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magnetism, superconductivity, and metal-insulator transitions?
Our ability to solve this central question in quantum statistical
mechanics numerically is presently limited to systems of a few
hundred electrons. While simulations at this scale have taught
us a considerable amount about certain classes of materials, they
have very significant limitations, especially for recently discovered
materials which have mesoscopic magnetic and charge order.

In this paper, we begin with an introduction to the Hub-
bard model and quantum Monte Carlo simulations. The Hubbard
model is a simple and effective model that has successfully cap-
tured many of the qualitative features of materials, such as tran-
sition metal monoxides, and high temperature superconductors.
Because of its voluminous contents, we are not be able to cover
all topics in detail; instead we focus on explaining basic ideas,
concepts and methodology of quantum Monte Carlo simulation
and leave various part for further study. Parts of this paper are
our recent work on numerical linear algebra methods for quantum
Monte Carlo simulations.

1 Hubbard model and QMC simulations

The Hubbard model is a fundamental model to study one of the core
problems in materials science: How do the interactions between electrons
in a solid give rise to properties like magnetism, superconductivity, and
metal-insulator transitions? In this lecture, we introduce the Hubbard
model and outline quantum Monte Carlo (QMC) simulations to study
many-electron systems. Subsequent lectures will describe computational
kernels of the QMC simulations.

1.1 Hubbard model

The two-dimensional Hubbard model [8, 9] we shall study is defined by
the Hamiltonian:
H="Hg +Hu +Hy, (1.1)

where Hg, H, and Hy stand for kinetic energy, chemical energy and
potential energy, respectively, and are defined as

Hig = —t Z (c;cj(7 + c;f-acw),
(i,5),0

M= —p ) (nig +niy)

Hy = UZ(TW - %)(”m - %)

and
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i and j label the spatial sites of the lattice. (i,j) represents a
pair of nearest-neighbor sites in the lattice and indicates that the
electrons only hopping to nearest neighboring sites,

e the operators c;-fa and ¢;, are the fermion creation and annihila-

tion operators for electrons located on the ith lattice site with z
component of spin-up (o = 1) or spin-down (o = |), respectively,

e the operators n;, = cjoci(7 are the number operators which count
the number of electrons of spin o on site 1,

e t is the hopping parameter for the kinetic energy of the electrons,
and is determined by the overlap of atomic wave functions on neigh-
boring sites,

e U is the repulsive Coulomb interaction between electrons on the
same lattice site. The term Un;pn;| represents an energy cost U for
the site 7 has two electrons and describes a local repulsion between
electrons,

e 1 is the chemical potential parameter which controls the electron
numbers (or density).

Note that we consider the case of a half-filled band. Hence the Hamil-
tonian is explicitly written in particle-hole symmetric form.

The expected value of a physical observable O of interest, such as
density-density correlation, spin-spin correlation or magnetic suscepti-
bility, is given by

(0) = Tr(OP), (1.2)
where P is a distribution operator defined as
P Lean (1.3)
Z ’ '

and Z is the partition function defined as
Z = Tr(e M), (1.4)

and [ is proportional to the inverse of the product of the Boltzmann’s
constant kg and the temperature T

1

f= kpT

0 is referred to as an inverse temperature.
“Tr” is a trace over the Hilbert space describing all the possible oc-
cupation states of the lattice:

Te(e ) = (gl |yi),

7
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where {|1;)} is an orthonormal basis of the Hilbert space. Note that the
trace does not depend on the choice of the basis. A convenient choice
of the basis is the so-called “occupation number basis (local basis)” as
described below.

In a classical problem where H = E is the energy, a real variable,
then exp(—BE)/Z is the probability, where Z = [e #F. In quantum
mechanics, as we shall see, we will need to recast the operator exp(—38H)
into a real number. The “path integral representation” of the problem
to do this was introduced by Feynman and Hibbs [3].

Remark 1.1. According to Pauli exclusion principle of electrons, there
are four possible states at every site:

|-} no particle,

|T) one spin up particle,

|1} one spin down particle,

| T1) two particles with different spin directions.

Therefore the dimension of the Hilbert space is 4%, where N is the
number of sites.
The actions of the spin creation operators ¢/, on the four states are

REREDEEY
Glin o ) o
vt o o

The actions of the spin annihilation operators ¢, are

)11 1) 111)
[0 ) 0 [])
c]0 0 ) D)

Remark 1.2.  The states |-) and |1) are the eigen-states of the number
operator ny = c]%cT:

ni|) =0[-) =0, nq[T)=|T).

When the operator ny takes the actions on the states ||) and | T]), we
have

nill) =0, ng[T1) = [T]).

The states |-) and | |) are the eigen-states of the number operator
nG = CICLZ

nyl)=0) =0, ny|l)=11)
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When the operator n| on the state | 1) and |T]), we have

ny 1) =0, n/|1])=[T]).

The operator U(ny —1)(n| — 1) describes the potential energy of two
electrons with different spin directions at the same site:

Uy =3 —3) ) =+51) 1) =-FI1),
[0 = =%, [11) = +5[1)).

These eigenenergies immediately illustrate a key aspect of the physics of
the Hubbard model: The single occupied states | 1) and |]) are lower in
energy by U (and hence more likely to occur). These states are the ones
which have nonzero magnetic moment m? = (ny — n;)2. One therefore
says that the Hubbard interaction U favors the presence of magnetic
moments. As we shall see, a further question (when ¢ is nonzero) is

whether these moments will order in special patterns from site to site.
T

10

Remark 1.3. The creation operators ¢
Cie anticommute:

and the annihilation operators

{Cioyr} = 8j00001,
{c;’zﬂ cza/} = 07
{Cjaa Cfa/} = 07

where the anticommutator of two operators a and b is defined by ab+ ba,
ie. {a,b} = ab+ba, and §;y = 1 if j = ¢, and otherwise, d;; = 0.

If we choose £ = j and o0 = ¢’ in the second anticommutation relation,
we conclude that (c}o)2 = (. That is, one cannot create two electrons on
the same site with the same spin (Pauli exclusion principle). Thus the
anticommutation relations imply the Pauli principle. If the site or spin
indices are different, the anticommutation relations tell us that exchang-
ing the order of the creation (or destruction) of two electrons introduces
a minus sign. In this way the anticommutation relations also guarantee
that the wave function of the particles being described is antisymmetric,
another attribute of electrons (fermions). Bosonic particles (which have
symmetric wave functions) are described by creation and destruction
operators which commute.

Remark 1.4. When the spin direction o and the site ¢ are omitted, a
quantization to describe the states is

|0) : no particle,

|1) : one particle.

The actions of the creation and destruction operators on the states are

¢ :10) =0, [1) —]0),

¢t s [0) — 1), [1) =0, (1.5)
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Subsequently, the eigen-states of the number operator n = c¢fc¢ are
o0y =0, [1)=1).

In addition, the operator cl-L ¢;+1 describes the kinetic energy of the elec-
trons on nearest neighbor sites:

cleiys + 100y — 0, |01) — [10),
110) — 0, [11) — ¢/]10) — 0.

Therefore, if there is one particle on the ¢ + 1th site, and no particle on
the ith site, the operator CICiJrl annihilates the particle on the 7 4+ 1th
site and creates one particle on the ¢th site. We say that the electron
hops from site 7 + 1 to site ¢ after the action of the operator CICi+1.

1.1.1 Hubbard model with no hopping
Let us consider a special case of the Hubbard model, namely, there is

only one site and no hopping, t = 0. Then the Hamiltonian H is

H=Ulng — 3)(n, — 5) — plng +ny).

It can be verified that the orthonormal eigen-states v; of the operator
no are the eigen-states of the Hamiltonian H:

Ml =TI, 1 =(F -+,
1) =(§ = e+ 911, 111 = (5 = 20) [1)-
The Hamiltonian H is diagonalized under the basis {9; }:
1%
U U

M ) = | TR
T2
Consequently, the operator e~ #7 is diagonalized:

e, o= diag (1’ PO/ 24m) BU/24p) ew) .

The partition function Z becomes

Z=Tr(e M) = (Wile M |yy) — Z = e (1 +2e(z )8 4 62”B> .

7
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The operators He P, nye™P", nje=P" and nyn e P™ required for cal-
culating physical observables O of interest become

U U U
He P e’%diag <Z’ (—p — Z)eﬁ(U/QJru)’ (—p — Z)eﬁ(U/%ru),
(% - 2#)62#6) ’
nTefﬁH — e’%diag (0, P2 ) 62“[3) ,
nle*m{ — eiUTBdiag (O7 0, ePU/2+m) 62“ﬁ> ,
nTnlefﬁH — e’%diag (0, 0,0, 62“ﬁ) .
The traces of these operators are
U U U
Tr(He PM) = e (Z +2(—p— Z)eﬁ(w““) + (Z - 2p)62“5) ,

Tr((ng 4+ ny)e M) = e (2eﬁ(U/2+“) + 2@2“B> ,
Tr(nine M) = e 1 2B,

By the definition (1.2), the following physical observables O can be
computed exactly:

1. The one-site density p = (n1) + (n|) to measure the average occu-
pation of each site:

r{n n 6767—{
p=(ng)+(ny) = il ( TTJ;(ZL)) )

26(% +1)8 + 2e218

14265418 2

When there is no chemical potential, i.e., p = 0, p = 1 for any
U and S. It is referred to as “half-filling” because the density is
one-half the maximal possible value.

2. The one-site energy F = (H):

Tr(He PM)
E=H) = Tr(2)
U (2u+ U)e(%ﬂ‘)ﬁ + 2ueHs
4 1+ 2e(5+1)8 | o208

When there is no chemical potential, i.e., u = 0,
U U
E= -
2(14+e 72)
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Potential energy E

Ue [-66]

Figure 1.1: Potential energy F for t =0,u =0

Figure 1.1 shows the plot of E versus U and S.
3. The double occupancy (nin) is

(nyn,) = Tr(ntn e AM) _ e '
Tx(2) 1+ 2e(5H1)8 4 c2up

When there is no chemical potential, i.e., u = 0,

1

(nyny) = 211 %)

Note that as U or [ increases, the double occupancy goes to zero.

1.1.2 Hubbard model without interaction

When there is no interaction, U = 0, the spin-up and spin-down spaces
are independent. H breaks into the spin-up (1) and spin-down (|) terms.
We can consider each spin space separately. Therefore, by omitting the
spin, the Hamiltonian H becomes

H=-t Z(cjcj + c}ci) - uZni.
i

(4,9)
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It can be recast as a bilinear form:

H =l (—tK — pul)é,

where
C1
c= 0:2 and ¢ = [CJ{, cg, e cj\,],
ex
and I is the identity matrix, K = (k;;) is a matrix to describe the

hopping lattice geometry (i, j):

- 1, if 7 and j are nearest neighbors
771 0, otherwise '

For instance, for an one dimensional (1D) lattice of N, sites, K is an
N, X N, matrix given by

1 01

1 10
The (1, N,) and (N,, 1) elements of K incorporate the so-called “periodic
boundary conditions (PBCs)” in which sites 1 and N, are connected by
t. The use of PBC reduces finite size effects. For example, the energy on
a finite lattice of length N with open boundary conditions (OBCs) differs
from the value in the thermodynamic limit (N — oo) by a correction of
order 1/N while with PBCs, the correction is order 1/N2. ! The use
of PBCs also makes the system translationally invariant. The density of
electrons per site, and other similar quantities, will not depend on the
site in question. With OBCs quantities will vary with the distance from
the edges of the lattice.

For a two dimensional (2D) rectangle lattice of N, x N, sites, K is
an NNy x N, N, matrix given by

K=Kpy=1,0K, + K, @I,

where I, and I, are identity matrices with dimensions N, and N,, re-
spectively. ® is the matrix Kronecker product.

LA simple analogy is this: Consider numerical integration of f(z) on an interval
a < z < b. The only difference between the rectangle and trapezoidal rules is in their
treatment of the boundary point contributions f(a) and f(b), yet the integration
error changes from linear in the mesh size to quadratic.
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The matrix K of 1D or 2D lattice has the exact eigen-decomposition
K =FTAF, FTF=1,
where A = diag(\x) is a diagonal eigenvalue matrix, see Lemma 2.1. Let
¢=F¢ and ¢ = (Fo)f,
then the Hamiltonian H is diagonalized:

H =N (—tA—pl)e =" exing,
k

where € = —tA\p — i, and g, = Ezék.

It can be shown that the operators ¢ obey the same anticommuta-
tion relations as the original operators ¢;. Hence they too appropriately
describe electrons. Indeed, the original operators create and destroy par-
ticles on particular spatial sites ¢ while the new ones create and destroy
with particular momenta k. Either set is appropriate to use, however, the
interaction term in the Hubbard model is fairly complex when written
in momentum space.

Lemma 1.1. If the operator H is in a quadratic form of fermion operators
H =c'He,

where H is an N x N Hermitian matrix. Then

N
Tr(e P") = H(l + 7Pk,

i=1
where A, are the eigenvalues of H.

PROOF. First let us assume that H = diag(Ag,, Aky, -+, Aky ), then the
Hamiltonian H is

N
H = c'He = cldiag( Mgy, Aoy, - > by )C = Z Ao, N -
i=1
The lemma can be proved by induction. When N = 1, for the two
eigenstates |0) and |1) of the number operator ny,, we have
Tr(e*ﬁH) = <O|e*ﬁ)"“1”’“1 |0) + <1|e*m’“1"’“1 1) = el + e P,

Assume that for NV — 1, we have

N—-1
Tr(e P M) = T (14 e ). (1.6)

i=1
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Then, by the definition of the trace, we have

Tr(eiﬁ Z-{V:I Akinki )

p— N 1
Z { ’f1~.~z/;§“VN|e Baima Mgty g fVN>_ (1.7)
kv, kN

kn— — N-1 — kn_—
= Z {< ]fl Ce ”(/}NN7110|€ B3t Akinkie BAkn Mk W)]fl e (l/}NNfll 0>+
kv, kn—1

N-1
< ]fl R wjkvl\fllne*ﬁ Dl Mk o= Bk ey W;Ifl e kaVN77111>}

N-—-1
= (e N e IR )
ki, k-1
N-1 N
= (L4 e ) JT 0+ e Pr) = T + e, (1.8)
i=1 i=1

For a general Hermitian matrix H, there exists a unitary matrix @) such
that
Q*HQ =A= diag(AkU)‘kw T 7)\k7N)'

Let ¢ = Qc and n; = 5}61-, then we have

N
H=cHe=c"Ne="> A,

=1

Since the trace is independent of the basis functions and by the equation
(1.8), we have

N

N
Tr(e_ﬁH) =Tr <H e_ﬁ)\kmﬁki) = H(l + e_ﬁkki).
=1

i=1

The lemma is proved. [
By Lemma 1.1, the partition function Z is given by

Z = [ +e P
k

Subsequently, we have the exact expressions for the following physical
observables O:

1. the density p, the average occupation of each site:

) N 1 1
p= =) =5 D () = D g
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0 0.‘2 0.‘4 ‘ 0.‘6 0.‘8 1‘ 1.‘2 1.‘4 : 1.‘6 1.‘8
Figure 1.2: € for U =0 and p = 0 (left). Contour plot of € (right)

2. the energy E:
1 €k
E= =— _. 1.9
(H) N zk: efer +1 (1.9)

For the sake of completeness, let us write down the expression for
the Green’s function, which plays a key role for computing the physical
observables:

1 o
Gry = (cch) = 52U~ fi), (1.10)
k

where f;, = 1/[1 +e8(<*=1)]. Notice that G is a function of the difference
j — £. This is a consequence of the fact that the Hamiltonian is trans-
lationally invariant, that is, with PBCs, there is no special site which is
singled out as the origin of the lattice. All sites are equivalent.

At T = 0 (8 = ), the contours in the right side of Figure 1.2
separate the k values where the states are occupied f;, = 1 (inside the
contour) from those where the states are empty fi 0 (outside the
contour). The contour is often referred to as the “Fermi surface”. There
is actually a lot of interesting physics which follows from the geometry
of the contour plot of €. For example, one notes that the vector (m, )
connects large regions of the contour in the case when p = 1 and the
contour is the rotated square connecting the points (m,0), (0, x), (=, 0),
and (0, —7). One refers to this phenomenon as “nesting” and to (m,n)
as the “nesting wave vector”. Because the Fermi surface describes the
location where the occupation changes from 0 to 1, the electrons are most
active there. If there is a wave vector k£ which connects big expanses of
these active regions, special order is likely to occur with that wave vector.
Thus the contour plot of € is one way of understanding the tendency of
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the Hubbard model to have antiferromagnetic order (magnetic order at
k = (mw, ) for half-filling.)

1.2 Determinant QMC

In this section, we first introduce a computable approximation of the
distribution operator P defined in (1.3) by using a discrete Hubbard-
Stratonovich transformation, and then a so-called determinant QMC
(DQMC) algorithm to generate samples that follow the distribution.
For simplicity, we assume that the chemical potential g = 0 which corre-
sponds to the important half-filled-band case (and there is no the “sign
problem”). It turns out that many of the most interesting phenomena of
the Hubbard model, like magnetic ordering and insulating-metal transi-
tion, occur at half-filling.

1.2.1 Computable approximation of distribution operator P

The gist of a computable approximation of the distribution operator P
defined in (1.3) is on the approximation of the partition function Z.
Since the operators Hx and Hy do not commute, we apply the Trotter-
Suzuki decomposition to approximate Z. Specifically, by dividing the
imaginary-time interval [0, 8] into L equal subintervals of the width A7 =
%, then Z can be written as

Z =Tr(e ™)

L
— Tr <H e—ATH)
=1
L
=Tr <H eATHKeATHV> + O(ATY). (1.11)

(=1

The kinetic energy term e~ 27"x is quadratic in the fermion operators
and the spin-up and spin-down operators are independent. Therefore, it
can be written as

e—ATHK _ efA‘r'HK+ e*AT'HK,

)

where the operators Hy, and Hg_ correspond to kinetic energy with
spin-up and spin-down respectively, and are of the forms

Hy, = —tIKE,.

On the other hand, the potential energy term e~27H"V is quartic in
the fermion operators. It is necessary to recast it in a quadratic form
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to use something like Lemma 1.1. To do so, first, note that the number
operators n;, are independent on different sites, we have

efA‘r'Hv — erATZjvzl(ni+7%)(ni,7%)

N
— He_UAT("iJr_%)(nm—_%)'
i=1
To treat the term e_UAT(”“_%)("i*_%), we use the following discrete

Hubbard-Stratonovich transformation. It replaces the interaction quar-
tic term (n;+ — 3)(ni— — 3) by the quadratic one (n;4+ — n;—).

