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Explicit solutions of scalar soliton stars and scalar black holes are given. The former has no hor-

izon and the latter does. The soliton stars are cold, stable, and coherent states of very large mass

M-(lpm ) m, with lp the Planck length, m the mass of the relevant scalar field, and A=c = 1.

I. INTRODUCTION

2

U(X) = —,m X 1—
Xp

(1.2)

with m =7 mass. We may assign 7=0 to the normal
vacuum state, and g =70 to the false (or degenerate) vacu-
um state. (Theories of this type have been extensively
studied in the literature, e.g., in connection with the bag
model, ' and with spontaneous T violation. )

For orientation purposes, we repeat here the qualitative
feature of a scalar soliton star already discussed in I.
Consider first the example of a nontopological soliton
without gravity. The soliton contains an interior in which
X=Xp, a shell of width -m ', over which 7 changes
from Jp to 0, and an exterior that is essentially the vacu-
um. The ¹arrying field P is confined to the interior;
this produces a kinetic energy Ek.

In this paper we give the analysis of scalar stars and
scalar black holes. We first discuss the scalar soliton
stars. In order to have such a solution, the system should
consist of (minimally) a complex scalar field P and the
gravitational field g„. The necessary and sufficient con-
ditions are as follows.

(i) There must be invariance under a space-independent
phase transformation

e"0;
consequently, we have the conservation of its generator N,
called the particle number.

(ii) In the absence of the gravitational field, the theory
has nontopological soliton solutions. ' In contrast, for
the mini-soliton stars, ' one requires the theory to satisfy
only (i) but not (ii), and that makes the characteristics of a
mini-soliton star quite different from those of a soliton
star.

If the scalar field is a fundamental (i.e., not
phenomenological) field, then in order to have a renorrnal-
izable theory and the existence of nontopological solitons
[condition (ii)], one assumes, besides P, an additional Her-
mitian scalar field X. The simplest example is when the
self-interaction of X is of the degenerate vacuum form (in
units fi=c= 1):

7 =Xp the false-vacuum state, but nonzero when 7=0 the
normal-vacuum state). The shell contains a surface ener-

E, =477sR

where s is the surface tension, related to gp and m by

2s= —,mgp (1.4)

The radius R can be calculated by minimizing the total
energy E=Ek +E, . Setting BE/BR =0, we have the
equipartition

Ek ——2E, . (1.5)

Hence, the soliton mass M (which is the minimum of E)
can be written as

M =3E, =12msR

the total conserved quantum number is

N =8sR

(1.6)

and therefore, for large N,

(1.8)

M, —(48~G s) (1.9)

Since Newton's constant G is the square of the Planck
length Iz —10 cm, whereas a typical Higgs-type field P
may have Xo-m about, or higher than, 30 GeV (in any
case, much less than the Planck mass), we have

Because the exponent of N is & 1, when N is large the sol-
iton mass is always less than that of the free particle solu-
tion, and that ensures its stability.

Next, we include the gravitational field. For configura-
tions with R much greater than the Schwarzschild radius
2GM, the effects of gravity can be treated as a perturba-
tion. Gravity becomes important when R becomes of the
same order as 2GM. Hence, the critical mass M, for the
formation of a black hole may be estimated by simply
equating R with the Schwarzschild radius

R -2GM, ,

which leads to, because of (1.6),

Ek —nN /R (1.3) M, —(Ipm) m (1.10)

(assuming for simplicity that the mass of P is zero when which is —10' Mo, with a corresponding radius R —10
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II. GENERAL FORMULAS

A. Lagrangian

Consider a theory consisting of a complex field P, a
Hermitian field 7, and a gravitational field g&, which is
also the metric of space-time, in accordance with general
relativity. The total Lagrangian is

L =L(g)+L(m ), (2.1)

where L(g) refers to the gravitational field Lagrangian
and L(m ) to the matter-field Lagrangian, under the influ-
ence of g& . We write

f L(m )dt = —f (P "Pp+ —,'X"Y„+U)
I g I

' d x,

light years, for m —30 GeV. In addition, the remarkable
feature is for such a system, with a giant mass and a large
radius, to be described by discrete coherent quantum
states.

At present, very little is known concerning the nature of
the Higgs-type bosons, except that they should be massive,
spin 0, and have expectation values which modify the
masses of other fields. Thus, - M, for the soliton star
could also be much less than the above estimate, depend-
ing on the theory.

It is quite likely that all these scalar fields are in fact
phenomenological fields, and their interactions should be
described by an effective Lagrangian. In that case, the ef-
fective Lagrangian does not have to satisfy the renormali-
zation condition; hence, a single complex field P (without
the Hermitian field X) is sufficient to generate a nontopo-
logical soliton solution. The simplest self-interaction of P
with a degenerate vacuum is

U=m P /[1 —(2P P/oo )] (1.11)

where P is the Hermitian conjugate of P and oo, m are
constants. In the norinal vacuum,

I P I

=0 and m is the
mass of the plane-wave solution. We note that invariance
under (1.1) requires U to be a function of P P. In order to
have a nontopological soliton solution (in the absence of
gravity), the self-interaction of P must contain an attrac-
tive component; this is why the coefficient of (P P) in
(1.11) is negative. The stability condition further con-
strains U to be positive when

I P I
~ oo, and that leads to,

minimally, a sixth-order function of P for the interaction
U.

In Sec. II we give the general formalism of the problem
for a spherically symmetric system consisting of P, X, and

g& . At any given X, the energy levels are discrete. These
are computed in Sec. III for the simple case (1.11) with
7=0. In Sec. IV we extend our analysis to black holes.
The solutions derived show explicitly the relationship be-
tween matter distributions and the horizon; it is hoped
that such prototype calculations may lead to a better
understanding of these unusual and interesting physical
objects.

satisfies

jP 0 ~

therefore

ax~

and the particle number

N—= f j'I g I

'"dx 'dx'dx'

(2.6)

(2.7)

is conserved. For N&0, it is clear that P must be time
dependent.

For the gravitational field, we shall restrict ourselves to
a time-independent and spherically symmetric metric. As
in II, the square of the length differential can be written
in terms of the spherical coordinates (t,p, a, p) as

ds~= e "dt +e—'dp +p (da + sin adp )

or in terms of the isotropic coordinates (t, r, a,p) as

ds ~ = e "dt +—e "(dr + r da + r sin a d p ),

(2.8)

(2.9)

where a,P are the standard polar and azimuthal angles,
and p is (2n) ' times the circumference (i.e., the length of
the great circle) of a two-sphere, related to r by

(2.10)

The functions u, v, and v depend only on r, or,
equivalently, only on p. Hence,

e "=d lnp/d 1nr =1+r dv

d7
(2.11)

For the time-independent metric, the gravitational energy
E(g) is simply the negative of L(g). In the spherical
coordinates,

L(g) = E(g)—
=(26) ' f e" e' —2 1+p

dp

I g I

= absolute value of the determinant

of the matrix (g& ), (2.3)

d x =dx dx 'dx dx with x = time t, a dagger denotes
Hermitian conjugation,

y„=ayZax~, y„'=ay'Zax~,
(2.4)

7„=OX/Bx",

P"=g"'P„, P "=g""P„,and X"=g"'X . For the general
formulas derived in this section we do not fix the specific
form of U, except that it is a function of PtP and X, so
that the invariance requirement given by (1.1) holds. The
current j",defined by

(2.5)

where

(2.2)
+e ' 1+2p dQ

dp
dp . (2.12)
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In the isotropic coordinates,

L(g)= E(—g)=(2G) ' f e"+"(2u'v'+U'2)r dr,
(2.13)

