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Abstract
Non-linear semigroups are studied and investigated in order to prove the existence and uniqueness
of solutions for the non-linear partial differential equation defined in L1. The above partial
differential equation is derived from the general heat equation's analysis at high temperature. The
above differential equation has many applications in potential flow problems. In addition, the
existence and uniqueness of solutions for the non-linear heat equation is proved, by presenting
some general boundary conditions. Besides, some properties of the solutions for the above nonlinear partial differential equation are finally proved.
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1. Introduction
Over the past years of sufficiently Increasing interest was the investigation of non-linear
semigroups in general Banach spaces and their application to the existence and uniqueness theory
for differential equations associated with non-linear operators. Consequently, the fundamental
results on non-linear semigroups are applied to the solution of several types of partial differential
equations arising in mathematical physics and engineering.
Besides, the study of non-linear semigroups was derived from the examination of non-linear
parabolic equations and from various non-linear boundary value problems. Generally, the theory of
non-linear semigroups is a generalization of the Hille-Yosida theory for one-parameter semigroups
of linear operators and is further closely related to the theory of non-linear monotone operators.
The first work on semigroups was published by A.V.Balakrishnan [1], when studying fractional
powers of closed operators. Some years later T.Kato [2] studied non-linear semigroups in
connection with evolution equations, while Y.Komura [3], [4] studied non-linear semigroups
defined in Hilbert spaces.
Beyond the above, K.Sato [5] investigated non-negative contraction semigroups in Banach
spaces, while a general theory of non-linear semigroups was investigated by M.G. Crandall et al.
[6] - [8]. Also, J.Watanabe [9], [10] studied semigroups of non-linear operators on closed convex
sets and H.Brezis et al. [11], [12] introduced a general semigroups formulation.
At the same time, M.Iannelli [13] proposed non-linear semigroups on cones of a non-reflexive
Banach space, while J.Mermin [14] and S.Oharu [15] investigated general theories of non-linear
semigroups. Additionally, I.Miyadera [16] studied semigroups of non-linear operators and
B.K.Quinn [17] investigated semigroups in L1 spaces.
On the contrary, Y.Konishi [18] studied non-linear semigroups associated with some partial
differential equations and U.Westphal [19] and S.Aizawa [20] investigated some formulations for
non-linear semigroups. Moreover, T.Kurtz [21] studied semigroups of non-linear operators applied
to gas kinetics, while R.Bruck [22] investigated asymptotic convergence of non-linear contraction
semigroups in Hilbert spaces.
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The theory of non-linear semigroups was generated by Y.Kobayashi [23], [24] and a monograph
on the above subject was written by V. Barbu [25]. Moreover, J.M. Ball [26] studied strongly
continuous semigroups, while B.C.Burch [27] investigated a semigroup treatment of the Hamilton Jacobi equations in several space variables.
At the same time, J.H.Lightbourne and R.H.Martin [28] investigated relatively continuous
perturbations of analytic semigroups, when A.T.Plant [29] studied non-linear semigroups of
translations in Banach spaces generated by functional differential equations.
The theory of non-linear semigroups on general Banach spaces was also investigated by
J.B.Baillon [30] and A.Pazy [31], [32], while J.A.Goldstein [33] wrote a monograph on semigroups
of linear operators with some general applications. Also, a monograph on non-linear evolution
operators and semigroups was written by N.H.Pavel [34].
Thus, over the past years there has been an increasing use of semigroups techniques in solving
problems related to partial differential equations, defined in infinite dimensional Banach spaces.
The method of semigroups has considerably simplified the proofs and has unified the treatment of
several different classes of differential equations. These differential equations are solved
successfully by using semigroup techniques in dealing with discontinuous data and regularity.
By the current research, the non-linear semigroups are used in order to prove the existence and
uniqueness of solutions for the non-linear partial differential equation defined in L1 spaces. This
differential equation is derived from the general theory of heat equations analysis. The above
theory is a part of potential flows analysis as was investigated and analyzed by E.G.Ladopoulos
[35] - [49] over the last two decades.
So, a general theory is presented in order to prove the existence and uniqueness of solutions for
the above non-linear partial differential equation defined in L1 spaces. This theory consists to the
use of non-linear semigroups, by applying them to the existence and uniqueness theorems.
2. Heat Equation's Investigation at High Temperature
Theorem 2.1
Consider by B a bounded domain in R3 with smooth boundary Γ and by Bs an arbitrary
subdomain of B with smooth boundary  s (Figure 1). Suppose that in B there a gas with
temperature u=u(x,t) at the point x  ( x1 , x 2 , x3 ) B at time t.
Then, in the case of high temperature, the heat equation is equal to:

u ( x, t )
m
 * 2 u (t , x)
t

(2.1)

in which  2 denotes the Laplace operator:

2 

2
2
2


x12 x 22 x32

(2.2)

and  is equal to:

   / c(a  1)

(2.3)

  0 the thermal conduction constant, c the specific heat constant and
a ] 4,5 ; 5,5 [ , m  a  1  1 .

with
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Fig. 1 A bounded domain B in R with smooth boundary Γ inside which there is a gas with temperature
u=u(x,t) at the point x  ( x1 , x 2 , x3 )  D .

Proof
Let the amount of heat in Bs at time t:

QI (t )   c(t , x, u )dx

(2.4)

Ds

and the amount of heat outflowing from Bs per unit of time:

QII (t )     R (t , x, u, u ), n  ds

(2.5)

Ds

where n denotes the outward normal to  s and ds the element of area of Bs .
Besides, consider the amount of heat from sources F in Bs per unit of time:

QIII (t ) 

 F (t , x, u )dx

(2.6)

Ds

Consequently, the balance of heat is equal to:
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d
QI (t )  QII (t )  QIII (t )
dt

(2.7)

In addition, by using the formula of Gauss then (2.5) can be written as:

QII (t )     R , n  ds      Rdx
DS

(2.8)

DS

Then, by substituting eqs (2.4), (2.6) and (2.8) into (2.7) one obtains:


c(t , x, u )    R (t , u , u )  F (t , x, u )
t

(2.9)

Furthermore, we assume the following formula to be valid:

c(t , x, u )  c u

(2.10)

in which c denotes the specific heat constant.
In the case of high temperature, then the radiation of heat is equal to:

R  u a u

(2.11)

where   0 denotes the thermal conduction constant and a ] 4,5 ; 5,5 [ .
So, from (2.11) we obtain:

  R    u a u

(2.12)

which is further equal to:

R 


a 1

  u a 1

(2.13)

 2 u a 1

(2.14)

and finally to:

R 


a 1

in which  2 denotes the Laplace operator.
Hence, from eqs (2.9) and (2.14) by neglecting the source term F, we obtain the required heat
equation (2.1).

3. The use of Non-linear Semigroups for the Existence and Uniqueness Theorems of Nonlinear Partial Differential Equations in L1
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Theorem 3.1
Let u=u(x,t) the temperature function at the point x  ( x1 , x 2 , x3 )  B at time t. (Fig.1). Then
the following operator E:
1,1

D( E )  {u  L1 ( B) ; u m  W0 ( B),  2 u m  L1 ( B)}

(3.1)

Eu   2 u m , for u  D(E )

(3.1a)

is m - dissipative in L1 ( B ) , with D( E )  L1 ( B ) .
Proof
In order to prove the dissipativity of E in L1 ( B ) , we have to prove the following inequality:

uv

L1

 u  v  t ( Eu  Ev)

L1

, t  0 , u, v  D( E )

(3.2)

Consequently, we choose the following sequence hn  C1 ( R) :

hn ( s ) 

ns
, sR
n s 1

(3.3)

with the properties:

hn (0)  0
hn ( s )  1
hn ( s )  0

(3.4)

lim hn ( s )  sign s, s  R
n
In addition, by choosing u , v  D( E ) , one has:

hn [n m  v m ]  hn [n m  v m ] [u m  v m ]

(3.5)

So, by using Green's formula we obtain:
2

m
m
m
m
m
m
 ( Eu  Ev)hn [u  v ]dx    hn [u  v ] [u  v ] dx  0
B

(3.6)

B

Thus, one obtains for every t>0:

 (u  v)h [u
n

B

m

 v m ]dx   [u  v  t ( Eu  Ev)] hn [u m  v m ]dx
B

(3.7)

  u  v  t ( Eu  Ev) dx  u  v  t ( Eu  Ev)
B

L1
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Beyond the above, one has:

sign [u m  v m ]  sign[u  v]

(3.8)

and thus, by letting n   in (3.7), we obtain the required formula (3.2).
Also, we have to prove that for each h  L1 ( B) there exists a unique u  D(E ) , such that:

u   2u m  h

(3.9)

So, with v  u m , then eqn (3.9) is equivalent to the following equation:

v m   2 v  h

(3.10)

Consequently, the Laplace operator:
1,1

D( 2 )  {v  W0 ( B ),  2 v  L1 ( B)}
is dissipative in

(3.11)

L1 ( B ) . Furthermore, eqn (3.10) has a unique solution v  D( 2 ) and thus,

u  v  m is the solution of (3.9).
Thus,

D( E )  {u  L1 ( B) ; u m  D( 2 )} ,

which is dense in

L1 ( B) and thus

D( E )  L1 ( B ) , which completes the proof.
Theorem 3.2
Consider by u=u(x,t) the temperature function at the point x  ( x1 , x 2 , x3 )  B at time t (Fig.
1). Also, for every h  L1 (0, T ; L1 ( B )) , T>0 , and u 0  L1 ( B) let the heat equation:

u ( x, t )
m
 * 2 u (t , x)  h
t

in ] 0, T [ , x  B

(3.12)

with the boundary conditions:

u (t , x)  0,

on ] 0, T [ , x  

u (0, x)  u 0 ( x), in B

(3.13)
(3.14)

in which Γ denotes the boundary of B and  is given by (2.3) and m > 1.
Then, the heat equation (3.12) has a unique integral solution u  C {[0, T ] ; L1 ( B )} .
Proof
Let E be the infinitesimal generator of a C 0 contraction semigroup S, while the operator E is
given by (3.2).
Then, the following function:
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t

u (t , x)  ( S (t )u 0 )( x)   S (t  s )h( s )ds, 0  t  T

(3.15)

0

is said to be the solution of the non-linear partial differential equation (3.12).
In addition, consider the sequence hn  C1 (0, T , L1 ( B)) be such that:

lim hn  h
n

By choosing
problem:

u 0 n ( x)  D( E ) , with

(3.16)

u 0 n ( x)  u 0 ( x)

as n   , then the following

u (t , x)
   2 [u n (t , x)]m  hn in ] 0, T [ , x  B
t

(3.17)

with the conditions:

on ] 0, T [ , x  

u n (t , x)  0,

(3.18)

u n (0, x)  u 0 n ( x), in B

(3.19)

has a unique strong solution u n (t , x) equal to:
t

u n (t , x)  ( S (t )u 0 n )( x)   S (t  s )hn ( s )ds ,

0t T

(3.20)

0

where the last term of eqn (3.20) is continuously differentiable.
Furthermore, by setting:
t

w(t )   S (t  s )hn ( s )ds

(3.21)

0

then it is easily proved that:

S ( ) w(t )  w(t )





w(t   )  w(t )





1



t 

 S (t    s)h (s)ds
n

(3.22)

t

for all   0 sufficiantly small and 0  t  T .
Hence, since:

u n (t , x)  ( S (t )u 0 n )( x)  w(t )

(3.23)
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follows that (3.20) satisfies (3.17).
Finally, the solution u n (t , x) is the unique solution to eqn (3.17). Hence, passing to the limit,
follows that the solution (3.15) is the unique solution to the non-linear partial differential equation
(3.12).
4. Conclusions
A general heat equation's analysis was presented, by applying a bounded domain in R 3 , inside
which there is a gas with temperature u  u ( x, t ) at some point x. This problem is reduced to the
solution of a non-linear partial differential equation.
Consequently, a non-linear semigroup technique was introduced in order to prove the existence
and uniqueness of solutions for the non-linear partial differential heat equation, when some general
boundary conditions are presented.
Hence, the fundamental results and properties of the non-linear semigroups were presented in
order to unify the treatment of the nonlinear partial differential heat equation, defined in L1 , by
using some general boundary conditions.
Finally, the method of non-linear semigroups has clearly simplified the proofs of the existence
and uniqueness of solutions for the non-linear partial differential equation, which are of main
interest for the solution of potential flow problems.
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

