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Preface

The present dissertation concerns some theoretical and computational aspects of multispin dynamics,
mainly, in relation to magnetic resonance.

From the theoretical side, a general approach to quantum dynamics is taken where we slightly
revisit some concepts developed in the theory of open quantum systems [22] — which stem mainly from
the seminal works of Gorini, Kossakowski, Sudarshan [58] and Lindlad [97]. Here, it was necessary
to refine concepts like what it means, in general, for a quantum map to be completely positive. The
papers of Tong et al. [155] and Salgado et al. [138] proved pivotal in this regard. In this very process,
the distinction between universal dynamical maps (a concept borrowed from [132]) and non-universal
dynamical maps (introduced here by the author) is paramount.

Furthermore, the quantization of both the system of interest and its environment has been the
hallmark of the theory of open quantum systems (as developed from the ideas of Kraus, Gorini,
Kossakowski, Lindblad, Davies, Spohn, and other pioneers). In this work, we propose a way to extend
the application of the theory to those problems (for example, quantum dynamics of select systems in
condensed phases) in which it suffices to treat the environment at the classical level.

A perturbation scheme, which we have termed affine commutation perturbation (ACP), is also
introduced in this work. Unlike standard perturbation theory (where one has to go to at least the
first-order of the approximation in order to find some effects of the perturbation), the ACP scheme
makes it possible for some effects of the perturbation to be manifest even at the zeroth-order. Magnetic
resonance of multispin systems (with isotropic Hamiltonians') discussed in the work is used as proof
of concept for all the above theoretical endeavors.

Regarding the computational side, we have been mainly concerned with — what one could call —
‘counting problems’ usually encountered in multispin dynamics. One simple example is the problem of
determining the Clebsch-Gordan series (i.e. the distinct total spin quantum numbers and correspond-
ing multiplicities) arising from the coupling of an arbitrary collection of spins. Limit cases of these sort
of problems have been discussed in the literature [68, 108, 121, 169] from diverse perspectives. It is
shown here that the Holstein-Primakoff (HP) transformation [13, 70] offers an easy way to treat such
problems in the most general terms. In this dissertation, we give an introduction to the HP transfor-
mation which greatly differs from what is commonly offered in the literature. The connection between
this transformation (on one side) and the quantum harmonic oscillator and discrete mathematics in
general (on the other side), is greatly emphasized. We also show how the HP transformation may

be easily used to generate simple stick-plot magnetic resonance spectra of certain multispin systems

1In this work, we only consider isotropic multispin Hamiltonians.



under certain conditions.

The present dissertation is divided into five parts. Part I provides a quick overview of some fun-
damental concepts in quantum mechanics. The HP transformation is extensively discussed in Part II.
Concepts from the theory of open quantum systems like completely positive maps, universal dynamical
maps, quantum dynamical semigroups and quantum Markovian master equations are discussed in Part
III. This is where we also refine, to some degree, many of these fundamental concepts. Part IV brings
together concepts developed in Parts I and III. There, we introduce our proposal on how to still apply
many of the ideas and concepts from open quantum system theory (the Gorini-Kossakowski-Sudarshan-
Lindblad approach) even when the environment is treated at the classical level. In particular, we discuss
semiclassical quantum Markovian master equations and apply it to describe continuous wave magnetic
resonance of multispin spin systems. The ACP scheme is also introduced in Part IV. Conclusion and
perspectives on the work are given in Part V.

The author hereby declares that this thesis was composed by himself and the work explicitly stated

herein to be his are truly his own.

Verona, June 2020. Jerryman A. Gyamfi.
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That’s the way I see it.
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Part 1

Overview of Quantum Mechanics






This part of the work briefly revises the fundamentals of quantum theory.

The material presented here is taken from the author’s preprint:

[63] J.A. Gyamfi, Fundamentals of Quantum Mechanics in Liowville Space, arXiv:2003.11472,
2020.


https://arxiv.org/abs/2003.11472
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Chapter 1

Postulate I: State space and state

vector

The postulates of quantum mechanics are listed and formulated differently from author to author,
even though the contents fundamentally do not disagree. The presentation offered here follows closely
Ref. [114]. The first postulate defines the complex linear space in which one can describe isolated
(or closed) quantum systems — i.e. systems not participating in any kind of interaction with other
systems. (Some authors, for example [22], make a distinction between closed and isolated systems. We

shall use the two terms interchangeably.)

Postulate I: Let S be an arbitrary isolated physical system. Associated to S is a
Hilbert space referred to as its state space. The state of S can be completely described by

a unit vector |1)) of its state space. |¢) is called a state vector.

It is worth noting that, in the literature, the term ‘Hilbert space’ is often taken as synonymous with
(or used as a shorthand for) ‘state space’. This can sometimes be misleading because the notion of
Hilbert space is a very broad one. In fact, any linear space which is complete and endowed with a
norm is a Hilbert space [31, 39, 80, 110, 131, 152]. For the sake of clarity, we shall keep this distinction
in our discussion.

Let us focus now on the state space. We shall be concerned with only finite-dimensional state
spaces. So, let H, be a finite-dimensional state space of dimension d. Let |z) be a vector in Hg. |z)
is, thus, a (d x 1) column vector. In linear algebra, we would have indicated such a (d x 1) vector with
the bold symbol z or 7. But in quantum mechanics, we use what is called the Dirac bra-ket notation
[42], and indicate such a column vector with the symbol ‘|z)’, called a ket. The advantage of Dirac’s
bra-ket notation is that it works fine even for infinite dimensional Hilbert spaces and allows us to do
many interesting manipulations without much effort, as we shall soon see.

Associated with Hg is an adjoint space (or dual space), indicated as H}. There is a one-to-one
correspondence between the elements of Hy and H}: if |x) € Hg, then there exists its corresponding

element, denoted as ‘(z|” (called bra) in 7. The relation between the two is

(@] = |2) (1.1)
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where, for any matrix (vector or operator) A, ‘A’ indicates the conjugate transpose of A. We therefore
see that (x| must be a row vector of dimension (1 x d). (z| is also said to be the dual vector of |z).

For (y| € H} and |z) € Hq, (y| maps |x) to a scalar through the matrix product

(W) (=) =l =) - (1.2)

Equation (1.2) also defines an inner product (or scalar product) for H4 [31, 80, 131]. That is, given

two vectors |y) , |x) € Hg, we can choose their inner product to be defined as

(ly), 1)) = (yl z) . (1.3)

For separable Hilbert spaces, (1.3) is the commonly used inner product, and so shall we in the following.
Note that for |x) to be a state vector, according to Postulate I of quantum mechanics, |2) must be a
unit vector — meaning (x| z) = 1. The null vector of H,4, which we may indicate as |0, is the vector
whose inner product with any given element of H, is zero, i.e. (| z) = (x| 0) =0 ,V|z) € Hq. |0) is
simply the (d x 1) column vector whose entries are all zero.

The vector |x) can be expanded in any orthonormal basis {|¢,,)} (n = 1,...,d) of the Hilbert space
Hq. That is,

d
|z) = ch |én) (Pn] Snr) = Onns (1.4)
n=1

where the coefficients {c,} are complex scalars. Multiplying |x) in (1.4) from the left by (¢.,|, we get

d d
n=1 n=1

Equation (1.5) therefore gives a prescription on how to determine the coefficients {c, } given the generic
vector |z) and an orthonormal basis {|¢,,)}. For any given Hg4, there is an infinite number of possible
orthornormal basis {|¢,)} — which means there is also an infinite number of ways of expressing the
same vector |z) of Hgy.

If |z) is a unit vector, then (1.4) represents the state of an isolated system expressed as the linear
combination of other state vectors {|¢,)} (remember each |¢,) is a unit vector, thus a potential state
vector). In this case, Zi:l leal? = 1 (normalization condition). Furthermore, it must be empha-
sized that for a state vector expressed by the sum in (1.4), the state of the system is simultaneously
[d1) ..., |¢a), each to some degree; for each |¢,,), this degree is quantified by the respective coefficient
¢n, and we say there is quantum coherence between the components {|¢,)} [79, 140]. And |z) in (1.4) is
said to be a coherent superposition of the state vectors |@1) , ..., |¢q). We observe that the phenomenon
of quantum superposition is a basis-dependent one. This basis dependency plays an important role in
ongoing research aimed at explaining how the classical world we are used to emerges from the quantum
world [79, 139, 140].

1.1 The Hilbert space of linear operators O, and the extended
Hilbert-Schmidt inner product.

A vector |x) of Hq may be transformed into another vector |z’) of the same Hilbert space by means

of what is called a linear operator A, i.e. |x') = Alz). A linear operator A on H,4 is such that if
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|z),|y) € Ha, and c is a scalar, then

A(lz) + [y)) = Alz) + Aly) (1.6a)
Alclz)) =cAlz) . (1.6b)

One important operator we shall often deal with is the identity operator on H4, denoted as l;. When
applied to an arbitrary vector |x) € Hgy, 14 leaves the vector unchanged: i.e. |z) = lg|z), V]z) € Hg.
If we go back to (1.4), use the result in (1.5) — and the fact that as a scalar, ¢, commutes with the

vector |¢n), i.e. ¢n|dn) = |dn) cn—, we see that

d d
2) =Y |n)en =D |6n) (dul @) - (L.7)

Based on (1.2), we may rewrite (1.7) as

d
= (Z |¢>n><¢n> ) (1.8)

Since |x) is an arbitrary vector of Hg4, it follows that

d
lg = Z |¢n><¢n| . (1'9)
n=1

This identity is commonly referred to as the closure (or completeness) relation. Equation (1.9) is valid
for any arbitrary orthonormal basis of H4.

Certainly, for a given Hy there is an infinite number of linear operators one can define on it. These
operators also form a finite-dimensional complex linear space. Let it be denoted as O4. In reality,
there is a one-to-one correspondence between elements of Oy and (d x d) square matrices [80], so we
shall speak of the elements of 04 as operators or square matrices, interchangeably.

Just as we could expand any vector |z) € Hy in any basis of of the same linear space, we can also
expand any operator X € Oy in any given basis of H,;. What makes it easy to do so is the closure
relation in (1.9) and the fact that for any X € O, and integers n, m, the relation: I’ X1 = X always
holds. For example, say we want to expand the operator X € Oy in the basis {|¢,)}. Then, the

following identities follows:

d d
X =13Xly = <Z ¢n><¢n|> X (Z ¢n’><¢n’|>

n=1 n’'=1
d d

where (¢y,| X |¢,/) is a shorthand for the matrix product ((¢n])(X)(|¢n)). Since (¢ is a (1 x d)
matrix, X is a (d x d) matrix and |¢,,/) is a (d x 1) matrix, we note that the product {(¢,| X |¢n/) must

(1.10)

therefore be a scalar, and hence, commutes with both |¢,) and {¢,|. Thus,

d d
X = Z Z ¢n|X |¢n |¢n ¢n/| - Z Z X/ |¢n <¢n" (1'11)

n=1n’'=1 n=1n'=1
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where X, = (¢n| X |¢p/). The matrix product |¢,,)(¢,/| is between a (d x 1) matrix (on the left) and
a (1 x d) matrix (on the right), so |¢,)(dn/| is actually a (d x d) matrix just like X. In fact, |¢,){¢n|
is an element of Q4. If we should write down X as a (d x d) matrix in the basis {|¢,)}, we note that
X, corresponds to the matrix element at the intersection between the n—th row and n’—th column.
The sum of all the diagonal elements of X in the basis {|¢n)} is called its trace with respect to {|¢n)},
denoted Try[X]:

d
Trg[X Z (O] X [dn) - (1.12)

One important property of the trace is that it is independent of the basis. That is, if {|¢,)} and {|U,)}
are two independent basis of Hg4, the trace of X € Oy remains the same with respect to both bases.

In fact, from (1.12) we have

d

d
¢>n|X|¢>n Z (Gl 1aX |6n) = (¢n (Z |9r) >X|¢n>
n=1 r—=1

n=1

d d d

where in the last step we have used that fact that (¢, | ¥,/) and (9,/| X |¢,,) are scalars and therefore

Try[X] =
(1.13)

HM& i-

commute. Proceeding, we have

d d d
Try[X] = ) ( nX<ZI¢n %) = W | Xg|9n) = D (0| X [0r)

n’=1 n'=1 n’=1

(1.14)
= TI‘@[X] .

Given that the trace of X is independent of the basis, it is commonly indicated as Tr[X], without
specifying the basis.

The linear space Oy also has its corresponding adjoint space, which we denote as O}. As usual,
there is a one-to-one correspondence between the elements of O4 and O}: if A € Oy, then its dual is
At (e 03). Also, since it is a linear space, we would expect to be able to define an inner product on
Og4. The commonly used one here is the Hilbert-Schmidt inner product. If A and B are two elements
of Og4, then their Hilbert-Schmidt inner product is

(A, B) = Tr[BA'] . (1.15)

A and B are square matrices so (A, B) = Tr[A"B], due to a property of the trace functional which can
easily be proved. But on close examination, one observes that if we define an ordered inner product
(meaning, the position of the elements A, B are to be strictly maintained) as given in (1.15) (which
we may call ‘extended Hilbert-Schmidt’ to differentiate it from the conventional one), then the inner
product we defined for Hy, (1.3), is also of the same kind. Indeed, from (1.3) and (1.9), and the fact
that |x) = g |x), it follows that

d

d
(ly),lz) ) = (yl z) = (ylla|2) =Z (Y] bn)(én| ) :Z (@l @) (Y| ¢n) = Tr[la)(yl] . (1.16)

Thus, for both Hg and Oy, we have the extended Hilbert-Schmidt inner product, (1.15), as the chosen

inner product. Moreover, if {|¢,)} is an orthonormal basis for H4, then the set of operators {|¢, ) (¢pn/|}
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— where n,n’ = 1,2,...,d — constitute an orthonormal basis for O4: That is, any element of Oy4 can
be expressed as linear combination of the elements of the set {|¢,,)(¢,/|}. This is what we achieved, for
example, in (1.11). The orthonormality of the elements of {|¢,,)(¢n/|} can be verified with the extended
Hilbert-Schmidt inner product, (1.15). The linear space Oy is therefore complete and normed, which
makes it a (complex) Hilbert space. The dimension of the set {|¢,){¢n/|} — and, therefore, of Og —
is easily seen to be d?.

An important class of elements of Oy are the so-called Hermitian operators. An operator A € Oy is
said to be Hermitian if it coincides with its conjugate transpose, i.e. A = A'. It turns out that physical
dynamical variables of a system (like its total energy, magnetization vector, etc.) are represented by
Hermitian operators. The spectral decomposition theorem [39, 80, 110, 114] of quantum mechanics
asserts that given a Hermitian operator A € Oy there exists an orthonormal basis {|a,){a,|} of O4
such that

d
A= M lan){an] (an| Qnr) = g (1.17)
n=1

where the scalars {\,, } are real. The expansion in (1.17) is said to be the diagonal representation of the
operator A. The vectors {|a,)} are the eigenvectors of A and {\,,} are the corresponding eigenvalues;
indeed, if we multiply (1.17) from the right by |an), we get A|am) = Am |am) — which is a normal

eigenvalue/eigenvector equation.
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Chapter 2

Postulate 11

The second postulate asserts how the state vector of a closed quantum system evolves in time.

Postulate IT The state vector |i) of a closed quantum system evolves in time according

to the Schridinger equation:
d i
— =——H 2.1
Sy = HIY) (21)
— where £ is the reduced Planck constant; H is a linear operator called the Hamiltonian of

the quantum system and it represents the total energy of the system.

Because [¢) in (2.1) clearly depends on time, it is customary to indicate its time-dependence by writing
[¢) as [¢(t)). Suppose |1(t)) is a vector of Hy. If we choose to expand |4 (¢)) in the basis {|¢,)}, then

d
() = 1a|e(8)) = D |6n) (Dl ¥(1)) = D cnlt) [dn) (22)
n=1 n=1
where the coefficients ¢, (t) = (¢, | ¥(t)) are now time-dependent.

At first glance, this postulate may seem very limiting because no system in the universe can be
truly closed. In one way or the other, every system interacts with another system. Nonetheless,
Postulate II is the basis on which open quantum systems (i.e. quantum systems engaged in some
form of interaction with other systems) are effectively described. In fact, many approaches have been
devised for describing how open quantum systems evolve in time and they all start with Postulate II
by assuming the relevant system we wish to describe and the other systems with which it interacts
(collectively called the environment or reservoir) form a closed system. These approaches collectively

go under what is called theory of open quantum systems [162].

11
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Chapter 3

Postulate 111

To determine properties like energy or spin magnetic moment of a quantum system, we need to perform
some measurements on the system. These actions ultimately constitute some form of interaction with
the quantum system. In this sense, interaction and measurement are almost synonymous. It is thus
no wonder this third postulate is important to the theory of open quantum systems. Postulate III of
quantum mechanics is the quantum outlook on the process of measurements, and also introduces the

concept of ‘quantum measurement operators’.

Postulate IIT Let the outcomes of a (quantum) measurement be a countable set in-
dexed m, i.e. {ry,}. To each outcome r,, is associated an operator M, called measurement
operator. Let |¢) be the state of the quantum system at the instant immediately prior to

the measurement. Then, the probability p(m) that the outcome is r,, is

p(m) = (| M My, |4) (3.1)
and the new state |¢)') of the system immediately after the measurement is

oy = M) (3:2)
p(m)

If |¢) € Hq, then the measurement operators {M,,} are such that

> MM, =14 . (3.3)

m
Equation (3.3) is the completeness equation for the measurement operators {M,,}. It is important
because it indirectly instills the requirement that the probabilities p(m) summed over all m adds up
to the value 1. In fact, from (3.1), we have > p(m) = Y, (| M, My, [0) = (@] 32, M, M, [¢) =
(¢| ¥) = 1. Tt should be quite clear that the observable being measured and the nature of the quantum
system being probed determine the set {1, }.

Another concept central to quantum mechanics is that of expectation value (or mean value) of

a measurement. The expectation value of a measurement (related to an observable) is the average

outcome of the measurements. If the outcomes of the observable represented by the operator B are

13
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{Am} with corresponding probabilities {p(m)}, it is clear that the expectation value of the observable,
indicated as <B>, is the weighted sum

(B) =2 Am p(m) =D Ao (0 M}, My [v0) = (4] B ) (34)
where we have made use of (3.1), and have defined the operator B as

B = Z Am M M, with ZM,LMW =1y. (3.5)

Equation (3.5) is a more general operator representation of an observable in quantum mechanics (for
finite-dimensional state space). It is evident from (3.4) that the value <B> is always real. Note
that the measurement operators M,, may be Hermitian or not. As an example, consider the spin

angular momentum operator S, of an electron. We know the spin state space of the electron is a

100
sl ) 5

which is a Hermitian operator. Note that we if we take {|0),|1)} as the basis of the electron’s spin

1 0
1) = <0> 0) = <1> : (3.7)

h h
S. =511 — 5 0)(0] - (3.8)

two-dimensional Hilbert space and

state space, where

we may rewrite S, as

From (3.8), we can infer the outcomes {)\,,} of the measurement of S,, and their corresponding

measurement operators {M,,}. Indeed, we notice that (3.8) may be rewritten as

S, = Ao MIMy+ My MM, (3.9)
where
h
)\0 = —5 5 MO = |0><0| (3.10&)
h
A= +§ , My =11)(1| (3.10b)
and the completeness relation Mg My + M;r My = |5 is satisfied. For these particular measurement

operators, it is observed that M, M,,» = 0y m'M,,. Such measurement operators give rise to what is
called projective measurements [114]. Also, note that My and M; may be expanded in any basis of
our choice, but the fundamental structure of (3.9) remain unchanged. With the help of (3.10), one
can determine, for example, through (3.2) the probability of the outcomes A\g, A1 given any initial spin
state |1} of the electron.

As another example, consider an observable F' of the electron spin given by the outcomes {Ai}

and their corresponding measurement operators {o4}, i.e.
F= /\+ala+ +Aolo_ (3.11)

— where o4 = |1){(0] and o_ = |0)(1|]. We note that in this case the measurement operators are not

Hermitian (i.e. oy # UL) but, nonetheless, they satisfy the completeness relation for measurement

¥

operators, (3.3), i.e. ol oy + olo_ =1,



Chapter 4

Pure states, mixed states and density

matrices

The state of a quantum system (closed or open) may be pure or mized. It is pure when we have
complete information on it [19, 98, 140]. ‘Complete information’ in the sense that there is no classical
uncertainty as to what the quantum state is [98], so we can assign a single state vector |¢) to the
system. A classic way of illustrating this concept is through the Stern-Gerlach experiment, where a
beam of silver atoms is passed through an inhomogeneous magnetic field. The spin quantum number
of a normal silver atom is %, so in traversing the inhomogeneous magnetic field the beam is split into
two: one in which each silver atom has a spin magnetic moment of —l—%h (let us call it Beam 1) and
another in which each atom has a spin magnetic moment of —%h (Beam 2). Beam 1 can be collected.
The spin state of all the silver atoms in Beam 1 is completely known so the beam is in a pure (spin)
state. And we can assign a single spin state vector 1) to Beam 1. The same applies to Beam 2.

When we cannot assign a single state vector [¢) to the system because there is classical uncertainty
on the system’s quantum state, we resort to (classical) statistics to describe the state. The result is
what we call a mized state [19, 98, 140]. This is a collection of positive real numbers 0 < P, < 1
and their corresponding vectors |¢y) € Hy, where Py is the probability that the state of the quantum
system is given by the state vector |i). Mixed states are therefore typically expressed in the form
of the collection { Py, [¢x)} and they are symptom of the observer’s lack of complete information on
the quantum state of the system under study. Either P or [¢;) (or both) may depend on time.
Nonetheless, the condition ), P, = 1 always holds.

Given the mixed state { Py, |1x)}, where the state vectors |1;) form an orthonormal basis of H,g4,
we may introduce an operator p € Oy, the density matrix (or density operator), defined on H4 such
that

(Yl plw) = P, Vk . (4.1)

It is not difficult to realize that the operator p must be of the form

d
p="> Plvw) (Wl - (4.2)

k=1

Unlike the sum in (1.4), state of the quantum system as expressed in (4.2) is not one which is si-

15
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multaneously the {|i;)}. Rather, (4.2) expresses a classical mixture of states. Equation (4.2) is also
reminiscent of (1.17). Indeed, p is Hermitian and (4.2) is its diagonal representation. If we choose to

represent p in a different orthonormal basis — say {|¢,)} — , then, from (4.2) and (1.9), we have

p = Zpk |d|7/}lc wk“d—ZPkZZWn ¢n|¢k><wk|¢n><¢n‘

k=1 = n=1n’'=1
d d
=> > (ZPk (Snl 1) (W] ¢n1>) 60 (| (4.3)
n; nd—l k=1
= Z Z Pnn’ |¢n><¢n’| .

where we can see ppn = (¢dn|p|dn). Thus, in a different orthonormal basis, p ceases to be diagonal
even though the statistics of measurement outcomes remain the same. Such different representations
of the same density matrix p are related to each other through a unitary transformation. If the system
is isolated, with Hamiltonian H, and we take the time derivative of p(t), then, from (2.1) and (4.2),

we obtain J )
Zolt) = — [H.p(t)] (4.4)

where p is now written as p(t) to show its time-dependence and |¢g){(vg| — |Vk())(Wr ()| in (4.2).
(For any pair of operators A, B € Oy, their commutator [A4, B] is defined as [4, B] = AB — BA. And
their anti-commutator, [4, B],, is defined as [A, B], = AB+ BA. We note that [A, B] = —[B, A] and
[A, B]+ = [B, A]+.) Equation (4.4) is referred to as the Liouville-von Neumann equation.

Note that a pure state may also be expressed in the form of a density matrix. If the quantum
system is in the pure state |¢(t)), then { Py, [¥r)} — {1, |¢(¢¥))}, and so from (4.2), it follows that

p(t) = (@) W) - (4.5)

If we express this pure state density matrix in the basis {|¢,)}, for example, we get

d d
p(t) =a () WOa =D D |n) (ul ¥(1) ()] dnr) (D]
n=1n’=1 (46)

d d

with ¢pp (t) = (dn] w(t)><w(t)| ¢n/> = (¢n| p(t) |Ppn/). We recognize the similarity between the final
forms of p in (4.3) and (4.6). This tells us that the fact that a density matrix p has nonzero off-diagonal
elements (i.e. coherence) in a basis, does not necessarily mean it represents a mixed state. To check
whether a density matrix represents a mixed or pure state, one has to put it in its diagonal form,
(4.2): if there are more than one nonzero Py, then the state is mixed, otherwise it is pure. Put more
elegantly, p represents a pure state if its rank (i.e. the number of nonzero eigenvalues) is 1; if the rank

is greater than 1 then the state is mixed. Consider, for example, the following qubit density matrices:

1 et? 1 /2
= — = —3¥2sinf
p1 = <_fw N > p2 = ( fQS ) ° ) : (4.7)
2 2 2

where 6 is some parameter of the system. Note that both density matrices have the same populations

(i.e. diagonal elements), but p; is a pure state and po is a mixed state.



17

The fact that the rank of a pure state’s density matrix is 1 also leads to the assertion that Tr[p?] = 1
if p represents a pure state; while for a mixed state, Tr[p?] < 1. For p; and ps in (4.7), for example,
one can easily verify that Tr[p?] = 1 and Tr[p3] = § + 2sin®6 < 1.

The final problem we wish to attend to before moving on to the Liouville space formalism is
how Postulate IIT turns out when dealing with a mixed state {Py,|¢x)} instead of a state vector
|1). Suppose we have an observable B — described by a set of quantum measurement operators
{Mp, | Y, MY M, =15} and their corresponding outcome values {\,,}. We want to determine the
probability p(m) that the outcome of measuring B is A, given that the state of the quantum system
immediately prior to the measurement is given by the mixed state p = {Pg, [x)} — where the state
vectors {|¢y)} are assumed orthogonal to each other. Naturally, we have to apply Postulate III. The
only complication is that, contrary to what Postulate III originally describes, we are dealing here
with a collection of states { Py, [tx)}. But this is no complication because if immediately prior to the
measurement, the state of the quantum system is { Py, |1x)}, then the probability p(m) that we get
A, as the outcome is

p(m) = p(m|k) Py (4.8)
k

where p(m|k) is the probability that the outcome A, is a consequence of the quantum system being

in the state |¢;) immediately prior to the measurement. That is, following (3.1),
p(mlk) = (| M, My, |91, - (4.9)
Note, however, that
d
(i | ME, Moy |01} = (thre| \aMS, Moy |90y =D (k| ) (6| M, Mo, |11

; =t (4.10)
> " {n| M, My, [1h1) (tbr| ¢) = Tr [MLMm |wk><wk] :
n=1

Thus, p(m|k) = Tr [anMm |wk><'(/)k|:| and (4.8) may be written as

p(m) =) Tr {MJan |¢k><¢k|] Py =Tr {MLMm (Z |bw) (¥k| Pk) }
k

K (4.11)

=Tr [M:,LMM p} .

The expectation value <B> is still given by the weighted sum <B> = > . Amp(m), (3.4), as we saw

above. But now, introducing the expression for p(m), (4.11), we get

(B) = ; Am p(m) = ; Am Tr {anMm p] = Tr[ @; AmMjan> p]

=Tr [B p} .

(4.12)

Furthermore, we may be interested in what the mixed state p = { Py, |1x)} transforms into, immediately
after the outcome of the measurement of B, if the outcome is recorded to be \,,. Let us indicate this
new mixed state as py,. It can be shown that [114]

M, pM},

o) (4.13)

Pm =
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where p(m) is given by (4.11). (This may be verified by taking p to be a pure state, p = |¢)(¢|, and
using (3.2).) Suppose we do not record the outcome, so that we are ignorant of what the state of the
quantum system is immediately after the measurement. Then, it is easy to see that an effective way
to describe the new mixed state p’ is as a mizture of the states {p,,} with probabilities {p(m)}. That
is,

P = "p(m) pm =Y MppMj, . (4.14)

This is called non-selective measurement [69, 96].



Part 11

The Holstein-Primakoff

Transformation
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We introduce here the Holstein-Primakoff transformation and some of its applications in magnetic
resonance. Most of the materials presented here are original contributions of the author, and are taken

from the following publications/preprints of his:

[62] J.A. Gyamfi, An Introduction to the Holstein-Primakoff Transformation, with Ap-
plications in Magnetic Resonance, arXiv:1907.07122, 2019.

[65] J.A. Gyamfi, V. Barone, Magnetic Resonance, Index Compression Maps and the
Holstein - Primakoff Bosons: Towards a Polynomially Scaling Ezxact Diagonalization of

Isotropic Multispin Hamiltonians, arXiv:1803.10461, 2018.

[66] J.A. Gyamfi, V. Barone, On the composition of an arbitrary collection of SU(2)
spins: An Enumerative Combinatoric Approach, J. Phys. A: Mathematical and Theoretical
51(10):105205, 2018.

Notations and definitions

To make the concepts we will discuss later on more intelligible, it is important we get our terminologies
and notations in order now. For example, we shall often speak of multisets [148]. Unlike ordinary
sets where each distinct element must appear only once, in a multiset distinct elements can repeat
any number of times. A set therefore can only tell us how many distinct elements we have and
their identities. For instance, say P the set of the first four prime numbers; then, Py, = {2,3,5,7}.
Consider all the possible three digit (positive) integers we can create from the elements of Py. The
number "537" for example is a valid one. By representing the digits composing these numbers as
elements of a collection, we may write "537" as "{5,3,7}", using the set notation. In the same spirit,
{2,2,2},{3,7,7} and {5,7,5} are all valid. While {5,3,7} is a set, {2,2,2},{3,7,7} and {5,7,5} are
not, but are multisets. According to the criterion chosen to represent all possible three digit numbers
from the set Py, it is clear that the multiset {5,3,7} is different from {3,7,5}. Order is therefore
important here. Like a set, a multiset can also be ordered. If we are only interested in the number of
times a number repeats as a digit, then order is no longer important and so we may indicate "377"
and "737" as {3,7,7} or {7,3,7} or {7,7,3}, or — even more succinctly, using a customary notation in
multiset theory — {3, 72}, the exponent (or multiplicity) here indicates the number of times an element

repeats itself.


https://arxiv.org/abs/1907.07122
https://arxiv.org/abs/1803.10461
https://iopscience.iop.org/article/10.1088/1751-8121/aaa8fa/meta
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Consider now a multiset 2 = {j1,52,.-.,7i,---,jn} of N spins, where j; is the spin quantum
number of the i—th spin. In the following, we shall reserve the Latin letter ¢ to lower index A4’s
elements when the latter is expressed in this laborious manner. A more efficient way to indicate the
same multiset (if we are not interested in order as we are now) is to specify all the distinct elements and
their multiplicities. We shall use the Greek letter « to index distinct elements of the multiset. Thus, if
the spin multiset 4 has o distinct elements, then we can express 4 also as 4 = {jY=}, a =1,2,...,0,
where N, is the multiplicity of the a—th distinct spin quantum number. Naturally, N = >0 _| N,. It
is crucial to point out that two elements j; and j;» of 4 are distinct only if they correspond to different
spin quantum numbers — other characteristics of the spins (like charge, magnetic moment etc.) are
not of any merit whatsoever here. For example, the multiset 2 = {%9, 13} indicates any aggregate of
nine spin-1/2 and three spin-1; the actual composition could consist of, for instance, 1) nine electrons
and three protons, or 2) five '“Ng plus four muons — both spin-1/2s — and three '2N. nuclei (which
are spin-1) [51], etc.

A very important distinction is due here. A system of N spins whereby j; = jo = ... = jy = J
is termed as univariate spin system (USS) [66]. The multiset representation of the system is then
4 = {jN}. In a USS, the N spins could be mutually different in regards to mass, charge, magnetic
moment, etc. On the other hand, a system of identical spins (IS) [66] is a univariate spin system
whereby all the N spins share exactly the same intrinsic fundamental properties like mass and charge,
and are indistinguishable from one another when placed under the same external conditions. Thus, an
identical spin system is also necessarily USS, but a USS is in general not an IS.

In addition to the concept of univariate and identical spin systems, we also have equivalent spins
(ES). Consider a given multiset 4 = {j1,jo,...,jn} of spins. Say 4’ a submultiset of 4, i.e. every
element of 4’ is also an element of 4. 4’ is said to be a system of equivalent spins if every element of 4’
couples to all other elements of 4 and any external field in the same manner. Specifically, the elements
of 4’ are said to be equivalent if one cannot distinguish between them on the basis of their coupling
tensors with other spins and external fields. It mostly happens that equivalent spins are also identical,
but in principle they do not need to be. The concept of equivalent nuclei in NMR, for example, is just
a limit case of equivalent spins. If we take the methyl radical ‘CH; for example (assuming all three
hydrogen nuclei are 'H and the carbon atom is '*C), the spin system 4 = {ji1,ja, j3,ja} = {%4} is
clearly univariate; the three hydrogen nuclei are identical spins. The same trio of spins also constitute
a collection of equivalent spins when the system’s Hamiltonian is invariant under the operation of the
point group Cj.

Operators in Part II will be indicated with their usual hats while their matrix representations will
bear none: for example, the matrix representation of the operator o will be simply indicated as <.

If j; is the spin quantum number of the i—th spin, therefore a scalar (j; = %, 1, %, 2, g, ...), then
its corresponding spin vector operator will be indicated as J;, which, as we saw above, corresponds
to the sum: jl = jfex + jiyey + jfez, where jf, jiy, jf are the spin angular operators along
the respective axis and defined on the spin Hilbert space of spin ¢. In this article, we will not try to
indicate spin vector operators of electrons and nuclei with different symbols: they will all be indicated
simply as J i, and the index ¢ will serve the purpose of recording the specific identity of the spins based

on our chosen choice of integer-labelling of the latter.



Chapter 5

The quantum harmonic oscillator

The harmonic oscillator is perhaps the most important model in quantum mechanics. We are not
going to belabor it here as it is extensively treated in almost every textbook on quantum mechanics.
We only recall here that the Hamiltonian of a body of mass m tied to a spring able to move only in
one direction (let us call it the z axis) is [11]:

. )
7 + %MK? (5.1)

= 2m
where 2, is the linear momentum operator along the r—axis, Z is the spatial displacement operator
from the equilibrium position, and k is the force constant.
Since we shall be working in the position space, it is important to recall that the position eigenkets
{|z)} are such that [137]:
2 |z) =z |x) (5.2)

and they obey the orthogonality condition:
(2| ) = (2" — o) (5.3)

where §(e) is the Dirac delta function. If we multiply (5.3) by |2’} and integrate over the entire range
of z/ we get:

/dx’ |2") (2| ) = /dx’ |2y 6(z" — ) = |x) (5.4)
from which we deduce that:

/dx’ ) (2| = i (5.5)

where | is the identity operator. (5.5) is the completeness relation for the position eigenkets.
To study the behavior of the body quantum mechanically, what we can do is to solve the time-

independent Schrodinger’s equation for the body’s energy eigenkets, {|E)}:
A |E) = E|E)
P2 1 (5.6)
<m + Qkﬁt‘”Q) |E) = E|E)

2m

where F is the energy of the body. Note that we may expand |E) in terms of the position eigenkets:
|E) = /dx |z) (x| E) (5.7)

23
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where (||(z| E)||? dr) can be interpreted as the probability to find the body in any of the points between
x and = + dz given that its energy is E. The coeflicient (x| E) =: ¥g(z) is therefore the probability
amplitude, or wavefunction, in position space.

If we multiply both sides of (5.6) from the left by the identity operator [ dz|z) (x|, we obtain:

E> =-mds d s (x| E) [137], (5.8) becomes:

E> + %W (x| E>> - /dm|x>E<x\ E) . (5.8)

Making use of the fact that <x‘ P?

[iela) (G ) wto) = [ o) B vi(e) (59)

that is,
A ke )m) E ¥p(a) - (5.10)

The solution to this eigenspectrum problem is well known. The energy eigenvalues are found to be

parameterized by n [11, 93]:
1
En(n+2>hw, n=01,23,... (5.11)

Thus, Yg(z) = w(nJrl)hw(:zz), which may be simply written as 1, (). Since there is a one-to-one
2

correspondence between E and n (for fixed mass and force constant), we may henceforth simply

indicate |E) as |n). Moreover, it is found that [11, 93]:

Yn (@) = \/% (%)M H, (¢)e™¢/? (5.12)

where w = \/k/m, ( = zy/mw/k and H,(z) is the Hermite polynomial of order n in z.

At this point we may rewrite (5.7) as:

In) = /dx ) Y (2) (5.13)

where we have effected the substitutions |E) — |n) and (z| E) — ¢, (x). It is evident from (5.13)
that the wavefunction v, () is just the expansion coefficient when we expand |n) in terms of position
eigenstates. Naturally, (5.13) is not the only possible expansion we could think of. We could have

equally expanded |n) in terms of the momentum eigenstates (along the x— axis), i.e. {|py)}, where:

32:10 |p:1:> = Pz |pz> (514)

and,
(Pl po) = (% — pa) (5.15)
from which follows the completeness relation:

/ dp, 1p) (B =1 . (5.16)

In fact, introducing the momentum space completeness relation into (5.13) we get:

/dpm 2 (/dm (pz] ) (2 ) /dpx Pz) P (Pz) (5.17)
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where ¢,,(p,) is the wavefunction in momentum space. In complete analogy to v, (z), (||¢n(pz)||*dp)
gives the probability of measuring the body’s momentum to be between p, and p, + dp, if its energy

is fixed at E,,. We briefly mention that because (p,| z) = \/% exp (—2=2) [137], it follows that

0utp) = = [ exp (< 22) 4,0 (5.18)

which means ¢, (p,) and ¥, (z) are related through the Fourier transform, as one would expect.

The gist of the above arguments is that depending on the basis in which we expand |n), we get
different wavefunctions. The appropriate wavefunction to talk about depends on how we intend to
probe the quantum system: for example, if we intend to measure position given a fixed energy of the
system, then {9, (z)} are the wavefunctions to go with; if, instead, we want to measure momentum
then we need the {¢,(p,)}. But in all these discussions, the nature of the ket |n) remains the same
independent of whether we work in momentum or position space. As a matter of course, one might
then ask why don’t we just deal solely with the energy eigenkets |n) without resorting to wavefunctions
— and that is precisely the quintessence of the so-called second quantization scheme (also known as the
occupation number representation). When we expand |n) in some basis and then solve for the related
coefficients, or wavefunctions, as we did above, (5.10), we speak then of first quantization. Thus, in
first quantization, it is important to specify in which basis the expansion of the ket |n) is being done,
normally in position or momentum space (but, in general, in the space of either one of a canonically
conjugated pair of operators).

How then do we go about doing quantum mechanics without explicitly talking of wavefunctions?
In other words, how does second quantization work? To see how it works, let us go back to (5.6),

which at this point, we may conveniently write as:
H|n) = En|n) . (5.19)

Instead of trying to find an expression for |n), we take it as it is — viz. {|n)} are eigenstates of 7,
period. What we rather do is to rewrite the Hamiltonian % in terms of a set of mutually commuting
operators which have {|n)} as their eigenstates. It is worth noting that the eigenenergy E,, (5.11),
depends only on n and not on neither the position (z) nor the momentum (p,) of the body. Indeed,
the mathematical expression for F,, in terms of n gives important clues on how we may rewrite A in
such a way that the new operators in the latter do really have {|n)} as their eigenkets. If we combine

(5.19) and (5.11), we find that,
. 1
J |n) = (n + 2) fuww |n) (5.20)
which means that,
. L1
e (4 ) -
where &/ is, for now, an unknown operator with the following property:
A |n) =n|n) . (5.22)

Comparing (5.6) with (5.21), we find that:

R R 72
ﬂ—"””(v%”%‘@ h) (5.23)

2h wm?2  wm
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Traditionally, this form of o is less preferred because it obscures some interesting insights. Rather, it

is the factorized form:

o =a'a (5.24)
where [11],
g e (i )
a o7 (3&” mwgz) (5.25a)
mw [ 1
f= 2 (7 P 5.25b
“ 2h ( * mwgz ) ( )

that we prefer and use. The reason is that, despite the fact that the operators &' and & are not
Hermitian, they allow for transition between the eigenstates — so they are extremely useful when

discussing emission and absorption processes. As a matter of fact, one can derive that:
aln)=vnln—1) , a'n)=vn+1jn+1) . (5.26)
It is truly remarkable that the form A assumes in light of the operators @ and af, namely,
. US|
H=aa+ B hw (5.27)

appears in many problems in quantum mechanics. Perhaps the most important is the quantization
of the electromagnetic field, which was first done in the early years of quantum theory. There, one
sees that the Hamiltonian of the field becomes a sum over an infinite number of harmonic oscillators,
each representing a specific mode of the field. And the operators a' and @ are tasked with increasing
and decreasing by a quanta of energy their respective modes. Einstein had already discovered the
photoelectric effect and the notion of the electromagnetic field as being composed of particles called
photons was well established by then, so interpreting the operators G and @ as creating and annihilating
photons of certain momentum was leapt at very easily — thus their eponymous current names. Soon
after, the language introduced by the quantization of the electromagnetic field crept into all physical
problems where the Hamiltonian could be recast into the likeness of (5.27). In every instance (with the
exception of the harmonic oscillator), the particles which the creation and annihilation operators were
meant to create or annihilate were given a specific name. In the case of lattice vibrations, for example,
the particles are called phonons [93, 137]. In this narrative, the operator a'a is interpreted as counting
the number of particles occupying a certain state, hence its name occupation number operator, usually
indicated as 7. In this view, the state [n = 0) contains no particle, so we call it the vacuum state. The
absence of particles in the vacuum state, though, does not necessarily imply a state of zero energy.
As it mostly happens, it is characterized by a specific energy. For the harmonic oscillator, (5.11), this
vacuum energy corresponds to Fy = %hw And anytime a particle is added to the system, the energy
of the latter increases by AFE = fiw — which is commonly referred to as a quanta of energy. In addition,

we can imagine creating any state |n) from the vacuum state |0). It is easy to prove from (5.26) that:

n) = @) 0) (5.28)

The vacuum state of the harmonic oscillator can thus accommodate any finite number of particles,

hence the particles must be bosons. The normalization factor \/% can be interpreted as accounting for
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the indistinguishability of these bosons. (It is interesting to note the analogy here with the solution to
the Gibbs paradox.). The particle states {|n)} are the orthonormal basis elements of a vector space
called the Fock space [82, 93, 137]. In this space, two basis states |n) and |n’) are orthogonal to each
other if they differ in their occupation numbers. The Fock space for the harmonic oscillator is bosonic
because, as stated above, we can fill the vacuum state with any number of bosons. There are Fock
spaces where one cannot fill the vacuum state with more than one particle. These are called fermionic
Fock spaces, and the particles in question are fermions. Finally, we mention that from the properties

of the operators a' and @, (5.26), one derives the commutation relation:
la,af] =1 (5.29)

which can also be easily derived applying the definition of 4! and a given at (5.25).

In discussing the harmonic oscillator above, we made a very deep conceptual leap when we transi-
tioned from first to second quantization. This has to do with the interpretation of the integer n. Under
the first quantization scheme, n just indexed eigenfunctions like v, (x) and their respective energies
( (5.12)). But according to the second quantization scheme, we came to see the same integer n as
being an eigenvalue of the operator afa and also indicates the number of bosons occupying a Fock
space ket. Both interpretations are correct and can be used interchangeably. However, some caution is
needed in how far we drag the meaning of n together with the creation and annihilation operators in
second quantization. In general, the particles created or annihilated according to second quantization
represent excitations in the system under study. This is quite clear from the relation between n and
the quantum harmonic oscillator’s eigenenergy, (5.11): n indicates how energetically excited the state
of the oscillator is. And the notion of af and & creating and annihilating some bosons, respectively,
according to the second quantization scheme, is just a mathematical construct which provide an alter-
native way of talking about these same harmonic excitations. The same applies to lattice vibrations:
phonons, like the bosons for the harmonic oscillator, are just mathematically constructed particles
which occupation numbers represent excitations in lattice vibrations.

However, there are also many instances whereby these particles one get from second quantizing a
system are not just the fruits of some mathetmatical trickery, but are real particles to reckon with
in Nature. For example, photons represent the excitations in the electromagnetic field according to
second quantization, and are real. The Higgs boson represent excitations in the Higgs field, and it has
recently been detected experimentally. The electromagnetic field and the Higgs field are examples of
what we call quantum fields. In fact, all the elementary particles in physics (including the electron)
are excitations of a particular quantum field. The study of quantum fields and their excitations is the
subject of quantum field theory (QFT) [93]. We are not going to need QFT in the discussions that
follow, but it is important we bear in mind the episteme related to these particles which transpire
through second quantization.

