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1. Introduction

The numerical treatment of many-body problems in solid state physics be-
longs to the realm of computer physics. Computer physics has evolved from
‘number crunching’ and ’dump data plotting’ into a competitive field on a par
with experimental an theoretical physics strongly entwined with both. Real
experiments can be replaced by computer experiments as it is common prac-
tice in industry for monetary reasons. On the premises that an appropriate
is simulated, the numerical experiment is often much faster, less expensive
and in some cases even the only feasible alternative. With little extra effort,
system parameters can be modified and novel material synthesized and the
respective properties investigated.

As far as the links to theoretical physics are concerned the situation is similar.
Computer physics has been disdained for many years by the 'pure theorists’
claiming numerical results provide numbers and no insights. The situation
has drastically changed over the last decade as testify by the significant and
still increasing fraction of publications based essentially on computational
techniques. Computer simulations from the theoretical viewpoint allow to
scrutinies different models to figure out which fits the data best. Parameters
can be modified with ease investigating wide parameter regimes with one
and the same method. Otherwise different approaches have to be tailored for
different parameter regimes, like week coupling strong-coupling etc.

A widely used approach is the density functional theory in various guises. The
most famous approximation is the Local density approximation with various
approximations to the unknown exchange-correlation potential. By definition,
these one-particle approaches describe weekly correlated systems. Strongly
correlated many-body systems are defined as those in which the simultaneous
presence of all particles is essential for the respective phenomena. DFT is in
principle exact in the sense that These techniques will not be discussed here.






2. Many Body Hamiltonians

The genuine ab-initio Hamiltonian describing condensed matter is the ab-
initio Hamilton operator containing in the Oppenheimer-approximation. It
forms the starting point for bandstructure calculations in the local-density-
approximation (LDA), in which electronic correlations are treated on a mean-
field level. The realm of LDA calculations are weakly correlated systems,
as opposed to strongly correlated electronic systems in which the detailed
electron-electron-interaction is responsible for correlation effects such as anti-
ferromagnetism, Kondo-effect, fractional quantum-hall effect, Mott-transition
and many more.

An exact treatment of ab-initio many-body problems is illusory. There are
two options, either we stick to the ab-initio many-body Hamiltonian and are
satisfied with uncontrolled approximations or we resort to model Hamilto-
nians which hopefully still contain the crucial essentials of the sought-for
physical effect.

Model systems have the advantage that they can either be solved exactly
by analytical means or they can be approached by numerical techniques.
Numerical techniques are often the only feasible and reliable method for
studying the really tough and long-standing problems of such systems.

We will begin with a concise description of the most important Hamilton op-
erators for strongly correlated quantum systems, which have been the subject
of intense numerical studies over the last 1-2 decades.

2.1 Hubbard model

We start out with the good old Hubbard model [?, ?] a simple model for in-
teracting electrons in narrow bands. Assuming localized orbitals and a strong
screening of the Coulomb interaction, only the local density-density repulsion
is allowed for. The mere on-site interaction is certainly a crude approximation
to the Coulomb interaction, but, for certain phenomena, it bears already the
essential features of strongly correlated electrons. The Hubbard model was
originally introduced to study the metal-insulator transition and ferromag-
netism of itinerant electrons in narrow bands. During the last decade it has
re-gained considerable attention in connection with the high temperature
superconductors.
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Possible realizations of this model are atoms with partially filled 3d-shells.
In these systems the physics at the Fermi-level is governed by electrons in
localized (3d-) orbitals. The model is defined by

H=-t Z azgajo + UZ“H”Z’T —uN (2.1)
(i.9) i
Hy H;
where a;fa(aw) create (annihilate) fermions of spin ¢ =1, | in a Wannier

orbital centered at site i. n;, denotes the occupation number operator
Nig = a;raaw. The electrons move in tight binding bands, with a transfer
integral ¢ between nearest neighbor sites, as indicated by (i, j). The strength
of the Coulomb interaction is U. The number of lattice-sites will be denoted
by N. If not stated otherwise the underlying lattice will be ”simple cubic”
in 1-D, 2-D, or 3-D. For U > t double-occupancies are energetically un-
favourable. The dominant contributions to the low-lying eigenstate are those
real-space configurations in which there are as few double-occupancies as
possible. Of particular physical interested is the situation near half-filling. At
half-filling there are as many electrons as there are site, namely N. Both spin
directions get their equal share. The energetically favoured configurations are
those with one electron per lattice site. The charge movement his hampered
by a potential energy barrier of hight U. Unless there an applied voltage does
not overcome this threshold there will be no significant current. The system
is insulating. The reasons is merely the on-site Coulomb repulsion. Without
U the system would be a perfect metal at half-filling. The same energy gap
shows up in inverse photoemission. To bring an extra electron into the system
an additional energy U has to be paid. In the insulating state only the spin
degrees of freedom are dynamic and it can be shown in second order pertur-
bation theory that the Hubbard model maps onto an Heisenberg model with
antiferromagnetic nearest-neighbor spin-spin interaction.

For grand canonical calculations, in ([Z1]) a chemical potential u is included
which couples to the particle-number operator

i

Besides the on-site repulsion some applications also include nearest-neighbor
density-density repulsion, as well, or even long-ranged density-density inter-
actions. The model
H = Huupbara +V Z nin;
(i5)
is called the extended Hubbard model. We will also be interested in the
negative-U (attractive) Hubbard model

1 1 -
H=—t Y ala;,—[UY (n - 3) (nip = 5) — N
(i.d) o i
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In this notation the chemical potential vanishes at half-filling (n) = 1 which
follows immediately from the invariance under particle-hole transformation.
Particularly useful is the asymmetric particle-hole transformation

T T
@i 7 Gy % 7 (2.3)
a;—ri — e"Qwiail a; — e_iQ:""a;rl

with @ = (m,...,m). Equation (23] leaves the nearest neighbor hopping
term of the Hamiltonian invariant, changes the sign of the onsite-Hubbard
interaction and introduces a homogeneous magnetic field in z-direction

1 1
H— Hy+ |U| Zl:(nzl — 5)( it — 5) 7}1,21': (niT — nil) 7,[LN . (24)
207
Hence, the negative-U model maps onto the repulsive Hubbard model in a
homogeneous magnetic field of strength h = 2u. The latter vanishes only at

half-filling. Interesting consequences of (23)) are

AZT = a;LTa;rl — eiQ“‘”a;.fTail = eiQmiag"
A, = a; — e’iQwiaLaiT = e*iQmiai_ (2.5)

NG = Ngp + Ny — niT—nii—l—l:ZUf—&—l
a§+’_’z) are the Pauli matrices. Equation (Z3) can be used to deduce re-
sults for the negative-U Hubbard model from those of the repulsive one.
For instance the staggered magnetization in x,y- direction in the repulsive
case maps onto pair-field operators A; and the staggered magnetization in
z-direction translates into charge-density waves. Since at half-filling the re-
pulsive Hubbard model in 2d exhibits long-ranged antiferromagnetic order at
T=0K, there is a coexistence of superconductivity and charge-density waves
in the attractive model.

2.2 Heisenberg model

The Hubbard type models describe itinerant electrons. If the charge degrees
of freedom are bound to the atomic positions only the spin degrees of free-
dom remain active. They are described by the Heisenberg hamiltonian, the
fundamental model in the theory of magnetism of local magnetic moments.
It is defined by

]

H=> J5S78; + J55 (S7Sy+SYSY) + B> 57 (2.6)
,J i

where S¢ (o = x,y,2) is the a-th component of the spin-operator and J
stands for the exchange integrals. The last term describes the coupling to an
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external magnetic field B in z-direction. This model is particularly geared
for magnetic insulators like the 3d-,4d-,4f- 5f-systems.
There are several special cases of the Heisenberg model

e J* = J! ... isotropic Heisenberg model
e J- =0 ...Ising model
e JP=0 ...XY-model

The spin operators obey the well known commutator algebra
(S8, S7) = idijeapy ST -

For numerical purposes it is convenient to introduce ladder operators
SF=8r+iSY.

Therefore, the operators S* and SY can be written as

T _ 1 + — y 1 + _
S; —2(51' +57) Si_2i(Si Si )
Instead of S% and SY we use the operators S* and S~ to express the Hamil-
tonian

/ 1
H=Y" {Jij iS5+ 5055 (STS; +575)) } +BY S}
ij Y i
Fyj

where the summation is restricted to i # j.

2.2.1 Spin 1/2 Heisenberg Antiferromagnet

The isotrope spin-1/2 Heisenberg antiferromagnet (J < 0) attracts particular
interest as being the strong coupling limit of the Hubbard model at half-filling
(Ny = N; = N/2) with J = —4¢? /U [?]. Moreover, it is governed by quantum
effects more than any other spin system.

However, the perfectly ordered Neel-state [T|1]) is not the ground state of
the system.

The Hamiltonian has the special form

H= —JZ{Sij+ ;F,-j} .
(ig)
We have used the common sign convention for the exchange-integral. In the
antiferromagnic case J is negative. The spin-spin interaction is restricted
to nearest-neighbor sites, indicated by (ij). The so-called flip operator F;;
has a simple meaning for spin-1/2 particles. It swaps the spin-values of the
neighboring sites ¢ and 7, if the spins have opposite sign. Otherwise, the
application of Fj; yields the null vector.
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|...,—Ui,...,—0j,...> ifJi:—Uj,

Fi7j|...,0'i,...,0'j7...>—{ (27)

|0) otherwise.

A gauge-transformation can be invoked to map the spin-1/2 Heisenberg
Hamiltonian onto a hard-core boson system with repulsive nearest neighbor
interaction [?]. This representation is useful from the numerical and analyt-
ical point of view [?]. The transformation is defined by S;" = b}, S; = b;
and S7 = 1/2 — b b;, with the hard-core constraint bf = 0. For J <0 and
a bi-partite lattice it is favorable to perform an additional gauge transforma-
tion b; — e; - b;, with e; being 1 on one sublattice and -1 on the other. The
hard-core boson Hamiltonian then reads

H=—JY bibi+J Y nin;+Eo. (2.8)
<ij> <ij>
In the above equation, Fy = —Jz(N — Nyp)/4, with N, being the number
of bosons and z the number of nearest neighbors. N, is related to the z-
component of the total spin via N, = N/2—S§. Both, N, and S§ are conserved
quantities. It has been shown that the ground state of ([Z8) is nodeless and
unique [?, ?].

2.2.2 Ising Model

The extrem unisotropic limit of the Heisenberg model is the Ising model, in
which only the z-components of the spins are retained. Since no x- and y-
components of the spins are involved, the Hamiltonian commutes with every
S7 and the individual z-components are good quantum numbers. Therefore,
the Ising model is a purely classical model, all operators commute and the
only quantum-feature is the fact that only discrete values for S? are allowed.
The Hamiltonian of the Ising model reads

H:—JZSZSJ-FBZSZ, (29)
<ij> i

where the spin-variables are restricted to 1. The Ising model is of particular
interest for the theory of phase transitions since the 2d-Ising model has a
second order phase-transition at a finite temperature and it can be solved
analytically. There are various generalizations in the literature for a wide
range of applications not only in physics but also in biology and in the field
of pattern recognition. A particular class of generalizations leads to the so-
called Potts-model. For a survey see [?].

2.2.3 The Potts Model

In the Potts—model the spins s; can take on discrete values ranging from
1,2,...,q. We restrict the discussion to periodic homogeneous systems where
the Hamiltonian reads
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H==J Y bo.s - (2.10)

<4,j>

As in the case of the Ising model, only nearest-neighbor spins interact and
thus the sum is again restricted to nearest-neighbor sites ¢ and j on the
underlying lattice. Positive J values represent ferromagnetic coupling where,
at T = 0, all spin values are equal. This ferromagnetic ground state is g-fold
degenerate.

The Hamiltonian of the Potts model for ¢ = 2 is related to that of the Ising
model

H' =—J" " sis (2.11)

<i,j>
via
H = —J" 3" 600 — (1= 04.)
<i,j>
=-2J" 3" 6,4, +J Nz (2.12)
<i,j>

=—J Y e +J Nz

<i,5>

Here, J = 2J! and z is the number of nearest neighbour pairs per lattice
site. In the case of the Potts model, magnetic fields B couple via

N
H'=-B> 6. (2.13)
i=1

where N denotes the number of spins. This formula relates to that for the
Ising model via

HY =B si==BY (01— (1-0,.1))

=-2BY 6,1+BN. (2.14)

Again, the coupling constant for the Ising model is twice that of the Potts
model.

2.3 Kondo Model

The Kondo model was designed to describe the interaction of itinerant and
localized (d, f) electrons of transition metal oxides such as LaMaQOg, which
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are presently the subject of intense investigations. Due to strong Hund’s rule
coupling, the localized electrons are in a high spin state, which results in
This means that at every lattice site ¢ there is a localized spins S;. The sites
1 of these magnetic moments can either be distributed randomly to discribe
magnetic impurities in metals or they can form a regular lattice. Like in
the Hubbard model, the itinerant electrons are treated in the tight-binding
approximation. They are subjected to strong exchange coupling with the
localized spins. In its simplest form, the Kondo Hamiltonian reads

H=—t Z a:;raajﬂ —Jy Z aza,aalgaw S + JZSZ-SJ- . (2.15)

<i,j>,0 i,0,0' (i)

Here, only one band of itinerant electrons is considered and electron—electron
interaction are neglected. The coupling constant Jy has typical values of
Jug ~ 6eV. Its influence is much greater than that of the hopping term.
Therefore, it is quite informative to consider the limit Jg /t — oo, where the
itinerant spins are forced to align with the local ones. Then a misalignment of
S; and S; suppresses the hopping, and, consequently a ferromagnetic ground
state of the localized spins is favored. In this limit, an effective Hamiltonian
can be derived. This is most easily done when considering the localized spins
as classical vectors of equal length S pointing in the direction

n; = (sin6; cos p;, sin ; sin @;, cos b;) .

This simplification can be justified for large spins S = 3/2, 5/2,.... In the
case of classical localized spins, the effective Hamiltonian reads

Hjj oo = — Z tij dIdeT (2.16)
<iyj>
with a hopping integral ¢; ; now depending on the relative orientation of the
neighboring spins

tij=t [cos(01/2) cos(6;/2) + sin(8;/2) sin(6; /2)e~ (¥ =21

The operators djT(diT) generate (annihilate) itinerant electrons whose spins
point in the direction of the localized spin S;. We see that t; ; = 0 for anti-
parallel spins (0; = m — 6; and ¢; = ™+ ¢;) and ¢; ; = ¢ for parallel spins
(0; = 6; and ¢; = ;).

Another strategy is to to integrate out the effects of the itinerant electrons.
This procedure yields the so—called double exchange Hamiltonian. In case of
S =1/2 it is of the Heisenberg form

3.1
Hsoipp=—3t— 5t > 8i-8;. (2.17)
<1,j>

In the general case, the double exchange Hamiltonian involves powers of the
scalar product (S; - S;)" up to n = 25.






3. Numeric representation

There are four prerequisites a basis set should fulfill:

It must be rapidly generated

matrix elements are easy to compute
modest need of memory

fast access of states.

We will discuss the best basis sets and there numerical representation for spin
and charge systems separately.

3.1 Spin-1/2 systems

Instead of the two spin values +1 we use the integers n; = %t € {0,1}.
One is prompted to identify the sequence of n; values as bit-pattern of the
integer I = Zf\il n; 271, For instance the basis state [¢) = |—1,4+1, =1, +1)
is represented by n = {0101}, which again is mapped onto the integer 4. This
representation has two advantages, it keep the memory requirements as small
as possible and it speeds up certain numerical operations.

Since 5% = vazl S7 commutes with the Hamiltonian, the Hamilton matrix
is block-diagonal in the sectors with fixed S* values, i.e. fixed numbers N of
o-spins. For a given S*-sector the number of ones in the bit-pattern is fixed,
which reduces the number of basis states to

b= (X). o

where N is the number of lattices sites and
z 1 T

For instance, if the number of sites is N = 16 there are 2'6 = 65536 possible

basis states in total, whereas there are merely (186> = 12870 for S* =0, i.e.

NT = N! = 8, which is much less. Translation and Rotation could also be
exploited which would reduce the number of basis state even further.
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3.1.1 Generation of basis states

Not all integer values represent a permissible configuration, since the number
of ones and zeros in the bit-pattern are fixed. We generate the basis states
in such a way that the corresponding integer values are in increasing order.
The basis states and there integer representations are therefore

N-NT N°
l1) = {0,0,...,0,0,1,1,1,...,1}; L =2N"—-1
») = {0,0,...,0,1,0,1,1,...,1}; I =2N'+1 1 _oN'-1
()0 ) b ) b ) ) b ) ) b
5) ={0,0,...,0,1,1,0,1,...,1}; I; = 2N+l 1 _oN'-2
@
lor) = {1,1,1,...,1,0,0,...,0,0}; Ip =29oN _oN-NT
NT N—-NT

As an example we consider a four-site cluster with S = 0, i.e. two up and
two down spins. Since the basis states are ordered, basis states given in the

no 1 2 3 4 5 6
bit | 0011 | 0101 | 0100 | 1001 | 1010 | 1100
integer 3 5 6 9 10 12

Table 3.1. Example for the representation of spin pattern as integers.

spin representation can be rapidly by bisection search.

3.2 Electronic systems

For the electronic systems described above, i.e. Hubbard, Anderson, Emery
and t-J, we can construct a convenient basis in real space. Here we restrict
the discussion to a single orbital per lattice site. A generalization is obvious.
The vector in real space can be written as

N1 N|
) =T at, I ot 10) (3.2)
i=1  j=1 7

where |0) denotes the vacuum state and I J is the lattice site of the i-th

spin-up electron and I' jl is the lattice site of the j-th spin-down electron. For
instance
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1234
TI-IHL> (33)

is represented by I'" = {1,4} and I'' = {3,4}. Another way to represent this
basis is by

N N
n! nt
1) =TT TI)™ 10) (34)
i=1 i=1
where nz, njl € {0, 1} indicate whether or not site ¢ is occupied by a spin-up

or spin-down electron. The state (3.3)) is represented by n! = {1,0,0,1} and
n!t =1{0,0,1,1}. N is the number of lattice sites. Yet another way to encode
the same basis is

N
wy=JJ0il0)y  0iefi,af;, af, af;af}}, (3.5)
1=0

where the Operator O; creates either an empty site, a site occupied by an
up- or down-electron, or a doubly occupied site. The number of basis states
is 4V . Doubly occupied site are forbidden in the tJ model and the number of
basis-states reduces in this case to 3%V. Since the electronic spin is conserve,
N; and N| are good quantum numbers. The number of basis states in the
sector of fixed N, values is therefore

(%) (&)

As an example take N = 16 and Ny = N| = 8. The number of basis states
is then 4'6 = 4.294.967.296, whereas 186> (186 = 165.636.900 In the t-J-
model there is the additional constraint that there must not be any double-

occupancy. The number of basis states reduces further to
N!
NIN{ING!’

where N, = N — N| — N; is the number of holes, or rather the number of
empty sites. We implicitly assume that there are less electrons than sites,
i.e. we are below half-filling. In the just mentioned half filling example the
number of states is merely 12870. In all models, given the proper boundary
conditions, translational invariance can be exploited which allows to reduce
the number of basis states roughly by a factor V.

For the same reasons as before it is recommended to compress the representa-
tion. To this end representation ([B4)) is favorable, since the two spin species
are separately treated and for each spin-direction the sequence of values n¢
can be interpreted as a bit-pattern. In the previous example n' = {1,0,0, 1}
corresponds to the integer IT = 9 and n! = {0,0, 1,1} corresponds to I = 3.
Each basis-state is therefore represented by a pair of integers (I, I').
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3.2.1 Generation of basis states

The generation if the basis states is similar to that for the spin systems. The
only difference is that we have to generate two integers fort the two spin

species. For spin-o there are
- N
== ()

basis states. The total number of states for a given sector NT, Nt is L = LTL!.

3.3 Computation of the Hamilton matrix

Here we want to compute the matrix elements
hyry, = (@, |H|D,) (3.6)

of the Hamiltonian in suitable basis states |@,). To this end we split the
Hamiltonian into individual contributions H ")

H=> HY (3.7)

such that the application of one such term H® to a basis state |®,) yields
again a basis state or the null vector, i.e.

HO |3,y =hl), |8,) .

The full matrix element (®,.|H|®,) is obtained by summing up all contri-
butions h,(jl,)u. If there is only one term H(l) in Hamiltonian that mediates
between the two basis states |®,) and |®,/) than h,, = hul,)y.

For concreteness we consider the Hubbard Hamilton matrix in the real-space
basis ([B4]), characterized by the set of occupation numbers |®,) = |{n§l;)}>
for all lattice sites ¢ and the two spin directions, with ngg) € {0,1}. The
Hubbard interaction H; in ([27]) is diagonal in this basis, so we have

_ ), (v)
hy, =U Z Ny My

There are no other contributions to the diagonal elements. Each summand in
the kinetic energy of ([2.I]) represents an individual contribution to ([B.7). It
is, however, more sensible to combine the back-and-forth hopping processes
for a particular nearest-neighbour pair

1000 J000

HO = —¢ (aT a —i—h.c.) . (3.8)
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Application of one of these terms, H®) say, to a basis state |®,) = |{n£l;)}>

results either in the null vector, if nﬁ”}, and n; . are both occupied or
000

empty, i.e.

q=0; if ngou?go = n;Z?UO )
Otherwise, the hopping process is possible and results in another basis state
|®,/) = |{n§l’o)}> which differs from |@,) only in the exchange of the occupa-

() )

. v
tion number n; and n!

20,00 70,007 L.e.

) _ W) ;

ni,—o’o - i,—Uo VZ
W) _  (v) . ..

ni,ag - ni,oo Vi # 0, Jo (39)
NN 0

20,00 Jo,00

@y _ W)
Mjo,00 = Tig,o0 -

There is only one hopping process H") mediating between the two basis
states under consideration. The respective matrix element is therefor

— if is fulfill
hl,rl,:{ tS if (B3) is fulfilled, (3.10)

0 otherwise.

The hopping process can result in a sign S due to the fermi statistics of the
electrons. E.g. consider a two-dimensional 4 x 4 lattice. The lattice sites are
enumerated e.g. as follows
1 2 3 4
56 7 8
9 101112~
1314 15 16

There are many other ways of numbering the sites. The choice is arbitrary but
fixed for the entire calculation. We consider the hopping between the adjacent
sites 2 and 6 of one spin species. In the following we suppress the spin indices.
The state |®,) be given by {n;,} = {0,0,1,1, 1,1,0,0, 0,0,0,0, 0,0,0,0}.
The state reads according to (3.4

|#,) = ajalalaf|0) .
Application of the hopping operator
—t( ;af} + a};az)

results in the state
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@) = alalala} 0) = — abala}al|0) .

The sign is given by
S= (_I)An 5

where An is the number of electrons at the lattice sites between the sites i
and j. In the above example An = 3.

What have we learned so far. We started out with an index v € {1, ..., L} for
one of the basis states |®, ), for which we know the representation {nEZ)} The
individual terms of the Hamiltonian couple to other basis states represented
by a bit-pattern {n}_ } or rather the corresponding integer representations
(11, 1}). We still need to know the corresponding index v’ of the basis state.
Here it comes in handy that the basis states have been generated with in-
creasing integer representation, so we can invoke a bisection search to find
the respective indices v. From the point of view of computer time this is
crucial. The number of basis states one is interested in is typically L = 108
and more. A brute force search takes O(L) steps, while the bisection search
merely needs O(log,(L)) operations. For 10® the difference is a factor of 106.
The index search has to be performed for each nonzero matrix element of the
hamiltonian. In the Hubbard model there are roughly

Ny, =LdN, (3.11)

where d is the dimension of the underlying lattice and N the number of lattice
sites.

The sign depends on the order in which electrons appear after the hopping
process. For the interaction part, th prefactor is either U

3.4 Sparse matrices

In the above-mentioned representation the many-body Hamilton-matrices
H;; are sparse. We have seen that only a small fraction of all matrix ele-
ments is not zero. It is sensible to store only the nonzero matrix elements not
only to save memory but also to speed up operations of the form Hzx which
form the heart of the exact diagonalization schemes that will be discussed in
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the next chapter. The most transparent algorithm to store sparse matrices is

Algorithm 3.4.1: COMPACT STORAGE(H, H,,ind, Ny,)

initialize:
L =size(H)
Ny, =0
doi=1, L
doj=1 1L
if H(i,j) # 0 then
an = an +1
nd(k,1) =1
nd(k,2) =7
endif
end do
end do

The only operation the matrix will be used for is action on a vector. The com-
pact storage can directly be used to perform only the nonzero multiplications
as depicted in the following algorithm

Algorithm 3.4.2: MurtipLy H x(H,,ind, Ny,, x,y)

initialize:
y=0
doi=1, Ny,
i1 = ind(i, 1)
iQ =1 d.(l7 2)

y(ir) = y(in) + He (i) * x(i2)
end do







4. Exact diagonalization

In this chapter we describe methods for the exact evaluation of eigenvalues
and eigenvectors of many-body Hamiltonians. There are very powerful exact
diagonalization algorithms in the textbooks about numerical mathematics.
A severe drawback of these schemes is there limitation to matrix sizes of the
order N = O(10%). Strongly correlated many-body problems, however, start
with N = O(10®) and go way beyond. It is obvious that conventional schemes
are powerless in these cases. On the other hand there are no better algorithms
for the full diagonalize of general hermitean matrices. The loop holes are the
words ’full diagonalization’ and ’general’. The interesting quantum features
of strongly correlated many-body systems show up at very low temperatures.
For the theoretical description of these temperatures, merely the ground-
state and a few low-laying eigenvalues and the corresponding eigenvectors
are required. Moreover, for most systems an appropriate basis can be found,
in which the Hamilton-matrices are sparse. The number of nonzero matrix
elements is typically O(N) rather than O(N?).

