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We prove that dispersion relations similar to the Kramers-Kronig equations of linear optics can be ob-
tained for the nonlinear-response function to all orders in the electric field. When energy dissipation is
involved the dispersion relations obtained here concern the case in which nonlinearity on a probe beam
is produced by external radiaton beams of any given frequency. Using the superconvergence theorem,
we find a set of nonlinear sum rules. Some of them imply that the already known sum rules of linear
optics—in particular, the Thomas-Reiche-Kuhn and the Alatarelli-Dexter-Nussenzweig-Smith sum
rule—are true to all orders because all the nonlinear contributions vanish. Others do not have a linear
counterpart and are specific to nonlinear optics. Implications of these results and possibilities of anoma-

lous emission effects are dicussed.

I. INTRODUCTION

The Kramers-Kronig dispersion relations between the
real and the imaginary parts of the linear-response func-
tions have a fundamental importance in many aspects of
physics, in elementary particle physics and scattering
theory! as well as in optics, where they had been original-
ly introduced.?

In the study of the optical properties of solids the
dispersion relations are of particular value because they
allow a determination of the optical absorption at any
frequency from the measurements of the reflectivity only
on the entire spectrum.® Another important application
is due to the fact that a large number of sum rules can be
obtained from the dispersion relations,* the most impor-
tant being the Thomas-Reiche-Kuhn (TRK) sum rule for
the absorption coefficient® and the Altarelli-Dexter-
Nussenzweig-Smith (ADNS) sum rule for the refractive
index.%”7 These important applications have been
confined to linear optics, though some general results on
dispersion relations of the nonlinear optical response
functions have been obtained by Kogan,8 Caspers,9
Price, ' and Ridener and Good.!"'? A set of some rules
has also been derived by Peiponen for the nonlinear
dielectric function in the model of the anharmonic oscil-
lator. 13715

In this paper we address the problem of finding ap-
propriate dispersion relations and sum rules applicable to
nonlinear optics, where several photons are involved. We
prove that general dispersion relations can be obtained
for the nonlinear optical response functions to all orders
in the electric fields by choosing an appropriate integra-

|

tion line in the n-dimensional frequency space. We con-
centrate in particular on the problem of the optical
response of a medium in the presence of external intense
radiation beams and prove that from the dispersion rela-
tions important sum rules can be obtained for the non-
linear optical functions. We extend to nonlinear optics,
not only the well-known TRK sum rule, but also the
ADNS sum rule fg’[n(w)—l]dco=0. We also intro-
duce sum rules for the nonlinear contribution to the opti-
cal constants considering their product by the square and
the cube of the frequency. All the above sum rules are
derived from the general properties of the short-time be-
havior of the Green’s function and do not depend on any
specific model.

The paper is organized as follows. In Sec. II we
present the general properties of the response functions
and their connection with optical processes, using only
the causality principle. In Sec. III we show how disper-
sion relations can be derived for the nonlinear response
functions and for the related optical constants to all or-
ders. In Sec. IV we derive a set of sum rules. A discus-
sion of their implications is given in Sec. V.

II. GENERAL PROPERTIES
OF THE RESPONSE FUNCTION

We consider the general response of a system to exter-
nal electric fields under the condition that the polariza-
tion P(t) at time ¢ depends on the fields E(¢') only at
preceding times ¢’ <t (causality condition). We can write
to all orders in the electric fields:

P(t)=fowdth(”(tl)E(t—~t1)+fowdhfowdtzG(Z)(tx,tz)E(t—tl)E(t—t2)+ e

+f0""art1 fowdtnG(")(tl,...

44

Jt )E(t—t;) - E(t—t,)+ -, W
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with G")X(t,, ... ,t,) real symmetric functions that verify

the causality condition
G"ty, ...ty .., t,)=0 if £;<0 . @)

We Fourier transform the response function and the elec-
tric fields and obtain for the frequency component of the
response function to all orders

P(n)(w)
1 n
= oy fdwl ce fda),,g( Aoy, ... 0,)

XE(wy) ' Elw,)
X8(o—(0,+ - to,)),
(3)

where E(w) is the Fourier transform of E(t) and the
nth-order susceptibility is

g(n)(a)l,a)z, e
© © o ilot, toyt,+ - to,t)
= dtf dty -+ dt,e '!' %2 non
fO 1 0 2 fO n
XG"Nt ,ty, ... st,) .