Lemma 1.2. (Discrete Hubbard-Stratonovich transformation [2, 5]) If
U > 0, then

e—UAT(nH—%)(m,—%) -0 Z euhq,(nw—mf), (1.12)
h;==%1

where the constant C = %e’ “27 and the scalar v is defined by coshv =
UAT
2

e

PRrooF. First, the following table lists the results of actions of the oper-

ators (niy+ — 3)(ni— — 1) and (n;+ —n;_) on the four possible eigenstates

|'>7 | T>a | l> and | TU

(4 (ni+ — %)(mf - %) T — T
B il 01)
1T —%IT> )
1) ~3ll) 1)
T4 3l 014

For the operator of the left-hand side of (1.12):

UAT

e VAT TRy = ey i =) or [ 1),

and
UAT

e VAT D"y = ey i p = 1) or| ).
On the other hand, for the operator of the left-hand side of (1.12):

Cl Z el/hq,(nz&r—ni—)w =e UfT’(b if w - |> or | Tl>’

hi=%1
and

u

G Y ey = e R ey it = 1) or| ).

hi=+1



Numerical Methods for QMC 15

Since
e¥ 4+ e UAT
coshy=——— =¢ 2
2 b

the discrete Hubbard-Stratonovich transformation (1.12) holds. O

Remark 1.5. Note that in the previous proof, U is required to be positive,
otherwise there is no real number v such that coshv = e¢“2". When
U < 0, the Hubbard model is called the attractive Hubbard model.
A similar discrete Hubbard-Stratonovich transformation exists [6, 7.
Other transformations for treating the quartic term can also be founded
in [13, 17].

Let us continue to reformulate the term e~277v. By the discrete
Hubbard-Stratonovich transformation (1.12), we have

N
o~ ATHY _ H <Cl Z el/hi(ni+ni)> . (1.13)

i=1 hi=+1

{h;} are referred to as auxiliary variables. The collection of all these
variables is called the Hubbard-Stratonovich field or configurations.

For the sake of simplicity, let us consider the case N = 2 of the
expression (1.13):

e—ATHV — (01)2 < Z el/hi(n1+_n1)> ( Z el/hi(n2+_n2)>

h;=+1 h;=+1

= (01)2 Z 62?:1 vhi(niy—ni-)
hi==+1

= (01)2Trh62?=1 vhi(niy—n;_)

)

where the new notation Tr, represents the trace for h; = +1.
In general, we have

efA'rHv _ (C’l)NTrheZmN:l vh;(niy—n;—)
= (C1)N Ty, (62?:1 vhinit o= il ”h””*)
= (C)N Ty (M e"tv-), (1.14)

where Hy,, and Hy_ correspond to spin-up and spin-down, respectively,
and are of the forms

N
Hy, = Z vhinis = ov E’;LV(h)Eg,

i=1

and V' (h) is a diagonal matrix V(h) = diag(h1, he,..., AN ).
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Taking into account the partition of the inverse temperature 8 into
L imaginary time slices, L = /A7, the Hubbard-Stratonovich variables
h; are changed to have two subindices hy ;, where i is for the spatial site
and £ is for the imaginary time slice. Correspondingly, the index ¢ is
also introduced for the diagonal matrix V' and operators Hy;, :

hi — he, V—V, Hy, — Hy,.

Subsequently, by applying the Trotter—Suzuki approximation (1.11) and
the expression (1.14) and interchanging the traces, the partition function
Z can be approximated by

L L
£ £
Z = (Cl)NLTrhTr (H eATHK+eHV+> (H e ATHK. eHV> , (1.15)

{=1 =1

where for o = +,

Hy, = —tEJKE,,

N
Hf/g =0 Z vheiniy = 0’1/5;‘/@(}12)50
i=1
and Vyp(he) is a diagonal matrix

Ve(he) = diag( he,1, heas ... hew ).

At this point, all operators Hg, , Hk_, HY, 4 and HY,_ are quadratic
in the fermion operators. We can apply the following lemma presented
in [2, 5]%

Lemma 1.3. If operators Hy are in the quadratic forms of the fermion
operators

He =) cl(Hoie;,
%,
where Hy are matrices of real numbers. Then
Tr(efﬁle*H2 e eiHL) = det(I + e Hreg=Hr—1 ... eiHl). (1.16)

Note that while “Tr” is over the quantum mechanical Hilbert space
whose dimension is 4%V, since by Pauli exclusion principle, there are 4
possible states in every lattice: no electron, one electron with spin-up,
one electron with spin-down and two electron with different spin. The
“det” is the determinant of a matrix.

2We are unable to provide a rigorous proof for this important identity. The special
case L =1 is Lemma 1.1.
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By using the identity (1.16), the partition function Z described in
(1.15) is turned into the following computable form

Zy, = (C1)NETry, det[ My (h)] det[M_(h)], (1.17)
where for 0 = &+ and h = (h1, ha,...,hz), the fermion matrices
My(h) =1+ B o(hp)Br—1,0(hr—1) - B1,6(h1), (1.18)

. . . _ _ 0
and matrices By ,(h¢) are associated with the operators e ATHK o= ATHY, ,

and are defined as
BE U(he) — etATKeUVVg(hg).

By the expression (1.17), we have a computable approximation of the
distribution operator P defined in (1.3):

P(h) = Z—Z det[M (h)] det[M_ ()], (1.19)

where 1y = (C1)N! is a normalizing constant.

Remark 1.6. When U = 0, v = 0 and M, (h) is a constant matrix and
does not depend on the configuration h. The Trotter-Suzuki approxi-
mation is exact. The Hubbard Hamiltonian is computed exactly after a
single evaluation of the matrix M, (h).

Remark 1.7. Tt is a rather amazing thing that a quantum problem can
be re-written as a classical one. The price for this is that the classical
problem is in one higher dimension than the original quantum one: the
degrees of freedom in the quantum problem ¢; had a single spatial index
¢ while the Hubbard Stratonovich variables which replace them have an
additional imaginary time index ¢. This mapping is by no means re-
stricted to the Hubbard Hamiltonian, but is generally true for all quan-
tum mechanics problems.

1.2.2 Algorithm

Our computational task now becomes a classical Monte Carlo problem:
sample Hubbard-Stratonovich variables (configurations) h that follow
the probability distribution function P(h) defined in (1.19). Recall that
the dimension of the configuration sample space {h} is 2V%. For an
efficient Monte Carlo procedure there are two essential questions:

1. How to move to a new configuration A’ from the current h?
A simple strategy is to flip only at one selected site (¢, 1)

/
i — *hé,ia

and leave the rest components of A unchanged.
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2. How to ensure that the accepted sample configuration h follows
the desired distribution P(h)?
This is answered by the Metropolis-Hasting algorithm, for example,
see [10, p.111].

Combining the answers of these two questions, we have the following
so-called determinant QMC (DQMC) algorithm, first presented in [2].

DQMC
o Initialize h = (he;) = (£1)
e MC loop (total steps = warm up + measurement)
1. set (¢,1) = (1,1)
2. (¢,4)-loop:
(a) propose a new configuration h’ by flipping at
the site (£,4): hy, = —he;
(b) compute the Metropolis ratio

L det[M ()] det[M_ ()]
61T et [M(h)] det[M_ (h)]

(¢) Metropolis acceptance-rejection:

{h', if r <min{1,r,,}

h, otherwise.

where 7 is a random number and r ~ Uniform[0, 1].
(d) go to the next site (¢,4), where
—if i< N,thenl:=/ i:=1+1,
—ifi=Nand < L, then { :=/0+1,i =1,
—ifi=Nandl{=L,thenl:=1,i=1
3. after the warm up steps, perform physical measure-
ments, see section 1.2.3

Note that the one-site update at the inner loop leads to a simple
rank-one updating of the matrix M, (h). Based on this observation, one
can efficiently compute the Matropolis ratio 7¢,, see Appendix A for
detail.

1.2.3 Physical measurements

How is the physics extracted from QMC simulations? Two of the most
elementary physical observables of interest are the density and kinetic
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energy, which can be obtained from the single-particle Green’s function,

G7; = (cio cjg>

= (Mtf_l(h))ij
= (1 + Bro(he)Br1o(hi) - Bio ()] )

j
The density of electrons of spin ¢ on site 7 is
pio = (Nig) = (cl ,Ci0) =1 (cioc] ,) =1 — G,

where the third identity arises from the use of the anticommutation re-
lations in interchanging the order of creation and destruction operators.

The Hubbard Hamiltonian is translationally invariant, so one expects
pi,c to be independent of spatial site ¢. Likewise, up and down spin
species are equivalent. Thus to reduce the statistical errors, one usually
averages all the values and have the code report back

1 N
D) 3

o =1

We will not emphasize this point further, but such averaging is useful
for most observables. 2 As is true in any classical or quantum Monte
Carlo, these expectation values are also averaged over the sequence of
Hubbard-Stratonovich configurations generated in the simulation.

The kinetic energy is obtained from the Green’s function for pairs of
sites 7, 7 which are near neighbors,

(Hic) ==t (Y (cl,cjo +cl ci0))

(i,4),0

+t > (GY +GF).

(1,4),0

An extra minus sign arose from interchanging the fermion operator order
so that the creation operator was at the right.

Extended physical measurements. Interesting types of magnetic,
charge, and superconducting order, and associated phase transitions, are
determined by looking at correlation functions of the form:

c(j) = (0i1;07) — (Oir;) (OF) (1.20)

where, for example,

3There are some situations where translation invariance is broken, for example if
randomness is included in the Hamiltonian.
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for spin order in z direction (magnetism):

Oi =nig —ni, Of =nig —ni;

for spin order in z/y direction (magnetism):

Oi=cljeir, Of =cljeiy;

for charge order:

Oi = nijg 15, Of =nig +ni;

for pair order (superconductivity):
O, =ccit, OZ = c;rﬁc;r’l.

In words, what such correlation functions probe is the relationship be-
tween spin, charge, pairing on an initial site ¢ with that on a site ¢ + j
separated by a distance j. It is plausible that at high temperatures where
there is a lot of random thermal vibration, the values of (’);r and O, ; will
not ‘know about’ each other for large j. In such a case, the expectation
value (OHJ-O;[ ) factorizes to (O;;) (O;r ) and c¢(j) vanishes. The more
precise statement is that at high temperatures ¢(j) decays exponentially,
e(j) e~!/€. The quantity ¢ is called the “correlation length”. On the
other hand, at low temperatures c(j) x a2, a nonzero value, as j — oo.
The quantity « is called the ‘order parameter’. *

As one can well imagine from this description, one needs to be very
careful in analyzing data on finite lattices if the j — oo behavior is
what is crucial to determining the physics. The techniques of ‘finite size
scaling’ provide methods for accomplishing this.

How are these correlation functions actually evaluated? As com-
mented above in describing measurements of the density and kinetic en-
ergy, expectation values of two fermion operators are simply expressed
in terms of the Green’s function. The general rule for expectation values
of more than two fermion creation and destruction operators is that they
reduce to products of expectation values of pairs of creation and destruc-
tion operators, the famous “Wick’s Theorem” of many body physics. For
example, for spin order in the z/y direction,

(c(4)) = (Cj+j,lci+j,TC;r,Tci7i> = Glﬂ-,i Giiﬂ'-

41t is interesting to note what happens right at the critical point T. separating
the high temperature disordered phase from the low temperature ordered one. In
what are termed ‘second order’ phase transitions, the correlation length diverges £ o
1/(T —T.)”. Right at T, the correlation function decays as a power law, ¢(j) o« 1/47,
a behavior intermediate between its high temperature exponential decay and its low
temperature nonzero value.
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Similarly, for superconducting order,
(c(4)) = <Ci+j,l0i+j,TCzT,TCzT,¢> = GzT-i-j,i G%—i—j,i'

We conclude with two comments. First, it is useful to look at cor-
relation functions where the operators O;; and (’);r are separated in
imaginary time as well as in space. We will come to this point when we
discuss measurements in the hybrid QMC algorithm. Second, one often
considers the Fourier transform of the real space correlation function
S(q) =2, €' ¢(j). This quantity is often referred to as the ‘structure
factor’, and is important because it is in fact the quantity measured by
experimentalists. For example, the scattering rate of a neutron off the
electron spins in a crystal is proportional to S(q) where ¢ is the change
in momentum of the neutron and the ¢(!) under consideration is the spin
correlation function.

1.3 Hybrid QMC

The procedure summarized in section 1.2.2 is the one used in most
DQMC codes today. Many interesting physical results have been ob-
tained with it. However, it has a crucial limitation. At the heart of the
procedure is the need to compute the ratio of determinants of matrices
which have a dimension N, the spatial size of the system. Thus the al-
gorithm scales as N3. In practice, this means simulations are limited to
a few hundred sites. In order to circumvent this bottleneck and develop
an algorithm which potentially scales linearly with N, we reformulate
our problem as the following:

1. Replace the discrete Hubbard-Stratonovich field by a continuous
one;

2. Express the determinant of the dense N x N matrices M, (h) as
Gaussian integrals over N L-dimensional space to lead a NL x NL
sparse matrix calculations.

We shall now describe these steps in detail.

1.3.1 Computable approximation of distribution operator P

Instead of using discrete Hubbard-Stratonovich transformation as de-
scribed in section 1.2.1, one can use a continuous Hubbard-Stratonovich
transformation to derive a computable approximation of the distribution
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operator P. First, recall the identity®:

1

e = LT e 2F g, (1.21)
N V2T J oo '

for any scalar a > 0.

Lemma 1.4. (Continuous Hubbard-Stratonovich transformation) For U >
0, we have

oo

e~UATI -~ —1) _ / e AT Faniy—nil gy (1.22)

— 00

UAT

where Cy = (Are™ 727 /7).
PROOF. It is easy to verify that

1 1 1
(it = 5)(ni- = 5) = =5 (nig — ni-)? +

| =

Note that (n;; — n;_)? and (n;y — n;_) can be diagonalized based on
the eigen-states of the operators n;,, then the identity (1.21) holds if we
replace the scalar « by the operator (n;1 —n;_):

UAT

(niy—mi_)? _ 1 > 7lm2f(UAT)%(ni+fni,)z
e 2 = e 2 dz.
V2T /,OO

Let 2/ = \/%, we have
T

S8z (niy—ni)? _ VAT /Oo =A@+ @0} (g =)o) g
VT )

Combining the above equations, we obtain the identity (1.22). O
Returning to the approximation of the partition function Z by the
Trotter-Suzuki decomposition (1.11), by the continuous Hubbard-Stratonovich

5Note that the identity can be easily verified by using the following well-known
identity

Rl 2
/ e % dz = /7.
—oo
In fact, we have

1 /oo e—%zz—zadz _ 1 /oo e—%(z2+22a+a2—a2)dz
V2T J—co V2T J—co

3 —3(=+a)?

™|

W2 1 /Oo
e — e
V21 J oo

a2

1
ez2
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identity (1.22), we have

e—ArH’f/ —_ (02)N/

—00

+oo 1 1
e—AT > ;ciieAT >, (2U)2 Qig,ini+e—AT >, U) 2wy gy dxé,i

= (CQ)N/[M]G*SB(””)eATH%@ AT
where

Sp(x) = ATszi,
0

Hea = Z(QU)%JUMWU = U(QU)%EJW(xg)gg,
and V(z/) is a diagonal matrix,
Vg(Ig) = diag(xg,l, T2y ,.Z'g,N).

By an analogous argument as in section 1.2.1, we have the following
approximation of the partition function Z:

L
Z—Tr <H e—AT’HKe—ATHv>

=1
— (Cy)NE /[63@]@_53(”)”& (H e—ATHK+eATH€/+> o
=1
L
Tr <H o ATHK_ 6A7H€/> '
=1

Note that all the operators e 27Hx | e~ M4 and e ATHV- are quadratic
in the fermion operators. By the argument (1.16), we derive the following
path integral expression for the partition function Z:

L 1
Zy = (Co)NF /[533]6’35(””) det <I + H etATKe(QU)EATVl(”)> X

{=1

L
det (I n H etATKe—(zU)%ATwm)>
=1

— (Cy)NE / [G2]e=52) det[M, (2)] det[M_ ()], (1.23)
where for ¢ = 4, the fermion matrices

MJ(CL') =1+ BL’U(IL'L)BL,LJ(JJLfl) cee Bl7o’(x1)7 (124)
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and for  =1,2,...,L,

Be,g(.ﬁe) — etATKeO'(QU)%ATV[(I[). (125)

By a so-called particle-hole transformation (see Appendix B), we have

det[M_(2)] = e~ 27CUE Toives det[M, (2)). (1.26)

Therefore, the integrand of Z, in (1.23) is positive definite.®
Consequently, a computable approximation of the distribution oper-
ator P is given by

P(z) = g—;le_SB(x) det[M (z)] det[M_(z)]. (1.27)

x

where ), = (Co)NT is a normalizing constant.

1.3.2 Algorithm

At this point, our computational task becomes how to generate Hubbard-
Stratonovich variables (configurations) x that follow the probability dis-
tribution function P(z) defined as (1.27). To develop an efficient Monte
Carlo method, we reformulate the the function P(z). First, let us recall
the following two facts:

1. Let M,(x) denote a L x L block matrix’

1 Bl,a(ml)
—B27o-(x2) I
M, (z) = ~Bso(ws) 1 :
7BL,O’(1'L) I
(1.28)
where By ,(z¢) are N x N matrices as defined in (1.25). Then we

have®

det[M,(z)] = det[I+ Bp o(21)Br-1,0(xr—-1) - - B1,6(x1)]. (1.29)

6Note that we assume that p = 0 (half-filling case). Otherwise, there exists “sign
problem”: P(z) may be negative and can not be used as a probability distribution
function.

"We use the same notation M (z) to denote the N x N matrix as defined in (1.24),
and NL x NL matrix as defined in (1.28). It depends on the context which one we
refer to.

8The identity can be easily derived based on the following observation. If A is a
2 X 2 block matrix,

_ {Au A12:|
T | A21 Az |
then det(A) = det(AQQ) det(F11) = det(A11)det(Fa2), where Fii
A12A5; Ag1 and Fog = Ago — Ag1 AT Ara.

A —
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2. If Fis an N x N symmetric and positive definite matrix, then®.
/e_”TFflvdv =% det[F%]7 (1.30)

Now, by introducing two auxiliary fields ®,, o = +, we have

NL

|det[M, (2)]] = det [MT (2)M,(z)]* = =~ % / e~ A (%0 (1.3])

where
Ay () = Ma(ac)TMa(ac).

