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Abstract. The O(3) symmetric Anderson model is an example of a system which has a stable low energy
marginal Fermi liquid fixed point for a certain choice of parameters. It is also exactly equivalent, in the
large U limit, to a localized model which describes the spin degrees of freedom of the linear dispersion
two channel Kondo model. We first use an argument based on conformal field theory to establish this
precise equivalence with the two channel model. We then use the numerical renormalization group (NRG)
approach to calculate both one-electron and two-electron response functions for a range of values of the
interaction strength U. We compare the behaviours about the marginal Fermi liquid and Fermi liquid fixed
points and interpret the results in terms of a renormalized Majorana fermion picture of the elementary
excitations. In the marginal Fermi liquid case the spectral densities of all the Majorana fermion modes
display a |w| dependence on the lowest energy scale, and in addition the zero Majorana mode has a delta
function contribution. The weight of this delta function is studied as a function of the interaction U and
is found to decrease exponentially with U for large U. Using the equivalence with the two channel Kondo
model in the large U limit, we deduce the dynamical spin susceptibility of the two channel Kondo model
over the full frequency range. We use renormalized perturbation theory to interpret the results and to
calculate the coefficient of the Inw divergence found in the low frequency behaviour of the 7' = 0 dynamic
susceptibility.

PACS. 71.10.Hf Non-Fermi-liquid ground states, electron phase diagrams and phase transitions in model

systems — 71.27.4-a Strongly correlated electron systems; heavy fermions

1 Introduction

The O(3) symmetric Anderson model is a modified form
of the symmetric Anderson model which was introduced
by Coleman and Schofield [1]. The Hamiltonian can be
expressed in the form,

H = tn(CIH»Lgcng + c;rwcn+1,o—)
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where c:rig and c,, are creation and annihilation opera-
tors for the localized impurity d state with spin o, with
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Vi=V, Vi =W+V)/2and Vo = (Vy — V)/2. The elec-
trons in the impurity state interact via a Coulomb matrix
element U, and are coupled by the hybridization terms to
the conduction electrons which are in the form of a tight-
binding chain with ¢f,_, ¢, , the creation and annihilation
operators at site n, and t,, is the nearest neighbour hop-
ping matrix element. The model is basically a symmetric
Anderson model (V' = Vp) with an anomalous hybridiza-
tion term (V' # Vj) which breaks both spin and charge
conservation. It takes a simpler form when expressed in
terms of Majorana fermions operators. For the impurity d
electrons the Majorana fermion operators are defined by

1 i
di = 7§(C(n +chy) da= E(C(n —ch), B
1

ds = 75(0(11 + Czu) do = E(C(u - ciu), (4)

which satisfy the commutation relations,

{dasdg} = dap, (5)

where {} indicates an anticommutator.
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The Majorana operators for the conduction electrons
are similarly defined by

ein7r/2 N i
x1(n) = 7 (=D)"nt +cpp);
ieinﬂ'/Q
xa(n) = 7 (1) cny = chy),
_einﬂ'/Q N +
xs(n) = T((—l) Cny +Cny)
ieinﬂ'/Q
xo(n) = (1) ey = chy), (6)

V2

with commutation relations as in (5).

Using the Majorana fermion representation the O(3)
Anderson model can be expressed in the form

3
H=1) Vxa(0)da +iVoxo(0)do
a=0

3 o)
) D taXa(n + 1)xa(n) + Udidadsdo, (7)

a=0n=0

which is clearly invariant under the O(3) group of trans-
formations of the basis of the 1, 2, 3 Majorana fermions.

There are two aspects of this model that make it wor-
thy of study. One is that the model displays non-Fermi lig-
uid behaviour corresponding to marginal Fermi liquid the-
ory in lowest order perturbation theory for V5 = 0 [2]. The
marginal behaviour results from singular scattering with
an uncoupled local Majorana fermion mode. Numerical
renormalization group (NRG) calculations [3] have estab-
lished that this marginal Fermi liquid behaviour persists
down to T' = 0 and that there is an associated residual
entropy of In(2)/2. This fixed point behaviour has been
interpreted in terms of the free renormalized Majorana
fermion modes. The many-body excitations constructed
from these free Majorana fermions account for the excita-
tions found at the fixed point in the NRG calculations [4].
For V # 0 there is no uncoupled local Majorana fermion
mode and the thermodynamic behaviour corresponds to
Fermi liquid theory in terms of renormalized Majorana
fermions.

The original reason Coleman and Schofield [1] stud-
ied this model is because, in the large U regime under a
Schrieffer-Wolff transformation, it maps into a localized
spin model, the o-7 model [5], which has a similar form
to the two channel Kondo model (TCKM). The differ-
ence is that the localized spin S = 1/2 is coupled via an
exchange interaction to the spin and the isospin of con-
duction electrons in a single channel rather than the spins
of the conduction electrons in two distinct channels as
in the TCKM (for a comprehensive review of this model
see [6]). The Hamiltonian of the model can be written
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in the form,

H =S5, [J10(0) + Jo7(0)]
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n=0,0
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where S is the operator for the localized spin and Jy, Jo
are the two exchange couplings.
The spin operators,

0+(n) = CLTCnl, o (n)= cLlch,

1
02(n) = 5(chiar = €hyCn); (9)
in the basis spanned by the two singly occupied fermion
states, [0(1),1(1)) and |1(T),0(])), give a representation
for the SU(2) algebra for spin o = % The isospin opera-
tors,

Hn) = ()"l () = (1), 00t
Lo t
T.(n) = E(CTLTC"T + ¢ Cn) — 1), (10)

give a representation of the same algebra in the space
spanned by the zero and double occupation states, |0, 0)
and |1, 1). By applying the Schrieffer-Wolff transformation
it can be shown that the o-7 model corresponds to the lo-
calized or large U limit of the O(3) Anderson model with
the coupling J; and Js given by

2V(V+ Vo) o 2V(V —Vo)
U 2T U

The channel isotropic model J; = Jy = J, corresponds to
Vo = 0 in the O(3) Anderson model. In this case one of
the Majorana fermions modes is uncoupled and the sin-
gular scattering of the conduction electrons gives rise to a
marginal Fermi liquid fixed point. In terms of Majorana
fermions the o-7 model (12) takes the form,

Jy = (11)

3 e’} .
H=1iY Y taxa(n+1)xa(n) - %Sd - x(0) x x(0),

a=0n=0

(12)

where x(n) = (x1(n), x2(n), x3(n)).