4

»@p)

The symmetry in the times implies the symmetry of
g"Nw,@,,...,w,) for the interchange of the frequen-
cies. The reality of G(¢,, ... ,t,) furthermore implies

g N—w,—w,y...,—0, )=g(")*(a)1,w2, o0, . (5)

The above-defined susceptibility g‘"(w;,,, . ..) con-
tains all the optical properties of the medium to all or-
ders, in the presence of a number of radiation beams.
When the external beams have definite frequencies
E(w,),...,E(w,), we obtain in the nth-order polariza-
tion a contribution from all the possible sums of »n terms,
where in each term the frequency can have positive or
negative sign, and a given frequency can be repeated up
to n times.

We will concentrate our attention on the case that two
radiation beams of frequency w; and w, act on the sam-
ple. We obtain the usual first-order response function at
the two frequencies @, and w,. We also obtain a second-
order response function at the frequencies 2w,, 20,, O,
®,+o,, |0,—w,|. They correspond to the phenomena of
harmonic generation, optical rectification (nonlinear stat-
J

gM(s)=g""(w,(5),w,(5), ..., w,(s))
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ic polarization), and sum and difference frequency gen-
eration, respectively. In second order no energy dissipa-
tion is possible because the energy dissipation is the time
average

dP
< dt (t)E(t)> , (6)

which vanishes when the two contributions dP /dt and
E (¢) have different frequencies

The third-order response function contains eight con-
tributions whose frequencies are ;, @,, 30, 3w,,
|20,%®,|, and |2w,t®,|. The contributions of frequen-
cies w; and w, contain a dissipative term proportional to
the imaginary part of P(w) which gives a contribution to
(6) because dP /dt is in phase with the field E (¢). The dis-
siPation is ten proportional to the imaginary part of
g w0, —o,) or g¥(w,,0,, —w,) for the first beam,
and gm(a)z,wz, —w,) or gm(a)z,a)l,—a)l) for the second
beam.

A similar analysis can be carried out for the higher-
order terms to obtain higher-order harmonic generation
terms and dissipative higher-order contributions.

Our goal is to derive dispersion relations between the
real and the imaginary part of the response functions
similar to the Kramers-Kronig relations of linear optics.
In the cases when a dissipative term is present such
dispersion relations will connect the dissipative and the
dispersive contribution to the polarization to all orders.
This is expected to be very useful in nonlinear optics as it
is in the linear case and will be shown to generate non-
linear sum rules.

III. NONLINEAR DISPERSION RELATIONS

A dispersion relation involves the integration of the
susceptibility in the frequency s?ace R”. In the case of
the nonlinear susceptibility g'”(w,,...,®,), which is
defined in R", the domain of integration is chosen to be,
for simplicity, a straight line of R". We describe a gen-
eral line of R" in the parametric form

wr(s)=vgs tw, with k=1,2,...,n . (7

where s is a real parameter which varies from — o to
+ o0 and v, are the components of a vector that identifies
the direction of the line. Substituting expression (7) into
the definition (4) of g'®, we obtain

®© © ] (vt Foyty+ - +u,t)s (Wt +wats+ 4w t )
:fo dtlfo dt2...fo dt,,e 11 2%2 n'n G(n)(tl,tz,...,tn)e 1°1 2%2 nonl (8)

We can easily show from the above expression that the
time-dependent Fourier transform of g™ (s),g"(r) van-
ishes for negative values of 7 because of the causality con-
dition (2), provided we impose the condition

v, 20 for k=1,2,...,n . 9)

Then we can invoke Titchmarsh’s theorem!®!? to prove
that the function g!"(s) is holomorphic in the upper
half-plane of the complex space s +in and that it van-
ishes at infinity in all directions of the half-plane. Conse-
quently the following Kramers-Kronig dispersion rela-
tions hold:
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(n) — = —

Re[g™(s) =—Pfd , ;g’ (s )] (10) v, =(1,0,0,...) and w;=(0,w,, —@,,...). (15)

o We can therefore conclude that the only Kramers-Kronig

Im[g(")(s)]Z—lP f ds’ Re[g’ "(s")] , 11 dispersion relz'itions involving dispersive-di§sipative

T s'—s effects are obtained for the odd response functions and

where P denotes the principal part of the integral, and
the integral extends from — o to + . These relations
were previously found by Caspers® for the second-order
susceptibility, and by Ridener and Good!? for the nth-
order susceptibility, but only for the case of vy, =1. Ex-
pressions (10) and (11) extend the previous results to all
orders and to all possible integration paths.

