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Abstract

We present here various techniques to work with clean and disordered quantum Ising
chains, for the benefit of students and non-experts. Starting from the Jordan-Wigner
transformation, which maps spin-1/2 systems into fermionic ones, we review some of
the basic approaches to deal with the superconducting correlations that naturally emerge
in this context. In particular, we analyze the form of the ground state and excitations of
the model, relating them to the symmetry-breaking physics, and illustrate aspects con-
nected to calculating dynamical quantities, thermal averages, correlation functions, and
entanglement entropy. A few problems provide simple applications of the techniques.
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1 Introduction

The quantum many-body problem is notoriously difficult [1, 2]. Recent times have seen
tremendous development in our experimental abilities in dealing with well-controlled quan-
tum systems, in different platforms, from superconducting qubits used in quantum informa-
tion processing [3-6] to quantum simulators, for instance with trapped ions [7] or ultracold
atoms [8-10].

These experimental advances call for a parallel theoretical understanding of equilibrium,
both at zero and finite temperatures, and out-of-equilibrium properties of systems of interact-
ing spins. While few exactly solvable models are known [11], many numerical techniques have
been developed in the last decades, ranging from quantum Monte Carlo [12] to density matrix
renormalization group [13, 14], matrix product states [15] and tensor networks [16,17].

An extremely rich class of models is given by Ising models with long-range interactions, di-
rectly relevant to many experimental platforms, like trapped ions [ 7], and Rydberg atoms [18].
For Rydberg atoms [18], the relevant Hamiltonian, when written in terms of spin-1/2 (Pauli)
operators 6;" (with @ = x, y,z and j a site-index) has the form:'

H=>J;6%6%+ Yy (hi6F +hi6%), ®)
i<j i

where the couplings J;; — in principle long-ranged — can be tuned, for instance, by varying
the distance between Rydberg atoms.
What we are going to study in these lecture notes is the much simpler case of an XY/Ising

IThis is based on the identification, at each site i, of the atomic ground |g;) and Rydberg excited state |r;) with
the spin-1/2 eigenstates of &% = |g;){(g;| — [r;}(r;], | 1) and |l), respectively, with &7 = |r;){g;| + g;) (r;|. In terms
of the projector on the Rydberg state #; = |r;){r;], a standard expression for H is:

ﬁzzgaf_ZhAiﬁj+ZVuﬁiﬁj’ W
i t <

where Q; is the Rabi frequency driving, A; the detuning, and V;; the interaction between Rydberg states at different
sites [18]. By writing fi; = (1 —&7)/2, the spin representation in Eq. (2) follows directly.


https://scipost.org
https://scipost.org/SciPostPhysLectNotes.82

SCIl SciPost Phys. Lect. Notes 82 (2024)

spin chain with nearest-neighbour interactions in a transverse field:

:—Z(JXAXA;(H ]+1) Zhl Oj» ®)

where L is the length of the chain, and we will allow for arbitrary nearest-neighbour couplings
Jxly

in the x and y direction in spin space, and arbitrary transverse fields h;.

Interestingly, the quantum Ising chain with nearest-neighbour i 1nteract10ns is closely related
to topological superconductivity, as the model is unitarily equivalent to the quadratic fermionic
Hamiltonian of a p-wave superconducting chain (see Sec. 3), that displays a topological phase
where zero-energy boundary Majorana modes appear [19].2 The p-wave superconducting
model, also known as the Kitaev chain, has been the center of a lot of research in topological
superconductivity, see Refs. [20-22] for a review.

The quantum Ising chain problem is an ideal playground for testing many of the ideas of
statistical mechanics, including recent non-equilibrium physics. As such, it is a standard test
case in much of the recent literature. It has been used for studying the effect of quantum
quenches in integrable systems [23-33], Kibble-Zurek scaling of excitations [34-37], dynam-
ical quantum phase transitions [38,39], dynamics of periodically driven systems [36,40-44],
entanglement transitions [45-55], work statistics [56-59], and time crystals [60,61], just to
give some examples. A recent book on the subject, Ref. [62], can be used as a source for some
more literature.

These notes are intended for students willing to begin working with quantum Ising chains.
They can be also useful as a practical guide to researchers entering the field. We, unfortunately,
do no justice to the immense literature where concepts and techniques were first introduced
or derived, and even less so to the many papers where physical applications are presented. We
apologize in advance for that with authors whose work is not duly cited. However, most of the
topics include detailed derivations which should make these notes reasonably self-standing.

The level of our presentation is roughly appropriate for graduate students, but master
students should also be able to follow most of the developments, provided they acquire the
necessary pre-requisites: second quantization [1] to deal with bosons and fermions, and basic
knowledge of quantum mechanics of the spin-1/2 [63].

More in detail, we will discuss how to map, through the Jordan-Wigner transformation,
the XY/Ising spin chain in Eq. 3 into a quadratic spinless fermion model:

L L
H==>(Ur+JNele, +Ur—aelel, +He)+ D hy2h,—1), @
j=1

j=1

where ¢/ creates a spinless fermion at site j, and H.c. means Hermitian conjugate. This Hamil-
tonian, with a few details on the boundary conditions which we will discuss at length, coincides
with the celebrated Kitaev chain model [19] for p-wave superconductors, supporting Majorana
modes at the boundaries of an open chain.

Following that, we will show how essentially any static and dynamic property of the model
can be determined. In particular, finding the 2° eigenvalues (including multiplicities) and asso-
ciated eigenvectors of H amounts to diagonalising a 2L x 2L matrix H containing the couplings,
a massive simplification which allows dealing with very large chain lengths, L ~ 1000, with
moderate numerical effort. With comparable efforts, one can calculate thermal properties,
spin-spin correlation functions, and the entanglement entropy. Moreover, an explicit time-
dependence of the Hamiltonian parameters can be dealt with quite easily by integrating over
time a system of 2L differential equations, the so-called Bogoliubov-de Gennes equations.

2This phase corresponds to the symmetry-breaking phase of the quantum Ising chain, as we will better clarify
in Sec. 4, and 7.2.
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Here is an outline of the material presented. We start, in Sec. 2, from the Jordan-Wigner
transformation, which allows mapping the spin-chain Hamiltonian in Eq. (3) into the spinless
fermion Hamiltonian in Eq. (4), as detailed in Sec. 3. Next, Sec. 4 treats the case of an ordered
Ising chain with periodic boundary conditions, where a simple analytical reduction to an as-
sembly of 2 x 2 problems is possible. In Sec. 6 we discuss the Nambu formalism for dealing
with the quadratic fermionic Hamiltonian in the general disordered case. Section 7 shows how
to diagonalize the spinless fermion Hamiltonian in the general disordered case, while in Sec. 8
we derive the Bogoliubov-de Gennes equations which encode the unitary Schrédinger dynam-
ics for the case of a time-dependent Hamiltonian. Sections 9 and 10 contain the technicalities
related to the calculation of correlation functions involving Jordan-Wigner string operators
and the entanglement entropy, while in Sec. 11 we show how to calculate thermal averages.
Finally, in Appendix A we show how to calculate the overlap between different Fock states for
two different Ising Hamiltonians.

A word on the notation. We will try to be consistent with a notation in which quantum
mechanical operators acting in the full Hilbert space, 2! dimensional for a system of L spins,
are denoted with a hat, such as H for the Hamiltonian or U for a unitary operator. Matrices
(and vectors) are denoted in boldface, such as U, if they refer to L x L (or 2 x 2) block matrices,
or as U or H, if they refer to 2L x 2L matrices. Here is a table where the main symbols are
explained.

“;?‘ Pauli matrices (a = x, y,2) at site j

6; Creation operator for a spinless fermion at site j

A']z Creation operator for a spinless fermion with wave-vector k

}A/L Creation operator for a Bogoliubov fermion

H The Hamiltonian operator
I/-\Ipzo,l The parity even/odd projection (for p =0/1) of the fermionic Hamiltonian
H,_o1 | The fermionic Hamiltonian with ABC/PBC (for p =0/1)

\/I\/k The two-component Nambu fermion operator with wave-vector k

H, The 2 x 2 Hamiltonian block with wave-vector k

Ry The 3-dimensional effective magnetic field with wave-vector k

U, The 2 x 2 unitary matrix with eigenvectors of H; with wave-vector k
7 The 2L-dimensional Nambu fermion operator composed of ¢ ; and 6;
) The 2L-dimensional Nambu fermion operator composed of y " and )A/L
H The 2L x 2L Hamiltonian matrix in the Nambu formalism

U The 2L x 2L unitary matrix with eigenvectors of H

U,V | L x L blocks of the unitary matrix U

2 Jordan-Wigner transformation

For systems of bosons and fermions, a large assembly of many-body techniques has been devel-
oped [1]. In particular, while the full Hilbert space for particles on lattices with L sites is expo-
nentially large in L, models which are quadratic in the fermion or bosons creation/destruction
operators are “solvable”, as they reduce to solving a single-particle problem [1]. Spin systems,
on the contrary, are neither bosons nor fermions. Their full Hilbert space is also exponentially
large — 2! for spin-1/2 on a lattice with L sites — but the equivalent of a “solvable quadratic”
problem is lacking: even the simplest spin-spin interactions make the Hamiltonian essentially
unsolvable, in general.
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Consider, to start with, a single spin-1/2, and the three components of the spin operators
represented in terms of the usual Pauli matrices® &% with a = x, y,z. The Hilbert space of a
single spin is two-dimensional: for instance, you can write a basis as {|), ||)}, in terms of the
eigenstates of 6%, with 6%|T) = |1) and 6*|]) = —||). Moreover, if 6;?‘ denote Pauli matrices at
different lattice sites j, hence acting on “different” (distinguishable) two-dimensional Hilbert
spaces, then

[62,64]=0,  for j#j. )

But on the same site, the angular momentum commutation rules lead to
Ax AV __ oraz
|:O'j,0'j:|—210'j, (6)
and cyclic permutations [63]. Interestingly, by defining the raising and lowering operators
6;'E = (é';.‘ :I:i(“j?')/z which act on the basis states as §|]) = |1) and 67|1) = ||}, you can verify
that
At A=) _

{O'j,O'j}—l, (7)
where {A,f?} = AB + BA denotes the anti-commutator, typical of the canonical anti-
commutation rules for fermions [1].

Using bosons to describe spins would seem impossible. First of all, if we have a single boson
b with associated vacuum state |0), such that b |0) = 0, then, using the canonical bosonic
commutation rules [i), IA)r] = 1 you can construct an infinite dimensional Hilbert space [1]
with states 1

In) = —(bN"|0), where n=0,1,---00.
Vn!

However, if we decide to truncate such a Hilbert space to only two states, {|0),|1)}, assuming
(b")?|0) = 0, then the Hilbert space of a single spin-1/2 can be easily mimicked. Such a
truncation, which can be thought of as adding a large — ideally “infinite” — on-site repulsion
term to the boson Hamiltonian, is known as hard-core boson. We transform the Pauli spin-
1/2 operators 63?‘ (with @ = x,y,2, and j a generic site index) into hard-core bosons b]'f, by

identifying* at each site |0) « |1) and |1) = b|0) < ||). Recalling that 6* = (6* £ i67)/2
actas 67||) =11), and 67|1) = ||), we must have:

2 T
crj—b]., oj—bj+bj,

N AY RT3

6, =b;, = 67 =i(b;—=b;), (8)
AZ __ 1 _oihT1 Az __1__ohii

6;=1 2bjbj ;=1 2bjbj.

These operators E]' commute at different sites — as the original 6}" do — but are not ordinary
bosonic operators. They anti-commute on the same site® {i)j, i)j} = 1 and they verify the

hard-core constraint (b;)ZIO) =0, i.e., at most one boson is allowed on each site.

0 1 0 —i 1 O
AX __ Ay AZ
w=(10) o=V 7) (o h)

which verify [6*, 5] = 2i6*. The physical spin operators have an extra factor f/2.
“This identification is not unique, as you can swap the two states.
5Since on the same site {c"r;.r, c“rj’} = 1, this implies that {bj, bl‘} = 1, while ordinary bosons would have the

3Recall that

commutator [b s IB;] =1.
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Figure 1: Top: An L = 6 site spin configuration. Bottom: The corresponding particle
configuration.

Info: The hard-core boson mapping might be viewed as a way of rewriting spin-1/2 mod-
els in a rather general setting. For instance, if you have a Heisenberg model for spin-1/2
sitting on a lattice, whose sites are denoted by j and with nearest-neighbour pairs denoted
by (j,j’) we could write, defining 7 A= b b

T _J ’\ZAZ + A — /\— + 1 1 A-i-/\ 271

HHeis_ZZ( +2(O- /+ J ]/))—)JZ( /_§)+§(b],b]+b]b],)).
(.J") (.J")

The second expression shows that we are dealing with hard-core bosons hopping on the

lattice and repelling each other at nearest-neighbors. Needless to say, this helps in no way
in solving the problem.

The hard-core constraint seems to be ideally representable in terms of spinless fermions
6;‘, where the absence of double occupancy is automatically enforced by the Pauli exclusion
principle, and the anti-commutation on the same site comes for free.

Unfortunately, whereas the mapping of 6;" into hard-core bosons ?)J' is true in any spatial

dimension, writing b' in terms of spinless fermions el is straightforwardly useful only in one-
dimension (1D), where a natural ordering of sites is possible, j = 1,2,---, L. In other words,
because fermion operators on different sites must anti-commute, the exact handling of the
resulting minus signs — which are absent in the original spin problem — is very natural only
in 1D.

Let 6]' and 6j denote the creation and annihilation operators for spinless fermions at site
j, with canonical anti-commutation relations {@,é;}} = 0j i, {c],c } = {é' et = 0, and

A

n, = 6}46j the corresponding number operator, whose eigenvalues can be only 0 or 1.

Key properties of ™. Important in the whole discussion below are the following

simple properties of '™ :

K1) e /¢ =¢e 7, for ' #7,

9

In words: '™ commutes with fermionic operators at different sites, while it anti-commutes
on the same site. The anti-commutation in K2 can be verified by using the fermionic anti-
commutation rules, or by arguing that n ;=0 when it sits to the left of ¢ i while 71 =1 when

6
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it sits to the right of ¢;. K3, equivalent to e?™; = 1, implies that e'™

A
n

i = e '™ By taking the
Hermitian conjugate of K1 and K2 you obtain identical expressions for 6; K4 follows because
the possible eigenvalues of 1. are 0 and 1.

The Jordan-Wigner (JW) transformation of hard-core bosons into spinless fermions reads:

j—1

bj=chj=chj, with K. = e

inA.
J/

. -l oA
— "2yl (10)

where the non-local string operator K j is simply a sign, R'j = %1, counting the parity of the
number of fermions before site j, between sites 1 and j— 1, multiplying the fermionic operator
éj , with which it commutes.

We will now show that the following two properties of the b j follow:

{b.b]}=1, [b,.5)]=0,
prop.1:| {b,.b} =0, prop2:| [b,b,]=0, ifj#j, (11)
{b.b7} =0, [b1,57]=0,

which is a formal way of writing that the f)j are hard-core bosons. Prop.1 is straightforward

because the string K f cancels completely, for instance

and, similarly, bj b]'. = é]. “J' In essence, on each site b]. inherits the anti-commutation property

Prop.1 from the fermion 6j.

To prove Prop.2, let us consider [?le, ?)L], assuming j, > j;. Using Eq. (10) and properties

K1,K3 from Eq. (9) it is simple to show that

Jo—1
LT _a inh, \ At
bh bjz B le(l_[e J)Cjz’ (12)

J=h

which means that only the piece of JW string from j; to j, — 1 survives. Similarly, you can
show that

Jo—1 Jo—1
271 inA. \ At a inh. \ A At
. . = J . L == J . .
b]z b]l ( l_[ ¢ ) CJ2 Ch ( l_[ ¢ ) Ch CJz

J=h J=h

Jo—1
A imA. \ AT
_+C11(| |e J)cjz, (13)

J=i

where the change of sign in the first line is due to the fermionic anti-commutation,

6;2 ¢ =—¢; 6;2, and the crucial final change of sign is due to K2, while all the other operators
inA.

e i for j # j; commute with éjl, due to K1. Comparing Eq. (12) with Eq. (13) you deduce

that [Bh’ f)]'z] = 0. All the other commutation relationships in Prop.2 are proven similarly.


https://scipost.org
https://scipost.org/SciPostPhysLectNotes.82

SCIl SciPost Phys. Lect. Notes 82 (2024)

Here is a summary of a few useful expressions where the string operator K ; disappears
exactly:

bib, =¢fe;,
bib!, =ef(1—2n)ef,, = é] el
bib,,, =el(1—2n,)¢, =¢le,,, (14)
bb,, =¢(1—2, )cJ+1 & (1—=2(1—¢&,EN)E, =—¢;¢;,1,
bbl, =¢,(1—2n)ef,, =¢,(1—201—¢eNel,, =—¢,¢ .

Notice the minus signs on the rlght-hand 31de, which should not be forgotten. Notice also that
we have used

=1, J . o
[T(e™ ) TT(e™)=e™ =124, as)
j’=1 =1

because all but the last €™ -term cancel in the two strings.

Jordan-Wigner transformation. Summarising, spins are mapped into fermions using:

AX A N
6 =K (G +6), jo1
67 =K. i(e]—-¢), with K. =| |emni’. (16)
PN j
AZ_1_2A j’=1
i~ o

Armed with these expressions, it is simple to show that some nearest-neighbor spin-spin
operators transform simply into quadratic fermionic operators

AX AX Y A

Gjaj+1_(l J+1+ j ]+1+HC)

AY AY _ Ai‘/\

ajaj+1—(cjcj+1 ¢ ]+1+Hc) a7

Unfortunately, a longitudinal field term involving a single 6¥ or &7 cannot be translated

. . - J J
into a simple local fermionic operator.

One important point to note concerns boundary conditions. One often assumes periodic
boundary conditions (PBC) for the spin operators, which means that the model is defined on a
ring geometry with L sites, j =1,---, L, and the understanding that 6§ =67 and 67, = 67.
This immediately implies the same PBC conditions for the hard-core bosons. Hence, for in-
stance: b b 141 = b b But observe what happens when we rewrite a term of this form using
spinless fermlons.

L—1 L
T imh, \ata _ infh; \ata _ _ inmNaTa
([ o {[ oo, o
j=1 j=1
where
L
N = E éle., (19)
J ]
j=1

is the total number of fermions, and the second equality follows because to the left of éz we

certainly have 7, =1, and therefore el™ = —1. Similarly, you can verify that:
-1 L
TTET inﬁ At AT irc” At AT inN at at
bLbl—(l_[e )chl (l_[e )chl —e"NE ¢ . (20)
j=1 j=1
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L 4

Warmng This shows that boundary conditions are affected by the fermlon parity
'™ = (— 1)N and PBC become anti-periodic boundary condition (ABC) when N is even.
No problem whatsoever is present, instead, when the boundary conditions are open (OBC),
because there is no link, in the Hamiltonian, between operators at site L and operators at
site L +1 = 1. More about this in a short while.

3 Transverse field Ising-XY models: Fermionic formulation

Info: There is a whole class of one-dimensional spin systems where a fermionic re-
formulation can be useful. Probably the most noteworthy is the XXZ Heisenberg chain,
which would read:

Hy, = Z(Jl(”‘“;‘+1+6]y61¥+1)+JZZAZAjH) Zh 5% 21)
j

The corresponding fermionic formulation reads:

H,, — Z (271(efe),, +He) +72(20, — 1)(2A,,, — 1)+ > k28, —1),  (22)
]

which shows that the fermions interact at nearest-neighbours, due to the J ]’.Zz-term.

Let us now concentrate on a class of one-dimensional models where the resulting fermionic
Hamiltonian can be exactly diagonalized, because it is quadratic in the fermions: such a class
includes the XY model and the Ising model in a transverse field.

Anisotropic XY model in a transverse field. After a rotation in spin space, we can write
the spin Hamiltonians leading to a quadratic fermion problem (allowing for non-uniform,
possibly random, couplings) as follows:

L L
=2 (rer65, +576767,1) = D 6%, 23)
j=1

j=1

where 6;" are Pauli matrices. The couplings J;C’y and the transverse fields h; can be chosen,
for instance, as independent random variables with uniform distribution. For a system of
finite size L with open boundary condition (OBC), the first sum runs over j =1,--- ,L—1,
or, equivalently, we would set Jf’“v = 0. If periodic boundary conditions (PBC) are chosen,
the sum runs over j =1,---, L and one assumes that 6 , = 67. For ij = 0 we have the

Ising model in a transverse field, for J Jy =J JX the isotropic XY model in a transverse field.

