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Abstract

Two physical models are discussed. We start out with the Heisenberg spin chain, which consists of
a number of atoms in a circular configuration, each with spin up or down. We set up a Hamiltonian of
this system considering only nearest-neighbour interactions, and determine the energy of the spin chain.
The mathematical description of the state in which these atoms will be, i.e. the wave functions of these
atoms, satisfies a certain template, which is called the Bethe Ansatz. Using this Ansatz, we can solve the
eigenvalue equation of the Hamiltonian and thus calculate the energy of the system. What follows is a
discussion on a model for water ice, of which we want to determine the entropy at absolute zero. This
leads to a set of equations that is very similar to that encountered in the Heisenberg model, and it turns
out that the Bethe Ansatz is useful in this model as well: it enables us to explicitly calculate the entropy
of an infinitely big system.
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1 INTRODUCTION

Notation

In this thesis, we will use some consistency in our notation for clarity purposes.

We will indicate the end of definitions with a <, the end of remarks and examples with a ¢ and the end of
proofs with a .

We will underline any definitions we introduce.

If there can exist any doubt about the summands of a summation sign >, we will put square brackets [...]
around the summands. For example,

[fl+1=1+2+1=4

2
=1

J

1 Introduction

In the early 1930’s, the physicist Hans Bethe found, using his great intuition, the template that the wave
functions of the atoms of a 1-dimensional spin chain have to fit. Using this template, he was able to calcu-
late the energies of this system. This template has since been used by people from various fields, including
higher-dimensional spin systems, Kondo effect problems and the entropy of crystals. Not surprisingly, this
template, or assumption on the form of functions, was called the Bethe Ansatz. The goal of this thesis is to
present two models from two different fields (to wit: the original Heisenberg spin model and the Square Ice
model) and show how this Ansatz finds its way into two seemingly different problems, to solve two completely
different questions. In chapter [2] we will introduce the problem that Hans Bethe tackled himself, namely
the 1-dimensional spin chain, and look at some special cases before handling the general case in chapter
We will see that the Bethe Ansatz indeed solves the problem, i.e. that all wave functions fit his template
and that this enables us to solve our equations. In chapter [4 we will introduce a 2-dimensional model for
3-dimensional water ice, and we will employ the Bethe Ansatz trying to find the entropy of this system. We
will see that the configurations that our system can take on fit Bethe’s template, and if we let the size of
our system (i.e. our block of water ice) go to infinity, we will be able to calculate its entropy exactly. We
end by summarizing our results and discussing the similarities of the methods that we employed to solve the
problems in the two models.

At the end of each chapter, we will make clear what parts are my work and what parts are others’ work.
Everything in the Appendices is my work.
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2 Introduction to the Heisenberg model and some special cases

The goal is to find the energies of the physical system discussed below. With these energies, one can find
a partition function, which allows us to calculate many interesting physical quantities such as the entropy
S, the Helmholtz free energy F and the heat capacity C,. For more on this, please consult a textbook on
Statistical Mechanics. We will not explicitly calculated these thermodynamical quantities in this thesis: we
will only be concerned with finding the energies, and the main focus will be on how to find them.

We will use terminology about spins of particles. For an elaborate discussion about spin, please consult
a textbook on Quantum Mechanics. However, the only required knowledge about spin is that the spin of
spin—% particles can be in a state of up, down, or a superposition (i.e. a linear combination) of these two
linearly independent states. We see the state of such particles as a vector in a 2-dimensional space with basis
vectors up and down. Consequently, the state of the particles in a spin chain will be a superposition of all
the possible configurations of spins in that spin chain, so it will be a vector in a 2V¥-dimensional space. The
energy of our system will depend on the state of the particles, because each state, seen as an eigenvector of
the Hamiltonian, has a certain energy (eigenvalue) associated with it.

2.1 Introduction to the mathematics of the model

We consider a one-dimensional grid of N equally spaced points with periodic boundary conditions, in the
sense that point N + k corresponds to point k for all points k € {1,..., N}. At each point, there is a particle
with spin—%. We call this situation a spin chain. Measured in the z-direction, one spin can be either up or
down, which we will indicate with | 1) or | ), respectively. These two states are actually orthonormal vectors
in a spin Hilbert space .#; of a particle, and the set {|1),|])} is a basis for JZ over the complex field C
([16] p. 79). We get a spin Hilbert space of the total system by a tensor product of the individual particles
(J16] p. 158 et seq.):

= (X) A, (1)

N
k=1
We introduce the notation for the tensor product of basis vectors of % by writing

lor.con) =) |ow), (2)
k=1

where oy, € {1,,} for k € {1,...,N}.

We want to choose a basis for the spin Hilbert space 77 of our spin chain, because the discussion on the
Bethe Ansatz relies on working in a basis. In fact, we want to construct the Hamiltonian, but to actually
calculate the energies, we need our Hamiltonian to be formulated in a certain basis. Before we can do this,
however, let us introduce some more concepts.

Definition 2.1. Let X and Y be two sets and let B(X,Y") denote all the bounded linear operators X — Y.
Then the dual space of the space X is defined to be X’ := B(X,C). Elements of a dual space are called
bounded linear functionals, but we will refer to them as just functionals. N

Remark 2.2. Let H be a Hilbert space and denote its inner product by (., .). By the Riesz Representation
Theorem ([12]), every functional ¢ € H' can be written as ¢ = (4, .), with ¢ € H.

In fact, the theorem states that there is a one-to-one correspondence between the ¢ € H and the ¢ € H'. In
other words, for every ¢ € H’, there exists a unique ¥ € H such that ¢ = (¢, .), and vice versa. o

Using this one-to-one correspondence, we introduce the following notation.

Definition 2.3. We denote the unique ¢ € H’ corresponding to ¢ € H as (¢ | € H', and we denote ¢ € H
as | ¢ )H This gives us a quick way of telling if a vector lives in a space or its dual space.

IFollowing the bra-ket notation introduced by Paul Dirac.
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We write the standard inner product of two vectors |¢),|¢) in a Hilbert space H as (v | ¢ ). This notation
is meant to remind you of the fact that, in principle, we are replacing the inner product function with a
functional in H' working on a vector in H. N

Lastly, let us define the inner product on a tensor product space.

Definition 2.4. The standard inner product on a tensor product space, notated 2 = ®5€V:1 ¢ with basis
vector elements |01 ...0n),|d1...0x ) € A, is defined on these basis vectors as

N
<0’1...0’N|51...(5N>:=H<O’k|5k>.

k=1

One can easily check that this is still an inner product. We define the inner product for all elements |y ) € 5
by writing them as a linear combination of basis vectors. q

Now we are ready to define a basis of 7. As always with bases, it is desirable to have an orthogonal one,
so we will construct an orthogonal basis.

Lemma 2.5. The set B:={ |o1...0n) | Vk€{l,....N}: 0 € {1,1} } is an orthonormal basis of H .

Proof. We remind ourselves that the set {|1),]l)} is an orthonormal basis for ;. This means that

(1| 4) =0, so if two vectors in B have a different arrow in at least one place, the inner product between
the two vanishes. This means that B is an orthogonal system, i.e. that all vectors in the set are orthogonal
to each other.

Furthermore, using (1 | 1) = ({ | }) =1, it is clear that the elements of B are normalized as well.

To prove that B actually spans ¢, we argue that a tensor product of all vectors that span a space will span
the new tensor product space as well, as a consequence of the properties of the tensor product space. O

We will use this basis of 77 in our discussion on the Bethe Ansatz, which will be highly dependent on
the independence of the basis vectors.

Remark 2.6. In the remainder of this thesis, we will not be concerned with normalizing any vectors, as this
is not of interest for the material discussed. As we will only be dealing with finite linear combinations of our
normalized basis vectors, everything will be normalizable. However, please note that we will be using the
normalization of the basis vectors. o

In 57, we will be using several operators.

Definition 2.7. For the purpose of this definition, let us choose a basis of the two-dimensional spin space

¢, such that
1=(o) - 10=(})- 3)

Then we define the operators id, S*, S¥, 8%, 8% : #, — #, and S — A3 as follows:

. 1701 , 1[0 —i . 1/1 0
s "2(1 0)’ s '_2(z‘ 0)’ s '_2(0 —1)’

10 o 5
id::( ) SF =87 +isY, S:=[95¥
0 1 .
S
<
Remark 2.8. We can easily see that the operators work on the basis vectors as follows:
1 _ . 1 _
SN =3It ST =0, ST =IL), STy =—5lb). ST =11), ST =0
S
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For this reason, S* are called the spin flip operators.
All of the introduced operators can work on one of the spins in our spin chain. To make things rigorous, we
define new operators that work on the Hilbert space of the whole spin chain, as follows.

Definition 2.9. We define S7 : 7 — J¢ as

o (Bu)ose (& ).

k=1 l=n+1

We define SZ, S¥, SiF and S, similarly. Furthermore, we define the total spin in the z-direction St 1 I —
JC as

N
z . z
St 1= E Sr.
n=1

<

We see that S7 is the spin operator acting only on the nth spin with 5%, and leaving the other spins
alone.

Lemma 2.10. The spin operators SZ commute for different n (and trivially for same n):

[S2.82]1=0 forn,me{l,...,N}. (4)

n’ m

Proof. If n = m, then the operators commute trivially.
If n # m, then without loss of generality, we assume n < m, and we can check the following:

(@)oo (@#)]|(® 2] = (@)

7@ 1d01d) (Szoid)@)( 2 (idOid)>®(idoSZ)®< ® (idoid))
k=1 k
R

S7 o082

3

|
,_.FA
I

=n+1 k=m+1
m—1 N

(idoid ) (ido S%) ® ( (idOid)> ® (5% o0id) ® < ® (idoid))
k=n+1 k=m+1

[(@)ere ()] (@)oo (&) o

Remark 2.11. Because the z-direction is not a preferred direction in any way, and by the linearity of the
commutator brackets, we now also know that

[y, Sl = S5, S0l =[S/, S

m

O

]=0forl#m,ne{l,...,N}.

This means that, for m # n, we can place the S;" and S, operators in front of the vectors |y ...y ) in any
order we want. o

We are now ready to define the model we will be studying in this thesis, thereby introducing the Hamilto-
nian of which we want to find the eigenvalues.

2.2 The specifics of the model
Definition 2.12. The Heisenberg model of spins is defined by the situation described above, i.e. a one-

dimensional spin chain of IV spins with periodic boundary conditions S, = §n+ N, together with the Hamilto-
nian H of the system that is given by

N
=72 Bn S
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where J € R is a constant that describes the type and strength of the interaction between neighbouring
particles. q

Qualitatively, we see that this Hamiltonian only depends on the relative spin direction of neighbouring
particles, and that there is no external field. We also see that if J is positive, then the energy will be minimal
if every spin is pointed in the same direction, which will lead to ferromagnetism. In addition, if J is negative,
spins will tend to alternate directions, which we call antiferromagnetism. Lastly, |J| determines the strength
of the interaction. We can rewrite the Hamiltonian as follows:

N
H= _JZ [SnSmia + SUSy 1+ S35
n=1

N
1
=73 |5 (S5 +ISI(STa — ki) + (55 — I (STes +iSke) + 53551

n=1
N
1 — — zZ Qz
=3 [G st sasia) + sisia). o)
n=1

Now, we want to get started diagonalizing our Hamiltonian already. We notice that the Hamiltonian’s
dependency on operators is H = H (S} S, 1,5, S5 1,5252,,). From Remark we see that H will leave
the total spin 57, the same, i.e.

Vioy...on) € HS; |o1...on)=SiH|o1...on).

Remark 2.13. This means that the total spin operator commutes with the Hamiltonian: [H,S7,,] = 0. In

turn, given that  is independent of time, this means (|16], p. 229) that the total spin S7, is a conserved

quantity. o
The fact that H{ working on a state of total spin S7,, will give a linear combination of states of the same
total spin S7,, means that, if we order our basis B such that the basis vectors are sorted to decreasing S7,,,
then the Hamiltonian will be of block-diagonal form. This is a first step in diagonalizing the Hamiltonian,
but we are not quite there yet. Let us introduce some short-hand notation for the vectors in 7.

Definition 2.14. We define the following states in .##: | F') as the state with all spins up, and |n) as the
state with all spins up but one spin down at position n.

[F)i=t...1)
Vne{l,...,N}, |n):=S5,|F)

We can generalize this notational idea to multiple spins down at sites ny,...,n, € N:
Vre{l,...,N}, Vn1 <ng <---<np, |n1,n9,...,0.) =8, S, ...S, | F).

We will refer to the number of spins down as r. q

As an example, for N = 4: |1,2,4) = | |{1]). Remember that we are busy finding ways to diagonalize
our Hamiltonian: we want to find eigenvectors of #. Let us separate this task into increasingly difficult
parts by considering finding eigenvectors per value of r. At some point, we will see a pattern of how to find
them, and this pattern will be the Bethe Ansatz. Let us start things off with the trivial case of r = 0. We
will use the following notation for the subspaces of the total Hilbert space .7 that we will be considering;:

N
Vre{l,...,N}, A ::span({|01...aN>Ejf Siilol,...,on) = (2—7“) 01,...,UN>}>.

In other words, 7, is the subspace spanned by all basis vectors with r spins down.

Lemma 2.15. For everyr € {1,...,N}, J%. is a Hilbert space.
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Proof. We recall that a Hilbert space ¢ is a complete inner product space. We will denote by |, ) elements
of .

S, is a vector (sub)space, because it is defined as the span of vectors in JZ.

The inner product (.|.), on 4. is the same as the inner product (.|.) on SZ, i.e. (¢, |dy)r = (| dr).
Therefore, 74, is an inner product space.

We remark that dim(#) = 2V < oo, so dim(#.) < co. Because 7, is a finite-dimensional vector subspace,
it is closed. Now, closed subsets of complete metric spaces are complete, so 77, is complete. Thus, /7, is a
complete inner product space, i.e. a Hilbert space. O

This means that it is, at least technically, possible for a state to be a vector that lies completely in 7.
In fact, we can prove that all vectors lie in a single 7.

Lemma 2.16. For all eigenvectors |1 ) of the Hamiltonian H, there is anr € {1,..., N} such that |y ) € 2.

Proof. We know from Remark that | ) will also be an eigenvector of the total spin operator Sg,,
of which the eigenvalue will give us the total spin. This total spin will thus be well-defined, and every
measurement will provide the same total spin, which corresponds to a certain r € {1,..., N}. This means
that the amplitude of the wave function outside 4%, is 0, so | ¢ ) lies completely in 7. O

Based on this lemma, we will look for the eigenvectors of H in order of r.

2.3 The case r =0
For r = 0, we know that .7 = span ({| F')}), so we calculate:

N1
HIP) = =T |5 (5550 + S850) + 8385 11 1) ©)
n=1
al Y1 JN
:_JZSTZLSZ+1|T--~T>:—JZ§'§|T~-T>:—T|F>~ (7)
n=1 n=1

Thus we see that | F') is an eigenvector of the Hamiltonian, and it is the only vector with total spin SZ, = %,
so we have found all the eigenvectors of the Hamiltonian for » = 0. The eigenvalues of the Hamiltonian are
the energies of the system, which justifies the symbol Ey that we will give to the eigenvalue of | F'):

JN

By =" (8)

We have now found all the eigenvectors of » = 0 and the corresponding eigenvalues of the Hamiltonian.