2G t —2U l 2 —2U

= —8~Gp'( W+ V+ U), (2.23)

where

u'=du/dr and v'=dv/d» . (2. 14)

p2G ~=e 2" $+2e 2Up2U du

=8nGp (W+ V—U), (2.24)

As shown in the Appendix of II, the minimum energy
solution requires P to have a harmonic dependence on t:
P cc e ' '. For the plane-wave solution, co & P mass,
whereas for the soliton solution

and

2d u dupG =e "p + 1+p p (u —U)
dp dp dp

co ~P mass, (2.15) =8m.Gp (W —V —U); (2.25)

so that P is confined. In the spherically symmetric case,
we may write

the last one is identical to that for p Gp~. The field equa-
tions of the spin-0 fields are

~ —1/2 —t coto.e (2.16)

where o is real and depends only on p (i.e., only on r).
Similar reasoning gives X as a function of p (or
equivalently r) only, independent of time. Hence L(m)
can be written as

2p d o 2 du
, + —+

dp p dp

and

dv do. „BU
(2.26)

L(m)= f ( —U —V+ W') ~g ~

'~ dx'dx dx, (2.17)

where U= U(cr, X) is the same function as in (2.2),
'2 2

2U do dX

d g 2 du
, + —+

dp p dp

dv

dp dp

(2.27)

and

2
do' dX=Ye +

dr

2

(2.18)
du t 2 du 26, '— —+ + G~+ —G. =0.
dp p dp Qp p

(2.28)

It is straightforward to verify that (2.23)—(2.27) are con-
sistent with G"z

——0; i.e.,

The particle number, defined by (2.7), is

N=(2/co) f W ~g ~

'~ dx'dx dx3 .

(2.19)

(2.20)

Substituting (2.23)—(2.25) into (2.28), we obtain

d
( W+ V—U) = ——V—2( W+ V)

du

dp p dp
(2.29)

The matter energy E(m ) is given by the corresponding
Hamiltonian:

E(m ) =Neo L(m)— which is simply the sum of (2.26) times dcrldp and (2.27)
times dX/dp. These equations can be readily derived by
using either

= f ( U+ V+ W)
~ g ~

' dx 'dx dx

The total energy of the system is

(2.21) 5L
6u 6v

6L
6o.

=0

E=E(g)+E(m) . (2.22)
at a constant cu, or

The field equations can be derived either by taking the ex-
tremity of E with N fixed, or the extremity of L with co

fixed.

B. Basic equations

Let H& be the Ricci tensor and W=g" W& the scalar
curvature. The Einstein equation relates

6E
5u

6E
N

5E

N

=0

x:—u =ru

at a constant N, where L and E are given by (2. 1) and
(2.22).

In the isotropic coordinates (t, r, a, f3), it is useful to in-
troduce

1

GIMv pv 2 gpss

to the matter tensor: in the spherical coordinates (t,p, a, 13)
we have

y =—1+v:—1+»V'=e

x =rx', y =ry',
where, as well as throughout the paper,

(2.30)
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u'=du /dr, v'=dv /dr,
u"=d u/dr, v"=d v/dr

x'=dx/dr, y'=dy!dr .

(2.31) correspondingly,

(2.45)

(2.46)

Hence (2.23)—(2.25) become

2v" +v' + —v'= —Sm.Ge "( W'+ V+ U),
r

2 u 'v'+ v' + —( u '+ v') = 87rGe "( W+ V—U ),
r

(2.32)

(2.33)

its vacuum value, also exponentially. Likewise, u, v, and
v approach exponentially the Schwarzschild solution. In
the spherical coordinates, as p~ ~ we have

1/2
4a

eQ ]
p

u "+v"+u' + —(u'+v')=Sm. Ge "(W'—V —U), (2.34)
r

or, alternatively,

4ae"- 1—
—1/2 (2.47)

2y+y —1=—SmGr e. "(W+ V+ U),

2xy+y —1=8mGr e "(W+ V—U),

x+y+x = Sm.Gr e "(W —V—U),
and (2.26) and (2.27) can be written as

(2.35)

(2.36)

(2.37)

and in the isotropic coordinates, as r~~
Q r —a

7r+a

where

(2.48)

BU
e ' o"+ u'+v'+ —cr' +co e "cr —=0 (2.38)

r Bo a =-, GM .1 (2.49)

and C. Soliton mass

e " 7"+ u +v'+ —7 — =0
r BX

(2.39)

with o'=do ldr, g'=dg/dr, o"=d cr/dr, and
X"=d'X/«'

Substitute these solutions into the integrals (2.12),
(2.13), and (2.17) for L(g) and L(m ). Regarding
L =L(g)+L (m ) as a function of co, we have or (2.50)

The soliton mass M is defined by (2.41). As is well
known, the same M can also be derived by using the
asymptotic behavior of the metric g =e ' or gtt
at p= oo.'

M= lim pV/G
p —+ oo

dL
dc'

BL

u, v, o,XBQ)
=N. (2.40)

M= —lim pu/G .
p~ oo

These formulas can be established by using (2.23); we find

M =E=E(g )+E(m ) (2.41)

as a function of the particle number N, we have, on ac-
count of E=Nco —L,

Likewise, we may use these solutions to evaluate the cor-
responding E(g ) and E(m ). By regarding the soliton
mass

[pe "(1—e ')]=6 [E(g)+E(m)],
dp dp

where, because of (2.12) and (2.21),

—1 u vE(g) =(26) 'e" —e'+2 1+p du

dp dp

(2.51)

dM BE
dN BN

(2.42)
du—e ' 1+2p
dp

N-'"
m

Consequently, for a large soliton star

(2.43)

(2.44)

By using (2.38) we see that at oo

From the estimate (1.8), it follows that dM/
dN ~ N ' and therefore d E(m ) =4np e"+'( W+ V+ U) .

dp

The integration of (2.51) gives the top equation in (2.50)
directly, on account of M =E(g)+E(m ) and u =v =0 at
ao. The Schwarzschild form (2.47) gives then the second
equation in (2.50). (Although many of the arguments
given here are essentially the same as in Sec. IIB of II,
they are repeated to make this paper self-contained. )

There are many alternative formulas for M: (2.23) and
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(2.32) can also be written as

d
[p(1 —e ")]=8rrGp (W+ V+ U)

dp
(2.52)

These imply that in the isotropic coordinates, as r ~0 the
variables x and y, defined by (2.30), are of the form

x= ,'ar —+O(r )

and

v/2 2 dU
4nG—r e. ' (W+ V+ U) . (2.53)

and

y=1+ z br +O(r ),
(2.62)

Upon integration and using the Schwarzschild solution at
oo, we obtain

M=4~ f (W+V+U)p dp (2.54)
dx Q

dy o b

2U(0) —4W(0)
U(0)+ W(0)

(2.63)

where a and b are constants. By using (2.35)—(2.37), we
find

and

M=4m f (W+V+U)e "r r dr . (2.55)

where U(0) and W(0) are the values of U and Wat r =0.
[Note that V(0) =0 because of (2.61).]

0(y=e '(1 . (2.56)

By taking the combination G + —,
'

(Gpp —G, '), we have

Either expression establishes the positivity of M. In addi-
tion, from (2.52) and U =0 at I), it follows that (for soli-
ton stars)

III. A SIMPLE EXAMPLE

As noted in Sec. I, very likely all these scalar fields are
in reality only phenomenological fields. Hence the in-
teraction U does not have to satisfy Dyson's renormaliza-
tion condition; in that case, the simplest example for a
scalar soliton star is for U to be given by (1.11) and

d z u —vdupe"
dp dp

=8~Gp e"+"(2W—U) .
X=O.