To conclude this brief discussion on the harmonic oscillator and second quantization, we consider a
collection of noninteracting harmonic oscillators, say N in total. If we work in the occupation number

representation, the Hamiltonian here is a direct generalization of (5.21):

N
H =" (aiai + ;) hw; (5.30)
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It is then very easy to see that a generic state of the system can be expressed as [nq,ns, ..., ny) where
n; indicates the number of bosons present in the ¢—th harmonic oscillator. The (overall) vacuum state
of the system is the state in which n; = 0 for any given oscillator 4, i.e. |0,0,...,0), which we shall

simply indicate as |0). The eigenenergies are also easily found to be:
al 1
Eninaynn = ; <ni + 2) hw; (5.31)

The operators dj and a; operate only on the Fock space of the i—th oscillator, therefore such operators

with different indexes commute:

las, dir] = [aTaT} -0, [aaw =il (5.32)
As in the case of a single harmonic oscillator, the generic state |n1,na,...,ny) can be generated from
the vacuum state |0):
N i\,
a., i
|n17n27"'7nN>:H( ,L)' |0> : (533)
n;!
i=1 g
The generic multi-harmonic oscillator state |ni,ns,...,ny) is simply the direct product |n1) ® |n2) ®

...® |nn). The Fock space for this collection of oscillators is thus the vector space tensor product of
the Fock spaces of the separated oscillators. The collection of integers {ni,ns,...,ny} is an ordered
multiset: the first element denotes the number of bosons in the first oscillator, the second element is
the number of bosons in the second oscillator and so on. Each individual oscillator has its own vacuum
state, and each of these has its own energy content. The energy (Ep) of the overall vacuum state, |0),

is the sum of the energy of the various local vacuum states: Eg = % vazl hw;.
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The Holstein-Primakoft

transformation

Having discussed the harmonic oscillator, we are now ready to discuss the Holstein-Primakoff (HP)
transformation.

395
)92 27 29
states through a set of orthonormal states {|j,m)} which are each a simultaneous eigenstate of the

operators J2 and J*:

Given an arbitrary particle of spin-j (j = %7 1 ..), we commonly represent its spin quantum

T j.m) = j(j + DK |j, m) (6.1a)
J? |j,m) =mh|j,m) . (6.1b)

As we know, the possible values of the magnetic spin quantum number, m, depends on j and the
nature of j. If j is an integral integer, then m = £j5,+(j — 1),...,0, while for half-integral j, m =
+j,£(j—1),...,%£1/2. The fact that the values of m can be either: 1) all integral or, 2) all half-integral
integers, creates some discomfort when writing algorithms for doing computations on systems which
may potentially involve spin quantum numbers of different types. The ideal way to go about this
would be to have a simple way of representing the possible m values as function of some parameter
which is independent of whether j is integral or half-integral. In fact, for a given j, it is easy to verify

that the possible values of m can be simply expressed as:
m=j—n, where n =0,1,2,...,25 . (6.2)
Note that, alternatively, we could also have chosen the form:
m=j+n", where n' =0, -1,-2,...,-2j . (6.3)

However, the form given in (6.2) is preferred because the parameter n admits only nonnegative integers.
But another reason why we choose n ( 6.2) over n’ ( 6.3) is that the former allows a very natural
transition to the second quantization scheme, and, as we shall see shortly, this is what leads to the
Holstein-Primakoff transformation.

Indeed, the relation (6.2) implies that there is one-to-one correspondence between m and n for

fixed j. So instead of the eigenstates {|j,m)}, we can equally make use of the states {|j,n)} — which
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are also simultaneous eigenstates of J2 and JZ. Just as the states {|j,m)} are often simply indicated
as {|m)}, we will often indicate the states {|j,n)} as {|n)}. For example, for a spin-1/2, the states
|m = +1/2) and |m = —1/2) in the |m) representation become |n = 0) and |n = 1) in the |n) repre-
sentation, respectively. If the new states {|n)} bring to mind the simple quantum harmonic oscillator,

then you already get where this is going. In particular, if we combine (6.1) and (6.2), we get:
J* |n) = h(j —n) |n) (6.4)

where we have effected the transformation |j, m) — |n). Repeating the reasoning which led to (5.21),
we see that we may express j Z as

J*=h (j - BTB) (6.5)
where

bib|n) =nin) . (6.6)

In the language of occupation number representation, the operator btb is the occupation number
operator for some particles. The vacuum state of these particles, i.e. |n = 0), is seen to correspond to
the state |j, j); and as we increase n, m decreases by the same degree.

To delineate further the parallelism between this way of talking about spin states and the harmonic
oscillator, let us consider a single spin—j interacting with a static magnetic field B, = B,e,. The spin
Hamiltonian, as we know, is:

H = —yB,J* (6.7)

where v is the spin’s gyromagnetic ratio. According to (6.5), we can rewrite this Hamiltonian also as:

H = (j—BTl;)hw (6.8)
where w := —vB, is the Larmor frequency. And the eigenvalues of H are easily seen to be:
E,=0{—-—nhw. (6.9)

The quanta of energy is still fiw and the vacuum energy here is thus Fy = jhw. We also observe from
(6.9) that the occupation number for the particles which b'h counts indicates excitations in the spin,
just as we saw for the quantum harmonic oscillator (5.11). It is worthwhile to point out that while
the vacuum state of the harmonic oscillator is a true ground state (that is, the state with the lowest
energy), in the present case, the vacuum state |0) is not always the ground state. Here, |0) is the
ground state only when > 0, while for v < 0 the |0) corresponds to the highest excited state.
Equations (6.9) and (6.8) rightly reminds us of (5.27) and (5.11) from the harmonic oscillator
problem, respectively. In addition, the operators bt and b have the same properties as the af and a

encountered when we discussed the harmonic oscillator, respectively, (5.26); namely:

bln) = vnln—1) , 1<n<2j (6.10a)
biln)=vn+1iln+1), 0<n<2j—1 (6.10D)

where the ranges on n have been set so as to remain consistent with (6.2). The above bounds imposed
on n mark a very important difference between the new states {|n)} for the spin and those for the

quantum harmonic oscillator. We shall come back to this point very soon.
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Equation (6.5) gives a second quantization representation of the spin operator J # but this is not
enough to allow us to fully do spin dynamics in second quantization. We also need to express the
operators J* and JY in terms of the operators bt and b. To achieve this, it is rather convenient to
deal with their linear combinations J* = J% +iJ¥. From the theory of angular momentum, we know
that, for example [137, 170],

I m)y =r/(—m)(G+m+1)|m+1) . (6.11)

From (6.2), we have that if |m) — |n), then |m + 1) — |n — 1), therefore (6.11) in the occupation

number representation becomes:

Tty = FHO080) n) = k25 — (n— 1)V |n—1) (6.12)

where ft(bt,b) is simply the operator J* written in terms of bf and b. Our objective is to find
FH(bt,b). From the first equation of (6.10a), we note that:

FHOT,0) ) = /25 — (n—1) b|n) . (6.13)

Given that b|n) o |n — 1), and the final state must remain |n — 1), the operator which generates the
coefficient y/2j — (n — 1) must be in function of the occupation number operator, b'b, (6.6). We are

then lead to the conclusion that:
It =n\/2j - bbb . (6.14)

Since J~ and J* are Hermitian conjugate of each other, it follows immediately from (6.14) that:

T~ =hbt\/2j —bTh. (6.15)

Equations (6.5), (6.14) and (6.15) constitute the Holstein-Primakoff transformation. In the HP trans-
formation the usual spin operators J z J v, J# are all written in function of a single operator bt and
its Hermitian conjugate, b. The particles which b (b) creates (annihilates) are called the Holstein-
Primakoff bosons. We emphasize that the HP bosons simply represent spin excitations, and we should
not go beyond this interpretation. Interestingly, while J* |m) o |m +1) and J~ |m) o |m — 1), we
observe from (6.14) and (6.15) that J* |n) o [n — 1) and J~ |n) o |n + 1), which is consistent with
the fact that an increase in m implies a decrease in n and vice versa (because the sum m + n is con-
served, (6.2)). Therefore, the operator J* (unlike b') annihilates HP bosons, but J~ creates them.
In complete analogy to the m—representation where we know J* cannot increase the magnetic spin
quantum number m of the state |m) indefinitely, in the occupation number representation J+ cannot
annihilate the HP bosons indefinitely but ends when n = 0, which corresponds to the HP vacuum state.
Analogously, J~ can fill the vacuum state with a maximum number of HP bosons, namely, n = 2j.
This limit is set by the operator /25 — bth in the definition of jﬂ (6.15). This is all consistent with
(6.2) where it was evident that n is a nonnegative integer, and whose range is bounded by the spin

quantum number j: 0 < n < 2j.



32 Chapter 6. The Holstein-Primakoff transformation

From (6.5), (6.14) and (6.15) we also derive the following:

27 — bth b+ bt /25 — bt
e —p ¥ ’ (6.164)

- 2
R 2j — bth b— bt /25 — bt
JV=n 5 (6.16b)

Jr=nr%G+ 1)l . (6.16¢)

4

Most importantly, one can verify that the Holstein-Primakoff transformation preserves the commuta-

tion relations:

72,9%] = inen 3 (6.17)

or their equivalent:
|77, 5%] = +ng* (6.182)
(74,57 =205 (6.18b)

where a, 3 and v represent any of the three directions z, %,z and €*#7 is the three-dimensional Levi-
Civita symbol. Hence, working in the HP representation is just the same as in the m—representation,
in the sense that the physics does not change.

In analogy to the quantum harmonic oscillator, the HP spin states {|n)} can all be generated from

the vacuum state |0):

=0 o<n<y (6.19)
T , <n<2j. .
We could also obtain |n) from |0) by applying repeatedly J . This has the advantage of incorporating

inevitably the bound on n. Certainly,
j— n
Indeed, the following identities can be easily proved:
()
h
In) = —==10) (6.21)
nhy/ (%)
Py (25 4+ k=o)L
ny = L BT ER OOV ey (6:22)
nty/ (%)
. (I;T)n
ny =A(j,n 0 6.23
) = AGim) 210 (0.23

where, the operator A(j, n) is defined as:

o JC

A(G,n) = —F7—— (6.24)

()
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and where ((fb)) is defined as:

((::L)) :: x(z + 1)(J;+2T)L!...(sc—|—n— 1) . (6.25)

x in (6.25) can be a number or an operator. For a nonnegatve integer x, ((Z)) is what we call the
multiset coefficient (read as "z multichoose n") [148], and it gives the number of combinations of length
n we can get from a set of = elements, if we allow repetition of elements and disregard order [148].
For example, the multisets of cardinality 2 we can get from a set of cardinality 3 like {i,j, k} are:
{i,i}, {4, 5}, {i, k}, {4, 5}, {4, k}, {k. k}; so (3) = 6, which can be checked from (6.25). By definition,
((‘””)) =1 when n = 0 and « is a scalar; while ((fb)) =1 when n = 0 and z is an operator. To prove

n

(6.22) and (6.23) from (6.21) the following identity is very useful:

(6125 — bh = \/2) + k — btb (B1)* (6.26)

for nonnegative integer k. The identity can be easily proved using the properties of the operators bt
and b, (6.10a).
The operator A(j, n) defined in (6.24) is a very interesting one. It can be easily shown that:

. [n) | if0<n<2j
AGon) In) = . (6.27)
nonexistent , otherwise

Equation (6.23) is very telling: % |0) certainly yields the quantum harmonic oscillator state |n) —
(5.28). So, for now, n can be any nonnegative integer, just like with the quantum harmonic oscillator.
But by multiplying % |0 from the left by the operator A(j,n), we restrict the range of values for n
to 0 < n < 2j. Evidently, A(j,n) plays the role of a "cut-oftf" operator: while it forbids n from being
outside the range 0 < n < 2j, it reduces to the identity operator when n is within the same range.
Interestingly, this observation on the properties of A( Jj,n) entails a very peculiar implication. It begins
with the observation that,

lim A(j,n) =1 (6.28)

j—o0
according to (6.24). But if A(j,n) becomes the identity operator for any occupation number n, then
there is a one-to-one correspondence between the states {|n)} in (6.23) and the quantum harmonic
oscillator states {|n)} we saw in (5.28). This means that the eigenvectors of the quantum harmonic
oscillator are the same as those of a spin-oo particle in Fock space [66]. Conversely, we can interpret the
Fock space in which the spin states {|n)} are defined as a truncated version of the quantum harmonic’s
Fock space by means of the the operator A(j, n).

The next chapters of Part II dedicated to multispin systems notwithstanding, we briefly introduce
the topic here. Given an arbitrary finite collection of spins, their spin quantum numbers form a
multiset, which we shall indicate as 4, i.e. 4 = {j1,52,...,jn}. Multispin states are normally
indicated in the m—representation either using the coupled or uncoupled representations [170]. In the
latter, the states, {|j1m1, jama, ..., jnmny)}, are simultaneous eigenstates of the individual jf and jf
operators. In the HP occupation number representation, |jimq,jams,...,jnmy) — |n1,na,...,nN),
where n;, 0 < n; < 2j;, is the number of HP bosons introduced into the HP vacuum state of the

i—th spin, and N is the total number of spins. Each possible combination of occupation numbers
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{n1,n9,...,ny} also forms an ordered multiset and corresponds to a specific multispin state. The
overall HP vacuum state is obviously the |ni,na,...,ny) state with n; = 0 for every ¢. If we indicate
such state as |0), it trivially follows from (6.23) that:

A T 6™
In1,na, ... onn) = A, nas i) [ 2= 10) (6.29)
i V!
where,
WICRSD)
(s sivnw) =[] = (6.30)
i=1 (’I’L,,)
If we consider a multiset of noninteracting spins 4 = {j1, jo,...,jn} placed in a region with static

magnetic field B, = B,e,, the multispin Hamiltonian of the system is a facile generalization of (6.8):

=3 () (631)

and the eigenenergies are simply:

N
Erynareomn = O, (G = 1) By (6.32)

i=1

and the total vacuum energy is Fo = ), jiiw;. Like the single spin HP vacuum state, the multispin
analogue is not necessarily the ground state. To get the ground state from |0), one needs to fill all
localized vacuum states characterized by nonnegative w; (i.e. negative ;) with HP bosons to their

maximum capacity and leave those with negative w; empty.
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Index compression maps

7.1 Introduction

We have seen that the uncoupled representation of the multispin states associated with 2 = {j1, ja2,...,jn}
are {|n1,n2,...,ny)} in the HP occupation number representation, and the possible occupation num-
bers (n1,ng,...,ny) are multisets of integers. To effectively discuss multispin dynamics, it is con-
venient to have a reasonable shorthand for indicating a generic state |n1,ng,...,ny). The so-called
index compression maps are devised just for this purpose and they will be our first order of business
in this section. In the second part, we will analyze the eigendecomposition problem for some general

forms of isotropic multispin Hamiltonians using the HP representation.

7.2 Index compression maps

A detailed discussion on index compression maps is beyond the scope of this article, so we are going to
keep the mathematical details to the minimum. We will concern ourselves here with only one special

kind of index compression maps, denoted ny. For more on index compression maps see [65]. Given a

spin multiset 4 = {41, j2,...,jn}, the index compression map, 79, maps each possible combination of
occupation numbers (n1,ns,...,ny) to a unique integer of the set {n}. The mapping is one-to-one.
7o is simply a function which has the HP occupation numbers n1,ns,...,ny as variables. To be more
specific:
N
n:no(nl,ng,...,nN):ZWRJ;'n,; . (71)
i=1
where,
N—i
Wri=0n:+(1—0n,) H itk (7.2)
k=1

where 6; i is the Kronecker delta and d; is the dimension of the spin-i’s spin Hilbert space, i.e. d; =
2j; + 1. In more comprehensible terms, for i # N, Wg; is the product of all the d;; with ¢’ > 4; while
for i = N, Wg,; = 1. For instance, Wr 2 = ds - ds---dn. In the same spirit, Wg o then corresponds
to the dimension Dy of the entire spin Hilbert space of the multispin system. We thus infer from
(7.1) that the possible values of n are: 0,1,2,...,(Dy — 1)[65]. Note that since each of the states
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|n1,ng,...,nN) constitute a basis for the multispin Hilbert space, the dimension of the latter must
coincide with the number of all possible combinations of the HP occupation numbers {n1,ns,...,ny},
which is precisely Dy . These combinations are ordered and restricted: restricted in the sense that for
each n;, 0 < n; < 27;, as we mentioned above. The range of n is thus consistent with the dimension of
the multispin Hilbert space.

We adopt the following notation: if n is related to the multiset {nq,ns,...,ny} through the index
compression map 7, (7.1), then we shall write the ket |ny,ns,...,ny) as [n). The integers n will be
indicated with the font O,1,2,3,... to differentiate them from the single spin states. The complete HP
vacuum state of the system always has n = 0, and so |0,0,...,0) — |0), consistent with our previous
notation for this particular state.

Consider the deuterated hydroxymethyl radical (‘CH,OD), for example. There are only four
nonzero spins we need to take into consideration for the simulation of its ESR spectrum: 1) the
radical electron, 2) the first hydrogen nuclear, 3) the second hydrogen nuclear, and 4) the deuterium
nuclear. If we number the spins according to the same order, then the spin multiset in this case is

a4 ={j1,j2, 73,4} = {3, 3,3, 1}. And from (7.1) we can write:
n=12n; + 6ng + 3nz +ny4 . (7.3)

In table 7.1 the elements of 'CH,OD’s spin Hilbert space basis in the uncoupled representation
(|mq,ma, ms, my)) are translated into the HP occupation number representation (|ny, ng, ng, n4)), and
their respective shorthand notation |n) according to the index compression map 7 is also given. As one
can easily observe, the relationship between the integers n and the occupation numbers (n1,ng, ns, ny)
according to the mapping 7 strictly depends on how we label the spins.

It is interesting to note that once we know the labels on the spins from the multiset 4 = {j1, j2,...,jn },
we can determine the corresponding HP occupation numbers ni,ns,...,ny for any given n. This is
because the map 79 is invertible and has a unique inverse: nal(n) = {n1,n9,...,nn}. In this sense,
(7.1) can be viewed as a linear multivariable Diophantine equation in the variables ny,ns,...,ny. The
problem is somehow complicated by the fact that each variable n; is restricted to a specific range. In
any event, there is a simple algorithm one can follow to solve (7.1) for nq, no,...,ny when n is fixed. It
goes as follows: Find the integer n1, 0 < n; < 2j;, which maximizes the product Wg 11, but still keeps
the latter less or equal to the given n; find then ny in the range 0 < no < 2j5 which maximizes the sum
Wr,1 11+ WR,2 - na, still keeping the sum less or equal to n. Continue with the procedure till you get
to ny. In the particular case where along the way you get to a certain occupation number ny, where
n1 < ng <ny,such that N =Wg1-n1+Wpgo-na+...+Wg i -ni, then ngq =ngqo=... =ny =0.

For instance, say we want to find the HP occupation numbers n1, no, n3, ns corresponding ton = 11
for the "CH,OD radical (assuming we maintain the same choice of spin labelling as done above). This

amounts to solving the Diophantine equation:
11 = 12n1 + 6ng + 3ng + ng (7.4)

in accordance with (7.3), knowing that nj,na,n3 can be or 0 or 1, while ny can be any nonnegative
integer not greater than 2. According to the algorithm discussed above, we see that n; must necessarily

be 0, ng and ng must be 1 and, finally, ny = 2. Thus, [11) = |0,1,1,2), which is in agreement with
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[my, ma, mg, ma) | |n1,n2,n3,n4) | [N)
[+1,+1, 42 +1) | 10,0,0,0) 0)
[+1,+1,+4,0) 0,0,0,1) | 1)
+1 43,41 1) | 10,0,0,2) | [2)
41,44, -1 +1) | 10,0,1,0) 3)
I+1,+4,-1.0) 0,0,1,1) |4)
[tz +3,-5,-1) | 0,0.12) | [5)
42, -3, 42,410 | 10,1,0,0) 6)
41, —1 +1.0) 10,1,0,1) 7)
[ESS R N 0,1,0,2) 8)
[+1, -1, -1 41y | 10,1,1,0) 19)
[+5-3-30) | I6LLL | 1o)
[+2. -3 -5 -1 | 0.1,1,2) | [11)
-1 41+ 41) | [1,0,0,0) | [12)
-1, 41 +1.0) 11,0,0,1) 113)
=141 45, -1) 11,0,0,2) 114)
-1, 4L, -3 4+1) | 11,0,1,00 | |15)
~1.+1 -1 0) 11,0,1,1) |16)
[~ | oL )
-1, -1 41 41) | [1,1,0,0) | [18)
|_%’_%,+%,0> [1,1,0,1) |19)
-1 14l 1) 11,1,0,2) |20)
-1, -1 -1 41) | 1,1,1,00 | [21)
-1, -1 -1 0) 11,1,1,1) |22)
“bbop-D| Ly |123)

Table 7.1: Basis kets of '‘CH,OD’s spin Hilbert space in the uncoupled representation
(Jmy, mg, ms, my)), the HP representation (|n, ng, ns, nq4)) and their shorthand notation |n) according

to the index compression map 7g.

Table (7.1). It therefore goes without saying that by means of the map 79, we can easily encode
multispin states in the form of integers, and the decoding process is as easy as that of encoding.
Before moving on, we point out that, unlike the multispin HP boson Fock states, the map 7y cannot
be applied to the boson Fock states for a finite collection of quantum harmonic oscillators (not even
for a single oscillator). This is because the single spin HP boson Fock spaces we encounter in Nature
are always finite in dimension (due to the action of the operator ]\(j, n), (6.27)) — this is in stark
contrast to the boson Fock space related to a single quantum harmonic oscillator, which is of infinite

dimension.
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Chapter 8

Eigendecomposition of isotropic
multispin Hamiltonians in the absence

of an external magnetic field

8.1 Introduction

We discuss here how the HP transformation and the index compression map 7y can be deployed to
solve the eigendecomposition problem for isotropic multispin Hamiltonians. One of the advantages of
the HP transformation is that it has the tendency of making it possible to find analytical solutions to
seemingly intractable problems. This analytical element can be very useful when writing algorithms

for multispin systems.

Symmetry arguments cannot be ignored in problems like the one we are about to discuss, and we
will greatly make use of them. But it is important to note that symmetry arguments can get us to
confidently reach certain conclusions without sharing light on how to effectively carry on the needed
calculations. This is where the HP transformation and the index compression map 7y come to our aid.
To make the symmetry arguments more intelligible we are not going to consider the general isotropic
multispin Hamiltonian in the presence of a static magnetic field straightaway; we will leave it till the
next chapter. But along the way, we will discuss various symmetries and analyze the spin Hamiltonians

we encounter with the help of the HP transformation and 7.

Without loss of generality, we have set & =1 in the following.
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8.2 The isotropic multispin Hamiltonian in the absence of an

external magnetic field

The isotropic spin Hamiltonian J?gpm_spm of an arbitrary collection of spins 4 = {j1,72,...,jn} in

the absence of an external magnetic field takes the form [32, 61]:

. SN P B

Hspin—spin = ZTi,i’Ji T = ZTH' [ijﬁ +3 (iji, +J; Jj)] . (8.1)
>4/ P>

H pin—spin. manifestly remains the same in all directions (rotationally invariant). Not surprisingly, it

is a zero rank spherical tensor operator. Another way of proving this is by recalling the definition of

spherical tensor operators. A spherical tensor operator of rank k can be defined as an operator with

(2k + 1) irreducible components which obey the following commutation relations [137]:

[jz,fq(k)} = hqT ) (8.2a)
(7%, 10| =/ F )k Ea+ DI (8.2b)

with £ = 0,1,2,... and —k < ¢ < +k. (Spherical tensor operators are often defined according to
how they behave under rotation [170]. This involves the use of Wigner matrices and we would like to
avoid them for now. We therefore stick to the definition above, which is much simpler to handle.) For
example, if we compare the commutation relations in (6.18) with (8.2), we note that the trio J*JE

must be proportional to the components of a rank k = 1 spherical tensor. Indeed, if we set:
I =gs I8 =F=J* (8:3)

we see that the relations in (8.2) are perfectly observed.

Going back to %pin_spin, it can easily be verified that:

[jtzot, %Zspm—spm] =0 (8.4a)
(it Hpin-spin] = 0 (8.4b)

where, J72; = Zfil J7 and JZ, = Zf\;l J*. In line with (8.2), we observe that since pin_ spin is
not a null operator, (8.4) hold only if %%pm—spm is proportional to a zero rank tensor (k = 0). From
(8.4b), we also derive that:

{jtﬁt, %Spin—spin} =0 (8.5a)
{j;gt, %’Zm,sm} —0. (8.5D)

The conclusion we draw from the commutation relations stated in (8.4a), (8.5a) and (8.5b) is that the
total spin angular momentum must be conserved along the three axes, just as one would expect from
a rotationally invariant operator like c%%pm_spm. The operators Zﬁt, z%t, jtf)t are thus constants of
motion for an isolated spin system whose spin Hamiltonian is given by jiipm,spm. Note that any
linear combination of these three operators is also a constant of motion. Thus, the total spin angular
momentum vector operator J tot, for example, is also a constant of motion. Not only that: any

operator of the form X”, where r = 1,2,3,... and X is any of the operators jtot, ngt, jtyot, jtzot, is
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also a constant of motion. The same applies to any linear combination of such powers of operators.
However, not all pairs of operators of this vast family of constants of motions commute with each
other. For example, j;gt does not commute with j;ét This is crucial because the easiest way to
determine the energy spectrum of j@pm—sm‘m for example, is to express it as a function of a subset
of mutually commuting operators which belong to this infinitely numerable family of constants of
motion. Unfortunately, as far as we know at the moment, %%pm,spm as given in (8.1) fails to succumb
to this mathematical contrivance due to the arbitrary difference between the coupling constants {T; ;- }.
Numerical diagonalization of %, — spin, therefore, seems the most reasonable route to the eigenvalues
and eigenvectors of jfimn_ spin, especially when dealing with multispin systems.

To find the eigenvalues and eigenvectors of J%pin—spin, We can choose to simply take the whole
Hpin—spin and diagonalize it using some standard software or algorithm (we may call this the ‘tout
court’ approach). For very large #pin—spin, this route is hardly taken. The other approach is to
first divide J%pin—spin into independent sub-units and then proceed with the diagonalization of each
sub-unit. The HP transformation and the index compression map 7, discussed in Chap. 6 and Sec.
7.2, respectively, enables us to break %, spin into sub-units in a computationally efficient manner.

First of all, consider two arbitrary multispin states |n) (= |n1,...,ny)) and |n') (= |nf,...,nl)).
From (8.4a), we have that:

<n‘ [jtitv t%%pinfsm'n}

n’> ~0. (8.6)
Given that,
N
T =3 (5= 810i) = o = A (8.7)
i=1
(where Jy = Zf;l ji is the total spin of the system, and A = Zfil bIb; the total HP bosons occupation

number operator), we note that — as one would expect — the kets {|n)} are eigenvectors of J7,:
Jior N1+ nw) = Jior [N) = (Jo = n)[m) (8.8)

where n = ZZJ\LI n; is the total number of HP bosons contained in |n). In light of (8.8), (8.6) reduces

to the form:
(TL - TL/) <n‘ %pinfspin

n’> =0 (8.9)

where it becomes evident that <n’ j@pm_smn

n’ > = 0 when n # n’. In other words, a necessary

but not sufficient condition for the matrix element <n‘ ji’gpm_ spin

n’> to be nonzero is that the two
multispin states [n) and |n’) are represented by the same total number of HP bosons. The total
number of HP bosons is thus conserved for a spin system with Hamiltonian %pin,spin, (8.1); i.e.
{e/i? , «%%spm—spm} = 0 (this commutation relation easily follows from (8.4a) and (8.8)).

The importance of the relation in (8.9) even goes further than what we have concluded so far.

Indeed, if <n

number of total HP bosons, it implies that in the matrix representation of c%zspm_spm according to the

Hapin—spin |N > is identically zero for any pair of states |n) and |n’) with different
basis {|n)}, the matrix elements between states with the same total number n of HP bosons constitute
a block which is orthogonal to all other possible blocks characterized by a different total number of
HP bosons. In other words, if we decompose the Hamiltonian %pin_spin in the basis {|n)}, all the

multispin states |n) occupied by the same total number n of HP bosons compose a subspace B,, of the
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HP bosons Fock space, and subspaces characterized by different n will be orthogonal to each other, i.e.
B,, L B, if n # n'. But since there is a one-to-one correspondence between the states {|n)} and the
normal multispin states {|jimi,...,jymun)}, it means that the normal multispin Hilbert space of the
system is also decomposed into orthogonal subspaces in similar fashion. In more concise mathematical

terms, the subspace B, is simply the set of kets defined as:
By :={n) | A |n)=nn), 0<n<(Dy—1)} (8.10)

(recall Dy is the dimension of the Hilbert space).

It is only natural at this point to ask ourselves to determine the range of n for a given multiset
4 of spins. Since n = Zfil n;, and 0 < n; < 27;, it is clear that 0 < n < 2Jy. Consequently, for a
given collection of spins whose Hamiltonian operator is the ¢ = 0-th component of a rank %k spherical
tensor (see (8.2)) like jﬁpm_spm, the system’s Hilbert space can always be decomposed into (2Jy + 1)
orthogonal subspaces. This particular observation is far from new: as a matter of fact, it is well
known that whenever an operator commutes with jfm the total spin magnetic quantum number M,
is conserved — which leads to the creation of orthogonal subspaces each characterized by a particular
M,. Since the total spin is Jp, the range of M, is —Jy < M, < Jy, which means there are (2Jy + 1)
distinct possible values of M., hence (2Jy + 1) orthogonal subspaces. Indeed, as it follows from (8.8),
the connection between M, and n is very simple: M, = Jy — n. Nonetheless, the use of n is far more
convenient computationally than M, because, unlike M, whose values can be either all integers or all
half-integers, the possible values of n are always nonnegative integers, independent of the collection of
spins at hand. This is not the only advantage of using the HP transformation, and we shall discuss
others shortly.

The realization of the orthogonal subspaces {B,} also implies that the matrix representation of

fépm—spm, Hpin—spin, 1S block-diagonalized in the basis {|n)}. In fact, the relation

Bo

2Jo
%pinfspin = @ﬁn :dlag (*@()a'@la"w%Z]o) = (811)

n=0

Bo.j,

holds true. The block matrix 4, collects the matrix elements of Jfgpm,spm between kets belonging

to the subspace B, i.e.
e@n = {<n’ %pin—spin

Given a multiset 4 of spins, we shall indicate the dimension of the block matrix %, as {14 ,, which is

n’> ‘ vn,n' € Bn} : (8.12)

also the dimension of the orthogonal subspace B,,. Thus, for consistency,

2Jo
Dy=> Qan. (8.13)
n=0

The very crucial implication of (8.11) is that the eigendecomposition of 7 pin—spin can be equally

achieved by eigendecomposing each %, independently, with the benefit of reducing the computational
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cost (in both computing time and memory). If the computational cost of the eigendecomposition of
a square matrix of dimension M is O(MP) (in most cases p =~ 3), we see that the computational
cost of eigendecomposing 9, ,in—spin tout court is (’)(Df;_t). In contrast, if we choose to determine
the eigenvalues and eigenvectors of J%p;,—spin by eigendecomposing the block matrices %,,, then the
computational cost turns out to be: O(Q} o) +O(Q 1) +...+0(2 5;,)- Due to the relation in (8.13),
it is patently obvious that for p > 1,

O(Dj)) > O(Q5 ) + O(Q 1) + ... + O(55,) (8.14)

which confirms our assertion that eigendecomposing the block matrices %, costs less than the tout
court eigendecomposition of Sy, —spin. (In this analysis, we have tacitly assumed that the computa-
tional cost of generating the %y, —spin matrix is the same as the total cost of generating the block
matrices {%,}.)

8.2.1 Integer partitions. Dimension of the submatrices 4,. Density and

sparseness of I, spin

Another significant feature of the HP transformation is that it allows us to easily determine the
dimension 24 ,, of the various submatrices %,,, analytically. This is a feat hardly achievable using the
normal spin representation.

The analytical determination of the value of Q2 , has been extensively covered in [66] so we shall
just limit ourselves to some key points in the following. The interested Reader may see [66] for a more
elaborate exposition of the problem.

Recall that [n) = |ny,ne,...,nN), and N = n,(n1,ne,...,nyx) (see (7.1)). As already seen above,
if A |n) = nn), then n = Zfil n; (see (8.7) and (8.8)). We also need to bear in mind that each
n; is restricted to the range 0 < n; < 2j;. Since {1, is the number of kets |n) which contain the
same total number of HP bosons ( (8.10) and (8.12)), the problem at hand is equivalent to asking: in
how many distinct ways can we distribute n indistinguishable objects among N sites, knowing that
the ¢—th site can contain at most 2j; objects? The number of ways this can be done is exactly Q4.
Counting problems like this is the subject of a branch of discrete mathematics called Enumerative
Combinatorics [148], which fundamentally deals with how to count the elements of a finite set. Several
ways of computing 4, are illustrated in [66] but we shall focus here on just one of these, namely the
generating function approach. Generating functions in Enumerative Combinatorics are formal power
series (in one or multiple variables) whose coefficients are proportional to the solutions to a counting
problem.

Consider for example the partition of integers. The partition of a positive integer n is a way one
can obtain n through the sum of positive integers, order being irrelevant. For example, take the integer
4, since:

4=4

=3+1

—2+2 (8.15)
=24+1+1

=14+14+1+1
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the sums on the RHS are all partitions of 4. Each summand in a given partition is referred to as a
part. Thus, the partitions 3 + 1 and 2 + 2 have both two parts, while the partition 2 4+ 1+ 1 has three
parts. Say p(n) the total number of partitions of the integer n. p(n) is known as the partition function.
We see that p(n = 4) = 5, for example, since the integer 4 can be partitioned in five different ways
as illustrated above. We may then pose the following problem: given an arbitrary (positive) integer
n, in how many ways can we partition it? Or, in other words, what is the value of its p(n)? Variant
forms of this problem have been proposed throughout centuries. According to known records, it seems
Gottfried Wilhelm von Leibniz (1646-1716) was the first to pose a variant of this problem in a letter
to Johann Bernoulli (1667-1748) [40]. Leibniz was interested in how many ways an integer could be
partitioned into two, three, etc., parts. In Leibniz’s problem, we clearly see there is a constrain on
the number of parts. This falls under what we call today restricted partitions. For example, there is
only one way to partition 4 into three parts, and that is 2+ 1+ 1. In a letter to the great Leonhard
Euler, one Naudé wanted to know how many ways the integer 50 can be obtained from the sum of
seven parts which are unequal to each other [1, 9, 47]. Here, the restriction is both on the nature
of the parts (i.e. each part cannot appear more than once) and the total number of parts. It is not
far fetched to assume that Naudé’s letter is what led the great Euler to his memorable Observationes
analyticae variae de combinationibus [Various analytical observations about combinations| presented
to the St. Petersburg Academy in 1741 but published in 1751 [1]. This is where Euler introduced for
the first time the concept of generating function (though he did not coin the name) in the theory of
partitions (and by extension, number theory). For example, he showed that p(n) is the coefficient of

¢" when [];2, 1%(# is expanded in powers of ¢. Namely [9, 47],

[ =2 pt

i=1 =0 (8.16)
+q+2¢°> +3¢% +5¢* +7¢° +11¢° + 15¢7 + 22¢% + . ..

|
—_ 3

The function [[;°, 1%qi is thus said to be the generating function for p(n). Recall at the beginning
of this section we defined generating functions as being formal power series. This is so because their
variables have no intrinsic meaning. In the case of (8.16), ¢ is the variable but though its exponents
and coefficients have definite interpretations in relation to our counting problem, ¢ is devoid of any.
Perhaps, the most famous generating function in Number theory and Combinatorics is the one reported
in (8.16). In response to Naudé’s problem, Euler showed that if we denote with py(n) the number of

ways n can be partitioned into k£ mutually unequal parts, then [1, 47]:

k 0o

1

k(k41)/2 _ - n

q Lh_¢—§pWM~ (8.17)

n=0

Thus, ¢kk+1)/2 Hf:l qui is the generating function for py(n). To solve Naudé’s original problem, we

set n = 50 and k = 7; so from (8.17) it follows that p7(50) = 522, which is obtained by expanding

q*8 szl 1_1qi and taking the coefficient of the term ¢°°. Hence, there are 522 ways one can write

the integer 50 as the sum of exactly seven mutually unequal positive integers. Euler’s original paper,
now translated into English by Jordan Bell [47], is an excellent and easy-to-read introduction to
generating functions and it is accessible to anyone with a high school knowledge of algebra. We

strongly recommend it to Readers who are new to the concept.
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Instead of determining the solution to counting problems by means of generating functions, we
may seek explicit formulae for the desired quantities. For instance, we may ask ourselves if there is an
explicit formula for p(n). It is a problem which quite a number of generations of mathematicians had to
wrestle with. The first significant breakthrough came in Godfrey H. Hardy (1877-1947) and Srinivasa
Ramanujan’s (1887-1920) celebrated 1918 paper entitled Asymptotic formulae in combinatory analysis
[67]. In that paper, Hardy and Ramanujan presented an asymptotic series for p(n) but whose main
defect was that it failed to converge. A couple of decades had to pass before Hans Rademacher (1892-
1969) derived an improved version of Hardy and Ramanujan’s result which, finally, had no convergence
problem [126].

The Reader might be wondering why we have dedicated so many lines to integer partitions. The
reason is very simple: the determination of the value of {1;, may be reinterpreted as an integer
partition problem. This is how the close relation between multispin dynamics, on one hand, and
Number theory and Enumerative Combinatorics (specifically in this case, the theory of partitions)
elegantly emerges from the HP transformation. Indeed, if, as noted earlier, {25 ,, is the number of ways

the integer n can be obtained through the sum n = Zfil n;, where 0 < n; < 2j;, it is clear that:

Q4 is the number of partitions of the integer n into N parts, with the i—th part restricted

to the range 0 < n; < 2j;.

Certainly, just like pi(n), Q4 is restricted to a fixed number of parts. But unlike p(n) and pi(n),

Q4. has the following properties:
1. the minimum value of a part in any of its partitions is 0, not 1;

2. the partitions of interest here are all ordered (so for example, 2 + 1 + 1 must be considered

different from 14 2+ 1); this is because each part n; refers to a distinct spin.

Consider for example the deuterated hydroxymethyl radical (‘CH,OD), which corresponds to the
multiset of spins 4 = {ji1,J2,73,74} = {3,%,%,1} (see Chap. 7.2). Therefore, according to the
conventions discussed in Sec. 7.2, we know that since j; = jo = j3 = % and 0 < n; < 2j;, then
0 <njy,ng,n3 <1, while 0 < ng <2. Qg, is then the number of ordered partitions of n into exactly
N = 4 parts, such that the first three parts are at most 1 and the fourth part is at most 2 (with 0
being an admissible value of a part). We also need to bear in mind that 4, is also equivalent to the
number of states |n) which contain exactly n HP bosons. For example, with n = 2, we find from table

7.1 that the states |n) which contain in total two HP bosons are:

|2> = |070’072> |4> = |070a 1, 1) |7> = |O> 1,0, 1>
19) =10,1,1,0) 113) = [1,0,0,1) 115) = [1,0,1,0)
118) = |1,1,0,0)

Thus, for the radical ‘CH,OD, Q42 = 7. That is, there are seven ways of partitioning the integer
2 into four parts, with the restriction that the first three parts cannot exceed the value of 1 and
the fourth part cannot be greater than 2. Thus, the subspace B,—2 for ‘CH,OD is of dimension
Qg2 = 7. In the particular case of 'CH,OD, n = 2 corresponds to the total spin magnetic number
M,=Jy—n= % —2= —l—%. Note that these results actually still hold for any multispin system with

three spin—% and one spin-1.
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How can we determine the value of Q4 , without having to explicitly write down all the kets |n)
(and how the HP bosons are disposed in them)? This problem has been solved and discussed in [66].
We discuss here only the generating function for Q5 , without going into much details. The interested
Reader may see [66] for further discussions, explicit formulae for Q4 ,, and proofs.

Before we present the generating function for €14, it is advisable we briefly see what is meant
by the g-analogue of a nonnegative integer n. The g—analogue of the integer n, indicated as [n]q, is
defined as [66, 81]:

=14+q+¢@F+...+¢" . (8.18)

Note that lim,_,1[n], = n.

It can be shown that the generating function for Qg ,, Ga,0(q), is [66]:

Ganla) = [T (12a + Hq)NQ (8.19)

(e

where the index « runs over distinct values of the spin multiset 4 and N, is the multiplicity of the

a—th distinct element in 4. Hence,

11 ([2ja + 1]q)NQ = % Qang”™ . (8.20)

e

It is worth noting that if we take the limit ¢ — 1 of (8.20) we get (8.13). To illustrate the use of
(8.20), let us consider once again ‘CH,OD. We know that for this radical, 4 = {%, %, %7 1}. 4 has
thus only two distinct elements: j,—1 = % and jo,—2 = 1. The multiplicity of j,—1 is 3 while that
of ja=z is 1. Therefore, No=1 = 3 and No—> = 1. Moreover, [2jo=1+1], = [2], = (1 + ¢) and
[2ja=2 +1],=[],=1+q¢+ q?). Thus, in the case of the radical ‘CH,OD, (8.20) becomes:

5
(1+9°(1+q+d") =D Qg (8.21)
n=0
Since,
(1491 +q+¢*) =1+4¢+7¢* +7¢° + 4¢" + ¢° (8.22)
we conclude that:
Qao=as=1 Qa1 =044=4 Qa2=Q033=7 (8.23)

which is in agreement with the previous value we found for €2 . In regards to "‘CH,OD, its subspaces
B,,, their respective dimension and basis elements are reported in table 8.1. While the correspondence
between the first two columns will always remain the same, the basis kets |n) spanning each subspace
depends on the order chosen when labelling the spins. The kets in table 8.1 are the same kets in table
7.1, therefore they correspond to the same ordered multiset of spins 4 = {j1, ja, j3, ja} = {3, 5, 3, 1}.
What immediately catches our attention looking at the RHS of (8.22) (or the second column of
table 8.1) is the "palindromic" distribution of Qg ,’s values. This is not an exception but the rule.

Indeed, one can prove that the generating function G4.q(q) is a reciprocal polynomial. Namely [66]:

Qan=Qa25-n - (8.24)
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Subspace B,, | Dimension of subspace, {14, ‘ Basis elements, |n) ‘
Bo 1 |0)
B, 4 1), 13), 16), [12)
By 7 12), [4), 17), 19), [13), |15), |18)
Bs 7 5), 18), 110), |14), [16), [19), [21)
By 4 |11), |17), |20), |22)
Bs 1 |23)

Table 8.1: Orthogonal subspaces B,,, their respective dimension and basis kets for the radical ‘CH,OD
in the case whereby the system’s spin Hamiltonian is proportional to the ¢ = 0—th component of a

spherical tensor of rank k — «%Zspm—spz‘m (8.1), being an example.

A polynomial P(x) = ag + a1 + asx? + ... + as,x® with real coefficients is said to be reciprocal (or
palindromic) if its coefficients are such that a; = as—; for all i = 0,1,...,s [10]. An equally equivalent
definition is that P(z) is reciprocal if 2°P (1) = P(z) [10]. The implication of (8.24) is that the
subspaces B,, and Baj,_, have the same dimension. We shall give a simple proof of (8.24) later when
we discuss time-reversal symmetry. For now, we also point out that G4 n(q) is also unimodal [10],

namely, there exists an integer n’ such that:
Qao < Qa1 < Qa2 <0 < Qa2 Qg 2 Qanrge 20002 Qa2 - (8.25)

This n’ is found to be n' = |.Jo|[66], where |e] is the floor function. Clearly, Q4 s, is the maximum
value the {Q4,} may assume. Note that Q| ;,| may not be the only €25, with this maximum value
(afterall, G4,0(q) is reciprocal). For example, in the case of ‘CH,OD, whose 4 = {%3, 1}, Jo = 5/2;
hence, |Jo| = |2| = 2. Therefore, we expect {142 to have the maximum value any {4, here can
possibly have. In fact, that is the case but {142 is not the only 25, with this maximum value since

4 3 also has the same value as Q42 ( (8.23)). For more on the properties of G4.q(q) see [66].

1
2

j= %, = {%N}, the generating function G4 q(q) takes the simple form:

In the limit case whereby all the spins are spin-s, i.e. the spin system is univariate (see §II) with

Gaalg) = (1+q)V

N (8.26)
= Z Qﬂl,nqn
n=0

Consequently, the dimension of the subspace B, 24, = (1%} in this limit case is given by a
3k

binomial coefficient:
Q = N 8.27
{%N}V” n/)’ ( ’ )

Let us consider for instance a spin system which consists of N = 10 spin—%s, ie. 4 = {%10}. We
are dealing here with a univariate spin system. If the spin Hamiltonian of the system commutes with
jtf)t (so the Hamiltonian is proportional to a spherical tensor of rank k but ¢ = 0, see (8.2)), the tout

court approach will have us diagonalize a matrix of dimension 2!° = 1024. But with the creation of
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the subspaces B,,, we know that

Gaalg)=(1+q)"

(8.28)
=1+ 10q + 45¢* + 1204 + 210¢* 4 252¢° + 210¢° + 120" + 45¢% + 10¢° + ¢'° .

Thus, instead of eigendecomposing a matrix of dimension 1024 to determine the eigenvectors and
eigenvalues of the spin Hamiltonian, we can equally obtain the same results by eigendecomposing
smaller matrices of dimension 1, 10,45, 120,210 and 252.

The distribution of the values of 15 ,, does not only inform us about the dimension of the subspaces
B, but they also help us to quantify how sparse the matrix ;i —spin is. Let us define the density
C(A) of an arbitrary matrix A as the ratio between the number of its nonzero elements and the
dimension of A. Analogously, we define the sparseness x(A) of the matrix A as the fraction of the

elements of the latter which are identically zero. Naturally, for any given matrix A:
C(A) +x(4)=1. (8.29)
It is easy to prove that ((J€pin—spin) is subject to the tight upper bound:

2Jo 2
Zn:O Qﬂ,n

C(%pinfspin) S D2 (830)
H

independent of the specific values of the coupling constants T} ;s. If we go back to the radical ‘CH,0D,

for example, ((Hpin—spin) < % ~ 0.23. This means no matter what the values of the constants

T, are, the matrix representation of the Hamiltonian %pm,spm cannot have more than 23% of its
13

elements being nonzero. This is not only true for ‘CH,OD, but also for all multiset of spins 2 = {5 , 1}.

