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CHAPTER 1

Introduction

Floquet systems became increasingly popular during the last decade. They describe all systems with
an external time-periodic drive, a situation which is often encountered in experiments. Especially
by applying external time-periodic fields to cold atom systems one is able to induce a variety of
interesting effects in them (see [1] for a good introduction) like dynamical localization [2], artificial
magnetic fields [3] and even phase transitions [4, 5]. In most situations one tries to apply the external
drive homogeneously to the entire system to manipulate the system as a whole. But of course there is
also the other option, namely to apply the driving only to small parts. This results in driven impurities
which can have interesting properties.

In 2016 Thuberg et al. [6] considered a non-interacting chain with a single driven site 0 at which
the local chemical potential oscillates as py = pcos wt. For the transmission through the impurity,
depending on the parameters, there exists a wide range of scattering situations. In particular they
found that the system possesses a Fano resonance [7], an unusual resonance which is based on bound
states inside the continuum. This system can be extended [8] with a spin dependent coupling (i.e. a
driven magnetic field) and one can find parameters for which one spin species is fully blocked while
the other is fully transmitted. Such a spin filter device could be used in cold atom experiments to
manipulate the atoms depending on their spin.

While a non-interacting chain already describes fermionic cold atom systems quite well it still
misses an important effect: the on-site Hubbard interaction U between particles [1]. This interaction
allows for a completely new physical situation: Bound pairs of particles with opposite spin. In recent
years there has been growing interest in observing and studying these bound pairs experimentally [9,
10, 11, 12]. In this thesis we would like to study how these bound pairs scatter at a driven impurity,
thereby extending the work of Thuberg et al. [6] to the more general Fermi-Hubbard chain.

The general description of Floquet systems is relatively complicated, especially in scattering
situations. Due to the external driving particles can absorb (or deposit) energy quanta corresponding
to the driving frequency w. Already in the non-interacting chain [6] this can lead to many possible
final states of the scattering, especially if w is small. Luckily once w exceeds the band width, the
absorption of energy quanta w is no longer energetically allowed (i.e. only possible for short times
during the scattering). One can use this to derive effective static Hamiltonians for the driven system in
the large frequency limit w — co. For pairs, if U is close to an integer multiple of w, there is also
the possibility of a pair breaking into two single particles by multiple absorption of energy quanta w.
This is not desirable when trying to work with pairs and we will therefore first focus on parameter
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ranges where pair breaking is not possible. We will derive an effective Hamiltonian in this regime and
use it to calculate the transmission. We will compare the result to the single particles and find that it
behaves quite differently. This is great as it opens the possibility to manipulate pairs independent from
the single particles, for example to build a pair filter, which blocks single particles but lets pairs pass.

In the second chapter we give a short introduction into all necessary theoretical prerequisites. We
introduce the Fermi-Hubbard model, its exact eigenstates for one and two particles and how one can
derive an effective Hamiltonian for the pairs. We give a quick overview over Floquet theory with a
specific emphasis on how to think about Floquet systems in the scattering scenario. Also we introduce
the numerical method we will later use to validate the results of our effective model.

The third chapter then treats the scattering at the driven impurity in the non-resonant case. We
derive an effective Hamiltonian for both single particles and pairs in the limit of J/w — 0 and discuss
their resulting transmission amplitudes. We compare the pair transmission to numerical results and
find that they are in good agreement even for finite J/w as long as the driving is still non-resonant.

In the fourth chapter we compare the transmission of single particles and pairs and discuss possible
applications. By tuning the parameters one can achieve impurities which transmit pairs but block
single particles and vice versa.

In the last chapter we complete the discussion of the impurity by also considering the resonant case,
i.e. where pair breaking can occur. Although this case is probably not experimentally relevant it is
still theoretically interesting. In particular we will find that in the limit of small J/w pair breaking is
actually suppressed. This is an unintuitive finding as we would have expected exactly the opposite,
namely that pair breaking is the dominant process. In addition to the rather complex calculations for
the pairs we also discuss this behaviour and its implications in a simpler toy model.



CHAPTER 2

Description of the model and techniques

The model we will consider in this thesis is given by a Fermi-Hubbard chain (for a comprehensive
introduction see [13]) with an additional impurity given by a shaken chemical potential at site 0. The
Fermi-Hubbard model describes spin % fermions on an infinite chain of lattice sites'. The Hamiltonian
consists of three parts

H = —JHy + UHy + A0V cos(w?). 2.1)

The first part is the hopping Hamiltonian with hopping parameter J. The second one describes the
on-site Hubbard interaction with interaction parameter U. Their formal definitions are

(o)

HH = Z Z cjz(rcn+la' + Ciﬁ.lo-cno' (22)
n=—co (1.1}

Hy= ) n,n,. (2.3)
n=—oo

Here c,,; is the (fermionic) annihilation operator and n,, . = cjmcmr is the number operator at site n
with spin 0. The third part adds the impurity. Here A is the driving strength (in units of w), w is the

driving frequency and V describes the impurity:
We give a sketch of the model in figure 2.1. Our aim is to study scattering at this impurity which we

will do in chapter 3. Before we can do that we first need to understand the plain Fermi-Hubbard chain
without the impurity, as it is going to be the reference model for the scattering process.

! Note that we will set 7 = 1 throughout the thesis. Also the lattice spacing is 1.
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Figure 2.1: Sketch of the model: It is a Fermi-Hubbard chain with hopping parameter J and on-site Hubbard
interaction U (not shown). The impurity consists of a single site which local chemical potential is periodically
shaken (blue).

2.1 The Fermi-Hubbard chain
In this section we will consider the plain Fermi-Hubbard chain:

The Fermi-Hubbard chain conserves the particle numbers for each spin separately. We will mostly
consider either one or two particles of opposite spin.

2.1.1 One particle

For one particle the Hubbard interaction vanishes and the model reduces to the standard tight-binding
model. This case together with a driven impurity was already analyzed in [6]. We are going to drop
the spin index”. The Hamiltonian can be diagonalized by a Fourier transform and has a continuous
spectrum. The eigenstates are given by plane waves

) ~ > e ) (2.6)

n

where the momentum k is a real number between —m and 7. Here we denote |n) = c:; |Q) which
describes a particle at site n (|Q) is the vacuum state). The eigenenergy of the eigenstate is
E =-2Jcosk.

2.1.2 Two particles of opposite spin

For two particles of opposite spin the analysis of the Hamiltonian is more complicated. We will denote
a state with the first particle at n and the second one at m as |n,m) = CLchn L |Q). Instead of thinking
about the system as a 1D system with two particles on it, it is actually more intuitive to think of the
system as a single particle on an infinite 2D lattice. The position along the x-axis (y-axis) corresponds
to the position of the first (second) particle. We will make frequent use of this picture and call the 2D
system a layer. The Hamiltonian on this layer is given by an usual 2D hopping Hamiltonian with an
extra potential U acting on the diagonal n = m (see figure 2.2(a)).

From this picture it is clear that the system will factorize into the degrees of freedom along the
diagonal (center-of-mass coordinate) and perpendicular to it (relative coordinate). Along the diagonal
an eigenstate will be given by a plane wave. Perpendicular to the diagonal we can either have a
symmetric or antisymmetric wavefunction. In the antisymmetric case the wavefunction vanishes at the
diagonal and therefore describes two non-interacting particles. Thus this case is not interesting for us.

2 Since both types of spin are treated equally by the Fermi-Hubbard model the spin of the particle is irrelevant.
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Figure 2.2: Fermi-Hubbard chain (2.5) for two particles: a) View from top onto the layer for two particles. The
x and y components are the position of the first and second particle respectively. The sites are linked by hopping
parameter J (solid lines). The Hubbard interaction U acts on the sites marked in red. b) Sketch of the energy
bands of the two particle Fermi-Hubbbard chain. There are two bands: A free particle band (upper band) with

energies between —4J and 4J and a bound pair band (Iower band) with energies between —/|U |2 + (47 )2 and
—|U]|. For |U| < 4J both bands merge.

For the symmetric case an ansatz for the wavefunction is given by

Wiy ~ > K me ) 2.7)
n,m

Here K (half of the center-of-mass momentum) is between —x/2 and 7/2 and vy (the relative
momentum3) can either be a real positive or a purely imaginary number?. The later case describes
an incoming plane wave scattering at the diagonal and escaping to infinity (this corresponds to the
scattering of two particles). The energy of such a state is

E =-4JcosK cos |y]. (2.8)

This is a continuum of states with energies ranging from —4.J up to 4J. We will call this band the free
particle band because (away from the diagonal n = m) it is a superposition of two free particle states.
Note that this also means that scattering at an impurity at site 0 is not different from the single particle
case (unless the improbable case, that both particles are simultaneously at site 0). Therefore we are
also not interested in the free particle band.

The case which adds a new phenomenon is when v is actually a positive real number. The state
then corresponds to a bound pair of the two fermions with center-of-mass momentum 2K. The energy
of the bound pair is given by

E =—-4Jcos K coshy. 2.9

31t vy is imaginary it describes the relative momentum. Otherwise it describes the size of a bound pair.
* In fact in this case the wavefunction is a superposition of two waves with y and —y
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Furthermore as described in [14] by solving the Schroedinger equation at the diagonal n = m one
obtains (see [14] (17a)):

E = —\/U2 + (4J cos K)* (2.10)

for attractive U < 0°. For simplicity and because it is much more intuitive we will only consider the
attractive case U < 0. The repulsive case U > 0 can be mapped onto the attractive case by setting
y =y +in.

To summarize in the attractive case U < 0 the spectrum of the Hamiltonian for two particles with
opposite spin consists of two (possibly overlapping) bands. A band for free single particles with

energies between —4J and 4/ and a second band for bound pairs with energies between —VU 24167
and —|U]| (see figure 2.2(b)).

2.1.3 What about more particles?

For more particles the Fermi-Hubbard model becomes more complicated. In principle one can still
solve it exactly using the Bethe ansatz [13]. The full solution will include many particles and pairs
all scattering from each other. However we are not interested in studying the Fermi-Hubbard model,
but want to study scattering at the impurity. To study this one single particle or one pair is enough.
For more particles or pairs the overall scattering will be given by a complicated interference between
scattering at the impurity as well as scattering between the particles away from the impurity. However
as long as long as no two particles are simultaneously at the impurity the scattering factorizes and
therefore reduces to the single particle or pair case. The scattering is only influenced if two particles
are simultaneously at the impurity. As long as the particle density is not too high this happens only
rarely. Therefore it is enough to restrict our attention to single particles or pairs.

214 ThelimitU/J — -0

In order to get a better understanding of the bound pair states it is instructive to look at the limit
U/J — —oco. As we will see this limit is the ‘natural’ limit to realize and study pairs. We are first
going to discuss how the energy and wavefunctions of the Fermi-Hubbard model behave in this limit.
After that we will show we can arrive at the same results using perturbation theory. The perturbative
treatment is instructive for later calculations where the impurity will also be included. In that case we
do not know the full solution to the Schrodinger equation and so we will have to rely on perturbation
theory.

Wavefunctions and energies

Before we start let us note that the single particle case is not affected by this limit because the Hubbard
interaction U is irrelevant here. For two particles we get well separated energy bands, one for free
particles and one for pairs. The energies for pairs E ~ —|U| are much lower than the energies for free
particles E ~ J. Due to the huge energy difference between both bands they fully decouple in the

> Note that [14] considers a pair of bosons. However the result is the same because we consider a symmetric wavefunction.
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limit. What happens to the wavefunction of the pair? The size of the pair is given by

1_ ! 2.11)

Y . wp \’
arcsinh T cos K

Note that the size depends on the momentum of the pair. We observe that the size of the pair will go to
zero as U/J — —oo. Already for |U|/J > 4sinh(1) ~ 4.7 the size of pair is below one lattice spacing
1/y < 1 and therefore the overall majority of the wavefunction will concentrate on the diagonal, that
is where both particles are at the same position.

The limit U/J — —oo is therefore given by nicely bound and localized paired states. Note that the
concentration of paired states onto the diagonal also implies that for the free states the probability of
having both particles at the same site vanishes. This is another manifestation of the decoupling of
paired and free states.

Derivation via Perturbation theory

In the last subsection we made use of the full solution for general J and U and analyzed the limit. Now
we would like to go a different way starting from the original model and deriving the limit without
knowing the general solution.

Before we start let us adopt a different mindset for solving this problem. Since perturbation theory
works with small quantities instead of |U|/J — co we will consider the limit J/|U| — 0. To avoid
confusion we note that this limit should not be understood as making the hopping parameter small,
but rather as increasing |U]| to infinity.

Let us define @ = J/|U|. We want to study the limit @ — 0 of the Hamiltonian given by:

H, = |U|(-aHy - Hy). (2.12)

Perturbation theory will allow us to consider not only one or two particles, but an arbitrary number
of them. For simplicity we will restrict ourselves to the case where we have an arbitrary but equal
number of particles for each spin Ny = N| = N/2.

In the ultimate limit @ = 0 the Hamiltonian is given by only —|U|Hy;. The ground state is given by
states where all particles are paired. The energy of these states is E, = —|U|N;. This ground state is
highly (in fact infinitely) degenerate and therefore we will need to employ degenerate perturbation
theory. A particular famous and useful method here is the Schrieffer-Wolff transformation. It was
originally developed to relate the Anderson model to the Kondo model [15] but can be applied to
basically any model. We give a short introduction and a quick derivation of the Schrieffer-Wolff
transformation for our purposes in the appendix A.2. A good and more mathematical treatment can be
found in [16].

Define the projectors P, which projects on all completely paired states, and Q = 1 — P. The
idea behind the Schrieffer-Wolft transformation is to find a unitary transformation W, which block
diagonalizes the Hamiltonian into the P and Q subspaces®, i.e. we want PHf’,ﬁQ = QHZHP = 0 where
H(elff = leH(IW(Z'

% Note that we use a different notation than usual. Usually instead of the unitary W, one introduces the anti-hermitian S,
st. W, = e Sa,
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By expanding W, = 1 + oW, + a/2W2 + ... one can recursively solve for W, up to arbitrary order
(Note that W, denotes the first Taylor coefficient’ %W(, oo and not W, evaluated at @ = 1). In
particular we derive in appendix A.2 the first order QW P (see equation (A.10)) which is given for
the Hubbard model by:

1

QWP =
T

QHyP. (2.13)
Using this result and further simplifying the formulas we find that the new Hamiltonian (A.14) in the
P sector is given by

JZ
PH'P = E, - T PHHQH, P + o(’)
4J?

1 _ _
= _|U|NT - m Z [E(n:nn+1 + 77;+177n) A TS L L
n

+ O(a3). (2.14)

In the second step we used the general formula derived for the Floquet setting (A.33) with g,,, = J,, .
The limiting effective Hamiltonian for pairs is therefore

i J? 1, ., .
delr = _lUlNT - 4@ Z [E(n:l-nn+l + 77;+1nn) - nnTnn_HT - nnT . (215)
n
Here we defined the ‘creation’ and ‘annihilation’ operators of a pair as
M =¢ich (2.16)
T]; = Cnlch. (217)

These operators do not satisfy the commutation relations for creation and annihilation operators but
rather form a spin % algebra with a suitable 77; = (n,,; +n,,| — 1)/2 operator®.

We will regard the new Hamiltonian in (2.15) as an effective Hamiltonian for bound pairs in the
limit @ — 0. The first and the last term are proportional to the total particle number and therefore
just numerical constants which can be ignored. The second term describes a pair hopping term with
effective pair hopping parameter 2{72' (in original units). The third term is a (repulsive) nearest
neighbour pair interaction term. Note that instead of n,;; we could have equivalently used n,,| (both
are necessary equal in the P sector and either O or 1). Since we are later on going to restrict ourselves
to two particles , i.e. one bound pair, the pair interaction term will not be relevant for us. For one pair
the effective Hamiltonian is simply a hopping Hamiltonian.

2.1.5 Interpretation of the Schrieffer-Wolff transformation

We have derived the limit J/|U| — 0 by looking at two different aspects: the eigenstates and
eigenvalues of the Hamiltonian and by means of perturbation theory. What is the connection of both
ways?

7 We will use this compact notation to denote Taylor expansions throughout the thesis.
8 In fact up to a numerical constant the Hamiltonian is equivalent to a XXZ model.
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Most often one thinks of the Schrieffer-Wolff transformation simply as a way to derive an effective
Hamiltonian. What is left out is the actual interpretation of the block-diagonalization induced by
W,,, namely that the W, maps an eigenstate of the effective model onto an eigenstate of the original
model [16]. For simplicity restrict again to two particles and think of the system as a 2D layer.
An eigenstate of the effective Hamiltonian in the P sector is given by a plane wave which is only
non-zero at the diagonal, i.e. |¢) ~ 3, ekn |n,n). The transformation W, maps this state to the
corresponding eigenstate of the original model [¢) ~ X, ,, e KOvtm) =y ln=ml 1 Wy where K = k/2.
Note the fundamental difference between both states: |¢) is completely restricted to the diagonal,
while |y) also includes the exponential tails into the direction orthogonal to the diagonal. While
the latter state |¢/) has a complicated dependence on the actual value of J/|U]|, the state |¢) does
not depend on J/|U]| at all. Therefore if J/|U| is non-zero it is actually much more simpler (both
mathematical and interpretation-wise) to use the transformed state |¢) .

The interpretation goes as follows: Let J/|U| be finite but still close to zero. If we pick a state in
the P sector it will correspond to some state made out of bound pair states. If we instead have a state
from the Q sector it will correspond to a state where both particles are free. For example let us say we
would like to describe a pair which is localized at one particular site n. In the effective model we
would describe it by the simple and intuitive state |n,n). For finite J/|U]| this is of course not the state
we would observe in the lab. To calculate it we need to apply W, to |n,n) and obtain a complicated
superposition of bound pair states at different momenta (but exclusively those, no free states mixed
into it). This superposition of course will not be localized at one specific site, however it will somehow
describe the closest possible combination of paired states to such a localized state at a specific value
of J/|U|. Since W, — 1 for @ — 0 in this limit the superposition will indeed converge to |n,n).

To summarize, it is important to keep in mind that while the effective model makes accurate
predictions for the dynamics of the system even for « finite but close to zero, the resulting wavefunctions
only coincide with the actually observed ones in the ultimate limit @ = 0. This is more a feature than a
bug and we can always calculate the ‘real’ wavefunction by applying W, to the wavefunction in the
effective model. We are not going to repeat this interpretation in the later part of this thesis, but we
will make implicit use of it.

2.2 Floquet theory

Floquet theory deals with the description of quantum systems with a time-periodic Hamiltonian H(wt).

Here w = ZT” is the driving frequency. Good introductions can be found in [17] and [18]. A more

in-depth introduction, especially into the extended Hilbert space framework, is given in [19].
We will quickly summarize the main ideas behind Floquet theory following [17]: The time evolution
operator satisfies the Schrodinger equation

d
iaU(t) = H(wt)U(t). (2.18)
It has the following interesting property when shifting the time by a full period:
d
i EU(t +T)=H(w(+THU(t +T) = Hw)U(t + T). (2.19)

Due to the time-periodicity of the Hamiltonian the equations for U(¢) and U(z + T') are equal. Since
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the solution to such a differential equation is unique we immediately find:
U@ +T) =UU(T). (2.20)
In particular by repeating this argumentation » times we find that:

U(nT) = U(T)". (2.21)

We can rewrite this formula in a more intuitive form by introducing the Floquet Hamiltonian® Hy
given by U(T) = ¢ "H¢T .

U(nT) = ¢ 0T, (2.22)

Therefore if we only look at the system at full periods the time evolution seems to be generated by an
effective static Hamiltonian Hg. Of course this is not true for times in between a full period. The full
time evolution can be written as

U(r) = UM (r)e M. (2.23)

The so called micromotion operator U™°(r) = U(¢)e™’ can easily be seen to be time-periodic. In
particular U™(T) = 1. The above findings are called Floquet’s theorem [17] and are the basis for
Floquet theory. Floquet’s theorem can be thought of as a time-like version of Bloch’s theorem (see
for example chapter 7 of [20]). To see this apply the time evolution operator of equation (2.23) to an
eigenstate |) of Hy:

U ly) = U™ gy e (2.24)
The time-evolution is given by a time-periodic state (7)) = U™°(¢) |¢) and an additional phase

factor which multiplies the wavefunction by e T after each period T. The so called quasienergy ¢ is
the analogue of the quasimomentum and is the eigenvalue of Hy corresponding to |¢).

Most often when dealing with Floquet systems one tries to calculate the Floquet Hamiltonian H,
which in some sense incorporates the time-averaged behaviour, and then ignores the micromotion.
Unfortunately apart from a few special cases one cannot calculate the Floquet Hamiltonian exactly
but only using perturbation theory [21, 19, 22]. We will use these perturbative expansions, like
the high-frequency expansion [21, 19] or the Floquet-Schrieffer-Wolff transformation [22], later on.
However in this section we would like to introduce another way of thinking about these systems which
is particularly suited for scattering theory. It consists of mapping the system onto a (much more
complicated) time-independent one. Unlike computing the Floquet Hamiltonian this strategy does not
neglect the micromotion, so no approximation or averaging is done.

Imagine we would have been able to compute the Floquet Hamiltonian Hy exactly. Then we
could diagonalize it and obtain the eigenstates of the Floquet Hamiltonian. Pick one eigenstate |¢)
with quasi-energy &. The full time evolution acting on this state gives U™°(¢) [y} e **". We define
[y (1)) = U™°(¢) |y) which is a time-periodic state and can therefore be decomposed into Fourier

% Note that Hg. is not uniquely defined.

10
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components

() = U@ gy = > |, ) e (2.25)

Differentiating this expression with respect to time and using the Schroedinger equation (2.18) gives

l% (Z |¢a> e—iawte—isl
a

We can also expand the Hamiltonian H(w?) = >, H e
components on both sides. This gives

(aw+8)|wa) = > Hap ) 2.27)
b

= Z (aw + &) |y, ) e iAWt gmiEt H(wt)(z ) e_iawte_igt). (2.26)

a

149! 3nd match the corresponding Fourier

which is just an eigenvalue equation for a big block matrix consisting of block entries H,_;, with
eigenvalue € and block eigenvectors |zpa>. It can be thought of as the time-independent Schrédinger
equation of an abstract system with one extra artificial dimension. The Hilbert space of the abstract
system is often called the extended Hilbert space [19] (in [17] the above equation (2.27) is called the
Shirley-Floquet form of the Schrodinger equation).

Without going into further mathematical detail we will conclude this section by describing the
extended system [6]. Take the original system and copy it infinitely many times, labelling each copy
by an integer a. We think about these copies to be arranged in an infinite stack and we will usually
refer to such copy as a layer. The Hamiltonian on each layer is given by the time-independent part
of the Hamiltonian, i.e. the Fourier component H,. Furthermore each layer a has an extra energy
offset of —aw. So far these layers are uncoupled. We couple them with the Fourier components of the
Hamiltonian. Consider two layers a, b. These two layers are coupled via H,__,, which describes a
transition from layer b to layer a.

Using this construction we can map the time-dependent system onto a time-independent one which
can be treated as a usual quantum system. What is the the interpretation of these other layers? Think
about a scattering problem with a driven impurity. The incoming particle is in layer 0 and ‘does not
know’ about all the other layers. As it hits the impurity it can either stay in layer O or transfer to
another layer a. Physically speaking during the latter process the particle absorbs or emits a energy
quanta of size w. This is reflected in the energy offset —aw of each layer. In the new layer a the
particle behaves as usual only with a different energy. If the energy still corresponds to a free state
the particle can propagate away towards infinity in layer a. This corresponds physically to a particle
propagating away with a different energy. Therefore one should not think about the other layers as
physical but simply as a nice way to keep track of the current energy of the particle.

The scattering situation is also a good example to discuss resonant and non-resonant behaviour in
Floquet theory. Imagine that the non-interacting system consists of several energy bands with a certain
bandwidth. The incoming state will then be a state in one of these bands. Non-resonant behaviour of
the interacting systems means that by adding or subtracting any number of energy quanta w we never
hit the energy of an eigenstate of the (non-interacting) system. In the extended system this means that
all other layers than the 0’th layer are classically forbidden, or in other words the particle cannot escape
to infinity in these layers, but will eventually come back to the 0’th layer. Therefore the incoming and
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Chapter 2 Description of the model and techniques

outgoing state will be in layer O and the other layers are only involved during the scattering process.
In this case we can remove the other layers and replace the impurity in the 0’th layer by an effective
impurity which includes all possible excitations to other layers. The last step is exactly the idea behind
those perturbative expansions, like the high-frequency expansion. In particular the high-frequency
expansion considers the case w — oo. This case is always non-resonant since whenever the frequency
is bigger than the difference of the highest and the lowest energy of the non-interacting system, we of
course cannot reach any other eigenstate by adding or subtracting w. The high-frequency expansion
therefore is going to break down as soon as the frequency becomes lower than the highest energy scale
in the system. The same is true for other methods too: They only work in the non-resonant case.

