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Various discretizations of the sine-Gordon equation are studied. Hirota’s discretization scheme is extended
and two alternative discretization schemes are constructed. The associated soliton solutions, Backlund
transformations, conservation laws, and the inverse scattering equations are obtained.

I. INTRODUCTION

The sine-Gordon equation has served repeatedly
as a prototype for a two-dimensional nonlinear
field theory. It can be solved exactly by the in-
verse-scattering-transform method and possesses
all the remarkable properties’ that follow from
this method,? namely particlelike solutions, the
solitons, and the breather; Bicklund transforma-
tions; infinite number of conservation laws;
complete integrability as a Hamiltonian system.?

Recently, there has been some interest in ex-
actly soluble discretized nonlinear problems, and
the inverse-scattering-transform method has
been extended to a wide class of such problems.*
Hirota® has discretized the sine-Gordon equation
in both the space and time variables and has ob-
tained discrete soliton solutions, the associated
Bicklund transformations, and the inverse scat-
tering equations.

In this paper we consider a generalization of
Hirota’s discretization scheme for the sine-Gor-
don equation and compare it with two alternative
schemes. Specifically our results are as follows:
(a) We extend Hirota’s formalism to incorporate
different lattice spacings for the space and time
variables. (b) This allows us to take the contin-
uous limit separately in the time or space varia-
bles, thus obtaining semidiscrete sine-Gordon
equations. (c) We construct two alternative dis-
cretization schemes for the sine-Gordon equa-
tion, and find that they agree with Hirota’s in the
semidiscrete limit. (d) We derive Béicklund
transformations for all three schemes, and (e)
solve them for the one-soliton and two-soliton
solutions. (f) We construct the discrete analogs
of the energy conservation laws and show how,
in conjunction with the discrete Bicklund trans-
formation, they can be used to generate an in-
finite number of conserved quantities. (g) We
consider the inverse scattering equations, solve
them for the one- and two-soliton solutions, and
generalizing the results of a previous paper® we
derive the discrete analogs of the Coleman corres-
pondences between the sine-Gordon equation and
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the massive Thirring model.”
The sine-Gordon equation in light-cone coordin-

ates x = (x —x°)/2 and ¢=(x' +x°/2 is

8,8, =sing . (1)
Introducing the auxiliary field p(x, f) through the
equation

8,9;p=1-cos¢, ' @)
we can rewrite (1) and (2) in terms of a single
complex variable as

w =g PH ¢)/4, (3)

wa, 8w —dwdw =5 —w*2) . (4)

Hirota’s g/f notation is also used, where g =e?/*
sin(¢/4), f=e”*cos(¢/4) so thatw =f +ig and
tan(¢/4) =g/f. The Bicklund transformation
a,¢ —8,p=2asin (¢—;2) s
(5)

9,:¢ +a,<13=2a"‘sin (¢;¢) s

can be expressed"hinﬂterms of the corresponding
fields w and w =e®+#?/4=f 1ig as

Wo,w —wd,w=—5aw*D*),
(6)

~ Ay 1 .
W*o W —wa,w*——--z-; (w*) .

The associated inverse scattering representation
is obtained from (6) by defining®

~ ~ X1
w* w
X177, X2 T %0 X=<x2>' w0

Then, Eqgs. (6) become the usual®s® inverse scat-
tering equations

1 -19,¢ a

axx —5 a iax X
1 0 e-i®

9 X “oa \el® 0 /X-
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Instead of discretizing the sine-Gordon equation

(1) directly, it proves very convenient to discretize

first Eq. (4) and then obtain the discrete form of
(1) through the identification (3).

II. DISCRETE SINE-GORDON EQUATIONS
A. Hirota’s discretization method

In this section we consider Hirota’s method of
discretizing the sine-Gordon equation. We have
slightly changed Hirota’s notation and somewhat
generalized his results to include different lat-
tice spacings for the space and time variables.
Thus, the x and ¢ variables are discretized ac-
cording to

x=hn, n=0,+1,£2,..., )

t=tm, m=0,£1,%2,...,

where 72 and 7 are the lattice spacings. We intro-
duce the notation ¢, (x, )= ¢(x +h,t) =p(h(n +1),1)
for the x-shift operation and similarly for the ¢
shift, so that, for example, ¢ (x,t) =¢(x +h,t+T)
=¢(h(m +1),7(m +1)). Hirota’s way® of discretizing
Eq. (4) is to replace it by the partial difference
equation®

AT (ww, vwaw, wrwi twiwi
Wiklyy ~ W =5~ 3 - 3 .

