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Abstract

Extending the results of Friedrich (2008 Class. Quantum Grav. 25 065012)
we give a complete description of the asymptotically flat, conformally non-flat,
static vacuum data which admit non-trivial, asymptotically smooth conformal
mappings onto other such data. These data form a 3-parameter family which
decomposes into 1-parameter families of data which are conformal to each
other. The data and the associated static vacuum solutions are given explicitly
in terms of elliptic and, in a special case, elementary functions.

PACS numbers: 04.20.Ex, 04.20.Ha, 04.20.Jb

1. Introduction

Asymptotically flat vacuum data which behave at spacelike infinity up to a certain order
like static or conformally static vacuum data play a preferred role in the discussion of the
asymptotic behaviour of vacuum solutions at null infinity (cf [2] for details and references).
To analyse these relations further and to get control on the various asymptotic regimes a
complete characterization of static vacuum data has been given in [3]. We expect that a certain
characterization of data which are conformal to static vacuum data near spacelike infinity will
allow us to derive necessary and sufficient conditions under which time reflection symmetric,
asymptotically flat vacuum data develop into spacetimes which admit a smooth structure at
null infinity.

As a first step towards obtaining the desired characterization we analysed in [4] the
conditions under which time reflection symmetric, asymptotically flat, conformally non-flat,
static vacuum data can be mapped onto other such data by conformal maps which extend
smoothly to spacelike infinity. It turned out that in a certain conformal representation the
Ricci tensor must be of a very specific form, the data must have a non-vanishing quadrupole
moment, be axi-symmetric, and admit a non-vanishing, hypersurface orthogonal, conformal
Killing field near spacelike infinity. Moreover, it was shown that there exists a 3-parameter
family of data admitting conformal maps. This family exhausts the set of all such data with the
possible exception of data corresponding to borderline cases which were difficult to analyse
with the methods of [4].
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To close this gap the existence problem is analysed in this paper by a different method.
The axial Killing field and the conformal Killing field are used to define an orthonormal frame
field for the suitably rescaled metric and we study the problem in the frame formalism. The
properties of the metrics found in [4] then allow the conformal static field equations to be
reduced to three ODEs which depend on three parameters. The solutions to these equations
can be given in terms of elliptic and, in a particular case, in terms of elementary functions.
Their dependence on the parameters (which are different from those considered in [4]) is such
that solutions corresponding to different parameters are non-isometric.

The 3-parameter class of solutions is ruled by curves which correspond to data that are
conformal to each other. The 1-parameter families of conformal factors relating these data
to each other are obtained by solving an ODE of the type considered before. In the new
representation the borderline cases left open in [4] are easily discussed. They do not supply
new solutions. With the results of [4] it follows that the solutions are of Petrov type N on the
axis and of type I on an open set surrounding the axis.

Explicit expressions for some of the data and the conformal factors are given and some
properties of these solutions are discussed. It turns out that the analytic extensions of data,
which are related by conformal diffeomorphisms near spacelike infinity, can have different
global properties. The corresponding four-dimensional static vacuum solutions are also given
explicitly.

2. Some results on static vacuum data

In the following we recall results obtained in [4]. We refer the reader to [3] and [4] for more
details. A static vacuum data set is given by a triplet (S, &, v), where S denotes a smooth
three-dimensional manifold, 7 a (negative definite) metric field and v > 0 a function so that
the static vacuum field equations

S W
Raplh] = ~Du Dy, Aju=0 Q2.1

hold on S where D denotes the covariant derivative and R,;[/] the Ricci tensor of 7. We
assume that these data are asymptotically flat so that there exist coordinates ¥, mapping S
onto the complement of a closed ball in R3, in which

hae = —(1+2m|3|™)8ac + 0177,
v=1-—m||"" +0(x|~ 1) as  |¥| — oo,
with some € > (. Here |-| denotes the standard Euclidean norm. The coefficient m represents
the ADM mass of the data. Without loss of generality we can assume that m > 0.
The set S = S U {i}, obtained by adjoining to S a point i representing spacelike infinity,
can be given a real analytic differentiable structure for which i is an inner point. The fields,

1—v)\? 2z 1—v)\?
Q= , h=Qh, 0= , 2.2)
m 1+v

can be extended to i so that Q € C2(S) while # is a real analytic metric and p a real analytic
function on S which satisfy

p=0, D,p =0, D,Dyp = _Zﬂhab at i,

- (2.3)
p>0 on S, p=m?/4,

where D denotes the covariant derivative defined by A. The fields / and v are obtained from A
and p by

2



Class. Quantum Grav. 25 (2008) 135012 H Friedrich

1— -
v LTVP h=Q2h — 2 __ (2.4)
1+/p u(l+./p)
The Ricci scalar and the trace free part s,;, of the Ricci tensor of £ satisfy in the conformal
gauge (2.2)

with Q=

R[h] =0, Sap = Rap[h]. (2.5)
Observing (2.3), the static vacuum equations (2.1) can be written in terms of z and p in the
form

0= %4 = DaDpp — shap + p(1 = p)Sap, (2.6)

2ps = D,pD%p with s = %Ahp. 2.7

Equation (2.7) is implied by (2.3) and (2.6) so that (2.1) with the asymptotic behaviour of /
and v given above is in fact equivalent to (2.3) and (2.6).

