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The problem of nonlinear response is considered by employing a general time-evolution equation,
and a Green’s function which is the transition or conditional probability density for an unperturbed
system. Expansion of the Green’s function in terms of orthonormal functions enables us to express
the distribution function describing the nonlinear behavior by means of matrix products whose ele-
ments are composed of correlation functions in the absence of the perturbation. In other words, it is
shown how the distribution function induced by a strong perturbation may be calculated by knowing
the Green’s function without the perturbation. As the special case of the linear response, we have
obtained Kubo’s relation. The Laplace-transform technique with respect to time is found quite use-
ful in developing the present theory in which the transient effect is also taken into account. As an
application of the theory, a new relation valid in the region of the second-order perturbation con-
necting the transient rise and decay with the stationary alternating perturbations has been obtained.

INTRODUCTION

Although the general theory of linear response is avail-
able and widely used to interpret various phenomena,’
that of nonlinear response has been in an infant stage.’
This paper is devoted to shedding light on the latter.

Instead of starting from the Liouville equation for the
distribution function, which Kubo took in developing his
theory of linear response,! we use a general evolution
equation for a classical system, and consider how a system
may respond to a strong external perturbation. By intro-
ducing a Green’s function which is the transition- or
conditional-probability density for the evolution equation
without the perturbation, and expanding it in terms of
orthonormal functions, we find terms characterizing the
nonlinear responses with matrix products consisting of
correlation functions obtained without taking into account
the perturbation. In other words, we show how the non-
linear terms in the distribution function induced by the
strong perturbation may be calculated once the
transition-probability density (the Green function) is ob-
tained without considering the perturbation.

The transient processes are included in the present
theory. As an application, we have shown for a physical
variable observed in the second-order perturbation region
how the transient rise and decay experiments are related
to the observable arising from a stationary alternating per-
turbation.

Previously we have considered the transient behavior of
the electric polarization and birefringence by using the
Smoluchowski equation for a rigid symmetric body which
undergoes the rotational Brownian motion.> The Smolu-
chowski equation was expanded by means of Legendre po-
lynomial, and the Laplace transform technique with
respect to time was employed. It was shown that in some
cases, the Laplace transforms of the electric polarization
and birefringence have been expressed exactly in terms of
an infinite continued fraction. We suggested>* that the
technique of the Laplace transform and the continued
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fraction might play a significant role in considering the
nonlinear relaxation phenomena. This point is also appre-
ciated in a later work.’ In the present study, we take a
similar approach in developing the general theory except
when introducing the Green function. New general inter-
pretations of various nonlinear relaxation phenomena
using results of the present work will be made in future
publications. At the same tim¢, new phenomena predict-
ed theoretically from the work will be considered.

THEORETICAL FORMALISM

We shall calculate the distribution function f(x,?)
satisfying the following evolution equation:

g%%ﬂzmdm+wuﬁmnyum, (1)

and to obtain the average value ((B(t))) of a physical
variable B(x) by using

«BO) = [ Bx)f(x,0dx , 2)

where x is a set of variables other than the time ¢ specify-
ing f(x,t), Dy(x) and ﬁl(x) are unperturbed and per-
turbed operators, respectively, p(¢) is a function of ¢, € is
the small parameter, and ( --- )) and ( - - - ) represent
the ensemble averages with and without considering the
perturbation, respectively. The Fokker-Planck and Liou-
ville equations can be written as given in Eq. (1). The
complete statistical-mechanical information on the unper-
turbed system is contained in the conditional-probability-
density function or the transition-probability density
g(x,x’,t,t') which satisfies

B8 L0XLLE) _ by xig (' 1) )

with the initial condition

g(x,x',t,t")=6(x —x') at t =t' , (4)
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where 8(x) is Dirac’s 8§ function.

At this stage, it is appropriate to obtain some of impor-
tant properties of g(x,x’,t,t'). To this end, by putting
t'=0, taking the Laplace transform of both sides of Eq.
(3) with respect to ¢, and using Eq. (4), we find that

[s —Bo(x)]é(x,x',s)=5(x —x'), (5)
where
G(x,x',s)=.L[g(x,x",1,0)]
= [ glxx',0,00edr . (©6)

The tilda above the symbol indicates the Laplace
transform with respect to . It should be pointed out here
that G(x,x',s) can be regarded as Green’s function for the
operator [s ~ﬁo(x)]. Hence after taking the Laplace
transform of both sides of Eq. (1), we can write it in the
integral equation

F(x,s)= f@(x,x',s)fo(x’)dx'
+sf5(x,x’,s)ﬁ,(x’)f[p(t)f(x’,t)]dx' (7)

