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Abstract

This thesis is concerned with the study of quantum systems coupled linearly to a continuous bath
of oscillators examples of which are the spin-boson model and the Nelson model. The main theme
throughout is to develop a better understanding of the properties of the bath of oscillators such
that more efficient representations of it can be made to facilitate the understanding of the system
dynamics. The main difficulty in simulating the system dynamics is that the bath of oscillators
composes an infinite number of degrees of freedom. In this thesis, we investigate the mathematical
properties of an approach in which the bath modes are written as a semi-infinite chain of nearest
neighbour interacting harmonic oscillators such that the efficient time dependent density-matrix
renormalisation group (t-DMRG) methods can be applied for simulation.

In the first section, we show how there are many different ways to represent the bath as semi-
infinite chains and prove that seemingly unrelated methods can all be achieved using the same
mathematical formalism. We show that in an iterative process the bath can be transformed into
a chain of oscillators with nearest neighbour interactions. This is achieved using the formalism
of orthogonal polynomials. This allows one to define a sequence of residual spectral densities at
each site along the chain. We show that this sequence of residual spectral densities is provided by
the so-called "sequence of secondary measures”. We derive a systematic procedure to obtain the
spectral density of the residual bath in each step. We find that these residual spectral densities are
related to an old abstract problem in mathematics known as the ”"secondary measures”. We solve
this problem from the field of orthogonal polynomials to give an explicit expression for the residual
spectral densities and go on to prove that these functions converge under very general conditions.
That is, the asymptotic part of the chain is universal, translation invariant with universal spectral
density. These results suggest efficient methods for handling the numerical treatment of the residual
bath.

In the second section, we take a different approach. Rather than studying the properties of
residual baths, we look at how system observables are affected by truncating the semi-infinite chain
of harmonic oscillators to a finite length chain. By developing locality bounds for the dynamics,
we derive an upper bound to the error introduced by such a truncation and show that for all finite

times it can be made arbitrarily small by including a sufficient number of harmonic oscillators



before truncating. Furthermore, it is shown that the speed at which the system communicates
with different harmonic oscillators in the chain is proportional to the maximum frequency of the
environment but that this speed also depends on the particular version of the chain. These bounds
are given for when the dynamics are calculated in the Interaction picture and in the Schrédinger

picture.
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0.1 Background

Real quantum mechanical systems are never found in complete isolation, but invariably coupled to
a macroscopically large number of ”environmental” degrees of freedom, such as those provided by
electromagnetic field modes, density fluctuations of the surrounding media (phonons) or ensembles
of other quantum systems, like electronic or nuclear spins [1, 2, 3]. The fact that the environment
is totally or partially inaccessible to experimental probing in these so called ”open quantum sys-
tems” leads to the appearance of an effectively irreversible dynamics for the quantum system’s
observables, and mediate the fundamental processes of energy relaxation, phase decoherence and,
possibly, the thermalization of the subsystem.

Accurate numerical or analytical description of general open quantum systems dynamics ap-
pears, prima facie, to be extremely difficult due to the large (often infinite) number of bath and
system variables which need to be accounted for. When the environmental degrees of freedom
are modeled as a bath of harmonic oscillators exact path integral solutions can be available but
are rarely of practical use [10, 1, 2]. Hence assumptions such as weak system-environment coup-
ling and vanishing correlation times of the environment, i.e. the Born-Markov approximation, are
often invoked to obtain compact and efficiently solvable equations. These approaches suffer the
drawback that their accuracy is hard to certify and that they become simply incorrect in many
important situations. Indeed, our increasing ability to observe and control quantum systems on
ever shorter time and length scales is constantly revealing new roles of noise and quantum coher-
ence in important biological and chemical processes [4, 5, 6, 7, 8] and requires an accurate but
efficient description of the system-environment interaction that go well beyond the Born-Markov
approximation [8, 9] in order to understand the interaction of intrinsic quantum dynamics and
environmental noise. In many biological, chemical and solid-state systems, deviations from strict
Markovianity, which can be explicitly quantified [12, 13, 14], are significant and methods beyond
standard perturbative expansions are required for their efficient description. A number of tech-
niques have been developed to operate in this regime. Those include polaron approaches [15], the
quasi-adiabatic path-integral (QUAPI) method [16], the hierarchical equation of motion approach
[17] and extensions of the quantum state diffusion description to non-Markovian regimes [18].

Here we will focus on the exploration of the mathematics of an exact, analytical mapping of

the standard model of a quantum system interacting with a continuum of harmonic oscillators to
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an equivalent model in which the system couples to one end of a chain nearest-neighbour coupled
harmonic oscillators, as illustrated in figure (1.1). This mapping has permitted the formulation of
an efficient algorithm for the description of the system-environment coupling for spectral densities
of the environment fluctuations [19, 20, 23]. This mapping was originally intended just as a
practical means of implementing t-DMRG which would avoid approximate determination of the
chain representation using purely numerical, and often unstable, transforms [21]. It was quickly
realised that the scope of the mapping is much broader. Indeed, the mapping itself provides an
extremely intuitive and powerful way of analysing universal properties of open quantum systems,
that is, independent of the numerical method used to simulate the dynamics [19]. This conclusion
was implied also in [23], where the authors also developed a, in principle, rather different chain
representation of a harmonic environment using an iterative propagator technique [23].

Both of these theories establish chain representations as a novel and direct way of looking at
how energy and correlations propagate into the environment in real time. In the chain picture
the interactions cause excitations to propagate away from the system, allowing a natural, causal
understanding of Markovian and non-Markovian dissipation in terms of the properties of the chain’s
couplings and frequencies.

Now we will briefly outline the novel results present in this thesis. A more comprehensive
and detailed list is also given at the end of each chapter. In chapter 1, we generalise and extend
the work of [19]. The basic idea of mapping a bath of bosons onto a chain representation has
been around for a long time in many different formats and forms, all with different and novel
features. Essentially, the chain mapping of [19], is the same as that of [21] but with the underlying
method reformulated in terms of the language of orthogonal polynomials. This re-formulation has
many benefits because many numerical algorithms have been developed in the field of orthogonal
polynomials which can now be adopted to calculate the chain coefficients. This is advantageous
because it provides stable and efficient algorithms for the calculation of the chain coefficients as well
as the ability to find analytical solutions in some instances. It is also noteworthy that the method
of applying orthogonal polynomials to develop chain mappings was around before the work of [19],
but in the context of non-hermition Hamiltonians [22]. From the point of view of the maths, the
proofs follow very similarly, the only main difference being that in [19] one uses real orthogonal

polynomials, where as in [22], they use complex orthogonal polynomials. The generalisation found
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in this chapter were motivated by [23], where they also find a chain mapping of a bosonic bath.
Here though the form of the chain was different. The main novel results is the generalisation of [19]
using orthogonal polynomials to find may different chain mappings. Chapter 2 begins with solving
an old open problem in the field of orthogonal polynomials by providing an explicit formula for
the so-called sequence of secondary measures. We then prove how this abstract construction has a
physical interpretation by proving that they give rise to the residual spectral densities of the chain.
We also give convergence conditions of the sequence of residual spectral densities. We also achieve
a non trivial proof that the chain mapping of [23] is a special case of the general results obtained
here. What’s more, the algorithm derived here using orthogonal polynomials is much more efficient
and straightforward to implement. We also derive rigorous convergence theorems for the residual
spectral densities. In the chain mapping of [23], numerical studies were performed and one of the
convergence theorems derived in this thesis was postulated. The derived results in this chapter
also help relate it to the work of [26], where they derived a way to extract one mode from the
bosonic bath. Since the equations derived in this section allow one to extract n =1,2,3,... from
the bath, it can also be viewed as a generalisation of this result. In chapter 3, the new result is a
locality bound of the dynamics for class of Hamiltonians for which locality bounds were previously
unknown. Namely, for locally coupled Hamitonians quadratic in canonically conjugate position
and momenta operators and bilinearly coupled via these operators to bounded operators. This
new result extends the work of [59], where locality bounds were derived for Hamitonians quadratic

in the local canonically conjugate position and momenta only.

0.2 Mathematical and Physical Prerequisites

In order to comprehend this thesis, one should have a degree in physics or mathematics. A general
understanding of quantum mechanics is also assumed. Although very deep results with advanced
mathematics is used in this thesis, the material is introduced starting from a basic level and working
the way up slowly to obtain the final results; with detailed proofs throughout. In some cases, there
will be more advanced knowledge assumed, such as with the definition of the Hamiltonian in section
1, where a knowledge of second quantisation and fock space would be useful. However, in such

instances the reader should be able to skip these parts without compromising to great extent his
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or her understanding of the rest of the thesis.

0.3 Publications

During the doctoral years of the author, he has produced with co-authors several manuscripts

which or either being reviewed or which are in preparation:

e Mappings of open quantum systems onto chain representations and Markovian embeddings.
See [63], the material of the first two chapters of this thesis is based on this material. It is

currently in review process.

e Simulating bosonic baths with error bounds. The material in the third chapter is based on

this material. It is currently in preparation.
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Chapter 1

Chain Mappings and Orthogonal

Polynomials

The main goal of this chapter is to develope a general framework for mapping the bosonic environ-
ment of an open quantum system generally known as Pauli-Fierz Hamiltonians onto semi infinite
1D chain representations with nearest neighbour interactions where the system only couples to the
first element in the chain. This general formalism allows the comparison between different chain
mappings. It will be shown how this generalised chain mapping reduces to two known results
mentioned in section 0.1 under special conditions. In addition, the method developed here is also
valid when the spectral density of the system-enviroment interaction has a gap in its support. This
is of practical interest as there are open quantum systems (such as photonic crystals [28]) that
naturally exhibit such a spectral density and hence can only be mapped onto a chain using the

method presented in this thesis.

The content of each section is as follows: In sections 1.1 and 1.2 the Hamiltonian is defined and
the ideas behind the method of mapping the environment onto the chain representations is outlined.
This is followed by section 1.3 which is concerned with introducing the necessary mathematical
tools needed to fully develop the chain mapping. These consist in some elementary results in the
field of orthogonal polynomials. This section also helps to introduce notation which will be used
throughout this thesis. In section 1.4, with the aid of the results of section 1.3, the chain mapping

idea introduced in section 1.2 is fully developed by providing a general framework for mapping
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Figure 1.1: a) to c¢): Conversion of a general bath of oscillators into a chain of oscillators with
nearest neighbour interactions. All these baths are dynamically equivalent as far as the system
is concerned. For a bath with infinitely many modes, the process yields an infinite chain whose
asymptotic end is universal. This asymptotic end can be written as a universal bath of harmonic
oscillators. We call the processes a) to ¢) embeddings. At each step we embed one more mode of
the environment into the system and obtain the new bath. d) The limiting case where all bath

oscillators have been converted to a semi-infinte chain

open quantum systems which are linearly coupled to an environment onto a representation where
the environment is a semi-infinite chain with nearest neighbour couplings and define two special
cases of particular interest, - the particle and phonon mappings.

The main results of this chapter is theorem 9 and corollaries 10 and 12.

1.1 The Hamiltonian

We consider a quantum system coupled to a bosonic bath. The separable Hilbert space S of the

system carries a lower bounded “free” Hamiltonian ﬁg, where as the bosonic bath is described in
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the Fock space I'(h) over the mode Hilbert space b, with a free Hamiltonian df(@) arising from
the second quantization of a positive self-adjoint operator G on h. The coupling will be via one
mode h € b and a suitable self-adjoint system operator A, so that altogether we have on S ® I'(h)
the Hamiltonian

H = Hs ®Tpg) + Is @ dT(G) + A, @ O(h). (1.1)

Here & denotes the usual field operator. If, for example, G is a function g of certain momentum

variables k, this is usually written in terms of creation and annihilation operators as dT(C?) =
Ik dk g(E)@%aE and ®(h) = [ dk h(k) (a%—i—a,;), where * denotes the adjoint operator. The form Eq.
(1.1) is often referred to as a Pauli-Fierz Hamiltonian [30], specialized in our case by allowing one
interaction term. It includes the spin-boson model obtained by choosing S = C?, Hg = ao,, and
A, = 0., where « is a positive constant and 6., ¢, are the Pauli matrices. This model has many
applications. For example, it is used as a simple model to study dissipation of a particle trapped
in a double well potential. In the context of quantum computation, the model can be used to
study a qubit coupled to an environment with can decohere. It constitutes a basic model for the
thermodynamic properties of amorphous solids. The certain coupling strength to the environment,
there is also a phase transition from one in which the two level system goes from being delocalised
between the two eigenstates two one in which it is localised to one of them. For a review, see [10].
More recently, it has also found application in the field of quantum biology [11]. In this case the
model is used to understand decoherence effects in light harvesting complexsis. Pigment-protein
complexes are modelled where the system plays the role of chromophores and the bath constitutes
the fluctuations due to vibrations in the surrounding proteins.

The sufficient conditions for the operator Eq. (1.1) to be well-defined in the case that A, is
unbounded are quite involved and can be found in the literature [32]. However if || A,|| < oo, then
a sufficient requirement is that b € b, ||G="/2h|| < co which can be written in terms of g and h as

h2 (k)
/ a(F) dk < oo. (1.2)

Indeed, this implies that G > A|h)(h|, for some A > 0 and hence that the interaction term is

infinitesimally bounded (see Vol 2, Section X.2: Perturbations of self-adjoint operators p. 162 of
[33]) with respect to the free part. For a more detailed definition of the Hamiltonian Eq. (1.1)
and its Hilbert space, see (A) in the appendix.
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Note that the Hamiltonian depends only on the operator G and the vector h. Therefore, we can
try to simplify the problem by applying unitaries in h to bring these operators into a form treated
more easily. Finding such a standard form is well known from problems not involving a given
vector h: in that case we would immediately diagonalize G, and expect to simplify computations
considerably. Similarly we will use a standard form for the pairs (@ ,h). To begin with, there will
be vectors in b, which are completely irrelevant to our problem, namely those orthogonal to h and
all vectors G™h. More precisely (in the sense of not assuming h € dom(G)) we define the “cyclic
subspace” by as the closed subspace generated by all vectors eitGh for t € R.

The direct sum h; @ hi leads to the tensor product of the respective Fock spaces, so that
['(h) = I'(h) @ I'(hi) and the factor I'(hi) is dynamically decoupled from the cyclic part and
the system. Therefore, we can just trace out this factor, likewise replacing the initial state by its
partial trace without any detectable change for the system and its interaction with the environment.
Therefore we can and will assume in the sequel that h = b is already cyclic.

Suppose now we have a second environment system (6, é , iL) and a unitary operator U: h—h
such that Uh = h and UGU* = é Under such an isomorphism all details of system-environment
will be mapped into each other. This is formally done by the unitary operator I'(U) : T'(h) — T'(h),
which multiplies any n-particle wave function with U®". Let E(dm) be the projection valued

spectral measure of G. Then we form the scalar measure
(dw) = (h, E(dw)h) . (1.3)

Obviously, this will not change under a unitary isomorphism U. In fact, it completely determines

the triple (b, G, h) up to isomorphism. Indeed we can set

h = LR, p) (1.4)
(G)(x) = wp(x) Vo €h (1.5)
hz) = 1 (1.6)

The unitary operator defining the isomorphism, is given (U e“éh) (x) = €. One readily checks
that this preserves scalar products, and since we have assumed § to be cyclic it is defined on a
dense set of vectors.

Definition 1. We say that the triple (b, G, B') defined in Eqs (1.4) to (1.6), is the standard form
of (0, G, h).

17



Often the measure is absolutely continuous with respect to Lebesgue measure, in which case
we write pu(dr) = 7' J(z)dz with the spectral density J. (The factor 1/7 is only introduced for
conformity with [1]). For example, when h € h = 52([16,;»”, k;n:ax], dE), with —oo < k,,:m < k:r,;x <
00, and (Gw)(lg) = g(E)w(E) for some monotone function g, we get

dg" (w)

J(w) = 7h (g7 () — . (1.7)

1'is the inverse function of g. When g is not monotone, we would additionally get a sum

where ¢~
over the inverse images ¢~ ({w}), and if the momentum variable has more dimensions, we would

also have an integral over the inverse image.

1.2 Extracting Chains

We can further unravel the standard form if we build up a basis of the Hilbert space starting from
h and using the repeated action of G on h. This procedure, which will lead to the desired chain
representation, is reminiscent also of the construction of nearest neighbor quantum walks from a
unitary and an initial vector [34]. We consider the simplest case, based only on G and h in the
spirit of the normal form described above.

We assume that h is in the domain of some power of @, say h € domGY , possibly with N = oo,
by which we mean that G™h is defined for all integer n > 0. Then we can apply Gram-Schmidt
orthogonalization to the sequence h, C’h, G2h, ... to obtain an orthonormal set of vectors. If we do
this in the standard form it amounts precisely to building the orthogonal polynomials P, associated
with the measure p. Since G is hermitian, we find a three-term recursion relation connecting the
P,. In other words, (P,, GP,,) = 0 unless |n —m| < 1.

The process may terminate before reaching the vector GN h, if the cyclic subspace b is of
dimension < N. Then, and only then, one of the off-diagonal matrix clements of G might vanish.
Excluding this trivial case (as we will from now on) we can successively choose the phases of
the polynomials so that the off-diagonal elements are positive. With this convention the P, are
uniquely determined by G and h, and hence we find a unique orthonormal system P, for n < N

such that Py = h, and
1. For n < N: P, € domG for and GP, € span{P,|m < N}.

18



2. (P,,GP,) =0for [n—m|>1and n,m < N.
3. (P,,GPyp1) = (Pyy1,GP,) = /By > 0 for n < N.

If we write GG in this basis we see that it represents one oscillator for each n, with frequency
w2 = (P, éPm>, and harmonic coupling to its neighbor with strength 1/3,. In second quantization
we get exactly the bath representation of figure (1.1) (compare theorem 9).

Note that the idea works also when N is finite, in which case we write the system as a finite
chain, which is coupled at the end to a terminal bath. When at this juncture we still have h € dom(
the process may be continued. Nevertheless such a finite chain extraction may be useful to obtain
a good numerical truncation and thus simplification of the bath. We note that one can also apply
these ideas to the symplectic structure of the bath: in that case we do not just allow unitary
transformations of h, but also real linear transformations, which preserve the imaginary part of
the scalar product. In terms of oscillators this still gives canonical transformations, and in second
quantization a more general kind of Bogolyubov transformations (no longer gauge invariant ones).
Clearly, this requires a more in depth study of some properties of the orthogonal polynomials P,,
and this will be done in the following section (we will later come back to the study of orthogonal

polynomias in section 2.1).

1.3 Introduction to Notation and Basic Tools

Let us consider a measure du on the real line. Its support is contained in a smallest interval
I = [a,b], where a = —oc0 and b = 400 are admitted. For measures with unbounded support we

need to assume that all moments

b
Cy(dp) ::/ 2du(x) n=0,1,2,..., (1.8)

are finite. Moreover, unless stated otherwise, we will assume throughout that du(z) = p(z)dz is
absolutely continuous with respect to Lebesgue measure, and denote its density by f(x).

An important distinction concerns the presence or absence of gaps in the support of du. We
call the measure gapless if the support is equal to the interval [a, b], and gapped otherwise. In this
case there is at least one open interval [by,a1] with @ < b; < a; < b on which du vanishes. If not

stated otherwise, the measure can be gapped or gapless and a, b finite or infinite.
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Remark 2. A few of the results in this thesis (most noticeably, theorems 49 and 50), are restricted
to the finite interval case. Gaplessness quite often will be assumed but some results are valid in the

gapped case (see remark 43 for more details on gapped examples).

Let P denote the space of real polynomials. Then, for any u(z) and v(z) € P we will define an

mner product as
b
() = [ ula)ola)dula) (1.9)
We can now define the orthogonal polynomials. We call { P, (du; x)}22, the set of real orthonormal

polynomials with respect to measure du where each polynomial P, is of degree n, if they satisfy
(Pp(dp), Pr(dp))s = 0pm n,m=0,1,2,... . (1.10)

Similarly, we call {m, (du; x)}22, the set of real monic polynomials with respect to measure dy where

each polynomial 7, is of degree n if they satisfy
mo(du; ) = Po(dp; x)/a, n=0,1,2,..., (1.11)

where a,, = a,(dp) is the leading coefficient of P, (du;z). Note that for any measure du(z), there
always exists a set of real orthonormal polynomials and real monic polynomials (see [29] for a

proof).

Theorem 3. The monic polynomials m,(du; x) satisfy the three term recurrence relation

Tnr1(du; ) = (v — ap)m(dp; ) — Bpn_1(du;z)  n=0,1,2,..., (1.12)
m_1(du; z) =0, (1.13)
where
— _ <x7rn<d,u>777n(d:u)>ﬁ _
a, = ap(dp) (o (1), 7o (1)) 0,1,2,..., (1.14)
_ _ (maldp), ma(dp)) s _
By = Buldp) = e 1,2,3,... . (1.15)
Proof. See [29]. O
We will define fy(du) by
Boldu) = (mo(dp), mo(dp)) s, (1.16)
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such that fy(du) = Co(dp). From Eqgs. (1.14) and (1.15) one can easily show that if the measure dpu
has bounded support, then a < a,,(du) <b, n=0,1,2,... ,and 0 < B,(dp) < max(a?,b?), n =
1,2,3,... . A proof can be found in [29].

Theorem 4. The orthonormal polynomials P, (du; ) satisfy the three term recurrence relation

tnPry1(dp; x) = (x — $p) Po(dpy; ) — t1 Py_1(dusz), n=0,1,2,..., (1.17)
P_y(dp;x) =0,  Pold;z) = 1//Bo(dp), (1.18)

where
Sp = Sp(du) = an(dp) n=0,1,2,..., (1.19)
tn =to(du) = /Bpi1(du) n=0,1,2,.... (1.20)
Proof. See [29]. O

Definition 5. We will call Q,,(du; z) the secondary polynomial® associated with polynomial P, (du; x)

defined by
* Pa(dp;t) — Po(dp; )
t—ux

On(dp: ) :/ du(t), n=01,2, .. (1.21)

We note that since t7—x% = (t—x) zgzg_l tPr?=17P ¢ =1,2,3,... forreal z,t and Cy(du) > 0,
we have that @, (du;x), n =1,2,3,... are real polynomials of degree n — 1 and @)y = 0.

Definition 6. The Stieltjes Transformation of the gapless measure du(x) = [(x)dx is defined
by|[36]

’
Z—X

Sa(z) = /b dpu(z) (1.22)

where z € C — [a, b].

This is a function vanishing at infinity and analytic in the whole complex plane with the interval
[a,b] removed. (If —a = b = +o0, then S; is analytic separately in Im z > 0 and Im z < 0, the two
branches being different in general.) If the measure is gapped, then the stieltjes transformation
would have a zero in the interval [a, b] (see appendix (E) for a proof), and then the L.H.S. of Eq.

(1.23) below becomes incorrectly defined.

Lalso known as polynomial of the second kind.
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Theorem 7. If a gapless measure dp(x) = p(x)dx has Stieltjes transformation given by
1
Su(z)’

with Co(dp) = 1, then the secondary polynomials {Qy,(du;x)}>2, form an orthogonal family for

Sp(2) = = — Ca(dp) — (1.23)

the induced inner product of dp(x) and du(x) is also gapless.
Proof. See [37], or [38] for a direct proof. O

For two gapless measures dp(z) and du(z) satisfying Eq. (1.23), dp(x) is known as the secondary
measure associated with du(z). In section 2.1.1, we will iterate this process to define a sequence
of measures. With this we conclude our review of the basic properties of orthogonal polynomials.

These results suffice to derive the chain mapping theorems which we will do next.

