have developed a perturbation theory for the steady state of weakly open
quantum systems that have a set of approximate conservation laws. As an expansion point, we use a
GGE determined only by the form of the weak perturbation and the approximate symmetries of the
system. We have applied our approach to two similar fermionic models which are subject to weak
particle losses and gains. In the first example, we have considered the thermodynamic limit of the
model and treated the dynamics semi-classically in terms of a weakly open Boltzmann equation where
we have included only two local conservation laws in the analysis. In the second example, we have
simulated gain and losses through a Markovian Liouvillian in a very small system and have taken
all local and non-local conservation laws of the model into account. We have investigated both the
validity of the expansion point as well as the effect of higher order corrections by comparing the
perturbative results to numerically exact solutions.

In this chapter we focus on weakly perturbed integrable systems that have an extensive set of local and
quasilocal approximately conserved quantities. Precisely, we consider the integrable one-dimensional
XXZ model that is brought out of equilibrium by a small perturbation. As before, we ask whether
a GGE can describe the steady state. Moreover, we are interested in the question of how well a
time-dependent GGE can capture the dynamics of the system after a certain prethermalization time.
For simplicity, we restrict our analysis to cases with Markovian perturbations where the zeroth order
of the steady state density matrix can be determined in first order of 2. The general form of the

perturbation, we consider reads
2 :8<<1_y)9(1)+y@(2)) (3.1)

N7 i i 1 i i
P0p =Y (LQpLd" — S{LE" LY. p})
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where 20 (i = 1,2) are different Lindblad dissipators and € < 1. We choose the perturbation
such that one term, typically, describes heating (i = 1) and the other one cooling processes (i = 2).
Following the arguments of the previous chapter, the steady state is then to zeroth order determined
by the balance of heating and cooling (gains and losses) and depends for fixed 90, 9@ only on the
relative perturbation strength 7y € [0, 1]. Due to driving (gain processes) compensating for losses, the
steady state can be far away from equilibrium even though € is small. As a measure for the validity of
the GGE ansatz, we compare the expectation values of activated local observables O calculated from
the GGE ansatz to expectation values obtained from numerically exact solutions. By activated we
mean that a non-zero expectation value is, in principle, allowed by symmetry. An observable O is
said to be activated if there are no symmetry transformations S, that map S Opu, — —OpH,
and .9 : Opp, — —Opp, where py, is a statistical operator with the same symmetry properties as

the unperturbed Hamiltonian fulfilling jOPHO = 0. If such symmetry transformations exist, we have

<0>PH0 = Tr[jy_lopHo] = Tr[y_lOpHoj] = _<0>pyoa
(O)pyy =THl.7"7" 0L py) = Tl 0L py, "] = —(0)

PH

which immediately yields <O>pHO = 0and (0)p, = 0. Particularly, we are interested in cases where
conserved currents are activated by external perturbations. For example, in order to activate a current
that is odd under time-reversal symmetry (TRS) in a system being invariant under TRS, we have to
define Lindblad operators L, such that they do not simply transform as TRS: Ly — €% L, where ¢
is a real phase.

The GGE is only a valid concept in the thermodynamic limit if all quasilocal and local conserved
quantities are included in the ansatz. However, in the absence of an analytic solution, we are due to
numerical restrictions always limited to finite system sizes and finite number of conservation laws. In
this chapter, we consider two examples of Markovian driving and address the limits N — oo (system

size) and N, — oo (number of conservation laws included in the GGE) separately.

3.1 Numerical verification of the GGE in the steady state

As pointed out in Sec. 2.2.2, the GGE in the steady state is determined by a set of coupled equations
F; = 0 Vi, where F; is the generalized force associated with the Lagrange parameter A;. To verify the
GGE ansatz, we have to compare it to an exact solution.

However, in the numerical simulation of dissipative non-unitary dynamics, we face the problem that
we do not deal with Hamiltonians but Liouville operators. While the Hamiltonian of a one-dimensional
spin-1/2 system with N lattice sites has dimension 22V, the dimension of the corresponding Liouville
operator is 2*¥. Thus, in order to determine the steady state, we have to calculate the kernel of
a matrix whose dimension grows exponentially as exp(4log(2)N). The complexity restricts the
numerically exact calculation to extremely tiny system sizes. On the contrary, we want to use the

exact solution to validate the GGE ansatz which is assumed to be only valid in the thermodynamic
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limit. Hence, we have to find a way to obtain an exact solution at bigger system sizes. This goal can
be achieved by identifying relevant degrees of freedom and replacing the Liouville operator by an
effective Liouvillian, which acts only on the subspace of these relevant degrees of freedom.

In the limit € — 0, we can expect that we do not have to consider all components of the Liouville
operator but only those describing transitions between approximately conserved quantities. A full set

of (quasi)local and non-local, commuting and non-commuting conserved quantities is given by
2 ={|n) (m| with EX = EO}, (3.2)

where |n), |m) are eigenstates of Hy with corresponding eigenenergies E°, E?. In order to obtain

a set of hermitian charges, we can replace |n) (m| and |m) (n| in Eq. (3.2) by (|n) (m| + |m) (n|)/2
and (|n) (m| — |m) (n|)/(2i) for n # m. A projection operator Py on 2 is defined through PyX =
PX + (Tr[X]/Tr[1]) 1. Importantly, any linear combination of elements Q,,,, of .2 commutes with Hy.
This motivates to introduce the block-diagonal ensemble

Psp = Zanme@nm 3.3)

which is formally a solution of .,?OpBD = 0 for all possible choices of @, € €. Note that we have
to require o, € %ar , Oy = 0y, and Y, &, = 1 for ppp to be a well defined statistical operator.
In generic systems without any degeneracies, Eq. (3.3) simplifies to the diagonal ensemble. The
coefficients o, in the steady state can be determined by using condition Eq. (2.7) and calculating the
kernel of the effective Liouvillian
50 n'm’ s R

(29) " = T2}, A Bun). (3.4)
If the degree of degeneracy is small, the dimension d 2%¥ < d < 2*N) of 2% is much smaller than
2*N_Thus, using the block-diagonal ansatz much larger system sizes can be calculated numerically.

Similarly, the effective Liouvillian in the case of unitary perturbations reads

(,29): = —Tt[2), ALy P Do]. (3.5)
We can proceed in two steps to investigate how well a truncated GGE can capture the steady state.
Firstly, we validate numerically that the block-diagonal ensemble becomes exact in the limit € — O by
comparing steady state expectation values of local observables at small system sizes. Secondly, we do
the same comparison between the block-diagonal density matrix and a truncated GGE at larger N.
Note that the GGE ansatz using maximally ¢'(N) parameters is much more accessible to numerical
studies than the block-diagonal and the numerically exact method using &(2") and &(4") parameters,

respectively. The following chapter is partially based on [100].
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3.2 Time evolution of weakly open quantum systems

3.2.1 Time-dependent GGE

In Sec. 2.4.1 we have used time-dependent temperatures and chemical potentials to describe the
dynamics of fermionic occupation functions in a weakly open system. Here, we address the question
whether a translationally invariant many-particle system in the presence of weak integrability breaking

perturbations is generically described by a time-dependent generalized Gibbs ensemble

e Liti()C

PooE() = qyfptmie) (36

where A;() are time-dependent Lagrange parameters. We assume that the system is initialized in
a state p(0) and the dynamics is switched on at time T = 0 where T = Jér is a dimensionless time
variable. A description in terms of a time-dependent GGE defined by the form of the perturbation can
only be valid for 7 = &Jt 2 1 and only applies to the expectation values of local observables O, i.e.
Tr[Op(t)] = Tr[Opgee(1)).

At small times T < 1, the effect of the weak perturbation can be neglected and the dynamics
reduces to a standard quench problem for an integrable system with Lagrange parameters A; defined
by Tr[Cip(T — 0)] < Tr[Cipcee (T — 0)]. In quench protocols the emergence of GGEs has been
observed in many studies [101-104], even in the presence of small integrability breaking perturbations
[105]. They eventually lead to thermalization on the longest time scales. However, it was found that at
intermediate times, on the prethermalization plateau, the system can be well described by a GGE with
Lagrange parameters fixed by the initial conditions. The dynamics of weakly open quantum systems
at times T < 1 is therefore closely related to the prethermalization regime in quench protocols.

In the following we focus on times 7 = 1. In this regime, the dynamics of the Lagrange parameters

is up to vanishing corrections for small values of € governed by the generalized forces F;(t) ~

—¥(x(0) )i Tr[C; A pece (1)),
Ai(t) = F(A(t)) (3.7)

which were introduced in Sec. 2.2.2. Note that in the case of a time-independent perturbation A,
the generalized forces do not depend explicitly on time but only indirectly through the Lagrange
parameters. As Fj(r) ~ € for Markovian perturbations, the time evolution in the subspace of GGEs is
slow where the time scale is set by 1/¢.

Alternatively, Eq. (3.7) can also be derived by projecting the full dynamics onto the subspace of
slow modes which separates the slow dynamics within the subspace from the fast dynamics in the
perpendicular subspace. As above we set p (1) = pgge(t) + 0p(t) with pgge(r) defined such that

0p(t) ~ € vanishes in the limit € — 0. Using the time-dependent version of the projection operator
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Eq. (2.13) we obtain
P(1)(per +8p) = P(1)(Lo + 1) (poce + 8p) (3.8)
which simplifies with P(1)pece = Poce. Lopcee = 0, P(t).Zy8p = 0 and 2 8p ~ €% to
P(t)8p + poce = P(t)ZLipoce + O(€7). (3.9)

We can identify P(¢)3p on the left hand side of Eq. (3.9) with the terms of order £> on the right hand
side. This leads to pgge = Is(t).,?l Pcce which is equivalent to Eq. (3.7). Hence, we can deduce that
the GGE ansatz fulfills the time-evolution equation p = £ p projected onto the conservation laws up
to corrections of order £2. However, the argument above does not guarantee that the GGE ansatz is
a valid description in the long-time limit as small errors might add up leading to wrong predictions.
This could, for example, be the case if the steady state we expand around is not unique. In this chapter,
we only consider perturbation leading to a unique steady state.

3.2.2 Time-dependent block-diagonal density matrix

In analogy to the time-dependent GGE, we can define a time-dependent block-diagonal density matrix
by

pBD(t): Z O‘nm(t)o@nma (310)

EV=E9

where the coefficients o, at initial time 7 = 0 are given by ,,,(0) = (n|p(0)|m). The time evolution
of Eq. (3.10) can be determined by demanding Tr[|m) (n| p(¢)] < Tr[|m) (n| psp(t)] up to corrections
vanishing for € — 0. By approximating ppp (1) ~ £ pgp we obtain a set of coupled linear differential

equations for O, (),

anr?l(t): Z (D?Q)nm,n’m’an’m’(t)v (311)

0 _r0
En’ 7Em’

where £~ is the effective Liouville operator which was introduced in the previous section. According

to Eq. (3.4), the components of 22 are given by
(L2 Vot = Til|m) (n] L) )] (3.12)

Note that, in general, the matrix .2~ is not hermitian and therefore its eigenvectors are not orthogonal.
Hence, we have to use the projection operator Eq. (1.6) to project the initial state onto the eigenstates
of Z2. We can then employ the decomposition Eq. (1.5) with the right eigenstates of the full
Liouvillian replaced by the right eigenstates of 2% 0 express the time evolution of pgp (). Similarly

to the steady state analysis, the time-dependent block-diagonal density matrix can serve as an exact
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comparison to the time-dependent truncated GGE for € — 0 which requires that pgp(7) becomes
exact in this limit. We can prove this statement by comparing ppp () to the numerically exact time
evolution of p(¢) which can be obtained by diagonalizing the full Liouvillian and using Eq. (1.5).

3.3 Lindblad dynamics I

We consider the one-dimensional Heisenberg model (XXZ model with A = J)
H() :JZSJ"SJ'+1
J

which is at initial time 7 = 0 described by the statistical operator p(0). The dynamics of p(t) is
governed by the Liouville equation

ap=(%+24)p, (3.13)
Zop = —ilHo,p], Zip =¢J ((1 A +}/_@(2)) P,

where (1), 92 are Lindblad dissipators. As Lindblad operators we choose

1

L) =s; and L=

(Sy Sy i8S 1SEn)- (3.14)
The first Lindblad operator L,gl) represents dephasing and would alone heat the system up to infinite
temperature p(r — o) = 1. Note that all Lindblad operators L; fulfilling [L j,L;] = ( drive a system
to the trivial state in the long-time limit. This can easily be seen by inserting p = 1 into Eq. (3.1). In
the case of hermitian Lindblad operators like L,(:), the condition [L j,L;] = 0 is trivially fulfilled.

The second Lindblad operator L,(f) is chosen such that it breaks all relevant symmetries up to S° con-

servation. Particularly, L/({z) does not simply transform as L,Ez) — e"@L,({z) under TRS or spatial mirror
symmetries which, in principle, allows for the activation of the odd conservation laws (conserved
currents) of the Heisenberg model. Compared to 92U the second dissipator can be considered as
a cooling mechanism. The relative strength of cooling and heating is set by the control parameter
Y€ [0,1].

Due to the conservation of S, we restrict our numerical analysis to the $* = 0 sector enabling us to
treat larger system sizes. This is justified as the $* = 0 sector is the largest and therefore assumed to
be the most relevant one in the thermodynamic limit. The steady state can be found by determining
the point in the space of Lagrange parameters where the generalized force vanishes. In Fig. 3.1 the
generalized force field is shown as a function of the two Lagrange parameters A, (Hamiltonian) and A3
(heat current operator). At ¥ = 0 the system reaches an infinite temperature state with A, = A3 = 0 in
the long-time limit while at ¥ = 1 the steady state is characterized by a large value of A3 corresponding
to a large expectation value of the heat current operator.

In Fig. 3.2 the steady state expectation value of the energy and the heat current density are plotted
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Figure 3.1 Generalized force F(A;,A;) calculated at y = 0 (left) and v = 1 (right). While at y =0,

the infinite temperature state is the unique fixed point of the dynamics, the steady state at y =1 is
highly non-thermal with |A3| > |A,|. Parameters: N =8, J =1

as a function of y for J/ = 1, N = 8. The dashed lines show results obtained from the block-diagonal
density matrix while the solid lines correspond to numerically exact calculations at different values of
€. We see that the numerically exact results converge towards the ones predicted by pgp, when € goes
to zero. This implies that we can consider ppp to be exact in the limit € — 0, at least as long as the
expectation values of local observables are concerned. Note that this observation is not related to the
specific choice of Lindblad operators since we have checked different combinations in Eq. (3.14) as
well. Assuming that the block-diagonal ansatz is exact in the limit € — 0, we can use it as a reference
for the truncated GGE at larger system sizes.

In Fig. 3.3 we show the steady state expectation values of C, = Hy, C3, Cy4, Cs calculated from a
tGGE containing N¢c = 4 conservation laws and from ppp at N = 14, respectively. We find a good
agreement between both methods while the largest deviations can be observed at 7y close to 1, when
the system is in a highly non-equilibrium state. Even though the GGE is assumed to be only a valid
ansatz in the limits of weak perturbations € — 0 and large system sizes N — oo, when all symmetry
activated local and quasilocal conservation laws are taken into account N, — oo, we find already very
good agreement at moderate values of €, N and N,.

In Fig. 3.4 we summarize the results obtained from the three methods for the energy and the heat
current density in a finite size scaling plot, allowing us to address the question whether the tGGE
ansatz is valid in the limit N — . One of the main statements of Fig. 3.4 is that the truncated GGE
becomes more accurate with increasing system size. We also find an improvement when increasing
the number of included charges from N, = 2 to N, = 4. However, due to strong finite size effects in
the numerically accessible small system sizes, we do not include more or more complex charges. We

postpone the analysis of the limit N. — oo to the following section. At small system sizes N = 6,8,
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Figure 3.2 Steady state expectation value of the energy and the heat current density as a function of
the relative driving strength 7. We compare numerically exact results calculated at different values of
€ to those predicted by the block-diagonal ansatz which becomes exact in the limit € — 0. Parameters:
J=1,N=8.
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Figure 3.3 Rescaled steady state expectation values of Hy, Jy, C4 and Cs as a function of 7. We find a
good agreement between the tGGE (N, = 4) and the block-diagonal ansatz pgp. Parameters: N = 14,
J=1.

we also compare the block-diagonal and the exact density matrix at € = 0.01 and € = 1. While both
methods agree at € = 0.01, we find distinct differences at large €.

In Fig. 3.5 we show the steady state expectation values of the energy and heat current density as a
function of the perturbation strength € where we find only a very weak dependence on €. The dashed
lines represent the predictions of the block-diagonal density matrix that become exact in the limit

€ — 0. The zeroth order results can be improved using the perturbative expansion for the steady state
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Figure 3.4 Finite size plot for the steady state expectation values of the energy and the heat current
density calculated from the numerically exact density matrix (€ = 0.01,1.00), the block-diagonal
density matrix and a tGGE (N, = 2,4).
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Figure 3.5 Steady state expectation values of the energy and the heat current density as a function of
the perturbation strength €. The dashed line shows the zeroth order prediction of the block-diagonal
density matrix. Parameters: N =8,/ =1,y=1.

that was introduced in Ch. 2.

As mentioned in Sec. 2.4.2, there is a distinct difference between perturbation theory in finite systems
where € needs to be smaller than the dimensionless level spacing & ~ 1/N (or even smaller than the
many-particle level spacing 2~V) and infinite systems (1/N < & < 1) in which we are eventually
interested in. In Fig. 3.5 we can indeed identify two regions € < 0.1 and 0.1 < & < 1 with qualitatively
different behavior. However, for definitive statements the system size considered is too small.
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Figure 3.6 Derivative of the energy and heat current density, % and % as a function of the

perturbation strength € calculated for y =1, J = 1, N = 8 (left). Calculation of the linear correction
in € form perturbation theory as a function of broadening 7 for the same parameters. The caption is
taken from [100].

As we are primarily interested in first order corrections, we show in Fig. 3.6 the derivative of the
energy and heat current density d(H) /de and d(Jy)/de with respect to € (left side). We compare
these results to the first order corrections (Hp); and (Jy); calculated with Eq. (2.22) for different
broadenings 1 (right side). While in the thermodynamic limit we typically have n > J4J, at finite N
we choose 11 < J§. Both plots show that the linear slope vanishes in the finite system. This can be
easily understood when Eq. (2.22) is written in Lehmann representation. The inverse superoperator
(4 —n)~" then yields terms proportional to Im [m] (EY # E?) which vanish for n < J§.
Therefore, at finite N the leading order correction in the steady state is &(¢?/8). We expect that the
linear correction does exist in the thermodynamic limit where § < € < 1 and 6J < 11 < J. However,
this regime is difficult to reach in an ED study. Finally, we can deduce from the qualitative agreement
between the € and 11 dependencies that the Lindblad coupling effectively leads to a broadening of
levels.

Next, we investigate the time evolution of the weakly open system and address the question whether
the dynamics can be described by a time-dependent GGE. As an initial state we choose a classical
Néel configuration |yy) with corresponding density operator p(0) = |yy) (yy|. In Fig. 3.7 the time
evolution of the nearest-neighbor spin-spin correlation function (o707}

i+1
(Jg)/N are shown for N = 8. While the heat current is conserved in the unperturbed system, the

) and the heat current density

operator 0;0;, | does not commute with Hy. Again we compare the numerically exact results to those
obtained from the block-diagonal ansatz. The value of (676}, ;) drops from initially —1 to —0.45 on
a short time scale of order 1/J = 1 and then decays on a much longer time scale set by 1/¢ to its
steady state value. At short times we observe rapid oscillations that get damped during the evolution.

These oscillations are less pronounced for larger values of g, i.e. stronger damping, and are due
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Figure 3.7 Time evolution of the a) spin-spin correlation function (¢;0;1) and the b) heat current
density (J) /N calculated from p., (€ =0.05,0.10,0.25) and ppp .

to the smallness of the system and the fact that D?OT (Gl.zcrf+1) = 0. We find that the block-diagonal
approximation yields the time average of (670}, ;) at small values of & which is consistent with
Eq. (1.19). Therefore, the block-diagonal ansatz captures the decay of the nearest-neighbor spin-spin
correlation function qualitatively.

The time evolution of the heat current is much smoother as it commutes with Hy. Initially, (/) is
zero in the classical Néel configuration. Later, however, a large current builds up on a time scale set
by 1/&e. Hence, the system reaches a highly non-equilibrium state in the long-time limit. The steady
state value of (Ji) /N is approximately independent of the perturbation strength for small values of

€. We find that the block-diagonal method becomes exact when € — 0. At large values of € ~ 1, we
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Figure 3.8 Time dependence of the spin-spin correlation function <GJZ-G; 1) (upper panel) and the
charges C; = Hy, C3 = Jy, C4 and Cs (lower panel) calculated from pggg(t) with N, = 4 (solid red
line) and from ppp(r) (dashed black line).

observe that after a very short time 7 ~ ¢(1) errors have accumulated leading to incorrect predictions.
We can deduce from our findings that for small values of € the time-dependent block-diagonal density
matrix describes the dynamics of the system exactly at times 7 2> 1.

Using these results we can compare the time-dependent tGGE and block-diagonal ansatz at larger
system sizes. In Fig 3.8 we show (o707, |) and the expectation values of the approximately conserved
quantities C> = Hy, C3 = Jy, C4, Cs as a function of dimensionless time £¢. Starting from their
prethermalized values, all quantities relax exponentially on a time scale of order 1/€ towards their
steady state values. In the case of the spin-spin correlation function, the tGGE does not reproduce the
correct value in the initial state as (o767, ;) was not used to fine-tune pgGe(0). However, after a short
time of order T ~ 1, we find that the tGGE gives a qualitatively good description of the time evolution.

