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In the present paper, we present an efficient continuous-time quantum Monte Carlo impurity
solver with high acceptance rate at low temperature for multi-orbital quantum impurity models with
general interaction. In this hybridization expansion impurity solver, the imaginary time evolution
operator for the high energy multiplets, which decays very rapidly with the imaginary time, is
approximated by a probability normalized §-function. As the result, the virtual charge fluctuations
of f* — f™*! are well included on the same footing without applying Schrieffer-Wolff transformation
explicitly. As benchmarks, our algorithm perfectly reproduces the results for both Cogblin-Schriffeer
and Kondo lattice models obtained by CT-J method developed by Otsuki et al. Furthermore, it
allows capturing low energy physics of heavy-fermion materials directly without fitting the exchange

coupling J in the Kondo model.
I. INTRODUCTION

Due to the rapid development of hybridization expan-
sion continuous-time quantum Monte-Carlo (CT-HYB)!
method, an efficient solver for quantum impurity models,
substantial progress has been achieved in the electronic
structure studies of strongly correlated materials within
the framework of density functional theory (DFT) im-
plemented with dynamical mean-field theory (DMFT)?.
However, CT-HYB is insufficient for the studies of low
temperature (~O(10)K) properties of heavy fermion ma-
terials in the Kondo regime, where the itinerant s, p, d
electrons co-exist and interact with the localized f elec-
trons caused by the large Coulomb repulsion U among
them. The failure of CT-HYB lies in its algorithm con-
struction where configurations with large charge fluctu-
ations are frequently proposed in the process of Monte
Carlo updates, resulting in small acceptance rates in the
Kondo regime where the charge fluctuations are nearly
frozen. With the decrement of temperature 7, CT-HYB
method becomes increasingly inefficient because with the
longer imaginary time 8 = 1/kgT, configurations with
large charge fluctuation are more and more likely to be
proposed during the sampling process, which has very
small acceptance rate.

One way to solve the above problem is to perform
Schrieffer-Wolff transformation (SWT)? to single impu-
rity Anderson model (STAM) in the strong coupling limit
and one gets effective low energy s-d exchange model
in which local charge fluctuations are projected out and
only virtual processes are considered. The well-known
Coqblin-Shrieffer(CS)* model and Kondo model® are two
typical SW transformed models. CT-J ¢ algorithm is
developed to simulate such models by expanding parti-
tion function in term of s-d exchange terms. With much
higher efficiency, CT-J can be applied to study Kondo
physics within the two localized models down to much

lower temperature. Based on the corresponding Kondo
lattice model, Matsumoto et al. have performed DMFT
calculations for Ce-122 compounds and successfully re-
produced the general trend of antiferromagnetic transi-
tion temperature around the magnetic quantum critical
point”. In their approach, they first calculated hybridiza-
tion function between the conduction bands and the 4f
electrons by DFT+DMFT with Hubbard-I approxima-
tion as an impurity solver and then constructed the ef-
fective CS model afterward by estimating s-d exchange
parameter J obtained by SWT. However, such construc-
tion process neglects the fact that J has momentum and
orbital dependence. Furthermore, once the realistic in-
teractions (not the density-density type) among the f-
electrons have been considered, the SWT will become
enormously tedious and complicated®. As a result, CT-J
is not the best practical choice for the calculations of the
realistic heavy fermion materials.

In CT-HYB, the local trace part in the partition func-
tion can be viewed as contributions from the various
“evolution paths”® among different atomic multiplets
{I'} which can be grouped into high energy states {I'"}
and low energy states {I''} according to their atomic
eigenenergy Er. In Kondo regime, it is assumed that
{I''} are configurations with occupancy n, and {T'"} are
of occupancy n+1 with n being an non-zero integer. Fur-
thermore, it is also assumed that Err. > Er as schemat-
ically shown in Fig. 1(a). In this condition, if one takes
snapshots of the dynamics of electrons on the impurity
site, atomic states would keep most time on low energy
configurations for most of the time, as shown in Fig. 1(c).
The lower the energy is, the longer time it will spend on
correspondingly. The imaginary-time evolution operator
of the high energy states, e Fr»7  decays much faster
than that of T as illustrated in Fig. 1(b). As Epx in-
creases, the sharply decaying e~ Fr»™ can be well approx-
imated by the d-functions centered at time zero, assuming
that I'" appears only in the range of 7 € [0, ~ 07). Based



on the above assumption, in the present paper we in-
troduce a new impurity solver by approximating e~ #r»™
with a probability normalized d-function. With this new
method, we are able to take into account all the vir-
tual processes that involve the charge fluctuations from
T'; to I'y, states without explicitly applying SWT which
is difficult for the realistic materials. Furthermore, the
approximation does not depend on the details of local
interaction and thus can be easily used for the DMFT
calculations of the heavy fermion materials.

The rest of the paper is organized as follows. In the
second section, we first summarize the CT-HYB method
and then introduce the cutoff of the local Hilbert space.
After that, we propose our approximations to the local
trace part in the partition functions for quantum impu-
rity models under the Kondo limit. In Section III, we
introduce how to design Monte-Carlo updates to sample
the partition functions under the approximation men-
tioned above for both general and density-density type
interactions. Finally, the benchmarks of our new impu-
rity solver are shown in section IV on both CS and Kondo
models. The summary of the paper is then given in sec-
tion V.

II. METHOD
A. Hybridization Expansion

Let us begin with the multi-band single impurity An-
derson model (STAM), which reads

Hgianm = Hioe + Huyb, + Hpath, (1)
where

Hie = Y €apfifo + Y UnpsrfLfif2 S5 (2)
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The Greek letters «, 3,0, denote Ny localized spin-
orbital index, and p = kv denotes the conduction band
(bath) electron with momentum k and spin-orbital index
v.

