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Abstract

The constitutive quantities in Mori’s theory, the residual forces, are expanded in terms
of time dependent correlation functions and products of operators at ¢ = 0, where it is
assumed that the time derivatives of the observables are given by products of them. As a
first consequence the Heisenberg dynamics of the observables are obtained as an expansion of
the same type. The dynamic equations for correlation functions result to be selfconsistent
nonlinear equations of the type known from mode-mode coupling approximations. The
approach yields a neccessary condition for the validity of the presented equations. As a
third consequence the static correlations can be calculated from fluctuation—dissipation
theorems, if the observables obey a Lie algebra. For a simple spin model the convergence of
the expansion is studied. As a further test, dynamic and static correlations are calculated
for a Heisenberg ferromagnet at low temperatures, where the results are compared to those
of a Holstein Primakoff treatment.
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1 Introduction

In Mori’s theory [1] the dynamics of a set of relevant observables in the Heisenberg
picture are transformed to an equation of motion of the Langevin type showing a
systematic part and a residual (stochastic) force as it is suggested by the phenomeno-
logical theory of Brownian motion. The great success of Mori’s theory is due to the
fact that the rewritten equations of motion allow for excellent approximations in cal-
culating linear response functions which are determined by the systematic part of
Mori’s equations.

In treating the systematic part of the equation the main problem is to get an adequate
approximation for the integral kernel given by the correlation functions of the residual
forces. For its evaluation mainly two methods have been very successful: A simple
perturbation theoretical calculation (for an introduction see [2]) and a factorization
procedure into correlation functions of the observables (mode—mode coupling, e.g.
[3,4] and references therein).

From a general point of view, the basic quantity in Mori’s theory is the residual force.
The purpose of the present paper is to point out that for a large class of systems of
interacting particles or spins, one can find a systematic approach for the residual force
itself, thus being able to go beyond the calculation of linear response functions in terms
of static correlation functions: From the residual force one can deduce approximations
for

i) the Heisenberg dynamics of the relevant operators
ii) the dynamic correlation functions of the observables
iii) the static correlations

We will show that for systems as interacting spins, where the time derivatives of the
relevant observables (G are given by a superposition of products of the observables

H,G] = VUG +VECE +VEGEE + - (1.1)

one can expand the residual force in terms of the dynamic correlation functions. This
leads to an approximation scheme for the points (i) and (ii), and together with a
Lie algebra for the observables to point (iii). In using this scheme one can see that
the calculated Heisenberg dynamics do not have divergent secular terms which occur
in a simple perturbation treatment. The dynamics of the correlation functions are
governed by a set of nonlinear equations which are close to the usual mode—mode
coupling equations. The static correlations in these equations can be expressed by
dissipation—fluctuation relations and the Heisenberg dynamics which are given by the



dynamic correlation functions and operators at time ¢t = 0. Thus all quantities in
principle can be calculated from the bare interactions V), V@)

As already mentioned the essential condition for our treatment is that the time deriva-
tives [H, G] of the relevant observables are given by the products of the observables
(Eq.(1.1)). Additionally we exploit the unitarity of the time evolution in Hilbert space
which written with the Liouvillian

exp(1Lt) (GG) = (exp(iLt) G) (exp(eLt) G) (1.2)

is not automatically included in a Liouville space calculation, since G and GG are
just two different elements of the space.

It is to be expected that our expansion scheme could be generalized to the case where
in Eq.(1.1) additional contributions have to be taken into account which are not
products of the chosen set. But this extension is beyond the scope of our paper. Our
principal interest is to show that besides of linear response, Mori’s theory provides
a powerful tool to find selfconsistent approximations for the time dependence of the
Heisenberg operators (/(t), thus leading to the possibility of calculating higher or-
der response functions or expectation values for relaxation processes beyond linear
response.

Our paper is organized as follows: In section 2, after having given a short summary
of Mori’s theory, we present a formal expansion of the residual forces in terms of the
dynamic correlation functions, and then discuss the approximation scheme for the

points (i)—(iii).

In section 3 we want to illustrate the formal results of section 2 from different points
of view. First we will study the accuracy of the approximations by treating a simple
model which can be solved exactly. Secondly, we will show how the formalism can be
applied to a physical system, and will compare the results to other approaches.



2 Expansion into powers of correlation functions
2.1 Summary of Mori’s theory

To summarize Mori’s theory we take the notation of [2]. The theory starts with a
scalar product in Liouville space given by

g
(A1B) = 57" [d\AT BN (2.1)

0

where B(t) denotes the time evolution in the Heisenberg picture. Projecting the ob-
servables (G, (t) onto the space spanned by all the &, with

PG, =1-Q)6G, =4, (2.2)

and onto the orthogonal space, one obtains the Langevin operator for the column

vectors (i(1) in the form

G(t)=iGWQ — [ Gt =) (GG (SIf(W)dt + f(1) (2.3)

O

where f() is the column vector of the residual forces with the property

QF(t)=f(t) . (2.4)

The abbreviations mean

(GO = 3 Gul(t) s (2.5)
(@167 (117D),, = LEGRAILD) (2.6)

and the frequency matrix is given by the Liouville operator L

0, = Y (GO GLG,) (2.7)

A



The main point is that the dynamics of the residual forces f(¢) are not governed by
the Liouvillian, but by Q) LQ).

The normalized correlation matrix =(¢)

Eu(t) = D_(GIG) R (GAlGL(H)) (2.8)

A

obeys the matrix equation

[1]-

(1) = i=(00 ~ [ == )G I (2.9)

With help of the correlation matrix =Z(¢), the Langevin equations (2.3) can formally
be integrated to yield

G(t) = GE(t) + / FANE( — t)dt' (2.10)

It is this form which we will use in our following treatment.
2.2 FEzpansion of f(t) in terms of Z(t) and static correlations

To find an expansion for the residual force we first establish an exact nonlinear system
of equations for f(¢) in terms of the correlation functions (2.8). This will be achieved

in two steps: We express f(t) by the time derivatives G(t), insert Eq.(1.1) which leads
to products of G(t). Then the decomposition (2.10) of all G,(¢) is used to get a closed
system for f(t).

Take the time derivative of Eq.(2.10), then using Eqs. (2.2) and (2.4) we find

ft)=QGt) = ()@ E(1) (2.11)
where we abbreviate the convolution of two functions a(t) and b(¢) by

/ at — )bt = a(t) @ b(1) . (2.12)



Substituting the derivatives (1.1) at time ¢

H, G (0] = S VOG0 + S vE GG (1) + - (2.13)

abbreviated by

[H,G(1)] = VOGH) + VO {G(1), Gt} + - - (2.14)

into Eq.(2.11) we arrive at

F(1) =iQVIHG),G(1)} = if(t) @ (GIG)HGIVEHGE@), GO} + - (2.15)

where use has been made of the definition of E(t) (2.8), and of the relation

VO QG - f(1) @ =(1) = VIQ(GE() = 0 (2.16)

which follows from Eqs.(2.10) and (2.2).

Finally we insert the decomposition (2.10) of G/(¢) into Eq.(2.15). Then a closed set
of equations arises which implicitely defines f(¢) in terms =(¢) and static correlations.

To make it clear we write down the result for the case, where V) V... vanish.
One yields
F(1) = iQVEHGE() + f(1) © Z(4), GE() + (1) @ E(1)} (2.17)
—if(1) @ (GG HGIVEHGER) + f(1) @ Z(1), GE(1) + f(t) @ E(1)})

For simplicity we restrict to this case in the following.

The implicit system (2.17) for f(¢) is our basic result and will be the starting point
for our approximations. To find an explicit expression for f(¢) we will iteratively solve
Eq.(2.17). Let us illustrate this procedure for a simple case.

The expansion to be chosen depends on the magnitude of the matrix elements of
V@), Suppose that we can take all matrix elements of V{2 to be of the same order of
magnitude of a smallness parameter e,

v o (2.18)



Then we can write

J)y=efO) +fO) 4 (2.19)

and comparing both sides of Eq.(2.17) we will find the explicit expressions for f(*)(#)
in terms of correlation functions =(¢) and products of operators G.

The lowest order contribution yields

ft)=iQVA{G=(1),G=(t)} + -, (2.20)

where f(t) lies in the space spanned by (' and the products GG, and the time-
dependent coefficients are given by products of =().

From a physical point of view the result (2.20) can be interpreted as a sum of coupled
modes, whose time dependency is given by =(¢). In Eq.(2.20) the projector @) acting
on the products GG projects out all contributions of the linear space spanned by the
modes (. Therefore the effect of the coupling of the Z(¢) can be very weak, although
formally the bare interaction strength V() appears. This point will become more
clear in our example in section 3, where we treat interacting spin waves. A further
comment should be given as to the time scale for f(¢) appearing in Eq.(2.20). In a
macroscopic interacting system the matrix V() implies a summation over a very large
number of products =,,(¢) Z,,(¢). So the phase factors of these products can produce
a correlation time for f(t) which is entirely different from the relaxation times of =(¢).

Iterating Eq.(2.17) one step further one obtains f(?)(¢), which then results to be in
the space spanned by GG, GG, GGG, Although mathematically possible, we have found
from the example discussed in section 3.1 that instead of calculating F@(t) it is more

adequate to take a larger set of observables (G which comprises the products GG, and
use the lowest order approximation (2.20) to this set. Then one obtains

Ft)=iQv{G=),GZ(1)} (2.21)

where f(t) is the column-vector of the residual forces arising for the set (. Tt includes
the contribution of f(?) of the original set {G'}. The relation between f(¢) and f)(¢)
is discussed in appendix A.