Let (S, i, v) be a static vacuum data set with ADM mass m > 0 and (S, &, p) the

corresponding conformal data. Suppose y, m’ are positive constants, v = (m/(m'y?))?, u' =
m'’? /4, and u is a smooth, positive function on S used to rescale /. For

~ 1 — / ’
W=7, V="V 4im o=
L+ p’ Wl +/p)?

to define near i a static vacuum data set with ADM mass m’, the conformal rescaling of 4 must
be complemented by a rescaling of p,
2y 2 1
W= (”—) h, o ==p. (2.8)
u u

The fields so obtained do define a static vacuum set if and only if the function u satisfies
(possibly after shrinking S) the conditions

u(i) =v, (2.9)
0=1Tl,, = D,Dpu — thy, + u(l — u)syyp, (2.10)
0 =TIl = 2ut — D.uD‘u with t=1A4u. (2.11)

If these conditions are satisfied with a function u with du % 0 we say that (S, &, v) (or
(S, h, p)) admits a non-trivial conformal rescaling extending smoothly to spacelike infinity.
It has also been shown that these conditions can be satisfied non-trivially if du(i) # 0
(which implies that s, (i) # 0) and cannot be satisfied in a non-trivial way with du(i) = 0
and s,,(i) = 0 or with du(i) = 0 and v = 1. Whether they can be satisfied with
du(i) = 0, s,5(i) # 0, and v # 1 was left open. In the following it will only be assumed
that s, (i) # 0. This implies in our gauge that & is conformally non-flat [2]. If u satisfies
(2.10) and (2.11) a calculation shows that the general transformation law of Ricci tensors
under conformal rescalings reduces to the simple relation
Saplh'] = usaph]. (2.12)
Suppose (S, &, p) is conformally non-flat and admits a non-trivial conformal rescaling
extending smoothly to spacelike infinity. Let U be an i-centered, convex h-normal
neighbourhood so that 0 < p < 1, D,p # 0 on U\{i}. For the subsequent statements
to be true the set U needs to (and can) be chosen small enough. Set
pa:Dap» ua:Daua wzl_u»
1—p

w, = D,w, U, ={w, #0} C U,
so thati € U, if and only if u, (i) # 0. The following results have been derived in [4].
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The set U, is dense in U and there exists a smooth function 8 on U, so that
Sab = B (wawp — Shapwew) . (2.13)

If V C U, is a connected, simply connected neighbourhood of a point x, € U,, there exist a
constant B, # 0 and a function H = H (w) defined on V with H (w(x,)) = 0 so that

” 1

Sap = P el | wowp — =hgpwew ). (2.14)
1—p 3

V can be chosen so that €?4¢

so that the vector field

upp. 7 0 on V. Then there exists a function/ = I[(w) > Oon V

X = ey, p, (2.15)
extends to an analytic, hypersurface orthogonal Killing field X on U which satisfies
X%, =0, Xu, =0, (2.16)

and defines a Killing field for 2 on U\{i}. The field X vanishes but D,X, # 0 along a
certain geodesic y(t) with y(0) = i and h(y,y) = —1 along which y*D, X, = 0. This
geodesic defines the axis of the axi-symmetry defined by the flow of X. If du(i) # O then
y%(0) ~ D%u(i). The integral curves of X are closed near y (t). The field

)
Y = fuf with f= l_(l —p)%, L =1(w(xy) >0 (2.17)
extends to an analytic, hypersurface orthogonal conformal Killing field Y satisfying
1
DaYb:whab+l—eabCXC, h(X,Y) =0, [X,Y]=0 on U. (2.18)

*

It is neither homothetic nor a Killing field for /. It is tangential to the geodesic y. If S is
chosen small enough, Y # 0 while X vanishes only along y.
It follows that f is smooth and # 0 on U, while | f| — oo where w, = 0. By (2.13) we
can write
Sab = a(YyYy — hap YY) on U, (2.19)
where « = %Sa’/l;q;;
that s, (i) # 0.

is a non-vanishing smooth function because Y¢ # 0 and it is assumed

3. The frame field and the coordinates

Given a conformally non-flat data set (S, &, p) which admits a non-trivial conformal rescaling
we use the properties discussed above to construct coordinates and an A-orthonormal frame
field. By the properties of X and Y the vector field

Za — EabCXbYC
is hypersurface orthogonal, vanishes on the axis and satisfies
[X,Z]=0, [Y,Z] = wZ. 3.1

A direct calculation gives on U, \y

o

I—p
This relation extends to U\ y because both sides are analytic. It follows that Z does not vanish
on U\y and points away from the axis. We set

p=+/—X.X¢, qg=+-Y.Y¢>0, n=y—Z.72¢=\/—XX/=Y.Y¢ = pq.

4

i . 1 .
(Z,dp) = € p, X} Y. = € Xpue = —7 (1 =p)XeX > 0.
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Because Y does not vanish on U the set U is smoothly foliated by hypersurfaces (the ‘Y-
foliation’) which are orthogonal to Y and thus in particular to the axis. Away from the axis
these hypersurfaces are ruled by the integral curves of the unit vector field %Z , which approach
the axis from different directions.

