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ABsTRACT. — It is proved that there exist solutions of the nonlinear
Dirac equation, smooth in time, on a time interval which is independent
of ¢. Moreover after multiplication by a phase factor (dependent on c¢)
these solutions converge to the solution of a coupled system of nonlinear
Schrédinger type equations.
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RESUME. — La limite non relativistique de I'équation de Dirac non linéaire.
— On montre quexistent des solutions de I’équation de Dirac non linéaire,
réguliéres en temps, sur un intervalle en temps indépendant de ¢. En plus,
aprés la multiplication avec un facteur de phase (c-dépendant) ces solutions
convergent vers la solution d’un systéme couplé d’équations du type
Schrédinger non linéaire.
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4 B. NAJMAN

INTRODUCTION

We consider the initial value problem for the nonlinear Dirac equation

oY 2
i = TicaVEHC P20 (BY [P B 1)
“P(O)="Poca

where A and ¢ are positive constants, ¥ is a function from R3 into C?,
3

aV stands for ) o;d;, and o; and B are 4x4 matrices satisfying
ji=1

oot oy o;=28, I, o; B+ Ba;=0, B is diagonal and p2=1.

This equation has first been investigated by the physicists; see the
references in {1], {2], [3]. L. Vazquez, T. Cazenave et al. (J3], 21, [1p
recently started the investigation of the existence of localized (or stationary)
solutions of (1).

We are interested in the solutions of the equation with arbitrary (i. e.
not necessarily radially symmetric as in the above references) initial condi-
tions and their convergence as the speed of light ¢ increases to oo.

. 1 . . .
Introducing = v we write (1) in the equivalent form
¢

0P

— = —i\/IO(VlP-F —I—B‘{‘+2K(B‘{‘]‘P)B‘P
ot 2¢ 2¢

¥(0)="¥,..

2

We first prove the existence of a classical solution of (2) on an interval
independent of «.

In the following theorem as well as in the rest of this paper HS stands
for the Sobolev space H%(R*)* and L2 stands for L2 (R3)*,
THEOREM 1. — Let &,>0. Assume that ¥, e H? (0<e<g,) and

sup || o [| n2 < co.

e<eq

Then there exists an interval J=[—T, T] such that for every € with 0<e<g,
there exists a unique solution

¥,eC2(J, L% N CI(J, HY N C{, H?)

of the initial value problem (2).

Next we investigate the nonrelativistic limit & — 0 [i,e. ¢— o0 in (D]
Since ¥, cannot be expected to converge, motivated by the linear theory
(see [3], [6]), we introduce the new function ®=2¢ P g, Inserting this
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THE NONRELATIVISTIC LIMIT 5

into (2) we obtain an equivalent initial value problem
éd I, iA
—=_[—ePEqVD— " (BD| D) BD
ot 2¢ 2 (B|2)B 3)

D (0)=0,,,

with @, . =2p¥,..

Theorem 1 evidently holds verbatim for ®,. Differentiating (3) with
respect to ¢ we conclude that the smooth solutions of (3) (their existence
is shown in Theorem 1) is also the solution of the initial value problem

0 1 20D _
612--2_8[A(D+2lﬁ—6_t X(B(I)[(I))(I)] F, ()

a0 4)
0 (0)=0,,, 5;(0):(1)1 o

1 (A
where @, ,= }E—OLV(I)O;— %(B(I)Oel(l)og) Bd, . and
£

F.(t, ®)=— Z;(B(I)[(I))Z(I)

- %8‘”22{e"“‘/e[aj(ﬁ(l)](l))]aj BO+2Re(BD|e P a;0,D) D }.

Conversely, as the initial value problem (3) is equivalent to the initial value
problem (2) which has a skew-adjoint linear part, standard arguments show
that a solution of (4) which is C? in time is also a solution of the first
order system (3).

This suggests that the solutions @, of (3) converge to the solution @,

of the nonlinear Schrédinger type equation
00 1 i
— =—iBAD — — (D D) B
~ 3 p 5 (Bo|®)B

5
@ (0) =Dy, ©)

We shall prove an existence result for ®, and the convergence of @,
to @,:
THEOREM 2. — Assume that ®y,eH?2 Then there exists an interval
J={[—T, T] such that the initial value problem (5) has a unique solution
®,eC*'(J, LHYNCJ, H?).
THEOREM 3. — Let £,>0. Assume that ®, e H*(0<e<¢,) and moreover
sup || @ |2 < . (6)

£SgQ
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6 B. NAJMAN

Further assume that there exists some a.€|(0, 1] such that

lim ®,,=®,, in H" 7
e—>0
Let J=[-T,T] be such that there exists a unique solution
®.cC*(J, LYNC*J, HYNC(J, H?) of the initial value problem (3) for
e>0 and a unique solution ®,e C*(J, LY N\ C{J, H?) of the initial value
problem (5). Then
lim ®,=®, in C(J, H?). ®)

e—+0

Proofs

LemMa 4. — There exists K >0 such that for all ue H? following inequali-
ties hold:

[efloo S K ][5 ]| Aue[172, )
|| Vaefjpe <K JJu]| 12 [| Au]|f%. (10)

Proof. — Let i be the Fourier transform of u. The Plancherel Theorem

2 < J\ x| = 2 ) < J\ x R dx)
lx| <R Jx] <

+<L=Rlx2ﬁ N[ o)l s g o)

~

u

ufte =

| val <(|1s )(j [<R|x|4dx)
+(j[xmxxl4 V(| o) (Rl g awi:)
Setting R:(%f%yﬁ we obtain (9) and (10).

