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Based on the algebraic equation of motion (AEOM) approach, we have studied the single-impurity Anderson model
by analytically solving the AEOM of the f-electron one-particle Green function in the Kondo limit. The related spectral
function satisfies the sum rule and shows that there is a well-known three-peak structure at zero temperature. In the low
energy limit, we obtain the analytical formula of the Kondo temperature that is the same as the exact solution in form except
for a prefactor. We also show that the shape of the Kondo resonance is the Lorentzian form and the corresponding weight

is proportional to the spin-flip correlation function.
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1. Introduction

The Anderson model!!! has been proposed to describe the
local moments behavior of dilute magnetic alloys and is well
understood.?) With the development of semiconductor device
technology, the local moments can be realized by quantum
dots (QDs), and the tunable Kondo effect can be observed by
adjusting the gate voltage.!>* On the other hand, the devel-
opment of QD technology also provides a possible way to re-
alize quantum computing.>~"1 Meanwhile, magnetic adatoms
on the noble metal can also be controlled by the gate voltage,
which serves as a quantum impurity system (QIS). =131

In dilute magnetic alloys, the local moments can be
thought of as independent from each other, which can be
described by the single-impurity Anderson model (SIAM).
As the concentration of magnetic atoms increases, however,
the local moments are no longer independent from each
other, as there is an indirect Ruderman—Kittel-Kasuya—Yosida
(RKKY) interaction induced through the conduction band

5.[14-16] I such a system, there are two energy scales,

electron
one is the Kondo temperature Tk, below which the local mo-
ments tend to be screened by conduction band electrons, and
the other is the RKKY interaction energy Trkky, Which can
lead to a singlet between the local moments. The competition
between these two energy scales may give rise to a quantum
phase transition between the antiferromagnetic regime and the
heavy-fermion regime, which is a function of Trxky/ Tk .17
The two-impurity Kondo or Anderson model is consid-
ered to be the simplest model for investigating the above
competition and is expected to shed light on the physics of

These models have been studied
10-13]

heavy fermion systems.

[18-30

theoretically | and experimentally! over the past few

decades. The most striking result is that at a certain ratio,
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Trrky/Tx, there is a quantum critical point (QCP) between
the Kondo and the RKKY phases. Yet it is known that the
QCP is sensitive to the particle—hole symmetry of the system,
without which the system would transform into a crossover
regime.?#!

Although the thermodynamic properties of the two-
impurity Anderson model (TIAM) are well understood, the
dynamical properties as a function of the distance between
the impurities have not yet been comprehensively studied.
Moreover, in most numerical studies, the RKKY interaction
is treated as a direct interaction, however, the indirect RKKY
interaction induced by conduction band electrons has not been
clearly studied. Efficiently dealing with the strong on-site re-
pulsive Coulomb interaction is a key point for understanding
the electronic properties of strongly correlated systems. As a
result, it is inappropriate to apply the usual perturbation theory
to the TIAM.

In this paper, beyond the usual equation of motion (EOM)
of Green function (GF) approaches,?'7! we use the AEOM
approach 3491 to study the SIAM in the Kondo limit!*!! and
use it as a benchmark to test this approach. In contrast with
the usual EOMs of a GF, which are usually written out in k-
space, we write out the AEOMs in lattice space for the SIAM,
and then we take the cut-off approximation for those higher-
order multiple-point correlation functions in the AEOMs (see
the appendix). There are two salient features in this approach:
one is that the contributions coming from the on-site repul-
sive Coulomb interaction term can be effectively incorporated
into the AEOMs, which is really represented by the related
hierarchical multiple-point correlation functions; the other is
that all the AEOMs together constitute a hierarchical structure
which can be classified by the parameter N which labels the
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number of electrons residing in a length (sites) scale that take
part in a time evolution of an electron from the initial to the fi-
nal state. The multiple-point correlation functions in the same
level N constitute some linear equations in which there may
be a few multiple-point correlation functions belonging to the
N + 1 level. The physical meaning of the multiple-point cor-
relation function in lattice space is very clear. It represents the
time evolution of an electron from the site x; at time ¢ to the
site x; at time f, meanwhile incorporating the effect of other
electrons of number N around the initial site. It is expected
that the multiple-point correlation functions belonging to the
N +1 level have less effect in N level AEOMs so that we can
take the cut-off approximation to them. In this way, we can
obtain closed AEOMs and thus the f-electron one-particle GF.