2.4 The caser =1

For r = 1, we know that the set {|n) | n € {1,...,N}} forms a basis of the subspace 4, because J4 is
constructed to be the span of this set, and the set is orthogonal. We can write our eigenvectors as linear
combinations of these basis vectors. We want to find N eigenvectors, because 77 is N-dimensional and H
works on this whole space, so H can be represented by an N x N matrix. We will thus label our eigenvectors
|¢) with an m € {1,..., N}. We write

[¥m) =D am(n)|n), (9)

where a,,(n) : {1,..., N} — C. Our goal is to find a,,(n). We want our vectors | ¢,,, } to satisfy the eigenvalue
equation H |, ) = E |, ), so we calculate:

N N
1 - - zZ Q7
Hltom) = =1 [2 (S S + S 85) + 8 sm] > am(n)|n).
=1

n=0
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Both of these sums are finite, so we can switch them. Also, [SlJr e | = 01if I # j because they act on different
parts of the Hilbert space:

N

N
Himn%=—J§:amow§:[§<S;r$wn>+5f%:nn»»+5ﬂﬁﬂnﬂ

=0 =1

:JZam 2(In+1)+|n—1))+(N—4)|n)]

N J . N
}j[fz JR(n+1)+[n—1) = 4[n)] + Eoam(n) ) | £ Elgm) = EY am(n) )
n=0 n=0

Here we have used the result for Ey from the previous discussion on r = 0. We can rewrite this equation as
Zam [ 2|n) - \n+1>—|n—1>)+2(EO—E)|n>] —0.

Because |n ) are all linearly independent, we get the following equation for every n € {1,...,N}.
am(n)(2J |n)+2(Eyg— E)|n)) — Jam(n+1)|n) — Jan(n—1)|n) =0
We can let the functional (n| € 5 work on this equation and we will be left with
(n](am(n)(2J +2(Ey — E)) — Jam(n+ 1) — Jap(n — 1)) \n} 0
< (am(n)(2J +2(Ey — E)) — Jam(n+1) — Jay(n—1))(n|n) =
We know that (n|n) =1, so we conclude that |1 ) is an eigenvector of H if the coefficients a,,(n) satisfy
2(E — Eo)am(n) = J[2am(n) — am(n — 1) — am(n+ 1)]. (10)

To find the solutions, we take another route at this point, which we will not be able to take for r > 2.
This route is enabled by the fact that our Hamiltonian is translationally invariant, and we can formulate
eigenvectors of the translation operator to help us find the solutions. Let us start by defining the translation
operator and deriving a few of its properties.

Definition 2.17. The translation operator T : 7 — ¢ is defined by its operation on the basis vectors:

T|oy...on):=|02...0N071). (11)
<

Now, we suspect that the energy of our spin chain does not change if we perform a pure translation to
the system, but in principle we do not know this (yet). We do expect to find this, though, so we expect
[T, H] = 0, therefore we also expect the spectrum of T' to be the same as the spectrum of the Hamiltonian,
which we want to find. Thus, our strategy will be to find the spectrum of T' and see if the eigenvectors we
find are also eigenvectors of .

To find eigenvectors |¢) of T, we want that T'|¢ ) = C'|¢) with C € C. In other words, looking at particle
n in particular, and denoting the value of the wavefunction 1 in the location of particle n as 1(n), we want:
(n) = CY(n+ 1). But this has to be true for all n € {1,..., N}, so

U(1) = Cp(2) = C*(3) = --- = CVy(1),

so C = ¥/1 = e* where

k = k(m) := QWT with m € {1,..., N} (12)
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Let us look at a solution for the equation that we now have: T'|¢) = e*|4). We want the phase of our
wave function ¢ to differ by & when looking at neighbours. This inspires us to define

N .
| m) =Y |n). (13)

We can check:

2
2

N
T"l/)m :Z knT|n>:Zeikn|n Z k(n+1) _ lk"l/)m>~

As we see, k acts as a generator of the translation operator T'. For this reason, we will call k£ the wave number
of a solution |, ). Because T can be represented by an N x N matrixﬂ , and we found N eigenvectors, we
have found all the eigenvectors of T" with corresponding eigenvalues. Now, we suspect that these eigenvectors
are also eigenvectors of H, so we want to check if this is the case. If it is true, then we have found the
eigenvectors of H by giving an argument about translational invariance in combination with the periodic
boundary conditions of our system. We try:

N
Hlvm) =3 ™" Hn)
n=1
N ) N
=—JY ety {52511 + s*s at 25] 1S+} [n)
= S

—ijei’m KJZ_1> n)+;|n+1>+;|n—l>}
—JZel’“" [( >+; ’k+;eik] |n)

N

_ :(4_1) +0s()| ).

As we expected, |1, ) are eigenvectors of our Hamiltonian with eigenvalues

E=-J (ZZ - 1) + cos(k‘)_ = Ey+ J(1 — cos(k)),

so for the energy difference between the | F') state and an |n) state, we have now

| By — By = J(1 - cos(k)) | (14)

where we have called the energy E of the r = 1 system E;. Note that for J > 0, i.e. the ferromagnetic case,
the energy of the system with one spin down will be higher than that of the system with all spins up in all
cases but one, which reflects the fact that a ferromagnetic material wants all of its spins to be the same.

To conclude, we did not solve Eq. [I0] directly. Instead, we looked at an easier operator T' of which we
suspected that it commuted with the Hamiltonian, resulting in the same spectrum between the two. We
succeeded, and we know the solutions to Eq. namely:

am(n) =P k= "—, (15)

2To know:
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We have now found all the eigenvectors of r = 1 and corresponding eigenvalues of the Hamiltonian.

As said, we employed a technique that is only possible for » = 1. This is so because the basis we are
using now does not diagonalize the Hamiltonian in the block of r = 2, as will become apparent in the next
section about the case of r = 2. The technique we will be employing is the Bethe Ansatz, which we will first
introduce in the r = 2 system, before introducing it in a general setting. We do this because it will make
the Bethe Ansatz more insightful, and we will see results that we suspect we will be able to generalize in the
case of general r, so that we know what results we could expect.

2.5 The case r =2

We will try to follow the same procedure as in the case of = 1, so it will be clear where things begin to fail.

2.5.1 Setting up the equations

For r = 2, we need to pick 2 spins out of IV to be spins down. For this reason, 73 is an W—dimensional

subspace, so we want to find as many eigenvectors of # with S7, = § — 2. We let m € {17 cees 7]\[(1\2[_1)}
and we write our eigenvectors-to-be as
|’(/}m> = Z am(nl?n2)|n17n2>7 (16)

1<n;<na<N

where our goal is again to find the coefficients a,,(n1,n2). From now on, we will not include the subscript m
anymore, to improve readability. Our starting point is again the eigenvalue equation for our Hamiltonian:

Hip)=E[yp).
We calculate

Hly) = Z a(ny,no)H | ny,ng)

1<ni<n2<N

N
=—J > a(n,n Z{S Sii1+ 5 s 5+1+25J WS Iny,ma ).
j=1

1<n1<na<N

We notice that, for example, the term Z 195574 | n1,m2) depends on the position of the spins down: if
the spins are neighbours, then the term Wlll be N/4 — 1, but if they are not neighbours, the term will be
N/4 — 2. This means we get two different parts in our sum. We proceed as follows:

H7//>:—J[ Z a(ny, n2) [(JZ—1>|”17”2>+;nl,n2+1>+;|n1—1,n2>]

ni+l=nz

+ Z a(ni,ng) {(JZ—2>|711’”2>

ni+1<ns

1
+2<|n1+1,n2>—|—|n17n2+1>—|—|n1—1,n2>+|n1,n2—1>)]]

N
:—J[Z a(nl,n1+1){—2|n1,n1—|—1>—|—\n1,n1—|—2>+|n1—1,n1—|—1>

n1:1

+ Z a(ny,ng [—4n1,n2>+|n1—|—1,n2)+nl,n2—|—1>—|—|n1—1,n2>—|—|n1,n2—1>”
ni+1<ng

+ Eo|v)
L E|y).
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We are still using basis vectors from our basis B from Lemma so they are all linearly independent.
Therefore, the equation we have now,

2(E — Ey) Z a(ny,ne)|ny,ne ) = lz (n,n+1) {2\71 n+1>—\n,n+2>—\n—1,n+1>}

ni<ng

+ Z a(nl,ng)[4|n1,n2> —|ni+1Lng)—[ni,na+1)
ni1+1<ns

—n1—1,n2>—|n1,n2—1>ﬂ7

translates into W equations by grouping the basis vectors and making sure that the equation above is
true for every basis vector. This is easily done, and we obtain the following equations for a(ni,ns):

2(F — Ep)a(n,n+1)=J(2a(n,n+1) —an—1,n+1) —a(n,n+2)), (17)
and for no > ng + 1:
2(E — Eo)a(’ﬂl,’ﬂg) = J(4a(n1,n2) - a(n1 — 1,77,2) - a(nl,ng - 1) - a(n1 + 1,712) - a(nl, no + 1)) (18)

Note that we have two different equations: one for ny = ny + 1 and one for no > ny + 1. This, in itself, is
nothing to worry about, because what we will show in the following is that the tactic using the translation
operator T' will no longer be useful.

2.5.2 Using the Bethe Ansatz

Naturally, we want to use the translation operator again, to give us the eigenfunctions. Following the exact
same reasoning as in the case of r = 1, we reach the conclusion that

i 2
T|) =e*|yp) Wherek:%withme{l,...,]\f}.

But we cannot take the eigenfunctions from Eq. [I3] because those are functions with only 1 spin down.
Furthermore, we want our k to work on both n; and ns. This leads us to assume the following translationally
invariant form of the coefficients a(ni,ns), which is called the Bethe Ansatz (in this case for r = 2):

a(n1,n2) — Ael(kini+kans) + Bei(k1n2+k2nl)’ (19)

with A, B, k1, ks € C. The eigenvalue equation for T' now reads

T|¢) = Z a(ny,n2)T |ny,ng ) = Z a(ni,ng)|ny —1ng—1)

1<ni<n2<N 2<ni1<no<N+1
= > almtLngt1)|ng,ng) =cFtR) g
1<n;<na <N

Thus, we call k := k1 + k2 the wave number, and we already know that k = Q“Tm with m € {1,..., N}. Later
we will encounter conditions on A, B, k; and k3. In the following, we will work from this ansatz, and if we
find all the W solutions, then we are done. If we do not find all the solutions, then the ansatz is wrong.
Let us start by finding solutions for coefficients for the basis vectors that do not have neighbouring spins

down, namely a solution of Eq.

2 : . 2

j(E — Ey) (Ael(klnlJer"Q) + Be‘(k1"2+k2nl)> = j(E — Ep)a(ni, n2)

=4da(ny,ng) —a(ny — 1,n9) —a(ni,ne — 1) — a(ny + 1,n2) — a(ng,na + 1)

—4 (Aei(k1n1+k2n2) + Bei(lﬂnz-‘rkmu)) _ Q(COS(kl) + COS(k‘g)) (Aei(k1n1+k2n2) +Bei(k1n2+k2n1)>

= 4a(ny,ng) — 2(cos(k1) + cos(ka))a(ni, na).

10



2 INTRODUCTION TO THE HEISENBERG MODEL AND SOME SPECIAL CASES

As one can see, this is indeed a solution to the equation, for

2
E — Ey = J[2— (cos(ky) + cos(k2))] = J Y [1 — cos(k;)], (20)
j=1

where we have written out the summation to indicate the similarity with the result for » = 1 (Eq. . Let
us now find solutions to Eq.
2 . ; 2
j(E _ EO) (Ael((k1+k2)n+k2) 4 Bel((k1+k2)n+k1)) = j<E — Eo)a(n’n + 1)
=2a(n,n+1)—an—1,n+1)—aln,n+2)
—9 (Aei((k1+k2)n+k2) + Bei((k1+k2)n+k1)) _A (e—ikl +eik2) ci((k1tka)ntka) _ p (e—ikg + eikl) el((k1+k2)ntkr)

We see that this is not necessarily a solution to the equation, but hold on.

We proved that the Bethe Ansatz (Eq. without further conditions on A, B, k1 or ko was sufficient to
prove Eq. [I§ in general, i.e. for every n; and ne. In particular, Eq. [I§ holds for no = ny + 1. Then the
equation for a(n,n+1), Eq. is equivalent to the equation we get when we substract Eq. for ng=n1+1
from Eq. We get the following equivalent condition for a(nq,ns):

"Eq. [1§- Eq. [I7": 2a(n,n+ 1) = a(n,n) + a(n + 1,n + 1). (21)

Let’s take a step back and look at what we seek to find. We want to know more about the coefficients
(A, B, k1, k2) in the Bethe Ansatz. Therefore, let us rewrite the last equation with the correct form of the
coefficients:

9 (Aei((k1+k2)n+k2) n Bei((k1+k2)n+k1)) — (A+B)(1 +ei(k1+k2))ei((k1+k2)n)

= 2 (Ae'™2 + Bel*1) = (A + B)(1 + elkith2))

A 2¢tk1 — 1 — gilk1th2)

B~ 2¢ik2 — 1 —eilkitka)’

In Appendix it is shown that ’%| = 1. This means that we can define a phase angle ¢ and write
= = el (22)

Because of the normalization of the wave function 1, the amplitude of A and B is not important, and thus
both |A| and |B| can be set to 1. Furthermore, all wave functions that only differ by a phase factor are
equivalent, i.e. they produce the same physical system ([16], p. 98), and thus we can multiply both A and B
with the same phase factor. Therefore, we can choose to write

A=¢¥/?  B=ei¥/?

where the value of ¢ is shown in Appendix to be determined by k1 and ko in the following sense:

2 cot (%) = cot (2) — cot (?) . (23)

A more accurate version of the r = 2 Bethe Ansatz is then

a(ni,ng) = elFimitkenz+50) | oi(kinat+kani—3) (24)
’ .

Now we can look to find the energies F — Ey that are a solution to Eq. by dividing by Bel(F1+k2)n and
using that 4 = e'#. This is done in Appendix The result is again E — Ey = JZ§:1 [1— cos(k;)]. This
means that no matter the positions of the spins down, we have the following relation for the energy of the
system with r = 2:

2

By —Ey=JY_ [1-cos(k;)]. (25)

Jj=1

11



2 INTRODUCTION TO THE HEISENBERG MODEL AND SOME SPECIAL CASES

Remember that we want to find solutions for a(ni,ns), so what is left to do is to find restrictions for ky
and ko. If we find N(N — 1)/2 combinations for those two parameters, we will have found all the solutions.
The first observation that we can make is that the functions | ) will not be affected if we replace ny by ns
and n2 by n1 + N, by the periodicity of the lattice. In short, we have the condition a(ny, ns) = a(ng,ny + N).
Using our newest version of the Bethe Ansatz, we get for every ny < ng € {1,...,N}:

ei(k1n1+k2n2+%ip) + ei(k1n2+k:2n1*%4p) _ ei(k1n2+k2n1+Nk2+%ip) 4 ei(k1n1+k2n2+Nk1*%Lp)'

Now let us take a look at Eq. again. If ky = ko for all solutions for a(ny, ns), then the Bethe Ansatz says
that the coefficients only depend on the sum n; + no of the positions of the spins down. This is not right, as
for example (for N = 5) two neighbouring spins on positions 2 and 3 will have a different energy than two
non-neighbouring spins at positions 1 and 4. A different energy means a different eigenvalue, which means
a different eigenfunction, which means that the coefficients a(ni,ns,) are not the same. However, the sum
ny +ng = 5 is the same. Therefore, there is at least one solution with k; # ko. Looking at this solution, and
remembering the equation above is valid for all n; < ny € {1,..., N}, we conclude that

i(kinz+kani+Nka+3¢)

ei(k1n1+k2n2+%§0) i(kini+kana+Nki—3¢) ei(k1n2+/€2n1—%tp) —e
, .

=e
From here, we get the following restrictions on k; and ko:
NEky — ¢ =2mmy and Nky + ¢ = 2wms where my, mo € Z. (26)

We notice that indeed k = 27 (mq + ms). We will remember this and look for such a form for the wave
number in the case of general r later.
The first question we should ask ourselves is if there exists a solution where k; = ko at all. We observe that
in this case, cot (%) =0,s0 ¢ =, s0

a(nl n2) — ei(k1n1+k1n2+%ﬂ') + ei(k1n2+k1nl_%ﬂ') — ei(klnl—i-klng) (i _ 1) — 0
This means that | ¢k, =, ) = 0, which is not a normalizable function, and therefore not a physical solution.

