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ELASTIC DEFORMATIONS OF COMPACT STARS

LARS ANDERSSON', ROBERT BEIG!, AND BERND G. SCHMIDT

ABSTRACT. We prove existence of solutions for an elastic body interacting
with itself through its Newtonian gravitational field. Our construction works
for configurations near one given by a self-gravitating ball of perfect fluid.
We use an implicit function argument. In so doing we have to revisit some
classical work in the astrophysical literature concerning linear stability of
perfect fluid stars. The results presented here extend previous work by the
authors, which was restricted to the astrophysically insignificant situation
of configurations near one of vanishing stress. In particular, “mountains on
neutron stars”, which are made possible by the presence of an elastic crust
in neutron stars, can be treated using the techniques developed here.

1. INTRODUCTION

The matter models commonly used to describe stars in astrophysics are fluids.
By a classical result of Lichtenstein [13], a self-gravitating time-independent
fluid body is spherically symmetric in the absence of rotation. However, due to
the presence of a solid crust, it is possible for neutron stars to carry mountains
(see [9]). In view of the result of Lichtenstein, in order to describe something
like “mountains on a neutron star” it is necessary to consider matter models
which allow non-isotropic stresses, for example those of elasticity theory.

The currently known existence results for non-spherical self-gravitating time-
indepent elastic bodies deal with deformations of a relaxed stress-free state. In
[5] it was shown that for a small body for which a relaxed stress-free configura-
tion exists, there is a unique nearby solution which describes the deformation
of the body under its own Newtonian gravitational field. The analogous result
in Einstein gravity was given in [3]. However, a large self-gravitating object like
a neutron stars does not admit a relaxed configuration. This is the situation
which we shall consider in this paper.

In section 2 we give an outline of the formalism of elasticity used in this
paper, following [2], and specializing to the time-independent case. Given a
reference body, i.e., a domain in three-dimensional Fuclidean body space the
physical body is its image in physical space under a deformation map. The
field theoretic description of the material in terms of deformation maps gives
the material frame (or Lagrangian) form of the theory, while the description
in terms of the inverses of the deformation maps, called configuration maps,
taking the physical body to the reference body, gives the Eulerian picture. The
field equations for Newtonian elasticity can be derived from an action principle
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in which the properties of the matter are defined by a “stored energy function”
which depends on the configuration, and a Riemannian reference metric on the
body, called the body metric. The body metric is taken to be conformal to
the Euclidean metric with the conformal factor chosen so that the associated
volume element is that given by the particle number density of the reference
configuration, see below. This is done in section Bl working in the Eulerian
setting. We consider here only isotropic materials, for which the stored energy
depends on the configuration map only via the three principal invariants of the
strain tensor] defined with respect to the body metric.

The resulting FEuler-Lagrange equations for a self-gravitating elastic body
form a quasi-linear, integro-differential boundary value problem for the config-
uration map, with an a priori unknown boundary given by the condition that
the normal stress be zero there. In section B3], we reformulate the system in the
material frame, as a system of equations on the reference body, i.e. a fixed do-
main in Euclidean space. The system of equations on the body given in section
replaces the free boundary of the physical body, by the fixed boundary of
the reference body, with a Neumann type boundary condition. For a large class
of stored energy functions we obtain by this procedure a quasilinear elliptic,
integro-differential boundary value problem, the solutions of which represent
self-gravitating time-independent elastic bodies.

There is no general existence theorem in the literature which can be ap-
plied to such systems, except in the spherically symmetric case. A minimizer
for the variational problem describing a Newtonian self-gravitating body has
been shown to exist, under certain conditions, in [8]. However, it is unknown
under what conditions this minimizer satisfies the Euler-Lagrange equations.
Specializing to the spherically symmetric case, the field equations for a self-
gravitating, time-independent body reduces to a system of ordinary differential
equations, for which existence of solutions is easier to show. For example, in
the case of perfect fluid matter, which we will use as background, as explained
below, there is a simple condition on the equation of state (see [I7] for the
relativistic case, the Newtonian case is analogous) guaranteeing existence of so-
lutions corresponding to a finite body. We shall in this paper construct “large”
non-spherical time-independent self-gravitating bodies by applying the implicit
function theorem to deform appropriate spherical background solutions.

We choose our reference configuration as follows, see sections [B.4] for
details. As mentioned above, a Newtonian self-gravitating fluid body is spher-
ically symmetric. In fact, a fluid body centered at the origin is determined by
specifying its stored energy e(p) (in the context of fluids usually referred to as
internal energy) as a function of the physical density p of the fluid, together
with its central density, see again [I7]. The fluid density p can be taken as one
of the principal invariants of the strain tensor.

Keeping these facts in mind, a time-independent self-gravitating fluid body
with support of finite radius, and non-vanishing density at the boundary, can
be viewed as a special case of an elastic material, with deformation map given

'The strain tensor is the push-forward of the contravariant form of the metric on space,
which in the present setting can be taken to be the Euclidean metric.



ELASTIC DEFORMATIONS OF COMPACT STARS 3

by the identity, and with spatial density p. A body metric conformal to the
Euclidean metric is then chosen, which has volume element equal to p. The
two remaining principal invariants of the strain tensor are represented in terms
of expressions 7,9 which vanish at this background configuration, cf. [I8] for
related definitions. We then choose a stored energy function which coincides
with e(p) at the reference configuration, but which has elastic stresses for non-
spherical configurations. The just described elastic body is then taken as the
starting point of an implicit function theorem argument.

Given the stored energy as a function of the principal invariants, the action
and hence also the Euler-Lagrange equations are specified. We introduce a
1-parameter family of non-spherical body densities p) with pg = p, the spheri-
cally symmetric density of the reference body. Introducing a suitable setting in
terms of Sobolev spaces, see section Ml we can formulate the system of Euler-
Lagrange equations in the material frame as a 1-parameter family of non-linear
functional equations F[py, ¢y] = 0. Our problem is then reduced to showing
that deformation maps ¢, solving this equation exist for small A # 0.

In order to apply the implicit function theorem to construct such solutions,
we must analyze the Frechet derivative of the F or equivalently the equations
linearized at the reference deformation. This is done in section [, which forms
the core of the paper. We start by calculating the linearized operator. The
result is (53)). With our choice of stored energy, the first variation of the
action is “pure fluid” (which is why the identity map is a solution of the Euler-
Lagrange equations at the reference configuration), but the second variation,
i.e. the Hessian of the action functional, evaluated at the reference configura-
tion, or put differently, the linearization at the identity of the Euler-Lagrange
system of equations, does have an elastic contribution. Proposition 5.1l gives an
alternative way of writing the linearized operator which will be essential later.

On geometrical grounds the kernel of the linearized operator contains the
Killing vectors of flat space, translations and rotations. For the application of
the implicit function it is essential to show that there are no further elements
in the kernel. This is done for radial and nonradial perturbations separately.

Lemmal[5.3] gives sufficient conditions for the kernel to contain only the trivial
radial perturbation. This is the famous 3y — 4 > 0 condition, which guaran-
tees the absence of linear time-harmonic radial fluid perturbations which grow
exponentially (see [10] and historical references therein). Here v is the adia-
batic index. For nonradial perturbations proposition shows that there are
just Killing vectors in the kernel. For fluids with vanishing boundary density
the analog of this statement is known in the astrophysical literature as the
Antonov-Lebovitz Theorem (see [6] and references therein). Our result shows
in particular that this theorem is also true for fluids with positive boundary
density. Theorem 5.6 states our result that the kernel of the linearized operator
contains only Euclidean motions.

