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Abstract. The Cauchy problem for harmonic maps from Minkowski space with its stan-
dard flat metric to a certain non-constant curvature Lorentzian 2-metric is studied. The
target manifold is distinguished by the fact that the Euler—Lagrange equation for the ener-
gy functional is Darboux integrable. The time evolution of the Cauchy data is reduced to
an ordinary differential equation of Lie type associated to SL(2) acting on a manifold of
dimension 4. This is further reduced to the simplest Lie system: the Riccati equation. Lie
reduction permits explicit representation formulas for various initial value problems. Addi-
tionally, a concise (hyperbolic) Weierstrass-type representation formula is derived. Finally,
a number of open problems are framed.
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1 Introduction

Let (M, g) and (N, h) be Riemannian or pseudo-Riemannian manifolds and ¢ : M — N a smooth
map. The energy of ¢ over a compact domain D C M is
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The critical points of e(y) satisfy the partial differential equation (PDE)
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where A is the Laplacian on M and A 5 the Christoffel symbols on N. A map ¢ is said to be
harmonic if it is critical for e(¢). Harmonic maps generalise harmonic functions and geodesics
and have been under intense study since the pioneering work of Eells and Sampson [8]; see [3]
and [12] and references therein for comprehensive introductions to the field. If domain(yp) =
M = R then harmonic maps are geodesic flows. If codomain(¢) = N = R then harmonic maps
are harmonic functions. If (M, g) is pseudo-Riemannian then harmonic maps are called wave
maps. In this paper our focus is on wave maps, specifically, the case (M, g) = (RY!, dz dy). Any
further reference to wave maps in this paper means the domain space M is Minkowski space R
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with its standard flat metric. To provide slightly more insight, a “physical” illustration of wave
maps in this class can be given: the motion of a frictionless elastic string constrained to vibrate on
Riemannian surface (N, h), such as a sphere, is exactly described by a wave map into N; see [17].

There is a well-known geometric literature on wave maps that has developed over the last
two decades, especially their existence as solutions of completely integrable systems; see [11] for
a textbook account with many references. There is a closely related physics literature where
the relevant systems are known as nonlinear sigma models; see [22]. The first person to treat
the Cauchy problem for wave maps into Riemannian targets was Chao-Hao Gu [10]. He estab-
lished the fundamental result that for smooth initial data, wave maps into complete Riemannian
metrics have long-time existence. Gu’s work initiated many further investigations where regu-
larity constraints on the initial data have been significantly relaxed. Furthermore some higher
dimensional problems have been treated; see [16].

In this paper we initiate the study of the Cauchy problem for wave maps in the special case
where the systems they satisfy are Darbouz integrable. Our first main result proves that the
solution of the Cauchy problem for such a Darboux integrable nonlinear sigma model can be
quite explicitly expressed as the flow of a special vector field &, , (see Theorem 1) which itself
is a curve in a certain Lie algebra of vector fields canonically and intrinsically associated to
the Darboux integrable nonlinear sigma model, namely, its Vessiot algebra. In consequence of
this, standard constructions which facilitate the resolution of systems of Lie type such as Lie
reduction become available to the solution of the Cauchy problem for such wave map systems.
For this reason we have included an appendix to this paper which gives a brief summary of the
main results on systems of Lie type adapted to the applications we envisage. In this paper we
have decided to focus on just one interesting nonlinear sigma model in order to discuss the rela-
tionship between Darboux integrable hyperbolic systems on the one hand and the resolution of
the corresponding Cauchy problem via differential systems of Lie type and to do so as explicitly
as possible. However, it will be seen that the proof of Theorem 1 is easy to generalise to other
Darboux integrable systems. Indeed the very recent work [1] outlines a general, intrinsic proof
of the close relationship between systems of Lie type and the Cauchy problem for a wide class of
Darboux integrable exterior differential systems. The second main result of the paper marshalls
the general theory of Darboux integrable exterior differential systems [2], and generalised Gour-
sat normal form [18, 19] to derive a hyperbolic Weierstrass-type representation (Theorem 3) for
wave maps into the non-constant curvature metric (1).

As the name implies the notion of Darboux integrability originated in the 19th century and
was most significantly developed by Goursat [9]. Classically, it was a method for constructing
the “general solution” of second order PDE in one dependent and two independent variables

F(w,y,u, u:v7uy7ux:v7uxy;uyy) =0

that generalised the so called “method of Monge”. It relies on the notion of characteristics and
their first integrals. We refer the reader to [9, 13, 20, 21] for further information on classical
Darboux integrability. There are also extensive studies of Darboux integrable systems relevant
to the equation class under study in the works [14] and [23].

In this paper we use a new geometric formulation of Darboux integrable exterior differential
systems [2]. At the heart of this theory is the fundamental notion of a Vessiot group which,
together with systems of Lie type are our main tools for the study of the Cauchy problem for
wave maps.

The PDE that govern wave maps have the semilinear form

Ugy = f(:z:,y,u,ux,uy), u».f e R"™.

Fach solution possesses a double foliation of curves called characteristics. Such PDE often
model wave-like phenomena and projection of these curves into the independent variable space
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describes the space-time history of the wave propagation. The characteristics of u,, = f are
the integral curves of a pair of rank n 4 1 distributions

Hy = {D:c + Dyf : 8uyya 8um} ) Hy = {Dy + D:c.f : 8uma auyy} )
where
Dy = 0y + Oy + Uz Ou, + fOu,, Dy = 0y + uy0y + fOu, + UyyOuy,,

are the total differential operators along solutions of the PDE. Note that if 8 is the standard
Cartan codistribution for u,, = f then H; ® Hs = ann@. Distributions H; are well-defined
with canonical structure.

Definition 1. If A is a distribution on manifold M then a function f : M — R is said to be
a first integral of A if X f =0 for all X € A.

There is a geometric definition of Darboux integrable exterior differential system [2]. For
wave map equations it reduces to

Definition 2. A semilinear system u,, = f with u, f € R" is Darboux integrable at a given
order if each of its characteristic systems H; has at least n + 1 independent first integrals at
that order.

