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On a class of nonlinear wave equations related
to the Dirac-Klein-Gordon system
with generalized Yukawa interaction

Nikolaos BOURNAVEAS
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Abstract. We study low regularity solutions for a class of nonlinear wave equations.
We prove local existence for large data in both the subcritical and critical cases and
global existence for small data in the critical case. We apply our results to the study of
the Dirac-Klein-Gordon system with generalized Yukawa interaction.
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1. Introduction

In this paper we study low regularity local solutions of nonlinear wave
equations of the form

Ou = u*Du (1)

where Du stands for any of the first order derivatives dyu, 0,,u, j =1, 2, 3,
with initial data

u(0, ) = f € H*(R?), w(0, ) =g¢€ H (R’ (2)

Our motivation is the following Dirac-Klein-Gordon system with gen-
eralized Yukawa interaction.

Dy = ¢(Pi)) ™y (3a)
06 = (¥9)° (3b)
Applying the Dirac operator on both sides of (3a) we obtain a system of
nonlinear wave equations with nonlinearities in which the main terms are

of the form u*Du.
Wave equations of the form

Ou=u" (Du)", w(0,-)=fc H*(R?), (0, )=ge H* (R (4)
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where k and [ are positive integers, { > 2 and s > max{2, (5! —7)/(2l —2)}
have been studied by Ponce and Sideris in [15]. The most usefull case for
the Dirac-Klein-Gordon equations is [ = 1, but unfortunately the proof in
[15] works only for I > 2. In this paper we show how to deal with the case
[ = 1 using an observation of Klainerman and a Strichartz-type estimate
due to Escobedo and Vega.

Applying the generalized energy estimate to (4) leads to a term of the
form fOT || Du(t, a:)||lL_Ojdt If we use the Sobolev inequality to estimate that
L*> norm by |[Ju(t, -)I||HS then we must have s > 5/2. This is the content
of the classical local existence theorem for (4). Klainerman has observed in
[8] that for [ =1 it is possible to avoid the L* norm of the derivative and
manage with estimating only a term of the form fOT Ju(t, 2)||” . dt. Classical
methods require s > 3/2, but a suitable Strichartz estimate will gain 1/2
derivatives, hence the restriction s > 1.

The Strichartz estimate we need arises from the following question. Let
¢ be a solution of

D¢ =0, ¢(0, -) = f € H*(R?), ¢u(t, -) =g € H (R (5)

in three space dimensions. How large should s be so that mixed norms of
the form ([ |lu(t, )| dt)*/" can be controlled by the quantity ||f| . +

lgll .17 Klainerman and Machedon in [9] have shown that if s = 1 the
estimate

() 1/2
([Tt olRca) < Clisl, +lal,) ©

fails (it is true for spherically symmetric data)(see also [14]). However,

17
L5

when s > 1 we gain integrability in time and we can estimate a mixed norm
([ Ju(t, 33)”230 dt)!/" where r is allowed to take values strictly larger than
2. See Lemma 2.2 for a precise formulation.

The Dirac-Klein-Gordon system (3) with generalized Yukawa interac-
tion has been studied by Chadam in [2], and Reed in [16], and more recently
by Machihara in [12] and Machihara, Nakamura and Ozawa in [13] where
global solutions are constructed under the assumption that the initial data
are small. In this paper we study local low regularity solutions without any
smallness assumption on the data.
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2. Strichartz Estimates

In this section we collect the Strichartz-type estimates we are going to
need in our proofs.

Lemma 2.1
1. LetT > 0 and let u be the solution of:

Du=F, u(0, )= f, w0, )=g. (7)

Then for any p € (6, o),

T (p—6)/(2p)
([ uze-oar)
T
<01l + ol + 1PNt

where C' is independent of T.
2. Ifu solves (7) then,
(a) foranype€ (6,0), T>0,s>1,

T (p—6)/(2p)
/ [ u| 22/ P=6) gt
0 !

T
<|Dut [ 1Pl st ©

where Dy = HfHHS(R3> + |gll and C' is independent of T.

(b) for anyp € (6, 00), 5 > 1,

0 (p—6)/(2p)
([ ruenyo-oa)”
0 Hp

<c|Dat [TIPL e de| (0)

HS—1(R3)

with Dy as above.