To use the implicit function theorem we have also to control the cokernel.
This is the content of proposition which gives a Fredholm alternative for
the integro-differential boundary value problem under consideration. Here, an
analysis of the regularity properties of the Newtonian potential, and the layer
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potential are needed. These results are given in appendix [Al Again, it turns
out that the cokernel consists of infinitesimal Euclidean motions.

Now all the necessary pieces are in place for applying the implicit function
theorem in order to show the existence of a family of solutions in section [7l
First we define, following the approach used in [3] the “projected equations”
by fixing some element of the kernel and projecting on a complement of the
cokernel. The implicit function theorem then applies, and we obtain solutions
of the projected equations, cf. proposition[.Il However, as is shown in theorem
[2 it turns out that these solutions are actually solutions of the full system.
The essential reason this holds is Newton’s principle of “actio est reactio” i.e.
the fact that the self-force and self-torque acting on a body through its own
gravitational field is zero, which corresponds to (a nonlinear version of) the
condition that the force lie in a complement of the above cokernel.

Finally, in section [§] we demonstrate that if the family p, is non-spherical
for A > 0, and if the elastic part in the stored energy is non vanishing, the
solutions constructed are not spherically symmetric for A > 0. Our analysis
gives a clear interpretation of the solutions which have been constructed. They
are near a particular self-gravitating time-independent fluid body, and have a
small deviation from spherical symmetry which is due to the presence of the
elastic terms in stored energy function, and hence also in the system of Euler-
Lagrange equations under consideration.

2. PRELIMINARIES

We use the setup of [2], specializing to the time independent case, with some
changes which shall be specified below. Let R%, R% denote the body space and
space, respectively. We introduce Cartesian coordinates X“ on R‘Z’g and z’ on
R%. We will often write the coordinate derivative operators in R% and Rf’g as
0 and 0;, respectively, and also use the notations u 4 = dau, and u; = dju.
The body B is an open domain in R% with closure B and boundary 0B. The
physical state of the material is described by configuration f : R‘:’g — B and
deformation ¢ : B — R% maps. We assume f o ¢ = idg. The gradients of f, ¢
are denoted

fh =0 ¢'a=0ad',
and satisfy
O afy =0
The body and space are endowed with Riemannian metrics bap and g;;.
Remark 2.1. In the Newtonian case we are considering here, we take the
space metric to be the flat, Euclidean metric g;; = 0;;. Further, as will be
explained below, we shall take the metric bap on B to be conformal to the

Euclidean metric. However, in order to have a clear view of the foundations, it
is convenient to allow these for the moment to be general metrics.

We let V4, be the volume element of b,
(Vi) apcdXAdXPdXC = VbepodXAdXBdXC.
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Here b = /detbap and eapc is the Levi-Civita symbol. Similarly let Vy
denote the volume element of g. The number density n is defined by
FALP W) ao(f (@) = n(x) (V)i (2.1)

Let

HAB — fAZfB]ng
Making use of the body metric bap we define

H"p = H bgp.
Note that unless explicitly specified, we do not raise and lower indices with b 4.
Remark 2.2. The eigenvalues of H2p transform as scalars with respect to
coordinate changes both in R?l’g and in R%. For transformations of R% this

follows from the fact that H* g undergoes a similarity transformation under
pullback,

(CH) 5= ()" eH p¢P b,
where C : R% — R%. On the other hand, for a map k : R% — R% it holds that
the components of H* g transform as scalars, i.e.,
HAB(f ok, k*gl(x) = (H" p)(k(z))
In local coordinates, we have
Van = Vb det(f4),
which in view of remark [2.2] gives
n = (det H45)"/2.
Let
HAp = (det HAg)V3HAR = n=2HA 5. (2.2)
Then HA 5 depends on the body metric bap only via its conformal class which
can be represented by
[b]AB = n_2/3bAB.
Further, define
1
oty =HAp - St 6 p. (2.3)

Given the conformal class of the body metric, we can in addition to the invariant
n also define the invariants

= (H"4 - 3), (2.4)
and
5 = det(c”p). (2.5)

See [18] for related invariants. It follows from the definition that the invariants
7,0 depend only on the conformal class of the body metric b, and further, by
remark we have that n, 7, transform as scalars with respect to coordinate
changes both in B and Rg.
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2.1. Kinematic identities. Given the above definitions, we have
on ; on
——— =ng'a, .
T
Let J = n~' o ¢. The Piola transform of a vector ¢ is Y4 = Jf4,4° 0 . The
Piola identity states

= —nf4;. (2.6)

VaY 4 =J(Viy') o ¢, (2.7a)
and similarly,
Vit =n(Vay?)o f. (2.7b)

Here V 4 denotes the covariant derivative with respect to byg. The covariant
derivatives and Piola transform also applies to two-point tensors, see [15] for
details. We also have the following versions of the Piola identities

. 1 .
Vi(ng's) = —0;(\/gng*a) =0, 2.8a
(ng"a) NG (Vgno'a) (2.8a)
1
Van tf4) = —=oa(Von~tf4) = 0. (2.8b)
Vb
Let Hap be defined by the relation
HAYHop = 64p. (2.9)
A calculation shows
on n
W = 5HAB7 (210&)
9?n n

amABgoD — 7 \HasHep — 2HacHp)p)- (2.10b)

Further, we have

or
9HAD — Hpao" gy = Hpao" s, (2.11)
and
doA 1 1

Example 2.1. Suppose ¢ is a conformal map, so that (¢*g)ap = MX)bap.
Then HAp = A\~1645 and hence n = \=3/2. This gives

H'p =g, (2.13)
[blap = (¢"9)as. (2.14)

Further, in this case, the invariants 7,0 vanistl 7 = § = 0, and by [ZII) we
have

or
B =0, (2.15a)
aHAB ¢ conformal
' = HyoH L anH (2.15b)
OHABHHCD & conformal — 1ACHD)B 3 ABL1CD- .

2Conversely, when 7 = § = 0, the map ¢ is conformal.
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From the definition of the invariant § we have 6 = O(|o|®) and hence in case ¢
18 conformal,

) )

¢ conformal ¢ conformal

3. FIELD EQUATIONS OF A NEWTONIAN ELASTIC BODY

Let X y-1(5) denote the indicator function of the support f ~1(B) of the phys-
ical body, and let
VU2 = 0;U0;Ug".
The field equations for the static Newtonian self-gravitating elastic body are
the Euler-Lagrange equations for an action of the form

L= AV, (3.1)
R
where
B |VU|?
= 8tG
Here p = mn is the physical density of the material, where m is the specific
mass per particle, and

+ pUfo(B) + TlGXffl(B)).

e=e(HP f) (3.2)

is the stored energy function, which describes the internal energy per particle
of the material. On the other hand, density of internal energy of the material
in its physical state is ne. For a stored energy of the form (B:2]), termed frame
indifferent, the action is covariant under spatial diffeomorphisms. The converse
also holds, see [4].

Let ¢ denote the fields (f4,U). The canonical stress-energy tensor is

P OA
7 0(0:C)

Making use of the covariance of the action, one finds, cf. [12], that the Euler-
Lagrange equations take the form

VT =0, (3.3)

9;¢ — AS';.

where V; denotes the covariant derivative with respect to the metric g;;.
Let 7'; and ©'; denote the contributions in 7"; from the elastic field f4 and
the Newtonian potential U, respectively, so that

Tij = Tinf—l(B) + @ij,
where

Oe

st

T]—TL

and

Q' = V'UV,;U — —V’“kaU& ).