In contrast to that, the tGGE predicts, by construction, the correct initial values of the approximately
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conserved charges included in the tGGE ansatz. It also reproduces accurately the time evolution of

the numerically exact (¢ — 0) results at later times.

3.4 Lindblad dynamic II: High temperature expansion

In the previous section, we have investigated how well a tGGE can predict the time evolution of an
integrable system in the presence of weak integrability breaking perturbations. We have found that
even with a small number of charges N, the tGGE gives an accurate description which improves
when increasing the system size N. However, due to strong finite size effects, we have not been able
to investigate whether the results obtained from the tGGE converge when systematically increasing
the number of conservation laws N, included in the ansatz. Here, we go to a regime where finite size
effects are expected to be small and the limit N. — oo can be addressed analytically. We consider the
XXZ model

Ho =43 J (SiS501+ S8, ) +ASiS5, (3.15)

J

where we have introduced the factor four for later convenience. Similarly to Eq. (3.13), the dynamics

of the system is governed by

op=(%+.4)p, (3.16)
Zop = —ilHo,p), ZLip =¢J ((1 -y +y@(2)) P,

where we choose for the Lindblad operators

LV =2 (S5 +i6 S5,,), (3.17)

@ (1 : 1 N\ o

L= (2 +SZ> Sk++1 + (2 _*Si) Sk+1‘
Note that we have considered the same example in [106]. While we have designed the Lindblad
operators in Eq. (3.14) such that a highly non-equilibrium steady state with large currents is obtained,
we focus here on more intuitive Lindblad operators allowing for a better understanding in various
limits. The first Lindblad operator fulfills [L,((l),L,(Cl)T} = 0 and therefore 21 acts as a heating
mechanism. Note that for & # 0, the conserved currents of the XXZ model are activated.
The second Lindblad operators flips a spin depending on the orientation of its left neighbor. If the spin
at site i points in +z or—z direction, the spin at site i 4 1 is flipped up or down, respectively. Hence, at
v =1 the system tends to be in a superposition of the two fully polarized states, which are eigenstates
of Hy, in the long-time limit.
Both Lindblad operators as well as Hy (and all other local charges of the XXZ model) are invariant

under a rotation by & around the x-axis in spin space f%@)ﬁﬂ. Due to [,@x,ﬂ,.f |=0, 2 becomes
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block-diagonal in the eigenbasis of 9?,67” and decouples into an even-even and an odd-odd parity block.
In the following, we restrict our analysis to the even-even sector of 2 which acts onto the space
of density matrices parameterized by local charges. Importantly, the parity-odd quasilocal charges,
which have an overlap with the spin current operator at |A| < |/|, are not activated by this choice of
Lindblad operators.

We consider the case ¥ < 1 in which the system is approximately in the infinite temperature state
at times 7 2 1. In this regime, we expect that finite size effects are negligible. Moreover, for
Y < 1 we can solve the equations, determining the time-evolution of the tGGE, analytically in the
thermodynamic limit, at least for a finite number of included charges. For p(t — o) ~ 1, the Lagrange

parameters A; are small allowing us to expand

e~ LiMi(1)C;
pPGaGe(t) m
r<1 1 2
~ HH( ZA >+ﬁk) (3.18)

where the second line holds for Tr[C;] = 0. According to Sec. 2.2.2, the dynamics within the subspace
of GGE:s is governed by a set of rate equations that can be expressed in terms of generalized forces F;.
Using the expansion Eq. (3.18) we obtain to first order in 4;,

muz_zu@gh (3.19)

+zz[ - X () 1 ) ke

nm

where the terms ¢; = Tr[C; A1 1]/Tr[1], M;; = Tr[C.4,C}]/ Te[1], xi(](.)) = Tr[C;C;]/Tr[1] and )(l(jlk) =
Tr[C;CCy]/Tr[1] can be calculated analytically in terms of A,J, 6 and ¥ for a moderate number of
charges N,. In the following, we show that for an arbitrary choice of coupling constants, the steady
state expectation values of local observables calculated from a truncated GGE converge to a fixed
value, which depends on the parameters, when the number of local conserved quantities N, is gradually
increased. In a second step, we emphasize that this is generically the case at times 7 2> 1. In order to
verify that our results are consistent with the exact values in the thermodynamic limit, we compare our
findings in the steady state to predictions of a finite size scaling analysis obtained from numerically
exact calculations at small system sizes. For simplicity, we set § = 0 for the time being to avoid
even-odd effects. Therefore, only the expectation values of the even charges are non-zero.

First, we take a closer look at the limits A/J — 0 (free limit) and A/J — co (Ising limit). In the free
limit, the Hamiltonian Hy can be mapped, with the help of a Jordan-Wigner transformation, onto
free fermions hopping on a one-dimensional lattice. In the language of particles, the first Lindblad
operator adds or removes a fermion at a site depending on the occupancy. These two processes take

place on time scales 1/J and 1/(gJ(1 — y)) and drive the system effectively to a thermal infinite
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Figure 3.9 Expectation value of the energy density as a function of A. The red line shows the result
obtained from a truncated GGE with five local conservation laws (J = 1). The dashed line displays the
slope of the exact solution Eq. (3.20) in the limit J/ — O where (Hp) /N ~ yA/4. Parameters: y = 0.01,
0=0.

temperature state in which the expectation value of the traceless conserved quantities is zero. The
second Lindblad operator adds and removes fermions in dependence on the occupation of the adjacent
left site which leads to ordering. However, at ¥ < 1 this process is negligible and we approximately
arrive at pggg(t — o0) = 1.

In the Ising limit, it turns out that the steady state density matrix within the GGE manifold, which ful-
fills the condition P (,,221 pGGE> =0, can be calculated analytically for arbitrary y € [0, 1]. Surprisingly,
the steady state is purely thermal

PocE(t — o) = e POH (3.20)
with
1 Y

ﬁ(Y)—4Alog(1—V) R A (3.21)

On the one hand, this result is astonishing as the Ising model has a macroscopic set of local conserved

quantities in form of observables containing only ¢* operators. On the other hand, we are in the
special situation that the first Lindbladian alone heats the system up to a T = o state (y = 0) while
the second dissipator drives the system to a ground state (or highest energy state) configuration
associated with temperature 7 = 0 (Y = 1). In combination with the fact that in the limit considered
both Lindblad operators map eigenstates of Hy to eigenstates of Hy it is reasonable to expect that at
0 < y < 1 a thermal state with temperature 0 < () < oo is obtained in the long time limit. Details
of the derivation of Eq. (3.21) in one-dimension can be found in the App. B. Unfortunately, this
approach can not directly be applied to higher dimensions where a phase transition occurs.

In Fig. 3.9 the expectation value of the energy density calculated from a tGGE with N, = 5 is shown
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Figure 3.10 Steady state expectation value of the energy and the heat current density as a function of
A/J calculated from a tGGE containing N, = (1,)2,3,4,5 charges. Parameters: y=0.01,6 =0,/ = 1.
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Figure 3.11 Expectation value of the energy density in the steady state calculated numerically with
the block-diagonal density matrix for system sizes N = 4,6, 8,10 and results obtained from a tGGE
with N. = 5 in the thermodynamic limit. Parameters: y=0.01, 6 =0,J = 1.

as a function of A. At A = 0 the system is in an infinite temperature state and (H) is zero.

At A > J the expectation value of the energy density increases linearly where the slope can be
extracted from the formula (Ho) /N ~ —Tr[HZ|B(y)/N. i.e. (Ho)/N ~ — (A% +2J%) B(y) ~ Ay/4 for
J =1 as long as the expansion Eq. (3.18) is valid. All numbers we present here are small due to the
proximity to the infinite temperature state. Fig. 3.10 shows (Hp)/N and (C4) /N calculated from a
tGGE for a different numbers of conserved quantities N. = 1,2,3,4,5, respectively. We include up
to five conservation laws where the most complex charge has maximally non-trivial support on ten
neighboring sites. Note that all charges C; with odd index i are not activated and therefore do not alter
the results at § = 0. We find that the expectation value of local observables calculated from a tGGE
converge when N, is increased. However, so far we do not know whether our results converge to the

exact values in the thermodynamic limit. In order to answer this question, we compare the tGGE
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Figure 3.12 Time evolution of (a) (H)/N and (b) (C4)/N calculated from a tGGE with N, =
(1,)2,3,4,5. Parameters: A=0.8,/ =1, =0,y=0.01.

results to an extrapolation N — o of numerically exact calculations at finite system sizes. In Fig. 3.11
(Hp) /N calculated from the block-diagonal steady state density matrix is shown for small system sizes
N =4,6,8,10 and A =0.8,1.0,1.2. Note again that the block-diagonal ansatz is exact in the limit
€ — 0 and includes all conservation laws of the system. An extrapolation 1/N — 0 of the finite size
data agrees well with our findings obtained from a tGGE ansatz with N, =5 in the thermodynamic
limit. This observation suggests that for the calculation of sufficiently local observables, the GGE can
be truncated.

In Sec. 3.3 we have given numerical evidence that also the time evolution of weakly open systems can
be well described by a time-dependent tGGE at times 7 2 1. However, due to strong finite size effects
we have not been able to analyze the limit N, — oo rigorously. In the high temperature regime where
finite size effects are much smaller, this analysis can be conducted. In Fig. 3.12 the time evolution of
(Hp)/N and (C4) /N are depicted for different values of N.. In both cases, we observe convergence
within the family of local conserved charges. In the case of (Hp) /N results for N, = 1,2,3,4,5 show
rather similar behavior at all times. In contrast to that, a tGGE that only contains C; and C4 (N, = 2)
gives a completely wrong prediction of (Cs4) /N at short times while the steady state expectation value
is qualitatively captured.

Next, we repeat the former analysis for the case 0 # 0, in which the conserved currents of the XXZ
model are activated as well. In the left panel of Fig. 3.13 the expectation value of the heat current
density is shown as a function of A/J. As above we find that the expectation value converges in
the limit N, — o. In the right panel, we display (J)/N as a function of N and compare the tGGE
ansatz in the thermodynamic limit to the block-diagonal density matrix at finite system sizes. We find
that the tGGE ansatz is consistent with an extrapolation N — oo. However, we also observe stronger
deviations than in Fig. 3.11, especially at A = 1.2. This might be the case as Jy is less local than Hy.
Finally, we present (Jy) /N as a function of time for different values of N, = 2,4,6,8. Similarly to
Fig. 3.12, we find that the results already converge after a short time when NV, is increased.

In this chapter we have considered two different examples of Markovian perturbations. In Sec. 3.3
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Figure 3.13 The left panel shows the steady state expectation values of the heat current density as a
function of A/J calculated from a tGGE including N, = 2,4, 6,8 charges. In the right panel (Jy)/N
calculated from the block-diagonal density matrix for system sizes N = 4,6, 8, 10 and results obtained
from a tGGE with N, = 8 in the thermodynamic limit are shown. Parameters: J =1,6 =1,y =0.01.
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Figure 3.14 Time evolution of the heat current density calculated from a tGGE with N, = 2,4,6,8.
Initially, we have set all Lagrange parameters to zero. Parameters: A=0.8,/J =1, = 1,y=0.01.

we have found numerically that a tGGE with a small number of charges included can describe the
dynamics of a weakly open quantum system qualitatively well at times T = 1. Moreover we have
observed that the agreement with the exact solution improves when the system size is increased
indicating that the GGE is a valid ansatz in the limits € — 0 and N — oo. In this section, we have
considered a Markovian perturbation driving the system into a regime close to the infinite temperature
state where the theory developed in Ch. 2 can be applied analytically in the thermodynamic limit. We
have found that at times T 2> 1, the expectation value of local observables converge when the number
of local charges included in the tGGE is increased. We have also shown that our findings, obtained
from a tGGE in the limits N — oo and t — oo, are consistent with numerically exact calculations at

finite NV, suggesting that a truncated GGE is indeed a valid description in the case considered.



Chapter 4

Pumping approximately integrable
systems

The formalism developed in Ch. 2 is based on the principle that a weak symmetry breaking perturba-
tion can drive a system far out of equilibrium to a state that is completely different from the initial one.
It is important to note that the occurrence of this effect depends strongly on the form of the chosen
perturbation and the symmetries of the system. If a generic closed quantum system is perturbed, for
example, in a quench experiment, it typically relaxes on a potentially very long time scale to a thermal
Gibbs state [10]. The same is expected to hold in the case of weak integrability breaking quenches for
integrable systems [105].

According to the arguments presented above, integrability can be ‘revived’ and thermalization pre-
vented by weakly pumping into degrees of freedom that are approximately protected by symmetries.
This idea is schematically illustrated in Fig. 4.1. A simple example of this effect from classical
physics is a greenhouse that is heated by the sun. Due to the good insulation, the energy inside the
greenhouse is approximately conserved. Therefore, even weak sunlight can heat the interior to very
high temperatures that are much higher than the surrounding temperature. The effect is particularly
remarkable in winter. In equilibrium, the temperature inside 7}, is determined by the balance of the
incoming and the outgoing energy flux J;, and J,,,. While J;, is approximately constant, the outgoing
flux J,,, = a(T;, — T,y ) is to a good approximation proportional to the temperature difference where
, we obtain T;, = Ty + |Jin| /0t > T, for

o < 1. This is one manifestation of how a weak perturbation can cause a strong effect in the presence

o denotes the heat conductivity. By setting |Jiy| = [Jou

of approximately conserved quantities. Another simple and related example is a fridge whose working
principle is also based on insulation and heat transfer/pumping. Further examples that are closer to
current research activities are Bose-Einstein condensations of photons, magnons or exciton-polaritons.
Due to approximate particle number conservation in the experimental setups, highly occupied states
can be engineered by weak laser pumping [107-110].

In Sec. 3.3 we have illustrated the emergence of such strong responses also in weakly open quan-

tum systems that have a macroscopic set of conserved quantities. Precisely, we have considered a
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subspace of GGEs

Figure 4.1 Schematic illustration of the effect of weak pumping on an approximately integrable
system, which is initialized in an arbitrary initial state (gray dot) and weakly coupled to a thermal bath.
After a short time the system relaxes to the subspace of GGEs. Within the subspace the dynamics is
governed by the generalized force F. While the system relaxes to a thermal state (gray line) in the
absence of pumping (dashed trajectory), a highly non-equilibrium steady state can be reached if the
system is weakly driven (solid trajectory).

Markovian perturbation driving a one-dimensional Heisenberg chain to a very non-thermal state in
which a large heat current is present. Here, we consider more realistic models that are potentially
more feasible for experimental realizations. Particularly, we suggest a specific setup for efficient
integrability based spin and heat pumps in certain spin chain materials. We mainly focus on this
application in the following, however, we will present two further experimental proposals for the
validation of the phenomenon at the end of the chapter. Note that Sec. 4.1, Sec. 4.2 and Sec. 4.3 are
partially based on [111, 106].

4.1 The model

We consider an antiferromagnetic spin chain material that is approximately modeled by an integrable
XXZ spin chain

S5, —BS; (4.1)

s - ¢t
Ho= Y5 (STS1+ 8755 ) +AS;
J
possibly placed in a homogeneous magnetic field pointing in z-direction. We are interested in the
regime |A| < |J| where the spin current is partially protected by a family of quasilocal conservation
laws. To induce currents in the spin chain, we apply a periodic drive modeled by a time-dependent

perturbation

Hy=&Y ((_1)i+lsj.sj+1 sin(@t) + (—l)ij-cos(a)t)) (4.2)
J
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Figure 4.2 Crystal structure of Cu Benzoate in the be-plane where the unit cell is depicted in a dashed
frame. Oxygen ions are represented by red, copper ions by blue and carbon ions by black balls. The
figure is taken from [112].

with driving frequency @. The driving term is constructed in such a way that its symmetry properties
allow for finite spin and heat currents on the one hand and it can be realized experimentally on the other
hand. Regarding the first point, the staggered magnetic field and the staggered-bond coupling ensure
that all spatial reflection symmetries are broken. Hence, the staggering allows for the existence of
currents that flow in a specific direction. Moreover, the staggered magnetic field breaks the symmetries
f@x,n and f@yﬂ describing rotations by 7 around the x- and y-axis in spin space, respectively. This
is required for the existence of a finite spin current expectation value as %’ 1 %’x r = —Js and
%’ 1] %’} » = —J;. To obtain a finite heat current in second order perturbation theory, the two driving
terms in Eq. (4.2) have to be phase shifted. The additional static magnetic field in Eq. (4.1) finally
ensures that also the product of e@yﬂ with a bond-centered spatial mirror symmetry is broken under
which the heat current operator is odd.

While the direction of the spin current depends only on the relative phase shift between the staggered
magnetic field and the staggered bond-coupling, the direction of the heat current is set by the phase shift
and the direction of the static external magnetic field. We consider Eq. (4.1) together with Eq. (4.2)
not as a purely theoretical system but rather a model for certain spin chain materials existing in nature.
The staggered exchange coupling and the staggered magnetic field can arise in compounds with two
or more magnetic atoms per unit cell, when coupled to a uniform electromagnetic field [113, 114].
For example, in the antiferromagnetic spin chain material Cu benzoate, the unexpected magnetic
field dependence of a gap opening could be explained with the help of a staggered gyromagnetic g
tensor [115, 116]. Effectively, the staggered g tensor gives raise to a staggered magnetic field when
an external uniform field is applied. It was suggested that the staggering is due to the existence of two
inequivalent Cu sites and the low symmetry of the crystal structure [117].

In Fig. 4.2 the crystal structure of Cu benzoate is shown. Each Cu atom has four O atoms of benzoate
groups and two O atoms of H,O as ligands that align locally in a structure with an almost tetragonal
symmetry. The principal axis for the tetragonal symmetry alternates slightly between neighboring Cu

atoms which, in turn, is expected to cause an alternating g tensor. The staggered exchange coupling
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Figure 4.3 Schematic sketch of the effective one-dimensional spin chain in presence of an external
magnetic (upper plot) and electric field (lower plot). Due to the existence of two inequivalent Cu
sites, a staggered g tensor arises that effectively causes a staggered magnetic field when an additional
uniform field B is applied. An external electric fields deflects differently charged and oriented ions
distinctly causing a staggered bond-coupling.

is generated when a uniform electric field is applied that deflects different ions in a distinct way
depending on their charge and orientation in the compound. This makes the angle between an oxygen
ion and its two neighboring Cu ions alternate and eventually leads to a staggered coupling constant.
Schematically, the occurrence of staggering in Cu benzoate is depicted in Fig. 4.3. The required
time-dependent uniform electric and magnetic field can be provided by shining a laser onto the sample
where the laser should typically work in the THz regime to address the relevant energy scales of the
spin chain material. Importantly, the power of the laser, which is in our model proportional to 85, does
not have to be strong to induce currents that are approximately conserved. The relative phase between
the two driving terms appearing in Eq. (4.2) can be varied by changing the alignment of the laser with
respect to the sample.

Note that H,(z) alone would drive the system to an infinite temperature state. Thus, an additional
cooling mechanism is required in our model. In real solid state systems such a mechanism is,
for example, provided by couplings to phonons and ultimately by the coupling to the thermal
environment of the experimental setup. These perturbations alone already break integrability weakly.
Here, we implement cooling by coupling the spin chain to a thermal bath of Einstein phonons
Ho pn = Opn ). a;a j+ ... where the dots indicate further terms which keep the temperature 7}, of
the bath fixed. We assume that the coupling between bath and spin chain is small such that the total

(Floquet) steady state density matrix factorizes into a spin and a phonon part with p,, ~ e~ Hopn/Ton
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The weak phonon coupling to the bonds is described by
Hon = e Y (S5 Sy01 (@) ;) + 20 (8355, +53501 ) (] +4) ) 4.3)
J

We introduce the second term in Eq. (4.3) that mimics relativistic relaxation effects of S, to break
all remaining symmetries in the model. This is essential to obtain a unique Floquet steady state in
the long-time limit. Also, in real materials, S° is not exactly conserved. Besides phonons, there are
additional integrability breaking perturbations in real materials, for example, defects that typically
dominate at low temperatures [118]. At high temperatures (with 7 comparable to J) which is the
regime we will eventually consider, it is reasonable to assume that the coupling to phonons is the
dominant perturbation. Note that the coupling to a thermal bath can be described alternatively
in terms of a Markovian Lindblad equation involving a macroscopic set of non-local Lindblad
operators L, = exp(—Ho/(2T,,)) |m) (n| where |n),

m) are eigenstates of Hy. By inserting L,,, into
Eq. (1.39), one can directly verify that a steady state solution is given by the thermal density matrix
Pin = e Ho/Ton The corresponding Liouville superoperator belongs to the class of Davies generators
modeling thermalization of quantum mechanical systems [119]. Finally, the time evolution equation
for the density matrix reads

p=(2+20)p=(%+ 2+ 21a0))p. (44
Zop = —ilHo+Hopn,p), Lipnp = —ilHpn,p), L1a(t)p = —ilHa(t),p].

4.2 Steady state

In the presence of a periodic perturbation, we can use the Floquet formalism presented in Sec. 2.2.1
to describe the steady state density matrix in terms of periodically oscillating Floquet components
p(t —o0) =Y, e @ p(") Note that in the limit of weak driving £; — 0, the zeroth order of p (f — o)
has only a component in the n = 0 Floquet sector, pé”) = (Po @ Pph) En.0-

We use two methods to determine the (Floquet) steady state density matrix. Firstly, we parameterize pg
by a small number of local and quasilocal conserved quantities C;, i = 1, ..., N, in terms of a truncated
GGE. As we want to investigate the emergence of a finite spin current, we include the diagonal part
J¢ of the spin current operator in the common eigenbasis of the local charges as one conservation
law in the tGGE ansatz. By construction J{ is a conserved quantity that has a finite overlap with
the parity-odd family of quasilocal charges at |A| < |J|. However, to reduce the complexity of the
problem and avoid stronger finite size effects we include only local conserved quantities apart from
J¢. Secondly, we calculate the block-diagonal (Floquet) steady state density matrix including all
commuting and non-commuting as well as local and non-local conservation laws of Hy. The second
approach becomes numerically exact in the limit &, €,, — 0 which we explicitly verified in Sec. 3.3

for a Markovian perturbation. We also found for the much simpler model in Sec. 3.3 that a tGGE
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with a small number of local charges and the block-diagonal ansatz yield very similar results for the

expectation values of local observables.