A standard scheme from numerical mathematics, which allows to take ad-
vantage of the sparseness of a matrix and which allows to concentrate on the
groundstate only, is the so-called power method or rather the vector-iteration
due to von Mises.

4.1 The Power Method

The Power method is a simple and yet powerful technique to determine the
eigenvector corresponding to the ‘dominant’ eigenvalue. The eigenvalue prob-
lem for the Hamilton operator H under consideration reads

Hlp) =« ler) with (o1 |1 ) = o (4.1)

with real eigenvalue £; and mutually orthogonal and normalized eigenvectors
|o1). The eigenvalues may be degenerate. We introduce a spectral shift

H—H =H—-E and e —¢=¢€—Fs,

which does not affect the eigenvectors |p;). Therefore, we can adapt Es in
such a way that the ground state yields the dominant eigenvalue, i.e.
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Fig. 4.1. Schematic representation of the eigenvalues of the Hamiltonian. The gap
between the lowest two eigenvalues is denoted by A

leol = let| V1.

To ensure that the groundstate energy € has the greatest modulus of all
eigenvalues the condition
W EN — €

/
< —— =
€0 2 2

has to be fulfilled, which yields the condition

€0+ EN

E; >
2

Next we want to apply the Power method to H' starting with an initial vec-
tor |zg) chosen at random, possibly subject to suitable symmetry constraints.
After n repeated applications of H' we obtain

) = H'" |ag) = Z lpiyer” (pilwo) (4.2)

cl

where we have inserted an expansion of the initial state |x¢) in the basis of
eigenstates {|p;)} with the coefficients ¢;. The normalization yields

~ m
| n> def |||z~7.n>| _ Zl cre |90l>1/2 7 (4,3)
(el

or, equivalently, by dividing numerator and denominator by cg €(*
¢ 6/ n
°l L

o2 (4) e

(Zl (*)2 (2)%)1/2 :

We introduce the definition

|n) =

el

dif
g = max |—-
() EO
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For the time being we assume that the groundstate energy is not degener-
ate and the initial vector has a non-vanishing overlap with the sought-for
groundstate. In this case ¢ < 1 and the Power method converges to the true
groundstate

|zn) = lpo) + O (¢") — |0) -

If the initial vector is orthogonal to the groundstate, the iteration converges
to the lowest eigenstate which has a non-vanishing contribution in |zg). This
can be used directly to determine states with given symmetry, e.g. the disper-
sion relation of the lowest excitations. In order to guarantee the convergence
towards the lowest energy for a given symmetry, one can choose an appro-
priate initial vector by imposing the desired symmetry on a random vector.

The ratio q is either i—} or 65—1," . The best convergence is achieved if
0 0
al _|en _|1=4/w
€5 &) 1+A/W |-

Obviously, the convergence is governed by the ratio A/W. The closer the
excited states is to the groundstate, the longer it takes to get rid of its con-
tribution in |z, ). If the lowest eigenvalue is degenerate

’ / /
Eg=€&1=...=¢€ < €L+1

then then the Power iterates |z,) converge towards the projection of the
initial vector |zo) onto the eigenspace of the first eigenvalue:

N ]P |£L'()>
|2) mm —
(zo|P |wo)

where PP is the projector onto the eigenspace of the ground state

L
P= Z o) (el -
1=0

Using the expansion (£Z) for the energy-expectation value
(el Hlwn) = 0+ O (|ea /o)

shows that the energy converges faster than the vector |x,). On passing we
note that the power-method allows also to determine excited states. Once
the ground state is approximately determined a new sequence of iterations
is started with an initial vector orthogonal to the approximate groundstate.
Since the groundstate is approximate and due to the presence of numerical
noise, the vectors x,, loose the orthogonality to the ground with increasing
number of iterations and it is expedient to re-orthogonalize the vectors once
in a while.
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4.1.1 Eigenvalue Estimates

For the power method as well as for other numerical algorithms discussed
in succeeding chapters it is advantageous to have a rough idea about the
eigenvalue spectrum or to be able to give exact bounds for the individual
eigenvalues.

Exact interval bounds. We will now derive a very useful exact expression
for lower and upper bounds of individual eigenvalues. We assume that we
have a reasonable approximation |¢) for an normalized eigenvector, obtained
e.g. by the Power method or Quantum Monte Carlo techniques. The corre-
sponding approximate energy reads ¢ = (¢|H|¢). In addition we define the
standard deviation o = v/< H2 > — < H >2. We will prove that there is at
least one exact eigenvalue of H in the interval

I=—0,e+0].
First, we expand the vector |¢) in the basis {|p;)} of eigenvectors of H
) = Zci lpi) -
i
The variance can then be estimated by
o =l (e -2 > em— 2 Y lail?
Z Z =1

where €, denotes the exact eigenvalue that is closest to e. We infer that
lem — €] < p and hence

Em €Ele—0,e+0].

Different to the meaning of standard deviations in statistics, in the present
context, the exact eigenvalue lies with certainty in the one-sigma regime. The
standard-deviation can be used as convergence criterion for Quantum-Monte
Carlo simulations or exact diagonalization techniques.

4.2 The Lanczos Method

The Power method uses only a small part of the information actually pro-
vided by the power method. One can do much better with only a little more
computational effort. This goal is achieved by the Lanczos method.
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4.2.1 The poor man’s Lanczos scheme

To begin with, we analyze the information content of the first Power method
iteration. After one step we have two normalized vectors |zg) and |z1), which
are in general not orthogonal, and the corresponding energy-expectation val-
ues are

EéD = <$o|ﬁ|$o>
EF = (x1|H|z,) .

The basic idea of the Lanczos method is to diagonalize the Hamiltonian in the
subspace spanned by {|zo), |21)}, i.e. to minimize the energy of the variational
Ansatz

|21) = alwo) + Bz1)

ol | H|xF
Bf = rglgw <A(xq1|H|z1) .
The last inequality follows since (x1|H|z1) corresponds to the special case
a = 0,0 = 1. It can easily be shown that the energy of the Lanczos method
is actually lower than that of the Power method provided (z;|H|xq) # 0.
This procedure can be repeated by choosing the Lanczos vector z¥ as initial
vector of the subsequent iteration. The results of the Power method are com-
pared with those of the simple Lanzcos scheme for a 10 x 10 tight binding
matrix.

11 0
111 0
g_| - 1 -110
1 -11

1

where an appropriate spectral shift has been introduce. The energies are
depicted in Fig. Obviously, the 'poor man’s lanczos’ scheme is superior,
but not overwhelmingly so. Particularly disturbing is the observation, that
it takes more than 10 iterations, which is the dimension of the matrix, to
achieve convergence.

It is, however, straight forward, to generalized and improve the above ideas.
Instead of taking only two vectors into account, we keep all vectors |z,,),
generated during the iterations of the Power method. The set of vectors |x,,)
spans the n-dimensional Krylov space. The minimization of the variational
energy leads to the generalized eigenvalue problem depending on the ma-
trix elements of the Hamiltonian and on the overlap matrix of the vectors
|z, ). Linear dependencies of these basis states can lead to severe numeri-
cal problems. It is therefore better to transform the basis set {|z,,)} into an
orthonormal set of vectors that still spans the Krylov space.
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Fig. 4.2. Comparison of the speed of convergence to the exact ground-state energy
of the Power method and the Lanczos method. Lanzcos 2 stands for the introductory
example of only two vectors

4.2.2 Lanczos Method for Hermitean Matrices

The Lanczos procedure starts with an appropriate normalized initial vec-
tor |zg), chosen along the lines outlined before. The corresponding energy-
expectation value is

g0 = <~T0|m9€0>~

Next we apply the Hamiltonian to |zo) in order to determine the next basis
vector

|#1) = Hlao) — €0 |70) -
Apparently, the two vectors are orthogonal.
<£L’0 |‘%1> =0

Again, the vector is normalized

|z1) =

and the energy-expectation value is computed
e1 = (z1|Hl|zy) .

The next basis vector is generated using the prescription
|Z2) = Hl|x1) — €1 ]x1) — k1|wo)

We choose the coefficients €5 and k; such that |Z2) is orthogonal to the
previous basis vectors {|zg), |21)}:
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(@1 |&2) = (@1|Hlw1) — 1 — ky (w1 |20) = 0
——
=0
(o |Z2) = (zo|Hl|z1) — €1 (o |21) —k1 = 0
——
=0
Hence, €1 has again the interpretation of an expectation value,
g1 = <$1|f{‘1‘1> and k?l = <l‘0|f{|£1>
By construction, the quantity k; is real, since
k= (@1|H|zo) = (w1 |F1) + €0 (w1 |20) = ||#1]| € R .
——
=0

We add the normalized vector |Z3) to the set of orthonormal basis states
{lzo),|z1), |z2)}. Next we skip a several iterations steps and assume that
we have already generated a set of m + 1 mutually orthonormal vectors
{lzo), 1), ... |zn)}. The next vector |x,11) is determined as follows

|Tnt1) = fﬂxn> —&n|Tn) = kn [Tpn_1)
En = <xn|fﬂxn>
kn = <xn—1‘ﬁ|xn> = ||i‘n||

|xn+1>: |:fn+1> )
[|Zn41]

We prove that |z,11) is orthogonal to all previous vectors.
(Tn |Tnt1) = <xn|g|wn> —&n (T [Tn) —kn (Tp |Tn-1) =0
——— N—— ——
En =1 =0

<1'n—1 |i'n+1> == <$n—l|ﬁ|xn> —En <xn—1 |xn> *kn <xn—1 |xn—1> =0

En =0 =1

Fori=1,...,n— 2 we have
(i |Tnt1) = <m1|ﬁ|xn> —en (Ti|Tn) —kn (Til|Tn-1) = <xl|ﬁ|xn> .
S—— S——
=0 =0

The hermitecity of H yields
(wilflea) = ((@alHl))
= (<~Tn|(|fi+1> + & |zi) + ks |$i71>))

= ({an B} +er (i) o fmafoi))
~—— N—_—— ——
=0 =0 =0
= 0 5
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which shows that the constructed set of n + 1 vectors is indeed orthogonal.
Moreover, it shows that the Hamilton matrix is tridiagonal in the Lanczos
basis:

€0 kl 0
kl €1 kQ 0
Hfj = 0 kg E2 kg 0 . (45)
0 k3 €3 k4
0 ki4 €4

After L iterations the remaining task is the solution of the eigenvalue problem
of the (L + 1) x (L + 1) tridiagonal matrix H*

Hi¢* =FE, .

The best approximation to the eigenvectors of the original Hamiltonian ex-
panded in the the subspace Hj, spanned by the Lanczos vectors {|zg), ..., |zL)}
are therefore given by

L
) = e e,
i=0

where the components ¢/ of the eigenvectors of the tridiagonal matrix H*
present the expansion coefficients in the Lanczos basis.
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We summarize the Lanczos algorithm

Algorithm 4.2.1: LANCZOS ALGORITHM(.)

assign: 7Nmax;, Ndiaga L7 d

initialize:
|Zo) : appropriate initial vector
|z—1) =0
n =0

converged = false

while not converged

kyp = <®n|£n>
if k, <d then converged = true
|zn) = |§3n>/Akn

en = (Tn|H|zn)

if MOD (7, Ngjag) = 0 then
H; = TRIDIAGONALMATRIX({€0, ... en}; {k1 ... kn})
SOLVE EIGENVALUE-PROBLEM(Hy; E,, ¢,)
if £y ... Ey are converged then converged = true

endif

|Zni1) = Hlzn) — enlzn) — kn |Tn-1)

n =n+1

if n > npax then converged = true
end while

In Fig. the general performance of the Lanczos method is compared with
that of the Power method and that of the simple Lanczos scheme. We ob-
serve a much faster convergence of the results of the Lanczos method and, as
expected, exact convergence is achieved after 10 steps.

We will close this section by discussing a remarkable feature of the approx-
imate eigenvectors. Let us define the projector Py into the subspace Hp,

L
Pp=7 Jei) . (4.6)
i=0
The approximate eigenvector |1,) is eigenvector of the projected Hamiltonian

HL = L.FAIPL 5 (47)
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which is easily proven by

L L
PLHPL [y = |a)Hi(w] > of )
i.=0 =0
L L
=Y fw)H =" |)E, ¢
4,j=0 4,j=0
=FE, W’) :

This implies that by virtue of the spectral theorem Hj can be expressed as

L
-HL = Z |¢V> E, <wu‘ . (48)
v=0
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4.2.3 Dynamical Correlations

Dynamical correlations describe how a crystal reacts to weak external per-
turbations denoted by E(t). Linear response theory expresses the reaction as

R(t) = /t x(t,t) E(t)dt’ (4.9)

— 00

where x is actually a function of the time-differences
N t) = x(t—1). (4.10)

The response [@9]) has the form of a convolution and Fourier transformation
yields a simple product

R(w) = x(w)E(w) . (4.11)

The dynamical correlation function y(w), or rather susceptibility, for zero
temperature can be computed by the Lanczos procedure with little extra
effort.

4.2.4 Dynamic Green’s functions

To every dynamical correlation function corresponds a Green’s function. For
an operator O the retarded Green’s function is defined by

{O@);0M) = —ie(t) <[O(t), OT]E=ﬂ> (4.12)

——i6() (00 + - (01 0m)) .

where in the second line the symbol () denotes the thermodynamic average.
Commutator (¢ = +1) and anticommuator (¢ = —1) Green’s functions can be
chosen at will. For a detailed introduction to the theory of Green’s functions
see e.g. [?]. At zero temperature, the average corresponds to the expectation
value of the operators in the ground state |1)o) of the many-particle system.
In this we focus on T = 0. Finite temperatures will be discussed later on.

We proceed by inserting the Heisenberg time evolution of the operator O

Ot) =t O™t OOt =0) (4.13)
into (£12). Since |1g) is the exact ground-state with energy Ejy we have
e M o) = 70! [yg) and (g e = (o] 0" (4.14)

and with wt = w+id, where ¢ is an infinitesimal positive quantity, we obtain
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(0:01), [ et (0.0 dr (4.15)
_ % iHt A —iHt At At 1At A, —iHt
= - (@] O")—e(0 @) dt
1/0 e (<e e > €< e e >>

= —i /000 et <<Oe*i(ﬁ*EO)tOAT> —€ <OATei(I:I*E“)tOA>) dt

=i <O/ vt to—i(H—Eo)t g OT> —¢ <OAT/ elw tei(H—Eo)t gy O>
0 0

With the aid of the spectral theorem the integral can now be evaluated. Now,
taking into account the identity —ii = 1 and recalling that we perform the
average in the ground state [ig), we obtain

{(0.00), (050" O = 0)

— (OO !
=(tho| OO |¢ho) <<P0’ wt — (B — Bo) ’@0> (4.16)
— O 3 71 3
= (0l0"Olu) (| e [o)-
The normalized state vectors |pg) and |@g), defined by,

Ot O

lpo) = & |Po) = & (4.17)

(10|00 |¢ho) (10|O1O|4ho)

are used as initial vectors for two independent Lanczos sequences. The tridi-
agonal form of H, and likewise of the energy denominators H = w= (H — E),
in the Lanczos basis can be exploited to determine the expectation value of
the inverse of H = w=+(H — Ey) in [@I7). As for the ground state we calculate
the matrix elements for the Lanczos vectors

(0i| H — Eolips) = Ae;
(pil H — Eolpis1) = ki

(@il H — Eolpg) = 0¥, li — j| > 1 (4.18)
Along with the orthonormality
(ilpj) =bi;
we obtain the tridiagonal form
U)+ + AE() ]ﬂl 0 .
k‘l w+ + AEl 1{32 0 .
(w-i- + (I:I _ EO)) — 0 k‘g wt £ AEQ kjg 0

0 k3 ’wJr + A€3 k?g
0 ky '
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We need the (0,0)-element of the inverse. The (ij)-element of the inverse
matrix can be expressed by
At = (pyits A

* det A’

the inverse is

where A;; denotes the submatrix of A obtained upon eliminating from A the
i-th row and the j-th column. Especially for the sought-for (0,0)-element of

_ det AOO
Aoo1 =

det A ’

(4.19)
Because of the tridiagonal structure of the above matrix, the formula simpli-
fies as follows. Consider the matrix
Ao Aor 0 .
Ayg A Arp 0.
A=1 0 Ay Ay Asz 0
0 Asy Azz Asy
0 Ay Ay

The determinant can be expanded along the first row and column yielding
ﬁll :212 AO :222 323 AO .
0 0
det(A) = Agodet | 751 5422 42 0 | = AgrAggdet [ 757 % 5%t ] . (4.20)
. 0 A43 A4

. 0 A54 A5
Upon defining the determinant of the submatrix of A beginning with the i-th
column and row, i.e.

A Aiigr 0 .
D, &g Aiv1i Ayt Aigrivz 0
i=det]l g A A
2,01 Air2,ir2 Aiyoivs
0

(4.21)
Aiysiite Aiysits

we can express the sought-for element of the inverse matrix ([@I9) by
(A" oo =

SI5]

We can now use ([E20) to express 2o

D
Do _ AowD1 — Ao’ D2 _ Ao — |Aos |?
Dy D, D1 /Do
by g—;. Iterating the above reasoning yields
D Apial?
Loy, Aud
D1

Di11/Diyo’
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which leads to a continued fraction for the desired quantity

1 1
A Moo = = 4.22
A0 = 37 e (422
00 — 2
|[Asz|
All - ‘A23|2
Agg — ———
Agz — -
For we original problem (w* + H )oo the continued fraction reads
. 1
(wh + (H = Eo))go = TRE (4.23)
’LU+ + AEO — ! |k |2
w+ + A€1 — 2
wt + AEQ .

This expression is well suited for numerical treatment and can be iterated for
arbitrary w.
To this end, we introduce the abbreviations

d; = wh £ Agy for 1=0,1,...
e; = |kil? for i=1,2,...

Beginning with the upper left 2 x 2 submatrix of A the continued fraction
has the form

1 dlle . aq +a0R1 (424)

do— %% dody —er —doRi by +boRy

In the last equation we anticipated the general form. The remainder R; has
again the form of a continued fraction. In general the remainder reads

€it+1
Ri=—7—7+7—. 4.25
’ dit1 — Rit1 ( )

Upon substituting this for i = 1 into (£24)) we obtain

a aop

—_——
ar +aoRy  aids + apes + (—a1) Ry

by +boR1  bids + boea + (—b1) Ry (4.26)
S———
b1 bo
which is again of the form.
a1 +aoR (4.27)

b1 + bR
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Thus the iteration formula for ¢ = 1,2, ... deduced from the above consider-
ations is given by

a1 — ai1diy1 + ao €i+1

apg — —aq

by — bidiy1 +boeitr

by — —b1,

with the initial values
a1 = dl, ag = —1, bl = dodl — €1, bo = —do . (428)

The sequence is iterated for each w individually and ends if the Krylov space
is exhausted or if a desired convergency of

aj
w)=—
9(w) b
is achieved. In order to avoid numerical instabilities, it is recommendable to
rescale all quantities ag, a1, bg, b1 e.g. by by = 1 after each iteration.
In some cases it may happen that the Green’s function of interest is not
diagonal in the operators, e.g.

9gAB = <ATU)+—(11£I—EO)B> .

In this case we define two operators On = A+aB and determine the diagonal
Green’s functions

oo = (O )

It is easily possible to separate g4p by linearly combining the four Green’s
functions for o = {£1, +:}.

4.2.5 Lehmann — Representation

Before considering some simple examples, we want to present an alternative
way of calculating Green’s functions, the so Lehmann representaion. Again
we consider the matrix elements of the form

1

oli
el O B

= lho) , (4.29)

where O is some appropriate operator and |tho) represents the ground state.
Like before we define o) as the normalized vector O |1)), which serves as
initial vector of a Lanczos sequence. We insert a complete orthonormal set of
eigenvectors of H given by
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Then (23] can be cast into the form

L (0l OF 1) (W] Oldho)
(10| O w+j:(ﬁon)O|w0>_zy: ot (B, — By

Next we expand the eigenvectors |1),) in the Lanczos basis {|p;)}

W) = e gy, with ¢ = (o; |v)

to obtain
(] O [tho) = ¥c§”>*<«pi\ O o) = \/ (10| OTOluo) Z“ (i lo)
~|¥o) 3i,0

=/ <1/}O|OTO|¢0>C§JV)* .

This means that except of the first terms all summands vanish. Thus (£.29)
can be approximated by

o Al — (Wel0TOl S
(ol O o gy O ¥ = (WolO O\wo>;w+i(EV_E~o) , (4.30)

where only the first components c(()l') of the expansion of the eigenvector

|1,) in the Lanczos basis are required. In general, the eigenstates [¢,) (v =
1,...,Np), computed by the Lanczos procedure, do not form a complete set of
basis vectors, nor are the respective energies E, exact eigenvalues of H. How-
ever, with increasing number of iterations, the Lanczos procedure converges
towards the exact Green’s function and the convergency can be monitored
and stopped as soon as the desired accuracy is reached. The approximate
Lehmann representation (?7?) is an explicit sum of simple poles. The same
holds true for the continued fraction, less obviously though.
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4.3 Finite Temperature Lanczos

In this section we present the finite-temperature Lanczos method (FTLM),
developed by Jakli¢ and Prelovsek [?], which is a straight forward general-
ization of the Lanczos procedure to finite temperatures.

4.3.1 Static Observables

We consider a Hamiltonian H in a N, dimensional vector space. In the
canonical ensemble the expectation value of a static operator A can be written
as

(@) =  tr(Ae) = 3" (plde|g) (4.31)
)

with the partition function
Z = Z <go’e*BH|g0> . (4.32)
)

The trace is carried out in any complete orthonormal set of Ng; basis vectors
|p). Of course, if all the eigenvalues E, and all the eigenstates |t),,) of the
Hamiltonian are known, we immediately have

(A) = ;Z e 7B (Y| Altpn) (4.33)

and the partition function simplifies to

Nt
Z=> e b, (4.34)
n=1

Since a complete solution of the eigenvalue problem can only be achieved for
very small or very selected model systems one might be tempted to replace
the eigenvalues and eigenvectors by the corresponding quantities obtained by
the Lanczos procedure outlined in the previous section. It appears that the
direct implementation of this idea does not work out well. Consider the limit
B =0, or rather T — oc. In this limit we have

Z ()= éwimw
and

L
Z=) (i) =L+1.
i=0

(3
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Obviously, the results depend heavily on the number of Lanczos iterations
L and accurate results are only guaranteed for L — Ny, which is however
beyond our reach. A moderate modification of this idea, however, leads to
the FTLM that manages with L < Ng.

To begin with, we replace the complete set of orthonormal vectors by random
vectors {QP(”)> as outlined in ?77. Next we expand the exponential of the
Hamiltonian in (£3]]) in a power series

N

W=y 5

v=1k=0

k

(W) | AL @) . (4.35)

The resulting expectation values <d5(”) Al k‘é(”)> will be calculated in the
frame of the Lanczos algorithm. To this end, L > k Lanczos iterations are
performed starting with |zg) = |¢(”)>/||®(")||. Next we introduce the pro-

jection operators Py, defined by (E6). Since the Hamiltonian is tridiagonal
in the Lanczos basis, the application of the Hamiltonian on a vector in Hj
yields a vector in Hy41, i.e.