If du(i) # O we can assume that dw # 0 on U and the ¥ -foliation coincides with that
given by the hypersurfaces {w = const.}. If du(i) = 0,v # 1, then dw(i) = O but we get
with the expression for D, D,w given in [4]

(Y'D,)*w(i) = 2(1 — v)ug* # 0, (3.2)

and for w,w” along the integral curves of %Z the ODE

1 b 1 < 1 > »
—Z(wpw’) = ——(—Z,dp ) wpw”. 3.3)
n 1—pi\n

By (3.2) we can assume that w,(y (7)) # 0 for v # 0 so that by (3.3) w, # 0 on the sets
{w = const. # 1—v} which thus represent a subset of the smooth ¥ *-foliation. The remaining
leave of this foliation, which contains i, then coincides with the set {w = w() =1 — v}. It
follows from (3.3) that w, = 0 on this set and from (3.2) that the restriction of w to an integral
curve of Y neariassumes on {w = w(i)} aminimumif 1 —v > Oresp. amaximumif 1 —v < 0.
Thus we can assume that U, = U and f > Oon Uif du(i) # 0 and U, = U\{w = w(i)} if
du(i) =0.

The value of I, and thus the scaling of X can and will be assumed such that there exists
on the complement of the axis a smooth function ¢ which coincides with a natural parameter
on the integral curves of X and takes values in [0, 2], where 27 defines the smallest period on
the integral curves (this does not fix the sense of rotation because we left the sign of €, open).
Then D, X, = €,p.n° with n,n* = —1 at i and this relation is preserved along y because the
integrability condition for the Killing field X implies

Dy (nen®) = —1/2Dy (DX D X?) = —D*X"y* X Regap = 0 along y.
We define coordinates z and r near i so that
(Y,dz) =1, z=0 on {w=w()}, (Z,dr) = p, r — 0 atthe axis.
Then
q=0), p=0(r), n=pg=0(r) whence
1 1
<—Z,dr>=—=0(1) as r— 0.
n q
Since Ly(X,dz) = (LyX,dz) + (X, Lydz) = (X, (doiy +iy od)dz) =0and Ly(Z,dz) =
(LyZ,dz) +{Z, Ly dz) = w(Z, dz), it follows that (X, dz) = 0 and (Z, dz) = 0 because X
and Z are tangent to {w = w(i)} where z = 0. Thus z = z(w) resp. w = w(z). Moreover,

we have Lz(X,dr) = (LzX,dr) + (X, Lzdr) = (X,dp) = 0 and, by the Killing and the
conformal Killing equation,

LY, dr) = —(wZ,dr) + (Y,dp)
1 1
= —wp+—(K*X"D,X,) = —wp + —(—X*X"D,K,) = 0.
p p

Because (X, dr) — 0Oand (Y, dr) — 0 at the axis, it follows that (X, dr) = O and (Y, dr) = 0.

Away from the axis a smooth frame field {e; };=1 2 3 satisfying h;; = h(e;, e;) = —§;; is thus
given by
1 1 1 p 1 1 1
e = -Y = —az, € = -7 = —8,» = —8,, ez = —X = —84). (34)
q q n n q p p
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In this frame the e-tensor €;j; = eaiebjebkeabC satisfies €;;x = €j;jk), €123 = —1. All formulae
will be given from now on in terms of the coordinates z,r, ¢ and the frame e; so that
i, j,k =1,2,3 denote the frame indices. Moreover, for any function f (with the exception
of the function / for which [, has be introduced earlier) we set f, = f (7).

The unit vector field e; extends smoothly to the axis and coincides there with the tangent
vector of the geodesic y defining the axis. It holds

A , 1
Y =gqst, —q8! =Yi =h(Y,¢;) = <fdw, —az>5,.‘ = iw,zai‘,
q q

which gives

9’ =—fw,, (3.5)
whence

w, <0 if du(i) #0,

w, — 0at {w=w(i)} = {z =0} if du(i) =0.
Since, by (3.2),

W (i) =2(1 —v)ug® #0 if du(i)=0, v#1, (3.7)

(3.6)

it follows that f and w_, must satisfy sign(f) = —sign(w ;) and change sign on {z = 0}.
The properties of X, Y and Z imply

1
liea(q) = I*Zqu = —p, (3.8)
1 1 wp
ei(q) = —Dyqg = o, eil(p)=—-Dyp=—, (3.9)
q q q
whence
p _ b
el <—) =0 so that = — depends only on r. (3.10)
q q

With the 1-forms
ol =qdz, o?=gqdr, o’ = pde,
dual to the frame fields e; the metric can thus be written as
h = —8xo'cr = —g*{dz* + dr? + y? d¢?). (3.11)

Using the invariance of the static field equations under rescalings of the metric with constant
conformal factors we assume in the following, without losing generality, that

q*zls

and thus also that y = 1 in (2.8), (2.9).