The configuration space of hybridization expansion al-
gorithm is given by the set of imaginary times {7} and
corresponding orbital indices {a}:

CZ{{Tl,"' ,flka:Ovlv"'} (5)

Integrating out the bath operators ¢, (7), the partition
function Z reads (detailed derivations are given in Ap-
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pendix A and Ref. [1])
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where wioe(Cy) is the so-called local trace part

Wioe(Cr) = Trg[Tre™ o for (r) f1, (1) -+ for () £, (P,
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and wqet(Cr) is the so-called determinant part
waet (Crr) = det ALK, 8)

ACr) is a k x k matrix with its elements being anti-
periodic hybridization functions Agfk) = Aaia; (1i = 75)s
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here 7 = 1, — Tj/- . A can be reduced to a block-diagonal
matrix if the coupling to the bath is diagonal in spin-
orbital indices, and in this case we have det A(Cx) =
[1., det A&C“. We make this assumption of diagonal hy-
bridization throughout the rest of this paper. In practice,
the inverse of AL denoted by M = [ALH)-1 g
more convenient to be saved and used in the fast-update
formula!?.

When the interaction among f-electrons is density-
density type, the wio.(Cx) can be easily evaluated by seg-
ment algorithm!!. When the interaction term is the gen-
eralized type, the local Hamiltonian Hj,. is more com-
plicated and the atomic eigenstates are no longer Fock
states. In this case, the evaluation of the local trace part
wioc(Ck) becomes very time consuming and can be ex-
pressed in terms of the atomic eigenstates as

wloc(ck) = ST, Z
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where s7_ is the sign determined by the time-ordering
of the fermionic operators. Each term in Eq. (10) can
be diagrammatically illustrated as an evolution path® of

{T'}, e.g.

fl/ (7-]/@) f(i/ (7—{)
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for () Ty
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BT I 4o,
(11)

which means that the local configuration evolves from I'y

at 7 = 0 to other multiplets successively by annihilation

or creation of electrons and finally returns back to I'; at

T=p.



B. Truncation of the Hilbert space

For the sake of simplicity, {I'} can be divided into two
classes, high energy states {I'"} and low energy states
{I'"}. In the Kondo limit, the average occupation number
for the f-orbitals is very close to an integer, n, which nat-
urally defines the low energy atomic states with ny = n.
The rest of the atomic states have much higher charging
energy about several times of Hubbard U in difference
comparing to the low energy states. In the CS trans-
formation, these high energy atomic states are treated
as virtual processes, which lead to exchange interaction
between the localized f-electrons and itinerant electrons
in the s,p,d bands. For instance, in Cerium compounds
low energy states are ny = 1, and both the ny = 0 and
ny = 2 states are treated as virtual processes. There-
fore for general STAM with strong Coulomb repulsion and
deep local impurity level, the states {T'"} = {f"*!} are
included as the virtual states. Now after the first step
the local Hilbert space considered in our approach has
been truncated to

{T} = {T"|Npe = n} | {T"|Npw =n £ 1} (12)

{I'"} are still rarely visited in MC sampling whose energy
difference to {I''} is about several eV, which is one or
two orders of magnitude larger than the typical Kondo
temperature. In other words, the time evolution func-
tion, which determines the appearance probability of spe-
cific atomic configurations in the MC processes, satisfies
e TFrh « e7TFrl especially at low temperature. When
Hj,. is in density-density form and segment picture is
adopted, this implies the overlapping segments or anti-
segments are very short.

The above truncation requires that evolution paths
with non-zero contributions to wie.(Cy) are those alter-
nating {I'*} and {T"} since

{T"[Npw = n+1})  fI{T N = n}),
{T"[Npw = n = 1} ¢ fo{T'[Npe = n}),
10) ¢ FIHT" [ Npw = n+1}),
10) ¢ fal{T"|Npn = n —1}).

(13)

wioc(Ck) can be split into two parts according to the en-
ergy hierarchy of the head/tail state {I'y}. The part
which starts from and ends in {I'?} is generally much
smaller, since it contains more time evolution of the high
energy states and thus can be reasonably neglected, es-
pecially at very low temperature. Thus, we obtain
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which evolves in {I''} « {T*} ... {T''} < {T'"} « {I'}.
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FIG. 1. (Color online). Approximations made to CT-HYB in
Kondo regime. (a) Energy of atomic multiplets I" as a function
of occupation number, in Kondo regime there is Ef > Ek.
(b) Schematic plot of ™' as a function of 7. e T decays
much faster than e 7' ". (¢) Schematic plot of the impurity
site hybridizing with the heat bath. In the simplest case of
the single orbital model, impurity site spend most of the time
on two low energy single occupied states, | 1) and | J), than on
two high energy states, unoccupied |) and double occupied | 1}
) (adapted from Ref. [12]). (d) Sharply decaying imaginary
time evolution operator of high energy states is approximated
by a normalized Delta function, leading to virtual processes
included in X matrix. Left panel, 7; > 7/; right panel, 7; < 7/.

C. Energy shift

Eigenvalues of Hyoc, { Er}, can be negative or positive,
therefore e~"ET (7 > 0) is either monotonically increasing
or decreasing function, respectively. However, it is the
relative difference between {Er»} and {Er,} that mat-
ters in Monte Carlo simulations. Then it is convenient
to make a shift to {Er} such that the time evolution
functions appearing in our simulations are always mono-
tonically decreasing. To realize that, we shift the zero of
the energy to Ey, where Ey = min{Fp: },

Er — B} = By — Ey > 0. (15)

The transformation is equivalent to multiply a positive
factor e#F0 to wiee(Cr)

Wioc(Cr) — w{OC(Ck) = Wioe(Cr) X eﬂEU7 (16)
and partition function is changed to

Z — 7' =7 x ePFo, (17)



Please note that the expectation value of an operator will
not be modified by the above transformation,

oy, _ 1 dCw(€©)OC) _ [ dCw(C)e?*0(C)
(O)z = 7 = 7 % oPEo (18)
_ w — (0),

Prime / is omitted for Ef., Z', etc. hereafter for the sake
of simplicity.

