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Program code

In the following the program code, which was written in the context of this Masterthesis, is
listed and differentiated from the programs, which were used but not programmed by the
author:
written by Markus Dutschke in the context of this Masterthesis:

e DMFT loop: as described in 1.4

o CT-QMC solver: as described in 3

e different shell scripts used for job handling on ALCC and on local computers

written by others:

e fast Fourier transformation: written by Junya Otsuki, 2009, Dept. of Physics, Tohoku
University, Sendai, Japan

e analytic continuation (maxent): implemented by Mark Jarrell and J.E. Gubernatis,
1990 following [5,27]
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Abstract

Strongly correlated electron systems provide a large variety of interesting phenomena includ-
ing superconductivity, quantum information or quantum computing that triggers an intense
interest towards correlated electron materials. The prototype models of correlated electron
systems are the Hubbard and the Kondo models and it is known that these models are in
general not solvable analytically. The difficulty steam from the none perturbative nature
of these problems, and existing analytical solutions are always bases on serious simplifica-
tions 9, 11]. A very efficient method, suitable to describe these kind of systems is the so
called Dynamical Mean Field Theory (DMFT). DMFT is based on the mapping of the many-
particles/orbitals Hubbard model into a single impurity Anderson Model. In the pioneering
work of Metzner and Vollhardt [24] it is shown that the Hubbard model is exactly solvable in
the limit of infinite coordination number z. For the Hubbard model in a face-centered cubic
lattice at three dimensions the number of nearest neighbours is z = 12 and even though z
is finite DMFT provides a useful solution. The systematic increase in computational power
contributed significantly to the development and the success of DMFT.

A recent development in the field of correlated electrons materials is the combination of
DMFT with the Density Functional Theory (DFT) [18]. DFT provides the realistic materials
input while the problem of the interactions between electrons is solved within DMFT. In
such a combined approach the weakly coupled/correlated electrons (on s,p orbitals) are
treated using DFT and the strongly correlated electrons (on d or f orbitals) are treated
using DMFT.

This work will focus on the description of strongly correlated electrons using DMFT. From
a technical point of view DMFT was formulated in a close set of self-consistent equations, in
which the most important step - the impurity solver - is non trivial. There are several im-
purity solvers available, which use different methods and are efficient in different parameter
regimes. In the followings a brief list of different solvers is presented:

e Iterative Perturbation Theory (IPT): historically one of the first solvers, that imple-
ments the computation of the second-order self-energy.

e Numerical Renormalization Group (NRG): is an accurate and broadly used zero tem-
perature solver, extension for finite temperatures being available.

e Hirsch-Fye Quantum Monte Carlo (HF-QMC): very extensively used solver for models
with few orbitals, prior to the invention of the continuous time version. Its computa-
tional complexity increases for multiband systems and low temperatures considerably.
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e Continuous-time Quantum Monte Carlo (CT-QMC): an improved solver using QMC.
Low temperatures and multi-orbitals are accessible. Runtime and precision continu-
ously adjustable.

e Exact Diagonalisation (ED): exact solver, but limited due to the dimension of the
Hilbert space. efficient and precise for small systems

More recent solvers implement DMRG, PEPS....

The usual QMC procedure consists in statistical sampling of terms derived from a perturba-
tive expansion. There are several ways to perform the perturbative expansion. Expanding
upon the interaction gives rise to the method called interaction expansion CT-QMC(-INT).
Another option is the auxiliary field expansion which is a technique developed starting from
the HF-QMC. The present work deals with the technicalities, fundamental concepts and
the implementation of a Continuous-Time Quantum Monte Carlo (CT-QMC) solver in hy-
bridisation expansion (CT-HYB), together with the application of the Hubbard model in
magnetic field at half-filling. The thesis is structured as follows:

In the 1. Chapter, the cavity construction is discussed as the key concept used for the
mapping of the lattice model into a single impurity. The formulation of the effective action
is given and the concepts of bath green’s function/Weiss field, local Green’s function are
introduced. These quantities are essential for the derivation of the self-consistent set of
Dynamical Mean Field Theory equations. The consequence of a finite number of Matsubara
frequencies is the presence of high energy tails of the Green’s function and/or self-energy.
This problem is also discussed in this chapter in connection to the computation of the number
of particles.

In the 2. Chapter the solution of the single Anderson impurity model is presented. For
the analytic solution the equation of motion technique is used. For the sake of simplicity the
hybridization expansion is illustrated on the spinless single impurity Anderson model using
the technique called the segment picture. The corresponding extension including spin and
magnetic field is also presented. At the end of the chapter the evaluation of the one particle
(Green’s function) and two particle (susceptibility) correlation function is discussed.

Chapter 3 deals with the practical implementation of CT-QMC algorithm. The essentials
of the Monte Carlo scheme are introduced the metropolis and the detailed balance condition
are discussed. The updating processes are described in detail, such as the fast update
scheme together with many computational details and testing aspects of the code. The
analytic solution from Chapter 2 as well as the technicalities turned out to be essential for
testing purposes.

The numerical results for the Hubbard model in magnetic field at half-filling are presented
in Chapter 4. These are the original results of the thesis and are compared with the paper
of Bauer et. al. [3]. The effective mass enhancement as a function of the applied field is
discussed. A good agreement with the results using the NRG method of Bauer et. al. 3] is
obtained.



1. Introduction to DMFT

The Hubbard model is a quantum mechanical model to describe interacting electrons on a
lattice. In its simple form it describes the competition between the kinetic energy correspond-
ing to the hopping and a local interaction. The kinetic energy corresponds to the hopping
process from one lattice site to another. Suppressing the interaction-term, the Hubbard
model becomes the usual tight binding model known from solid state physics, characterized
by the hopping amplitude ¢. The hopping amplitude between neighbouring sites represents
physically the overlap between the atomic orbitals, centered on the neighbouring sites. The
electronic interaction in the Hubbard model is modelled by the so-called on-site repulsion
U, when two electrons happen to be on the same lattice site. For fermionic systems, due to
the Pauli principle, there can only be 2 electrons with opposite spins per lattice site. So in
the single band Hubbard model electrons with the same spin can never interact while in the
multiband Hubbard models such interaction is present.

The Hubbard model can only be solved analytically in special limits and in one dimension [9].
Being a lattice model the number of sites considered on the lattice is limited by the dimension
of the Hilbert space. Stochastic methods, based on Monte Carlo sampling for the lattice
problem, exist and may provide exact solutions. However for very low temperatures and large
system sizes the computational effort increases siginificantly. Alternatively, the Hubbard
model can also be studied using Dynamical Mean Field Theory (DMFT) which becomes
exact in the limit of infinite connectivity z [10]. The DMFT scheme maps self-consistently
the lattice problem into a single site Anderson impurity model (SIAM), and in this way
simplifies the problem considerably. The STAM consists of only one lattice site (the impurity)
and a non interacting bath coupled to it. The impurity is one of the lattice sites of the lattice
model. The bath models the presence of all lattice sites and the hopping into and outof the
impurity. Particles can jump from the bath on the lattice site with a hybridisation term V'
and interact there with a particle with opposite spin (single orbital case). The interaction
is again represented by the same U parameter. The Pauli principle holds here as well and
restricts the maximum number of particles on this impurity to one, for each spin in the
single orbital case.

As the impurity model is in general easier to solve using numerical methods (this is called
the impurity solver), one can calculate the Green function on this impurity. The local
approximation of DMFT states that this impurity Green function is equal to the local
Green function of the lattice.

In many examples the single orbital Hubbard model is considered on a Bethe lattice. The
Bethe lattice, also called "Cayley tree", is a lattice with infinite connectivity, which results in
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a semicircular non interacting density of states with bandwidth D = 2¢. The non-interacting
density of states serves as an input parameter for the simulations performed.

1.1. Cavity method

The following derivation is similar to [11-13,15,17,28|. The cavity method describes the
mapping of a lattice problem to a single site in a mean field. The basic idea is, that we take
one special lattice site (site 0) and integrate out all other degrees of freedom in the partition
function. By this we derive an effective action and the "Weiss field".

First we start with the Hubbard Hamiltonian

H=— Z t,]cwcjg—i-ZUm,Tm’i—Z,u Tt + M) . (1.1)

<i,7>,0
with
lij; =15 € R (12)

(needed for a hermitian Hamiltonian, ¢; ; € C is only needed if a magnetic vector potential
is included into the Hamiltonian) and ) _, ;~ denoting the sum over all pairs of lattice sites
(counting each pair only once in contrast to ), j).

The partition function then writes

— / [[ D¢, Deioe® (1.3)

(where ¢ and ¢* are Grassmann numbers) with the corresponding action [6]

S:/ﬁdr [ZCZU(T) (%— )Czcr = el (T)esol )+;UWT(7)W,¢(T)

i,O’ 7.] o
(1.4)
Now we split the contributions to the action up into 3 parts:
S =5Sy+AS+ 5. (1.5)

Sy is called the cavity part, AS is called the exchange part and S is called the cavity-
lattice part (which is the lattice with the cavity removed).

Sy = / ar [Z (T (— _ u) o0 (7) + Unop (T, (7) (1.6)
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describes all processes, which are restricted to site 0,

B
AS = —/dT [Z ti,oc;g(T)co,g(T) + tO,iCS’U(T)Ci’U(T) (1.7)
0 1,0

describes all exchange processes between site 0 and the other sites,

B
SO — /dT
0

S o) (5 —n) cnl) = X tusctacialr)t

i#0,0 i#0,j70,0
+ Z Uni,T(T)nm(T)] (1.8)
i#0

describes all processes, which are not related to site 0. Further we define the ensemble
average (of the cavity-lattice) as

1
(X)) = Z_/ H DC;UDCZ-,UXe_Sw); Z) :/ H Dc;UDcwe_S(O). (1.9)
© 1#0,0 i#0,0

To get now the effective action Seg, we integrate out all the cavity-lattice degrees of freedom.
We start with the definition of the effective action by the ensemble averager and introduce
a random expression X, which only depends on ¢j, and ¢ ,:

(X)ert = (X) with X = X (¢} ,00) & (1.10)
1 . _g. ! 1 . _
7 /HDCOJDCO’UXQ Seft E/HDCZ',UDCLUXG o (1.11)
off o ©,0
1
== / [1Dcs ,DegoX e / 1 De;,Deipe2575 (1.12)
o i#0,0
Z . S, —
= % / HDCOJDCOJX@ %o (e %) ). (1.13)

The effective action follows as

Set = So + 1H<6_AS>(0). (114)

We express (e~ )(0) by its Taylor series. The odd powers of the Taylor expansion of e~

do not contribute, as we have an odd number of cavity-lattice operators (i.e. iy Or Cir)-
The ensemble average for odd parameters hence yields 0.

(A0 = ((AS)™) o
55y =3 n!) )©) :Z% (1.15)

n=0 n=0
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Further we use the following statement:

2n
A (AS) =) ( 37? > (—1)7“”/(171 . drdr AT, >
m=0 i1a~~-)im7j17~~7j2n7m
X tO,il - tO,imtjl,O . thn—mi)
X cp(11) - . cy(Tm) co(T]) - - - co(Tap_m)

X €y (T1) -+ - Cipy (T €, (11) ... C;Qn_m<7'én_m) (1.16)
=) ( 377;‘ > (=1 mE2n (1.17)

Here F?" is used as an abbreviating notation, which will only be used in the proof of this
statement.

For simplicity we dropped the spin index ¢. This can be done, as the hopping is spin inde-
pendent. This convention will hold until equation (1.24), where we reintroduce o again.

This statement can be shown via induction. For clearness lengthly proofs are written with a margin
and in a smaller font size.
First we show the n =1 case:

(—A8)?

B B
= / dr; [Z tioci (1i)co(ms) +to,icz;<n>cz-<n>] / drj | " tioci(r)eo(ms) + toch(7)ci(75)
0 i 0 J
B8
= / dridr; > [tiotsock (13)eo (7)) (7)o () + tioto jc} (mi)eo (i)l (1) e; (1))
0 i,J
+ to,itj,0¢0(7i)ci(Ti)e; (15)co(T5) +to,ito,j¢0(Ti)ci(Ti)eo(15)e; (75)]
=—FZ+2F} — FZ.

For the induction step we use the following relations:

n n n 2(n+1 n 2(n+1
Fﬁl -FOQZF%( +1)3 an 'F12:Fm(+1 )§ Fr2n, 'F22:Fm(+2 )a
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which are easily verifiable. Now, we can proof the assumption.