The simple expansion scheme starting with Eq.(2.18), or Eq.(2.20) respectively, will
be illustrated in section 3.1, whereas an expansion of f(¢) with

TCIRVC IR (2.22)



will be the basis for the treatment of our example in section 3.2.

2.3 Ezpansion of G(1) in terms of =(t) and static correlations

Regarding the general decomposition (2.10) of G(¢) into PG/(t) and QG/(t) it is clear,
that inserting approximations for f(¢) one obtains an expansion of GG(¢) into powers of
=(t) and static correlations. For the case (2.18) the lowest order contribution follows
to be

G(t) = G=(t) +1QVI{GZ(1),GE) @ Z(t) 4+ --- . (2.23)

The main point of this result is, that for an interacting system, =(¢) exhibits damping,
so that the Fourier transforms of G(¢) do not have divergent denominators. Further-
more the projector @) again weakens the effect of the given interaction V) {G, G},
as the part P(G() is already contained in the dynamics of =(¢). The structure of
the result (2.23) is the same as it is known from an ordinary expansion of G/(¢) with
respect to V). For [H®,G] = VIV G, we would find Eq.(2.23) without Q, i.e. the
full interaction, and Z(¢) being replaced by the transposal of exp [i V(V1].

Once an approximation of =() is known, one can use Eq.(2.23) to calculate expecta-
tion values for relaxation processes or higher order response functions. If one wants
to improve the result (2.23), one can again take the larger set of observables G and
use Eq.(2.23) for the corresponding quantities.

2.4 Nonlinear equations for Z(t) in terms of static correlations

The correlation matrix =(¢) is determined by Eq.(2.9), i.e. by the correlations ( f|f(?)).
Therefore use can be made of the expansion procedure for the residual force f(¢) of
section 2.2 leading to closed nonlinear equations for =(t). Taking the case (2.18)
and substituting the lowest order contribution of f(t) (2.20) into Eq.(2.9) yields the
following set of equations

~ [ 2= GG (VG GYHVEHGEW). GED . (2:24)



It is clear that higher order equations can be obtained, if higher order terms of f()
are inserted into (f|f(¢)). So we have found a systematic way to generate equations
for correlation functions =(¢).

But we need not write down these higher order equations for =(¢), because — as
already has been discussed in section 2.2 — the higher order approximations to =(¢)

are included in Eq.(2.24), if used for an extended set of observables (¢ = {G, GG —
(GG), GGG — (GGG), - -+ .}, with new parameters ) and V() and the corresponding

correlation matrix =(¢).

Inspecting the result, (2.24) shows that it has the structure known from mode-mode
coupling approximations. In our case we have obtained equations — as mentioned in
the introduction — with bare interactions V) [5-7].

As a check of the validity of the approximation (2.24) one can take the time depen-
dence Gi(t) resulting from (2.23) with the approximate = and calculate the correlation

A(t) = (GIG) ™ (GIG(@)) (2.25)

which for the exact dynamics G/(t) is one. In the discussion of the example given in
section 3.1 we have found that the deviation of A from 1 is directly related to the
accuracy of the approximate =.

2.5 Static correlations

The equations of motion for =(¢) Eq.(2.24) contain static correlations. They can
be viewed as given parameters and can be taken from any static theory which is
available. In this section we want to point out that in many cases however, one can
close the dynamic equations (2.24) by a set of equations for the static correlations
which appear in (1), so that all quantities — at least in principle — can be determined
in a selfconsistent way. The key point is that the approximations obtained for the
observables Gi(t) in the Heisenberg picture are expressed in terms of e-number time
functions and products of operators G at time t = 0. So the well known KMS-
condition for the Heisenberg operators G at imaginary times i3

(GA)s =(AGB))s (2.26)

which can be cast into the relations



7 dw

(A= | 35

([G(w), AT (2.27)
(AG)s= [ dao(e™ —1)[Gw), Ay (2.28)

directly connects static and dynamic correlations. Here G(w) denotes

7 G(t)e™dt (2.29)

— 00

and it has been assumed that the observables (¢ are chosen to be orthogonal to 1 and
no other constants of motion are to be projected out. Therefore we must only show
that given an approximation for G(t), or f(¢) respectively, Eq.(2.27) and Eq.(2.28) will
provide us with a closed set of equations for the relevant static correlations appearing
in Z(¢). To this end we will suppose that the operators G obey a Lie- algebra? *

G.G1=> -G+ C1 (2.30)
leading to

GGG =>_ - GG+> ...G (2.31)

[GG,GG) =) - GGG+ > ...GG . (2.32)

For clarity in the presentation we refrain from writing down the structure constants
explicitly, but focus on the observables. Let us first discuss the expansion scheme
V) ~ ¢ of section 2.2 with the lowest order approximation for G/(t) found to be

G(t) = GZ+iQVI{GE,G=} 0= . (2.33)

The corresponding equation for = is given by (2.24). If we apply the Kubo identity

BIGILA)s = ([GT, A)s (2.34)

2 The matrix C can originate from the fact that the G have been chosen with the property
(1G)s = (G5 = 0.

3If non—Hermitian operators G are used, the operators G are assumed to be elements of
the space spanned by the set G.

10



to its frequency and memory matrices and carry out the commutators with help of
Eqs.(2.30) and (2.31), and (G)s = 0, then we see that =(¢) depends on the static
correlations (G|G), (GG), (G|GG) only

= =Z=(t, (G|G), (GG, (G|GG)) . (2.35)

To connect these static quantities we start with two relations which are independent

of the approximations. Regarding LG = VWG + V) {G, G} and calculating (G|LG)
from the Kubo identity with Eq.(2.30) we arrive at

C = BV + BEIVI{G.GY) (2.36)

On the other hand we calculate (GTG) applying Eq.(2.28) to A = G1. Inserting (2.33)

and the equation of motion for Z(w) we arrive at

Bw

(GTG) = (G)6) /dw Ew) (2.37)

Two further relations are obtained, if we explicitly use the approximation (2.33)
for G(t) or G(w) respectively. We regard Eq.(2.27) for A = (GG)T and insert the
Fouriertransform of (2.33)*. Then respecting the commutators (2.31) and (2.32) we
find equations of the following structure

(GIGG) =3 (GG + Y- (GGG + Y - (GGYGIG) N (GIGG) , (2.38)

where we have omitted the coefficients which are given by the structure constants of
the Lie algebra and matrix elements of

dw: w an d_w - — w
AW ad [ FEEEes)w) (2.39)

To close this system of equations with (GG'G) we regard Eq.(2.28) for A = GG
yielding

(GGG =3 (GG + 3 (GGG + 3 - (GGG (GGG (2.40)

4 The correlations (G|G) cannot be calculated from Eq.(2.27) with A = G, as in this case
Eq.(2.27) identically holds, if the equation of motion for Z(w) is inserted.

11



with coefficients analogous to the coefficients appearing in Eq.(2.38). The only differ-
ence is, that the denominators 3w in Eq.(2.39) are replaced by (e/¥ — 1).

These four equations (2.36), (2.37), (2.38), (2.40) for (G|G), (GG), (G|GGE), (GGG)
now in principle allow for a determination of the static correlations in terms of func-
tionals of the dynamic correlations =(w), where it is clear, that the solvability must be
discussed in each application. Although these equations are extremely complicated,
one can think of an iterative solution starting with suitable static values in the dy-
namics of =. Another simplification occurs, if the temperature is high enough so that
tanh fw can be replaced by fw. Then it holds

(616 =3{[61,611) (2.41)

(@166 = (G, GAL) (2.42)

and the total system reduces to a set for the correlations (GG) and (GGG).

We emphasize that the basis for our discussions on the statics was the result (2.33)
for the Heisenberg dynamics. If we now consider higher order contributions to G/(t),
we have found two possibilities, as was pointed out in section 2.2 and 2.3. But as
to the static correlations these two treatments are not equivalent. If we improve
Eq.(2.33) by a residual force f)(¢), so that G(t) is an element of the space spanned
by G, GG, GGG, then it is not difficult to see, that the static equations resulting from
(2.27) and (2.28) are no longer closed. However, if we use the alternative and extend
the set of observables to yield a set ¢ which includes the products GG, then the set of
equations for the static correlations appearing in é(t) again can be closed (appendix
A). This also indicates that the second way is more adequate.

So far we have discussed the equations for the static correlations which result from
the expansion scheme for the residual forces with V() ~ ¢. In general the static
relations to be obtained will depend on the iteration procedure for f(t¢) which will
be chosen. In our example of section 3.2, where we treat the lowest order of a case
V) = \/0(2) + 6\/1(2), we will see that a closed set of equations can be derived again.

The considered approaches leading to closed sets for the static correlations have the
common feature that they are valid to the same degree of accuracy as the dynamics
in the Heisenberg picture is correct. In this sense dynamics and statics are treated at
the same level of approximation.

12



3 Illustrations and discussion

In this section we will illustrate the general formalism of section 2 applying it to
two examples. First we will study general features of the approximation scheme. To
this end we choose a model as simple as possible: We take a spin system with long
range interactions in the high temperature limit, so that we need not handle with
the problem of the static correlations, and can obtain both, the exact solution to the
dynamics and the approximations in analytic form. As a second example we will treat
a Heisenberg ferromagnet at low temperatures. We will show that one can find an
expansion of the residual forces in terms of spin operators which leads to meaningful
results for the Heisenberg dynamics and the correlation functions, so that we can
make contact to other approaches.