HP, =P, HDP, =P HP, (4.36)
as long as L > k. The first vector of the basis is |€15(”)> which implies
o)) = P0|€15(”)> and we obtain along with (£30])

(o) ABF VB |6®)) = (0| A HF Py A B |8

ABF9W) = (@)
— (O |A B,y ... BT By |0
—(@W|APL AP, ... Py AP Do)
= (&) |A {E|0)

In the last but one step we have substituted all projectors by Pp since k < L
has been assumed. In the last equation the definition ([@7)) of the projected
Hamiltonian is used. According to (8] we alternatively have

L
Agk|q§(u)> _ Z(Ei(u))k@(y)
=0

(o) Al (| e™) . (4.37)

So far everything is exact as long as k& < L. In order to get a grip on the
higher order terms in the Taylor expansion we stick to [@37]) even for k > L,
which brings ([435]) into the approximate form

(@A) = Z}\TT Zi

v=1k=0

(0 5 ONEL S| AN @) | )
= DBV A ) (p @) (4.38)
T =0

The reliability of the approximation increases with increasing temperature,
since for small 3, high powers k are strongly suppressed by the factor 3*.
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Intuitively, we expect the approximation to be even better for zero temper-
ature, as the FTLM is build on the zero temperature Lanczos. We will see
immediately than this speculation is erroneous. In ([{38]) we can recombine
the k-dependent terms to an exponential function

L
() = g S (g

v =0

Al | (4.39)

Similarly, for the partition function we obtain

N, Ny
1 )
_ —BE; V) [, (#¥)
Z=5 ;:1 ?Zle B )2 (4.40)
For 3 — 0 the expressions simplify to Z<fl> = N%ZV <®(”) A 43(”)> and

Z = Nir > <§Z5(”) |§Z5(”)> . The mean values are identical to the exact infinite

temperature results tr(A) and tr(1) = N, respectively.

These expressions are slightly different to what we described in the intro-
ductory remarks. Of course, if we were able to use the eigenvectors |®;) of
the Hamiltonian as orthonormal set ’45(”)> everything would be perfect. The
Lanczos iteration would stop right after the first iteration (L = 0) and both

’1/J§V)> and E; would be exact and we recover (£33). Unfortunately, since the

Lanczos eigenvectors and eigenenergies depend upon the initial vector @(”)>,
(#39) is no longer a trace and the accuracy of [@39) depends upon the choice
of the vectors |¢(")>. This fact is particularly obvious for T'= 0

_ (v) I v v v
() = g 2 @ @ONA) (v o)
T=0 B—o0 2:1\/;1 e*ﬁEc()V) ‘<¢(V)|w(()y)>’2

v

We assume that enough Lanczos iterations per random vector |¢, ) have been
performed so that both, lowest eigenvalue and corresponding eigenvector are
converged to the exact values leading to

dy, = B et (POLAR) (ol 2)
=0 0 (W) o) (|2

Numerator and denominator correspond to the stochastic evaluation of

tr(Alo) (vol) = (vo| Al)

and

tr([vo) (vol) = (tolto) =1,

respectively. The stochastic evaluation of numerator and denominator yields
unbiased results for both quantities separately. The ratio, however, is biased.
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On the one hand, because the mean of the inverse is different from the inverse
of the mean and on the other hand, because numerator and denominator are
estimated by the same set of random vectors.

- 2
According to (?7?) the Variance of the numerator is 1\2, <¢0|A|1/10> and that

of the denominator reads . In both cases, the relative statistical error is

£/ N—. ILe., although each Lanczos iteration is converged to the, as far as the

ground state is concerned, and yields the exact ground state expectation value
<¢0|A|w0> of the sought for observable, the stochastic evaluation via ([Z39)
introduces a considerable statistical uncertainty. At first glance, it appears
to be expedient to switch to the original zero temperature for 7' — 0 results.
It is, however, possible to do better and to treat all temperatures on the
same footing by combining the best of both limits 77 — oo and T — 0.
To this end we go all the way back to the expression for the numerator

Z </A1> = tr (e*ﬁﬁfl) and rewrite it symmetrically

7(A)= (5 Am27)
Next we proceed as before, but the Taylor expansion is employed separately
for both exponentials. The same arguments as before lead to

545"

2{A) =L 55 5 T g

v=1 4,7=0

305 19)

Let us consider the low temperature limit. We assume again that enough
Lanczos iterations have been performed and E\”) and ‘1/)(()”)> are converged

to the exact ground state energy Ej and eigen vector [t)g), respectively. Only
the ground state contributes in the limit 7' — 0 and we have

Nr.

2 (4) g ol (2% 2 55 3° [,

Comparison with ([@40) reveals that the bracketed expression is identical
to Z. Both contributions cancel and we and up with the exact result for
T = 0 without any stochastical noise irrespective of the number N,. of random
vectors. There is merely one drawback: when we perform the computation
numerically, we don’t know that the result has no statistical noise, since
numerator and denominator considered separately suffer severely from noise.
The reason for the discrepancy is the fact that both contributions are strongly
correlated, since they are determined with the same set of random vectors.
Correlations are often disadvantageous, but here they are highly desirable
for the correct T = 0 result; we merely need a way to exploit this fact. A
standard tool to estimate nonlinear functionals of random variables is the so
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called jackknife estimator(?]. There is another shortcoming of the estimator
presented thus far: it is biased, since the mean of the inverse is not the inverse
of the mean. In other words, the expectation value of the ratio of the estimates
(#39) and (£40), which are both random variables, is in general not the ratio
of the expectation value of numerator and denominator. This bias can also
be reduce by the jackknife approach.

4.3.2 The Jackknife estimator

In this section we describe a statistical approach to deal with biased estima-
tors and which allows to infer the statistical error of the estimate. We follow
closely the ideas of Kendall and Stuart][?]. Suppose we have a sample of N
random variables {r} := {ry,...,rny} with which we evaluate an estimator
O({r}) for the true quantity 6°. We assume that the estimator is biased for
finite sample size N but asymptotically it becomes unbiased. Moreover we
suppose the bias to be analytic in 1/N, i.e. for large N we have the Taylor
expansion

B(0({r}) =00+ 2L + 2 oL

5+ 0() - (4.41)

We will discuss the jackknife statistic guided by an example which is of par-
ticular interest to us: the ratio of two functionals

f{r})
g({r})

Obviously, for finite N the estimator is biased but it is asymptotically ex-
act. The estimate based on a particular sample is a random variable which
possesses a distribution p(#), which is however unaccessible in general. For
our purposes it suffices to determine mean and variance of the distribution.
The key idea of the Jackknife approach is to rewrite the estimator into an
arithmetic mean

0({r1,...,rn}) =

N
0" ({r1,....rn}) =% > o (4.42)
Jj=1

of suitable random variables 07, which depend on the sample {r}. If these
random variables are iid then 6*({r1,...,rn}) has a normal distibution. The
recipe of the Jackknife begins with the definition of an auxiliary random
variable

9—j = 0({T17"-arj—hrj-‘rla"'aTN}) ’

which corresponds to the estimator 6, with the element r; removed from the
sample. We now consider the random variable
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67 = NO({r}) — (N-1)6_;, (4.43)

which has a simple meaning in the special case

0({r}) = Z ri

of the sample mean. In this case, 67 = r; corresponds to the j-the element
of the sample. Therefore the unbiased estimator for the mean is identical to
the arithmetic mean of the random variables 6;:

1 X
j=1

In the general nonlinear case, both estimators 6({r}) and 6* differ, and the
latter has a reduced bias. This can be demonstrated as follows. We assume
the bias can be expanded in powers of 1/N

E(0({r}) =90+ﬁ+ﬁ+0< 5)

where 6° stands for the exact result to be estimated. Similarly we obtain

1
E(0_;) =0+ = 0
(6-3) +N—1+(N—1)2+ ((N—1)3)’
as this estimator is based only upon N — 1 elements. The expectation value
of the modified random number 6} is according to ([£.43)

C2

E(6]) :N90+cl+%—(N—l)eo—cl—m

1 1

We have reached the desired form ([@42]) with the definition (£43) for the
random variables, which allows us to estimate the variance of the estimator
0* by the sample variance of the random variables 67

var(67)
N

var(0*) =

It can be shown that if the estimator 6({r}) has a bias of order 1/N as
assumed before, then the variance of §({r}) and 6* are asymptotically the
same[?].

Fortunately, the situation improves significantly for high temperatures. Ac-
cording to (??) the variance of the partition function Z = tr(e™##) deter-
mined via the stochastic evaluation of the trace is var(Z) = Nlr tr(e=26H),
Hence the relative error is
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[t r(e~ 2[3H
V N, eﬁH '

For 8 =0 theresultisey = 4/ ﬁ corroborating the general considerations

Ez =

in ?7?7. In summary, the little digression has illustrated that FTLM works well
for high temperatures while for for T — 0 the zero-temperature Lanczos
procedure is preferable.

4.3.3 Dynamic Observables
For the evaluation of dynamic observables expectation values of the form
. A 1 o s
(B(t)C) = Z tr (e_BHeltHB e_‘tHC> (4.44)

have to be calculated. Here, the first two exponentials can be combined to
a single one so that we actually have to treat two exponentials. We expand
them in two Taylor series and calculate the trace in the basis {|d5(”)>}7

(B(t)C) = Z Z 5+1t z —it) (@ H*BH'C|9™)) . (4.45)
|q><u>>k,l 0

For the evaluation of the matrix elements, we insert the projectors P, as
we have done for static observables. An additional problem arises from the
fact that H' does not act directly on the state [@()). Therefore we have

to perform a new Lanczos iteration with the start vector ’é(”)> = C"Q(”)>.

Quantities resulting from this second run will be denoted by tildes, e.g. w])
for the approximated eigenvector. We obtain for the matrix element

(@WHFBAIC|0W)) = N (BYHEN W [ ) (0 | Bla; ) (] 60 .
4,j7=0
(4.46)

We emphasize that the approximated energy eigenvalues I} depend on the
start vector ‘45(")>. By inserting this expression into (£43]) and exchanging
the order of the sums we obtain

<B CA' Z Z e —BE; e*l(E?fE;’)t<¢(u)|wl(V)>< ¢

‘qs(v>> 4,5=0

3l (| @) -

(4.47)

As before, the trace is actually calculated stochastically. The summation
over a whole basis {|@(V)>} is replaced by the sum over N, random vectors
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{|925(”)>}. Moreover, the Lanczos procedure is terminated after L iterations.
This yields the approximation

(B(t) e BB oI EID e [y (0| BI) (5 Em) -

m=11,j=0

In order to perform a Fourier transformation of the time variable we multiply
this by e“?/(27) and integrate over all times. This yields

(B(t)C

e_ﬁEi(mé(w — (Ej(m) — Ei(m))>

(4.48)

m=14,j—0
X (Em [0 W | By ) (b5 Em) -

In a simmilar way, the expectation value of the commuted operator <C'B (t)>
can be determined. By exploiting the cyclic invariance of the trace, we obtain

<C’B(t)> = tre PHG Mt B =it — reith B o—ith o=BH ¢ (4.49)
By performing the same steps as above, we are led to

() e PE BB e [0 (0| BI4s) (5]Em)

m=11,5=0

whose Fourier transformed is given by
fﬁE(m) w + E(m) E(m))
m=11,5=0 (450)
x <fm!w£”)><w£”>|B|wj><wj!€m> -
Therefore, the spectral function of the two operators B and C is given by

lw (B(#t)C — eéé(t»w (4.51)

S 3 (e g - (B Bl

m=11,7=0
X (Eml0f ) (i | Bl ) (5 m) -

The J-distribution links the difference of the two energies Ei(m) and E](-m)
with w. By exploiting this fact, we end up with the formula

(€ B®)

w

Spc(w) =

M

Spo(w) = 1_62 > Ny > Z 025 (s — (B~ B™))
m=11,7=0
X (Em [0 Y0 | Bl Y5 €m) - (4.52)




5. Monte Carlo Methods

5.1 Probability Theory in a Nutshell

Let A, B,C, ... be elementary propositions, e.g. statements that are either
true or false. P(A|C) denotes the probability that A is true under the con-
dition that C' is true. This is a so called conditional probability. Notice that
there are no unconditional probabilities in the real world. There are two fun-
damental rules in probability theory that allow to tackle any problem in the
realm of inductive logic: The product rule for joint probabilities

P(AANB|C)=P(A|BAC)-P(B|C)=P(B|ANC)-P(A|C). (5.1)
One immediate consequence is Bayes’ Theorem

B|AAC) - P(A|C)
P(B|C) '

P
P(A|BAC) = ( (52)
It enables us to calculate backwards probabilities from forward probabilities
and will be used exhaustively.
The sum rule to evaluate the logical OR of propositions

P(AV B|C)=P(A|C)+ P(B|C) - P(AAB|C) . (5.3)

The last term cancels if A and B mutually exclude each other. If the proposi-
tions {B;}X, are mutually exclusive and P(VY,B;) = 1 (normalization) we
call the set {B;} complete. In this case we can express any other proposition
A as

A=VN (AB;). (5.4)
The probability for A can therefore be expressed through the marginalization

rule

N

P(A|C) = P(VL(AB:)|C) = p(ANB;|C). (5.5)
i=1

For continuous quantities 2 we define dB(x) as the proposition x is from the

the interval (x,x + dz). The corresponding probability is usually expressed
via the the probability density
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P(dB(z)|C) = p(z|C) dz . (5.6)

The marginalization rule for a complete continuous set of propositions reads
PA|C) = /p(A,x |C)dx, (5.7)
with the normalization condition
/p(x |C)dx=1. (5.8)

We will have ample opportunities to apply the rules of probability theory, so
we note waste our precious time on mock examples here.

5.2 The Autocorrelation Function

The notion of the autocorrelation function is known in the following form:
Suppose we have a real valued function A(t), then the integral

C(r) = [ T A At + 7 dr (5.9)

is called the autocorrelation of A(t). Intuitively, C'(7) averages the correla-
tion of values of A separated by the lag 7. If A(t) is a periodic function with
periodicity T, then C(7) displays sharp peaks at 7 = T,2T,3T, .. ..

In the context of Monte Carlo Simulations, we will be interested in the
autocorrelation of the fluctuations of an observable A. Suppose we have
N measurements of the observable A. The values are stored in the vector
A = (Ap,Ay,... Ax_1). The mean value of A and the deviation of each trial
are given by

N—-1
1 _ _ _
A=< ;:0: Ai, AA=(Ag—A A—A, .. Ay_1—A). (5.10)

Analogously to Eq.([5.3), we define the autocorrelation of the observable A as
the autocorrelation of its fluctuations about its mean A. A discretized version
of Eq.(59) has the form

N—

[a

C(r) = AA(t) AA(t + 7). (5.11)

==

t=

The definition (BI1]) is problematic since ¢+ 7 is not necessarily smaller than
N. There are several possibilities to overcome this problem. The simplest and
straight forward one is to actually restrict the range of the sum from ¢t = 0
tot =N — 7, leading to
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N—1-L
1 _ _
C'(1)=—— Y (A{)-Ag)(A(t+7)-A,), with7€{0,1,...L}, LN
N-L &~
(5.12)
where the expectation value A, with index 7 stands for the average
| Nor
A def
Expanding the product of Eq.([EI2) we find
| Noor
()= —— A(t) A - A A 14
Cw =y X AOACD) -4 (5.14)

In the limit of uncorrelated data, the first sum of Eq.(5I4]) tends to the
product A, Ay. Hence, the new definition C’(7) is zero for uncorrelated data,
as in the case of an infinite sample. In contrast to that, taking always the
same average A instead of A, in Eq. (512) does not result in C’(7) = 0 for
uncorrelated data.

~ 1 N—-L-1 ~ B
Cr)=v_1 (A(t) — A)(A(t + 1) — A)
v
== A(t) At +7) — A(A, + Ag) + A?
N—L ; 0
=AgA; — A(A, + Ag) + A2 #0 (5.15)

This means that C(7) erroneously indicates autocorrelations due to the finite
data size.
5.3 Stochastic Evaluation of Sums and Integrals
We are interested in evaluating the sum or integral
(1) = [ 16990 du(x) (5.16)

where y is a measure and p denotes a probability density, p(x) > 0, [ p(x) du(x) =
1. In order to simplify our life, we use du(x) = dx. We estimate the inte-

gral (f) by

1 N
F=x ;f(xi) , (5.17)
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where the states x; are chosen in an appropriate random way, that has to be
specified later on. The distribution of the random variable F' is — according
to the marginalization rule — given by

p(F|I) = /p(F|x1,...,xN,I) p(x1,...xy|I) d¥x . (5.18)
5(F—*Z,le(x7))

The probability density is normalized to one (0" moment). Furthermore its
mean value (1% moment) reads

/dFFpF\I /fol p(x1,...,xn|I) dV
= [ s | [ v [ i | ax

i

E(F|T)

=+ [ fe) pllD) i (5.19)

where the marginal distribution p; = p(x;|I) has been introduced.
Warning! We are using a short hand notation for probabilities and proba-
bility densities in order to avoid overloading the notation. The price that we
have to pay is that we have to be very careful with the correct interpretation.
The expression p(x;|I) actually mean p(x; = x;|I), that is: 1) the random
variable x; takes on the value x; and 2) the conditional complex defines the
context. Here I carries the information that we originally had N random
variable and we have marginalized N — 1 of them, leaving merely the vari-
able with index 7. The value that the random variable x; has could also be
noted by £ and a more comprehensive notation could be p;(§|A;, I), with the
proposition AN :over all random variables (x1,...xy ) apart form x; has been
marginalized. We will nevertheless stick to the dangerous but short notation.
We demand now that the random variables x; are generated by a a so called
homogeneous stochastical process, which means that p(x;|I) does not depend
on the index 7, i.e. p; (€| A;, I) = p, (§|A§-\77 I)Vj and we end up with the desired
result

E(F|I) = NZ/f p(x|I)dx = (f) . (5.20)

V
=1

We have to ensure by the generation process of the values x; that p(x|I) =

p(z) The sample mean F' is therefore unbiased. In order to scrutinize whether

it is efficient we determine the variance (2"? moment) of F
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E(F?|I) = / dFF*p(F | 1)

/dFFQci(F——Zf (%)) - p(x1,....,xn|1) dVx
= e | S s )
~ N2 Z//f x;) f(xk)p(Xi, x| ) + — Z/f2 x;) p(x:| 1) dp(x;)

i#k

NQZf& (xx) N2fo, : (5.21)

i#£k

where we have introduced the marginal distribution p(x;,xx|I) of two vari-
ables. We can combine the result

DG fk) =Y Fxa) fxi) + Y f(xi)? (5.22)
ik i

ik

and the variance is

2
E(AF?|I) = NQZf x;) f (k) — (sz Xz) :%ZAf(Xi)Af(Xk) :

ik

~Qik
(5.23)
It is expedient to introduce the (normalized) autocorrelation a;i
Af(xi)Af (xk) 7
Qi = —— , Af(x) = X)— . 5.24
= J60) = 1)~ f (5.24)

Along with the definition UJ% = (Af(x))? we have

Z (5.25)
l

where we used the fact that for homogeneous stochastical processes a;; = a(i — k).
For small values of [, the autocorrelation is superposition of exponential de-
cays. For sufficiently large [, the slowest exponential decay dominates the
behavior, which defines a typical correlation length £

zlS

E(AF?|I) = szazk —

a; = e~ 1/¢ for sufficiently large [ . (5.26)

For a quick and dirty estimate, we assume that ([5.26]) is true for all [. Then
the variance simplifies to



50 5. Monte Carlo Methods

parn = 2 (2 1 5.27
@D =y 1= 1) (5.21)
We can distinguish two extreme cases:
2
o
¢ —0:E(AF?|I) = Wf (uncorrelated data) (5.28)
2
€31, 6<N:EAF) = 1 (5.29)
’ N/(2€)

These limiting cases are actually always valid if we identify & by as an effective
correlation length. Let’s summarize the results: In both cases the dependence
on N goes like 1/N. That means that the uncertainty in F' is proportional
to 1/v/N and independent of the dimension of the problem. Using other
methods like rejection sampling, the error usually increases exponentially
with the dimension. Furthermore AF depends on the variance JJ% and on
the autocorrelation length £. The requirements to the process generating the
random variable £ are thus

o p(x|I) = p(z)
e homogeneous process
e ¢ as small as possible
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5.4 Markov Chain Monte Carlo (MCMC)

5.4.1 Markov Events

To fix ideas we consider a sequence of L random variables {1, ..., 2} which
can take on discrete values from a set of N mutually exclusive discrete states
{&,...,En}. We denote the realization ¢ of the sequence as

{&is 28} with i, € {1,...,N}. (5.30)

Suppose we can calculate the probability of the event L+ 1 according to some
law

P($L+1:§j|$L,LL'L,17....T1). (531)

The sequence is called a Markov — chain if the above probability actually
depends only on xp, i.e.

Plrpi1 =& lap =€) = M) . (5.32)

The quantities M ](ZL ) are called Stochastic matrices of the Markov chain of
Markov matrices. The parameter L, labeling the random variable x, can be

viewed as a time. The matrices M ](f ) fulfill the following obvious relations of
positivity and normalization

MP >0  and ZM<L> (5.33)

jt

A Markov chain is called homogeneous if the probabilities M. j(ZL ) do not de-
pend on L. In the following we focus on homogeneous markov chains. The
marginalization rule allows to calculate the probabilities for transitions from
time 1 to m leading to

P(xy, =&l =&) = (M™)i . (5.34)

Suppose that for a given time n the probability that the system is in state &;
is given by the distribution

Plx, = &) =: p"(&), (5.35)

how does the distribution look like in the next step (at time n + 1).

P(anrl = é.z) - (n+1) ZP anrl gi ‘xn = 6]) P(wn = g])

M,;j

Consequently, the evolution is given by
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p+ D (g ZM’J p ) (5.36)

Obviously the norm is a conserved quantity

N
Z (n+1) ZZM” p(n) (&) ZZM” p =1. (5.37)
i=1

1=15=1 j=11:i=1
=1
A distribution is called the invariant distribution if it does not change by

application of the stochastic matrix. Tt is denoted by p(>) (&) = pl™) (&)
and satisfies at the same time the eigenvalue equation

P (&) ZMW p (5.38)

with eigenvalue A = 1. According to what we learned from the vector iteration
scheme, the procedure will converge towards the invariant distribution if the
eigenvalue 1 is the dominant eigenvalue of the stochastic matrix Mj; and if
the initial state is not orthogonal to invariant distribution. Starting from the
general eigenvalue equation

N
> M () = Ap(€) (5.39)

Jj=1

and summing over ¢ and exchanging the order of summation yields

N
ZZMW@ :ZZ Mij p(&5) AZ/B(&), (5.40)

=1 j=1
resulting in

N

N
DA =2 A) - (5.41)
j=1

i=1
The eigensolutions are
® Z;‘Vzlﬁl(fj) 0 = X\=1
o Z;V:1 p(&)=0 =\, =arbitrary Vv>1

We start the iteration with an — to some extend — arbitrary density p(9(&;),
that is normalized to one. This is compatible with any linear combination of
eigenvectors of the form
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N
pO(&) = (&) + > cwpu(&)
v=2

with arbitrary coefficients c,. But obviously, a normalized initial distribution
can never be orthogonal the invariant distribution. We merely have to make
sure that the eigenvalue one is not degenerate and that it is largest eigen-
value of the Markov matrix. The proof can be found in standard text books
on Markov processes, such as the book of William Feller. The proof shows
that one is the dominating eigenvalue for all Markov matrices, i.e. |A,| < 1.
However, in order to guarantee that there is only one eigenvector, the process
has to be ergodic, i.e. starting from any state &; it is possible to reach any
other state ; within finite time, or rather for all j there is an integer m for
which (M™);; > 0. In the MCMC algorithms we have to make sure that we
if we start from any state 7, we can reach any other state by repeated moves.

5.4.2 The Metropolis Hastings choice of the Matrix M;;

We have seen that the Markov process will ultimately converge towards the
invariant distribution. We can exploit this fact if we construct the Markov
matrix such that the invariant distribution is identical to the probability
density p(z) of the underlying physical problem for which we want to compute
[ f(@)p(x)d™z. A widely used approach stems from Metropolis.

Metropolis — Hastings Algorithm.:.

e Start with an initial state xq

e Set the MC time ton =0

e Create a trial state x” for time n + 1 from the actual state x,, according
to the proposal distribution g(x?|x,). This proposal distribution ¢ is
typically a normal deviate

q(xT|x) ~ exp (—; (x' —x)c ' (x" — x)> . (5.42)

The best choice for the matrix C' is the covariance matrix of the desired

distribution p(x). Since the covariance matrix will presumably not be

known, a rough estimation usually does a good job. Otherwise, uniform

densities restricted to a cube or a sphere about x are also commonly used

to create the trial state x” in the neighborhood of the reference state z.
e The trial state x” is accepted with probability a(x”,x) given by

T ) — i 1 P aXIXT)
o) =min (1L 2FSERT ) (0:49)

The second factor in the numerator and in the denominator is due to
Hastings. He improved the original idea of Metropolis. This correction
assures detailed balance also in the case q(x|xT) # q(xT|x).
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We illustrate the importance of the Hastings factor on the basis of a four
site Ising chain with open boundary conditions. We suppose that the updat-
ing procedure flips two adjacent spins if they are unequal. This keeps the
magnetization constant. Consider the updating of the state

’T?
7T’
1

)

)

b

(]
NN {

— —
—— —
—

|
= L L

) )

We see that from the state | 1, ], 1, | three different states can be reached
with probability p = 1/3. However, from one of the the resulting states,
namely | 1,7, |, ] |, only one state can be obtained. Le. the probabilities back
and forth are different and without the Hastings term the result would be
biased.