As in (2.16), we set

(3.1)

This leads to still another formula for M:

M = 8m f (2W —U)e" +'p dp

=8m (2W —U)e" + 'r dr,
0

which is the virial theorem

(2.58)

~ —1/2 —i mto.e

for the minimum energy solution; (1.11) then becomes
2 2

U= —,m o2 2 (3.2)

(u+U)=8~Gpe '(W+ V)
dp

(2.59)

and is always positive. Because u+U=O at oo, we have
(for soliton stars)

E(g ) +4~ f ( —3 W+ V+ 3 U)e" +'p dp =0 .

The same result can also be derived by making a scale
transformation changing p, u(p), U(p), cr(p) to Ap, u(L(p),
U(Ap), cr(kp) in (2.12), (2.20), and (2.21), and then setting
(c)E/c)L) ))v =0.

Another relation can be obtained by considering the
difference G&~—6, ', this gives

The normal vacuum is described by j
Lt)

~

=0, and there-
fore, o.=0; the "false" vacuum refers to o.=o.o, which is
related to o = —o.o through a phase change L()~e' Lt.

By substituting 7 =0 into (2.2), one sees that all formu-
las, (2.1)—(2.63), in Sec. II remain applicable. On the oth-
er hand, some of the approximate expressions given in
Sec. I have to be modified, as we shall see.

A. Order of magnitude estimates

As in Sec. I, we first give a qualitative description of
the soliton solution in the absence of gravity. One may
take a trial function

u+U(0
at a11 finite p.

(2.60)
o.o, p (R +O(m '),0=
0, p) R+O(m '),

and, when p=R+O(m '),

(3.3)

D. Behavior near the origin

From (2.23)—(2.27), we see that, as p~O (therefore, also
r~0),

oo
0

(1+ 2m(P —R))1/2

The latter expression (3.4) is chosen because it satisfies

(3.4)

1L =u(0)+O(p ),
U =O(p ),
cr=cr(0)+O(p ),
X=X(0)+O(p ) .

(2.61)

d2o. d U

dp dc'
(3.5)

and the boundary condition (3.3). Using this trial func-
tion, one finds that the energy of the soliton is given ap-
proximately by
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+E (3.6)

where Ek is the kinetic energy due to the interior p & R,

U co

m2

' 1/2

1 477.
Ek

2 3
R co op ) (3.7)

For m —30 GeV and M of the same order as the critical
value M„we have

and E, is the surface energy due to the transition region
p=R+0(m '),

V U 2 2 —Ss-lp m —10
W 8 (3.16)

E, 477sR

where

2s= 4mop

(3.8)

(3.9)

The frequency co is related to the particle number N by

As we shall discuss, in the transition region p=R, be-
cause cr makes a rapid transition in the form (3.4) from
near oo to near 0 over a distance O(m '), V=U~~ W.
In the exterior, when p is &R+O(m '), all matter ener-
gies U, V, and 8 go to zero exponentially.

N= R coo.p
4~
3

(3.10) B. Field equations

Keeping N fixed, and setting BE/BR =0 and M =Ek +E,
we see that

In the spherical coordinates, the equation for o. is given
by (2.26):

2E = —E

M= —E, =5 sR
4n.

3

(3.11)
d o. 2 du dv do.

2 + +
dp p dp dp dp

—2u dU2e —20 0
do

(3.17)

Hence,

R ~N ~M'

N &/s M 1/4

(3.12)

where, on account of (3.2),
2

dU =m 0 1—
de ap

1 —3
op

2

(3.18)

In the isotropic coordinates, the equation for cr is given by
(2.38):

Because M O. N ~, for sufficiently large N, M has to be
& Xm; that ensures the stability of the soliton solution.

Next, we turn on the gravitational field. It is clear that
gravity becomes important only if R is of the order of the
Schwarzschild radius 2GM. By using the second equation
in (3.11), we obtain an estimate of the critical mass

M, —(G s) '-(lp moo ) (3.13)

V 1

2R2 (3.14)

Neglecting do'/dp in the field equation of o, (2.26), we
find

the same as in (1.9) and (1.10). The only modification to'
the two-field case, P and X, discussed in Sec. I is the dif-
ferent powers of N between (1.8) and (3.12).

Using (3.12) and (3.13) and treating oo-m « Ip
M-M„we can estimate the relative importance of the
three matter energies U, V, and 8' introduced in
(2.17)—(2.19). Because V and W are proportional to
(do/dp) and co o, in the interior p&R+O(m ') we ex-
pect

' 1/2

2, 2 —2u dU
e 0 + 0+v+ —0 +Q)e 0 — =0

r do

V ] 2U do =~e 0—2U i2

(3.20)

in accordance with (2.18) and (2.19) and X=O. In the
present case, the identity (2.28), which comes from
G"„=0, is the same as (3.17) multiplied by do. /dp; the
matter equation is not independent of Einstein's equa-
tions.

In the following, we regard o.
p as being of the same or-

der as m, both in the range of 30 GeV or thereabouts.
The parameter

(3.21)

(3.19)

where, as before, 0'=do. /dr and 0"=d 0./dr . Likewise,
the equations for the gravitational field are given by
(2.23)—(2.25), or equivalently (2.32)—(2.34), where U is
given by (3.2),

2

op

and therefore

2
1 co

e
m

(3.15)
is, therefore, extremely small —10 ' . (oo could be con-
siderably larger than 30 CseV, and A, would still be quite
small. )
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C. Interior: p&R+O(m ') e = e
—u(0) ~ —u (0)

Xm
(3.32)

Define

—up—=A, mp and e "—= e
Xm

(3.22)

and then integrating (3.30) numerically from p=O to R;
i.e., from p=0 to

For M of the same order as M, —(G mc70 ) ', we have
R —GM —(Gmo0 )

' —(k m) ', therefore, p is —l. In
the interior, because o. is near op, we expect do. /dp
=(do/dP)X m to be 0(k ). Equation (3.17) becomes

p=p;„=—A, mR,

which is regarded as —1.

D. (x,y ) trajectory

(3.33)

co e "cr— =0(k )
2 —2u dU

do

which, together with (3.18) and (3.22), leads to

(3.23)
It is convenient to express the solution in terms of the

variables x and y, introduced in (2.30). For the interior
solution, we may substitute V= U=O, given by the ap-
proximation (3.28) and (3.29), into (2.35)—(2.37) and elim-
inate W between them. The result is, for p &R,

op

2-.=1+ e 2"+0(k') .
4

(3.24) 2y=1 —xy —y
(3.34)

Since, according to (3.12) and (3.13),
1/4

—(Gm )
' -A, , (3.25)

we expect u and u both to be —1; as we shall see, this is
also consistent with the field equation of u.

Because of (3.16), we have

and

x = —2 —x + 3Xy +2y

dy
dx

1 —xy —y
2

—2 —x +3xy+2y
It is convenient to think of

(3.35)

(3.36)

8vrGp (IV+ V+U)=—1 o.