We conclude that there exists no solution where k1 = ko.
Furthermore, we know that we can always add a multiple of 271 in an exponent:

ei(k1n1+k2n2+%¢) + ei(k1n2+k2n1—%s&) _ ei(k1n1+27rn1+k2n2+%gp) + ei(k1n2+k2n1+2‘n’n2—%<p)

_ ai((k142m)ny+kana+3¢) i((k1+2m)na+kani—3¢)
=e +e R

so solutions with Nky = x or Nk; = x+27 N are equivalent. This means that, in Eq. my (and analogously
mg) effectively runs from 0 to N — 1.

We also see in Eq. that switching k1 and ko changes the sign of ¢, because cot is an antisymmetric
function. This means, looking at the Bethe Ansatz again, that a(ni,n2)i, k, = a(ni,n2)k, k: We get
equivalent solutions.

At this moment, this symmetry invites us to set ki < ka2, so as to not get the same solution twice. However,
a priori, k1, ke € C, so we cannot do this. In the following, we will assume k1, ko € R, so we can continue our
discussion and see if there are any real solutions, and if so, how many. If we do not find all the solutions, we
need to find the rest of the solutions in C — R.

2.5.3 Assuming ki,ks € R

We can set k1 < ko, so we require N(k; — ko) < 0. Looking at Eq. again, we see that this means
@ < w(mg — myq). This is trivially the case if ma —my > 2, but we need to look at the case ms = my + 1
separately to see if this is a solution after all.

We do this by observing that if 7 < ¢ < 27w, then cot (%) < 0, so then cot (%) < cot (%2)7 or
cot (”El + %) < cot (””N“‘ — %) But my < N —2 and ms > 1, so both of the arguments of the cot
are between 0 and 7. In this domain, cot is a strictly decreasing function, so this would mean that ky > ko,

which is a contradiction. From this short discussion, it follows that ¢ < 7 if my = my + 1 is a solution. We

12



2 INTRODUCTION TO THE HEISENBERG MODEL AND SOME SPECIAL CASES

now want to check whether or not ¢ < 7 is a Solutionﬁ

In Appendix it is shown that ¢ is strictly increasing in k; for k; ¢ 277 and strictly decreasing in ko for
ko & 277Z. Looking at Eq. this means that a given pair my, mo uniquely defines a pair k1, k2, only if N
is big enough for Nki — ¢ to be a strictly increasing function in k7 and similarly for the other equation.

2.5.4 Assuming a bijection (mi,ms) — (k1, ko)

In this section, we will assume that a given pair mq, mo uniquely defines a pair k1, ko.

If k1 = ko, then ¢ = 7, so from Eq. it follows that ms = mq + 1. The one-to-one correspondence between
the m; and the k; tells us that if mo = m; + 1, then ¢ = 7 and this does not meet our requirement. Thus,
meo runs from 2 to N — 1, and m; runs from 0 to ms — 2. This gives us ms — 1 solutions per ms, so

N-1
Zzg[mgl]w_zl)]\f1[(N1)1](J\f—2)2(J\/’—l)

solutions in total.

What we have found, are (N —1)(N —2)/2 solutions for (m,mz), i.e. for (ki, k2). These solutions can be
substituted in Eq. where we remind the reader that ¢ is a function of k1 and ks. In turn, we substitute
our solutions for Eq. [24] into Eq. and we get (N — 1)(INV — 2)/2 eigenfunctions with their corresponding
eigenvalues given by Eq. which was our original intention.

Example. As an example, let us calculate the energy of a system where N = 8, m; = 0 and my = 2. Then
Nk = 2n(my + mg) = 4m, and according to Eq.

¥
= =4k;.
9 1

Plugging this result, and ky = k — k1, into Eq. [23] gives us a numerical answer of
ki1 ~ 2.54, ko ~ 0.97,
and using Eq. we find out that the energy of our system is given by
FEy — Ey ~ 2.26J.
o

However, we have too few solutions, because we wanted to have dim(.#%) = N(N — 1)/2 solutions! There
must be a missing

NN-1) (N-2(N-1) _ o
2 2

solutions that do not meet our two assumptions. It turns out that throwing away the assumption of the
bijection (mi,ms) — (k1,k2) gives us one extra solution, and that the remaining N — 2 solutions are given
by taking kq,ks; € C — R. We will look for these solutions in the remainder of this chapter, which can be
skipped without loss of continuity.

2.5.5 Looking for the missing solutions in C — R

Unfortunately, we can only find exact solutions if we let N — co. Thus, in this section, we will assume that
N — oo. This assumption will not give us any less solutions: it will only make sure that the solutions are
exactly computable.

3Note that we proved that ¢ # 7 already, because it gave us a non-normalizable wave function.

13



2 INTRODUCTION TO THE HEISENBERG MODEL AND SOME SPECIAL CASES

The first thing we notice is that we still require k1 + k2 = k£ € R, so we want to find complex conjugate
pairs: k1 = ko. We write

ki =u+iv, ko =u—iv,

with u,v € R. Let us first find out what restrictions hold for v and v. From Eq. and the equation above,
it follows that

2Niv = N (k1 — ko) = 27 (mq — ma) + 2¢p
< p =7 (mg —mq) +iNv — iNv.

Now we know an expression for ¢ in terms of v and an expression for k; and ks in terms of u and v, we can
use Eq. P3| to get an equation for w and v:

iN —Nwv Nv
2 cot (%) = 2cot <1v> = in — —92i

2 e—Nv _ eNv
k1 ko el(utiv)/2 +e—i(u+iv)/2 el(u—iv)/2 +e—i(u—iv)/2 sinh(v)
cot | — ) —cot| =) =t——— — — — =2
( 2 ) ( 2 ) ei(utiv)/2 _ a—i(utiv)/2 ei(u—iv)/2 _ o—i(u—iv)/2 COS(U) _ COSh(U)
= cos(u) = cosh(v) —sinh(v) =e™". (27)

This means in particular that —7/2 < u < 7/2. We recall that k = 2 (m; +ms), so 0 < k < 2m. For a given
k, then, we get, using that k only needs to be defined modulo 27, and k = k1 + ko = 2u:

& ifo<k<m,
u =
%—7‘( ifm <k<2m,

or
mlmidma) - if0 <k
U = ‘n'(mZYFm —N) 1 -~ =T (28)
2 ifr <k <27
The fact that —7/2 < u < 7/2 now fixes

Now we have to be very careful. Remember that if mo —my > 2, then ¢ < 7w(mg — mq) and from Eq. it
follows that N(k; — ko) < 0 and so k; < ks, so then ki, ke € R. If we take the negation of this statement,
we conclude that in our case of k1, ko € C — R, either my = mq + 1 or m; = mo. If we count all the possible
pairs (mq,ms) in the range of Eq. we get
N -1 N -2
G, o)} = Homs,ma) [ = )|+ (G ) g = 1 = |22+ | 552 | = v -2

We know that u only depends on mi 4+ mo, and that v only depends on u according to Eq. SO a pair
(u,v) € R? - and thus a pair (ki, ko) € C2 - depends on mq +ms only, of which there are N —2 configurations.
Using ¢ — iNv and the Bethe Ansatz (Eq. , we compute

a(nl,ng) _ eiu(n1+n2) (ev(n17n2+N/2) 4 efv(n17n2+N/2)> , (30)

where we choose the + sign depending on if 0 < k < 7 or not.

We can also compute the energy of the system in terms of w and v using Eq. 25] and Eq.
Ey — Eyg =2 — cos(ky) — cos(ka) = 2 — cos(u + iv) — cos(u — iv)

= 2 — 2cos(u) cos(—iv) = 2 — cos(u) [e_v + eiv]

=2 — cos(u) [cos(u) + Cosl(u)] = sin?(u). (31)

We notice that this energy is always smaller than or equal to one, so we are interested to see if this is
indeed smaller than the real solutions. In fact, we can prove the following lemma.

14



2 INTRODUCTION TO THE HEISENBERG MODEL AND SOME SPECIAL CASES

Lemma 2.18. If J > 0, then the energy of any complex solution ki,ks € C — R is smaller than the energy
of any real solution ki, ks € R.

Proof. For real solutions, we have
Ey — Ey = J(2 — cos(ky) — cos(k — ky)).

We can determine the minimal energy by differentiating this expression to k; and setting it equal to zero to

geff}

sin(k1) = sin(k — k1)
k k
53 kl = -+ U

<— k1 = >

where we choose to add 7w depending on if 0 < k < 7 or not. The ’solution with minimal energy is thus
k1 = ko = v and we compute

Ey — Eo) > (EQ — Eo)

real complex complex’

(B2 — Fo),y = 2(1 — cos(u) = 2 (1 - COS%)) 2

1+ cos(u) T 1+ cos(u) (

where the strict >-sign comes from the fact that u = 0 (and thus v = 0, i.e. k3 = ko = 0) is not an actual
solution of our problem. O

We have now found N — 2 solutions (k1, k) € C — R. This means that there is still one solution left to
be found. We only have one non-corrected assumption left, so we will encounter the remaining solution if we
investigate this assumption further.

2.5.6 Looking for the last solution

In this section, we will throw away our assumption that there exists a bijection (my, ma) — (ka, k2). We can
compute the derivative of the left-most term in Eq. 26] to k1 using Appendix [A74] and we will see that this
is not always positive, as we assumed earlier.

dk; Ok ks Oky
1 1 1

1
21+ (L Jeot (&) —cot (52)])7sin® (5) 214 (L [eot (&) — cot (&2)])7 sin® (%)

We want to try to make this negative, so we want to minimize cot (’“2—1) — cot (%2) We do this by setting
ko = k1 + ¢, with e < 1. We get

I ¢ k1 ¢ ki+e €
11m CO —_— — CO =
e7to0 2 2 2sin? (%1) ’

SO
ANk —¢) 1 1 1 1 1 1
S a e T Ve () 2 e ()
1+ (4sin2(’°21)) 1+ <4Sin2(’€21)>
1 1 1
=lim N — — =N— —~—.
e—0 2sin? (%) 2sin? (—’“;E) sin? (%)

4We should check that this is a minimum by differentiating another time, but it is easy to check that this is the case if we
notice that 0 < k1 < /2

5This is not an actual solution to the problem, because k1 = ko, but the energy of any solution is higher than the energy
that we get if we compute the energy of this ’solution’, so it is still a lower bound.
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2 INTRODUCTION TO THE HEISENBERG MODEL AND SOME SPECIAL CASES

If k < 4arcsin (ﬁ), then k; = ﬁ < % < 2arcsin (ﬁ), so the derivative of Nk; —¢ becomes negative.
Nk NE

Note that we want € to be very small, so we require mz = m1 + 1, so by m1 + mz = 5, we require 5 to
be odd. Furthermore, k < 1 implies that also k1, ks < 1, so we can write cot(k;/2) as 2/k; and we get the

following:

AN k1 kit+e\ .. 2 2 2e 2e
200t<2)—;%cot(2)—cot< 5 )_el%kl_kl—i—e_g%kl(kl—l—e)_>k%' (32)

However, from Eq. we also get

(33)

f)f ™ Ne) _ Ne
:>2cot(2 2cot(2 4>2tan(4).

Combining the two expressions for 2 cot(p/2), we end up with

€ Ne
F%:tan T .

This equation is not exactly solvable, but there are two solutions: one is € = 0, the case in which we are not
interested, and for the other solution, 0 < € < 7/2 holds. With &, you can compute ¢ using Eq. and you
can find the solution (k1, ko) using Eq. and ko = k1 +e.

This is the last solution that was to be found: we have found all the solutions to the r = 2 problem, of which
N — 2 complex conjugate solutions and %(N —1)(N — 2) + 1 real solutions. The complex solutions have the
lowest energy.

The outline and order of explanation in this chapter are largely based on [13] and [2|. The mathematically
formal definitions and remarks are mostly my work. The methods used in the special cases in Sections [2:]
and are based on both [13] and [2], while all the proofs in this chapter are mine.
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3 The general Bethe Ansatz in the Heisenberg model

In this section, we will uncover the general procedure to find the eigenfunctions and their eigenvalues of the
Hamiltonian H of the Heisenberg model using the Bethe Ansatz. We will be inspired by the procedures and
observations of the special case for r = 2 discussed previously.

3.1 Setting up the equations

We begin by remarking that 7. is a ];] -dimensional subspace of 7, which means we are looking for

eigenfunctions of H. We will call the eigenfunctions |1 ) (again without an index m for clarity), and we will
write them as

|y) = > a(ny,...,ne) | na,. .. np ). (34)

1<n;1 < <n,<N

We want to have expressions for a(nq,...,n,). Let us start by writing down the eigenvalue equation for the
Hamiltonian again:
Higy= Y alny,...n)H n,.. )
1<ni < <np <N
al 1 1
——J > a(ny,...,ny) > [s;s;+1 + 55;5];1 + 55;5;1 In1,...,n. ). (35)
1<n; <. <n . <N 7j=1

As before, we have to split this sum into parts with the different possible amounts of neighbours. It is,
however, highly unfeasible to identify all these states for a random r and a random N. What we can do, is
introduce notation so we are at least able to formulate the equation for the coefficients. We will do this by
looking at the matrix form of our Hamiltonian, in the basis of the elements | nq,...,n, ). Before we do this,
we notice that the Hamiltonian depends on how many transitions there are from spins down to spins up and
vice versa, so we want to define the following quantity.

Definition 3.1. Given a basis state |ny,...,n, ) € B, we define
N XN
My, gy o= o = S0 Ao | 8585 [, ) (36)
n=1
We define a group of spins down as a set of spins down (n,...,n4+s—1) for which n;41 = n; + 1 for every
je{l,l+s—2}and nj41 >n;+2for j e {l—1,1+s—1}. We call s the size of the group.
Intuitively, M|y, . n,) is the number of groups of spins down in a configuration (ni,...,n,), and s is the

number of spins down in a group. As an example for N = 4:
M‘172> = ]. 5 M‘1,3> = 2
If it is clear in which configuration we are working, we will often omit the subscript and just write M. q

Now we have a manner to write down how many neighbouring spins down there are, we can go on with
. . . N N .
our discussion on the form of H. First of all, we know that H can be represented by a (r x|\, )—matrlx.

In our basis, we call the representation matrix A. Looking at Eq. we see that the diagonal elements of
A are

JN
A\nl,...,nr>,|n1 ..... ng ) :_T+M\n1,...,nr)J:EO+M|nT ..... nr>J (37>
We also see that there are exchange terms due to the S;F S, | and S;; S\ 1 terms. These terms switch a spin
down with a neighbouring spin up. This means that the non-zero terms only appear in row |ng,...,n, ),
column |nf,...,n)) for which there is an n € {1,..., N} such that S;F S, |n,...,n.) = |ni,...,n,) or
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SySt i Int,...,nl) =|ni,...,n, ), i.e. for which it holds that you can switch exactly one spin up with a
neighbouring spin down in one of the states and get the other state as a result. For these |nf,... ,n.), we
see that those elements are

J
\nl,...,nr),|n’1,...,n;> = 5 (38>
To make this relation extra clear, let us get back to our example of N = 4. First, we consider the states
[1141) and | J411). Clearly, exactly one spin up is switched with a spin down. We see that

4

D SHS + Sy St | VD) = ALY [ HAT) + [I) + [ T4,

n=1

so indeed the matrix A gets the elements —.J/2 if there is exactly one switch-up.
Second, we consider the states | {1|1) and |1]1] ). Clearly, two spins up are switched with spins down. We
see that |1]1] ) does not show up in the equation above, so the corresponding matrix element in A will be 0.