The general form of the dispersion relations here ob-
tained allows us to derive integral equations connecting
the real and the imaginary parts of the susceptibility to
all orders for the cases of interest. This is done by choos-
ing an appropriate integration line through the choice of
the parameters v, and w; in (7). Considering two beams,
for instance, we obtain in second order the same results
first obtained by Kogan.?

For the second-harmonic generation we must consider
g¥(w,,»;) and consequently we must choose v;=1,
v,=1 and w;=0, w, =0 in Eq. (7), and use Egs. (10) and
(11) to obtain

=3 ) Im[g P (w),0})]
2) 1 I
(@, 01)] ——P , (12)
[ 1 1 f wllz_w%
2a) Re[g ), 0))
Im[g( (@p0)] “01 f do), [8, 12 1 ]
Cl) Wi
(13)

For the sum and difference frequency generation we can
fix w, and vary o, (v;=1, v,=0, w;=0, w,=w,), and
obtain a dispersion relation by performing the integral on
@, which mixes real and imaginary parts of the difference
and sum frequency generation susceptibility, as given by
Caspers.® The above expressions are, however, of limited
use in optics because they connect phase and amplitude
of the response function, and only the amplitude is gen-
erally considered.

In higher order, however, the real and imaginary part
of the function P"(w) at the frequencies w; and w, can
give dispersive and dissipative effects, respectively. In
particular, the expression of P"(w,) that contains dissi-
pation is given by a sum of contributions proportional to

g® Ut o 0, —0, ..., 0y —@y .. .), (14)

where p =0,1, ... give the number of pairs w,, —w;, g
the number of pairs w,, —w,, and 2p +2q +1=n. The
expression for P{"(w,) can be obtained by interchanging
y and o, in (14). Dispersive-dissipative effects can thus
be observed, with two monochromatic beams, in the
two-dimensional subset of R” given by (14), and disper-
sion relations of type (10) and (11) can be derived for any
line of type (7) included in this subset and satisfying con-
dition (9). Since we consider the beam of frequency w; as
a probe in the presence of a second beam w,, such lines
exist for any w, to all orders only in correspondence to
the parameters

are the following:

Re[g(zq"'l)(a)l,a)z, —ay, .- .)]

29 +1

2 P “do' o Im[g " Vw0, —aw,, .. .)]

= f @ 2_ 2 ’
7 Yo o — o

, Re[g (@, 0,5, — @y, . . .)]

(O3] s
7 s -

20)1 ©
P

(17)

where we have limited the domain of integration to posi-
tive frequencies by means of the symmetry properties of
g, expressed by Egs. (4) and (5).

The dispersion relations (16) and (17) are the main re-
sult of our analysis and have an important physical
significance. They extend to the nonlinear case the usual
Kramers-Kronig relations when the nonlinearity in the
dielectric function is produced by an additional external
beam. Dissipative and dispersive components are then
connected to all orders.

The third-order dissipative contribution will include
two-photon absorption, stimulated Raman effect, and
corrections to the nonlinear absorption due to two-step
processes at intermediate-state resonance frequencies.
The related dispersive term gives the correction to the
real part of the dielectric function due to the external
beam.

The dispersion relations (10) and (11), and those which
can be obtained from them [such as (12) and (13) or (16)
and (17)], allow the derivation of dispersion relations
among all optical constants. The case of the dielectric
function is obvious because of its connection with the sus-
ceptibility. A nonlinear contribution to the complex

dielectric function
€ NL(G)pC&)z,Ez )ZG?IL(COU(O?JEZ )+i€2NL(CU1,6L)2,E2 ) (18)

is immediately obtained for the radiation probe beam of
frequency w; in the presence of an external beam w,. In
those cases where dissipation is present we obtain

e w0y, E,)

=47 3 a,8" 0,0, —wy .. )EFT,  (19)
n odd>1
with n =2q+1 in expression (14), and
—1)
a,= nl_1 (n—1) ' 20)
2 n—1 n—1 '
2 2 )

It can be observed that the nonlinear dielectric function
depends on the intensity of the external light beam as
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well as on its frequency. The linear limit is also expres-
sion (19) with n=1 and addition of 1.