3.1 Fractly solvable model in the high temperature limait

Our model to be considered is a Heisenberg spin system with long range interactions
in the high temperature limit, where we can carry through the general expansions
of sections 2.2 and 2.3 to high order explicitly. We will find that the lowest order
approximation to the residual forces leads to a coupling of two modes only, where one
of them is a trivial constant of the motion. So the system might be a very special
one, but we think that it correctly gives insight into the problems of time scales and
convergence.

The Hamiltonian of our system reads

J J = =
Y = —;,*,:__5.5’7 3.1
\/N%:S 85 \/N 0 0 ( )
where
— N - i
§ =3 ey, (3.2)
=1
§0 — ngo 5 (33)

and the N spins (s = %) are located at lattice sites ;. In the high temperature limit

the scalar product reduces to

(A|B) = (Tr1)"'Tr(A" B), (3.4)

13



so that static spin correlations can be evaluated.

In choosing a set of observables {G'} we take §q, but substract the components parallel

to the constant of the motion §0, so that the dynamic correlation functions =Z(¢) will
decay to zero (c.f. appendix B). Therefore we take the set of observables to be

(S0 50)™ (S0 - S)S0 + SolSo - 51))  a#0 (3.5)

with Sy - S, = X2, 5552, Then it holds

L@:FL@MGFGMéQq¢o, (3.6)

5

which means, that the conditions of section 2.2

LG =VWG+ VG G} (3.7)

are fulfilled, where V() vanishes and V® just couples éq to Go. From the symmetry
of the Hamiltonian it directly follows that the correlation matrix =(¢) is diagonal with
respect to ¢, ¢’ and cartesian components a, o’ = x,y, z, so that the decompositions
(2.10) specialize to

=(1) = (G216 (G21Ge () (3.10)

for ¢ # 0 does not depend on ¢ and «a. So we are ready to study the expansion of the
residual forces f,(¢) with an expansion parameter € ~ .J.

3.1.1 The first order approzimation
We now take our model to carry through the expansions of section 2 for the case

V) =0, V) ~ ¢ ~ J iterating the Eq.(2.17) for ]E;(t) Although J will be a formal

14



expansion parameter the accuracy of the approximations will not be determined by
the smallness of J but rather by a condition on time Jt < 6, as for V(1) = 0 we just
have one time scale given by J~1. Nevertheless in a high order approximation the
bound ¢ may be so large that the "short time expansion” covers the whole range of
physical interest. We will study this problem of time range in detail, calculating the
correlation function =(¢) to general order.

The lowest order approximation for the residual force f;(t) follows from (2.20), (3.8)
and (3.9) to yield®

—

. J . - -
G,— G, x Go)==iLG,E |, (3.11)

fq(t) = \/—N(éo

X

where just two modes =, = = and Z,—¢ = 1 couple, so that the force f;(t) for all
times is proportional to one fixed element in the space of the GG

The dynamics of the Heisenberg operators éq (t) corresponding to the approximation
(3.11) are obtained from (2.23) to give

=l (3.12)

In this expansion the coefficient =(t) of éq is exact, whereas the coefficient = @ =

of iLéq will be modified by higher order terms, if these are projected onto Léq.
The equation of motion for the correlation function =(¢) is given by Eq.(2.24) and
simplifies to

E=—-mEI0I (3.13)

where

(GF1L2GY)

GalGe) (q#0) (3.14)

mo =

is independent of ¢ and «. The solution of (3.13) for Z(¢) can be expressed by the

® As (G,|LG,) = 0 the projection operator ) can be ommitted.

15
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Fig. 1. Approximations E(”)(T) compared to the exact correlation function =(7);a:n =1, 2,
exact; b: n = 3,4, exact; ¢: n = 5,6, exact; d: n = 7, 8, exact.

Bessel function .J;. Taking the Laplace transform of (3.13) one finds

TN o |
=gy =22 43 +ame (3.15)
my
or
J
=0y =2y (3.16)
T

respectively, where the index denotes the order of the approximation. This result for
=ZM(1) is compared to the exact solution in Fig.1. One sees that Z(V)(#) is close to the
exact correlation function, as long as Jt is smaller than the zero of Z(t), i.e. as long
as it holds

Jt<1 . (3.17)

At the end of section 3.1 we will show that the range of validity (3.17) for ZM(¢) can
be estimated from ZM(¢) and (3.12) alone, without knowledge of the exact solution.

16



3.1.2  Higher order approrximations

As there are more possibilities to derive higher approximations we will first study the
second order approximation in some detail and then give the general results.

[terating Eq. (2.17) for ]E;(t) up to order J? we find for the residual force

()= 5 (G >
+ 2 Q{Ga x (G Gy = Gy x Go) — (Go x Gy — Gy x Go) x Go) 2002

=iLGEZ+QUL}G,EQE (3.18)

—

Gq—éqxéo)E

and for the Heisenberg dynamics of éq (1)

G,()=GE+ilGEQEZ+Q(LPGERZQE . (3.19)

The dynamics of Z(¢), however, keeps to be Z()(¢), as the new added term in f;(t) is
orthogonal to f,(0) = iLéq,

(fFQUL Gy =0 (3.20)

so that the memory function does not change. To improve Z((¢), at least third order
terms in f7(¢) have to be considered which have a non-vanishing projection onto

iLGe.

An alternative approach to the second order result described above can be given, if we
keep the basis we have obtained for f;(t) and éq (t) in (3.19), but use a formulation
such that the factor of iLéq will not be changed by higher order terms. This means
that higher order terms must be constructed to be orthogonal to the products iLéq =

J/\/N(éo X éq — éq X éo) (c.f. appendix A).
For this alternative approach to the second order approximation we extend the set of
observables (7 to the larger set {G'} , which comprises the occuring basis vectors of

products GG, i.e. iLéq:

{G} = {Go,Gyu = Gy, Goa = iLG, ). (3.21)
The corresponding projection operator onto this space is denoted by P =1—0Q. Then

17



the general formalism of section 2 applies to the set {CN?}, as it holds

Z'LGqJ — q,2
- J 4 = s
iLGy2=—— (Go x Gyo— Goa x Go) . (3.22)

\/N )

Thus the condition (1.1) with V) £ 0and V® ~ J again are fulfilled, and the lowest
order approximation (2.20) for the residual forces {f} = {f%l, fqg} reads

Fan(t)=0 (3.23)
. J o~ . Ly
fq,2(t) = \/—NQ (GO X Ggo— Gga X Go) =22 (3.24)

where the matrix of the correlation functions =,,(¢) is defined by

= _ (GL1G5.0)
Spp = W v, it = 1,2 . (325)
q,v

q7l/

Hence the Heisenberg dynamics for éq(t) = C_jq’l(t) follow to be

— —

C_jq (1) = Gya(t) = G201 + éq,QEZI + JE;,Q @ a1
— GqEII —|— iLqugl —|— Q(ZL)qu(EQQ ® 521) . (326)

One sees that the result (3.26) for éq(t) is spanned by the same basis vectors as it
was in Eq.(3.19). Just the time-dependent coefficients have changed. ©

In order to determine =(t), we now write down the equations of motion for the matrix
=,u(t) (c.f. Eq.(3.22)) which follow from the frequency matrix (2.7) and the memory
matrix given by (f7,|f55(1)). We obtain

[1]-
[1]

11 = =12

6If one extracts the residual force f,(t) with respect to {G'} from the result (3.26), one
finds that f,(¢) also has the same basis vectors as the approximation (3.18). It is not difficult

to see, that the memory functions calculated from this f;(t) just lead to the exact relation

s URW) s
=T T Glen O
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12 = —C2Z11 — €312 @ S (3.27)

[x]- [1]- [1]-

21 = S22 (3.28)
99 = —C2Z21 — C3(Z92 @ Sg2), (3.29)
where ¢; = my and ¢3 = (my — m3)/my, and my denotes the fourth moment.
This system can be solved by Laplace transform to yield for =(2) = =,
1 2
—0—35—1/2 (5—|— ) —|—§¢<5—|—c—2) + 4es
— c S
=@ () = 2 o (3.30)
——s
C2

The corresponding result in time Z(®)(¢) is shown in Fig.1. As compared to 2 () the
range of validity of =(3)(¢) has obviously increased.