2n
(-8 —(-ASP-asP £ S0 (M) (s (<R 42t - 1)
m=0

Mm

( 2n ) 77,+l mF2 n+1) + Z < )( )n szm(ii‘rl)
n m n+1
( ) +1— Fm(+2 )

2n
n+1 m ;2(n+1) _1\n—(m—1) 2(n+1)
) F2n 1) 4 Z ( T > (1) 2F2

QM

n 277/ n—(m-— n
+z(m_2)<—1> i

m=2

(i) (Yoo e
2n
2n 2n 2n _1\n+1—m p2(n+1)

| )2 (e )+ ()

m

2n 2n n+1—(2n+1) p2(n+1) 2n n—2(n+1) p2(n+1)
2n>+<2n1>](_1) Fonir "+ | gn )| Y Fonry)

(”S’ 1) ) (—1yrH1-0 p2n+1) o K 2(”1+ 1) )] (=1)n 112D

2n
2(n+1) n+1l—m 2(n+1) 2(n+1) _\nt1—(2n+1) p2(n+1)
~ |:< m >:| (_1) Fm + m + 1 ( 1) F2n+1
2(n+1) n+1-2(n+1) p2(n+1)
* [( 2(n + 1) )] (=1) Font)
2(n+1)

_ ( 2(n+1) ) (—1)rHi=m p2(nt)

If we take the ensemble average, only the term with m = n survives. Note again, that 7, 7,
denote imaginary times and ¢,,j, denote lattice sites and the spin on those lattice sites.
These quantities are independent of each other even if they have the same index.

(€™25) ) = Z ((;'1)): /dT1 o.drpdry .. dTy, Z

n=0 81 5eeesbnyJ15eeesdn
X tO,zl tOZn tjl,O-'-tjn,O'CS(TI)H'CS(TTL) 'Co(T{)...Co(TT/L)
X GE?) '57“]17 7]7L <7—17 Tt 7Tn77—1,7 M 7T7,L) (118)
with
0 _ n *
G (Tl T oTl) = ()™ (71) i (T) s (1) o (T @) (1.19)

G is the n particle Green function of the system with the cavity excluded.
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According to the the linked cluster theorem [1,23] it follows:

Seff :So—i Z /dTl...dTndT{...dT;l

n=111,....0n

*

X tO,il c.. tO,inthO ... tjn,O 08(7'1) ... CO(Tn) 00(7'{) Ce CO(Trlz)

x (—=1)"G\0e (T1, o Ty Thy T (1.20)

ULseenn,J1ye5dn n

where G(9¢ denotes the connected n particle Greensfunction on the cavity-lattice.

1.2. Limit of infinite dimensions

The non-trivial scaling of the hopping parameter was first found by Metzner and Vollhardt
in 1989 [24]. According to [11,28] the hopping parameter ¢; ; scales with ¢; ; o W, where
d is the number of dimensions.

An argument for that scaling works as follows: Let P be the probability, that an electron
hops on site x (it does not matter from where). We can split P up in different hopping
processes, according to the number of lattice sites Ai, that have to be passed. In the

following we consider only hopping processes of order Az:
P=> P (1.21)
Ai

Each Pa; combines the hopping processes from all the neighbours with distance Ai to site x
(we will call those neighbouring sites i(Az)). Because of translation invariance all hopping

amplitudes are the same. We call the hopping amplitude t5;. The number of neighbours is
of order (2d)2%. So it follows

Pai =Y [tinyal® o< (2d)%tas]? (1.22)
i(n)

With Pa; being of order 1 we get directly:

A
2 .

tai o (2d) (1.23)

From that other scaling properties follow:

) le o« dA Y X d®": i,,j. are site indices, because these are the number of
neighbors in the considered distance.

. Gl(?)]n = (=1)™ciy(11) ... ¢ (7)) 0) X m with every index a different lat-
tice site.

This follows from the fact, that for every ¢/c* in the average, there has to be a ¢*/c
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from the expansion of the exponential function e~ “ Otherwise the term would van-
ish in the cavity-lattice average. With every set of ¢jc; from the expansion, there also
gets a factor t;; into the term. In the case with the highest contribution to Sesf (i.e.
lowest number of ¢ factors), i and j are both nearest neighbours to site 0. ' The
power of 2(n — 1) + 1 is a combinatoric issue, because we consider connected Green
functions here. 2(n — 1) +1 is the minimal number of terms, which is needed from the
expansion of =5 to produce a connected Green function, as illustrated in figure 1.1.

@)
St
&
<.
3
N O
S *
S
3
*
ti1,i2cilci2
C > O > e L L
Ciy Ciy Cip_q Ci,

Figure 1.1.: Schematic picture of the lowest-order (in ¢;;) connected diagram. Each of the
2(n — 1) + 1 lines contributes a factor ¢, ; as well as a ¢} and a ¢, to get an even
number of operators for each lattice site.

From that it follows, that the contribution to Sess, which has a n-particle Green function,
is proportional to d2*—").

For the case, that two lattice sites are equal, this result stays the same, as there is a factor d** from
the sums and a factor ﬁ from the Green function less. The argument for more than two lattice sites
being the same works analogue.

We see, that in the limit of infinite dimensions only the n = 1 contribution survives and the
effective action results to:

B8 B
Swz—Elﬂh&w&mWJm—HMAW+/&UWWMNW (1.24)
7 0 0

. d
G, (i — 1) =— (_ - ) Orim ~ Zt@oto,ngg),g(Tl —7)
4,J

—(d )gm—Am—@) (1.25)

dr

!Therefore they have Manhattan distance 2 to each other (the case, that i and j denote the same lattice
site is discussed later). This is the reason, why the square root is missing.
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G, ! is called the Weiss field. We also reintroduced the spin index o. We have now an
1-particle Green function included. As we have spin conservation at every vertex, we get
the condition o; = 0. Hence we introduce just one index o for that.

1.3. Local approximation

So far we derived an effective action Seq equation (1.25), which contains only a single particle
Green function. Unfortunately the effective action depends on the cavity-lattice Green
function G .The problem with the cavity-lattice Green function is, that it represents the
lattice without the cavity and still does not allow to solve the problem. The task is now,
to express the cavity-lattice Green function by better accessible quantities. In the limit of
infinite dimensions the cavity Green function can also be expressed as

Gi0.0Go,j
GO =Gy — 2000, 1.26
1,7,0 5T GO,O,J ( )

This expression was derived by Hubbard [15,17]. ? So the difference between the Green
function of the lattice without the cavity and the lattice with the cavity, are all paths which
go through site 0. Because of the d — oo limit only paths are considered, which pass site

0 once. To avoid counting the paths entering and leaving site 0 twice, we need the factor
1
Go,0,0 "

We Fourier transform the Weiss field (equation (1.25)) with respect to the time domain *

f(r) = Z fliw,)e ™7 5, 4, = Z e~ wn(m1=72) (1.27)

Wn

The Weiss field in Matsubara domain hence reads

Gy (iwn) =itwn + = 3 tioto jG\ope (iwn) (1.28)
=F"(iw,) + ch,(zun) — A(iw,) (1.29)
with
F (iw,) = iw, + p — Sy (iwy,) (1.30)
Aliw,) =D tioto ,Giry (iwy). (1.31)
2%

2 The proof is based on the key points:
a) the Green function can be expressed in terms of an inverse Hamilton matrix
b) the equation hence becomes a matrix equation, where the index () means, that a row and a column
are set to zero
¢) a similar method like the one to derive (3.34) can be used.

3 Here we have a discrete Fourier series, due to the fact, that the Green function is only defined on the
interval 71 — 72 € [—0;5]. The discrete set of Matsubara frequencies (w, = 2n7/S (bosons); w, =
(2n+ 1)w/B (fermions)) follows from the symmetry G(r + 8) = £G(7) [4].
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We note that the Weiss field does not depend on the self-energy ¥, as this is added and
subtracted at the same time. A has already been defined in imaginary time domain (1.25);
for reasons of simplicity the definition is repeated.

A crucial point here is that we assumed the self-energy to be local (i.e. momentum k
-independent)

Yo (kyiwy) = Xs(iwy,). (1.32)

This, so called local approximation, holds in the limit d — oo for any order of perturbation
[11,28].

With (1.26) we can express A(iw,) in terms of lattice Green functions instead of cavity-
lattice Green functions:

(i tioGion(iwn) (3, tosGosolivn)

- 1.33
GO,O,O’ (an> ( )

an E tzOtO] z]azwn)

We will express the terms of this equation in dependence of F~!(iw,) and Gg ., (iw,). We do so by
switching to k-space, as the Green function Gk, (iw,) just depends on F~!(iw,) and € in this space
(L represents the number of possible momenta):

Gy jo(lwn) = Z k(R RJ)Gk (twn,) (1.34)

k
G o (iwy) -t (1.35)

k,o n *F_l(z-Wn) . :
€ = Z ti,oeiikRi = ZtovjeikRj (136)
i J
€k :Zti,oe*i(*k)Ri = Ztoﬂ-eikRi =¢, using (1.2) (1.37)
1 )

=2 etk R) (1.38)

k

* We remember the following relations: + >, 1=1and Y, e = 0.
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1 ik R
Ztl 0Gi,0,0 (W) Z ( Zek etkiFi > (L ;ij,ank]RZ)
(ks +k )R, 1
:ﬁ Z €kinjez(kl+k_7)Rl = ﬁ Z ekinjékh_kj
ik k; kisk;
=7 Ze kG, =7 Zeka - (1.39)
72 ex — F~1(iwy) n F~1(iw,)
HNiwn) — € F~Miwn) — €k
=14+ F iw,)~ ZGk o (twn) (1.40)
=—1+F" (zwn)Goﬁoyg(zwn) (1.41)
1 .
Zto G050 (iw) Z ( Zek e =R )> (LZkae’kl(_R")>
k;
=... analogue. o= =14 F Y (iw,)Go0.0 (iwn) (1.42)
Ztlotoj 1. (iwn) ZtOJtho (L ng piki (R Rﬂ)
:Z Z Gki’a' (an) Z to’jBZki(_Rj) Z tiyoeikiRi (143)
ZGk o Zo.}n)ek €k, (144)
1 —1(s
1 ex( 6k - (iwn)) F~(iwy,)ex
Z Hiwy) — €k + F~1(iw,) — e (1.45)
=04 F(iw,)— Zeka -
(2D (i) + F(iwn)2Co 0.0 (iwn) (1.46)
and get
1 P (i0,)Gon o (o))
Aiwy,) = — F~ (iwy,) + F 7 (iwn)?Go 0,0 (iwn) — (14 PG )‘ 000 (#on) (1.47)
) GO,O,O’(an)
=F " (iwn) — Gy g (iwn). (1.48)
It follows the Dyson-like equation for the Weiss field:
G, (iwn) = Gop o (iwn) + S (iwy). (1.49)

We managed in this way, to express the Weiss field in terms of the local lattice Green
function and the self-energy. Equation (1.49) relates these three quantities in exactly the

same way to each other, like the Dyson equation does.

Gron it~ (je,) = Gob (iwn) + S (iwn).

(1.50)
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We introduced the Weiss field to subsume the contributions to the effective action by propa-
gation processes on the cavity; now we can deduce, that the Weiss field is the non-interacting
local lattice Green function of the Hubbard model

non int.

00 (iwn) = Go(iwn). (1.51)
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1.4. DMFT scheme

end:
1.62 PN
converged Q /7 A 1.56)
TN

! m) /.
%Q I\G§ (i) N -
,Q, \\ // ,/ \
é ~—-7 |F(m)(lu}n)‘
\
\
start: (160 //(/ ) N S~
Dosy—o, 1.60 (A (iwn),\
Nfinal \ € /
\\ // 7T~
(1.58) AN I\G(m) (Zu)n);
(1 61)’ I/ n(m) \\ \\ //

Figure 1.2.: numerical scheme of the implementation of the DMFT loop.

1.4.1. Set of self-consistent equations

In the following all impurity quantities are denoted by an index ...; the lattice quantities
have no additional index. Gy denotes the non-correlated (U = 0) Green function on the
cavity (impurity).

To achieve a self consistent DMFT loop, we start with an initial guess for the hybridisation
function in the lattice model (1.60). The effective action, we achieve

B B
Spr=-3Y / dridrch o (r)G; (1 = ) () + 3 / drUno (o, (r)  (1.52)
7 0 70

G, ! (iwn) = iwn + p — Aliwy,) (1.53)
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is the same as in the Single Impurity Anderson Model (SIAM) with the Hamiltonian (1.1)
with integrated out bath degrees of freedom. The comparison of Seg of both models yield
the following relation between the parameters of the Hubbard model and the STAM:

€0 =— 1 (1.54)
V2 :/szos(w) dw — (/ wDos(w) dw>2, (1.55)

where we used Dos(w') = >, 0(w’ — €). The hybridisation function As of the SIAM, as
defined in (2.55), is then equal to the hybridisation function of the Hubbard model A.