In terms of hard-core bosons, the Hamiltonian becomes:
L

L
H= _ZII(JJ.*b} b].+1 +J; b; b]r+1 + H.c.) +Zhj(2ﬁj —1), (24)
J= =

where we have introduced a shorthand notation® JJ.i =Jr£J ]y )

5This notation should not generate confusion with the angular momentum ladder operators. Here there is no
imaginary unit i, and the couplings in =J JX +J Jy are just real numbers.

9
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Next, we switch to spinless fermions, since all terms appearing in the previous expression
do not involve explicitly the string operator IA<j. In terms of fermions, the Hamiltonian is
essentially identical. We would remark that in the fermionic context, the pair creation and
annihilation terms are characteristic of the BCS theory of superconductivity [64]. The only
tricky point has to do with the boundary conditions. If one uses open boundary conditions,

the first sum runs over j = 1,---,L — 1 and there is never a term involving site L + 1, hence
we have:
-1 L
T +a v '\l ) A
Hope =" (J] eley,, +Jaelel + H.c.)+Zhj(2nj —1). (25)
— 7373 _ inN AT a il TAT mNAMr
In the PBC case, terms like bLbLJrl = b, b, = —'™¢ ¢, and bLbLJrl = b b ¢ ¢
appear in the Hamiltonian, where N is the number of fermions operator. Therefore.
T —-1 inN( 7+ atat
Hype = Hopo + ™ (I8, + U6l + He). (26)

Info: Notice that, although the number of fermions N is not conserved by the Hamiltonian
in Eq. (26), its parity e!™ = (—1)" is a “constant of motion” with value 1 or —1. So, from
the fermionic perspective, it is as if we apply anti-periodic boundary conditions (ABC),
hence ¢, ,, =—¢,, if there is an even number of fermions and periodic boundary condition

(PBC), hence ¢, = ¢,, if there is an odd number of fermions. This symmetry can also be
directly seen from the spin Hamiltonian in Eq. (23), where one should observe that the
nearest-neighbour 6;‘ 6}( 1 and 613.' 6;’ +1 can only flip pairs of spins, hence the parity of the
overall magnetization along the z direction is unchanged. Such a parity can be easily and

equivalently expressed as:
L L L
P=]lo=]Ja-2a)=] [ ==, @7
j=1 j=1 j=1

We remark that P flips all the 6;.‘ and 6] ie., 770 WP = —6;(’}' in the Hamiltonian in
Eq. (23), leaving it invariant. This parity symmetry 1s the Z,-symmetry which the system
breaks in the ordered ferromagnetic phase, as we will better discuss later on.

Let us define the projectors on the subspaces with even and odd number of particles:
—~ 1 N F N -~ -~ ]. N s N ~
Poyen = 5(1 +e™)=p,, and Pogq = 5(1 —e™) =D, . (28)

With these projectors, we can define two fermionic Hamiltonians acting on the 2L71-
dimensional even/odd parity subspaces of the full Hilbert space:

ﬁo = TD\OI/_I\PBCTSO , and ﬁl = /P\lﬁPBcﬁl y (29)
in terms of which we might express the full fermionic Hamiltonian in block form as:
— Hy| 0
Hppe = ( 0 |, ) . (30)

Observe that if you write a fermionic Hamiltonian of the form:

1
T _ +ata —An T +a — AT AT
—0,1 __Z(Jj S PN H.c)-l—( 1)p(J chl +J, ¢ 8 + H.c.)

L
+ > hj(2h;—1), 31

=1

10
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then you can regard H; as a legitimate PBC-fermionic Hamiltonian since

L L
+ — AT AT .
_Z(JJ & + I E G, + He.)+ Elhj(an—l), (32)
j=1 =

with the interpretation ¢ Similarly, H,, is a legitimate ABC-fermionic Hamiltonian

=é,.
L+1 1
where you should pose ¢, . ; = —¢,. Neither of them, however, expresses the correct fermionic
form of the PBC-spin Hamiltonian. However, they are useful in expressing the fermionic
blocks:

ﬁo = ﬁoﬁoﬁo = ]T'\Hoi)\o 5 and ﬁl = ﬁlﬁlﬁl = ﬁli)\l 5 (33)

since H,_( ; conserve the fermionic parity, hence they commute with By ;.

L4

Warning: The distinction between ﬁo,1 and the corresponding ]I?]IO’l might appear pedan-
tic, but is important, since the former acts non-trivially only on 2-~!-dimensional blocks,
while the latter live in the full Hilbert space, hence are 2L-dimensional. This fact, for in-
stance, complicates the calculation of thermal averages and is further discussed in Sec. 11.

Info: In the OBC case, since J; * — 0, the two fermionic Hamiltonians coincide and you
can omit the label: ]HIO =H; — H. Because of that, in the OBC case, you can simply set
H,,. = H and work with a single fermionic Hamiltonian.

4 Uniform XY-Ising model

As a warm-up, let us study the uniform case, where J* =J*, J ]y =JY,h i= h, originally solved
in Ref. [65]. It is customary to parameterise J* = J(1 + «)/2 and J¥ = J(1 —«)/2, so that
J* =J and J~ = «J. The Hamiltonian is then:”

-1 L
At A AT AT st
Hope =—J ( €;Cipq T KCCipy H.c.) +hZ(2 (34)
j=1 j=1
for the OBC case, and:
Hype = Hope + ™ ()6, + weje] + He.). (35)

We assume from now on that the number of sites L is even: This is not a big restriction and is
useful.

In the spin-PBC case, if the number of fermions N takes an odd value, then we effectively
have ¢, ., = ¢;; if, on the contrary, N takes an even value, then the L-th bond has an op-
posite sign to the remaining ones, which can also be reformulated as ¢; ,; = —¢,. Since the

"Notice that one can change the sign of the h-term by making a particle-hole transformation & — (-1)y é;,

which transforms fi; —» 1—11,, and 1—2fi; — 271 =1 while leaving the hopping term untouched (same sign of J).
With the current choice of the h-term, the h — +00 ground state in the spin representation |11 --- 1) is mapped
into the fermionic vacuum, which will be useful in discussing the ground state. (Notice that the phase factor (—1)
exchange the roles of k = 0 and k = 7 in the discussion of the ground state.) Similarly, the same particle-hole
transformation but without phase factor (—1) would also invert the sign of the J-term, from ferromagnetic to
antiferromagnetic.

11
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Hamiltonian conserves the fermion parity, both the even and the odd particle subsectors of the
fermionic Hilbert space have to be considered when diagonalizing the model, precisely as in
the general case of Eq. (30). Introducing the two fermionic Hamiltonians as in Eq. (31) we
now have:

L L
Hyoo1=—J > (e]¢,,, +xefel, +He)+h Y (20, —1), (36)
j=1 j=1
where we recall that p = 0,1 is associated with the fermionic parity — p = 0 for even and
p =1 for odd parity — and that this compact way of writing assumes that the boundary terms
are treated with:
= (—1)19“61 . (37)

Let us now introduce the fermion operators in k-space, ¢, and é}i, with {ék’é};} = O -
The direct and inverse transformations are defined as follows:

e l¢ L iki

¢, = e e,

k ﬁf; : (38)
el? +ikj

¢, =—— > e™Me |

PR

where the overall phase e/ does not affect the canonical anti-commutation relations, but
might be useful to change the phase of the anomalous BCS pair-creation terms (see below).
Which values of k should be used in the previous transformation depends on p. For p =1 we
have ¢, ., = ¢, which in turn implies, from the expression for 6]. in terms of ék, that ekl =1,
hence the standard PBC choice for the k’s:

2nm
p=1 => /cp:1={k=T,withn=—§+1,-~-,o,-~-,g}. (39)
For p =0 we have ¢, ; =—¢,, which implies that ekl = —1, hence an anti-periodic boundary
conditions (ABC) choice for the k’s:
2n—1)=

p=0 = Kyo={k=2= L withn=1,--,%}. (40)

In terms of ¢, and éi, with the appropriate choice of the k-vectors, ]ﬁlp becomes:®

H,=—J ). (z cosk &fe, + r(eHPelkerel, +H.c.)) +h Y (2808, -1). (41
kelC, kekC,

Notice the coupling of —k with k in the (anomalous) pair-creation term, with the exceptions
of k =0 and k = & for the p =1 (PBC) case, which do not have a separate —k partner. It is

8We use the standard fact that the sum over j introduces a Krénecker delta for the wave-vectors:

L

1 E —i(k—k')j

E e i« = 6k,k’ .
=

12
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useful to manipulate the (normal) number-conserving terms’ to rewrite the Hamiltonian as:

f,=> ((h —Jcosk)(eje, —e_, &7 ) — wu(e 2 Pelkerel, + H.c.)) . (42)
keiC,
The two terms with k = 0 and k = 7, present for p = 1 (PBC), taken together can be written
as:
Hogn =—2J (fiy—f ) +2h(A,+1i_—1). (43)
The remaining p = 1 terms, and all terms for p = 0, come into pairs (k,—k). Let us define the
positive k values as follows:

b

2
Kt 1={k:¥,withn=1,---,%—1

——

p:
(44)
2n—1)m
Ko={k= @17 ithn=1,-- L)
Then we can write the Hamiltonians as:
]ﬁlo: ZH\]{, ﬁlzﬁo&n+ZH\k, (45)
kekd kekct

where we have grouped terms with k and —k into a single Hamiltonian H, i of the form:

Hy =2(h—J cosk)(&]e, —e_ ¢, ) —2xJ sink(ie %P¢fel, —ie?%e &), (46)

Interestingly, the Hamiltonians H, « commute for different k, [H, k> H, ] = 0, and act non-trivially
only in the 4-dimensional space generated by the states:

{eleT 10}, 10), fl0), & l0)}, (47)
where they have a 4 x 4 matrix of the form:
2(h—Jcosk) —2ikJe?®sink|0 0
2ikJe*?sink —2(h—Jcosk) |0 O 48)
0 0 00
0 0 0 0

Check of dimensions. Recall that both ]I?]Ipzo’l have 2! eigenvalues (including multi-

- P . . L .
plicity). Indeed, there are % such terms for Hy,, hence a dimension 42 = 2%, Notice that

Hy—¢, - also works in a 4-dimensional subspace,
{10), &jet10), }lo), e [0y}, (49)

and there are %—1 wave-vectors in K7, hence again a total dimension for H, of 43714=2L,
Recall, finally, that the correct eigenvalues are obtained from the block Hamiltonians
Hy_o 1 which have 2171 eigenvalues each (including multiplicity), those with even (p = 0)
or odd (p = 1) fermion parity.

“We use that
> 2cosk &, = > cosk(efe, —e_ &' ),
k k

where we used the anti-commutation relations, Zk cosk =0, and

>t —1)=>(ge —e &)
k k

13
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To deal with the necessary combination of states {é}:éik |0), |0)} involved in the non-trivial
2 x 2 blocks of the Hamiltonian, requiring essentially a Bogoliubov transformation, we now
define a fermionic two-component spinor

- ¢ — .
\Ilk = ( A‘i'k ) E] \Ij]l = (C;{ > C_k)) (50)
with anti-commutation relations (a = 1, 2 stands for the two components of \/I})

{‘:I\jka’ (I\/;{r,a,} = 5a,a’5k,k’ . (51)

We can then rewrite each H; as:

—~ —~ ~ 2(h—Jcosk) —2kJie %% sink ¢
= T = o . k
Hy Z \I}ka(Hk)aa’\IIka' (&, ¢) ( 2kJie®® sink  —2(h—J cosk) e, » 52)

a,a’

Hy

where we have highlighted a 2 x 2 Hermitian matrix H; which can be expressed in terms of
new pseudo-spin Pauli matrices 7** as:

Here we recognise an “effective magnetic field” R, given by:
T

R, = 2( —kJsin2¢ sink, xJ cos2¢ sink, (h—J cos k)) (54)

Info: Observe the role of the arbitrary phase ¢ introduced in the transformation from
real space to momentum space, Eq. (38). For ¢ = 0 the effective magnetic field lives in
the y —z plane in pseudo-spin space, while for ¢ = 7 it lives in the x —z plane and the
pseudo-spin Hamiltonian is real, as it involves * and 1.

By solving the 2 x 2 eigenvalue problem for the pseudo-spin Hamiltonian H; we find the
eigenvalues €. = £€; with:

h 2
ek=|Rk|:2J\j (j—cosk) +x2sin’k >0, (55)

with corresponding eigenvectors (vi. , U;.)" which can be expressed in terms of spin eigen-
states in the direction Ry /|Ri|. From now on we will fix ¢ = 0, so that the pseudo-spin
effective magnetic field lives in the y —z plane. Define the shorthand R, = (0, y;, 2)" with
2 = 2(h—J cosk) and y, = 2xJ sink. For the negative energy eigenvector, we have:

Vie— v 1 i

Up— Ug YV 2€k(€k+2k) € + 2k
where we have introduced the shorthands v, = v,_ and u; = u;_. Note, in passing, that
U_j = Uy, while v_; = —v, since g is even in k, while y; is odd. The positive-energy eigen-
vector (Vi , U, )" is related to the previous one by a simple transformation:'°

()= )= () 59

Indeed, write the eigenvalue problem for (v;, u;)", with energy e, = —e,:

{ Z Vi — LYl = —€xVk s 57)

LYV — 2l = —€ Uy -

14
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The unitary matrix U, having the two previous eigenvectors as columns:

up v
U, = ko Tk ) (60)
¢ ( Ve Uk
diagonalizes Hy:
_ € 0
U HU = ( 0 —e ) . (61)

So, define new fermion two-component operators </§k through

. o AT
Tk def ~ 4o~ UpC, — €y
(2 )0, -6 ). .
—k k k —k

It is straightforward to verify that ¥, is indeed a fermion.!! In terms of $k = (T» }“fT_k)T and
@, =W/U = (f,, 7_,), we have:

>

€k (?Tk?k - —k?ik)

ay
~
Il
)
o~
c
o
c
~
s
=~
c
~
c
o~
)
o~
Il
)
>k
~
o
|
a O
o
N——
o)
e
Il

= e (Pt +75 7~ 1) (64)

The form of the two bands *¢€,, as a function of k and for several values of h is noteworthy.
Figure 2 shows plots that illustrate them.

Now change the sign of the second equation, take the complex-conjugate of both, and rewrite them in inverted
order, to get:

{ () — iy (=vy) = ex(u), 58)
L) — z(=vg) = e (=vp),
which is the eigenvalue equation for (v, , uy,)".
10ne can verify anti-commutation relationships very easily:
(Tt} = {we —vel ug —vie .}
= |uk|2 {ék’él} + |Vk|2 {éik:é,k} = |uk|2 + |Vk|2 = 1’ (63)

where the last equality follows from the normalization condition for the eigenvectors.
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Figure 2: (a) The two bands +¢; plotted by varying the transverse field h in the range
[0,2]. (b-d) The bands +¢; for three different transverse fields h: (b) h/J = 0.5
(inside the ferromagnetic region), (c¢) h/J = 1 (the critical point), (d) h/J = 1.5
(inside the paramagnetic phase). Notice the remarkable behaviour at h = h, = J,
clearly visible in panel (c): A gapless linear spectrum. Notice also how you can hardly
distinguish the bands of the two gapped phases in (b) and (d). But their topology is
distinctly different: see the discussion related to Fig. 3. Here J =1 and k = 1.

-2 0 2

Figure 3: Curves drawn by the vector R, as k spans [—, 1), for three values of h.
HereJ =1,k =1.
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Winding and topology. It is instructive to trace the behaviour of the “effective magnetic
field” Ry, of magnitude |Ry| = €, that the system “sees” as the wave-vector k spans the
so-called Brillouin zone [—m, 7). Fixing ¢ = 0 in Eq. (54), this effective magnetic field
lies in the y —z plane, Ry = (0, yy,2)" with y;, = 2xJ sink and z; = 2(h—J cosk), where
it draws the ellipse of equation'?

Yi . (zx—2h)*
4x2J2 452

1, (65)

as k spans the interval [—7, ). We show in Fig. 3 three examples of this ellipse (circles,
for k = 1), one for |h| < J, one for h > J, and that for h = J. For |h| < J we see that
the vector R, turns around and comes back to its original position, making one complete
revolution around the origin, as k varies in [—, 71). We term the number of revolutions as
the index [66] (or winding number) of the vector, and here it equals 1. As we change h in
the range —J < h < J, the index, for continuity reasons, keeps the constant value 1 (it can
only assume discrete values). In the case h > J, the vector R, makes no revolution around
the origin and its index is 0: It keeps this value for any h > J, for the same continuity
argument as before. The transition of the index between the two values 1 and 0 occurs
at h = J. At that point, the continuity of the index as a function of the curve is broken,
because the index is not defined for h = J, as the curve passes through the origin for
k = 0. The index is a topological quantity, invariant under continuous transformations.
Because it takes different values for |h| < J and h > J we say that these two phases have
different topologies. We see that R, = 0 corresponds to a degeneracy point of the 2 x 2
Hamiltonian H; — realised for k = 0 and h = J (but also for k = w and h = —J) — and the
discontinuity of the index corresponds to the closing of the gap in the single-quasiparticle
spectrum shown in Fig. 2(c).

4.1 Ground state and excited states of the uniform XY-Ising model

The expression H, = ek()“/;:}’k +)71k)7_k—1) in Eq. (64), together with the expression for €, > 0
in Eq. (55), allows to immediately conclude that the ground state of the Hamiltonian must be
the state IQ)Y) which annihilates the , for all k, positive and negative, the so-called Bogoliubov
vacuum:

7,16,) =0, Vk. (66)

In principle, one can define two such states, one in the p = 0 (even, ABC) sector, and one in
the p = 1 (odd, PBC) sector. However, one finds that the winner between the two, i.e., the
actual global ground state, is the one in the p = 0 (even) sector, with an energy

ABC

Efe==>"¢. (67)

k>0

The ground state can be written explicitly as:

10,7 o [ [7 7100, (68)

12The ellipse degenerates into a segment for k = 0, corresponding to the isotropic XY model. Hence, our
argument requires k # 0.
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where |0) is the vacuum for the original fermions, ¢, |0) = 0. The explicit calculation shows

that:
[ Tty =] [ (use_, —voee))(uie, — v’ )io)
k>0 k>0
= l_[(—vk)(uk + vkéké )IO) (69)
k>0
where we used that u_; = u; and v_; = —v,. By normalising the state, we arrive at the BCS
form:
ABC
10,)%¢ = l_[ (Uk + Ve )|0> (70)
k>0

The PBC-sector ground state must contain an odd number of particles. Since a BCS-paired
state is always fermion-even, the unpaired Hamiltonian terms Hy g, must contribute with ex-
actly one fermion in the ground state. It is simple to verify that, with our choice of the sign of
h >0, the ground state has 1, _, — 1 and 7, — 0, resulting in an extra term of the form

5EO&TE = min(ﬁo&ﬂ:) =-2J. (71)

The PBC-ground state is, therefore:
PBC PBC

MY)PBC Ck -0 l_[ (uk + VkC )lO) l_[ (uk + Vkézélk)|o> 5 (72)

0<k<m 0<k<rr

where we defined 7, = ég and 7 _=¢_ for the unpaired states. The corresponding energy is:

PBC

Epe=—2]— > ¢. (73)
0<k<m
And here comes an amusing subtlety of the thermodynamic limit L — oo. When you consider
the energy-per-site ey = E, /L, then the ground state energy should simply tend to an integral:

ABC
ey __nglc}o_kz(;ek_ J —ek (74)
The same integral appearing in Eq. (74) gives the ground state energy-per-site in the PBC sec-
tor, but an amusing role is played by the two boundary points at 0 and 7t, when one considers
the energy splitting AE, = E;* — E(*°. Notice in particular that Eq. (67) for E;*® involves L/2
k-points in the interval (0, ), while Eq. (73) for E*® involves L/2 — 1 points in the interval
(0, ) and an extra term —2J. In the thermodynamic limit L — o0, you discover that the en-
ergy splitting AE, = E;*° — E(* is, in the whole ferromagnetically ordered region —J <h < J,
a quantity that goes to zero exponentially fast when L. — o0o: In other words, the two sectors,
ABC and PBC, provide the required double degeneracy of the ferromagnetic phase: You can see
that easily for h = 0. Less trivial, but true, for all |h| < J. On the contrary, AE, is finite'®
the quantum disordered regions |h| > J, AE, = 2(|h| —J), and goes to zero as a power-law,
more precisely as 7t/(2L), at the critical points h. = £J. In Fig. 4 we illustrate these facts by
numerically evaluating AE,.

