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Abstract

This paper establishes the existence of string-like static solutions of the
coupled Einstein-matter-gauge equations. Such solutions have important im-
plications in cosmology and quantum physics. It is shown that for a prescribed
string location, the system possesses a continuous family of distinct finite en-
ergy solution configurations. The proof relies on a two-side shooting method.
Power-type decay estimates at spatial infinity are also obtained.
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1 Introduction

A fundamental problem in cosmology is the quest for a model of galaxy formation.
Recent theoretical developments have provided the scenario that a sequence of phase
transitions in the early universe at various critical temperatures corresponding to a se-
ries of symmetry breaking scales can lead to the production of cosmic strings which are
the seeds for the accretion of matter to form gala,xi'es [14],[22). The Yang-Mills-Higgs
theory gives the mechanism for symmetry-breaking and cosmic strings are realized
as cylindrically symmetric solutions of the fully coupled Einstein-Yang-Mills-Higgs
equations with a suitable gauge group G. Naturally, a first-step understanding of the
model should be achieved for the case where G takes the simplest form G = U(1) and
the equations describe an Einstein-matter-gauge system in which the U(1) symmetry
is spontaneously broken (namely, a gravity-condensed matter system). In fact, most
studies and progress in understanding cosmic strings have been made for the U(1)
system and people hope that the conclusions reached may be useful in the investiga-
tion of a more general theory. Along this direction, for example, Garfinkle [6] studied
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the existence and properties of the string solutions by a heuristic argument, Laguna-
Castillo and Matzner [17] presented a numerical solution of the system, Gregory [8]
made a stability analysis, Gibbons, Ortiz and Ruiz [7] proved a non-existence theo-
rem for strings with certain prescribed asymptotic properties. However, due to the
complexity of the coupled Einstein-matter-gauge equations, people have not yet been
able to establish rigorously the existence of these important cosmic string solutions.

Recently, the works of Linet [15],[16] and Comtet and Gibbons [5] have shed
new light on the problem. In their approach, it is shown that at a critical coupling
phase, the second order Einstein-matter-gauge equations allow a reduction into a
coupled Einstein-BogomoPnyi system. In particular, Comtet and Gibbons [5] further
proved that the Einstein-Bogomol'nyi equations may be put into a system of two
coupled nonlinear elliptic equations, one of which can be integrated exactly so that
the resolution of the problem relies on the understanding of the remaining equation
of a Liouville type which has a much more promising structure.

In this paper we prove the existence of cosmic string solutions of the Einstein-
matter-gauge system in the above mentioned critical Bogomornyi coupling using the
equation derived in the work of Comtet and Gibbons. It may be surprising to notice
that under our condition for existence, there is also non-uniqueness. More precisdly,
we shall show that when the winding number of the string is not too large, there
exist a continuous family of distinct solutions realizing a prescribed string location.
We shall also obtain some power-type decay estimatesfor the field configurations and
the gravitational metric. An interesting feature of the governing equation (see (4.7))
Is that it shares some common properties with the corresponding equation derived
recently by Hong, Kim, and Pac [10] and Jackiw and Weinberg [11] in their studies
of the sdf-dual Chern-Simons Higgs theory and the string solutions of the equation
here resemble the non-topological Chern-Simons vortex-lines constructed in Spruck
and Yang [20]. Therefore we are able to extend the shooting method used in [20] to
the existence problem of cosmic strings considered in this paper.

Here is an outline of the contents. In Section 2 we introduce the reduction
of Comtet and Gibbons from the Einstein-matter-gauge equations to an Einstein-
Bogomol'nyi system and fix most of the notation of the paper. In Section 3 we
establish the equivalence of the Einstein-Bogomol'nyi system and the reduced Li-
ouville type elliptic equations under the assumption that the 2-manifold where the
strings reside is a Riemann surface. Such a condition is important (and also general
enough) to ensure the use of suitable bundle isomorphisms to recover the Einstein-
Bogomol'nyi equations. In Section 4 we state and prove our main existence result



(Theorem 4.6) for an isolated string solution. Detailed properties are also obtained
in this section. In Section 5 we present an existence theorem for “0-string” solutions
without any restriction on the range of parameters. In Section we assume that the
background gravity is known and study the existence of separated strings arising from
the matter-gauge sector. Section 7 contains some final remarks.

2 The Einstein—-Bogomol’nyi Equations

In this section we shall follow the main line in Comtet and Gibbons [5]. First of
all, the matter-gauge sector of the theory in the critical coupling phase is described
by the action density

1 . 1 1
L= —Zgw 9" FuFuy + 5g“"(D,,¢)(D.,¢)' - '8‘(|¢|2 - 1)2’ (2.1)

where g = (g,,) is the metric tensor of a 4-dimensional Minkowski manifold (space-
time), A, is a 4-vector (gauge) field, ¢ is a complex scalar (matter) field, F,, =
0,A,—0,A, is the Maxwell electromagnetic field, and D, ¢ = 9,¢—iA,¢ is the gauge-
covariant derivative. The local U(1) gauge-invariance ¢ — ei“’d), A, — Ow+ A, s
observed in the model.

Cosmic strings are the solutions of the coupled Einstein-matter-gauge equations
under the assumption that the spacetime metric takes a special form. When the
strings are parallel to the 2-axis, the line element is given by the expression

ds? = —dt?* + d2% + gjkd$jd$k,

where and in the sequel, ¢ = (g;x) (J,k = 1,2) is the metric tensor of an unknown
(or otherwise prescribed) non-compact Riemannian 2-manifold M.

It is consistent to assume that the only non-vanishing components of the gauge
field are A; (7 = 1,2) and that A; and ¢ are fields on M. In this case the energy
density function for the matter-gauge sector takes the form

1 .0 g 1 . . 1
Emg = 597" FuFyw + 50" (D 0)(Dad) + 507 - 17 (22)
The field equations for ¢ and A = (A;) are the Euler-Lagrange equations of (2.2):

7 Di(e* /5l Did]) = 34(I¢1° - 1),
. . z € M. (2.3)
1.0,(g™* g™ \/GFu) = Lg*(4IDud]" — 4°(Dsd)),

The full system consists of (2.3) and the Einstein equations.