Balakrishnan A.V., "Fractional powers of closed operators and the semigroups generated by them",
Pacific J. Math., 10 (1960), 419-437.
Kato Τ., "Nonlinear semigroups and evolution equations", J. Math. Soc. Japan, 19 (1967), 308-520.
Komura Υ., "Nonlinear semigroups in Hilbert space", J. Math. Soc. Japan, 19 (1967), 493-507.
Komura Υ. , "Differentiability of nonlinear semigroups", J. Math. Soc. Japan, 21 (1969), 375-402.
Satο Κ., "On the generators of non-negative contraction semigroups in Banach lattices", J. Math . Soc.
Japan, 20 (1968), 431-436.
Crandall M.G. and Pazy Α., "Semi-groups of nonlinear operators and dissipative sets", J. Funct. Anal.,
3(1969), 376-418.
Crandall M.G. and Liggett Τ. Μ., "Generation of semigroups of nonlinear transformations on general
Banach spaces", Amer. J. Math., 93 (1971) , 265 -298.
Crandall M.G. "A generalized domain for semigroups generators", Proc. Amer. Math, Soc., 37 (1973),
434-440.
Watanabe J., "Semigroups of nonlinear operators on closed convex sets", Proc. Japan. Acad.. Sci., 45
(1969), 219 - 223.
Watanabe J., "Autonomous nonlinear functional differential equations and nonlinear semigroups", J.
Math. Anal, Appl., 46 (1974), 1-12.
Brezis H..and Pazy A., "Semigroups of nonlinear contractions on convex sets", J. Funct. Anal., 6 (1970),
367-383.
Brezis Η., "Operateurs Maximaux Monotones et Semigroups de Contractions dans les Espaces de
Hilbert", Math, Studies, 5, North Holland, 1973.
Ianelli M., "Non-linear semigroups on cones of a non reflexive Banach space", Boll. Un.. Mat. Ital., 3
(1970), 412-419.
Mermin J., "On exponential limit formula and nonlinear semigroups", Trans. Amer. Math. Soc., 150
(1970) 469-476.
Oharu S., "On the generation of semigroups of nonlinear contractions", J. Math. Soc. Japan, 22 (1970),
526-550.
Miyadera J., "Some remarks on semi-groups of nonlinear operators", Tohaku Math. J., 23 (1971), 245 258.
Quinn B. Κ., "Solutions with shocks: An example of L1 contractive semigroups", Comm. Pure Appl.
Math., 24 (1971), 125-132.