The resonant case is any other case where one can reach another eigenstate by adding or subtracting
w. In this case the standard perturbative methods will not work and we cannot hope to derive an
effective Hamiltonian for layer 0'". We will see that for pairs the resonant case is often linked to pair
breaking (i.e. the pair absorbs energy from the driving and then breaks into two single particles.). In
experiments where one tries to manipulate pairs as a whole one usually prefers to avoid pair breaking
(unless of course one wants to study this pair breaking process explicitly). Therefore the non-resonant
case is much more relevant, both experimentally and analytically.

2.3 Description of the numerical methods

In the thesis we will also use numerical methods to study the scattering at the impurity. In particular
we would like to compute the transmission amplitude. In this section we would like to introduce the
method we are going to work with. The treatment here will be completely general and applies to an
arbitrary 1D system with a static impurity. We will later explain in section 3.4 how to apply it to a
Floquet driven impurity with incoming pairs.

Calculating the transmission amplitude numerically is not straight-forward because a well defined
scattering problem works on an infinite system, while any computer is of course only able to handle
finite size systems. Note that we will work with open boundary conditions. We can think of the finite
size systems in the following way: The system scatters at the impurity like in the infinite system. The
difference is whenever the system hits the boundary it will reflect from the boundary. We therefore
need a method which can handle these extra reflections but is also computationally fast, allows to
extract the transmission amplitude and becomes exact in the limit L — oo (L is the system size).
Furthermore, in order to not bias the method, we would like to include as little information about the
impurity as possible.

One very basic method is to do real-time simulations. The problem is that, due to the finite size of
the system, we cannot choose a plane wave as initial state, but rather need to fix an initial wavepacket
(for example a Gaussian in position and momentum space) on one side of the impurity. The final time
of the simulation must be chosen carefully such that the wavefunction was able to scatter from the
impurity but has not been reflected at the boundary yet. This is complicated since the initial wave
packet is a superposition of momentum states which evolve with different velocities. Also while
we are able to determine the transmission coefficient, due to the initial superposition, we only get a
smeared transmission coefficient which is an average over the transmission amplitudes for several

19 0f course this is not exactly true. The Floquet Hamiltonian in equation (2.23) still exists and (if we were able to calculate
it) would also work as an effective Hamiltonian. However the Floquet Hamiltonian might be totally different from the
original non-driven Hamiltonian, for example including strange couplings between states far away from the impurity.
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2.3 Description of the numerical methods

momentum states. As the system size increases we can widen the initial state in position space which
corresponds to a narrowing in momentum space. Therefore the momentum accuracy increases for
larger systems. So in principle this method becomes exact in the limit. But as we increase the system
size we do not only increase the Hilbert space dimension but also have to repeat the simulations for
more and more initial momenta in order to cover the whole Brillouin zone. This is what makes this
method quite expensive.

We will therefore use a different way to obtain the transmission amplitude. The idea is that in
principle all information about scattering can be read off from the eigenstates of the system. If we can
establish a way to approximate the transmission probability from the eigenstates of the finite system,
we only need to diagonalize the system once.

Let us have a look at the infinite system first. The idea is along the lines of 231", but we are going
to use a different notation which is more applicable in our situation. Consider a free 1D system with
an additional (time-independent) impurity. The impurity can have any size 25 + 1 but it has to vanish
outside of a certain region |n| > S 12 We will also assume that the system conserves parity and time
reversal symmetry (in other words, the Hamiltonian contains only real entries [24]).

So let us fix an energy E and discuss how the corresponding scattering eigenstates of the system
look like'?. For the free system the eigenstates are plane waves ¢'* and e~'*" where the momentum
k > 0 is uniquely determined by the energy (for example k = arccos(%) for a hopping Hamiltonian).
Outside of the impurity the eigenstate is given by a superposition of these two plane waves. There are
two (relevant) ways to form such a superposition. The first one has a more direct interpretation and
consists of eigenstates, which correspond to a particle coming from left LpL or right lpR and being
reflected and transmitted at the impurity:

J = My e n< -8 (228)
S APl n>S '
—ikn
R | ke n<-S
R_ ke . (2.29
¥ ek ™ ns s )

From these superpositions we can directly read off the transmission amplitude #, and reflection
amplitude r,. But they are not the ones which would be outputted by an eigensolver (on the finite
system). We know that due to time reversal symmetry there exist purely real eigenstates and we can
imply from parity that these have to be either even or odd functions. The two eigenstates are given by

Uhass = Ay cos(k|nl) + By sin(k|n|) (2.30)
Winss = sen(n)(Cy cos(k|n|) + Dy sin(k|nl)). (2.31)

Both are real and are either symmetric " or antisymmetric . All four parameters Ay, By, Cy, Dy are
real and will later be obtained by fitting ° or ¥* to the eigenstatem. Note that we could have written

" It considers a continuous system while we are using discrete systems. For this analysis however it does not matter.

12 Note that the impurity does not need to be a potential, but can basically be any hermitian operator. It is only important
that its action is restricted to a finite spatial region.

13 Scattering eigenstates are those that do not vanish at infinity. Of course there might also be bound states around the
impurity, but these are irrelevant for scattering.

14 Note that the parameters are only unique up to a sign. For example we can always replace Ay, B, — —A;,—B) and the
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Chapter 2 Description of the model and techniques

the wavefunctions equivalently with an amplitude and a phase shift

Uin>s = Ex cos(k|n| - 6;) (2.32)
Uinjss = Fy cos(kln| - 67), (2.33)

but in this way it is more complicated to numerically fit them to data.

Now we have two different basis sets of wavefunctions for the eigenspace of energy E; one which
can be easily interpreted lj/L, 1//R and one which is numerically relevant ¢°, /. Imagine we know the
latter eigenstates how can be obtain the former ones? This can be done by expressing the states of one
basis by the other basis. In particular calculate the symmetric and antisymmetric superposition of
y", y® and compare to ¢,y for |n| > S:

L R ik|n| —ik|n|
+ 4+ + fe+r+1 e+ —1

Ut _trde” e T hernetl e e G (2.34)
V2 V2 V2 V2

t, —r, —1 t, —r, +1
= sen(m)| X"~ cos(klnl) + i XK Gingk|n)) ).

V2 V2

——= =sgn(n)

V2 V2

(2.35)

The symmetric combination has to be a multiple of y° with coefficient ;. and the antisymmetric one
is a multiple of y* with coefficient @} . We therefore can read off

et +1
@A, = % (2.36)
et —1
@B, = i% (2.37)
YOkl 2.38
Wl =5 (2.38)
, f—r+1
@D, = i% \;’% (2.39)
These equations can be solved quite easily and we find:
2
ol = V2 (2.40)
A, +1iB;
2
a; = —L, (2.41)
Ck + le
KT 2\A +iB, C +iDy ‘
. :l Ak—in+Ck—ka (2.43)
k7 2\A, +iB,  C,+iD. ) '

Especially formula (2.42) is going to be important. We can see that the transmission and reflection

result would be an eigenstate too.
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Ap—iBy . -2i6 C—iDy
A +iB, — € and & —p,

amplitudes only depend on the phases = e—zmz’ where we defined

A +iB; = \/Ai + B,%eigz and Cy +iD; = \/C,f + D,%emz (which indeed are the same phase shifts as
in equations (2.32) and (2.33)).

X 'q! A X X Yn
0.2 X X Fit
X & ¢ X
X X
0.1+ X
X X
s 0.0 > X
X X
-0.14 X X
X X
—-0.2 1 X b 4
X X
X \¢ o X

-15 -10 -5 0 5 10 15

n

Figure 2.3: An example of a fit ¢, = A, cos(k|n|) + B, sin(k|n|) to data y,, obtained from an eigenstate which
describes a pair (for details see section 3.4). The theoretically calculated momentum is k = 0.817. The three
sites around the center —1,0, 1 were excluded from the fit. The physical parameters are N =4,L = 31,J/w =
0.00L,|U]|/w =0.5,4 = 1.

So far we only treated the infinite system. What happens when we restrict the system to a certain
length L > S (For simplicity we will only consider odd L and the system reaching from LT‘I to LT‘I).
Recall that we consider open boundary conditions. Open boundary conditions effectively mean that
one takes the infinite system and imposes y, .1 = 0. Therefore eigenstates ¢°, " of the finite system
are given by eigenstates of the infinite system whenever they also satisfy Lo = 0. This is of course
only true for a finite number of k and therefore the momentum is quantized. But it is crucial that other
than that the eigenfunctions are not changed. In particular whenever we fit A, and B, (or C; and D)
for a particular value of k in the finite system that the result will be exact for the infinite system at this
specific k (up to their sign, which can be chosen freely by, for example A;, B, — —A;,—B;). Thisisa
really nice feature of the method. However when we want to calculate #; in the finite system there
is still a big problem: Although we might have the exact values of A, B, for some set of sampling
points {k} and the exact values of C;, D, for some set of sampling points {k},, but in general both
sets will not be equal and we cannot combine them as required by formula (2.42).

We need to interpolate the parameters A, B, C, and D, for momenta k where we do not know
their exact values. For our purposes it is enough to use linear interpolation (a straight line between
neighboring sampling points). Recall that the parameters are only specified up to a sign (in the sense
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-0.2 A

0.5 1.0 1.5 2.0 2.5 3.0
k

Figure 2.4: Example for the result of the interpolation. We mark the obtained values of A, B;,C; and D, as
crosses and also show their linear interpolation. The resulting transmission 7} is shown in black. The physical
parameters are N = 4,L = 31,J/w = 0.001,|U|/w = 0.5,2 = 1.

that A;, B, — —A;,—B,; and C}, D; — —C;,—D;). In order to obtain a good interpolation, we need to
guess the correct sign of Ay, B, and C;, D, for each sampling point. We will use a very simple method
here. We iterate through the sampling points in ascending order of k. The sign of the first sampling
point is adopted as it is. For any other point we compare both possibilities A, B, and —A;,—B,
with their values at the previous point and choose the one with the smaller (Euclidean) distance. For
example if at the previous point A; = 1, B, = 1 and at the current point we have A, = 2,B, = 1 we
have two possibilities: either the combination 2,1 or the combination —2,—1. Since the first one
has the smaller (euclidean) distance from A; = 1, B, = 1 we will choose it. The same procedure is
repeated for Cp, Dy.

To summarize, we will use the following method to calculate the transmission amplitude: First diag-
onalize the Hamiltonian, collect all unbounded states and sort them into symmetric or antisymmetric.
Second for each state calculate the momentum k from its energy E and fit either ¢° or ¢ to it'®. Note
that, since we already know k, the fit can actually be performed as a linear fit (we will use the standard
least square method in this thesis). The output of such a fit is a sampling point for either A, B or
C;, Dy at momentum k. Third perform a linear interpolation between these sampling points for both
the symmetric A, B, and antisymmetric C;, D, sector (and choosing the signs as described earlier).
In the last step use equation (2.42) to compute the transmission probability T), = | |2. Note that this
method gives us an approximation of the transmission probability 7} not just for one k but for (almost)
the whole Brillouin zone 0 < k < & in one go. This is not completely true because interpolation only

15 Of course we only fit the wavefunction away from the impurity. The values of the wavefunction will simply be ignored.
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2.3 Description of the numerical methods

works between two sampling points. We are therefore not able to compute 7}, for small or large &
outside of the minimal or maximal sampling point. In the figures we will leave this region blank.

To conclude, we have a method that allows us to numerically calculate the transmission through an
impurity in a one dimensional chain from the eigenstates of the finite size system. The impurity has
the following requirements: First it has to be localized. Second it has to be such that parity and time
reversal symmetry are fulfilled. Third it has to be described by a hermitian operator (i.e. no particle
loss). The last part is trivially fulfilled by any impurity as long as we indeed have a one-dimensional
system. However one can also apply this method to a 1D subsystem of a much bigger system where
the (effective) impurity can also include particle losses into other parts of the system (this is exactly
what we are going to do for the pairs in section 3.4).

In figures 2.3 and 2.4 we give one example of a fit to an eigenstate and also of the interpolation.
The black curve in figure 2.4 is the resulting transmission and the other curves are the interpolated
curves of A, By, C;, and D;. We will later explain the meaning of all the physical parameters and how
exactly we can apply this method to obtain pair transmission in section 3.4. In appendix E we also
give a short discussion of the potential sources of errors when using this method.
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CHAPTER 3

Scattering in the non-resonant case

3.1 Model description

In this section we will add a single impurity into the Fermi-Hubbard model given by a periodically
shaken chemical potential:

H = -JHy + UHy + AwV cos(wt). 3.1)
Here A is the driving strength (in units of w), w is the driving frequency and V describes the impurity:
V=n0T+nOl. (32)

The time-dependent Schroedinger equation reads

d
IEU = [-JHy + UHy + AwV cos(wt)|U. (3.3)

We can obtain a unit free version of this by rescaling time ¢ = wt:

i%U = —éHH + %HU + AV cos(¢)|U. (3.4)
The above system is a Floquet system. As described in the section 2.3 we can think of such a Floquet
system as an infinite collection of coupled layers. Each layer is labelled by an integer a and has an
energy offset —aw. For a single particle and two particles such a layer corresponds to a 1D chain
or a 2D lattice respectively (see figures 3.1(a) and 3.1(b)). The Hamiltonian on each layer is given
by a Fermi-Hubbard Hamiltonian which consists of a hopping Hamiltonian and, for two particles,
also includes the Hubbard interaction at the diagonal (where both particles are at the same position).
These layers are coupled to their neighboring layers whenever one particle is at site 0. For a single
particle this gives only a coupling at a single site. For two particles however there is a coupling to
neighboring layers whenever one of the particles is a site 0 which corresponds to the ‘coordinate axes’
of the 2D lattice (see figure 3.2(a) where all sites which are connected to other layers are marked
blue). The coupling strength between the layers is ’17‘“, because the driving has the following Fourier

decomposition Aw cos(wt) = ’17“’(@’.“” + e_i“’t). For two particles there is a special case, namely
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Figure 3.1: Sketches of the Hamiltonians in the extended Hilbert space: (a) For one particle (figure adopted
from [6]) it consists of a stack of chains labelled by a, each having an energy offset of —aw (gray). The original
system is drawn in black. Neighboring chains are coupled at site O with coupling strength ’17“’ (blue). (b) For
two particles it consists of a stack of 2D lattices labelled by a, each having an energy offset of —aw (gray).
In such a layer the x and y components are the position of the first and second particle respectively. We also
marked the diagonal where the Hubbard interaction acts (red). Neighboring layers are coupled whenever one
particle is at site 0, with coupling strength ’lTw (blue). A single layer of this system is shown in figure 3.2(a).

when both particles are at site 0. Then the coupling strength is doubled and therefore given by Aw.

We could work directly with the above Hamiltonian, but in our case it is actually more convenient to
first perform a gauge transformation. This gauge transformation will remove the extra driven potential
and replace the static hopping parameter J with a time-dependent one. The gauge transformation is
given by

UO — e—i/leinq&. (35)

The transformed time evolution operator U$*"¢® = U(T)U satisfies the Schrodinger equation

d
i@Ugauge — p&ueeyeauge (36)

where

HE = U/, U, = —ZUZ)HHUO + —Hy. (3.7)

Note that the Hubbard interaction is unaffected by the gauge transformation. It only affects the hopping
from and to site 0. We can write this as (for a detailed derivation see appendix D.1):
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HEvEe _é Z gDl it + 2h(@)C | Cop| + %HU (3.8)
no
with
e—i/l sin(¢) n=-1
gn(@) =M p=0 . (3.9)
1 else

The gauge transformation removes the extra driving term and thereby replaces the hopping by a
time-dependent hopping from and to site 0. Note that the gauge transformation vanishes at full periods,
i.e. Uy(2m - k) = 1 for integer k. This means the transformation will not change the wavefunction at
full periods but only during a period. In fact in between full periods the wavefunction is only changed
at the impurity site but not away from it. Therefore all scattering properties will not be affected by the

transformation.
iag

We can rewrite the time-dependent couplings into Fourier modes g, (¢) = X, g,,¢ ~ using the
Jacobi—Anger expansion ¢"**"? = Y% J (¢)e"*? (see [25] §10.12):
J () n=-1
8na = 1(=D"J, (1) n=0 (3.10)
04.0 else
and by inserting into the Hamiltonian HE"'®® = y° HE"&¢ 14
J ¥ » U
Hiauge — - Z 8naCnoCnilo T gn’_acjﬁwcn(, + ;HUéa,O' (3.11)
no

Here J (1) is the a’th Bessel function.

Let us discuss the effects of the gauge transformation in the extended Hilbert space. Before the
gauge transformation the layers in the extended system were coupled at site O to the previous and next
layer. In figure 3.2(a) we sketch such a layer for the two particle case. The blue dots represent points
which are coupled to the neighboring layers. After the gauge transformation the situation is much more
complicated. Instead of a driven potential we now have a driven hopping which involves sites —1,0 and
1 (see figure 3.2(b)). Furthermore the layers are now not only coupled to their neighbors, but rather at
sites —1,0, 1 every layer a is coupled to every other layer b with coupling strength g,, ,_;, ~ J,_,(1). In
particular this is even true for a = b, which means that the hopping from and to site O is renormalized
to JJy(4) (indicated by dashed lines in figure 3.2(b)).

On the first sight the gauge transformation made the problem dramatically more complicted. So
what have we gained from performing the gauge transformation? The answer to this is that we would
like to take the limit J/|U| — O as in the plain Fermi-Hubbard model (see section 2.1.4) and find an
effective Hamiltonian for pair dynamics in a single layer. The original Hamiltonian had the driving
term which resulted in a strong coupling between the layers at site 0. The gauge transformation
removed this term and replaced it by a complicated hopping term coupling to all layers. But no matter
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HH

(a) b)

Figure 3.2: View from top onto a single layer for two particles. The x and y components are the position of the
first and second particle respectively. The Hubbard interaction U acts on the sites marked in red: (a) Layer for
the original Hamiltonian (3.1). The blue sites are coupled to neighboring layers. See figure 3.1(b) for the full
system. (b) Layer for the gauge transformed Hamiltonian (3.8). At the blue sites the layer is coupled to all other
layers. Solid lines describe normal hopping J and dashed lines describe scaled hopping JJ,(4).

how complicated this hopping term might be, it will still be proportional to J. In the limit J/|U| — 0
it will become small and can therefore be treated via perturbation theory. This is the reason for
introducing the gauge transformation.

A remark on the non-resonant case

In this chapter we will focus only on the non-resonant case. Here the frequency w is so large that any
energetically allowed outgoing state must remain in the same layer as the incoming state. For one
particle this means w > 4J or @ = J/w < 0.25. For two particles it is a bit more complicated since
we have a free and a bound particle band. In addition to avoiding excitations in the same band we
need to make sure that by adding any multiple of w to the lower bound pair band we can never end up
in the upper free particle band. From the first requirement we find w > 8J. The second one implies
that for any integer a we need to satisfy:

aw ¢ [|U|—4J,\/|U|2+ 16J% +4J|. (3.12)
If J/|U| is small we can replace the square root in the upper bound by |U| and find
aw ¢ [|U| -4J,|U| +4J]. (3.13)

In other words if we express all quantities in multiples of w, i.e. @ = J/w and u = U/w, we need that
a is so small s.t. the distance between |u| and the nearest integer is bigger than 4a. For example for
u = —0.5 the maximal possible value of @ is @ = 0.125. If « is below this threshold we will be in the
non-resonant case. In a later chapter 5 we will also consider the resonant case.
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3.2 Analytical results in the limit J/w — 0

3.2 Analytical results in the limit J /v — 0

The problem is too complicated to solve in general. However as we want to study bound pairs we
could try to find a suitable limiting case where the calculation simplifies. In section 2.1.4 we learned
that there is sort of a ‘natural’ limit for studying bound pairs namely U/J — —oo. In this limit the two
particles form a localized pair which lives on an effective 1D system. Therefore this seems to be the
correct limit to study pairs scattering off the impurity. There is however a new energy scale w in the
system. Before we can study the limit we need to fix how w scales. From the above considerations for
the non-resonant case we know @ = J/w can be at maximum a < 0.125, while there is no restriction
onu = U/w. Since 0.125 is already a small number the limit @« — 0, while keeping u finite, seems to
be quite promising. Note that this limit can either be thought of as keeping U and w fixed and letting
J go to 0 or as keeping J fixed and letting U and w go to co.

3.2.1 Single particle case

For a single particle the Hubbard interaction is irrelevant. We can derive the limiting Hamiltonian
by means of a high-frequency expansion as done in appendix A.1. It is given as the average of the
time-dependent Hamiltonian over one period:

i J

single _ T T T T

H =-= E (cncn+1 +c, ., .¢, )+ Jp(D) ¢, €, C,
n#—1,0 n=-1,0

. (3.14)

The impurity in the effective model is not given as an extra potential but rather by a different hopping
at the center site.

3.2.2 Particle pair

Here we also need to take into account U. Since @ = J/w — 0 we are automatically in the non-resonant
case as long as u = U/w is not an integer. The procedure to arrive at the limiting model is similar to
the Schrieffer-Wolff transformation in the plain Fermi-Hubbard model. The difference here is that
we have to deal with a time-dependent hopping. We will use an extension of the Schrieffer-Wolff
transformation called the Floquet-Schrieffer-Wolff transformation [22]. It simultaneously performs the
Schrieffer-Wolff transformation and the time-averaging of the high-frequency expansion. The detailed
derivation is given in appendix A.3.

We insert the Fourier components (3.10) into (A.33). The resulting effective Hamiltonian again only
lives in the P sector (that is the subspace where all particles are paired) and has the following form

ai 1 _ - PN A
H™ = Z [Wni(ﬂ:;ﬂnﬂ + 77;;+177n) + Z, 0,0y, = g | (.15)

n
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The parameters are given by

a 2
ALy, S n=-1,0

wo=1 w ul-a (3.16)
" _IALILZZ else
u|w
42 v L
Y, T n=-10
Z, =1{ o S lula (3.17)
" |4|J22 else
u|w

2]2 ZLZZ Ja(/l)2 nz—l,l

|u|a)2 w? “a lul-a
_ 2 J,(?
Hy =45, el n=0 . (3.18)
w
4J°
P else

These parameters are not defined if |u| is an integer, which underlines that they are only valid in the
non-resonant case. We can easily see that away from the impurity the model reduces to the result
for the plain Fermi-Hubbard model in equation (2.15). Around the impurity we find different pair
hoppings, pair interactions and potentials. Again we can ignore the pair interaction term Z,, since
we only consider a single pair. For two particles, i.e. one pair, this system reduces to a hopping
Hamiltonian with a different hopping and an external potential around the impurity.

Before we go on to calculating the transmission amplitudes, we would like to state the result for the
first order correction to this Hamiltonian. As we explain in appendix A.4 one can easily see that it
vanishes. This implies that the transmission amplitude will not have a linear dependence on «, but
at most a quadratic dependence. Since we, in order to stay in the non-resonant case, only deal with
relatively small @ < 0.125 we can expect that the quadratic term is negligible even at the highest
a = 0.125. Therefore we can expect that the transmission amplitude derived from (3.15) will be a
good approximation throughout the non-resonant case.

3.2.3 Calculating the transmission in the effective models

In the limit where J/w — 0 for one and two particles we found that the system is equivalent to a
hopping Hamiltonian with an impurity consisting of a different hopping and a potential (see figure 3.3
for a detailed sketch of the system). In both cases the system can be rewritten as a model on a 1D
lattice with the following Hamiltonian

Habstractz_Jeﬁ[ Z (|n>(n+1|+|n+1><ﬂ|)+7 Z (|n><l’l+1|+|l’l+1><l’l|)

n#—1,0 n=-1,0

+v10) €01 + vy (1=1) (=11 + 1) 11 | (3.19)

We can take this abstract Hamiltonian and solve the scattering problem with an incoming plane wave
~ ¢'*" The derivation is again done in the appendix D.2. The transmission amplitude is
y2 —2isink

- vleik (2cosk —vy)(1 - vleik) - 2yzeik'

f (3.20)
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3.2 Analytical results in the limit J/w — 0
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Figure 3.3: Sketch of the abstract Hamiltonian which describes the scattering situation. Away from the impurity
the system is an ordinary hopping Hamiltonian with hopping J.4 (indicated by solid lines). The effective
impurity consists of two parts. First there is a different hopping yJ.; between sites —1 and 0 and between 0 and
I (indicated by dashed lines). Second at sites —1,0 and 1 there is also an additional potential v, or v, (indicated
by the different height of the sites).

Note that the result does not depend on J, 4, because it is an overall factor which is irrelevant for
scattering. The transmission probability for vy = 2v, (which is the only case we are going to need) is
then given by T}, = |1, |*:
4
1
T, = 4 — — — 3.21)
1+ (COS—_V]) [(cosk -v) - 72] + (cos k —v;)” sin® k

sink

Single particle case

For a single particle we can directly compare equations (3.14) and (3.19) to find

Jeg = J (3.22)
Y = Jo() (3.23)
vy = vy = 0. (3.24)

This means that the hopping around site O is scaled by a factor J,(1) and the potential terms vanish.
The later observation allows to simplify the transmission probability to (see appendix D.2)

1

T, = |t,|* = 5 . (3.25)
1+ (lz—l) cot’ k
4

Note that this result has already been derived in [7]. We give a plot of it in figure 3.4. As a function of
momentum k the transmission can be described as follows: It is always zero for k = 0 or k = 7 and
always one for k = 7/2. It looks like a symmetric peak around k = 7/2 where the peak width depends
ony = Jy(A4). For y = 1 there is perfect transmission while for y = 0 there is no transmission. Since
the Bessel function is always below 1 the driven impurity can only reduce the transmission (we give
a plot of Jy(2) in figure C.1). For some values of A, namely at the zeros of the Bessel function, the
transmission completely vanishes and therefore all incoming particles will be reflected.
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Chapter 3 Scattering in the non-resonant case
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Figure 3.4: Single particle transmission 7}, as function of momentum k and driving strength A. The plot on the
right displays the momentum averaged transmission 7.