2 The Cauchy problem

We consider wave maps

du? — du?
. L1 2 2T PP
u: (]R ,dmdy)—)(R, 1_|_eU1>' (1)
R. Ream [15] studied the PDE for wave maps into nonzero curvature surface metrics that are
Darboux integrable on the 2- and 3-jets and proved a theorem that any such metric is (real)
equivalent to one or other of the metrics

duf + du3
pr =
1+em

Here we consider a semi-Riemannian version of a Ream metric and study the corresponding
Cauchy problem. We show how the solution of the Cauchy problem for wave maps (1) can be
expressed as an ordinary differential equation of Lie type. Indeed we prove that the solution of
the Cauchy problem for wave maps is naturally equivalent to an initial value problem of a Lie
system for a local action of SL(2) on a manifold that is locally diffeomorphic to R*. This is further
reduced to an initial value problem for a single Riccati equation together with a quadrature.

The target metric in (1) does not have constant curvature nevertheless is globally defined and
positively curved everywhere; in fact K = 271(1 + ¢“)~!. However, the metric is nonetheless
very special because the wave map system turns out to be Darboux integrable, as demonstrated
in [15].

The Lagrangian density for this metric is

UL Uy — U2,U2y

E:
1+e 2

)

whose Euler-Lagrange equation is

Ul ULy + U, U2y
2(1 4 ew)

UL, U2y + U, UTy

=0.
2(1 4 ew)

Ul gy =0, U2y +
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The change of variables (u1,u2) — ((u1 + u2)/2, (u1 — u2)/2) = (u,v) transforms this to

Ug Uy Uz Uy

oy 5 (1 + ew/2+v/2) — 0 eyt (1 + ew/2+v/2) — 0 2)
We now prove
Theorem 1. Consider the initial value problem
Uy Uy B Vg Uy B
Ut e — 0 U ey — 0 (3)
ou v
g e B frd B frmd 4
Uy, o1, v, ¢2, 6n¢7 P, 8nLy o, ()

where v is a curve with tangents nowhere parallel to the x- or y-azxes, n is a unit normal vector
field along v and ¢;, V¥; are smooth functions along ~.

1. Problem (3) has a unique smooth local solution. Moreover, the unique local solution is

expressible as the solution of an ordinary differential equation of Lie type associated an
action of SL(2) on R*.

2. Given the unique local solution (u,v) from part 1, the Cauchy problem for harmonic maps

d 2—(i2
(RM, dady) — (M, “1“2> .
1+e 2
is given by
Uy =u-—+v, U9 = u — .

where w1, us satisfy initial conditions

Oouy Oua

wp, =d1+én  w =d1-dn G =Uiten, o =di—d

Proof. By hyperbolicity, the problem is locally well-posed. System (2) has four first integrals
on each characteristic system, Hy, Hs. Let us label the first integrals

Y, 1, B2, B3 for Hy, and  z, a1, az, az for Ho.

For this system «y, 1 are first order differential functions while ao, as, B2, B3 are of second
order. Finally, while the 8 first integrals are functionally independent, we have
day dp
— = d — = .
o, — 02 an a0 B2
Let k1(y), k2(y) be arbitrary functions and consider the overdetermined PDE system defined
by (2) together with the additional PDE

Br=ki(y), Bo=ki(y), Bs=ksy), (5)

where the dot denotes y-differentiation. It can be shown that this overdetermined system &’
is involutive and moreover admits a 1-dimensional Cauchy distribution, as we will see. Now
suppose we fix a smooth curve v embedded in a portion of the zy-plane, ' and suppose Cauchy
data is prescribed along 7 as in the Theorem statement. Then by an argument similar to [21,
Proposition 3.3], 7 can be lifted to a unique curve 7 : I C R — J}(N,R?) which agrees with
all the Cauchy data. Let ¢ : Hy, x, — J?(N,R?) denote the submanifold in J?(N,R?) defined
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by PDE system £ and © the contact system on J2. Let Ok, ky, = 7O be the Pfaffian system

whose integral submanifolds are the solutions of £. Our aim is to choose the functions ki, ko,

if possible, in order that we can extend 7 to a 1-dimensional integral submanifold ¥ of 8, k,.
Now

Ok ke = {wl = du — uzdxr — uydy, w? = dv — vydx — vydy, WP = duy — ugpdr — fldy,
wt = duy — frde — Uyydy, Wd = dvy — vgpdr — f2dy, Wb = dvy — fPdx — Vyydy}.

Pulling back by 7 we observe that w', w? pullback to zero by construction. Forms w? and w®
define the functions u,, and vy, along v while w3, w5 define functions u,, and v,, along ~.
All these functions are expressed in terms of the Cauchy data, ¢;, 1;. Substituting these back
into (5) determines the functions k1, k2 in terms of ¢;, ¥;. For completeness we give the first
integrals of Hy

I _da

_1+exp(—“T+“)’ 2=

(21}szm — QUpVge — Ug¥2 + Vau2 + 2(vxum — UgVgy — UgV2 + u%vx) exp (“er”))
wzvn (L oxp (7F2))

Z, aq

a3 =

Those of H; are similar but with y replacing x.

We will now use these first integrals to demonstrate that 0, 1, has a one-dimensional Cauchy
distribution and that in particular the Cauchy vector can be chosen to be a curve in a certain
Lie algebra — the Vessiot algebra [2] of system (2). It will be seen that the Cauchy vector is
generically transverse to the Cauchy data and extends the one-dimensional integral submanifold
of Oy, k, to the solution of the Cauchy problem. Because the Cauchy vector is a curve in a Lie
algebra, this extension from a one-dimensional to a two-dimensional integral of 0, r, is an
ordinary differential equation £ of Lie type. Its coefficients and initial conditions are fixed by
all the data present in the problem, including the Cauchy data. Any solution of £ (independently
of its initial conditions) permits a Lie reduction of £ and will permit us to solve the IVP for £.