Indeed, (8.30) holds for any arbitrary multiset of spins whose spin Hamiltonian is proportional to the
zero-th component of a spherical tensor of rank k, where k =0,1,2,...

For a univariate spin system of N spin-3, i.e. 4 = {lN}, it follows from (8.27) and (8.30) that:

2
2
Yoo () (W)
C(%pinfspin) S 2§Nn = 4% (831)
from which one derives that for very large IV,
1

C(%pinfspin) ,S

N (8.32)
1IN

Equation (8.32) shows in unambiguous terms that for a system like 2 = {5 }, C(Hpin—spin) tends

2
collection of 1000 spins, all of spin—%, then ((Hpin—spin) S \/ﬁ =~ 0.018; which means the elements

. . . . 1000) .
to zero as N becomes very large. For instance, if we consider the spin system 4 = {l }, ie. a

of Hpin—spin which are identically zero will never drop below 98% of the total entries.

. . S . N .
Interestingly, we note that if we begin with a spin system 4 = {% }, and substitute one of the

spins with a particle whose spin quantum number is greater than 1/2, the new Jpin—spin is less

denser than the original. We can thus imagine creating any collection of N spins from the multiset

a = {%N} by substitution. Given that anytime we substitute a spin-1/2 with a greater spin the

density ¢(Hipin—spin) reduces, it implies that for any imaginable multiset 2 # {%N} of spins,

2N
C(%pin—spin) < (LLLN) (833)
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and in the limit of a large number of spins,

1
C(Hipin—spin) < N7° 5= 5(1 + logy ) . (8.34)

8.3 Eigenenergies of a system of equivalent spins in the absence

of an external field.

We illustrate here another powerful application of the HP transformation. In the limit case whereby
the multiset 4 = {j1, jo,...,jn} consists of solely N interacting equivalent spins (§II), Jfgpm spin (
(8.1)) reduces to the form:

>’ >4/
Since,
i = Zﬁ +23°F:-Ju, (8.36)
>’

Hopin—spin i (8.35) may be written as:
. T ( . .
%pin—spin = 5 (J?ot - ;J?) . (837)

Given that J tot commutes with j i, we can easily determine the eigenvalues of %%pm,spm if we know
those of J 2, and J 2. Fortunately, the expression for the eigenvalues of this set of commuting operators
is well known. From (6.16¢), for example, we have that:

. T
t%fspin—spin = |:hot Jtot + 1 Z]z .]z (838)

As simple as (8.38) may seem, the actual computation of the eigenenergies is not an easy task for a
generic 4 with N > 2. The difficulty here lies in computing the various total spin angular momentum
Jiot and their multiplicities. But the J;,; and their respective multiplicities are the Clebsch-Gordan
series, which is the multiset of all the possible total (spin) angular momenta one can get by coupling
the N elements of 4. For example, if N = 2 (in which case (8.35) and (8.38) hold irrespective of
whether the two spins are equivalent or not), we well know that |j; — j2| < Jior < j1 + j2. Certainly,
when N > 2 one could determine the Clebsch-Gordan series by coupling j; and js, and then couple
the resulting angular momenta with jz, followed by the coupling of the new set of resulting angular
momenta with j4, and one repeats the scheme till one gets to jy. Needless to say, this is truly
cumbersome. It is understandable that if one has an easy and computationally efficient method of
computing the Clebsch-Gordan series for a generic collection of spins, one also reduces dramatically
the computational cost of determining the eigenvalues of ﬁi%pm,spm in (8.35). Here again, the HP
transformation is invaluable.

The problem of determining analytically the Clebsch-Gordan series for an arbitrary collection of
spins 4 has been solved in [66]. We will therefore limit ourselves here to citing some salient results

from [66] without providing any proof.
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Consider an arbitrary collection of spins 4 = {j1,j2,...,jn}. The addition of the spin angular
momentum of the elements of 4 will result in a collection (or multiset) of total spin angular momenta
{Jtot}. Let us indicate the distinct elements of {Jiot } as Jo, J1, J2, . . ., Jm, with Jy being the maximum,

J1 the second highest and so forth. Consecutive distinct Jy,; differ by 1, hence:
J.=Jo—k, where k =0,1,2,...,m . (8.39)

Clearly, Jg = j1 + j2 + ... + jn. The first big challenge we encounter here is computing the value of
Jm. It has been proved that [66]:

2Jomod 2
T = va - H(va) + (1 — H(va)) - % (8.40)
where,
Vg:=2-max4— Jy (8.41)
and where H () is the Heaviside step function, defined here to be
0, ifzx<0
H (z) := (8.42)
1, ifz>0.

Say N the total number of distinct elements in {J;¢}. Evidently, Ny = Jo — J,,, + 1. At this point,
we may represent the multiset {Jior} as: {Jior} = {JOAO, Jf‘l, ce, J,;\;"}, where A, is the multiplicity
of J,.

Having determined all the distinct elements of {Jy+} thanks to (8.39) and (8.40), we are half-way
through in getting to the Clebsch-Gordan series. All we need to do now is to determine the multiplicities
{A\x}. Once again, we can easily solve the problem by making use of the HP transformation. One can
show that the generating function for A, G4,1(q), is related to G4 .a(q) — (8.19) — through the relation
[66]:

2Jo+1
Gax(g) = (1 - q)Gaalg) = Y Mg”. (8.43)
K=0
The polynomial G4 x(q) is antipalindromic since,
Ak = —A2j0+1—k - (8.44)
Moreover, it can be easily proved that:
i A = Qam (8.45)
k=0

i.e. the cardinality of the Clebsch-Gordan series is exactly 24 .

In our current quest to determine the eigenvalues of the Hamiltonian f%%spinfspin of (8.35), we see
that since the multiset 4 is fixed, the eigenvalues of f%%pm_spm can be distinguished on the basis of
Jiot- We may thus indicate these eigenenergies as Ey, ,, or E,; on the basis of (8.39). We shall employ
the latter in the following. It then follows from (8.38) and (8.39) that:

T
E,Q = EO - EK, (2J0 +1-— H) (846)
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where k =0,1,2,...,m = (Jog — Jn), and

Ey = % (Jg — Zﬁ) : (8.47)

i

The following observations on the system readily follows from (8.46):

1. if T > 0, then E,, is the ground state (Jiot = Jin) energy and Ej is the energy of the highest

excited state;

2. if T < 0, then Fjy is the energy of the ground state (Jior = Jp), and FE,, is the energy of the
highest excited state;

3. Exy1 — B = —TJ, . This means that the energy of multispin states with consecutive J;,; at
the lower end of {J;1} (i.e. as J, approaches J,,,) are relatively less spaced compared to their

counterparts at the higher end.

Furthermore, given that the degeneracy of J, is (2J, + 1), the total degeneracy of the energy level E,
will thus be given by the product: A.;(2J, + 1). The sum total of the degeneracy of the energy levels

must return the dimension of the system’s spin Hilbert space, D4. This leads us to the relation:

Dy = Em: Ae(2J, +1) (8.48)

k=0

which is a simple sum rule one can deploy to spot flaws in the calculations. Other sum rules can be
derived from (8.48) by combining it with (8.39) and (8.45).

To illustrate the usefulness and potential of the relations and techniques discussed above, let us
consider the multiset of spins 4 = {%7, 13}. Assuming 4 is a multiset of equivalent spins whose
Hamiltonian is given by (8.38), we ask: what are the energy levels of the system and their respective
degeneracy? As simple as this problem may appear, it is rather difficult — if not computationally time
consuming — to solve using the conventional spin representation. The dimension of the spin Hilbert
space alone is Dy; = 3456, though less than 0.96% of the matrix elements of the spin Hamiltonian
is nonzero. It would be a waste of resources to construct such a matrix and then eigendecompose it
to find the energy levels. It is even more computationally challenging to directly employ (8.38) to
compute the energy levels because — to the best of my knowledge — there is not, hitherto, a generally
valid efficient algorithm to compute the Clebsch-Gordan series for arbitrary multispin systems. In the
framework of the HP transformation, such a problem can be effortlessly solved without the need to
eigendecompose Hpin—spin-

Naturally, the eigenenergies {E,} of the system is given by (8.46). Concerning the distinct values
of the multiset {Jio}, we easily determine its maximum to be Jy = 1—23 From (8.40), the minimum
Jiot is found to be J,,, = % Thus, there are Ny = Jy — J,, + 1 = 7 distinct values of Jy,, and
m = Jo — Jm = 6. The distinct Jyop ave: {Jo, J1,J2,J3,Ju, J5, Js} = {22, 5,9, 2,22 11 We now
determine the multiplicity of each Ji,; by employing the generating function G4 (gq), (8.43). First of
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all, from (8.19), we have that Gaa(q) = (1+ ¢)7(1 + g + ¢*)3. Therefore,
Gar(g) = (1—q)(1+q) (1 +q+¢*)°
=1+ 9q+ 38¢% + 99¢° + 174¢" +207¢° + 145¢° + ... — ¢™*
14
SRS
k=0

We therefore conclude that the Clebsch-Gordan series for 4 = {%7,13} is given by the multiset

13 119 938 799 5174 3207 1145
W} = {12,1°,9%, 1% 3

(8.49)

. With these values, we can now easily compute all the

2'2 02 02 2 2 32
eigenenergies E,; of the system from (8.46). The results are reported in table 8.2, where we have also
calculated the degeneracy of each energy level. As expected on the basis of (8.48), the sum of these

degeneracies gives exactly 3456 — which we recall is the dimension of the spin Hilbert space of the

system.

K Ji Ak E,. — Ey ‘ Degeneracy of Ej ‘
0 2 1 0 14

1 5 9 =37 108

2 g 38 -12T 380

3 z 99 -7 792

4 5 174 —-20T 1044

5 3 207 -87 828

6 i 145 —24T 290

> = 3456

Table 8.2: Energy levels and their respective degeneracy for a system of equivalent spins composed of
seven spin-1/2 and three spin-1, 4 = {%7, 13}, whose Hamiltonian is given by (8.35).

It is worth considering the same problem but this time with 2 = {%N} Surely, Jo = N/2, and
from (8.40), we derive that,

; (2Jo 12nod 2) N >2
0 ifN=2.

For N > 2, we observe that J,, = 0 if N is even, while J,,, = 1/2 if N is odd. Thus, the number of
distinct Jy¢ to expect is Ny = [2=1]41, and m = [£527, where [o] is the ceiling function. Therefore,
the distinct Jyo; we get from the Clebsch-Gordan series for 4 = {%N} are: {Jo,J1,..., J[¥]} =
{N/2,N/2—1,...,N/2 — [N17}. Here, the multiplicity A, of J,, obeys the simple relation:

AF(Z)‘(JL):W(ZZ)’ k=0,1,2,...,m. (8.50)
(8.50) readily follows from (8.26), (8.27) and (8.43).

8.4 Time-reversal symmetry. Creation of submatrices %,,.

To the best of my knowledge, in the general context of (8.1), it is not in general possible to easily

determine the eigenvalues of jﬁpm_spm like we just did for an arbitrary collection of equivalent spins



8.4 Time-reversal symmetry. Creation of submatrices %y,. 53

in the last section. In general, the eigendecomposition of %pin—spin requires, first of all, creating
the submatrices {Z,} and then eigendecomposing each separately, (8.11). To create the submatrix

%y, in the HP representation, we need a general formula for J%,;,_spin’s matrix elements in terms

of the HP bosons occupation numbers. Indeed, given any two basis kets [n") = |nf,n5,...,n)y) and
[n) = |n1,ne,...,nN), we derive from (8.1) that:
<nl %pin—spin n> = <’Il/1, 77/23 s 7”?\[‘ <%Zpin—spin ny,Nna, ... 7nN>
= 5n’,n ZTz,k(Jz - nz)(]k - nk)
i>k
1 1+1 . 1F1 . 1+1 1F1
+2>Zkﬂ,k\/<ni+2> (2]ini+2) (2]knk+2> (Tbk+ 5 >

X A’i,k 6ng,nii1 5n;c7nk,¥1 (851)

where,

A= H (ng| my) . (8.52)

I,k
In deriving (8.51), we have made use of (6.14), (6.15) and (6.10a). (8.51) confirms once again that

(v

contain.

Hpin—spin ‘n> is identically zero when |n’) and |n) differ in the total number of HP bosons they

It is worth noting that the creation of the submatrices %, can be greatly simplified and done in
an efficient manner if we make use of the time-reversal symmetry (or T—symmetry).

In the field of magnetic resonance (and in quantum chemistry, in general), we are accustomed to
space symmetries like rotational and translational invariances, but we seldomly speak of time-reversal
symmetry. One of the reasons for this, I suppose, can be attributed to the fact that unlike other sym-
metry operations like rotations and translations which are represented by unitary operators in quantum
mechanics, T— symmetry is represented by an antiunitary operator (see below) — whose properties
depart considerably from the known unitary operators. In certain areas of quantum chemistry like
vibrational spectroscopy, T—symmetry can be of no enlightening use, but in magnetic resonance it
is often of vital importance as we shall shortly see. For more on T—symmetry, interested Readers
may see (in this order): [136, 137, 171]. For an in-depth introduction embedded in some interesting
philosophical discussions, see [133].

Let © be the time-reversal operator. That is,
Ote~ ! =—¢ (8.53)

where ¢ is the real parameter which indicates time. Like any operator representing a symmetry trans-
formation, @0~ = 6710 = 1. As already remarked above, unlike space rotation or translation
operators which are unitary, the time-reversal operator Ois antiunitary. The major difference between
these two types of symmetry operators is how they operate on complex scalars: unitary operators leave
complex scalars intact, while antiunitary operators change complex scalars into their corresponding
—ia*

complex conjugate. For example, OO~ = ¢ , where « is a complex number whose complex

conjugate is a*.
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There are many interesting properties of the time-reversal operator, but for our purposes, it suffices
to know that all angular momentum operators (orbital and spin) are odd under the operation of time-
reversal. Namely [133, 136, 137, 164],

6J6 ' =-7. (8.54)

This simple relation has many profound consequences which will unfold before us shortly. To begin,
it follows from (8.54) that ©720©~' = —J%. Combining this with (6.5), we find that:

ObbO " =2j-bb. (8.55)
Till now, we have always seen spin kets of a spin-j as being represented by a number of HP bosons
occupying a certain vacuum space which can accommodate at most 25 bosons. Another way of seeing
it is to imagine this vacuum state as comprised of 2j holes (called HP holes), where each hole can be
filled with no more than one HP boson at a time. In this picture, the sum of the number of HP bosons
and holes is always 2j. Therefore, if bTh counts the number of HP bosons, then (25 — ETB) counts the
number of holes. In other words, (2j —b'b) is the number operator for the holes. Going back to (8.55),
the effect of the time-reversal operator now becomes perspicuous: it transforms the HP occupation
number operator into a hole number operator. Put in another way, © instantly converts HP bosons
into holes, and vice versa.
Before we proceed, let us see how © transforms the single spin ket |n) and the multispin ket |n).
First of all, we note that (8.55) may be rewritten as:

{ 6, b L =26 (8.56)
where {A, B} (:= AB + BA) denotes the anticommutation between A and B. Say |n) a state ket of
a particle of ;i)in—j according to the HP representation, where, as usual, n represents the number of
HP bosons. We define the state © |n) = |7) as the time-reversed or hole complement of |n). The state
|7) must necessarily be an admissible spin state, else the symmetry operation enacted by © would
not be reversible. The reversibility of the time-reversal symmetry operation is guaranteed by the fact
that @01 = 710 = 1. After multiplying (8.56) from the right by |n), followed by an appropriate
rearrangement of the terms, we get:

bib|m) = (2§ — n) |7) (8.57)

where we have made use of (6.6). Comparing (8.57) with (6.6), it becomes immediately clear that:
On) =|n) = 2] —n) (8.58)

which is, once again, in line with the interpretation that O converts HP bosons into holes, and holes
into HP bosons. The dual ket relative to © |n) is (n|©~! = (7.

Let us now turn our attention to how © operates on a multispin ket |n). Consider the spin multiset
a4 =1{j1,72,---,jn}- From (8.7) and (8.55), it follows that:

[ o, N L — 2,0 (8.59)

which is the analogous of (8.56) for multispin systems. Say © |n) = i) the hole complement of |n) (=

|n1,ng,...,ny)). Weremind the Reader that the HP bosons occupation numbers n; in [nq,ng, ..., ny)
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are related to the integer [n) through the index compression map 7o, (7.1). If we now multiply (8.59)
from the right by |n), we end up with the relation:

N ) = (2Jo —n) M) (8.60)

which implies that if |n) belongs to the subspace B, then its hole complement A1) is an element of
the subspace Baj,—n. Indeed, since there is a one-to-one correspondence between |n) and 1), we also
conclude that the hole complements of the basis kets in ,, constitute the basis kets of the subspace
Baj,—n. In other words, the two subspaces B,, and Baj,—n are related by time-reversal symmetry, and
this holds independent of the nature of the spin Hamiltonian. The one-to-one correspondence we just
mentioned, implies that the dimension of the subspaces B, and Bsj,_, must coincide, and indeed,

that is something we already know from (8.24).

Note that,
OIn) =O|ny,na,...,nN) = 71,2, ..., TIN)
| | ) =1 (561)
= |2j1 — n1,2j2 — N2, ..., 2N —nN) -
Thus,
‘ﬁ>:|2j1_n172j2_n2a"'72jN_nN> . (862)
Hence, by virtue of the index compression map 7, it follows from (7.1) that:
N N
i=1 1=1

The term Zi\;l Wr.i-(27;) corresponds to the multispin state whereby all the single HP vacuum states
are filled with the maximum number of HP bosons they can accommodate. But we know the index

compression map 17 always assigns to this state the integer (Dy — 1). Thus,
n=Dy—1-n (8.64)

which leads us to conclude that:
On)=n) =|Dy—1-n) (8.65)

where we recall once again that Dy is the dimension of the multispin Hilbert space. If we take the
‘CH,OD radical, for example, D3, = 24, so [M) = |23 — n). This means that, for example, the multispin
kets |9) and |14) (= |9)) are related by time-reversal symmetry. In fact, from table 7.1, one observes
that if one converts all the HP bosons in |9) into holes, and vice-versa, one obtains |14). It is worth
noting that for a given collection of spins 4, (8.65) is always valid, independent of how we choose to
number-label the spins in 4. The corresponding dual ket of © |n) is (n|©~! = (1] = (Dy — 1 —n|.

We are now ready to see what the time-reversal symmetry reveals about the multispin system. To
understand the importance of time-reversal symmetry here, it is worth considering how it transforms
the multispin Hamiltonian jﬁpm,spm. From (8.1) and (8.54), it follows that:

G%pinfspin(_)_l = L%ispinfspin (866)

(note that the coupling constants T;; are all real) which means that «%;fspm—spm is invariant under

time-reversal. This is exactly what we should expect since %m_smn describes the Hamiltonian of an
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isolated system, and we know that for such systems the homogeneity of time applies (i.e. the energy —
or, in general, the physics — of the system remains the same under any time translation), so %pinfspin
must certainly commute with ©. Consider now the matrix element between the bra (0’| and ket |n)

according to (8.66):
(r

<%gpinfspin

O A pin—spin© ’n> = <n’
(o=

Equation (8.67b) is of vital importance: it tells us that if we know the matrix element <n’ ‘ %?spinfspin

n> (8.672)

n> . (8.67b)

")

between the kets |n) and |n’) which are elements of the subspace B,,, then we also know the corre-

%pin—sz)in

%pin—spin

sponding matrix element between their hole complements in the subspace Bz j,—,. This observation
reduces significantly the computational cost of creating the submatrices {#,,}: once we know %, we
can easily create %aj,_n. Another interpretation of (8.67b) is that if we convert all HP bosons into
HP holes, and vice versa, the physics remain the same. This is a property we may call particle-hole
transformation invariance.

Equation (8.66) has an even more profound implication. Since Jﬁpm_spm is decomposable into
subspaces according to (8.11), each eigenvector of %};pm,spm will also belong to only one of these
subspaces. Say ’g,fn)> an eigenvector of jﬁ,pm,wm but which belongs to the subspace B,,:

f%is‘pin—spin i

g(n)> — &

(gjj”)> (8.68)

e g;gn) Is the eigenvalue of %%p in—spin Telative to ‘éaxgn)> The index p numbers the eigenvectors of
Hipin—spin 0 Bn, 50 (1 =1,2,...,Qa,, — where Qg.,, is the dimension of B,, Sec. 8.2.1. As usual, the
time-reversed state of ‘éﬁgﬂ)>, ‘éﬁﬁ)>7 is obtained by operating © on ‘g}ﬁn)>7 e ‘gﬁ>> _5 ‘éﬁ")>
Given that ‘(gﬁgﬁ)> _ ‘@@lgz.fofn)»

with %mn,smn according to (8.66), it follows that:

é‘}gﬁ)> necessarily belongs to the subspace Baj,—r. Since © commutes

[%Zpin_spin, é} ‘éﬁ")> -0 (8.69a)

(&m - 6) |6 =0 (8.69D)

from which we deduce that éﬁﬁﬁ) = éiﬁ”). The implication of (8.69b) is this: two different eigenvectors
of f%;;pm_spm related by time-reversal symmetry also share the same eigenvalue. A far more reaching
conclusion is that once we are able to create and eigendecompose the submatrice %,, of Fpin—spin,
(8.11), we do not need to create its hole complement % j,_,, and eigendecompose it de novo, because
the eigenvalues of the two submatrices coincide and their eigenvectors are related through o. Finding
the hole complement of an eigenvector can be easily done thanks to (8.65). For example, let the
spin system whose Hamiltonian is given by %spm_spm in (8.1) be the ‘CH,OD radical. From table
7.1, we know that a generic normalized eigenvector ’é"él)> of the subspace B is given by the linear

combination:

[6070) = et 11) + €2 18) + €3 16) + 4 112) (8.70)

where the ¢, ; are real coefficients, and ), ci,i = 1. The corresponding hole complement of ‘g’énzl)>,
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‘é”;ﬁﬁ:4)>, is an eigenvector which belongs to By, and

o) =eles)
cu1©11) + ¢, 20 [3) + .30 (6) + ¢,40 [12) (8.71)
C‘u11 |22> -|— C#_VQ |20> -|— C#,g |17> -|— 0#74 |11>

where, in getting to the last step, we applied (8.65).

It is worth mentioning that there are instances whereby a subspace B,, coincides with its time-
reversed counterpart. Recall that each subspace B, is characterized by the total number n of HP
bosons each of its basis kets contains. So, if each basis ket of the hole complement of B,,, i.e. Baj,—n,
contains (2.Jy —n) HP bosons, then B,, = Baj,—» when both subspaces are characterized by the same
number of HP bosons. That is, when n = 2Jy — n — which happens only when n = Jy. But n can
assume the value of Jy only when Jj is an integer. This means that for multispin systems whose total
spin quantum number Jy is an integer, the subspace B,—j, is its own hole complement. While the
eigenvalues of all the other subspaces are atleast double degenerate due to (8.69b), the same cannot
be said of B,,—j,. Conversely, we also conclude that for multispin systems whose total spin quantum
number Jj is a half-integer, if the system’s Hamiltonian is invariant under time-reversal symmetry,
then the energy eigenvalues of the system are all atleast double degenerate. This conclusion is perfectly

inline with Kramer’s degeneracy theorem [137, 164].
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Chapter 9

The 1sotropic multispin Hamiltonian
in the presence of an external static

magnetic field

The theoretical machinery developed in the previous chapters are still useful and relevant when we
subject the previously isolated multispin system to a static magnetic field B,. If we take the direction
of the external magnetic field B, to be the axis of quantization e., so that B, = B,e., then the new

spin Hamiltonian of the system, %7 is:
jg) = 9@2 + <%?spinfspin (91)
where f%%pm,spm is still given by (8.1), and

7 = —BOZ’yijf . (9.2)

We know from (8.3) that J* is the zeroth component of a rank k = 1 spherical tensor, so % is also the
zeroth component of a rank k£ = 1 tensor. We have also already seen that %;gpm,spm is a zero rank
spherical tensor. Thus, J“i% is the sum of the zeroth components of spherical tensors of different ranks.
But we know from (8.2a) that J7, commutes with the zeroth component (¢ = 0) of any spherical

tensor operator. It therefore follows from these considerations that:
(i | =0 9.3)

which is in complete analogy to (8.4a). This is significant because it means that all the results we
derived above for the isolated multispin system on the basis of (8.4a) also apply here. For example,
%%,, like %pinfspinv conserves the total number of HP bosons. So, <n’ %% n> = 0, if the multispin

kets |n’) and |n) do not contain the same total number of HP bosons. The conservation of the total

number of HP bosons also implies that, just like in the case of jﬁpm_smn, e%%, subdivides the system’s

Hilbert space into (2Jp + 1) subspaces: By, By, ..., Ba2j,. Hence, the matrix representation of A, A,

59
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can be written in the block diagonalized form:

Po

2Jo
Ay = @D B, = diag (%o, B, .., Bas,) = (9.4)

n=0

L%QJO

just as we saw for % pin—spin at (8.11), where the definition for B, — (8.10) — still applies; and %, in
analogy to (8.12), is now defined as:

50 o= (o

n’> ‘ vn,n' € Bn} . (9.5)

The generating function for the dimensions {4} of the subspaces {B,} is, therefore, still given
by Gaa(a), (5.19).

The expression for the generic matrix element of 7%, between |n') = |0}, nb,...,n)y) and |n) =
[n1,m2,...,nyN), follows directly from (8.51) and (9.2):

<n/

A,

o / 7
n> = <n1,n2,...,nN’ji‘g

nl,ng,...,nN>

=0vn |—Bo Z’Yi(ji —n;) + Zﬂk(]z —n;)(jk — nk)‘|
i i>k
1 1+1 _ 1¥1 _ 1+1 171
+3 Z;Tzk\/<m + 2) (2]i —n; + 2) <2jk —ng + 2> <nk + 2)

X Ai,k 6nfi,nii1 5n;€,nk2|11 (96)

where we can once again observe that A, conserves the total number of HP bosons. The submatrices
Py, can be easily created by employing (9.6).

Here too, the subspaces B, and Bsyj,—, are related by time-reversal symmetry. However, the
striking difference between the isolated %spm,spm and %% is how they are transformed under the
time-reversal operator ©. Unlike %%pm,spm, L%%, is not time-reversal symmetric. In fact, from (8.54)
and (8.66), we derive that:

OO = A 27 . (9.7)

It must be emphasized that the time-reversal operator © we have employed so many times above,
including (9.7), is not a universal time-reversal operator but a local one restricted to the multispin
system. Had © been the time-reversal operator acting on the whole Universe, then A, would certainly
commute with © since the Universe is an isolated system. Similar results also follow if we consider
the multispin system together with the external magnetic field B, as one isolated system, and O their
combined time-reversal operator. By restricting 6 only to the multispin system, we have inadvertently
partitioned the system into two parts: a focus system (the spins) and its environment (the external
magnetic field), which are both odd (i.e. they change sign) respect to time-reversal operation. This

bipartite partitioning therefore leads to a broken T'—symmetry in A,



61

Taking the matrix element of (9.7) between the two generic multispin states [n’) and |n), we obtain:

(o]l = o

where, Zhn = <n‘ 7 ’n> If |n’) and |n) belong to the subspace B, then [N’) and |N) are elements of

n> - 5n/7n 2%7[1 (9-8)

Baj,—n- Thus, (9.8) provides an easy way to generate the submatrix %sj,_,, when %, is known.

An even more important consequence of (9.7) is yet to be unveiled. It has to do with the relationship
between the eigenvalues and eigenvectors of B,, and those of Baj, _,. We assume B, is not its own
hole complement. Say ‘E,(L")> an eigenvector of j?; in the subspace B,,:

A,

“w

E<n>> - B

Eff>> L o n=1,2.,Qan (9.9)

where Eﬁ") is the eigenvalue of ’Eﬁn)> according to #,. Surely, the hole complement of ’Eﬁ”)>, that
is:

A n _ n _ 2Jo—n

6|EM) = |EM) = |EER—) (9.10)

is also an eigenvector of ji%,, but belongs to the subspace Baj,_n:

A,

B") - £1

Eff>> L ou=1,2,Qan (9.11)

where we recall that Q4, = Qg25,—n according to (8.24). Now, from (9.7) we easily derive the

commutation relation between f%% and ©:
[%,@}:2,@;@). (9.12)

If we now take the matrix element of (9.12) between the eigenvector

‘El(tﬁ)>, we get:

E,(Ln)> and its hole complement

(BP| [ A, 6] [ED) =2(EM| 26 |EM) (9-13a)
EM —E(M =2 <E§7> 7 ‘Efﬁ)> (9.13b)

from which follows that:
E® = B™ — 2 <E;S") P ‘E;;l)> . (9.14)

Equation (9.14) asserts that we can easily compute the eigenvalue of the eigenvector

FE ;(Lﬁ) > from its

hole complement ’E;(L”)> if we already know the latter and its eigenvalue. The significance of (9.14)

cannot be stressed enough. For example, suppose we have a univariate spin system of 10 spin—%,

a= {%10}, whose Hamiltonian in the presence of a static magnetic field is given by A, (9.1). The

i.e.

total spin quantum number for the system is Jy = 5, so, in principle, we can determine the eigenvectors
and eigenvalues of 3@) by eigendecomposing the submatrices By, B1, B2, - . . , $1o, (9.4). But by virtue
of (9.10) and (9.14), there is no need to create and eigendecompose all the eleven submatrices: we only
need By, B1, Bs, B3, B4, Bs to completely determine the eigenvalues and eigenvectors of #,. This is
an enormous simplification.

Most multispin systems of chemical interest present one or more groups of equivalent spins. We can

further reduce the computational cost of diagonalizing A, if we exploit the presence of these groups
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in the system. The multiset 4 of spins can be viewed as the sum of multisets:

#(a)
a=H 1, (9.15)
g

(for example, {12,2,5}w{13,22,3,5} = {1°,23,3,5%}) where ¢(4) is the number of groups of equivalent
spins present in 4; the index g runs over the groups of equivalent spins, and 4, is the spin multiset
for the g—th group of equivalent spins. Each 4, is then transformed into its Clebsch-Gordan series:
4, — 4, (see §8.3). Since the elements of the Clebsch-Gordan series 4, are independent of each other
(and irreducible), each element of the Cartesian product:

o _

X Ay = A1 X Ay X ... X Ay(q) (9.16)

g

constitutes an independent multiset of spins subject to the same form of spin Hamiltonian and can
be diagonalized independently. Take for example the ‘CH,0OD radical. If the experimental conditions
are such that the two hydrogen nuclei can be considered as equivalent spins, then the radical consists
of three groups of equivalent spins: 1) the unpaired electron, 2; = {%}, 2) the two hydrogen nuclei,
A = {12}; and 3) the deuterium nucleus, 43 = {1}. 4 and A3 have only one element each so
they coincide with their Clebsch-Gordan multisets Elg On the other hand, we immediately have that
4, = {0,1}. Hence,

A X Ay X A3 = {;} x {0,1} x {1} = {{;,0,1},{;712}} : (9.17)

What this means is that when the two hydrogen nuclei in "CH,OD are considered equivalent, the radical
can be viewed as the sum of two smaller multispin systems, independent of each other: the first system
consists of a spin-1/2 (the unpaired electron) and a spin-1 particle (the deuterium nucleus), while
the second system consists of a spin-1/2 (the same electron) and two spin-1 particles (the deuterium
nucleus and the triplet state of the two hydrogen nuclei). The Hamiltonian of both subsystems is still
of the form given in (9.1). The Hilbert space of both subsystems can be block diagonalized as we saw

above. For the first subsystem, the dimension of the block matrices are coefficients of the polynomial:
I+ +q+¢*)=1+29+2¢° +¢° . (9.18)

And the dimension of the block matrices for the second subsystem are the coefficients of the following
polynomial:
(1+q)(1+q+¢*)*=1+3¢+5¢>+5¢*+3¢* +¢° . (9.19)

For each subsystem, all that has been discussed above in this section still applies. To recapitulate,
we see that instead of diagonalizing a matrix of dimension 4 and one of dimension 7 to find the
eigenvalues and eigenvectors of A, for the radical ‘CH,0D as we saw previously, we only need to
diagonalize matrices of dimension 2,3 and 5 when the two hydrogen nuclei are equivalent. When
applied to large spin systems with groups of equivalent spins, this approach reduces the computational
cost of diagonalizing the multispin Hamiltonian significantly.

If we take the naphthalene anion for example, we are dealing with a univariate system of 9 spin-1/2
1 9

particles, i.e. 4 = {2

}. The dimension of the Hilbert space is, therefore, 512. Suppose we ignore the
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presence of equivalent spins in the system. Then, to engeindecompose the systems z%%, we will have
to effectively diagonalize four matrices whose dimensions are 9,36,84 and 126, according to the HP
transformation scheme discussed above. If the experimental conditions are sufficiently favorable, the
system can be thought of as consisting of three groups of equivalent spins: 1) the electron, 4; = {%},

2) a collection four hydrogen nuclei, 2y = {%4}; and 3) another collection of four hydrogen nuclei,

ay = {%4}. Then, 4 = {2,13,0%}, and 45 = {2,1%,02}. Thus,

~ ~ ~ 1

Eh ><:42><;43:{2}><{2,13,02}><{2,13,02}
3 2 3 9

N1 EE TN LTS L1 LR
2 2 2 2 2

1 6 1 2 1 6 1 4
—. 1 — 2 — 1 — . 2
{27 70} 7{270’ } 7{2’0, } 7{27070} (9 O)

So the eigendecomposition of the naphthalene anion’s Hamiltonian A, can be done by considering a
series of smaller but independent multisets: i) one multispin system comprised of a spin-1/2 and two
spin-2 particles, i.e. {1/2,2,2}; ii) three multispin systems each of the type {1/2,2,1}, etc. For each of
these subsystems, we can apply the HP transformation and create the block matrices. In the case of the
naphthalene anion, the largest block matrix we shall encounter comes from the subsystem {1/2,2,2}.

For this particular subsystem, the dimension of the block matrices follows from the generating function:
I+l +q+@P+F+d")=1+3¢+5¢° +7¢° +9¢" +9¢° + 7¢° +5¢" +3¢* +¢° . (9.21)

Hence, if we take into account the two groups of equivalent spins present in the naphthalene anion,
the largest matrix we will ever have to diagonalize is of dimension 9, which is remarkable.

To fully exploit the presence of groups of equivalent spins in the multispin system, we need the
Clebsch-Gordan coefficients. This constitutes the primary computational challenge in the method just
illustrated. One can thus incorporate optimized subroutines for the calculation of Clebsch-Gordan
coefficients into ones multispin algorithm. The somehow comforting observation we can make here
is that, in most of the multispin systems of interest, groups of equivalent spins hardly exceed six in
number — which means a subroutine which can handle the Clebsch-Gordan coefficients for the addition

of up to six angular momenta suffices for most routine computations.
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Chapter 10

Eigendecomposition of Liouvillians

In ordinary quantum mechanics in state space, the eigenvalues of observables — like the Hamiltonian
or magnetization vector — , which are absolute quantities (at least, up to a constant), are the natural
occurrences. Meanwhile, what we experimentally measure in spectroscopic experiments like nuclear
magnetic resonance (NMR) are quantities related to the differences between these eigenvalues. This
fact is nicely conveyed in the resonance conditions of said experiments. An alternative way of doing
quantum mechanics whereby such energy differences naturally come up as the expectation values of
some operator is thus more suitable to spectroscopy. Such an alternative is accomplished when we
formulate quantum mechanics in the so-called Liouville space [63, 74]. In addition, the Liouville space
formulation makes it relatively easier to treat relaxation processes, compared to the Hilbert space
[74]. Tt is therefore understandable why the Liouville space formalism is popular in various fields of
spectroscopy, including magnetic resonance. The catch, however, is that given a Hilbert space of finite
dimension Dy, the dimension of its corresponding Liouville space is D%_[ — which roughly translates
into even higher computational costs when one works in Liouville space.

As it is well-known, operators in Hilbert space, including the density matrix, become vectors
(supervectors) in Liouville space. Likewise, mappings which transformed one operator into another in
Hilbert space become operators (superoperators) in Liouville space.

Recall that the Hamiltonian is known to be the generator of the dynamics of the density matrix
in Hilbert space. When the density matrix becomes a supervector in Liouville space, its dynamics are
generated by the superoperator called the Liouwvillian. Just as we eigendecompose the Hamiltonian H
in the Hilbert space to get the eigenenergies of the system, the eigendecomposition of its corresponding
Liouvillian f} returns all possible pairwise differences between the eigenenergies [63]. The relation

between a given Hamiltonian . and its Liouvillian £ is [63]:
L= -0 8" (10.1)

where "®" denotes the operation of vector space tensor direct product; 1 is the identity operator defined
on the same Hilbert space as H , and A% is the complex conjugate of . We once again observe from

(10.1) that the dimension of the linear space where g operates, i.e. the Liouville space, is of dimension

(D#)?. For example, if we have a multispin system 4 = {%10}, whose Hamiltonian is given by .7,

in (9.1), the simulation of the multispin system’s magnetic spectra would require eigendecomposing a
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matrix of dimension 2'° = 1024 according to the tout court approach if we work in the system’s spin
state space. If we choose to work in the Liouville space, the same tout court approach will have us
eigendecompose the matrix representation of the Liouvillian, which is of dimension 220 = 1,048, 576.
This apparent inconvenience in computational costs one has to grapple with when working in the
Liouville space can be easily overcome. Indeed, if i is the matrix (supermatriz) which diagonalizes £,
ie.
UeUt=9 (10.2)

where ® is the diagonal supermatrix of the eigenvalues of £, and % is the eigenvector matrix of 7
UAHU =9 (10.3)

where 2 is the diagonal matrix containing the eigenvalues of ., then it can be proved that:
s=we(@ ") (10.4)

and
D=0l leg (10.5)

where "®" in (10.4) and (10.5) indicates the operation of Kronecker (or matrix direct) product, and
| is the identity matrix of the same dimension as 2. Equation (10.4) is of great significance because
it enables us to compute the eigenvector supermatrix i directly from % by means of a simple matrix
direct product, without having to diagonalize the Liouvillian £ de novo. Note that when the Hamilto-
nian is real, like in the case of the multispin Hamiltonian ., seen above, % is an orthogonal matrix,
and so (10.4) reduces to the form:

=% QU . (10.6)

Combining the relations given in (10.4) and (10.5) with the HP transformation and related techniques
discussed in previous sections could be very useful in reducing the computational cost of simulating
the magnetic resonance spectra of multispin systems described by isotropic Hamiltonians like A, in
Liouville space. For example, going back to our previous example with the multiset 2 = {%10}, if we
want to work in Liouville space, instead of eigendecomposing a square matrix of dimension 22°, we can
obtain the same eigen-supervectors and -supervalues through (10.6) and (10.5), respectively, by eigen-
decomposing only the submatrices %y, B, Bo, B3, B4, B5 which are of dimension 1,10, 45,120,210
and 252, respectively. The computational cost can be further drastically reduced if we take into

consideration the presence of groups of equivalent spins as explained in Chap. 9.
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On Schwinger bosons

We conclude this part with a brief introduction to Schwinger bosons, which is another kind of spin
representation commonly used in condensed matter physics. Schwinger bosons are closely related to
the Holstein-Primakoff bosons, but the two representations are suitable for certain specific applications.
The HP bosons are particularly useful in transforming quantum mechanical problems into counting
problems. The Schwinger bosons are extremely powerful tools when we want to describe the behavior
of spin states under unitary transformations like rotations. The literature provides a plethora of
applications of the Schwinger bosons, mainly in quantum magnetic studies. This presentation of the
HP transformation won’t be complete without this brief introduction to Schwinger bosons. However,
the introduction we provide below departs greatly from what one may find elsewhere. Besides the
simplicity of our exposition below, we stress on the close link between Schwinger bosons and HP
bosons — which is rarely done in such details in the literature. Readers may see [13, 143] for the
mainstream exposition, interpretation and applications of Schwinger bosons.

We begin our introduction to Schwinger bosons by noting that the presence of the square root
of operators in the HP transformation, (6.14) and (6.15), makes its use in the study of important
problems like the rotation of spin states very inconvenient. The Schwinger transformation, from which
derives the Schwinger bosons, provides an alternative way to represent the spin operators J* and J*
in a very simple way without trace of any square roots. Interestingly, as we show below, the Schwinger
representation follows directly from the HP transformation.

When we introduced the time-reversal operator in Sec. 8.4, (8.55), we saw that when it acts on a
spin state represented by HP bosons, it transforms the HP bosons present into holes and the holes into
HP bosons, contemporarily. We also saw that the sum of the number of holes and HP bosons in any
given basis state |n) of a spin-j particle is always 2j. And that, while b'h counts the number of HP
bosons, the operator (25 — l;Tl;) counts the number of holes. The transition from HP transformation to
the Schwinger transformation relies on one simple trick: treat the holes and HP bosons as two set of
independent particles that can be created and annihilated separately (with the caveat that the sum of
their occupation numbers remain constant). If we do so, then we need to assign an occupation number

operator to the holes. Let us indicate this occupation number operator as a'a. Thus,
afa =25 —bb . (11.1)
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Clearly, a' and a are the creation and annihilation operators for the holes, respectively; and they obey

the same commutation rules as bf and b. Equation (8.55) may, therefore, be rewritten as:
6bb 6! =afa. (11.2)

Since {i), IA)T} effect only the HP bosons and {a,a} act on only the holes, the two set of operators
commute with each other. For the sake of clarity, let n, = bTh and fia = a'a; thus, the nonnegative
integers n, and n, will indicate the number of HP bosons and holes, respectively. We are therefore

representing spin states with two types of particles, i.e. HP bosons and (HP) holes:

HP representation — Schwinger representation

n) = b, 7a)

where, obviously, n = nj. Hence, in the Schwinger representation we need two occupation numbers
to indicate a single spin eigenvector of J>. Moreover, given that the two sets of operators {13, ET} and

{a,a'} operate on different particles, it follows that:

blne, na) = /iy [np — 1,14) b np, ma) = Vo + 1|0y + 1, n4) (11.3)
a|ny, na) = /N [N, ng — 1) al [Ny, na) = Vg + 1|0y, ng + 1) (11.4)

where the nonnegative integers n, and n; are subject to the contraint: n, + ny = 24, (11.1).
In regards to the operator 72, we note that if we combine (6.5) with (11.1), we obtain the following
expression for J7 in function of A, and fg:
I S PR S TS W P
J zi(aa—bb)zi(na—nb). (11.5)
(recall we have set i = 1). It is clear from (11.5) that the usual spin magnetic number m in |j,m)

relates to n, and ng through the expression:
1
m = i(na —np) . (11.6)
Moreover, from (11.1), we also have the condition:
o1
J= 5(na +np) - (11.7)

Equation (11.6) and (11.7), together, constitute the conditions the integers n, and n;, must satisfy in
order to represent the usual spin state |j, m).

What about the Schwinger representation for JE? To begin, recall the operator Jt= \/275 — btb b
in the HP representation, (6.14). From this expression, we see that the operator b first reduces the
number of HP bosons by 1 while the operator /25 — bth leaves the resulting state unchanged in
the number of HP bosons. The net effect of J+ is, therefore, to reduce n, by 1. But, given that
ng +mnp = 24, (11.7), it follows that if J 7 has the effect of reducing n; by 1, then it must also have the
effect of increasing the number of holes by the same quantity, i.e. ng, — n, + 1. The operator which

increases n, by 1is af. Therefore, J+ must be proportional to ath:

Jt=calb=cbal (11.8)



69

where ¢ is the proportionality constant. If we let J+ operate on |ny, ng), we find that:
I |np, na) = ¢ al blnp,na) (11.9a)
=c/(na + Dy/my |y — 1,4 +1) (11.9b)
=/ (2 —mp+ D)ymp |np — 1,14 + 1) (11.9¢)

where we have made use of (11.3) and (11.4). If we compare (11.9¢) with (6.14), we immediately
reach the conclusion that ¢ = 1 (bear in mind that n = n;, and as stated above, we have set i = 1

throughout this section). Thus,

Jt=atb=0bal. (11.10)
Hence, it also follows that:
N A \T
J-=(7%)
—ab =bla. (11.11a)

Equations (11.5), (11.10) and (11.11a) constitute the Schwinger transformation. Unlike the HP trans-
formation, we see that the Schwinger transformation is linear in the operators a', a, BT, b.

In §6, we saw that the vacuum state [n = 0) in the HP representation of the J? eigenvectors of spin-
Jj corresponds to the state |j,j) in the normal |j, m) —representation. The Schwinger representation
also has its vacuum state, namely |n, = 0,n, =0) = |0,0). This vacuum state, unlike the one we
encountered in the HP representation, does not correspond to any specific spin state, and its energy is
undefined. However, one interesting characteristic of the Schwinger vacuum is that it is the same for
all spins. This is in net contrast to the HP vacuum.

Just as generic spin states in the HP representation can be created from the HP vacuum state
by filling the latter with a number of HP bosons, generic spin states in the Schwinger representation
can be easily created from the Schwinger vacuum |0, 0) by creating a number of holes and HP bosouns.
Thus,

~ np
. @ ()
|7, m) — |np, ng) = NIl |0, 0) (11.12)

where the factor ﬁ is necessary to keep the state on the RHS normalized like |ny,n,). If we

!nb!

express n, and np in (11.12) in terms of j and m, using (11.6) and (11.7), it turns out that:

@y ()"
VG +m) VG —m)!