On the other hand, it is easily seen that (2.2) can be rewritten in the form

Emg = 197 0" (Fix £ jeir(|$] — 1)) (Fjn £ Jeim(|6]* — 1)) |
+1g7%(D;¢ % i€} D;1¢)(Da + ick Dug)* (2.4)

:l:Vj(eijk),

where ¢;; is the standard Levi-Civita skew-symmetric 2-tensor satisfying €12 = /g,
e = ¢;;,g"7', V; is the covariant derivative with respect to the metric g, and Jj is the
current vector defined by

gAk _ i(qs*wkcs] — ¢[Did)"). (2.5)

Since the last term on the right-hand-side of (2.4) is a total divergence, a solution
of the equations

Ji =

Fie £ jen(lg1’—1) =0,
zeM (2.6)

Dj¢ + iekaqS = 0,
may be a minimizer of the energy [p; Emg,/gd*z. Thus a solution of (2.6) should also
satisfy the equations (2.3). In fact it can be directly verified that (2.6) always imply
(2.3). The system (2.6) is the curved-space version of the Bogomol’nyi equations [3].
Let K be the Gaussian curvature of the 2-manifold (M, g) and G > 0 the universal
gravitational constant. To complete our setting of the problem, we need to add the
Einstein equations to the system. In the above framework, it can be seen [5] that the

Einstein equations are reduced to

K =87GTy, 2.7)

where Ty; = Emg is the energy component of the energy-momentum tensor 7, de-
cided by the matter-gauge action density (2.1). As a consequence, we see from (2.4),
(2.6), and (2.7) that the full Einstein-matter-gauge system can now be solved by the
following coupled Einstein-Bogomol’'nyi equations

D;¢+ietDigp =0,
Eik + %ejk(|¢'2 -_ 1) =0, Tz € M. ‘ (2.8:l:)

qustVj(ef"Jk) =0,

The unknown is the metric-matter-gauge triplet (g, #, A). Since the equations (2.8+)
and (2.8—) are equivalent under the “conjugacy” (g,¢,A) — (g,¢*,—A), from now
on we shall only consider (2.8+).



3 Charaterization of Solutions

In this section we make a general discussion of the string-like solutions of the
Einstein-Bogomol’nyi equations (2.8+).

Suppose we have found a solution triplet (g, ¢, A) of (2.84) so that (M,g) is a
Riemannian mainfold. Since M is two-dimensional, it can be covered by isothermal
coordinate charts. Namely, for given p € M, there is a local coordinate system
(U, (27)) so that p € U C M, z7(p) = 0, and g;i = Qu(z)é;x around p, where Qy(z)0
is a smooth function defined on U. In this local chart, the first equation in (2.84)
becomes

Di¢+iDy¢ = 0,

which says in view of the 8*-Poincaré lemma (see [9]) that, if p is a zero of ¢, then
there holds the expression

#(z) = 2"h(z',2%), z==z'+iz? (3.1)

in a neighborhood of z(p) = z(p) = 0, where h is a non-vanishing smooth function
and the multiplicity n > 0 is an integer. In this case people say there is a string
passing through p with the winding number n, or simply say there are n strings at p.

The fundamental existence problem is this: Given a 2-manifold M and py,...,pm €
M, nq,...,nm € N (the set of positive integers), does the system (2.8+) have a solution
triplet (g, ¢, A) so that (M,g) is a Riemannian manifold, pi,...,pm are exactly the
zeros of ¢ with corresponding multiplicities ny, ..., nn,, and the total energy (the energy
per unit length of strings)

E= /M Emg /g d’z + /M K\/gd% (3.2)

is finite? Such a solution describes N = n; + .- 4 n,, cosmic strings located at
P1y ey Prme
To see the structure of the above problem, we need a further reduction as in [5].
Since ¢ has the local representation (3.1) around each point p = p, (with n = n,),
£ =1,...,m, one sees that the substitution u = In|¢|? puts the first two equations in
(2.8+) into the form
m
Aju=e“*-1+ 41('272[5,,, (33)
{=1
where A, is the Laplace-Beltrami operator with respect to the metric g:

1 .
Agu = -ﬁaj(ﬁgjkaku),



and 6, is the Dirac distribution on (M, g) concentrated at p.
However, in view of the first two equations in (2.8+), we can rewrite the current
vector (2.5) in the form
1, 1
Je = 54k — 760540 - (3.4)

Thus using the first two equations in (2.8+) again, we get
; 1 1
Vi(e*Jh) = =718 = 1) + T4,161".
As a consequence, the third equation in (2.8+4) is reduced to
K +27G((|4]* — 1] - A4l¢*) = 0, (3.5)

or

K +27G([e* — 1] — Age*) = 0. (3.6)

In summary, (2.84) is now reduced to the coupled equations (3.3) and (3.6) with
unknown (g, u), which looks difficult to tackle. To go on, we introduce the following
standard device. Suppose gp is a prescribed Riemannian metric on M and the un-
known metric g is related to go by a pointwise conformal deformation g = e"go where
n is an unknown function on M. Let Ko denote the Gaussian curvature of (M, go).
Then it is well-known that K and K are related through the two-dimensional Yamabe
equation (see Aubin [1] or Kazdan and Warner [13])

— Agn + Ko = Ke. (3.7)

On the other hand, since A F = e™"A, F for any F € C?(M), we have by using
(3.7) in (3.6) that

— Dyn+ Ko +27G(e[e* — 1] — Age) = 0. (3.8)

Besides, (3.3) becomes

Agyu=€"(e¥ — 1) + 41 Y nib,,, (3.9)
=1
where, now, §, is the Dirac distribution on (M, go).

The equations (3.8)-(3.9) are the reduced form of (2.84) foran N =n;+---+ny,
cosmic string solutien (g, ¢, A) with strings located at py,...,pn. So we are led to the
following important questions.

(Q1) Under what condition on (M, go), can a solution of (3.8)-(3.9) be used to
construct a desired N-string solution of (2.8+)7



(Q2) For what (M,<70), can the coupled equations (3.8)-(3.9) have a solution?
In Section 4 we shall solve a special case of (Q2)- In the rest of this section, we
give an answer to (Qi).