Particle pair case

For a particle pair (3.15) we can read of the parameters for the abstract model (3.19) to be

I = —%Wm - ljlj; (3.26)
- L HENEAEYy -
vy = #IJ:,:OO - Za: '”llujla_(ﬂ: ~1 (3.28)
= B (Z AT ) o, 6.9

Note that in the last two equations we subtracted the overall constant potential u, = el
ujw
model.

In contrast to the single particle case the transmission probability for a pair is more complicated.
Again it is always zero for k = 0 or k = &, but it neither is a symmetric shape nor does it have to reach
1 for some value of k. The general shape can roughly be described as an asymmetric peak of varying
width and height. As in the single particle case there are parameters for which the transmission
completely vanishes. However in this case we are also able to find parameters where the transmission
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3.3 Discussion of the pair transmission

is almost one for almost the full range of k. There are even some isolated parameter combinations
where perfect transmission occurs. This happens when both v; = 0 and y = +1, which is rather rare.

3.3 Discussion of the pair transmission

Since the transmission probability for a pair is rather complicated we would like to discuss it further
and at least roughly understand its features. We will split the discussion into two parts. First we
will consider the effective model (3.21) with parameters vy and v,. Second we will express y and v,
through A and |u|.

3.3.1 Discussion of the effective model

Instead of directly trying to understand the transmission as a function of A and |u| it is actually more
instructive to first consider the transmission as a function of y and v;.

Tk
0.0 0.2 0.4 0.6 0.8 1.0

Figure 3.5: Transmission in the effective model for y = 6 and y = 1 as function of momentum k and parameter
Vi.

In figure 3.5 we give the transmission as a function of k and v, for y = 6 and y = 1. The plot
for y = 6 is very representative for all |y| > 1. The transmission mostly vanishes apart from three
branches where it goes even up to full transmission 7, = 1. The position of the branches lie around
v, = 0,£|y|. Their form can be described by v, = cos k or v; = +|y| + cos k. Note that for k = 0,7
the transmission always vanishes expect at the branches v; = +1 and v; = +|y| £ 1.

Imagine we would keep y fixed and sweep v, starting from well below —|y| up to well above |y|.
How will the transmission as a function of k look like (i.e. a horizontal cut in the left plot of figure
3.5)? For v; < —|y| — 1 the transmission will mostly vanish. Then for v; ~ —|y| — 1 a transmission
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Chapter 3 Scattering in the non-resonant case

peak will emerge for high momenta. As we increase v, further the peak will move its position from
high momenta to low momenta and finally disappear above v; = —|y| + 1. The emergence of such a
peak which moves from high momenta to low momenta will happen two more times, one time for
—1 < v, <1 and a another time for |y| — 1 <v; < |y| + L.

The discussion so far considered |y| > 1. As we decrease |y| to 1 the three branches will no longer
be separate. They will start to overlap as can be seen in the right plot of figure 3.5. The value |y| = 1
is a very special value. The left side of the lower branch and the right side of the higher branch overlap
such that we get at v; = 0 full transmission 7}, = 1 for all values of k. Note that one can directly see
this from the effective model (see figure 3.3) where y = 1,v, = v; = 0 describes a free chain without
an impurity. Furthermore because only the absolute value of y enters the transmission probability
(3.21) both v = +1 lead to perfect transmission.

If we decrease |y| even further the three branches overlap even more, but become thinner and
thinner and eventually vanish for y = 0. Again one can directly see from the effective model (see
figure 3.3) that the transmission has to vanish at y = 0, because vy describes the hopping parameter at
the impurity.

To see the appearance of the three branches from the formula (3.21) first note that v, only appears
in the combination w;, = v, — cos k. This already explains the cosine shape of the branches:

' 1
T, = (3.30)

2 P :
wi [.2 2 2.2
I+ — [wk—y] + wy sin” k

In a second step introduce w;, = &, |y| and ¥, = qzlk
v
Tk:z 24, 20,0 8 22 2 631
|6 - 1] v + &yt sin ke + 2Zgllet - 1]+ ly

= ! (3.32)

-1+ & sedfer 1|+t

Although being written down using strange parameters the last equation is actually very useful because
it only depends on two parameters &, and ¥, unlike (3.21) which depends on the three parameters y, v,
and k. Now consider the case where &, is fixed (i.e. the ratio between v, and vy is fixed) while ¥; — oco.
The transmission will vanish unless & = O or §,§ =1, where T, — 1. Recall thaty, = % — oo either
means that |y| is large or that sin k — 0, in other words for small k — 0 or large momenta k — 7.
Therefore whenever |y| is large or & is close to the boundary of the Brillouin zone transmission is only
possible if ¢, ~ 0,—1,1. In the original parameters this translates to v; ~ cos k or v; = £|y| + cos k,
which explains the appearance of the three branches in the transmission 7},.

In figure 3.6 we give a plot of T, as a function of £, and 7,. We can see that the transmission vanishes
outside of —1 < & < 1 independently of ¥,. For ¥, > 2 we have that transmission only occurs
for ¢, = —1,0,1 as discussed before. For ¥, < 2 the three regions merge and we have transmission
throughout -1 < &, < 1.

To conclude, the transmission 7}, is only significantly above zero in three branches v; =~ cos k and

v, = £|y| + cos k. At fixed parameters y and v, they lead to a peak in the transmission profile, which
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3.3 Discussion of the pair transmission
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Figure 3.6: Transmission in the effective model as function of &, and ;.

position depends on v,. If |y| becomes of order |y| ~ 1 these branches merge and lead to a more
complicated transmission profile as a function of k. In the special case y = =1 and v; = 0 the merging
is such that there is full transmission 7;, = 1 for all k.

3.3.2 Discussion of the parameters for |u| > 1

Now we understand how the transmission depends on the effective parameters y and v;. But the
experimentally accessible parameters are A and u# from which one can calculate y and v, using
equations (3.27) and (3.28):

lul(=1)*J, ()" (1)
E B — (3.33)
|ulJ ()" (/1)
y, = E e b (3.34)

Both are given by sums over all Bessel functions (we give plots and an overview over their relevant
properties in appendix C). The main difference is that y includes an alternating factor (—1) in each
term.

Since infinite sums are not easy to analyze we would like to approximate them somehow. The
Bessel functions can roughly be thought as oscillating functions with an amplitude ~ 1/ that are
somehow regularized for 4 — 0. Since the amplitude does not depend on a all terms J, (/1)2 will
have roughly the same size. Luckily in each term there is a factor ———. This factor goes to zero as
a — *oo and has is maximum at the two integers closest to |u|. Especially if |u| is close to one of
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Chapter 3 Scattering in the non-resonant case

these integers, then the factor will become very large and so we can approximate the full sum by this
one term (this case will be considered in more detail later in section 3.3.4). If |u| is between both
integers we need to take both terms corresponding to the two closest integers into account. We will
therefore make the approximation:

DM @7 )

~ 3.35

L B TR Yy (o (3.35)
T T

~ - 3.36

v T M = (3.36)

where | |u|] and [|u|] are the integer below and above |u|. We will now compare this approximation to
the actual values for y and v, separately. In this section we will use |u| = 10.5 as an example. This
might be quite a high value, but the figures nicely show all relevant features which appear for all
|u| > 1. Later we will also consider the case |u| < 1 separately because the behaviour there is a bit
different.

Approximation for y for |u| > 1

3.5_ —_— V

Approximation

3.0 — Jo(2)

2.5

2.0 A

1.0

0.5 1

0.0 A

—0.5 1

A

Figure 3.7: Value of y as function of driving strength A for |U|/w = 10.5 (blue) and its approximation using
two terms (orange). Also we give J,(21) (green) which is an approximation for A < |u].

In figure 3.7 we show vy as a function of A for |u| = 10.5 (blue). Let us describe the typical behaviour
of y as a function of a 1. At A = 0 we start at y = 1 which then decreases. Then the function starts
to oscillate around y = O until there is a prominent peak at 4 ~ |u| + 1.5. The sign of this peak
is positive for ||u|] = 0,2,4,... and negative for | |u|| = 1,3,5,.... After this peak A > |u| + 1.5,
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3.3 Discussion of the pair transmission

v slowly decays and oscillates while staying (mostly) either on the positive or negative side. The
amplitude of oscillations decays roughly as ~ 1/A.

From figure 3.7 we can see that our approximation using the closest two integers (orange) is
completely off for A < |u|, but nicely fits the peak at 1 = |u| + 1.5. For A > |u| + 1.5 the approximation
also decays while oscillating. Even though the amplitudes of oscillations are not the same we find that
the frequency of oscillations matches.

Let us try to understand what we see. We will start with A < |u| where our approximation completely
fails since, instead of an oscillating function, it gives a flat function. This is because the Bessel
function has the following Taylor expansion for 4 — 0:

1 () a+2
1 ==|5) + 0(4 ) (3.37)
If |u] is sufficiently large J| (1) and J,,7(2) are going to grow only very slowly around A = 0. The

oscillations for small A have to originate from terms with small a. To estimate them let us assume that
|| > 1 and split the sum into two parts with a cutoff A < |u|:

_ Z Jul(=1)* 1, (1)* L()? Z Jul(=1)*J, (V) J,(2)? Z lul (=D I, (D)~ T, (A +O(/12A+2). (3.38)

T M-a 4T Wl-a AT Wma

For A being small enough the right sum is going to be negligible (unless |u| is really close to an

integer). In the first sum, since A < |u| we can approximate ‘Mllb”a =1+ O0(1/|ul):
2442
y Z( 19 (1) +0(| |)+0(/1 ) (3.39)
~ Z (=1)*J,,(1)? +0(| |) +0(12A+2) (3.40)
= J,20) + 0(| I) + 0( 2A+2) (3.41)

where in the second step we added the missing terms into the sum and thereby making another error of
O(/lZAJrz). In the last step we used Neumann’s addition theorem from appendix C.5. The derivation

above shows that for small A and large |u| we can approximate y =~ 10(2/1)1. We also add a plot of this
function into figure 3.7 (green) to show that it indeed describes the first oscillatory part, up to the
prominent peak, quite well.

Let us go on to the prominent peak. For 4 < |u| we alternately add and subtract the J,, (/1)2 from each
other, thereby cancelling each other and creating the oscillations around 0. Now for A ~ |u| + 1.5 three
important things happen. First of all at 4 ~ [u| + 1.5 the two closest Bessel functions J| ,,(4) and
Jru1(4) have their first (and highest) maximum as discussed in appendix C.4. Second the prefactor

—a also has a maximum here. Third and most important these two terms do not cancel each other,

! The reader might wonder why the result is the same as for a single particle: We can also think of this limit as |u| — co. In
this limit both particles are always on the same site and therefore behave as a single localized particle. The only difference
is that it is driven with twice the coupling strength, which explains why A is replaced by 24.
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Chapter 3 Scattering in the non-resonant case

because the prefactor Ta | switches sign and therefore cancels the (—1)“:

2 2
11y (D) .\ Tr1un (D)

o (_1)\Llul]
A DT T e Tl =l |

(3.42)

Note this also shows that the sign of the peak depends only on whether | |u|] is an even or an odd
number.

Because the terms corresponding to the two closest integers to |u| have the highest prefactor, they
will still dominate for A > |u| + 1.5. However as we increase 4 > |u| + 1.5 more and more Bessel
functions will start oscillating with the same amplitude ~ 1/4/2 and so more and more terms in the
sum will become relevant. Since the prefactor Ti—a | decreases only slowly, there is the extra (—1)“ and
the amplitudes of these oscillations are comparable the whole sum is going to be quite complicated
with a lot of near cancellations. In other words it is going to converge slowly and so it is also hard to
predict it accurately. We will therefore only summarize the main features. We know that, since all
Bessel functions decay as ~ 1/V2, that the envelope of y will decay as ~ 1/1. Also since the two
terms of (3.42) still dominate the sum we can expect that y will also either stay positive or negative
(this is not exactly true as can be seen in figure 3.7, but still holds in a big range). We can also
observe that (roughly) the period of oscillations of y (blue) follows the period of oscillations of the
approximation (orange).

Approximation for v, for |u| > 1

Let us repeat the steps we did for y also for v;:

J (14
1_Z:|M| () (3.43)

|ul —a

In figure 3.8 we plot v, (blue) and its approximation by two terms (orange) for |u| = 10.5. For small A
the function starts at v; = 0 and then slowly grows. Around A = |u| + 1.5 we first have a peak v, > 0
and then a rapid switch of sign to another peak v; < 0. After this peak we again find an oscillating
decay to v; — —1. For most values of |u| the function stays completely negative above 1 > 1.5,
however it can also become positive at the peaks.

The approximation by the two closest terms of the sum (orange) is again completely off for 4 = 0,
where it predicts v; = —1 instead of v; = 0. Apart from that for 4 > |u| + 1.5 the approximation
captures the oscillatory behaviour quite well. Compared to y where for |u| = 10.5 the approximation
was only able to explain the frequency but not the amplitude, the approximation of v, captures both.

Let us again go through the features one by one. The approximation fails for A ~ 0, which, as for 7,
is not surprising. For small 1 we also need to take the Bessel functions for low a < |u| into account.
We can redo the argumentation which led to (3.41):

v, NaZ‘mJ (1> —1+0(| |)+0(12A+2) (3.44)
—0+0(| |)+0( 2A+2) (3.45)
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Figure 3.8: Value of v, as function of driving strength A for |U|/w = 10.5 (blue) and its approximation using
two terms (orange). Also we give the second order Taylor approximation of v; at 4 = 0 (green). For large 4, v,
converges towards —1 (dashed line).

This time the sum gives ), J, (/l)2 = 1 (see appendix C.5) instead of a complicated function, which
cancels the —1 in the definition of v; and therefore shows v; = 0 at 4 = 0. We can even go one step
further and calculate the Taylor expansion of v; up to the second order in A (green curve in figure 3.8).
It is given by (calculation done in the appendix C.6):

12
n=——>+0(2). (3.46)
lul* =1 2
Since | Ii > 0 we find that for all |u| > 1 the function v, grows around A = 0.
wlr—

Now let us turn our attention to the two peaks at 4 ~ |u| + 1.5. We can rewrite the approximation to:

(JL|u|J(/U2 Jr|u|1(ﬂ)2)
v, = |u -

ul = Llull — Tlull — Jul (3.47)

Note that now, because the (—1)“ are missing there is a minus sign between the two terms. This means
instead of adding up, both terms are actually subtracted. Since the first maximum of J| | ;(1) comes a
bit before the first maximum of J,,1(1), we observe first the positive maximum of J ,,|,(4) which
then is quickly followed by the negative maximum of Jp,,;1(4). This explains the quick sign change of
v, around |u| + 1.5. After the two peaks we have again the oscillatory behaviour with a decay ~ 1/4,
because all Bessel functions decay equally fast ~ 1/VA. Contrary to y where due to the (—1)* many
terms of the sum cancelled each other, for v, all these terms add up. In other words the sum converges
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Chapter 3 Scattering in the non-resonant case

much faster, which also explains why the approximation is much better than for y. Note that due to the
overall —1 outside of the sum v goes to —1 for 4 — oo.

Transmission depending on A and u
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Figure 3.9: Pair transmission as function of momentum k and driving strength A for |U|/w = 10.5. The plot on
the right displays the momentum averaged transmission 7.

We now understand how the transmission behaves as a function of y and v; and we also understand
how 7y and v, depend on A and u. We only need to put both behaviours together to get the full picture.

In figure 3.9 we give the transmission as a function of k and A for fixed |u| = 10.5. Like for the
parameters we find three distinct regimes. For A < |u| + 1.5 we have a ‘chain’ of small connected parts
where the transmission is locally high. This chain starts at k = 7/2 and then slowly bends towards
smaller k. Around A = |u|+ 1.5 we then have a region of quite high transmission throughout the whole
Brillouin zone. After that there are alternating regions with transmission and without transmission.
The regions with transmission are mainly concentrating on high momenta k. Also while the frequency
of the appearance of these regions is roughly constant, their size in £ become smaller as A grows.

Before we start analyzing we would like to recall that the transmission always vanishes for k = 0, 7,
except when v; = |y| + 1,1,—|y| + 1 (for k = 0) or v; = |y| = 1,-1,—|y| — 1 (for k = m). These
situations can easily be identified in figure 3.9 as they are the distinct values of A where the transmission
reaches the boundary of the figure. We will use this to explain the behaviour of the transmission. Let
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us define:
vy =1
& = (3.48)
ly
vi+1
&= (3.49)
I

Whenever &, = 1,0,—1 we find a finite transmission for k = 0. Analogously if £, = 1,0,—1 we find
a finite transmission for k = 7. Even more note that we have &, < &, < &,, where & = v‘_|C°Sk I

particular whenever both &, &, are above 1 or below —1 the transmission will be low for all & (recall
figure 3.6). Therefore we will mostly study when &, and £, pass +1, which can then be translated into

whether transmission occurs or not.

From our previous considerations we can expect that the three regimes in figure 3.9 are linked to
the different regimes of y and v,. Let us go through them one by one. For A < |u| + 1.5 we found that
vy = Jy(2A) and v = |M|+_1 %2, which grows quite slow. Without doing any complicated calculation we
can immediately see that v; = 0 reduces to the single particle case. There we have y = Jy(1) which
is now replaced by y = J;(21). The behaviour for A ~ 0 is therefore similar to figure 3.4, only with
twice the frequency. In particular this explains the small regions around k = 7/2, where we have

transmission. As we move away from A = O we find that

_ 12
¢ IR (3.50)
0T T2 ‘
1 A
o T .
ARRRVACYY '

where the last inequalities hold because |J,(24)| < 1 (strictly speaking the inequality for &, < —1 only

holds for |u| > g ~ 1.12). Since & can range from & to &, it passes the full region -1 < &, < 1 and

we therefore find a small region around k = /2 where the transmission does not vanish. This region
is small because |y| = [J;(21)| < 1 and therefore transmission only occurs around &, = 0 (see lower
part of figure 3.6). In fact the size of the region is given by J,(24). In particular whenever J;(21) = 0
the transmission vanishes completely. Because both &, &, grow with growing A the position of the
small region with transition is not centred at 77/2 any more, but rather shifts to smaller k, which leads
to the arc structure to the left in figure 3.9. This can be seen from the definition of &, = ‘“];—Tbk
Transmission only occurs around &, = 0 and so the central momentum is given by cos k = v. Using

the Taylor expansion (3.46) of v; we find:

k = arccos(v,) »

x Lx, 0(14). (3.52)

2 o122

We would like to point out again that this is only valid for 1 < |u| + 1.5 and is in particular only
applicable for |u| > 1.

Letus goonto A = |u| + 1.5. There we found that y had a prominent maximum, while v, quickly
changed its sign from positive to negative. As a very rough approximation we can think of y being
constant around A = |u| + 1.5 and of v, as a linear function going from a high positive value to a low
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Chapter 3 Scattering in the non-resonant case

negative one. The emerging picture is therefore a mirror version of figure 3.5 (with the distance of the
branches according to y). Of course the actual image in figure 3.9 looks a bit distorted, but one can
clearly see three values of A on each side where the transmission reaches the boundary.

The third regime is the oscillatory part for 2 > |u| + 1.5. We can see a periodic pattern which is, of
course, due to the periodicity of y and v;. We can use the approximations (3.42) and (3.47) to find

T @ I @ >
&~ Jue| =] |ul] [ee]T1—u] (3.53)
0 Ty @ @

Tul=Lal] + Tlul1=Ta]

2

OO 58l 1 OGP (3.54)
S G S P s 1 4 lul=Llul) @)

fl=Cal] ™ Tlul1=Ta] Ml 1=Tuel 7, 07

We can immediately see that [£,| < 1. Due to the oscillatory nature of the Bessel functions it will
therefore oscillate between —1 and 1. In particular we find &, = 1 whenever Jy,,|; () =0and ¢, = -1
whenever J| ,,;(4) = 0. Since all Bessel functions have infinitely many zeros both cases will happen
infinitely often. This explains why the transmission reaches the boundary for k£ = 7 so often (which
happens for £, = —1,0,1). Because for £, < —1 the transmission vanishes completely the values of A
with no transmission are given by the zeros of the Bessel function J| ,,;(4) = 0 (in case of |u| = 10.5
these are 4 = 14.5,18.5,22.0,25.5,...).

We can easily estimate &, for large A because all Bessel functions decay as 0(1 / \/ﬁ) This leads to

2
~ — ~ =21 (3.55)
0 IV + T’
[e]=Lul] [Me| T=]ul

which shows that & is well below —1 for large A. This means that the transmission cannot reach to
k = 0 anymore which explains why transmission only occurs for k close to . Also because &, goes to
minus infinity the regions of transmission become smaller in k as A grows.

This finishes our discussion of the case |u| > 1. Before we end this section we would like to note
that especially the last approximations only give a qualitative understanding of the observed features.
For quantitative estimates they are too rough and one has to numerically evaluate the exact values.

3.3.3 Discussion for |u]| < 1

While the above discussion is valid for all |u| > 1, for |u| < 1 there are some differences. That is why
we would like to quickly treat this case separately.

In figure 3.10 we give y and v, as well as their approximations by two terms. We can see that there
is an oscillatory decay part as for |u| > 1, but the other two parts are missing. This is not surprising
since they were located below A < |u| which is not possible for |u| < 1. Especially note that, contrary
to |u| > 1, the approximation now also well describes 4 ~ 0 (because Jy(1) is included into the
approximation).

The transmission amplitude is given in figure 3.11. Again we can see that the first part, where the
function looks similar to the single particle result, is completely missing. Instead we directly start
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Figure 3.10: Values of y (blue) and v, (green) as function of driving strength A for |U|/w = 0.5. Also we give
their approximations by two terms (orange, red).
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Figure 3.11: Pair transmission as function of momentum k and driving strength A for |U|/w = 0.5. The plot on
the right displays the momentum averaged transmission 7.
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Chapter 3 Scattering in the non-resonant case

with the oscillating part where the transmission periodically appears for large k as A grows.

3.3.4 Discussion for |u| close to an integer

Before completing this section let us have a closer look on the case where |u/| is close to an integer.
Let us call u,, the closest integer to u and write |u| = |uy| + £. € > 0 means that |u| is slightly above
an integer and € < 0 means that |u/| is slightly below one. For |u| close to an integer |u| the usual
approximation with two terms is not necessary and we can instead approximate it using only one term
corresponding to |uy|:

)92 lupl(=DMlg, 2y _1)9J, (1)
7/:2 Jul( IMI)_Z( ) o - g\ (_1)|MO|JIMO|(/1)2+ Z |u0|(|MO|)_Z( ) +0e)
a a#|ug|
(3.56)
1,()? |1y (1) T(2)>
v, :Z"’lLla_(; “la '8' @07+ > —lbrb’t'ol“_(; —1|+0(e) (3.57)

a#|ug|

where we already include the next order correction for later convenience. One can see that both
diverge as € — 0. From this we can calculate &, up to first order in &:

V) —cosk le] ( l+cosk) )
= =sen(®) + —— s, () - — —— |+ 0l¢ 3.58
b= = @ g (+?) (3.58)
where
1 - (=1)lol=a
Sjug) (4) = Z &l—iafa(ﬂ)z- (3.59)
a%|ug| 0

Depending on [uy| the sum in s u0|(/l) either contains only even or odd terms. We have

2
2 2 _ 2 1+cosk)| » ;
(gk ) 1) ) (J|uo|(/1)2 (slu"'(/l)_ Juto )) ¢ +O(8 ) (3.60)
and by using (3.32) and (3.56) we find:
T = 1 5 +0(). 3.61)
L+ (ﬁ(|”0|5|u0|(1) — (1 +cos k)))

We plot this limiting transmission in figure 3.13 for |u| = 10 (Apart from small A it looks similar to
figure 3.12. Exactly at integer |u| the range of validity of approximations (3.41) and (3.45) shrink to
A = 0 and so the transmission behaves differently for small 4). Surprisingly even though y and v,
diverge as € — 0 the transmission is continuous across integer values of |u|.

This might seem rather surprising because if one compares plots of the actual transmission above
and below integer |u| they look different (compare figures 3.12 and 3.14 which are for |u| = 9.9 and
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Figure 3.12: Pair transmission as function of momentum k and driving strength A for |U|/w = 9.9. The plot on
the right displays the momentum averaged transmission 7.
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Figure 3.13: Pair transmission as function of momentum k and driving strength A for |U|/w — 10.0. The plot
on the right displays the momentum averaged transmission 7.
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Figure 3.14: Pair transmission as function of momentum k and driving strength 4 for |U|/w = 10.1. The plot
on the right displays the momentum averaged transmission 7'.

|u| = 10.1 respectively). In particular for |u| = 9.9 the transmission concentrates mainly on high
k, while for |u| = 10.1 it also reaches to low k. In the following we will see that the reason for this
behaviour is that & jumps from —1 to 1 as & passes 0%

Recall that we always have &, < & < &, where &, and &, are given by

-1 Sl 2
g =71 oney+ — 2 o P L 0(82) (3.62)
vl i (D) |uto | lutg |
luol
+1 S|y | (A)
£o= 0 on(e) + ﬂz o 0(82). (3.63)
vl T ()7 o]
luo |
Because y diverges as € — 0 from plot 3.6 we know that we will only find transmission if & = -1,0, 1.