Regarding the excited states, let us start from the p =0 (even, ABC) sector. Consider, as a
warm-up, the state ?Zl @, )"*. A simple calculation shows that, regardless of the sign of k;:

ABC

}A”;il 10,)" = ézl l_[ (uk +viefe )|0> (75)
k>0
k|k1 |

13Again, the convergence in L to such finite value is exponentially fast in the whole quantum disordered region.
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6 L
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Figure 4: The gap between the ground state in the PBC and ABC sectors versus the
transverse field h/J. The two lower insets illustrate the exponential drop to 0 of the
gap in the ferromagnetic region (left), and the power-law behaviour at the critical
point (right). Here x = 1.

In essence, the application of ?Zl transforms the Cooper-pair at momentum (|k;|,—|k;|) into
an unpaired fermion in the state é;;l |0). This would cost an extra energy +¢;, over the ground
state: the gain —e;, obtained from pairing is indeed transformed into a no-gain (energy 0)
for the unpaired state éL |0), consistently with the 4 x 4 structure of Eq. (48) predicting two
eigenvalues O for the unpaired states. There is a problem with parity, however: A single
unpaired fermion changes the overall fermion p?rity of the state. Hence, the lowest allowed
states must involve two creation operators, }“f}il}“f}'(z with ky # |kql:

ABC
AT AT ABC __ AT AT At At
yklykzl(l)y) =& & l_[ (uk + vkckc_k)lo). (76)
k>0
k#(ky ], ks |
The energy of such excitation is Eg* + €x, + €, because we loose two Cooper pairs. Quite

amusingly, if you consider the special case ﬁ(l )“fikl you find that:

ABC

Al = ol ot At ot

A 10, ) = (— le + uil &, C—kl) l_[ (uk + VkaC_k)|0> . (77)
k>0
k# (k]|

This means that )“/L )“/ikl transforms the Cooper pair at momentum (|k; |, —|k;|) into the corre-
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sponding anti-bonding pair:

NS
Tig Tk +
AT AT 17—k ok £ At at
(uk1 + vklcklc_k1)|0) ( vi, + uklcklc_k1)|0) .
This costs an energy 2¢y,, consistent with the previous expression Eg* + €;, + €y, if you
consider that e_j =€y, .

Generalising, we can construct all the excited states in the even-fermion sector, by applying

o o . .

an even nun.qber of , to IQ)Y)ABC, each , costing an energy €. In the occupation number (Fock)
representation we have, therefore:

ABC ABC
AT\ .
W in) = l_[ (Y;'() ‘ 10,)*¢, with n,=0,1 & an = even,
k k
ABC
Epngy = E8S+ > 8
e} = Lo n€g - (7 )
k

We see that there are 257! such states, as required.

o

Remark: An important remark and check is here in order. First: The counting of the
excitation number is correct if the k in Eq. (78) are allowed to range among the L pos-
itive and negative wave-vectors allowed by ABC: 2& Fock states if the parity check is not
enforced, 2171 if we enforce parity. Second: recall that we can transform a Cooper pair of
energy —e;. into the corresponding anti-paired state, of energy +¢;. The state that realises
that is ?Z?ikl(b)“c. Its energy is 2¢€; above that of the ground state, consistently with the
formula given in Eq. (78), since €_; + €, = 2¢;.

In the p = 1 (odd, PBC) sector, some care must be exercised. One should apply an even
number of 7, to the ground state |@, )™, including in the choice :che unpaired operators 7,
amounting to removing the fermion from the k = 0 state, and y, amounting to creating a
fermion in the k = 7 state.

4.1.1 The spectral gap

We now want to understand the spectral gap of our model, i.e., the difference between the
first excited state E; and the ground state E,, Ay = E; —E,. More generally, we would ask also
for the spectral gap of excitations having a given momentum k, A,. Naively, one might think
that, starting from the ABC ground state of energy E;*, the lowest excited state is obtained
by considering states with two extra fermions, }“f}i?ikI(b)ABC, which have energy EJ* + 2¢.
However, we should consider excitations that, starting for instance from |@)** and applying a
single creation operator }7}2 lead to a state in the subspace with opposite fermion parity, }“f,'( )
with an energy gap:

Ak = €. (79)

The difficulty with this way of reasoning is related to the choice of k appropriate in that con-
struction since the k values corresponding to ABC boundary conditions do not coincide with
those for PBC. However, it is clear that this will make no difference in the thermodynamics
limit L. — oo, so that Eq. (79) does indeed express the spectral gap for excitations at momen-
tum k. The smallest such gap is obtained for k = 0 when h > 0 so that, from Eq. (55), we
deduce that:

Ap=2lh—J|=2|h—h.|, (80)
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where h, = J.!* Two things are worth noticing: 1) A vanishes linearly with the deviation
from the critical point |h—h.|; 2) exactly at criticality, see Fig. 2(c), the spectral gap A, vanishes
linearly in the momentum |k| — O:

Airit:2J\/(1—cosk)2+l<25in2kN2J|Kk|' (81)

4.1.2 The Green’s functions

In calculating expectation values of operators, for instance, spin-spin correlation functions,
it is useful to identify the elementary one-body expectation values, often referred to as one-
particle Green’s functions. Since the number of fermions is not conserved, there are ordinary
and anomalous Green’s functions [64, 67], which we define here as follows:'®

Gy = (ol¢, e]T,hpO), and  Fjj = (volé;¢; lho) - (82)

We assume that the initial state |) is the Bogoliubov vacuum of the operators y which di-
agonalise the Hamiltonian, [x),) = [@,)**°. By expressing the real-space fermionic operators
in terms of their momentum space counterparts we immediately deduce, using momentum
conservation, that:

= —Z KUY (4|, &1 o) = Zefk(f—fnuuz,

k

, =_Z lk(J—J)<¢O|Ck o) = __Z kGt v,

(83)

. . s oA A AT
where the last step comes from using the relationship ¢, = w7, + v7_, and the fact that

Telo) =0

ﬁ[Problem 1. The elementary Green’s functions.] ~

Show that, in the thermodynamic limit . — oo, by taking ¢ = 0 and using the properties
of u; and vy, one can write:

T
dk 1
G]]/ = f — Z_k COS(k(j—j/)) + —5]']'/ ,
0 2T € 27
" dk (B
Y . ..
Fjj = L 2 e sin (k(j —j")),

where 2z, = 2(h—J cosk) and y; = 2kJ sink. Calculate numerically the Green’s functions
in the Ising case k = 1, for three representative values of the transverse field: A) h=J/2,
b) h =J, ¢) h = 2J. Observe that the Green’s functions decay exponentially fast in the
separation |j — j’| in cases a) and c¢). In the Ising case k = 1, and at the critical point
h = J, show analytically that the Green’s functions decay as a power law of the distance
j—j’, obtaining

1 11 _2 (G-i)

G"/:—5"/———, and F..=——F——F7——.
JJ 2 J5] 7.[4(]'_1'/)2_1 JJ] 7T4(j—j/)2—1

For h < 0 the smallest gap is at k = 7, and Ay = 2|h +J| = 2|h —h,|, with h, = —J.
15There are many definitions of Green’s functions. Here we consider equal-time operators: Apart from a factor
—i we have, in Kadanoff-Baym notation [67], would one would denote as G~
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4.2 Relationship with the spin representation

It is instructive to comment on the relationship between the spectrum we have found in the
fermionic representation and the corresponding physics in the original spin representation. In
this section, we fix the anisotropy parameter to xk = 1, focusing on the Ising case.

Let us start with the classical Ising model (h = 0)

L
H, = —JZ(%;&’F (85)

classical —

|+;+:"':+>) and |_)_:"')_>’ (86)

where |+) = %(1, +1)" denote the two eigenstates of * with eigenvalues +1. Recall that the

%, and that 6%|+) = |F). Hence, you

. . : = L A
parity operator reads, in terms of spins, as P = [ [;_, 67

easily deduce that:
I/P5|+J+J...J+>= _J_J'“J_>J and ,7)\|_J_J“')_>=|+J+J”'J+)' (87)

This implies that the two eigenstates of the parity operator must be:

|¢:i:>= %(H_:_h'“)+>:|:|_:_"“3_>) = 75|¢:|:> =:F|¢:I:>- (88)

These two opposite parity states must be represented by the two fermionic ground states be-
longing to the ABC and PBC sectors. They are exactly degenerate for h = 0. The states in this
doublet are crucial for the symmetry-breaking in the thermodynamic limit.

Now consider the effect of a small h, taking for simplicity of argument the Ising Hamilto-

nian with OBC:
-1

L
Hoe =—=J D 6%6%, —h > 6% (89)
j=1

Let us consider the limit |h| < J. The two lowest-energy states have exactly the form in
Eq. (86), or Eq. (88), at lowest-perturbative order in |h|/J. To construct higher-energy excita-
tions, consider domain-wall configurations of the form

|l>= _J_J"'J_)+:".J+>) Wlth l=1.“L_1' (90)
~——

sites 11

For h = 0, these L — 1 lowest-energy domain-wall excitations are degenerate and separated
from the two ground states by a gap of 2J. Therefore, we can study the effect of a small
transverse-field term, for |h| < J, using standard textbook degenerate perturbation the-
ory [63]. The Hamiltonian restricted to the L — 1-dimensional subspace of the domain-wall
excitations has the form

L-1 L—2
Hee=27 [ {U—h > (1) (1 +1]+He). (91)
=1 =1

This Hamiltonian is quite easy to diagonalize, as it resembles a standard tight-binding problem
with open boundary conditions. As in the quantum mechanical example of an infinite square
well [63], it is simple to verify that the appropriate sine combination of two opposite momenta
plane waves of momentum k satisfy the correct boundary conditions:

nt

L—-1
) =Ai/k;sin(k1) o, owih o k="T 92)
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forn=1,...,L —1, and N, a normalization factor. These delocalized domain-walls have an
energy:

Ui = 2J —2hcosk. (93)

We notice that if we expand the excitation energies €, in Eq. (55) up to lowest order in h/J
we obtain €, ~ ;. + O((h/J)?). So, we see that a state with a single quasiparticle ?Z has the
same energy as the delocalized domain-wall state in Eq. (92). This justifies the picture that
quasiparticles are indeed delocalized domain walls.'®

Let us continue our perturbative reasoning to see how we can estimate the separation
between the two ground states originating from the h = 0 doublet discussed above, when

h > 0. As mentioned above, the states |+,+,---,+) and |—,—,---,—) are degenerate for
h = 0, and this doublet is separated from the other states by a gap > 2J. The degenerate
states [+) = |+,+,---,+) and |-) = |—,—,---,—) are coupled only at order L in perturbation

theory: we need to flip L spins, with the 612. operators, to couple one to the other. Hence,

we expect their splitting to be AE, ~ (h/J)*, i.e., exponentially small in the system size L
for small |h|: The resulting eigenstates |y, (h)), even and odd under parity, approach the
two eigenstates in Eq. (88) for h — 0. This energy splitting is exactly the quantity AE, dis-
cussed in Sec. 4.1. So, in the thermodynamic limit, we break the Z, symmetry. At any fi-
nite size we have the symmetry preserving ground states |, (h)) which tend to Eq. (88) for
h — 0. These states can be regarded as superpositions of two macroscopically ordered states
|£), = %(hp +(h)) £ ]y_(h))), where “macroscopically ordered” means that the longitudinal

magnetization M = )’ j c“rjf has an expectation value which is extensive in L. So, in the sub-

space generated by |1, (h)) there can be an explicit symmetry-breaking'” of Z, only in the
thermodynamic limit, where the two states are degenerate and the slightest local perturbation
selects one of the two macroscopically ordered superpositions |£);.

5 Connection with the Onsager solution of the 2d classical Ising
model

Although the quantum Ising chain in a transverse field is the primary interest of these lec-
ture notes, it is important to understand its connection with the classical Ising model in two
dimensions, whose celebrated exact solution was given by Onsager in 1944 [68]. This con-
nection is representative of a general relationship between classical statistical mechanics in d
dimensions, and quantum mechanics in d — 1 dimensions [69]. We will see that the ground
state properties of the one-dimensional quantum Ising model in a transverse field precisely
mirror the finite temperature statistical mechanics properties of the classical Ising model in
two-dimensions, in the high-anisotropy limit [69]. The critical exponents of the two models
are identical, and even the numerical value of the transition temperature predicted by Onsager
is perfectly described by the quantum critical point of the quantum Ising chain.

Consider the classical two-dimensional Ising model sketched in Fig. 5 for a square lattice
with L sites in the x-direction and N in the y-direction, with periodic boundary conditions

16We performed our analysis for the case of OBC. The case with PBC is similar, the only difference being that the
lowest-energy excitations for h = 0 have two domain walls. Nevertheless, with an analysis very similar to the one
above, one can show that the excited states for |h| < J have energy 2u, and can be interpreted as states with two
quasiparticles.

7Nevertheless, all the states in this doublet, |¢) = alip_,(h)) + Blyp_(h)) with |a|?> + |3|> = 1, show long-range
correlations also at finite size. Indeed, the correlator (¢|6;‘ 6;‘ "1/} is always finite (equal to 1 in the limit h — 0),
and

lim lim [(¢16767,,19)| #0,

expressing the long-range order associated with symmetry-breaking. See the related problem in Sec. 9.
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PBC
N
j+1 gl
(a/*T|g))— Jy _
J o’
Jy -
2
1 >
1 20 i+l - L

Figure 5: The 2-dimensional classical Ising model on a square lattice with L X N sites,
denoted as (i, j) with 1,--- ,L and j =1,--- ,N. PBC are enforced in the y-direction:
You can think of the system as “living on a cylinder” with axis along the x-direction.
Boundary conditions along the x-direction are left unspecified: They could be open,
fixed, or periodic. In the latter case, you might picture the system as “living on a
torus”. The blue lines highlight the couplings J,., connecting sites (i, j) and (i + 1, j),
and J,,, connecting (i, j) and (i, j+1). The shaded rectangle highlights the Boltzmann
weights included in the definition of the “transfer matrix” (o/™|T|o”).

(PBQ) in the latter. Each lattice since (i, j) is associated with an Ising spin a{ = £1. The
partition function of the model is given by: [70]

z= Y. (a"[Tle") (aVTIgV ) - (aMTlg)) -+ (eTIe) = Tr T, (94)

ol ,oN

where the trace emerges from the PBC choice of boundary conditions along the y-direction.

Here, o/ denotes the j-th row configuration, comprising the L spins in the x-direction, which

we denote as o/ = (ai,oé,--- ,O']L), and (o/*!|T|g’) is a matrix element of the so-called
transfer matrix T, a 2% x 2L matrix collecting all the Boltzmann weights pertaining to rows j

and j+ 1:

i+t g g j+1 _j+1y , hye 50 a1
ﬁZ(JinOi +E(0io-i+1+o-i 0i+1)+§(ai+ai ))

(cTlgl) =e i=1 . (95)

We can regard the row configuration o’ as a computation basis state for a spin chain with L
sites, i.e., simply the eigenstates of Pauli spin operators 67 :

P
67la’) = o;la’).

It is simple to write a quantum operator which faithfully reproduces the matrix elements of
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8

the transfer matrix:!

=Ccle® i=1 e i=1 e i=1 . (97)

Although exact, the quantum expression for T is not easy to handle: The three differ-
ent terms do not commute and you cannot rewrite T as the exponential of a single quantum
Hamiltonian operator. Suppose, however, that the coupling constants J, and J,, are highly
anisotropic.

The high-anisotropy limit. More precisely, assume that:

BJ, =¢€J,

— cpll
High-anistropy limit: Bh=eh, (98)

1
r=eht = pJ, = -3 logtanh eh™,

where € (with dimensions of “time/f”) is “small”, and J, h”, ht (with dimensions of
“energy”) are suitable constants. More properly, the dimensionless combinations eJ, ehll,
and eh' are assumed to be small. These assumptions imply that when BJ,. is “small”,
then fJ, = —% logtanh eh' is “large”, justifying the terminology “high-anisotropy limit”,
when € — 0.

In terms of these quantities, let us now define two quantum operators:

L L
H,=->(J6%6%, +hl67), and  H,=-h') 6%, (99)
i=1

i=1

such that the exact transfer matrix can be written as

~

T =l e 5HecHxe5H: (100)

In high-anisotropy limit € — 0, the three exponentials can be combined by using the relation-
ship
eAqeB _

e e

EAeBHS AR _ qe(A+B) | 0(€?), (101)

which is the simplest instance of the Baker-Campbell-Hausdorff formula.

8The first expression is easy to establish from the requirement in Eq. (95). The second expression follows by
rewriting: ]
(ePr1,+ePv6¥)=Ce' =C(1;coshl +6¥sinhT),
where we used (6*)*" = 1, and (6*)*"! = &~ in the second equality, to expand the exponential. To find the
constants C and ' we write explicitly:

Y (96)
CsinhT'=e Py C?=— 2 )
sinh 2T

{C coshT = e’y tanhT = e 2/ >
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Alm{A}

> Re{A
P y e{A}

Figure 6: The Perron-Frobenius theorem. The red dot denotes A, the Perron root,
which is the maximum eigenvalue of T, real and positive. All other eigenvalues
(smaller black dots) stay within the circle of radius A, in the complex plane. For
the symmetric T considered here, all other eigenvalues are real as well.

The transfer matrix in the high-anisotropy limit. This leads us to our final expression:

—~ L

~ e€—0 . — — — Ao A n n

T~ ¢t e_EH, with H=H,+H, =— E (JO'?O‘?_H +h”0f +hLal’.‘) . (102)
—

1

So, in the high-anisotropy limit, the classical transfer matrix has been mapped onto the
imaginary-time'® evolution operator of a quantum Ising chain in a transverse field h*. The
y-direction of the classical problem — for which we chose periodic boundary conditions
— becomes the imaginary-time direction of the quantum problem.

To better understand the deep relationship between the statistical mechanics of the classi-
cal Ising model in two dimensions, and the physics of the quantum Ising chain, let us return
to the classical transfer matrix T. Since T is a positive real matrix — and even symmetric, by
construction — we can use Perron-Frobenius theorem, which guarantees that T has a unique
(positive) eigenstate |A,) with a maximum eigenvalue A, — the so-called Perron root — which
is itself real and positive and greater than the modulus of any other eigenvalue, A( > |A,~¢/, in
general complex, but in the present case real, because T is symmetric. We can write, in terms
of the eigenstates |1,) of T, the spectral decomposition of T as:

2l—1 2l—1

T=> AalAa) (Al = Z=TeTV = > AV,
a=0 a=0

where the last equation follows because TV is easy to calculate on the basis of the eigenvectors
of T, and its trace, leading to Z, is also simply the sum of all AZ .

“The usual real-time evolution operator e /" becomes, under the substitution t — —it, the imaginary-time
evolution operator e "/ very important in numerical Quantum Monte Carlo approaches, see Ref. [12], and in
statistical mechanics, see Ref. [70].
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Exponential dominance of the Perron root. Let us denote the maximum eigenvalue of
T by Ag. In the limit N — oo, the partition sum is exponentially dominated by A:

/3F 1 N—oo
W=—Nlog2 — —logi,.

In the high-anisotropy limit € — 0, we rewrite the partition function as:
~ —0 7
Z=TrTV =TrTN ‘= WV Tre NH (103)

The Perron-Frobenius theorem, in this context, tells us that the largest eigenvalue of T, con-

nected to the ground state energy of H, A, =’ Ce ¢Eo, dominates the partition sum. Indeed,
for any finite L, the quantum Hamiltonian H has a finite gap Ay = E; — E, above its (non-
degenerate) ground state energy E, = Le,, so that the next eigenvalue makes a negligible
contribution in the limit N — oo (as long as € > 0):

)Ulv e;o CNe=€NE — oNo—eNEo—eNA; o Ag’e_ENAE )
All in all, for large N (and fixed small €) we would write:
0
7 — o PF T CLN o—€NE, (1 +e€NAE 4 .. ) ~ CLN g—€LNeo 4 ...