Theorem S.I. If M is a non-compact Riemann surface and gy is the Rieman-
nian metric induced from a hermitian metric on M, then a solution pair (77, u) of
(3.8)-(3.9) can be used to get a cosmic string solution triplet (<7<£A) of the coupled
Einstein-BogomoVnyi equations (2.8+) so that g = e€'go, \(f>\* = €, the strings are
located at J>i,-..,pm, and the corresponding winding numbers are ni,...,Ny,.

Proof. Let hy be the hermitian metric on the Riemann surface M so that g is
induced from hy. Define h = €'ho and g = €'go. Then g is induced from the
new hermitian metric h over M. For Pi,...,p,, and ni,...,ny, given in the theorem,
introduce the divisor

D = E LT
=1
on M. Since M is non-compact, it is standard that D is the divisor of global mero-
morphic function 4> on M. The fact that rn > 0 (£ = I,...,m) implies <£ is actually

holomorphic. We can construct a line bundle L from D. Denote by {ef: U —> L}
(Ux C M) a set of local holomorphic frames of L and by

Gab: Eknlfi -> GL(L,C) = C - {0}

the corresponding transition functions: e& = ",66,. The triviality of L says that <f>
gives rise to aglobal holomorphic section of L' —s Af. For simplicity, such asection is
still denoted by ~. Of course (<?u) = (e"po™tx) solves (3.3) and (3.6). We now define
a globa hermitian metric h for L by setting

*«.«) = iEp. (310)

where <£ = A ,&,. By virtue of fo = g%j2j>., his well-defined.
Let VA be the unique metric connection of [ associated with /i, A being the
connection vector which is of type (1,0):

A = (AT — L4y)d2:
= Aydz! + A, - i(Adxt - A
On t/o, we have gik = n~ ~ and

(V)1 = o, (3.12)



Moreover, since V ; is canonical, using (3.3), (3.10), and Aln|¢,| = 2r TR, nebp,, We
see [9] that the curvature 2-form F = dA satisfies

FIZ = alf‘i2 - 621&1 = "%QUaAln E(éaaéa)
o (3.12)
= —3Q,(e* — 1) = -390, (h(¢, ¢) — 1),

where, and in the sequel, A = 8% + 82. Our goal is to show that (2.84) can be
recovered from (3.11)-(3.12). _

Let L = M x C be the trivial line bundle equipped with the standard hermitian
structure. We shall find our solution triplet (g, ¢, A) of (2.84) from (g, ¢, A) so that
the complex scalar ¢ is a cross-section of L — M, the vector field A is represented as
a real-valued connection 1-form: (V¢); = D;¢ = 0;6 — iA;¢ (in local coordinates),
and Fj; is recognized as the curvature 2-form of L — M determined by A: F = dA.
For this purpose, we recall that there is an isomorphism f : L — L. Denote by
{es: U, — L} a set of local frames of L and {g.:} C C — {0} the corresponding set
of transition functions. If f(e,) = f.&., then fi = gapfags, - Thus by setting

f(€d)lea|
|falh1/?(&s, &)

7(es) =

we obtain from f an isomorphism 7 : L — L satisfying

lea|

'r(ea) = Taéa, ITal = m.
asCa

As a consequence, we get a 1-1 map 7. so that if ¢ and A are a cross-section and a
connection 1-form of L — M, then

¢ =7.(4) = Tabota,
A =n(A)=irdr1+ 4
are those for the line bundle I — M. Thus there holds
Ve )7e(8) = 7a(dds — i440)és. (3.13)
Besides, (3.10) implies the relation
h(7(#), 7u(¥)) = ¢9". (3.14)

We are now ready to construct a solution of (2.84). Let A be the complex-valued
1-form which yields the unique metric connection of I — M equipped with the



hermitian structure i. Choose a 1-form A on M so that 7.(4) = A. Assume that V4
is the connection of L — M induced from A. Using (3.13)—(3.14) we see that for any
two cross-sections (or complex-valued functions) ¢,% of L — M,

d(¢y*) = dh(ru(8), (%))
= RV )7 (9), Tu(¥)) + B(72(8), Vrua)a (%))

= (Vad)¥" + 6(Va¥)",

which implies that V4 is the metric connection of L — M. In particular, A must be
a real-valued 1-form.

With 7.(¢) = ¢ and 7.(A) = A where é and A satisfy (3.11)-(3.12), we have after
a straightforward calculation that, in the chart (Us, (z?)),

1(D1¢+iD2¢) = (Vag)V
=1 (V39)0N =0,
Fi2 =Re(dA),

= Fia = - 300, (12 - 1).

Hence the first two equations in (2.8+) are recovered. This fact also says that the
current vector Ji satisfies (3.4). However, from the definitions of é and ¢, we have
|¢]?> = e*. Consequently the third equations in (2.8+) follows immediately from (3.5)
and the theorem is proved. ]

4 Existence of Cosmic Strings

In this section we consider the existence of a solution to the system (3.8)-(3.9)
where the non-compact Riemannian 2-manifold (M, go) is to be specified. Of course,
the most convenient assumption is that (M, go) =the Euclidean plane R?. Thus, in
(3.8)-(3.9), A, = A, Ko =0, and the unknown functions 7, u satisfy the equations

. An =27G(e"e* — 1] — AeY),
m z € Rz. (4.1)
Au =e"(e* — 1) +47)_neby,,
=1

At this moment, we are not able to prove a general existence theorem for (4.1).
However, when the points py, ..., pm coincide, we can obtain the following result.



Theorem 4.1. Assume that py = -+ = p, = p and that N = n; + - - - + n,, satisfies
2rNG < 1. (4.2)

For any constant a verifying

a>ln (1 + (4.3)

)
27rG)’
the equations (4.1) have a solution pair (7(®),u(®)) so that it is radially symmetric
about the point p, ul®) < 0 in R?, and

n:a%({u(“)(z)} = —a.