D. Approximations in Kondo limit

Two typical fragments of evolution paths appearing
in wiee(Cr) in Eq. (14) are schematically depicted in
Fig. 1(d) where each high energy state is sandwiched be-
tween one creation and one annihilation operators. Here
we focus on the left panel where 7, > 7/. In the limit
of Epn — 400, the probability of finding a configuration
with finite 7 = 7, — 7/ > 0 approaches 0 due to the ex-

. . —(ri=7])Epn .
ponentially decreasing factor e (=) P , which means

that excitations to high energy states are instantaneous,
ie. 7, —7/ = 0%, in the Kondo limit. Integrating over 7/,
we obtain

-
Y —(m—=T)Epn 5 1
/ e rszi...:...E '“|Erh_>+°°’ (19)
Ti—1 rh ¢

where ﬁ indicates total probability for this particular
T

type of virtual processes. Then in the Kondo limit, where
all the high energy local atomic states can be treated as
the virtual processes, the sharply decreasing time evolu-
tion can be well approximated by a probability normal-
ized delta function

—(ri—7))E 1
e ( ) r'il
Ern

§(ry — 1 —01). (20)

This approximation is getting better and better when
the charging energy FEr» is approaching infinity, which is
very suitable for the heavy fermion systems at the Kondo
limit. The above approximation has the following advan-
tages. 1) By neglecting the time dependence of the local
propagator for the high energy atomic states, the charge
fluctuations to these high energy atomic states will be
treated as the virtual processes, which induce an effec-
tive exchange coupling among the conduction electrons
and the low energy atomic states. For simple model sys-
tem, i.e. the single orbital Anderson impurity model, it

J

can automatically obtain the exact same coupling terms
as the SWT. 2) This approximation can be easily applied
to more realistic models generated during the process of
LDA+DMEFT, the coupling terms between the f-electrons
and conduction electrons have the momentum and orbital
dependence, which make SWT Very difficult.

Replacing all e=" Fr# with & Yo 5(7’ —071) and integrat-
ing over all {7/}, we find that a creation operator and an
annihilation operator always appear in adjacent pairs.
The configuration space now reads

C= {{}7{7—1;81.][&1.}[;1}7'” s

(21)
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Summation over {I'*} can be written in a compact form
by defining two types of X-matrices labelled by s
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which describes virtual charge excitations f" — f7t!
and
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which describes virtual charge excitations from ™ —
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where the local trace is reformulated in terms of X-
matrices as
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An example of third order configuration Cs is schemati-
cally shown in Fig. 2(a) and its determinant part is

Aa % (0_) Aa/ ocz( 7-2) Aa/lag (Tl - TS)
Waet (C3) = | Doy (T2 — 71) Aa;aZ( ) Dapas(me—T73) |, (27)
A a1 (T8 = 71) Dagar (T3 = 72)  Dagay(07)



which can be expanded into 3! = 6 terms as schematically
represented in Fig. 2(b-g).
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FIG. 2. (Color online) Schematic plot of a third order config-
uration in the approximated partition function Eq. (25). (a),
The evolution of low energy states (I'}, labelled by horizontal
solid colored lines) by means of virtual processes. Two adja-
cent vertical solid black lines are to denote the creation and
annihilation operator pair in an X matrix. 4+ in X Zi is to de-
note the type (s; = £1) of X matrices defined in Eq. (23, 24).
(b-g), Nlustration of the hybridizations determinant, Eq. (27),
by arrowed dashed red lines starting from a annihilation op-
erator and ending at a creation operator. For a three order
term, there are 3! = 6 terms in the determinant.

IIT. MONTE CARLO SAMPLING

Before introducing the detail of the Monte Carlo sam-
pling, we first divide the different pair operators into the
following types

e pure-pair: o; = o, sfa, fl
e mix-pair: «; # o, s,falfl,
An k-th order configuration Cj consists of time-ordered

pure-pairs and mix-pairs

Br sifarfl () = = sifa Sl () 40, (28)
Cj. contains an equal number of creation and annihilation
operators for each flavor by construction. With fixed
{7;} and fixed number of single-particle operators of each
flavor, Cy, is mathematically an element in the set of direct
products of operators permutations &,

7fa1}®'@{fl%a
k

Q[ 2 fai 131
=1

{Cki}:{'@{fak’... 7fl’1}

(29)

Based on the fact that any permutation can be expressed
as the product of transpositions, we design updates which
keep diagram order as the following,

e left-exchange: exchange annihilation operators of
two adjacent pairs,

e right-exchange: exchange creation operators of two
adjacent pairs,

e in-pair swap: §; — —s;.

Ergodicity can be satisfied by the above updates together
with insertion and removal of pure-pairs at random times
which change expansion order by 1, since any Cy; can be
generated from an list of pure pairs by successive trans-
positions. Updates which shift pair-operators is not nec-
essary but is useful to increase sampling efficiency.

Metropolis-Hastings algorithm is used to sample con-
figuration space C according to the configuration weight
w(Cr) = wioe(Cr) [1, det(M&ck))_ldT‘“. The random
walk in C must satisfy detailed balance condition and
ergodicity.

In the following, we first discuss the update scheme
for general interaction and then for density-density iter-
ation. The main difference between the two is the way
to calculate local trace.

A. General interactions

As shown in Eq. (26), the calculation of local trace re-
quires multiplication of matrices and is time-consuming.
We can take advantages of symmetries of Hj,. and divide
the full Hilbert space of Hj,. into much smaller subspaces
labeled by some good quantum numbers (GQNs)*?, such
as the total particle number N, the total Spin z-
component S, the total angular momentum J,, etc.
Single particle creation and annihilation operators are
therefore in block diagonal form, which speeds up the
calculation. Further speed-up can be achieved by using
the divide-and-conquer? trick based on the fact that di-
agrammatic configurations are modified locally in each
update.

