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Abstract

The existence of stationary solutions to the Einstein-Vlasov system
which are axially symmetric and have non-zero total angular momen-
tum is shown. This provides mathematical models for rotating, general
relativistic and asymptotically flat non-vacuum spacetimes. If angu-
lar momentum is allowed to be non-zero, the system of equations to
solve contains one semilinear elliptic equation which is singular on the
axis of rotation. This can be handled very efficiently by recasting the
equation as one for an axisymmetric unknown on R®.
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1 Introduction

The geometric features of general relativistic and asymptotically flat space-
times strongly depend on whether the spacetime has non-trivial total angular
momentum or not. A well known point in case is the Kerr family, a two
parameter family of stationary vacuum spacetimes which contain a black
hole. The two parameters are the ADM mass M > 0 and the total angular
momentum £ > 0. If £ = 0 one obtains the Schwarzschild spacetime, i.e., a
static, spherically symmetric black hole of mass M. Compared to this the
case L > 0 exhibits a vastly more complicated geometry, and we refer to
[15] for details. However, most astrophysical objects are not exactly spher-
ically symmetric, and many rotate about some axis and have non-trivial
total angular momentum. Hence the mathematical difficulties entailed by
giving up spherical symmetry and allowing for non-zero angular momentum
have to be overcome in order to get closer to physically meaningful models.
There are at the moment only two papers where the existence of rotating
equilibrium configurations of self-gravitating matter distributions is shown
in the framework of General Relativity: these are [10] and [2], where matter
is modeled as an ideal fluid and as an elastic body, respectively.

In the present paper we consider matter described as a collisionless gas.
In astrophysics, this model is used to analyze galaxies or globular clusters
where the stars play the role of the gas particles and collisions among these
are sufficiently rare to be neglected. The particles only interact by the
gravitational field which the ensemble creates collectively, and the general
relativistic description of such an ensemble is given by the Einstein-Vlasov
system. The existence of spherically symmetric steady states to this system
has for example been shown in [I4]. In [4] the present authors proved the ex-
istence of static, axially symmetric solutions which are no longer spherically
symmetric, but which still have zero angular momentum. In the present
paper we also remove the latter restriction, a task which, in view of what
was said above, is not trivial.

We shall formulate the Einstein-Vlasov system in standard axial coor-
dinates t € R, p € [0,00], z € R, ¢ € [0,27]. Following [5], we write the
metric in the form

ds? = =2/ dt? 4 e dp? + ¢*dz? + p*Be 2/ (dp —wdt)®>  (1.1)

for functions v, B, u,w depending on p and z. The reason for keeping the
speed of light ¢ as a parameter in the metric will become clear shortly. The



metric is to be asymptotically flat in the sense that the boundary values

lim  (Jv] + |p| + |w| + B = 1])(p,2) =0 (1.2)
|(p,2)| 00

are attained at spatial infinity with certain rates which are specified later.
In addition we require that the metric is locally flat at the axis of symmetry:

v(0,2)/c + 1(0,2) = In B(0, 2), z € R. (1.3)

The solutions obtained in [4] are static and have zero total angular mo-
mentum. In terms of the metric above this means that w = 0. The quan-
tity w is the angular velocity with respect to infinity of the invariantly de-
fined zero angular momentum observers with worldlines perpendicular to
the {t = const.} hypersurfaces; see [5]. For a rotating configuration, w must
not vanish identically. As in [4] the solutions to the Einstein-Vlasov system
are obtained by perturbing off a spherically symmetric Newtonian steady
state using two parameters, v = 1/c? to turn on general relativity, and \ to
turn on angular momentum. In order to apply the implicit function theorem
and to make certain solution operators well-defined, it becomes essential to
handle the linearized w-equation

Oppw + 022w + % Opw = q (1.4)

for a suitable class of right-hand sides ¢. The difficulty with this fairly in-
nocent looking elliptic equation is that the coefficient 3/p blows up on the
axis of symmetry, where the full solution must remain smooth. It is techni-
cally very demanding to make this equation as it stands fit into the general
framework of our approach, cf. the corresponding remark in the appendix.
However, this equation is nothing but the Poisson equation on R® where both
w and ¢ are axially symmetric, i.e., they depend on p = |(z1,x2, z3,24)| and
z = x5. This observation turns out to make the inclusion of non-trivial total
angular momentum quite neat. We are not aware of a physical background
for this fact, nor are we aware that this observation has previously been ex-
ploited in the area of mathematical relativity. It turns out that an analogous
observation applies to the linearized equation for B which can be turned into
the Poisson equation on R*. This simplifies the proof and improves the result
also for vanishing angular momentum, when compared with [4]. One should
realize that the generalization to non-trivial angular momentum means that
one moves to a geometrically more complex spacetime. To appreciate the
fact that the resulting complications are of a genuinely relativistic, geometric



nature one should notice that in [13], where an analogous strategy was used
to obtain axially symmetric steady states in the Newtonian case, i.e., for the
Vlasov-Poisson system, one and the same proof gives static solutions with
zero total angular momentum and stationary ones which rotate, depending
only on which particular ansatz function is chosen.

Let us now give a formulation of the Einstein-Vlasov system. In a kinetic
model like the Vlasov equation the particle ensemble is described by its
distribution function f > 0 which is defined on the tangent bundle 7'M
of the spacetime manifold M. Let g,3 denote the Lorentz metric on the
spacetime and let p® denote the canonical momentum coordinates which
correspond to the chosen coordinates @ on M. The Einstein field equations

Gop = 8mc 4 Top (1.5)
are then coupled to the Vlasov equation
p*Opa f — T30 P Ope f =0 (1.6)
via the definition of the energy momentum tensor

dpPdp' dp?dp?

