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Abstract

A quadratic line complex is a three-parameter family of lines in projective space P3
specified by a single quadratic relation in the Pliicker coordinates. Fixing a point p in P3
and taking all lines of the complex passing through p we obtain a quadratic cone with vertex
at p. This family of cones supplies P? with a conformal structure, which can be represented in
the form f;;(p)dp'dp’ in a system of affine coordinates p = (p',p?, p?). With this conformal
structure we associate a three-dimensional second-order quasilinear wave equation,

Z flj (uxl s Ugq uws)uxi:cj = 07

(2]

whose coefficients can be obtained from f;;(p) by setting p! = uz,, p? = Uz,, P* = Uy,.
We show that any PDE arising in this way is linearly degenerate, furthermore, any lin-
early degenerate PDE can be obtained by this construction. This provides a classification of
linearly degenerate wave equations into eleven types, labelled by Segre symbols of the asso-
ciated quadratic complexes. We classify Segre types for which the structure f;;(p)dp’dp’ is
conformally flat, as well as Segre types for which the corresponding PDE is integrable.

MSC: 14J81, 35A30, 35L10, 37K10, 37K25, 53B50, 53C80.
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1 Introduction

We study second-order quasilinear equations of the form

flluxlxl + f22ux212 + f33u:):3:p3 + 2f12u:1:13:2 + 2f13uzlmg + 2f23ux2x3 = Oa (1)

where u(z1, 2, x3) is a function of three independent variables, and the coefficients f;; depend on
the first order derivatives u,, , Uz, , Uz, only. Throughout the paper we assume the nondegeneracy
condition det f;; # 0. PDEs of this type, which can be called quasilinear wave equations, arise
in a wide range of applications in mechanics, general relativity, differential geometry and the
theory of integrable systems. The class of equations (1) is invariant under the group SL(4) of
linear transformations of the dependent and independent variables x1, xo, x3, u, which constitutes
the natural equivalence group of the problem. Transformations from the equivalence group act
projectively on the space P? of first order derivatives p’ = u,,, and preserve conformal class of
the quadratic form

fij(p)dp'dp’. (2)
This correspondence between quasilinear wave equations and conformal structures in projective
space was proposed and thoroughly investigated in [7].

In the present paper we concentrate on the particular subclass of linearly degenerate equations
(the concept of linear degeneracy is discussed in Sect. 2). Linearly degenerate PDEs are known
to be quite exceptional from the point of view of solvability of the Cauchy problem: the gradient
catastrophe, which is typical for genuinely nonlinear systems, does not occur, so that one has
global existence of classical solutions with sufficiently small initial data.

Remarkably, linearly degenerate PDEs of the form (1) are naturally associated with quadratic
complexes of lines in P3. In invariant terms, the construction can be summarised as follows.
Consider a line complex, that is, a three-parameter family of lines in P3. Fixing a point p in
P3 and taking all lines of the complex that pass through p we obtain a one-parameter family of
lines which form a cone with vertex at p. A complex is said to be quadratic if it is specified by
a single quadratic equation in the Pliicker coordinates or, equivalently, if the above cones are
quadratic for all p. This family of cones supplies P? with a conformal structure which can be
represented in the form (2) in any system of affine coordinates. Since large part of this paper is
based on explicit calculations with quadratic complexes, we will need the coordinate version of
the above construction.

Recall that the Pliicker coordinates of a line in P? through the points p = (p' : p? : p? : p?)
and q = (¢ : ¢* : ¢ : ¢*) are defined as p” = p'¢? — p/q’. They satisfy the quadratic Pliicker
relation, Q = p?3p!4 + p?1p?* + p'2p3* = 0, which defines a four-dimensional quadric in P°. A
quadratic line complex is specified by an additional homogeneous quadratic relation among the
Pliicker coordinates,

Q") = 0.

From algebro-geometric point of view, a quadratic line complex is a complete intersection of two
quadrics in P5. Projective classification of quadratic complexes in P? is therefore equivalent to
the theory of normal forms of pencils of 6 X 6 symmetric matrices corresponding to the equation
of the complex and the Pliicker quadric, respectively. The associated conformal structure, also
known as the Monge equation of the line complex ([22], p. 328), can be obtained by taking q
‘infinitesimally close’ to p, setting ¢° = p’ + dp’ and passing to a system of affine coordinates,
say p* = 1, dp* = 0. Expressions for the Pliicker coordinates take the form p* = dp’, p¥ =
pldp’ — pidpt, i,j =1,2,3, and the equation of the complex takes the so-called Monge form,

Q(dp', p'dp! — p/dp") = fi;(p)dp'dp’ = 0.



This provides the required conformal structure (2), and the associated equation (1). Note
that the coefficients f;; will automatically be quadratic in p. We prove that this geometric
construction gives all linearly degenerate PDEs of the form (1). Recall that the singular surface
of the complex is a locus in P? where conformal structure (2) degenerates, det fij = 0. This
surface is known to be Kummer’s quartic with 16 double points, see [19], p. 762 for the modern
treatment of this topic. It can be viewed as the locus where equation (1) changes type.

Quadratic line complexes ! have been extensively investigated in the classical works by
Pliicker [44], Kummer [28], Klein [26] and many other prominent geometers of 19-20th centuries,
see also [40, 4] and references therein for more recent developments. Lie [29] studied certain
classes of PDEs associated with line complexes. These included first-order PDEs governing
surfaces which are tangential to the cones of the associated conformal structure, and second-
order PDEs for surfaces whose asymptotic tangents belong to a given line complex (as well as
surfaces conjugate to a given complex). Large part of this theory has nowadays become textbook
material [21, 22, 50, 19]. Our first main result (Theorem 1 of Sect. 2.3) gives a characterisation
of PDEs (1) associated with quadratic complexes.

Theorem 1 The following conditions are equivalent:

(a) Equation (1)/conformal structure (2) is associated with a quadratic line complex.
(b) Equation (1) is linearly degenerate.

(c) Conformal structure (2) satisfies the condition

Owtijy = P tij)s (3)

here O = Oy, ¢ = <,0k(p)alp”C is a covector, and brackets denote complete symmetrisation in
i,7,k € {1,2,3}. The above equivalence holds in any dimension > 3.

Based on the projective classification of quadratic complexes by their Segre types (we follow
Jessop [22], p. 206, which builds on the previous work by Weiler, Segre and Klein [52, 47, 27]),
we obtain a complete list of eleven normal forms of linearly degenerate PDEs (Theorem 2 of
Sect. 3). Recall that the Segre type of a quadratic complex is uniquely determined by the
Jordan normal form of the 6 x 6 matrix QQ~! where Q and € are the symmetric matrices of
the complex and the Pliicker quadric, see Sect. 3 for more details. For instance, the Segre
symbol [111111] indicates that the operator QQ~! has purely diagonal Jordan normal form, the
Segre symbol [222] indicates that Q! has three 2 x 2 Jordan blocks, etc. We will also use
the ‘refined’” Segre symbol which takes into account possible coincidences among the eigenvalues
of Q1. Thus, the symbol [(11)(11)(11)] denotes the subcase of [111111] with three pairs of
coinciding eigenvalues, the symbol [(111)(111)] denotes the subcase with two triples of coinciding
eigenvalues, etc. Segre symbols are the key projective invariants of quadratic complexes. Note
that complexes with the same Segre symbol do not need to be projectively equivalent: they may
have additional continuous moduli (eigenvalues of QQ~1).