Indeed, setting z; = W2 2y = e¥/2 25 = Uy, 24 = Vg, @; = 0y, bj = B, 1 =1,2,3 we calculate
that the contact system on J2(R?,R?) pulled back to PDE (2) is ¥ = {x!,...,x%}, where

1
W= day— asdn, K2 —dby —body, K = dey — BT 2,
22924 2
zzg . bi(l+ 2129) a12

dy, K = dzg +
22123 2212924

b
124 dy.

1
kY = dzy — le’ — dx + §(Z§ — bzzg — by)dy,

1
6 2
=d — — d
K 24 + 2(,24 aszy — ap)dx + 9217975

Pulling ¥ back to submanifold (5) yields a Pfaffian system with 1-dimensional Cauchy distri-
bution spanned by

ka(y)
4

k 1
Errky = Oy — (R1+ 4Ry) + 1;‘1/) Ry + 3 R,
where the R; form a basis for the Vessiot algebra'

1+ 2129 Z4

R1 = z18Z1 — 226,22 — 223823, R2 = ?’23822 + (9Z3 — 2172238&1
1
R3 = Z123821 - 2’32,8;;3, Ry = _Z (Z18Z1 - 22(932)

L A brief geometric construction and interpretation of the Vessiot algebra is given in Section 4 and Appendix A.
See [2] for a complete exposition. However, detailed knowledge of Vessiot algebras is not a prerequisite for this
paper.
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with nonzero structure
[R1, Ra] = 2Ry, [R1, R3] = —2Rs3, [R2, R3] = Ry.

Since &, i, is a curve in the Vessiot algebra it determines an ODE of Lie type. Furthermore
&k ko 1s generically transverse to the Cauchy data.
Note that p; = Ry + 4Ry, po = Ry, p3 = R3 generates a local action of SL(2) on R*:

[p1, p2] = 2p2, [p1, p3] = —2p3, [p2, p3] = p1

and the Cauchy vector is

1
$ky b = Oy — ka(y)p1 + k1 (y)p2 + 2P

In summary, vector field &, , flows the 1-dimensional initial data solution curve 7 of 0y, 1, to
a 2-dimensional solution. This completes the proof of Theorem 1. |

Example 1. As an illustrative example we consider the initial value problem

Ug Uy - Uz Uy o
U:Ey+2(1+eu/2+v/2)—07 U:py+2(1+eu/2+v/2)—0,
ou ov
u, = v, =0, = on. = V2

on|,  omy,

where v = (z,x). Since z and y are light-cone coordinates x = (£ +7)/2, y = ({ — 7)/2, the
curve 7y corresponds to time 7 = 0. Thus we have constant initial values at time 7 = 0. We wish
to determine the system of Lie type whose solutions corresponds to the solution of this Cauchy
problem. We have n = 271/2(9, — 9,) and we get

Ug|, = Ug|, = 1, Uy =y = —1.

So our initial curve in J! is J(x) = (z,,0,0,1,-1,1,—1) = (2,y, u, v, Uy, Uy, V3, vy). This
translates to an initial curve in the adapted coordinates

(%% 21,22, 23, 24) = (.’L',HZ', 17 17 _17 1)

We extend this to a unique 1-dimensional integral of ¥ and get

~ 1 1
’Y(IE) = (IE,y, zl,zz,23,z4,a1,a2,a3,b1,b2,b3) = (l',l', 17 17 _13 17 5707 Oa 2’070> .

Thus we get

ki(y) =1/2,  ka(y) =0.

The Cauchy vector is therefore
€149=20,+ lR + 1R
%,0 - Yy 4 2 9 3.

We flow this vector field obtaining solutions z;(z,y) subject to the intial conditions

z1(x,z) =1, zo(x, ) =1, zg(x, ) = —1, z4(x, ) = 1.

The ODE are
0n _ ., 92 _ltam  On 1 =z Odu__a
oy Oy  4dzzz dy 4 27 Oy  4z12973



Cauchy Problem and Darboux Integrable Wave Maps 7

to be solved for z;(z,y) subject to the given initial conditions. In fact, we need not solve the
whole system but only the equation for z3 and then substitute this into the equation for z;. This
gives the function u up to a quadrature after which the function v can be obtained algebraically
from the PDE itself

ev/2 — _e—u/2 <1 + UmUy> .
2Ugy

We get the unique solution of the Cauchy problem to be

2
u(z,y) =v(x,y) =1In (cosh \f(az —y) + V2sinh {E(m - y)) .

Example 2. A slightly more interesting example is obtained from the initial conditions

1 ou  Ov

U‘,Y = 211])\, 'U‘_Y =2In X, %h = 8771‘7 =1,

for any A > 0. The Cauchy vector is {1 , and its flow subject to the initial conditions along
4
y = x being
21 = A, z2 =

23 = — ’ 24 =

Sl
Sl

1
A’
gives rise to the unique solution
—4) (34 2v2) — -z
u=2In /\exp<x+y> exp( 2)( +2v2) exp( 2) )
4 201+ v2)

o3]S -l e
2\ 4 exp (—%) (1—!—\@) + exp (_%) (1_\/§> .

Thus, even constant initial data has the potential of producing some interesting explicit solutions.
Indeed, one can ask if this solution is global in time.

The fact that we only had to solve for z3 in Example 1 (and Example 2) holds not only for
these illustrative examples since the system of Lie type in the general case is

821 1 822 B (1 + 2122)

5 22123, Ay = k1(y) 22123

D2 1 9 0z4 . k1(y)z4
Ty =3 (k1(y) + ka(y)zs — 23), Oy 2212023

This proves
Theorem 2. In the Cauchy problem for wave maps

duf — du%)

1,1
(R ,dacdy) — <M, e

of Theorem 1, let functions k1(y) and ka(y) be defined as described above. Denote by C the initial
value of z3 = uy along v. Let I' be the unique function satisfying Riccati initial value problem

5£ 1

oy 5 (F(y) + ke(y)l —T%), T = (6)
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Define function u to be the unique solution of
ou
67:1] - P? ’LL"Y - (bl
and let v be defined algebraically from the partial differential equation
Ug Uy
9 (1 4 eu/2—i—v/2)
upon substituting solution u and solving for v. The functions u, v constitute the unique solution
of the Cauchy problem.

