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Abstract

The elastic-gravitational equations describe the deformation and the gravitational field of an elas-
tic self-gravitating continuum. These second-order evolutionary partial differential equations,
boundary conditions, and interface conditions are the governing equations of global seismology.
Solutions of this system — as well as its generalization including wave attenuation and viscoelas-
tic rheology — cover a great variety of the Earth’s motions, ranging from the high frequency
seismic body and surface waves, the longer-period free oscillations and tidal deformations, to
the effects of surface loads like glacial rebound. In this thesis we derive and analyze the system of
elastic-gravitational equations for a uniformly rotating composite fluid-solid earth model under
minimal assumptions concerning the smoothness of material parameters and interface geometry.
For this purpose we first establish a consistent mathematical formulation of the low-regularity
planetary model within the general framework of nonlinear continuum mechanics. Then we
apply calculus of variations in a Sobolev space setting on composite domains and show how
the weak form of the linearized elastic-gravitational equations directly arises from Hamilton’s
principle of stationary action. Finally we prove existence and uniqueness of weak solutions by
the method of energy estimates and discuss additional regularity properties. Thereby we obtain
a complete low-regularity variational model for seismic waves in a self-gravitating planet. This
model allows to further develop the spectral theory of the Earth, may improve numerical mod-
eling of wave propagation, and eventually provides a basis for investigating the inverse problem
in global seismology.
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Introduction

The Earth is a complex physical system in which various mechanical, thermodynamical, chem-
ical, and electromagnetic phenomena are interrelated. Due to the broad range of spatial and
temporal scales, different theories will be correct within the different regimes of geodynamic pro-
cesses. Specifically, increasing the time scale from seconds to millions of years, the description
of the mechanical properties of the globe changes from elastic (seismic waves, free oscillations,
Earth tides), to viscoelastic (post-seismic deformation, glacial-isostatic adjustment, plate tec-
tonics), and viscous (mantle convection).

The elastic-gravitational equations in global seismology describe the interaction of elastic and
gravitational forces in the uniformly rotating Earth. Gravity is clearly negligible in high-
frequency seismic wave propagation or is just considered as a passive restoring force in geo-
physical fluid dynamics of the atmosphere or oceans. However, the Earth’s gravest seismic
normal modes deform the whole planet and the resulting change in the mass density distribu-
tion will induce a detectable temporal variation of the global gravity field, which in turn actively
influences the oscillations of the Earth. The elastic-gravitational equations essentially consist of
the seismic wave equation, which is generalized to include this effect of self-gravitation. Thus,
this second-order evolutionary system of partial differential equations for the displacement and
the gravitational potential can be considered as the governing equations of low-frequency global
seismology.

In this work, the elastic-gravitational equations are rigorously derived and analyzed within a
consistent mathematical model of low regularity, representing a planetary body with a very
general three-dimensional structure. Specifically, we only require that the material parameters,
that is, mass density and elastic coefficients, are L>° (bounded measurable functions) and allow
for rough boundary and interface geometry (Lipschitz surfaces). The derivation as well as the
analysis of the governing equations are based on variational methods within an appropriate
Sobolev space setting: On one hand, Hamilton’s principle of stationary action directly leads to
the weak formulation of the system, which naturally incorporates the boundary and interface
conditions. On the other hand, we employ the variational solution technique of energy estimates
to infer existence and uniqueness of solutions of the linearized system of elastic-gravitational
equations.

Outline and main results

The thesis consists of two parts: Part I (Chapters 1-3) discusses the prerequisites and Part 11
(Chapters 4-8) contains the main results of this work.

In view of the needs that readers with a pure geophysical background might have, Part I pro-
vides a rather detailed review of the relevant mathematical methods. In Chapter 1 we give
an introduction to continuum mechanics and elasticity, with special emphasis on mathematical
modeling aspects. After a very brief discussion of global seismology and the gravity field of the
Earth, Chapter 2 presents the complete system of elastic-gravitational equations, including all



boundary and interface conditions, both in its full nonlinear version and in its linearized form.
Chapter 3 is devoted to variational solution methods for partial differential equations. We dis-
cuss calculus of variations including the classical Euler-Lagrange equations as well as the natural
boundary and interface conditions. Then we summarize important properties of Sobolev spaces,
introduce the concept of weak solutions of partial differential equations, and finally we present
the key ingredients of the method of energy estimates for proving well-posedness of second-order
evolution equations with time-independent coefficients.

In Part II, a consistent variational model for the elastic-gravitational equations in global seis-
mology with low regularity is developed. In Chapter 4 we introduce a composite fluid-solid earth
model describing a terrestrial planet. Since frictional dissipation can be neglected in the seismic
regime, the system of governing equations is conservative and may be obtained variationally
via Hamilton’s principle. The corresponding action integral is defined in Chapter 5 based on
energy considerations. In Chapter 6, we set up the linearized variational model by defining
small perturbations of the fields and by approximating the action up to second order. This
enables us to employ calculus of variations in a Sobolev space setting and rigorously deduce the
weak formulation of the linearized elastic-gravitational equations in Chapter 7. In Chapter 8 we
finally prove existence and uniqueness of solutions and discuss additional regularity properties.

We summarize the main results of the individual chapters of Part I in more detail:

e The composite fluid-solid earth model (Chapter 4): We set up a general planetary model
that is composed of fluid and solid interior regions within the framework of nonlinear continuum
mechanics. First we define the notions of interior boundaries and Lipschitz composite domains
(Definitions 4.1, 4.2) and present an adapted version of the divergence theorem (Lemma 4.11).
These are the prerequisites needed to introduce the composite fluid-solid earth model as a disjoint
union of Lipschitz domains (Definition 4.12). We define the class of admissible motions ¢ as
piecewise Lipschitz regular maps, additionally satisfying certain kinematical interface conditions
on the welded solid-solid interfaces and on the perfectly slipping fluid-solid interfaces (Definition
4.19). The other state variables of the earth model are the spatial mass density p* and the spatial
gravitational potential ®°.

e Action (Chapter 5): We introduce the nonlinear variational model by summarizing the
consistent regularity conditions on the interface geometry and the state variables, which were
identified in the previous chapter (Assumption 1). First-principle energy considerations lead us
to the definition of the action, which consists of a volume integral plus a surface integral, taking
into account the work done by slip along fluid-solid interfaces. Self-gravitation is modeled by
the Poisson equation, which is rigorously included in the variational principle via a Lagrange
multiplier argument (Section 5.2.3). In order to apply this method in a Sobolev space setting, the
separation of the gravitational monopole term turns out to be a crucial ingredient (Lemma 4.29).
Conservation of mass allows us to express p® in terms of its initial value p° (Section 5.2.4). As a
brief interlude, we review an abstract geometric variational formulation of continuum mechanics
that also incorporates the kinematic interface conditions via generalized variations (Section 5.3).
Finally we show that, at least on a formal level, stationarity of the proposed action indeed yields
the Euler-Lagrange equations and natural boundary /interface conditions that coincide with the
correct nonlinear system of elastic-gravitational equations (Section 5.4).

e Linearization (Chapter 6): We linearize the earth model and decompose the state variables
i and ®° into their equilibrium values and small perturbations, representing the displacement u
and the incremental gravitational potential ®*'. Due to static equilibrium between gravitational,
centrifugal, and elastic forces, the equilibrium stress (prestress) must not vanish. Consequently
the theory of prestressed linearized elasticity has to be employed, which in particular results
in different incremental stresses (Section 6.4). In view of the regularity conditions of Assumption
1, we find that the linearized fields are naturally defined as piecewise H' functions corresponding



to the fluid and solid interior regions. It is straightforward to incorporate the linearization in
the variational approach by approximating the action up to second order in the perturbations
(Lemmas 6.7, 6.8). However, the occurrence of quadratic terms in the surface action forces
us to additionally assume that the fluid-solid interfaces are at least Cb! (which guarantees
bounded curvature) and that the equilibrium pressure p° is Lipschitz continuous on the interface;
othelrwise thtl'—z interpretation of the surface action in terms of a surface Sobolev duality between
H™2 and H?2 seems to be impossible. We conclude with a discussion of the fluid-solid interface
energy, explaining why the surface action will vanish in the nonlinear model, but must be nonzero
in the linearized model (Section 6.6.3).

e Variational derivation of the elastic-gravitational equations (Chapter 7): We intro-
duce the linearized variational model which consists of L material parameters (density
and elastic coefficients), piecewise H! fields ®*! and u with tangential slip, and the additional
fluid-solid surface regularity conditions identified in the previous chapter (Assumption 2). A
general version of calculus of variations for quadratic Lagrangians in a Sobolev space setting
is presented, which in particular includes surface integrals and composite domains (Theorem
7.4). In the proof, the unboundedness of the coefficient VV®° (Hessian of the equilibrium grav-
itational potential) is treated via Sobolev embedding techniques. By applying Theorem 7.4 to
the approximated action, we rigorously obtain the weak formulation of the elastic-gravitational
equations (Section 7.3). Stationarity of the first-order terms yields the equilibrium equations
(static equilibrium equation (2.19), equilibrium Poisson equation (2.20)); stationarity of the
second-order terms implies the dynamical equations (equation of motion (2.26), perturbed Pois-
son equation (2.27)). Moreover, we identify higher regularity conditions that are sufficient to
establish the strong form of the equations, as well as the boundary and interface conditions
(Assumption 3, Corollary 7.6). Thereby we recover the complete system of linearized governing
equations from Hamilton’s principle within a consistent low-regularity setting.

e Analysis of the elastic-gravitational equations (Chapter 8): We analyze the linearized
system of elastic-gravitational equations and investigate existence, uniqueness, and regularity
of solutions within the low-regularity setting defined in Assumption 2. In Propositions 8.1 and
8.2 we establish solvability and regularity properties of the weak equilibrium equations. In par-
ticular, solvability implies higher regularity, showing weak-strong uniqueness of the equilibrium
equations. The mapping properties of the solution operator of the perturbed Poisson equation
(Lemma 8.3) allow us to consider the gravitational contributions as zero-order terms in the
equation of motion. Solvability of the dynamical equations is established by the method of
energy estimates, which requires additional positivity conditions for the material parameters
(Assumption 4). We argue that the surface term can be incorporated in the estimates, provided
that the fluid-solid interface curvature is sufficiently low compared to the elastic coefficients.
In the main result, Theorem 8.9, we prove existence and uniqueness of weak solutions
of the equation of motion under the Assumptions 2 and 4. We conclude with a discussion of
further regularity properties of the solution under more restrictive conditions on the coefficients:
Propositions 8.10 and 8.11 show that in case of piecewise Lipschitz material parameters, validity
of the dynamical equations in strong form, including the boundary and interface conditions, can
be inferred from the weak solution.

In summary, we describe, derive, and analyze the complete system of elastic-gravitational equa-
tions (2.19)—(2.35) within a consistent variational Sobolev space framework and under minimal
assumptions on interface geometry and regularity of material parameters.

The results of the Chapters 4-7 are also presented in [BAHH17].



Previous work and perspectives

The formal variational derivation of the linearized elastic-gravitational equations and the corre-
sponding second-order action integral is well known in theoretical seismology, e.g. [PJ58, Woo76,
WD78, Gil80, WR90, LR90, DT98, WD07]. Without a connection to its variational foundation,
the weak formulation of the linearized governing equations is also discussed in the geophysical
literature [Val86]. The question of well-posedness of the linearized system was recently addressed
in [dHHP15].

A complete solution theory for the general system of nonlinear elastic-gravitational equations
presently seems to be out of reach. In fact, the governing equations of nonlinear elastodynamics
form a quasilinear system of multidimensional hyperbolic conservation laws, which is hard to
analyze [MHS83, Ball0, Dafl6]. Some results on short-time existence and uniqueness of solu-
tions could be established in R? via semigroup methods by [HKM77] and for the displacement
problem on a bounded domain via energy estimates by [DH85]. On the contrary, the solu-
tion theory for the equations of classical linearized elasticity is well developed, at least in the
case of sufficiently smooth coefficients. We mention [HM78], where energy estimates are em-
ployed to analyze the equation of motion of classical linearized elasticity on a compact domain
with smooth boundary and for smooth material parameters, based on a formulation as a linear
first-order symmetric hyperbolic system. However, because of the coupling to gravity and the
resulting mixed spatial-material nature of the system, together with the nonzero prestress, the
low regularity assumptions, and the presence of fluid-solid interactions, the linearized system of
elastic-gravitational equations is situated in between these two extremes.

The mapping properties of the elastic-gravitational operator are related to the spectral problem
of the Earth [Val87, Val89a, Val89b]. In particular, questions of completeness of eigenfunctions
are crucial, e.g. for the validity of the synthetic seismograms obtained via the mode-summation
method [Wah81, LCK98, WDO07]. The difficulties are mainly caused by the presence of the
fluid outer core [Cro84, SSR84, CHLI1, RV09]. Moreover, since the weak formulation is essen-
tially the basis of the finite element method, a consistent function space framework may im-
prove numerical methods for global seismic wave propagation, e.g. the spectral element method
[KT02a, KT02b, CV04, MGLDO6]. Finally, from a geophysical modeling perspective, the pro-
posed low-regularity variational model for the elastic-gravitational equations solves the forward
problem of global seismology and thereby also provides a framework in which the inverse problem
can be investigated.



Notation

In order to make the text accessible to both, an audience from geophysics as well as from
mathematics, we feel the necessity to briefly discuss the notation. We highlight only those
concepts whose notational differences in the literature are most prominent and thus restrict
ourselves to mainly collecting our conventions for tensors and derivatives of functions of multiple
variables. Other definitions are presented within the main text.

Our basic setting is the classical Newtonian space-time. Thus we generally work in R™ or consider
subsets of R™ x I, where I C R corresponds to a time interval. General subsets of R™ are often
denoted by 2, V, or B, where the latter is reserved for continuous bodies, in particular for the
Earth. However, in accordance with the geophysical literature [DT98, KB08], 2 will also denote
the angular velocity vector of the Earth’s rotation.

Components of a vector (or a tensor) are defined with respect to Cartesian coordinates in R",
if not stated differently. The ith component of a vector a € R" is denoted by a; € R and A;; € R
is the entry of an m x n-matrix A € R™*" in the ith row and the jth column:
a = (aj)?zl e R" and A= (AZJ)Z_?Zl € R™*™,

We view vectors as column vectors, i.e. R” =2 R™*! and identify m x n-matrices A € R™*"
and linear operators A: R® — R™. If A € R™" is invertible, we denote its inverse by A~!
and set A7 := (A™1)T, where (.)7 denotes matrix transposition. The unit matrix in R" is
loxn = (51-]-)?’]»:1, where 6;; = 1 if ¢« = j and 0;; = 0 if ¢ # j, called the Kronecker delta.
In R3, the Levi-Civita permutation symbol € satisfies €;j1 = 1 if the indices 1, j, k are an even
permutation of 1,2,3, €, = —1 if ¢, j,k are an odd permutation of 1,2,3, and ¢;;;, = 0 if two
indices are equal.

Indexed quantities of more general order p € N are denoted by (Allzp)?:;;’; 1- These higher-
order tensors correspond to multilinear forms on the respective Cartesian product. In partic-
ular, “matrix”, “second-order tensor”, and “2-tensor” will be used synonymously. Most of the
time we will ignore the difference between covariant and contravariant indices. Specifically, we

identify tensors of type (}) and (9) and just call them tensors of order p or simply p-tensors.

We often find it useful to employ summation convention, i.e. we take the sum over any index
that occurs twice (e.g. agby = Y. apbg or ai = >, a). As an alternative to index notation
we adopt the so-called Gibbs notation (see [Wil60, p. 265 and p. 306]): The tensor product
(dyadic product) AB, the contraction (dot product) A - B, and the double contraction
(double dot product) A : B of quantities A, B with multiple indices are denoted by

AB:=(A_iBj ). ij.., A-B:=(A_yBy.).., and A:B:=(A_iBij. ).

Gibbs notation is widespread in geophysics [BMS81, DT98], but is not standard in mathematics.
Specifically, in the mathematical literature one would replace AB by A ® B. Furthermore, if
A, B are linear operators (matrices) the contraction (matrix multiplication) A - B corresponds
to the composition of linear operators which is usually written as AB.

The norm in a normed vector space E is generally denoted by ||.||5. If E is equipped with
an inner product, this is denoted by brackets (.|.)g. The bracket (.,.)g g stands for the
duality between the topological dual E’ = Lin(E,R) = {f: E — R, continuous, linear} and F;
if not stated otherwise, (.,.) is the distributional duality between the space of distributions D’
and the space of test functions D. In case of Cartesian products we generally do not indicate
dimensions of the spaces in the respective norms, products, dualities, e.g. the norm on the
space E™ = E x ... x E is denoted by ||.||; (instead of ||.|gn). In particular, in consistence
with the notation for contraction introduced above, the Euclidean inner product of a,b € R" is



(alb) = a - b = apbg (dot product) and the Frobenius inner product of matrices A, B € R"™*"™ is
(A|B) = A: B = A;;jB;j (double dot product). Vertical bars |.| denote both, the absolute value
la| of a real (or complex) number a € R (or C) as well as the Euclidean norm |a| := \/(ala) of
a vector a € R™.

The derivative Df of f: R™ — R™ is a linear operator acting from R™ to R™; Df(a) is the
derivative of f in the direction of ¢ € R™. The matrix representation of D f as an element of
R™*" follows from the identification Df - a := D f(a):

Df = (@‘fi)Z}’Zr

Here, 0; denotes the partial derivative with respect to the jth variable. Note that our convention
for the derivative Df as (0;f;)i; is transposed compared to the one in [DT98]. We further use
the row-wise definition of the divergence of f: R" — R™*"

divf = (9)fij)izs,

that is, the derivative operator is contracted with the last index of f. If F' depends on a matrix
A € R™" then the derivative of A +— F'(., A) is given by d4F with components 4, F. In
particular, if A = Dy for y: R" — R™, then Op,F denotes the derivative of Dy — F(., Dy), in
components:

(OpyF)ij = Do,y F-

The derivative operator D is replaced by V if only spatial coordinates are involved; the time
derivative is denoted by 0; or with an overdot. Specifically, the space-time derivative of R xR 3
(x,t) — q(z,t) € R is the following row-vector of length n + 1,

Dq = ((Vg)",0q) = (014, ..., 0nq, d).

The column vector Vg = (an);'l:l is referred to as the gradient of ¢q. However, in case of a
vector valued function R” xR 3 (z,t) — f(x,t) € R™ we disregard transposition of the gradient
operator V and identify the space-time derivative with the m x (n 4 1)-matrix

Df =(Vf,0:f) = (957520, (fi)ith)-

If & C R™ is open, we denote the space of (vector-valued and real) continuous functions f
by C°(Q,R™) = CO(Q)™ = {f: Q@ — R™, continuous} for n,m € N (or C°(Q) if m = 1).
Analogously C*(Q)™ consists of k-times continuously differentiable functions f: Q — R™. If
X C R" is arbitrary but with nonempty interior, then f € C¥(X)™ if there exists an open set
Y 2 X and a function g € C*(Y)™ such that g|, = f

If B C R™, then the identity map B 3 z — = € R™ (embedding of B in R™) will be denoted by
Idp, that is, Idg(z) = x for all z € B. If B x I C R™ x R, we use the same symbol to denote the
map B x I 5 (z,t) — = € R", that is we write Idp(x,t) = x, under a slight abuse of notation.
If f: Bx I — R™ we will frequently write

fi=f(,t): B—>R™

This notation is natural in continuum mechanics, since the time variable ¢ can often be considered
as a passive parameter.
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Chapter 1

Continuum mechanics and elasticity

Continuum mechanics is concerned with the motion, the deformation, and the mechanical in-
teraction of matter possessing certain material properties. Solids and fluids are modeled as
continuous bodies, neglecting their internal molecular or atomistic structure.

Classical references for continuum mechanics are the monograph [TT60, TN04], more physical
introductions are [Mal69, Gur81l, GFA09], and [NH&81, MH83, Cia88, Sil97, Ant05] deal with
more advanced mathematical aspects, in particular of elasticity theory.

The aim of this chapter is twofold: We wish to explain basic physical principles of continuum
mechanics and try to identify a mathematical framework which allows to correctly formulate and
analyze the governing equations. We first give a brief overview of the mathematical foundations
of continuum mechanics and the modeling of continuous bodies, which is still an active branch
of research (Section 1.1). Then we discuss the kinematics and dynamics of continuous bodies,
that is, their motion, the material and spatial representation of fields, the fundamental balance
laws, and the concept of stress (Section 1.2). Finally we present the material properties of elastic
media (Section 1.3).

1.1 Mathematical foundations of continuum mechanics

In order to give a concise mathematical formulation of the fundamental concepts of continuum
mechanics, one needs to specify the sets or functions for modeling the kinematics and dynamics of
continuous bodies, as well as the constitutive relations. The “correct” model is “mathematically
precise, physically natural, conceptually simple” [Ant05], “including all that can possibly be imag-
ined by an engineer but excluding all that can be dreamt up only by an ingenious mathematician”
[NV88]. Ideally, the derivation, the formulation, and the analysis of the field equations should
be possible within one and the same mathematical framework. Modeling involves expressing
physical relations in mathematical terms. However, this often cannot be done in a straightfor-
ward way, especially if many different physical processes are involved. This difficulty is not new:
As a matter of fact, the “mathematical treatment of the axioms of physics” is Hilbert’s Sixth
Problem [Hil02].

1.1.1 The governing equations of elasticity

As a motivating example we present the field equations of elastodynamics in space dimension
three (n = 3). In material representation, they consist of a second-order quasilinear system of
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PDEs, comprising the equation of motion
P2 (X) p(X,t) — div TPX(X, t) = f(X, 1), (1.1)
the constitutive equation
TPH(X,t) = Ov, ,W (X, Vo(X,t)), (1.2)
and the (kinematical and dynamical) boundary conditions

_ PK —
SO‘FDX[to,h] =¥D and T ) V’FNX[to,tl] =7N- (]‘3)

The Cauchy problem for elastodynamics is to determine the solution ¢ of this system, given the
initial conditions
©(.,t0) = ¥o and &(-yt0) = vo. (1.4)

Here the continuous body is modeled by a set B C R? that evolves within the time interval
I = [to,t1]; the pair (X,t) € B x I is a point in classical space-time R® x R (see the figure
below).

B B,

Figure 1.1: The motion ¢: B x I — R"™ moves and deforms the original body B to B; = ¢(B,t).
The boundary of the body is the disjoint union 0B = I'p U 'y which is equipped with the
exterior unit normal vector field v: 9B — R3. Moreover,

¢: B x I — R3 is the motion of the body (velocity ¢ = d;¢, acceleration $ = 97¢),

p?: B — R is the reference mass density,

TP%: B x I — R3*3 is the first Piola-Kirchhoff stress tensor,

f: B x I — R3 is the external volume force density field,

W: B x R3*3 - R is the internal energy density per unit volume,

depending on X and the deformation gradient V. Here dy,W stands for the derivative of

W (., F) with respect to F € R3**3  in components (Ov W )ij = o, 0 W = a(%‘./[;.)v and div
3P

denotes the row-wise divergence: (divT"™); = (V- T"); = 0;T;*.

The prescribed initial and boundary data are functions

0o: B—R3 w:B—-R>  and ¢p:IpxI—R3 7y:TyxI—R.

The elastic-gravitational equations essentially consist of these governing equations of elastody-
namics and additionally include the effect of self-gravitation: The volume force is generalized to
contain the force of gravity, which in turn depends on the current mass distribution within the
body and hence also on its motion.



1 Continuum mechanics and elasticity

1.1.2 Modeling continuous bodies

In physics, an n-dimensional continuous body is a set that ([Ant05, p. 417], [Sch07]),

(A) can occupy regions in space, and

(B) has volume, mass, can sustain forces, and, in particular, can interact with other bodies.

By requirement (A) it is natural to model a continuous body as a topological space that can be
mapped diffeomorphically to suitable subsets of R™. Then it is convenient to identify the body
with the region B C R” which it occupies at some reference time ¢ty € R. The evolution of
the body within the time interval I = [to,t1] is described via the motion, which is defined as a
map ¢: B x I — R" (see Section 1.1.1).

The correct class B of regions B that can be occupied by continuous bodies and their corre-
sponding motions ¢ should in particular fulfill the following desiderata [Nol73, GWZ86, NV88]:

(A1) The class B is closed under finite intersections, finite unions, and complements.

(A2) All regions B in B have a (hyper-)surface-like boundary 0B which allows to apply a version
of the divergence theorem (Lemma 1.6) for vector fields of suitable regularity.

(A3) The class B is invariant under differentiable and injective mappings, which correspond to
possible motions ¢(.,t): B — R™ for some fixed times t € I.

The first condition (A1) guarantees that if a body is split into finitely many parts, these sub-
bodies are still contained in B, and the same is true for a set obtained by merging two or more
bodies. In mathematical terms the condition states that the set of bodies must be an algebra
of sets (e.g. [Fol99, p. 21]); in [Nol73] it is referred to as the fulfillment of the “axioms of the
material universe”. The validity of the divergence theorem required by (A2) is crucial, e.g. for
the definition of stress tensors or for switching between integral, differential, and weak formula-
tion of the field equations. Injectivity of ¢(.,t), as imposed in (A3), expresses the requirement
of impenetrability of matter, since it prohibits that two initially different points are mapped to
one and the same point during the motion. An additional condition such as det(Vy) > 0 or a
suitable global analog implies that motions also preserve orientation [Cia88].

At first glance the class of sets with piecewise smooth boundary seems to be a reasonable candi-
date for B. However, intersections might be quite nasty (e.g. the function x +— e~/ @? sin(1/x) is
smooth on (0, 00) but has infinitely many oscillations, thus the areas between its graph and the
z-axis does not represent a physically reasonable body [NV&88]). When bodies are modeled as
open or closed sets, then two bodies cannot be in contact without interpenetration. Moreover,
one cannot deal with the separation of a body into parts. Thus, open or closed sets violate
condition (A1). This suggests to disregard individual points of bodies and to identify bodies
whenever they coincide up to a set of measure zero. Yet, the class of all Borel sets is too general:
The boundary of a Borel set is in general not surface-like, which is vital for condition (A2) to
hold true.

The correct framework to overcome the difficulties described above is provided by geometric
measure theory (see Remark 1.1): The sets of finite perimeter in R™ (or within a given body) form
a class B of continuous bodies (or subbodies) which is closed under intersections, unions, and
complements, and allows for the generalized divergence theorem [BF79, BF81], thus satisfying
(A1, A2). Admissible motions of bodies B € B are the bi-Lipschitz maps ¢(.,t): B — ¢(B,t)
for fixed time t (see Definition 1.4), and the class B is invariant under these mappings (A3).

10



1.1 Mathematical foundations of continuum mechanics

Thus, a model for geometry and kinematics of continuous bodies fulfilling all desiderata (A1-3)
consists of the measure-theoretically open sets of finite perimeter,

B :={B CR": B measure-theoretically open, of finite perimeter},

provided that adapted definitions for unions and complements are employed [Zie83, GWZ86].
The natural general setting to allow for discontinuous processes (for instance fracture, disloca-
tions, incoherent phase transitions, or cavitation) are motions that are functions of bounded
variation (BV), or variants thereof [Sil97, Ch. 2.6], [AFP00, Sections 4.6.7-8].

Remark 1.1 (Geometric measure theory, sets of finite perimeter, and BV functions).
Let B C R™ be a Borel set and .£" denote the n-dimensional Lebesgue measure (see e.g. [Fol99]).
Then B is called measure-theoretically open if it coincides with its measure-theoretic interior
B* == {z € R" : lim,_,o4 % = 1}, i.e. the set of all Lebesgue density points of
B, where B,(z) is the ball centered at z with radius r. The set B is said to be of finite
perimeter if the (n—1)-dimensional Hausdorff measure /#"~! of its measure-theoretic boundary
0*B := (B*U(B®)*)¢ is finite (in this case "~ (0B\0*B) = 0, [Zie83, p. 19, (3)]). Equivalently,
B is of finite perimeter if its characteristic function xp is of bounded variation BV (R™) [AFP00)].
If the measure-theoretic boundary and the measure-theoretic unit outer normal are employed,
the divergence theorem (1.16) holds in classical form for C!-functions on sets of finite perimeter.
This result can be generalized to Lip- or BV-functions [EG92, CTZ09]. a4

Other approaches tried to reduce the amount of measure theory involved (see Remark 1.2). In
particular, the concept of measure-theoretically open sets is replaced by employing sets B C R"
that are regularly open, i.e.

B = (B)°, (1.5)

and/or regularly closed, i.e.

B = (B°). (1.6)
Note that regular openness excludes bodies B with missing points, lines, or (hyper-)surfaces,
since these features are removed by the closure (compare with the figure p. 15). On the contrary,
regular closedness prohibits isolated points, lines, or (hyper-)surfaces attached to a body, because
they vanish by taking the open interior.

Remark 1.2 (Fit regions and structured deformations). The so-called fit regions, intro-
duced by [NV88], are bounded, regularly open sets of finite perimeter, with negligible boundary
with respect to the volume measure (i.e. £"(0B) = 0). A new class of fit regions was proposed
by [DP03, DP07], consisting of bounded sets that have regularly open interior (i.e. B® = (B)°),
regularly closed closure (i.e. B = (B°)), and a boundary of finite (n — 1)-dimensional Haus-
dorff measure (i.e. S#" 1(0B) < 00). Admissible motions are C!-diffeomorphisms. Within the
framework of fit regions, fracture of bodies may be described by considering suitable limits of
finite unions of fit regions and corresponding piecewise C!-motions [DP093]. These structured
deformations can be generalized to the variational setting involving special functions of bounded

variation, see [CF97] and also [AFP00, Sections 4.6.7-8]. 3
By the physical requirement (B) a continuous body should be measurable in various ways:

(B1) A continuous body needs to possess an n-dimensional volume:

L"(p(B,t)) < 0o Vtel, VBEeB.

(B2) The mass of a continuous body is represented by a positive measure M: B — R{ such
that the mass of B € B is given by M(B) = [ p? dV < oo with mass density p° € L] .
The mass of a body must be conserved during its motion (conservation of mass):

M(B) = M(p(B,t)) <oo Vtel, VBEeB. (1.7)

11



1 Continuum mechanics and elasticity

(B3) There exist measures and corresponding densities describing additional physical properties
and forces, modeling various interactions with other bodies or fields.

Remark 1.3 (The continuum hypothesis in physics). By the continuum hypothesis, the
molecular or atomistic structure of matter is neglected. It is assumed that the macroscopic
properties of the material can be completely described by density fields. The values of these
fields at certain points represent averages of the properties of the real material over small but
finite regions. a

We usually write the n-dimensional Lebesgue measure " on R" in terms of a volume integral
with the n-dimensional volume element dV: The volume of a Lebesgue measurable set A C R"”
is
Lm(A) = / av.
A
Thus the volume condition in requirement (B1) reads f(p( B1) dV < oo.

Requirement (B2), i.e. the fact that mass is represented by a positive measure as well as the
existence of the corresponding density p°, can be deduced from physics by measure theoretical
arguments (see e.g. [Ant05, p. 432]): It is physically natural to assume that the empty body has
ZE€ro Mmass

mass is nonnegative

M(B)>0 VBeB,

parts of bodies (subbodies) have smaller mass
ACB = M(A) < M(B) VA BeB,

and the total mass is obtained by adding masses of disjoint parts (these parts can be countably
many, see [Sch07]; in this case the property is referred to as o-additivity):

M(U Bk> =Y " M(By) V pairwise disjoint By € B.
k k

These four conditions are equivalent to saying that M is a positive measure on B. Another
physically reasonable assumption is that bodies with zero volume have zero mass, i.e.

Y"(B)=0 —  M(B)=0 VBebB. (1.8)

Hence it is not possible to consider masses concentrated on surfaces, curves, or points in R3
(which may be represented in terms of the Dirac delta distribution ¢). Condition (1.8) can be
rephrased as M < £, meaning that mass is absolutely continuous with respect to Lebesgue
measure. Consequently, by the Radon-Nikodym theorem, there exists a nonnegative function
p® € LL (B) such that

loc

M(B):/Bpo dV.  VBeB. (1.9)

Here p° is the mass density associated to B, whose existence was postulated in (B2). The mass
density in spatial representation (Section 1.2), p*(.,t) € Li (¢(B,t)) for t € I, can be introduced
along the same lines:

M(@(B,t)):/ p*(.,t)dV Vtel, VBEeBRB.
@(Bt)

Consequences of conservation of mass will be discussed in Section 1.2.3.

12



1.1 Mathematical foundations of continuum mechanics

Concerning requirement (B3), the existence of densities associated to other physical properties
and forces is inferred in a similar way (see also Remark 1.9).

Given suitable densities in LllOC7 the requirements (B) are fulfilled if B consists of open and
bounded subsets of R™. Moreover we disregard (A1), which addresses questions of splitting or
merging of bodies. Hence we may also assume connectedness of continuous bodies. Thus we
may agree on the following intermediate characterization of continuous bodies:

B :={B C R": Bopen, bounded, connected, and with boundary 0B (1.10)

such that (a generalized version of) the divergence theorem holds}.
However, for our purposes of modeling parts of a general composite fluid-solid Earth, we are

particularly interested in bodies with possibly non-smooth boundary.

1.1.3 The divergence theorem for Lipschitz domains

The consideration of sets with non-smooth but sufficiently regular boundaries leads to continuous
functions that are not classically differentiable.

Definition 1.4 (Lipschitz and Holder regularity). Let Q@ C R™ be open. A function
f: Q — R is called Lipschitz continuous (or Lip) on £, if there exists L > 0, such that

[f(@) = f)l < Llz—yl  Vaz,yel (1.11)
If there exists H > 0 and « € (0, 1] such that
[f(@) = fy)l < Hlz —y|*  Va,yeq, (1.12)

the function f is called Holder continuous with exponent o (or C%®) on Q. We say that f is
Ck if it is C* and the kth derivative is C%®.

On a closed domain €2, Lip and Hélder regular functions form Banach spaces Lip(Q) and C%%(Q)
([Zie89, p. 3], [Eval0, Section 5.1]): Continuous functions f € C°(Q) on a closed domain Q2 C R”
form a Banach space with respect to the L°°-norm:

1 leoges == 5up LF@)] = 1 o=y
e
The norm of C¥(Q) is defined as

1flleeay = Y Sug\D“f(:v)l = > 1D fll=q) (1.13)

xre
lnl<k lnl<k

(where an equivalent norm is obtained if Z‘ ul<k 18 replaced by max|,|<;). Here we have written
the partial derivatives in terms of the multi-index notation D* f, see (3.23). Based on this, the
norm of the Banach space C*® () is given by [Cia88, p. 26]

|DF f(x) — D" f(y)|
Fllora = Ifler@) + max  sup |
I Hck Q) I Hck(Q) lul=m zyeQ, sy |z — y|*

As is clear from the definition, Lipschitz functions are Holder continuous with £ = 0, o = 1.
Holder (and thus also Lip) functions are continuous:

Lip=C®' and cFecCccCc® (keN, 0<a<l).

13



1 Continuum mechanics and elasticity

Indeed, continuity of f:  — R, that is lim, . f(y) = f(x) for all x € Q, directly follows from
(1.12) (or (1.11)):
|f(x) = fy)| < Hlz—y|* =0 as z—y.

By Rademacher’s theorem [EG92, Section 3.1, p. 79], Lip functions are almost everywhere
differentiable with bounded derivative:

felip = 9;fel® (j=1,...,n). (1.14)

Consequently, on an open set 2 C R", the space Lip({2) may be identified with the Sobolev
space (see Definition 3.12 in Section 3.2.1)

Whee(Q) = {f € L®(Q): Df € L™(Q)"}.
The standard example of a Lipschitz continuous function is the absolute value x +— |z| on R (or

the Euclidean norm on R™). As this example shows, Lip and thus also Holder functions are not
necessarily smooth but may have corners and edges.

Figure 1.2: Illustration of Definition 1.5 of a Lip-domain.

We are now ready to define Lip-domains and surfaces following [Gri&5, Def. 1.2.1.1, p. 5]. Similar
formulations can be found in [NH81, p. 17], [Cia88, p. 32], or [Zie89, p. 64].

Definition 1.5 (Lipschitz domains). A bounded open connected set  C R" is called a
Lipschitz domain if its boundary 9€2 is locally (in a finite cover by open neighborhoods) given
as the graph of a Lipschitz continuous function and such that € in this local representation is
located only on one side of the graph describing the boundary. More precisely, the conditions
on the bounded open connected set 2 C R™ are the following: For all x € 0f) there exists a
neighborhood V' C R™ of x which is an n-rectangle in new orthogonal coordinates (y1,...,yn),
ie.

Vi={(y1,--syn): —ax <y <ar (k=1,...,n)} with a; >0 (k=1,...,n),

14



1.1 Mathematical foundations of continuum mechanics

and there exists a Lip function ¢: V/ — R defined in the (n — 1)-rectangle

V,::{(yla--wynfl):_ak<yk<ak (k:177n_1)}
with |¢(y)| < an/2 for all ¥ = (y1,...,yn—1) € V', such that

QanNV = W yn) €V yn < 0(¥)},
NV = {(W,yn) €V : yn = d(y)}.

The boundaries of Lip-domains may have corners or edges, whereas sets with cuts or cusps are

not allowed [NH81]. In particular, Lip-domains are regularly open ©Q = (€2)° and have regularly
closed closure Q = (Q°), see (1.5) and (1.6).

O O

Figure 1.3: Examples of sets in R? that are not Lip-domains according to Definition 1.5: Circles
with cuts (left & right); a set with a cusp (middle). The cuts are interior boundaries of the
circles; only the circle on the right is a Lip-composite domain (Definitions 4.1, 4.2).

