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The nonlinear dynamics of discotic liquid crystals (discotics) is investigated. It turns out that the
reactive part of the hydrodynamic equations, which determines in particular the interaction
vertices of the hydrodynamic modes, is subject to weak renormalization. However, allowance for
fluctuational corrections leads to the appearance of a divergent contribution to the kinetic coeffi-
cients. A distribution function is copstructed in which the weakly fluctuating variables not relat-
ed to the order parameter are effectively excluded from consideration. The diagram technique for
calculating the fluctuation effects is used to show that in the leading approximation of perturba-
tion theory the imaginary part of the discotic mode spectrum behaves like |k |2 for k | >k, and
like ||* for k| ~k, . Fluctuations of the order parameter also lead to strong renormalization of
the attenuation of first sound, the long-wavelength behavior of which changes from & 2 to k*2.

INTRODUCTION

Discotic liquid crystals consist of filaments of mole-
cules which are rigidly connected to each other. These fila-
ments can slide against each other in the manner of a liquid,
and in a plane perpendicular to the filaments they form a
two-dimensional crystal lattice. The linear elasticity theory
and the hydrodynamics of such systems are known.! In the
present paper we consider nonlinear effects in the dynamics
of discotics, which turn out to modify substantially the char-
acter of the relaxation effects in these liquid crystals.

When one considers the hydrodynamics of discotics,
one must take into account, in addition to the variables char-
acterizing isotropic liquids, a two-component vector u
which describes the displacement of the filaments in a per-
pendicular direction. We are thus get for u to a two-dimen-
sional elasticity theory that has no elastic modulus for vari-
ation of u along the filaments. This leads to anomalously
large fluctuations of the vector u (Ref. 2) which do not affect
the static properties of discotics. By this the situation differs
from the case of smectics, where the fluctuations of the dis-
placement vector u (which for smectics has only one compo-
nent) lead to a logarithmic renormalization of the static elas-
tic moduli.>

When one studies the nonlinear properties of discotics it
is more convenient to use in place of the displacement vector
of the filaments two scalar functions: W, and W,, the mean-
ing of which is that the pair of equations W, (t,r) = const
defines the position of the filament. The energy density of the
discotic can be represented as an expansion with respect to
the gradients of W, . For a crystal which is isotropic in a
plane perpendicular to the filaments the leading terms of the
expansion of the energy density have the form

B =3/, (By+2) 12V WaV Wyt s VW VW,
By (VWL VW) 2/ 8y (VW VW) (VWL VW), (1

where 3,, 5,, and x are the elastic moduli, and summation
over the Greek indices is understood from 1 to 2. We note
that in the approximation in which terms of second and
fourth order in VW, appear (and only these terms are essen-
tial in the consideration of nonlinear effects) the same
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expression (1) will be valid for two-dimensional crystals hav-
ing a sixfold axis. It is exactly this case of hexagonal symme-
try which is characteristic for real discotics, so that the
expression (1) is of a quite universal nature.

To the minimal value of the energy density (1) corre-
spond the equilibrium values W, = x/I, W, = y/I, corre-
sponding to alignment of the filaments of the discotic along
the z axis, so that the filaments are defined by the equations
x = const, y = const. As can be seen from the structure of
the equilibrium equations, the quantity / defines the distance
between the filaments. For the description of the deforma-
tion of the filaments one may introduce the vector u:

W= (z—u)/l, W,=(y—u.)/l (2)
For small deviations from equilibrium %, and u, coincide
with the displacements of the filaments along the x and y
axes, respectively, in agreement with the standard notation
of the linear theory.! Expanding Eq. (1) with respect to u, it is
easy to find the harmonic part of the energy density

E®=/,1-2[ (B, +B) I (Vatia) *+P2l =2 (€as V attp) *+ % (V?ua)?] .

(3)
Here S =, + B>, V., is a vector with the components V,
and V, and the matrix ¢, is:

0 1
-1 ol”

Thus, B corresponds to the longitudinal elastic modulus of
the filaments, 3, corresponds to the transverse modulus, and
x corresponds to the Frank bending modulus of the linear
theory.’