The next step is called the "impurity solver". > The purpose of all impurity solvers is to
derive some correlated quantity (Gimp or X) from some non-correlated quantity (like A¢ or
Gr) in the impurity model.

To show how F} is constructed from the impurity Green function and the hybridisation
function, we start with the definition of Fi,(iw,) = m We put in there the

Dyson equation, which defines the self-energy ¥ = G~! + Gf !, Then we use the analytic
solution of the non-interacting SIAM G~! = iw, + 1 — A (proven in equation (2.24)%) and
yield

1

Fi o (iw,) = G o) + A (1.56)

The problem is now, that we have to get back to the lattice quantities. This can be done
by the local approximation of the self-energy 3, (iw,) = X, (iw,), which is demonstrated in
perturbation theory in [11,25,28| As a consequence the quantity F'(iw,) = iw,+pu—X,(iw,) =
iwn + p— ¢ 5 (iw,) = Fi(iw,) is now the same in both models. According to (1.48) the lattice
Green function is

Dos(w)

———dw. 1.57
F1(iw,) —w “ (1.57)

Gy (iwy) = Gopo(iw,) = /
The hybridisation function now follows from (1.48)
Aliw,) = F; M iw,) — G Hiw,). (1.58)

Now we arrived back at the beginning and have the necessary input for the impurity solver
again.

5 There are several impurity solvers available like IPT, NRG, HF-QMC, CT-QMC, exact diagonalisation,
. Those are usable for different parameter regimes like, zero or finite temperature, etc. (for details
compare 1). We will later use a CT-QMC solver, which derives the correlated impurity Green function
Gt (iwy,) from the hybridisation function A(iwy,).
6G; = Gt as this prove is based on a non-interacting Hamiltonian
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1.4.2. Initialisation

To begin the self consistency loop, we have to choose a suitable starting point. According
to equation (1.44), we choose the hybridisation function to be

Al(iwy,) = =7 Zek G0 (lwn) €, = LZek o (iwn) (1.59)

= /Dos(w)dew Gy (iwy,) ~ /Dos(w)wzdw ge(iwn), (1.60)
where the interaction lattice Green function G is approximated by the non interacting one g,

(for details compare 2.55). We remember, that the purpose of this is not to do an accurate
approximation, but to find a casual initial value for the hybridisation function.

1.4.3. Mixing

To stabilize this self consistent loop, we use something called mixing. The use of this is to
prevent the system from diverging immediately and to support convergence. This is done
by mixing the old and the new hybridisation function to achieve the hybridisation function
for the next iteration.

A (jw,) = mAPY) (1 — m)Am—D (1.61)

1.4.4. Convergence

Convergence is established, if there is no more significant change in Gg(iw,) and G(iw,)
compared to the run before. For the results presented in this thesis the convergence criteria

1GE™ = GV =16 (iwn) — G (iwn)| = O(107) (1.62)

was used.

The whole scheme for the implementation of the DMFT loop can be seen in figure 1.2.

1.5. Particle number

To perform computations away from half filling (compare sec. 1.6), it is important to
calculate the average occupation number (n) on the lattice. We can adjust the chemical
potential afterwards in such a way, that we achieve the wanted filling. We are going to
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derive (n) from the Green function in the Matsubara domain G(iw,), which is already
computed in the DMFT self consistency loop. We begin with the definition of the counting
operator and switch to its representation in imaginary time. 7 denotes a sufficiently small
finite number ”

(n) = (¢'¢) = —(T,e(-=n)e'(0)) = G(r = —n) = %Z G (iw, )e™" (1.63)

In general the problem is solved at this point already, but from a numerical point of view
some issues remain open. The first is, that we store only positive Matsubara frequencies but
have to sum up over all Matsubara frequencies. This can be cured by the relation

G(z) =G (") = (1.64)
Re {Gliw,) } = Re {G(—iw,)} (1.65)
Im{G(iw,)} = —Im {G(—iw,)} . (1.66)

So we change the summation to positive n. The reason for the addition and subtraction of
wiz' will become important later, as this is the high frequency limit of the Green function.

1
6 Z ( an _Z) W1 + = 5 Z an zwnn (167)
(1.68)

= L3 [e Gt} e i (m{Gl)} + ) (- e—w}

n>0

3 Z e (1.69)

A more subtle point is that we can sum up only over a finite number of Matsubara frequencies
Nytats- As 1 is very small and Ny is finite, it follows ®

e~ 1~ e for n < Nyats- (1.71)

Unfortunately the Green function does not vanish fast enough for large n, so that the
contribution of the parts we can not store numerically, is not negligible. For n > Nyjats we
can express the Green function by its high frequency limit

=~ 1.

G(iwn> Ny, ) & ——1. (1.72)

Wn

7 The limes lim is not performed here.
n—0

8 the following condition is fulfilled if

Ié] 1

= . 1.70
(2NMats + 1)7T W Ntats ( )

0<nk

This is always guaranteed, as we choose 7 to be sufficiently small.
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This is the high energy tail of the Green function. Because 7 is finite, for very large |n|
the tails of negative and positive iw, do not cancel out

= 1. . 1 . _
n— oo : G(iw,) = ——ie™“n # — <— ie’“”") = —G(—iwy). (1.73)
W, —Wp
To handle this issue we subtracted and added the high energy tail in (1.69) before. So
we achieved, that the first summand in (1.69) vanishes for large n and the tail handling is
treated separately in the second summand.

1

The second term can be shown to give —3:

Therefore we use Cauchy’s integral formula and get

1 1 . 1 1 1

- et — —e™d 1.74

Bziwne i) 14epzC OO (1.74)
" c

where C denotes a complex integration contour, which includes all Matsubara frequencies

but not the point z = 0. ®. We then simplify the integration contour to a counterclockwise
circle C,, with infinite radius and a clockwise circle —Cy with infinitely small radius around

0.

9This formula can be proven by the Cauchy theorem and L’Hospital’s rule. An introduction, how to handle
summation over Matsubara frequencies can be found in [4]
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1 1 1
=T o5 —e™d 1.75
2mi j([—i_j{ 1+eﬂzze o (1.75)
—Co
e’ cos <b€i777" sin ¢
- 271'2 rli{go / T hHl/ 1+ ePr cos ¢ pifrsin ¢ d¢ (176)

In the limes 7 — oo the integrand converges to '°

N 1
- e €os ¢ pinrsin g rli)rgo —Fmyreosd = 0 for cos ¢ >0 (1 77)
roo 1 ePreosogibrsing X lim e oS¢ = () for cos¢ < 0. '

T—00
Hence the ¢ contour yields no contribution. The limes r — 0 converges to
Coo
e cos qﬁeinr sin ¢ i
lim (1.78)

r—0 1 + 6,37“ cos ¢€7,,37“ sm¢ 1+1
So the integration yields in the end

e 1 111
Iso b [ 11 1.
522’%6 o ] 2713 (1.79)

™

With that result we can go back to the average occupation. We split the sum up into a into
a part < Nyais and a part > Nyjats:

) (1.80)
NMats 1

=3 ZO e (Gl } (1 + ) 1 (:;m (Gliwn)) + w_n) (e =
+ l Z NRe {G(an)} (eiwnn + e—iumn) 44 (Jm {G i, } 1 1 ) ( iwnn e—iwnn)

p 1> Niats \T/ R W,

=0

1
2 (1.81)
=3 Pe {Gliwn)} ; 1.82)
- ﬁ ¢ (an —+ 2 ( .

1.6. Particle-hole symmetry transformation for the
Hubbard Hamiltonian

In this section, we will show, that for a Hubbard model a chemical potential of 1 = % always
leads to half filling.

10T his limes is the reason, why 7 is set to a small but finite number.
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We repeat the used Hubbard Hamiltonian from (1.1).

Hy, = — Ztgwcja"'ZU”m”zi Z,u (i + M y) - (1.83)

7]U

Now we do a particle-hole transformation on this Hamiltonian. From a physical point of
view we replace now the empty states by occupied states and the other way round. From a
mathematical point of view we exchange creation and annihilation operators ¢/ <+ ¢ (and
hence n; , <> 1 —n;,). From that follows a particle-hole transformed Hamiltonian

ph_ thcla +ZU 1—an 1—n,¢ ZHJ 2_nzT nzi) (184>

7]0-
= Ztﬂcz »Cio + Z Un; ni | — Zu Nt + i) (1.85)
?]7
+ZU(1—7’L¢7T—RZ’7¢) —Zu(?—Qni7T—2ni7¢). (186)

In the second step we used the relation (1.2) in the hopping term. We notice now that due
to the symmetry in the hopping parameters, we can express the particle-hole transformed
Hamiltonian by the original one with ¢;; — —t;;. This transformation yields only one
additional term

Hyn = Huun(tig = —tig) + (U = 2u) > (1= nig —nay), (1.87)
which can be set to zero easily. For u = % it follows ]flph = lf[Hub(tm — —t;;). Both

Hamiltonians H € {ﬁHumﬁHub(ti,j — —tm)} describe the same filling. The sign of the
hopping parameter is not relevant, as the filling is defined by

(ng) = Tr (ﬁae—ﬂff ) . (1.88)

When we expand the exponential function and calculate the trace only terms with even
powers of ¢; ; remain, as an odd number of creators or annihilators on any lattice site yields
zero. So the actual result of (n) is the same for the Hubbard Hamiltonian and its particle-
hole transformed. This means the system is half filled for u = %
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2. Single impurity Anderson model and
the segment picture

In this chapter we will explain the analytic foundations of the CT-QMC solver for the
SIAM. We will derive an analytic solution for the non-interacting case, which is important for
testing purposes, We will calculate the partition function and introduce a new mathematical
formalism called "segment picture" based on the partition function. The we will explain
how to calculate the Green function and the susceptibility in the segment picture formalism.
The simple nature of the segment picture will enable us to evaluate indefinite sums of
configurations by the Methods presented in chapter 3.

2.1. Analytic solution of the non-interacting STAM

In the following we will derive an analytic expression for the Greens function on the impurity
G (iwy) of the non-interacting STAM. This helps us to ensure the validity of the numeric
results of the CT-QMC impurity solver without interaction. As will turn out, the interaction
in the CT-QMC algorithm has only influence on minor parts of the whole code. This makes
the analytic result as an important tool for testing.

We begin with some basic operator relations and the Hamiltonian H of the non-interacting
STAM.

[ab, &) =a{b,c} — {a,c}b (2.1)

H=efff+ ; €xlhin + \/LN ; (vk flew + Vel f) (2.2)

(H.f]=—ef - \/Lﬁ Zk: VieCr (2.3)

1§ =ef 4 > vidl (2.4)
Vie

fr, (2.5)

where N denotes the number of k-points. We will use the explicit form of the commutator
relations [H,." ] later.



2.1. Analytic solution of the non-interacting STAM 27

Further we introduce the definitions of the Greens functions
Ga(r,m) = — (T (") f1(7)) = O(r = )~ F () f1()) + O = 7){(fT{(7) f(r)) (26)
Gre(1,7") = — (Trén(7)f T(7")) (2.7)
Gr (1,7") = — (T, éu(T)C ,(7")> (2.8)

G describes the propagation on the impurity, G describes the propagation from the bath
into the impurity (part of the hybridisation processes) and G describes the propagation
in the bath.

We continue by equation of motion of Gg:

L) == [t =@ ) +06" =] @ LD fre) - 29)
=~ - f1 ) T iy, (2.10)

Then we express the time derivative of the f operator by its commutator with the Hamilto-
nian

df(r) _d(e fe=™)
dr dr

— [Hf] e H. (2.11)
Inserting this into the equation of motion of the Greens function yields

d ,
EG{{(T,T) =—0(r—7) — ¢Gr(r,7) — ZVkaf 7). (2.12)

Fourier transformation as defined in (2.48) and comparing the coefficients of e leads us
to the first equation of motion in the Matsubara domain:

1
—iwn G (iwy) = — 1 — G (i) — i > ViGie(iwn), (2.13)
k

where we used G(7,7') = G(1 — 7).