47TG el
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3.1. Equations in Eulerian form. From the above, we see that the Fulerian
form of the field equations for a self-gravitating body are

Vir'i +pViU =0, in f7H(B), (3.4a)
Tijni‘affl(lg) = 0, (3.4b)
AyU = 4AnGpx p-1(B)- (3.4c)

Here n; is the outward pointing normal to the boundary 0 f () of the physical
body. The boundary condition (3.4D]) follows from the conservation equation
B3), see [3, Lemma 2.2]. The Newtonian potential U is taken to be the unique
solution to the Poisson equation ([3.4d) such that U(z) — 0, as z — oo.

3.2. Integral form of the Newtonian potential. With g;; = d;;, the solu-
tion to (B4d) takes the form

U=FEx* (47TGpr71(B)),

where E(x) = —1/(4w|x|) is the fundamental solution of A, i.e.,

where dzx is the Euclidean volume element.

Remark 3.1. Substituting the solution of the Poisson equation ([3.4d) into the
action [B]), one finds after a partial integration

L= / Lov + peyaz, (3.5)
F1s) 2

where € is given by BI4). The form of the action given in (B3, which is
expressed in terms of the configuration 2, can be compared with the energy
expression discussed in [6, Appendix 5.B].

Using the differentiation formula for convolutions, we have
8ZU = 47TG(81E) * (pr—l(B)) =GE * ai(pr—l(B)),

where in the last equality, the derivative is in the sense of distributions. Hence,
the force is given by the integral expression

swe=cf (o)

3.3. Equations in material frame. We now write the elastic system in the
material frame which is the form which we shall use. The change of variables
formula applied to (B3] gives

1
L= /B(§p°Uo¢+p°e)dX, (3.7)

p(z)dx'. (3.6)

!

Z=T—X

where dX is the Euclidean volume element on B, and where € is taken to be of
the form

e =e(HAB, X), (3.8)
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with HAP the inverse of ¢’ 4’ g gijo¢. The Newtonian potential in the matieral
frame is of the form
p(X") /
(Uoo)(X) =~ dx’.
5 |6(X) — o(X')]

Let
= Vb (fhrr) 0 6. (3.9)

Then 7 is minus the Piola transform of 7¢;, densitized by the factor Vb (= pin
Cartesian coordinates). We have

- d(Vbe)

A

74, - OWbe) 3.10
96in (3.10)

where the € in (3I0]) is understood to be as in ([3.8]). The Piola identity implies

Vaiti = Vb J(Viti)) 0 .
With g;; = 0;; and bap = 5%/36 45, we have J = p~! det(¢'4), Vb = p. In view
of the definition of 74; we have

A A
VaT% = 047",

and we can write the system (B4]) in the material frame as
—9a(FY) + p(BiU) 0 =0 in B, (3.11a)
Finalos =0, (3.11b)

where n* is the normal to B. Using the change of variables formula, and (B.0))
the gravitational term p(0;U) o ¢ in ([B.I1al) can be written in the integral form

(H(AT) 0 9)(X) = —Gp(X) /B (aA)

" p(X"dX'. (3.12)

2=¢(X)—=p(X")

3.4. The reference configuration. We now introduce the situation which
we shall consider in the rest of this paper. We restrict the space metric to
be the flat metric g;; = d;; and work in Cartesian coordinates (X*), (z%) on
the body and space respectively. The radial coordinates in REJ’S and ]R% are
R=|X|=+VXAXBoap and r = |z| = \/2'274;;. In the following, we will set
the specific mass m = 1 and denote both the number density and the density
of the material by p.

Definition 3.1. The reference configuration is given by choosing the body do-
main to be B(Ry), the ball of radius Ry i.e.

B ={|X| < Ro},
with the trivial configuration and deformation f =id, ¢ =id, i.e.
fA(x) =642, A=1,2,3, P(X) =06 4X4, i=1,23.
For a given, positive function p on B called the reference density, we set

bag = 0 ap.
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In Cartesian coordinates (X4), (z*) we have

p=pdet(f) = pdet(¢'a)”, (3.13)
and the volume element of byp takes the form
Vo = p(X)dX.

For the reference configuration, we have
p(x) = p(f(x)),
and the invariants 7, vanish,
T=0=0.

We will assume an isotropic stored energy function, i.e. one depending on
configurations only via the invariants (p,7,0), where p is given by BI3]) and
and 7, § are given by (2.4) and (Z.3)), respectively. We restrict for simplicity to
stored energy functions which have no explicit dependence on the configuration
f. Note that 7 and ¢ are independent of p. By Taylor’s formula, € = €(p, 7, 9)
can, for configurations near the reference configuration, be written in the form

e(p,1,0) =e(p) +7l(p,7,0) + dm(p,1,9). (3.14)

for some functions [, m.

Here we may view e(p) as the stored energy for a fluid configuration. Due to
the fact that the invariants 7, vanish to first order at the reference configura-
tion, the Euler-Lagrange equation in the reference state with f = id, ¢ = id
will involve only e(p).

3.5. Static self-gravitating fluid bodies. We now consider a fluid with
stored energy e = e(p) at the reference configuration f = id. A calculation
shows ' '

T =% (p)d';,
where ¢ = de/dp. The pressure of a fluid is given in terms of the energy density
p = pe by

_ dp
p= 'Od_p - M
or
p(p) = p°¢(p). (3.15)
Hence, ' ‘
le = pélj,
and equation ([B.4]) takes the form
Vip+ pV;U =0, (3.16a)
Plos1s =0, (3.16b)
AU = 4AnGpx p-1(p)- (3.16¢)

Static fluid bodies in Newtonian gravity are radially symmetric (see [13]), p =
p(r). Let

M(r) =4r /07‘ p(s)s?ds
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be the mass contained within radius r, so that M = M(Ry) is the total mass

of the body. It follows from the radial Poisson equation that
M(r)

rz r

V.U =G

)

and the self-gravitating fluid is therefore governed by the ordinary differential
equation

Ldp | M) (3.17)
pdr r2
Let p. > po > 0 be given and consider an equation of state p = p(p), where p is
a smooth, non-negative function with Z—ﬁ > 0 in [po, pc), with p(pp) = 0. Given
an equation of state p(p) satisfying the above properties and given p., there is
a unique static fluid body, centered at the origin, which has boundary density
po for some radius Ry, see [17] for detaild].
The adiabatic index of the fluid is given by

dp
y=2%
pdp
The following stability condition on -,

(3.18)

3,7 —4> 07 for pE (p07p0]7

plays an important role in our argument. As a simple explicit example of an
equation of state with the above stated properties, consider

p=D(p—po), (3.19)

for some (dimensional) constant D > 0. Then we have
p(3y —4) = D(—p +4po).

It follows that for the equation of state (3.19)), the stability condition holds for
central density p,. satisfying pg < p. < 4pg.

4. THE REFERENCE BODY AND ITS DEFORMATION

We shall construct a family of static, self-gravitating elastic bodies by de-
forming a reference body. The reference body is a static fluid body in the
reference configuration, i.e. a solution of the equations ([B.I6]) with internal en-
ergy e = e(p), of radius Ry and density p. As in section B.5l we assume that the
boundary density is positive,

po = p(Ro) >0,

and that p = p?€/(p), the pressure in the reference body, satisfy p > 0 in B,
p=0if R = Ry and Z—g > 0 in B. It follows that p > pp > 0. Note that the

condition p(Rp) = 0 is simply the boundary condition (B.I6D]), which follows
from the variational principle.