The closure € of a Lip-domain € is an n-dimensional Lip-submanifold in R" with boundary,
see [Gri&5, Def. 1.2.1.2, p. 6 and p. 7]. Any connected (n — 1)-dimensional submanifold S C 02
is a Lip-submanifold (possibly with boundary 05) and S is called a Lip-surface (to be precise,
a Lip-hypersurface). In particular, the Lip-surface 0f2 is orientable and we choose

v: 00 - R"

as the exterior unit normal vector. In the notation of Definition 1.5 we have [Gri85, p. 37]

1 <_v¢(y,)> _ (_81¢(y/)7 cey _6n—1¢(y/)7 I)T (115)
VIV +1 1 V(016(y)2 + .. 4 (On19(y))? + 1

for a.a. v = (y1,...,yn—1) € V'. Since ¢ is Lip on V', Rademacher’s theorem (1.14) implies
that the components of v are bounded and measurable. By a partition of unity argument, v
may be extended to an L vector field in a neighborhood of Q, which then is restricted to 9.
Consequently, the unit normal vector of a Lip-domain  satisfies v € L (9Q)".

v(y', ¢(y)) =

Definition 1.5 of Lip-domains can be generalized to C*“-domains, boundaries, and surfaces
upon replacing Lip = C%! by C*® for k € Ny and o € (0,1] [Cia88, p. 34]. We note that
C*-domains with 0 < a < 1 may have fractal boundaries, see e.g. [Fed88, Section 6.4], [Hol95,
Section 4.1]. However, aiming at modeling the major parts of the Earth without taking into
account subtle differences in the fine structure of boundary topography, it appears to be natural
to restrict ourselves to the case & = 1 and only consider C*!'-domains.

Equation (1.15) implies that the unit normal of a C*!-domain is a C*~1! vector field, if k > 1. In
particular, C*!-domains have Lip(= C%!) unit normals, i.e. v is almost everywhere differentiable.

We recall the classical divergence theorem (Gaufl theorem) and the associated formula for in-
tegration by parts (a variant of Green’s formula), but state them already in the form of their
natural extension to H' regular matrix-valued fields on Lip-domains:

15



1 Continuum mechanics and elasticity

Lemma 1.6 (Divergence theorem and integration by parts). If Q@ C R” is a Lip-domain
and f € HY ()™ " then

/ divf dV = f-vdS. (1.16)
Q o0
If, in addition h € HY ()™, then Green’s formula for integration by parts holds:
/f:thV:—/h'dindV—l—/ h-f-vdS. (1.17)
Q Q o0

The divergence theorem (1.16) is proved in e.g. [CTZ09, Thm. 2.35] for 2 having finite perimeter,
which is true for Lip-domains [Zie89, p. 248]. The surface integrals have to be understood as
Sobolev dualities of the traces of the component functions of f in H %(GQ) with corresponding
components of v in L®(9Q) C L?(0Q) C H_%(aﬂ) in the case of (1.16), or, for (1.17), of
h e H2(0Q)™ with f-v in H2(9Q)™*" . L®(9Q)" C H~2(dQ)™ (see Lemma 3.14). Instead of
having f € HY(Q)™*™, the equations (1.16) and (1.17) still hold if one only assumes

f € Haio ()™ .= {f € L>(Q)™" : divf € L*(Q)™}, (1.18)

since f € Hgj(Q2)™*™ possesses normal traces f - v € H_%(OQ)m (see [KOS88, p. 93], [DLI2, p.
511]). The formula for integration by parts (1.17), also presented in [Gri85, p. 53], is a special
case of an abstract Green’s formula for linear operators on Hilbert spaces, which is established
e.g. in [KO88, Theorem 5.8, p. 90]. If the functions f,h are sufficiently smooth (e.g. C'), then
the identity directly follows from the divergence theorem (1.16) applied to

div(h - f) = 0;(hifij) = (9jhi) fij + hi(9;f5) = f - Dh+ h - divf.

However, we note that if the components of f and h are merely H', then the calculation above
shows that div(h - f) € L'(Q) (by Cauchy-Schwarz, L? - L? C L'), but, in general, h - f is not
an element of Hgi,(2)™ and thus the divergence theorem cannot be directly applied to derive
(1.17).

Definition 1.5 and the validity of the divergence theorem (Lemma 1.6) imply that Lip-domains
satisfy all requirements for elements of B as imposed in (1.10). Moreover, as already indicated
in the formulation of the divergence theorem, Lip-domains guarantee good properties of Sobolev
spaces, which in turn are important for the weak formulation of partial differential equations,
as for instance the equation of motion of a continuous body. This leads us to the following final
class of bodies for our purposes:

B:={B CR": B°is a Lip-domain}. (1.19)

Requiring that only the open interior B° is a Lip-domain allows us to include bodies that may
contain parts of their boundaries (in accordance with [Ant05, p. 418]). This slightly generalizes
the class (1.10) with respect to openness of bodies (and will be the reason for taking the closure
of B in (1.20) compared to the definition given in Section 1.1). As concerns regularity, our basic
setting will be the Lipschitz framework and we will consider C*!-domains with k& > 1 only when
necessary.

1.2 Kinematics and balance principles

Continuum mechanics is a branch of classical mechanics and thus splits into kinematics and
dynamics. Kinematics describes the motion and associated quantities, whereas dynamics stud-
ies the forces that drive the motion. The dynamical laws of continuum mechanics are formulated
in terms of balance principles and constitutive laws.

16
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1.2.1 The motion of a continuous body

Let B be a body in R™, that is B € B. The space R" is also referred to as the ambient space
and we consider the time interval I = [tg,t1]. We write I° for the open interval (fo,¢1). The

motion of B is a function
¢: BxI—R" (1.20)

that represents the change of the shape and position of the body in space as time passes (see
Section 1.1). The motion
or=¢(,t): B—>R"

maps the reference configuration B of the body to its current configuration
oi(B)={r eR": 3X € B: z = pi(X)},

representing the actual position and shape of the body. The reference state at time tg is chosen
such that no motion has yet occurred, i.e.

i, = ldz. (1.21)
In other words, we identify material particles with their initial positions, denoted by
X = ¢, (X) € B.
We use x to denote points in the ambient space R™. The point
z=p(X,1) = p(X) €R"

is the position of a material particle of the body at time ¢ € I that initially, i.e. at time ty, was
at position X € B. The situation is illustrated in the figure on p. 9.

Remark 1.7 (Bundle structure of trajectories). The collection of all configurations of the
body, that is, U,c;(¢e(B) x {t}) = {(z,t) € R" x I : = = ¢(X), X € B, t € I}, has the
structure of a bundle on I with fibers ¢;(B) for ¢ € I. This bundle can be considered as the
trajectory of the body (see also Section 5.3). J

Time derivatives yield the velocity and acceleration field of the body. Also the spatial derivatives
(spatial gradient, divergence, and Jacobian determinant) are of physical significance, and in
particular give rise to various strain tensors quantifying the change of lengths and angles during
the motion of the body. We formally introduce these kinematical quantities derived from the
motion. In the classical setting, sufficient regularity for introducing these basic concepts is
guaranteed by C2-regular motions ¢: B x I — R" (see Definition 4.14 or [MH83, Definition 1.4,
p. 27]) of bodies B € B as in (1.10).

The first (partial) time derivative of the motion defines the velocity
v: Bx I —R" vi=¢@ (1.22)
and the second time derivative of the motion is the acceleration
a: BxI—R" a:=1v=. (1.23)

The derivative of the motion with respect to X € B is commonly referred to as the deformation
gradient B
VQO: BxI— Rnxn’ Vgo = (8]'90@')2]‘:1' (1.24)

Being the derivative of the motion, the deformation gradient measures the difference of final
positions of initially adjacent material particles (actually, the word “gradient” is inappropriate
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1 Continuum mechanics and elasticity

for the derivative of a map BxI — R™; nevertheless, this name is firmly established in continuum
mechanics, see also [MH83, p. xii]). The motion ¢, taking values in the ambient space R", is
differentiated with respect to points in the reference body B. Consequently, the deformation
gradient Vo is a two-point 2-tensor field (see Remark 1.10).

The Jacobian determinant of ¢ is the determinant of the deformation gradient:
J:BxI—R, J = det(Vy). (1.25)

If J > 0, the motion preserves the orientation of the material and is called positively oriented.
Finally, we introduce the Green strain tensor associated to the motion as the symmetric
2-tensor field

L (G O00) — 67) . (1.26)

— 1
e: Bx I — R €=3 (VSDT Vo —lnxn) le ey = 9

sym ?
The Green strain tensor quantifies the deformation of the body, that is, the changes in lengths
and angles, but without the effects of rigid body motion or rotation.

1.2.2 Material and spatial representation

Classical physical fields are quantities depending on space and time, that is, functions on space-
time taking values in some vector space () (in most applications = R™ for some m € N).
According to their definition, the motion ¢, the velocity v, the acceleration a, the deformation
gradient Ve, the Jacobian J, and the strain tensor e are (scalar, vector, and tensor valued)
physical fields that are expressed as functions of space-time points in the reference configuration
of the body:

(X,t) e BxI.

This is the so-called material representation (Lagrangian representation, referential represen-
tation). However, physical fields can also be described in the so-called spatial representation
(Eulerian representation) as functions of space-time points in the current configuration of the
body:

(r,t) eR" x I  with = (X) for X € B.

The material and the spatial representation will be denoted by ¢ and ¢° respectively, where,
for all t € I, the material representation ¢; is a function of the material points X € B but the

spatial quantity ¢; depends on the space points x € ¢;(B) C R™:

q¢:BxI—Q and q°: U(@t(E)x{t})%Q.
tel

Thus, in the material picture one describes the quantity as a function ¢ of the reference config-
uration B x I, whereas in the spatial picture the quantity is expressed as a function ¢° defined

on the trajectory (J,c;(¢i(B) x {t}) (see Remark 1.7).

Spatial and material representations are related via the motion ¢:

¢ = q; © (1.27)

i.e., for all (X,t) € B x I the identity q(X,t) = ¢*(¢(X,t),t) holds. If ¢; is invertible on B,
then this is equivalent to
% =qop; (1.28)

i.e., for all (z,t) € U(cpt(E) x {t}) the identity ¢*(z,t) = q(¢; ' (z),t) holds.
tel
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1.2 Kinematics and balance principles

In other words, the field in material representation is the field in spatial representation composed
(pulled-back) by the motion for each fixed time. Provided that motions are admissible, spatial
and material picture are completely equivalent (see Section 4.2.2 and Lemma 4.20).

To simplify the notation we will sometimes omit the time-variable in (1.27) and just write
q=q"°p.

In many situations, spatial quantities (e.g. the gravitational field) are naturally defined on the
whole space, that is,

¢ R"xIT— Q.
However, starting from the material representation ¢, one only gets and needs information about

the restriction of ¢° to the trajectory (J,c;(w:(B) x {t}), see (1.28). The diagram

n

B) <

—~

Pt

5
B

s

gt

O — &

—
qt

illustrates the situation at fixed time ¢.

The spatial representation of the motion itself gives the identity map on the current configuration
w¢(B) of the body: ¢ = Id, ). Indeed, (1.28) implies @f(z) = (@t 0 @; ')(x) = x, that is,
pi(z) = ¢*(z,1) = ©*(p(X, 1), 1) = p(X,t) = z.
By ¢4, = Idg (1.21), spatial and material representation of a physical field coincide at reference
time tg:

qt = q; oy and o1, = ldg = Qo = qfo =: qo. (1.29)
In fluid mechanics one predominantly adopts the spatial representation since there is no dis-
tinguished reference configuration. Moreover, instead of the motion, the basic unknown is the
spatial velocity, since one usually is not interested in the trajectories of individual fluid particles
but on the flow of the material. In the theory of elastic solid continua, however, the material
viewpoint is more common, because the equilibrium configuration is a natural reference con-
figuration and the displacements are often very small. In particular, seismometers record the
motion (displacement, velocity) in material representation.

We emphasize that the transition from ¢® to g defined by ¢ = ¢; o ¢ (1.27) does not give
the differential geometric pull-back in case of vector or tensor fields, since only the base point
transformation is involved. We illustrate this issue for the unit normal vector: For a Lip-surface
S inside B with unit normal vector v we denote the corresponding spatial unit normal vector
of the surface ¢:(S) by

vt pi(S) — R™ (1.30)

Even when ¢, is a diffeomorphism, we typically encounter v{ # v o ¢, ! but the correct (differ-
ential geometric) transformation is (compare to (1.34) below and see also [Cia88, p. 41])

s~ Ji(Ver) ™" - v) o
(V)T T

Another example is the material counterpart f;: B — R™ of a spatial force density field
fi: oe(B) — R™, which is given by fi = Ji(ff o ), see (4.47).

The material time derivative of a spatial quantity ¢° is defined as the spatial representation
of the partial time derivative of the corresponding material quantity q:

deg® = (9pq)°. (1.31)
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1 Continuum mechanics and elasticity

Expressed in purely spatial terms, the material time derivative d;¢® splits into the local temporal
change of ¢° plus its change due to the advection by the velocity field v*: If (z,t) — ¢°(z,t) is
a spatial quantity, then its material time derivative is given by

diq® = 0:¢° + Vg°® - v°. (1.32)
This identity follows from calculating the time derivative of ¢ = ¢f o ¢ (1.27) by the chain rule:

Oar = 0(ai o pr) = (0eaf) oot + ((Va7) o pr) - 1
= (0gf) o or + (V7)o @) - vy
= (0gr) o o + (V) 0 p1) - (vf © 1) = (B + Vg - v7) © 1,
from which we obtain 8ygf + Vi - v; = (8sqt) 0 ;' = (94q¢)® = diq®, where the last equality

is (1.31). For example, the acceleration a = v = ¢ (1.23) has the spatial form af = dyv;y =
Ov® + Vo - v,

Integrals over spatial and material parts of the body are related by the following volume and
surface integral transformation formulas (the question of sufficient regularity conditions
is addressed in Lemma 4.21): If h® is a volume density in spatial representation and A C B is

an open subset, then
/ hi dV = / heJy dV. (1.33)
wt(A) A

If ¢° is a spatial surface density defined on a hypersurface S inside B, then
/ g; v;dS = / gt (Vo) T -vds. (1.34)
@ (5) S

The identities (1.33) and (1.34) are the classical change of variables formulas for volumes and
hypersurfaces under the diffeomorphism ¢;: B — R" with J; = det Vi, > 0. These relations
are often stated in the form

dV, = J,dV  and  vidS; = J;(Ve); T -vdS, (1.35)

see e.g. [Cia88, p. 31 and p. 40], [Mal69, (4.5.24) and (4.5.29b)], [DT98, (2.30) and (2.37)]. The
surface version is also known as Nanson’s formula [Ogd84, Section 2.2.2, formula (2.2.18), p. 88].

Essentially, formula (1.33) can be deduced from the generalization to n dimensions of the three
dimensional volume of the parallelepiped spanned by the images of the vectors a, b, ¢ € R? under
the linear map F € R3*3: ((F-a) x (F-b)) - (F-¢) = (det F) (a x b) - c. Moreover, requiring
the validity of this relation for all ¢ € R? implies FT - ((F - a) x (F - b)) = (det F) (a x b) or, if F
is invertible, ((F - a) x (F - b)) = (det F)(F~7) - (a x b), which explains the specific form (1.34).
A detailed proof is given in [Cia88, Thm. 1.7-1, p. 39].

The surface integral transformation law contains the cofactor matrix Cof F = (det F)F~7T
of F = V. The representation formula det A = A;;(Cof A);; (summation convention) implies
that the cofactor Cof A of a (possibly noninvertible) quadratic matrix A € R™*"™ arises as the
derivative of its determinant with respect to the matrix components [MHS83, p. 10]:

Ja(det A) = Cof A. (1.36)

This identity allows to calculate the time derivative of J = det(V¢) (1.25) under C2-regularity
[MHS83, Proposition 5.4, p. 86]:
8tJt = Jt (le 'US) O ©Yt. (137)

Indeed, with F' = Vg and 0, F = 0,(Vy) = V(0:p) = Vv, we have
O = 8t(det F) = (8FU (det F))(atFZ]) = (COf F)ij(Vv)ij = det F(FﬁT)ij (8]‘%'),
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1.2 Kinematics and balance principles

but from v; = v] o ¢, we get by the chain rule (and omitting the time variable)
Vo= V(v op)=((Vv)op) Vo= ((Vv*)op) - F=F((Vv*)oyp)
that is, 9jv; = ((Okvf) 0 ) Frj = ((Okvs) 0 ©)(FT) i = (F1)jx(0kv5) o ¢, which finally leads to
OJ = det F (F~1);;(FT);1.(01v5) 0 p = det F(Ov}) o ¢ = J(dive®) o .
=531

Remark 1.8 (Reynold’s transport theorem). Reynold’s transport theorem expresses the
time derivative of a spatial volume integral in terms of the time derivative of the integrand plus
the flux across the boundary [MH83, Chapter 2, Theorem 1.1, p. 121]:

d
e F5AV = (def* + F5(V -0%)) dV
dt Jopy(a) 1(A)

Oufs + V- (f50°)) dV:/ (A)(ath)dv+/ (f*v*) - v* dS.
Pt

(
e (A) Opt(A)

This follows under Cl-regularity from (1.33), (1.37), the identity d;f* = 9, f* + (V) -v* (1.32),
and the divergence theorem. N

1.2.3 Balance principles and stress tensors

The general balance principles in continuum mechanics are

conservation of mass,

conservation of linear momentum (balance of forces),
— conservation of angular momentum (balance of torques), and

— conservation of energy (first law of thermodynamics).

In continuum thermomechanics, where thermal effects are included, one has to add an equation
for the entropy (second law of thermodynamics).

The principle of conservation of mass states that the mass of a body must be constant
throughout its motion: M (B) = M (¢(B,t)) for all B € B and t € I, see (1.7). Equivalently,

M(gp(A)) = / o dV = / pin AV = M (i (A)) (1.38)
o (4) pun(A)

for all open sets A C B and almost all times t/, t” € I. If p* is differentiable with respect to
time, we obtain the formulation

ad psdV = 0. (1.39)
dt J oy (a)

The differential analog of conservation of mass in material formulation is the identity
pO = thta (140)

which holds on B x I. The proof is based on the volume transformation formula (1.33) (see
Lemma 4.23). In spatial representation, the differential form of conservation of mass is the
continuity equation

Op® + V- (p*v®) =0 (1.41)
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1 Continuum mechanics and elasticity

which holds on ¢y(B) for all ¢ € I, as can be seen from the transport theorem (Remark 1.8).
Under suitable regularity conditions, the different variants (1.39), (1.40), and (1.41)) of conser-
vation of mass are equivalent (see Lemma 4.26). In particular, combining the transport theorem
(Remark 1.8) and the continuity equation (1.41) yields

d
7 q; Py dV:/ (dig)pt AV (1.42)
i (4) 1(A)

for any spatial field ¢®* and any subbody A C B (alternatively, this relation may be established
by transformation in material formulation, since f% (A) gpidv = A q:p° dV, see Lemma 4.24).

The fundamental dynamical equation governing the motion of a continuous body is Newton’s
second law, which expresses conservation of linear momentum or balance of forces. The
inertial force is instantaneously balanced by the applied forces, which are assumed to decompose
into body forces and contact forces: For an arbitrary spatial region A; = ¢1(A) contained
in the current configuration ¢;(B) of the body at time ¢ € I,
d
— p’vidV = I dV+/ 7% dS. (1.43)
dt Ja, Ay DA
This is the integral form of the equation of motion in spatial representation. The corre-
sponding material version reads

/pogédV = /de+/ 7 dS, (1.44)
A A 0A

which holds for each part A of a continuous body B.

Spatial and material body forces are represented by the volume force densities
ff=p% and =%,

which are products of the density and the corresponding spatial and material acceleration field
b* and b (the material form is obtained in consequence of conservation of mass). In particular,
the volume force densities are related via the Jacobian: f = J(f*o¢) (see (4.47) and Section 4.4
for details). Spatial and material contact forces are described in terms of surface force densities,
referred to as traction or stress vectors, which are assumed to depend on the surface only
locally through the unit normal vector:

7% = 715(1%) and T=1(v).

By conservation of angular momentum, the rate of change of angular momentum of any
portion of the body must be equal to the sum of the external torques due to the applied forces,
see e.g. [MHS83, Chapter 2, Def. 2.9, p. 138]: % fAt p*(xxv®)dV = fAt (:vxfs)dV—FfaAt (xx7%)dS.
Conservation of energy is discussed in Section 5.2.5.

Remark 1.9 (General interactions and divergence measure fields). An early approach
towards an axiomatic definition of body and contact forces described as general interactions
between bodies is given in [Nol59]. Later the regularity requirements were gradually reduced
(e.g. [GMT76, Zie83, Sil85, Sil91]). In current research, stress is modeled in terms of divergence
measure fields, a setting that allows for concentrated forces [DMM99, Sil08, CTZ09]. a

According to Cauchy’s stress theorem, balance of forces implies that contact forces must
depend linearly on the unit normal vector of the surface on which they act. The matrix cor-
responding to this linear mapping is the stress tensor.! The proof of Cauchy’s stress theorem

'In the literature, stress tensors are often also defined in a transposed variant with the convention 7(v) = v-T
instead of 7(v) = T - v, see e.g. [Mal69, (3.2.8) and (5.3.19)] and also [DT98]). This does not play a role for the
symmetric Cauchy stress tensor, but may be a source of confusion in case of the first Piola-Kirchhoff stress tensor.
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1.2 Kinematics and balance principles

employs the famous tetrahedron argument (see e.g. [Cia88, Thm. 2.3.1, p. 62]). However, since
both, the contact forces as well as the surface may be described in spatial or material represen-
tation, there exist different variants of stress tensors.

The spatial Cauchy stress tensor T relates the spatial traction 7° to the current surface area
element with unit normal v*:

(V%) =T°% - v° on e (S). (1.45)

Here ¢¢(.S) is the current configuration of a (hyper-)surface S contained in the body B. Since
79 is assumed to exist for all surfaces A; in current configuration, Cauchy stress is a spatial 2-
tensor field: T%: (J,c;(¢¢(B) x {t}) — R™"™. Conservation of angular momentum is equivalent
to the symmetry of the Cauchy stress tensor: 7% = (T°) (a proof is given in [MH83, Chapter
2, Theorem 2.10] or [Cia88, Theorem 2.3-1]). The material representation of the Cauchy stress
tensor (with respect to the base point, i.e. according to (1.27)), that is, T: B x I — R™*" given
by

T, =17 oy (1.46)

for t € I, is sometimes referred to as the Lagrangian stress tensor (e.g. [DT98, p. 35]).

The first Piola-Kirchhoff stress tensor 77X relates the spatial traction 7° (acting on the
area element after deformation) to the original undeformed area element (see [TN04, (16.5) and
(43 A.1)], [Cias8, p. 71]):

#W)=T"-v on S (1.47)

with TP%: B x I — R™ ", We note that TT¥ is a two-point 2-tensor with spatial and material
tensor components (see Remark 1.10). Transformation in the purely material formulation gives
the second Piola-Kirchhoff stress tensor T%¥(X,t) = (V) ~1(X,t)-TT¥(X,t), which is symmetric
[MHS&3, Def. 2.8, p. 136 and p. 138]. The relation between T and T* follows from investigating
the total surface force acting on a deformed surface ¢:(S): Definition (1.45) of T% and (1.34)

implies
/ TS(VS)dsz/ T5-v° dS:/JT-Vgp‘T-de, (1.48)
() et (S) S

whereas by the definition of 7% (1.47) we have / T°(v%)dS = / % - v dS.
¢(S) S

©
Since S is arbitrary, we obtain

TP = J(T%0p) Vo I =JT Ve T, (1.49)

In other words, 77X is the Piola transform of 7° ([MHS3, Section 1.7], [Cia88, pp. 38-39]). In
index notation, the Piola transform is T = J T (Vo) D = I Tie (Vo) ™) i

Remark 1.10 (Two-point tensors, [MH83, p. 48 and p. 70]). The definition 7° = T*¥ - v
(1.47) shows that TF¥ is a two-point 2-tensor, i.e. its two tensor “legs” are defined with respect
to different bases, one of the tangent space of the ambient space, and the other one from the
tangent space of the body. Specifically, 77 = T;7*v; reveals that the tensor components i of T;;*
are defined with respect to a spatial basis (as those of 7°), whereas the components j are defined
with respect to a material basis (as those of v). The deformation gradient Vi = (9;¢:)7;—;
is a two-point 2-tensor as well. However, since we model the body B as an open subset of the
ambient space R™, both tangent spaces may be identified with R”. It is therefore legitimate to
consider the two-point 2-tensor fields Vi and T as maps taking values in R™ x R™ = R"*",
as we did above. a

The notion of symmetry is not defined for two-point tensors. However, as TT¥ is related to T*
via the Piola transform (1.49), symmetry of T implies the identity Vi - T7%T = TPK . vl
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1 Continuum mechanics and elasticity

An important consequence of Cauchy’s stress theorem is that it allows us to localize the equation
of motion via the divergence theorem. By (1.47), the material traction takes the form 7 = T"¥-v
with the first Piola-Kirchhoff stress tensor T7%: B x I — R™*™. Consequently, the divergence
theorem (1.16) can be applied to formulate balance of forces (1.44) in terms of volume integrals:

/,o%dvz /de+/ TPX.pydS = /(f+V-TPK)dV.
A A 0A A

This equation has to hold for every subbody A C B. Thus (1.44) reduces to the material
equation of motion in classical differential form (local form), that is (1.1):

pE—V T =f.

The spatial analog
psdtvs _V-T5 = fs

is deduced in a similar way, where (1.42) is applied to the left-hand side of (1.43).

Clearly, the formulation in terms of differential equations requires more smoothness than the
integral form. Equivalence only holds if sufficiently high regularity conditions on the physical
fields are imposed.

Another formulation of the equation of motion that holds under low regularity conditions is
the weak form (variational form), which formally is obtained in the following way: We take the
Euclidean inner product of the equation of motion (1.1) with a suitable test function h: B X
[to, t1] — R3 and integrate over the space-time domain B x [tg, 1]:

t1 t1
/ / (P — V- T7%) ~thdt:/ / f-hdVdt.
to B to B

Integration by parts in the stress terms and in the acceleration terms via (1.17) and %(gb -h) =
@ -h+¢-hyields

t t1 ; t
/p%-hdv 1—// (p%-h—TPK:Vh)dth:/ (/f-hdv+/ h-TPK-udS>dt.
B to B Jig to B dB

Restriction to test functions with h(.,%p) = h(.,t1) = 0 eliminates the first term (alternatively,
we could incorporate the initial condition ¢(.,ty) = vo of (1.4) and, after yet another integration
by parts, also ¢(.,t9) = ¢o; final conditions are eliminated in the limit £; — oc0). Thus we obtain
the weak form of the equation of motion

t1 . t1
—// <p0¢-h—TPK:Vh>dth:/ (/f-th+/ TN-hdS)dt, (1.50)
B Jtg to B OB

which has to hold for all suitable test functions h, see e.g. [Ant05, Section 12.9, Equation (9.5),
p. 445]. The weak form naturally incorporates the Neumann (dynamical) boundary condition
TPX - vlgp = 7n (1.3), whereas the Dirichlet (kinematical) boundary condition ¢|sp = ¢p can
be included by restricting the class of test functions (a description of the procedure in a more
general context is provided in Section 3.2.1).

If the applied forces are conservative and also the stress possesses a potential (e.g. in a hy-
perelastic material), then the weak form follows from Hamilton’s principle of stationary action
(Section 3.1.1): The weak form coincides with the principle of virtual work, see (3.8). The direct

equivalence of weak and integral form of the equation of motion in a Sobolev space setting is
established in [AO79].
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1.3 Elasticity

1.3 Elasticity

The mechanical response of a continuous body to an applied force depends on the physical
properties of the material. Conversely, the specific response allows to classify materials.

We introduce the following notation for groups of linear transformations R™ — R™:

GL(n):={F e R™" : det F' # 0} invertible (general linear group),
GLi(n):={F € R™": det F > 0} orientation preserving,

n):={F eR"™": det F =1} orientation and volume preserving (special linear group),

O(n) :={Q e R™": QT Q= lpxn} rotations and reflections (orthogonal group),

)
)
)
n):={H ¢ R"*": |det H| = 1} volume preserving (unimodular group),
)
):={Q eR™™: QT - Q =1,,4n, det Q = 1} rotations (special orthogonal group).

1.3.1 Elastic solids and fluids

A continuous body B C R™ is elastic if the first Piola-Kirchhoff stress tensor 77 at (X,t) €
B x I depends on the motion ¢: B x I — R™ in the following way (e.g. [Cia88, Chapter 3|):

TPE(X,t) = r(X, (Vo)(X, 1)) with r: B x GL(n) — R™™, (1.51)

The response function (constitutive relation) r completely characterizes the elastic behav-
ior of the material (if thermal effects are included, then r also depends on the specific entropy,
but this case will not be considered here). An admissible motion ¢ is orientation preserving, that
is, J = det(Vg) > 0, see (1.25). Therefore, it suffices to consider only elements from the group
of invertible orientation-preserving real n X n-matrices in the matrix argument F' (representing
V(X)) of the response function (X, F), i.e. (1.51) with r: B x GLy(n) — R™".

Independence of the response function r of the motion ¢ follows from the requirements of
differentiability, locality, and energy balance, see [MH83, Chapter 3, Theorem 2.6, p. 192].
Materials that only depend on the deformation gradient Vo, as in (1.51), are called simple
materials. It is also possible to allow the dependence on higher-order spatial derivatives of ¢
(non-simple materials).

A hyperelastic material is an elastic material whose response function is given by the deriva-
tive of the internal energy density W (energy per unit volume) or U (energy per unit mass):
r(,F) = 0pW (., F) = pP0pU(.,F) with W = p°U: B x GLy(n) — R (cf. [Cia88, p. 141],
[MHS83, pp. 210-211]). Thus the constitutive law for hyperelasticity reads

e OW _ o
d(Vy) d(Vy)

(1.52)

Since constitutive laws should characterize the material, they must be independent of changes
of the reference frame of the observer, i.e. invariant under rigid rotations or translations of the
ambient space. This invariance property is called the principle of material frame indifference:

U(L,Q-F)=U(,F) VYQeSO0m),VFeGL.(n).

Material frame indifference implies that the stored energy function U depends on F' = V¢ only
through the so-called right Cauchy-Green tensor C := Vo - Vi (see [Cia88, p. 146] or [MH83,
Chapter 3, Theorem 2.10]). Equivalently, U depends on V¢ only through the material strain
tensor e = (C' — 13x3)/2 (1.26) (by abuse of notation we again write U for the internal energy
as a function of e): U(.,Vy) =U(.,e).
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1 Continuum mechanics and elasticity

Material symmetries are reflected by the invariance of the response function r in (1.51) under
certain changes of the reference configuration for an arbitrary deformation gradient. An arbitrary
invertible matrix A € GL(n), representing such a change of reference configuration, can be
expressed as the product A = (| det A|Y™ 1,,,) - (| det A|=1/™A), where the first factor is a pure
dilation and the second factor is a unimodular matrix. Thus, it suffices to consider changes of
reference configurations associated with the unimodular group UM (n). The symmetry group
(isotropy group) G, is the collection of all static density-preserving deformations at X € B
that cannot be detected by experiment. With respect to the reference configuration ¢y, = Idpg,
it is defined by

G :={HeUM(n): r(X,F)=r(X,F-H)VF € GL(n), X € B}. (1.53)

Thus, G, encodes the symmetry behavior of the constitutive function  upon volume-preserving
(density-preserving) changes of the reference configuration. If the material is hyperelastic, the
symmetry group can equivalently be determined from the invariance properties of the internal
elastic energy W or U in place of the response function r.

The specific properties of the symmetry group lead to a further classification of elastic continua
attributed to Noll [TNO04, p. 77 ff.]: A simple elastic material with constitutive function r is an
elastic solid, if there exists a reference configuration such that

Gr CO(n)
is a proper subgroup. The material is an elastic fluid if
G, = UM (n).

In the terminology of fluid dynamics an elastic fluid is called an inviscid compressible fluid.
Finally, the material is isotropic, if

Gr 2 O(n).

Note that UM (n) 2 O(n) implies that elastic fluids are always isotropic. The symmetry classi-
fication via G, can also be based on orientation preserving groups: GL(n), UM (n), O(n) then
have to be replaced by GL(n), SL(n), SO(n) respectively (e.g. [Dafl6, Chapter 2.5, p. 39]).

By definition, an elastic solid possesses a natural reference configuration, such that the
constitutive function is not altered by the action of the subgroup G, of the orthogonal group. The
specific subgroups allow to distinguish solids with different anisotropy properties (e.g. triclinic,
monoclinic, cubic, hexagonal, etc.).

An elastic fluid is a material which does not change its response under arbitrary density pre-
serving transformations. Furthermore, the fluid symmetries imply that the response function
r of an elastic fluid depends only on its density, i.e. r(.,V¢) = 7(.,p). Indeed, since in a
fluid r(.,F) = r(.,,F - H) must hold for all H € UM(n), we may insert the special matrix
H := JY"F~1 € UM(n) with F = V¢ and employ conservation of mass J = p°/p (1.40) to
obtain

r(LF)=r( F-H)=r(,JY"F-F™) =r(, JY" Lnxn) = (., (0°/0) " Lnxn) =: 7(p).

In a hyperelastic fluid, the internal energy U only depends on the density: U(.,Vy) =U(.,p).

Since fluids are predominantly described in spatial representation, we are interested in the spatial
analog of the material constitutive relation 7% = p° 8(6VU¢) (1.52): First, conservation of mass

and the identity (1.36) imply

oU__oU op _0UO"/T) 0] _0U [ 4 o OU,_ o
oY)  9pa(Vy) dp aJ a(Ve) 0p ( >J (V)™ = (Vo) ™.
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1.3 Elasticity

Next, T"¥ is related to 7" via the Piola transform (1.49):

0
7=l (v = pja(v@ (V)" = pava(p) (V)"

J

— (= p5 (T T) (Ve = (T T (V) = P

o0 |
ap 3x3-

Since the transition (1.27) between material and spatial representations involves base point trans-
formations only, we have U(X,...) = U%(pt(X),...) and get U(X, p (X)) = U*(pr(X), pe(X)) =
U*(e(X), i (pe(X))) = U*(, p7) © (X). This shows G0(X) = G2 (pe(X)), Le. (F7)° = Gos

i ” dp ops
and consequently, 7% = (—p2%13x3)8 = —(ps)Q%[[{: 13x3. Thus, we obtain

, OU*
ops’

T% = —p°laxg  with  p° = (p®) (1.54)

The spatial Cauchy stress T in elastic fluids is a pure pressure p®, which is determined from
the internal energy density U® and the spatial mass density p®.

Remark 1.11 (Gibbs’ relation). In thermodynamics of fluids, energy conservation is often

expressed as Gibbs’ relation: dU = 6ds — pd(%), ie., dU = fds + ;%dp, where 6 denotes the
absolute temperature and s is the specific entropy (in case of isentropic processes, ds = 0). This
equation for differentials implies the constitutive laws %—g =6 and %—g = l%, ie. (1.54). J
Generally the (spatial) pressure is defined by
S 1 S
p=—g tr T°. (1.55)

We have seen that the Cauchy stress T in elastic fluids reduces to the spatial pressure p®, which
depends on the spatial density p® through U®. However, with conservation of mass, we can
reverse the arguments employed above and express the dependence of pressure on density again
by a dependence on the deformation gradient. This allows one to treat hyperelastic solid and
fluid regions in a unified way by prescribing the material internal energy density U.

1.3.2 The governing equations of classical linearized elasticity

With a generally nonlinear constitutive law T = r(., V) (r = Ov,W for hyperelasticity), the
governing equations of elasticity (1.1),

PP -V T = f, (1.56)

form a nonlinear system of PDEs for the motion ¢ that is second-order (in space and in time).
More precisely, the system is quasilinear (in the space variables), that is, the system has a
nonlinear principal part that depends linearly on the highest-order derivatives. This can be seen
from the chain rule:

VTR =V (1, Vi) = ((Bwr) (- V9)) : Vo + (V1) (, Vip).

The factor
A= (Ov,r)(, V) = (85, W)(., Vo)

in front of the Hessian VV is the generalized elasticity tensor (cf. [MH83, Chapter 3, Def. 4.1,
p. 208]), which depends on the deformation gradient V.
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1 Continuum mechanics and elasticity

The analysis of the governing equations of nonlinear elastodynamics, that is, investigating exis-
tence, uniqueness, and regularity of solutions, is still a challenge [MHS&3, Bal02, Ant05, Dafl6].
Because of quasilinearity, the occurrence of shock waves is possible and solvability results can
typically only be established on short time intervals [HKM77], [DH85]. Moreover, the require-
ments of frame-indifference, positive orientation, and global injectivity, are difficult to incorpo-
rate and partly incompatible with the convexity assumptions and growth conditions employed
in standard solution methods. These problems already arise in the static problem of nonlinear
hyperelasticity, where solvability may be formulated in terms of energy minimization and the
direct method of calculus of variations can be invoked [Bal76], [BM84].

Classical linearized elasticity results from a linearization of the governing equation (1.56)
around a stress-free reference state, called natural state, i.e. with 79 = 0. By this assumption,
all stresses coincide in the classical linearized theory, that is, correct to first order, there is no
difference between total and incremental stresses (see Section 6.4.2):

T'=0 = T=T'=T°=T"=T7T"=T7"""
The approximation of classical linearized elasticity is valid for small displacement (cf. (6.4))
u: BxI—R", u(X,t) = o(X,t) — X, (1.57)

small displacement gradient Vu = Vip—1,,x,, and small stress T'. The linearized constitutive
relation between strain and stress is known as Hooke’s law: T' = c : ¢, that is T}; = cjjricn.
Here ¢ = 3(Vu + Vul) is the linearized strain tensor (cf. (6.39)) and c: B — R™™XnX" j5 the
classical elasticity tensor. Symmetry of 7" and ¢ (i.e. Tj; = Tj; and € = €;3,) imply that c;jp
has the minor symmetries
Cijkl = Cjikt and  Cijp = Cyjik-

Consequently, Hooke’s law can be written as

T=c:Vu, that is, Tij = cijiOjug. (1.58)

The governing equations of classical linearized elasticity consist of the linear second-order system
of PDEs for u
P —V - (c:Vu) = f, (1.59)

which is complemented with suitable initial and boundary conditions (see Section 3.2.1). The
requirements of frame-indifference, positive orientation, and global injectivity can be dropped
in the linearized model. Linearized hyperelasticity is obtained with a stored energy W that
is a purely quadratic function of the linearized strain tensor ¢, i.e.