Taking the logarithm and dividing by N,; = NL we get the free-energy per spin f:

Bf = lim ﬂ—F=— lim

N3q—00 Nog Nyg—00 Nog

logZ e
082 ezo eeg—logC, (104)

where the constant C plays a minor role: It is simply an additive contribution to the free energy.

Singularities of f correspond to singularities of e;. The important point is that we
expect that the singularities of the classical free-energy per spin f (in the thermodynamical
limit) should be reflected by the singularities of e, the ground state energy per spin of the
quantum model.

Let us check this prediction. In zero longitudinal field (h = 0) and for uniform couplings
with PBC in both directions, the classical Ising model in d = 2 has been solved by Onsager,
who succeeded in diagonalizing the exact transfer matrix T [68]. Onsager’s solution predicts
that the 2d Ising model in zero longitudinal field has a transition temperature T, (where the
free-energy f shows singularities) given by:

sinh (2f3.J,) sinh(2.J,) =1. (105)

Let us briefly summarize the physics of this classical model. For T > T, the system is in a
disordered phase, where the thermal average of the local spin at any site R vanishes in zero
longitudinal field (h = 0): (og)g = 0. For T < T., on the contrary, the Z, symmetry of the
classical model in zero field is spontaneously broken in the thermodynamic limit and a non-
vanishing local order parameter m develops:

m=(0g)o= lim lim (o,)>0. (106)

h—0* Nyy— 00
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The way in which m vanishes when T — T_, the critical temperature, is captured by a critical
exponent traditionally denoted as 3 (not to be confused with 1/kzT):

m(T) o< (T.—T)P, T<T.. (107)

For the Ising model in d = 2, its exact value is 3 = %. When the symmetry is spontaneously
broken, the large-distance limit of the correlation function of the order parameter tends expo-
nentially fast to the square of the local order parameter:

(0ow)o 2% 2 4 0 (e—|R—R’|/§(T)) , (108)

where £(T) is a temperature-dependent correlation length. This exponentially fast decrease of
correlations is indeed true both in the broken symmetry phase, where m # 0, as well as in the
high-temperature symmetric phase, where m = 0, suggesting that it is convenient to define
the connected correlation functions as

Co™ = (0,00)o—m?, (109)

which decays exponentially fast to zero both for T < T., and for T > T.. A power-law be-
haviour emerges at T., where £(T.) = oo (in the thermodynamic limit). A scaling Ansatz
proposed by M. Fisher [71,72] tells us that:

o Ixl/E(T)

conn __ a2
CX = <0x00>0 m- o< _lx/a|d_2+n >

(110)
where the last expression is valid for |x| > a, the lattice spacing. Here d is the dimensionality
of the lattice, £(T) is the correlation length, and 7 is the anomalous exponent for correlations.
The correlation length £(T) is finite for T # T,, but diverges at T, with a critical exponent v

1
§(T)~—|T_Tc|v. (111)

For the Ising modelind =2, v=1and n = %.

Let us now switch to the quantum Ising chain. The quantum critical point of the uniform
quantum Ising chain, where singularities of

E " dk
ep= lim 2 =—| —e, (112)
L—oo [ 0 27

are present, occurs at hCl =J. Indeed, if you look at the bands in Fig. 2 you immediately see
that they are very smooth for h'™ # J (panels b and d), but develop a cusp for h* = J (panel
¢). This corresponds, in terms of Eq. (98), to

h=J < IL=pJ, < e =tanhpJ,. (113)

The correspondence of parameters is such that the high-temperature (disordered) phase for
T > T,, and the low-temperature (ordered) phase for T < T, are mapped into the quantum
phases with k' > J, and h* < J, respectively.

Remarkably, all exact critical exponents of the zero-field 2d Ising model are reproduced by
the quantum Ising chain. Let us consider the correlation length critical exponent ». Following
Kogut [69][Sec. III], consider the spin-spin correlation function between sites with the same
x-coordinate, and a distance na away in the y-direction: R = a(i,1) and R’ = a(i,n + 1).
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Translational invariance implies that the result depends only on n. By calculating the thermal
average using the transfer matrix, and taking the high-anisotropy limit, we get:

1
Cp=(oMlol) = e Te(TV "o T ])

small e 1
—_—

T—ENI/-I\ Tr(e_E(N_”)ﬁ (5';z e_enﬁ é'lz) . (1 14)
re—

In the limit N — oo, the quantum ground state |1),) dominates the trace, hence:

small e, N—» 00 1 —e(N—)H 2z —enH a
Cn o—eNE, (Yole eN=n) O'fe < U?Wo)

= e (1|6 6F[npo)

= > (apoloze e EED |y ) (1, 6% 1)
m=0

= D e ETED (3 162 o) |, (115)
m=0

where we have inserted a resolution of the identity with eigenstates |v,,) of H. In the limit of
large n, it is appropriate to keep only the ground and first excited state [v;) out of the infinite
sum, hence:

small €, n large

Cn 2 (ol 62 o) | + €M EED | (o |65 1) | 4 -+ (116)

The spectral gap Ay = E; — Ey emerges as the crucial quantity determining the large n be-
haviour of correlations. By comparing this expression with the general form in Eq. (108), we
realize that: a

m = (Yol67 o), and G =€Ag. 117)

Since A vanishes linearly at the critical point, see Eq. (80), we conclude that v =1.
Concerning the order parameter m, the calculation by Pfeuty [65][Eq. 3.12] shows that

1—(rt/0) %, for It/ <1,
m = (|67 o) = ( ( )) (118)

0, for |lht/J|>1.

Hence 3 = %.

As for the anomalous exponent 7, it should be extracted from the calculation of spin-spin
correlations at the critical point. We will address this calculation explicitly in Sec. 9. The result
will be that n = %, as expected.

Finally, concerning the specific heat singularities, observe that one expects, at a general
second-order critical point: [70]

2

d -
CV(T):—TWOC“—'—TJ a’ (119)

where a = 0 (a logarithmic singularity) for the 2d Ising model. The quantum equivalent of
this singularity shows up in the second derivative of the ground state energy per spin, ey, with
respect to the transverse field ht.
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Figure 7: Plot of order parameter m for the Ising chain in a transverse field, according
to Eq. (118).

Problem 2. Singularities of the ground state energy.}

Calculate the second derivative of e, with respect to h', and show that it has a logarithmic
divergence, in the thermodynamic limit, for h* — J.

Quantitatively, you might wonder how close are the two predictions for T. — the one
deduced from Onsager’s solution, Eq. (105), and the one deduced from the critical point of
the quantum Ising chain, Eq. (113) — as a function of the anisotropy of the couplings J,./J,
(which should be “small” for the quantum mapping to be in principle valid). The two results
are shown in Fig. 8: Rather surprisingly, Egs. (105) and (113) give precisely®° the same T, for
all values of the anisotropy J,./J .

Summary of classical to quantum mapping. To summarise, the quantum Ising chain
in a transverse field captures perfectly well the critical singularities of the classical two-
dimensional Ising model. As a bonus (but this is not general), we even get a quantitatively
perfect prediction for the critical point temperature T,, well beyond the high-anisotropy
limit. Interestingly, the Jordan-Wigner mapping is unable to solve the 1d quantum Ising
chain precisely in the case Onsager’s solution cannot deal with: In the presence of a lon-
gitudinal field.

201f you call z = e 2%/ | from the Onsager relation Eq. (105), solving a simple quadratic equation, you get:

Vv S2 -2
z=e 2Ply = +4 , with S =2sinh(28.J,).
Straightforward algebra, using duplication formulas cosh(28.J,) = cosh*(f.J,) + sinh*(B.J,) and

sinh(2f.J, ) = 2sinh(f.J, ) cosh(B.J,), leads then to the result stated in Eq. (113).
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Figure 8: Plot of the critical coupling f.J, =J, /(kgT,) from the 2d Onsager’s solu-
tion, Eq. (105), compared to the quantum-mapped prediction of Eq. (113), versus
the anisotropy of the lattice J,./J,. The two predictions coincide.

6 Nambu formalism for the general disordered case

As we have seen, in the ordered case the Hamiltonian can be diagonalized by a Fourier trans-
formation, reducing the problem to a collection of 2 x 2 “pseudo-spin-1/2” problems, followed
by a Bogoliubov transformation, as first shown in Refs. [65,73,74]. In the disordered case, we
can proceed similarly, but we cannot reduce ourselves to 2 x 2 problems in a simple way.2! By
using the Nambu formalism, we define a column vector ¥ and its Hermitian conjugate row
vector W', each of length 2L, by

(Cl\
—~ ¢ ¢ — . .
— L _ T — [ AT AT A A AT A
v = o —( éT)’ v —(cl, , €156 ,cL)—(c ,c), (120)
1
\ & )
L
T —2 T _at T AT T A . 22
or\IlJ—c].,\I'].+L—cj,and\I’j—cj,\Ilj+L—cj,for]SL.

21¥or the time-independent case, a theorem due to Bloch and Messiah guarantees that there is always an appro-
priate basis in which the problem reduces to 2 x 2 blocks, but this is not very useful if you are willing to tackle
dynamical problems. See Sec. A.

22The notation for & might be a bit confusing and should be intended as a shorthand, rather than a column
vector. We are not consistently assuming, for instance, that &' is a row vector. The same shorthanded but imperfect

notations will be assumed later on for the Bogoliubov rotated operators # and #.
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L 4

Warning: Notice that the ¥ satisfy quite standard fermionic anti-commutation relations
{\I’J,‘I";,} :51’1/, (121)

for j,j’ = 1,...,2L, except that {/\I7 j ¥} =1forall j <L, which brings about certain
factors 2 in the Heisenberg’s equatlons of motion (see later).

It is useful, for later purposes, to introduce the 2L x 2L swap matrix S:

S = ( OLXL 1L><L ) , (122)

1L XL OL xL

in terms of which &' = (S¥)".
Consider now a general fermionic quadratic form

7 — * ATA I
H_Z(Aj’j ’]+AJJJ] +Z B ;¢ ’J+BJJJJ) (123)
i
where Aj,j = Aj.‘j,, i.e.,, A= A" is Hermitian, and B;;; = —Bj/;, i.e., B= —B' is anti-symmetric
because ¢ ; éj, is anti-symmetric under exchange of the two operators, and any symmetric part

of B would not contribute. It is simple to verify that H can be expressed in terms of ¥, omitting
an irrelevant constant term Tr A, as:

S . A B ¢
H=9"HY :(éT,é)(_B* b )(c]) (124)

There is an intrinsic particle-hole symmetry in a fermionic Hamiltonian having this form.
This symmetry, further discussed in Sec. 7.1, is connected with the fact that the Hermitian
2L x 2L matrix H satisfies:

o>

HS = —SH*. (125)

In the XY-Ising case, all couplings are real and we have two different fermionic Hamilto-
nians, one for each par1ty sector p = 0,1, which we report here for convenience, using also
2n —1=¢l¢ —e.¢

35759
L L
Byor=— 2. (JFele,,, +J7elel, + He)+ > hyee, —e;eh), (126)
j=1 j=1
with the boundary condition:
& =(—1)P*e . (127)

The corresponding 2L x 2L matrices H, are now real and symmetric. Hence A is real and
symmetric (A = A* = A"), and B is real and anti-symmetric (B = B* = —B"):

A B Ising A B
ae( A 2) = w4 2). -

The structure of the two blocks A and B is given, in the Ising case, by:

A];jzhj’ B=09
+ —
J; Jj J; xJ: (129)

A1 = A, = — 5 =5 Bjjr1="Bj; =5 = .
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where we have assumed, once again, that JJ?‘ = J;(1+x)/2 and J}' = J;j(1—x)/2. In the
PBC-spin case, we have additional matrix elements:

Jr Jy
Ap1=A = (—1)p? = (—1)p5 , (130)

and

KJp
5
both depending on the fermion parity p. The OBC case is recovered by simply setting J; = 0,
which makes H; = Hj,.

-
B,,=-B, = (—1)P7L = (—1)P (131)

7 Diagonalisation of H: The time-independent case

We start considering the eigenvalue problem for a general Hermitian 2L x 2L matrix showing
that the intrinsic particle-hole symmetry of the problem leads to the Bogoliubov-de Gennes
(BdG) equations. See Refs. [75-77]. We remark that one recovers the results of Sec. 4 when
the couplings are uniform and the matrices A and B have a simple translationally-invariant
structure.

7.1 The Bogoliubov-de Gennes equations

Let us consider the eigenvalue problem for a general Hermitian 2L x 2L matrix H

u A B u u
a( v )=( 5 S )(e )=l ).

where u,v are L-dimensional column vectors, composing the 2L-dimensional column vector

( 3“ , and the u index refers to u-th eigenvector. By explicitly writing the previous system,
u
we find the so-called Bogoliubov-de Gennes equations:

Au,+Bv,=¢€¢,4,,
{ u u pp (133)

* * —_
—B'u, —A'v, =¢€,v,.
. . . T. . . . « =\
It is easy to verify that if (uu , Vu) is eigenvector with eigenvalue €, then (VH , uu) is an

eigenvector with eigenvalue —eu.z3 In the Ising case, A = A* and B = B*, and we can always
take the solutions to be real.
We can organize the eigenvectors in a unitary (orthogonal, if the solutions are real) 2L x 2L

matrix |
_ u - oug v>(1‘ e v’;‘ _ U V*
U - ( V1 .. VL | u)‘i e u; - V U”< 2 (134)

2Indeed:
b

_Pp* AR — *
Bv:: Auu €,u

* * __ *
{ AvM+BuM— €,V
B

coincides exactly with Eq. (133), after taking a complex conjugation, exchanging the two equations and reshuffling
the terms. An alternative derivation uses the fact that

(v )=()

and that HS = —SH*, see Eq. (125).
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U and V being L x L matrices (real, as we can choose to be, in the Ising case) with the u; and

Vj as columns. As a consequence:

[61 0O --- 0 0 0O --- 0 \
0 € - 0 0 o --- 0
0 O € 0 0 0
T = L =di — = :
U'HU 00 0 —e, 0 0 = diag(ey, —€,) = Egiag -
0 0 0] 0 —e 0
\ 0O 0 --- 01l 0 0 - —e

If we define the new Nambu fermion?* operators  and &' in such way that
v =U%,
we can write H in diagonal form
H=9"H¥ =% U'HU® =&"Ey,, .

Similarly to ¥, we can define new fermion operators 7 such that

= (1 i (U VT
QZ(?T)ZU"I’=(VT ur et |-

More explicitly, we can write:%°

o>

L

A * A % AT
Tu= ZE(UJMCJ‘ Vi)
J=

L
At A A
Plo= 2 Vit +Upt)),
=

(135)

(136)

(137)

(138)

(140)

which can be easily inverted, remembering that ¥ = U@, to express the 6]. operators in terms

of the 7, :
u
A 5 ot
4= Z(Ulﬂyu +Viuf )
u

é} - Z(VJN?M + U?M?L)'
u

2*We have:
{8,8}={ Z ULE, Z YU, )= Z U UL {¥,, T}
7 ] i

=> U U = (U'U), =6,
J

25The conditions for the transformation in Eq. (140) to be canonical are:

vy ([ LUHVY |UV+ViUr ) (1]0 U'u+viv=1,
- B ViU+U'V=0,

VU+U'V | VIV +U'U 0]1

(141)

(139)

since you realise that the block 22 is simply the x of block 11 and block 12 is the { of block 21. Interestingly, the
condition V'U + U"V = 0 tells us that V'U is anti-symmetric, and the same happens for U'V. From the fact that

UU" must also equal the identity matrix, we might deduce that UU" + V*V" = 1 and UV’ + V*U" = 0.
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Finally H in terms of the ¥ operators reads, assuming we have taken €, > 0:

L L
=2 (eutifu—eut,t) = 226, (?L?u - %) ,
=1 =

and the ground state is the state annihilated by all }7“, which we denote by |6, ):

L

7,00,)=0 Vu = HW,)=El,), with E,=—>e,.

u=1
The 2! eigenstates can be expressed as:

L

|¢{nu}) = l—[ (}A’I’A)WW)Y) ,  with n,=0,1,

u=1
E{n'u} = EO +2ZnM€H'
u

o

(142)

(143)

(144)

Warning: The previous discussion applies to a generic quadratic fermion Hamiltonian H.
Consequently, it also applies to the two different parity Hamiltonians Hj, relevant for the
Ising case, which one could express as:

L L
e 1
_ At s A oAt ) At s
Hp = Z; (GP’“YP,HYP,M ep’“YP,HYP,H) - Z; 2€pp (YP,MYP,M 2) : (145)
u= u=

This implies that there are two distinct Bogoliubov vacuum states I(Dp), one for each set
of operators }Afp’ e Recall, however, that the block Hamiltonian ﬁp = ﬁplﬁlpﬁp involves pro-
jectors on the appropriate sub-sectors, which must be handled appropriately. Moreover,
the possible presence of zero-energy eigenvalues must be appropriately taken care of: see
below. This is important in calculating thermal averages, as further discussed in Sec. 11.

Before ending, a note on zero-energy eigenvalues, which has a practical relevance when

calculating thermal averages. If you calculate the eigenvalues {€,} by a numerical diagonal-
ization routine, the presence of zero-energy eigenvalues complicates the story. Indeed, the
zero-energy eigenvalues, if present, must come in an even number. This is rather clear from
the fact that the total dimension is 2L and that every non-zero positive eigenvalue €,, > 0 must
have a negative partner —e,, < 0. Unfortunately, the computer will produce eigenvectors as-
sociated with the degenerate zero-energy eigenvalues which do not have the structure alluded

at in Eq. (134). To enforce such a structure you can exploit the swap matrix S.
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Info: Let us consider the Ising case, where H is real and particle-hole symmetry reads
HS = —SH. Hence if (uu ) VM)T is a zero-energy state, so is S (uu s VH)T = (VM ) uH)T. Hence
the zero-energy subspace — the so-called Ker H, whose even dimension we denote by N,
— is invariant for S. Hence you can restrict S to such Ny-dimensional subspace, and di-
agonalize it there. But S is such that S = 1, hence its eigenvalues can be only 1, the
eigenstates of S being even or odd under swap of the first and last L components. Even
more: You can show that S must have exactly as many +1 as —1 eigenvalues in that sub-
space. Now, if (u, u)' is a zero-energy even-swap eigenstate, and (v, —v)" a zero-energy
odd-swap eigenstate — both normalised and orthogonal — then the two combinations:

1 u+v 1 u—v
E(U—V)’ and E(U'FV), (146)
are both normalised, orthogonal, and have precisely the structure shown in Eq. (134).

These states should be used to enforce the required structure of Eq. (134), crucial to
fulfilling the correct anti-commutation rules.

ﬁ[Problem 3. Tight-binding formulation of the BdG equations.] N

Show that the static Bogoliubov-de Gennes equations in Eq. (133) are equivalent, for
general couplings, to the diagonalization of the following tight-binding problem for the
two-component spinor W;, def (Uj“):

Vj

J; J;
A L A YW — I hE e YW AW = .
5 (T2 + ikt )W, 2 (TF =ikt )Wy, + B T°W;, = €, W;,,

where 1 are pseudo-spin Pauli matrices acting on the two components of Wj,,.

Next, consider the uniform case J; = J and h; = h. Use Fourier transforms
W, = %Zk e”‘jWk“ (where the k-vectors used depend, as usual, from the boundary
conditions) to show that:

(H, —2€,) Wy, =0,

where H; = (2xJ sink)?” + 2(h —J cosk)t* as in Eq. (52). This shows that the correct
correspondence between the general BdG approach of Sec. 7 and the k-space approach
of Sec. 4, is given by 2¢,— €.
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ﬁ[Problem 4. Bound-state excitations for an Ising chain with an impurity.]ﬁ

Consider now a uniform Ising chain with k = 1 and a single impurity on-site j = [. Take
Ji =J >0, hj =h—hjn, 61, with 0 < hyp, < h, by, < J, J # +h. Show that the
impurity induces two bound-state excitations, one above and one below the continuum

[2|J — A, 2|J + h|] of the extended excitations of the uniform chain.

himp \? himp )2
Answer: 2e;=2|Jih|iu'ghl( JP) +0(T") .