5.4.3 The invariant distribution of the Metropolis Hastings MC

In this section we study the convergence and autocorrelation properties of a
Markov-Chain {x1,23,...,2nx}. The chain is governed by the homogeneous
Markov process

Mji = P(£V+1 = gj‘j"u = 278) ’ (544)

which is independent of the 'time’ v. The background information B con-
tains the details of the Markov process, e.g. whether Metropolis-Hastings or
Glauber dynamics is used and which proposal distribution is employed. The
Markov matrix element Mj; consists of two parts, the proposal distribution
q(&k|&;) to propose the state & starting from state & and the acceptance or
rejection according to the probability a(&|&;) to accept state & coming from
state &. We introduce the trial state x* via the marginalization rule

P(&y41 = |2y = &, B) (5.45)

N
=" Pliysr = &la" = &0, = &,B) Pla” = &2, = &.B)
k

Il
-

P(&,41 = &la" = &, 20 = &, B) q(&lé) -

-

=

—

According to the rules, by which the Markov process is generated, we have
two alternatives: either the state is accepted or rejected, which is described by
the respective propositions A or A. The repeated use of the marginalization
rule yields
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Mji - P(i'l/+1 = £j|:i’l/ = gmB)
Ojk

N
=Y Pl =&|A 2" =&, 8 = &,B) a(&lé) a(6rl&)
k=
1 .
N P—
+> 0 Py = &§[A,2" =&, 8 = &, B) <1 - Oé(§k|€i)> q(&kl&)
k=1
N
—all6) alle) + 05 Y- (1 (ke ) aleulo). (5.46)
k=1

We now multiply with p(&;) and obtain
Myip(&) = alé16:) a(&160)p(60)
s (retatale) - atalenentele)
- (5.47)

We immediately realize that the second term of the rhs is symmetric in ¢ and
j. Next we invoke the definition of the acceptance probability « to proof the
the same symmetry for the first term

o€ 16)n(E )alE, &) = min (q@j@;)p(@), q(&@«)p(@)) |

Hence the rhs of (5:47]) (and therefore also the lhs) is invariant under exchange
of the indices 7 and j resulting in the detailed balance condition

M;ip(&) = Mijp(S;) - (5.48)

If we next sum over the index 7 we have

Z Mjipi = pj - (5.49)

Le., the invariant distribution of the Metropolis-Hastings Markov matrix is
indeed identical to that of the physical problem.

5.4.4 Properties of the Markov matrix

We know already that

N
> Mj=1. (5.50)
j=1
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This has two consequences. First, if we introduce the vector 1 whose compo-
nents are all one, (1); = 1 we have

1"M =17, (5.51)

i.e. 1 is the left-eigenvector of M with eigenvalue 1. The corresponding right-
eigenvector is according to (??) the vector p with components p;.
Multiplication of both sides of (5.49) with (p;p;)~'/? yields
—1/2 1/2 —1/2 1/2
py P Myipi? = o7 Miyp) .
We introduce the real symmetric matrix
—1/2

1/2
Aij = pi M3/

(5.52)
and the diagonal matrix

Ay =0y p)” (5.53)
and express the Markov matrix in these quantities

M = AAAT!, (5.54)
If the spectral representation of A is written as

A=UDU"
then the singular-value decomposition of M reads

M = AUDUTA™Y = AUD(A™'U)T
which we define as

M=XDYT. (5.55)
Obviously, the matrix of right-eigenvalues is

X=AU (5.56)
and the matrix of left-eigenvalues is

Y=A"1U. (5.57)

It should be stressed that the column vectors of X and Y respectively need
not to be normalized to 1 if derived this way. They can, however, easily be
normalized:

M:Z Ccldlle
l

1
=Y —rad =y
]
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Since ||z;]| = 1/|lwi]| the left and right eigenvectors are now normalized.
An immediate consequence of (5.50) and (5.56]) is the generally valid property

XTy=y"Tx =1, (5.58)

left- and right-eigenvectors are mutually orthogonal. Moreover, combining

(BE56) and (B5T), we derive
X=A?Y and Y =A2%X, (5.59)
which is obviously fulfilled for the dominant eigenvalue A; = 1, where

— (5.60a)
yin =1. (5.60b)

The corresponding eigenvector of A is

The eigenvectors of M do not form an orthogonal set of eigenvectors, the
relation is rather according to (558)) and (G59])

1=YTA% = XTA2X . (5.62)

Due to the mutual orthogonality of left- and right-eigenvectors (58] the
extension of the spectral representation to powers of M applies

MY=XD"Y"T. (5.63)
If we assume an ergodic Markov process then

Ay <1Vr>1. (5.64)
We therefore have again

(M) — X(.1) & Y(i,1) = p, (5.65)

that the Markov process converges irrespective of the initial state to the in-
variant distribution. For the following it is expedient to extract the dominant
eigenvalue from the spectral representation of M and to define the matrix

N
Mj; = Mj; — X(j,1) dy Y(i,1) = > X(j,1) d Y (i,1) (5.66)
=2

Mji = Mj; + pj (5.67)

which is equivalent to the substitution of the eigenvalues of M
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dy—di=0 , d,—d =d,Vv>2 (5.68)

M =XD'vYT. (5.69)

From (0.66) we readily see that

Mz

M"Y, = MY, — X(j,1) X(j (i,1) (5.70)

Il
N

My = M5+ p;, (5.71)

5.4.5 MCM Sample Mean

The sought-for mean

()= ngz &) (5.72)

is estimated by the MC mean

1 N
=% ; f(&,). (5.73)

In the following text we will simplify the notation by the abbreviations f; =
f(&) and p; = p(&;). Instead of investigating the probability density of the
sample mean S, in analogy with the central limit theorem, we are merely
interested in the lowest moments, namely mean and variance. We start out
with the expectation value of the sample/MC mean

()= 13 (5) 57)

1 LN
=N YD f(&) P@, = &lpo, B) . (5.75)

v=1 j=1

The Markov chain is started in the initial state %, which is drawn from a
distribution p°, with p? = p°(&;). As a special case, the chain could always
start with the same state, say &9 = &;,. The argument pg in the conditioning
part of the probability specifies which initial distribution is being used. We
invoke the marginalization rule of probability theory
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I
=z~
M=
M=
M=

f(&) P(&, = &j|2o = x4, B) P(&o = &|po, B)

o (5.76)
1 N N N

= Nzl Z: E; F(&) P(&, = &ldo = @i, B) pf (5.77)
1 VN ]N zJ\/

= T2 20 D F(&) (M)} (5.78)

N
Il
_

~
I
—
I
-

7

In the extremely unlikely situation that the initial distribution p° is equivalent
to the distribution of the underlying physical problem p we have

0 0
> MEp) =1 =p;,
i

independent of the 'Markov-time’ v, and expectation value of the sample
mean is identical to the true mean

<S>§;fjpj<f>~

For a general initial state the expectation of the sample mean ([B.70]) is

1 N N N .
() =32 23 #&) ()0 (5.79)
N N N
%Z Z Z f(&) (M/jz+pj> pz (5.80)
N N N
:%ZZZJ‘(EJ M’ﬂpﬁfoj Pi (5.81)

1 N N N
=Ny 2 > D &) M} (5.82)

Due to the initial distribution there is a bias
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B ’:% Do LMY (5.83)
v=1 j=1 i=1
1 N N N
=N > (Z fi %‘J) (Z dz”) (Z Py yu) (5.84)
1=2 Ni=1 =1 p
fi 2

N
1 = 1—dM\
3 (et =) (5.85)
Since le declines exponentially, the leading term for large sample size N is
1 ~ d; -0
B=— E —_—
N =2 fl (1 a dl) &

proportional to 1/N, with

‘fl = ijle = ij\/ﬁTjUjl = ijUlejl.

5.4.6 Equilibration

The meaning of equilibration is to ignore the first K steps of the Markov
chain in the sample mean, in other words, p° is replaced by

ﬁo _ MK pO .
Hence, with
5ozyTﬁozyTMKpozyTXDKyT OzDKYT OZDKﬁO.
(5.86)

the bias reads now

1 EN r l1+K1 le 0 7
B = — - . D .
N l2 fl ( 1 1 ll ) br s (5 8 )

so to leading order the bias is now given by

A
B:le_;fl(l—d)pl

and decays exponentially with K, since d; < 1. The convergence is dictated
by the ds, the largest remaining eigenvalue. If the number of Markov steps is
limited, and that is naturally the case, it is therefore expedient to use a certain
fraction of them for equilibration, since the bias is exponentially rather then
by a 1/N behavior suppressed. On the other hand, the variance of the sample
mean increases, if the sample size is reduced, There is a tread-off between
bias reduction and variance reduction.
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5.4.7 Variance of sample mean

(5 =5 2 (f@r@)

_% <f(xu)2>+% <f($l,)f([py )>
v'>v
L YR Pl = e B
T
N2 Z fifi Z v =&, 8, =&lp°,B) .
v/ >v
=T

We evaluate the two terms T}, separately.
T = N2 Z 7 Z +(M"p);)
—Zf%ﬁ ZfQZM”O
=%<f2>+m 2 <Z It xil) (2:1 dl”) (Z yjng)
= \5 = ;

.

1 1 XL~/ 1y
% (P 2 7 (0
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2
=75 >tk
(2}
2
= ﬁ Z fifj
i,

2
=Nz Z fif;
2]

2
= ﬁ (Z fipi

+ % zj: fi pi
+ % > fifi
i
+ % 2; fifi
=)
S AUDS

2
+ N2 Z fifi
3

Ty

+

2
+ Nz Z fifi
2,3

e
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2
L

P(i'l/’ = £j|-i'1/ = fiaB) P(i'l/ = €i|p076)
1

N
Il
—

i
Z X

é'i‘\Mz

(]
(]

P(i‘# = fj“%o = giaB) P(i'u = fi‘pO,B)

) <pj +Mﬁ-> (pi + (M”po)i)

N
Il
—

i
Z =
t‘ -

v=1 p=
2 N—-1 N—v
) |
v=1 p=1
N-1 —v
Z fi (MYp°); Z 1
% v=1 p=1
N—-1 N—v
Mfz Pi
v=1 p=1
N—-1 N—v

1 v, 0y,
sz’Mp)z

<
Il
-

=
Il
-

(M"p%)i (N —v)

=
o
‘ZD—‘

O(v < N — pu)Mj; pi

N
Il
=
1S
Il

e
,l_. =
i
N

) v, 0.
Mji(Mp)z
1

I
=

v

I

The first term needs no further consideration. We proceed with term

T22=%<f> Zfi

w0

=y (1) S

N-1

; (ke MNRp0),
(S ) (T o) (S )

N-1

Z /@dfv“) Py

k=1

(:=Tv1)
(:= T2)
(2: T23)
(ZZ T24)
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N-1 N-1 5 V=
dYoowd) Tt =dl K q" =dy’ 5*53
k=1 k=1 q:dz_ k=1 q=d;”
()
=dV g=— _
8q 1 —dq q:dfl
! 1—gq (1 - Q)Q q=d;!
—(N-1 _
gy (N Yy
! 1—1/d, (1—1/d;)?
Nd 11— le
_ 1 — 5.88
1—d; < N 1—4d; ( )
Hence we have
2 (f 1 1—dV
Toy = —=+~ - — Ly g9 .
22 N 1=q) P (5:89)
Next we compute Ths
N-1
Tos = NQZfJ Z )M]Hipifi
p=1

s & (L) (Z 00 ) (£ )

According to (5.59) (Y = A72X) the last factor can be expressed in terms
of X as ", pi fi p; 'xi = fi. Along with (5:88) we obtain

N
2 ~ d 11—4dVN
Ths = — 2 1—— L), .
o N;flldl( ) (5.90)

Finally, we determine

Toy = 22 Z .fifj Z MH (Mu 0)
2% v=1 p=1
9 N N-1 N—v
- W Z (Z f .’L'ﬂ) (Z Yil fz le’) dl’ (Z ykl’pk)
LI'=2 v=1 p=1 j

=:Fyy

Z leu'szZ dy. i &'
p=1

1,l'=2
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‘We need
N-1 N-v N-1 N_val
d; d
dy dt = v _
Soar > a=y (-t )
v=1 p=1 v=1
1—d¥-t 4 v+t N
= dl' l ! _ l (dl'/dl)u
1—dy 1—4d 1—4d; fy—r
1-d; ! N—1
_ dldl/ 17231/ - dl (N - 1) for dl = dl’
L—d ;Iilﬁl/ - dfv_l % otherwise
With the definition
1-d; " N-—1
Q . dldl/ 1-d, - dl (N - 1) for dl = dl/ (5 91)
u = _GN-1 _ .
L=di llglc}l, - d{\bl 1_(1%7%)(;1 otherwise
we have
2 L
Tos = e Z Ji Fur by Qur - (5.92)

L=2

Eventually, we have for (S2)
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=2
N—1,.2 2(f) . d 1 1-dV, _
TN <f> JrTZl:fll—dl (lfﬁl—dl)p?

N
2 o d 11—ay
+N;fl 1—d N 1—d
2 XL .
+~5 Y fi Fu by Qu
1,I'=2
N
1 2 1 ~ 1—dV
2\ _ 2 = 2 l ~0
<S>_N (A7) + (1) Tz 2 i (dl1d1>pl

N
2 = N
Nz > fi Fu by Que
=2

In order to compute the variance we subtract
N 2
2 1 S 1—dN\
<5> = <<f>+N IZ; i <dlldl)pl
N N 2
BRI N T S - S T A
<f>+le:fz<dzl_dl pl+NZldl1—dl D

=2 =2

So the variance reads
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VARIANCE OF SAMPLE MEAN

N
1 1 ~ ([ 1—dV\ .
(asp) = 5 (@r?) + 32 3 7 (af =0 ) it
=2
N N
2 o d 11—dV 2 -
+szl1—dl(l Ni-d )" 21;2le””@”'

N

N N 2
2(f) - d Ny 1 1=aN\ 1 S, 1=dV\
TN lez g (dl N 1-d )" PR Wz )P)

The terms independent of p° are

VARIANCE OF SAMPLE MEAN (LEADING TERMS)

((asp) = = {@ap?) + = iv: i3 fldl (1 B ]tll—cfiljj)

N ~.
fl2 d; _ll—d{v
123 i (i 1—«&)1 |
(5.93)

Apart form the O(1/N) term in the last factor, these are also the leading
order terms. The result is equivalent to the approximation

P(‘ill = gi‘pOaB) = pPi,

because in this case all p°-dependent terms vanish, as the dominant eigenvalue
is separated off. So if the MCMC run is properly equilibrated the variance is
given by ([.93]). We see that also the variance gets worse, if do — 1.

Influence of equilibration on the variance. According to (5:86) we
merely have to replace p) by dX Y.
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VARIANCE OF SAMPLE MEAN AFTER EQUILIBRATION

N

— _ dN
(A7) + 52 S 72 (dff“lldll) ol

=2

=zl

<(AS)2>:
N N
2 o 11—d¥ 2 z K 0
=5 1-— =N i Fw dF B Qu
TN fll—dl( N1—dq )t Juo Fur di P Qu

=2 L'=2

N K41 N N 2
2(f) ;4 N_ L 1=d7\ o 1 7 K+11 4"\ o
TN > T \ W TN T, lZf 4 —a ) )

Without equilibration, the next to leading terms where of order 1/N smaller.
Now they are exponentially suppressed and the correction to (B93)) is now
exponentially small.

5.4.8 Dominant terms

We consider the case, that additional eigenvalues approach One, i.e. d; = 1—¢.

3
¥ =(1-¢)N = N+(E];[) —7(51(\;) +O0(eN)?
11—dYy (eN) (sN)2 3
Nl—dlili 5 + G + O(eN)?)
=
11—-d¥ (eN) 1_ﬂ+0( N)?)
ledl_ 2 3
=
Nﬁilileii(&:N) _ 2N 9
W —NT=g ~ 2 \T 3 TOEN)
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CONTRIBUTION TO VARIANCE OF SAMPLE MEAN
FROM DOMINANT TERMS FOR e N <1 AND N > 1

A<(AS)2>—IZN:FCJK+1 - V)
- N < 1 W 5 | P

- 72 eN 2 =« ; K 0
+Z F\l-5)+t3 Z St By dp” pp Qu
!

2
op {FU+E) di=di=1-c
O(N) otherwise

Ignoring terms of order O(%),0(eN) and O(eK) and assuming there is one
dominant term, we obtain

A<(AS)2> = J2+ fi P dF 50— (f)

=
~1
=
~O
|
N
=
~_
[\

l

N
= fi Fur di* 5 = (f) > i
1=

sl
i)

If on the other hand ﬁ? = 0, which might be achieved by symmetry consid-
erations, the entire variance simplifies to
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VARIANCE OF SAMPLE MEAN FOR pY = 0
eN<1AND N> 1

((asp) = = {@ap?) + =2 é it 1fldl (1_ Jir11_—cfil]zv)
T

l

dom. terms

~ Z fE.
1

69

Hence the variance is for sufficiently large NV independent of N. There is no
1/N reduction. The meaning is that given an appropriate p® which does not
couple to the next-dominant eigenvalue D yields the correct mean, in the sense
as mean value over several independent MCMC runs whose initial state is
distributed according to p°. But the mean variance is finite and independent

of N.
The mean over several independent bins, i.e.

1 N
b‘wg

ISH
<o

yields
<SM b> <Sl b>
and

(A5 ).

(ASMP)2) =

5.4.9 Behavior of autocorrelation

We start out with the autocorrelation without normalization
1 . .
= N Z f(xl/+'r)f(xu)

The mean value is

! not the once with eigenvalue p;
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(Am) =+ 32 (AfGuin)Af()

= % Z AflAfJ Z P(:%V‘FT = §J|j’.l/ = giapoﬂB) P(‘%V = gz‘i.() = §k7p078) po(gk)
.7 v

:% Z AfiAf; Z (M7)j; Z(M”)lk pg
2%}

v k

:% zz]: AfALY ((M/T)ji‘FPj) (Z(M’”)m Pi +m§p2>

v k

:% ; AfAL Y <(M’T)j¢+pj> <(M'V Po)ﬁpvi)

1
=5 Z AfiAf; Z ((MIT)ji(M/y P2)i + (M) jipi + pi (M™ p°); + ij)
1,7 v

:% > ARAS; (M/T)ji(ZM”j p0>
1,7 v

N -
+ N Z Afy (M) jipi Afi
7yt

+% (; Afjpj) ; Afz(;M'”pO)

K3

g

(3 aa0)( 00)

=0

Leading to

(Am) =37 Afy (M7)jup: Afit % 3 ARAS, (M”)a-z-(ZM’” pO) .

i v é

T1 T2

T = Z Af; (M) jipi Afi

S [(50 4 (S mas)]

J 7



5.4 Markov Chain Monte Carlo (MCMC) 71

* Z AfiAf; (M/T)ji<ZMIV PO)_

%,] v ?

T

1 ZAf, (M’ <X1DIN yT 0) Af;
N g Jt 1_D, P ) [3

i,J !

9gi

A(DORERIIES S}

1=

So the final result has the form

N
<A(T)> = Z e~V ¢
1=2
with

& = [1/In(d))| (5.94)

5.4.10 Example

The presumably most simple example is given by an electron moving along
1d lattice of length N. The possible states are the positions i € {1,2,...,N}
with probability p;. The current state be x,, = 7. As proposal distribution we
choose left right moves, i.e. 7 =i 4 1 with pbc, or more precisely

N —

q(ili) = 5 (3 ir1.n) + 05-1.4)) -
The symbol [i, N] indicates pbc

1 ifi>N
[i,N]={ N ifi<l

1 otherwise

According to (5:46) we generally have

M;ji = a(jli)q(j,i) + 6;:(1 = > a(kli)q(k,i)) ,
k

which in the present case becomes
M = min(1,22) (s 5 §:: 7
ji = gmin{ L 5 li+1,N] + 0j,i—1,N] |+ 0jii

1 i . i—
= 5 [min (1, p[;%’]\]])dj’[ijq’]\[] + m1n<1, P[ L] >5j,[i1,N]:| + 5jiZi s

2
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where Z; ensures the proper normalization. To keep things simple we consider
a flat distribution p; = 1/N, which leads to

1
Mji:*

3 05 i+1,N] T 6 [i—1,N] | -

Here, Z; = 0, which implies that moves are always accepted because
a(i £+ 1]7) = min(1,1) = 1. This is simply the 1d tight-binding matrix with
pbd. It is symmetric, i.e. left eigenvectors and right eigenvectors are identi-
cal, i.e. X =Y. The well-known eigenvalues are €, = cos((k —1)27/N), with
(k=1,...,N). The corresponding eigenvectors are
X. 7L i(k—1)j i—1.92 N
ik = € ,)J=L142,..., .

VN

The dominant eigenvalue is €x,=; = 1. The next dominant eigenvalues are
given for k = 2 and k = N with

e =cos(2m/N)~1— 3(21/N)*.

The corresponding correlation length given by (5.94) is £ = N?/(272). The
result is very reasonable, as we are studying a random walk for which the
mean distance, moved in ¢ steps, is v/¢. In order to traverse the lattice once,
i.e. to cover a mean distance N it takes N? steps (time units).



6. Quantum Monte Carlo Methods (QMC)

If the exact diagonalization of the Hamiltonian is possible, a MCMC method
can be applied brut force and no further considerations are necessary. The
thermodynamic expectation of an observable O is then calculated as a trace
in the complete eigenbasis of the Hamiltonian, denoted by |n). It is given by

<O >p= % tr(Oe=PH) = %i (n|O|n) exp(—BH,) (6.1)

with the canonical partition function

Z = i exp(—(H,) . (6.2)

In the general case where no exact diagonalization of the Hamiltonian is pos-
sible, the trace has to be evaluated in a different basis. Then the expectation
value reads

<O >p= % tr(OePH) = %i (n|O|m)(m| exp(—BH)|n) , (6.3)

)

where we have inserted a complete set |m). The term (m|exp(—GH)|n) in
the above formula causes several difficulties

e its evaluation is not simple,

e it can change sign depending on the vectors |n), |m),

e it is not normalized to one, i.e. does not represent a probability distribu-
tion.

The reason for all these shortcomings is found in the appearance of non-
vanishing commutators. We try to eliminate them by mapping the quantum
mechanical problem on a classical problem. This mapping is achieved by the
Suzuki—Trotter decomposition presented in what follows.

6.1 Suzuki—Trotter—-Decomposition

In principle, the Suzuki-Trotter decomposition maps a d dimensional quan-
tum mechanical problem on a d + 1 dimensional classical problem. The ad-
ditional dimension introduced by the mapping is called an artificial time or
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Trotter—time. We present the decomposition for a sum of only two operators
A and B. Extension to the case of n operators is straight forward. Thus,
suppose that the Hamiltonian is given by the sum

H=A+B, with [A,B]#0. (6.4)

The operators A and B do not commute and we assume that their individual
diagonalization is possible. If the commutator of A and B vanished, we could
use the formula

e BALE) — o=BA BB g5 (4, B] =0 (6.5)

and insert a common complete set of eigenstates. However, in our case of non-
vanishing commutators, the exponential function does not simply decompose
into a product. We introduce an error R writing
PN N N 62 R
e PUAFE) — ¢=BABAB L R with R= -5 [A, B+ o). (6.6)
Proof: We expand both, LHS and RHS of (€8] in Taylor series retaining
only the leading three terms. This yields

S o 2 . L o
e PATE) — 1 _ B3(A+ B) + % (A% + B2+ 2AB + [B, A)) + O(p%),
. . . B2 . B2
e eI = (1-pA+ A1 - BB + - B?)
2
= 1fﬂ(A+B)+%(A2+BQ+2AB)+O(B3) .
Comparing the RHS’s of the above equations, we obtain the estimate for the
error R in ([6.6) with the accuracy of O(33). O

Thus, the error has the form of a product of the two operators A and B
multiplied by (%/2. If ta,tp denote the order of magnitude of the operator
A and B, respectively, the error is of the order

ﬂQ
R%;O(tAtB) . (6.7)
In the case of the Hubbard model with its Hamiltonian
H=—t Z clej+ hoe + UzniT”il (6.8)
<i,j> i

the quantity t4 corresponds to ¢t whereas tp corresponds to U. Therefore,
one cannot argue that t4 and tg have really small values. As a result, when
applying (G.6]), the error R will be of order unity. An improved decomposition
is given by the symmetrized form

o ) ) ) 3
e BATE) — o5 A BB =54 %O(tA tp max(ta,tp)) . (6.9)
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But even here, for the same reason, the error will be of order unity.
The Suzuki—Trotter decomposition proceeds with a trick. It takes advantage
of the formula

e=PH — (e%ﬁ) , forany meN. (6.10)

B

The quantity - in (6I0) can be made as small as desired by increasing the

number m. And this same quantity % appears in the error estimate. Thus

_BH B A BB B A m
e BH _ (ezmAemBe2mA+R>
~—~—

= C™ +mC™ R+ 77"(7”2_ 2

—Cm g mcm‘lO((%)S) + m20m_20((ﬁ)6>

m

C™2R* + ... (6.11)

The leading correction is of the order 3 O((%)d) and rewriting the power m
as a product we obtain

T T i Bp B4 2 tat
e PH — He%Ae%Be%A —&—O((ﬁ) ﬁ%max(tA,tB)) . (6.12)
m
T=1

The new quantity 7 is called the Trotter time or imaginary time. The integer
m must be made big enough to assure that the correction term in ([GI2) is
small.