Definition 3.2. In the following, we will notate by |nj,...,n..) a vector for which there exists an
ne{l,...,N} such that |nf,...,nl) € {SFS, 1 ni,....,n. ), Sy Sk [na,...on )} q
Let us also use a notation for the basis we will be using.
Definition 3.3. We define
B, := N B, (39)

as the basis for our subspace %, we will be working in. It consists of the basis vectors which have r spins
down. N

. . . N . . .
We can now write our eigenfunction |9 ) as a <r -vector in the basis B,., where the components will be

our coefficients a(ni,...,n,), as easily seen from Eq. Our eigenvalue equation in this basis then becomes
(A-E)[¢)=0. (40)
Here we have our (J;T) equations for the coefficients a(nq,...,n,). Looking at one of the rows in the above,

we see that

But our M indicates how many groups of spins down there are, so 2M indicates how many opportunities
there are for spins down to switch with a neighbouring spin up, as this is possible at both 'borders’ of the

spin down group. Thus, 2M = |{|n],...,n.)}| and we get the equations for our coefficients:
2(E—Eo)a(n,...,n.)+J Y. [a(n),...,n) —a(ny,...,n,)] =0, (41)
|n’1,,n’r>
Vie{l,...,r}  a(n,...,nj,...,n.) =a(ny,...,n; + N,...,n.),

where we added the periodic boundary conditions that we require from the spin chain. We like to stress the
peculiar domain of the summation, namely only the states that meet the requirement in Definition
Let us now check if this equation indeed reduces to the equations we already derived for the cases r = 0, 1, 2.
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3.2 Reduction to r=0,1,2
For r = 0, we see that
2(F - Ep)a=0 <= FE = Ey,

as expected.
For r = 1, we can see that

2(E — Eo)a(n) + 7 [(a(n — 1) — a(n)) + (a(n + 1) — a(n))] = 0
— 2(E - Ey)a(n) = J(2a(n) — a(n — 1) - a(n + 1)),

which corresponds to Eq.
For r = 2, we check for neighbouring spins down:

2(E — Eo)a(n,n+ 1)+ J[(a(n,n+2) —a(n,n+ 1)) + (a(n — 1,n + 1) — a(n,n + 1))
<~ 2(F — Ep)a(n,n+1)=J(2a(n,n+1)—aln—-1,n+1) —a(n,n+2)),

which corresponds to Eq. We can also check for non-neighbouring spins down, so for ng > n; + 1:
2(E — Egp)a(ni,na) + J[(a(nl —1,n2) —a(ny,n2)) + (a(n1 + 1,n2) — a(ni, ng))
+ (a(n1,n2 — 1) — a(n1,n2)) + (a(ny,na + 1) — a(nl,ng))} =0
<« 2(E — Ep)a(ny,n2) = J(4a(ni,ns) — a(ny — 1,n2) — a(ny,ny — 1) — a(ny + 1,n3) — a(n1, n2 + 1)),
which corresponds to Eq. Indeed, the general equation (Eq. reduces to the familiar equations in the
special cases we discussed in the previous chapter.
3.3 Solving the equation
To solve Eq. we need some more notation.

Definition 3.4. We define

P:={P : {1,....r} = {1,...,r} | Pis a bijection } (42)
as the set of permutations of the numbers 1 through r. For j € {1,...,r}, we will use the short-hand notation
Pj:=P(j). q

Note that |P| = r!. It is time again to employ the Bethe Ansatz for the form of the coefficients
a(ny,...,n.).
The Bethe Ansatz for general r and N now reads

Bethe Ansatz

T
. 1.
a(ny,...,n.) = Z exp 1; kpin; + ilzgapqu (43)

PeP i<q

where ;; is a priori just a real function of j and ! of which we will derive the properties later. We will
use this Ansatz to calculate the energies of our spin chain for a general r € {1,..., N}.

Hypothesis 1. Looking at the cases for r =0, 1,2, we expect to find

E,—Ey=J)Y [1-cos(kj)].

j=1
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Please note that we do not know this yet. As we did in the case of » = 2, let us begin by considering
a system without any neighbouring spins down. We can always do this, because r < N/2 by construction,
because systems with » > N/2 are equivalent to turning all the spins around, which gives us r < N/2 again.
Because [’H,Sﬁ = 0, it is impossible to find this system in a state with neighbouring spins down, so the
amplitudes of these states must be zero. Therefore, all the coefficients a will have arguments nq,...,n, for
which nj41 —n; > 2 forall j € {1,...,r}. Looking at Eq. the summation in this system will be relatively
simple, and the equation reads

2(E, — Ep)a(ny, ..., ny) :JZ[Qa(nl,...,nr)—a(nl,...,nj—1,...,nT)—a(nl,...,nj—kl,...,nr)}.

(44)
We will now substitute the Bethe Ansatz (Eq. into this equation to solve it explicitly.

2(E, — Eo)a(ny, ..., n.) = 2(E, — Eo) Y exp ka]n]Jr i) wpjprg
pPeP J<q
= JZ ZZexp kajn]—G— Z@prq
=1 PeP 7<q
_ . )
— Z exp | —ikp, + iz kpjn; + 512 ©Pj,Pq
PeP L Jj=1 J<q
- . )
- Zexp ikpl+i2kpjnj+§izij7pq
pPecP L j=1 71<q
.
= J Z exp kajn] 4= Z‘PP],Pq Z 2 _ o ikpL _ eikPl)
PeP 7<q =1

T

= 2Ja(nq,...,n,) Z [1— cos (kpi) ]

=1
We see that the statement below is true.

Lemma 3.5. Disregarding the physical interpretation of the coefficients, the Bethe Ansatz (Eq. without
further conditions on ki or ¢;, is sufficient to satisfy Eq. in general, i.e. for every pair (ni,...,n,).

We will use this fact later.
We mention that P : {1,...,r} — {1,...,r} is a bijection, so the summation of Pl from 1 to r is the same
as the summation of [ from 1 to r, so we can simplify the result above to:
.
(E. — Ep)a(ng,...,n.) = Ja(ny,...,n.) Z [1 —cos (k) ]

=1

This must hold for every a(nq,...,n,) for which n;41 —n; > 2. Because |¢) # 0, there is at least one
coefficient a(nq,...,n,) that is not zero, so the equation above implies that
T
E. —Ey= JZ [1—cos (k)] (no neighbouring spins down), (45)

1=1
as we expected already. Although the result for the energy F,. is only proven for this no-neighbours system,
we still expect to find the same result for all the other systems based on our discussions on the special case
of r =2.
We have found solutions for the system without neighbouring spins down, but now we want to find solutions
for all pairs (nq,...,n,). We start off by looking at what we did in the case r = 2 again, and there we found
Eq. This motivates the statement of the following hypothesis.
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Hypothesis 2. FEq. will be satisfied by the Bethe Ansatz (Eq. for all states |nq,...,n.) if we require
that

2a(na,...,ny) =a(na,...,n5,n5, Ny, ..., ny) +a(na,...,nj_1,n; + 1,0+ 1,nq0,...,n,)
forallj € {1,...,r} for which nj11 =n; + 1.
To prove this, we need an auxiliary lemma.

Lemma 3.6. Let |ni,...,n,) have M groups of spins down. We will indicate the size of group m (m €
{1,...,M}) by $m. The spin down in group m that has a left-neighbour with spin up will be numbered n;,,,
i.e. Ly, is the number of the left-most spin down in group m. Suppose that the coefficents a(ny,...,n,) satisfy
the Bethe Ansatz. Then the coefficients a(na,...,n,) satisfy Eq. if and only if these coefficients satisfy

M M l,,+8m—2
2 [$m — 1] a(nq,...,n.) = Z la(ni,...,n;nj,...,ne) +alng,...,njp1, 41, ..., ne) ] (46)

m=1 =1 gj=ln
Proof. We begin by expressing the right term in Eq. explicitly:

M

Z l[a(nt,...,n.) —a(ny,...,n,)| = [a(nl,...,mm—l,...,nr)

’ ’ m=1
Infomt)

+a(ny,...,ny,, 45,1+ 1,...,n.) — 2a(ng, ... ,nr)].

Let |nq,...,n, ) be a given state. We proved that the Bethe Ansatz (Eq. |43) without further conditions on
k; or ¢;; is sufficient to satisfy Eq. for every pair (ng,...,n,) (Lemma|3.5). If we subtract Eq. from

Eq. 1] we get
M
Z [a(nl,...,mm —1,...,np) +alng,...,ny 45, -1+ 1,...,n) —2a(n1,...,n,n)]
m=1
= [a(nl,...,njf1,...,717,)+a(n1,...,nj+1,...,nr)72a(n1,...,nr)}.
j=1

Note that we used the requirement of the coefficients satisfying the Bethe Ansatz here, by taking Eq. 4] to
be true. We can rewrite this as follows:
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2(T—M)a(n1,...,nr):Z[a(nl,...,nj—1,...,nr)+a(n1,...,nj+1,...,nr)]

M
_ Z la(ny,...,m,, —1,....n) +alng, ..., 041+ 1,...,0)]

m=1
M [lnmtsm—1
= Z [a(nl,...,nj - 1,...,n,,)—|—a(n1,...,nj+17...,nr)]
m=1 j=lm

m=1 J=lm
lm+sm—1
+ [a’(nlv"'vnj +1a"'7nr)} _a’(nlv"'anlerSm1+1»'~~anr)‘|
J=lm
M lm+sm—1 In+Sm—2
:Z Z la(ny,...,n; —1,...,n.)] + Z la(ny,...,n;+1,...,n,)]
m=11 j=lm+1 j=lm
M Im+sm—2
= Z [a(nl,...,njH - 1,...,nr)+a(n1,...,nj+1,...,nr)]
m=1 j=l,,
M Im+sm—2
= Z [a(nl, oMM, Me) a1, M, ,nr)}.

Furthermore, because the sum of the lengths of all the groups must be r, we calculate

r=M=> [sm] =M= [sm—1].

m=1

Inserting this result in the derivation above concludes our proof. O

We see that in the case of r = 2 with neighbouring spins down (i.e. M =1 and s; = 2), Eq. reduces
nicely to Eq. 2] we found earlier. We are now ready to prove Hypothesis [2]

Theorem 3.7. Eq. will be satisfied by the Bethe Ansatz (Eq. for all configurations (nq,...,n,) if we

require that
2a(ny,...,np) = a(ny, ..., 05, N5, Mg, ) F (N1, M1, M1, g1, 2,y - o 5 Ty (47)
forall j € {1,...,7} for which nj41 =n; + 1.

Proof. Suppose we are in a given configuration |ni,...,n,). Let us begin by introducing some notation
we've used before: [ni,...,n,) has M := M, ., groups of spins down, and m € {1,..., M} denotes
the number of the group we are talking about. We let s,, € {1,...,r} denote the size of group m. We
denote by n;,, the number of the left-most spin down of group m. The if-statement in this theorem contains
conditions for all j € {1,...,r} for which nj;1 = n; + 1. This means that we have conditions for j €
{l1,..., 51 +s1—=2,la,...,lp + sy — 2} We can add all of these conditions together, so we will use

3 -y

Je{ly,. ., lits1—2,l2,..lm+smu—2} m=1 j=iln
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and get
M lp+sm—2 M lp+sm—2
Z 2a(nq,...,n,) = Z [a(nl,...,nj,nj,nj+2,...7n,«)
m=1 j=ln, m=1 j=ln,
+a(n,...,nj—1,n;+ 1,0 +1,n549,..., nr)}
M M lp+sm—2
— 2 Z [sm — 1] a(ny,...,n,.) = Z [a(nl,...,nj,nj,...,nr) +a(n1,...,nj+1,nj+1,...,nr)].

3
£

m=1 lm

J
According to Lemma this is equivalent to the fact that the coefficients a(ng, ..., n,) satisfy Eq. which
proves the theorem. O

This theorem states that if there are groups of size > 2 in |ng,...,n, ), then by requiring Eq. to be
true, we ensure that the Bethe Ansatz satisfies Eq. We stress here that the requirement of Eq. is
stronger than it needs to be. The only actual requirement we have is Eq. [46]

In the following, we will assume that Eq. [47] is true. If we find all the solutions, we are done. If we do not
find all the solutions, we have to abandon this assumption and work with Eq. [46]

3.3.1 Assuming the strong requirement
From here, we will assume that Eq. [{7]is true.
Let us first determine the energies of the system. Please remember that we already found the energy of a

system without any neighbouring spins down in Eq. According to Theorem the Bethe Ansatz always
satisfies Eq. [4] for an energy given by Eq. Therefore, all the energies are given by

E.—Ey= er: [1—cos (k) ], (48)
=1

which proves Hypothesis What remains to do, is find all possible {k;}. As we have seen in the case of
r = 2, we need to find an expression for ¢;;. We can take a good guess of what its form will be, and we will
be able to prove this analogously to the case of r = 2.

2 cot (%) = cot (%) — cot (];l) , (49)

then, writing our coefficients in the form of the Bethe Ansatz (Eq. , FEq. holds for all j € {1,...,r}
for which njy1 =n; + 1.

Lemma 3.8. If

Proof. We begin by stating the equation that we want to prove, namely Eq. [£7] and substituting the Bethe

Ansatz. For every [ € {1,...,r} such that n;41 = n; + 1, we must have
g 1 4 1
2 Z exp ZZ kpjn; + 522 ©pPjPq| = Z exp ZZ kpjn; + ikp(l+1)(nl —ni41) + 5’&2 YPj,Pq
PcP j=1 7<q PcP J=1 1<q
4 1
+ Z exp ikajnj-f—ikpl(nlJrl —m)—i—?Zgopj’pq
PeP j=1 j<q
As this is only true for [ € {1,...,7} such that n;11 = n; + 1, we can rewrite this to
g 1
To prove: t(l) := Z [2 — (e‘lkp(lﬂ) + elk”)] exp ZZ kpjn; + 52 Z(PPj,Pq =0. (50)
PeP j=1 j<q
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Now it is clear what equation we want to prove, we can begin our proof.
We begin by ’defining’ our square root sign as follows. Let » € R, r > 0 and 6 € [0,27). Denote by r,/--
the positive real root of . Then we define

Vel :=p \/rel?/?.

Note that if § € [—m, 7), then we get a —-sign before the square root if # < 0. Please remember this, because
we will be taking square roots of ¢ € [—m, 7).
We can state, for some P € P:

T T
exp ZZ kpjn; + %z Z ©pj,Pq| = exp ZZ kpjn; H elPPiPq/2
Jj=1 Ji<q Jj=1 Ji<q
T
= exp ZZ kpjn; H +Velerira
j=1 j<q
where we choose the +-sign if ¢p; pq > 0 and the —-sign if pp; p; < 0, because of the way e¥ changes into
e?/? via a rotation in C that’s opposite of the rotation involved in the change from e~% to e~%#/2. This is

already discussed in the definition of our square root sign. We can now compute ¢ in Eq. and see if it
becomes zero. If it does, our proof is complete. We calculate:

tl) =Y [2— (e Frurn 4 e*rt)] exp ZkPJnJ %"Z@Pm

PeP i<q

|
X

_ (e—ikp(z+1) + eikpl exp Z k’P]nj H im

PeP j=1 Ji<q
= Z i(kpitkps))m exp |1 kajnj + Z kpjn;
PcP J=l+2
x eFPa+1) [2— e”kP(l“) — e‘k”} H +V/elorira
Ji<q
1 i(kpitkpq1))n ; \- -
:5 Ze exp |4 kajnj—l— Z kpjn;
Pep j=1 j=l+2
x elfPatn [2 — e~ ihraty _ oikr] H SRV
Ji<q
4 Z el(kpitkp 1)) exp |i kajnj + Z kpjnj
Po(l,l+1)€P j=1+2
x etfrasn [2 — e7thrary —eiher] TT £v/eiorira .
Ji<q

To be clear, P o (I,I + 1) is the permutation we get when we switch [ and [ 4+ 1 and then apply P. We can
now continue rewriting this expression by splitting the product so that we can perform our permutation of [
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3 THE GENERAL BETHE ANSATZ IN THE HEISENBERG MODEL

and [ + 1:
1 . . . . .
t(l) =5 § ol(kPitkp i) exp |1 E kPjn_] + E kpjnj elkPa+1) [2 — e ikPatn _ elkPl] <:|: e“PPL,P(l+1>)
PeP Jj=l+2
1—1q9g—1 -1 r q—1 -1
H H i\/m H 4/ el¥Pj.P(1+1) H H ++/elePj,Pq H 4/ el®Pj P
q=1j=1 j=1 q=l+2j=1 j=1
+ E elkPitkpayn)m exp |i E kPJn] + E kp]n] elFPa+n) [2 — e tkpatny _ lkPl] (j: 1<PPL,P(l+1>>
Po(l,l+1)€P j=1+2
1—1qg—1 -1 r q—1 -1
% H H ++/elerj, Pq H 41/ elPPj P(1+1) H H ++/elePj,Pq H ++/ei¥vP; Pl
q=1j=1 j=1 g=l+2j=1 j=1
1
k k
_ 5 § : i(kpitkpar1))m exp |i E k‘Pﬂl] + E kpj’n,]
PeP J=l+2
1—1qg—1 r q—1 -1 -1
H H ERVISTIS H H ++/eierirq H ++/elPPi Patn) H +Veler) Pl
q=1j=1 q=1+2 j=1 j=1 Jj=1

x {eikmm) [2 — e kPt _ eikm] (:I: eiwpz,pml)) + etkp [2 — e kPt _ eikmm)] (j: eiWP(l+1),Pz):|

Let us now have a look at the expression in the last line, and let us rewrite it using Eq. If we prove that
this expression is always equal to 0, then #({) = 0, which proves the lemma.