2 op

2
—2u —2+ g (g2)

8'+ V+ U= IV[1+0(A,2)];
therefore,

(3.26)

(3.27)

as a fictitious time, x(r) and y(r) as the trajectory of a
"particle, " and x =dx/d~ and y =dy/d~ as its velocity
components. Each solution describes a trajectory in the
(x,y) plane. As p~O (therefore r~O and r~ —ao), it
follows from (3.31) that

12=0+ . (3.28)

In the following, we adopt the approximation that the
small parameter X —10 (if cT0-m —30 GeV) is

and

—2u(0) —2+ g( —4)

(3.37)

Hence, for p&R

V= U=O, o =op,
and (3.29)

There are two critical points of (3.34), defined by
x =y=0:

(i) x=0 andy=1
2 2 —2u8'= Tco o.

p e

because du /dp =du /dp, (2.23) and (2.24) become

and

(ii) x =y =2—'"
(3.38)

(
& —2u —2 1) 2U+1

dp
From (3.37), we see that at p=O, the trajectory begins at
(i) with an initial slope

and (3.30) dy
dx

(3.39)

2P =( —,e "p +1)e2'—1 .—2g—2

dp

When p~O, these equations determine

u =u(0)+ —,e "' 'p +0(p )

and

e
—2u(0) —2+ g (

—4)
12

(3.31)

[This agrees with (2.63), since U(0)/IV(0) =0(A, ) can be
neglected. ] When p increases from 0 to R, the interior
solution moves along a universal trajectory, called I (the
interior), in the (x,y) plane; I is completely determined by
the first-order differential equation (3.35) with the initial
condition (3.39), and is shown by the solid curve in Fig. 1.

At p=R —,the solution is at a point, called "in"
(denoting the inner face of the surface) on I, with

The interior solution can be obtained by first assigning at
p=O an initial value

x =x;„and y =y;„. (3.40)

As shown in Fig. 2 (and as we shall see), in the surface re-
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gian when p increases from R —to R+, the solution
leaves I abruptly, moves along the straight line

C3

0.2 0.8

See (b)

I

0.4 0.6 1

+in y yin

and ends at a point, called

on the Schwarzschild hyperbola

2xy+y —1 =0,

(3.41)

(3.42)

(3.43)

with xz and yq both & 0. Afterwards, we are in the exte-
rior region p & R, which is described by the Schwarzschild
solution (2.47)—(2.49), i.e.,

2ar
2 2r —a

and

r —ay=e"= r+a

(3.44)

0.69 0.7 0.71 0.72

(b}

FIG. 1. The universal trajectory I, determined by (3.35) with
the boundary condition (3 ~ 39) at x =0 and y=1. (The dashed
curve is the Schwarzschild hyperbola 2xy+y —1=0. )

The trajectory then moves along the hyperbola (3.43) from
A when p=R+, back to point (i) when p= oo. Different
solutions are characterized only by different paints
(x;„,y;„) when the transition occurs; neither I nor the
Schwarzschild hyperbola depend on the particularities of
the individual solution.

In Fig. 1 the dashed curve is the Schwarzschild hyper-
bola, and the solid curve is I. We see that as p~op

e -u(0) "c

zero node

2.02904

In

CI

in

«O

CI

0,2 0.4 0.6 0.8 0.2 0.4 0,6

(o} (b)

I 6.5784' 6.9098

C)

0.2

A

I a

0.6 0.8 1 0 0.2
I I I
I 1

0.6 0.8

(d)

FIG. 2. Four examples of the (x,y) trajectory of the soliton star solution. Each trajectory consists of three sections: (i) interior,
from x =O,y = 1 to "in" along I, (ii) surface, from "in" to A, (iii) exterior, from A back to x =O,y = 1 along the Schwarzschild hyper-
bola 2xy+y —1=0. (a) refers to the critical solution c of (3.90) and (3.91). (b)—(d) are the first three (zero-node, n =0) cusp solu-
tions, with n'=1, 2, and 3.
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(therefore r and r=lnr also ~oo ), I spirals indefinitely
towards the point (ii), x =y =2 ' . This can be under-
stood by expanding the solution near (ii): but

U= V=O(m pro )

(3.53)

x =2—'"+g and y =2—'"+q . (3.45)
8'=O(co oo ) =A, O(U) .

Treating g' and q as infinitesimals, we can write (3.34) as By using (3.51), we find the integrals of U and V across
the shell (i.e., the surface):

d~ .'I.
where

YY =2
1 7

—1 —3

(3.46) Udr= j Vdr= —,'moo e (3.54)

Hence, in the approximation (3.28), A, =0+, we may
write (valid in the surface region)

U= V= —,moo e '5(r —r, )

The eigenvalues of /8 are

( —1+&3i )/V2 (3.47)

and

W=O

(3.55)

which shows that as ~=lnr~ op, the trajectory oscillates
indefinitely, with an exponentially decreasing amplitude
for g and g.

The surface (i.e., transition region) begins at the point
"in" when the solution leaves I. As we shall prove in the
next section, this point is determined by

—,'p;„= —,
' Ix;„+2y;„—[(x;„—y;„) +3]' 'I, (3.48)

where P;„, x;„,and y;„are defined by (3.33) and (3.40).

us~ V =Us

E. Surface region p=R +O(m ')

For M of the same order as M„(3.13), the ratio of the
surface width to the radius R is only (mR )

' —I,
( —10 if oo-m —30 GeV). As in the previous section,
the extreme smallness of A, greatly simplifies the solution
within the surface. In this region it is more convenient to
use the isotropic coordinates, given by (2.9). When p=R
(and therefore p=p;„), denote

in (2.35) and (2.37); these lead to, for r, + &r & r, —,
dx dy v

rrGr, e 'm—oo 6(r —r, ) .
dr dr

(3.56)

In the exterior region r ~r„ the same approximation
A, =0+ leads to zero rnatter density, and therefore

U= V= 8'=0 . (3.57)

The solution has to lie on the Schwarzschild hyperbola
(3.43).

Integrating (3.56) across the surface from r=r, —to
r, +, we see that the discontinuities in x and y from "in"
to 3 are

V

Ax =x,„—xz ———,
' p;„=wGr, e 'moo

V

Ay =y;„—yz ——
8 p;„=~Grse 'mo.

o

(3.58)

where P;„=A, mR is given by (3.33), with k =8rrGorand.
R =r, e '. Because xz and yz are on the Schwarzschild
hyperbola, it follows that

and (3.49)
2x~yw +yw —1=0 .2 (3.59)—V

r =r, =Re

Within the surface do/dr is O(moo), but because
x =r du/dr and y =1+r dU/dr are —1, du/dr and
dv/dr are both O(r, '), i.e. , k O(m). Hence, neglecting
0 (X ), we can regard u =u, and v = v, as constants across
the surface; in addition, since ru /m is also O(k ), Eq.
(3.19) becomes then

Expressing xz and yz in terms of x;„, y;„, and p;„, we
derive the condition (3.48).

F. Soliton mass

Since 3 is on the Schwarzschild hyperbola, we have, in
accordance with (3.44) and (2.48),

dU
e 'o"—

do
(3.50)

2ar,

r —aS

r —aS

r, +a
This gives the solution, valid for r =r, +O(m '),

oo
o ~

( 1 + &~ " "s ~

)
1/2

where

(3.51)

p=2me ' . (3.52)

[Without the gravitational field, (3.51) reduces to (3.4).]
To the same accuracy, we have within the surface

Sr —ae'=
r, +a

V

e

2
r, +a

(3.60)

Therefore from xz and yz, one can deduce r, /a, e ', and
e '. From (3.58), r, is also determined; therefore, so is M,
since a = —,GM. The same M can also be computed by
using the mass formulas (2.54) and (2.55).

We discuss first the evaluation of (2.55) in the isotropic
coordinates. In the approximation (3.28), A, =0+, (2.55)
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can be written as Mr =(2G) (1 yin )R (3.70)

where

Ms

and

r

Mr 4v——r (W+V+U)e ' r dr
0

r +
M& ——4~ W+V+U e '/r dr .

S

(3.61)

(3.62)

42v" +v' 2+ —v'= —8~Ge ~v W;
r

i.e.,

(r v'e' ')'= 4rrGr'e" —'W (3.63)

From the definitions (2.30) and (3.40) of y and y;„, it fol-
lows that

y;„=1+rv' at r = r, —.

