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ABSTRACT

A preliminary study of Lie symmetries in a class of nonlinear Dirac equations in two
spatial dimensions is given. A list of nonlinearities for which such equations admit
one-dimensional extension of the maximal Lie invariance algebras is presented.
The obtained symmetries can be used for construction of closed-form solutions for
the equations under study.

1. Introduction

In 2004/2005 the first truly two-dimensional solid state material, graphene,
was created in the laboratory [2, 3]. Later in 2010 the Nobel Prize in Physics
was awarded to A. Geim and K. Novoselov “for groundbreaking experiments
regarding the two-dimensional material graphen”. It was noted in [2] that in
graphene “electron transport is essentially governed by Dirac’s (relativistic)
equation.” The authors of [3] have presented a new class of nonlinear
phenomena in Bose-Einstein condensates in a honeycomb optical lattice,
that can be described by a nonlinear Dirac equation (NLDE) in (2+1)-
dimensions. The form of the nonlinearity appeared as a natural physical
result of binary interactions between bosons. It was shown that NLDE for
Bose-Einstein condensates breaks the Lie symmetry governed by Poincaré
algebra. After these works there were a number of papers with studies of
NLDEs in two spatial dimensions. For example, some exact stationary state
solutions of a nonlinear Dirac equation in 2+1 dimensions was constructed

in [5].

It is known that Lie symmetries present by themselves a powerful tool for
construction of exact solutions of differential equations [6, 7]. That is why
a number of physical models were studied with the Lie symmetry point of
view (see important results, including those on NLDEs, in [8, 9]).

Inspired by the importance of (241)-dimensional NLDEs we investigate Lie
symmetries of the following model equations

(Z'O'Qat—i-a'lax—dgay)\lf = &, (1)
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where ¥ = (Z) and ® = <g> . Here u = u(t,z,y) and v = v(t,z,y) are

dependent variables, F' = F(u,v) and G = G(u,v) are arbitrary smooth
functions which are not linear in v and v simultaneously, o1, o2, and o3 are
the Pauli matrices
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Equation (1) can be rewritten as the coupled system of first-order partial
differential equations (PDE system)

Ut+vx_uy:F(u7v)7

(2)

u — Uy — vy = —G(u,v).

It is well known that the Dirac equation describes a complex wave function.
However, for some physical problems it is possible to restrict ourselves
to real solutions like it is done in theories of massive neutrino. In this
case a special (Majorana) representation of the Dirac matrices with purely
imaginary entries should be used.

In the present paper we also restrict ourselves to the Dirac equation for real
wave functions. A more complicated classification problem for the complex
nonlinear Dirac equation will be a subject of our further research.

2. Lie symmetries

2.1. Determining equations

We study Lie symmetries of PDE systems from class (2) using the classical
approach [6, 7]. We fix a system £ from class (2) and search for vector
fields of the form

X = gt(t,iﬂ,y, u, U)at + fx(t,ac,y,u,v)&v + Ey(t,.il?, Y, U7U)8y
+ n“(t,z,y,u,v)0 + n°(t,x,y,u,v)0,

that generate one-parameter point symmetry groups of £. These vector
fields form the maximal Lie invariance algebra A™®* = A™&X([) of the
PDE system £. Any such vector field X satisfies the infinitesimal invariance
criterion, i.e., the action of the first prolongation X of X on £ results in
the condition identically satisfied for all solutions of this system. Namely,
we require that

X(l)(vt + vy — uy — F(u,v))|, =0,

3
X(l)(ut—ux—vy—FG(u,v))]L:O. ®)

After the elimination of u; and v; by means of (2), equations (3) become
identities in nine variables, ¢, z, y, u, v, uz, uy, v; and vy. In fact, equa-
tions (3) are polynomials in the variables ug, uy, v; and v,. The coefficients
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of different powers of these variables are zero, which gives twenty four de-
termining equations for the coefficients &f, &%, €Y, n* and n¥.! At first

we solve those determining equations, which do not involve arbitrary ele-

ments F' and G, and find that the coefficients of the operator X have the
form

¢ =Fao(t* + 2 +y%) + (6 + a1x + cay)t + Pry + Bax + po,
€0 = Loy (t + 2% — y?) + (8 + aot + asy)z — Boy + Pat + p1,
& = Lao(t? — 2° +y%) + (0 + aot + a1x)y + fox + it + pa,
n" = M+ ¢ — (B2 + apr + art)u

+ Laa(z —t) — (a0 + a1)y — (Bo + B1))v,
n' =+ + %(ﬂg + oz + agt)v
— %(az(ac +1t) + (oo — a1)y + (Bo — 51))u,

where o, B;, pi, 1 = 0,1,2, and § are arbitrary constants whereas A, ¢, and
1 are arbitrary smooth functions of the independent variables ¢, z, and y.