Proof. Estimates (9) and (10) follow easily from (8). Estimate (8) is well
known, see for example [10, 11]. O

The next estimate is due to Escobedo and Vega [5]. A special case
appeared earlier as Lemma 9 of [1].
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Lemma 2.2 Let u be the solution of:
Ou = F, U(O, ) :fa ut(oa ) =g

1. Foranys e (1,3/2), A€ (2,1/(3/2—s)), T > 0, there exist § > 0
and C = C(s, A) > 0 such that

r A
( / ||u|rLoodt)
0 x

where Dy = HfHHS(R3> + HgHHsfl(]Rii)'

2. (endpoint estimate) Let s € (1,3/2) and set A = 1/(3/2 — s). Let I
denote either (0, co) or an interval of the form (0, T') with T € (0, 00).
Then there is a positive constant C, independent of T', such that

1/2
([t te) <[t [171, 0] a2

where Dy is as above.

Proof. See [5]. O

1/A T
<07 Dot [ 1l ] (11)

In addition to these Strichartz estimates we shall use the following ‘frac-
tional Leibniz rules’.

Lemma 2.3 Suppose s > 0, b, ¢ € [1, o] a, d, p € (1, 00) with 1/p =
1/a+1/b=1/c+ 1/d. If f, g are elements of the spaces indicated in the
right-hand side of (13) then

1£90y < CUIA g gl + 11 e llglls] (13a)

If k is a positive integer, then
1 s < CUFIEL 1SN (13b)
Proof. For (13a) see [6] and [7]. Estimate (13b) follows easily from (13a).
O

3. The nonlinear wave equation Ou = u*Du

3.1. The subcritical case
In this Section we study the subcritical case s > so, = 3/2 — 1/k. In
order to be able to apply Lemma 2.2 we assume k£ > 2 so that s > 1.
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Theorem 3.1 Let f € H*(R3), g € H*"Y(R?), where s¢r = 3/2 — 1/k <
s <3/2 and k > 2 is an integer. Fix A € (k, 1/(3/2—5s)) and letp =3/(s—
1). Let Du denote any one of the first order derivatives Oyu, Oy;u, j =
1,2,3. Then there is a T > 0, depending only on the quantity Ds =
11l ye gy + 191 o1 gay » Such that the Cauchy problem

Ou = u*Du, (0, ) = f, us(0,-) =g
has a unique solution u with

ue C°([0, T}, H*(R*)) nC*([o, 7], H*1(R?))

T \ T 20/ (r—6) (»—6)/(2p)
p/\P—
</0 ||u||L%odt) 4 (/0 |u||H;1(R3)dt> < .

Proof. Fix two constants 7' € (0, 1) and M > 0 to be determined in the
course of the proof. Define

and
1/x

X ={ue®(j0, T}; H*(R*)) nC' ([0, T); H* 1 (R?)) : ||[u]|| < M}

where

T /A
Ml =20+ ([ ol at)

T (p—6)/(2p)
+ (/ ||u||(2p)/(p—6)dt> ’
0

Hy~H(R3)

ES(U) = OzltlgT[HU(t’ ')HHS(R3> + Hut(t7 ')|’H571(R3>}7

A is a fixed number in (k, 1/(3/2 —s)) and p = 3/(s — 1). Equiped with
this norm X is complete. Consider the map F: X — X defined as follows:
Given u € X, v = F(u) is the unique solution of the Cauchy problem,

Ov = u*Du, v(0, -) = f, v(0, -) = g.

We first need to prove that F maps X into X. So let u € X and v = F(u).
The energy estimate and the Strichartz estimates (9) and (11) give

T
|l < C Ds+/ HukDu‘ dt| . (14)
0 Hs—1(%3)
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Using the Leibniz rules of Lemma 2.3 we get

T T
lu*Dul,,, ydt <C [ |u¥|| . |Dull,dt
0 0 I

T
0 [l IDul, e
=1+1I (15)
where p=3/(s — 1), ¢ = 6/(5 — 2s). By Sobolev embedding,

[1Du(t, )l e < CllDult, ),y < CEs(u) < Cf|Jull]