By combining (1.23) and (1.31), the expression (1.23) of the partition
function Z, can be recast as the following!®

7, = (Cy)V* / [62]eS2@ det[M 4 (2)] det[M_ (x)

NL
= (@) /[5x5q)+5q)_]e_(53(x)+@§,4;1(x)q>++q>zA;1(x)¢,)

™
= (@)NL/[(sxa@a]e—V(%q’a),
™
where
V(z,®,) = Sp(z) + T AT (2)®4 + @TAZ (2)D_. (1.32)

Now let us consider how to move the configuration z satisfying the
distribution:
P(z,®,) 1 v (1.33)
Zy
Similar to the DQMC method, at each Monte Carlo step, we can try to
move x = {xy,;} with respect to each imaginary time ¢ and spatial site
1. Alternatively, we can also move the entire configuration x by adding
a Gaussian noise
r — x + Ax,
where
oV (z, D)

Ar = ——— LAt + VAt wy,
ox

At is a parameter of step size, and w; follows a Gaussian distribution
N(0,1) with mean 0 and variance 1. It is known as Langevin-Euler move,
for example, see [10, p.192].

9The identity can be proven by using the eigen-decomposition of F. For example,
see page 97 of [R. Bellman, Introduction to Matrix Analysis, STAM Edition, 1997].

10Here we assume that det[ M, ()] is positive. Otherwise, we will have the so-called
“sign problem”.
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Spurred by the popularity of the molecular dynamics (MD) method,
Scalettar et al [15] proposed a hybrid method to move = by combining
Monte Carlo and molecular dynamics and derived a so-called Hybrid
Quantum Monte Carlo (HMQC) method. In the HQMC, an additional
auxiliary momentum field p = {pe;} is introduced. By the identity

/ e dy = N

—00

we see that the partition function Z, can be rewritten as
Ly = (02)NL o~ NL /[5x5q)a]e—V(x,<I>a)
= (02)NL777% /[5m5p6(1)g]e_[ze,i p;i+V(2,25)]

— (Co)NEr— 5" /[5151)5(1)0]671{(1,;,,@0)
=Zu,
where
H(z,p,®s) =p p+V(z,®,5)
= pTp+ Sp(x) + 8TAT (1) D, + T A~} (2)®_ (1.34)

At this point, the computational task becomes a classical Monte
Carlo problem: seek the configurations {x, p, ®, } that obey the following
probability distribution function

P(z,p, ®,) = ﬂe_H(xapa(ba)’ (1.35)
Zu
where 7, = (Co)NLr—*2" is a normalizing constant.

Recall that initially we are interested in drawing samples = from
the distribution P(x, ®,) defined in (1.33). The motivation of intro-
ducing the auxiliary momentum variable p is as the following. If we
draw samples (z,p) from the distribution P(x,p, ®,) defined in (1.35),
then marginally, it can be shown that x follow the desired distribution
P(z,®,) and entries of p follow the Gaussian distribution N (0, 1) with

. 1 . e 1
mean 0 and variance 5 (the standard deviation E)

If the configurations (z,p) are moved satisfying the Hamiltonian
equations

oH oV
Do = — = — , 1.36
be, 89:“ 8334,2- ( )
. oOH
Ty = a— = ngﬂ', (1.37)
»

A
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then by Liouville’s theorem!, (z, p) is moved along a trajectory in which

both H and the differential volume element in phase space are constant
and the system is preserved in equilibrium.

In our current implementation of the HQMC method, Hamiltonian
equations (1.36) and (1.37) are solved by Verlet (leap-frog) method, see
[4]. It is a simple and efficient numerical method to move the configura-
tion from (z(0), p(0)) to (x(T),p(T)). Since the MD algorithm is “time
reversible”, HQMC transition guarantees the invariance of the target
distribution. This is to say that if the starting x follows the target
distribution P(z,®,), then the new configuration z(T") still follows the
same distribution [10, Chap. 9].

Finally, the update of the auxiliary field ®, is simply done by the
MC strategy:

®, = M'R,,

where the entries of the vector R, are chosen from the distribution
N(0, %) Note that the fields ®, and p are both auxiliary. We first fix
the fields ®,, vary the fields p, and move (z,p) together. It is possible
to use a different moving order.

The following is an outline of the Hybrid Quantum Monte Carlo
(HQMC) method.

HQMC
o Initialize
— z(0) =0,
~ By = M (2(0)) R, = M (2(0))(RF,), BE, ~ N(0,1).
e MC loop (total steps = warm up + measurement, )
1. MD steps (2(0),p(0)) — (x(T),p(T)) with step
size At:
(a) Initialize p(0) = (pes), pe,i ~ N (O, %)
(b) p is evolved in a half time step 1 At:

P50 = p0) — | 2020)] ]

—At).
8:%1- 2 )

(¢c) Forn=0,1,...,Np — 2,
1
I’eﬂ' (tn —+ At) — Zf,i (tn) = 2p€,i (tn —+ §At)At,

3 1
mﬂm+§AwfmA%+§Aw:

[0V (a(ta + At), @,)

At.
8:%1-

1 For example, see [1, Chap.3] or [12, Chap.2]
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where Ny = T/At, t, = nAt and to = 0.
(d) For n = Np — 1:

1
@i (T) — 2 (tn) = 2pei(tn + §At)At7

oV (z(T), P,)

1
(T) = prilty + A = —
p@,z( ) pé,z(tn+ D) t) [ axl,i

|

2. Metropolis acceptance-rejection:
. . —H (@ (T),p(T),®5)
2(T) = z(T), if r < min {L —ee—mx(o),p(o),%) }
x(0), otherwise,

where r is a random number chosen from Uniform|[0, 1].
3. Perform the “heat-bath” step

O, = Mg (¢(T))Ry = M, (x(T))(R7,),

where R7; ~ N (0, 1).
4. Perform physical measurements after warm up steps.
5. Set x(0) := x(T), go to MD step 1.

Remark 1.8. The Langevin-Euler update is equivalent to a single-step
HQMC move [10]. The MD and Langevin-Euler are two alternate meth-
ods which both have the virtue of moving all the variables together.
Which is better depends basically on which allows the larger step size,
the fastest evolution of the Hubbard-Stratonovich fields to new values.

Remark 1.9. If At is sufficient small,
H(l‘(T),p(T), q)cr) - H(l’(O),p(O), q)cr)

since the MD conserves H. Then at step 2 of the MC loop, all moves will
be accepted. However, in practice, for finite At¢ the integrator does not
conserve H, so step 2 of the MC loop is needed to keep the algorithm
exact.
oV (z,P,)
Oxy
First, we note the matrix M,(z) defined in (1.28) can be compactly
written as

To this end, let us consider how to compute the force term

My(z)=1- K[L]DFL] ()1, (1.38)
where

(etATK’ ) etATK)

K[L] = diag

ey 5
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and
0 i

and
X, = A (2)®,,
we have
PLA (x)®,] 7 -1, ,94:(x) 4
— g 7 7 = _P'A —— A P
axl,i o“ o ($) al’é,i o (I) g
= X7 aA"(z)Xg
8Ig7i
OM,(x)
=2 [M, ()X, X
Mo )Xo =50

By the expression (1.38) of M, (z), we have

oD7 (x
OMo, (z) K ) )H
8:04,2-
Note that Dfp (x) is a diagonal matrix, and only the (¢, i)-diagonal ele-

ment

di; = exp(c(20) 2 ATz ;)

depends on z;;. Therefore,

oD? . (x
OM,(z) K [L]( )H

= TR

axl’i axl,i
we have
O[PT A (x)®,] odg, 1 .
o‘to = -2 K& M, X 1196 N
Oz, 0z ; { (1Mo () g} M( o)t

Subsequently, the force term is computed by

oV (z, D)

= 2Aray; — 2(2U)% Ardy, [K[@]MJr(x)XJF} MX.],
Oxy; ’ 0,

A

+2(20)% Ardy, [K[TL]M,(:E)X,} X_],

. i
X ’
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Therefore, the main cost of the HQMC is on computing the force term,
which in turn is on solving the symmetric positive definite linear system

Ay ()X, = P,

where 0 = +. In sections 3 and 4, we will discuss direct and iterative
methods to such linear system of equations.

1.3.3 Physical measurements

In section 1.2.3 we described how measurements are made in a deter-
minant QMC code. The procedure in the hybrid QMC is identical in
that one expresses the desired quantities in terms of precisely the same
products of Green’s functions. The only difference is that these Green’s
functions are obtained from matrix-vector products instead of the entries
of the Green’s function. The basic identity is this:

2(XyiRy ;) < (1\4(,);,].1 =Gy
This follows from the fact that

X, = A 2)®, = M, (2)R,

o

and that the components R; of R, are independently distributed Gaus-
sian random numbers satisfying (R;R;) = 30, ;.

Hence, the expression for the spin-spin correlation function would
become

(c(l)) = <Cl+l7lci+l,TC;TCi,l>

A Al
=G Gl o 4(Ryin Xy iR X ) i)

The only point to be cautious of concerns the evaluation of expec-
tation values of four fermion operators if the operators have the same
spin index. There it is important that two different vectors of random
numbers are used: R,, X, and R/, X/. Otherwise the averaging over
the Gaussian random numbers generates additional, unwanted, values:

1
(RiR;jRipR;) = —(0:,i0k,1 + 0i 1051 + 0,105 k),
4
whereas 1
(RLRSRiR) = 10500

It should be apparent that if the indices ¢ and j are in the same N
dimensional block, we get the equal-time Green’s function

G =M;"!
= [I + BL,O'BLfl,O' e 'Bl,cr]ilv
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which is the quantity used in traditional determinant QMC.
However, choosing i, j in different N dimensional blocks, we can also
access the nonequal-time Green’s function,

Giyistng = (ci(1)ch(62))

= (BeBe,—1+ Beya(I + Bey - BiBr -+ Bey1) ') -

At every measurement step in the HQMC simulation, the equal-time
Green’s function G;; can be obtained from the diagonal block of M !
and the unequal-time Green’s function Gy, ;.¢, ; can be computed from
the (¢1,¢3) block submatrix of M, 1.

As we already remarked in describing the measurements in determi-
nant QMC, it is often useful to generalize the definition of correlation
functions so that the pair of operators are separated in imaginary time
as well as spatially. The values of the non-equal time Green’s function
allow us to evaluate these more general correlation functions c(l, At). To
motivate their importance we comment that just as the structure factor
S(q), the Fourier transform of the real space correlation function ¢(1),
describes the scattering of particles with change in momentum ¢, the
Fourier transform of ¢(I, A7) into what is often called the susceptibility
x(q,w), tells us about scattering events where the momentum changes
by ¢ and the energy changes by w.

2 Hubbard matrix analysis

For developing robust and efficient algorithmic techniques and high per-
formance software for the QMC simulations described in section 1, it is
important to understand mathematical and numerical properties of the
underlying matrix computation problems. In this section, we study the
dynamics and transitional behaviors of these properties as functions of
multi-length scale parameters.

2.1 Hubbard matrix

To simplify the notation, we write the matrix M introduced in (1.28) as

I By
By 1

M = —B3 I (2.1)

—-Br I

and refer to it as the Hubbard matriz, where
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I is an N x N identity matrix,

e By is an N x N matrix of the form
B, = BD,, (2.2)

and
B=¢e"""K and D, = eoVelhe),
e tis a hopping parameter,
e A7 = /L, (3 is the inverse temperature, and L is the number of
imaginary time slices,
® g =+ Or —,

e v is a parameter related to the interacting energy parameter U,

UAT

1
v=cosh™le s = (ATU)? + —

S (ATU)E +O((ATU)?)

in the DQMC and )
v=2U)2AT
in the HQMC,
o K = (ki;) is a matrix describing lattice structure:

o — 1, if 4 and j are nearest neighbor,
71 0, otherwise,

e Vy(he) is an N x N diagonal matrix,

Ve(he) = diag(hen, hey2, ..., hen),

e hy; are random variables, referred to as Hubbard-Stratonovich field
or configurations, hy; = 1 or —1 in the DQMC. In the HQMC, hy ;
are obtained from the MD move.

The Hubbard matrix M displays the property of multi-length scaling,
since the dimensions and numerical properties of M are characterized by
multiple length and energy parameters, and random variables. Specifi-
cally, we have

1. Length parameters: N and L

e N is the spatial size. If the density p is given, N also measures
the number of electrons being simulated.

e [ is the number of blocks related to the inverse temperature
0= LAT.

2. Energy-scale parameters: t, U and (8
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e ¢ determines the hopping of electrons between different atoms
in the solid and thus measures the material’s kinetic energy.

e U measures the strength of the interactions between the elec-
trons, that is the potential energy.

e (3 is the inverse temperature, 3 = kBLT’ where kp is the Boltz-
mann’s constant and 7' is the temperature.

3. The parameter connecting length and energy scales: At = 3/L.

e A7 is a discretization parameter, a measure of the accuracy
of the Trotter-Suzuki decomposition, see (1.11).

In more complex situations other energy scales also enter, such as the
frequency of ionic vibrations (phonons) and the strength of the coupling
of electrons to those vibrations.

Under these parameters of multi-length scaling, the Hubbard matrix
M has the following features:

e M incorporates multiple structural scales: The inverse tempera-
ture § determines the number of blocks L = /A7, where A7 is a
discretization step size. Typically L = O(10%). The dimension of
the individual blocks is set by N the number of spatial sites. In a
typical 2D simulations N = N, x N, = O(10%). Thus the order of
the Hubbard matrix M is about O(10).

e M incorporates multiple energy scales: The parameter ¢ deter-
mines the kinetic energy of the electrons, and the interaction en-
ergy scale U determines the potential energy. We will see that
the condition number and eigenvalue distribution of the Hubbard
matrix M are strongly influenced by these energy parameters.

e M is a function of N L random variables hy;, the so-called Hubbard-
Stratonovich field or configurations. The goal of the simulation is
to sample these configurations which make major contributions to
physical measurements. Therefore, the underlying matrix compu-
tation problems need to be solved several thousand times in a full
simulation. Figure 2.1 shows a typical MD trajectory in a HQMC
simulation, where at every step, we need to a linear system of
equations associated with the Hubbard matrix M.

The matrix computation problems arising from the quantum Monte
Carlo simulations include
det[M] .
dotia)’ where M is
a low-rank update of M, see the Metropolis acceptance-rejection
step in the DQMC algorithm, see section 1.2.2 and Appendix A.

1. Computation of the ratio of the determinants
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Figure 2.1: A typical MD trajectory in a HQMC simulation.

2. Solution of linear systems of the form M7 Mx = b, see the HQMC
algorithm for computing the force term in the molecular dynamics
step, section 1.3.2.

3. Computation of certain entries and the traces of the inverse of
the matrix M for physical observables, such as energy, density,
moments, magnetism and superconductivity, see sections 1.2.3 and
1.3.3.

One of computational challenges associated with the QMC simulation
of the Hubbard model is the wide range of values of parameters. For
example, the spatial dimension is N = N, x N,. When N is increased
from O(10?) to O(10%), that is, to do a 10000 electron QMC simulation,
it would have a tremendous impact on our understanding of strongly
interacting materials. It would allow for the first time the simulation
of systems incorporating a reasonable number of mesoscopic structures,
such as a “checkerboard” electronic crystal [18], and stripe structure
arising from removing electrons from the filling of one electron per site
[21].

Another computational challenge is on the ill-conditioning of the un-
derlying matrix computation problems when the energy scale parameters
U and (3 are in certain ranges. In the rest of this section, we will illustrate
these challenges in detail.
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2.2 Basic properties

Let us first study some basic properties of the Hubbard matrix M as
defined in (2.1).

1. The Hubbard matrix M can be compactly written as

MZINL—diag(Bl,Bg,...,BL)H (23)
or
MZINL—(IN®B)D[L](P®IN), (24)
where Iy and Iy are N x N and NL x N L unit matrices, respec-
tively,
0 -1 0 —In
10 In O
P = , I=PxIy= ]
1 0 In O
and
B = etA'rK

D[L] = diag (Dl, DQ, ceey DL) .
2. A block LU factorization of M is given by
M= LU, (2.5)

where

—-Br I

and
I B,y

I By By

I By 1Br 2B
I+BrBr1--B

3. The inverses of the factors L and U are given by

I
By I

L—l _ B3Bs B3 I

Br---ByBp---Bs--- Br I
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and
I —BF
I —ByB F
U= ) :
I -Bp_1Br_o-- B F
F
where F' = (I + BrBr_1--- BgBl)_l.
. The inverse of M is explicitly given by
M *'=U"'Lt =Wz, (2.6)
where
I+ BB ---By
I+ ByB1By,--- B3
W =
I+BrBr1--B
and
r I —B1BL--Bs --- -B; 7
Bs I —By By
B3 B, Bs <+ —B3ByB
Z = ) ) ) )
By_41--+By By_41---Bs -+ —Bp_1---ByB;
| By Bs BBy - I |

In other words, the (4, j) block submatrix of M ~! is given by
(MY, ;= +B;---BiBr---Bi;1)" ' Z;

where
—B;Bi_1---B1BrBr_1---Bjt1,1 <]

Zy =141, i=j.
BBy Bjy1, >

. By the LU factorization (2.5), we immediately have the following

determinant identity:

det[M] = det[I + BLBL_1 s Bl] (27)
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2.3 Matrix exponential B = 27K

In this section, we discuss how to compute the matrix exponential
B = etATK
where K defines a 2-D N, x NN, rectangle spatial lattice:

I, and I, are unit matrices of dimensions N, and N, respectively, and
K, and K, are N, x N, and N, x N, matrices of the form

01 1
101
Kx;Ky: ,
1 01
1 10

and ® is the Kronecker product.

A survey of numerical methods for computing the matrix exponential
can be found in [19]. A simple approach is to use the eigendecomposition
of the matrix K. First, by the definition of K and the property of the
Kronecker product (see Appendix B.4), the matrix exponential 27X
can be written as the product of two matrix exponentials:

B = etA-rK _ (Iy ® etA-er)(etA'rKy ® Iz) — etA-rKy ® etA'er.

By straightforward calculation, we can verify the following lemma.

Lemma 2.1. The eigenvalues of K are

Kij = 2(cosb; + cosb;), (2.8)
where
297 .
Hizm, fOI" 7/:0,172;---7Nl‘_1
29 .
HJ:E’ for j=0,1,2,...,N, —1.

The corresponding eigenvectors are
Vij = Uj @ Uy,

where
1

_ i6; ,i20; i(Ny—1)0:1T
U; = [176 ) € ,...,6( ) ] )

u] — [17 610j76126j, ce el(Nyfl)Gj]T'

3-3
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By Lemma 2.1, we can use the FFT to compute B. The computa-
tional complexity of formulating the matrix B explicitly is O(N?). The
cost of the matrix-vector multiplication is O(N log N).

We now consider a computational technique referred to as the “checker-
board method’ in computational physics. The method is particularly
useful when the hopping parameter ¢ depends on the location (i,7) on
the lattice, i.e. ¢ is not a constant. The checkerboard method only costs
O(N). Let us describe this method in detail. For simplicity, assume that
N; and N, are even. Write K, as

K,=KY +K®,

where

I I e

Note that for any scalar o # 0, the matrix exponential e®? is given by

coD _ cosh a sinh a
sinh o cosh «

Therefore, we have

caD cosh sinh o
D eaD
(03

(1) (2)
eaKx — eaK": —

aD
aD €
sinh « cosh «

Since Kil) does not commute with KQ(EQ), we use the Trotter-Suzuki ap-
proximation
el = oK) oK 4 O(?).