1 1 1
W = jeicie= §Vu cc:Vu= Qcijkl(ﬁjui)(aluk). (1.60)

Here, the second equality follows from the minor symmetries of the elasticity tensor. Thus c is
the Hessian of W with respect to strain:
*W W
c=0’W =92 W, that is, Ciikl = =
€ Vu ikl 8%8% 8(8]u1)8(8luk) ’

which implies the major symmetry
Cijkl = Cklij-

The equation of motion (1.59) is known as the (linearized) elastic wave equation. Thus, one
expects hyperbolicity, which is indeed true, provided that the elasticity tensor ¢ satisfies some
positivity conditions. A typical positivity requirement is strong ellipticity, which is equivalent to
positive definiteness of the acoustic tensor C(n) € R"*", Cir(n) := ¢;jun;mi, for all propagation
directions € R™ (cf. Remark 8.6). This ensures that plane wave solutions of the equation of
motion in R™ will propagate with real wave speeds [MH83, p. 240]. Strong ellipticity suffices to
prove existence of solutions in classical linearized elastodynamics [HM78].
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Chapter 2

Global seismology and gravity

Global seismology is concerned with earthquakes and the propagation of seismic waves within the
Earth. Most of our knowledge on the interior structure of the Earth is obtained by seismological
methods [AR80, DT98, BMS81, KB08]. Seismic waves are solutions of the elastic wave equation
(Section 2.1). The mass density distribution within the Earth determines its gravitational field
(Section 2.2). The elastic-gravitational equations describe the elastic deformation of a rotating
planet under the influence of its own gravity (Section 2.3).

2.1 Seismic waves and the free oscillations of the Earth

Seismic waves are elastic deformations that propagate within the Earth. The most prominent
sources of seismic waves are earthquakes. Since, except at fault zones, the amplitudes and strains
of seismic waves are small, the theory of linearized elasticity is appropriate in first approximation.

The anisotropic seismic wave equation is the equation of motion of classical linearized elas-
ticity (1.59), which (for f = 0 and writing p instead of p") reads
pu=V. T with T=c:Vu.

In isotropic media, the elasticity tensor ¢ has the components c;ji = Adi;0x + p(0ikdj1 + didji),
where A\, u: B — R are the Lamé constants (see Remark 4.9). Hooke’s law then reads

Tij = cijmen = Aerkij + 2pei5 = A(Opuy )i + p(9ju; + Opuy),
that is,
T = Atre) 13y + 2ue = MV - u)13x3 + pu(Vu + Vaul).

The material parameter u is called the shear modulus (rigidity). In an alternative form of
Hooke’s law for isotropic media, stress is split into its spherical and its deviatoric part:

1
T = k(tre)13x3 + 2u(e — g(tr8)13><3).

Here, k := A + %u is the bulk modulus (compressibility or incompressibility, as is more
common in geophysics).

If the medium is homogeneous, A, ;1 as well as p are constant. Then 9;T;; = A0;(9ju;) +
u(@?ui + 0;(0ju;)). Consequently, in an isotropic and homogeneous medium, the seismic wave
equation reads

pii=A+p)V(V - u)+ pAu.
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2 Global seismology and gravity

Taking the divergence then gives p 92(V - u) = (A + 2u)A(V - u), whereas taking the curl yields
p 0} (V x u) = p/A(V x u). This shows that both, the divergence V -u and the curl V x u of the
displacement field u, fulfill classical wave equations. A Helmholtz decomposition of u shows that
these wave equations also hold for the irrotational and divergence-free part of u respectively.
Thus v splits into P- and S-waves, propagating with velocities a and 3 given by

92 4
Lo A fge 5::\/5.
p p p

P-waves are purely compressional waves, whereas the slower S-waves are pure shear waves. Fluid
media have no resistance against shear deformation (1 = 0) and thus Hooke’s law reduces to
its spherical part: T = k(tre)lsxs = k(V - u)1l3x3. Therefore, only P-waves but no S-waves can

propagate in fluids (a = /k/p but g = 0).
P- and S-waves are body waves that travel through the whole globe. Yet, seismic waves also

propagate at the surface of the Earth, as the solution of the seismic wave equation in the half
space reveals. These surface waves cause the major damage in earthquakes.

Of course, the elasticity of the Earth is not perfect: Seismic waves will lose energy due to friction.
These viscoelastic effects are typically modeled by generalizing Hooke’s law T' = ¢ : Vu to a
time convolution integral T'(x,t) = ffoo clx, t —t') : Vu(x,t')dt', see [DTI8, (6.3), p. 194].

The seismic free oscillations (normal modes) are standing elastic waves within the Earth
which are observed at periods less than one hour (more precisely, between 200 and 3 000 seconds,
[WDO07]). They are the eigenfunctions in the spectral problem for the seismic wave equation
—p%w?U(w) = V - (c : Vi(w)) obtained via Fourier transformation in time. Viscoelasticity is
easily incorporated by allowing the elastic coefficients ¢ to depend on frequency, since convolution
becomes a product in the frequency domain. Then the complex eigenvalues wy, + iy, correspond
to the oscillation frequencies and decay rates. Their values constrain average properties of the
material parameters within the Earth’s deep interior, and in particular, due to the influence of
self-gravitation, give valuable information on density [Tro93, IT04].

The normal modes of a spherical, elastic, non-rotating, isotropic earth model can be calcu-
lated and they give the spheroidal and toroidal modes ,,S; and ,T;. Results for more general
earth models typically are obtained by perturbing this simple reference model and discussing
the splitting and coupling of modes [ZLWSGO00, DWO01, Rog03]. The modes related to elastic-
gravitational motions in the Earth’s fluid parts, especially in the outer core, are discussed in
[Val89a, SSR84, CHLI1, RV09]. Since body and surface waves are superpositions of the free os-
cillations, one can construct synthetic seismograms from the Earth’s free oscillations. The math-
ematical background for this procedure is the completeness of the normal modes in appropriate
function spaces. Yet, the complete description of the elastic-gravitational spectrum for a realistic
earth model is an open scientific problem [WD78, Val86, Valg9b, RR04b, WD07, WSLO7].

Normal modes exist also for the Moon and other planetary objects [BD69]. Information on the
oscillations of the Sun or other stars is obtained from radiation variations; elastic-gravitational
motions of these completely gaseous objects are studied in the theory of stellar pulsations
[Cox80].

2.2 The gravity field of a uniformly rotating planet

Gravity is the mutually attractive force between masses. The gravitational acceleration ¢°
is conservative and thus equal to the negative gradient of the gravitational potential ®*:

¢° = —Vo°. (2.1)

30



2.2 The gravity field of a uniformly rotating planet

The sign convention is the same as in [DT98, (2.107), (2.108)]. The spatial force density field
(per unit volume) for a spatial mass density distribution p® in a gravitational potential ®° is
then given by p°g® = —p*V®°. Because mass also is the source of gravity, ®° is determined as
the solution of Poisson’s equation:

AD® = 47wG p°. (2.2)
Here A :=V-V = Zi:l 3,% is the Laplacian and G denotes the universal gravitational constant.
In Sl-units, G = 6.67 - 107! m3s~2kg L.
Uniform rotation of the Earth means that the angular velocity of the Earth’s rotation
QecR? (2.3)
is independent of time and space — a valid approximation in the seismic frequency range. Its mod-
ulus is |Q] = 27/“1 sidereal day” = 27/(23h 56 min 48) = 27/(86 164 s) = 7.2921 x 10795~ 1.

We establish a co-rotating reference frame of Cartesian basis vectors in R3, whose origin lies in
the Earth’s center of mass and whose x3-basis vector aligns with 2. Since the rotating coordinate
system is not inertial, acceleration contains additional centrifugal and Coriolis components, as
will be derived following [TT60, Section 143, p. 437] or [MR94, p. 247]: The relation of the
time derivative of a material vector field ¢ in an inertial reference frame to the time derivative
calculated in a coordinate system that rotates with (possibly time-dependent) angular velocity
Q is given by

Biq = TGN+ QU x ¢, Le. 8 = OO 4+ Q x (), (2.4)

where (.)™" indicates the coordinates with respect to the rotating reference frame. The material
acceleration a = ¢ (1.23) can be written as

¢ = 0(p) = (T[NP +Q x ™)
_ a;ot ( 8trot S&rot +Qx SOrot)rot +Qx ( 8§ot SOrot + 0 x (prot)mt
_ (8§0t)2¢rot + (a;otQ) % gprot 420 x (a{otgorot) +Qx (Q % ()Orot)
= G QX 20 x PN+ Q x (2 x ™).

In a coordinate system rotating at a constant angular velocity (i.e. Q= 0), the acceleration
reads (now dropping the label (.)™")

G+2Qx o+ Qx(2x). (2.5)
Hence, in spatial representation, d;v® has to be replaced by
dv® +2Q xvf +Q x (2 x ). (2.6)

Thus, if ¢ is the motion in a rotating reference frame, the acceleration field consists of the
inertial acceleration a = ¢ or a® = dsv®, the Coriolis acceleration 2 x ¢ or 2 x v®, and
the centrifugal acceleration © x (2 x ¢) or Q x (2 x x). If Q depends on time, the calculation

above reveals that one must add the Euler acceleration €2 x x which models the effects of varying
rotation periods of the Earth.

The centrifugal force is conservative. The associated centrifugal potential is [DT98, (2.116)]
1
TR 5 R, U(x):= -5 (Q%2% — (2 2)?) (2.7)
and the gradient of U® gives the centrifugal acceleration:

VU RP 5 R, VU (2) = Q x (Q x ). (2.8)
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2 Global seismology and gravity

Geometrically, the centrifugal potential ¥*(z) is given by half the squared normal distance of =
to the Earth’s rotation axis. This can be seen from the following representation:

W () = —%(Q % T)2.
Indeed, if a@ denotes the angle between the vectors ) and x, the identity follows from
(2 x 2)2 = Qa2 sinaf? = [Q2|r2(1 - cos?a) = Q2|2 — (- 2)? = O%? — (Q- 2)?,
or alternatively, from
(2 x 2)? = (ej1Qzn)* = €1 QTreamuTm = (510km — 6jmOk) Y UTkTm = Qfap — (k).

Let us verify (2.8): The partial derivative of U* with respect to z; is

0,05 (z) = —%ai (%2 — (Q-2)?) = —% (20%2; — 2(Q - 2)) = (Q - 2)Q — QVay,

which coincides with the ith component of centrifugal acceleration,
(Q X (Q X .’IJ)),L = Eiijjekllexm = <5il(5jm — 6im5jl)Qle$m = Qmmez — QZZIBz

Since U¥: R?* — R is a pure second-order polynomial, the gradient V¥*: R? — R3 is a linear
map, see (2.8), and the Hessian VV¥*: R? — R3*3 is a constant matrix. In particular, the
derivative of VU? in direction of a vector a € R? is given by

VVU?.aq=V¥(a) =0 x (2 xa). (2.9)

The components of the Hessian are 9;0;¥° = 9;((Quzy)Qj — Q2xj) = (dix)Y — Q3 (dix;) =
Q;Q; — Q%(Sij and the Laplacian of ¥* is AUS = 01.2\115 = Q? —302 =-2 Qz =202

Since the centrifugal force has similar properties as the gravitational force, it is customary to
combine their potentials: In the equations of motion, both forces will occur together which
motivates to introduce the geopotential ®° + U which is understood as the gravity field of a
uniformly rotating planet.

2.3 The system of elastic-gravitational equations

Global seismic wave propagation is significantly influenced by prestress (residual stress) and
self-gravitation. Incorporating these effects in the seismic wave equation results in the elastic-
gravitational equations. This system of equations describes the elastic deformations of a
self-gravitating, uniformly rotating, fluid-solid planet, e.g. the Earth. The underlying planetary
model is fairly general, in particular it is inhomogeneous, anisotropic, and aspherical. Solutions
of the elastic-gravitational equations comprise seismic body and surface waves, free oscillations
and tidal deformations [Wah81], including the effects of short-time surface loads as for instance
air pressure variations [LCK98]. The various contributions are detectable by superconducting
gravimeters [HC00, WS03].

2.3.1 The nonlinear system

We include the effect of uniform rotation and self-gravitation in the general governing equation
(1.56). This yields the following material representation of the equation of motion [DT98,
(2.93)]:

P G+2A%xp+Qx (Ux)) = V-T 4o+ f, (2.10)
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2.3 The system of elastic-gravitational equations

that is, for (X,t) € B x I,
PO (PX,1) + 20 x (X, 8) + @ x (2 x p(X, 1)) = V- T™(X, 1) + p°(X)g(X,1) + f(X, 1).

The terms on the left-hand side are the inertial, the Coriolis, and the centrifugal force in material
representation, with reference density p°. As was discussed in Section 2.2, the appearance of
these two forces follows from the adoption of a Cartesian coordinate system which is co-rotating
with the Earth with angular velocity 2. On the right-hand side of (2.10) we have the row-
wise divergence of the first Piola-Kirchhoff stress tensor TT* and the material representation
of gravity. Compared to [DT98], the system is generalized to contain additional applied force
densities f in material representation on the right-hand side. By (2.1) the spatial gravitational
acceleration ¢° is the negative gradient of the spatial gravitational potential ®°¢, which in turn
relates to the spatial mass density p°® through Poisson’s equation (2.2) [DT98, (2.108)],

AD® =47 G p°.
Thus, the system of elastic-gravitational equations consists of the equation of motion (2.10),

Poisson’s equation (2.2), and a constitutive equation, which in case of hyperelasticity takes the
form (1.52) [DT98, (2.141)]:

The spatial representation of the equation of motion (2.10) reads [DT98, (2.83)]
PP (A’ +20 x v+ QX (A xx) =V -T°+p°g° + f*, (2.11)
that is, for (z,t) € R® x I,
P (x, 1) (dev® (X, 1) +2Q x v°(2,8) + Q X (A x ) = (V- T°)(x,t) + p°(x,t)g°(x,t) + f°(x,1).

Here the material time derivative is given by (1.32), d;v® = 9w+ Vov®-v°, where the second term
is nonlinear in v®. Moreover, the material and spatial acceleration and force fields are related
by g(X,t) = ¢°(e(X,t),t) and f(X,t) = J(X,t)f*(e(X,t),t). Gravitational and centrifugal
accelerations are conservative, that is, ¢*(z,t) = —V®*(z,t) and Q x (Q x z) = VU*(z) with
r = @(X,t), see (2.1) and (2.8). Consequently, the material equation of motion (2.10) can be
written in terms of the spatial geopotential ®&° 4 W*:

PPE+20x¢) = V-T™ = p)(V(D° + ) o p + f, (2.12)
or in spatial representation [DT98, (2.117)]
p°(dev® + 20 x %) = V- T° — p* V(®° + T®) + f°.

The system is complemented by suitable initial, boundary, interface, and decay conditions:

The initial conditions for the second-order in time material formulation (2.10) consist in fixing
the values of ¢ and ¢ at the desired initial time t:

o(.,tp) and (., 1o).

Viewing the spatial formulation (2.11) as an equation for v*, it is only of first order in time and
thus it suffices to specify the initial spatial velocity v®. In principle, the associated motion ¢ is
then determined from solving the nonlinear differential equation

(X, t) = v (e(X,1),1) for (X,t) € B x (to,t1).
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2 Global seismology and gravity

Equivalently, ¢ has to satisfy the integral equation p(X,t) = (X, tg)+ fti) v¥(p(X,t),t)dt. This
shows that the solution in spatial formulation requires the knowledge of the initial value of the
motion ¢(.,ty) as well. However, if the initial time ¢( coincides with the reference time, then
we already know the initial position p(X,tp) = X and it remains to specify the initial velocity
O(,t0) = v3(., o) = Y.

The boundary conditions are conditions specified on the Earth’s surface. Upon neglecting the
interaction with the atmosphere, one has a free surface and one only assumes the homogeneous
Neumann boundary condition of zero traction:

T°-v° =0 on the exterior boundary 0(p:(B)). (2.13)

Here, v* is the unit normal vector field of the exterior boundary surface of the Earth at time
t € I, 9(¢i(B)). Actually, the equation should read T - vf = 0, but for simplicity we omit
indicating the time-dependence, as we will do in the conditions below.

The interface conditions (also called interior boundary conditions) are jump conditions
for fields across interfaces S within the Earth, S C B. We will denote the jump of a quantity
across a surface by [. ], see (4.8).

The kinematical conditions state that across welded (solid-solid) interfaces S = ¥%° the
motion must be continuous, whereas across slipping (fluid-solid) interfaces S = X5 only the
normal component of the spatial velocity is continuous. Thereby, tangential slip is allowed, but
cavitation or interpenetration is excluded. In spatial representation, these conditions must hold
on the current configuration ¢;(.S) of the interface, [DT98, (2.79), (2.80)]:

[v°]T = 0 on welded interfaces ¢;(3°%), (2.14)
[v°]T-v®* = 0 on slipping interfaces ¢;(3*%). (2.15)

The dynamical conditions express the continuity of the spatial traction vector across any surface
S C B in the current configuration ¢.(.S), [DT98, (2.81)]:

[T°]*-v* =0  on all interfaces ¢, (X% U X"). (2.16)

These conditions are a consequence of Newton’s third law, as is explained in Section 4.6.2.
Specifically, perfectly slipping interfaces are characterized by normality of the traction vector,
that is, no tangential stresses can occur, [DT98, (2.82)]:

T° v = -T° v )’ on perfectly slipping interfaces ¢ (X"). (2.17)

The spatial gravitational potential as well as the gravitational acceleration must both be con-
tinuous across any surface S C R3 [DT98, (2.109), (2.110)]:

(@] =0 and [VO®*]T-1v° =0 on all surfaces S C R?. (2.18)

Finally, ®° must decay to zero at infinity: lim ®°*(z,.) = 0.

|z| =00

2.3.2 The linearized system

The governing equations are linearized around the equilibrium state of the Earth, which is
assumed to hold at reference time ty (the definition of the material and spatial perturbations
will be given in Section 6.3.1). The linearized system of elastic-gravitational equations (2.19)—
(2.35) consists of equilibrium and dynamical equations, boundary and interface conditions:

The equilibrium equations are the static equilibrium equation

P V@ + V) -V-T"=0 (2.19)
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2.3 The system of elastic-gravitational equations

and the reference Poisson equation
AP = 4nGp°, (2.20)

relating the initial density p°, the prestress 7°, and the reference gravitational potential ®°
[DT98, (3.8), (3.4)]. The static system is complemented by the boundary and interface conditions

T°-v =0 on the exterior boundary 0B, (2.21)

[T7" -v =0 on all interfaces ¥ U X5, (2.22)

T° v = (v-T° - v)r on perfectly slipping interfaces %%, (2.23)
[@°]F =0 and (2.24)
[V®°)]* . =0 on all surfaces S C R, (2.25)

with lim ®%(z) = 0.

|z|—o00
For a given initial density distribution p?, the gravitational potential ®° is defined through the
Poisson equation. The static equilibrium equation then constrains 7 in terms of p°, ®°, and Q.

The dynamical equations, relating the displacement u and the gravitational potential perturba-
tion (mass redistribution potential) ®*!, consist of the equation of motion [DT98, (3.60)]

PO (i 4+ 20 x 0+ VV(O° + U%) - u 4 VE) - V- (AT : Vu) = f (2.26)
and the perturbed Poisson equation [DT98, (3.96)]
AP = —4xG V - (p"u). (2.27)

In the equation of motion, inertia, the Coriolis acceleration, the acceleration due to the initial
gravitational and centrifugal potential, the acceleration due to gravitational potential perturba-
tion, and the elastic restoring forces are balanced by the applied force density. The prestressed
elasticity tensor AT’ allows to generalize Hooke’s law to the case of nonzero prestress (see Section
6.4.1):

ATV = TPKL,

The perturbed Poisson equation states that the source of ®*! is the divergence of the mass flow
due to displacement, where —V - (pu) = p*! is the incremental spatial density (see (6.44) in
Section 6.5.2). If ®*! is expressed in terms of u by solving the perturbed Poisson equation, the
equation of motion assumes the form of a second-order partial integro-differential system for u
(see Section 8.2.2).

In index notation, the system (2.19), (2.20), (2.26), and (2.27) reads (i = 1,2, 3)

P’ 0;(2° + 0%) — 0,T = 0,
8,%@0 = 471'Gp07
PO i + 20 Qi + 10,0 (20 + W) + 8;0°Y) — 9; (AL (Duy)) = fi,
RO = —4nG 9;(p"uy).

The dynamical system is complemented by the following boundary and interface conditions:

Kinematical conditions:

[u]t =0 on welded interfaces X%, (2.28)

[u]t-v =0 on slipping interfaces ¥*°. (2.29)
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2 Global seismology and gravity

Dynamical conditions:

TP .y =0 on the exterior boundary 0B 2.30
y )

[TP¥1* . =0 on welded interfaces %55, (2.31)

[7P*)T =0 and (2.32)

TPEL — (7PK1 )y on perfectly slipping interfaces X7, (2.33)

[@1]T =0 and (2.34)

(VO + 47G p°ul™ - v =0 on all surfaces S C R?, (2.35)

with lim ®%(z,.) = 0.

|z|—o00
The modified surface traction vector on X5 is defined by [DT98, eq. (3.80)]:
L= TPy 4y V- (p%u) — PPy - (Vu), (2.36)

that is, 7% = TPy, 4 o, A (pPug) — pOri(Dgus), with the surface derivative V = (53)3

i =1, see
(4.16).

The following table summarizes the set of boundary and interface conditions for the linearized
elastic-gravitational equations:

Boundary Conditions for Conditions for
or interface equilibrium fields perturbations
All surfaces S C B [@°]F =0 (@1t =0

[VeoT.v =0 VoSl +4rGplult - v =0
Solid-solid boundaries 59 — [u]t =0

[T -v=0 (TPt .y =0
Fluid-solid boundaries ¥*° — [ult v =0

[T9F v =0 TPt =0

Free surface 0B T . v =0 TPKL ., =0

In Part II we will establish a low-regularity earth model that allows us to derive the complete
system of elastic-gravitational equations from a variational principle. Within this framework,
we will eventually solve the Cauchy problem (initial value problem) for the linearized system of
elastic-gravitational equations.
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Chapter 3

Variational methods for partial
differential equations

Variational methods for partial differential equations are a versatile solution technique based
on the weak formulation (Section 3.2). The foundations of the method are closely related to
calculus of variations, which deals with minimizing, maximizing, or finding stationary points of
functionals (Section 3.1).

3.1 Calculus of variations

The objective of calculus of variations is to minimize, maximize, or find critical (stationary)
points of a function f: M — R, where M typically consists of numbers or functions, comprising
also curves, surfaces or other mathematical objects. Due to the generality of this formulation,
calculus of variations possesses a great variety of practical applications, which is reflected in the
rich literature [Mor66, K1i88, BB92, Gia83, GHI6, Tro96, Sch04, VA04]. The most elementary
variational problem is the classical extreme value problem for real functions. More sophisticated
examples are the geodesic, the minimal-surface, or the brachystochrone problem. Besides of
pure mathematics, calculus of variations has broad applications in natural sciences and eco-
nomics. Fundamental physical laws as Hamilton’s principle of stationary action (Section 3.1.1)
or Fermat’s principle of geometrical optics are also formulated as variational principles.

Historically, the study of variational problems lead to important theoretical questions which
motivated the foundation of whole branches of mathematics. The systematic development of
a general theory of calculus of variations started in the middle of the 18th century with the
discovery of the Euler-Lagrange equations. These equations are necessary conditions for the
stationarity of functionals (that is, functions on function spaces) of a special form (Section
3.1.3). However, a rigorous justification was possible only after the proof of the so-called fun-
damental lemma of the calculus of variations which was achieved by Du Bois-Reymond based
on the concept of continuity introduced by Cauchy. At the end of the 19th century, differential
calculus on infinite dimensional spaces and the concepts of Fréchet and Gateaux derivative were
introduced (evolving from the first variation or functional derivative). These mappings general-
ize the notion of the gradient and the directional derivative of functions on R” to the setting of
infinite dimensional spaces (Section 3.1.2). Thereby a firm theoretical background of calculus of
variations was established and, at the same time, the foundation of functional analysis. Calcu-
lus of variations itself thus may be regarded as the oldest part of functional analysis [BB92, p.
6]. The modern theory of calculus of variations combines results from topology and functional
analysis.
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3 Variational methods for partial differential equations

Since the Euler-Lagrange equations are differential equations, solving a variational problem at
the same time provides a solution of the associated differential equations. Conversely, under
certain symmetry conditions, the weak formulation of a partial differential equation may be
interpreted as a stationarity condition for a functional. The weak formulation is the basic
ingredient of the variational solution method (Sections 3.2.1, 3.2.2).

3.1.1 Hamilton’s principle of stationary action

Hamilton’s principle of stationary action allows a very elegant formulation of classical and
relativistic mechanics and field theory [SW68, LL76, FS78, Sal88, MR94, GPS02]:

The equations of motion governing a physical system follow from the stationarity of the
action, which is a scalar function of the dynamical state variables of the system.

In many applications the action is not only stationary but also minimal, and therefore Hamilton’s
principle is also known as the principle of least action.

The variational description of a physical system has many advantages: The complete system
of governing equations, including natural boundary conditions, follows from the knowledge of a
single scalar quantity. Consequently, the formulation does not depend on the choice of coordi-
nates. By Noether’s theorem, conservation properties of the system are related to the symmetries
of the Lagrangian, that is, its invariance properties under certain transformations. Moreover,
Hamilton’s principle allows us to study stability of the solution, as well as to systematically
incorporate constraint equations by means of the Lagrange multiplier method, and finally to
introduce approximations in a transparent way.

We discuss the classical variational description of a general conservative dynamical system.
According to Hamilton’s principle, the governing equations follow from the variational principle
expressing the stationarity of the action o/ of the system, that is,

5t = 0. (3.1)

The action is a functional on the configuration space which consists of the state variables
of the system and 6.7 denotes the first derivative (first variation) of & with respect to these
variables. In classical point mechanics, when ¢: I — R" describes the trajectory of a particle
in R within the time interval I = [to, ¢1], the action typically reads

A (q) = /I Lt q(t), 4(1)) dt

where .Z: I x R™ x R™ — R is called the Lagrangian. In classical field theory, the state of the
system is characterized by a function y of space and time, that is y: B x I — R™ for an interval
I CR and B C R" open and bounded. The Lagrangian .# then is a functional of y which may
be expressed as a volume and possibly also a surface integral. Hence, the action is of the form

d(y)z/Ig(y) dt:/l</BLdV+/SLSdS+/8BLaB dS) dt. (3.2)

The integrand L: B x I x R™ x R™*"™ x R™ — R is called the volume Lagrangian density
(or simply volume Lagrangian). Its argument is (z,t,y(z,t), Vy(z,t),y(x,t)). For conservative
systems, L is given by the difference of kinetic energy density FEiyi, and potential energy density
Epot (see [Syn60, p. 108], [GPS02, p. 22])

L = Eyin — Epor. (3.3)
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3.1 Calculus of variations

The surface Lagrangian density Lg: S x [ x R™ x R™*™ x R™ — R takes into account
the potential interaction energy of different regions within B, separated by the hypersurface
S C B. The exterior Lagrangian density Lgg: B x I x R™ x R™*"™ x R™ — R corre-
sponds to conditions prescribed on the boundary dB. Both surface Lagrangians depend on
(z,t,y(x,t), Vy(z,t),(z,t)). Here V denotes the surface gradient introduced in (4.16).

Under suitable regularity conditions, stationarity of &/ at y implies that y is a solution of the
Euler-Lagrange equations (EL)

0y (0yL) + V- (BgyL) — L =0 in BxI (3.4)

The strong EL (3.4) coincide with the equation of motion (Newton’s second law). Moreover, y
satisfies the natural boundary conditions (NBC), written for the case Lgp = 0,

(OvyLl) - v=0 on 0B xI, (3.5)

where v: 9B — R" denotes the exterior unit normal vector to dB. Furthermore, on sufficiently
smooth orientable interior surfaces ¥ C B with unit normal v: ¥ — R", y satisfies the natural
interior boundary/interface conditions (NIBC)

[OvyL]T-v=0 on (Z\S)xI (3.6)

and

OyLs — 0(0yLs) — V - (0g,Ls) — [OvyL]T-v=0 on SxI (3.7)

with [.]* the jump operator and V the surface derivative, see (4.8), (4.16). The NBC (3.5) and
NIBC (3.6), (3.7) correspond to the dynamical boundary and interface conditions.

The integral formulation of stationarity of the action, §./ = 0, is referred to as the weak EL:
0 (y,h) = // (OyL - h + 0yL - h+ OvyL : Vh) dVdt
1JB
+ / / (ayLS -h+ 8y'LS h + 6€yLS : %h) dSdt =0 (3.8)
1JS

for all test functions h: Bx I — R™ (again written for the case Lyp = 0). Here §.o7(y, h) denotes
the first variation of &7 at y in direction of h (see Definition 3.2). The weak EL coincide with
the principle of virtual work (also, though incorrectly, known as the “principle of virtual
power” ), where the test function h is interpreted as a “virtual displacement”.

As an integral formulation of the equations of motion, the weak EL require less regularity of the
involved fields than the classical differential form of the strong EL. Hence the weak EL allow us to
completely describe the behavior of the system even under very low regularity assumptions. The
strong EL (3.4) are formally recovered from the weak EL (3.8) by an integration by parts based
on the divergence theorem (Lemma 1.6). The weak EL also include the NBC (3.5) and NIBC
(3.6), (3.7), which are obtained by applying the divergence theorem for composite domains as
well as the surface divergence theorem (Lemma 4.11, Lemma 4.5). The regularity assumptions
that are necessary to make the calculation rigorous are specified in the following sections.

3.1.2 Differential calculus on Banach spaces

Before we consider the stationarity of functionals given in terms of volume and surface integrals
as in (3.2), we investigate variational problems in an abstract setting and introduce some basic
concepts of differential calculus on Banach spaces (complete normed vector spaces). Examples of
Banach spaces that will be of relevance in the application of calculus of variations are spaces of
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3 Variational methods for partial differential equations

C* functions on closed domains, the Lebesgue spaces LP, and, most important for our purposes,
the Sobolev spaces H* and W*? (see Section 3.2.1).

Throughout this section, E; and Fy are Banach spaces and M C E; is open with M # (). The
set of all continuous linear operators E1 — E» is denoted by Lin(E;, Es). We follow [BB92]:

Definition 3.1 (Fréchet derivative). The Fréchet derivative (strong derivative) of f: M — E»
at y € M is an operator D f(y) € Lin(E;, E2) such that

Df(y)(h) = f(y+h) — f(y) +oly,h)

o(y, h
for all h € By with y +h € M and o(y, . ): E1 — FE2, o(y,0) =0, and lim M =0.
Inllg, =0 Al

If Df(y) exists, f is called (Fréchet) differentiable at y and if this is true for all y € M, then
f is differentiable on M. If Df: M — Lin(E1, E5) is continuous, then f is called continuously
differentiable on M.

Definition 3.2 (Gateaux derivative). The Gateaux derivative (weak derivative, directional
derivative, first variation) of f: M — FEs at y € M in the direction h € FEj is defined by
5f(y,h) := ®'(0) with ®: (—eg,g9) — Fa2, () = f(y + €h) for some gy > 0, i.e.,

5f(y,h) = %(f(ereh)) _ =lm f(y+5f::) —fly)

If 6f(y,.) € Lin(E1, E), then f is called Gateaux differentiable on M.

The Fréchet derivative is stronger than the Gateaux derivative in the sense that the existence
of Df implies the existence of df and that §f = Df. Conversely, if the Gateaux derivative
enjoys additional regularity, then it is actually a Fréchet derivative: If § f(y,.) exists for all y in
a neighborhood U of yg € M and if y — 0f(y,.) is continuous U — Lin(E1, Es), then D f(yo)
exists and D f(yo) = 0f(yo,.) [BB92, Lemma 2.3.2, p. 47].

We discuss some examples of Fréchet derivatives:

(i) Every linear operator [: Ey — FE5 is Fréchet (and hence Gateaux) differentiable with
constant derivative

Di(y) =1L

Indeed, by linearity I(y + h) = I(y) + [(h), which shows that DI(y)(h) = I(h) for all y and
h e Eq.

(ii) Let @: H — R be a quadratic form,

Q) = (Ayly)u

with a bounded linear operator A: H — H on a real Hilbert space H with inner product
(.].) i and associated norm ||.||;;. Then @ is Fréchet differentiable on H with

DQ(y)(h) = (Aylh) g + (Ahly) .

Indeed, Q(y + h) = (A(y + W)y + h)m = (Ayly)u + (Aylh)m + (Ahly)m + (Ah|h) g with
(AR 1/l s < Al I8l — O s 1hlly = 0 and - (Aglh s + {Ably) s is bounded
and linear. In particular, if A is symmetric, then DQ(y)(h) = 2(Ay|h) .

(iii) For every yo € M, the Fréchet derivative of a functional J: M — R is an element of the
normed dual space of Fi:
Dj(yo) S Ei = Lin(E1,R).
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3.1 Calculus of variations

(iv) The Fréchet derivative Df of a vector-valued function f: M — R™ on M C R" coin-
cides with the linear operator corresponding to the Jacobi matrix of f (upon identifying
linear operators with matrices), i.e.

Df(yo)(h) = Df(yo) - h with Df = (0fi)i s

Moreover, interpreted as Gateaux derivative, D f - h represents the directional derivative
of f in the direction of h.

Definition 3.3 (Regular and stationary points). Let f: M — FE, be differentiable at
yo € M. If Df(yo): E1 — Es is surjective, then yg is called a regular point of f. Else, yo is
called a stationary (or critical) point of f. In particular, a point yo € M C E; is a stationary
point of a functional J: M — R if DJ(yo) = 0 in EY}, that is,

DJI(yo)(h) =0 forall he Ey. (3.9)

Let g: M — FE» be continuous and yg € M. Then yg is called a stationary point of 7 subject
to the constraint g = 0 on M, if y is a stationary point for the restricted functional 7| g=1({0})-
Note that continuity of g implies that ¢g~!({0}) is a closed set. The Lagrange multiplier theorem
gives necessary conditions for stationary points of a functional J: M — R that is restricted to
a subset of M by a constraint [BB92, Theorem 4.3.3, p. 74]:

Theorem 3.4 (Lagrange multiplier theorem). Let J: M — R, g: M — Ey both be
(Fréchet) differentiable and let yo € M be a stationary point of J subject to the constraint

g(y) =0 for ally € M.

If yo is a regular point of g and ker(Dg(yo)) has a topological complement in Ey, then there
exists a continuous linear functional A: Eo — R, called Lagrange multiplier, such that

DJ(yo) = Ao Dg(yo)-
Equivalently, yo is a stationary point of the functional J*: M — R, J*:=J —\og.

Remark 3.5 (Topological complement condition). By the topological complement condi-
tion, ker(Dg(yo)) should possess a topological complement in F;. This means that there exists a
closed subspace V' C Ej such that F; = ker(Dg(yo)) ® V. Note that ker(Dg(yp)) is closed, since
Dg(yo) € Lin(Eq, F3) by the requirement of Fréchet differentiability. If E; is a Hilbert space,
then the topological complement condition is automatically satisfied on (the closed subspace)
K :=ker(Dg(y)). Indeed, the orthogonal complement K+ =: V is closed and we always have
Ei=Ka K" 4

3.1.3 Classical calculus of variations

Classical calculus of variations considers functionals given by an integral J of the form
TW)i= [ Flay(e). Dy@) dVia)  for yec )", (310)
\%

where V' C R™ is nonempty, open, and bounded and the Lagrangian F' € C!(U) is defined on an
open set
UCR"xR™ x R™™,
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3 Variational methods for partial differential equations

The space C' (V)™ equipped with the norm (1.13), HyHCl(V) = max_ v ([y(z)| + |[Dy(x)]), is a
Banach space. The set of all admissible functions consists of all y € C'(V)™ whose 1-graph
is contained in U:

W= {y e CY (V)™ : {(z,y(z), Dy(z)) : = € V} C U}. (3.11)

The admissibility set W is an open subset of C*(V)™: For all y € W there exists dy > 0 such
that F(z, z(z), Dz(z)) is defined for all z € V and for all z € C*(V)™ with |z — Ylerry < do,
cf. [GH96, p. 12]. Consequently

J: W =R

is a functional defined on an open subset of a Banach space. In the language of classical calculus
of variations, the Gateaux derivative (Definition 3.2) of J at yo € W in the direction h € C1(V)™
is called the first variation of J:

i(j(yo +¢h))

1) h) = .
j(ym ) de e=0

In accordance with Definition 3.3, a point yg € W is a stationary point of 7, if
6T (yo,h) =0 forall heCH(V)™. (3.12)

This stationarity condition represents the weak EL for J.

Remark 3.6 (Variations with fixed and free boundary values). The weak EL naturally
contain some boundary conditions on yg, which, under higher regularity, are explicitly recovered
by integration by parts (see Lemma 3.9 below). In particular, if one considers variations of y
with fixed boundary values (fixed endpoint problems), it suffices to require 6.7 (yo,h) = 0 for
all h € C}(V)™. By density of the test functions D(V)™ (3.21) in C3(V)™, this is equivalent to
87 (yo, h) = 0 for all b € D(V)™. In contrast, test functions h € C1(V)™ allow for more general
variations with free boundary values (free endpoint problems), see [KI1i88, VA04]. 4

Let us derive an explicit formula for the weak EL of 7 (3.10) and thus consider its first variation.
We introduce the notation
D“F.:= (D“F)on.:V =R

for a € Nij, € € R, with 7. := (Idy, yo + ch, Dyo + €Dh): V =V x R™ x R™*"_ In particular,
forz €V,

Lemma 3.7 (Weak EL). The first variation in the weak EL (3.12) is given by

m

8T (yo,h) = /V(Z 0y, Fo)hs +ZZ 9, F0) 0 h)(:c) AV (z) (3.14)

i=1 j=1

_ /V((ayFo) “h + (9pyFo) : Dh)dV.