3This reference treats the relativistic case. The Newtonian case considered here is similar
but simpler.
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Given a static self-gravitating fluid reference body with internal energy func-
tion e(p) we consider deformed static self-gravitating bodies with isotropic
stored energy function of the form [BI4]), with €(p,0,0) = e(p). Let

[=1(5,0,0).

We assume
[ >0,

in B.
4.1. Analytical formulation. Let
F :C®(B) x C®(B;RY) — C®(B;R3) x C*(9B;R?)
be defined by
Flp¢] = (=0a(7h) + p(OU) © 6,74 m4). (4.1)

Let H*(B) and H*(0B) denote the L? Sobolev spaces, see [14, Chapitre 1] for
background. For k > 1, F extends to a smooth map

F: HF(B) — H*(B) x HY/*>T*(9B).
For simplicity, we assume k is an integer in the following.

Remark 4.1. The same statement holds true if we replace the L? Sobolev space
by the spaces W?EP(B) and the corresponding boundary space Bk+1_1/p’p(88),
with k> 0, p > 3. With k = 0, this corresponds to the situation considered in

3.
The system ([B.I1)) for a self-gravitating body takes the form
Flp,¢] =0,
which we consider as an equation for the deformation ¢ given a reference density
p. Letting A — p) be a one-parameter family of reference densities, with pg = p,

we shall apply the implicit function theorem to show that for A sufficiently close
to zero, there is a solution ¢, of the equation

Flpx, dx] = 0.

In order to do this, we must analyze the Frechet derivative
D, Fljid).
This is done in the next section.
5. THE LINEARIZED OPERATOR

Let & be a vector field on Rf’g and consider a 1-parameter family of deforma-
tions, ¢4, with ¢y = id, such that
= £'(id(X)).

d
Eqbs(X) o0

The linearization with respect to ¢ of the map F, at the reference configuration,
is given by

- d

Flp, ¢sl.
0

s=
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We define the operator £ — L;[£] and the linearized boundary operator & — [;[¢]
by
Dy Fp,id].§ = (—Li[¢], L;[€])-
We now calculate the the explicit form of L;[¢] and [;[¢].
5.1. Derivation. Let 7; be defined by

=7
p=id
Then
4 = —poi;. (5.1)

Recall that with ¢ = id, we have Hap = dap. A calculation using the facts
recorded in section 2.1] gives

d .. A . . dp
— S = 12p014,68); + p= 6405,
dsT[p’(b] 0 2p J +pd/3 J
. 5 1 .

+4pl (5(Ai(53)j — 6 (5Ai5Bj + 5 (5AB(5Z']')] §J7B, (52)
where | = 1(p,0,0). With ¢ = id, we have the identification 2! = ¢*(X). We
will sometimes write X* for ¢*(X). The chain rule gives

0; = 6404
and we will often make use of this notation in the following. Further, define
(0¢0)ij by X
(0¢0)i5 = &(ig) — 3 5 €'y,
so that 2(6¢0);; is the Euclidean space conformal Killing operator, acting on &.
The operator L;[¢] can now be written in the form

Li[¢] = 0; [(—13 +ﬁz—?> fj,]} +0;(p¢ ;) +4¢ [ﬁi(éﬁ&)ij}
+ G [0 (902 ) X)X ax’. (530

Recalling that p(Rp) = 0, we find that the linearized boundary operator is
given by

;€] = [pd—§§37j n; —|—4pl(550’ij)n3]

Here we have used the notation n’ = %X i

The operator L; is formally self-adjoint. This follows from the fact that it
arises from a variational problem, but can easily be checked explicitely. Let
(¢,m) denote the L? inner product

€ = [ enax
The Green’s identity for (—L[¢],1[¢]) takes the form

(L[S]m)—(S,L[n])Z/ L)' dS(X) — %Sili[n]dS(X)- (5:4)

oB

(5.3b)

oB
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The following proposition gives an alternate form for L;[¢] which will play an
important role in the following.

Proposition 5.1. The operator L; in (5.3d) can be written as

1dp . o
Lil§] =p0; | === dep+ 6 497 |pl(6¢6)is] .
1= 50k (555 deh+ 00 ) + 407 [p1 5e0), ] (5.5)
where 5¢p = (pE€Y) i and
p(R)EI(X
X/
(0:U) (X G@/ X - d
(55/))(X) / pO(R/) i (! / /
— | PR x| P iy (X)dS(X).
5 X~ X s TX — 207 XIS

Further, the boundary operator l; in {5.30) can be written as

a5 .y } .
el = | (L seh+ pU"EIm, ) s+ 451 5e5)in | 56)

oB

Proof. Let us call the first, second and fourth term in (5.3al) respectively A, B
and (second line) C. The elastic term in the first line is not affected. We then
have that
X ! 5] / ° j o
C = —GH(X)0id; / e PXVEXD) 0 j(3)6 (X)a:0501(X), (5.7)

so that
(X")

A+ B+C = —Gp(X)d;0; /|X7

o X O + (0p)E

Lo (5—053',]-) XS (X)0,0,0(X)

NEX") o o [P (PE) 4
— dX i | —=—— . .
G 0,0, / X — X +p0 FEa (5.8)
To check the last equality in (5.8]), we calculate
ap (pE);] o [dppye A, | b,
Oi | 52— =00 | 72—~ 0; |p=3& 5| — 528 ,50ip- 9.9
: [dﬁ p POlap ) TPt | T @t e (5:9)
But the first term in (5.9) can be rewritten as
: NS Nei L ;U | _;
por (@S] = @er s+ o |28 ¢ (5.10)

where we have used the ' = pU’. in the last term. Inserting (5.10) into (5.9)
proves the second equality in (B.8]), which in turn proves (&.3). The proof of
(E6)) is straightforward. O

The Euclidean invariance of the action ([B.]) governing a self-gravitating body
implies that the linearized operator and the linearized boundary operator an-
nihilate Euclidean Killing vectors. For translations this follows from (5.3]), and
for rotations from (G5H), (5.6). We shall show that under suitable conditions
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on the fluid equation of state, these are the only elements in the kernel of the
linearized operator { — (—L[¢],1[¢]). To achieve this, it is vital to decompose
the perturbations ¢* into radial and non-radial parts.

A vector field £ on B is called radial if it is of the form ¢(X) = F(R)n*(X),
and non-radial if [g, (R) ¢n;dS = 0 for all R € (0, Ry). If we consider conformal
Killing vectors on B, we have that translations, rotations and conformal boosts
are non-radial, while dilations are radial. The radial part of a vector field £ is
given by

. 1 . .

(X)) = X (XN)dS (X n'(X). 5.11

€00 = o | &Sm0 (511)
where B(R) is the Euclidean ball of radius R. This gives a unique decomposition

£:£r+£nr

of ¢ into a radial and a non-radial part.