1.4 Chain Mappings

Now that we have developed the necessary mathematical tools in section 2.1, we will develop the
physical theories of this chapter. These are the following theorems and corollaries. Theorem 9 is
the formal theorem which shows how open quantum systems can be mapped onto chain represent-

ations and corollaries 10 and 12 give two particular examples of increased interest.

For later purposes, we will make the definitions w,,;, := inf ¢, wWye: := sup g. In what follows,
we will assume that R 3  — ¢(z) monotone and differentiable. Since the standard form (see
definition 1) satisfies these requirements, we can assume this w.l.o.g.

We start this section with the following preliminary lemma.

Lemma 8. Given a measure dp(x) with I = [Gy(Wmin), Gq(Wmaz)] and its corresponding monic
orthogonal polynomials {m, (du; x)}"=°, the following holds. One can construct the set of functions
{m, (dp; ) }7=5°,

o, (dp; @) := 7, (dp; Go(g(2))), n=0,1,2,..., (1.24)

where

—q(14¢*) +2¢/q* + 4(1 — ¢?)a?

Gale) = -7

z>0,q€[0,1] (1.25)
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which satisfy the 3-term recurrence relation

T (dps 2) = (Go(9(w)) — an(dp)) 7, (dp; ) — Bu(dp)m,,  (d; ), (1.26)
Ty (dp;r) =0 n=012,... (1.27)

and are orthogonal with respect to the measure dy(x)

/km o(dp; 2) .y, (dps; ) () de = (mo(dpa), T (dpa)) pbrim - 12, = 0,1,2, ., (1.28)
where du(z) =: p(z)dz, with
(e) = 1 (Gylg(2))) 'W’ , (1.29)

with I = [Kmin, kmaz|. Furthermore, the converse is true: given the set of functions {x, (du; x)}2,
defined in terms of a set of monic polynomials {m,(x)}2, which satisfy Eqs. (1.26) and (1.28) for
a weight function [i defined in terms of a weight function i with I = [Gq(Wmin), Gq(Wmaz)], then

the set {m, ()}, are the corresponding monic orthogonal polynomials for the weight function fi.

Proof. Egs. (1.28) and (1.29) follow from perfoming a change of variable in

(mp(dp), T (dpe)) i = (mn(dp), T (L)) gOnm and noting that dG,(g(z))/dz > 0 if g is non-decreasing
and dG,(g(x))/dx < 0 if g is non-increasing. Eq. (1.26) follows from a change of variable in Eq.
(1.12). The fact that the converse is true follows from the fact that G, and g have well-defined

inverse functions. O

Before we state our first main theorem, we briefly introduce the boson number operator n as
the second quantization of the identity operator on the one particle space n := dT(Hh). We will use

this to define the domain of some new operators in the following.

Theorem 9. Hamiltonians Eq. (1.1), with a spectral density J with finite moments, are equivalent
to semi-infinite chains with only nearest-neighbors interactions, where the system only couples to
the first site in the chain. More specifically, there exists, for every q € [0,1], a countably infinite

set of new creation b%(q) and annihilation b,(q) operators

kmaz
:/k dzU, (d\%; x) [coshry(g(z))al — sinhry(g(z))as], (1.30)
—/k maz dzU,(d\%; z) [coshry(g(x))a, — sinhry(g(z))al], (1.31)

min
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n=0,1,2,..., well-defined on D(n*?) which satisfy the commutation relations
[0n(0), b, ()] = g 1, m =0,1,2,..., (1.32)

with transformed Hamiltonian

Z]:IS :ﬁg@ﬂp(h)—f-l‘g@ﬁﬂq—f—ﬁmuq, (133)
Ay = 3 { B (5@ 0) + b (@b (@) + BB @) (1.34)
+ Eisn(q) (0, (0)b711(q) + bn(@)bnsa(q)) (1.35)

+ Eun(q) (07,(q)bnr1(q) + bn(Q)bZ+1(Q))}7 (1.36)
Hint g = B5(q)As @ (b5(q) + bo(q))- (1.37)

where E1,(q), Ean(q), Esn(q), Esn(q), E5(q) € R and g € [0,1] is a free parameter of the mapping
which determines the particular version. . H: is to indicate that the Hamiltonian H has been renor-
malized®. The constants E1,(q), F2n(q), E3,(q), Ei(q), Es(q) are determined when a particular
spectral density J(z) and value of q are specified. Expressions for the functions U(dA%; x) and ry(z)

are derived in the proof. For a pictorial representation of this theorem, see figure (1.1).

Proof. The proof is by construction. Let us start by defining a local transformation of the creation
and annihilation operators a) and a, into another set, ¢, and ¢}, which preserves the commutation

relations. We can do this via a so called Bogoliubov transformation|43]

ay, = cosh [ry(g(z))]c, + sinh [ry(g9(2))]cs, (1.38)
a; = cosh[ry(g(z))]ct + sinh [ry(g(z))]ca, (1.39)
where r4(z) € R and [a,, ;] = [c;, ¢;] = 0(x —y). Notice how we have parametrised the argument

of the cosh and sinh functions in terms of r,(g(z)). As we will see later, there are a familiy of
functions r,(z) for which it is usefull to perform this tranformation. The ¢ is to denote which

particular function is being used and will become clear soon. ® If we now parameterise r,(x) by

2Specifically, a constant factor Cls ® Ir(h), C' € R has been neglected.
3We can replace the cosh and sinh functions with cos and sin functions for fermions. By doing so, we could work

out a different version of this theorem which would be valid for the case where the initial bosonic creation-anhilation

operators {az,a%} © € [kmin, kmaz] Where fermionic instead
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introducing a new function &,(x) through r,(z) = In¢,(z) where &,(x) € [0, +00) using Eq. (1.38)

and (1.39) we find after renormalising

: o rg(r)a,a,: = o m—g(m) Ya(x)) = D(cct + c.c
./km drg(r)aza,: = /kmm d 4€g(g($))<(§q(9( ) — D) (cieE + cocy)

+2(61(9(x)) + Dese ). (1.40)

System-environment term simplifies to

kmaa: ~ kmaa:
As ® / dzh(z)(a,; +al) = A; ® / dx h(z)é(g(x))(ch + cz)- (1.41)
kmin kmin
For appropriate choice of the function ¢,(z), we can define a measure

d\(z) = M1(x)dx, (1.42)
M) = B(0)Eg(). (1.43)
With the set of monic polynomials {7, (d\%; x)}52, with measure dA\?(x), we are able to construct

the set {m, (dA% x)}2, of orthogonal functions with respect to measure dA\?(x) defined in Lemma

8. We can use these to define the set of functions {U, (d\%;z)}>°, through the relation

7, (dAY; x)\/ M () 7, (dA; 2)h(2)Ey (g())
U,(d\%; x) = —
( ) VAT, (dX), 7, (dA) i \/(m, (dAT), m, (A7) aae

We can now define the set of creation and annihilation operators of the chain (we will specify their

. (1.44)

domain and show that they are well-defined later in the proof)

kmaz

bi(g) = / AU, (AN 2)¢" (q), (1.45)
knL'in
kmam

bn(q) = / dxU, (dN; x)cx(q). (1.46)
kmin

Substituting the inverse relations

clq) = Y Un(dr\2)bi(q), (1.47)
e(q) = Y Un(dX%2)bu(g), (1.48)
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into Eq. (1.41) we obtain

kma:l)
As@{/‘ doh(z)(a, + a2) = /Bo(dN1) Ay ® (b3(q) + bolq)). (1.49)
k

min

So we note that for all functions £,(z) that result in a valid measure Eq. (1.42), one can achieve
a coupling between system and reservoir which only interacts with the first element in the chain.
Now we will examine carefully what type of chain can be generated via this transformation.
Using the orthogonality conditions of the orthogonal polynomials and Eq. (1.47) and (1.48),
we can transform terms of the form f:,ZZT CazChzdx into terms of the form ZZO:O Wbanby, where
the W,,’s are constants and the sub indices a,b = 0 denote that the operator is an annihilation
operator and a,b = 1 denote that they are creation operators. Also, we can transform terms of
the form f b G (9(x))cazCondr into D"  Wibanben + Wibans1)bon + Wonbanbsnt1) by using the
three term recurrence relations Eq. (1.26) to eliminate the G(g(x)). We can also map terms of
the form fk:‘:” (Go(9(2))* CanCroodr k= 2,3,4... using the three term recurrence relations in Eq.
(1.26) k times, but this would result in every chain site coupling to its kth nearest neighbours.
Given this resoning, we propose a trial solution to Eq. (1.40) which will reduce it to a chain of

nearest neighbour interactions. This is:

g(z) 4 B _ . .
4€2(g(x ))<5( 9(@)) =1) = a1+ g1Ge(g(2)), (1.50)

g(7)
262(g(x))

Not all values of the real constants ¢, co, g1, g2 Will result in a valid trial solution. We will para-

(&(g(@)) +1) = e+ g2Gy(g(2)). (1.51)

metrise a valid set of these constants in terms of ¢ and hence there will be a different valid solution
for the functions §, and G for different values of ¢. This is where the ¢ dependency enters in the
proof. A valid and usefull parametrisation is 2g; = q, g2 = 1,8¢; = —¢%,4¢y = q, q € [0, 1]. Solving
Egs. (1.50) and (1.51) for G, and &, for this parametrisation of the constants gives us

—a(1+¢%) +2V/¢* +4(1 — ¢*)a”
= > 1.52
Gy(z) 10— ) x>0, (1.52)
qﬂ—q%+ﬂ+qMGAﬂT“
q(1+q) + (1 — q)4Gy(x)
Now that we have explicit expresions for G, and §,, we will derive an expression for the measure

d\(z) = M (z)dx from d\? = M?(x)dz. From Eqs (1.43), (1.42) and (1.29), we have

R()E (@) = M) = M (G (o)) | LI (154)

x>0. (1.53)
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Solving this for M7 using Eqgs (1.52) ,(1.53), (1.7), we find

J(GH@)) (1+¢*)g+4(1 — ¢*)x

Mi@)=—=2 (1+q)g+4(1—qa’ (1.59)
where Go(G.'(z)) = G;'(G4(z)) = = and is given by
6, (o) = VI =+ A+ el T )+ 10 - ga] o> Sh— (150

and we recall from Lemma 8, that the interval I for d\? = M9(x) is I = [Gy(wWmin); G¢(Wmaz)]-
Noting that M? has finite moments on I since J does on [Wpin, Wmaz] and Eqgs. (1.45), (1.46),
(1.52), (1.53), we find that U,(d\% x)coshry(g(z)), Un(dA%;z)sinhry(g(x)) € L*([kmin: kimas)),
and hence b*(q) and b,(q) are well-defined operators on D(n'/?). Furthermore we can verify that
they satisfy

(W1, bn(q)V2) = (b,(q) V1, ¥2), (1.57)

for all U1, ¥y € D(n'/2) hence confirming that b%(q) is the adjoint of b,(q). The commutation
relation [b,(q),b%,(¢)] = 0pnm follows from the orthogonality conditions for the monic polynomials
and the commutator relation [ax, a},] = 0(k — k’). Now let us perform the trasnformation. After
substituting Eqs. (1.47) and (1.48) into Eq. (1.40) and using the orthogonality conditions and

3-term recurrence relations of Lemma 8, we find

kmaz
:/ drg(z)a,a,: (1.58)

=S { (ol - L) G000+ bltala) + (anla) + L) B0 (159
/B (@) (b (@)51(0) + bu(@)bns1(0)) + (05 (@b (a) + bu@)b1())) -
where a(q) := a(d\?), 5(q) := S(d\?). O

This theorem should be considered in many regards as the most crucial result of the whole
thesis since all other results can be understood, in one form or another, as giving more in-depth
insight into the consequences and properties of this chain mapping theorem. We should therefore
pause for a moment to examine what we have achieved. Initially the system operator Ag coupled

the system to every single mode of the environment. This is to say, there was no locality in
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the coupling structure between the system and the bath, -the system was coupled to everything-
However, we have a very different story to tell after unravelling the chain through the chain
mapping: now there is a lot of locality in the coupling structure. The system, via operator Ag is
now only coupled with one mode of the environment, which in turn, is only coupled to one other
mode of the environment, and so on and so on. This introduction of locality allows us to form the
notion of interactions within the environment and with the system happening at a specific location
and time. This is a useful picture to keep in mind when considering the rest of the physical results
of this thesis. We should also note the relevance of the constraint that all moments of the spectral
density be finite. This is a sufficient but not necessary condition for the Hamiltonian to be well
defined (i.e. that ||G~'/2h|| < co. See section 1.1). This constraint can be interpreted as telling
us that we cannot map baths with frequencies which are too high. Alternatively, we can view
it as saying we need to imply an ultra violet cut-off; something which arises very often in field
theories. We will see later how this cut off will arise naturally as a very important parameter when
developing locality bounds in chapter 3 and that even the way the cut off is implemented will play
a role in chapter 2.
It might at this stage seem confusing to the reader why this result is referred to as chain
mapping rather than, say, chain representation. This we be explained after the following corollary

in the next section.

1.4.1 Special Cases

Corollary 10. The generalised mapping Eq. (1.33) reduces to

H = Hs @ TIrg) + v/Bo(0)As @ (bo(0) + b5(0)) (1.60)
15 3 an(OB 008 0) + v Bt O)(5, 018, 0) + hic) (161

when g = 0. We also find

J
Mo(x) = ——=,  with I = [Wnin, Wmnaz) (1.62)
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and

Go(z) ==, (1.63)
kma:): 0.
b (0) = do mn(dN7; 9(x)) I9(z)) 'dg(x) a, n=012.... (1.64)
Foin A/ (T (AX), 7, (AA0)) pp0 0 dx
Proof. Follows from setting ¢ = 0 in theorem 9 and simplifying the resultant expressions. [

Given that the coupling of the chain elements is excitation number preserving, the elementary
excitations of the chain can be viwed as particles hopping on a 1d lattice. We therefore make the

following definition.

Definition 11. We shall refer to the transformation described in corollary 10 as the particle
mapping.

In the chain mapping of [20, 19], one had to first map g(z) — x while maintaining J invariant
through an appropriate mapping of h. The consequence of this was that the final Hamiltonian (the
chain Hamiltonian) was not equal to the original Hamiltonian. Since from the definition of the
a, and 3, coefficients, we see that they only depend on J, this subtlety is only important in the
relationship between the creation and annihilation operators {a,,a’} and {b,(0), 6% (0)}>,. This
will, however, have consequences for writing the initial state of the Hamiltonian in the Fock basis
of b,,(0),b%(0) operators. See (B) in the appendix. It is for this historical fact that we refer to the

process described in theorem 9 as chain mapping.

Corollary 12. When q = 1, the generalised mapping Eq. (1.33) reduces to

1 1
H:= Hg @ Irgy + v/ Bo(1) A®XO+H5®Z( Bt (DX X1 + 2()X2+2P3>. (1.65)

where X,, and P, are position and momentum operators, X,, := (b%(1) + b,(1)), P, := (b (1) —
bo(1))/2, on D(n'/?), n =0,1,2,... . We also find

wi(e) = L i = 2 (1.66)
and
Gi(z) = 27, (1.67)
oy - [ dem(dMig(2)?) [ J(@) [dg(x)| 29(x) +1 . 2g(z) -1
0= | e s )
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Proof. Follows from setting ¢ = 1 in theorem 9 and simplifying the resultant expressions. O]

Given that the coupling of the chain elements in Eq. (1.65) resemble that of springs obeying
hooks law, the elementary excitations are phonons such as in solid state physics. We therefore

make the following definition.

Definition 13. We shall refer to the transformation described in corollary 12 as the phonon

mapping.

In light of definitions 11 and 13, we note that Eq. (1.33) interpolates between the two solutions.

1.5 Chapter Summary and Conclusion

In chapter 1 we have establish a general formalism for mapping an open quantum system of
a specialized Pauli-Fierz Hamiltonian Eq. (1.1) onto chain representations using the theory of
orthogonal polynomials. By chain representation we mean semi-infinite harmonic lattices with
nearest neighbour coupling. The different versions of chain mappings were generated by choosing
particular values of 4 real constants which we parameterised by one real variable q. The different
versions differed in the form of the coupling between the oscillators. We defined two special cases
and called them particle and phonon mapping due the physically simple form the coupling between
the harmonic oscillators has. Thought the rest of this thesis, we will repeatedly mention these two

special forms and gain a deeper understanding into their similarities and differences.
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Chapter 2

Secondary Measures and Markovian

Embeddings

In the chain mappings presented in the previous chapter, there is a natural and systematic way to
"embed” degrees of freedom of the environment into the system (by ”embed”, we mean to redefine
what we call system and environment by including some of the environmental degrees of freedom
in the system. This is defined rigorously later in definition 38) See figure (1.1). One can make
a non-Markovian system-environment interaction more Markovian by embedding some degrees of
freedom of the environment into the system, a technique already employed in certain situations
in quantum optics [26] and that recently has been demonstrated in [23]. What remains unclear
however, is to quantify how efficient such procedures can be as well as determining the best way
of performing the embedding. We will show that those issues can be understood and addressed
much better with the formalism presented in this section.

Thus the second aim is to develop a method for understanding how Markovian such embeddings
are by finding explicit analytical formulas for the spectral densities of the embeddings corresponding
to the different chain mappings. Furthermore, we also derive universal convergence theorems for
the spectral densities corresponding to the embedded systems and give rigourous conditions for
when these limiting cases are achieved. This paves the way for a system interacting with a complex
environment to be recast by moving the boundary of the system and environment, so that the non-
trivial parts of the environment are embedded in the new effective ”system” and the homogeneous

chain represents the new, and much simpler, ”environment”. The advantage of this is that the
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residual part of the environment might be simple enough for some of the approximations mentioned
in section 0.1 to be applied, enabling us to integrate out these modes and dramatically reduce the
number of sites of the chain that have to be accounted for explicitly. In order to achieve this,
we have to first develop new mathematical tools and theorems regarding secondary measures and
Jacobi operators, greatly extending and developing the application of orthogonal polynomials that
was used for theorem 9. These results could be useful also in other areas of mathematics and
mathematical physics which are related to the theory of Jacobi operators such as the Toda lattice
[27].

For the first known result [20, 19] (c.f. corollary 10), the general method developed in this
thesis gives analytical and non-iterative expressions for the spectral densities corresponding to the
embeddings. For the other special case [23] (c.f. corollary 12), we derive calculable conditions for
when the spectral densities corresponding to the embedding converge, -an aspect not addressed
in [23]. As seen in the examples, we apply this technique to derive exact solutions for the family
of spin-boson models which will allow us to illustrate how the different embedding methods are

related.

The contents of each section is as follows: In section 2.1.1 we focus on deriving a formula which
makes explicit a sequence of secondary measures solely in terms of the initial measure and its
orthogonal polynomials. One should point out that although authors such as Gautschi introduce
the concept and definition of secondary measures, here an analytical closed expression for them
in terms of the initial measure and its orthogonal polynomials is provided. This result will turn
out to be a vital ingredient in the development of the subsequent sections. Moreover, Gautschi
states that the general solution derived here is unknown [29] p16-17. In section 2.1.2 the properties
of the 3-term recursion coefficients of the orthogonal polynomials generated from their measures
are studied. Then beta normalised measures which have more general and useful properties are
defined. The main result of this section is the new theorem regarding the Jacobi matrix. This
new theorem will be used extensively in section 2.2. Section 2.2 is concerned with embeddings of
environmental degrees of freedom into the system. Here we also discuss how this interpretation
allows one to view the chain mapping as a generalisation of the work of [35]. In section 2.2.1,

the relation between this work and work by [23] is investigated. In order to do this we make
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extensive use of the relations developed in section 2.1. It is shown how their mapping is a special
case of the work presented here and find analytical non iterative solutions to quantities such as
the sequence of residual spectral densities. In section 2.2.2 we develop convergence theorems
for the sequence of residual spectral densities. We show rigorously that the sequence converges
under certain conditions and give the universal functions the spectral densities converge to for the
particle and phonon cases. The conditions for which the sequences converge are stated in terms
of the initial spectral density. In section 2.3 we give explicit analytic examples for the family of
spectral densities of the spin-boson model for the particle and phonon mapping cases.

The main results of this chapter are theorems 28, 36, 42, 41, 50 and corollaries 44, 45, 48.

2.1 Secondary Measures

Before we proceed further with the development of our understanding of the chain mapping, in
section 2, we require a more indepth study of some properties of the orthogonal polynomials P,,
and this will be done in the following section greatly extending upon section 1.3 with the main

new result being an explicit formula for the sequence of so-called secondary meausres in theorem

28.

2.1.1 Derivation of the Sequence of Secondary Normalised Measures

Definition 14. We call the sequence of gapless measures dug, djiy, dus, . . . generated from a gapless

measure diy by

Spin(2) = z—Ci(dpn) — e n=0,1,2,..., (2.1)
dy(x) = ,an_(a:)dm n=0,1,2,..., (2.2)
fin(z) = % n=1,23.. (2.3)

the sequence of normalised secondary measures, where Cy(dj) = 1.

This sequence of measures is a slight adaptation from a basic result in the theory of orthogonal
polynomials. In the standard version, the sequence of measures are not normalised. The fact that

these objects are actually positive and gapless measures, is a well known result of the basic theory.

See [37] or [38].
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Lemma 15.

—

n—

On<dpm+1) = Cn—l—Z(dlum) - Cl(dﬂm)cn—&-l(d:um) - Cs<dpm+1)on—s(dlum) (2'4>

S

Il
=)

n,m=0,1,2,....

Proof. For simplifity we will prove Eq. (2.4) for m = 0 as the generalisation is trivial. By Taylor
expanding Sy, (2) and S5, (2) in = 1/2 we find

Su(z) = Z Czsi'lfo) asz — 00, (2.5)
Sz (2) = f: CZiipll) asz — 00. (2.6)

From Eq. (1.23) we have
51 (2) 570 (2) = (2 = Ci(dpo)) S, (2) = 1. (2.7)

Hence substituting Eq. (2.5) and (2.6) into Eq. (2.7) we find

S Coldpio) Con(dpr)a™ ™+ = G - Cl(duo)) S Culdpo)r™+ — 1. (2.8)

n,m=0 s=0

By comparing terms of the same power in = and taking into account Cy(dug) = 1 we deduce

> Culdpao)Con—n(dp1) = Crmya(dpio) — Cr(dpio)Cria(dpo) m =0,1,2, ... (2.9)
n=0
By a change of variable in Eq. (2.9) we finally arrive at Eq. (2.4). [
Lemma 16. A sequence of normalised secondary measures dyug, duy, ds,. .., du,, can be written

as a continued fraction of the form

So(2) = (2.10)
do
z— Cl,O -

Z—Cl,l —

2—01,2 -

dnfl
z— Cl,n - dnSnH(Z)

Z— Cl,n—l -
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where we have introduced the shorthand notation S,(z) = S;, (2), Cns = Cn(dus), n,s =
0,1,2,...;d, :=Cq, — C} n=1,2,3,..., and dy := 1.

1,n
Proof. By evaluating Eq. (2.4) for n = 0, and taking into account the above definition of d,, we see
that d, = C(dp,), n = 1,2,3,.... Using our new notation, Eq. (2.1) for the sequence of gapless

measures reads

1
. = —[z—C, — —], =0,1,2,.... 2.11
S +1(Z) d, [Z Cl, Sn(Z)] n 0 ( )
Solving this for S,,(z) followed by repeated substitution gives us Eq. (2.10). O

Theorem 17. The following relations hold for the continued fraction Eq. (2.10)
un(_dnsn-i-l('z)) + Un41

So(2) = , n=0,1,2,..., 2.12
0( ) Un(_dnSn—I—l(Z)) + Un+1 ( )
with relations
Up+1 = (Z - Cl,n)un - dn—lun—la Up+1 = (Z - Cl,n)vn - dn—lvn—la (213>
and starting values
u =0, w=1 v=1 v1=2—-Cy;. (2.14)

Proof. These are elementary results from the theory of continued fractions (e.g. see section 4,

connection with continued fractions [39]). O

Lemma 18.