The case of the conductivity o is also obvious since it is
related to the dielectric function by

_ ., Eop,,E,)

0(w,0,E))=—iw, yom . (21)
The conductivity is therefore holomorphic in the upper
half-plane of the complex space if the dielectric function
is holomorphic. In the case of the complex refractive in-
dex, the holomorphic properties in the complex plane do
not follow from those of the susceptibility because of the
branching points introduced by the squared root. We
can, however, follow the same procedure as Nussen-
zweig,!” and prove that real and imaginary parts of the
refractive index 7 =n +ik are related by dispersion rela-
tions also in the nonlinear case, when the nonlinearity is
due to the presence of an external light beam. In that
case the refractive index depends on the intensity and on
the frequency w, of the external beam and can be written

ﬁ(wl,wz,Ez):ﬁo(a)l)+ﬁ NL(COI,wz,Ez)
=fy+a,E3+m,E5+ -+, (22)

where E, is the electric field of the external beam of fre-
quency @,. The theorem of Nussenzweig!’ shows that 7
is a holomorphic function of w; (in the upper half com-
plex plane), and we show in the Appendix that its asymp-
totic behavior is determined by the linear term #,. Con-
sequently we obtain for the refractive index the following
dispersion relations to all orders:

2 oik(o],0,,E,)
y0, E;)—1==P | do|———F , 23
n(@1,0,E,) ~P [doj P (23)
20, n(w,wyE,)
k(w,05,E))=——P | doj————, (24)
¥, 52 T f 1 0)112—0)%

where n and k denote the real and imaginary parts, re-
spectively.

IV. NONLINEAR SUM RULES

We can now show that a number of sum rules are con-
tained in the above dispersion relations, as in the case of
linear optics. Some of them are immediately evident.
Others are obtained by making use of the superconver-
gence theorem to obtain the asymptotic behavior from
the dispersion relations, and then comparing it with the
asymptotic behavior of the optical functions when this is
known to the desired order.*®

In the first category is the static dielectric function sum
rule, which is immediately obtained by setting ;=0 in
Eq. (16) and using (19). We obtain a nonlinear correction
to the static dielectric function due to the nonlinear opti-
cal transitions,

L(wlya)27E2)

NL 2 o EZN
e (o,wz,Ez)z;fo do, . 25)

(O]

This may be a relevant effect in semiconductors since it
modifies the screening of all electrostatic charges.
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In the second category we find a large number of sum
rules by studying the asymptotic behavior of
™Y w;,0,,E,). Once the asymptotic behavior is estab-
lished, we can verify if the superconvergence theorem is
applicable to the appropriate dispersion relations and by
comparison obtain relevant sum rules as was done by Al-
tarelli and co-workers®’ for the linear case. From rela-
tions (16) and (17), and similar expressions of related
holomorphic functions, we obtain the values of integrals
of the type

fw%’g(”)(wl,wz,—wz, Lodog

with all values of ¢, from O to that which gives the
correct asymptotic behavior. Similarly, for the refractive
index we use the superconvergence theorem and relations
(23) and (24) to obtain the asymptotic behavior and we
then compare it with the asymptotic behavior of the re-
fractive index when this is known.

We show in the Appendix that the asymptotic behavior
of eNL is of the type w ™% Then we immediately obtain,
by the superconvergence theorem, the following sum
rules for the real and imaginary parts of the nonlinear
dielectric function to all orders:

fowwleg"‘(wl,wz,Ez )dw, =0, (26)

fO“’EFL(wl,wZ,EZ )Ydw,;=0 . 27

The first is the extension to nonlinear optics of the f-sum
rule (TRK). Both sum rules (26) and (27) have been pre-
viously obtained by Peiponen'* for the case of the anhar-
monic oscillator. Our analysis shows that they are valid
in general, and proves that the basic sum rules of linear
optics are valid to all orders since the nonlinear contribu-
tion vanishes.