= (1.7)

Taﬁ = 0_1’9‘1/2 /papﬁf
Here ng are the Christoffel symbols induced by the metric, |g| denotes the
modulus of its determinant, and m > 0 is the rest mass of the particle with
phase space coordinates (wa,pﬁ ). The characteristic system of the Vlasov
equation (LG) are the geodesic equations written as a first order system on
TM. For physical reasons we must require that all particles move forward
in time, i.e., p® is a timelike, future pointing vector on the support of f.
Moreover, we make the standard assumption that all particles have the
same rest mass which we normalize to unity. The distribution function f is
then supported on the mass shell

PM = {gopp®p”® = —c*m? = —¢* and p® is future pointing} € TM. (1.8)

It is now important to realize that due to the presence of w in the metric,
i.e., due to the fact that we want to allow for non-trivial angular momentum
of the spacetime, the mass shell condition can in general not be used to
express p° by the remaining variables on 7M. It turns out that this can be
done if and only if the Killing vector 9/dt which corresponds to the time
translation symmetry is timelike everywhere, i.e.,

—g(0/0t,0/0t) = e/ _ p2B2<,u2e_2"/62 > 0. (1.9)



For the solutions which we construct we do a priori not know whether this
property holds or not. We can if we wish make sure that it does hold so
that there is no ergosphere. The question whether among the solutions we
construct there are solutions that do have an ergosphere is open. The vector
field 9/0t + w0 /0y is always timelike and can therefore be used to fix the
time orientation of the spacetime. For the solutions we construct,

—g(0/0t +wd/0p,p*) = 2P0 > 0 (1.10)

on the support of f so that all particle trajectories have future pointing
tangent vectors as desired. We refer to [3] for more background on the
Einstein-Vlasov system and state our main result.

Theorem 1.1 There exist stationary solutions of the Finstein-Viasov sys-

tem (L3A), (I8), (1.7) with ¢ =1 such that the metric is of the form (L1)
and satisfies the boundary conditions (I3), (I.3), and where the total angu-

lar momentum is non-zero.

For the proof of this result the following observation is important. The
symmetries of the metric imply that the quantities

E:
L:

—g(0/0t,p) = c2ezu/c2po + p2Bzwe—2u/c2 (p3 . wp0)7
9(2/0,p%) = p* B~/ (p* — wp),

are constant along geodesics; notice that
E= 6262'//02]90 + wl.

Here E can be thought of as a local or particle energy and L is the angular
momentum of a particle with respect to the axis of symmetry. The require-
ment that p® be future pointing implies that £ > 0 on the support of f,
provided (9] holds, i.e., provided there is no ergosphere. Up to regularity
issues a distribution function f satisfies the Vlasov equation if and only if
it is constant along geodesics. Hence we make the ansatz

f=®(E,L)jm —1),

and the Vlasov equation (6] holds. The ¢ distribution on the right hand
side is to restrict f to particles with rest mass equal to unity; notice that
the rest mass m is conserved along geodesics as well. If we insert this
ansatz into the definition (7)) of the energy momentum tensor the latter



becomes a functional T,,3 = Tog(v, B, it,w) of the yet unknown metric func-
tions v, B, 4, w, and we are left with the problem of solving the field Einstein
equations (LE]) with this right hand side.

We will obtain the solutions by perturbing off spherically symmetric
steady states of the Vlasov-Poisson system via the implicit function theo-
rem; the latter system arises as the Newtonian limit of the Einstein-Vlasov
system. We will specify conditions on the ansatz function ® above such that
a two parameter family of axially symmetric solutions of the Einstein-Vlasov
system passes through the corresponding spherically symmetric, Newtonian
steady state. The parameter v = 1/c¢? turns on general relativity and a
second parameter A turns on the dependence on L and hence axial symme-
try; L is not invariant under arbitrary rotations about the origin, so if f
depends on L the solution is not spherically symmetric. Moreover, suitable
assumptions on the ansatz function ® will force w to be non-trivial so that
the solution rotates about the axis p = 0 and has non-zero total angular mo-
mentum. One should be careful to notice here that there are always particles
with non-zero angular momentum L provided f is non-trivial and smooth
on the mass shell, but in general this does not imply that the total angular
momentum of the whole spacetime is non-trivial. The scaling symmetry of
the Einstein-Vlasov system can then be used to obtain the desired solutions
for the physically correct value of ¢, and not only for large c.

The idea of employing the implicit function theorem to obtain new equi-
librium configurations of self-gravitating matter distributions from known
ones can be traced back to L. Lichtenstein, who investigated the existence
of non-relativistic, axially symmetric, stationary, self-gravitating fluid balls
[11l 12]. His arguments were put into a rigorous and modern framework
in [9] and extended to the general relativistic set-up in [I0]. As mentioned
above, rotating elastic bodies were considered in [2]. Our approach signifi-
cantly differs from [2| [I0] not only in the matter model, but also in that we
use the explicit form of the metric stated in (L)), together with a reduced
version of the Einstein field equations.

The outline of the paper is as follows. The detailed formulation of our
main result and the set-up for the application of the implicit function the-
orem are stated in the next section. In Section [l we then give a detailed
outline of its proof. The proof consists of several steps and some of them
are more or less identical to the corresponding steps in [4] and need not be
repeated. However, the logical structure of the present proof will be given
in full detail. In Section [ we collect some properties of the matter terms
which will be needed throughout. Section [l contains information on certain
Newton potentials which is then used to show that the operator to which we



apply the implicit function theorem is well defined. Section [6] explains how
a solution of the reduced field equations leads to a solution of all the field
equations. In an appendix we collect a few general results on the regularity
of axially symmetric functions, and we comment on solving the equation
(I4]) without resorting to the device of moving it into a higher dimension.

2 Basic set-up and the precise result

We introduce the parameter v = 1/c¢% € [0,00[. In order to handle the mass
shell condition effectively it is useful to introduce new momentum variables

0 =Pl vl =etpl, v =etp?, 0P = pBe " (pP — wp?). (2.1)

This turns the mass shell condition for general m into
—m? = =A%) + (W12 + (0*)2 + (v*)? or (v°)* = m? + 4|v|?

where v = (v!,0v%,v%) € R? and |v| is the Euclidean norm on R3. We
eliminate v by choosing the positive root which makes sure that (LI0)
holds, i.e., all particles move forward in time. With m = 1 we find that

E=c2"\/1+4v|2 +wL, L = pBe "’

In particular
E > 2|03 /e — |pwBe " |[v3| > 0

provided the no-ergosphere condition (L9) holds. The formula (7)) for the
energy-momentum tensor turns into

d3v
VIF )2

where p, has to be expressed via (ZI]). Here we first express the four
dimensional integral in (IL7) in terms of (v°,...,v?), replace the integration
variable v? by m, and then use the fact that f is § distributed with respect
to m. In what follows we view f as a function on the mass shell.