4.2.1 Truncated GGE

According to Ch. 2, the values of the Lagrange parameters in the steady state are determined by
the condition that all generalized forces add up to zero. In the case of a time-dependent unitary

perturbation, the force F; reads

F= —Z(x‘l) (C)) (4.5)
~Y (x "iTrC, 21285 2 py). (4.6)

where 2, 2| and C i» P are matrices and vectors in Floquet space, respectively. Equivalently, we
can also obtain the long-time limit expectation value (C ;) in a different way by using Green’s function
methods instead of the expansion introduced in Ch. 2. The solution of the defining equation for the

Green’s function
<8z - .,s,%) () = 8(1)1 4.7)

is given by 4 (1) = 6 (t)ejot . With the help of ¢(r) and the ansatz p(t) = p + 8p(t), we can directly
find a solution for the inhomogeneous problem (8, - 0220) p(t) =L (t)p(r),

/dt/ fot l /dt/ fot t ( )p()’ (48)

where we have used .Z)py = 0 and have expanded p(t) to leading order in €. Inserting formula
Eq. (4.8) into Tr[C;.Zp(1)] then finally yields

(C)) = Jim ~ dt/ dr’ Tr[Ci. 2 (1) e D) 2 () pol, (4.9)

T—oo T

where we have explicitly averaged over time. Note that all contributions in Eq. (4.8) with mixed

terms like .2, pho 2 (1) average to zero as -jhd (t) changes the Floquet sector by +1 while .,221 ph 18

time-independent. In order to proceed, we can make use of the fact that e~ applied to an operator

X in Schrddinger picture yields the corresponding Heisenberg representation X (1) (t). That can be

shown by decomposing X into X = Y,,,, Ot |1) (m| where |n), |m) are eigenstates of Hy and verifying
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that e~-%! In) (m| = e/ —En)l |n) (m]. Using this relation we obtain

T—ooT

(C)) = + lim & dt/ dr' Tr czl,,he ot f’@l,,,hpo} (4.10)

+ lim & dt/dtTrC.,%d()%”.f]d( o]

T—ooT

- hm dt/ dtTr ph,[ g\ )(’—t),po®pph]]}

T—ooT

—Thg; dt/ dt’Tr [Hd() (= >(t’—z),p0]]]
Note that H[(,H) (t' —t) in the last line also explicitly depends on #’. Firstly, we consider the contribution
of the phonons. As mentioned above, we assume that each bond is coupled to a harmonic oscillator
with frequency @), and fixed temperature 7,;,. The total density matrix of the phonon bath reads
Pph ~ e~ Hopn/Ton Using this assumption we can trace out the phononic degrees of freedom. Naturally,
this process yields terms like (a; a;) , = n,,(®)&;j and (a;a >ph = (14+n,n(wpy))8ij where np () =
1/(e®/Tm — 1) denotes the equilibrium Bose-Einstein distribution function. We can express Eq. (4.10)
in Lehmann representation by inserting identities Y., |n) (n| and Y., |m) (m|. This formulation allows
us to calculate F; for small system sizes explicitly. With the help of the Dirac identity limy, .o ﬁ =
PxFind(x), the generalized force finally becomes

F}(ph) =2mey, > Y (X ir ¥ Pm(Cirom — Ci)
mk

l'/

X (|<kIS./'S/+1|m>|2+731I< 1858541 +SZ~SX-+1Im>|2)
x ((np(EQ —EQ) +1) APP(ES — EQ) + np(E) — ES) APP(E) — ED)) (4.11)

which is, as a typical Fermi’s golden rule rate equation, proportional to sﬁh. The terms with prefactor
np describe the absorption while the contributions proportional to (np + 1) represent the emission of a
phonon which can be induced or spontaneous. Transition processes are weighted with the absolute
square of the matrix elements (k[S; - S;i1|m) and (k[S}S%, | 4+ S587[m). Eq. (4.11) is only valid if

all charges {C;} mutually commute. Within our numerics, we assume a natural broadened distribution

of Einstein phonons using A"") (@) = () wph‘;]’ ﬁe_(“’_"’ﬁ’l)/ " This choice of broadening ensures
detailed balance which is necessary to obtain a thermal state in the absence of driving as well as
positivity of the phonon frequency which guarantees stability. Technically, we average the result
obtained from Eq. (4.10) over frequencies using the phonon distribution function A (") () which then
yields Eq. (4.11).

Next, we consider the contributions of the periodic drive to F;. We introduce the notation H(t) =
ei“”H[(l_) + e*"“”H[(lJ”) with Hfﬁﬁ = Hd(l_). As in the limit £; — 0 the GGE py and all charges C; are

static in our setup, only transitions from the n = O to the n = -1 Floquet sector and back contribute in
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Eq. (4.10) to second order while all other processes average to zero. Hence, the contribution of Hy (1)

to the generalized force reads

2
'd r 2 Z _1 zz me Ci’,k) X

m,k

x {|<k\Hd ) 28 (E —E,‘;—w>+\<er§‘>rm>126<E£—E2+w>}. (4.12)

The § function, which we broaden in our finite size calculation by a Lorentzian (1/7)n/(@?+n?),
guarantees the conservation of energy.

Note that in the case of unitary perturbations, we can also directly use linear response theory to

calculate (C;) to second order in perturbation strength. We elaborate this in the following for the

example of periodic driving. We consider the more general driving term
Hy(t) = cos(wt + ¢1)Hy 1 +cos(wt + ¢r)Hy o (4.13)

where H; 1 and H; > can be identified with the contribution of the staggered bond-coupling and the
staggered magnetic field in Eq. (4.2), respectively. Compared to Eq. (4.2), the phase difference is
given by 7 /2. To leading order, we obtain for <C>,

9, (C) =Tr[Cp] = —i Tr (C[Ho+ Ha(t),p))
~ —iTr[[C,Hy(1)] p1] = (A),, (4.14)

where we use the abbreviation A := —i[C, H,(t)]. According to linear response theory, the first order

correction to (A)y is given by

(A), = [ di'xam,(t—1)

fo

—/ dr Z cos(@r + ;) cos(wt’ + ;) xam,,;(t—1') (4.15)
i,j=1

with ya,m, ;(t) = —i6(t)([A; A )( 1),Hy ;j(0)])6oe and A;(t) = —i[C,Hy i(t)]. Using the Fourier decom-
position of xa,p, ;(t) we obtain

(C) ~ mdt’xAHd (t—1") (4.16)

fo

) ZCOS (@t + 61) [a,, (@)e ) 4y, (—0)e @],
ij
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As we are interested in the zeroth order of the steady state density matrix that lives in the n =0

Floquet sector (g; — 0), we have to calculate the time-average of Eq. (4.16),

: 1 (b Zilb—6
(€)~ 3 L (tan, ,(w)e'“’l )+ H,, (— @) O700), @17
ij
! =Y MG — Y MG
XAH — (n|Ailm) (m|Hy j|n) [e LiMCin _ o= LiMCim]
i anco+z£+ (EV—EO) " jle) | |
For the response function, the relation Y4,x, (w) = xj/_ Hy, (—w) holds. If we insert A; = —i[C,Hy ;(t)]

into Eq. (4.17) and use the decomposition H; = ¢/®'H Lgf) + et H[SJF), we obtain the same expression
for @ as in Eq. (4.12). Note that the contribution of the mixed terms in the first line of Eq. (4.17),
which break TRS, vanish if the phase difference ¢; — ¢, is an integer multiple of 27. Technically, we
use Newton’s method to calculate the root of the generalized force that determines the steady state in

which heating and cooling are balanced.

4.2.2 Block-diagonal ansatz

For the block-diagonal ansatz, which becomes exact in the limit €,,,€; — 0, we have to calculate the

matrix elements of the effective Liouvillian
5.9 n'm! N 5 1 d
(29) " = -T2}, 2125 212,
nm

where Qum = |n) (m|, Quyw = 1) (M| are elements of the set 2 including all conservation laws.
Within our numerics with A # J and B # 0, we find about 2 - 2V elements Q,,,, € 2. Equivalently, the
matrix elements can be obtained with the help of Eq. (4.9) if we replace pGGe by Pap = Yum Oum |1) (M|
and C; by Qpm,

A G n'm' T ! ~ ) / ~
(.,%62) =—lim [ dt / dr' Te[|m') (0| 21 (0)e DD 2 () (|n) (m| @ ppr)]. (4.18)
nm 0

T— J(

Eq. (4.18) can be explicitly calculated by tracing out the bosonic degrees of freedom and averaging
over frequencies using the distribution function A, (®). One can perform several checks to ensure
that the matrix obtained from Eq. (4.18) describes a physical Liouvillian. First, the real parts of all
eigenvalues of 2% have to be less than or equal to zero to guarantee stability. Moreover, there has to
be at least one right eigenstate with eigenvalue 0 which follows from the conservation of probability.
Another consequence of Tr[.Zp ()] = 0 is that (1,...,1,0,...,0) is a left eigenvector of .2~ with
eigenvalue zero. Here, we have chosen the basis such that the first 2V components with entry one

correspond to projections |n) (n| onto common eigenstates of the local charges C;. In addition to
R Ao\ " m'n'* ) .
this, 2~ fulfills (3 < ) = (.Z 2 ) which follows from the cyclicity of the trace and from the
nm mn

property Tr[X '] = Tr[X]*. Note that there are five qualitatively different cases, 1) n =m=n' =/,
NDn=m+#n" =m',)n#tm#n #m', ) n=n"#4m+#m', 5) n=n"# m = m' that need to be
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considered separately. For more details and concrete formulas one can refer to [106]. To determine
the steady state of the dynamics, we calculate the kernel of 22 As the chosen perturbations break
all relevant symmetries, the steady state density matrix ppp is the unique solution of P2 psp = 0.

4.3 Results

Within our numerics we consider small values of &; and g,, for which we expect that the steady
state is well captured by a tGGE. We validate this assumption by comparing the results obtained

from the tGGE ansatz to those calculated from the block-diagonal density matrix. For sufficiently
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Figure 4.4 Generalized force field as a function of § = A, and A3 which are the Lagrange parameters
of the Hamiltonian and the heat current operator, respectively. Parameters: &;/ €pn = 0 (left) and
€1/€pn =1 (right), J =1, N = 8.

small values of the perturbation strengths, the steady state depends only on the ratio (z-:d / 8,,;,)2. At
(sd / sph)2 = 0 the system is in a thermal state with a temperature equal to the temperature 7, of
the phonon bath. In the opposite limit (ed / gph)z — oo, the system is driven to a thermal infinite
temperature state with a finite magnetization, p ~ e %% In Fig. 4.4 the generalized force field
F(2A2,23) is depicted in the subspace spanned by the two Lagrange parameters § = A, and A3 at
(e4/ eph)2 =0and (&/ eph)2 = 1. For the calculation of F we use a truncated GGE containing only
the Hamiltonian and the heat current operator as charges. In the absence of driving, we obtain a
thermal steady state with B = 1/7},, and A3 = 0 as all currents vanish in thermal equilibrium. In the
limit (sd / 8,,;,)2 — oo, both Lagrange parameter 8 = 1/T and A3 approach zero. Again there are no
currents present in the thermal infinite temperature state with finite magnetization. At a finite value
of (ed / 8,,;,)2 > 0 we find a non-zero expectation value of the heat current operator, A3 # 0, which
reaches its maximal value at (8d / Sph)2 ~ 1.

In Fig. 4.5 and Fig. 4.6 the expectation values of the energy (Hp)/N and the heat current density
(Ju)/N are plotted as a functions of (&;/ eph)z, respectively. Note that in the presence of an external

magnetic field, the spin current operators enters the formula for the physical heat current, Jy =
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Figure 4.5 a) Expectation value of the energy density in the steady state calculated from the block-
diagonal density matrix (solid red line) and a GGE with N, = 4 (dot-dashed black line) and N, =
6 (dashed black line) at N = 12. The inset plot shows (C3)/N calculated for system sizes N =
10,12,14,16. Parameters: J =1,A=0.8, B= —1.0, ® = 1.6, ®y;, = Ty, = 1.

b ‘

0.003

(Jw)/N

0.001

Figure 4.6 b) Expectation value of the heat current density in the steady state, calculated from the
block-diagonal density matrix (solid red line) and a GGE with N, = 4 (dot-dashed black line) and
N, = 6 (dashed black line) at N = 12.

C3 — BJs. We compare results obtained from a tGGE ansatz with N, = 4 (dot-dashed black line) and
N, = 6 (dashed black line) to numerically exact calculations (red solid line). In the case of the energy
density, we find a good agreement between both methods which improves when the number of charges
contained in the tGGE is increased from four to six. Note that we only include the most local and
simplest charges S%, Hy,C3, (C4,Cs) and the conserved part of the spin current operator. We do not
consider more and more complicated conservation laws as we observe strong finite size effects when

the maximal support of a conserved quantity becomes larger than N /2. In the inset plot of Fig. 4.5, we
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o

Figure 4.7 Expectation value of the conserved part of the spin current density as a function of the
ratio (g;/ 8,,;,)2 calculated with the block-diagonal density matrix (solid red line) and a GGE with
N, = 4 (dot-dashed black line) and N, = 6 (dashed black line) at N = 12. Parameters: / =1, A= 0.8,
0 = 1.6wp;,, @y, = Ty, = 1.

show (C3) /N calculated at different system sizes N = 10,12, 14, 16. We see that for a local operator
as (3 finite size effects are small.

The expectation value of the heat current density follows the predicted behavior. In the two limits
(€4/€pn) 2 5 0and (€4/€pn) 2 oo, the system is in a thermal state (possibly with finite magnetization)
and therefore (Ji) is zero. Between these two limits, we find a finite expectation value that reaches a
maximum at &; ~ €,,. While the tGGE ansatz reproduces the exact results qualitatively, we observe
quantitatively strong deviations where a slight improvement can be obtained when N, is increased by
two. Our results suggest that further quasilocal conserved quantities that we do not consider in our
study contribute. Similar observation have been made in quench protocols [63, 64].

Note that the external magnetic field B is needed to induce a heat current. The reason for this is that
C3 is odd under the product of a bond-centered rotation by 7 around the y axis in real and spin space
while Hy is even under this transformation for B = 0. In contrast to that, in our model the spin current
is also activated at B = 0. The steady state expectation value (J;) /N of the spin current density is
depicted in Fig. 4.7. We obtain qualitatively similar results as for the heat current. The expectation
value (J;) is zero for (Ed / 8,,;,)2 — 0, (8d / gph)z — oo and approximately maximal at £; ~ €,,. As
above we find only qualitative agreement between the numerically exact density matrix pgp and the
tGGE ansatz pgge-

Another experimentally tunable parameter besides the laser power ~ 85 is the strength of the external
magnetic field B. The numerical predictions we obtain for (J;;) /N, (Js) /N and (C3)/N at (€4/ sph)z =
2.5 are presented in Fig 4.8. We find that (C3) and consequently also (Jy) are odd functions of B
which vanish at B = 0 due to symmetry arguments. Thus, by changing the direction of the magnetic
field, the direction of the heat current can be reversed. On the contrary, the spin current is an even

function of B and depends only weakly on the field. The tGGE can in all cases reproduce the main
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Figure 4.8 Expectation values of a) (Jy) /N and b) (C3)/N, (J;)/N as a function of the magnetic field
strength B. While Jy and C5 are odd functions, J; is even under B <> —B.

features of the B-dependence like magnitude and position of extrema semi-quantitatively. We also
depict the B-dependence of (Hp) and the expectation value of the more complex charge Cy in Fig. 4.9
to give further evidence for the claim that the tGGE gives a semi-quantitative description of the weakly
open system.

In this section, we have presented an experimental idea of how to realize efficient heat and spin pumps
based on integrability. Importantly, exact integrability which is a very fine-tuned property is not
required for our approach to work but only the approximate conservation of currents. The precise
experimental setup we have in mind is the following: we consider an effectively one-dimensional
spin chain material with suitable symmetry properties potentially placed in an external magnetic field.
The system is approximately modeled by Eq. (4.1), Eq. (4.2) and Eq. (4.3). Shining a THz laser onto
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Figure 4.9 Expectation value of a) Hy/N and b) C4/N as a function of the external magnetic field B
calculated from the block-diagonal density matrix (solid red line) and a GGE with N, = 6 (dashed
black line) at N = 12.

the sample gives rise to an effectively staggered magnetic field and staggered bond-coupling that, in
turn, evoke the approximately conserved currents of the system. The direction of the currents can be
changed by changing the direction of the static B field in the case of the heat current or by changing
the alignment of the laser. As a consequence of a finite heat current, one side of the sample is expected
to heat up while the other side cools down which could, in principle, be directly measured.

We claimed that this effect is strong and the proposed heat and spin pump works efficiently, however,
the absolute numbers we obtain for (Jy)/N and (Js)/N are rather small. Nevertheless, the latter

values become very huge when expressed in real physical units. In order to create a heat current of



4.4 Further experimental setups 93

similar size in a good heat conductor like Cu assuming reasonable values J ~ kg - 100K, d = 5 for the
distance of the spin chains, and k¢, ~ 400Wm~'K~! one would need a temperature gradient of about
103Km~"'. Similarly, to create a (transversal) spin current of comparable size in a heavy element like
Pt using the spin Hall effect assuming pp, ~ 10uQcm and o ~ 10% for the spin Hall angle one
needs electric fields of the order of 10*Vm ™! or sizable current densities of the order of 10'!Am >
[111]. Note that we do not expect to measure such gigantic temperature gradients or fields in an
experiment. The comparison above should rather give an impression of how strong the effect is.

In our analysis we neglect the explicit spatial dependence of the problem by using periodic boundary
conditions within the numerical simulation. In Ch. 5 we will present an approach on how to describe
spatially inhomogeneous states with a GGE parameterized by a set of space-dependent Lagrange

parameters.

4.4 Further experimental setups

So far GGEs have been experimentally observed only on time scales where integrability breaking
perturbations can be neglected. The experimental suggestion presented above represents a way
of detecting the emergence of generalized Gibbs ensembles in weakly open many-body systems.
However, our proposal involves a complicated driving term and requires to find a material with suitable
symmetry properties, which can be a difficult task. For this reason, we consider here two simpler
setups that might be easier implemented experimentally. Note that in contrast to closed systems,
GGEs in weakly open systems are completely independent of the initial conditions. They can rather

be engineered by the choice of perturbation.

4.4.1 Detection of GGEs in solids

The starting point is the same as before. We consider an effectively one-dimensional spin chain
material approximately described by the XXZ model. Similarly, we assume that the dominant
relaxation channel is provided by the coupling to phonons that we model by Eq. (4.3). In contrast to
the previous setup, we choose a simpler perturbation that only activates the even charges of the XXZ

model. The driving term contains one periodic magnetic field in x- and one in y-direction

Hy(t) =J€? Zcos(wdt)Bij +sin(@yt)B, S’
j
Note that we need only one magnetic field to activate the even charges of the model. However,
we observe numerically that in the presence of a second perpendicular and phase shifted field, the
resulting steady state is much further away from equilibrium. As pointed out in Sec 1.1.2, one
effective method to test whether a sample is in thermal equilibrium or not is to probe it in a scattering
experiment, for example, with inelastic x-ray (RIXS), neutron or Raman scattering. In the following,

we consider a Raman scattering experiment and assume that the photons couple through the operator
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Figure 4.10 Effective inverse temperature ﬁ as a function of the energy difference @ of the incoming
and outgoing photon calculated from a tGGE including N. = 1,2,3 conservation laws. The gray solid
line shows the inverse temperature of the system which is determined by the balance of heating and
cooling. Parameters: J =1,B, =B, =1, 0; =1,N = 14

A =1};5;5],, to the spin degrees of freedom. This is at the moment an arbitrary choice, however, we
considered other couplings as well and obtained qualitatively similar results.

According to Sec 1.1.2, the ratio C, (—®)/C5, (@) of the response measured at energy differences @
and — o is in thermal equilibrium equal to the Boltzmann weight

Cin(-0)

_ Bo
CEA(“’) =e 4.19)

with temperature 7 = 1/f3. The temperature can also be measured by other means, for example, with
a conventional thermometer. A comparison between these values can then be used as a criterion
whether the sample is in thermal equilibrium or not. Away from equilibrium, the relation Eq. (4.19) is
violated and the new @ dependence of Cy;, (—®)/Cx, (@) might be theoretically described by a tGGE
ansatz. In Fig. 4.10 we show the effective inverse temperature (@) := log[Ciy (—)/Chy(@)]/
calculated for a finite system of size N = 14. Here, we approximate the steady state density matrix
by a tGGE including N, = 1, N, = 2 and N, = 3 conservation laws, respectively. According to our
analysis in Ch. 3, a tGGE including more charges gives a much better description of the true steady
state.

At large and small frequencies we observe numerical artifacts due to the smallness of the system and
due to the broadening of the delta functions appearing in the correlation functions. For intermediate
values of @, we expect that these effects are considerably smaller and we, therefore, focus on this

regime. In the case of a thermal ansatz N, = 1, we simply find the expected relation E(w) =B
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while for N. = 2,N, = 3 we observe distinct shifts of § (w) to higher effective inverse temperatures,
respectively. Hence, measuring the effective inverse temperature B(a)) in a weakly driven spin chain
material within a Raman scattering experiment and comparing the obtained results to theoretical

predictions of a tGGE ansatz might serve as a detection method for GGEs in solids.