The validity to all orders of the absorption coefficient
sum rule and of the ADNS sum rule can also be proved
in a similar way considering that # N has the same
asymptotic behavior as NI, as shown in the Appendix.
We obtain the nonlinear sum rules

fowa)lkNL(wl,wz,Ez)dwl=O , (28)

fo“’nNL(wl,wz,Ez )dw,=0 . (29)

The first sum rule (28) shows that the absorption
coefficient sum rule of linear optics is valid to all orders
since the nonlinear contribution vanishes. The second
(29) analogously shows that the ADNS sum rule
J &(n —1)dw=0is also valid to all orders.

New sum rules can also be obtained for all the prod-
ucts of the nonlinear optical functions by w? and w3}, al-
ways making use of the superconvergence theorem. We
consider the function ol N“(w,,w,,E,), which is holo-
morphic and goes to infinity as w; %, as shown in the ap-
pendix. The dispersion relation leads to the asymptotic
behavior

c(wy, E,y) 2 1

= ® 3
f w1€)(w1,0,, E, )d o,
4 T otdo 152\, @, &2 4

which gives the following sum rules:
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f ww%elf”“(w,,wz, E,)dw,=0 , (30) over a very _lar.ge frequency domain as the probe beam

0 and laser radiation as the external beam.

- - . .

f DM w0y, Ey)dwoy="Lc (w0, E,) . 31) The nonhnea'r anomalous emission processes have a
0 2 resonant behavior at the steplike resonant processes, so
A similar analysis on the refractive index gives that they may compensate Fhe linear absorpt_lon und§r
appropriate conditions. This can be tested in atomic
f ww%n Y @y, 0,, Ey)dw; =0 , (32)  physics experiments on a three-level system. Results like
0 those first obtained by Alzetta et al.'® can then find an
f ww?KNL(a)l, 0y, Ey)dw,= T e o, E,) . (33) explanation in the sum-rule cpnditions, vyhich of_' course
0 4 in calculations with the

In the sum rules (31) and (33), the quantity ¢ depends on
the nonlinear properties of the medium and on the exter-
nal beams. Its value can be computed for each individual
case as shown in the Appendix.

Similar sum rules can be obtained in the same way
from the dispersion relations (10) and (11) also in those
cases, such as n=2, when no dissipation is present. As
an example we report the sum rule for second-harmonic
generation:

fowRe[gm(a)l,a)l)]dwl:O , (34)
fo""w,lm[g<2>(w1,m1)]dm1=o ) (35)

The results reported above do not exhaust the possibili-
ties for sum rules. Many others can be obtained by vari-
ous mathematical manipulations, as described in Ref. 4
for the linear case, or by considering other types of
response functions, such as o or (1/€). Using the
prescriptions we have given, and the appropriate disper-
sion relations, sum rules can be derived for all problems
of specific interest.

V. DISCUSSION AND PRELIMINARY APPLICATIONS

The results we have obtained are of general physical in-
terest and can also be used to explain specific experimen-
tal phenomena in nonlinear optics.

First of all, nonlinear dissipative processes like two-
photon absorption and stimulated Raman processes pro-
duce modification of the dispersive properties, which can
be computed from Egs. (16) and (17). This leads, for in-
stance, to an anomalous dispersion near the resonance
condition for excitation from the ground-state energy E,
to the energy state E; [when w,+w,=(E;—E,)/# or
|, —w,|=(E;—E,) /#], similar to that of linear optics.

The nonlinear sum rules that we have obtained contain
interesting information. For instance, the sum rule (26)
implies that the nonlinear € Y“(®,,®,, E,) must have neg-
ative contributions corresponding to emission in such a
way as to compensate the dissipation due to two-photon
and Raman transition processes. The sum rule (28) im-
plies that the nonlinear positive absorption coefficient
must be compensated by nonlinear amplification process-
es.