Therefore, the general form of the infinitesimal operator is
X =x+ oK + B + 6D + p; P, (4)
where «y, B;, pi, 1 = 0,1,2, and ¢ are arbitrary constants and
X = (Au+ )0y + (Av+1)0,,
0=9,, P'=0,, P?>=09,,
D = t0; + 20, + y0,,

1 1
JO = 20y — YOy — §vau + 5“8”’

1

1
Jt = t0y + YOy — 0y — U0y,
2 2
) 1 1
J°=t0p + x0; — §u0u + iv&,,

1 1 1
K= 5(752 + 2% + y*)0; + txd, + tydy, — i(xu + yv)0y + 5(3:1} — yu)0y,
1 Lo, 2 9 1 1
K" =tx0, + i(t + 27 — y*)0y + xy0, — §(tu + yv)0y, + i(yu + tv)0y,

1 1 1
K? = tyd, + xydy + §(t2 — 2% +y%)0, + 3 (@ = )vdy = S (2 + t)udy.

The computations were verified using GeM software package for computation of
symmetries and conservation laws of differential equations [10].
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(5)

The usual summation convention, i.e., summation over repeated indices, is
used in (4). The nonzero commutation relations are

[P', K] =D, [P°,JY = P2 [P° J?% =P [P'J° =P
(Pt g =P (P2 J°% =P (P2 JY =P° [J°J =
[0, J2] = Jo Y, 02 = —JY, [PO, K'Y = J%, [P°, K2 = JL,
[P, K% = J2, [P}, K% = —J°, [P%, K% = J!, [P%, K'] = JO,
where ¢ = 0, 1, 2.
Then the remaining determining equations, which involve the functions F',
G and their first-order partial derivatives with respect to u and v, take the
form
[(/\—f(ﬂg—i—agx—i—alt)) u—f (ao(t—z)+ (cvo+a1)y+ Lo+ 51) v—l—gp] F,
+ [% (—ag(z+t)+ (a1 —a)y+5o—P1) u—l—()\+%(ﬁ2+aox+a1t)) v+¢] F,
+3 [oa(t—2)+ (a1 +a0)y+ 6o+ 511G
+ [(ao+3a1)t+(on+iag)z+asy+1pa+5—A F
+(Aytag)u—(Ae+Az+ar+ao)v—th =z +oy =0,

[(A=3(Botapz+art)) u—1 (as(t—z) + (ao+a1)y+Bo+p51) v+¢| Gy
+ [% (—aa(z+t)+ (a1 —ao)y+Bo—Br) u+ (A+ 3 (Bo+agz+art)) v+9] G,
+3 [oo(z+t)— (a1—a0)y—Bo+ A F
+ [ aofial)t+(a172ag)x+a2y o+ — )\]G
+(M—Az—ar+ap)u —()\y—i-ag)v—i-got—gox—wy =0.

These equations are called classifying equations. The main difficulty of
group classification problem is that they should be solved for remaining
uncertainties in the coefficients of X and the arbitrary elements of the class
simultaneously.

2.2. The kernel algebra

In order to find Lie symmetries which are admitted by any PDE system (2)
we should split classifying equations (6) with respect to the functions F,
G and their derivatives. This results in the conditions a; = 8; =0, 7,5 =
0,1,2,and § = A= o =4 =0, p*, k = 0,1,2, are arbitrary constants.
Therefore, the following statement is true.

Lemma 1 The kernel of the maximal Lie invariance algebras of systems
of equations from class (2) coincides with the three-dimensional algebra

Aker — <P0, Pl, P2>
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It means that any PDE system from class (2) is invariant with respect to
translations by ¢, x and y.