]

fia= [ [ f

128 28,> >0
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whose inverse transform gives
fxn= [ gx,x",1,0)fo(x")dx’
+e [ forg(x,x‘,t—t',O)
XDy (x"p (¢)f (x',t")dx"dt" ®)

where fo(x)=f(x,0), and F(x,s)=.Z[f(x,0].
To go further, by calculating

Fe,t)=folx)+ef1(x,0)+Xfr(x,0)+ - -, 9)

we have the hierarchy of equations

t A
fien= [ [ glxx't—t1Dy(x"p(t')fo(x")dt'dx" ,
(10)

4 A
fien=[ [ gx,x',t =)Dy (x")p ()f; _y(x",t)dt’ dx’
(j=2,3,4,...) (11)
which lead to

dtldtz"'dljf f"’ fdxlde"'deg(X,xl,t—t])ﬁl(xl)

Xg(X1,X2,t “tz)ﬁl(XZ) s g(xj Xt o1 —tj)

X Dy(x;)folx;)p(t)p(t3) - p(1) . (12)

By using the relation
Do(x)fo(x)=0
and Eq. (5), it follows that
fox)= [ g(x,x",1,0)fo(x"dx’ ,

which should be in view of the facts that g(x,x’,z) is the transition probability and f(x) is the equilibrium distribution
function in the absence of the perturbation. We introduce a set of orthonormal eigenfunctions g,(x) which satisfies the

eigenequation

Do(x)gp(x)=—Apng,(x) (13)
with the eigenvalue —A,,. Then by writing

8(x —x")=1 gn(x)gy (x')

n

and using Eq. (13), we find from Eq. (5) after translating the origin of ¢ from O to ¢’ that

glx,x",,t') =g (x,x",t —t')=3, e—k"('_”g,,(x)g,,'(x') . (14)

n

Therefore, it follows by substituting Eq. (14) in Eq. (12) and carrying out integrations that

fj(x,t)= f f e f gQ(t —t,)D(t —-tz) ot Q(tj—z_tj-—l)f(tj—-l—'tj)p(tl)p(tZ) Tt p(tj)dtldtz ce dtj (15)

:2:,2‘--25.20 -

where

52[81:82,83,---] y (16)
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e Mgt Difo)| | 0IDif)| [(etno))

e g3 Difo)| |3 0Dif)| |(g3 Q)
0= iy et Do) | (810 | an
T e bifo) | @l Difo) | |(83(NQIx
dy dyp dp
dyy dyp dp a8
bin= dy dy dy 0|7
in which n =1,2,3, ... have been taken and

(x)fo(x)=Q(x)fo(x), 19)
dy(t)=e ""(g},D1g;)= (g (1) | Dyg;) =g (11, ) .
In the foregoing equations,
(4*,B)= [ 4*(0B(x)dx ,
(4*0)|B)= [ [ A*x)g(xx",)B(x"dx"dx ,
(A*(1)B)=(4*(D) | Bfy)
D (x)g;(x)=1;(x)fo(x)

The difference between (4 *(¢) | B) and the correlation function {A4*(¢)B) should be noted. In the special case where

folx) is independent of x, (4*(¢)| B) is equivalent to { 4*(z)B). Hence, it has been shown that once g(x,x’,t,t') is ob-
tained or a stochastic equation without the perturbation is solved with the initial condition, we can determine (A4 *(¢) | B)
and (A4*(¢)B) and finally f;(x,t) from Eqs. (15)—(19).

Equation (15) leads to

at=c [ f(t——tl)p tdey+¢* [ f (t—t))f(ty—ty)p(t))p(t,)dt, dt

+e f D (t —1)D(t; —1)f (1 —t3)p (¢ )p (t,)p (13)dty dty dt + - - - (20)
I
where
. . sider the latter processes of (a) transient rise and (b) decay
(et N —(gido where p(t)=p, is time independent. The transient rise
Ugr@»—<(g3) experiment is carried out by suddenly applying p, at t =0
a(t)= (g* () —(g*) (21)  whereas the transient decay is obtained by applying p, for
83N —{g3 0 sufficiently long time then suddenly at ¢ =0 it is switched
off. On taking the Laplace transform of both sides of Eq.
(15), we find that
in which
(8m)o=(gm:fo) - (22) ~

Fx9)= 217" x,0] =22 Pt gD/ -Us)f(s),  (@3)

In the Appendix, it has been shown that a(¢) obtained  Where
without using the Green function agrees fully with that in

Eq. (20), which gives a check of the validity of Eq. (15) D(s)=<[D(1)],

from a different approach, although this approach does

not allow the physical interpretation of dj;(z) in Eq. (19). Fis)= LD .
DISCUSSION

Hence it follows that
The present formulation takes into account not only the
aged system where the perturbation was switched on at

= _ 1 ~
F(x,5)=— —
t = — 0, but also the transient response. First let us con- T s fo(X)+ EP qu)(s _f(s) ’ (24)
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where

@(s) E jP’(i)é(S)=[l—8Po§(S)]_l , (25)

in which 1 is the identity matrix. It is immediately seen
that once the diagonalization of D(s) is made, we can
write F"(x,s) in the closed matrix form whose inverse
Laplace transform gives f'”(x,?). Also it should be noted
from Eq. (A4) in the Appendix that 4(s)=.Z[a(?)] satis-
fies the relation

[1—epoD(s)]A(s)= gs)—o—f(s)

which is also obtained directly from Eq. (25). It is some-
times useful to calculate A(s) from this relation.?

