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11n&HH C.E., Tarapoe 3.A. 
E2 · ll064 

YpaeHeHae aBH*eHHR roqeqaoro HcroqaHxa cxangpHoro nong 
B o6mell reopHH OrHOCHren&HOCrH 

H pa6ore B&IeeaeHo ypaeHeHHe aBH*eHHR roqeqHoro HcroqHHxa (aapg-
aa) cxangpHoro nong e o6mel! reopHH orHocHren&HocrH, PaccMarpaeaiOr-
cg aea B8pHaHra YP8BHeHHR CKangpHoro nong - C rpaaHUROHHOI! I H KOH
c!JopMH0-HHB8pH8HrHoil XHHeMaraqecxoll qacr&IO. CpaBHHBSIOrcg aea noaxoaa 
x B&Ieoay ypaeaeHHR aea*eHRR aanyqa10mero aapgaa: o6mepengraeacrcxoe 
paaearae noaxoaa llapaxa H aenocpeacreeHHoe B&IaeneHae pacxoaaMocreA. 
Oxaa&IeaercR, qro nepe&IA aa HHX He aaer npaeMneMoro peayn&rara e cnyqaE 
xoH¢opMHO-HHBapaaHrHoA XHHeMaraqecxoA qacra, a eropoA npaeoaar x ypae
HeHRJO aea*eHHR aapRaa, He aaeHcRmeMy or B&I6opa ypaeHeHHR nong, Kax a 
e cnyqae 3nexrpaqecxoro aapRaa, Ha CKangpH&IA aapRa aeAcreyer cana, aa
BHClllllaR or xpaeaaH&I npocrpaHcrea-epeMeaa e roqxe HaXolKaeHHR aapRaa, 
qro nporaeopeqar H9KOrOphiM ~OpMynapOBK8M npHHUHna 3XBHBaneHrHocra, 

Pa6ora e&monaeHa e Jlat5oparopaa reoperaqecxoA cpaa axa OI1.R11. 

fipellpHT 06a.e.IIDeaoro DCTIITYT& Qe~ •cc.ae,qo.....a . .ll)'G•a 1977 

II'yn S.B., Tagirov E.A. 
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The Equation of Motion of Point Scalar Field Source 
in General Relativity 

A general relativistic equation of motion of a point source of 
a scalar field is obtained. The equation bas the same form for two 
different forms of the field equation, one with the traditional kine
matical part and the second with the conformal- invariant one, As in 
the case of electric charge /2.10/ the source ·is subjected to a force 
that depends explicitly on the space-time curvature in the point of 
localization of the source. Disagreement of this fact with the prin
ciple of equivalence is discussed, 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 
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1. FORMAL PRELUDES 

V 1.
3 

is a Riemannian space with a metric ten
sor· g p.v (x) , x ~ V 1,3 , of signa.ture +2 (space-time); 
det(gpv) = g. _ 

Tensor indices p.,v, ••• =0,1,2,3refer to an arbitra-
ry point x ~ V 1.3 , while a,f3, ... ,>.=0,1,2,3 refer to a point 
on the world-line za = za (r) of the point source 
(charge), r being its proper time. A primed ,inde~ 
refers to the argument z' = z(r'), e.g., na =na (z'). 

The covariant derivative with respect to r is 
denoted by a dot over a function or as D/dr. Note 

that 

~ 2 = gaf3 ~a ~ {3 =-C 2 , 

c being the light velocity. The covariant differen
tiation with respect to x P. or za is denoted by 
a dot in the lower indices in front of the correspon
ding indices which may be both of the lower and 
upper cases. As an example we write out the 
condition that determines the curvature tensor 
Rp. vop (x): 

A p. - All = R p. A 
0 

, 
•vp •pv vop 

A P. (x) being an arbitrary vector field, 

op 
R p.v = g R p.ovp 

is the Ricci tensor, 
a (x, z) is the half of the geodesic interval 

between points x and z ("world function"); it is de-
termined by the equations 
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a a 11 =a aa=2a 
•fl • •a 

and the condition 
kowsky space 

lim a=O. For instance, 
X-> Z 

in the Min-

2a ( 0 0) 2 ( 1 1 ) 2 ( 2 2) 2 ( 3 3) 2 =-X-Z +X-Z +X-Z +X-z 

g pa (x, z) is the two-point tensor of parallel trans
port. It is defined by the condition 

- a 
A f1 ~x) = g fLU (x, z)A (z), 

where A f1 (x) is a resultant of the parallel trans
port of ,\a (z) along the geodesic segment connecting 
x and z. Definition and properties of a(x, z), 
g J1a (x, z) and other two-point functions are perfect
ly represented in the first part of paper 11/ by 
De Witt and Brehme. Our notation is in complete ac
cordance with theirs. 