Since the trace is invariant against cyclic permutation, the partition function
Z is approximately given by

Z= tre ™ = tr[Jendent (6.13)
T=1

The decomposition of the exponential function is now achieved. However, the
price to be paid is an additional coordinate 7 that apears as imaginary time.
There is a variety of methods using higher order decompositions for the ex-
ponential function e~##. Unfortunaltely, they contain commutators [A, B]
that are not always cheaply obtained. Suzuki himself suggested to choose a
fractal decomposition, i.e. a decomposition with fractal coefficients to miti-
gate the sign problem of fermionic systems. A variant of the Suzuki—Trotter
decomposition is the basis of most of the QMC algorithms.

6.2 World Lines Monte Carlo

The underlying idea of the World Lines Monte Carlo method is to decompose
a model Hamiltonian, say of Hubbard or Heisenberg type, into commuting
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pieces. We illustrate this strategy by means of a one-dimensional Hamiltonian
with nearest neighbour interaction. This operator can be split as

H= ZHzH-l—H +H = Z Hll+1+ Z sz+1~ (614)

i=odd 1=even

It is easily checked that all commutators constituting the operators H, and
H, vanish:

[Hiit1,Hjj+1]=0  fori,j even, or 4,j odd . (6.15)

The Hamiltonian matrix thus decomposes in small blocks. The size L of these
blocks depends on the model. In the case of the spinf% Heisenberg model, as
well as for the Hubbard model, L = 2 in one spatial dimension.

6.2.1 Heisenberg Model in One Dimension

We investigate a generalized Heisenberg model including far-ranging inter-
actions. The Hamiltonian reads

H=—J, Zsz 21— Z(s+sl+1 +878H,) = > JiS; S . (6.16)

7

The generalization of the Heisenberg model, i.e. the third term on the RHS
of the above equation, causes no complications because it is diagonal in a
the basis of the z—component of the spins. We decompose the Hamiltonian
H into

1 1
H:He+§H’+HO+§H’, (6.17)

where H, and H, refer to terms with even/odd index of the first two terms
of ([@IG). The symbol H' denotes the third term of (610, i.e. it represents
the introduced generalization. Now we apply the Trotter decomposition of
the canonical partition function Z

Z = tre” trHexp{—— (H, + H)}exp{——(H + ;H)}

= tr H exp{f—H }exp{f—H }exp{f—H'} (6.18)

X exp{—RH’} exp{—%He} exp{—%H’} :

It is obvious that the third and the fourth exponential function can be sum-
marized to one factor. Furthermore, exchanging the factors cyclically does
not change the trace. Therefore, we combine the first and the last factor
writing
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Z = tr [ [ exp{—s—H'}exp{——H,} exp{—-—H'} exp{— = H.} . (6.19)
it 2m m 2m m

To calculate the trace we insert 2m complete sets of eigenfunctions

S e WP, i=1.2m (6.20)

ORI

of the operators S7. The partition function Z reads

7 — Z 1)|e Ho o= H' (2)><Q(2)’e—%ng—%H”Q(3)>

B8 ’
< ’e mHoe_WH

@Y (g®]e THe o H' a®)  (6.21)

<gé2m—1) e mHoe 2an’ (2’m)>.< 2m)|e /fHee o H' (1)>.

We can now explicitly calculate the exponentials of H' because this operator
is diagonal. Terms with superscript k yield

_B
e 2m

H'|g09) = =7 (80 Js1e%) | g0y — o Vie™) o)y (6.22)

with the abbreviation V(c(®)) = > Jig Jl(k)oﬁk). Thus, the partition func-
tion reads

B ﬂ 2m (T)
ZZGXP{Sm;V(U )}
ﬁ (27’ 1)|e E

(6.23)

(g@7fem

)

The trace induces periodic boundary conditions in the Trotter time implying
the relation |g(2m+1) > = |g(1) > Therefore, in order to proceed, we have to
calculate the matrix elements containing the exponentials of the even/odd
part of the Hamiltonian.

e/o

(ale=#erol’) = (o .o [[e 4o .. o) (6.24)
i

The operator H; ;41 affects only the spins ¢ and 7 + 1. Thus it can be written
in the two-spin basis |s;, s;+1). To this end, only the 2 x 2 matrix elements
e 72 L
Ai,i+1(5i+17 Si, Sé, S;+1) £ <si+1si|e m Hiit |S;$£+1 (625)

have to be evaluated and, conversely, yield
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_ By .
e~ miit — Z ‘Si,Si+1>Ai,i+1(Si+1,Si,52782+1)<82+1,82’ . (626)

’oor
Si+1,5i,5;58;41

By inserting this representation into (6.24]), we obtain

_B
<g‘e i He o g’> (6.27)
e/o
2 : /A / AP !
= <0'N . Ul‘H Si, Si+1>Ai,i+1(81‘+1, Siy Sy 8i+1)<5i+15 Si’ gq... O'N>.
oL
SisSit1

Since each index appears only once at each side, for nonvanishing matrix
elements we have to satisfy the condition

/
= 0,

s$; = 0 and s f

for all 7. Therefore, the sum simplifies to

B
<g’67EH8/O

g'> (6.28)
e/o

!/ !/ / / / /
= <0N e al‘H |04, 0i41) Aiir1(0ig1, 04,00, 011) ot 1, 00|07 - .. O’N>
i
or equivalently
e/o
! !
= [[A4iis1(0i1,06.0},0041)
i
e/o
/ / / /!
X <0’N . Ul‘H |05, 0i41) {0741, 04|07 - - O'N> .
i
S(a,a")
By re-inserting the definition of A (6.25), we obtain
e/o
_B _By. .
<Q ’e m He/o Ql> =S(g,0") H (oip10ile”mHiitt|olal, 1) (6.29)

?

In general, the quantity S can either be S = +1 or S = —1 depending on
the number of permutations necessary to pair corresponding creation and
annihilition operators. The case S = —1 causes non-local sign problems that
typically complicate WLMC simulations for fermionic systems. In our case of
the Heisenberg model, we only have to deal with spin operators. Fortunately,
spin operators at different sites commute. Therefore permutations do not
yield minus signs and S = 1.
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We continue by evaluating the 2 x 2 matrix elements ([6.25]). Upon introducing
the abbreviation

w B B e BT
M — EHZ,’LJFl — EJZS’L Si+1 + EiFZ (630)

with the Flip operator F;, they are calculated in a straight forward manner.
The results are summarized in Table .1l We want to evaluate the exponential

Table 6.1.
Ma-
trix
el-
e_
ments
of
the
one-
cioii /ool | (1) (D (D) (D) dimensional
Heisen-
_BJs BJ ber
8% ém _2& 8 8 mogel
2m 4m 5
(1 00 g 0
(1) 0 o o0 4=

of M, i.e. eM. For this end it is convenient to apply the spectral theorem.
Thus, we need the eigenvalues A\; and eigenvectors x;. They are given by

0 0
o 8. o B
X1 = 0 ’/\174m X2 = 1 s A2 am
1 0
1
1 1 _ BJ. B
X3 = ﬁ 0 ,)\3 = m + % (631)
0
1
X4 = R M = _ﬁ‘]z — ﬁ
Tl oY Tam 2m
0
Thus using the spectral theorem, we obtain
e~ Fiche Tsh 0 0
4 B B
M iy t+ | e mshe amch 0 0
e’ = evix; X, = 7. . 6.32
; ' 0 0 e 0 (6:32)
B

0 0 0 exm
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The new symbols ch and sh represent

ch = cosh (%) ,  sh =sinh (g—J) .

- (6.33)

We can simplify the above expressions by splitting off an exponential factor
and reducing it to a 2 x 2 block matrix. This matrix will be denoted by w.

o o R ch sh 0
eM = e sh ch 2

Oy Iy

=ein w(0;,0i11,0%,05,4) . (6.34)
We conclude that, for IV spins, the matrix elements are products of the form
e/o
(gle™Merelo’) = [] ™ w (01001, 0%, 00.0)

i

e/o

BJ: N
=etm 2 Hw(Ui,UiH;U;aU;H) : (6.35)

Inserting the obtained result into ([G23]), the partition function Z becomes

7 - Zegm m ﬁ 27— 1)‘e £ 0g(27)><g(27—)|e—%H8 2(27+1)>
T=1
— =Y,V “)) 87z omN TIT o7 1) PG ¢ ()
Ze H H Oit1 y 0 y 0441 )
T7=1 1
« Hw §J2r‘r1)70_ (27’+1),0_7/;fz'+1)) .

We observe that most of the elements of the matrix w, namely 10 out of
16 are zero. This is a consequence of form of the Flip operator and of the
preservation of the z—component of the integral spin. If both spins ¢ and
1+ 1 point in the same direction, F; reduces the state to zero. Therefore it is
convenient to introduce the notion of active plaquettes. Imagine a spin | at
the site i=odd and Trotter—time 7=odd. Where will this spin T be found at
time 7 + 1 7 The answer depends on the matrix w and thus on the state of
the spin ¢ 4+ 1 at time 7. If spin ¢ + 1 is also a T state, the only possibility is
that at time 7 + 1 the same state occurs. This is due to the wsz = 1 (third
column and third row of the matrix w). If, however, spin ¢ + 1 is in the |
state at time 7, the two spins can either be flipped (wi2 # 0) or keep their
orientations (wy; # 0). In general the two possibilities have different weight.
Notice that the fate of spin i is independent of spin ¢ — 1. The same is true
for an even Trotter—time 7 and an even site ¢. Conversely, if 7 is odd and ¢ is
even or if 7 is even and 7 is odd, the "evolution” of this spin depends on the



6.2 World Lines Monte Carlo 81

5
4
3
2
PSfrag replacements
T 1 i
7 1 2 3 4 5 6 7 8§ —

Fig. 6.1. The Checker Board for the Suzuki-Trotter decomposition of the Canonical
Partition function of eight spins in the Heisenberg model

orientation of spin 7 — 1. This situation can be visualized with the checker
board of black and white fields. A spin is located at each corner of a field.
Black fields are called active plaquettes because spins that are coupled via
black fields influence each other.

We introduce an intermediate notation depicting sites of spin T with filled
circles and sites with spin | with open circles. The discussion can be reduced
to investigating one active plaquette. There are several possible configura-
tions shown in Fig. The weights for each configuration are inferred from

weight: gs = exp(-) cosh()

l ‘ weight: gd = exp(-) sinh ()

PSfrag replacementb

weight: gs = e~ 2m cosh

weight: gg = e~ 5 smh weight: 1

Welght 1

Fig. 6.2. Weights of the six different configurations of an active plaquette

the matrix w. Since the z—component of the spin is a conserved quantity,
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the number of filled circles at the base line of the active plaquette must be
the same as at the top. A more common visualization is to join spin | sites
with lines. These are the so called world lines. Spin | sites are not mentioned
any more. As can be deduced from Fig. [6.2] world lines can run in diagonal

weight: gs = exp(-) cosh()

weight: gd = exp(-) sinh ()
PSfrag replacements

. AN
weight: gs = e~ 2m cosh (%)

. _BJz .
weight: g4 = €~ 2m sinh (%) weight: 1
weight: 1

Fig. 6.3. World line visualization of the six different configurations of an active
plaquette

direction only on active plaquettes. Furthermore, it is common to join spin
1 sites with straight lines whenever this is possible. Thus, active plaquettes
with four spin T sites are visualized with two straight world lines. Due to the
conservation of S, world lines cannot be interrupted anywhere. As a conse-
quence of the trace in the partition function, periodic boundary conditions
in the Trotter time have to be applied. Additionally, we can choose periodic
boundary conditions in real space. The canonical partition function Z can be
written as a sum over all world-line configurations W. One such world-line
configurations W contributes with the statistical weight p(1¥') given by

p(W) =gi* gy* (6.36)

where the integers ngs and ng count the numbers of active plaquettes occupied
by one straight / diagonal piece of a world line, respectively. The preservation
of S, on each active plaquette implies that the number of the world lines
remains constant. The partition function thus reads

ZzeﬁJZNZGXp{ ZJZJ ZUT) o }gs g
w
:eﬁJZNZexp{ ZJZJZUT) (T} w).
w

The thermodynamical expectation of the energy E can be inferred from the
partition function through differentiation. This is outlined for the general
case in Sec. [6.2.3] In the one-dimensional case the thermal energy is given by

(6.37)
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1

H 0
BHY _
tr(c—BH) tr(He )— log Z

op
N 1
—JZ<Z—%(<nS>+<nd>)) (6.38)
1 BJ, BJ.
—J%<tanh(2m) < ng > +coth (2—) < ng >>

m
where < ng; > and < ng > denote the average number of straight and diag-
onal plaquettes, respectively. The long ranging spin—spin correlations can be
evaluated through differentiation

E=<H>

1 0 1 ) )
L Z’ = — 3 o) Y 00! ,
<8787 > GoT S ) o( )TﬂJZ o} (6.39)

This formula is valid even for the case H' = 0 and can thus also be applied
to the original Heisenberg model without long-rangin interactions.

6.2.2 Higher Spatial Dimensions

In higher dimensions (d = 2 or 3), the Trotter decomposition has to be car-
ried out for each direction separately. Instead of the one—dimensional chain,
we consider a cubic lattice of N sites. We have to take into account the
contributions of the nearest neighbour interaction in each spatial direction
(H;, Hy, H,). In the two-dimensional case, for instance, a possible breakup
of the Hamiltonian reads

H=H,+H,=Hep +Hoy + Hey + Hoy (6.40)

with H,/op, He /oy denoting the even and odd part of the interaction in z—
and y— direction, respectively. Often, a more symmetric decomposition like

1 1 1 1
H= B Hep + Hop + 3 Hep + 5 Hey+ Hoy + 3 H, (6.41)

can be convenient. To cover the general case, we introduce the symbol N de-
noting the number of components of the decomposition. The Suzuki-Trotter
approximation of one Trotter slice is then given by the product

B ol
el x J[e 2, (6.42)
b=1

with time intervals A7,. When using the decomposition stated in ([G.40),
we find N, = 4 and all A, = B/m. The operators H; are given by
Hy = HyeoHy = Hyo,Hs = Hye and Hy = H,,, respectively. On the
other hand, choosing the symmetric form of ([G41I]), we have N, = 6 and
Ary = Ats = 3/m whereas Amy = Ay = Aty = Arg = 3/(2m). In this case,
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the operators Hy are given by Hy = Hz = Hye, Ho = Hyo, Hy = Hg = Hye
and Hs = Hy,. The sum over all A7, equals

Ny 3 Ny 3
;An):a;ﬁ,ﬂ%d. (6.43)

The new symbols f, are defined as Ar, & f, 3 /m. Therefore, the partition
function Z reads in Suzuki—Trotter approximation

m Ny

Zr~tr [[[Je 2" (6.44)

T=1b=1

To evaluate the trace, we use a collection of m x N sets of complete bases S
labelled by I. When using cyclic boundary conditions, S(™No+1) = §(1) "and
the function I(7,b) = 7 N} + b we obtain

m N,
7 =~ Z H ﬁ <S(l) |e—ATbe| S(l+1)> . (6.45)

S ... gOmNy) T=1b=1

Now we can evaluate each matrix element in the same way as outlined for
the one-dimensional case. Since the Hamiltonians Hj, consist of sums of com-
muting operators, the exponential exp(—A7,H}) factorizes. As in the one—
dimensional case, each H} consists of N/2 terms. The resulting factors can
be cast in the form

s _Zz4m, ([ cosh(A7,J/2) sinh(A7,J/2) 0
et [ © sinh(A7,J/2) cosh(Am,J/2) 2
Oy Iy

(6.46)

When inserting this matrix into the matrix element of (G.45]), we obtain the
structure of active plaquettes. Since Hj, consists of N/2 terms, each Trotter
slice comprises N/2 active plaquettes per direction b. From (6.46) we see
that we can split off the common factor exp(A,J,/4). Upon introducing the
b dependent plaquette weights

gsp = e 2772/ cosh (|Ary, T /2|)

6.47
gdb = e A™7/2/2 ginh (lATbJ/2|) , ( )

as well as the numbers ng(b, 7) and ngy(b, 7) of straight and diagonal plaquettes
of one direction b within one Trotter slice 7 we obtain

m Ny
Jz N A s(b, b,
Z Z [TITe® ® 2™ aay™™
S(1) .. g(mNy) T=1b=1
= eJTz % Z'r ZbATb Z ng Tl; bT dVb nd(bJ-) . (648)

S g(mNy) b=1
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By using ([6:43]) we simplify the two sums of the first exponential. By abbre-
viating the sums occurring in the other exponentials by ns(b) = > _ns(b,7)
and ngq(b) = >__nq(b, 7), respectively, we obtain the final result

_ NdZH gné(b) nd ) (6.49)

W b=1

Instead of extending the sum over all spin configurations, we now sum over all
possible world-line configurations W. The two summations are equivalent, be-
cause each spin configuration maps uniquely to one world line configuration.
From (€49) we infer that the statistical weight of a world-line configuration
W is given by

H g5 gia® (6.50)

As we have seen, in higher spatial dimensions the trace of the partition func-
tion Z cannot be simplified with cyclic permutations to the same extent as in
one dimension. The weights gs and gg become time—dependent as they vary
periodically with the Trotter time 7. Additionally, the Trotter slices become
more extended. The same phenomena occur for long ranging interactions.

6.2.3 Correlations, Energy

In the field of statistical mechanics, many expectation values can be derived
from the partition function by means of differentiation. Among these observ-
ables we find the thermal (internal) energy and — for spin systems — correla-
tion functions. Therefore, we now discuss the differentiation of the logarithm
of [6.49) with respect to J, and J. This logarithm is given by

log Z = b7 - Nd +log (an"s“’) ”ﬁ(’”) . (6.51)

Let’s start with the simpler case, namely with the differentiation with respect
to J,. By exploiting the identity (log f)’ = f’/f and exchanging the order of
summation and differentiation, we obtain

ns(b) ng(db
OlogZz _ B ZW 57 b 9sh 933"
0. 2 Yw Hbg’“(b gya”

From the definition of the plaquette weights (6.47) we derive that the product
over b can be cast into the form

(6.52)
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Hg”s ® gra® (6.53)

Ary s ns(b)+nd(b)
IT(e™)

b

osh™® (|===1) sinh™® (|

)

—dz A1y (ns(b)+ng(b ns(b ATbJ . nq(b ATbJ
— = F Xy ATp(ns(b)+ d())HCOSh ()(‘ 5 |)smhd()(\ 5 ).

AT[,J ATbJ
2 2

The arguments of the hyperbolic functions do not depend on J,. Thus, dif-
ferentiation with respect to J, affects only the exponential part of the above
expression and yields

aJ H ns(b nd(b) (ZATb(ns(b)+nd ) Hg nd(b) (654)
b

We find that the statistical weight is of the world-line configuration is repro-
duced by the differentiation. By inserting the above expression into (G.52])
and using the definition of (E50) we finally find

dlogZ Nd — 1 Yo PW) (D2, Ay(ns(b) + na(b)))

oJ. 4 S p(W)
Nd— = ZAT[, < ng(b) > + < na(b) >)

Nd — Zfb (< ng(b) > + < ng(b) >) . (6.55)

yMQ %Q

Now let’s consider the differentiation of (651]) with respect to J. Obviously,
the first term cancels because it does not depend on J. Remains the product

dlog Z w1l 9es ® nd(b)
oJ Z Hbg”s(b nd(b)

whose evaluation involves the derivatives of the plaquette weights g with
respect to J. By using (6:47) we find

(6.56)

ags,b _ ﬁ and 8gd,b _ ﬂ
o7 B 9d.b 97 B Gs,b s

(6.57)

and, therefore, the derivatives of the powers of g can be written as

agnz(b) ATy dd.b 89nd(b AT g
sb J(b) dA gna(e) ZZdb - b, gy Isb nalb) (658
oJ 2 " ( ) sy, ng oJ 2 nd( ) 9d, gdb ( )

By application of the product rule of calculus, each term in the sum in the
numerator of ([6.56) can be written as
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Ns n 8 Ng n
57 Hg W gin” =57 KHgS;b(b’> <Hgd:z<”)ﬂ (6.59)
b

b

ns(b nq(b
b b
ne (b) 9 na(b)
) (5 )

The differentiation of the products over b is achieved by using (G.58) and the
generalized product rule. This yields sums of the form

0 n. ns (b

8 T} S amn 22 [ o
Js, b

37 H n’i(b) ZATbnd f]gb gg)‘ng). (6.61)

,b b’

Again, by inserting these identities into ([6.59), we find that the weight of
the world line configuration reappears. The fractions of plaquette weights are
given by hyperbolic tangent and co—tangent functions:

ns(b n b) 9s,b ns(b) ng(b
5 H ) gy Zmb (n 2+ na(b) )Hgs,; 913"

gs,b gd.b Y
(6.62)
1 AT{,J ATbJ
5; tah< . >+nd(b)coth( . >)p(W).
~—_—— —_———
Lfh(b) 2efeth(b)

When inserting this relation into (G.56]), we find

dlogZ w5 X, Ary (ns(b) tanh (232 + ng(b) coth (242L)) p(W)

aJ 2w P(W)

(6.63)

By exchanging the order of summation and abbreviating the weighted sum
over all world line configurations W by the symbol <> we finally obtain

alogZ Z ATy (< ns(b) > tanh <A;bj> + <ngq(b) > coth (A;bj>)

— % Zfb (< ng(b) > th(b) + < ng(b) > cth(b)) . (6.64)
b
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We now have the main ingredients to evaluate the spin—spin correlation func-
tions C*# and C®Y and the thermal energy E. The former are defined as

def ]. 8
=y 58Sy log Z :
C <<ij>slsj> 337, o8 (6.65)
)
oy & A ¥ 19 1z .
C <<§ij>j (S8 +5;5; )> 557 o8 (6.66)

and follow immediately from the above calculations of the derivatives of the
partition function. In fact, by inserting (6.53]) and (6.64]) into these definitions
and cancelling the factor 8/ we obtain

o = iwd - % zb:f,, (< ns(b) > + < na(b) >) (6.67)
cm = % Eb: Fo (< ns(b) > th(b) + < na(b) > cth(b)) . (6.68)

In case of the Heisenberg model, the thermal energy E is a weighted sum of
the correlation functions.

J
E=<H>={-0. % 857 -5 % (S+S; +875F
< <z§7j:> T2 <z§,j:>( ! ’ )> (6.69)
=-J,C*¥*—-JC".

Inserting the explicit expressions for the correlations functions and collecting
terms with < ng(b) > and < ng(b) >, respectively, yields

J.
E=-— ZNd—l—; < ng(b) > ﬁ(J — Jth(b))

+) < na(b) > 2%@2 — Jcth(b))
b

J.

:—ZNd—I—Z<nS > fo(b) + < na(b) > fa(b) . (6.70)

The vectors fs(b) and f4(b) are given by
Jo

J(®) = 3 (J. = T th(0)) (6.71)
Fa(b) = Q%(Jz — Jcth(b)) . (6.72)

6.2.4 Local moves, Metropolis

In this subsection we describe a concrete algorithm to simulate the canonical
averages of a Heisenberg Hamiltonian. We restrict ourselves to local changes



6.2 World Lines Monte Carlo 89

on the checker board (local moves) to trace though the whole phase space. The
Metropolis algorithm shall be employed to create world—line configurations
according to the distribution p(W') given by p(W) = g, g5*.

To proceed from one configuration to the next, a world line number n and
a Trotter—Time 7 have to be chosen at random. Figure shows the local
moves that are possible if the white field happens to be at the right-hand
side of a locally straight (at time 7) world line n.

{. 1 .? {. 3 .?
2 4

—> —>

Fig. 6.4. Possible moves consistent with the rules of the Checker board

Each possibility changes the weight of the world line configuration in a differ-
ent way. In case 1, for instance, two more diagonal lines appear increasing the
number ng by two: n); = ng + 2. The two disappeared straight lines decrease
the number ng by two: n, = ng, — 2.