In the Schwinger representation, the HP bosons and HP holes are collectively called Schwinger bosons.

lj,m) = [j —m, j+m) = 0,0) . (11.13)

Among the many useful applications of the Schwinger bosons is the relatively straightforward ease
with which they allow the derivation of the famous Majorana formula [144], which states the general
expression for the transition probability between two generic spin states of an arbitrary spin in the
presence of: 1) a static magnetic field along a specified direction in space (chosen as the quantization
axis), and 2) a rf field perpendicular to the static field. Other applications of the Schwinger bosons
include the derivation of analytical expressions for the matrix elements of the rotation operator. In
particular, they can be used to easily derive a close expression for the elements of the Wigner d—matrix
[137, 143]. Closed expressions for the Clebsch-Gordan coefficients for the addition of two, three and

four angular momenta can also obtained using the Schwinger bosons [143].
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Part III

Quantum Markovian master equations
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Part III presents quantum Markovian master equations and the conditions which lead to them. The

concept of universal dynamical maps (UDM) and completely positive (CP) maps are also presented.

The contents of this part are not original findings of the author. However, the presentations
given here of these known results are mostly original presentations by the author. Some results are

generalizations of those in the literature and others are unpublished results.
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Chapter 12

Generalized Kraus operator sum
representation on a convex set of

finite-dimensional density matrices

12.1 Generalized Kraus operator sum representation

Say Hq a state space (Chap. 1) of dimension d, and Q4 the Hilbert space of linear operators acting
on Hy (Sec. 1.1). Let (’);{"1 denote the convex cone in the set of trace-class unit-trace positive
semi-definite self-adjoint linear operators acting on H4 [138]. Naturally, Oi’l C Oy4. Consider the
mapping A : (9;’1 — (’);’1, where A is understood to be linear and conserves convexity (i.e. for scalars
{c1,¢2lc1,c2 > 0Ac1+co = 1} and operators py, p2 € (’):{’1, Ale1pr+capa] = erA[p1] +ca\[p2] € (’);’1).
For arbitrary p € O;’*l, it can be shown that it is always possible to express p’ = Ap as [132, 138, 155]

P =Ap= ZM;LPM; (12.1)
n

where the operators M, € Og4 satisfy the completeness relation

> MM, =14 (12.2)
1
Equation (12.2) is reminiscent of (3.3), and confirms the fact that the map A preserves trace. The
map A also preserves Hermiticity and is obviously positive!. The sum in (12.1) may be referred to
as a generalized Kraus operator sum representation of the map A, and the operators {M,} are the
generalized Kraus operators.
In general, the operators M,, depend on (the eigenvectors of) p [138, 155]. This assertion stems
from the fact that given any pair of elements p4, pp € (9;’1, it is always possible to find a generalized
Kraus operators {M,,} such that

pp =Y MupaM} . (12.3)
I

LA map ® : M, — M — where M, and My, are linear spaces of complex n x n and m X m matrices, respectively —

is positive if for any positive semi-definite element A of M, (A) is also positive semi-definite [28].
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This can be easily proved, and we provide one below. The following proof follows closely that given in
[155].
First of all, based on the spectral decomposition theorem (1.17), we may write

d

pa= Aaklor)(on] =Ua pax Ul (12.4)
k=1

where {|ag)}, {Mar} are the eigenvectors and eigenvalues of pa, respectively; U, is the unitary
transformation matrix whose k—th column is |ay) and p4 » is the diagonal matrix whose (k, k)—th

entry is Aa . Analogously, for pp we may write

pPB = YBrl =Up ppx Ul - (12.5)
Note also that for p4 » and pp \ we may write
d d
parx=Y Aaxlk)(kl  pea=> Apklk)(k (12.6)
k=1 k=1

where |k) is the k—th canonical basis of dimension d, i.e.
. T
0 ... 0 0 ... 0
k) = ( ) . (12.7)
k—1 d—k

It can be shown that there exist operators {I'g ,} (1 =0,1,2,...,d — 1) such that

PBA = ZFB,H PAA F%’H (12.8)

m

and who satisfy the completeness relation
> oIk, Teu=la. (12.9)
”w

It can be verified that, up to a unitary transformation,

d—p d
s =S Ok W k+u + S gk Kk +p—d . (12.10)
k=1

k=d—p+1

Equations (12.8) and (12.9) can be easily verified. Indeed,

d—1 d—1d—p -1 d
S TL,Teu=Y> gk k+mle+pl +> D Apgipa lk+p—dik+p—d
n=0 p=0 k=1 pn=0k=d—p+1
d d-1 d d-1
= Z Z ABk—pn |E)(K|] + Z Z AB.d+k—p |K) (K|
k=1 p=0 k=1 p=0
d d k-1
Z(Z/\Bku+z/\3d+k u)lk Z(Z/\Bku+z)\8d+k u>|’f><|
k=1 k=1 \ =
d
=>_ k)
k=1

(12.11)
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Also,

d—1

ZFB!“ PAAX FJI[B’M
pn=0

SN VA A [K)E 4 pl kYkL K+ ) (K| Ak

d—1 d [du d—p
=1

p=0%k k'"=1k'=1
d—p
+ Z VAB A KK + ) kY] K+ o — d) (") Aag (12.12)

k=1 k”—d—u-i-l
d—

+ Z Z VAB A A KK + p—d| k)Y k| K+ u) (K] Aag

k=1k'=d— u+1

+ Z Z VB A B |KYK 4 —d| E) (k| K+ p— d) (K| Aax

k'=d—p+1k"=d—pu+1
Using the orthonormality property of the canonical basis, we find that

d—1
:

Y Toyuparlh,

pn=0

1

-1 d d—p d—p
= ZZ [ Z Z VB AB R Aae KK ke O g

p=0 k=1 k=1 k=1
d—p d
+ Z \/ A8 A/ AB gk AA g K )K" Ok 4k Ok o 4d (12.13)
=1 k' —d—
d—p d
Z Z \/ AB V/AB R Aak [E) (K" Ok 41Ok ke 4d
=1 k'=d—

+ Z Z VAB A ABg Aag |KYE"| Okt p—a kO g

=d—p+1 k" =d—p+1

The second and third terms vanish since |k) = 0 for & > d. Hence

d—1 d—1 d—
ZFB# PAA FE# Z Z)‘B A K k/|+z Z ABg A kitu—da K'Y (K|
n=0 pn=0k'=1 pn=0k'=d—p+1
d
=> (Z A w> A |k (K] +Z (Z A w) A | (K] (12.14)
k=1 \w=k w
d
Z(ZAAw+ZAAw>ABk|k (k| = Z)\Bk|k (k| = ppr -
k=1 k=1

Having verified that (12.8) and (12.9) hold, from (12.5) and (12.8), it follows that

d—1 d—1
pp =Usp pp U = UB(ZFB,M par T u) Ul = ZUBFB7M/)A NS uU (12.15)
=0

But from (12.4), we know
Ul pa Ua = pan (12.16)
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therefore,
pp =Y Upl'p, Ul pa Ually UL
a ) (12.17)
= Z MBA,;L pPA MBA,;L

“w
where

Mpa, =UpTp Ul . (12.18)
And in addition, we also see that

ZM;AMMBA,N =1,. (12.19)

“w

As mentioned above, we note that the operator Mp4 , depends on p4 through U4. And the operators
Up and T'p,, determine the eigenvectors and eigenvalues of pp. As pointed out in [155], since Ua
collects only the eigenvectors of p4, it is inferred that different elements of O;’l with the same set
of eigenvectors as p4 but with different eigenvalues share the same set of generalized Kraus operators
{Mpa,,} for fixed pp.

12.2 Completely positive linear maps and Choi’s theorem

Let 9t,, and 9, be linear spaces of complex n x n and m X m square matrices, respectively. A positive
linear map ® : M,, — M,, is said to be completely positive (CP) if for any identity matrix I, € M,
(p€{1,2,3,...}), the map

o1, M, @M, = N, @M, (12.20)

is still positive.

According to Choi’s theorem [28], a linear map ® : M,, — M, is completely positive if and only if
it admits the expression,

o(A) =) viay (12.21)

i

— where V; is a n X m complex matrix. Based on this very important result and (12.1), we can say
that any linear map A : (9;’1 — (9;’1, is definitely CP — and not just positive. Combining
this with the trace-preserving property of A (sealed by the completeness relation in (12.2)), leads to
A being completely positive and trace-preserving (CPT). The CPT property also becomes a criterion
by which to ascertain whether or not a linear map is an endomorphism of the set O;’l (i.e. if the
map transforms elements of (’);}“1 into elements of the same set.). Namely, a linear map A is an
endomorphism of the set (9;“1 if and only if it is CPT.

The requirement that any linear map A which presupposes to be an endomorphism of O;’l be
CPT is not just an abstract mathematical preoccupation, but ensures a profound logical and empirical
coherence in our understanding and description of how quantum states are transformed. We shall
discuss this in more details in the next chapter but for the time being, consider a system S with state
space Hg and the map A : O;’l — O;’l. Consider now another system W with state space Hy . The
state space of the bipartite system S + W is Hy ® Hg . Consider S and W to be noninteracting and

no correlation between the two. If we want to describe the scenario where we apply the map A above
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in this very context of the S + W system — where A continues to be an endomorphism of (9;1"’1 while

we leave W’s state intact —, we will have to use the map
A@ly: 07 00 - o0 w0l . (12.22)

It is reasonable that we require this map to be positive (besides preserving trace and Hermiticity).
More than that, this positivity requirement must hold independent of d’; else, there could be values
of d’ whereby there is no interaction nor correlation between S and W (initially and beyond), but
transforming the state of S suddenly creates some correlations between S and W. Obviously, such a
transformation would be unphysical. But, as we have seen above, requiring A ® Iy to be positive —
independent of d’ — tantamounts to requiring A to be CP (besides being trace-preserving), thus CPT.
This is the physical justification for the importance of the CPT requirement.

However, the physical justification for the CPT requirement notwithstanding, (12.1) and (12.2)
informs us that it is already an entrenched and inextricable property of all linear maps A : (9;’1 — (’);’1.

It is a simple exercise to generalize the above results and reach the conclusion that

A still remains CPT even if its domain and image are subsets of Oj’l.
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Chapter 13

Universal dynamical maps

In the study of quantum dynamics, we are usually interested in how the density matrix p € (’)j’l
of a quantum system evolves in time. For a coherent account of this time evolution in the interval
to, <t <ty — where t, and t; are the initial and final instances of our observation we are interested
in — it is easy to see that p(¢) must remain in the convex set (9;“1. To this time evolution, we may

associate the map
Mgy, s CH = C! (13.1)

such that p(t) = Ay, p(to), where p(t,) € Cj’l and C;’l,C:f’l are subsets of (9;’1. We may refer
to A¢yr, as a quantum dynamical map (or simply quantum map). Using the results of the previous
chapter, in particular (12.17), it follows readily that

d—1

Aot plte) = p(t) = 3 Mt ta)o(to) M (1, ,) (13.2)
pn=0

where — from (12.18) and (12.10), respectively —

Mt 1) = UL (U (1) (13.3)

d—p d
Lu(t) =D VM@ [k +pl + DY V) k) k+p—d . (13.4)
k=1

k=d—p+1
We recall again here that {|k)} is the canonical basis of Hq, (12.7). Moreover, {A;(t)} are the eigen-
vectors of p(t), while U(t) and U(t,) are the unitary operators which diagonalize p(t) and p(t,),
respectively. Naturally, the generalized Kraus operators {M,,(t,t,)} satisfy the completeness relation

in (12.2), namely,

d—1
> Mt to) Myt ) = la . (13.5)
n=0

Again, we observe that the generalized Kraus operators {M,(t,t,)} depend on the initial state p(t,),
while U(t) and {I',(t)} determine p(t).

Interestingly, the operators M,,(t,t,) bear some important similarities to the quantum measurement
operators we discussed in Chap. 3 and Chap. 4. In fact, comparing (13.2) with (4.14), we may view the

former as some sort of generalized non-selective measurement, albeit a rather peculiar one. Contrary
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to the quantum measurement operators we saw in Chap. 3 and Chap. 4, which were independent
of the initial state, the operators M, (t,t,) here do actually depend on the initial state, as remarked
earlier. From Chap. 12, it becomes conspicuously evident that this dependency on the initial state
would confine the domain of A, ;, to the set C''[p(0)] € O, where C}![p(0)] is the set of all convex
combinations of elements of O;"l which commute with the initial state p(0).

A simpler quantum map A, will be one whose associated Kraus operators {M,,(t,t,)} are in-
dependent of the initial state — just like those encountered in Chap. 3 and Chap. 4. Such a map
is commonly referred to as a universal dynamical map (UDM) [132]. The following definitions then

follow:

Definition 13.0.1. Given the state space Hg4, a quantum map A is said to be a universal dynamical
map (UDM) if
+,1 +,1
A:OJ = C (13.6)

where Cf;“l - (9;’1.

Definition 13.0.2. Given the state space Hg, a quantum map A is said to be a non-universal dynamical
map (non-UDM) if
A:CPM(cobhy =Pt (13.7)

In other words, the domain of A is a proper subset of (9;“1.

We also deduce from the results of the preceding chapter that both UDMs and non-UDMs are CPT
with respect to their respective domains.

In the study of open quantum systems, we usually consider a bipartite system consisting of a system
of interest S and its environment (or reservoir) R. The state space of the system-plus-reservoir, S+ R,
is Hg ® Hr — where Hx is the state space of free X (X = S, R). An effective quantum map for the
focused system S is obtained by tracing out R’s degrees of freedom, reducing the state space therefore
from Hg ® Hr to Hg. The quantum dynamics stemming from this state space reduction is usually
referred to as reduced dynamics. If the effective quantum map A, obtained does not depend on the
initial state of S, then we talk of an induced UDM. It can be shown [132] that the quantum map A,
for S is an induced UDM if and only if: i) the initial global system-plus-reservoir (S + R) state p(t,) is
a separable one, i.e. p(t,) = ps(to) ® pr(t,) — where ps(t,) and pr(t,) are the initial density matrices

of S and the reservoir/environment R, respectively —, and ii) pr(f,) remains the same for any ps(t,).

13.1 Induced universal dynamical maps — Schrodinger picture

To illustrate how a UDM may originate from reduced dynamics, consider a closed S + R evolving

according to the Hamiltonian H, where
H=Hs®lg+ls® Hr + H; (13.8)

— where Hg and Hpy are the free Hamiltonians of S and R, respectively, and H; is their interaction
Hamiltonian. We consider the state spaces of S and R (Hgs and Hg, respectively) to be finite-

dimensional, and lg and lg are the identity operators on Hg and Hp, respectively. Since the S+ R
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is closed, it follows from Postulate II of quantum quantum mechanics, (2.1) and (4.4), that, in the

Schrédinger picture,

d .

2P(0) = —ilH, p(t)] (13.9)
from which follows that

p(t) = e Hip(0)eH? (13.10)

— where we have simply put ¢, = 0. Then
ps(t) = Trg [p(t)] = Trg [e= "' p(0)e "] (13.11)

where Trp[e] denotes the operation of partial trace over R.
A few words on the partial trace are in order here. Given two linear operators A and B, defined on

the finite-dimensional state spaces H and H', respectively, the partial trace Trg[A ® B] is defined as

Trp[A® Bl =) (1 (®|)(A® B)(12 b)) (13.12)
b

where | is the identity operator on H, the set {|b)} is an orthonormal basis which spans H’ and ‘®’
denotes the Kronecker product.

Going back to (13.11), and using (13.12), we may write
ps(t) = Trg [e7"" (ps(0) @ pr(0)) €]

- zﬂ: (IS ® <ﬁl) (e‘“” (ps(0) @ pr(0)) 6““) ('s ® |5>>

where, without loss of generality, we choose the state vectors {|8)} to be the eigenvectors of pr(0).
That is,

(13.13)

= BBl - (13.14)
B

With (13.14), we may also rewrite (13.13) as

ps(t) =3 (15961 ) [ (s Sr0 1951 ) (15019) ) (13.15)

B B’

Employing the properties of the Kronecker product, the following chain of algebraic rearrangements
follows from (13.15):

t)=§;(|s®<ﬂ)6_%[(%(0)@1)(|s®)\5’|3 )] (ls®|ﬁ)

_szﬂ/(lswm)eZ‘Ht[(psm)@l)(s@w )( ® (8| <s®|ﬂ)

BB

)|
=§;Aﬁ/(us®<ﬁ|)e-“ﬁ[(ls®5'>)(ps<0>® ) (150 1) e (15019
>3 V(150 1) (15015 ) os(0) | Vi (150 0971 ) [ e (1519 )|

(13.16)
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which leads to the final result

=D Ksp(t)ps(0)K () (13.17)

BB

where Kppi(t) = \/)‘73'<|5 ® (B >e“” (|s ® 5’>) : (13.18)

We note that the operators Kgg (t) are independent of pg(t) as they depend solely on pr(0). We thus
see that if pr(0) is fixed for an arbitrary pg(0), then the quantum map A¢p : (93’1 — Oj’l, where

Arops(0) =D > Kpp (t)ps(0)Kfg (1) (t>0) (13.19)
BB
is a UDM in the Schrodinger picture. Note that the crucial step in the derivation of (13.17) is the
separability of the initial state of the bipartite system. It can also be easily verified that

SN KL (0K (t) =15 . (13.20)
B B
It follows then from Choi’s theorem (Sec. 12.2) and (13.20) that Ao in (13.19) is CPT.
It must be emphasized that the operators Kgg/(t) are linear operators acting on Hg. Indeed, if we

take an arbitrary orthonormal basis {|s)} of Hg, then from (13.18), we may rewrite Kgp (t) as

Ka ) = 30 v (st 91 )19 0191 )

s,s’

=S v (e o) (9219 )] (13.21)

s,s’

=Y Vs copap(t) [s)(s']
s,s’
where the coefficient c g s5/(t) has the expression

g (t) = (s, 8] e s, ) (13.22)

with |s, 3) = |s) ® |3). The final result in (13.21) clearly shows that Kzg (t) € Og' since it is a linear
combination of the operators {|s)(s’|} which span the Hilbert space Og, Sec. 1.1.

Note that the operators Kgg/(t) are indexed by states vectors of the environment. This may prove
inconvenient when using (13.17) to describe the dynamics of S, especially when the dimension of Hg
greatly exceeds that of Hg. It is therefore advisable to rewrite (13.17) in a form where the Kraus
operators are indexed by states directly related to H . This can be easily achieved as follows: since,
as we have seen, Kgg(t) € Og, we can express Kgg:(t) as a linear combination of any orthonormal
operator basis of Og, Sec. 1.1. Equation (13.21) is just an example of such an expansion. Let the
dimension of Hg be d. For simplicity, let {#,} (1 = 0,1,2,...,d> — 1) be an orthonormal operator
basis of Og. That is,

To[ )] = Oy - (13.23)

1Og is the Hilbert space of linear operators acting on Hg.
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Then we may expand each Kgg (t) as a linear combination of {7, }:

d*—1
Kpap (t) Z Ccupp( where ¢, g5 (t) = Tr[Kpg (t)]] . (13.24)

Introducing this expansion into (13.17) yields

d>—1d*—1
Arops(0) =D 3" Cuur(t) ups(0)a7], (13.25)
pn=0 p'=0
where
Cur () =D cupsr () g (1) - (13.26)
B B

The significance of (13.25) is that the range of influences of the environment R on the time evolution of
S is now succinctly encapsulated in the coefficients {(,./(t)}. Interestingly, the matrix ((t) is positive

semi-definite, i.e. given x € Cdz, zf¢x > 0. Indeed

zi¢e = ZSELCW/ W= ZZZQE Cupp (1) Cur g ()2

st B B

=3 ( > ahenss (t)> < > ahiew pp (ﬂ) T =22

B B Iz w B B

2 (13.27)
>0.

> wleu s ()

m

Since ((t) is positive semi-definite, we know its eigenvalues are nonnegative and there exits a unitary

transformation U (t) which diagonalizes ((t), i.e.

() =U (U (t) (13.28)
where 7(¢) is the diagonal matrix which collects the eigenvalues of ((¢). From (13.28), it follows that

d?—1
G ( Z Upigarr )Yy (t )UM () - (13.29)
// O

Substituting (13.29) into (13.25), we get
d*—1d®—1d*-1

Arops®) = 3 ST ST Uy Oy (U, (1) 5 (0)7))

pn=0 p'=0 p'’=0

) ) ) (13.30)
d?—1 d?—1 d?—1
= Z <\/’Yﬂ”#”(t) Z AUy (t)>PS(O)< Yoo (1) Z Ul”#/(t)@d)
w'=0 n=0 w=0
which may be simply written as
d?-1
Arops(0) = Y . (t)ps(0)4,] (t) (13.31)

where
d?—1

Hu(t) = \/ Vu(t) Z Uy p(t) - (13.32)
wn'=0
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(we have simply written ~,, as 7,). Here too, it can be verified that the operators {.%],(¢)} satisty the

completeness relation
d*-1

PO AGEAGEIE (13.33)
pn=0

Naturally, the quantum map A; o in (13.31) is still a UDM in the Schrédinger picture for a fixed initial
state pr(0) of R. The fingerprints of R’s influence on the time-evolution of S are to be found in the
scalars {v,(t)} and {U,./(t)}.

It is worth observing that while the generalized Kraus operators discussed in the previous chapter
were at most d in total (see for example (12.17) and (12.18)), the Kraus operators ., (t) in (13.31)
are at most d? in total. The reason for this discrepancy lies in the fact that the map A; in (13.31) is
an induced UDM.

13.2 Induced universal dynamical maps — Heisenberg picture

As it is known, in the Heisenberg picture, we let elements of Oy other than the density matrix evolve
in time. Given the Schrédinger picture quantum map A, o, its Heisenberg picture representation (AEO)
can be easily derived from A:( by imposing an invariance on the extended Hilbert-Schmidt inner
product (A 0ps(0), A) — where A € Oy and A # pg — as one moves into the Heisenberg picture. That
is,

(At0ps(0), 4) = (ps(0), AjhA) (13.34)

— which, according to (1.15), translates into
Tr [A At,OpS(O)} =Tr {AEOA pS(O)} (13.35)

where we have made use of Hermitian property of A 0ps(0) and pgs(0). If we make use of (13.31), for

example, then (13.35) may be written as

T[4 dzf%(zf)ps(om(t)} ~ v |Af4 ps(0)
H=0 (13.36)

T [Z AX,0ps0) 710 = Tr |4 ps(0)]

#=0

Making use of the cyclic property of the trace functional, we may conveniently rearrange the factors

on the lL.h.s., obtaining

d?—1
(X A 04%,0 )s(0)] =T |AFo4 ps(0) (13.37)
pn=0
— from which follows that
d?—1
AGA= " i) A . (13.38)
pn=0

The invariance in (13.35) is important because it allows the expectation value of an observable to

remain unchanged with respect to either picture.
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Quantum dynamical semigroups

We saw in Sec. 13.1 how an induced UDM may originate from a reduced dynamics. If we revise
our discussion in Sec. 13.1 attentively, we recognize that if we fix ¢ = ¢, the quantum map Ay, o as
given in (13.31) takes as input pg(0) and maps it to a new state pg(ty), parameterized by t;. The
caveat here is that at the initial time ¢ = 0, the bipartite system S 4+ R must be in the separable state
ps(0) ® pr(0), where pr(0) is fixed. The map A¢, o does not inform us, whatsoever, on how S evolves
in the time interval 0 < t < ¢, for example: it just tells us what the state of S is at the instant ¢;.
One might be inclined to assume that the map A, » — where 0 < ¢ < ¢y —, must also be a UDM.
It can be easily proved that that is not actually the case in general [132]. This problem is sometimes
referred to as the ‘time continuity problem’ of UDMs [132].

However, there is a class of induced UDMs of particular interest in the theory of open quantum
systems which are free from the time continuity problem. In particular, these UDMs are such that for
0<t <t <ty

Dy, Pryty = Py - (14.1)

This composition property allows these maps to form a one-parameter (with respect to the initial time
t = 0) semigroup {®; |t € RT}' on (92"1 — technically referred to as a quantum dynamical semigroup
[5, 22, 37]. Equation (14.1) is usually referred to as the semigroup condition or Markov property [5]. It
is not difficult to also realize that for quantum dynamical semigroups, the extended Hilbert-Schmidt
inner product (1.15) (®;0ps(0), Ay = Tr [A ‘bt)opg(O)}, for A € Oy, is a continuous function of ¢ [5]%.

14.1 Generators of quantum dynamical semigroups

If {®; 0]t € R} is a quantum dynamical semigroup, then it can be shown that |5, 22, 37, 58, 97, 132]
d
ZPs(t) = Lps(t) (14.2)

where pg(t) = @4 0ps(0). The map L : (’):{’1 — Oy is said to be the generator of the quantum dynamical

semigroup {®; |t € R*}. And (14.2) is referred to as a quantum Markovian master equation®/ Lindblad

IR is the set of nonnegative real numbers.
2This is actually true for all induced UDMs.
30r Markovian quantum master equation [22].
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master equation/ the Gorini-Kossakowski-Sudarshan-Lindblad (GKSL) equation. An important result
in the theory of open quantum systems states that all generators of quantum dynamical semigroups
may be cast into a specific standard form. This important result is due to Gorini, Kossakowski,
Sudarshan [58] and Lindblad [97]. Using the fact that pg(t) = P4 0ps(0), it is easily realized that

(14.2) leads to the following formal master equation for the map ®, ¢:

d
— O, 0 =LD 14.
21 2to L (14.3)

which has the formal solution
Do = e~ . (14.4)

Given the Markov property of the semigroup (14.1), we know @, 4 @y o = Dy, with 0 < ¢ < ¢. Using
(14.4), it is deduced that
O, =L (14.5)

We need to also recall that the elements of the quantum dynamical semigroup {®; |t € RT} are also
induced UDMs, and as such, it follows from (13.31) that

d*-1
Drops(0) = 3 Hu(D)ps(0)4,] () = ps(t) (14.6)
n=0

where the Kraus operators are independent of arbitrary pg(0) € (’):{’1. Putting together (14.4) and
(14.6), the formal relation

d?—1
eps(0) = S Hu(t)ps(0)4,1 (1) = ps(t) (14.7)
pn=0
then holds. This also implies that
Py 0ps(0) = Ppy Py ops(0) = @y ups(t') = €(t7t/)cps(t/) (14.8)

where we have made use of (14.5). From (14.6), it follows that

d*—1
dOLps(t) = 37 St — ) ps(t) A (E 1) (14.9)
pn=0

With these results we can determine the general form of the generator £ of a quantum dynamical
semigroup. In other words, we can determine the general features a reduced quantum master equation
for pgs(t) must possess in order to guarantee that the associated induced UDMs form a quantum

dynamical semigroup.

14.2 Derivation of the Lindblad master equation

Consider the quantum dynamical semigroup {®; o[t € RT} on the state space H4 of the focus system
S. Naturally, (14.6) holds. As elements of Og4, we may expand the Kraus operators {#,(t)} in any
orthonormal basis of Q4. In the literature, the basis always chosen is one in which one of the elements

is proportional to the identity operator 14, without specifying the nature of the other (d? —1) elements.
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To fill this gap, we draw the Reader’s attention to the fact that any finite dimensional state space Hq
can be mapped to the spin state space of a spin-(d — 1)/2 particle. For example, any two-dimensional
state space can be mapped to the spin state space of a spin-1/2 particle. From this observation, it is
easy to conclude that any finite dimensional Hilbert space of linear operators O4 can be mapped to the
Hilbert space of linear operators acting on the spin state space of a spin-(d — 1)/2 particle. Allard and
Hérd in [6] have provided a complete operator basis set for any spin quantum number. The advantage
of their proposed spin operator basis is that it always includes an operator which is proportional to
the identity operator. This makes their basis appropriate for our purpose. Using the results in [6], we

choose as basis of Oy the set of operators {F,f’q}w}, where S = (d —1)/2, w € {z,y, 2z} and

S ; S _1\q TS
Fk,qr - \/m (Tk,,—q + ( 1) Tk,q) (q 7é O)
Fgy = m (T — (DT T2,)  (@#0) (14.10)
1
S

F, —T7
k,qz 25+1 k,q

— where for fixed S, 0 < k < 25, and —k < ¢ < k (k is a non-negative integer and ¢ is an integer). With

(¢=0)

respect to [6], we have changed the normalization constant of the operators {F ,f q,w}~ The operators

Tlf: , are irreducible spherical tensors defined as [6]:

S 2 J S—m S k S /
T, =V2S+1vV2k+1 ) > (1) 1S, m)(S,m/| (14.11)

m=—Sm/=—S5 -moqg m

S k S
where /) denotes a Wigner-3; symbol (see Appendix A) and the |S,m) denotes the spin
-m q m
ket of a spin-S[= (d — 1)/2] particle with spin quantum magnetic number —S < m < S*. Using the
symmetric and orthogonality properties of the Wigner-3;5 symbols outlined in Appendix A, it can be
verified that

Tr {quTSTq/] = (25 + 1) 5k,k:’ 5q’q/ . (1412)

Employing this orthogonality relation, it can be easily proved that
Tr [Fliqulf':rq’W'} = O,k Oq,q" O, - (14.13)

Since the set {F,f q’w} is countable, it is possible to enumerate its elements. We may choose an
enumeration ranging from 1 to d? (that is, the cardinality of the set). This is equivalent to performing
a mapping of the sort {k,q, @} — {v}, where v = 1,2,...,d?. Consequently, {F,iq@} — {F?}, and
(14.14) becomes simply

Tr [FVSFVS,T} =6y (14.14)

In light of these results, we may express each Kraus operator .#,(t) in (14.6) as a linear combination
of the set {F~}, obtaining:

d2
Hu(t) = ew(t) FY . cu(t) = Tr[ () FJT . (14.15)

41t is also possible to express the operators Tlfq (14.11) in terms of the HP bosons, Chap. 6.
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Substituting (14.15) into (14.6) yields

a2 d?

t) = Z Z Cour (t) FySpS(O)FjT (14'16)

v=1pv/=1

where the coefficient ¢,,/(t) is defined as

Cour (t Z_: Cun(t . (14.17)

Just as we did in (13.27), one can show that the matrix {(¢) in (14.17) is positive semi-definite.
Let F()S:OZ be Ff: 42+ Then, it follows from the properties of the Wigner-3; symbols (Appendix A)
that FdS2 = %Id. With this choice, it readily follows that Tr[Ff] =0forv=1,2,...,(d> - 1).
Furthermore, from the limit definition of derivate, we know

d

L pstt) = im ~ |ps(t+ )~ ps()] (14.18)

Recall according to (14.6), ps(t+¢€) = i1, 0p5(0) and pg(t) = P4 0ps(0). Using the Markov property
of the dynamical semigroup {®; o[t € R*}, i.e. (14.1), it follows that

ps(t+€) = Piieps(0) = PupetProps(0) = Prgerps(t) (14.19a)
d?—1
=" Hu(e)ps(t) 7 (e) (14.19b)
pn=0
d? 42
=3 Gule) Flps(t)FL (14.19¢)
v=1v'=1

where in obtaining (14.19b) we have made use of (14.8), and (14.19¢) follows from (14.15) and (14.17).
With (14.19¢), (14.18) becomes

> d°
d
—ps(t) = lim - [Z > Crle) Fps(t) T — ps(t):l . (14.20)
v=1v/=1
From (14.20), it follows that
d 1 < st d’>—1 st d’—1 st
¢ Ps(t) = 1 =\ Cazq2 (€) Fip ps () F' + Z e () Fps (8 FT + Z G () F) ps(t) F
d>—1d’>-1
+ 30> GuOF ps( —Ps(t)}
v=1 v'=1
d’—1
Cazaz (€ )— Cd2 / St Gvaz(€) s
=1 —_ s(t)F, ——F t 14.21
e—>0€|: d V/Zl ()V+l;1 \/a l/pS() ( )
d>-1d*-1
£33 e )FS*]
v=1 v'=1

d*—1d*-1
= Kaza2ps(t) + ps(t)F ' + Fps(t Z Z Ko B ps(H)F

v=1 v'=1
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where we have set

d’>—1
=Y keF) (14.22)
v=1
with
lim o %7€d2d2d(6)_d (for v = V' = d?)
Ko = § lime_,q %C”jfa(e) (for v/ = d? and v # d?) - (14.23)

limeyo 20 (€) (for v/ # d? and v # d?)
Since the trace is conserved (due to the completeness relation satisfied by the Kraus operators, (13.33)),
it follows from the last equation in (14.21) that
d*—1d*-1

kapazly + FH+ F + Z Sk FSTES =0 (14.24)

v=1 v'=1
from which we derive that

d?>—1d%>—1

Kazazla = ~F =3 > kT (14.25)

v=1 v'=1

Writing the product between (Kd2d2 Id) and pg(t) in the symmetric form and using (14.25) yields®

1
Kazazps(t) = 3 Kazq2ps(t) + Ps(t)'idzlp}
1 1 d*—1d°-1 (14.26)
=35+ 7} -5 30 3w {ES RS ps(0}
Inserting (14.26) into (14.21), we get

d d>—1d*-1

L os(t) = —5 {ps(0), F1 + FYtps )T Fos+ S 3 s {Ffpsu)Ffi S {FSFS pstt )}] :
v=1 v/'=1

(14.27)

But note that
1 1
5 {505+ F) 4 ps(0 7+ Fpslt) = st F1 - 7 ) - 1 (F1-F st 1029

Since .#T — .F is skew-Hermitian, we may write

1
3 <9‘T - y‘) =iH (14.29)
where H € O4 is Hermitian. Thus,
{05, 7T + Z) 4 05+ Foslt) = ~i[H.ps(0)] (14.30)
Inserting this into (14.27) finally yields
d d>—1d*-1 1
a , st _ 1 fpstps
dtps(t) i[H, ps(t Vzl V(Zl Ky {F ps(t)F) 5 {FV, F; 7ps(t)}] . (14.31)

5For X,Y € Og4, {X,Y} denotes the anti-commutator. That is, {X,Y} = XY 4+ Y X.
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In other words — according to (14.2) —, the generator £ of the quantum dynamical semigroup {®; |t €
R™} is such that

d®—1d*-1
Los) = ~i[H.ps(0) + 3 3w [FEps0EST 3 (B ES. pato)}] (1432)

v=1 v'=1
The first term of (14.32) describes a unitary evolution. The second term is called the dissipator term
and describes non-unitary transformations of the density matrix. It is important to note that the
matrix x appearing in the dissipator term is a (d? — 1) square matrix. But more importantly, it follows
from (14.23) that it is also positive semi-definite, just like ((¢). This observation allows two more
alternative ways of expressing the result in (14.32). Indeed, in analogy to (13.28) and (13.29), we have

that
d?-1

Ryy' = Z UVV//’}/V//V//UJ//V/ (1433)

v''=1
where U is the unitary transformation which diagonalizes k and + is the diagonal matrix containing

the eigenvalues of k. Introducing (14.33) into (14.32) yields

d?—1

Los(0) = =ilH.ps0)] + 3 2 | Aups()4] - 5 {ALAv.ps()} (14.34)
v=1
where v, = 7, and
d*-1
A, = FiUs, . (14.35)
v'=1

But since the eigenvalues {7, } are all nonnegative reals due to the fact that x is positive semi-definite,

we may also rewrite (14.34) as

d?—1

Los(t) = —i[H,ps(t)] + 3 [vups< Wi - Vi s ) (14.36)

v=1

with V, = /7, 4,. Moreover, (14.34) and (14.36) are said to be the diagonal forms of the generator
L [22]. And the operators {A,} (or even {V,}) are usually referred to as Lindblad operators.



Chapter 15

Microscopic derivation of quantum

Markovian master equations

In the previous chapter, we derived the Lindblad master equation, (14.32)/(14.34)/(14.36), starting
from the Kraus operator sum representation of the quantum dynamical semigroup, (14.6). The deriva-
tion therefore rests on knowing the Kraus operators {K,(t)} related to the semigroup. In practical
scenarios, one do not know the Kraus operators beforehand, for they also constitute the unknowns
of the quantum dynamics. For open quantum systems, what one usually has is the total Hamilto-
nian H of the S 4+ R system, assumed to be a closed quantum system. This then begs the question:
under what conditions/approximations/assumptions can the induced UDMs of such a system form a
quantum dynamical semigroup? Put slightly differently, we are asking what are the necessary condi-
tions/approximations/assumptions which ensure that the generator £ of the reduced dynamics of the
focused system S is a generator of quantum dynamical semigroup, if we start from the unitary dynam-
ics of the S + R closed system. The derivation of such a generator from the equation of motion for
the unitary dynamics of the S + R is what goes under the name of microscopic derivation of quantum

Markovian master equations.

In the microscopic derivation we are going to undertake below, we will resort to the so-called weak-
coupling assumption. This assumption will be a central theme in subsequent discussions, especially in
the Part IV. With the total Hamiltonian H of the closed bipartite quantum system given in (13.8),

the assumption entails that

|Hs ® g +1s ® Hgl|| > | Hyl| . (15.1)

That is, the interaction Hamiltonian H; is a perturbation term with respect to the sum of the free
Hamiltonians of S and R. In this work, we shall assign a stricter interpretation to (15.1): for Hermitian

X,Y € O4, where X |xi) = Ex |zi), k=1,2,...,d, By €R, — we shall adopt the following meaning:

(x| Y |opr)

X Y =
11> 1Y B b

<1 V Ej 75 Eyr . (152)
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15.1 Unitary evolution of the closed quantum system

As mentioned above, we start with the Schrodinger equation for the closed bipartite quantum system,
(13.9):

d .

P(0) = —ilH, p(t)] (15.3)
where H = Hs® g+ 1g ® Hr + Hy, (13.8). It is clear that the initial state must still be a separable

one as we discussed in Chap. 13, i.e.

p(0) = ps(0) @ pr(0) (15.4)

— else, the quantum map we get after tracing out the environment R will fail to be an induced UDM
[132] — to begin with.
In light of the weak-coupling assumption, we may transit into the interaction picture. By doing so,

we transform (15.3) into

d )
L o(t) = ~i [V (1), o(t) (15.5)
where
Q(t) = eit[HS®IR+|S®HR]p(t)e—it[Hs®|R+|s®HR]
‘ , , A (15.6)
_ <ethS ® 6thR>p(t) <eths ® ethR)
and
V) = (eitHS ® e“HR>HI <e_“H5 ® e_itHR) . (15.7)
The formal integration of (15.5) results in
t
olt) = o(0) ~i [t V(¢),o(t)] (15.5)
0
With this formal solution, (15.5) becomes
d t
G0 ==iV(0,00)] - [ @t V(o). [V(£),o(e)
° (15.9)
= =i [V(e): )] = [ ar V). ViE= ). ol — )]
Tracing out the environment R, we obtain
d t
G8s(0) = TR [V (©),000)] = [ dr T [V, V(7). oft = 7))
o (15.10)
= —iTrr [V (t), 0(0)] — / dr TrR< VI@®),V(t—1)o(t —7)] + h.c.>
0
where gg(t) € (’);’1 is the reduced density matrix of S in the interaction picture:
0s(t) = Trg[o(t)] - (15.11)

The operation Trr[e] denotes partial trace over R and is defined in (13.12).
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15.2 Defining p(t) and H;

To proceed with the derivation, we need to consider explicit expressions for p(t) and Hj.
First of all, we note that given the initial condition in (15.4) — imposed by induced UDMs —, we
may express p(t) as

p(t) = ps(t) ® pr(0) + peorr(t) (15.12)

where the operator peor-(t) € Og1 g is traceless and satisfies the initial condition

pcorr(o) =0. (1513)

The operator peor-(t) accounts for the correlations between S and R which may come into effect in
the time interval ¢ > 0. Substituting (15.12) into (15.6), we obtain

o(t) = 0s(t) ® 0%(t) + Ocorr(t) (15.14)
where
Qs(t) = "5 pg(t)e s (15.15a)
°(t) = e'tfrpp(0)etHr (15.15b)
Ocorr(t) = ( #Hs g e“HR)pcorr(t) (e‘”HS ® e‘”’“) : (15.15¢)

Regarding Hy, we may express it as

where A; € Og and B; € Og and ¢;; is a scalar!. The Hermiticity of H; naturally requires that

> e, Al@BI = ¢ Ai®B; . (15.19)
i
Note that even if Hy is not in the form as given in (15.16), we can still put it in a similar form by
simply expanding it in any operator basis of Og;gr. Indeed, if {|s)(s'|} and {]a)(a’|} are operator
basis of Og and Ogp, respectively, then {|s)(s'| ® |a)(a’|} is an operator basis for Og4r. Thus, we may
expand Hy € Ogyp in the basis {|s)(s'| ® |a){c/|}, no matter the form of H;. That is,

HI_ZZ}LMSQ |sa) ( s’a\—zzhmsa’ ('] @ |a) (o] (15.20)

s,s’ a,af s,s’ a,af

Hn the literature, H; is usually assumed to be of the form

Hr=)» Ai®B; (15.17)

where A; € Og, B; € O and A;-r = A; and BZT = B;. Certainly, (15.16) is more general than (15.17). But in [22], for
example, it is claimed that (15.17) is the most general form of the interaction Hamiltonian H;. That is obviously not
accurate. To give a simple example, if S and R are both two-level systems, then a possible interaction Hamiltonian Hy
is

Hy=ci 0y ®o_+c} o ®04 +c3303Q03 (15.18)

where ¢33 is real, c4_ is a complex scalar and the {0, } are related to the Pauli matrices. See also [71].
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where |sa) = |s) ® |a) and

hsa.siar = (sa| Hy |s'a’) . (15.21)

With (15.16), it follows from (15.7) that

V()= ey Ailt) ® Bj(t) (15.22)
l?j
where
Ai(t) = s A;em s (15.23a)
Bj(t) = e"Hrpje~itHr (15.23b)

Employing these new expressions for o(t) and V' (¢) — i.e. (15.14) and (15.22) — in (15.10), it turns out
that

G850 = =i Y (i) )[40, 2500)]
- /0 dr Z (Zc;fjci,j,<3;(7)3j,(o)>R> [Al(t), A (t — T)os(t — 7)] + h.c.
+ /Ot dr Tl“R [(; % cfjci/j/ AI(t)Azf (t - T) & B}(f)Bj/(t - T)) Qcorr(t - T)] + h.c.
_ /Ot drTrg K; Cirjr Au(t—7) @ By (t — T)) Ocorr(t —T) ( 2]: c; Al ® B}(t))} + h.c.
(15.24)
where
(Bj(t)) p = Trr[B;(t)pr(0)] (15.25a)
(BI(r)Bj/(0)),, = Trr [Bl(7)Bj(0)pr(0)] . (15.25b)

The functions <B;(T)Bj/(0)>R

that this particular form of these correlation functions as given in (15.25b) is usually obtained in the

are the so-called environment/reservoir correlation functions. Note

literature [22] by assuming that the reservoir is in a stationary state with respect to its free Hamiltonian,
so that [Hg, pr(0)] = 0. In obtaining (15.25b), however, we made use of no such assumption, for the

result simply follows from the fact that
Trgr B;(t)Bj/ (t—7)ogR(t— 7)] =Trp {e”HRB;e“HRei(tT)HRBj/ei(tT)HRei(tT)HRpR(O)ei(tT)HR]

= TI‘R |:6iTHRB]T€iTHRBj/pR(O):| = TI‘R |:B;r (T)Bj/pR(O)]

= (Bl(r)B;(0)) .
(15.26)
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15.3 The Born approximation and the stability condition of en-

vironment

So far, the only approximation or assumption we have made is the weak-coupling assumption. Thus,
in this limit, (15.24) is exact. We now introduce the first of a series of approximations which will
ultimately turn the generator of the dynamics into a generator of a quantum dynamical semigroup.
This is the Born approximation. With this approximation, we are assuming the correlations between S
and R which may come into play in the course of the bipartite system’s time evolution is negligible. In

other words, ||ps(t) @ pr(0)]| > ||peorr(t)|| ~ 0 for ¢ > 02. With this approximation, (15.24) becomes
d

7 0s(t) = — Z < Z cij(Bj (t)>R) [Ai(t), 05(0)]

: (15.27)
- /0 dr ) (Zcfjci'j'<3;(7)3j' (0)>R> (AL (1), Au (t — T)os(t — 7)] + hec.

(Note that with the Born approximation, gg(t) — 0s(t).)

The second approximation we are going to introduce is what is sometimes referred to as the stability
condition of environment. Here, one assumes the first term in (15.10) (or (15.27)) is identically zero.
That is,

T V(0,000 = 3 (S exs(B5 (), )[40, 25(0)] =0, (15.29)

i J
In the literature [22], the more stringent assumption that (B;(t)) = 0 ,VB;(t) is often adopted. Also
in the literature [22, 100], it is argued that even if (15.28) is not satisfied, one can redefine Hg and H;

as follows
Hs = Hs + > i (B;(t)) A (15.29a)
%,J
Hp =) ey Ai® (Bj — (Bj(1) 4lr) (15.29b)
ij

so that the first term in (15.27) still remains identically zero. Despite the fact that this strategy allows
one to get rid of the first term in (15.27), great caution must be exercised when applying it because
it could have unanticipated dramatic effects on the results®. This strategy may thus be said to be
airbrushed in the literature. We are, therefore, simply going to assume (15.28) holds. In light of this

assumption, (15.27) further simplifies to

%Qs(t) = - /0 dr Z (;ijci/ﬁ/<B;(T)Bj’(O)>R) [AI(t),Ai/ (t —T)os(t — 7-)] + hee.