By an exactly analogous calculation, we have the approximation
(1) (2)
eaKy _ eaKy eaKy 4 O(OéQ).

Subsequently, we have
B = etATKy ® etATKw

_ (etA'rKél)etATKf)) ® (etA'rKil)etATKf)) + O((tAT)Q)
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Therefore, when tAr is small, the matrix B can be approximated by

~

B = (etATKstetATKf)) ® (etATKJ(El)etATKf)). (29)

There are no more than 16 nonzero elements in each row and column of
the matrix B. If cosh o and sinh « are computed in advance, the cost of
constructing the matrix B is 16N.

Note the the approximation B is not symmetric. A symmetric ap-
proximation of B is given by

~

tAT p(2) (1) tA7 p(2) tAT p(2) (1) tAT g (2)
B:(e 2 Ky etATKy e 2 Ky )®(€ > Kx etATK:L' e 2 Kw )

In this case, there are no more than 36 nonzero elements in each row
and column.

Sq\metimes7 it is necessary to compute the matrix-vector multiplica-
tion Bw. Let w be a vector of the dimension N = N, x N, obtained by
stacking the columns of an IV, x N, matrix W into one long vector:

w = vec(W).
Then it can be verified that

~ (2) (1) (1) (2)
szvec(etATKw etA'er WetA-rKy etA'rKy ) (21())

As a result, the cost of the matrix-vector multiplication Bwis 12N flops.
It can be further reduced by rewriting the block e*? as

1 tanha
aD __
e*” = cosha [tanha 1 ]

Using this trick, the cost of the matrix-vector multiplication Buw is 9N
flops.

2.4 Eigenvalue distribution of M

The study of eigenvalues of a cyclic matrix of the form (2.1) can be traced
back to the work of Frobenius, Romanovsky and Varga, see [20]. The
following theorem characterizes the eigenvalues of the Hubbard matrix
M defined in (2.1).

Theorem 2.1. For each eigenpair (6, z) of the matrix By, - - - BoBy:
(BL s -BQBl)Z = 92,
there are L corresponding eigenpairs (Ag, v¢) of the matrix M:

Muvg = Mpvy for £=0,1,...,L —1,
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where
[(Br, -+ BsBa) 'y~ 2]
(Br -+ Bs)~tpy 2z
)\@Zlfue and Vy =
Bglmz
L Z—
and pp = R
PROOF. By verifying (I — M)vy = peve. O

2.4.1 The case U =0

When the Hubbard system without Coulomb interaction, U = 0, we
have
B =By =---= By = B=¢""K,

In this case, the eigenvalues of the matrix M are known explicitly.
Theorem 2.2. When U = 0, the eigenvalues of the matrix M are

A(M) = 1 — etdrri 552 (2.11)
fori=0,1,...,N;—1,7=0,1,...,Ny—1land £ =0,1,... L —1, where
Ki; is defined in (2.8). Furthermore,

max |1 — A(M)| = e*®™ and min |1 — A(M)| = e 447,

Figure 2.2 shows the eigenvalue distribution of the matrix M with
the setting (N, L,U, 5,t) = (4 x 4,8,0,1,1). In this case, the order of
the matrix M is NL = 4 x 4 x 8 = 128. Theorem 2.2 can be used
to interpret the distribution. It has a ring structure, centered at (1,0).
On every ring there are L = 8 circles. Alternatively, we can also view
that the eigenvalues are distributed on L = 8 rays, originated from the
point (1,0). The eigenvalues r;; of the matrix K only have 5 different
values. There are total 40 circles, which indicate the multiplicity of some
eigenvalues.

Let us examine the dynamics of eigenvalue distributions of M under
the variation of the parameters N, L, U and t.

1. Lattice size N: Figure 2.3 shows the eigenvalue distributions for
N = 4 x4 and N = 16 x 16. Other parameters are set as
(L,U,B,t) = (8,0,1,1). Since L is fixed, the number of rays does
not change. When N is increased from 4 x 4 to 16 x 16, there
are more points (eigenvalues) on each ray. Note that the range of
eigenvalue distribution on each ray stays the same.
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Figure 2.2: Eigenvalue distribution of M.
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Figure 2.3: Eigenvalue distributions of M for different N.
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Figure 2.4: Eigenvalue distributions of M for different L.

2. Block number L: Figure 2.4 shows the eigenvalue distribution for
block numbers L = 8 and L = 64. Other parameters are set as
(N,U,B,t) = (4x4,0,1,1). As we observe that as L increases, the
number of rays increases, and the range of the eigenvalue distribu-
tion on each ray shrinks and becomes more clustered.

3. Block number L and hopping parameter ¢: Figure 2.5 shows the
eigenvalue distributions for pairs (L,t) = (8,1) and (64, 8). Other
parameters are set as (N, U, §) = (4 x4,0,1). By Theorem 2.2, we
know that the points (eigenvalues) on each ring are L. When L
increases, the points on each ring increase. At the same time, since
AT = 7, the range of [1 — A\(M)| is [e=T eZ], the bandwidth of
the range will shrink when L increases. Since the ratio % is fixed,
the bandwidth of the ring keeps the same.

2.4.2 The case U #0

Unfortunately, there is no explicit expression for the eigenvalues of the
matrix M when U # 0. Figure 2.6 shows that as U increases, the
eigenvalues on each ray tend to spread out. Other parameters are set as
(N,L,B,t) = (4 x4,8,1,1).
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2.5 Condition number of M

In this section, we study the condition number of the Hubbard matrix
M defined in (2.1).

2.5.1 The case U =0

When U = 0, M is a deterministic matrix and By = --- = By, = B =
e!27K  First, we have the following lemma about the eigenvalues of the
symmetric matrix M7 M.

Lemma 2.2. When U = 0, the eigenvalues of M7 M are

Me(MTM) =1+ 2X\(B)cos by + (A\(B))?, (2.12)
where
0, — 20+ 1)m
T L

for¢{=0,1,---, L — 1.
ProOF. The lemma is based on the following fact. For any real number
a, the eigenvalues of the matrix

1+a®2 —a a
—a 1+a®—a
Afa) =
a —al+a®
are M\(A(a)) =1 —2acosby +a?. O
We note that when a is a real number,

sin?@ <1 —2acosf +a® < (1+|al)?

Therefore, by the expression (2.12), we have the following inequalities to
bound the largest and smallest eigenvalues of the matrix M7 M:

max A\p(MT M) < (1 + max |\(B)|)?

and -
min \g(MT M) > sin? I

By these inequalities, the norms of M and M ~! are bounded by
| M| = max \(MTM)% <1+ max |A(B)|,

and

1 1
< .
min A\¢(MT M)z ~ sin F
Note that B = 75X and Apax(K) = 4, we have the following upper
bound of the condition number k(M) of M.

1= = (2.13)
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Theorem 2.3. When U = 0,

L 1 +e4tAT
K(M) = [[M[[|M™]| £ ———=— = O(L). (2.14)
Slnf

By the theorem, we conclude that when U = 0, the matrix M is
well-conditioned.

2.5.2 The case U #0

We now consider the situation when U # 0. By the representation of M
in (2.3), we have

1M < 1+ max || Byl| [T = 1+ max || Be|| <1+ eMATHY - (2.15)

To bound || M ~!||, we first consider the case where U is small. In this
case, we can treat it as a small perturbation of the case U = 0. We have
the following result.

Theorem 2.4. If U is sufficient small such that

e < 1+sin%, (2.16)

then

3 1+e4tA'r+u
(M) = IM[|M7Y € —F——
sin 1 + 1—e

PRrooF: First we note that M can be written as a perturbation of M at
U=0:
M = My + diag(B — B)II,

where M, denotes the matrix M when U = 0. Therefore, if
1My diag(B — Be)l| < 1,

then we have )
= 1 [|M, "diag(B — By

1M~ (2.17)

Note that ||TI|| = 1.

Since the block elements of the matrix My are B or I, and the eigen-
values of the matrix B and B~! are the same, by following the proof of
Lemma 2.2, we have

1

sin

1M diag(B)]| <

"

L
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Hence
| My *diag(B — Be)|| < || My 'diag(B)| - [|diag(I — Dy)|
eV —1
<
Sll’lz
If
eV —1
— < 1,
Slnz

then by (2.17) and (2.13), we have

1
in = 1
MY < 2L . 2.18
[ < —== R — (2.18)

sin &
sin 9

The theorem is proven by combining inequalities (2.15) and (2.18). O
Note that the Taylor expansion of v gives the expression

AT)3
v=VUAT + % +O(UAT?). (2.19)

Therefore, to the first-order approximation, the condition (2.16) is equiv-
alent to

VU < %\/AT +O(AT). (2.20)
Consequently, to the first order approximation, we have

L(]. + e4tAT+V)
"M < A Ug/2

By the inequality, we conclude that when U is sufficient small enough,
M is well-conditioned and x(M) = O(L).

+O(U?BAT?).

It is an open problem to find a rigorous sharp bound of k(M) when
U # 0. Figure 2.7 shows the averages of the condition numbers of M
for 100 Hubbard-Stratonovich configurations h,; = +1, where N = 16,
L =83 with =[1:10], and t = 1.

Figure 2.7 reveals several key issues concerning the transitional be-
haviors of the condition number of x(M):

1. The condition number increases much more rapidly than the linear
rise which we know analytically at U = 0.

2. Not only does the condition number increase with U, but also so
do its fluctuations over the 100 chosen field configurations.

3. When the inverse temperature (3 increases, the conditioning of M
becomes worse.
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Figure 2.7: Condition numbers (M) for different U

These observations tell us that the energy parameters U and 3, which
in turn determines L, are two critical parameters for the conditioning of
the underlying matrix problems. The matrix M becomes ill-conditioned
at low temperature (large ) or strong coupling (large U). It suggests
that widely varying conditioning of the matrix problems is encountered
in the course of a simulation, robust and efficient matrix solvers need to
adopt different solution strategies depending on the conditioning of the
underlying matrix problems.

2.6 Condition number of M®*)

For an integer k < L, a structure-preserving factor-of-k reduction of the
matrix M leads a matrix M*) of the same block form

I B
-BM 1
M®) = ~B" 1

B I
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where Ly = [£] is the number of blocks and

BW™ = BiBi_y -+ BaBy
Bék) = BopBak—1 - Brpt2Brt1

B

v

BrBr—1- B, —1)k+1-

First we have the following observation. The inverse of M®*) is a
“submatrix” of the inverse of M. Specifically, since M and M*) have
the same block cyclic structure, by the expression (2.6), we immediately
have the following expression for the (7, j) block of {M (k)};’jl:

(IO} = (4B BB B 12

where ®) k) gk k)
(k) —B;" By "By B, <]
Z'L'j =<1, =7,
Bi()Bi(—)1"'B](‘+)1’ i>j

By the definition of B* | and if i # L*)

(MW} = (I+ By BiBL - Bik1) ™' %
—Biuk - B1Br - Bjagy1,1 < J
1, i=3.
Biwk -+ Bjsks1, 1>

Hence if i # L*),
{MER L = {M ™ Yik jok

If i = L), we have

_ Br---B, j < L
(F)y—1 _ -1 L jxk+1s ]
{M }” =+ Br---By) {I, =L
Hence if i = L),

IO = (ML

‘We now turn to the discussion of the condition number of the matrix
M) We have the following two immediate results:

1. The upper bound of the norm of the matrix M®*) is given by
HM(k)H < 1 +€(4tA'r+u)k. (2.21)

This is due to the fact that HBék)H < eWATHE,
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2. The norm of the inverse of the matrix M*) is bounded by
N9 < g (2.22)
This is due to the fact that (M®*))~1! is a “submatrix” of M.

By combining (2.21) and (2.22), we have an upper bound of the
condition number of the reduced matrix M) in terms of the condition
number of the original matrix M:

R(M®) = ([P ®) =1

[ S
- [l

1+ e(4tAT+u)k

STy R

< ce ATk LML), (2.23)

where ¢ is some constant. The inequality (2.23) shows that comparing to
the condition number of M, the condition number of M) is amplified
by a factor proportional to the reduction factor k.

For further details, we consider the following three cases:

1. U =0 and k = L. In this case, the matrix M is reduced to a single
block

MY =4 Bp-- BBy
=I1+B---BB
=TI+ Bt
:I_"_(etATK)L

= I 4 ¢PK,

By the eigendecomposition of the matrix K, see Lemma 2.1, the
condition number of M) is given by

1+ e#tP
Ly "%
k(M) = L
Therefore, for large 3, ML) is extremely ill-conditioned.

2. U=0and k< L and Ly = % is an integer. In this case, we have

AtATk
r(M®)Y) < 1+
~ sin le
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Condition number of MY, N=64, B=10, At=1/8, U=0

condition number of M®
e

O Theoretical condition number
+  Computational condition number
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k=[1:30]

5 10
Figure 2.8: Condition numbers of M*), U = 0.

The inequality can be proven similarly as the proof of Lemma 2.2.
It is anticipated that the bound is still true when L/k is not an
integer. Figure 2.8 shows condition numbers of M *) with respect
to the reduction factor k¥ when U = 0. The computational and
estimated condition numbers fit well.

. For the general case of U # 0, we have the bound (2.23). Figure 2.9

shows the condition numbers of sample matrices M*) (solid lines)
for U = 4 and U = 6. The upper bound (2.23) are dashed line with
circles. The mean of condition numbers k(M) of sample matrices
M are used in the bound (2.23). It is clear that the upper bound
(2.23) of the condition numbers of M (*) is an over estimation of the
actual conditioning of M*). This may partially due to the over-
estimation of the norm of M), We observe that the condition
number of M®) is closer to e2*4AT+1) o(M). This is shown as the

dashed lines with diamonds in the following plots. It is a subject
of further study.

Self-adaptive direct linear solvers

In this section, we consider one of the computational kernels of the QMC
simulations discussed in sections 1 and 2, namely solving the linear sys-
tem of equations

Mx =10, (3.1)
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Condition number of MY, N=64, B=10, At=1/8, U=6
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Figure 2.9: Condition numbers of M*), U = 6.

where the coefficient matrix M is the Hubbard matrix as defined in
(2.1) of section 2. One of challenges in QMC simulations is to develop
algorithmic techniques that can robustly and efficiently solve numerical
linear algebra problems with underlying multi-length scale coefficient
matrices in a self-adapting fashion. In this section, we present such an
approach for solving the linear system (3.1).

The structure of Hubbard matrix M exhibits the form of so-called
block p-cyclic consistently ordered matrix [20]. p-cyclic matrices arise
in a number of contexts in applied mathematics, such as numerical so-
lution of boundary value problems for ordinary differential equations
[28], finite-difference equations for the steady-state solution of parabolic
equations with periodic boundary conditions [27], and the stationary so-
lution of Markov chains with periodic graph structure [26]. It is known
that the block Gaussian elimination with and without pivoting for solv-
ing p-cyclic linear systems could be numerically unstable, as shown in
the cases arising from the multiple shooting method for solving two-
point boundary value problems [30, 23] and Markov chain modeling [25].
Block cyclic reduction [22] is a powerful idea to solve such p-cyclic sys-
tem since the number of unknowns is reduced exponentially. However,
a full block cyclic reduction is inherently unstable and is only applica-
ble for some energy scales, namely U < 1, due to ill-conditioning of the
reduced system. A stable p-cyclic linear system solver is based on the
structural orthogonal factorization [29, 23]. However, the costs of mem-
ory requirements and flops are prohibitively expensive when the length
scale parameters N and L increase.
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To take advantages of the block cyclic reduction and the structural
orthogonal factorization method, in this section, we present a hybrid
method to solve the linear system (3.1). The hybrid method performs
a partial cyclic reduction in a self-adaptive way depending on system pa-
rameters such that the reduced system is still sufficiently well-conditioned
to give rise a solution of the desired accuracy computed by the struc-
tural orthogonal factorization method. The hybrid method is called
self-adaptive block cyclic reduction, or SABCR in short.

3.1 Block cyclic reduction
Consider the following 16 x 16 block cyclic linear system (3.1):

Mz =0,
where ~ 5
I By

—By I
—Bs I
M = —-By I
—Bis I

—Big I |

Correspondingly, partitions of the vectors = and b are conformed to the
blocks of M:

X1 bl
T bo
T3 b3
r=|%4|, p=|ba
T15 bis

L L16 | _b16_

A factor-of-four block cyclic reduction (BCR) leads to the following 4 x 4
block cycle system:

M® @ = b(4), (3.2)
where
4 4
I<4> B . b§4i
M@ | 7B I R N O I )
—B§ )T T12 bg )

7B4(14) I 16 b514)
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and
B = ByB3B; By,
B{") = ByB;BsBs,
B;§4) = B12B11B10By,
B{Y = B1sB15B14Bis3,
and

b§4) = by + Bybs + B4Bsby + B4 B3 Baby,

b$) = bs + Bsbr + Bs Brbg + Bs Br Bobs,

b§4) = bi2 + Bi2b11 + B12B11b1o + Bi2B11B1ob,

54(14) = big + Bi6bis + Bi6B15b14 + B16B15B14b13.
Therefore, to solve the original linear system (3.1), one can first solve
the reduced system (3.2). Once the vector z® is computed, i.e, the
block components x4, xg, x12 and x16 of the solution x are computed,

the rest of block components x; of the solution x can be computed by
the following forward and back substitutions:

e Forward substitution:

1 = b1 — Biz16, 29 = by + Bozy,
x5 = bs + Bsxy, z6 = bg + Bsxs,
29 = by + Bows, 210 = bio + Biowo,

213 = b1z + B13®12, 214 = bis + Brax13,
e Back substitution:

T3 — BZ1($4 — ()4)7 T = Bgl(Ig — bg),
T = Bl_gl(ﬂfu —b12), x15= Bl_(;l(mw — big),

The use of both forward and back substitutions is intended to minimize
the propagation of rounding errors in the computed components x4, s,
T12 and Tig.

