Tzitzeica geometry of soliton solutions for
quartic interaction PDE
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Abstract. Geometric properties of graphs of solutions for the quartic
interaction PDE are studied in the present work. Two classes of solutions
are considered. One class is represented by soliton solutions, whereas
the other class consists of solutions of a first order PDE system, which
generates the quartic interaction PDE, in the sense of least squares type
action. We prove that for both classes the graphs of solutions are Tzitzeica
flat, i.e., the associated Tzitzeica curvature tensor vanishes. It is also
shown how the quartic interaction PDE can be generated using a least
squares type action.
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1 Recent topics about geometry of PDEs solutions

Geometric properties of solutions for partial differential equations (PDEs) provide
surprising information for specific problems described by the equations. This topic
has been the focus of numerous international conferences, workshops and research
programs for a number of recent years. The directions of research include: convezity
of solutions, blow-up analysis, Sobolev type inequalities, hot spots, shapes of graphs of
solutions etc.

In this paper we are concerned with: (i) solutions of first order PDEs as sub-
manifolds; (ii) Tzitzeica differential geometry for soliton solutions of the quartic in-
teraction PDE; this is a fundamental equation of the Quantum Field Theory related
to the famous Klein-Gordon equation; (iii) the geometry of least squares generators
for quartic interaction PDE.

The paper is structured as follows. In Section 2, we lay out the theoretical con-
siderations, introduce the basic notions, and recall some results from ([7], [8]) which
will be used later.
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In Section 3, we state and prove our first result concerning the geometry of the
Tzitzeica connection on graphs of soliton solutions of the quartic interaction PDE.
More precisely, we prove that the graphs are Tzitzeica flat.

In Section 4, we prove that the quartic interaction PDE is an Euler-Lagrange
prolongation of a first order PDE system. According to the Theorem 4.1, the solutions
of the first order PDE system are also solutions of the quartic interaction PDE. The
surprising fact is that this class of solutions has similar geometric properties with the
class of soliton solutions.

2 Solutions of first order PDEs as sub-manifolds

All relevant mathematical ingredients used in the present work are supposed to be of
class C'*°. The advantage of working with this class of objects consist in the fact that
it is invariant under differentiation.

Let (T, k) and (M,g) be semi-Riemannian manifolds of dimension m, and n re-
spectively, with m < n. The indexing of the components of the geometrical objects
corresponding to the manifold T (manifold M) will be done using Greek (Latin) let-
ters. Denote the local coordinates on the manifold T by ¢t = (t¢), a =1,...,m, and
denote the local coordinates on the manifold M by z = (zz) ,i=1,...,n. The first
order jet manifold J*(T, M), is endowed with the adapted coordinates (t*, z¢,x%) (see
for instance [3]).

A distinguished tensor field X! (¢, 2(t)), defined on T' x M (with local coordinates
(t*, 2%)), defines a first order normal PDE system

(2.1) (1) = X4 (t,2(1).

Suppose that the complete integrability conditions

oxXi 0Xi ., O0Xy 0Xj

(2:2) 916 T Bws P T e T i o

are satisfied throughout. The solutions of the PDE system (2.1) correspond to
m—dimensional leaves, which are sub-manifolds of co-dimension n —m, in M, diffeo-
morphic to T. These are the leaves of the foliation of the manifold M, induced by
the integrable distribution D = {X,}, a =1, ---,m, where X, = (Xé, e ,Xg) )
The geometric properties of the leaves, obtained as above, will be our main interest
in what follows. The source of inspiration are the works [6], [8], [16].

Suppose that the PDE system (2.1) has a solution (). Differentiating along the

solutions z(t), and substituting x]ﬁ =X é7 yields the second order PDE system

021t ox: . 9Xi
2. = ¢ 2
(2:3) oot 9xi T B o8

On the other hand, a sub-manifold S : « = z(t), z(tg) = xo, satisfies the Gauss
equations

0%zt

(2:4) oteoth

(t) = AL5 (1), (1) + Qe ()N, ((t)),
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where N, = N!0,:, a =1,--- ,n—m are unit vector fields normal to S. Replacing the
left hand side member by the right hand side member of (2.3) and using the induced
metric

(2:5) has(t) == (95 X5X3) (t,2(0)),
on sub-manifold S, we obtain the components of the (non-metric) Tzitzeica connection

oxXi ., X!
X+ G| e o),

(2.6) AZ 5 (t) = B (£)g X [

and the fundamental forms

ox: .  0X}!
a _ gab k a I a
2.7) Q845 (t) = 6° gy, N} [W Xh+ 8 ] (t,z (1))

The components of the Tzitzeica mean curvature vector field, with respect to the
induced metric hqg, are given by

(2.8) H'(x(t)) = h*? ()24, (t) Na (2(2)).