Lemma 5.2. Radial and non-radial vector fields are L?-orthogonal in terms
of (,-). Let & be a vector field with radial and non-radial parts & and &y,
respectively. Then L[] is radial and L[&,,] is non-radial. If [;[§] is zero, then

Proof. The first claim is obvious. For the second claim concerning radial fields
one simply observes radial fields are - as vector fields - invariant under rotations
and that rotations commute with L;, viewed as an operator from vector fields to
covector fields. For non-radial fields we could not find such a simple conceptual
argument, but going through the terms in (B3] this is not difficult to check,
e.g. d¢p has zero spherical mean by |, 9B(R) €'n;dS = 0 and the Stokes theorem.
In a similar way we see that

/ LEmInidS(X) = 0. (5.12)
oB

To prove the last claim in lemma 5.2, we note that when [;[¢] = 0, it follows
that

/ L6 n'dS(X) = — / Li[énr]n'dS(X) = 0. (5.13)
oB oB

But by spherical symmetry [;[£,] is proportional to n;, so that [;[£,.] = [;[& + &nr]
is zero. ]

By the previous lemma, we have

(& L[] = (& L&) + (&nr, Lénr]) (5.14)
and if [;[¢] = 0,
(& LIED) = (&, LI&r]) + (nry LlEnr]),  with L&) = 0 = Lif€n, ] (5.15)
Our next result concerns the first term in (5.I5]). Recall that
b
pdp

is the adiabatic index of the reference body, cf. (BIS).
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Lemma 5.3. Let & = F(R)n' with F a positive, smooth function defined on
[0, Ry]. Assume [;[§] =0, Then

fto 81 F\2
— (& L[g]) = 47r/ (aR*F" + 2bRFF' + cF?) + . (F' . E) R |
0
(5.16)
where
a=py, b=2p(y-2), c=4p(y—-1). (5.17)

Remark 5.1. The elastic term in (5.16)) is clearly non-negative, and zero only
for a dilation £'0; = ROgr. The integrand originating from the fluid and grav-
itational terms is a quadratic form in (RF',F) with determinant ac — b* =
4p2(3y —4), and trace a+ c = p[27 + (35 —4)]. Thus, with p > 0, the condition

3y—4>0 (5.18)
is a sufficient, but by no means necessary, condition for (5IG) to be posz’tz’veﬁ.

Proof. Integrate L;[¢] over B against £, using the form (5.3al). The result, using
li [f] == 0, is

— (¢, L¢) = /B [( p+pz )(é%) + P& €7+ 4l (6¢6)i5(0e6) 7 | dX —

° 1 7 7 ] / /
~6 [ px0p(x >(66,X X,‘>£(X)[£ (X) = €/ (X")]dXdX". (519)

In order to carry out the integration with respect to X "in the second term in
the last line of (B.19) with £'(X) = F (R) n', we make use of the identity

— 90, / PEVEXY) i gmb(R) €4(X) (5.20)

X - x0T PRSI '
To see that this holds, we note that the divergence of the left side is equal to
that of the right side, and make use of the fact that there is no spherically
symmetric, divergence-free, non-vanishing vector field on B which is regular at
the origin. We also have that

0 R/ n; o
0; g |X( ))(’| dX' = —ﬁM(R), (5.21)
where M(R) = 47 fo R’2 (R")dR', and
07 — 3n;n; .
0;0; / X —x] dX' = TJM( ) — 4mpning, (5.22)

so that
G[i(R)/ (aa ‘;(R;)(,O [E(X) — &(X))dX" =

— G p(R) & M2 () — 9 DALY

= &. (5.23)

4The role of 4 for the stability of perfect fluids has been known since the late 19th century,

see [10].
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Here we have used that the contribution of the last term in (522]) cancels
that from (520). Evaluating the first line in (B.19) is of course completely
straightforward. Thus for the non-elastic part of (5.19) we find the expression

Ro dp 2F\ 2 2F2\  2GpMEF?
dn| R*|(p—=—p) (F + = 5 | F? - dR.
|GG ) () (e )

(5.24)
But we know that )
. GpM

p=- 22 : (5.25)

cf. BI7). Inserting (5.20)) into (5.24) and integrating the last term by parts

using p (Rp) = 0 gives the result. O

Motivated by lemma [(E.3] and the discussion in remark B, we make the
following definition.

Definition 5.4. The reference body satisfies the radial stability condition if
(BIR) holds, or more generally, if the quadratic form in (5.I6)) is positive defi-
nite.

We now turn to the non-radial modes. These are analyzed using the form
B3] and [B.6) for L;[¢] respectively [;[¢], for a non-radial vector field &', under
the assumption /;[¢] = 0.

Define
ds . o
Ogfi = <—IZ d¢ep +4pl(0¢0)ij nln’) ; (5.26)
dp oB
Then, cf. (B.3D), the condition /;[¢] = 0, implies
LIEIn' = pU'Emilop + i = 0. (5.27)

Further, let 4 and u denote the Newtonian volume and single layer potentials,
respectively, i.e.

_ FXY s
U =G | s X (5.28)
and
_ f(X') /

For convenience, we have not included the factor 1/47 here. Then we can write
(see proposition [B.T])

o (5.30)
The following proposition, which is proved starting from by a straightfor-
ward partial integration and making use of the above definitions, provides a
formula for an expression which is essentially the second variation at the refer-
ence deformation ¢ = id of the material form of the action given in equation

B).

5eU = W [dep) — ulp€ing] = U [bep] +u [55_“} o [@] .
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Proposition 5.5. Let &' be a vector field such that 1;[¢] = 0. Then we have

(&Ll = /B %j—i?(ésm(égmdx " /8 ) %@mwmdsmw

[ 0ety (sl5ea) +u | 2] Y ax+ [ i) (wioci)+u [ S2] ) aso+
44 /B $1(5e6)i;(0e8)9dX. (5.31)

Remark 5.2. In addition to the elastic “bulk” contribution (third term in the
first line in (52.31))), there are elastic contributions to all boundary terms in
(5.31) resp. (5.23) via O¢fi. In the absence of elasticity and when p(Ry) =
0, after insertion of (5.27), the expression (531]) boils down to the famous
“Chandrasekhar energy”, cf. [0, (5-49)]. Specializing to the radial case with
1;[€] = 0, the expression [B.31) of course coincides with (5.16l). For this case it
turns out to be simpler to derive (5I6)) directly.

The following result is a generalization of the Antonov-Lebovitz theorem, cf.
[0, §5.2] which allows for the the case where p(Rp) > 0.

Proposition 5.6. Let £ be a non-radial vector field such that I;[¢] = 0. Then
the quadratic form —(&, L) is non-negative, and zero if and only if £ is a
Buclidean Killing vector field.

Remark 5.3. Our proof of proposition [5.8 follows closely the proof valid under
the assumption p(Ry) = 0 given in the book of Binney and Tremaine, cf. [0,
Appendix 5.C]. The new edition, cf. [{, Appendix H| proves this result using
a more direct arqgument due to [I]. We have not been able to generalize that
argument to the case p(Rp) > 0.