=0

Ugy +

This implies that the solution of any given Cauchy problem for wave maps into the metric
duf — du}
= Trem
relies on the solution of a Riccati initial value problem together with one quadrature. The
interesting point here is that the Riccati equation is the simplest non-trivial equation of Lie
type. It is a Lie system for the local SL(2)-action on the real line that globalises on RP!.
In general, solutions of Riccati equations develop singularities in finite time, even those with
constant coefficients. However, the theorem above provides a correspondence between Cauchy
data for the wave map and the Riccati initial value problem (6). An interesting problem is to
study this correspondence and link the nature of the Cauchy data with the properties of the
solution of (6) and in turn, link this correspondence with the geometry of the target metric.
For the standard initial value problem where Cauchy data is posed along 0 = 27 = x — y, the
relationship between the Cauchy data and the coefficients of the Riccati equation is complicated.
However, due to its significance and for latter use, we give it explicitly:

1 %2 (V2¢1, — 2¢1) exp (%) 1 (V2¢1, + 201) (V2h2, + 12) exp (%)
e g)ren(s) T e (3)ree()

by =07t (2 (012 + 203 —2v2161, — 4k ) (v + V205, )

1=

+ 4v/2a; (¢1$ — wl\/i) exp <_¢21 — ¢;2> +38 <—¢1$\f2 + ¢1M> <¢2 + \/§¢2x> >7

where
0=4 (ﬁqu + ¢2> <<l51g; - ¢1\/§) :

Recall that functions ¢, ¢o are respectively the values of u and v along ~, the i; are the values
of the normal derivatives along v as stated in the theorem. For instance for arbitrary constant
initial conditions along the time axis

d1(z) = u(z,z) = 21In )\, ¢p2(z) = v(z,x) = 2In Mg,
1/11204\@, 1/)2:5\/5’ )‘17 )‘2>07

we have

. Ozﬁ)\l)\g . (Oé — ﬁ))\l)\g

The solution of the Cauchy problem in this case is easily calculated as we did in Examples 1
and 2 because it amounts to solving Riccati equation (6) with constant coefficients k1 (y), k2(y)
given by (7); indeed Example 1 is the choice A\ = Ay = 1, @ = 8 = /2. However the general
formula is complicated and of itself not very informative so we refrain from recording it here.
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3 Cauchy problem for wave maps and Lie reduction

We have shown that to solve the Cauchy problem for the wave map equation it is enough to
“evolve” the initial data curve 5 by solving a Riccati equation which is notably the simplest
nontrivial system of Lie type. One significant feature of Lie systems is that they admit “reduc-
tion by particular solutions”, otherwise known as Lie reduction. There are only a few sources
scattered in the literature on this topic, among them [4, 5, 7]. In this section we give an illus-
tration of how Lie reduction may be useful in resolving instances of the Cauchy problem for our
wave map system. Appendix A.2 of this paper summarises the known results on systems of Lie
type, oriented toward the applications at hand. In this and subsequent sections we will adopt
the notation and theory set out in Appendix A.2, to which we refer the reader.
Consider the Cauchy problem for wave maps with (non-constant) Cauchy data

pr=¢y=0, 1 =-2V2,  p=2V2
along the curve y = . We get

k1(y) = —2y, ko(y) = —y — 1,
so that the corresponding Riccati initial value problem of Theorem 2 is

glz; - %(—Qy —y+1r-T%), T(z)=2 ®)

We observe that I' = 1 — y is a solution vanishing at ¥y = 1. Implementing the procedure
described in Appendix A.2 obtains one factor in the fundamental solution

w = (5 '7Y):

A curve in the isotropy group of 0 is denoted by H and has the form

91(y) = (71(y) ) > -

r2(y) )
The curve of Lie algebra elements associated to the Riccati equation

dz 9

cTy = ao(y) + 201 (y)z — as(y)z

is

Aly) = (0‘1 o ) C s1(2).

az —oq
For the Riccati initial value problem (8) we have

_ytl y
A(y) = < l4 y—i—l)
2

4

and the reduced fundamental equation is

dg:
“l_B
dy (y)917
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where (see Appendix A.2, especially Theorem 6 & Appendix A.2.1)

B) = son) Ad) — nlo) I~ (WSE D),

valued in the isotropy subalgebra at 0, as expected. The ODE initial value problem for the
fundamental solution factor g;(y) is

dy1 dyva 1
ay Bimn ; y 2%+5ﬂ2 , (1) ; 72(1) ,

where 51 = (y — 3)/4. This problem can be explicitly solved in terms of elementary functions
giving

Y1(y) = exp ((y—1>8<y—5>> |

3 13 . (1
o) = vaes (Su -2 = 2 (erti) +erti (3 -9) ).
where 7 = v/—1 and erfi denotes a concomitant of the error function:

erfi(z) = j% /Oz exp (*) dt.

This data enables us to construct the fundamental solution g(y) = go(y)g1(y) for (8) and leads
to the solution of the ODE in (8)

I'(y;q) = >‘g(y) (2),

where \;, denotes the linear fractional transformation (12) by h € SL(2).

It is now a simple matter to determine the value of ¢ that satisfies the initial condition
['(z,2z) = 2 and giving the unique solution I'(z,y) of the Riccati initial value problem (8). We
find

Lz,y) =1—-y—

where

_Qexp (—%m + %$2)

42 oy (-9) ot (o).

Finally, we obtain an integral representation of the solution u satisfying

Az) =

— =T(z,y), u(z,z) =0,

or in terms of spacetime coordinates (&, 7)

3(6—-7)
a(§, 1) = /1 r (;(f + 7'),3) ds.