2, FORMULATION OF THE PROBLEM 

Our purpose is to deduce the general relativis
tic equation of motion of the point particle radiating 
the scalar field which takes into account the reac
tion of the radiation on the particle (the radiation 
damping). Such a source of the scalar field may 
be called a scalar charge only conditionally be
cause there is no conservation law analogous to 
that of electric charge, 

The general relativistic generalization of the 
Lorentz-Dirac equation for point electric charge e 
with (physical) rest mass M was obtained by Hobbs 12/ 
in the following form 

.. a -L(in)a • {3 2 a a 
Mz =ec 1< f3(z)z +2e (f' -P) + 

1-< T , 
2 -1 . ,_, J f a ( ') • y d , + e c z f:3y z , z z r , 

-oo 

(1) 

where F (in{x) is the tensor of an external electro-
magnetic ~l~ld; cflvp'(x,x') is a some two-point 
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tensor, vvhich is a second rank antisymmetric ten
sor function of x (indices f1 and v) obeying the 
free Maxwell equation and is a vector function of x ', 

a 1 ... a -2 ·• 2 ·a 
r = --c z - c z z ) 

3c3 

(2) 

is Abragam's vector and 

a 1 a{3 • -2 • a • {3 • y 
P = Sc [R (z) z13 + c z RJ:3y(z) z z 1. 

(3) 

Actually Hoobs corrected an error in calcula-
tion of De Witt and Brehme I 1/, vvho had obtained 
equation (1) without the term proportional to P a. 
They noted with satisfaction that the equation does 
not show any dependence on curvature at the charge 
location and interpreted this fact as an agreement 
with the principle of equivalence. Indeed, if their 
result were correct, the equation of motion in a lo
cally inertial reference frame (i.e., in normal coordi-
nates with origin at z(r) ) would differ from the 
corresponding special relativistic one only by the 
last "tail" term. One might conclude from such a dif
ference only that somevvhere on the world-line of 
the charge tne curvature is not zero. On the contra
ry, at least in conformal-flat V1. 3 , vvhere f!lvp'(x,x')o=O, 
the vector P a provides a principal possibility to de
tect that Ra{3,£0, if so, at a given point, i.e., through 
observation of an arbitrary small part of world-line 
of ~ point charge, This means that one may de
termine vvhether a gravitational field is present at 
the point. This possibility of course is a local ma
nifestation of the nonlocal system "charge+ its field" 
and it should be considered as an indication of 
necessity of a more exact formulation of the prin
ciple of equivalence rather than as a contradiction 
with the latter (see also a discussion in /31). 

So, the presence of the vector P a in the equa
tion of motion of an electric charge is of principal 
importance and it is interesting to know how equa
tions of motion of point sources of other fields 
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appear. The case of the scalar field is 
cular interest because various authors 
kinematical part of field equation in two 
forms: in the traditional minimal form 

af-3 -Y, '12 a{3 
0 ¢ :'= g ¢. a{-3 ~(-g) a a l (-g) g a {3¢ 

of parti
write the 
different 

and in conformal-invariant one I 4 •51: ( o + {- )¢, where 
R is the scalar curvature. The term with R in the 
latter case is also considered sometimes as a break
down of the principle of equivalence and the ques
tion arises whether equation of motion of a scalar 
charge depends on choice of the field equation. 

The starting point of our consideration is the 
system of equations describing interaction of a sca
lar field ¢ with rest mass m and its point source 
(charge) with rest mass M 

0 
· 

A 2 oo 4 
(o+(fR- m )¢(x)=AC fdro (x,z), 

-oo 
(4) 

D . · a 2 a 
dr-ll1l1 0 +A¢(z)Jz ! =-Ac 6. (z). {5) 

To make the constant of interaction ,.\ dimension
less, we have introduced here m= mc/t I ~io=Moc/t. 
The invariant o -function o 4 (x, z) is defined by the 
condition 

f(dx) 
4 
i-g(x)o 4 (x. z) f(x) = f(z). 