Anomalously large fluctuations in discotics manifest
themselves in the dynamics of these systems. A considera-
tion of the fluctuations of the discotic variable leads to the
appearance of a contribution to the kinetic coefficients
which diverges for low frequencies. This contribution can be
calculated with the help of the diagram technique for the
interaction of long-wavelength fluctuations developed in
Refs. 6 and 7. In many respects this discussion resembles the
investigation of the dynamics of smectic liquid crystals,

Eop= I
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which was carried out by the present authors in Refs. 8 and
9. In particular, we shall make use of the representation for
the effective action given in Ref. 9, as well as the procedure
described there for the elimination of weakly fluctuating
variables.

THE EFFECTIVE ACTION FOR THE ORDER PARAMETER OF
DISCOTICS

Taking account of all the hydrodynamic variables of the
discotic, the energy density E is a function of the following
variables:

E=E(p, 0, j, ViWa, V.V, W0). 4)

Here p is the mass density, o is the specific entropy, j is the
momentum density, and W, is the discotic variable intro-
duced in the Introduction. The thermodynamic identity for
the energy density has the form

dE=pdp+Tpdo+vdj+yas VadWat Vi (Y VidWa),  (5)

where y is the chemical potential, v is the velocity, T is the
temperature, and ¢,; and ¢, are the variables which are
thermodynamic conjugates to V, W, and V,V, W,. The
pressure P is defined as follows:

P=pp+vj—E. (6)

Finally, the nondissipative nonlinear equations for discotics
(cf., e.g., Ref. 10) have the following form:

)
%+ Vj=0, 7;'-+vvo=0,

(7)

———+ vV W.=0,

Here the stress tensor is
To=[P+Vmn(Pamn VaWa)18atpvst$er ViWa—V Pasn VaWa.
(8)
We now consider the expression for the energy density
of a discotic corresponding to the expansion (1)

=j*/2p+e+E™,
E=j*/2p+¢ 9)

where E™) is given by Eq. (1), and the quantities ¢, 8,, 8,, [, x
are functions of p and ¢. Calculating the pressure according
to Eq. (6), we find

P=pde/dp—e+P™.

Here the discotic part of the pressure is

(10)

w_p_'Y _97-2 i ‘ZE,_ 2__97-212
P= (VW VW21 + (pap p)[(ku) 21-%]

1 9B, 2__ 272
+§(p—5;—sz) (L(VW) = (VW) 14 (VW VW) }

1 ¢ 0% 211y \2
—(o==— )2 11
(05— %) (VW (11)
In Eq. (11) we have introduced the notation:
y=(d1nl/d1np).. (12)
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The discotic contribution to the stress tensor is

TS =28 (VWY Wo—21-2) V.W,V, W,
+’/7'§2(2V"WGV5WGVJW'ﬂVhWB—VjWSV,'ngiWGVhWa) (13)
—x Vi VWV Wo—x V. VW, V. W,

FPT -V (x VWV We) 184

Before going on to nonlinear effects we note that in the
linear approximation’ the equations (7) describe three modes
of the acoustic type. The first of these is related to oscilla-
tions of the density and represents ordinary longitudinal
sound, the velogity ¢ of which is determined by the com-
pressibility ¢* = pd°/Jp*. The remaining two modes are re-
lated to the deformation of the lattice of filaments and have
the following frequency spectrum:

k 2
0)1"—" (a;k_Lz'i'bk‘)T"z- , (l)tz= (atk_Lz"l‘bk‘) . (14)

Here

a=p+B:)p~' ", a=Pp~'"t, b=xp~'?

k and k, arerespectively the components of the wave vector
along the filaments and in a plane perpendicular to them.
The first expression (14) corresponds to a longitudinal wave
in which the displacement vector u is parallel to k, , and the
second one corresponds to a transverse wave in which u is
perpendicular to k,. Note that the relations (14) have been
obtained taking into account the smallness of the ratios @, /c?
and a, /c?, for which the following estimate holds

a/ct~10-2, (15)
The estimate (15) shows that the spontaneous symmetry
breaking in discotics is weak.