Coleman et al. [5] put forward arguments that this
one band localized model has the same fixed point and
low energy behaviour as the two channel Kondo model. A
bosonization approach by Schofield [7] supported this con-
jecture, and so did a comparison of our numerical renor-
malization group results [3] for the large U O(3) Anderson
model with the results for the two channel model.

In the first section of this paper we show that if
we assume linear dispersion for the conduction elec-
trons the relationship between the o-7 model and the
spin degrees of freedom of the two channel model
becomes an exact one, and what is more it is not
confined purely to the asymptotic low energy regime
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but applies to all relevant energy scales. In the subse-
quent sections we extend our earlier numerical renormal-
ization group calculations [3] for the O(3) Anderson model
to the calculation the dynamical response functions at
T = 0 both for the marginal Fermi liquid and Fermi
liquid cases, and interpret these results using renormal-
ized perturbation theory for the Majorana fermions [4,8].
Finally we use the equivalence of the O(3) Anderson model
and the two channel Kondo model in the large U limit
to deduce the form of the dynamic spin susceptibility for
the two channel Kondo model over all relevant energy
scales. We use renormalized perturbation theory to de-
duce the coefficient of the Inw divergence found in the
low frequency behaviour of the real part of the dynamic
susceptibility at zero temperature.

2 Exact equivalence to the two channel
Kondo model

We begin by showing that the Majorana fermion descrip-
tion, used to formulate the O(3) Anderson model and
o-7 models, can emerge quite naturally for the two chan-
nel model as a representation of the algebra of the total
spin current of the two channels. For linear dispersion and
no cut-off we can express the Hamiltonian of the channel
isotropic TCKM model in the form,

H_H0+H1

LS ) Dl T REICATNEE

JlUTl

> JaS3I0),

a=x,y,z

(13)

on taking a Fourier transform to a continuum variable
x, where vf is the Fermi velocity, j is a channel index,
and the conduction electron operators between the colons
have to be to normal ordered. We have assumed s-wave
scattering only and replaced the incoming and outgoing
waves with two left-moving electron fields ¢; o(z); J&(z)
are the conduction electron spin current operators

Sy =D

J,0,0'

)85,0Vi.00 (T) : (14)

s® being spin-1/2 matrices. We can also introduce charge
and flavour currents

Zw
(z) :Z:w;,ax

J3'e

)0 () :

t?’j/w‘j/’o’(m) : (15)

where t9 , are generators of an SU(2) symmetry group.

Following Affleck and Ludwig [10], the free part of the
Hamiltonian can be rewritten as a sum of three commuting
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terms by the usual point-splitting procedure (Sugawara
construction):

vp [T
=2 [ [é () Je(a) g Tela) i)

1
+=

1 s Js(z) - Ts(x) :} , (16)

while the interaction term is expressed in terms of the
electron spin currents and the impurity spin only. The
information about the number of channels is contained in
the commutation relations obeyed by the spin currents

L2 ), T )] = e T2 ()3 — o) + 2004 (o — o)

(17)

indicating that J¢(x) form an SU(2) level k& = 2
Kac-Moody algebra. Meanwhile, the charge and flavour
currents satisfy

[Je(), Jo(2')] = 2kid" (z — 2'),
[Jf (), Jf (2')] = ie" I (2)8(a — a)

f—léa 0 (z — ).

(18)
They form a U(1) Kac-Moody and another SU(2) level-2
Kac-Moody algebra, separately.

It is now quite natural to introduce a Majorana repre-
sentation of the spin current operators in the form,

JE () = =1 xe(x)xs(2) o,
J¥(x) = —1: xs(x)x1(x) 5
JZ(z) = =i xa(z)xe(x) o (19)
where x1(z), x2(z), and x3(z) are left-moving free Majo-
rana fermion fields. It can be shown that this representa-
tion reproduces the SU(2) level-2 Kac-Moody commuta-
tion relations. Our approach differs from earlier conformal
field theory approaches to the TCKM [14-16], where Ma-
jorana fermions are introduced only at a later stage after
bosonization. It is important to note that this Majorana
representation of the spin currents is only appropriate for
the two channel model as it leads to a level-2 algebra.
It would be inappropriate for the single channel Kondo
model where the corresponding spin current generates a
level-1 algebra.

In a similar way, we can also introduce Majorana rep-
resentations for the flavour currents

(20)

which reproduces the commutation relations satisfied by
the flavour currents, and

Je(x) = =21 : Xy(2)x5(2) : (21)
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can represent the charge current operator. Note that x7,
with o = 1,2,3,4,5 are also left-moving free Majorana
fermion fields. It is well-known that the dynamics of
charge, flavour, and spin are completely determined by the
commutation relations of the current operators. Though
the spin currents of the two channel Kondo model can
be represented in terms of three Majorana fermion fields
Xa(z) (o = 1,2,3), we emphasize that they can not be
given any simple physical interpretation in terms of the
original conduction electrons ¢; »(x).

At this point we have the current operator terms
in the Hamiltonian as quartic in the Majorana fields.
The Sugawara construction enables one to write ki-
netic energy terms, which are quadratic in field oper-
ators, as quartic terms. This is what was done earlier
in writing the free part of the Hamiltonian in form of
equation (16), and it is convenient if one is pursuing
a purely algebraic approach as used in the conformal
field theory [10]. However for our purposes it is more
convenient now to perform an inverse Sugawara con-
struction by the usual point-splitting procedure again,
and rewrite the terms quartic in the Majorana fermions
as kinetic energy terms which are quadratic [11,12]:

Pe(@) (@) =4 s XL (10:)X0 (@);

Q
S

cJe(x) - Je(x) =2 Z F Xa (102) X6 (7);

(@) - Ts(@) 1 =2t Xa(i0:)Xa(2). (22)

The model Hamiltonian is transformed and divided into
the following two parts,

5 +o0
Hot o= 13" [ dos (@i, @)
a=177"°

(43 3 teo
DY / A Xa@)(i0)a0):

i

—EJSw :x(0) x x(0) :. (23)
H. + H; describes the non-interacting charge and
flavour degrees of freedom. It has a symmetry group
U(1)® SU(2)2 = SO(5) and is expressed by five free Ma-
jorana fermion fields x/ (z) (a = 1,2,3,4,5). Hy is the
main part of the model and describes the spin degrees of
freedom with three left-moving Majorana fermion fields
Xa (@ =1,2,3) interacting with the impurity spin. It has
the symmetry SU(2)2 or SO(3) so that the full Hamil-
tonian has the symmetry group SO(5) ® SO(3), which is
represented by eight different Majorana fermion fields.