The alternative approach for the second order approximation can be extended to
general order. Instead of iterating the Eq.(2.17) for ]E;(t) and calculating f;(t) up
to order J”, we choose a set {G'} given by éq, iLéq, e (iL)”éq, and take the lowest
order approximation for the residual forces. The details are given in appendix B. Here
we just list the results. To write them down, it is expedient to use an orthogonal basis
éq,v in the space {é} introduced by

G_)qJ:G_)q

é :ZLqu

B, B, G

Gq,u:iLGq,u—l + ( p— 1| — 1)G w—2 V= 37"'7” . (331)
( W= 2|qu 2)

Then the residual forces read

fql,(t): v=1,---n—1
fq n(t) _)q n-I—lunn ’ (332)

where équ is defined by (3.31) with » = n + 1. The Heisenberg dynamics result to
be

éq(t) = C_jq,l(t) = Z éq,u =+ éq,n+15nn Q@ Zp1 - (3.33)
v=1
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The equations for the correlation matrix

_ w (3.34)

(Gg.1G2,)

—
—vu

are found from the frequency and memory matrix. The explicit solution for the Laplace
transforms of =,; and =, are

()= 2Bl ZAils) Ly (3.35)

cl...cy

Znn(8) = Buo1(s)Zm(s) (3.36)

where Z(" = =, is given by

B (B 2+4
An—l Bn—l Bn—l it

=M(s) = + : (3.37)
Bn—l 2(_1)n—1 Cn+1 BZ_I
cl o .. cn

and the A,(s), B,(s) are polynominals in s defined by

AU:SAU—1+CUAU—2 140:0 141:1

BUZSBU_1—|—CUBU_2 B():l B1:S 1/22,"',71 (338)
with

(8] =1

Go|GY
L= ( i q’) v=2,---n, a=x,0ry,z . (3.39)

(GoooilGyy)

The functions Z()(s) for complex s are holomorphic for Res > 0 and have the correct
property

ReZ™(s) >0, Res>0 . (3.40)

The results for Z")(¢) and the exact solution Z(¢) are plotted in Fig.1. One sees that
the time region, where Z("(#) is a good approximation to Z(t) increases with n. The
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Fig. 2. Spectral densities of the approximations Re=(") (iw), compared to the exact density
for n = 2,3,12,13. An averaged spectrum is shown for n = 12. Frequency and spectrum in
units of (4mg)'/? and (41mq) /2 respectively.

spectral densities 1/2 [°° dtZ(t)e™™! = ReZ(M(s = iw) are shown in Fig.27. The
intervals where ReZ(" (iw) identically vanishes are due to the square root occuring in
=" (s) and are a consequence of the coupling of just two modes. Therefore in the case
of many modes one can expect that the values ReE(”)(iw) # 0 are no longer restricted
to finite intervals which cause the asymptotic oscillations for long times in Z()(1).

At the end of this section we will discuss the validity of the approximations from a
different point of view. Qur approach does not only lead to equations for the corre-
lation functions. The basis was the expansion of the residual force and the resulting

Heisenberg dynamics G, (t). From this we will be able to write down a necessary con-

dition for the accuracy of the n—th order approximation for =(¢) and éq(t). Let us

TIf one wants to get approximations which are valid for all times 0 < Jt < oo one can
average the spectral densities ReZ(" (iw) with a width § which smoothens the intervals
ReZ(" (iw) = 0. An example for n = 12, 1/7 [ dw'ReZ( (iw")§ /[ (w—w")2 4+ 6%] = ReZ(") (5 +

iw) is given in Fig.2.
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introduce the correlation at equal times

(G (G (@)

A(t) = (3.41)
(G31G7)
which for the exact éq (t) must be one. Inserting éq(t) from (3.33) we find
A(n) (t) = Z Ely(t)Eyl(t) —|— C1Cy - - cn—l—l(Enn ® En1)2 (342)

v=1

where the orthogonality of the C_?)W and the definitions (3.34) and (3.39) have been
used. The expresion (3.42) for A can be simplified further with help of the equations
of motion for =,,(t), or the explicit solutions (3.35) and (3.36), e.g.

AW = [F0) + L [E0@] (3.43)

C2

If the n—th order approximation is appropriate we must have

AP (1) ~ 1 (3.44)

which gives a restriction to the region of time, as for ¢ = 0 it holds A (¢t = 0) = 1.
The deviation of AU (¢) from 1 in Eq.(3.42) comes from the finite basis in Liouville
space entering into éq(t) and the approximation for the correlation functions, which
is related to this subspace. Thus AM™(1) ~ 1 requires that the restricted Liouville
space in éq(t) as well as the approximate Z("(¢) are sufficient. In Fig.3 we have
plotted A((#). Comparing the deviations Z(™(¢) from Z(¢) to A(¢) one observes
that 2" (1) is a good approximation to Z(1)

=) ~Z() (3.45)

as long as it holds

DN | —

From this we conclude that one can take the condition (3.44) as a measure for the
accuracy of the approximations without knowing the exact solution =(¢).
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0.04 -

0.02 -

Fig. 3. Accuracy of the approximations; norm A(”)(T) compared to the deviations of

)

=(") (1) from the exact correlation function Z(r) for several orders of the approximation
n=1,2,...,13.

3.2 Heisenberg ferromagnet at low temperatures

Introducing the Heisenberg ferromagnet we want to show how our general method can
be applied to a system where temperature dependent static correlations occur. We will
not present more refined results, but rather want to study the selfconsistent method
by comparing the results to those of other approaches. To this end we will simplify
our equations for the dynamic and static correlation functions, so that we can recover
standard results for temperature dependent spin wave frequencies and dampings. In
applying our formalism we keep the spin operators and do not transform to Bose
operators. Thus the Heisenberg dynamics of the spin operators are expressed in a
basis of spin operators at ¢ = 0 which may have some advantage for further use.

The Hamiltonian of our system is given by

H:—HZSf — Zjugz . gj
i i#i

= —HS; —1/NY J,8,- S, H =40, J;>0 (3.47)
q
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where N spins S are located at sites R; in a lattice and gq is given by Eq.(3.2). We
want to treat this system for low temperatures. To this end we introduce a parameter
€ to be the inverse of the spontaneous magnetization

¢ = (<5§>)_1 = o YT) | (3.48)

and scale the time to

T=ot |, (3.49)
and the spin operators according to

A S+

SE= 1 (3.50)

The operators 4,57 = S7 — (57) will not be affected. Then the equations of motion for
the scaled spins read

d

E(SSZ_—_Z Jl 2_J2 S S_Q (351)
d ; . . 21 .
%Sit = :FQZ(JO — Jl)Sit + Gﬁl Z(J1_2 — JQ)(SS;S?:_Q R (352)

2

where we have used the shorthand notations ¢; — 1,q; — g2 — 1 — 2. The parameter
(1) will not approach zero, except for the case S — oo, but one can directly see from
(3.51) and (3.52) that the zeroth order contribution in §57(7) and SE(7) gives the
correct spin wave approximation in lowest order [8]®, so that introducing e will allow
for a low temperature approximation. This will be confirmed by the final results.

We want to apply the theory of section 2 to the dynamics with respect to 7, which
means that we formally have a Liouvillian L = L/o, or Hamiltonian H = H/o,
respectively. As a consequence we have a scaled temperature 3 with AH = BH.

Choosing the set of observables i to be all modes 657 and S;t

{G} = {052, 5%}, (3.53)

8 As referred to time ¢ we have the renormalized spin wave frequencies wy(T) = 20(T)(Jo—

).
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and inspecting the equations of motion (3.51) and (3.52) for (¢ one sees that it holds

LG =VvWa1+vOqa (3.54)

with

VO — v ey (3.55)

so that our condition for an expansion of the residual forces is fulfilled. Furthermore
the GG, 1 form the Lie-algebra

55,87 = No1 a + 6574, (3.56)
{55?755‘:} :igit-l—Z ’ (357)

which will be important for the statics.

3.2.1 Residual forces and Hetsenberg dynamics

We start with the exact equations (2.17) for the residual forces which follow for our
special dynamics. Regarding that the static and dynamic correlation matrices are
diagonal with respect to wave numbers and components o = z,+, —, and introducing

() GSi15: ()

=)= TGS

oo (SEISE() _ (SEISE()
== EnEE T (SEsD) (3:59)

(3.58)

we have?

2 Nl AN (A — A _
filr)= _ﬁl Z(J1—2 —12)Q (52_:2 +/7 © :2) (Sf——zij——z + @ :il——z)
2

2@ (J1_2 - Jz)
+/O=D Trarvan
PON Z (857655)

) 1 5y =5 fy ©E; A+—2:1—2 A1—2 ) ) .
(55 |(52 =+ 1/ ®”2) (51 =+ i, 0= )) (3.60)

9 The convolutions refer to 7.
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and

r 2 Z—z z —z G - ¢ -
fi(r)= iﬁﬁ Z(J1—2 — L)Q (6555 + f; © E3) (Sfc—zzic—z + i, @ :ic—z)
2

~ 2@ (J1_2 - Jz)
+ Ef:t(T) & — ——
' N 2 (SF15F)
(SEI6S5E5+ f5 029 (SELEE, + fE.028,)) (3.61)

One directly sees that the transversal forces ff—L(T) start with a first order contribution
in € whereas the longitudinal forces f;(7) have a term of zeroth order. This structure
of Eqs.(3.60) and (3.61) allows for a solution in powers of €. Restricting to the non—
vanishing lowest order approximation ' we find

2 A A L
fi(r)= N Z QS5 SII—_Q(JI—Z — J2)¢12(:+, =) (3.62)
2
A 2 ST
ff_L(T) = iﬁﬁ Z(J1—2 — J2)Q {5555?_2:2:f_2
2
2 A A . o —
_ﬁ Z Q (53 S;—:a) SiJE—z(J2—3 - JS) (¢23 @ :2) :ic—z} ) (3-63)
3

where ¢ is a functional of the correlations =+, =~ and can be expressed by Laplace
transform to yield

B (Z255) (9)
bl = — e ) L e
1—— W(JI_S — J3)(Z5E15)(s)

N

3

The Heisenberg dynamics of the spins follow from the general relations (2.10). Re-
garding the symmetry of the correlation matrices we find