4.4.2 Detection of GGEs in trapped ion systems

In the previous two examples of applications we focused on how the emergence of generalized
Gibbs ensembles can be detected experimentally in real materials that are brought out of equilibrium.
This is an interesting question in its own right. However, another appealing approach is to consider
experimental platforms that offer more tuning possibilities allowing to engineer rather specific GGEs
in a controlled manner. Naturally, trapped ion systems offer this kind of tunability [120]. In such
setups, ions are typically cooled down to < K using laser cooling techniques and trapped in linear
Paul [121] or Penning [122] traps. By freezing out most of the degrees of freedom one can realize
models known from many-body physics [123]. Here, we consider an implementation of the XY model

in the presence of a magnetic field / based on a trapped ion setup. The Hamiltonian reads

Ho =) J<SjSj1 + 1,878}, | +hS;. (4.20)
J
We restrict our analysis to a free model as it can be easier realized experimentally than interacting
ones. As a matter of fact in realistic trapped ion setups the coupling decays polynomially with the
distance d as (J/ da)Sﬁ’xSﬁ 4 Where 2 < a0 < 3 [122]. Even in the absence of periodic pumping, this
is already one weak source of integrability breaking. We assume that the decay is fast enough such
that we can only consider the leading order term
, 1
Hy =& ) SiSio+ 0SS0, & =55 (4.21)
J

The perturbation H; alone would, potentially after a prethermalization regime, lead to thermalization
in the long-time limit. However, a non-equilibrium steady state approximately described by a GGE
can be obtained if the system is additionally coupled to a non-thermal bath or driven. Similar to the
setup considered in Ch. 3, we model the coupling in terms of two homogeneous Lindbladians 20
and 2? with relative strength set by y € [0,1]. As Lindblad operators we choose

1) _ o

L' =Sy
(2) _ o+ p!
Lk _Sk,ka+l,x’
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where Pki .= »(1—0) is a projection onto the state |}, at site k and S,fx = 0 Fio”. The full
dynamics is governed by the Liouville superoperator L = L+ L+ P with

A detailed description of how these dynamics can be realized in a trapped ion platform can be found
in [124]. In contrast to our previous studies we now consider a combination of unitary and Markovian
perturbations. Even though the bare Hamiltonian Hy is non-interacting, the Lindblad operators being
non-local in the language of Jordan-Wigner fermions make the problem effectively interacting. Thus,
we cannot give an analytic solution and are limited to finite-size exact diagonalization. We base our
analysis of the steady state on the three methods described in Ch. 3. We calculate (I) the exact steady
state density matrix p.. for small values of € and a tiny system size with N = 6, (I) the block-diagonal
steady state density matrix at N = 6, 8,10 and (III) a tGGE including a finite number of conservation
laws N, = 4 for up to N = 12. Our goal is to demonstrate that the steady state is highly non-thermal
and can be captured by a tGGE parameterized by a small number of charges. As a measure of how
thermal a state is with respect to the expectation value of an observable O, we introduce

_ Tr[Op,] — Tr[Ops]
No =
Tr[Opu)

(4.22)

where p, has to be replaced by p.., ppp Or pgGe depending on the chosen method. In the first two
cases Py, is defined by Tr[Hop| = Tr[Hope/sp]. For px = pGge, the thermal state is determined
from (Ho)ge = 0 where (.)gE is calculated with respect to a Gibbs state that only includes Hy as
a charge. In the following, we focus on the operators O = Hy,C, that are used to parameterize the
tGGE (N, = 4). We expect that operators, which are included in the tGGE ansatz, are most accurately
described by pgge. Moreover, both of them can, in principle, be measured experimentally. The
explicit expression for Cy4 reads

Ca= ZMZ JF‘Sit §+IS§+2S§L+3 B %hJ“SG’S;HS;’H + %JHS;LS;;N (4.23)

J u=xy

where we have introduced the notation X = y, y = x. A rigorous instruction for the calculation of the
remaining local conserved quantities of the XY + 4 model can be found in [25]. First, we compare the
three methods presented above and address the question of how relevant the unitary perturbation Hj is
in relation to the dissipative coupling. To this end we show in Fig. 4.11 the expectation values (Hp)
and (Cy4) per site as a function of the relative driving strength y at J,/J, = 0.1 and J,/J, = 2. We find
that the effect of H; is weak when comparing the numerically exact calculation with (p.., NN) and
without next-nearest neighbor coupling term (pe.,N). At Jy/J, = 2 and for (C4) at J./J, = 0.1 results

are almost indistinguishable. While H; can be straightforwardly incorporated in the numerically exact
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Figure 4.11 Steady state expectation value of Hy (left) and Cy (right) calculated from the block-
diagonal density matrix for system sizes N = 6,8, 10, from the numerically exact density matrix at
N = 6 for & = 0.05 with (dashed black line) and for €, = 0 without (solid black line) next-nearest
neighbor coupling, and from a tGGE at N, = 4, N = 12. The upper panel shows results for coupling
strength J, = 0.1 and the lower one for J; = 2.0. Parameters: y=0.5, € = 0.01, J, = 1.

calculation, it brings a certain ambiguity into the determination of pgp and pggg. This is due to the
fact that calculating A .,?0_1,221 involves broadening. As the broadening enters only in the calculation
of ppp and pgE but not p., it makes the comparison between the different methods difficult. Another
complication is that suitable broadening is system size dependent and the correct choice for a given
N may be ambiguous and not-well defined. Therefore, we use the observation that the next-nearest
neighbor coupling does not affect the steady state expectation values of the considered quantities
significantly as a justification to omit H; in the following calculations.

In Fig. 4.11, we observe that pgge gives the same qualitative result as the exact calculation obtained
from p.. where deviations are most visible at J, = 0.1. We think that this is potentially due to the
proximity to the transverse Ising field limit in which new families of charges start to emerge. Partially,
deviations can also be explained by finite size effects of the exact and block-diagonal approach as
we show by including results obtained from pgp as well. In the case of (Hp), psp (N = 6,8,10)
interpolates between the exact (N = 6) and the tGGE (N = 12) results indicating a better agreement
at larger system sizes. For (C4) we also recognize this interpolation effect but in a much weaker form.
In contrast to ppp and p., we observe much weaker finite size effects in the case of the GGE ansatz.

At larger coupling strength J,/J, = 2 we find good agreement between all methods at already small



98 Pumping approximately integrable systems

--------- pece (N=12, N¢=4)
8l — P (N=6)
S
4.
0.r
0. 1. 2 > * >

Iyld,

Figure 4.12 The quantity 7n¢,, which is a measure of how thermal the system is with respect to the
operator Cy, is plotted as a function of the coupling strength J,. We compare results obtained from
the numerically exact density matrix at N = 6 to the tGGE results at N = 12, N, = 4. Parameters:
Jy=1,6,=0,e =0.01.

Figure 4.13 The quantity 7, is plotted as a function of the static field & where we the tGGE ansatz
with N, = 4. Parameters: J, = 0.9,J, = I,N = 12.

system sizes. While [(Ho)| > |(C4)| at J,/Jy, = 2, we obtain |(Hp)| < |(C4)| at J,/J, = 0.1 showing
that the steady state is non-thermal in the regime where the anisotropy is small. In Fig. 4.12, we
depict 1¢, as a function of J/J, at h = 1 and relative coupling strength ¥y = 0.5. We find that 1,
becomes very large at small values of J, where (Cy),; approaches zero, which can be seen in the two
left plots of Fig. 4.11. In the opposite limit of large J,/J, where Hy ~ JxS;S5 1, we find (Cy) = (Cy)
In the Ising limit, the thermal state is a good approximation due to reasons similar to those outlined in

Sec. 3.4. Note that the zero crossing varies for different observables and is therefore not a true signal
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for a thermal state. Our results suggest that experiments should best be performed in a parameter
regime where J,/J, is small. However, anisotropy cannot be varied easily in an experiment. Thus, we
need another tuning parameter which can be changed with much less effort. For example, the external
magnetic field. In Fig 4.13 we show the /& dependence of 7n¢, for y=0.1,0.8.0.9 and J, = 0.9. We
clearly see that higher field strengths can help to prepare steady states that are further away from
equilibrium. In the limit where 4 becomes larger than all other energy scales in the system, the
Hamiltonian reads Hy ~ hS% and consequently (Cs )y, = 0.






Chapter 5

Generalized hydrodynamics and phase

transitions in open quantum systems

Hydrodynamics is the natural framework to describe the dynamics of systems, either classical or
quantum, close to equilibrium in the limit of small frequencies @ — 0 and small momenta k — O.
The fundamental assumption of hydrodynamics is based on local entropy maximization or local
equilibration [125], meaning that after a short characteristic relaxation time the system is conjectured
to locally approach an equilibrium Gibbs state.

Technically, the dynamics is only treated on coarse-grained scales where the system is decomposed
into so-called fluid cells that are in local equilibrium and characterized by only a few intensive
parameters. Their properties vary only slowly in space and time on scales much larger than all
microscopic scales. The fast microscopic dynamics gives, in turn, rise to local equilibration. In the
long-time limit, the dynamics of the system is described by a set of coupled, in general, nonlinear
differential equations for the expectation values of the conserved quantities, or equivalently, for
the corresponding Lagrange parameters. In the presence of conserved currents, the dynamics in
frictionless systems is expected to be described by Euler’s equation while dissipative corrections give
rise to Navier-Stokes equations.

As an example, we consider a homogeneous Galilean invariant one-dimensional many-body system in
which the Hamiltonian H, particle number N and the momentum operator P are conserved. Note that
we took this example from [126]. According to hydrodynamics, a system that is close to equilibrium

can locally be described by a Gibbs state

pGE,r(t) -~ efﬁ(r,t)(H+u(r,t)N+v(r,t)P) (51)
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which reproduces the expectation values of physical observables o(r), (o(r,1)) = (o(r,t))cee0 =
Tr[o(r)pce (t)]. On the level of operators, continuity equations hold for the local densities %, n and p

Oh(r,t) + 0 ju(r,t) =0 9 (h(r,t))ce 0+ 9 (jn(rt))ceo =0,
on(rt)+dp(rt)=0 — o (n(r,t))ce o0+ 9 {p(rt))ceo =0,
op(rt)+ 0 j,(r,t) =0 9 (p(r,1))Ge0+ 0r(jp(r:t))GE0 =0,

where jj;, j, = p and j, are the corresponding current densities. Note that in this example the particle
current j, itself is conserved.
The general form of a continuity equation d,p(r,7) + Vj(r,¢t) = 0 is especially intuitive when written

in integral form

at/de (r,1) /dVVth /dA j(rt), (5.2)

where we have used Gauss’ theorem for the last equality. Eq. (5.2) states that the amount of a
conserved quantity within a closed volume V can only be changed by a current that flows through the
enclosing surface.

The basic approach of hydrodynamics is to perform an expansion in gradients of local densities [127]
as

(p(r,1)) = (p(rt))ceo+AS ()0 (n(r.t)) gEo + ... - (5.3)

To leading order, the continuity equations for operators directly translate to continuity equations for
local expectation values with respect to pgr . Introducing the velocity field v and using p = nv we

obtain from the last two continuity equations
1
ov+vdy=—=-0.P 54
n

which is Euler’s equation with pressure P = j, — mv?. Note that we dropped the brackets (.)6GE0 In
Eq. (5.4) for brevity.

In the presence of an infinite amount of conservation laws, which is the case in integrable systems,
a simple Gibbs state does not suffice to describe the equilibrium steady state. Instead, we expect
that these systems relax to a generalized Gibbs state. Recently, a formulation of hydrodynamics
for integrable quantum systems referred to as generalized hydrodynamics (GHD) was proposed,
taking into account an infinite amount of conservation laws [128—130]. In the context of many-body
physics, it was shown that the dynamics in certain integrable field theories can be recast into a set
of hydrodynamic equations for quasiparticle densities and currents which can be determined using
thermodynamic Bethe ansatz techniques [129]. Similar equations were obtained for the Heisenberg
model in [130].

Here, we apply the basic idea of GHD to weakly open quantum systems and calculate the hydrody-
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namic equations to leading order in spatial derivatives in the framework of GGEs with space-dependent
Lagrange parameters. For simplicity, we restrict our analysis to perturbations that do not drive any
conserved currents. Particularly, we are interested in the emergence of inhomogeneous states with
domain walls and non-equilbrium phase transitions that we, however, only treat on phenomenological
grounds. Naturally, there are two ways to approach the problem of arising inhomogeneities. Firstly,
we could consider explicitly inhomogeneous perturbations .%; that create spatially varying patterns,
for example, Lindblad operators acting only on single sites. Secondly, we could define a uniform
perturbation which leads to a richer fixed point structure with two or more stable attractors. The
system can be in different spatial regions in one of the steady states with transition regions in between.

In the following, we will focus on the second approach.

5.1 Space-dependent Lagrange parameters

We consider a system that has a set of conserved quantities C; = [dr ¢;(r). In the spirit of the
previous chapters, we assume that states with weak spatial inhomogeneities can be approximately
described by a GGE with space-dependent Lagrange parameters

P (1) = (Zege) ™ exp (_Z/d”lj(hf)cj(”)> : (5.5)
J
Zgce = Tr[peek]

in the long-time limit where we have replaced the sum appearing in the previous definition of the
GGE by an integral. Starting from a discrete quantum model on a lattice, we assume that a continuum
limit exists. The GGE is defined through the equations (c;(ro,?)) < (ci(ro,t))cee Where we use the
notation (X)gce = Tr[X peee]-

First, we neglect the effect of the weak perturbation 2 and write for the total density matrix p(t) =
pcce(t) + 6p(r). It is important to stress that a GGE with space-dependent Lagrange parameters
is no longer a solution of the unperturbed Liouville-von Neumann equation, i.e. .,S,%pGGE #0. The

deviation 6p(¢) from the exact density matrix is defined through the equation
(9—2) 8p() = — (9~ %) poor(r) =t A(1). (5.6)

Formally, a solution can be provided with the help of the propagator G(r) = et 0(t) that fulfills
(at - ,2%) (1) = 8(1)1. Using G(r) we obtain

Sp(t) = [ Tat' Gt - AW) + Gl — 10)5p(10)

= / dr'0(t —1")e )3y — Zy)pace(t') + e 20 §p (1), (5.7)
Iy
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where we have denoted the density matrix at initial time 7y by p(t) = pcce(to) + 6p(1p). In the
following, we assume that the initial conditions can be neglected in the long-time limit.
5.1.1 Homogeneous expansion point

Finally, we want to calculate the expectation values (c;(rp,?)) of the local charge densities c¢;(rp) to
leading order in spatial derivatives and derive a set of hydrodynamic equations for the system. As an

expansion point, we choose a homogeneous GGE

PGGE () = (ZoGE.r,) ' exp ( Zl ro,1) ) (5.8)

defined at position rg. As the terms [drA;(r,t)c;(r) do not commute with each other for different
labels j and explicitly space-dependent Lagrange parameters, we cannot use a straightforward Taylor
expansion in Eq. (5.5). However, we can resolve this problem by employing known tools from unitary
perturbation theory for Hamiltonian systems H = Hy + AH that have the property [Hy, AH| # 0. First,
we rewrite the exponential in Eq. (5.5) as

exp< o (ro,1 (Z e c +Z/d ( r(i“t'gro’t)> cj(r)>> , (5.9)

where we assume that A, (ro,t) # 0. In the next step, we define in analogy to a Hamiltonian system

_ v Ailoot) —Ai(ro,0)\
_;lz(ro,t)cj’ AH := Z/d < ro,t) >CJ(’”)- (5.10)

By introducing the imaginary time parameter T € [0, A2(ro,?)], we can define the propagation operator
U(t) i= ¢ (HotaH)

that fulfills d:U(7) = —(Ho + AH)U (7). Note that the initial expression Eq. (5.9) can be recovered if
we set T = A (ro,?). It is convenient to express the propagator in interaction picture representation,
U (1) = ™y . Taking the derivative with respect to T yields

an(I)(T) — HOeTHoU(T) —BTHO(H0+AH)U(T) (5.11)
_ _eTHOAHef‘L'H()U(I)(T) — —AH(I)(T)U(I)(T)

In analogy to the time evolution operator for a time-dependent Hamiltonian that does not commute
with itself at different times ¢, we arrive at

UD(1)= Fe hdm™M(E) o (1) = ¢ o Fe fodvAH(T) (5.12)
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where .7 is the (imaginary) time-ordering operator. Eq. (5.12) is equivalent to the thermal density

Ho+AH)

operator ¢ B( for T = A, = . The great advantage of Eq. (5.12) is the fact that the imaginary

time-ordered exponential can be expanded straightforwardly [131] while an expansion of ¢~ 8 (Ho+AH)
involves a set of nested commutators which do not vanish for [Hy,AH| # 0. The price we have to pay

to achieve this simplification, is the introduction of the additional parameter 7.

5.1.2 Gradient expansion

We can translate Eq. (5.12) back to the initial problem by inserting Hy, AH and setting T = A,(ro,1),

Ao R0 (D) — A c:
PeE(1) = Zoky PogEn Fe Fatun Bl e (A =Aron)e; (0 (5.13)

ro,

Xa(ro,t)
R PGGE 1 (1 _;M(II)/O dr/dr(/lj(r,t) —Aj(ro,t))cj(r, ’L’))

where we have expanded the time-ordered exponential to first order in its argument. The truncation is
only justified for the calculation of expectation values (o(ry,?)) of local operators o(ry) if the product
of (Aj(r,t) — Aj(ro,t)) and Trlo(ro)cj(r, T)pGGE,r(t)] is small. For r close to ry this is the case for
smoothly varying Lagrange parameters that only change significantly on long length scales. At large
distances |r — ro| > 1, the validity of the expansion is guaranteed if the overlap between the local
densities o(rg) and ¢;(r) drops fast on the relevant length scale of the system. Note that the expansion
of Zg¢p to first order can be neglected for the calculation of (¢;(rg,t)) = Tr[ci(ro)-Zop (1)] due to
,220 PGGE r, (t) = 0 and symmetry arguments which will be outlined later.

According to our analysis of time-dependent weakly open systems, the time scale on which the density
matrix adjusts in the subspace of GGEs is set by 1/€ where € is the strength of the weak perturbation.
For spatial variations we impose the scaling relation d, ~ /€ which can also be directly obtained by
expanding d; (c;(ro,)) to leading order in derivatives yielding d, ~ 9> ~ € in the case where conserved

currents are forbidden by symmetry. We obtain for the rate equations of the local densities,

Ai{ci(ro,1)) = Trlei(ro)p (1)) = Trlei(ro) pace (1)) + Telei (o) 3p(1)] (5.14)
=0
— Trlci(r0) Lopace (O] +Trlei(ro) Zodp ).

g

=0

In the first line of Eq. (5.14) we use d;Tr[c;(ro)§p(t)] = 0 which follows from the definition of pge.
In the second line we employ the definition of the adjoint Liouvillian joi Tr[ci(ro) Zopoce ()] =
Tr[o?(; (¢i(r0)) pece(t)] = — 0y, Tr]ji(ro)pcae(t)] = 0 and use the fact that odd charges are, by as-
sumption, not activated by %, and therefore no conserved currents are present in the system. Their
corresponding Lagrange parameters are zero. More precisely, as all conserved currents are, for

example, odd under time reversal symmetry while all even charges are even under this transformation
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we can conclude that Tr[j;(ro) pcGe(t)] = —Tr[ji(ro) pcce(t)] = 0. The current density j; is connected
to the charge density ¢; through a local continuity equation

atci(rat) +arji(r7t) =0.

To motivate the formula DS?OTci(ro) = —dy, ji(ro), we go back to the discrete description of the model.
In the Heisenberg picture the time evolution of the local charge density c; at lattice site k reads

drcix = i[H,cip] = jofci,k = —(Jik+1 — Jik)

where we use the last equality as a definition for the current density j; ;. This is a valid definition as it

guarantees the conservation of C; for periodic boundary conditions

AC;i =Y cix=—Y (ik+1 —Jik) (Z]: kb1 — Z]: k) =
P

k

In the last step, we have changed the summation index k + 1 — k in the first sum. As the difference
of a discrete function evaluated at two neighboring sites is equivalent to a discrete derivative in
one-dimension, we can conclude that jOTC[ = —0d,ji.