The verification of all the derived sum rules may be of
interest. Predictions on higher-frequency nonlinear pro-
cesses may be obtained by computing the relevant in-
tegrals up to a given value of the frequency. They may be
experimentally verified by using synchrotron radiation

are automatically present
density-matrix formalism.2°

Analogous results were obtained experimentally by
Frohlich et al.?? in an investigation of the dynamical
Stark effect in semiconductors. The nonlinear contribu-
tion was explained by making use of the density-matrix
calculation of the nonlinear susceptibility in the three-
level system approximation,?* and its integral was shown
to vanish. We have now proved that this is a particular
case of the general sum rules obeyed by any physical sys-
tem.
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APPENDIX

The mathematical tool for obtaining sum rules from
the dispersion relations is the so-called superconvergence
property, which states that if a function g(x) is defined
by

so=[ "I, (A1)

and f (p) dies off at large y faster than (y Iny)~!, then for
large x the following expansion holds:

=" [ “f iy +o(x?). (A2)

where o (x ~2) denotes terms dying off faster than x ~2.

If the above superconvergence property holds, then it
can be applied to the dispersion relations involving the
optical functions with an appropriate choice of the func-
tion f(y). If in addition the asymptotic behavior of such
expressions can be independently obtained, then by com-
paring the two results, a large number of sum rules can
be obtained, as summarized in the review paper by Bas-
sani and Altarelli for the linear optical functions. '

We now derive the asymptotic behavior of the dielec-
tric function and prove that the superconvergence prop-
erty can be applied also to the nonlinear dispersion equa-
tions, so that sum rules can be obtained.
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We make use of the properties of the time-dependent
Green’s functions with a procedure similar to the one
adopted by Altarelli and Smith’ for the linear-response
function.

The time-dependent dielectric function is

e=el(r)+e™(r,0,E,)

=1+ 3 2q,E;"! fg(”)(col,mz,—wz, .. .)e_iw'wa, ,

n odd
(A3)

where we separate the linear and the nonlinear contribu-
tion. The coefficients @, are given by expression (20).
This can be expressed in terms of the time-dependent
Green’s function as

|

[e(r, 05, Ey)—1] _ o+

[(3/037)e(T,05, E5)] _ o+
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&1,0,E))=1+ 3 4ma,E}"!
n odd
c2]
X fo dty -+ dt,G'"(r,ty, ... ,t,)
—ilwyty —wytytwyt,— )

Xe
(A4)

To obtain the asymptotic behavior as a function of w,
we consider the expression of the inverse Fourier trans-
form

ey,0,E;)— 1= [ "[&(r,0,E;)~ 1 le"Vdr , (AS5)

and perform the above time integral by parts to obtain

[3%€(T,0,,E, )/37'2],=0+

’é((ol,wz,Ez)—lz_ R -
lw,

[a3E(T,w2,E2)/a‘r3]r=0+

+ _|_...’

o}

2 - .3

7 iw]

(A6)

where we have used the fact that the Green’s function and all its derivatives vanish for 7— o, as they represent the
response to an instantaneous (8-like) excitation after an infinite time [Eq. (1)].

By using expression (A4) and Kubo’s formula for the time-dependent Green’s function?! we can now show that the
first three terms on the right-hand side of Eq. (A6) vanish for the nonlinear part of the dielectric function. We observe
that the first contribution in (A6) vanishes because [e(7)—1] at zero time vanishes to all orders. The first time deriva-
tive, which contributes to the second term, can be expressed as follows:

)

—ilwyty sty twyt, —wytst+ o)

de - n— bl . n
S?(T,wz,Ez)—n%denEz lfo dt, dtnB;G( (Tyty, ... ty)e , (A7)
with
G, t,, ... ,t,,)=(—1.ﬁ-)7 3 Tr{O(t, —7)0(t;—1t,) - - - O(t, —t, _)[p(—7), [u(—2ty), .. ., u(—2,),p]lu} , (AB)
n({—i P

where the sum is on all possible permutations of 7,2, ...,

t,;O is the step function; u is the dipole operator at zero

time; u(t) evolves with the unperturbed Hamiltonian Hy=p2/2m +V(x); p is a density matrix operator such that

[p,Hy]=0.

Let us consider the first time derivative and use the condition 7<¢,, ...