In the two channel model Hamiltonian, Hg given in
equation (24) is the only part which includes an interac-
tion with the impurity spin. This part of the Hamiltonian
is exactly equivalent to the vector part of the -7 model
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defined in equation (12). The zero Majorana fermion con-
tribution to (12) is completely decoupled from the other
modes so we can separate it out, and if we take the con-
tinuum limit with linear dispersion equation (12) can be
written in the form,

H = Hsc + Hvec
(3 +oo .
H,. = o . dz : xo(x)(10z)x0(x) :
(%3 oo .
Hyee = o Z/ dz : Xa(x)(lax)Xa(x) :
a=1Y ">
iJ
s x00) % X0 - (24

and can identify Hye. with Hs. This implies that the ap-
plication of the o-7 model is not restricted to the very low
energy regime but can be used to calculate the impurity
contribution to the thermodynamics of the two channel
Kondo model over the full temperature range. This result
is exact subject only to the requirement of linear disper-
sion for the conduction electrons (this is not evident in
the approaches that use bosonization [7,14-16]). The re-
sult implies that the O(3) Anderson model in the large U
regime can be used to calculate the spin correlation func-
tions of the two channel Kondo model over the complete
temperature and frequency range, w,T < D, where D is
the cut-off imposed on the conduction electrons. We ex-
ploit this equivalence to calculate the dynamic susceptibil-
ity of the TCKM in the last section of the paper. Though
we have restricted our derivation to the channel isotropic
case J; = Jo = J, the result can be generalized to the
channel anisotropic case J; # Js.

The fact that we have been able to establish the exact
equivalence of the linear dispersion TCKM and o-7 mod-
els, not just for the low energy regime but over the full
parameter range of the model, is at first sight a little sur-
prising. A feature of the general TCKM is that there is a
strong coupling regime in which the impurity can be over-
screened, and this strong coupling fixed point was shown
by Noziéres and Blandin [13] to be an unstable one. Im-
purity overscreening on the other hand cannot occur in
the strong coupling regime of the o-7 model as the spin
and isospin are mutually exclusive channels and they can-
not both screen the impurity simultaneously. The strong
coupling limit for the -7 model, in apparent contrast to
that of the two channel model, gives a stable fixed point.
However, to access the overscreened states of the standard
TCKM requires the coupling J to be much greater than
the bandwidth D. In the linear dispersion two channel
model D — oo so these states are not accessible in this
version of the two channel model. We must distinguish
two strong coupling limits. One in which the limit J — oo
is taken with a finite cut-off or before the limit D — oo is
taken, and one in which the limits are taken in the oppo-
site order. The first leads to overscreening and an unstable
fixed point whereas the latter leads to a screened stable
fixed point.
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A parallel situation arises in the standard Ander-
son model. If one assumes linear dispersion then the pa-
rameter regime in which the impurity level €4 lies out-
side the conduction band cannot be accessed. The model
with the level within the conduction band, and the one
with the level below the conduction band, in the Ander-
son model case have the same fixed point but they do have
different expressions for the Kondo temperature (see [9]).

Before leaving this topic we briefly show that, because
the Majorana representation of the TCKM is equivalent to
the large U limit of the O(3) Anderson model, we can use
results for the O(3) model to confirm the description of the
TCKM fixed point as one corresponding to renormalized
asymptotically free Majorana fermions [4,5,14-16]. Our
earlier numerical renormalization group calculations [3] es-
tablished that the fixed point of the O(3) Anderson model
corresponds to free Majorana fermions independent of U.
This implies that the fixed point corresponds to the non-
interacting model U = 0. The many-body excitations and
their degeneracies at the fixed point, as found in the NRG
calculations, can be explained in terms of the many body
excitations built up from the three non-interacting hy-
bridized 1, 2, 3 Majorana fermion modes, combined with
the excitations arising from the unhybridized zero Majo-
rana fermion modes described by Hg.. This interpretation
of the fixed point in terms of the O(3) Anderson model
is simpler than the equivalent interpretation as the strong
coupling limit of the o-7 model. In the latter approach
a change of boundary condition for the 1, 2, 3 Majorana
fermion modes, which interact with the impurity, has to
be invoked as a result of the strong coupling, relative to
that of the uncoupled 0 Majorana fermion mode. This is
not necessary in the Anderson model description as there
is naturally a difference of boundary condition at impu-
rity in the hybridized and unhybridized terms. The leading
(dangerously) irrelevant interaction term, which leads to
the logarithmically divergent contributions to the specific
heat coefficient and susceptibility in these models, can be
interpreted as the renormalized interaction term U in the
Anderson model (see [4,5] for further details).

To derive a complete description of the many-body
excitations and their degeneracies at the fixed point for
the TCKM from the U = 0 O(3) Anderson model we
simply have to replace the uncoupled 0 Majorana degree
of freedom described by Hg. by the five uncoupled Ma-
jorana degrees of freedom in H, and H, which describe
the charge and flavour excitations. There are two slightly
different sets of excitations, one set corresponding to a
chain of even sites (sector A) and another set correspond-
ing to an odd number of sites (sector B). When these are
combined, as shown in Table 1, they reproduce the many-
body energy levels and degeneracies found in the NRG
calculations [17] and conformal field theory calculations
[10] for the TCKM. Since the interaction is restricted to
the spin part of the Hamiltonian Hy the leading (danger-
ously) irrelevant interaction which leads to logarithmically
divergent contributions to the specific heat coefficient and
susceptibility in the TCKM is exactly the same as the
renormalized interaction U ~ Tk of the O(3) Anderson
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Table 1. Many-body excitation energies and their correspond-
ing degeneracies (dg) of the two channel Kondo model corre-
sponding to the single particle spectrum at the low-energy fixed
point. The energy levels without primes correspond to sector
A, and those with primes to sector B.

Eox/(mur/l) >, nrex dg total dg

0 0 2 2
1/8 0 4 4
1/2 e, 1010
5/8 ey 12 12

1 €1 6
2, 20 26

9/8 & 20
20, 12 32

3/2 a2 10
€1+e12 30 60

3e10 20

13/8 gy 12

€1 +¢ey,, 60 76

model, where Tk is the Kondo temperature. We will use
this explicitly later in Section 4 to calculate the dynamic
susceptibility of the TCKM from that of the O(3) Ander-
son model.

3 Numerical renormalization group
calculations

In this section we extend the numerical renormaliza-
tion group method to calculate the dynamic features
of the O(3) Anderson model. For the basic details of
the NRG method as applied to this model we refer to
the earlier paper [3] where the thermodynamic prop-
erties were calculated. Calculation of the dynamic be-
haviour via the NRG approach is rather more involved
because additional matrix elements have also to be calcu-
lated in the sequence of iterative diagonalizations. The
general details of the NRG approach to the calcula-
tion of spectra for impurity models are given in [20,21].
Because both charge and spin are not conserved for this
model the calculations here differ from the standard case
in a number of respects and the relevant details are given
in the appendix.