The most generic linearly degenerate PDE corresponds to the Segre symbol [111111]:

2 2 2 2 2 2
(al + A2Ug, + a3uzg)u$1$1 + (a2 + arug, + a3um1)u£l?212 + (a3 + aiug, + a2u:c1)u13363+

2(()‘“:1:3 — A3Ugy Uy ) Uy g + 2(BUzy — a2ux1ucﬁ3)“xlxs + 2(yug, — al“xzuxs)uxzws =0,

here a;, o, 8,7 are constants such that a + 8 4+ v = 0. We point out that for generic values of
constants this PDE is not integrable. The particular choice « = 8 =~v =0, a1 = a2 = ag =1,
leads to the (nonintegrable) equation for minimal hypersurfaces in the Euclidean space E*,

(1+ul, + Ul uaya, + (14Ul + Ua Vagay + (14 U5, + U3, igszy+

'This terminology is due to the classical sources such as [22], as well as modern textbooks [5, 9]. The term
‘quadratic complex’ is also adopted in most of the recent journal publications on the subject; note that [19] use
‘quadric complex’.



—2Up Uy Uz o — 22Uz Uz Uy s — 2Ugy Upa Ugozs = 0,

while the choice a; = ag = az = 0 results in the (integrable) nonlinear wave equation,
QU3 Uy 2o + Buxguxlxg + YUz Ungrs = 0,

a+ B 4+ v = 0, which appeared in the context of Veronese webs in 3D [53], as well as in the
theory of Einstein-Weyl geometries of hyper-CR type [12].

Theorem 3 of Sect. 3 gives a complete list of complexes with the flat conformal structure (2)
(characterised by the vanishing of the Cotton tensor, which is responsible for conformal flatness
in three dimensions): this result can be viewed as our contribution to the classical theory of
quadratic complexes in P3.

Theorem 3 A quadratic complex defines flat conformal structure if and only if its Segre symbol
is one of the following:

[, (i), (A,

(AN (12)], [(11)(22)], [(114)], [(123)], [(222)], [(24)], [(33)]-

Here the asterisk denotes a particular subcase of [111(111)] where the matriz QQ~! has eigen-
values (1,¢,€2,0,0,0), €3 = 1.

Theorem 4 of Sect. 3 gives a complete list of normal forms of linearly degenerate integrable
equations of the form (1). In general, the integrability aspects of quasilinear wave equations
(1) (not necessarily linearly degenerate) were investigated in [7], based on the method of hy-
drodynamic reductions [14]. It was shown that the moduli space of integrable equations is
20-dimensional. The recent result of [15], stating that the integrability of a PDE of the form (1)
is equivalent to the Einstein-Weyl property of the symbol of its formal linearisation, provides
an efficient geometric test of integrability. It was demonstrated in [41] that the coefficients of
‘generic’ integrable equations (1) can be parametrised by generalized hypergeometric functions.
For linearly degenerate PDEs, the integrability is also equivalent to the existence of a linear
scalar Lax pair of the form

T/J:vg = f(uarl s Uz, Uy, A)%—l, 1/}:53 = g(“m y Uy Ugs )‘)1/}:517

where A is an auxiliary spectral parameter, so that (1) follows from the compatibility condition
Vpyzs = Yzgzy- 1t was pointed out in [7] that flatness of the conformal structure (2) is the
necessary condition for integrability (this simplifies the classification of integrable equations,
indeed, the corresponding complexes must be contained in the list of Theorem 3). The main
result reads as follows:

Theorem 4 A quadratic complex corresponds to an integrable PDE if and only if its Segre
symbol is one of the following:

[(ADAHAD], [AN)(A12)], [(11)(22)], [(123)], [(222)], [(33)]-

Modulo equivalence transformations (which are allowed to be complex-valued) this leads to a
complete list of normal forms of linearly degenerate integrable PDFEs:
Segre symbol [(11)(11)(11)]

QUgy Uy 2y + BlUay Uz 2y + Vllo) Uzgzy =0, a4+ S+ =0,
Segre symbol [(11)(112)]

uaclzm + uxluxgl‘g, - ua)gu.rlacg - 07



Segre symbol [(11)(22)]

Ugy g + UgyUp g — Uz Uzozs = 0,

Segre symbol [(123)]

Ugoxo + lexg + nguxga:;g - uxguxgxg) = 0)

Segre symbol [(222)]

Ugyz; T Uzozs + Ugzrs = 07

Segre symbol [(33)]

Uz g + Uy Ugozy — UgoUgyze = 0.

In different contexts, the canonical forms of Theorem 4 have appeared in [53, 43, 35, 1, 11,
41, 34, 42, 38]. In particular, the same normal forms appeared in [41] in the alternative ap-
proach to linear degeneracy based on the requirement of ‘non-singular’ structure of generalised
Gibbons-Tsarev systems which govern hydrodynamic reductions of PDEs in question. It was
demonstrated recently in [43] that all (nonlinear) equations from Theorem 4 are members of the
same integrable hierarchy.

Section 4 contains remarks about the Cauchy problem for linearly degenerate PDEs. We
observe that for some linearly degenerate PDEs (1), the coefficients f;; can be represented in
the form f;; = n;; + ¢;; where 1 is a constant-coefficient matrix with diagonal entries 1, —1, —1,
while ¢;; vanish at the ‘origin’ u;, = ugz, = uz; = 0. PDEs of this type can be viewed as
nonlinear perturbations of the linear wave equation. Under the so-called ‘null conditions’ of
Klainerman and Alinhac, the papers [25, 8, 23, 3] establish global existence of smooth solutions
with small initial data for multi-dimensional nonlinear wave equations. It remains to point out
that both null conditions are automatically satisfied for linearly degenerate PDEs: they follow
from condition (12) satisfied in the vicinity of the origin. Our numerical simulations clearly
demonstrate that solutions with small initial data do not break down, and behave essentially
like solutions to the linear wave equation.

2 Linearly degenerate PDEs

In this section we discuss the concept of linear degeneracy for multidimensional second-order
PDEs. After recalling the definition of linear degeneracy for first-order quasilinear systems (Sect.
2.1), we extend it to second-order quasilinear PDEs in 2D (Sect. 2.2). In higher dimensions, the
property of linear degeneracy is defined by the requirement of linear degeneracy of all travelling
wave reductions of a given PDE to two dimensions. This leads to the constraint (12) which
characterises conformal structures coming from quadratic line complexes (Theorem 1 of Sect.
2.3).

2.1 Linearly degenerate first-order quasilinear systems

Let us consider a quasilinear system

vi+ A(V)vy =0,
where v = (vl ...,v") is the vector of dependent variables, A is an n x n matrix, and ¢,z are
independent variables. Recall that A is said to be linearly degenerate if its eigenvalues, assumed
real and distinct, are constant in the direction of the corresponding eigenvectors. Explicitly,
L,i\" = 0, no summation, where L, is Lie derivative of the eigenvalue A\’ in the direction of
the corresponding eigenvector . Linearly degenerate systems are quite exceptional from the
point of view of solvability of the initial value problem, and have been thoroughly investigated



in literature, see e.g. [45, 46, 31, 48]. There exists a simple invariant criterion of linear degen-
eracy which does not appeal to eigenvalues/eigenvectors. Let us introduce the characteristic
polynomial of A,

detZE — A(v)) = A"+ fi(V)A" L4 fo (W)X 2+ A+ fu(v).
The condition of linear degeneracy can be represented in the form [13],
Vi A" 4V AV 24 +Vf, =0,

where V is the gradient, Vf = (%, A gJ—J;), and A* denotes k-th power of the matrix A. In
the 2 x 2 case this condition simplifies to

V(trA) A= V(detA). (4)

2.2 Linearly degenerate second-order PDEs in 2D

Here we consider second-order equations of the form

fll(uta Uz)utt + 2f12(ut7 um)utx + f22(ut7 Um)uxaz =0. (5)

1

Setting u; = p', u, = p*> we obtain the equivalent first-order quasilinear representation,

=02, fu®h,pH)pt + 2f12(ph, P2k + faa(pt, p?)p2 = 0. (6)

We will call PDE (5) linearly degenerate if this is the case for the corresponding quasilinear
system (6). With v = (p!, p?), the constraint (4) leads to the conditions of linear degeneracy in

the form F f ! f
12 1) J12 S22\
201 (fll) + 0y (ln f22> =0, 20, (f22> + 01 (111 fll) =0, (7)

O = Opk. In equivalent form, these conditions appeared in [36], where they were solved implicitly
leading to the following result (see also [20, 37, 39] for related work):

Proposition 1. A generic linearly degenerate PDE of the form (5) can be represented in the
form
g — (U + W)Uty + vWlgy =0 (8)

where the coefficients v(ug, ug) and w(ug, ug) are defined by the implicit relations
f) =vue —w,  g(w) = wuy — uy, (9)

here f,g are two arbitrary functions. Furthermore, by virtue of (8), coefficients v(us, uy) and
w(ug, uy) satisfy the equations
V= WU, W = VW, (10)

Formulae (9) establish a Bécklund transformation between the second-order PDE (8) and the
linearly degenerate system (10).