Since ¢ is independent of ¢, X = 9 is clearly a Killing field. The form of the metric
implies that Y = 9, is a conformal Killing field for  because it is a Killing field for the metric
in curly brackets conformal to 4. The function ¥ behaves at the axis as follows. Since X =0
there, the fields py, uy, wy and n; must all be tangent to the axis and thus n* = e8%, with
le| = 1. This implies that ¢; (p) = —%X"D,-Xk — —e€;31 = €87 as r — 0 along an integral
curve of e;. Because e; is pointing away from the axis and p = 0 on the axis while p > 0
away from it we must have ¢ = 1. It follows that

v=r+ O(rz) near the axis. (3.12)
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The Ricci tensor assumes by (2.19) the form

Sij = {Dij with & #0, pij = 88" + Shij. (3.13)
where ¢ denotes a smooth function. The expression of the dualized Coton tensor (cf [4])
R e ek = Leyst s
B;; = 2Dk Ry 4Rh1, €, = ] LY ;6 7 (3.14)

will be used in the discussion of the explicit solutions in section 5.
The connection coefficients in the frame (3.4), defined by D, e; = ! jer and satisfying
Fijk = _Fikj with Fijk = F,‘lkh]j, are given by

;=0 if 1#i#j#1, r's=o, 2 =0,
(3.15)

r',=A, I, = B, ' =c, I’ =D,
with

A €2(Q)’ B— el(q)’ C— el(p)’ D— 62(17).

q q P P
The Bianchi identity for (3.13) thus reads in our frame
1 .
0= D5y = —er ()8 + 3¢, () +¢ (M) = hT 148! )
¢
= 5 {8'je1(0g(6?p’q") +8 e (log(1£1g*))}

In view of (3.10) this is equivalent to

¥ =¢, with Z # 0. (3.16)
The Ricci tensor is given by
Rji = (—e1(B) — ex(A) — e (C) — A> — B> — C*> — AD)$}4;

+(—ei(B) — e2(A) — e2(D) — A> — B> — D* — BC)§836;

+(—ez(D) — €,(C) — C* — D> — AD — BC)878) + U(838) +6}57).
with U = —e (D) + AC — CD = —e,(C) + BD — CD.
4. The static field equations
With (3.10) and the form of the Ricci tensor above, we find (3.13) to be equivalent to

2 1
2 = L s s = —ex(D) = D? - pe = -2 _a@a@) oy,
3 2 p q
1 1
L L — st sm) = —e1(C) = C? — AD = _ei(ei(q) 62(4)62(17)’ @.2)
3 2 q rq
1 1 ei(ei(q)) exlea(q))
—0 = ~(s11 + 52— 533) = —e1(B) — ez (A) — A> — B? = ~ LD 2l (43
3 2 q q
e1(q) 1 /1
0=U=—e,(C)+BD —CD = —e, =—(-) . 4.4)
q q9\q/ .
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This hyperbolic equation is somewhat surprising in the present context. It does not fix the
solution but implies an important structural property, namely

é =§@) +A@), Eet e =1, 4.5)

with certain functions £(z) and A(r). Subtracting (4.3) from (4.2) gives with (3.10)
1 1 .

0= exex(@) —eae) (A2 + D) - (1) 4 (1) e
I/f q q T q/ r v/

and thus with (4.5)

().) ~(), =

This is essentially (3.8), which allows us, with (3.10), (4.5), to write
o=l eq) _

Lo, (4.6)

It follows that

pea(ex(q)) = ea(g)ex(p), 4.7
and equations (4.2) and (4.3) are seen to be identical. We will ensure later that (4.1)—(4.3)
will be satisfied.

The relations (X, dw) = 0, (Z, dw) = 0 imply that w = w(z) and thus

u=1—-wi(l-p). 4.8)

With (2.17) and the last of equations (3.5) we getg = (1 — p) /—ﬁ. Because [ = [(w) this
can be written with functions Q = Q(z) and T = 7(z) satisfying Q = & — t in the form

1 1 i 4.9

p=1-0q= _(E_T)q_gu' (4.9)

We now study (2.6). The relations g 4 = 0 and (4.4) imply that X;; = 0 fori # j. The
equations which remain to be considered read

0=3%;; =3ej(e;(p)) —ei(er(p)) — exe2(p)) +3p(1 — p)sj;
- (Srjlj — Iy - F313)31(,0) + (Flzl +T5% — 3Fj2j)€2(p).
Observing here the connection coefficients given above, (4.7), and the first of expressions
(4.9), which implies
e1(p) = =0 — Qei(q), ei(er(p)) = —e1(Q.2) —e1(Qei(g) — Qei(ei(q)),

e2(p) = —Qex(q), e2(e2(p)) = —Qez(e2(q)).
whence by (4.7) also

ex(p)

ex(p) = ex(e2(p)),

one finds that || = —2%,, = —2333 with

61(6])el(p) _elq)

3¥33 = —ei(ei(p)) + ealea(p)) + ex(p) — p(1 = p)¢

1
= -0.+0 (el(el(q» - el;q)ewq) — exexq)) + 62((;1)82(@)

- Qq)Qq% — Er. b TEn — LETHGET

FAE L — T — GE LT+ (E— DOy — &MY,



Class. Quantum Grav. 25 (2008) 135012 H Friedrich

where the second of the representations (4.9) has been used in the last step. Since z and r are
independent variables, the equation X33 = 0 can hold with non-constant functions &, t, O, A
if and only if there exist constants «, x| so that

E..— & —kE =k, (4.10)
Ty — LT2 — KT =k, @.11)
Aor — GA2 + KA = k). (4.12)