Recall that Op,F' denotes the derivative of A — F(.,A) for A = Dy = (83%):”]21 € R™*™ in
components: (Opy F)ij = 0y, F

Proof. Following [GHI6, p. 12], we have 0.7 (yo, h) = ®'(0) with the continuously differentiable

function @ : (—eg,e0) = R, ®(¢) := T (yo + €h) defined for gy < 50/||h||cl(V) with 0y used to
establish openness of the set W of admissible points. Continuity and linearity of the functional
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3.1 Calculus of variations

h — 6J (yo, h) on C*(V)™ follows from the explicit formula (3.14) for 6.7 (yo, h), which we will
now derive: By definition of the first variation as Géteaux derivative,

0T (Yo, h) = dile(j(yo + Eh)> ‘e:o = dile /VF x) dV(x) = /V((%Fg)(x) dV(x)

In the last equality, interchanging differentiation and integration is justified by dominated con-
vergence (e.g. [Els07, Satz 5.7, p. 147]), since F. € L'(V) and the derivative 0.F. exists a.e.
in V and for all ¢ near zero, and satisfies |0-F.| < g with ¢ € L'(V) independent of . Then,
applying the chain rule, we obtain

(0:-F:)(w) = 0-(Fone)(x) = (DF)( (7)) - (9ene) ()

5:0'

3 O F) 1)) + 3 S By )1 0)) 0510} o)
i=1 i=1 j=1
= ((0yF)(n(x))) - h(z) + ((OpyF) (1e(x))) : Dh(x)
for x € V. Setting € = 0 completes the proof. O

In Section 7.2, Sobolev space techniques will allow us to prove the validity of formula (3.14) for
the first variation §.7 (yo, h) under substantially lower regularity conditions on y and F(.,y, Dy),
provided that the integrand F' of the functional is a second-order polynomial in y and Dy.

The classical (strong) EL are necessary conditions for stationary points that are twice continu-
ously differentiable. If the (open and bounded) domain V' has some additional regularity, then
also NBC (natural boundary conditions) can be deduced. Both EL and NBC follow from for-
mula (3.14) using the divergence theorem (Lemma 1.6) and the so-called fundamental lemma of
the calculus of variations:
Lemma 3.8 (The fundamental lemma of the calculus of variations).
(i) Volume integrals: Let V C R™ be open.
Let f € Li, (V). Then, [, fn=0 forall neD(V) < f=0 ae in V.
If f € C%(V), we can conclude f(z) =0 for allz € V.
(ii) Surface integrals: Let S be a Lip-submanifold of R™ of dimension n—1 that is contained
in the boundary OV of a Lip-domain V C R™.
Let g € Hfé(S). Then, [¢gn=0 forall ne H(V) < g=0 in Hfé(S).
If g € L?(S), we can conclude g = 0 a.e. on S; if g € C°(S), we get g(x) =0 for allz € S.

Proof. Part (i) is a standard result in measure theory or distribution theory (e.g. [H6r90, The-
orem 1.2.5], [AFOS Chapter 3, Lemma 3.31, p. 74]). We establish (ii): Since the trace operator

T: H(V) — H2(8V) is continuous and surjective, see (3.30), [¢gn = 0 for all n € H'(V)

implies ¢ = 0 in H~ (S) If g € L?(S), we conclude ¢ = 0 almost everywhere on S; the
argumentation is similar for the continuous case. The converse direction is clear. O

The EL and the NBC follow from the weak EL (3.12) under higher regularity conditions [GH96]:

Lemma 3.9 (Classical EL and NBC). Let 7: W — R be as in (3.10) and F, U, V, W be
defined as above. In addition, assume that V is a Lip-domain with exterior normal v: OV — R,
and F € C2(U). Ifyo € W N C3(V)™ is a stationary point of J, that is, the weak EL (3.12)
hold, then yo satisfies the classical EL

div(OpyFo) — OyFo =0 in V (3.15)
as well as the classical NBC
(OpyFo) -v=0 on OV. (3.16)
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3 Variational methods for partial differential equations

In index notation, the EL and NBC read

28 9,4 F0) — Oy, Fo = 0 and Z(aajyiFO) vi=0 for 1<i<m.

Proof. The divergence theorem (Green’s formula (1.17) for integration by parts, see Lemma 1.6)
applied to the first variation (3.14) of J yields

0T (yo, h) = /V ((0yFv) - h + (8py Fo) : Dh)dV
_/ (8yFo—div(8DyF0))-th+/ h - (OpyFo) - v dS,
v ov

that is,

57 (yo, h _/(ZaylFo ZZ@ 9,0 Fb) th+/aVZZ 9, F0)hi v dS.

=1 j=1 =1 j=1

We restrict the space of test functions C'(V) to the subset of smooth, compactly supported
functions D(V)™ (3.21) and only require the stationarity 0.7 (yo,h) = 0 for all h € D(V)™
Then the fundamental lemma (Lemma 3.8) implies the EL (3.15) in V' because by hlgy = 0
the surface integral vanishes. Then, the validity of the EL together with stationarity for all
h € CY(V)™ leads to the condition

/ h-(OpyFo)-vdS=0 forall hec (V)™
ov
and the fundamental lemma applied to OV eventually gives the NBC (3.16). O]

We emphasize that the classical EL (3.15) and NBC (3.16) hold pointwise. From their derivation
it is clear that the equations still hold pointwise if, instead of full C2-regularity of F', we just
assume

oFec’(U)y™ and  9p,F eCHU)™™,

that is, 9, F € CO(U) and 9y, F € C'(U) for all 1 < i < m and 1 < j < n (see [GHI6, p. 16
and p. 34] for OV piecewise C!).

Remark 3.10 (Distributional interpretation of the EL). If the conditions
oyFy € D'(V)™ and OpyFo € D'(V)™™ (3.17)

hold, we may interpret the right-hand side of the explicit formula (3.14) for the weak EL as a
distributional duality:

5T (o, h) = /V (8,F0) - h+ (Dpy Fo) : D) AV = (8, Fo, b + (9py Fo, Dh).

By the definition of the distributional derivative (3.24), the weak EL (3.12) thus read
5J(y0, h) = <6yF0 — diV(@DyFo), h) =0

for all h € D(V)™ (fixed endpoint variations). Thereby we obtain the EL div(0p,Fo) — 0y Fo = 0
(3.15) in the sense of D'(V)™. However, the conditions (3.17) severely restrict the possible
function spaces for admissible functions y and integrands F'. Yet they can be satisfied if, for
example, y is a bounded Sobolev function and F' is smooth [Hor97, Chapter 8, Theorem 8.5.1,
p. 201]: If y € L* N H*® for s > 0 and F € C*™ with F(0) =0, then Foy € L* N H?®. 4
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3.1 Calculus of variations

We generalize the classical calculus of variations to the presence of interior boundaries and
functionals with surface integrals (see Section 4.1). The interfaces model surfaces across which
the integrand of the functional may be discontinuous or change its form. Specifically, we con-
sider domains V that are composed of finitely many adjacent but non-overlapping subdomains.
Moreover, we will also introduce an additional surface integral to the functional J (3.10). In
these cases, stationarity of the functional, in addition to the EL and NBC, also implies certain
interface conditions, which are the natural interior boundary conditions (NIBC) on
the interior boundaries of the composite domain.

First, we consider the stationarity of volume integrals on composite domains. The possible
discontinuity of the integrand prevents us from directly applying the divergence theorem (Lemma
1.6). Instead a variant of the divergence theorem for composite domains V' = |, V}, with interior
boundary ¥ is used (Lemma 4.11). Hence, assuming the validity of the formula (3.14) for the
first variation of 7 (this is true e.g. for polynomial integrands in a Sobolev space setting, Section
7.2), and in addition Op,Folv, € C*(Vi)™ " for all k, the stationarity of J for all h € CL(V)™
can be written in the form

/ (9, Fy — div(Opy Fy)) - h dV +/ b (OpyFy) - v dS — / h- [9pyFo)t - v dS = 0.
\%4 oV b

Consequently, by the fundamental lemma (Lemma 3.8), a stationary point yo fulfills the EL
(3.15) in each Vj, the NBC (3.16) on dV and, in addition, the NIBC

[OpyFo]t-v=0 on X. (3.18)

Second, we discuss the implications of an additional surface integral: Let S be a Lip-hypersurface
in R™ which is contained in the interior boundaries ¥ of V. Furthermore, let

J(y) ==/‘/F(w,y(I)aDy(ﬂf))dV(ﬂﬂ)+/SFs(w7y(ﬂf),l~7y(iv))dS(ﬂf) (3.19)

with Dy = Dy — ((Dy)-v)v denoting the surface derivative (4.16) on S. The surface Lagrangian
Fg: SxR™xR™*" — R is assumed to be suitably regular (e.g. C2). In this case, (3.14) contains
the additional surface integral

(0yFs0) - h+ (95, Fso) : Dh) dS,
S Yy

where, analogous to D*Fy (3.13), we put D*Fgg := (D“Fs)(.,v0, Dyo) for all a € Nj. By the
surface divergence theorem on S (Lemma 4.5), the surface integral is equal to

/S h- (8ngo —&Rz(ﬁﬁngo)>dS+ /8 h- (9, Fs0) - dA.

S

The line integral vanishes if S is closed (0S = 0) or if the integrand is zero on 9S. Hence
the fundamental lemma (Lemma 3.8) yields additional terms 0y Fgo — div((‘?ﬁngo) in the NIBC
(3.18). Therefore these conditions have to be replaced by the following modified NIBC:

Oy Fso — (ﬂ(l(aﬁyFso) — [aDyFo]i- -v=20 on S. (3.20)
We note that the presence of the surface integral neither affects the EL (3.15) nor the NBC

(3.16) on OV, but only the NIBC (3.18) on S. The NIBC on interior boundaries ¥ \ S remain
unchanged.
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3 Variational methods for partial differential equations

3.2 Solution of partial differential equations with low regularity

Studying partial differential equations (PDEs) in a low regularity setting means to allow
non-smooth coefficients, initial data, and boundary data [LM72, Tré75, DL8R, D192, RR04a,
Eval0]. The weak formulation makes it possible to correctly state the equation and search for
generalized solutions (Section 3.2.1). Of major importance in this respect are Sobolev spaces,
essentially consisting of power integrable functions with power integrable derivatives. These
Banach or Hilbert spaces provide a favorable setting for the study of well-posedness of PDEs.

A versatile solution technique for PDEs with low regularity is the variational method, which is
also known as the method of energy estimates (Section 3.2.2). The key ingredient is an inequality
which bounds the energy of the solution by the energy of the coefficients and data. Thereby the
term “energy” refers to a certain norm, which is chosen on the basis of so-called “a priori energy
estimates”. The validity of energy estimates relies on certain positivity (ellipticity, convexity,
coercivity) conditions.

3.2.1 Weak solutions and Sobolev spaces

We introduce some basic terminology for PDEs. Let P be a partial differential operator (PDO).
A function u: €2 — R defined on an open set 2 C R" is called a solution of a PDE if it satisfies

Pu=f in Q

for a given inhomogeneity f: 2 — R. A PDE is often coupled to boundary conditions which
the solution must satisfy: For example, Dirichlet conditions are of the form

ulpo =g on OS2

for the given boundary data g: 02 — R. Conditions involving derivatives of u at 92 are called
Neumann conditions. If one of the coordinates is interpreted as time, i.e. u: Q X [tg,t1] — R,
(x,t) — u(z,t) and Pu = f is an evolution equation, i.e. contains time derivatives of u, then u
typically has to fulfill certain initial conditions at initial time ¢y, that is, on  x {to}. In case
of PDEs that are of second-order with respect to time, suitable initial conditions are

0

u(.,to) = u and  a(.,t) =u' in Q

for given functions u°, u': Q — R. The boundary conditions are then understood as conditions
with respect to space coordinates, that is, they hold on 92 x [tg, t1]. The problem Pu = f with
initial (and boundary) conditions is called the Cauchy problem for P.

In the application of PDEs to problems in physics it is natural to require that the solution
exists, is unique, and depends continuously on the data, represented by the source and the
model parameters. This is the classical definition of a well-posed problem in the sense of
Hadamard. More recently, the existence of a convergent numerical scheme (based on a time- or
space-discretization method) has been added as a further desirable property of a PDE. Precise
statements on existence, uniqueness, continuous dependence on data, and numerical approxima-
tion can only be made based on the knowledge of spaces in which the solution and data should
lie. The correct choice of these spaces ideally balances the mathematical complexity and the
physical reality of the model problem. If the problem is formulated in terms of PDEs, one is
lead to the consideration of different solution concepts.

The solution u: Q@ — R of a PDE Pu = f is a classical solution, if (Pu)(z) = f(x) holds
pointwise for all x € €. It is obvious that the concept of classical solution is not applicable
if f is not continuous. If f € L?(Q)) we may define a strong solution by requiring that the
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3.2 Solution of partial differential equations with low regularity

equation Pu = f holds in L? almost everywhere in Q. However, in order to prove existence of
solutions it turns out to be beneficial to further relax the solution concept and consider weak
solutions (variational solutions). Their definition is based on reformulating the PDE as a
duality relation with respect to a suitable space of test functions. This so-called weak form
(variational form) of the PDE is obtained, if one applies both sides of Pu = f to a test
function ¢,

{(Pu, ) = (f,#)-

The derivatives contained in the operator P are then shifted to the test function side as in the
definition of the distributional derivative (3.22). Thereby, provided that P is of suitable form,
we can gradually reduce the minimal regularity that « must enjoy to represent a “solution”.

We briefly summarize some basic concepts and notation of the theory of distributions. Let
2 C R"™ be an open set. The space of test functions D(2) consists of smooth, compactly
supported functions,

D(Q) :={p € C>(R) : supp(p) compact in N}, (3.21)

and is endowed with the topology of uniform convergence of all derivatives with support in a
fixed compact set, see e.g. [Tré67, Chapter 21]. The space of distributions D’'(Q) consists of
continuous linear functionals on D(2). The action of a distribution u € D'(2) on a test function
© € D(Q) is written in terms of a duality bracket:

u: @ (u, @) € R.
If u e L (), then

(u, @)y = /ngodV.

The integration by parts formula

[@neav=—[ ropav.

which holds classically for f € C1(2) and ¢ € D(Q2) (the boundary contribution vanishes because
supp(¢p) is strictly contained in ), motivates the following definition:

Definition 3.11 (Distributional derivative, weak derivative). Let 2 C R" be open, f €
D'(2), and ¢ € D(Q). Then, for 1 < j < n, the distributional derivative 9;f € D'(€) is defined
by

Higher-order distributional derivatives are then defined by iteration:

(D*f, ) = (=1)*l(f, D). (3.22)

In this definition, the higher-order partial derivatives are written using multi-index notation: If
a=(a1,...,a,) € Nj is a multi-index of order || := a1 + - - + ap, then

D* =00 .95 with =1 (j=1,...,n). (3.23)

The symbols 9; and D always denote distributional derivatives, which coincide with the classical
derivatives for functions of sufficient regularity (see also Remark 4.7). Distributional duality
of vector-valued distributions and test functions is defined in terms of scalar duality of the
components: If u € D'(2)™ and ¢ € D(Q)™, then (u, @) = > ;- (uk, pk). In particular, if f €
D'(Q2)™*™ is a matrix with distributional components and h € D(2)™ a vector of test functions,
then divf € D'(Q)™, Dh € D(Q)™*", and we have (f, Dh) = (fi;,0jhi) = —(0;fij, hi) =
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3 Variational methods for partial differential equations

—((div f);, hi) = —(divf, h) (with summation convention for 1 < i <m and 1 < j < n), that is,
we obtain the “distributional integration by parts formula”

(f,Dh) = —(div f, h). (3.24)
If f is sufficiently regular (f € Hg;y(Q)™*™ is enough), this coincides with Green’s formula
(1.17), where the boundary term disappears for h € D(Q)™

As a motivation, we formally illustrate the concept of weak solutions for the Poisson equation,
—Au=f

for u: @ — R on an open domain @ C R™. The PDO A = V-V = Y}, 9?7 is the n-
dimensional Laplace operator (linear, second-order, constant coefficients). We multiply the
Poisson equation with a sufficiently smooth test function v: 2 — R that vanishes at 02, integrate
over €, apply the product rule V - ((Vu)v) = (Au)v + Vu - Vo, and the divergence theorem
(Lemma 1.6; or directly Green’s formula (1.17) for integration by parts). The result is the weak
form of the PDE —Au = f, namely

/ Vu-VodV = / fvdV  for all test functions v. (3.25)
Q Q
Moreover, a solution u of (3.25) is also a stationary point of the Dirichlet integral
ur— J(u /F u, Vu)d with F(u,Vu) := 2|Vu]2 (3.26)
Indeed, since Oy, F' = Vu and 0, F = —f, the weak EL (3.12), i.e
0J (u,v :iju—i—ev eep = Ovu ) - Vv + (0, F)v) dV =0,
de \4

are precisely (3.25). The strong EL V - (Oy,F) — 0, F = 0 (3.15) coincide with —Au = f.

Thus, the weak solution of the Poisson equation solves a variational problem. This result is
not restricted to the Laplacian: Essentially, every weak formulation that involves a symmetric
bilinear form represents the weak EL to some functional, explaining why weak solutions are
alternatively called variational solutions [LM72, Chapter 2, Section 9.1, p. 201]. With respect
to regularity conditions, the Dirichlet integral is defined whenever the distributional gradient
of the solution is square integrable, i.e. Vu € L?(Q)". Hence, the concept of weak solutions
naturally leads to the definition of Sobolev spaces.

Sobolev functions are Lebesgue measurable and power integrable functions whose distributional
derivatives also are elements of a Lebesgue space. The Lebesgue space LP(2) is the Banach
space consisting of (equivalence classes) of Lebesgue measurable functions f: 2 — R defined on
an open set 2 C R", with norm || f|| ;) < 00, where

) 1/p
T (flserav) ™ 1sp<o (3.27)

ess sup,eq | f(2)] p = 00.

Here, || f[[ o0 () is the essential supremum of | f(z)|, that is, is the greatest lower bound (infimum)
of all K such that sup,cq |f(z)| < K a.e. on Q.

Definition 3.12 (Sobolev spaces). Let @ C R™ be open, k € Ny and 1 < p < co. Then the
LP-based Sobolev space of order (exponent) k, given by

WhP(Q) = {u € LP(Q): Va e NI, |a| <k: D¢ LP(Q)},
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3.2 Solution of partial differential equations with low regularity

is a Banach space with the norm

1/p
a, ||1P
Hu”wk,p(g) — (Z|a\§k 1D UH/;p(Q)) l<p<oo (3.28)
max|q|<k | DU pooiq) P =00
In particular, WO9P(Q) = LP(Q). The L?-based Sobolev spaces, H*(Q) := W¥2(Q) are Hilbert
spaces with inner product (u|v) gr(q) = 3|4 <k (D ul D) 12(0) = >_ 0 <k Jo(D%u)(D*v)dV.

For a general open subset 2 C R"”, the local Sobolev space VVIIZ’CP(Q) consists of those distri-
butions u € D'(R™), which, after multiplication with a test function ¢ € D(f2), are contained in
WHP(R™):

WEP(Q) = {u e D/(R"): Yy eD(Q): up € W’“’p(R”)}.

On Q = R, the L?-based Sobolev spaces H*(R™) may also be defined as certain subsets of
the temperate distributions S’(R") (the dual space to the Schwartz space S(R™) of rapidly
decreasing smooth functions, which together with all their derivatives decay at infinity faster
than any rational function). Since the Fourier transform % leaves S'(R™) invariant and higher
differentiability of u corresponds to faster decay of u := .%u, smoothness can be measured with
weighted L?-norms of #:

S - 2 S |~
100+ L2 gy = [ (1416 [@OF aV(E) < oc.
This allows to extend the definition of Sobolev spaces to arbitrary real Sobolev exponents s € R:
HS(R") = {u eS'R™): (1+].)*2ae LZ(R”)}. (3.29)

The equivalence of (3.29) to Definition 3.12 in the case of Q@ = R", p = 2, and integer exponent
s =k € Ny is clear from the properties

[ull 2y = enlltll2gny  and (D%u)(€) = (i6)" u(€)
of the Fourier transform for v € S'(R™). The constant ¢, > 0 in Plancherel’s theorem is a

certain power of 2w, determined by the specific choice of factors in 7.

Following [DL88, Chapter 5, §4, Prop. 3, p. 118], one may also define Sobolev spaces H?*(2)
for s € R and on a general open set Q C R™ by requiring that v € D'(Q2) has an extension to
u e S'(R™) with u € H*(R™) in the sense of (3.29). For integer exponents s = k € Ny, the
definitions coincide, provided that the domain  has the extension property for H”, i.e. there
exists a bounded linear operator (the extension operator)

E: H* Q) —» H*R")  with  (Bu)|,=u  Vue H"Q).

It can be shown that Lip-domains (Definition 1.5) possess the extension property for all H*.

By the trace theorem, the restriction of Sobolev spaces to boundaries of Lip-domains €2 in
R™ reduces their exponent by 1/2 (e.g. [Tré75, Theorem 26.2], [W1o87, Theorem 8.8]): Let

2 C R” be a Lip-domain and k € N, then the restriction of a smooth function u € C*>(2) to the
boundary 02 uniquely extends to a continuous and surjective linear map, the trace operator

T: H*(Q) —» H3(09)  with  T(u) = ul
In particular, if u € H(£2), then there exists ¢ > 0 with
lull 172050y < cllullgrg)- (3.30)
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3 Variational methods for partial differential equations

For the definition of the general Sobolev space W¥*P(S) with k € Ny and the corresponding norm
on a Ch!-submanifold S in R", see [Gri85, Definition 1.3.3.2].

We briefly discuss Sobolev duality. The dual space of a Sobolev space with exponent s is
essentially a Sobolev space with exponent —s. Specifically we have

(1 (R")) = H*(R"),

i.e., H7*(R™) consists of all bounded linear functionals on H*(R™). In general however, test
functions D(Q) are not dense in H*(Q) if Q@ C R” (but D(Q) is dense in L*(Q), e.g. [RR04a,
Lemma 7.7, p. 206]). Consequently, we only have

(Hg () = HM(Q),

where HE(Q) is the completion of D(Q) with respect to the Sobolev norm [l g7 (2)- Similarly,
the duality relation for W*?(Q) with k € Ny and 1 < p < oo reads

(WeP(Q)) = W= (),

where the conjugate exponent p’ is defined by % + % = 1, including the extreme cases 1 and oo.

Note that since Hj(Q) € HY(Q) and X CY = Y’ C X’ for normed spaces X,Y, we obtain
that the dual space of H(f2) is, as a set, strictly contained in H=*(Q): (HY(Q)) € H-Y(Q)
(and analogously for exponents k& > 1). Due to the mentioned lack of density of test functions,
the dual (H'(9))’ is not a space of distributions on Q [LM72, p. 295]. However, the adjoint
of the continuous projection H'(2) — H{(Q) defines a continuous embedding in the converse
direction: H=1(Q) — (H*(Q))', see [VP65, Section 3] or [Eval0].

The Sobolev duality on the boundary of a Lip-domain  is [DL88, Chapter 4, Appendix, p. 143]
(H*(0R2)) = H*(0Q). (3.31)

We will denote the surface Sobolev duality between H =3 and HZ on a closed Lip-surface S
by

<<'7'>>S = <"'>H_%(S),H%(S). (3'32)
A function f € Hg;, (2)"*™ (1.18) is continuously mapped to its normal trace f-v € Hfé(aQ)m.
With H' C Hg;, we thus have, for some ¢ > 0,

1 vllg-12000) < cllf g ) (3.33)

By the Sobolev embedding theorem, Sobolev functions with sufficiently high exponents are
embedded in the space of continuous functions, that is, Sobolev regularity becomes classical
regularity. We specify the details. A normed vector subspace X C Y of a normed space Y is
said to be continuously embedded in Y, denoted by X < Y, if the identity mapping Id: X — Y,
Id(z) := z is continuous, see [RR04a, Def. 7.15, p. 209]. By linearity of the identity operator,
continuity reduces to the existence of ¢ > 0 such that |[Id(z)|ly < |||y for all z € X, that is,

||35HY < Cuﬂf”x (3.34)

For general topological spaces X and Y, we write X — Y if there exists an injective continuous
map X — Y. An example is the embedding of Lebesgue measurable spaces LP(£2) on a bounded
open set @ C R™ [AF03, Theorem 2.14, p. 28]:

LP(Q) — LY(Q) for 1<g<p<o. (3.35)
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3.2 Solution of partial differential equations with low regularity

Furthermore, LP — LllOC holds on general domains for all p > 1.

Embedding results for Sobolev spaces typically require some geometric properties of the domain
Q. An open set 2 C R" satisfies the cone condition, if there exists a fixed cone C C R™ of
finite height and aperture, such that every « € € is the vertex of a finite cone C, C €2 congruent
to C, that is, C; coincides with C up to a rigid motion (translation or rotation) [AF03, Chapter
4, 4.6, p. 82]. In particular, the cone condition rules out domains with cusps. We note that the
cone condition holds for Lip-domains as well as finite unions of Lip-domains.

We present the Sobolev embedding theorem following [AF03, Chapter 4, Theorem 4.12, p. 85]:

Lemma 3.13 (Sobolev embedding). Let Q& C R™ be open and satisfy the cone condition,
k €Ny, and 1 <p < 0.

(i) If k > % then WkP(Q) — CO(Q) N L>=(Q) (continuous and bounded functions).

If Q is also a Lip-domain, then W*P(Q) — C%%(Q) with a = k — %

(i) If k = % then WkP(Q) < L4(Q) for all 1 < ¢ < co.

11
(iii) Ifk < = then WEP(Q) — LUQ) if k =n ( - ) that is for ¢ = —2—.
p P oq n—kp

If 0 is bounded, we get ¢ < 4 in (iil), since by (3.35) we have LI(Q2) C L™(Q) for m < g.

n

n

As the Sobolev embedding theorem (i) already suggests, W*P is a Banach algebra if k >
[AF03, Chapter 4, p. 106]. Moreover, one obtains a general result on the multiplication of
Sobolev functions [Gri85, Theorem 1.4.4.2]:

Lemma 3.14 (Product in Sobolev spaces). Let 2 C R" be a Lip-domain, s, s1, s2 € R with
512 > 8, and 1 < p, p12 < 0o with pil+i > %- If

p2 —
1 1 1 1 1
s1+so—s>n|——+——— and Slj2—s>n|— ——
pr p2 P P12 P

(or with > and > signs interchanged), then the multiplication (u,v) — u - v is a continuous
bilinear map W5LPL(Q) x W92P2(Q) — WHSP(Q). In particular, there exists a constant ¢ > 0
such that for u € W*P1(Q) and v € W52P2(Q),

Hu ) UHWSaP(Q) <c HU’HWSLPI () "U|’W52vp2(§l)'

Finally, we are ready to present some results on PDEs in Sobolev spaces. By definition,
f € WkP implies that its derivative Df € W*=LP. The definition of Sobolev norms (3.28)
implies that the derivative D: WP — W*=1P is continuous:

IDfllwr—re < [ fllypwp-

We restrict our discussion to the L?-based Sobolev spaces and write H® = H*(R"). It follows
from the mapping properties of the derivative that every linear PDO P of order m € Ny with
constant (or smooth) coefficients a,,

P = Z\a|§m ao D%,

maps H® to H*~™. In other words, if u € H®, then Pu = f € H%™™ (this also holds on a general
domain €2). The operator P is called (uniformly) elliptic on Q C R™ open, if its principal symbol

p(@,8) = Y aa(w) (i)

|a)]=m
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3 Variational methods for partial differential equations

fulfills
p(x, &) #0 Vee, VEER™ E#£N0. (3.36)

The most prominent example of an elliptic operator is the Laplace operator on R", which is a
bijection A: H*(R™) — H*"2(R") with principal symbol p(§) = — Y }_; & = —[¢|%

If P is a linear elliptic operator of order m, then also the Sobolev regularity of the solution u
of Pu = f must be m orders higher than the Sobolev regularity of the source f. This converse
statement is known as the elliptic regularity theorem (see e.g. [F0l99, Lemma 9.25 and Theorem
9.26, p. 307] or [Hor90, Theorem 7.9.7 p. 246 and Theorem 4.5.13 p. 123]):

Lemma 3.15 (Elliptic regularity). Let P be an elliptic linear PDO of order m with constant
coefficients, s € R, and 2 C R"™ be open.
(i) Local regularity: u € D'(Q) and Pu € H () = we HII™(Q).

loc

(ii) Global regularity: u € H*(R") and Pu € H*(R") = wue€ HS™(R").

The theorem may be generalized to the case of linear elliptic PDOs with smooth coefficients.
A similar result also holds for Sobolev spaces W#P or for Hélder spaces C¥® with 0 < a < 1
(Definition 1.4). Yet, the result is not true for C¥ functions [Fol99, p. 311]: For an mth-order
elliptic operator P, the statements v € C*¥ and Pu € C* do not imply u € Ckt™.

The principal symbol of a second-order linear PDO P is a quadratic form on R”, p(.,&) = £- A€
for a matrix A: Q — R™™ ™. If A is uniformly positive definite, that is, A(z) only has positive
eigenvalues for all x € Q, then P is called uniformly strongly elliptic. Equivalently, there
exists a > 0 such that

p(z,&) >al¢]* Vre, VECR™

In the context of bilinear forms on Hilbert spaces, strong ellipticity is also known as coercivity
(cf. Remark 8.6): A bilinear form a: V' x V — R on a Hilbert space V is coercive, if

a(v,v) > allvl}  YveV (3.37)

To conclude this section, let us illustrate these concepts for the Poisson equation —Au = f on
a Lip-domain Q C R” and with f € L?(2): The weak form (3.25) implies that the bilinear form
a:V xV — R corresponding to —A is given by

a(u,v) = / Vu-VodV.
Q

Here V = H}(Q) in case of Dirichlet boundary conditions or V = H(Q) in case of Neumann
boundary conditions (both are Hilbert spaces). Coercivity of a then follows from Poincaré’s
inequality [DL88, Chapter 4, §7, Corollary 2, p. 126 and Remark 3, p. 129]. This allows to apply
the Lax—Milgram theorem (Remark 3.16), which yields existence and uniqueness (Neumann
problem: up to a constant) of solutions v € V' of the weak Poisson equation (3.25):

a(u,v) = (f,v) forall veV.

3.2.2 Variational solution of second-order evolution equations
We present the variational solution method for linear evolution problems of second order,

which is also known as the method of energy estimates. In this section, we closely follow
[DL.92, Chapter 8], but consider only time-independent coefficients and real-valued functions.
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3.2 Solution of partial differential equations with low regularity

Remark 3.16 (Lax-Milgram Theorem). In the static case of purely spatial PDEs, the
variational solution method essentially reduces to the Lax-Milgram Theorem [DL88, Chapter
7, §1.1, Theorem 1, p. 376]: If a: V x V — R is a continuous and coercive bilinear form on a
Hilbert space V and L € V' (a continuous linear functional on V'), then there exists a unique
solution u € V' of the abstract variational problem a(u,v) = L(v) for all v € V. a4

Within the context of linear evolutionary PDEs, the most natural Hilbert space framework for
the dynamical variable u is L?((0,T), H) with a Hilbert space H and for finite time 0 < T' < oo.
At each time instant ¢, some sort of energy of the solution is required to be bounded, which is
modeled by the condition u(t) € V' for another Hilbert space V' C H.

The Cauchy problem for the evolution equation is formulated in weak form: Find ¢ — u(t) € V
solving the weak evolution equation

d
$c(u,v) + b(t,v) + a(u,v) = (f,v) for all v € V in the sense of D’'(0,T) (3.38)

and satisfying the initial conditions u(0) = u® and 4(0) = u!.

Here a, b, ¢ are bilinear forms on V or H and f represents the source. We will see that if a,b, ¢
fulfill to certain symmetry and positivity hypotheses, then the Cauchy problem is well-posed:
There exists a unique solution u that depends continuously on the data u®, u', f (see Theorems
3.18 and 3.21).

We specify the assumptions on the spaces: Let H and V be separable real Hilbert spaces
where V is dense in H and
Ve H<=V.

In this so-called variational triple (Gelfand triple), the space V' is the dual of V and the pivot
space H is identified with its dual H' (Riesz representation theorem for Hilbert spaces, [RR04a,
Theorem 6.52, p. 196]). Let (.|.)g denote the inner product in H with associated norm |.||,
(.].)v and |||, are those in V, and the norm in V"’ is |.||;,,. The continuity of the embeddings
implies the existence of ¢, ¢ > 0 such that

1
Slllly: < Dol < colly, VoeV (3.39)

Moreover, the duality between V and V', denoted by
() = (o vy
is a continuous extension of the duality of H' and H, that is,
(,)={l)m on HxV. (3.40)

Indeed, the inner product on H may be identified with the duality bracket and explicitly intro-
ducing the embedding ¢: V' — H and its adjoint //: H' = H — V', where ¢+ and (' are given by
w = and J/u = u for v € V and u € H respectively, we obtain

(u,v) = (u,v)yry = ((u, o)y v = (u, ) g = (u,v)pr g = (ulv)y Yue H, veV.

Next we list the assumptions on the bilinear forms a,b,c: Let a be a continuous bilinear

form on V,
a:VxV =R, a=ag+ai, (3.41)

where a¢ denotes the principal part of a. By continuity there exists ¢, > 0 such that

la(u, V)| < callullyllolly  Yu,veV.
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In addition, the principal part ag is symmetric and V-coercive with respect to H, i.e. there
exist a > 0, A € R such that

ag(u,v) = ag(v, u) and ap(u,u) > a||u||%/ - )\||u||§{ Yu,veV. (3.42)
The bilinear form a; possesses additional regularity: There exist ¢,; > 0 and ¢, > 0 such that
a1 (w, 0)| < cagllully vy Yu,oeV (3.43)

and
ar(u, )] <y Jully ol Vo€ H. (3.44)

Let b, ¢ be continuous bilinear forms on H,
b, c: Hx H— R. (3.45)
By continuity there exist ¢, > 0 and ¢, > 0 such that
b(w,v)| < cpllwlglloly — and  le(w,v)] < cllwlglvly  Yw,veH.
Finally it is assumed that ¢ is symmetric and H-coercive, i.e. there exists 7 > 0 such that

c(w,v) = c(v,w) and c(w,w) > ~||w|)3 Vw,v e H. (3.46)

Let us formulate the evolution equation in operator form: The continuous bilinear forms a, b, ¢
correspond to continuous linear operators between V', H and V’. In general, if X,Y are Banach
spaces, then every bilinear mapping f: X xY — R that is continuous, i.e. |f(z,y)| < c|lz| x|lylly,
corresponds to a continuous linear operator F': X — Y’ i.e. F € Lin(X,Y”’) and vice versa: The
identification is given by (Fz,y)yy = f(z,y) forallz € X and y € Y.

Specifically, the continuous bilinear form a = ag + a1 corresponds to the operator
A= Ag+ Ay € Lin(V, V")
defined by (Au,v) = a(u,v) for all u,v € V. In addition (3.43) and (3.44) imply
Ay € Lin(V, H) N Lin(H, V).

Similarly, setting (Bw|v)g = b(w,v) and (Cw|v) g = ¢(w,v) for all w,v € H yields the following
operators corresponding to b and c:

B, C € Lin(H, H).
Rewriting the weak evolution equation (3.38),

d ,. .
%c(’% ’U) + b(u, U) + (Z(’LL, U) = <f7 U>’

in terms of the operators A, B, C gives %(C’u|v>H + (Bu|v) g + (Au,v) = (f,v) which by (3.40)
is the same as g
a(Cﬂ,v) + (B, v) + (Au,v) = (f,v). (3.47)

The validity of (3.38) as an equation for all v € V in the sense of D’(0,7T") means

(& e, ) + b, v) + alu, ), 0 = ({f.0)

D’(0,T),D(0,T) D’(0,T),D(0,T)

for all v € V and all test functions ¢ € D(0,T). We observe that with f € L2((0,T), H),
the weak formulation (3.38) makes sense as an equation in D’(0,7), if u € C°([0,T],V) and
w € CO([0,T], H), that is, u € C°([0,T],V) N CL([0,T], H).
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3.2 Solution of partial differential equations with low regularity

Remark 3.17 (Strong form under higher regularity). Under the higher regularity con-
ditions u € C%([0,7],V) and f € C°([0,T],H), the weak evolution equation (3.47) reads
(Cii + B+ Au,v) = (f,v), which now holds in C°([0,T]) for all v € V. The evolution equation
can then be written in strong form:

d . d d
Pu=f  where P:=_Co +B-+4 P C([0,T],V) — C°([0,T],V'). (3.48)
Actually P = C% + B% + A but we have kept the position of the time-derivatives as in
the general case of a time-dependent operator C. Alternatively, u € H?((0,7),V) and f €

L?((0,T), H) implies the validity of the strong form Pu = f a.e. in L*((0,T),V"). J

Having listed all our assumptions, we are ready to present the existence and uniqueness result
[DL92, Chapter 8, §5, Problem (P,), p. 570; Theorems 3 and 4]:

Theorem 3.18 (Existence and uniqueness of weak solutions). Under the hypotheses
(3.41)—(3.46) on a,b,c and given the data

W eV, uw'eH, and felL*(0,T),H), (3.49)
there exists a unique solution

u e C°([0,T],V)nci(o,T], H) (3.50)

0 1

of the weak evolution equation (3.38), satisfying the initial conditions u(0) = u” and 4(0) = u".
Existence follows from the Faedo-Galerkin method, which is based on an approximation of
the problem in finite-dimensional subspaces and solvability of ODEs: Energy estimates yield
boundedness results, which allow to extract a weakly convergent subsequence and thus estab-
lishes existence of a solution u (the energy estimates arise similarly as in the proof of Lemma 3.19
and the calculation leading to Theorem 3.21, see below). A direct application of the method to
(3.38) yields solutions in W := {u € L2((0,T),V) : we L*((0,T), H), %(C%) € L2((0,T),V")}.
Unfortunately, the elements of W are not necessarily continuous or differentiable with respect
to time, which is essential for the validity of initial conditions. The higher regularity of u with
respect to time is obtained from a parabolic regularization (vanishing viscosity method):
The operator B is replaced by B, := B + ¢(Ap + A Idy), where (Ap + A Idy) is an artificial
viscosity term that disappears in the limit € — 0. Uniqueness may be established by choosing a
special test function v, that consists of a time-integral of u, see [DL92, p. 572].