Proof:

Setting in (7) fi1 =1, fia = —(v+ w)/2, foo = vw, one obtains a pair of uncoupled Hopf
equations for v and w: dv + vo1v = 0, Jow + wdiw = 0. Their implicit solution leads to the
formula (9). Finally, differentiating (9) by ¢t and x one arrives at (10). Notice that relations (9)
can be rewritten in the form

wi) ~vgw) ()~ g(w)

Ut = ) T — )
v —w v —w



where the consistency condition,

(f(v)—g(w)> _ <wf(v)—vg(w)> ’

v —w v—w

constitutes the general conservation law of the linearly degenerate system (10). Thus, (8) can be
interpreted as the equation for the corresponding potential variable u, so that any two equations
of the form (8) are equivalent to each other. This finishes the proof.

Proposition 2. A PDE of the form (5) is linearly degenerate if and only if the null curves of
the corresponding conformal structure fi1(p', p?)(dp')? + 2f12(p, p?)dp*dp? + faz(p', p?)(dp?)?
are straight lines (in projective space P? with affine coordinates p',p?).

Proof:
Setting f11 =1, fio = —(v+w)/2, faa = vw (see the proof of Proposition 1), we can rewrite
the conformal structure in factorized form,

(dp" — vdp®)(dp' — wdp?).

Thus, the null curves are defined by the equations dp' —vdp? = 0 and dp' —wdp? = 0, respectively.
It remains to note that the equations dyv + vdiv = 0, dw + wdhw = 0 are equivalent to the
condition that these curves are straight lines: indeed, they can be written as dv A (dp* —vdp?) =
0, dw A (dp' —wdp?) = 0. This finishes the proof.

Example. For f(v) = V1 -2, g(w) = V1 —w?, relations (9) reduce to one and the same
quadratic equation for v and w. Taking two different roots of this equation results in the so-called
Born-Infeld equation,

(1+ u?t)utt — 22Uy Upy + (u? — Dug, =0,

which is the Euler-Lagrange equation for the area functional [+/1+u2 —u? dzdt governing
minimal surfaces in Minkowski space.

Remark. Conditions (7) can be represented in tensorial form
8(kfij) = Sp(kfij)v

here ¢ = ¢pdp* is a covector, and brackets denote complete symmetrization in the indices
i,7,k € {1,2}. Explicitly, this gives

O fir = @1fi1,  O2f22 = @2 fao,
(11)
O f11 + 201 f12 = w2 fi1 + 21 f12,  O1f22 + 202 f12 = 1 fo2 + 22 f12,

and the elimination of ¢y, @2 from the first two relations results in (7).

2.3 Linearly degenerate second-order PDEs in 3D and quadratic line com-
plexes

A three-dimensional PDE of the form (1) is said to be linearly degenerate if all its traveling wave
reductions to two dimensions are linearly degenerate in the sense of Sect. 2.2. More precisely,
setting u(zy, o, x3) = v(§,n) + ¢ where &,1,( are arbitrary linear forms in the variables x;,
we obtain a two-dimensional equation of the form (5) for v(§,n). The requirement of linear
degeneracy of all such reductions imposes strong constraints on the coefficients f;;:



Theorem 1 The following conditions are equivalent:

(a) Equation (1)/conformal structure (2) is associated with a quadratic line complex.
(b) Equation (1) is linearly degenerate.

(c) Conformal structure (2) satisfies the condition

O fij) = Pk tij)s (12)

here O = Opk, ¢ = or(p)dp”® is a covector, and brackets denote complete symmetrisation in
i,7,k € {1,2,3}. The above equivalence holds in any dimension > 3.

Proof:

The equivalence of (b) and (c) can be seen as follows. Let us seek traveling wave reductions
in the form u(zy, z2,x3) = v(&,n) + ax1 + Pra + yrs where { = x1 + \x3, n = z2 + pzrs, and
a, 3,7, A\, i are arbitrary constants. We have

U, = Vg +Q, Uy = Uy + B, Ugy = AVg + pv, + 7,
as well as

Uzizy = Veg, Ummy = Vo) Uzgmy = Unpy
Uz z3 = AUEE + (en,  Uzyzg = )\Ugn + Wnp, Upgzs = )\21155 + 2)\;11157] + ,u2vm],

The reduced equation (1) takes the form
avee + 2bvey, + cvyy,y = 0,
where
a= fi1+2X\ 13+ AN fa3, b= fio+ Aoz + pfis + Mufsz, ¢ = foo + 2pfos + 4 fa3,

we point out that the coefficients a, b, c are now viewed as functions of v¢ and v,). For the reduced
equation, conditions of linear degeneracy (11) take the form

Opea = p1a, Oy, c=pac, Oy a+20,b= paa+2p1b, Oy.c+ 20,,b= pic+ 2p2b.
Let us take the first condition, 8U§a = p1a. The calculation of 8U€a gives

Ouga = O1f11 + A3 f11 + 2X\(91f13 + ADs f13) + A* (01 f33 + ADs f33),

which is polynomial in A of degree three. We point out that, due to the presence of arbitrary
constants «, 3,7 in the expressions for ugz,, uy,, uy,, the coefficients of this polynomial can be
viewed as independent of A, u. Thus, 1 must be linear in A, so that we can set ¢1 — ©1 + A3
(keeping the same notation ¢; for the first term). Ultimately, the relation dy.a = ¢1a takes the
form

O1f11 + AO3f11 + 201 f13 + AD3f13) + A2(O1 f33 + AD3f33) =

(01 + Ap3)(f11 + 2X f13 + A2 f33).

Equating terms at different powers of A we obtain four relations,

O fi1 = e1fi1, 03f33 = @3f33,

O3 f11 + 201 f13 = w3 f11 + 201 f13,  O1f33 + 203 f13 = 133 + 203 f13.



Similar analysis of the three remaining conditions of linear degeneracy of the reduced equation
(where one should set o — @a+ pps) leads to the full set (12) of conditions of linear degeneracy
in 3D:

Ofin =¢1fin, Oafor = pafor, O3f33 = p3fss,

02 f11 + 201 fi2 = w2 f11 + 201 f12, O1f22 + 202 f12 = 1 fo2 + 202 f12,

O3f11 + 201 f13 = p3f11 + 2p01f13, O1f33 + 203 f13 = ¢1f33 + 203 f13,

02 f33 + 205 f23 = pafaz + 203 f23, O3f22 + 202 fa3 = @3 faz2 + 22 fos,
O1fa3 + 0213 + O3 f12 = @1 f23 + Y2 [13 + @3 [12.