As was shown in Refs. 6 and 7, the generating func-
tional for the (equal-time) correlators of the hydrodynamic
quantitites ¢, (among which for discotics are comprised p,
o, j, W,) with the fluctuations taken into account, can be
written in the form®:

Z(m,5)= [ DgDp exp [ | at & @0 exp 109)

(Lt Pofatiaga) ] - (16)

The expression (16) contains

Fo=YatiBVa, Ma=ma+ivaH,
— (17)
Pa=patPab, Fa=@at0a.
Here 6, 0 are Grassmann (anticommuting) variables for
which the Berezin integral is defined so that

j' d*000=1.

The functional expansion of Z defined in Eq. (16) with re-
spect to the variables y, m, v, ¥ yields® the correlators of the
quantities @, p, ¥, ¥.

The reactive part of the Lagrange density L is defined
by the nondissipative hydrodynamic equations dg,/
dt + F, (¢ ) = O(for discotics these are the equations (7)) and
has the form®
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2%

ot (18)

L=p.|
The dissipative part of the Lagrange density is determined
by the kinetic terms in the hydrodynamic equations and has
the form

+ F.(§) ]

Li=ip.ZaGs + 1_2 Dollay Ps. (19)
The self-energy operator X and the polarization operator /7
are related by an equation of the type of the fluctuation-
dissipation theorem.’

In the system considered here the discotic variable W,
fluctuates strongly and the other hydrodynamic variables p,
0, j are weakly fluctuating. Therefore one can integrate ex-
plicitly with respect to the latter in Eq. (16), retaining in the
exponential only the quadratic part in the weakly fluctuating
variables. As a result in Eq. (16) there remain only the inte-
grations with respect to the variables p, and W, with the
integrand preserving its structure; the exponential contains

now the following Lagrange density®:

L= ﬁaaWa/ at+iﬁ¢2¢gWs+l/ 2l PallapPp
—i(p™! Pu ViWa ) By~ (Fatii) .

Here F, (W)= V,T¥), and the differential operator B, will
be described below. In the derivation of (20) we have ignored
the (unrenormalized) dissipative part (19) of the Lagrange
density, which is related to weakly fluctuating variables,
since for low frequencies the kinetic terms in the hydrody-
namic equations are much smaller than the reactive terms.

The differential operator B;, which occurs in Eq. (20)
has the following definition:

(20)

Bymiba— — ic? ( AN
['S a;at 3t) iVRT U
(21)
a -1
F(_(:V)=—0¢ (0_t) Vu.
The last term in B;;, is expressed in terms of the differential

operator @; defined as follows:

V,0T4 '=0.5p.

Making use of the explicit expression (13) we obtain for the
leading terms (terms that do not vanish at equilibrium):

2
F((,:V)=— ﬂ

!y, (V.-WaV,.Ws+722—6¢,.) ( 2) e

pl ot

THE EFFECTIVE ACTION FOR THE DISCOTIC VARIABLE

Before starting any concrete calculations we give an es-
timate for the characteristic wave vector k corresponding to
the discotic mode. The real part of its oscillation spectrum is
determined by the relations (14) from which for a given fre-
quency @ we obtain for the components of a characteristic
wave vector the estimates
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This implies that for low frequencies the following inequa-
lity is true:

>k, (24)

Thus, in the intermediate integration over the discotic vari-
able one may set k~k .

We now consider the expression (21) for the discotic
intermediate frequency. The inequaltiy a/c*«<1, Eq. (15),
guarantees that the last term in (21) is small compared to the
second term, and on account of the estimate (23) the same
inequality guarantees the smallness of the first term in Eq.
(21) compared to the second term. In this situation we find
for the inverse of the operator B;, the Fourier representation

Bih_lz‘m_l (vath—k{k;;/kz) . (25)

Thus, for intermediate discotic frequencies the operator
B ;! becomes an orthogonal projector. In this situation one
may omit from the quantity F, (W) =4, T the last term
in (13). To leading order one may neglect the derivatives of
A, W,,, which occur in Eq. (20), and carry out the substitu-

tion
V iWGViWﬂ—*l—zaaﬂ.