A solution u of the weak evolution equation necessarily satisfies the following equality [DL92,
Chapter 8, §5, Lemma 7, p. 578]:

Lemma 3.19 (Energy equality). Let u € C°([0,T],V)NCY([0,T], H) be the solution of (3.38)
with w(0) = u® € H and u(0) = u' € V (Theorem 3.18). Then, fort € [0,T],

(c(u(t), a(t)) + ao(u(t), u(t))

~—

+/ (b(a(t'), a(t") + a1 (u(t), w(t))) dt’
0

N

(el ub) + ao(u, ) + /0 G a) dr. (351

N =

Proof. (Heuristic argument) Formally, the energy equality is obtained by evaluating the weak
form (3.38), <c(d,v) + b(i,v) + a(u,v) = (f,v), at a fixed time ¢ € (0,7] and for the test
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3 Variational methods for partial differential equations

function v = 4(¢') (which corresponds to multiplying Pu = f with v = 1), and time-integration:

9 e(ilt), )+ (i), 0) + au(t),0) = (F(),0) Tor v=1idt), < (0,7]
— %c(u,u)w(a,u)m(u,m:<f,u> for ¢ € (0,T]

_ %c<u,a>\;+ /0 (bl ) + a(u, i) = /0 i)

| N . L
— 3 (c(t, @) + ap(u,u)) ‘O—F/O (b(u,u)+a1(u,u)):/o (f, ).

The last step follows from $ag(u,u) = ag(u, @) + ao(t,u) = 2 ag(u, ), which is a consequence
of bilinearity and symmetry of ag. However, the calculation above is only formal since Theorem
3.18 only gives @ € C°([0,T], H). Hence v = u(t') € H for ¢ € (0,T], which generally is not
an element of V' and thus might not be a valid test function in the weak formulation (3.38). A
rigorous proof of the Lemma based on double regularization techniques is provided in [LM72,
Chapter 3, Section 8.4, Lemma 8.3, p. 276]. O

The equation in Lemma 3.19 is called energy equality, because the function E(u): [0,7] — R,

1

E(u)(t) == i(c(a(t), u(t)) + ao(u(t), u(t))) (3.52)

can be interpreted as the stored energy (kinetic energy plus potential energy) of the
solution u as a function of time. In terms of E, the energy equality expresses energy balance
(i.e. conservation of total energy or the first law of thermodynamics):

B)(®)+ [ (bl i) + a1 (. 0) dt = B)0)+ [ (1) (3.53)
& B (1) + (b, i)+ ar i) = () (3.54)

where b(1, @) + a1 (u, %) corresponds to the dissipation rate and (f,a) is the external power.

Together with the coercivity assumptions, the energy equality (Lemma 3.19) allows to estimate
the norm of the solution in terms of the data and the initial conditions (the final result will be
Theorem 3.21 below): The left-hand side of

c(t, ) + ag(u,u) = c(u,u') + ag(u®, u®) + 2 /Ot<f, U) — Q/Ot (b(t, %) + ay(u, 1))
is bounded from below thanks to coercivity of ¢ and ag,
e(i, i) + ag(u, w) > yllal|F + allullf = Allul Z-
The right-hand side is bounded from above due to continuity of ¢ and ag,
(', u") + ao(u®,u”) < ecllu [+ eall”lly

and by continuity of b and a;, the Cauchy-Schwarz inequality (f, @) < | fl| /|, as well as the
estimate 22y < 22 + y? for z,y € R (applied to the norms):

t

t t
2 [y =2 [ o)+ arw i) <2 [ (1l + el + ol il

t
2 .12 .12 2 .2
< [ (07 el + 2y + ol + o )
¢ 2 2 2
= [ (111 + (1 o+ 260) il + o)
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3.2 Solution of partial differential equations with low regularity

Combining both estimates yields the inequality

¢
.12 2 2 2 2 2 .12 2
Yllallz + ellulli < Mlullz + cellut g + callu’|ly +/0 (”f”H + (1 + cay + 2¢p) |7 + Ca1HUHV) .

The fundamental theorem of calculus u(t) = u® + fg w also holds for u € C([0,T], H) (cf. [DL92,
Chapter 8, §5, p. 561]), which allows to estimate the term X|u(t)||3; for t € [0, T):

t t 1/2
t . . t .
lu@)ll = llu® + fgally < vl +/ lll i < (1l + (fy 1) (/ IIUqu)
0 ~— 0

Vi
— ol < (W4 Vi ([ uurz)m)z

02 0 RN VE T L 02 Lo
< 1l + 2 ([ ) e [ bl < 2000+ 20 [l

2 .2
<[[ulllzr+t fo el

t
2 2 - 112
= Ay < 20’y + 2/\T/0 4] -
Thus, the estimate takes the form
2 2 12 02 ! 2
Yallg + ellully < cellu [ + (ca + 2M)[[u”[ly + /0 115
t
b [ (@ oy 2004 2Dl + ).
0
from which we deduce
2 2 12 02 T 2
min(a, v) ([[ully + l[allz) < cellu' 7 + (ca +20)[[u°[fy + /0 1N

t
(14 cuy + 26 + 20T) / (el + [[a)%).
0

We need the following lemma, proved e.g. in [DL92, Chapter 8, §5, Lemma 1, p. 559]:

Lemma 3.20 (Gronwall’s inequality). Let ¢ € L°°(0,T) and p € L*(0,T) with ¢, > 0 a.e.
on (0,T), and K € R. Then

! t / /
P(t) < K+/ p)o(t)Ydt! = ¢t) < K eont)dt
0
for a.a. t € (0,T). In particular, if K =0, we deduce ¢(t) = 0.

In terms of the auxiliary function ¢ € L>°(0,T),

2 .2
¢ = ”UHV + ||U||H,

the estimate obtained from the energy equality reads

T
. 2 2
min(e,7) $(8) < collut |+ (ca + 20)]u0]% + /O LF(EIE, dF
t
(14 ca, + 20 + 20T) / (1) dt'.
0

Gronwall’s inequality leads to the final form of the energy estimate:
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3 Variational methods for partial differential equations

Theorem 3.21 (Energy estimate). Let u € C°([0,T],V) N CY([0,T],H) be the solution of
(3.38) with u(0) = u® € V and 4(0) = u' € H (Theorem 3.18). Then, for a.a. t € (0,T),

lu(t) 13, + la() 17, < ket (3.55)
with
_ (ca+ 200l + cellw 7 + fo 151 (3.56)
min(c, ) :
and
by i L+ cay + 20, + 20T (3.57)

min(a, y)

Remark 3.22 (Uniqueness via energy estimates). We note that the energy estimate also
allows to establish uniqueness (which we already know from Theorem 3.18): Indeed, let % and
@ be different solutions of (3.38). Then, by linearity, their difference u := @& — @ solves the
homogeneous equation with zero initial values: f = 0, u® = 0, u! = 0. But these conditions
imply k1 = 0 and the energy estimate gives ||ul|}- + [|@]|3; = 0 a.e. on (0,T). Consequently we
deduce u = 0, i.e. & = 4, in L>®((0,T),V) N W2°((0,T), H), which proves that solutions are
unique. J

The continuity assumptions on ag and ¢ imply that the auxiliary function ¢ = ||a||% + |Jul/}
bounds the total energy of the solution (5.19):

1, ... 1 . .
E(u) = 5 (e(i, @) + ao(u, u)) < §(CcHUH§1 +callully) < ko(llal + [lully,)
with 1
ko := 3 max(cq, C¢). (3.58)

Thus we have obtained the total energy estimate
E(u)(t) < koky €¥2* for a.a. t e (0,7), (3.59)

with constants ko, k1, ko defined in (3.58), (3.56), (3.57). The energy estimate quantifies how
the total energy of the solution depends on the data (i.e. the initial data, [[u°],, [Jul],, and
the source, || f]|;;), as well as on the coefficients (i.e. the coercivity constants a, A, v and the
continuity constants cq, Cq;, Cp, Ce).
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Part 11

A variational model with low
regularity
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Chapter 4

The composite fluid-solid earth
model

We define a general planetary model that is composed of regions with different physical proper-
ties. First we propose the concept of Lip-composite domains, discuss identities and operations
on surfaces, and present a generalized version of the divergence theorem for composite domains
(Section 4.1). These are the prerequisites needed to define the composite fluid-solid earth model
and its admissible motions (Section 4.2). With special emphasis on the consistency of regularity
assumptions, we then introduce the relevant physical fields and constitutive properties of the
earth model within the framework of nonlinear continuum mechanics: Density, volume forces,
gravity, elastic energy, and stress (Sections 4.3, 4.4, 4.5, 4.6).

4.1 Composite domains and surfaces

4.1.1 Lipschitz composite domains with interior boundaries

We introduce an abstract notion of a so-called interior boundary for a general subset of R",
which represents the union of all interfaces inside a continuous body. For example, the definition
describes the cut lines in the interior of the circles in the figure on p. 15.

Definition 4.1 (Interior boundary). The interior boundary ¥ of a set V' C R” is defined by
=V \ V. (4.1)

According to the definition, interior boundary points of V' are elements of the boundary oV
that are not boundary points of the closure V. We call OV the exterior boundary, which by
definition is disjoint to the interior boundary: ¥ N OV = 0. One always has OV C 9V, because
OV =V\V° =V\V° C V\V° = aV. By construction, we have the disjoint union dV = LUIV;
combined with V' =V U 9V, we obtain the representation

V=Vuxuov 2)

(4
which gives a decomposition into disjoint sets, if V' is open. Moreover, noting that V' ° = V\oV,
we may then also deduce the identity

Vi=vuzx. (4.3)

Examples for interior boundaries are cuts inside V' and hypersurfaces S C Ve \ V° such that V'
is located on both sides of S. In particular, Lip-domains have no interior boundaries:

¥ = for all Lip-domains.
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4.1 Composite domains and surfaces

Indeed, the requirement of a Lip-domain V' being open and located on one side of its boundary
(see Definition 1.5) implies that V is regularly open, that is V = (V)° (1.5), and thus 9V \ (9V) =
() (taking the closure of a set removes all its interior boundaries, as is clear from Definition 4.1).
Therefore, sets V' C R™ with cuts or other interior boundaries S cannot be Lip-domains, since
V is located on both sides of S C 9V

Sets which include interior boundaries that are Lip-surfaces may be modeled by considering the
following composition of Lip-domains:

Definition 4.2 (Lip-composite domains). A subset V of R" is called a Lip-composite domain

if it can be written as a finite union of pairwise disjoint Lip-domains Vi, C R™ (k = 1,..., ko),
that is,
ko
V=|JW with VinVe=0 for k#FK, (4.4)
k=1

with the additional property that for every subset M C {1,...,ko}, the set Vas := (Upens Vi) °
is a finite disjoint union of Lip-domains.

The condition on the sets Vi is required to rule out sets with cusps of the exterior or interior
boundary (cf. the middle figure on p. 15). If V is a Lip-composite domain with V' connected,
then V ° is a Lip-domain.

Consider a Lip-composite domain V' with disjoint union V = U',z(’:l Vi as in the definition. Then
the following identity can be derived, where the first equality is a consequence of V being a

disjoint union of open sets and the second equality follows from the property Vi = Vj (the
Lip-domains V}, have no interior boundary):

ko
V= k= |J Sw UV  with Sy :=0ViN0Ve for k#£kK. (45)
k=1 1<k<k'<ko

By Definition 4.1, the interior boundary ¥ = 9V \ 9V of a Lip-composite domain V is thus
given by

5= | S\ oV (4.6)

1<k<k’<kg

We note that the sets Xy are (n — 1)-dimensional Lip-surfaces in the sense of Definition 1.5
and their boundaries 0¥k (here, boundary in the sense of a submanifold of OV with boundary)
thus are (n — 2)-dimensional manifolds. The boundary 0% of the interior boundary 3 consists
of those parts of 0¥ that lie on the exterior boundary 0V of V, that is,

ox=|J 0% nov. (4.7)
1<k<k!<kq

In particular, in R3, X is a finite union of curves in V.

4.1.2 Identities and differential operators on surfaces

We introduce some basic identities on interfaces. Let S be a hypersurface in R™ of sufficient
regularity (e.g. Lip or C1! will be enough). We think of S as an interface, i.e. a subset of
the interior boundary of a Lip-composite domain, such that the +-side and —-side of S are
unambiguously defined. Let f be any vector- or tensor-valued function, whose traces f* from
the +-sides of S exist (e.g. in some Sobolev sense). Then the jump of f across S is defined as

fE=r =7 (4.8)
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4 The composite fluid-solid earth model

We also introduce the mean value of f on S:
1 _
(=507 + 1) (4.9)

The jump of a product satisfies a Leibniz rule, which we state in two variants: If f,g are
functions whose traces f*, g% exist on S, then

[falt =gt + /19 (4.10)

and

[falt = {fHol® + /1 {9} (4.11)

Indeed, a direct calculation yields
T+ =g =9 )+ (=g =g =g =)™ = (f9)~ =1fd]7,
P+ I = 5T+ 7)™ —00) + 50 — ) +97)
= (g™~ Frg + f g )+ (et S~ g+ )
=ftgt =g =(fo)t = (f9) =fgt.
The jump has a certain similarity to a derivative since it may be written as a limit of a difference

(see also (4.13) below). Consequently, the validity of some variant of the Leibniz rule is no
surprise.

If f is continuous across S, i.e. [f]|T = 0, we may identify f|s with f© = f~ = {f} and the
Leibniz rule (4.10) implies that f can be pulled out of the jump operator:

fIF=0 = [fg"=flg*

Let S be orientable and let us fix the orientation by defining the unit normal vector v: S — R".
In accordance with [DT98, Figure A.1, p. 826], we agree on the convention that v points in the
direction of the jump, that is, from the —-side to the +-side of S: If v() denotes the (outwards
directed) normal vector of the region on the +-side of the surface, we define

vi=v(7) = (), (4.12)

Note that this choice of orientation is the reason for the negative sign in front of the integrals
over interior boundaries below. The orientation of v will be fixed from now on. Since v points
to the +-side of S, we may also express the traces f* and hence also the jump of f at x € S as
the limit

1) = £ @) = £ () = lim (F o+ hole) = fa— hoa) ). (413)
If the normal vector appears inside a jump as a factor of a scalar product, this abuse of notation
(note that the traces v do not make sense) has to be understood as [f - v]* := [f]T - v.

Definition 4.3 (Normal and tangential parts). A function f: S — R"™*" can be uniquely
decomposed into its normal part f+ and tangential part fII:

f=rr+51 with  fr=(fr)r  and  fli=f Quxn—wv)=f—(f-v)r. (4.14)

In Cartesian components, where f = (fzj)ygzl, we have f;; = fjf + leJ with
fi; = (fur)v;  and fJL = fix(Ors — vkvj) = fij — (fixvi)v;.
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4.1 Composite domains and surfaces

Figure 4.1: Sign convention of v. Decomposition f = f+ + |

If f takes values in R™ with f = (f;)j_;, the term f-v = fguy is a scalar called the normal
component of f and we have

f]l = (fkyk)l/j and fj” = fk(ékj - Vij) = fj - (fk:yk)yj'

Note that by Definition 4.3 we always multiply with v from the right.! Since v-v = 1, we
immediately get
ffov=f-v and f”~1/:0.

These identities justify to call f+ the normal and fIl the tangential part of f.

If f is defined in a neighborhood of S, then also the traces f* may be split into tangential and
normal parts: f* = f¥L 4+ f*ll. Note that the converse expressions (i.e. f** and fII*) do not
make sense, since f1 and fI are defined only on S and thus do not possess traces from different
sides. By abuse of notation we set [fI]T := [f]© I

A function f has continuous normal component across the surface, if f++ = £~ or, equivalently,

if[f]T+ =0, ft-v=f"-v, or [f]T -v=0. In this case its jump [f]F = [f]T++[f]" s purely
tangential:
fEv=0 = [fAr=[nt" (4.15)

We turn our attention to the surface analogs of gradient and divergence of a R™*"-valued field f
that is differentiable on a neighborhood of S. The surface gradient V is given by the derivative
in tangential directions. From (4.14) we obtain

Vi=HI=(Vf) Qnxn —vv) =V = (Vv (4.16)
Since V f is the tangential part of Vf, it follows that
ﬁf v =0.
Consequently, v f only acts on tangential parts of vector fields, that is, if f,g: S — R™, then
Vig=Vf-(g +(g-v)=Vf-gl. (4.17)

The surface gradient (4.16) may also be applied to one-sided limits f* and jumps [f]T, provided
that they are continuously extended to a neighborhood of the surface.

'As an alternative, one could take the scalar product with v from the left and define f* := v(v - f) and
= Qosn —vv) - f=f—v(v-flaswellas v- fX =v-f, v fl =0, see e.g. [DT98, A.6, p. 827]. Both
conventions coincide if f is vector-valued, upon identification of row vectors with column vectors, but differ if f
has multiple indices.
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4 The composite fluid-solid earth model

The definition of the surface gradient via formula (4.16) is well-known in the continuum mechan-
ics of surfaces (see e.g. [Gur00, p. 95, 15-8bc]). In application to tangent vectors, the surface
gradient V defined by (4.16) coincides with the covariant derivative on S, see e.g. [O’N06, Chap-
ter 7, Lemma 3.8, p. 343]. Here, S is viewed as a Riemannian manifold, where the metric is
induced from the Euclidean metric of R™ (see also Remark 5.4 with S = 9M).

The surface divergence is the (matrix) trace of the surface gradient when the last two indices
are contracted: . _ B

divf:=V-f=te(Vf)=V-f—(Vf-v) v (4.18)
In components, ((ﬂ;/f)l = 5]ij = 6jfij - (8kfij)1/k7/j = 8jfij - Vk(akfij)vj. In particular, if f is
R"™-valued, we have (Vf-v)-v=v-Vf -v=uv,(0f;)v;.
Application of the surface gradient to the unit normal yields the Weingarten map 61/, which

is a symmetric bilinear form on the tangent space of S (Vv is related to the curvature of the
surface, see Remark 4.4). Symmetry and the projection property (4.17) of Vv imply

f-Vvg=f-Vv-gl=gl.Vv.-f=¢l. Vv - fl=¢g.Vv-f
for f,g: S — R™. FromOz%Oz%(f” V) :1/-6]“” + £l . Vv we then also get the identity
v-Vfl=—fl.Yv (=—=f - Vv=-Vv.f=—vu.sh). (4.19)

Remark 4.4 (Shape operator and surface curvature). In differential geometry of Rieman-
nian surfaces, the negative Weingarten map — Vv associated to a manifold M corresponds to
the shape operator S: At p € M, S,: T,M — T,M, with S,(v) = —Vu(p) - v, i.e. Sp(v) is minus
the covariant derivative of v at p € M in direction v € T, M [O’N06, Chapter 5, Def. 1.1, p. 203].
The trace of the Weingarten map, i.e. the surface divergence of the unit normal, tr(%u) =V v,
is the sum of the n — 1 principal curvatures of M. This term occurs in the following splitting of
the volume divergence on a surface: divf = div(fl) + (Vf-v)-v+ (f-v)(V - v). g

The surface divergence theorem is the classical divergence theorem (1.16) formulated on a surface
S as a bounded manifold (see e.g. [Cha06, Thm. II1.7.5, p. 152] for a proof in the smooth case).

Lemma 4.5 (Divergence theorem for surfaces). Let S be a Lip-hypersurface of R™ and
denote by dX the line element orthogonal to the surface boundary 0S and tangential to S. If
f € Lip(U)" for U CR™ a neighborhood of S, then

/&va dS= [ f-dA (4.20)
S

oS

In the smooth case, e.g. if f € C*(U)™ ™ and h € C}(U)™ for a neighborhood U C R" of the
smooth surface S, the surface divergence theorem (Lemma 4.5) and the product rule

div(h- f) = Vh: f+h-divf
imply the following surface integration by parts formula, which is the surface analog of
(1.17):
/%h:fdsz—/h.ﬁvfdm/ h-f-d. (4.21)
S S

oS
For a closed Lip-surface (0S = ()), the boundary contribution vanishes. In this case (4.21) may
be interpreted via surface Sobolev dualities (3.32), if f € H%(S)an and h € H%(S)m:

(Vh, fhs = —(divf, h)s. (4.22)

Here the negative surface divergence —div: H 2 (S)—H 3 (S) is viewed as the abstract adjoint
of the surface gradient V: H? (S) — Hz (S) = (H% (S))’, upon noting that reflexivity of H? (S)
implies H2(S) = (Hz(S))".
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Remark 4.6 (The surface divergence theorem and the classical Stokes’ theorem). In
R3, the surface divergence theorem (4.20) is a variant of the classical Stokes’ theorem, which reads
Jgrot(vx f)dS = [,4(vx f)-dl. Indeed, a straightforward calculation shows rot(v x f) = divf,
and we have (v x f)-dl = f-(dl x v). Since the classical line element dl is parallel to the
boundary curve 0.5, it follows that dl x v =: d\ is normal to 9S. a

4.1.3 The divergence theorem for Lipschitz composite domains

We present a variant (Lemma 4.11) of the divergence theorem for Lip-composite domains. Com-
pared to the classical formulation (Lemma 1.6) for Lip-domains, it will contain an additional
surface integral over the interior boundary.

As a starting point we discuss some basic properties and notation for piecewise differentiable
functions, first in the classical C! setting. Let V = U,’:(’:l Vi be a Lip-composite domain as in
(4.4). By an R™*"-valued, bounded piecewise C!'-function f on V, with possible discontinuities
being jumps contained in the interior boundaries 3, we mean

f c Cl( :0:1 Vk)mxn N Loo(V)an
such that every restriction f|y, (1 <k < ko) possesses a Cl extension to Vj, denoted by ka:
ka c Cl(vk)mxn

The classical partial derivative of f is continuous on the disjoint union V = Ulzﬂzl Vi and may
be expressed as a sum involving cutoff functions,

ko

@5 F)xv = (05 )xy, € L=(V)™",
k=1

where the characteristic functions xy, have value 1 on V}, and 0 else.

Remark 4.7 (Derivatives of discontinuous functions: Surface measures). The distri-
butional partial derivative of a piecewise continuous function may contain additional surface
measures at the discontinuity surfaces (cf. [Hor90, Thm. 3.1.9, p. 60]). J

Recalling that 9V}, \ ¥ C OV, we define the trace of f on OV by

ko
=" X0 € L(@V)™ (4.23)
k=1
We note that there is no contribution of f¥* to f if 9V}, C X, that is, if V} is a completely
interior region. By construction, f is C! on the finite union 9V \ 9% of surfaces on the exterior
boundary. To simplify the notation we omit the bar introduced in (4.23) in the following, that
is, we write f instead of the trace f in surface integrals.

In general, an interior boundary ¥ will not be a single Lip-surface but a finite union of such,
see (4.6). Consequently a surface integral over ¥ has to be interpreted as the corresponding
sum of surface integrals. More precisely, if g: > — R with restrictions g|gkk, € LY (Zppr) for all
1 <k <K < ko, then g € L(X) with

/ngs =y /ngds. (4.24)

1<k<k'<kg
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4 The composite fluid-solid earth model

Let us discuss the definition of the jump of f, [f]T = f* — f~ (4.8), when passing through
3. Strictly speaking, the notation [.|* for jumps across the interior boundary is only applicable
to a composite domain consisting of two parts, one labeled by +, the other one labeled by —.
Nevertheless it can also be extended to composite domains, which are such that every interior
boundary point has a neighborhood containing elements of only an even number of different
interior regions. Thereby, points such as triple-junctions where an odd number of different
interior regions meet, are not allowed. However, in the later application, we will need to label
the interior regions by two different flags (fluid or solid). In addition, if two regions of the same
kind share a common boundary, they are glued together by taking the closure of their union,
see (4.39). This allows us to consistently use the [.]"-notation and choose the normal vector.

After these preparatory observations we are ready to identify the jump across the interior bound-
ary surface ¥ = 9V \ 9V with

[fI5(z) = (@) — ¥ (z)  for o €Sy,

where Vj corresponds to the region on the +-side and Vi to the region on the —-side of .
Similarly, the identities related to surfaces S in R", presented in Section 4.1.2, are applicable to
¥ and corresponding piecewise C!' functions as well. The results also hold for piecewise Lip or
H! functions f, if f, f*, [f]T € H %(E)an are interpreted almost everywhere via the trace.

Of particular importance will be the space of piecewise H' vector fields with continuous
normal component across the interior boundary 3 of a Lip-composite domain V = UZ(’Zl Vi

HE(V) :={hec H'V)": [h]T-v=0 on %}. (4.25)

This will serve as our space of test functions in the linearized variational framework (see (6.11)
and Assumption 2 below). However, to obtain the formula for integration by parts in almost
usual form (Lemma 4.11), the restriction of the test functions has to be balanced by requiring
some additional symmetry conditions:

Definition 4.8 (Isotropy). Let V' C R™, then f: V — R™ " is called isotropic if there exists
f9:V — R such that the components of f are given by f;; = f%5;;, that is,

f = fO Tnxn- (426)

Remark 4.9 (Isotropic tensors of higher order). Isotropic 2-tensor fields as above are also
known as spherical tensors [Cha76]. Isotropic tensors of arbitrary order are characterized by the
invariance of their components under rotations of the coordinate system: A 2-tensor f € R"*"
is isotropic if f = QT - f- @ for all Q € SO(n), which is equivalent to the definition above
[Ogd84, Section 1.2.5, p. 18]. It can be shown that an isotropic 4-tensor ¢ € R?*"*"*™ hag the
coeflicients c;jp = Aij0m + p10ixdj + p2dydjr with A, p, po € R. In case of classical linearized
elasticity, where ¢ has major and minor symmetries (c;jx = ciij and cijr = Cjikl = Cijik), A and
W= p1 = uo are the Lamé coefficients in the isotropic version of Hooke’s law. a

Definition 4.10 (Normality condition). Let S be a hypersurface with unit normal v, then
f: S — R™" is said to satisfy the normality condition on S, if

frv=Ww-f-vy, (4.27)

or equivalently, if f - v is purely normal on S or has zero tangential part on S (cf. Definition
4.3):
fro=wt o (for)l=0

The term normality condition is also used in [DT98, eq. (3.82)]. Isotropy implies normality
in the sense that every isotropic tensor field satisfies the normality condition on any arbitrary
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4.1 Composite domains and surfaces

surface S: f-v = (foluxn) v=fovandv-f-v=v-(folpxn) v = folv-v)= fo. Inour
earth model, f will correspond to the stress tensor, therefore normality on a surface means that
all tangential stresses vanish. Specifically, if S is an interface and f is the jump of stress tensors
across that interface, then the normality condition models the case of perfect slip.

We are ready to present the divergence theorem and different variants of the formula for in-
tegration by parts on composite domains. As in the classical versions (1.16) and (1.17) on
Lip-domains (without interior boundaries) one has to interpret the surface integrals as Sobolev
dualities, cf. (7.18). Moreover it again suffices to assume f € Hy;, instead of H'.

Lemma 4.11 (Divergence theorem and integration by parts for composite domainsl .
Let V = Ullzozl Vi € R"™ be a Lip-composite domain (4.4) with interior boundary ¥ = 9V \ oV
If f € HY(V)™*" then

/Vdivde:/avfwdS—/E[f]f-VdS. (4.28)

For h € HY(V)™, this leads to a variant of Green’s formula for integration by parts:

/ f:DhdV = —/ h-divdeJr/h‘f-de—/ he[f]F v dS. (4.29)
v 1% v b
For h € HL(V)™ (4.25) and if m = n, we have the following modifications:

() If f € HY (V)™ " is isotropic (4.26), i.e. f = fOlyxn with f© an H' function on V (or in
a neighborhood of ), then Green’s formula (4.29) holds.

(ii) If f satisfies the normality condition (4.27) on the —-side of X3, that is f~-v = (v-f~ -v)v
or (f~- I =0, then Green’s formula is valid upon replacing h by h™ in the last term:

/Vf:thV——/Vh-divde—i—/ah.f.yds_/zh—&—.[f]-s-.yds. (4:30)

%

A similar statement is true for the mean value: If {f}-v = (v-{f} - v)v on %, then
/f:thV:—/ h-divde+/h-f-udS—/{h}-[f}*-udS. (4.31)
1% 1% oV b

Proof. Equation (4.28) is obtained by using the divergence theorem (1.16) for each region Vj and
summing up, using the fact that the two normal vectors on interior boundaries are antiparallel
with v = Fu, see (4.12). Similarly, Green’s formula for integration by parts (1.17) yields
(with summation convention for i =1,...,m and j =1,...,n)

/me(ﬁjhl) dVvV = — /‘; hz(ajfzj) dVv + /av h; fij Vj ds — /Z[hl fZJ]J_r Vj ds.

Since h € HY(V)™, we have [h; fi;]= = h; [fi;]T, which proves (4.29). However, if h € HL(V)™,
we cannot directly pull out & from [h- f]* - v in the surface integral even if m = n, i.e. in general
[h- f]* # h-[f]T. A special case where this is possible is when f is isotropic near ¥, f;; = f°5;;
(4.26), which proves (i). Statement (ii) is based on the validity of the normality condition (4.27):
The Leibniz rule for the jump (4.10) implies

h-fIT-v=n*-[fIT v+ BT

We show that the last term vanishes, implying (ii): Indeed, for h € HL (V)™ we have [h]T-v =0
and thus [h]" is parallel to ¥. But, by normality of f we have f~-v = (f~-v)t = (v-f~-v)v,
which is normal to ¥. Hence the product [h]T - f~ - v is zero. The claim involving the mean
value {f} follows from the Leibniz rule (4.11), [h- f]T-v = {h} - [f]T - v+ [R]T - {f} - v, where
the second term vanishes as before due to normality, {f} v = (v - {f} - v)v. O
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4 The composite fluid-solid earth model

We conclude with the observation that also the surface divergence theorem (Lemma 4.5) extends
to the case where ¥ is the interior boundary of a Lip-composite domain. Indeed, as in (4.24),
we just have to interpret both sides of

/Z&vadsz/azf.dx (4.32)

via summing up the individual integrals over Yy and 0¥ . If there are no junctions where
an odd number of interior regions meet, the contributions of 90Xy \ OV, that is, parts lying
in the interior of V will cancel and in view of (4.7) we are left with the contribution from
0Y alone. Thus, under these circumstances, the surface divergence theorem also holds for the
interior boundary ¥ of a Lip-composite domain.

4.2 Geometry and kinematics

4.2.1 Definition of the composite fluid-solid earth model

We consider a uniformly rotating, elastic and self-gravitating earth model, subdivided into solid
and fluid regions. The Earth is described as a bounded continuous body that moves and deforms
in space as time passes (see Chapter 1). Specifically, the Earth is modeled as a family {B;}ier
of bodies, which in accordance with the class (1.19) are Lip-domains B; C R3 and the time
interval is I = [tg,t1]. The open set By is the volume occupied by the material of the Earth at
time t € I. As a reference configuration we identify the Earth with (the closure B of) its
volume at time tg,
B := By, CR®.

Thus (the interior of) the Earth is open and bounded with Lip-boundary 0B. The different
configurations By are related by the Earth’s motion (1.20):

w: BxI—R3, vi(B) = By.

Due to elasticity of the material of the Earth, there exists a natural equilibrium state which
we assume to be adopted in the reference configuration at initial time t3. That is, B is the
equilibrium shape of the Earth, ¢(X,t9) = X for every X € B, or ¢y, = Idz (1.21). Finally,
we recall that the point z = p(X,t) = ¢;(X) € R? gives the position of the material particle
X € B of the Earth at time t € I.

The earth model is subdivided into solid and fluid regions with Lip-continuous interior bound-
aries. This model is called a composite fluid-solid earth model [DT98, p. 56].

Definition 4.12 (Composite fluid-solid earth model). A composite fluid-solid earth model
is a body B C R? according to (1.19), that is, a Lip-domain such that there exists a Lip-
composite domain (Upcxr Vi) U (Upers Vi) as in Definition 4.2 consisting of (disjoint) fluid
and solid interior regions V}" and V’ respectively, and with interior boundary ¥, such that we
have the disjoint union
B=(J vHu(l wus (4.33)
keKF keKS

in accordance with the decomposition (4.3). The exterior boundary of the earth model is
given by OB = 0B. The interior boundary X splits into solid-solid, fluid-solid, and fluid-
fluid interior boundaries denoted by Y55, XS and XFF respectively, that is, we have the
disjoint union

L =3%UuUXPuUxrr. (4.34)
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4.2 Geometry and kinematics

Figure 4.2: An illustration of a composite fluid-solid earth model. Hatched regions correspond
to fluid parts which can be interpreted as the outer core and the oceans (depth not to scale).

The interior regions V" and V}° represent parts of the Earth that consist of material whose
physical parameters (density, elasticity coefficients) have different values or symmetry properties.
On the largest scale, as indicated in the figure above, our planet is divided into almost spherical
layers: The crust, the mantle, the outer core and inner core. In the seismic frequency range (that
is, frequencies greater than 3 mHz, [LW95, p. 13]), where we can neglect long-time viscosity, the
crust, mantle, and inner core consist of solid material, whereas the outer core and the oceans
are fluid. The interior regions are further subdivided due to regional to local phase transitions
or fluid flow patterns. These smaller scales however are no longer spherically symmetric, which
motivates to disregard the assumption of purely radial stratification but consider an earth model
with a general heterogeneous structure.

The welded solid-solid interior boundaries ¥%° comprise discontinuities such as the Mohorovicié¢
discontinuity (bottom of the crust), the upper mantle transition zones, and the highly irregu-
lar D” region in the deep mantle on top of the core, which may be explained by buried slabs
and partial melt [KB08]. The fluid-solid boundaries ¥¥° model the inner core boundary, the
core-mantle boundary, and the ocean bottom. Fluids on a smaller scale correspond to molten
rock, e.g. in volcanic areas or possibly also at the D” region. Fluid-fluid interior boundaries
SFF separate different fluid layers in the inner core or in the oceans, but we will not consider
them in the following. Our earth model does not contain fault surfaces, which would correspond
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4 The composite fluid-solid earth model

to slipping solid-solid interior boundaries. Interior boundaries thus only divide in welded inte-
rior boundaries X% and, neglecting viscosity, perfectly slipping interior boundaries ¥, The
boundary of the interior boundaries in particular contains the coast lines of oceans 9%,

Remark 4.13 (No welded ¥*° for L*° material parameters). The concept of welded solid-
solid boundaries ¥ is superfluous if the material parameters are modeled as L functions.
Essentially, welded boundaries can only be defined if one assumes the material parameters
to be at least piecewise continuous. Indeed, a welded boundary is any surface across which
the jump [.]T (4.8) of one of the material parameters is nonzero. Since the evaluation of [.]*
involves calculating limits from both sides of the surface, defining a boundary surface amounts
to requiring piecewise continuity of the material parameters. However, one may weaken this
condition by considering Sobolev spaces with mixed regularity, which are continuous only in one
direction [Hor85, Appendix B, Def. B.1.10, p. 477]. J

4.2.2 Regularity conditions for the motion

A reasonable minimal regularity assumption for the Earth’s motion ¢: B x I — R3 is
@ € CO(I, L>(B)%). (4.35)

First, continuity with respect to time is required for the initial condition (1.21) to be defined.
Second, requiring ¢; € L°°(B)3 for all ¢ € I is natural, since the moving Earth does not disperse
to an unbounded set in space. However, to exclude catastrophic phenomena like tearing or
interpenetration of the material, we need to introduce additional regularity conditions, which
we now define for the motion of a general open and bounded set V' C R”.

Definition 4.14 (Classes of regular motions Reg, Regcr, Regp;,). Let V' C R"™ be open
and bounded and consider the motion ¢: V x I — R" with ¢ € CO(I, L>®(V)") and ¢, = Idp-.

(i) ¢ is called regular, ¢ € Reg(V x I), if for all t € I, ¢4(V) is open, ¢;(V) is closed, and
;2 V — R™ is injective.

(ii) ¢ is called C*-regular, p € Reg«(V x I), for k € Ny, if ¢ is regular, ¢ € C¥(V x I)", and
for all ¢ € T the inverse ¢; ' is C* as a map ¢ (V) = V (that is, ¢, ! is the restriction of a
C* map defined on an open neighborhood of ¢;(V)).

(iii) ¢ is called Lip-regular, ¢ € Regy;,(V x I), if ¢ is regular, ¢ € Lip(V x I)", and for all
t € I the inverse ¢; ' is Lipschitz-continuous ¢ (V) — V.

By definition, we have the chain of inclusions
Ui<r<oocReger € Regpy, € Regeo C Reg.

Regular and C*-regular motions are also introduced in [MHS83, Definition 1.4, p. 27].

Let us discuss some properties of regular motions ¢ € Reg(V x I) and their physical meaning.
The injectivity of ¢;: V. — R™ for ¢t € I prohibits interpenetration as well as self-contact of
material, because two initially different points cannot be mapped to one and the same point
by the motion. A CF-regular motion ¢ € Regq«(V x I) enjoys continuity of derivatives of the
motion up to order k and guarantees that oy : V' — (V) is a CF-diffeomorphism. The conditions
defining a CY-regular motion ¢ € Regpo(V x I) prevent the material of the body from tearing,
since under continuous mappings, connected portions of material stay connected.

As is shown in [Cia88, p. 16], the conditions

V CR™ open, V' =V, and or € CO(V)™ injective
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4.2 Geometry and kinematics

imply

et(V)=0i(V), (V) =(p:(V))°, and @ (dV) = d(ps(V)) = d(ps(V)).  (4.36)

Since V ° = V is true for Lip-domains V, this shows that CO-regular motions preserve the interior,
the exterior, and the boundary of a Lip-domain.

Lemma 4.15 (Continuous inverse with respect to time). Let ¢ € Regeo (V x I). Then,
for all v € Uep 0t(V), the map t — o7 H(x) is continuous I — V.