The initial data for the functions &, t and A, and the values of the constants «, «1, [, are
determined as follows. The functions ¢ = éﬁ andp=1— % are not affected by transitions
&E€—>&—a,t - t—a, 2 — rA+awitha € R. The new fields will again satisfy the equations
above (and below) if the constants «, «; (and the constants of integrations entering the first
integrals below) are transformed appropriately. This leaves the freedom to specify &,. Since
nothing is gained by keeping this freedom while the following choice renders the equations in
a concise form, we set

&, =1 and thus Ay = 0. (4.13)

By (3.12), (4.6) we must assume

(A ) =0, Arr)s =1/ L. (4.14)
Conditions (2.3) are then satisfied iff

=0,  (@)e=0,  (To)e=Cup)=2u>0. (4.15)
These relations imply with (4.11) resp. (4.12)

L, =1/Q2u), K1 = 2. (4.16)
Since (4.15) imply that T ; % 0, A , % 0 we get the first integrals

A2 — 2007 407 —dpur =0, (4.17)

T2 — 3000 — kT —4ut = 0. (4.18)

If £ . & 0, we get the further first integral

E2 — 30,80 — k& —4uE = . (4.19)
The value of «; is determined as follows. With (4.6) and the equations above a direct calculation
gives

e2(e2(p)) + el(q)il(q) = %E +(e: — 1) (%4*53 +KE? +4/L§> + €skr,
p q

61(31(‘])) + 32(17)@2(4) — _lé, + (Eg _ 1) (gé.*gfi +K§2 +4MS) +€§K2,
q pq 3 3

where ¢ = 0if £ = const. = 1 and € = 1 otherwise. To satisfy equations (4.1), (4.2),
whence also (4.3), and to be able to solve (4.10) and (4.19), we have to assume

Ky =0, L4k +4u >0 if &.£0, (4.20)
Lotk +2u =0, 2tk +4pu =0 if £=1. 4.21)

As seen in the following, equations (4.17)-(4.19) can be explicitly integrated in terms
of elliptic and, in a limiting case, of elementary functions. Given the solutions A, T and &
satisfying the above initial conditions, we can determine g, ¥ and p by (4.5), (4.6), (4.9), and
obtain with ;1 = m?/4 the function v, the metric / and the metric h by (3.11) and (2.4). These
provide us with a 3-parameter family of static vacuum data.
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4.1. The I-parameter classes of conformal data

We study now whether equations (2.9)—(2.11) can be solved in non-trivial ways on the vacuum
data obtained above. With (4.8) and (4.9) we can write

u=1+xq with x (@) = w(2)(r(2) — &(2)). (4.22)

A direct calculation involving (4.5) and equations (4.10)—(4.12), (4.17)—(4.19) gives, whether
& . vanishes identically or not,

1

My = 5{()( +E) o — (X +E) — k(X +&) — 2w} pjit, (4.23)
2

M= =S G+E+M{0+6).e = Lulx +E)? —k(x +£) —2u)

2
+(x +6)> — 36 x +&) —k(x +8)7 —4u(x +£). (4.24)

The non-trivial solutions to (2.9)—(2.11) are thus given by (4.22) with x = ¥ — & where £ is
given by the background and x solves

Xo: — GX— kX =24, X =V, (4.25)
X:— 20300 —kx*—4ux =0, (4.26)

with a given constant v > 0.

The set of v > 0 satisfying 3¢,v + kv? + 4uv > 0 contains besides v = 1 certainly all
sufficiently small values v > 0 because i > 0. For v in this set we use (4.26) to determine
(X.z)« (with some choice of the sign). This determines a unique solution jx to (4.25). If
X.. £ 0, the third equation represents a first integral. If ¥ = const., we must have had
(X.2)+« = 0 and the third equation will be satisfied because it holds at z = 0.

It can be seen now that the basic properties of the metric coefficients and of the function
p are preserved under the rescalings with the conformal factors u = u,,. Denoting the solution
x satisfying x, = v by x,, the transformed fields can be written as

v \? 1 T, + A
hy = (-) h = —q;(dz> +dr’ + ¥, dp?), py=—p=——0"",
Uy uy E + A,
with
g v =
q\) - I/lv - Ev +)\'v ) v k)
where the functions
1_ 1 1
& =—X, T, = -1, Ay = —A
) v v

satisfy the initial conditions and the equations above with the constants

Csv = Ly, Ky =K, My = /v, L = 1/Q2py) = vi,. (4.27)

The first of these relations reflects (2.12), the third one has been discussed in [4], and the
last one justifies with (4.6) that we set ¥, = . The corresponding four-dimensional static
vacuum solutions are given by

1— /oy \> 21+ /o)t 1— J/py
3, = (—’O> dr? — qu(df +dr? + ¢2 d¢2), v, = —p
L+ /pv ol L+ /pv

10
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To understand the effect of choosing the sign of (j ;). in the above discussion, we note
that the function 7 is an even function of z, because the ODE of second order and the initial data
for T are invariant under the coordinate reflection z — —z. The transformed fields obtained
for different signs of (j ;). are thus isometric because they are related by this reflection. It
follows that up to this reflection the rescaling reproduces the original metric if v = 1.