As a consequence of applying the AEOM approach to the
SIAM, we analytically calculate the f-electron one-particle GF
and obtain the spectral function which has a well-known three-
peak structure. The result shows that the total spectral weight
of the f-electron one-particle GF is equal to unity. Meanwhile,
in the low energy limit, we derive the explicit Kondo temper-
ature formula from the pole which related to the Kondo reso-
nance. In addition, it is remarkable that the shape of the Kondo
resonance is the Lorentzian form!™°! and the corresponding
weight is proportional to the spin-flip correlation function.
This result gives us an inspiration to calculate the excitation
spectrum of the TIAM by searching for the related spin—spin
correlation functions between the local moments. Calculation
details are in the appendix.

2. Method
2.1. The formalism of the usual EOMs

In this section, we will briefly review the usual EOM
approaches. Nagaoka first applied the EOM approach to
the Kondo model,*!! and then based on this approach, the
SIAM was extensively studied by improving his approach
and obtained results*>=37] beyond the Hartree—Fock approx-
imation by Anderson.!!! In the above approaches, the decou-
pling of the equations is usually to approximate the higher-
order correlation functions, such as ({cxsCqs f;, fiVe ~
—(fie,s)cros fa)),P? where ¢y and f7 are respectively the
In this
way, all the EOMs are closed. However, the average values

creation operators for conduction and f electrons.

produced in the decoupling processes must be solved self-
consistently by the fluctuation-dissipation theorem

~+oo
B4) = [ {-2m(AB)o} f(@)do, (1)

where f(®) is the Fermi distribution function, which leads
to the fact that the final f-electron one-particle GF is actually
a very complicated integral equation, and further approxima-
tions must be taken to solve it. Usually, one solves the above

integral equation in the limit U — oo, however, a realistic re-
pulsive Coulomb interaction U is finite and is important to de-
termine the spectral function.

In order to avoid the difficulties encountered by the above
approaches, we recently proposed the AEOM approach to
solve the SIAM. Due to the hierarchical nature of the AEOMs,
we take the cut-off approximation to the higher-order multiple-
point correlation functions at a high level AEOM to make all
the AEOMs closed. From this, we have obtained a set of al-
gebraic equations, and through algebraic calculations, we can
obtain the final analytical f-electron one-particle GF. There
are some static correlation functions in the AEOMs, however,
the present approach only shows the influence of them on the
weight of the spectral function and cannot determine the val-
ues of them.

2.2. The formalism of the AEOMs
The Hamiltonian of the SIAM in lattice space in which an
impurity is fixed at site & is as follows:
H = 1Y % (elotjo +Elotic) + Vo L (Ficoo + oo )
ijo c

+Y erfifo +UY ipsiss, )
o [}

where CAZTG (éis) creates (annihilates) a conduction band elec-
tron with spin o =1, at site x;, fife = f; fg is the number
operator of the f-electron, #( is the hopping strength, Vj is the
s—f hybridization strength which is assumed to be a constant,
€y is the f-electron energy level and U is the on-site repulsive
Coulomb interaction strength. The hopping factor 7;; is de-

(1, =it
M=o, jAi+1,

fined as

which denotes the summation over the sites x;, ; only in the
nearest neighbor. In this paper, the energy level of the impurity
is set by £ = —U /2, and the energy of the system is measured
from the Fermi level.