Remark 2.1. Any PDE can be transformed into a (constrained or not) first order
PDE system, and automatically, we can build the associated Tzitzeica geometry.
To a classical second order PDE, written in the explicit form (see for instance [1])

(2.9) F(t,z(t), za(t), zas(t)) =0,

where ¢ =.(ta), T = (xz), To = (2), Tag = (xgﬁ), a=1,---,m,i=1,---,n, one
may associate a constrained first order PDE system

oz’ i
8?@) = ga (t)a
(2.10)

F(t,2(0) 0(6), 9o (1) =0

The associated ”least squares type Lagrangian density” (see Section 4 for more
details), with respect to the metric tensors (g;;) and (hag), is

= 1 (ot = ) (= €) + 5P (00). €00, 6ol

As an alternative approach, one might consider the Lagrangian density

Ly = 5h%gy (al, — €0) () — €4) + SAF(2(1),€a(t), Easl0),

where A is a Lagrange multiplier (see, for instance, [2]).

Remark 2.2. If the initial second order PDE is given in the normal form

(2'11) xa,BzFa,B(tax(t)ama(t))7 &SB,
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then the corresponding first order PDE system is

Ox’ ;
(2.12) |
ng = Fop(t,z(t),&a(1)).

In this case, the corresponding ”least squares type Lagrangian density”, becomes
1 A . . . 1 N . , . ,
L= h*gi; (x; - &) (fﬂfg - %) + 500 g5 (€5 — Fap) (ffm - fm) :
We also should keep in mind the complete integrability conditions

0%x . %z 82§a B 82€a PO
O OtE — OtBorT OOt OtBor’ o,B,y=1,---,m.

Remark 2.3. When the initial second order PDE system is pseudo-linear, i. e.,

(2.13) hP(t)xl 5(t) + F'(t,2(t), ma(t)) = 0,
one may associate the first order PDE system

oz’
ote

(2.14) 06, _ %
o8 ote

€,
otP

together with the ”least squares type Lagrangian density”

1 . . ; ; 1 O¢? ¢! o¢J 8§j
af i i apg B a B a 8
L = gh*Pai (ot~ &) (wh = &) + 3h™ 0 g, (8755 R ACES

1 o¢! . ¢l 4
Z gss aB Z5a i ap YSa j
+29”<h 8t5+F><h 8t5+F)'

() =&.(1)

he? () 575 (1) + F' (t,2(t), & (t) = 0,

3 Tzitzeica geometry of solitons associated to
quartic interaction PDE

In the context of Quantum Field Theory, a classical free scalar field is a solution of the
Klein-Gordon equation, which is a relativistic analogue of the Schrédinger equation.
The Klein-Gordon equation can be altered in such a manner that the solutions of
the modified version, which is called quartic interaction PDE, are fields with quartic
interaction in Quantum Field Theory (see for example [5]).
In this section, we are interested in the geometric properties of graphs of soliton
solutions for quartic interaction PDE, as four-dimensional submanifolds immersed in
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the product manifold of (T,k) and (R,§ = 1), where by (T, k) we denote the four-
dimensional Minkowski space-time, with the metric signature (— + ++).
Let
u:T— R, t= (281 —u(t 2, 85,1h).

The quartic interaction PDE (see for example [5]) is
(31) U11 — U22 — U333 — Ugq4 = /LQU — )\u3,

where p is the mass term, X is the (strictly positive) coupling constant, indices means
partial derivatives and whose solutions are real valued functions (scalar fields) w.
Let us consider the soliton solutions, in implicit form, given by (see for example

[4])

9 ~1/2 .
(3.2) / [01 CE TR /f(u)du] du = kat® + Cs,

where f(u) = p?u — Mu® and Oy, Oy, ko, a = 1,2,3,4, are some constants such that
ki # k3 + k3 + k.