§S7(T) =052 (1) + f7(7) @ Z3(7) (3.65)
SE(r)=SE =E(r) + [E(r) 0 =E(r) . (3.66)

Inserting the approximations for the residual forces (3.62) and (3.63) into (3.65) and
(3.66) respectively, yields the corresponding approximations for the Heisenberg dy-

10 For fllL(T) the first order contribution is necessary as to obtain spin wave damping,
whereas the first order correction to f7(7) would just modify =7 (7) quantitatively.
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namics. One sees that the longitudinal components §.57(7) move in a subspace spanned
by 857 and all products S5 Si~,, whereas the transverse components are restricted to
a space spanned by S and all the products §52SF , and S5 .55 557, respectively

§Si(r)=---8S;i 4+ > ---S7 5, (3.67)
2

SE(r) = ST 4> - 6828F 4> - 884,85, (3.68)
2 2,3

The time dependent coefficients are given by functionals of the dynamic correlations
=*(7),Z%(7), and the exchange parameters, and static correlations. It should be noted
that the results for §5%(7) and Si(T) have the same subspaces as would have been
obtained by a simple perturbational expansion of the dynamic equations (3.51) and
(3.52). The essential difference of (3.67) and (3.68) to such an expansion is, that the
coefficients of 657 and S in (3.67) and (3.68) comprise all contributions of the simple
perturbational series which have a projection onto §.57, S£. As compared to a Holstein
Primakoff approach !, gi(T) corresponds to a perturbational treatment of the four
magnon interaction, if in addition, the Bose operators are summed up to give the spin

operators, and the coefficients will be renormalized.

3.2.2  Dynamic and static correlations

The dynamics of the correlation matrix = is governed by the Mori equations (2.9).
Regarding the symmetry of the Hamiltonian we get

d_, I o

551 =—7 © =] (3.69)
d _ L _
TET=TFiwEY -9 @5 (3.70)

where we have introduced the memory functions

oy Uilfi(r) = = .
T(r)= (35:1557) — B(5Sf|55f)<[5_17f1(7—)]> (3.71)

" Expanding the coefficients in (3.68) into powers of ¢ with ¢(7 = 0) = 1/S and inserting
the expansions of 5% into Bose operators a, al into (3.68), then up to order S™1 the result
for Sif () coincides with the dynamics of a(7) calculated with the four magnon interaction
as a perturbation.
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i(n= U = i ) (3.72)
and the frequency

wi(T) = N (B(SHISH) (3.73)

In the following we will use the commutator forms for 4!l and 2. Inserting the

approximations for f7(7) and fif(7) (3.62), (3.63) into (3.71) and (3.72), we obtain

the following expressions for the memory functions:

W)= 5 Xhos = ) An(T)ral=*, =7 (3.74)

2
2 _
Vi (r)= ‘N > (Jimy — J2)Bia(T)=5=1,
2

2\2 o —
+c (ﬁ) Y (Jia = Ja)(Jams = J5)Craa(T) (das @ Z5) EF, (3.75)
2,3

where the temperature dependent coefficients are given by

Ap(T) = 5551650 (0S50 810) = (57.5%5) (3.76)

n(T)== ( 5% 53 (<5*;_15&+_2> — e(553857,) — %) (3.77)
5@ §;| & ((53,2_1 b0 V(& 8ty — U |f§jfé‘lj’fl‘2)

Fe(S785 5+ ) + e<5*gé2+_355§>) . (3.78)

Inspecting the time dependence of the memory function, one sees that v/l and v+ are
determined by =+, =7, or =%, =7, =7, respectively. Thus we have a nonlinear coupled
set of equations for =%, =%, =~. This set of equations is very complicated, as it is

nonlinear and contains static correlations which must be known, or determined from

12'We avoid Mori products of the form (GG|A).
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the dynamic equations. For this reason we first state, how the static correlations in
principle can be obtained in a selfconsistent way. Then we calculate their leading
terms for 7' — 0 and show, how the equations for =7
forms.

and =1 reduce to the standard

The static correlations entering into =% and =% are found from Eqs. (3.76)-(3.78) to
read

(857165%),  (6S°6S7),  (ST|S*),  (S7SH), (3.79)
(85|5-5%), (§F[6575F), (§+]S-8§+5+), (§-51557) ‘
If additionally one takes into account the correlations
(65755%), (§=8§-8§+§+), (§75%55%657), (S§-85-5%5+65%) | (3.80)

then one can find a closed set of equations for this extended set (3.79), (3.80). The
procedure is similar to the considerations in section 2.5. The difference is, that our
iteration with \/0(2) + 6\/1(2) has lead to residual forces which also have contributions
of the form GGG, so that the commutators are modified. The details are given in

appendix C.

For our purpose, however, it is sufficient to have the static correlations for T" — 0.
To this end we iterate the system of static equations with respect to ¢, as the first
order contributions result to be smaller than those of zeroth order. In zeroth order
the coupled system of dynamic and static correlations for Z%, Zf and the correlations
(3.79) can be solved exactly. Then the expressions of first order follow in a straight
forward manner. As those terms we need are exact, they can also be obtained in a
different way. Introducing

&y = 2(Jo — Jy) (3.81)

1

- 3.82
P (3.82)

ny

we explicitly find for the transverse correlations !

(S7.5F) = Ny + eny (1 + n1)3 (W2 — &1_2)na + O(?) (3.83)

13 The results are given in zeroth order, and up to first order, where they will be needed.
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(ST16555¢,)
(SF157)

= —N1-9

—€ {n1—2(1 + n1—2)% Z(@:a — W1_3)n3 — %Zn:a(l + ny_s)

3 3

1
+ N § [n3(l + ni_g + no_z) — ni_gna_s)
3

W —Wi—2 + Wi43—2 — Wa_3

W3 — W12 —Wa-3

} + O(e?) (3.84)
(51155 53 557 ,)
(ST157)

= N(d32-1 4 d20)n3

+¢€ {(53,2—1 + d2,0)n3(1 + 713)5

'Z(JM — Ws_q)ng — n3(l + ny_g + na_3)

4

+ [n3(1 + n1—2 4 na_s) — n1_gna_s]
_@2 — W19 + Wig3-2 — @2—3} n 0(62)7 (3.85)

W3 — W12 —Wa-3

whereas the longitudinal correlations are calculated to yield

(657,657) =3 na(1 + n1_z) + O(e) (3.86)
(87,54 1657 = =Nny(1 4+ ni_y) + O(e) (3.87)
(6571657) =" — 2 M1=2 4 O(e) (3.88)

2 Wi—g — @2)

(37.,5F1657) = =N ==

wW1—2 — @2)

—Ni1-—2

+O(e) (3.89)

All the static correlations (3.83)—(3.89) listed above still depend on the spontaneous
magnetization o(7) = e~'. This can be determined from the condition ¥, 5, - §; =

NS(S + 1) which can be cast into the form

0=(c—8)+(0c—9) (% zlj<5*:15*1+>(a) 425 4 1)
g 3 (057,55 (0) 4 25(57,87) (<) (3.90)
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and leads to the magnon result

1

Once the statics are known we now can go back to the dynamics of =% and =%,
calculating the lowest order contribution to the memory functions (3.74) and (3.75).

For ’y'll(s) we find the zeroth order result

o= (S amagiia—am)

C(NJQ — @1_2) (S — Z(C{NJQ — @1_2

Z (@2 - 511—2)(”1—2 - nz) (3‘92)

S — Z(C{NJQ — @1_2)

which leads to

-1
—z _ Ni-2 — Ny Mi-2 = M2 i@y _o)r 3.93
S - (T phes, | (3.99)

whereas the memory function v, (7) is of second order and reads

Wy —Wi—2 + Wi43—2 — W3

W3 — W3 — W12

T (7) = ()88 3 (@2 — B1a)

2,3

-[n1_2n2_3(1 + n3) — (1 + nl_g)(l + n2_3)n3]6i(@3_@2_3_@1_2)7 . (394)

The spin wave frequency (3.73) up to second order yields

€

wi(T)=&1 — = Z(C{NJQ — W1-2)Ny

N3
€ . . 2 .
— ()" (@02 = @12) 3 malna—s + na(l + n2) B0 — B1s)]
2 3
_n(r=0) (3.95)
B
Comparing our results for 7' — 0 to those of spin wave theory and regarding
Bin=3-20(T)(Jo — Jy) (3.97)
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we see that Z7(¢) coincides with the correlation function obtained by Lovesey [8],
provided we take our temperature dependent spin wave frequency 20(7T)(Jo — J1) at
T = 0. The memory function v{-(¢) = i (7)(dr/dt)? (3.94) agrees with the Holstein
Primakoff result for the four magnon interaction [5], if again o(7T') — S is used.

It is clear that the presented procedure for the Heisenberg ferromagnet is rather com-
plicated. Just for calculating spin wave frequencies and dampings one would choose
the usual way. But we think it is important to have shown that one is not forced to
expand spin operators into Bose operators, as to obtain the correlation functions at
low temperatures. In this context our main result is, that the Heisenberg operators
§i(t) (c.f. Egs.(3.65) and (3.66)) can be expressed in terms of correlation functions
and spin operators at ¢ = 0. This point will be useful, if one wants to derive equations
of motion for expectation values of spins which go beyond linear response, as in such
a case the expectation value of (SF)(t) cannot simply be replaced by the expectation

value of one Bose operator (a,)(?)