The f-electron one-particle GF in lattice space using the
Heisenberg picture is defined as (choosing 7 = 1),

Go(t1,12) = —10(ti — 1) (fo (1) fo(r2))
+i0(6—1) (fi(12) fo(11)), ©)

where the f-electron is fixed at site o = 0, (---) denotes the
exact ground state average. Applying the AEOM approach to
the SIAM, we can write out the AEOM of the f-electron one-
particle GF

10, G (t1,1) = 6 (t1 —12) + &G (11,12)
+VoGos tlat2)+UFc(7n5)(tlat2)a @

(1)) is the mixed GF, and
Fc(,"(’)(tl 1) =—i(Tisst)fo(t )fE(12)) is the multiple-point
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correlation function where 7ifs = f;; f5. The AEOM of the

mixed GF can be written as

19, Goo (t1,12) = Y_hojGjs(11,12) + VoG (11,12).  (5)

J

Its contribution to the f-electron one-particle GF is the effect of
the hybridization between conduction band electrons and the f-
electron. The multiple-point correlation function Fé"‘}) (t1,12)
is produced by the on-site repulsive Coulomb interaction and
we can see that all the strong correlation effects of electrons
originate completely from it. Meanwhile, it is precisely be-
cause of the existence of the on-site repulsive Coulomb in-
teraction that the spin-flip scattering processes will happen.
This multiple-point correlation function thus plays a key role
in contributing the correlation effects to the f-electron one-
particle GF.

The AEOM of the multiple-point correlation function
Fle) (11,t2) can be written as

OF' (@) = (iys)+ (g7 +U) F&' (o)
o) o
VRS (@) + VE!) (0),  (6)

where the definition of the new multiple-point correlation
functions appearing in the above equation is given in Ap-
pendix B. We find that there appears the same multiple-point
correlation function Féné) () in the above AEOM. Hence we
will take the cut-off approximation for the new multiple-point
correlation functions in Eq. (6). Before moving on, we must
point out that before taking any approximation, equation (6) is
rigorous and the Coulomb interaction U can be effectively in-
corporated in the AEOMs in the N = 1 level, which is qualita-
tively distinct from the usual perturbation theory that expands
the GF in a power series of the U.[4?]

Equations (4)—(6) are the key ones that we use to calcu-
late the f-electron one-particle GF in the Kondo limit. Next,
we write out the AEOMs of the new multiple-point correla-
tion functions appearing in Eq. (6),

0Fe? (o)
i _x©) .
= Y hiF ) (0) + VoFe (@) + 8oVoFS (@), (7)
J
(=)
oy ()
Al x ()
= (X)) + X (hiy = 8e1) Fio® (@)
J
+) ) e
VoFod (@) +erFg® (@) 4+ VoFge (@)
U x U &l N
+5Fig“ )(w)—EFiEf" )(w)+25i0V0Fc(v G)(w)a (8)

where more new multiple-point correlation functions emerge.
With the same procedures, we can write out the AEOMs of

these new multiple-point correlation functions in which there
will appear more higher-order new correlation functions, and
this set of AEOMSs is not closed in the thermodynamic limit.
In order to calculate the f-electron one-particle GF, we need
to cut off this set of AEOMs in the Kondo limit. For large N
level (see Appendix B), the related lattice sites of the multiple-
point correlation functions are far away from x(, and the con-
tributions of these functions to the f-electron one-particle GF
are expected to be small so that we can safely take the cut-
off approximation to them. In this paper, we take the cut-off
approximation to the N = 2 level.

Figure 1 depicts the above discussion and gives the ba-
sic framework of the calculations. First, we keep the AEOMs

of the multiple-point correlation function F;Ef‘(’ ) (o) rigorous.
Then, as lattice sites move away from x(, the contributions
of the corresponding multiple-point correlation functions be-
come increasingly small, and we can safely take the cut-off
approximation to them. In contrast with the usual EOM of GF
approaches, the current approach has a clearer physical picture
and a more concise calculation framework.

En) JolCem F<X< )
|D+—+()+—+C)+—»C)«—*C>
F(n F(n X

Fig. 1. A schematic of the multiple-point correlation functions in one
spatial dimension. The red nodes represent conduction band electrons
at lattice sites, and the green node represents the local f-electron fixed at
(. Above and/or below each node are their corresponding multiple-point
correlation functions. The thickness of the arrows reflects the magnitude
of the effect of multiple-point correlation functions on the f-electron one-
particle GF.