Integrating (3.63) from r =0 to r, —,we find

Mr —G '(1 —y;„)r,e ' (3.64)

The surface integral, on account of (3.55) and (3.58), is

3V /2
M~=~m. o-, r, e '

In the interior r &r„we have (3.29). Therefore, (2.32)
becomes and (3.71)

dy 2v,

d7'
= —&(r —r, )&y = 8'—Gr, e ' V .

Using (3.69), we write

Vp dp = Ve 'ry dr = Ve vry dy
dy

= —(8~G) 'y dy .

When p varies from R —to R +, y changes from y;„ to
yz. Consequently,

R+
Ms=4~ f (V+U)p dp= —G R f ydy

&in

=(2G) '(y;„—y„)R .

The sum Mr+Mz is

It is important to note that, because y =e ", across the
surface R + & p & R —,the metric gpp e ", like y, is a
step function. In contrast, the metrics g« ———e " and
g„„=e ' in the isotropic coordinates are all continuous.
Only their derivatives (with respect to r) are step func-
tions at the surface; from (3.55), (3.56), and (3.58), it fol-
lows that

dx 2V

dr
= —5(r r, )—b,x = —8rrGr, e ' V

1 V /2
(y;. —yA) . (3.65)

M=(2G) '(1 —y„~)R . (3.72)

The sum of Mr and Mz gives the mass of the soliton star:

M=G '(1 —yz)r, e ' (3.66)

Using (3.60), we find the right-hand side of (3.66) to be
G '2a =M, in agreement with the expected answer.

Of course, the soliton mass can also be computed by us-

ing (2.54) in the spherical coordinates:

At p =R +, the Schwarzschild solution (2.47) holds.
Since y=e ', we find

4a
R

and (3.72) gives the correct relation a = —, GM, as expect-
ed.

M =Mr+Ms (3.67) Cx. A self-consistency check

where

Mr ——4' W+ V+ U p dp

and (3.68)
R+

Ms ——4' W+V+U p dp .

In the spherical coordinates, p&R refers to the interior
and p & R to the exterior. Because of (2.10) and (2.30) we
have

7T rs e Win 2x i~ in +y in (3.73)

On the inside face of the surface, r =r, — (or
equivalently p=R —), we have (x,y)=(x;„,y;„). Let the
corresponding value of W be W;„. As a further check on
the self-consistency of our solution (in the approximation
A, =0+ ) we may compute W;„by using either (a) the in-
terior solution, or (b) the exterior and the surface solution.
In method (a), (2.36) and (3.29) give, at r =r, —,

p=re', y =e
dP ye V

dr

(3.69)

In method (b), we note that in the isotropic coordinates,
(2.29) can be written as

r ( U —V—W') =2[(ru '+ 2rv'+ 2) V+ ru ' W]
d7"

When p&R, we have the interior solution U= V=O (in
the approximation A, =0+ ). Hence, (2.23) becomes

=2[(x+2y) V+xW] . (3.74)

[(e "—1)p]= —8m.Gp W,
dp

which gives, upon integration from p =0 to R —,

In the outside region when r is & r„we have
U= V= W=0; on the surface, for r, + & r & r, —,the
solution is W=O and U= V given by (3.55); at r =r, —,
we have U= V=O and W= W;„. Thus, integrating (3.74)
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from r=r, —to T, +, we obtain
r +

r, 8';„=2 x+2y Vdr .
S

(3.75)

e "~see ", p~p/~, U ~U, (3.77)

where ~ is a constant. Of course, the boundary condition
(3.32) must vary accordingly, with

Note that V is a 6 function and x+2y a step function.
Because of (3.71), (3.75) becomes

u(0)~u(0) —lni~ . (3.78)

r +
r, W;„=—(4~Gr, ) 'e ' f

S

which gives

dxx +2/ dT
dT dT

Consequently, solutions with different initial values
e "' ' are related to each other.

Define u(p) and v(p) to be the solution of

2pdv/dp=( —,'e "p —1)e "+1
8~Gr, 'e 'W;„=x;„—x& +2(y;„—y~ ) .

Using (3.58) and (3.59), we find

—y ) =(xw yw ) =xA +2y

(3.76)
and

2Pdu/dp=( —,e 'p +1)e "—1,
(3.79)

and therefore (3.73)=(3.76), confirming the consistency
between the two methods (a) and (b).

with the boundary condition

u =U=O at p=O. (3.80)

H. Numerical results

Only the zero node-solutions (node number n =0) will
be given here. As in the mini-soliton stars, o. can have
nodes. We have also calculated the n&0 solutions; those
results will be given elsewhere.

Following the method outlined in Sec. III C, we first as-
sign at p=k mp=O an initial value e "' ', in accordance
with (3.32). The two coupled first-order differential equa-
tions (3.30) are then integrated from p=0 to p&0. The
actual task of integration can be facilitated by observing
the invariance of (3.30) under the transformation

and

exp[ —v(p)] = exp[ —v(P)],

(3.81)

where

u(0) (3.82)

Because y =e ' and x =ypdu/dp, we have

Any solution of (3.30) with the boundary condition
u(0)&0 can then be derived from u(p) and v(p) through

exp[ —s7(p) ]= exp[ —u (p ) —u (0)]

()
(D

C3

2

log10 p

2

og, o p

I

3 4 5

I
C)

C)
C3

log» p

3 4 5 —1 0 1 2 3

log10 p

(d)

4 5

FIG, 3. From the solutions of u(p), U(p), x(p), and y(p) of (3.79) and (3.80), one can derive u(p), v(p), x(p), and y(p) through
(3.81) and (3.82), for any initial value u(0).
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and

—Vy=e

x =ypdu/dp .
(3.83) tion

Thus, from u(p) and U(p), we also derive x(p) and y(p).
These four functions are plotted in Fig. 3.

In order to have a solution of the soliton star, we must
satisfy (3.48):

A

—,'P=A (x,y), (3.84)

where

(x,y)—:—,
' Ix+2y —[(x —y) +3]'~~I . (3.85)

0.1 0.2 0.4 0.5 0.6

(The significance of the subscript —will become clear
when we discuss the black-hole solution. ) Substituting the
solutions x(p) and y(p) into (3.85) we define

FIG. 5. (x,y) trajectory of the limiting case L for the soliton
star when e ' '~ ao and p;„~ao. The point "in" is at
x =y =1/V 2; therefore the upper curve consists of the entire
universal trajectory I.

(p)—=& (x(p),y(p)); (3.86)

hence, (3.84) becomes

(0) (3.87)

whose solution p=p;„determines a p;„ through (3.82); i.e.,
u(Oj

pin =pine

From (3.40) and (3.58), it follows that

xin =x(Pin)i 3 in =3 (Pin)

xg =xnan —~—(pin) yw =3'in —(Pin) .

(3.88)

(3.89)

These and (3.60) then determine M, R, r„and other phys-
ical characteristics of the soliton star.

In Fig. 4 the solid curve is b (p) which is independent
of e "' ', and the dashed line is e"' 'p/8. For
e "i i=2.5, there are two solutions of (3.87). It is clear
that if we decrease e "' ', the dashed line will swing
counterclockwise, until it reaches a critical point, called c,
when

characteristics are

co = 0. 7116 mA. =2.013(m G)'~ moo,

N=0. 4963X4vrcr /m A. =0.01096/vr ~ G ~ m o

M=0.4861)&4~cro Imi, =0.03038lmG moo

R =1.0882/mg =4.477GM,

p;„=1.0882 .

zero node

schematic

(3.91)

e "' '=e '=1.2662898 . (3.90)

At c, (3.87) has only one unique solution; its physical N

(a)

CO
C)-
C)

&Q

o

C)
b 0-

C3

CV
C)-

C3

0 10

P

FICx. 4. The solid curve is 5 (p) defined by (3.85) and (3.86).
The initial value e "' ' determines the slope of the dashed line,

8
e"' 'p, whose intersection with 6 (p) gives a solution of the

soliton star, in accordance with (3.87) and (3.88).