4 Conclusion

It has been shown, that incorporating the time evolution of products of observables
(GG)(t) = G(t)G(t) into the frame work of Mori’s theory, one can give selfconsistent
approximations for the residual forces. These can be expressed in terms of time-
dependent correlation functions and operators at ¢ = 0. In this way it is possible
to deduce approximations for the Heisenberg dynamics of the observables as well
as for the dynamic and static correlation functions. We have tested this approach
comparing the approximations to the exact solution of a model and to the theory
of interacting spin waves. From this comparison we conclude that the selfconsistent
approximations in Mori’s theory can be successfully used to attack the dynamics of
correlation functions and Heisenberg operators of interacting systems.

The dynamic equations for the correlation functions we have found, are of the type
of mode—mode coupling equations, but the coefficients involved are given by bare
interactions. In addition, our approach allows for a quantitative estimation of the
validity of the presented mode—mode coupling approximation. A point of further
investigation would be, how the expansion scheme can be generalized to give mode—
mode coupling equations with the bare interactions replaced by matrix elements of
the Liouville operator.

In our illustrations we have been concerned with spin systems. But the given for-
malism also applies to Fermi or Bose systems, if for the statics of Fermion systems
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the fluctuation—dissipation theorems are used in an adequate way. Thus, the possibil-
ity arises to relate expansions in Mori’s theory to other many-body treatments, and
especially find a link between projection—operator expansions and those in Green’s
function theories.

Summarizing we think that the main advantage of the presented expansions is, that
they lead to approximations for the Heisenberg dynamics. These can be used to derive
equations of motion for expectation values which go beyond linear response.

A Second order approximations to the residual forces
A.1  Ezrpansion into powers of ¢ ~ V@ with fired correlations =(1)

The expansion of the residual forces in powers of ¢, with fixed dynamic and static
correlations, is obtained from (2.17). The first order result was given in (2.20). Up to
second order one finds

f()y=iQVI{G=, G=}
+iQVALQVI{GE, G2} @ =, G} +1QVA{G=,iQVI{G=,G=) @ =)
—iQVI{G=,GZ} @ (GG HGLEVI{GE,GE}) + O(%) . (A1)

The approximate f(¢) now is an element of a linear space spanned by the products
QGG and QGGG. The selfeonsistent equations for the dynamic correlations Z(t) are
given by Eq.(2.9) with the force correlation functions (f|f(¢)) calculated from (A.1).
A general feature of the expansion (A.1) of f(¢) is that terms of second, and higher
order, will contribute to the projections onto the forces at t = 0

f=iQvd{a, G}y . (A.2)

That means they will contribute to the force correlation functions. In the sense of an
orthogonal decomposition of f(t), the coefficients of QGG are changed by each order
of the iteration. This is, why it seems to be reasonable, to sum up all contributions of
higher order terms which are parallel to the products QQGG. To make this reasoning
explicit, we introduce a basis F, for the QGG by

F, = QZ @y (GG — (GLGY)) (A.3)

A
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which is abbreviated by

F = Qa{G,G} — (o{G,G}) . (A4)

Then f(t) can be decomposed as

ft)y = FOFIF)Y (FIf() + QF(1) (A.5)
where
Q={(1—[F)(FIF)(F}Q , (A.6)

and (F|f(1)) is no longer affected by the approximations of Qf(t) which are orthogonal
to (A.3). In the next section A.2 we will calculate f(¢) to second order with fixed Z(¢)
and fixed components (F|f(1)).

A.2  Ezrpansion into powers of ¢ ~ V) with fived correlations Z(t) and T'(1)

For a treatment of f(¢) according to (A.5) it is expedient to decompose f(¢) into a

sSum

f(t) = QR4 QLG = K(1)i") | (A7)
where

K(t) = 9ty (A.8)

and the matrix Q) is defined by

O0) = (F|F)7 (FILG) = (FIF)(FIV{G,GY) . (A.9)

Here use had been made of the fact that '#

QLG =Q (VWG + V(G GY) = ral) (A.10)

YErom (1|LG) = 0 and (1|G) = 0 it follows (1|VHG,G}) = 0.
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Then corresponding to (A.5) we can write

K(t) = FI(t) + QK(t) (A.11)

with

L(t) = (F|F)TNFIK () = (FIF)T(F]e9"F) (A.12)
In the sequel we will focus on the expansion of the quantity K'(¢), which is of course
equivalent to the expansion of the residual force f(t).

For K(t) we will set up an exact equation with fixed =(¢) and I'(¢) which can be
iterated. As a first step we cast K(¢) into the form

K(t)=FT(t) 4+ QeMQiLF @ T(t) — iQe™F @ (F|F) Y(LF|K(t)) (A.13)

which can be verified by Laplace transform and the completeness relation

F(FIF)(FIQGG) = QGG — (GG) . (A.14)

Next we take the Heisenberg dynamics of G and F', which can be expressed as

Here QO denotes the matrix

00 = (GG)HGILEF) = (GlG) (VG GHE) (A.17)

and use has been made of Eqs.(2.9) and (A.7), and

G = FiQ" + G)iQ = GZ() + f(1) + f(H) @ Z(1) . (A.18)

Calculating LF from the definition (A.3) and inserting Eqs.(A.15) and (A.16) into
the right hand side of Eq.(A.13) one arrives at an exact system of nonlinear equations

for K (t)
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K(t)=FT(t) (A.19)
+Qa, {~G=(1) © QT ()Y + K(1)i0) (1 - 0=(t) @ QOT(HA)
G=(1 >+A<> Do s} o)
— QK ()Y @ Z(1)(G|G) T Gla iV, G} @ T(1)
+QK(1) (1 —®Q 2 @ (1)) @ (F]F) 7 (a{ FiQD, G K (1))

where the abbreviation

as{A, B} :=o{A, B} + o B, A} (A.20)
has been introduced. This system corresponds to Eq.(2.17) for f(¢). The difference is
that in Eq.(A.19) the correlation functions =(¢) of the observables and the correlations

I'(t) (A.12) of the residual forces (A.8) appear.

The system (A.19) now can be iterated. Remembering that according to (A.9) and
(A.17) Q) and QU are of first order in V), we find from (A.19) for fixed Z(¢), ['(¢)

(in treating I'(¢) fixed the summation of higher order contributions is performed):

K(t) = FT(t) + Qa, { FT(1)iQ") GE()} @ T(t) + O(*) . (A.21)

According to Eq.(A.7) it is a second order result for f(¢). The main point is, that the
approximation (A.21) conserves the exact relation

(GG () = (GG GQLGIF)(F|F) T (F|K (1))
=0Tt . (A.22)

The matrix I'(¢) can be calculated from the differential equation

(1) = i(F|F)" (F|LF)T(t) — (F|F)"\(iLF|QK (1)) (A.23)

which follows from Eqs.(A.11) and (A.12). Inserting the approximation (A.21) for
QK (t) and using the definition (A.4) we find

()= i(F|F)" (FILF)D()
—(FIF)™ (0. {Fi), G} Q (o {FT(0)iQV, GE(M)})) @ T(1) . (A.24)
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Together with the dynamic equation for =(¢)

(1) =

[1]-
[1]

(1)iQ — Z(t) @ QUT (1)) (A.25)

we have a coupled system for the correlations I'(t) and =Z(¢). As Eq.(A.25) can be
solved by Laplace transform in terms of I'(s), Eq.(A.24) can be viewed as a nonlinear
integral equation for the Laplace transforms I'(s). It should be noted that the ap-
proximations (A.24), (A.25) have the exact second order moment of I'(¢) or the exact
forth moment for Z(¢) respectively. For later use we note the Heisenberg dynamics
for G/(t) which result from the approximation (A.21). One obtains

Gt)=GZ(t) + f(t) @ Z(t) = GE(t) + FT()iQ") @ =(t)
+ Qo {FI(1)iQ"), GE(1) } @ T(1)i0 @ Z(1) (A.26)

A.8  Expansion of the residual forces f(t)

We want to show that the results of section A.2 can be obtained in a simple way by
extending the set of observables (¢ to G and applying the procedure of section 2.2 to
f. Let us choose a set GG by

G={G, F} (A.27)

where F), is defined by (A.3). Then we have a projection operator (A.6)

0 =1-P=1-|G)GIG) Gl - [F)FIF) (P . (A.28)

The matrix é(t) can be written in block matrices as

- (fGG :GF) , (A.29)

=rc ZFF

[1]:
|

Similar the frequency matrix € reads

0= (QGG QGF) (A.30)

QFG QFF
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where Qg = Q, and Qgp and Qg coincide with the definitions (A.17) and (A.9) for
QO and Q0.

First we study the derivatives LG and prove that the conditions (2.14) of section 2.2
apply. The derivative

LG =VWG+ VG G} (A.31)

1s a linear combination of (&, and F,. Hence in abbreviated notation we have

LG = GQqc + FQpa . (A.32)

The derivatives LF are found from (A.4). Together with (A.32) one yields'®

LF =G [(G16G)7(Glau{ G006, G}) — Qoa(G1G) T (Gla{G,GY)]
+ F [(FIF) 7 (Flos {6066, G}) = Qaa(Gl6) ™ (Gla{G.GY)]
—I-Oés{Fﬂpg,G} . (Agg)
Eqs.(A.32) and (A.33) together show that LG has the desired structure

LG = VG + VO G (A.34)

where the matrix elements of V1 and V® can be taken from (A.32) and (A.33). A
special feature of V@ is, that it just couples F' and G, but no couplings F'F occur.