An+1 = Up+1Up — Upp1Up = d0d1d2 ce dn—la n = 1, 2, 3, ey (215)
Ay = 1. (2.16)

Proof. Using Eq. (2.13) to substitute for w,;; and v,y into Eq. (2.15), we find the relation
Apy1 = dp1A,. Using Eq. (2.14) to verify Eq. (2.15) for the starting values, Eq. (2.15) follows
by induction. 0

Definition 19. A Padé Approximant for a function g of type q/p in the neighbourhood of 0 is a
rational fraction
Q(2)

F(z) = m, (2.17)

z
with degree of Q < q, degree of P < p and g(z) — % of order O(zPT4+L) in the neighbourhood of
0.
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For more details, see [39].

Theorem 20. F,(z) = “1&) s g Padé Approzimant for So(z) of type n/(n+1), n=0,1,2,...

Vn41(2)

Proof. Using theorem 17, we can write Sp(z) — Z"i—i((j))
So(z) — 12 +105n41(2) . n=01,2.... (2.18)

Vi1 (2) Va1 (2)(Ung1 (2) = duva(2)Snr1(2))
Through lemma 18 we see that A, is independent of z. By Taylor expanding S,1(z) defined
in definition 6 about x = 1/z, and remembering that Cy(du,) =1 n=1,2,3... , we find using
Eq. (2.18) that 1

1
Sn+1(z):;+(’)(;) asz—o00 n=0,1,2,.... (2.19)

By induction, we see that v,y and u,.1, n = 0,1,2,... given by Eq. (2.13) and (2.14), are
degree n 4+ 1 and n polynomials in z respectively, both with leading coefficients equal to unity.

Hence we conclude that

IS (Z Un+1(2) o An+1dn B dodl .. dn
0 —

Un+1(2) T 2043 »2n+3

asz —o00 n=0,1,2,.... (2.20)
Thus by definition 19 we conclude the proof. m

Lemma 21. u,(2) = \Qn(duo; 2) and v,(2) = A\ Po(dpo;z) n = 0,1,2,..., with A, = 1/a,
where a,, is defined in Eq. (1.11).

Proof. From section 5.3.: moment problems and orthogonal polynomials (p213-220) of [39], and
theorem 20 it follows that

Un1(2) _ Qnia(dpo; 2)
Un11(2) Proia(dpo; 2)

=0,1,2,.... (2.21)

By observing the starting values, we also have that

uo(z) _ Qoldpo; 2)
vo(2)  Poldpe;2)’

(2.22)

Hence

Un(2) = M\Qn(dpo; 2)  and  v,(z2) = A\ Po(dug;2) n=0,1,2,.... (2.23)

Given that u, and v, have leading coefficients equal to 1, we must have A\, = 1/a, n=0,1,2,....

]
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Theorem 22. d,, = a2/a%,, = Bny1(do) n=0,1,2,....

Proof. Proceeding in the same way as in page (18) of [29], we have

Qn(dpo;z)

So(z) — Puldpi ) 221 asz —o00 n=0,1,2,.... (2.24)
where
I Y0ag (Pal(dpo), Pu(dpo)) s
w=— [ z"P,(duo;x)d =0 £ n=0,1,2,.... 2.25
= ), e D) = o), Poldi)s (2:29)

Noting that Py(dpo;x)/ag = mo(dpo;z) = 1 and that Co(dpe) = 1, Eq. (2.25) tells us 79 = 1.
Comparing Eq. (2.24) with Eq. (2.20) and (2.21), we deduce that

2 —
dody . d_, = %0 Paldito), Paldpio))

- n=1,23,.... 2.6
@ (Poldu), Poldpo)) (220)
By induction it follows
2 (P, P
4, = Loerldio), Pon(po)ya )y o g (2.27)
apy1 (Paldpo), Pul(duo))s
Due to definition 1.10, we see that (P, (duo), P (dpo))s =1 n=0,1,2,..., hence
2
dy= 5" n=123,.... (2.28)
Ant1

From Eq. (1.11), we see that Eq. (2.27) can be written in the form

g = (Tni1(dpo), mnia(dpo))a

= =1,2,3,.... 2.29
(raldio) oo} (229

Hence, from definition 1.15 we conclude,
dp = Pnr1(dpy) n=1,23,.... (2.30)

For n =1, Eq. (2.26) gives us

_mi(dpo), mi(dpo))s  ag
o = <7T0(dli0)7770(d/10)> a % B ﬁ1(duo)- (2.31)

=
<

[]

Theorem 23. Gapless measures du(z) = p(x)dx can be calculated from their Stieltjes transform
by
p(z) = — lim [Sy(x —i€) — Su(z + i€)]. (2.32)



Proof. This result is known as the Stieltjes-Perron inversion formula. See [40] for more details or

Example 2.50: Stieltjes-Perron inversion formula [29] for an application and more references. [

Definition 24. We call p(dp; ) the reducer of gapless measure du(x). It is given by

o(dp;x) = lim [Su(x —ie) + Sp(x + de)] . (2.33)

e—0t

See appendix C for methods for calculating the reducer. The reducer allows us to write an

explicit expression for the secondary measure associated with ji(x) as follows.

Theorem 25. For a gapless measure du(x) with secondary measure dp(x), we have

plz) = W“jﬁ“;{i€;2ﬁ?(x) (2.34)

Proof. See [38]. O

We will define the functions Z,(z) € C n=0,1,2,... as

ZAx%zng)

+impi,(x) n=0,1,2,..., (2.35)

where ¢, () := @(dp,; x). These will turn out to be useful quantities which we will investigate in

the following lemma and theorem in preparation for the proof of theorem 28.

Lemma 26. The following recursion relations hold for Z,.1(x)

1 1

Zpi(z) = [z = Cipn — m]’

. n=01,2,.... (2.36)

Proof. We start by finding a relation between the Stieltjes transformation of a gapless measure

du(x), and the reducer of its associated secondary measure dp(x): By definition, we have

o(dp; x) = lim [S;(x —ie) + S;(x + i€)] . (2.37)

e—07t
Using Eq. (1.23), we find
Su(x —i€) + Su(x + ie)

dp;x) = 2|x — Cy(dp)| — i 2.38
pldp; x) = 2[z = Ci(dp)] — lim Sa(x — i€)Sa(x + ic) (2.38)

Now using theorem 23 and definition 24, we find that
lim Su(x —i€) + Sp(w +ie) o(du; ) (2.39)

. . — 2 . — .
0t Sp(x — i€)Su(z + te) %ﬂv) + m2[i2(x)
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Hence from Eq. (2.38) we arrive at

p(dp; )
Z) ()
Using the definition of a sequence of normalised secondary measures, definition 14 and the definition

of d,, in Lemma 16, from Eq. (2.40) we find

p(dp; ) = 2[z — Cy(dp)] — (2.40)

1
Pnii(a) = — lz[a: — i) — = 90”@)7 ] L on=0,1,2,.... (2.41)
n “ + 71'2/1%(%' )
Similarly, we can also write theorem 25 for our sequence of normalised secondary measures using

definition 14 and d,,. We find

) 1 7n( )
fing1(7) = d, [Wn(x)iﬂ 2p2 (x)

If we write Eq. (2.35) for Z,,41(x) and then substitute Eq. (2.41) and Eq. (2.42) into the RHS we
arrive at Eq. (2.36). O

. n=0,1,2.... (2.42)

Theorem 27. The following relations hold between Zy(x) and Z,,1(x)
Un (=0 Zn11(2)) + Ui
Un(=dnZn11(2)) + Vng1’
were Uy, (2) = M\Qn(dpo; 2) and v,(z) = M\ Po(dpo; 2) n=0,1,2,..., with \, = 1/a,, a, defined
in Eq. (1.11).

Zo(z) = =0,1,2,..., (2.43)

Proof. By comparing Eq. (2.36) with eq. (2.11), we note that Z,(z) satisfies the same recursion
relation as S, (z). Hence theorem 2.12 readily applies to Eq. (2.36) if we exchange S,+1(x) with
Zn+1(x) and Sp(z) with Zy(x). The relations between w,, v, and @,, P, are proven in lemma

21. O
We are now ready a main result (this was developed by Roland Groux):

Theorem 28. A sequence of normalised secondary measures starting from dug: dpg, diy, dps,. . .,
dpty,,. . . can be generated from the first measure in the sequence dpug by the formula

fin(2) = Fo() (2.44)

2 2
a1 (0] (P, (dp; )25 — Q1 (dps 2)) -+ 2R () P2y (dpos )

n=1,273,...,
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where the t,, coefficients are defined in theorem 4.

Proof. After solving Eq. (2.43) for Z,(x), we find
an1  Zo(x) Pu(dpio; 7) — Qu(dpio; )
pdy—1 Zo( )an(d/io; 1‘) - Qn71<d,u0§ 1‘)

From theorem 22 we see that

Zn(z) = =1,2,3,.... (2.45)

An_1/an = kp\/dp—1 n=1,23,..., (2.46)

where &, is the sign of a,_1/a,. After using this relation to simplify the a,_1/a,d,—1 coefficient
in Eq. (2.45) and substituting for Zy(x) using Eq. (2.35), we take real and imaginary parts to

achieve

_ .\ Ka fio(2) [Pa—1(dpo; 2)Qn(dpio; ©) — Pa(dpio; ©) Qn—1(dpo; )]

S (b 552 — Qo) 4w )
n=1,2,3,.... Using the identities from lemmas 18 and 21, we note that
P, (dpo; ) Qi1 (dpo; ) — Prya(dpto; ) Qn(dpo; x) = dody - . . dp—1/ A1 (2.48)
n=1,2,3,... . Using theorem 22 and lemma 21 to write the RHS in terms of the a,’s, we find
dody ... dp—1/MAni1 = Qi1 /an = a2/ /dy n=0,1,2,... (2.49)

where in the last line we have used Eq. (2.46). We now note that by Eq. (1.11), Py(duo;z) = ay.
We also have by definition 1.10, that (Py(dpuo; x) , Po(dpo; ©))p, = 1. Hence

1 = (Py(dpo; x), Po(dpio; ©)) e = agColdpo) = ag. (2.50)

Hence from Eq. (2.48), (2.49), (2.50), we find that we can write Eq. (2.47) as

- 1 fio(
fnle) = - — L (2.51)
" (P (dpao; @) 255 — Quy (dpaos @)+ iR (x) P2 (dao; @)
n = 1,2,3,.... Finally, with the relations from theorems 22 and 4 we find d,,_; = t2_(duo)
n=1,23.... 0
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2.1.2 Derivation of the Jacobi Matrix Theorem

Lemma 29. The o, (du) and ,(du) coefficients defined in theorem 3 are invariant under a change

of scale of the measure du(x), while the change in By(dp) scales linearly:

a,(Cdu) = ap(dp) n=0,1,2,... (2.52)
Bn(Cdu) = Buldp) n=1,23,... (2.53)
Bo(Cdp) = CPBo(dp) (2.54)

where C' > 0.

Proof. First we will show that m,(Cdu; z) = m,(dp;z) n=0,1,2,....
From Eq. (1.11), we have that

1= (Po(dp), Pa(dp))y n=0,1,2,... . (2.55)

By multiplying and dividing by C we find
Po(dp) Po(dp)

1= : W n=0,1,2.... 2.56
Gl (2:56)
From Eq. (1.11), we conclude
Fu(dp; @)
P, (Cdy,x) = ——= =0,1,2,.... 2.57
(Cdps; x) NG (2.57)
By observing Eqgs. (1.11), (2.57), we conclude
an(Cdp) = an(dp)/NVC n=0,1,2,... . (2.58)
Hence, from Egs. (2.57), (2.58), (1.11) it follows
T (Cdu; x) = P, (Cdp; x) [an(Cdu) = Py(dp; x) [an(dp) = m,(dp; ) (2.59)
n=20,1,2,.... Now we can see how the «,, and [, coefficients change:

Using definition 3 and Eq. (2.59) we have
(zm,(Cdp), 7Tn<0d,u)>671

() (mn(Cdp), mp (Cdpt)) g (2.60)
(am, (dp), mn(dpt))

(mn(dpr), mn(dpe)) (2.61)

= an(dp), n=01,2,.... (2.62)
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Similarly, we find

Bn(Cdp) = Bn(dp), n=1,2,3.... (2.63)

In the case of 3y we have
Bo(Cip) = {mo(Cdps), mo(Cilt) e = CPo(dls). (2.64)
[

Theorem 30. If dp(x) is the secondary measure associated with du(x), then

Qpi1(dp) = an(dp) n=0,1,2,... (2.65)

Bnr1(du) = Bu(dp) n=1,2,3,... (2.66)

Proof. See [29], theorem 1.36 (page 16). O
Lemma 31. A sequence of normalised secondary measures dug(x), dui(x), dus(z), ..., satisfy

Umin(dpy) = ap(diy) n,m=0,1,2,..., (2.67)

Boinldie) = Buldpm) n=1,2,3,...,m=0,1,2,.... (2.68)

Proof. Using lemma 29 and definition 14 we find
an(dpm) = (dpm /Col(dpn)) = an(diy,) n=0,1,2,... , m=1,2,3..., (2.69)
Bn(dpm) =Bn(dpm/Co(dpm)) = Bu(dpm) n=1,2,3,... , m=1,23.... (2.70)

Hence taking into account theorem 30 we find

Ant1(dpy) =0 (dptp1) n,p=0,1,2,..., (2.71)
Bni1(diy) =Bn(dppy1) n=1,23,...,p=0,1,2,.... (2.72)
We will now proceed to prove Eq. (2.67) by construction: by evaluating Eq. (2.71), for (n,p) at
(s—1,m), (s=2,m+1), (s—3,m+2),..,(00m+s—1) for any m > 0, s > 1 we have the

following sequence of equations

as(dpm) = s 1(dpims1) (2.73)
Qs 1(dimy1) = s a(dpimy2) (2.74)
as—2(dptmi2) = s—3(dftm3) (2.75)
1 (dpmis—1) = ao(dpimys)- (2.76)
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Thus by repeated substitution we arrive at
as(dim) = ag(dpimys), m=0,1,2,...,s=1,23,.... (2.77)

We note that this equation is also valid for s = 0. If we make the change of variable s = p + n,

m =0 in Eq. (2.77) followed by relabeling indices, we find
Qmts(dpo) = ao(dptmss) mys=0,1,2,.... (2.78)
Hence from Eq. (2.77) and (2.78), we arrive at (2.67). Similarly, we prove Eq. (2.68). O

We are now ready to state our second main result. The following objects, as we will soon see,
are closely related to the sequence of normalised secondary measures Eq. (2.44) but have more

interesting properties which are needed for our purposes.

Definition 32. We call the sequence of gapless measures dvy(x), dvi(x), dve(zx), dvs(z), ... beta

normalised measures, where dvy(x) defines the sequence

_ vo()

Un(7) = (2.79)
(dvoso) ?
(Pn_1<dl/0; 1) S — Qo1 (dig; l‘)) + w203 (z) P?_ (dvo; x)

n=1,23,..., and dv,(z) = Up(x)dr n=0,1,2,....

Lemma 33. For every sequence of beta normalised measures {dv,}'=5°, there always ezists a

sequence of normalised secondary measures {dp, }n=0° such that
Un(x) = Bp(dvy)fin(x) n=0,1,2,.... (2.80)
Proof. For n =0 in Eq. (2.80) and taking into account Eq. (1.16), we have
vo(z) = Co(dvy) fip(z). (2.81)

The only additional constraint on duy as compared with any measure dy, is that Co(dpy) =
1. By calculating the zeroth moment of both sides, we see that relation Eq. (2.81) satisfies
this additional constraint. Now we will proceed by finding an expression for the sequence of
normalised measures generated from dpy in terms of dvy. For this we need to find how the

quantities P, (duo; ), Qn(dpo; ), Pni1(duo), n =0,1,2,... and p(duo; ) can be written in terms
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of P,(dvy; ), Qn(dvo; ), Bni1(drg), n =0,1,2,... and p(dvy; ) respectively. Using relation Eq.
(2.81) and definition 1.10, we find

P, (dug; x) = \/Co(dvo) Py(dvg; ) n=0,1,2,.... (2.82)

Using this relation, and definitions 5 and 24, we find

Qn(drg; )
Qnldug;z) = 08 _0.1,2,..., (2.83)
Co(dyo)
o(dvg; x)
dp; = —. 2.84
90( /L0,$) OO<dVO) ( )
Lemma 29 tells us
Bn(dpo) = Bn(dvg) n=1,2,3,.... (2.85)
Hence using relation Eq. (1.20), we find
2 (duo) = t2_,(dvy) = Buldry) n=1,2,3,.... (2.86)

Now substituting Eqs. (2.82), (2.83), (2.84), and (2.86) into Eq. (2.44),
1 170(37)

finl) = ALY (Pn_l(dyo; I)M — Qn_l(dyo;.l’)>2 + w22 (x) P?_ (dvo; x) 257
n=1,2,3,.... Hence by observing definition 32, we find Eq. (2.80) forn =1,2,3,... . O
Theorem 34. A sequence of beta normalised measures dvy(z), dvi(zx), dva(x), ..., satisfy

Uman(dvy) = ap(dvy) n,m=0,1,2,..., (2.88)
Bmin(dvg) = Puldvy) n,m=0,1,2,.... (2.89)

Proof. From lemma 33 we see that du,, and dv, are related by a constant, hence using lemmas 29

and 31 we find

Uman(dry) = au(dvy) n,m=0,1,2,..., (2.90)
Ban(dvy) = Buldvm) n=1,2,3,...,m=0,1,2,.... (2.91)

For By(dv,y,) we find
Bo(dvim) = Bo(Bm(dvo)dpm) = Bm(dro)Col(dpm) m=0,1,2,..., (2.92)
where we have used Eq. (2.80) followed by Eq. (2.54) and then Eq. (1.16). But Cy(dpn,) =
1 m=0,1,2,..., by definition 14. O]
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Remark 35. As we will see in section 2.3, for a wide range of dvy; Qmin(dvo) , Bmin(dvy) and
dvy, can be determined analytically. Hence FEq. (2.88) and Eq. (2.89) can also be used to find

analytical solutions to a wide range of integrals.

The infinite tridiagonal matrix of a measure dpu(x)

o (dp) Bi(dp) 0
Bi(dp)  aa(dp) Ba(dp)
J(dp) = Badp)  aa(dp) Bs(du) ; (2.93)
L O .

is known as the Jacobi matriz. See [29] for more details. We will call the matrix

an(dp) Br1(dp) 0
Brr(dp)  amyr(dp)  /Bra(dp)
Tnldp) = Bnta(dp)  anta(du) Brys(dp) (2.94)
. 0 -
n=1,23,..., the nth associated Jacobi matriz of the Jacobi matrix J(du). We are now ready

to state our third main theorem:

Theorem 36. For Jacobi matrices for which its corresponding measure defines a sequence of norm-
alised secondary measures, there exist an infinite sequence of associated Jacobi matrices correspond-
1ng to the sequence of normalised secondary measures. These matrices are formed by crossing-out

the first row and column of the previous Jacobi matriz in the sequence:
Tn(dpo) = I (dpn) n=1,2,3,... (2.95)

Proof. By equating the matrix elements in Eq. (2.95), we find Eq. (2.67) and (2.68). Hence lemma
31 implies Eq. (2.95). O
Corollary 37. Theorem 36 is also valid for any sequence of measures which are proportional to a

sequence of normalised secondary measures such as the beta normalised measures.

Proof. Given that the Jacobi matrix does not contain the [ coefficient, the result follows easily

from lemma 29. O



2.2 Embeddings and Residual Spectral Densities

Now that we have developed the necessary mathematical tools in section 2.1, we will develop the
physical theories of this chapter. These are the following theorems and corollaries. Theorem 42
shows how the results of [23] are a special case of the chain mapping developed here. Theorem
50 gives conditions under which a universal residual spectral density is asymptotically generated.
Corollary 48 gives conditions for convergence of the chain mapping parameters. Corollaries 44 and
45 give explicit formula for the residual spectral densities.

To start with, we will now re-write the chain mapping (see theorem 9) in terms of Jacobi
matrices, this is to illustrate the connection with Jacobi matrix theory and to write the Hamiltonian

in a more compact form. We find

A

H = Hs®Trg ++/Bolq) As ® (5 + bo) (2.96)
a4 [pr o _ 99\ 1 e q ar\ 7
+ 5o ] [bo (j(d)\ ) 411) b0+h.c.] T Is® B <j(d)\ )+ 411) Bo,

where

b, =bn(a) = (0(0),0541(0), Ba(a), s (), - )" (2.97)
by = bn(Q) = (bn(Q)7 bn-&—l(Q)? bn+2(£])? bn+3(Q)v i ')T n=0,1,2.... (298)

Let us define (for every ¢ € [0, 1]) the orthonormal Fock basis

b5 (@)]0) _ b1 (g)|0) _ b5™*()[0) o
F, =2 ® = ® 2 ... , 2.99
1 { vmg! mq! \meo! }{mn}?f_oo ( )

where the creation/annihilation operators (which we recall satisty [b,(q), b, (¢)] = Onm, [0n(q), bm(q)] =
[b%(q),b%,(q)] = 0) act on the kets |n) in the standard way: b* (¢)|n) = v/n + 1|n + 1), by(q)|n) =
v/nln —1). Since we can construct any state ¢ € I'(h) by repetitive action of the creation operator
on the vacuum state {1,0,0,...} € I'(h), we can write any ™ in terms of a linear combina-

tion of basis states Fj, (see appendix B for more details). Hence we have I'(h) = @7° (K, where

@\ :
{ Vml }m:O is a basis for IC,,.

