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Abstract: We obtain the optimal time decay of the solutions of the coupled
Maxwell-Klein-Gordon equations in four dimensional spacetime, provided the initial
data are what we define as Coulomb. In other words, the initial data are such that
the Klein-Gordon field is smooth and compactly supported and the Maxwell field is
electrostatic outside this support. The problem involves charge, therefore, the initial
data do not satisfy either fast decay or any smallness condition. In spite of that, we
are able to obtain our result using the inversion map of the lightcone of a carefully
selected origin. We thus, avoided the blow-up that takes place when using the usual
conformal transformation to the Einstein spacetime.

1. Introduction

The presence of charge imposes precise conditions on the decay of the initial elec-
tromagnetic field preventing it from being placed in a weighted Sobolev space.
Therefore, the usual techniques of conformal transformation or smallness of initial
data to prove decay do not work.

The condition that initially the electromagnetic field outside the (compact)
support of the Klein-Gordon field is static, permits us to use the inversion map
at the lightcone of a carefully selected origin. The conformal covariance of the
equations involved and the global existence theorem (Theorem 1) allow us to ob-
tain the optimal time decay for the solutions. This method can not be used with a
non-Abelian gauge group because the commutation relation would prevent the fields
from being static (the commutators would behave like a source with non-compact
support).

In the usual conformal compactification of Penrose-Christodoulou, the generator
of the transformation is a conformal Killing field of the Minkowski metric in the
whole of spacetime. In contrast, the generator of the inversion is a conformal Killing
field in the interior of the lightcone at the point on which the inversion is made.
Thus, while with the Penrose-Christodoulou method we have to take into account
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Fig. 1. The inversion map as seen from the Einstein Universe. Observe that the singular point
lies in the region complimentary to the one we are working with. The initial data, close to the
backwards cone from I inside the region of interest, is always regular

global behavior of the fields, the space infinity, i, the point where the conformal
data blow up, is discarded in the inversion map. (see Fig. 1).

Some previous results for similar problems are the global existence for the Yang-
Mills field (see [1,2]), the optimal time decay for the Yang-Mills field with small
data (see [5]) and the optimal time decay for the coupled Yang-Mills-Higgs-Spinor
fields with small data, where the positivity of the Energy is not necessary (see [4]).

This work is divided as follows, in the next section we explain what is meant by
a Coulomb initial data. We show what these data imply in terms of solution. Next,
using a global existence theorem, we prepare the grounds for the Cauchy problem
in the target space. In Sect. 3 we study the inversion map in detail and discuss some
properties of our set of equation vis-a-vis conformal transformations. In Sect. 4 we
establish the regularity of the Cauchy data in the target space allowing us to use
the global existence theorem. In the last section, we obtain the optimal time decay
of the solution.

2. The Cauchy Problem

Maxwell equations give rise to a gauge field, the coupling with a scalar field is
through the covariant derivative of the scalar field in the principal bundle (minimal
coupling). The Lagrangian for this problem is

L =Py F,, - Fp, — Dy - DPo, (1)

where 7,, = diag(—,+,+,+) and D, =0, +i4,, ¢ is a complex function, - is
a gauge invariant scalar product given by 4 - B = Re(4B), where 4 and B are
complex functions and the bar denotes the usual complex conjugation.
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The equations of motion are the Maxwell-Klein-Gordon equations. They are

0uF 1y + 0puF vy + 0vFyy =0, 2)
0,F" = Im(¢D+@) , 3)
D'D,p =0, 4)
or using a different notation
dF =0, )
oF=1J, (6)
O¢ = —i(24°0,¢ + ¢0,4") + 4,4°p; , @)

where F is the 2-form electromagnetic tensor, A, the 1-form electromagnetic poten-
tial F=dA and J = Im(d)m) is the 1-form, 4-charge-density. The gauge group
is U(1). O is the wave operator (D’Alembertian), d is the exterior differential op-
erator, = *~'dx is the degree —1 differential operator and * is the Hodge dual.
The time component of Eq. (3) is known as Coulomb’s law

= Im(¢309) , (@)

an elliptic equation which imposes a time independent constraint on the electric
field. In the region outside the support of ¢ the electromagnetic field satisfies

dF =0, )
SF=0. (10)