Hint: Assuming that 2¢, is outside of the spectrum of the unperturbed uniform chain, and using
Fourier transforms, show that you arrive at the following equation determining the non-trivial

solutions €,,:
2himp -1 .4
(1— . Zk:(Hk—ZeM) # |W, =0.

u
Assuming h;,,, < h, show that, for L — oo, 1 & 2h;,, 02 ﬂ% Tr( (Hk — Zeu)_l %z). Calculate the
1087 /2 a7 o—i0,2%/2

Jsink
h—J cosk?

an expression for €, approximated to second order in h;y,/J.

trace using H; = ;e with tan 6, = and perform the integral over k. Give

The next problem helps in understanding that the presence of disorder changes the nature
of the eigenstates, from being extended in space (plane-wave-like) to being space localized.

ﬁ[Problem 5. Anderson localization of states for the disordered Ising chain.]ﬁ

Consider the model with the disorder in both J; and h;. Assume that J; € [Jyn, 1] and

h; € [0, hp,y ] are uniformly distributed, with Jy;;, > 0. Numerically solve the Bogoliubov-

de Gennes equations Eq. (133) and show that, whatever the choice of h,,, and J;,,

the spinor eigenfunctions W;, & (VJ“) are localized in space. This means that these
J

eigenfunctions are uniformly bounded by a function exponentially decaying over a char-

acteristic length-scale &,,., the so-called localization length. More formally, fixing h,,

and J,,;,, there exists a &}, such that

/|UJH|2 + |VJH|2 < Ce T lul/Bie , Vou, (147)

where [, depends on u and C is a constant. This phenomenon can be seen when the
system size exceeds the localization length, L > &,,.. Study localization also using the
inverse participation ratio [78,79]

PR, = 3 [IWj P[* = D210 + 1V, (148)
j j

Average IPR,, over u and verify that it tends towards a constant value, for increasing L%

The space localization phenomenon discussed in the previous problem is an example of
Anderson localization, see Refs. [78,79]. The space localization of the eigenstates has profound
consequences on the physics of the problem. As shown in Ref. [81], there is still a region of

260bserve that plane-wave delocalized states have IPR = 1/L, while fully localized states have IPR = 1. The
problem of Anderson localization in the Kitaev model - the fermionic representation of the quantum ising chain —
has been considered in [80].
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transverse fields where the system shows ferromagnetic long-range order. Contrary to the
ordered case — where long-range order is seen in the ground state only and is immediately
lost in higher excited states — the presence of disorder, with the associated space-localized
excitations, leads to the consequence that the whole spectrum shows long-ranged spin-spin
correlations. See Ref. [82].
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7.2 Open boundary conditions and Majorana fermions

The case of a chain with open boundary conditions is particularly interesting, because Ma-
jorana fermions, and the associated zero-energy modes, emerge quite naturally from the dis-
cussion [19]. In this section, we work out explicitly the case of a chain with open boundary
conditions, introduce the Majorana fermions first as a formal device to perform the diago-
nalization, and then discuss the physical role they have as boundary excitations at vanishing
energy in the broken symmetry phase.

For illustration purposes, let us consider the case in which the spin chain has L = 4 sites,
and couplings J;,J5,J3 > 0, while J, = 0 (as dictated by OBC).?” The 2L x 2L Hamiltonian
matrix (in this case, an 8 x 8 matrix) will have the form (we fix the anisotropy parameter

k=1):
[ 2h —J; 0 0] 0 —J 0 O \
—J, 2n —J, O |J 0 —J, O
0 —J, 2h —J3| O J, O —J,
gol| 0 0 —J 2n| 0 0 J O (149)
2l 0 J, 0 o0 |-2n J 0 0
-J; 0 J, 0 J; —2h J, 0
0 —J, 0 Js | O J, —2h J,
\ 0 0 —J;3 O 0 0 Js —2h

Let us consider first the case with h = 0, corresponding to the classical Ising model with the
given couplings. The corresponding eigenvalues/eigenvectors (disregarding the ordering of
the non-zero eigenvalues) are found to be:

Jy J, Js O|=) =, =3 0
1 1 1

-1 0 =| 3 0o o o
boboo ol bk oo o
0o -t ol 0 1 i o
0 0 3 0 0 0 3 —7% |, (150)
1 1 1

3 0 0 —=|-3 0 0 0
boroo ol b0 o

1 1 1 1

o 3z 37 0 0 3 — 0
o 0o 3 0 0 0 3

where you should observe that the structure of Eq. (134) is correctly respected, except for the
two zero eigenvalues, which the diagonalization routine has decided to give us in this partic-
ular form. This form itself is particularly interesting. It suggests that the following fermionic

271f you want to do numerical tests, we suggest you take different values for J;, for instance, J; =1, J, =2 and
J; = 3, to avoid degeneracies, which might lead to a mixing of the corresponding eigenvectors.
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combinations naturally emerge:

e1=J; — &, =7, =2 +e)+iEl-¢),
e2=Jy — &,=7,=13(E+e&)+1-¢),
es=J; — ®,=7,=12(E +¢)+3l-¢),
=0 - a;:%(“{#él),
- i . ) (151)

—e=—J; - & =7 =320 +¢)—3E-¢),
—€y=—Jy — 66:?;:%(é;+63)_%(ég_62)’
—es ==ty = &, =7]=3(E+8)— 3-8,
—€,=0 - 3;3:%(61—64).

Several things strike our attention. First: </I;;r is Hermitian and :I;g is anti-Hermitian, and they

are not Hermitian conjugate pairs, contrary to all other (® i 3 i+ 4) pairs. If you want to con-
struct ordinary fermionic operators, then you should redefine:

¥ - @, =7,=i@T+e)+i@E-¢),
4 4= V4= 26 TC) T30 —6 (152)

~ ~

/ oot Lot Ay leat o4

oy = Py=7,=306+8)—35—8),

with an orthogonal transformation which leaves the subspace of two degenerate eigenvalues
0 invariant, precisely as alluded to in the last info-box of 7.1. Second: certain Hermitian

combinations seem to play a peculiar role. In particular, let us define the Majorana fermions:2®
v AT, oA v At A
&= (cj + cj), and o= 1(cj cj). (154)
These operators are manifestly Hermitian. They allow us to express the original fermions as:
A 1gx Ly JS I Ve
¢ = 2(cj’1 + lC].,Z), and & = z(cj,1 le’z), (155)
and satisfy the anti-commutation relations:
{éj,a’ éj’,a’} == 25]’]/ 5(1’(1/ . (156)

Notice, in particular, that this implies that different Majorana anti-commute, but (E]. a)z =1.
In terms of these operators, we have:

B, =1, = K+ 6+ )= Yoy,
B, =7, = 3] +8)+ 3 — &) = 3(&5, —it, ),
@3 =7;= %(él +E)+ %(63'* —&)= %(54,1 —i35),
2134 =7,= %(61' +é)+ %(éz —&)= %(51,1 ié4,2)’ (157)
B =71 = 1(&] +¢,)— 3@ —) = 1(&,, +iE,,),
by 11 46 - b= 1+
;=13 = 36 +8,)— 36— 8) = 3(&, +i85,),
B, =7] =30 +e)— 3@ —¢) =3¢, +it,,).

28This definition is non-standard. The standard definition used by Kitaev [19] duplicates the sites and defines
the Majorana fermions as living on even/odd sites as:

&= +¢), and & =i(E —¢). (153)
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Figure 9: Left: An L = 4 open chain with the off-site Majorana pairing leading to
the Bogoliubov vacuum. Right: The on-site Majorana pairing leads to the ordinary
vacuum for h; > 0.

There is something simple behind the previous story. If you rewrite the original Ising
coupling in terms of fermions, you realize that for instance:

—J;6%6%

]+1 +¢

— —Jj(e;‘e +H.c)=—J; (c —e )(c]+1 &)

= —idi¢ 58 115 (158)

j+1 ] )+1

e., the Ising term couples in a precise way neighbouring Majorana operators. All we have

. . . . . . . . A 1,y .y
done, to diagonalise it, is to introduce the appropriate combination y = 5(¢ ir11 ¢ j,z) and
)/J z(cJ+1 .t lCJ ,) and re-express the coupling term as:
5% &X vy _ N
J J+1 _)_leCj,2Cj+1,1 —Jj(Yij Yj}/j)’ (159)

which suggests that the ground state is the vacuum of those }7]. operators.?’

There is a second simple case we can deal with. Take all h; > 0 and J; = 0, so that the
Hamiltonian is now:

L L
H=>) hj2h,—1)= Y h(ele, —&,¢H) -
j=1 j=1

This shows that the ground state, now the vacuum of the ¢., still involves a “pairing” of Majo-
rana fermions, but now on the same site j. The two different Majorana pairings are sketched
in Fig. 9.

Returning to the previous case with h; = 0, the ground states certainly verify

(160)

Mh

1112

#;18) =0, for j=1,---,L—1(=3). (161)

But there are two states satisfying such a condition, a degeneracy that is ultimately related to
the presence of unpaired Majorana operators at the end of the chain, as emerging from Fig. 9
(left). Indeed, one such state is also the vacuum of ¥, _,:

7;100) =0, for j=1,---,L(=4). (162)
On such a state, we have (generalising now to arbitrary even L)

)A’L?N@o) =10)) = ¢ ¢ ,100) =100). (163)
The second possible ground state is |(;) = }“/"2 |@o) for which:

Firle) =100 = i 8,10 =—10). (164)

PInterestingly, in the vacuum we gain an energy —J ; from each bond. Breaking that, we would get a contribution
+J; from the bond, hence an energy cost, referred to the vacuum, of 2J;: This explains, for instance, the factor 2
in front of €, in Eq. (142).
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Figure 10: The spectrum of eigenvalues ¢, = 2¢,, > 0 of an ordered Ising chain with
OBC, versus the transverse field h. (We show only half of the particle-hole symmetric
spectrum +€,,. ) Here L = 256. Notice the zero-energy eigenvalue for h < h, =J.
This eigenvalue is exponentially small in the length L for all h < h,.

These two ground states have opposite fermion parity,>° because they differ by the application
of 7;.

o
Info: As discussed by Kitaev [19], the two zero-modes survive for 0 < h < J, with a split-

ting which is exponentially small in the length of the chain, as long the broken symmetry
leads to two possible ground states.

The existence of these modes is deeply related to the topological considerations done
when discussing Fig. 3. Indeed, a fermionic chain with |h| < J and OBC is equivalent
to surrounding the chain with the fermionic vacuum — in turn, equivalent to an Ising
chain with h — oo. But one cannot go continuously from a phase with a winding index
of 1 to a phase with an index of 0. Therefore, at the border between two phases with
different indexes, the gap must close to enforce this discontinuity (we saw when discussing
Fig. 3, the deep connection between the discontinuity of the index and the closing of
the gap). Hence, the gap must close at the boundary, and this effect appears as two
zero-energy boundary modes which behave as Majorana excitations. As we saw above,
there are only two ways of combining them into fermionic excitations, which are indeed
very non-local objects. For any finite system size L, the two Majorana fermions have an
overlap exponentially small in L. If we combine them into fermionic excitations, we find
a gap between them which is exponentially small in the system size. This is the same gap
we found in Secs. 4.1 and 4.2, which vanishes in the thermodynamic limit and leads to
symmetry-breaking. Now we appreciate its intimate connection with topology.

30Notice, incidentally, that the fermionic parity can be expressed as:

L L L
P= l_[(l —20;) = l_[ ((é; +§ )(é; —¢ )) = l_[(_ivj,léj,Z)' (165)
j=1 j=1 j=1
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To visualize these facts, we show in Fig. 10 the spectrum of eigenvalues €, > 0 (evaluated
numerically) of an ordered Ising chain with OBC. We mark in red one of the two zero-energy
modes we have discussed above, surviving for all h < h, = J. The mode is not exactly at
zero, but, rather, exponentially small in L. Finite-size effects (here L = 256) lead to a visible
rounding effect in the proximity of h,.

ﬁ(Problem 6. Majorana fermion wave-functions.] ~

Consider a uniform Ising chain in a transverse field, with open boundary conditions. Con-
sider the following expectation value of Majorana fermion operators:

wj,a = <@1|5j’a|®0> 5

where ;) is the Bogoljubov vacuum of the #, and |f;) = ?LZOI(Z)O), with the convention
that ?Lzo creates a Bogoljubov fermion with eigenvalue €,_o = 0%, the “zero-energy”

eigenvalue. By using the transformation between the ¢ ; and )“fu, show that:

Yja= ( ju=0"T Vjiku:O) ’ and Yj2= i(U;'k,M=0 - ‘/jTM=0) :

Show that |y j’alz are both normalized to 1. By evaluating numerically the relevant
quantities, plot | j,a|2 versus j for a few values of the transverse field h, including
h=0,0.1,0.9,1.

7.3 The BCS form of the ground state

The next problem we would like to solve is how to write the Bogoliubov vacuum I(Z)Y) in terms
of the 6; in the general non-homogeneous case, in a way that generalizes the simple BCS form
we have in k-space:

ABC

10,y =T | (s +vecfe’, )io) . (166)

k>0

For that purpose, let us make the Ansatz that |@),) can be written as a Gaussian state of the
form:

18,) ./\/exp( Z:Zh]2 ]'1 Jz) 0) =N e |0), (167)

Jjij2

where Z will be our shorthand notation for the quadratic fermion form we exponentiate.

Clearly, since ¢ hc i, = — ]2c j, we can take the matrix Z to be antisymmetric (but complex, in

general): Any symmetric part of Z would give no contribution. The conditions that Z has to
satisfy should be inferred from the fact that we require that Yul(DY) =0, hence:

L
N (U +vel)e? o) =0, V. (168)

j=1

Since Z is made of pairs of ¢'s, it commutes with 6} , hence, 6} eZ|0) =e? 6}'|O). The first term,

containing ¢ ; eZ0), is more problematic. We would like to commute & ; through eZ to bring it
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towards the fermionic vacuum state |0), where it annihilates. To do so, let us start calculating:

I:éj’Z] I: ZZth ]‘1 ]2] ZZJ] ]/’ (169)

Jjij2

where we have used the antisymmetry of Z. We see, therefore, that [éj , Z], being a combina-

tion of é;', commutes with Z and with any function of Z. It takes then little algebra®! to show
that:

[c],ez] = [éj,Z]eZ zez[éj,Z] = (ef=¢? (é]. +[6j,Z]). (170)

j
The conditions in Eq. (168) therefore read:

NeZZ( (& +16.21)+ Vel ) o) =0, V. (171)

Noticing that 6]. |0) = 0, substituting Eq. (169), and omitting irrelevant prefactors we therefore

have:
(Z it ZV}L“}) o) =0, Vu, (172)

where we have exchanged the dummy indices j and j’ in the first term. Next, we collect the
two terms by writing:

> (W), +(vh,,) ro)=0 = z=—UHV'. (173)
j
This is the condition that Z has to verify for the state |f,) to be annihilated by all ¥,,. This is
the so-called Thouless formula [83]. It takes very little algebra®? to verify that, indeed, such a
form of Z is antisymmetric.
We will see in Sec. 8.1, see Eq. (207), that the Gaussian form just derived applies also to a
time-dependent state |1(t)) when the dynamics follows a unitary Schrédinger evolution with
an Hamiltonian H(t) which is quadratic in the fermionic operators.

According to a theorem of linear algebra [84] any antisymmetric matrix can always be
reduced to a “standard canonical” form by applying a unitary matrix D as follows:

o M| 0 0
-2, 0] 0 o0
Z =DAD", with A= O O] 0 Ay|-- ) (175)

0 O0|—2A, O

LxL

31Simply expand the exponential in the usual way, realise that
[cJ,Z ]—n[c Z]1Z2"1,

because [6j , 2] commutes with all powers of Z, and reconstruct the exponential to get the result.
320bserve that: .
A _(VT)T ((U“r)—l )T =—_V* ((UT)T) = _V* (U*)71 .
However, from block 12 in Eq. (139) we get:

U'vi=-VvuU = Z2'=-vU)'l=U)yv =-z. 174
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where in general the A, are complex. If L is even, there are % blocks 2 x 2 with some A, while
if L is odd, A has an extra row/column of zeroes. The unitary matrix D allows us to define
combinations of the fermions c} which form natural “BCS-paired” orbitals,

df = > (D"),;¢l = > Dl (176)
j j

Labelling the consecutive columns of D as 1, 1,2,2, -, p, D, -+, with p up to L/2, one can
readily check that in terms of the d's the Bogoliubov vacuum I(DY) reads:

L/2 L/2
10,) =N exp( D A,didi)10) =N [ [(1+2,d}d") 10). 177)
p=1 p=1

It remains to evaluate the normalization constant A/. Now we calculate:*3

L/2
1=(0,10,) = IN? (0|g (1+2:d.d,) (1+2,dld") o)
L/2 A\11/2 N\71/2
=IWVP [ J(1+12,12) = INP? [det(1+ AAT) ] = IV1? [ der(1 +227) ]
p=1
= V2 [det(1+(U") 1V"'VU—1)]1/2
= N2 [det((U )y LU U+V‘V)U—1)]1/2 = N2 [det((UU“‘)—l)]l/ 2

_ 2 _
=|N] |det(U)| = V| = 4/|det(U)]. (178)

Summarising, we have derived the so-called Onishi formula [83], which states that:
2
[08,)| = W12 = dexw). (179)

If we express the Bogoliubov vacuum in terms of the A, we have:

L/2

L/2
l_[ 1+|7L |2( +7“P&;a;)|0): (up+vpﬁ;‘&;)|o>, (180)

~

=
Il
fui

where we have defined u, = 1/4/1+[4,> and v, = A,/4/1+|4,|2, which verify
|up|2 + |vp|2 =1.

Further details about the overlap between BCS states of the form discussed previously are
given in Appendix A.

33In the derivation we use that:

WP o | o o

o MP| o o

AAT — 0 0 |)L2|2 0
0 0 0 P
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8 Schrodinger dynamics in the time-dependent case

A time dependence of the Hamiltonian can come from many different sources [7, 9, 10, 85].
The simplest case, which is used in the so-called quantum annealing approach [86-88], consists
in assuming that the transverse fields are time-dependent h;(t): for instance, they might be
slowly annealed from a very large value towards zero. Alternatively, the Hamiltonian couplings
might be changed in some time-periodic fashion [89], as further discussed in Sec. 8.3. In all
these cases, the elements of the matrices A and B become time-dependent and consequently
H — H(t). We proceed now in general, assuming A(t) and B(t).
Start from Schrodinger’s equation:

i p(6) = HORO) (181)

Since the norm of [¢(t)) must be conserved, this implies the existence of a unitary evolution
operator U(t, ty) such that |y (t)) = U(t, ty)|(ty)), which satisfies the same equation:

d -~ —~ -~ .
ifi—0(t, to) = HOU(t, to), with — U(tg, o) = 1. (182)

Next, consider the expectation value of a time-dependent operator O(t) in the Schrédinger’s
picture

(O(1)) = (Y(OIODOI (1)) = (WP(tIT(t, t)O(O)T(L, to)lnp(to))
= (Y (t)|0u(OY(to)) (183)

where we have introduced Heisenberg’s picture operator
O0,(6) = U'(¢,t)0(0)U(t, ty). (184)

Therefore the equation of motion of an operator in Heisenberg’s picture for the general case
of a time-dependent Hamiltonian reads:>*

d . iy RS 3 . N\~
ih—0,(t) = T'(t, t0) ([o(t),H(t)] + ihEO(t)) U(t, to). (186)

8.1 The time-dependent Bogoliubov-de Gennes equations

Let’s write Heisenberg’s equation of motion for operator ¢ ;

o d . . g
i, (6) = U'(t, 1) [cj,H(t)] Ut to). (187)

34Here we use:
d -~ B d . —
lhEU(t’ to) =H(t)U(t,t,), and —lﬁEU (t,t0) =U'(t, to)H(L).