The related multiple-point correlation function

Fo(gé ) (w) appearing in Eq. (6) plays a key role in calcu-
lating the f-electron one-particle GF, and makes significant
contributions to the self-energy of the f-electron. In the Kondo
limit, its analytical expression is given in Appendix C.

As for the AEOMs of the higher-order multiple-point

15Xéi)
( ) ()

correlation functions F ®) which contain the spin-flip
correlation functions (see Appendix C), we take the cut-off

approximation to them that simply discards the terms different
()
~(noX; . .
from the Fj(lr;" G >(a)) in the N = 2 level. Meanwhile, we re-
tain the spin-flip correlation functions rather than treating them
as zero.’# In order to save space, we only explicitly write out
the approximated AEOMS in the low energy limit, so that we

then have
~(nGX<i)) 00 1 Cij
F, =0 _ - 9
() °2 5 ©
where C~ = (5 +§(—> SN with 8 =& ey 8 =

Cva fi fT and S
cesses of spin-flip scattering. Actually, Cj; is a static correla-

fT f 1 Wthh represents the pro-
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tion function that we need to calculate self-consistently. How-
ever, the AEOM approach cannot determine the value of the
static correlation function. In this paper, we treat it as a pa-
rameter.

3. Results

With the help of the analytical expression of the corre-

(x)

lation function F )(a)) in Appendix C, we can obtain the

following f-electron one-particle GF:

A B
Gs(w) = = + =
o—g Iy () o-g-U-Iy (@)
c
(10)
o—[er+n(0)] —A(w)
with
Jn
A= 1—nf6+2D-(f;’))
LUy J 1
88 +U D(0) 37 (w)V§ —n(w) - A(e)
. B Jnf(-;
B =1t biw)
1UCo J 1
88/ +U D) y 4137 @)V —n(w) - A(w)
c - 1UCy J 1
8+ UD@) 7 (@) —n(w) - A(e)
1UCoo J 1

)

8&+UD(@) y 41 @)V 1(0) - A0)

where nys = (fifs) as a parameter, 1"0<0i)(a)) =% ﬁek’
(+)
Alo) = B2 @ pig) = with 2 (@) =
(=) (+) U JU
I, +I, dD(w)=[w—¢r— 5 +———].
o0 () (@), and D(@) = [0 — €& — 3 +U+1"0(07)(w)voz]
Here J = 4V02 /U can be understood as the spin—spin coupling

izl (@)
2

strength which is naturally generated from the decoupling pro-
cesses.

From Eq. (10), we find that if Cyy equals zero, the den-
sity of states (DOS) of the f-electron one-particle GF will
have only two resonances at +=U /2, which corresponds to the
known results from the Hartree-Fock approximation. Con-
sidering the effect of spin-flip scattering, we notice that there
appears a third resonance which is strongly affected by the
spin-flip correlation function.

Now we write the third pole explicitly, which reads

_s+Vog()[de( )( L1

W—& W+E

>+A(a)),
(1T)

where D is the half-bandwidth of the conduction band and
p(0) is the DOS of conduction band electrons which has been

assumed to be a constant for a broad conduction band. By re-
placing @ with @ + 107" in A(®), we have the imaginary part
of the self-energy, that is

Vg (0)

ImA(0+i0") = — =07

(12)
For the real part of A(@ + i0"), we have neglected in the
particle-hole symmetric case. As the value of Vj is relatively
small, the shape of the Kondo resonance is the Lorentzian
form.

In the low energy limit, or zero temperature, we integrate
out the conduction band electrons’ energy and obtain the fol-
lowing formula:

0]
a):&‘f—p(O)VOzln‘B’. (13)

This dispersion is very similar to the renormalized level of the
f-electron which was obtained by using the scaling theory!*’]
and the EOM approach, ] respectively. And the Kondo tem-

perature can be defined as

Tx = Dexp [_‘2’;’] (14)

where A = 7p (0)V02. The above result is the same as the exact
one except for a prefactor. [44]

It is worth noting the relationship between the conduction
band electron and the f-electron one-particle GFs. In the for-
mer, the logarithmic terms appear in the imaginary part of the
retarded self-energy contributed by the latter which plays the
role of the scattering t-matrix, and thus the Kondo effect ap-
pears. While for the latter, the Kondo effect shows that there
is a renormalized f-electron level corresponding to the low-
lying excitation of the system, which is strongly affected by
the spin-flip scattering. This renormalized level characterizes
the nonanalytic energy scale Tk of the system, below which
the ground state is a local Fermi liquid where the quasiparti-
cles are the so-called Kondo cloud.