We say that an initial data set (4;(%,x), Ei(to,x) = Fio(t0,x), ¢(to,x), op(to,x))
for the Maxwell-Klein-Gordon equations (2—4) is a Coulomb initial data iff

e (hl) A is given in the temporal gauge, i.e., Ap(t) =0

e (h2) The scalar (charge-density) field ¢(#,x) is smooth, supported in a ball
of radius 7y around the origin, i.e., ¢(t,x) € C5°(By,).

e (h3) For any r = |X| > ry, the electric and the electromagnetic potential field

are given by
v Im()2d6)
2 Ix — x|

A(to,x) = 1o - E(x), (12)

E(10,x) = &y (an

where the electric field given by Eq. (11) is the field produced outside the support
of a charge distribution with charge-density p(x) = Im(¢p(x)0o¢(x)). The potential
given by Eq. (12) is unique up to an additive constant.

One writes the radial and angular components of the electrostatic field around
the origin as

Ex) = V. p(")|d3’ (13)

B0 = V| ”(x) s (14)
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w denotes angular coordinates, » = |x|, ¥~ is the volume enclosed by the ball of
radius r, keeping in mind that p(x) = Im(p(x)dop(x)).
Lemma 1. The field given by Egs. (13,14) satisfies (9,10). In other words, Egs.

(13,14) represent the solution of Maxwell-Klein-Gordon system given by Eqs. (5—
7) outside B_¢, )1y, for all times.

Proof. Outside the support, Eqs. (5-7) reduce to Eqgs. (9-10). These, are written as
V-E=0, (15)
VXE=0. (16)

Equation (15) follows from the analyticity of 1/|x — x| in Egs. (13,14) for
[x| > [x/|. Equation (16) follows from a well known vector identity. The finite
speed of propagation of the wave, assures us of the global result. [

We are in position to use the following global existence theorem (see [1,2])

Theorem 1. If uy = (4;, E;, ¢, 00 9) is initial data lying in (Hryy X Hii)? fork = 3
and satisfying the initial value constraint,

0:E; = Im(¢0@) ,

then there is a unique solution u(t) € (Hayy X Hi1x)? of the temporal gauge
Maxwell-Klein-Gordon equations defined for all t € (—oo,00) and having
u(0) = uo. The corresponding fields (Au(x),F . (x), p(x),D.¢(x)) are globally de-
fined in Minkowski space, lie in (C* x C*~1 x C¥ x C¥=') and satisfy Eqs. (5-7)
in the classical sense.

We use the previous theorem as follows, let us assume that the initial data are
given at a time # > 2ry + 1, then the support of ¢ is contained in the interior of
the future directed light cone of the origin. Since it has been established that the
solution exists for all times, one can speak of the solution at a later time #, say.
Inside the outward future directed lightcone of the origin the solution between #y and
t; is finite and regular. In this region we make the following gauge transformation
U:A— A, A satisfying 4y +4, = 0 with the angular components unchanged. We
show that the above transformation is a bonafide gauge transformation. We have

Ay =A4,+iU - 0,U", 17)
U(r,t = 1) € U(1). (18)

Since A was initially in the temporal gauge we have

—4,=iU - o, U ' +iU - U", (19)
=iU - ,U", (20)
U)=10,, (21)

where U = U(s) and s is a parameter along lines ¢ 4+ » = constant and Uj is such
that at ¢ = #, the gauge condition is satisfied.
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A, is smooth and real, by taking its conjugate value in Eq. (19) and using the
property of the scalar product, it follows that

o, UT =0 (22)

or, the length of U is a constant of motion. The standard existence theorems for the
linear ordinary differential equation tells us that there exists a unique and smooth
solution U(s) defined throughout the region Uﬁ;tol_it(t). Furthermore, since initially
U € U(1), then, U € U(1) for all points of U?:tOE(t). A satisfies the gauge con-
dition.

The need for the existence of a solution up to a time #; > f, and the change of
gauge will be clarified in the next section. There, we show that inversion maps a
hypersurface ¢ = constant onto a hyperboloid to the past of the space origin of the
hypersurface —% = constant in the target space. If we want to know the Cauchy
data on a hypersurface in the target space ¢ = constant (underline denotes functions
in the target space) we must know the values of the solution to the future of #,.
The gauge selected above is such that A is mapped smoothly onto such hyperspace.