The equilibrium distribution function fq(x) with the
time-independent perturbation p, can be obtained at once
from Eq. (24),

feq(x)— 11m fOx,t —lll‘% [sF "(x,5)]

=fo(x)+epog (0)£(0) . (26)

The distribution function for the transient decay
f9(x,t) is obtained from the relation

[s — Do(x)]F @(x,5) = fq(x) 27

which leads to
F'9%,5)=2[fDx,1]
= [ Glx,x",5)feqlx")dx" . (28)
In view of Eq. (26), we find that

F9x, 0= folx)+Epeg D(1)D(0)£(0 (29)

where

—Apt —A,t —Ast
g¥=(e "'gre Tgre g3 ...).

It should be noted that when the linear response is con-
sidered so that higher-order perturbation terms than € are
neglected, we have

O(5)=D(0)=1
which leads to
f(r)(x t) fO

and

)+epog [, £(¢)de'+0 () (30)

F 90,0 =folx)+epog [f(0)~f0'j_f(t'>dt']+0(az)

t
=feq(x)—epog [ f()dt'+O(e?) . 31)

It is evident that for € << 1,
L0 + D, 1) = fo(x) + feq(x) (32)

which is the well-known symmetrical relation between the
transient rise and decay in the linear regime and the corre-
lation function matrix f(¢) determines the dynamical pro-
cess.
Now, let us consider the second-order response from
the perturbation. Equation (23) gives rise to
2
Fx,s)=22gBs)f(s) (33)

whereas Eq. (29) leads to the following expression:

2
F{9(x,5)=22g1B(0)~ DIF(0)

1 % _
=— lim f%(x,t)— —gD(

S t—>w —

(s)£(0) . (34)
Hence it 1s seen that F (‘”( s) is determined from D(s),
whereas FY(x,s) from both D(s) and f s) and the
symmetrical relation like Eq. (32) no longer holds in the
first nonlinear term.

Next, we consider the case where an alternating pertur-
bation

p(t)=pgcos(wt) , (35)
is applied at ¢ =0. It follows from Eq. (15) that
©(x,)=pag [, £t —t')cos(wr')dr", (36)
FPn=pl [, f Dt —t)f(t,—13)
X cos(wty)cos(wt,)dt, dt; . (37)

In the limit of f— o0, it can be shown that

lim £ (x,0)=f{(x,1)

t— o0

=X'(w)cos(wt) +X"(w)sin(w?) , (38)

lim £ (x,0)=f5°"(x,1)
t— o

= aglw)+as(w)cos(2wt)
+Bylw)sin(2wt) , (39)
where
X'(@)=pog [” flt)cos(wn)dt , (40a)
X"(@)=pog [, f(tsin(wndt , (40b)
ao(w)=l % f D(ndt f f(Dcos(wt)dt (41a)

D(1,)f(ty)cos[@(2t, +1;)]dt dt, ,
(41b)

Bylw)=1pig fom f D(t,)f(ty)sin[w(2t, +1;)1dt dt; .

(41c)

It 1s seen immediately from Egs. (30) and (36) that since
("(x,1) and f1®(x,t) for the transient rise and alternat-
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ing perturbation, respectively, are derived from the same
matrix f(z),

® f f7(x,t)cos(wt)dt = —X"(w) ,
© fo £ (x, Dsin(wt)dt =X"(0) .

(42a)
(42b)

These are the well-known results stating that X'(w) and
X"(w) may be obtained either from the transient rise or
decay experiment after carrying out the integration in Eq.
(36). To extend this approach to the nonlinear response,
we note that

aw)—ifw)=1plg [° [7 D))ty
—iw<2:1+:z)dt1dt2 43)

and confine ourselves to the physical variable g (x)
whose contribution to the average value from f,(x,t) is
denoted by

Ua(= [ grfa(x,0dx .