Proof. Note first of all that the last (purely elastic) term in (B31]) is non-
negative and vanishes only on infinitesimal conformal motions. The remaining
terms, on the other hand, depend only on pairs of functions, namely (d¢p, d¢ft),
on B x 0B. Our claim amounts to the fact that, when restricted to pairs
(0¢p, O fr) with zero spherical mean, the sum of these terms is non-negative and
zero iff (0¢p, d¢fr) = (p'(c,n), —p U'(¢,n)|o8) for some constant vector ¢. To see
that we take pairs f = (0¢p, d¢t) to lie in the Hilbert space H defined by

1dp 1
H = L2 <B, el dX) @ L2 <azs’, — dS(X)> , (5.32)
pdp pU’
with scalar product
1dp 1
() = [ S5 G0 Gap) X 4 [ (Gun) (Gan) dS(X), (539
BPAp oB pU
and consider the operator V : H — H, defined by
s o Jdp . O¢ft . , Oefi
i) = (558 (wioeil + | %2 ) i (wloei +u | 2] e ) - 30
The operator V is self-adjoint with respect to the scalar product in (5.32]), due
to the symmetry of the Poisson kernel.
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By Lemma [A2] the volume potential { defines a continuous map L%(B) —
H?(B). Further, the layer potential u defines a continuous map L?(0B) —
H'(0B), cf. Lemma[Adl Since the scalar product (5.33) defines a norm on H
which is equivalent equivalent to the standard norm on L?*(B) x L?*(dB), the
operator V : H — H is compact. Furthermore it maps (dp, dft)’s with vanishing
spherical mean into themselves and its corresponding restriction is also self-
adjoint and compact. Now the expression in (5.31]) minus the elastic term take
the form

(fI(E+V)[). (5.35)

Since the operator V is compact and self-adjoint, it has a complete set of eigen-
functions with real eigenvalues. We must show that for —\ in the spectrum of
V it holds that A < 1. Thus consider

Aoep + ,52—2 65U =0, inB, (5.36)
and
Aefi+ (pocU)|os =0, in 9B, (5.37)
where 6¢U = U [d¢p] +u { } We write (B.36]) in the form

AnG d,o

AJ,
5U+ \ d

5:U = 0. (5.38)

Furthermore we write 5§ﬁ in the form

05U =U'ss =U"Y_ si(R)Yi(Q), (5.39)

where we suppress the index m of spherical harmonics.
Using the radial derivative of U” + 2U’ = 4G to eliminate U”, it is
straightforward to show that (0.38]) can be written in the form

2yl-2 5 1
(R*U"s)) — rrl U's; —4«G;3dg U’ (1 - —> s1=0.  (5.40)

R2 ol R? dp A
Integrating (5.40) over (0, Ry) against R2U’s; we find that

(CH PP+1-2 dp 1
27772 | 12 o 4 2
/0 R2U [sl + (772 HATG (1 >\>> sl} dR
— R2(U”s5))(Ro) = 0. (5.41)

Next observe that the expression for 5§ﬁ makes sense both in the interior and
exterior region, and that 0:U is continuous across 0B and §:U’ suffers a jump

. 8¢l ArG pocU
§eUY Nop(ry = dnG—t  — .
[(0eU) 0B (ro) (ko) N o
where we have used (5.37)) in the second equality. Since

U5 = —4nG a5, (5.43)

4
_ 4G pIs|B, (5.42)

oB )‘
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655 = 4nG (1 - %) (%‘%) . (5.44)

This in turn implies that

(51(Ro) = 4rG <1 - %) <@> (Ry). (5.45)

U/

it follows that

But, by virtue of the multipole expansion in the exterior region, we also have
that

. [+1 - [—1
lim ((U's ’+—U’s>:0z>lim <3/+ s>:O. 5.46
RIRo <( 2 Ry ! RiRo \ ' " Ry (5.46)

Thus l
. / —1 _ l . P si
}%1}{10 <sl + o sl> = 4nG <)\ 1) <—U’ ) (Ro). (5.47)

Inserting (5.47) into (5.41]), there results

Bo el n BH1=2, 2 9
/O\RU |:Sl +Tsl:|dR+R0(l_1)(U Sl)(R()):

B 1 Ro dp 21 e 2
=4rG | - —1 p—si dR+ Rg(U'ps7)(Ro)|. (5.48)
A o dp

Thus (note that U >0 and, since ds has zero spherical mean, [ > 1) it follows
that A <1 ando)\ =1 implies thatosl =0 for ! > 1 and s; = const. This in turn
means that 6:U = U'(c,n) = ¢'9;U which implies

ASeU = 4nG il (e,n) . (5.49)

Thus d¢p = p'(c,n). It now follows that V restricted to quantities with zero
spherical mean has eigenvalues A < 1 and A = 1 implies that d¢p = cpi
Furthermore (5.37)) now implies d¢jt = —p U'(¢,n)|os-

So far £ itself was not involved in the argument. Going back to the definition
(5:26]) we infer that (0¢64;n'n’|gs = 0. Now, due to the presence of the elastic
term in (B.31)), it follows that (6¢0);; = 0 everywhere in B, whence ¢ is a
conformal Killing vector. Dilations and conformal boosts are incompatible with
0¢p = c'p;. The only remaining possibility is that &' = ¢ + Q% X7 with ;; =
g =

Summing up we obtain the

Theorem 5.7. Assume that the radial stability condition, cf. definition
holds. Then the nullspace of L;, under the condition that l; be zero consists
exactly of infinitesimal Fuclidean motions.

As a final remark note that the Antonov-Lebovitz (i.e. non-radial-non-radial)
part of the previous argument does not require any condition on the background
equation of state involving ~. It implies in particular that the kernel of the pure
fluid linearized operator acting on non-radial modes is trivial, i.e. only consists
of {’s being translations or satisfying d¢p = 0. This in turn implies that there
are no nontrivial nonspherical perturbations of a Newtonian perfect-fluid star
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with given equation of state - which in turn is a linearized version of the classical
spherical-symmetry result of Lichtenstein.

6. FREDHOLM ALTERNATIVE

In this section we consider the operator

L:&— (—L[g, I[e))-
We make use of the results and methods of [14, chapitre 2].

Let L' denote the local part of the operator L, corresponding to the first line
of (53a)). Then & — Lloe¢ = (—Ll¢[¢],1[€]) is an elliptic, formally self-adjoint
differential operator of second order. !¢ is therefore Fredholm as a map

H?***(B) — H*(B) x H'/***(8B),

for k > 0, k integer.
Further, let Z be the gravitational part of —L, given by the second line in
(E3a). Explicitely, for X € B,

. . . 1 . ;
ZIE(X) = GEC0D0,U(X) ~ ~GiX) [ (00 ) o) (Xax
= G (X)0,0;U + 4mGp(X),0; (A~ (p¢ xB)) (X).
By assumption, the reference density p is smooth on B. By Lemma[A2] 7 is a
bounded operator
Z : H*(B) — H*(B),
for k > 0, k integer. Hence, £ — (Z[£],0) is a compact linear map
H***(B) — H*(B) x H'/***(9B),

and hence it follows that IL is Fredholm, since a compact perturbation of a
Fredholm operator is again Fredholm, cf. [IT, Theorem 37.5]. In particular, L
has finite dimensional kernel and closed range with finite dimensional cokernel
given by ker L* where L* is the operator mapping

H*B) x HY?7%0B) - H-*7k(B),
defined by
(LE, @) = (€, L7D),
where (-, ) is the duality pairing. Explicitely, with ® = (v, ¢) we have

(LE, @) = /B — L[] dx + aBli[ﬁ]TidS,

and range L is given by the space of F' = (b, 7) such that

/ biv'dr + / 7,0'dS = 0,
B oB
for all ® € ker L*. We have the Green’s identity

/B i Li{€]d /B Lilnléidz = /8 iulelds(@) - | ieias.

oB
Now consider the case k = 0. Since ® € ker L* is equivalent to
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for all ¢ € H?(B), we have for ® = (v,¢) € ker L*,

0= / —Li[¢v'de + | Li[€)p'dS
B oB

= / —&Liwldr + | E0[v] + / (" — v")1;[€])dS.
B oB oB

Since ¢ € H?(B) is arbitrary, this gives immediately that L;[v] = 0. Further,
we have that (&,1[¢]) is a Dirichlet system on 9B, and hence it follows that
lijv] = 0 and ' = v* on 9B. It follows from the analysis in [14] that the kernel
and cokernel of I are independent of k, and hence are well-defined. We end up
with the following result.