1. Pure-pair insertion/removal

To insert a pure-pair in configuration Cy, we pick a ran-
dom flavor «, a random pair with type s, and a random
time 7 in (0, ). In the corresponding removal process,
we simply delete one of the existing pure-pairs among
ko + 1 pairs. The ratio of the transition probabilities can
be calculated for the inserting case as

 Wi0e(Chpr) det (M) 9

plka = ko +1)
- ) et 1
p(ka +1 = ko) Wiee (C ) det (M) 1 ot

(30)




where wyoc(Cr+1) is the local trace and (M&C’““))fl is the
hybridization matrix of the new configuration at order
k+1.

2. Left/right-exchange

In the left-exchange update, we randomly pick a
pair operator s;fa, fl< together with its left neighbor
Sit1fai, fl, and exchange their annihilation operators

i1
if Q; 7£ [e7ER}

T 5i+1fai+1fl;+l(7'i+l) - Sifaifl (Tz) -

! (31)
= Si+1fu,iflgi+1(Ti+1)sz‘fai+1flg(7i) —

If + = k, the right-most pair is selected as the left neigh-
bor of k-th pair(k > 2). It is equivalent to two successive
shifts: f, from 741 to 7 and fq,,, from 7; to 7;41. Using
Metropolis-Hasting algorithm we obtain

p(k)" _ wioe(Cp)  det( (Chy-1 . det(M))-1
p() ~ wioe(C)  det(ME) T det(ME),)—1

(32)
where (/\/l((f’/“))’1 (v = oy, avj1) is the new hybridization
matrix of flavor o with shifted f, compared with original
(M &Ck))—l.

The right-exchange updates works quite similar to left-
exchange except that it operates on creation operators,
and the detailed balance condition is of the form of
Eq. (32) where (./\/l((lc’“))_1 is hybridization matrix with
fI being shifted.

8. Swap

The ith pair is randomly selected, and we flip its type
from s; to —s;. Swap update is very important for satis-
fying ergodicity since it switches virtual charge fluctua-
tions between f* — f* ! and f* — f*+!. Pure-pair will
not be selected since the swap of pure-pair can be done
by removal of s, fa, fl( and insertion of —s; fa, fi,_ at 7;
successively. The ratio of the transition probabilitlies is

p(k’)/ wloc(cllc)

()~ wie(Cr)’ (33)

The reason why M~ is not involved in Eq. (33) is that
it’s block diagonal in spin-orbitals.

B. Density-Density interactions

If H;,. commutes with the occupation number operator
of each orbital, the eigenstates of Hj,. are Fock states.

For each orbital, creation operator has to be followed by
an annihilation operator for all valid configurations(we
refer it as NN-Rule). The weighting factor of the allowed
configuration Cy can then be expressed as

—(B=7k)Epi yrspapal, —(Te—Tk—1)Ep
Wioc(C) = s, - € ' X koo

! —(re—m)E 7 —(m-0)E
S
(34)
To propose valid configurations, updates should be care-
fully designed to satisfy the NN-Rule.

1. Pure-pair insertion/removal

The main difference with the general interaction case is
that the pair type s can not be randomly selected. For a
given configuration, if the orbital « is occupied (unoccu-
pied) in the Fock state spanning 7, only the insertion of
frfa(fofl) at 7 is allowed. When it comes to pure-pair
removal, we correspondingly delete f1f, (flf,) away
from 7. The condition for detail balance reads

 Wie(Cryr) det(MEFH)L g

plka = ko +1) "
plka +1 = ka) Wioe (Cr) det(MEN =1 ko +1°
(35)

2. Left/right-exchange and swap

Exchange process which violate the NN-Rule will be
directly rejected. Swap updates will not violate the rule
since only mix-pairs are swapped. The conditions for the
detailed balance are same with those of general interac-
tions except for the calculations of local trace. While
left /right-exchange is equivalent to shift of segments,
swap is equivalent to switch between infinitesimal small
segment and anti-segment.

IV. MEASUREMENTS

The most important observable for QMC impurity
solvers is the finite temperature imaginary-time Green’s
function defined by Géa, (r) = —<7;fa(7')f:£, (0)). The
single particle green’s function, in general, includes high
energy process that involve states with different occupa-
tion numbers. Such process, however, are missing in our
approximated parition function, Eq. (25), in the Kondo
limit, where charge fluctuations are projected out com-
pletely. Nevertheless, we can still measure the low-energy
contributions to G{;a, (1), which correspond to the quasi-
particle part in the single-particle excitations. Here, we
give a brief descriptions of how to measure Gfm, (). The
step by step derivation of the measurement formula is
given in Appendix B.



In the CTQMC, the diagrams contributing to Gia, (1)
can be generated from diagrams in Z: One chooses an
arbitrary pair of creation and annihilation operators in
a given configuration Cy, and removes the correspond-
ing contributions to the determinant ALY Within the
approximation applied to the partition function, only a
specific pairs of creation and annihilation operators have
contributions to Gia, (7). A pair of operators that be-
long to different X matrices does contribute, while those
on the same X matrix do not. Those diagrams are illus-
trated in Fig. 3(b) and Fig. 3(c), respectively.

The measurement formula is thus given by

k
Gig/ (T) = _<% ZI 50(,,1,05604;”0/5_ [T_(Tm_Tn)}M%%)>Z7
m,n=1
(36)
where / stands for the resctriction of summations to m #
n ( m and n are one different X matrices). The function
d~ is defined by 6 (7 — 7') = o(r — 7’) for 7 > 0, and
6 (r—7")=—=6(r — 7" — ) for 7 < 0. After the Fourier
transform, we obtain
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FIG. 3. (Color online) Schematic plot of a third order configu-
ration for measurement of Green’s function in Kondo regime.
(a) Local trace part of Green’s function G¥, (), which is the
same as that of Z shown in Fig. 2(a). (b) An example of
allowed (marked by v') measurement for G, (7). Two oper-
ators from two different X matrices [here fao,(73) of pair X3
and fi,Q(TQ) of pair X] are identified as operators in G (7).
In upper and lower panels, we plot existing hybridization lines
which do not connect between the selected operators. (c) An
example of forbidden (marked by X) measurement in G7,, (7).
Two operators belonging to the same X matrix are not al-
lowed to be chosen in measurement.