3 (&+7)
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The significance of Lie reduction in our ability to solve the Riccati equation should here be em-
phasised. Without this, it would have been impossible to construct the fundamental solution and
there would be no hope of constructing function I' and constructing the integral representation
of the solution of a Cauchy problem with non-constant initial data.

In the example above we relied on knowledge of a simple solution, namely I'(z,y) = 1 —y
to perform the reduction. But even with polynomial or rational coefficients a Riccati equation
will not generally have any rational solutions. In this case however we can appeal to the well
known fact that every Riccati equation can be linearised.

Lemma 1. The general Riccati equation

% = ao(t) + 201 (t)2(t) — aa(t)2(t)* ©)

can be transformed to the form

Ly(r) = B(r) + ()

where z = p(t)y(t)

lnp:/tQal(s) ds, T:/t@(s)p(s) ds.

Provided these quadratures can be carried out then the explicit solvability of (9) depends on the
properties of its linearisation

a2y 1 d

5 + B(7)y =0, where y(r) = —m%ﬂ)(ﬂ-

Any solution of the 2nd order linear ODE can be used in the Lie reduction of the Riccati equation.
As a consequence of Lemma 1 and Theorem 7 of Appendix A.2, we have

Corollary 1. The solution of the Cauchy problem for wave maps of Theorem 1

d 2 d 2
(Rl’l,d:zdy) — | M, o — 44p
14e ™
is reducible to quadrature provided a particular solution of the Riccati equation (6) is known.
A particular solution of (6) can be constructed by quadrature and the solution of a linear second

order ODE.

Remark 1. As a consequence of Lemma 1 and Theorem 7 the differential equations solver in
MAPLE — dsolve is very often able to construct an explicit representation in terms of known
special functions to a Riccati initial value problem when the coefficients are polynomial functions
of the independent variable.

4 Hyperbolic Weierstrass representation

In this section we use the Darboux integrability of the wave map equation (2) to compute its
general solution and hence construct a hyperbolic Weierstrass-type representation for wave maps
into the corresponding metric. According to [2], we pull back ¥ to a suitable integral manifold
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My, M5 of Hfoo) and HQ(OO) respectively. It is convenient to define M; by y = by = by = b3 =0
and Ms by x = a1 = as = ag = 0. This gives Pfaffian systems

1 1
U, = {d24 - = (a324 +a; — zZ) dx, dzs + a1z3dx, dzo — §Z224dl‘,

2 2212’224

dz1 — a1 (1 + z129)dz, day — agdac}
22924
and
1 1
Uy =<dzy — —2z321dy, dzo — bl(l + 2122)dy, dzs + b1z4dy,
2 22123 2212923

1
dzz — 5(5323 — 23 +b1)dy, dby — dey},

each of rank 5 on 8-manifolds: (M;, ¥;). Locally M; has coordinates x, 21, 21, 22, 23, 24, a1, a2,
a3 while Ms has local coordinates y, z1, 21, 29, 23, 24, b1, b2, bs. Using these local formulas, we
define a local product structure

(J\/% X ]\/472,@1 SP @2> )

where

~ 1 1
Uy = {dq4 ~3 (asqs + a1 — q3) dx, dgs + 5 aiqsdz, dqz — 5Q2Q4d1’7

419244

1
dq1 — a1(1 + qiq2)dx, day — agd:c}
2q2q4
and
~ 1
Vo = ¢ dpy — =p1p3dy, dps — bi(1 + pip2)dy, dps + bipady,
2 2p1p3 2p1p2p3

1
dps — 5 (bsps — p3 + b1)dy, dby — bzdy}-

As described in [2], the relationship between W, U, and U, is that every integral manifold

of W is a superposition of an integral manifold of Ty and Uy, The superposition formula is the

map?

o ]/\ZIXM\2—>M

defined by

)

bap2

P2(2p4G3q2q1 — 419203 — Paq2q1 + q1g2 — pa + 1)
q3q1 ’
(2p1g3 — g3 — pa + 1)p3p1p2
1 — p1papa + 2p1P2paqs — P1P2g3 — 3 + p1p2’

. [ 1 — p1papa + 2p1papaqs — P1p2q3 — q3 + P1p2)q1
0'(1,‘, p7 a; Y, q7 b) -

2See Appendix A for further details on the superposition formula; in particular, how it is defined and con-
structed.
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(2p493 — g3 — P4+ 1)q1G2q4
2p4G3q2q1 — 919293 — Pag2qi + q1g2 —pa + 17

x,y, a1, az, as, by, ba, b3>

= (21, 22, 23, 24, T, Y, a1, G2, az, by, b, b3).

The usefulness of this factorisation of the integration problem for W is not only that the inte-
gration of U; relies on ODE while that of ¥ relies on PDE but that the W; are locally equivalent
to prolongations of the contact system on J!'(R,R?). To see this we turn to the characterisation
of partial prolongations of such contact systems provided by [18, 19] which also provide simple
procedures for finding the equivalence. To implement this we compute the annihilators

annV¥, := H;

ar1(1+ q1q2) 9244 aiqs 1 9
= {0, + agd ) By — Oy + = — 43) 004> Oaas Dug
{ e+ a20q, + 2(]2(]4 q1 + 9 q2 2(]1(]2(]4 q3 + 9 (G3Q4~|— al qu) qay Yazs Uagz

ann ¥y := Hy

1 b1p4
Opy+ 5(53]93 — P53+ b1)0p, — mapu Oby Oby -

p1ps3 bi(1 + pip2)
= 0y+ 020y + ——0p, + ——=
{ yTE T Ty 2p1p3
We show that each of the ﬁz is locally equivalent to the partial prolongation C(0,1,1) of the
contact distribution on J!(R,R?). That is, the contact distribution on J!(R,R?) partially
prolonged so that one dependent variable has order 2 and the other order 3 with canonical local
normal form

C{0,1,1) = {9 + 2101 + 230,1 + 2102 + 2302 + 250.3, 0.1, D3}

Let D be a smooth distribution on manifold M and assume that D is totally regular in the sense
that D, all its derived bundles and all their corresponding Cauchy bundles have constant rank
on M. Denote m; = dim D@ y* = dim Char D@ and x:_; = dim Char Dz@l, where

Char D?, = DU~ A Char DO,

Below, k denotes the derived length of D.