The equations of motion for G and G follow in an similar way. Because of that the
reader may follow the description for Gg and use the following formulas for Gg:

d A dff(r

Gt =3t =)} - (et £ (214)
df;f) :d(eTng_TH) _ i [ﬁ’ﬁ] ol (2.15)

%ka(T ) =6Gre (7,7') + \/LN ; Vi G (7,7) (2.16)

iwnka(iwn) :Ekaf<iwn) + \/LN ; V]:/Gkkl (an) (217)
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and for Gkk' :

e (!
L G r7") =07 — ) eu(r) () 1) — (Totu(r) 2Ty (2.18)
éT, . eTﬁéT,efTI:I i
i 219
d

/ A A / / ]' /
FGkk/(T ) =0(r—71 )({ck(T),cL,(T )}> + epr Gropr (T,7') + \/—NVkIka(T,T ) (2.20)

1
iwnGkk/ (zwn) :5k,k’ + Gk/Gkk/ (zwn) -+ —Vk;ka(iwn) (221)

VN

Now we derived a system of three equations of motion (2.13), (2.17) and (2.21). Each
equation describes the time evolution of a Greens function in the Matsubara domain. Those
can be solved by first solving equations (2.17) and (2.21), which leads to:

Ve 1
ka(iwn) — \/Nwm;/:’“v’:, . . (2.22)
— € Zk’ N iwn—€pr

By using that with (2.13), we easily get the analytic expression for the Greens function on
the impurity of the non-interacting STAM.

1
Gg(iw,) = TG (2.23)
— & — Zk' k e Wy — €k:'
For a momentum independent hybridisation Vi = V follows further
, 1 V|2
G n) = ith A(iw, VItg.(iwy,) = . (2.24
ﬁ”(lw ) iwn — € — |V|29c(lwn) w1 (Zw ) | | g (ZW ) Z an — € ( )

This result will be used later to check the validity of the results of the CT-QMC solver
without interaction U = 0.

2.2. Hybridisation expansion of the spinless SIAM

2.2.1. Hybridisation expansion

First we introduce another way of writing the partition function. We start with a Hamilto-
nian of the form

H = Hy+ Hyy,. (2.25)

We will split up e—BH by going to the interaction picture and show, that
e BH — TTe_’Bﬁoe_ 13 Huy(r)dr (2.26)
with Hyyy(7) = e ™50 Ay e, (2.27)



2.2. Hybridisation expansion of the spinless STAM 29

We start with

~BH _ B+ ) (2.28)

We introduce time ordering T :

This operator changes the order of he following creation and annihilation operators in such
a way, that a time-wise rising order of the time arguments / indices is established from
right to left. As we describe a fermionic model every permutation of two operators (¢ or
¢") contributes an additional factor x(—1). As the terms HO,T and Ho,hyb consist of an even
number of operators, there does not arise any minus sign from time ordering.

T, is the reason for introducing new indices 7; on the operators. These indices have no
physical meaning. Their only purpose is to tag, how the time order operator has to act.

3 y . ~8
— T, Jo HortHynrdr — o= J§ Hordr o= o Higp 7 (2.29)

Now we expand in I:Ihyb and yield

B B
(0.9} _1 n N R
=T, lo Hdz% / dr ... / A7, Hugor, - - - Higbory (2.30)
n=0 ’
* T B T
:TTe ( +f2+ +/r )HOTd / dTl/ dry .. / dr,
X I:Ihyb,rn e ﬁhyb,n- (231)

The last step (*) is proven in [8] and [14].! By time ordering everything by hand, the

i+1 o _dr .
time order operator is not necessary anymore. We first put the e —ET o dT 4 rder and

calculate the integral afterwards to get e~mittfloemiflo instead. Further we define thb( ) =
THlo be THO.

. > B B B
e PH — Z(—l)"/ dTl/ dry . / dr,
n—=0 0 1 Tn—1

X efﬁﬁoeTnﬁOI:[hbene*TnffoeTn_lffo e TQHOeTIHOH hyb, 7_1 *7'1[:10 (232)
oo (_1)71 B R 8 .
- TT Z | dTthyb<7—1) ce dTthyb (Tn) (233)
n=0 n: 0 0
= TTG_BFIOQ_ foﬂ Hhyb(T)d’f (234)

1One may notice at this point, that the contribution for 7; = 7; to the integral is infinitely small (for the
finite hybridisation function we will use later) and hence not counted, as the time order operator is not
defined then.
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2.2.2. Spinless STAM

The Hamiltonian of the spinless Anderson model is given by

= foTf + Z chkck + — Z VfTCk + — Z V*A . (235)

N J/ J/
' e

Hy I hyb

We dropped the index of V' because we will only work with a momentum independent
hybridisation in theA following. H can be sp}it up in a local part H.., a bath part Hyan, a
hybridisation part Hyy, and a on-site part Hoy:

ﬁloc = Eferf; ﬁbath = Zeké};éka (236)
k
. . 1 R .
Vitee =Vfte, HL = —=N vl f=velf (2.37)
w T
Hy = Hoe + Hbath; I:Ihyb — Hy + ]:-I\T; (2.38)

Then we expand the partition function in the hybridisation term. It is necessary to have an
even number of Hyyy,, because the trace gives zero, otherwise.

Zy = Tr{e PH0} (2.39)

7z Tr {e*BH} Tr {TTe*BﬁOe* I5 dTthb(T)} -

=L 1 p <5 (e I8 dr hyb<f>>0) (2.40)
0 0 0

o B
= ZiTr{T e‘ﬁHom Zo/d% d7y (HV(T%) + H (7'2kz>> (HV(TI) + HT( )) }

0

. . - - 2k
As the integrand has to consist of the same number of Hy as H\T,, there are ( 1 ) terms,

2k
k
new (ordered) integration intervals 2 . Further we renumber the integration indices, so that
the primed indices belong to the annihilation operators on the impurity and get

which give a contribution. The resulting pre factor ﬁ < ) = (k})Q is replaced by the

7 B B B B B
7 O/dTl/dTQ / di/dT{/dTé... / dr, w(qr) = %w(qk). (2.41)
0 & Th-1 0 ut T

with ¢ denoting the manifold of all integration / summation variables

<QI€) = (k77_177_27‘"7Tk)7-{77—£a"'77—]:;)' (242)

2Compare again: [8] and [14].
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The weight w(qx) dependent of those variables is

w(qy) = ZLOTT {Tre_BﬁOH\T/(TIQ)ﬁV(Tk) e ﬁ\T/(T{)[:[V(Tl)} (2.43)
= <T7ﬁ1$(7,;)ﬁv(7k) . ﬁg(T{)ﬂv(ﬁ)% (2.44)
= [V (T, &) ) e - ) (m)en) ) (2.45)

T i) ) | T T ) f )

Tr {e—ﬂﬁbath } ‘ Tr {e_ﬂﬁloc}
= VP41 (e - e ()em)) (T d @ (). FE I ), (2.46)

The trace was split up by inserting a sum over all possible many particle states. With the
finite temperature Wick theorem [31] ® the first part can be expressed as

V(T (rh)elm) . é(r)elm)) = det(A)

C

with A, ; = —|V|2<T7—6(TZ‘)6T(T{)> = A1 — 7)) (2.47)

J

A is a matrix of dimension £ x k, the matrix elements are denoted by A;;. A Fourier
transformation

1 : —iWn T
f(r) = 5 > fliwy)e ™ (2.48)
B
fliw,) = /de(T)e“w"T (2.49)
0
of A(T) yields
B B ’V’Z
; = twnT _ twn T A At
Aliw,) = /e A(T)dr = —/e A Z <ck(7)ck,(0)>c dr (2.50)
0 0 k,k/
B —BH TH —7H Al
9 Ty 4 e=BHvath e Hpatn o o =7 Hbatn ¢
= —ﬁZ/eiW { . k}dT. (2.51)
N & 9 Tr{e*/BHbath}

We use the definition of time dependent operators (compare equation 2.27) A(1) =
emHo Ae=Ho with A € {éx,¢1}. Because [A, fo] =0, it follows A(7) = e Hvan Ae=mHoan | Ag
we evaluate the trace of the creation / annihilation operators of the impurity, we can insert
the projection on special states on the left and the right side of every operator. |k = 0)
means "state with momentum k not occupied", |k = 1) means "state with momentum k
occupied".

¢ — |k =0){k =0|cglk = 1)(k = 1| (2.52)

& — |k =1)(k = 1|ef|k = 0)(k = 0| (2.53)

3 The Wick theorem holds because the bath of the STAM is non-interacting.
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This leads us to

B
feiwnr —Tede
oy VP _ VP L _ e [ Dosle
Aliwn) = Z ePa+1 N Xk: Wy — €x VI Wy, — ede (2:54)
=|V|? gC(zwn). (2.55)

The (...); can be evaluated accordmgly to the calculation of A(an) by projecting on the
occupation number basis. For A € {f, fT} it follows A(7) = ¢™Ho Ae=7Ho = ¢7Hoc Ae=7Hoc

as [A,cjcck] = (0. We insert projections on both sides of every operator again, whereupon

|f = 0) means "impurity not occupied" and |f = 1) means "impurity occupied".

f=1f=0)(f =0lflf =1){f =1 (2.56)
fr=1f =1 = US| f =0)(f =0 (2.57)
With those two relations we get
(T () fi( ) FED ()
( (f= ) f(m) - F) () .
_ 1+6 ﬁ (! —r)es } for 7, > 7 (no wind)
_ )] (= fT(Tk)f(Tkgl)fT(Tk—l) FED ) F () o
_ 15;;?;; ml__ll o (Tl Tm)er } for 7 > 7/ (wind)
1+e+56f for n = 0(no wind)
L 0 for non alternating f and fT.

(2.58)

In the wind case 73 > 77, hence the time order operator shifts 7; about 2k — 1 positions
and we get the additional minus sign. When executing the time ordering operator the index
space of the 1mag1nary timepoints 7., and 7/ has been renamed. After timeordering the
condition 7,11 > 7/ > 7; Vi € [1,n) is valid. To summarize (2.47) and (2.58) we get

w(gy) = (2.59)

1 14 e—Ber ] —e P for wind case
m=

det(A ﬁ T { 1 for no wind case

2.2.3. Segment picture

This section describes how we translate the imaginary time configurations ¢, into segment
pictures. By doing so, we can easily calculate the partition function (2.41). The advantage
is, that the segment picture provides a simple way to evaluate the weight of a configuration.
To translate a weight w(q) into a segment picture, we have to draw the imaginary time scale
from 0 to 5. In analogy to the operator order of the trace, £ is equal to the left handside
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of the timescale and 0 is equal to the right handside of the timescale. According to this,
we read the segment picture from right to left. In the next step we replace every pair of
creation and annihilation operators on the impurity with a box on the imaginary time scale.
This box is called a segment. The beginning of the box is the position of the creator f1(...)
and the end is the position of the annihilator f(...) (keep in mind, that we read from right
to left). We yield the transformation

FEDf @) fE) ) () oo ) f (Tuma) - F ) ) F (7))

for 7, > 1y for > 74,
4 4
h Tk G Tk Tpo1 Ta-1 TL T Tk

16 — T 0 15} T 0

(2.60)

Figure 2.1.: Illustration of the transformation from ensemble averages to segment pictures.

According to (2.47) and (2.58) we can determine w(q) directly from the segment picture.

e—LEf

W(Qk) = Signwinddet(A)
Here sign ;4 is +1 for the no wind case and —1 for the wind case. L is the sum of the length
of all segments, whereby the lenght of the n-th segment of the wind case is just 5+ 7, — 7.

All possible configurations for one spin direction:

note: half open segments

Further we remember that the time order operator in 2.2 was not defined for two equal time
points. Therefore we introduce the convention, that the creator position is included and
the annihilator position is excluded from the segment. In this way segments are allowed to
touch each other 7/ = 7,1, because the physical meaning of the endpoint 7/ is, that the
corresponding annihilator acts an infinitely small imaginary time unit before. In the segment
picture this means, that the left edge of every segment has to be shifted an infinitesimal
distance to the right.

According to this convention a configuration with n = 1,77 = 7| means full occupation on
the whole imaginary time span (with the impurity being not occupied only in the infinitely
small timespan at 71). A wrong interpretation would be, that the impurity is empty all the
time, but at 7 it is shortly occupied.
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n=>0 AnzAl n=2 ... N=00
(0[0), (1]1) (F(r) f1(m))
[ ] 1]
B 0 B T 0 Ty, Ty Ty 1 0
g 0

[ ] A1 I

g7 71 0 e T 7 T 0

Figure 2.2.: Schematic illustration of the phase space of all possible configurations g.