Next, we calculate the second term Tr[c;(ro)Z8p(1)] = —,, Tr[ji(r0)8p] in the last line of Eq. (5.14)
using an expansion of pggr to leading order in derivatives,

(€i(ro, 1)) = =0y Tr[ji(ro,1)8p(t0)] + Iy Tr [ji(ro) et —1)e P (3, - c?o)pccg(t')]

fo

~ ar()Tr [-]l o / dt 6 fO(t t)(at, - jO)pGGE,I’O (t/)

Aa(ro,t’)
(S [ drwm')@(ro,r'))cm)]

_ Lo . _ //12 ros / Aj(rt") = Aj(ro,t") NE7 .
=+, A di' Tr | ji(ro,t t); A dt [ dr =—— ro.t) PGGE.r (1) Zocj(r,T)

= rjj(rar)

t 1 lz(r(),l‘/)
—*ar/ d,/d 7/ dt'T .‘a .i 77/ i”, a")’.’,
o t r;lz(l’o,t/) A T Tr| jj(r,7)ji(ro,t —1')PGGE (1) i(nt')
oij(

ii(rrost,t’)

8,02/dr/ dt' 63i(r,roit,1) 0, (1, t') = a,OZJ,J o)

In the first line, we assume that the initial state does not carry any currents, i.e. Tr[ji(ro,7)dp(to)] = 0.
Moreover, we employ the assumption that the considered perturbation does not activate any conserved

currents, which cancels terms proportional to Tr[j;(ro,?)PGGE ()], Tr[ji(ro,t)PcGE r (t)cj(r, T)],
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Tr(ji(ro,t) 9 PcGE.r ()] and Tr[ji(ro,1)d:pGGE  (t)cj(r, T)] due to symmetry reasons. In the second
last line, the conductivity o;;, which is a function of r,ro,# and ¢/, is introduced, describing the response
of (¢;(ro,t)) to a spatial variation of the Lagrange parameter A;. We can identify the summands in the
last line as components of the generalized current J(ry,t). Expanding (¢;(ro,t)) =~ (¢i(r0,t))GGE,0 to
leading order and including the weak perturbation in terms of the generalized force F that acts as a

source term in the continuity equation, we finally arrive at

9 (ci(nt))cee0+ 8rZJ,~j(r7t) = (F.),({c(nt))ceE0) (5.15)
J

where we have defined (F;); := —Y; xi;jF; (cf. Sec. 2.2.2) and used the notation (.)GcE o to denote
expectation values with respect to a homogeneous GGE. According to our scaling assumption,
Eq. (5.15) is of order €. Equivalently, Eq. (5.15) can be expressed in the space of Lagrange parameters

as

aAi(r,t) =Y. (x7"), Onlij(rit) =F;(A). (5.16)

J.k
5.2 Transitions in weakly open spin chains

5.2.1 Symmetric potential

We consider a XXZ spin chain which is weakly coupled to a non-thermal bath described by a

translational invariant Lindblad superoperator 4. The dynamics of the system is governed by

ap=2Lp=(%+24)p, (5.17)

A

Zop = =ilHo.p, Zip =€ ((1-7 9V +79@) p,

where (1) and 2@ are Lindblad dissipators. We aim to construct the Lindblad coupling such that
< p = 0 has, in contrast to our previous studies, no unique solution. We are explicitly interested in
cases where two or more stable or metastable non-equilibrium steady states exist. This goal can, for

example, be achieved by using the Lindblad operators

LV =257, (5.18)

J

() _ pt otpt —pl
Ly =Pl \STPl + Pl S; Py
Note that these operators do not activate the conserved currents of the Heisenberg model. The first
Lindblad operator is hermitian and therefore causes dephasing while the second one aligns neighboring
spins in +z and —z direction. As LE.Z) is invariant under spin-reversal, none of the two directions is
favored. Both of the fully polarized states |FP, 1) = |1 ... 1), [FP,l) = || ... |) are dark states of the

second Lindblad operator, i.e. Lﬁz) |FP1T) = LE.Z) |FP,]) =0. Thus, at Yy = 1 one set of steady state
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Figure 5.1 Generalized force plotted in the plane spanned by A; and A, at N =8, ¥ = 0.9. Two stable
fixed points are located at A} = £A; (C; = §%), A, = A} (C, = Hp) with A = 0.75 and 1; ~ —0.24.
In addition to this there is an unstable fixed point at A; = 0, A, ~ —0.26.

solutions of the full problem is given by
P = (00 [FP 1)+ 02 |[FP,L)) (0 (FP, 1|+ 05 (FP, ) (5.19)

with |0 |> 4 |0n]> = 1. As in the previous chapters, we reduce the analysis to the subspace of
generalized Gibbs ensembles which is a valid approach in the limit of weak coupling € < 1. The
emerging generalized force field F (A, ;) is depicted in Fig. 5.1 for y = 0.9. We find three steady
states. Two stable states at ; = £A;, A» = A and an unstable one at A; = A, = 0. To simplify
the analysis further, we go over to a mean-field description and approximate the density matrix
by pur(t) ~ exp(—A;(7)S?) including only the total magnetization in z-direction $° as a conserved
charge. For the moment we assume that the system is in a homogeneous state.

The projection of Eq. (5.19) onto the space of mean-field density matrices pyr yields two stable
steady state solutions with magnetization per site and spin m = 1 (1} = Feo) and an unstable one at
m =0 (A; = 0) which are attractive and repulsive fixed points of the map m — F}(m), respectively.
In the mean-field approximation considered, the simple relation m(A;) = —tanh(A,/2) holds. The
fixed point structure can be explained as follows: If the system is in a state with magnetization per

) is much more efficient than the second one driving the

site and spin close to one, the first term in LE.Z
system to the attractive fixed point with m = 1. For states with magnetization close to m = —1, the
argument applies vice versa. As a consequence, the fixed point at m = 0 has to be unstable.

Note that the generalized force can be defined with respect to Lagrange parameters A; = F; or
expectation values of local charges (C;)GgE 0 = (F.); where the transformation between the different

formulations is described by the generalized susceptibility x, cf. Sec. 2.2.2. We can determine the
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Figure 5.2 Force F.(m) plotted as a function of the magnetization m per spin and site for y = 0.65,
0.70, 0.75, 0.80, 0.85, 0.90, 0.95, 1.00. The critical force with y = 7, is highlighted in red. Aty < 7,
we find one and at y > 7, three roots.

effective force (F,), by calculating

1 il
AC)= Y WL Tr {ci <L§.")pL§."> -y Lﬁ."),pagg}ﬂ

k=12

_ AP IGO0

=) ykZ<Lj GL; —Z(C,Lj L7 +L; L] ci>> :
k=12 GGE,0

For our specific choice of Lindblad operators and C; = S§* we obtain
_ (7 2
F.(m)=m Z(l—m)—(l—y) .

The generalized F, can be equivalently written as the gradient of a potential V,.(m), F.(m) = —0d,,V.(m)
with
2

Vo(m) = % (8 + y(m* — 10)).

where we have rescaled €, 26 — €. In Fig. 5.2 the generalized force is presented for different values
of 7. The roots of F.(m) are located at m = j:\/w and m = 0 which yields the critical value
Y. = 0.8 for the relative driving strength. The corresponding force is emphasized by a red trajectory
in Fig. 5.2. In the regime Y < ¥, there is only one real root while j:\/w becomes real for
Y > 0.8. Starting from y = 1, the two stable fixed points approach the unstable one at m = 0 when
the value of 7y is decreased. At 7. = 0.8 all three fixed points merge to a single stable one. In Fig.
5.3 the corresponding potential V,(m) is shown. We find that V, displays the typical behavior of a
continuous transition as a function of . For v < 0.8 there is only one minimum at m = 0. At y = 0.8
two new stable minima continuously emerge while the former global minimum at m = 0 becomes
a maximum. The absolute value of the magnetization per site and spin in the global minimum of

V.(m) is shown in the right panel of Fig. 5.3. Neglecting noise, the order parameter |m| signals
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Figure 5.3 Left: the Potential V. (m) is plotted as a function of the magnetization m per spin and site
for y=0.80,0.85,0.90,0.95,1.00. The critical curve with Y = ¥, is highlighted in red. Aty < 7. we
find one minimum and for ¥ > ¥, two minima and one maximum. Right: the order parameter |m]| is
plotted as a function of y where m is the magnetization per spin and site in the global minimum of the
potential V.

spontaneous symmetry breaking and a phase transition from the disordered to an ordered state when
the control parameter crosses the critical value 7. In spatially extended systems, we expect that stable
configurations with inhomogeneities exist. Hence, the system can exhibit regions with predominately
positive or negative magnetization that are separated by domain walls. Intuitively, we expect that
the width of a domain wall scales as d ~ 1/+/€ which we can deduce from our scaling assumption.
The homogeneous unitary part of the Liouville equation smoothens spatial inhomogeneities. On the
contrary, the Markovian Lindblad dynamics favors sharp transitions between different domains. This
is due to the fact that the generalized force has no explicit spatial dependence but only depends on the
magnetization m, i.e. F.(m) > 0 for m > 0 and F,(m) < 0 for m < 0. The second Lindbladian, which
is the dominant perturbation in the regime considered with 0 < y < 1, itself favors sharp transitions,
as any state with a clear domain wall like || ... [ ... 1) is a dark state of L(l.z).

In App. C, we consider a non-integrable variation of the XXZ model for which integrability related
complexities as finite Drude weights can be neglected and address, phenomenologically, the question
of how the formation of domain walls and the emergence of induced transitions can be triggered by

fluctuations on short time scales. Note that there is no phase transition in one dimension.

5.2.2 Asymmetric potential

Above we have considered a generalized potential that is symmetric in m, V. (m) = V.(—m) and leads
to continuous transitions as a function of the driving parameter y. Here, we design the perturbation
such that the corresponding potential is asymmetric which, in principle, allows for discontinuous

transitions. To do so, we extend the perturbation 2 in Eq. (5.18) by two additional dissipative terms
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Figure 5.4 The number of local minima of the potential V,(m) changes when § crosses the critical
values 87 (7, k). Parameters: y=0.9, k =0.1.
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Figure 5.5 Layers of the non-equilibrium phase diagram (7, §, k) for different values of k. Regions
in parameter space where three extrema exist are highlighted in red. In the gray areas, only one stable
state can be found.

introducing favoring of one of the two stable states depending on the parameter J,
Pp=¢ ((1 —9D +yPD 4k ((1 ~5)90 692<4>)) P, (5.20)

where we consider the regime k,d € [0, 1]. For the two additional Lindblad operators we simply
choose
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which yields the following expressions for the generalized force F.(m) and the potential V,.(m),

Felm) =m (2(0=m?) = (1=9)) + 5 (8(1=m) = (1= 8)(1+m),

Ve(m) = 72 (m (8-+7(m* ~ 10)) +4K (2 +m —45))..

The potential V,(m) is sketched in Fig. 5.4 for different values of § where we fixed all other parameters.
For 6 = 0, only one minimum exists at m_(6 = 0) = —1. With increasing value of the relative
perturbation strength 0, the position of the minimum is shifted to a larger magnetization m_(9)
and the corresponding value of the potential V.(m_(8)) increases. When & becomes larger than
0*(7,x), a new local minimum appears at m (8) which stays metastable in the regime 8* < § < 9.
At the critical point &., we have V,.(m_(6.)) = V.(m4(0.)) marking the center of the coexistence
region. In the regime 8, < 0 < 87, we find that m () becomes the global minimum while m_(J)
becomes metastable. Beyond &7 only the minimum at m (8) persists. The potential shows the typical
phenomenological behavior of a discontinuous transition as a function of §.

In Fig. 5.5 layers of the non-equilibrium mean-field phase diagram are shown in the space spanned by
7, 6 and x for k¥ = 0.0,0.1,0.5,1.0. Regions in parameter space which exhibit three fixed points are
highlighted in red.



Chapter 6

Stability of long range order in a driven
O(3) Heisenberg chain

6.1 Introduction

6.1.1 Motivation

It is a well-known fact that in low-dimensional systems with short range interactions, long range
order is at any finite temperature unstable if the corresponding broken symmetry is continuous. This
statement is rigorously formulated in the so-called Mermin-Wagner theorem [132]. It is important to
note that the theorem only holds at equilibrium.

In this chapter, we aim to investigate how long range order can possibly be stabilized in a one-
dimensional driven system at finite temperature when the order parameter ¢ is coupled to a conserva-
tion law m. More precisely, the corresponding current j, of the conservation law is supposed to have

a contribution that is linear in ¢,

om(x,t)+ dyj,(x,1) =0, (6.1)
js(x7t) - a¢<x7t) _Daxm(x7l>' (62)

Here, we have assumed that the current has an additional contribution ~ —d,m(x,t) according to
Fick’s law. As a concrete model, we consider a one-dimensional driven Heisenberg model in which
the total magnetization m is conserved which is associated with a SO(3) symmetry (SU(2) in the
quantum case) of the spins. We construct the driving term such that it does not break the rotation
symmetry as we want to investigate the spontaneous formation of order in the system. However, the
perturbation is explicitly designed to allow for a finite spin current in the presence of long range
order. The underlying physical intuition is that the spin current, in turn, stiffens the system and
prevents aligned spins that are far apart from each other to tilt which would be the case in equilibrium

at finite 7. Expressed differently, in the case of a homogeneous non-equilibrium steady state that
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is characterized by a stationary current oy j, = 0, Eq. (6.2) directly implies that ¢ = ¢, is uniform.
However, the former argument does not guarantee that @, is finite. The effect would naturally be
based on an interplay between the spontaneous emergence of order and the simultaneous evoking
of an order stabilizing spin current which eventually requires a self-consistent theory. Note that we
consider here the antiferromagnetic version of the Heisenberg model as in the case of ferromagnetic
coupling, the relation j; ~ ¢ would cause an unphysical accumulation of an infinite amount of spin at
the boundary of two domains.

In order to describe the effect, we first have to define a SO(3) (SU(2)) invariant driving term that
activates the spin current in the presence of a symmetry breaking order term. We present one possible
choice for such a perturbation in Sec. 6.2 and verify that the system indeed hosts a finite spin current
in the steady state. Our argument is based on the calculation of the quasiparticle distribution function
within the framework of a Floquet-Boltzmann equation.

We give further evidence for the existence of a finite spin current by simulating the corresponding
classical equations of motion in Sec. 6.2.4. Even though our model can host a spin current in the
presence of a finite order parameter, we do not observe the spontaneous emergence of a current or
long range order within our classical simulation. A reason for this could be that the effect requires
sensible fine-tuning and we simply do not simulate the dynamics in the correct parameter regime.
For example, the time-dependent driving is supposed to drive a spin current in the system which is
required for our argument to work. However, on the contrary, pumping also heats the system and is
therefore a natural opponent of order.

In Sec. 6.3 we give another explanation, based on a field theoretical ansatz, why we do not observe
a steady state with long range order. Our analysis suggests that the term ¢ in Eq.(6.2) leads to an

instability of the antiferromagnetically ordered state with respect to its spin-reversed counterpart.

6.1.2 Mermin-Wagner theorem

In condensed matter theory, the Mermin-Wagner theorem states that a continuous symmetry cannot
be spontaneously broken in systems with sufficiently short range interactions at non-zero temperature
and dimensions d < 2 [132].

As an example of the concrete consequence of the theorem, we consider the O(3) Heisenberg
model with spins of length S. In the symmetry broken phase, neighboring spins are aligned parallel
(ferromagnet) or antiparallel (antiferromagnet) to each other and point in a fixed direction representing
one of the infinitely many possible symmetry broken states. As rotating or tilting the whole system by
an infinitesimal small angel A¢, i.e. exciting a k = 0 or a small momentum mode, costs no or only an
infinitesimal amount of energy, in low dimensions, the long range ordered state is sensitive to even very
small thermal fluctuations at non-zero temperature. The appearance of such low-energy excitations at
long-wavelengths, referred to as Goldstone modes, is not limited to the Heisenberg model but it is
a more general phenomenon in continuous symmetry broken states. Their existence is predicted by

the so-called Goldstone theorem [133]. In low dimensions, fluctuations of Goldstone modes destroy
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Figure 6.1 Domain wall in a one dimensional spin chain where the angle between two neighboring
spins changes uniformly by A¢ = n/(L/a) = /N .

long range order. However, at higher dimensions, where the number of nearest-neighbor spins and
therefore the effect of interactions becomes more important, long range order can be stabilized.

To find the critical dimension at which order becomes unstable in the presence of thermal fluctuations,
we consider, for simplicity, the classical O(2) XX-model (J, = J, = J,J; = 0) on a d-dimensional
square lattice and follow a straightforward domain wall argument. We aim to calculate the energy
cost of a domain wall in a one-dimensional row of the d-dimensional hypercube that spreads over the
whole system and changes the angle of the spins by 7, cf. Fig. 6.1. We assume that the difference
of the angle of two neighboring spins is uniform A¢ = n/(L/a) = /N < 1 where a is the lattice
spacing, L the edge length of the hypercube and N = L/a the number of spins per row. The energy
cost is then given by

AE = JS2Y cos(Ad;) ~ NJS2(AP)? ~ J%,
J

where we have used H =J Y ;S;S 1 = JS*Y jcos(Ag;) ~ NJS? +JS? Y (A¢;)? with n = 1 for the
ferro- and 1) = O for the antiferromagnet. As there are ~ L~! rows in the system, the total energy
cost for a domain wall in the d-dimensional square lattice scales as AE ~ L2, Thus, the critical
dimension is d. = 2. For d < d, the cost of a domain wall does not increase with system size. In the
presence of thermal fluctuations, the system can easily go from a given ordered state to one that is
tilted with respect to the former. Above d, the energy barrier grows with N, preventing the system
from leaving a spontaneously chosen symmetry broken state.

6.1.3 Spin wave theory in equilibrium

Another way to prove the validity of the Mermin-Wagner theorem is to perform a spin wave expansion
around the ordered state and check whether fluctuations diverge or not. From this observation, one
can conclude whether the chosen expansion point is invalid or valid. In the following, we consider the
antiferromagnetic version of the quantum mechanical O(3) Heisenberg model on a d-dimensional
square lattice. Note that the arguments we repeat here can be found in many textbooks and lecture
notes, for example, in [4]. As in the classical ground state neighboring spins point in opposite
directions, it is convenient to introduce two sublattices A and B. This is useful even though the
corresponding quantum mechanical ground state, which is the Néel state, is not identical to its

classical counterpart. We can still expect to observe antiferromagnetic patterns in the quantum model,
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i.e. spins on sublattice A point predominately in the opposite direction to spins on sublattice B. In
spin wave theory, excitations above the ground state are modeled by bosonic spin wave excitations
that can be formulated in terms of a Holstein-Primakoff transformation of the spin operators. The

transformation reads

S:{’j: \/map Sg’j:b; QS—b;bj,
S;j = a} \/m, Sl;,j = ./28— b;bj bj,

$5.;=S—ajaj, S5 =bibj—S,
where a; and b; are bosonic creation operators, acting on the lattice A and B, respectively. Importantly,
the spin commutation relations are preserved under this transformation. It is useful to expand the spin
operators for large spin in 1/S. It turns out that even for spin-1/2, the case we are mainly interested in,
a truncation after the first order already gives reasonable results in many cases [134, 135]. The physical
meaning of this approximation is that interactions between spin waves are neglected. Inserting the

transformation into the Hamiltonian yields

H :Jjg; (5 (asbjes+ait),5) +5 (afa; + b}, 5by.5) —57] 63)

WY (5 (bsajes+bial, 5) +5 (bjb+a) sa5.5) — 52| + O(s°),
j
where the index & runs over nearest-neighbor sites. Moreover, we assume in the following that the
number of lattice sites is even, Ny = Ng = N/2. The Hamiltonian can be diagonalized in two steps.
First, we calculate the Fourier transformation of Eq. (6.3) where we have to consider that the size
of the unit cell in reciprocal space is reduced due to the introduction of the two sublattices in real
space. In one dimension the first Brillouin zone can be chosen such that k € BZ = [—m/2,7/2) which

is half of the size of the original reciprocal unit cell. The Hamiltonian reads in Fourier space with

ax=p=Yjene Majand by = =Y jepeb;,
H=—NJS%/2+JS:Y [yk (akb,k +ajb’ k) +ajag+bT kb,k} , 6.4)
k

where z denotes the number of nearest-neighbors and ¥ is defined as % := %28 cos(k-6). The
Hamiltonian can then in a second step be diagonalized with the help of a Bogoliubov transformation
(cf. Sec. 1.1.3). The ansatz

O = ugay — kaik

B = by —via'
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Figure 6.2 Energy dispersion of the antiferromagnet plotted in the magnetic unit cell with k €
(—m/2,7/2]. For small k we find a linear dispersion which confirms the existence of Goldstone
modes.

preserves the bosonic commutation relations if |ug|> — [vg|> = 1 and ugv_g = u_gvy. These conditions

are automatically fulfilled by the parameterization
up = cosh(6), v = sinh(6) (6.5)

for 6, = 0_;. Inserting Eq. (6.5) into Eq. (6.4) and demanding that off-diagonal terms vanish yields
the equation tanh(26;) = —¥ that determines 6;. Then the diagonalized Hamiltonian reads in terms

of Bogoliubov quasiparticles
H :E0+Zwk (OCZ(Xk—i-ﬁ]:ﬁk) , (6.6)
k

where Eg = —NJS5(S+ 1) + Y; @ is a constant. Due to the sublattice symmetry we obtain two

quasiparticle species o and 3. The dispersion relation of the so-called magnon or spin-wave excitations

g =JSz2\ /1 - % (6.7)

~ |k| (k[ = 0).

is given by

The momentum dependence of wy is plotted in Fig. 6.2. At small momenta, Goldstone modes emerge
with a dispersion relation @y ~ |k|. Note that the dispersion relation can also be obtained by solving
the linearized classical equations of motion of the spins.

The stability of the antiferromagnetic expansion point can be validated by calculating the fluctuations
of the sublattice magnetization AMy g = My g — S with respect to the classical value S. As both
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sublattices are identical, it does not matter which one we choose. For example, the corrections AMy is

given by

7*2[ O‘ko‘k +vk<ﬁfkﬁjk>+ukvk<akﬁ k+ockﬁ )]

If we assumes that the quasiparticle states are thermally occupied, i.e. their occupation follows a
Boltzmann distribution ~ exp <—B Yk (a;ak + ﬁkTBk)) and use [f, ﬁ;] =1, we arrives at

2

M UCARSHEI RS

= %Z [nkcosh(wk) + % (cosh(26y) — 1)}

Z(nk—l— )\/11_7

where <a£ak> = (ﬁjkﬁ,k> —ng=1/(ePP% — 1) and cosh(26) = 1//1 — 7. In the thermodynamic

limit, the sum over the discrete k values can be replaced by an integral

kdfl

/2
~ lim dk(eﬁw/l—cosz(ka) N 1)—1

1
e S
; , /1_},’% ko—0 ko 1 — cos?(ka)

/2
~ lim dk k973,
ko—0 J kg
For d < d. = 2 the integral diverges when k( approaches zero while it stays finite for d > d.. There-
fore, the divergence of the fluctuations of the order parameter indicates that the expansion about

antiferromagnetic order is unstable in dimensions d <2 at T > 0.