We can compare the present measurement formula,
Eq. (36), with that for the of t-matrix in the CS model,
Eq. (9) in Ref. [6]. They are related by t(7) = V2G(7) if
there is no k dependence in Vj.

The asymptotic behavior of G(iw,) is

Wy, *

G(iwn)|lnsoo = z with z < 1 being the quasi-particle
weight in the Kondo limit.

The measurement formula for the two particle correla-
tion function bear exactly the same form as Eq. (11)-(13)
of Ref. [6], which are not mentioned here.

V. BENCHMARKS

While Cogblin-Shrieffer(CS) model is a low energy ef-
fective Hamiltonian of ASIM in large U limit in which
only virtual excitations f! — f° survive, Kondo model
incorporates both f! — f% and f! — f? by assuming
deep impurity level €; and large U. Both the two models
can be derived by SWT from SIAM with density-density
interaction shown below

J
Z Eala + U Z NaNal,

a=—j a<a!

H = Z ekczacka +
ka (38)

+ ) IV flera + Vi el fal,
ak

with N = 25 + 1. A constant density of states p(e) =
750(D — |e|) with D = 1 is chosen for conduction elec-
trons. Both the CS and Kondo models are derived from
SIAM under certain conditions. Therefore the compari-
son between the Monte Carlo simulations on these models
using CT-J method and directly on STAM using our new
method proposed in this paper can be used as the bench-
mark. For sake of simplicity, our CT-QMC formalism for
partition function (25) is referred as CT-X, where “X”
refers to X-matrices.

A. CS model

The CS model reads

Hy =Y exclora+ Y _(ca + Jaa)la)(al,  (39)
ko a
Hy =Y Jaorla)(@'|(—cacl), (40)

aa’

where ¢, = No_l/2 >k Cka, With Ny being number of sites
and « denotes the spin/orbital indices. Partition function
of CS model in CT-J can be obtained by applying the
following restrictions to Eq. (24) and Egs. (25)—(26):

o V& =V, =V, since exchange parameters in CS
model can be chosen as momentum independent;

Va Vs _ . :
—min{z.y> Where Epn = —min{e,} is the

shifted energy of f9 state;

® Joa =

— / -1 /
e X122 hag only one none-zero element X|a>[Z/O; =

m|a><a/|~



To simulate the CS model, we should put an additional
restriction to Cp with {s; = —1li = 1,---,k}, which
means that only pair operators describing f! — f° enters
in C. Furthermore, intra-pair swap update is forbidden
since it gives rise to virtual excitation f! — f2 which is
absent in the CS model.

1. t-matric

To test CT-X, we calculate t-matrix with N = 8 and
compare it with the results obtained by CT-J. We choose

the exchange parameter J = g to be 0.075 and tem-

perature T = 0.001D. The results obtained by CT-X
and CT-J are plotted together in FIG. 4, which show
excellent agreement.

0.016 ‘
0.014 CT-X = |

0.012 | 1

0.010 ]

-1(T)

0.008 1
0.006 1
0.004 1

0.002 1

0.000 L L L L L

FIG. 4. The impurity t-matrix ¢to(7) in the imaginary-time
domain for N =8, J = 0.075 and 7' = 0.001. Datas of CT-J
is obtained from Fig. 7 in Ref. [6].

2. static susceptibility

The static susceptibility is evaluated by integrating dy-
namical susceptibility x(7) as introduced in detail in sec-
tion 2.3 of Ref. [6]. The results obtained by CT-X and
CT-J are shown in FIG. 5. Again they match each other
very well.

B. Kondo model

The Kondo model is given by

H = Z ekclgckg +JS  o.. (41)
ko

where S = 3" 4 flowsfs and oo =3, closorco de-
noting the spin operators of the local moments and itiner-
ant electrons respectively. The spin-spin exchange terms

40

35 // CT-X ——=— |

30 T

25 1

20 1

x(T)

15 r 1

0.001 0.01 0.1 1
T

FIG. 5. Temperature dependence of the static susceptibility x
for N=8 and J=0.075. Datas of CT-J is obtained from Fig. 6
in Ref. [6].

can be obtained by considering both of the two virtual
processes f! — f9 and f! — f2. With the particle-hole
— _ v: _ v
symmetry, we set U = —2¢; thus J = o T Ut -
To simulate the Kondo model by our CT-X method, all
types of pair operators are allowed to appear in the MC

configurations.

As a benchmark, we calculated the t-matrix with
J=0.3 and T=0.001 by CX-T and compare it with the re-
sults obtained by CT-J In FIG. 6. Again the results from
CT-X and CT-J agree very well indicating that CT-X can
treat two types of virtual charge fluctuations well. With
the particle-hole symmetry of Kondo model, the real part
of t(iwy,) is zero and hence not plotted in FIG. 6.

-0.20
-0.25
-0.30
-0.35
-0.40

Im #(i,)

-0.45
-0.50
-0.55
-0.60
-0.65 .

CTJ —— 1
CT-X

FIG. 6. Imaginary part of the impurity t-matrix ¢(iw, ) of the
Kondo model in the imaginary-frequency domain for N=2 and
J=0.300. Note: datas of CT-J in this figure is collected by
means of WebPlotDigitizer'* from Fig. 11. in Ref. [6].