Definition 38. We call mth embedded system to the new system-environment interaction pro-

duced when the new system is composed of the initial system plus the first m sites of the chain
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formed by the environment in the chain representation, this is to say, the quantum system described

by the Hamiltonian Hsﬁn on S ) K,

Hgs = Hs ® Irg) + v/Bo(q) As @ (b + bo) (2.100)
m—2
+1s© Y VBuri(@) (q(b;;b;;+1 + bubur) + (B b + bnb,’;+1)> (2.101)
n=0
= (g ¢ q
+Is® nz:% <§an(q) . g) (bEb% + boby) + (an(q) + Z) b b (2.102)

The mth environment is formed by the remaining environment terms in the Hamilitonian, in other

words the quantum system described by the Hamiltonian I;TE;% on @22 Ky,

Ao = g [z?,fn (jm(d/\q) - %H) b + h.c.] b (jm@w) + %]I) b (2.103)
m=1,23,.... (2.104)

Hence we have H = Hgs + Hja + Hpga , where

Hio = /BunlQ) (q(b;,lb; + bo1bu) + (B, b + bm,lb:n)> (2.105)

Lemma 39. If the spectral density is gapless,

Ay = / o kg (k) i, (2.106)
Hi :/k m dk\/M,%(Gq(g(k))) ‘%‘ (2.107)
<b:;171 [(geq(x) = s4(2))dy , + (cq(x) = g5q(2))dp ] (2.108)
bt [(60(e) = 0502+ (a4(0) = 50(2)din] ) (2.109)

m = 1,2,3,... where c,(k) = cosh(r,(g(k))), sq(k) = sinh(r,(g(k))), d\%,(k) = M3 (k)dk and
the sequence, d\y,d\1,dN], ... is the sequence of beta normalised measures of dA}(k) = M?(k)dk
(defined in (L55)). [y i) = 80— K), and dipy = S5, Un(dAD: B) (calBIB0) + 5 (K)bu(a)),
B = S U 1) (ca(R)b0) + 54(K)D; (),

Un(dN2,; k) = Zn—m (@i ) VM) € L2([kmins kmaz]), n = m,m +1,m +2,... and

\/<7Tn7m(d)\m)ﬂrnfm(d)\m))Alm
underlined measures are defined in lemma 8.
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Proof. The proof is by construction and will involve the properties of beta normalised measures

developed in section 2.1.2. Theorem 36 tells us
B, (Fn(dN) By = By (T (dN5,)) B (2.110)

Let us define creation annihilation operators

ZU (N : k)D% (q), (2.111)

Z U (AN : )b (q) (2.112)

with inverse relations

kmaz kmaz
b (q) = / KU (AN ), balg) = / dRU (AN : F)agm, (2.113)
kmin kmzn
n=m,m-+1,m+ 2, ....Substituting these into the R.H.S. of (2.110), we have
— — kmaa: °
b (T (dND)) by = / da:dy{z (A2 2) P, (dAY : ), (dAY) (2.114)
kmin n=0
+ P, 1 (AN ) P (dAT y) V/ B (dA) (2.115)
P, (dAL; 2) P, (dAY ;1) n+1(d/\?n)} (2.116)
VM () M2, (y) 5, 0ym. (2.117)

Noting that by definition P_; = 0, and using the three term recurrence relations (1.26), we now

have
By (T (dN)) by = (2.118)
kmaz o0
/ drdyG,(g Z (dA; )P, (dN% s y) /M2 (2) M2 () ym- (2.119)

Hence using the orthogonality conditions,

km(lm
by, (Tm(dAT)) by, = / dxedyG,(g(x))d(x — y)a;may,m (2.120)
kmin
kmal‘
= / dkGy(g(k))ag pmnm- (2.121)
kmin
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We also find .
b by = / @ @ems (2.122)
kmin

and similarly for the other terms in Eq. (2.103). Now define dy,, = cy(k)arm + sq(k)ag ,,
Ay = Cq(K)ay ,, + 54(k)axm and substitute Eqs (2.113) into (2.105) and noting that Py(dAf,; ) =

1/+/Bo(dNy) = 1/+/Bm(dN), where we have used Eq (2.89), we find Eq. (2.109). The identity
[dkm» djy ] = 6(k — k'), follows from the orthogonality of the orthonormal polynomials. O]

See (a) to (c) in figure (1.1) for a pictorial representation. As we will see in section 2.2.2, the
chain coefficients converge for a wide range of spectral densities, and hence all the specific features
of an environment appear in the first sites of the chain. Consequently, these can be progressively
(or directly, all in one go) absorbed into the system by making an embedding; to reduce the
complexity of the effective environment. We also point out that, due to a theorem by Farad (see
The Farad Theorem p.167 of [49]), the existence of a positive measure M2 (k) is guaranteed even if
the spectral density is gapped in lemma 39. The only difference is that in this case M,,(x) cannot
be constructed using the sequence of beta normalised secondary measures formula (Theorem 32)
and hence we cannot say anything about its asymptotic properties. This lemma also connects
the chain mapping to the work of [35]. Imagine lemma 39 in the case that m = 1, ¢ = 1, i.e.
the phonon mapping with one mode of the bath extracted. In addition, imagine that the bath of
oscillators consisted of discrete modes, rather than a continuum. This is the scenario presented
in [35]. However, the author only derives an equation which the new spectral density of the bath
must satisfy and resorts to solving it numerically for a few example cases. So lemma 39 can be
view as a big generalisation of this result; not only do we give the explicit formula for the residual
spectral density (in the continuous case), but we solve the iterated version of the problem, i.e. for

when m = 1,2,3,... modes are extracted from the bath rather than just the first mode.

Definition 40. We call the nth residual spectral density J,, (w) to the spectral density corresponding
to nth embedding (definition 38). We call the initial spectral density Jo(w) such that Jo(w) = J(w).
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2.2.1 Connection Between the Phonon Mapping and previous work

and the Sequence of Residual Spectral Densities

In [23], a similar mapping as in theorem 9 is developed. Starting from a Hamiltonian of the form

Eq. (1.1), they show that it is equivalent to a Hamiltonian of the form

. - Q2 1
Hs—Dps®@ X] + s ® Z (—an;lX;L+1 + 7”)({3 + 5P,’f) : (2.123)

n=1

where Hg = % +V(s)+AV(s) describes the quantum system dynamics and the self-adjoint oper-
ator s couples the quantum system to the bosonic bath. The domain of the operators { X/, P/ }>
is not defined by the authors nor the precise relation to the operators in the initial Hamilto-
nian. See [23] for more details. Here X,, and P, are position and momentum operators satisfying
[ Xy, P] = @0pm. The derivation of the coefficients D,,, €2, involve repeated integration and apri-
ori, seem unrelated to our method. However, given the apparent similarity between Eqs. (2.123)
and (1.65), a more detailed analysis using some of the theorems developed in section 2 allows one
to derive the following theorem which demonstrates that the the mapping of [23] is a special case
of the phonon mapping, i.e. it is essentially the same as the phonon mapping for the case of a

gapless spectral density. We will prove this after the next theorem

Theorem 41. The sequence of residual gapless spectral densities in [23] are generated by

Jn(w) - ) JO(W)l 2\\2 5 9 1. o (2124)
(Pnfl(d)\ W )T - anl(d)‘ W )) + JO(w)Pn—1<d)\ yw )

n=1,23,....

Proof. As observed by Leggett [44], when the spectral density of an open quantum system has
support on a real interval (in contrast to having support on disjoint intervals), one can easily
obtain it from it’s propagator Lo(z). The authors of [23] have developed this to find a continued

fraction representation for the case of the mapping of the propagator presented in their paper as
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follows.

Lo(z) = —2% —wo(2), (2.125)
Dj
wo(z) = : (2.126)
Dt
03— 22 —
Dj
95—22—93_22_
where
2 2 [
D; = — dwJp(Ww n=0,1,2,..., (2.127)
T Jo
2 o
02, = dwJ, 5 n=0,1,2,..., 2.128
A T (2128)

and z € C — support (Jy), where support (Jp) is an interval on the real line by definition [23].

Alternatively, we note that we can write the continued fraction Eq. (2.126) as a recurrence relation

D2
wl(Vz) = n n=012..., (2.129)
2= — W (V7)
where w/ (z) := —w,(z). From [23]|, we have an alternative expression for w, in terms of the
residual spectral densities though the relation,
2 >
wn(z) = —/ dw 2(“’)“; n=01,2,.... (2.130)
T Jo w? —z

which by a change of variables and taking into account the definition of w/, in Eq. (2.129), can be

written in the form

L[> J,
w) (Vz) = —/ dw (ve) n=01,2,.... (2.131)
T Jo Z—w
Furthermore, via a change of variables the integrals Eq. (2.127) and (2.128) can be written as
1 oo
D? = —/ dwd,(Vw) n=0,1,2,..., (2.132)
T Jo
1 oo
Q2. = D2 /0 dwl,(Vw)w n=0,1,2,.... (2.133)

We note that in [23] the support of the spectral densities corresponds with the domain of the
spectral densities defined by Eq. (1.7) and hence integrals Eq. (2.131), (2.132) and (2.133) are

zero outside of the domain of J,(z), n=0,1,2,..., therefore we can change the lower limit of 0
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2

and upper limit of oo of the integrals by w? . and w?  respectively. Now let us define the set of

measures
dy,(t) = dty,(t) n=0,1,2,..., (2.134)
_ Ja(V1)
Tnlt) = el 0,1,2,.... (2.135)

This definition of the measure has some important consequences:

1) From Eq. (2.133) we note that Q2 are the first moments of the measures dv,(t),

Ci(dy,) =02, n=0,12,.... (2.136)

2) From Eq. (2.131) and definition 6 we see that w!,(1/z) is proportional to the Stieltjes trans-

formations of the measure d~,,(t)

w,(vz) = D2S,(2) n=0,1,2,.... (2.137)

n

3) From Eq. (2.132) we see that the zeroth moments of the measures dv,(t) are unity

Coldy) =1 n=0,1,2,.... (2.138)

We are now able to re-write Eq. (2.129) in the form
1
Su(z)’

where we have used the short hand S,,, (z) =: S,(2). By comparing this recursion relation with Eq.

Snt1(2) D2y =z — Ci(dv,) — n=01,2..., (2.139)

(1.23), we deduce that Diﬂd%ﬂ is the secondary measure associated with d~,, forn =0,1,2,... .
We can also identify a sequence of normalised secondary measures. Noting that Cy(dvyy) = 1 from
Eq. (2.138), definition 14 tells us that the sequence of secondary normalised measures starting

from dryy is
dryo, D?dy, /Co(D?dyy), Dadys/Co(D3dys), . .., D2 dym /Co(D2 dym), - . . . (2.140)

However,

Co(D2dry,) = D2Co(dy,) =D n=1,2,3..., (2.141)

n
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so the sequence of normalised secondary measures is d7y(t), dyi(t), dy2(t), dys(t), ... . Taking into

account lemma 16 and theorem 22 we see that
D2 =d, 1 =B.(dyw) n=1,23.... (2.142)
Due to Egs. (1.16) and (2.138) we can also write D3 in terms of S,

Dg = Bo(dno) (2.143)

where

dno := Dgdp. (2.144)

We can now construct a sequence of beta normalised measures from drng, denoted by dng, dn,
dng, ... . From Eq. (2.143) and (2.144) we see that dn, satisfies Eq. (2.81) for dvy, hence lemma
33 tells us

() = Bn(dno)yn(z) n=0,1,2,.... (2.145)

Taking into account that £,(dny) = B.(dv) n = 1,2,3,... due to lemma 29 and Eq. (2.144),
from Eqgs. (2.145) and (2.135) we gather

dn,(t) = dtn,(t) n=0,1,2,..., (2.146)
Jn(VE
n(t) = (V1) n=20,1,2,..., (2.147)
T
hence we note that
dno = d\'. (2.148)
Substituting this into Eq. (2.79) gives us Eq. (2.124). O

Theorem 42. Define X! := (=1)"X,_y, P, = (=1)"P,_,, s = A,, D(X!)) = D(X,,), D(P.) =
D(P,), D(s) = D(AS), n=1,2,3,..., and let the spectral density Jy be gapless, then

= Q2 1
—D03®X{+H$®Z( D, X} X+ X7+ P,’f)— (2.149)
o 2 2
an(1) o 15
VB A, ®X0+]IS®Z Bt (D)X X1 + & — xR+ ShY). (2.150)
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Proof. From Eq. (2.133) and (1.14) we see that we can write 2 as
Q2. =a(dn,) n=0,1,2,.... (2.151)

Hence,

Q2.1 = an(dn) = ap(d\') = (1) n=0,1,2,..., (2.152)

where we have used Eq. (2.88) followed by Eq. (2.148). From Eqgs. (2.132), and (1.16) we see that
D2 = By(dn,) n=0,1,2,.... (2.153)

Hence using Eq. (2.89) followed by Eq. (2.148), we find
D2 = B,(dng) = Ba(d\') = 3,(1) n=0,1,2,.... (2.154)
Now using the definitions stated in the theorem, we conclude the proof. O]

Remark 43. We note that the three term recurrence relations Eq. (1.12) for gapped measures, still
hold. Hence the generalised mapping (and therefore the phonon mapping) is still valid. However,
the chain mapping presented in [23] is not valid under these conditions because the relation between
the Stieltjes transformations of two consecutive measures, Eq. (1.23) is not valid anymore (see (E)
in appendiz for a proof) and hence one cannot calculate the chain coefficients from the sequence
of residual spectral densities. In this sense, the phonon mapping presented here is a more general
result. This is an important difference because if a spectral density is gapped, then the corresponding
measure is also gapped. There are physical systems (such as photonic crystals and diatomic chains)

which have these properties.

We can also use the previous two theorems to prove a result about the phonon mapping. This

is the fourth main result:

Corollary 44. In the phonon mapping case, if the spectral density is gapless the sequence of

residual spectral densities is given by

Jn(w) = 1. oy p(daw?) JO(w)l 2\12 2 2 1 v’ (2155)
(Poo1(dAY; w?) 855752 — Qno1 (dAY w?))? 4 J3 (w) P2y (dAY w?)
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Proof. Follows directly from theorems 41 and 42. Alternatively, we note that it is also a direct
consequence of lemma 39 when ¢ = 1. This has the advantage of being an independent derivation
from the results of [23], but has the downside of not illustrating the connections between this result

and their results. ]

We can also derive this for the particle mapping case. This will be the fifth main result

Corollary 45. In the particle mapping case, if the spectral density is gapless the sequence of

residual spectral densities is given by

To(w) = Jo(w) (2.156)

(Po1 (AN w) 2252, 1 (dN0;w))2 + J2 (w) P2, (dA%w)

n=1,273,....

Proof. The proof is a direct consequence of Lemma 39. In Eqgs. (2.106) and (2.109), set ¢ = 0. Now
by definiton of the spectral density (Eq. (1.7)), we have J,,,(z) = 7M%(x) m =1,2,3,... . Hence
noting that Jy(z) = 7MJ(x) from Eq. (1.62) and applying definition 32, we find Eq. (2.156). O

2.2.2 Residual Spectral Densities Sequence Convergence

In this section we will prove convergence theorems for the asymptotic behaviour of the sequences

of residual spectral densities.
Definition 46. We say that the chain mapping for some q and a particular spectral density J(z),
will belong to the Szegd class if the measure d\?(x) = M%(x)dx satisfies
/Gq@mw) In M9(z) dx
Gq(Wmin) \/(Gq(wmax) — x) (x — Gq(wmm))

Examples of spectral densities which for any ¢ do not belong to the Szegé class, are those which

> —00. (2.157)

are gapped and those with unbounded support.

Theorem 47. If for some q and spectral density J(w), chain mapping belongs to the Szegé class,

then the sequences ag(q), a1(q), a2(q), ... and Bo(q), £1(q), B2(q), . .. converge to:
Gy (Wmaz) + G, (Wimin)

Tim an(q) = 5 : (2.158)
2
Tim B.(q) = (Goftomar) 1_6Gq(wmm)) . (2.159)
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Proof. Follows from shifting the support region of the Szegd theorem in [19]. For the original
theorem see chapter 12 of [45]. O

Corollary 48. If for some q and spectral density J(w) the chain mapping belongs to the Szegd class,

the tail of the semi-infinite chain mapping tends to a translational invariant chain. In other words,

lim E,,(q) =Cy(q) p=1,....,5, (2.160)

n—oo

where C, € R are finite constants for all constant q € [0,1] and E,,, are defined in theorem 9.
Proof. Follows from theorem 47 and Eq. (1.58). O

This last result would suggest that the sequence of residual spectral densities should converge
under certain circumstances. Indeed this is the case. The next theorem will provide the necessary

mathematical development from which we can easily derive the limiting residual spectral densities.

Theorem 49. If for some gapless measure du(x) with finite support interval I the limits

lim an(dp) = 00 (2.161)
n—o0 2

: (- a)?
tm ) = O 2162

exist, then the sequence of beta normalised and normalised secondary measures generated from dv

and du respectively, converge weakly to

Tim #,(z) = Vi _262(6 -2 (2.163)
Tim fiy () = 8\/(;(211)5;_ z) (2.164)

Proof. First we will show that the limit exists by construction (this is to say, by finding the fixed
points of the sequence), then we will show that it corresponds to when the limits Eq. (2.161) and
(2.162) are accomplished.

Substituting Eq. (2.40) into Eq. (2.34), we find

e(dp;z) = 2[z — Cy(dp)] — % (2.165)
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If the limit exists, then there must be at least one solution to p(z) = Apu(z) where dp(z) = p(x)dx
is the secondary measure associated with the gapless measure du(x) = fi(z)dx and A > 0. From

definitions 24 and 6 we see that ¢(dp; ) = Ap(du; x) and hence from Eq. (2.165) we see that

o(du; z) = %f(d”). (2.166)

Thus substituting this into Eq. (2.34), and solving for fi(z) we find

(2.167)

Taking into account the definition of a gapless measure, we see that if the limit exits, then it must
be bounded. Moreover, it must belong to the interval centered at Cj(du) and of length 4+/A.
Making the change of variable 2 — C4 (dy) = 2v/At gives us

du(t) = a(t)dt = 2—”1_t2dt, (2.168)

T
with support interval [-1,1]. We now can check that Eq. (2.168) exists by direct substitution.
Using definition 6 we find that the Stieltjes Transform of Eq. (2.168) is Sz(z) = 2[z — V22 — 1]
and hence from definition 24 we find ¢(dy; x) = 4x. Thus using Eq. (2.34) we have p(z) = fi(x)/4,
hence the limit exists. By performing the change of variable ¢t = (2/(b —a))y + (b + a)/(a — 1),
we shift the support of Eq. (2.168) to the general case [a,b] and the measure is now given by Eq.
(2.164).

Now we will proceed to show that if Eq. (2.161) and (2.162) are satisfied, then the sequence of
normalised secondary measures converge weakly to Eq. (2.164). By taking the nth moment of the

measures in Eq. (2.3) and taking into account lemma 2.4 for n = 0 , we have
Cr(dppi1) = [C’g(dun) - Cl(d,un)Q] Co(dtns1) n,m=0,1,2,.... (2.169)

Writing Eq. (2.4) for a sequence of measures followed by substituting in our expression for
Ch(dpni1) using Eq. (2.169), we find

n—1

(5= ()t =c),— e, — Z (5—=()?)eHey; nys=0,1,2,..., (2.170)
=0
where ¢ := C,,(dus) n,s=0,1,2,.... Let us define the limit /,, = lim,_,o ¢;. We can now draw

the following conclusions
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1) Due to definition 14, we have Cy(dpu,) =1 n=20,1,2,... . Therefore [y = 1.

2) From Eq. (2.67) and (1.14) we see that

an(dug) = ap(dpy,) = = cf. (2.171)
Hence taking into account assumption Eq. (2.161), we have [; = (a + b)/2.

3) Noting the definition of d,, in theorem 16, theorem 22 tells us
Brsa(dpo) = & — () n=0,1,2,.... (2.172)

Hence taking into account assumptions Eqs. (2.161) and (2.162), and Eq. (2.171) we have
Iy = (5a? + 6ab + 5b%)/16.

We note that for any s, all the moments ¢} in Eq. (2.170) are fully determined by the starting
values ¢§, ¢§, and ¢, hence we conclude from the above points 1), 2) and 3), that under the

assumptions Eqs. (2.161) and (2.162), all I, n =0,1,2,... are finite and determined by

n—1

(lo = 13) by = lnso — lilppr — (e =) > Lilaey m,s=0,1,2,..., (2.173)

J=0

with starting values lp = 1, l; = (a +b)/2, and Iy = (5a* + 6ab + 5b*)/16.

For the case of the normalised measure Eq. (2.164), we conclude that ¢ = ¢¢™' n,s=0,1,2,...

since its secondary normalised measure is equal to itself. Hence by denoting m, = ¢} n,s =
0,1,2,... we can write Eq. (2.170) for this measure as
n—1
(m2 — (m1)2) My = My — M1Mpr1 — (m2 - (m1)2) ijmn,j (2174)
7=0
n,s = 0,1,2,.... By direct calculation of the moments of Eq. (2.164), we find that my = Iy,

my = l1, mg = Iy, and hence by comparing Eq. (2.173) with Eq. (2.174) we conclude that m,, =
l, n=20,1,2,.... Thus, since a measure with a finite support interval is uniquely determined
by its moments (see moment problem [29]), we conclude Eq. (2.164) under the assumptions Egs.
(2.161) and (2.162). For Eq. (2.163), we note that Eqs. (2.80) and (2.85) tell us lim, o 7, (z) =
limy, 00 Bn(dpio) fin (z). Hence from Eqgs. (2.162) and (2.164) we conclude Eq. (2.163). O
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We will call terminal spectral density Jr(w) the spectral density to which a sequence of residual
spectral densities converge to weakly if such a limit exists: Jr(w) = lim, o Jn(w). We are now

ready to state our fourth main theorem:

Theorem 50. If for the particle or phonon mapping the spectral density J belongs to the Szego class,
the sequence of residual spectral densities converge weakly to the Wigner semicircle distribution see

p191-198 of [46]

V(@ = Wimin) (Wimaz — )

Jr(w) == T}Lrgo Jn(w) = 5 , (2.175)
and the Rubin model spectral density [1]
2 2 Vw2 — .2
Jr(w) == lim J,(w) = V! = i) @y — @ ), (2.176)

n—oo 2

respectively, w € [Wmin, Wmaz)-

Proof. From Eq. (2.147) and theorem 49 we gather that if Eq. (2.161) and (2.162) are satisfied,

then for the phonon case

V(w? —a)(b—w?)

From Eq. (1.66) we have that a = w2, and b = w?,,.. Now taking into account theorem (47), we
find Eq. (2.176). Proceeding in a similar manner, we find Eq. (2.175). O

In the Rubin model, the bath is represented by a semi-infinite translationally invariant nearest
neighbour chain with phonon mapping type coupling between the oscillators. Hence with the
knowledge of corollary 48, this result should not come as a surprise. Note however, that the deriv-
ation of the spectral density for the Rubin model is very different to the derivation of this limiting
case presented here. The particle case is also interesting but for a different reason. Although, to
the best of knowledge of the author, there is no known classic model in the literature with this
spectral density, the semi-circle law function arises naturally in the field of random matrix theory.
Therefore, one might wonder if there is a deeper connection between the particle mapping and

random matrix theory. This might turnout be a fruitful line of investigation.
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2.3 Examples

In this section, we will solve analytically the chain coefficients (see theorem 9) and sequences of
residual spectral densities for the particle and phonon mapping (see corollaries 44 and 45) for

particular examples of spectral densities.

2.3.1 Power Law Spectral Densities with Finite Support

The widely studied power law spectral densities are [10, 1]
J(r) = 2maw!5a*, (2.178)

with domain [0,w.] and s > —1. Let us start by calculating the sequence of residual spectral
densities for the case of the particle mapping.

From Eq. (1.62) and (2.178) we have
M°(z) = 20w, 2, (2.179)

For simplicity, we will scale out the w. dependency and show how to put it back again afterwards.
Let us start by defining the weight function m{(z) := w.M°(zw.) = 2awiz® with support interval
[0,1]. From lemma 72, we find that m%(z) = M%(zw.)/w. n = 1,2,3,.... where m2(x) and

M?(z) are the sequence of beta normalised measures generated from mQ(z) and M°(z) respectively.

Now let us define the weight function

my(x) = ° (2.180)
with support interval [0,1]. Given that this new measure is proportional to mJ(x), from lemma
73 we conclude that it’s sequence of beta normalised measures m%(z) n=1,2,3,..., are equal.
Hence we have M?(z) = w.ml(z/w.) n =1,2,3,.... Thus taking into account Eq. (1.62), we
conclude

Jo(w) = M2 (w) = werml(w/w,) n=1,2,3,.... (2.181)
The real polynomials orthogonal to the weight function m$(z) are P$(x) := pio (2r—1)vn+s+1
n = 0,1,2,...; which are normalised shifted counterparts of the Jacobi polynomials P,W )(x)
n=0,1,2,.... The reducer for the case s > 0 is given by theorem 71

t ! t—

o(dm’;t) =2 {ln (1—t) + s/ 2 In ’ dm} , (2.182)

- 0
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which has analytic solutions when a particular value of s is specified. For example, the first three

in the sequence for the ohmic case (s = 1) are

0 Xz

my(z) = (P T [+ e (=) (2.183)

) = Am2(2 — 3x)22% + [1 — 6z + (4 — 6x)mln(1_75”)}27 (2.184)
6x

my(x

36m222(3 — 127 + 1022)2 + (302 — 16 + (18 — 72z + 6022)(1 + xln(l—Tﬂc))}z'

The chain coefficients are calculated in [19] to be

an(0)(s) = ‘% (1 + (8+2n)(;+8+2n>> n=01,2,..., (2.185)

VB (0)(s) = “C(H”)(HH")),/?iizz n=0,1,2,..., (2.186)

(s+24+2n)(3+s+2n

(2.187)

where the (s) is to remind us of their s dependency. System environment coupling coefficient is

[19]
Bo(0) = oy 52+a1' (2.188)

Now we will find the sequence of residual spectral densities for the case of the phonon mapping.