On elimination of ¢’s, these conditions give rise to seven first-order differential constraints for
fij-

The equivalence of (a) and (c) follows from [2, 49]. Indeed, (12) means that the conformal
structure possesses a quadratic complex of null lines. This can be most easily seen as follows.
Take a projective space P? with the conformal structure corresponding to a linearly degenerate
PDE (1). A traveling wave reduction of (1) corresponds to a plane, P? C P23 with induced
conformal structure. Since the reduced PDE is linearly degenerate, each P? will carry two
one-parameter families of null lines (Proposition 2 of Sect. 2.2), which will automatically be
null lines of the ambient conformal structure in P2, Varying a traveling wave reduction (which
corresponds to varying P? C P3), we will get a three-parameter family of null lines of the ambient
conformal structure. Thus, we obtain a quadratic complex of null lines. This finishes the proof
of Theorem 1.

The general solution of conditions of linear degeneracy (12) can be obtained as follows. In
IP3, the Pliicker coordinates of a line through the points p = (p' : p? : p? : p*) and q = (¢* : ¢*:
@ q4) are six 2 x 2 minors of the matrix

( pt p* p* Pt )

& @ ¢ )

explicitly, p¥ = p'¢? — p’q*. These coordinates are known to satisfy the quadratic Pliicker
relation, Q = pZp!* + p3lp?* + p2p3% = 0. A quadratic complex is a three-parameter family

of lines in P3 specified by an additional homogeneous quadratic relation among the Pliicker
coordinates,
Q(pY) = 0.
Fixing a point p in P? and taking the lines of the complex which pass through p one obtains
a quadratic cone with vertex at p. The family of these cones supplies P? with a conformal
structure. Its equation can be obtained by setting ¢ = p’ 4+ dp’ and passing to a system of affine
coordinates, say, p* = 1, dp* = 0. The expressions for the Pliicker coordinates take the form
pY = dp', p¥ = pidp? — pidp’, i,5 = 1,2,3, and the equation of the complex takes the so-called
Monge form,
Q(dp*, p'dp’ —p’dp') = fi;(p)dp'dp’ = 0.

This provides the required conformal structure, which we always assume to be non-degenerate
(that is, det f;; is not identically zero). Since a homogeneous quadratic form @ in six variables
depends, modulo a constant factor and a multiple of €2, on 19 arbitrary parameters, we obtain
the 19-parameter generic solution of relations (12), that is, the 19-parameter family of linearly
degenerate PDEs (1). The singular surface of the complex is a locus in P? where the conformal
structure degenerates, det f;; = 0. This is known to be a quartic with 16 ordinary double points
(Kummer’s quartic). It can be viewed as the locus where PDE (1) changes its type.



Example 1. The so-called tetrahedral complex, see [22], Chapter VII, is defined by the equation
O = bi1p ' p? + bop™2p® + byp™p'? = 0.
Its Monge form is
bidp' (p*dp” — p*dp?) + badp® (p*dp' — p'dp®) + b3dp® (p'dp? — p*dp') = 0,

or, equivalently,

(b3 — ba)p*dp?dp® + (b1 — b3)p*dp'dp® + (by — by)p*dp'dp? = 0.
It corresponds to the ‘nonlinear wave equation’,

(b3 = b2) Uy Uy + (b1 — b3) Uy Uz g + (D2 — b1)Ugy Uiy = 0,

which probably first appeared in [53] in the context of Veronese webs in 3D. The associated
Kummer surface degenerates into four planes: p' = 0, p?> = 0, p> = 0, plus the plane at
infinity. The lines forming tetrahedral complex are characterised by the property that their four
points of intersection with the above planes have constant cross-ratio (determined by by, by, b3).
Introducing the 1-form

w=(A—ba) (A= b3)ug, dat + (A = b1) (A — b3)ug,dz® + (A — by) (X — bp)ug,da,

which depends quadratically on the auxiliary ‘spectral parameter’ A\, one can verify that the
above PDE is equivalent to the condition dw A w = 0. Thus, the foliation w = 0 is integrable for
any value of A, and defines the structure known as a three-dimensional Veronese web.

Example 2. The so-called special complex, see [22], Chapter VII, is defined by the equation
Q=)+ @)+ (»*) - (")’ - 0*)?* - () =0.
Its Monge form is
(p'dp® — p*dp')* + (p'dp® — p*dp')* + (Pdp® — p*dp®)? — (dp")? — (dp*)? — (dp*)* = 0,
or, equivalently,
(P?* +p** = dp™ + (p* +p** — 1)dp* + (p* +p** — 1)dp™*
—oplp2dpldp? — 2p'p3dptdp® — 2p2p3dp2dp® = 0.
It corresponds to the equation

2 2 2 2 2 2
(UIQ + uzg - 1)uil'LTl + (uxl + uxg - 1)u$2332 + (ux1 + U’CCQ - 1)u$3$3
*2u11ux2ux1x2 - 2uxlux3uac113 - 2uxguaz3u1213 = 07

which comes from the Lagrangian [ \/u2 + u2, +u2, — 1 dx governing minimal hypersurfaces
x4 = u(z1, 72, r3) in Minkowski space with the metric —dz? — dz3 — dx3 + dz2. The associated
Kummer surface is the double sphere pl2 + p22 + p32 = 1. The external part of the sphere
is the domain of hyperbolicity of our equation: quadratic cones of the complex are tangential
to the sphere. We point out that the equation for minimal hypersurfaces is not integrable in
dimensions higher than two.
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3 Normal forms of quadratic line complexes and linearly degen-
erate PDEs

In this section we utilise the projective classification of quadratic line complexes following [22].
Complexes are characterised by the so-called Segre symbols which govern normal forms of pairs
of the associated quadratic forms. To be more precise, let 2 and @ be the 6 x 6 symmetric
matrices of quadratic forms specifying the Pliicker quadric and the complex. Then, for instance,
the Segre symbol [111111] means that the operator Q2! has purely diagonal Jordan normal
form, the Segre symbol [222] means that the operator QQ~! has three 2 x 2 Jordan blocks, etc.
Since @ is defined up to transformations of the form Q — aQ+ 52, we can always assume Q2!
to be traceless. The associated conformal structures and the corresponding linearly degenerate
PDEs result from the equation of the complex upon setting p? = pidp! — pidp?, p* =1, dp* =
0, as explained in Sect. 2.3 (in some cases it will be more convenient to use different affine
projections, say, p' = 1, dp' = 0: this will be indicated explicitly where appropriate). Here
is the summary of our results. Theorem 2 gives a complete list of normal forms of linearly
degenerate PDEs based on the classification of quadratic complexes (for simplicity, we use the
notation ugz, = u;, Ugm; = Uij, etc). Theorem 3 provides a classification of complexes with
the flat conformal structure f;;dp'dp’, and Theorem 4 characterises complexes corresponding
to integrable PDEs. Theorems 2—4 will be proved simultaneously by going through the list of
normal forms of quadratic complexes.

Theorem 2 Any linearly degenerate PDE of the form (1) can be brought by an equivalence
transformation to one of the eleven canonical forms, labelled by Segre symbols of the associated
quadratic complexes.