I 2a

and using (13b),

lu® (¢, Mg = Cllutt, Dl lu(t, I

5!
therefore
T
r<cilull [l
Observe that
k-1 p-6_k-1 p-6_ —(s—ser) <1

<
A + 2p k 2p
Therefore there is an r such that
k—1 -6 1
L p=6

-=1.
A 2p +7"

Then,

T (k=1)/X
1< C||fulllT" ( / ||ur|2wdt>
0 x

T (p—6)/(2p)
> / ||| 2P/ (=6) gy
0 !
< Ol 177 a5~ [l

< Cllfull*HTHr

To estimate IT use once more, || Du(t, - )| < CEs(u) < Cll|ul|], to obtain

Hs—1

T
IIgC’ES(u)/ Jul*_dt
0 x
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T k/X
<cilll ([ luboar) 7ok

< CH’uH’kJrlTlfk/)\

We conclude that
T
/0 la*Dull, ., dt < Cllul] [T (16)

where 0 = min{1/r, 1 — k/\} > 0. Using (16) into (14) we obtain
I[o/]] < CDs + Ol [ull|*F1T7 (17)

Now define M = 2CD; and choose T small enough so that CM*T7 < 1/2.
Since u € X we have |||ul|| < M, therefore,

||| < CDs + CMFHT7 < % + %
Since Ov = u*Du € L'([0, T); H*!) (see (16)) it follows from linear theory
that v € C°([0, T], H*(R*)) n C*([0, T], H*"*(R?)). This completes the
proof that v € X whenever u € X.
Next, we need to show that F defines a contraction on X. Let uq, ug €
X and set v; = F(uy1), va = F(ug). An argument similar to the one we
have just presented shows that

=M.

l|[vr = val|] < C(M)T?||Jur — ual||

where C'(M) is a constant depending only on M = 2CD; and 6 is some

positive number. Thus, if T < (1/C(M))"’ = (1/C"(D4))"? then L =
C(M)T? < 1 as required. Uniqueness follows along the same lines. Observe
that the T" we have used depends only on the quantity D;. O

3.2. The critical case
We now consider the critical case s = s., =3/2 — 1/k > 1. We use the
endpoint estimate (12) in Lemma 2.2.

Theorem 3.2 Let k > 2 be an integer and let s = s¢p = 3/2 — 1/k. Let
feH(R?), ge HYR3). Letp=3/(s—1).
1. There is a T > 0, depending only on f and g, and a unique solution

uwe CU([0, T, H*(R®)) n C* ([0, T], H*~1(R?)) of
Ou=u"Du, u(0,-)=f w(0,-)=g
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with
T 1/k T (p—6)/(2p)
([ e tar) o ([ e e 0a) - <o
0 0 Hp
2. If, moreover, Ds = || f| . zs) F 19Nl ;o1 ga @5 small enough, the solution

exists globally in time.

Proof. We prove part 2 first. Suppose D; is small. The precise smallness
condition on D; will be determined in the course of the proof. Fix a positive
number M, to be determined later, and define

X ={ue [0, c0), H*(R?)) N C*([0, 00), H*H(R?)):
Ilulll < M}

where

1/k

Ml = B1) + B)+ ([ B, )t

> y[120/(—6)
(7 e oo

and F, is the homogeneous s-energy,

Y

) (p—6)/(2p)

Buw) = sup [Jlult, )l s, + el )y -
te[0,00)
Note that in the critical case we have
2p 1
p—6 3/2—s

We consider the same map F: X — X as before and show first that it
maps X into X. Let u € X, v = F(u). By energy estimates, the Strichartz
estimate (10) and the second part of Lemma 2.2 we have

dt (18)

Hs—1

llelll < € [Ds+/0 [ Dul

where the constant C' is independent of time (we have to use the homo-
geneous version of the energy here because the nonhomogeneous energy
estimate gives a constant which depends on 7T'). We estimate the last term
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in the right-hand side of (18) as follows.
|1 pul i< [Tt Dl

e /0 |l | D], dt
=A+B (19)

where p =3/(s—1) and ¢ = 6/(5 — 2s). To estimate the integral A observe
that || Dul|,, < C||Dull < CFE,(u). Using this, the Leibniz rule (13b)
and the fact that

k—1 p—6

T*’W:l—(S—Scr):l

Hs—1

we have,

(o]
k—
A<c /0 Jall 5l 1Dl

) 00 (k=1)/k 00 (p—6)/(2p)
<c ([Thiea) ([T o)
0 ® 0 P

k
< Cfful[[*

We estimate B as follows:

s ([Tt a) s Date,

< Clffull* [Er(w) + Es(u)]
< C|full**!