Moreover, as functions of the radial variable r = |z — p|, u(®) is strictly concave and

there hold the asymptotic decay estimates
e = o(r"), e = o(r'zN'?%(l'z"NG)) for large r. (4.4)

This theorem will be established in several steps.
First we recall a useful reduction for (4.1) made in [5] . Put

m
uo(z) =2) nln|z — py
=1

and u = ug + v. Then (4.1) becomes
Anp =2xG(e"e%t" — 1] — Ae%t?),
z € R%. (4.5)
Av = el(ewt’ —1),
Insert the second equation in (4.5) into the first one, we have
A(n — 27Gv + 27Ge™t) = 0.
Thus it is reasonable to impose the relation
n =27G(v — e“*’) +q, (4.6)

where a is an arbitrary constant. As a consequence, (4.5) is reduced to

Av = goe? 0= ) (gwtv _ 1) g ¢ R? (4.7)

10



with ag = €° > 0. We shall study the special case of (4.7) when py = ¢** =p, = p.
Without loss of generality, we assumethat pistheorigin. Thenup=2NInr (r = \x\)
and a radially symmetric solution of (4.7) must satisfy

Vir +:‘:vr = a,e M AenY - 1), r > 0. (4.8)

We hope to obtain a solution of (4.7) from a solution t; of (4.8). However, by
virtue of the well-known removable singularity theorem (see [19]), we easily see that,
v can be extended to the full R? to get a smooth solution of (4.7) if and only if

_AN1=0. (4.9)

In fact, assumethat v(r) isa solution of (4.8)-(4.9). Then, for any 6, &i > 0, there
holds

JimivV**> =[imer~") =0.
r—0 r—>0

As a consequence, we can view the right-hand side of (4.8) as an L?(ft) function,
where ft is a small neighborhood of the origin. Therefore the 1? theory of eliptic
equations says that there is a W3%(Ct) function w so that Aw =the right-hand side
of (4.8) in ft. "From the embedding W2?(ft) -* C*(ft) (0 < a < 1), we see that
w € Ca(£r). However, since/ = v— tX is harmonic in ft — {0} and satisfies (4.9), we
see that / is smooth and harmonic in the entire ft. Therefore v is C* in ft. Finally,
the C? theory and a bootstrap argument imply that t; is smooth.

Thus, from now on, the equation (4.9) will serve as our boundary condition at
r = 0 for a solution of (4.8).

To work on (4.8), it may be more convenient to replace v by the old variable
u=up+vVv=2VInr +v. Thus (4.8) is equivalent to

Ur + iU = aor-nGe?nu_WygW _ 1), r>o0, (4.10)

and (4.9) takes the form
lim /:u o= 2N. (4.12)

The statement in Theorem 4.1 says that we are looking for solutions of (4.10)
satisfying

umti(r) = -oo. (4.12)

Those solutions must enjoy the following simple property.

Lemma4.2. Ifu{r) verifies (4.10)-(4.12), then u(r) < Ofor all r > 0.

n



Proof. The boundary condition (4.11) implies in particular that lim,_o u(r) = —oco.
Therefore we can get an ro > 0 such that

u(ro) = max{u(r)},

u,r(ro) < 0, and u,(ro) = 0. Using these facts in (4.10) we find u(ro) < 0. However,
u(ro) # 0 since otherwise we would have by using u,(ro) = 0 the conclusion u(r) =0
(the uniqueness theorem for the initial value problems of ordinary differential equa-
tions), which is false. Thus u(r) < u(re) < 0 for all r > 0. O

Consequently, for a solution of (4.10)—(4.12), there are constants ro > 0 and a > 0
so that
u(ro) = —a, u,(ro) = 0. (4.13)

In the following, we shall find suitable ro, @ > 0 so that the solution of (4.10) subject
to the initial condition (4.13) will satisfy the boundary constraints (4.11)—(4.12). Such
a goal will be achieved by a two-side shooting argument. ‘

It is useful to employ the change of variable

t=lnr, to = Inrg.

Then we are led to the initial value problem

" 2(1-—21rNG)te21rG(u—e")(eu _ 1)
’

U = qpe -0 <t < oo,

(4.14)
‘u(to) = —Q, u'(to) = 0,

where v’ = du/dt and u(t) denotes the dependence of u on the new variable ¢ which
should not be confused with the notation u(r).
We have the following basic result concerning (4.14).

Lemma 4.3. For given a > 0, (4.14) has a unique global solution u(t). This solution
satisfies u(t) < 0 and

‘lir_noo u(t) = —oo, tlirg u(t) = —oo. (4.15)
Moreover, both
tLi{_nm u'(t)=p- and :li.lg u'(t) = —B,; (4.16)

are finite numbers and
1-27NG }

,B.,.>max{0, G

(4.17)

12



Proof. For a local solution of (4.14), we have
t .
ul(t) = ao/ ez(l—21rNG)0621rG(u(a)-c"(‘))(eu(a) _ l)d.s (4.18)
to

in the interval of existence. We claim that, for all ¢ where u(t) exists, we have u(t) < 0.
Otherwise, if there is a t verifying u(f) > 0, we may first assume % to be such that
t > to and

{ = inf{t > to | u(t) exists and u(t) > 0}.

The fact that @ < 0 implies £ > to and u(f) = 0. Of course u(t) < 0, t € [to, ).
Inserting this result into (4.18) we get u’(t) < 0, t € (to,%]. In particular, u(?) <0, a
contradiction. Similarly, the assumption ¢ < to will also lead to a contradiction.

Using the property u(t) < 0 and (4.18), we see that |u’(t)| cannot blow up in finite
time. Therefore the existence holds globally in (—o0,00) for a solution of (4.14).

On the other hand, applying u < 0 in (4.14) we have u"(t) < 0, t € (—o0, ). So
u'(t) is strictly decreasing. In particular, either u’(t) — oo or u/(t) — a finite positive
number as t — —oo since u'(tg) = 0. Thus we always have u(t) -+ —oo0 as t — —o0.
Similarly, since u’(t) — —oo or u/(t) —a finite negative number as ¢ — oo, we must
have u(t) — —oo as t — oo. Hence the boundary behavior (4.15) is established.