(15.30)

15.4 The Markov approximations

The presence of pg(t — 7) in (15.30) implies that the master equation is not local in time [103], and

that pg evolves with some memory effects. To make the master equation local in time — so that if

2Here, with || X||, we intend any linear operator norm, but not necessarily the stricter specification given in (15.2).
3This is the subject of a paper the author is currently working on.
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we take a snapshot of pg at any chosen instant ¢ > 0, its time evolution will depend on the state at
that very instant, i.e. pg(t), and not on states of previous instances —, we introduce the first Markov
approximation, where we substitute ps(t — 7) in (15.30) with og(t):

0

t
%Qs(t) =— / dr Z <chjci/jf<B;(T)Bjr(O)>R) [AZ(t),Ai/ (t—7)os(t)] +hc.p . (15.31)
R RT

The master equation hereby obtained is essentially the Redfield equation [129]. This approximation
can be justified in real applications whereby the timescale 75 over which the reservoir correlation
functions decay is very short compared to the timescale 75 of S’ evolution, [22], and the timescale 75
is not accessible to experimental observations [15]. If 7 is very short compared to the timescale of
observation of S, then we may go further by extending the upper limit of the integration in (15.32) to

infinity (second Markov approximation), obtaining:

d o0
—os(t) = - /O dTZ<%;c;jci,j,<Bj(T)Bj/(0)>R> [Al(t), A (t — T)os(t)] + hec. p . (15.32)

i,/
The Born approximation and Markov approximations are sometimes collectively referred to as the

Born-Markov approximation [22].

15.5 The secular approximation

Let {|len)} (n=1,2,...,d) be the eigenvectors of Hg. Naturally,
HS |€n> =E&n |5n> (1533)

where the real scalar ¢, is the eigenvalue corresponding to the eigenvector |e,,). With the set {|e,)},

we can decompose the operators {4;} as follows:
A=) Ai(w,) (15.34)

where
Ai(wo) =Y len)(enl Ai len) (et 6y, - (15.35)

n,n’
The frequencies {w,} are thus seen to range over all possible pairwise differences between the eigen-
values of Hg. Note that because the {A;} are not assumed to be Hermitian (as it is usually the case

in the literature [22]) , we have from (15.35), that

;
[Ai(WO)] = Z len) (nl AI o Aj(_WO) . (15.36)
Had A; been Hermitian, then [Ai(wo)r = A;(—w,), as given in the literature [22]. The distinction
between [Ai(wo)]T and AZT (wo) is therefore paramount, and should be kept in mind. In the following,
we shall simply write [4; (wo)]T as A;(w,)f.
Using (15.34) and (15.35), it readily follows from (15.23a) that

Ai(t) =D e Ay(w,) (15.37)
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— from which follows that

Af() = e Ay(w,) . (15.38)

Equations (15.37) and (15.38) allow us to rewrite (15.32) as

%Qs(t) =— /C><> dr Z Z (Zc;‘jci/j/<B;(T)Bj/ (0)>R) pit(wo—w),) yiTw, [Ai(wo)T,Ai' (w:,)gs(t)] + he.

0 1,1 we,w!
(15.39)
or, more succinctly,
d _ it(wo—w) / T /
—os(t) = - Z Z/ e Ty (wh) [Ai(wo)T, Air (wh)os(t)] + hec. ¢ (15.40)
where -
Tiir(wo) = Zcfjci/jf /0 dr '™ <B;(T)le 0)), - (15.41)
3,3

It is clear from (15.40) that the timescale 7s of S’ evolution in the interaction picture is in the order
of 7g1 ~ min{|w, — w)| | we # w,}. If the timescale of S’ relaxation 7., (which, for nondimensional
{A;}, depends on the matrix I';(w!)) is very long compared to 7g, then the factors e’(¥o=“) will be
rapidly oscillating for w, — w!, # 0. Superimposing these rapid oscillations with the relaxation of S,
we see that we will barely resolve the oscillations as they are fast compared to the relaxation. This

means that we can simply set w, = w! in (15.40), and the latter becomes

d

%Qs(t) = - Z Z Liir(wo) [Ai(wo)T, Ay (wo)gs(t)] + h.c.
=22 [F (@) A (wo)os (£) Ai(wo) ! = Tiir (wo) Ai(wo) Air(wo) 05 (1) (15.42)

+Ti(wo) Air (wo) 05 (8) Ai(wo) ' = Tii(wo) 25 (1) Ai(wo) T Air (wo)

Note that we may decompose T';;(w,) as follows:

1 . 1 x
i (wo) = 5 [Tiir (wo) 4+ Tjii(wo)] + i5 [Tiir (wo) — T (wo)]
. (15.43)
=5 (wo) + 1S5 (wo)
where
Yiir (Wo) = Tiir (wo) + T (wo) (15.44a)
1
Sii’ (UJO) = 272 [].—‘”/ (wa) — F;-‘,Z-(wo)] . (1544b)
With this decomposition of T';;/(w,), (15.42) becomes
d , 1
S0s(t) = —i[Hrs, 0s(O)] + DY iir(wo) {Aw (wo)os (1) Ai(wo)" = 5 {Ailwo) T Air(wo), 05 (1)}

Wo 1,1’

(15.45)
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where the Hermitian operator Hyg, called the Lamb shift Hamiltonian [22], has the expression

Hps = Y Siir(wo)Ai(wo) As(wo) - (15.46)

Wo  iyi!

And one can easily verify that the Lamb shift Hamiltonian Hyg commutes with Hg:
[HLS,HS} =0. (15.47)

We also note that the master equation in (15.45) is quite reminiscent of (14.31), which we saw gives
the general structure of a quantum Markovian master equation. For the quantum map related to the
master equation in (15.45) to be CPT, the matrix [’yiif (wo)] needs to be positive semi-definite. But
from its definition in (15.44a), there is no indication that [v;i(w,)] is positive semi-definite. Let us

take a closer look at this matrix.

15.6 Approximating pr(0) as a Hp stationary state

From (15.44a) and (15.44a), it follows that

Yiir (Wo) = Tiir (wo) + T (wo)

- Zcz‘jci/j,/o dr eiTwo<BJT(T)Bj/(O)>R+ Zcf/jcij//o dr eiT“’°<B;(T)Bj/(O)>R

33" 4.5
e’} 0

=S cigens ([ dr e (BlnB O+ [ dr (BB 0);) -
33’ e

(15.48)

We observe that the matrix [Zj’j, c;‘jci/j/} is positive semi-definite, so for [v;i(w,)] to be positive

semi-definite, it must be required that

0o 0
(/0 dr e’ <B;(T)Bj/ (0)), + /_OO dr e’ <B;[/(—T)Bj (0)>R> >0. (15.49)
It is worth noting at this point that
(B}, (=7)B;(0))}, = Trr[B](7) By (0) ok (7)] (15.50)

where, from (15.15b), we know 0% (t) = e R pr(0)e~ R~ — which is the initial density matrix of the
reservoir in the interaction picture. One easily realizes that if pr(0) is a stationary state with respect
to Hp, so that [Hg, pr(0)] =0, then ¢%(t) = pr(0) and (15.50) becomes

(Bl(=7)B;(0)), = Trr[Bl(7) B} (0)pr(0)] = (BL(7)B;(0)), - (15.51)

With (15.51), (15.48) simply becomes

Yiir (Wo) = ZCZCM'/ dr €™ (Bl(r)B;(0)),, > 0 . (15.52)
3.3’ -
The matrix [7;i(w,)] is now positive semi-definite because according to Bochner’s theorem [130], the
Fourier transform -
/ dr €™ (BI(r)B;(0)),, > 0 (15.53)

R =
— 00
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given that the reservoir correlation functions <BJJr (7)B;:(0)) . are positive definite. We therefore realize

R
that the assumption that pr(0) is a stationary state with respect to Hp, is sufficient to make the matrix

['Yii’ (wo)} positive semi-definite, turning the master equation in (15.45) into a quantum Markovian

master equation.

15.7 Summary

Recapitulating, we have seen that starting from the master equation in (15.3) for the unitary dynamics
of the bipartite quantum system S + R, we have been able to derive a reduced dynamics for the
subsystem S which is a UDM after applying a series of approximations and assumptions. We found

that the equation of motion for S’ density matrix is

ags(t) = Los(t) (15.54)

where

Los(t) = —i[HLs, 05(t)] +Z Z’Yn (wo) [Ai’(WO)QS(t)Ai(Wo)T_; {Ai(wo)T Ais(wo), 0s(t)} | (15.55)

Wo i,

and 7;; (w,) has the expression
Vi (Wo) =Y clicirye / dr ™ (BI(r)B;(0)),, - (15.56)
4.3’ —oo

Since the matrix ['yiir(wo)] is positive semi-definite, £ must be the generator of a quantum dynamical

semigroup. Another way to express the generator L is:

Los(t) = —i[Hrs, 0s(t)] + Dlos(t)] (15.57)

where, D[gs(t)], the dissipator term has the expression:
1
Dos(t)] = ;Z%i,(wo) [Ai/ (wo)os (1) Ai(wo) — 5 {Aiwo) Air(wo). e5(1)} | - (15.58)

Naturally, one can put the dissipator term D[gg(t)] into its diagonal form, as we saw in (14.34) and
(14.36).
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Part 1V

Semiclassical quantum Markovian

master equations
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In this Part, we try to devise a methodology which allows one to use the ideas and mathematical
tools discussed in Part III even when the environment is not fully quantized. We use continuous wave
(CW) magnetic resonance as proof of concept. We also introduce an approximation scheme we have
termed affine commutation perturbation (ACP) and show that the ACP scheme entails non-trivial
results even at the zeroth-order approximation. And indeed, we shall focus mainly on the zeroth-order
approximation of the ACP scheme.

We shall undertake a microscopic derivation of quantum Markovian master equation for CW mag-
netic resonance in the weak-coupling limit when the environment (the external magnetic fields) is
treated classically. In this derivation, the microscopic derivation discussed in Chapter 15 will prove
very helpful. One major departure from what we discussed in Chapter 15 is that we shall not enforce
the environment stability condition, (15.28). This means we shall keep the term linear in the system-
environment interaction in the master equation. Concentrating on the zeroth-order of the ACP scheme,
we show that this choice leads to a non-UDM (non-universal dynamical map, Chap. 13). However, by
enforcing the environment stability condition, the map becomes UDM. And it is interesting to observe
that while most of the non-UDMs hitherto studied in the literature (with a quantized environment)
are a result of initial system-environment correlations [21, 26, 72, 104, 106, 134, 145], in our case, such
a map stems from the presence of the term linear in the system-environment interaction in the master
equation. As we shall show, this term is also crucial for the correct theoretical description of CW

magnetic resonance experiments.

The contents in this Part are primarily the original contributions of the author and are based on

his preprints:

[62] J.A. Gyamfi, An Introduction to the Holstein-Primakoff Transformation, with Ap-
plications in Magnetic Resonance, arXiv:1907.07122, 2019.

[64] J.A. Gyamfi, Semiclassical Quantum Markovian Master Equations. Case Study:
Continuous Wave Magnetic Resonance of Multispin Systems., arXiv:2004.10872, 2020.

Unlike [64], we make full use of the distinction between UDMs and non-UDMs here.


https://arxiv.org/abs/1907.07122
https://arxiv.org/abs/2004.10872
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Chapter 16

Why semiclassical quantum

Markovian master equations

In Part IIT of this work, we discussed bipartite systems whereby both the focused system and its envi-
ronment are treated as quantum entities. This approach to open quantum system theory outlined in
Part I1I is one of many alternative approaches one can find in the literature [162], and it is sometimes
referred to as the Gorini-Kossakowski-Sudarshan-Lindblad (GKSL) approach. The requirement that
both the focused system S and its environment R be quantized, naturally impedes its application in
those areas where, for all practical purposes, it suffices to treat the environment (or part of it) at
the classical level. Cogent examples here include the description of processes like vibronic dynamics,
molecular vibrations and electronically nonadiabatic molecular dynamics — in condensed-phase sys-
tems [83, 135, 166]. This has motivated the development of diverse open quantum system models and
techniques where the focused system is treated quantum mechanically while the whole environment (or
part of it) is described classically. In some of these approaches, the quantum bath correlation functions
in the equation of motion for the quantum focused subsystem are substituted with appropriately sym-
metrized classical correlation functions [111]. One other approach which has gained traction goes as
follows: one begins with the Liouville-von Neumann equation for the fully quantized S+ R system, and
then performs a partial Wigner transformation over the relevant external degrees of freedom of the en-
vironment [83]. This has the advantage of imparting a classical character to the environment’s degrees
of freedom while maintaining their operator character. One may go further and define an appropriate
projection operator for the quantum system’s degrees of freedom and then derive a Nakajima-Zwanzig
equation from the equation of motion resulting from the partial Wigner transformation described ear-
lier [156]; this yields an equation of motion for the reduced density matrix pg(t) of the focused system
S. What seems to be missing in the literature, however, is a similar development within the GKSL
approach.

We show here in Part IV that it is possible to derive a quantum master equation for the quantum
subsystem S along the lines of the GKSL approach, even when part of the environment (if not the
whole) is not explicitly treated quantum mechanically. We illustrate this by developing a quantum
theory for continuous wave (CW) magnetic resonance within the GKSL approach. We shall not take

into account any of the molecular non-spin degrees of freedom — for example, molecular tumbling or
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rotations [71, 173], to name a few.

Magnetic resonance experiments, both ESR (electron spin resonance) and NMR (nuclear magnetic
resonance), provide a very simple and reliable test ground to study and understand open quantum
systems and its quantum technological applications [12, 16, 34, 55, 76-78, 92, 123, 141, 150, 161]. This
is one of the reasons why it is only fitting that we bridge the gap between the theory of quantum
magnetic resonance as formulated by pioneers like Bloch, Wangsness, Purcell, Pound, Bloembergen,
Anderson, Kubo etc during the early decades of research in magnetic resonance |2, 8, 17, 32, 33, 35,
46, 61, 89, 116, 127, 142, 159, 160, 163] and the theory of open quantum systems (within the GKSL
framework) [22, 29, 57, 58, 87, 97, 114, 132, 165]. We focus here on CW magnetic resonance — instead
of the pulsed technique — for historical reasons. In addition, there has been a renewed interest in
the CW technique because of advancements made in electronic engineering, which could improve the

sensitivity and reduce the cost of its application in research laboratories [113].



Chapter 17

Wavefunction vs density matrix

formalism in magnetic resonance

17.1 Wavefunction formalism

Like in many other areas, the history of magnetic resonance shows that the theoretical investigation
of the dynamics of the focused quantum system has been developed along the lines of two main
formalisms. These are: the wavefunction and the density matrix formalism [18].

In the wavefunction formalism, the primary object of interest is the transition probability per unit
time (or transition rate) between various pairs of spin states. These transition rates are then employed
to derive an expression for the spectrum [147]. The derivation of expressions for the transition rate
are based on a first-order time-dependent perturbation approximation of the probability amplitudes
[147]. This is normally accompanied by the assumption that the system is initially in a given specific
normalized pure state. The time-dependent perturbation theory used is that due to Dirac [41], where
one obtains the probability amplitudes by solving a system of differential equations.

To appreciate better the density matrix approach to spin dynamics to be discussed in the latter
part of this chapter and the next chapters, we briefly discuss here the limitations of the wavefunction
formalism, especially in relation to magnetic resonance. We also point out the assumptions on which the
often used transition rate equations [147] derived from the formalism and used in magnetic resonance
rest. (In this chapter, the constant 7 is not set equal to 1.)

Consider a spin system with its spin Hilbert space Hg, and whose spin Hamiltonian 42 (¢) is given

by the sum
H(t) = H,+ A (t) . (17.1)

€, in (17.1) is the time-independent component of 72 (t). We denote the eigenvectors of J%, as {|k)},

where

% |/<J> = Ek |/€> s and <k“ ]{1/> = 5k,k’ . (172)

' (t) in (17.1), on the other hand, is the time-dependent part of J#(t).

According to the time-dependent Schrodinger equation (2.1), the equation of motion for a generic
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normalized spin ket [1)(t)) € Hg satisfies the first-order linear differential equation

ih |¢< )) =B [$(t)) - (17.3)

Let us assume that at the initial time ¢,, the corresponding normalized spin ket is |¢(¢,)) (which is
supposed to be known).

If 2#7(t) can be considered as a perturbation term with respect to %, (in the sense of (15.2)),
then, we may solve (17.3) for [¢(t)) through a perturbation expansion. To ensure convergence of this

expansion, we may transit to the interaction picture by introducing the following transformation:

[Wp(t)) = Uo(t,t0) |6(1)) (17.4)

with
Uy(t,t,) = e to) Ko /N (17.5)

where |¢(t)) is the spin ket in the interaction picture. Then, in light of this transformation, it follows
from (17.1) and (17.3) that

ih |¢( ) =7, (1) [6(1)) Y () = U (t,16) 7 () (8 o) (17.6)

from which we derive that

‘¢(t)> = %I(t7to) |¢(to)> (177)

where,

ttto "*f/dt Y 0)+ (1;1) /dt/ @t 9, (), ()
(m) /dt/ dt"/ " Vi, ()%, ()Y, () + ... (17.8)

where | is the identity operator on Hg. Since the normalized eigenkets {|k)} constitute an orthonormal

basis for the Hilbert space Hg, we may expand |¢(¢)) in this basis,

Z k) (k| o(1) Zak (17.9)

where,
ax(t) i= (k] 6(1)) . (17.10)
It then definitely follows from (17.7) and (17.10) that

ak(t) = (k[ %1(t,t0) |6(to)) - (17.11)

Naturally,

(6(to)) = [1(to)) = > an(to) |k) - (17.12)
k
Since the initial ket |¢)(¢,)) is normalized, it follows that

> ar(®) =1 (t>t,) . (17.13)
k
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Given that the initial ket |1(¢,)) is supposed to be known, the coefficients {ay(t,)} are also known. If
we make use of (17.12), (17.11) becomes

an(t) =Y (k| %t to) k') ar (to) . (17.14)
o
From (17.11) and (17.14), we see that we have succeeded in expressing the coefficients {a(t)} in
function of only known quantities. More importantly, these expressions for ay are also exact. According
to (17.11), we may interpret ax(t) as the transition amplitude from the initial state |¢(t,)) to the
eigenstate |k), by means of the evolution operator %;(t,t,). In particular, we note from (17.14) that
ax(t) is a weighted sum of all the initial probability amplitudes {a(t,)}; the weighting factor here is
the transition amplitude from the generic eigenstate |k') to |k) by means of %;(t,t,).
Going back to the Schrodinger picture, it follows from (17.4) and (17.9) that

[W(t) = ax(t)e Tt B/l ) (17.15)
k

17.1.1 The first-order approximation and the zero-temperature limit

The derivation carried out above is exact. In general, however, it is hardly possible to exactly evaluate
(17.14) for the coefficient ag(t) without any approximations. In practical computations, the approx-
imations are introduced at the level of the evolution operator %;(t,t,), (17.8). We consider in this
subsection and the next expressions for the probabilities |a(t)|?, since these are most often of practical
interest.

If we choose to approximate ay(t)a; (t) up to first-order in J#”(t), then from (17.14) and (17.8) we

have
1 K ;
au(000 (1) = ax(o)a ) = 5 32 [ dty 0700 1100 ) o )
v t
k/ o
1 ! :
+ = Z/ dty eIk (k) S () K'Y aps (to)af (to)  (17.16)
ih i,
(Wm,m' = (B — Epy)/h), from which we derive that

2
Ja(t)]* = lax(to)|* + 73

t
> / dty e” tt)ow i (k| ' (81) K'Y ans (Lo)ak (to) | (17.17)
k/ to

Note that these first-order approximation expressions are generally valid for any initial ket |¢(%,)).
However, it is common practice in the literature to assume |¢(¢,)) is precisely one of the eigenkets
{|k)} of S, say |ko) [11, 33, 116]. Accordingly, the coefficients {ax(t,)} are such that

ak(to) =0k, V k. (17.18)

Without loss of generality, we may refer to this assumption as the "zero-temperature limit" [56].
The zero-temperature limit assumption, (17.18), is obviously a great simplification even within the
wavefunction formalism. In standard magnetic resonance experiments conducted at T" > 0K, the
initial state of the probed spin system is hardly a pure state [18], let alone one whose expansion
coefficients in {|k,)} satisfy (17.18).
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At any rate, in the zero-temperature limit, (17.17) simplifies to:

2 t 4
lak ()|° = Op.r, + ﬁ% U dty "ttt )oron (k| ' (t1) ko) O k| = Ok, - (17.19)
to

Thus, nothing interesting happens at the first-order approximation in the zero-temperature limit.

Nevertheless, the normalization condition, (17.13), is satisfied.

17.1.2 The second-order approximation and the zero-temperature limit

From (17.14) and (17.8), we see that the expression for |a(t)|* approximated to second-order in #” (t)
yields

425
TR

(2)2

Jar (t)[* = [ax(to

Z/ dty (k| 74, (t1) [K') an (to)ay(t )]

at [ ata (K %5, ()4, (12) IK) a (ta)a (n)]
;/to l/to 2 2 k k

1\? !
+ (h) dtl <I€‘ A//to(tl) |k‘l> (057% (to) (17.20)

to

In the zero-temperature limit, (17.20) simplifies to:
) 1 2 t t
@ =des -2 (3 ) R | [ dn [ dea (ol A 0) i) )] D,
o o 1 ) . | )
+ (h) / dty e” =t s (k| 7/ (1) |k,) | (17.21)
to

— from which follows that >, |as (t)]* = 1. Thus, the normalization condition stated in (17.13) is also
satisfied at this order of approximation. This is actually the case for all orders of approximation.
It is easily derived from (17.21) that for k # k,,

(o = (+)

This is the ubiquitous transition probability equation in the wavefunction formalism [11], which is

t 2
/ dty e"itto)oron (k| ' (1) |ky) (17.22)
t

o

applied in many problems — including magnetic resonance [33, 116]. In fact, theoretical derivations
in quantum magnetic resonance studies based on the wavefunction formalism are usually carried out:
1) with the product ay(t)a;(t) approximated to second-order in .#(t), and 2) assuming the zero-
temperature limit condition. Together, these two have been extensively applied both in the theory of
electron spin resonance (ESR) [116] and nuclear magnetic resonance (NMR) [33]. As limiting as the
zero-temperature assumption is, its employment has played an invaluable role in our understanding
of the magnetic resonance phenomenon in the framework of quantum mechanics. Certainly, the re-
duction in mathematical complexity one achieves with it has been a decisive factor in its widespread
applications. For example, the starting point of Solomon’s derivation of expressions for the transition
rates between the states in a system of two spins in his 1955 seminal paper [147] — which has had an
enormous impact on the field — is actually the expression in (17.22). Consequently, the expressions
for the relaxation times Tj and 75 in [147] should be used bearing in mind the limitations of the

zero-temperature limit and the wavefunction formalism [2, 18].
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17.2 Density matrix formalism

The wavefunction formalism has long been known to be inadequate for the full quantum mechanical
description of spin dynamics because it fails to account for the evolution of the coherences (which,
we know, play a crucial role in the quantum mechanical description of the magnetic resonance phe-
nomenon) [2, 129]. In the study of magnetic resonance, the density matrix formalism [18, 117] has been
widely used to treat relaxation processes in the presence of a random perturbation. The Wangsness-
Bloch-Redfield [129, 160] theory is the archetypal example. In all such theories, the goal is to find
a reasonably approximated expression for the density matrix pg(t) (or %pg) of the focused spin sys-
tem, neglecting, however, key questions regarding the nature of pg(t)’s evolution in time. The GKSL
approach, on the other hand, pays particular attention to these aspects and tries to provide general
requisites on the properties of the map under which pg(t) evolves. The completely positive trace-
preserving (CPT) [5, 22, 28, 57, 58, 96, 97, 114, 132, 165] property is arguably the most celebrated
of these. Even more, it has been the common view that the CPT property is a fundamental requi-
site of any reputable quantum map [4]. This view, however, has been challenged by some authors
[119, 146]. According to the opposing view, the fundamental requisite to be required of a quantum
map is that it preserves Hermiticity, trace and positivity [146, 149]. The unclenching of the view of the
CPT requirement as an inescapable one has been met with an increase in research on non-CP maps
[26, 72, 106, 145, 168]. After all, studies [21, 104, 134] have shown a close connection between non-CP
maps and non-Markovian [23, 30, 103, 122, 128] dynamics — the latter being a hot topic.

On a close examination, one realizes that the debate on how fundamental the CPT requirement
is could be a problem of definition. The reason is that, viewed along the lines of UDMs and non-
UDMs, it is clear — as explained in Sec. 12.2 and the beginning of Chap. 13 — that the CPT property
and the very concept of quantum dynamical maps are two inextricable notions, for a map cannot
be a quantum dynamical map, in the first place, without being CPT. And that the CPT property
is inarguably fundamental. It is an accident of history that what we have termed UDMs here are
what are commonly referred to in the literature as CPT maps. The consequence of this misnomer is
that non-UDMs (or what some may call positive but non-CP maps [26, 168]) became something of an
anathema — even though they are CPT with respect to their domain and admit Kraus operator sum
representations (Chap. 13). We shall give a concrete practical example of a Kraus operator sum for a
non-UDM in Sec. 20.5.

All in all, applying the GKSL approach to some problems of considerable interest like multispin
magnetic resonance is not an easy sell because the environment (i.e. the applied magnetic fields, in
the case of magnetic resonance) needs to be fully quantized. In the theory of magnetic resonance, as
formulated by the above-mentioned pioneers and others, the so-called Maxwell-Bloch scheme [75] is
used. In this scheme, the spin system is quantized while the external magnetic fields are consigned to
a classical description (Maxwell equations). Naturally, we could quantize the applied electromagnetic
fields and carry out our derivations without any significant conceptual hurdle. Using quantized applied
electromagnetic fields in magnetic resonance theory has been done, for example, by Jeener and Henin
[75], and also by Engelke [45]. The results one obtains are in good agreement with those obtained under
the Maxwell-Bloch scheme [45, 75]. A fully quantized electromagnetic field, though, may be necessary

under more sophisticated experiments, but for what concerns standard NMR and ESR experiments,
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it suffices to treat the external fields classically. And this will be our strategy in the next chapters.



Chapter 18

Proposal on how to handle classical

environments

In Chap. 15, we saw how the generator for a quantum dynamical semigroup can be obtained from the

unitary dynamics of a closed bipartite quantum system, following a number of approximations and

assumptions. The steps involved — under the assumptions of weak-coupling limit — may be summarized

as follows:

1.

start with a Liouville-von Neumann equation for pgys(¢) (the density matrix for the closed S+ R
bipartite system) — Sec. 15.1, (15.3);

transition to the interaction picture — Sec. 15.1, (15.5);

trace out the environment degrees of freedom to obtain an equation of motion for S’ density

matrix in the interaction picture — Sec. 15.1, (15.10);

introduce the Born approximation and the environment stability condition — Sec. 15.3;
introduce the Markov approximations — Sec. 15.4;

introduce the secular approximation — Sec. 15.5; and

assume the initial density matrix pr(0) of the environment is stationary with respect to its free

Hamiltonian Hg — Sec. 15.6.

When R is considered classical, a GKSL-like equation may be obtained in the weak-coupling limit

as follows:

1.

start with a Liouville-von Neumann equation for the reduced density matrix pg(t), where S’
Hamiltonian is an effective one. Here, the (time-dependent) factors and parameters in the effec-
tive Hamiltonian will originate from the environment’s degrees of freedom and would have been

determined by some other means;
transform the equation of motion into the interaction picture;

introduce the Markov approximations; and then
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4. perform the secular approximation.

It is implicitly assumed in step (1) (in the case of classical R) that the initial state of S+ R is ‘separable’
(4.e. no initial correlations between the quantum system and the classical environment). Somewhere
between steps (2) and (4), one has to define an appropriate set of Lindblad operators; this may prove
difficult to accomplish for some problems or may require some very ingenious choices, but, nonetheless,
there is, somehow — looking at Chap. 15, for example — a general understanding on how to proceed
[22]. This is more so when the resonance condition consists of a set of independent conditions which

must occur concurrently. CW magnetic resonance is a good example in this regard.



Chapter 19

Semiclassical Quantum Markovian
Master Equation Approach to CW

Magnetic Resonance

19.1 Preamble

In standard CW magnetic resonance experiments, the sample is subjected to an oscillating field By (¢)
of constant frequency w while, simultaneously, a steady magnetic field B, (perpendicular to B (¢),

with |B1(t)|| < ||Bo||) is sweepingly applied so as to tune the focus system to resonance.’

Keeping
strict adherence to this faithful description will land us into what we may call generalized Landau-
Zerner [94, 99, 172] transition problems, obscuring the central effort of this part — which is, to derive a
GKSL-like equation for CW magnetic resonance experiments whereby we treat the applied fields (B,
and Bj) as classical entities. For the sake of argument, we shall not explicitly take into account the
sweeping of B,. Rather, we take the view that for any instance of B,, the spin system settles very
fast to an equilibrium state (solely dependent on B,) upon its interaction with the latter field, before
it begins to adjust to the presence of B (¢). Put in other terms, we may view the experiment as a two
step process, whereby we first apply B, and then By (¢). If any justification at all is to be allowed for
this simplified view of the CW experiment under discussion, we may invoke the fact that: 1) except
at very low temperatures, the scale of resonance energy in magnetic resonance experiments is quite
small compared to thermal energy (high-temperature approzimation) [53], and 2) [|B1(t)|| < [|Boll-
Naturally, the function of the steady field B, is to create the Zeeman effect, while B;(¢) stimulates

transitions between the energy levels resulting from the Zeeman effect.

Bearing in mind the above reinterpretation of the experiment, consider an ensemble of noninter-

acting molecules in some condensed phase environment. Each member of the ensemble is a multispin

L Another alternative is to hold the frequency B, constant and vary w, but this scheme is not the experimentally

preferred way of doing business.
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system A4 with the isotropic Hamiltonian H gy, —spin, Where:

Hspin—spin = ZTijSi - S; (19.1)
i>j

where S; (= S¥e, + S/e, + S7e.) is the i—th element’s spin vector operator, and Tj; is the coupling
constant between spins ¢ and j. S¢ is the spin operator along the axis « € {z,y, 2} for spin 7. Note
that all the other degrees of freedom with the exception of the spin degrees in question constitute the
environment, so in a fully quantum treatment, the coupling constants will result from the tracing out
of the environment’s degrees of freedom. A fully quantized condensed phase like the liquid phase — in
which many of these experiments are carried out — is all but easy to manage. The coupling constants
T;; here are, therefore, assumed to have been determined by some other means [43, 50, 84, 95, 112].
Surely, these constants incorporate the influence of the environment. And in the liquid phase, one
usually speaks of ‘solvent effects’ [43, 95, 112].

If we take B, as lying along the z—axis (i.e. B, = B,e.), and consider the latter as the axis of
quantization, then the Hamiltonian of the multispin system acquires a new term (i.e. the Zeeman
term):

H, = Hgpin—spin +§° B, (19.2)

where,

where pu® indicates the total magnetic moment operator of the multispin system along the axis a, and
~; is the effective gyromagnetic ratio of the i—th spin. Suppose we apply the oscillating field B1(t) at
the instant ¢,, and assume the spin system had reached its thermal equilibrium state under B, prior

to t,. Then, the density matrix of the multispin system immediately before the instant ¢,, ps(t,), is:

e~ BH,
ps(te) = —5— . Z:="Tr [e PH] | (19.4)

where 8 = kE%T (kp is the Boltzmann constant and T is the absolute temperature), and H, is defined
in (19.2). Equation (19.4) can be justified on the basis of statistical mechanics, and we give a detailed
account of it in Appendix B. The operator pg (which we now, henceforth, simply indicate as p) — after

the application of B (¢) — must then satisfy the Cauchy initial value problem:

Gpt) = —i[Ho + V(t),p()] ,  (t>t,)

e BHo

(19.5)

where,

V(t) =& B(t) (19.6)

with the components of € defined in (19.3). Two observations are due here: First of all, it is implicit in
the initial condition on p, (19.5), that there is no correlation (quantum or classical) between the spin
system and the oscillating field. This is tantamount to the Born approximation (Sec. 15.3). Secondly,
the same equation will have us think p(t) may evolve by means of a unitary evolution superoperator,
but that would contradict the fact that p(t) represents the density matrix of an open quantum system.

Nevertheless, although the experimental conditions largely justify the series of approximations (like
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the Markovian) we shall introduce in the course of our discussion, they also have the advantage of
leading to a non-unitary evolution of p(t).

Taking into account the fact that the oscillating magnetic fields actually used in experiments are
not perfectly monochromatic, it is only reasonable that we take B1(¢) to be a superposition of various

independent oscillating fields (for simplicity, all of zero phase and with the same maximum):
Bi(t) = Y 2B cos(wrt)e, (19.7)

where 2B; and w, are the maximum amplitude and frequency of the r—th oscillating field, respectively.
The frequencies w, are distributed around a central frequency w, and we assume w > |dw,|, where
dwy, = w —w,. Bi(t) in (19.7) is a generalization of the usual By (t) = 2B cos(wt)e, used in the
literature [8, 17, 33]. For the sake of clarity, we choose to decompose B (¢) into two cluster of rotating
fields in the x — y plane, both with the same intensity but each having a sense of rotation opposite to
the other:

Bi(t) =B1,4(t) + By _(¢) (19.8)

where,

B, (1) := Z By [cos(wyt)e, + sin(wrt)e,] . (19.9)

T
B 1 (t) rotate in the anticlockwise and clockwise directions, respectively, when observed from the top
of the direction parallel to that of B,. As it is well-known, for a given spin, only one of these may
give rise to the resonance phenomenon depending on the sign of its Larmor frequency [2]. On similar

footing, we may decompose the interaction term V (¢) as follows:

V(t) = Vi(t) + V_(2) (19.10)
with

Vai(t) =By Y _ [£" cos(wpt) £ & sin(w,t)] (19.11a)

= Bli FiwrtS” gw piwnts” (19.11b)

where S% := ). S7, i.e. the total spin operator along the z—axis. According to the sign of the Larmor
frequency of the spin, only one of VL (t) contributes significantly to the observed resonance spectra; for
example, if the Larmor frequency is positive (thus, negative gyromagnetic ratio), then the observed
spectra is primarily due to the interaction term V. (¢), with negligible contributions from V_(¢).

As noted earlier, in the usual experimental setup, B; < B,, so we can consider V (t) as a pertur-

bation with respect to H,. We may then take (19.5) into the interaction picture. The result is:

ho®) =~/ @], (> ) (10.12)
olto) = %, (t = to)
where,
o(t) := e'tHo p(t)e= o (19.13a)

Y (t) := etV (t)e o = ¥, (t) + V(1) . (19.13b)
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From (19.12), it follows that:

t—t,
Golt) = =i ®.0t) = [ dr (0.1t =)ot = 7)) (19.14)
— which is analogous to (15.27). Obviously, the difference between (19.14) and (15.27) lies in the
fact that the latter was derived after tracing out a quantum mechanically described environment
and imposing the Born approximation, while (19.14) simply results from a dynamics described by
an effective Hamiltonian in which the effects of the environment are manifest through some given
(time-dependent) parameters. Like in (15.27), we also observe from (19.14) that the evolution of o(t)
depends on its history due to the presence of o(t —7) on the Lh.s. Let us assume the evolution of g does
effectively depend on its history only in the time-frame 0 < 7 < 75, where 75 is some characteristic
time which depends on the interaction between the spin system and the external fields. Supposing
the resolution of our experiment does make the time-frame 0 < 7 < 75 practically inaccessible to our
investigation [15], so that measurements on the spin system effectively refer to ¢ > 75, instances during
which the evolution of ¢ does not depend on its history, but only on its present state, then we may
substitute o(t — 7) in (19.14) with o(¢) (Markov approximation). (When the experimental technique
being employed is capable of appropriately resolving certain system-environment correlations [15], it
may be necessary to account for the non-Markovian [23, 30, 103, 122, 128] property in o(¢)’s evolution).
If, in addition, we set t, = 0 and extend the upper limit of the integral over 7 to infinity (this is just
an approximation on the integral over 7; and it is particularly justified for steady-state experiments

like the one under discussion), the final result is:

d _ oo

Z0(t) = —i[7(), o(0)] —/0 dr [7(t), [V (t = 7), 0@®)]] - (19.15)
Note that by taking the limit ¢, — —oo (i.e. adiabatic approximation[56]) in (19.14), we also get
(19.15) since p(0) = o(—o0) = engo. Though the adiabatic approximation — which assumes the

system, prior to the application of By (¢), had been in the equilibrium state for a very, very long time
— leads essentially to the same equation of motion as (19.15) for o(t), it requires that the lower limit of
the integral over t be t = —oo instead of ¢ = 0. This is a subtle but important difference as there could
be instances whereby this lower limit of ¢ according to the adiabatic approximation leads to infinite
expectation values of some observables. In the following, we stick to (19.15) bearing in mind that the
lower limit of ¢ is ¢t = 0.

One other important thing to note is that (19.15) is analogous to (15.32) if we suppress the first-
order term in ¥'(t). Recall that this first-order term in the system-reservoir interaction Hamiltonian
was suppressed in (15.32) by applying the environment stability condition, (15.28). Contrary to what
we did in Sec. 15.3, we choose to keep this linear term simply because — unlike in the usual microscopic
derivations in the literature whereby this term usually becomes zero (or is assumed to be) upon a trace
operation over the environment’s quantum degrees of freedom [22] — here, only the spin system is
treated at the quantum level from the beginning and there are no quantum degrees of freedom of the
environment (the magnetic fields) to trace over. We have thus no reason to neglect the term. As it will
turn out later in our discussion, this term is crucial to the quantum theory of magnetic resonance and
allows us to derive a number of important results already known in the literature. Most importantly,
we shall show that it is the springboard to the development of a linear response theory from the

perspective of quantum Markovian master equations.
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19.2 Affine commutation perturbation

Following the microscopic derivation we did in Chap. 15, the very next step? from (19.15) will be a
decomposition — analogous to the decomposition in (15.37) — of the operator ¥'(¢) . And that would
be followed by the secular approximation. We choose, however, to detour a little bit by introducing
at this very stage a second level of perturbation. This will help us further breakdown the dynamics
of the multispin system into the key contributing factors, while at the same time help us obtain quite
accurate results even at lower orders of perturbation.

Let us now go back to (19.2) and analyze H,. Under usual experimental conditions, it is often
the case that ||£%B,| > Hzi>j T;;S:-S;

Hpin—spin, may therefore be treated as a perturbation with respect to the Zeeman term, {*B,,. Instead

(in the sense of (15.2)). The spin-spin interaction term,

of simply treating Hgpin—spin as a perturbation term with respect to {*B,, we are going to do what
we call affine commutation perturbation (ACP). In this scheme, the perturbation term is rewritten as
a sum of two operators: A’ + B’, where the operator A’ commutes with the leading term, while B’
does not. A’ is then added to the leading term and their sum is treated as the new leading term, while
B’ becomes the new perturbation term and the normal perturbation expansion is then carried out. If
A’ exists and one performs the ACP expansion, the results one obtains — compared to those from the
standard perturbation expansion — are more accurate even at low orders.

As we intend to perform an ACP, we rewrite H, as:

Hy= 2%+ % (19.16)
where,
o= Bo&* + > _T;;S;S; (19.17a)
i>]
X = % > Ty (SFS; +S78) (19.17b)
>

(Sji = 57 +£1iS]). Note that || Z;]| > || Z7]|. Moreover, 2, commutes with the total spin operator
along the z—axis, S%. And more importantly, the eigenvectors of Z;, are simply the multispin kets in
the uncoupled representation.

Using Feynman’s operator calculus [48], we now expand all operators in (19.15) dependent on
2 in powers of the latter. Namely, the rotated operators: 1) o(t) = e (ZoHAZ) p(t)ei(Zo+AZ) " 9)
V() = eHZoFADIY (1) t(ZoAAZ) and 3) p(0) = %
here for book-keeping purposes, will be set equal to 1 at the end). For the first two, we get:

(where the constant A, introduced

o(t) = i A" o™ () (19.18a)
n=0

Y (t) = i Ay () () (19.18b)
n=0

20ne could also redefine H, and V(t), following (15.29) so that the first term on the r.h.s. of (19.14) becomes
identically zero. Though it is formally doable, on a closer examination, one realizes that it is more pragmatic not to go
down that path.
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where,
n k
oM (t) = e [Z Y 7R o) W’”(ﬂ] e~ (19.19)
k=0 k’'=0
y () (1) = it %o lz =R (1) V(t) @(k”(t)] e %o (19.20)
k=0
where, for n > 1,
t S1 Sn—1
M () = z”/ dsl/ dsy - / dsp, 2 (51) 2 (s2) - X (sn) (19.21)
0 0 0

while (") (t) = 1 for n = 0 — with
X () := e @%0 g eiv %o (19.22)

Naturally, p(t) depends on £ . This dependence slightly complicates the expansion of g(t) in powers
of 2, compared to ¥ (t). The operator p™)(t) in (19.19) denotes the m—th term coming from the
formal expansion of p(t) in powers of 2. Put differently, p(™ (t) is the equivalent of (™ (t) in the
Schrodinger picture. In general, the relation between the two is not a simple unitary transformation.
As a matter of fact, only ¢(%)(¢) and p(®)(¢) are related through a unitary transformation. To illustrate
this very important point, consider, for example, the cases n = 0 and n = 1 from (19.19); these yield

the following expressions:
0V (t) = %o pO) (1)e~t%o (19.23a)
oW () = e?%o pM (t)e %o 4 /0 t ds [Q(O)(t), X(s—1)|. (19.23b)
from which we derive that:
PO (1) = e % p(0) (1)eitZo (19.24a)

pD(t) = e~it %o o) ()it Ze _ / s [p<°>(t),35(s)]. (19.24b)
0

Moving on, to fully expand (19.15) in powers of £°, we are only left with the expansion of p(0).

Resorting once more to Feynman’s operator calculus [48], one can show that, for a fixed 8 = —:

kT
0(0) = > A"o™(0) (19.25)
n=0
where,
0™(0) = 02(0) Y Gu(iB) Z (i) (19.26)
n’=0
and oo
0(0) = W : (19.27)

The coefficients {(,(i8)} are the solution to a system of linear equations (of infinite dimension),

characterized by a coefficient matrix which is a lower triangular Toeplitz matrix. It can be verified



19.3 The zeroth-order approximation 123

that every ¢, (i8) is proportional to the determinant of an upper Hessenberg matrix. Indeed, for n > 1,

<§’/(1)(a:)>o <@(2)(Jc)>o <@(3)(m)>o <@(4)(x)>o . <@("71)(a:)>0 <@”) (2)),
1 (W), (FP)), (FO), ... (FO2x), (F0D@),
. 0 L (g0@), (FO@), .. (@0Iw), (@0D),
Gl@) = (D" det) 0 L (a0@), e (0w), (),
0 0 0 . (B D),

(19.28)

while for n =0, (,(z) = 1. Moreover,
<@<n>(x)> =Ty [g<0>(0) ) ()] . (19.29)

(On passing, we would like to draw the Reader’s attention to an evident connection between the
expression for the coefficient ¢, (x) as given in (19.28) and the determinant expression for the n—th
complete Bell polynomial [115].) The recursive relation for the coefficients {(,(x)}, for n > 1, is as
follows:

n—1

~ 3 @) <@<"—" )(x)> . (19.30)

n’'=0 ©

(Compare (19.28) and (19.30) with Theorem I of [73].)
With these expansions of the operators o(t), ¥ (¢) and ¢(0) in 2, (19.15) turns out to be:

;g:lxn‘f ()= i3 j{j X [0 @), 60(0)]

n=0n'=

_ Z Z Z / dr \ntn/+n” [”I/(" (t), ["//("l)(t _ T)’g(n”)(t)H . (19.31)

n=0n'=0n""=0

Equating terms of the same order in A on both sides of (19.31) yields a non-homogeneous system of
triangular differential equations for {o(™(¢)}, which can be solved step-by-step beginning with the
line n = 0. Indeed, one can easily derive from (19.31) that the generic o™ (¢) satisfies the differential
equation:
domy = S [y, )] - S (n—F) B (¢ — 7). o)
LdW =3 [P0, 0] =303 [ [, [, )|

k=0 k=0k'=0"0
(19.32)

19.3 The zeroth-order approximation

In standard perturbation theory, one has to necessarily go to first-order or beyond in order to see the
effects of the perturbation term. This is not the case with ACP, where some effects of the perturbation
are already manifest at zeroth-order. We demonstrate this point by showing below that if we simply
take o(t) = 09 (t) + O(Z), i.e. the zeroth-order approximation, the results we obtain are in excellent

agreement with experiments.
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In the discussions below, we are going to make use of the Holstein-Primakoff transformation and
the index compression map 7, we discussed in Part II (see Chap. 6 and Chap. 7). In particular,
if each member of the ensemble of noninteracting molecules is represented by the multiset of spins
a4 = {j1,42,.--,Jn}, then, a generic multispin state of a member of the ensemble in the uncoupled
representation is span by the basis {|j1,m1) |j2, m2) - - |jn, mn)}, where —j; < m; < j; is the spin
magnetic quantum number of the i—th spin. In conjunction with the index compression map 7),, we
saw — in Chap. 7, (7.1) — that the HP transformation makes it possible to map each of these basis
elements to a unique nonnegative integer n, whose range is 0 < n < (Dy — 1) — where Dy is the
dimension of the multispin Hilbert space: Dy = vazl d;, d; = 27; + 1. Thus, we can simply indicate
a multispin basis element in the uncoupled representation as [n). Naturally, (0’| n) = dp/ n.