6.1.4 Flocking

One example from nature of long range order in non-equilibrium systems is the dynamics of flocking.
Thus, the collective movement of a swarm of many living beings like birds, fish or bacteria. Even
though we expect that the motion of a single individual within the swarm only depends on the motions
in its direct neighborhood, we observe that the whole swarm moves as an entity.

A simple numerical model to study this behavior is a discrete-time update scheme in which point like
birds (point particles) evolve in a d dimensional box. The velocity of a single individual depends
in each time step on the averaged velocities of the point particles in its direct environment and on a
zero mean noise contribution where the update rule guarantees that the magnitude of the velocities

stays constant. In a numerical simulation of the model in two dimensions, it was observed that the



6.2 Spin current and long range order 119

continuous SO(2) symmetry is spontaneously broken and a transition between an ordered phase
with a mean velocity of the flock (v) # 0 and a disordered phase with (v) = 0 occurs as the noise
strength is increased [136]. In the limit where the magnitude of the velocity goes to zero, the model is
very similar to the classical two-dimensional XY model [137]. The normalized velocity can then be
identified as a spin which also has a fixed length. However, the classical XY model does not exhibit
spontaneous symmetry breaking which is in agreement with the Mermin-Wagner theorem. Stable
long range order and the occurrence of spontaneous symmetry breaking is only possible due to the
motion of the birds and the non-equilibrium nature of the model.

A field theoretical description of the phenomenon of flocking was given by Toner and Fu in 1995 [138].
They start from the continuum equations of motion for the density p and the velocity v. Importantly,
they consider a convective term (v- V)v in the momentum equation that does not appear in the theory
of the equilibrium XY model and stabilizes long range order. This term is qualitatively similar to the
linear coupling of the order parameter to the spin current we consider here. Using RG arguments they
showed that fluctuations around an ordered state with non-zero velocity do not diverge, as would be

the case in equilibrium.

6.2 Spin current and long range order

6.2.1 The model

We consider a one-dimensional antiferromagnetic quantum Heisenberg model that is periodically
driven and weakly coupled to a thermal bath of phonons. The additional bath is necessary as a
competing effect to the pumping and prevents the system from heating up to an infinite temperature

state. Also in reality, the influence of a thermal environment is expected. The total Hamiltonian reads
H(t) = Ho+ Ho p, + €pnHsp + Hy(1) (6.8)
with constituents
Hy :JZSij+1, (6.9)
J

HO,ph = ZZ wKC;,KCj7K7
K

j
Hsp = Zsjsj+1 <Cj,K+C;7K) ;
JK

Hd(l‘) =AJ; COS(QI)Z(—l)ijSj_H +A.]2008(Qt + (P)ZSij+2,
J

J

where Q is the driving frequency, ¢ a phase shift between the two driving terms and @y the dispersion
relation of the phononic bath. In the following, we denote Hy i (f) = cos(Q1)AJ1 Y ;(—1)/S;S;41 and
Hy»(t) = cos(Qt +¢)A) Y. ;S;S ;2. We couple to each bond a bath of phonons which is assumed
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Figure 6.3 Schematic sketch of the system with staggered bond-couplings (solid and dashed lines),
established antiferromagnetic order pointing in z-direction (staggered arrows), and a finite spin current
(arrow pointing in x-direction) whose direction depends on the sign of the antiferromagnetic order
parameter.

to be in a thermal state with a fixed temperature 7). Note that we consider a weak coupling to the
thermal bath in the spirit of the previous chapters. In contrast to that, we expect that the amplitude of
the time-dependent perturbation has to be larger than a certain threshold value to induce sufficiently
large spin currents which can then, in turn, potentially stabilize long range order.

The total Hamiltonian Eq. (6.8) is invariant under rotations in spin space and, therefore, the total
spin is conserved. To investigate the emergence of a spin current, we simulate order within the
system by an additional staggered magnetic field term Hr = —By4, Y. j( —1)/ Sj., H(t)— H(t)+Hr
that explicitly breaks the rotation symmetry. Without loss of generality we choose a field pointing
in z-direction. This term is not part of the final Hamiltonian describing a system in which order
should emerge spontaneously. We only introduce it here to verify whether the spin current operator is
activated by the perturbation.

The explicit driving term H(¢) is constructed such that there is no symmetry transformation that
maps J; to —J; and simultaneously leaves H (r) + Hy invariant or vice versa. If that were the case, we
could deduce from an argument related to the one presented in the introduction of Ch. 3 that (J;) = 0.
In Fig. 6.3 a schematic sketch of the spin chain in the presence of order (staggered arrows) is shown
where solid and dashed lines represent stronger and weaker bond-couplings. The single arrow, labeled
by J;, indicates the direction of the spin current. Note that the direction of J; eventually depends on
the direction of the order parameter field. Examples of symmetries that leave H (¢) + Hp invariant are
combinations of a rotation by 7 around the x- or y-axis in spin space Ry and a bond-centered mirror
symmetry in real space or simply a rotation by 7 around the z-axis in spin space R;. One can check
easily that the sketch in Fig. 6.3 and, therefore, also the direction of the spin current is invariant under
all these symmetry transformations.

Time-reversal symmetry plays a more subtle role. The spin current operator is invariant under TRS
while the staggered field Hr is odd. Thus, for a phase difference ¢ = 0 between the two driving
terms, the product of TRS and Ry’ would leave H(t) + Hf invariant and map J; to —J; implying that
(Js) = 0. However, by tracing out the bosonic degrees of freedom under the Markov assumption and
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introducing dissipation in the system that breaks time-reversal symmetry explicitly, we expect the
activation of the spin current also at ¢ = 0 in a full simulation. Nevertheless, we set ¢ = —7/2.

Alternatively, as we desire to stabilize the system in the antiferromagnetic staggered state and,
therefore, only consider the regime |AJi|,|AJ)|,|Bsqg| < |J|, we can also refer to a perturbative
argument. To obtain a static homogeneous current with £k = 0, @ = 0 in second order perturbation
theory, the driving Hamiltonian has to be made up of two non-commuting contributions. A staggered
part Hy 1 (t) with momentum |k| = 7 and frequency |w| = Q and a translational invariant part Hy »(r)
with |k| = 0 and |@| = Q. Before time-averaging, we obtain within the leading order expansion term

of (J), contributions of the form

(Js)k:O,w:O (Hd71 (t))‘k|:7-g7‘w|:g (Hd,l(t,))k:07|w|:9 (HF)\k|:7r,a):0

which can, in principle, be non-zero and therefore allow by simple power counting for a static and
homogeneous spin current in the steady state. Note that we define H; > with next-nearest neighbor
coupling such that [Hy 1, H, ] # 0 to ensure a finite contribution in second order perturbation theory.

6.2.2 Floquet spin wave theory

As the strength of the drive is not necessarily small, we include H; () into the dominant part of the
Hamiltonian Hy(r) = Hy + Hr + Hy(t) that is treated exactly in our analysis. Similarly to Sec. 6.1.3,
we calculate the dispersion relation of the Bogoliubov quasiparticles where we make use of the
Floquet ansatz, as Hy(t) is periodic in time. The weak bath coupling will later be used to determine
the occupation of the quasiparticle states within a Floquet-Boltzmann equation. For simplicity, we
consider a slight variation of Eq. (6.9) and add an additional non-staggered term AJ; cos(Qf) Y. ;S ;S
to Hy(r). As a consequence, the sum in the first term Hy ; (r) only runs over even sites. Moreover, we
set 2AJ1 = AJ, = AJ yielding

Jj€even j

Hd(l) =AJ <COS(QZ) Z Sij+1 + Sin(Ql)ZSij+2> (6.10)
To leading order in the Holstein-Primakoff transformation, we then obtain
H, (t) ~ Eo(l‘) —I—JSZ [}/k(akb_k + a,tbik) + a,tak + kab_k:| +BstagSZ [ aZak + kab_k:|
k k
+ cos(Qt)AJSZ [(e”“‘akb_k + e_ik“a,ibik> + aZak + bikb_k}
k

—25in(Q)AJS Y (1 — cos(2ka)) (aZak + b*_kb_k) +O(SY)
k

with Ey(t) = —N (J + & cos(Qt) — AJsin(Q#)) S* — NBy4eS. The corresponding Floquet Hamil-
tonian acting on the extended Hilbert space can be determined using Eq. (1.46) which yields
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HE =~ const + ¥ ‘P,LFI(I; P — Q with
, T
S R U L 0 LU

(I:I(I)Vk)nm - h0k5nm + Ah07k5n,m—l + Ah(l)7k5n7m+] 3 Qnm == l’lQ]l 6)’["’!'

where n,m denote Floquet indices. Above we have approximated Ey () by Ey(f) as we are mainly
interested in the k dependence of the quasiparticle energies. Note that due to the monochromatic
driving term, only off-diagonal entries with Floquet indices n,m which differ by +1 are non-zero.

The matrices hg x and Ahg ; read

J+B J 142 (pr— 1 5
hog =S |7 T Pas U ) Mo = ags 1T X ,
’ JYe J 4 Btag O 1+2i(p—1)

where we have set & = ¢*“. The matrix I:I({ « can be diagonalized using a Bogoliubov transformation.
According to Sec. 1.1.3, the Boguliubov transformation can be recast into a diagonalization problem
for the matrix I:I(‘: 0 — Q where 6, = 0. encodes the bosonic commutation relations. The eigenvalues
of H(f 0 — O can then, up to a possible sign, be identified as the quasienergies of Hf (1).

In Fig. 6.4 we show the quasienergy spectrum within the first Floquet zone with n = 0. Note that in the
presence of the driving term, the spectrum is still gapless and each branch is twofold degenerate due to
the sublattice symmetry. In principle, this degeneracy could be lifted by introducing an additional next-
nearest neighbor coupling term in the Hamiltonian that differs on the A and B sublattices. However,
this is not relevant for the activation of the spin current and we do not include such a term here.

Our final goal would be to show self-consistently that the spectrum becomes gapped in the presence
of a finite expectation value of the spin current operator. Trivially, a gap emerges if we simply set
Byiae # 0. In contrast to the static case with AJ = 0, the dispersion relation is asymmetric for AJ # 0.
This is a necessary criterion for the existence of a finite spin current expectation value due to a
k — —k anti-symmetry of the spin current operator. In the language of bosonic operators, J; reads in

momentum space

Js

J +o- — gt
ZEZ (Sj Siv1—5; Sj+1>
j

~ . 0 1 ay
NJSXk:sm(ka) (aZ b,k> (1 0) (bik> .

Fig. 6.5 shows the diagonal component ({@; x|Js| 95 «)) of the spin current operator J; with respect to
the eigenstate | @ x)) of the Floquet Hamiltonian I:Ig where s = 1,2 labels the quasiparticle species.

We use the same notation as in Sec. 1.3.2. Thus,

s x)) is an element of the extended Hilbert space .#
and J; is an operator which acts on .%. Qualitatively, we again observe that (@ |/;|@sx)) becomes

asymmetric in the presence of the time-dependent perturbation. It is important to mention that the
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Figure 6.4 Dispersion relation &, of the Boguliubov quasiparticles in presence (AJ = 0.4, red line)
and in absence (AJ = 0.0, black line) of driving at Q = 0.44, J = 1, By, = 0. The drive breaks the
symmetry & = €_ resulting in a tilted dispersion relation.

D1 klJs| D1 1))

Figure 6.5 Matrix element ((@; x|J5|91 «)) of the spin current operator J; for AJ = 0.4 (red line) and
AJ = 0.0 (black line) at Q = 0.44,J = 1, B4, = 0. In the absence of driving the matrix element is
odd under the transformation kK — —k while the anti-symmetry is broken at AJ # 0.

asymmetric dispersion relation is not a sufficient condition for the existence of a finite spin current
in the steady state. If the system were in equilibrium and consequently the quasiparticle eigenstates
were thermally occupied, the expectation value of the spin current would still be zero. Only in

non-equilibrium, a finite spin current can be evoked.

6.2.3 Floquet-Boltzmann equation

Above we have determined the dispersion relation of the Boguliubov quasiparticle states but so far

we do not know how these states are occupied. Eventually, this information is provided by the weak
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coupling to the external thermal bath. Technically, the occupation in the steady state can be determined
from a Floquet-Boltzmann equation which simplifies to lowest order in perturbation strength to a set
of rate equations. To derive these rate equations, we consider the occupation number operator ny , of
a quasiparticle state and calculate m to second order in perturbation theory where p denotes the
momentum quantum number and s € {1,2} the species of the quasiparticle. We assume that the total
density matrix factorizes into a thermal phonon part that is held at constant temperature and a spin part
that is solely described by the occupation of all quasiparticle states, p(t) = [{n,}) ({ny}| ® e PHom.
Using Eq. (4.9) we obtain

T t
(nsp>{n}—hm—/daul/ ) [ [ ar (6.11)
0 0

T [ [ (18 ¢ — ). g} g P |

where we have used the spectral function .4/ (@) = Y, 6(® — wy) of the dissipative bath. Later
we assume that the bath coupling is ohmic meaning that .4’ (®) can be approximated up to a cut-
off frequency Qp by a linear function. By tracing out the bath degrees of freedom and using

Tr[ Cj.xe PHom] = np(@y) with Bose-Einstein distribution function np, we arrive at

1
(Fis,p) {n,y = lim — T doAV (o / dt/ dt

t—roo

<|:HSB7j)ns7p:|Hég{‘)j(t/ — t)>{nq} (nB(w)e*iw(f/*l) + (1 + nB(w))eJriw(tLt))

H([(Hsm jons JHG (1 =0)) Vngy (8(@) @00 4 (14 mp(@))e @00

We can write the local densities Hy »H 5 ; interms of bosonic operators using the Holstein-Primakoff

transformation defined above,

HSB/ S{ajbﬁrl—l—albﬁ]+a7aj+b;+1bj+1]—i—ﬁ(SO),

HEB,J' =S |:bjaj+l+b aj+1+b bj —|—a/+1al+1] +ﬁ(5 )

for the two sublattices A and B, respectively. In the following, we aim to express Eq. (6.11) entirely
in terms of the occupation numbers n,, 1 = (1,1) (n,} = <f;fp>{nq} and ny2 = (np2)(n,) = (g;gp>{nq}.
The operators fkT , gz create a Floquet eigenstate of H{ (t) with momentum k and flavor s = 1,2,
f,j(t) |0) = |x,1(z)) and g}; (1)]0) = |¢x2(¢)) from the quasiparticle vaccum |0). In analogy to the

Bogoliubov transformation in the static case, we can write

felt) = Lo (viac+ vibT, ). 6.12)

n

g () = Yo (va+ V')
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where n denotes the Floquet component and (..., vl(ok), v2(0k)7 v )s (eey f/l(?k) , \72((2, ...) are eigenvectors
of the matrix Flg & — Q with corresponding quasienergies in the first Floquet zone. The Heisenberg
representation of f; and g, can be obtained by expressing the Hamiltonian Hy(¢) in the basis of

Floquet states

Ho(t) =Y (Ho)ap (t) (fa(1) (1) + 4 (1)gp (1)) (6.13)
a.p

and calculating, for example, the Heisenberg equation of motion of fi(z),

#0) =i[a 0.0 0]+ (25) " 619

ot
: : (H) (H) _ (H)
For the commutator in Eq. (6.14) we obtain |Hy "' (¢), f, ' (t)| = — L (Ho)k(t) g (t). Together

with the Floquet eigenvalue equation (Hy (1) —id /dt) |¢x 1 (t)) = &k |@x.1(f)) or equivalently d fi(¢)/dt =
iYp ((Ho)wp (1) — €8 8px) fp(t), we arrive at the simple differential equation

d () (H)
Ef k (t ) = _gkf JA
Thus, the Heisenberg representation of f; and g is given by

) = e £ (), g (1) = e gy (1).

In order to proceed, we need the inverse transformation of Eq. (6.12) which formally reads in position

basis
aj= L (DA0) + 1,7)e4(0). (6.15)
n
b =X X" (RS0 + B0
where the spatial dependence of the coefficients is given by “fk( j) =4 e"fku{”k. Inserting

N2
Eq. (6.15) into the formulas for AH%, AHf and then subsequently into Eq. (6.11) yields
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i
m7,,:—27rS2g/da)</V(w)Z Y Y (6.16)

& 8=+1A=—N;
|V1 (p7k7 S’A)|2 X

<|:n35((8k+8p)+(1)+A Q)+ (1+np)d((&x+¢) —0+A Q)}m,pn;k

108 (640~ @+ 4.2)+ (11018 (g4 80+ @+4.9) | (111, (1 121

+|Wl(p7k767A)’2X

<[n36((8p —Sk) +w+A Q) + (1 +n3)6((8p —Sk) — (1)+AQ):|H17P(1 —Fl’ll?k)

— |:n35((8k—£p>+(0—AQ.)—I—(l+n3)5((8k—8p)—O)—AQ):|n17k(1+n17p)>

where we have used the relation Re[lim, 7 f) dr [} di’ ECAEE@)=M(—1)] — 21 §(AE + @). Moreover,
we have dropped the frequency argument of ng(@®) for brevity. While the first two contributions
describe the simultaneous creation or annihilation of two quasiparticles, one of each species, the
second two terms take account of processes where one quasiparticle is created and another one of the
same species is annihilated.

In principle, infinitely many Floquet bands contribute in Eq. (6.16). However, for practical reasons, we
truncate the number of sectors and include only 2N + 1 within our calculation. We find numerically
that results obtained from Eq. (6.16) already converge for Ny ~ ¢'(1) at sufficiently large driving
frequencies. The sum over § = +1 is due to the two sublattices and the prefactors V| and W; are given
by

Vi(p,k,8,A) =Y (u§7)k<j>a§%_p"> (+8) + 1" (NS (j+6)

Gl <j>+ﬁ§7,2*<j+6>af?,,"><j+6>)

where j € {1,...,N,} is in arbitrary site index. The corresponding equation for 1 , can be simply
obtained by exchanging all indices 1 and 2 in Eq. (6.16). Note that in the presence of the periodic

perturbation, the Boltzmann equation above includes explicitly energy violating processes (A # 0) that
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Figure 6.6 Occupation of the quasiparticle states at AJ = 0.0 (gray circles) and AJ = 0.4 (red
squares). While in the absence of driving the occupation number follows an equilibrium Bose-Einstein

distribution, we find an asymmetric distribution at AJ = 0.4. Parameters: J =1, Q =4.5, T, = 1,
Byiqg =0, N = 26.

drive the system to a non-thermal state. This is visualized in Fig. 6.6 where we compare the steady
state distribution ng, which is in our setup identical for the two species, at A/ = 0 and AJ = 0.4. While
in the absence of driving, the occupation follows an equilibrium Bose-Einstein distribution function,
the distribution becomes asymmetric at AJ # 0 indicating a non-equilibrium state. However, in both
cases, ny diverges when k — 0 due to the existence of Goldstone modes. Adding a staggered magnetic
field term Hr to the Hamiltonian would gap the Goldstone modes out and regulate the divergence of
ni atk = 0.