As a result of all this we obtain the following Lagrange den-
sity for the discotic variable:
ow. 1 ., a\?

Laise=Po T - _é'(al”‘at) Pa Vi (E)
X {[(VWp)*=21*]1V,Wa}

a;

— Vs (%) VWLV WV VW, VWV W)

5\t '
+bpa’ (E) VWi ZuWit — Bellubs  (26)

Here
P’ =(80p— VoV V%) Ps. (27)
The unrenormalized values of the self-energy function

2,5 and of the polarization operator /7,4 in Eq. (26), which

have their origin in the traditional kinetic terms of the hy-

drodynamic equations,%’ exhibit the following frequency
dependence:
I.s=const, Zup6’.

However, even the first correction to 2,5 and /1,4, necessi-

tated the interaction of the fluctuations carries a lower pow-

er of the frequency than the unrenormalized quantities, i.e.,

this correction exceeds the unrenormalized terms at hydro-

dynamic frequencies. Thus, for the discotic variable the do-
main of applicability of traditional hydrodynamics disap-
pears, and the expressions for 25 and /7,5 must be derived
from an equation which takes account of the self-interaction
of the discotic mode to leading order of perturbation theory.
As a result one obtains
ke y 2hoka
k%, ®

easkotpyhy
+ %,

Zap=—2ig | ky l“+"5[ ] (28)
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Haﬁ='t

|Eu VT 1 RytRaky | easkotayky

— [ prt] - 29
Here g and 7 are constants for which an expression will be
derived below.

It follows from the structure of the Lagrange function
(27) that the following pair correlators referring to the disco-
tic variable are non-zero:

Gaﬁ(tr“tm r,—T;) =—<Wa(tn l‘i)Pﬁ(tz, ;)

=iPa (s, ) Pp(ts, 1),
Da.ﬁ(h—tz, l‘x—l‘z) =_<Wa(tl1 l'.l) Wﬂ(t21 l‘z)>.

(30)
(31)
Expanding (27) to second order we find that the pair correla-

tors decompose into a longitudinal and a transverse part, so
that in the Fourier representation we have

koks +a Sasks€arky
k,* ! k,* ’
kak‘; + Dt 8a5k5851k1
k,* k,?
In these relations
Gl, 1= [ﬁ)z— (az' tkf+bk‘-—2ig0) | k‘” I l+',2) Cl, lJ—.ly
[y 4T
2

Ga,g:Gz

(32)

DaB=Dl

(33)

Dl,t(ﬁ), k)=G1,1(ﬁ), k)’l: gl,ng,t(—— ®, —k).

(34)
For the longitudinal correlators G, and D, one should sub-
stitute §, = k ﬁk ~2, and for the transverse correlators one
should substitute £, = 1.
We note that the expressions (33) and (34) imply the
relation
T8t

D, (0,k)=— bgo?

[Gii(0, k) +Gi i (—0, k) ]. (35)
Making use of this relation and of the fact that the function
G (w) is holomorphic in the upper half-plane, it is easy to
calculate the integral (a similar calculation holds for the
transverse mode)

do T
- \—D(0,k)=———.
.‘. o Di(@,F) 4g (aik, *+bkY)
This integral yields the equal-time correlator

(W,(k)W,( — K)). On the other hand, this correlator could
be computed starting from Eq. (3). Comparing the two ex-
pressions we find the ratio

=4T[pl.
t/g=4Tp (36)
If one takes into account the explicit expressions (28)—(34),
the relation (36) guarantees the validity of a fluctuation-dis-
sipation theorem for the discotic variable.

FLUCTUATION CONTRIBUTIONS TO THE OSCILLATION
SPECTRUM OF DISCOTICS

As already mentioned, the unrenormalized values of
the polarization operator /7,5 and of the self-energy func-
tion ¥, are unimportant. Thus, for /7,; and X, one needs
to take into account only the expressions given by the dia-
grams represented in Figs. 1 and 2, where the dashed line
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FIG. 1.

corresponds to the D function and the solid line to the G
function. The triple interaction vertices which occur in these
diagrams can be obtained by expanding the expression (26)
with respect to the deviation of W, from its equilibrium val-
ue. Important for us will be the singular contribution to /7,5
and 35 coming from denominators which appear when the
lines on the diagrams of Fig. 1 and 2 are either both longitu-
dinal or both transverse. In this situation the expression for
the leading part of the interaction vertex has the form (the
expression corresponds to the definitions of Ref. 6 and 7)

Ve=ialo ™" (kykayksatkykaaksytkiakayks,) .