Does the move of the straight piece of a world line from the left-hand side of
a white field to the right-hand side of the same field affect the weight of the
configuration? Since only active plaquettes with one single line contribute to
ns, this depends on the state of the active plaquettes at either side of the
white field. If the active plaquettes at the left-hand side of the white field is
occupied by an additional straight piece of a world line and the other is not,
then the number n, increases by two: n/; = ng+2. Conversely, if the opposite
is true, it decreases by two: n/, = ng — 2. If both plaquettes have the same
state, nothing changes. The other three possibilities are treated in a similar
way, and one remarks that all changes of the weights are calculated locally.
Thus the efficiency of the local algorithm in evaluating the weight of the new
configuration.

According to Metropolis’ rule, however, the altered configuration is only ac-
cepted with the probability

_ p(nib n.ls) _ ggdggs _ g”fi*”dg”g*ns (6 73)
= — . )
p(ndv ns) ggdggs d

or 1, if ¢ > 1. Generally speaking, it takes about 1.000 to 10.000 local moves
to change the configuration globally. Therefore, measurements can only be
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performed after a huge number of moves. This is an obvious drawback of
the adopted algorithm. Additionally, a low acceptance (< 5%) adds to the
inefficiency of this local approach.

6.2.5 Outlook

The above presented formalism of World Lines Quantum Monte Carlo can
also be applied to the Hubbard model with the kinetic term

HO = —tZaZgaj,g . (674)

1j,0

Only the meaning of the various terms in the formalism changes. For each spin
orientation o =T, | a separate checker board has to be introduced. If only ﬁo
is considered, the world lines of the two checker boards evolve independently.
The Hubbard model, however, also includes on-site interaction of the form

Hy=U gy -

This interaction term links the two checker boards: If a T world line at time
T goes through site ig, the presence of a | world line at the same site and
time is suppressed by the interaction energy U.

The Hubbard model is considered to be a good candidate to describe High
Temperature Superconductors. However, for WLMC simulations the inverse
temperature 8 must be bigger than the parameter ¢ of the Hamiltonian. This
yields to temperatures of about 10.000 K, that are much too high for real
superconductivity.

A drawback of the WLMC algorithm must also be mentioned: This algorithm
is always an approximation and has no exact limit. (?7? Due to the Trotter
decomposition ?77?) Even in the particular Hubbard model with U = 0
WLMC doesn’t yield exact results.
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6.3 Projector-Quantum—Monte Carlo

As we explained in the last section, World Lines Monte Carlo fails for low
temperatures. The method presented next is designed to fill this gap.

The basic idea of the Projector method is to take a trial state |1)r) and evalu-
ate expectation values of operators O in a state generated as low temperature
limit of the trial state |¢7). By low temperature limit we mean the state

V) = Jim e Py . (6.75)

The quantity 5 does not actually correspond to a real inverse thermodynamic
temperature. Nevertheless, it displays some analogies to it: If |¢)7) contains
a component in the direction of the non—degenerate ground state of the sys-
tem, the operator e ## amplifies this component. This is seen by inserting a
complete set of eigenfunctions |7, ) of the Hamiltonian H with energies F,.

() =213 ) (0o [or) (6.76)
n>0
=" e B ny) (o [r)
n>0

e (0 [ ) o) + €~ P E oy g ) + .. )

We can choose the ground-state energy Ey = 0 and see that the for an increas-
ing 3, the the contribution of excited states becomes exponentially smaller.
We can say that the artificial inverse temperature § controls a window in
the energy room. States within this window contribute to [i3), the others
don’t. This is illustrated in Fig. We observe that the weight of an ex-
cited state |n,) depends on the gap between E; and E, and on the inverse
temperature (.

Since we are interested in the physical properties of systems in the ground
state, we have the tendency to take (3 as large as possible. On the other hand,
due to non-commuting operators in the Hamiltonian, we will have to carry
out a Trotter decomposition. In this context a large 0 implies that we have to
take a big number m of Trotter times in order to keep the fraction 8/m (and
thus the error) small. Therefore, it depends on our computational capacity
how large a 8 we can choose. Furthermore, the quality of the simulation
depends on our skill to choose the trial function |ir). If |¢7) = |no), we
see the exact correlations of the ground state for any 3. It should be noted
that, in contrast to statistical mechanics, the state |¢r) is a pure state, i.e. a
vector in the Hilbert space of the system. This implies that we can measure
correlations whose thermodynamical mixture cancels.

We will introduce the Projector Quantum Monte Carlo (PQMC) on the basis
of the Hubbard model

H=Hy+H,, (6.77)
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where Hj is the hopping operatore and H, the on-site interaction of the
particles. The band structure of the hopping operator can be exploited by
using the dispersion relation (k) of the lattice. This approach is possible,
because the band structure is modeled as an external potential with a one-
particle operator. Therefore, we write the contributions to the many-particle
Hamiltonian as

f{() = Zs(k)&};}o’&ka = — Z tijdgadjg s Hl = Uzﬁ'tlﬁﬁ (678)

k,o ,5,0

The expectation value of an observable O in the pure state |¢) is given by
the fraction
S (WIOl) _ (Wrle PHOe P )
<0 >= = A (6.79)
(Y 1¥) (rle lvr)

In contrast to a grand canonical approach presented in Sec.[6.4] this expecta-
tion value contains no sum over a mixture of states. We expand the expression
e BH|r) in a product of m Trotter times and absorb the last factor in a
new trial state ”(/JT>
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5 BHg BH, BHg BHg
efﬁH|wT> —=e 2me m e m ,.,.e 2m

vr) = [[ KOVOldr) . (6.80)

T=1

The new symbols K™ and V() correspond to the operators of kinetic and
potential energy. They are defined as

5ﬁ0 )’

KO — (_
PTG, m

V() = exp (— %ﬁl) (6.81)

where, as usual, d;; denotes the Kronecker delta. The kinetic part, K™ isa
one-particle operator whereas V(™) affects two particles if located at the same
lattice site. In order to continue the calculation, we want to map the entire
many particle problem on a one-particle problem with stochastic fields. This
mapping is achieved with the Discrete Hubbard Stratonovich transformation
presented next.

6.3.1 Discrete Hubbard Stratonovich Transformation

In this section we present a simplified version of the Siegert transformation
outlined in Sec. The two-particle term 7;17;) in the operator H 1 is the
cause of our troubles. We tackle it with a trick. Consider the square of the
operator of the magnetization m; at site ¢

g = (g — i) =0 + 03 — 27 7|
=Nt + 7 =271 Ny (6.82)
—_———
T

In arriving at the last equation, we have exploited the fact that particle
number operators commute and are projectors for fermions, i.e. i = f;,.
The operator n; measures the number of electrons at site ¢ independent of
their spin. Inserting the above information into the interaction part of the

Hamiltonian, i.e. Hy, we obtain
Hi=UY fyi = v (i —m?) . (6.83)
, 2 <

The sum over ﬁiAmeasures the total number of electrons and is henceforAth
abbreviated by N.. In what follows, its contribution will be added to Hy.
Thus we decompose the Hamiltonian as

(6.84)
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Since all commutators between different 7i2; vanish, the exponential function
of the new interaction Hamiltonian, H;, is given by the product

exp (— %szl) = exp (g—ny; ng) = Hexp (g—gmf) . (6.85)

Now comes the crucial step. We apply the Hubbard Stratonovich transforma-
tion to every factor of the product by making the ansatz

exp (%mz) = 3521 A (6.86)

The new quantities S are called auxiliary fields since at each lattice site a
separate S = S; is needed. Since the S;’s can assume the values +1, they
are Ising spins. The parameter A can be inferred from the matrix elements
summarized in Table For positive U the equation

N4 ‘ ng| ‘ my

xp (£Um?) | 4 Tsy

0 0 0 1 1
1 1 0 1 1
1 0 1| exp(&0) cosh(\)
0 1 | -1 exp (V) cosh(\)

Table 6.2. Matrix elements for the evaluation of the parameter A in the Hubbard
Stratonovich transformation

BU
h(A) = — 6.87
cosh(\) exp(zm) (6.87)
determines cosh(\) uniquely. We insert the information of (2] into the ex-
pression of the exponential function of the interaction Hamiltonian. This

yields a sum over all Ising spin configurations forming the auxiliary fields:

exp ( - %}h) - 2*1;“;:;@ (A i misi) (6.88)

Now the term stochastic field displays its justification: These fields S couple to
the magnetization similar to a magnetic field. Moreover, they are generated by
the random Ising Spin configurations {51 ... Sn}. Equation (G.88) has an in-
tuitive interpretation: The field {S; ... Sy} generates a static spin-dependent
potential for the particles. This can be seen by splitting the operator m; into
its components. Then (G.88) reads

N N
exp ( - %ﬁl) = 2_1\; Z exp ()\ZlmTSi — )\;fmSi) (6.89)

1...5v=%1
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Suppose S; = +1 for a given ¢. Then the energy A has to be paid if only one
electron of spin T occupies the site 7. Conversely, if only a spin | electron sits
on site ¢ the system gains the energy A because of the minus sign in front of
the last sum. If site i is filled with two electrons, their energy contributions
cancel. For S; = —1 the same considerations apply, only the role of the T and
| electrons are exchanged.

—— Ising Spins

PSfrag replacements
energy

lattice sites
Ising Spins
T-electron
|-electron

potential energy

+1 4

0 =1L .
+A
-\

lattice sites

Fig. 6.6. Stochastic potential introduced by the Ising spins acting on T-electrons
(full lines) and |-electrons (dashed lines)

We observe a remarkable feature of (6.88). Within one Trotter slice the in-
teraction Hamiltonian H; has been replaced by a sum of non-interacting
one-particle operators

=> ;S

This, however, has to be paid with additional degrees of freedom which have
to be summed over, namely the stochastic field.

We separate the two different spin orientations o =7|= +1 and decompose
the one-particle Hamiltonians as

=Y > (—tijo + 5”) alyajo = Y Hoo (6.90)
o=Tl & o=T]
=> 0 Zawaw =Y HL(S (6.91)
o=Tl i o=Tl
This has the consequence that the following commutators vanish
[Hoo, Hos) =0, [Hoo, HL) =0, [H, H,]=0. (6.92)
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We decompose the operators K and V in a similar manner and define in
analogy to (6.81)) the kinetic and potential part of each spin orientation

g

R — ( __»
7 exp m(l + (5-,—’1)

f{oa) . Vo (S7) =exp (Aoﬁ:ﬁig&m) )
- (6.93)

The operator e can now be written as a sum over all possible Ising-Spin
configurations of the auxiliary field, 5™ = {SET) e SJ(\;)} at every Trotter—
Time 7.

e = % H KMV (s H KV (87) (6.94)
(s }=17=1 7=l
This is the desired result. We have expressed the exponential of the Hamilto-

nian of the Hubbard model as a sum over products of one-particle operators.

6.3.2 Choice of the Trial Function |¢r) and Time—Evolution

Since we have separated the spin orientations in the operators V and K , it is
logical to do the same in the trial function. Thus we choose the trial function
as a Tensor—product of a pure spin T state with a pure spin | state writing

[Ur) = [Yrr) @ |ry) - (6.95)

The spin | part of e~ B acts only on the spin T factor of |¢7) whereas its
spin | part affects only on the spin | factor. Therefore, the frozen state |¢3)
reads

) = e |yr) (6.96)
= > HK(T)VT S ry) ® HK(T)Vl (ST wry) -
{SET)}—:tlT 1 =1

The simplest choice for the trial functions |¢7,) are Slater determinants rep-
resenting independent particles. Since only one-particle operators are involved
in ([6.96]), for each auxiliary-field configuration, independent particles stay in-
dependent particles by application of the product of K’s and V’s. Correlations
come into play only through the sum over all auxiliary-field configurations.
We generate the trial state |17, ) by application of ladder operators IA)LU on
the vacuum state |0) writing

7o) = |det (p2)) = H b, ,10) . (6.97)
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The symbol N, denotes the number of electrons of spin ¢. The operator BLJ

generates an electron in the state |p%). It is possible to express B‘;U in terms

of the operators al appearing in the Hamiltonian: The former is a linear

i,0

combination of the latter,

N
bho = whal, . (6.98)
=1

The quantities ¢f, have a direct physical interpretation: They denote the
amplitude of probability of finding the generated electron at lattice site i.

Having found an appropriate trial function, in the in the next step we concen-
trate on its evolution towards |¢)3). We confine the following considerations
to one spin orientation and thus drop the subscript o. In a first step, accord-
ing to ([@94]) we consider the application of the operators K™ and V(S(T))
on the trial state. To this end, we notice that both operators are of the form

UKV & e=ATH  with  H =Y hyala; (6.99)
ij
and At = [/m. The relevant matrix elements h;; are inferred from (E90)
and (691]). They are given by

“(r) . 7K g U
K. U! hij = ki = 1 - (—tijo + 56”) (6.100a)

The operators U'TK / V7 albeit not unitary, display formal analogies to time evo-
lution operators. Therefore, 7 is called an imaginary time and the composition

0, = 0K gy = ROV (s7) (6.101)
propagates ZJI from time 7 to 7 — A7 according to
bi(AT) = U bl U .

The last factor (7 = m) of the Hubbard Stratonovich decomposition, (690,
can thus be cast in the form

= U, iU U0 . b U1, |0)

= bl (AT) DY (AT) ... bl (A7) |0) . (6.102)
To arrive at this expression, we have inserted unit operators of the form
[ = U-'U,. Moreover, we made use of the identity U,|0) = |0). The opera-

tors BL(AT) can be expressed in terms of the operators dz constituting the
Hamiltonian,
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bl (A7) Zw) i . (6.103)

This is called the Wannier representation. We can infer an ODE for the time
evolution of the ladder operators &}(AT) by differentiation with respect to
time

a a —ATH At ATH _ —ATH[ 17 ~T1.ATH
Sal(Ar) = 5 (e af e )ffe [H,a{1eA™ . (6.104)

Since the exponential of the Hamiltonian commutes with the Hamiltonian,
this can be cast as
0
0AT

aj (Ar) = —[H,a} (Ar)] . (6.105)

We are thus led to calculate the commutators [EI ,d;]. This can be done
remembering the representation of H in terms of the operators &I and a;.

Lz :[Z hisala; af |
= Z hw i ajal Z hwal a; &J
—Zhw 1ajal th I {d;ra&j})dj
—Zh”a ajal Zhw&z (djd;r - {&j’d;
:Zhildi (6.106)
i
The fermionic anti-commutator relations were applied two times. The linear

ODE for the evolution of dj(AT) is thus given by

0 .
A aj (Ar) = — Z haal (A7) . (6.107)
In a quite analogous manner the evolution of the operator a;(Ar) can be
derived. Carrying through the anti-commutator relations, it turns out that
the RHS of the evolution equation has opposite sign. Thus the ODE reads

o . .
SA-0(AT) =+ Z hiyai(AT) . (6.108)

Summarizing (ALI(AT) to the vector a(Ar) = {al(A7),... 7&}-\[(AT)}, we ob-
tain the ODE (GI07) in vector form
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8% al(Ar) = —Ha'(A7), with the matrix H = {h;;}. (6.109)
-

Its solution for the initial condition af(A7 = 0) = a' is given by
al(Ar) = e 47Hal (6.110)

Inserting this information into (GI03]), we obtain the time evolution of the
operators b}, as

)= 5 a0 = 50 )
i ij
:Z (Z (e—A-rH("")) o} ) . Z a) Tdef T - (6,111)
J i -

J

We observe the important feature of the algorithm: Due to the bilinear form
of the decoupled Hamiltonian, the one-particle operator BL at a later time Ar
can be expressed in terms of the one-particle operator EL The decoupling of
the interaction term was achieved by application of the Hubbard Stratonovich
transformation.

The quantities cﬁg.a) are called modified one—particle orbitals. Using the defi-
nition (GI0T]), they can also be summarized in the vector

G (@ =1, @ = KMy m) @ (6.112)

Here, U,,, K™ and V(™) denote the matrices of the matrix elements of the
respective operators in the basis {a!|0)}. The term (BI02) finally reads

KMV (S [yr) = b} b} ... bY_0) . (6.113)

Having treated the last factor of the Trotter decomposition, we now consider
the last two factors. They can be written as

Km=0y(8m=D) Ky (StmYbTbE ... b, |0)
= K=y (8=l b} ... bL, [0) (6.114)
= U(AT) BIUY (AU (AT U (AT) ... bl U~ (AT)U(AT)|0)
= bl (AT) DY (AT) ... bL, (A7) |0) .

Of course, the arguments developed for the evolution of bt apply also for the
evolution of b'. Thus we obtain

bl (A7) Z 5@al (A7) <37 FlWal 5 (6.115)
j

with the vector
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=z (@) —Arg(m=1 ~(a)
14 =¢ ¥
_ e—ArH"""l)e—ATH(’"'>(p(a) (6.116)

= Km=Dym=1) ggm)y(m) ,(a)
Consequently, the last two factors can be written as

Km0 (SO0 RO (S0 [y = bl b ... b, [0) - (6.117)

6.3.3 General Formulae for Observables

By continuing the applied strategy through times 7, we are able to evaluate
all factors in the Trotter—-decomposition of (6.98]). For a given Ising-spin field

{57}, the result is

S
3

[0 (ST LT KOV (S$) [bre) (6.118)

T

I
-

—

ROV (D) (6], B, - By, )10) =B, ... Bl 10)

Il
-

T

where we have re-introduced the spins ¢ of the fermions. For both spin ori-
entation the combined ket reads

[0(SS7)) = [ (ST @ |y (S7)) . (6.119)

The operators b are the result of the evolution of the original b’s constituting
the trial function. Again, they can be written as a linear combination of the
a’s,

Zwﬁ? al, (6.120)

The vectors @(®) are generated by consecutive application of the evolution
operators

@ =U Uy - Upop® = KO . yD ... gm) ym) ) (6.121)
matrices
The N x N matrices K and V are of the form of (6.99]), where K is indepen-

dent of the spin—field S (7). The matrix V is diagonal but depends on S (™),
These matrices are inferred from (G.I00al) and (G.I00B) and read

AT (. u (T
Ky = {e1+57,1( thko+26h,k)} Vi _ )8! >5'j . (6.122)

.. 7‘7
)

They can be calculated before the actual run of the simulation. The dimension
of K and V equals the number of lattice sites of the problem.
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Thus, we have achieved a mapping of the Quantum-Mechanical problem on a
classical Ising Spin problem. The expectation value of the operator O, which
we started to calculate at the beginning of this section, has thus the form

0o WalOlgs) _ Tisp gy (WSHOWAS))
(s [¥g) Z{Sg},{S’T < (ﬁ ) (S )>

By multiplying numerator and denominator with <1/J(§') [¥(S) >7 we obtain

|0|w (0(8) [¥(8))
{;} {22 >> > (@& ()

{sTh{sim}

=> ) 08,9 p(s',9) (6.124)

{s7H{si™}

(6.123)

where we have introduced the abbreviations O(S’, S) for the first factor and
p(S’,S) for the last. Cast in this form, p can be interpreted as the statistical
weight of the spin fields S and S’. Notice, however, that p is a matrix element
and can thus be a complexr number. This is called the sign—problem of the
QMC-simulation. It is the cause of severe troubles that are not yet overcome.
Usually, this sign is absorbed in the first factor O(S’, S) so that p becomes a
positive density.

0(8',8) - p(S',8) = O(S', ) e85 . |p(5', 9)|

6.3.4 Explicit Expressions for Matrix Elements

In this subsection we provide explicit expressions needed to evaluate (6.124]).

The matrix elements (1(S’)[9(S)). Let us first consider the matrix
element needed for the weight p(S’, S). We will again suppress the spin index
and treat the expression

((S") ¥ H

where b/, and bf, denotes the propagated b’s with the Ising fields S’ and S,
respectively.

Let’s, for simplicity, consider the case of only two particles (N, = 2). Then
we find

($(S") [1(S) ) = (0[b4b1b1bY|0) . (6.126)

2

e

b},|0) (6.125)

v=1

In order to simplify this expression, we pull b} to the right-most position.
Then its application to |0) yields zero. We had to interchange b] twice with
creation operators. This can be done by using anti-commutators which yields
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(OfEB51T4]0) = (O[5, 5135510} — COfEBl {51, 353]0) (6.127)

Now the anti-commutator relations for fermions imply that the apperaring
anti-commuators are proportional to the unit operator. This can be seen
by expanding b!, and 5’5 as a linear combination of the a;’s. Consequently,
the anti-commutators can be treated as numbers. These numbers can be
evaluated as expectation values of the anti-commutator in any normalized
state, thus also in the vacuum state:

(0[{B,,,B5;}|0) = (0]5,,b%|0) .
By substituting this into ([6.126]), we obtain a special form of Wick’s theorem
(¥ (8" [¥(8)) = (0[bs51 {03 0) (6.128)
= (0[B101]0){0[B2b3|0) — (0[B10]0){0[B551 [0)

Upon introducing the overlap matrix Gos(S’,S) = <0‘5;5H0> this can also
be cast in the form

G11 G2

(B(8") [9(S)) = Gu1 Goz =~ Gra Gor = ’Gm G

. (6.129)

In a straight forward way, the above procedure can be generalized for higher
particles numbers N.. Wick’s theorem splits the product of N, annihilition
operators and N, creation operators in sums over N, pairs of one annihilition
operator and one creation operator. We obtain

(D(8) [%(8)) = det(G(S',9)) - (6.130)

The overlap matrix G can be obtained from the modified one-particle orbitals.
By using ([G120), we get

Gap = (O[BLD5[0) = 3 (&)@ (olasaflo) = 3 (#) 4" -
] 4
=5;

(6.131)

Of course, @ ®) means the orbital a propagated with the Ising spin field S’

and @ is the result of the propagation of the orbital 3 determined by the
field S.

The matrix elements <1[;(§')|d,,dL|1[)(§)>. In what follows we consider

the expectation values of one-particle operators of the form 0= &VdL in the
propagated states, i.e.

($(8")|aval,[h(S))
(W(S) [(S))

0(8'.8) = guu(8',8) = (6.132)
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Combinations of these operators constitute e.g. the one-particle Greens func-
tion, thus the notation g,,. The denominator of g,, has already been evalu-
ated above. The numerator can be written in the form

1 N.
(W(8"]aval[v(S)) =(o| ] taaval, T o5/0)
a=N, B=1 (6133)
=(0|bly, -~ bb By b B b1 b -+ B _[0)
where we have substituted
Ne
=Y ¢l withel” =4,
. (6.134)

Ne
b= ¢ Ve with g O" =4,
i=1
for the operators a. In doing so, we have formally arrived at the same expres-
sion as in (GI20). The only difference is that now the product runs from 0
to N. Therefore the same arguments apply and Wick’s theorem entails that
the numerator can be written as a determinant,

0 N,
(o TJ oa T] 25]0) = det G© . (6.135)
a=N. (=0

The overlap matrix G is evaluated by using (G.I31) along with (G134
for the zero components. It depends on the auxiliary-field configuration, i.e.
GO = G9(S,8"), and is given by

_(1 —(Ne
) R

_1(1)x
GO = ¥ . . (6.136)
: L

S5/(1.\&1)*

174

Therefore, g,, can be written as the ratio of the two determinants

(¥(S)|avaf[v(S)  detGO(S', )
() (S))  detG(S,9)

In order to evaluate this formula efficiently, it is expedient to perform linear
manipulations on the matrix GO that leave the determinant invariant and
reduce the zeroth column to zero except for the element (0,0). After adding
a suitable linear combination of the last N, columns to the zeroth column,
GO takes the form

guu(S8',8) = (6.137)
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_ _(N.
O‘SD( ) L. SOEL )
GOl = 0 (6.138)
: G

)

0

with ¢g© given by

Ne
60 =00 =D B (G, P = b - G, (6.139)
i,j=1

The determinat can now be expanded along the first column and is given by
det GO = det GY = g9 det G . Then g,,, simplifies to

o

/ g det G o T -1

g8, 8) = == =97 =0 =P G ‘. (6.140)
Matrix elements of higher order operators. In order to calculate ma-
trix elements O(S,S’) of higher order operators, we follow the same lines
as for matrix elements of one-particle operators. Here, we will demonstrate
this procedure only for two-particle operators. A generalization is straight
forward.