Case 1: Segre symbol [111111]
(a1 -+ QQU§ -+ a3u§)u11 + (ag -+ alu?; + CL3U%)U22 + (a3 + alug + azu%)U33+

2(0[’&3 — (Z3U1U2)U12 =+ 2(51@ — CL2U1U3)U13 + 2(’}/U1 — CL1U2U3)U23 = O,
a+B+v=0.
Case 2: Segre symbol [11112]

(Auj + pu3 + Dugy + (Aui + puge + (puf + Nuss+

Q(QU3 — >\u1u2)U12 + 2(ﬁu2 — ,uulu;z,)ulg + 2vujuesg = 0,
a+pB+v=0.
Case 3: Segre symbol [1113]

(Au3 + pud + 2uz)uyy + (Mu? + puge + (pu? + Nuss+

2(/LU3 — Aujug — 1)U12 + 2(/BU2 — puiug — ul)ulg + 2vuques = 0,
p+pB+v=0.
Case 4: Segre symbol [1122]

()\u% + 1)U11 + ()\u% + 4)U22 + Augs + Q(au;z, — )\ul’LLQ)UlQ + QﬁUQulg + 2vujues = 0,

a+pB+v=0.
Case 5: Segre symbol [114]

w1l + ()\ug + 4)’LL22 + (/\u% — 271,1)U33 + 2augui + Q(U3 — OéUQ)’Lng — 2 ugugugg = 0.
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Case 6: Segre symbol [123]

Auql + (Au% + 4)U22 + [)\u% + 2U2]U33 + 2auzuis + 2(1 — )\Ug)ulg + 2(’7’111 — )\UQU3 — U3)’LL23 = 0,

a—A+v=0.
Case T: Segre symbol [222]
Subcase 1:
u11 + ug2 + u3z + 20cuzuie + 2Buzu3 + 2yuiugz = 0,
Subcase 2:

(ug+u3)ury+(ud +ud ) usg+(ui+ud)ugs+2(aus—uiug )uia+2( Bug—ui uz )urz+2(yus —ugus)ugg = 0,

a+B+v=0.
Case 8: Segre symbol [15]

Auil + ()xug —2u3)uge + (/\u% —4uy )uss +2(Aug + )uiz +2(2us — Aug)uis + 2(ug — AMugug)ugg = 0.

Case 9: Segre symbol [24]
Subcase 1:
U1 + Ugg — 2uiuss + 2Auguie + Q(U3 — )\’u,z)ulg =0.

Subcase 2:
u%’UQQ + (1 + ug)U33 + 2u19 + 2Ausu13 — 2()\U1 -+ UQU3)’IL23 =0.

Case 10: Segre symbol [33]

)\U11—|—()\ug—2u3)UQ2+()\u%—ZUQ)U33—|—2()\U3+1)U12+2()\UQ—|—1)’LL13—2(2)\U1 +>\U2U3—U2—u3)u23 =0.

Case 11: Segre symbol [6]
Subcase 1:
2uzul + ug2 + 2uguszz — 2ujurz — 2ugugz = 0.

Subcase 2:
(u% — 2UQ)U11 — 2ugu9g + u%u;gg + 2uiu1o — 2uiuzus + 2ususy = 0.

Calculating the Cotton tensor (whose vanishing is responsible for conformal flatness in three
dimensions) we obtain a complete list of quadratic complexes with the flat conformal structure.
Recall that the flatness of fijdpidpj is a necessary condition for integrability of the corresponding
PDE [7]. We observe that the requirement of conformal flatness imposes further constraints
on the parameters appearing in cases 1-11 of Theorem 2, which are characterised by certain
coincidences among eigenvalues of the corresponding Jordan normal forms of Q2~! (some Segre
types do not possess conformally flat specialisations at all). In what follows we label conformally
flat subcases by their ‘refined’ Segre symbols, e.g., the symbol [(11)(11)(11)] denotes the subcase
of [111111] with three pairs of coinciding eigenvalues, the symbol [(111)(111)] denotes the subcase
with two triples of coinciding eigenvalues, etc, see [22]. Although the subject is classical, the
following result is new:

Theorem 3 A quadratic complex defines flat conformal structure if and only if its Segre symbol
is one of the following:

[y, [yl (A,
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[(AD)(A12)], [(11)(22)], [(114)], [(123)], [(222)], [(24)], [(33)]:

Here the asterisk denotes a particular subcase of [111(111)] where the matriz QQ ™' has eigen-
values (1,¢,€2,0,0,0), € = 1. Modulo equivalence transformations this gives the following list
of mormal forms of the associated PDEs:

Segre symbol [111(111)]*
(1 = 2ugug)uir + (1 — 2ugus)uge + 2(u1 — uz)uss+
2(1 + uyus + ugug)uie + 2(ugug — us — u%)ulg + 2(ujug + uz — u%)qu =0,
Segre symbol [(111)(111)]

(u% + ug — 1)U11 + (u% + ’U% — 1)UQ2 + (’LL% + u% — 1)’LL33 — 2uiuouie — 2uiusul3 — 2ugusgugy = 0,

Segre symbol [(11)(11)(11)]

auzuiz + Buguiz + yuiugz =0, a+ B+ =0,

Segre symbol [(11)(112)]
u11 + urugy — uguyz = 0,

Segre symbol [(11)(22)]
w12 + ugu13 — urugg = 0,

Segre symbol [(114)]
u22 + urugz — uguiz = 0,

Segre symbol [(123)]
U2 + U1z + uguzz — uzugz = 0,

Segre symbol [(222)]
w11 + uge + ugs =0,

Segre symbol [(24)]
uzugy + (1 + u3)uss + 2u1z — 2ugugugy = 0,

Segre symbol [(33)]
u13 + Uy — usuig = 0.

Since conformal flatness is the necessary condition for integrability, a complete list of linearly
degenerate integrable PDEs can be obtained by going through the list of Theorem 3 and either
calculating the integrability conditions as derived in [7], or verifying the existence of a Lax pair.
Another possibility is to utilise the recent result of [15] according to which the integrability
of a second order quasilinear PDE is equivalent to the Einstein-Weyl property of the symbol
of its formal linearisation. A direct computation shows that the requirement of integrability
eliminates Segre types [111(111)]*, [(111)(111)], [(114)], [(24)], leading to the following result:
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Theorem 4 A linearly degenerate PDE is integrable if and only if the corresponding complex
has one of the following Segre types:

[(ADAD A, [()A12)], [(11)(22)], [(123)], [(222)], [(33)].

Modulo equivalence transformations, this leads to the five canonical forms of linearly degenerate
integrable PDEs (we exclude the linearisable case with Segre symbol [(222)]). For each integrable
equation we present its Laz pair in the form [X,Y] = 0 where X andY are parameter-dependent
vector fields which commute modulo the corresponding equation:

Segre symbol [(11)(11)(11)]
auzuiz + Buguiz + yuugz = 0,

a+ B8+~ =0. Setting« = a—b, 8 =b—c¢, v =c— a we obtain the Lax pair: X =
Ops — 32U89,1, Y = 02 — 3=220,1.

A—cui —a ui

Segre symbol [(11)(112)]

u11 + uiugg — uguiz = 0,
Lax pair: X = 0,1 — 10,3, Y = 0,2 + (N2ug — \ug)0,s

Segre symbol [(11)(22)]
u12 + ugu1z — urugy = 0,

Lax pair: X = X0y —u10,3, Y = (A — 1)0,2 — u20,3.

Segre symbol [(123)]
u22 + u13 + uguzz — uguzz = 0,

Laz pair: X = 0,2 + (A —u3)0ys, Y = 0y + (A2 — Auz + u2)0,s

Segre symbol [(33)]
u13 + ugugze — uguiz =0,

Lazx pair: X = A0, — u10,2, Y = O3 + (A — ug)0,2

Remark 1. In different contexts, the five canonical forms of Theorem 4 have appeared in
[53, 43, 35, 1, 11, 41, 34, 42, 38]. The non-equivalence of the above PDEs can also be seen by
calculating the Kummer surfaces of the corresponding line complexes. In all cases the Kummer
surfaces degenerate into a collection of planes:

— case 1: four planes in general position, one of them at infinity.

— case 2: two double planes, one of them at infinity.

— case 3: three planes, one of them double, with the double plane at infinity.

— case 4: one quadruple plane at infinity.

— case b: two planes, one of them triple, with the triple plane at infinity.

Remark 2. Although all equations from Theorem 3 are not related via the equivalence group
SL(4), there may exist more complicated Backlund-type links between them. Thus, let «, 3,
and &, 3,7 be two triplets of numbers such that a + 8+~ = 0 and & + 5 + 5=0. Consider the
system of two first order relations for the functions u and v,

ayviug — yavguy =0,  afusus — favsus = 0.