The constant A in Eq. (4) is introduced as to take 
into account the two aforementioned forms of the 
scalar field equation, corresponding to the values 
A= 0 and A= 1. 

System (4),(5) is of a formal sense since 9 and 
¢.a include selfinteraction of the charge and take 
infinite values on its world-line. It is, however, 
remarkable that the infinities can be separated in 
the form "const · ·z· a ( r) " and can be included into 
the observed rna ss of charge ~ so that :m 

0 
acqui

res the meaning of a bare mass. Such a renorma
lization of mass requires intermediate regularization 
of the field ¢ (z) which actually reduces to consi-
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deration of the field not at the point of location 
of the charge but "b.eside" it. The regularization 
and its removal may be performed in various way 
and, since in general relativity there is no invari
ance condition, the independence of final result of 
regularization is not obvious. We consider two pro
cedures here, the first being the general relativistic 
development/ 1.2/ of Dirac's approach/6/ and the se
cond being that has been used in the book /?/ by 

Sokolov and Ternov. 

3. DIRAC'S APPROACH 

The approach is essentially as follows. The 
variable point z a(r) of charge world-line is envelo
ped by a closed hypersurface ~ which is a cy
linder, its height and radius being :?Or and f 0 ,res
pectively. The latter is measured along a space-like 
geodesic normal to the world-line. One applies the 
Gauss theorem to the con1raction of the symmetric 
energy-momentum tensor T p.v with vectors I; i 11 (x) 
( i = 1,2 ,3,4) of arbitrary field of reperes, i.e., 

p. v vp. vp. 
~~ (x)T/lv(x)/;i (x)=JdV4 (T11vl;i ). =JdV4 T/lv/;i, · 

4 4 (~ 

Here T v·p. =0 in virtue of Eqs.(4),(5). v 
If ~;,v&) is a Killing vector, then T 11v I; . ll = 0 . 

In the Minkowsky space there is a natural repere 
field I; i v (x) which is composed of four Killing vec
tors that generates the translations. Then the con
dition for the integral over ~ in Eq.(6) to vanish 
gives rise to the Lorentz-Dirac equation. In gene
ral relativity there is no such natural repere field, 
and the only physically justified way to introduce 
a repere field is to relate it with the charge world
line z a (r). • Hobbs 12/ accomplished this by the 
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parallel transport of an orthonormal repere specified 
at za (r) to x along the geodesic. De Witt and Breh
me I 1/ used actually parallel transport of a coordi
nate repere (four vectors tangent to coordinate lines 
at z a (r )) • Our way is some,vhat intermediate bet-
ween these~ We choose the hypersurface ~ as it 
has been describe,d (Fig. ) and introduce any conti-

c 

I 
I/ zelf'C) ---t-

'" -' £.. f • z.t ( r- 6 r ' I 

nous field ~t =~t(r) along the world-line za=za(r) 
(denote it by C ) of charge. Then the repere ~ i J1 (x) 
at an arbitrary point x in the neighbourhood of C 
is obtained by parallel transport along the geodesic 

perpendicular 1' from x to C, i.e., 
J1 - a, 

~i (x)=gJla, (x,z')~i (r'), 

z' = z(r') is the end of 1' on C. 
The energy-momentum tensor T J1 is obtained by 

variation of the action for system (4),(5) and has the 

form 

(p) ~f) 
T

11
v (x; A) = T JlV (x) + ~Jlv (x; A) , 

(7) 

<P) -1 "" 4 - - • a'· ., 
T JlV =C em 0 +A<P{x))l dr'() (x,z")gJLU, (x,z")gvf3 n(x,z")z zfl 

(s) 

T(f)=¢ ¢ -Vzg [¢ ¢P+(m2-AR6)¢2]_A6[R ¢2+¢2-,g op2]. 
JlV •Jl •V f1V •p • flV •flV flV 

Let us substitute into T (x; A) 
flV 

in -
¢(x) = ¢ (x) + ¢ (x), 

''Vhe·re the ¢in (x) is a free external field 

is the retarded field of the charge
111 

: 
Y2 T 

¢- (x) = - AC I~ (x,z} - J dr "v(x, z ") l 
4rr ~(x, z) -oo r=r _ 

Here 
112 Vz 

t.(x, z) =- det(a )(-g(x)) (-g(z)) 
•flU 

(9) 

-
and ¢ (x) 

(10) 

(11) 

v(x, z) is a two-point solution of Eq.(4) with the 
vanishing right-hand side which is regular on the 
light-cone and satisfy the condition I 1,8/ 

1-A 
lim v(x, y) = --R(y)- 1

/2m 2 
12 x-+y 

(12} 
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and T _ (x) is the proper time of intersection of the 
charge world-line and the past light-cone of the 
point x (F'ig. ). 