Depending on how often &, actually crosses one of these values the transmission is organized in either
1,2 or 3 branches. Due to the zeroth order result in £ we expect to always have exactly one branch
because either all §, — 1 orall § — —1.

Let us now also include the first order correction. The first order correction is symmetric for £ > 0
and & < 0. It consists of two parts: We have the part including sluol(/l). Recall that sluol(/l) is given by
a complicated sum over Bessel functions (3.59). The terms for a < |u| have a positive sign while the
for a > |ug| the sign is negative. Thus it is hard to predict the sign of s|u0|(/l). We can however bound

Or in other words: The transmission is continuous as & — 0, but its derivative jumps.
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3.3 Discussion of the pair transmission

its absolute value by

1 — (=1l

2
gl —a Jo (1)

s|“0|(/l)| < Z

a#|ug|

< 22 T, =2 (3.64)

where in the last step we again used Neumann’s addition theorem (see appendix C.5). We achieved

this bound by ignoring the sign change and also —— < 1. Because the sign change will yield a

|u0|—a
(/l)‘ < 2.

partial cancellation of terms and also usually —— < Iwe can expect

lug|-a s|‘40|

For &, there is also another term —ﬁ. Because we expect s|u0|(/l) to be small this term is dominant
(unless of course |u| is too large):

(3.65)

As we increase |g| away from zero & starts either at +1 and then quite rapidly grows into the negative
direction (It grows fast because J| |u0|(/1)2 is usually small).

Now let us consider the cases € < 0 and € > O separately. For & < 0 we expect that &, < —1.
Depending on the unknown sign of s|u0|(/l) we have two cases: If also s|u0|(/l) < 0, then &, will be
below —1 for all k and so we do not observe transmission. If on the other hand s, ((4) > 0 then &
ranges from slightly below —1 to above —1 and therefore includes one branch of the transmission. This
one-branch-behaviour can be nicely seen in figure 3.12.

For & > 0 the situation is different. Here &, starts at 1, but then we expect it to quickly grow into the
negative direction. This means above a certain small value of € we also have &, < —1. Now because
& ~ 1, depending on the sign of s, uol(/l) we will observe either two (for sluol(/l) < 0) or three (for
s|u0|(/1) > 0) branches. In any case we can expect much transmission than for € < 0. This can be
easily seen by comparing figure 3.14 to figure 3.12. Especially note that the transmission also reaches
k = 01in figure 3.14. This happens whenever &, crosses —1,0 or 1 which is expected to happen much
more often for £ > 0 than for ¢ < 0.

Before we end this section let us note that the exact form of the transmission depends on the
behaviour (and in particular the sign) of s|u0|(/l). We will not go into detail here, but we will only note
that it is also given by a sum similar to y and v;. We could basically repeat the analysis of section
3.3.2. In particular the dominating terms will be again given by the two closest terms to |u|. Since
these are also Bessel functions we again find similar regimes: One regime for A < |u,|, a peak for
A = |uy| + 1.5 and an oscillating decay for A > |uy| + 1.5. This explains why figures 3.12 and 3.14
look so similar to figure 3.9. In fact the positions of the features as function of A are almost the same
in all figures. The only difference is how pronounced the regions with transmission are. For |u| = 9.9
the transmission is mostly contained in thin single separated branches, while for |u| = 10.1 we can see
patterns with two or three thin branches (The branches are thin because 7y is quite large for |u| close to
an integer, see figure 3.6). Because y is smaller for |u| = 10.5, the branches are thicker in figure 3.9
which makes the image of the transmission less filigree.
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Chapter 3 Scattering in the non-resonant case

3.4 Numerical results

In this section we would like to check the analytical results with numerical results. For single particles
there have already been numerical studies [6]. Therefore we will concentrate on numerical simulations
for the pairs here. The method we want to use is outlined in section 2.3 which is a general method for
numerically calculating transmission coefficients in 1D systems.

However our system consists of a stack of layers, each layer being a 2D lattice, which is far from
a 1D system. Therefore we will apply the method not on the system as a whole but only on the
diagonal of layer 0. This is of course a one dimensional subsystem, but we should explain carefully
why applying the method onto this subsystem gives the right result.

Consider only layer O first and ignore the existence of all other layers. The idea is based on
the fact that pairs are given by plane waves on the diagonal and decay quite quickly perpendicular
to it (as discussed in section 2.1.4). This means that already for relatively small system sizes the
wavefunction between the impurity and the boundary is given by an unperturbed eigenstate of the
plain Fermi-Hubbard model. Only close to the impurity around site O and close to the boundary
the wavefunction will get perturbed. In order to make sure that the influence of the boundary is
neglectable we need that the size of the pair is well below 1. In section 2.1.4 we found that this is true
for U/J > 4.7, which is automatically satisfied in the non-resonant case. So the boundary will not
perturb the eigenstate significantly. How about the impurity? For the procedure to work we need the
impurity to be confined to a finite sized region. This might seem obvious but when looking at one
layer as in figure 3.2(b) we actually find that the impurity extends to infinity. Again we can argue that,
due to the small size of the pair, as soon as we are a few steps away from the center site O the pair state
will not be affected by the impurity anymore and thus the impurity is effectively localized.

Now let us take the other layers into account. That is actually not very complicated as there is no
restriction on the complexity of the impurity. We will simply combine all other layers apart from layer
0 together with their couplings into one very complicated effective impurity. The two requirements,
parity conservation and time reversal symmetry, are fulfilled. We also need to make sure that this
effective impurity is given by a hermitian operator, i.e. that there is no particle loss to other layers.
Particle losses to other layers are automatically prohibited as long as we are in the non-resonant case
(basically this is the definition of the non-resonant case). In the resonant case this method is not
applicable.

The Hilbert space of a system with N layers of size L has dimension N L?. From these states
only = L states will correspond to paired states in layer 0. We therefore first need to filter these
paired states from the eigenstates of the system. This is done by adding the modulus squared of the
wavefunction along the diagonal of layer 0. As this number is only large for paired states we will
choose the L states with the highest number as potential candidates for paired states. After that we can
fit either , or ¢, of equations (2.30) and (2.31) to it (depending on whether the state is symmetric or
antisymmetric). The momentum k = 2K of the pair can be calculated from the eigenenergy of the
eigenstate by inverting (2.10). Note that we exclude sites —1,0, 1 from the fitting process because the
impurity acts on these sites. If either the momentum cannot be computed or the error of the fit is too
large (if the squared distance is above 0.001L) we exclude this state from the fitting procedure.

After we obtained the fitting parameters A, By, Cy, D, we interpolate between them and calculate
the transmission as described in section 2.3.

To illustrate that it is enough to consider the diagonal of layer O we plot a typical layer O of such an
eigenstate in figure 3.15. We can see that the wavefunction is almost completely concentrated on the

42



3.4 Numerical results

diagonal. All other parts of the layer are therefore not relevant for us. The diagonal of figure 3.15
together with a fit is shown in figure 2.3.

15 — 0.20
- 0.15
10
- 0.10
5
0.05
g 0 0.00
—0.05
-5
—-0.10
-10
—-0.15
=15 —0.20

-15 Yn,m

Figure 3.15: Layer O of a pair eigenstate for J/w = 0.001, |U|/w = 0.5, = 1,N =4,L = 31. n and m denote
the position of the first and second particle respectively. The wavefunction ,, ,,, concentrates on the diagonal
where both particles are at the same site. The diagonal is shown in figure 2.3.

Combining all these arguments we can see that it is indeed valid to apply the procedure of section
2.3 to the diagonal of layer 0. Note again that this procedure is only applicable in the non-resonant
case.

3.4.1 Numerical results in the limit J /w — 0

We first want to confirm the results of the numerical calculations. Of course we cannot consider the
total limit J/w — 0, but we can choose a small J/w = 0.001. Also we have to restrict the system size
L and the number of layers N to finite numbers. For convenience we will only choose odd system sizes
L and label the sites —%, e % The N layers are chosen such that layer O is in the middle, i.e.
they are labelled by — L#J, e, [NT‘I] For example if we choose N = 3 we have layers a = —1,0, 1,
or if we choose N = 4 we have layers a = —1,0, 1,2.

We will perform the simulations using the gauge transformed version of the Hamiltonian (3.8).
Although much simpler to implement, the original Hamiltonian (3.1) has a major drawback: The
layers are coupled quite strongly due to the possibly large A independent of @ and |u|. This means we
need a relatively large number of layers N until we reach convergence. On the other hand the gauge
transformed Hamiltonian 3.8 couples to other layers only with @ = J/w which is quite small. We also
know that in the limit the dominant contribution to the scattering comes from the two layers closest to
|u#|. This means we should already get a good approximation by choosing N > 2|u].
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Figure 3.16: Numerically calculated pair transmission for J/w = 0.001, |U|/w = 0.5,N =4, L = 31 as function
of momentum k and driving strength A. The black regions at the boundary are outside of the scope of the
numerical method (see section 2.3). The plot on the right displays the momentum averaged transmission 7.

In figure 3.16 we give the numerical results for |#| = 0.5. We have chosen L = 31 and N = 4. The
figure looks similar to the expected theoretical result shown in 3.11. Unfortunately we are not able
to access the transmission for large and low k, because the numerical method cannot provide it (see
section 2.3). For a better comparison we plot a vertical cut at constant k£ = 0.857 in figure 3.17. Note
that we have chosen k£ = 0.857x instead of a more apparent value, like k = /2, in order to be in the
more interesting region on the right side.

In figure 3.17 we also give two theoretical results: First the full result determined by (3.27) and
(3.28) and second another variant where the sums in y and v, only include the four terms corresponding
to the four layers a = —1,0,1,2. The later transmission amplitude is the theoretically expected one
in the limit L — oo while keeping N = 4 fixed. This helps to distinguish whether the difference
between the numerical and theoretical result is due to a too small value of L or N. One can see that
while the numerically calculated transmission nicely matches the result for four layers, it is a bit off
for infinite layers. It still shows the main important features also seen in the result for infinite layers,
like the position of the peaks, but the details of the peaks are not well approximated. We can see
that this is completely due to the fact that we only use four layers N = 4. If we would include more
layers the numerical results as well as the expected theoretical result for this number of layers would
converge to the actual result. We would like to remark that already the good agreement with the four
layer theoretical result shows the applicability of the limiting model obtained via the Schrieffer-Wolff
transformation and verifies our derivations as a whole. The only missing piece is to further increase
N (which is restricted to N < 4 due to limited computational power), but this will only change the
parameters y and v, of the effective model and not the model itself.
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Figure 3.17: Numerically calculated pair transmission with momentum k = 0.85x for J/w = 0.001, |U|/w =
0.5,N =4,L = 31 as function of driving strength 4. We also give the theoretical result for infinite and four
layers.

3.4.2 Numerical results for finite J /w

After we checked the prediction of our analytical result in the limit J/w — 0, we can go on to also
compute the transmission for higher values of J/w.

In figure 3.18 we give the pair transmission as a function of k and J/w. Recall that J/w < 0.125 is
required for the non-resonant case. We can see that in this range the transmission does not change
significantly as a function of J/w. For better comparison we also give a vertical cut at constant
k = 0.857 in figure 3.19. Here we see that the transmission at the maximum value J/w = 0.125 is
about 2% away from the value at J/w — 0.

From the theoretical discussion in section 3.2.2 we already expected that the transmission will
not depend significantly on J/w, because its first order correction (i.e. the linear term) vanishes.
Therefore we can conclude that the analytical result for the transmission still is a good approximation
also for J/w up to it maximum value J/w < 0.125.
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Figure 3.18: Numerically calculated pair transmission for |U|/w = 0.5,4 = 1,N = 4,L = 31 as function of
momentum k and hopping parameter J/w. The black regions at the boundary are outside of the scope of the
numerical method (see section 2.3). The plot on the right displays the momentum averaged transmission 7.
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Figure 3.19: Numerically calculated pair transmission with momentum k = 0.85x for |U|/w = 0.5,4 = I,N =
4, L = 31 as function of hopping parameter J/w.
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Applications

We have seen that single particles are treated differently by the impurity than pairs. This allows for
applications where we would like to manipulate either single particles or pairs. In chapter 3 we have
calculated the transmission in the limit J/w — 0. Also we expect that the transmission of the pairs is
not influenced significantly for finite J/w as long as we stay in the non-resonant case J/w < 0.125
(this maximum value is for |u| being half integer. If |u| is more closer to an integer it is given by one
fourth of the distance to the nearest integer). The same is true for single particles [7]. Therefore it will
be enough to work with the results obtained for J/w — 0.

In particular we have seen that transmissions for single particles vanishes at the zeros for the Bessel
function J,(1). At these points only pairs will go through the barrier, i.e. the driven impurity acts as a
pair filter. In this section we will take a closer look at this situation and also give other applications of
the impurity.

4.1 Average transmission

We have seen that the transmission is a complicated function of k, |u| and A. In order to simplify the
discussion we will average the transmission over all momenta:

- 1 4
T:—/ T, dk . 4.1
T Jo

This quantity can be interpreted as the probability that a particle with randomly chosen momentum
will penetrate the impurity. Note that if either 7 = 1 or 7 = 0 we can conclude 7, = 1 or T}, = 0 for all
k.

In figures 4.1 and 4.2 we give the average transmission for a single particle and a pair respectively.
Note that the averaged transmission for a single particle (3.25) can be explicitly calculated (for example
using mathematica):

7=l / i ! dk = Jy(2)%. (4.2)
T Jo

This shows that the averaged single particle transmission is relatively small unless 4 ~ 0. The
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Figure 4.1: Averaged single particle transmission T, as function of driving strength A.
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Figure 4.2: Averaged pair transmission Tp as function of driving strength A and Hubbard interaction |U|/w. The
vertical lines are drawn at the zeros of the single particle transmission T, = JO(/l)Z.

transmission vanishes completely at the zeros of the Bessel function Jy(A).

The picture is more complicated for the pairs (see figure 4.2). We already discussed the behaviour of
the transmission in section 3.3. In figure 4.2 one can clearly see the first maximum of the transmission
around A = |u| + 1 and the periodic decay afterwards. We would like to draw the attention of the
reader to two features: First that in the upper left corner A < |u| the averaged transmission becomes
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4.2 Pair filter

independent of |u| as expected by the discussion in section 3.3. Second that we can often see a sudden
increase of the averaged transmission above an integer value of |u| which is also expected from section
3.34.

4.2 Pair filter

o
1

o
o

A

Figure 4.3: r; = Tp(l —T,) as function of driving strength A and Hubbard interaction |U|/w. The vertical lines
are drawn at the zeros of the single particle transmission T, = JO(/l)z.

Our aim is to maximize the pair transmission Tp while at the same time minimizing the single
particle transmission 7. To combine both into one quantity we are going to use the following formula:

r=T,(1-T). (4.3)

"l_“his quantity grows when either Tp rises or 7, shrinks. It lies between 0 and 1 and is only 1 if both
T, = 1and 7, = 0. We can think of r; in the following way: Imaging a single particle and a pair are
simultaneously send to the impurity. Then r; is the probability that exactly the event occurs which we
want, i.e. the pair is transmitted while the single particle is reflected. In fact if 7, = 0 then r, reduces
simply to Tp. This is why figure 4.3 looks so similar to figure 4.2.

From figure 4.3 we can see that the regions with high r, are those with A = |u| + 1.5 and the regions
in the oscillating part 2 > |u| + 1.5. In general the region for A ~ |u| + 1.5 is bigger in size than those
in the oscillating part, which makes A ~ |u| + 1.5 a good choice for experiments. Also, because we
would like to minimize the single particle transmission 7, = JO(/l)z, it is natural to choose 4 as a
zero of the Bessel function Jy(1),i.e. 4 =2.4,5.5,. ... For a better comparison we plot the averaged
transmission Tp at these values of A as a function of |u| in figure 4.4.
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Figure 4.4: Averaged pair transmission Tp as function of Hubbard interaction |U|/w for A = 2.4 (blue) and
A = 5.5 (orange). In order to stay in the non-resonant case one should avoid to be too close to integer values of
|U|/w (dashed lines).

From these plots one can try to find high values of average pair transmission. For 4 = 2.4 we have
one apparent maximum at |u| = 1.5 with Tp =0.794. For A = 5.5 we have more possible values of |u|
for which the average transmission is high. However many of them are close to integer values, which,
for finite J/w, we would like to avoid in order to stay in the non-resonant case. A good value here is
lu| = 5.7, where the average transmission reaches Tp = 0.842.

4.3 Single particle filter

The question arises whether it is also possible to achieve the opposite situation, namely a filter which
blocks pairs but lets single particles pass. Analogously to the pair filter we will define the quantity
@=ﬁ@—2) 4.4)
which describes the probability of a single particle passing, while a pair is blocked. In figure 4.5 we
give a plot of r,. One can easily see that it is mostly small which is a direct consequence of 7, being
small in general. Only for 4 = 1.2 we find a relatively high value. Let us explain how this value
comes about. We know that the single particle transmission amplitude is determined by y = Jy(1),
v, = 0. We also know that for small 4 we can describe the pair scattering by y = J;(21), v; = 0. The
averaged transmission amplitude is in both cases given by yz. Although JO(/l)2 is mostly quite small
for small values of A it is actually relatively large for small A. That is why at the first zero of the
pair transmission J,(24), with A ~ 1.2, the single particle transmission is still 7, = J,(1.2) ~ 0.45.
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Figure 4.5: 1, = T,(1 — Tp) as function of driving strength A and Hubbard interaction |U|/w. The vertical lines
are drawn at the zeros of the single particle transmission 7, = JO(/l)z.

In other words all pairs are blocked but almost half of the single particles can penetrate. Especially
note that this result is independent of |u| (as long as |u| > 2). One drawback is that the transmission
probability is not uniform in momentum, but rather prefers momenta around /2 (see figure 3.4).

4.4 Blocking transmission for both pairs and single particles

Another possibility of using the driven impurity is to make sure that both single particles and pairs
cannot penetrate the impurity. The respective quantity here is

ry=(1- TS)(I - Tp), (4.5)

which gives the probability that both single particles and pairs are reflected. It is plotted in figure
4.6. For the oscillating part 4 > |u| + 1.5 it looks like an inverse image of r; in figure 4.3. This is
not surprising since now we want to find regions where the pair transmission is as low as possible.
We are able to find many possible regions of low transmission both for pairs and single particles for
A > |u| + 1.5. However there is also the possibility to achieve this for A < |u| + 1.5 as long as |u|
is large enough. We know that in this case 7, = JO(/l)2 and Tp = ]0(2/1)2. The resulting r5 is given
in figure 4.7. It has the first maximum at 1 ~ 2.65, where r; ~ 0.98 is almost 1. In particular for
A = 2.65 we have T, ~ 0.014 and Tp ~ 0.006 which is quite small. Note that A = 2.65 will always
lead to almost complete blocking as long as |u| > 4.
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Figure 4.6: r; = T,(1 — Tp) as function of driving strength A and Hubbard interaction |U|/w. The vertical lines
are drawn at the zeros of the single particle transmission 7, = Jo(/l)z.
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Figure 4.7: Limiting r; = (1 - 10(1)2) (1 - 10(2,1)2) as function of driving strength A in the limit A < |U|/w.

4.5 Parameter proposal for a tunable impurity
Before we conclude this discussion we would like to propose two values of |u| = |U|/w for experiments.

They are |u| = 1.5 and |u| = 5.7. By changing the driving strength A these values allow to tune the
impurity in all possible ways.

52



4.5 Parameter proposal for a tunable impurity
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Figure 4.8: Averaged pair transmission Tp for Hubbard interaction |U|/w = 1.5 (blue) and |U|/w = 5.7 (orange)
and averaged single particle transmission 7, (green) as function of driving strength A.

Situation A T, Tp

No impurity 0 1 1
Single particle filter 0.9 0.652  0.001

Both blocked - - -
Pair filter 24 <107 0.794

Table 4.1: Averaged single particle transmission 7, and averaged pair transmission Tp at specific values of
driving strength A for Hubbard interaction |U|/w = 1.5.

Situation P T. Tp

S

No impurity 0 1 1
Single particle filer 1.2 0.450 <107
Both blocked 2.65 0.014 0.004
Pair filter 55 <107 0.842

Table 4.2: Averaged single particle transmission T, and averaged pair transmission Tp at specific values of
driving strength A for Hubbard interaction |U|/w = 5.7.

In figure 4.8 we give the averaged transmission for both single particles and pairs for these values.
We see that there is a wide variety of possibilities for different behaviour. In tables 4.1 and 4.2 we
summarized some optimal values of A at certain configurations of the impurity. Note that for |u| = 1.5
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Figure 4.9: Single particle and pair transmission as function of momentum k at certain optimal values of driving
strength A and Hubbard interaction |U|/w according to tables 4.1 and 4.2 (colors chosen correspondingly to
figure 4.8).

we cannot find a configuration where both types of particles are blocked, but if necessary one can
always go to high 4 where both averaged transmissions slowly decay to zero. On the other hand
|u| = 1.5 has the advantage that it admits a higher single particle transmission at the first zero of the
averaged pair transmission.

One should keep in mind that the transmittance of the pair and single particle filter depends on the
momentum. Therefore we give plots of its momentum dependence in figure 4.9 for both the pair and
single particle filter. Especially the pair filter for |u| = 5.7 and A = 5.5 allows almost all momenta
except low ones to penetrate.

We also want to point out that while this discussion only included |u| and A there is still an implicit
restriction for J/w. Since |u| = 1.5 (Ju| = 5.7) have a distance of 0.5 (0.3) to the next integer, we
need J/w < 0.125 (J/w < 0.075) to stay in the non-resonant case. In other words it only works for
systems with |U|/J > 12 (|U|/J > 76).

One could also go to higher values of |u| to find more parameters for a tunable impurity. However
one should keep in mind that then also the required minimum value of |U|/J grows. For half integers
|u| we have |U|/J > 8|u|, but the minimum value is even higher if |u| is closer to an integer.

4.6 Pair momentum filter
So far we compared the averaged transmission of the pairs to those of the single particles. However

we have seen that for most parameters the transmission is not uniformly throughout the Brillouin
zone, but rather prefers certain momenta over others. In this section we would like to also distinguish
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whether dominantly high or low momenta are transmitted.
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Figure 4.10: Pair transmission averaged over low momenta k € [0,7/2] as function of driving strength A
and Hubbard interaction |U|/w. The vertical lines are drawn at the zeros of the single particle transmission
7, = Jo(0)”.

In figures 4.10 and 4.11 we give two plots similar to figure 4.2, only that this time we do not average
over the whole Brillouin zone, but only over low momenta k € [0,77/2] or high momenta k € [7/2, x].
By comparing both figures one can find regions where only low or high momenta are transmitted.
Let us again go through the regimes A < |u| + 1.5, 2 = |u| + 1.5 and 2 > |u| + 1.5 one by one: For
A < |u| + 1.5 we know from the discussion in section 3.3 that the transmission is mainly located
around k = 7/2 for small A and as A increases shifts to smaller k (see for example figure 3.9). This is
why in the upper left corner of figure 4.10 there is generally more transmission than in figure 4.11.

In the regime A =~ |u| + 1.5 we find that the transmission is mostly dominated by small momenta.
Only for larger A = |u| + 1.5 high momenta are also transmitted.

In the third regime A > |u| + 1.5 the regions with high total transmission are mostly dominated
by high momenta. In general low momenta are not transmitted at all. This is not surprising but
follows from our discussion in section 3.3 where we found that the transmission in this regime
concentrates on high momenta (see again figure 3.9). Only for || slightly above an integer we found
that the transmission also reaches up to low & (see discussion in section 3.3.4 and figure 3.14). This
is responsible for the small isolated regions above integer values of |u| where the low momentum
transmission is also high.

Usually the distribution of the transmission over the momenta is quite broad. Therefore one can
only use the impurity to filter broad regions of momenta (i.e. either high or low momenta). If one
wants to filter low momenta one should choose A =~ |u| + 1.5. If one wants to filter high momenta one
can use many possible values of 1 > |u| + 1.5.
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|Ul/w

Figure 4.11: Pair transmission averaged over low momenta k € [n/2,7] as function of driving strength A
and Hubbard interaction |U|/w. The vertical lines are drawn at the zeros of the single particle transmission
7_‘s = ]0(/1)2_

If one is interested in filtering specific momenta one can use the regime A < |u| + 1.5 where the
transmission is concentrated in a rather narrow peak of width ~ J;(21). For small A this peak is
centered around k = /2. As A increases the center shifts to smaller & (see again figure 3.9). Using this
one can in principle create a narrow filter for a specific momentum k < /2. The central momentum
of this filter is given by equation (3.52) as k = arccos(v;).