In order to turn on or off angular momentum we introduce a second
parameter A € R, and in order to obtain the correct Newtonian limit for
~v = 0 we adjust the ansatz for f as follows:

f=¢(E—-1/7) ¢ L). (2.3)

Tos = [ | paps®(B.1) (2.2)



The important point here is that
v /1 2 __ 1
By = Y + Y]
v

see (¢2) below. For = 0 this limit is to replace the argument of ¢ in ([2.3]).
We specify the conditions on the functions ¢ and .

Conditions on ¢ and .

1
+wl — glvlz—i-u—i-wL asy —0; (24)

(#1) ¢ € CL(R) and there exists Ey > 0 such that ¢(n) = 0 for n > Ey and
o(n) > 0 for n < Ey.

(¢2) The ansatz f(z,v) = ¢ (3|v|*> + U(z)), z,v € R3, leads to a compactly
supported steady state fy of the Vlasov-Poisson system, i.e., there
exists a solution U = Uy € C%(R3) of the semilinear Poisson equation

1
AU = 47pn :47r/¢<§|v|2+U> dv, U(0) =0,

Un(z) = Un(|z]) is spherically symmetric, and the support of py €
C2%(R3) is the closed ball Bg,, (0) where Uy (Ry) = Eg and Uy (r) < Eg
for 0 <r < Ry, Un(r) > Ey for r > Ry.

(¢3) We have
6 + 4rr?an(r) >0, 1€ 0,00,

where

an(r) = /R3 (JS’(% lv|? + UN(T‘)> dv.

(¢) ¥ € C°(R?) is compactly supported, ¥ > 0, d1(A,0) = 0 for A € R,
and ¥ (0, L) =1 on an open neighborhood of the set

{L = L(‘Tav) ’ (‘Tav) € Sllppr}
For the Newtonian steady state

lim UN(a:) = UN(OO) > FEy.

|z|—o00
The normalization condition Un(0) = 0 instead of Uy(oo) = 0 is uncon-
ventional from the physics point of view, but it has technical advantages.
Examples for ansatz functions ¢ which satisfy (¢1) and (¢2) are found in
[6, [14], the most well-known ones being the polytropes

¢(E) == (Eg — B)}



for 1 < k < 7/2; here Ey > 0 and (-);+ denotes the positive part. In [4]
Sect. 7] it is shown that (¢3) holds for a subclass of the polytropes.

We recall that the metric (LI)) was written in terms of the axial coordi-
nates p € [0,00[, z € R, ¢ € [0,27]. In what follows we shall also use the
corresponding Cartesian coordinates

x = (pcos g, psin p, z) € R3,

and by abuse of notation we write v(p,z) = v(z) etc. It should be noted
that tensor indices always refer to the spacetime coordinates t,p, z,p. In
Section [0 we collect the relevant information on the relation between regu-
larity properties of axially symmetric functions expressed in these different
variables. We can now give a detailed formulation of our main result.

Theorem 2.1 There exist 6 > 0 and a two parameter family

(0 By by @ ) (rnelo.dixd—aa © CF(R?)'
with the following properties:

(1) (v0,0, Bo,0, 10,0, w0,0) = (Un,1,0,0) where Uy is the potential of the
Newtonian steady state specified in ($2).

(ii) If for v > 0 a distribution function is defined by Eqn. (2.3) and a
Lorentz metric by (L) with ¢ = 1/./7 then we obtain a solution of the
Finstein-Viasov system (11), (1.4), (1.7) which satisfies the boundary
condition (L3) and is asymptotically flat. For \ # 0 this solution is
not spherically symmetric, and for appropriate choices of Y its total
angular momentum is non-zero.

(iii) If for v = 0 a distribution function is defined by Eqn. (2.3), observing
(24), this yields a steady state of the Vlasov-Poisson system with grav-
itational potential vo \ which is not spherically symmetric for X # 0.

(iv) In all cases the matter distribution is compactly supported both in phase
space and in space.

Remarks.

(a) The smallness restriction to A implies that the solutions obtained are
close to being spherically symmetric, and that their total angular mo-
mentum is small.



(b)

(d)

The smallness restriction to v = 1/c? is undesired because c is, in a
given set of units, a definite number. However, if (f,v, B, p,w) is a
solution for some choice of ¢ €]0, co[ then the rescaling

flp. 20" 0%, 0°) = ¢ f(cp, cz, cp", cp?, p?),
v(p,z) = ¢ v(ep, ez),
B(p,z) = B(cp, cz),
fi(p, z) = plep, cz),
w(p, 2) = w(cp, cz),

yields a solution of the Einstein-Vlasov system with ¢ = 1; notice that
this rescaling turns (L9)) into the corresponding condition with ¢ = 1.

The metric functions v and p do not satisfy the boundary conditions

(L.2), but

lim  v(p,2) = Voo, lim  p(p,2) = —vs /2, (2.5)
|(p,2)| =00 (p2)| 00
see Proposition If we now abuse notation and redefine v = v — v,
2 . . . .
[= 4 Vs /¢ and w = we Y~/ then the original condition (L2) is
restored and the metric (LI]) takes the form

ds?® = —c2e2u/czc%dt2
+ <e2“dp2 +edz? + p? Bl /¢ (dep — wcldt)2>

with constants c¢1, ¢y > 0 which simply amounts to a choice of different
units of time and space. By general covariance of the Einstein-Vlasov

system (LH), (LG), (L17) the equations still hold.

In the course of the proof of the theorem additional regularity prop-
erties and specific rates at which the boundary values at infinity are
approached will emerge.

We will transform the problem of finding the desired solutions into the
problem of finding zeros of a suitably defined operator. The Newtonian
steady state specified in (¢2) will be a zero of this operator for vy = A = 0,
and the implicit function theorem will yield our result.

The Einstein field equations are overdetermined, and we need to identify
a suitable subset of (a combination of) these equations which suffice to
determine v, B, u,w, and which are such that at the end of the day all the

10



field equations hold once the reduced system is solved. To do so we introduce
the auxiliary metric function

§=v+p.