It follows from Egs. (33) and (34) that for the transient
rise and decay responses

= L[]
2 0
() Po d"j 1
, 44,
¢ (e T os(s4Ay) 7N .
3 d0. 10
SACTRY () Po nifj
\I/,, (S)——j[d}n (t)] s(s +A ) 2 S+A.' ’ (44b)
where
¥ (e0)=lim 4i7(0), dyy=(g;,Dug;)
and
f g, , 1f0

By putting s =iw, and 2iw in Eq. (44a) and s =iw in Eq.
(44b), we find from Eqgs. (41a) and (43),

0 0
(n 1 2 1 dnifj
ay(w)=5psRe | — Y ————
0 2Po A, ? io+A,
\“p(r)(iw) (r)(
=+Re |io = ! .lﬁ'_'. I (45a)
n (o) —ioV ) (io)
0 40
(0 ()= Lp2 1 dnjfj
)—iBY(w)=13p Po7 ot h, 2 Tt
= tio¥V o)
P (0)—2i0¥ ¥ 2io)
(r) AT (45b)
Yy (o) —iw¥ , (in)
where

a(w)=(g},a(w)) (I=0o0r2),

By (w)=(g),Bw))

These are new results relating the stationary alternating

and transient nonlinear responses of the physical variable
g (x) caused by the perturbation. It is important to note
that Egs. (45) are valid quite generally and independent of
stochastic models as far as the same ,(¢) is measured
with different kinds of experimental perturbations. Equa-
tions (45) enable us to set up an instrument measuring the
transient rise and decay processes (the time-domain mea-
surement) and giving rise to data in frequency domain, al-
though the relation becomes more complicated than the
linear case.

By comparing Egs. (45a) with (41a), one may be tempt-
ed to say that since the frequency-dependent parts of both
X'(w) and aplw) are essentially determined from f(¢)
through Eq. (45a) and -

(m) * f .
r(m 2 m
X' ") =(gm,X'(@)) pOReim+km ,
the frequency dependencies are equivalent. But this is not
always possible unless

(46)

0
nif i =CBmj »

where c is a constant, and 8,-j is the Kronecker 6.

Kubo treated the linear response starting from the fol-
lowing Liouville equation:!

af(x,t)
at

where H is the Hamiltonian of a system and [ 4,B] is the
Poisson bracket, and f(x,?) obtained for the aged system.
Equation (12) of our treatment leads in the limit of linear
response to

Fx,t)—folx)=f1(x,1)

= f fotg(x,x',t —t')

XD (x")folx")p(¢)dt' dx’

=[H,f(x,0)], (47

which immediately enables us to write for a physical vari-
able B (x):

KB —(B)o= [, 6t —tp (et
where

d()=(B(1)| D fo) . (48)

It should be noted that ¢(¢) is independent of the eigen-
function, g,(x). In other words, ¢(#) can be written if

(B(1)), is obtained and it is integrated with D, (x’)f,(x"),
where (B(t)), is the conditional average defined by the
equation

(B(1).= [ Bx)glx,x",t —t')dx . (49)

Kubo obtained the following expression for the function
corresponding to ¢(t) [see Eq. (2.11) of the second paper
of Ref. 1]:

¢x(=— [ [4,fo]B(1)dx’ (50)

where he treated for

H=Hy—ep(t)A .
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If we write Eq. (47) by using our notation, we see that

Dox)E(x)=[Ho,£],
Dy(x)E(x)=—[4,€],
from which it follows that
&(t)=—(B(t)|[4,fo]) - (51)

By comparing Eq. (50) with (51), it is seen that B(¢) in
Kubo’s case is corresponding to the conditional average
(B(t)). in the present work, which is the same in the spe-
cial case of the deterministic process described by the
Liouville equation where the transition probability
g(x,x',t,t') becomes a & function. Our case includes sto-
chastic processes as well, and the Liouville operator for-
malism or the Poisson bracket formalism requires special
consideration in obtaining further expressions for ¢x(¢) as
demonstrated by Kubo such as the conservation of the ele-
ment of the phase space.

It is particularly comforting to find that the results of
the present treatment lead to those of the previous special
example of the nonlinear process arising from the rota-
tional Brownian motion of a rigid symmetric body.
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APPENDIX: ANOTHER DERIVATION OF EQ. (20)

On substituting Eq. (9) directly in Eq. (1), we find that

af;(x,1) 4 «
T=Do(x)fj(x,t)+sp(t)Dl(x)fj_l(x,t) (A1)
which leads to
%—ﬁo(x)——sp(t)ﬁl(x) Lf (x,0)— fo(x)]
=ep (0D (x)fo(x) . (A2)
And by expanding
(A3)

fe,0)—folx)=3 a,(t)g,(x)

where
a,()=Ugr (N — (g0,

and integrating the resulting simultaneous differential
equations for a,(t), we have
t
a(=¢ fO[fr—t p(1')dt
+e [ Dt —talt')p(t)dr (A4)

from which Eq. (20) is derived after carrying out
Piccard’s successive integrations.
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