Eliminating v (that is, solving the above relations for v; and ve and imposing the compatibility
condition v12 = wv91), we obtain the second order equation ausuis + BUQU}:} + yujugg = 0.
Similarly, eliminating v we obtain the analogous equation for v, Gusvis + Buvovig + Jviveg =
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0. This construction first appeared in [53] in the context of Veronese webs in 3D. It shows
that any two integrable equations of the Segre type [(11)(11)(11)] are related by a Béacklund
transformation. Similarly, the relations

(/\ — 1)1}2 — U3 = 0, )\’Ul — U1V3 = 0

provide a Backlund transformation between the equation for w, w12 + usu13 — uquez = 0, and the
equation for v, vzvia + (A — 1)vav1g — Avives = 0, thus establishing the equivalence of integrable
equations of the types [(11)(22)] and [(11)(11)(11)].

Proof of Theorems 2—4:

We follow the classification of quadratic complexes as presented in [22], p. 206-232. This
constitutes eleven canonical forms which are analysed case-by-case below. In each case we
calculate the conditions of vanishing of the Cotton tensor (responsible for conformal flatness in
three dimensions), as well as the integrability conditions as derived in [7], see also [15] for their
geometric reformulation. Recall that conformal flatness is a necessary condition for integrability:
this requirement already leads to a compact list of conformally flat subcases which can be checked
for integrability by calculating the Lax pair. Our results are summarised as follows.

Case 1 (generic): Segre symbol [111111]. The equation of the complex is

A2+ = X2 (p" =)+ A3(p"? + ") % = Aa(p"? — ")+ X5 (0" +9)? — X6 (0" —p*)? = 0,
here ); are the eigenvalues of QQ~'. Its Monge form is

lar + a2(p)* + a3 (p*)*(dp')? + [a2 + a1 (p)? + as(p")*](dp*)? + [as + a1 (p°)* + a2(p")*)(dp®)*+

2[ap® — azp'p®|dp' dp® + 2[Bp* — asp'p®|dp'dp® + 2[yp' — a1p®p’|dp*dp® = 0,

where a] — )\5—)\6, as — )\3—)\4, a3 = )\1—)\2, o = A5+)\6—)\3—/\4, 5 = A1+)\2—)\5—/\6, Y=
A3 + Ay — A1 — Ao, notice that o+ 8 4+« = 0. The corresponding PDE takes the form

(a1 + agu3 + azud)uiy + (ag + aju3 + azu?)ugs + (a3 + aju3 + asu?)usz+

2(CVU3 — CL3U1U,2)U12 + 2(5%2 — (J,QU1U3)U13 + 2(’yu1 — a1UQU3)UQ3 = O,

which is the 1st case of Theorem 2. The analysis of integrability /conformal flatness leads to the
four subcases, depending on how many a’s equal zero.

Subcase 1. a3 = ag = az = 0. This subcase, which corresponds to the so-called tetrahedral
complex, is integrable and conformally flat, leading to the nonlinear wave equation [53],

ausuiz + Pusuiz + yuius = 0.

The Kummer surface of this complex consists of four planes in P3 in general position. The
lines of the complex intersect these planes at four points with constant cross-ratio (depending
on a,3,7). The corresponding affinor Q! has three pairs of coinciding eigenvalues. The
notation for such complexes is [(11)(11)(11)], see Example 1 of Sect. 2.3.

Subcase 2: a1 = as = 0. This subcase possesses no nondegenerate integrable specialisations.
The conditions of conformal flatness imply o« = —28, ag = 5. For any choice of the sign
the corresponding affinor QQ~! has two triples of coinciding eigenvalues. Complexes of this
type are denoted [(111)(111)], and are known as ‘special’: they consist of tangent lines to a
nondegenerate quadric surface in P3. Particular example of this type is the PDE for minimal
surfaces in Minkowski space, see Example 2 in Sect. 2.3.
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Subcase 8 a1 = 0. The further analysis splits into two essentially different branches. The
first branch corresponds to v = 0, as = +as, in this case we have both conformal flatness and
integrability. The corresponding complexes are the same as in subcase 1, with Segre symbols
[(11)(11)(11)]. The second branch corresponds to 8 = «, a2 = +a, a% +3a? = 0 or 8 =
@, a3 = *a, a3 + 3a® = 0. All these subcases are conformally flat, but not integrable. They
are projectively equivalent to each other, with the same Segre symbol [111(111)]* where the
asterisk indicates that the eigenvalues of the (traceless) operator QQ~! are proportional to
(1,¢,€2,0,0,0), here € is a cubic root of unity, €2 = 1. There exists an equivalent real normal
form of complexes of this type, the simplest one we found is

(% + P2 4 2(p'2 + Y (% + p*h) = 0.
The corresponding Monge form is
[1—2p°p%)(dp")? + [1 — 2p"p°|(dp®)* + 2(p" — p*)(dp®)*+
21+ p'p’ +p*p’ldptdp® + 2p'p? — p — (p)?]dp'dp’ + 2[p"p? + p® — (p")*|dp*dp® = 0,
with the associated PDE
(1 — 2ugug)uir + (1 — 2ugus)uge + 2(u1 — ug)uss+

2(1 + ujus + ung)ulg + Q(U1UQ — Uz — u%)ulg + 2(U1U2 + uz — u%)qu = 0,

which is not integrable, although the corresponding conformal structure is flat. The associated
Kummer surface is a double quadric, 2p3 + (p')? — (p?)2. This is the first case of Theorem 3.

Subcase 4: all a’s are nonzero. Here we have three essentially different branches which, however,
give no new examples. Thus, the first branch corresponds to a; = €17, as = €25, a3 = €3, €; =
41, in all these cases we have both conformal flatness and integrability. The corresponding
complexes are the same as in subcase 1, with Segre symbols [(11)(11)(11)]. The second branch
isa=p0=v=0, as = esa1, az = €3a1, ¢; = 1. This coincides with subcase 2, with Segre

2 2

symbol [(111)(111)]. The third branch is a1 = €175, a2 = ezﬁ—a, asz = 63%, €; = =1, where

a,B,7 € {1,¢,€?} are three distinct cubic roots of unity. This is the same as subcase 3, with
Segre symbol [111(111)]*.

Case 2: Segre symbol [11112]. The equation of the complex is
A (P2 + P32 = A0 — pPH2 4 A3(03 + p12)% — Ag(p™® — p#2)2 + Arspl4p? + (p14)2 = 0.
Its Monge form is
AP*)? + n(0*)? + 1(dp")* + A" + pl(dp?)? + [u(p')® + N](dp®)*+

2[ap® — \p'p?ldptdp® + 2[Bp* — up'p?ldp*dp® + 2yp'dp*dp® = 0,

where A=A\ — Ao, u=A3— Ay, a=—=A3— A1 +2X5, =X + A2 —2X5, v = —a — 3, so that
the corresponding PDE is

(Auj + pud + Dugy + (Auf + puge + (puf + Nuss+

2(aus — Augug)uie + 2(Bug — puius)uis + 2yuiugg = 0.

This is the 2nd case of Theorem 2. We verified that in this case conditions of integrability are
equivalent to conformal flatness, leading to the following subcases.
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Subcase 1: A = p =0, o = 0 (the possibility A = p =0, f = 0 is equivalent to a = 0 via the
interchange of indices 2 and 3), which simplifies to

u11 + 2B (ugu13 — uiugs) = 0.

Modulo a rescaling this gives the corresponding subcases of Theorems 3-4.
Subcase 2: = —a, A= e, p = e, €, = F1. One can show that subcase 2 is equivalent to
subcase 1: all such complexes have the same Segre type [(11)(112)].