Let A and V denote the Cartesian Laplace and gradient operator respec-
tively. Taking suitable combinations of the field equations one finds that

Av + % Vv — %p2326_4w|Vw|2 =4r [726(25_47”) (Tho + 2wTh3)
+y(Th1 + Taz) + €% <ﬁ + 72w2e_4“”’> T33] , (2.6)
Vp 2
AB + e VB =8my"B (T11 + 1), (2.7)
\Y VB 16my2e*
Aw + <27,0 + 3? - 47V1/> Vw = % (Tos +wTs3), (2.8)
0,B 0.B
(1 + Pﬁ) Op€ — p—50:€
1
= 5,507 %) - 0.8+ (90)? - (0:v)?)
—yp° B2 ((9,w)? = (9:w)?) (2.9)
0,B 0.B
_ 9p(p0.B)

1
B + 292 Dprd,v + §7p3B2e_4w8pwazw. (2.10)
We write
B=1+hb.

By taking a suitable combination of (2.9) and (2I0) we obtain equations
which contain only 0,§ or 0.¢ respectively, and we chose the former. In
the above equations the terms 7,3 are functions of the unknown quantities
v,b,w, & = yv+ u for which we therefore have obtained the following reduced

11



system of equations; throughout, ®;; = ®;;(v, B,{, w, p;y, \):

1
Av = 47 [‘I’oo + 7011 + 29wPo3 + X <’YW + ’YQwQe_A‘W) q)gs]

6
B

Ab+ % - Vb = 871y*B®yy, (2.12)

1
Vb- Vv + §p2B2e—4W\va2, (2.11)

(1 + b+ pdpb)* + (p0.b)?) 0,¢

= pd,b <8Zb + p0.,b + 272p38puazl/ + %7,03336_47”8,)(#82(&1)

2
(14 b+ pd,b) (g(appb + b= 0::0) + ¥2pB ((0,0)% — (8.1)?)

AP B (@) <azw>2>), (2.13)
v 167 Vb
Aw + 27'0 -Vw = VR e (7<I>03 + 72w<1>33) — <3§ — 4’7VV> -Vw.
(2.14)

We supplement this system with the boundary condition (L3]), which in
terms of the new unknowns reads

€(0,2) =In (14 0(0,2)) . (2.15)

It remains to determine precisely the dependence of the functions ®,5 on
the unknown quantities v, b, £, w. The corresponding computation uses the
new integration variables

v /1 2 _ 1
_ ¢ + ] , s = Be "3,

B ¥

We also introduce the notation

m:m(n B,v,7y) = Be—w\/e—2w(1+777)2 -1
) ) ) /7 )

1 e g2
l=1(s,B =— e\ /1 4+7y———1
(37 77/7/7) 7<€ +7 B2 )7

12



and we obtain

q)oo(vavé.vva;/% )‘) = 72625_471/1—100 (216)
2 o0 m
S / / (L+m + vpsw)?d(n + psw)y (X, ps) ds dn
B (€ =1)/

27T y
=X / / (1 + )2 b\, ps) dn ds,
l+pws
cI)ll(VaBafawapafY?)‘) _T11+T22 (217)
27T o0 m
= —3625/ / (m® — s%) ¢(n + psw)¥ (A, ps)ds dn
B (e —1)/v J—m

27 [
= ﬁe%/ / (m®(n — pws, B,v,7) — s%) ¢(n)1b(A, ps)dn ds,
—i—pws

q)33(y B Saw p7’Y7 =€ é\,1—133 (218)

2

Wp 25/ / d(n + psw)v(X, ps) ds dn

(e=1)/v
2
Fp 2§/ / (A, ps)dnds, (2.19)
+pws

(1)03(V7B757W7P5’Yv )\) = 762§T03 (220)

_2mp o

=~ / / s (1 +9m +ypsw) (0 + psw)ip(A, ps) ds dn
e —1)/v
2
= m 25/ / (1+ 1) d() (N, ps) dn ds;
+pws

we recall that 771 = Th. In the course of the proof we will benefit from
both of these two different representations of the matter terms.

We now define the function spaces in which we will obtain the solutions
of the system (Z.I1)-(2I5]). By abuse of notation we write axially symmetric
functions as functions of z € R? or alternatively of p > 0, z € R. We fix
0<a<1/2,0< <1 and consider the Banach spaces

X = {1/ e C**(R®) | v(z) = v(p, z) and V], < oo},

Xy i= {be CH®?) | b(x) = b(p,2) and [bl], < o0},
3= {€ € CM(ZR) | €(@) = £(p,2) and ¢l < o0},
Xy = { € C?*(R3) | w(x) = w(p, z) and [wllx, < oo},

13



where
Zp:={zxeR®|p< R}

is the cylinder of radius R > 0, the quantity R being defined in (2Z221]) below,
and the norms are defined by

1y = Illenaus) + 1L+ [2) V)
1], 2= bl s sy + (1 + [2])* V]l
Hf”xg = ”fuclva(zRy

lwll x, = lwll 2. rsy + 11+ |2]) Vel

and
X=X X Xy x Xy x Xg, (00, 60) L 1= W]y + Dbl + €0y + 1

Here | - ||, denotes the L>-norm, functions in C*%(Q) have by definition
continuous derivatives up to order k and all their highest order derivatives
are Holder continuous with exponent «, and

|D?g(x) — D7g(y)|
l9ll graqy == D9l + sup ,
) |<§<:k = |<§=:k z,y€Q, vy "T - y’a

where D7 denotes the derivative corresponding to a multi-index o € Ng. It
will be straightforward to extend ¢ to R? once a solution is obtained in the
above space.

The condition (¢2) on the Newtonian steady state implies that there
exists R > Ry > 0 such that

Un(r) > (Ep + Un(0))/2 for all r > R. (2.21)

If
[V = UNllo < [Eo — Un(00)]/4 and 0 < v < 70,
with v9 > 0 sufficiently small, depending on Ey and Uy, then
(@) _q
> Ey for all |z| > R.

Since L is bounded on the support of ¢ this implies that there exists some
dp > 0 such that for all (v,b,§,w;v,A) € U the matter terms resulting from
[216)-218) are compactly supported in Br(0), where

U := {(V, b,§,w;’y, )\) c X x [0,50[)(] — (50,(50“
H(V7 bv&vw) - (UN707070)||X < 50} (222)

14



In addition we require that dp > 0 is sufficiently small so that B = 1+b > 1/2
for all elements in U and the factor in front of 0,§ in ([2I3)) is larger than
1/2.