To prove the first result in (4.16), we assume otherwise that

t
¢ _lffnoo" (1) = —ao / ° ¢2(1-27NG)s e21rG(u(a)—e“(‘))( ) _1)ds
et (4.19)

= 00.

Therefore the L’Hé6pital rule implies

lim E(Zt—) = lim u/(t) = c0. (4.20)

t——00 t—+—00

On the other hand, the integral in (4.19) has the bound

f [2(1-2«NG)+2nG2£;l] s
/ e (4.21)

<o+

where ¢; < min{¢o,—1} and C;,C; > 0 are constants depending on ¢;. ;From (4.20)
we can find a t; < t; so that

2(1—27rNG)+2 G_gs_)>1 s<t,.

Thus the right-hand side of (4.21) is finite, which contradicts (4.19).

13



Finally, we show the validity of the second result in (4.16). As observed earlier,
we have u'(t) = —oo or u'(t) —a finite negative number, —f,, as t = co. However,
assuming the former possibility will lead to

Then using the same argument as that for the case t — —oo, we reach the contra-
diction |limye ¢'(t)] < co. Hence u'(t) — —B4 as t — oo and u'(t) > —B4+. In
particular,

u(t) > =Bt +C, t 2 to,
where C is a constant. But the convergence of the integral (4.18) as ¢ — oo and
(4.15) imply the convergence of

0
/ e2(1-21rNG)s+21rGu(a) ds.
to

Consequently,

CC/OO e(2[1-21rNG’]—21rGﬂ+)a ds < s e2(1—27|’NG)3-+-2‘;rGu.(a) ds
to to

< o0.

Therefore

1-27NG

Bs > G

a

We now denote the dependence of the solution u of (4.14) on the initial data ¢, «

by u = u(t;to, ). Using Lemma 4.3 and (4.20), the boundary condition (4.11) reads
B-(to, ) = tliinoo u'(t;t0,@) = 2N. (4.22)

Recall that S_(to,a) can be expressed by the formula

to

B-(to, @) = —aoL

(see (4.18)). Assume that (4.2) is fulfilled. Since u < 0, the integral in (4.23) is
uniformly convergent with respect to the variables to, . Hence B_(2o, @) is continuous.
We shall show that, for suitable ¢, € R and a > 0, (4.22) can be verified.

e2(l—2ﬂ'NG)ae21rG(u(a;to,a)—e"(“‘o"'))(eu(a;to.a) - 1) ds (4.23)
oo

Lemma 4.4. Suppose that the condition (4.2) holds. Then for any a satisfying (4.3),
there is a 1o = to(a) such that the unique solution u(t;to, ) of (4.14) fulfills (4.22).
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Proof. "From (4.14) we have
U > - a2 (1~ NG)H+ 2G|
St w=2(1 - 2vNG)t + 2wGu. Then
w' > -a.e". (4.24)

However, since u' > 0 for t < ty, we havein view of (4.2) that w > O, t € (—o00,tg]-
Multiplying (4.24) by w' and integrating on the interval (t,<0)s we arrive at

41 -1*NG)? - W(1)* > 296(c"> - eW-MWto-M**A, < (.
Thus
O < 2xGU'(t;to,a) < (1 - 2TTIVG) + 2a,e2(*-27%)*0-262 _ 2(1 - 2r NG)

=2rGT, t<to,

(4.25)
which implies the useful inequality
-a>u(t;te,a) > -a-a(te-t), t<to. (4.26)
Again, from (4.14), we have by using u < 0O that
u" < apc’(t-2Neste*Cu(ct - 1), (4.27)

where a\ = aoe~**°,
Consider the function f(u) = €*®{e"—1). It is easily seen that /(u) is decreasing
for u € (-00,-In(l + 1/2T17G)]. Thus the condition (4.3) and (4.26) imply that
1
-In (I + 273) > ti(<; ty, @)>-a- a(ty - <), t < to (4.28)
Using (4.28) in (4.27) gives
U" < 4e20-"6)'e- " (et <'(* 0-«)) (&-(* +<«(‘0-1)) _ i), t <to- (4.29)
Integrating (4.29) over (—00,io), we find

1 e °
2(1=2xNG)tp~22Cax
B (to, @) > are (2(1 —22NG) 4 22Go 2(1—2xNG) + 2xGo + a) ’

However, since the condition (4.3) can be rewritten as

227G
~2xG+1’

15



we obtain from the above

1

_(t > 2(1-2xNG)to—27Ga
B ( 0y a) 2 aje (2[1 - 27rNG] + 27rGa)(27rG + 1)

a1 h(to, @) (.50)

© (2rG +1)\/4(1 — 2xNG)? + 2a0h(to, @)’

where .
h(to a) - e2(l—21rNG)to-21rGa
[ -_— .

(From (4.30) we see that for given a satisfying (4.3), we can find ¢ = t; so that
B-(th,a) > 2N. On the other hand using (4.25), we see that for fixed a, there is some
to = tj to make B_(t5,a) < 2N. Consequently the continuity of B_(2o, @) implies the
existence of a point to = to(a) between t; and t§ so that S_(to,a) = 2N. Hence the
lemma follows. o

We now improve the lower bound for 8; given in (4.17).

Lemma 4.5. Let u(t) be a solution of (4.14) produced in Lemma 4.8 so that ({.22)
is fulfilled. Then the constant B4 in (4.16) satisfies

2
By > 2N + —=(1-27NG). (4.31)
Proof. Multiplying (4.14) by u’ and integrating over (—oo, 00), we obtain formally
ﬂi —4N?2 = _Go [ £2(1-27NG)t [ezwc(.._e..)]rdt
s -0
— 90 [ 2(1-27NG)t 276(.,(:)_»('))]“’
G [e € . (4.32)
200

+E(1 —27NG) /w e2(1-27NG)t 27G(u=e*) g4
-0

Obviously (4.17) implies

lim e2(l-21rNG)te21rG(u(t)-e“(‘)) < lim e2t[(l—21rNG)+1rGE(‘ﬂ]

t—00 t—+00
= 0.