Case 3: Segre symbol [1113]. The equation of the complex is
A2 4+ %2 = Ao (p'2 — PPN < A3(p™® — p12)2 4 \a(p"3 4 p*2)2 4 Ahap P 4 2p M (p3 4 p®2) = 0,
Its Monge form is

@) + p(p?)? + 20° (dp")? + [AP")? + u)(dp®)* + [u(p')? + N (dp®)*+

2[up® — Ap'p? —dp'dp® + 2[Bp” — pp'p® — p'ldp*dp’ + 2yp'dp*dp® = 0,

where A= A1 — Ao, = M — A3, 8= A1+ Ao —2A4, v = —pu— B, so that the corresponding PDE
is
(uj + pud + 2ug)unn + (Auf + p)uge + (puf + Augz+

2(pus — Augug — Dugg + 2(Bug — pujug — ug)urg + 2yugugs = 0.

This is the 3rd case of Theorem 2. One can show that it possesses no non-degenerate inte-
grable/conformally flat subcases.

Case 4: Segre symbol [1122]. The equation of the complex is
AP + P32 = Aa(p'2 — p34)2 4+ Agp3p®2 + Agp'ip® + (p13)2 + 4(p?)2 = 0.

Setting p¥ = p'dp’ — pldp’ and using the affine projection p? = 1, dp? = 0 we obtain the
associated Monge equation,

A(P?)?+1](dp")*+ [A\(p")* +4](dp®)* + A(dp*)* +2[ap” — Ap' p|dp' dp* +2Bp*dp' dp* +2vp' dpdp”,

where A = A\j — Ao, a =2y — 2A3, B = 2A3 — A\1 — A\g, v = —a — 3, so that the corresponding
PDE is

(/\u% + Dugy + (/\u% + 4)uge + Augg + 2(uy — Augug)uis + 2Buguiy + 2yuiugy = 0.

Relabelling independent variables gives the 4th case of Theorem 2. In this case conditions of
conformal flatness are equivalent to the integrability, leading to A = a =0,

w11 + duge + 2B (uguig — ugugg) = 0.

Modulo elementary changes of variables this gives the corresponding subcases of Theorems 3-4,
with Segre symbol [(11)(22)].

Case 5: Segre symbol [114]. The equation of the complex is
)\l(pm +p34)2 _ )\2(1912 _ p34)2 4 4)\3(;014]923 +p42p13) + 2p14p42 4 4(}713)2 =0.

Setting p¥ = p'dp’ — p/dp’ and using the affine projection p' = 1, dp' = 0 we obtain the
associated Monge equation,

A(dp?)® + [Mp")? + 4)(dp®)? + [A(p*)? — 2p°] (dp*)*+
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20ptdp’dp® + 2[p4 - apg]dpzdp4 —22p%ptdp3dp* = 0,
where A = A1 — Ao, @ = 2A3 — A1 — A9, so that the corresponding PDE is
g + (Mu? + 4)ussz + ()\u% — 2ug)ugq + 2cuguos + 2(uy — qusz)ugg — 2 ugugusg = 0.

Relabelling independent variables gives the 5th case of Theorem 2. One can show that this
equation is not integrable. The condition of conformal flatness gives A = a = 0,

duzz — 2uguaq + 2ugugg = 0.

Such complexes are denoted [(114)]. Modulo elementary changes of variables this gives the
corresponding subcase of Theorem 3.

Case 6: Segre symbol [123]. The equation of the complex is

_)\l(p12 _p34)2 +4)\2p13 42 +4( )2 +)\3( 14 23 4 (p12 +p34) )+2p14(p12 +p34) = 0.

Setting p¥ = p'dp’ — pldp’ and using the affine projection p' = 1, dp' = 0 we obtain the
associated Monge equation,

A(dp®)? + [A(p*)? + 4)(dp”)* + [A(p3)2 + 2p3](dp4)2+
20ptdp’dp® + 2[1—Mp ]ddep +2[yp —\p’p p4]dp3dp4 =0,
where A = A3 — A1, @ = 2X3 — A — A3, v = A — @, so that the corresponding PDE is
Ao + ()\uﬁ + 4)uss + ()\u?)) + 2us)ugq + 20uguzs + 2(1 — Aug)uag + 2(yug — Auguyg — ug)ugg = 0.

Relabelling independent variables gives the 6th case of Theorem 2. In this case conditions of
conformal flatness are equivalent to the integrability. One can show that both require A = a =
~ = 0, which gives

2u33 + U4 + uzUsg — uguzgs = 0.

Appropriate relabelings and rescalings give the corresponding subcases of Theorems 3-4, denoted
[(123)].

Case T: Segre symbol [222]. Here we have two (projectively dual) subcases. In subcase 1 the
equation of the complex is

2)\1])12 34+2)\2p13 42+2)\3p14 23+( )2+(p13)2+(p14)2 =0.

Setting p¥ = pidp’ — pidp’ and using the affine projection p' = 1, dp' = 0 we obtain the
associated Monge equation,

(dp®)? + (dp®)? + (dp*)? + 2ap*dp*dp® + 28p>dp*dp® + 2yp*dpPdp* = 0,
where a = Ao — A1, 8= A1 — A3, 7 = A3 — Ao, so that the corresponding PDE is
ug2 + u33 + ugq + 200uguz3 + 2Bugzugg + 2yuguzs = 0.

Setting o« = f = v = 0 we obtain the linear equation. The corresponding Segre symbol is
[(222)]. One can show that the above PDE is not integrable/conformally flat for nonzero values
of constants. This is the linearisable subcase of Theorems 3-4.

In subcase 2 the equation of the complex is

2)\1]712 34+2)\2p13 42+2)\3p14 23+( )2+(p24)2+(p34)2 =0.
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Setting p¥ = p'dp’ — pldp’ and using the affine projection p' = 1, dp' = 0 we obtain the
associated Monge equation,

(") + ) (dp®)* + ((*)* + (")*)(dp®)? + ((0°)* + (0°)*)(dp*)*+
2(ap* — p*p?)dp*dp® + 2(Bp* — p*p*)dpdp* + 2(vp® — p’p*)dpPdp* =0,
so that the corresponding PDE is
(u§+uZ)U22+(U%+U421)’LL33+(U%+U§)U44+2(OéU4—U2U3)U23+2(BU3—UQZL4)’LL24+2(’YUQ—’LL3’LL4)U34 =0.

One can show that this subcase possesses no non-degenerate integrable/conformally flat special-
isations (notice that for &« = = v = 0 this PDE becomes degenerate). Relabelling independent
variables gives the 7th case of Theorem 2.

Case 8: Segre symbol [15]. The equation of the complex is
(P2 — PPN 4 A (4pMp® 1 4pBp®2 1 (p12 4 p3)2) 1 4plipt2 1 2p13(p12 4 pPY) = 0.

Setting p¥ = p'dp’ — pldp’ and using the affine projection p' = 1, dp' = 0 we obtain the
associated Monge equation,

A(dp®)® + [Ap")? = 2p"(dp*)* + [A(p°)? — 4p*)(dp*)*+
2[\p* + 1dp*dp® + 2[2p* — A\p°ldpdp* + 2[p° — Ap’p*)dp’dp* = 0,
where A = Ay — A1, so that the corresponding PDE is
Augg + ()\ui —2uy)usz+ (/\ug —4dug)ugs +2(Aug + V) ugs +2(2ug — Aug)ugg + 2(us — Adugug)ugg = 0.

One can show that this PDE possesses no integrable/conformally flat specialisations. Relabelling
independent variables gives the 8th case of Theorem 2.

Case 9: Segre symbol [24]. Here we have two (projectively dual) subcases. In subcase 1 the
equation of the complex is

2)\1p12p34 + (p12)2 + 2)\2(]914]923 + p13p42) + 2p14p42 + (p13)2 =0.