Here the subscript 1 refers to the variable P, and the sub-
scripts 2 and 3 to the variables W, ; the index a in ¥, should
be contracted with the index of the external variable of the
diagram; for the longitudinal lines a = a,, for the transverse
linesa =a,.

We now substitute ¥, into the diagrams of Figs. 1 and 2
and obtain in the leading approximation the following ex-
pressions:

P2 _, ¢ dvdiq
II, (0, k)= ?gl,t j -(231:—)‘ a°q.*

x[alle (Va q)Dl ((l)_'V, k“‘l) +a[2D¢(V, q)Dt(ﬁ)‘_V, k—(I) ]a

(37)
2k dvdq [ Ky 2( Ckyy?
(0, k) =— P Cup (2n)* (‘In 2) q. 2)
s [22G, (v, q) D (0—v, k—q) +a2G1(v, ) Di(0—v, k—q) ].
v

(38)
Making use of the explicit expressions (33) and (34) as well as
of the symmetry properties of the integrand in (38) one can
show that the following relation holds for the integrals (37)
and (38)

Im 2,,t=—(2g/1)§,',fn,,1m2. (39)

The real part ReZ 5 gives a small correction to the real
part of the spectrum and is unimportant for us. Thus every-
thing reduces to an analysis of the integral (37); this analysis
is relegated to the Appendix. As a result we obtain for /7,4
an expression having the structure of Eq. (29), and for the

//’ \\\

7 N\,
< »
\\\~‘—‘-///

FIG. 2.
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determination of the constant 7 we obtain an equation which
together with Eq. (36) yields
p(VZ -1)/2 T

8V2 ncos(ny2/2) P
The quantity 7 is easily determined from Eq. (36).

We now consider the contribution of the fluctuations to
the spectrum of the weakly fluctuating quantities. Such a
contribution appears only in the spectrum of acoustic oscil-
lations which are determined by the poles of the Green’s
function G, (w), where

gt T = — (40)

G (8—tz, v,—12) =—<ji(ty, l':)pk(tz, r:)>. (41)

The expression for this function, as well as the expression for
the pair correlator

Dy (ti—ts, 1y—x,) =—jis(t4, h)ja(tz, r.)> (42)

can be obtained by expanding Eq. (16) with respect to the
variables y; and m;. The corresponding Lagrange density is
given by Eq. (20). It follows from this expression that the
unrenormalized value of G, is determined by the function
B !, whereas the fluctuation corrections are collected into
the self-energy function 3, :

Gy '=wdy -0 kiky—Zi. (43)

In >, one must first of all take into account the contribution
coming from the term (22). In addition in G;, there appears a
contribution related to the diagrams with intermediate sin-
gle” G, lines. Such diagrams appear in the expansion of Z
taking account of Eq. (20) in the pairing of the factor p; with
the factor VW, from F, . Retaining in the corresponding
expression the part which does not vanish at equilibrium and
joining it to (22), we obtain

Re Zik =

. l%m 29kt ki) ¥Rtk )+ ;—; Sutk 2 (44)
The expression (44) yields a correction to the real part of the
sound oscillation spectrum which is simply due to the pres-
ence of the discotic part of the stress tensor 7'\ in the equa-
tion for j;. Therefore ReZ; is not fluctuational in origin.
The fluctuations determine the imaginary part of 2, .
This imaginary part is due to loop diagrams of the type rep-
resented in Fig. 1. First, such diagrams appear in pairings of
W, from Eq. (22) and p, with a pair of W, from F, [see Eq.
(20)]. Second, one must take into account a loop in the dia-
grams of the type mentioned above with a single intermedi-
ate Gz line (in this case the single G,z line enters into the
diagram of Fig. 1 from the right). As a result of this (taking
account of footnote 1) we obtain the following expression