According to Theorem 4.1 of [18], a totally regular distribution D on smooth manifold M is
locally equivalent to a partial prolongation of the contact distribution on J!(R,R?) for some ¢
if and only if

1. The integers m;, x/, X§—1 satisfy the numerical constraints
¥ =2mj—mjy—1, 0<j<k—-1, x_,=m—-1 1<i<k-1

2. If mp — mp_1 > 1 then a certain canonically associated bundle called the resolvent is
integrable?.

A pair (M, D) that satisfies these conditions is said to be a Goursat manifold or Goursat
bundle. Moreover, if D is a Goursat bundle on M then it is locally equivalent to a partial
prolongation with y/ — X§—1 dependent variables at order j < k and my — mg_1 dependent
variables at highest order, k. This uniquely identifies the partial prolongation associated to

a given Goursat manifold. Before discussing the question of comstructing equivalences, let us

3In the original formulation of Theorem 4.1 in [18], the integrability of Char Dii_)l is an additional hypothesis
to be checked. This is a simple task but unnecessary since it is easy to see that this bundle is always integrable
and the hypothesis can be omitted.
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solve the recognition problem for the distributions .FAIZ We take H 1 which we denote temporarily
by K. We find

Char K = {0},  Char KO = {0,,, 8a,},  Char K® = {04,, Oas, Oy, Ogs }+
Char K® = {84,, Duy» Dy Ogg» O}

Calculation shows that the dimensions of the derived bundles are
dmK =3, dimK® =5 dimK® =7 dimK® =8, s>3.

Hence the derived length is & = 3. Below we check the first condition of a Goursat bundle.

Table. Checking the numerical constraints satisfied by (M, D).

J | my mj,l—l Qmj—ijrl_l X;;l X’
0| 3 — 6—-5—1=0 — 0
1 5 2 10—-7—1=2 2 2
2 7 4 14—-8—-1=5 4 5

Hence, K is a Goursat bundle with k = 3, mp — mp_1 = 1 and the only nonzero difference

%, being at order j = 2: x%2 —x? =5—4 = 1. Hence there is one variable of order 2 and

X =X
one variable of order 3. This solves the recognition problem and we can assert that K:=H 1 is
locally equivalent to C(0, 1,1). Next, we show how to construct an equivalence. Given a Goursat
bundle, an efficient method for constructing an equivalence map was worked out in [19] and relies

on the filtration induced on the cotangent bundle. Denote by 2(¢) and Egj_) ; the annihilators

of Char KU and Char [A((.j)

;—1, respectively. Then we obtain the filtration

spanned as

{dedQ%dQS} C {thdQQ,dQS,df} C {dQLdQ27d937d$7dQ4,da1}-

The construction proceeds by building appropriate differential operators and functions. Because
my — mrp_1 = 1, condition 2 of the definition of Goursat manifold is vacuous. Instead we fix
any first integral of Char D* 1 denoted, ¢ and any section Z of D such that Zt = 1. Then,
define a distribution IT* inductively as follows:

n =z, T =CharDj, 1<(<k-—1

There is a function ¢* which is a first integral of II*¥ such that do* A dt # 0. The function ¥
is said to be a fundamental function of order k. The space of fundamental functions of lower
order can be constructed from the filtration above by taking quotients. Specifically, as noted
above, in this case the only fundamental functions of less than maximal order 3 are of order 2.
They are described by the quotient bundle

EgQ)/E(Z) = {dz} mod dqi,dqs,dqs.

Without loss of generality we can take ¢? =  to be a fundamental function of order 2. The
construction of the equivalence map is now as follows. Function ¢ is the “independent variable”
and successive differentiation gives the higher order variables

1_ 2 1 _ 2 1 _ 72 2
=9, Zl_ngv ZQ_Z )

2 k 2 k 2 2 k 2 3 k
z° =" 2] =2Z¢", 25 =2 , 23 =2°¢".
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We now implement this. The first integrals of Char K® are spanned by q1, g2, g3 and any
function of these can be chosen to be t. If we choose (say) t = go, then for Z we choose

2
Z=—2X,
q294
where X is the first vector field in the basis for K above; for then Zt = 1, as required. We then
construct the integrable distribution II? as described above and discover that its first integrals
are spanned by

q143

q2 and —_—
L+ qig2

Hence the fundamental function of highest order is

22— (pk _ q143 ‘
I+ q192
The data
t= q2, Zl =, 22 = Nnis

1+ q192

and differentiation by Z now Construct/\s the local equivalence 1 identifying K = H; and
C(0,1,1). The local inverse 1/11_ : R — M, determines the integral submanifolds of Hj.

An exactly analogous calculation holds for H2 and one arrives thereby at an explicit map
1/12 R — Mg representing the mtegral manifolds of Hs. The explicit integral manifolds of ¥
are a superposition of those of H 1 and Hg.