If
Pia) _ k; _ kq
200‘5(2)—60‘5(2> cot(2), (51)

then, by a derivation analogous to the one in Appendix we can write

9eilkj—kq) _ a—ikq _ gik;

elPia — ST ——Ty . (52)

The first step is observing that ¢p; piy1) = —@p@+1),p1, SO there is a relative —-sign between the two
terms in that last expression. The steps after that consist of taking everything under the square roots and
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simplifying the expression.

kPt [2 — e tkpatny _ eikm] (i eitpm,p(lﬂ)) 4 etkr [2 — e kPt _ eikp(lﬂ)] (i ei<PP(1+1),Pz)

sz*kP(z+1)) — e~ ikpat1) _ gikpr

i(
= 4 |etFPa+n) [2 — e tkpatn _ eikm} \/_ 2e

92 — e~ ikrPa+y1) _ gikps

i(kp(l+1)_kpl) _ o—ikp; _ ikP(“fU
_ eikm [2 _ e—ikPl _ eikP(lJrl)} — 2¢ © ©
9 _ e—ikpi — glkpPa+1)

. . 2ei(kPitkpasn) _ gikpain) — oi(kPit2kpas))
+ [[2- e Fpary elk”] - .
9 — e~ikPat1) _ pikp

[2 —ikpy ikP(l+1)] \/ 2ei(kp(l+l)+kpl) — eikp — ei(kp(l+1>+2kpl)
_ —e —e _

9 — e—ikpi _ olkP(+1)

\/_ (zei<km+kp(1+1)> — elkPa+n) — ei(kPl+2kp(z+1))) (2 — e~ tkpatny — eikPl)

_ \/_ <26i(k:13(l+1)+k7pl) — eikpi — ei(kp(z+1)+2kpz)) (2 — e—ikpi — eikp(l+1>)‘| =0.

Thus, t(I) = 0 and this completes our proof. O
This Lemma has the following remark as a consequence.

Remark 3.9. According to Lemma [3.8] if ¢;; is given by Eq. A9} then, by Theorem [3.7] the equations for
our coefficients (Eq. are satisfied by the Bethe Ansatz (Eq. 43). In other words, we found the expression
for the phase angle ¢;; in the Bethe Ansatz, namely

2 cot ((p;’l) = cot (%) — cot (];l) . (53)

<

Just like in the r = 2 case, we now want to discover the possible {k}’s by imposing the periodicity
condition:

a’(nh"'vnr) :a(n27~"an'r‘an1+N)

r—1

r

. 1. . . 1.

<— E exp |i g kpin; + 51 g Ypjpq| = g exp |i . [kpjnﬂ_l] +ikp,.(n1 + N) + 51 E ©Pj.Pq
PeP j=1 i<q PeP j=1 1<q

(54)

Again, we make the argument that this relation must be true for all (n1,...,n,.) € {1,...,N}", so the
coefficients before the n;’s must match. We can look at taking a random P € P for the left side, and then
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taking P’(k) := P(k + 1) on the right side. Then there must be an m € Z such that for every P € P:

1 1
B > ¢ripq = Nkpi + 3 Y PGP+ — 2Tm

Ji<q Ji<q

1
= Nkp1—2mm =2 | Y 9PjPq= D PP(i+1).P(a+1)

17<q Jj<q
1 [ r—1
=5 | 2 erira= D @rira= D @GP
[1<i<q<r 2<j<q<r j=1
1 [ - r—1 T
=3 Z‘PPLP]’ + Z‘PPI,P(jJrl) = Z@PLu
=2 j=1 1=1
where we used ¢;; = —¢; ;. But this is valid for every P € P, so
T
Vie{l,...,r} + Nkj=2mm+> ¢ (55)

=1

Unfortunately, these equations are very involved, and we can only get approximate solutions. This is not the
goal of this thesis, so we will terminate the discussion here.

In principle, we have an equation for the k;’s, which will give us the energy of the system by plugging them
into Eq. [48] It will also give us the eigenvectors of H. But these eigenvectors are also the eigenvectors of any
operator M that commutes with 7. Operators that commute with the Hamiltonian are conserved quantities,
as is mentioned earlier. Thus, we know the eigenvectors, and thus the eigenvalues, of any operator that is
conserved in time.

What we also have is an expression for the phase angle ¢;;, and this will turn out to be valuable in a whole
other field of research: Square Ice.

Sectionis based on [1], and from there the chapter is based on [2], but the majority of the proofs are my
work. I found Lemma by myself and found it interesting enough to state as a separate lemma. With the
exception of Johan van de Leur’s suggestion of considering the permutation Po (z,y) with x #y € {1,...,r}
in the proof of Lemma [3.8] all the proofs in this chapter are my own work.
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4 The Square Ice model

As is discussed in , d-dimensional quantum systems have strong connections with (d 4+ 1)-dimensional
classical systems. As we have discussed a 1-dimensional quantum system in the above, we now want to
consider a 2-dimensional classical system to see if we can apply the Bethe Ansatz here as well. We will use
the structure of water ice as an example. Measurements suggest that ice has a non-zero entropy at absolute
zero. The goal of this chapter will be to find this entropy.

4.1 Introduction

In this chapter, we will introduce the Square Ice model, which is a model for ice (solid HoO) at absolute
zero, i.e. 0 K. As we know, ice has a hexagonal structure (which is visible in snowflakes, for example). To
be precise, the space group is No. 186 in the International Union of Crystallography classification, and the
structure is seen in Figure[l] in which all balls represent oxygen atoms. As you can see, each oxygen atom has
bonds with its four nearest-neighbouring oxygen atoms. If we neglect the not-nearest-neighbour interactions,
then this motivates the simplified picture where we have a square lattice with points, that represent the
oxygen atoms, that all have four neighbours. Here we have the start of our 2-dimensional square ice model.

Figure 1: The structure of spacegroup No. 186. In the case of ice, the yellow and grey balls both represent
oxygen atoms. Source: [17].

The bonds between the oxygen atoms are hydrogen bonds: each bond consists of one hydrogen atom.
The distance between the nearest-neighbour oxygen atoms in ice is more than 2.7 A (), but the bond
between hydrogen and oxygen atoms in water is roughly 0.96 A (@l]), which is significantly less than half
the distance between the oxygen atoms. This means that the hydrogen atom between two nearest-neighbour
oxygen atoms has two options: being closer to one of them or to the other.

When we represent oxygen atoms by dots and the hydrogen bond between them by a line segment, we indicate
the position of the hydrogen atom by an arrow: if the arrow is pointing from oxygen atom A to B, this means
that the hydrogen atom is closer to B than to A.

Let us have a lattice of N x M oxygen atoms (which we will call simply atoms in the following) with periodic
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boundary conditions for both the horizontal and the vertical sides. We call this type of periodic boundary
conditions toroidal boundary conditions, due to the glueing pattern one makes when constructing a torus
from a square. In other words, we put our lattice on a torus.

Definition 4.1. Define () to be the set of all possible states a system can be in. The entropy S of this
system is defined to be

S 1= ky log(|22)), (56)
where kp, := 1.380649 - 10?® J/K is the Boltzmann constant. <

In our case, §2 is the number of ways we can arrange the arrows in our lattice, because at absolute zero,
the entropy due to thermodynamical effects is zero according to the Third Law of Thermodynamics. Thus,
we only have the entropy from the number of configurations that our system can take on. We mention that
in a unit cell of our lattice, there is one vertex and there are two line segments. Therefore, there are M N
vertices and 2M N line segments in our system. Without imposing any extra rules, then, the entropy of this
lattice system is given by

S = kylog(22MN) = M Nky log(4),

because each line segment can ’choose’ between two directions for its arrow to point in. Let us write the
actual entropy of our system as

S = MNky log(W). (57)
Early measurements on heat capacity in 1933 by Giauque and Ashley ([3]) indicate that
W =1.51 £ 0.04 (measurement), (58)
and Nagle estimated in 1966 ([5]) that
W = 1.540 £ 0.001 (estimation). (59)

The first thing we notice, is that if we do not impose any rules, then S = M Nkjlog(4), so W = 4. This is
clearly significantly larger than the experimentally verified value for W, so there must be more constraints
on how many configurations the arrows can be in. Therefore, let us introduce some rules regarding these
arrows. Under normal conditions, water has a pH of around 7. This means that the concentration Cy o+ of
H;07" atoms is

C,o+ =107PH ~ 1077

Furthermore, water is electrically neutral, so the concentration of OH~ will also be 10=7. Therefore, we
will neglect the presence of these ions in our model: every oxygen atom has two hydrogen atoms close to
it. In our lattice, then, this means that every vertex has two incoming arrows and two outgoing ones. The
possible configurations around a vertex are shown in Figure[2] This certainly reduces the number of possible
configurations of the arrows, and the question is now how many there are left, and if this matches the
estimation of Eq. First, let us define explicitly what our model is.

Definition 4.2. The Square Ice model is an N x M lattice, with toroidal boundary conditions, of vertices
that are connected to their nearest neighbours by line segments. Each line segment has an orientation,
indicated by an arrow, that is pointed from the middle of the line segment towards one of the two vertices
that it connects. Every vertex is connected to two arrows pointed towards it and two arrows pointing away
from it, which is known as the ice rule. <

The ice rule leaves us with six possible vertex configurations, shown in Figure

Now, let us look at the line segments in the sense that we have M (horizontal) rows of vertical line
segments, and M rows of horizontal line segments. We let ¢ denote a configuration of a row of vertical line
segments. We do this by saying

N
¢ = @11} (60)

Jj=1
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(1) (2) (3) (4) (5) (6)

Figure 2: The six vertices that meet the ice rule.

and letting ¢ € ¢, where we will write

N
‘Ul---UN> Z=®0'j,
j=1

where o; € {1,1} for j € {1,...,N}. As an example for the notation of |o1...0n ), a row of vertical line
segments where all arrows point upwards will be denoted by ¢ = |71 ...1). Note the similarity with the spin
chain again. Let us now define an inner product on ¢, in a fashion similar to the inner product on the spin
space .

Definition 4.3. For ¥, := {1, ]}, define the inner product (.|.) as

(.].) : Y9 x 9 — R,
(tIn=WlhH=1, =0

The inner product between two vectors v1,v2 € {a|1T)+b|]) | a,b € R} is computed by writing v; and vy
as a linear combination of basis vectors. q

It is easy to see that (.|.) is an inner product, and if we define the inner product on the tensor product
space ¢ similar to the inner product on 5#, then all possible ¢ € ¢4 form an orthonormal basis. We will
denote the i-th basis vector of ¢ as e;.

Let ¢y, be the configuration of row k of vertical line segments, with k& € {1,..., M}. Remember that we want
to count the number of possible states the ice lattice can be in. To this end, let us introduce some notation.
We write

®1
gi=1 : | egM (61)
M

for the configuration of all the vertical line segments in the lattice.

Definition 4.4. Suppose the configurations of vertical line segments ¢; and ;1 are given for a certain
je{l,..., M} (where we keep in mind the periodic boundary conditions M + 1 = 1). We consider the row
of horizontal line segments that is between the two rows of vertical line segments of which the configurations
are given.

Then we define B(p;,¢;+1) € NU{0} as the number of configurations of this row such that the ice rule is
satisfied at each vertex in this row.

We define

Ai,j = B(ei, Ej) (62)
and we see A as a 2V x 2V matrix, because ¢ has 2%V basis vectors. We call A the transfer matrix. N

We see again the similarity with the spin chain matrix A, which indicated how similar two spin config-
urations were, as opposed to this matrix A which indicates how two rows of vertical line segments produce
possible configurations for our lattice.
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4 THE SQUARE ICE MODEL

Suppose ¢, i.e. the configuration of all our vertical arrows, is given. Then the number of possible configura-
tions (for our horizontal arrows, and thus for our whole system) will be

M
11 B ei40)-

j=1

Thus, if we do not know the configurations of the vertical line segments, then we have to sum this expression
over all possible ¢, i.e. all the possible configurations of the vertical line segments. Then the number of
possible configurations will be given by

M
Q] = Z HB(SOJ>SDJ+1)~ (63)

gegM j=1

According to Eq. to find the entropy of our lattice, we need to find B, or A. We start by mentioning
that the diagonal elements of A are A; ;. But when two rows of vertical line segments are identical, then the
horizontal row between them can only be in one of two states: all arrows pointing to the left or all arrows
to the right. This is easily seen by putting one left-arrow somewhere in this horizontal row: the ice rule
makes us put a left-arrow on neighbouring horizontal line segments as well, and we continue doing this until
the whole horizontal row is filled with left-arrows. The same argument can be made for right-arrows. Thus,
Vo €9 : B(p,p) =2, and thus

Vie{l,...,2NY A, =2

Now suppose there is only one differing arrow between ¢; and ;1. Say this is at vertex v in the horizontal
row, and the up-arrow in the bottom row of vertical line segments is changed into a down-arrow in the top
row of vertical line segments. Then, outside this special vertex v, the horizontal row inbetween must still be
either all to the left or to the right pointing arrows. Let us say that they are pointing to the left. However,
at the vertex itself, we have one arrow pointing upwards and one pointing downwards. This means that we
need one arrow pointing to the left and one pointing to the right, according to the ice rule (see also Figure
). In our case, this means that vertex v looks like (5) in Figure 2} This cannot be a possible configuration,
because outside this vertex, all arrows are pointing to the left: there must be another vertex u at which the
right arrows change to left arrows again. This vertex, then, must look like (6) in Figure 2] i.e. a down-arrow
in the bottom row is changed into an up-arrow in the top row. In particular, there cannot be another vertex
of type (5) inbetween our vertices. Let us state this result, which we have proven by the above discussion, in
a lemma.

Lemma 4.5. Consider a row of horizontal line segments and look at the vertex types in Figure[d Between
every vertex of type (5), there must be a vertex of type (6), and between every vertex of type (6), there must
be a vertex of type (5).

Note that in such a row, we cannot change the horizontal arrows (without altering the vertical arrows,
which are given to be fixed), because at a vertex of type (5) or (6), this would violate the ice rule. Thus,
for ¢;, ;41 and if there is at least one vertex of type (5) (and (6)) in the row of horizontal line segments
between them, and this row meets Lemma then A(pj,pj+1) = 1. If a row of horizontal line segments
does not meet Lemma then A(gpj, ¢j+1) = 0. In summary, for ¢; # @41 € 4:

B(@Jﬁ@j) =2;

B(pj, pj+1) :{

1 if the row of horizontal line segments between ¢; and ;41 meets Lemma
0 otherwise.