Having shown that the condition (1.1) holds, we use Eq.(2.17) to expand the residual
forces f. As

V(2) ~ QFG ~ V(2) ~ € , (A35)

the interaction V() still is of first order in e. Expanding f we want to keep fixed g(t)
and ['(?) in the sense of section A.2. Therefore we must express the correlations =(¢)
in terms of =Z(¢) and I['(¢). From the definitions of = and (A.15) and (A.16) one obtains

Zaa(t)=Z=(1)

15 We take the case that for symmetry reasons the constant term in (A.33) vanishes. If it
does not vanish it can be handled without difficulty.
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Zpr(t)=T(t) (1 - 00zmeV o 1) . (A.36)

This means that fixing =(¢) and ['(¢) is equivalent to fixing the matrices Z¢q, Zar, Zra,
but due to Q(r), Q0 in (A.36), the submatrices Zp¢ and Z¢gp are to be treated as first
order terms, whereas Zpp has a zeroth and a second order contribution. Hence ex-
panding f in Eq.(2.21) up to first order yields

[=QVE(GE)",(G2)} + O(e) (A.37)
where
(éé)% = GZaq, (GE)OF =FI(t) . (A.38)

Explicitly the residual forces (A.37) read

[ Je) _ 0
= (fF) N (@as{FF(t)iQFG,GEGG(t)}) : (A.39)

The selfconsistent equations for é(t) are found from Q and (f|f(t)) to be

aciQaa + ZariQra

Eoq=E

Eor = ZaaiQar + ZariQrr — Ear @ Yrr

SFG ==rctQaq + ZrrtQlra

Zrr =2ratQar + ZppiQpr — Zrr @ YEE (A.40)
where

yrr(t) = (FIF)™ ((LF|Qou{FT(1)iQrq, GZaa(t)}) @ (1) . (A.41)

The approximation for the Heisenberg dynamics for /() are obtained from

G(t) = GZ(t) + f(t) @ Z(1) (A.42)
to yield
G(t) = GZaa(t) + FEpg(t) + Qo { FT(1)iQra, GEaa()} @ Zpa(t) . (A.43)
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Now the results of sections A.2 and A.3 can be compared. One sees that the Heisenberg
dynamics (A.26) of section A.2 agree with (A.43) of section A.3: Inserting the relations
(A.36) into (A.26) one obtains the results (A.43). Furthermore, using the relations
(A.36) as a definition for the left hand sides, one can convert the equations of motion
(A.24) and (A.25) into the Eqs.(A.40) for Z. Thus we have demonstrated that the
approaches of sections A.2 and A.3 are equivalent. It is clear, however, that one can
also expand f with é(t) being fixed and taking =¢p, Zp¢ of first order, which replaces
['(¢) in (A.38) by Zpp. Alternatively, one can directly use the expansion of section 2.2
leading to f = QV(Q)(GE, éé), c.f. Eq.(A.37). Such expansions sum up further higher
order contributions and would include the results of section A.2. The spin model of
section 3.1 is treated in this way.

We conclude this section making some remarks upon the static correlations which
occur in the treatment with the extended set . Let the approximate f be a lin-
ear combination of Q(GF) (e.g. Eq.(A.39)), and take the commutator forms for Q)
and (f|f( )), then the correlation functions H( ) depend on (G|G) and <GG> and
(é|éé) similar to the case of Eq.(2.35). The essential point however is, that ow-
ing to the commutators [(7, (], (G|GG) only enter as combinations (G|GF) and
(F|GF). Treating the correlations along the lines of section 2., with exact equations
relating (G|G), (GG) to (GGG, (G|GF), (F|GF), and using the approximations for
(GGG, (G|GF),(F|GF), one sees that the system is closed, if (FGF) is included.

B n—th order approximation and exact solution for the spin model of
section 3.1

B.1  Selfconsistent equations for =™

Take the orthogonal set G = {éo, C_qu, ce éq,n? g # 0} defined by (3.31), then the

.
time derivatives of G, , read

LGy, =—c,Gyu1 + Gyt vr=2,....n—1
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— — J — — — —

iLGq,n =—Cy Gq,n—l +

with ¢, defined by Eq.(3.39). This means that in the interaction

+ VG, G} (B.2)

Qz

LG =VW

just matrix elements Vn( O)n and Vn( n)O are different from zero. Therefore the approxi-

mation (2.20) with € = J for the residual forces yields

coon—1

( )Z@\/——(Go % Gy = Gan X Go) Enn(t) + O()
G 1 Zan(l) + O(€2), a=zory,z (B.3)

leading to the memory matrix

(o lfau®)

(Ga |Ga ) = SundunCntrZnn(t) + O(€) . (B.4)
q,v q,v

’Yw(t) =

The equations of motion of the matrix =,,(¢) (2.9) follow from (2.7) with

Z.Quu = _CM(S%M—l + 5y,u—|—1 (B5)

and (B.4) for v,,(t). In the approximation for the Heisenberg dynamics (2.23) the
matrix elements =,1,v = 1,...,n and =,, enter. We therefore regard the Laplace
transforms of =,; and =,,, which can be written as

SZ1 + Cazgy =1
221 + 3231 -z =0

(B.6)
$Zu1 F+ Coy1Zug11 — Zp—1q =0 v=2,...,n—1
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and

S2p1 — D2 =
SSn2 T Snd +ozZn =0

(B.7)
SZpy T Snr+l + o1 = 0 V= 2, oo, — 1

SEnn —I' cn—l—l(Enn)2 —I' annn—l

Eqs.(B.6) and (B.7) provide the selfconsistent solutions. The coefficients ¢, can be
found from the orthogonality of the G, to yield

(8] =1
cl,:—(pyfy_Q, v>1
S‘Qu—l
a1 Qo ... O
oy o o @z =0
2 Q3 ... Opql
wo=1, ¢, = Aoyt = (—1) Moy (B 8)
v >0,
Qpy Oy ... Ogpq

where my, denotes the exact 2v-th moment
(GEI(L)*GY)
Mo, = ———342 (B.9)
’ (Ga1G)

which can be expressed in the thermodynamic limit N — oo by the second moment

(see (B.29))

(B.10)

B.2  Ezplicil Solution of 2™ (s)

The system (B.6) can be solved in terms of =11 = =), With help of the polynominals
A,(s) and B,(s) defined by Eq.(3.38) one directly finds the result (3.35). For the
solution of the system (B.7) we first take the equations for v = 1,...,n— 1 expressing
Znv+1 by =,1 which gives

Zr1 =Bz o v=1,...

n—1 . (B.11)
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With help of (B.11) and (3.38) and

Bn—2
o1 = Zan B.12
! Bn—l ( )

the last equation of (B.7) can be converted into a quadratic equation for =,,,

- B, _
cn—l—l(:nn)2 —I' B—lznn - 1 — 0 9 (Blg)

which has the solution

B an+4
— Bn—l Bn—l i
B = ) (B.14)
2cn—l—l

The other solution is not a Laplace transform of a function =,,,(¢) regular at ¢ = 0.
Combining Eq.(3.35) for v = n with (B.11) for v = n — 1 gives the solution (3.37) of

section 3.1 for E(”)(S) which can also be written in terms of =,,,, as

o An —I' cn—I—IEnnAn—l

=M (s) = B.15
( ) Bn —I' cn—I—IEnan—l ( )

if, following from Eq.(3.38), the relation
Aan_l — An_an == (—1)n+101 L &%) (B16)

is used.

The analytic properties of = (s) follow from =,,(s) and the representation (B.15).
First one proves that =,,,(s) is holomorphic for Res > 0, and it holds

Re=,.(s) >0 for Res>0 . (B.17)

To see this, we take the definitions of the polynominals B, (s) writing

Bl/ v
=5+ ¢ >0 (B.18)
Bu—l B::;

43



which by induction leads to the result

B,
ReB >0, Res>0 . (B.19)

v—1

Together with the property, that the B, (s) have no zeros for Res > 0 [9], the mapping
(B.14) of B,/ B,-1 onto =, completes the proof. For E(”)(S) in Eq.(B.15) we use the
recurrence relations (3.38) writing

An + Cn—|—IEnnAn—1 _ An 1+ s—I—c _|_1 o 2 (B 20)
B+ cir1ZunBoor Baoa m n—2 '
where from (B.17) it follows that
1
Re — >0 for Res>0 . (B.21)

S ‘I’ Cn+1:nn(5)

Iterating this procedure one sees that (B.17) induces Z("(s) to be holomorphic for
Res > 0 and to have the property
ReZ™(s) >0 for Res>0 . (B.22)

As a last point it is not difficult to see that for s approaching the imaginary axis,
Res — 40, the function =(s) keeps to be finite.