Thus the first term on the right-hand side of (4.32) vanishes whereas the second term
may be rewritten by using (4.18) and Lemma 4.3 in the form

;%(1 - 27rNG){(ﬂ+ FIN) +q [ eHI-IENGN IrGlu-e e dt}.

-00
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Inserting the above into (4.32) we have
2 . 2
2 — — — — — —
B 1rG(1 27 NG)B+ 2N(1rG[1 21rNG]+2N) >0,

namely, 0
(Bs + 21\1)(;9+ - [;5(1 —2xNG) + 2N]) > 0.
Therefore the desired lower bound is found. D

Replacing t by the original variable r = €* in (4.14) and using Lemmas 4.3—4.5
and (4.6), we see that Theorem 4.1 is established.

Thus using Theorems 3.1 and 4.1, we obtain a family of string solutions of the
Einstein-Bogomol’nyi equations (2.8+). In fact for our problem discussed here, we
can actually construct a solution triplet (g, ¢, A) of (2.84) directly from a solution
pair (n,u) of (4.1) produced in Theorem 4.1 by setting

gix(z) = ey,

é(z) = edu()+iN arg(z)
(4.33)
Ai(z) = —Re{2i6"In ¢(2)},
Ax(z) = —Im{2i0"1n ¢(2)},

where
z=(z)=z'+iz?, 8= (6, —i8,)/2.

Let us now compute several relevant physical quantities.
First of all, the total magnetic flux is, in view of (2.8+), (4.6), (4.18), (4.16), and
Lemma 4.5,

1 .
o = [ {Fu)vids

= —-41—7r /R’ e"(e* —1)d%z

= 220 % e27G(u(r)—e%) (pu(r) _
5 J, T (e 1)dr
- _ % * €2(1-2TNGIH2G(u(t)=e* ) (ult) _ 1) g4
1 1
= 5(5— +B+)=N+ §ﬂ+-
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Next, using (4.4), (4.31), (4.16), and (2.8+), we have
g =o(r™),

|¢|2 =0(,.-2N—;35(1—21NG)),

for large r. (4.34)
IDj¢|2 = o(r'zN'?%(l'z”NG)'2),

|Fjkl = o(r™)

Furthermore, from (3.4), we can calculate

. 1. 1 e
V(") = 7€ Fix + 5 Im{divy(¢"*¢"[Dig])}.
Therefore using the decay estimates (4.34) we find
/M V;(¢*Ji)/gd’z = 7d.
Inserting the above result into (2.4) and (2.84+) we obtain the total energy (3.2) (the
energy per unit length of the strings) for a solution of (2.8+):
E =0 +81°G® = n(87G + 1)<N + %m).
In summary, we can state

Theorem 4.6. Suppose that N is a positive integer satisfying (4.2). Then the
Einstein-Bogomol’nyi equations (2.84+) have a family of finite-energy distinct cos-
mic string solutions (¢®), ¢(®), A(®)) labelled by the parameter  in the range (4.8) so
that the 2-manifold M, on which the strings reside, is R?, that the solutions all realize
an arbitrarily prescribed string location p € R? and are radially symmetric about the

point p, and that the winding number of the string is N. Moreover, there hold the
decay estimates (4.34) for the solutions and

a 2 -
max |¢)(z) = e
z€

Furthermore there is a constant B(a) > 1/7G such that the fluz and the energy of the
solution (g®), ¢(*), A(®)) are given by

@ = B(a), E©) = x(87G + 1)B(a).

Note. From (3.7), (4.5), (4.6), and (4.34), the decay estimate for the Gaussian
curvature K can also be obtained. For example, if N > 1, then K =0O(1) at infinity.
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5 The Case When N =0

In such a situation (4.1) take the form
An =27rG(e"[e* — 1] — AeY),
z € R%. (5.1)
Au =e(e* —1),
Thus we can use the ansatz
n =27rG(u — €*) + a, a€R
as in Section 4 to reduce (5.1) into

Au = aoe?™ ") (e* — 1), ao=¢€">0. (5.2)

As in our previous paper [20], we can use the method of Chen and Li [4] to prove
the symmetry of all global solutions of (5.2) under the hypothesis

A, exp2rGu < o (5.3)
This gives the following result which we state without proof.

Theorem 5.1. Let u be a global solution of (5.2) satisfying the finiteness condition
(5.8). Then u is radially symmetric and strictly decreasing about some point p € R?.
Moreover, u(p) < 0 and u is asymptotic to —Blogr as r = |z| tends to infinity, for
some > 2

Therefore, it is natural to look for solutions of (5.2) which are radially symmetric
about an arbitrarily prescribed point p € R%. Without loss of generality, we can
choose p to be the origin. In this special limit, (5.2) becomes

1 u
e + —ty = ageP OO e~ 1), >0, (5.4)

In order to obtain a solution of (5.2) from a solution of (5.4), it is standard to
impose the boundary condition

u(0) = —a, u.(0) = 0. (5.5)

It is well-known that, for given « € R, (5.4)—(5.5) -allow a unique local solution (see
Berestycki, Lions, and Peletier [2]).
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Lemma5,2. For any a € R, (5.4)"(5.5) have a unique global solution inr > 0.
Furthermore .
limu(r) =00, Ilimru(r) =00 t/a<0 (5.6)

anrf
,_gm u(r) = -oo0, .-HQ ru(r) = -p+ ifa>0, (5.7)

where the constant /& satisfies
By >N . (5.8)

Proof. Locally we have the representation
ru(r) = ao /O’ pe2nunn B grAt_ g, (5-9)

Therefore, if u(0) = —a > 0, then u(r) > O for all r > 0 where u(r) exists. Suppose
thereis an ro > 0 s0 that u(r) existsin [0,ro) and u(r) —> oo asr —e ro. However,
since

lim e2wG(u(r)-e‘('))(eu(f) -1)=0,

r=>ro
we see that ru,(r) is bounded in [0,r0). This contradicts the assumption that u(r) —e
00 asr —» ro. Hence the solution is global.

An easy implication of (5.9) isthat u,(r) > 0in (0, 00). In particular u(r) is an
increasing function. Thus ether u(r) —a finite positive number or (5.6) istrue. It is
obvious that the former possibility cannot occur in view of (5.9). Thus (5.6) holds.