Unfortunately v, is always positive for small 1 and therefore we cannot build filters for k > /2.
Recall that this v; describes the effective chemical potential at site 1 (and the potential v, = 2v, at site
0) in the effective model (3.19). We can imagine that by adding an extra (negative) static potential
around the driven impurity one can also reach negative v at small A. This impurity would then allow
to also filter a specific momentum k > 7/2. However one should first carefully redo the calculations
done in section 3.2 which is outside of the scope of this thesis.
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CHAPTER 5

Scattering in the resonant case

5.1 Description of the situation

In chapter 3 we analyzed how paired fermions scatter off the driven impurity in the limit J/w — 0
while keeping u = U/w fixed. We concentrated on the non-resonant case, |u| ¢ N, where we knew for
certain that the only possible outgoing states are either a transmitted or a reflected pair with the same
energy, but no pair breaking (or other forms of absorbing energy from the driving) occured. This
allowed us to compute an effective (static) Hamiltonian governing the pair dynamics and replacing the
driven impurity with an effective static one in the limit J/w — 0. We also compared these analytical
results to numerical simulations and found that they are a good approximation for all J/w < 0.125
where J/w = 0.125 is the threshold above which resonant behaviour occurs.

In this chapter we would like to go beyond the non-resonant case. In particular we would like to
study pair breaking due to the external driving. This process destroys a pair and should be avoided
when trying to manipulate pairs with Floquet systems. Therefore we do not expect this chapter to
be relevant for applications, but studying these resonance effects is still interesting for the general
understanding of Floquet theory. In particular we would like to report some interesting and unintuitive
behaviour of the Floquet system in this setting.

We will still consider a small @« = J/w < 1 but this time u = U/w will be close to an integer
lu| = |uy| € N, where u, denotes the closest integer to u. By close to an integer we understand
lu| € [luol —4a, |ug| + 4a/] which implies we are in the resonant case. Since J/w is still a small
quantity the bands are quite narrow and the absorption of energy quanta w will only transfer the
system from the bound pair band to the free single particle band (i.e. pair breaking). Note that no
other effects, like excitations inside a single band, will occur.

Note also that this case does not affect the single particle case at all (since U is not relevant there).
Therefore the whole analysis will concentrate on the pairs.

5.2 Analytical results in the limit J /0w — 0
As J/w is a small number the limit @ = J/w — 0 is still a promising limit to obtain analytical results.

Since the situation is more complicated than in the non-resonant case, before we start it is a good idea
to think about what are the most important parts of the system. We will again think about the Floquet

57



Chapter 5 Scattering in the resonant case

system in the extended Hilbert space formalism, where it consists of a stack of 2D lattices labelled by
an integer a (recall figure 3.1(b)).

Of course an essential part is the layer O which corresponds to the original system. In this layer
we have the initial state before the scattering. The final state long time after the scattering event will
consist of three parts: a transmitted pair in layer 0, a reflected pair in layer 0 and a broken pair given
by two single particles in layer |u,|. All other layers expect O and |u,| are energetically not allowed
and can therefore only play a role during the scattering event, but not afterwards. Therefore let us
concentrate in our discussion on pair states in layer 0 and on free particle states in layer |u,|.

5.2.1 Expected behaviour

First we want to qualitatively discuss what we expect. In the limit @ = J/w — 0 there are two
timescales in the system. The pairs move slowly on timescales % ~ L while the single particles
a

move comparatively faster on timescales } ~ é So what is our expectation in the limit @ — 0?

As @ — 0 the incoming pair will become slower and slower. During the scattering event it will
spend an increasingly longer time at the impurity. As long as it is there the pair breaking process will
break the pair into single particles. These single particles move much faster than the pair and can
propagate away to infinity quickly and are therefore observed as pair loss. Since the time spend at the
impurity becomes increasingly longer there is more possibility for the pair breaking process to break
the pair. Therefore our expectation is that for small @ almost the whole pair breaks into single particles
and only a minor fraction is transmitted. However as it turns out this expectation is completely wrong:

Actually pair breaking vanishes in the limit @ — 0.

Analytical results for systems with several timescales are much harder to obtain than for systems
with only one (dominating) timescale. In the next section we will discuss such problems in more
detail.

5.2.2 Discussion of the different timescales

Recall that we have to deal with two different timescales: the pairs move slowly on timescales 1/ @’ and
the single particles move faster on timescales 1/@. This would not be a problem if we would mostly be
interested in single particle dynamics. Then the pairs move so slow that they in fact become immobile
and we could ignore them and write down an effective Hamiltonian on timescale 1/@. However we
are interested in pairs. If we would only consider timescales 1/a pairs would not move at all and we
could not study their scattering at the impurity. Therefore we are forced to look at long timescales
1/ a” but also take into account the shorter ones 1/a@. Writing down an effective Hamiltonian for slow
parts of a system which also couples to fast parts is a complicated matter because one usually needs a
non-perturbative solution for the fast parts which can then be reinserted into the dynamics of the slow
scales.

Let us illustrate that in the present problem. We expect that an effective Hamiltonian for the slow
pairs would be given by a hopping Hamiltonian with some kind of effective impurity around site 0. In
the non-resonant case this impurity contains excitations to all other layers which then quickly decay
back into layer 0. Note that this effective impurity was given by a hermitian operator because pairs
cannot get lost during the scattering. In the resonant case however the effective impurity will contain
two parts: a hermitian one as before for all layers other than || and a non-hermitian part encoding the
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loss of pairs due to pair breaking into layer |u,|. Unfortunately not all pairs that break propagate away
as free particles in layer |u,|, but there is also the possibility of both of them coming back together at
the impurity and recombining to a pair. This requires a detailed solution of the dynamics in the first
layerl.

But even if we would be able to compute such an effective Hamiltonian this might not be what we
actually want. The effective Hamiltonian would give us the effective dynamics on the timescale 1/ @’
But we are not interested in analyzing these timescales, we actually would like to study the scattering
properties. All results in scattering theory are implicitly based on the limit where the time t — +oo.
So when we derive an effective Hamiltonian and then derive its scattering properties what we really
do is to perform two limits: First we let @« — 0 and then r — +oco. What we should actually do is to
take the limits in the opposite order: First let # — oo and then let @ — 0. Most often both limits can
be interchanged, especially when there is only one dominating timescale in the system. But for two or
more timescales this is not a priori clear. Therefore instead of trying to find an effective Hamiltonian
it is more careful (and, as it turns out, also more analytically useful) to first consider scattering theory
and then perform the limit @ — 0 inside its equations.

5.2.3 A quick overview about scattering theory

Consider an arbitrary Hamiltonian H = H,, + V, where H, is a free Hamiltonian with a continuous
spectrum and V a scattering impurity. The basic equation of scattering theory is the Lippman-
Schwinger equation [26] (see [27] chapter ‘The Formal Theory of Scattering’ for an overview over
scattering theory and its connection to the Lippmann-Schwinger equation):

lv*) = 1) + Vig*). (5.1)

1
Here we imply the limit e — 0. It describes a specific eigenstate |w+> of H with energy E. There
is usually more than one eigenstate with energy E, so the Lippman-Schwinger equation picks out
the correct one for scattering. It can be interpreted as follows: imagine an incoming particle at
time t — —oo far away from the impurity. Its wavefunction is an eigenstate |¢) of the unperturbed
Hamiltonian Hj, with energy E (typically a plane wave). The Lippman-Schwinger equation now picks
out the eigenstate |w+> with energy E for which its incoming part, when evaluated far away from
the impurity, is given by |¢). Note that this does not mean that the wavefunction itself reduces to
|¢) far away from the impurity. Far away from the impurity |¢+> is given by a superposition of the
incoming wave |¢) and several outgoing waves |¢/+> — o) = #OH.EV |a,b+>. The small regulator € in

the Greens function
states.

Once we have found the solution |w+> of the Lippmann-Schwinger equation we can easily read
off the transmission amplitudes into various parts of the system as the prefactors in front of the
corresponding outgoing plane waves.

If a system contains several parts one can either write down a very big vectorized Lippmann-
Schwinger equation or one can write down several coupled Lippmann-Schwinger equations, one for

#OHE is introduced in order to make sure that it will only produce outgoing

! which would be possible, though still complicated, if the Hamiltonian in layer |u,| would be a simple Fermi-Hubbard
Hamiltonian. But as one can see in figure 3.2(b) even when ignoring the coupling to other layers there is still a renormalized
hopping around the impurity, which breaks translation symmetry and drastically complicates the calculation.

59



Chapter 5 Scattering in the resonant case

each part of the system. Our aim is to study the Lippman-Schwinger equation in a situation where two
parts of the system evolve on different timescales. Especially we are interested in a situation where the
incoming state evolves very slowly in time and the possible outgoing states in the other parts of the
system evolve much faster. In order to get used to such situations it is good to first look at a much
simpler toy model which can be explicitly solved.

5.2.4 Intermezzo: A simple toy model

Note that the toy model is not connected to our actual problem in any way. We study it because it is an
instructive and simple example of what happens if there are two different timescales in the system.
The toy model consists of two hopping chains called P and Q (see figure 5.1). The Q chain has
hopping parameter J; = J while the P chain has hopping parameter J, = @J, where « is a small
positive number (i.e. the states on the P chain only evolve slowly in time). We denote the state where
a particle is at site » in the P chain or in the Q chain by |nP> or |nQ> respectively. The two chains are

coupled at site zero by V = /l(|0p> <0Q| + |OP> <OQ|). We want to calculate how an incoming wave

|¢) in the P chain scatters from this impurity in the limit @ — 0. Note that this system contains the
main important features we also have in our original problem: We have two parts of the system, a slow
one P and a fast one Q, and the incoming state is in the slow part P.

50,0, 6 /IJQJQJQJQ-Q

-.aJ‘aJ‘aJ.aJ aJ.aJ.a/J.aJ.-P

Figure 5.1: Sketch of the toy model. It consists of two hopping chains: a slow one P (black) with hopping
parameter aJ and a fast one Q (gray) with hopping parameter J. Both chains are coupled at site 0 with coupling
strength A (blue).

A very important observation is that by changing the hopping parameter J, = «J of the slow system,
we also change the energy of the incoming plane wave E = @e where € = —2J cos(k).

Denote the projector on the P chain by P and the one on the Q chain by Q = 1 —P. The two coupled
Lippmann-Schwinger equations read

Ply®) =1¢) + 10p) (0| Q™) (5.2)

ae +aJHy +ie

/l +
e T 7R 17 00) (Ol PleT). (5.3)

Qly*y =

The second equation (5.3) can be immediately inserted into the first one and gives:

A

Ol ooy i e o) 0l P) . 6

Plut) = 16) + 1(* 0p) {

al\s+ JHy +ie

The last equation can be thought of as an effective Lippmann-Schwinger equation in the P sector with
an effective potential V< = (/12 (0] WHHHE |0Q>) 0p) (0p|.

How can we solve this equation? Note that the right hand side only depends on the value of the
wavefunction at the impurity. Therefore if we multiply equation (5.4) by <OP| we find an equation
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solely for (Op|P [y *):

2 1 1

+ A +
(0p| Py >:<0P|¢>+E<OP|WH+IE|OP> <0Q|m|%> (Op[Ply7)  (55)

which can be easily solved:

1

(Op|Ply™) = (Op|o) - (5.6)

2
~ % {Op| s7m 72 0p) (0o sam7mrrre 00)

Reinserting this into the above equations (5.2) and (5.3) gives the full solution to the Lippmann-
Schwinger equation. Now it is finally time to study the limit @ — 0. We find*:

a
A (0p| w7777 [0p) (O 7m77e [0Q)

Inserting back into the above equations (5.2) and (5.3) gives:

(05| Py = (0p]8) + 0(e?). (5.7)

o 1 |
S T T T e T A 9

+ A 1 2

= - 0 0 0] . 59
QW) =~ 7 e ) o o ooy O Ol 99

In particular look at equation (5.9) which tells us how much scatters from the slow chain P to the fast
chain Q. We expected, as for the pairs, that in the limit @ — O scattering into Q should be dominant.
Surprisingly we find quite the opposite — scattering into the Q chain is suppressed. What is the reason
for that? Take a look at equation (5.7). The wavefunction at the impurity site vanishes in the limit
<0P| P |w+> — 0. Therefore no more scattering into the Q chain can happen. There is also another
interesting feature. The solution in the P chain does not depend on any property of the Q system. It
does not even depend on the coupling strength between both chains A. At first this might seem strange
because for A = 0 the system should be completely unperturbed, but in fact it does only mean that the
limits @ — 0 and 2 — 0 do not commute”.

By taking a closer look at equation (5.8) we find that the incoming wave is fully reflected and no
more transmission occurs. This can be either verified by explicit calculation or by observing that the
pinning of the wavefunction at the impurity <OP| P |w+> — 0 acts as an artificial boundary condition.
This artificial boundary condition disconnects both sides of the P chain and therefore transmission is
no longer possible.

Although for the pairs the situation is much more complicated in several aspects, seeing the full
treatment of the Lippmann-Schwinger equation once for a simple toy model helps to understand the
general features in the limit @ — 0. In particular we will find that pair breaking, which is scattering
from a slow to a fast part of the system, vanishes in the limit. This is directly connected to the pinning

2 The limit is of course only correct if <OQ 0Q> # 0, which can be checked by explicit calculation for a hopping

1
e+JHy+ie
Hamiltonian.

3 Or in other words the results are only applicable if @ <« A.
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of the wavefunction to 0 at all points where the potential ‘acts’ (we will later explain what we mean by
that). Interestingly the third feature, namely that the wavefunction gets fully reflected in the limit, is
not there for pairs. Instead we will find a finite transmission which depends non-trivially on A.

5.2.5 The Lippmann-Schwinger equation for the pairs

Let us come back to the pairs. Recall how we describe the system for a pair in the extended Hilbert
space: The system consists of an infinite stack of copies a of the original model each having an energy
offset of —a. Each layer is a 2D lattice with an extra potential due to the Hubbard interaction at the
diagonal. The driving induces couplings between the layers. We will now cast this complicated model
into a scattering problem.

The free Hamiltonian is simply given by uncoupled Fermi-Hubbard Hamiltonians — %HH + %HU —a
on each layer a with an extra energy offset —a. We will use the gauge transformed version of the
Hamiltonian (3.8). In order to get the potential we need to subtract the Fermi-Hubbard model from
it and then express it in Fourier components. This gives the following Fourier component of the
potential (compare to formula (3.11))

J . .
Va = _Z Z(gna - 6a,0)cj10'cn+10' + (gn,—a - 6a,0)cn+lo-cn0'] (5.10)
no

_ﬁ‘]a(/l) [Zo— C-I_-IO—COO' + (_l)acgac—ld + (_l)acgo-clo' + C}LO'COU'] a#0

J T T T T _
- (Jo(1) - 1) [ZU ¢ Coo + €, C 10 + €, Clo + claco(r] a=0

(5.11)

where the g, , are the Fourier components of the time-depending hopping. The extra -6, , appear
because we had to subtract the Fermi-Hubbard model from the full Hamiltonian. These Fourier
components V, couple a layer b to layer b — a. In order to keep track of the current layer a we will
introduce the creation operators cfw; o Which creates a particle of spin o on site n on layer a. The
potential connecting layer b and a is given by

b—
- B —%Jb_a(/l)[ o cLo-;acOa;b +(-1) “(cga;ac_w;b + cgo;aclg;b) + cia;acomb] a+b
a—b — .

_i(‘]()(/l) - 1) [Zo' cila’;aCOO';a + cga;ac—lcr;a + cga';aclcr;a + chr(r;acOO';a] a=>b
(5.12)

We can now write down the Lippmann-Schwinger equations (with a preliminary notation):

1 +
[va) = 19) a0 + TR, — (V. Iwh>]- (5.13)
E - (_ZHH"'ZHU) +a+ie Zb:

Here |¢) is an incoming pair state in layer 0 and E is its energy. We would like to study the limit
a = é — 0. We know that in this limit, by using the Schrieffer-Wolff transformation W, the
Hamiltonian on each layer block diagonalizes into two parts: A Hamiltonian for pairs and one for free
particles. As @ — 0 we have:

J. U
~“Hy + ~Hy = Wa(—lulP + o®PhPP + thSQ)wL. (5.14)
w w

62



5.2 Analytical results in the limit J/w — 0

Here we denote u = U/w and define P and Q as the subspaces for pairs and single particles
respectively. The Hamiltonian hi becomes in the limit the effective Hamiltonian from the Schrieffer-
Wolff transformation (2.15):

41

P — _

ha—>—|u| > E(nZnn+1+nZ+mn)—1]- (5.15)
n

The form of the free particle Hamiltonian hg will not be relevant. By applying Wj, to both sides of
the Lippmann-Schwinger equation (5.13) and defining !(,/~/+> = Wl ft/ﬁ) and |¢§> = WL |¢) we find:

1
+ 2 P
E + [ulP - o*PhL P — aQhQQ + a + i€

[7a) =16) 6.0

ZWflVaHbW(,I&Z)]- (5.16)
b

In this version the denominator of the Lippmann-Schwinger equation block diagonalizes into P and Q
spaces. In order to keep track of the layer a we define P, and Q,, as the projectors onto pairs and free
states in layer a (also we will soon need P and Q for other purposes). From now on we will drop the
tilde over the wavefunctions. In this new notation we can write the Lippmann-Schwinger equations
(5.16) as

Pa |'70+> = |¢> 6a,0 +

Z W aHbWa/Pb |W+> + ijVaHbWa/Qh |'70+>]
(5.17)

E + |u| - a/h +a+ie

Q. lv*) =

E - ahQ+a+le

Zwa wcs WoPL [0y + WiV, W,Q, |¢+>‘. (5.18)

Let us perform a few minor changes here. First, in order to make the order of @ explicit, let us
redefine the potential (5.12) as @V ,. Second the energy of the incoming pair with momentum k is
E = —|u| - azﬁ(cos(k) -1+ O(a/z) = —|u| + azsa. Inserting this into the formulas (5.17) and
(5.18) yields:

Pa |W+> = |¢> 651,0 + 2
a

&y —azh +a+ie

Z Wa a<—bwan |¢+> + ijvm—bWa/Qb WJF)]
(5.19)

Q. lv")=—

a’g, ahQ+(a—|u|)+le

Z W a<—bWa/Pb |(ﬁ+> + WIVVw—bWaQb |lﬁ+>] .
(5.20)

This will be the final form of the Lippmann-Schwinger equations we are going to use. Before we
continue let us quickly give a summary of all appearing quantities:

* P, projects onto paired states (i.e. the diagonal) in layer a.

* Q,, projects onto free states (i.e. everything except the diagonal) in layer a.
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. hg is the effective Hamiltonian for pairs. In the limit @ — 0 it is equivalent to a hopping
Hamiltonian |_72| (Hy —2).

. hg is the effective Hamiltonian for free particles.
* |¢) incoming plane wave with momentum k in P, (i.e. a pair in layer 0).
* The energy of the incoming pair: ¢, = —ﬁ(cos(k) - 1)+ O(a)

* The potential coupling the layers

i b-a (i i i
_]b_a(/l)[za ¢ aCop + (=1 (COO';ac—IO';h + cog;acw;b) + clg;ac(k,;b] a*b

il T i T _
(D) -1) [Z(T ¢ raCoria T €riaCotioia T €oaCloa T cia;acoq;u] a=b
(5.21)

a—b =

* The Schrieffer-Wolff transformation W, . It was introduced s.t. the Hamiltonian decouples into
bound pairs on the diagonal and free particles elsewhere (see section 2.1.4). It acts on each

layer a separately and has the expansion W, =1 + afﬁQaHHPu + O(a/z).

5.2.6 Applying the theorem

Jou

7?<

|u|w

—— .

Figure 5.2: Sketch of relevant energy levels involved in pair breaking. The interaction U = ugw + Jou is
decomposed into an integer multiple of omega uyw and a remainder Jou which determines the energy of the
broken pair (dashed) inside the single particle band (gray). Note also that the pair band (lowest line) has a width,
which is not shown because it is of order (J/ w)*.

As said before we are interested in situations where u ~ u, and i is an integer. We will make the
approximation precise by writing u = u + @du. This means we give u the freedom to approach u in
different ways as @ — 0. The situation is depicted in figure 5.2. In order to stay in the resonant case
we need |Su| < 4.
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5.2 Analytical results in the limit J/w — 0

Inserting this into the Lippmann-Schwinger equations (5.19) and (5.20) gives:

1

P, a,:
g, —ah, + 3 +i€

Pa |¢’+> = |¢> 5a,0 + o Z Wj;zvcu—bwapb |l/l+> + WLVCH—bWaQb |‘rl/+>
| b

(5.22)
1 _

Q a—lugl | .
ag, — (hw - 6u) +— - tie

Q. lv*) =

Z szvm—bwan |lﬁ+> + szvm—bwaQb |¢’+> .
L b

(5.23)

where we also cancelled an @ in both equations (in order to bring them into the form for theorem 1).
We can easily see that, by looking at the denominator, as @ — 0 the wavefunction P,, ft/ﬁ) and Q,, |w+>
vanishes for almost all parts of the system. Only in the spaces P ,_, and Qa:|u0| the wavefunction
will not go to zero as @ — 0. We deal with such situations in theorem 1 of appendix B. Define the
subspaces

P-P, (5.24)
Q=1-P=>P,+> Q, (5.25)

a#0 a

P is the subspace of the incoming pair, which evolves by a factor a slower than all other subspaces Q.
Theorem 1 gives us some important conclusions about the scattering wavefunction P |t,l/+> in the P
sector in the limit @ — 0. It does not directly predict anything in the Q sector. But as we will see we
can use the information about P, |l//+> to calculate the full wavefunction.

Properties of the Greens function

The central object of Theorem 1 is the effective potential
ff
vt = pv_ P+ PV,QGRQV, P (5.26)

where in our case the potential V, can be thought of as a big block matrix in the extended Hilbert
space with entries WLVW_bWa coupling layer b to a. The Greens function GS is defined in the
following way: Assume that we already know the wavefunction in the P sector. Then the solution to
the Lippmann-Schwinger equation in the Q sector is given by:

Qlv*) = G(QV,Plu™)). (5.27)

We could try to give a general formula for it, but it is actually more instructive to directly evaluate
it in the limit @ — 0. Let us assume we fix the wavefunction in the sector P = P,. Now consider
the Lippmann-Schwinger equation for all the other subspaces. If a # 0 equation (5.19) shows that as
a — 0 the wavefunction in P, vanishes (recall W, — 1):
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Chapter 5 Scattering in the resonant case

P, ly*) =

ZW HWanIM+W2VHWQQb|w+>} (5.28)

afzsa - th +a+ie

+ o(oﬂ) -0 (5.29)

B % 2 VasPu 07 + Vo, Qu ")
D

and similar if a # |u,| equation (5.20) shows in Q,:

+\ — W W P + WTV W +
) a’e, —ahQ+(a—|u|)+zs Z s WP )+ Wa s W Qo >]
(5.30)
Rl Zblvw—bpb W)+ Ve Qu ™) +0(a2) — 0. (5.31)

The only non-trivial sector is Q) |:

+ 1 + + + +
QluOl |lﬁ > - Z VV(LVWO|‘—bVV(le W/ > + W(Itvluoh—bWaQb |‘ﬁ A
ag, — (hS - 6u) +iel D
(5.32)
1
(h 6u) + i€
I . .
- [V|u0|<_oPo 1)+ Vg 1ty | Qg ¥ >] (5.34)

~(nd -~ u) + e
where we used in the last step that all other parts of the wavefunction vanish as @ — 0. This equation
can be solved:

1
~(BQ = 6u) = Vi + i

Q") = ViugleoPo ¥7) - (5.35)

By comparing with the definition (5.27) we conclude that in the limit @ — 0 the Greens function acts
only in Q uo| and is given by:

1
_(hg - 6”) - V|'40|‘_|'40| +ie

Q _ Q —
Gy = Q) Gy Q| = (5.36)

In order to obtain higher orders of the Greens function Gg = GOQ + QG? +0 (afz) we can plug equation
(5.35) back into the other ones. We find that for a # 0 (and a # |u|) up to first order:
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5.2 Analytical results in the limit J/w — 0

Py 0 = = VaroPo [0) + Ve iy Qg [67) | + O(?) (5.37)
- g [VWOPO 197 + Vg Qg G5 Qg V g —Po |¢+>] + O(az) (5.38)
Qa |w+> = Q—LW(H |:Va<—0P0 |‘ﬁ+> + Va<—|u0|Q|u0| |lﬁ+>] + O(az) (539)
a
= a——|u0| [Vm_oPo ™)+ Va<—|u0|Q|u0|G0QQ|MO|V|MO|<_0P0 |l//+>] + 0(02) (5.40)
and so
1
PGP, = - PG Quy) = =V 11y Qi G (5.41)
R = 1 Q o« Q
Q61 = T G Qut = 5] Vol Qg G- :42)

All other parts of G? will vanish, expect QIMOIG?QIMOI’ which is given by a quite complicated
expression (we will not compute it, because we do not need it). The full effective potential (5.26) in
the limit @ — 0 is therefore:

ff _ Q
Vg = PVO‘_|’40|Q|M0|G0 Q|”0|V|”0|<_OP (543)
while its first order is a bit more complicated:
Vit =PWIV,_ P +PV,_ WP
+ PWIVor 1401y 16T Qi Vg 0P + PYor gt W1 Qg GT Qg Vg 0P

Q
+ PVo 111Q1ug BT Qg Viugg | 0P

Q t Q
+ PVo 101 Q1uig G0 Qg Wi Vg 1= + PV o116 Qg G0 Qi V g 10 Wi P

+ Z PVothbG?Qbe&OP

b#|ug|

+ ) PV, Q,68Q) Vi 0P (5.44)
b#|uy|

where we carefully expanded all terms up to first order.