Setting p¥ = p'dp’ — pldp’ and using the affine projection p! = 1, dp' = 0 we obtain the
associated Monge equation,

(dp*)? + (dp®)? — 2p°(dp")? + 2\p*dp*dp® + 2[p* — Ap*|dp*dp* =0,
where A = Ay — Ay, so that the corresponding PDE is
ug2 + u3z — 2ugugy + 2 uguos + 2(ug — Aug)ugy = 0.

One can show that this subcase possesses no integrable/conformally flat specialisations. In
subcase 2 the equation of the complex is

2)\1p12p34 + (p34)2 + 2)\2(p14p23 +p13p42) + 2p13p23 + (p42)2 =0.

Setting p¥ = pidp’ — pidp’ and using the affine projection p? = 1, dp® = 0 we obtain the
associated Monge equation,

(PM2(dp*)? + (1 + (pH)*)(dp*)? + 2dp'dp? + 2xp?dp*dp* — 2[\p" + p*p*]dp*dp* = 0,
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where A = Ay — A1, so that the corresponding PDE is
UZUQQ + (1 + u%)u44 + 2uq + 2)\U2U14 — 2(/\U1 + UQU4)’LL24 =0.

One can show that this PDE is not integrable, however, the corresponding conformal structure is
flat for A = 0. This Segre type is known as [(24)], giving the corresponding subcase of Theorem
3. The associated Kummer surface consists of three planes, with a double plane at infinity. We
point out that in subcase 1 the Kummer surface of the complex [(24)] consists of a quadratic
cone and a double plane at infinity. This gives an invariant characterisation of subcase 2 of the
complex [(24)].

Relabelling independent variables gives the 9th case of Theorem 2.

Case 10: Segre symbol [33]. The equation of the complex is
)\1(4]931 24 + (p12 _|_p34)2) + 2p13(p12 +p34) + )\ (4]923 14 (plz —p34)2) + 2p14(p12 _p34) =0.

Setting p¥ = p'dp’ — pldp’ and using the affine projection p' = 1, dp' = 0 we obtain the
associated Monge equation,

A(dp?)® + [A(p*)? = 2p"](dp*)? + [A(p*)? — 2p%)(dp*)*+
2Ap* + 1]dp?dp® + 2[\p® + 1)dp*dp* — 2[20p% + MpPp* — p? — p*dp®dp* = 0,
where A = A\; — A2, so that the corresponding PDE is
)\U22+()\ui*2U4)U33+()\u§*2’u3)U44+2()\U4+1)U23+2()\U3+1)’UQ4*2(2)\U2+)\U3U4*U3*U4)U34 =0.

Relabelling independent variables gives the 10th case of Theorem 2. One can show that the
conditions of integrability are equivalent to conformal flatness, leading to A = 0,

Ugu33 + UzUgg — Uz — Ugq — (U3 + ug)uzg = 0.

The corresponding complex is denoted [(33)]. Introducing the new independent variables x,y,t
such that 03 = 0, + 0y, 04 = 0, — 0y, 02 = —20; one can reduce the above PDE to the canonical
form

Ugt + Ugplyy — Uylzy = 0.
This is the last case of Theorems 3-4.

Case 11: Segre symbol [6]. Here we have two (projectively dual) subcases. In subcase 1 the
equation of the complex is

2)\( 23 14 +p31 24 +p12 34)+2p14 34_|_2p12p42+(p13)2 = 0.

Setting p¥ = p'dp’ — pldp’ and using the affine projection p' = 1, dp' = 0 we obtain the
associated Monge equation,

2pa(dp®)? + (dp®)* + 2p° (dp*)* — 2p*dp*dp* — 2p*dp*dp* = 0,
so that the corresponding PDE is
2ugqu99 + u3z + 2uszugg — 2usugy — 2uquszy = 0.
In the second subcase the equation of the complex is

2)\( 23 14 +p31 24 +p12 34)+2p23 12+2p34 13+< )2 =0.
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Setting p¥ = p'dp’ — pldp’ and using the affine projection p' = 1, dp' = 0 we obtain the
associated Monge equation,

((p*)* = 2p3)(dp®)® — 2p*(dp®)? + (p*)*(dp*)* + 2p°dp*dp® — 2p°p*dpdp* + 2p’dp®dp* = 0,
so that the corresponding PDE is
(ui — QU3)U22 — QU4’U,33 + U%U44 + 2U2u23 — QUQU4UQ4 + 2U3U34 =0.

One can show that both subcases are not integrable/conformally flat. Relabelling independent
variables gives the last case of Theorem 2. This finished the proof of Theorems 2-4.

4 Remarks on the Cauchy problem for linearly degenerate PDEs

In 1 + 1 dimensions, linearly degenerate systems are known to be quite exceptional from the
point of view of solvability of the Cauchy problem: generic smooth initial data do not develop
shocks in finite time [45, 46, 31, 48]. The conjecture of Majda [32], p. 89, suggests that the same
statement should be true in higher dimensions, namely, for linearly degenerate systems the shock
formation never happens for smooth initial data. To the best of our knowledge this conjecture
is largely open, and has only been established for particular classes of multi-dimensional linearly
degenerate PDEs, see [25, 8, 23, 24, 6] and references therein. We emphasize that the so-called
‘null condition’ of Klainerman, which is instrumental for establishing global existence results for
3 + 1 dimensional nonlinear wave equations with small initial data, is automatically satisfied
for linearly degenerate PDEs. In the more subtle case of 2 + 1 dimensions, the null condition
implies long time existence, and additional conditions (e.g. the second null condition, which also
follows from linear degeneracy) are required to guarantee global existence [3]. The approach of
[25, 8, 23, 24, 3] applies to second order quasilinear PDEs which can be viewed as nonlinear
deformations of the wave equation,

Ou = gi; (ur)uij, (13)

here 0 = 82 — 02 — ... — 02 is the wave operator, and the coefficients g;;, which depend on the
first order derivatives of u, are required to vanish at the origin u; = 0. Under the null conditions
imposed on g;; (which are automatically satisfied for linearly degenerate PDEs of the form (13),
in fact, these conditions follow from the requirement of linear degeneracy (12) in the vicinity of
the origin), one has global existence of classical solutions with small initial data. Since some
of the linearly degenerate examples from Theorem 2 can be put into the form (13), one can
automatically guarantee global existence. For instance, the PDE for minimal hypersurfaces in
3 + 1-dimensional Minkowski space is

U1 —U22—U33 = —(u%+u§)u11+(u§—u%)um+(u§—u%)u33+2u1u2u12+2u1u;;u13—2U2u3u23, (14)

take case [111111] of Theorem 2 and set a; = —1, ag =a3 =1, a==v=0, u — iu. It can
be obtained as the Euler-Lagrange equation for the area functional, [ \/ 1+ u3 4+ u3 —uf da.
In this particular case global existence was established in [30], in fact, this PDE fits into the
general framework of [3]. Further examples of this type include the equation

U] — U2 — U3z = 2auzuiz + 2Busuiz + 2yuiuss, (15)

take case [222] of Theorem 2 and set xo — ixa, x3 — izs. For PDEs of this type, solutions
with small initial data essentially behave like solutions of the linear wave equation. As an
illustration we present Mathematica snapshots of numerical solutions for equations (14) and
(15) (o= 8 =1/2,~ = —1) with hump-like initial data at z; = 0: u = 0.8¢ 2773, wu,, = 0.
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Figure 2: Numerical solution of equation (15) for z; =0, 1, 8.

Although we observe some differences at the early stages of evolution, for large values of the
‘time’ variable x; solutions become almost indistinguishable from analogous solutions of the
linear wave equation. Note that both equations (14) and (15) are not integrable.

We refer to [33, 34] for an alternative approach to the Cauchy problem for linearly degenerate
integrable PDEs based on the novel version of the inverse scattering transform.
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