From Eq. (1.66) and (2.178) we have

MY (z) = 2aw!*z*/2, (2.189)

with support [0,w?]. Proceeding as in the particle mapping case and taking into account Eq.

(2.147), we find

Jo(w) = M} (w?) = w2 (WP /w?) n=1,2,3,..., (2.190)
where m!(z) n=1,2,3,..., are the sequence of beta normalised measures generated from
() = 22, (2.191)

with support [0, 1]. Let us denote m}(x) and mQ(z) by m{,(x) and m) () respectively to remind us
of their s dependency. By comparing eq. (2.191) with eq. (2.180), we have that m},(z) = Thgs/Q(x)
for all s > —1 and hence from Eq. (2.181) and (2.190) we see that for the spin-boson models,
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there is a simple relationship between the residual spectral densities of the particle and phonon
mappings for different s values. For the same example as in the particle case (s = 1), we need to
evaluate m2(x) n =1,2,3,... , for s = 1/2. The first one in the sequence is

2z
3 (m2z + (2 — 2y/z tanh ™' (y/7))?)’

where tanh ™' (z) is the inverse hyperbolic tangent function. We can readily calculate the chain

(2.192)

coefficients from the particle example. By comparing the expression for the a,, and 3, coefficients

for the weight functions for the particle and phonon mappings, we find

an,(1)(s) = wean(0)(s/2) n=0,1,2,..., (2.193)
Brne1(1)(s) = we/Bns1(0)(s/2) n=0,1,2,..., (2.194)

and system environment coupling term to be

Bo(l) = 2(,00

) 2.1
s+ 2 ( 9)

For both the particle and phonon mappings, it is easy to verify that the chain coefficients and
sequence of residual spectral densities will converge because Eq. (2.157) is satisfied in both cases
as long as s < co. We also find that the sequence of residual spectral densities calculated in the

above examples converge very rapidly to this limit after about the 3rd residual spectral density.

2.3.2 The Power Law Spectral Densities with Exponential Cut Off

The power law spectral densities with exponential cut off is [10, 1]
J(z) = 2maw! ~*xte /v (2.196)

[

with domain [0,00) and s > —1. Let us start by calculating the sequence of residual spectral

densities for the case of the particle mapping.

From Eq. (1.62) and (2.196) we have

MO(z) = 2aw! *xte /%, (2.197)
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Let us define the measure m°(z) := w.M°(zw,.) = 2awiz*e™® with support interval [0, 00). From
lemma 72, we find that m2(z) = M2 (2w,.)/w. n =1,2,3,.... where m%(z) and M?(x) are the
sequence of beta normalised measures generated from m°(x) and M°(z) respectively. We will now
define a 3rd measure by m°(z) = z¢~*. We note that it is proportional to the measure m°(x) and
hence lemma 73 tells us that its sequence of beta normalised measures are equal. Thus we have

the relation

M?(z) = wnl(z/w.) n=1,2,3,.... (2.198)
The real polynomials orthogonal to the weight function m°(x) are called the associated Laguerre
polynomials L:(x) n =0,1,2,.... Their normalised counterparts are P:(z) := L (z) n!/T'(n +
s+1) n=0,1,2,.... The reducer in this case is given by theorem 71
o(dm®; z) = 2 /+Oo(s —t)t* e ' In ‘t ; ’ dt, (2.199)
0

which has analytic values when a particular value of s is specified. For example, if s is integer, we

find

k=s—1
o(dm®;x) =2 [xsein(x) — Z (s —k—1)! xk] , (2.200)
k=0
where Ei(z) is the exponential integral function[47].
From Eq. (2.198) we have
Jn(w) = 7 M2(w) = werml (w/w,) n=1,2,3,..., (2.201)
and Eq. (2.79) tells us
0 (z) = — e n=1,23,.... (2.202)
(Pra(@) 252 — Q1 () )+ moae Py (a)?

For example, the first two in the sequence for the ohmic case (s = 1) are

T
0 xre

¥ = 2.203

(@) e + w212 — 2w Bi(x)e* + 22 Fi(x)?’ ( )
2ze”

720(z) = : 2.204

a(a) (1 — )2 + m22%(x — 2)%2 — 22(2 — 3z + 2?) Ei(x)e® + a%(z — 2)2Ei(z)? ( )

We also have analytic expressions for the chain coefficients. From [19], we have that the chain

coefficients are

Bor1(0) = we/(n+1)(n+s+1) n=0,1,2,..., (2.205)
a,(0) = w.2n+1+s) n=0,1,2,..., (2.206)
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with the system-environment coupling coefficient given by

Bo(0) = wer/2al(s + 1). (2.207)

Similarly, we can calculate the residual spectral densities and chain coefficients for the phonon
mapping case.

Because the support interval is infinite, the spin-boson model with exponential cut off does not
belong to the Szego class for either the particle mapping nor the phonon mapping as can be easily
verified from Eq. (2.157). This is reflected in the example above as the sequence of residual

spectral densities do not converge!.

Remark 51. We note that for spectral densities for which the corresponding orthogonal polynomi-
als are unknown analytically, we can easily calculate their coefficients using very stable numerical

algorithms. See [29].

2.4 Chapter Summary and Conclusion

In chapter 1 we have establish a general formalism for mapping an open quantum system of a
specialized Pauli-Fierz Hamiltonian Eq. (1.1) onto chain representations. The different versions
of chain mappings were generated by choosing particular values of 4 real constants which we para-
metrised by one real variable ¢q. In this chapter, we used this to provide a very general connection
between the theory of open quantum systems and Jacobi operator theory as the semi-infinite chains
can be written in terms of Jacobi matrices as can be seen in Eq. (2.96). There has been a wealth of
research into the properties of Jacobi operator theory [27], and hence this opens up the theorems
of this field to the possibility of being applied to the theory of open quantum systems. Likewise,
the theorem regarding Jacobi matrices (theorem 36) developed here, could turn out to be useful
in the field of Jacobi operator theory.

There were two previously known exact chain mappings; the one of [19] which is the same as the
particle mapping defined here (definition 11), and the mapping by [23]. We show that the phonon

mapping derived in this article (see definition 13) has a wider range of validity (remark 43) than

'However, we do note that the ratio a,(q)/+/Bns1(q) for ¢ = 0 and ¢ = 1 does converge. This suggests that

there is a universal asymptotic expansion for large n for the nth residual spectral density.
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the mapping of [23] and prove that they are formally equivalent in the range of validity of [23]; see
theorem 42.

The concept of embedding degrees of freedom into the system has been around for some time
[26, 23], however, we see that in chain representations, there is a natural way of shifting the
system-environment boundary, that is to say, there is a natural and systematic way of embedding
degrees of freedom into the system one by one (or all in one go). To solve quantitatively this
problem, we have to first embark on finding the solution to an old problem in mathematics; an
analytical solution to the sequence of secondary measures in terms of the initial measure, it’s asso-
ciated orthogonal polynomials and reducer; see theorem 28. Not only does this provide a means to
find analytical expressions for the sequence of spectral densities corresponding to the new system-
environment interaction after embedding environmental degrees of freedom into the system for the
particle and phonon mappings in the gapless spectral densities case (corollary 45 and corollary 44
respectively), but it provides physical meaning to this abstract mathematical construct.

Using convergence theorems of Szego and deriving the fixed point in the sequence of secondary
measures; we have combined these results to obtain a convergence theorem of the sequence of resid-
ual spectral densities for the particle and phonon cases, theorem 50 (or equivalently, the sequence
of secondary measures, theorem 49). What is more, because the criterion for convergence (defini-
tion 46) is solely in terms of the initial spectral density once the desired chain mapping is chosen,
the convergence criterion is readily applicable to a particular problem. Furthermore, we see that
any unbounded spectral density will not satisfy this criterion. This is reflected in the sequence
generated in the examples section for the case of the family of power-law spectral densities with
exponential cut off as the sequence does not converge, section 2.3.2.

We give two examples where we can find explicit analytical expressions for the chain coefficients
and the sequence of residual spectral densities. These are the family of spectral densities used in
the spin-boson model, which have spectral densities of the form z* with finite support I = [0, w,]
and x°¢®/“* with semi-infinite support I = [0, +00), where s > —1. Furthermore, we show how the
residual spectral densities of the mapping for both phonon and particle cases are related for differ-
ent families of the mapping as demonstrated by the identity mg, () = mg,,(v) and Eq. (2.181)
and (2.196).

We note that when this convergence of the embeddings is achieved (i.e. inequality (2.157) is satis-
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fied), the part of the chain corresponding to the new environment has a very universal property: all
its couplings and frequencies become constant (Theorem 47). This is to say, they are translation-
ally invariant. This suggests a universal way of simulating the environment as all the characteristic
features of the environment are now embedded into the system. What is not so clear however, is
what is the most effective chain mapping for simulating the environment.

Another way to view the chain mapping theorem (theorem 9), is that it takes us from a non-local
Hamiltonian to a local Hamiltonian in which locality bounds for the system dynamics can be

derived, this will be the approach of the following chapter.
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Chapter 3

Locality Bounds

3.1 Introduction

In addition to many of the approaches used to try to find a simplified description of the environ-
mental degrees of freedom of an open quantum system described in section 0.1, this problem fits
into the wider context of understanding many-body dynamics which has been at the heart of many
fundamental problems in mathematical physics. In this context, condensed matter and quantum
computation theorists have a common interest in ”complicated” states of many-body systems such
as ground states. In such models, like their classical analogues, fortunately the interactions are
either of finite range or their strength decays with a large inverse power (or even exponentially) in
the distance between particles. From our everyday experience, we know that this local structure
in classical systems is reflected in the dynamics by distant objects only being able to influence one
another after a time proportional to the distance between them, such as the finite speed of sound
in water or air. One might think, however, that this feature would not carry over to quantum
mechanics since it has an additional layer of complexity due to entanglement not present in the
classical theory. Especially since, as John Bell first pointed out in his seminal work of [50], that it
is a highly non local phenomena and because these ”complicated” states of many body quantum
mechanical systems are, more often than not, also highly entangled. Luckily, while clearly the
non-locality of entanglement is a powerful new feature and resource, it would not be just to say
that the complexity implied by entanglement precludes a useful discussion of locality in quantum

mechanics. One also may be thinking at this stage that such a result is obvious since even in
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quantum mechanical theory there is always a known ultimate speed limit: the speed of light.
However, it must be pointed out that this is a very different situation altogether than the one we
are considering here. It applies to relativistic quantum field theory. This was constructed with
the whole purpose in mind of being consistent with the theory of special relativity, and hence this
theory was constructed in such a way that its very presence was there from the beginning. There
is no ”"speed of sound” deliberately put into the non-relativistic theory of quantum mechanics, and
the fact that such a speed exists, is a coincidental accident of the theory.

That this insight is true, was first made rigorous by Elliott H. Lieb and Derek W. Robinson in
their seminal work [51] in 1972. In this work they prove that spin systems have a finite ”speed of
sound”. The context is a spin system with Hilbert space H = ®rersHp, Hi = C? on a lattice with
L vertices and a finite range Hamiltonian H = 3 xcr A(X). Consider the Heisenberg evolution

of a local operator A only acting non trivially on a subset of £, under H
A(t) = eH Ae~itH (3.1)

If we now consider its commutator with another local operator B only acting non trivially on

another subset of £, we have the bound
I[A(t), BlI| < Cl|A[||| Bl|e~#@=tB=viD, (3.2)

where dist(A, B) is the shortest path between regions A and B, on the lattice, u, C' positive finite
constants, and ||.|| denotes the operator norm induced by the Euclidean vector norm. From now
on this norm will simply be refered to as operator norm. The physical consequences of this bound
are that outside of the so-called causal light cone, v|t| < dist(A, B), one finds merely an expo-
nential tail. In this sense we can only talk about a light cone in a vague way as compared with
the strict light cones one encounters in relativistic quantum field theory; where the analogy with
a light cone comes from. These bounds, and other bounds which allow for a similar causal light
cone interpretation of the dynamics, are generically referred to as Lieb Robinson bounds, Locality

bounds, or simply proxzimity estimates in the literature.

Since 1972, a vast amount of progress on the subject has been made and these bounds have been
tightened [52, 53, 54], extended to more general graphs [55, 56] and to interacting fermionic systems

[55]. Furthermore, many applications of the bounds have been found. They have been used to prove
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area laws for entanglement [57] among many other things. However, progress has been much slower
in the context of infinite dimensional Hilbert spaces such at bosonic systems. The main reason for
this is that the proofs of Lieb-Robinson bounds almost always use a norm to bound the operators
and for quantum systems on unbounded Hilbert spaces, the most interesting local operators are
unbounded. In this context, Lieb Robinson bounds are known for Hamiltonians quadratic in its
canonical position and momentum operators [59, 60] and certain anharmonic lattices [60]. In
principle one could derive bounds of the form (3.2) for many different types of norms. The reason
the operator norm is most commonly used, is because it is the physically relevant norm. Norms
characterise the notion of length of vectors and by how much a vector can be amplified in the case
of operators. The operator norm of a hermitian operator coincides with its largest eigenvalue in
magnitude and hence for an observable, its largest value measured. Furthermore, one can write
the norm using the well-known formula [61],

|1BIl = sup [tr[pB]], (3.3)
PES(H)

were S(H) denotes the set of all valid density operators for the Hilbert space. Therefore, if we
consider the case where B is the difference between two observables A and A’ we find

1A= A = sup [tr[pA] — tr[pA']|, (3.4)

PES(H)

and hence if ||A— A’|| is small the expectation value of the two observables will be almost the same
for all states. In this chapter, we will derive bounds of this form with the difference that we will not
maximise the quantity on the R.H.S. of Eq. (3.4) over all possible density operators, but instead,
the bound will be dependent on the initial density operator. Doing so will, in principle, allow us
to generate better bounds for particular initial states. The observables A and A’ will take on the
role of systems observables at time ¢ i.e. operators which will only act non trivially on Hg at time
t. They will differ by the fact that one evolves according to the full Hamiltonian and the other
according to a truncated version of the full Hamiltonian. The reason for this is that the bath in
Hamiltonian (1.1) when written in the form of the particle or phonon mapping Eqgs. (10), (12), has
infinitely many degrees of freedom and hence cannot be simulated exactly and hence truncating
it is necessary (Unless one applies a Markovian approximation to the residual chain using some of

the theories developed in Chapter 2). Here we will derive an error bound on system observables
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when the Hamiltonian has been truncated in this way. For the sake of generality, we will derive
the bounds for a more general Hamiltonian and then state the bounds for the case of the particle
and phonon mappings as applications of the more general bound. The bounds we will derive will

be new results and not direct consequences of any pre-existing bound found in the literature.

The content of this chapter is as follows. In section 3.2, we will introduce the Hamiltonian
which will be considered. We will then proceed with deriving the Interaction and Schrodinger
picture bounds. In section 3.2.1 we will make some additional assumptions of the form of the
Hamiltonian. These will make the remaining results of the chapter easier to derive. In 3.2.2 we
will make more explicit the interaction picture bound derived in section 3.2. In section 3.2.3 we
show that the quantities which one would need to calculate in order to do a simulation in the
interaction picture can be calculated with neglectable error. We will then proceed in section 3.2.4
to provide explicit bounds for the schrodinger picture bound derived in section 3.2 also. Then in
section 3.3 we will work out some extensions to the bounds. In section 3.4 we will apply the results
of the previous sections in this chapter to derive bounds for the particle and phonon mappings.

Finally in section 3.5 we will summarise the results obtained in this chapter.

3.2 The Hamiltonian and Interaction and Schrodinger Main

Bounds

The Hamiltonians considered in this chapter will be of the generic form

A N ~ 1 N ~ N
H:HS®H+hS®i~O+H®§ﬂHBF=:HS+I+HB (3.5)
where 7 = (Lo, 21, &2, . . ., Do, P1, P2, - - -, ) collects canonical position and momentum operators and

Hg and hy are hermitian operators acting on the system Hilbert space S as described in section
1.1. Hp is on &2 ,h,, where b, = L?(R) is the Hilbert space of the bosonic modes. We will make
the assumption that the Hamiltonain is well defined on some appropriate domain throughout this

chapter. Let us introduce for notational convenience

{£07£17£27 ey i‘LflaﬁOaplvaa cee 7]§L71} if L = 172737 s
[ — (3.6)

0 ifL=0
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By and large, operators with super or subscripts £ will have non trivial commutator relations with
elements of the set £ and commute with them if it has super or subscripts \ £. In addition, we will
omit the tensor product symbol ® between operators and the identity operators for compactness
of the expressions in this chapter. Throughout O, will denote a system observable on §. We will
not need to assume H. s is bounded. We will develop bounds assuming that OS and iLs are unboun-
ded for generality, although the bounds will only be of much use when we make the additional

assumption that they are bounded.

We will now derive a bound for then the truncation of the Hamiltonian is performed in a way
that is reasonable if one is to calculate the dynamics in the interaction picture. Before we state the
theorem, we will need to make a few definitions and concepts as follows. For the Hamiltonian in Eq.
(3.5), let po be an initial state, and write p,(t) := e~ ppe and define O,(t) := esO,eitls
ho(t) = esh e~ 3o (t) := eitflB foe~t5 We can simplify the last expression by noting it can

be written as
oo

Bo(t) = P Roe P =Y " eja ()25 + 61 (D)5, (3.7)
=0

¢;, ¢; € C. We will use this form of Zy(¢) to define how we will truncate the infinitely many degrees

of freedom as follows

~

1
5 (t) = ) i) +en(t)p;, L=01,2,... (3.8)

<
Il
o

With these insights in mind, consider now

tr[Oupa(t)] = tr[04()pr (1)), (3.9)

where
pr(t) = s l0) (1)~ H15) = [7(1) 5 U (1) (3.10)

solves
i0pr(t) = [e"sHID) [emitWstn) 5, (1)) (3.11)
= [ha(t)io(t). o1 (1)] (3.12)

with initial condition p;(0) = po and U(t) solves
0 U (t) = hy()do()U (1) (3.13)
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with initial condition U(0) = I. Now define p& := tr\z[po] and consider instead the solution
pr(t) = Ue()p5UL(2) of

10,07 (t) = [hs ()26 (1), PF (2)] (3.14)
with initial condition U, £(0) = I. The following theorem was derived by Marcus Cramer.

Theorem 52. The following bounds for the system observables of the truncated chain hold:

i [0:0.00)] = tre [0.035 0] <2000 [ i) fr [ @], @19

where,
aw:(%4&@@@@@@+¢wﬁ%ﬁ%ﬁ@ﬂf, (3.16)

80 = \ir [0 R O0 O] (3.17)

235 (t) = 3 ¢ (DE; 4+ ¢ (t)p;, L=0,1,2,..., (3.18)

o (3.19)

Furthermore, if the system is finite-dimensional

{04, (8) — trelOOpF )| < 8llh| IIOSIIQ/0 dS\/tT [(fSE(S))Qﬁo]

Proof. Although quite tedious, the proof only involves very simple manipulations and the Cauchy

~—~

3.20)

Schwarz inequality plays the biggest role. We find

@ﬁm—m@w%W=MQmm4m0Wﬂﬁmmw@] (3.21)
=tr[0,(t) (pi(t ) (3.22)
=tr[04(t) (U ()0 (1) = Uc(t)tr o] U2 (1)) (3.23)
=tr[04(t) (U (00" (1) Uuwmﬁawﬁ (3.24)
—=tr[O4(t) ( (D] poUc () po[U* ) (3.25)
where applying the Cauchy-Schwarz inequality tr[AB*p|? < tr[AA*po]tr[BB* o),
tr{OIT(E) — U]l (1)]] = [tr{T* OO0 () ~ Te(t)]fo] (3.26)
= i [0 @020 0] t [10°(0) ~ G000 - O] (3.21)



and, similarly,

[0, (OUe(t)pol0" (1) — U2(0)] (3.28)
< \Jir [0200200e0] tr [10°0) ~ OO0 - O] (329)
Hence, )

[1r1046(1)] — tre[O4WAF W] < altytr [[07(1) = TN — Ue@lpo] . (3.30)

Now,
tr | [0°(t) = T2ON0 (@) = Oe(®)]fo| =tr [1+1e = O*@0)0c(t) = Tz0UB)p0]  (331)
—2 — 9Retr [U* (t)UL(t)[)O] (3.32)
= — 2Re /t dxtr [axU*(x)Uﬁ(x)ﬁo} (3.33)
— _9Re /0 ' [([axU*(x)]UL(x) + 0*(@@@(@«)) po] , (3.34)

where

0,0 ()| Uz () + U*(2)0,Up () =iU* () hy ()0 (2)Up () — iU* (2)hy(x)25(x)Us(x)  (3.35)

=iU* (2)hs ()" (2) U () (3.36)
=iU* (2)hy(2)Up(2) 2" (), (3.37)
tr |[0*(2) = Up@))[0(2) - Uclw)}jo| <2 / dz[tr [0 (@)hy (@)U (@) (@)a] [, (3.39)

where (again, applying a Cauchy-Schwarz inequality)

o [0 b)) ]| <G fir [ )20 (3.39)

To summerise,

0 [ assenfo[@@en). @

where, if O,, h, are bounded we have a(t)3(t) < 4]|O,||?||hs||, were we have used identity (3.3)
and hence the bound reduces to Eq. (3.20). O

7 [0.5.0)] — tre [0.0005] |
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Definition 53. We will refer to this bound as the Interaction Picture Bound.

At this stage, it is probably not clear the significance of this bound, since it is not immediately
obvious that the R.H.S. of Eq. (3.20) is small for sufficiently large L. In the next section, we will
show that indeed this is the case. We should also point out that if one were to use this method to
simulate tr[O,p%], then one would need to calculate the quantity % (¢) numerically. However, in

order to do this, one must be able to calculate the coefficients {c;(t), ¢;(¢) (see Eq (3.8)). This

j=1
requires exponentiation of the matrix to Hg, 0;; = [, 7;]. One will never be able to do this exactly,
since Hpg is an infinite dimensional matrix. In practice one would only be able to exponentiate its
truncated finite dimensional counterpart. Later in lemma 60 we will derive bounds that show this
can be done with neglectable error. Before we proceed to derive explicit bounds for (3.20), we will
derive a similar bound as in theorem 52), but when the truncation is performed in the Schrédinger
picture. In this case the way the Hamiltonian is truncated is much more direct and natural. Let
us write Hp in the form Hp = 13°%° (8 Xi 1418 + PiPirrjidy + i Zip1a1Ds + DiZiis ji .

We can now define

~

HE =L HE7, (3.41)
where
HE — Xlnean [Zlpeaa | (3.42)
(Z*nean [Plpoo
and 7 = (Zo, 1,22, . .-, &1-1,P0s P1sP2s - - - PL—1)

It is now appropriate for later use to introduce the quantities CJL, EJL

L—-1
B ge M5 = 3"k ()i + ek, (Dp;, L=0,1,2,... (3.43)
§=0

ck ek e C. cf. Eq. (3.7).