As remarked earlier, the eigenstates of Z, are simply the uncoupled multispin states

{l71,m1) [g2, m2) -~ [jn,mn)}

— which we have just seen can be simply represented as {|n)}. Thus, by virtue of the HP representation

and the index compression map 7,, we have that:

Z,|n) = eq |N) (19.33a)
S#|n) = My |n) (19.33b)
where,
en = (n| Z, |n) (19.34a)
My == (n|S*|n) . (19.34b)

My, is the multispin state |n)’s total spin magnetic quantum number along the axis of quantization.

In the following, we are going to assume that if e,/ — en = env — €n, then N’ = n’”. That is, we are
assuming there are no accidental degeneracies of the multispin states in relation to the Hamiltonian
Z,.

19.3.1 Derivation of zeroth-order approximation to the semiclassical quan-

tum Markovian master equation

As remarked earlier, with the zeroth-order approximation, we are taking o(t) = 0% (t) + O(2"), and
— according to (19.32) — 0(©)(t) satisfies the differential equation

d Feo
GO0 =i [PO0.000] - [ ar [0, [rOe-n.0]] (19.35)
0
We now present a microscopic derivation of a GKSL-like equation for (%) (#) starting from (19.35).
We begin our derivation by noting that (19.35) may be rewritten in the following form:

% o0 (t) = i [#O (1), 00(0)] - / o ([P @10, 7O = ®] + e (19.36)
0

where h.c. denotes the presence of the Hermitian conjugate term. By virtue of (19.13b) and (19.20),
YO @) = v O) + v V(1) (19.37a)
V() = By Y e ZoFerSgnemil(ZoFursT) (19.37b)
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(19.37a) allows us to divide the r.h.s. of (19.36) into contributions from “I/(O)( t), with cross-terms (i.e.

(0 50)

terms involving the factors 7/} — simultaneously) coming from the second term. Assuming

these cross-terms do not contribute, we may reduce (19.36) to the form:
d o [y ©) () 50
200 (1) = =i [700) + 7 1), 00(0)]
o O 17y 5(© o
- dr (|77 (), 7. (t — 7)o" (t)| + h.c.
0

- /0 s ([“//_(O)T(t),“//_(o) (t —)0© (t)} + h.c.) . (19.38)

It is most convenient, at this point, to proceed with our derivation by expanding the operator £

in the eigenbasis of Z, in the following manner?:

0= & (n,wo) (19.39)

n7w0

where?*,
€7 (n,wo) 1= M) (N| € IN) (V| 61,y —en O M1y — (19.40)

n,n’
where {|n)} are the eigenvectors of Z,, (19.33). Note that the {n} in (19.39) and (19.40) are nec-
essarily integers, and the {w,} are the pairwise frequency separation between the eigenvalues of Z,.

Interestingly, one also observes that:

(25,67 (n,wo)] = —w, £7(n,w,) (19.41a)
[S%, €% (n,w,)] = —n £ (n, w,) (19.41b)
while,
(25, €1 (n,wo)] = wo €71 (n, o) (19.42a)
(5%, &% (n,wo)] = €1 (n,wp) - (19.42b)
Thus, from (19.41) and (19.42), the identity:
£ (n,w,) = £ (—n, —w,) (19.43)

readily follows. The same identity could have been proved directly from (19.40). The commutation
relations in (19.41) and (19.43) indicate that the operator £*(n,w,) is a generalized ladder operator
which, when applied to a generic eigenket |n) of Z,, transforms |n) into a weighted sum of other
eigenkets of Z,, who all share the same eigenvalue = (en —w, ), as well as the same total spin magnetic
quantum number = (M, — n). Likewise, £*T(n,w,) transforms |n) into a sum of other eigenkets of
%,, each of which is characterized by the same eigenvalue and total spin magnetic quantum numbers;

namely, (en + w,) and (M + n), respectively. Indeed, it follows from (19.39) that:

&% (n,wo) IN) = ZC’n/ n,w,) |n’) (19.44a)

£ (n,w,) Ny = ch, —n, —w,) [N’ (19.44b)

3This is analogous to the decomposition in (15.34).
4Compare this with (15.35).
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where,

Crvn(n,wo) = (N[ £7]N) bu, en—ep On, M—M,,, - (19.45)

Going back to (19.37b), we note that with the introduction of the decomposition of {* according
0 (19.39), 7L (t) simplifies to’:

V) =B YN em e Fermen(n ) (19.46)

T N,Wo

With this new expression for 7/i(0) (t), (19.38) becomes, — in analogy to (15.40) —

d )
(O) _ E E —it(wo—wrn) —it(wotwrn) (0)

T n,Wo

[ XX > el mtmmeanm pe) — nlwn) (67 (n,0,), 67 (0, )0 (1)) + huc.

'I"T n,wo n' UJ

(X 3 el p ) [ ). € (0, w0 0] +he. | (19.47)

! nwo n',w

where,

+OO ; ’ ’
F(w; :I:wr/n’) = B%/ dr eiT(wotwun’)
" ' (19.48)
=B? [Wé(w(’) +n'w)+i P ()]

/ !
w! £ n'wp

and the operation P(e) indicates Cauchy’s Principal Value.

The time-dependent factors in (19.47) are all complex exponential functions. For the first term
n (19.47), these factors lead to what we have termed the linear response Hamiltonian, Hyr(t) (see
below). Unlike the time-dependent factors in the first term, those in the second and third terms of
(19.47) are functions of the differences between the eigenvalues {w,}, as well as weighted differences
between the field frequencies w,. These factors can be rapidly oscillating when the frequency function
multiplying ¢ is far from zero. The contribution of those rapidly oscillating factors to the evolution
of g(o)(t) is negligible compared to those terms where the frequency function multiplying ¢ is in the
neighborhood of zero. We may therefore discard those rapidly oscillating terms in the second and third
terms of (19.47) (secular approxzimation). This leads to the condition: (w, —w!) £ (w,n —wn') =0,
which is easily satisfied if

we=w., n=n, w,=w. (19.49)

We emphasize that this is also the only solution compatible with our assumption (see (19.38)) that
the cross-terms involving 7/J£0) (t) and A (t) do not contribute at second-order in B? to the equation
of motion.

With (19.49), the sum of the last two terms of (19.47) reduces to:

- Z Z <F(wo — nwy) + Dw, + an)) [fIT(n, Wo), % (1, wo) 0 (t)} + h.c. . (19.50)

T n,Wo

5This is the equivalent of (15.37).
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It is convenient at this point to decompose I'(w, + w,n) into the sum:

1
MNw, £ wpn) = inm(wo + wpn) + i7" (we + wyrn) (19.51)
where,
0" (wo £ wypn) = 21 B? §(w, + nw,) (19.52a)
xrxr 1
C (wo + an) = B% P <(,QO:|:’]’L(JJ,,,> . (1952}))

If we now assume a continuous distribution of the frequencies in the applied radiation field, then
>, = [dw'pp(w') and w, — w’ — where py(w’) is the probability density function for the radiation
field’s frequencies (still centered on w, as discussed earlier). And it can be verified, after some algebraic

manipulations, that:

- /dw’pf(w’) Z (F(wo —nw') + T(w, + nw’)) [fmT(n,wo),fx(n, w,) o (t)} + h.c.

n,we

= —i [Huss + Hus—, 0¥ ()] + s [09)] + D [o0)]  (19.53)
where,
+oo
Hysy = Z / dw'pr (W) C™ (wo F wW'n)E™T (N, w,)E% (N, W) (19.54)

and

D [000] = 3 [ e ') 60O (€7 .0

n,Wwe

- {E e e 00} | . 005

It is quite clear that the sum (Hps4+ Hps—) constitute a Lamb shift Hamiltonian (see (15.46)), while
the sum (D+ [Q(O)(t)] +D_ [Q(O) (t)] ) is the dissipator term (see (15.58)). The sign subscripts for Hs
and D indicate their origins: the subscript ‘+’ means the object originates from the second term of
(19.38), while ‘—’ indicates its origin is the third term of (19.38). Furthermore, in (19.73) and (19.55),
we have extended the lower limit of the integral over w’ from zero to (—oo). This causes no appreciable
error in subsequent calculations since the frequency w at which p¢(w’) is centered on is in the order of
MHz, and is usually quite sharply peaked. Naturally, the normalization condition fj;o dw’ pr(w') =1
holds.
A closer look at the integrals in (19.73) and (19.55) shows that:

[e%S) LB% —
/ " o )y F ey = | P, (0 20) (19.56)
. B%P(w—lo), (n = 0)

> 2mB] Wo /M n
|t oy, = § o Pl (070 (19.57)
—00 27TB% 5(w0), (n = 0)

where p’ (+w,/n) is the Hilbert transform [86] of p; centered on +w,/n:

P (wo/n) = i/m d' P <pf(°"/)) . (19.58)

oo tw,/n — w'
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Note that given a specific £7(n,w, ), it follows from (19.43) that if we make the transformation n — —n,
then w, — —w, must also follow. Making use of this property and the fact that £%(0,0) = 0, we may

conveniently rewrite the dissipator terms Dy, (19.55), as

Do [000)] = 3 [wn,wo)g@(t)gw*(n,wo>—;{swn,wo)fw(n,wo),g“”(t)}]

n>0,w,

+ Z 27:3% pf(Ewo/n) [fxT(n, wo) 0 ()€% (n, wo) — % {g”(n,wo)gﬂ(n,wo), o© (t)}} (19.59)

n>0,w,

and for the Lamb shift Hamiltonians, Hyg+, (19.73), we may write:
Hpge =+ Z 7 (Fwo/n) [€71(n, w,), € (n,wo)] - (19.60)
n>0,w,

Drawing on the fact that the operator £* is the ¢ = +1 component of a rank k = 1 spherical tensor
(see (8.3)), we see that n = +1 in (19.59) and (19.60).
Let us now turn to the first term on the r.h.s. of (19.47) and split it into two:

=B Y03 et [ (n,0,), 00(0)] = By Y0 Y et (e (n,wy), 0)(0)

ron,w, T on,we

(19.61)

We focus now on the first term of (19.61). Assuming here a continuous distribution of the frequencies

of the applied radiation field, we get:

— 1B Z Z e Hwomwim) [gw(anO)v Q(O) (O)}

T N,Wo

But,

i Y [ pplel) ) [ ), 000

n,wo

. -‘rOO . 7
:—“3126’”““ / d’ () ™ [€7(+1,w,), 0 (0)] + hc.

— 00

S_— Ze o [{”(H w,), 0° >(0)} + h.c.

= [HLR+(t)7 Q(O)(O)}
(19.63)

where we can easily recognize ¢(t) in the above expression as the characteristic function of ps(w’):

+o0 o,
r(t) E/ dw' py(w') ™ (19.64)
and
Hppe(t) = Bipp(t) Y e "% (+1,w,) + hec. . (19.65)

Wo
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Analogously, for the second term of (19.61), we have

— 1B Z Z e~ it (wotwrn) {gﬂc(n w, ) (0)( )] —3 [HLR_(t), Q(O) (0)} (19.66)
where
Hpr-(t) = Bigj(t) Y e " g" (+1,w,) + hec. (19.67)

(¢3(t) is the complex conjugate of @y(t)).

19.3.2 Summary

Putting these results together, it follows that (19.47) — after secular approximation — becomes

d
00 (1) = A1) (0) + LoO(1) (19.68)
where:
A(t)0@(0) := —i [HLR( ), 0® (0)} (19.69)
with Hrg(t), the linear response Hamiltonian, defined as:
itwe ¢
Hpp(t) :=2B1R[of(£)] > e " (+1,w,) + h.c. (19.70)

Moreover, the superoperator £ in (19.68) is the generator of a quantum dynamical semigroup, and is
given as follows:
£60(t) =i [Hys, 0O ()] + D [0 (1)) (19.71)

where the first and second terms in (19.71) are the unitary evolution and dissipator terms at zeroth-
order (in Z7), respectively. Hpg is the Lamb shift Hamiltonian at zeroth-order, and is given by the
expression:
Hps=Hpsy +Hps— (19.72)
with
Hpsi = +nB? pr Fwo) [€7T(+1,wo), €7 (+1,wo)] (19.73)

where p7 (+w,) is defined in (19.58).
Similarly, the dissipator term, D [Q(O) (t)], in (19.71) is given by the sum:

D { Q(o)(tﬂ -D, [Qw) (t)} +D_ [Qm) (t)} (19.74)
where
D [0 ()]
= 3" 20 B2 () [§$<+1,wo>g<°> (€7 (+1,w,) —

Wo

(L (w0}

[N B NOY S

{eGLuet 1w 000}

(19.75)

+ X 2By () [ €1 (4L o) O €7 (+1,0) -

Wo
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For w, > 0, the operator £*(+1,w,) may be described as responsible for emission of a photon at the
frequency w,; while in the case w, < 0, the equivalent absorption process may be attributed to the same
operator. It is also important to recognize that for a radiation field with a sharply peaked frequency
distribution p;(w’), either D4 or D_ will contribute significantly, at resonance, to the dissipator term
— depending on the sign of w,; for example, if w, > 0, D4 will dominate. In any case, it is quite clear
from (19.75) that the rate of emission and absorption coincide. This comes at no surprise since we
treated the oscillating field classically. Had we treated the field quantum mechanically, we would have
found a contribution to the dissipator term due to spontaneous emission [22], which would have made
the rates of total emission of photons differ from that of absorption.

Perhaps, a number of other noteworthy observations are also due here. First of all, we note
that despite the fact that the master equation in (19.68) is local in time, the presence of the term
.A(t)g(o) (0) deprives the quantum map of the semigroup property. However, we may deduce a very
important feature of the superoperator A(t) due to the presence of the characteristic function ¢y (t) in
the expression for the linear response Hamiltonian Hy gy (t), (19.70). Indeed, for all practical reasons,
py is a real-valued continuous symmetric function in the shift frequency dw = w —w’ (v’ is a random
frequency), and whose range coincides with R. (Infact, the most common distributions for ps are
Lorentzian, Gaussian and Voight — which are symmetric in dw.) According to Polya’s theorem [120],
we must expect the characteristic function of py(dw), ¢(t), to satisfy the following properties: i) be
a real-valued, symmetric and continuous function defined for all real values of ¢; ii) with maximum
at t = 0 — specifically, ¢¢(0) = 1; iii) with lim;,o ¢f(t) = 0 and iv) be convex for ¢ > 0. The most
important property to notice here, for the purpose of our discussion, is property iii). Its implication is
that when ¢ > 74 (where 7 is the time scale of relaxation of ¢(t)), Hrr(t) approaches zero, leading
therefore the A(t) term in (19.68) to effectively become negligible and the equation becomes a true
quantum Markovian master equation, thus restoring the semigroup property. Hence, the generator in
(19.68) approaches asymptotically that of a quantum dynamic semigroup. For example, suppose the

distribution ps(w’) is taken to be a Lorentzian, such that:

pyw’) =~ (B 4 0y (19.76)
where Av is the distribution’s full-width at half maximum (FWHM). Then, the corresponding char-
acteristic function, ¢ (t), is:
+00
wp(t) = / dw' € py(w') = ewte= (%)l (19.77)
hence, with 7'f_1 = %.

Moreover, we note that the superoperator A(t) does not operate on () (t), for t > 0. This means
the master equation in (19.68) may therefore be regarded as a time-dependent Markovian [36, 103]
one, whereby the time-dependence is not to be found in the rate constants present in the quantum
dynamical semigroup’s generator £, but in the inhomogeneous term present in the master equation
which is independent of o) (t > 0).

Formally solving Eq (19.68) for (%) (t), we find that (see Appendix C.1 for derivation):

0O (t) = A(t)o(0) (19.78)
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with

t
A(t) := et +/ dt’ LAY (19.79)
0

Surely, with A(t) = 0, the map A(#) is clearly a UDM®, and therefore CPT. However, A(t) — as given
in (19.79) — is in general non-UDM"® (see Appendix C.2). It is interesting to note that A(t) replicates
the same structure of linear non-UDMs present in the literature [26, 72| (where both the focus system
and the environment are quantized). Namely, it is the sum of two terms: the first term is a UDM,
while the second (or inhomogeneous) term is a more complicated map which is traceless [21, 26, 72].
Furthermore, A(t) may also be written as the difference between two CP maps (see Appendix C.2)
— which again proves A(t) to be a non-UDM [145, 168|. It is important to observe that, here in the
zeroth-order, the theory restricts the domain of the map A(t), {0(®(0)} , to 0(®(0) = %, (19.27)
— which is a Boltzmann state. Failing to do so may lead to unphysical results (see Appendix C.4).
Moreover, there are strong indications that A(t) is positive on its domain. We provide a heuristic
argument in favor of this proposition in Appendix C.3. A more careful, and perhaps elegant, analysis
of the positivity of A(f) needs to be done. Nevertheless, the positivity of A(t) on its domain would
imply that

A(t) : CP e 0)](c Oof ) — ot (19.80)

where CI’l[Q(O)(O)] denotes the set of all convex combinations of elements of (’):{’1 which commute
with 0(°)(0). But what is more revealing, (19.80) — in light of Chap. 12 — would also imply that A(t)
is CPT on C}"'[0(?(0)).

As we shall see below (Chap.s 20-22), despite the fact that it breaks the UDM property of A(t) in
(19.79), the presence of A(t) puts the predictions of the theory impressively in line with experimental
results; on the other hand, the predictions become quite incompatible with experimental results if we

choose to neglect the inhomegeneous term.

19.4 On higher-order terms

We have concerned ourselves so far with the zeroth-order term of the ACP scheme, (19.32). If; in
deriving the master equation for the higher order terms (i.e. m > 1) of o(t), we apply the same

techniques and reasoning which led to (19.68), then, one can see that, in general:

Lo (1) = Lo (1) + A1) (0) + G (1) (19.81)

where the initial condition, o(™ (0), is given by (19.26), and where

0 (for n =0)
GM(t) = : (19.82)

S AD @) =D(0) + 31, LW =D (t)  (for n > 1)
The superoperators A(t) and £ in (19.81) are still given by (19.69) and (19.71), respectively. We
note that the master equation for the higher order term o("21)(¢), (19.81), is just the same as that for

6See Definition 13.0.1.
7See Definition 13.0.2.
8What we refer to here as ‘non-UDM’ is what is commonly referred to in the literature as ‘(positive but) non-CP’

maps [26].
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00 (t), (19.68), except for the presence of the time-dependent operator G(™ (t) in the former. Evidently,
G (t) depends on the lower order corrections to o(0) and o(t), i.e. o(®)(0) and ") (t) with n’ < n.
We also remark that the superoperators AW (¢) and £ in (19.82) differ from A(t) and £ in (19.81),
and may be seen as some form of higher-order corrections to the latter two, respectively. (More on
this shortly.)

The formal solution to (19.81) is:

o™ (t) = (e” + / t dt’ e‘“‘t')A(t’)) o™ (0) + / t dt' FGm (1 (19.83)
0 0
We have reasons to believe that the quantum map involved here is also non-UDM. In fact, we see again
in (19.83) the same structure observed for non-UDMs maps [21, 26, 72|: the first term, e“to(™(0),
involves a UDM, while fot dt’ L= At 0" (0) + fot dt’ e£t=t)G() (¢') constitute the traceless inho-
mogeneous term. It must be mentioned, however, that e“g(”)(()) for n > 1 is also traceless.

For any given order n in (19.32), the approximations and arguments (see Sec. 19.3.1 for details)
we laid out for the zeroth-order must be replicated. This leads to an equation of motion of the form
given in (19.81). Specifically, the secular approximation must be applied to the second term in (19.32).
But before that, if one had assumed at the zeroth-order that the cross-terms involving "//fl) (t) may
be neglected (as we did), then the same assumption must be applied to the second term in (19.32).
Finally, one must also assume a continuous distribution of the frequencies in the oscillating field for
both terms in (19.32).

If we consider the first-order correction to o(t), o™ (t), for example, it follows from (19.32) that

Lo0(1) = i [#O0), 00 (O)] ~ i [F (1), 6(0)]
-/ ar [y 0w, [rO - ), 000
0

_ / Tar[ro, [ - n.000)|

- /0 s [W(O)(t)7[”f/(o)(t—T),g(l)(t)H . (19.84)

We note that the first and last terms in (19.84) are actually copies of the r.h.s. of (19.35), except that
09(0) and o (t) are now substituted with o(*)(0) and o(!)(t), respectively. So, after applying the

above mentioned approximations and assumptions, these two terms transform as follows:
—i [7/<0> (t), g<1>(o)} — A() oM (0) (19.85a)
+oo
- / dr [YO @), [¥O — 7). 60 0)] | = LoV 1) (19.85b)
0

where A(t) and L are still given by (19.69) and (19.71), respectively. And the expression for o(1)(0) is
derived from (19.26).

Similarly, for the second term of (19.84), we may write
—i [P 1),07(0)] = AV (1) (0) (19.56)

where AM(t) will be linear in 2" and bear some similarities with A(t). The third and fourth terms

of (19.84) may be put together after applying the said approximations and assumptions, and we may
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write
- /;Oo ar [y O @), [7 Ot =), 00 0)]|
oo (0) (1) (0)
—/0 dr [”// (t), [7/ (t—7)0 (t)”

— LW O 1) . (19.87)

Here too, the superoperator £(*) will linearly depend on 2.

Thus, after implementing the said approximations and assumptions, (19.84) simply becomes

%@“)(t) = At)o™M(0) + LM (t) + GM(¢) (19.88)

where
G ) = AW 1)o@ (0) + LD @ (¢) . (19.89)

Note that (19.88) and (19.89) are in agreement with (19.81) and (19.82), respectively. In fact, following
the same line of reasoning as we just did for the first-order correction, one can show by induction that
(19.81) and (19.82) hold for any given order n. Furthermore, in solving (19.88) for o(!)(t), we must
impose the condition Tr[o(™ ()] = 0 (this also applies to all (™ (¢) with n > 1).
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Chapter 20

Application I: CW experiment with an

ensemble of spin-1/2 particles.

20.1 The master equation

To illustrate the application of the equations and concepts derived and discussed in the preceding
chapter, it may help to consider an ensemble of particles of spin-1/2. In this case, there won’t be
any need of ACP, given that we do not have the spin-spin coupling term, Hgpin—spin, (19.1), to begin
with. Indeed, almost all equations in Chap. 19, from (19.2) to (19.79), apply here — only that we just
need to set Hgpin—spin — 0, which also translates into setting 2" — 0 and 2, — B,&7, (19.17). With
these transformations, we note that the non-homogeneous system of triangular differential equations in
(19.32) reduces to a single differential equation, namely (19.35). Actually, the overall result of putting
Hpin—spin — 0 is that o(t) coincides now exactly with 09 (t), and (19.68) becomes:

< 0(t) = A(1)o(0) + Lol?) (20.1

which is now, by default, the relative exact equation of motion for o(t) — i.e. within the very limitations

of the approximations and assumptions which led to (19.68).

20.2 Determining the Lindblad operators

All that is left now is to determine the operators {£%(+1,w,)} and substitute them into (19.69), (19.73)
and (19.75). To make the connection with some known results in the literature more intelligible, we

shall make use of the Pauli matrices:

0 1 0 —i 1 0
01:<1 0), ng(i 0), 032(0 _1>. (20.2)

In this regard, Z,, as stated in the previous paragraph, becomes:

7B,

%=-1

03 (20.3)
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with v being the gyromagnetic ratio of the spin-1/2, and B, the magnitude of the steady magnetic
field. The eigenkets of %, are: |—|—%> and |—%>, which according to the HP representation and the index
compression map 17),, may also be denoted as |0) and |1), respectively. With just two eigenkets, it is
easily observed that the possible frequency difference w, between these eigenkets are: w, € {0, £vB,}.

Furthermore, it is clear from the definition given in (19.40) that:
& (+Lwo) = —J0—, §(~L,—wo) = —204 (20.4)
when w, = —vB,, i.e. the Larmor frequency — with
1 .
ox =3 (o1 L iog) . (20.5)

However, when w, = 0, £*(n,w,) = 0 for all possible values of n. We may, therefore, in the following,
intend w, as the Larmor frequency without loss of generality. Interestingly, given (20.4), it readily
follows from (19.41) and (19.42) that:

[Z5,04] = *w, 04 (20.6)

and the initial density matrix o(0) is

5%
0(0) = ToeF%] (20.7)

20.3 Explicit expression for the master equation

With the identity of the operators {{%(n,w,)} in our possession, thanks to (20.4), we now determine
Hpg(t), Hps and Dy [e] through (19.70), (19.73) and (19.75), respectively. Namely:

Hig(t) = Rlpst)|wie” ™ o_ + h.c. (20.8)

w1

Hs = ()" [07 (@0) — 07 (~w0)] [0, 0]

w1

(20.9)
= () i o

with wy := —yB;. Regarding the dissipator term, it easily follows from (19.75) and (20.4) that:

D lo(t] =21 (%) psln) -0t ~ 5 oo o0}

wor () pste) [ovatto- ~ 5 {o-ov ot} . (2010
This dissipator component is reminiscent of its analogue in the quantum optical master equation (see
(3.219) of [22]). The only difference between the two are the rate constants. In the quantum optical
master equation [22], the radiation field is treated quantum mechanically, thus allowing to account for
the rate of spontaneous emission, besides the usual stimulated rates of emission and absorption. In
(19.75) and (20.10), there is no trace of rate of spontaneous emission simply because the oscillating

field is treated classically.
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Regarding the rates of stimulated emission and absorption, it is worth observing that when w, > 0
(i.e. v < 0), the first term in (20.10) describes the stimulated emission process |—%) < |+3) at the
rate I'_ FE while the second term of the same equation describes the stimulated absorption process

‘+%> — ‘—%> at the rate F+%)_ . The rate of both processes coincides:

1
2

=27 (ﬂ>2 [pf(wo) + Pf(*wo)]

- 2
=T (w,) - (20.11a)
If we write )
o(t) = 3 [I +2(o_ (t)>/a+ +2{oy (t))’o'_ + (03(t)>/o'3] (20.12)

!’

where (04 (t))" = Tr[o(t)ox] and (o3(t)) = Tr[o(t)os], (with ()" we mean the expectation value of
in the interaction picture; the unprimed (z), until otherwise stated, will be the analogous expectation
value in the Schrédinger picture) then (20.12) and (20.1) lead to the differential equations

d

g (o3(t)) = =20 (w,) (o3(t))’ (20.13a)
% (04(1))" = iwn tanh(Buwo/2) R[5 (H)]e ™" — [[(wo) + iw(wo)] (o4 (1))’
with @(w,) given by the expression:
w(;‘jo) — (%)2 [p;_ (wo) . p;_(_wo)} = UJLS(WO) (20.14)

where wrg is the ‘Lamb shift rate’ and originates from Hpg, (20.9). In the following we shall simply

write I' and @, but their dependence on w, must be kept in mind. Naturally, (o_())" = (o (t))".
Bearing in mind that in the Schrédinger picture (o4 (t)) + (04 (t)) et we deduce that the

stationary solutions for (o3(t)) and (o4 (t)) — namely, (o3(t)), and (o4 (t)), — in the Schrédinger

picture are:

(o3(t))s =0 (20.15a)

(020, = - Sl

Since R[p(t)] tends to zero as t — 400 according to Polya’s theorem, it follows that (o4 (¢)) also tend

Rip(t)] - (20.15b)

to zero as t — 4o00. Putting this observation together with (20.12), we readily come to the conclusion
that the equilibrium state, p.q = peq, of the qubit ensemble in our CW experiment is the corresponding
maximally mixed state, i.e. peq = %I. This also means that the associated quantum map contracts the
Bloch sphere to a point, namely the center. Indeed, solving the differential equations in (20.13) in the

Schrédinger picture, we find:

(o3(t)) = — tanh(fw,/2) e 2t (20.16)
(02(0)) = R (o (1)) £ {0, (1) (2017)
where .
R (o, (1)) = e Vw; tanh(Bw, /2) /0 dt' e sin[(ww — wo)(t — )] R[ps(t)] (20.18)
S (o4 (1)) = e Ty tanh(ﬁwo/2)/0 dt' €™ cos|(w — w,)(t —t')] R s(t)] - (20.19)

It is thus evident that (o4 (¢)) inexorably approaches zero as t — +oco0. From (20.5), we also find that

(01(t)) = 2R (04 () and  (o2(t)) = 23 (04 (¢)) . (20.20)
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20.4 Some applications in linear response theory

To illustrate how the present model of semiclassical quantum Markovian master equation, (20.1), also
entails known results in LRT (linear response theory), we determine the dynamical structure factor
[56] of £ (+1,w,). Since £*(+1,w,) is proportional to o_, (20.4), we can equally concentrate below on
the dynamic structure factor of o_, S,_o (w'):

+o0 ,
So_ o, (W) = %/ dt e {o_(t)oy) (20.21)

—0o0
where the correlation (o_(t)o4) = Tr[o_(t)o+p(0)] is evaluated in the Heisenberg picture. We therefore
need to determine how our quantum map evolves o_ in the Heisenberg picture.

Given that any qubit operator X can be written as

1
X = 5 [60(0)| -+ 61(0)0'1 + 02(0)0'2 + 63(0)03] (2022)
with
¢;(0) = Tr[Xoi] i=1{0,1,2,3} (20.23)
(where o9 = 1), it naturally follows that the Heisenberg picture evolution of X, X (¢), must be of the
form )
X(t) = 3 [co(t)l + c1(t)o1 + ca(t)o2 + c3(t)os] (20.24)

where the coefficients ¢;(t) are to be determined through the condition we saw in (13.34) — namely,

Tr[p() X] = Tr[p(0) X (¢)] . (20.25)
After some algebra, one finds that with p(0) = % = [l + (03(0)) 03], where (03(0)) =
— tanh(fw,/2),
co(t) ro(t)  ma(t) k() ks(t) co(t)
10) _ k1(t)  ko(t) —iks(t) ika(t) ch(t) (20.26)
co(t) ko(t)  irs(t) ko(t)  —iki(t) ch(t)
es(t) k3(t) —ira(t) ik1(t) Ko(t) cs(t)
where
ch() 1 0 0 0\ [c(0)
ey (¢) _ 0 cos(wot) sin(wet) 0] | ¢1(0) (20.27)
ch(t) 0 —sin(wet) cos(wot) 0] | c2(0)
c4(t) 0 0 0 1/ \es(0)
and
() = L= (03(0)) {os (1))’ .
oft) = I (03(0))7 (20.28a)
ri(t) =i [W“) ) (el = éwl(t»/] (20.28b)
1— (a3(0))
o (t) = l@(t)y o)+l (t»/] (20.28¢)
1— (a3(0))
a(t) = (238 = (o3(0)) (20.284)
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and where, as remarked earlier — (20.12) — (04(t))’ is the equivalent of (;(¢)) in the interaction picture.

Namely,
(o1(t)) cos(wot)  sin(w,t) 0 (o1(t))
(o2()) | = | —sin(wet) cos(wot) 0 (o2(t)) (20.29)
{o3(1))’ 0 0 1) \(os(1))
where (o3(t)) is given by (20.16) and, (o1(t)) and (o2(t)) are defined in (20.20).
It follows then that with the initial density matrix p(0) = %, given a qubit operator X,
its corresponding dynamical structure factor Sy x+(w') = % f:r;o dt et <X ()X T> in terms of the

coefficients ¢;(0), ¢;(t) is:

Sxxr(e) = 5[ ($20) + () ) (220 + Fon(e)
eBwO/2 e—,@wo/2
+ %3’3(0.),) + 4W‘€+,+(w/) + 4W‘€,,,(w’) (2030)
where | pree N
G (W) = %/, dt e’ e, (t)c;,(0) (20.31)
with .
) = gl £iea(t)  (120) (20.32)

Going back to S,_,, (t), (20.21), we may apply (20.30) by setting X = o_. This reduces (20.30) to

/ eﬁw0/2 /
So_oy (W) = W%+,+(W )
efwel2 1 oo 1 — {(o3(t))
_ 1 i(w' —woyt L= (3(t)) 20.33
Tr[e=FZ) 21 /_oo dt e 1 — (03(0)) ( :

1 , 1 2T
2 [W o) +tanh(B/2) o (T )2

This tells us that the spectrum of the time-dependent fluctuations of o_ has a Lorentzian profile
centered on the Larmor frequency w, and its HWHM (half width at half maximum) is twice the
transition rate between the two level system. The temperature dependence of the profile is embodied
in the factor tanh(fw,/2).

Conversely, if we put X = o, it turns out from (20.30) that

, e*BWO/z ’
SoJraf (w ) = WCK_’_(W )
6_6“10/2 1 +oo o 1 + <0' (t)>
e/ 4 i(w' Fwo)t = T \I3\Y)/ 20.34
Te[e— 7% 27 /_ . di e 1+ (05(0)) (20.34)
1 ) 1 2
T2 [W o) = tanh(B/2) - T o

It is evident that for w, > 0, S,_,., (w') is the stimulated absorption spectrum and S, ,_(w') is the

stimulated emission spectrum [56]. At any rate, the two spectra are related through the relation

2
(20)2 + (W —w,)?

So o, (W) = Se,0_(—w') = tanh(Buw,/2) - % (20.35)
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This relation differs from the one given in LRT (see, for example, (3.73) of [56]). To recover the
LRT limit from (20.35), we need to remember that the whole edifice of LRT rests on the adiabatic
process assumption, where it is assumed the interaction between the system and the bath is weak
enough so as not to change appreciably the occupation probabilities of the initial state of the system,
and that the system has remained in its equilibrium state in the far past prior to its encounter with
the bath. This is equivalent to taking the limit £ — 0 in our master equation, (20.1), and having
t,(the initial time) — —oo. In other terms, we can get the adiabatic process limit of a given dynamic
structure factor obtained from the full solution of the quantum Markovian master equation by taking

the limits I' — 0 and wyg — 0. Now, if we introduce

ad N — : /

So;(ur (w ) - kalgl’IIQ_)O So',(nr (UJ ) (2036&)
ad N — : 1

Seto (W)= WLE;&O Soio_ (W) (20.36b)

— where ngﬁ (w') and ngfL (w') indicate the adiabatic process limits of S, _,, (w') and S, s (w'),

respectively — then we readily derive from (20.33) and (20.34) that

Sad (') = e Pwegad () (20.37)

040 g_04+

which is the relation between the two spectra according to LRT [56].

It is certainly worth noting that without the linear response Hamiltonian Hpr(t), (20.8), we would
have had (o4 (t)) = 0 ¥Vt > 0 since (04(0)) = 0 (see (20.13)). As a consequence, the dynamic
structure factors S, o (w"), for example, would result to be always zero, meaning we do not observe
any absorption or emission spectrum — but that would have been contrary to experimental observations.
Given that Hpr(t) stems from the superoperator A(t), (19.69), the observation just made reinforces
the assertion that A(t) is central to the theory and cannot be simply — generally speaking — put to
zero (or ignored) in (20.1) in order to make the quantum map A(¢), (19.79), a UDM.

20.5 Generalized Kraus operator sum representation

As indicated in Appendix C.2, the quantum map A(¢) related to the master equation in (20.1) cannot
be a UDM. It is interesting to note that in this particular simple example where we are dealing with
an ensemble of spin-1/2 particles, it can be fairly easily shown — using the results discussed in Chap.
12 — that the density matrix o(¢) in (20.12) may nevertheless — in spite of A(¢) not being UDM — be

written according to a (generalized) Kraus operator sum as follows:
o(t) = A()o(0) = > M,(t)o(0)M](t) (20.38)

where ¢(0) is given by (20.7), and
u(t) = U@ L) (20.39)

The matrix U(t) is unitary:

U(t) = (‘” (t) a- (t)> (20.40)
() b
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where
a4 (t) = cos [ﬂi(t)/2]e_m(t)/2 (20.41a)
b (t) = sin [BL(t) /2] /2 (20.41b)
B+ (t) = arctan —1_— '1+|n(t)|2 = arctan _ @I (20.42)
? ) L4y 14 (o)
L(t)——arc an —1+ 1+|77(t)|2
= t o (20.43)
and finally,
_ o) G0t — (o4 (1))
M =2 o) = Tlos)] .

— where expressions for (o (t))’ and (o3(t))’ follow from (20.13) (or, alternatively, can be derived from
(20.15))*.
Regarding the matrix I',(t), we have:

(V) 0 _ 0 A+ (t)
Fo(t)< ) A_(ﬂ) Fl(t)< =0 ) ) (20.45)

Ai(t) = ;[1 + (o3(1)) /1 + |n(t)|2] . (20.46)

The functions A4 (t) are positive-definite. One way to see this is by observing that since o(t) is always

where

a mixed state, we have that (Chap. 4):

Tr [,Q(t)QT (t)] <1

% + M +2 o) <1 (20.47)
2
s 4 oy < L

— from which it readily follows that

21 os@) |1+ o) = \/ L os@) P+ o) < 5 (20.48)

It can also be easily verified that the generalized Kraus operators {M,(t)}, (20.39), satisfy the com-

pleteness relation
1
> MM, (t) =1 . (20.49)
pn=0

If one should compare (20.39) with (12.18), one might think a unitary matrix is missing in (20.39).
That unitary matrix is one which diagonalizes p(0). But o(0) is already diagonal in the basis {|0),|1)},

so one may say the unitary matrix which diagonalizes ¢(0) in this very basis is the identity matrix

I'Note that (o3(t))’ = (o3(t)), as remarked earlier on in this chapter. We have chosen to keep (c3(t))’ for consistency

since we are clearly working in the interaction picture.
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lo. Note, however, that one exquisite implication of this observation is that the (positivity) domain of
A(t) comprises all qubit density matrices which are diagonal in the basis {|0),|1)}, as pointed out in
Sec. 19.3.2.

We conclude this chapter by noting that — from (20.38), (20.39) and appropriate subsequent equa-
tions —,

o(t) = A (8) [ () (1 (O] + A-(E) [ () (P (1) (20.50)

where
[e(t)) = ax(t)]0) +bu(t)|1) . (20.51)

We thus conclude (or, perhaps, confirm) that Ay (¢) are the eigenvalues of o(t). In other words, Ay (%)

express the populations of the qubit system in the course of the dynamics (obviously, in the basis

{lY=(8)})-
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Application II: The Linear Response

Theory connection.

Since the seminal work of Davies and Spohn [38], there have been a number of works [3, 27, 107]
aimed at revisiting at least some aspects of Kubo’s LRT [56, 59, 101, 154, 158] from the perspective of
quantum (non-)Markovian master equations. Much of these efforts have been concentrated on deriving
fluctuation-dissipation theorems. We showed in the preceding chapter how the theory and formalism
we are developing entail some of the key results in LRT. In this chapter, we shall try to extend some
of the results obtained in Sec. 20.4 to the general case of an arbitrary multispin system. We also show
how the celebrated LRT fluctuation-dissipation theorem [56] is easily derived as a limit case.

We begin with the following formal solution to (19.68):

0O (t) = 0 (0) = / L At (0) + / L Lo (¢ (21.1)
0 0

which in the Schrédinger picture (see (19.23a)) becomes:

¢
pO(t) — p(0) = —z’/ dt' [e_itg"HLR(t’)eitg",p(o)(O)}
0

t
+ / dt',c[e*i<t*t'>%p<0>(t’)ei@*t')% . (21.2)
0

Thus, for any given operator X of the multispin system, we derive from (21.2) that:
t
(xOt)) = (XO(0)) = —i/ dt’ {[X,e "o Hy p(t)ei %))
0
t
+/ & T (XE [e—i(t—t/)gop(o) (t/)ei(t—t/)z’oD (21.3)
0

where (XO(4)) = Tr [XpO(t)] and (F), = Tr [Fp(®(0)]. Naturally, (X (¢)) is the expectation
value of the observable X at zeroth-order in 2. We now show that if we take the limit £ — 0 (or if
the quantum dynamic semigroup generator term is negligible with respect to the linear response term),
we get a richer version of linear response theory [56, 59, 101, 154, 158] from (21.3). We may term this
the ‘LRT limit’ of (21.3). Indeed, with £ — 0, (21.3) reduces to:

(0 ~(x00) = [

143
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In any case, after some simple rearrangements, it can be shown that:

t +o00o itw

, i , ¢itwo
— z/ dt’ ([X,e "2 Hpp(t')e"?]) = 231/ dw'pp(w') Z 5 [Xwa00 (@) + Xuoo,t (W)] + c.c.

0 —o00 W
(2L.5)
with

Xwo,OO(W/> = X-&-,wmw(w/) + X—,wo,OO(WI) (21.6a)
Xavo t (W) = Xt ot (W) X w0y (W) (21.6b)

where X4 w,.00(W') and x4 ., (w') together define the linear frequency-dependent response function
of the spin system’s observable X to the perturbation defined by the coupling between the rotating
fields, By 4(t), and £€*. In particular, x4 «, oc(w’), which define the steady-state limit of the linear

response, are given by the expressions:

([X, €7 (41, wo)l),

wo,00 (W) = 1li 21.7
Xﬂ:, o (UJ ) nifgﬁ- (:l:w/ _ wo) + ZT] ( )
while for x4 o, ¢(w’), the transient elements of the response function, we have:
(XL WD)y i —wo)—
" N <[ ) yWo)l/o [z(iw wo) n]t 21.8
X0t (W) ng{)lJr (Fw' — wy) +in € ( )
where,
(€7 (+Lwo)]), = Tr ([X,€°(+1,0,)] p2(0)) - (21.9)

It is interesting to observe that x4 ., oo(w’), (21.7), are precisely the usual frequency response functions
one would define for the pair of operators X and £*(+1,w,) in LRT under the so-called Lehmann
representation [56]. In LRT, one obtains X4 ., co(w’) under the assumption of an adiabatic process
[56, 59, 101, 154, 158], where, as remarked earlier, can be seen as taking the limits £ — 0, t, — —oc.
It is crucial to note here that while the first limit alone retains the transient components of the
response functions, the introduction of the second limit dumps these. For steady-state experiments
like CW magnetic resonance, taking the limit ¢, — —oo is acceptable since it practically translates
into the limit ¢ — 400, i.e. the steady-state limit; but for transient experiments like pulsed NMR and
ESR, these transient response functions play a crucial role in the theory. Interestingly, the integral
fj;; dw’pr(w)Xw, (W) is an exponentially decaying oscillatory function, with decay rate 7;. So, for
t > 7y, the transient component of the response function becomes negligible and (21.5) reduces to the

form:

+oo eitwo

05 Y | S e ) +

Wo

t
fz'/ d' <[X,e*“‘@g“HLR(t’)e”%’])O:2131/
0

— 00

+o0 , .
=2B; 1 dw'ps(w') Z [cos(wot)xwmoo(w’) + sin(wot)xwmw(w')} (21.10)

Wo
where:

X:umoo(w/) = g[eXwo,OO(W/) = §RX-hwo,oo(W/) + %X—MU,OO@/) (21.11&)

"

_Xwo,oo(wl) = %Xwo,w(w/) = %XJr,wo,OO(W/) + %Xﬂwmm(wl) (21-11b)
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and

%Xi,wo,oo(wl) = 4+ —w
o

P <§R<[XT(+LW0)7€QC(+17(‘UO)} >o>

+ 716 (2w" — wo)S ([XT(+1,w,), £ (+1, w,)] >O] (21.12)

%X:I:,wo,oo(wl) -

P (%‘<[X*<+Lwo>,sz<+1,woﬂ>o>

+w' — w,
—wa(iw’—wo)ére<[XT(+1,wO),§z(+1,wo)}>O] . (21.13)

In these last two equations, we have made use of the fact that
(X, €7 (+1,wo)l), = ([XT(+1,w0), € (+1,wo)]),, - (21.14)

(The expression for X (+1,w,) follows from (19.40).) This identity clearly indicates that the linear
response functions x4 ., co(W’) and x4 w, +(w’) become identically zero if X is not proportional to the
q = +1 component of a spherical tensor of rank k > 1 like £*(4+1,w,). For, example, if X = £#  which
is the zeroth-component of a rank k = 1 tensor, £*(+1,w,) = 0, therefore, ([(*,£%(+1,w,)]), =0 as a
consequence.

Moreover, one can easily show that Rx.,, oo(w’) is the Hilbert transform of Sy, co(w’) (which also
means the latter is the Hilbert transform of the former multiplied by (—1)), as one would expect from
the Kramers-Kronig dispersion relation [56, 59].

It is worth noting that the LRT limit of (21.3) is always real, independent of whether X is
real Hermitian or not. This is clear from (21.5). In the limit case whereby X is real Hermitian,
([XT(+1,wo), €7 (+1,w,)] ), is also real and we get:

t w z w
P([X (+1,i:)/,f u(}+1, o)),

RX £ 0,00 (W) = (21.15)

and
SNt w00 (@) = =6 (Fw — wo) ([XT(+1,wo), £ (+1,w,)] ), - (21.16)

These expressions coincide with those from LRT [56]. Many of the results known in LRT can also
be derived from the above relations but care must be taken when comparing these relations. Most
importantly, one must note that the spin operators here, i.e. £*(+1,w,), which get coupled to the
relevant part of the external field are not Hermitian.