2.3. One-dimensional extension of A™ax

As classifying equations are quite complicated we at first consider extension

of the kernel algebra AX' on one symmetry generator. For this purpose
we take the general form of the admitted Lie symmetry operator (4) and

require that X and operators from A** form a Lie algebra, i.e., we require
[Aker’X] e <Aker7X>'
This condition implies the equalities

[PO,X] = Oé()D =+ a1J2 +062J1 + Xt = CLX,
[P', X] = aoJ? + 1D — apJ” + xo = bX,
[P?, X] = apd' + o1 J® + asD + xy = cX,

which result in the two possibilities for X
1. (a,b,¢) =(0,0,0) = X =6D+ BiJ" +x,
2. (a,b,c) #(0,0,0) = X = edtbrteyy,

Here a, b and c are arbitrary real constants, x = (Au + ¢)dy, + (Av + )0,
with A, ¢, and 1 being arbitrary constants.

Case I. If X = 0D + B3;J° + (Au+ )0y + (M + )0y, where A, o, and 1
are arbitrary constants, then equations (6) take the form

[(2A — B2)u — (Bo + B1)v + 2¢] Foy + [(Bo — B1)u
+ (2X + B2)v + 29 Fy + (B1 + Bo) G 4 (20 — 2A + B2) F = 0,

( (
[(2X = B2)u — (Bo + B1)v + 2¢] Gu + [(Bo — B1)u
+ (2A + B2)v + 2] Gy + (26 — 2X — B2) G+ (B1 — fo) F' = 0.

(7)

This PDE system admits the point equivalence transformations

u:a1ﬁ+b1ﬁ+c1, ’U:agﬁ—i-bgf)-i-CQ,

F=aF+hG, G = ayF + bG.

Here a;, b; and ¢;, i = 1,2, are arbitrary constants with A = a1bo—bjag # 0.

The constant parameters appearing in system (7) are changed under the

action of these transformations as follows: \d = d),

~ 1
50—ﬁ

Ul

((Bo = Bu)(ai +b3) + (Bo + B1)(a3 + b3) + 2B2(araz + biba))
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B = 21 j ((Bo — B1)(ai — b3) + (Bo + A1) (a3 — b3) + 2B2(araz — bib))
Py = ig ((Bo — B1)arbr + (Bo + B1)azds + Pa(a1bz + braz))
¢ = —ng [(Bo — Br)bict + (Bo + B1)baca + Ba(bica + c1ba)
+2 \(brca — e1ba) + 2b19) — 2bay] ,
) = 215 [(Bo — B1)arer + (Bo + Br)azca + Ba(aica + craz)

+2 )\(alcg — 01(12) + 2a11/1 - 2a2g0] y

where A = a1by — bjaz # 0. Considering the possibilities of simplifying
the coefficients we obtain that the nonzero triple (50, B, Bg) has only three
inequivalent values depending on the sign of D = b3 + b — b3:

(0,0,1) if D>0, (1,1,0) if D=0,  (1,0,0) if D <0.

Therefore, it is sufficient to consider four inequivalent forms of the constant
tuple (/807 Bla 627 57 )‘7 957 QP)’ nameIY7

1' (0707175/7)\/7070)7 2 (1707076/7>\/7070)7
3. (1,1,0,8,X,0,0), 4. (1,1,0,8",0,¢", ")

and the fifth possibility arises when 8y = 51 = 2 = 0, namely, the tuple
5. (0,0,0,8",X,0,0)

should also be considered.

Consider the first case, where o = 1 = p =% =0, B2 =1, § and A are
arbitrary constants. Then system (7) becomes

(2A — DuF, 4+ (2A + 1)vF, 4+ (26 — 2\ + 1) F = 0,

2\ — DuGy + (2X + 1)oGy + (26 —2X — 1) G = 0. ®

If A # 1/2 then the general solution of (8) is F' = W TR f(vuitgi),

G = ot G(vu 1+2A) (Case 1 of Table 1). Here and below the functions
F and G are arbitrary smooth functions of their variables.

If \=1, then FF =v7° F(u), G = v 72 G(u) (Case 2 of Table 1).

In the second case system (7) takes such a form which has no solutions over
the real field R and can be solved over the field C only.




wt
t
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In the third and the fourth cases system (7) becomes

M—v+¢p)Fy+M+9)F+ (00— AN F+G=0,

(M —v+¢)Gu+ (M +Y)Gy+ (0 - V)G = 9)

where either ¢ = ¢ = 0 or A = 0. The results of its integration are
presented by Cases 3-5 of Table 1.