Sa=—4p 10 [B* (Yt ok ) (Yhut?/2Kny)

dv d* —k/2)*
+*/5B22k 0] ITVZ;)%E-T—Z—

X[Gl (Vy ‘I)Dz ((1)—‘\7, k—‘l) +G‘('V, (I)Dt((ﬂ—\” k"l) ] (45)

In addition to the mentioned diagrams we also consider
diagrams for the pair correlator (42) which can be collected
into the following expression:

Dih(m, k) =Giﬂ(my k) Hnm (my k) Ghm(_mv —k) . (46)
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The diagram for the polarization operator I7,,, is analogous
to the one in Fig. 2, and is due to the pairing of two pairs of W
from F, [see Eq. (20)]. We obtain in the leading approxima-
tion

2 1 1 1
Is=— [52 ('Yk« + - ki ) ('Yk:‘ + > ku_) + 3 ﬂz’kjé,-,*]

dv d?
X[ Gy €2, O D1 (@0—v, k—q)

+D,(v,q) D;(0—v,k—q) ]. (47)

Taking account of the explicit expressions (33), (34), the rela-
tion (36), and the symmetry of the integrand in (45) one can
derive

Im 3y=—(1/20T) 1. (48)

Recalling the structure of (43) and (46) we see that the rela-
tion (48) is a fluctuation-dissipation theorem. The analysis of
the integral which occurs in Eq. (47) is carried out in the
Appendix.

CONCLUSION

We have thus shown that a consideration of the fluctu-
ation corrections radically changes our notions about the
spectrum of discotics. As far as the discotic longitudinal and
transverse modes are concerned, their dispersion laws are
defined by the poles of the Green’s function (33) and have the
form

o, =—igly, o [y [T, o (@, kL DR 1", (49)

The damping decrement of these modes which is determined
by the first term in Eq. (49) manifestly exceeds the unrenor-
malized value for characteristic wave vectors.

The case k| ~k, requires a separate discussion. In this
situation the damping decrement (49) becomes smaller than
the unrenormalized value which is proportional to £ 3. The
leading contributions of the fluctuations to 2 and II can
again be obtained respectively from diagrams of the type of
Fig. 1 and 2, in which one must take into account terms
proportional to k?. We obtain for the longitudinal and
transverse parts of the polarization operator

H—(1a2+aa+3a’) ¥ Lat+1,) (50)
1= 2 1 141 4 ! Pk*a, 21T L21),
a; k}?
H1=—4‘l%"_k”z_ (121+Izt)-

The explicit form of the integral I, can be found in the Ap-
pendix [Eq. (A7)]. In this limit the expression for 3 is related
to (50) in the same manner as the expression (38) is related to
(37), and consequently the fluctuation-dissipation theorem
(39) holds. The analysis of the integral which occurs in Eq.
(50) given in the Appendix shows that in the case k;, ~k | @
and k, are cutoff factors in the integral, so that one must use
the expression (A 10) for the integral (A7). As a result of this
we obtain for 3 and I7 the estimate

2Tk? T
Im Z=M~10"?*—m—m—.
pla’k,? Pbg'*+'7 | o]*-7?

(51)
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Thus, /T~ |w|*? ~2 diverges for small frequencies and ex-
ceeds the unrenormalized I7 = const, so that in the case
k, ~k  too the attenuation of discotic modes Im 3 ~ |w|"? is
of fluctuational origin.

The sound spectrum is determined by the poles of the
Green’s function (43). The real part of the discotic contribu-
tion to the sound spectrum (44) yields an anisotropic contri-
bution to the velocity of sound:

_ p k22 B2 k.t

be= 2lcp (21 +F) * 2Lcp k'
which on account of Eq. (15) is small. The attenuation of
sound is determined by the imaginary part of the self-energy
function 3, which can be determined from Egs. (47) and
(48). For sound @ = ck, and therefore on account of the esti-
mates the cutoff factor in the integral (47) is the frequency w,
so that we can make use of the expression (A 11) for the inte-
gral (A7). As a result we obtain for the longitudinal part of
the self-energy function

1 7. 1\, 1
g tm =g [ () bk

(52)

B R

B. BtB.

The expression (53) determines directly the damping decre-
ment of the sound waves.