The pattern for a general factor-of-k reduction is clear. Given an
integer k < L, a-factor-of-k BCR leads to a Ly x L block cycle linear
system:

M 30 — k), (3.3)
where Ly = ]'%],
I B
-BM 1
M®) = ~B" 1 ’
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with

BW™ = BiBi_ -+ BaBy
Bék) = BopBog—1 -+ Brpi2Bri1

B

v

BrBr—1- B, —1)k+1>
and the vectors %) and ¥ are

Tk

T(Lp-1)k
T

and

bi, + Zf%; By -+ - Bryabe
2k—1
bok + D i—py1 Bak -+ Bri1by
pk) —
Li—1)k—1
b1k + th:IELk)—mkH B, 1)k Bepabe

L—
br + Zt:(lLk—l)k-i-l Br, -+ Bitaby

After the solution vector z(*) of the reduced system (3.3) is computed,
the rest of block components x; of the solution vector x are obtained by
forward and back substitutions as shown in the following:

FORWARD AND BACK SUBSTITUTIONS
1. Let ¢ = [k, 2k,--- ,(Lr — 1)k, L]
2. Forj=1,2,---, L

k
(a) Ty5) = ng )

(b) forward substitution
Fori=(0(j —1)+1,...,0(j — 1)+ [$(¢(j) — £(j —
1) — 1)] with £(0) = 0:
IfZ:]., T :blfBll‘L
else xTr; = b1 + Bil'i,1
(c) back substitution
ISH" i;Jf(j) = L0(5) =2, £(5) = [5(£0) — €0 —

zi = BY (i1 — bi1).
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Remark 3.1. If the reduction factor k = L, then Li = 1. The reduced
system is

M(L):cL _ b(L),

i.e,
L—1
(I+BrBr_1--Bi)xp =bp + Z(BLBL—1 -+ Byy1)by.
=1

Remark 3.2. There are a number of ways to derive the reduced system
(3.3). For example, we can use the block Gaussian elimination. Writing
the matrix M of the original system (3.1) as a Ly by Ly block matrix:

~

D1 Bl
—By Dy
M = —B3 D3
—By, Dy,

where D; are k x k black matrices defined as

I
—B(i—1)k+2 I
D; = Bz 1 :
—Bi I
and BZ are k x k block matrices defined as
00+ Bu—1)kt1
~ 00--- 0
00--- 0
Define D = diag(D1, D2, -+, Dyr, ), then
I Df1§1
-Dy'By I

DM = ~D3;'Bs I

-D;'B, 1
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where the matrix D, 1§i is given by

00 Bi—nyk+2B—1)k+1
00 Bi—nyr+3Bi-1r+2Bi-1)r+1

00 Bi—tyk+k *  Br—n)yk42Bi—1)k+1

Therefore, we immediately see that M®*) is a submatrix of DM ,
namely, there exists a matrix P, such that

M® = pTD=1pp,

where the matrix P is NL x (NL/k) matrix, whose (i — 1)N + 1 to iN
columns are the (ik — 1)N 4+ 1 to ikN columns of the identity matrix
Ing,.

3.2 Block structural orthogonal factorization

Comparing with the Gaussian elimination, the block structural orthog-
onal factorization (BSOF) method presented in this section is computa-
tionally more expensive, but numerically backward stable.

By multiplying a sequence of orthogonal transformation matrices @,
the block cyclic matrix M of the system (3.1) is transformed to a block
upper triangular matrix R:

Qr1 - Q3Q1 M =R, (3-4)
where
Ri1 Ria Rip,

Roo Ros Ror,

Rr i1 Rr-11
R

and diagonal blocks Ry, are upper triangular, @y are orthogonal matrices
of the form

1

© H©
Qe = PG
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The subblocks Qz(f) are defined by the orthogonal factor of the QR de-
composition:
Mee _ Qﬁ) Qgg) R
0 Y
—~ 1, for /=1
My =

By GIN0)
(Q“ NT for 0=2,3,...,L—2,

21 22

where

except for £ = L — 1, it is defined by the QR decomposition:

|:RL1,L1 Rr_11

—~ L—1) ~(L-1
Mp 11 Rp1p| _ QS ) Q( )
0 Rpp

—B; T Q2€4 1) Q2L 1)

The following is a pseudo-code for the BSOF method to solve the
block cyclic system (3.1).

BSOF METHOD
1. Set M1y =1,R1;, = By and ¢; = by
2. For¢=1,2,--- | L—2

(a) Compute the QR decomposition

{ My, ] lQﬁ) 0

7]
5] el o] Lo

Ry o1 Q(e) Q1 0
b) Set ’ =
(b) Se {MHLHJ [ o ég)] L}

T
Rur, } _ [ Q) [RZL]
= 0

(c) Update [ N7
Revir 51) (22)

T
(d) Set | “ |: Q| [ e
Cot1 ]’ (e) gg) b1

3. Compute the QR decomposition

Mrp_ 11 Rr-11 QEL Y Q(L Y
0 Rrr

s 7 QéL 1) Q(L 1)

L— IL— T
4. Set | L7 = Q(ll Y Q(lg Y CL—1
CL éll/il) éé/*l) bL
5. Back substitution to solve the block triangular system
Rx=c

{RLI,Ll RL1,L}
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[ . . W . . T . . (.

I 1 1 1 T T T T T T T 1 1 1 1 1
1 2 3 4 5 & 7 8 9 10 11 12 13 14 15 16

1 Reduce

} Solve the reduced system
by block QR algorithm
4 8 12 18

l Substitute

1 3 4 5 [ 7 g 2 10 11 12 16

Figure 3.1: A schematic map of the hybrid method.

(a) Solve Rppxzy = ¢, for xp.
(b) Solve RL,LL,ll‘Lfl =Cr—-1 — RLfl,LxL for Tr—1-
(¢c) For¢=L—-2,L—3,...,1,

solve Ruwg = Cp — Rg,g+1$g+1 — RngL for Zy.

Floating point operations of the BSOF method is about 15N3L. The
memory requirement is 3N2L.

3.3 A hybrid method

To take advantages of block order reduction of the BCR method and
numerical stability of the BSOF method, we propose a hybrid method:

STEP 1. Perform a factor-of-k BCR of the original system
(3.1) to derive a reduced block cyclic system (3.3) of
the block order L/k.

STEP 2. Solve the reduced block cyclic system (3.3) by using
the BSOF method.

STEP 3. Forward and back substitute to find the rest of
block components x; of the solution z:
{e} — B — {a}

Figure 3.1 is a schematic map of the hybrid method for a 16-block
cyclic system with a reduction factor & = 4. We use both forward
and back substitutions to minimize the propagation of rounding errors
induced at Steps 1 and 2.

By Step 1, the order of the original M is reduced by a factor of k.
Consequently, the computational cost of the BSOF method at Step 2 is
reduced to O(N?’%), a factor of k speedup. Therefore, the larger k is,
the better CPU performance is. However, the condition number of M ()
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increases as k increases, see the analysis presented in section 2.6. As a
result, the accuracy of the computed solution decreases. An interesting
question is how to find a reduction factor k, such that the computed
solution meets the required accuracy in QMC simulations. In practice,
such a reduction factor k should be determined in a self-adapting fashion
with respect to the changes of underlying multi-length and energy scales
in QMC simulations. This is discussed in the next section.

3.4 Self-adaptive reduction factor k

Let us turn to the question of determining the reduction factor k for the
BCR step of the proposed hybrid method. Since the BSOF method is
backward stable, by well-established error analysis of the linear system,
for example, see [24, p.120], we know that the relative error of the com-
puted solution Z(*) of the reduced system (3.3) is bounded by (M *))e,
ie.,

152 [ — 509 .
= < K(M®)e, 3.5
@] = ety < e (3:5)

where € is the machine precision. For the clarity of notation, we only use
the first-order upper bound and ignore the small constant coefficient.

To consider the propagation of the errors in the computed solution
() in the back and forward substitutions, let us start with the computed
L-th block component 7, of the solution vector x,

ZTr = +dzp,

where dx, is the computed error, with a related upper bound defined in
(3.5). By the forward substitution, the computed first block component
71 of the solution x satisfies

1 =by — Bi7p,
=b; — Bi(xp + 0xy)
=by — Biz + B1dzp,

= +5$1,

where dx7 = Bydxy is the error propagated by the error in Zy,. Note that
the computational error induced in the substitution is ignored, since it
is generally much smaller than the the error in Zp.

By the relative error bound (3.5) of dxr, it yields that the error in
the computed T could be amplified by the factor || B;]|, namely,

1624

< |[Byl(M®)e.
B
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Subsequently, the relative error of the computed Z> obtained by the
forward substitution from z; is bounded by
[0z ||
[[@2|]

This process can be continued to bound the errors of dx3 and so on until
all that is left is x k. The related error bound of computed x & is given

by
[0z x|

lowg

EN

By analogous calculations for the rest of substitutions, we conclude that

for any computed block component T, of the solution z, where £ =
1,2,..., L, the related error is bounded by

[[62]l

el

< || Bell[|Ballw(M P e.

< Bl 1Bl | Ballw(M P e.

< 1By |-+ |1Ball | Bullm(M ™)) €
< ce%k(4tAT+u) '€k(4tAT+V)I€(M)€
= cesMAHATH) (D e, (3.6)

where for the second inequality we have used the upper bounds (2.15)
and (2.23) for the norm of By and the condition number of the matrix
M®),

Assume that the desired relative accuracy of the computed solution
x is “tol”, i.e.,

|5_x||| < tol. (3.7)

||
Then by inequalities (3.6) and (3.7), a plausible choice of the reduction

factor k is )
o {g 1n(tol/e)J .

AtAT + v (3.8)

To balance the number of the matrices By in the product Bék), after k
is computed, the final k£ is then slightly adjusted by k = [L%—" where
Ly = %]

We note that the factor of Inx(M) is dropped in deciding reduction
factor k. The reason is that as we discussed in section 2.5, k(M) grows
slowly in the range of parameters of interest, In k(M) is small.

By expression (3.8), the reduction factor k is determined in a self-
adaptive fashion. When energy parameters U and § = L - A7 change,
k is determined adaptively to achieve the desired accuracy “tol”. For
example, let t = 1 and A7 = %, if the desired accuracy threshold is tol =
10~8, then with double precision arithmetic and machine precision € =
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L with N=256, L=8p, t=1
20 ‘

18+

16+

14F

12r

L®

10+

4t ——uU=2| ]
—o— =4
2r —5—U=6| |
0 . . .
0 5 10 15 20
B=[1:20]

Figure 3.2: Reduced block size Ly

10716, the reduction factor k with respect to different energy parameter
U is shown in the following table:

Ulo|1]2]3]4]5]6
kl24[14]12]10]9]9]8

Figure 3.2 shows the reduced block sizes L with respect to different
values of U, where L = 83, § = 1,2,...,20 and t = 1 The accuracy is
set to be half of the machine precision, i.e., tol = /e = 1078,

3.5 Self-adaptive block cyclic reduction method

In summary, the self-adaptive block cyclic reduction method, SABCR in
short, to solve the linear system (3.1) may be condensed as the following:

SABCR METHOD

1. Determine the reduction factor k by (3.8)

2. Reduce (M,b) to (M®*) b)) by the BCR

3. Solve the reduced system M®)z®) = p*) for z(*) by
the BSOF method

4. Use forward and back substitutions to compute the re-
maining block components x; of x

3.6 Numerical experiments

In this section, we present numerical results of the SABCR method.
SABCR is implemented in Fortran 90 using LAPACK and BLAS. All
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numerical results are performed on an HP Itanium2 workstation with
1.5GHZ CPU and 2GB core memory. The threshold of desired relative
accuracy of computed solution Z is set at the order of /€, namely,

< tol = 1078,

Example 1. In this example, we examine numerical accuracy and per-
formance of the SABCR method when U = 0. The other parameters of
the coefficient matrix M isset as N = 16x16, L =8Ffor 3 =1,2,...,20,
t=1 At = %. Figure 3.3 shows the relative errors of computed solutions
Z by the BSOF and SABCR methods. As we see, the BSOF method
is of full machine precision O(10~%%). It indicates that the underlying
linear system is well-conditioned and the BSOF method is backward sta-
ble. On the other hand, as shown in the figure, the relative errors of the
SABCR method are at O(1078) as desired.

Table 1 shows the reduction factor k and the reduced block size
Lj, with respect to the inverse temperature 3, CPU elapsed time and
speedups of the SABCR method comparing to the BSOF method. Note
that for when 8 < 3, the reduction factor ¥ = L and the number of
reduced block Ly = 1. As (8 increases, the reduction factor k decreases.
For example, when § = 20, the reduction factor k = 23 and the number
of reduced blocks Ly, = [12| +1=7.

Example 2. In this example, we examine numerical accuracy and per-
formance of the SABCR method for U = 2,4,6. The other parameters
of the coefficient matrix M are N = 16 x 16 = 256, L = 80 with
6 =12...,20. t =1and AT = %. Figure 3.4 shows that the rela-
tive errors of the computed solution Z are under tol = 108 as required.
Table 2 shows the the reduced block size L, CPU elapsed time of the
BSOF and SABCR methods with respect to U and 3. The speedups of

SABCR are shown in Figure 3.5.

Example 3. In this example, we examine computational efficiency of
the SABCR solver with respect to the number of time slices L = 5/A7
with 8 =1,2,...,20 and AT = %, %, % The dimensions of the coef-
ficient matrices M vary from NL = 2,048 (8 = 1, A7 = %) to NL =
163,840 (8 = 20,Ar = 3%) The other parameters are N = 16 x 16,
U=6andt=1.

Table 3 shows the the reduced block size Lj with respect to 8 and
AT (L = BAT), CPU elapsed time in seconds of the BSOF and SABCR
methods. Speedups are plotted in Figure 3.6.

For large energy scale parameters t, § and U, small A7 is necessary
for the accuracy of the Trotter-Suzuki decomposition. Small A7 implies



Table 1: Performance data of BSOF and SABCR methods, U =0
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block QR method and reduced version with N=256, t=1,At=1/8,U=0
T T

s —#— block QR method

[ | —+— reduced block QR method

.
O\
5

._.
O‘
T

relative solution error

107

B o e e O

.
0 5

10
B=[1:20]

.
15 20

Figure 3.3: Relative errors, U =0

| B | L=8B] k | Ly | BSOF | SABCR | speedup |
1 8 8 1 3.19 0.0293 108
2 16 16 | 1 7.06 0.042 168
3 24 24 | 1 10.8 0.0547 197
4 32 16 | 2 14.6 0.303 48
5 40 20| 2 18.6 0.326 57
6 48 24 | 2 23.1 0.342 67
7 56 19| 3 27.2 0.666 40
8 64 221 3 31.3 0.683 45
9 72 24 | 3 35.1 0.675 52
10 80 20 | 4 38.0 1.18 32
11 88 22 | 4 42.0 1.18 35
12 96 24 | 4 46.0 1.20 38
13 104 21| 5 49.9 1.28 38
14 112 23 5 54.0 1.28 42
15 120 24 | 5 58.2 1.32 44
16 128 22 6 62.9 1.67 37
17 136 23| 6 68.3 1.72 39
18 144 241 6 73.2 1.73 42
19 152 22 | 7 75.3 1.98 38
20 160 23 | 7 80.2 2.02 39

63
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Reduced QR algorithm with N=256, L=8p, t=1

10°

100

10|

10

10711 L

relative solution error

-12
107 Y ——u=2| 1

/ —6—U=4
—v—U=6

-13

10

0 5 10 15 20
B=[1:20]

Figure 3.4: Relative errors, U = 2,4,6

large L = %. For the SABCR solver, small A7 implies a large reduction
factor k. The SABCR is more efficient for small Ar.

Example 4. Let us examine the memory limit with respect to the
increase of the lattice size parameter N. The memory requirement of
the BSOF method is 3N2L = 3N:L. If N, = N, = 32, the memory
storage of one N x N matrix is 8MB. Therefore for a 1.5GB memory
machine, the number L of time slices is limited to L < 63. It implies that
when A1 = %, the inverse temperature 3 must be smaller than 8. The
BSOF method will run out of memory when 3 > 8. On the other hand,
the SABCR solver should continue work for L =83 and 8 =1,2,...,10.
Table 4 shows the memory limitation of the BSOF method, where ¢t = 1
and U = 6.
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Speed-up with N=256, L=8, t=1
100 T T T

90

80

60

501

Speed-up

401

201

10+

Figure 3.5: Speedups of SABCR for U = 2,4,6
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Speed-up with t=1, U=6, N=256, A=[1/8 1/16 1/32]
120 ; ‘ ‘

T
—*— At=1/8

—6— At=1/16
100 —— At=1/32 |

80t
601
40\

20F

Figure 3.6: Speedups of SABCR for L = 8/Ar

Table 4: SABCR for large systems, N = 32 x 32

| 8 | L | k | Ly, | BSOF (sec.) | SABCR (sec.) | Speedup (x) |

1 (8 (8] 1 148.00 2.10 70
2 116 | 8 2 322.00 17.8 18
312481 3 509.00 40.1 12.7
4 1328 4 689.00 64.5 10.6
5 (40 | 8| 5 875.00 88.6 9.8
6 |48 |8 | 6 1060.00 110.00 9.6
75687 1250.00 131.00 9.5
8 | 64 | 8| 8 | out of memory 150.00

9 | 72 | 8| 9 | out of memory 172.00

10 | 80 | 8 | 10 | out of memory 200.00
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4 Preconditioned iterative linear solvers

As discussed in sections 1 and 2, one of the computational kernels of the
hybrid quantum Monte Carlo (HQMC) simulation is to repeatedly solve
the linear system of equations

Az = b, (4.1)
where A is a symmetric positive definite matrix of the form
A=M"M

and M is the Hubbard matrix as defined in (2.1).

One can solve the linear system (4.1) by solving the coupled systems
M7Ty = b for y and Mz = y for x using the SABCR method described
in section 3. However, the computational complexity will be O(N3L/k),
which is prohibitive for large lattice size N. In this section, we consider
preconditioned iterative solvers. It is our goal to develop an efficient a
preconditioned iterative solver that exhibits an optimal linear-scaling,
namely, the computational complexity scales linearly with respect to
the lattice size N. At the end of this section, we will see that so far,
we are only able to achieve the linear-scaling for moderately interacting
systems, namely U is small.

4.1 Iterative solvers and preconditioning

We have conducted some numerical study of applying GMRES, QMR
and Bi-CGSTAB methods to solve the p-cyclic system

Mz =b.

We observed that these methods suffer from slow convergence rates or
erratic convergence behaviors. Figures 4.1 and 4.2 show the typical con-
vergence behaviors of these methods. The parameters of the matrices M
are set as (N, L,U,t,8,pn) = (8 x 8,24,4,1,3,0) and h = +1 with equal
probability, and the entries of the right-hand-side vector b are random
numbers chosen from a uniform distribution on the interval (0, 1).

Although the convergence of conjugate gradient (CG) method to
solve the symmetric positive definite system (4.1) is slow but robust in
the sense that residual error decreases steadily as shown in Figure 4.3.

As it is well known, the convergence rate of CG could be improved
dramatically by using a proper preconditioner R, which symmetrically
preconditions the system (4.1):

R'AR™T . R'z =R, (4.2)

An ideal preconditioner R satisfies the following three conditions:
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Convergence behavior of GMRES for the solution of Mx=y

10 T T T T T T
107 1
£
e}
=
T
3
3107} ]
(]
=
ks
(4]
x
10 1
— GMRES
. - - GMRES(300)
10 L L L L L T T |
0 500 1000 1500 2000 2500 3000

Number of matrix-vector products

Figure 4.1: Relative residual norms of GMRES and GMRES(300).