At finite magnetic field strength B,e, we can calculate the spin current expectation value <Js>{nq yasa

function of the order parameter ¢ = (¥ ;(—1) %) {n,}/N. Here, the expectation value of an operator
X with respect to {n,} is defined as

(X) 1y = LU0 &K [014)) 14+ (D21 X[ 92.6) Y2k (6.17)
k

where X is the corresponding operator acting on the extended Hilbert space. As our calculation is
based on an expansion around the staggered state in which the order parameter is one, our ansatz
breaks down, when |¢| becomes too small. Therefore, in Fig. 6.7 we plot the spin current density only
in the regime |@¢| = 0.2. We find that for the chosen parameters, which are not optimized yet, the spin
current density saturates to a value of (J;) {n} /N ~ 0.02 when ¢ approaches one. At small values
of ¢ we find a linear behavior that is extrapolated to zero for |¢| < 0.2. From this we can deduce

the linear coefficient @ we have introduced phenomenologically in Eq. (6.2) at the beginning of this



128 Stability of long range order in a driven O(3) Heisenberg chain

0. 0.2 04 06 08

¢

Figure 6.7 Expectation value of the spin current operator calculated with Eq. (6.17) as a function of the
order parameter at J = 1, AJ = 0.1, Q = 4.44,T,, = 1. The dashed line shows a linear interpolation
in the regime of small values of ¢ where the expansion around a staggered state breaks down.

chapter. As we later simulate the classical analogue of the Hamiltonian Eq. (6.8), it is instructive to
consider the classical limit of Eq. (6.16). It is reasonable to expect that at high temperatures T > &,
quantum effects become less relevant and classical physics prevails. In the high temperature regime,
nyp, n2 p and np are large allowing us to keep only the leading order terms in powers of occupation

numbers. As all terms of order three cancel, we arrive at

Ny

N
iy = 2285 [dor (@) ¥
2 & 5=+1A=—N;

WV (p,k,8,A)*x
[nl,pﬂz,lﬁ ((&x+ &) — @+ AQ) —ng (1, +n2x) 8 ((€p+ &) — 0+ AQ)
— (ng (n1,p+nag) +nipnok) 8 ((€ + &) + @+ AQ)
+ WD (p,k,8,A)>x
[anl,pS ((&p — &) + @+ AQ) + (n1 pny g +npny )0 (€, — &) — w+AQ)}

— [ngnl’;ﬁ ((Sk — 8p) + (D—A.Q) + (m’km,p +n17kn3)5 ((Sk — 8p) — (D—AQ):|

which is of order two in occupation numbers.
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6.2.4 Classical simulation

Above we have shown that the model Eq. (6.8) together with Eq. (6.9) hosts a spin current in the
presence of an antiferromagnetic order parameter, which we have simulated by an external staggered
magnetic field in the Hamiltonian. However, we have not verified that long range order and a finite
spin current, which is conjectured to stabilize the former, emerge spontaneously. To investigate
this question, we simulate the classical equations of motion of the model defined in Eq. (6.8) on a
one-dimensional lattice. For the derivation, we follow [139]. As a classical analogue to the quantum

mechanical Hamiltonian, we consider H = Hys + Hpgp, + Hipg,

Hsys = JZSOCSDC+17
o

p¢2x.,1c 1 2 .2
Hpan = Z + Ema,Kwa,Kxa,K )

a,K 2m0¢\,1<

Hiyy = — Y FoXgx+AH
oK
describing interacting classical spins coupled to a bath of harmonic oscillators with frequency ®q
and mass mg . At the moment the force F is an arbitrary function of the spin degrees of freedom.
However, we later set Fy, = S¢S¢+1 to recover the coupling term defined in Eq. (6.9). As canonical
variables of the spin degrees of freedom, we choose the angle ¢’ within the xy-plane and the projection
of the spin onto the z-axis $* [140]. The spin can then be expressed in terms of these canonical

variables as

1 —(5%)2cos @’
S= 1 —(8%)2sing’
SZ

The additional counter term AH is introduced in H;,, to compensate for Fyx, and is chosen in such a
way that at fixed bath coordinates for which Hpyj, + Hip is minimal, the minimum of H is only set by

the derivatives of Hj,, with respect to the spin degrees of freedom,

oH 9 ! Fy
] = [0) —F,=0 = =
(l) axtx,x Mo Wy Xa,x o Xa,x Mg, ngz K"
.. JoH,; 1 JF, JAH
(if) ’:" — —Z Y Fo+ =0 = AH = Z F2,

a(P'B o,K ma,Kw(ZXJ( a(p[/} 8@[3 2ma K(l)& K

where the last equality could equivalently be obtained from dH,, / 8S73 = 0. Inserting the counter

term into H yields

p(zx K 1 2 Fy 2
H = Hyy + LS SR (x _> .
sys (;c 2m0€,K 2 a, k%o, x a,K 2

mava(X,K
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Eventually, we are interested in the dynamics of quantities A that are function of the system variables
only where the influence of the bath is treated as an average effect on a course-grained time scale. To

obtain such a formulation, we firstly calculate Hamilton’s equations of the bath coordinates

dxa,)c Po,x

e ,H = Y 618
at {Xoc,rc ror } Mo ( :
d
IL);:’K - {pa,mHt()l} = _mavag‘7Kxa’K+Fa

describing the dynamics of a driven harmonic oscillator. The coupled differential equations Eq. (6.18)

can be solved using the Green’s functions method

1 ! .
Saelt) = 2 (6) &+ ———— [ dssin(@ux(t —))F(s),
’ Mo kDo J1g

where x}y (1) = xg,x(0) cos(@g,x(t —10)) + rf“ Ka(m)x sin(g, (t — 1)) denotes the solution of the

homogeneous differential equation for F,, = 0. The latter result can be used to express A as a function
of the spin degrees of freedom

— = {A,Hy} + Z {A,F}} — Zxa A, Fy} (6.19)

% 2m ocka’ouc

= {A,Hyy} — Z{A Fy) [ga /dswi )dﬁf)]'

For the second equality, we have performed an integration by parts and introduced

&)=Y [xz,K<r> e Pl cos(anli - to>>} ,

1
’}/a(t) — 7(:08(0)(1’1(1).
ZK: Mg, 7ngc,1< '
The term &, contains the initial conditions x4 x(0), pe,«(0) of the bath degrees of freedom which can
be considered as independent random variables distributed according to an equilibrium probability
distribution ~ e B By virtue of the central limit theorem, we can expect that &, follows, as a sum
of many random variables with a finite variance, a Gaussian distribution that is completely defined by

its first two moments

(Ea(t)) =0, (Ew (1) Ea (t/)> = 2kgT 8¢ o Y(t _f/)- (6.20)
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As a useful quantity, we introduce the spectral density of the bath

J0)="Y L 500

2 =m0

that we can use to express the damping kernel 7y as

“doJ(w
¥(e) = 2/0 n_(w)cos(a)t).
In case the number of oscillators is large, the spectral density becomes a smooth function of ®. For
ohmic damping, i.e. J(®) ~ (A1 /2)® below a cutoff frequency Qp, the damping kernel is a delta
function, y(t —¢') = A6(t —1').

Next, we consider the specific case Fy = S¢Sq+1 Which is equivalent to the interaction term in
Eq. (6.9) and set A = S;. With the help of Eq. (6.19), we obtain for the equation of motion of a spin

at site J,
ds; dFy(t
<dtj> :{SjaHsys}_Z{SjaFa} [éa(t)_l;t()] (621)
Heisen+damp [o4
d
= =8 xSj (J— &(1) +7Ldt(SjS,-H))
d
—-S; xS, <J— 5.,',1 (1) -l-)Lclt(Slej))

where we have used {S;,S;S;;1} = —S; xS} which directly follows from the definition of the

Poisson bracket

98 9(8;Sj+1) 98;9(S;S;41)

{S;,8;Sj+1}t = — o«
dg, 97 as 99

Similarly, the driving term in the Hamiltonian Eq. (6.9) leads to an additional contribution
dsS; ; .
>y =—AJi(—1)cos(Q)S; x (Sj—1 —Sj41) —ALpsin(Q1)S; x (S;—2+S;12) (6.22)
drive

in the equations of motion. Before simulating the full dynamics of the system, it is instructive to
consider first the mean-field equations of motion in the absence of noise T = 0 by setting S; — S,
for jeven and S; — S, for j odd. Note that the contribution of the time-dependent perturbation as
defined in Eq. (6.9), leading to Eq. (6.22), vanishes on mean-field level. This is not the case when the
first driving term Hy ; (¢) is only defined on even or odd sites as in Eq. (6.10). However, we do not
include H, () here as damping is absent on mean-field level as well, which is due to the conservation

of S, -S,. Therefore, we simply obtain the equations of motion of two coupled classical spins

d d d
7 0 — — e o) 700 = T Oe- 2
S8e=—J(8:x8,) 28o=—18 (6.23)
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Figure 6.8 Time evolution of the three spin components of the even (red) and the odd (black) spin for
initial conditions S, ~ e;, S, ~ —e;. For the chosen initial conditions with total spin S ~ 0, both spins
rotate in the yz-plane while staying approximately anti-parallel.

We can solve Eq. (6.23) exactly by introducing the relative coordinates So = S, —S,. The time
derivative of Sy can then be written as dSy/dr = —So x S where S =S, + S, is the conserved total
spin. Thus, the relative spin precesses around the fixed total spin leading to a precession of the single
spins for S, =~ S,. However, for initial conditions that are close to the staggered state with S ~ 0,
we observe that both spins oscillate in a plane while staying approximately anti-parallel throughout
the time evolution as shown in Fig. 6.8. Therefore, we do not find a stationary stable state we could
expand around on mean-field level.

In the following, we consider the full dynamics governed by Eq. (6.21) and Eq. (6.22). The equations
of motion cannot be implemented directly in the presence of damping as both sides of the first order
ordinary differential equation (ODE) depend explicitly on the time derivatives of the spin degrees of
freedom. This kind of differential equation is known as an implicit differential equation [141]. We
aim to translate the ODE from an implicit to an explicit form. As already mentioned, an implicit
differential equation depends in some numerical discretization scheme on both sides on the future

values of the dynamical variable S"**1) as
S(n-H) ~ f(S(n—i-l)’S(n)’t(n))

which means that in every time step, one can plug all known values for {Sl(")} into f to obtain a set of

n+1

linear equations for the 3N unknowns {Sl( )} that can be solved using, for example, a Gauss-Jordan

algorithm. Therefore, in each time step, a linear system of equations has to be solved. For the

stochastic differential equation, we can write
S =f(8,S.1)+8(&.9). (6.24)
As Eq. (6.21) is linear in S, the deterministic contribution is formally given by

f(S,8,1) =M(S)S+b(S), (6.25)
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where S, g(&,S) and b(S) are vectors with 3N components, i.e. S = (S1,S3,...,Sy). For the specific
example Eq. (6.21) and Eq. (6.22), the contributions read

b;=—S;xSj11 (J— (—1)/AJycos(Qt)) —S; x S;_1 (J+ (—1)/AJ; cos(Q))
— AJysin(Q1)S; % (Sj12+8;42),

gj=-8;x (8118, 1+8;11§)).
The Jacobian M is formally defined as

df1/9Sy 9fi/dS] ... dfi/dSy
M(S) = : : : : : (6.26)
I /oSt . Ofw/3Sh

With the decomposition Eq. (6.25), we can solve for the derivative S,
S=(1-M)""[b(S)+8(§.9)] (6:27)

which yields an explicit differential equation. The equivalence of Eq. (6.27) and Eq. (6.24) is
guaranteed if (1 — M) is invertible which is the case in our example. For the implementation of the
discretized stochastic differential equation, we employ Heun’s method that is explained in Sec. (1.5.2).
The dynamics described by Eq. (6.21) and Eq. (6.22) conserves the length of each spin and also the
total magnetization, as the Hamiltonian is invariant under global rotations in spin space. Note that
a numerical method that approximates a solution, typically violates the physical conservation laws
of the given system. We observe that this violation is especially evident in the presence of noise.
Typically, a single time step of the numerical algorithm evolves the solution of the system out of the
manifold of conserved quantities G. We can correct for that by projecting the solution back onto the

manifold after each time step [142]. Technically, we minimize the Euclidean norm
- 1 B
gG[S] — EHs(n+1) _ S(n+1)H +gZ'(S(n+1))a'

n+1

between the solution S”*1) ¢ G suggested by the numerical scheme and a solution with S”**1) € G

under the constraints

8i(8) = (S} +(S)*+(8)* 1 =0, je(l,...,N),
N
gc,N+i(S) = Z S;X’ = Ov i€ {172a3}7 Q; € {xvyaz}a
j=1

where we assume a zero magnetization state. Therefore, in every time step the matrix (1 — M) has

to be inverted and the extremization problem 8.%5/6S% = 0 has to be solved. This increases the
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Figure 6.9 Time-dependence of the classical spin current at AJ = 0.0, Byae—0.01 (gray), AJ = 0.1,
Byiag = 0.00 (black) and AJ = 0.01, By4e = 0.01 (red) averaged over 20 noise realizations. Parameters:
J=1,1=05,Q=3,T,,=001,N=20

numerical complexity of the method and restricts the accessible system sizes to about N ~ &'(10?).

We want to verify if the system described by Eq. (6.21) and Eq. (6.22) can, as predicted by our
analysis of the corresponding quantum model, host a finite spin current in the steady state when being
subject to an additional staggered magnetic field Hr. The field gives rise to an additional term in the

equations of motion, namely

dsS; .
(’) = (—1)/Bgag (Sj x €;). (6.28)
dt staggered

The full equations of motion then read

<d5f> _ <dsf> N (dSJ> N <dSJ) . 6.29)
dt dt Heisen+damp dr drive dt staggered

Firstly, we initialize the system in a randomly chosen zero magnetization state. In Fig. 6.9 the time
evolution of the spin current is shown for AJ = 0.1 and AJ = 0 at By, = 0.01 and for AJ = 0.1 at
Bgqg = 0. While in the presence of an external field By, the spin current is zero at AJ = 0, we
observe a finite current at AJ = 0.1 in the long-time limit which is consistent with our symmetry
analysis. However, we find that also at By, = 0 but AJ = 0.1, the spin current is on average zero.

Also for a broad range of parameters, we do not observe the emergence of a spin current or the
spontaneous formation of long range order without the symmetry breaking term Hp. Instead we
find that the heating effect of the periodic pumping is dominant as can be seen in Fig 6.10 where
the time-averaged spin-spin correlation (S;S;) is shown as a function of the distance j for AJ =0
and AJ =0.1. Secondly, we choose as an initial condition a state in which all neighboring spins
are approximately anti-aligned such that the order parameter is close to its maximal value, i.e.
¢ = (1/N)¥L;(—1)’S; ~ ¢, = e.. According to our analysis so far, we therefore expect to observe
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Figure 6.10 The time averaged spin-spin correlation function (S;S;) as a function of the distance j

between the two spins is shown. We observe that driving leads to a faster decay of (515;) due to
heating effects. Parameters: J=1,A =0.5,Q=3,T7 =0.1, N = 40.
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Figure 6.11 The time evolution of the z-component of a single spin is shown. The dynamics of the
whole system is governed by the equations of motion Eq. (6.9) atJ =1,AJ=0.1,Q=1,T =0,
A =1, Byae =0, N = 20. The system is initialized close to a staggered state.

a finite spin current at AJ # 0 in the steady state. Initially, we conjectured that a spin current can
stabilize long range order in the system. For our arguments to work, we have to demand that, at
least at 7 = 0 but with finite damping, the ordered initial state is stable for AJ # 0 even if By,e = 0.
However, we find that this is not the case. The staggered configuration is unstable in the presence
of the time-dependent perturbation when the system size becomes larger than a critical size L*. In
Fig. 6.11 the time evolution of the z-component of a single spin is plotted for L > L*. The whole
system shows successive transitions between the two configurations with ¢ ~ ¢, corresponding to
two spin-reversed classical antiferromagnetic states. In the next section, we give an argument based
on a field theoretical approach to explain these instabilities.
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6.3 Field theoretical approach and stability analysis

6.3.1 Haldane mapping

So far our notion of stabilization of long range order through a spin current is based on the phenomeno-
logical equations Eq. (6.1) and Eq. (6.2) that neglect the precise time evolution of the order parameter
field @. Here, we derive coupled equations of motion for the staggered and the uniform component
of the spins by performing the so-called Haldane mapping which is applicable if there is a clear
separation between short and long length scales. For the derivation, we make use of [4]. According to
the transformation, each spin is related to two continuous vector fields, the order parameter field ¢
and the so-called canting field m through

Q;:=8;/S=(-1)/\/1-m2¢,+m,

2
~ (1) "1y
~ (164 m— =L (=19,

where the expansion is valid for small m;. To simplify the notations, we have set mj = m(x;,t). The

conservation of the length of the spins is guaranteed by the two constraints
mi-¢;=0, 9,17 =1 (6.30)

that have to be fulfilled at any time. For instance, the transformation is used to map the d dimensional
quantum Heisenberg antiferromagnet onto the d 4+ 1 dimensional non-linear sigma model. If the
system is close to the classical Néel state with small m and @ ; ~ @, the total magnetization is given by
M/S~Y; ((—l)j o;+m j) ~ Y ;m;. The canting field can be interpreted as a dynamic magnetization
as it is due to temporal variations of ¢ j [143]. Note that we double the degrees of freedom from two
to four when performing the mapping described above, as both fields have together six degrees of
freedom that are subject to two constraints. This overdetermination can be cured in reciprocal space
by reducing the corresponding volume of the unit cell by a factor two. Equations of motion can be

derived by calculating the Euler-Lagrange equations of the Lagrangian density
L9 mi}) =) H{9;m}] - A[{9;,m.}],
J

where .77 denotes the Hamiltonian density and %  the kinetic energy term. For a single spin,
the kinetic part of the action, which is also called Berry phase, is given by # = So[Q] with
o[Q] := [ydt’ o) -A(Q). Here, @ = S/S denotes the unit vector of the spin S and the vector potential
A fulfills dAP /9Q* = e*PYQY. Geometrically, the Berry phase describes the surface on the $? sphere
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which is enclosed by the path Q(t). In order to expand (D[fl] in m, we calculate the first variation
A t A N
5[] — / ai' 5 (@ -A(Q))
o[z

JdA“

IA% s _ 94% ap 5@”
0QB

+AYSHY
} " {aﬁﬁ

_ / dr' (A 59) féﬁsQ“)
:80‘/37’<f)x6f2)
_/’dm.(éxsfz) L % 4.0
0 69

We use the gauge freedom of the vector potential to define A such that A(—Q) = A(Q). One
possible choice for A that guarantees this property is —cos(6)/sin(68)¢@ where 6 is the polar angle
and ¢ the unit vector of the azimuth angle. Moreover, we consider fixed boundary conditions
for which the integral over the total derivative above vanishes, 8Q(0) = §Q(r) = 0. Thus, we
obtain Sw;[S] ~ (—1)/Sw;[@;]+Sm;- $2 =Y +Sm;-(¢;x ¢,). The term ¥ =S¥ ;(— 1) w;[9 ]
is called topological Berry phase. 1t is a topologlcal invariant, meaning that T does not change
through continuous deformation of ¢ ;. Particularly, Y/S assumes only integer multiples of 2.
As its variation is zero, it also does not affect the classical equations of motion. However, for
half-integer spin the phase ¢/’ can be positive or negative which can, for example, lead to strong
effects on ground state correlations and excitation spectra [4, 144]. Using the Lagrange density
ZL=[dxSm- (¢ x @) —[{¢,m}] we can derive coupled equations of motion for the continuous
fields m and ¢,

0=0,x9, 6.31)
mn=x¢+0,xm;, (6.32)

$5% and @, := — 4% By construction Eq. (6.31) and Eg. (6.32)

where we have defined ®,,, := —
fulfill the constraints Eq. (6.30) which can be verified straightforwardly. Note that the same equations
of motion have been derived in [143]. In order to obtain the contribution of the Heisenberg Hamiltonian
to the Hamiltonian density .7, we express Hy in terms of ¢ j and mj and perform an expansion to
leading order in d; and m. A continuum theory can be obtained by replacing discrete differences by
derivatives and the total sum by an integral Y ; 7% — [ %jf where a is the distance between two

adjacent spins. Assuming that spatial variations are small we obtain to leading order

=S m()? + 5 (0 (6,)* 633)



138 Stability of long range order in a driven O(3) Heisenberg chain

where we have set A = 4J5% and B = JS?a®. The derivation and a discussion about the validity of
Eq. (6.31), Eq. (6.32) and the continuum Hamiltonian density Eq. (6.33) can be found in App. D. The
variation of .7 with respect to the continuous fields ¢ and m can be calculated with

SH _OH A, OH

sm ~ om  “aom % oom (6.34)
which yields
o o 2
67—Am(x,t), W— Bax(b(x,t) (635)
By inserting Eq. (6.35) into Eq. (6.31) and Eq. (6.32), we arrive at
m(x,t) = (B/S) dx(0:@(x,1) X ¢ (x,1)), (6.36)

O (x.1) = (A/S) (9(x,1) x m(x,1)).

Note that we can deduce from second equation that d; scales as m and consequently from the first one
that m ~ d,. Therefore, we treat m and d; in the expansion on an equal footing. For the canting field m
we obtain a continuity equation as the total magnetization is conserved. To develop a better intuition

for the dynamics of the order parameter field, we calculate the second derivative of ¢ yielding
¢+C(4m*+a* (¢-979)) ¢ —Ca*d}¢p =0

which is a Klein-Gordon-like equation where we have set C = 4J25%. The contribution of the damping
term to .77 can be calculated in a similar way as in the classical case by integrating out the bath
degrees of freedom. However, due to the form of the damping involving four spin operators, its
contributions is of order four in m and J,. In the following, we limit the stability analysis of the

staggered state to the leading order contributions where we include damping phenomenologically.

6.3.2 Stability analysis

We consider the equations of motion Eq. (6.36) expanded to leading order in m and d, in combination

with the two phenomenological contributions o.¢ and —Dd, ¢ to the spin current

i =JS 0, (39 x ¢) + d.¢ + DI’m, (6.37)
¢ =4JS (¢ xm),

where we have set a = 1. The existence of a contribution to J; that is linear in ¢ has been motivated
in Sec. 6.2 while we expect that the diffusion term naturally arises in the dissipative system. Again
we choose the coordinate system such that the z-axis points in the direction of the homogeneous

order parameter field ¢, = e, which is together with my = 0 a solution of Eq. (6.37). The stability of
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this solution can be analyzed by linearizing the equations of motion with the ansatz ¢ ~ ¢,+ 69,
(6¢ L ¢,) and m =~ my+ Sm around ¢,, my where the constraint §¢ | @, guarantees that |¢|*> =
14+ 0(8¢?). As 8¢ is time-independent and m? not coupled to the other dynamical variables in
the linearized theory, we can restrict our analysis to the four components §m™* = §m* +idm” and

3¢ =8¢ +£id¢”,

Smy -Dk* 0 iJK*S+iok 0 Smy
3 dmg | _| 0 -DF 0 —iJk*S +iotk | | Smy
S 4JS 0 0 0 s
50, 0 —4iJS 0 0 50,

where the eigenvalues of the stability matrix read

1
Al = -5 (Dkzj: \/D2k4 — 16JSk (JkS + a)> ,

A= _% ( k> + \/D2k* — 16JSk(JkS—a)) .

For D =0 and @ = 0 we obtain a linear dispersion & = 2JSk which is consistent with Eq. (6.7).

We find that for @ # 0 and small values of k an instability arises at k* = % or equivalently at a

= s
% when the real part of one eigenvalue becomes positive. To visualize

critical system size L* =
this instability, we simulate the equations of motion Eq. (6.37) numerically for a spin chain of length
L > L* that is initially prepared in a configuration with @ (x,0) = @, (x) where |@,(x) — ¢,| < 1 for all
x. In Fig. 6.12 we show the time evolution of the field component ¢*(x,#) at a fixed point xo. We find
that ¢*(xo,¢) stays first approximately constant. However, after a time of order one, ¢*(xo,?) suddenly
changes its sign and starts to oscillate around the configuration with ¢ ~ —¢, where oscillations
are damped by the diffusion term in Eq. (6.37). After being sufficiently damped into the state with
¢ (x,1) = —@,, the instability manifests itself by another sign change. This process is then repeated in
an approximately periodic manner.