Evaluate now the limits of f 
0 

-. 0 of integrals in 
the main equality (6). We start with the right-hand 
side and omit the repere index i for simplicity 

JW - a 
J v = I dV 4 T (x ;A )lg fLU'·v e + 

v4 
(13) 

- u' • b' - • a' , 
+ (g 'fcJ~( z +g ,( )r }. 

flU•' Jl-U •V 

Having differentiaterl the orthogonality conrlition for 
C and I" 

• a 
a , (X , z ') z = 0 ·a 

one obtains 

, -2 , , • a' 
T.v =-K (x,z )Dva•(X,z )z , 

where D fLU (x, ZJ =-a. fLU (x,z) and 
2 •• 

K = -a (x,z)j , 
z=z 

Now we take into account that a close neigh
bourhood of the curve C is under consideration only 
and substitute expansions in powers of geodesic 
distance i from x to C into Eq.(13). We cite them 
for some quantities I 11 : 

f - o' y 
g , 13 , =--2 g RQ,, ·~· n 

flU• f1 1-'Yau 
2 

+ 0 (£ ) ' (14) 

where n y' is the ,unity tanget)t vector to c at the 
· t , · nY n 1 n )' • 0 po1n z , 1.e., u H , = • u z •= . 

y y 
, 1 - · a 

T • v =- - 2 g va ' Z [ 1 + 0 ( £ 
2 ) J 

K ' (15) 

T 

¢- (x) =- ~[-1- -I dT*v(z', z*) + 0(£ 2 )], 
41T (f< -<X> (16) 

10 

,\ 
v 

l 

I 

- Ac - 1 a' ··a' 
¢ (x) = --gfLa'[-=-f! + _£_z + 0(£2)}, 

•fl 4nt 2 K 2K 2 (17) 

¢.-fLV(X)=- ~g ,;
13

,[_!_(3Qa'n{3' a'W 1 .a'. (-3' 
4 3 J.lU =tJ u -g +- z z .)+ 

1Tf K K 2 

f a' .. f3' B' .. a' 2 
+ --m z - a z ) + o (£ )J , 

2K z (18) 

Actually, T, ' f and n y, form the Fermi coor
dinates 191 of the point x ''Vifh respect to the curve 

C. The invariant volume in these coordinates gives 

"' { 
1 

T + UT 0 
2 I dV4 = c- J dT, I da 2 J dDK 

V4 r-oT o i\(x, z') 
(19) 

An integral of any term conkiining an orld number 
of the "direction cosines" na' over dfl-_ vanishes, 
The use of this fact, of properties of g JW Ill, of 
expressions (14)-(18) and other necessc:try expan
sions leans to 

1 a T'=T+DT 
Jv= -f( i .-m(T')Ji, " 

C a T =T-OT 

1 T+DT 

- -c- I 
T-OT 

.. a, 
dr'( ,!z :lri(T') + 

a 

·a 
+Z 

. 2 T, 

_Q__[A¢
1
n + ~f dT"v(z',z")J!, 

dr, 41T -<X> 

where 

and 

~i (T) 
2 T 

W1 + A¢in+ ~ f dT"v(z,z") 
41T -oo 

( 

"" "" ,\ 
2 

. 
0 

0 (f) 1 2 
Jll = J1l 0 - - hm f dd-- -(1- -A)l. 1 

477 f ->0 0 f 2 f 2 3 
0 

(20) 

(21) 

(22) 
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The contribution to the second term in :»1 1 is 

given by ¢- in T <V and g 11v¢ :p ¢ :-P in 'I W . 
Consider the lett-hcfnd side of the main equality ( 6). 
The hypersurface !. is composed of the three 

+ -
parts: the two "cups"!. and 'J. and the wall !. 