3. The Inversion Map

Before we discuss the inversion map we prove the following proposition concerning
conformal transformations

Proposition 1. Let M,n be a four dimensional manifold where n is Lorentzian
metric, then for h: (M,n) — (M, g), g = @*n (Q > 0) a conformal automorphism,
together with the transformation h: ¢ — ® = Q¢ the set of Egs. (2—4) and
(9-10) are conformally covariant.

Proof. Invariance of Eq. (2) follows since it is independent of the metric. To prove
the covariance of Eq. (3) one uses well known relations for conformal transforma-
tions (see [4]) to obtain

V5" g Foy = Q7 F (23)

for the field. Using that J, = Im(®D,®), since @ and not ¢ is defined in the target
space, one has for the current
g7, = 072J% = Q720 Im(¢DF ) = QI . (24)

This establishes the desired result. The covariance of Egs. (9, 10) follows, since in
this case ¢ = 0.
To prove that the coupled Klein-Gordon equation is conformally covariant, one

uses the well known covariance of the operator ] — %%’ applied to a function
to get in the four dimensional case

1
@} (D,cp — ggﬂp) = Qg*[A4,4,D — (24,0, + $3,4,]

/@ — L = g4, AP — (24,0, + P04 (25)

O, is the covariant D’Alembertian and £ the scalar curvature in the image space.
We obtained the desired covariance. O



16 D.M. Petrescu

Denote by Cy the interior of the future directed lightcone of the origin, i.e.,
r*—1* <0, t >0 and by C, the interior of the past directed lightcone at the
origin, i.e., r2 — 12 < 0, t < 0. Let % be the mantle of a cone and let Sy be the
support of ¢ at time ¢. We shall consider in this section the following conformal
automorphism of Cj U C; onto itself

f:CiuCy —»Cfucy

by
Hypxt

5= S = (26)
where coordinates of the image space are underlined. Since g = f * n(f(x)) = Q%1,
where Q7 '(x) = —x - x = 1> — > = —s?(x), f is said to be a conformal map from
Cj UCy onto itself!. f is called inversion map. The map f preserves the null
structure (i.e., maps null surfaces into null surfaces). Since > > 0, f maps future
directed timelike vectors into future directed timelike vectors.

The line element in M*, the region ¢ = 0 in the Minkowski spacetime, is

given by

ds* = —dt* +dr* + r*do? , (27)
o being angular coordinates. The transformation of coordinates for ¢ and » are
1 v+u  —r
= — = — - — 2
r=5@+y) o (28)
1 v—u t
E—E(Q—Z)— . = (29)
with the same angular coordinates. Then
1
ds? = ————(—di* +dr* + r*do?) . (30)

= T @y

If one uses null coordinates u = r — ¢, v = ¢ + r and notices that s> = uv, then

2 dudv (U+u)2d 2
u? v? (2ou)?

or
du -1
dv -1

Thus along the ¢ axis, the points a and b such that 7, < #, are transformed to
points such that ¢, < ¢, (but |t,| > |£,]). So, future directed nullcones in Cj are
mapped onto future directed bounded nullcones in C .

Because Q(x) = —s~2(x) = —s*(x), we see that f? =id. Then, f maps €
onto ‘614'_ and vice versa. ¥, in the image spacetime bounds M*. € is the image
of ¢, of M* (see Fig. 1).

I f is not conformal if we consider the whole of Minkowski space
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The map f does not deal with the region outside 6:; , the closure of Cj. It
is precisely in this region that the energy blows up. By assumption, the solution

at any point outside a; is explicitly obtained using Lemma 1. This is why we
use the inversion map. The map to Einstein space is a compactification of the
whole Minkowski space, it takes into account the global behavior of the initial
data, including i, the point at space infinity.

If we prove that the solution up to the time # in a;r can be mapped to a regular

“initial” data on a spacelike hypersurface ¢ = constant in C, , then, using the global
existence theorem for Maxwell-Klein-Gordon equations we establish existence of
solutions up to the origin in the target space.

We have to study what happens to the image of the hypersurface ¢ = constant
of the original spacetime. Thus, we look at

I~

tHh = -7 ty constant .
Working it out, we get
rr— = £ ,
o=y
2
1 1
2
— t _— = -, 33
r (_ + 2t0> 4t0 (33)
that is, points of the plane ¢ = constant are mapped into the hyperboloid (33), and
for r = 0 this hyperboloid crosses the ¢ axis at ¢t = —%. Some simple computations
show that choosing
(to — ro)?
h=—"", 34
' (t —2rp) 34)
the image of the support of ¢ at ¢ = ¢; crosses the image of the lightcone of its
support at ¢, = —1/t,. The hypersurface ¢, = constant is used to place our initial

data. For any point in M~ = C, U {t = t,}, the solution of the original problem
is regular. Blow up, if there is any, should happen on %, . Fig. 2 should help one
visualize all the actions of the inversion map.