Denoting by F(u) the left hand side member of the equation (3.2), and taking the
partial derivatives, we obtain

0 oF 1
(3 3) ota (’LL) du U ka Uy ka g% ka (U), (6] s ,37 s
1
where Y('LL) = BEF -

‘Ou
The product manifold (M, g) = (T xR, k+46), with coordinates (¢!, 3,4 u), is
a Lorentzian manifold. The graphs of solutions are integral manifolds of the smooth
integrable distribution D = {Y7, Ys, Y3, Y}, spanned by

Yi = (170707073/15)7 }/2 = (07170707}/25)7
YE’) = (ana 170aY235)a Yzl = (anaov 1aY;L5)a

defined on the manifold M, where
(3.4) Y3 (x(t) = kaY (u(t)).

Computing the induced pseudo-metric, on an integral sub-manifold of the distribution
D, using (2.5), yields

14+ k3Y?  kkoY? k1ksY? k1ksY?

. k‘gklyz 1+ k‘%Y2 kgk)gYQ k2k4Y2

(3.5) (hap) = | Lk Y?  hahoY? 14 RV hghyV?
kyk Y2 IANE kaksY? 14 k2Y?

The contravariant components are
14+ Y?2  —kikY? —k1ksY? ANE
1 —k2k1Y2 -1+ C2Yv2 k2k3Y2 k‘gk’4Y2

Ih —k)gklyz k‘3]<i2Y2 -1+ 03}/2 k‘3k‘4Y2 ’
—/{34]{11)/2 k4k2Y2 k4l€3Y2 -1+ 64}/2

(36) (k)=



108 Teodor Turcanu, Constantin Udrigte

where
o= (k3 +k3+k}), co=(k}—k3—kK3),
cs= (k3 — k3 —k3), ca= (k3 — K3 — kD).
The determinant associated to the previous pseudo-metric is
Ap=—-1— (ki+ki+ki—k)Y>

Hence, we shall impose k3 + k2 + k3 > k7, in order for A}, < 0 to hold.
We have the following result concerning the Tzitzeica curvature of an integral
manifold of the distribution D.

Theorem 3.1. Let S be an integral manifold of the distribution D. Then

i) the components of the Tzitzeica connection A are

)8 oYy
vy Yoy 5 a5 yo 2
(3.7) AaB =h YH —u Yﬁ = (h kn) kak'la (Y) —u,

i) the curvature tensor of the manifold (S, A) is identically zero.

Proof. 1) Noticing that the vector fields depend only on the last coordinate, and
making the substitution ;> = k.Y, from (2.6), one obtains (3.7).
ii) The curvature tensor of the Tzitzeica connection is

_— 8/\35 OAY,, AT AT AT AT B
caf T jra - o8 + oBitna T Hoatinpo a»ﬂﬂﬂ?— 1,2,3,4.
Substituting (3.7), we have
0 5 Y 0 5 Y
S N _ v
Raa[ﬁ ot |:(h’ kﬂ) k0k5 (Y) au:| 8#’ |:(h ku) kakoc (Y) 6u:|
oY oY
nv 277 Yh 27
| s ()7 | i) b ()2 5
oY oY
_ | (nv 270 R7z 297
[(h k) koko (V) é)u} [(h k) knks (Y) ﬁu} .
. . 0 0
Since the last two terms cancel each other, and using the fact that T kaYa—,
o U
one obtains 5 oy
¥ _ = A(pm 2
RU(JB kgkﬁkayau |:(h kﬁ) (Y) 8U:|
0 2 0Y
— kokokgY — | (B k) (V)" — | = 0.
¥ g k) ()2 G| =0

O

Remark 3.1. It is worth noticing that the above results do not depend on the
function Y (u(t)) but only on the fact that Y?(2(t)) = koY (u(t)). Thus, it should
hold in other cases too.
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1
Remark 3.2. The unit vector field N(t) = 7 (k1Y, —koY, —k3Y, —k4Y, 1), where

[l =+/—Ay , is orthogonal to any integral manifold of the distribution D. Hence, by
direct computation, from (2), we obtain the components of the second fundamental
form

10(Y?)

Thus, the components of the Tzitzeica mean curvature vector field, by direct compu-
tation, are

; 1o(y? kT + k3 + k3 + k3 _
(3.9) H'((t) = 5 E?u> yelH QAh3 4)+(k§+k§+k2—k‘f) N(1).