7770

Theorem 54. Let p-(t) = e~ it(HstHEthaio) pLeit(Hit Hthaio) - Thep

17[0:ps(0)] — tre 04550
2a<t>< | ot (Z v%m) (Z Vf(w)tr[f?ﬁs(x)}) (3.49

+ /0 dx () \/ t?‘[(%%ﬁ))%]) : (3.46)

< (3.44)

‘ 2
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where

2L—1
Z |AL C]L+1 i+1(=7)], (3.47)
Az‘L(t) = Ol,i-l—l(t) - Oll:i-i—l(t)v (348)
and the C’”,C'L € C are define by
A ) 2L—1
FE(t) = e™Bie ™5 = N~ Ok L (0, (3.49)
j=0
e o5 = N Ciyy i (B)7. (3.50)
=0

As in theorem 52, if O, hy are bounded we have o(t)B(z) < 4]|O4| 2| hs||.

Proof. This follows practically the same steps as the proof of theorem 52, the only difference being
we will define U, differently and denote it by 9 ¢ to distinguish it. Let

ﬁg(t) - it(HAHE) —it(Ht Hf+hsio) (3.51)

We will also need a quantity which can be view as the difference between the two different ways

we have truncated H p In this section:

~
—_

0ag (t) = ) _(cima(t) = cia (D)5 + (G (1) — € (8))- (3.52)

i

I
=)

From the above definitions and the commutators [H,, Hp] = [O,, Hg] = 0 it follows

(3.55)

:W (OO T (B0 tr [[0+(8) = TEDIT (1) — Te ()] (3.56)



and, similarly,

OO U ([0 () = Tz(0)] (3.57)
< \Jtr [O20020)Tc(t)o tr [[0+(8) = TEIO() = Te(t)]po] - (3.58)

Hence,
1[0pn(0)] — trel0p£0))| < ) |or [[0°(0) — DT — Tewla]| (359

where
a(t) = <\/t7" [ff;(t)ég(t)ﬁg(t)ﬁo} + \/tr [U*( )O2(t)U (¢ )m]) . (3.60)

Now,

tr | [0°(t) = U200 @) = Te®)]o| =tr [0+ Tz = O* ()0 (t) = UEOT(1))fo) (3.61)
—2 — 9Retr [U*(t)f/c(t) /30} (3.62)
— _9Re /O ' datr [81[7*(:1:)[75(1')/30] (3.63)
— _9Re /O 't [([axz}*(x)]ﬁﬁ(m) + U*(g;)ax(?ﬁ(x)) ,50} . (3.64)

where
0,07 ()]0 (x) + U (2)0,Uc () =il (2)h ()30 (x) U (x) — iU ()hy(2) 35 () Ur(2)
=il (2)hy () (625 () + 2 (£)) U () (3.65)
—iU*(2)hy(x)025 (w)Uﬁ(x) +iU* (m)hs(x)i(\)ﬁ(t)ﬁﬁ(x)

Hence,
tr[0upu()] — tref0p5(0)]| <alt)?) / dartr [0 () ()52 (2) U (2) o)
/0 detr[0* (2)h,(2) U (@) \ﬁ(t)ﬁo]‘- (3.66)
Now using Cauchy Schwarz inequality, we find
110.pu(0)] — trelO£0)]| < (3.67)
20(t) ( /Otd:vﬁ(x)\/tr[f]Z(x)(é £(2))2Us (2 / duf () tr{(5)° ) (3.68)
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where § is defined in Eq. (3.17). We already have bounds for the second term in (3.68), so we will
concentrate on the first term. Using the definition of A () we have,

2L—-1

tr (U2 () (62§ (2)*Ue(a)po] = D AH@) A (@)tr[U(0)7id Ue (@)po] (3.69)
= > Al A @)rlrf (—)7f (~a)pf () (3.70)
= Y AHDAH@ i ()t (37

1,5,k,1=0

After symmetrising, using 77 + 77 < 72 + 77 followed by the triangle inequality and taking into
account Eq. (3.47),

2L—-1 2L—-1

tr{U () (036 (2))Ue(w)po] < (Z Vf(l”)) (Z Vf(f)”[ﬁﬁf(ﬁ)]) : (3.72)
Hence, from Egs. (3.68), (3.71), and (3.72), it follows Eq. (3.44) O

Definition 55. We will refer to this bound as the Schrodinger Picture Bound.

As we can see from (3.44), the bound has two terms. The second term we have already seen.
It is the quantity appearing on the R.H.S. of the bound in the interaction picture (theorem 52).
The first term, is a new term which can be thought of as the difference between the two different
ways of truncating the Hamiltonian Hp on £ that we have considered. As we will see in section
3.2.4, this term can be upper bounded by a function that approaches zero as L gets larger. We

will now make some additional assumptions before bounding these terms.

3.2.1 Some Additional Assumptions
For now on, unless stated otherwise, the following assumptions on Hyp will be made:

1) Hp has only nearest neighbour coupling. In principle, one could probably generalise these
results to arbitrary local coupling by a generalisation of theorem 59 beyond tridiagonal
matrices, but since our main goal is to find bounds for the particle and phonon mappings

which are nearest neighbour, we will not worry about this generalisation here.
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2) Hp only has position-position and momentum-momentum coupling (if this is not the case, it

is sometimes possible to satisfy this condition by local canonical transformations of the form

With these two assumptions we have

A 1 R . R R
HB = 5 (Z ZL’iXi’jl’j + Zpif)i,jpj) (373)
Z7] 17]

where X and P are tridiagonal matrices. We will also assume for convenience that ¢ > 0. Some-
times we will need to make some extra assumptions!. Assumption A1l will not be assumed unless
stated otherwise:

Assumption Al: P; >0, X;; >0, and if P # 1, then sign(Xiit1 + Xiy1:) = sign(Piip1+ Piy1i)
Vi.

3.2.2 Explicit Bounds for the Interaction Picture Bound

In this section we will find bounds for

| dss@ i @) (374

with the assumption that h is bounded. This will allow us to find explicit values for the interaction
picture bound (theorem 52) and one of the terms in the schrédinger picture bound (theorem 54).

We will start with a lemma which bounds the coefficients ¢;, ¢; appearing in Eq. (3.74).

Lemma 56. The coefficients c;(t), ¢;(t), j =1,2,3,... (defined in Eq. 3.7) are bounded by
o t2n
0 < 3 ol PXI (3.75)
n=e(j) '
o0 t2n+1
&) < > m——=|IPX]|["|P]], (3.76)
(2n+1)!
n=f(j)
where
e(j) =10 —-1/2), fU)=L10-2)/2], VX,P (3.77)

1 As with 1) above, it should be possible to get around these difficulties but they are automatically satisfied by

the particle and phonon mappings anyway so we will not look into this here
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|.] rounds up to the nearest integer and is defined by |z | = min(z € Z,x < z).
If P =1, then alternatively

e(j) =f)=i—-1,

and ||P|| = 1.

(3.78)

Proof. This proof follows very closely the proofs in [59] although the results here are not a direct

consequnce of them.

From Eq. (3.73) we can write Hg = X @ P. Consider the time evolution of #,, the nth component

of vector ¥ = (Zg, 1,22, - - -, Po, P1, P2, - - -) under the Hamiltonian Hp
Fo(t) = e"HB 7, e~ B,
By solving Heisenburg’s equations of motion, we find

§ t) = ZCj+1,k+1f,k7 ] 2071727”'7
k=0

where
X ()2t 0 (PX)"P
Ci(t) = Z Gn 1)
nmo \4nt —(XP)"X 0

ij
nt2n (PX)’TL 0
0 (XP)

ij

+ Z
n=0

ij=1,2,3,....

Hence for Zo(t), we have
To(t) = Z cip1(t)Z; + &1 (t)py,
=0
where

¢i(t) = Z nt?n PX)"|y;

n=0
nt2n+1

ci(t) = (PX)"P =1,2,3,....
C]( ) nz% 2TL + 1 ) ] J ) Sy Dy
We now note that for any real square matrices A, B, the operator norm satisfies
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(3.79)

(3.80)

(3.81)

(3.82)

(3.83)

(3.84)

(3.85)

(3.86)



1) Is a sub multiplicative norm

|AB[| < [[A[l|B]| (3.87)
2) The absolute value of the components of the matrix A satisfy

A < [1A]] (3.88)

Taking into account the above identities and the triangle inequality, we can upper bound the

magnitude of the coefficients in Eqgs (3.85) and (3.86)

e t2n .
n=e() '
e 75271—1-1
G0l < Y oo EXIIPL (3.90)
(2n +1)!
n=£(j)

where we assume ¢t > 0 and e(j) is any function which satisfies [(PX)"];; = 0 for all non negative
integers n < e(j) and similarly for f(j): [(PX)"P]i; = 0 for all non negative integers n < f(j).
Applying lemma 1 in sec 3.2 of [59], we can derive an expression for the functions e and f with X

and P tridiagonal matrices we find (3.77). For P the identity we achieve (3.78). O
This lemma will be the main ingredient in the following two theorems

Theorem 57. If all initial two point correlatz’on functions are bounded by |tr|z;Zpo| < D,

VIIPX]| VIIPX| [|PX]|

o |tr(pidepol| < DY |tr[p]pkp0]| < Dipp for some D > 0, then

DRI e VX, P
/ ds\/““ )po] < P 25 Sy e (3.91)
HPX z] 1 L]/2J ;-+2L) lfP:]:[

L=0,1,2,..., where T = 7(t) := /||PX]||t. We can further bound this by

|tr[pxpol| < D=

> j+L T_1 7+In7+(L—-1)(1+ln7—In(L—1))
S < (71 ¢ : (3.92)
2 G DT (L) L1
S AR 1\ (e —1)
2] < (1) T 3.93
;L]/J(j+2L)!—2( +L)(2L—1)!T (3.93)
St 1/L o HnT+(2L-1)(1+In7—In(2L-1)) (3.94)

~ V2L -1 ’
for L=2.3,4,...
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Proof. From the definitions in the lemma, taking into account that y/z is monotonically increasing

for z > 0, and using the triangle inequality, we find

/ dS\/tT‘ < \/_/ dS <|Ck+1(8)‘ + %Elﬂrl(s”) (395)

o) 2n+1 7_2n—i—l
]PX Z 2 (2n+1)+ Z 2n 1 1) (3.96)

k=L+1 \ n=e(k) n=f(k)+1/2

where in the last line we have used Eqs (3.75) and (3.76). Taking into account the values of e
and f stated in Lemma 56 and the formula >, ;_, f(i +7) = >_,_,(i + 1)f(é), appling simple
manipulations to Eq. (3.96), we achieve (3.91). Applying Taylor’s theorem with the Lagrange
form of the reminder [62], to the Taylor expansion of the exponential function followed by using

the indentity 1/d! < (e/d)?d='/2, d € N, we finally achieve Egs. (3.92), (3.94). O

So we see that one gets faster than exponential decay for sufficiently large L. This will be a
continuing theme through this chapter. If the initial two point correlation functions are unbounded,

one can still achieve good bounds

Theorem 58.

| asert@ o)) (397)
&IPS A
«/HPX Z Z (2n + 1)! * [[PX]| Z (2n+1)! (3.98)

n=e(k) n=f(k)+1/2

e(k) LIP P2 (k) +1
< sinh(r Z( Pl 7(0) ),>, (3.99)

IPX][ (2f(k) +1

L=1,2,3,..., where

1 iftr(a2p) <1 _ 1 if tr[pppo] <1
dk: ; dk

tr[22po] otherwise, tr[pipo] otherwise.

(3.100)
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Proof. From definition Eq. (3.50),

/0 sy i@y 0] (3.101)

t 1 o0 o o
_ / ds 3 Z Cryi1(5)Ch st () [(yF + P43 ol (3.102)
t 1 0 . o
< [ ds\[5 3 1ot (9er [+ 7)o (3.103)
O k:

S/Ot ds (Z |Cj41(s ) <Z |Chpg1(s)|tr mm]) (3.104)

<> Dy /0 |C g1 (5)|ds (3.105)
k=1

where

1 if tr[f2pg] <1
D, = o (3.106)
tr[F2po] otherwise.

Now substituting Eqs. (3.75), (3.76) into Eq. (3.104) we have

/O " dsyJurl(@(5)) 0] (3.107)

oo 2n+1 d_k| |P|| oo T(t)2n+1
— . 1
PN S 2 (3.108)

2| i
= /IPx ]PX — [PXT],_ o, @0t D)

Applying Taylor’s theorem with the Lagrange form of the reminder [62], to the Taylor expansion

of the hyperbolic sin function we have

x x
——— <sinh(z)————; >0, k=0,1,2,... . 3.109
Z <2n+1)| —Sln <x)(2k+2)" x— ? ) ) ) ( )
=kt1
Hence we finally achieve (3.99). O

Therefore we see that if the two point correlation functions are not bounded, we can still achieve
good bounds, even if tr[23po], tr[p2po] o< K* for some K € R. With the bounds in theorems 57 and

58, we have locality bounds for dynamics in the interaction picture by virtue of theorem 52.
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3.2.3 Bounds for Approximating the Coefficients for Interaction Pic-

ture Numerics

We will start this section with the following preliminary lemma for tridiagonal matrices. The

theorem after that will be the main result of this section.

Lemma 59. Let M(k), k = 1,2,3,... be infinite dimensional symetric tridiagonal matrices. Let
M(k), k = 1,2,3,... denote their | x | principle minors, My(k) := [Mlpy1q(k), I = 1,2,3,....
Then the following holds

I M (k)] — M Mi(k),; =0dif j+n <21, (3.110)
n,l=1,2,3,... j5=12,3,...,1. and the binary combination rule is that of matriz multiplication.
Proof. First let us show that

T, M) — [T Mi(k))y = 0 (3.111)

if [ITy_, M (k)],; does not contain coefficients in [M (k)]yt1:00,141:00) £ = 1,...,n. To show this, we
need the following two steps. First note that for any d by d matrices A(k)

M A(K),, = M (AR) @0)l,, n=1,23,... ij=123,....d (3.112)

where 0 is the infinite dimensional matrix with all components zero: 0;; =0 4,5 =1,2,3,....

(this is straightforward to prove). Next we use this observation and the definition of M; to note

[y Mi(K)];; = (=, (Mi(k) @ 0)]; (3.113)

= [l—y (M (k) = Mg (k) = 0,Vd,m > 1)],; (3.114)

= [[Ij_y M (k)];; = Mam(k) =0,Yd,m >l and k=1,...,n. (3.115)

1,7 =1,2,3,...,1 n =1,2,3,... where — means evaluate the object on the left according to

the rule on the right. Hence we conclude that [II;_; M (k)], ; = [Iz_, My(k)], ; if (I, M(K)], ; —
Miq(k) = 0,Vi,d > land k = 1,...,n) = [I[;_;M(k)], ;. This holds if [II}_, M (k)] ; does not
contain the non-zero coefficients in [M(k)][lH .ool+1io0)s K = 1,...,n. Now we can show that this
holds when 7 +n < 2I; n,l =1,2,3,... 7 =1,2,3,...,1 To do this, we will need to prove

another identity by induction. But first we need the following three preliminary ingredients:
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2.1) let us use the following notation for the matrix M (k)

M (k) = t[3)(k) e[3](k) t[4](k) : (3.116)

With this notation, we note that M;(k) only contains coefficients e[i|(k), t[j](k) with i, 7 <.

2.3) Let us make the following definition

V(M) =(TH MR TR M (R) 2] TR M (R)us] s -
)

[y M (k)] (3.117)

where [P({e,t})] = max(: € Z;e[i](k),t[i](k) € {e,t}) and P({e,t}) is a polynomial of a
subset of the elements of {M(k)}7_,.

We will now prove by induction the following rule:

V(M) = (3.118)

n—1 n—1 n—1 n—1 n—1 n—1
1 2 2
(5l +2—5—+2

n—1 n+l1ln—-1 n+1

1
st Tt ,n+ 1)
n=1,3,5
V(M") = (3.119)
n n n n
(§+12+12+22+22+32+3 §+§,§+§,n+1)
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Now we will prove that Eq. (3.118) implies Eq. (3.119). For n =1,3,5,..., we have that

00 n+1
(M ()], = S M), Myy(n+1) = SO0 M(k)],, Myy(n+1)  (3.120)
p=1 p=1
(n+1)/2 (n+1)/2
= [szlM(k)]1,2p—1 M2p—17j (” + 1) + Z [HZZIM(kﬂLQp MQp,j(” + 1) (3-121)
p=1 p=1
(n+1)/2
= [y M (F)] 51 (02p-15€[i)(n + 1) + d2p—1,-1¢[2p](n + 1) (3.122)
p=1
+ (Szpfl j+1t[j + 1](n + 1)) (3123)
(n+1)/2
+ Z [Ty M ()], o, (O2p,je[2p](n + 1) + 03pj—1t[2p + 1](n + 1) (3.124)

Where in line (3.120) we have used [II}_, M (k)]1, = 0 if p > n + 1 to restrict the upper limit of
the summation. This follows from lemma 1 in sec 3.2 of [59]. Now, from (3.118), we have that
I M) 1| = 250 2, [ MR 5, | = 252+ 1, p = 1,23, (n+ 1)/2. We can
use these identities to calculate [.] for the even and odd sums in the above equation. For the odd

sum we have

(n+1)/2
{ D Mo M(R)], 5,y (Bap-1eli)(n+ 1) + 635151t 2p] (n + 1)+ (3.126)
p=1
§2p 1J+1t j -+ 1 TL +1 “ (3127)
max {22 + 1 2} j=1,3,5,...,n
— {max{m5d 44, 4 32 51} j= 246, n—1 (3.128)
max{2* + = n 41} j=n+1
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For the even sum we have

{(HZ%/Q [ M ()], o, (62p,5€[2p](n 4+ 1) + 02551t [2p + 1](n + 1)+ (3.129)

p=1

5%m+4tU‘+]lﬁl+-1Dw (3.130)
(max{"T’l—k%—l—l,j} j=24,6,...,n+1

_ et 7=l (3.131)

max{”T_l—l—j%l—i—l,j,”T_lﬂLj%l—f—l,j-f—l} J=3,5"7...,n

\max{”T_l%—"TH—l—l,n%—Q} j=n+2

We can now use Egs. (3.128) and (3.131) together with Eq. (3.120) to calculate “HZQM(]{)] . j-‘ :

nly2 =1
ntl B 5 =35,7,...,n
“HZIW%)LA =qml 4l j=246...,n—-1 (3.132)
n+1 j=n+1
n—+ 2 j=n+2

forn=1,3,5... . We now have that
([msiaee],, ] [mstaew), | [t w),, ) (s, ) 618y

n+1=2,4,6,..., where “HZI%M(k)LA are given by Eq. (3.132), is equal to V (M™*1) given
by Eq. (3.119). Hence Eq. (3.118) for n implies Eq. (3.119) for n 4+ 1, n = 1,3,5,.... Similarly,
we find that Eq. (3.119) for n implies Eq. (3.118) for n + 1, for n = 2,4,6,... . Now note that
from Eq. (3.118) if follows V (M) = (1,2). We can easily verify that this is correct by observing
(3.116). Hence by induction we prove Eqgs. (3.118) and (3.119). Finally to conclude the proof,
we just have to note that from Egs. (3.118) and (3.119) the identity n + j < 2 [[szlM(k)]l,j-‘ :
n=1,23,...,7=1,23,...,n+ 1. Hence from the definition of [.], if follows that [szlM(k‘)]Lj

does not contain elements from the set {{e[i|(k), t[i](k)}r_i}io ifn+j <2, nl=1,2.3,..,
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j=1,2,3,...,n+ 1. Hence taking into account (3.111) and observation 2.1), we conclude

n,l =1,2,3,...,7 = 1,2,3,...,min{n + 1,{}. From lemma 1 in sec 3.2 of [59], it follows that
[ M (k)] ; = [ Mi(k); =0for Il >4, j>n+1,n=12]3,.... Hence combining this
with (3.134), we conclude the proof. O

If the bound in theorem 52 were to be used to upper bound the truncation error when calculat-
ing tr[O,(t)p% ()] rather than tr[Oy(t);(t)], one would need to be able to calculate the coefficients
{c;(t), ()}, However, from their definition (Eq. (3.7)), it follows that that requires exponen-

tiating the matrix

0 —P
/ . (3.135)
X 0
Since X and P are infinite dimensional, in practice one would only ever be able to exponentiate a
truncated version using X; := [X]p.14, P = [Plpa,14). However, if follows from the definitions of
], & é (Eq. (3.43)) that they are given by exponentiating the truncated version of Eq. (3.135) too:
0 —FP
t . (3.136)
X, 0

Therefore in the following theorem we will give bounds for approximating c; by cl ¢; by c and
find that by making [ large enough, we can achieve neglectable errors. We will assume Al since

this will be sufficient for later purposes, although one could prove a similar result even if Al did

not hold.

Theorem 60. Assuming Al we have the bounds

4n+2 l o 7_4n
- Z (4n + 2)! < ¢(t) — (1) < Z W (3.137)
n=h1 ’
||P|| > 7_4n+3 ||P|| 4n+1

< G(t) —ai(t) < 3.138
||Px||n:g2 (4n+3)! — 5(1) = (1) ~ VIIPX]| Z (4n + 1)! ( )
j=1,2,3,. = 71(t) = /||PX]||t where

20—5—1 20—j5 -2 20—-7+1 20—
glz{TJJ,92:{+J,M:LTJJ,MTJJ i
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VX, P, and

20— 20—j5+1
g1 =92 = LT]J ; hi=hy = LT‘]%—J IfP=I (3.140)

Proof. From Egs. (3.81), we have for t > 0

i) = ch(0) = 30 S (PXY s = (P o) 3.141)
o0) = eh(0) = 3 S (PR Pl = (P Pr) (3142

j=0,1,2,..., L—1 Now assume that P;; > 0, X;; > 0 Vi, j (We can do this w.l.o.g. since via trans-
formations of the form {#;,p;} — {—;, —p;} this is always achievable) it follows [(PX)"]; j+1 —
[(PLXL)n]l,j—l—l Z O, [(PX)np]l’j_i_l - [(PLXL)nPL]I,j—l-l Z 0 and using (3141), (3142) we have for
j=0,...,L—1

B % (42”—:2)' ([(PX)* 1 g = [(PLXL) ™ 1g11) < () — jL(t)
< Z (inn)' ([(PX)QH]LJH - [(PLXL)2n]1,j+1) (3.143)

"2 gy (PXP s = (P 1g00) < 60) = (0
= :O 4::‘51 PX)2n]1,j+1 - [(PLXL)2"]1,J-+1) (3.144)

Now taking into account theorem 59 to neglect the zero terms in the summations followed by
neglcting the remaining [(Pr X1 )?);; terms by noting that they are non-negative and finally taking
into account identities Eqs (3.87) (3.88), from Eqgs (3.143), (3.144) we achieve the results of the

theorem ]

3.2.4 Explicit Bounds for the Schrodinger Picture Bound

In what follows we will also develop locality bounds for the dynamics in the Schrodinger picture
(bounds for theorem (52)) also. But before we state the bounds, we need to make a detour by

stating one additional theorem. This theorem is based upon part of one of the proofs in[58]:
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Theorem 61. Given the Hamiltonain
R A A 1
H:HS®I[+hs®iO+]I®§FTHBF (3.145)

where 71 = (o, po, T1, D1, T2, P2, - . ., ) collects canonical position and momentum operators, HP is
a hermitian matriz and Hg, hs are hermitian operators acting on the system with hs bounded (with
no additional assumptions), then the auto two point bosonic correlations functions grow at most

exponentially in time:

(Fi)(t) < (Z [, ((FD(0) + 61,(1)) — i k=0,1,2,... (3.146)

q

where (72)(t) = tr[P2p,(1)], ps(t) == e ™ o™ t € R

wo + to o t1o tao 30
to1 t11+w+ HilsH ta1 l31
Mo lo2 t12 tao + wo 32 s (3.147)
to,3 l13 la3 I3z +ws ...
toa t14 toy 134
\HE | ifk=1,35,... S, HE | ik =1.3,5,...
tr =14 Wi = ol (3.148)
\HE | ifk=0,2,4,. .. S HE | ik =024, ..