3.1 Spectral densities of single particle Green’s
functions

The spectral density A, (w) of the single particle Green’s
function of spin ¢ at the impurity site is given by

Ay (w) = %Z <n‘czla

X (e=PEm 4 ¢=PEn)

) o~ 5 )

(25)
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where E,, are the exact eigenvalues of the Hamiltonian and
Z is the partition function (Z =) exp(—fE,)). This is
evaluated using the many-body states calculated in the se-
quence of iterative diagonalizations of the NRG. Because
of the decreasing energy scales in the sequence of steps in
the NRG, the spectral density for a particular frequency
have to be calculated from the step in the sequence corre-
sponding to the appropriate energy scale. The spectrum is
then built up from the complete set of NRG steps. Though
the method has been developed for finite temperature sit-
uations, the procedure is more straightforward and more
accurate for the case T' — 0, and we have restricted the
calculations here to the low temperature limit. Though a
large number of states are retained at each step in the
NRG calculation (of the order of 300-500 not including
degeneracies), the spectrum is discrete and to obtain a
continuous curve a broadening is introduced which de-
creases logarithmically with the energy scale. The advan-
tages of this approach over alternative methods, such a
Monte Carlo, are that it can be used at very low tempera-
tures, can be used for any value of U, and the results can
be checked against known sum rules and identities. The
details of the low energy spectrum can be calculated to a
very high resolution. For further details of the approach
we refer to the papers cited earlier [20,21].

Due to the anomalous hybridization term, the O(3)
Anderson model does not conserve either total spin or to-
tal charge. However, the combination of total spin plus
total isospin T is conserved and the many-body states
and the eigenstates |m) can be classified using the quan-
tum numbers T and T, associated with the total of this
angular momentum and its z-component (note that in ref-
erence [4] the symbol j was used for this quantity, but
here we revert to the earlier notation T used in [3,22]).
In evaluating (25) the sum over the degeneracies associ-
ated with T, can be done explicitly as explained in the
appendix. The single particle Green’s functions for the
impurity can be expressed as linear combinations of
the Green’s functions for the Majorana fermions, G (t —
t') = —i0(t — t'){{da(t)ds(t)}), for a, 8 = 0,1,2,3 us-
ing equations (3) and (4). In the absence of applied field
these Green’s functions are diagonal (x dq4,3), and due
to the O(3) symmetry those corresponding to a@ = 1,2, 3
are equal. We can deduce the corresponding spectral den-
sities, po(w), using equation (25). The results for these
spectra for V = 0, the non-Fermi-liquid case, are shown
in Figures 1, 2, 3 and 4 for a range of values of the inter-
action U, and corresponding results for Vj # 0 are shown
in Figures 8, 9 and 10.

In Figure 1 the spectral density for the uncoupled
a = 0 Majorana fermion (scalar) is shown together with
those for the a = 1,2, 3 Majorana fermions (vector) which
are hybridized with the conduction electrons (and which
are all identical). There is an additional delta function
contribution to the a = 0 spectral density which is not
shown but its weight as a function of U is shown in Fig-
ure 6. What is clear is the cusp-like peak in the spectral
density of the scalar Majorana fermion at Fermi-level and
the fact that the height of this peak is U dependent. The
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Fig. 1. The spectral density p (w) of the Majorana fermion im-
purity Green’s function in the marginal Fermi liquid situation:
V =0.01414, V4, = 0.0 (A =10"%1, Ag = 0.0).

3.0e+03

T
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=
3
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o
Q
1.0e+03
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Fig. 2. The spectral density po (w) of the & = 0 Majorana
fermion Green’s function in the marginal Fermi liquid situa-
tion: V = 0.01414, Vo = 0.0 (A = 10", Ag = 0.0). The inset
shows the |w| dependence near the Fermi level.

spectral density for the vector Majorana fermions also has
a cusp-like peak at the Fermi-level but, in contrast to the
scalar case, its value at the Fermi level is independent of
U. In Figure 2 the spectral densities of the scalar (o = 0)
Majorana fermion are shown on their own with an inset
showing the linear behaviour in the neighbourhood of the
Fermi level. The corresponding plots for the vector Majo-
rana fermions are given in Figure 3, which also show linear
behaviour in the neighbourhood of the Fermi-level.

We can analyze these results using the renormalized
perturbation theory developed in earlier work [4,8]. The
perturbation theory is in terms of renormalized propaga-
tors for the Majorana fermions, and renormalized parame-
ters, A = ZA, Ag = Zp4p, and U = v/ 50§3F0123(0, 0,0, 0),

where Z, Zp, are the wavefunction renormalization
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Fig. 3. The spectral density p1,2,3 (w) of the a = 1,2,3 Ma-
jorana fermion Green’s function in the marginal Fermi liquid
situation: V = 0.01414, Vo = 0.0 (A =10"*r, Ag = 0.0). The
inset shows the |w| dependence near the Fermi level. p1,2 3 (0)
is within 2% of the value given by the Friedel sum rule.

factors derived from the non-singular contributions to
the self energies, X'(w) and Xy(w), associated with the
a = 1,2,3 and « = 0 Majorana fermions respectively,
Ay (w) = 7V2po(w) where po(w) is the density of states of
the conduction electrons, and Ip123(w,we, ws,wys), is the
irreducible four vertex for the Majorana interaction. The
retarded Green’s function for the Majorana fermions then
has the form,

Gpo(w) = “a
oa(w) w4 iA, — E&Q(w) — E&Q(u))

; (26)

where E((f)(w) and 2&8)((,0) are the regular and singular
renormalized self-energies, and we have taken the wide
band limit with A, (w) independent of w. In the renor-
malized perturbation expansion there are counterterms
which have to be included to satisfy the renormalization
conditions and the Majorana fields are rescaled to absorb
the wavefunction renormalization factors so that the free
propagators in the expansion are 1/(w +i4,) (see [4] for
further details).

For the non-Fermi liquid case V{; = 0 the leading order
low frequency correction to the renormalized self-energy
Y(w) for the a = 1,2,3 Majorana fermions comes from
the second order diagram for the singular part £(*)(w)
shown in Figure 5a. The result is

and

Fig. 4. The spectral density po (w) of the & = 0 Majorana
fermion Green’s function in the marginal Fermi liquid situa-
tion: V = 0.01414, Vo = 0.0 (A =10""m, Ap = 0.0), indicat-
ing the influence of w? corrections for small U/7A.