R xR — oy (R), 95 (R)).
In this way we obtain remarkably compact representations for wave maps into this metric:

Theorem 3 (hyperbolic Weierstrass representation). For each collection of twice continuously
differentiable real valued functions f1(s), fa(s), gi(t), g2(t) of parameters s, t, the functions

v=fi(s), y=aqn(),

w2 _ (tg2(t) = 1) fa(s) + (2tg2(t) — 1) fa(s)?
92()(f2(s) + sf2(s))

t) + (25f2(s) — Dga(t)”

g2(t) + tg2(t))

e

)

v/2 _ (8f2(5) = 1)go
fa(s

define harmonic maps

(
(

duf — du3
@) > (M) wuke weue

5 Concluding remarks

We’ve seen that for a large family of non-constant initial data, it is possible to construct explicit
integral representations for solutions of the Cauchy problem for wave maps into a certain non-
constant curvature metric due to the fact that the corresponding Euler-Lagrange equation is
Darboux integrable and because the Cauchy data can be extended as a flow by a system of
Lie type. We have also constructed a hyperbolic Weierstrass representation for such wave maps
making use of the general theory in [2, 18, 19]. The fundamental ingredients throughout include
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the theory of systems of Lie type and the notion of a Vessiot group associated to any Darboux
integrable exterior differential system [2]. We expressed the evolution of the Cauchy data as
a system of Lie type for the action of a subgroup of the Vessiot group.

We may perhaps regret the occurence of integral representations in our solution of the Cauchy
problem preferring the elimination of all quadrature. Alas, this is surely a forlorn hope in
a difficult nonlinear problem, especially when it is recalled that even in the general Cauchy
problem for the (1+1)-linear wave equation quadrature cannot be eliminated, according to the
d’Alembert formula. However, one can ask if there are Darboux integrable nonlinear sigma
models with solvable Vessiot groups for harmonic maps into nonzero curvature metrics. This
would make the application of the theory of systems of Lie type very useful indeed. In fact there
is at least one such sigma model [6].

Interesting open problems include: what intrinsic properties of a metric render the corre-
sponding wave map system Darboux integrable? Moreover, what do we learn about the geometry
and topology of target manifolds from so vast a reduction in the Cauchy problem? This is espe-
cially intriging when it is recalled that the solution to the Cauchy problem has been expressed
as a curve or “evolution” in a finite Lie group, arising by Lie’s theory from a corresponding
curve in its Lie algebra.

A Appendix

A.1 The superposition formula

For completeness, in this appendix we make a remark on the construction of the superposi-
tion formula o : My x My — M. A general construction valid for any decomposable exterior
differential system was worked out in [2]. Below we present results for the wave map system
studied in this paper. The hyperbolic structure of the wave map system in adapted coordinates
is given by

H = H; ® Ha,
where

a1 (14 z129) 2924 a123 1

Hl — {ax + a28a1 + 222,24 zZ1 2 zo 2212224 a23 + 5(043'24 + ay — 22)6247

aaza a@g}?

2123 b1 (1 + 2z129) 1 9 b2y

Hy =<0, + b0, 0 0 —(b3zg — 01)0,, — ———0

2 { Y + 02 b1 + 9 Z1 + 22’12’3 22 + 2( 323 z3 + 1) 23 22’12223 249

Oby, Oby } .

Calculation shows that the infinitesimal symmetries of H; which are tangent to the level sets of
all the first integrals z, y, a, b, the tangential characteristic symmetries of Hy, are spanned by

14 2129 Z4

1
azz + 8Z3 - 8Z45 _i(zlazl + 22822) + 2382'37

173 212274

1
& = {2(21238Z1 — z§8z3),

1
—1(21621 -+ 22832)}.
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Similarly, the tangential characteristic symmetries of Hy are spanned by

1+ 2129 23 1
Ey=¢—""729, ——0 ~0
2 { Q2024 v ziz974 2 + 9

1 1
29240, — 230, §(z18z1 — 290s,) + 2404, —5(218Z1 — 22832)}.
The structure of these Lie algebras are in reciprocal relation, namely, for £ the nonzero Lie
brackets are

[e1, e2] = es, le1,e3] = eq, le2, e3] = —ea,

while for £ we have

[f1, fo] = —f3, [f1, f3] = —f1, [f2, f3] = fo and lei, f;] =0, Vi, j.

Hence, &1, & define the isomorphism class of the Vessiot algebra for this Darboux integrable
system, in the terminology of [2]. Each &; is isomorphic to s[(2) ®R and each frames a neighbour-
hood of a point of R%. By the converse of Lie’s second fundamental theorem there is a local Lie
group (G, m), where m : G x G — G denotes group composition such that & coincide with the
infinitesimal left and right translations on G. From the expressions for either £ or &, by com-
puting flows or otherwise, we can compute function m. The components of m coincide precisely
with the first 4 components of the superposition map o, where we interpret ({pi}le, {qi}?zl)
as local coordinates around (e,e) € G x G; e being the identity in G.

Remark 2. The tangential characteristic symmetries [20, 21] described above do not in general
lead directly to the Vessiot algebra, which is needed for the construction of the superposition
formula. In general a sequence of coframe adaptations described in [2] is required. In terms of
these the distribution Hy; @ Hs above can be constructed from components of the fifth adapted
coframe of a so-called Darboux pair. However, it turns out that for relatively low dimensional
examples like the one in this paper, the full machinery of [2] can sometimes be avoided and
instead it is convenient to carry out a direct computation of the tangential characteristic sym-
metries of H; and Hy as we did above. A simple example where this procedure is already not
sufficient is provided by a Fermi-Pasta—Ulam equation (see [20]), uy = uy 2z,

A.2 Systems of Lie type

Let u: G x M — M be a left-action of a Lie group G on manifold M and G C X(M) its Lie
algebra of infinitesimal generators; X(M) is the Lie algebra of all smooth vector fields on M.
Let X; be a basis for G. Then, a vector field of Lie type or Lie field is a curve in G

X = Z Oéi(t)Xi,

where «; are smooth functions of parameter t. An ODE of Lie type is the differential equation
determined by a Lie field

dzx

dar Xlx(t)‘ (10)
We pause to recall the map p: g — X(M), defined by

~ d
N(U)|z = %M(We(u),w)\ezo, Yu€ g,
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where ¢¢(u) is the flow (in G) of u € g and g is the matrix Lie algebra associated to G, viewed as
a matrix group. The map g is the standard anti-homomorphism, induced by the left-action p,
from the matrix Lie algebra g to the Lie algebra of smooth vector fields X(M) on M. Remark
that for each x € M, ker 41|, is equal to the subalgebra Z,, C G of infinitesimal generators which
vanish at x; that is, ker ﬁ|z is the isotropy subalgebra at x. An action pu is effective on M if
the global isotopy group Z(M) is trivial. Recall that Z(M) is the set of all ¢ € G such that
wu(g,z) = x for all z € M. It follows that if the action is effective then ker i is trivial and
the map p is injective. Henceforth we assume that the G-action is effective or at least almost
effective; an action is almost effective, if Z(M) is discrete. In this case, p is injective for those
elements of g whose flows are close to the the identity element in G.