(n 5 7] (r1;71 ] ] (Thoy i1 ] (Tm ] (7
— 1 - 1 11 [
15} — T 0 15} —T 0

Figure 2.3.: Illustration of half open segments

2.3. Single Impurity Anderson Model with spin in a
magnetic field

2.3.1. Incorporation of the spin

The Hamiltonian of the interacting single impurity Anderson model is given by

. PN 4. 1 Ay 1 wot 2 .
Hspin = Z Ef,crf;fcr + Z Ek,ac;rc7o—ck,cf + \/_N Z vf;ck,a + \/_N Z V CLo—fU + Unf,T”f,i .
k,o k,o .

o k,o
ZHO,O' Ethb,U
o

o

(2.62)

So far the on-site energy on the impurity is the same for both spins: €, = €
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B — T 0

Figure 2.4.: segment picture for n = 1; 77 = 7| (winded)

If we follow the derivation of section 2.2, we just have to replace:
ﬁo - ﬁ(),a + Hint

. A N 2.63
Hloc_>z Hloc,a + Hint ( )

Further we have to add a spin index to every operator and every imaginary time
point. The only part that changes is the imaginary time average on the impurity
(T f ) () - f(E) fT(m))s . We get an additional factor e~V for the result, with
loy being the imaginary time span of the impurity being doubly occupied. The reason for

that is, that an additional operator ¢~ (77 =75 ) Hing (7* are the imaginary time arguments of the

neighbouring operators) appears between the f and f T operators, when we resolve the time

dependence. This term yields ¢ (1)U in case of double occupancy and 1 otherwise.

With the incorporation of the spin, we need to adjust the definition of the configuration g
(2.42):

— ! / /
k.o :(l{,O’, T,y 72,09 -« - 7Tk,0'77—1,o"7—2,o'7 ce 7Tk,a)

Qe =Gy 1+ Tha ) (2.65)

with k‘l + /{32 =k.

2.3.2. Incorporation of a magnetic field

We implement now an additional term in our Hamiltonian, which represents a magnetic field

h.
ﬁspin, h — [j[spin + Uhf;fa (266)

Comparing this with (2.62), we recognize, that the additional therm can be easily included
in the existing Hamiltonian by adjusting the on-site energy

€5 = €+ Oh. (2.67)
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2.3.3. Generalized weights

This leads us to the following formula for the weight of a configuration with respect to the
spin [29].

e_Lo'Ef,o' e—L,UEf’,O-

_ . N _lovU

w(Qk) - Slgnwind,JSIgnWind,—adet(A) 1 + 6756&" 1 + e*ﬂff,—a € (268)
with [, being the imaginary time span of the impurity being doubly occupied. Due to the
overlap, the weight depends on ¢+ and g . Because of the (2.47) matrix elements of A,
which refer to different spins, give zero. A has a block diagonal form in the spin sectors and

hence factorizes
det(A) = det(Aq)det(A)). (2.69)

In practice we will usually consider the ratio of the weights of two configurations. One
spin channel (—o) of those configurations will be identical. For this reason we introduce a
abbreviating definition:

G_Loef,o

w0<qk) = Signwind’gdet<Ag)1H—_ﬁ%6710vU (270)
with ©@) _ wolar) o oo = Pl—o- (2.71)
w(p)  we(pi)

The weights according to the configuration shown in 2.5 would hence be:

oL erth)

wr (L man ) (L b)) = det (A = m14) ——srm —( —m)U
(2.72)
o e—h)
wy ((1, 0 ,TM,TLT),(L 1 ,TM,T{,Q) = det (A(Tu — TLQ) = e~ (T U
(2.73)

Figure 2.5.: Illustration of the segment picture with spin in a magnetic field.



2.4. Green function 37

2.4. Green function

According to [29,30], the Green function on the impurity can be evaluated directly from

these weights w(qx). Therefore we first introduce the Matrix M, which is the inverse and

transposed of the Matrix A defined in (2.47).
M= (AT (2.74)

The Green function is then
> _% Zn,m Mgfﬂg d(r,7,, — Tn)wU(Qk,U) 1
G,(1) = oo =(—= Mty d(r, 7 — T,
") o < DRI

[ —(h=n) . (—m) >0,
AT 7 = 72) { ~3(r — (B —7)), (7 —72) <0, (2.75)

To evaluate the impurity Green Function, hence means to sum up over all possible (infinitely
many) configurations g;. This problem is faced in 3.1.

As the Green function is discontinuous at 7 = 0 and 7 = 3, we use an alternative way of
measurement at these points. The Green function at 7 =0+e¢=0"and 7 =8 —€e= 3~
with € — 0 can be expressed by the average occupation number n. From the definition

l d7( T+ 7)
5/“ (Tofo(r + 7) f1(7)) (2.76)
(2.77)
follows
G0N =—(ffy=—(1-fif) =-1+n (2.78)
G(B)=—G(07)=—(fIf) = —n. (2.79)

In the following we will see the derivation of equation (2.75). This formula is also derived
in [16]. 4

proof of Green function formula

For simplicity, we drop the index o at all operators. We keep in mind, that every pair of
creation and annihilation operators at imaginary time points has a additional spin. So 7 /7,
is just an abbreviating version of (7%,0%)/(74,0%). Thew and They Obviously have spin o.

4The additional minus sign compared to these papers arises from the different definition of F'(7) and A(7),
respectively.
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Lets start with the definition of the Green function °

Zo

GU(TI/IeW7TneW) = _<T7f(7—1,1ew)fT<TneW)> = _7<T f( new)fT(TneW)e_ I dTthb(T)>0: (2.80)

With Thew, Thew € (0,8). We introduced the (...)p-average using 2.34 and 2.40. Then we
follow the arguments leading from 2.40 to 2.46 to do the first transformation:

- Z%Ga(dewﬁnew) (2.81)
= VT (T)e(m) - () (T f (T f1 (1) - F DT F (T FT (e )t

(2.82)
= Y WVPEITE () e(m) - () E(T)E (T )E(Taew) e

9k

< AT f T 1m0 - FEDF ) (T T (T

" VPP (Teet () () - el (r)é(m))e
|V [POHO(T e () é(mr) - - ¢ () E(T1) EN (T ) E(Tew ) e (2.83)

From that point we move the new operators into the time ordered sequence of operators ¢

For every exchange of two neighbouring creators / annihilators we get an additional factor of
(—1)3 (for example: éT(Tl)c(Tl)cT(Tnew)c(rnew) = (=1)%¢T(7,)e(T1) e (1) e(Thew) ). The new
positions of Tyew / Ty is called n / m, and we get an additional factor of (—1)3"/™=1 for
the new ordering within the expectation values. The fact, that the new operators have been

moved into the existing set of operators, is symbolized by .. ..

= ST IV (6 ()61 .- () -] - 1), 284
D) S ) S ) S ) 259
O 1 e B e o )
= Y koo i) o e (U 2.87)

qk+1 (Tnew 77—1/)ew )

Here gi11,0(Tnew:They ) denotes a configuration with k + 1 creators, k + 1 annihilators in spin
channel o. In this configuration a particle is created on the impurity at imaginary time point
Tnew and annihilated at time point 77,,. A configuration (eventually only one spin channel)

as the upper right index of a matrix A or M denotes, that the matrix is constructed from that

5 In general we would need to introduce spin indices, as the Green function is a spin dependent quantity as
well. For simplicity we just drop them. The only point where the derivation changes, is at the definition
of ¢(ThewsThew) and g(7), which considers only operators with the same spin index then. The result does
not change because of this simplification.

6We remember from 2.2, that the 7..’s are time ordered among themselves because of the integration
borders. The same is valid for the 7/ ’s.
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configuration. The index ¢ occurs in the ratio of the determinants because the determinant
factorizes as shown in (2.69). With equation (3.35) it follows

Zo

Ne (THEW 7Trllew)
Go(TewToe) == > 0(@h1 (Toew Thew)) Mot : (2.88)

qk+1 (Tnew :TICew)

Now we go to the Green function with one imaginary time argument. The reader may note,

that 7 € (0,4) and G(7,...) = =G(Tt — f,...).

B
El/d%G" 77) (2.89)
B
0
1 o 1 v
_/d %)+‘/d%Go(T+?ﬁ> (2.90)
p 3
0 B—1
1 o 1 0
=5 [ a6utr Uﬂ——/ FGolr+7,8+7) (2.91)
p 3
0
1 no wind qziiﬂifnd () 1 wind qm—nldo (7)
B Z (Qk+1 (7)) Mnm~ —3 Z (qu( 7)) Myt
— — (2.92)
Zw(%) Zw(%) .
qk ”

g (T ) denotes a configuration , which has at least one creator (at 7,,) and one annihilator
(at 7! ) with distance

I d I

7.+ B — 1, for 7/, < 7,(wind).

The indices n and m follow from the position of the operators compared to the other oper-
ators of the same kind.
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To be able to sample over all possible configurations >, we use the [-antiperiodic delta
dk
function. 7 Further we use equation (2.70) to reduce the configuration space to one spin

channel.

3wl () MR
Go(r) =2 - 9.04
(T) Z w(Qk) ( )

dk

wind

> =5 D w(@™ s (1= (7, + 5 — 7)) M
wind n,m

4

— 2.95
> w(gw) ( )
9k

22 =5 2o M d(7.7), = )W (o)

dk,o

= 2.96
> () (2:96)
9k
with
;o = (7], — ™)) for (7}, —71,) >0
AT T = ) = { —8(r — (v + f— 1)) for (1, — 1) < 0. (2.97)
2.5. Susceptibility
The dynamic susceptibility y is defined as:
Xoo (T = T') =(Trite (7)1 (7)) — (1) (717) (2.98)
1 frod: A
:B<lov(qztl;fted‘+T,qk7g/)> — () (i) (2.99)
Xch = Z Xoo! (2100)
Xep = ) _ 00 Xoor (2.101)
(2.102)
q,i}";fted:” denotes a configuration of spin channel o, which is basically g, but every creator

and annihilator shifted with +7. The dynamic susceptibility describes how the system in
influenced in the future by the current configuration.

The static susceptibility follows from the zero frequency limit of the dynamic susceptibility.
It is a scalar quantity. If the static susceptibility diverges, the system changes its behavior

7 We use a delta function instead of a Koniker delta, as the Green function in imaginary time can numerically

only be stored in an discrete way. We implement the delta function as a rectangular function with heigth

% and width 7. 07 denotes the mesh distance in imaginary time domain.
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qualitatively and hence undergoes a phase transition. In the following we will only investigate
the dynamic susceptibility.

The dynamic susceptibility has the following symmetry property, which is the reason, why
it is sufficient to show the 4 channels of y in the interval [0,%).

XUU’(T) = XJ’U(_T) = XO'/U(/B - T) (2.103)

For U = 0 we can compare the results of our simulation to the analytic solution

Xoo’ (T) = <T7ﬁa(7—)ﬁ0’(0>> - <ﬁa><ﬁ0'> wéCk _500’G(7—)G(_7—)' (2104>

proof of susceptibility formula

Starting by the definition

B
1 B . N e N .
Xoo' (T) = E O/dT (Trno (T + TN (T)) — (N ) (Mg ). (2.105)

We need to look more carefully on the expectation value of the counting operators. By
introducing the sum of all possible configurations ¢ (gx represents both spin channels o and
o'), we get

B B Y ¥ (1t + 7)n% (T)w(gr)

/ﬁ%mA7+ﬂmmﬂ>=!ﬂ%% SN

0

(2.106)

where n%5(7) is 1, if g, is a configuration with spin channel ¢’ occupied at imaginary time
point 7 and 0 otherwise. Then we exchange sum and integral and express the n-operators
by the overlap [, of the two spin channels, which is measurable directly:

8 o
S A7 ag(r + )% (Fw(ge) Y lov (@7 qhor)w(gr)
qdk

- S i) - S () (2.107)

9k dk

= <lov(qzl,1(i,fted:+7—>q1c,a’)>~ (2.108)
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3. Continuous-time quantum Monte
Carlo (CT-QMC) method

As mentioned in the previous chapter Monte Carlo methods are used to evaluate averages
of the type

Z Aw(Qn)

(A) = W; (3.1)

qn

where > denotes the sum over all possible configurations (phase space), and w(g,) is the
qn
weighting factor of each configuration.

As long as there is a limited number of possible configurations ¢,,, we can solve that problem
exactly. But in real systems we get very quickly to such a large number of configurations,
that this is not numerically tractable.

1

Monte Carlo methods are heuristics, which sample statistically through the configuration
space. On the one side these methods do not consider every possible configuration 2. On
the other side they are quick for complex problems, and the precision is adjustable (by the
number of samples). This sampling is performed by the Metropolis-Hasting algorithm.

After the application of the Metropolis-Hasting algorithm to our problem has been explained,
we will derive the fast update procedure, as it provides an efficient speedup in the context

of CT-QMC. The implementation and architecture of the CT-QMC code are presented to
provide a guideline for the implementation of similar solvers.