7—0. We obtain

lim iG"”(mz, . 1

7—0 OT nl(—i#A)" r—o0

,t,, since we are interested only in the limit

yty)=— - lim %T[ [u(—ﬂ, S O(t;—1;) O, —t, Pl — 1), [ - p(—1,),p]] ]u] :
2

(A9)

Using the Heisenberg expression for the time derivative of u(7), Eq. (A9) becomes

1

: i (n) - - — — — —
lim == G (T 1y, . . . 1) n!(—ih)"“Tr [[u,Ho],§9(13 ) O, =t P —1y), [ -l tn)P]]]ul-
(A10)
Using the property
Tr[ A,B]C =Tr[C, A]B (A11)

and the fact that
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[ Hol=+ifi—p , (A12)
we obtain
li —a—G‘")( t t,)= —1 ezhzT O(ty—t,) - O(t,—t, _[u(—t,),[ (—t,)p]] (A13)
‘rl—rf%)a‘r Tolys - oo ly n!(—ih)"“ m r % 3 2 n n—1/LK 2hLe - M n/P .
For the Green’s function in first order the trace just gives the density p, so that we obtain
. 90 e?
lim —G"(r)=— Al4
Tl_r)rz) or () m P ( )
and expression (A6) in the linear approximation gives the asymptotic behavior
@)
241
from which all the linear sum rules are obtained. For all the higher-order Green’s functions we obtain
lim iG"”(r,tz, cest,)=0 (A16)
7—0 OT >on ’

since the trace of a commutator vanishes.
We now consider the second time derivative, for which we use twice the Heisenberg expression for the time deriva-
tive of the dipole moment and obtain

lgr%)—gf—zG "1ty .oy ty,)

1
= Tr
nlW(—i#h)" 2

[[[,U"HOLHO]’ 2 O(t,—t3) - - O, —t, _Plu(—1,),[...u(—=1,),p]] ],LL l - (A17)
'

The above expression can be shown to vanish by noticing that the double commutator is a function of only u because
d’u/dr*=F(x). By applying the property (A11) of the trace we observe that the commutator p with a function of p
vanishes.

The third time derivative is different from zero, and its value can be computed from the expression

. e
11_1)1%5;5G (T,tz, Ce ,tn)
= | [1lp, Ho L Ho 1S Oty —t5) Oty =t ul— 1) . i —1,),p11 | | . (A1)
(l‘ﬁ)" m P
We introduce the potential ¥ (x) in the expression
—i# |, 3%V | 3V
= A19
[[p’H()]’HO] Im zax2p+ax3 > ( )

and again use expression (A 11) for the trace of triple products to obtain

eZ

N g =
M ap ¢ (Dl )=

2
g’:ze(rz—m-~-e(t,,_1~z,,>[u(—t2>,[...p<—t,,)p]] . (A20)
X P’

The above expression is different from zero and is the Green’s function to order n —1 associated with the operator
3’V /3x? instead of the operator dipole moment.

Substituting the time derivatives of G'"(r,t,, .. .,t,) into (A6), we find the following asymptotic expression for the
nonlinear contribution:
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eYw,,00,Ey) =7 +o(or %)
@
2
=__12_ 2 47'7'(1,‘6_1 zEg_lfwfwdtz .‘.dtne—i(wztz—w2t3+w2t4—w2t5+"')
O yoda>1 R(—iA)" " 'm o Yo
XTry |O(t,—t3) - O(t,_;—t,)
IS
9’V —a
X[ —1o),[. .l —1,),p1) 55 |+o (o) .
dx
(A21)

A similar expression holds for the index of refraction
because of the connection 7=V, except that in this
case the coefficient of the expansion is ¢ /2, ¢ being the
numerator in expression (A21). The last term o (wj*)
means that the residual asymptotic contribution goes to
zero faster than w; *. This is sufficient to prove all the
sum rules reported in the text when the sum vanishes.
The requirement that the optical functions go to zero at
the order w; * requires the numerator in the expressions
of type (A2) to vanish.

The sum rules (31) and (33) require that the imaginary
part of €N goes to zero as w;— o faster than
o1 *log”'(@,). This has to be proven mathematically for
any physical system, but we can take this for granted
since it is a general property of the dissipation to decrease
faster than the dispersion for high frequency. Then, com-
parison of the asymptotic behavior (A21) with the expres-
sion wi€)“(w,,,) and 0ik""(w,,®,) gives the sum rules
(31) and (33).
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