Or for A, for j # 1 € {1,...,2V} (imagining that e; and e; would be the configurations of neighbouring
rOws):

Aj;j=2 (64)
Ajy

1 if the row of horizontal line segments between e; and e; would meet Lemma

. (65)
0 otherwise.
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4 THE SQUARE ICE MODEL

The next question we should ask ourselves, is how many ¢;, ¢ 41 let the row of horizontal line segments
meet Lemma given a row consists of N (oxygen) atoms.
If there are zero vertices of type (5) or (6), then ¢; = ¢;41, so we will not count this. If there is one vertex
of type (5) and one of type (6), then there are N(N — 1) ways of placing them in our row of N atoms. If
JZ ways of distributing them. However,
we have to assign type (5) and (6) to the vertices alternatingly. We can choose ((5),(6),(5),(6)), but also

there are two vertices of type (5) and (6) each, then we have

((6),(5),(6),(5)), so we have two possibilities, so there are 2 (]Z) possible arrangements satisfying the ice

rule. Let us generalize this result.

Lemma 4.6. There are

()

ways to distribute k vertices of type (5) and (6) each over N lattice sites such that the ice rule is obeyed. In
total, there are

2N —2
ways to distribute vertices of type (5) and (6) over N lattice sites, not counting not putting any at all.

Proof. To choose 2k lattice sites that we want to distribute our type (5) and (6) vertices over (k of each

ok possibilities. If the sites are chosen, to assign the vertex types, we can start with either

(5) or (6), and to obey the ice rule we have to alternate them from there, so we have two possibilities for
that operation. Therefore, we have a total of
N
*(a)

possibilities to distribute k vertices of type (5) and (6) each over N lattice sites such that the ice rule is
obeyed.
The total number of ways to distribute vertices of type (5) and (6) over N lattice sites is then

/2]
> 2(y,
2%k ) -

k=1

type), we have (N

If N is even, then we let N = 2n and

()= () =30 m ()= S0 e ()] )
=2V +1-1)N] -2=2" -2
If N is odd, then we let N =2n + 1 and

() -5 ()= ) S ()] ()

k=1 1 k=0

k
=2V +a-1nN] - [(%) + (=N (%)} —2=2N_2
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4 THE SQUARE ICE MODEL

This lemma tells us that there are 2V — 2 combinations of ej, e, that will give A;; = 1. We already know

that there are 2V possible ¢ € ¢, so there are 2V combinations of ej, e, that will give A;; = 2. In short, the
2N diagonal entries of A are 2, another 2V — 2 entries are 1, and the rest is 0.
Furthermore, we notice another implication of the ice rule. If there are as many vertices of type (5) in a
row of horizontal line segments as of type (6), then ¢; and ¢;41 must have the same number of up-arrows.
This means that A working on a ¢ € ¢ will give a linear combination of ¢; € ¢ that all have the same
number of up-arrows as ¢. Thus, A is block-diagonal if we order our basis vectors e; to how many up-
arrows they contain. Also, A must be symmetrical, because A;; = A; ;. Note again the similarities with the
representation of the Hamiltonian. Summarized, we have the following properties for A.

Remark 4.7. A is symmetrical, block-diagonal, and all its entries are real and non-negative. In turn, this
means that A has only real eigenvalues and that it is diagonalizable. o

Now we know a lot more about our transfer matrix, let us try to simplify Eq. [63] somewhat. To do this,
we use the following expression for the trace of a power of a matrix.

Remark 4.8. For a matrix V and L € N, the following identity holds:

V"), = |/ S A
Ol 0L—1
o
Now we can state the following.
Theorem 4.9. The number of states our lattice can be in is
Q| = Tr (AM). (66)

Proof. Using Remark we can immediately write the trace of AM as:

2N 2N N
M M
Tr(AM)="(AY), = Y AeAoos-Aoyo= Y. Avioye Aoy sorAoson
o=1 0,01,...,0M—1=1 01,00 =1
2N M 2N M
= Y T4 = > J[Bo, €0.)
01,0 m=1j=1 010 m=17=1

But we are summing over all M-tuples of basis vectors e;, so we can replace the summation over all the M
sigmas by a summation over all elements G in M

M
Tr (AM) = > [ Blesei1) = 19,

gegM j=1
where the last equal sign comes from Eq. [63] O

Thus, to find the entropy, we have to find the trace of A which means we have to find the eigenvalues of
AM  However, if X is an eigenvalue of A, then AM is an eigenvalue of A . This is a one-to-one correspondence,
so it suffices to solve the eigenvalue equation

AlY)=E|¢). (67)

Just like the diagonalization of the Hamiltonian of the spin chain, this is not an easy task, and we are going
to need an ansatz again. First, let us introduce some notation that is similar to the notation used in the spin
chain problem.

Let a row configuration ¢ with r down-arrows and N — r up-arrows be given. The down-arrows are located
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4 THE SQUARE ICE MODEL

at arrow numbers nq,...,n, with 1 <n; <--- <n, < N. We notate this configuration as |n,...,n,). We
write our eigenvector |1) as

l) = S alnnn) )

1<n1 < <n,.<N

We want to have expressions for a(ny, ..., n,) again, so we start out by writing down the eigenvalue equation.

Aly) = Z a(ny,...,n.)A|ny,...,n. ) =FE Z a(ny,...,np)ny, ... n. ).

1<ni<---<n,.<N 1<ni<---<n-<N

We have to figure out what A does with a basis vector |ng,...,n,). Clearly, we want to get 2 times
|ni,...,n.), and we want every state |mq,...,m, ), that lets the row of horizontal line segments between
the rows corresponding to |ny,...,n,) and |m,...,m, ) meet Lemma exactly once. We see that
meeting Lemma is equivalent to requiring that r = v’ and that

np<mip<nyg<mg<---<n.<m <N

or the same statement but with the n’s switched with the m’s. We can see this because if there are two
down-arrows in one vertical row at positions x and y while there are only up-arrows at = and y and inbetween
in the other vertical row, then we would need two consecutive vertices of type (5) or (6) (depending on if the
down-arrows are in the upper or lower row). Thus, n, can be anything from m,_; to m,, or in the other
case, from m, to my11. We can write all of this as

ni n2 Ny no ns N
A|n1,...,nr>:Z Z Z |my,...,m. )+ Z Z Z [my,...,m. ), (68)
mi1=1ma=n1 My =Np_1 mip=ni ma=nz Myr=nN

where kets in which not all m; are different must be interpreted as zero. Thus, the eigenvalue equation
becomes

Z a(ni,...,ny Z Z |my,...,m;)

1<n;<---<n,. <N m1=1 My =Np_1
no N

+ Z Z [|mi,...,m)] = Eln1,....n.) | =0. (69)
mi1=ni Myr="Nr

We notice that

no N
Z a(ny,...,n Z Z |mi,...,m. )= Z 11, .. 0 ) Z Z a(my,...,my;),

1<n1 < <n. <N mi1=1 My =Np_1 1<n; <---<n,.<N mi1=ni My =Ny

so Eq. [69) becomes

Z [n1,... 0 ) Z Z a(my,...,m Z Z a(my,...,m;) — Ea(ny,...,n,.)| =0.

1<ni<--<n.<N mi=ni mi=1 My =Nyp_1

But all the basis vectors are independent, so again we get an equation for every basis vector and we end up
with

Ea(nl,...,nr):z Z Zr: a(my,...,m Z Z Z a(ma,...,m,), (70)

mi1=1ma=ny My =Np_1 mi1=nji ma=nz

Vie{l,...,r} : a(ni,...,nj,...,n.) =a(n,...,n; + N,...,n.),

where we added the periodic boundary conditions that we require from the lattice. Note that, just like in
Eq. [68] coefficients in which not all m; are different must be interpreted as zero. Note also the similarity

with Eq.
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4 THE SQUARE ICE MODEL

4.2 Solving the equation

Tt is time again to employ the Bethe Ansatz for the form of the coefficients a(ng, ...
Definition The Bethe Ansatz for general r and N now reads

1
a(ny, .. ZeXP ZkPJnJ §IZ¢PJ}P¢1 (71)

PepP Ji<q

,n). For this, we recall

where ¢, ; is a priori just a real function of j and ! of which we will derive the properties later. If we find all
the solutions to our problem, then the ansatz is correct and we are done, and if we do not, then the ansatz
is incorrect and we need to find the rest of the solutions.

Let us start by mentioning that the Bethe Ansatz (Eq. states that the coefficients are a sum of plane
waves

exp Z kpjn; + 5 Z PPj,Pq

Ji<q

Therefore, let us take the easiest first step possible, and that is to insert the simplest possible form for
a(ma,...,m,) (i.e. the one for which P = id and ¢, , = 0, which is a plane wave),

[ T
exp iE king| ,
j=1

into Eq. and see if this elementary example miraculously satisfies Eq. [70] for some E:

r n N
Eexp iijnj = 22 Z exp kaj + Z Z exp kaJ . (72)

i=1 mi=ni Mp=nyp mi=1 Myp=Npr_1

We have to keep in mind to not count the terms where not all the m;’s are different. However, we see
something more interesting here. For this plane wave to satisfy Eq. [0} i.e. for Eq. [72] to be true for some
E € R, we need that the terms on the right are both (complex) multiples of the plane wave itself. This means
that, first of all, all the terms on the right that do not depend on all the n;’s have to cancel each other out:
we can just ignore counting those in the summations. Now we know this, we can comfortably go ahead and
simplify the expression in Eq. [72| by noticing that (if we set ng := 1 and n,41 := N for now)

olkini 1 _ gik;(n+1) — (e ikj)(nﬁl—nj—l) o nini-1
H elk nj_1 ' — H elkjnj_l Z elkjm
1 — eiky 1 — eiky ]
J:

m=0

ﬁ ( Ji—leikj(m-i‘njl)) — f[ ZJ exp [ikjmj]
j=1 \m

j=1 m=0 F=NG—1
= E E exp E kjm;
mi1=ni My =N
and similarly
" otking _ olkj(nj11+1) a2l o r
T oh = E e E exp |i E kjm;
j=1 my=1 Mp=np_1 Jj=1
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4 THE SQUARE ICE MODEL

If we substitute these product expressions into Eq. and we still impose that every term on the right has
to depend on all the k;n;’s, then the only term that survives in the product

T eik?j’rlj71 _ elkJ(nJ+l)

H 1 — elk;

=1

is the term we get when we choose to multiply all the ¢'%("i+1) with each other. Likewise, the only term
that survives in the product

T eiking _ gikj(nj4141)

H 1 — elks

j=1

is the term we get when we choose to multiply all the e*i" with each other. Eq. now becomes

T s

. 1 ro | N N
Eexp 1ijnj = Hm 14+ (—=1)"exp lj;kj exp 1;kjnj . (73)

j=1 j=1
This means that this would have an eigenvalue of

r

1 i, — 1 i,
j=1 j=1
where we used that the sum of all the k;’s is an integer multiple of 27, according to the same translational
argument made in the previous chapters. The following lemma is a citation from page 168 of [8], where I
inserted the referred equations myself.

Lemma 4.10 (Citation). For every set of numbers {ki,...,k.} satisfying
ekj —1 - ei(kj‘HW)

Vie{l,...,r} : F N = (=1)" H L’“ — T (75)
=1

and such that no k; = 0, we have a solution to the eigenvalue problem with an eigenvalue given by Eq. .
Proof. See {[8], pp 165-168} for the full proof. O

In a similar way as in the previous chapter, we can show that

eki — 1 — ellki+ki)
ekt — 1 — eilkj+k) -

e i, (76)

We can easily see that k; # 0 should hold, because otherwise the first factor of the right-hand side of the
eigenvalue equation (Eq. would diverge. Note that Lemma m gives us all the solutions (by counting
how many solutions it gives us), so every solution {k1, ..., k. } satisfies Eq. A closer look at this equation
lets us rewrite it as

Vief{l,...,r} + Nkj=—ar+2n(i—1) =Y o n (77)
1=1
by taking the logarithm. Note that
k; e R. (78)

We can now state the following minor result.

Lemma 4.11. The k;’s are symmetrically distributed, i.e.

V] € {1,...,7"} : kj = —k»,\,jJrl. (79)
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Proof. We can calculate

s T
N (kj + kV‘—j-l-l) = - Z [‘pkj,kz + ¢k7~—j+17klj| = - Z [‘pk]ykz + wkT7j+17k:T‘7l+l}
1= 1=
7'1 T '
= - Z [gpkj,kl + @khkj] = - Z [@kj,k?l - @kj,kljl = 0
=1 =1
where we used that g, r, = —@k, k,; from Eq. O

We will use this later.
This is the point at which we want to narrow down our discussion to only infinitely big systems, i.e. we
assume that M, N — oo. We do this because only in this limit is this problem solvable, and the physical
application of real water ice will have M N ~ 1023, so M, N ~ 10!, so this is the system we are the most
interested in.

4.3 Assuming a large system

From now on, we take the limit N — oo and then M — oo. In this large system, we have |{k}|,r, N — oo,
and therefore, we assume that the k’s act as if they form a density function p(k).

Definition 4.12. If there exists a density function of k, then we define it more accurately as

, 1
pk) = Jim_ m|{kje{k}|k§kj<k+ dk|} |, (80)

Ndk=C
where C € Ry <

We can now write Eq. [77] as

1 ‘ 1 «
k] = N [—7T’]"+ 277(] — 1)} — N Z@kjykl
=1

™

k.,
. ~ 1
LTI S
q=k1

b
. 1
Nojoo %(ijrfz)f/a o ke (B} | a <k < g+ dgl}

™

b
N(2j —r—2)- / ©k;.qr(q)dg,

where we used Definition [I.12]in the last step, and a,b € R are the boundaries of the integral that we will
figure out later. First, let us take the derivative to k; of the above equation, which we can do because we're
assuming a large system and a continuous set of {k}:

dz2j-r—-2) d [°
=N = _ _
dk, ak; /a iy 00(9)dg
S ) by
_ 02— 2)/Ndj / O .arld) 4
8] dk] a 81(1]
Ndk ), ok ¢
_ i 27 Ik dR) = (k) _/”%qﬂ@d
dk—0 N dk u ok; q
(ke bk} [l < g <bi+di}| ap o
= lim 2 _/ J>s dq,
dk—0 Ndk " Ok;
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and using Definition [4.12] we get

v 0or,,qp(q)
1 = 2mp(k;) 7/ %dq.
a J

But the k;’s are symmetrically distributed (Lemma [4.11]), so there exists a € R such that

Q dyp.
1 =2mp(k;) — / %p(q)dq. (81)
_Q 7

We notice that we include all the k;’s (i.e. ki,..., k) in our calculations (see the summation in Eq. , SO
we determine ) from

Ry _ v

Q
/_Qp(q)dq:;]Hkle{k}[—Q<kl<Q]}]:N IR (82)

Let us step back for a second now and remind ourselves what the goal of this calculation is, which is to find
the entropy of the square ice system. According to Theorem and Definition

S = kylog (Tr (AM)) = ky log ( > EM> , (83)

FEecoa

where o4 denotes the spectrum of A. As we are assuming a large system here, M — oo, so to find the
entropy, we need to find the eigenvalues of A with the biggest absolute value. From here, we want to make
a claim, which we will prove later.

Hypothesis 3. The eigenvalues of A that are greatest in absolute value lie in the subspace r = N/2.

Of course we will be careful not to use any facts based on this hypothesis to prove the hypothesis. We
assume that the hypothesis is true from this point on, and immediately, we find that the largest eigenvalue
is unique.

Lemma 4.13. There exists a unique eigenvalue En.x of A of which the absolute value is strictly bigger than
all other eigenvalues of A.