M N

Proof. Define ; = tr[#?p,(t)] and denote the time derivative via” *”. We have p(t) = —i[H, p4(t)],

hence
7i(t) = —z'tr[fi[f[,ﬁs(t)]] = —itr[[fi,[:[]ﬁs(t)]. (3.149)

Define the complex matrix entries o;; = [, 7;]. Plunging in the expression for H and calculating
the commutator [r;, H | explicitly in (3.149) followed by taking the absolute value applying the

triangle inequality and using |H}| = |H|, we have

il < 20| ltr[hsiips()]] + Z | [ F3| ([t (i ps (O] + [trlinraps()]]) (3.150)
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Now using Cauchy-Schwarz inequality to write |t7[fi7rps()]| < (tr[F2ps(t)]tr[72ps(t)])Y/? followed
by noting that /zy < (r +¥)/2, x,y > 0 Eq. (3.150) gives us

[l < looxtr[R3ps (O] /2 (1 + tr[igps(8)]) + Z lowg || H33 | (] ps (8)] + trliips(B)]) . (3.151)

Noting that |oy| = d1x, define v;,(¢) = y%(¢) + 1. Since 7,; = g, it follows from (3.151)

Yal < 81 ptr[h2ps ()] ’+ZI%I| Bl (4l +4L). (3.152)

Using Eq. (3.4) to bound the 1st term on the R.H.S. of (3.152), and noting that 7/, < |v/,|, since
4 € R we have

L < O kllhal + vk + Yt (3.153)

where wy = 37, - |ow;| [HF|, tix = 32, low;| [HJ7|. Writing the summation(s) in the expressions for
wy and ;5 in odd and even terms and noting that
G ifi=0,2,4,...
|0jil = o = (3.154)
(Si’]qu lf’l:1,3,5, 5
we get the definitions wy, t;; found in the lemma. In order to find an upper bound to ~(t) for
non-negative ¢, it suffices to solve (3.153) for the case where the derivative takes on its maximally
allowed value after time ¢ = 0 .i.e. due to continuity, vx(t) < ki (t), k =0,1,2,... where
K = Okl | hallin + wrkn + Y tigks, >0 (3.155)

and v£(0) = k(0), £ =0,1,2,... . This gives
K(t) = e™7(0), (3.156)
RI(t) == (ko(t), k1(t), ka(t), .. )T, 7T (t) == (v(£), 71 (1), Y5(t), .. .)T. Thus we have (3.145) for t > 0.

If t < 0, we do the same proof as above for non-negative ¢ but with Hw —H yielding the same

result. This justifies the appearance of the absolute value of ¢ in (3.145). O

Note that M is a banded matrix for locally coupled Hamiltonians.
Now we will state a theorem which gives a locality bound for the dynamics in the Schrodinger

picture which can easily be evaluated numerically (since all the quantities are finite real matrices)

when taking into account the already derived bounds for f(f dx \/ tr[(i})ﬁ(x))%o]:
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Lemma 62. If hy is bounded, Eq. (8.44) is bounded by

t710uu(1)] — trel0pE0)|” < 20(0)VE b (3.157)

+ /0 t dx\/ tr[<:eg’~‘<x))2ﬁo]> . (3.159)

Where (k) re-orders the indices:

k/2, k=0,2,4,...
(k) = (3.160)

(k—1)/2+L, k=1,3,5,...,
and My is defined by taking the 2L by 2L minor of M (defined in lemma 61) and setting to zero

all remaining coefficients |HJ}| which couple 7, 7; € \L.
Proof. follows from applying lemma 61 to Theorem 54. [l

At this stage it is not clear that we have achieved that much, since although one can easily
calculate numerically now a bound for line (3.157) given the initial two point correlation functions
of the initial state, it is not clear that this quantity will be small. We will now show that line
(3.158) is bounded from above by a function that decays with similar behaviour to that of Egs.
(3.92), (3.94). For this lemma, we will assume Al (Note that we could derive slightly worse version

of the bound for which this is not necessarily satisfied).

Lemma 63.

/(; dx (Z_ V{'(l‘)) (Z_ Vf(z)(x) (Z_ [exML]iJrlkaFl (Zf?"[f'?(k)ﬁo] + 51,k) - 5171‘)) (3161)

k=0

18 bounded by:
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e (Bound 1)

52 ( o0 r(t)ntmtt )
<®(2L) > (3.162)

o (0 m+ D) (m!)

AN? = 28| My [+ el MMy [ cosh 28¢ + 1) — 4A2 = 2A|M[sinh2A0) oo
2(1 — 4A2)[| ML |P? '
s tyrtmtl et(2A+[ML|]) — 1
<®(2L)72 T 3.164
<2(2L) (an:40 (n+m+1)(n!)(m!) 2A + || M| ( )
For L=0,1,2,...
e (Bound 2)
4/6D 51n(L5/(80—1))+(1+x)7+(46—1)(1+In 7—In(46—1))
< V6D e (3.165)
VA —1 20+ || M|
with  x = (V||[PX|| +2A + || ML|]) /]| PX]| (3.166)
For L =3,4,5,...
where
max{|[Xp[, [[ P} 1Pl
b= max{1, ——_1\/24 3.167
and iax = max{tr[fZpo] + oitity's A = max{V/|[Xp Pl VP X[} 7(1) = VIIPX][t,
|57 VXL P
||ML]|| is defined in Lemma 62 and 6 := . Recall that |.] rounds up its argument
2] ifP=I
2

to the nearest integer. Furthermore if | X;;|, |Py;| < E < o0, Vi, j, for some E then there exists D
finite such that || Mp||, ||Po XL, | X Pl [|P]],||PX|| < DV L.

Proof. With the aid of theorem 60, the proof is quite simple and only involves straightforward

manipulations and applying well-known inequalities such at the Cauchy Schwarz inequality

k=0

t 2L—1 2L—-1
S/o o <jeom%§—1{‘Af(x)|}> (Z |CpL+1,q+1(_x>|> Z[ezML]z",kH’YﬁAX (3.169)

""" p,q=0 k=0
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where i = 4'(z) is the value of i such that Z2L e M)y par (tr[F2po] + 014) is maximised at .
Similarly, we define &’ as the value of k that maximises tr[f2pg] + 01 We will now bound every
term in the integrand individually. From definition Eq. (3.49), Eq. (3.81) and identities Eqs.
(3.87), (3.88) we have that

>nto '”"(HPLXL\D“ ifi,j=1,2,3,...,L
s (1P Pyl ifi=1,....Lij=L+1,...,2L
Zn—(] G (| X P)" || Xz fée=L+1...,20L;5=1,...,L
| B (X P if i,5=L+1,...,2L.
Therefore defining A := max{\/|| X1 Pr||, /|| P Xz||} we conclude
2L—1
> (G g (0] < (2L max, {|Ch(-a)]} (3.171)
p,g=0 s
Xl ||IP
< (2L)*max{1, ! AL” ! LH}maX{COSh(A|x|) sinh(Alz])} (3.172)
X, ||1P
_ (2L>2max{|| ZH? H L||} COSh(A|[E|), (317?))

where in the last line we took into account that A < /|| X.||||Pr|| and cosh(z)/sinh(z) > 1, for

x > 1. Alternativerly, since cosh(z) < e*, for x > 0, we also have

2L—-1

max{||Xp[|, [1PL11} Al
> 1CH g (—2) < (2L)° A Al (3.174)
p,q=0

Furthermore for x > 0,

D €™M )ik (tr[Fppo] + 615) < 2L[e"™M )i w1 ax (3.175)
k=0

= QL‘[exML]i/,k'HWﬁAX (3.176)

< QLHGIMLH%\L/{AX <2L exHMLH%\LAAx- (3-177)

.....

o 49+n
AZ(t)] < il 3.178
g AT < ma{L s e} (3.178)

n=



Note that >
function. Applying Taylor’s theorem with the Lagrange form of the reminder [62], to the Taylor

n—=0 (48 +n) is simply the truncation of the power law expansion of the exponential

expansion of the exponential function we have

=2 (et —1)2F
n=k+1

Hence we finally achieve (3.99). Thus we achieve

(e — 1)
(46 — 1)

max |AL( )] < max{1, [1P] ||} (3.180)

jeo,..., ||PX

Now substituting Eqs. (3.178), (3.173), (3.177), into Eq. (3.169), followed by applying a Cauchy
Schwarz inequality and integrating the resultant expression, we find Eq. (3.163). The same
procedure, but using (3.174) rather than (3.173) yields Eq. (3.164), and if we use Eq. (3.180)
instead of Eq. (3.178), we get Eq. (3.165). The fact that the operator norms appearing in the
bounds in the lemma are finite and bounded is a direct consequence of the definition of the operator
norm for the [ = 2 vector norm: Let K be a real square banded matrix of infinite dimension acting
on a real vector space, then denoting the [ = 2 vector norm by ||.||2, we find that for all vectors V'

in the domain of K,

| Kij K
IKVIE =) KyKaViVi <Y |KyKaViVi| < —5 (VW) (3.181)

2,5, 2,7, i,
=) <Z IKinu!> V2 < O|V2 (3.182)
i il

where C' is a finite constant due to the bandedness of K and the fact the |K;;| < F for some
finite F'. Now denote by Ky, the L by L minor of K. Since for every finite L, ||K|| is finite and
we have just shown that ||K|| < oo there must exist some finite D such that ||K.|| < D for all

non-negative integer L. O

From Bound 1 it is not immediately clear how the bound behaves with L or 7(¢). The point
of it is simply that it can be evaluated numerically with less effort than expression (3.161) on
a case by case basis. From Bound 2 the behaviour in L and 7(¢) becomes more apparent and
interestingly, we see that for sufficiently large L we get faster than exponential decay where as only

exponential growth in 7. We also see that if the harmonic oscillators are only coupled via their
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position operators and not momentum (i.e. P = 1), then we get an improvement of approximately
L — 2L. From Theorem 57, we see that the faster than exponential decay and the improvement
when (P = I) are also true for the other term on the R.H.S. of lemma 62 when the initial two
point correlation functions are bounded. This better than exponential decay has also been found
in harmonic lattice systems with locally coupled oscillators [59]. We will leave a discussion of
the physical significance of the constants ||PX|| and ||[My]|| for section 3.4 where we will apply
these results to the particle and phonon chain mappings. For the case that the initial two point
correlation functions grow with distance L along the chain, then one could also say something

about the behaviour in L of the bounds by using theorem 58.

3.3 Some Additional Bounds and Generalisations

In this section we will give a few generalisations of the results from the previous section and
also a bound for when the local Hilbert space of each oscillator is truncated for a chain of finite
length. Define the finite dimensional space H™ = Span(|n), n = 0,1,...,m) where {|n)}>,
is an orthonormal Fock basis for L?(R). Now define the product space H% = @ 'H™ m =
(mo,my,...,mp_1), 1 < L < co. Let Iz be the identity operator on H7, I,,,, be the indentity on

H7", L = Iz — L and define the quantities

E(t) = et e 5" (3.183)
L—-1
g (1) == Z i (O Fen O (3.184)
Uc,m(t) — M HAHE™) p—it(HoA Hy ™ +hed) (1) g & /H? (3.185)
where

L—-1
g™ =Y it Hg, @7, (3.186)

=0
P = Lafdy de. (3.187)

561% _ ®§';%)]Imj \/Lﬁ Z:;El /n + 1(]n + 1>Z<TL| + |n>z<n + 1‘) Jo'ii+1 Hmj (3 188)
)

neo VR L(n+1i(n] = [n)i(n + 1)) @721 L,



Now let S be finite dimensional and recall that Hg is on S.

Lemma 64. With pEm(t) = et AT +haad) (] . 5LT Yeit (At HE T +hsd) then we have

2

tr{0.p(1)] = {05 (1) (3.189)
<410 (tr(pn (3.190)
~ ¢ L o - 2 . LM =
+ 2| |hs]] / dy\/ trle= 5™ (25 (y) — 25 (y))” e 5" ps ™ (y)] |, (3.191)
0
where
tT[ﬁB’m] = t?”[]l\,ﬁﬁoﬁ]l\m'] =1- tT[Hmﬁoﬁﬂm] (3.192)

Proof. This proof follows the same steps as the proof of Theorem 54. The differences in the final
expressions come from the fact that we are not truncating a tensor product space, but rather
the one particle spaces themselves which form the tensor product space. Throughout this proof,
we will neglect tensor products with the identity when it is clear from the context where they
should be to prevent the notation from becoming over cumbersome. For any state p§ on S @ HF,
36 1= (00, 00,00, . ..) and operator O™ on & @ H™ we have

tr[O™pE] = trs Z (ng, . ..,np_1|0O™pEng, ..., np_1) (3.193)

:tT'S Z <n0,...,nL,1’OAmﬁ0£’n0,...,nL,1> (3194)

=trs | > (no,..,n1]O™LspfLalno, ., np 1) (3.195)

= tr[O™pE], (3.196)

where the trace in the last line is only over the finite dimensional subspace S ® H™ and p% =
I:p51%. We note that I; when acting on p§ is no longer the identity operator. Using this identity

and proceeding in the same manner to the proof of theorem 52 up to Eq. (3.30), we find

~ 2

r{0.5°(t) — triOE™ 0| < 0023/ rI(UE) — U ) (Oelt) — Tea()ifl] . (3197)
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where Uy is defined in Eq. (3.51) and

5.0 = (VOO0 0106 + \/ir{07n (0102 m(1)06]). 3198

and

A

tr[(Uz(t) = Uz () (Us(t) = Urm(1))55) (3.200)
t
— 1~ trLaps] — 2R (W | ) nts) — 75 ) el >]) (3.201)
0
where pp := trsp§ and noting that Iy, = Ly + L5, we see that 1 —tr(Lz 0] = tr[l\mps] = trpsm),

pm = Latrs|p§|Lm. Hence using the triangle inequality and a Cauchy-Schwarz inequality, we
find

10! Ww[(fﬁz(w = Uz ()2 (t) = Ur(£)76] < (3.202)

tar(8) (tripm) +2 [ o)\ firl0z s o) — 3§ )FOeallaf] ) (3209
Furthermore, we can easily verify that

U7 (t) (50(t) — 27 (1) U (056 = Uz (1) (25 (1) — 25(8))” Uzm (£) 95 (3.204)

where z7'(t) is in Eq. (3.184). Hence from Egs. (3.197), (3.202), and (3.204), it easily follows Eq.
(3.189). O

This is not considered to be one of the important results of this thesis because its true value is
not so clear. Since everything in the bound is on a finite space, in principle one would not need to
truncate anything to calculate it numerically. However, although one could expect the second term
on the R.H.S. of Eq. (3.204) to be small, it is not clear how small it would be without calculating
it numerically. The other term on the R.H.S. can clearly be made zero if the initial state of the

bath is a finitely many particle state. In the case of a thermal state, one could calculate it exactly
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using the developments of appendix B. And since the contribution to higher energy states decays
exponentially, one can imagine the quantity to decrease rapidly as one increments the m;’s.

We can now obtain a bound for the error in the expectation value of a local system observable
when Hamiltonian (3.5) is truncated to finite length and the infinite dimensional Fock space of

each harmonic oscillator corresponding to the operators {rl ! are truncated: Hg+ H " h S
Corollary 65.
tr[0,p:(1)] = (0,557 (1)) < |tr(0upu(0)] — OB W] + |10 W] — tr10E™(1)]| (3.205)

where a bound for the first term on the R.H.S. is given by lemma 62 and a bound for the second

term on the R.H.S. is given by lemma 6/.

Proof. add and subtract tr[O,p% (t)] to tr[O,ps(t)]—tr[OspE™ ()] and apply the trinangle inequality.
[l

It is noteworthy that many of these results readily apply to Hamiltonians with multiple chains,

i.e. of the form

. . . 1 L 1 S
Hypy =Hg + hg 1201 + B F{HB,NH + hsoZoo + B 7_‘2THB,27‘2 (3.206)
~ 1 B - 1 .,
+ hs731’0,3 + 5 7:§HB737”3 + ...+ h&ll‘oJ + 5 f;THB,ﬂ”l (3207)
where 77 = (Zok, 1.4 Loy - - - > Poks DLk, P2ks - - -5 )y k= 1,2,3,... 1 collects canonical position and

momentum operators and Hg and {Hs,k}ggzl are hermitian operators acting on the system. That
is to say, bounds on system observables when all the semi-infinite chains {} 7/ Hpxi}h_, are

truncated:

Corollary 66. define
ﬁrgul —Hg + hy1d01 + % flTHé,llfl + hyadoz + ; _THE22F2 (3.208)
+ hs 3oz + % 3 HESTs + .+ hgydog + ; i HE T (3.209)
with {he,}._, bounded operators. Then

tr[0,6,(t)] — tr[0.5E (1) ‘ Z haer Hp o {87 g b.060) )50 Lii ), (3.210)
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where

&4(t) = e*“ﬁmul&oeimmul (3.211)

do being the initial state, and F' is defined as the R.H.S. of Eq. (3.158) with its dependency on the

operator iLS, initial correlations tr(ry7;po|, matric Hp and cardinality of £ made explicit:

F(hy, Hp, {tr{iqrspol Y50, Li 1) = 2a(t) V2| |h, | (3.213)

</ <2LZIVL ) <2LZIV<<> (2LZ‘1[ TML]; 4 k1 (tr[rf(k)po]Jrél,k) —51’,;)) (3.214)

+ /O dx\/tr[(gzg‘@))zpo]) . (3.215)

Recall that if O, is bounded, then a(t) < 4||O4||> and definitions for the quantities in this
equation can be found in lemma 62. We can also find more explicit bounds for F' using lemmas

57, 58 and 63.

Proof. This follows a similar strategy to corrolary (65). Add and subtract [ times the expectation
value of the observable Os at time ¢ under the evolution of ﬁmul truncated in different ways to
tr[Oy64(t)] — tr[Os&f (t)] and apply the striangle inequality. Then noting crucially that ' does not

depend on the system Hamitonian, the result follows straightforwardly. O

3.4 An Application: Locality Bounds for the Particle and
Phonon Mappings

Now we will finally apply the results of this chapter to the particle and phonon mappings derived

in chapter 1. First we will need to define new position and momentum operators for the particle

mapping case in terms of b, (0), b, (0)*: b,(0) = (2,(0) +ipn(0))/v2, b5(0) = (2,(0) — ip,(0))/V/2.
with these definitions, we can write Egs. (10) and (12) in the form Eq. (3.5) by identifying.

e for the particle representation

X =P=J7(dX\), hy=+/Bo(0)A, (3.216)
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e for the phonon representation
X=J@\), P=1 h,=+/B(1)A, (3.217)

where J(d\°) and J(d\!) are Jacobi matrices defined in Eq. (2.93) and satisfy Al.

Lemma 67.

T (@] = Winae, [T (@AD)]] = Wi, (3.218)
7 (dX)]] € Wnaz, || T dNY]] < w2, 1=1,2,3,..., (3.219)

where J;(dA\?) is the | by | minor of J(dA\?), ¢ = 0,1 and Wy = sup g, g defined in section 1.1.
Proof. This consists of noting 3 things:

1.1) In addition to being tridiagonal, J(d\°) and J (d\!') are real symmetric matrices (this follows
from definition 14 in [63]), and hence due to [64], we have that

| T (dAY)|| = max{|E|, E € Spec(J (dA\?))} ¢=0,1. (3.220)

1.2) It is also known that the spectrum of a Jacobi matrix is the (minimal closed) support interval

of its corresponding measure [66].

1.3) From Corollary 4 and 5 of [63] and eq.(154) in [63], it follows that the support of [J(d\°) is

[Winin, Wmaz] and the support interval of J(dA!) is (w2, w2 ..]-

min’ “mazx

Hence from the above points, we conclude Egs. (3.218). For Eq. (3.219) we note that the
eigenvalues of the minors of Jacobi matrices lie in the interior of the Jacobi matrix support interval

(this follows from theorems 1.19 and 1.31 of [65]) O

Now we will give conditions under which if the two point correlation functions of the initial
second quantised bath are finite, then so will the two point correlation functions of the canonical
position and momentum operators of the chain. We will formulate this in terms of D defined in

lemma 57 being finite. Some of the notation we will use was introduced in section 1.1.
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Lemma 68. Assume kjpar — kmin, Wmae < 00, and the two-point correlation function of the intial

state po with the bath modes &, = (a% + a)/V/2, pr = 1i(a% — a,)/V/2 are finite
|tr(Za@ypo]l, [tr[ZaDypoll, [tr[Potypoll, [tr[Papypol| < oo
for all x,y € [kmin, kmaz], then

e For the particle representation case:

D < o0.

e For the phonon representation case:

Additionally assume that Wy, > 0, then D < oo.

(3.221)

Although the terminology is a bit misleading, the scenario wy,;, > 0 is known in the literature

as massive bosons while the case wy,q., = 0 as massless bosons.

Proof. This is a straightforward consequence of previous results. One only has to apply a few

well known inequalities. Evaluating Eq. (1.30) for the particular case of the particle and phonon

mappings, we have respectively:

b (0) + by, (0 Fmas
in(0) = %: /k dzU, (dN\%; )i,

. (bR (0) = by (0)) e 0. \a
pul0) = veran /km 42U, (d°; )

and

L

(1) = b;(1)+bn(1):/kmmden(d)\l;x)

1
kmin V g(.’[‘)

i(b* o kmaz
putt) = MR T g, vt V@

where 7, and p, are defined in the lemma, and

U (dN0; ) = —— (X% 9(@) \/J<g<ac>>l

(3.222)

(3.223)

(3.224)

(3.225)

(3.226)

(3.227)



recall that m,(d\% ) and m,(d\';x) are monic polynomias of degree n and J is the spectral
density of the open quantum system. We can now use Eqs. (3.222), (3.223), (3.224), (3.225)
to find relations between the two point correlations functions of the intial state py in the chain

canonical conjugate valiables and those of the initial Hamiltonian. From these equations, we find

kmal kmaz
rifufonpl| < [ e [ dylSe, @)1, W)l ol (3.225)
" - km(l% kmaa:
<uax(urliaipl) [ delse @] [ dlSe, @ (3229
T, kmin k'mz‘n

n=0,1,2,..., where R, = {Z,(q), pn(q)}. If Ro(q) = @n(q) then 7, = &., Sk, (z) = Szn(q)(2)-
If R,(q) = pu(q) then 7, = p., S, (2) = S, (y(2), for =z, y; ¢ = 0,1 and we define

an(O (a:) Spn(O)(QJ) = Un<d)\0§ x)?
_ UidXn)

Spa(y (%) 1= Un(dA'; 7)1/ g(2). (3.230)
9(x)

We will now find upper bounds for the quantities (3.230). Let us start with S, 0)(x), Sp,(0)(2)
the quatities relevant for the particle case. Using Eq. (3.226) we have:

kmaz kmaz
[ 0@l = [ 1S, 0@l (3:231)

min min

kmaz 0
maw dx|m, (d)\; d
Kemin \/ (T (dXD), ’/Tn(d)\O»Mo us
Fmaz g w2 (dA0; g(z))J (g( dg km”
< : 2
B \//mln ﬂ-n dAO) Tn (d)\o MO kmin (3 33)
= kmaz mm) (3234)

where between 1st and 2nd lines, we used a Cauchy-Schwarz inequality, and in lines 2nd to 3rd we
performaed a change of variable and noted M®(z) = J(z)/7. This concludes the proof of lemma

68 for the particle mapping. Similarly,

kmax kma:c
[ @i < (f [ gty (3.235)
kmin kmzn

\/<kma$ - kmin)wmax' (3236)

IN
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Similarly, for S, 1) we find

kmaz fwfm drm2(d\; :10)M
wmin n ! \/E
[ it < |22

(kmaac - km'm) (3237)

If wyin > 0, we then have

k
e kmax - kmm
[ e @l < \/ Fnas = knin), (3.238)
kmin

Wmin

and hence we conclude the proof for the phonon mapping. ]

Now we will state the values of the constants appearing in lemma 63 in terms of the chain

coefficients and wy,q,, the maximum frequency in the bath.