Therefore
/0 | Dull, . dt < C|fjul] [+ (20)

and using this into (18) we obtain:
I[o]ll < C1Ds + Collfull|**! (21)

where C and Cj are absolute constants. Since u € X we have |||u]|| <
M, therefore |||v]|] < C1Ds + CoM**1. Choose M = 2C} D and make the
smallness assumtion CoM*+1 < M/2 (equivalently: Dy < 1/(2C1(2Co)'/%))
to get |||v]|| < M/2+ M/2 = M. Thus v € X whenever v € X. Similarly
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one can show that F is a contraction and thus construct a solution u in the
space X. Since Du = uFDu € L'([0, 0o), H*™1), linear theory guarantees
that actually u € CY(]0, c0), H*) N C([0, o0), H*™1).

We turn now to part 1. In this case we can’t use the approach of the
proof of Theorem 3.1, because it gives an estimate similar to (17) but with
o = 0 (this is due to the fact that s = s..). Neither can we use the approach
of part 2 that we have just discussed because D; is no longer assumed to be
small. To come up with a small quantity we introduce the modified s-energy
E™. Given any ¢ € C°([0, T]; H*(R?)) n C*([0, T]; H*~'(R?)) we define

E7(¢) = sup [6(t, ) = fll,1ups, + 100, ) = gll omr )] (22)
0<t<T

Observe that ET"(¢) < Es(¢p— )+ ET'(¢), Es < EM 4+ Dg and ET" < Es +
D,, where E is the standard s-energy,

B = 0 [Ilt Yy + 0l Vo]

and Dy = [ f]] s + llgll e -
geneous Cauchy problem

We also introduce the solution w of the homo-

Ow =0, w(oa .Z') = f($)7 wt($7 0) = g(x)
By linear theory,
E(w)—0, as T —0. (23)

By Strichartz, [;° HwH?P/(f*‘a)dt < 00, therefore,
Hp~

T (p—6)/(2p)
( / ||wu2{/<f6>dt) —0, as T —0. (24a)
0 H.

p

By (12), [5° lw(t, )H’Zgodt < 00, therefore,

T 1/k
(/0 Hw(t,-)H’Zgodt> 0, as T—0. (24D)

Now fix two positive constants 7' € (0,1) and M, to be determined later,
and define

X ={ue 0, T); HS(R*) nC* ([0, T); H*(R?)) : |u] < M}
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where

1/k

ol =7+ ( | e Ny

T
.)||12p/ (p—6)
w ([ e o

and p = 3/(s — 1) (hence 2p/(p —6) = 1/(3/2 — s) = k). Note that | - | is
not a norm. We equip X as usual with

= £+ ([ ottt

T
([ ate, o

P

)

> (»—6)/(2p)

1/k

) (p—6)/(2p)

Then (X, ||| - |||) is complete. Let F be defined as usual. We show first
that F maps X into X.
Let u € X and let v = F(u). We wish to show that |v| < M. Using

E(v) < Ef(w) + Es(v - w)
we obtain

o] < fw| + v = wll] (25)
Observe that (23) and (24) give

lw| -0 as T — 0. (26)
As before,

HW—MMSCHW—MWWW+W@—wM®MH

T
4 /0 190 - wl,_,dt

However (v —w)(0) = (v — w)¢(0) = 0 and Ow = 0 therefore

T T .
|\|v—wr||s/0 ||DvHHS_1dt=/0 | Dull . ,dt



240 N. Bournaveas

hence

dt (27)

Hs—1

T
ol < Jul+ [ D
Estimates similar to the ones we have employed earlier show that
T
| 1t Dul, e < CCul + D) jul (28)
0

hence
o] < |w| + C(lul + Dy)lul* < [w| + C(M + D) M*

We can choose T small enough so that C(2|w|+ D,)(2|w|)*~ < 1/2 (thanks
0 (26)). Set M = 2|w|. Then C(M + Ds)M* < M/2. With these choices of
T and M we obtain |v| < M/2+ M/2 = M. The rest of the proof proceeds
as usual. O

Remarks It is clear from our proofs that both in Theorem 3.1 and in
Theorem 3.2 we can replace the right hand side by a linear combination of
terms of the form u*Du. Moreover, both theorems are true for systems of
the form DOu; = cm“l’uﬁf)ﬂuy, where the ¢?®* are constants.