0.03
C) I

0 0.02

7T 0

(b)
FIG. 6. Soliton star mass M vs the particle number N: a

schematic drawing in (a) and the actual plot in (b). (The labels
1,2, . . . refer to the consecutive cusp number n'=1, 2, . . . ,
with L standing for n ' = oo . )



3670 R. FRIEDBERG, T. D. LEE, AND Y. PANG 35

TABLE I. Physical characteristics of the first six cusps for the zero-node solutions.

n'

1

2
3
4
5

6

e —Q(p)

2.029 04
16.578 4
96.909 8

599.072
3 669.86

22 514.5

e
—0 (0)

4.406 05
28.847 5

175.162
1 076.18
6 599.18

40 479.2

Pin

1.430 10
0.981 914
1.047 40
1.036 53
1.038 30
1.038 01

co/(~G )' m o.
p

1.302 52
1.625 47
1 ~ 564 85
1.574 49
1.632 94
1.573 17

3/2G S/2 2m op

0.030 668 3
0.015 183 9
0.017 1199
0.016 791 0
0.016 844 2
0.016 835 5

~G m(7p M

0.062 303 1

0.040 597 4
0.043 696 1

0.043 180 1

0.043 263 9
0.043 250 3

R /GM

2.869 25
3.023 33
2.996 25
3.000 61
2.999 90
3.00002

The corresponding (x,y) trajectory is given in Fig. 2(a).
For e "' ' & e ', there is no solution; for e

& e ', there are two solutions. When

Because of the symmetry under particle-antiparticle
conjugation, there is a degeneracy under the sign change:

e
—Q(0) (3.92) and (3.94)

x;„=y,„=I/V 2, x„=y„=I/&3,
r, = —,(2+v'3)GM, R =3GM,
co= —,

' (&3+&2)(vrG)' moo,

(~3 ~2)2/ 3/2G5/2 2 3

(3.93)

l 1 1

3 u'2 W3
vrG mo

one of the solutions has p;„~op, as can be inferred from
Fig. 4; this solution will be referred to as L, the limiting
solution. (The product p;„=p;„e"' ' remains finite. ) The
(x,y ) trajectory of L is shown in Fig. 5; in this case, the
point "in" is at x =y = I /&2. The various physical
characteristics of L are

N~ —N.
In (3.91), (3.93), and also in all the tables and figures, only
the N ~0 solutions are given,

By systematically changing e "', we can survey all
the zero-node solutions (n =0). In Figs. 6(a) and 6(b), M
is plotted versus %, schematically in 6(a) and precisely in
6(b). As in the mini-soliton stars, it shows the typical pat-
tern of cusps, which are labeled consecutively
n'=1, 2, 3, . . . . The (x,y) trajectories of the first three
cusps, n

' = 1, 2, and 3, are given in Figs. 2(b)—2(d). The
physical characteristics of the first six cusps are listed in
Table I.

As representatives of the extensive analysis that has
been made, we show in Fig. 7 the curves M vs co, N vs co,
R vs co, and R vs M, and in Fig. 8, the dependences of
e" ', M, co, and R onp;„.

CO
O .-
o

CV
O

O

C3

C4O--
o

OZ 0
o

b
CV

cvo
O

LA

C3

o
o

I

2

v/(vvG)'/ mo

(a)

1.5 2

~/(7vG)'/ mo-

(b)

CL

O
b
E

C3

zero node

o
o

zero node

1.5
I

2

cu/(vvG) '/
cr

(c)

2.5 0.02 0.04

vvG mero M

0.06

FIG. 7. M vs m in (a), N vs co in (b), R vs co in (c), and R vs M in (d).
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zero node

(D
C)

C)
b 0

C)-
C)

0
—1

n p(n In pin

(b)

C3
b
E

C3

3

0
CV

(3

zero node

I i ~~i~ i j.~~i g r
1 2 3 4 5

In pn

(c)

I & ~ I

0 1

In pi„

(d)

~ z I a & i I ~ a ~

3 4 5

FICx. 8. e ' ' vs p;„ in (a), M vs p;„ in (b), ~ vs p;„ in (c), and R vs p;„ in (d), where p;„ is defined by (3.88) and (3.33).

IV. BLACK HOLES

To obtain the black-hole solution, we extend the range
of x and y, introduced in (2.30), to negative values.

A. The Schwarzschild solution

Without the matter field, we have the Schwarzschild
solution, represented in the (x,y ) plane by the hyperbola

(r+a)P=
r

1/2 1/2 2

+
r

(4.4)

Therefore 2~p, the circumference of a two-sphere, has a
seemingly superficial degeneracy when r varies from less
than a to greater than a, thereby giving rise to the two
separate Schwarzschild regions. This situation changes
drastically when there are matter fields, as will be
analyzed below.

2xy+y —1 =0, (4.1)
B. Matter field

which has two separate branches; each can in turn be di-
vided into two regions depending on the sign of the prod-
uct xy. Let a = —,GM always be kept positive. When
x &0 and y &0, or x &0 and y &0, (4.1) is satisfied by
having

2ar r —a
2 2

and yr —a r+a (4.2)

this will be referred to as the normal Schwarzschild re-
gion. When x & 0 and y & 0, or x & 0 and y & 0, (4.1) cor-
responds to

x= 2ar r +a
2 2

and y=
a —r

(4.3)

which is the abnormal (or anti-) Schwarzschild region. In
this paper, we limit our interest to the normal
Schwarzschild region only. (Note that, in our definition,
the normal region includes both the x &O,y &0 part as
well as the x & O,y & 0 part. )

In the absence of matter, the two radii p and r are relat-
ed by

8:(xg,yg ) (4.5)

on the other branch of the Schwarzschild hyperbola (4.1)
with xz and yz both &0. At B, the trajectory begins its
exterior part where the matter density is zero. It follows
the Schwarzschild curve to x= —oo,y=O which is the
inner face of the horizon r =a = —,GM, then switches to
x= oo,y=O the outer face of the horizon, and back to
x =0,y =1 (when r = oo ) along the x &O,y &0 branch of

Consider the special example discussed in Sec. III.
Again, we shall adopt the approximation (3.28); i.e., treat-
ing k =8mooo ( —10 if o'o-m —30 GeV) as an infin-
itesimal. All discussions given in Secs. III B and III C are
applicable here, except (3.42) and (3.48), as we shall see.
As before, the (x,y ) trajectory starts from x =O,y = 1,
when r=O then it follows the trajectory I to the point
"in." However, in the transition region, when r varies
from r, —to r, +, the trajectory moves along the straight
line (3.41), but instead of going to 3 given by (3.42), it
now goes to
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black hole

from r=0 ~ r= ~
x;„=x(p;„) and y;„=y(p,„) .