The borderline cases in which the quadrupole moment 7 s, (i) does not vanish but the
differential of the conformal factor u vanishes at i represented singular cases and remained
untouched in [4]. In the present setting they are easy to discuss and it turns out that different
situations can occur. By (4.22) the condition Dyu (i) = 0 is equivalent to (3 ;). = V(€ ). If
& = 1, this requirement implies that () ;). = 0 and (4.21) implies ¢, = 6 and k = —8u.
Equation (4.26) can then only be satisfied at z = 0 in the trivial case v = 1. If §, £ 0
the requirement (X ;). = v(£ ;). is seen with equations (4.19) and (4.26) to be equivalent to
¢«v = 6u. This excludes the case where ¢, < 0. Given ¢, k, u satisfying the inequality
in (4.20) and 64 # ¢, > 0, the condition will be met non-trivially with v = 6 /¢, and the
appropriate choice of sign in solving (4.26). Because the condition will not be met with the
‘inappropriate’ sign it follows that up to isometries the solutions found in this paper agree with
those discussed in [4].

4.1.1. The independence and interpretation of the parameters. ~Any static initial data set is
characterized near spacelike infinity uniquely (up to rotations of the frame at i) by its mass
and null data [3], which are given in the present gauge by the trace-free symmetric parts of
the covariant derivatives of si; at i. While the latter provide in general 2p + 5 independent
coefficients at order p, in the case of axi-symmetry there is only one coefficient free at each
order. In the present case we have the mass m, and the first two null data are given by
sk (i) = &« pr (apart from a factor the quadrupole moment, the dipole moment vanishes in the
given conformal gauge) and

, [2
(Dasjp) (@) = & 5;* +i+4pf28';8' 8" —38':8%;8%) — 38" ;6787 ).

(essentially the octopole moment). While i > 0, ¢, # 0, and « are restricted by inequalities,
the solutions are genuinely dependent on these parameters. This 3-parameter set decomposes
into 1-parameter classes of data which are conformally related to each other by the conformal
factors u,. The relations (4.27) show that the rescalings considered above yield in general
metrics which are not isometric to the original ones. The examples discussed below show that
the rescaled and unrescaled spaces can differ substantially.

5. Some explicit solutions

In the following we integrate some of the solutions, and discuss some of their properties.

The case ¢, > 0, 9k* = 96u¢,. The solutions are obtained in terms of elementary functions.
Denoting derivatives by a dot, equations (4.17)—(4.19), (4.26) read

2
i = J6x +38A)%, A =3k|/(48) = V6 /L, § = esign(x), (5.1
where
e=1 if x=§& toryg, €e=—1 if x=A. 5.2)

With y = {/x/A one obtains (with a choice of sign) the easily integrated equation

y=c(y?+9) with c=t.A/6=|k|/8.
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We only consider the case « < 0. Then

f= A (ﬂtanh(cz) -1

2
, 7 = Atanh®(cz), A = Atan’(cr),
tanh(cz) — VA )

- _ A VAtanh(cz) — /v 2
X = Jvtanh(cz) — A ]

There is no restriction on v. The metrics h, = —g2(dz?+dr? + 2 d¢?) in the conformal class
are given by

Y 1 sin(cr)
= 2 , =-—,
4 (FaEER) + Anren e eosten)

while the metrics i, = Q;zhU and the potentials v, can be calculated with

tanh?(cz) + tan(cr)

JAtanh(cz)—/v 2 2 ’
(—ﬁtanh(cz)fﬂ + tan=(cr)

With the particular choice v = A the functions ¢, and p,, reduce to

Pv =

cos2(cr)
cosh?(cz)’
This is the one and only case in which & ; = 0. It follows that Y is a Killing field for h = h4
(but not for i = h, or for h,, v # A).

The metric 4 is smooth and non-degenerate on M = {z € R, 0 < ¢r < m/2}, the function
p is smooth on M, vanishes only at the pointi givenbyz = 0,r = 0,and p — lascr — w/2.
The fields v, © are smooth and positive and the ‘physical’ 3-metric 7 = QA is smooth and
non-degenerate on M\{i}. But

q = qa = cos*(cr), p=pa=1-

q—0, Y — 00, V|z=0y = 0 as cr —> m/2,

and the invariant |B[h]|} = B;;[h]1B[h] = ¢*¥?/(2(2), obtained from (3.14), is strongly
divergent as cr — /2. Since 2 assumes a finite positive limit as cr — 7/2 and |B[h]]; is a
conformal density, it follows that | B[A]|; also diverges as cr — /2.

The behaviour of h,, v # A, is not much different as cr — /2. The regions where
z — =00 do not define asymptotically flat ends for any v > 0 because outside the axis {r = 0},
along which B;; [h,] = 0, the invariant | B[#,]] i, approaches positive values as z — d-o0.

For v > A, consider the hypersurface H = {z = 2} with tanh(cz) = +/A/v. The fields
g, and p, vanish on H, the function v, assumes the value 1 and the tensor fields s,;[4,] and
B;j[h,] diverge there. The fields h, and v, extend, however, analytically across H and v,
grows unboundedly as z — oo.