0 

In the coordinates T, ' f ' nY we have 

fo , 
ll _ 1 2 till llY • 

J <1!. =+ c ( da J TD zy,\r'=r ±or 
!.± 0 

E2 r+OT Q , 

J 
_,~ ll _ 0 J dr 'f d - 2 (- llY o O ( 3 )) 
Uk - c- -;;:K g l!y' + EO , 

!.0 T-OT 

~- '{3' - '~, - a' /lt-J a 2 Since Da tJ = g D = g + 0(< ) the integra-
tion over !.± 11 is practically reduced to the same 
inte~rals over dT and _dO as for integration over V • 

The result has the form 

11 11 v 1 a' . . r '=r +or 
( J<l!. + Jct!. )'I c = -[C z , - :lTI(r')]! , " • (23) IIVC, C <, a T =T-UT 

!,+ !,- r 

Having been substituted into Eq.(6) this term cansels 
with the first term in J v, Eq.(20) and the left-hand 

side of Eq.(Fi) reduce to 
J(f) = ( <i!.ll T (f) c v 

!,0 !o /lV <, 

· T(p) 0 ~ o s1nce "" on ...., . 
/lV 

To calculate J <i6 , we need expressions of the 

form of Eq.(~5)-(~s), but of higher powers in f • 

However, they are too cumbersome, especially, for 
¢ ~ and ¢ -:

11
v , to cite them in this schematic 

description, in spite of just these orders contain 

vario~s contractions of R af3yo and RafJ with n a 
and z a that give rise finally to the term P a 
in the equation of motion. Calculating the integrals 

over clirections, we make use of the relation 

12 
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I 

! 
1/ 

I t 

I 

4rr -2 ) Jtillnan {3 = y(ga{3 + c za z
13 

and come to the following expression 

(f) T+OT 

J!,O = C f 
T-OT 

a in 
dr'f, [A¢ , + 

·a 

A D [. (',~...in A
2 
c{ r'd "v( , "))] + - 2 -- Z , 1\ 'f" + -- T Z ,z + 

3c dr' a 4rr _;,., 

2 .. (24) 

A [ 2 za' . -1 +- 'lz(l- -A)-- hm fo +r ,_p , + 
4rr 3 2 a a 

c (0 -,Q 
T, 

r "- , ( , ") 1 ( , ') . ] I +C UT V , Z,z - -V Z ,z Z , , 
-..«, •a C a 

To obtai\1 an equation of motion, we bring to
gether Eqs. (20),(23) and (24) into Eq.(6) and use 
arbitrariness in I; a' and or • However, Eq.(24) still 
shows that we have different equations for the dif
ferent values of A. In the case A = 1 , the equa
tion so obtained is wittingly unappropriate because 
it does not coincide with Eq.(4), the terms r , P 
and "tail" term "(i.e., radiation damping) being ~egl~c
ted. 'Ne think the r.eason is that the Gauss theorem 

may not be applied to the singular expressions that 
arise from the terms with second derivatives in 
T11v (x; 1) . Strictly, the theorem may not be 

applied even to 'I (x; 0), but still in this case 
JlV 

(A=O) Dirac's approach gives rise to the result 
which is proved by other approaches. Therefore,as 
a final result obtained by the method of Dirac, we 
write down now only the equation of motion for 
charge of the scalar field obeying Eq.(3) with A=O: 

. A2 T , 

~lO!l +A¢ m + -~ f dr 'v(z, z ')]z a I 
dr 2 4rr -oo 

2 T 2 2 ( ) 
-- 2[,,~...in ~~ fdr'v(z z')J + ~(r -P ). 25 
- C 1\'f" + 4 • •a 4 a a 

" -oo Tl 
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Note that derivatives of the upper limits of the in
tegrals cancel because r ·a = -c-l?Za according to 
Eq.( 15). The physical (renormalized) mass W 2 is 
related to the bare mass W 0 as follows 

.\ 2 . ( 0 20 (£) 1 1 
W = W o - -- bm [ f dd-- - --) - -J. 

2 4rr < ... 0 0 < 2t 2 2 < 0 
0 

If one assumes 
{0 

fdto(d =_!-\ 
0 < 2t t""O 

then the field contribution into the mass is a diver
gence of the form - (.\ 2 /8rr )c -l \ < = 0 • 

In the next section we shall show that the equa
tion of motion for the case A= 1 has the same form 

as Eq.(2r,). 