Proposition 6.1. Assume that the radial stability condition, cf. definition[5.4),
holds. Let k > 0, k integer. The operator § — L[§] = (—L[¢],1[¢]) is a Fredholm
operator

H?**(B) — H*(B) x H'/***(8B),

with finite dimensional kernel, and range consisting of (b;, ;) such that

/—bivid$+/ 0'dS = 0,
B oB
for all v € ker L.

7. IMPLICIT FUNCTION THEOREM

In this section, we assume that the radial stability condition, cf. definition
B4 holds. Let py, A € (—¢,€) be a 1-parameter family of densities on B. Let

Flox: @] = (bilpa, 0], 7i[x, ¢]) where
bilp, ¢ = —0a(pT) + p(O;U) 0 ¢,
i = TAmAbB.
The Frechet derivative of F at the reference state A = 0,¢ = id is
DoFly_g e = LE = (~LIELUE).

By theorem B.7, and proposition we have that the kernel and cokernel of
Do F consists of Killing vector fields, i.e. ¢* of the form ¢" +w'; X7 for constant
¢t w', Wij = Wiij)- '
Now let P be the projection defined by P : (b;, %) — (b, 7;), with
b/i =b;+c + winj,

p, 9l
p, 9l

for suitable ¢;,w;; such that (b’ ‘ %) are equilibrated, i.e.

/ ViCide — / 7:¢tdS = 0,
B oB

for all ¢* € ker L. The above determines b, in terms of b; and 7; and hence also
the projection operator P.

We eliminate the kernel of L = D¢]~'|>\:0 $=id by fixing the 1-jet of ¢ at the
origin. Denote the space of £ € H***(B) with &(0) = 0, 0;£;(0) = 0 by X and
let Y denote the range of L. Then we have that L : X — Y is an isomorphism.
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Now the following result is an immediate consequence of the implicit function
theorem.

Proposition 7.1. Fiz k > 1 and € > 0. For A\ € (—¢,¢€), let X — py be a
1-parameter family of smooth functions on B, so that p = pg is a solution to
Flp,id] = 0. There is an ey > 0 so that for X\ € (—ep,€g), there is a unique
ox € H*F(B) with ¢(0) = 0, 9;¢'(0) = &}, such that

PF[px, ¢a] = 0.

7.1. Equilibration. Recall that the the field equation in the Eulerian picture
takes the form

Vi(Tinffl(B) + @ij) = 0.
For ¢* a Killing field we have V(i¢j) = 0 and hence

/ GVi(T7X-1(5) + ©7)dw = _/ ViGi (T X1 () + OY)dw = 0,
R3 R3
since 79 = 7(4) and ©U = ©@W), Recall

VZ@Z] = prfl(B)ajU.

Applying the change of variables formula and the Piola identity, and taking

into account the boundary condition Tijni‘ of-1(8) = 0 we have

0= / {j o QS[—@A%AJ‘ + (8]'U) o ¢pldX,
B

and hence (b;,0) is equilibrated with respect to (* o ¢.
We are now ready to prove

Theorem 7.2. Assume that the radial stability condition holds. Fix k > 1
and € > 0. For A € (—e€,¢€), let A — py be a I-parameter family of smooth
functions on B, so that p = pg is a solution to Flp,id] = 0, and ﬁA‘é)B = po
for X\ € (—€,€). There is an €y > 0 so that for A € (—eq,€p), there is a unique
ox € H*F(B) with ¢(0) = 0, 9;¢'(0) = &}, such that

Flpxr, o2 = 0.

Proof. Let ¢y be the solution to PF[py, ¢»] = 0 constructed in proposition [T}
and let K denote the space of Killing fields on R?. By the proof of proposition
[T we have that the load b° = b’[jy, #»] corresponding to ¢, satisfies b* € K.
On the other hand, we have by the above discussion that

/Ciogb)\bi =0, VCi € K.
B

For ¢, sufficiently close to id this implies b; = 0. Since ¢, depends continuously
on A, the result follows. O
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8. NON-SPHERICAL NATURE OF SOLUTIONS

It is important to understand that the method we have developed in this
work is capable of “building mountains”, i.e. that the solutions we construct
are indeed non-spherical. Before proving that this is the case, it will be useful to
make a few observations on the pure fluid case, where the action in the material
frame ([B7) takes the (static Euler-Poisson) form

Loglisol = [ 30X e(p det(@) ™) (X)X
G dX dX’
=2 ) .
2 JBxB [P(X) — (X))
Let 9 be a diffeomorphism ¢ : B — B (in particular ¢ maps 9B into itself).
Further, let py = po) ,g_;% where ]3—3@\ = det(¢'4), and ¢, = po 1. Then the
action given by (B.]) satisfies the covariance property

Lepp; @] = Leplpy; dy)- (8.2)
This covariance property is of course reflected by the fact that the Fulerian
variable p[p, ¢|(x) = (p ]g—;z |71)(¢~(z)) remains unchanged under the action of
Y on (p,¢). It follows that the Euler-Poisson system is symmetricﬁ under the
action of the infinite dimensional group of volume preserving diffeomorphisms
1 of B, i.e. when 1 leaves the volume form pdX invariant, then

£ep[po; gb o 7!)] = Eep[ﬁ? ¢]
Next recall from a theorem of Moser [16] that for any positive densities p1, po
in B such that [;p1dX = [ p2dX there exists a diffeomorphism ¢ : B — B,
such that ps = p1 09 |g—;p<|. Thus, for fluids, any change of density p leaving its
integral over B unchanged, should be viewed as a mere change of gauge. Note
that fBﬁdX is nothing but the total mass of the physical solution, namely

f¢(3) plp, ¢)(z) dz.

Remark 8.1. The above transformation properties explain the fact that the
linearized operator (5.3, in the absence of the elastic terms, has a kernel con-
taining translations plus the infinite dimensional set of vector fields & satisfying
d¢p =0 and €'nilp = 0. When the radial stability condition, cf. definition [5.7)
holds, the proofs of lemmali.3, and of proposition[5.8 in the case where [ is zero,
show that the kernel in fact consists of these vector fields. Finally, we remark
that the transformation properties can be used to derive the identity stated in
proposition [51. The proof of the last statement is left to the reader.

(8.1)

Let 6p = % Pxla=0. Before stating our proposition on lack of spherical sym-
metry we prove two lemmas. The first concerns the form of the perturbed
Eulerian density and Cauchy stress.

5Not that covariance refers to a change of both the field variable ¢ and the background
field, whereas symmetry refers to change of field variable leaving the background invariant.
For example, special relativistic Maxwell theory (the background field in this case being
the Minkowski metric) is covariant under spacetime diffeomorphisms but symmetric under
Poincare transformations.
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Lemma 8.1. There holds

d ., . .
UL o 0p — 0¢p, (8.3)
and
Lrloron] = D5~ sp)oy — 41 (G )y (5.4
d)\ 1] Ay PA "0 dﬁ g () 5 1]+ .
Proof. The proof of ([83) follows easily from ([BI3). The proof of (84 follows
from (B.2]) together with (B.9]). O

The second lemma concerns the linearized problem.
Lemma 8.2. The linearized problem, namely
D, Flp,id].§ = —Dy Flp,id).5p (8.5)

takes the explicit form
. ldp . . o S R
p&<3£Q0+QU>+4W[NO%ﬂﬂ

dp
o (ldp . o Op)(X) -,
=50 (—O—O 5p> —Gpo; | =L dX!, (8.6a
pdp 51X —X'| (868)
dp

_ (@ 5 /3> n
oB dpo '
for the boundary part.