Notice that if H and O are time-independent

N

[U,H]=[U",H]=0, and ih%O =0,

then Eq. (186) takes the well-known form:
d

iﬁaéﬂ =[0,H]. (185)
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By calculating the commutator

[éj’ﬁ(t)] Z Hu'(f)[ Cj> ]

Ll'=1

= S muto(fe, 5%, -7 {6, 9,))

LU'=1

Z Hyp () (81,79, — ¥/ 6y 1)

LI'=1

L
i=1
we see that we have a linear equation of motion

m—c (0)=2 Z( #(0) &, () +Bj(0) &), (D), (189)

and analogously for the operator 6; With a more compact notation, one can write the linear
Heisenberg equations of motion for the elementary fermionic operators as:

ih%@H(t) =2H(t) ¥, (¢), (190)

the factor 2 on the right-hand side originating from the off-diagonal {TI'\J.,(II\J. 4t = 1 for
j=1---L. The initial condition for these equations can be written as:

/\I;H(t: to)E/\I7 :Uo( ;»i- ) :UO;I;, (191)
where # are the Bogoliubov fermions that diagonalise H(t,), and U, the corresponding rota-
tion matrix.

We are not quite done: We have an explicit linear equation for ¥ (t), but we need an

explicit solution for this equation, obtained by some “simple enough” integration of a finite-
dimensional linear problem. There are now at least two ways of getting the desired result.

First route. We make the Ansatz that |4 (t)), the time-evolved state of the system, is a Bo-
goliubov vacuum annihilated by a set of time-dependent quasi-particle annihilation operators

7,(t)
7,0 [y(8)) =0, Vu, Yt. (192)
This requirement immediately implies, by taking a total time derivative, that:
=i (7,00 ()
= (02 7,00) (@) +7,0 (i)
= (I 27,0+ 1, (0RO -HO7,0) W), (193)
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where we have added, in the last step, a term u(t) [p(t)) = 0. The last expression implies:>>

8
ih=—1,(00=~[7,(0.H®)]. (194)

By considering the equation of motion of the Heisenberg operator ?HH(t) we have
nls (=0 (O] +ih21,(0)) T(t, ) = 0 195
ih=7,,(0) = U (¢, 00) [ 7, HO ] +ih2-7,(0) | U(t, 1) =0, (195)

where we have used Eq. (194) in the last step. So, since ?uH does not depend on t, it must
coincide with its t = t, value. Let’s call this value )A/H = ?NH = }“f“(t = ty).
Let us assume now, inspired by Eq. (141), that the éjH(t) are indeed expressed by

L
A _ A At
8 =D (U7, + Vi, (0 71), (196)
u=1
and let us see if this expression solves the required Heisenberg equations in Eq. (189) for
an appropriate choice of the time-dependent coefficients U;,(t) and V;,(t). Substituting in
Eq. (189) we get:

i( (U7 +ih(%\f§u(r))?;)=2§Aij(t)(um(tm+v;fu(t)?;z)

L
+ ZZl:Bij(t)(Vm(t)f/“ +UL(07). 197)
=

By equating the coefficients of }“/“ and ?L we obtain the time-dependent Bogoliubov-de Gennes
equations:

lh SUj ()= 22( (OU,(60) + By (Vi (1),
= (198)

1h V() = ZZ(ijj,(t)Uj/'u(t)+Ajfj/(t)Vj/M(t)),

or more compactly, collecting together y = 1,---, L solutions in L x L blocks U and V:®
U() |\ _ U(t)
(59 ) o U9, 0
Notice that if (uu(t), th(t))T is solution of Eq. (198) then (v:;(t), uZ(t))T is also a solution,

so we need to find only u = 1,---, L solutions, as indeed alluded by the compact form (200),
not 2L. Once we have the first L, it is automatically guaranteed that:

_d (Ut) V() ) _ u(t) Vi(t)
lhE(V(t) U*(t))_zﬂ(t)(V(t) U*(t)). (201)

35A mathematician would complain, here, that this is not a valid implication: An arbitrary linear combination of
)"/M(t) could be added that, acting on [v(t)), gives 0. We are a bit swift here, but the result is correct. We will get
to the same result by a second route in a short while.

30In the time-independent case, the solution is equivalent to solving the time-independent Bogoliubov-de Gennes
equations. Indeed in this case the time evolution of the solution is

H( :: ):E“( 35 ) = ( 38 ) e_me“t/h( ::: ) (199)

and, as you can easily verify, the same result can be obtained by using directly Eq. (200) with H(t) = H
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Second route. It is reassuring to get to the same time-dependent Bogoliubov-de Gennes
equations by a second, quicker, route. Let us recall the linear equation we want to solve, with
its initial condition:

Ld = _ —
zhE\IlH(t) =2 H(t)®, (t),

/\I;H(t:to)E/‘I; = Uo( ;»i-):UOZI;,

where § are the Bogoliubov fermions that diagonalise H(t), and Uy the corresponding 2L x 2L
transformation matrix. Inspired by the form of the initial condition, let us search for a solution
of the same form:

A

T ()= U(t)( :, ) —U(t)®, (202)

with the same & used to diagonalise the initial ¢ = t, problem. For this to be a solu-
tion, the time-dependent coefficients U(t) must satisfy the linear Bogoliubov-de Gennes time-
dependent equations:

ih%U(t) =2H(t)U(t), (203)

with initial conditions U(t = ty) = U,. The latter form is just a compact way of expressing
Eq. (201).

It is easy to verify that this implies that the operators ?M(t) in the Schrodinger picture
are time-dependent and annihilate the state |1(t)): this was indeed the starting point of the
Bogoliubov Ansatz presented in the first route. The Ansatz here is that the Heisenberg operators
associated with the Bogoliubov fermions are time-independent, coinciding with the original 7 "
at time t = ty. This amounts to saying that:

( ;;') =( ;f) =rm(t)( EI;EB) . (204)

By linearity, it follows that, in the Schrédinger picture:

T\ _ ¢
( ?((t)) =U (f)( é"f) , (205)
or more explicitly:
L
7,0=> (U, (08 +V,(0)¢E)). (206)
=1

If we go back to Sec. 7.3, we realize that the algebra carried out there is perfectly applicable
here, and allows us to write the time-dependent state |v)(t)) in the explicit Gaussian form:

() =N (0 e (5 2,088 ) 10), 207)

JiJ2
with the anti-symmetric matrix Z(t) given by:
Z(t) =—(U'(0)) T Vi(e). (208)
It is not very hard to explicitly verify that such a state satisfies the Schrodinger equation:

i () = FOR(), (209)
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provided U(t) and V(t) satisfy the time-dependent BAG equations in Eq. (200). Indeed, the
time derivative of the state |y (t)) is simply:

N(t)
T ))Iw(t))-

On the right-hand side, the Hamiltonian terms can be rewritten by using that, for instance:

ZcrA c ez(t)IO) = Z@}(Az)yjéjez(t)w)-
Jji’

ih%lz];(t)) ((”)TZ(t)(“'H

Rewriting all the Hamiltonian terms we get:
H(Olp(0) = (@) (B+AZ+ZA+ ZB*Z)(&") — TrA— TrB*Z )|y (1)) .

By explicitly calculating the derivative of Z(t) using the BdG equations one can check, after
some lengthy algebra, that the two expressions indeed coincide.

ﬁ[Problem 7. Time-dependent BAG equations for a uniform chain.] N

Consider the uniform model with anisotropy k = 1. Take J = 1 (constant in time, and
taken as our unit of energy), and consider a time-dependent transverse magnetic field
h(t). Show that, in analogy with the form of the ABC ground state in Eq. (70), the time-

dependent state
ABC

p(0) =] [ () +vi(t)ee’ oy,

k>0

solves the time-dependent Schrédinger equation ifi|y(t)) = Hy(t)[1p(t)) in the fermionic
ABC sector provided u;(t) and v, (t) satisfy, for all k, the following BdG equations:

ifl . vi(t
p () = HOwe(0),  with (o) = (D)
u(t)
b J
ﬁ[Problem 8. Out-of-equilibrium protocol: crossing the critical point.] <

Consider now a slow annealing of the transverse field h(t) from the initial value h; > J at
time t = 0, to the final value h; = 0 at time t = 7, for instance linearly: h(t) = h;(1—t/7).
Initialize the system in the ground state of Hy(t = 0), and numerically study the BdG
evolution for all k, for a sufficiently large L. Consider now the expectation value of the
density of defects over the ferromagnetic ground state at the end of the non-equilibrium
protocol

Paer(T) = Zw(r)m 6565, p(T)) .

Show that pge(T) ~ 771/2 for sufficiently large 7, provided L is large enough.®” This is

the so-called Kibble-Zurek scaling, see Refs. [35,90] for details and further references on
this topic.

"The power-law scaling of p4.(7) holds for T < 7} where v} oc L? is a characteristic time where the finite-
size critical gap, scaling as 1/L, starts to be visible. For larger 7, the finite-size critical gap at h,/J = 1 becomes
relevant, and the density of defects starts decaying faster.
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8.2 Calculating time-dependent expectation values

Once we have a solution to the time-dependent BdG equations, we can calculate time-
dependent expectations of operators quite easily. Consider, for instance, the elementary one-
body Green’s function:

Gy (6) = (Y(OIE;EPIP(D) = ((a)IE; (], (O (&0)),
Fjyr(6) = (01, &1 (0)) = ((eo)Ie;, (62, (DI (¢0))

We assume that the initial state [1(ty)) is the Bogoliubov vacuum of the operators y which
diagonalise H(t), i.e., [{(to)) = |8,). The algebra is most directly carried out by working
with the 2L x 2L Nambu one-body Green’s function matrix

Gy (6) = (PO T (1)) = (9 () ¥, (], (D)p(to)) , (211)

by using the fact that the corresponding transformed Green’s function is simple, since

[¥(to)) = 16,): o
Gl = (W(t0)1@, 8], [(to)) = (T’—) : (212)

In matrix form, we immediately calculate:

G(t) = (P(t) ¥, ()T (O)p(te)) = U(t) ((te)I® &'[3(to)) UT(¢)
B 1[0 . o ([ UOU(e) | UVI(r)
=U(t) (T;T) U'(o) _( V(OUT(0) | V(OVT(£) ) : (213)

Summarising, the four L x L blocks of G read:

G6(0) = G(t) | F() _{ u@U() | u(Vi(e)
T\LUF () [1-6"(0) )\ V(U (o) [ V(o)vi(r) )

(210)

(214)

Info: Notice that, quite generally, G is Hermitian, while F, as a consequence of the
fermionic anti-commutations is anti-symmetric:

G(t) =U()U'(¢) = G'(¢v), and F(t) =U()V'(t) = —F'(¢t). (215)

Expectation values of more complicated operators can be reduced to sums of products
of Green’s functions through the application of Wick’s theorem [1]. This fact will be explic-
itly used later on, for instance, when calculating expectation values for spin-spin correlation
functions, see Sec. 9, or the Entanglement entropy, see Sec. 10. Moreover, time-correlation
functions with Heisenberg operators at different times can be calculated similarly.

8.3 Floquet time-dependent case

A particular case of dynamics is that in which the Hamiltonian is periodic in time, i.e., a pe-
riod 7 exists such that H(t + ) = H(t). The whole field of Floquet engineering is recently
actively pursuing this strategy to construct interesting phases of matter, sometimes without a
counterpart in equilibrium physics. See Refs. [89,91] and reference therein for more details.

The Floquet theorem [92,93] guarantees the existence in the Hilbert space of a complete
basis of solutions of the time-dependent Schrédinger equation which are periodic “up to a
phase factor”, i.e., such that:

() = e M 1o (0)), with  [ihya(t)) = [ipya(t + 7)) - (216)
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This way of writing is closely reminiscent of the time-independent case, except that the state
|54 (1)), known as Floquet mode, is now periodic in time rather than a time-independent eigen-
state of the Hamiltonian; the &£,, which plays the role of the eigenenergy, is known as Floquet
quasi-energy. There are 2%, as many as the dimension of the Hilbert space, Floquet solutions
of this type, and these solutions can be used as a convenient time-dependent basis to expand
states. Their usefulness consists in the fact that if we expand a general initial state as

[P (0)) = D [1ha(0) (4, (0)[1(0)),

then the time-evolution can be written, for free, in a form that is reminiscent of the time-
independent case, i.e.:

2L

() = D e EatM () (150 (0) [1(0)) - (217)

a=1

00)

Explicit construction of the many-body Floquet states can be obtained through a Floquet
analysis of the time-dependent Bogoliubov-de Gennes (BdG) equations, in a way similar to
that, used to construct the energy eigenstates from the solution of the static BAG equations
(see Sec. 7). To do that, let us write the BdG equations (203)

.. d [ U(t) U(t)

h— =2H(t . 218

! dt(V(f)) ()(V(t) (218)
Since H(t + ) = H(t) is a periodic 2L x 2L matrix, the Floquet theorem guarantees the

existence of a complete set of 2L solutions which are periodic up to a phase. L of them have
the form:

e—ieut/h(upu(t)) : for y=1---1, with {upu(t"i'f):upu(t):
Ve (£) V(£ + ) = v, (8),

and the remaining L, by particle-hole symmetry, are automatically obtained as

ci€ut/h ( vy, (1) ) ’
u;, (t)

Collecting all the quasi-energies €, into a diagonal matrix € = diag(e,,), and the various col-
umn vectors u,,(t) and v,,(t) into a L x L matrices Uy(t) and V,(t), it is straightforward to
show that the structure of the Floquet solutions of the BdG solutions is®®

U(t) | Vi(D) )

B B Up(t)e—iet/h | V:(t)eiet/ﬁ
De(0) ‘( V(0 | U0

_( Vp(t)e—iet/h | U:(t)eiet/h ) .

Using these solutions, we can construct the Bogoliubov operators ?Fu(t) which annihilate a
vacuum Floquet state |@,(t)) through the standard method employed in the general time-

dependent case (see Eq. 140):
’?E (t) — 'i‘ é'
(ﬂ W)= Ui | g | (220)

38Notice that the quasi-energy phase factors have to stay on the right of the periodic part, for the ordinary rules
of matrix multiplication to give the correct phase-factor to each column of the matrix.

(219)
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or, more explicitly, foru=1,---,L:

L
foa(t) = S (U8, + (VO)E]) = ft+ )= (1), Ve
=1
(221)
The Floquet vacuum state |@,(t)) annihilated by all the ?Fu(t) has the Gaussian form (see

Eq. (207)):

1 -

10(6)) = N;(t) exp (5 Z(ZF(t))jl jzcjlc}z) 0), (222)
J1J2

where, see Secs. 7 and 8, the Thouless and Onishi formulas hold:

Z,()=—(UIO) Vi),  and  N(6)=/]det(U,(D)]. (223)

Let us show that the Floquet vacuum state is periodic, i.e.,

|®F(t + T)) = Mp(t)) s

or, to put it differently, its many-body quasi-energy is £, = 0. To this aim, it suffices to show that
Z.(t) and N,(t) are both periodic. From V, = V, e ¢//" and U, = U, e *¢*/" we immediately
derive that VI (t) = e!®/"Vi(¢) and (UT(£))™! = (UI(¢)) ! e7*¢!/". From these relationships, in
turn, it follows immediately that the quasi-energy phase-factors cancel in Z, i.e.:

Z.(0) = —(Ul()'VI(6) = —(Ul(0)'Vi(0), (224)

which is manifestly periodic in time, Z,(t + 7) = Z,(t), because both U, and V, are periodic.
The periodicity of NV,(t) follows because

|det(U,(6))] = |det(U, (1)) det(e™/M)| = |det(U,(0))| |7 2 /| = |det(U,(1))

5

i.e., once again something manifestly periodic in time. At this point, we can easily, in principle,
construct all the 2! many-body Floquet states by simply applying any product of ﬂu(t) to

|0:(1)):*
L
W (0) = [ [ (7L.0)™ 18:(0)), (225)

u=1

where n, = 0 or 1 is the occupation number of the )A/Zu(t) operator. From Eq. (221) and the
periodicity of the Floquet vacuum, it follows that the quasi-energy of |1/)F{nu}(t)> is given by:

L
Eny =D Mu€y- (226)
u=1

9 Spin-spin correlation functions

As discussed in Sec. 5, the thermal physics of the classical Ising model in two dimensions is
reproduced by the ground state physics of the quantum Ising chain. Here we consider spin-
spin correlation functions. From the general theory we know that, see Eq. (110), the ground

39Some care should be exercised if the boundary conditions depend on the fermionic parity. In that case, one
should work separately in the two subsectors with even and odd fermionic parity, starting from the corresponding
vacuum state.
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state expectation value of the spin-spin (order-parameter) correlations for a translationally

invariant system should have the form:*°
—an/ &
XX JAX AX n large
=070, —— m? + const x . (227)

where m is the order-parameter m = (6;.(), & the correlation length, and 1 the anomalous
exponent.

The question we address here is how to calculate spin-spin correlation functions for the
quantum Ising chain, see Refs. [ 74,94] for a more in-depth and general discussion. Specifically,
we want to show how to calculate spin-spin correlations for the three possible directions in
spin-space:

xx_ AX AX YY _ Ay AY 2% A% Az
Ch’Jz <0j1 ajZ) ’ le,jz - (011 Uj2> ’ CJl’Jz <O-j1 ojz> : (228)

Here we discuss in detail the equilibrium case only.

The CZZ. does not involve the Jordan-Wigner non-local string, and comes automatically
from usmg chk’s theorem, once you have calculated the single-particle Green’s functions,
including the anomalous term, see Sec. 4.1.2 and Sec. 8.2.

ﬁ(Problem 9. The zz correlations.} N
By a direct application of the Jordan-Wigner mapping o =1-¢l¢ i and of Wick’s theorem,
show that:

1 2
Cflz,jz = 4(Gj1sj1 - E)(GjZ,jz 2) + 4GJ1 J2(6J1 jo ]2 ]1) + 4| 71 le : (229)

Verify that C]'.lej1 = 1. Show that:

. 1

Recognise that the first term in C?*; is simply (6?1)(6'1). As a consequence, the so-called

connected correlation function is given by:
zz,conn def .- nZ
(62)(6 ) = 4G;, 1,(5;

2
J15J2 ) 1112 Jud2 1211)+4| ]1]2| . (23D)

For the translationally invariant critical Ising case (x = 1, h = J), using the Green’s
functions derived in Sec. 4.1.2, verify that:

zz,conn __ 4 1
C1,1+n = ﬁm . (232)
Compare this with Eq. (3.3) of Ref. [65].
K J

Consider now the calculation of the cAr;Fl 6‘}; correlations*! for j, > j;. Using the Jordan-
Wigner mapping we get:
Jo—1
XX __ [ AX AX\ _ (AT A : ~ AT A
6o, = (6305 = (@) +e e (im 9 1,)(EL +2,). (233)
J=n

40Recall that the rotation in spin-space we have performed is such that the longitudinal direction is given by &*.
#IRecall that, in our convention, x is the spin direction in which the symmetry-breaking occurs.
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Recall now that:

iTh, _ 1 oa __ a at_af A yat _ay_ 7R
e =1 2nj =& —¢ ( +¢; )(c]. cj) =A,; (234)
where the last expression involves the definitions [75]
N = AT Ay ix
A;= (c]. + cJ) =0 and B, = (c] cJ) =—ic;,, (235)
closely related to the Majorana fermions. Hence we can write:
XX _ [AX Ax AR A
cy, = (0505 = B, ( l_[ AB)A,)
= (Bj, A11+1Bh+1 AJz—lB 1850 5 (236)

where we used that (f‘lj)2 =1.

At this point, we use Wick’s theorem [1], since this is a product of fermion operators av-
eraged on the ground state of a quadratic Hamiltonian (a Gaussian state, as we have seen
in Sec. 7.3), or on a thermal state of a quadratic Hamiltonian, depending on whether we
are calculating correlations at T = 0 or finite T. There are 2(j, — j;) elements in the product,
which we should be contracted pairwise in all possible ways, with the appropriate permutation
sign [1].

Recall: The results of Sec. 8.2 concerning the elementary fermionic Green’s functions
tell us that: et
€L J A AT T
Gj = (¢;¢)=(uu’) .

JJ Jji’’ (237)

and ]

Fiy = (¢;¢,)=(0v'),,. (238)
Recall also that the anti-commutation of the fermionic destruction operators forces F to
be anti-symmetric. Moreover, if the average is taken over the ground state so that U and
V can be taken to be both real,*? then G = UU" is real and symmetric, and F = UV" is real
and anti-symmetric.