4. DIRECT SEPARATION OF DIVERGENCES 

Now we will separate infinities and renormalize 
the mass directly in the Eq.(5) following the proce
dure that was used for electric charge in special 
relativity in book /7/ and was considered for general 
relativity in paper/lo/ • We formally substitute into (5) 

in -
¢(z) = ¢ (z) + ¢ (z) 

representing the retarded field ¢- (z) through the 
retarded Green function G- (x, y): 

00 

(26) ¢ (z)=-.\cfG (z,z')dr', 
-oo 

G- (z, z ') = ;77 It>. lh (z,z ')o [a(z,z ')] - e[ --a(z,z ')]v(z,z ')l X 

X [1 + E(T- r')), 

where e (x) is the unity Heavyside function and 
<(X)=O(x)-8(-x). Obviously Eq.(26) may be expressed 

in the form 

14 
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"" Yl 
¢ -(z)=- Ac_ J dr11+dr-r')]A 2 (z,z')8[a(z,z')J + 8rr -oo 

r 
+ .\

4
c fdr'v(z,z') • 
1T -oo 

To calculate ¢- (z), ¢.: (z) and ¢ -(z) we pass 
to the integration with respect to t = r-r' and ex -
pa.n1 }he integrand in powers of t using expressi
Or)$ 

1 
(Qr x ... x' of two-point functions a , a Y2 tl \12 

!\ ' ·/i : 

1 2 2 1 4""2 5 
a =- -c t - -- t z + 0 (t ) 

2 24 ' 

. 1 2"" 1 3··· 4 a./3 = tz {1- 2 t z f-3+ 6 t z f)+O(t ), 

'h 1 2 •Q· 3 
!\ = 1 - 12t Rf)yzt-'z Y + O(t ) , (27) 

'h 1 ·y 2 
/\ ·f-3 ~- 6-tR/)yZ + O(t ), 

2 2 8 ( t) 8(a) = -l1+ O(t )1--. 
c 2 It I 

We use for calculation of the integrals which 
include 8 '(a) the formula 

d 1 t ""2 2 d 
- = [-- + --z + O(t )]--, 
da c2t 6c4 dt 

which follows from (27) and after integration by 
pa.rts we obtain t}le following formal expressions 

"" r 
¢ -(z) =- ~ J _£ill_dt + .\c_ J v(z, z')dr', (28) 

4rrc -oo I tl 4rr -oo 

. - .\ "" o 2(t) Ac 
¢ (z) = --- J ---dt + - v(z,z) + 

2rrc -oo I tl 4rr 

4rr _ v.fl(z.z')d.', (29) 
Ac . r.< r 

+-ztJ J 
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- A. •• 00 o(t) A. • 
00 

o
2
(t) 

¢ (z)=-Z I -dt- --z I -dt-
·a 8rrc3 a -oo I tl 2rrc3 a -oo I tl 

(30) 

- ~([' -P )- _A._~ v(z ,z ')+ A.c J v (z,z ')dr ', 
4rr a a 4rrc a 4rr -oo •a 

Substitution of Eqs. (28)-(30), with addition of cor
responding derivatives of ¢m into Eq.(S) leads 
finally to Eq.(25), where :lTI 2 is changed by 

m = m - _A._[ o(Q_dt. 
3 0 8rrc -oo I tl 

But this equation is correct now both for A = 1 
and for A = 0 , and the difference between these 
two cases is that ¢in and v(x. z) obey the diffe-

rent equations. 

5. CONCLUSIONS 

1. The use of Dirac's method to obtain an equa
tion of motion of a point source (charge) of a scalar 
field gives an acceptable results only vvhe n the 
field obeys Eq.( 4) with A = 0 • i.e., when the kinematic 

part is traditional. 
2. The direct separation of divergences in Eq.(S) 

gives an equation of the same form both for A = 0 

and A= 1 in Eq.(4). 
3. The equation of motion of a scalar charge 

contains the vector P a explicitly depending on the 
Ricci tensor at the point of charge localization with 
the coefficient 112 in comparison with the case of 

electric charge. 
4. The diverging contribution of scalar field in 

the charge mass is negative. 
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