We have assumed k to be an integer for the sake of simplicity. With
suitable modifications our proofs can be made to work for non-integral val-
ues of k too.

The restriction s < 3/2 is not essential and can easily be removed.

3.3. The Dirac-Klein-Gordon equations with generalized Yukawa
interaction
The Dirac-Klein-Gordon equations with generalized Yukawa interaction
are:

DY = p(ih) ™ (29a)
0¢ = (Yp)° (29b)

where ¢ is a scalar field, v is a 4-spinor field D = iy*0,, is the Dirac operator,
v# are the Dirac matrices, 19 = |1]> + [1h2|> — [¢3]* — [¥4]?, and « and
[ are positive integers. As a consequence of y#yY 4+ ~A¥~yH = 2g*¥ 1, where
(g") is the Minkowski metric, we have D? = O. We have taken the mass to
be zero for simplicity. The mass terms can easily be incorporated in local
existence theorems. They are vital only for global existence results. We use
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the standard summation notation with Greek indices summed from 0 to 3
and Latin indices summed from 1 to 3.

If we apply the Dirac operator to both sides of (29a) we obtain a wave
equation of the form:

Dw = 8M¢VMF('¢7 @) + F”(gﬁ’ ¢7 @)8,ﬂb (308‘)

where F (1, ¥) = i(1)*) and F*(¢, ¢, 1) are homogeneous polynomials
of degree 2ae + 1. The method we used earlier in the paper can be used to
study this equation coupled with the following generalization of (29b):

O¢ = G(y, ¥) (30b)

where G is a smooth real valued map which ‘behaves like’ |¢)|*?. We pre-
scribe initial data

¢(0,-) =0, (0, ) =1, ¥(0,-)=1h (30¢)

Equations (30) form a system of non-linear wave equations with nonlinear-
ities which are linear combinations of terms of the form u*Du and powers
ud, schematically Ou = u*Du + u9. The nonlinearities of the form u*Du
were studied above in part 3. Now we have to make sure that the method
we used there can accommodate the extra terms of the form u9.

Theorem 3.3 Let k and q be positive integers with ¢ < 1+ 2k. Let G be
a smooth function with |G(u)| < Clu|? and |G'(u)| < C|ul|9~t. Let D stand
for any of the first order derivatives O, Oy,, j = 1, 2, 3. Consider initial
data f € H*(R3), g € H*"1(R3).
1. (subcritical case) Suppose k > 2 and s > 3/2 —1/k. Fiz
A€ (k,1/(3/2—s)) and let p = 3/(s — 1). Then there is a T > 0,
depending only on the quantity Ds = || f|| s + llgll
solution u of the Cauchy problem

ye_1s and a unique

Ou = u*Du+G(u) , u(0,-)=f, w(0,-)=g (31)
with

ue C([0, T); H¥(R*)) nC' ([0, T); H*~1(R?))

T 1/A T (p—6)/(2p)
(/ uunw) +(/ mu?p/(f“dt) < oo
0 La 0 Hp
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2. (critical case) Suppose k > 2 and s = 3/2 — 1/k. Let p = 3/(s — 1).
Then there is a T > 0, depending only on the initial data f and g, and
a unique solution u of the Cauchy problem

Ou=ufDu+G(u), w0, )=Ff w0, )=g (32)
with
ue CO([0, T); H*(R®)) N C ([0, T); H*H(R?))

T 1/k T (p—6)/(2p)
Jull® Jdt)  + [l >/ 2=6) gy <
0 - 0 !