We see that the fluctuation contribution (53) to sound
attenuation behaves proportionally to »"?, i.e., decreases
slower than the unrenormalized contribution, which is pro-
portional to w?. Thus, for small frequencies, the fluctuation
contribution to the attenuation of sound manifestly exceeds
the unrenormalized one. However, the expression (53) con-
tains both a numerical smallness, as well as a smallness relat-
ed to the fact that the thermal energy is much smaller than
the sound energy pc?l>. Therefore, for realistic frequencies
such as the ones used in experiments, both contributions
may compete, fact which should be taken into account in
treating experimental data.

Noteadded in proof (26 December 1983): Recently there
has appeared a short note by S. Ramaswamy and J. Toner
[Phys. Rev. A28, 3159 (1983)] devoted to the dynamics of
discotics. These authors have taken into account only the
first correction of perturbation theory and therefore have
obtained an incorrect result for the contribution of fluctu-
ations to the kinetic coefficients: ~o~'/2i 2

(72—l 1 (1 1 ) T (53)
128-2* x sin (n¥2/2) b

1472
4

in place of »"? ~2.

APPENDIX
Consider the integral which occurs in Eq. (38)

dv d®
11=j = 9°9."D (v,q) D(0—v,k—q). (Al)

(2m)*
It is more convenient to carry out the integration with re-
spect to v by shifting the integration path into the upper half-
plane, after which the integration reduces to taking the resi-
dues of the integrand (it is convenient to make use of the
representation (35)). It will be seen below that

gk, (A2)
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where g is a characteristic wave vectcr in Eq. (A 1). Therefore
the dependence on k and w in the integral so obtained should
be retained only in the singular denominators, which have
the form

G (V'r q) -G (—(D“"V, —k_‘(l) .

In the imaginary part of this difference one may neglect the
dependence on k and w, and in the real part one must take
into account only the dependence on k| as the main cutoff
factor. As a result we obtain

it d’q q_J_2

I, (kn)=37g{ @n)° 1 [bgky—ignlgyl”*—*]-1. (A3)
Here
n*=aq,*+bg,". (A4)

Changingover to thecoordinatesx = b '/*q, /n'/2, ¢ = n"?2,
we find
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The integral with respect to § is easily done if one represents
it as an integral over a contour which surrounds the positive
half-axis. Deforming this contour, we find that the integral
reduces to residues at points and a divergent integral over an
infinite contour which has to be thrown away, correspond-
ing to the subtraction from (A1) a constant which diverges
but does not depend on @ and on k. After the integration
with respect to x, we obtain, finally,

i VE b(/?—i)/Z | k" l 72—t
4nia® cos (n-12/2)g”
We also consider the integral which occurs in Eq. (47):

1, (k)=

(A6)

dv d*q
(2m)*
The integral with respect to the frequency v in (A7) is calcu-
lated similar to (A 1). The inequality (A2) holds again, so that
the dependence on w, k need be retained only in singular
denominators. Omitting in (A7) the dependence on k| and
expanding to first order in k, and w, we obtain as a result of

integration over the frequency v:

4*D1:(v,q) Dy 1 (0—v,k—q). (A7)

Izl,( =

it dq g

*T32g ) e o
-2 i 1472 _1+ -
x[(m nkJ_qL-*-Zlglqu] ) (o (o)].
(A8)

We make the change of variables:

Yog*=ncos$, Vag,=nsin . (A9)

The integration in (A8) with respect to the variables 7 and ¥
can be done explicitly, yielding
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I,=

(A10)
Here h = a'/*k, /w. In the case k, the integration with re-
spect to 6 in (A 10) is trivial and we obtain for the integral 7,

(V2 —1)1? /22
64-2Y2 nsin(ny/2/2) g1+V2ab

Iy= (A11)

UThese lines have the frequency w ~ck and therefore on account of the
inequality (15) we can neglect in Eq. (33) the terms with the wave vector,
so that on intermediate lines G,3~8,5/w.
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