We will also assume that the action is transitive so that for each x,y € M the corresponding
isotropy subalgebras are isomorphic, Z, ~ Z,. We therefore speak of the isotropy subalgebra or
subgroup. We now recall some useful notation from [7].

Let f : M — G be a smooth map and let w = §(f) = df - f~!. We know that w is a right-
invariant Maurer—Cartan form and that it is valued in the Lie algebra g of G.

Definition 3. Let M be a smooth manifold and G a Lie group.

1. A differential form w € Q(M, g) is said to be a Maurer—Cartan form if it satisfies

dw+wAw=0.

2. Amap f: M — G is said to be an integral of a Maurer—Cartan form w if and only if

5(f) = w.
Theorem 4. On a simply connected manifold every Maurer—Cartan form has an integral.

We denote the set of all g-valued Maurer—Cartan forms on M by Q(M,g). Specialising to
the case M = R we have the following fundamental result.

Theorem 5. Let p: G x M — M be an effective and transitive left-action of Lie group G on
manifold M. Suppose w = A(t)dt € QR,g) is smooth at t = 0. The unique solution of the
initial value problem of Lie type

dzx

at A(A))» z(0)=qgeM

is the function x4 : R — M defined by

where g : R — G, is the fundamental solution. That is, 6(g) = w and g(0) = e.

Remark 3. This theorem reduces the construction of the solution of a system of Lie type to
constructing the fundamental solution g : R — G satisfying

Y_awen.  g0)=e

This problem can still be very challenging. Lie’s approach is to simplify the problem by making
use of any known solutions (Lie reduction). See [7] for a proof of Theorem 5.

To explain this, continuing with transitive and effective left-action u: G x M — M, suppose
that x1(t),...,x,(t) are k particular solutions of the Lie equation (10), satisfying
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for some collection of points g; € M. Denote by G the isotropy subgroup of ¢ € M,
Go={9€Glg-qa=q}.

Let
H =G, NGy N---NGy,,

and let h be the Lie algebra of H. Furthermore, let a curve go : I C R — G be defined by

1(go(t), ;) == go(t) - qj = x;(t). (11)

Such a curve of group elements is defined up to a multiplication on the right by a curve in the
the joint isotropy subgroup of the initial conditions. Constructing go(t) involves the solution of
algebraic equations with a potentially large solution space with no canonical choice of solution.
In general one aims to find a solution gg(t) which passes through the identity at parameter
value ty where initial conditions are to be posed.

Let C*°(M,G) denote the set of smooth maps from M to G. As in [7] define gauge transfor-
mations p(h) : Q(M,g) — Q(M,g) by

p(hw = Ad(Rw + 8(h),  Yhe C®(M,Q).
Theorem 6 (Lie reduction; see [4, 7]). For any w = A(t) dt € Q(R, g),

1.wi=p (go(t)_l) w € QR,h).
2. If g1 : I CR — H is an integral of wy then go(t)g1(t) is an integral of w.

A.2.1 Application of Lie reduction to the Riccati equation

The Cauchy problem for the integrable wave map system has been reduced to an initial value
problem for Riccati equation (6) together with one quadrature. In this subsection we briefly
illustrate the use of Lie reduction in the resolution of the general Riccati initial value problem.
It is used in Section 3 of the paper. The standard action of the special linear group G = SL(2,R)
on the real projective line induces a left-action on the real line

_la b _a§+b
)\9(5) i |:C d:| g_ C£+d7

£eR (12)

the linear fractional or Mébius transformations.
With basis

o 1 1o ~fo o
Y11= 00 ol YT lo 10 M7 oo

for sI(2,R) it is easy to see that the anti-homomorphism A : s[(2,R) — X(R) can be expressed
X(aou_l + aqug + aguy) = (ao + 201 — ang)ax.

Hence

A(t) = ao(t)u—1 + a1 (t)uo + az(t)ur =

{al(t) ao(t) ]

aa(t) —au(t)
satisfies

A (A1) = (ag(t) + 201 (H)x — as(t)a?)d,.
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That is, A(t) C sl(2,R) is associated with the Lie equation
dx
dt

Now suppose that a solution z¢(t) of equation (13) is known and suppose that x(0) = 0. Solving

equation (11) we obtain

1 xo(t)

wi =g ]

The isotropy subgroup of 0 € R is

H:Goz[i O},

afl

= ag(t) + 201 (t)x — ag(t)z? (13)

from which the initial value problem for the fundamental solution g;(t) of the reduced equation
of Lie type can be deduced to be

d
T =BOn(),  90) =L (14)
where
a1 — Too 0
Blt)dt = (0) = ppr (o) = | 2000 0

Since g¢1(t) is a curve in H, we have

g(t) = D;Eg 71((2)1] '

With S(t) = a1 — xpag, (14) has solution, expressed in terms of quadrature

(t) = exp /0 Br)dr, () = ()" /0 as(r) 1 (r)? .

Finally, the unique solution of the initial value problem z(0) = ¢ € R for the Riccati equation
can now be expressed in terms of quadrature:

(t) + z0(t)a (1) xo<t>/v_1(t>} g

o(6) = mlthn(t) g = | O 728 AL

That is,

7(t)q
m(t) = + X t).
Y2(t)g + ()~ (
Theorem 7. Let xo(t) be a known solution of a Riccati equation (13). Then by Lie reduction
the construction of the fundamental solution is reducible to quadrature.
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