According to the expression for the f-electron one-
particle GF, we find that the spectral function, As(®) =
—2ImGg(® +107), satisfies the sum rule, that is

1 00
E'[wdefc(w)_ 1, (15)

which is independent of the approximations taken in solving
the AEOMs of the multiple-point correlation functions. In the
low energy limit, the coefficients A, B, and C in Eq. (10) are
reduced to

003 COO

A Lo0 wjol@ w—0
4 2 4 2

, €= —Cp, (16)
where we have set n75 = 1/2. Following the above results, we
can see the influence of the spin-flip correlation function on
the Kondo resonance more clearly.
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Figure 2 clearly shows the resulting spectral function for
various values of Cyy. The DOS shows that there is a well-
known three-peak structure, the charge-fluctuation peaks at
+U/2 and the Kondo resonance peak near the Fermi level.
The shape of the Kondo resonance is a Lorentzian lineshape
which is consistent with the experimentally observed differ-
ential conductance spectrum.®°! With the increasing of Cyp,
which is the spin-flip correlation function representing the
spin-fluctuation between conduction band electrons and the f-
electron, the spectral weight of the Kondo resonance is contin-
uously increasing. However, the parameter Cpg only describes
the spin-flip on the single site of the f-electron. In fact, in the
low energy limit, the spin degree of freedom of the f-electron
has been quenched by all the surrounding electrons, and the
spin-flip correlation function is largely dependent on the influ-
ence of the local environment.®) Meanwhile, we find that the
lower and upper Hubbard bands are not actually symmetrical
even though the Cyp equals zero. The stronger the spin-flip
strength is, the more spectral weights are transferred from the
upper Hubbard band to the lower Hubbard band.

5.0
4.5' 7000:—0.1
1ol ——Cyy=—0.25

Cyy=—0.4
3.5} 0o

3.0r
2.5}
2.0
1.5¢
1.0r
0.51

Spectral function

0.8 0.2 0.4 1.0
w/D

Fig. 2. Spectral function for the f-electron in 7 = 0 K. The selective val-
ues of the corresponding parameters are Vo = 0.25, D =1, U = 1, and
p(0) = 1/2D. The Kondo temperature is close to 0.

4. Summary and perspective

In summary, we propose a new formalism that is essen-
tially distinct from the usual EOM of GF approaches, that is
the AEOM approach in which the AEOMs are written out in
lattice space. We apply it to the SIAM in the Kondo limit.
Under the cut-off approximation, we analytically calculate the
one-particle GF of the f-electron and obtain the corresponding
spectral function, which has the well-known three-peak struc-
ture where the shape of the Kondo resonance is the Lorentzian
form. In the low energy limit, we derive the Kondo temper-
ature that depends exponentially on the strength of the inter-
action parameter U. Finally, we demonstrate that the spectral
weight of the Kondo resonance is proportional to the spin-flip
correlation function. The present results give us an inspiration

to calculate the excitation spectrum of the TIAM by search-
ing for the related spin—spin correlation functions between the
local moments.