Properties of the effective potential

In this section we will have a more closer look at Vgﬁ because we need its properties to make use of
theorem 1. We already know how GOQ looks like, let us now consider Qy,, |V}, |—oP. Recall that it is
basically a hopping Hamiltonian for sites —1,0 and 1:
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Viugle0 = =y (D)

T _ |‘40| i i T
Z c—1(T;|140|c00';0 +(=1) cOo—;luolc—IO';O + c00';|uo|c10'§0 + cla—;luolcOO';O
o

(5.45)
_ g Ajaa gl = 1,3,5,...
=-(=D)™,,,(1) A P (5.46)
even |u0|_ s 1,0, ..
where we define
— T _ T _ + T
Agqa = Z €102 1ug | €00 ™ €0r: iy | €100 ™ €00 usg | €170 + €l g | €000 (5.47)
o
— T T + T
Acven = Z c_1"';|’40|c0"—;0 + c0(";|“0|c_1‘7'§O + cO(r;|u0|c1(r;O + c10';|uo|c0¢r;0' (5.48)
o

We can see that depending on |u|, V|0 has two versions: If |ug| is an odd number |uy| = 1,3,5,. ..
then V ,, o is an antisymmetric hopping A qq, While if [uy| is even |ug| = 2,4,6,. .. itis a symmetric
hopping A,.,. Apart from being even or odd || only determines the prefactor J| uol(/l) in front of the
operator. Note that we will exclude the case J |M0|(/1) = 0, where the full operator vanishes. In this case
there is therefore no pair breaking for « — 0. As said before the operator V|u0|<_0 only interacts with
the three sites —1,0 and 1. It is instructive to write the operators A 44 and A, as a matrix. As basis
in P we will choose the vectors

even

T

SL=1) =t 019 10.0) = ¢hgeh o 1) LD =l e 10 (5.49)

and as basis in Q) | the vectors

SLOY+(0,-1) 1 [ . .
v E(Cm;wc—unuo 190+ €11 €01t 1) 620
0.1y +]1.0) 1 (4 L
v @(cmmceum 1920 + €011y €1 e |Q>)‘ (551

In this basis the two operators have the following matrix representation:

-1 1 0
Aodd=‘/§(0 | _1) (5.52)
1 1 0
Aeven—‘@(o . 1). (5.53)
Define the vectors
=0 PR o= L[ 550
odd \/E ¥ odd 6 | odd \/§ | .

68



5.2 Analytical results in the limit J/w — 0

1 1 1 ! 1 1
|a>even = 6 _01 |b>even = % ? |C>even = % _11 (555)

which are chosen s.t. A |c) = 0, |a) is antisymmetric and |b) is the remaining orthogonal vector. In
the following we will only add the index ‘odd’ and ‘even’ where it is necessary to distinguish between
the two cases. Note that V|u0|<_0 ~ A restricted to |a) and |b) is an invertible 2 X 2 matrix. If we use
the basis spanned by A |a) and A |b) for the Qy,,| subspace, the matrix will even be diagonal due
to parity conservation, because |a) is antisymmetric and |b) symmetric. Similar when restricted to
these two states G(? will also be a diagonal 2 X 2 matrix. Since GOQ is a rather complicated non-local

operator we can expect that both diagonal entries are non-zero”, or in other words GOQ restricted to the

¥
basis is invertible. Since all three matrices are invertible (recall PV, Q) | = (Q|u0|V|u0|<—oP) ),
the combination

ff _ Q
A% _PVO<—|u0|Q|u0|G0Q|u0|V|u0|<—OP (5.56)

is also invertible in the basis |a),|b). On all other states VSrf vanishes. This means the projector
K :=|a) (a| + |b) (b| describes the subspace on which the effective potential VSE acts (i.e. it is the
complement of the kernel of ngf). The projector K plays a central role in theorem 1 as we will explain
soon.

For actual computations we also need to consider the first order of the effective potential (5.44).
Luckily we only need to think about its restricted version to the remaining parts of P: I_(V‘I’EI_( where
K = P — K contains |c) as well as all other states in P without |a), |b). Note that by definition:

I_(‘70<—|uo| = V|u0|<—OI_( =0 (557)
KV = VETK = 0 (5.58)
where the latter is an important prerequisite for theorem 1. The first one is extremely helpful since it
drastically reduces the number of terms in (5.44):

RV{"K = KW[V, K + KV oW K+ > KV;_,Q,GQ;,V, K. (5.59)
b#|uy|

Even more since up to a prefactor all odd or even potentials V,_ are the same all even or odd terms
in the sum drop out as well.

Case 1: |uy| odd If |uy| = 1,3,5,. .. is an odd number we get from (5.59):

KV?EK = KW-{VO(_()K + KVO(_()WIK + Z KVOHbeG?QbVlﬂ—OK (560)

b even

=V |C>odd <C|0dd . (5.61)

4 Of course it could be that one of them accidentally vanishes for some isolated values of éu or A. But then we can expect
that even the smallest change of A will move them away from O.
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The operator is proportional to |c),4q (¢|,qq DECause it still only acts on sites —1,0 and 1 and the

Vectors |a)qq - |b)oqq are already excluded. In the above basis we can write’

VO<—O = _(‘]O(/l) - 1)Aeven

Vb<—0 = _Jb(/l)Aeven b :}t 0
1
Wl _|u0| even
1
GYQ, =
Qe = 5

even”® “even

and by using (¢|ogq Al i Aeven 1€)oqq = % we find:

_ o
v ={Cloq KV? K {¢)odd

Ly (-1 2 )
- 2[92b - - _(JO(/I) - 1) <Clodd AévenAeven |C>odd
150 2b = lug] |uo |u]

16 Jop(2)? L]
3 5 2b‘|“0| |M0|'

(5.62)
(5.63)

(5.64)

(5.65)

(5.66)

(5.67)

(5.68)

Case 2: |uy| even The calculation for |uy| = 2,4,6,. .. is similar to the odd case. We can ignore
all terms in (5.59) that contain even V,_,, and also those which contain the Schrieffer-Wolff
transformation W (since it is also given by a symmetric hopping). This time we need the formula for

the odd potentials:

Voo = Jp(DAq
1

Q —
QhG] Qb - b— |u0|'

This gives

_ 45
KV? K =V |c>even <c|even

since this time |c),,., is the only remaining state in K. Here v is given by

even

F el Jap i ()’
V= <C|even KVl K |C>even = ; m

¥
‘ <C|even AoddAodd |c>even

_16 Ty (D)
3|44 2b+ 1 [ug]

. 16
where again (c|qep AZ d dAodd |) even = 3

3 Note that W, ~A because it is also given by a symmetric hopping.

even’
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5.2 Analytical results in the limit J/w — 0

Implications of the theorem
In appendix B we proof the following theorem®:

Theorem 1’ Consider the scattering problem given by the free Hamiltonian H, = a/hg with (not
necessarily hermitian) potential Vzﬁ. Assume that this scattering problem is such that we can apply
the Lippmann-Schwinger equation for all finite a. Choose as incoming state an eigenstate |¢) of hg
with an energy ag,. Furthermore assume that hg has a well defined limit for « — 0 and that the
Taylor expansion of Vflﬁ exists at least up to first order.

ff . .. . .
In case that Vfl +> 0 and the operators satisfy the additional technical assumptions (a), (b) we find
in the limit @« — 0:

1. Klg*) >0

There are two more conclusions one can obtain under the assumptions of theorem 1’. However they
will not be relevant in this section and also contain notation we have not introduced yet. The interested
reader can find them in theorem 1 in appendix B.

Since we already established all necessary properties of Vzﬂ we can directly apply theorem 1” in the
limit @ — 0. We will now discuss the interesting consequences of K |w+> — 0.

What is the intuitive meaning of K |1//+> — 0? Recall that K = |a) {a| + |b) {(b| and so we have
<a|w+> — 0 and <b|tp+> — 0. The two vectors |a) and |b) are the ones on which the potential acts.
In the limit @ — 0 the wavefunction vanishes where the potential acts. Note that this is similar to the
toy model (5.7), where we have <0p| | |z//+> — 0. We interpreted this as adding an artificial boundary
condition to the system. The same happens for the pairs, with one major difference. While in the
toy model the artificial boundary condition decoupled the system and therefore led to total reflection,
for the pairs the system does not decouple. In fact because |¢) does not couple to the zeroth order
potential, <c|¢/+> is allowed to have any value. Since |c) spreads over sites —1,0 and 1 there is still a
connection between the two sides of the system and therefore transmission is still possible. Because
only |c) is allowed, the system will have the interesting feature that the probability of the pair being on
sites —1,0 and 1 is equal, a feature we will encounter in the numerics.

Let us come to the most important conclusion of this chapter. So far we only considered the intact
pair in sector P. But we actually wanted to study what fraction of the pair breaks, i.e. how does the
wavefunction look like in the Qluol sector’. We can calculate this using the Greens function (5.27):

Q|“0| |"b+> - Q|M0|GOQQIMO|V|L¢O|<—OP |¢+> (5.74)
= QU (GFQ 1y Vi oK ) = 0 (5.75)

where weused Q ,, |V, 0P = Q| V| —0K due to the definition of K. We see that the wavefunction
in the Q|u0| sector vanishes in the limit @ — 0, or in other words: Pair breaking is suppressed as

a — 0. Intuitively speaking the limit @ — 0 adds the artificial boundary conditions K |L//+> =0,
wherever the potential acts. But because the same potential is also responsible for pair breaking, pair

® The two technical assumptions (a) and (b) can be found in appendix B.1 (we expect them to hold almost always as
discussed in appendix B.4).
7 Recall that sector Q| o is the only one where it is energetically possible that free particles escape to infinity.
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Chapter 5 Scattering in the resonant case

breaking itself cannot occur anymore. Note that this is completely contrary to our original expectation,
where we expected almost full pair breaking (see section 5.2.1).

We would like to stress that this does not seem to be case only for the pairs, but rather seems
to happen in quite generality when one considers scattering from slow modes of a system into fast
modes. Theorem 1 shows that K |¢/+> — 0 for a huge variety of systems. Apart from some technical
requirements the only important requirement is that fo does not vanish as @ — 0. From K |w+> -0
it then follows that the full wavefunction in the Q sector vanishes Q |¢//+> — 0.

Pair transmission in the limit @ — 0

We use the other two conclusions of theorem 1 in appendix B to calculate the transmission amplitude
in appendix (D.74):
1

T = 5.76
k ! (3|u0|v¢8+8cosk)2 (5.76)
+ —_—

4sink

where the upper sign is for |uy| = 1,3,5,. .. odd and the lower sign for |u,| = 2,4.,6,... even. v was
calculated before in section 5.2.6:

6 o, (W 1 _
?[Zb oofugl |u0|} lugl = 1,3,5,. ..

V= p (,1) . (5.77)
The two sums in v look similar to s|u0|(/l) defined in (3.59). In fact we have
3luglv ¥ 8 + 8cosk = —8(|u0|s|u0|(/l) — (1 +cos k)) (5.78)

and by inserting this into (5.76) we find that 7} is given exactly by the same result already obtained in
section 3.3.4 (see equation (3.61)). There we computed the limit where |u| approaches an integer from
the results in the non-resonant case. It might seem obvious that both results should be equal, however
recall that the physical situation in the resonant and non-resonant case is rather different. In particular
there will be major differences as we move away from the limit and consider higher order corrections.
Already in first order in @ we find a linear increase of the pair breaking in the resonant case while the
first order completely vanishes in the non-resonant case.

Before we move on we want to stress two important facts. First that we get, contrary to the toy
model, a non-trivial transmission even in the limit @ — 0. Second recall that we gave ourselves the
freedom to choose how u approaches i by defining u = uy + @du. Interestingly the transmission
does not depend on the parameter du at all. Since we absorbed the du into the Q sector this again
demonstrates that the details in the Q sector are not relevant for the transmission amplitude in the
limit @ — O.

In figure 5.3 we plot the transmission as a function of k and A for |u,| = 1. We are now going to to
verify this result using numerics.
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Figure 5.3: Pair transmission as function of momentum k and driving strength A for |U|/w = 1. The plot on the
right displays the momentum averaged transmission 7'.

5.3 Numerical results

In this section we would like to show that we can indeed find the non-trivial transmission amplitude
also from the numerics. We are again going to use the method explained in section 2.3 which
determines the transmission directly from the eigenstatesg. Note that this method is not able to capture
any pair breaking at all because it only analyzes the diagonal of layer 0. Also even the transmission
calculated from the diagonal of layer O will not be correct since the method crucially depends on the
assumption that the impurity does not allow for particles losses. Therefore we cannot trust its results
as long as we cannot neglect the pair breaking. But luckily for J/w — 0 the pair breaking vanishes
and we can apply the method to check the limiting transmission amplitude. Note that by checking
the transmission amplitude we also implicitly validate the other analytical results such as that pair
breaking vanishes in the limit.

Before we give the result for the transmission let us verify an implication of the theorem, namely
that the wavefunction at sites —1,0, 1 is restricted to be a multiple of |c¢). In figure 5.4 we give an
example for a layer O of an eigenstate for |u| = 1. There |c¢) = |c)qq is given by (5.54) and so the
wavefunction on all three sites should be equal. We can see in figure 5.4 that this is indeed the case.
This is a first verification of the analytical results.

Unfortunately it is not easy to have a more direct proof that the pair breaking vanishes as @ — 0.
The problem can be best explained with a real-time simulation: Imagine an incoming pair state in
layer O that scatters off the impurity. As it moves really slow we need to simulate long times. Imagine
that a part of the state gets excited into layer |u,| and breaks into two single particles. The single

8 In fact only from the diagonal of layer 0.
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Figure 5.4: Layer O of a pair eigenstate for J/w = 0.001,|U|/w = 0.9997 (ie. u; = —1,6u = 0.3),
A=1,N =4,L = 31. nand m denote the position of the first and second particle respectively. The wavefunction
¥, m concentrates on the diagonal where both particles are at the same site. In particular observe that the value
of the wavefunction is the constant on sites —1,0, 1 which is an important prediction of section 5.2.6.

particles will move much faster. But due to the finite size L of the system they will quickly reach the
boundary, bounce back and re-enter the impurity while the incoming pair basically did not move. Due
to the strong coupling there is a high probability that both single particles will recombine into a pair.
This spoils the overall pair breaking probability as well as the transmission probability of the pair. The
only way out would be to scale the system size L ~ 1/, so that single particles will only reach the
boundary after the scattering has finished. Since we are at most able to simulate L =~ 50 (if we restrict
the system to N = 2 layers), but would like to reach @ = 0.001, this is clearly not realistic. Therefore
it is not possible for us to directly observe the pair breaking in numerical simulations. The discussion
was done for a real-time simulation, but of course there is a similar effect on the eigenstates.

In figure 5.5 we give the numerically calculated transmission for N = 4 layers and |u,| = 1
analogously to figure 5.3. Note that we used a system size of L = 31 and restricted the number
of layers to N = 4 which includes layers —1,0, 1,2. Up to small regions around 4 = 0,4 and 7 the
transmission behaves similarly as the theoretical result from figure 5.3. Figure 5.7 shows a vertical cut
at constant k = 7r/2 through figure 5.5. For comparison we also give the expected theoretical result,
both for infinite layers and for four layers (this means we only include the terms b = 0,1 in the sum of
(5.68)). If we again exclude A = 0,4,7 we find that the numerical result follows the theoretical result
for four layers nicely. It differs a bit from the theoretical result for the infinite layer system, but this is
already due to the difference between the two theoretical results. If we would include more layers
into the simulation we could also include more terms in the sum (5.68) and therefore reach a better
approximation for the theoretical transmission amplitude.
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1.0

Figure 5.5: Numerically calculated pair transmission for J/w = 0.001, |U|/w = 0.9997 (i.e. uy = —1,6u = 0.3),
N = 4,L = 31 as function of momentum k and driving strength 4. The black regions at the boundary are
outside of the scope of the numerical method (see section 2.3). The plot on the right displays the momentum
averaged transmission 7.
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Figure 5.6: Numerically calculated pair transmission with momentum k = 0.5z for J/w = 0.0001,|U|/w =
1 -0.00016u (i.e. ug =-1), A =1,N =4,L = 31 as function of du.

Let us now explain why the numerics fail at A = 0,4 and 7. These values are close to the zeros of the
first Bessel function J; (1) which are approximately 0,3.8,7.0,. ... Recall that the major observation
in the limit of @ — 0 was that the parts of the wavefunction, on which the potential connecting layer O
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Figure 5.7: Numerically calculated pair transmission with momentum k = 0.5x for J/w = 0.001, |U|/w = 0.9997
(i.e. ug = —1,0u = 0.3), N = 4, L = 31 as function of driving strength 1. We also give the theoretical results for
infinite and four layers.

and 1 acts, vanish. This potential is given by V,_ (see equation equation (5.21)):

_ i i i i
Vico =) Z €1 0:1€00:0 ~ 001100 ~ €0er1€10:0 F €11 €000 |- (5.79)
g

The derived limit for @« — 0 is applicable if the prefactor @ is much smaller than the size of V,_,, i.e.
much smaller than J,(1). If A is away from a zero of J;(A) this is satisfied for @ = 0.001. Butif A is
close to a zero of J;(4) then J;(1) will be comparable to @ = 0.001 and therefore we cannot apply
the result we found in the limit @ — 0. This explains why the numerical results do not match the

theoretical ones there. We could get a better approximation by further decreasing a, however a narrow
region where the limit does not apply will always remain around the zeros of J;(1).

Dependence on 6u

Recall that the analytical result for @« = J/w — 0 also predicted another feature, namely that the
transmission is independent of du. We introduced du to give us more freedom how u = U/w
approaches an integer. We defined u = uy + adu, with u, being an integer, where —4 < du < 4. In
figure 5.6 we plot the transmission as a function of du. We can see that the transmission is not affected
by éu. This verifies another prediction in the limit @ — 0.
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Conclusion

In this thesis we studied the scattering of bound pairs of fermions in a Fermi-Hubbard chain at a driven
impurity. The model was described by the hopping parameter J, the on-site Hubbard interaction U,
the driving frequency w and the driving strength A. In the non-resonant case, where U is not an integer
multiple of w, we were able to derive an effective Hamiltonian with an effective impurity for the pair
in the limit J/w — 0 while keeping U/w fixed. The resulting transmission probability through the
impurity shows a complicated dependence on the parameters which yields a wide range of possible
transmission profiles. We checked the analytical work with numerical studies in which we extract the
transmission directly from the eigenstates of the system.

We compared the transmission of the pairs to the one of the single particles. This led us to several
ideas of how the driven impurity could be used, most prominently as a pair filter. We found some sets
of parameters where the pair transmits through the impurity but the transmission of single particles is
highly suppressed. One can also tune the parameters such that the pairs are filtered out and single
particles are transmitted to have a single particle filter.

To complete the discussion about the driven impurity we also considered the resonant case, i.e.
where U is an integer multiple of w. This case allowed for pair breaking. Quite surprisingly pair
breaking is not the dominant process for J/w — 0, but it is suppressed. We have argued that this
suppression is a general feature for systems which have scattering from a slow to a fast subspace. We
explained this behaviour with a simple toy model and proved a general theorem which applies to a
huge variety of systems.

To go away from the limit J//w — 0 we also numerically calculated the transmission for finite values
of J/w where the driving was still non-resonant. We found that the result for J/w — 0 is a good
approximation throughout the whole non-resonant case. However as soon as J/w is greater than a
certain cutoff, which depends on the distance of U/w to the nearest integer value, one is automatically
in the resonant case. Due to the high complexity of possible final states after the scattering our
analytical and numerical methods are not applicable in the general resonant case. One could try to
study other limits like the low frequency limit w <« J,|U| or to do a perturbative expansion in the
driving strength A. Apart from these limiting scenarios however we expect that studying the resonant
case in general requires more sophisticated analytical and numerical methods. We will leave this
problem for future work.

We discussed how one could use the rich behaviours of the impurity to tailor specific filters.
However one can only achieve specific configurations of the impurity at special parameter values.
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Chapter 6 Conclusion

We expect that adding an extra static chemical potential around the impurity site will lead to even
richer behaviour and thus to more flexibility for choosing the parameters. Such a potential should be
unaffected by the Schrieffer-Wolff transformation and therefore the analytical calculations should be
very similar.

Another idea for future work is to shake a whole region instead of a single site. This will lead to
an effective extended impurity which is again given by a scaled hopping and an extra potential. If
the scaled hopping is smaller than the actual hopping the bandwidth inside the driven region will
be smaller than outside. Therefore, for a sufficiently long impurity, only states which lie inside this
bandwidth will be transmitted. This could be used to tailor specific momentum filters for single
particles and pairs.
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APPENDIX A

Perturbative expansions in Floquet theory

A.1 The high-frequency expansion

The high-frequency expansion allows to calculate the Floquet Hamiltonian as a series expansion in
1/w. We will only calculate the dominant term. For higher order terms see [21]. Consider a Floquet
system given by a Hamiltonian H(wt). The Schroedinger equation reads

do
iU =HnU. (A.1)

Now change the time variable to ¢ = wt. The Schrodinger equation transforms to
d
d¢

If we consider the ultimate limit w — oo the right hand side vanishes and the time evolution becomes
trivial. Therefore we can do a perturbative expansion in 1/w. The first order correction of the time
evolution operator after one period is

i

U= lH(¢>)U. (A.2)
w

1 2
UQr)=1-i— / Ao H($) + 0(1 /wZ) (A3)
w Jo
2
~1 —i—”H0+0(1/w2). (A4)
w
In the last step we used the Fourier expansion of the Hamiltonian H(¢) = }, Hae_i 4 From general
Floquet theory we know that the time evolution operator after a full period relates to the Floquet
Hamiltonian according to
—iH. & 2 2
UQ2n) = e ™% =1 - ZZH, +O(1/a)) (A.5)
w 0
where we also expand Hg = Hg + O(1/w). By comparing both expressions we find immediately

H; = H, + O(1/w). (A.6)
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Appendix A Perturbative expansions in Floquet theory

In the same manner we can also calculate the Floquet Hamiltonian to any order. The result for the
zero’th order is particularly interesting because it is given by the time-average of the Hamiltonian over
one period Hy = / g—ﬁH(d)). The high-frequency expansion can be applied to any system, whenever
the frequency is much larger than any intrinsic energy scale of the system. However sometimes we
also want to consider other parameters to be of the same size as w too (in case of the pairs we have
U ~ w). In this case we need to structure the perturbation theory a bit differently as explained in the
next two sections.

A.2 The Schrieffer-Wolff transformation

Before we apply it to the Floquet setting we want to first introduce the Schrieffer-Wolff transformation
in the usual (and more simpler) time-independent setting. We could simply give a reference to
publications like [16] which already include a detailed derivation and analysis. But because we are
going to use a non-standard notation and also the Schrieffer-Wolff transformation is going to play a
central role in this thesis, we will quickly repeat the main steps of the derivation:

Consider a general system with a Hamiltonian

H=F +aG. (A7)

Here aG is a small perturbation to F. We would like to study this system in the limit @« — 0. For
finite @ the system can be diagonalized into eigenstates }1//1->a. Now for each of these states define
their limit as @ — 0 as |¢/i>(Z - |¢i>, where the |¢i> are an eigenbasis of F. The idea behind the
Schrieffer-Wolff transformation is to introduce an unitary transformation W, which maps the limiting
eigenstates onto the real eigenstates at finite a@:

W, [8:) = i), - (A8)

From the definition we know that W, = 1. Soon we will expand W,, = 1 + aW, + a*W, + O(a3) in
a Taylor series. Such an expansion suffers from the problem that a truncated approximation to W,
will not be unitary. That is why in [16], as well as in most other publications, they instead define
W, = ¢S and then expand S,. This expansion is then guaranteed to be unitary even at finite order.
But since this is not important for us and the derivation with W, is more direct we will stick to it.

The W, allow us to describe eigenstates of the total Hamiltonian in terms of eigenstates of F.
Consider the transformed Hamiltonian WZHWQ. Its eigenstates are given by eigenstates of F. In
particular in any eigenbasis of F the transformed Hamiltonian is block diagonal. Each block describes
the effective Hamiltonian for finite @ governing the dynamics in this subspace.

Our aim is to compute such an effective Hamiltonian for a specific subspace perturbatively. Fix a
(possibly degenerate) eigenspace of F given by a projector P which projects on an eigenspace of F
(usually one takes the ground states, but in principle any eigenspace is possible). For simplicity we
will assume that the eigenvalue of this eigenspace is 0',i.e. PF = FP = 0. For convenience define
Q = 1 —P as the remaining parts of the system. It is shown in [16] that S, is block off-diagonal which
translates to PW,P = QW,Q = 1. For simplicity we will also assume that PGP = 07

! Otherwise subtract a constant from the Hamiltonian.
2 This is the case for the Fermi-Hubbard model and dramatically simplifies the calculations.
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A.3 The Floquet-Schrieffer-Wolff transformation

As said before due to the definition of W, the transformed Hamiltonian is block diagonal, i.e.