C. Kondo lattice model (KLM)

KLM reads

H= Z ekc;rmc;m + JZ S;-0;. (42)
ko 7

To further test this new impurity solver, we perform
DMFT calculations on KLM in the infinite-dimension
hyper-cubic lattice with the density of states p.(w) =
D=1\ /2/mexp(—2w?/D?). We set D = 1 and fix the
conduction-electron density per site as n. = 0.9 as that
in Ref. [15]. The DMFT is iterated on conduction-
electron self-energy X (iw, ), which is related to the cav-
ity Green function G° and the measured impurity t-
matrix by Dyson equation X, (iw,,) ™! = t(iw, )+ GO (iwy,).
For sake of benchmark, we calculate the momentum dis-
tribution of conduction electrons:

ne(K) = (chycho) = Ty Gels,iwy)e™*",  (43)

where k& = ¢, and G, is the conduction-electron Green
function in the KLM, G.(k,iw,) = [iw, — K + p —
Y.(iw,)] 7t FIG. 7 shows the temperature dependence
of n.(x) at T=0.0050, 0.0025 and 0.0010 and well repro-
duces the evolution of Fermi surface as shown in FIG. 4
of Ref. [15]. For comparison, we plot in FIG. 8 the re-
sults computed by CT-X together with results computed
by CT-X at T=0.001. Once again it demonstrates that
CT-X can treat two types of virtual charge fluctuations
well.

n(x)

FIG. 7. (Color online). Temperature dependence of momen-
tum distribution n.(x) computed by CT-X for J=0.3 and
n.=0.9. The vicinity of the large Fermi surface is enlarged in
the inset.

VI. DISCUSSION AND CONCLUSION

We have proposed a new CTQMC method called CT-
X, which can simulate the STAM in the Kondo limit by

09 F T CT-X 1
08 N |
0.7 \ 1
0.6 N\ 1
05 r N\ 1
04 \ 1

03t \ | 1

0.1 - i

n(K)

-1.5 -1 -0.5 0 0.5 1 1.5
K

FIG. 8. (Color online). Momentum distribution n.(x) at
T=0.001 and comparison with the CT-X. Datas of CT-J is
obtained from Fig. 74 in Ref. [15].

projecting out local charge fluctuations, not in the ef-
fective Hamiltonian but each diagram sampled by the
MC procedure. This is done by approximating the high-
energy states’ imaginary-time evolution operators which
are sharply decreasing by a probability normalized ¢
function. This approximation is equivalent to apply SWT
for each particular diagrams.

Benchmarks of CT-X on CS model, Kondo model
and Kondo lattice model with previously proposed CT-
J method show that CT-X method works very well
for these model systems. However, since in the CT-X
method the SWT type approximation is applied to each
particular Feynman diagrams in Monte Carlo procedure,
it can be easily applied to more general quantum impu-
rity models that describe realistic materials. Realistic
models contain a generalized form of interaction, gener-
alized occupation number and generalized crystal field,
which is difficult for the method based on effective model
approach such as the CT-J method. Therefore the CT-
X method developed in the present paper can become a
very good impurity solver for DMFT to study strongly
correlated systems such as the heavy fermion materials.
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Appendix A: Partition function

In this appendix, we derive the starting expression for Z in Eq. (6). First, Z = Tr[e~##] is perturbatively expanded
in terms of H;i as

i o s E
Z = Trle PHoT e~ Is Hl(T)dT} = Z(—l)”%/ dry -+ / dr,Tr[Tre PO Hy (1) - Hi (1)), (A.1)
"Jo 0

n=0

where Hy = Hioc + Hpath, H1 = Huyyp =V + Vt with V = Zp Vpac;f)fa and p = kr. Particle number conservation

requires that the terms with the non-zero contribution to Z must contain an equal number of V and V. In other
words, n needs to be even. By denoting n = 2k, we have

T e T T e B H () e
kazo( )!/O dn /0 dro Tx[T7 Hi(r1) - Hi(721)]- (A.2)

There are C§k different ways to divide 2k H; terms into two groups and pick V part from the first group and V1 part
from the other. To label the i-th configuration, we introduce an integer set with k elements, S?, to mark the group
of Hy terms from which the V' terms have been picked. These integers ranging from 1 to 2k are pairwise distinct and
arranged in ascending order. If we shift number of k£ V' to the left side, there will be no additional sign created since
V and V1 are bosonic operators

0o ck k &
1 B B 2k
= —_— C. —BH, ) o
zZ=>" @] /o dry /o drak ZTI"[TTe 0 H V(rs:) H Viirs)l, (A.3)
k=0 =1 j=1 j=1
where S7 is used to denote the complement set of S% in set {1,2,---,2k}. All these C5_ terms contribute equally to

Z because of unconstrained integrals and bosonic feature of V and VT. Then we have
> Ok B B
7 = Z 2k dry - drop Te[Tre PHoV (7)) - - V(1) VT (1hgr) - - - VT (721)]

2 (2k)! Jo !
>~ B B B ) B ) _sm .y o

=N [ dne | dne [ dr{- [ dT(Te PV (m) - V() V() - V(7)) (A4)
—o (kD% Jo 0 0 0
X B B B B

:Z/ dn..-/ di/ dT{--./ A Y[ Toe P50V (1) < V(m) V() - VT ()]
k=070 Th—1 0 7,

where {741, , 72} is renamed as {7{,---, 7.} in the second step, while the unconstrained integrals are replaced
by the constrained ones in the third step. Plugging the explicit forms of V and V' into Z, we obtain

> B B B B / /
Z:Z/O dTl.../kldi/O dT]/_// dT]lc Z Z Vp?l‘/}ik‘/})/ll‘/;];‘“k
k=0 Thk— Tk—1

Q1 Qk P1epPk (A5)

ayeal, PPy
X Te[Tre™PHoc] (11) fay (1) -+~ b (1) faoe () £L, (T (1) - L, () ey (7))

/
1

If we move all the conduction electrons’ operators in Tr[T,e #Ho...] to the left side without altering their numer-
ical orders, an extra sign s relating to such manipulation will arise since we are dealing with fermionic operators.
Fortunately, s turns out to be 1