A matrix element of a general two-particle operator can be cast in the form

~oa oAt ~1

<1/)(§/) Ay Ay e 1/’(£)>
WS W(S))y

0(8',8) = guune(8', S) = (6.141)

The numerator can be written as

-1 N,
guume = (0] TT %% TT 8510) (6.142)

a=N, B=—1

with bg’s and b_1’s given by expressions analogous to (6.134). Now we ap-
ply Wick’s theorem reducing the last equation to the determinant g,,,¢ =
det GO/ det G of a matrix
_(1 _(N,
O, On ‘9051) ( :
g N,
dep | Oen [P - wé :
GPy = oD | 0 : (6.143)

H(Nyx| i
G |
We can now eliminate the elements GO _; to G _, and GY o to GN o by

adding linear combinations of the last N columns to the first two columns.
This leaves the determinant of the matrix invariant and yields
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(1 _(Ne
o el = AR
(1 _(Ne
. 0 lgflet” - g™
Gl7l' == O O . (6144)
: Gl,l’
010

The new symbols are given by

95 =0c —PLGT' P, (6.145)
9 =6,.,- @G ', (6.146)
and
o r© ~T ~—1 =/ ~T =1 =/
6= 0= o (O = @ G B) — 2 G, (6.147)
0

Now the expectation value of the two-particle operator is easily calculated.
By expanding the determinant of GO along the first two columns we obtain

det GO ¢9,g§ det G
o (8", 8) =~ = 1d2tG = %45 . (6.148)

6.3.5 Example: Simulation of the Hubbard Model
6.3.6 Siegert Transformation

As mentioned at the discussion of the Hubbard Stratonovich transformation,
there exists a general method of decomposing the exponential of the square
of an operator. This map is called the Siegert transformation and is outlined
in this subsection.

We consider a self-adjoint bounded operator O with discrete spectrum. The
eigenvectors {|n)},>0 span a complete basis. Invoking the spectral theorem,
we can calculate the integral

/ o= (O+aD)? 7. / Z n) o (On+a)? (n] da

—0o0 =00 ;>0

=>_In) <n|/ e~ (Onte) gy

n>0

(6.149)

We have inserted a complete set of eigenstates of the observable O and in
the second step exchanged integration with summation. In each integral we
substitute ¢t = O,, + x. The bounds of integration remain the unchanged.
Thus we obtain the standard integral
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= —(On+z)? 3. _ Fo
e dr = e dt =7 (6.150)
and consequently
/ o (OF+=D)? gy — ﬁz In)(n| =+/m 1. (6.151)
> n>0
On the other hand we can as well expand the exponent and write

> —(O4al)? > —(0%?+22042?) -0? > —220 , —a?
e dx = e dr =¢e e e " dx.
— 00 — 00

— 00

(6.152)

Substituting y = 22 and inserting the result of ([G.I51), we obtain the Siegert
transformation

A3 1 & 3 y?
0" = NG /_OO e 40T dy . (6.153)

To illustrate this map, we reconsider the magnetization formerly treated with
the Hubbard Stratonovich transformation. In this case, the Siegert transfor-
mation yields

N o0
e%m? = e( %ml)Z = 602 = L/ e_\/%ﬁ”ze_é dr . (6154)
‘ NI

Instead of the sum over two discrete values we now have an integral over
infinitely many points. The quantity x corresponds to the auxiliary fields S
of the Hubbard Stratonovich transformation. This looks more complicated
but has, nevertheless, sometimes its advantages.
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Fig. 6.7. Comparison between the Siegert— and the Hubbard Stratonovich trans-
formation. Filled circles indicate the points at which the exponent is evaluated in
the case of the Hubbard Stratonovich transformation.

6.4 Grand Canonical QMC Method

Historical remarks ...up to 8 = 1 which corresponds to a temperature of
10.000 Kelvin ...

We want to calculate the expectation value of an observable O. In the grand
canonical ensemble it is given by the trace

~ 1 A 3
<0 >p= m tr(Oe 6H) . (6155)

First we turn to investigate the grand canonical partition function Z appear-
ing in the denominator of (G.I55]).

7 = tr(exp(—BH)) =Y _ (] exp(=BH)|¢)) . (6.156)
[)

The sum has to be extended over a whole basis [¢) of the Hilbert space (i.e.
Fock space) of the system. We will demonstrate the application of the Grand
Canonical QMC on the Hubbard model. The grand canonical Hamiltonian of
the Hubbard model is a sum of the kinetic (or hopping) part K, the on site
interaction part 1% representing the short range part of the Coulomb repulsion
and a part proportional to the particle number N.. Thus, the Hamiltonian
reads

N
H=—t > & ejo+U> iy —p Y nig (6.157)

<i,j>,0 i=1 )
be —

K Vv N,
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where p is the chemical potential of the system. Hopping is only possible
between nearest neighbours, as usually indicated by the symbol < 7,5 > in the
sum of the kinetic part. Since the components K and V of the Hamiltonian do
not commute, we perform a Suzuki Trotter decomposition of the exponential
function exp(—BH)) with m Trotter slices,

oI — (e_ATﬁ ) ~ [ e 27 eArule ATV O(Ar?) (6.158)

=1

with A7 = 3/m. Inserting this approximation into the expression for the
partition function, (6156 yields a trace of m products of Trotter slices,

Z = tr[[e 2K AN ATV L O(AF?) (6.159)

T=1

In what follows, we want to deal with one particle operators. Thus the next
step is to carry out a discrete Hubbard Stratonovich transformation in the
potential part of the Hamiltonian. To this end, we introduce the auxiliary
spins S and write

+1
L 1 . . U [a .
eATU"iT"M — 5 E e)\S(niT—nil) eA2U (n”—i-nu) (6.160)

S=-1

with the parameter A given by

ATU
A = 2atanh tanh( 72— ) . (6.161)

The many particle operator is transformed in a sum over one particle oper-
ators with an auxiliary field consisting of N Ising spins S;. This is possible,
because different n; operators commute.

(ip+7 ) )
1

Mz

. N N ArU
e—ATV — H e—ATU ﬁiTﬁiL —
=1 1=

fi(s 5 osmeeo)e®

i=1 S;==+1
(6.162)

Exchanging sum and product and identifying the last sum as the operator of
the electron number, N, yields

S1,...8ny==%1

Since the operators of different spin orientation commute, we separate them
and split
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K:IA{T+IA{l, V:VVT‘F‘AQ, Ne:NeT+NeL- (6164)

Now we can write the exponential functions as products of exponentials
of each spin orientation. Furthermore, we insert the Hubbard Stratonovich
transformation in each Trotter slice X of (G.I70),

def _ A Y Y
X o em AR ATV gATiNe (6.165)
— e_ATRT e—ATRLQ—N E e)\zf\;l SL"A%,T e_>‘27]l\[:1 S’Lﬁll eAT(M—%Ne) .

S

We observe that the chemical potential u is altered by the interaction. Sep-
arating the two spin orientations entirely, we obtain
X =9 N ZQ*ATRT A YLy Sifuit +AT(u—§ Ney)
s

o ATKL o= AL, Sifui +AT(u=F Ney) (6.166)

We introduce two matrices K;; and V;; for the kinetic and potential part,
respectively. They are of the form

Ko = thcisn =0 i o
Vi (S) = by (AorSi + ar(n— 7))
For each spin orientation ¢ = +1 we define the operator
D7(S) = AT T Kiselolio g2i; Viseloio (6.168)
with the help of which we can express the Trotter slice X as
X =2"N>"D(S)D"(S) . (6.169)
S

Since the auxiliary fields S are different for each Trotter time 7, we have to
distinguish them. Thus we introduce the superscript (7). Inserting (G.169)
into the partition function Z ([6I56]) we obtain

Z=2"mN g ﬁ (Z DS bi(g(”)) . (6.170)
=1 g

Exchanging the order of the sum and the product and exploiting the fact
that the operators D commute for different spin orientations, we obtain

Z=2"""u Y (ﬁ DT@(T))) (ﬁ Dl(g(ﬂ)) . (6.171)

s, gim) T=1

() )
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Upon introducing a basis of elementary tensors

i) = 1) © [ry) (6.172)

the trace decomposes in the product of two sums, one for each spin orienta-
tion:

() = 3 (tnl© wal) () © W) () © )
= 3 ) (Wl
Ik

(32 wnrl@ln)) (32 @alWlvn))

l k
tr(f) tr(4) (6.173)

Therefore, the whole partition function Z can be written as

Zz=2""" %" [ tr ﬁ D' (§<T>)} [ tr ﬁ Dl(gm)} (6.174)

S, §(m) T=1

Since the above expression is symmetric in the spin index, we will investigate
only one spin orientation and drop its index. Thus we have to deal with

o [[DST), with D(S) = A7 T Kistles Xy Vistlés | (6.175)
=1

This has the form of an exponential function of a combination of one particle
operators. We will look at the general structure of its application to wave
functions in n particle subspaces of the Fock space.

Only one electron:. If only one electron is present, its wave function can be
spanned up as a sum over one particle wave functions located at the lattice
sites 4. Thus it is given by

N
) = Z d; c!|0) , with the vector d = {di,...dy} . (6.176)
i=1

An exponential function of creation and annihilation operators acts on such
a wave function [¢) as

N
eZij A'ijéjcj ‘w) — Z dkez"j Aijéjcj 611;‘0>
k=1

; - "éTC-
dkc;r|0> <0|Clez1ij A'LJ i Ci C;[c|0>

-
WE

ES
I
—
-~
Il

1
def
G

{eM Vi di cf[0) . (6.177)

-
] =

N
Il
A
=~
Il

1
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We have inserted a complete set of one particle states and defined the ma-
trix e?. Therefore we conclude that by application of e?, the vector d is
transformed in

d=¢etd (6.178)

and describes the new one particle state. The new state is subjected to a new
application of e?” in the same way. Thus, in the one particle subspace we are
able to evaluate

ﬁ DSy = Zd ¢10) , with the vector d = ( ﬁ e*ATKeV) d.

T=1 T=1

(6.179)

Two electrons:. In the two electron subspace, a complete basis is given by
the elementary tensors ’¢(1)> ® W(2)> and each state can be spanned up as
a linear combination of these basis states.

[9) = [pD )@ [p@) = (_ZdeE”éI)) (_Zde?)éI)) 0) (6.180)

Since the operator exp{>_,. A j AijC cj} contains no interaction, its application
to ‘¢(1)> ® ’2/1(2)> is given by the product

X Autié (1) @ @) = ( X Assele |1/,<1>>) ® ( S Assele |¢<2>>)

N N
=(Ydel) (S dPel) (o). (6.181)
i=1 i=1
Thus we can use the same formula as in the one particle case.

4 = Ag® = H GATE VST gle) =12 (6.182)
More particles:. The above considerations can easily be extended to any ar-

bitrary number of particle. Thus we obtain the operator identity in the whole
Fock space

H D(SM) = trexu Aty = grefAe (6.183)

with the vectors of operators &l = {él. E}LV} and ¢ = {é1...¢én}. Since
the matrix A is a Hermitian matrix, we can decompose it into a product of
a diagonal matrix A containing its eigenvalues ¢; and a unitary matrix U
containing the eigenvectors U ;.
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A:UAUT, A”:(Smé‘l,U:{Ql,,QN} (6184)
Upon defining the vector of annihilation operators f = Uté and its adjoint

Al A . .
[ = ¢f U, the trace of the exponential function can be expressed as

tref' e —

= tref'VAUTE (6.185)
— tref A = reSiasi il = gpeSiiein] (6.186)
It is not difficult to show that the operators f and f‘L fulfill the fermionic
anti—-commutator relations and are thus annihilation and creation operators
of fermions:

{01y =Y Ul U {enély = Ul U =655, (6.187)
(i ;3 =>_ Ul {cz,cj} =0, (6.188)
L,k
—0
(i => vt {el ey =o0. (6.189)
lk: T
f

The operator 7n; measures the occupation number of the state f. It has thus
the eigenvalues 0 and 1. It is convenient to choose the basis of the occupation
numbers of states f for the evaluation of the trace

treX sl = H tre® HZ n|e€1”i (6.190)
=1 |'n,
N ~
=[] (1 +e) =det (1+e?). (6.191)
i=1

Therefore, the partition function Z reads

Z=emN Z H det (H + H e ATR gV Sm)) . (6.192)

S .. gim) o==%1

Thus we have to evaluate determinants of products of matrix exponential
functions. The occurring matrices are of the dimension NV x N. The whole
product of determinants will be the weight in the Monte Carlo simulation.
In analogy to (G.IT0) we can formulate the expectation value of an operator
O with the Hubbard Stratonovich fields S and the decomposition of the
exponential functions in m Trotter slices. This yields

<O>p= % 3 tr{O H (DT Sy DL ))} (6.193)

S, 5m)

= > oW ... .smy, (6.194)
S, gtm)



6.4 Grand Canonical QMC Method 113

The quantities O(S' W5 (m)) represent expectation values of O for a given
Hubbard Stratonovich field distribution. They are obviously defined as

m

oW ... gm *—tr{ H(DT N DS ))} (6.195)

In order to apply a Monte Carlo algorithm, this expression has to be decom-
posed in a sum over a density function p(S™) .. S(m)) (to be sampled) times
a factor ¢©(S™W ... S involving the operator O. The major part of the
variation should be within the density p. The density p(S™)...S™)) can be
decomposed in a product of the contributions of either spin orientation p;
and p|. It is chosen to be equal to

p(ﬁ(l).__ﬁ(M)) ZPT(S(D S(m))pl(S(l)...ﬁ(m))
= 7 trH DTS Z tr [[ DS . (6.196)

T=1

Upon defining the function
3 N (g PHlgl)
CCCR) tr{OTH_l(D (s7) DH(s)) }

— ((1)1()) tr{OeZijAI] it &1 Zt] A” llcu } .
p(SY ... 8

gO(ﬁ(l) B _§(m)) —

=
(6.197)

we can write the expectation value of O in the presence of the Hubbard
Stratonovich fields ™ ... S as

O(8M ... 8M) = (8™ ... 8m) p(s™ ... gm). (6.198)

The exponential functions in X contain only one particle operators and pre-
serve the particle number of each spin orientation Ny, V| separatly. Evaluat-
ing the trace of X in the basis of the occupation number yields

tr {OX} = Z 3 <z/) n)

n= OW, (n)

0X‘¢<">> (6.199)

where the kets {’w(")>} denote a complete basis in the subspace of n parti-

cles. If the operator O does not preserve the particle numbers Ny, N| individ-
ually, the above trace will be zero. This implies that Green’s functions such
as << cTcT >> vanish. Thus we only look at one and two particle Green’s
functlons
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6.4.1 Evaluation of One particle Green’s Functions

In real space the one particle Green’s functions have the general structure
5 o 1 VI
g =<< cjc,c;7 >>= - tr {cwc}ae PHL (6.200)
In our notation this corresponds to the expectation value of the operator
O =é¢j,el . (6.201)

With the auxiliary fields §(1) .. .ﬁ(m) this can be written as

gt = Z gji(ﬁ(l) N _ﬁ(m))pT(g(l) N _ﬁ(m)) pl(ﬁ(l) N 'ﬁ(m)) , (6.202)
S s(m)

with the symbols

sty gy 4l TIL D7) T, D7(8) )
g (f D )_ pg(ﬁ(l)"'ﬁ(m))pg(ﬁ(l),,,ﬁ(m))

. (6.203)

As usually, we separate the trace of the product in a product of traces and
observe that the trace over & is just equal to pg(ﬁ(l) ...8™)) Thus it cancels
out with p7(S™ ... S™) in the denominator. This yields the expression

e, T, D7(87))
pa(ﬁ(l) N .ﬁ(m))

gi(sW ... sm)y = (6.204)

From now on we drop the spin index o. As in (6.I84]), we diagonalize the
matrix A and expand the operators ¢; and 61 in a sum over f, and f;ﬂ,
respectively.

& = ilv) f,, and & = i) fi 6.205
J ;wf ; ZH:@/J_ZL (6.205)
P e
— Wv - Yui

This transformation simplifies the expression for the Green’s function to
y 1 .
(/ — * . T Za 50‘”&
9 = e ; Vj di,dyy tr { fufle } : (6.206)

The evaluation of the trace is easiest in the basis of the occupation num-
bers of the states |ny ...ny) generated by f*. The exponential function can
be directly applied to such a state yielding the exponential function of the
weighted sum of eigenvalues n,,.
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1
tr{fufjezasaﬁi} = Z (nq ...nN|foieEas”ﬁ£\n1 .. MN)

= (nq nN|f#fj Iny ...ny)ekacana
(6.207)
The matrix element of the operator f# f,‘: is only unequal to zero if there is no
electron in the state v, n,, = 0. Furthermore, the orthogonality of the basis

states |ny...ny) implies that the created electron must be annihilated to
yield a non vanishing matrix element. Thus we conclude that

(ny .c.onn| fufd Ina oo nn) = 8 Oy 0 (6.208)

must be fulfilled which implies for the trace

N 1 1
tr { f. f;ezasaﬁi} R I D N T
v=0

M;l v=0
e (6.209)
:6Nay H (1 + eeﬂ) .
p=1
wFv
Therefore, the whole Green’s function reads
=N "ds,di 6 L—Zd* 1 g (6.210)
g _MV Jpy l/,lul_'_esy_ - jll’l.‘.ef‘:u (7 .

Inserting the expansion of f, [6205) and applying the spectral theorem, we
obtain

gt = <j|(z V) . +1e€u (y|)|i> = {(H—l—eA)l} . (6.211)

Jji

This result shows us that the Green’s function ¢g’¢ is just the matrix element

-1
of the operator (]I + eA) .

6.4.2 Evaluation of Two particle Green’s Functions
6.4.3 Numerics

In this subsection we will consider some numerical problems we are confronted
with in the grand canonical monte Carlo. We will treat only single spin flip
algorithms, where one Markov step consists in proposing (and accepting or
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rejecting) to alter one Hubbard Stratonovich Spin with index I at Trotter
time T'. Applying the Metropolis Hastings method, we have to deal with the
ratio g given by

_ o) _pl(SHS) _

o)~ pl(S)pls) 11

Since the densities p factorize in the components of either spin orientation, ¢
also has this property. Now the classical Metropolis algorithm accepts a trial
with the probability

(6.212)

o =min{l, ¢} (6.213)

whereas a heat bath approach accepts with

q

a=—"-,. 6.214
I+gq 0214

If only one single spin flip is proposed, the new spin configuration S’ equals
the old one S with the exception of one mere spin S at time T and site 1.
This means that we propose

STy = -8 (6.215)

The impact of this small change on D?(S(™) has to be evaluated. Since in
this quantity

ﬁa(ﬁ(ﬂ) _ e—DeltaTK" eV(§<7')) (6216)

only the potential part V¢ (which is diagonal in addition!!) actually depends
on the Hubbard Stratonovich field, the investigations simplify a lot. The
element i of the matrix V7 is given by

VU(E(T))”’ == 0)\51(7-) 574]' . (6217)

Thus the exponential function of V' is also diagonal. Evaluated with the spin
field Q'(T) it reads
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T
ea’AS§ )

(T)
ea)\Sz

e‘./.(g/(T)) _ . . . . - . (6218)

ij
a—oASHT)

(T)
. eo)\SN

(T)
— V(M)

(T .
e 2oAS

.1
The last diagonal matrix expressing effect of the difference of the spin fields
will be denoted by A. Therefore we can write

: 1 iET
VS Z VE™) A with Ay = 6 { s 7 T )
(§] I L=

Including the kinetic (hopping) term K for 7 =T we can write
DSy = DS A . (6.220)

These terms appear in the expression of the determinant forming the density
p. Since the trace is invariant under cyclic permutations, we have the equality
for all L € N

tr ﬁ D(S™) = tr ﬁ D(SUD)y (6.221)

T=1 T=1

For this formula we have to introduce cyclic boundary conditions 7™ =
S for the time dependence of the Hubbard Stratonovich field. With these
results, we can rotate the Ds within the product until obtain A as the last
factor. This corresponds to exactly T rotations. Then the quantity ¢ reads

_ det (]I+ H:n:1 D(§/(T+T))) B det (]I-l— HT:l D(§(T+T)) A)
q= det (I[ + H:rrn:1 D(§(T+T))) - det (]I 4 H;’_n:1 D(§(T+T)))

(6.222)

Now we exploit the fact that the determinant of the product of two quadratic
matrices A and B~! is given by the product of the individual determinants.
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Furthermore, the determinant of the inverse of a matrix is one over the de-
terminant of the matrix. This means

det A

det AB™! = det A detB~' = : 6.223
¢ e ce det B (6.223)
With this information the quantity ¢ becomes

g = det ((H + I s ™)™ @+ ] D) 4) . (6.224)

T=1 T=1

The first factor corresponds to the Green’s function for a given Hubbard
Stratonovich field configuration S at Trotter time 7',

m . 1
G5 (T) =< ci(T) (1) >g= (T+ [[ D))~ (6.225)
=1
Furthermore, the second factor is identified with the inverse of a Green’s
function for the Hubbard Stratonovich field S’ at Trotter time T. Therefore

we obtain the equation

q = det (gi (95)_1) : (6.226)

Now we turn to investigating the effect of A. Physically speaking, A cor-
responds to a defect in the lattice of the Hubbard Stratonovich fields. This
effect is described best with the Dyson equation which we derive next.

Dyson Equation:. We want to evaluate the effect of one differently oriented
spin on the Green’s function. To this end we start with the expression for the
inverse of the Green’s function introducing the abbreviations X,

(¢2) " =1+ [ D) A=1+XxA. (6.227)

=1

defy

The newly introduced quantity X is a part of the non—perturbed Green’s
function ¢=. Actually, its inverse is given by

(%) =1+X — X =(¢5" -1. (6.228)
Inserting the last identity in (6227) yields
)=+ (6 -1)A
=(6%) %+ (¢%) " (1-¢9) A
= (¢%) (S + (199 2). (6.229)
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In the first step we have expressed the identity operator as the product of
the Green’s function with its inverse. Adding and subtracting I in the second
factor yields after factorization

(¢) " = (4% (1+ @ - a-D). (6.230)

This is the Dyson equation stated in the form we need it to calculate q.

Calculation of q:. Inserting this equation in the expression of ¢, ([6.226]), we

observe that the leading two factors g2 and (gi) ~! of the determinant cancel.
Therefore we obtain

q = det (H F(I—¢8)(A- H)) . (6.231)
—_—————
defy

Now we turn to the evaluation of the above determinant. In the following we
will only be concerned with the Green’s function evaluated with the original
Hubbard Stratonovich fields S. Thus we will drop the index S of the Green’s
function and simply write

g=g2. (6.232)
In order to evaluate the determinant it is useful to exploit the identity

log (det(I+Y)) = tr (log(I+Y))
and consequently

det(I+Y) = exp ( tr (log(I+Y))) . (6.233)

The logarithm of the matrix [4+Y can be evaluated with the Taylor expansion.
This involves the powers of the matrix Y multiplied by some real constants
¢n,. Exchanging trace and sum yields

det(I+Y) = exp (tr ( i Cn Y”)) = exp <§: Cp tr (Y")) . (6.234)
n=1 n=1

Now we derive an expression for tr(Y™). Naturally, we start with n =1

X =Y Xi =Y (1 ¢%)a (A —bu) = a(l— g% . (6.235)

b =ad;0;ir

where « stands for the difference between A and § in the component I and
T, namely

a=e 231" 1. (6.236)
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Evaluating the indices I'I, the trace of Y turns out to be essentially given by
one diagonal element of the Green’s function g,

trY =a(l—g%). (6.237)
A diagonal element of the n—th power of Y has the structure

(Y")ii = Yir, Yo, Yipty -+ Vi (6.238)

1l2 n—1%

Let’s examine the product of the first two matrices corresponding to the
element ily of the square of Y. Inserting the explicit form of Y we obtain

(Yy)ilz = Ll Y21l2 = (]I - )Ua 5l I}/illg = (]I — )UOZ YIlz
= (I-¢%)ua {(H - g)Ha] 0ot (6.239)

Performing completely analog steps, we derive the third power of Y. It is
given by

YYY)i, = (I—g> 5ira {(H - )1104]25121 . (6.240)

Now it is easy to guess what the n—th power of Y might be. Complete induc-
tion proves the identity
n—1

(Y™")ij = ([ - g%)ira [(H - g)na} " b1 = [(I[ - g)ua} Vij . (6.241)

The last identity stems from the definition of the matrix Y. A diagonal ele-
ment of Y™ has an even simpler form because the Kronecker—delta then acts
on the index ¢ in the first factor. Therefore the sum in the trace of Y is
easily evaluated and the trace is given by

trY" = Z(Y")” = Z |:(]I - g)IIOé:| 52‘[ = |:(H - g)Hoz} (6242)
i i
for all n € N. Inserting the above identity into ([6.234]) and observing that

the sum represents the Taylor expansion of the logarithm, the determinant
of I+ Y is given by

det(I+7Y) _exp(i 9)110] )

= exp (log (1 + [(H - g)[[Oé])>
=1-(1-gm)a, (6.243)

where the exponential function cancelled the logarithm. Inserting the defini-
tion of a, ¢7 eventually turns out to be equal to

—

¢ =24 (1- g2 (1)) (7211 —1) . (6.244)

These considerations reduce the computational cost of the algorithm from
originally o(mN?) to merely o(1)!!
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Updating of the Green’s functions:. If the new configuration of the Hubbard
Stratonovich spins S’ is accepted in the Markov chain, the Green’s functions
g2(T) has to be updated. To this end we can also use the Dyson Equation
([6230), although now not for the inverse but for the actual Green’s function.

g% (T) = (L + (I - ¢(T)) (A~ 1)) ' ¢5(T)
= (1+Y) "' g%(T) (6.245)

We expand the inverse of I + Y in a geometric series. This yields

(I+Y) "' = i(—mv YV =1- i(—l)”_l V& (6.246)

Inserting the derived formula for the v—th power of Y, [6241]), we find

o0

_ v—1

((]I+Y) 1)” —1-Y (-1 {a(1—gn)] Yy (6.247)
t v=1

Substituting the index v by = v—1, we remark that the complete geometric
series is reproduced, now for the numbers —a (1 — gr7). Inserting its sum we

find

- -1

((]1+Y) 1>H:]I—[1—|—a(1—gu)] Y . (6.248)
ij

Finally we obtain the the correct expression for the altered Green’s function.