For example, in the qubit problem discussed in the previous chapter, we saw that £*(+1,w,) is
given by (20.4). Then, for the response of u* (the magnetic moment operator of the qubit system
along the direction z) to the coupling of £*(+1,w,) to Bi(t), we simply put X = u* = —£&* (see
(19.3)) . And since in this case <[XT(+1,wo),§z(+1,wo)]>o = —(v/2)*{[o4,0_]), is real, (21.15) and
(21.16) also hold. Now, if — in order to keep tradition with the notations in use in LRT [56] — we write
Xwes00 (@) = (7/2)*Xo_o, (w'), we see that for positive w,, it follows from (21.16) that

SXo_oy (W) =70 (W — w,o) ([o4,0-]), = —m0(w — w,) tanh(Bw,/2) . (21.17)
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It is interesting to observe that if we now take the adiabatic process limit of (20.35), and then make

use of (20.37) and (21.17), we end up with
IXo_oy (W) = —m (1 —eF) 820 (W) (21.18)

O_04

which is the celebrated LRT fluctuation-dissipation theorem [56].



Chapter 22

Application III: Theoretical
zeroth-order spectrum in the adiabatic

process limit.

22.1 Theoretical considerations

At this stage, it should be evident to the Reader that, when it comes to theoretical spectra, the Lindblad
superoperator £ in our master equation, (19.68), has the role of primarily allowing for a finite width
of the resonance lines. This is quite evident, for example, from the qubit dynamic structure factors we
derived in (20.33) and (20.34). On the other hand, by taking the adiabatic process limit, we shrink
the finite-width resonance lines to Dirac-delta-like ones. This tells us that if we are only interested
in determining the position and intensity of the resonance lines, then we just have to consider the
adiabatic process limit of our master equation in (19.68). In the following, our object of concern will
be the position and intensity of the resonance lines so we consider the adiabatic process limit of (19.68).

In CW experiments, the signal detected is the induced voltage & in the receiver coil caused by
the time variation of the magnetic flux therein due to the relaxation of the sample’s spin polarization
vector. It is known that [33, 44]:

&
E X — 22.1
x5 (22.1)
where & is the power absorbed per unit volume of the sample. In the steady-state limit,

1 [t dE®{

Z = lim f/ dt’ () (22.2)
t—+oo t 0 dtl

— where digt) is the rate at which the spin system absorbs energy from the oscillating field, per unit

volume of sample. With B (¢) given by (19.7), we have that,

(0)
4E() 4 (M(1) 4 (M(0)
i =B Y =Y Bt =t 0() (223)
where <M§O) (t)) is the zeroth-order approximation of the expectation value of the operator M, (=
ut =

(N/V —(N/V)&*; (N/V) is the number of particles per unit volume), i.e. the magnetization
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operator along the xz— axis. Hence, it follows from (22.2) that:

li — 2 B ot ) ———— 22.4
“ it [ 2 Bt S 20

or alternatively,

t
= 4B} Z Z Z Wo tlgmoo - /O dt’ { — cos(wyt") sin(wot”)X¢,, oo (Wr)

Wy W Wo

—I—cos(w,/t’)cos(wot’)xgo,oo(wr)} . (22.5)

Here, we have used the steady-state limit of <M£0)(t)>, derived directly from (21.4) and (21.10):

(MO w) =2, [ :° 4 py () Y [€08(ot)Xes, 0 () + SiD ()X, ()] (22.6)

Wo

— where, as usual, the relations in (21.11) hold, with

([M(+1,w0), €5 (+1,w,)]),

X w00 () = P o (22.7)
X o0 () = (0 — o) ([ME(H1,w0), € (+1,00)]), (22.8)
and
(MI(+1,wo), €°(+1,w0)]), = (5) 2 Il (L) ) (PO -PP) (229
— where N
PO = < ‘p“)) ‘n> - T;E_ﬁw] . (22.10)

The fact that we are working in the steady-state limit is confirmed by the absence of the transient
magnetic susceptibilities x;, ,,xi, , in (22.5). In obtaining (22.5), we have made use of (22.6) and
the transformation f dw'py(w') = 3, - Upon going through with the integration in (22.5), we
see that the terms proportional to x(, ., either vanish or may be neglected altogether for all practical

purposes. Thus,

P2 =2B7Y > > w, Jim <sinc [(wo + wy )t] + sine [(wo — wy )] )Xgmw(w,.) . (22.11)

W, Wr Wo

But the fact that w, . is always positive, together with the presence of the Dirac delta function in

the definition of x/{ , ., (22.8), also makes the term proportional to sinc [(w, % w,)t] negligible with

00

respect to the sinc [(w, F w,)t] term for positive and negative w,, respectively, reducing, therefore,
(22.11) to

P =2B? Z Zwo tl}iinoo (sinc [(wWo — wr)t] X, o0 (wr) + sine [(wo + w; )] x”’wmoo(wr)>

Wy Wo
= 2B} Zwo / dw'py(w') tl}ig{loo (sinc [(wo = WX 4, 00 (W) 4 sine [(wo + w')t] X”,wmoo(w')>

=P+ P
(22.12)
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where

P =2mBY Y wo pr(wo) ([Mi(+1,w,), £ (+1,w,)] ), - (22.13)

Wo

Making use of the relation in (22.9), we may rewrite (22.12) as:

7= (7) e X (A - R T 2214

nn’
where
P (w0) = Ty (@) + T e () (22.150)
D (wo) 1= 27 B p g (o) 0] € (+1,0) )] (22.15b)

Fin,(wo) is the transition rate between the states |n) and |n’) at the frequency +w,, respectively —
with w, = €n — €n. The expression for I'n n/(w,) in (22.15a) can be easily derived from (19.68) if one
expands Q’S’S[)'](t) = <n] do©)(t)/dt ]n>, and compares the result with the general expression for the Pauli
master equation [5, 22].

If the applied oscillating field has a frequency distribution ps(w’) sharply peaked at w, and w = £wy,,
where w! is one of the allowed transition frequencies of the spin system, we see that only the frequency

w,, in the summation ) , (22.14), survives. In this case, one of 'Y (w!) dominates the other in the

(W
n,n
sum in (22.15a). For example Fn n(wo) > I (wy,) if wy, is positive.
If we apply the high temperature approximation [53], i.e. p(®(0) ~ Dy Y1 - B2,), with g = kBT
(Dg is the dimension of the multispin Hilbert space) in (22.14), and introduce the obtained zeroth-order

approximation for & (i.e. (22.14)) into (22.1)7 we get:

@@KZQ(%). Z| n| €% (+1,w,) In')|? (22.16)

n,n’
N 2
o) = () 2mB128 [ps () + s (o) (22.17)
For fixed (w,), we note from (22.16) that the intensity of the resonance signal at w = fw,,
Int(w,), is:
Int(w,) o —Z| N &% (+1,w,) IN')[* . (22.18)
n,n’

This means at zeroth-order, all pair of states {|n),|n’)} such that ens — en = w, and My — M, = 41,
contribute to Int(w,). The operator £ being the sum of single spin operators, (19.3), we also note
that another implication of the observation just made is the following: for a specific choice of |n), [n’),
the nonzero value of (n|£*(41,w,) |n’) can only be interpreted as a transition involving a single spin
of the multiset 2 = {j1,J2,...,4n} — at a given time. Let’s call this spin the "resonance spin". We
therefore find from (19.33) and (19.17) that:

€n' — €n = —V; By + Z Tipm i (22.19)
ki
where the resonance spin is assumed to be the i—th element of the multiset 2 = {j1, j2,...,jn}, and

m, = (N|SEIn) = (| S7|n’) is the magnetic quantum number of the k—th spin according to the
multispin states |n) and |n’).
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To proceed with our discussion, it is much helpful to reconsider the multiset of spins 4 = {j1,j2,...,jn}
in terms of equivalent spins. By "equivalent" spins we mean a submultiset 4’ of 4 whose elements
cannot be distinguished from each other on the basis of their coupling tensors with other spins and
external fields [62] (see Part II). Say the resonance spin ¢ belongs to the group of equivalent spins

labeled «. In terms of equivalent spins, we may rewrite (22.19) as:

v —en=-"aBo+ > ToaM.ar . (22.20)
o' #a

M., o is the total spin magnetic quantum number of the o/ —th group of equivalent spins according to

the multispin states |n) and |n"). In the HP representation, we may express M, o as [62, 66]:
Mz,o/ = Jo/ — Ng! (2221)

where J, = jor Ny is the total spin of the o/ —th group of equivalent spins (N, is the cardinality of
the group and j, is the spin quantum number of each member of the group, assumed to be identical
for all). The integer n, is the total number of HP bosons distributed among the N, spins of the
o/ —th group [66].

Suppose in our CW experiment, the frequency w and the amplitude B; of the rotating field are
fixed, with w = w,, while the steady magnetic field B, is slowly tuned to resonance. If the frequency
gap en — €n in (22.20) coincides with w,, then we derive from the latter that the resonance condition

in terms of the amplitude of the steady field is (see also [163]):

B, = Ba(wo) + Y AaarNar (22.22)
a'#a
where,
Ba(wo) == 22 = 3" NaarJu (22.23a)
To a'#a

Taa’
Aaar = — . (22.23b)

Yo

The absolute values |\, | are the so-called splitting constants in magnetic resonance. B, (w,) is the
position of the resonance line originating from the transition event (involving obviously the resonance
spin) whereby all the spins of the other groups are with their maximum spin projection along the
quantization axis (i.e. ny = 0 Va/). As we can see from (22.23a), for a fixed frequency w,, By (w,) is
constant. Below, we shall use B, (w,) as the reference for the other resonance lines, i.e. we shall be
considering AB = [B, — B, (w,)].

We readily infer from (22.22) that, in this weak coupling limit under consideration, the resonance
position B, depends on the total HP bosons’ occupation numbers {n, }. The intensity of the detected
magnetic resonance signal — in reference to the resonance spin group « — is proportional to the degen-
eracy Cq (n_,1 of the collection {nq}. Indeed, if ¢, , is the degeneracy of HP boson’s total occupation
number nq for the o/ —th group of equivalent spins (i.e. ¢, _, is the number of different distinct ways
of distributing a total of n,, HP bosons between the N, spins of the o/ —th group; or, in other words,
Cn,,, is the number of distinct ways of configuring the spins of the o’ —th group so as to obtain a total
spin magnetic quantum number of M, o = (Jor — nas)), then it readily follows that:

Cofnoy = [ [ eno (22.24)

o’
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since distinct groups of equivalent spins are independent of each other. It is easy to prove that the

generating function for the integers C, ¢,_,} is the polynomial P,(z) [62, 66]:

.\ N
P,(x) = H (1+xa/+...+xijf">

°§“C o (22.25)
= a’{na’} xoﬁ °
{nar} o

Having determined C, ¢y, ,}, we may now go back to (22.16). It is now clear that for fixed w = +w,, if
the transition frequency for the a—th group of equivalent spins happen to coincide with w,, then the

induced voltage in the receiver coil is:

2 .
YalNa (% + 2)
& x Q(w, Cofn v - 22.26
( )D%S 3 Anar} (22.26)

Consequently,

2N, (20 +2
Int(B,) x 70‘( Ja +

Des 5 )Coz,{na/} (22.27)
where D, s is the dimension of the spin Hilbert subspace comprising the resonance group a and all
the other equivalent groups with which it effectively interacts with (i.e. those with Tho # 0). In
this case, the index o in (22.25) (and in (22.20)-(22.24)) may then be re-interpreted as running over
only those groups with T,, # 0. From the last two equations above, we note the dependence of the
signal intensity on the quantum spin number j, of the resonance group through the 2j,—th tetrahedral
number, i.e. (2j°‘3+2). With all other parameters and conditions held constant, these equations inform
us that the higher the spin quantum number of the resonance group, the higher the intensity of the
signal. We also note that for a fixed resonance group «, the integers {C’a,{na,}} are effectively the
relative intensities of the resonance signals.

In our derivation of (22.26), we have assumed the resonance spin group « is present in all the initial
N chemical species of the ensemble. This is not always the case. (22.26) and (22.27) may therefore
be multiplied by the fraction f, of the initial N which contains the resonance group «. In NMR,
for example, if the resonance group in the sample has not undergone any alteration of its isotopic
concentration f, becomes the natural abundance of the group.

Moreover, if there are more than one resonance spin groups who satisfy the resonance conditions,
it is clear that (22.26) and (22.27) must be summed over such groups since the operator £%(n,w,) is
the sum of single spin operators, (19.3) and (19.39).

(22.22) and (22.27), together determine the resonance spectrum of the spin system at zeroth-order
in 2" according to ACP, in the adiabatic process limit. While the former gives the resonance steady
field B, for a given configuration of the spins in terms of {n,/}, the latter equation gives the intensity
of the resonance signal. And the properties of the spectrum — which one can easily conclude from these
two equations — are in agreement with those reported by Gutowsky, McCall and Slichter [60, 61]. But
more importantly, we must remark that the polynomial P, (x), (22.25), is the generating function for
the resonance spectrum. Once we construct P, (x) and are in possession of the value of parameters
like the constants Ay o/, 7o and w,, we can easily generate the stick-plot spectrum. Each term of
P, (x) represents a resonance line: for a given term, the coefficient indicates the relative intensity of

the corresponding resonance line, while the exponents of the variables determine — by means of (22.22)



152 Chapter 22. Application III: Theoretical zeroth-order spectrum in the adiabatic process limit.

— the position of the resonance line. The advancement in computer algebra makes the computational
implementation of this protocol easy to achieve. We illustrate these points by considering specific
examples from ESR, namely the absorption spectrum of naphthalene, anthracene and biphenyl anions.
The parameters are taken from [163] and the plots were generated from a simple Python code which

implemented (22.22) and (22.25) (and an extensive use of the SymPy [109] library was made).

22.2 Naphthalene anion

The naphthalene anion, Fig. 22.1, has two groups of equivalent nuclei: the first group comprises the
hydrogen nuclei in the positions 1,4, 5,8, and those in the positions 2,3, 6,7 form the second group.
The splitting constants for the two groups are A, ; = 4.90 G and ). » = 1.83 G (counterion is K™)[163].

From (22.25), we conclude that the generating function for this anion’s ESR spectra at zeroth-order

Figure 22.1: Naphthalene anion

Pe(z) = (14 1)*(1 4 22)*

ryxt + 4rdet 4+ 6x3xt 4 dwoxt 4 ] + dajad + 162323 4 24a20? + 162023

(22.28)
+ 43 + 6527 + 24x32? + 362307 + 24wx? + 627 + 4wywy + 16757,

+ 24:5%:101 + 16zox1 + 421 + x% + 4:03 + 6:0% +4xo+ 1.

Let the exponents of 1 and x5 count the total number of HP bosons held by the first and second group
of equivalent nuclei, respectively. As remarked above, every term in the polynomial P.(x) represents
a resonance line: The coefficient of a given term indicates the relative intensity of the corresponding
resonance line and the exponents of the variables of the term determine the position of the resonance
line by means of (22.22). If we take the term (24z3x3), for example, the relative intensity of the
resonance line it represents is 24, the number of HP bosons specifying the configuration of group 1
(1), and group 2 (z2) are 3 and 2, respectively. So, from (22.22), we determine that the corresponding
resonance line falls at AB = 3\, 1 + 2\, 2 = 18.36 G from the reference position By (w,) (which may
be set equal to zero for convenience). We show the stick-plot ESR spectrum of the naphthalene anion
computed this way in Fig. 22.2. The experimental [163] positions and relative intensities of the spectral

lines are in very good agreement with the simple theoretical spectrum in Fig. 22.2.

22.3 Biphenyl anion

The biphenyl anion, Fig. 22.3, has three groups of equivalent protons: two of which are of cardinality
4, and the last of cardinality 2. Let A. 1, A¢2 be the splitting constants of the first and second groups

of equivalent protons (of size 4), and A 3 the splitting constant of the set of equivalent protons of size
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Naphthalene anion
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Figure 22.2: Theoretical ESR stick-plot spectrum of naphthalene anion (counterion: K*). Parameters

used were taken from [163]. Each spectral line is labeled by its relative intensity.

2. From the literature [163], we have: A1 = 2.675 G, A¢2 = 0.394 G and A, 3 = 5.387 G. Once again,

Figure 22.3: Biphenyl anion

=]

we see from (22.25) that the generating function for biphenyl anion’s ESR spectrum is:

Po(x) = (1 + 21)*(1+ 22)* (1 4 3)°
= zaz} + dadz} + 6232] + xéx%x‘f + 4x2x3z1 + 6z2x3x1 + 43:2x31:1 + :1:3561 + dzoxt + 2252327
+8z3 232t +1203 30t +8wowsxt 42232t + ol +4xiad 4162505 + 240203 +dajaiad + 1625 w203 424020 e
+16z222% + 42223 + 162027 + 8xjwsat + 32x5 w32 + 48220303 4 32w0w32’ + 8w3x? +4ab +[.. ] +1
(22.29)

For each term, the exponent of x; corresponds to the number of HP bosons held by the i—th group
of equivalent protons. The ESR spectrum can be generated from this polynomial as explained above.
For example, if we take the term (4z3x7), the relative intensity of the corresponding spectral line is
4, and it falls at a distance of AB = 4X.1 + 3\ 2 = 11.882 G from B, (w,), the reference position.

The generating function in (22.29) has 75 terms, which is also the number of spectral lines to expect
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Biphenyl anion
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Figure 22.4: High-field theoretical ESR stick-plot absorption spectrum of biphenyl anion (counterion:

K"). Parameters were taken from [163].

experimentally. We show in Fig. 22.4 the stick-plot ESR spectrum for the biphenyl anion generated
from P.(x), (22.29).

22.4 Anthracene anion

Like the biphenyl anion, the anthracene anion — Fig. 22.5 — has three groups of equivalent protons

and of the same dimension as those of the biphenyl anion. Let A.; and A. 2 be the splitting constants

Figure 22.5: Anthracene anion

of the first and second groups of equivalent spins of dimension 4, and A. 3 the splitting constant of
the group of dimension 2. Their values are taken from the literature [163] to be: A.; = 2.73 G,
Ae2 = 1.51 G and A3 = 5.34 G. Given that the biphenyl and anthracene anions present the same
groups of equivalent spins (cardinality-wise), their high-field spectra also share the same generating
function. As a matter of fact, using the generating function in (22.29), we can determine the stick-plot
spectrum of the anthracene anion. The result is reported in Fig. 22.6. Both spectra in Figs. 22.2

and 22.6 have the same number of resonance lines, and the distribution of the relative intensities of
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Anthracene anion
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Figure 22.6: High-field theoretical ESR stick-plot absorption spectrum of anthracene anion (counterion:

K"). Parameters were taken from [163].

these lines is the same in both spectra. The only difference between the two are the positions of the

resonance lines.
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Chapter 23

Conclusion and perspectives

23.1 On the distinction between UDMs and non-UDMs

In this work, we have tried to refine certain concepts in relation to the theory of open quantum systems
taking inspiration from results in [138, 155]. We have seen that quantum dynamical maps may be
classified into two categories: universal dynamical maps (UDMs) [132] and non-universal dynamical
maps (non-UDMs) based on the nature of their domain. For a finite-dimensional state space Hg4,
UDMSs have as domain the entire set (’);”1 (i-e. the convex cone in the set of trace-class unit-trace
positive semi-definite self-adjoint linear operators acting on #4). On the other hand, the domain of
a non-UDM is restricted to a proper subset of Oj’l. We have shown that it is an entrenched and
inextricable property of both UDMs and non-UDMs to be completely positive and trace-preserving
(CPT) with respect to their respective domains. This marks a stark contrast to the notion of CPT
maps in the literature — where a quantum map is understood to be CPT if its domain coincides with
O:l“l. We thus see that what we have termed here UDMs (non-UDMs) is what is normally called CPT
(positive but non-CP) maps in the literature [26, 72, 106, 145, 168].

It is important we view the domains of quantum maps as significant as the maps themselves'.
In this sense, the distinction between UDMs and non-UDMs becomes crucial. This distinction, we
believe, could also help settle the debate [4, 119, 146] on how fundamental CPT maps are. We believe
the debate is, in ultimate analysis, a problem of definition. This is because, viewed along the lines of
UDMs and non-UDMs, it is clear — as explained in Sec. 12.2 and the beginning of Chap. 13 — that
the CPT property and the very concept of quantum dynamical maps are two indivisible notions, for
a map cannot be a quantum dynamical map, in the first place, without being CPT. By referring to
UDMs as CPT maps in the literature, the community came under the impression that a map is CPT if
and only if it is UDM. So when Pechukas [119] or Shaji and Sudarshan [146] assert that, for example,
a reduced dynamics need not be CP, what they actually meant is that the map needs not be UDM.
In fact, these authors stress on the map having its (positivity) domain — which again reminds us of
non-UDMs.

The arguments put forward in [138, 155] and in this thesis exhort us to be more circumspect

1Just as it is good practice — if not imperative — to specify the domain of an analytic function in complex analysis,

so should we make it a habit of specificying the domain of a quantum map, especially when it is a non-UDM.
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about the notion of CPT maps. With the distinction between UDMs and non-UDMs now clear, some
interesting problems also come to mind. For example, we saw in Chap. 13 the conditions under which
a quantum dynamical semigroup may emerge from an induced UDM (i.e. a UDM resulting from

reduced dynamics) [132]. Analogously, we may ask:

1. what are the general conditions which lead to an induced non-UDM (from a unitary S + R

dynamics)?;
2. Is it possible for induced non-UDMs to form a one-parameter quantum dynamical semigroup?;

3. If the answer to the last question is affirmative, what is the general form of the generator for

such a quantum dynamical semigroup?

23.2 On semiclassical quantum Markovian master equations

We have shown that it is possible to extend the GKSL approach to open quantum system theory to
those problems where one wants to treat the environment at a classical level. A quantum theory for
CW magnetic resonance was developed in this work as proof of concept. And in the development of
the theory, we introduced the affine commutation perturbation (ACP) scheme, which makes it possible
to account for some effects of the perturbation even at the zeroth-order approximation. Indeed, we
were able to derive the CW magnetic spectra of multispin systems at the zeroth-order of the ACP
scheme and computed the ESR spectra for a number of radicals — which are in good agreement with
the experimental spectra. It must, however, be emphasized that the generating function method for
computing theoretical spectra expounded in Sec. 22 predicates on the weak-coupling assumption, and
on the condition that || Z,|| > ||Z|| (in the sense of (15.2)). We also mention that quadrupolar effects
may also be accounted for by adding the corresponding isotropic term to H, in (19.2).

We have focused here on quantum Markovian master equations, but the approach can easily be
extended to non-Markovian ones as well. More importantly, in discussing the dynamics at the zeroth-
order, we have argued and illustrated the importance of the term linear in the system-environment
interaction, A(t)o(®(0), (19.68). We have shown that this term — which is usually discarded (even
when not identically zero) on the basis of the environment stability condition (Sec. 15.3) in standard
microscopic derivations of quantum Markovian master equations — actually leads to a linear response
theory (LRT) within the GKSL formalism (Sec. 21). With it, we were able to derive some known
results in standard LRT [56] as limit cases. Despite its vital importance, we also observed that the
presence of this linear term prohibits the zeroth-order quantum map A(t), (19.79), from: i) becoming
a UDM and ii) forming a (one-parameter) quantum dynamical semigroup. Nonetheless, we have also
shown that there are strong indications suggesting that the map A(¢) is a positive on its assigned
domain, namely o(®(0) = %j;o], (19.27). This simply means A(t) is a non-UDM with domain
{09(0)}, according to the theory. In the broader context, the domain of A(t) is the set C;'[0°(0)]
(i.e. the set of all convex combinations of elements of (’)j’l which commute with o(*)(0)) — for a
multispin system whose (spin) state space is of dimension d. Despite being a non-UDM, we know
from Sec. 12.2 that A(t) is CPT and has a Kraus operator sum representation on its domain. We

illustrated this point by considering a CW experiment with an ensemble of spin-1/2 particles in Sec.
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20.5. There, we observed that in spite of the presence of the term A(t)o(0) in the master equation
(20.1) which impeded the generator from becoming that of a quantum dynamical semigroup, we were
still able to find a Kraus operator sum representation for A(t), i.e. (20.38). We also showed that the
Kraus operators also satisfied the usual completeness relation, (20.49) — guaranteeing that the map
A(t) preserves trace on its domain.

We have considered only the quantum map associated with the zeroth-order ACP quantum master
equation, (19.68). Concerning the maps associated with the higher-order terms? of the ACP scheme
(Sec. 19.4), similar detailed studies need to be carried out but we have reason to believe that by restrict-
ing these maps to their respective specified domains (i.e. {0 (0)}, (19.26)), the resulting n—th-order
approximated map which evolves o(0) approximated to the n—th order in 2" (i.e. > _, 0(™(0)), will
also be a non-UDM. The ideas and guiding principles necessary to study these higher-order corrections
are quite clear but the mathematical manipulations involved could be lengthy and quite demanding.

Imagine applying the techniques developed in Chap. 19 to a certain problem (where one treats
the focused system quantum mechanically but the environment is treated classically). Naturally, if for
some reasons the term linear in the system-environment interaction, A(t)o(®)(0), (19.68), is identically
zero, then (19.68) reduces to a truly semiclassical quantum Markovian master equation, and the map
A(t) becomes a UDM.

In this semiclassical approach to open quantum system theory, it may be necessary (or more ap-
propriate) to explicitly treat certain classical environment degrees of freedom as stochastic variables.
For example, if we want to account for the influence of non-spin degrees of freedom like molecular
rotations and vibrations on the dynamics of the multispin degrees of freedom, we will have to treat
the former as part of the environment (with respect to the spin degrees). These non-spin degrees
of freedom may also be adequately described as stochastic variables whose probability distributions
evolve according to some master equation — which could be, for example, a Fokker-Planck or Smolu-
chowski equation [54, 118, 157]. In these cases, the semiclassical quantum master equation (Markovian
or non-Markovian), will depend explicitly on the stochastic variables, and to obtain the effective (or
‘reduced’) semiclassical dynamics, one will have to integrate the master equation over the said proba-
bility distribution functions for the stochastic variables®. This approach may be seen as an alternative
to the so-called ‘stochastic Liouville equation’ [14, 53, 88, 151].

23.3 On the Holstein-Primakoff transformation

We have also shown how with the Holstein-Primakoff (HP) transformation, we may easily translate
certain problems in multispin magnetic resonance into counting problems. This connection may be
an indication of a profound and no less consequential relationship between magnetic resonance and
discrete mathematics; a relationship, which, if ultimately fully understood, might help free — to a
significant degree — multispin magnetic resonance from the spell of the curse that is of dimensionality

[90, 91]. On this note, it is only reasonable that we envisage a future where the full power and glory

2Surely, as explained in Sec. 19.4, one will have to apply to the corresponding higher-order correction master equations

the same approximations and assumptions invoked for the zeroth-order term.
3The author has extensively explored this approach together with Prof. V. Giovannetti and Prof. D. Rossini, and

hope to publish their findings soon.
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of discrete mathematics are unequivocally brought to bear in the study of magnetic resonance. Here,
computer algebra — now almost ubiquitous in modern computing languages and which is finding its
way also into magnetic resonance [7, 49] — is going to play a central role in the simulation of multispin
magnetic resonance spectra. And the recurrent use of generating functions like G4,0(¢) (8.19), GaA(q)
(8.43) and P,(x) (22.25) in this work strongly suggests the pivotal role polynomial algebra is also
going to play in magnetic resonance simulations.

Furthermore, the usefulness of the HP transformation is not only limited to counting problems.
For example, it can be used to calculate Clebsch-Gordan coefficients (thus, Wigner-3nj symbols) —
(n=1,2,3,...). Schwinger [143] has used his eponymous transformation to derive analytic expressions
for Clebsch-Gordan coefficients arising from the addition of up to four angular momenta. Early research
conducted by the author suggests that the HP transformation probably offers an elegant way to go
beyond that. This is an important and interesting problem which we believe should command the
attention of many in the community as the calculation of Wigner-127, -15;5 symbols and beyond [20,
85, 167] is becoming an important problem in several areas of physics, including quantum computing
[24, 25].

We would also like to mention the connection between the HP transformation and Quantum Cal-
culus [81]. This connection was moderately discussed in one of the author’s publications [66]. We
believe more research elucidating this connection is needed and worth the effort. In studying the HP
transformation and its relation to discrete mathematics and Quantum Calculus, one cannot help but

see the many territories which await explorations.
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Appendix A
Wigner-35 symbols

The Wigner-35 symbol offers a compact way to express and distill the properties of the Clebsch-Gordan
coefficients arising from the coupling of two angular momenta j; and jo. The Wigner-3; symbol is
defined as [164, 170]

J1 Ja J3 —1)j1—d2—ms ) . _
<m e ™ ) = ()2]3“ (jima1, jama| js —mas) (A1)
1 2 3

where —j; < m; < j; with ¢ € {1,2,3}. The general formular for the Clebsch-Gordan coefficient
(j1ma, jama| jams) is given by Racah’s formula [124, 125, 170]

(S — 2j3)'(5 — 2]2)'(8 — 2]1)'
(s+1)!

(dima, joma| jsms) = Om, tma,ms {(273 +1)
1/2
X (41 4+ m1)!(G1 — m1)!(J2 + m2)!(J2 — m2)!(j3 + m3)! (43 — ms)!]
< SV [l + 2 o = G = = )+ iz = )
: 1
X (j3—j2+m1—|—u)!(j3—j1—m2—|—1/)!] (AQ)

where the index v ranges over all integral values which do not make any of the arguments of the
factorials in the denominator negative, and s = j; + jo + js.

The Wigner-3; symbols have the following symmetric properties [164, 170]:

i Js g2
mp M3 MMy

1. Odd permutation of columns:

(,]_)j1+j2+j3 J1 J2 J3 _ J2 J1 J3
mp M2 Mg me mp M3

J3 J2 1
m3 Mg MMy

(A.3)

2. Even permutation of columns:

Jvoge gz _[J2 Js gi\_ (Jz v g2 (A)
m; Mmoo Mg mo MMz 1My ms My M2
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3. Negating the {m;}:

J1 J2 J3 _ (—1)ptiet g2 Js)
—m1 —Ma —ms myp Mmoo M3

The orthogonality properties of Wigner-3; symbols are [164, 170]:

1. Summation over my, ms:

Z v J2 U3 JvoJz o Js :Lg, W S
mame \1 M2 M3 mi Mo mé 273 +1 I3:ds T

2. Summation over js,ms with weight (2j3 + 1):

my me mg) \mj ml mg

J3,ms3

. Ji J2 s Ji J2 s
> (2]3+1)< > ( , ) = Syt Omams, -

(A.5)

(A.6)

(A7)



Appendix B

Microcanonical and Canonical

Ensembles in Magnetic Resonance

We cannot apply the concepts of statistical mechanics to one isolated molecule or spin of interest.
Statistical mechanics requires the thermodynamic limit, i.e. N — oo,V — oo, but N/V = finite
quantity. We therefore need to consider a huge collection of identical molecules. In line with the
assumption made in Sec. 19.1 concerning the ensemble, we shall assume that the interaction between
the molecules is very weak, so as to approximate the system as consisting of essentially free molecules.
In practical terms, this may be realized when the concentration of the molecules to be probed is

L. Thus, we have an ensemble of ‘free’ solvated molecules. These free solvated molecules

very low
are essentially quasi particles. The effect of the solvent cloud is made manifest in change of the
bare molecules properties like "effective mass", "effective charge" etc. We shall assume that the spin
properties of the bare molecule are the same as those of the quasi particle. Our aim here is to describe
this collection of quasi particles on sound statistical and mathematical principles. The derivation given
here follows closely a similar derivation given in [105] for the Ising model.

Say v(") a specific set of parameters specifying the state of the n—th quasi particle. We shall
indicate the energy corresponding to v(") as & (”)(V(”)). By configuration, we mean a possible state of
the ensemble. Each configuration C, will be represented by a set of states {Vél), l/((lz), ceey VCSN)}, where
l/((ln) indicates the state of the n—th quasi particle according to the configuration C,.

Say @ () the set of all possible configurations of the N quasi particles. We may now partition
% (N) into subsets characterized by the same total energy &,;. Thus, € (N, &;.¢) indicates a collection
of configurations each with a total energy of &;.

If we fix the total energy of the N quasi particles as Ej,;, we may assume that all possible con-
figurations of states {C,, Cj, ...} whose total energy &,,; amounts to E},; are equally probable. That
is all the elements of the subset € (N, &t = Fiot) are equally probable. This is the microcanonical

ensemble (N, &tor, V fixed). Since we have fixed the total energy, the ensemble can only assume the

Looking back on the CW experiment, we can say that prior to the ‘application’ (i.e. the system adjusting to the
presence) of B (t), we are dealing with an isolated collection of solvated molecules in which the only relevant external
interactions these have are those with the solvent molecules and the external field B,, and the Hamiltonian of each
member of the ensemble is Ho, (19.2).
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configurations of the set € (N, &0t = Etot), and none other. It follows then that, in the microcanonical

ensemble, the probability that the configurations of the N quasi particles are v, (2 . (V) g
simply
1
P( W @ (N);Eo):ié , B.1
v v v tot Q(Etot) Eiot,8t0t ( )
where

Q(Etot) = dlm (K(N éaot = Etot)

= Z Z 88051, (B.2)

v () v/ (V)

N N

G =Y EMM) Gy =) M) (B:3)
n=1 n=1
We may choose a better way to study the statistical mechanical properties of the collection of quasi
particles by moving from the microcanonical to the canonical ensemble (where instead of keeping
N,V, &0t fixed, we rather keep N, V, T fixed). The latter seems suitable because it is practically an
arduous task to keep the energy of a macroscopic system fixed, but not the temperature 7. Here,
we imagine selecting one of the N quasi particles, say the n—th, and asking ourselves what is the
probability that it has the configuration (™) given that the total energy of the system is Ejo;. What
we have done is to partition the whole system into a focus system (i.e. the n—th quasi particle) and
the environment (i.e. the remaining quasi particles). The thermodynamic temperature is determined
by the environment. At equilibrium, it is natural to expect that each arbitrarily chosen quasi particle
as the focus system should see the same environment. This amounts to saying that at equilibrium, the
temperature is fixed.
Now, it is obvious that the probability P(v(™); &, = Eo;) that the configuration of the n—th quasi

particle is (™ given that & = Ejor, is

P(W; 1o = Brot) = » - ZP( W, "V(N);E“’t)

L2 L)
=D D iy e (B.4)
E Loty tot
L@ L) tot)
_ Zy(z) e ZV(N) 6Etut;5tot
Q(Etot)

where for simplicity we have chosen n to be 1.

At this point, it is convenient to express the Kronecker delta function d, , as

1 1 T .
Opy = — lim = / d et==v)? (B.5)

—TTx

1.1 (Eror—Erot)0
OB, 600y = = lim — df e ot otet) (B.6)
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Thus Q(E;.t) becomes

Q(Etot) = Z to Z 5Etot,5tot

v ()
= Z 1 lim l/ d i (Brot—Ero1)0
2T a—oo v | _
v(1) v(N) o
1 . 1 yes i[Et t—ZN g(n)(u(n))]g
=S g [l ®.7)
v(1) v(N) T
o1 o [N ™ (w))e
gt b [ e ()
v v(N)
1 1 iyes .
=5 lim = /_ - do et 2(i0) |

where

E@) =y ey e =3y et 0] (B.8)

v p(N) v(1) v(N)

Note that because the particles are identical, we may also rewrite the expression for Z(i6) as follows:

Z(le) = Z - Z 67i0[25:1 g(n)(u(n))]

v(1) v(N)
_ (Zewg(l)(’/(l))> (Zei%“’(u‘z))) <Z ewé”(“(u%)
(1) (2) (V) (B.9)
N
_ (Z e_ieg(U(l,(l)))
(1)
= 2 (i0)

with
Z(x) =) e oW (B.10)

where &5 is the energy of a single quasi particle. But note also that

Z(i) = e Z(i0) _ JnZF(i0) _  NlnZ.(if) (B.11)
Hence,
Lo 1 i0E¢or 7 (;
Q(Etot) = % ah*)IT;O a df e ¢ Z(lg)
— 1 i 1 i de 10FE 0t ,N In Z5(i0)
T 2rabea o (B.12)

= L lim l/ dn e"Erot N n Za(n)

where in the last line, we now have a complex variable of integration. We now evaluate this integral in
the limit N — co. One way of doing so is the so-called method of steepest descent (or the Darwin-Fowler
method) [102].

To begin with, it is clear that since ) is complex, the integrand in the last line of (B.12) is oscillatory.

Since Q(Eyot) is finite, it implies that the integrand goes to zero as |n| — oo, thus the integrand has
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a peak. This means that the integrand is a succession of decreasing crests which vanishes |n| — oo.
We may imagine that in the limit N — oo, only the peak of the integrand contributes significantly to
the integral. Hence, we may approximate the integrand as its peak plus the immediate contour. We

therefore need to find the absolute maximum of the integrand. We may express 7 as

By (B.13)
Then,
ot NI 20| — [enBroi g )
N
= ePEror |Zs (7])|
But,

v

= (Z e(ﬁﬂy)é:(u)) (Z e(ﬁ@)é@@))

_ Z efﬁ[éas(u)+£’s(u')]efiy[éas(z/)fé"s(u')}

s[5 )

= > AEOTEC cos (y [6,(v) — G+ D e AEOTE ] gin (y [£,(v) - £.(7))
= 3 e PE O] o3 (y [, (v) — S()) -
(B.15)
Thus,
N
max |e"Etot N In Zs(n)‘ — max ePErot Z o BlE:W)+E:N)] os (y[&(v) — &)
v (B.16)

= PP [ N7 e AEOHEOI] max cos (y [£(v) — &)
v,V
which implies that we obtain the absolute maximum of the integrand when y = 0. Since the integration
is only along the imaginary line and the integrand is analytic, we may deform the integration contour,
branching into the real part, without changing the value of the integral since the contribution of the
real part cancels out. We may therefore choose wisely £ in such a way that when N — oo, the only
significant contributions to the integral originate from values of y around the peak, that is points in
the neighborhood of y = 0. This is the steepest descent method. We are therefore going to evaluate
both the denominator and the numerator on the RHS of (B.4) by the steepest descent method.
To begin with,

1 (% g0
AEior) = z— lim —/. dn "Bror N1 Z(n)
7417704 (B17)
1 . 1 /“Ta N[ E+l Z( )]
= — lim — dn eNEFn 2.0
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where
_ E,,
E .= 2t

~ (B.18)

Let us now expand the nE + In Z4(n) around some arbitrary n,. We get
0
E+4+ —InZ
+ 5,2 (n)

nE +1n Z,(n) = noE +1In Z,(n,) + (1 — no) 1
nN="o
(n=n,)° [ &

+ 5 — InZ; (77)

on?

Q(Euor) = i lim 1 dn eNneE+n Z:(n0)] o eN(n—no)[FJr%lnzs(n)In:%]
D) n

N(n—n0)2 2
(n 2’/0) [66?11135(7])

x e =] x O (eNWW) . (B.20)

The integration, having only complex extrema, implies a contour integration along the real value of n
(i.e. the real value of 7 is kept contant). Now, assuming R[n] = n, = 8, it follows then that (n—n,) is
purely complex. Indeed, if n = 8 + iy, then 7 —n, = iy. Therefore, dn = idy and the integral becomes

uye? — . k=
QBuwr) = 5- Jim / dy MNEFHn 2] 5 NV[PE iz 0],

2T a—o00 (v o

W2 a2
vy [60?111 Z.(n)

X e

nzﬂ} X O(e_iNyS) . (B.Ql)

We note that the integrand factor whose exponent is linear in y oscillates. In particular, these os-
cillations become very rapid as N — oo. We may eliminate these rapid oscillations by imposing the

condition that the exponent vanishes all together, i.e.

Ny |E + 9 In Z5(n) 1 =0 (B.22)
on _
n=p8
whose non trivial solution requires that
— 0 S E(w)e PEW)
E=—-—InZn == B.23
i) =5 (B.23)
What we have done is a sort of coarse graining. The integral at this point becomes
_ Ta _Ny?2| 02 4, .
Q(Eior) = ie]\[[ﬁE"'mZS(ﬁ)] x lim l/ dye ° [8"2 1 Zs(n)‘n:ﬂ} x O (e_lNyS) . (B.24)
2 a=oco o J_ -,
For the integral to converge in the limit o — oo, we see that
82
—1n Z;(n >0 (B.25)
o () -

which means that the function 8% In Z,(n) must be monotonic. We now show that (B.25) is always
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satisfied for real 5. Indeed,

9 (0 0 19

— | =—InZ = v Q)

on (677 (77)) n <Zs(77 an Z )
n

0
0 L —Nnes(V
>

~

2
y Es(v)e 1% W) (B.26)

Y, Ev)enEW) S, Es(v)e W)
B Z,(n) B ( )
_ 2,62 Zzz)n&(m B (—alnzs(n))2 |

And so,

)
(
_ L, W PRy, e
- (8) Tt T B
2 (52(1/) — EQ) e—BE (V) (B.27)

> ((9@52(1/) +E —9E. E) o~ BE (V)
Z4(8)

Thus,
=2 —
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)
(
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Note that
5, E2(v)e P50

Z,(B)
and so 6872?7 In Z4(n) is the variance of the energy per particle, which is always positive.

n=p
Now, returning to the integral in (B.24), i.e.

= &2 (mean square energy per particle) (B.29)

1 E I NP 0%y g 4
UBror) = o=V PEHNZO] 5 lim */ dy e [f’"? (n))n:/i} x O (e—zNyg)

27 a=oo v J_

we recall that
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Now, if we introduce the variable x, where

where

we see that

and so,

/Tr
—TTx

Ny? | 62 Ny?
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We now evaluate the numerator of (B.4) using the same procedure. First of all, we find that

Z Z 5Etof Etot —

v(2) v(N)

where it is obvious that

Hence,
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From (B.12), we see immediately that the solution of the above is formally the same as (B.35) provided

we make the following transformations in the latter:

Etot — Etot — g(l) (V(l)) = NE — g(l)(lj(l))

(B.39)
NnZ,(n) — (N —1)In Z4(n) .
Thus,
1 = 1 N —1)o2
Z Z O Bsns vy ~ - e[NﬁE_ﬁgu)(y(l))Jr(N_n1nzs(;a)] % lim — erf lﬂa ( Z)Og(ﬂ)
V() ) 2r(N = 1)og(5) e
_ 1 NEEEN 10 2,(8)] [-86D (/) ~1n 2,(8)]
2m(N —1)o%(B)
1 N —1)02
x lim — erf lwa w
a—o0 (X 2
(B.40)

And so finally, we may substitute (B.35) and (B.40) into (B.4) and take the thermodynamic limit, i.e.

N — o0,

ZV(Q) e ZU(N> 5Et0t-,£tat

P; Eyor = Eior) = lim O Er]
o tot
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X
2
limg o0 L exf [m N;B)}
e_g(g»(l)(l,(m)
A
From (B.23), the constant 3 is known from statistical mechanics to be 3 = Lz — where kp is Boltz-

mann’s constant and 7' is the absolute temperature of the system [117]. In the case of an ensemble
of identical molecules subjected to a static magnetic field B, = B,e., whereby each member of the
ensemble has Hamiltonian H,, (19.2), we see that &) (v(1)) — H, (if we transition to quantum statis-
tics). And P(v(D; &or = Eio) in (B.41) becomes ps(t,) (i.e. ps(0)) in (19.4). Upon transitioning to
quantum statistics, we need to view members of the ensemble as quantum particles. This means we
need to also take into account their indistinguishability. This normally brings about profound impli-
cations leading to Bose-Einstein statistics or Fermi-Dirac statistics (or even something in between). It
is however known that for high-temperatures and low densities (which is our case), the importance of
implementing quantum indistinguishability into the derivation fades out since in this limit, the behav-
ior of the system approaches asymptotically that of a classical system [117]. This justifies the density

matrix in (19.4) as the initial state of the multispin system prior to the ‘application’ of By (t).