3 3
0 2 0 1 S 0 1
1 2
@) ()
Fig. 5.

for T =0.As U — 0, A, — A, U — U and this result
goes over to that of the standard second order perturba-
tion theory. For the density of states of the a = 1, 2,3 Ma-
jorana fermions in the neighbourhood of the Fermi level
we find,

1 U\ |w

palt) = [1 -3(53) 9+ 0<w21n2<w>>] L (29)
for a = 1,2,3. We see from this result that the density
of states at the Fermi level is 1/7A, independent of U,
which is the same result as for the O(4) Anderson model,
and that the leading correction term is linear in |w|. These
results explain the features seen in the plots of the spectral
densities of the vector Majorana shown in Figures 1 and 3.
The linear term in the spectral density at the Fermi level
is seen clearly and the value at the Fermi-level agrees with
the theoretical value 1/7A to within 2%.

The second order contribution to the renormalized self
energy Yo(w) for the o = 0 Majorana fermion is the same
as the for the O(4) model as it only involves explicitly
the propagators of the renormalized a = 1, 2,3 Majorana
fermions (see Fig. 5b). To lowest order the result for the
imaginary part is

T N2
_ AU w2
m2ow) = -3 (a) ()
for T = 0. The leading term for the real part
of the self-energy is linear in w but is cancelled

(30)
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mined by the coefficient of § (w) in the spectral density, po (w).

Exponential behaviour for large U/m A is indicated by the lin-
ear region of the inset In (zo) plot.

by the counterterm contribution to comply with the renor-
malization conditions. When this is inserted into equa-
tion (26) then we find for the corresponding spectral
density

pW@=%&@+§%<ga oW, (31)

The delta function contribution at zero frequency reflects
the fact that the zero mode associated with the uncou-
pled a = 0 local Majorana fermion exists down to 7" = 0,
and it is this mode that leads to the anomalous entropy
of In(2)/2. Its weight in the spectral density is reduced
to zp, which we cannot calculate within the renormal-
ized perturbation approach. However, we can calculate
it to leading order for small U/7A, and the result is
20 = 1/(1 + (3 — w2/4)(U/7A)?). For large U/TA, the
model can be related to the two channel Kondo model
and there is only one low energy scale, which is the
Kondo temperature. We expect, therefore, in this limit
that zp ~ Tk /A which implies that for large U/m A, that
zo should tend to zero exponentially in the variable U/m A.
This behaviour is consistent with the NRG results for the
delta function weight plotted as a function of U/m A shown
in Figure 6. The non-delta function contribution has a fi-
nite limit as w — 0 given in renormalized perturbation
theory by the the second term in equation (31). Unlike
the spectra for the a = 1, 2,3 Majorana fermions the value
of this contribution at the Fermi level depends on U and
monotonically increases with increase of U/mrA. We see
from equation (31) that to lowest order in U/7A it is pro-
portional to U?/(wrA)3. As the second order diagram in
the renormalized perturbation theory gives the exact re-
sult to order w? for ImYy(w) there should be no further
contributions to the leading two terms in equation (31). In
the large U limit we deduced from a comparison of the re-
sults with those for the two channel Kondo model (see [4])
that U/mA — 1. The height of the peak at the Fermi-level
compared with that for the vector term in this limit is then
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given by zo/2% (using A = 2A), and provides an estimate
of the ratio of the wavefunction renormalization factors of
the scalar and vector Majorana fermions.

The correction terms in (31) arise from terms in the
imaginary part of the self-energy which behave as w* for
small w. The second order diagram in the renormalized
perturbation theory gives an contribution w* but there
are also contributions to this order from higher order di-
agrams. More important, however, are contributions to
the imaginary part which behave like w?|w|, as they result
in corrections to (31) which behave like |w|. Such a term
is generated from the higher order diagram shown in Fig-
ure 7. The asymptotic contribution to the spectral density
from this diagram as w — 0 is

o, 2 (TN el
“om (m‘) A2
There may be other higher order diagrams which con-
tribute terms to this order w but checking this is difficult.
The explicit evaluation of the higher order diagrams is
in general complicated and there does not seem to be any
simple way of seeing whether or not a diagram gives a con-
tribution of this order. It is clear from the results shown
in Figure 2 that there is a net contribution of this order as
there is clear |w| dependence in the neighbourhood of the
Fermi level. If U is small compared to A then the second
order diagram which gives an w? correction to (31) should
dominate over the leading |w| term which is of fourth or-
der. The second order result corresponding to (31) is

pole) = (1 -/ (%)) 5(0)

1 U\> 1 w?
+%AQ¢)< 2m>+“
The w? behaviour of pg(w) in the neighbourhood of the
Fermi level in the small U regime is evident in Figure 4
which gives a plot of pg(w) for U/mA = 0.01.

For Vg # 0 the zero Majorana fermion is no longer un-
coupled from the conduction electrons and for U = 0 the
corresponding spectral density has a resonance width of
Ag. Having lost the zero mode in this channel the scatter-
ing the vector Majorana fermions with the scalar Majo-
rana fermion with the interaction U is no longer singular.
For Ag/A < 1, the resonance in the scalar channel is
very narrow compared with that of the vector channel,

(32)

(33)
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Fig. 8. The spectral density p(w) of the Majorana fermion
impurity Green’s function in the Fermi liquid situation: V =
0.01414, Vo = 0.00014 (A =10""m, Ag = 10" °n).
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Fig. 9. The spectral density p1,2,3 (w) of the a = 1,2,3 Ma-
jorana fermion Green’s function in the Fermi liquid situation:
V =0.01414, Vo = 0.00014 (A =10"*m, Ao = 10~ °x). The in-
set shows the region of the spectrum near the Fermi level where
flattening consistent with w? behaviour is observed. pi 2.3 (0)
is within 2% of the value given by the Friedel sum rule.

and there is a low energy range in which the behaviour
is very similar to that found in the marginal case. There
is a cross-over eventually on reducing the energy scale to
a Fermi-liquid form of behaviour. This is apparent in the
plots of the spectra in Figures 8, 9 and 10 for the case
Ap/A = 10"% In Figure 8 the spectral densities of both
the scalar and vector Majorana fermions are shown for the
same set of values for U/mA as in Figure 1. Due to the
small value which was used for the ratio Ag/A the spectra
for the vector Majorana fermions shown in Figure 9 are
quite similar to the corresponding curves for the marginal
Fermi-liquid case shown in Figure 3. The difference is only
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Fig. 10. The spectral density po (w) of the @ = 0 Majorana
fermion Green’s function in the Fermi liquid situation: V =
0.01414, Vo = 0.00014 (A =10"*r, Ag = 10"%7). The inset
shows the w? dependence near the Fermi level. po (0) is within
2% of the value given by the Friedel sum rule.

revealed when we compare the insets in the two figures.
On the very low energy scale around the Fermi level there
is a distinct flattening and rounding of the spectrum seen
in the inset in Figure 9, consistent with an w? behaviour in
contrast to the form |w| seen in the inset in Figure 3 (which
persisted down to the lowest energy scales for which the
spectra were calculated).