Corollary 69. For the phonon and particle representations, the constants appearing in lemmas

57, 58, 62, 63 can be replaced by:

e For the particle representation

1Pl = VITPXT] = s 7(8) = sty A < s <4 jjyf—x (3.230)
and defining D1(q) = || As|lv/2B0(q) + ao(q) + v/Bi(q), Di(q) = ai—1(q) + /Bici(q) + /Bilq)

fori=2,3,4,... we have

(a0 +vVB a0 VB 0 0
Qg D, VB 0 0 0
0 \/E D2 (05} 0

VB ... (3.240)

0
0
0
0

for D, = D,(0), B, = Bn(0), a, = an(0). || M]], ||ML]| < 00 for wmae < 00. Furthermore,

we use the versions of the bounds valid ¥V X, P.

103



e For the phonon representation

L
1P| =1, VIPX[[ = Wnaes T(t) = Wmaets, A < Wnawy, @ < (| IAX (3947

Wmazx

where y =1 if Wae > 1 and y =5 if Wiae < 1.

1 1 0 0 0
(7)) D1 \/E 0 0
0 0 1 1 0
VB : (3.242)

_ o O O o o O

0
0
0

for D, = D, (1), By, = Bn(1), an = an(1). ||M]|, ||ML]| < 00 for wmaes < 00. Furthemore, we

can use the versions of the bounds valid when P = 1.
Proof. A direct consequence of Egs. (3.216), (3.217) and lemma 67. ]

This should be considered the main result of this chapter and was the initial goal of the
endeavour described here. We will therefore have a short discussion about this result. One of the
first things we notice is that for both the particle and phonon mappings, 7 = wye.t = (sup g)t, g
being the dispersion relation of the bath. We see that the bath cannot compose of oscillators with
unbounded frequencies. Furthermore, it suggests that high bath frequencies propagate faster down
the chain. We can find more evidence for this when we recall Eqgs. (2.158) and (2.159) which tells
us that for Szegod Class spectral densities, the chain coefficients become translationally invariant
and increase monotonically with w,,... In the case that the frequencies are unbounded, i.e. that
Wmae = 00, the chain coefficients are unbounded and grow along the chain. As a result, it is not
even clear that there is a finite speed of sound and it is highly likely that signals accelerate as they
go down the chain. More evidence for this possibility can be found in [67], where a minimum bound
on the capacity of sending information down a harmonic chain was calculated. It was found that

initial states with ¢r[H po], tr[H2po), finite where H is the Hamiltonian and fy is the initial state,
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can transmit information with increasing speed down a harmonic chain if the chain coefficients are
unbounded.

Another interesting point is that from the bounds we see that approximately, one has to have a
chain of double the length in the particle mapping case to achieve the same value of the bound as in
the phonon mapping case. From the maths point of view, the reason for this is because the particle
chain has coupling in both position and momentum at each site to its nearest neighbour whereas
the phonon mapping only has coupling in position. The question is whether it just happens that
the phonon mapping has a tighter bound than the particle mapping or whether the difference is
physical. We can find evidence which backs up that the difference is physical in the literature.
In [68], the transport dynamics of entanglement is studied both numerically and analytically for
harmonic systems. In section 5.4 Speed of entanglement propagation, they find that entanglement
propagates faster in particle-like chains (they call these RWA chains) as opposed to in phonon-like
chains (they call these hook-law chains)? suggesting that the difference really is physical.

3.5 Chapter Summary and Conclusion

In this chapter, we have developed locality bounds for local bounded observables acting on a local
Hilbert space connected to a semi-infinite harmonic lattice with nearest neighbour coupling.

We have developed two different forms of the bound according to two different schemes, - one
more appropriate if the simulation is performed in the interaction picture, the other more relevant
if the simulation is done in the schrodinger picture. Depending of the properties for the initial
state, we have developed difference forms of the bound. The bounds obtained decay in distance
faster than exponential decay. These bounds are new results since previously the only bounds
for infinite dimensional systems were harmonic lattices and certain types of anharmonic lattices.
Very recently, Lieb Robinson bounds have been shown for the case of harmonic lattices coupled

bi-linearly to spin systems [69]. However, the results here are still different since on the one hand

2In order to make a fair comparison between their hook and R.W.A. chains and the particle and phonon chains,
one has to be careful how to find the correct relationship between their constant ¢ and the corresponding constants
for the phonon and particle chains. To do this one can use the translationally invariant limiting cases given by Eqgs.
(2.158) and (2.159) when the chain coefficients are known in terms of Wy, and wyq, only. This yields the desired

result
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they only get algebraic decay (with an inverse power of around 3) with distance and their method
could only be applied to the scenarios studied here if the system Hamiltonian Hg and the system
operator coupling the system to the bath hs are spanned by spin operators. For our proof, we only
require that hs be a bounded operator.

When we apply these results to the phonon and particle mappings, it provides an upper bound
to the error induced if one truncates the semi-infinite chain. By doing so, we also prove that
chain truncation is a numerically exact procedure. What’s more, the error decreases faster than
the standard Lieb-Robinson exponential decay in distance (or in the case of the chain, number of
harmonic oscillators of the chain included in the simulation). The bounds suggest that the phonon
mapping would be more efficient from the point of view of the truncation. Roughly speaking, it
suggests that with a phonon mapping chain of half the length of a particle mapping chain, one

could simulate the same observables for the same amount of time with the same error.
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Chapter 4

Outlook

If time had permitted, there are many other interesting extensions one could have examined. A

selection of these is the following:

)

The chain mapping theorem 9 is derived with the assumption that the bath of oscillators is
bosonic. However, it should be straightforward to generalise this for fermionic baths. The
derivation would differ in Egs. (1.38), (1.39) where one would have to replace the cosh
and sinh functions with sin and cos functions to satisfy the fermionic anti-commutation
relations. This would lead to different versions of the equations (1.50) and (1.51). It would
be interesting to see what kinds of chains can be generated, i.e. can one generate chains with
the same type of coupling structure as in the bosonic particle and phonon mapping cases?
Furthermore, a full investigation into all valid solutions for the parameters ¢y, o, g1, g2, Was
not performed. Maybe other solutions exist where the chain has coupling between the nth
site and (n 4+ 1)th site is of the form b},b . | + b,b,41. One could then find locality bounds for
this case which may be better than for the particle and phonon mappings (we have already

seen the the phonon mapping gives better bounds than the particle mapping) which may

allow for more efficient simulations.

In the case that the support of the spectral density is on an unbounded interval, the sequence
of secondary measures does not converge. However, the formula for them is still perfectly valid
for gapless measures. One may be able to study their symptotic properties by looking at the

symptonic properties of the orthogonal polynomials that appear in the formula. Symptotic
ymptonic properties of the orthogonal poly ials that appear in the f la. Symptoti
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properties of orthogonal polynomials have been studied in great detail in [70]. Although it
can be shown that there are no fixed points in the sequence, it is not unfeasible that the nth
secondary measure has universal properties for large n and maybe measures of markovianity
do converge and markovian approaches to treating the residual spectral density might be

even more advantageous than in the bounded support interval case.

Lieb Robinson bounds for fermions are already known [55], so one can imagine that it would
be simple to develop error bound for truncating the infinitely many degrees of freedom of

the environment in the fermionic bath case.

One could make two generalisations of the results in chapter 3. One could extend it to
Hamiltonians which do not have nearest neighbour to any local coupling. More precisely
speaking, any Hamiltonian for which X and P appearing in Eq. (3.73) are any banded
matrices. The results could also be extended to the case that the quantum system does
not couple to the bath via the position operator &, but rather any canonical position or
momentum operator of the semi-infinite chain. The main ingredient in such a generalisation
would be a generalisation of theorem 59 to any banded matrix (rather than just tridiagonal
ones) and to all matrix components (rather than just the components of the first row. The
inductive proof given for theorem 59 should be easily generalizable to cover these cases.
One could also then use the generalised version of theorem 59 to derive error bounds for
exponentiating a truncated banded matrix rather than exponentiating the matrix itself, i.e.

generalisations of theorem 60.

One could use the results of the last chapter to work out a minimum time it takes the initial
residual bath trg[po] to have an effect on the system. Similar lines of investigation were

studied in [71].

Since the particle and phonon mapping chains when truncated to include only L oscillators
can be written as a discrete bath of oscillators with L modes, one should be able to use the
results of the Schrodinger bound to derive error bounds for system observables of Hamiltonian
Eq. (1.1) when the bath is discretised. One should be able to state the theorem in a way

such that the particle and phonon mappings are not even mentioned. The way the spacing
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of the discretisation would be chosen, would depend on whether we used the results of the

particle mapping or the phonon mapping.

In [67] it was shown by example that there exist locally coupled Hamiltonians on infinite
dimensional Hilbert spaces for which information can be transmitted at an accelerating speed
thought the lattice under free evolution of initial states po which have tr[H po], tr[H2fo] finite,
where H is the Hamiltonian of the lattice. In this example there was no maximum speed
at which information can be transmitted. This raises a natural question: are their classes
of initial states which do always have a locality bound with a finite speed of sound for all
lattice models? My hunch is that for all locally coupled lattice models, all finitely many

superpositions of energy eigenstates have a speed of sound i.e. maximum speed limit.
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Appendix A

The Hilbert Space of the Specialized

Pauli-Fierz Hamiltonian presented in Eq

(1.1)

Here we will brifly describe in a bit more detail the Hilbert space of Hamiltonian (1.1). Some of
the concepts and definitions introduced here, will also be usefull in the next appendix section.

The Hilbert space of the Hamiltonian for this model H, is the tensor product of the space of the
quantum system wavefunctions and the Fock space for the bosonic bath. Formally, H = S® I'(h),
where S is a separable Hilbert space describing the quantum system and T'(h) is the bosonic
Fock space! over the one particle space h = L*(R?, d7<:), where k is the boson momentum. This
describes a field of bosons. An element W of H, is a vector {¥(™} with ¥ = ¢ @ (™, where
¥ = {p™Y e T(h), v (k... k) = 8 i (F) @ vi (k) @ ... @ v (ky) is on RP™. § is the
symmetrisation operator which makes ¥ symmetric in El, ceey En and WP € h are known as one
particle wave functions. The domain of ¢ € § is to be specified with the details of the quantum

system. The elements of H satisfy ||¥|| := ||p]||s||¢||r@) < oo, where

T2 =|o|% | 0@ N o dEey R |0 Ry, K Al
v Hw\ls(!w D3 Y RURATEC >|> (A1)

Talso known as symmetric Fock space
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As regards for Hamiltonian Eq. (1.1), reproduced here for convenince
H=Hs @I +1s @ / dkg(k)ata, + A, ® / dkh(k)(a}, + az), (A.2)

we have that Hg is a self-adjoint operator on S and describes the system dynamics, Hp =
[ dzg(k)aja is the Hamiltonian of the bath where g > 0. This is also known in the literature as
dl'(g), the second quantisation of g. a}, ay, are creation and annihilation operators with cammutator

[ag, a})] = 6(k — K'). They act on each (™ by

(@)™ (ke k) = (0 1D)V20D (R Ky k) (A.3)

n=0,1,2,... (A.4)

(ap) ™ (B, k) =072 6k — k)oY (B, kg k) (A.5)
j=1

n=123,..., (A.6)

(az)® =0, (A7)

where k; indicates that k; is omitted. Hence we have that (Is © HpW¥)™ = > i g(k;)¥™ on
domain D(Is ® Hg) of all ¥ € H such that {(Is ® Hg®)™} is again in H. Let n be the number

of bosons operator defined by
()" =™, n=0,1,2,... (A.8)

on the domain D(n) of all ¢ in T'(h) such that {ny(™} is again in T(h). Hiy = A,® [ dkh(k)(a}+
a) describes the interaction between the quantum system and the bosonic environment. h(k) € b

and [ dkh(k)(a; + ax) = aj(h) + ax(h), where

(ar()) ™ (ky, ... k) =(n + 1)1/2/h(k)¢("+1)(k,k1, o ) dE, (A.9)

n=0,1,2 ... (A.10)

(ar ()™ (ky, . hn) =2 Xn: h(k) ™D (ke ey ), (A.11)
p

n=1,2,3,.... and (az(h)y)"” =0, (A.12)

is a well-defined self-adjoint operator (also known in the literature as ®4(h), the Segal field operator)

on D(n'/2). A, is any bounded below self-adjoint operator with domain in S such that H is a well
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defined Hamiltonian with domain in H. The necesary conditions for H to be self-adjoint can be

found in section 1.1.
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Appendix B

The Initial State in the Chain Basis

In this section we will show how to write the second quantised Fock states of the bath of the
Hamiltonian Eq (1.1) (i.e. states ¢ = {1}, € I'(h) written in terms of the one particle wave
functions) in the chain Fock basis F} defined in Eq. (2.99) and vice versa. We will use notation
introduced in the previous appendix throughout this section. This should be implemented to
write any initial state in a form which one can readily used to compute its dynamics in the
chain basis. We do this by finding the relation between the vacuum state in the wave function
representation and the vacuum state in the chain Fock basis. Then we apply creation operators to
generate the relation between all the other states. We will exemplify this process for the particle
mapping and assume that the one particle space is h = L?*(R,dk). Recall that if this is not
already the case, we can assume this w.l.o.g. by applying a unitary transformation on the one-
particle wave functions to bring them into the Standard Form discussed in section 1.1. The general
procedure can also be implemented for the phonon mapping (although one must be careful in this
case since the vacuum state of the phonon chain is shifted with respect to that of the second
quantised wafe function vacuum state). The vacuum state in terms of one particle wave functions

is (1,0,0,...)" since a(f)(1,0,0,...)7 = (0,0,0,...) for all test functions f € b. In the chain Fock
basis, the vacuum state is |0,0,0,...). From Eq. (1.64), we have that b,(0) = a(F,,),0:(0) = a*(F},)
where F,(z) = B,(d\% g(z))/J(g(z))/7 |dg(x)/dz| Hence we have |0,0,0,...) = (1,0,0,...)T. By
applying the raising operator to both sides we find

10,0,...,0,1,0,...) = (0, F,(k),0,.. ) ¢=10,1,2,.... (B.1)

q—7€eros
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Since for all V' € P we can write V(z) = Y .2, c;Fi(x), ¢; € R, we see that any second quantised
one-particle wave function is a superposition of one particle states in the chain Fock basis. If we

apply the creation operator to both sides of this state, we find

10,0,...,0,2,0,...) = (0,0, F,(k1) ® F,(k),0,...)" (B.2)
q—zeros
p—Eeiros
10,0,...,0,1,0,...,0,1,...) = (1/v/2)(0,0, F, (k1) ® F, (k) + F,(ks) ® Fy(k1),0,...)T  (B.3)

q—zeros

We can continue this procedure to find how to write any chain Fock basis state in terms of second

quantised one particle wave functions. By applying the raising operator N times, we find:

Ay opy]0,0,...,0,1,0,...,0,1,0,...,0,1,...,0,1,0,...) (B.4)
p1—slots
pgjsrlots
p3:,slots
pN—:lots

= Apl ----- pN|l07l1al2a'"717;070,0,...> <B5)
1 N
= 70 0 S (k) ® (k) © .. © Fpy (k). 0, . )T (B.6)
" N—zeros

where Apl ,,,,, PN \/1_[1':{},14,2 77777 pN}li7 ll B ZjZ{pl,pz ..... N} 52']" Y= Sup{ppra s 7pN}7 for N7p17p27 s

0,1,2,... and S acts on F, (k1) ® F,,(ks) ® ... ® F,, (ky) by summing over all permutations of
the variables k1, ko, ..., ky so that it is invariant under exchange of any two variables £;, k;, e.g.
SF, (k1) ® Fy(ky) = F,(k1) ® Fy(ky) + F,(ks) ® F,(ky). Using the orthogonality conditions of
the polynomials and the linearity of the S operator, we can also derive the inverse relation: Let
W;(x) € b be a one-particle wave function, then

(0,...,0, SWi (k1) @ Wa(ksy) ® ... ® Wy(ky),0,0,0,...)" = (B.7)

N —zeros

SN D CipCop- Cnpy My llos 1 I, ) (B.8)

p1=0p2=0 pNn=0

o
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where

Cij = /Wl(x)FJ(x)dx (B.9)

Hence we can write any second quantised wave functions in terms of the chain Fock basis. What
is more, since Y .~ l; = N, we conclude from Egs. (B.5)-(B.6) and (B.7)-(B.8) that all n-particle
wave functions are linear superposition’s of n-particle chain Fock states and vice versa. This should
not come as a surprise, given that the coupling between harmonic oscillators of the chain mapping
is also particle preserving. Furthermore, we can readily check that (m|n) = §,,, courtesy of the
orthogonally conditions of the orthonormal polynomials used to construct F,(z). For the numerics,

we can justify the approximation

~

(0, 0, SWy (k1) Wa(ks) ... Wx(ky),0,0,0,...)" (B.10)

N —zeros

%\H

;

ZZ ZCLMCMZ ONp Mo 03 11, Lo, ) (B.11)

p1=0p2=0 pN—O
My Mo

=y > . Z(Jlmcgm o COnpw Do ll0: 11, 1o, -1, 0,0,.), (B.12)

p1=0p2=0 PN

K= maX{Ml, M, ..., My} by noting that this corresponds to approximating

z)/\/J(g9(z))|dg(x)/dz| /7 to order M; in g(z). Since k is the momentum space variable, this
will be a good approximation if the i¢th one particle wave function has low probability of having

high momenta.
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Appendix C

Methods for Calculating the Reducer

In this section we will give a few different methods for calculating the reducer (see Eq. 24) when

the measure satisfies some special properties

Theorem 70. If for a measure du(x) = p(x)dx, p(x) satisfies a Lipschitz condition over its

support interval [a,b], then

o(dps: ) = 27(z) In (x - a) _ 2/: olt) = i)

b—x t—x

Proof. From definitions 24 and 6 we have

T
dp;x) = lim 2 [ ST
pldiz) = lim /a (@ —1)2+&

Writing this as

pdps; ) = lim 2/ ((;__tt)) 3t + lim / ’ —;f T g(x))dt
g bw o ) = alx) M( ) a1
_511}&2[1 (x —t)? +€2dt 2/
[ 2¢? filt) — ﬂ(iﬂ)
_elggi a ((m—t)2+62) r—t d.

1) The first integral in line (C.4) reduces to

lim 2 /b Mdt = lim fi(z) [In((a — 2)* + €*) — In((b — z)* + €7)]

e—0t T —t)2 =+ €2 e—0t
r—a
— 2(x)] .
o) (52
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2) Now imposing the Lipschitz condition on i(x): |a(x) — p(t)| < K|t — x| for some K over

interval [a, b], the absolute value of the expression on line (C.5) reduces to

P 2¢” |A(t) — a(z)]
lim <( ) dt (C.8)

=0t J, \(z—1t)2+ € It — x|
b 2K 2
< lim [ —C @ (C.9)
=0t J, (x —t)2+ €2
= lim 2Ke [arctan <b — x> — arctan (a — x)] (C.10)
e—0t € €
= 0. (C.11)

Hence expression on line (C.5) vanishes.

Theorem 71. If for a measure du(x) = p(x)dx, p(x) possesses a bounded continuous first deriv-
ative on its support interval I and fi(x) can be evaluated on the limits a,b, then

b

x —/
1
b_x’Jr/au()n

Tr—a t—=x

+ fi(b) In

dt] , (C.12)

oty ) =2 a1

T T

where [’ (t) is the first derivative of (t).

Proof. Follows from integrating Eq. (C.1) by parts and noting that if a function f(x) possesses a
bounded continuous first derivative on its domain, then it also satisfies a Lipschitz condition on

its domain (this last statement is proven in [48]). O
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Appendix D

Scaling Properties of the Sequence of

Beta Normalised Measures

Here we present a few simple lemmas which are useful for section 2.3.

Lemma 72. Suppose we have two measures dv'(x) = v!(z)dzx and dv*(z) = v*(x)dz with support

intervals I, I? bounded by \a, \b and a,b respectively. If they are related by

7 (z) = ”2(‘?/”, A0, (D.1)

then their sequence of beta normalised measures have the relation

vl(r) = 2 (/) n=1,23,.... (D.2)

n

Proof. Using the definition of inner product, Eq. (1.9), and relation eq. (D.1), we find

b
(9o = / FM) g di (1), (D.3)

Hence we conclude

P,(dv';z) = P,(dv*;2/)) n=0,1,2,.... (D.4)
Using this relation and definition 5, we find

Qn(dV2§ z/\)

S n=0,1,2,.... (D.5)

Quldvt; x) =
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Similarly, we have from definition 24

dvt;z/\
o(dv';z) = M_ (D.6)
Finally, substituting Eq. (D.4), (D.5), and (D.6) into definition 32 we arrive at Eq. (D.2). O

Lemma 73. The sequence of beta normalised measures generated from a measure dv(x) = v(x)dx

are invariant under the mapping dv(x) — Adv(z), X > 0 while keeping the support interval I

unchanged.

Proof. Follows with a similar line of reasoning as for lemma 72. [
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Appendix E

Proof that the Relation between the
Stieltjes Transforms of two Consecutive

Measures is invalid for Gapped Measures

In the case of a gapless interval I = [a, b], the relation between the Stieltjes transforms of subsequent
measures, Eq (1.23): S,(z) = z — Ci(dp) — 1/S,(2), z € C — I is well defined because S,(z) does

not vanish on C — [:

Proof. Let z=xz+1y x,y € R,

SM(Z):/M_/W—Z?J/% (El)

T4y —t (x —1)2 + y? r—t)2+y?
Hence for S,(2) = 0 we need y = 0, thus z = x € C— I, however, under these conditions (z —t)u(t)
cannot change sign in ¢ € I, therefore S,(z) # 0. O

In the case of a gapped interval I = [a,b] U [c,d|, S,(z) the Stieltjes transformation is defined

by
Su(z):/bM—k/d pu(b)dt (E.2)

z—1 z—1

Unfortunately, this expression vanishes on a point in [b, c|

Proof. Taking real and imaginary parts of S,(z) followed by setting the imaginary part to zero,
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we find
&@:/W%%M®ﬁ+/(%%mwﬁ (£.3)

(z — 1) (z —1)?
where z = x € R — I. However, the numerators of the first and second integrals have a different
sign for € [b,¢|. Thus due to the continuity of S,(z) in ]b, [ and the existence of the limits

lim,_;, S, (x) = 400, lim, . S, (x) = —o0, there exists a point 2y in C—I such that S,(z) =0. O

Consequently, one cannot define a secondary measure which satisfies theorem 7, through this

relation because the Stieltjes transform must be holomorphic.
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