Proof. By definition, a C%-regular motion ¢ € Regeo(V x I) is continuous up to the boundary
V. Consequently, ¢;: V — R™ is continuous and injective for t € I (closed). This implies
that @: V x I — @(V xI) = U, (0e(V) x {t}) € R" x I, defined by @(z,t) := (p4(),t), is
a continuous and bijective map between compact sets. Therefore, its inverse given by (z,t) —
& Nx,t) := (¢; *(2),t) is continuous, which shows the continuity of ¢ — o, ! (x). O

Injectivity of ¢ is a global requirement, that is, it depends on the motion as a map of the entire
body. A related pointwise condition is positive orientation of ¢ (i.e. ¢ is orientation preserving),
which is related to positivity of the determinant of the deformation gradient J = det Vi (1.25):

Lemma 4.16 (Positive orientation and local injectivity). Let ¢ € Rege1(V x I). Then
J >0, i.e. ¢ is positively oriented. Conversely, if ¢: V x I — R"™ is C' and J > 0, then oy is
locally injective on V.

Proof. Injectivity implies J(X,t) # 0 for all (X,t) and s, = Idy; yields JOUX) = J(X,t) = 1.
Thus, since J is continuous with respect to time, we obtain J(X,t) = 1 > 0 for all (X,¢).
Conversely, by the inverse function theorem, if ¢ is C' and J > 0, then ¢ is locally invertible
and thus locally injective. O

However, Lemma 4.16 is not true under mere Lip-regularity, so, in this case, positive orientation
has to be imposed as an extra condition:

Definition 4.17 (Positively oriented Lip-regular motions Regﬂp). The space Reg{ip (VxI)

consists of all motions ¢ € Regy, (V x I) that are positively oriented, i.e. such that J > 0 holds
on I and a.e. in V.

Remark 4.18 (Global interior injectivity in static problems). In static problems, a.e.
interior injectivity of a deformation ¢: V' — R™ belonging to WP and positively oriented
(J = det Vg > 0) is guaranteed by requiring [, det Vo dV < f(p(v) dV [CN87]. This so-called
Ciarlet-Necas condition rules out interpenetration of matter, but allows frictionless self-contact,
i.e. parts of the body’s boundary may touch. Indeed, the right-hand side represents the volume
of the set occupied by the body obtained after the deformation. The left-hand side is the volume
of the body expressed in terms of the deformation and thus counts any overlapping regions twice.
Consequently, the occurrence of interpenetration violates the inequality. J

4.2.3 Kinematical interface conditions

We have defined regular motions for a general domain V' C R". For an earth model without
interior boundaries we may simply take V = B and consider the motion ¢: BxI — R3. However,
due to the possible slip along fluid-solid boundaries, the motion of the composite fluid-solid earth
cannot be globally injective. Thus, for a composite fluid-solid earth model (Definition 4.12) the
regularity properties will be assumed to hold on every interior region, that is, for each of the

restrictions | and | separately, but not necessarily for ¢ globally.

S VF
Vo xI Vi xI
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In order to glue the different parts of the earth model together, additional continuity conditions
on the motion have to be imposed on the interior boundaries ¥ = %55 U X¥8 U XY, These condi-
tions are referred to as kinematical interface conditions (kinematical interior boundary
conditions). In view of the properties of welded solid-solid interfaces of a composite fluid-solid
earth model (see also [DT98, pp. 48, 67, and 71]), we must have continuity of the motion across
Y58, that is

[p]F =0  on ¥, (4.37)

On slipping fluid-solid and fluid-fluid interfaces we only have continuity of the normal component
of the spatial velocity vf = v; 0 ;! across the current XS-boundaries ¢;(X"°), that is

W]t -vf=0 on ¢ (XF9), (4.38)

and similarly for ¥¥¥. Here v is the spatial normal vector field (1.30) on ¢;(X"°) and the
bracket [.]* denotes the jump of the enclosed quantity as defined in (4.8). If the motion is C*
regular, then the kinematical interface conditions hold for all ¢t € I. If ¢ is Lip-regular, then v*
as well as v* are just L>° with respect to time and (4.38) only holds for almost every t € I. In
the following we neglect the fluid-fluid interior boundaries XFF.

By continuity of the motion across 3% (4.37), a function that is Lip on two adjacent solid
interior regions VTCS and VTS, is Lip on the closure of their union V;° U V}5. To define the regularity
of the motion it thus suffices to consider the composite earth model as a union of the open solid
and fluid interior regions B® and BY obtained by merging adjacent regions:

Ba=(UW) ad B =(UW). (4.39)
keKS keKF

We recall that B, V;} (k € K®), and V]| (k € K¥) are Lip-domains. The sets B® and B*
are finite unions of Lip-domains, as they are obtained as finite unions of Lip-domains where
possibly resulting interior boundaries are removed by the closure. Note that cusps are ruled out
by Definition 4.2 of Lip-composite domains. By construction we have

B=BSUBF and XSU9dX™ =DBSNBF =90BNoB".
For convenience we further introduce the notation
B¢ :=R3\ B,
B := B"UB® =B\ X, (4.40)
B¢ .= B"UB*UB® =R?\ (X UdB).
Thereby the original decomposition of Definition 4.12,

B=(J vhu(ly wus,

keKF kEKS

simplifies to the disjoint union
B=B"UB°*UX" = B UX",. (4.41)

The figure on p. 69 illustrates this decomposition.

4.2.4 Admissible motions
Admissible motions for the composite fluid-solid earth model are Lip-regular positively oriented

motions on fluid and solid parts separately and have to satisfy additional compatibility condi-
tions, taking into account the possible slip along XFS:
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Definition 4.19 (Admissible motions). Let B = B* U B® U ¥*° be a composite fluid-solid
earth model (Definition 4.12). We define the associated class of admissible motions by

AB xI):= {cp: BxI—R3: peC™I,L®(B)*), ¢1, = Idg, and  satisfies (i) to (iv)}
with

(i) Global conditions: ¢¢(B) is homeomorphic to B and J,.; ¢¢(B) is bounded, V¢ € I,

(ii) Piecewise positively oriented Lip-regular motion:

©|psxr and @|gry; can be extended to Regﬂp(ﬁ x I) and Reg{ip(ﬁ x I) respectively,
(iii) No interpenetration: ¢;(B%) Ny (BY) =0, Vt € I, and

(iv) Tangential slip: (4.38) holds, i.e. [vf]T - vf = 0 on ;(X®) holds for a.a.t € I.

Actually, instead of the symbol B, the fluid and solid parts B" and B® should enter the definition
of admissible motions, that is, in view of (4.40), A(B x I) should be understood as A(B*S x I).

By this definition, the class of admissible motions consists of functions ¢ € C°(I,L*°(B))>
that preserve the connectedness properties as well as boundedness of the earth model by (i),
possess a positively oriented Lip-regular extension to the closure of each interior region by
(ii), prohibit interpenetration of different interior regions by (iii), satisfy the slipping interior
boundary conditions (4.38) on fluid-solid interior boundaries by (iv), and satisfy the welded
interior boundary conditions (4.37) on solid-solid interior boundaries by construction using the
domain B® introduced in (4.39) and in view of (ii).

An admissible motion is continuous across X% but possibly discontinuous across X%. We ac-
counted for this discontinuity in (ii) by demanding only the existence of a positively oriented
Lip-regular extension for each interior region instead of requiring ¢ € Reg{ip on its closure.

Due to slip on interior surfaces, the motion is not globally injective on the closure B. Therefore
it is not a C%regular motion of B and the confinement condition (i) needs to be imposed to
preserve connectedness and boundedness of ;(B). However, ¢ is injective in the interior of
each interior region B® and BF separately by property (ii). Since these sets are finite unions of

Lip-domains, an admissible motion satisfies o;(BS) = ¢;(BS) and ¢;(BF¥) = @y(BF) for all t € I,
see (4.36). Combined with property (i) we thus have

¢i(B) = ¢i(B). (4.42)

For a discussion of further regularity properties, let V' = B® or Bf for the moment. Then, by
property (ii), ¢ € A(B x I) implies that the restriction |y »; can be extended to yield a motion
in Reg{ip (V x I) C Lip(V x I)3. Motions in A(B x I) are thus Lipschitz continuous functions
with respect to time and take values in the space of all piecewise Lipschitz continuous functions
of B. Moreover, since Regfip(v x 1) C HY(V x I°)3, it follows that

A(B x I) C HY(B™ x I°)3. (4.43)

The regularity of ¢ € A(BxI) implies that the first-order derivatives of the Lip-regular extension
of ¢|yx1 to V, denoted by ", satisfy V" € Lip(I, L>(V))3*3 and 0;p" € L>®(I°,Lip(V))3.
Consequently, the components of v, Vo, e, and J, defined by (1.22), (1.26), and (1.25) are
essentially bounded functions on B™ x I°. Thus, by B = B" U XF® (4.41) and since X*®
has zero volume, they can be extended to L (B x I°). However, we emphasize that the spatial
derivatives occurring in the definitions of V¢, e, and J need not be identical to the distributional
derivatives (see Remark 4.7).
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The fluid-solid boundary condition [vf]" - 1f = 0 (4.38) (or condition (iv) in Definition 4.19)
indeed makes sense within the regularity setting specified in (ii), showing consistency of definition
of A(B x I): The Lip-regular extension ¢, yields v} = dy¢} € Lip(V)? and thus (v}))* =
vy o (¢} )7t € Lip(py (V))? for almost every ¢ € I with uniform Lipschitz constant. Therefore
(v))* can be restricted to the moving boundary ¢;(0V) = 9(¢(V)) for almost every t € I.
By (4.23) this implies that vj can be restricted to moving interior boundaries ¢;(%"°). Hence,
its jump [v7]T is a continuous function on ¢;(X¥®) which can be multiplied with the bounded
spatial unit normal v}.

Next we consider the validity of material and spatial representation in the composite earth
model. The following lemma shows equivalence between boundedness of a spatial quantity
q¢° and boundedness of the corresponding material quantity ¢ for an admissible motion of a
composite earth model.

Lemma 4.20 (Regularity of material and spatial representations). Let the maps
¢ RExI—>R and ¢q:BxI—R
be related by (1.27), that is, s = qf o ¢y fort € I and ¢ € A(B x I). Then

¢ €COI,L®°[R3)) <= qeC’,L>B)).

Proof. We first establish the equivalence of the L*°-condition with respect the spatial variables:
g € L?(¢(B)) <= q € L¥(B).

Since ¢ preserves interior boundaries which are of measure zero it suffices to show
g € L=(@(V)) = qelL™(V)

for all interior regions V' = B® or BF. We denote the restrictions of ¢; and ¢ to ¢¢(V) and
V again by ¢ and ¢;. We start with the implication from left to right. First note that if
g € L>®(¢(V)), boundedness of ¢, = ¢; o ¢ is clear. Measurability is guaranteed by Lip
regularity of ¢, ! on the corresponding interior regions vt (V). More precisely, for a Borel set
M in R with M C ¢;(V), consider the pre-image ¢; (M) = ¢; ' ((¢7)~1(M)). Since (¢f)~' (M)
is Lebesgue measurable by assumption and Lipschitz-maps preserve Lebesgue measurability
(e.g. [Bog07, Lemma 3.6.3 on p. 192]), we have the Lebesgue measurability of qt_l(M). Hence,
gt € L>®(V). The other implication follows similarly by changing the roles of ¢; and ¢, L
Finally, continuity of ¢; := ¢ o ¢ resp. ¢f := q: 0 ¢, ! with respect to the time variable follows
from the continuity of the map ¢ — ¢y resp. t — ¢, ! which was established in Lemma 4.15. [

For ¢ € A(B x I), the spatial counterpart of the material velocity field v; € L>(B)? is given
by vf == v 0 ;' € L®(R3) (extended to R? by zero) for almost all ¢ € I. Similarly, since J
and the components of e are in L (B x [°), it follows that J; and the components of e; are in
L>®(R3) (extending again by zero).

The transformation formula between the material and the spatial representation of volume
integrals also holds for admissible motions of the composite fluid-solid earth:

Lemma 4.21 (Spatial and material volume integrals). Let o € A(B x I) and f; € L>(B)
fort € I. Then (1.33) holds for all open A C B:

/ fts dV = / ftJt dV
wt(A) A
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4.3 Density and conservation of mass

Proof. By Lemma 4.20 we have ff = fio@; ' € L®(¢;(A)). Clearly, for A C BS or B* we have
positivity of J; and thus (1.33) holds. By the decomposition (4.41) together with the mapping
properties of ¢ € A(B x I) (properties (ii) and (iii) of Definition 4.19), the result is true for a
general open subset A C B. O

Remark 4.22 (Transformation of surface integrals). If S is a Lip-surface within the com-
posite fluid-solid earth B = B*® U ¥, formula (1.34),

/ g vidS = / geJi (Vo) T - v ds,
t(S) S

holds classically if S avoids slipping surfaces, i.e. S N X" = (). The relation is established in
[Cia88, Thm. 1.7-1, p. 39] for ¢ a Cl-regular motion and g; € C(S) for t € I. 4

4.3 Density and conservation of mass

The mass of a continuous body describes the body’s resistance to acceleration when a force acts
on it. The composite fluid-solid earth B is a continuous body, thus, as was motivated Section
1.1.2, its mass may be written as a volume integral over an LllOC density (1.9). Specifically, the
spatial mass density of the Earth is a non-negative function

3
p* R x I - RS

which is compactly supported in the closure of the Earth in current configuration at time ¢ € I,
that is,

supp(p7) € i(B) = ¢i(B) = ¢1(B). (4.44)

Here we assumed that the motion is admissible, ¢ € A(B x I), and invoked (4.42) to obtain the
last two equalities. Requiring global boundedness p; € L>(B;) instead of only pi € L{ (B:)
implies that a body’s mass can be estimated by its volume:

M(By) :/ p*dV < HpSHLOO(Bt)/ dv.
Bt Bt
Thus it is natural to assume
p* € CO(I, L°(R?)). (4.45)
The requirement of continuity with respect to time will turn out to be consistent with conser-
vation of mass and the class of admissible motions. The corresponding material density

p: BxI—R"

is given by p; := pf o ¢ for all t € I, see (1.27). If ¢ € A(B x I), then by Lemma 4.20 the
condition p* € CY(I, L% (R3)) yields p € CY(I, L*°(B)). Extension by zero, i.e. setting p;(X) := 0
if X ¢ B, yields p: R® x I — R{. Thereby we obtain

p € CO(I,L=(R?))

with fixed support supp(p;) C B for all ¢ € I.

The principle of conservation of mass (see Sections 1.1.2 and 1.2.3) allows us to determine the
material density p directly from the reference density p° and the motion. The following lemma
establishes this assertion under the low regularity conditions in the composite fluid-solid earth
model B (see Definitions 4.12 and 4.19).
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4 The composite fluid-solid earth model

Lemma 4.23 (Conservation of mass). Let ¢ € A(B x I) and p; € L= (pi(B)) for (almost
all) t € I. Then conservation of mass (1.38) is equivalent to the equation (1.40),

PO = pet,

valid almost everywhere on B and for almost all t € 1.

Proof. We recall the principle of conservation of mass (1.38) for a continuous body V' C R™: For
all open sets A C V and almost all times t/, t’ € I,

oy (A) oy (A)

We set t' = tg, t” =t € I and consider ¢|y« for V.= B® or B¥. Then

/ P’ dV = / p; dV
A vt (A)

must hold for all A C V open, where on the left-hand side we used ¢y, (A) = Idp(A) = A and
Piy = Pto = pY. Lip continuity of ¢; on A for all t € I allows us to change variables on the
right-hand side (see [Fed69, Theorem 3.2.3, p. 243]), which, together with J > 0, yields

0 _ S _ Sott .
[ av = [ pitex)) 20 avix) = [ (pi o) gav

Since pf o ¢y = p; we thus have
/ (0° = peJi) AV =0
A

for every open subset A C V. This is equivalent to p” = p;.J; to holding almost everywhere on
B*S and hence almost everywhere on B, which completes the proof. O

As a consequence of Lemma 4.21 and Lemma 4.23 we obtain equations for the integral of a
function times mass density in spatial and material representation.

Lemma 4.24 (Spatial and material volume integrals with density). Let ¢ € A(B x I),
by € L>®(B), p* € L>®(B), and t € I. Then conservation of mass implies that for all open

AC B,
/ bips dV = / bep? dV. (4.46)
wt(A) A

Proof. By Lemma 4.20, the condition b, € L (B) gives b = b, o ¢ € L>®(p¢(B)). Thus the
volume integral transformation formula (Lemma 4.21) and conservation of mass (1.40) (Lemma
4.23) yield

[ G V(@) = [ BX0p(0) R0 QVE) = [ (0)(0) AV(X).

et(A) A A

which proves the claim. O
Conservation of mass also relates the regularity of the density to the regularity of the motion:
If p € A(B x I) and pi € L®(¢4(B)), Lemma 4.23 shows that conservation of mass implies

p° = pyJ;. Thus, given the initial density p°, this equation expresses the current material density
pt in terms of derivatives of the motion . In particular, since by Definition 4.19,

o€ AB x I)CCI,L>®(B)?),
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4.3 Density and conservation of mass

the assumption p € CO(I, L>°(B)) made in (4.45) (Lemma 4.20 is applied) is in accordance with
conservation of mass. Moreover, improving the regularity of ¢ directly improves the regularity
of

t = pe(z) = p°(2)/ Ji(x)

for almost all z, if J; is positive:

Lemma 4.25 (Improved time regularity of material density via conservation of mass).
If p* € CO(I, L*°(R?)) and conservation of mass holds, then

oc ABxI), p’eclL>®B) = pclLip(I,L>*(B))

and
p€Regm (B x1I), plec’(B) = peccl(1,cB)).

Proof. By (1.40), p = p°/J. The second claim holds because ¢ € Rege (B x I) C CY{(B x I)3
implies J € CY(I,C°%(B)) and J > 0 (see Lemma 4.16). We prove the first claim: For ¢ € A(BxI)
and V = BS or B" we have ¢|yx; € Lip(V x I)? with J positive, bounded away from zero on V,
and Lip with respect to time. Consequently, if p° € L>(B), then conservation of mass implies
plvxr € Lip(I, L®(V)) and thus p € Lip(I, L(B)). O

However, conservation of mass does not necessarily improve the time regularity of the spatial
density representation p* € CO(I, L>°(R?)): Indeed, existence of the time derivative

O(p*(z,1)) = Du(p(p; ' (2), 1)) = Dup(p;  (2), 1) + Vp(ioy ' (2),t) - Oppy ' ()

would imply boundedness of Vp, which cannot be expected if p; € L>°(B) and ¢ € A(B x I).

The local formulation (1.40) of conservation of mass does not require any time-differentiability
of the density or the motion. This is a benefit compared to the more prominent formulations,
which require C! regularity.

Lemma 4.26 (Conservation of mass and continuity equation). If ¢ € Regq1(B x I) and
p € CYH(B x I), then the following are equivalent for all t € I:

(i) Integral form: % on() PLAV =0 for all open A C B.
(ii) Local material form: o =p;J; on B.

(iii) Local spatial form (continuity equation): J;p° + V- (p*v®) =0 on ¢i(B).

Proof. We argue as in [MHS83, Theorem 5.7, p. 87]. The equivalence (i)<(ii) follows from
adapting the proof of Lemma 4.23 to the higher regularity conditions, noting that (i) is equivalent
to (1.38). The equivalence (ii)<(iii) then follows from differentiating p;J; = (pf o ¢¢)Jy with
respect to t, and invoking the material time derivative d;p; 0 o; * = dipf = Opp§ +v5 - Vi (1.32)
as well as the identity 0y J; = J; (V- v®) o @) (1.37):

Ou(peJt) = (Orpe)Je + pe(OcJr)

((Owpt +v7 - Vpg) o o) di + peJe((V - v°) 0 1)
((Oept +vf - Vpi + piV - v%) 0 1) Jy
((Oept +V - (0} vf)) © 1) Ji.

Since by assumption J; > 0, this equation implies the equivalence of 9;(p:J;) = 0 (and hence
peJy = p°, since J° = 1) and the continuity equation. O
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4 The composite fluid-solid earth model

4.4 Conservative volume forces

In classical continuum mechanics, volume forces (body forces) are modeled by vector fields
SR T —»R?
acting on the body. The field f* is a force density per unit volume, hence we have
fs — psbs
for the acceleration field b°: R3 x I — R3.

The next lemma addresses the definition and regularity of the material representation of volume
forces, assuming admissible motions of the composite fluid-solid earth model.

Lemma 4.27 (Volume forces in material representation). Let p € A(Bx 1), p° € L=(B).
Then the material formulation of a volume force

2= p°b* € COL L™ (R?))
s given by

f=p"eC(I,L>(B)?)
with by = b o ¢y for allt € I.

Proof. Lemma 4.24, which results from conservation of mass, allows us to write the total force
as the following integral over the reference domain (¢ € I):

/ fde:/ pfbde:/pObth:/fth.
vt (B) pt(B) B B

The integrand on the right-hand side represents the force density per unit volume in material
formulation. Finally, Lemma 4.20 ensures that f € C°(I, L>(B)3). O

Note that f® and f are not related via (1.27) (which would give ¢ = ¢; o ¢ for ¢ = f). Instead,
as a consequence of conservation of mass p = Jp (1.40), the relation merely is

f=J(f" o) (4.47)

since f = p% = Jpb = J((p°b*) o) = J(f* o). The explanation is, that in order to obtain the
material formulation, we have to take the change in volume into account, which is represented
by the Jacobian determinant J = det(Vp) (1.25) (cf. [MHS83, Section 2.1, p. 123]).

We restrict ourselves to the consideration of conservative volume forces, since these can be
naturally incorporated in the calculus of variation [Cia88, p. 82]. Thus we assume that the body
force field f* can be expressed as density p® times the negative gradient of a scalar potential
F3:R3x I >R,

f5=—p°VF?® (4.48)

Concerning regularity, we assume

F* € C°(I, Lip(R3)) (4.49)
Together with (4.45), i.e. p* € C°(I, L°°(R?®)3) with compact support, this implies that

£t € OO, L=(R)?)
and f* is compactly supported as well. By Lemma 4.27,

fo = P (VE) o (4.50)

is the corresponding material formulation of the conservative volume force.
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4.5 Gravity

4.5 Gravity

At any time instant ¢ € I, the spatial gravitational potential ®° is determined by the
Earth’s current density distribution pj € L°(R3) as the distributional solution of Poisson’s
equation (2.2)

ADP® = 4nGp®

in R3 that vanishes at infinity: lim, 00 ®f(2) = 0. The associated material gravitational
potential ®: B x I — R is found from (1.27): ®; := ® o ¢;.

4.5.1 Distributional solution of the Poisson equation

We review general properties of distributional solutions of the Poisson equation in R3. With
&'(R?) the set of all distributions in D’(R?) with compact support, we introduce the solution set

Y(R?) :={y e D'(R?) : Ay c &' R?), lim y(z) =0} (4.51)

|z|—o00
and the subset Y>° C Y for bounded compactly supported sources,

Y (R3) := {y € D'(R?) : Ay e LT (R?), | llim y(x) = 0}. (4.52)
Tr|—00
Let E3 € D'(R3) denote the unique radial fundamental solution (Green’s function) for the
Laplacian A in R3, that is
AFE3 =0,

that vanishes at infinity. The representation E3(x) = —=—, which holds for 2 # 0, implies the

" drfz]>
local integrability of E3 and of its partial derivatives 0;Es(z) = 47:?#:

B3 € Li . (R% and  VE3€ LL.(R%)?3 (4.53)

Lemma 4.28 (Properties of distributional solutions of Poisson’s equation).

(i) Newtonian potential: If Ay € £&'(R3?) is given, then y € Y (R3) is the convolution

y = FE3x Ay.

(ii) Decay conditions: If y € Y(R3), then for all multi-indices o € N3

D(z) = (Ay, 1)(D*Es)(x) + O(1/|z|*t1))  as |z| = .

(iii) Regularity: Ify € Y>°(R?), then y € ;<)o Wli’f(R?’) C CY{(R?).

Proof. The assertions (i) and (ii) follow by the distributional solution theory for Poisson’s equa-

tion: For the Newtonian potential (i) and the decay conditions (ii) see [DL90, Ch. II.3 Proposi-

tions 2, 3, p. 278, 279] for the case n = 3. To prove (iii), note that the regularity properties of

y € Y°(R3) are a consequence of the ellipticity of the Laplacian: By definition of Y'*°, we have
Ay e LR C LE(R?) C LP (R?) Vp>1.

loc loc

We thus can invoke local elliptic regularity for the LP-based Sobolev spaces (Lemma 3.15) to
obtain Dy € (<o I, (R?) for |a] =2, that is y € (< penn W2P(R3). Furthermore, by the

loc loc
Sobolev embedding theorem (Lemma 3.13), I/Vli’f(R?’) C CF(R?) for k € Ng if 0 < k < 2 — 3/p.
Since this inequality is satisfied for k = 1 and p > 3, we have y € ﬂl§p<oo VVI?)’CP(R?’) C CL(R?),

completing the proof. ]
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4 The composite fluid-solid earth model

We note that the inclusion

Y (R?) C C\(R?)
in Lemma 4.28 (iii) can also be established as follows: Let y € Y°°(R3), then y = E3 * Ay and
0;y = 0;FE3 % Ay by Lemma 4.28 (i). By (4.53), E3, 0;E3 € L%OC(R‘?), and, since by assumption
Ay € L>(R?), the result follows from the inclusion Ll + L C C (see e.g. [DL90, Ch. 1.3
Lemma 3, p. 284]).

4.5.2 Separating the far-field monopole term

We present a decomposition of y € Y*°(R?) which will be useful in constructions to follow. The
idea is to separate, at large distances to supp(Ay), the monopole term m, of y from its more
rapidly decaying remainder § = y — m,,. We write Bg(0) := {z € R3 : |z| < R} for the open
ball with radius R > 0 around the origin 0 € R3.

Lemma 4.29 (A decomposition of Y>°(R?) separating the far-field monopole term).
Let y € Y®(R3) and choose R > 0 and sufficiently large to ensure

supp(Ay) € Br(0).

1, |z|<R

Let x € C®(R3) be a smooth cutoff function with x(z) =
0, |z|>2R.

Then the function
my: R = R, my(z) = (Ay, 1) Bs(z) (1 - x(«))
satisfies my, € C(R?) N L*>°(R3), supp(my) C R3 \ supp(Ay), Am, € C°(R3), and
y=my+Yy where 7€ H*(R?).

Proof. The regularity and the support property of m, is clear from its definition. A direct
calculation based on AF3 = § yields Am, € C°(R?). We set § := y —m, € D'(R?). Since
(Ay,1)Es(z)x(z) vanishes when |z| > 2R, the decay conditions in Lemma 4.28 (ii) imply

y(z) = y(z) — my(z) = (Dy, 1) Es(x) — (Dy, 1) Es(w)(1 — x(2)) + O(1/]z[?)
= (Dy, 1) Bs(2)x(2) + O(1/|z*) = O(1/|z[*)

as |r| — oo, which shows square integrability of 7 outside Byg(0), that is, 4 € L?(R3\ Bag(0)).
The proof of Lemma 4.28 (iii) for p = 2 gives y € HZ_(R3) C L% (R3). This also follows by
applying local elliptic regularity (Lemma 3.15) to Ay € L®(R3) C L2 (R?). Boundedness of
m, thus yields § € L (R3). Consequently, § € L?(R?), which finally allows to use global elliptic

regularity to obtain y € H?(R3). O

4.5.3 The gravitational potential of the earth model

We apply our findings to the gravitational potential ®* of the composite fluid-solid earth model
(Definition 4.2) with admissible motion ¢ € A(B x I).

If p; € LL(R3), then ® € Y>°(R3) for t € I, see (4.52). Lemma 4.28 then yields that ®; can
be expressed as the Newtonian potential

B3(z) = (Bs + 47Gpd) () = -G [ 2 (x/),| dV(z)  (z € R3), (4.54)
R3 | T — X
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for t € I. Moreover (with i, € {1,2,3}),

o e () WEPRP)CCHR®), adie () Wi PR, 8:9;9 € () Li.(RY),

1<p<oo 1<p<oo 1<p<oo

loc

and (A®7, 1)(DE3)(z) = (4nGpj,1)(DYEs)(x) = 4nG Mp (D*E3)(x) if © # 0. Here, conser-
vation of mass (1.7) allowed us to replace the deformed Earth’s total mass M (pi(B)) by the
constant Mp := M (B):

i1y = [ pH@)AV (@) = M(pi(B) = M(B) = M.
Consequently, ®; satisfies the asymptotic condition
DY®?(z) = —G Mp D*(1/|z]) + O(1/|z)**1*ly  (jz] = o0, o € N}). (4.55)

In particular,
~ GMp

which is consistent with the well-known multipole expansion of the Earth’s external gravitational
potential (see Remark 4.30).

o (x) =

—i—O(l/\x! ) as |z| — oo,

=

Figure 4.3: The solid line illustrates the far-field monopole term m® (4.56).

To interpret the result of Lemma 4.29, let x € C2°(R?) be a cutoff around the ball

2 U%(B

tel

that vanishes outside Bagr(0) (the current Earth is contained in some Bgr(0) by condition (i) in
Definition 4.19 of admissible motions). As Mp is constant, the function

GMp

2] 1-x() (zeR’) (4.56)

T m’(x) == mes(z) = —

neither depends on ®§ nor on p; (m* depends only on the fixed total mass of the earth Mp
and the choice of the cutoff x). Lemma 4.29 thus yields the following decomposition of the
gravitational potential:

o = m® 4 5. (4.57)
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4 The composite fluid-solid earth model

with m® € C*°(R?) N L>®(R?) and supp(m*) C R\ U,c; ¢+(B). The function m® represents the
far-field monopole term of the Earth’s gravitational field at large distances (|z| > 2R) and
o7 € H*(R?)

consists of all higher-order multipole terms modeling the Earth’s near and interior gravita-
tional field.

Remark 4.30 (Multipole expansion). We have shown that the gravitational potential ®°(x, .)

for large |z| may be approximated by the monopole term _G‘Ja\le' More generally, in spherical

coordinates (7,9, \) with r = |z|, solving Laplace’s equation A®* = 0 outside the Earth yields
the following multipole expansion (sum of spherical harmonic functions) of the Earth’s external
gravitational potential [Tor03, p. 62]:

o) l
o5 (r, 9, ) = — SMB (1 +3 (%B)l (C™ cos(mA) + S sin(m/\))> P (cos ).

r
=1 m=0

for r > rp. Here rp is the mean radius of the Earth, the functions P are the associated
Legendre polynomials of degree [ and order m, and the spherical harmonic coefficients Cj" and
Sy are weighted integrals of the Earth’s interior density distribution. J

Up to now we have not imposed any regularity condition on the gravitational potential with
respect to time. The reason is that via Poisson’s equation, the temporal regularity of ®° is
determined by that of p°. Our basic regularity assumption on p® is (4.45), namely

p € COI, L*(R?))

with compact support of pf in R3. Thus, in view of Poisson’s equation A®* = 47Gp* or the
representation of ®* as Newtonian potential ®° = E3 % (4rGp®), we obtain

% € COUI, Y™ (R?)). (4.58)

We note that Y>°(R?) is not a Banach space, but a subspace of the topological vector space
D'(R3). The topology of C°(I,Y>°(R3)) thus is induced from C°(I, D'(R3)).

The decomposition & = m* + & (4.57) and ®* € CO(I, Y>°(R?)) imply
®° € CO(1, H*(R?)).

The inclusion Y*° C C! shows continuity of ®§ and V&3 on R3. Thus, for any Lip-surface S C R?
(Lip regularity guarantees the boundedness of the unit normal v* (1.30) if ¢ € A(B x I)),
[®5]T =0 and VOS]t - vf =0 on 0 (S).

Consequently, all gravitational interface conditions (2.18), as well as the decay condition
at infinity, already follow from the regularity (4.58) of ®*.

4.6 Elastic constitutive model

4.6.1 Elastic energy and stress

The material of the fluid-solid composite earth model is described as a hyperelastic continuum.
As discussed in Section 1.3.1, the mechanical response of the earth model is thus encoded in its
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4.6 Elastic constitutive model

internal energy density per unit mass, U: B x GL(3) — R, with first Piola-Kirchhoff stress
tensor T given by (1.52):
o OU

a(Ve)
As in [Cia88] we assume that U is of Carathéodory type, that is, bounded (measurable) in its
first argument X € B and C! in its second argument V(X t) € GL (3) for almost every X € B
and t €1, ie.

P

T = p

U € L®(B,CYGL,(3))). (4.59)

For admissible motions ¢ € A(B x I) this in turn implies that (X,t) — U(X, (Ve)(X,t)) is in
C°(I, L>=(B)). By abuse of notation, this map will also be denoted by U. Thus we obtain the
regularity

U € C%I,L>=(B)) (4.60)

and
TP% € CO(1, L°°(B)3*3). (4.61)

In fluid regions, which we assume to be elastic (compressible inviscid) fluids, the spatial Cauchy
stress is isotropic by (1.54): T® = —p®lsy3 with p* = (ps)Q%([{:. As was discussed in Section
1.3.1, by conservation of mass one can express the dependence of pressure on density again by a
dependence on the deformation gradient. Thereby the elastic response of solid and fluid regions

can be modeled in a unified way by prescribing the internal energy density U.

4.6.2 Dynamical interface conditions

The dynamical interface conditions (dynamical interior boundary conditions) constrain the
traction on Lip-boundaries and interfaces S. In this section, we motivate the specific form of
these interface conditions, already presented in Section 2.3.1. As briefly discussed in Section
3.1.1, these conditions can also be obtained from Hamilton’s principle.

By Newton’s third law of action and reaction, the spatial traction vector (see Section 1.2.3)

must satisfy
T(=v®) = =7 (v7) (4.62)

on any spatial surface ¢.(.5) (e.g. [Ant05, (7.19)] or [BMS81, (1.2)]). Here the insertion of +v°
also means evaluating 7° on the £-side of the surface ¢.(S). With the convention (4.12) that v*
points from the —-side to the +-side of the surface, we identify v* = v*~. The definition (1.45)
of the Cauchy stress then implies

=I5 v =T% - (—°) = (%) = —7°(v°) = =T . 1%

Spatial traction is thus continuous across interior boundaries, that is, the spatial jump condition
(2.16)
[T°]f-v*=0 on  @(5)

holds for all ¢ € I. In case of perfect slip along frictionless surfaces (i.e. ideal faults or
fluid-solid boundaries where viscosity is disregarded), there are no tangential stresses, that is,
the traction vector must be purely normal. Thus, (77 - )l = 0 on ¢;(X"9), or equivalently, T°*
satisfies the normality condition (4.27) which gives (2.17):

T -v° =W -T°-v)° on ¢ (XF).

In particular, if (2.16) is considered on the Earth’s exterior boundary and atmospheric stresses
are neglected (i.e. the Earth is considered as a body in vacuum), it gives the dynamical boundary
condition (2.13):

T° -1 =0 on vt (0B).
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4 The composite fluid-solid earth model

In combination, the conditions (2.16) and (2.17) guarantee the absence of the fluid-solid interface
and boundary integral contribution to the energy balance in the spatial representation.

Because of tangential slip along fluid-solid interfaces, it is not straightforward to formulate the
material counterparts of the dynamical interface condition (2.16) in terms of the first Piola-
Kirchhoff stress tensor TT¥. We will derive the corresponding condition only in the linearized
setting (see Section 6.5.3).

4.6.3 Pressure and deviatoric prestress

The stress at initial time #( is called the prestress (residual stress) T°. Assumption (1.21),
01, (X) = X for all X € B, implies that the spatial Cauchy stress tensor 7, the material Cauchy
stress tensor T', and the first Piola-Kirchhoff stress tensor TT¥ all coincide at initial time:

T° =T =Ty, = TS . (4.63)
Evaluating p® = —% tr 7% (1.55) at time ¢y gives the hydrostatic equilibrium pressure:
1
= —gtr T°. (4.64)

The deviatoric prestress is defined as the trace-free difference
T3, :=T° — %(tr T 13x3.
Thus, prestress decomposes into hydrostatic and deviatoric prestress:
T° = —p°1353 + T, (4.65)

As Té)ev is symmetric (due to the symmetry of 79) and trace-free, only three of its components
are independent. In the solid parts of the Earth, these are generally non-zero (see also Remark
6.3). In fluid regions however, 79 = 0 and, in accordance with 7° = —p*13.3 (1.54), prestress
reduces to a pure pressure:

T° = —pY13.3. (4.66)

Evaluating [T°]T - v = 0 (2.16) at to immediately gives (2.22):
[T -v=0 on  XSUXS.
Similarly, (2.13) leads to the equilibrium zero-traction condition (2.21):
T°. v =0 on 0B.

Combining (2.22) and (4.66) shows that the initial traction 7 - ¥ must be purely normal on a
fluid-solid boundary (T satisfies the normality condition (4.27) on ¥%), i.e. (2.23):

° v=@w-T" v)v=—p"» with p°=-—2v-7% v on X'
With (2.22) this further implies
P]F=0 on X (4.67)

and (2.21) yields

p"=0 on  OB. (4.68)
Condition (4.67) expresses the continuity of the hydrostatic pressure (4.64) across fluid-solid
interfaces and (4.68) states that the pressure vanishes at the Earth’s surface, which corresponds
to ignoring any atmospheric stresses.
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Chapter 5

Action

We introduce the variational framework for the composite fluid-solid earth model and deter-
mine the action corresponding to the nonlinear system of elastic-gravitational equations from
energy considerations (Sections 5.1, 5.2). Based on this, we show how the nonlinear system
of elastic-gravitational equations, including the dynamical interface conditions, formally arises
from Hamilton’s principle (Section 5.4). As an interlude, we briefly review an abstract geometric
variational formulation of continuum mechanics that also incorporates the kinematic interface
conditions via generalized variations (Section 5.3).

5.1 The variational model

The state of the uniformly rotating, elastic, and self-gravitating earth model is characterized
by specifying its motion ¢, its gravitational potential ®°, and its density p® for given elastic
properties which are encoded in the internal energy density U, and for a given force potential F*°.
We summarize the basic regularity assumptions on model geometry and on the state variables
developed in the previous chapter, in particular Definitions 4.12, 4.19, (4.58), and (4.45). In
order to unify the material and spatial conditions, the motion is extended to R3.