(10)

Defining p and ¢ again by w =¢®#9/4 the discrete
version of the sine-Gordon equation (1) and of the
related Eq. (2) can be obtaited from (10) as

sin (Gt 0= 00) M1 oy (St 00t 0)

(11)

cosl] (¢, +¢)]
em[(p,+p.-p—p,»)/4]=;§g(%j‘;—¢%j- (12)

We observe that in the simultaneous continuous
limit (% =7- 0) these equations reduce to (1) and
(2), while in the continuous-time limit (71— 0) they
reduce to

wi, —wab =3 hww, —w*w*),

$s = ¢ =h sin(%i’i) , (13)

ef-eo (2529

where ¢ =9,¢ etc. In the continuous-space limit
(- 0) Egs. (10)—(12) reduce to

=tTww, —w*w¥),

o — ¢’ —-rsm(¢ <1”) (14)

where ¢’ =9, ¢ etc.

wwy —ww'

B. Alternative discretization methods

An alternative discretization method consists
in replacing Eq. (4) by the following partial dif-
ference equation:
W,y —w,w, =3 hTww, —w*w}) (15)
with a corresponding discrete sine-Gordon equa-
tion

sin (W) =5 cos( xt ¢)‘sin (¢” Z ¢')

X e(p-p,)/al’ (16)

cos[i (¢, +¢)]

cosl[i (¢, +,)]

The extra exponential factor &P~P9/4 turns (16)
into a nonlocal nonlinear partial difference equa-
tion. In fact, Eq. (17) can be used to solve for
this factor in terms of ¢,

SP=P/4 = H cos(} (¢xt+¢’)] (18)

o coslz(¢, + )

exp[(p,+p,-—p—p,d,)/4]= (17)

In the continuous limit s =7~ 0 Egs. (15)-(17) re-
duce to the usual ones, Eqgs. (1)-(4), while in the
continuous-time limit (7 -~ 0) they reduce to

wiby, —wab =5 hw? —w*2),

~ ¢ =h sing &P~P/¢ (19)
8,[P=P/4] =% sing tan (——¢ Zd)") .

In the continuous-space limitz -~ 0 Egs. (15)—(17)
become local, and reduce to the same set of
equations as in (14). The nonlocality of (16) can
be traced to the asymmetric treatment of the x
and ¢ variables. Since the original continuous
sine-Gordon is symmetric in x and £, we can
obtain a third discretization scheme by inter-
changing the roles of x and ¢ in Eqs. (15):

ww., —ww, =1 hTww, —w*w*)

sin (—"i%———?"——&) =3 cos( xt ¢) sin(d)" Z ¢‘)

X e(P-Pg)/‘l , (20)

sao-sofie )
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The continuous-time limit (- 0) or continuous-
space limit (%2 — 0) can be taken in a similar man-
ner. In particular, we note that the (r— 0) limit
results in the same (7~ 0) limit of Hirota’s
scheme, i.e., Egs. (13). .The properties of this
semidiscrete sine-Gordon equation are studied
elsewhere.®

III. BACKLUND TRANSFORMATIONS

All of thé above discretization schemes admit
a Bicklund transformation which is a discretized
version of (5) and (6). In Hirota’s case®:*?

Wi —wib, = —p, WX * +w*w¥) , @1)
wo* ~wiv'} = = q, Wi +w*iy),

where w is the new solution of (10) obtgined from
an old solution @ of (10). The Béicklund parame-
ters p, and ¢, are defined by

p. =tanh(ka/4), q,=tanh(ra/4), (22)

where a and @ are real parameters constrained
to satisfy

tanh(ka/2) tanh(ra@/2) =h7/4. 23)

Setting w =eP1®/4 and i =eP*19/4 the discrete
version of (5) becomes

sin((q’" - 9) - (¢, - 5))

= tanh(h—za) sin(—~————<<px +9) : (B, + ‘5)),
24)

sin((¢' -¢) Z((ﬁt - @3) )
=tanh(;—a_)sin ((¢' +¢) = (§e “T’)).

In the continuous limit (2 =7—~ 0) Eq. (23) gives
@=a~', and (21) and (24) reduce to the usual Egs.
(5) and (6).