P
If, moreover, ¢ = 1+ 2k and Dy = || fl| ;s + || 9]l
solution exists globally in time.

o1 s small, then the

Proof. 1. We only deal with the case ¢ = 1 + 2k. Smaller values of ¢ are
easier to handle. We define (X, ||| - |||) and F as in the proof of Theorem
3.1. Then (14) becomes

T T
WMSCP%+AIWDWW1ﬁ+AHﬂwMHﬁ] (33)
We already know from (16) that
T k k+1
AHum%wﬁéﬂMm+W (34)

for some positive 0. The new term to be estimated is fOT |G (w)]| dt. We

have

Hs—1

T T T
A|mwwmlﬁ§A|mwwﬁw+4|mwwmlﬁ:1+u

To estimate I choose p with k < p < min{2k, A} and proceed as follows:
T
/
uscﬁrmmmnglﬁ

T
gcA el Nl

T
<CBy(u) [ |lul*|| _||lult7#]| dt
0 L L3
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T
<Cllull sup a7y, [l de
0<t<T 0

3(@—1-pn

where we have used the ‘fractional chain rule’ of Proposition 25, p. 48 of [3]
in the first line and the Sobolev embedding theorem H*(R?) — H (R?)
in the second line. Observe now that 3(¢—1—pu) =3(2k—pu) < 3k <6/(3—
2s) therefore |jul| < COull,s < C|||ul||- Thus,

r3(a—1—p)

T
1< CHIUHI"“/ [l it
0

T \ B/A R
<cifull ([ tlear) 7
< Cljull o=

To estimate I choose v such that v < A\, v < ¢ and 2(q —v) < 6/(3 — 2s).
Then

2(g—v)

T
r<c / lull? . 92 dt
0

T
< J)|ja—v y
<C s futt, I [l

T v/A
<cre ([ ulkoa) T
0

< C||[ulffoT =+
Therefore
T o
/0 G (W)l oy dt < Clf[ul[|*T (35)
for some positive 0. From (33), (34) and (35),
1[0/} < C[Ds + [[[ul [FFT7 + [[]ul | 1T°]

The rest of the proof is similar to that of Theorem 3.1.

2. Again we consider only the largest value of ¢, ¢ = 1+2k. We define
X, F,|-]and ||| - ||| as in the proof of part 1 of Theorem 3.2. Let u € X
and set v = F(u). Then, as in (27),

T T
o] < \w!+/0 HU'“DUHHsldH/O 1G],y dt
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where w is the solution of the Cauchy problem
Ow =0, w(oa):fv wt(()?):g

The new term to be estimated here is fOT |G(u)]l,,,_,dt. This is done as
follows. Recall that |G’ (u)| < Clul?™! = C|u|?*. Also observe that 3k =
6/(3 — 2s), therefore, [Ju(t, -)*|| , = [lu(t, Cllutt, HIf. < Es(w)F,

Ik, <
hence,

T T
/0 |G, dt<C / 16/l
r k k
< CE,(u) / e 2], dt

T
< CE(u)*! / . dt
0

<C(ED(w) + Dy)" fuf*
< C(Jul + Dy) " Hulf (36)

and we continue as in the proof of part 1 of Theorem 3.2.

If Dy is small, we follow the proof of part 2 of Theorem 3.2. The extra
term now is [ [|G(u)l|,,,_, dt and it can be treated using estimates similar
to the ones leading to (36). O

As a consequence of Theorem 3.3 and the discussion preceding it we
obtain the following result for local low regularity solutions of the Dirac-
Klein-Gordon equations with generalized Yukawa interaction.

Theorem 3.4 Let o and (3 be positive integers with 20 < 4a+3. Consider
initial data ¢o € H*(R? — R), ¢1 € H* 1 (R? — R), ¢g € H*(R? — C*).
1. Ifs>3/2—1/(2a+ 1) then there is a T > 0, depending only on the
quantity Ds = |gollzs + 011l ,-1 + l¥oll s, and a unique solution
(¢, ) of the Cauchy problem (30) with

¢ € CO([0, Tl; HS) nC' ([0, T); H5Y), + € C°([0, T); H?)

2. Ifs=3/2—-1/(2a+ 1) then there is a T > 0, depending only on the
initial data ¢o, ¢1 and g, and a unique solution (¢, ¥) of the Cauchy
problem (30) with

¢ € CO([0, T, HS) nC ([0, T); H5Y), + € CO([0, T); H?)
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