4. Regularity of the Initial Data in the Target Space

To prove regularity of the solution at ¢, = constant in M ~, we notice that ¢ is
mapped smoothly onto this hypersurface, since it is the composition of two smooth
functions. To show the regularity of the electromagnetic tensor we will use its null
decomposition, since it is more convenient than the usual electric and magnetic
decomposition. Let us introduce the null tetrad in M ™,

/= %du, E=rdf, (395)
m= ldv, y=rsinbdo, (36)

i

where u and v were defined earlier.
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In this basis we write F as

FZF]ml/\m—i-F]fl/\ﬁ‘}-Fmém/\f

+FymAy+FpyymANy+Feg Ny 37

(33)
(39)
(40)
(41)
(42)

The .correspondence of this decomposition with the usual electric and magnetic
one is
Er =Fim,
E:+B, =Fp,
E;:—B, =F,;¢,
E,+B:=Fy,
E, —B:=F,,
B, =F .

(43)

For any point p € Sy the electric and magnetic fields are non-vanishing. By
Lemma 1, the static solution outside Sy is such that the magnetic component is
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zero. In other words, outside Sy(;) only the first 5 equations survive. Fg, is zero
there.

It is seen from Egs. (13, 14) and Lemma 1, that if (x;,¢) are the coordinates of
a point on a sphere of radius |x| > r;, where r; is the radius of Sy. Then, for
all ¢,

Im($3o¢)(x")

E.(x) =Vf0 x — X Ix|d3x" + o(|x|73), (44)
Eo() = § OO 000 4 oo ), (45)

v, X—=x7P
where E means the function and not the vector (or form). ¥ is the volume of the
support of ¢. It follows that

E(x)] £ =5 +o(x|7?) [x] > o00 (46)

IF

Eo@)| £ 755 +o(Ix[™) x| = o0 (47)

IP

Q and Q) are integrals that bound the charge and dipole moment respectively,

0= J Im(¢d0p)(x")|d’x" (48)

O1 = [[Im(¢dp)(x")x'|d’x" . (49)
4

To study what happens to the two-form F, we need to study the map of the six
functions Fiy, Fie, Fe, Fiy, Fy, Fe, and the pullback of the forms /,m, y and £. We
find the relation between null forms in M~ and the pullback of null forms of M*
using that /2 = id. First we define a set of null forms in M. These forms are (an
underline denotes forms and functions in M ™)

| = —du, =rdf , 50
I=7% §=rdb (50)
1
m= ——=dv, =rsinfd¢ . 51
m= —5dv x=rsinld¢ (51)
The relations between null forms are

I=—df*l, E=wf*¢, (52)
m=—vf*m,  y=uvf*y. (53)

The transformed form in the target space time is given by
F=f"F
=S Fum [TIN [T mA+ f7Fie fYUN 7+ [ Fne fTm A f7E
T Sy TN [T A STy TN [T+ Ty fTEN T, (54)
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but we also have

F=F, IAm+F

INE+FE,em

~
>
AN

+E,mAL+F,mAy+Fg Ny, (55)
We are now in position to establish the following.

Proposition 2. The map of the solution of Egs. (5-7) in a-; between ty, the initial
data hyperplane and t,, given by Eq. (34), with the Coulomb initial data, is regular

on the hypersurface {t, = constant} N C, .