In the alternative discretization scheme of Eq.
(15) the Backlund transformation is

Wi —wil, == v, w*w*), (25a)
W * ~wi k== u wrd), (25b)

where v, =tanh(ka/2), p,=tanh(7@/2) and @ and @
are constrained by the same Eq. (23). By inter-
changing the roles of x and ¢ we can also obtain
the corresponding Backlund transformations for
the third discretization scheme of Eq. (20) as

w,ib —wi, = - v, w*), @6)
Wb * —wib§ = — paw*) .

The proof that the above equations indeed define
Bécklund transformations is straightforward. We
illustrate this for the case of Eqs. (25). Assuming
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that % is a solution of the Eq. (15), and thatw and
# satisfy (25), we are to prove that w also is a
solution of (15). Taking the ¢ shift of (25a) we
obtain

. N N
w0, =W,y — v, Ew¥) .

Multiplying both sides by wib and using Eq. (15)
for # we obtain

Wi, (ww,y) =ww, @i,,) ~ v, wibw ¥
_ P 1 ~ A Ay oA
=wuw, (Wi, +3 h1 @iy, — @+ ¥)]
— v, wibw i *
from which it follows that
P ( 1
Wi, ww,, ~waw, —hTww,)
=ww, iy, — DWW, — 5 hT WW * W F — v, W Fw Fwib .

Using now the constraint Eq. (23) to replace 471/4
by u, v, and using the complex conjugate of (25b)
we can rewrite

Wiy, ww,, —waw, —5hTww,)
=iy i, —w @) — vl T T+, Wi *)
=,y (v, w* W *) — v, wib ¥ (w* )
=y, * @, (o, * —wib*)
=v,w ¥y (=, ibw})
=i, (- hTwFw*),

where we used (25b) and (23) again. Eliminating
the common factor #i#, we see that w must also
be a solution of (15).

As in the continuous case, we may think of the
Bicklund transformation as a nonlinear “super-
position” principle* which generates a new solu-
tion w by adding a soliton to an existing solution
#. Starting with the “vacuum?” solution #(x,)=1
(with p = $=0) we can successively apply the
Bicklund transformation to generate the one-soli-
ton, two-soliton, etc. solutions.

IV. ONE- AND TWO-SOLITON SOLUTIONS

Starting with the initial solution @ (x, £)=1 of
(10), we solve (21) for w to obtain the one-soliton
solution in Hirota’s case. We have

w, =, +igy =M/,

tan(¢,/4) =g,/f, =e®,

— 0al2 = l.ﬂa)" (mg)'"
876 (1 -0/ \1-¢/ "’ @7

Jfo=e™0a”,
0,(x,t)=ax +at =ahn +arm ,

tanh(ka/2) tanh(r@/2) =h7/4,
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while in the alternative scheme of Eq. (15) the
corresponding Bicklund transformations (25) give
for the one-soliton solution

tan(¢,/4) =g,/f, =€,

8= (1+v,)"(1+p)",

fo= @ =y )"0 = p)"™, (28)
v, =tanh(ka/2), u,=tanh(r@/2),

KaVq =hT/4.

In the continuous limit (k =7~ 0) ¢, reduces to
the usual soliton. Even though the discretization
of x and ¢ badly breaks the Lorentz invariance of
the theory, the solution remains basically the
same. In terms of the laboratory coordinates

%' and x° we have

6,(x,t) =ax +at =y, (x' —v,x°),

where v, =(a -a)/(a +@), v, =(a +a)/2 and can be
thought of as the “velocity” and the “ Lorentz contrac-
tionfactor” of the soliton. The soliton “at rest”
would be characterized then by v, =0 or by a =a
=a,, and 6,(x,t) =a,x', where a, is the solution

of

tanh(ka,/2) tanh(ra,/2) =h7/4.

In the continuous limit ¢,=* 1 corresponding to the
soliton or antisoliton.

Next, we consider the two-soliton solution which
can be obtained by applying the Bécklund trans-
formation a second time. Starting with the one-
soliton solution that we just found w, =f, +ig,, and
using new Bicklund parameters for the second
soliton, Egs. (21) for w become

waw, —ww,, =—p,wrwk +wrw*,), 29)
wew s —ww k= = g, ¥ w, +w *w,,) ,

where p, =tanh(kb/4), g, =tanh(r6/4), and b and b
are constrained in a similar manner as in (23),

tanh(zb/2) tanh(75/2) =h1/4.
Solving (29) for w =f +ig we find

¢ _g_, sinh(3(6-6)] _ bs— s
tan 7 =% =K cosh[ag(eaw:)] "‘ta“( 3 )’