LEMMA 5. — Assume €,>0 and

sup || Wo.llaz <.
O0<e=Z¢gp

Then there exists an interval I=[—T, T] such that if for each £€(0, g,) the
initial value problem (2) has a solution ¥, C* (J, LY N\ C{J, H?) then

sup H‘PEHC(J,HZ)<OO’ (11
0<eSeg
sup { || W, (1) ||L=: 0<e=<eg,, te]} <oo. (12)
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Proof. — It is sufficient to prove (11) since (12) follows from (11) and
the embedding theorem. In fact it is sufficient to prove

sup ||'¥, llc go. 1, 12 < 0, (13)

0<eg=gg

since te[—T, 0] is treated similarly.
In the proof of (13) we need the conservation of L? norm

¥ Oll2=[Woollz  (ed) (14)

which follows easily from (2) by scalar multiplication in L* by P,.
Now we turn to the proof of (13). Apply the operator A to both sides
of (2). It follows that =AY is the solution of the initial value problem.

1500 /1 1
i—=— [—aVo+ —Bo+2ABY|Y) e
ot 2e Zeﬁ ® ! )P

+2A[ABY V)] BY+2AY [0;(BY |'P)IBI; ¥ (15)
j
o0)=wny,: =AY,..
Multiplying by ® and taking the imaginary part we find

d
o0l <k [(2P o+ .o V2P

K[|, [l ocff2 + [Pl | V][] 0 [|e2)-
From (9), (10) and (14) it follows that

d 5/2
E H O, (t) ”Lz éK ” ®, (t) ”L/2 .

From this it follows that if KT||¥, [>7 <1 then

s enols ()

HZ
Together with (14) this implies (13).
Let y be a matrix and j, ke {1, 2, 3}. Define the functions

fi@: =(yu|wu, fr): =(vulwiu,
S =ajf17 Ja: =a]2'kf1’ fs: =ajf29 Je: :J',?kfz-
LemMa 6. — The functions f;, i=1, ..., 6, are locally Lipschitz continu-

ous functions from H? 10 L*: for every K>0 there exists Cy >0 such that
lullaz <K, [u|lu2<K imply

Hf, W) _fj(v) “L2§CKH”_Z’”H2 (16)
Moreover for x=0 and 1
Hf1 (W) —f1 (W ”H“ =Gk “ u—v “H“‘ an
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8 B. NAJMAN

We omit the easy proof (which repeatedly uses Lemma 4 and the Embed-
ding Theorem).

Define the mappings N, (£=0) by
A
No(®@):= - E(BCI)]CI))CD
N, (®):=gF (D) + N, (®)(£>0).

LemMmA 7. — (a) For £> 0 the mapping N, is a locally Lipschitz continuous
map from H? to H': for every K>0 there exists cx>0 such that
|2 =K, || ¥ |[n2<K imply

[N, (@)= N, () [l SCi | @ — W 2.

(b) The mapping N, is a locally Lipschitz continuous map on H.
(¢) There exists C>0 such that for all ®, ¥ e H? and o.€[0, 1] the estimate

[ No (@)~ N, (P) [ SC(|| @y + [ flu2)? | @ =P | (18)

Proof. — (a) and (b) are straightforward consequences of Lemma 6. To
prove (¢), fix ®,% and define the linear map Ry ¢ by
R¢,¢(9)=(B(D|(I))9+([3<I)]9)‘P+(9]B‘I’)‘I’. Then

Ny (®)— N, ()= Rqa, ¢ (@)

It is easy to show that ||Rg, (0){lm==<C (|| @2+ ||'¥|52)?||0]y= for
a=0 and a=1 (in fact such estimate appears in the proof of Lemma 6).
Since Ry, y is linear, the same estimate holds for all ae]0, 1].

Proof of Theorem 1. — As mentioned in the Introduction, it is sufficient
to prove the statement of Theorem 1 for the solution of the initial value
problem (4), since it follows by standard methods that this solution is also
solution of (2).