. Convergence behavior of QMR and Bi-CGSTAB for the solution of Mx=b
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Figure 4.2: Relative residual norms of Bi-CGSTAB and QMR.
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0 Convergence behavior of CG for the solution of M"Mx=b
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Figure 4.3: Relative residual norms of CG.

1) The cost of constructing R is cheap.
2) The application of R, i.e., solving Rz = r for z, is not expensive.

3) RRT is a good approximation of A.

However, in practice, there is a trade-off between the costs 1) and 2) and
the quality 3). In this section, we focus on the development of robust
and efficient preconditioning techniques for an optimal balance between
costs and quality.

For all numerical results presented in this section, Hubbard matrices
M are generated with the Hubbard-Stratonovich configurations he ; such
that the average condition numbers of the resulting test matrices are
close to the ones arising in a full HQMC simulation. The right-hand-
side vector b is set so that entries of the (exact) solution vector z are
uniformly distributed on the interval (0,1). The required accuracy of
the computed solution T is set as

[z — 2|2

<1073
[Eo1p

This is sufficient for the HQMC simulation.
All preconditioning algorithms presented in this section are imple-
mented in Fortran 90. The numerical performance data are collected
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Zero energy-scale preconditioners

8000 1 T T ‘
(t=0)
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Figure 4.4: Number of PCG iterations using preconditioners R =
M(U:O) and R = M(t=0)~

on an HP Ttanium2 workstation with 1.5GHz CPU and 2GB of main
memory. Intel Math Kernel Library (MKL) 7.2.1 and -03 optimization
option in ifort are used to compile the codes.

4.2 Previous work

There are a number of studies on preconditioning techniques to improve
the convergence rate of PCG solver for the QMC simulations. One at-
tempt is to precondition the system with R = M(y—¢ [34, 49]. By us-
ing the Fast Fourier Transform, the computational cost of applying this
preconditioner is O(N Llog(NL)). However, the quality of the precondi-
tioner is poor for moderately and strongly interacting systems (U > 3),
as shown in Figure 4.4. The results are the averages of 50 solutions of
the systems (N, L, t, 8, u) = (8 x 8,40, 1,5,0).

It is suggested to use the preconditioner R = M) [34]. In this case,
the submatrices By are diagonal. The cost of applying the preconditioner
R is O(NL). However, the quality is poor, particularly for strongly
interacting systems, as shown in Figure 4.4.

Jacobi preconditioner R = diag(a;-/ %) is used in [42], where a;; are
the diagonal elements of A. The PCG convergence rate is improved con-

sistently as shown in Figure 4.5. However, this is still insufficient for
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Jacobi preconditioners
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Figure 4.5: Number of PCG iterations using Jacobi preconditioner R

the full HQMC simulation. For example, for a small and moderately-
interacting system (N, L, U, t,3) = (8 x 8,40,4, 1,5), Jacobi-based PCG
solver requires 3, 569 iterations and 1.78 seconds. A full HQMC simula-
tion typically requires to solve 10,000 linear systems. By this rate, a full
HQMC simulation of 8 x 8, would take 4.9 hours. When N is increased
to 32 x 32, the PCG takes 10, 819 iterations and 87.80 seconds for solving
one system. By this rate, a full HQMC simulation of a 32 x 32 lattice
would need more than 20 days.

It is proposed to use an incomplete Cholesky (IC) preconditioner R,
where R is lower triangular and has the same block structure of A [49].
Although the PCG convergence rate is improved considerably, it becomes
impractical due to the cost of O(N2L) in storing and applying the IC
preconditioner. Furthermore, it is not robust and suffers breakdown for
strongly interacting systems as we will see in section 4.4.

4.3 Cholesky factorization

We begin with a review of the Cholesky factorization of an n x n sym-
metric positive definite (SPD) matrix A:

A= RRT, (4.3)
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where R is lower-triangular with positive diagonal entries. R is referred
to as the Cholesky factor.

We follow the presentation in [38]. The Cholesky factorization (4.3)
can be computed by using the following partition and factorization:

~T T
_|ana . 7“110 1 0 r1 T
A[a AJ{?J {OAl—WT][O 1}' (4:4)

By the first columns of the both sides of the factorization, we have

Therefore,

If we have the Cholesky factorization of the (n — 1) x (n — 1) matrix
A1 — ??TI

Ay — 777 = Ry RT, (4.5)
then the Cholesky factor R is given by

o 7’110
refnt]

Hence the Cholesky factorization can be obtained through the repeated
applications of (4.4) on (4.5). The resulting algorithm is referred to as a
right-looking Cholesky algorithm, since after the first column r; of R is
computed, it is used to update the matrix A; to compute the remaining
columns of R, which are on the right side of r;.

There is a left-looking version of the Cholesky algorithm. By com-
paring the jth column of the factorization (4.3), we have

J
a; = E TikTk-
k=1
This says that
Jj—1
TjT5 = Qj — E TjkTk-
k=1

Hence, to compute the jth column r; of R, one first computes

j—1
v=a; — E TikTk,
k=1
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Table 5: Performance of CHOLMOD.

N | 8x8 16x16 24x24 32x32 40x40 48 x48
P-time | 0.08 1.99 17.56 90.68  318.04 offmem
S-time | 0.00 0.04 0.29 0.52 1.22  offmem
T-time | 0.08 2.03 17.85 91.20  319.26 offmem

and then
Ty = L, fori=y4,5+1,...,n.
Uj
It is a left-looking algorithm since the jth column r; of R is computed
through referencing the computed columns ry,7g,...,7;—1 of R, which
are on the left of r;.

The Cholesky factorization could fail due to a pivot breakdown, namely,
at the jth step, the diagonal element a;; < 0. When A is SPD, the diag-
onal element a1; must be positive. Furthermore, 4; — 771 is SPD since
it is a principal submatrix of the SPD matrix X7 AX, where

17t
X‘[o I }

Therefore, there is no pivot breakdown for an SPD matrix.

HQMC application. When the Cholesky factor R of A is used as a
preconditioner, the HQMC linear system (4.1) is solved exactly. Table 5
records the CPU time in seconds with respect to different lattice sizes N
by using CHOLMOD developed by Timothy A. Davis.!> CHOLMOD is
one of the state-of-art implementations of the sparse Cholesky factoriza-
tion and is used in MATLAB version 7.2.

The other parameters are set as (L, U, t, 3, u) = (80,4,1,10,0). We
note that, when N = 48 x 48, it runs out of memory (“offmem”) before
completing the Cholesky factorization of A = M7 M. In the table, “P-
time” stands for the CPU time for computing the preconditioner, “S-
time” for the CPU time for PCG iterations, and “T-time” for the total
CPU time. With an approximate minimum degree (AMD) recording of
the matrix A, the CPU time was reduced slightly as shown in Table 6.

The Cholesky factorization is not affected by the potential energy
parameter U. Therefore, the performance of CHOLMOD is expected to
be the same for different U. By an interpolation of the performance data
of CHOLMOD with AMD reordering, the computational complexity of
the Cholesky factorization is O(N?). By this rate, if we were able to

2http: //www.cise.ufl.edu/research/sparse/cholmod/
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Table 6: Performance of CHOLMOD with AMD recording.

N | 8x8 16x16 24x24 32x32 40x40 48 x48
P-time | 0.11 1.63 12.40 57.85  297.27 offmem
S-time | 0.00 0.04 0.13 0.34 0.95 offmem
T-time | 0.11 1.67 12.53 58.19  298.22 offmem

(N,L,U,t,8)=(8x8,8,3,1,1)
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Figure 4.6: Eigenvalues of M and M R™!, where R is a Cholesky factor.

solve the Hubbard system with VL = 48 x 48 x 80 = 184, 320, the CPU
elapsed time would take about 700 seconds.

To end this section, we note that with the Cholesky factor R, the
preconditioned matrix M R~ becomes orthogonal. The eigenvalues of
MR~T are on the unit circle, as shown in Figure 4.6. Therefore, to
assess the quality of a preconditioner R, one can examine how close the
eigenvalues of the preconditioned matrix MR~ are to the unit circle.
Of course, this can be checked only for small matrices.

4.4 Incomplete Cholesky factorizations
4.4.1 1IC

To reduce the computational and storage costs of the Cholesky factoriza-
tion (4.3), a preconditioner R can be constructed based on an incomplete
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Cholesky (IC) factorization:
A=RRT + 5457, (4.6)

where R is lower-triangular and is referred to as an IC factor, and S is
a strictly lower-triangular matrix (therefore, the diagonal elements of A
and RRT are the same). E = S+S7 is the error matrix of the incomplete
factorization. The sparsity of R is controlled by a set Z, which is a set of
ordered pairs (i, j) of integers from {1,2,...,n} such that if (¢,5) € Z,
then r;; = 0.

The IC factor R can be computed based on the following partition
and factorization:

~T T o~

_|aira o 7“110 1 0 r1 T 0s
g O L I P
By multiplying out the first column of the both sides of the factorization,
we have

Therefore, if the pivot a1 > 0, we have

T11 = v/0A11-

The vector 77 and § are computed based on the sparsity set Z:

fort <n-—1,
?i:@-/rn,%:O, if (’L'-i-l,l)EZ (48)
7 =0, $; = a;, otherwise.

Therefore, if we have an IC factorization of the (n — 1) x (n — 1) matrix
A1 — ??TI

Ay — 777 = RiRT + 8, + ST, (4.9)
then the IC factorization (4.6) of A is given by

o 7’110 o 00
R—{?RJ and S_[gSl]'

Thus, the IC factorization can be computed by the repeated application
of (4.7) on (4.9) as long as A — 77T is SPD. Note that when non-zero
element a; is discarded, i.e., 7; = 0, in (4.8), the operations to update
Ay with respect to the element 7; in (4.9) are skipped.

The following algorithm computes an IC factor R in the right-looking
fashion, where in the first line, R is initialized by the lower-triangular
part of A, and the update of A; is performed directly on R.
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IC (RIGHT-LOOKING VERSION)

1. R =lower(A)

2. For j=1,2,...,n

3. 1(7.d) = \/r(G,3) i 1, 4) > 0
4. fori=j4+1,7+2,....n

5. if (i,5) € 2

6. T(iaj) = ’I“(Z,j)/’l"(j,j)

7. else

8. r(i,7) =0

9. end if
10.  end for
11. fork=j54+1,j+2,...,n
12. r(k:n,k) :=rk:nk)—r(k,j)r(k:n,j)
13.  end for
14. end for

Note that all computational steps of the previous algorithm and the
rest of algorithms presented in this section are performed with regard to
the sparsity of matrices and vectors involved.

There is an left-looking algorithm. By comparing the jth column of
the factorization (4.6), we have

J

ajj = Z?‘fk, (4.10)
k=1
J

aijzzrjkrik'i‘sij; fori=j5+1,...,n. (4.11)
k=1

This says that

j—1
2 L 2
Tj5 = @jj E :rjk’
k=1
j—1

TjiTij + Sij = Q55 — E TikTik, fori=j4+1,...,n.
k=1

Thus, to compute the jth column in the IC factorization, one first com-
putes

j—1
v=a; — erkrk. (4.12)
k=1
Then, the pivot v; > 0, the jth diagonal entry of R is then given by

Tjji = \Vi



Numerical Methods for QMC 79

and the rest of non-zero elements of r; and the discarded elements of s;
are computed based on the sparsity constraint Z:

fori>j+1,
rij = i[5, sij =0, (i,§) € Z,
rij =0, Sij = Vi, otherwise.

A pseudo-code of the left-looking algorithm is as the following:

IC (LEFT-LOOKING VERSION)
1. forj=1,2,....n

2. w@:n)=a(f:n,j)

3 fork=1,2,..,57—1

4. v(j:n):=v(:n)—r(k)r({:nk)
5. end for

6. r(j,J)=+a(jj)ifajj) >0

7
8

fori=j5+1,7+2,...,n

if (i,5) € 2
9. r(i, ) = (i) /7. J)
10. else
11. r(i,7) =0
12. end if
13.  end for
14. end for

The following rules are often used to define the sparsity set Z:

1. Flized sparsity pattern (FSP): the IC factor R has a prescribed spar-
sity pattern Z. A popular sparsity pattern is that of the original
matrix A, i.e., Z ={(4,5) : i > j and a;; # 0}.

2. Drop small elements (DSE): the small elements of R are dropped.
It is controlled by a drop threshold o. In this case, the sparsity
pattern Z of R and the number of fill-ins in R are unknown in
advance.

3. Fized number of non-zero elements per column. It is similar to the
DSE rule except that the maximum number of non-zero elements
in each column of R is fixed.

The existence of IC factorization (4.6), for an arbitrary sparsity set
Z, is proven only for special classes of matrices [43, 44, 53]. For a general
SPD matrix A, the non-zero elements introduced into the error matrix
E could result in the loss of positive-definiteness of the matrix A — F,
and the IC factorization does not exist.
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Table 7: IC with DSE, (N, L,t, 8) = (16 x 16,80, 1, 10).
U | 0 2 4 6

o=107%118.97/0.07 19.17/0.14 19.09/0.30 19.07/0.48
1075 | 13.20/0.11 16.92/0.20 16.41/0.80 pbd
107% | 2.95/0.17  5.72/0.58 pbd pbd
1073 pbd pbd pbd pbd
1072 | 0.01/0.16 pbd pbd pbd
101 pbd pbd pbd pbd

HQMC application. Table 7 shows numerical results of the IC pre-
conditioner R with sparsity Z defined by the DSE rule. The reported
data is an average of successful solutions over 10 trials with the left-
looking IC implementation. The table records the CPU time with dif-
ferent drop tolerance values o. The first number in each cell is the time
for constructing the preconditioner R and the second number is for the
PCG iteration. In the table, “pbd” stands for the pivot breakdown to
indicate that all of 10 trials failed due to the pivot breakdowns.

We see that the IC factorization encounters the pivot breakdown fre-
quently, except with an extremely small drop tolerance o. Small drop
tolerance leads to high memory and CPU time costs, and becomes im-
practical for large systems.

Note that the right-looking IC algorithm is mathematically equiv-
alent to its left-looking algorithm, it also encounters the same pivot
breakdown. It clearly indicates that the IC preconditioner R is neither
robust nor efficient for the HQMC simulation.

4.4.2 Modified IC

To avoid the pivot breakdown, one attempt is to first make a small per-
turbation of A, say by simple diagonal perturbation, and then compute
its IC factorization:

A+4+aDy=RR" + 5+ 8T, (4.13)

where D4 = diag(A) and the scalar « is prescribed [43]. R is referred to
as an IC, preconditioner.

If the shift « is chosen such that A + aD 4 is diagonally dominant,
then it is provable that the IC factorization (4.13) exists [43]. Table 8
records the performance of the left-looking IC, implementation, where
the shift « is chosen such that A + aD4 is diagonally dominant. In the
table, “nnz,.(R)” is the average number of nonzero elements per row of R,
“Mem(R)” is the memory in MB for storing R in the CSC (Compressed
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Table 8: IC,/diag.dom., o = 0.001, (N, L, ¢, 3) = (48 x 48,80, 1, 10).

U [0 1 2 3 4 5 6
a 129 415 758 1237 1970  26.14 _ 38.80
nz (R) | 2529 23.35 21.99 20.90 20.01  19.30  25.01
Mem(R) | 57 52 49 A7 45 43 56
Wksp. 22 20 19 18 18 17 20
Ttrs. 94 357 882 2620 16645 68938 102500
P-time | 140 122 113  1.06 1.0l 097 093
S-time | 5.03 1821 4348 12558 78296 3178.58 4621.06
T-time | 644 1943 44.60 126.64 783.96 3179.54 4621.98

Table 9: 1C,, o = 0.001, (N, L, t, 3) = (48 x 48,80,1,10).

U | 0 1 2 3 4 5 6

a (fixed) | 0.005 0.005 0.005 0.005 0.005 0.005 0.005
nnz,.(R) | 22.31 24.43 24.74 24.89 24.96 24.99 25.01

Mem(R) 50 55 55 56 56 56 56
Wksp. 18 19 20 20 20 20 20
Itrs. 14 32 72 190 1087 3795 5400
P-time 1.23 129 130 1.31 1.31 1.31 1.32
S-time 0.66 1.57 347 917 5249 183.15 286.15

T-time 1.87 2.86 4.77 1048 53.49 184.76 287.47

Sparse Column) format, “Wksp.” is the required workspace in MB, and
“Itrs.” is the total number of PCG iterations.

By Table 8, we see that with the choice of the shift a such that A +
aD 4 is diagonally dominant, the pivot breakdown is avoided. However,
the quality of the resulting preconditioner R is poor. In practice, we
observed that good performance can often be achieved with a much
smaller shift o. Although A + aD,4 is not diagonally dominant, the IC
factorization still exists. Table 9 records significant improvements of the
IC,, preconditioner R computed with the fixed shift o = 0.005.

There is no general strategy for an optimal choice of the shift . It
is computed by a trial-and-error approach in PETSc [47].

4.5 Robust incomplete Cholesky preconditioners

In the IC factorizations (4.6) and (4.13), the discarded elements of R are
simply moved to the error matrix F. As we have seen, this may result in
the loss of the positive definiteness of the matrix A — E and subsequently
lead to the pivot breakdown. To avoid this, the error matrix E needs
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to be taken into account. It should be updated dynamically during
the construction of an IC factorization such that the matrix A — F is
preserved to be SPD. Specifically, we want to have an IC factorization
algorithm that computes a nonsingular lower triangular matrix R of an
arbitrarily prescribed sparsity pattern Z satisfying

A=RRT +E,
(4.14)

st. A—FE > 0.

In the rest of this section, we will discuss several approaches to construct
such an IC factor R satisfying (4.14). The resulting preconditioner R is
referred to as a robust incomplete Cholesky (RIC) preconditioner.

4.5.1 RIC1

A sufficient condition for the existence of the factorization (4.14) is to
ensure that the error matrix —FE is symmetric semi-positive definite,
—E = —ET > 0. For doing so, let us write

E=S-D+87T,

where S is strictly lower-triangular and D is diagonal, then a robust IC
preconditioner should satisfy

A=RRT+8—D+57
(4.15)

st. —(S—D+ST)>0.

The factorization is referred to as version 1 of RIC, or RIC1 in short.
RIC1 was first studied in [31, 39].

Note that in the IC factorization (4.6), D =0 and E = S + ST. In
the modified IC factorization (4.13), the diagonal matrix D is prescribed
D = —aD4 and the error matrix £ = S —aD 4+ ST. Now, in the RIC1
factorization, D will be dynamically assigned and updated during the
process to satisfy the condition —(S — D + ST) > 0.