3.1. Metropolis(-Hasting) algorithm

The idea of these algorithms is to produce a Markov chain ® , which represents the ap-
pearance of each configuration according to its weight.

To achieve this we start with a simple example with a two configurations system: We have

LA physical example for this type of average is the partition function.

2Hence it might miss some (important) configuration with a high weight, if it is only accessible by passing
configurations with low weights.

3 For our purposes a Markov chain can be described as a sequence of statistically independent configurations.
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acc
P10
() =()
P—
acc

Paq

Figure 3.1.: simplest example: detailed balance condition for a two configurations system

a phase space with 2 possible configurations (which are denoted by index x and y), with a
specific weight w. As we are doing a simulation to create a Markov Chain, we need to sample
both configurations, according to they weights. Metropolis algorithms do that by proposing
a transition from the one configuration to the other and accept that proposal with a certain
probability p?“. The tricky task is now to determine p*“° in such a way, that the occurrence
of configurations x and y in the Markov chain mirrors their weights. For that we introduce
the detailed balance condition. The idea is to establish some kind of equilibrium to the
system, so that the number of transitions 1 — 2 is equal to the number of transitions 2 — 1,
if one considers the whole Markov chain. From that requirement it follows the condition

wlp?(i2 = w2p;§1‘ (3‘2)

In this equation we already included the assumption, that the number of occurrences of
configuration 1 / 2 is proportional to its weight. As wy, ws are given by the physical system,
we have one equation with two unknowns. One can resolve that by the so called Metropolis
choice.

acc : w2
i, = min <1,w—1> . (3.3)
The indices x and y can be exchanged to get the other acceptance probability. This is
especially useful, because we can assign one formula to both acceptance probabilities. This

makes the numerical implementation more straight forward.

This simple example can be generalized to a more complex system with (countable) * in-
finitely many configurations. In the new example there are many options to go from con-
figuration x to another one. Because of this, we have to introduce the proposal probability
phrsh- It the system is in configuration x, pp™S} is the probability to decide, to try a transition
acc

x — y. If the transition is actually performed, depends on the acceptance probability p

Ty
The detailed balance condition for 2 random configurations x and y is now
WaPy Py = WyPyaly e (3.4)

because the proposal probabilities have to be considered as well. The reader may notice,
that we do not consider circular transitions (x — y — z — ), which may establish an
equilibrium as well. The reason for this is, that things are getting more complicated without
any additional benefit. So we keep things simple and use the most simple condition for a

4 The reader may notice, that we are going to apply this method to the segment picture, which has an
uncountable number of configurations. This is the reason for introducing the transformation (3.6) later.
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\\\%‘é P, \/
e P C e

Figure 3.2.: detailed balance condition for a general system

Markov chain that mirrors the weights of the configurations. The Metropolis choice follows
straight forward

prop
Dy—z W

acc : y—r 7y

pe, = min [ 1,—5 — ). (3.5)
z—y We

We can see, that the acceptance probability depends on the proposal probability and hence
on the proposal process. This detail may cause some misunderstandings.

The difference between the Metropolis and the Metropolis-Hasting algorithm is the proposal
probability:

e Metropolis: pi™h = pi™P Vr,y

e Metropolis-Hasting: Jdz,y : pP™P £ pProp

3.2. Update processes

As described in the previous chapter we will use the Metropolis-Hasting algorithm to cover
the whole Hilbert space. Because the interval [0,/3) on the imaginary time axis is continuous,
we have infinitely many possibilities to go from one configuration to another. As Metropolis-
Hasting is designed for discrete problems, we discretize our interval. > When we evaluate the
partition function (2.41), we use the following substitution for each integration in imaginary
time

N

B B
/dTm/qulw(Tm,T;n,...)%Z Z
0 0

w(i,g,...) (3.6)

2l
2|

i=1 j=1

From that, we get an additional factor of (%)2 for every expansion order.

w(gn) — (%)znw(qn) (3.7)

5Later we will find out, that this discretization cancels out in the acceptance probabilities which are
calculated according to (3.10), (3.11), (3.12), (3.13) and (3.15).
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new

This prefactor has to be added to every w™®" and w® in this section.

To get from one segment configuration to another we use 5 different update processes (add
segment, remove segment, add antisegment, remove antisegment, shift operator). For er-
godicity (ability to reach every point of the Hilbert space) it would be enough to use just
the processes add and remove segment. The others are just there to increase performance.
The start configuration for the warm up process is (0|1]0), with no particle being present
(n = 0). The update processes work as following:

add / remove segment (as / rs)

add segment

n segments / \ n+1 segments

| [ | | [

B \ / - :

remove segment

Figure 3.3.: Illustration of the add segment and the remove segment processes

After having decided to add a segment we use the following procedure. First we choose a
random starting point € [0,3). If the starting point 7 hits an existing segment, we cancel
the process immediately. ¢ If we hit no existing segment, we choose a random endpoint
7/ from the interval of our starting point and the starting point of the next segment. The
length of this interval is called la.x. 7 € (7,7 + lnax]. Then we change the numeration
of the segments (according to the way, it is described in section 2.2.3) and evaluate the
new weight. To evaluate the proposal probability for this process we have to consider again
the discretized imaginary time interval. We have a probability of % of choosing 7 and a
probability of of choosing 7/. The probability for deciding to add a segment in the

llll'lXN
5
first place is }1 (compare section 3.4). Therefore it follows
B
P = 3.8
pas 4ln1aXN2 ( )

The remove process simply consists of deciding to remove a segment (probability i) and of
choosing the segment, which shall be removed (probability n+r1)

1
prop __

6This is equivalent of putting the weight of the new configuration to zero. w™™ =0
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According to (3.5) and (3.7) it follows for the acceptance probabilities

. ppmpwn—i—l lmaxﬁ Wn+1
o =min | 1, 55 = 3.10
pas ( pgs pwn ) n ‘I‘ 1 wn ( )
. PPy, n+1 w,
= = win (1, P ) _ (3.11)
Prs = Wp+41 lmaxﬂ Wn+1

Here w,, denotes the weight of the configuration with n segments. Further we dropped the
min(1,...). Our convention from now on is to accept probabilities > 1 with probability 1.

add / remove antisegment (aa / ra)

add antisegment

n Segments / \ n+1 Segments
|| [ [ ]
\O

|
B

remove antisegment

Figure 3.4.: Illustration of the add antisegment and the remove antisegment processes

The add and remove antisegment processes work corresponding to the segment processes.
An antisegment is a not occupied area. In the add antisegment process we first decide to
execute that process (prob. 1). Then we choose a random point 7 (prob. ). If we did not
hit a segment, we cancel the process immediately, otherwise we determine .., which is the
distance to the next annihilator in this case. From that interval we choose another point 7

rob. ——). Now we add a hole into the segment, we hit, and change the numeration.
p maxN g g
T

The reverse process of removing an antisegment consists of two steps; first to decide to
remove a antisegment (prob. 1) and then to choose the antisegment which shall be removed.
The probability for that is n+r1, because the number of segments is equal to the number of
antisegments.

So the acceptance probabilities for the antisegent processes are:

ﬂlmax Wn+1
e = 3.12
= e (312)
n+1 w,
ace — . 3.13
" Blmax Wn+1 ( )

Here we used the discretization of the imaginary time according to equation (3.7).
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shift operator

n segments / \ n segments

[ ] [ ] | L1 ]

ﬁ lumx \O B lnmx 0

"reverse" shift operator

Figure 3.5.: Illustration of the shift operator process

shift operator (sh / rsh)

When shifting an operator we first choose a segment with a probability % After that we
decide if we shall shift the creator or the annihilator of this segment (probability ). The
new position of the operator is bounded by the positions of the 2 surrounding operators of
the opposite kind. The resulting interval, which is accessible for the new operator position
iS lmax. This gives us an additional factor

N
The reverse process works exactly the same way. Even the length of [,,., is equal. Therefore
we get

B
prop __  _prop _ _ 14
Psn Preh 2nlmaxN (3 )

We see that it is not possible to make a distinction between shift and reverse shift processes.
The proposal probabilities cancel out of equation 3.5 and the acceptance probability yields

new
w

P, = (3.15)

increasing performance

To increase performance we replace the fraction of the weights by

wher det(A™Y) iU
ol = Slgnwindm X e f (316)
det(A™Y)
A= ——= 3.17
det(A°ld) (3.17)
with sign ;4 = 1, if the wind status is the same for the new and the old configuration
and sign.; 4 = —1 otherwise. 0/ denotes the difference of the sum over the length of all

segments §] = Zsegmemsnew lengthsegment — zsegmentsold lengthsegment. 0oy denotes the change
of lyy, which is the imaginary time span of double occupation on the impurity.
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3.3. Fast update scheme

The equations (2.68) and (2.75) are essentially for sampling through the phase space, for
computing the Green function and hence for solving the STAM. Unfortunately each contains
a numerically very expensive step, which is the computation of the determinant / the inverse
of a matrix. This costs at least of order n'°%27 [26] substantial processes. Hence this is the
speed-limiting part for the CT-QMC algorithm.

The fast update scheme offers a speed up for this. The basic idea is to consider an update
process ¢24 — ¢"V. Because we already evaluated the weight and the Green function of
the configuration ¢°, we already have the matrices A°d and M°. After having evaluated

A" by adding/removing/changing a row and a column, there are now two options:
e We calculate M™"V form A™Y by matrix inversion.

e We evaluate M™Y from the collective information which are provided by M°d, A°ld
and the new row and the new column. This is called the fast update scheme.

The later choice turns out to use only of order n? operations and hence offers an important
speedup for the algorithm. The fast update scheme will be explained in this chapter.

We start with the following setup. We have a matrix A°¢ and its inverse transposed M4,
Both have dimension k. The indices on the upper left side of a matrix/vector have the
following meaning: t: top; b: bottom; 1: left; r: right and denote a part of the matrix,
which is split because of the inserted row and column.

tleld terld thold trMold
Al — ;MO = (3.18)
bleld berld blMold brMold

We add a column ¢ and a row =T to A% which are also k dimensional vectors. The
intersecting element of the new row and the new column is called rc. The resulting matrix
A" has dimension (k + 1) x (k+ 1).
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m
C1
tleld terld
Cn—1
AV = 1 Tm—1 re T oo Th n (3.19)
Cn
bleld berld
Ck

To make the new and the old matrices comparable we introduce A and M, which have a
dummy row and column included. The dimension of those matrices is hence (k+1)x (k+1).

tleld

>
I
(@)

bleld

m
0
. terld
0
0 1 0 0
0
. berld
0
m
0
tl Mold . tr Mold
0
0 1 0
0
blMold . brMold

n (3.20)

n (3.21)
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Further we calculate the difference between the new and the old A matrix

m
C1

0 : 0

Cn—1
D=A" _ A= Y1 o... Tme1 TC—1 TH ... Ty n (3.22)

Cn

0 : 0
Ck

~ B N —1
From the definitions of D = AWV — A = (M neW’T) b (M T) follows

A ~ -1 .
Mre = (1 n ]\/[DT> M. (3.23)

This formula is the central formula for the derivation of the fast update scheme. It may look
complicated at the first sight, but the matrix 1 + M D7 is a sparse matrix with very simple
properties:

n
(o),

—>

1+ MD" = C1 ... Cp_1 rc Cn .. Ch n . (3.24)

—>

To derive these properties we first define a general matrix of that kind

n
ai
1 : 0
Ap—1
U= b1 ... by_1 T b, ... b n . (3.25)
anp
0 : 1
ag
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The determinant follows by splitting into subdeterminants of dimension k and switching
rows

k
aq . b1 e bk
det (U) =det ) A =z+ —1)'a;det | -
( ) : 1 ;( ) ( Li th row missing )
g
=z + Z )b =2 — bla. (3.26)
The inverse of U is’
n
—ay
1+ (ab") ; 1+t (ab")
1 —Qm—1
1= —by ... —b,_ 1 —by, ... —b . 2
U= e ! L N (3.27)
1+ (ab") : 14" (ab")
—ay

Here ab"’ denotes a Matrix with (abT) — a;b;. Now we have all the properties of 1+ M D™
to derive the fast update scheme.

determinant ratio \

First we handle the determinant ratio, which is

det(Amv)  det (Mo4) (1 "+mdet< ) N
A= det (Aold) o det (Mnew) - 1 et ( ) ( 1) det (]. + D M) (328)
det 1+MTD

and we get

A= (=1)"" (re — " M"r). (3.29)

new inverse transposed matrix M"Y

Next we derive the fast update formular for MV, For that we define

N = det (i n DTM> = (—1)"m, (3.30)

7 which can be verified by calculating UU ' =U"'U =1
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Hence it follows

Mre = (1 + MDT> o (3.31)
N o .
tl (Mold,r.cT) t (_Mold,r.) tr (Mold,r.cT)
o 1 1 (_nT 11—\ r(_ T
=1+ (=€) (=) n (3.32)
bl (Mold,rcT) b (_Mold,r.) br (Mold,r.cT)
L N J
0
tl (Mold) : tr (Mold)
0
X 0O --- 0 1 0O --- 0 n (3.33)
0
bl (M01d> : br (Mold)
0
m
tl (LRT) t (_Mold,r.) tr (LRT)
~ 1 l1(_nT Y r(_,.T
=M+ (=¢) (=) |, (3.34)
bl (LRT) b (_Mold,r.) br (LRT)
with L = M°4y; RT = ¢t Mo,
In the last step we made use of the relation [(MOldr) CT] MY = LR,
Further we see the relation
new __ i _ (_1\ntmy _ (__1\ntm det (AOld)
M5 = v = (-1) A=(-1) ot ( Anew) (Arew)’ (3.35)

3.4. Code architecture

The general mechanism of the Metropolis-Hasting algorithm has been explained in 3.1. This
section is about the specific implementation of this kind of algorithm.