The substitution U=e""P¥?*® transforms the initial value problem (4)
mnto

2
Y L Lu=n,
ot 2 4¢

(19)

Os

ou i
U0)=Up.: =0, E(O)ZUIE: =(D1E_2iiq)

Converting this equation into an integral equation (cf. [4]) we find that
any smooth solution of (4) is also a solution of

O (=L (O Py +I. ()P, + ljﬁJE(Z—S) N, (D, (s)) ds (20)
€Jo
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THE NONRELATIVISTIC LIMIT 9

with
I () =¢'Pr/% (cos tA, — %EAS‘I sin zA£>, @1
€
J.()=€P A sint A, (22)

1 1 1
and A, the positive square root of 7(8A+ Z), A=— EA, naturally
€

defined in L2
We shall use the following well known result: let .« be a m-dissipative
operator in a Hilbert space X and let D («/) be its domain endowed with
the graph norm. Let F be a locally Lipschitz continuous mapping on
D (o). Then for every x,eD (/) the initial value problem
dx

—=o x+F
dt x )

x(0)=x,
has a maximal classical solution
xeCH ([0, Tpap)> X) N C([0, Tpy)s D ().
Moreover if T,,, < oo then
lim ([[./ x (@) [x + [|x (D][x)= 0.

t 7 Trmax

Fix £>0. We apply the above result to the space X=D(A) x L?=H* x L?
endowed with the norm

[ 9)|lx= (| Acu|lfz + ||2[|z2)"",
to the operator A in X defined on D («/)=D (A2 xD(A,)=H?*x H' by
oA (u, v)=(v, —AZu),
and to the mapping F defined by
F (4, v)=(0, N, (v)).

Then «/ is skew-adjoint and F is locally Lipschitz continuous on D (&)
by lemma 7. We conclude that there exists T,>0 and a unique classical
solution U, of (19) on {0, T,) and moreover that

lim (” U, (0)[lae + || 22 >= ©
Hl
if T,<oco.

t »Tg
Since (19) and (4) are equivalent, it follows that there exists a unique
classical solution @, of (4) on [0, T,) and moreover that if T, < oo then

1im<1]q>a(z)nﬂz+“5£e(_‘)—"ﬁ >=oo.

t 2T ot 2¢

@ (1)
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10 B. NAIMAN

Since @, is the solution of (3) and since (3) is equivalent to (2), we can
apply lemma 5 and conclude that if T, <T (T is the number in that lemma)

. . D, (1
then lim || ®,(#)|jy2< oo, consequently lim 920\ _ oo. However the
t /T, t T, ot u!
. _Jled, () . .
equation (2) implies — <C||®, (1) ||z which leads to a contradic-
t

tion.

This implies T, = T. From the symmetry of the equation (19) with respect
to ¢ we conclude that the maximal existence for @, (hence also for ¥,) is
in fact (—T,, T,).

Proof of Theorem 2. — Using the notation from the proof of Theorem
1, the initial value problem (5) can be written as

(22=—iBA(D+iBNO((D)
t

©(0)= Dy, *)

Since —iB A is a skew adjoint operator in L? and Ny, is a locally Lipschitz
map on D(A)=H? by Lemma 7, the conclusions of Theorem 2 are a
straightforward application of the classical existence result that was used
in the proof of Theorem 1.

Proof of Theorem 3. — Denote
I, ()=e "FAL,

Then the solution of the initial value problem (23) [and consequently (5)]
satisfies also the integral equation

B (1)=To (1) oo + i J "B Lo (= 5) No (@ (5)) ds; 24)

note that B, A and I, (¢) are diagonal commuting.

Using the representations (20) and (24) of the solutions @, and ®,, their
difference can be written as

D, ()~ ()= ) LY (o),

i=1
where
LIV (0=[L (1)~ L, ()] Dgo
L& (1) =1, (1) (Do, — Dyo)

LY=)o,

L ()= jt [IJE (1=s5)—iBl, (I—S)} N (Do (5)) ds
ol €
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THE NONRELATIVISTIC LIMIT 11

L (= é f ! T (1= 9 IN (D (5)) — No (. (5))] ds

L= é J ’ J. (1= 9) [N (@, () — No (Do (s))] ds

We shall prove
lim LY =0 in C([0, T]; H") 25,)
€0
fori=1, ..., 5.
Since ®,,eH® and N, (@, (-))e C([0, T]; H?) by Theorem 2, the state-
ments (25,) and (25,) follow directly from Lemma 2.2 in [5]. Noting the
estimate

sup(lile(t)umzﬁ éJa(t)

£>0
teR

> < o0, (26)
£ LY

we see that (25,) is a consequence of (7).
Similarly, the estimate

5” o, ”H1 <C(e'? ”(DOs ”}12 te ”No (@) ”Hl)
SC(e? || Qo [lnz +el| o |2 || o hur)

together with (6) and the Sobolev embedding theorem imply lim e®,; =0

£ 0

in H!, therefore (25;) follows from (26). Next
[F.(® |l SCE|| @[t +&'2|| @ [[ @]z + 2| @ [5y1.4 ]| @ |L),

hence it follows from (26) and Lemma 4 that

| LE (1)

t 13
- ngJ | F, (@, (s) HudSéCSJ || F (@, (5)) ||t ds

0 0
Using Lemma 4 and Lemma 5 [recall that in (11) and (12) ¥, can be
replaced by @] it follows that ||LY (r)||ye £Cre'/?, hence the equality
(24,) is also proved. Using (26) once again we see that

1L @) [ écf 19.(5) = o (5) s

It follows that
|| Q. (H—Dy (D “Ha < C<a£ + J || D, (s)— Dy (5) |[Hads> (0<t<T)

with lim a,= 0. This implies (8) on [0, T]; the proof for [—T, 0] is identical.

g~ 0
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