The case v < A is more interesting. The point i, with coordinates r = 0 and z = z,, with
tanh(cz,) = +/v/A is of particular interest because ¥ (i,) = 0. It follows

q, — 00, Py — 00, v, > —1,
Q, = 1/u, as (z,r) = (2,,0),

so that neither &, nor /1, extends smoothly to i,. Rescaling h, with the function
Q, = ((1+v)/m,)* = (Vi (1+ /o) 72,

we get the metric

2
o v
QChy, = — dz? +dr? + ¢ do?),

Y (tanhz(cz)+tan2(cr)) dz e

12
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which extends smoothly to i,. The function 2, vanishes quadratically at i, but its Hessian
with respect to the metric in curly brackets does not vanish and it is in fact proportional to
that metric. It follows that i, represents a further spacelike infinity for the metric /,. On the
hypersurfaces Hy = {z = z4}, tanh(cz+) = /A/v £ /A/v — 1, holds v = 0 and dv # 0.
Since then Hess ,, v = 0 on H. by the static field equations, it follows that these hypersurfaces
are totally geodesic. Since 0 < z_ < z, < z4, they separate the infinities i and i,. We note
that i, and Hy. are shifted to ‘z = 0o’ as v — A and do not exist for /1, while they are shifted
to i and {z = 0} respectively as v — 0.

It follows in particular that the manifolds underlying the analytic extensions of the rescaled
and the original solutions need not be diffeomorphic.

The case ¢, > 0, 9k? > 96/.¢,. In the following we shall need results on Jacobi’s elliptic
functions sn(z, k), cn(z, k), dn(z, k) with (fixed) ‘modulus’ k£ and ‘complementary modulus’
k', satisfying k> + k> = 1 and 0 < k < 1,0 < k' < 1. Being considered as functions on the
real line the functions above have periods 4K, 4K and 2K respectively, where K = K (k) > 0
is given by the ‘complete elliptic integral of the first kind’. The reader is referred to [5] for the
properties of elliptic functions used in the following.

We choose now a = R +il € C with real numbers R = R, and I = I, such that
a’> = —QBex — i,/96us, — 9k?)/(4¢,). Denoting derivatives by a dot, the independent
variable by s, and assuming again (5.2), equations (4.17)—(4.19) and (4.26) then read

i = %C*x(x — az)(x — Ezz).
It follows that we must have x > 0. With y = /x and a choice of sign the equations read

¥ = 0./6./5.5_ with

M=+R M TR
S. = G+ M2+ 2T M2, M=VR+IZ
M oM

Setting k = (+/Z,/6(M + R))~!, we find that the function

_ IM+R yks)— M
Fo) = M —R yks)+ M’

satisfies
. M — R
=VA+k2fH(A+ f? ith K=k, = :
F=VA+i2AHA+ ) wi ‘=R
This is the equation satisfied by Jacobi’s elliptic function
.k . 2/MR
se, k) = TR i modulus & = k = ,
cn(u, k) M+ R

so that f(s) = sc(%s + 5o, k) with some constant sy. From this one gets
1+ /MR 50( /T, 76(M + R)(Es + 50), k)
1— /YR s5c(JT.J6(M + R)(+£s + 50), k)

Adjusting the constant s so as to satisfy the respective initial conditions, the functions &, t, A
and j, (with no restriction on v) and thus the functions ¥, g,, p, and the field 4,,, h,, v, can be
determined. It turns out that these solutions also have curvature singularities. The properties
of these solutions will not be analysed any further here. The case ¢, > 0, 9> < 96u¢, can
be discussed similarly.

The case ¢, < 0. This case is somewhat more interesting because the curvature of the
solutions remains bounded. We write equations (4.17)—(4.19) and (4.26) in the form

=2t x(x+a®) B —x), (5.3)

2

x(s) = M?

13
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with real constants a, b > 0 satisfying

2 —3ek + /9% — 968, b 3ek + /92 — 961,
_45* ’ _4§*

where again (5.2) is assumed. The right-hand side of (5.1) is non-negative and consistent with

the initial conditions only if b > 1, which is equivalent to the inequality required in (4.20),

and if x > 0. Assuming this, we set

a

)

Vb (3 —32us\
c=+/—¢./6, e = aab =< K 4SM2M§> , so that abc = /1,
b / a / ’ /
kez— kl = —— kEk+=k_, kEk_=k+.

Var+b? Va2 +b?
Consider the cases x = &, tory. If the function f satisfies f(,/e(z +z0)) = es/x(2)
with a number z; to be determined later, equation (5.1) transforms into

PV k2.
This is the differential equation satisfied by Jacobi’s elliptic function
sn(z, k)
dn(z, k)’
It is analytic on the real line, has period 4K, and satisfies sd(z + 2K (k), k) = —sd(z, k).
Observing the initial conditions, it follows that

1 1
T = —sd’ (e, k), o= —sd’ (Je(z+2,), k).

The numbers z, are chosen so that sd(,/mez,, k) = J/ve, where it is assumed that
1, v €]0, b?], z, is a continuous function of v, and, for definiteness, that 0 < z, < K/(/ue).
The numbers are then determined uniquely because (4.20) ensures that b > 1 and sd is
strictly increasing on the interval [0, K (k)] with minimum sd(0,k) = 0 and maximum
sd(K (k),k) = 1/k’ = be. We note that z, is a strictly increasing function of v with z, — 0
asv — Oand z;» = K/(,/ive). The function £ is given by j;. In a similar way one gets

sd(z, k) =

1 !
A= stz(ﬂer, k).