Note that ¢*(xo,7) shows a very similar behavior as the spin component Sj: (¢), cf. Fig. 6.11, whose
dynamics is governed by the full equations of motion Eq. (6.28) at temperature 7 = 0. Therefore,
the field theory Eq. (6.37) reproduces one of the main features of the noiseless dynamics which are
periodic transitions between two classical Néel configurations.

In Fig. 6.13, the spatial dependence of @ (x,7) and m(x, 1) is depicted at a time #, before, approxi-
mately at and after a transition showing that the whole system undergoes these transitions and not
only single spins. In the following we give an analytic solution for the equations of motion in the

long-wavelength limit kK — O where Eq. (6.37) simplifies to

e~ ad,e, (6.38)
¢ ~4JS (9, xmj).
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Figure 6.12 Time evolution of the order parameter field ¢ (xp,z) atD=0.5,a=0.01,/=1,a =2,N =
400, x9 = 150 calculated with the coupled differential equations Eq. (6.37) for initial conditions close

to the staggered antiferromagnetic state.
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Figure 6.13 Spatial dependence of ¢ (upper row) and m (lower row) at a time fy before (left),
approximately at (middle) and after the transition (right). Parameters: xo = 8,D =0.5,a =0.01,J =
1,a0 =2,N =400.

As an ansatz for @ we choose a linear combination of a constant field ¢, and a spiral with the smallest
possible non-zero momentum |g| = 27 /L that varies periodically in the plane perpendicular to ¢,,.
The relative strength between these two contributions is set by the phase ¢(z). For m we make a
simple long-wavelength spiral ansatz with |¢| = 27t/L and variable amplitude m(t¢). This choice is
motivated by the observation that the spatial dependence of @ (x,7y) and m(x,1;) presented in Fig. 6.13
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Figure 6.14 Time evolution of ¢*(x,) including (A = 0.1) and excluding (A = 0.0) an explicit
damping term in the equations of motion. Parameters: xo =1, D =1.0,a=0.01, J =1, o = 10,
N =100.

contains only long-wavelength modes while m(x, () has no constant contribution,

@ (x,1) = cos(@(r))e; +sin(@(r)) [cos(gx)e, +sin(gx)e,] , (6.39)
m(x,t) = m(t) [—sin(gx)e, +cos(gx)ey] .

Thus, we only consider two degrees of freedom ¢(z) and m(z). The ansatz fulfills the constraints
Eq. (6.30) by construction. Inserting Eq. (6.39) into the first differential equation yields

am(t) = agsin((r)) (6.40)
while the second differential equation simplifies to
0,0(t) = —4JSm(r). (6.41)

Taking the derivative of Eq. (6.41) and using Eq.(6.40) yields the differential equation of a mathemati-

cal pendulum for the parameter @,
(1) +csin(e(r)) =0, (6.42)

where we have set c = 4JSaq. Eq. (6.42) can be solved exactly with the help of elliptic integrals or
approximately in the small-angle approximation for small deviations from the stable state. Importantly,
we obtain two solutions with ¢ = £27/L. While for a > 0 and g > 0 the configuration with ¢ = 0 is
stable, the global minimum of the pendulum potential is at ¢ = & for ¢ < 0. The existence of these
two solutions gives an explanation why we observe ongoing transitions in the numerical simulation of

Eq. (6.37) at large system sizes.



142 Stability of long range order in a driven O(3) Heisenberg chain

Finally, we conclude with the numerical observation that including one of the possible explicit
damping terms arising from the bath coupling does indeed remove the instability at 7 = O for certain

parameters. The extended equations of motion then read

m=>Sd, <<J+ Ajtmz) (9,9 x ¢)> + i +DI’m, (6.43)
, d
¢ =4S (J—l—/ldtm2> (¢ xm).

In Fig. 6.14 we show ¢*(xp,7) for A = 0.0 and A = 0.1 where the system is, as before, initially
prepared in a state with @ (x,7) = @,(x) and |@,(x) — | < 1 for all x. While at 2 = 0.0 the system
shows transitions between the field configurations with ¢ ~ +¢,,, we find that at A = 0.1 the initial
state is stable.

There might be hope to observe the stabilization of long range order on the level of the field theoretical

approach, which involves much less parameters than the full simulation, also at finite 7'.



Chapter 7

Conclusion and Outlook

In this thesis, we have shown that many-particle quantum systems can, by even small perturbations, be
driven far out of equilibrium to highly exotic states hosting large currents. By pumping into degrees
of freedom, which are approximately protected by symmetries, strong responses in the form of large
steady state expectation values of the corresponding approximate conservation laws are induced.
We have developed a well-behaved perturbation theory for the steady state density matrix of weakly
driven systems where we use a GGE defined by the balance of generalized heating and cooling
processes as a zeroth order expansion point. We have validated the perturbative expansion for two
fermionic models with two local conservation laws.

We have also applied the theory to weakly driven integrable systems that have an extensive set of
local conserved quantities. We have given numerical and analytical evidence that the GGE ansatz
indeed describes the steady state density matrix limg_,lim, . p () correctly in the thermodynamic
limit (N — oo) when all approximate conservation laws are included (N, — o). Even in the case of a
truncated GGE with a moderate number of charges, we have found qualitatively good agreement with
numerical exact calculations at small system sizes. However, due to strong finite size effects in the
ED analysis, we have not been able to prove the validity of higher order corrections in € rigorously.
In a future study, such an analysis could be performed using more advanced methods such as DMRG.
In this context, it would also be interesting to investigate whether the omission of conservation laws
in the GGE ansatz is signaled by divergencies in the perturbation theory as pointed out in Sec. 2.3.2.
Our numerical results also suggest that the time evolution of weakly open many-particle systems with
approximate symmetries can be well captured by a time-dependent GGE at times T 2> 1. However, a
sophisticated analytical theory of the dynamics still has to be developed.

We have also used the concept of a GGE with space-dependent Lagrange parameters to describe
inhomogeneous states in weakly open systems and derived a set of hydrodynamic equations for
the simplified case in which conserved currents are forbidden by symmetry. Subsequently, we
have presented two specific choices for Markovian Lindblad couplings, which can lead to such
inhomogeneities. We believe that the investigation of phase transitions in weakly open quantum

systems with approximate conservation laws is an interesting path for future research activities.
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Eventually, a general theory is needed treating the time degree of freedom as well as perturbation
strength and spatial variations on an equal footing. Such a theory is still missing.

We have made three suggestions of how the emergence of GGEs in weakly driven systems could be
detected experimentally. Particularly, we have presented an idea of how to realize efficient spin and
heat pumps in spin chain materials based on approximate integrability. As such pumps have not been
realized yet, a future goal could be to find more candidates for spin chain materials whose lattice
symmetries allow for finite spin and heat currents. Moreover, our analysis still has to be refined using
a hydrodynamic approach to take account of the explicit spatial dependence of the problem.

Finally, we have addressed the question of how long range order can be stabilized in driven systems.
Explicitly, we have considered the case where the order parameter is, by external driving, coupled
linearly to the current of a conservation law that, in turn, is expected to stiffen the system. We have
not observed such an effect in a classical simulation of our model but rather found an instability of
the ordered state in the presence of the driving term. Nevertheless, we still think that the underlying
physical motivation is reasonable and believe that the development of a minimal model, showing
stabilization of long range order through a current, as well as further analysis of arising instabilities in

this context, are of high interest and should be progressed in future research.
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Appendix A

Zeroth order expansion point

Note that this appendix is taken from [87]. Here, we show that the condition (2.10),
P2y Lipo) =0, (A.1)

does give the correct reference point py for situations where PAP=0.0ne way to show this is to
use the perturbative analysis provided in Sec. 2.3.3 where the power counting of diagrams worked
only if the correct reference point was chosen. Below we give a more direct argument. As described
in the main text, Eq. (A.1) is obtained from the requirement that the dominant contribution to the

time-averaged expectation value of conserved quantities must vanish,

(C) = Te[C:PZ (po+ 8p)] = TH[C:P-L 5p] = 0, (A.2)

where P is used to extract the non-oscillatory component and Tr[CifA’.,?l Po] = 0 due to the cyclicity of
trace. As discussed in the main text, the starting point is the exact formula for dp, Eq. (2.4) and the
formula Eq. (2.8) which directly leads to

Sp=8p" +p0 (A.3)
= —iﬁo_ljlpo +j_1j19%_ljlpo-

If we use only Sp! ) in Eq. (A.2), then Eq. (A.1) follows immediately. Equivalently, the condition
Eq. (A.1) implies that the contribution from o p(l ) vanishes in Eq. (A.2). In the following we will

(1)

show that Eq. (A.1) also implies that the contribution from dp'"") to Eq. (A.2) vanishes, which is less

obvious, and a useful consistency check. Plugging 8p/!) into Eq. (A.2) one finds
Tr[C;P.26p 1]
= Tr[C;fA’.,Za,?*ljljofljlpo]
=Tr[CPLAOL ' 04 Ly Zipo] =0 (A4)
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where the third line differs from the first one by two extra Q super-operators enclosing 21 The first
one can be inserted because we consider the case 139221[3 = 0 and therefore 139221 = 13.3221 Q The second
one can be used as a consequence of Eq. (A.1), which states that the P projection of the operator to the
right of 2~ vanishes. Finally, we can use that 020 =0, see Eq. (2.38), to prove that the whole
expression vanishes. To finish our argument, we still have to show that §p is small for € — 0 provided
that Eq. (2.38) holds, which can be done using similar arguments as above. First, the combination
.,Z%*l.flpo = .,??071@.,221 Po is non-singular for P2 P =0 which implies that 6 p D~ (g). Second,
we used already above that 6p(”) = f‘lfljo_ljlpo =21 Qﬁlciﬁ()_ljlpo. As QA,?_I Q =0and
P20 ~ 0(1/¢) it follows immediately that also 5p /) ~ (&) which concludes the derivation of
Eq. (A.1).



Appendix B

Thermal state of the weakly open spin
chain in the Ising limit

In this appendix we calculate the steady state density matrix py ~ e B, fulfilling 4 po = 0, for the
case described in Sec. 3.4. In the Ising limit (J/ — 0) the Hamiltonian of the XXZ model simplifies to
Hy =AY, G;GJZ.H. We obtain

A 1 Z Z Z
9Wp=Y ojePlor—2 (G}“G}“e’ﬁH + e*ﬁHo;a;) =Py (ezﬁA“f("f—1+"f+l) . 11)
J J

and
o 1 1
2) y T ~+ —BHpl ~— Tpl ,—BH l~— —BHpl+ \pt ,—BH
7%p =Y Pioj P PJGJH_Q{R/PJ’e g }JFZP/GjHe g P,Gj+1—§{1?j1?,,e ’ }
J J

_ e—ﬁH <PJTP]T+1626AG;(G;_1+65+I) _P}‘P.L

j+1 +P}P}+162BA6;(Q§—1+Q§+I) _ptpt )

Jitl
For the calculation of 2 p (i = 1,2), the following relations have been used
Ho} = oH+[H,0}] = o} (H-20(c}_, +0%.,)),

- ) o o
Ho;, =0, H+[H 0}, = Gj+1H+§([H,Gf+1] i ,ajﬂ})

0;1(H—205(0;_; +05,,)),

where the commutators of H with o} and 6]).’ are given by

H.07] = Yloiof .01 = X (8 [05.01] 5, + 8107 [07.3])
% % ——— ———
:21‘6}' :21‘6-!‘.’

— 7 )% ] Y
=2i0;0;,, +2i0;_,0;

— _206%(o%c% 2 Z
J ZGJ(Q/GJ+1+GJ—IQ/)’
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)] y y
[H,0]]=Y [0{cf,,,0] —Z<5 [67,07]07, 1 +8jr105 [GJ,G]]>
:721'6% =-2ic*
J
— 5% X Y
= —2i0cj0;, | —2i0;_,0; = —20;(0;0;,,+0;_,0;).

In the steady state the time derivative of p is zero, therefore we have [(1 — y).@(l) + y@w} p=0.
Using the ansatz () = i log(1 — ) the steady state equation is equivalent to

Z {Y(PTP,TH +Plp,¢+1> + (1 —Y)] e2loe1=19j ()1 97) = Z {(1 _7)+7(PiP/T+1 +PTP/¢+1>}
j j

In the following we show that a thermal state with §(y) = ;5 log(1 —y) is indeed a steady state
solution. Thus, we have to verify that the left and the right side of the equation are identical. To this

end, we define
* number of parallel spin pairs with a left parallel neighbour: N}
* number of parallel spin pairs with a left anti-parallel neighbour: N
* number of parallel spin pairs: N, = N} +Ny
* number of anti-parallel spin pairs with a left parallel neighbour: N}
* number of anti-parallel spin pairs with a left anti-parallel neighbour: N¢

* number of parallel spin pairs: N, = N + N¢
left side: (1 —7Y)N+ YN,

right side: (1= )Ny + (1 = YNy + Ny +N;

Due to the periodic boundary conditions, we have N} = Ny,. Therefore, the left side can be expressed
as

(1—y)NE + (1= y)NE + N+ Ni = (1 - y)(Nf + NP +Ni+Ng) — (1 — ) (Na+N&) +Ng + N
= ({1 =YN+yN, +Ng) = (1= 7)N+Na.



Appendix C

Phase transitions in weakly open spin

chains

In the following, we consider a non-integrable spin chain, for example, a XXZ model with an
additional next-nearest neighbor coupling term

Ho = Hyxz+ 1Y (51872457 5%2) (C.1)
J

which is defined such that the total spin in z-direction is conserved. The spin chain is assumed to
be weakly coupled to a Markovian bath that has been defined in Sec. 5.2.1. First, we simplify the

expression for the generalized current J; s
J =/d t d /71 M(r()’t,)d Na,.A !
ii(ro,t) : t T 0;; 30,1)0: A (rt
ii(ros1) / r/_oo lz(ro,t’)/o i(rro Jork(nt)

4 e 1 'lz(r().l—f) . . - »
:/dr/o dt)@(i’o,l‘-f)/() dt Tr []j(l”, T)]i(l’o,l‘)pGGEJO(l—l)] 8r7Lj(r,t—f)

~ / dr /O dfw /0 " e [j,-(r, 0)ji(ros7)PGGE (z)] A (r1). (2)
In the last line, we use the assumption that the time scales of the slow macroscopic and the fast
microscopic dynamics are well separated and replace the time argument  —7 in VA;, A; and pgee r,
by ¢. For local current operators, we assume that the current-current correlation functions appearing in
the formula for the conductivity are strongly peaked at r = ry meaning that (j;(r, ) ji(r0,7))GGE,ry ~
o(r—ro) fori, j = 1,2. Subsequently, this motivates to define

[ Rl Vi
T h w el VOV
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Using this definition we obtain the following formulas for the generalized spin and heat current

Ji(r,t) = L110,A1 (r,1) + L1290, A2 (1 1),
Jo(r,t) = L210, A1 (1,1) + L2 0: A2 (1 1),

where the diagonal contributions are manifestations of Fick’s law. Note that the different sign
compared to the usual formulation of Fick’s law is a consequence of the minus sign in the definition
of the GGE, i.e. for an increasing value of the Lagrange parameter A;, the expectation value (C;) GG 0
decreases. Using Lehman representation we obtain for the real part of L; s

T

Re[Lis] = % Y (nlslm) (mLjiln) 8 (En — Ex) (nlpgcrolm). (C3)

n,m

Next, we reduce the analysis to mean-field level where the GGE ansatz simplifies to pyp(t) ~
exp(—A;(1)S%). As mentioned in Sec. 5.2.1, we expect that stable configurations with domain walls
exist. In order to investigate the typical length of a domain wall in dependence of the perturbation

strength €, we simulate the dynamics of the system by solving
O A (r,t) — DA Ay (r,t) = F(Ar) (C.4)

on a one-dimensional grid with periodic boundary conditions. We define the diffusion constant as
D:= ( x~! ) 1 Re [L11] where we assume that Re[L;] is constant. Calculations of Eq. (C.3) for small
system sizes show that this is a reasonable assumption in the considered regime with —1 S A; < 1.
In order to investigate the scaling behavior of the domain wall width, we initialize the system in an

artificial box configuration

A(y), L<x<3L
Mxoy =g MR e
—A(y), otherwise

where F.(£A/(y)) = 0. In Fig. (C.1) the steady states for different values of € are shown. The
linear-log plot validates the expected scaling relation. As a prefactor, we obtain ~ 0.06 for the chosen
parameters.

Next, we phenomenologically address the question of how fluctuations affect the dynamics of the
system and whether transition can be triggered by noise. Heuristically, we expect two different kinds
of noise: conservation preserving and conservation violating noise. While the first one originates
from the coupling to a thermal bath, the second one is due to the Markovian bath coupling. We denote

the stochastic contribution due to conservation preserving and violating fluctuations by &; and &; and
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Figure C.1 Domain walls for different values of € (left panel) and typical size of a domain wall as
function of € in a linear-log plot where the solid line displays e 12 (right panel).

treat them effectively as Gaussian white noise

{Salr,0))e =0,
(Ea(t,X)Ea(1,X))e = 0%8(t —1')8(x— 1) B p.

In order to simplify the analysis further, we neglect the noisy component of the current &;, which is
conservation preserving, compared to the random force &; . If we initialize the system homogeneously
in one of the stable states, &; does not contribute to the activation process at #y. Even though there is a
quantitative influence of &; at later times 7 > #y. We finally arrive at a stochastic reaction-diffusion

equation with additive noise
A (r,t) —DA*Ai (r,t) = F(A) + &1 (C.5)

Starting from a homogeneous configuration where the system is prepared in one of the stable states,
we gradually increase the noise strength. In Fig. C.2 the configuration of the system is shown in
a x-t density plot. We observe the formation of domains when the noise strength ¢ is increased.
Different regions are separated by domain walls which is depicted in Fig. C.3. On a short time scale,
after approximate saturation, we observe a sharp transition of the order parameter, which is the total
magnetization in z direction, as a function of o, cf. Fig. C.4. Note that there is no phase transition in
the limit ¢ — oo.
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Figure C.2 The Lagrange parameter A; is shown in the z-x plane for different noise strengths. Parame-
ters: Lj; =1, =0.13,N = 200.
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Figure C.3 Configuration of the chain at a fixed time for /€ ~ 0.1. We observe that domain walls
form in the presence of noise. Parameters: Lii=1,6=0.13,N=200.

0.75¢
bl
0.5t " ..
-~ .5.
0.25¢
0 %noeccee o o o o
0 0.1 0.2 03

agle

Figure C.4 Time-averaged total magnetization $° as a function of the noise strength where we average
over 10 noise realizations. We simulate the dynamics to times of order # ~ ¢’(103) until we observe
approximate saturation. On this time-scale we find a sharp transition between a partially ordered and
a disordered state. Parameters L;; = 1,& = 0.13, N = 20000.



Appendix D

Equations of motion of the two
continuum fields m and ¢

Starting from . = SY.; m; - (¢J X ¢j) —H[{9;,m;}| we calculate the equations of motion of the
two continuum fields m and ¢. The variation of . with respect to m and ¢ reads

5.$ 5% !
1 bt
() S, =S(0%9)) =5, =0,
07 d 0
(2) 30, =S(m;x¢;)— E(‘ijmj) 50, =0.
We define @, j := — égf and @y ; := %% Applying ¢ ;X to both equation from the left, dividing

by S and using the identity A x (B x C) ]JS(A C) — C(A - B) and the constraints Eq. (6.30), we

obtain

R ;
o x 6mJ =@, % (‘Pj X ¢,) + ¢, X Op;

= ¢,(¢, ’ ¢,) - ¢,(¢j : ¢j) — @y ;X ¢j L 0
—— \

=1 =0
and for the second equation

0.7

¢jxgﬁ

=0;Xx (2(m,-><¢j)+(mj><¢j)+w¢,j)

- z(mf(‘pi 9,)-9;(9, 'mj)) — @ X §;+1ni(9;9,)— @ ,(;- ;) =0.
=0 =0 - :7mvl.¢.

In the second line we can insert @ j = @m,j X ¢;into § j(m ;- ) j) which yields the projection of
m; X @, jonto ¢ ;. Incase of ¢, || (m; X @,,,;), one can replace the projection by the field itself and
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we finally arrive at

O, =0un;x9; (D.1)
mj:0)¢’jx¢j+(0m’j><mj. (D.2)

For the the Hamiltonian density of the Heisenberg model, we obtain to leading order that @, x m; = 0.
To obtain the contribution of the Heisenberg Hamiltonian to .77, we express Hy in terms of ¢ jand m;
where we use the identity 2¢ ;¢ | = ¢§ + ¢§+1 — (@1 — ¢j)2,

A =JS*Y S-S
J

2 , 2 _ . 2 )
~ %Z [(—1)f¢j+mj— ";(—1)14’,-] [(—1)J+1¢j+1 +my - '"12“(—1)f+1¢j+1]
J

2

<1>J¢,~+m,-;<1>f¢j]

2
i

- m;_, -
+ [(=1) ¢j71+mj*1* 2 (1) ¢j1]

2
= %Z [mj(mjﬂ +mi 1) =00, +¢; )+ %‘Pl (¢j+1(m§+1 —l—mi) —l—¢j,1(m§71 -l-mi))]
j

1
e t —
const + 5 2

JSZZZ'"? —(mj—m;)+ (9, —¢,;)°+2m;— l(m?-kl +m3) (¢, — ¢j)2] :
J

With the discrete derivative ox@ ; = ¢, | — @ ;, we obtain to leading order in m and d; Eq. (6.33).
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