5= (—1)F - ()T = (212 =, (A.6)
resulting in

T[T PH0¢], (7)o (71) -y (7)o, () Ly (e (1) - 1T, (e, (1)

=Te[TreMoch (r1) - b, (T)ey, (1) - g, (Th) fa (T1) - fane () L (1) - £, (7))
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Separating the bath and impurity operators, we obtain

’

(0% (03

Z:Z/ dn---/ dm/ d7{~--/ dri, Y Y Ve Vvl v
k=00 Thk—1 0 Th_ 1 ayag prpk

oo P eepl, (AS)

x Tr. [Tfe_ﬁHbath C;fal (T1) - CL,C (Tk)cp’l (1) - Cp;, (71)]

X Trf[TTe_ﬁHlocfocl(Tl) o fan (Tk)f,ill (T{) cee fl; (T/::)]

According to Eq. (A.8), configuration space of Z is given by sets of imaginary times and corresponding orbitals

C= {{7—17"' aTk7T{7"' aTIQ}a{ala"' aakaalla"' 7O‘;€Hk = 0717"'}, (Ag)
with m < -+ < 7 and 7| < --- < 7. Furthermore, we introduce the definition of hybridization determinant for
configuration Cj, as

Aa’lal (i —71) -~ Aa’lak (11— k)
det ACK) = det : . :
Dajar (T, =71) -+ Daga (17, — )
_ 1 a a1 o, —BHpatn .t / T /
= T 2 Vit ViV - VIR [ Tre ey, (T1)ep, (1) -+ e, (Th)epr (T)] (A.10)
P1 Pl
= Z Vpoil .. Vpik fojlﬁ . V;ZkTrc[ﬁefﬁHbathc;rh CORE C:’k (Tk)cpll (1)~ Cpl (1)]
P1-Pk
PL Pl

x (—1)Zim (=1,

where we define the bath partition function

Zoath = Troe™AHvamn, (A.11)
and the hybridization function
Nyro, (T —15) = Z Vp?i*Vpo;j Tr[ePHvatn ch (75)Cpr (71)]- (A.12)
Pip;

With the above defined determinant det A(C¥) | the partition function Z can be written as

© B 8 8 8 ,
7 = Zbach/ dT1"'/ di/ dT{.../ dr, Z (—1)Z i1 =D ot ACK)
k=0"0 Tk—1 0 Th_1

ooy (A.13)

’
oy

X Try[Tre™Phoe fo (1) - "fOék(Tk)fl’l (1) "fl;e (7)]-
Contribution of configuration Ci to Z can be expressed as
- / b G-1 (¢
wz(Cr) = Zvath i];[ldndn(—1)2i:1<l* ) det ACr) A1)
X Trp[Tre 0 fo (71) -+ fooe (T) £, (1) -+ L, (7).

Z is just the summation over configuration space

Z =YY wz(C). (A.15)

k  Ck
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Appendix B: Green’s function

In this appendix, we present a derivation of the measurement formula for Gia, () in Eq. (36). As in the partition
function Z, we perform an expansion with respect H; as follows:

Goar (1, 7') = Gl (1,7) = ~(To falm) £1(7)

(T o IO (7)1 (1)

=1
- _Z;@Z:o (k)2

= N

B B8 B B
/dn /di dry - /diTrTe BHOY (1) V (m)VI() - V) fu (1) 1 (7)]
0 0 0

0

I 1 d P b ? /
Zkzo(k!)2/o dm /0 s 0 A 0 i / di/ s Z Z(so‘kﬂa @y

X+1 ak+1

Tr['];_e—BHOV(Tl) - V(Tk)VT(T{) - VT(TIQ)fak+1 (Tk+1)fl;c+l (T}Ic+1)](5(7' — T}c+1)5(7/ — T;Q+1).

(B.1)
Because V and V1 are essentially bosonic, it results in no sign by shifting f., 1 (Thy1) and flk (Tgp1) over V(r;) or
+1
VT(7!). There are (k + 1)? different ways to move fa,,,(7k+1) to other positions among the V(7y)---V(7x) terms
and fl, (T4.41) to other positions among VT ({)---VT(r}) terms. And since the integral is unconstrained, all these
k+1

(k+1)2 terms are actually equal to each other. For each of those (k+1)? situations , we can reindex (2k +2) operators
with fo, ., (7k4+1) being located at the m-th location among V' (71)---V (7x) while flk (Tx,1) being located at the
+1

n-th location among VT(7{)---VT(7])

1 00 k+1
(e - Z

B B B , B ,
dr - | d dr' - | d
= ( k+1 k+1)2 Z / m /o Tk“/o n /o T

X O(1 — )87 = 7)Y Z Samadal, o (B.2)

am

Tr[Tre PHoV (1) VI(Tin—1) far (T )V (Ting1) -+ V (Tt1)
XVT(T{)"'VT(TQ_Ofl (VT (rh0) - V()]

Changing the unconstrained integrals to the constrained ones and plugging in explicit forms of V and V't into Green’s
function, we obtain

oo k+1

Goo (1,7 ———Z Z / dry -+ / di+1/ dry - - / dT]/CJrl(s(T—Tm)(S(T/—TrlL).
k=0 m,n=0
XY anadasar > Vi Vam A Va e V Y YT, e
m n p1 Pm—1 Pm+1 Pr+1 —1 Pnp1 Pl
Q1 Q41 P1Pm—1Pm+1""Pk
0‘,1""1;@+1 p/1"'17;z—11721+117;c

X Cl)l (11) far (1) - - - CI)m_l (Tm—1) fam—1 (Tm—1) fam (Tm)c;r;mH (Tm+1)fam+1 (Timg1) - c;k“ (Tk+1)f0£k+1 (Tht1)