g =«2sinh[3(6, - 6,)],

f=k"'2cosh[%(6, +6,)], - (30)
’eh(a+b)_1 __em'—"“_)-—l
e —egh g —g™

0,(x,t) =ax +at, 6,(x,t)=bx +bt,

where ¢, and ¢, are the one-soliton solutions
given by (27) with parameters a and b, respec-
tively. Because of the constraint Eqs. (23) we

have also expressed k in terms of the @ and b
parameters. We note the following: (i) Equations
(30) are straightforward generalizations of the
continuous case.® (ii) Because of the symmetry
of the resulting equations with respect to ¢ and b,
it follows that the Backlund transformation is a
commutative transformation just like in the con-
tinuous case. (iii) The inverse of the Bicklund
transformation can be obtained by reversing the
sign of the @ parameters. (iv) Solution (30) cor-
responds to two solitons (or two antisolitons)
when g and b have opposite sign, and to a soliton
and an antisoliton when ¢ and b have the same
sign. (v) From the last two remarks there fol-
lows the same exclusionlike principle as in the
continuous case, namely, that two solitons cannot
be put together if they have the same “velocity ”
parameters, i.e., ¢=0ifa=-b. (vi) So far the
parameters a and b were assumed to be real; by
choosing them to be complex conjugates of each
other, i.e., a =b* we obtain in (30) a discrete
analog of the breather solution of the sine-Gordon
equation.

V. CONSERVATION LAWS

The procedure by which the Biacklund transfor-
mation serves as the generator for an infinite
number of conservation laws is well known.! It
makes use of the energy conservation laws

9,[5 (8, 0)?] +o,[cosg] =0, 1)
9,[3 (6, ¢)*] +0,[cosg] =0.

In this section we derive the discrete analogs of
these conservation laws and a few others. Using
the field equation (11) we can easily verify

A, [1 - cos (_*_211”_)] A, [—4— cos (‘7’ "’*)] =(3;)
, [1-cos (272)] +a [A cos (£522)] o,

where A, and A, are the difference operators,

A.f=f.—f etc. These equations reduce to
(31) in the continuous limit. From (32) it follows
that the quantities

II=Z: [1 -cos ( "2_‘1’)2\,
et

are ¢-shift invariant, that is, conserved. Two
additional conservation laws can be obtained
from the equation of motion (11), namely,
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A, [sin ( 2“")} =a, [}‘4—7 sin (1’_?1)] :
A, [sin( '2"?’)] -a, [% sin (&;i)]

The conservation laws (32) can now be used in con-
junction with the Béacklund transformations (24),
with an infinitesimal Bicklund parameter a, to
generate an infinite number of conservation laws
in exactly the same way as in the continuous

case.!

(33)

- ]

io=00/2  p 0

=\, HOe=)/2 | X FPa \ Li(or-0)/2 0
a

0 e-i(¢+¢g)/2

Xe =X =da\ jioroplz g (e +x) -

oH(B=0)/2

VI. INVERSE SCATTERING EQUATIONS

Hirota has shown® how to turn the Bicklund
transformation equations into the inverse scatter-
ing equations. This is done by rewriting (21) in
terms of the quantities

f* ) X1 .
e P x=<x2>’ (34)

then (21) becomes

Xx s

Eliminating the x-shifted and #-shifted quantities from the right-hand sides, we obtain an equivalent set of

inverse scattering equations

cosh(ha/2)ei(®=%x/2 sinh(ka/2)

= ey
X sinh(ha /2) cosh(na/2)et®x-9/2 [X=1X5

sinh(7a@/2)e{(9+®)/2

cosh(ta/2)

cosh(ra/2)

Xt = Sinh(Tﬁ‘/z)el(¢+¢g)/2

where ¢ and @ are again constrained by (23). The
“integrability” of this system (i.e., x,, =X;,) re-
sults in the condition ‘

M,N =N,M ,

which can easily be seen to be equivalent to the
discrete sine-Gordon equation (11). In the con-
tinuous limit the usual inverse scattering equa-
tions (8) are recovered.