By following the arguments given in Sec. IIIE, one sees
that

xii =x(p,„)——,p;„(0
and

1—
ys =—y(Pin) s Pin(0

(4.11)

e-"&" = O. 2
describe the coordinates of a point on the Schwarzschild
hyperbola. Except for the sign change between 5 (x,y)
of (3.85) and b, +(x,y) of (4.9), the procedure for deriving
a black-hole solution is essentially the same as that for the
soliton star. As in (3.33), the star radius in the spherical
coordinates is given by

FIG. 9. Example of a (x,y) trajectory of a black-hole solu-
tion, with the arrow in the direction of increasing r (the radius
in the isotropic coordinates).

the Schwarzschild hyperbola. This is illustrated in Fig. 9.
In the next section, we shall discuss how (x;„,y;„) and

(xs,ys ) are to be determined.

p=R =p;„/mA,

From the Schwarzschild solution, we have

2ar
Xg =

r 2 a 2
S

r, —a
ya=

r, +a

(r, +a)R=

(4.12)

(4. 13)

C. Basic equations

For the black-hole solutions, it is convenient to choose

co = —
i

co
/
(0, (4.6)

where co is the frequency introduced in (2.16). [As in
(3.94), there is the particle-antiparticle symmetry. When
co~ —co, we have N~ —N, but all other physical charac-
teristics are unchanged. ] As before, define

consequently, r„a, and M can also be determined. Be-
cause xz and yz are negative, we have r, & a; i.e., the ra-
dius of the star is smaller than the Schwarzschild radius
(in the isotropic coordinates).

D. The sign of e" and the mass of the black hole

and

k =8mGOO p=k mp

—u ~ —ue e
Apl

(4.7) r —ae"= e'=
r+a '

r+a

In the exterior of the star r ~ r„ there is no matter den-
sity; therefore, the Schwarzschild solution holds:

2

[In the next section, it will be shown that inside the star
e " is &0. The convention co&0 makes e ", thus de-
fined, &0 and also N=(2/co) f e"+ "4irWr dr &0.]

Let r, be the star radius in the isotropic coordinates,
and a = —,

' GM is the black-hole radius in the same coordi-
nates. We have, for the black-hole solution,

r, &a . (4.8)

The basic equations inside the star, r & r„are the same
(3.30) and (3.31) given before. Hence, by assigning an ini-
tial value e "' '& 0, we can integrate these equations and
derive u = u (p ), V =v (p ), y =e 'i', and x =y p du Idp.
Let

and

e'=e
(4.14)

Hence, while e" is positive for r ~a, it becomes negative
for r &a, i.e., inside the black hole. Einstein s equation
for free space, u" +v"+u' +r '(u'+v')=0, requires u'
to be continuous; therefore e" changes sign at r=a+.
Since e" is continuous at the surface of the star r =r„e"
is also &0 inside the star. In contrast, e is positive
everywhere.

To further confirm the sign of e", let us consider the
following calculation of M. From (2.13), (2.21), and
(2.41), we have

b, +(x,y)—:—, [x+2y+[(x —y) +3]'~ J,
and p;„be the solution of

1

, p;„=b, +(x;„,y;„), —

where

(4.9)

(4.10)

M= f 8'dr,

where (4.15)

We may separate M into two parts:

8'=e "r [4~e '(U+ V+ W) —(2G) 'e'v'(2u'+v')] .



35 SCALAR SOLITON STARS AND BLACK HOLES 3673

M,p„,= f 8'dr

r +
M„„=f 8'dr,

(4.16)

and III H.
Define p by (3.82), and let u(p) and u(p) be the same

solution of (3.79) with the boundary condition (3.80). By
using y(p) = exp[ —U(p)] and x(p) =ypdu/dp, we define,
in terms of b+(x,y ) given by (4.9),

a
MsPage M )M e

rs

Consequently, we must have

M„„&O,

(4.18)

(4.19)

so that M,p„,+M„„=M. Since 8' ~e", this is in agree-
ment with e" &0 inside the star. The sign of e" implies
that under an infinitesimal time translation dt, the line
element e"dt has opposite signs on the two sides of the
horizon. Hence, one may regard the direction of time
flow as also changing sign across the horizon (with
respect to an appropriate overall frame).

It is of interest to note that the same mass can also be
decomposed as

where M„„denotes the contribution due to the inside and
the surface of the star, and M,~„, the contribution due to
the (empty) space outside the star. For the integration of
M,„„„wehave U= V= 8 =0 and, in accordance with
(4.14) and (4.15)

8= ', (4.17)2

which gives

~+(p)—=&+(x(P),y(p)) . (4.23)

Clearly, 5+(p) is independent of e "' '. For each solu-
tion p=p;„of

( g(oip. g (p)

a solution of the black hole can be derived, with

(4.24)

xin =x(pin)~ yin =y(pin)

2ars

r —aS

1 Sr —a
Z~ =X;.—8P,.= r, +a (4.25)

u, rs —a v,e '= e'=
r, +a

r, +a 2

and, as before, the Schwarzschild radius in the isotropic
coordinates is

a= —,GM .1

where

M+ = f 8'dr

(4.20) The function 6+(P) is shown in Fig. 10. From its
shape, one sees that for any given e"' ', there is one and
only one solution of (4.24). When e "' '~ oo we have the
limiting solution L, whose physical characteristics are

and (4.21)

(The interval from a —to a+ gives zero contribution. )
From (4.17) it follows that

M+ ——M,

x;„=y,„=1/v 2, xii =ys ——1/U 3,
r, = —,

' (2 —v 3)GM, R =3GM,

co = —, (3/2 —U 3)(n.G)' mero,
( (3/3+ 3/2)2/ir3/2G 5/2m 2(r 2

(4.26)

and therefore (4.22) 1 1 1M=— ~G mo.

If one wishes, one may view M as entirely due to the grav-
itational energy outside the black hole. Of course, the lo-
calization of energy has no invariant significance since,
for example, the same M can also be written as

M =4~ W+ V+ U.5»r2dr,

in which the integrand is always positive and resides only
in r &r, &a.

E. Numerical results
black hole

As in previous sections, we study only the zero-node
solution (of the matter field) in this paper. Replacing

(x,y) of (3.84) and A on the Schwarzschild hyperbola
by b, +(x,y) of (4.9) and B on the other branch of the
same hyperbola, the black-hole solution can be obtained
by following the same steps as those given in Secs. IIIC

FICr. 10. Solid curve is 5+(p) defined by (4.23); its intersec-
tion with the dashed line e"' 'p/8 gives the solution p=p;„, in
accordance with (4.24).
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from r=o ~ r= oo from r=o ~ r= ~

-u(0)

L so I uti 0 n

chw «zsch;) &
-u(0)

S solution

FIG. 11. The (x,y) trajectory of the (limiting) L solution for
a black hole. See (4.26) for a description of the L solution.

FIG. 12. The (x,y) trajectory of the (shell) S solution for a
black hole. For r & r„ the space is flat; at r =r, =

2 a, there is a

shell of matter, and for r ) r, one has the Schwarzschild solu-
tion, with the horizon located at r =a =

2 GM, where

M=16/27wG mop .

As before, because of particle-antiparticle symmetry, there
is a degeneracy under co~ —co and N~ —N, but leaving
all other parameters unchanged. The (x,y) trajectory of
the L solution is shown in Fig. 11.

We note that mathematically, when the initial value
e "' '~0, there is another limiting solution, which may
be called the S solution (or, shell solution, for reasons
given below): the point "in" of the S solution is at x =0
and y=1, correspondingly, we have xz ————, , yg 3,
M = 16/27~G m(yp and ps =4/27~Gm gp but
N =co=0. Consequently, W=O in the interior of the
star, and that invalidates our approximation (3.26) and
(3.27). Physically it means that when cu/m is much less
than O(A, ), say O(A, ), deviations from the S solution
might occur. Nevertheless, when co/m is O(A, )&0, but
co/A, rn small, the solution would resemble the overall
characteristics of the S solution: inside the black hole
there is a shell of matter located at r =r,

=4/27rr Gm o 0 —,a (with——the horizon at r =a = —,GM ),
and inside the shell, for r (r„we have a flat space with
e "=—3, e '= —, e '= 1, and e "=~e "/A, m =0.
The (x,y ) trajectory of the S solution is shown in Fig. 12.