In the fifth case system (7) is of the form
uFy +vF, + (0/A—1)F =0, uG,+vG,+ (6/\—1)G =0,

whose general solution is F = u!=%* F(v/u), G = u*~%/* F(v/u) (Case 6
of Table 1).

Case II. If X = e+ ((Au + )0, + (Av +)9,), where a, b, ¢, A, o,
and 1) are arbitrary constants with (a,b,c) # (0,0,0), then system (6) of
classifying equations becomes the uncoupled system

M+ @) Fy+ M+ ) Fy — AF + c(Au+ @) — (a+b)(Av +¢) =0,

(10)

A+ )Gy + (A + )Gy — AG + (a — b)(Au+ @) —c(Av+ 1) = 0.
If A # 0, then the equivalence transformation 4 = Au + @, 17 = A+ 9,
= \F, G = \G maps system (10) to the one with A =1, ¢ = ¢) = 0,

Whose general solution is

F=(b+av—cu)lnu+uF(v

fu),
G=((b—a)u+cv)lnu+uG(v/u)

(see Case 7 of Table 1).

If A =0, then (¢, 1) has the following inequivalent values (¢, 1) with ¢ # 0
and (1,0). The corresponding general solutions are

(b+a)/p—c)ut Flu—ypv),

( _
G—(b—a—&—c/go)u—i—Q(u—wv) p7 0y =1
F = (a+b)v+ F(u), _ -

G =cv+G(u), =0y=1
F=—cu+ F(v),
()0:171/}:07

G = (b—a)u+Gv),

(Cases 8-10 of Table 1).
Let us note that the four-dimensional Lie symmetry algebras

<P07 Pl’ P27 eat+bx+cy(()06u + ¢8U)>7 (S07 w) € {((p7 1)7 (17 0)}
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Table 1. Lie symmetries of (2+1)-dimensional Dirac equations (2).

Nonlinearities Basis operators of A™a*
1 | F =% Foun), PO, Pl p2,
AAL | G = TR Ggout ) SD+J2 4+ A (udy+vy)
2 | F=v"%F(u), PO, Pt p?,
G =v""9G(u) §D+J?+ 1 (udy+vdy)
3 | F=-3W(2)G PO, pt p?,
A£0 | 4+ e WEF(Inv+du/v), SD+J0+ T 4+ A(Dy +v0y)
G=ex WEG(In v+ Mu/v)
4 | F= (p;UG PO, P, P2,
YA0 | +eP ) Flov — pu— 2o?), SD+J0+ T+ 00, + 10,
G = v g(cpv — pu — 20?)
5 :v_ G+ewf() po pl p2?
G =eve G v) D+ JO+ J 400,
6 | F=u'"9*F(v/u), PY, P! P?
A£0 | G =u'"92G(v/u) OD+ X\ (u0y,+v0y)
7 F = ((b4+a)v — cu) InutuF(v/u), | P°, P!, P2
G = ((b—a)u+ cv)Inu+uG(v/u) e@Hbr+ey (40, +v0,)
8 F=(b+a)/e—c)ut+ Flu—yv), | P° P, P?
0#0 | G=(b—a+c/p)u+G(u— pv) o (w)e™ 0T+ (09, +0,)
9 | F=(a+bwv+ F(u), p° pt p?
G =cv+G(u) o(x—t)erttbrteyy,
10 | F=—cu+ F(v), p° pt p?
G = (b—a)u+ G(v) o(z+t)erttbrteyy,

Here 6, A\, ¢, 1, a, b and ¢ are constants with a® + b> + ¢ # 0, w =
©%(t+x)+2¢y+1t—x; o is arbitrary smooth nonvanishing function of the

indicated variable. W(z) = LambertW(z) [11], where z = —)\%e*/\%,
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are not maximal for nonlinearities presented in Cases 8-10. The corre-
sponding systems (2) admit infinite-dimensional Lie symmetry algebras
with basis operators adduced in Table 1.

Therefore we have found all nonlinearities F' and G, for which (2+41)-
dimensional real Dirac equations admit extension on one-symmetry gen-
erator. It should be noted that in most cases the maximal Lie invariance
algebra becomes four-dimensional (Cases 1-7), but sometimes the exten-
sion operator appears to involve an arbitrary function and in this case the
maximal Lie invariance algebra becomes infinite-dimensional (Cases 8-10).