Proof. The r = N/2 subspace, which we will call Ay/, here, has no non-trivial invariant subspace, i.e. if A
works on a vector with r arrows pointing down, then the outcome will be a superposition of vectors with r
arrows pointing down. We already knew this. This means that the block r = N/2,i.e. Ay/2, is an irreducible
matrix. We also know that A is a reducible matrix. To summarize what we know: A is nonnegative and
reducible, A/, is nonnegative and irreducible and Tr (AN/Q) > 0 because the diagonal elements are all 2.
By Corollary 2.2.28 of [11], the matrix Ay s is primitiveﬂ because it is irreducible and its trace is positive.
Now denote the spectral radius of a matrix X by ps(X). Then, by Theorem 2.1.7 of [11], ps (An/2) is
greater in absolute value than any other eigenvalue, because Ay, is nonnegative and primitive. We call the
eigenvalue of Ay o that is biggest in absolute value Eyax, and because we assume Hypothesis 3} this proves
the lemma.

We recall that we wrote the entropy of our system as
S = M NElog(W),

so, looking at Eq. the following must hold:

1
log(W) = lim N log (Fmax) - (84)

N—oc0

6 A matrix X is primitive if and only if there exists an m € N such that X" is positive, i.e. X™ has only positive entries.
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But we have an expression for the eigenvalues E(r) as a function of r in Eq. so we can actually calculate
this:

1
Jim = log (E(r))

1 1 .
Jim ylos | | =g | 0+ 217)

r

1 1 .
lgnooNlog Hm —I—Nlog[l—i—(—l) l.

But, we can choose r to be even. In this large system this is not a problem: we are taking the limit N — oo,
so taking 7’ := 2r and N’ := 2N will not change the properties of our system, and ' will always be even.
Also, r is of the scale of N, so we can omit the second term. Furthermore, according to Lemma we can
order the k;’s such that we have

r 1 r/2 ) /2 : , ) 1
Hm_g(l—ei@)(l—e*iki) _jI;[1 m 31;[1 )
We are left with
1
i s (6100 = in S oe]1 |
_ . 1 < 1 ik, )2 ikj/2>
j:1
=l Zlogl2sm (k;/2)
=g i, 2 st 2)
B 2 Ngnoo Og Sln
=73 lenorzlog (2 - 2cos(ky)).
If we now make the same conversion to an integral form as we did earlier, we get
iy 57108 (P00 = =5 [ og 226080 ot )
NgnooN og (& - 9 o 0g cos (q) | p(q) dg.

Lieb (|8]) now suggests a coordinate transformation that we will use here as well. He sets

2
and defines o by
. ol 4 eiki
O e, (87)
such that
ik; _ el — e
M= o (88)
We see that

o (e etfi)(1 4 eminTiks) el +e ki 4 efi p o7t 2(cos(p) + cos(ky))
e = = .

= (1+eiu+ikj>(1+efmfikj) - |1+eiu+ikj‘2 - |1+eiu+ikj|2
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Like {[6] Eq. 9 and Eq. 10}, we will assume that
2
Assumption: Vj e {1,...,r} : —(m—p) <kj <m—p where p= 37 s in the above. (89)

Again, if we find all the solutions, then this assumption is justified.
We see that e* € R and e* > 0, so « € R and « runs from —oo to co.
Lieb (]8]) also suggests introducing a few functions.

Definition 4.14. Define the following functions.

R : R—R, R(a)da:=2mp(k;)dk;, (90)

£ : R=R, ¢a):= cosh((s)j;lwios(ﬂ)7 *

sin(2u) (92)

K : R>R, K(a):= 27 (cosh(a) — cos(2))”

With this transformation and these new functions, the integral equation Eq. becomes

——1R(B) dB.

_ Ak dkj _dN b
R(a) = 2mp(k;) + o Ok playde =30+ o . Oa

da da da

dk;  dk; dkj/Q Orsa (o Ak L1 Ao,

In Appendix it is shown that from Eq. [8§]it follows that
dk; sin(p)

‘dae — cosh(a) — cos(p)

However, to proceed from here, we will have to figure out an expression for ¢y, ;. With rewriting of Eq. @
similar to how we did it in the previous chapters, we get the following expression:

Yrq\  cos((k+q)/2] — 3 cos[(k—q)/2]
cot (£5) = Tsin [(k - ¢)/2] ' (93)

In Appendix it is shown that then

dp sin(2u) Op

88 cosh(a—fB) —cos(2u) o’

Thus, we get for R(«), keeping in mind that u = %7‘(’2

— Sin(ﬂ) [~ sin(2u)
R(a) = cosh(a) — cos(p) 2w / cosh(a — ) — cos(2p) R(B) dp (94)

/ K(a— B)R(B) ds.

Again, we remind ourselves of the fact that we want to know the entropy, so we want to know Fy,.x, SO we
want to solve Eq. which we can now rewrite in terms of « as

Nlinoo%log( - _7/ Og( 1+2c?;sh( )) R(a) da, (95)

as shown in Appendix[B:3] We can now prove that Hypothesis [3] was correct.

Lemma 4.15. The largest eigenvalue corresponds to an eigenvector with r = N/2.
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4 THE SQUARE ICE MODEL

Proof. Let us begin by mentioning that if » = N/2, then the integration limits in Eq. are from —oo to oo.
Thus, if 7 < N/2, then the integration domain can only get smaller.
We also know that

sin(y)
cosh(a) — cos(p)

dk;
R(a) = 27p(k;)—* = 2mp(k;) >0,

da
because sin(u) = £v/3 > 0 and cosh(a) — cos(u) > 3 > 0. Then, by the argumentation in ([7] 2.C, page 329)
and by Eq. (9b) in [7],

dR(a)
db

where (—b,b) is the integration domain over . Thus, if r # N/2, then the integration domain must be
smaller than (or equal to) (—o0, 00), and R(«) will be smaller than (or equal to) its value at » = N/2. This
means that log(E(r)) will be smaller than or equal to the log(E(r)) at r = N/2, and because the logarithm is
an increasing function, this means that the maximum eigenvalue E(r) will be of an eigenvector with r = N/2,
which was to be proven. O

>0,

Looking at Eq. we see that we want to know R(«), so we want to solve Eq. This can be done
using Fourier transformations, and the full proof of the following Lemma is shown in Appendix [B-4]

Lemma 4.16. The solution to Eq. [9 is given by

™

R(a) = m (96)

Proof. Please see Appendix [B-4] O

Now we can continue our calculation in Eq. using p = %7‘(:

1 1 [ 3 T
lim —log (E(r))=—— [ log(1— d
Ny log (B() = =2 oo Og( 1+2cosh(a)> 241 cosh (fa> )

2

o 3 1
LA A e da.
167 ) 8 ( 1+ 2cosh(a)) cosh (22) “

We see that we are dealing with cosh(3a/4) = f(e®/*), so we make the substitution z = e*/*

4dx/x = da, so we are left with

, which gives us

1 3 2
A}gnooﬁlog( ())777 0 lo (1 1—|—x4—|—x )x?’—l—x—?’dm

g
& -2 1 2
_ 3 (:E xt + > x e

0 4+x8+1 26 +1
3 o (22 —1)3 (22 +1)? x? d
= x
oo log x8—|—x4+1 6 +1
3 oS] 2
=5 1og[x+1 x—l(x+i)(x—i)]x6+ldx
8 4 a?
—I—E/_Oolog(x +z +1) xﬁ—i—ldx'

We want to employ complex analysis here, so we want to know the residues of the integrand. This is straight-
forward but a lot of effort, so we refer to Appendix for the full calculation of the integral. The result
derived there is

A}im %log (E(r)) = glog (3) . (97)

— 00
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4 THE SQUARE ICE MODEL

Now, according to Eq.

W= @)3/2 . (98)

If we evaluate this numerically, we get, to five significant figures,
W ~ 1.5396. (99)

This is in agreement with the measurements of Giauque and Ashley in Eq. but it is also in excellent
agreement with the estimation by Nagle provided in Eq. which reads W = 1.540 4+ 0.001.

We set out to find out what the entropy of our system was, and we found the answer. The entropy of our
system is given by Eq.

3 4
= —MNkl = .
S > ky og(3>

The overall method in this chapter is based on [§]: the theorems and lemmas are inspired by remarks in
this paper, while the proofs are my work.
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5 CONCLUSION

5 Conclusion

The goal of this thesis was to investigate two physical models and their corresponding main questions, and
use the Bethe Ansatz to answer these questions mathematically. We found that in both models, the Bethe
Ansatz turned out to not only give us a few solutions, but actually all of them. In the Heisenberg model
of spins, in the special case of only two spins down, we constructed the Bethe Ansatz quite intuitively, and
we were able to set up equations that were solvable numerically. The generalization to more spins down was
a logical step from there, one which we could not have guessed if we did not already do the special case
first. We showed that all wave functions are of the form of the Bethe Ansatz. Unfortunately, we were not
able to calculate any exact solutions for a general number of spins down. However, in principle we got the
eigenfunctions of the Hamiltonian H, and thus its eigenvalues, and with that we also got the eigenvalues of
any operator that is a conserved quantity.

In the Square Ice model, we found an equation for the eigenvalues of the M-th power of our transfer matrix,
and it looked a lot like the eigenvalue equation of our Hamiltonian in the Heisenberg model. Naturally, we
used the Bethe Ansatz again, and we found that indeed all configurations of ice can be written in this form.
We were even able to calculate exact solutions if we let the size of our lattice go to infinity. This was a
reasonably good approximation, as most physical systems we are concerned about consist of around 1023
atoms, which corresponds to 10?3 lattice sites in our model, which makes the length and width of our lattice
about 10! vertices.

In short, using the Bethe Ansatz, we were able to calculate the energy of a Heisenberg spin chain, and the
entropy of Square Ice. We found an exact solution for the latter, given an infinitely big system. Clearly, the
Bethe Ansatz is very useful indeed in different fields of physics and mathematics, and seemingly different
systems with different problems can sometimes be solved in a very similar way.
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A PROOFS REGARDING THE HEISENBERG SPIN CHAIN MODEL

Appendices

A Proofs regarding the Heisenberg spin chain model

A.1 Proving |A| = |B|
We prove that

A 2¢if1 — 1 — ellkithz)
B| T | 2tk — 1 — eilkitka) | L
Proof. This is just a matter of smartly rewriting things:
; . cky— .k . ki+k cky—k
2¢tk1 — 1 — ellkitkz) 2T R _ iR _ it e~ — cos (Fthe)
2eih> — 1 — eilhatha) 267ik1;k2 — eiikﬁz—k2 — eiklgh B eiiklng — COS (kl—gh)
ki—ko\ _ k1+ko E k1—ko
_ cos( 5 ) cos( 3 )—I—lsm( ) )
- _ki—ko\ _ ki+tko i [ ki—=ka\ "
cos( 3 ) cos( 3 )+1s1n( 3 )
This means for the norm that
) . 2 _ 2 . _
ik i(k1+k ki—ka\ _ ki1+ko 2 (ki—ko
2t 1 - ko feos (B542) — cos ()] 4 snd ()
%eiks — 1 — gi(ki+kz) _ki—kg) _ kitka\12 | @02 (_ ki—ko ’
[cos (—#15%2) — cos (15%2)]" + sin® (—1572)
which proves that ‘%’ =1. O

A.2 Proving the relation for ¢

If we write A = €'/2 and B = e~1%/2 then we want to know how ¢ depends on k; and ky;. We determine
this dependence in the following, using A = 2ei%1 — 1 — el(k1th2) and B = — (2€ik2 —-1- ei(’“””)). We can
choose A and B like this, because now |A| = |B|, and the overall phase angle of A and B does not matter,
because it does not change the physics of our problem. We calculate

ik

— elk2

eiv/2 _ o—ip/2 T '"a_p_ * eik1 f giks — 1 — gi(kitks)
. eik1/2 + e*ikl/Q eik2/2 + 67ik2/2 B . kl ) k2
=1 6ik1/2 _ e—ik2/2 - eik2/2 — e—ikg/Q = CO 3 — CO ? .

A.3 Energy of r = 2 case with neighbouring spins down

ip/2 —ip/2 A+ B
2c0t (£) =2i © e i o i c

We restate Eq. writing the coefficients in the form of the Bethe Ansatz, and derive the energy of the
r = 2 case with the two spins down neighbouring each other.

E(E — By (Aei((k1+k2)7z+k2) n Bei((k1+k2)7L+k1))
J
—9 (Aei((k1+k2)n+k2) + Bei((k1+k2)n+k1)) _A (e—ikl + eik2) cl((k1tk2)ntks) _ p (e_ik2 + eikl) oi((k1tkz)n-+ky)
2 A . A : A . . . . . .
— j(E _ EO) <Belk2 +61k1> -9 <Belk2 4 Elkl) _ E (eflkl +61k2) 61k2 _ (eflk‘g + elkl) elk‘l'

A _ 2R _1_ci(k1tka)
We recall now that 5 = — SR R TR

in terms of Fy, J, k1 and k.

so we will substitute this into our equation so we can express F

92 2€ik1 —1— ei(k1+k2) & "
—_ E — E — 1R2 1K1
J( o) ( 2eiks — 1 — eilki+ha) ¢ )

2€ik1 _1— ei(k1+k2) ik e 2eik1 _1— ei(k1+k2)
_2eik2 —1-= ei(kl-'rk}z) € te 2eik}2 —1-= ei(kl-'rkg)

(e—ik'l + eik,Q) eik’g _ (e—ik,Q _|_ eikl) eik‘,l
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A PROOFS REGARDING THE HEISENBERG SPIN CHAIN MODEL

Multiplying both sides with B now yields
2
J

—4 (eik2 1 ei(kit2hy) ik ei(2k1+k2)) 4 eilbi=ha) _ gilka—h1) 4 oo 2iky _ oo 2iks _  i(kat3ka) | oi(kat3ki)

(E - Ey) (eik2 1 eilkit2ka) _ ik _ ei(2k1+k2))

(e7ilntha) 4oy eilkitha)) (k1 _ o2ikz)
(1 + 6i(k1+k2)) (6ik1 _ eikg)

2
(:>j(E—EO):4—

Now we mention that a? — b*> = (a + b)(a — b), so we can divide some things out:

(efi(kﬁkz) + 2+ei(k1+k2)) (eikl + eikg)
1 + ei(kitkz)
(eilkatha)/2 e—i(k1+k2>/z)2 (eikr + eibz)
(ei(k1+k2)/2 + 671(k1+k2)/2) eilk1+kz2)/2

2
S(E—Ey) —4—
J( 0)

—4_ (ei(k1+k2)/2 +e—i(k1+k2)/2) (eikr 4 ¢ik2) gmilhitha)/2
=4 — (2cos(ky) + 2cos(kz)) .

We get for the energy of the system with neighbouring spins down for r = 2:
2
E—Ey=JY_[1-cos(k;)]. (100)
j=1

A.4 Proving the partial derivatives of ¢

We can write the relation for ¢ as follows:

o = 2arceot <; [cot (1“21) — cot <’;2>D . (101)

A few derivatives that are handy to know are:

d arccot(z) 1 d cot(x)

dx T 14220 dx ~sin?(z)

We compute, for ki, ks € R — 2nZ:

7 = - S
O 1+(% [COt (%1) — cot (%)])2 2 sin2(%1> 2
_1 : L >0

21+ (4 [eot (B1) — cot (k2)])sin® (&) ~
9 _ 1 1 ) L
Oz 21+ (5 [cot (%1) — cot (%2)])2 sin? (%) :

45



B PROOFS REGARDING THE SQUARE ICE MODEL

B Proofs regarding the Square Ice model

sin(p)

B.1 Proving % = o) —cos(h)

We write k; = k and we calculate, using Eq.

ik =
dk dk de'™ de® .e” elfz—1
= Ty T =1l
do  dei* de* da etk dx o
& (eiuea _ 1) + (eiu _ ea) eiu
=1—
elk (eiuea _ 1)2

(ei“e"‘ — 1) (—1 + 62”‘)
(et — e) (e2ir — 2eite™ 4 1)

Dividing both the numerator and the denominator by el*e® gives us

dk . —1 + e f eTlnema _ gitema
da L e2r _ 2eine—a + e 20 _gelupga 19 — g-ing—a
[71 + et 4 Tl ei“e’o‘] [ea Fe ¥ — ek — e*i”] sin (u)
- [€2ir — 2elne—a 4 e—20 — gl + 2 — e~ie—2] [eit — e~ 1] cosh(a) — cos (i)
sin (u)

cosh(a) — cos (p)

Opr kja sin(2u)
08  cosh(a—pB)—cos(2u)

We will write k; = k, and we will first rewrite ¢y 4 to a nice form before we take the derivative.