Appendix A: The basic commutation relations

In order to write out the AEOMs of the f-electron
one-particle GF Gg(r1,6) = —i(Tf(11)f%(r2)) and related
multiple-point correlation functions, we need to calculate the
following commutation relations (choosing 7 = 1):

[nfO'7 ] V0X067 (Al)
¢ic, H] =Y hijéjs + 80Vofo, (A2)
J
[fo,H] = €1 fo +Volos + Uit jo fo, (A3)
Al4) A ~ ~
[ l§6)7H:| = Zhim mTc))' _Zh]mylﬁn:g)
F 6i0V0)A(j( i —8j0VoX, ,(g ), (A4)
{Azg)vﬂ} :Z(hu 5!]))2](; _UﬁfUXiEs'_)
J
~ Vol (A5)
5(-) B o(+ o(+
[ t<('f )’H} - Z (hij 6’/) j(c'F UnfGXt((_S )
j
VoA e
+280Voiifs —VoYyys (A6)

where h;; = lo (i + i), and the operators X, ™) and 72 a

i ]o‘
defined as X
respectively. These commutation relatlons are the elementary

~ (+ ) ~
fgcm :I:cmfc and Y = cj Cic :l:CtGCj(y,

ingredients in writing out the AEOMs of the related multiple-
point correlation functions via Heisenberg EOMs.

Appendix B: Definition of multiple-point corre-
lation functions

In order to tersely represent the correlation functions ap-
pearing in the hierarchical series of AEOMs, we introduce the
multiple-point correlation functions

<TH[Aa )] Fuo( n)ch<tz)>, (B1)

A
F{(li}i?q (tl ) t2

D (1 1) ﬁ o) -
Flaymg(11:12) “lno Dfis(2) ), (B2)

k=1
where Ay = {éic,fg,ﬁfa,)?g),ﬁ%)}, o is a set of the lat-
tice and spin index of each operator and N is the number of
operators appearing in correlation functions, which represents
the level of the corresponding correlation functions in all the
AEOMs.

In contrast with the traditional correlation functions de-
fined in k-space, the present multiple-point correlation func-
tions give a clearer physical picture of the correlated electrons,

and represent the evolution processes of an electron from the
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initial lattice site, incorporating the influence of a definite dis-
tribution of other electrons around this electron, to the final
lattice site. And the related multiple-point correlation func-
tions which are derived from the on-site repulsive Coulomb
interaction can be effectively incorporated in the AEOMs.

Appendix C: Solutions of the high-order
multiple-point correlation functions

Based on the basic commutation relations in Egs. (Al)-
(A6), we can write out the following AEOMs after taking the
Fourier transformation of time:

~(x) ) _ nGX( )
OF (@) = (hjn— 8imer) Epye (@) ~UF™ (@)

@t )
VOF()IU >( )+hlm ](mG )((D)

Sovore ) 28 Vo) Cl
+80VoF;° () +28,0VoF;;” (@), (CD)

pea ~(x$) nox$
COF/(I(F(y )((D) = (hjm (Slmef)Fz g )( ) UF/<10' )((D)
yo) ~(x)
_VOF(OIO' )( )+hiij(mg' )((D)
(x5
+80VoF;° (o), (C2)
N Yé7>) (Y(H) N Y(ﬂ;r)
wFl<]lo‘ ( ) hlm mjioc (a))_hijlinio‘ )(a))
+) (+)
+ 30V (@) = 50WoFi” (o)
) )
+ hin Ljmo ( )+6lOVO ljo (CO), (C3)
_(yD y) _(y)
wFl(]lg' )( ) himF, n(lle )(w)ihijlfnlgG )((D)
_(x\5) x=)
— 8ioVoF j(sza ()~ 8WF, IEG (@)
+)
+ i [(,m(, (@) +8oVoFe (@), (CH

where we have used the Einstein summation convention. So
far we have written out all the AEOMs of multiple-point cor-
relation functions that we needed in the N = 1 level. In order
to decouple the above AEOMs, we need to take the cut-off
approximation in the Kondo limit, that is U > Vj, and the im-
purity energy level is well below the Fermi level.