Proof. The left hand side of ([BX)) is clearly given by (&5). To deal with the
right hand side, we first note that since the invariant 7 is independent of p, the
elastic contribution to the right hand side of (8Gal) is zero. Now the form of
the right hand side of equation (8.6al) follows by explicit computation from the
fluid Euler-Lagrange equation, namely

Olpetj det(e'5) "))

0" 2
—Gmxyfhl) HOXNAX, (8.7)
B\ 12/ = (x)—a(x)

in B. Finally, the form of the right hand side in the boundary condition (8.6hl)
follows easily from

for the bulk and

dp o . o .
K—p Sep+ p U’§]nj> ni +4p1 (55&)1-]-74

g[ﬁ) qb]l = _aA

. dp

Ag s A

Dp°7' i[p, ld] = _d_,(o)é i (88)

which in turn follows from (&.1). O
We now state our result on lack of spherical symmetry.

Proposition 8.3. Suppose [ > 0. and that the stability condition (BIR) is
satisfied. Let a non-zero function dp on B be given, which has only | > 2
nonzero modedd in its spherical harmonics expansion, and which has 0p|lop = 0.

6The index I should not be confused with I(p, 7,6) or [.
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Then the perturbed stress of the physical body, given by [8Al), is not spher-
ically symmetric. Here the perturbed stress is calculated with respect to the
unique vector field £ solving equation [83), constructed as in section[7.

Remark 8.2. The proof of proposition applies more generally in the case
when the quadratic form, defined by (BI0) with the elastic terms set to zero, is
positive definite.

Proof. We first show that with the given dp, the right hand side of (86al), which
we shall denote by H;, is non-zero. Assume for a contradiction, that H; is zero.
Since dp has only I > 2 modes, it holds that

/6[5dX:O
B

and hence there is a vector field n® such that 6, = dp and n'n;|os = 0.

Inserting d,p into the right hand side of equation (8.6al), and taking into
account that dp|sp = 0, we see that H; is identical to L;[n] given by (5.5]) for
the particular case when the elastic term is absent, i.e., with [=0.

It follows from dp|ss = 0 that the vector field 7' satisfies 9;n'|ss = 0. Hence
we have that 7 is in the null space of the operator L; given by (5.5]) and satisfies
the boundary condition (B.27), both in the case [ = 0. Then the proof of
proposition in the case where [ = 0 shows that either 7 is a translation
Killing vector or 6,p = 0. If §,p we have a contradition, and hence 7 is a
translation. However, in this case, dp has only [ = 1 components, and it follows
that 6p = 0, which gives a contradition. Thus we have proved that H; is
non-zero.

Further, by construction, H; has only [ > 2 components. To make concrete
what this means for a (co-)vector field, recall that any covector ; can be written
in the form

ki = an; + (67 — nmj)ajb + qjknj@kc
where a, b, ¢ are scalar fields on [0, Ry] x S? with a unique, and b, ¢ unique up
to constants. The triple of scalars (a,b,c) corresponding to covector H; has
non-zero [ > 2 components in its spherical harmonics expansion. Due to the
stability condition (.I8]), the boundary value problem given (8.6]) has a solution
€', which is unique up to Killing vectors.

Recall that Killing vectors have only [ > 1 components. It follows that we
can set the | < 1 components of £ to zero, and get a solution which we also
denote &' to (B8], such that ¢ has only [ > 2 components.

Finally we show that the the perturbed Eulerian stress tensor (8.4]) is not
spherically symmetric. To do this we note that if it were spherically symmetric,
then its tracefree part would be of the form

for some function A depending only on R. Since by construction £ is non-zero
and has only [ > 2 modes, equation (8.9) can have a solution only if A = 0
and & is a conformal Killing vector. But conformal Killing vectors have only
[ < 1 modes, which is a contradiction. Therefore, the perturbed Eulerian stress
is not spherically symmetric, which completes the proof. O
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We finally point out that it would be interesting to have information about
the spherical behavior of £'n;|g5, since this describes the shape of mountains to
order A. However, this would require a detailed analysis of the boundary value
problem given by (86l), which we defer to later work.
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APPENDIX A. ESTIMATES FOR THE NEWTONIAN POTENTIAL

Here we prove some potential theoretic estimates which are used in our anal-
ysis. We discuss here only estimates in the setting of L? Sobolev spaces H®.
See [20, Chapter 4] for background. The analogous results hold in the setting
of Sobolev spaces of LP type W*P,

Consider R", n > 3, with Cartesian coordinates (z*), and with the Euclidean
metric. Let €2 be a smooth, bounded domain in R", with boundary 0f). Let
n’ be the outward directed normal to 2. The trace of a function f on 09 is
denoted Tryq f.

Let w,, be the area of the unit sphere in R”, and let £ = —1/(wy,|z|""2) be
the fundamental solution of the Laplace equation. The volume potential of a
function f is

Vi@ = [ Bla—a)f(a)a
and the layer potential S[f] is

S[fl(z) = - E(z —a') f(2")dS(a"),

where dS' is the induced volume element on 9{2. We shall need the following
standard result, cf. [19] Chapter 7, Proposition 11.2]. (See also [19, Chapter 7,
Proposition 11.5] The assumption that the complement of € is connected made
in [19] Chapter 7, Proposition 11.5] is not relevant for the continuity property
which we need here.)

Lemma A.1. S defines a bounded operator S : H¥~1(092) — H*(09).

Let xq denote the indicator function of €2, i.e.

1 e,
xa(z) = 0 z¢Q

and let dpn be the delta-distribution supported on 9€2. Let f be sufficiently
regular so that the trace Trgq f is defined. Then the following identity is valid
in the sense of distributions.

9i(fxa) = (8if)xa — Tr[fn']0sq. (A1)
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To see this, let ¢ € C§°(R™) and let & be a vector field on R”. Then we have
; ¢ Dixadr = ; $0i(£'x0) — ¢(0:€")xad
— [ d0tixa - 90 xads

=— | ¢n'dS— | $(8:¢")xad.
aQ R
Specializing to the case €80, = 9; gives (AI). From (A.I) we have immediately,
by the chain rule and the differentiation formula for convolutions,

OVIf] = VIoif] - S[fn']. (A-2)
We can now prove the following.

Lemma A.2. Let s > 0, s integer. Then V defines a continuous map
V:H(Q) — HT2(Q).

Proof. The case s = 0 follows from the standard interior estimate for the
Poisson equation, cf. [I4] Chapitre 2, Théoreme 3.1]. The proof now pro-
ceeds by induction, with s = 0 as base. Let s > 1 and suppose we have
proved the statement for s — 1. Let f € H®(f2). By the trace theorem,
[20, Chapter 4, Proposition 4.5], Traq[fn'] € H*~'/2(9Q) and by lemma [AT]
S[fn'] € H**Y/2(0Q). Now, S[fn’] is harmonic in Q with trace on 9Q in
H5t1Y/2 1t follows that S[fn’] € H**'(Q). Further, by the induction hypoth-
esis, V[0;f] € H*T1(Q), and hence 9;V[f] € H**1(Q). Again by the induction
hypothesis, V[f] € H*T1(Q), and hence it follows that V[f] € H*T2(Q), which
closes the induction and gives the result. O
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