B.2 Proving

Lemma B.1. We can rewrite ¢y, 4 as

Yk,q = 2arctan [cot(u) tanh (6 ; a)] .

Proof. We start with Eq. and, using u = <F, we see that

—cos(u) sin [(k — g)/2] ]
[cos [k + /2] + cos() [(k — 0)/2]

Pk,q = 2arctan

= 2arctan sin [(q — )/2]
| cos [(q = k)/2] + oy cos [(k +q) /2]
) _1 elq — et ik
= 2arctan | - — : -
_Z elq + eik + I;i-oz(ki)q
- el (et — elkt) 4 elF (glb _ —in
= 2arctan cos() . ( . ‘ ) . ( | ) -
sm(,U) eiq ( —ip 4 elﬂ) =+ eik (61” i 6_1#) 9T oo
1—0—6‘“ ik ‘/-b_,'_elq _1
= 2arctan COS(M) elr ek 1teikeld
ineik el ig
Sln(u) ltte—:eelk 1e+#etieellq +1

Now we can use Eq. [87] to calculate

[cos(u) e~ — 1
| sin(p) e=ef 41

= 2arctan |cot(u) tanh <ﬂ ; aﬂ ,

Pk,q = 2arctan

which proofs the lemma.
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B PROOFS REGARDING THE SQUARE ICE MODEL

Lemma B.2. The derivative 6%’2” s given by
Ierjq _ sin(2/)
9B cosh(a— B) —cos(2u)’

Proof. Using the result from the previous lemma, we can calculate

a‘g’g’q 2% <arctan {COt(”) tanh (6 ; OZ)})

2sin(p) cos(p)
2 1.2 ( f—a s 2 2 (-«
2 cos? () sinh (T) + 2sin“(u) cosh (T)

But
sinh?(z) = cosh(22:1c) - 1’
cosh?(z) = cosh(22x) + 17
2sin(x) cos(x) = sin(2x),
sin?(z) — cos®(x) = — cos(2z),
S0
asakjvq — Sln(2l‘l’)
o cos?(p) (cosh(B — a) — 1) + sin® () (cosh (B — a) + 1)
B sin(2p)
~ cosh(a — f8) — cos(2u)’
which was to be proven. O

B.3 Rewriting A}im < log (E(r))
—00

We can rewrite Eq. With the transformation of Eq. as follows. We will use the definition of R (Eq.
and p = 27/3 in the derivation.

Q Q . )
§§g;k%((D=—;/?k%@—2wﬂwwwﬁm=—;/ng@—@W+eWﬂmwdq

—e® elhta 1
:77/ log( ( e 1T ST >)R(a)da

1 ip + —ip +1 QL ema) 4 i + —ip
= log ( ‘ ) (67. ) — (e ") R(a) da
A4r et + e~ — (e e~ )

Now we see that the value of u fixes el + e~ = —1 to get

1 3
th Nlog( 77—/ log( T+ 2cosh(a ))R(a) da,

which is how it is rewritten in Eq.

B.4 Proof of Lemma [4.16]
B.4.1 Expressions for integrals

In the proof of the Lemma, we will need to calculate two integrals explicitly, to know

o eiﬂ’y
lmmmwwmmw’ (102)
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[e%s) ewB
—dy. 1
/_Oo cosh(7) i (103)

We will calculate these integrals in this section. Hereafter, in Section we will prove Lemma [£.16]
using these integrals. To calculate these integrals, we need the Residue Theorem, which we state here after
introducing some terminology.

Definition B.3. Let f : C — C have a Laurent expansion at zy:
f(z) = an(z—20)"
— 00

The residue of f at z; is the coeflicient a_; and we notate it by Res,, f =a_;. N

Theorem B.4 (Residue Theorem). Let U be an open subset of C, v a closed path in U that is homologous
to a point in U, and let f be an analytic function on U except at n € N points b; (j € {1,...,n}) in
U — Image(vy). Then ([14)], p. 112)

/ f= 27riiResbj f. (104)
Y j=1

Obviously, for g € C and at |3] — oo, the integrand in Eq. goes to zero exponentially in the upper
half-plane, so we can integrate along the upper half-plane. We need to calculate the residues, and we can do
this by using Cauchy’s Integral formula ([14], p. 84):

Resy() = 5 [ £(2)dz, (105)

where v denotes any closed path that goes around the pole b, and only b, exactly once. In our case, the poles
are, for n € N, at 8 = ip + 2win, so if we write C(z,r) as the circle with centre z € C and radius r € R, then
we have:

Resﬁ:iMJrQﬂ’in (

el ) 1 el q
cosh(B) —cos(n) )~ 2 Joipamin.e) cosh(B) — cos(u)

1 2m giei()ef(;ﬁ»Qﬂ'n)fH»iscie'y
= / de
0

" 27 cosh(ip + g€i?) — cos(u)

6ie—(u+27rn)’y eiOGiEeie’y

2
. . de
27i /0 sinh(ip) sinh(ge?) + cosh(iu) cosh(gei?) — cos(u)

Now we let ¢ — 0, and we have

el e HYg—2mny
Resg=iyu+anin (cosh(ﬁ) — cos(u)) - isin(p)
We also have poles at § = —iu + 27in for n € N — {0}, and their residues can be calculated in a similar
manner, from which we get
elBy e(n—2m)yo—2mny
Respg=—ip+2rit+2rin (cosh(ﬂ) — cos(u)) = W

Now we note that the integrand is analytic outside its poles, so we can calculate the integral using the Residue
Theorem (Theorem [B.4)) as follows:

/OC elBy 45 = el
—o0 CObh(/B) - COS(M) upper half-plane COSh(ﬁ) - COS(/’[’)

- o IR et R elBY
- nz:% 1 esﬁ:i(u+27rn) COSh(ﬁ) — COS(/L) + €S B=—ip+2rin+27in COSh(ﬁ) — COS(‘LL)
LTI Sy e 1 on sinhtr—

sin(p) sin(p) 1 —e 2™  sin(u) sinh(7my)

n=0
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Now let us have a look at the second integral.

PN d o Gip d
/. cosh() 7 7 /. cos(in)
We see, from the fact that g > 0, that this time, we also integrate along the upper half-plane, because the

integrand goes to zero there as |y| — oo. Clearly, the poles are at iy = —w/2 — 7n The residue of the
integrand at a pole is again given by Eq.

el"h 1 "B
ReSW:,ﬂ/Q,ﬂn — 0 | = lim 7/ " d
cos(iy) €20 211 Jeip,e) cos(i1y)

1 27 5:ieit9ef(71'/2+7rnfisei6)ﬂ
= lim —/

e=0 271 Jg_q cos [7/2 4+ mn — icel?)
Ee—ﬂ'ﬁ/2 2w elfg—mnh
= lim / - —
e=0 27 o—o sin(w/2 + mn) sin(icel?)

(71)nef7rﬁ/2ef7rn6

i

Again, the conditions of Theorem are met, and we can calculate the integral from Eq.

> ehh el7? = e’
—  _dy= / dy = 27i ReSi—_n/2_nn ()
/—oo COSh(’Y) upper half-plane COSh(’Y) Z ! / COS(IP}/)

n=0
00 oo 00
— 271'677‘—6/2 Z(_l)nefwnﬁ — 27T677rﬁ/2 lz 6727rnﬁ _ Z eQﬂ'n,BTrﬂ]
n=0 n=0 n=0

errﬁ/Q_e—ﬂ'ﬁ/Q T
=27 = .
e™B —e=7h cosh(m(3/2)

To summarize, we calculated the following integrals, which we will use in the next section:

e’} iBy 2 inh —
/ € d = — 7T Sin [(71' /J“)fY]) (106)
—oo Cosh(B) — cos(p) sin(u)  sinh(7y)
< elp ™
dvy = . 107
/,Oo cosh(y) i cosh(wf3/2) (107)
B.4.2 Proof of the Lemma
We prove that the solution to Eq. [94]is given by
Rla)= — . (108)

2 cosh <%)
Proof. We note that for y = 27/3 (which is the case we are interested in),
1

so from Eq. [04] it follows that

R(a) = &(a) — (R + K)(a) = {(a) + %(R *&)(a),

where * is the convolution product. Let us now define a Fourier transformation.
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Definition B.5. We define the Fourier transform f of a smooth function f as

) /0; flz)e ?™* da.

Note that the inverse Fourier transform f of f is now given by
0 ~ .
0= [ Feema,
—o0

The Fourier transformation of a convolution product is (|4])

axb=a-b,

where the - indicates the regular multiplication of one-dimensional functions. We use this fact to our advantage
by Fourier transforming our equation, to get

N ~ 1 - o
R(y) = £(7) + 5 R(1)E0)
- £0)
<~ R(y) = . 5( y
Thus, to figure out R, we have to figure out é . We can calculate, using Eq.

R ) 0o e—27ri[3’y

5m:mwﬁmemeﬁﬁ

AN o0 elBY _sinh [(m—p)y] T

=< (27r> = sin(p) /_Oo cosh(f) — cos(p) df = 2m sinh(7) ~ cosh(uy) + %’

where we have used p = 27/3 to get the last equality. We can now calculate R:

A <27’:) T —125()2;) - coshﬂ(m)

- ™
= R(y) = ———.
) cosh (27 py)
The last step is to inverse Fourier transform this equation and evaluating the resulting integral using Eq.
107
eQﬂ'ia'yﬂ.
R 271'1(17 dy = d
/ 7= / cosh(2mpy) K
oo oiv(a/p)
) S e )
COS . TQ
K —oo v 2u cosh (ﬁ)
which proves the lemma. O

B.5 Calculation of the integral lim ~ log (E(r))
—00

The integral we will calculate is restated, with z substituted for x because we want to make clear we are
working in the complex plane:

3 —2/0010g[(z+i)(z—i)]szz—/oolog[(z—i—l)Q(z—l)Q] Z dz+/ log (2* + 2" +1) & ———dz
4 2541 6+1 o 26+1

— 00 — 00

We will start with the right-most term.
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B PROOFS REGARDING THE SQUARE ICE MODEL

B.5.1 Looking at ffooo log (2% + 2% +1) Zezil dz

We notice that
log (1+ 2* + 2*) = log (z _ eiﬂ'/ﬁ) +log (z B eiTr/3) +log (z B ezm/s) +log (z B esm/s)

+ log (z - 6751#/6) + log (z - 6721#/3) + log (z - eii”/?’) + log (z — efi”/ﬁ) , (109)

where all the terms are of the form log (z — zp) with zyp € C—R. Thus, first we will take a look at this general
form. The integral we want to calculate is

oo e8] Z2
LOO f(z)dz = [m log(z — zo)m dz.

We want to do this with closed integral curves over the half-plane in the complex plane, but we want to avoid
the singularity of the logarithm. This means that depending on if the imaginary part of zy, which we denote
with $(zp), is positive or negative, we choose the lower or the upper half-plane, respectively.

If $(z9) > 0, then we integrate over the lower half-plane. We are looking for the residues of 1/(z5 + 1),
so we write it out:

S +1= (z - ei”/6> (z —1) (z - esi”/6> (z - 6_51”/6) (z+1) (z — e_i”/ﬁ) . (110)

Now we want to employ the Residue Theorem (Theorem [B.4) again. Let C. denote the path that goes along
the upper half-plane and C. the one along the lower half-plane but in opposite direction as to conform to
the direction of integration over the real axis, with radius R. We want to let R — oo, and indeed, if |z| = R,

then Rlim 2nRf(z) = 0. This means that
— 00
[1=] s
C —o0

We use the Residue Theorem but we want to avoid including the logarithmic singularity in our contour, so
depending on if the imaginary part of zg, written S (2g), is positive or negative, we integrate over C< or over
C., respectively, and we calculate

f = —2wi[Res,—ir/e f + Res_if + Res,—six/6 f]

C<
o e—iﬂ'/3 log (e—iTr/G _ ZO)
= G ) @) (o)
n —1log (—i — 20)
(=i — ein/6) (—2i) (—e3m/6 i) (e-in/6) (e~5i/6)
. | eiﬂ'/3.log (e—5i7r/6 _ Zo)
(26—517r/6) (6—517r/6 _ 1) (_1) (65177/6> (_\/g)

™

3 [log (2§ +izo — 1) — log (—i — 20)] .

Similarly, if $(z9) < 0, then we integrate along the upper half-plane, and we get

=

C>

[log (2§ — iz — 1) — log (i — 20)] - (111)

w| 3
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We now look at Eq. again and we calculate
00 2 1 1
/_Oolog(z + 1) Fde= g [log(\/g—l) + log <2 (V3+1) -3 (\/§+3))

+log (—; (V3+1) - % (\/§+3)> +log (-iv3—1)
— log (—i — ei”/fj) — log (—i — eem/s) — log (—i — 621”/?’)
(

— log —1—65”‘/6)+1g(\/§—1)

(5(v3+1) -5 (va+9))
+10g<—;(\/§+1>—2(\/§+3)>+log(—i 5-1)
—log (i— e_si”/ﬁ) — log (i — 6_2“‘/3)

—log (i — e_i”/3> — log (i — e_i”/G)]
277 1 8
—lo
3 2\3
Next, we will do the left-most term, with the purely imaginary singularities.

B.5.2 Looking at f log[(z 4+1)(z —1)] =& 6+1 dz

We can use the same equations for fc< and fc> as before, so we calculate

/Z log [(z +1)(z —1)] ZGZ+ 1 dz = g [log(—3) — log(—2i) + log(—3) — log(2i)] = 2% log (;) .

Now let us look at the remaining term.

B.5.3 Looking at ffooo log [(z 4+ 1)%(z — 1)?] %dz

We can rewrite this, writing the real part of z € C as R(z2), as

oo 2 0 22
/ log [(z+1)%(z — 1)?] 6+1d272/ 10g|(z+l)(271)|267+1dz

:251%(/Oolog(z+1) s dz+/oolog(z—1) G dz>

Here, we cannot use our previous contour along the upper half-plane, because the singularities are on the
real axis. We can use the contour ¢ shown in Figure

The part of the integral along AL can be computed as follows, for f(z) = log(z £ 1)-£

lg%)/A f(2) dz

The part of the integral along |z| = R also goes to zero as R — 00, as we have seen before. Thus,

/ Z fedz= [ 1

6+1

hr%elog( )’ =0

hm f(sel“” + 1)ie'?e dcp‘
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Figure 3: The contour ¢ along which we calculate the integral of Section m The red markings indicate
the radii of the half circles.

But we have the same singularities from 2%+ 1 in ¢ as in our previous upper half-plane contour C! This
means that we can use Eq. again, and we calculate

22&(2/ log(2 4 1) 5 )2%(2/1%211 )2%<Z/C>logz:|:1 +d)

= 2R (Z g llog(1Fi—1)—logiF 1)]) = 2 0g(2).

3
+7_

B.5.4 Calculation of the whole integral
We can now calculate the whole integral by using the results from the previous sections.
2 52

% [—2/oo log [ (= i)(z—i)]ZGZinz—/oo log [(z—l—l)%z—l)ﬂ%ﬂdz—i—/_oolog (B +2'+1) ——de

—00 — 0 6+1

+
3 4dn 3 2m 2m 8 3 4
= [—31 og (2> + ?log@) + glog (3)} = ilog (3) :
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