The metrics h,, /i, and the function v, are obtained from
2

ve
U= S (e +20), k) +5d> (Jiier, &)
1 sn(/per, k'Yen(/per, k')
1# = l*)\,r =

e dn3(/per, k') ’

_ sdz(ﬁez, k) + sdz(ﬁer, k')
PSSP (e +20), k) +5d>(Jfzer, k)’

which reduce for v = 1 to the functions ¢, ¥, p defining 4, h and v.

Some properties of these solutions

The functions &, 7, ., A, g», ¥ and p, are periodic in z and r with periods 2K (k) /(,/1e)
and 2K (k") /(/Iwe), respectively. Since ¢ = 0 at r = 2K (k")/(/xe), the coordinate circle
r = 2K (k')/(\/wwe) for given z must be identified to a point and r be restricted to the range
0 <r < 2K(k')/(/ie). The resulting manifold is diffeomeorphic to R x S2.

14
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On the curve r = 2K (k')/(,/te) so obtained the vector field X vanishes and the
curve represents a second axis for the flow of X with neighbourhoods isometric to suitable
neighbourhoods of the axis through i. The periodicity in r implies that p, = 0 at the point
i, on this axis at which z = 0. It thus represents another spacelike infinity. The periodicity
in z implies that p, = O at the points with z = 2K (k)j/(,/me), j € Z, and r = 0
or r = 2K (k')/(\/ie). They represent spacelike infinities whose coordinate location is
independent of v.

At the points with z = 2K (k) j/(\/jte) — 2, j € Z ,and r = 0 or r = 2K (k')/(/1te)
the functions ¢, and p, have poles. The conformal factor €2, has positive limits there while
v, — —1. If the conformal factor Q, = ((1 +v,)/m,)* = u;'(1+ /p,) "2, which vanishes
quadratically at these points, is used to rescale &, we get the metric Q%fzu = p;2h,, which
extends smoothly to these points. These points thus represent further spatial infinities, whose
location depends on v.

The sets H; = {z = Kj/(\/me) — z,/2}, defined by the equations sd (\/ie(z +z,), k) =
+sd( /iez, k), separate the domains of positive and negative v,. Since v, = 0, dv, # 0 on
the hypersurfaces H;, they are totally geodesic. The hypersurfaces closest to i, i, are Hy and
H,. No infinities except i and i, are lying in between Hy and H,. The poles of ¢, and p,
closest to i, i, respectively have coordinates z_ = —z, and z, = 2K (k)/(/1we) — z,.

As v — b? the sets Hy, H, approach the sets {z = FK (k)/ (2/1e)}, respectively. In the
limit they are located symmetrically with respect to i, i, and so are the poles at z = z. If
v — 0, the set H; approaches {z = K (k)/(,/jwe)} and z, — 2K (k)/(,/jre). The set Hy and
the poles at z = z_ approach, however, the infinities i and i,. It is clear that there does not
exist a regular limit.

Unfortunately, the apparent regularity of the solution is spoiled by a further identification
which needs to be made. The function ¢ also vanishes at r = K(k')/(,/te). For a
given value of z the coordinate circle r = K (k')/(,/ite) thus represents metrically one
point. If the corresponding identification resulted in a smooth Riemannian metric on
M ={0<r < K(K)/(/1e)}, the set {r = K(k')/(,/iwe)} would represent another axis for
the flow of X. The geodesics starting at a point x,, of this axis orthogonally to it in the direction
of decreasing r would then generate a set X, which represented a smooth 2-surface ruled by
the circles tangent to X. Let x, be a point on one of these geodesics and denote by s, the length
of the geodesic arc connecting x, with x,. The length of the circle through x, generated by
X = 9, is then given by L, = [ /h(X, X)d¢ = 27 p(x,) and thus

lim L,/s, = —2mes(p)ly. = —270,% (x,) = 2msd*(K (k') k') =2/ k* > 2.

Xe—>Xo

It follows that 3, has a conical singularity at x, so that the space (h, M) violates the requirement
of elementary flatness along the line {r = K (k") /(\/jwe)}.

6. Concluding remarks

It has been shown in [4] that the relation between the set of asymptotically flat static vacuum
data and the set of their conformal classes is not bijective. There exists a 3-parameter family of
conformally non-flat data which admit non-trivial rescalings. The present paper shows that the
family discussed in [4] in fact exhausts the set of such data, and it provides the desired complete
description of the conformal classes. They either consist of a point or of a 1-parameter family
of static vacuum data.

That the data which do admit non-trivial rescalings as well as the corresponding vacuum
spacetimes can be calculated explicitly is an unexpected bonus. It allows us to conveniently
study the behaviour of the data and the effects of the conformal rescalings also on regions

15
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beyond immediate neighbourhoods of spacelike infinity. It turns out that most of the data have
several asymptotically flat ends. These can be shifted relative to each other or can even be
generated by conformal rescalings. The different ends are separated from each other by sets on
which the potential v vanishes. i.e. by totally geodesic hypersurfaces. Since the Schwarzschild
solution has been excluded from our discussion it is not surprising that neither of these sets
forms a smooth compact hypersurface (cf [1]), they approach curvature singularities if ¢, > 0
and run into conical singularities if ¢, < O.
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