After taking the cut-off approximation in which we dis-
card the lower-order terms to ensure Egs. (C1)—(C4) are closed
so as to decouple them, we have

_(x\) _(xH nex ()
OF i (@) = —F o7 ) (0) - U ) (0)
~(r{)
_VOFOzO' (@), (C5)
_(x) _(x) (X
oF e (@) =~ Fos (0)~UFL ) ()
~(r47))
_VOFOzO' ( )a (C6)
) rs rt)
wFl(jtg )( )+h1m lEmG )((1)) thFlr(t]lc )((J))

(*))

~ (XL
= —SiVeFe (), (C7)
) vl e
0fs (@) + il (@) i) ()
X
= —SiVfe (), (C8)

where £ = —U/2. 1In the above approximations, we ne-
x&E)
X5 )( ),

(w), because these terms make

glect the terms coupling with Vy such as VoF ;5°

(5" £
VF,,a (@), and VoF};7
relatively small contributions to the AEOMs in the Kondo
limit. In this limit, one can take a second-order perturba-
tion expansion with respect to Vj, which is equivalent to the
(411 and thus the STAM trans-

forms into the Kondo model which gives rise to the Kondo

Schrieffer—Wolff transformation,

effect. In addition, we also neglect the terms coupling with

w5 (0), 12 (o)
and h; F(

imF e )(w), because these terms make small contribu-
tions to the AEOMs near the Fermi level. Actually, the cut-off
energy D of the conduction band is of the same order as the

the hopplng strength such as 4

Coulomb interaction U, and the present cut-off approximation
is only valid near the Fermi level.

Then applying the Fourier transformation, that is

_(riH) . () )
Flig (0)= 7= YiFy5 (w,k)e'*®i, to Egs. (C7) and (C8)

ljio
and making some simplifications, in which we neglect the par-
ticle excitation, we have

(v
Ry ()
-) (+)
VoEl (@) L x® VoZjy (@) _x
= i’ (@ S e (@), (©9)

where £ (0) = [ (@) £ T ()]6(—€) with I =
1 eikv(:cj—wo)
N &~k ote,

(i)
Next we write out the following AEOMs of F j(l - >(a))

that belong to the N = 2 level in Egs. (C5) and (C6):

~(noXxt)
oF"

)

o5

nGX£+))
( )+V0F0]10' ((D)

(
ch,G> UFﬂG

= (%
(b

ngX( ) ~ ngYéH
-6 mgf) rfucr )(w) - VOFj(Oic )((D)
o %) 28,0 VoF ") C10
+ lijmG (CO)+ joVoFis (CO), ( )
_(ox
nox() XX
= < c,6> UF;(tc )( )+V0F0(/,G >(co)
nGX£7> ~ nngf)
+ (hm — Sy By (@) = VoFie® ()

(n(;X( >)

HhinF g © (). (C11)
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For simplicity,we take the cut-off approximation that discards

those multiple-point correlation functions in the N = 2 level
x (&)
FlreXs )

except for F;

(). In the low energy limit, we have

S5 )+S< )50

~(noXS)) w0 < [ Sij

Flote =20 £ 12
(o) :F2 8f+U , (C12)

where §7) = ¢l 84 =l e, S = fi A, 80 = fI
and we have averaged over the spin-flip processes.

Here, we do not further write out the other AEOMs of the
multiple-point correlation functions belonging to the N = 2
level, and we simply discard those multiple-point correlation
functions belonging to the N > 2 level, because we find that the
basic behavior of the spectral function does not change with

the higher-level AEOMs entering. Next, we substitute the ap-

(#)
. . . . . X,
prox1mated multiple-point correlation functions F ](l; ° )(a))

(£)
and "> () into Egs. (C5) and (C6). Finally we obtain the

010'
self-energy part of the Kondo resonance

U <pwwﬁ+yﬂ¢ﬂ>

~(xﬁ’)) 1
% @) == ., (CI3
i ) = e U0 [ (@] aw)
2y(-) 2y (+)
where 11(0) = M and A () = %()

Substituting the above solution in the AEOM of
=) (+)
(Y5

%o )(a)) and discarding the function Fj? ) (w), we have

10
the following expression:

x4
Fio® (@)
1 2V0nf(;
D(©) g+ U+ T\, (0)VE
$(H)65) 4§05
v ([$0s+5057])
D(0) 0 —A(w) - [g7+n(0)]

1 U
+

2E ,  (C14)

where nys = (fi5) as a parameter and D(0) = [@ — &7 — 4 +
JU }

U+L, (v
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