The RIC1 factorization can be computed by using the following par-
tition and factorization:

~T =T T
ail a | T 0 10 rmr —d1 S
wal-F el [ ][R ] e

where C; = A1 + Dy — 777,
By the first column of the both sides of the factorization, we have

2
ajl =Ty — d1

a= ?7"11 +§
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It suggests that we first compute the vector v = 7ry; + § based on the
sparsity set Z:

fort <n-—1,
v =a;,8 =0, if (i+1,1) € Z, (4.17)
v; =0, 8; = a;, otherwise.

To ensure —E = —(S — D + ST) > 0, if there is a discarded element
a; assigned to §;, the diagonal element d; and the ith diagonal element

dgl) of Dy are updated
d1 = d1 —+ 51, dil) = dEl) + (Si, (418)

where 6, and §; are chosen such that d1,9; > 0 and 616; = §ZQ Subse-
quently, the element 717 is determined by

r11 = v a1 +di,

and the vector 7 is set by

If we have an RICI factorization of the (n — 1) x (n — 1) matrix C;:
Ch = RlR{ + 5] — ﬁl + S?, (419)

then the RICI factorization (4.15) of A is given by

ri1 0 dy 0 00
e PR e
In other words, the RIC1 factorization can be obtained through the
repeated applications of (4.16) on (4.19).
The following algorithm computes the RIC1 factor R in the right-
looking fashion, where the sparsity Z is controlled by a prescribed drop

tolerance o. In the algorithm, d; and §; are chosen so that they result
in a same factor of increase in the corresponding diagonal elements.

RIC1 (RIGHT-LOOKING VERSION)
R = lower(A)
.d(l:n)=0
Lfor 7=1,2,...,n
for i=j+1,j+2,....n
7 = (i, )|/[(r(i,3) + (D) (r(j, 4) + d())]/?
if <o
r(i,j) =0

MO e
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8. d(i) :==d(@) + 7(r(i,4) + d(7))
9. d(j) := d(j) + 7(r(j,5) + d(j))
10. end if

11.  end for

12, r(4, ) = /r(4, ) +d(j)

13. r(f+1:ng):=r(G+1:n,9)/r05)
14. for k=j+1,74+2,...,n

15. r(k:n, k) :=r(k:nk)—rk,jrk:n,j)
16. end for
17. end for

The RIC1 factorization can also be computed by a left-looking al-
gorithm. By comparing the jth column of the factorization (4.15), we

have

J
Ajj = E TikVik T Sij, t=7+1,...,n
k=1

This says that

j—1
2 o 2
TS — dj = aj; E Tk
k=1
j—1

riiTij + Sij = Q5 — E TikVik, t=45+1,...,n.
k=1

Thus, to compute the jth column of R, one first computes

Jj—1
v:aj — E Tjk”l’k,
k=1

and then imposes the sparsity:

fori>j7+1,
Sijzo, if (’L',j)GZ,
845 = v, v; = 0, otherwise.

(4.20)

To ensure —E = —(S — D + ST) > 0, if there is a discarded ele-
ment assigned to s;;, the corresponding diagonal elements d; and d; are

updated
d; :=d; + 6, dj =d; + (Sj,

(4.21)
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where d; and J; are chosen such that d;,d; > 0 and §;6; = sfj Initially,
all d; are set to be zero.
Subsequently, the jth column r; of R is given by

rjj =V ajj + dj,

7"1']':1}1'/7’]']', Z:j+1,,n

The following algorithm computes the RIC1 factor R in the left-
looking fashion, where the sparsity is controlled by a drop tolerance o.

RIC1 (LEFT-LOOKING VERSION)
1.d(1:n)=0
2. for 7=1,2,...,n
3. w@g:n)=a(j:n,j)
4. for k=1,2,...,5—-1
5. v(j:n):=v(:n)—r(,k)rQ{:nk)
6. end for
7 for i=74+1,j+2,....n
8. = [o(i)/[(al, i)+ d(i)) (a(i,5) + dG)?

9. if <o

10. v(i) =0

11. d(i) == d(i) 4+ 7(a(i, i) + d(i))
12. d(j) := d(j) + 7(a(j, 7) + d(5))
13. end if

14. end for

5. r(5,7) = va(j,j) +d(j)
16. r(i+1:n,5)=v(+1:n)/r(47)
17. end for

The computational cost of RIC1 is only slightly higher than the IC
preconditioner (4.6). To assess the quality of the RIC1 preconditioner
R, we note that the norm of the residue

RM'YMR T -I=RYS-D+S"R"T=R'ERT (4.22)
could be amplified by a factor of ||R™!||? of the error matrix E. When
a large number of diagonal updates are necessary, some elements of D
could be large. Consequently, the residue norm is large and R is a poor
preconditioner.

HQMC application. Table 10 records the performance of the RIC1
preconditioner computed by the left-looking implementation. The drop
threshold is set to be o = 0.003. With this drop threshold, the result-
ing RIC1 preconditioners R is are about the same sparsity as the IC,
preconditioners reported in Table 9 of section 4.4.
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Table 10: RIC1/left-looking, o = 0.003, (N, L,t,3) = (48 x 48,80, 1, 10).

U | 0 1 2 3 4 5 6
nnz.(R) [ 22.01 24.28 24.45 2443 2433 2421 24.07
Mem(R) 49 54 55 55 55 54 54
Wksp. 18 19 20 19 19 19 19
Itrs. 20 57 127 342 1990 7530 11460
P-time 183 193 193 193 192 190  1.89
S-time 100  3.02 6.69 17.95 10412 393.60 596.00
T-time | 282 496 8.62 19.88 106.03 395.51 597.90

We note that the quality of the RIC1 preconditioner in terms of
the number of PCG iterations is worse than the IC, preconditioner.
This is due to the fact that it is necessary to have a large diagonal
matrix D to guarantee the semi-positive definiteness of the error matrix
—E = —(S — D + ST). On the other hand, the RIC1 factorization is
provably robust and does not breakdown. In the following sections, we
will discuss how to improve the quality of the RIC1 preconditioner.

The right-looking implementation requires the updating of the unfac-
torized block, i.e., forming the matrix Cy in (4.16). It causes significant
computational overhead. It is less efficient than the left-looking imple-
mentation. Therefore, we only present the performance data for the
left-looking implementation.

4.5.2 RIC2

One way to improve the quality of the RIC1 preconditioner is by setting
the error matrix £ as E = RFT + FRY, where F is strictly lower-
triangular. This was proposed in [51]. In this scheme, we compute an
IC factorization of the form

A= RR" + RF" + FR”. (4.23)
Note that the factorization can be equivalently written as
A+FFT =R+ F)(R+F)T.

Hence, the existence of R is guaranteed. With the factorization (4.23),
the residue becomes

R'YAR T -I=FR T+ R'FT.

The residue norm could be amplified at most by the factor of ||[R~!|| of
the error matrix F, instead of ||[R7!||? in the RIC1 factorization. We
refer (4.23) as version 2 of RIC factorization, or RIC2 in short.
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The RIC2 factorization (4.23) can be constructed by using the fol-
lowing partition and factorization:

~T =T
_|aira o 7“110 10 11T
a=li) =il el v Tl
7"110 Oj?T + 90 7"117/’\T
70|00 fojlo o

where Cy = Ay — 777 — 7 fT — f77.
By the first column of the both sides of the factorization, we have

(4.24)

2
ail =711,

6: ?7"11 +f7’11.

Hence, we have
11 = +/a1i1-

The vectors 7 and f are computed based on the sparsity set Z:

fort <n-—1,
T =a;/r1, fi =0, if (i,1) € Z,
fi=0, fi = a;/r11, otherwise.

If an RIC2 factorization of the (n — 1) x (n — 1) matrix C} is given by
C1 = RiRT + R F + R RT, (4.25)

then the RIC2 factorization of A is given by

rip; 0 00
we[5al = lra)
Hence the RIC2 factorization can be computed by the repeated applica-
tions of (4.24) on (4.25).
The following algorithm computes the RIC2 factor R in the right-

looking implementation. The sparsity Z is controlled by dropping small
elements of R with the drop tolerance o.

RIC2 (RIGHT-LOOKING VERSION)
1. R =lower(A)

3. 14, 4) =1, 9)

4. for i=j5+1,74+2,...,n
5 if |a(i,7)|/r(j,j) >0

6 (i, j) == r(i,5)/r(5,J)
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7. f(i.§) =0

8. else

9. r(i,j) =0
10. £,9) = v, 1) /7. )
11. end if
12.  end for
13. for k=j+1,7+2,...,n
14. r(k:n, k) :=rk:nk)—r(k,j)r(k:n,j)
15. r(k:n,k):=r(k:nk)—rk,j) f(k:n,j)
16. r(k:nk):=r(k:nk)— f(k,j)rk:n,j)
17.  end for
18. end for

The RIC2 factorization can also be computed by a left-looking al-
gorithm. By comparing the jth column in the factorization (4.23), we

have ]
J

a; = Z(Tjkrk + ik fr + fipTr)- (4.26)
k=1
This says that
j—1
ri(ry + fi) = a; — Z(ij + 7k fe + finTr)-
k=1

Thus, to compute the jth column of R, one first computes

j—1

v =aj— Z(Tjkrk + ik fr + fixre). (4.27)
k=1

Then, the jth diagonal entry of R is given by
Tjji = Vi

and the rest of the non-zero elements in r; and f; are computed based
on the sparsity set Z:

fori>j+1,
rij = Vi1, fij = 0, if (i,5) € 2,
rij =0, fij = v(4)/r4, otherwise.

The following algorithm computes the RIC2 factor R in the left-looking
fashion, where the sparsity of R is controlled by a drop tolerance o.

RIC2 (LEFT-LOOKING VERSION)
1. for j=1,2,...,n
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Table 11: RIC2/left, o = 0.012, (N, L,t, 3) = (16 x 16,80, 1,10).
U | 0 1 2 3 4 5 6
Mem(R) 5 5 5 5 5 5 5
Wksp. 129 129 129 129 127 127 127
Iters. 16 36 73 194 344 453 539

P-time 179 18 188 190 190 190 1.88
S-time 0.12 0.27 0.57 1.52 2.70 3.57 4.24
T-time 191 213 245 342 460 547 6.11

2. w@:n)=a(f:n,j)
3. for k=1,2,....5—1
4 ’U(j in) = v(j in) — T(.j:,ki)T(j n, k)
5 v(jin)=v(j:n)—r(k)f(:nk)
6. w(jin)=v(i:n)— fG.R)r( 0 k)
7 end for
8. r(4,j) =)
9. for i=j5+1,74+2,...,n

10. if |w(i)|/r(4,4) >0

11. r(i,5) = v(i)/r (4, )

12. fl,5)=0

13. else

14. r(i,j) =0

15. £0,3) = v(i) /(. )

16. end if

17.  end for

18. end for

Note that in the above algorithm, the columns fi, fo,..., f;—1 of the

matrix I are required to compute r;.

HQMC application. Since the left-looking implementation of RIC2
needs to store the entire error matrix F, it requires a large amount of
workspace. For example, Table 11 shows that the workspace is about
128MB. It runs out of core memory for N = 48 x 48 and L = 80. The
right-looking implementation reduces the workspace by a factor of more
than 10 but with a significant increase of the CPU time as shown in
Table 12. Note that the left-looking and right-looking implementations
of RIC2 produce the same preconditioner R. Therefore, the storage
requirement for R and the number of the PCG iterations are the same.
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Table 12: RIC2/right, o = 0.012, (N, L, t, 3) = (16 x 16,80, 1, 10).

U | 0 1 2 3 4 5 6
Mem(R) 5 5 5 5 5 5 5
Wksp. 11 11 11 11 11 11 10
Iters. 16 36 73194 344 453 539

P-time 19.29 19.29 1931 19.31 19.34 19.28 19.19
S-time 0.12 0.27  0.57 1.52 2.70 357 4.24
T-time 19.43 19.58 19.90 20.84 22.06 22.87 23.45

4.5.3 RIC3

One way to reduce the large workspace requirement of the RIC2 factor-
ization (4.23) is to impose additional sparsity of the error matrix F' with
a secondary drop threshold. This was proposed in [40]. It begins with
setting the error matrix E as

E=RFT+FRT+S8—-D+ ST,

where S is a strictly lower-triangular and represents the discarded ele-
ments from F', and D is diagonal. It means that we compute a precon-
ditioner R satisfying

A=RRT+RFT +FRT+S—D+ 57T,
(4.28)

st. —(S—D+ST) > 0.

The sparsity of R and F are controlled by the primary and secondary
drop thresholds o7 and o9, respectively. Similar to the RIC1 factoriza-
tion (4.15), the diagonal elements D is dynamically updated such that
—(S — D+ ST) > 0. As a result, the robustness of the factorization
is guaranteed. We called this as version 3 of the RIC factorization, or
RIC3 in short.

With the factorization (4.28), the residue becomes
R'ART - I=FRT+R'F"+RY(S-D-S"R™T.

Therefore, we see that the residue norm is amplified by a factor of ||[R™1||
on the primary error ||F|| = O(o1), and a factor of ||[R™!||? on the
secondary error ||S — D — ST|| = O(o3). The RIC3 factorization will be
able to preserve at least the same quality of the RIC2 preconditioner R
as long as o9 is small enough.

The RIC3 factorization (4.28) can be constructed by using the fol-
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lowing partition and factorization:
A= a}\l 6T _ 7’/1\1 0 10 r11 ?T +
a Al r I 0 Cl 0 I

r11 0] [0 f7 007 [ry, 77 —d; s
a0 ol (50 )+[ 7 )
(4.29)

where Oy = Ay + Dy =777 —7f — 77
By the first column of the both sides of the factorization, we have

2
ail =Ty — dl;

Zl\:?Tll-i-f’rll + 5.

-~

It suggests that we first compute the vector v = (¥ + f)r11 by imposing
the sparsity constraint with the secondary drop tolerance o9, i.e.,

fori <mn—1,

V; :Zii,?i:(), ifT>O’2,
v; =0, §; = a;, otherwise,

where P
1
a2

(a11 +di)(al)’ +dM)

T =

(1

and a;;
tively.

To ensure —(S — D + ST) > 0, if a discarded element @; is assigned
to the position §;, the corresponding diagonal element d; and dgl) are
updated,

) and dgl) denote the ith diagonal elements of A; and D1, respec-

d1 = d1 + 51, dil) = d,El) + (Si,

where d; and §; are chosen such that 61,9; > 0 and §,6; = §12 Initially,
all d; are set to be zero.
Subsequently, the entry r1; of R is given by

r11 = Va1 +di.

Finally, vectors 7 and fare computed by imposing the primary spar-
sity constraint on v with the drop threshold o1, i.e.,

fori<n—1,

ﬁ-:vi/rn,ﬁ:O, if |’U1‘|/T11 > 01,
7i=0, fi = vi/r11, otherwise.
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Note that the vectors 7~ and fare structurally “orthogonal”,i.e., 7; f; =0
for all 4.
If we have an RIC3 factorization of the (n — 1) x (n — 1) matrix Ci,

Cy = RiRT + R FT + RRT + 8, — Dy + ST, (4.30)

then the RIC3 factorization is given by

T11 0 0 0 0 O d1 0
f [TRJ’ {fFl]’S LSJ’ {0D1+D1
Thus, the RIC3 factorization can be computed by the repeated applica-
tion of (4.29) on (4.30).
The following algorithm computes the RIC3 factor R in the right-

looking fashion, where §; and d; are chosen in the same way as in the
RIC1 algorithms for the same increasing of the diagonal elements of D.

RIC3 (RIGHT-LOOKING VERSION)
1. R =lower(A)
2.d(1:n)=0
3. for j=1,2,...,n

4 for i=j+1,j+2,....n

5. 7= r(i, )|/ [(ali, ) + di)(alj, ) + d(5))]/
6. if 7<o09

7 r(i,7) =0

8. d(i) :==d(i) + 7(a(i,i) + d(3))

9. d(j) == d(j) + 7(a(4, j) + d(5))

10. end if

11.  end for

12 r(j,5) = Va(j,j) + d(j)
13. for i=j4+1,74+2,...,n

14. if |7“(’L,j)|/’l“(j,_j) > 01

15. T(iaj) = ’I“(Z,j)/’l"(j,j)

16. Flig) =0

17. else

18. r(i,j) =0

19. £G.3) = (i, )/r(.5)

20. end if

21.  end for

22. for k=j54+1,74+2,...,n

23. r(k:n, k) :=r(k:nk)—rk,jrk:n,j)
24. r(k:n,k):=r(k:nk)—rk, ) (k:n,j)
25. r(k:nk):=r(k:nk)— f(k,jrk:n,j)

26. end for
27. end for
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We remark that in the previous right-looking algorithm, the jth col-
umn f; of F' can be discarded after it is used to update the remaining
column 741,...,7n.

The RIC3 factorization can also be computed by a left-looking al-
gorithm. By comparing the jth column in the factorization (4.28), we
have

?
aij = sij+ »_(rjrik + i fik + firrin),  i=7+1,5+2,...,n.
k=1

This says that

Jj—1
2 o 2
ri; + d;; = ajj g Tk
k=1

and
j—1

rij(rij + fir) + 805 = aij — Y _(riw(rie + fie) + figran), i=j+1,...,n.
k=1

Therefore, to compute the jth column of R, one first computes the vector

j—1

v=a;— > (r(re + fr) + Firre)-

k=1

Then the sparsity of v is imposed with the secondary drop threshold o5,
i.e.

fori>j+1,
Sij:()a ifT>O’2,
845 = v, v; = 0, otherwise,

where

2 1/2
Ui

B {(aiz‘ + di)(a;; + dj)

To ensure —(S — D + S7) > 0, if a discarded element @; is entered into
the position §;, the diagonal elements d; and d; are updated,

dzidz+5z, dj:dj+5j;

where 0; and §; are chosen such that §;,; > 0 and 9;6; = sfj Initially,
all d; are set to be zero.
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Subsequently, the jth diagonal entry of R is given by
rjj = /v + dj,

and the rest of non-zero elements in r; and f; are computed by imposing
the primary sparsity constraint on v with the primary drop threshold o,
ie.

fori>j+1,
Tij = vi/155, fij = 0, if |vil/rj; > o1
rij =0, fij = vi/rjj, otherwise.

The following algorithm computes the RIC3 factor R in the left-looking
fashion.

RIC3 (LEFT-LOOKING VERSION)
1.d(1:n)=0
2. for 7=1,2,...,n

3. v(@:n)=a(j:n,j)

4. for k=1,2,....k—1

5. v(j:n):=v(G:n)—r(k)rQFnk)
6. w(jin)i=(jn) —r(ik)f(F k)
T (i) = (i n) — £ R k)
8. end for

9. for i=j5+1,74+2,...,n
10. 7 = [v(i)|/[(ali, ) + d(@))(a(j. ) + d())]"/?