If we apply second order perturbation theory for finite
Ag then, in the low frequency range w < A, the imaginary
part of the self-energy has the form,

() fom (3) 400005

In the range w > Ap this behaves essentially as |w]|, as
in the non-Fermi liquid case (29). Only in the very low
frequency range w < Ay do we get the influence of the
Fermi-liquid fixed point and the w? behaviour. In the low
frequency limit w < Ag, the spectral density of the vector
Majorana fermions is then given by

1 w2 [24, 44 U\?
palw) =23 1534, {7*(”7) (m) :
(35)
for a« = 1,2,3. For large values of U we can apply

the renormalized perturbation approach and the corre-
sponding result for the spectrum of the vector Majorana
fermions in the very low frequency limit w < Aq is

1 W24, (U
ww)=— |1 - —— < — —
palw) =77 [ QAAO{ A +(m> }
The spectra for the scalar Majorana fermion for Ay # 0,
however, are very different from those for Ay = 0 as can

(36)
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been seen by comparing the results given in Figure 10
with those in Figure 2. There is no zero mode and the
peaks at the Fermi level coincide. In the very low frequency
range w < Ag we find for py(w) using the renormalized
perturbation theory the result,

1- ;—A_Qg {2+ % (%)2}] - (37)

The value of the density of states at the Fermi level
for the results shown in Figure 10 are within 2% of the
Friedel sum rule result 1/mAq for all values of U. The w?
behaviour in the very low energy region near the Fermi-
level is clear in the inset in Figure 10.

1
po(w) = T

3.2 Dynamic spin and charge susceptibilities

We use the same approach to calculate the two particle
Green’s functions corresponding to the dynamic spin and
charge susceptibilities. The corresponding spectral densi-
ties are of the form

Aqw) = 5 3" nl@Im)P6(w — (B — En)

nm
x (e~ PEn

with @ = gps(ng,t — na,;)/2 for spin and Q = (ng,3 +
na,) — 1)/2 for charge. This is similar in form to that for
the single particle Green’s function given in equation (25),
which corresponds to Q) = ¢! with a difference in sign in
the factor in the last bracket due to the use of the com-
mutator rather than the anticommutator for the spin and
charge Green’s functions. Using the procedure outlined in
the appendix these can be expressed in terms of reduced
matrix elements and the degeneracy with respect to T, can
be explicitly summed over (see Eq. (51)). Both the oper-
ators for spin and charge transform as irreducible tensors
of the form Q}, and the result in each case gives

Aqw) = 55 S HallQUImIS(w — (B — Bn))

x (e=0Bm

where (n||@Q||m) is the reduced matrix element (see
Eq. (51)).

The dynamic susceptibilities for the non-interacting
model (U = 0) can be evaluated analytically. There are
two parts to the d contribution to the spin susceptibility
Xs(w). One arises from the bubble diagram, Figure 11a,
where the propagators involved are those corresponding
to a component of the vector Majorana fermion which we
denote by x3'(w) (in which we absorb factors of gug). This
contribution is just half of that obtained for the standard
symmetric Anderson model with the real part given by

Afdm In a° —l—%t n! (i)
(w2 + 4A2) wraz|T o A7
(40)

— e PEn) (38)

— e PEn) (39)

Rexg” =
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and the imaginary part by

A2 A w? (W

Imx 3" (w) = »

The other contribution, which we denote by x{*(w), is
from bubble diagram, Figure 11b, in which one of the
propagators corresponds to a component of the vector Ma-
jorana fermion while the other propagator is for the scalar
Majorana fermion. The real part is given by

vs w2A/An
Rexd @) = i Az = ame 122
W? — A2 4 A2 A2
X In
2w? w2 + A2

QAO 1 w
+ Ttan (A_o) }

+{similar term with Ay < A}, (42)

and the imaginary part by

wAAy /4T
(w2 4+ AZ — A?)2 4 42 A2

w? — A%+ A? i w
A=) e (5)
(w? +42%)

Aj

Imx ¥ (w) =

+In '

+similar terms with Ay < A}. (43)

In the limit Ay — A the vector-scalar contribution is the
same as the vector-vector contribution and we recover the
results for the dynamic susceptibility of the symmetric
Anderson model. In the limit Ay — 0, where we have a
zero mode, the real part of the vector-scalar contribution
develops a logarithmic singularity,

vs A A
Rexa' (@) = ey 2™ |5

; (44)

and the imaginary part has a discontinuity at the origin,

sgn(w)A

W+ %) ()

I (w) =
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Fig. 12. (Imys (w)/w) /27 (Rexs (0))® for the standard

model: V = Vp =0.01414 (A = Ay =10""x).

We also have some exact results for U # 0 from the Shiba
relation which relates the imaginary part of xs(w)/w for
the impurity to the real part of xs(w) in the limit w — 0,

lim,, - {ImXS(” “5)} = Rexs(O)F )

27w (9uB)?

This result, however, is only applicable to the standard
symmetric Anderson model where Ay = A.

We can use the exact results we have for this model
to gauge the accuracy of our NRG calculations. In Fig-
ure 12 we plot the imaginary part of xs(w) divided by the
square of the real part for various values of U. According
to the Shiba relation these should all pass through the
same point at w = 0 and this is clearly seen in the results
Figure 12. The actual value at this point is about 8% too
high, reflecting errors of a few % in the individual suscepti-
bilities. The overall accuracy over the full frequency range
can be gauged by a comparison of the NRG results with
the exact results deduced from equations (40, 41, 42, 43)
for U = 0. In Figure 13 we plot the NRG results for the
real part of xs(w) for various values of Ay, and compare
them with the analytic results. It can be seen that the
two sets of results are in good agreement over the com-
plete frequency range.