19

E.G. Ladopoulos

18. Konishi Υ. , "On u t  u xx  F (u x ) and the differentiability of the nonlinear semigroups associated
with it", Proc. Japan. Acad., 48 (1972), 281-286.
19. Westphal U., "Sur la saturation pour des semigroups non - lineaires", C.R.Akad. Sci. Paris, 274 (1972),
1351-1353.
20. Aizawa S., "A semigroup treatment of the Hamilton - Jacobi equation in one space variable", Hiros.
Math. J., 3 (1973), 367-386.
21. Kurtz Τ., "Convergence of sequences of semigroups of nonlinear οperators with an appic ation tο gas
kinetics", Trans. Amer. Math. Soc., 186 (1973), 259-272.
22. Bruck R., "Asymptotic convergence of nonlinear contraction semigroups in Hilbert space", J. Funct.
Anal., 18 (1975), 15-26.
23. Kobayashi Y., "Difference approximation of Cauchy problems for quasi-dissinative operators and
generation of nonlinear semigroups", J. Math. Soc. Japan, 27 (1975), 641- 663.
24. Kobayashi Y., "A remark on convergence of nonlinear semigroups" Proc. Japan Acad., Ser. A, 55
(1979), 45 - 48.
25. Barbu V., "Nonlinear Semigroups and Differential Equations in Banach Spaces", Noordhoff, Leyden,
Netherlands, 1976.
26. Ball J. Μ., "Strongly continuous semigroups, weak solutions and the variation of constants formula",
Proc. Amer. Math. Soc., 63 (1977), 370 -373.
27. Burch B. C., "A semigroup treatment of the Hamilton - Jacobi equations in several space variables", J.
Diff. Eqns, 23 (1977), 102-124.
28. Lightbourne J. Η. and Martin R. H. , "Relatively continuous nonlinear perturbations of analytic
semigroups", Nonlin. Anal, 1 (1977), 277-292.
29. Plant A.T., "Nonlinear semigroups of translations in Banach space generated by functional differential
equation", J. Math. Anal. Appl., 60 (1977), 67-74.
30. Baillon J.Β., "Generateurs et semi-groups dans les espaces de Banach uniformement lisses", J. Funct.
Anal., 29 (1978), 199-213.
31. Pazy Α., "The Lyapounov method for semigroups of nonlinear contractions in Banach spaces", J.
Analyse Math., 40 (1981), 239-262.
32. Pazy A., "Semigroups of Linear Operators and Applications to Partial Differential Equations", Springer,
Berlin, 1983.
33. Goldstein J. A..,"Semigroups of Linear Operators and Applications", Oxford University Press, Oxford,
1985.
34. Pavel Μ. Μ., "Nonlinear Evolution Operators and Semigroups", Springer, Berlin, 1987.
35. Ladopoulos E.G., 'Non-linear singular integral representation for petroleum reservoir engineering', Acta
Mech., 220 (2011), 247-253.
36. Ladopoulos E.G., 'Petroleum reservoir engineering by non-linear singular integral equations', Mech.
Engng Res., 1 (2011), 1-10.
37. Ladopoulos E.G., 'Real-time expert seismology and non-linear singular integral equations for oil
reserves exploration', Univ. J.Nonlin. Mech., 1(2013), 1-17.
38. Ladopoulos E.G., ‘Non-linear singular integral representation for unsteady inviscid flowfields of 2-D
airfoils’, Mech. Res. Commun., 22 (1995), 25 – 34.
39. Ladopoulos E.G., ‘Non-linear singular integral computational analysis for unsteady flow problems’,
Renew. Energy, 6 (1995), 901 – 906.
40. Ladopoulos E.G. and Zisis V.A., ‘Non-linear singular integral approximations in Banach spaces’, Nonlin.
Anal., Theor. Math. Appl., 26 (1996), 1293 – 1299.
41. Ladopoulos E.G. and Zisis V.A., ‘Existence and uniqueness for non-linear singular integral equations
used in fluid mechanics’, Appl. Math., 42 (1997), 345 – 367.
42. Ladopoulos E.G., ‘Non-linear singular integral representation analysis for inviscid flowfields of
unsteady airfoils’, Int. J. Non-Lin. Mech., 32 (1997), 377 – 384.
43. Ladopoulos E.G., ‘Collocation approximation methods for non-linear singular integro-differential
equations in Banach Spaces’, J. Comp. Appl. Math., 79 (1997), 289 – 297.
44. Ladopoulos E.G., ‘Non-linear multidimensional singular integral equations in 2-dimensional fluid
mechanics analysis’, Int. J. Non-Lin. Mech., 35 (2000) , 701-708.
45. Ladopoulos E.G. and Zisis V.A., ‘Non-linear finite-part singular integral equations arising in twodimensional fluid mechanics’, Nonlin. Anal., Th. Meth. Appl., 42 (2000), 277-290.
46. Ladopoulos E.G., 'Singular Integral Equations, Linear and Non-Linear Theory and its Applications in
Science and Engineering', Springer Verlag, New York, Berlin, 2000.
47. Ladopoulos E.G., 'Non-linear unsteady flow problems by multidimensional singular integral
representation analysis', Int. J. Math. Math. Scien., 2003 (2003), 3203-3216.

20

E.G. Ladopoulos

48. Ladopoulos E.G., 'Non-linear two-dimensional aerodynamics by multidimensional singular integral
computational analysis', Forsh. Ingen., 68 (2003), 105-110.
49. Ladopoulos E.G., 'Unsteady inviscid flowfields of 2-D airfoils by non-linear singular integral
computational analysis', Int. J.Nonlin. Mech, 46 (2011), 1022-1026.

21