In Fig. 13 we give the mass M of the black hole versus
its particle number N. Again, it has an infinite number of
cusps, which will be labeled consecutively by
n'=1, 2, 3, . . . . (Here, as well as in the other figures,
n = number of nodes =0.) For N positive, the slope
dM/dN=co is negative, in agreement with (4.6); in con-
trast, for the soliton star solution of Sec. III, the corre-
sponding slope dM/dN is positive. The physical charac-
teristics of the first five cusp solutions are given in Table
II. The limiting solution L refers to n'~ oo (and also
e

—""I ~ ).
In Fig. 14 we plot co vs N, co vs r„M vs r„and M vs

TABLE II. Physical characteristics of the first five cusp solutions (n'=1, 2, . . . , 5) of black holes (with n = nodal number =0).
Here, n

' =0 and n
' = oo refer to the S solution and the L solution.

n'

0

e —Q(0)

0

0.440 87

2.795 47
17.102 2

104.949
648.7

co/(~G)' 'mo.
p

—0.185 508
—0.155 051
—0.159 560
—0.158 815
—0.158 653

—,'(v 2 —v 3)

= —0.158 919

Gs/2 2m op

1.855 80
1.61923

1.654 88

1.649 01
1.649 96

—,'(~3+v 2)'

= 1.649 83

7TGm op I"2

~~ =0.148 148

0.044 636 7

0.059 398 0
0.057 028 7

0.057 415 7

0.057 352 7

(2 —v 3)(v 2+v'3)
6v6

=0.057 361 5

~G mop M

27 =0.592 593

0.394 495
0.432 996
0.427 349
0.428 283

0.428 131

1 1 1

VZ V'3
—+

=0.428 152
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CV 0
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CV
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3/2G5/2rr 2 3N7Y 0

1.5

FIG. 13. M vs X for the zero-node black-hole solution, with
n'=1, 2, . . . denoting the successive cusps, and n'= cc the L
solution.

F. Remarks

(I) As nomenclature, we have been calling the regions

r & r, : inside of a star,

r & r, : outside of a star,

r & a: inside of a black hole,

r &a: outside of a black hole,

(4.27)

r, /a. We see that the ratio of the star radius r, to the
Schwarzschild radius a = —, GM (in the isotropic coordi-
nates) is always & I, as expected.

where r=a is the horizon and a ~r, ~ In this definition,
the inside of a star refers to a region that is spacelike with
respect to its outside (as in the usual practice). Likewise,
the inside of a black hole also refers to a region that is
spacelike with respect to its outside (which differs from
some of the conventions in the literature).

Inside the star, when r increases from 0 to r, —,we
have p=e'r also increasing from 0 to R —.However, in
contrast to r, & —,

' GM (the Schwarzschild radius in the
isotropic coordinates), R is & 2GM (the Schwarzschild ra-
dius in the spherical coordinates). In this region r &r„
the function e" is &0, but e"&0, as mentioned before.
However, since Einstein's equation depends only on e "
and e " (which are both positive), there is nothing remark-
able.

Outside the star, the Schwarzschild solution applies.
Depending on whether one is inside or outside the black
hole, the situation changes drastically.

In the region outside the star but inside the black hole,
the circumference 2~p of a two-sphere decreases with in-
creasing r, on account of

1/2
r

1/2 2

+ r

—g„=e ", g,„=e ', and g =e ' are all positive
and are exactly the same as the usual ones in an empty
space outside a black hole, an observer in this region,
a ~ r ~ r„would feel a gravitational force in the direction
away from the star (i.e., in the direction of increasing r, or
decreasing p), as if there could be a gravitational repulsion
from the matter distribution (inside the star). Hence, he

C4
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3 lA

b
E

C3
CV

o
I

IA0--
o

c4
o

3 IA

b
E

C3
C4

o
I
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o

o
0 0.5 1

~3/2G5/2 2 3N
0

(o)

o
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7TG foal (70

(b)
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0.05

7TGl710 0
2

(C)

0. 1 0.1 5 0.2 0.3
I

0.4
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0.5 0.6

FIG. 14. co vs N in (a), co vs r, in (b), M vs r, in (c), and M vs r, /a in (d), all for the zero-node black-hole solution.
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might conclude that he is "outside" a black hole.
Somehow, in spite of the presence of a star located at
r &r, (which is within his horizon), to him the "real"
black hole seems to lie in the opposite direction. In any
case, he might be perplexed.

For r ~a, the situation becomes normal again, and we
have the usual description of an empty space outside a
black hole.

The relation between p and r over all these regions is il-
lustrated in Fig. 15.

(2) So far we have kept to the approximation

A, =0+.
Note that outside the star, but inside the black hole, the
amplitude of the matter field varies as

CO

C)
0 0.5

r/a

(o)

p/c

e = 0.4408 7

black hole

.5

o-croexp[ —me '(r r, )] —.
For r near a —,and taking the difference a —r, to be of
the same order as a = —,GM, we have, for o.p-m-301

GeV,
I

e " = 0.44087
black hole

Op
—exp( —k ) —exp( —10 ) . (4.28)

This number is so small that in all reasonableness one
does not have to differentiate it from zero. Nevertheless,
it is not zero. If one blindly substitutes this amplitude
into the field equation of the scalar field, because
e "=ap at r=a, difficulties might arise. In the follow-
ing, we shall show one of the ways to avoid the complica-
tion and to indicate how to calculate the perturbation due
to exp( —A, ) ~0.

Recall that whenever the particle number N is &0, the
scalar field P has to be t dependent; our solutions are all
of the form o (r )e ' '. Consider a superposition

r/a

(b)

FIG. 15. p vs r for the n'=1 zero-node black-hole solution,
(a) in a linear scale of r and (b) in a logarithmic scale. The
rnatter distribution is located in the shaded region with r (r„
and the horizon is at r/a =1. Outside the star r ~r„we have
the Schwarzschild solution p/a =[(r/a)' +(a/r)' ] .

P= I C tr e ' 'der,

so that

/=0 at r=a when t=0 .

In the approximation

exp( —A, ) =0+,
we could have

(4.29)

(4.30)

(4.31)

side A but inside the Schwarzschild space, we can use our
solution as the zeroth approximation and treat the small
parameter exp( —A. ) as a perturbation; this provides a
boundary condition for the region inside A. The conse-
quences of exp( —I, )&0 may then be analyzed.

The solution for the scalar soliton stars derived in Sec.
III covers a mass region

0 & ( m.G m oo )M & 0.062 303,

C =5(co—coo) .

Stnce exp( —A. ) is extremely small, C has only a tiny
spread in frequencies. In time, P has to develop disper-
sions. At t=0, since P is 0 at r =a, the space is empty
(i.e., free of matter density) at the horizon. (Therefore, the
singularity at r =a is not due to any local distribution of
matter, but is associated with Schwarzschild's coordinate
system. )

Exclude from the Schwarzschild space a small region A
that includes r=a. Inside 6, we may express Einstein's
equation in terms of, say, the Kruskal coordinates, ' or
other coordinates regular at r =a. (Hence, Q may have to
extend beyond the original Schwarzschild domain. ) Out-

and the black-hole solution discussed in this section cov-
ers only the region

0.394495 & (ttG moo)M & —„.
For masses outside these ranges, the metric must have ex-
plicit nontrivial time dependence.
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