To see how the dynamic spin susceptibility for finite
U differs from that for the standard symmetric Ander-
son model we have plotted both the imaginary part and
real part in Figures 14 and 15 for U/rA = 1.5 and
various values of Ajy. As we reduce Ay the imaginary
part changes more and more rapidly at w = 0 until fi-
nally for Ag = 0 it has a finite discontinuous jump at
this point as can be in Figure 16, where the results
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Fig. 13. The real part of the dynamic spin susceptibility xs (w)
for the non-interacting model: V' = 0.01414 (A =10""n),
U/wA = 0.0. The circles denote analytic values.
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Fig. 14. The imaginary part of the dynamic spin sus-
ceptibility xs (w) in the Fermi liquid situation: V =
0.01414 (A=10""x), U/mA=15.

for Ag = 0 are shown for various values of U.
The peak in real part of the spin susceptibility narrows
considerably on reducing Aq as can be seen in Figure 15.
To be able to compare the results for various values of
Ag the values shown in Figure 15 have been multiplied by
the factor 1/xs(0), so it is not so apparent that the nar-
rowing is accompanied by a sharp increase in the absolute
value at low frequencies. In the limit Ay = 0 the real part
of xs(w) has a singularity at w = 0. A discontinuity in
the imaginary part of ys(w) for Ag = 0 at w = 0 with a
logarithmic singularity in the real part is predicted from
equations (44, 45) for U = 0, so it is not surprising that
these features persist for small values of U. For large U
we can make predictions from our results about the be-
haviour of the spin susceptibility of the corresponding two
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Fig. 15. The real part of the dynamic spin suscepti-

bility xs (w)/xs(0) in the Fermi liquid situation: V =
0.01414 (A=10""n), U/mA = 15.

channel Kondo model over the full frequency range. We
look at this in detail in the next section.

4 Spin dynamics of the two channel Kondo
model

In the large U regime we can apply the mapping the O(3)
Anderson model in the localized limit and the NRG re-
sults of previous section to deduce the spin dynamics of
the two channel Kondo model over the complete frequency
range. As the mapping is for the spin degrees of freedom
of the TCKM, which is the only part with an interaction
term, it cannot be used to calculate all the relevant prop-
erties of the TCKM, only those where the other degrees
of freedom of the conduction electrons do not contribute.
It can be used for example to deduce the the impurity
contribution to the thermodynamics, such as susceptibil-
ity and specific heat, and also for the spin dynamics of
the impurity, where the uncoupled degrees of freedom fac-
torize and cancel out. This is a distinct advantage for
NRG calculations to use the equivalent in one channel
model because a larger percentage of the states can be
retained after each diagonalization in the iterative proce-
dure. The number of states that can retained be at each
stage is proportional to 1/4¢, where N, is the number of
channels, so this can be serious limitation when the num-
ber of channels is increased. However, quite apart from
these practical considerations, the relation between the
TCKM and the O(3) Anderson model provides a simple
way of understanding in terms of renormalized Majorana
fermions [4,5].

We saw in the previous section that the real part of the
dynamic spin susceptibility (Ag = 0) at T'= 0 has a log-
arithmic singularity in w for U = 0 and that in the NRG
results this singular behaviour persists for finite U. Such
a term in Inw has also been found in direct NRG calcula-
tions of the dynamic susceptibility for the TCKM [23]. To
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analyse the situation in the large U limit to use the map-
ping to the TCKM it is useful to work with a conserved
quantity, which in this case is not the spin but T the spin
plus isospin. The corresponding local dynamic suscepti-
bility we denote by xt(w), where t = o4 + 74. Because
the charge fluctuations of the impurity are suppressed for
large U this susceptibility becomes identical with the spin
susceptibility in the large U limit. We can use the NRG
approach described in the last section to calculate x(w)
and verify this explicitly. We find for U/mA = 4 at the
most a 5% difference between xt(w) and ys(w) over the
complete low frequency range w < U.

For the large U regime we can apply our renormal-
ized perturbation approach to calculate the w dependence
of x¢(w), following the same steps we used in our ear-
lier work to calculate its temperature dependence in the
zero frequency limit [4]. We first calculate the contribu-
tion due to the non-interacting renormalized Majorana
fermions. This is given by the vector-vector bubble shown
in Figure 11a, together with an overall factor of 4 and A

replaced by A so that for T' = 0,
A? 4A | w
" wmz'*?an (Z)} '

Because the single particle Green’s function and the quasi-
particle Green’s function in the renormalized perturbation
approach differ by a wavefunction renormalization factor
Z, one might have expected an extra z? multiplying (47)
to give the two particle Green’s function corresponding to
the dynamic susceptibility. This is not the case because
there is a compensating factor associated with the cou-
pling to the external field. The net result is that these
two terms cancel so that in the quasiparticle Hamilto-
nian in the presence of a external field the quasi-particles
are coupled to the field with the same coupling as the
bare particles, i.e. there is no g-factor renormalization.

Rext(w)=

= 1
m(w?+4A2)
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Fig. 17.

In the zero frequency limit (47) gives x¢(0) = 1/7A, which
corresponds to zero temperature impurity contribution to
the total susceptibility we found in our earlier work in the
same limit. The leading order correction term to this result
arises from a second order term in U, shown in Figure 17,
where the scalar-vector bubble shown in Figure 11, gives
a Inw contribution similar to the InT" dependence in the
same susceptibility at w = 0 see [4], so that asymptotically
as w — 0 we find

_ _
Rext(w) = (% — (%) hl(:#) . (48)

The correspondence of the calculation of the Inw terms
with the calculation of the InT terms for the zero fre-
quency susceptibility is so precise that we can appeal to
arguments in our earlier work [4] to show that higher or-
der Inw terms cancel in the same way as the higher order
InT terms.

Though we cannot explicitly carry out the full renor-
malization programme to calculate the renormalized pa-
rameters U and A in terms of the bare parameters U and
A, we can use the results U/mA = 1, tA = Tk from our
earlier work, which were obtained by equating the expres-
sions for the temperature dependence of the susceptibility
in the large U limit. We then find for the asymptotic be-
haviour of the dynamic susceptibility of the two channel
Kondo model yxm(w) as w — 0, w = 0 see [4], so that
asymptotically as w — 0 we find

Rexxm(w) = T—lK (1 —In(wr/Tk)) .

(49)
In Figure 18 we plot the real part of both x¢(w) and xs(w)
versus In(w) for U/mA = 4 and the asymptotic form given
in equation (49) is clearly seen in the low frequency limit.
We have also calculated Tk both from the limiting form
of x¢(T) as T — 0 and x¢(w) as w — 0, for U/mA = 4 and
V' =10.00141 and find Tx = 1.3+ 0.2 and Tx = 1.28 +0.1,
respectively, which confirms the result (49) to within the
error limits of the calculations.