Assumption 1 (Variational model).
(i) Geometry: B = B UXF® is a composite fluid-solid earth model (Definition 4.12).

(ii) Configuration spaces: (p, %, p*) € Wiotion X Wravity X Waensity for

Whnotion = {80 € CO(I,LOO(R3>)3 : (,O‘EXI S A(E X I)},
Wity = CO(L Y (RY),
Waensity = {p° € C°(I, L(R?)) : supp(p}) C ¢1(B) V't € I}.

(ili) Constitutive assumptions: The material is hyperelastic, i.e. TH% = pO% (1.52),

where the stored energy density satisfies (4.59): U € L>®(B,CY(GL4(3))).

(iv) External force: f* is conservative, i.e. f* = —p*VF* (4.48), where the potential satisfies
(4.49): F* € C°(I, Lip(R?)).

Under these assumptions on ¢ and U, Lemma 4.20 yields U*® € CO(I, L>(R3)) with supp(Uf) C
@¢(B) for all t € I. The assumption on F** combined with p® € Wyensity implies that the force
satisfies f* = —p*VF* € CO(I, L°°(R3))? with compact support contained in ¢;(B) at time ¢ € I.
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5 Action

5.2 Definition of the action integral

5.2.1 The basic structure of the action

The elastic-gravitational deformations of the Earth do not dissipate energy. Thus, Hamilton’s
principle applies: The configuration (¢, ®*, p*) € Wiotion X Weravity X Wiensity 1S a stationary
point for the action functional

A Wmotion X Wgravity X Wdensity — R (51)

The action has the following basic structure (this will be justified below):

o (p, &, p*) = /I (/%(B) L*(z,t) dV(x) + /Lpt(EFS) L;t(st)(CE,t) dS(a:)) dt. (5.2)

Here, L? is an abbreviated notation for the volume Lagrangian density, which may depend
explicitly on (z,t) besides being a function of the space- and time-derivatives of the state-
variables (¢, ®°, p®). In detail, the integrand L® is to be understood as a function

(x,t) — L? (m,t,gp(a:,t),<I>5(x,t),p5(x,t),V<p(x,t),Vq)s(x,t),Vps(x,t),@(ac,t),@s(x,t),ps(x,t)> .

The part of &7 representing the surface action consists of a temporally integrated surface integral
over all fluid-solid boundaries within the earth model:

sws (@) = /IdEFS’t((p) dt := /]/ () L;t(zps)(x,t) dS(z)dt = /]/gFS Lywrs (X, t) dS(X) dt.
Pt

Accounting for the mutual interaction of fluid and solid regions, <%ws(¢) only occurs if fluid
regions are present in the earth model. We will see later that <4rs is, in fact, independent of

®* and p®, that is, Lfot(zFS) is a function

(:L‘at) = L;t(EFS) (l'atv 90($at)a VQp(l',t), @(xat)) .

The explicit form (5.11) of the material surface Lagrangian Lyrs will be obtained as a conse-
quence of energy balance (see Section 5.2.5). Actually, since there is no work done by perfect
slip, the surface action will be zero in the full nonlinear model: @4rs = 0, see (6.64). However,
in the linearized model the purely second-order surface action does not vanish, even in the fric-
tionless case: Its Lagrangian density (6.54) accounts for the work done by slip of material at
fluid-solid boundaries against the initial traction due to prestress. This interpretation, which is
consistent with [DT98, p. 96, (3.232)], will be discussed in more detail in Section 6.6.3.

The action does not contain an integral over the exterior boundary 9B, which will correspond
to the zero-traction (homogeneous Neumann) boundary condition (5.36): T7% - v =0 on 0B.

5.2.2 Kinetic and potential energy densities in spatial formulation

Let us further specify the volume Lagrangian density by expressing it in terms of physical quan-
tities based on a first-principles analysis [DT98, (3.251)]. Since we consider elastic, gravitational,
and also other (internal or external) conservative forces, according to Hamilton’s principle we
have

L* = Elfin - E}‘S)ot with Els)ot = Eeslast + Egravity + 3xt'

s s s s .. . e s e
Here E}; , E3. Egravity, and EZ  are the kinetic, elastic, gravitational energy densities

of the Earth and of the other (internal or external) conservative forces respectively, given by

1 1
Eliin - 5(”8 + QX :B)Zps’ Eeszlast = USIO87 gravity = 5 °p®, and ngt - Fsps'
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5.2 Definition of the action integral

The factor % in B avity 18 due to self-gravitation (cf. [DT98], [WDO7]). Thus
s 1 s 2 s 1 s s s
Lz(i(v +Qxa) - (U450 +F)>p. (5.3)

Note that the additional term € X = in the formula of £}, is due to the adoption of a co-rotating
coordinate system (see Section 2.2). We have

1 1 1

i(vs +Qx2)?= 5(05)2 +0% - (A xx)+ 5(9 x )2,

By abuse of notation, we will frequently keep the argument of x — Q x z; actually, 2 x z should
read €2 x Idgs. Alternatively, since the ith component of Q X x is €, ;x4

(v 4+ Q x a:) = (v + €12 xk)

= (v5)? + 2 Vi€ Tp + €1 ThEitmUTm

= (v5)% + 2 v €Tk + (5j10km — OjmOk)QUTKTm,
= (v}

09)? + 20 €k + Qg — (eaw)”.

The expression 2vJ€;;1 2z = 20° - (2 X x) = 2z - (v° x Q) represents the Coriolis term (the
Coriolis acceleration is given by 2 v® x ). We recall from (2.7) that the centrifugal acceleration
reads

QA x (Qxx)=VU(r),

where the centrifugal potential is the second-order polynomial ¥*: R3 — R,
W () = — 5 (O — (Qury)?) = — (0% — (Q-2)%) =~ (@ x )
Therefore, we may write L® in the form
L= (5@ et @xa) - (U + % 2+ ) (5.4)

By Assumption 1, the functions v*, U*, p*, ®%, F'* are elements of C(I, L>°(R?)), where, for ¢
in the bounded time interval I, pj is compactly supported in ¢;(B). Therefore,

L* € COI, L (R3)) C L>®(R3 x I)

with compact support supp(L;) C ¢;(B). The regularity conditions on ¢ and U imply inte-
grability of the surface Lagrangian, as will be seen later. Consequently, the action functional
(o, %, p%) = o (o, @°, p®) is indeed defined on Wiotion X Weravity X Weensity, which justifies (5.1).

In addition to the stationarity of the action with respect to variations in the state variables ¢,
®° and p®, the fields ®° and p® are linked via Poisson’s equation. Furthermore, ¢ and p° are
coupled through conservation of mass. Therefore we have to interpret the stationarity of &/ to
hold under these constraints. In the following sections we will modify .2/ in order to incorporate
self-gravitation and eliminate the dependence on spatial density via conservation of mass. We
thereby arrive at the material formulation of the action (5.9):

7
" Wmotion X Wgravity — R.

By Hamilton’s principle, stationarity of 27" then gives the nonlinear dynamical equations (the
nonlinear system of elastic-gravitational equations, Section 2.3.1) describing the motion of a
uniformly rotating, nonlinear elastic, self-gravitating composite fluid-solid continuum with initial
density p° € L>°(B) and internal elastic energy function U € L™ (B, C!(R3*3)). The derivation,
on a formal level, is presented in Section 5.4.
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However, due to the nonlinearity of U, the interrelation of spatial and material quantities, and
the fact that Winotion X Weravity is not a Banach space (more precisely, not normable), a rigorous
mathematical framework for a calculus of variations (as well as for a linearization) lies beyond
the basic notion of Fréchet differentiability or related concepts. The derivation of EL, NBC, and
NIBC (3.4) to (3.7) for «7” with rigorous proofs remains an open problem. In Section 6.6, we will
introduce a physically reasonable approximation of the action integral, yielding a linearization,
which enables us to apply the calculus of variations in a Sobolev framework (see Section 7.2),
eventually leading to linear governing equations.

5.2.3 A variational problem constrained by self-gravitation

The Poisson equation (2.2),
AD® =47Gp* in R3xI,

is incorporated in the variational principle via a Lagrange multiplier method. This approach,
on a formal level, is also used in [WDO07, p. 34] or, in the linearized setting, in [DT98, p. 88].
In order to apply the Lagrange multiplier theorem for constrained variational problems in a
Hilbert space setting (Theorem 3.4), the constrained variational problem must be reformulated
in a suitable way.

We begin with some preparatory observations. Let (¢, ®%, p°) € Wiotion X Wegravity X Wensity
(see Assumption 1). First, note that for ¢t € I, L{ = L*(.,t) is proportional to p; and thus
supported in ¢¢(B), that is L{ € L(R3) with supp(L{) C ¢:(B), and clearly also LY, (srs)
vanishes outside ¢;(B). Hence, we may integrate L{ over R® without changing the definition
of & (5.2). Second, we may neglect L§ps for the moment, because ®* and p°® do not directly
contribute to the surface action, and consider

A (0, 8%, p) = /] /R L%, 1) AV(@)dr.

We now have R? x I as both, the integration domain and the domain of the constraint equation.
Third, we observe that if we replace ®; by m® + & according to equation (4.57), m® does not
contribute to &7, since by construction (which implicitly uses conservation of mass) its support is
disjoint from supp(p;) 2 supp(L;). Therefore, o7 (p, %, p*) = o (¢, ®%, p*). Fourth, since there
is no explicit dependence on time in Poisson’s equation, it suffices to investigate the constrained
variational problem for the spatially integrated part of the action integral

A g 1= [ I(w.0) V(o)

considered as a functional of ¢, pf, and ®; for fixed ¢t € I. Since Poisson’s equation does not
involve ¢, we can consider the constrained functional % as a functional of pj and ®§ only and
keep ¢, fixed (by abuse of notation we use the same symbol .o%).

The observations above thus show that for ¢ € I fixed, 4% can be written in the form

~ 1~ ~
(@) = 4@ 1) = [ (ai(a) = 5Bi(0))oi(@) V(@) = (0 — § Bl saqus.

R3

Here we use the abbreviation
S 1 S S S S S
a;(z) := 5 (v (2))* + i (z) - (2 x 2) — (Uf (z) + V5(z) + F ().
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5.2 Definition of the action integral

Note that af € L (R?) C L?*(R?) (upon extending ¥* by zero) and does not depend on ®§ and
pi. The bracket (.|.),2(gs) denotes the L? inner product. By Lemma 4.29 we have ®° € H?(R?).
Consequently, we may identify <% with the functional

T: H*(R®) x L*(R%) = R, I(9%p°) = (a® — 5 ®°|p°) r2(ms), (5.5)
with a® € L?(R?). Poisson’s equation can be stated in the form g = 0 with
g: H*(R®) x L*(R?) — L*(R%), g(®°,p°) := A®® + Am® — 4nGp’. (5.6)

Note that we have omitted the explicit time dependence to simplify the notation. The functions
Ps , p°, and a® in Z correspond to <A13ts , pi, and af in o%; g = 0 corresponds to Poisson’s equation
A(DF +m®) = 4nGp}.

Consequently, the constrained variational problem for .7 (5.2) and Poisson’s equation (2.2) can
be formulated as follows: For Z given by (5.5) and g given by (5.6), find (9%, p%) € H2(R3) x
L?(R3) such that 7 is stationary under the constraint g = 0.

The Lagrange multiplier method (Theorem 3.4) yields a necessary condition for (@5, p%):

Lemma 5.1 (Unconstrained variational problem via Lagrange multiplier method).
Let T defined in (5.5) be stationary at (%, p5) € H?(R3) x L2(R3) under the constraint g = 0
with g defined in (5.6). Then there exists a Lagrange multiplier X € L?(R3) such that the modified
functional T := T + (Alg()) 2 (msy: H?(R3) x L?(R3) — R, that is

IN®®, p°) = (D%, p°) + (A A(D° +m®) — 47Gp®) L2 (g3,
is stationary at ((fi,pi) Moreover, \ satisfies the equation A\ = % ps in D'(R3).

Proof. To apply the Lagrange multiplier theorem we just have to show differentiability of Z and
g and verify that (&)i, p3) is a regular point of ¢ (note that ker Dg(%f;, p3) automatically has a
topological complement in the Hilbert space H?(R?) x L?(R?)). The functional Z is differentiable
on H?(R3) x L?(R3), because it can be written as a sum of a linear functional and a quadratic
form associated to a bounded linear operator on H?(R3) x L?(R3):

7@ = ()5 ) ) 5C(0 ) (T ) e

Here, (.|.) 2 12 denotes the L?(R3) x L?(R3)-inner product and boundedness of Z follows from the
estimate ||.[| ;2,2 < ||| 25 2. Since g is a continuous (affine) linear operator, its differentiability
is clear. The derivative h := Dg(®*, p*): H2(R3) x L2(R3) — L2(R3) at (%, p*) € H2(R3) x
L?(R3) reads

h®®, p*) = AD® — A Gp®.

We show that h is surjective: Let r» € L?(R3) and define f := —9*1(|€(’€i}§2}) € H*(R?), where

.Z denotes the Fourier transform with spectral variable ¢ € R3. Then

(Fh(f, ) = F(Af = 4nGf)(€) = —(|E* + 4nG)(F )(&) = (Fr)(€)

on &'(R3), that is h(f, f) = r, which proves the surjectivity of h. Thus, every point in H?(R?) x
L?(R3) is a regular point of g and we can apply the Lagrange multiplier theorem (Theorem
3.4): If (@5, p5) € H*(R®) x L*(R?) is a stationary point for Z under the constraint g = 0, then
there exists a linear functional \': L2(R3) — R such that (®%, p?) is stationary for the modified
functional

IV H*R®) x L*(R*) - R, IV =T —XNog.
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Using L2-duality we may replace the action of \’ by an inner product with A € L?(R3) such that
we can rewrite Z» in the desired form:

T = T+ (Ag(.)) r2(es)-

To establish A\ = % 0% in the sense of distributions, observe that stationarity of Z* at (&)i, pi) €
H?(R3) x L2(R?) is equivalent to DIN(®%, pf)(y,z) = 0 for all (y,2) € H?(R3) x L*(R?) and
differentiation yields

s s 1 IS 1 s
0= DI/\(‘I’ P2y, 2) = (a® — 3 (I)*’Z>L2(]R3) - <§P*\y>L2(R3) + (AlAy — AnGz) 2(r3)

1~ 1
= (a’ — 5 P; — AmGA[z) p2(ms) — <§Pi\y>L2(R3) + (AlAY) L2 (rs3)-

Setting 2z = 0, which corresponds to considering only the stationarity of T* with respect to its
first variable ®%, it follows that <2p*]y) r2(r3) = (A|AY) L2 (ws) holds for every y € H 2(R3). Since
D(R?) C H2(R3) this implies the <D’(R3),D(R3)>—duality (3p%,y) = (X, Ay) = (AN, y), hence
AX = 1 p$ holds in D'(R3). O

The modified functional Z* in Lemma 5.1 corresponds to the modified action integral
A (o1, B, p5) = /RS (Lf + M (A®] — 4nGpP)) (x) AV (x)

for t € I. Here, the time-dependence of the Lagrange multiplier A € L?(R?) is indicated by ;.
As the proof shows, the equation A\ = % p® in D'(R3) is a consequence of the stationarity of
the modified action integral Z* with respect to variations solely in ®*. The Fréchet derivatives
of T* and of sztAt coincide (although the functionals act on different spaces). This suggests to
consider the equation

1
Ahi=35p; in D'(R3) (5.7)

as a necessary condition for the stationarity of the original action integral & constrained by
Poisson’s equation A®§ = 47Gp;. The next lemma shows that we can solve Equation (5.7) in
the regularity setting of the basic variational model (Assumption 1), which allows to identify
the Lagrange multiplier A as a multiple of the gravitational potential:

Lemma 5.2 (Lagrange multiplier). If p; € L°(R3), then the unique solution to A\ = %pf
(5.7) in Y(R3) is given by
1 1
M==pi*x B3 =—®}.
ET g et 8rG !

Proof. Since pi € L¥(R?) and A\, = § pf holds by construction, we have A, € Y (R?) (even in
Y°°(R3)). It only remains to observe that y € Y(R3) and Ay = 0 implies y = 0 (by analyticity
of y and the decay condition in Y (R?)). Thus, \; = % pi * E3. The second equality follows by
comparison with ®; = 47G pf * Es. O

Hence, for deriving the equations governing the state of our earth model, it is sufficient to study
the unconstrained stationarity of the action integral

A (p, %, p%) = /%’(wt,@f,pts)dt
I
with, still omitting s (),

<I>f/(87TG)(

A o0 p1) = A o000 = [ (L B0 - 5 007 (@) V()
R3
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5.2 Definition of the action integral

We now rewrite the term involving the Laplacian via integration by parts. Since ®§ € Y°°(R3),
Lemma 4.28 yields ®; € L>(R?), ®f(z) = O(1/|z|) as |z| — oo, 82,®; € LIOC(R?’), and
92 ®i(z) = O(1/|z]*) as |z| — oo, hence ®f 07 ®; € L'(R?). Therefore when studying the

term
D AD?)( (®F 07,9F)(z)dV
/R (@ Z /R 3 (2)dV(z),

by Fubini’s theorem, it is sufficient to consider the one-dimensional integrals [, (®f 07 ®5)(x) da

for 1 <1 < 3. By Lemma 4.28, ®} and 0,,®] belong to VVliCl (R3), which consists of functions
with a representative that is absolutely continuous on (bounded intervals of) almost all lines
parallel to the coordinate axes [Zie89, Theorem 2.1.4, p. 44]. Consequently, integration by parts
may be applied [Fol99, Theorem 3.35, p. 106]. Together with the decay conditions of ®7 and
0z, ®{, this leads to

[ @z anan = [ @00 an
R R

for 1 <1< 3. Here, (95,95)% = (V®*)? also is in L' (R3) and, again by Fubini, we finally obtain

1
Aitonatt) = [ (1= § ot~ (V017 (0) Vi),
R3

Thus, integrating over the time interval gives the modified action for unconstrained stationarity,

A (o, %, p°) = /I/RS ((; (W2 +0° - (A xz)— (U +®° + 0° + FS)) p°— (Zf;)2> d\(fsz)

where the surface contribution @%4wrs () still has to be added.

5.2.4 Incorporating conservation of mass in the material formulation

We use conservation of mass and formulate &/’ as an integral over material quantities. This
step is crucial, as the material description is the natural one for the variational formulation of
field equations based on Hamilton’s principle. Moreover, this substitution will eliminate the
dependence of the action integral on the variation of density with respect to time.

By Assumption 1 (ii), supp(p;) C ¢:(B), which implies that .27 for t € I can be decomposed as
follows:

Ao = [ (G @ @)~ (U 8P 07 V)
Pt
T; o [ (V82 (,0) V() + o ).

In the first integral we substitute z = ¢(X,t) and make the transitions from the spatial to
the material representations v = ¢, U, ®, ¥, and p according to the general rule ¢; = ¢ o ¢
(1.27). By Assumption 1 and Lemma 4.20, the material quantities U, p, and ® are functions in
CO(I, L>=(B)) (in fact, ¢ € A(B x I) and p" € L>(B) give p € Lip(I, L°(B)) by Lemma 4.25).

The assumption of conservation of mass allows us to apply the relation (Lemma 4.24)

[ ot v = [ e aven)
wt(B) B

to the function

B == (v°) 2 40° - (A x x) — (U + ®° + U° + F?)

1
2
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and thereby reduce the dependence on p® to one on the initial density p°. In particular, the

requirement p* € Weensity = {p° € CO(I, L®(R3)) : supp(p;) C ¢1(B)Vt € I} in Assumption 1

(ii) can be replaced by the condition p° € L (R?) with supp(p®) C B.

Since supp(p®) C B, we may extend the domain of integration to R3, which allows us to combine
both integrals to one (upon renaming the variable in the second integral). To summarize, we
may rewrite the action o/’(p, ®%, p®) as &"(p, ®%), where

A" Winotion X Wgravity —R
is given by
d//(so’ %) = /I </ L”(X,t) dV(X) + /EFS /XI:FS(X, t) dS(X))dt. (5.9)

—:a/ (1) =l (1)

The material volume Lagrangian density reads

1

L'(X,t) = (%gbZ—Hb'(Qx ¢)—(U+¢+\P+F))(X,t)p0(X) e

(VO*)%(X,1). (5.10)
We also announce the explicit form of the material surface Lagrangian density Lyrs = L’E’FS
(which will be obtained from the energy balance in the next section):

1eo(X 1) = / (e (X) - TEX (X)) - w(X) (5.11)

to

therefore the surface action s (@) = Fvrs (p) = / wrs (t)dt reads
I

t
s (1) = — / / [Py - TES)T - v dS dt'. (5.12)
to »FS

We note that if ¥ is a Lip-surface, if ¢; € H*(B"®)? (which by (4.43) is true for admissible
motions), and if TF¥ € Hg;, (B¥)3*3 (which is a necessary condition if the nonlinear equation of
motion (2.10) holds in L?(B") a.e.), then @5 can be interpreted as the time integrated jump

of the surface Sobolev duality (3.32) between TT¥ - v in Hfé(EFS) and ¢ in H%(ZFS).

5.2.5 Surface action from energy balance

The specific form of the surface action is motivated by energy considerations. In general, the
volume energy density E of a conservative dynamical system with state variable (z,t) — g(x,t)
is the Legendre transform of the volume Lagrangian density L:
oL
L—FEF:=¢——L. 5.13
15 (5.13)
In case of the variational earth model (action (5.9) and Assumption 1), the state variables are
q = (p, ®%) and the Lagrangian L = L” is given by (5.10):

1
I R¥xI >R, L'= (*@2—1-@‘(9ch)—(U—l-(I)—i-\I/—i-F))po

s\2
: Vor)2,

oo
8tG
Application of the Legendre transform (5.13) yields the corresponding volume energy density

OL" | 0L 1n
P OPs

E//:()b
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5.2 Definition of the action integral

that is,

1 1
E""R*=R, E'= (f GPPHU+D+ T+ F)po + —— (V%)% (5.14)

2 87G
We identify the material kinetic and (elastic, gravitational, external force) potential energy
densities (the corresponding spatial formulation was presented in Section 5.2.2):

E" = El/(,in + E;)/ot with }l)lot = FEelast + ;/g/ravity + Eext,
where
1 4. 1
kin = 500902, Eelast = p"U, gravity = PO(‘IH“I’)‘F%(V‘I’S)Q» and  Eeg = p'F.

As was demonstrated in Section 5.2.3, self-gravitation (Poisson’s equation) is incorporated into
the variational model upon replacing the gravitational potential energy Fgravity = % p'® by

1

1
" 0
=—p P
P 8rG

2
gravity — 9 (V(I)S) .
The centrifugal potential ¥ = %o ¢ = —%(Q x ¢)? actually is a part of the kinetic energy in

the inertial frame: )
Eign = 2p%(¢ + Q x 9)*.

2
However, in the rotating frame, it is natural to add ¥ to the gravitational potential (®+ W is the
geopotential, introduced in Section 2.2) and reduce the kinetic energy to inertia, B = % P02,

It follows from Noether’s theorem that if the Lagrangian density L does not explicitly depend
on time, the volume energy density E (related to L via the Legendre transform) satisfies the
local energy balance equation [MHS&3, p. 283]

. oL

In case of the variational earth model, the energy balance equation for E” (5.14) reads

. 8L// . aL//
E" +div(p- b -
+div(e ove) T a(wps)) :
that is,
fo div(gb TR s V@S) = 0. (5.15)
4G

We integrate over B and apply the divergence theorem for composite domains (Lemma 4.11).
The regularity properties of the gravitational potential, ®* € Wyayity C C°(I, CH(R?)), guarantee
that gravity does not cause any jump terms. Thus we obtain the integral energy balance
equation, expressing conservation of energy (cf. [MH83, p. 143; without X5-term| or [DT98,
(3.201), p. 91; linearized setting]):

d
(/ EQ’dV) :/ O T v dS — [¢-TP¥]T - vdS. (5.16)
dt R3 OB YFS

The left-hand side is the time derivative at time t of the total volume energy density. The right-
hand side collects all boundary and interface energies. The equation has the same structure as
the abstract formulation (3.54). With E” given by (5.14) and supp(p®) C B, the integrated
energy balance equation reads

d 1 0 1 2
- - 4+ U+ F)p’d ——_(V®*)%d 1
dt</B(2<p +U+D+ U+ )p V+/RsS7rG(v ) V> (5.17)
:/ @-TPK~udS—/ [ T]T - v dS.
0B »FS
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By the zero traction natural boundary condition (5.36) at the free surface, the integral over the
exterior boundary 0B vanishes. Rewriting (5.16) as

d t
(/ Eg’dv+/ / [<pt/-7}5’K]f-udet’):0
dt B to »FS

upon interchanging time and surface integration, energy conservation suggests to introduce a
surface energy density defined by

tes,0) = [ [0 15 0)] w30 6.15)

0

as an additional part of the total energy of the composite fluid-solid earth model:

& — / (/3 E”dV—|— /FS EgFSdS) de. (519)
1 R Y

The instantaneous surface energy

wrs(t) == wrs (-, 1)dS (5.20)

»FS
corresponds to the work done by slip against the traction at fluid-solid boundaries X¥$ within
the time interval [tg,t] C I. This result is consistent with the interpretation of [DT98, p. 96] in
the linearized setting. The complete Lagrangian density of the earth model is given as kinetic
minus potential energy density (see Section 5.2.1). Since we do not consider dissipative forces,
the surface energy density obtained above can be viewed as a part of the potential energy (it

clearly does not have the form of a kinetic energy). Therefore, as was announced in (5.11), the
complete Lagrangian density has to include an additional surface density given by

However, as will be discussed in Section 6.6.3, the surface contribution vanishes in case of
frictionless slip along X¥5.

Remark 5.3 (Validity of the Legendre transform for surface densities). If a conservative
dynamical system also involves a Lagrangian density Lg that has the form of a normal jump
on a discontinuity surface S that only allows for tangential slip, its Legendre transform is given
by Lg — FEg := —Lg. This form of the surface Legendre transform is clear from the usual
definition L — E := ¢ % — L (5.13), if L = Lg does not depend on ¢ (which is true at least in
the linear case, cf. the second-order surface Lagrangian density (6.54) or see [DT98, p. 90]). In
contrast, we note that (5.11) depends linearly on ¢, making the validity of (5.21) questionable
at first glance. However, as is discussed in a nonsmooth geometric setting in [FMWO03, Lemma
3.1], in case of pure tangential slip at the discontinuity surface S, the elements in the tangent
space of the configuration ¢ have zero normal jump across S, see also (5.30). Consequently,
the derivative of the surface Lagrangian density with respect to ¢ vanishes and the Legendre
transform (5.13) reduces to Es = —Lg when applied to a surface density. a

5.3 Interlude: Geometric variational formulation

As an interlude, we briefly review some results by [MPS98, FMWO03] on a geometric variational
approach to continuum mechanics, enabling us to infer also the kinematic interface conditions
from stationarity of the action.
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5.3 Interlude: Geometric variational formulation

5.3.1 Geometric formulation of continuum mechanics

The basic field variable in continuum mechanics in the motion, ¢: X = B x I — R" = §.
In order to solve the governing equations, one singles out particular elements of the infinite
dimensional manifold of all admissible fields

W={p: X = S},

e.g. by requiring stationarity of an action integral o7: W — R. Alternatively, in the so-called
multisymplectic (covariant) formulation of continuum mechanics [MH83, AMRO1], one con-
siders the finite dimensional configuration bundle

m:Y — X with typical fiber S (5.22)
and describes fields via sections

6: X =Y, moo=Idy. (5.23)

Here, a fiber bundle 7: Y — X (that is, the bundle Y over X) with typical fiber S consists
of manifolds X,Y,S (X base, Y bundle, S fiber) and a surjective map 7 (projection) such
that 7= 1(x) = S for all z € X and locally Y = X x S. A special case is a vector bundle,
where X is a submanifold of Y and S is a vector space. The most prominent example is the
tangent bundle TM = TwM of a manifold M. If M is n-dimensional, then locally
TM =M x R™.

meM

We have the following correspondence with the conventional setting of continuum mechanics:
¢p: X=BxI = (BxI)xR"=Y, o¢(x,t) = ((x,t),0(z,t)).

It is straightforward to incorporate additional physical fields in the geometric approach.

Let the manifold X in the bundle (5.22) have dimension dim(X) = n + 1, equipped with
coordinates {x#},—o,...n, and let dim(S) = N with fiber coordinates {yA}A:Lm,N (n, N € N).
Essentially, z* can be viewed as space-time coordinates and y may be interpreted as the vector
components of the fields.

In the geometric variational formulation [MH83, AMRO1] one defines the action integral as the
following functional of sections (5.23)

()= [ 2') (5.24)
where the Lagrangian density is the bundle map
LY 5 ANX), L= L), (), (o)) & e,

Here d"*tlz = da® A ... A da" denotes the volume element on X, A"*1(X) is the set of all
(n+1)-forms on X, and J'Y denotes the first jet bundle of the bundle Y, which is the bundle
analog of the tangent bundle of a manifold. It is defined as the affine bundle over Y whose fiber
over y € m1(z) for z € X consists of linear maps y: T, X — T,Y such that Tm oy = Idrx. In
coordinates, the first jet j'¢ € J'Y for a section ¢ is given by

ite = ((a"), (™), (0ue™)).

In this definition, sections ¢ and the bundle map £ are assumed to be smooth (at least C1).
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Remark 5.4 (Integration in geometric formulation). Let (M, g) be an n-dimensional
Riemannian manifold with boundary M, embedded as a submanifold via tgp;: OM — M. The
volume measure in M is the Riemannian volume form, given by dV = /detg dz; A ... A dz,
in coordinates. The surface measure on M is the volume form of the induced Riemannian
metric § = ¢},,(g) on dM. By [Leel3, Corollary 15.34], we have dS = },,(v2dV), where
v is the outward unit normal vector field on dM and v.dV denotes the contraction, that is,
vadV(Y1,..., Y1) = dV(1,Y7,...,Y,—1). Existence and uniqueness of v is guaranteed by
[Leel3, Propositions 15.33], where the construction of v is based on a function f: M — R with
df # 0 on OM, defining the boundary as the level set OM = f~1(0). The result is analogous
to (1.15), namely v = =V f/1/g(Vf, V), but with V denoting the metric gradient (cf. [Leel3,
Propositions 5.43]). 4

5.3.2 Vertical and horizontal variations

In the following, we will investigate the stationarity of @7 under general variations. These do
not only consist of fiber-preserving variations, called vertical variations, but also of base-space
variations, called horizontal variations. The terminology vertical/horizontal is found e.g. in
[MPS98]. Other names for these two types of variations are outer/inner variations [GH96], or
simultaneous/nonsimultaneous (generalized) variations [VA04, (3.2.4), p. 133].

In order to define general variations, we follow [MPS98] and introduce another smooth manifold
U and generalize the space of smooth sections

(6: X 5Y: ¢ is C°, mod=1Idy}
to the configuration space
C:= {gz~5 U=Y:¢is C° mod:U— X is an embedding}. (5.25)
If 5 € C, then 7o a: U—(mo 5)([]) C X is a diffeomorphism. With the section ¢ defined by

¢:=¢o(mog) t: (mop)(U)— Y, the diagram

- Y
d)/‘ ﬂJ/Tqﬁ

U— X
Tog

is commutative. We redefine the action integral (5.24) as a functional on C:
TG =a@) = 2((Fewed)). (5.26)

To define variations of qz~5 € C, [MPS98] consider a Lie group G with unit e acting on the bundle
Y. Let the corresponding representation be given by n: G — Diff(Y') with n(e) = Idy, covering
x: G — Diff(X) with x(e) = Idx (ie. mon(g) = x(g) o7 for all g € G). Then a path
g: (=1,1) = G, A = g(\) with g(0) = e in G induces a general variation ¢, of ¢ € C via

or: (FL1) = €. A dyi=n(g(N) 0 6.
The diagram

n(g(N))
Y — Y — TY

¢/l 7r~LT¢ 7r\L TW\J/TTQ{)
U— X — X — TX
rod x(g(N)
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5.3 Interlude: Geometric variational formulation

illustrates these definitions. A stationary point of o is any section 5 € C such that

A ($)) =0,
A=0

(A7 V)(@) = &

where the general variation vector V € TgC is defined by

d ~ d ~
V= Y ,\:0(25)\ = )\:On(g()\)) op:U—TY. (5.27)
With the projection Vx of V on T X, given by
d ~ d ~
Vx =TmoV =— mon(g(A)od=— X(g(A)omogp: U —TX, (5.28)
dX|y_o X |\

the general variation vector V can be decomposed into the horizontal variation vector V!
and the vertical variation vector V'V:

vh.— T¢>oVX:T<$o(ﬂ'o~)_l>oVX and VY=V -V

As is shown in [MPS98],

— d
(dd-V)(gb):/ - $(j1¢A)+/ C Lu (2(%).
(mod)(U) @A [=g (md)©)
= (/- VY)() = (de/ - VR)(¢)

Here Ly, denotes the Lie-derivative (e.g. [MH83, Definition 6.8, p. 96]) with respect to Vx
(5.28) and ¢y := ¢y o (m o0 ¢)~ . The proof is based on the transport theorem for differential
forms (see Remark 5.5).

Remark 5.5 (Transport theorem for differential forms). A differential form w dependent
on a parameter t satisfies the following transport theorem, see [Fla73]:

d
/ w:/ (w+£vw):/ (aH—mdw)—i-/ VIW.
dt Dy Dy Dy 0Dy

Here D; = ¢(D,t) is the image of an initial domain D under the “motion” ¢ at “time” ¢ and

v denotes the corresponding “spatial velocity” (defined on D; by v(z,t) := o((¢(., 1))~ (z),t)

with ¢ := 9yp). The second equality follows from Cartan’s identity for the Lie derivative,
Lyw=vsdw+d(vaw),

together with Stokes’ theorem, [, da = [;, o. If w=dV, then £, w = £, dV = (divv)dV and
the classical Reynold’s transport theorem (given in Remark 1.8) is recovered. J

Stationarity of &/ with respect to vertical variations yields the classical EL (3.4) and NBC (3.5)
de/ - V¥ =0 = 9yal—0m(9,aL) =0 and (9yaL)N, =0,
whereas stationarity with respect to horizontal variations results in an additional boundary term.

In the presence of interfaces, which will be discussed next, this additional term will correspond
to the kinematical jump conditions.
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5.3.3 Discontinuity surfaces

In [FMWO03] the variational formulation of continuum mechanics is extended to the nonsmooth
case. The space-time singularity surface (e.g. ¥ x I for a material discontinuity) is modeled
by a codimension-one submanifold D without boundary,

DCU such that Ue=UYuU uUD

is a disjoint union, with open sets U* C U. The nonsmooth configuration space generalizing
(5.25) to possible tangential slip along D (without interpenetration or cavitation) is given by

Cstip = {5 U—-Y: Wog: U — X is an embedding,

By 15 €%, and 6], (D) = |,_(D) = 3(D) }, (5.29)

where 5‘ , denotes the continuous extension of 5‘ 4 to the closure A. Then [FMWO03, Lemma
3.1] show that a corresponding nonsmooth general variation vector

V= ((V9), (V) € TyCop
satisfies the continuity condition
vA”

No=0 on D, (5.30)

with N the unit normal of D. By taking into account the singularity manifold D in the calcu-
lation of [MPS98] (neglecting the contribution of the boundary of U), [FMWO03, (3.31)] arrive

at the following coordinate expression for the first variation of &/ at ¢ € Cgjp, in direction
Ve TgCShp:

@7 V)@ = [

(mo

o A gn+l
S (0,01 = 0n (9,01) ) VA a1
+ +

+ / ) ([(aUAL)VA} +[LVM—(8UAL)(amV¢A)V”} >d":cu. (5.31)
(mo@)(D) g - . -

Here L and its derivatives are evaluated at j'¢ for ¢ = 5 o(mo ~)_1 as above. Moreover we
employ the notation (cf. Remark 5.4)

A"z, = Opu o d" . (5.32)
For a spatial coordinate % (i = 1,...,n) we have
d"z; = N; dSdt,
where N is the unit normal of the codimension-one hypersurface 2! = 0, see [MHS3].

Remark 5.6 (Natural jump conditions for piecewise-smooth real functions). Formula
(5.31) is the space-time analog of the variation A/ of one-dimensional action integrals

o#(q) = / L(t,q(t), 4(t))dt

with piecewise smooth functions: Let g: I — R have a possible discontinuity at 7 € I, but
q€CYI-UIT) for I = (ty,t1) =ITUI~U{r} with I~ = (tp,7) and I = (7,¢1). Then (under
sufficient regularity of L), stationarity of o7 with respect to generalized variations (nonsimulta-
neous variations)

Aq = §q + §At,
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5.4 Variational derivation of the nonlinear elastic-gravitational equations

which combine vertical variations dg and horizontal variations At [VA04, (3.2.5), p. 133], reads
OL d oL oL" oL 1"
1+uz<8q dt@q) ! [8(1}_ ! [ qu]_
where [f]T = f(7+) — f(7—) = limy_o(f(7 + h) — f(7 — h)) is the jump of f at 7 € I. The
jump conditions

oL oL 1"
—| Agq=0 d L——¢4| =0
[84] e [ 9 q} _
are known as the Weierstrafl-Erdmann corner conditions [VA04, (6.6.4), p. 237]. J

In the stationarity equations do -V =0 (5.31), the first integral and the first term in the
second integral are the classical EL (3.4) and NIBC (3.6), arising from purely vertical variations
d&{t - VV. The second term in the second integral results from purely horizontal variations
de/ - V! and gives additional IBC. In particular, [FMWO03] show that vertical variations imply
the nonlinear equation of motion (1.1) and the Cauchy traction condition (2.16) at welded and
slipping interfaces, which reads
[~ =0,

where 75 = T - v*. For purely temporal variation vectors (V7 =0 for j = 1,...,n but V° # 0),
the additional IBC due to the horizontal variations precisely yield the spatial kinematic slip
condition (4.38), expressing continuity of the normal component of the spatial velocity:

[v°]T - v® =0.