< Sh ey () - £, e, ) f TS e, () o LY (), ()
(B.3)
If we shift all conduction electron’s operators to the left side and then separate bath and impurity operators, there
will be a sign, s, relating to such manipulation as

s = (1) X (=) (L) BTG m) () B kD) () ST kL)

(71)2+3k+2k27m7n — (71)k+m+n'
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As a result,
oo k+1 B
/ ! ! k
Goo/ (T,7) = —= E E / dry - / di+1/ dry - --// Ay 1 0(T — )0 (7" — 7)) - (—1) tmtn
=0 m,n=0 T
’ !
aq « 11/ Qmt1 . Apt1 Otl n—177%%+1 7/ %+1
X E 5ama5a;1a’ E Vp VZDWZ” . mem+1 Vpk+1 V Vn ) ‘/;7;1+1 VP§9+1
Qa1 Qp41 Pl Pm—1Pm+1"Dh+1
0‘/1"'042:4-1 P,1"‘P/n—1p/n+1p;c+1
—BHypatn .t i i T
x Trc[’];e ’ thcpl (7—1) T Cp (Tmfl)cpmﬂ (Tm+1) " Cpiia (Tk+1)
/ ’ ’ /
X Cpl (1) - Cp! (Tn—l)czo;Hrl (Tn-i—l) o Cply (Tk+1)]
—BH, T / T /
X TI'f['E_e ! Cfoq (Tl) U fak+1 (Tk+1)fo/1 (Tl) U fa;c_'_l (Tk:+1)]'
(B.5)
According to Eq. (A.10), we have
1 Z Vol L mo1 ] Om Vak+1V . V n— lv nt1 . Va;c+lTr [7’ e*BHbath
Zbath P1 Pm—1 " Pm+1 Pet+1 ' py Pro1 Phia Plt1 T
ath g op 1Pt PR
’ ’ ’ ’
P1 ' Prn—1Pnt1Pr41 (BG)

xeh (m)--eh L (Tmmn)eh, o, (Tman) b () (71) - e (Thoy)ep, (Trn) -~ ey, (Tht)]

kE (i— Cra1
=(=1)Zi=a 1)AE%:&))

where Ag:il)) is obtained from A(Ck+1) by deleting n-th row and m-th colum. Green’s function now reads

oo k+1
_ Zba
Gaar (1,7 bthz Z / dry -+ / di+1/ dry - - / dTIQ+1(5(77Tm)5(T/7T;l)
k=0m,n=0
3" o, abarqr det Agj@ (=) ZE ) (L yktmn (B.7)
Qp Qg4
0‘/1"‘(";@+1

X Trf[ﬁeiﬁHlocfoq (Tl) e fak+1 (ﬂc-ﬂ-l)fl’l (T{) T fl;c+1 (Tllc-l—l)}'

Configuration spaces of Green’s function at k-th order can be represented by those of partition function at k+1 order,
C,? = Cg+1, which contribute to Green’s function with the weight

k+1 k+1
w6 (Crs1) = — Zoatn | | dridr] D Sa, abayar det A%) (=1 T =) (L yktman -
=1 m,n=0 .

X 6(7— - Tm>5(7-/ - T;Z)TI‘f [ﬁe_ﬁHlocfoq (7—1) T fak+1 (Tk-&-l)fl’l (Tl/) T fl;c_'_l (Tllc+1)]'
For the sake of convenience, we here give the contribution of configuration Cr41 to Z

k+1
w7z (Crt1) = Zvatn H drydr(—1)Z28 0D deg Ak
i=1 (B.9)

X Trf[’]:'eiﬂHlocfal (Tl) e fozk+1 (TkJrl)f;r/l (T{) e f(i;ﬁ (Tl/c—i-l)]‘

1

The measurement of Green’s function is

Gaa (7,7) = 7 Z Z Z(Ck+1) = <%>Z

=0 Cry 2(Crt1)
k41 ( )m+n det A (Cr+1)
— ’ ()
o Zodamo‘ agp 0‘/5 )5(7— - Tn) : det A(Crt1) 4 (B]'O)
1 k+1
= (5 2 Ganalagad(r =77~ M)z

m,n=0
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where M(Cx+1) = [A(Cx+1)]=1 The arguments, 7 and 7/, are in [0, 8] as a priori. Actually, Guo (7, 7’) is a S-antiperiodic
function of 7 — 7/. To restore S-antiperiodicity, 6(7) is replaced by Dirac comb defined as

5 (r) =) (~1)!s(r —1B). (B.11)

lEZ

Using the translational invariance
1 [P
Goor (T —17') = B/ dsGoo/ (T + 8,7 + 5) (B.12)
0

we finally get the measurement formula for Green’s function

k+1
Goo (T —7') = —% D Gapabay.a0 [T =7 = (T = )M 7. (B.13)

m,n=1

”

Replacing k + 1 by k ( since we typically call “current” configuration as Cy), we have

k
1
Goo/(T—1') = —(B Z Oamabar a0 [T =T — (T — MK . (B.14)

m,n=1

Eq. (B.14) is just the measurement formula of Green’s function for CT-HYB.

We emphasize that the local trace, Trs[- - -], is completely canceled in <%:13>Z of Eq. (B.10), which means that
the measurement formula of Green’s function in CT-X has the same form to that in CT-HYB since approximations
in CT-X are only made to the local trace. However, one has to reinterpret the configuration spaces: under the
approximations made in CT-X, 2k separated operators form number of k pair-operators as encoded in the definition
of X matrices, Eq. (23-24). As a result, summation over separated creation (3, ) and annihilation (>, ) operators
in CT-HYB is reinterpreted as summation over pair-operators: f,  is from the m-th X-matrix located at 7, while
fl, is from the n-th X-matrix located at 7, = 7/,. Last but not the least, we have to discard summands with m = n

which are from high energy processes. Finally, we arrive at the measurement formula of Green’s function in CT-X

kv
Gaw (1) = —<l > o aban.a [T = (T — 1) IMIH) 4. (B.15)
m,n=1
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