Remark. If we want to make sure that the no-ergosphere condition (L.9))
holds for the solutions we construct we redefine

ol = llwllcz.agay + 11+ 2wl + 11+ |2)* Ve . (2.23)

If §p > 0 is sufficiently small then v is close to the given Newtonian potential
Uy, B is close to 1, and due to the redefined norm pw is bounded so that
(C9) holds if ~ is sufficiently small.

Now we substitute an element (v,b,&,w;v,A) € U into the matter terms
defined in ([2.I6])-(220). With the right hand sides obtained in this way the
equations ([ZIT)—(2I4) can then be solved, observing the boundary condi-
tion (ZI5]). In order to do so we need to be a little careful with the definition
of axial symmetry, because we will rewrite different equations as equations
on R™ with suitable, different dimensions n > 3.

We call a function u : R® — R azially symmetric if it is invariant under
all rotations about the z,-axis, or equivalently, if there exists a function
@ : [0, 00[xR — R such that

u(x) = u(p, z), where p = \/x% +...+ 22, and z =z, for z € R".

Of course we will identify u and 4. For what follows it is important that we
can view an axially symmetric function v as a function defined on any R"
with n > 3. In particular, we remark that

Apu = 0ppu + %8& + 0..u=Au+ (n — 3)% -Vu,

where the left hand side refers to Cartesian coordinates on R™ and the right
hand side to R3. In view of this relation, equation ([2.I4)), when rewritten in
terms of p and z, takes the form (L4). The latter equation can be handled
directly in these variables, cf. Lemma [Z.2] but it is much more efficient to
observe that this equation is nothing but a semilinear Poisson equation on
R® for an axially symmetric function. Similarly, (ZI2)) is nothing but a
semilinear Poisson equation on R%.

Equation (2Z.I1)) and the properly rewritten equations (2Z12) and (2.14])
are solved (in terms of the right hand sides which of course contain the
unknowns) by the corresponding Newton potentials, and (2.I3]) can simply
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be integrated in p. We define the corresponding solution operators by

1 1
Gi(v, b, & w;v, N (x ::—/ <7——>M y) dy
1 mA@) g3 \ |7 —yl |yl 1)
— — —p°B v —_— R 2.24
1 dy 4
; = —— M — R 2.2
G2(V7 b7£7wa77 )‘)(:E) T /R‘l 2(y)|3§‘ _y|27 WS ; ( 5)

p
G (v,b, €057, A)(pr 2) = In (1 4+ b(0, 2)) + / g(s,2)ds, 0< p < R,
0

(2.26)

1 Vb d
Ga(v, b, & wiy, A)(z) = 872 Jas [E Vw + 4V - Vw — M?l (y)r _yy|3,
z € R°. (2.27)

Here we put

M = <¢oo + P11 + 2ywPo3

1 2, 2 —4yv .
+<’Y p2B2 +’Y w-e )(1)33) (V737§7w7p777 )‘)7 (228)

M2 = 72B (1)11(1/, Ba 57 W, P37, )‘)7 (229)
167 9
Ms = W(’Y(I’oza + 7 w®s3) (v, B, w, p;7, A), (2.30)

and
9= ((1+ b+ pd,b)? + (p0.b)%) "

1
X p@zb(azb + p0.,b + 272pB(‘9p1/82u + 3 ’yp?’B?’e_‘””Gpwazw)

4 (L4 b+ pd,b) (g(appb + %apb — 0..b) ++2pB ((9,)? — (0.0)?)
—9p° Bl ((O,w)” — (OZW)2)>] :

Finally we define the mapping to which we are going to apply the implicit
function theorem as

F:u _>X7 (Vabygyw;/%)‘) = (V7b7£7w) - (G17G27G37G4)(V7b7£7w;77)‘)'
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In the next section we obtain the solutions in Theorem 2.1l as a two pa-
rameter family of zeros of this mapping. It should be noted that functions
resulting from the operators G; will all be axially symmetric so that they
can all be viewed as functions on R? even if they are at first defined on
different R™’s.

3 Outline of the proof

We check in a number of steps that the mapping F satisfies the conditions
for applying the implicit function theorem. Some of these steps turn out to
be identical, or almost identical, to the corresponding steps in [4] in which
cases the details will be left out.

Step 1.

We need to check that the mapping F is well defined. Since in this step the
presence of w and also the somewhat different set-up for the space X causes
some differences compared with the analysis in [4], we deal with this issue
in some detail in Section [Bl

Step 2.

The next step is to see that

F(Uy,0,0,0;0,0) = 0.

This is due to the fact that for v = A = 0 the choice b = £ = w = 0 trivially

satisfies (2.12), 213]), (214]), while ([2I1]) reduces to
Av = 47 Py (v, 1,0,0;0,0)

with

(0. 0]
Bon(1: 1,0,0:0,0) = 4 [~ () /20— v)dn = /3¢(§rv12+u> dv;
v R

notice that b = 0 implies that B = 1. By (¢2), v = Uy is a solution of
this equation, and the fact that Uy € A is part of what was shown in the
previous step. Notice further that (0, L) = 1 on the support of fy so that
this factor, which vanishes for large L and formally makes the ansatz depend
on L also in the Newtonian case, does not affect the Newtonian steady state
at all.

Step 3.
The mapping F is continuous, and continuously Fréchet differentiable with
respect to (v, b,&,w). Since the new element w does not affect the proof for
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the static case in any essential way we refer to [4, Sect. 5] for the details of
this step.

Step 4.
We have to show that the Fréchet derivative

L:=DF({Uy,0,0,0;0,0) : X - X
is one-to-one and onto. Indeed,
cw%%jg&o:@u—mwm—Lx%j@ja&—Lg%pm>

where

1 1
mwmuyz—Agggfa—EOamww@m%
1

La(6.56)(w) 1= = [ Vb(y) - VN () 2

2 (- ) evsean

p
L3(6b)(x) := 0b(0, 2) + %/ s <8pp5b + %apéb - 8zz5b> (s,2)ds,
0

0<p<R,

with ay as defined in (¢3). To see that L is one-to-one let L(dv, b, ¢, dw) =
0. The second and the last component of this identity imply that db =0 =
dw, and hence also 6§ = 0 by the third component. It therefore remains to
show that v = 0 is the only solution of the equation dv = Ly (dv), i.e., of
the equation

Adv = drandv, dv(0) =0,

in the space X;. Under the assumption on ay stated in (¢3) this was
established in [4, Sect. 7].