If ti(0) = —a < O, then u(r) < O for all r > 0 where u(r) exists. Hence the
solution must be globally defined for all r > 0. Using (5.9) again we see that u(r) is
decreasing. Thus we may show in a Smilar way that thefirst limit in (5.7) holds. As
a consequence, ru,(r) — —oo or ru,(r) —* —/?+ (a finite negative number) asr —s 00.
We firgt exclude the former possibility.

In fact, if thereis an ro > 0 so0 that

2
ru(r) <—"Q@ forr >ry,

th
en 9

C]

tz(r) < u(ro) In L, r>ro.
0

Therefore - oo
] pe?™ M dp < C 1 /T3 ds < 00
L] Jro
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and the integral on the right-hand side of (5.9) is convergent when r = oco. This
contradicts the assumption made earlier. Hence the second limit in (5.7) holds as
well and

ru.(r) > —B4, r>0,

which says that
u(r) > —B+lnr+u(l) forr2>1, (5.10)

where B, > 0 is to be determined. However, since (5.10) implies
/ ¥ p1-27GB) g, < © / * e Gulr) gr < 00,
1 1

we find the condition ]
—_— 5.11

Finally, multiplying (5.4) by r?u.(r), integrating by parts over (0, c0), and using (5.9),
(5.11), we arrive at

ao xG(u(r)—e™") *® 2a0 [ 27G(u(r)—e¥")
B =gl 4 G e e
= %ﬂ+ + 2_aGg % )= 4u(r) g
7r G Jo
Therefore (5.8) follows. O

The inequality (5.8) can be viewed as a special case of (4.31) for N = 0. As in
Section 4, we can use the solutions produced in Lemma 5.2 to construct a family of
nontrivial 0-string solutions of (2.8+4):

Theorem 5.3. For any a > 0 and p € R?, the Einstein-Bogomol’nyi equations
(2.8+) have a finite energy solution triplet (¢, $(*), A©®)) over R? so that there hold
the decay estimates (4.84) with N = 0 and the solution is radially symmetric about
p. Moreover

max |4)(2)]* = |$(p)[* = €™,
zeR

and |¢{?)|? is strictly monotone decreasing with respect to the variable r = |z — p|.

6 The Matter-Gauge Sector

In the last two sections, we have obtained a family of solution triplet (g, ¢, A) of

the Einstein-Bogomol’nyi equations (2.84) so that (M, g) is conformally equivalent
to R? and

gik = €"6;x = o(r™*) for large r = |z|. (6.1)
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In view of (6.1), when the gravity sector is assumed to be known and only the string
solutions of the Bogomol’nyi system (2.6) (namely the matter-gauge sector) are con-
sidered, we expect to find some new results. Such solutions describe magnetic strings
or topological defects in a superconductor in a cosmological scale and are of indepen-
dent interest. For greater generality, we assume in this section that —n blows up at
infinity like In r and

e"=o(r"%), 1<k<2 (6.2)
for large r = |z|. Here & is a constant. Note that no radial symmetry is imposed on
7.

From (3.3) we see that the existence of a string solution of (2.6) (we shall con-
centrate on (2.6+4)) for which the strings are located at p,...,pm € R? with the
corresponding winding numbers n, ..., n,, is equivalent to the solvability of the equa-
tion m

Au = e"(e* — 1) + 47 ) _ neby,. (6.3)
=1

In the case e” = 1, an existence and uniqueness theorem has been established in
Jaffe and Taubes [12]. In our case (6.2), we shall adapt the method of McOwen [18]
for the study of conformal deformation equations as for the electroweak vortices [21].
We proceed as follows.

Let ug be defined by

uo =—_n/ln(o + |z — pe|7?), o >0.

=1
Then
m
AUQ = 47(’21’1{6,‘ - f.,
=1
with m
fo(z) = 40 Y _ne(l + olz — pe|*)™2, (6.4)
=1

The change of variable v = v — «o then reduces (6.3) to the form
Av =™t —e" 4 f,. (6.5)
Note that e > 0 is smooth. Choose vy € C*®(R?) to verify
vo(z) = —lInr, r=|z|>1.
An integration by parts gives
—/R, Avodz = — Avgodz = 27.

l=l<1
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Define now w = v — ave. Then (6.5) becomes

Aw = e11+no-in'mao+w - F,

where
F=¢e"+alAv - f5.

Since [ f, — 0 as 0 — oo (see (6.4)), we can fix a and o to make
1
— ndr —
0<ac< 27r(./R’e dr _/R,f,dz).

Construct the functionals
I(w) = /R, (%lelz - Fw) dz,

J(w) = ./R’ gntuotovnty qg

(6.6)

(6.7)

In order to have I, J well-defined, we need to consider a suitable weighted Sobolev

space: Choose hy € C*®(R?) so that hy > 0 and

ho(z) =r"%  forr=|z|> 1.

Define the measure du = hodz and set L?(dy) = LU(R?,dy) (¢ > 1). Denote by H

the Hilbert space of Lfoc functions for which

lwllZ = V]2, g, + l0lZagg,, < oo

Then R C H and the closed subspace R* = H in H is given by
H = {wG’HI A,wdp:O}.
The following important results are cited from [18].
Lemma 6.1. There are constants C,8 > 0 so that for any w € H,
S € b < Cexp [BIVOI, 4]

Lemma 6.2. The Poincaré inequality is valid in H:

[0l g, < CIVwll, g, weR.

Lemma 6.3. The injection H — L?(du) is a compact embedding.
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In view of the above results, it is straightforward to show that I is weakly lower
semi-continuous while J is weakly continuous in H.
Consider the optimization problem

min{Z(w)}, (68)

where

S={weH|J(w)=Co}, Co= /R, Fds.
The condition (6.7) implies that Co > 0 and S # 0.

Lemma 6.4. The problem (6.8) has a solution.