The advantage of this method of deriving the
inverse scattering equations from the Bécklund
transformation lies in the fact that (34) allow
one to determine y, and y, from the knowledge of
w by undoing the Bicklund transformation to ob-
tain . )

As an illustration, we work out the x’s for the
one- and two-soliton solutions that we found in
Sec. IV. Since the one-soliton solution w =w, =f,
+ig, is obtained from the “vacuum” solution i@
=1, we immediately find the corresponding y
from (34)

1 _ 1
Xar 77 g, X2 Tr g,

with f, and g, given in (27).
It can be verified that these solutions satisfy

X=Ny,

(35)

the quadratic relationships
—1i COSh(TA/2)X % Xgp =5 (1 — ¥ Pat®ad)/2) |
sinh(ha/2)X%, X,, = (1/45)(1 = ¢¥%a=%ax)/2) = (36)
sinh(r@/2)X*,, Xy, = (1/47)(1 = e¥%a=%at)/2)

which are the discrete analogs of similar ones
in the continuous case®, namely,

—iX}§Xee =1 (1 =€ %),
aX%, Xgp =50, Pq s . (37
a”'XE Xay =’;“3t¢a .

As shown in Ref. 6 Egs. (37) form the basis for
the classical Coleman correspondences between
the sine-Gordon theory and the massive Thirring
model. Therefore, (36) can be thought of as a
discretized version of the Coleman correspon-
dences.

For the two-soliton solution ¢ given by (30) we
have two eigenvectors X, and X, corresponding to
the two Bicklund parameters a and b. To find
X, we must undo the Bécklund transformation with
parameter @ and we obtain w =w,, i.e., the one-
soliton solution with parameter . Similarly, for
X, we must undo the Bécklund transformation
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with parameter b and we obtain w=w,. We have
then

=fb —ig, _Jo g
Xa1 Frig Ry
=fa—iga =fq+iga

Xo1 Frig > Xe2T f g 0
where the f’s and g’s are given in (27) and (30).

The analogous equations to (36) are, in the two-
soliton case,

— i cosh(1@/2)X¥,, Xy, +3 cOSh(TD/2)X ¥, X,,
_1 (1 - ei(¢+¢g)/2) ,

4
Sinh(ha/Z)ijzxaz - sinh(hb/z)x,gzxxbz
=(1/43)(1 = g¥(®-%0/2) ,
sinh(T@/2)X ¥ Xa, — SInh(TH/2)X ¥ (X,
=(1/4i)(1 - &¥(-%0)/2) ,

which are again the discrete analogs of the con-

tinuous case®
=X}, X, +1X 31 %52 =31~ e'?) )
aX§oXgs = bX Xy, =%3x¢ ’

@ X E ey = b Xy =500 -

VII. CONCLUSION

In discretizing nonlinear equations one is in-
evitably faced with a large number of choices (all
with the same continuous limit) for discretizing
the nonlinear terms. The basic difference be-
tween the discretization schemes that we have con-
sidered lies indeed in the way the nonlinear term
w? in (4) is discretized. The particular choice one
makes can alter the character of the resulting
discrete sine-Gordon equation; it can even turn it,
as we have seen, into a nonlocal equation. It is
nevertheless rather remarkable that there exist
discretization schemes that preserve most of
the interesting properties of the continuous case.

1A thorough review and references on the sine-Gordon
equation and its applications can be found in A. C.
Scott, F. Y. F. Chu, and D. W. McLaughlin, Proc.
IEEE 61, 1443 (1973).

®M. J. Ablowitz, D. J. Kaup, A. C. Newell, and H. Segur,
Studies Appl. Math. 53, 249 (1974), and earlier ref-
erences therein. -

L. A. Takhtadzhyan and L. D. Faddeev, Teor. Mat.
Fiz. 21, 160 (1974 [Theor. Math. Phys. 21, 1046
(1975)]; D. W. McLaughlin, J. Math. Phys. 16, 96
(1975). -

4A recent review and references on the discrete-in-
verse-scattering method can be found in M. J. Ablo-

witz, Studies Appl. Math. 58, 17 (1978).

SR. Hirota, J. Phys. Soc. Jpn. 43, 2097 (1977).

¢S. J. Orfanidis, Phys. Rev. D 14, 472 (1976). Our no-
tations in the present paper conform closely with those
of this reference.

'S. Coleman, Phys. Rev.D 11, 2088 (1975); S. Mandel-
stam, ibid. 11, 3026 (1975).

8R. Hirota, Prog. Theor. Phys. 52, 1498 (1975).

%n Ref. 5 Hirota uses equal lattice spacings h=7=26,
and his equations are recovered by the substitutions
x—~x —06, t—1t—0 in our equations

105, J. Orfanidis, following paper, Phys. Rev. D 18,
3828 (1978). -