To see that £ is onto let (g1,92,93,94) € X be given. We need to
verify that there exists (dv,db, 0, dw) € X such that L(0v,db, 6, dw) =
(91, 92,93,94). The second and fourth components of this equation simply
say that db = g9 and that dw = g4. Now db € X implies that L3(db) € A3
by Lemma [Z.I(b). Hence we can set 0§ = g3 + L3(6b) to satisfy the third
component of the ‘onto’ equation, and it remains to show that

v — L1(8v) = g1 + La(db, 5¢€)
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has a solution dv € X;. Firstly, Lo(db, &) € X;. The assertion therefore fol-
lows from the fact that L; : X3 — X} is compact. We refer to [4, Lemma 6.2]
for the proof of this property. It is at this point that we use the fact that
in Xy the decay assumption is weaker than what we actually get for G; and
that 0 < a < 1/2: Ly gains some Holder regularity which is the source for
the compactness.

In view of the steps above we can now apply the implicit function theo-
rem, cf. [7, Thm. 15.1], to the mapping F : U — X.

Theorem 3.1 There exists 01,02 €]0,0] and a unique, continuous solution
map
S [0,51[)(] — (51,(51[—) B52(UN,O,0,O) cX

such that S(0,0) = (Un,0,0,0) and
]:(5(77)‘)777)‘) =0 fOT all (77)‘) € [0751[X] - 51751[‘

The definition of F implies that for any (v, ) the functions (v,b,{,w) =
S(v,A) solve the equations (Z.II)—(2.14) where the last equation deserves
some explanation. By construction, w satisfies the equation Aw = ¢ on R
where ¢ is an abbreviation for the right hand side of ([2I4]). Both w and
q are axially symmetric, c¢f. Lemma [5.Jl Hence w and ¢ can be viewed as
functions of p and z, and as such they satisfy (4] which in turn implies
that as functions on R3 they satisfy (ZI4]). An analogous argument applies
to ([2.12)).

If f is defined by (Z3)) then the equations (Z0)—(Z8]), 2I3]) hold with

the induced energy momentum tensor. We can extend & to the whole space
using the solution operator G3 for all z € R3. Also, the boundary condition
([L3) on the axis of symmetry is satisfied:

£(0,2) = G3(v,b,£)(0,2z) =In(1 + b(0,2)) = In B(0, 2);

recall that & = yv 4+ p. The solutions are asymptotically flat in view of
Remark (c) given after the formulation of Theorem 2.1} also see Proposi-
tion

The solutions will in general have non-zero total angular momentum for
~v # 0. To prove this assume that w = 0. Then

Ts=-—¢ (1+m) ¢(77)/ s(A, ps)ds dn.
Y (evv—=1)/v —m

It is easy to see that there are functions v satisfying the condition () such
that this integral is non-zero in contradiction to (ZI4) and w = 0, e.g.,
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choose 1 such that on the support of ¥, (A, L) > (A, —L) for L > 0 and
A#£0.

For v = 0 we conclude first that b = 0, cf. (2.12)) and the Ga-part of the
solution operator, respectively. Then the Gs-part implies that & = 0 and
the Gy-part yields w = 0, so that the solution reduces to (v,0,0,0), where
v solves

Av = 47 dyy(1, 1,0,0, p; 0, N).

Since

Nor=
/ W\, ps) ds di

(o]
Poo(v,1,0,0,p;0,A) = 477/ o(n + psw)
v 0

coincides with the spatial density induced by the ansatz ([2.3)) for the Newto-
nian case, cf. [I3, Lemma 2.1], part (iii) of Theorem 2] is established. The
resulting Newtonian steady state may or may not rotate, depending on the
properties of 1; see [I3, Remark (b), p. 324].

The matter terms are compactly supported in view of of the discussion
following (2:2T]).

To complete the proof of Theorem 2] we must show that all the field
equations are satisfied by the obtained metric (ILT]). The argument relies on
the Bianchi identity V,G*? = 0 which holds for the Einstein tensor induced
by any (sufficiently regular) metric, and on the identity V,7*? = 0 which is
a direct consequence of the Vlasov equation (L.6l); V, denotes the covariant
derivative corresponding to the metric (II)). Due to the inclusion of the
w-equation we cannot refer to the corresponding argument in [4], and we
provide the details of the argument in Section [Gl

We conclude this outline of the proof of our main result by collecting
some additional information on the solution which we obtain in the course
of the proof and which shows that the solutions are asymptotically flat.

Proposition 3.2 Let (v,b,§,w) = S(v,\) be any of the solutions obtained
in Theorem[31] and define i := & —v/c® and B := 1+b. Then & € C**(R3),
the limit Voo 1= limy o v(x) exists, and for all o € N} with |o| < 2 and
x € R3 the following estimates hold:

D7 (v(2) = veo)| < O(1+ J]) =0 HD,
[D?(B = 1)(2)] < O(1+ J«])~ZHD,
D€ ()] < C(1+ )~ @HD,
ID7w(@)| < O+ Jaf)~CHD.



In particular, the spacetime equipped with the metric (I1) is asymptotically
flat in the sense that (2.3) and, after a trivial change of coordinates, also
(I3) holds; see Remark (c) after Theorem [21l

The proof follows easily from the decay estimates for various Newton poten-
tials which we establish in Section [l and from the fact that & now satisfies
the equations (2.9]) and (Z.I0)); see also [4, Prop. 2.3]. In passing we remark
that the asymptotic behavior stated in Proposition agrees with what is
given in [5]. The outline of the proof of our main result, Theorem 2] is
now complete.

4 Regularity of the matter terms

In this section we investigate the regularity properties of the functions ®¢,
®qq, P33, and D3, and of the induced matter terms My, My, and Mz from

2.28), 2.29), and @2.30).
Lemma 4.1 Let ¢ and v satisfy the conditions (p1), ($2), and ().

(a) The functions ®gg, P33, and D3 have derivatives with respect to
& v,w,p, and B €]1/2,3/2[ up to order two, and these are continu-
ous in v,&, B,w,p,v,\. For ®11 the same is true with derivatives up
to order three.

(b) For (v,&,b,w,y,\) € U we have My, My, € C’cl’a(R?’), Ms € C’CO’Q(R?’),
and My, My, M3 are azially symmetric.