QW (F + «G)W_P = 0. (A.9)

By expanding W, =1 + aW, + a2W2 +0 (0/3) and equating each order separately we find:

QW,P = —%QGP (A.10)
QW,P = —%QGQQWIP. (A.11)

The inverse operator 1% exists because it is only applied on the Q subspace where F has only non-zero
eigenvalues. By also expanding the effective Hamiltonian

H" = PW)(F + «G)W P (A.12)

in a Taylor series H = oHS" + o”HST + o HST + O(a4) we find:

HT =0 (A.13)

HST = —PGQ%QGP (A.14)
1 1

HT = PGQQGQQGP. (A.15)

Note that the first order vanishes because PGP = 0. We are not going to use the third order formula
very much. We will only need it to explain why Hgff vanishes for the Fermi-Hubbard model.

A.3 The Floquet-Schrieffer-Wolff transformation
Consider a general system with a Hamiltonian given by
H=F +aG(¢) (A.16)

where H(¢) is 27 periodic. We can therefore use Floquet theory to describe the system. Note that F is
the part of the system which has energy scales about the same size as w and aG(¢) is the part with
energy scales much smaller than w. Our aim is to find an effective (static) Hamiltonian describing
the limit @ — 0°. In particular we again fix a degenerate eigenspace of F which is described by a
projector P and assume that the eigenvalue of this eigenspace is 0. We will denote Q = 1 — P and
further assume that PG(¢)P = 0 for all ¢.

Under these conditions we can use the Floquet-Schrieffer-Wolff transformation [22] to obtain
an effective Hamiltonian for @ — 0. It simultaneously applies two procedures. First it performs
a time-average over the time-dependent part as the high-frequency expansion. Second it also re-
stricts the system to the subspace P as the Schrieffer-Wolff transformation. There are many ways

3 We will not call it the Floquet Hamiltonian due to the different idea behind the expansion. But it is essentially the same.
In particular it will predict the true time evolution of the system only at full periods.
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to derive it. We could try to perform a perturbative expansion of both the time evolution operator
and the Floquet Hamiltonian as we did for the high-frequency expansion. However this turns out
to be quite cumbersome. The easiest derivation in our setting is to use the extended Hilbert space
framework. Recall that we can think about the driven system as a static system which consists of
an infinite stack of copies of the original system. These copies are coupled by the corresponding
Fourier component of the Hamiltonian. If we expand G = },, G ae_iw then the coupling between
layer a and b is given by G,_,,. Alsorecall that the a’th copy of the system has an extra energy offset —a.

The ordinary Schrieffer-Wolff transformation for a static system results in an effective Hamiltonian
which is given by (A.14):

HT = —azPGQ%QGP. (A.17)

In the driven case we need to apply this formula to the extended static system. This means we need to
think about P as the original P, but restricted to layer 0. On the other hand the new Q now does not
only include the Q subspaces, but in principle also all P apart from the one in layer 0. In order to not
confuse ourselves let us introduce the notation P, and Q,, for the respective subspaces in layer a. We
would like to derive an effective Hamiltonian in the subspace P = Py,. It is given by

1 1
Heﬂ = _a,Z Z POGaQaF—_aQaG—aPO + Z POGaPa TaPaG—aPO (A.18)
a a#0

where the Fourier components G_,, G, also implicitly include a change of layer from O to a or from
layer a to O respectively. Note that we do not only also sum over the Q ,, but also over the P, subspaces
for a # 0, because they are not part of P = P;,. Also note that the denominator % got replaced by Fl—a
This is due to the extra energy offset in layer a. Already from this denominator we can see that the
method is not suited to describe resonant situations, i.e where there exists a eigenvalue of F which is
an integer multiple of the frequency (which is w = 1 in this case). We can simplify formula (A.18) by
observing that the second part actually vanishes. This follows from the condition PG(¢)P = 0:

1
H' = -0 ) P)G, Q5 QuG_ P (A.19)

Note that this formula reduces to the usual Schrieffer-Wolff transformation formula (A.14) when all
Fourier components G, vanish for a # 0 (which is the static case).

A.4 Application to the Fermi-Hubbard model

In this section we will apply the above formulas to the Fermi-Hubbard model

J " U
H= _Z ; gn(¢)c;rz(rcn+1(r + gn(¢)cjl+1o-cn(r + ZHU (A.20)

where the g, (¢) describe the time-periodic hopping between site n and n + 1.
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A.4 Application to the Fermi-Hubbard model

Single particle

For a single particle we can ignore the Hubbard interaction term. The only energy scale in the system
is J which is supposed to be much smaller than w. We will therefore use the high-frequency expansion
(A.6) which predicts:

d J
Hr = H, :‘/£H(¢) = 5

il T
Z gn,Ocncrcn+10' + gn,()cn+1o-cna- . (A21)
no

Here we have used the definition of the Fourier components g, (¢) = X, g,,. ae_ia¢. The result is given
by a hopping Hamiltonian with hopping parameter given by Jg,, o.

Particle pair

Since the derivation is the same we will not consider only one pair but rather any numbers of pairs.
We will only require an equal number of particles in both spin species Ny = N|. Since % is supposed
to stay finite while @ = é — 0 we use the Floquet-Schrieffer-Wolff transformation (A.19): F is given
by F = g (HU — NT)' P is the subspace where all particles are paired. We added the extra constant to

F to make sure that F is zero on the subspace P. We have

G(¢) = - lz (D)€t + g:f,<¢>c,i+1(,cm,‘ : (A22)
no
or expressed in Fourier components
Ga == |:Z gnac:m'crwla' + g:z,—acjﬁ.[o-cmr} . (A23)
no

Here we denote g,,(¢) = Y, gna¢ ' “®. We need to check the requirement PGP = 0. This can be
easily seen because each H,, will move exactly one particle. When acting on a fully paired state of P it
will lead to one broken pair and therefore the result will be annihilated by the projector P.

The last observation, namely that G, breaks exactly one pair, also shows that the Hubbard-interaction

energy will be raised by |U|/w and that we can replace denominator ﬁ by m = |u|1_a.

i 1
HPAr — —Qz Z POGaQalul——aQaG_aPO' (A.24)
a

What remains is to calculate PyG_,Q_,G_,P,. Both operators will move exactly one particle. There
are two possibilities of starting and also ending with only pairs: Either both operators act on opposite
spin and move the two particles of one pair in the same direction, or both operators act on the same
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spin and move one particle out of the pair and back again.:

Y = 0?3 Roati ool (A.25)
7 o

+ a8 —aChi15-Cno 1o Cner (A.26)

+ 8 -a8n.-aChs 10 CnoChorCuslo (A.27)

+ Zna8naChoCrt1oCh 1o Po |- (A.28)

We denote the opposite spin with 6. Since both spins are treated equally we can replace the spin sum
by an overall factor of 2. We define the ‘creation’ and ‘annihilation’ operators of a pair as

nh = cZT ¢ . (A.29)
T]r_l = "lch' (A30)

By rearranging the creation and annihilation operators and using their commutation relations we can
simplify the expressions. For example we have

€ a1 | €h1Cstt = MTlnsed (A31)
CZHTCHTCLTCVH]T =Dy~ Dy Dy (A.32)
We finally find
. 1 o A

HP = Z [W ) (nnnn+1 + 77n+177n) + ZnnnTnn+lT - ﬂnnnT : (A33)

n

The parameters are given by:
— 4 Z grbj'gj " (A.34)

2
+ -
Zn :20,22 |gna||u|_|g;1, a| (A35)
2 2
+

=2ua Z |gn 1, |u|| - algn,al ' (A36)

The first term describes the pair hopping. The second term is the nearest neighbour pair interaction
term. The third term adds an extra chemical potential. Note that instead of n,,; we could have
equivalently used n,,| (both are necessary equal in the P sector and equal to either 0 or 1).

A remark on the next order correction

In this section we will quickly show that the next order correction vanishes. For simplicity we will
explain it with the static Schrieffer-Wolff transformation (the argument is completely the same also in
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A.4 Application to the Fermi-Hubbard model

the Floquet case). In general the next order is given by equation (A.15):
off 1 1
H; = PGQFQGQFQGP. (A.37)

The reason why it vanishes is because if we start with a completely paired state in P then by hopping
three times via G we can never end up in a completely paired state again. To see this denote the sum
of all positions of the particles by s. For a completely paired state s is an even number. Now each time
we apply G, which is a hopping Hamiltonian, it moves exactly one particle and therefore s changes by
one. This means when we apply G three times s is going to be an odd number and therefore the state
cannot be completely paired, i.e. Hgﬁ =0.
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APPENDIX B

A general theorem about scattering from slow to
fast modes

In this chapter we will establish a general theorem for a huge variety of systems and thereby show that
the unintuitive result we found for the pair breaking in the limit « — 0 is not unusual.

In the following consider a general system with a small positive parameter @. As @ — 0 a part of
the system, described by projector P, evolves slower and slower in time, while the timescales of the
other part of the system Q are fixed (and therefore Q evolves faster than P).

B.1 General considerations

Consider a system with two subsystems: a slow one P with Hamiltonian a/hg and a fast one Q with
Hamiltonian hg. Additionally we also have a potential V, which couples both subsystems. We
consider an incoming wave in the slow subsystem P and would like to study how it scatters at the
potential in the limit « — 0. In particular we are interested in what fraction of the wavefunction ends
up in subsystem Q.

The Lippmann-Schwinger equations of such a system are given by:

Pu7) = [00) + ———5——(PV.P ") + PV, Q")) (B.1)
+ 1 + +
Q") = —— G (QVuPl") + QV.Q")). (B2)
a Dy T

We can solve the second equation (B.2)
Qlv*) = GIQV,Py*) (B.3)
using the Greens operator of the system in the Q sector:

1

Gl=Q
as, —h3 - QV,Q +ie

(B.4)

The interpretation of this operator is as follows: Assume we somehow know the complete wavefunction
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Appendix B A general theorem about scattering from slow to fast modes

in P sector. Then we can compute the wavefunction in the Q sector by applying the Greens operator to
Qv,pP |1//+>. The Greens operator will play an important role as its contains all knowledge about the
Q sector which will be relevant for us. In particular we do not need that hg behaves nicely as @ — 0,
as long as GS has a well defined limit for « — O (This is in particular important for our bound pair
case. Actually hg diverges for the pairs as @ — 0, but Gg has a well defined limit.).

Inserting back into the Lippmann-Schwinger equation (B.1) gives:

+ 1 1 + +
P = 19)+ oo (PVaP ) + PV,QGIQV.PIT)) (B.5)
1 1 +
=|¢) + —————VaPlu"). (B.6)
g, —-h,+ie

The last equation is again a Lippmann-Schwinger equation involving only the P sector with the
effective potential1

vt = pv_P + PV,QGRQV,P. (B.7)

Note that this Vf,[ff is not a hermitian operator, since it also includes particle loss from P into Q. Recall
that our aim is to study the limit @ — 0. In this limit we can expect that the effective potential has a
non-zero limit VT — VET £ 0,

Because the effective Lippmann-Schwinger equation (B.6) reduces the problem to only one sector
P it is enough to study how scattering in subsystem P behaves for « — 0. This will be part of the first
theorem. The second theorem then makes the connection to the Q subsystem.

For clarity we will remind the reader of the following subspaces connected to a linear operator A:

¢ The kernel KerA = {|x) : A |x) = 0} is the subspace which is annihilated by A.
* The image ImA = {A |x)} is the subspace of all possible outcomes of A.

e The space on which A acts is the orthogonal complement of the kernel. Intuitively speaking it
is the subspace on which A does not vanish.

Before trying to understand the whole proofs we advise the reader to first have a look at the simple toy
model (see section 5.2.4) which already includes many ideas of the proofs. Since the proofs are quite
messy and require the definition of many quantities (especially lots of projectors) we will stick to the
same notation in both proofs. We give an overview over all occurring quantities in tables B.1 and B.2.

A remark on projectors The reader might wonder why we define so many projectors. In short they
will pick out small relevant subspaces of the infinite dimensional Hilbert space, which are in most
practical applications finite dimensional’. This allows us to reduce the Lippmann-Schwinger equation
to basically a matrix equation which is much easier to handle.

We will also use projectors to ‘invert’ non-invertible operators/matrices (like the potential). For an
arbitrary operator/matrix A we can define two projectors X (the projector on the image of A) and Y

! In the context of particle physics this effective potential is often called the optical potential [28].
2 We are not aware of a commonly accepted name for it.
3 We will often call them finite dimensional, even though the theorem also works if they are not.
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B.2 Theorem for only one slow subspace

(the projector onto the space where A acts), s.t. XAY is invertible (when restricted to X and Y).

During the proofs we are going to need some technical assumptions. They state that certain operators
on these finite dimensional subspaces are invertible. In section B.4 we will argue why we can expect
them to almost always hold. Although we have not described the involved quantities yet we will now
state them here so that we have a compact list we can refer to.

The technical assumptions are:

(a) K- KGP VeﬁK is invertible for all @ and its limit K — KGOVGEK is also invertible.

(b) K- 1KG,VIK - LKG!, VCEK _ LRGP ve"K is invertible for all @ and its limit

KG" veig @
KG{ VK + KGPVCEKWKGPV K is also invertible.

(©) KQGOQKQ is invertible.
(d) KG{K is invertible.

© L- (L LGiK L )KGOKVeﬁL is invertible.
0

B.2 Theorem for only one slow subspace

Let us go on to the first theorem. It concerns a system defined only on the subspace P*. The free
Hamiltonian on P scales as H, = ah,, in order words the dynamics become slower and slower as
a — 0. The potential on the other hand Vftﬂr is constant as @ — 0. Note that we call the potential
effective because it will play the role of the effective potential once we include the Q subspace and
because it does not need to be a hermitian potential, i.e. it allows for particle loss. We will not require
further properties of Vflﬁ, only that it is such that we can apply scattering theory (and by this we mean
the Lippmann-Schwinger equation).

We would like to study how an incoming wave |¢) scatters at this potential in the limit « — 0. In
particular we aim to calculate the Lippmann-Schwinger wavefunction |¢+>. Note that we require that
|¢) is an eigenstate of the free Hamiltonian ahg for all . Therefore as @ — 0 its form does not
change but only its energy a¢,,.

Theorem 1 Consider the scattering problem given by the free Hamiltonian H, = ahz with (not
necessarily hermitian) potential szf. Assume that this scattering problem is such that we can apply
the Lippmann-Schwinger equation for all finite «. Choose as incoming state an eigenstate |¢) of hg
with an energy ae,,. Furthermore assume that hg has a well defined limit for « — 0 and that the
Taylor expansion of szf exists at least up to first order.

In case that Vgﬂ 4 0 and the operators satisfy the additional technical assumptions (a), (b) we find
in the limit @ — 0:

4 For now one can think of P as the whole space. In the later theorems we will add another subspace Q to it.
3 If this is not the case we can easily achieve this by first performing an « dependent unitary transformation which
diagonalizes hg.
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Appendix B A general theorem about scattering from slow to fast modes

1. K|zﬁ+> -0

2. If additionally I_(Vgﬁ = 0and (d), (e) hold:

1 1
Llyg) = —|L - LGEK—K) |p) (B.8)
L- (L - LG§K+K)KG§I‘<V§"*L KGoK
KG(K
3. If additionally I_(ngf = 0and (d) holds:
1 _
Plyd) =1 - GEK——K|(|#) + GERVS'L |y (B.9)
| 0> 0 KGISK )( 0 1 | O>)

We have not yet defined the various quantities appearing here. We give their definitions, as well as
others, in tables B.1 and B.2. The first conclusion states that K ftf’) — 0. As stated in table B.2
the projector K gives the subspace on which the potential V(e)ff acts. Therefore the first conclusion
states that the wavefunction will vanish at the potential (as in the toy model), which we can think of
as adding an additional boundary condition to the system. This is also the most important finding
of this theorem. Conclusions 2 and 3 give the full (and quite complicated) solution of |¢/+>. They
are only relevant if one would like to explicitly calculate scattering properties. Note that their extra
requirement I_(ngf = (0 is automatically satisfied if Vgﬁ is hermitian.

Proof: Let us start with the Lippmann-Schwinger equation

. 1 effpy [ +
Plyt) =)+ ——————VIP|y*). (B.10)
g, —-h,+ie

a a

In the toy model this equation corresponds to (5.4).

Step 1: Solving the Lippmann-Schwinger equation The Lippmann-Schwinger equation is an
implicit equation for the infinite dimensional vector P |;b+>. As such we cannot solve it directly. But
note that in the limit @ — O the right hand side does not depend on the whole P |z//+>, but only on
the finite dimensional part of the wavefunction K |w+>. K is the subspace of P on which the zeroth
order potential Vgﬁ acts. For later convenience define K = P — K. In the toy model the projector K
projects on the subspace spanned by |OP> (because the potential acts only on <OP| P |(//+>). Since we
expect a different behaviour of the wavefunction in K and in K as @ — 0, it is a good a idea to split
the Lippmann-Schwinger equation (B.10) into two equations for each subsystem:

1 1 1 )

Kyt =K|¢) + - K——— VK |y} + =K VTR |yt B.11
|¢’ > 19) a sa—hg ie ¢ |(// > @ sa—hg+i€ ¢ M > ( )

_ _ 1. 1 1. _

Ky =K|¢)+ —- K——— VK [|y") + =K VIR gt . B.12
|l// > 14) @ sa—hz+ie ¢ |l// > a aa—hz+ie “ W/ > ( )
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1
P .
&g,-h,+ie

From now on we will abbreviate GI; = . The second equation (B.12) can be solved:

1
———
K- 1KG,V,'K

Kly*) = K |¢) + éKGZfoKW}). (B.13)

Here we need technical assumption (a) to ensure K — éKGEVZﬂK is indeed invertible. Reinserting
this into equation (B.11) yields:

Kly") =Klg) + éKGszﬁK oty + éKGgi,HI_(

S S
K|¢) + ~KGEVETK [y *)).
K—%KGZVZ“K( 9) + ZRCaVa K"

(B.14)

This is a complicated equation. But note that it depends only on the finite dimensional K |z//+> and as
such is simply a matrix equation. It is the equivalent of equation (5.5) for the toy model. We can
directly solve this equation which gives:

1
Kly") = — — — -
) K - JKG,Vi'K - JKGo Vo K=o LKGL V'K
1 _ 1 _
K+ EKGEVZHK _ K||¢). (B.15)

T
K- 1KG,V, K

This time we used technical assumption (b) to invert the first operator.

Step 2: Performing the limit « — 0 So far we derived complicated expressions for finite . Now
we are ready to reap the fruits of our work, namely we can perform the limit « — 0. Before we tackle
the big formulas let us first determine the limits for smaller parts. In particular we have due to the
definitions of the projectors:

G’ -G (B.16)
VK - vETK (B.17)

1 _ _
EVZEK — VK (B.18)

where we Taylor expanded the potential V" = VET 1 o Ve 4+ O(afz).

Now we only have to insert these limits into the equation (B.15):

Kly') = .
oK - KGP V'K — (lKGP VeﬁK) 1 _RGPVK
a'a @ a'a I_(—(il_(Gl;VZﬂrl_() a'a
1 P yreff 7 1 >
1K+ (—KGQVQ K) - - —K||¢) (B.19)
@ K - (1RG} VYK
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where we have included brackets to group terms which will become finite in the limit. In the limit
a — 0 (B.19) becomes:

a

K][4)

_ ! _ K+KGIVIK—
KGy V5K + KG Vi K e KGo VK TR -RGEVER

Kly™) —
(B.20)

where again technical assumptions (a) and (b) make sure that the two operators are still invertible in
the limit. In particular we have K |¢/+> — 0 as @ — 0. This already shows the first finding.

Step 3: Calculation of the full wavefunction in the limit This step is not as important as the other
ones before and only relevant for explicit calculations. It should merely been seen as an additional step
to further analyze the limit @ — 0. If the reader is more interested in qualitative results he can skip this
part and go directly to theorem 2. So far we have seen that the wavefunction at the potential will vanish
K |w+> — 0. This can be thought of as adding an additional boundary condition to the system. For
the toy model we saw that this additional boundary condition leads to a full reflection of the wavefunc-
tion. Isthis also true in general? Interestingly in general the answer is no. We are now going to show this.

We could obtain the full wavefunction by simply inserting the limit (B.20) into equation (B.13)
where the @ and é of both formulas cancel. The resulting equation would be correct, but quite
complicated and not suitable for explicit calculations because we need to invert the infinite dimensional
operator K — I_(GgV?ﬁI_(. Interestingly there is a much simpler formula in case I_(VSE =0.

To see this let us go back to the original Lippmann-Schwinger equation (B.10):
1
Plu’) =19) + —GoVG Pl ). (B.21)

Due to the findings in the previous step we know that in the limit K |Lﬁ+> =aK |¢/fr> +0 (0/2), where

K wf) is the complicated expression of (B.20). We will now show that we can avoid computing
K wfr> by doing some clever tricks. By Taylor expanding the Lippmann-Schwinger equation (B.21)
itself and using K |y ) = 0 we find that in the limit:

Plug) = 19) + G§(ViTKly7) + VIR |ug)). (B.22)
By the extra assumption I_(V(e)ff = 0 of the theorem we can expand this to
Plui) = 16) + G§ (KVETK[u]) + KVSTKyg ) + RVSTR Jyi)) ). (B.23)
Now multiply both sides by K from the left:

0=Klug) = K|9) + KGIK(KVE'K |y7) + KVi"Kyg)) + KGIRVR [ug)  (B.24)
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and solve this equation using technical assumption (d):

KVITK |yt ) + KVSTR |y ) = - (K1) + KGRV |y )). (B.25)

KGoK

This can be directly reinserted into the Lippmann-Schwinger equation (B.21):

Plyg) = (|¢> + GoKV{"K |y )). (B.26)

1
1-GoK——K
KG(K

Now we will define the projector L as the subspace of K on which KVS"K acts®, i.e. KVS'K = KVSL.
Using this we arrive at the third conclusion of the theorem:

1 _
Plyi) =1 -GPK——K (|¢> + GPRVETL |yt ) (B.27)
) = 1~ e Vi)
Again we can solve this implicit equation by applying L to the equation from the left and assuming
technical assumption (e):

L) = (L - LGgKKGngK) (1) + GERVSL|ug)) (B.28)
and thus:
Lyg) = 1 - L- LGEK%K) |9) . (B.29)
L- (L-LGIK, GISKK)KGEKV?EL KGoK

This finishes the proof of the first theorem. We would like to make a final remark on why the last step
3 was useful. Equation (B.29) might seem complicated but it has a major advantage: It depends only
on the subspaces K and L, which describe the subspaces on which V(e)ff and V?ff act. These subspaces
will be comparatively small and in most cases be finite dimensional. This means equation (B.29) is
in most cases not an operator equation, but a low dimensional matrix equation which can be solved
either by hand or via computer. If we tried to use equation (B.13) instead, we would need to invert an
infinite dimensional operator which is much more complicated.

B.3 Theorem for a slow and a fast subspace

So far we only only considered one subsystem P in which the dynamics become slower and slower.
Now we can go on to study what happens if we have two subsystems: a slow one P with Hamiltonian
a/hg and a fast one Q with Hamiltonian hg. Additional we also have a potential V, which couples
both subsystems. We consider an incoming wave in the slow subsystem P and would like to study
how it scatters at the potential in the limit @ — 0. In particular we are interested what fraction of the
wavefunction ends up in subsystem Q.

% Note that defining L using KVS"K and not just VST is going to be important later.

97
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Of course our plan is to reduce it to case of theorem 1. We therefore need to show that the effective
potential (B.7) satisfies the required properties. This will be done in the following lemma. As the first
theorem it does not require many properties of the system and as such applies to a huge variety of
systems. Unfortunately due to some minor technicalities, which we will discuss later, it cannot be
applied to the pairs. However we would like to state it anyway to convince the reader that the observed
behaviour is quite general.

Lemma 1 Assume that Gg and V ,, have a Taylor expansion at least up to first order. In case that
GS + 0, PV, P — 0and QV P /A 0 and the additional technical assumption (c) holds, we find in
the limit @« — 0 the effective potential Vflﬁ has the following properties:

e It has a Taylor expansion up to first order V¥ = VET 4 o VST 4 O(a/z).
o VT 150

[ K = KP

e KV =0

e KV{"K = KV,K

The lemma does not only provide the requirements for theorem 1, but also useful characterizations of
the quantities appearing in theorem 1.

Proof: We start by explicitly computing the Taylor expansion of the effective potential (B.7):

Ve = PVQGJQV,P + PV P+ PV,QGIQV,P + PV,QGIQV P + PV,QGSQV, P) + O(a?)