The first problem we face, when implementing the algorithm is the question: What is the
configuration we start with? There are two concepts of choosing a start configuration. In the
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cold start [20] we use with the simplest possible configuration. In our case is this an empty
segment picture. The alternative option is a hot start. This is done, by either choosing
a random start configuration or by constructing it in such a way, that it has a high weight
compared to the other configurations [20]|. We perform a cold start in our simulation.

Independent of what start we choose, we face the problem, that the starting configuration
and the first configurations in the Markov chain might be overweighted, because they appear
at least once. To prevent this issue we use a warm up phase, which consists of ~ 10°
randomly chosen as/rs/aa/ra processes and ~ 10°/4 shift operator processes. We first
perform four as/rs/aa/ra processes and afterwards the shift process, because it might happen
otherwise, that we would remove a segment, which had been just modified by the shift
process. The shift process would have costed time then, without any computational use.

In this phase we do not measure any observables, but only the following quantities:
e average expansion order (k)
e average probability to accept a as/rs/aa/ra process
e average probability to accept a shift process

With these quantities we can calculate an estimate for the average number of processes,
which are necessary to change the whole segment picture. This is called the Monte Carlo
step size for the further simulation. In the main part of the Monte Carlo procedure we
measure the observables after each Monte Carlo step, because it ensures a certain degree of
independence of the measurements and avoids the computational effort, which is connected
to the measurement process. In general it would be also correct to measure after every
process, but because of the high correlation of the measurements we would not achieve any
improvement. A rule of thumb for the size of a Monte Carlo step is nM° o <}f§:>c> with i =1
denoting the as/rs/aa/ra processes and i = 2 denoting the shift operator proéess.

A further issue shows, that Monte Carlo methods are a statistical measurement. This is
compareable of performing a numerical experiment, which has a certain probability to return
the right result, but there are also derivations possible. Like other statistical measurements
the probability for the different possible results is a Gauss distribution around the right result
(expectation value). ® In figure 3.6 we can see a schematic description of this problem.

To improve the measurement, we can perform more Monte Carlo steps, but we still have
no indication, how precise our result is. To get a quantity for that we just perform several
independent measurements and calculate the average and the standard derivation. So if

8 To ensure, that the data is indeed Gaussian distributed, we protocol the distribution of our measurements.
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probability

measured real result

Figure 3.6.: result of a statistical Monte Carlo measurement

we measured an observable A before directly, we measure now a set of A;,As,... Ay in N
independent measurements. From that we can calculate the average

(A) = % Z A (3.36)

and the standard derivation
o4 =/ (A%) — (A)2 (3.37)

By this the precision of the measurement stays the same, because it consists of the same
number of independent samples, but we have an additional indicator for the quality of the
result. A schematic description of this new way of measureing can be found in figure 3.7.
There is a further big advantage of this way of computing. Because of the independence of

probability
no of
measure-
ments

real result

Figure 3.7.: resulting statistic of serveral independent measurements

the measurement process we can parallelize the simulation to N cores. The communication
footprint is very small, because we get communication only after the warm up and at the
end of the simulation. Further we do not need shared memory and hence are not restricted
to the maximum number of core per node on a cluster. The tool I used to implement
the parallelization is the current MPI 3.0 standard with the collective communication
routines.

The full architecture of the Monte Carlo process can be seen in figure 3.8.
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warm up: Metropolis-Hasting: legend:
~ 10° trials ~ % measurements
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measuring
(P29, (p3)s. (R [[] -calculated

starting
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G 0 )y

Figure 3.8.: architecture of the CT-QMC process

3.5. Analytic continuation

The purpose of analytic continuation is to calculate the spectral function from the impurity
Green function. There are two different methods available: the maximum entropy method
(maxent) and the pade method. In this work an existing maxent code based on [5, 19, 27]
was used, which calculates the spectral function in real energy domain from the impurity
Green function in imaginary time domain.

A necessary precondition to use maxent is, that the input data is Gaussian distributed. To
ensure that, the code, which was written for this thesis, produces statistical protocols of the
numerical data. In table 3.9 we look at the statistical protocol of the Green function, which
was used to produce figure 4.7. We count therefore all measurements z(7) of the impurity
Green function in imaginary time domain 7, which are smaller then the average value of
the data(X (7)) plus/minus an integer multiple of the standard derivation o, .. This is done
for each 7 mesh point independently. The (X (7)) were computed by 20 parallel processes.
To increase the precision of our analysis we sum up the distributions over all 512 7 mesh
points.

We can see a good agreement of the expected and the measured distribution. Derivations
result from the low sample size of 20 % 512 (not independent) points. This check was also
performed on 200 parallel processes, which gave a better agreement of the measured and
expected distribution. The distribution of each 7 mesh point was also Gaussian there. We
did not look at this statistics here, because it does not represent the quality of the maxent
input data, which was used in this work.
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; #Hux (1) x(r) < (X(7)) + jour

j= 312 1] 0172 3
expected (in %) | 0.2 | 2.3 | 15.8 | 50 | 84.2 | 97.7 | 99.8
h—00 (in %) |02] 25158 |49.4]84.5]97.9] 99.8
h—0.1 (in %) |0.0] 1.5 16.9|50.7 | 83.0 | 97.7 | 100.0
h—0.175 (in %) | 0.1 | 2.5 | 15.0 | 51.3 | 83.9 | 97.6 | 100.0
h=02 (in %) |0.0]| 15| 16.9|50.4 | 844 | 97.8 | 100.0

Figure 3.9.: quality of the Gaussian distributed input data for the maximum entropy method
used to produce the results, shown in figure 4.7

Attention: Maxent cannot reproduce functions with sharp turning point features such
as the top and the bottom of a semi-circular spectral function. Occurring artefacts are a
flattening / smoothening and an oscillating structure on top of the results in the effected
area. We will observe these features on the spectral functions presented in section 4.

3.6. Problems during implementation

When implementing the CT-QMC algorithm some unexpected problems might occure. Some
of those are very difficult to detect, because they appear very rarely. ?

Double precision

The error of double precision occures due to numerical rounding, after approximately 7 hours
on 16 cores. The fundamentel mechanism, that produces that error is, that in numerics the
following equation is valid:

1+107% =1 (3.38)

This results from the maximum span of digits, which can be stored is about 15. When we
already stored 1 in a variable, we can not add 10719, because it is 16 powers of 10 smaller.

If we create a segment, we first choose a creator position 7 in the whole interval 7 € [0,5).
Then we determin the interval length [, and choose a annihilator position /. We do that
by producing a random number r € (0, l;,ax] according to figure 3.10. Then we add it to the
creator position 7/ = 7+ r.

If [,ax is too small, we might end up with choosing a number of order @ = 1071¢. Together
with O(7) = 1 we end up with equation (3.38). This means, that instead of getting a 7’
sightly larger than 7, we get a 7/ = 7. According to section 2.2.3 this corresponds to a

9A typical runtime for detection is about 100 CPU hours.
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double getRandomDouble(const double 1 max—beta){

double out—rand ()] max/RAND MAX;

return out;

}

Figure 3.10.: Simple c++ implementation of finding a random number € [0,l;ax]. The con-
stant RAND MAX is of order O = 10'°.

segments covering the whole imaginary time interval instead of a very short segment (which
we intended to create). By this we created a not allowed segment picture (compare also
3.11).

a) N b)

! ! !
B 7y T2 m T B 7 T2 T T

Figure 3.11.: Rounding errors can change a segment configuration qualitatively:
a) annihilator is chosen, which is slightly larger than the creator
b) due to numerical rounding, the annihilator becomes equal to the creator.
This segment is interpreted differently (compare "note: half open segments"
in section 2.2.3) and results in a forbidden segment configuration.

We can prevent this problem by defining a function in ¢+, which chooses a random number
from a given interval. In this function we can include some asserts to ensure, that the number
we choose is really element of the interval.

Precision of the analytic solution

A further point, which might lead to confusion, is the "precision of the analytic solution".
We keep in mind, that the analytic solution of the SIAM according to (2.24) is only given in
Matsubara domain. Hence, if we want to compare our results according to (2.75), we have
to perform a (Fast) Fourier Transformation. For CT-QMC results with a high precision, the
precision of the FFT has a not neglectablerole, as can be seen in figure 3.12. So if one does
not get results in agreement with the analytic solution, the number of Matsubara frequencies
may be the (non obvious) reason. A high number of Matsubara frequencies has no relevant
influence on the runtime of the code, as the main computational effort derives from the fast
update procedure and in the computation of the susceptibility.
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Fast Fourier Transformation of analytic solution
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Figure 3.12.: Change of the analytic solution with the number of mesh points due to Fourier
Transformation: The CT-QMC results stay basically the same, while the an-
alytic solution moves into the error bars of the CT-QMC results with an in-
creasing number of Matsubara frequencies.

3.7. Debugging

Fixed seeds

One problem of debugging a Monte Carlo simulation is the disability to reproduce certain
errors, because we choose random numbers. This means, that problems, which occurred one
run before cannot be investigated further and hence can not be repaired properly. To avoid
that, we can work with fixed seeds. Fixing the seed means, that the initialisation point
of the sequence of random numbers is fixed. Usually one uses an initialisation point, which
depends on the current system time, but in this case we can just set it to the rank of the
process. This helps a lot in finding current problems.

Segment antisegment symmetry

A very important property of the CT-QMC algorithm is the antisymmetric 1° handling of
segments and antisegments. For debugging we can run the simulation twice with the same
seed and input parameters U = 0 and ¢ = 0. One time we start with an empty segment
configuration and allow only the processes add / remove segment, the other time we start
with a full occupied configuration and allow only add / remove antisegment processes. The

10 meaning segments / antisegments have the same position in an unoccupied / occupied environment.
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#define SEED

seed=time (NULL)+noOfProc*rank ;
#if defined (SEED)
if (rank—0){seed=1382954071;}
if (rank—1){seed—=1384856893: }
if (rank—2){seed=419;}
#endif
srand (seed ) ;

Figure 3.13.: Keeping track of the occurred errors, and provoking them by using fixed seeds.
Rank denotes the index of the parallel MPI processes.

code will handle both runs exactly antisymmetric during the whole simulation, so we expect
two antisymmtric pictures after every update..

To show this property, we look at the differen parts of the update probabilities from section
3.2: The proposal probabilities are always %‘. The acceptance probabilities does not differ as
well. The determinant of A will stay the same, because the matrix A is just the transposed
compared to the other run. The quantities ey and U, which affect the acceptance probabilities
differently for segments and antisegments are set to zero.
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4. Results: Hubbard model in a
magnetic field

In this chaper we will present DMFT results using a CT-QMC solver for the Hubbard
model with a magnetic field on a Bethe lattice in infinite dimensions. We investigate how
the spectral function, the self energy and the quasiparticle weight (or effective mass
enhancement) depend on an external magnetic field. The magnetic field shifts the chemical
potential of spin 1 with +h and the chemical potential of spin | with —h. The corresponding
Hamiltonian reads:

H=- Z ti,jéj’,aéj,a + Z Ut ani, — Z Nio (14 oh). (4.1)

<i,j>,0 %

We expect a spin dependent change in the spectral function and the effective mass. In
strongly correlated systems, the effective mass enhancement is exceptionally large. Local
interactions may cause spin fluctuations; the application of a magnetic field can suppress
these fluctuations and hence give rise to a neutralizing of this mass enhancement |[3].