Proof. (a) Differentiability with respect to £ is obvious to any order. Con-
cerning differentiability with respect to v, w, B, and p, the integrals in
the formulae for ®;; expressed by means of [ gain one derivative. Since
¢ € CHR) and ¢ € C°(R?), the ®;; have the desired regularity. For ®;
we have to observe the following fact. If we differentiate the integrand in
the second form of (ZI7]) with respect to one of the relevant parameters we
obtain an expression which has the same structure as the ®;; in general. If
we differentiate the integration boundary [ + pws this gets substituted for n
in the integrand and the term m? — s? vanishes.

(b) By the choice of R in (Z2I]) and ¢ in (222]) the matter terms which
result by substituting an element from ¢/ into the ®;; are compactly sup-
ported. By the definitions of the spaces X; the functions which are substi-
tuted into ®;; are axially symmetric and at least in C1*(IR?). The expression
®33 contains the factor p? so that the term ®33/p?, which is present in both
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M and Ms, lies in C1(R3). Thus M; and M, belong to C2*(R3). In or-
der to establish the assertion for M3 we only need to consider the expression
N(p, z)/p where

Npw) = [ /: (1 + 4m) S, ps) di ds.

We now think of v, B,w as functions of p € R and z € R which are even in p
and lie in C?(R?). Hence N € C?(R?), and N is odd with respect to p € R
as can be seen by the change of variables s — —s. This easily implies that
N/p is in CL(R3), cf. [, Lemma 3.2], and hence Mz € CL(R3) ¢ CO(R?)
as claimed; notice also Lemma [7.1] O

Remark. The additional regularity of ®1; is needed for the Fréchet differ-
entiability of Go; notice that Gy maps into C3.

5 F is well defined

In this section we show that F(v,b,&,w;vy,\) € X for (v,b,&,w;y,A) € U.
For the most part this is an assertion on certain Newton potentials. The
following lemma collects the necessary information.

Lemma 5.1 Let 0 < a,6 < 1, n € N with n > 3, and g € CO*(R"™) with
lg(2)| < C(L+ |2)™"°, = e R™
Define

9(y) n
Ux) :=— ——= —dy, r €R".
(@) /R o —y2 Y

Then U € C%*(R"), and for any o € NI with |o| < 2,
DU (z)| < C(1 + |z])> 70l 2 e R™
If g is axially symmetric, then so is U.
Proof. Since g € L' N L>°(R") and Holder continuous, U € C%*(R") with

VU) = (n=2) [ o) dy

and

02,0:,U(x) = (n — 2)ad0459(x)

e [ o (R e - o) dy

Ti —Yi
+(n—2 / O, < ) d
( ) L e 9(y) dy
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for i,7 € {1,...,n}, z € R", and d > 0, cf. [§]; a,, denotes the volume of
the unit ball in R™. We consider the decay of the gradient first:

VU@ < (-2 [ S CLC) | P /

lz—y|=|x]/2

la—y|<|al/2 [T — Y[
—n—0 dy 1-n
<C (1+yl) — + C|gll1]z]
le—y|<|z/2 lz —yl
d
<c+lal/ [ Wy Ot
le—yl<lal/2 1T — Y

< O+ [z))7"lz]/2+ Cla|' ™" < Ola|' "

The decay for U follows in the same way. For the second order derivatives
we observe that the first term in the formula above decays as required by
assumption on g. We choose d = (1 + |x|)~™/®. Then

/x_y<d O, <,ii__ yy‘n> (9(y) — 9(z)) dy

dy
< C”QHCOva(R3)/

|lz—y|<d |l‘ - y|n—a a

d
C/ reldr = Cd®
0
=C(+|z))™

In order to estimate the remaining term we consider € R"™ with |z| suffi-
ciently large: |z|/2 > (1 4 |«|)~™/®. Then

LTy —Yi
O d
‘/pﬂ_ypd : <|w—y|n> o)ty

<c M LC /
d<|z—y|<|zl/2 1T =Yl lo—y|>|2]/2

L dy _
<C (1 +[yh—"?° —+Cllgll1]z[™"
d<|z—y|<|z|/2 |z —y|
d
<ca+ |x|/2)—"—5/ Y} Cla ™
d<|z—y|<|z|/2 1T — Y]

&l

<O+ |z|/2)" 0 In < S 1+ |<L~|)"/a> 4 Cla|™ < Oz

Assume now that g is axially symmetric, i.e., the function is invariant under
rotations about the x,-axis. Then the equation AU = n(n —2)a,g, which is
satisfied by U on R", is invariant under these rotations. Since U vanishes at
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infinity, it is the unique solution of this equation and hence axially symmetric
as well. 0

Lemma 5.2 Let (v,b,&,w;v,\) € U and let G1 = G1(v,b,&,w;y,\) be as
defined in (2.24)). Then G1 € X}
Proof. The source term M; of the first part of G is in CB’O‘(}R?’) by

Lemma (1] (b). The definitions of &7, Ao, and Ay imply that the source
term

1 1
VbV — §p2B2e—4V”\w2

of the second part of Gy lies in C%*(R3) and decays like (1 + |z])=375.

Moreover, both source terms are axially symmetric. Hence Lemma 5.1 with

n = 3 implies the assertion. O
We notice that in the proof above we did not need to use the full available

regularity.

Lemma 5.3 Let (v,b,&,w;v,\) € U and let G4 = G4(v,b,&,w;y,\) be as

defined in (2.27). Then G4 € Xy.

Proof. We can view the source term
Vb
q:= M3—3§-Vw+4’yVV-Vw

as an axially symmetric function both on R? and on R®. By Lemma ET] (b)
and the definitions of X}, Xs, and Xy, ¢ € C**(R?) and hence also q €
C%(R5). Moreover, the compact support of M3 and the decay estimates
for Vv, Vb, and Vw in the corresponding spaces imply that ¢ decays like

L+ z) P~ At pt 2577

where 2 € R? or in R® has axial coordinates p and z. Lemma [F.Iwith n = 5
implies the assertion. The latter is true with the original definition of the
norm in Xy as well as with (2:23)). O

Lemma 5.4 Let (v,b,&,w;v,\) € U and let Go = Go(v,b,&,w;y,\) be as
defined in (Z20). Then G5 € Xs.