Inserting the last equation in (6:245]) we find

oS () =1-[1+a(-gm)] Yei(@). (6.249)

This formula involves only one matrix multiplication, namely Y ¢%(T'). The
original computational cost of O(m N?) is thus reduced to O(N?).

But not only the Green’s function at time 7 = T has to be updated. All
the Green’s function have to be calculated. This is most efficiently done by
a procedure called wrapping. This is presented next.

Remember that the one particle Green’s function at time 7, = L' At for
spin—orientation o is given by ([6.220]). We abbreviate the product over m
Trotter slices by X writing

gL Ar) = 1+ T[ Ds+) | =ex] (6.250)

T=1

Xp

Again, this expression can be viewed as the sum of the geometric series. We
obtain
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gH(L Ar) =1+ (1) X7, (6.251)

v=1

In order to simplify the above equation, we have to examine the powers of
X1. Writing these powers as products and inserting the definition of X, we
find the relation

XY, =Dpy1Dprys - XE™'Dy - Dy (6.252)

Inserting ([6.252) into the product of (6:251]) we obtain for the Green’s func-
tion at time L' At

G3(L' A7) =1+ Dyrsy --- Dy (Z(—l)”X{{’l) Dy - Dy . (6.253)

v=1
Applying the same strategy for g%((L' + 1) At), we derive
XY =DpiyoDpiys - XY ' Dy - Dy (6.254)
Therefore, the Green’s function at time (L' + 1) At is given by
g%((l/-i-l) AT) = ]I+ DL’+2 .. Dm (Z(—l)VX(IJIil) Dl s DL’+1 .
v=1

=1+ Dy (Dua o Dy (S (-1 XE ) Dy Du) D

v=

—1+D;\, (gl%([/ Ar) — ]1) Dpisy (6.255)

3

—

Simplifying the content of the above parenthesis, we finally obtain a recursion
expression for the updating. It reads

gi' (T4+1) = D71(5(7+1))g§(7) D(S(T+1)) . (6.256)

Thus, beginning with 7 = T, all Green’s functions can be updated with the
above simple formula. From time to time the Green’s function has to be
evaluated ab initio due to accumulation of numerical round off errors.

Time dependent Green’s functions:. Now we consider an operator O depend-
ing on the Trotter time 7. This is for instance the case of the time dependent
one particle Green’s function

O(r) = é;(r) ¢ (6.257)

The formalism generalizes best for Trotter times 7 that are a multiple of A7.
Therefore we tackle the trace

<é&(nél >= u (ei(f) ]| D(§(T))) . for T=nAr,  (6.258)

T=1
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where is a natural number n € N much smaller than m Using the Heisenberg
time evolution for the operators ¢;(7), we obtain the equation

Gilr) =e Mol (6.259)
For the expectation value in the canonical ensembles this yields
< ¢&(7) & >= 1 tr (eTﬁe*ﬁHé-e*TﬁéT) _1 tr (e*(ﬁ*ﬂH éve*TﬁéT)
i o= 7 i i) = 7 i ) -
(6.260)

Introducing the discretization of the Trotter time A7, we can write the
Green’s function as a product

(m—n)

1 N N
<alr)el >= - tr( 11:[1 o= ArH éie_ATH) . (6.261)

We introduce a sequence of propagators U (A1) = eA™H {6 obtain
G(r)=UAn) ¢, U(AT)™ (6.262)

and

<éi(r)eh >

T=n AT

(6.263)

Il
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>
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Numerical Stability of Matriz Products:. In early years the Grand Canonical
Quantum Monte Carlo was only of academic usefulness because numerical
instability spoilt its application at lower (below 10.000 K) temperatures. The
crucial point in the algorithm is the evaluation of the matrix product

m

[1Ds®) (6.264)

=1

because this has to be done for an as big number of Trotter slices as m = 1000.
In real applications the eigenvalue of the matrices D(§(l)) range within the
interval (107199,10'%9). This means that the condition number of D(S®)
(given by the ratio of the largest and the smallest eigenvalue) is up to 1020,
Therefore, successive matrix multiplication as in ([6.264) is an extremely ill
posed process. This is the case, because a matrix multiplication mixes all
magnitudes of the entries of the involved matrices.

There is a way of stabilizing matrix multiplications by separating different
magnitudes of eigenvalues. This approach lifts many of the restrictions of the
Grand Canonical QMC. It consists of successive application of the singular
value decomposition (SVD) outlined in the following.
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In a first step we directly carry out as many matrix multiplications (say n)
of ([6:264]) as reasonably possible. The products are referred to as matrices
AR =1 .. m/n. In the worst case no multiplication is possible and Ak
corresponds to D(S1).

D(SM) ... D(S™). DSV ... D(SEM)Y ... D(S™)) ... D(S™)) |

A(m/n) A(m/n—1) A)

(6.265)

Thus the product of ([6:264)) is partially carried out. It simplifies to a product
of m/n factors counted from k = m/n down to k =1,

m 1
HD(S(Z)) — H AR — Aglm/n) o A(2) 0 4() (6.266)
=1 k=m/n

The product of the matrices A®*) is now stabilized by the following scheme:
Matrix A is subjected to a SVD. This yields a decomposition of A™M) in a
product of three matrices U®), A1) and V1),

A — () AW (6.267)

with the unitary matrices U") and V1) and the diagonal matrix A, Now
all eigenvalues of a unitary matrix are situated on the unit circle. Thus its
condition number is 1 and a product of any matrix A with a unitary matrix
doesn’t worsen the condition number of A. Therefore, we can safely multiply
A® with UM, Furthermore, A is a diagonal matrix and its multiplication
to A® UM is trivial. The product of these three matrices is subjected to a
SVD decomposition. This yields

AP A0 — AQ@ W) A DT = 7(2) AQ) )T 1/ (DT (6.268)
e ——
U@ A@ y@f

The same procedure is applies for the product of the matrix A®) with (6.265)).
A SVD of the matrix A®) U®) A®) yields

AB) . A@) . 40 = B AB) @ @ () (6.269)

Successive application of this strategy finally yields the stable formula for the
product

m 1
HD(QU)) = m/n) p(m/n) H 174Ul (6.270)
=1 l=m/n

This evaluation involves m/n singular value decompositions. The computa-
tional cost of one such operation is 777



7. Maximum Entropy

7.1 IlI-Posed Inversion Problems

In this section we will show a way to the famous mazimum entropy principle.
To motivate this principle, we consider a set of linear equations with the
vector of unknowns x, matrix M and the vector of known data d:

M-x=d. (7.1)

It often occurs that the data d derived from an experiment or a computer
simulation suffer from noise which will be denoted by 7. Furthermore, the
condition of the matrix M given by the ratio of biggest to smallest eigenvalue
can be rather high. That means that the problem

M-x=d+n (7.2)

is ill posed and cannot be solved by direct inversion of M. Small eigenvalues
of M amplify the noise significantly. This is best seen when considering a
quadratic matrix M that can be cast in the form

M = Z a;a; uj (73)

with eigenvalues a; and eigenvectors u;. Application of the inverse of M to
d + 7 yields

1 ul
M—l(d+n):Za—iuiul(d—kn)zx—i—Zui ;in, (7.4)
K3 (3

with x being the underlying exact solution. In case of a large overlap u}n,
between the eigenvectors u;f and the noise vector m the error is drastically
amplified. If M originates from an experimental apparatus—function of a gen-
eral point spread function, small eigenvalues correspond to rapidly oscillating
eigenfunctions which couple stronger to noise contributions 1 than to the ex-
act data d.

To illustrate this point consider some measurements of the Greens function
along the imaginary axes of which we want to infer the spectral function
A(w). The relation between the two functions is given by
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gm>=AmAwn“mmw (7.5)

The exponential part of the integrand decreases rapidly as w becomes large.
This means that the shape of A(w) for w > 1 influences only very weakly
the integral g(7;). Reversely, since we are given the data g(7;), we can say
little about this part of A(w). Worse, direct inversion of Eq. (ZH) amplifies
the noise of g(7;) giving rise to huge oscillations of the spectral function (cf.
Figure [[1)). In the example illustrated in Fig. [[I] the largest eigenvalue is
approximately 74 and the smallest 3 x 1077

x le+16

6
1.5t 1 /

TN | z MH lm \.u‘lnl ““ Llhl Wl liun.
ol | , (W " |W 1! ’””W I “ I

-4
% 2 4 6 8 10 % 05 1 15 2
tau omega

Fig. 7.1. The smooth line in the left-hand plot corresponds to the image of the
smooth peak in the right—hand plot. After adding a small noise to g(7), the inversion
A(w) has lost all resemblence to the actual peak.

Since this direct approach is not feasible, we will raise a different question:
Given the data g(7;) and some prior knowledge I what is the most likely
spectral function A(w) 77 The Bayes’ Theorem yields

PA) | 9(r) ) = 7 plo(m)| Aw) T) p(A) | T)

with the normalization Z. In order to apply this formula, we have to deter-
mine the prior probability p(A(w) | I). In this case it will be an entropic prior.
The general problem of the correct assignment of priors is the contents of the
subsequent section.

7.2 Quantified Maximum Entropy
We next assign the probabilities in the case of noisy testable infromation.

Either data are obtained from a computer experiment or from a real physical
experiment. In both cases the data suffer from random noise. In what follows
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we want to derive a formfree reconstruction of the distribution function p(x).
This procedure is called quantified mazimum entropy.

We will derive the probability p(p(z) | d, I) that a distribution p(z) is the real
one in the light of noisy data d. A number of N; data points d,, will be taken
into account. The result is derived in four steps.

7.2.1 Step One
We discretize the possible values of x leading to
p(x) = pi = p(zi) AV; . (7.6)

This discrete set is called the set of pizels.

7.2.2 Step Two

We introduce a small unit of p; denoted by Ap. This quantization maps the
probability density onto integers n;

pi — Ny with p; = n; Ap. (7.7)

Le., instead of p(p|...) we are dealing with p({n;}|...), which simplifies the
argumentation considerably.

7.2.3 Step Three

We derive the prior probability P(n|I). To this end we introduce the default
model by assuming that that the mean number of points in every pixel i
is given by p;. More precisely, we assume that every Ap we add has the
probability u;/ > p; to fall into pixel 4. This gives rise to a Poisson process
whose distribution reads

Plni | i I) = %e—m . om=0,1,2,... . (7.8)

g

The combined probability P(n |, I) for all N pixels is given by the product

N N n;
Oy o TT M
P(HIMI):HP(HHM,I):e Z’“1Hm~ (7.9)

i=1 i=1

Assuming large numbers n; > 1 we employ Stirling’s formula and obtain
1 1 S

== e
Z l;vmi

where Z is the normalization factor and S stands for the entropy.

P(n|I) (7.10)

N N
S:ZSZ- :Zni — 1 — n;log(n;/ ;) (7.11)
i=1 i=1
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7.2.4 Step Four

We undo the quantization

Pi m;
n; =

- .= 12
A, T4, (7.12)

The prior probability for n;, i.e. Eq. (ZI0), and thus the prior for p; can be
expressed in terms of p; and m;. In fact, by inserting Eq. (.I2)) into Eq. (ZI0)
we obtain

1 1 s

Z(o) TL v -

We have introduced the regularization parameter o = Ai that is also called
nuisance parameter or hyper-parameter. It has to be fixed later on, and mean-
while we add it to the set of conditions.

p(pla, I) = (7.13)

7.2.5 The Steepest Descent Approximation

The normalization of p(p|«,I) can actually be computed numerically. For
the posterior means we encounter, however, more complex integrals which
can no longer be evaluate analytically and one either resorts to the MCMC
approach or to the steepest descent approrimation, which we will discuss
now. The general idea behind this method is to approximate integrals whose
integrand is a product of a weakly varying function f(p) and a sharply peaked
factor exp(®(p)) (as illustrated in Fig. [[2]) by making a Taylor expansion of
the exponent @(p) around its global maximum p*

X r

Fig. 7.2. Illustration of the steepest descent method: The flat measure u(p) com-
pared with the strongly peaked exponential function
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. ¢(p*)+lZ,i,~Am%§,¢ Ap;
/N e f(p)dp ~ f(p )/ € o Yol dp. (7.14)
R+

RN

This approximation is possible whenever the maximum is sharply peaked
and far enough away from the origin to allow the extension of the volume of
integration to the entire RY. All the eigenvalues of the Hessian H;;

62

= — P 7.15
OpiOp; 1o (7.15)

ij

have to be positive. Otherwise the integral does not converge. Due to the
convexity of the function @(p), this condition is fulfilled in the present case.
The steepest descent approximation yields a gaussian integral which is readily
evaluated

| e 5oy dp g9 0 (2 2 (7.16)
0

7.2.6 Normalization of p(p|aI)

The application of the steepest descent approximation to the normalization
of the entropic prior yields

N
Z(oz):H\/%\/%rmi/a:(%r)N/zaN/Q, (7.17)

and the normalized entropic prior reads

o \ V72 )
solan=(5=)  qInbes. (718)

If we increase the regularization parameter «, the entropic prior becomes an
increasingly narrow peak at p = u. Since the norm is fixed to 1, we eventually
have

Jim p(p|al)=d(p—p) (7.19)

7.2.7 Posterior probability density

Next we discuss the posterior pdf p(p|dI) for p in the light of the data d
and prior information I. The marginalization rule yields

spldD) = [ plpladl) paldDda. (7.20)
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As a function of «, the first factor p(p | ad I) is rather flat whereas p(a | d 1) is
strongly peaked even for a fairly small number of five data points. Therefore,
we approximate the integral as

WpldD) =plpla’dD) [plaldn)da=plpladl). (7.21)
—_—
=1
As usual, the symbol a* denotes the peak of p(a|d I). The approximation
used in Eq. (Z21)) is called the evidence approzimation. In order to find the
maximum «*, we have to know the distribution p(a|dT), that we get as
follows

1
p<a|df>=/p<ap|df>dp=m/pmpdump

:p(T1|I)/p(d|pa[)p(p|a1)p(a|1)dp (7.22)

x plar|T) / p(pld o) dp

We have used that the probability density p(d|paT) (likelihood) does not
depend on . Since « is scale-parameter p(a|I) is given by Jeffreys’ prior
pla|I) < 1/a. The density p(p|aI) is given by the entropic prior, as derived
above.

r entropy

Fig. 7.3. Qualitative behaviour of the function p(a|d I)

In QMC simulations, the model is linear. Then the vector of theoretical data
dth is obtained by application of a matrix M to the densities p. Thus, the
general form of a QMC model reads

dMp) = M. p. (7.23)



7.3 Examples 131

A typical example is the above quoted relation between the Greens function
and the spectral function, Eq. (TH]).

The deviation of the QMC data from the theoretical prediction is denoted
by Ad

Ad=d-dM(p)=d-—M p. (7.24)

For the QMC data, the likelihood function is the Nj—dimensional multi-
variate normal distribution

p(d|pI) = (2m) Va2 |C|V/2 g AdTCT A (7.25)

The covariance matrix C' originates from the errors of the experiment. By
substituting this ansatz into Eq. (Z.22)), we obtain in steepest descent ap-
proximation

=:P

1
© —-Ad'CT'Ad + oS
p(a|d[) — (27T)—(Nd+N)/2 |C|1/2 aN/2_1 / e 2 + «
0

H dpi
L Vn

"
IL Vol
In order to carry out this approximation we have to find the maximum p} of
the exponent

— (27T)—Nd/2 |C|1/2 aN/Q—l ‘Hl_l/Q (726)

&=L adtc1ad +as (7.27)
2= —

X2

under the positivity constraint. There are a couple of tricks to find the max-
imum efficiently, but basically it is a modified version of Newton-Raphson.
The quantity x? is called the misfit of the data because it is a measure for
the deviation of the experimental data from the theoretically predicted data.
At the maximum p; the Hessian

o
0piOp;

ij =

= (MTC_lM)ij + %(5@‘ (728)
Pi
has to be evaluated. The posterior pdf in the evidence approximation is even-
tually

1

p(p\d1)=p(p|d1a*):je_%xu"*s» (7.29)

7.3 Examples

In this Section we will illustrate the Maximum Entropy based reconstruction
for two different examples. The first example is the inversion of the integral



132

Fig. 7.4. Dependence of the quality of the reconstruction on the noise. The plots at
the left—hand side show the data g whose Maximum-Entropy (ME) reconstruction
is depicted at the right—hand side. The dashed line at the left—hand side represents

Maximum Entropy

Data
noisy data +

ME — |

0 1 2 3 4 s
Xi
1.0/ Data
noisy data + |
0.8 ME —
0.6 1
0.4 % 1
\tt\
0.2 |
ﬁ‘*’n—*
o SN
0 1 2 3 4 °

xi

g calculated with p from the ME reconstruction.

transformation with an exponential kernel. This is a typical problem arising
in Quantum Monte Carlo methods. As a second example we will consider an
optical application, namely the Abel inversion.

7.3.1 Laplace Transformation

Fig. 7.5. Reconstruction of noisy data. The quality of the reconstruction depen-
dends on the the width of the peak.
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3.0 ————— 3.0
25 | ! Reconstruction Reconstruction
ME - ME -
20 exact — exact —
Q Q
12 14 10 12 14

Fig. 7.6. Resolution of two neighbouring peaks. The farther the peaks are sepa-
rated, the better they are resolved in the reconstruction process.

We assume that the experimental data g are related to the desired physical
quantity p(x) via the integral

99~ [ e () d. (7.30)

The data g are given for a set &;,...,&n,. The problem is to reconstruct the
function p(x).

First of all we have to discretize the relation (Z30). The simplest way of doing
that is to truncate the integral at = = =/ and then replace it by a finite sum.
By introducing a number N of z-knots according to z; = (i — 1/2) 2 /N, we
obtain

e 5% p(x;) Ax

NE

g9 =9(&) =

i=1

(7.31)

—&u;

e pi Az,

I
.MZ

Il
-

with p; = p(z;) and Az = 2 /N. Thus the matrix of the model is given by
M,; = e 5% Az, (7.32)

Some results of the Maximum Entropy reconstruction of p(z) are shown in
Fig. Figure [[ 4l illustrates the influence of the noise on the quality of
the reconstruction: Due to a higher noise level that can be seen at the left—
hand column, the reconstructed peak in the plot in the first row is broarder
and smaller than that in the second. Via Eq. (T3], the reconstruced p can
be used to obtain a smooth curve approximating the actual data points. This
curve is the dashed line in the plots of the left-hand column of Fig. [[4l

In Fig. the influence of the width of a peak on the quality of the re-
construction is depicted. The thinner the peak the poorer the agreement of
initial and reconstructed density.
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The plots in Fig. illustrate the dependence of the resolution of two sep-
arated peaks on their separation. Two limiting cases are shown: The recon-
structed density of the left—hand plot displays two well separated peaks. In
the reconstruction of the right—hand plot, however, the smaller peak is re-
duced to a shoulder of the bigger one.

7.3.2 Abel Inversion

.

Fig. 7.7. Geometry of the Abel inversion. The density and thus the index of ab-
sorption depends only on the radius r € [0, R].

In this section we illustrate the application of the Maximum Entropy principle
to another elementary physical inversion problem, this time in the field of op-
tics. The problem of the Abel inversion presupposes a cylindrically symmetric
distribution of an absorbing (or refracting) matter. The data are measured
along secants of the absorbant (c.f. Fig. [[7)) where a laser beam penetrates
the material.

We assume that the index of absorption is directly proportional to the density
denoted by p(r), and we suppose that the amount of the absorbed intensity is
negligible compared to the laser intensity. Then the problem becomes linear
and the absorption is proportional to the integral

[ s

By performing a simple substitution of variables to rewrite the integral with
measure dr, we obtain the expression

p(v/ 22+ y?) dx . (7.33)

Aly) =
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2r

R 9 R
Aly) = /y \/Tiyz p(r)dr = /o O(r—y) \/Tiyz p(r)dr  (7.34)

where O(.) denotes the unit step function. Therefore, we have cast our prob-
lem in the standard notation for linear models. With the Kernel K, (r) it
reads

2r

. (7.35)

R
AW = [ K, it Ky () = O —)

r

The inversion of this integral is very ill posed due to the singularity of the
Kernel K,(r) at the position » = y. A sketch of the function K, (r) for
different values of y is given in Fig. [[.8

10

TUAT
~N Ol W
|
I
|

8 10

Fig. 7.8. The Kernel K,(r) of the Abel inversion for different values of y. The
points r = y are singularities where the kernel tends towards infinity.

We need a model for the absorbing density. For simplicity we will assume a
piecewise constant function of the form

p(r) = pixi(r) . (7.36)
j=1

Here x; denots the characteristic function of the interval [(j—1)R/No, jR/Np).
The continuity of the density will be accounted for by a spline interpolation.
By inserting the model ([Z30]) into Eq. (Z38]), we obtain

R R o No
Aw) = [ K0 ptryar = | S 2P0, (7.37)
Yy re = j=1
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The integral can be evaluated explicitly, only the bounds of integration de-
serve a carefull treatment. By exchanging sum and integral, we have

No R r No
Aw=>r [ inyzxmzpjfw) (7.38)
=t v VT

j=1
with
iNo/R
2 /2 — 2| o y<(j—1DR/N,
A (y) — T:(j_l)NO/R (7 39)
j 2 /GR/No)? — ¢? (= DR/Ny <y < jR/Ny = "
0 ..y > jR/Ny

For the discretization of the y variable we choose the simplest possibility and
assume an infinitly thin laser beam that yields data at the points
(v—1/2)R

= —1,....N,. 7.40
y N, v d (7.40)

Therefore, the matrix A,; = A;(y, ) relating the data with the density reads

JNo/R

9. /r2 _ <V71/2>2 v—1/2 < j—1

N e N SN,
A r=(j—1)No/R (7.41)
vi = ir\> v—1/2)2 i1 _ v—1/2 o\
W@ - (=) R

v—1/2 j
0 NS> R

In order to obtain the smooth curves for the reconstructed density, an ad-
ditional spline interpolation of the densities is introduced. The Ny values of
the density are obtained by means of a smooth interpolation from N < Ny
density knots.

Since the spline interpolation is linear, it is achieved by means of a ma-
trix Sj,7 =1,...,No, @ = 1,..., N relating Ny interpolated density values
to N density knots. The actual form of S can be found in [?] The matrix M
of the model is obtaind by a matrix multiplication and reads

No
M,; = Z Ay Sji - (7.42)
j=1

Some results of the Abel inversion are depicted in Fig. (C9). The data (left—
hand column) have been generated by the direct Abel transformation of the
function

p(r) = r2 (1— 7,2) + %6—250@—1/4)2 )



signal

signal

Fig.

0 0.2 0.4 0.6

0 0.2 0.4 0.6

worst data
M

0 0.2 0.4 0.6

position y/R

. +
frertir s,
b1,

s

0 0.2 0.4 0.6

position y/R

position y/R

best data
ME

position y/R

7.3 Examples 137

reconstructed -
exact —|

0 0.2 0.4 0.6 0.8 1
radius
reconstructed ----
exact —|

0 0.2 0.4 0.6 0.8 1
radius

reconstructed
exact —|

0 0.2 0.4 0.6 0.8 1
radius
reconstructed ——
exact —|
0 0.2 0.4 0.6 0.8 1
radius

7.9. Sampled data and reconstructed densities for four different noise levels.
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The noise has been simulated by adding a random error drawn from a normal
deviate with zero mean and standard deviation (from top to bottom) of
o = 0.65,0.46,0.29,0.17, respectively. In all plots the number of data points
is Ng = 128 and Ny = 256.

For a given number N of density knots, the nuisance parameter « is deter-
mined iteratively by resorting to the criterion x?/N; ~ 1. This means that
« is adapted in such a way that the mean error of the interpolation approxi-
mately equals the standard error of the data points.

The number of intervals N is optimized by maximizing the probability
P(N|d,I) as explained in the previous Section. This strategy yields N =
5,10, 13,16, respectively. For N too small, no a can meet the criterion
x%/Ng4 ~ 1 because the approximation is too stiff and o — 0. Near the opti-
mal N, the nuisance parameter assumes its maximal value. When increasing
N too much, the reconstructed density begins to oscillate as o decreases.
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