Let us start by observing that
Il

where we used that G = G" and (F*)" = —F. Similarly, we have that:

BJB]/:(BB ) ((C —C )(C —C )) J/_(6J,J/ ])+F /'|‘F>‘< _—5],]/ (240)

These findings simply eliminate contractions between operators of the same type.*
We are therefore left with the contractions of the type:
Ay =BjAp) = (& — ), +¢,)) = —ij, +(68;,7—Gy;)—Fj; +F,

def
=687 —2(Gjj +F;;) = M, ., (241)

“The same results can be easily obtained from thermal averages, see Sec. 11.
“30Observe that contractions of the type ( ) or (B B, ;) never occur from the Wick’s expansion.
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-~ +

SR (242)

as perhaps expected.

L4

Warning: The previous considerations apply to expectations calculated on the ground
state or to thermal expectations. When considering time-dependent expectations the con-
dition of reality of the matrices G and F no longer applies, and appropriate modifications
would be needed, see Ref. [94].

We now have to account for all possible contractions of the B-A type, say, with the proper
permutation sign. If you think for a while, you realize that you can organize the whole of
Wick’s sum into the determinant of an appropriate matrix as follows:

1
Wick — Bj1A11+1Bf1+1Aj1+2 U szflAjz + A11+1le+1 e szflAjz + -
M i+ M j,
M .. M. ... cer M. i
Ji+1l,j1+1 Ji+1,j1+2 Ji+1l.j2
= det . . ) . (243)
Mj,—1jv1 Mjqj40 o0 My, (o—j1)%Ga—j1) -

Here, to help the reader recognize the various contractions, we have used colours.

Info: A good way to understand the structure of the matrix determinant you see is to
notice that the second (column) index is constant — going from j; + 1 to j, — and tells
you which is the A operator in the contraction: the corresponding first (row) index tells
you the B partner in the contraction, and as you see it grows from j; up to j, — 1, as
appropriate for the B partners.

Summarizing, we can write:

[ Mjje M Mj 1 My, )
Mjrnien Mygrjee Myggjes M;j 11,
CX. = det : : : : . (244)
Mj, 241 Mj2j+2 Mj,2j,-1 Mj,2j
\ sz_l’jl"'l Mj2_1:j1+2 sz—l’jz—l sz—lez )
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ﬁ[Problem 10. Theyy correlations.]

N
With similar arguments, using the Jordan-Wigner mapping of 6;’ , show that:
7 =(6767) = (1B A o BaA o BA). (245)
Use Wick’s theorem to deduce that:
[ M), My Mj 12 Myt \
M11+2,11 Mjl+27jl+1 Mjl+2»j2_2 MJ'1+2,J'2—1
C]?i ’3}2 = det (246)
Mj2_1»j1 sz—l,j1+1 sz—l:jz—z sz—l,jz—l
\ M Mjja Mj 2 My jp J
. J

The translationally invariant case is particularly noteworthy, since the various M; ;; depend

only on the difference of sites. Denoting by M;_; =M

can then write:

def
xx 9l ~xx
cx=EC

and

ny d=ef ny
n

114n = det

= det

1,14n

M_,

1"

M—(n—l) M_, \
M_(n—2) M_(n)
M., M.,
M, M., ]

M, M_(;—3)
M, M,
M, M,

both having the form of an n x n Toeplitz matrix** determinant.

4By definition, a matrix in which every sub-diagonal is constant.
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setting j; = 1 and j, = 1+ n, we

(247)
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ﬁ[Problem 11. The translationally invariant case.] ~

By referring to the results for the one-particle Green’s functions, show that the critical
Ising case (h = J and k = 1), and in the thermodynamic limit L — oo, the elementary
contractions are given by:

1 Y k Y/ 1 _ k Y
M, =M, = J i S05kG =+ 1)) — cos(k( — j)) (249)
’ V2 Jo 1—cosk

Evaluate the integral, showing that:

Moo 2 1
T mlv2- )

ﬁ[Problem 12. Spin-spin correlation functions.] ~N

Consider a uniform Ising chain with PBC. By working in the fermionic ABC sector, calculate
numerically the spin-spin correlation function Cf’l‘ +n for the three cases: A) h/J =1/2,
b) h/J = 2 and ¢) h/J = 1. Verify that the correlations Ci"{ +n tend to decrease with
increasing n, until n ~ L/2, and then increase back towards a value Ci"z = Cf’z‘ Explain
why this happens. Verify numerically that, when L — oo — practically, try increasing
L in your calculation — Cf’z /o tends towards a finite value for case a), it goes to zero
exponentially fast in case b), and as a power law in case ¢). Estimate the exponent of such
a power law. In the critical case c), compare the results obtained for a finite chain length
L, and those obtained by using the contractions M;_;, evaluated in the thermodynamic
limit . — oo (see previous problem). Repeat the calculations for C7”, . Compare with

1,14+n"
the analytical solutions provided in Ref. [65].

Thanks to the existence of approximate formulae for the asymptotic behavior of Toeplitz
matrix determinants [95-99], these exact formulas are the starting point of many large-
distance results 29,65, 74,94,100], also related to the 2d classical Ising model [101-103].

10 Entanglement entropy

The entanglement entropy is a way to quantify entanglement [104], that plays a fundamental
role in many-body physics, both in- and out-of-equilibrium. In the first case, the development
of long-range quantum correlations captured by the entanglement entropy is closely related to
critical points of second-order quantum-phase transitions [105]. In the case of the Ising model
we are discussing here, the situation has been discussed in [106,107], and it was found that
the half-chain entanglement entropy scales logarithmically with the system size at the critical
point, in deep connection with conformal field theories [107-109].

On the non-equilibrium side, the entanglement plays an important role in the dynamics
of quenched many-body systems. In the case of ergodic thermalizing systems, local observ-
ables thermalize, and this happens because the local density matrix becomes mixed, due to
the strong entanglement quantum correlations generated by the dynamics (see [110,111] for
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a review). In the case of integrable Hamiltonians, there is no thermalization, but local ob-
servables tend to an asymptotic value described by the so-called generalized Gibbs ensemble
(GGE) [111,112]. In this case, the asymptotic local density matrix is less mixed and the dy-
namics generates less quantum correlations due to local constraints [113-115].

The entanglement entropy quantifies these quantum correlations and is an invaluable tool
to distinguish between thermalizing and GGE cases (see, for instance, [116]). Moreover, in
case of disorder, many-body localization can appear, an integrable phase where quantum cor-
relations propagate slowly, and half-chain entanglement entropy increases logarithmically in
time, in contrast with the linear increase of clean ergodic or integrable systems [117-121]. The
Ising model is integrable, and under a quantum quench its half-chain entanglement entropy
linearly increases in time, until it reaches an asymptotic value linear in the system size and
smaller than the thermal value, as discussed in [27,115], also in connection with conformal
field theories [108].

Finally, the entanglement entropy has a very important role in witnessing the so-called en-
tanglement transitions. If a quantum system undergoes random measurements from a classical
environment, the entanglement can show very different behaviours, depending on whether the
effect of the quantum dynamics dominates (strong entanglement) or the effect of the onsite
measurements (small entanglement). This is reflected in the behaviour of the half-chain en-
tanglement entropy that scales differently with the system size in each entanglement phase.
Also in this context the Ising model has been widely employed [45-55], together with similar
quadratic fermionic models [45,52,122-131], where one evaluates the entanglement entropy
using the methods described here.

So, the question of how to calculate the entanglement entropy for the quantum Ising chain
is a very important one, and we address it here using the methods developed in [27, 106].
(Equivalent methods leading even to closed expressions for the ground-state entanglement
entropy are described in [132-134]. The approach of Ref. [135] for a general real Gaussian
density matrix is also worth mentioning.). To explain what the entanglement entropy is, let us
start from the concept of reduced density matrix. For a system described by a pure state |v),
we can equivalently adopt a density matrix formulation [70], using ¢ = |¢)(y|. The reduced
density matrix is a proper (generally non-pure) density matrix obtained by tracing out a part
of the system. To be concrete, if our Ising chain has L sites, then we can write:

61 =Trygp,..30> (250)

where Try;,; ... 1) indicates that we take a partial trace over the sites of the chain not belonging
to the connected subsystem with sites {1,---,1}.

The reduced density matrix §; must be a positive Hermitian operator acting in the Hilbert
space of the {1---1} spins, whose trace is 1. It has 2! non-negative eigenvalues w; which sum
to 1. The only case in which it is itself a pure state is when only one of the w; is equal to 1,
and all the others vanish. This, in turn, is only possible when the state of the two connected
subchains {1---1} and {l+1--- L} is a product state, i.e., a state without entanglement. A good
way to capture such entanglement is to calculate the so-called entanglement entropy

21
S :_Tr{l,---,l} [31 logf)l Z—Zwi logwi, (251)
i=1
which vanishes exactly when the state is a product state and is positive otherwise.
What do we know about ;? Recall now that a basis of Hermitian operators for each spin
is given by the three Pauli matrices, supplemented by the identity matrix which we denote by
6% = 1,. Hence, we can certainly write p; as:

1
p=—= Z Coyoma 6?1 ---6?’ s with a; =0,x,y,2. (252)

A1,...,0p
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The first question is how the coefficients Cj, ..., in this expansion can be written.

Info: Let us recall the analogous problem for the case of a single spin. If we write
p = %Za C,6%, then while C; = 1 due to the unit trace of p, we can reconstruct the
other coefficients C,—, ,, from measurements of the different components of the spin,
more precisely, from the spin expectation values

(6 =Tr(6%) == ZCa/Tr(“’““)— ” (253)

where we used that Tr(6%6%) = 264 . The name tomography is often used in this
context: You reconstruct full information on the state by appropriate measurements.

A Q

In a very similar way, consider measuring the expectation value of the operator (“7;11 0
on the state ;. We get:

Cal“’al e Tr{l...l} (@'?1 RN, ;xlﬁl)
=Trp.qy Trgs. L}( P "'6;1115)
=Ty (67 601p) = (W65 - 67 p), (254)

where the second step follows from Eq. (250).

o

Remark: The 4! complex coefficients Cq,...q, completely specify the reduced density ma-
trix p;, an operator in a 2!-dimensional space. How to get the eigenvalues of p; and
extract the entanglement entropy S;, seems a highly non-trivial task, at this stage. Notice
also that the previous considerations apply to any spin system. There is nothing special,
so far, about the quantum Ising chain.

Let us look more closely at an example of such a term. Consider, for a block of I = 8 sites
the term COOOXZOO_)/:

Coooxz00y = (Y|6,0:6 Gal). (255)

First of all observe that such a term respects the parity invariance of the Hamiltonian, as it
possesses an even number of 6* and &7 operators: If there was an odd number of them, the
coefficient would vanish due to the parity selection rule. Next, we map spins into fermions.
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S O
~. 0 ~. K< ~. ><

>

Therefore, we get:*°

COOOXZOOy

o

late into:

¢.
J,1 J J

Con —aat_ata _eat Ayt A y— ik %
1—20.=¢.¢! & (c].+cj)(cj c].) i€ 1€ 5

Info: To map spins into fermions, recall the Jordan-Wigner transformation:

A AT A
K; (& +¢)), -1
5 ieat A . _ _on
j l(Cj cj), with K] = 1/_[(1 2n].,) (256)
1-24, =

Recall also the following useful ways of writing some of the previous fermionic quantities.
First of all, Majorana (Hermitian) combinations appear explicitly in 6* and 6”:

At oA s _eat_a
=(¢'+¢.), and cj,z—l(cj cj). (257)

Second, you can re-express in many ways the operator 1 — Zﬁj:

;=66 (258)

(IR, (&L +8) (1 —2A5) Ry i(ef — )

(pl(el +¢) (1 —27,) (1 —27,) (1 —21,)i(E) — o))
(‘/’ IE4,1 (_ié4,1é4,2) (_i56,1é6,2) (_ié7,157,2) 58,2W’>
(

Pl (it ) (i 1 & ) (—iE, 1 & ) Eg ). (259)

Warning: In the notation of Sec. 9, see Eq. (235), such an expectation value would trans-

Coooxz00y = i (Y |B4AsBsA,B;Bglt)) (260)

hence in equilibrium (i.e., for a ground state or thermal calculation) it would still vanish,
simply because you cannot construct the correct number of non-vanishing Wick’s con-
tractions! In any case, you notice how the approach we have undertaken is essentially
impossible to carry out. Even after calculating, through an appropriate application of
Wick’s theorem, all possible non-vanishing coefficients C,, ..., calculating the eigenvalues
of the corresponding reduced density matrix seems an incredibly difficult task!

But there is something very special about a quantum Ising chain. If |¢) is the ground

state of the quantum Ising chain, the state has a Gaussian form, as explained in Sec. 7.3.
Similarly, for a state |{(t)) = U(t,0)[(0)), corresponding to a Schrédinger time evolution
with an arbitrary quantum Ising chain Hamiltonian, starting from some |1(0)) with a Gaussian
form. In all these cases, Wick’s theorem comes to rescue us in the calculation of the relevant
expectation values, which can be expressed as a sum of products of elementary one-particle
Green’s functions [1]. It turns out that working with Majorana fermions is a good way of
handling efficiently ordinary and anomalous fermionic Green’s functions. To do that, let us be
equipped with a matrix notation for the Majorana as well.

4Use the fact that (1—2ﬁj) commutes with terms which do not involve fermions at site j, and that (1—2ﬁj )2 =1.

This leads, in particular, to a cancellation of the two tails originating from the Jordan-Wigner string operators K, 4
and K,. Moreover, recall that the square of a Majorana gives the identity: (é].,l)2 = (51-,2)2 =1.
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To be consistent with the Nambu notation for the ordinary fermions, we better define the
Majorana column vector:*®

(G (1 0 = 0[1o0 - 0\(%\

€)1 o 1 --- olo 1 --- 0 )
: 0 0 - 1]00 --- 1 || ¢

S B : T =we, (262)
L, 0 —i 0o o || &

\52,2] \0 0 --- _ioo...i)\éz)
where we defined the 2L x 2L block matrix:

W=( .1 .1). (263)
—11 |1

One can define the Majorana 2L x 2L correlations matrix as:

Moy = (p1€,8, 1) = D (W), (1,80 1) (W), (264)
JJ’

which in full matrix form is immediately related to the Nambu Green’s function G:
M=WGWT. (265)

Upon substituting the block-expression for the Nambu Green’s function G in Eq. (214) we
obtain, after simple block-matrix algebra:

M= 1+(G—G)+(F—F) |i(G+G —1)—i(F+F")
"\ —i(G+G'—D)—i(F+F) | 1+(G—G")—(F—F)

) =1+1A, (266)

where the 2L x 2L matrix A is real and anti-symmetric,*’ and both G and F are (in general)
complex.

Remark: Notice that, quite generally, F* = —F as a consequence of the fermionic anti-
commutation. If we are in equilibrium (ground state or thermal) then both G and F can
be taken to be real. Moreover, G is symmetric, G = G'. This implies that

0 | -1+2G—2F
M=1+i , 267
( 1-2G—2F | 0 ) (267)
in agreement with the Majorana equilibrium correlators seen in Sec. 9.
4The standard definition [19] which in row-vector form would read:
¢ = (51’ éz: 53’ 54’ ] 62L—1’ EZL) = (51,1’ 51,2’ 52,1’ 52,2: T éL,l’ éL,Z) > (261)

mixes the different blocks of the Nambu fermions in a way that makes the algebra extremely painful.

4The fact that A is real and anti-symmetric follows from the fact that, quite generally, from G = UU" and F = VU"
and the unitary nature of the Bogoliubov rotation — see Eq. (8.2) — it follows that G + G" is real and symmetric,
F + F* is real and anti-symmetric, while both G—G" and F —F* are purely imaginary and anti-symmetric.
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This algebra of re-expressing the Green’s functions in terms of Majorana correlators, which
in turn involve a single 2L x 2L real and anti-symmetric matrix A, will be important in a short
while.*®

How to calculate the reduced density matrix spectrum. We are now ready to proceed,
circumventing the difficulty of calculating all the 4' complex coefficients of the reduced density
matrix in Eq. (252) and finding its spectrum.

Step 1: The Majorana matrix M fully determine the (pure) state |v), because of the Gaus-
sian nature of the latter and Wick’s theorem. We can equivalently write

M, = (Y[&¢ 1Y) =Tr(¢,8,0), (268)

where p = |[¢) (] is the pure-state density matrix associated with |1).

Step 2: Consider now restricting the Majorana correlation matrix to the sub-chain {1---1}.
We will denote such a 21 x 21 matrix as M;. M is made by four [ x [ blocks suitably extracted
from the full 2L x 2L matrix M according to the site-indices involved in {1---1}. Most impor-
tantly, since it is the block-truncation of an M = 1 +iA, with A = A* = —AT, it will retain the
same structure. More precisely, assuming now n,n’ € {1,---,1} we have:

{(Ml)n,n/ = 5n,n’ + iAn,n’(Ml)n,l+n’ = iAn,L+n’ > (269)
(Ml)l+n,n’ = iAL+n,n’(Ml)l+n,l+n’ = 6n,n’ + iAL+n,L+n’ .
With a slight leap in the notation, we will now denote these 4 blocks as:

Ml = 121 + lAl N (270)

where both M; and A; are taken to be 21 x 2[ and A, is real and anti-symmetric.

M contains correlations between Majorana fermions living on the physical sites of the
reduced chain {1---1}. All other sites have been effectively eliminated from the discussion to
the point that we might consider restricting our Majorana operators to

<

(vl’l\ (1 0 -~ 0110 - 0 (4
o 0 1 - 001 0 °
o 51,1 B 0 0 1 0 0 1 ¢
co| i | |2t LR ¢l @71)
S e M B R
\él.’zj \o o0 - —ilo 0 i)zzxzz\ézr}zz

21

“Incidentally, although we will not use it, the same transformation might be applied to the Hamiltonian H to
rewrite it in terms of Majorana fermions as follows:

e 1
H=9'"H¥ =Z(E)TWHW' @),

where use used that W' = 1 W' and, see Eq. (124):

WHW”‘:( (A—A")+(B—B") |i(A+A")—i(B+B") ):zAH,

—i(A+A")—i(B+B") | (A—A")—(B—B")
with a real anti-symmetric A, = A% = —A], since A= A" and B" = —B. The unitary Bogoliubov rotation would now

translate into a real orthogonal rotation of Majorana fermions which transforms the real anti-symmetric matrix A,
into a standard canonical form.
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Hence, we can use the reduced density matrix in these averages:

(M) =Tr(€,8,0) =Try.qy (€,8,01) = 6 + 1A - (272)

Step 3: We can transform the matrix A; to a canonical form, by a (real) orthogonal trans-
formation R. The canonical form of a real anti-symmetric matrix is, see Ref. [84], made of [
anti-symmetric 2 x 2 blocks along the diagonal:

0 A| 0 o 0 0 \
~A, 0] 0 o 0 0
0 0] 0 A 0 o
Aj=R3R’, with #=|_0 O0]—-A 0]---) O O , (273)
0 0] 0 0] 0 A
Lo ofo of-|-n o),

with A,_,..; real. Using the rotation matrix R, we can define 2] new combinations of Majorana
fermions:

21
d, =D Ryé,, for g=1,---,2L. (274)
n=1

These new Majorana combinations, which now mix different sites of the sub-chain {1---1},
have a very simple correlation matrix:

Ty (d,d,01) = 8q. +iBgq - (275)

Now we switch back to ordinary fermions, simply because we are much more trained and used
to thinking in terms of them. We therefore define:
4, =2 (dy,  +idy),  for g=1,-0,1 276
q_a Zq_1+l zq 5 or q_ s, L. ( )
By construction, given the simple correlations encoded by the matrix 2, these fermions have

averages
1+2,

TI‘{lu.l} (&;aq/lal) = 54:4'

which shows that 4, € [—1,1], in order for the average fermionic occupation to be 0 < P, <1,

=5,4P (277)

and that the different fermions d g are uncorrelated.
Step 4: We have found [ new uncorrelated fermionic operators. Hence, in this rather
non-local basis the reduced density matrix factorizes, each 2 x 2 block having eigenvalues

1+
Py=—

1-24
. , and 1-P, =
2

q 2 2

(278)
and contributing an entropy S = —P,log P, — (1 — P,)log(1 — P;). Hence, we finally arrive at
the entanglement entropy:

l

Si=—» (P logP, +(1—P,)log(1—P,)). (279)
qg=1

The evaluation of the correlation matrix and the entanglement entropy can be implemented
numerically with rather standard techniques.
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Problem 13. Ground state entanglement for a uniform Ising chain.]