Appendix C

Some analyses on the quantum map

A(t)

C.1 Derivation of the equation for A(t)

We want to find the map A(t) associated with the zeroth-order master equation in (19.79), which reads

L 60(t) = Ao (0) + LoV (1) GRY
Following [30], let
0@ (t) = A(t)0!(0) . (C.2)
Then, from (C.1) we have
%A(t) — A(t)+ £ A(t) (©.3)

which after performing the Laplace transform (indicated by the operational symbol L) becomes
sA(s) — 1 = A(s) + £ A(s) (C.4)

where L[A(t)] = A(s) and L[A(t)] = A(s). Upon a rearrangement of the terms in (C.4), we end up
with
(sl — L) A(s) = A(s) + 1. (C.5)

That is,
As) = (sl — £)7" (.ﬁ(s) + |) . (C.6)

If we now expand the resolvent (sl — E)fl in powers of the generator £, we get

(sl=£)"'=>" % (C.7)

n=0

with £ = | for n = 0. Thus, (C.6) becomes
A(s) = L7 A( )71 + |71 (C.8)
s E . $) ot el I .
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The inverse Laplace transform of this last equation is

=20 (2 ]+ [5])

:/0 dr (z%,c":l,) Alt—7)+1- (Z cn’:‘) (C.9)

n=0

t t
- / dr 5T At — 1) + 5 = / dr £ A(r) + ¢t
0

0

C.2 A(t) is anot a UDM

Certainly, A(t) preserves trace for any input state o(®)(0). For A(t) to qualify as a UDM (universal
dynamical map'), its output state must always be positive semi-definite (with unit trace), irrespective
of the input state o(?)(0) # 0. It can be easily shown that this is not the case for A(t). Again, it has
to do with the presence of the superoperator A(t) in the expression for A(t) (19.79). If we take a look
at (19.78),

t
0O () = e£to® (0) + / dt’ £ A(#)0© (0) (C.10)

0
we see that while the first term on the right is certainly UDM, the second term involves the composition

of two superoperators acting on 0(°)(0). In the Kraus operator sum representation, (C.10) may be

rewritten as
Z"‘/ 1e®(© Z / dr Ha(t = 7) [A@OO)] At ~ 1) (Ca1)

where the Kraus operators {#,(t)} obey the usual completeness relation > .1 () #4(t) = 1. Or,

more explicitly,

D IEAUTLICEAICED / Cdr Kot — ) (70 (O ()t~ 7)

—Z/ dr Aot — 1)t (7)o@ Ot (A (E—7) (C.12)

with [52, 153]

M(t) = ! [l —iHpr(t)] (C.13)

V2

where Hpg(t) is the linear response Hamiltonian, (19.70). Furthermore, we note that
¢
L= ol () Aa(t) + Z/ dr AN A — 7)Ao (t — 7). (T)
«

t

-3 / dr M) HI(E— TV Ha(t— 7). () (C.14)
o Jo

— which confirms again that A(t) is trace-preserving. However, from (C.12), we see that ¢(°)(¢) cannot

be guaranteed to be always positive for an arbitrary Q(O)(O) — given that it is the difference between

two positive operators. In fact, A(t) can be seen as the difference between two CP maps:

A(t) == @17,5 - (I)Qﬂg (C15)

ISee Definition 13.0.1.
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@140 (0) Z% (0) Ji/T + Z/ dr g (t — T)%(T)Q(O)(O).//T(T)f%gr(t —7) (C.16a)

2,0V (0)] = Z/O dr Ho(t — 7). (7)o" (0).4 (1) ] (t = 7) . (C.16b)

Thus, the map A(t) is not a UDM? |26, 145, 168].

C.3 Positivity of A(t) on its specified domain, some indications

Even though A(t) is not a UDM, this, however, does not imply that it is a non-UDM. To prove it is
a non-UDM, we need to prove that it is positive on its domain. There are strong indications this is
exactly the case. These indications stem from the parameters involved in the theory and assumptions
like %i < 1. The positivity of A(t) on its domain, if that be the case, may therefore be attributed to
these parameters and the assumptions of the theory (which are to some extent, experimental constraints
in many cases), rather than an elegant theorem like Choi’s [28]. We present these arguments in the

following. A better analysis may, perhaps, be necessary in the future.

Let |v) be a generic vector of the spin system’s Hilbert space Hg. We show below that there are

indications that

dT ]sz t—7) [ ()QU(O)] %T(t—T)‘V> (C.17)

> (o] Hat)o® (0)%

o—F%o

for the Boltzmann input state o(®)(0) = Tie 2] making, therefore, the map A(t) positive for this

particular input state.

To begin with, from the expressions for A(t) and o(?)(0), we have that

At)o(0) = i2B; R Z Z 0oy ey —enO-41,M,) — My (P,SSJ) - P,SO))

wo Nn,n’

X <ei‘”°t In"){(n’| £ In) (n| — h.c.) (C.18)

2Recall what we call ‘non-UDM?’ is commonly referred to the literature as ‘non-CP’ map.
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— where P( ) — P

= Tr[ et , (22.10) —, which means

|Z / (v Aol = )[40 0] A=) |1

’431225% B0ty 2t (P = PA) (€7 In)

Wo nn
t
x%(/ dr e "R () ]Z( | Ao (t—7)n") (n ’%’Tt—r)’ >>’
0 [e3
SABLYY S G bty [P — PO €7 )
wo Nn,n’

X %(/ dTeinT%[(pf(T)]Z< | o (t—7)|n") < ’%Tt_T)} >>’

< 4B, Z Z O ery —en 041, M,y — My

s(/otdmmm[@f( ) < e <Z| v Aot >|>. (C.19)

Furthermore, since ¢ (¢) is the characteristic function of a symmetric distribution function, we know
from Polya’s theorem [120] that |R[¢(7)]| < 1, so

= PO e m))

|z:/0lt dr <1/‘ Ho(t—1) {«4(7)@(0)(0)] %T(t —7) ’y>
< 4B Zzéwo,en/ en0+1, My — My

w, NN’
t .
& </ dr e“"”)
0

=45 ZZ 5w076n’ en5+1 My —Mn

wo NN’

PO Kol m)

x \I%}’%Xt (Z |(v| Ha(t) |nﬂ>|2>

P — PO\ ('] " In)|

X max <Z| I AGING] > . (C.20)

X

cos(wot) —

Wo

Given that £&* = =", 757, (19.3), we thus have
t
dr (v] Halt = 7) [AD) )] Hd (¢ =) |v)
0
P — PO (Z TRl n>|>
R wo

x |cos(wot) — 1| x max <Z| V| At >|2> (C.21)

In’),t

<4 Z Z 0w ey —en 041, M,y — Mp

wo NN’

where |wy (¢)| = |74| B1. If the spin configurations in the states |n) and |n’) are such the i—th spin is the
only spin which alters its spin state so that: 1) (n'| S¥ |n) # 0, 2) w, = €n» —€n and 3) 1 = My — My,
then it follows from (22.20) that |w,| & |vi| B, This implies that for all the nonzero terms on the r.h.s.
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of (C.21), 31 < 1. In high-resolution NMR [33], for example, the ratio 2 is in the order

of 107°. Note also that all the factors multiplying the sum (42 EHOI [(n’| S¥ |n>\) are all positive

[wo

numbers which are at most equal to unity, and almost all of them can be compared to a counterpart
on the Lh.s. of (C 17). Indeed, it may be argued that the validity of the inequality in (C.17) pivots

on the ratlo . In fact,

;M% ) 04! (1) |v) = ZP(O) (ZI v| Ha(t ) (C.22)

S0,

ZPAO) (Z (V| Ho(t >>>4zzawo7en/ enO41, M, — M
n «

n’ w,

R - P (ZW o' 57 |n>|>

X |cos(wot) — 1] X Iﬁ}%xt (Z Kv| 2, (t) |n”>|2) (C.23)

for the non-null Boltzmann state o(°)(0), due to the fact that % < 1 (recall w, # 0). This confirms
the inequality stated in (C.17). Therefore, A(t) is a non-UDM with domain C}*'[o(®)(0)] (19.80).

C.4 On restricting A(t) to its specified domain

As discussed in Sec. 19.3.2, without the term A(t)o(®)(0) in (19.68) (or (C.1)), A(t) is obviously a
UDM, and therefore also CP. We have seen in the last subsection an argument indicating why A(t) is

positive for input states

(0) e 1%
o (0) - T\r[e_ﬁfzjo] (024)
with 2, given by (19.17), i.e
Z%B S;+ > TSiS; . (C.25)
i>7

It is vital the input states are restricted to (C.24), else one risks obtaining unphysical results. We
can see this by studying, for example, A(t) in the limit £ — 0 (this is close to taking the adiabatic

process limit). Then, A(t) reduces to
At) =1+ /Ot dr A(t) =1+ F(t) (C.26)
where, for an operator X,
Ft)X = —i[K(t), X] , K(t)= /Ot dr Hpgr(T) (C.27)
where Hpp(t) is the linear response Hamiltonian, (19.70). Consequently, with £ = 0,

0 (t) = A1) (0) (C.28a)
= 0©(0) — i [K(t), g<0>(0)} (C.28b)
= [l —iK ()] 09(0) [I +iK (t)] — K ()o@ (0)K (1) . (C.28¢)
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(This equation can also be derived from (C.12) by noting that Y %, ()X %, (t) — X as £ — 0.) The
resulting 0(°)(#) in (C.28c¢) is still the difference between two positive operators, so it cannot be positive
for an arbitrary input state — unless extra information or assumptions are provided. Nonetheless, it
has the Kraus operator sum representation for Hermitian non-CP maps [145], and satisfies the related

trace preserving condition [145] — namely,
1= iK@®) 1 —iK@®t)] - KTO)K@t) =1. (C.29)

These last two observations notwithstanding, the action of the map A(t) needs to be restricted to its
specified domain, i.e. (C.24). As mentioned above, failing to do so may lead to unphysical results.
To illustrate this very important point, we shall analyze (C.28¢) under two scenarios: 1) without
considering (C.24)% | and 2) taking into account (C.24). These arguments reinforce the notion that
A(t) is non-UDM.

C.4.1 Analyzing (C.28c) without taking into account (C.24)

For example, if o(?)(0) is taken to be a pure state, i.e. 0(®(0) = |0)(0], and we do not take into
account (C.24), it can be shown that o(®)(¢) in (C.28c) would appear in this case to be nonpositive for
K(t) # 0. Thus, A(t) would describe an unphysical process.

To prove the proposition, we first observe that with o(%)(0) = |0)(0|, (C.28c) may be rewritten as

o V(t) = fv1){vi]| — [vo) (o (C.30)

where
[vo) = K(¢)]0) , lv1) = [I = iK(1)]|0) = |0) — i]v,) (C.31)

lwo) | = /<O K (£)[0) , llon)ll = /1 + (0] K (£)2 [0) (C.32)

— where we have exploited the fact that K(t), (C.27), is Hermitian. For non-null K (¢) (which is the

whose norms are

case if Hpr(t) is nonzero), |||v,)| is strictly positive, i.e. |||vo)| > 0.
Let z = /(0| K(t)? ’O> and K(t) # 0. Furthermore, let |v,) and |v7) be the normalized kets

[vo)

corresponding to |v,) and |v1), respectively — that is, |0,) = Mooyt and |o1) = H}Ziill' Then, (C.30)

may be rewritten as
2

0Ot = (1 +a°) ||) (@1 = g 190) (5l | - (C.33)

We may expand |07) as
[01) = a|Uo) + Bvo1) (C.34)
where |0, ) is the normalized ket perpendicular to |v,), while @ and /3 are complex scalars which also
satisfy the condition |a|® + |8]> = 1. Substituting (C.34) into (C.33) yields
22
1+ 22

000 =1+ | (1o -

) 150 (5] -+ aB” 1) (G| + a* 81651} (5] + 187 165.0) m@
(C.35)

3The argument to be laid out in the next subsection to illustrate this point is a paraphrase of an argument originally
put forward by Prof. Vittorio Giovannetti in the course of private discussions with the author. All errors are that of the

author alone.
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— which in matrix form simply becomes

2_ 2 *
0O (t) = (14 22) ('“' a*;ﬂ) Ofﬁ . (C.36)

From this last equation, it follows that the determinant of o(®)(¢) is
det[oV(1)] = —2*(1 + 2°) [B[* . (C.37)

Thus, det[o®)(¢)] < 0 since z > 0 for non-null K (t). So, for £ =0 and A(t) # 0, the map A(t) would
blatantly describe an unphysical process for a pure input state.

Note, however, that — according to (C.26) — for K(t) = 0, while £ = 0, A(¢) simply becomes the
identity operator |. As we shall see in the next subsection, it turns out that this is actually the case if

0(9(0) is pure and we take into account (C.24).

C.4.2 Analyzing (C.28¢c) taking into account (C.24)

On a closer examination, if we restrict the input states to A(t)’s domain, i.e. (C.24), we realize that
Q(O)(O) cannot be a pure state unless all the particles composing the chemical species have zero spin
quantum number (examples are °0 and '2C nuclei). For such a system, it can be shown that K(t)
becomes identically zero, therefore, making A(t) = 0 and A(t) = I.

To prove the last proposition, let us recall that Hrr(t), (19.70), is defined as

Hpg(t) = 2B1R[pp(t)] Y e 6" (+1,w,) + hoc. (C.38)

Wo

where, according to (19.40),

§(+1,w,) = Z In) (n|&* |n/> <n/| 5wo,6n/—6n5+1,Mn/—Mn : (C.39)

n,n’

In addition, we know from (19.3) that
€ ==Y wS. (C.40)

The operator £7 is therefore a zero-trace operator.
Now, if we set (0) = |0)(0], then we are somehow admitting that the spin system in question is a
collection of spin zero particles, and |0) is the (spin) state vector of the collection (up to a phase-factor).

In this case, we easily deduce from (C.39) that
£ (+1,w,) = 0u,,0041,0Tr[€7]|0)(0] (C.41)

which is identically zero. Consequently, Hy,r(t) and K (t) also become identically zero. And as a result,
A(t) — 1.

We may also note that for a non-entirely-spin-zero system, Q(O)(O) approaches a pure spin state
when T'(temperature) — 0 and/or B, — oo. In any case, even under these extreme conditions, it is
mathematically impossible for o(%)(0) of a non-entirely-zero-spin system — as defined in (C.24) — to be

of rank 1 (thus, a pure state).



182 Appendix . Some analyses on the quantum map A(t)




Bibliography

(1]

2]

13l

4]

5]

[6]

7]

18]

19]

[10]

[11]

[12]

[13]

Observationes Analyticae Variae de Combinationibus. From The Euler Archive — A digital library
dedicated to the work and life of Leonhard Euler. http://eulerarchive.maa.org/pages/E158.
html, Online; last accessed 14-June-2019.

A. Abragam. The Principles of Nuclear Magnetism. International series of monographs on

physics. Clarendon Press, 1983.

T. Albash, S. Boixo, D. A. Lidar, and P. Zanardi. Quantum adiabatic Markovian master equa-
tions. New Journal of Physics, 14(12):123016, 2012.

R. Alicki. Comment on “Reduced Dynamics Need Not Be Completely Positive”. Phys. Rev. Lett.,
75:3020-3020, 1995.

R. Alicki and K. Lendi. Quantum Dynamical Semigroups and Applications. Lecture Notes in
Physics. Springer Berlin Heidelberg, 2007.

P. Allard and T. Hard. A Complete Hermitian Operator Basis Set for any Spin Quantum Number.
Journal of Magnetic Resonance, 153(1):15 — 21, 2001.

C. Anand, A. Bain, and Z. Nie. Simulation of steady-state NMR of coupled systems using
Liouville space and computer algebra methods. Journal of Magnetic Resonance, 189(2):200 —
208, 2007.

E. Andrew. Nuclear Magnetic Resonance. Cambridge Monographs on Physics. Cambridge Uni-
versity Press, 1969.

G. Andrews. Combinatorics: Ancient & Modern, chapter 9, pages 205-229. OUP Oxford, 2013.

G. E. Andrews. The theory of partitions. Encyclopedia of Mathematics and its Applications.
Cambridge University Press, 1976.

P. W. Atkins and R. S. Friedman. Molecular Quantum Mechanics. OUP Oxford, 2011.

M. Atzori and R. Sessoli. The Second Quantum Revolution: Role and Challenges of Molecular
Chemistry. Journal of the American Chemical Society, 141(29):11339-11352, 2019.

A. Auerbach. Interacting Electrons and Quantum Magnetism. Graduate Texts in Contemporary
Physics. Springer-Verlag New York, 1994.

183


http://eulerarchive.maa.org/pages/E158.html
http://eulerarchive.maa.org/pages/E158.html

184

Bibliography

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

22]

23]

[24]

[25]

[26]

[27]

28]

[29]

V. Barone, J. A. Gyamfi, and A. Piserchia. FElectron Paramagnetic Resonance: Volume 25,

chapter 4, pages 98-156. Specialist Periodical Reports. Royal Society of Chemistry, 2016.

N. K. Bernardes, J. P. S. Peterson, R. S. Sarthour, A. M. Souza, C. H. Monken, I. Roditi, I. S.
Oliveira, and M. F. Santos. High Resolution non-Markovianity in NMR. Scientific Reports,
6(33945), 2016.

A. Blank, E. Dikarov, R. Shklyar, and Y. Twig. Induction-detection electron spin resonance
with sensitivity of 1000 spins: En route to scalable quantum computations. Physics Letters A,
377(31):1937 — 1942, 2013.

N. Bloembergen, E. M. Purcell, and R. V. Pound. Relaxation Effects in Nuclear Magnetic
Resonance Absorption. Phys. Rev., 73:679-712, 1948.

K. Blum. Density Matriz Theory and Applications. Physics of atoms and molecules. Plenum
Press, 1981.

K. Blum. Density Matriz Theory and Applications. Springer Series on Atomic, Optical, and
Plasma Physics. Springer Berlin Heidelberg, 2012.

V. Bonzom and P. Fleury. Asymptotics of Wigner 3nj-symbols with small and large angu-
lar momenta: an elementary method. Journal of Physics A: Mathematical and Theoretical,
45(7):075202, 2012.

N. Boulant, J. Emerson, T. F. Havel, D. G. Cory, and S. Furuta. Incoherent noise and quantum
information processing. The Journal of Chemical Physics, 121(7):2955-2961, 2004.

H. Breuer and F. Petruccione. The Theory of Open Quantum Systems. OUP Oxford, 2007.

H.-P. Breuer. Non-Markovian generalization of the Lindblad theory of open quantum systems.
Phys. Rev. A, 75:022103, 2007.

M. Carfora and A. Marzuoli. Combinatorial Framework for Topological Quantum Computing,

pages 307-345. Springer International Publishing, 2017.

M. Carfora, A. Marzuoli, and M. Rasetti. Quantum Tetrahedra. The Journal of Physical Chem-
istry A, 113(52):15376-15383, 2009.

H. A. Carteret, D. R. Terno, and K. Zyczkowski. Dynamics beyond completely positive maps:
Some properties and applications. Phys. Rev. A, 77:042113, 2008.

R. Chetrite and K. Mallick. Quantum Fluctuation Relations for the Lindblad Master Equation.
Journal of Statistical Physics, 148(3):480-501, 2012.

M.-D. Choi. Completely positive linear maps on complex matrices. Linear Algebra and its
Applications, 10(3):285 — 290, 1975.

D. Chruscinski and S. Pascazio. A Brief History of the GKLS Equation. Open Systems &
Information Dynamics, 24(03):1740001, 2017.



Bibliography 185

[30]

31]

32]

[33]

[34]

[35]

[36]

37]

[38]

[39]

[40]

41]

[42]

[43]

[44]

[45]

[46]

[47]

F. Ciccarello, G. M. Palma, and V. Giovannetti. Collision-model-based approach to non-
Markovian quantum dynamics. Phys. Rev. A, 87:040103, 2013.

J. Conway. A Course in Functional Analysis. Graduate Texts in Mathematics. Springer-Verlag,
2007.

P. L. Corio. The Analysis of Nuclear Magnetic Resonance Spectra. Chemical Reviews, 60(4):363—
429, 1960.

P. L. Corio. Structure of High-Resolution NMR Spectra. Academic Press, 1966.

D. G. Cory, A. F. Fahmy, and T. F. Havel. Ensemble quantum computing by NMR spectroscopy.
Proceedings of the National Academy of Sciences, 94(5):1634-1639, 1997.

B. Cowan. Nuclear Magnetic Resonance and Relazxation. Cambridge University Press, 2005.

R. Dann, A. Levy, and R. Kosloff. Time-dependent Markovian quantum master equation. Phys.
Rev. A, 98:052129, 2018.

E. B. Davies. Quantum theory of open systems . Academic Press, 1976.

E. B. Davies and H. Spohn. Open quantum systems with time-dependent Hamiltonians and
their linear response. Journal of Statistical Physics, 19(5):511-523, 1978.

P. Dennery and A. Krzywicki. Mathematics for Physicists. Dover Books on Physics. Dover
Publications, 2012.

L. Dickson. History of the Theory of Numbers, Volume II: Diophantine Analysis. Dover Books
on Mathematics. Dover Publications, 2005.

P. A. M. Dirac. On the theory of quantum mechanics. Proceedings of the Royal Society of
London. Series A, 112(762):661-677, 1926.

P. A. M. Dirac. The Principles of Quantum Mechanics. The International Series of Monographs
on Physics. Oxford Univeristy Press, Oxford, 1967.

M. Dracinsky and P. Bouf. Computational Analysis of Solvent Effects in NMR Spectroscopy.
Journal of Chemical Theory and Computation, 6(1):288-299, 2010.

G. Eaton, S. Eaton, D. Barr, and R. Weber. Quantitative EPR. Springer Vienna, 2010.

F. Engelke. Virtual photons in magnetic resonance. Concepts in Magnetic Resonance Part A,
36A(5):266-339, 2010.

R. Ernst, G. Bodenhausen, and A. Wokaun. Principles of Nuclear Magnetic Resonance in One

and Two Dimensions. International series of monographs on chemistry. Clarendon Press, 1990.

L. Euler. Various Analytic Observations on Combinations. arXiv:0711.3656, 2007. Trans.: J.
Bell.


https://arxiv.org/abs/0711.3656

186

Bibliography

(48]

[49]

[50]

[51]

[52]

53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

(63]

[64]

R. P. Feynman. An Operator Calculus Having Applications in Quantum Electrodynamics. Phys.
Rev., 84:108-128, 1951.

X. Filip and C. Filip. SD-CAS: Spin Dynamics by Computer Algebra System. Journal of
Magnetic Resonance, 207(1):95 — 113, 2010.

H. Fukui. Theory and calculation of nuclear spin—spin coupling constants. Progress in Nuclear
Magnetic Resonance Spectroscopy, 35(3):267 — 294, 1999.

G. H. Fuller. Nuclear Spins and Moments. Journal of Physical and Chemical Reference Data,
5(4):835-1092, 1976.

F. Gaines. A Note on Matrices with Zero Trace. American Mathematical Monthly, 73(6):630-631,
1966.

D. Gamliel and H. Levanon. Stochastic Processes in Magnetic Resonance. World Scientific, 1995.

C. Gardiner. Stochastic Methods: A Handbook for the Natural and Social Sciences. Springer
Series in Synergetics. Springer Berlin Heidelberg, 2009.

N. A. Gershenfeld and I. L. Chuang. Bulk Spin-Resonance Quantum Computation. Science,
275(5298):350-356, 1997.

G. Giuliani and G. Vignale. Quantum Theory of the Electron Liquid. Masters Series in Physics
and Astronomy. Cambridge University Press, 2005.

V. Gorini, A. Frigerio, M. Verri, A. Kossakowski, and E. Sudarshan. Properties of quantum
Markovian master equations. Reports on Mathematical Physics, 13(2):149 — 173, 1978.

V. Gorini, A. Kossakowski, and E. C. G. Sudarshan. Completely positive dynamical semigroups
of N-level systems. Journal of Mathematical Physics, 17(5):821-825, 1976.

G. Gumbs and D. Huang. The Kubo—Greenwood Linear Response Theory, chapter 2, pages 31-55.
John Wiley & Sons Ltd, 2011.

H. S. Gutowsky, D. W. McCall, and C. P. Slichter. Coupling among Nuclear Magnetic Dipoles
in Molecules. Phys. Rev., 84:589-590, 1951.

H. S. Gutowsky, D. W. McCall, and C. P. Slichter. Nuclear Magnetic Resonance Multiplets in
Liquids. The Journal of Chemical Physics, 21(2):279-292, 1953.

J. A. Gyamfi. An Introduction to the Holstein-Primakoff Transformation, with Applications in
Magnetic Resonance. arXiv:1907.07122, 2019.

J. A. Gyamfi. Fundamentals of Quantum Mechanics in Liouville Space. arXiv:2003.11472, 2020.

J. A. Gyamfi. Semiclassical Quantum Markovian Master Equations. Case Study: Continuous
Wave Magnetic Resonance of Multispin Systems. arXiv:2004.10872, 2020.


https://arxiv.org/abs/1907.07122
https://arxiv.org/abs/2003.11472
https://arxiv.org/abs/2004.10872

Bibliography 187

[65]

(6]

167]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

J. A. Gyamfi and V. Barone. Magnetic Resonance, Index Compression Maps and the Holstein -
Primakoff Bosons: Towards a Polynomially Scaling Exact Diagonalization of Isotropic Multispin
Hamiltonians. arXiv:1803.10461, 2018.

J. A. Gyamfi and V. Barone. On the composition of an arbitrary collection of SU(2) spins: An
Enumerative Combinatoric Approach. J. Phys. A: Mathematical and Theoretical, 51(10):105202,
2018.

G. H. Hardy and S. Ramanujan. Asymptotic Formule in Combinatory Analysis. Proceedings of
the London Mathematical Society, s2-17(1):75-115, 1918.

J. Harriman. Theoretical Foundations of Electron Spin Resonance. Physical Chemistry, vol. 37.
Academic Press, 1978.

A. Holevo. Probabilistic and Statistical Aspects of Quantum Theory. Publications of the Scuola

Normale Superiore. Scuola Normale Superiore, Pisa, 2011.

T. Holstein and H. Primakoff. Field Dependence of the Intrinsic Domain Magnetization of a
Ferromagnet. Phys. Rev., 58:1098-1113, 1940.

P. S. Hubbard. Quantum-Mechanical and Semiclassical Forms of the Density Operator Theory
of Relaxation. Rev. Mod. Phys., 33:249-264, 1961.

P. Stelmachovi¢ and V. Buzek. Dynamics of open quantum systems initially entangled with
environment: Beyond the Kraus representation. Phys. Rev. A, 64:062106, 2001.

M. Janji¢. Hessenberg Matrices and Integer Sequences. Journal of Integer Sequences, 13(7),
2010. Article 10.7.8.

J. Jeener. Superoperators in Magnetic Resonance, volume 10 of Advances in Magnetic and Optical

Resonance, pages 1 — 51. Academic Press, 1982.

J. Jeener and F. Henin. A presentation of pulsed nuclear magnetic resonance with full quantiza-
tion of the radio frequency magnetic field. The Journal of Chemical Physics, 116(18):8036-8047,
2002.

J. A. Jones. Quantum computing with NMR. Progress in Nuclear Magnetic Resonance Spec-
troscopy, 59(2):91 — 120, 2011.

J. A. Jones and M. Mosca. Implementation of a quantum algorithm on a nuclear magnetic
resonance quantum computer. The Journal of Chemical Physics, 109(5):1648-1653, 1998.

J. A. Jones, V. Vedral, A. FEkert, and G. Castagnoli. Geometric quantum computation using

nuclear magnetic resonance. Nature, 403:869-871, 2000.

E. Joos, H. Zeh, C. Kiefer, D. Giulini, J. Kupsch, and I. Stamatescu. Decoherence and the
Appearance of a Classical World in Quantum Theory. Springer Berlin Heidelberg, 2013.

T. Jordan. Linear Operators for Quantum Mechanics. Dover Books on Physics. Dover Publica-
tions, 2012.


https://arxiv.org/abs/1803.10461

188

Bibliography

(81]

[82]

[83]

[84]

[85]

[86]

[87]

(33

[89]

[90]

191]

92]

93]

94]

195]

196]

197]

193]

V. Kac and P. Cheung. Quantum Calculus. Universitext. Springer New York, 2001.

D. Kaiser, B. Chen, D. Derbes, Y. Ting, and R. Sohn. Quantum Field Theory: Lectures of
Sidney Coleman. World Scientific, 2018.

R. Kapral and G. Ciccotti. Mixed quantum-classical dynamics. The Journal of Chemical Physics,
110(18):8919-8929, 1999.

M. Kaupp, M. Biihl, and V. Malkin. Calculation of NMR and EPR Parameters: Theory and
Applications. Wiley, 2006.

V. Khersonskii, A. Moskalev, and D. Varshalovich. Quantum Theory Of Angular Momemtum.
World Scientific Publishing Company, 1988.

F. W. King. Hilbert Transforms, volume 1 of Encyclopedia of Mathematics and its Applications.
Cambridge University Press, 2009.

A. Kitaev, A. Shen, M. Vyalyi, and M. Vyalyi. Classical and Quantum Computation. Graduate

studies in mathematics. American Mathematical Society, 2002.
R. Kubo. Stochastic Liouville Equations. Journal of Mathematical Physics, 4(2):174-183, 1963.

R. Kubo and K. Tomita. A General Theory of Magnetic Resonance Absorption. Journal of the
Physical Society of Japan, 9(6):888-919, 1954.

I. Kuprov. Polynomially scaling spin dynamics II: Further state-space compression using Krylov
subspace techniques and zero track elimination. Journal of Magnetic Resonance, 195(1):45 — 51,
2008.

I. Kuprov, N. Wagner-Rundell, and P. J. Hore. Polynomially scaling spin dynamics simulation
algorithm based on adaptive state-space restriction. Journal of Magnetic Resonance, 189(2):241—
250, 2007.

T. D. Ladd, F. Jelezko, R. Laflamme, Y. Nakamura, C. Monroe, and J. L. O’Brien. Quantum
computers. Nature, 464:45-53, 2010.

T. Lancaster, S. Blundell, and S. Blundell. Quantum Field Theory for the Gifted Amateur. OUP
Oxford, 2014.

L. D. Landau. Zur Theorie der Energieubertragung II. Z. Sowjetunion, 2:46-51, 1932.

P. Laszlo. Chapter 6 Solvent effects and nuclear magnetic resonance. Progress in Nuclear Mag-

netic Resonance Spectroscopy, 3:231 — 402, 1967.
D. A. Lidar. Lecture Notes on the Theory of Open Quantum Systems. arXiv:1902.00967, 2019.

G. Lindblad. On the generators of quantum dynamical semigroups. Comm. Math. Phys.,
48(2):119-130, 1976.

S. L. Luo. Quantum versus classical uncertainty. Theoretical and Mathematical Physics, 143:681—
688, 2005.


https://arxiv.org/abs/1902.00967

Bibliography 189

99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

111

[112]

E. Majorana. Atomi orientati in campo magnetico variabile. Il Nuovo Cimento (1924-1942),
9(2):43-50, 1932.

D. Manzano. A Short Introduction to the Lindblad Master Equation. AIP Advances,
10(2):025106, 2020.

U. M. B. Marconi, A. Puglisi, L. Rondoni, and A. Vulpiani. Fluctuation—dissipation: Response
theory in statistical physics. Physics Reports, 461(4):111 — 195, 2008.

J. Marsden. Basic Complex Analysis. W. H. Freeman, 1973.

L. Mazzola, E.-M. Laine, H.-P. Breuer, S. Maniscalco, and J. Piilo. Phenomenological memory-
kernel master equations and time-dependent Markovian processes. Phys. Rev. A, 81:062120,
2010.

L. Mazzola, C. A. Rodriguez-Rosario, K. Modi, and M. Paternostro. Dynamical role of system-

environment correlations in non-Markovian dynamics. Phys. Rev. A, 86:010102, 2012.

B. McCoy and T. Wu. The Two-Dimensional Ising Model. Dover Publications, 2nd edition,
2014.

J. McCracken. Negative Quantum Channels: An Introduction to Quantum Maps that are Not
Completely Positive. Synthesis Lectures on Quantum Computing. Morgan & Claypool Publishers,
2014.

M. Mehboudi, A. Sanpera, and J. M. R. Parrondo. Fluctuation-dissipation theorem for non-

equilibrium quantum systems. Quantum, 2:66, 2018.

J. R. G. Mendonga. Exact eigenspectrum of the symmetric simple exclusion process on the
complete, complete bipartite and related graphs. Journal of Physics A: Mathematical and The-
oretical, 46(29):295001, 2013.

A. Meurer, C. P. Smith, M. Paprocki, O. Certik, S. B. Kirpichev, M. Rocklin, A. Kumar,
S. Ivanov, J. K. Moore, S. Singh, T. Rathnayake, S. Vig, B. E. Granger, R. P. Muller, F. Bonazzi,
H. Gupta, S. Vats, F. Johansson, F. Pedregosa, M. J. Curry, A. R. Terrel, v. Roucka, A. Saboo,
I. Fernando, S. Kulal, R. Cimrman, and A. Scopatz. SymPy: symbolic computing in Python.
PeerJ Computer Science, 3:¢103, 2017.

V. Moretti. Spectral Theory and Quantum Mechanics: Mathematical Foundations of Quantum
Theories, Symmetries and Introduction to the Algebraic Formulation. UNITEXT. Springer In-
ternational Publishing, 2018.

A. A. Neufeld. Quantum-classical approximation beyond Redfield theory. The Journal of Chem-
ical Physics, 119(5):2488-2501, 2003.

J. Neugebauer, M. J. Louwerse, P. Belanzoni, T. A. Wesolowski, and E. J. Baerends. Modeling
solvent effects on electron-spin-resonance hyperfine couplings by frozen-density embedding. The
Journal of Chemical Physics, 123(11):114101, 2005.



190

Bibliography

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]
[125]

[126]

[127]

[128]

[129]

M. Newton, E. Breeds, and R. Morris. Advances in Electronics Prompt a Fresh Look at Contin-
uous Wave (CW) Nuclear Magnetic Resonance (NMR). FElectronics, 6(4):89, 2017.

Nielsen, Michael A. and Chuang, Isaac L. Quantum Computation and Quantum Information:

10th Anniversary Edition. Cambridge University Press, 10th edition, 2011.

K. Ono, L. Rolen, and R. Schneider. FEzxplorations in the Theory of Partition Zeta Functions,
pages 223—-264. Springer International Publishing, 2017.

G. Pake and T. Estle. The Physical Principles of Electron Paramagnetic Resonance. Advanced
book program: Addison-Wesley. W. A. Benjamin, Advanced Book Program, 1973.

R. Pathria. Statistical Mechanics. Butterworth-Heinemann, second edition edition, 1996.

G. Pavliotis. Stochastic Processes and Applications: Diffusion Processes, the Fokker-Planck and
Langevin Equations. Texts in Applied Mathematics. Springer New York, 2014.

P. Pechukas. Reduced Dynamics Need Not Be Completely Positive. Phys. Rev. Lett., 73:1060—
1062, 1994.

G. Polya. Remarks on Characteristic Functions. In Proceedings of the First Berkeley Symposium
on Mathematical Statistics and Probability. August 13-18, pages 115-123, Jan 1949.

A. P. Polychronakos and K. Sfetsos. Composition of many spins, random walks and statistics.
Nuclear Physics B, 913:664 — 693, 2016.

A. Pomyalov and D. J. Tannor. The non-Markovian quantum master equation in the collective-
mode representation: Application to barrier crossing in the intermediate friction regime. The
Journal of Chemical Physics, 123(20):204111, 2005.

M. D. Price, S. S. Somaroo, A. E. Dunlop, T. F. Havel, and D. G. Cory. Generalized methods
for the development of quantum logic gates for an NMR quantum information processor. Phys.
Rev. A, 60:2777-2780, 1999.

G. Racah. Theory of Complex Spectra. I. Phys. Rev., 61:186-197, 1942.
G. Racah. Theory of Complex Spectra. II. Phys. Rev., 62:438-462, 1942.

H. Rademacher. On the Partition Function p(n). Proceedings of the London Mathematical
Society, s2-43(1):241-254, 1938.

N. F. Ramsey and E. M. Purcell. Interactions between Nuclear Spins in Molecules. Phys. Reuv.,
85:143-144, 1952.

P. Rebentrost, R. Chakraborty, and A. Aspuru-Guzik. Non-Markovian quantum jumps in exci-
tonic energy transfer. The Journal of Chemical Physics, 131(18):184102, 2009.

A. G. Redfield. On the Theory of Relaxation Processes. IBM Journal of Research and Develop-
ment, 1(1):19-31, 1957.



Bibliography 191

[130]

[131]

[132]

[133]

[134]

[135]

[136]
[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

146

[147]

M. Reed and B. Simon. Fourier analysis, self-adjointness, volume II of Methods of Modern
Mathematical Physics. Academic Press, 1975.

F. Riesz and B. Szdkefalvi-Nagy. Functional Analysis. F. Ungar Pub. Co., 1955.

A. Rivas and S. Huelga. Open Quantum Systems: An Introduction. SpringerBriefs in Physics.
Springer Berlin Heidelberg, 2012.

B. W. Roberts. Three Myths about Time Reversal in Quantum Theory. Philosophy of Science,
84(2):315-334, 2017.

C. A. Rodriguez-Rosario, K. Modi, L. Mazzola, and A. Aspuru-Guzik. Unification of witnessing
initial system-environment correlations and witnessing non-Markovianity. EPL (Europhysics
Letters), 99(2):20010, 2012.

J. E. Runeson and J. O. Richardson. Generalized spin mapping for quantum-classical dynamics.
The Journal of Chemical Physics, 152(8):084110, 2020.

R. Sachs. The Physics of Time Reversal. University of Chicago Press, 1987.
J. Sakurai and J. Napolitano. Modern Quantum Mechanics. Addison-Wesley, 2011.

D. Salgado, J. L. Sanchez-Gomez, and M. Ferrero. Evolution of any finite open quantum system
always admits a Kraus-type representation, although it is not always completely positive. Phys.
Rev. A, 70:054102, 2004.

M. Schlosshauer. Quantum decoherence. Physics Reports, 831:1 — 57, 2019.

M. Schlosshauer and M. Maximilian Schlosshauer-Selbach. Decoherence: And the Quantum-To-
Classical Transition. The Frontiers Collection. Springer, 2007.

T. Schulte-Herbriiggen, A. Sporl, R. Marx, N. Khaneja, J. M. Myers, A. F. Fahmy, and S. J.
Glaser. Quantum Computing Implemented via Optimal Control: Theory and Application to Spin
and Pseudo-Spin Systems, chapter 25, pages 481-501. John Wiley & Sons, Ltd, 2008.

A. Schweiger and G. Jeschke. Principles of Pulse Electron Paramagnetic Resonance. Oxford

University Press, 2001.
J. Schwinger. On Angular Momentum. NYO (Series). U.S. Atomic Energy Commission, 1952.

J. Schwinger. The Majorana Formula. Transactions of the New York Academy of Sciences, 38(1
Series II):170-184, 1977.

A. Shabani, M. Mohseni, S. Jang, A. Ishizaki, M. Plenio, P. Rebentrost, A. Aspuru-Guzik, J. Cao,
S. Lloyd, R. Silbey, and et al. Open Quantum System Approaches to Biological Systems, page
14-52. Cambridge University Press, 2014.

A. Shaji and E. Sudarshan. Who's afraid of not completely positive maps? Physics Letters A,
341(1):48 — 54, 2005.

I. Solomon. Relaxation Processes in a System of Two Spins. Phys. Rev., 99:559-565, 1955.



192

Bibliography

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

R. P. Stanley. Enumerative Combinatorics, Vol. I, 2nd Edition. http://www-math.mit.edu/

“rstan/ec/ecl.pdf, online; last accessed 14-June-2019.

E. C. G. Sudarshan, P. M. Mathews, and J. Rau. Stochastic Dynamics of Quantum-Mechanical
Systems. Phys. Rev., 121:920-924, 1961.

T. Takui, L. Berliner, and G. Hanson, editors. Electron Spin Resonance (ESR) Based Quantum
Computing. Biological Magnetic Resonance. Springer New York, 2016.

Y. Tanimura. Stochastic Liouville, Langevin, Fokker—Planck, and Master Equation Approaches
to Quantum Dissipative Systems. Journal of the Physical Society of Japan, 75(8):082001, 2006.

V. Tarasov. Quantum Mechanics of Non-Hamiltonian and Dissipative Systems. ISSN. Elsevier
Science, 2008.

R. C. Thompson. On matrix commutators. Journal of the Washington Academy of Sciences,
48(10):306-307, 1958.

M. Toda, R. Kubo, N. Saito, and N. Hashitsume. Statistical Physics II: Nonequilibrium Statistical
Mechanics. Springer Series in Solid-State Sciences. Springer Berlin Heidelberg, 2012.

D. M. Tong, L. C. Kwek, C. H. Oh, J.-L. Chen, and L. Ma. Operator-sum representation of
time-dependent density operators and its applications. Phys. Rev. A, 69:054102, 2004.

M. Toutounji. Mixed quantum-classical Redfield master equation. The Journal of Chemical
Physics, 123(24):244102, 2005.

N. Van Kampen. Stochastic Processes in Physics and Chemistry. North-Holland Personal Li-
brary. Elsevier Science, 2011.

C. Van Vliet. Equilibrium and Non-equilibrium Statistical Mechanics. World Scientific Pub.,
2008.

P. W. Anderson. A Mathematical Model for the Narrowing of Spectral Lines by Exchange or
Motion. Journal of the Physical Society of Japan, 9(3):316-339, 1954.

R. K. Wangsness and F. Bloch. The Dynamical Theory of Nuclear Induction. Phys. Rewv.,
89:728-739, 1953.

W. S. Warren. The Usefulness of NMR Quantum Computing. Science, 277(5332):1688-1690,
1997.

U. Weiss. Quantum Dissipative Systems. World Scientific, 2008.

J. Wertz and J. Bolton. Electron Spin Resonance: Elementary Theory and Practical Aapplica-
tions. Chapman and Hall, 1986.

E. Wigner. Group Theory: And its Application to the Quantum Mechanics of Atomic Spectra.
Academic Press, 1959.

M. M. Wilde. Quantum Information Theory. Cambridge University Press, 2013.


http://www-math.mit.edu/~rstan/ec/ec1.pdf
http://www-math.mit.edu/~rstan/ec/ec1.pdf

Bibliography 193

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

Y. J. Yan and S. Mukamel. Semiclassical dynamics in Liouville space: Application to molecular
electronic spectroscopy. The Journal of Chemical Physics, 88(9):5735-5748, 1988.

L. Yu and R. G. Littlejohn. Semiclassical analysis of the Wigner 95 symbol with small and large
angular momenta. Phys. Rev. A, 83:052114, 2011.

S. Yu. Positive maps that are not completely positive. Phys. Rev. A, 62:024302, 2000.

C. K. Zachos. Altering the symmetry of wave functions in quantum algebras and supersymmetry.
Modern Physics Letters A, 07(18):1595-1600, 1992.

R. Zare. Understanding Spatial Aspects in Chemistry and Physics: Angular Momentum. Baker
Lecture Series. Wiley, 2018.

A. Zee. Group Theory in a Nutshell for Physicists. In a Nutshell. Princeton University Press,
2016.

C. Zener. Non-adiabatic crossing of energy levels. Proceedings of the Royal Society of London.
Series A, Containing Papers of a Mathematical and Physical Character, 137(833):696-702, 1932.

M. Zerbetto and A. Polimeno. Multiscale modeling for interpreting nuclear magnetic resonance
relaxation in flexible molecules. International Journal of Quantum Chemistry, 116(22):1706—
1722, 2016.



	Dedication
	I Overview of Quantum Mechanics
	Postulate I: State space and state vector
	The Hilbert space of linear operators Od and the extended Hilbert-Schmidt inner product.

	Postulate II
	Postulate III
	Pure states, mixed states and density matrices

	II The Holstein-Primakoff Transformation
	The quantum harmonic oscillator
	The Holstein-Primakoff transformation
	Index compression maps
	Introduction
	Index compression maps

	Eigendecomposition of isotropic multispin Hamiltonians in the absence of an external magnetic field
	Introduction
	The isotropic multispin Hamiltonian in the absence of an external magnetic field
	Integer partitions. Dimension of the submatrices Bn. Density and sparseness of Hspin-spin

	Eigenenergies of a system of equivalent spins in the absence of an external field.
	Time-reversal symmetry. Creation of submatrices Bn.

	The isotropic multispin Hamiltonian in the presence of an external static magnetic field
	Eigendecomposition of Liouvillians
	On Schwinger bosons

	III Quantum Markovian master equations
	Generalized Kraus operator sum representation
	Generalized Kraus operator sum representation
	Completely positive linear maps and Choi's theorem

	Universal dynamical maps
	Induced universal dynamical maps – Schrödinger picture
	Induced universal dynamical maps – Heisenberg picture

	Quantum dynamical semigroups
	Generators of quantum dynamical semigroups
	Derivation of the Lindblad master equation

	Microscopic derivation of quantum Markovian master equations
	Unitary evolution of the closed quantum system
	Defining (t) and HI
	The Born approximation and the stability condition of environment
	The Markov approximations
	The secular approximation
	Approximating R(0) as a HR stationary state
	Summary


	IV Semiclassical quantum Markovian master equations
	Why semiclassical quantum Markovian master equations
	Wavefunction vs density matrix formalism in magnetic resonance
	Wavefunction formalism
	The first-order approximation and the zero-temperature limit
	The second-order approximation and the zero-temperature limit

	Density matrix formalism

	Proposal on how to handle classical environments
	Semiclassical Quantum Markovian Master Equation Approach to CW Magnetic Resonance
	Preamble
	Affine commutation perturbation
	The zeroth-order approximation
	Derivation of zeroth-order approximation to the semiclassical quantum Markovian master equation
	Summary

	On higher-order terms

	Application I: CW experiment with an ensemble of spin-1/2 particles.
	The master equation
	Determining the Lindblad operators
	Explicit expression for the master equation
	Some applications in linear response theory
	Generalized Kraus operator sum representation

	Application II: The Linear Response Theory connection.
	Application III: Theoretical zeroth-order spectrum in the adiabatic process limit.
	Theoretical considerations
	Naphthalene anion
	Biphenyl anion
	Anthracene anion


	V Conclusion
	Conclusion and perspectives
	On the distinction between UDMs and non-UDMs
	On semiclassical quantum Markovian master equations
	On the Holstein-Primakoff transformation

	Appendices
	Appendix Wigner-3j symbols
	Appendix Microcanonical and Canonical Ensembles in Magnetic Resonance
	Appendix Some analyses on the quantum map (t)
	Derivation of the equation for (t)
	(t) is a not a UDM
	Positivity of (t) on its specified domain, some indications
	On restricting (t) to its specified domain
	Analyzing (C.28c) without taking into account (C.24)
	Analyzing (C.28c) taking into account (C.24)


	Bibliography