11. if 7<o09

12. v(i) =0

13. d(i) :==d(i) + 7(a(i,i) + d(3))
W d() = d) + r(al,g) +d()
15. end if

16.  end for

17 r(4,7) = Vo(j) + d(5)
18. for t=j5+1,74+2,...,n

19. it |v(@)|/r(4,5) > o1
20. r(i, j) = v(i)/r(4, j)
21, f(i j) =0
22. else
23. r(i,7) =0
24. £(i,5) = v(D)/r(i, )
25. end if
26. end for
27. end for
Note that in the above algorithm, the columns fi, fo,..., fj—1 are

needed to compute the jth column r;.
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Table 13: RIC3/left, o1 = 0.005, o2 = 0.00025, (N, L,t,3) = (48 x
48,80,1,10).
U | 0 1 2 3 4 5 6

nnz,(R) | 25.84 2724 26.98 26.73 26.53 26.35  26.20
nnz,.(F) | 42.65 51.84 49.04 46.90 45.21 43.85  42.69

Mem(R) 58 61 60 60 99 99 99
Wksp. 200 236 226 217 211 206 201
Itrs. 12 29 66 106 1026 3683 5412

P-time 5.54 636 607 584 5.65 5.51 5.46
S-time 0.60 149 333 9.22 51.12 18224 296.24
T-time 6.13 786 940 15.05 56.77 188.05 301.71

HQMC application. Table 13 shows the numerical results of the
RIC3 preconditioner computed by the left-looking implementation. The
drop thresholds are set to be o7 = 0.005 and oo = 0.00025. With these
drop thresholds, the RIC3 preconditioners R are of about the same spar-
sity as the IC, and RIC1 preconditioners presented Tables 9 and 10,
respectively.

The RIC3 factorization introduces smaller diagonal updates D and
results a preconditioner of better quality than the RIC1 preconditioner.
Even though the quality of the IC, preconditioner for the particular
choice of the shift reported in Table 9 is as good as the RIC3 precon-
ditioner, the robustness of the IC, factorization is not guaranteed, and
the quality strongly depends on the choice of the shift «.

The right-looking algorithm is not competitive. Similar to the RIC2
implementations, although the right-looking implementation reduces the
workspace requirement, it significantly increases the CPU time.

4.6 Performance evaluation

The numerical results presented so far in this section indicate that the
IC, and RIC3 preconditioners are the most competitive ones for solving
the HQMC linear system (4.1). In this section, we focus on these two
preconditioners and evaluate their performance for solving HQMC linear
systems (4.1) with respect to the length-scale parameter N and energy-
scale parameter U. The rest of parameters of the linear systems are
(L,t,8, 1) = (80,1,10,0). The IC, preconditioners are computed with
the diagonal shift « = 1072 and the drop tolerance ¢ = 1073. On
the other hand, the RIC3 preconditioners are computed with the drop
tolerances o7 = 1072 and oy = 1073.
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Figure 4.7: Number of PCG iterations using IC,, preconditioner, U =
0,1,2,3.

4.6.1 Moderately interacting systems

Figures 4.7 and 4.8 show the performance of the PCG solvers using
IC, and RIC3 preconditioners for moderate interacting systems, namely
U = 0,1,2,3. These plots show that as lattice size N increases, the
numbers of PCG iterations are essentially constants for U = 0,1,2 and
only increases slightly for U = 3.

The number of PCG iterations indicates the linear-scaling of PCG
solver with respect to the lattice size N. Figures 4.9 and 4.10 show the
CPU elapsed time. The black dashed lines indicate the linear-scaling for
U =1 and 3. The CPU time at N = 40 x 40 is used as the reference
point.

To summarize, the quality of the IC, and RIC3 preconditioners are
comparable. The IC, preconditioner is slightly more efficient than the
RIC3 preconditioner in terms of the total CPU elapsed time. We should
note that even though the pivot breakdown did not occur with the shift
o = o, the IC, factorization is not provable robust.

4.6.2 Strongly interacting systems

For strongly interacting systems, namely U > 4, the number of PCG
iterations grows rapidly as the lattice sizes N increasing as shown in
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Figure 4.10: CPU time of PCG using RIC3 preconditioner, U = 0,1, 2, 3.

Figures 4.11 and 4.12. The CPU elapsed time are shown in Figures 4.13
and 4.14. As we see that the RIC3 preconditioner slightly outperforms
the IC, preconditioner. However, for both preconditioners, the total
CPU time of the PCG solver scales at the order of N2. The dashed
line indicates the desired linear-scaling for U = 4. The CPU time at
N =40 x 40 is used as the reference point.

To summarize, for strongly-interacting systems, the linear equations
(4.1) are ill-conditioned. It remains an open problem whether there is a
preconditioning technique to achieve a linear-scaling PCG solver for the
strongly-interacting systems.

Remark 4.1. We have observed that for strongly-interacting systems, the
residual norm stagnates after initial rapid decline. Figure 4.15 shows
the relative residual norm of the PCG iteration for (N, L,U,t, 3, u) =
(32 x 32,80,6,1,10,0).

The plateau is largely due to the the slow decay of the components of
the residual vector associated with the small eigenvalues of the precon-
ditioned matrix R~'AR~T. Several techniques have been proposed to
deflate these components from the residual vector as a way to avoid the
plateau of the convergence, see [32, 36, 35, 45, 46] and references within.
It remains to be studied about the applicability of these techniques to
our HQMC applications.
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4,5,6.
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Appendix A. Updating algorithm in DQMC

In this appendix, we discuss the single-state MC updating algorithm
to provide a fast means to compute the Metropolis ratio in DQMC de-
scribed in Section 1.2.2.

A.1 Rank-one updates

Consider matrices M7 and Ms of the forms
My =1+FV; and Ms=1+ FVs,

where F' is a given matrix. V; and V5 are diagonal and nonsingular, and
moreover, they differ only at the (1,1)-element, i.e.,

Vi Wa =T+ ajerel,

where
L2(]-a]-)
1= —2

Vi(,1)

and e; is the first column of the identity matrix 1.
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It is easy to see that Ms is a rank-one update of M;:

My=T+FV, +FVi(V, Vo — 1)
= M1 + Oél(Ml — 1)616{
= M; [I+ al(I — Mfl)eleﬂ .

The ratio of the determinants of the matrices M7 and M5 is immediately
given by!?
det [MQ]

=2 1—ef M tey). 4.31
det[Ml] +Oél( el 1 61) ( )

T1

Therefore, computing the ratio r; is essentially about computing the
(1,1)-element of the inverse of the matrix M.

By Sherman-Morrison-Woodbury formula,'? the inverse of the matrix
M is a rank-one update of M; *:

Myt = {1 — ‘:—11(1 - Mll)elelT] M

=Mt - <ﬂ> uw? (4.32)
1

where
Uy = (I - Mfl)el, wy = MfTel.

Now, let us consider a sequence of matrices M;11 generated by rank-
one updates
M1 =1+ FVi

fort=1,2,...,n—1, where

) Vig1(i,i
Vi Wig =1 + aieiel ai:%ﬂ'))_l

Then by equation (4.31), we immediately have

o det[Mi_,_l]

e det[M;] =1+ ai(l1—ef M; 'ey),

and
-1 -1 Qg T
Mi+1 =M, — (_) Uiw;

Ti

where u; = (I — Mi_l)ei and w; = Mi_Tei.

I3Here we use the fact that det[I + 2y”] = 14 yTz for any two column vectors x
and y.
WAa+uvh—l=A-1 A"l 1 +vTA-lu)~luTA-L



Numerical Methods for QMC 103
Denote
Up = [ur,uz, - ,up—1] and W = [wy,wg, -, wr_1].

then it is easy to see that the inverse of M} can be written as a rank-
(k — 1) update of M, *:

Mo =M — U1 DWW,

where Dk = dlag(a_l Q2 O‘k—l)

)
Numerical stability of the rank updating procedure have been exam-
ined in [54] and [55].

A.2 Metropolis ratio and Green’s function computations

As we discussed in section 1.2.2 of the DQMC simulation, it is necessary
to repeatedly compute the Metropolis ratio

~ det[M(h)] det[M_(h")]

~ det[My(h)]det[M_(h)]

for configurations h = (h1, hg,...,hr) and b’ = (h, hb, ..., h}), where
M, (h) is defined in (1.18), namely

My(h) =1+ Bp o(hr)Br-1,6(hr-1) - B2.o(h2)B1,5(h1).
The Green’s function associated with the configuration & is defined as

G (h) = M;(h).

g

In the DQMC simulation, the elements of configurations 4’ and h are
the same except at a specific imaginary time slice ¢ and spatial site i,

!
hii = —he.

It says that the configuration h’ is obtained by a simple flipping at the
site (¢,1).

The Monte-Carlo updates run in the double-loop for ¢ = 1,2,...,L
and ¢ =1,2,..., N. Let us start with the imaginary time slice £ = 1:

e At the spatial site ¢ = 1:
h’L1 =—hi1.

By the relationship between M, (k') and M, (h) and equation (4.31),
one can derive that the Metropolis ratio r1; is given by

11 = der,, (433)
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where for o = +,

de =14+ 014 (1 — eTM_l(h)el)

1 o

=1+a1,(1-G7(h),

and

Oé1 - = e—20’l/h171 _ 1

)

Therefore, the gist of computing the Metropolis ratio 711 is to com-
pute the (1,1)-element of the inverse of the matrix M, (h). If the
Green’s function G (h) has been computed explicitly in advance,
then it is essentially free to compute the ratio rq1.

In the DQMC simulation, if the proposed h' is accepted, then by
the equality (4.32), the Green’s function G?(h) is updated by a
rank-one matrix:

Go(h) — G°(h) — 22 4w

[ea
T11

where
Uy = (I —G?(h))e; and w, = (G7(h))Te;.
At the spatial site i = 2:
h’172 =—h19.
By a similar derivation as for the previous case, we have
r1g =dyd_, (4.34)
where for o = +,
dey =1+ a2y (1 —G5(h), ag,=e M2 _1.

Correspondingly, if necessary, the Green’s function is updated by
the rank-one matrix

G7(h) «— G?(h) — P20 upw? .

12 7
where
ug = (I —G°(h))es and w, = (G7(h))" ea.

In general, for i = 3,4,..., N, we can immediately see that the
same procedure can be used for computing the Metropolis ratios
r1; and updating the Green’s functions.
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Remark 4.2. For high performance computing, one may delay the update
of the Green’s functions to lead to a block high rank update instead of
rank-one update. This is called a “delayed update” technique.

Now, let us consider how to do the DQMC configuration update for
the time slice £ = 2. We first notice that the matrices M, (h) and M, (h’)
can be rewritten as

—

(h1)My(h)B1,6(h1)
(R4) Moy (h) By ()
where

M,(h) =1+ Bi,(h1)Br,o(hr)Br-1,0(hp—1) - Bao(h2)

Ma(h/) =TI+ Bl,a(hll)BL,a(hlL)BLfl,a( /L—1) o 'B2,U(h/2)-

The Metropolis ratios r9; corresponding to the time slice £ = 2 can be
written as
det[M, (b)) det[M_(R")]  det[M, (k)] det[M_(h')]
T et M ()] det DI ()] T det[M, ()] det[M_(h)]
and the associated Green’s functions are given by “wrapping”:

G7(h) — By 3 (h1)G” (h)B1,o ().

As a result of the wrapping, the configurations he and hf, associated
with the time slice £ = 2 appear at the same location of the matrices
M,(h) and M,(h') as the configurations h; and h} at the time slice
¢ = 1. Therefore, we can use the same formulation as for the time slice
¢ =1 to compute the Metropolis ratios ry; and update the associated
Green’s functions.

For ¢ > 3, it is clear that we can repeat the wrapping trick to compute
the Metropolis ratios r¢; and updating the associated Green’s functions.

Remark 4.3. By the discussion, see that the main computing cost of
computing the Metropolis ratios ry; is on the Green’s function updating.
It costs 2N?2 flops for each update. The total cost of one sweep through
all N x L Hubbard-Stratonovich variables h is 2N3L. An important issue
is about numerical stability and efficiency of computation, updating and
wrapping of the Green’s functions. A QR decomposition with partial
pivoting based method is currently used in the DQMC implementation
[11].

Appendix B Particle-hole transformation

In this appendix, we present an algebraic derivation for the so-called
particle-hole transformation.



106 Bai, Chen, Scalettar, Yamazaki

B.1 Algebraic identities

We first present a few algebraic identities.

Lemma 4.1. For any nonsingular matrix A,
(I4+A Yt =T1-(T+A)7"

PROOF. By straightforward verification. [J

Lemma 4.2. Let the matrices A, be symmetric and nonsingular for ¢ =
1,2,---,m, then

T+ A AT AT =T — (T4 A Ay - AT

PROOF. By straightforward verification. [J

Theorem 4.1. For any square matrices A and B, if there exists a non-
singular matrix II such that

[MA+ All=0 and IIB— BII =0,
namely, IT anti-commutes with A and commutes with B. Then we have
(I+eA By =T -1 (I + AP (4.35)

and
det [1 + eA_B] = TA=B) det [T+ eA+B] . (4.36)
PRrROOF. First, we prove the inverse identity (4.35),
(I+€A7B)71 . (I+€7A+B)71 S (I+6H*1(A+B)H)71
=T — (I +T AP~ = 1 T 1T + AT 8) 7L

Now, let us prove the determinant identity (4.36). Note that
T+er B =eAB(r4 e_(A_B)) = A B(I 4 e 1B
_ 61443(1Jr eH’lAHJrH’lBH) _ eAfB(IJerleAJrBH)
= AP (T 4 2B
Hence, we have

det [I + e8] = det[e?P] - det[II'] - det[I + e*TP] - det[II]
= ¢T(A=B) det[I 4 AP,
For the last equality, we used the identity det eV = e™W for any square
matrix W. U

The following theorem gives the relations of the inverses and deter-
minants of the matrices I + e“e~5 and I + e“eP.
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Theorem 4.2. For symmetric matrices A and B, if there exists a nonsin-
gular matrix IT such that

MA+ Al =0 and IIB - BII=0.
Then we have
(I+ete™ )yt =1 -T7T(I +eeB)~TOT (4.37)

and
det[I + e?te™B) = eTA=B) det[T 4 ee?] (4.38)

PROOF. Similar to the proof of Theorem 4.1. [J
The following two theorems are the generalization of Theorem 4.2.

Theorem 4.3. Let M, = I + e?e?BredeBr—1...e4e7B1 where A and
{B¢} are symmetric, o = 4, —. If there exists a nonsingular matrix IT
that anti-commutes with A and commutes with By, i.e.,

A+ AIl=0 and IIBy— Byll=0 forl=1,2,... k.

Then we have
Mt =1-1mTMmTa" (4.39)

and
det[M_] = FTr(A)=Eima T(Be) et [N, | (4.40)

Theorem 4.4. Let A and B be symmetric matrices and W be a non-
singular matrix. If there exists a nonsingular matrix II such that it
anti-commutes with A and commutes with B, i.e.,
MA+ AIl=0 and B - BII=0
and furthermore, it satisfies the identity
II=winw?.

Then

(I+ete PW) =T -1 T(I 4 AePw)~THT (4.41)
and

det[I + e?te™BW] = eT"A=B) . det[W] - det[I + e?eBW]. (4.42)
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B.2 Particle-hole transformation in DQMC
For the simplest 1-D lattice of N, sites:

01 1

101

K,—| 101

1 10| n

and N, x N, diagonal matrices V; for £ = 1,2,..., L, if N, is even, the
matrix
I, = diag(1,-1,1,-1,...,1,-1)

anti-commutes with K, and commutes with V,:
I.K, + K, II, =0

and
IL,V,— VI, =0 for ¢=1,2,...,L.

Then by Theorem 4.3, the determinants of the matrices M_ and M,
satisfy the relation

det[M_] = e~ Zé=1 (Vo) det[ M, ].

For the Green’s functions:

G° = M- = (I + eATtKweUVL eATtheUVL71 . .eATtKweavl)*l
g

where 0 = 4 or —, we have
G~ =1-T,(GHT1,.

This is referred to as the particle-hole transformation in the condensed
matter physics literature because it can be viewed as a change of oper-
ators ¢;| — ¢, .

For a 2-D rectangle lattice with IV, x N, sites:

K=K, ®l+I0K,.

and NN, x N, N, diagonal matrices V; for { = 1,2,..., L, if N, and
N, are even, the matrix
I=1II, ®1I,

anti-commutes with K and commutes with Vj:

IIK+KII=0
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and
nv,—Vv,I=0 for ¢=1,2,..., L.

Then by Theorem 4.3, we have

det[M_] = e Z¢=1 (Vo) det[ M, ].
This is the identity used for the equation (1.26). For the Green’s func-
tions, we have

G7 — M-l = (I 4 eATHK (o VL (ATEK (Vi ,eATtKeavl)*l
g

where o = + (spin up) or — (spin down), we have
G~ =I1-1GHm.
This is the particle-hole transformation for the 2D rectangle lattice.

B.3 Particle-hole transformation in the HQMC
In the HQMC, we consider the matrix M, of the form

I eATtKeaVl
_eATtKeaV2 T

76A'rtKeaV2 I

. _eATtI.(eaVL T
=T1+ee’PP,
where A = diag(A7tK, A7tK,...,ArtK) and D = diag(Vy, Va,..., VL)

and
0 I

~10
p_| ~-I0

-I0
Note that det[P] = 1. It can be verified that for the 1-D or 2-D rectangle
lattice, i.e., K = Ky or K = K; ® I + I ® K, as defined in B.2, the

matrix

I=I®I, (1-D)

or
M=1xI,®P, (2D)

anti-commutes with A and commutes with D, i.e.,

A+ Al =0, IID— DI =0.
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Furthermore, it satisfies
1= PIPT.

Then by Theorem 4.4, the determinants of M, and M_ are related by
det[M_] = e~ Zima T(V) . det[M].

and the Green’s functions G° = M ! satisfy the relation

G~ =1-1(GHTm.

Remark 4.4. Besides the 1-D and 2-D rectangle lattices, namely the
lattice structure matrices K, and K as defined in B.2, are there other
types of lattices (and associated structure matrices K') such that we can
apply Theorems 4.4 to establish the relationships between the inverses
and determinants in the DQMC? It is known that for the honeycomb
lattices, it is true, but for the triangle lattices, it is false. A similar
question is also valid for the HQMC. Indeed, it works on any “bipartite”
lattice, i.e., any geometry in which sites divides into two disjoint sets A
and B and K connects sites in A and B only.

B.4 Some identities of matrix exponentials
1. In general, eAtB £ e4eB and edeB #£ eBeA.
2. If A and B commute, namely AB = BA, then e4t8 = e4eB =
B_A
e®es.
3. (et)t=e4

-1
P AP _ P—leAP

is Hermitian if A is Hermitian

e
H .
5. (eA) =eA” for every square matrix A
e
e is unitary if A is skew-Hermitian

A

A
6. det e = ™4 for every square matrix A
7. eARIHI®B _ (A g B
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