(B.30)
and so
Vi' = PV,QGIQV,P (B.31)
V5" = PV,P + PV,QGJQV,P + PV,QGIQV,P + PV,QGJQV,P. (B.32)

We need to show that ngf # 0. To this end define the projectors K’ and K. They are defined in
tabular B.2 as the subspace where V; acts and the image of V. As such K’ plays the same role for
V, as K plays for Vgﬁ. In a moment we will find that indeed K = K. The definitions of K* and K
are made such that QV P = KQVOKP and that we can think of KQVOKP as an invertible matrix. This
means we can rewrite (B.31)

Vi' = K"V KOGIKV K", (B.33)

This is a product of three matrices, which are all invertible due to technical assumption (c). Therefore
the combination must also be invertible and in particular V(e)ﬂr cannot be 0. Because Vgﬂ is invertible it
maps all vectors of K" onto non-zero vectors. Since this is exactly the definition of K we find

K=K’ (B.34)
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We can even go one step further and apply K = P — K onto ngf in (B.33):

ViR = VTP - vETK = v - viT =0 (B.35)
KV§" = (P - KK V,KGIKWV K" = K"V KUGIKV K" - KV KGIKV K" = 0.
(B.36)

The first result is trivially true for any operator due to the definitions of the projectors. The second
one, though it seems equally trivial, is not automatically true’, but only because Vgﬁ has this special
sandwich structure (G(()2 between two V). This is the important condition for conclusions 2 and 3 of
theorem 1. Therefore in the case of two subsystems this condition is automatically fulfilled for all
situations.

There is one final part of conclusion 3 missing, namely simplifying the first order of the effective
potential V?ﬂ. The result can obtained directly by applying K on both sides of the effective potential
(B.32):

KVK = I_((PVIP + PV,QGRQV,P + PV,QGQV,P + PVOQG(?QVIP)I_( (B.37)
- KV,K. (B.38)

Here we used V,K = KV,, = 0. This finishes the lemma. We are now ready to formulate the final
result in this section:

Theorem 2 Consider the scattering problem given by the free Hamiltonian H = aPth + QhSQ,
where P and Q are complementary projectors P + Q = 1, with potential V. Assume that this
scattering problem is such that we can apply the Lippmann-Schwinger equations (B.1) and (B.2) for all
finite a. Choose as incoming state an eigenstate |¢) of hi with an energy ae,,. Furthermore assume
that hg has a well defined limit for « — 0 and that Taylor expansions of GS and V , exists at least up
to first order.

In case that GS # 0,PV,P — 0and QV P /A 0and the operators satisfy the additional technical
assumptions (a), (b), (c) we find in the limit « — O:

o All findings of theorem 1
e Q |1//+> -0

The second conclusion Q |¢/+> — 0 is the most important one. It shows that the wavefunction in the Q
sector is going to vanish in the limit @ — 0 which implies that scattering into the system Q vanishes.

Proof: We can apply theorem 1 directly due to lemma 1. We know from theorem 1 that K |¢//+> — 0.
By the definition of the Greens function (B.3) the wavefunction in the Q sector is given by:

Qly*) = GQV,Ply*). (B.39)

7 It would be automatically true for hermitian operators, but recall that Gg is not necessarily hermitian.
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We can easily perform the limit « — 0. Recall that V, = VOKP and that K = K"

Qly*) — GFZQV,P v ) (B.40)
= GJQV(K|y") = 0. (B.41)

This concludes the theorem.

As promised this theorem applies to a huge variety of systems and shows that scattering into the
Q subsystem is suppressed as @« — 0. All we basically need are two subsystems, one which is slow
P and one which is fast Q, and a non-vanishing coupling QV,P between them. But as said before
unfortunately this theorem does not apply to the pairs. The problem is that the Greens operator in some
parts of the system vanishes in the limit QbGSQb — 0 where Q,, is the projector on free particle
states in layer b # |u,|®. This implies that the effective potential ngf = PVOQG(?QVOP vanishes

3

more often’ than the original potential QVP. In the language of lemma 1 this means K C K. In
particular we have K’ = |a) (a| + |b) (b] + |c) {c| and K = |a) {a| + |b) (b| as shown in section 5.2.6.
Mathematically speaking we cannot apply the theorem because the technical condition (c), namely
that KQG(?KQ is invertible, is not satisfied (because as said before the Greens function completely
vanishes in some parts of the system). However even though the theorem fails, in practice we can
basically repeat the same steps only restricting the definitions of K’ and K? to the subspaces where
Gg*’ does not vanish.

8 This happens because these layers evolve ultra-fast, i.e. they evolve on timescales a factor o? faster than the slow subspace
P.
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Projector Subspace of Definition Dimension (typical) Toy model Interpretation
| 00 Slow chain P The slow subspace of the system, hosts
the incoming particle
Q 1-P o0 Fast chain Q Fast subspace, everything which is not
inP
K P Kernel of <mm 00 Chain P without _Omv Everything which is unaffected by the
zeroth order effective potential.
K P P-K Finite _owv Aom_ All parts of P where the zeroth order
effective potential acts.
K’ P Space where QV,P acts Finite _owv Aow_ Parts of P where the zeroth order poten-
tial acts.
K® Q Image of QV,P Finite _oov Aoo_ The equivalent of K’ in the Q sector.
L K Kernel of KVSTK 00 Equals K The parts of P which are completely
unaffected by <Mm up to first order.
L K K-L Finite Vanishes The space on which Waﬂmw acts, i.e.

the parts of P which are unaffected by
VET, but affected by the first order VE©.

Table B.2: Definition of various projectors. We give their definition and interpretation. The second column specifies on which space the projectors are
defined (which might be technical, but still quite important). The fourth column specifies whether these projectors are typical finite or infinite dimensional.
Also we again give the analogous projectors in the treatment of the toy model (see section 5.2.4).
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B.4 Discussion of the technical assumptions

In this section we would like to discuss the technical assumptions of the above theorems. They state
that certain operators are invertible. In particular we will argue why we expect these assumptions to
be almost always fulfilled.

Before we start let us recall that typically the subspaces K, K? and L are relatively small and in
particular finite dimensional. This is because they are only non-zero where the potential acts and the
potential typically acts only on a small finite region.

Let us start with assumptions (b) and (e). The argument is the same for all of these operators,

therefore we will explain it using simplest one (e): L — (L - LG};KKGIPKK) KGI(;I_{V?HL. Since K and
L are low dimensional subspaces we can think about the operators fror(l)l (b) and (e) as low dimensional
matrices. Of course if the matrix elements of these matrices are finely tuned it is possible that they are
not invertible. But because both operators depend non-linear on the potential VSﬂr and the Greens
function Gg already a minor change of the parameters of the system, for example in the coupling
strength, will destroy the fine tuning and the matrix becomes invertible. Therefore we expect that up
to a few isolated parameter configurations these matrices are invertible.

A similar reasoning is also true for assumption (a). First discuss the operator for @ — O:
K- KGEV?HK At first it might seem that the operator acts on the infinite dimensional subspace
K. But we can expect that V?EI_( acts only on a finite dimensional space (let us call it R). On the
remaining subspace K — R we have (f( - I_(GgV?ffI_() - (K- R) = K — R and thus the operator just
acts as identity operator on the subspace K — R. In order to invert this operator we only need to
invert it on the subspace R, which is typically finite dimensional. Therefore we can apply the same
reasoning as for assumptions (b) and (e) to conclude that we can expect, up to a few isolated parameter
configurations, the operator to be invertible. We have just seen that for @ — 0 the operator is given by
unit operator combined with a low dimensional invertible matrix. Now its version for finite @, the
operator K — LKG! VE'K, must be close to unit operator and a low dimensional invertible matrix
(for small @). Both the unit operator and the invertible matrix are far away from being non-invertible
in the sense that a small perturbation of neither the unit operator nor the low dimensional invertible
matrix will lead to an overall non-invertible operator. Therefore we can assume that also the finite &
operator is invertible (at least for small values of «, but that is all we need).

Finally let us deal with assumptions (c) and (d), namely that KQG(())KQ and KGEK are invertible.
First note that again we can think of both operators as finite dimensional matrices, because K and
KX are finite dimensional. In case the Hamiltonians have extra symmetries, for example parity, the
matrices decouple into even smaller matrices. Typically Greens functions are highly non-local objects.
If we apply them to one small part of the system they will yield non-zero results in all parts of the
system (in the same symmetry sectors). Therefore if we look at one specific symmetry sector we
can expect that the matrices KQG(?KQ and KGEK will contain only non-zero entries. Again by our
intuition we expect that such a low dimensional matrix with only non-zero entries is usually invertible.
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ApPeENDIX C

Useful properties of the Bessel functions

In this appendix we would like to summarize all properties of the Bessel functions J,,(1) which are
relevant for us. We will cite them from [25] which is also a good source for many further interesting

properties.

Note that we will only consider integer Bessel functions with a > 0.

C.1 Qualitative description

Ja(A)

1.0 Jo(A)
ey
0.8 1 J5(A)
J10(A)
0.6 1
0.4 4
0.2 1
0.0 ~
—0.2 1
—-0.4

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
A

Figure C.1: Bessel functions J,(1) fora = 0, 1,5, 10.

In figure C.1 we plot the Bessel function J, (1) for a = 0,1,5,10. For large A they can all be
described as oscillating functions whose envelopes decay like ~ 1/v/A. For small A — 0 however they
do not explode, but rather decay to 0 (except J,(4) which goes to 1). Apart from J,(2) all other Bessel
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Appendix C Useful properties of the Bessel functions

functions start at zero and then slowly rise monotonic until they have their first maximum, which is
located a bit above A = a, and then decay in the oscillatory fashion.

C.2 Definition and basic properties

The integer Bessel functions can be defined as

1 (™ s
Jo(@) = 5~ / glisini=an) g, (C.1)

All Bessel functions are bounded |/,(1)| < 1. Depending on whether a is even or odd they are even
or odd functions:

Jo(=) = (=1)*,(). (C2)
Also the Bessel functions for negative a equal those for positive a up to a sign:
J_,() = (=1)“T (). (C.3)

The last formula allows us to consider only a > 0.

C.3 Asymptotic formulas

There are two useful asymptotic formulas, one for 4 — oo and one for 4 — 0. As 4 — co we have

(see [25] §10.17(i)):
2 T
1) = \/a(cos(ﬂ—az - Z) +0(1/,1)). (C.4)

This expansion shows directly the oscillatory decay of the Bessel function as 4 — co. While the
envelope 4/ % works very well throughout the oscillatory part A > a, one has to go to really high A to
make sure that the phase of the cosine agrees with the phase of the Bessel function'. This is because

the phase of the Bessel function slightly shifts as A4 grows.

The other asymptotic formula concerns 4 — 0, i.e. the first non-zero coefficient of its Taylor
expansion (see [25] §10.2):

1{A4

1,00 = E(E)a + 0(,1‘”2). (C.5)

We can see that as a grows J,,(1) will also grow slower. For a = 0 the Taylor expansion is

T =1- %2 + 0(44). (C.6)

! For example for a = 10 this is satisfied only for 2 > 500.
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C.4 Distribution of the first maximum of the Bessel functions

25
X First maximum of /,(A)
Approximation > R
20 A X
X
= "
= X
5 15 X
g X
E e
x
© X
£ 101 X
E X
= X
X
5 - X
X
X
X
0 T T T T T T
0 3 6 9 12 15 18
a

Figure C.2: First maximum j ;’1 of the Bessel functions J,(4) as function of a. We also give the approximate

expression j., | ~ a + 0.8086165a'/>.

The position of the first maximum j ; , of a Bessel function J (1) is important for us. We will expli-
citly exclude Jy(A) from this discussion because it behaves differently for small A. From [25] §10.21.40
we know that the first maximum is distributed as

Ji1 ~a+0.8086165a'. (C.7)
We give a plot of them as well as the approximation in figure C.2. In fact if a is not too large (as in our
case) we find that the maximum is only a bit above a. For our relevant range of a, say a < 20, the

maximum is somewhere between a + 1 and a + 2. As we do not need to determine the position of the
maximum more precise, we will conclude that the maximum is somewhere around a + 1.5.

C.5 Neumann’s addition theorem

Bessel functions satisfy the following relation (see [25] §10.23):

D ()T () = Ty (4 + 4y). (C.8)

107



Appendix C Useful properties of the Bessel functions

We only need two special cases, namely b = 0 and 1 = 4; = +4,:
DD L = DTV = J22) (C.9)
Z J,(2)? = Z T (D)J,(=2) = Jy(0) = 1. (C.10)

C.6 Taylor expansion of v,

In section 3.3 we find:

J (4
I_Zw O cin

|ul —a

Let us quickly do a Taylor expansion around A = 0 up to second order. Note that Ja(/l)2 for |a| > 1
will grow too slow to be included (see equation (C.5)). We are left with

Jo() =1- iz + 0(14) (C.12)

L) = —+0( ) (C.13)

Inserting this into v; and simplifying gives

vy = % + I + % 1+ 0(/14) (C.14)
- (1 - %2)2— 1+ lu:;"i1§+o(a4) (C.15)
_ _(1 - |M:;‘|i 1)%2 +O(/14) (C.16)
_ W;_l%z +o(r?). (C.17)
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APPENDIX D

Various calculations

D.1 Gauge transformation

This section provides more detail on the gauge transformation, in particular on how to calculate
U, HyU,. Recall their definitions:

Hy = Z cjmcn“a + cjlﬂacm (D.1)
no
UO — e—i/leingb (D.2)
V= nOT + nOl. (D3)
—iaV

For convenience we will abbreviate U, = ¢ where a = Asin ¢. There are many ways to evaluate
U(T)HHUO. We will go on as follows. Define the operator

¢, (a)=eVe, eV, (D.4)

Now differentiate the expression w.r.t a:

i Co(a) = ¢V, V]e ™ (D.5)
= Ve ooy e Y (D.6)
= Ve, e V6, o = € (@)5,, - (D.7)

We see that only the annihilation operator at site O is influenced by the gauge transformation. For
n = 0 we can solve the first order differential equation (note that ¢, (0) = ¢, ):

ey, n=0 (D.8)

c else.

iaV —iaV
c,(a)=e"e, e =
no
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We can insert these results into the hopping Hamiltonian by replacing the corresponding cre-
ation/annihilation operators:

+iaVyy —iaV _ —ia } ia t a .t —ia t
e Hye 'Y = Z[e el e+l e, e e, + e ey o (D.9)
o
i i
+ Z CroCtio Cn+10-cno- . (DlO)
n#-1,0
We will conveniently write this as
T T T
UHLUp = > 2,(8)Ch Corior + 8u(@)Chy 10 Crr (D.11)
no
where
e—i/lsind) n=—1
gu(@) =3 p=0 . (D.12)
1 else

D.2 Calculation of transmission amplitude

Consider a particle on an infinite chain with abstract Hamiltonian:

Habstract:_Jeﬁ[ Z (|n><n+1|+|n+]><n|)+y Z (|n>(n+1|+|n+1><n|)

n#-1,0 n=-1,0
+v910) €01+ v, (I=1) (=11 + 1D (1) | (D.13)

The hopping away from the center is given by J.&, while the hopping from and to site O is scaled by .
Also there is a symmetric scattering potential at sites —1,0,1. We consider a particle coming from the
left with momentum k and energy €, = —2J.4 cos k and we would like to calculate the transmission
amplitude. The wavefunction has the general form:

ey rke_ik" n<0
v, = v, n=0. (D.14)
f.e'*" n>0

We need to satisfy the following three equations for n = —1,0, 1 respectively:

Wy + vy +vi_y =2cos(k)y_, (D.15)
Y_1 + v + vy = 2 cos(k )y (D.16)
Yo + ¥y + vy = 2cos(k)y. (D.17)
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D.2 Calculation of transmission amplitude

Inserting (D.14) we find

e 4™ oy = (2cosk —vy) (e + re™) (D.18)
y(e_ik + e+ tkeik) = (2cosk — vy (D.19)
Yo + ™ = (2cos k —v,)e*e,. (D.20)
Using the last and the first equation we obtain
1- vleik
o= —"—" (D.21)
Y
1—ve*
tk =Ty + —k (D22)
1 —ve
The second equation then finally gives
? —2isink
4 = - " e (D.23)
I=vie™ (2cosk - vo)(l —ve' ) —-2y°e
In order to obtain the transmission probability we have to square this expression 7), = |t |2.
The case v, = 2y,
We only need the case v, = 2v,, which is why we will only compute 7}, in this case. We have:
2
. . k 2 2
T, = )P = i : : (D.24)
I=vie™| [(2cosk —2v1)(1 —vle’k) —2y%ek
We will treat both fractions separately:
sin k 2 in k
i sin | = 2sm (D.25)
1—ve 1 +vy—2v,cosk
. 2
k
= . (D.26)
sin” k + (cosk —v;)
1
=— (D.27)
1 cos k—v,
+ ( sink )
ik 2 ik ~ik 2
‘(cosk - vl)(l —ve ) - ye ’ = ’(cosk - vl)(e - vl) -y ‘ (D.28)
2
= [(cos k—v,)* - yz] + (cos k —v,)” sin” k. (D.29)
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We find:

y* 1

2
Tk = |l‘k| =

sink

Thecasevy,=v, =0
Note that in the case vy = v; = 0 the above formula drastically simplifies to

y* 1

Ty

2 2
1+ (ij’;,’f) [cos2 k- 72] + cos” k sin” k

y4 sin® k

coszk—2yzcoszk+y4
4
Y
2, 4\ o 4
(1—2y +y) cot" k+vy
1

> .
1+(l2—1) cot® k
Y

D.3 Transmission in the resonant case

2 2 .
1+ (cosk—Vl) [(COSk — v1)2 - ')/2] + (COSk - VI)ZSinzk

(D.30)

(D.31)

(D.32)

(D.33)

(D.34)

In this section we would like to calculate the transmission in the resonant case. We will use conclusions
2 and 3 of theorem 1 which give the full wavefunction in the P = P, sector (i.e. paired states in layer
0). Note that we can apply them because I_(ngf = 0 (see equation (5.58)) and therefore all three

conclusions of theorem 1 hold.

We first would like to remind the reader of all appearing quantities. Depending on whether |u| is

an odd or an even number we define:

1 I 1 I
|a>0 == O |b>0 =—|-2 |C>o = =
dd \/E 3 dd \/6 | dd \/—
1 1
1 1
|a>even =—| 0 |b>even =—|2 |C>even ==
V2 - 61\

In both cases we have that

K = |a) (a| + [D) (b|
K=P-K
L = c) (c|

KVSTK = v [¢) (]

112

(D.35)

(D.36)

(D.37)
(D.38)
(D.39)

(D.40)



D.3 Transmission in the resonant case

where the exact form of v is not relevant here. Conclusion 2 of theorem 1 states:

.\ 1
Ljy*) = —|L- LG(K K|K|¢). (D.41)
L-(L-LGK )KGO RVSTL 0
We can easily insert (D.38) - (D.40) and find:
1
(ely™) = . (<c|¢>—< 1GH15) ——5— (bl#)| (D.42)
1- ((c| (c| G |p) e (b|)G0 lc) - v (bl Gy |b)

because (c| Gg |a) = 0 due to parity (as we will see soon). We see that we mainly need to calculate
G,

The Greens function GOP

The Greens function for the pair is defined as

1
Gp=——F—. (D.43)
80 - hO + i€

We have seen in section 2.1.4 that the effective Hamiltonian for a pair hg is a hopping Hamiltonian

with pair hopping parameter ‘ . Therefore we can think of ho as
P 2
hy = ——(Hy - 2) (D.44)
|uto

and so the energy is

& = —ﬁ(cos(k) - 1). (D.45)
Uy
By inserting a complete set of momentum states we can calculate the Greens function in position
space (denote |n,m) = cLT,OcLL,O |Q)):

glamn—m)

|”0|
(.l GO lm,m) = / 27 —2cos(k) +2cos(q) + ie (D-46)

|u0| lqln m|
D.47
/ 2 -2 cos(k) + 2 cos(q) + i€ ( )

dz 1 Znml
:@/ < (D.48)

2mi z -2 cos(k) + z + +ie

Ll
_ luol / (D.49)

2mi 2 4 z(=2cos(k) +ie) + 1
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where z = ¢'? and C is the unit circle. The denominator has two roots:

2= 2cos(12c) — i€ . i\/(Zcos(lzc) + ie) O (D.50)

= cos(k) — i€ + i sin(|k]) (D.51)

= el _je, (D.52)
ilk|

Due to the infinitesimal i€ the root e
residual theorem then gives:

is inside the unit circle, while the other root is outside. The

P lug| €' IK Il
<l’l,l’l| GO |m,m> = Tm (D53)
eilklln—m\
= lul 4isin|k| (D.54)

For simplicity consider a pair coming from the left s.t. k& > 0. In the same basis as |a), |b) and |c) we
can write Gg as the following matrix:
1 ok Gk

|utg| ik ik

GP = i 1 ket D.55

07 4 sin(k) eZik ik el ( )
e e

Using this matrix one can easily calculate (upper sign for ‘odd’, lower sign for ‘even’):

ik
(al G la) = ~lu| - (D-56)
Py o L ik 2
(bl GG 1) = ol p3iocrs (€ 27 - 1] (D.57)
Sk
(eI Gg Ib) = (b| Gy |e) = Iuol%fn(k)(elk *1) (D.58)

P 1 ik 2, L
(c| Gy ey = |u0|6i Sin(k) (e )"+ ik (D.59)
We will also need the scalar products with the incoming wave ~ ek
ik
e
9)=| 1 (D.60)
elk
(al¢) = —V2i sin(k) (D.61)
2
(bl¢) = —(cos(k) F 1) (D.62)
V6
2cos(k) =1
(c|p) = ——F——. (D.63)
V3
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Calculating the transmission

We are now ready to plug all these expressions into (D.42):

1 P 1
(cly™) = (<c|¢>—<c|Go|b>—p<bI¢> :
_ Proy_ (el GP I Py, b|G§ |b
1= (€1 GF le) = (el 6T 16) Gy (b1 GE lc)) -v (b Gy |b)
(D.64)
We can make use of the following identity (which can be shown by explicit calculation)
(bl G |b) (c| Gp le) = (| G |b)* = ol (D.65)
0 0 0 8sink '
to simplify:
1
(ely) = e (B G 11} {cl) — (el G Ib) (b10)) (D.66)
(bl Go ID) = ggge™v
=- 4V3isin k (D.67)

6 + (3luglv ¥ S)elk + 2%

We could now use conclusion three of theorem 1 to obtain the full wavefunction. However there is a
more clever way. We know that for n > 1 the wavefunction looks as follows:

ytY = e (D.68)

<n,n

Using this we easily find the transmission amplitude f;:

fo=e L1yt (D.69)
= e [(1,1a) (aly ™) + (1, 11b) (bl + (1, 1]c) {c|p™)] (D.70)
= e (1L 1e) {cly™) (D.71)
—ik

e
- + D.72
NG {cly™) (D.72)
— 4isink —ik (D73)

- 4
6 + (3lug|v  8)e™ +2¢7*
where we used <a|(,//+> = <b|¢/+> = 0. The transmission probability is given by the modulus squared

of #; and computes to:

1
3|ug|ve8+8cosk \2
| 4 (olvF8r8cosk

T, = |t)* = (D.74)

4sink
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Error discussion of the numerical method

In this chapter we would like to further discuss the numerical method introduced in section 2.3 and in
particular try to estimate its errors.

Let us start with the obvious one: Due to the restriction of the system to finite length L we can only
observe L momentum states. These states will be either even or odd states, so that we have about L/2
of each kind. The momentum precision of the method is going to be Ak = LL/Z = %” For a length
L = 31, as we use throughout the thesis, this gives about Ak = 0.2. We would not be able to observe
any structures in the transmission which are smaller than Ak. Also note that we cannot predict the
transmission below k < Ak and k > m — Ak because they are outside of the range of sampling points.

Furthermore there are two more sources of error. First there is always an error when fitting
the cosine/sine functions to the eigenstates of the system. As described in section 3.4 we discard
eigenstates where the fit surpasses an error above 0.001. The other source of error comes from
the linear interpolation procedure. The linear interpolation will fail if the parameters A, By, Cy, D,
change too quickly with &k (on length scales smaller than Ak). But even if the parameters change more
slowly of course there will still be an error determined by the second derivative:

Consider a general function f(x) between points a and b. Assume that we know the value of f(x)
at a and b. Then the linear interpolation of f(x) between a and b has an error [29]:

IAf] = %f”(a)(x—a)(x—b)+0(|b—a|3). (E.1)

We can apply this to A, By, C, and D, with x = k and do some crude approximations: First (x —a) and
(b — x) are smaller than Ak. Second assume that A;, B;,C; and D, have roughly the same magnitude
A, and change slowly over the Brillouin zone. Then we can approximate the second derivative very
A,
ok’

roughly by

~ A—Q. Combining this we find
T

AA, ~ =0 (E.2)

and the same result for B;,C;,D,. The error scales as AA; ~ 1 JL*. Since T, is given by some
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combination of A, By, C;, Dy, we conclude that the error on 7, must scale similarly:
AT, ~ 1/L*. (E.3)

Note that this result is only a very crude estimate based on guessing orders of magnitude of the
ingredients and their errors. We should not expect at all that this gives a precise estimate of the error
(but only its order of magnitude). For a size of L = 31 we can therefore expect that the error of the
transmission 7}, is of order AT} ~ - = 0.001.

To summarize we found three sources of error: The precision in momentum space is determined by

Ak = ZT” Apart from that there is an error from the fit and also one from the interpolation, which

scales as 1/L*.
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