Proof. The regularity in the region ¢, N C, follows since the solution and the map

are regular. One expects a problem only on the lightcone, i.e., in ;. Using the
first term in the r.h.s. of Eq. (54), Egs. (38) and (46) we have

1, -1
f*Flmf*l/\f*mzf*ErZZ“l/\ Q—ZM (56)
= f*E ! IA 57

_f (MU)Z ﬂ~ ( )

Using Eq. (46) and Eq. (55) we define

It follows that
1 1
<Oof*( =
w\? 1
< = . 59
=0 ( r ) (w)’ &
Coming from the second term we have
N e —1 -1
[ FreffINf*t=f Ea,?l/\ Eé (60)
— fEa—IAE. (61)
B (u3v)‘
Again using Eq. (47) and Eq. (55)
. 1
Eig = f"Eolps (62)
then
1 1
< S
Elé = Qlf (7'3) (232)

w\® 1
= O (’7’) . (63)
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Proceeding in this fashion we obtain all the other bounds. Finally

2
[
B els 1Eyy| = 015 (64)
1
|E | < Qr_z’ (65)
|Fmé| l mxl Ql 3 P (66)

and F,, = 0. One of the advantages of the null decomposition is that conformal

diffeonTorphisms map null components into the same null components.

On %;, v =0 and both u and r are finite and bounded away from zero for
t = t;. Equation (54) and the bounds above imply that the form F is well defined
on the Iixhtcone.

The field is real analytic in the region outside Sy). The multipole expansion
of the field is pulled back in a polynomial in wuv/r (r) of order no lower than
two. Taking into account the bounds obtained earlier and the fact that the func-

tions F ,m,F,é,Fmé,F ik and F £y, defined by Eq. (55), are polynomials in v, the

extension to the boundary is made smoothly?.

Next, we prove that the gauge field A is regularly mapped onto {t, = constant} N
C, . Similarly to what was done with the tensor field F, we write the null decom-
position of A as

A=Al + Agm + A8+ A . (67)

The gauge is such that 4,, = 0. Outside S¢(r) the other components of Ay, have decay
no worse than 1/r because the field decays no worse than 1/7? (see Eq. (12)). Using
the relationship between the null components in the two spaces (Egs. (52),(53)) and
that /' maps null components in null components we get

fHA = YA L+ P ASTE+ A (68)

because 4, = 0. Since f*(1/r) = uv/r and the pullback of all the forms used in
Eq. (68) have at most v in the denominator, it follows that the pullback of A is
smooth. The only component that could have caused a headache was eliminated in
our selection of the gauge. The pullback of m explodes as v™2, much faster than
decay of 4,,, v.

Proving the smoothness of the scalar field is immediate, since it is supported in
{t, = constant} NCy in M~. O

As a corollary, we can speak of an initial value problem in M ~, with smooth
initial data given on the hypersurface ¢, =constant. Changing back to the temporal
gauge in the target space is of no difficulty. Using Theorem 1, one establishes the
global existence of the solution for the Cauchy problem in M.

2 the boundary lies outside the original space, the function is extended to take smooth values
there
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5. Time Decay of the Solution

We have established L>°(IR*) bounds for Maxwell and scalar fields. These bounds
are established for a compact in time interval, therefore, we have a L°°(M ~) bound.
To see what kind of time decay these bounds imply, we send all the forms and the
scalar function from the target to the original space. First, we deal with the scalar
field. The uniform bounds obtained in M~ imply that @ is uniformly bounded.
Using ¢ = Q® and Q = —s~2, it follows that

P = [uvllp] < c (69)
or, .
<
|¢|=c(t+r)(t—r) t>r. (70)
All points inside the outward future directed lightcone of Sy() have both u and v
strictly greater than zero and ¢t —r > rp + 1.

To obtain the time decay of the null components of the Maxwell field, we use
that all null components of the Maxwell field in M~ are bounded by a constant
(they are uniformly bounded). This means that we can write a two-form Q in M~
that bounds the Maxwell fields. The pullback of the form Q bounds the Maxwell
field in M. This form is

Q=cUAm+ INE+mNE+mAx+mAx+EAY). @))

Pulling back Q, using that it bounds the Maxwell fields and
I=—f*l,  E=uf"E, (72)
m=—v'f'm  y=uvf"y, (73)

one obtains the following time decay for null components of tensor fields in terms
of tand r, with t —r > ry + 1,

1

\Fiel, |Fi| < TR (74)
1

|Fmel, |Fmy| = T (75)
1

|Fiml, [Fe| < TG TR (76)

Adding everything up, we have achieved proving the following theorem.

Main Theorem The Cauchy problem for the Maxwell-Klein-Gordon conformally
covariant system (5,7) with Coulomb initial data, (conditions hl,h2 and h3)
has a unique solution, defined globally in Minkowski spacetime by Theorem 1.
Furthermore, using Proposition 2 and Theorem 1 we show that the solution has
the decay given by Egs. (70), (74-76).
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