4 The geometry of least squares generators
for quartic interaction PDE

In the present section we shall study the geometry of another class of solutions of
the quartic interaction PDE, which have a close connection to the soliton solutions.
More precisely, we shall study the Tzitzeica geometry corresponding to a first order
PDE system which is a generator, in the sense of geometric dynamics, of the quartic
interaction PDE. The classical approach of geometric dynamics ([10]-[15]) consists in
extending normal first order PDE systems to second order Euler - Lagrange type PDE
systems; the solutions of the first order systems are included in the set of extremal
points of least squares type Lagrangians (see [8]). In this respect, we recall the
following key result ([7] Theorem 2.3, [10]).

Theorem 4.1. With the above notations, we have that each solution of the PDE
system (2.1) is an extremal for the Lagrangian

1 . . . )
(1) L= 5h*gi(at, — X2)(wh — X))/Ihl

Note that the converse assertion is not true.
Let, as above, (T, k) be the Minkowski space and (M,g) = (T x R, s+ 4), and
consider the immersion (graph map)

(4.2) o:T— M, (86— (1,268, u(d),
et (t) =t i =1,2,3,4, 25(t) = u(t).
Let X3 (z(t)) = ko X (u(t)), a =1,2,3,4, where

1

(4.3) X(@(t) = V2ARE + k2 + k2 — kD)

(A (u®)? - 2).

and k, are nonzero real numbers such that k7 < k3 + k3 + k3.
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We introduce the first order normal PDE system

o’
ot

=0 = XL(z(t), i,a=1,23/4,
(4.4)

ox® 5
O X3(a(t)

The associated ”least squares type Lagrangian” (4.1), corresponding to the metric
tensors (g;;) and (h“ﬁ ), respectively, becomes

1 .
L - 5 [haﬁgzj ( XZ) ( - Xé)
(4.5) ._m_ﬁ)+u—&)+%—ﬁf+@—ﬁﬂ
7/6a .] _1’ 4’

(recall that kll = g11 = 71, k?22 = g22 = k33 = (g33 = k44 = g44 = ]., gs5 = ].7 and
non-diagonal terms are zero).

The connection between the first order PDE system (4.4) and the quartic interac-
tion PDE (3.1) becomes clear by the following

Proposition 4.2. i) The quartic interaction PDE (8.1) is an Euler-Lagrange pro-
longation of the system (4.4), with respect to the manifolds (T, k) and (T x R,k +6),
respectively.

1) There exist infinitely many suitable geometric structures and infinitely many
vector fields which realize the above prolongation.

Proof. Writing the Euler - Lagrange equation
oL 0 OL

dxd Ot 9x5
with respect to the last coordinate function 2°(t) = u(t), one obtains

SOXP N L 0XD 9%5 o 0%
1 ZX =
drd

(4.6) “or5 oot = dteote

Making the corresponding substitutions yields
MQU — Au® =y — Uy — ugz — U,

which is precisely the quartic interaction PDE (3.1).
In order to prove ii), it is enough to choose as the component gss any strictly
positive constant. (Il

Let D' = {X;, X2, X3, X4} be the distribution generated by the smooth vector
fields

X =(1,0,0,0, X5), X,

=(0,0,1,0,X3), Xy
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defined on the manifold M. The Frobenius integrability conditions reduce to

5 0X3
(4.7) %fg X5 = fog, o, f=1,2,3,4,
which means that the corresponding distribution is integrable.

The geometry of the integral sub-manifolds of the integrable distribution D’ can
be studied precisely as in the previous section. The induced metric tensor on integral
manifolds of the distribution D', as well as its inverse, are precisely as in (3.5) and
(3.6), respectively, with X instead of Y.

Using the Remark 3.1, one obtains the following, similar to (3.1),

Theorem 4.3. Let S’ be an integral manifold of the distribution D'. Then

i) the components of the Tzitzeica connection A) are

4.8 AY —h7”X5aX°5‘X5— Wk, koks (X
() af T ) ,3_( 0') 045( )

u

 0x
ou’

i) the curvature tensor of (S, A) is identically zero.

5 Conclusions

In the present paper we considered geometric objects which correspond in a natural
way to PDEs and their solutions. These objects provide, very often, insights for the
qualitative study of equations. One such object is the Tzitzeica connection together
with its associated curvature tensor, which vanishes on graphs of the two classes of
solutions we had considered.

The present work also provides an example of how the tools of geometric dynamics
can be useful when we deal with geometric properties of graphs of solutions of PDEs.

A starting point for further research is the Remark 3.1, according to which, the
result of Theorem 3.1 is valid for a larger class of equations.
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