Proof. The source term M lies in Cz "*(R3), and since it is axially symmet-
ric we can equally well view it as a function in C2**(R?%). Thus Lemma [5.1]
with n = 4 implies the assertion; notice that here we can throw one deriva-
tive onto the source term so that Gy ends up in C*. O

It remains to see that also G3 € Xj, but the corresponding proof is
identical to the one in [4, Lemma 4.2 (c)].
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6 All field equations hold

Lemma 6.1 Let (v,b,u = & — yv,w) be one of the solutions obtained in
Theorem [31l. Then the metric (I1) together with f defined by (2.3) solve

the full Einstein-Viasov system (I4), (1.4), and ({I.7).

Proof. For a metric of the form (1)) the components 00, 11, 22, 33, 03,
and 12 of the field equations are nontrivial. We have so far obtained a

solution v, B, &, w of the reduced system (2.I11), 2I4), 2I12), @I3). We

define E,g := Gop — 87Tc_4Ta5 so that the Einstein field equations become
E,3 = 0. By the reduced system,

2
E00+C2€_2(M_V/62)(E11 —I—E22)—|—2WE03—|- ( € 64'//62 + w2> FEs33 =0, (6.1)

2B2
FEos +wkhs3 =0, (6.2)
E11 + Ey =0, (6.3)
0,B 0,B
(1 + p%) (EH — E22) + ,()?Em = 0. (64)

The Vlasov equation implies that V,7% = 0, and V,G* = 0 due to
the contracted Bianchi identity where V, denotes the covariant derivative
corresponding to the metric (ILI). Hence V,E*? = 0. We want to use
these relations for 5 =1 and 8 = 2 together with (6.I)—(E4]) to show that
E,p = 0. To do so we first rewrite the equations (6I)—(64) in terms of £*¥.

Then (6.2) and (€3] turn into
wEY — g% =, (6.5)

EY + E*? =0. (6.6)
Using these to eliminate £?2 and E% the equations (6.I) and (6.4 become

(cze4u/c2 _ pQBQwQ) E® 4 2B2E® — ), (6.7)
0,B 0,B
2(1+pL=)E" +p=—F2=0. .
( +p 5 > +p 5 0 (6.8)
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The two Bianchi equations mentioned above can be written in the form

0,B 0,B
9p(pE') + 0,(pE*?) + <48pu + ”—) (pE'Y) + <4azu + —) (pE?)

B B
+p (Tgo + 2wT'g3) B + pI'i E* = 0, (6.9)
9,B d.B
0ylo™) ~ 0u(p™) + (10,0 22 ) (o)~ (1054 57 ) (o)
+p (T + 2wI'gs) B + pI'3E* = 0, (6.10)

where ([6.5]) and (G.6]) were used to eliminate E% and E?2.

At this point there is a small subtlety concerning regularity. By definition
of X3 we have £ € C1*, and since this function satisfies [ZI3) also 9,¢ €
Ch. Hence 0,(pE"™) and 9,(pE'?) exist classically, but a priori this need
not be true for 9, (pE') and 9. (pE'2). However, approximating & by smooth
functions the corresponding Bianchi identities again hold, and passing to the
limit, (€9) and (6I0) hold in the sense of distributions. With the possible
exception of 9,(pE') and 9,(pE'?) all the terms in (63) and (GI0) are
continuous so that these identities show that the latter terms are classical,
continuous derivatives as well.

We use (6.7) and (6.8) to eliminate £ and E'' from the two Bianchi
identities (69) and (GI0). The resulting two equations contain only E'2
and its first order derivatives and E33. Eliminating the latter finally yields
the following first order partial differential equation for pE'2:

((1+622) 3 (:52) oo
! <1 " p%B) (ﬁj}f ) 0.(pE") + c(p, 2) (pE'2) = 0.

Here ¢ = ¢(p, z) is a continuous function on [0, 00[xR the form of which is
of no further interest, and the equation holds for p > 0.

We recall that by definition (Z22)) of the set U the quantity 1+ pd,B/B
is bounded away from zero so that any characteristic curve of the above
equation must intersect the axis p = 0 where pFE'%? = e72#(0,B/B — v0,v —
O.p) vanishes due to ([3). Hence E'? = 0 on [0,00[xR. By (68) also
E' =0, and by (6.6) the same is true for EL. If we eliminate E% from
([63) using ([6.7) we find an equation of the form (1+pd,B/B)E3? = 0 so that
E33 = 0. By (6.7)) this implies that E% = 0 provided we choose the smallness
parameter in the definition ([Z22) of the set U such that the coefficient
of EY in (67) does not vanish which is possible due to the estimates in
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Proposition By (635) we finally find that E% = 0, and hence all the
Einstein equations E,g = 0 hold. O

7 Appendix: On the regularity of axially symmet-
ric functions, and a remark on the w equation

We first collect a some remarks concerning the regularity of axially symmet-
ric functions on R™, n > 3.

Lemma 7.1 Letu:R"™ — R be azxially symmetric and u(x) = a(p, z) where
@:[0,00[xR = R. Let k € {1,2,3} and a €]0,1].

(a) u€ CKR") <= @€ C*([0,00[xR) and all derivatives of @ of order
up to k which are of odd order in p vanish for p = 0.

(b) ue CO¥R") < @€ C%([0,00[xR).

The case n = 3 is already stated in [4, Lemma 3.1], and the proof does not
depend on the space dimension.

We conclude this paper by pointing out that the w equation (4] can
also be solved directly in the original variables p and z. However, as the
authors had to learn, basing the analysis on the following result makes it
much harder.

Lemma 7.2 A solution to the equation (17)) is given by

wlo.2) = [ [ Koz 2)alp.2) a2

where

- 1 /5\*? 24024 (2 —2)2
IC(p,Z,p,Z):—% <§> QI/Z <p P 2p[5 ) >7

and Q13 is a half-integer Legendre function of the second kind.

Sketch of proof. As explained above, we can interpret ¢ as an axisymmet-
ric function on R® and rewrite (4] as the Poisson equation on R®. Hence
the solution can be represented as

L qa(y)
872 Jps |z —y|3

w(z) = dy, = € R®.
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If we let z = (0,0,0, p, ) and introduce polar coordinates for the integration,
two integrals can be carried out explicitly, and the fact that

sin®n

Q1/2(X):/0 de

gives the formula in terms of K. a
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