4.1. Testing the STAM

This section describes some CT-QMC test-results. These have only minor physical mean-
ing but a significant impact, concerning the validity and the performance of the CT-QMC
code.

As we pointed out in section 2.1, the analytic solution (2.24) of the spinless Anderson model
can be used to check large parts' of the code. The only point, where the interaction enters
the CT-QMC simulation is the determination of the ratio between the weights of the old
and the new configuration (3.16). If we look at the results shown in figure 4.2, we see a very
good agreement of our results with the analytic solution even at 7 = 0. With a very high
number of meshpoints for the Green function, the analytic solution is in the errorbars of the
numeric result (compare section 3.6).

A further important test (comp. figure 4.3) is to go to high § (i.e. low temperatures), mean-
ing high expansion orders (average number of segments). As described in 3.3, the expansion
order determines the dimension of the fast update matrices. Hence a high expansion order

Lestimation of the author: 95%
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figure | expansion order | runtime
4.2 6 20min
4.3 92 20h

Figure 4.1.: expansion order vs runtime

leads to a significant increase of the runtime, as can be seen in tabular 4.1 . The results
show, that an expansion order = 90 is still accessible. Considering that CT-QMC is only
one step of a DMFT loop with 10 - 100 iterations (from experience), we hit the limits of
practicality 2. An idea to increase the expansion order even more is to go to bigger com-
putational resources. For the Augsburger Linux Computer Cluster (ALCC) 20 cores for 10
days are in general the maximum job size.

2These calculations were performed on the Augsburger Linux Computer Cluster (ALCC)
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Figure 4.2.: comparison with the analytic results:

We observe a very good accordance with the analytic solution.
input parameters:

U=0;8=10;|V|]> = 2;¢ = 1;

NoMeshp Gf=8192; NoMeshp Chi=32;

WarmUps=0.3mio; Measurements—20bins * 2mio

execution parameters:

average expansion order~6; runtime=70min
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Figure 4.3.: computational limits:
We can increase beta up to 1000.
input parameters:
U=1;8=1000;|V|?> = 0.1;¢; = —0.2;
NoMeshp Gf=16384; NoMeshp Chi=256;
WarmUps—0.3mio; Measurements—20bins * 0.1mio
execution parameters:
average expansion orderx92; runtime=20h
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4.2. Comparison to NRG results

We use a semicircular non interacting density of states (Dos)

Dos(e) = %VDQ — (e 4+ p)?, (4.2)

as described in chapter 1. In the following we investigate the dependence of the spectral
function for spin up electrons with respect to a magnetic field. The spin down spectral
function p; is symmetric to p+ with respect to 0 in the half filled case:

pr(w) = pr(—w). (4.3)

Hence, for reasons of simplicity we do now plot the spin down quantities for the cases of half
filling. Further we examine the effective mass of the particles at the Fermi surface.

We compare our results to the NRG results presented in [3].  The difference between
the two used methods is, that NRG operates on the real energy axis at zero temperature,
whereas CT-QMC operates in imaginary time domain for finite temperature. Hence we
expect some distortion due to maxent [21| and some temperature dependent broadening of
the spectral function in the CT-QMC results. We compare the spectral function and the
inverse quasiparticle weight for different interaction strengths and different magnetic fields.
The inverse quasiparticle weight describes the enhancement of the effective mass due to
electronic correlation ® and is computed according to the following formula [22], [3], [2]
,om ORe {3(w)}

= =1 ==\ 4.4
: m Oow (44)

As we work in Matsubara domain, we have to rewrite this formula. The self-energy is an ana-
lytic quantity, so the Cauchy Riemann equations hold and we can perform the differentiation
in Matsubara frequencies.

Z—l =1 — M =1- M (45>
Oiwy, 2=0 Wo
(4.6)
with
3 ~(@n+)m
= E ' (4.7)

In the second step we used that Jm {¥(z =0)} = 0.

In the following we will compare the CT-QMC and the NRG results for different magnetic
fields in different parameter regimes.

We used the same input parameters as presented in paper [3]:

U=...; p=30; D=2; u= g (at half filling); (4.8)
m=0.15; MC warm ups = 20mio; MC Steps = 900mio. (4.9)

3 A high inverse quasiparticle weight hence indicates a strong influence by correlation.
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4.3. Weak interaction strength

The weak interacting regime is simulated at U = 2. 100 mio MC Steps were used for these
results.  Without a magnetic field, we see a spectral function, which is similar to the non

0.4

0.35r
0.35 1 03l
0.3 i
0.25¢
0.25
— = 0.2¢
202 3
S 015 = 015
0.1 0.1r
0.05 0.05(
0
-0 6 96
w
(a) CT-QMC results (b) NRG results [3]

Figure 4.4.: spectral function for U = 2

interacting density of states. The interaction smooths out the edges but the general shape is
the same. With increasing magnetic field the band gets broadened. For h &~ 0.7 the spectral
density shows a weak two peak structure. For higher magnetic fields they loose it again.
The oscillations on top of the CT-QMC results may origin from the attempt to reproduce
sharp turning point features*, which can be found in the NRG results. We notice, that these
oscillations are stronger for the regime of high magnetic fields. These spectral functions
exhibit a sharper turning point feature in the NRG results.

As can be seen in fig. 4.5, the effective mass is enhanced with a factor 1.5 (m* = 1.5m) in
the absence of a magnetic field (h = 0) and Coulomb interaction U = 2. For an increasing
magnetic field this value decreases towards 1, which means a very small mass enhancement.
This origins exactly from the mechanism of suppressed spin fluctuations described in the
introduction of this chapter.

To illustrate the computation of the effective mass enhancement and to convey a better
impression of the quantities of the DMFT loop, the self-energies are shown for the strongest
and weakest magnetic field in figure 4.6.

We see very good agreement between the results of this work and the results of [3]. For the
inverse quasiparticle weight it would be nice to compare more meshpoints to see if smaller
details like the kink at A = 0.9 are reproduced as well.

4compare section 3.5
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Figure 4.6.: Self-energies used for the calculation of the inverse quasiparticle weight in CT-

QMC.
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4.4. Intermediate interaction strength
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Figure 4.7.: spectral function for U =5

For the intermediate regime an interaction strength of U = 5 has been chosen. We see a
three peak structure in the spectral functions (figure 4.7) for all magnetic field strengths.
With increasing magnetic field, more and more states are shifted towards the lower Hubbard
band (LHB). The inverse quasiparticle weight (figure 4.8) starts with a value of ~ 10 for
h = 0 and is much lower for A ~ 0.2.

In the spectral function the comparison of the CT-QMC results with [3| show a quantitative
good agreement. The CT-QMC result exhibits a broadening in the LHB for h > 0.175 at
w = —bH and a peakier top region. These effects origin from the analytic continuation and
the finite temperature. There are no oscillations on top of the CT-QMC spectral functions
and no sharp turning points in the NRG results. The quasiparticle peak (QP) or Kondo
peak at w = 0 differs slightly but shows the same features. NRG is the only solver, which
can get the Kondo peak accurately, as it works on the real energy axis. Hence one is able
to use a very dense mesh around w = 0, to produce highly accurate results in this region.

The results of the inverse quasiparticle weight capture only the same tendency as the results
from [3]. Both results increase slowly with rising magnetic field, reach some maximum
and decrease drastically for higher magnetic fields. The obvious distinction is, that the
divergence of the inverse quasiparticle weight is not present in the CT-QMC data. We can
see some features around A = 0.12 in the CT-QMC data, which indicate that the data in this
region might not be reliable. According to (4.4), the quasiparticle weight strongly depends
on self-energy around w = 0. As the spectral function differs at the Kondo peak, the other
quantities in the self-consistency loop will differ as well. Hence the moderate agreement is
not surprising. The convergence factor of the DMFT loop for these results is at O(107).
Usually it is of order O(107°). An further increase of the convergence factor was to expansive
from a computational point of view.
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Figure 4.8.: inverse quasiparticle weight for U = 5

4.5. Quarter filling

The interaction is again at intermediate interaction strength (U = 5) but the system is now
at quarter filling (n = 0.5). As we are away from half filling now, the spin symmetry (4.3)
is broken now. For this reason we show all quantities for both spin channels. Only 70 mio
MC Steps were used to produce the results. To achieve quarter filling the chemical potential
has to be set to the values listed in table 4.9.

magnetic field: h | chemical potential: p
0.0 -0.2194
0.1 -0.2292
0.25 -0.2881
04 -0.3998

Figure 4.9.: chemical potential for different magnetic fields to establish quarter filling

In the case of quarter filling the non interacting density of states is only little modified.
Some of the lower states are shifted to an energy w = 7 and form a small upper Hubbard
band band (UHB) there. With increasing magnetic field, this effect is getting weaker /
stronger for the spin up / down channel. For the up channel and h = 0.4 there are no more
states shifted to w ~ 7. We hence yield the uncorrelated-like density of states in the spin
up channel and a two peak structure in spin down channel. There is a two peak structure
present in this spectral function (LHB and UHB). The oscillations for spin up (h = 0.0 at
w = —1) and for spin down (h = 0.1;0.25;0.4 at w = —1) are artificial features due to the
analytic continuation and do not indicate a three peak structure. We can observe a good
agreement of the spectral functions of both spin channels. The oscillations on top of the
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Figure 4.10.: spectral function for U = 5;n = 0.5

CT-QMC results may origin from the attempt to reproduce sharp turning point features®,
as argued in section 4.3. In contrast to this section we see stronger oscillations for A = 0.0
and h = 0.1 in the spin down channel, which correspond to the sharp turning point features
at the top of the NRG spectral function at w = 1.

The inverse quasiparticle weight is in a range between 1 and 1.5 and is thereby much smaller
than in the regime of intermediate interaction. It is very interesting to notice, that in the
range h € [0.0;0.1] the effective mass is decreasing for spin up and increasing for spin down
at the same time. The inverse quasiparticle weight coincides very well with the results
from [3]. The spin up channel is monotonic decreasing from 1.5 to 1, while the spin down
channel is always approximately 1.5 and has a maximum at h ~ 0.15. This is the expected

Scompare section 3.5
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effect announced in the introduction of this chapter. More meshpoints would increase the
comparability with [3].
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Figure 4.11.: quasi particle weight for U = 5;n = 0.5
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Conclusion

To summarize the results of this work we repeat the key messages of each chapter.

In Chapter 1 we presented the DMFT self consistence scheme in such a way, that it can
be implemented easily. We gave an effective way of measuring the lattice occupation in

Matsubara domain. Further we proofed that half filling can always be established by setting
U

=5

The 2. Chapter we solved the non-interacting Single Impurity Anderson Model analytically.
This is a key feature for debugging, as approximately 95% of the CT-QMC code can be tested
by that. Further we explained the segment picture and how the one- (Green function)
and two- particle (susceptibility) correlation functions are measured in the hybridisation
expansion of the interacting STAM. The analytic derivations of this chapter are generalized
to a SIAM with spin and an external magnetic field.

Chapter 3 explains how the CT-QMC algorithm works from a practical point of view. The
Metropolis-Hasting algorithm can be used to handle a broad class of problems by sampling
statistically trough indefinite configurations spaces. Further this algorithm is highly parallel,
which plays a crucial role on todays high performance computing architectures. In the
section about the Fast update procedure we introduce a highly effective speedup, which
is a necessary foundation for every CT-QMC simulation. Further we pointed out some
numerical difficulties and tricks suitable for debugging. People who are eager to implement
similar concepts like the ones presented in this chapter are strongly encouraged to read this
part.

In Chapter 4 the CT-QMC results, which were produced by the CT-QMC code written
in the context of this thesis, for the Hubbard model in a magnetic field are presented. We
see how the Hubbard model behaves, in different interaction regimes and at different fillings
under the influence of an increasing magnetic field. We see clear examples

e how the analytic continuation influences the quality of the results,

e how a spin polarisation can take place: fig. 4.4,

e a reduction of the effective mass enhancement with rising magnet field: fig. 4.11,
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e and how the spectral function of one spin channel evolves back to the non-interacting
DOS, while the spectral function of the other spin channel forms into a two-peak
structure: fig. 4.10.

In most cases we see a good agreement of the numeric data compared with the NRG based
results presented in reference [3|. Differences origin from the characteristics of used solvers
and pointed out clearly.
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A. Appendix: Poster

Results of this work were presented by Markus Dutschke on the “Friihjahrstagung der
Deutschen Physikalischen Gesellschaft, Sektion kondensierte Materie, 30. Mérz - 4. April
2014 in Dresden™ in cooperation with Prof. Liviu Chioncel and Prof. Junya Otsuki
[7].
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