B.3  Ezact solution =(t)
To derive the exact solution for the dynamic correlation function

o= TrquG;“(t)
(t) = TrGi“ng

[1]

(B.23)

we start with an exact differential equation of second order for the Heisenberg dy-
namics of G,(t)

d*G, ,JdG J2~~~
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In the Hilbertspace of our model (N spins 1/2) we use now a partition of the iden-
tity operator into operators Ps projecting onto the eigenspaces of Sy - Sy leading
immediately to

d2 [0} [0} [0} [0}
ﬁTrG_qPSG (t )—I—Z@\/_d—TrG PsG (1)
J\?
+4 (\/—N) S(S+ 1)TrG°_YqPSG§(t) =0 (B.25)
with the solution
Tch_YqPSGSY(t)
_ S + 1 o o Z/Q \/_ o o ZiStJ/\/N
_(QS_I_lTrG_quGq 58 1 JTG PG())@
S o o Z/Q \/_ o o —2i(S+1)tJ/\/]V

By calculating the traces which are independent of ¢ and o = = or y, z, with

(25 +1)° N
TrPg = ————F— B.27
YT N2y SHi\N2es) (B.27)

and evaluating the sums we arrive at

N-2
_ J N+1 [ J
=ty =N —t —t | —1 B.28
(N)() (COS\/N) ( N cos (\/N) ) ( )
or, taking the thermodynamic limit N — oo
2(t) = lim Zgvy(t) = e 21— %) (B.29)

N—oo
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C Dynamic and static correlations of a Heisenberg ferromagnet
C.1 Selfeconsistent equations in lowest order

By the approximation discussed in section 3.2 the dynamic correlation functions
=7(t) and Z*(¢) of a Heisenberg ferromagnet depend on the following static correla-
tions (657|657), (§52657), (S*|S%), (§=87), (8571575T), (5%|6525%), (5~ 5F]657),
(5%]5-5+5%) (see Egs. (3.69)~(3.78)).

In this appendix we want to point out now, that one can close the dynamic equations
(3.69)—(3.75) of section 3.2 by a set of relations determining the static correlations
in terms of the dynamic ones. The procedure is analogous to the the general scheme
discussed in section 2.5, the only difference is, that the iteration with \/0(2) + 6\/1(2) has
led to residual forces, which have contributions of the form GG(G. Therefore there
appear higher—product static correlations, e.g. (§i|§_§+§i), and the set of static
quantities has to be extended in order to find a closed system of equations.

Again we start with exact relations between (G|G) and (G|GG) on the one hand,
and between (G|G) and (GTG) on the other hand (compare Eqs.(2.36) and (2.37) of

section 2.5) ¢

2 A A €
§S7857) = —— = N(657185 5 ,) — — S(657(855857 2
(0551057) = ~ oy LOOSHIST ) - oy LOSTIASIST) (€2
. A A 243 . .
N =230 — ISEISE) — 0 S — WSESSSE) ()
2
(557,557) = (65%]657) / do———Z3(w) (C.4)
elv — 1

6 For the longitudinal case the relation analogous to Eq. (C.3) would read

0= (Jios — J2) (857155 51 (C.1)

2

and would not supply any further information, because by symmetry Eq.(C.1) is identically
fulfilled. We therefore have replaced Eq.(C.1) by (C.2), following from

S T(55715 - Si-2) = 0

2
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S*f’)/dw P ) (C.5)

Using now the approximation (3.62) and (3.63) in Eqs.(3.65) and (3.66) of section 3.2
for the Heisenberg dynamics of §5%(w) and S*(w)

—z 2Z S— & —z
5Sf(w) = 55;51(“) - WZQ% Sf——z(t]l—2 - J2)(¢12 @ :1)(“’) (0-6)
2
S — 21 z 6 —z— —
St (w) = STET (w) + “N Z(J1—2 —J2)Q {55253——2 ((:251——2) ® :il—) (w)—
2

- AT QS = ) (00 =) E) 0] <w>} (©.7)

the equations analogous to Eqs.(2.28) and (2.29) of section 2.5 explicitly read

(A[8S7) = ar([S7, AT) + 3 bua{[87 ST, AT]) (C.8)
(A[SH) =ex([SF, AT)
+ GZ dia([6555F 5, AT) + GZ eraa([S5 ST 557 2, Al) (C.9)
(A0ST) =a1([55, A]) + me S ;,A]> (C.10)
(ASH) = &([S7, A))
e 3 dia([85557 0, Al) + €3 eaaa([S5 55T, A]) (C.11)

with coeflicients

der _ (655157 Si0)
S BT () W W da U o e YA C.12
Sl e Dy e 1)
9% d _
b1y = —WZ(JIJ —J3) / %(lez ® =) (w) (C.13)
duw (5F165:5¢ ) (5155 55,5+ ,)
o = N—E"'( )—¢ A e 2 TPy 1173 m2-sr1-2/, (C.14)
N 2N T ey
21 dw ¢ . — (655155 S3_3)
dig = W(Jl_z - Jz) / B_W {(Hz ® =1 2) ® = } (w) - 23: W6123(0-15)
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20\ ° dw ——t —
€123 = — (ﬁ) (Jim2 = J2)(Jams — J5) / iR (625 ©ZDELL) @ EF} (@) (C-16)

w

and analogous expressions for tlge coefficients ayq, (;12, C1, 6212 and €q23. The only differ-
ence is, that the denominators 3w in Eqs.(C.12)-(C.16) are replaced by (¥ — 1).

We now use!” Eq. (C.8) for

A=587,5 (C.17)
Eq. (C.9) for
G+ 58z
_ i AS_E N (C.18)
Si25555%
Eq. (C.10) for
$5,5%
057,055
A= AS_Y_QA Si-1 \ (C.19)
8255322055,
SZ4SY 355 558,
and last not least Eq. (C.11) for
A= §:3§;—2§5—1 ) (C.20)
and evaluate the commutators on the right hand side with help of
{Sf—, SQ_} == N(SL_Q + 655f+2 (021)
657, 58] =+5F, (C.22)

Then it is easy to see, that Eqs.(C.2)-(C.5) together with Eqs.(C.17)—(C.20) con-
stitute a system of 12 equations determing the 12 static correlations (§.5%(9.57),
(85°057), (§-157), (S=5%). (557484, (5165°97), (§=5+55), ($|5-5+57).

17 For the transverse case it suffices to regard correlations like (S| ...Sy). The correlations
(St...S]) follow from symmetry arguments, e.g. (S775) = (S7157)-

48



(65705%657), (S‘S"’S‘S"’}, <§+§+5SZ5SZ>, <§_§+§_S+5SZ> in terms of the dy-
namic correlation functions =*(¢) and =*(¢). Thus together with the equations of

motion (see Eqs.(3.69) and (3.70) of section 3.2)

==l (C.23)

=t = i =F — 4 @ =F (C.24)

with ’y'll and v{ given by Eqs.(3.74) and (3.75) of section 3.2, we have found the
desired closed system of equations coupling static and dynamic correlations.

C.2 Zeroth order solution

The easiest way to find the zeroth order contributions in ¢ to the dynamic— and
static correlations of a Heisenberg ferromagnet is to use perturbation theory to the
Heisenberg equation of motion (3.58) and (3.59) of section 3.2 for §.5%(7) and gi(r).
For demonstration purposes we want to sketch, how these simplest approximations to
the correlations can be found from the zeroth order solution of the rather complicated
coupled system of equations constructed in appendix C.1

First the zeroth order of the frequency w§0) (see Eq.(3.73) of section 3.2) can be found

from Eq.(C.3) to yield

©) _ N

T o

Since the correlation function 4*(7) of the transverse residual force is of second order
yE(7) ~ €%, Eq.(3.75) can easily be integrated

20 (7) = ¥ (C.26)

by Eq.(C.5) immediately leading to

-1

1,4 A 5o
ﬁ<5_151+><0> = (" —1) =y (C.27)
To find the zeroth order of the longitudinal correlations, we first notice, that (C.2)
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leads to

z z 2| &= & (0)
(8571657)©) = Z (657157 5E,) (C.28)
2

and (C.17) to

- (0)
(551 |52 Sil—_Q) =N (Cl(lo) — b(l(i)—Q) (TLQ — nl_g) (029)
with
dw _ (657157 8¢ )
0) _pyf Z2=20) ) — 1192 P1-2) 74(0) ‘
aq r/ ﬁw 1 (C{J) 22: (5Sf|551‘2)(0) 12 (C 30)
1 dw
bgg):_ﬁ(wz —wi 2)Pf/ﬁ (¢12®~1)( )(w) . (C.31)

To evaluate the principal value integrals they are expressed by

Pr/ “ue) = L)~ We(om)). om0 (C32)

w

with the abbreviation

\IIZ(S) = 7d7'ejFST\I/(:I:T) ) (C.33)

The expressions EZZ(O)(S) and (g2 @ Ef)(zo)(s) can be found from the defining Eq.(3.69)
together with (3.74) of section 3.2 using the zeroth order result (C 26) of Z£(7). They
depend on the static correlations (5SZ|52 St )@ and (657657)©. Thus Eqs.(C.28)
and (C.29) together with the definitions (C. 30) and (C.31) lead to a coupled system
of equations, which can be solved by using Eq.(C.32) to yield

Ng —N1-9

(657155 5F,) 0 = Ner——— (C.34)
ﬁ(wz — Wi 2)
(6571657) 0 = —§ 2=z (C.35)
2 5 Wy — Wi 2)
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This implies

-1

—z Ng —Ni—2 N2 —M-2 (@y—ay_o)r

=7O0() = (Z _ 7)) 3 B—u LA (C.36)
2

2 5(@2 — Wiy (@2 - @1—2)

The results for the expectation values

(657,650 =3"ny(1 4+ niy) (C.37)
2
<§:2§;_155f>(0):—]\fn2(1 +ni1-2) (C.38)

follow from Eqs.(C.4) and (C.19) with Eq.(C.36).
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