Proof. For any w € H, we have a unique decomposition w = @ + ¥ with w € R and
t € H. Thus for w € S there holds

%=1nCo~1In [ /R, erHuotantd dx]. 6.9)
As a consequence,

1 .
I(w) = §va"22(d,)

- ~/R2 Fodr — Co‘lf)
1 .12 .
= Ellvwlle(dz) - /Rz Fiodz — CO In CO (610)

+Coln [ /R’ entuotatotd d:c].
However, by hg! > g0 > 0 and Jensen’s inequality,

,/R’ en+uo+avo+u7 dz > €o ,/[;’ en+uo+avo+u7 dp

> goCexp [/R,(n + up + avg) dp/ /R2 dp,] (6.11)

Z Cl,

where C; is a constant. Inserting (6.11) into (6.10) and using the Schwarz inequality
and Lemma 6.2, we arrive at :

I(w) 2 0'2"‘717’”2:((1,) - Cs, (6.12)

where C;,C3 > 0 are constants independent of w € S. In particular, I is bounded
from below on S.
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Let {w,} be aminimizing sequence of (6.8). Then (6.12) and Lemma6.2 say that
{w,} isbounded in H. Using (6.9) and Lemma6.1 we conclude that {W} is bounded
in R as well. Hence {w,} has a subsequence which approaches some point w G H
weskly. Such w is a solution of (6.8). a

Lemma 6.5. Let w £7i be a solution of (6.8). Then w is a smooth solution of (6.6).

Proof. By the Lagrange multiplier rule, there is a number A € R so that for any
e H

jro (VW o VE - FOOX = A Jp ccH* +"* +A dix. (6.13)
In (6.13), set f =1. Thenwefind A =-1. Hencew is awegk solution of (6.6). The
standard elliptic regularity theory then implies w is smooth. E

We now discuss the asymptotic behavior of the solution of (6.6). Asin [18], for
6 G R and s € N, define W to be the closure of the set of compactly supported C°°
functions over R? in the norm

HI, = 3 0+ 107wl g,y

The following useful results can be found in [18].

Lemma6.6. Ifs> 1 and 6> —1, then W? functions are continuous and vanishing
at infinity.

Lemma6.7. For —1 < 6 < 0, the Laplace operator A maps Wfj onto WEg+, and

itsrangeis
fhdx =a}.

Lemma 6.8. If(eH and A£ = 0, then £ —const.

A(W3s) :{h€ Ws4a

Lemma6.9. The solution w obtained in Lemma 6.5 tends to a constant at infinity.
Proof. Denote the right-hand side of (6.6) by h,. Then h, G L(dx) and

/R, hydz = 0.

Using (6.2) it is seen that h, € WES., for -1 < 6 < 0. Thus by Lemma 6.7,
thereisawi G WEs so that Awi = hi. Lemma 6.6 says Wi vanishes at infinity.
Consequently Wi € L(dfi). Moreover, snce WM G W@%., and 6 > —1, 0 Vt* G
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L*(dz). Therefore w; € H. Thus w — w; € H and A(w — w;) = 0. By Lemma 6.8,
w — w; =const. » : O

Let us now return from the solution w of (6.6) produced above to the original
~ variable u:

u = ug+ ayvg + w.

Thus we have the following sharp decay rate
e* = O(r™°),

where a satisfies (6.7). Of course the function u here again gives rise to a solution
pair (¢, A) of (2.6) so that

— 1 n( ¥ _
i ——41r/R’e (e*—=1)dz

a 1
=5+:1—7r-/R,f,dx.

(6.14)

In summary we have

Theorem 6.10. For any py,...,pm € R?, ny,...,nm € N, and a,0 satisfying (6.7),
the Bogomol’nyi equations (2.6) have a multi-string solution ($, A) so that the strings
are located ezxactly at py, ..., pm with respective winding numbers n,, ...,ny,, the matter
field ¢ obeys the sharp decay estimate |¢|?> =O(r~*) for large r = |z|, and the magnetic
fluz has the representation (6.14).

7 Concluding Remarks

In this paper we have established the existence and behavior of a continuous family
of finite energy solutions of the Einstein-Bogomol’nyi equations which are automat-
ically the solutions of the coupled Einstein-matter-gauge equations. These solutions
are all cylindrically symmetric and represent cosmic strings living in a conformally
flat space. In particular, we conclude that a string distribution cannot uniquely de-
termine a solution configuration of the Einstein-matter-gauge system. Furthermore
we make the following remarks.

(i) The condition (4.2) presents a (sufficient) bound to the total number of strings
superimposed at a point. Whether such a bound can be further improved remains
open. However, since in our normalization, the gravitational constant G is typically
of order 107%, (4.2) is not too severe a restriction.
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(ii) Our solutions do not yield an asymptotically Euclidean spacetime metric as is
generally expected for the gravitational effect. In fact this is a special feature of the
Einstein-Bogomol’nyi system (2.8+) as was already observed in [5]. To see this, we
rewrite (4.6) in the form

—47G
Vi=e"=ao(Ryle—pd™)  |gl4rCe2eoWP,

where (g, #, A) is a solution triplet of (2.8+) so that ¢ is related to u by the formula
In|¢|* = u. It can be shown that, if (g, 4, A) is a finite energy solution of (2.8+),
then |#|? < 1 everywhere. Such a result may be obtained by an adaptation of the
argument in the proof of Lemma 2.1 in [23] (although. here, the metric g is no longer
asymptotically Euclidean). Thus we see that the metric g is necessarily asymptotically
zero. As a consequence, it yields considerable flexibility for the behavior of field
configurations in the category of finite energy . Due to this reason, non-uniqueness
occurs.

(iii) Theorem 5.3 presents a family of 0-string solutions so that the gravitational
metric enjoys essentially the same asymptotic properties as those in N-string solu-
tions. This result suggests that strings may not be responsible for the cosmological
phenomena occurring far away from local regions.

(iv) Our solutions are all in the sector |#|2 = 0 at infinity. It is not known whether
the Einstein—-Bogomol’nyi system also allows nontrivial solutions in the sector |¢|? # 0
at infinity.

(v) To show that the multi-string solutions of the matter-gauge Bogomol’nyi sys-
tem (2.6) have finite energy, some extra assumptions on the decay rate of the first
derivatives of the prescribed metric g;z = €%;x in addition to (6.2) may have to be
made.
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