Calculate the ground-state entanglement entropy for a uniform Ising chain, with [ = L/2,
in the three cases: A) h/J =1/2,b) h/J =2, and ¢) h/J = 1. Show that the half-chain
entanglement entropy tends to a constant, for increasing L, in cases a) and b), while it
grows logarithmically in the critical case c).*’

11 Thermal averages

Thermal properties of the random transverse-field Ising chain have been studied by P Young in
Ref. [76]. The case of open boundary conditions (OBC) poses indeed no particular difficulties
in calculating thermal averages: we are, after all, dealing with a free Fermi gas of Bogoliubov-
de Gennes quasiparticles, whose spectrum can be numerically determined. The calculations
become more tricky in the ring geometry (PBC) case, where two different fermionic Hamil-
tonians should be used to determine the spectrum in the two different even and odd fermion
parity sub-sectors of the Hilbert space. This constraint on the parity of the total number of
fermions makes the calculation more difficult, in a way that is conceptually similar to that of
a free Fermi gas in the canonical ensemble. Such a complication is dealt with in the present
section.

Let us recall a few basic facts about the general structure of the Ising model Hamiltonian.
The full Hamiltonian, when PBC are imposed to the spins reads:

— Hy| O
HPBC:( 00 f, ) (280)

The two blocks of even and odd parity can be written as:

I/_\IO = ﬁOﬁO/P\O = ﬁoﬁo 5 and I/:I]_ = /P\l]ﬁll/P\l = }ﬁ[lﬁl 5 (281)
where H?]Ipzo’l both conserve the fermionic parity, hence they commute with ﬁo,l and are given
by:

L L
Bypoo1 =— 2. (JFele,,, + U7, +He)+ > hy(2h,—1), (282)
j=1 j=1
with the boundary condition set by the requirement ¢, ; = (—1)p+161.

L4

Warning: Neither ﬁpzo nor ﬁpzl, alone, expresses the correct fermionic form of the PBC-
spin Hamiltonian. Indeed, after the BAG diagonalization, we can write:

L
i At 1
Hp = Z 26]?’“ (Ylg,uyp,‘u - E) P (283)
u=1

hence we have, in general, two different vacuum states |@,) such that ?p,umP) = 0, and
2L corresponding Fock states, with different eigenvalues, unless the spins have OBC, in
which case J; = 0 and therefore ﬁp:l = ﬁpzo. But we should keep only 2/~ even and
2171 0dd eigenvalues! How to do correctly the sums involved in the thermal averages is
the next issue we are going to consider.

“'The logarithmic divergence in the critical case is consistent with the conformal field theory analysis of Ref. [ 107,
136]. Away from criticality, where the correlation length £ is large but finite, the results of Ref. [107] apply.

64


https://scipost.org
https://scipost.org/SciPostPhysLectNotes.82

SCIl SciPost Phys. Lect. Notes 82 (2024)

Consider calculating the thermal average of an operator O. We should calculate:

Tr(ée_ﬁﬁ) = Z Tr(ﬁpée_ﬁﬁ) = Z Tr(/lspé e_ﬁﬁﬁp)

p=0,1 p=0,1
- Z Tr (ﬁpé By e_ﬂﬁﬁp) = Z Tr (ﬁpé ﬁPe_ﬁﬁpﬁp)
p.p’/ p
= Z Tr (ﬁpé §pe_ﬂﬁ"ﬁp) = Z Tr (ﬁpé IA)pe_ﬁﬁp)
P P
s 2. (0B ). (284)

This derivation uses standard properties of projectors and the trace, and, in the final step, the
assumption that O commutes with the parity. The thing to remark is that now the fermionic
Hamiltonians H, appear, accompanied by a single projector P,. Next, we recall that

~ 1 4 =
P, = 5(1 + (—1)Pei™). (285)
Hence we arrive at:

Tr(é e_ﬁﬁ) = % Z (Tr(é e_ﬁﬁp) +(—1)PTr (O ei“ﬁe_ﬁﬁp) ) . (286)
p=0,1

The next thing to consider is how to deal with the term e!™, which we can always re-
express as:

e = (B, e |,) e T Frua (287)

Info: The meaning of such expression should be reasonably transparent. Parity is a
good quantum number. Once you determine it on the Bogoliubov vacuum, calculating
(@,1e™@,) = +1, then the parity of each Fock state simply amounts to counting the
number of 7' operators applied to the Bogoliubov vacuum. There is a slight ambiguity in
the meaning of |,) that is good to clarify here. We have not defined |@,) to be the ground
state in the sub-sector with parity p — in which case you would directly anticipate that
((Dplei”N |@,) = (—=1)P, but rather the Bogoliubov vacuum state associated with ﬁp. So,
depending on the couplings and boundary conditions, the parity of I(Z)p) might differ from
(—1)P. There are cases where, for instance, there is a single H with a single associated
|@), but also cases where such a single H can have two degenerate vacuum states 10,), as
discussed in Sec. 7.2.

The explicit evaluation of (Q)pIei”N |#,) can be carried out with the techniques explained in
Sec. 9. With the same notation used there, you can show that:

~ o~ o~ o~

(B,1e™18,) = (0,]A,B,A,B, -~ A, B, |6,)

M;; My, -+ My
L My; My, -+ My
=Didet| . (288)
ML,l ML,2 ML,L LxL
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Figure 11: (a) Comparison between Jordan-Wigner (JW) and numerical Exact Di-
agonalization (ED) results for the average energy density, on a small ordered Ising
chain (L = 10). (Right panel) Open boundary conditions (OBC) and periodic bound-
ary conditions (PBC) are compared for a larger chain (L = 100), where ED cannot
be performed. The system considered is always a Ising chain with J; =J =1 and
h; =h =0.5J, with k = 1. For OBC we set J; = 0.

Hence, defining: N
Ny = (1P (B 1e™|8,), (289)
we finally get:
n — 1 n =~ N AT
Tr (O e—ﬁH) — E pzzoll (TI‘ (O e—ﬁHp) + Ny Tr (O e BH,+im Zﬁ:l Yp,ﬂp,u) ) . (290)

In particular, the partition function can be expressed as:

Z="Tr (e_ﬁﬁ) = % Z (Tr (e_ﬁﬁp) + 1, Tr (e_ﬁﬁp_mzﬁzl ?E,u?p,u) )
p=0,1

L L
1 L
=3 E e/jzulfw“ |(1+e—2f56w)+np| |(1—e_2ﬂep’ﬂ)). (291)
u=1 p=1

p=0,1

The relevant single-particle thermal averages needed are then:>°

1 —~ —~
— Lot oo —pH

1 ) . . ES . L AT A
_ 1 At —pH AT A —BH +lTL’Z: Voulp,
B 2Z(Tr(7/p,u}/p,u’e p) +npTr (YP,HYP,H’e ’ e P”))

S N N
<YP,MYP,M'PP

e_zﬁ €pu

L L
=S (l_[(1+e_2/jepl)—np[!(l—e_zﬁepxl)), (204)

1=1 =
l#u l#u

500bserve that to calculate the fermionic single-particle Green’s functions we need the separate ingredients for
the two sub-sectors p:

c=(@F)= > @F5)= > u,(3,85,) U, (292)

p=0,1 p=0,1

~ # —
@p:( Tp ):UP\P. (293)

Since, in (292) U, depends on p, we have a weighted sum: It is not enough to calculate directly Zp:o,1 <$p$;§p>.
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L
1 -2 a2
= Guys( [ [0+ e ) n, ] |(1 ﬁfp,z)). (295)
=1
l#u Z#H
Clearly, the averages where you destroy or create two ¥ fermions vanish:

b 5 P)y= ST st By —
(T T puPo) =0, and (Tt puPo) =0. (296)

Info: From the averages of the Bogoliubov operators, it is a simple matter to reconstruct
all elements of the ordinary and anomalous thermal Green’s functions for the original
fermions, as defined in Sec. 8.2. From these, using Wick’s theorem, other thermal averages
and correlation functions can be calculated, see Sec. 9.

We have tested these formulas on a chain of length L = 10. In the left panel of Fig. 11 we
show the average internal energy E = (H) for L = 10, comparing the Jordan-Wigner results
to those obtained by Exact Diagonalisation (ED) of the problem with both open and periodic
boundary conditions. In the right panel of Fig. 11 we compare, for L = 100, the thermal
averages for E = (H) obtained with the Jordan-Wigner approach for OBC and PBC.

Problem 14. Free-energy and entropy.]

Consider a uniform quantum Ising chain with PBC. Using the techniques explained, cal-
culate (numerically) the free energy per site, F/L = —3L logZ and the entropy per site,
S/L =(E—F)/(LT), as a function of the temperature T for three representative values
of the (uniform) transverse field: h=0.5J, h=J and h = 2J.

12 Conclusion

We have presented a pedagogical description of the numerical and analytical methods for
studying the statics and the dynamics of the quantum Ising model in a transverse field and, in
general, of quadratic fermionic models. These methods are useful because these models are
at the center of many recent studies in quantum many-body non-equilibrium physics, due to
their rich phenomenology and the fact that the numerical analysis is feasible up to very large
system sizes.

We have started with the Jordan-Wigner transformation, needed to write the Ising chain
in the form of a quadratic fermionic model (known as the Kitaev model) and we have diago-
nalized it in the case of a uniform chain. We have given special attention to the second-order
phase transition of this model and the connection with the classical phase transition of the
Ising model in two dimensions.
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Then we moved to the diagonalization of the generic disordered model. We have intro-
duced the Nambu formalism, which has allowed us to show that the ground state has a BCS
(or Gaussian) form, and to get the Bogoliubov-de Gennes equations for the diagonalization.
To find the quasiparticle excitations, and then find eigenvalues and eigenstates, one reduces
to diagonalize a matrix with size quadratic in the system size, which allows to scale up to large
chains. We have applied these methods to the open Kitaev chain, to show the existence of the
zero-energy Majorana modes in the topological phase of this model.

Then we have considered the case of the dynamics, where a very similar formalism is valid
and the state has still a Gaussian form for which Wick’s theorem is valid. Here the dynamical
Bogoliubov-de Gennes equations are valid, that are similar to a set of Schrédinger equations for
a single quasi-particle Hamiltonian. Their solution provides all the properties of the Gaussian
state and applying Wick’s theorem one can get the expectations of all the observables.

Using this formalism, valid both for the ground state and the dynamics, we have then
studied how to get from the Gaussian state some important properties of the system, such as
the spin correlators and the entanglement entropy. The formulae we get are valid not only for
the Ising model but also for generic quadratic fermionic systems.

Finally, we moved to consider thermal averages. We have shown how to compute the
expectation of the observables at finite temperature by paying attention to fermion parity
effects, that are important at finite size.
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A Overlap between BCS states

Sometimes, for instance, in the context of quantum quenches, where the Hamiltonian is
abruptly changed, it is important to know how to calculate the overlap between BCS states
belonging to two different XY-Ising Hamiltonians I/{\O and I/J\l. This appendix gives details on
this.

Let us start considering the two BCS ground states of H, and H;. These two states are
Bogoliubov vacua for the fermionic operators }A/Ou and 7, w and we denote them, for a more

compact notation, as |(?JYO> =10,) and |@Y1> = |@;). We will first compute |(#; |,) |, and then
we will extend the result to the overlap of general excited states. The two sets of fermions can
be written in terms of the original Jordan-Wigner fermions as:

Tq ):U"fﬁ :(UE v, )(c) A1)
(i )= =( ) (e ).
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where a = 0,1. We can write the direct unitary transformation from one set to the other as

follows: .
7 ¢ 7 e Ut v (7
(3)-uei)-o()-(5 2)(5)
71 7o To o
where:
_(u v
v=(40) a3
with:
U=UyU; +V,V;, V=VU; +UyV;. (A.4)

We will prove that, if |;) and |@;) are not orthogonal, then:
|{B1100)1* = |der(U)] , (A.5)

a relationship which is known as Onishi formula. Indeed, we have already given proof of this
relationship in Sec. 7.3, for the special case in which one of the two sets of fermions were the
original Jordan-Wigner fermions 6]. with associated vacuum state |0). There we showed that,
with the present notation:

Ar AT
W)a) eXp( Z( a)th J1 Jz) |0) (A.6)
JjiJ2
with:

Z, =—(U))"V], (A7)
and |(0|0,)|?> = |V, |?> = |det(U,)|. With the same algebra, we could establish, for instance,
that: 1

100) =N e®100) =N exp (5 X2, 73,,76,1,) o). (A8)
J1J2
with:
Z=—(UH"v', (A.9)
and |(By]8,)|*> = |N|> = |det(U)|. Several points in the previous derivation would call for

appropriate specifications: for instance, we assumed that U is invertible. Also, the case of
possible orthogonality of the two ground states was not discussed. Finally, the case of pure
Slater determinant without BCS-pairing, relevant for the isotropic XY model, was not explicitly
addressed.

We will now give an alternative proof that makes use of an interesting theorem due to Bloch
and Messiah [83,137], and which clarifies all these issues. We will perform an intermediate
canonical transformation which first allows us to write an explicit equation for |@);) in terms of
|0y), and then to compute easily (#;]@,). The theorem that Bloch and Messiah proved [137]
shows that matrices with the structure of U above can be decomposed into a product of three
unitary transformations as follows:

D 0)\/U V\/(Cc o
Uz(o D*)(\_/ ﬁ)(o c*)’ (A-10)
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where D, C are L x L unitary matrices and U, V are L x L real matrices of the form:

& )
0
u1 0
0 uq
U= s (A.1D)
u, 0
0 u,
1
\ 1)
& )
1
0 Vl
—V]_ 0
V= , (A.12)
0 v,
—v, O
0
\ o)
in which u, > 0, v, > 0 and u§ + vp2 = 1. From these relations we have:
U=DUC, V=D*VC. (A.13)

To proceed, we now notice that since:

fo You (11 )=(P 9)\(U V(¢ o)\( %
()=e(0)=6 o) o) e)(f) e
we can think of the transformation as the product of 1) a first unitary transformation C which
does not mix particles and holes for fermions ¥,, defined by

&1 _(c o ?1 A15
(4)-6 (1)
followed by 2) a simple “canonical form” of a transformation leading to new fermions:
@ \_(U V[ & (A.16)
a, vV U)\ & )’

and a final transformation 3) leading to the fermions ¥, through a unitary D which does not

7. _(D 0\[ &
()G w)(e)

mix particles and holes:
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In essence, what the Bloch-Messiah theorem guarantees is that one can always find a basis
such that the transformed fermions, @, and &,, are coupled by a particularly simple matrix in
which there are only three possibilities: ) for some indices, which we denote by [, there is no
transformation at all (the 1s in the diagonal of U), i.e., & u) for some other indices,

= Ol’

which we denote by k, the transformation is a pure particle-hole &', = = Q,: These indices

1k
correspond to the Os in the diagonal of U, and the 1s in the diagonal of V; iii) all other indices,

denoted by (p,p), are BCS-paired in a simple way, and they form 2 x 2 blocks in the matrices
U and V with coefficients u, and Vps such that:

p
&l =u,al —v,a
1p — “p*op  'PTop°
(A.18)
alp upa0p+vpa0p

We must stress that the theorem does not tell us how many indices belong to the three cate-
gories above: In some cases, all the indices might be 2 x 2-paired, but it is also possible that
the transformation is a pure particle-hole transformation without any pairing at all.

The construction of the relationship between |,) and |@);) becomes particularly simple in

terms for the fermions &0(1). The key idea is the &0(1) is related to ?0(1) by a transformation

which does not mix particles and holes, and therefore it is still true that &, |#,) = 0 and
a,,10;) = 0. Since |();) is the state which is annihilated by any &, we can write it as:

=N Tay, 100 =T Tag ] T(up+vpid,al) 100, (A.19)
n k p

where N is a normalization constant. Notice that we included only BCS-paired indices and

particle-hole transformed k-indices but not [-indices, since &,, = &, and the inclusion of such

terms would give zero, since @, |l) = 0. Since, by hypothesis, the two states |@,) and |0;)
are not orthogonal there should not be pure particles-holes k-indices either, and therefore:

(@ 104) ﬂoll_[(u +v aop o )I@O) l_[up = \J l_[ug = \/det(ﬁ). (A.20)
P

p

Finally, since U= D'UC", and D, and C are unitary transformations:
(8o 16,) > = | det(D'UCT)| = | det(V)], (A21)

which is what we wanted to show.

The extension to the calculation of the overlap between |@,) and any eigenstate
|{n1M}> =11 pel Yl u |;), where I is the set of occupied states (n;,, = 1), is in principle straight-
forward. Here is a possible way to tackle the problem.

This state can be thought of as the vacuum of the following new set of fermions:

Bl=71,, ifu¢l, pl=1,,, ifuel, (A.22)

in which we have performed a particle-hole transformation for the occupied modes. Now we
can use the equation obtained for the scalar product between empty states, i.e.,

|(Bol {ny, 1) = (A.23)

where the matrix U’ is: ' '
U =U U] +V V], (A.24)
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in which:

(U )]‘u (Ul)]ur lf‘U,¢ I(U )]p, (V*)]H: lf‘U,EI,

(V )JM (Vl)]u, lf,U, ¢: I(V )JM (U*)]u, lf‘U,€I

A second approach to calculating these overlaps with excited states makes explicit use of

the Gaussian nature of the states. The relevant algebra follows directly from that of Sec. 7.3.

Let us start by considering the overlap between },}SUI ﬂ)uz |6,) and |@;) = N'eZ|@,). This is given
by:

(A.25)

(00|}’>QM2?0H1|0 > =N<00|}’>0M2')>0H1e2|®0>
N Bole® (7, +ZZW2Y0M )(Fon, +ZZM Fou )'00)

[T 1y

N (@ole YOH(ZZMIYO )106) = (Bol8) 2,

“1
wherein the second step we have made use of the commutation property:
s 2 _ o Z (s 5 _Z (s ot
Toue” =€ (Vou + [yow Z]) =e (You + ZZW/YOM,) . (A.26)
7%

Notice that, for the overlap to be non-vanishing, we were forced to contract ?Ouz against ﬁ)u’
1

in the final step. A similar calculation shows that, if we have an even number 2n of operators,
the result is highly reminiscent of Wick’s theorem sum-of-products of contractions:

DolF0y, + To, 1000 = N (Bl (75, +Z anbly P oy )+ (Fou, +szu Pow )10)

My, I
_ p
= (Dl0,) Z(_l) Zuplupz Zup3up4 "'ZNPZH_IMPZH
p
= (0o10:1) Pf(Z)2nx2n » (A.27)

while the overlap vanishes for an odd number of 7, pe I the last expression, the Wick’s sum is
rewritten in terms of the so-called Pfaffian of the anti-symmetric matrix Z (or more properly,
of the 2n x 2n elements of Z required by the indices wy - - - tiy,,):

0 Zipy, Ly Ly,
P (D = pf| P00 P T
Ziw Zuyp, Zuznug 0
< DD Zyp up, Zupyp, " Lup,  pn, (A.28)
: n factors

Notice that the Pfaffian is defined by a Wick’s sum which contains n products of Z-matrix
elements, and not 2n, as the familiar det (Z),, -, However, a remarkable identity exists [ 138]
which links the two objects:

— P
det (Z)ZHXZH - : :(_1) Zulupl Z.uzupz T ZHZnHPzn
P v
2n factors

= (Pf(Z)ZHXZn)Z . (A29)
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Notice, however, that the link exists only if the dimension of the antisymmetric matrix we are
considering is even: The determinant of an odd-dimension anti-symmetric matrix is simply
zero, while the Pfaffian is not defined. To summarise, we have obtained the generalization of
the Onishi formula in the form:

(Dol 70, Tou,191) = (Bo101) PE(Z)onxan = (Bol@1) (det (Z)anxza)'’? - (A.30)
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