5 Conclusions

We have shown that O(3) Anderson model in the large U
limit can describe precisely the interacting spin degrees of
freedom of the linear dispersion two channel Kondo model.
This extends earlier work in that it establishes that this
relationship applies over the full energy range of the two
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Fig. 18. The real part of the dynamic spin susceptibili-
ties x¢ (w) and xs (w)in the marginal Fermi liquid situation:
V =0.01414, Vo = 0.0 (A =10""m, A9 =0.0), U/mrA = 4.0,
displaying linear dependence on In (w) in the low energy region.

channel model and not just in the immediate region of
the low energy fixed point. It enables us to calculate the
impurity contribution to the thermodynamics, and also
the impurity spin dynamics, for the TCKM from the O(3)
Anderson model in the strong correlation regime. This has
a number of advantages. The O(3) model is most conve-
niently expressed in terms of Majorana fermions and the
low energy fixed point of this model corresponds to free
Majorana fermions whatever the value of the on-site in-
teraction U, so the nature of the fixed point is the same in
weak and strong coupling. This is similar to the standard
Anderson model, which has a Fermi liquid fixed point, in-
dependent of the value of U. The main difference between
the O(3) and the standard Anderson model, is that O(3)
model has a zero mode in the case that corresponds to the
channel isotropic TCKM which results in singular scat-
tering of the renormalized Majorana fermions giving rise
to logarithmically divergent contributions to the impurity
specific heat coefficient, susceptibility, and dynamic spin-
spin response function. This singular low energy behaviour
corresponds the marginal Fermi liquid theory that was put
forward to describe the anomalous behaviour observed in
the normal state of the cuprate superconductors [24]. The
description of the TCKM in terms of Majorana fermions
not only gives a simple interpretation of the many-body
excitations at the low energy fixed point, both for the
channel isotropic and anisotropic cases, but can also be
applied on all energy scales.

To find the renormalizations of the Majorana fermions
explicitly we use the NRG approach to calculate the Ma-
jorana spectral densities. We have calculated weight of
the zero Majorana fermion mode and have shown that
it decreases exponentially with U in the large U regime.
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We have also demonstrated the |w| behaviour of the other
Majorana fermion modes in the marginal Fermi liquid case
as w — 0. We have used the same approach to calculate
the two particle response functions which we have deter-
mined over the full frequency range for T = 0. We have
exploited the mapping between the models to deduce the
local dynamic spin susceptibility of the TCKM. Renormal-
ized perturbation theory has been used to interpret the
results and to calculate the the coefficient of the In w term
in the asymptotic form of the real part of the dynamic
spin susceptibility of the TCKM in the limit w — 0.
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Appendix

Here we outline the steps involved in the evaluation of the
spectral density given in equation (25). The many-body
states |n) are classified using the quantum numbers 7" and
T, of the total angular momentum (spin plus isospin) and
expressed in the form |T,,, T} , wy), where w,, labels any
further degeneracies of the state |n). The degeneracies as-
sociated with the z-component of angular momentum in
(25) can be summed over explicitly. The creation and an-
nihilation operators, C;,a and c:ri’a, first of all have to be
expressed in terms of the irreducible tensor operators V:Ik,
k=1,0,¢9g=1,0, —1. From equation (32) in reference [3],

1
V= —(cq, +¢!
0 \/5( d,] d,l)
Vi =cly
1

Vi = —(cy | —c}
0 \/5( d,| d,l)
V_ll - _CdvT. (50)
Then the Wigner-Eckart Theorem,
1

V2T +1
X <T7 T27 k7q|TlvT;7>

<T/7T;7w/|v;1k|T7TZ7w> = (T',w'||\/;1k||T,w>

(51)

is used to express all the matrix elements in terms
of the reduced matrix elements (T”,w'[|V}||T,w) which
are independent of the T, quantum numbers, where
(T, Ty, k,q|T',T.,) are the Clebsch-Gordon coefficients.
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For example for the spin down matrix elements we find

2 2
<n’cgl‘m>' = ‘<Tn,Tz,n,wn cill T7,L,Tz7m,wm>
1 1 0 ?
— ‘<Tn,Tz,n,wn = (Vi =v2) ‘Tm,Tz,m,wm>
:é@’ W V1HT W ><T o, 1,0|T, ,T,>
2T, + N ™ On Vo[ fme Wm AL £2m L
- <Tn,wn VOO"Tm,wm>5Tme5T2,me (52)

For T,, # T,,, the Voo—term does not contribute and for
this term we find

2 2
5[ - sl
x; <Tm,Tz,1,0 Tn,TZ>2:é'<Tn,wn V(}HTm,wm>r.
Z (53)

For the case T,,=T,, =T we find

(nleb )] =

1
6

%

z

2

(T )|+ (i

VOO’ ‘T, wm>
(54)

The reduced matrix elements (T}, wy,||Vy!||Tm, wm) are
calculated from those of the previous iteration in two
steps. We start from the expression for the reduced matrix
element with respect to the eigenstates of the impurity-
conduction electron chain with NV + 1 sites,

(T, wn

VOqHTm,wm> =

N+1 N

TnPnsTm,Pm

UT,,, (wna Tn, pn)UTm (wma Tm, pm)

« <Tn,rn,pn VOqHTm,rm,pm> (55)

N+1’
in terms of the basis states Ty, 7y, Pn)n+1 used for this
calculation (these are constructed from the eigenstates of
the N site chain |T},, r,,) v and the states for the additional
site labelled by py, see reference [3] for further details).
The coefficients U, (Wr, 7, Prn) are the components of
the eigenstate |T},, wy, ) n+1 with respect to this basis. The
reduced matrix elements (75, 7, o ||V || Ty Timy Prm) N4+1
have to be related to the reduced matrix elements of the
previous step as follows:
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2T 1
<T7T71H‘/OIHT+LT/ 1>N+1 2( +3 7T“/() §’T/>N
2T +1 1
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+1
(el - T selpifr-4.),
2T 1 1
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<T7T72HV01HT_l’rl’2>N+1:_ 2;“_ <T_§’THV01HT_;T,>N
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1 / 1 1 1 1 /
(rr||velzrs), = m@ 3oVl 50,
1 / 1 1 1 1 /
(rrgf]fr-1rs) = (T -grwlr-3),
(rralafrsnea) = C (i L[+t
T 0 T N \/§(T+1) 2’ 0 2" /N
- (D~ T 1,
<T’T’4 ‘VO HT’T ’1>N+1 o 2T (T + 1) <T+ 2’THVO HT 2" >N
1 / -1 1 1 1,
<T,7",3HV0 HT+LT ’2>N+1 o \/§(T+1) <T+ 2’THVO T+ Q’T >N
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