Note 1. Table 1 consists some cases that are equivalent with respect to
point transformations. Thus, Cases 9 and 10 are mapped to each other by
the transformation

t——t, z—x, y—-y, u—v, v—=u F—G G—F,

that belongs to the equivalence group of class (2). The same transformation
maps Case 2 to Case 1 with A = —1/2.

Note 2. The Lie invariance algebras adduced in Table 1 are maximal
Lie invariance algebras for arbitrary values of constants and functions ap-
pearing in corresponding nonlinearities F' and G. For certain values of the
parameters these algebras will not be maximal. For example, let ¢ = 0,
Fuv =Gy, =0 in Case 5 of Table 1, then the system (2) takes the form

U Su
Vt+ Uy —Uy = | —K1+ Ke e,
L
U — Uy — Uy = —K1€v ,

where k1 and ko are constants, k2 + k3 # 0. It admits additional Lie
symmetry generated by the operator D + u0, + vd,. The maximal Lie
invariance algebra is five-dimensional in this case.

3. Reduction procedure

In this section we present a couple of examples of finding exact solutions of
NLDEs from class (2) via reduction method. This technique is well known
and quite algorithmic (see, e.g., [6, 7]). Consider Case 6 of Table 1 with
d = XA # 0, namely, PDE systems (2) of the form

v+ vy — uy = F(v/u),

U — Uy — vy = —G(v/u),

(11)

admitting the Lie invariance algebra

g=(P°, P!, P?, D+ud,+vd,).
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Using one-dimensional subalgebras of g we can reduce family of PDE sys-
tems (11) to PDE system in (141) dimensions. Consider, for example, the
one-dimensional subalgebra (D +ud,, +v0,)) of g. This subalgebra belongs
to the optimal system of subalgebras of g (a procedure of finding the opti-
mal system is well described in [7] and classification of subalgebras of real
three- and four-dimensional algebras can be found in [12]). The substitu-
tions u = tU(z,w), v =tV (z,w), where z = z/t, w = y/t, reduce (11) to
the PDE system
(1-2)V,—wV, —U,+V =FV/U),

12
(142U, +wUy, +V,y —U =G(V/U) (12)
in (1+1) dimensions.

We have found simple particular solutions of this system for arbitrary F =
+G. Tt is
U=%FV = (wF1)C1 F F(F1), F==G,

where C} is an arbitrary constant. Thus system (11) has the solutions
uw=-v=(y—t)C; —tF(-1) if F=4g,
u=v=(y+t)C1 +tF(1) if F=-gG,

that are valid for any function F that is well-defined when its argument is
equal to —1 (resp. to 1 in the second case).

To reduce system (11) to an ODE system a two-dimensional subalgebra
should be used. Consider the two-dimensional subalgebra

(P! + agP? + apP°, D+ ud, +vd,), ag,a9€R.
The substitutions reducing system (11) to ODE system are

u=(t—ax)U(2), B
v = (t — apz)V(2), where 2z = a—

Y — Qo

The corresponding ODE system is
(o — 1)z — ) Vo = U, + (1 — ao)V = F(V/U),
(g +1)z—ag) U, +V, — (1 + ap)U =G(V/U).
If F = G then the system has particular solution
U=-V=(aa—1+(1—-ap)2)C1 — F(—-1)/(1 —ap), ag#1,

where C is an arbitrary constant. Therefore the solution of system (11)
with F =G is

(13)

(t — apx) F(—1)
(1 — O[()) '

It is valid for any F that is well-defined when its argument is equal to —1.

u=—v=|[(t—ax)(az—1)+ (y — agz)(l — ap)] C1 —

Using the reduction method exact solutions can be constructed to other
NLDEs (2) with nonlinearities presented in Table 1.
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4. Conclusion

The preliminary group classification of nonlinear Dirac equations in two
spatial dimensions for real wave functions is carried out. Namely, all forms
of nonlinearities /' and G such that the corresponding NLDE (2) admits
one-dimensional extension of its Lie inavariance algebra are described. The
found symmetries are useful for construction of exact solutions for wide sub-
classes of such equations with nonlinearities presented in Table 1. A com-
plete group classification of NLDEs (2) will be a subject of a forthcoming

paper.
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