S

Purely spatial variations (V7 # 0 for j = 1,...,n but VY = 0) are reported to give no new
result.

Remark 5.7 (Geometric variational framework in the linearized setting). In view of
the interface conditions associated to the linearized system of elastic-gravitational equations, it
seems to be reasonable to apply the geometric variational framework also to the corresponding
approximated action integral (6.48), which depends on the displacement u (and the incremental
gravitational potential). The generalized stationarity (5.31) then implies the additional IBC
[4]" - v = 0 and the correct kinematical slip condition [u]” - v = 0 (2.29) is recovered after
time integration. However, in case of the dynamical slip condition [7P¥!]* = 0 (2.32), that is
[T7%L .y + vV - (p°u) — p% - (Vu)]t = 0, the theory only yields the contribution related to
TP¥!. The other terms follow from the additional surface action in the linear theory (see also
the interpretation in Section 6.6.3). a

5.4 Variational derivation of the nonlinear elastic-gravitational
equations

We derive the nonlinear governing equations from Hamilton’s principle with the action (5.9),
A" = 42/\:(/)1 + Z”Fs ! Winotion X Weravity — R.

The derivation has the character of a formal calculation, in the sense that we assume that the
differentiability of the action on suitable function spaces corresponding to Winotion X Wiravity has
been established (see the comments at the end of Section 5.2.2).

By considering two classes of variations separately, one class with support avoiding the fluid-

solid boundaries and the other class with support near these boundaries, we may consider the

contributions of &7, and @4\.s independently in deriving the EL from stationarity of the total

action. While the investigation of stationarity of 27/, is classical, in case of @4\s we have to

use a concept of weak (or distributional) stationarity described in detail in Section 5.4.2 below.
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5.4.1 Stationarity of the volume action

The nonlinear dynamical elastic-gravitational equations are the classical Euler-Lagrange equa-
tions (EL) (3.4)
0¢(OyL) +V - (OyyL) — 0yL =0

for the state variable y = (¢, ®°) and the Lagrangian L = L” (5.10) corresponding to the volume
action &7 in (5.9):

1

1
L”: - 22 5. () o — (3 s FS$ 0 Ps 2.
(3849 @x9) U@+ ¥+ F)og) - (v0)
We have pL” = p’(p+Qx0),
Ovel" = —pldg U =T,

9oL = P (px Q+ (V(@ + T+ F))oy),

where we applied the constitutive relation (1.52) in the second equation. Variations of .27, with
respect to ¢ thus result in the EL

3t(a¢L//) +V. (8WL”) — @,L”

=2 (P+Ux Q) =V -T — o0 (o x Q+ (V(®° + ¥ + F*)) o) = 0.
The terms g = —(V®®) o ¢ and (VU)o p = Q x (Q x ¢) are the material gravitational
acceleration and centrifugal acceleration respectively. By (4.50), the conservative body force
is f = —p"(VF?*) o p. Consequently, we have obtained the full nonlinear material momentum

equation (2.10),
P@+29x9+Qx (Qx9)=V-T™ +p% + f.

Variations of <7 with respect to ®* will give Poisson’s equation (2.2): A®® = 47Gp®. To obtain
this result, we need to write the action «/” (5.9) in spatial representation, i.e. as an integral
over the current configuration, exclusively involving spatial fields:

(5, B = / ( / L (1) AV(x) + s () d. (5.33)
1 NJR3
The spatial volume Lagrangian density corresponding to &7 is

1 1
L//s — (7 (Us +Ox l’)2 o (Us + o5 + FS)) s _ (V(I)s)2

2 8rG
_ 1 5\2 s o s s s s s 1 5\2
—<§(v) Yot (Qx ) — (US+ 35+ U +F)>p (Ve (5.34)

which coincides with the integrand in (5.8). The surface action (5.12) is independent of ®° and
thus does not contribute to the EL (as already mentioned in Section 5.2.3). As a result, we get
1
8'5L,/S:0 8 sL/,s:* vés 8 sL”S:* S
5 ) Vo 74%0( ) P p
and the corresponding EL reduce to Poisson’s equation (2.2):
1
8t(8¢>SL”S) +V- (avq>sL//S) — Ops L' = —mﬁq)s +p°=0.
T

Remark 5.8 (Spatial variational principle). The spatial equation of motion (2.11),
PP (dev® +2Q x v%) =V - T° — p° V(®° + U*) + f*,

may also be derived from a completely spatial variational principle, i.e. for the state variables
v® and p°®. This approach is discussed in [SW68] based on Lagrange multiplier arguments, as
well as in [AOS11], where also self-gravitation ®* is incorporated. In [GBMRI12] the spatial
variational principle is rigorously formulated in a geometric framework. a
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5.4 Variational derivation of the nonlinear elastic-gravitational equations

The external and welded solid-solid dynamical boundary conditions are consequences of station-
arity as well. The NIBC (3.6) obtained from variations of &/ with respect to ®* reduce to the
condition

VeS|t v =0 on all surfaces S C R?, (5.35)

see (2.18). This is equivalent to continuity of the normal component of the spatial gravitational
acceleration g° = —V®® and thus is no new constraint: In Section 4.5 we even found ®; € C(R?),
implying gi € C°(R3)3 for a.a. t € I.

As is clear from (3.5) and (3.6), stationarity of 7" with respect to ¢ directly implies the
zero-traction natural boundary condition

T v =0 on the exterior boundary 9B, (5.36)
and the dynamical interface condition of continuity of normal traction

[TP¥]* v =0 on welded solid-solid interfaces 3. (5.37)

(2.16) (on X%9) respectively. This can be seen from (1.48), which in turn is a consequence of the
Piola transform (1.49) and the surface transformation formula (1.34):

/ T°-v°%dS = / T - v dS and / [T°]F - v°dS = [T7%]* - v dS.
»t(8B) 0B ©t(259) ¥s8

The dynamical interface condition (2.16) on the slipping fluid-solid boundaries 3*° follow from
the surface action as will be discussed next.

These boundary and interface conditions correspond to T - v* = 0 (2.13) and [T%]F - v* = 0

5.4.2 Weak stationarity of the surface action

We investigate the implications of the fluid-solid surface contribution to the action (5.9). At
fixed time t, we interpret s (t) = [srs Lirs(X,t) dS(X) defined by (5.12) as the action of a
distribution on R?, with support on a two-dimensional surface, that is, the surface integral is
considered as distributional action (/s (t), h) on a smooth compactly supported test function
h on R3 satisfying h |srs= 1 (which bears some similarity with the concept of mass of a 2-current
as in [KP08, Subsection 7.2]). With (5.11), the distributional action is given by integration over
YF8 in the form

st == [ 000 ([ a0 T 0) ar ) o0 asx)

to

— _/t:/st R(X) [pp(X) - TES(X)]T - v(X)dS(X) dt’ = —/t<[sbt’ .T;,K,Vds]t’@ A,

to

n'g

::<[¢t,-T§K~yds]f,h>

where the distribution [¢y - T7% v dS]T on R? with support in X7 coincides with [py - TH¥]* v dS
as a distributional density on the surface (alternatively denoted by [¢p - TH¥]T - v dgrs, e.g.,
[DL88, Appendix, §1, 4.4, pp. 487-488]; see also [Hor90, Equation (3.1.5) and the comment
about extension to Lipschitz surfaces in the second paragraph on p. 61, as well as Theorem
8.1.5 and Example 8.2.5]). Our notation here is chosen in a way that makes the results better
comparable with geophysics literature as [DT98].

Note that ¢ +— [py - T - vdS]T is a weakly measurable and bounded map, hence weakly
integrable over any bounded interval of time. Therefore,

t
tes | [pp - TPS - vdS)Tdt’
to
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is weakly absolutely continuous and, in particular, almost everywhere weakly differentiable.
Applying the Piola transform (1.49) yields
t t
(Hes (), h) = —/ < [y - TFS - vdS]F ,h> dt’ = —/ <[¢t, T Ty - (Vo) ' - vds]t, h> dt’
to to

and, by interpreting the surface transformation formula (1.34) in the sense of a distributional
pull-back, we obtain, with h® o ¢ = h and the spatial velocity v = p*,

t
(A5 (), h) = — / < [v5 - T3 - v dSy]T h8> dt. (5.38)

to
Here, [v} - T - v ST is a spatial distributional density with support on X5 = ¢, (S75), which

again should be understood in the sense [v§ - T3] -v5 dSy or [v5 - T3]t vg 5EFS (one may read the

explanation following Equation (3.68) in [DT98] also in that way), and is weakly integrable with
respect to ¢’ € I. Thus, we may consider (5.38) as action functional with surface Lagrangian in
spatial representation at fixed ¢.

As we will establish next, the variation of &7/, wrs With respect to the spatial velocity v* reproduces
the classical fluid-solid boundary condltlons However, in this derivation, we view the surface
Lagrangian as a function of the spatial velocity v® only; in particular, the dependence of T' on
V¢ is neglected. For an arbitrary test function A on R x I, we consider stationarity of the
surface action as a map

V¥ = ( E//stl>=/[< Ces (t), h(t, ) dt.

In this sense, we obtain a weak stationarity condition on .27/ wrs Playing the role of the EL. By

density of tensor products, it suffices to consider test functions h = ho ® h: (X, t) — h(X)ho(t)
and

t
(Aes, ho @ hY: v° »—>/h0 Ues (£), h) dt:—/ho(t)/ <[vf,-T;;.y;, dSt/]f,h5>dt’dt.

I to

As noted above, t f;([vf, s -vs dSe] T, hs) dt’ is differentiable almost everywhere and has an

integrable derivative. Moreover, v* + ([vg-T5-v5 dSy|t, h*) defines a family of linear continuous
maps L>®(B x I°)3 — R depending measurably on t'. Therefore,

v° > (s (t), h)
given in (5.38) is Fréchet differentiable with derivative (independent of v*)
(D( s (8), 1)) - wf = —( [w] - T3 - v aSi] 07
and the weak stationarity of @%\s means
/Iho(t)< [we - TS - v dst]t,h5> dt =0
for all test functions ho ® h on R3 x I and w € L°°(B x I°)3. Thus, we arrive at the condition

[TF-vfdST =0 (5.39)

to hold across the fluid-solid boundary ¥{° = ¢;(X"®) (in agreement with [DT98, (3.68)]). This
condition corresponds to (2.16) obtained by Newton’s third law (see Section 4.6.2).
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Chapter 6

Linearization

In this chapter we develop the linearized model. After some generalities about linearization
of physical models around a reference model (Section 6.1), we discuss the prestressed equilib-
rium state around which the earth model will be linearized (Section 6.2). We then deduce the
linearization of kinematical and dynamical fields, as well as prestressed linearized elasticity, as
approximations of the nonlinear theories (Sections 6.3, 6.4). On the way, we also provide regu-
larity conditions for the linearized fields, which are obtained in accordance with the nonlinear
setting. We derive the second-order approximation of the action, which is the basic ingredient
of the linearized variational earth model, and conclude with the interpretation of the interface
energy (Section 6.6). In addition, the formal direct linearization of the governing equations is
presented (Section 6.5). However, the complete linearized system of the elastic-gravitational
equations, including the boundary and interface conditions, will be obtained in Chapter 7 from
the linearized variational principle.

6.1 Linearization via perturbation around a reference state

Linearization of a field ¢ means decomposition into a reference part and a perturbation:
q=q"+q"

Formally, the linearization of an equation involving various fields ¢ is obtained by replacing the
fields ¢ by their corresponding decompositions ¢° + ¢! and neglecting all terms that are of order
two or higher in the perturbations. Higher-order approximations are deduced analogously. The
omission of terms of order k + 1 (or higher) in the perturbed quantities or in their derivatives
will be indicated by =, where

a =~ b (6.1)

means “a is equal to b up to k-th order” or “correct to order k£”. This procedure of linearization
essentially is based on Taylor expansion and thus one has to assume that the operators P in the
equations depend smoothly on the fields q. Consequently, a rigorous systematic linearization
procedure is based on formulating the problem in suitable spaces. We restrict ourselves to the
Banach space setting [MH83, Section 4.1, Definition 1.1, p. 227]:

Definition 6.1 (Linearization in Banach spaces). Let X and Y be Banach spaces and
M C X be open with M # (). The linearization of a differentiable map P: M — Y, g — P(q)
around ¢ € M is given by

Pin: X =Y, ¢"— Pin(¢") = P(¢") + DP(¢°)(¢").
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6 Linearization

Here DP(q°) € Lin(X,Y) is the Fréchet derivative of P at ¢° (see Definition 3.1). Thus the
linearized map Py, coincides with the first-order Taylor expansion

P(q° +q") =1 P(¢°) + DP(¢°)(¢") = Pin(q").-

More generally, if X,Y are manifolds, then the first perturbation ¢! is an element of the tangent
space T,o X, see [MHS83, Section 4.1, p. 232].

The linearization of an equation P(q) = 0 may also be obtained by writing ¢ = ¢° + e¢* with
a scalar parameter ¢ that is assumed to be small. Expanding ¢ ~ f(¢) := P(¢" + e¢') around
€ = 0 up to first order with respect to ¢ yields

P(¢° +eq') = f(e) = f(0) +£f'(0) + O(®) = P(¢") + £ DP(¢°)(¢") + O(¢?), e —0.

If P is differentiable, this procedure is consistent with Definition 6.1: Terms that are O(1), i.e.
independent of €, give the equations in the reference regime PY(¢°) = 0; terms of O(e) produce
the equations in the first-order regime P!(¢') = 0 for P! := DP(q°).

Remark 6.2 (Scale analysis). The method of scale analysis allows to systematically deduce
different approximation regimes of a general nonlinear PDE. It is a common approach in geo-
physical fluid dynamics [Ped87, p. 345]. Formally it proceeds as follows: One writes the equa-
tion P(q) = 0 in its dimensionless form by dividing all variables ¢ through their typical scales.
Thereby an equation in dimensionless variables ¢, is obtained, where the individual terms are
weighted by dimensionless factors. One defines a dimensionless ratio €, whose smallness charac-
terizes a typical regime (in case of fluid flow, e.g., the Reynold’s number, comparing advection
to friction, or the Rossby number, comparing advection to Coriolis acceleration). Next the un-
knowns are Taylor-expanded: g. = ¢°+¢ ¢! +O(e?) as € — 0. The approximation level is chosen
in terms of a certain power of € and by neglecting all contributions with different power. The
so-obtained system is finally rewritten in dimensional form. J

The physical fields ¢ = ¢° + ¢! in continuum mechanics depend on space and time. If the
reference state ¢¥ is defined as the field evaluated at the reference time tg, the perturbation g'
must vanish at tg:

q=¢"+¢" and ¢ :=q(., 1) = (., 1) =0. (6.2)
The linearization of the motion ¢: B x I — R" (1.20) of a continuous body B C R" reads
o(X,t) =X +u(X,t) for (X,t)e BxI. (6.3)

Here the identity initial configuration ¢;, = Idz (1.21), where no motion has yet occurred, is
used as the reference configuration: ¢°(X) := (X, ty) = X. The difference

u: BxI— R", u:=p—Idg (6.4)

is referred to as the displacement (the perturbation of the motion), already introduced in
(1.57). As we have seen in (6.2), our choice of reference configuration implies that the displace-
ment v must vanish at initial time:

u(X,t9) = 0.

We note that with the notation of scale analysis (Remark 6.2), the linearization (6.3) of the
motion would read ¢(X,t) = X + eu(X,t), where the parameter ¢ compares the magnitude of
the displacement |u| to the characteristic length scale of the body.

In application to the self-gravitating elastic earth model, the dynamical variables ¢ and ®° are
decomposed into reference values (Section 6.2) and perturbations (Sections 6.3.2 and 6.3.4):

p=Ildg+u and % = @Y + o5l
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6.2 The prestressed equilibrium reference state of the Earth

Linearization is indeed justified within the seismic regime, in which the elastic motion of the
Earth results only in a slight departure from equilibrium (e.g. [DT98, p. 56]).

Upon linearization, the nonlinear governing equations (2.10) and (2.2) will split into the equi-
librium equations (2.19) and (2.20), constraining the reference fields, and the linear governing
equations (2.26) and (2.27), determining the evolution of the first-order perturbations. Formally,
the equations are obtained by neglecting quadratic or higher-order contributions of the pertur-
bations or of their derivatives; the boundary and interface conditions are treated in a similar way
(Section 6.5). The linear equations and boundary/interface conditions derived in this way will
be said to hold “correct to first order” in the perturbations. However, as will be established in
Chapter 7, the governing equations as well as the dynamical interface and boundary conditions
are rigorously obtained from the first variation of a corresponding action (as Euler-Lagrange
equations EL and associated natural boundary/interface conditions NBC/NIBC respectively).
In the linearized setting, action, Lagrangian, and energy require an approximation correct to
second order in the perturbations (Section 6.6).

6.2 The prestressed equilibrium reference state of the Earth

We assume that the Earth is in equilibrium at initial time ¢, which we use as a reference con-
figuration. Thus the equilibrium state is characterized by specifying Earth’s rotation {2, initial
density p° and prestress 7. Since we use some properties of the equilibrium state when dis-
cussing perturbed quantities, we anticipate the equilibrium results. These equilibrium governing
equations will follow in Chapter 7 as EL, NBC, and NIBC from stationarity of the action in the
first-order approximation (the governing equations for perturbations arise from stationarity of
the purely second-order terms of the approximated action).

The assumption of equilibrium at initial time, ¢y, = Id, implies that initial acceleration ¢y,
and initial velocity ¢y, vanish (and that there is no external force in equilibrium: f;, = 0).
Therefore, the equilibrium equations follow from the dynamical equations evaluated at time
t = to, specifically, the spatial Poisson equation (2.2),

AP® = 4w Gp®,
and the nonlinear equation of motion (2.10),
PP PH2AX P+ AX (X)) = V-T = plg + f.

These equations, introduced in Section 2.3.1, were formally variationally derived in Section 5.4.

The equilibrium earth model is set up in three steps:

1. Specify p”, whose compact support gives B. Specify 2 € R3, which determines the cen-
trifugal potential by (2.7), U%(z) = —% (Q22? — (Q - 2)?), for z € R>.

2. Obtain ®° as solution of the equilibrium Poisson equation (2.20),

AP = 4xGpP.

3. Specify T such that the static equilibrium equation (2.19) holds,

POV (@0 4+ %) —v.T% = 0.
We note that the static equilibrium equation (2.19) only constrains the divergence V - T°,

105
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Remark 6.3 (Constraining the components of prestress). Note that 7° is not fully
determined by the governing equations. Formally, given p° and €, the three components of
the static equilibrium equation (2.19) (plus the interface and boundary conditions) constrain
only three out of the six independent components of 7°. The remaining three components,
specifically those of the initial deviatoric prestress Té)ev (4.65), need to be treated as additional
material parameters that have to be specified independently [DT98, p. 100]. A method of
parametrization of the equilibrium stress is discussed in [AAW10]. In particular, it is shown
there that the equilibrium stress field with minimum deviatoric component in terms of a given

norm corresponds to the solution of a steady-state incompressible viscous flow problem. g

We briefly comment on the consistency of the regularity conditions underlying the equilibrium
earth model (a more detailed argumentation is provided in Section 8.1). The regularity condi-
tions are precisely those of the basic variational model (Assumption 1) for the time-dependent
density p®, gravitational potential ®*, and stress tensor T*¥ evaluated at the initial time ty. This
restriction to initial time is indeed possible, because all fields in Assumption 1 are continuous
with respect to time. In particular, evaluating p* € CO(I, L°°(R3)) with supp(p;) C ¢(B) at
time ty gives
P’ € L°(R?) with supp(p°) = B.

With these properties of p?, Lemma 4.28 shows that the solution ®° of the equilibrium Poisson
equation A®? = —47G p¥ (2.20) satisfies

20 € C'(RY).

The smoothness of ®° guarantees the validity of the jump conditions (2.25). Furthermore, the
right-hand side of the static equilibrium equation V - T? = p°V(®% 4+ W¥*) (2.19) is bounded,
which implies that V - 70 € L*®(R3)3. As T is bounded and supported in B, this yields
VT € L*(B¥5°)3, i.e.

TO c Hdiv(BFSC)3><3.
In particular, since Hgiy (1.18) has normal traces T%.vin H /2 on Lip-surfaces, the equilibrium
traction boundary and interface conditions (2.21), (2.22), (2.23) make sense in Sobolev spaces.

6.3 Linearized kinematics and dynamical fields

6.3.1 Linearization in material and spatial representation

Choosing the initial configuration as a reference implies that the material representation ¢ and
the spatial representation ¢° both reduce to the reference field ¢° defined on B, cf. (1.29):

@ (X) = q(X,t0) = ¢*(X,to)  for X € B.

However, linearization in material or in spatial representation will result in different first-order
perturbations:
¢ X,t) =¢"(X)+¢'(X,t) for (X,t)eBxI (6.5)

and
¢ (z,t) = ") + " (x,t)  for (a,1) € | J(we(B) x {t}) CR® x I. (6.6)
tel
By definition of ¢°, both perturbations satisfy ¢'(X,tg) = 0 and ¢*!(z,%y) = 0. Since z and X
are related by
r=e(X,t) =X +u(X,t),
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6.3 Linearized kinematics and dynamical fields

with the displacement v introduced in (6.4), Taylor expansion of ¢ and ¢*! around X gives

¢*(p(X, 1), 1)
¢*(p(X, 1) + ¢* (p(X, 1), 1)
= X +uX, 1) + Y X +u(X,1),1)

(X)) + V(X)) -u(X,t) + ¢*L (X, t) + Vg (X, 1) - u(X, 1) + O(Ju(X, 1)[*)

X,t) = ¢°
0

as [u(X,t)| — 0, i.e. for small displacement. The product Vg*! - u is a term of second order and
we obtain
g~ ¢ +¢"+V u (6.7)

in the regime of small perturbations. Comparing with ¢ = ¢° + ¢!, the material and spatial
perturbations are thus related by [DT98, Equation (3.16)]

¢~ ¢*'+ Ve . (6.8)

Here, ~; indicates the omission of terms of higher than first order in u as well as the omission
of products of u with derivatives of ¢*! (or ¢!, which can be derived analogously), cf. (6.1).

6.3.2 Displacement and kinematical interface conditions

We recall from (6.4) that the displacement associated to the motion ¢ of the earth model is
given by
u=¢—Idg: BxI —-R* with  u(,t)=0.

This definition implies that v and ¢ have the same differentiability properties. We are free to
set u equal to zero outside B:

u:R3x T —-R® with wu(X,.):=0 for X € BC.

By Assumption 1, ¢|5, ; € A(B x I) and thus we obtain u € Lip(I, L°(R?))3 with supp(u;) C B
for all t € I. Moreover u|gs ., u|gry, and u|gc, (= 0) have Lipschitz continuous extensions to
BSxI, BFxI, and B°x I respectively. In accordance with the inclusion A(BxI) C HY(B™xI°)3
(4.43), we obtain

u|grscy jo € HY(B™C x I°)3. (6.9)

Next we consider the kinematical interface conditions. Continuity (4.37) of ¢ across welded
solid-solid interior boundaries directly implies continuity of u = ¢ — Idg, that is, (2.28):

[uf =0 on X%

As we have seen, the slipping kinematical interface condition across fluid-solid interior bound-
aries, (4.38), expresses the continuity of the normal component of the spatial velocity v} - v}
across ¢y (X"%). However, its material counterpart is nonlinear in u. As is established in Lemma
6.4 below, correct to first order in u, we have the linear tangential slip condition (2.29)

[uf v~ 0 on X (6.10)

whose structure is similar to the exact slip condition in spatial form (4.38). Thus, the final space
for the variational formulation on linear level is

Hiws(B™C x I°)? := {u € H'(B™° x I°)*: [u]t -v =0 on X}. (6.11)
The time-independent analog of this space was already introduced in (4.25).

In the remainder of this section we present the derivation of the slip condition, correct up to
second order in u:
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Lemma 6.4 (Tangential slip condition). Correct to second order in u, the kinematical in-
terface condition for tangential slip (4.38), [v°]T - v* =0 on ¢;(X7%), reduces to

~ 1 -~ +
[u-y—u-V(u'u)+2u'Vu-u] ~9 0 on »FS, (6.12)

Equation (6.12) is also given in [DT98, (3.95)]. We note that u-V(u-v) =u-Vv-u+v Vu-u
yields the equivalent condition

~ 1 -~ +
[U'V—V'VU'U—2U'VV'1L:| ~o 0  on S, (6.13)

Proof. We give a proof of (6.12) along the lines of [DT98, p. 72]: In the first step we establish the
separate first-order expansions of the spatial surface element v* dS® [DT98, (3.31) and (3.30)]:

Vav— (Vo) cv=v—v-Vu and  dS*~; (1+V-u)dS. (6.14)

They are deduced from the relation for material and spatial surface elements (Lemma 4.21), the
first-order expansions

J =det(Vyp) =det(l3x3+Vu) =1 1 +V-u and (Vo) T xq 1343 — (Vu)™ T, (6.15)

and the identities V-u =V -u+ v - Vu-v and Vu = Vu + (Vu - v)v (yielding cancellation of
terms in the calculation to follow):

v4ds* =J (V) T.vdS =~

( (

~ (v )

= (w+(V-ur—rv-Vu)ds

= W+ (V- wv—rv-Vu)dS

= W+ (V-uwr—(Vu) - v)dS
v

In the second step we consider a slipping surface S = ¥¥5. The situation is illustrated in the
figure below.

S,

S

Figure 6.1: The initial surface S deforms to the surface S; = ¢;(S) at time t. Due to slip, the
points X’ # X" on S will be moved to the same point x € S; (cf. [DT98, Figure 3.3, p. 68]).
Actually, the jump [u]” should be read as u*(X’") —u~(X") = X" — X', see (6.16).

We observe that for all x € ¢;(XF9) there exist X', X" € ¥¥8 such that

X'+ uf (X') = of (X) =2 = ¢y (X") = X" +u; (X7), (6.16)
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6.3 Linearized kinematics and dynamical fields

where ;" (X’) denotes the limit from the +-side and ¢, (X”) the limit from the —-side of
©¢(XF9), analogoulsy for u. (The existence of these limits is guaranteed by the piecewise Lip-
regularity of the motion, see (ii) of Definition 4.19.) Omitting the dependence on ¢ for the
moment, z = p(X) implies v*(z) = u(X). Together with (6.14), this leads to

(v* - v*)(z) mp w(X) - (v — (Vu)T - ) (X) = (- v —u- (Vu)' - v)(X). (6.17)

From (6.16) and the exact spatial slip condition [v%]T -

S

= [v* - v*]T = 0 we then get

(v = (Vur) T v)(X) m (0° -0 T (@) = (v* - v%) " (2) 2 (0 v =0 - (Vu) T w)(X7),

that is,

(@t - v)(X) = (@ - v)(X") ~a (0F - (VaH)T - 0)(X) = (@ - (Vu)T - v)(X7). (6.18)
In particular, up to first order we obtain

(@ v)(X) = (@ v)(X") ~
which upon substituting X” = X’ +u™(X’) — v~ (X") from (6.16) implies
[T (X) = (i 0)(X) = (0 - 0)(X)) ~ (@) (X)) = (@ - 0)(X") 21 0. (6.19)
We observe that integrating with respect to time yields the first-order tangential slip condition
(6.10).

To prove the second-order condition (6.12), we use again X” = X' +u*(X’) — v (X") as well
as Taylor expansion of the second term on the right-hand side in (6.18):

(@t - (Vur)T ) (X)) = (@ - (Var) T ) (X7)
= (@ - (Vu")T - 0)(X) = (i - (V- )T V)(X'+u (X') —u™(X"))
~g (@5 (Vur)T - ) (X7) = (i - (Vo) T ) (X') = [ (Vo)™ - o] (X).

For the second-order approximation of the left-hand side of (6.18), also the first-order terms of
the Taylor expansion have to be taken into account:

(@" - v)(X') = (4™ - v)(X")
= (@ v)(X) = (@7 ) (X +ut (X)) —uT (X))
A (0T ) (XT) = (07 ) (XT) = V(@ v)(XT) - (u(X) —u (X))
=[a-v]T (X") = V(@™ - v)(X') - uT(X) + V(@ - v)(X') - u (X7).

We rewrite the second term and observe that V[i-v]*(X’)-u™(X’) a% 0 holds, since [i-v]" ~1 0
by (6.19):

The third term, again upon Taylor expansion, may be written in the form
V(™ - v)(X) u™ (X))~ V(™ - v) (X)) - u™ (X).
The left-hand side of (6.18) can thus be approximated as

(@* - v)(X) = (@™ - v)(X") m [a- V] D (XT) = V(@ v)(X7) - ut (X)) + V(@ v)(X7) - u (X),
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that is
+ ~ +
(i - v)(X') — (@~ - v)(X") ~ [u v—u-V(a y)] (X)) = [u v—u-Va-v)| (X).

Combining these results, (6.18) implies the identity [DT98, (3.93)]

+

[u-y—u-e(wy)}tzg [u(%u)Ty]

With

w- (Vo) v=v-Vu-u=V(u-v) - t—u-Vv-i=10-V(u-v)—u-Vv-i

and by symmetry of %I/, we can modify the right-hand side and pull out the time derivative:

~ ~ ~ + ~ 1 -~ +
0 =~ [u-u—u-V(u-V)—u‘V(u-V)—i-le/‘u} = 0 [u-u—u'V(u‘V)+2u-Vy-u

Since ug, = 0, integration from ¢¢ to t finally leads to the tangential slip condition (6.12). [

6.3.3 Perturbative force potential

By Assumption 1, the force potential introduced in Section 4.4 satisfies F* € C°(I, Lip(R?))
(4.49). Since external forces are absent in the equilibrium state, F** may be considered as a
perturbative term in the Lagrangian (5.10), similarly as u is viewed as a perturbation of the
spatial position in z = X + w;(X). This approach is also discussed in [MH&3, Chapter 4, p.
237]. We observe that

F, = F} oy = Fy o (Idgs + w)

implies the Taylor approximation
FroF°+u-VF?, (6.20)

where the first term corresponds to the first-order level, while the second term, being a product
of two first-order perturbations, corresponds to second-order approximation. In particular, we
obtain

f= —p°(VF?®) = fL. (6.21)
Earthquake sources can be modeled by a particular choice of the perturbative force. This
so-called equivalent body force distribution can be expressed using the concept of stress glut,

assuming that earthquakes occur as a result of a localized and transient failure of the linearized
elastic constitutive relation, see [DT98, Chapter 5].

6.3.4 Gravitational potential perturbation
The linearization of the gravitational potential ®° takes the form

% = Y + o5t (6.22)
with the equilibrium field ®° = ®; . The gravitational potential perturbation st (also

called the incremental gravitational potential or the mass-redistribution potential) depends on
space and time and, by definition, vanishes in the equilibrium state at time ¢, that is <I>t501 =0.
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6.4 Linearized prestressed elasticity

Since the equilibrium gravitational potential ®° is time-independent, ®* and ®*! = &% — @°
have the same regularity with respect to time. Moreover, x = p(X,t) = X + u(X,t) (6.4) and
the mean value theorem give

& (a,) = B (2, 1) — D°(x) = B (X + u(X, £),1) — B°(X + u(X, 1)
1
= ®5(X,t) — Y (X) + / (VO (X + ru(X,t),t) — VOUX + ru(X,1))) - u(X, t)dr,
0
which shows that the spatial regularity of ®*! will be one order lower compared to that of ®*

or . According to Assumption 1, we have ®° € C°(I,Y*°(R3)). Recalling the decay and
regularity results in Lemma 4.28 (ii) and (iii), we obtain

loc

P ey* (R C () W2(R®) CCHR?)

1<p<oo
with ®°(z) = O(1/|z|) as |z| — oo and

eI, DY > (R%) € (1, ] Wil(R)

1<p<oo
with ®31(z) = O(1/|x|?) as || — oo, where
DY®°(R?) :={f e D'(R®) : 3gc Y®(R?), Ja e N}, |a| =1: f = D%}.

It follows that
sbe eI, H (RY)). (6.23)

By the Sobolev embedding theorem (Lemma 3.13), Wé’f(Rg’) C CF(R3)if0 < k < 1-3/p. Since
this is satisfied for k = 0 and p > 3, we conclude that ®{! must be continuous and hence

s e CO(R3 x ).
Continuity of ®;! and continuous differentiability of ®° yield the conditions (2.24), (2.25), and
(2.34), i.c
[@)f =0, [VeIr-v=0, and [@"]f=0 (6.24)

on every surface S in R? and in particular on the interior and exterior boundaries ¥ U 5.
Moreover, both ®° and ®;! decay to zero at infinity. We announce that the remaining interface
condition in (2.35), [V®*! + 47G p%u]t - v = 0, will follow from the variational principle.

6.4 Linearized prestressed elasticity

6.4.1 Prestressed Hooke’s law

In the presence of large ambient stresses encoded in the prestress 70 (4.63), the purely quadratic
energy (1.60) W = pU of classical linearized elasticity is generalized to the following second-
order approximation of the internal elastic energy density [DT98, p. 76 eq. (3.115)]:

1 _ 1 _
PPU = TV i e + J¢iEie= T0 Seij + 5 Sijhi€ijel- (6.25)

The expansion is given in terms of the full (nonlinear) material strain tensor e (1.26), because by
material frame indifference, U depends on V¢ only through e (as was mentioned in Section 1.3.1).
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Since e is symmetric, the time-independent tensor fields 7° and Z without loss of generality
possess the symmetries (here and everywhere below, i, j, k,1 € {1,2,3})

T =T}, and Bk = Epiij = Sjiel = itk (6.26)
Recall that by Assumption 1, U(., (Ve)(.)) € C°(I, L>°(R?)), see (4.60). Therefore, the compo-
nents of 7° and Z need to be bounded (with support contained in B):
T3 and Ejm € Lo(R?).

Next we discuss the associated linear stress-strain relation. We introduce

U(,VU) =U(., 1343 + Vu) = U(.,VQO),

satisfying é)(aTﬁu) = 8(‘9VU¢). Thus, by common abuse of notation, 7% = p° 8(6VU¢) (1.52) takes the
form 5U

"% = p° ~p TO + TP 6.27

P d(Vu) L (6:27)

We express the perturbation TP%! of the first Piola-Kirchhoff stress tensor in terms of u. For
the material strain tensor (1.26) we have e = 3(Vo! - Vi — 1343) = 3(Vu + Vul + Vul - Vu)
or in components e;; = 1(0;u; + dju;) + 3(d;ux)(djux). Hence, the second-order expansion of
the elastic energy density reads

1
PU =~ Tieij+ 5

j 5 ZijkiCijekl
1 —_
~o T0jui + 5 (T(0suk) (yun) + Zigra(05u:) (Orun))

1 —_
= Tj0ui+ > (T5.(0jur) (Orur) + Zijr(05ui) (Oyug) )

1
— (611&’T]0l + Eijk;l) (@ul)(aluk) (6.28)

= Tyojui+;

We introduce the prestressed elasticity tensor AT’ as

0 —_
Az?;'kl = (SZkT‘jOl + 2kl (629)

This coincides with prestressed elasticity tensor derived in [MH83, Chapter 3, Proposition 4.15
(a), p. 214] and the formula may alternatively be obtained from a direct linearization of the
constitutive law T7% = r(., V), see [MHS83, Chapter 4, p. 235].

The definition (6.29) of A”" implies that Ag;d € L*>(R3), has support contained in B, and

satisfies the symmetry relations of hyperelasticity, Agﬁd = A;}Fl(;j' Thus we found
1
U ~o TV : Vu + §Vu AT Yy (6.30)

as second-order approximation of the internal energy density in terms of the displacement gradi-
ent. Consequently the linearization of the first Piola-Kirchhoff stress tensor is T7% ~s T0 4 T7%!
with

TPKL = ATV, (6.31)

or TZ-F]’-Kl = AiTj(;l&luk in components [DT98, (3.120)']. The linear stress-strain relation (6.31)
generalizes Hooke’s law to a prestressed elastic material.

!Note that [DT98] employ transposed conventions for Vu and T"¥: Instead of AZ;(;Z = 6Ty + Zijrr (6.29),
they replace i <+ j, k <> [ and write Agﬁd = lei(}c + Zjiak = 5lei(}€ + Zije [DTO8, (3.122)].
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6.4 Linearized prestressed elasticity

Yet, the elastic tensor = may also be written in the more general form [DT98, (3.135)]

0

E’g‘kl =Dy + a(Tig-ékl + T,Sléij) + b(]}%éﬂ + T]Qkfsil + Ti(l)(sjk + T]Ql(gik), (6.32)

with parameters a,b € R and I' satisfying the classical symmetries I';ju; = Uriij = Ljirg = Dijik-
Upon replacing i <+ j, k <+ I, (1,5) <> (k,1) and by employing the symmetry of T, one easily
verifies that 7 also possesses the desired symmetries (6.26).

In the absence of prestress, I' is equal to the classical elasticity tensor (typically denoted by
¢, see Sections 1.3.2 and 2.1): In a solid medium, T" takes the form

2
Lijer = (& — 31)0ij0k1 + p(Sikdji + 6urdjk) + T, (6.33)
with bulk modulus &, shear modulus p, and the purely anisotropic part I'*. Thus, the generalized
prestressed elasticity tensor (6.29) reads
70 0 =T°
N = Tj0i + Ej

= Tyu + a(T36k + Thdiy) + (1 + b)Thda + b(Ti65 + Tjpda + Tigdse).  (6.34)

A suitable choice for the parameters a, b will be discussed in the next section.

6.4.2 Different incremental stress tensors

The incremental Lagrangian stress tensor (i.e. the first perturbation of the Cauchy stress
tensor in material representation (1.46), T, = T} o @) reads

T ~y T —T°. (6.35)

Its relation to T7%! is obtained based on the Piola transform (1.49) and the expansions (6.15):

TO+ TP =) TP = JT - (Vo) T~ 1+ V-u)(T°+TY - (1343 — (Vu) 1)
~p T+ 1%V -u)—T° (Vu)T + 1. (6.36)

Thus we established [DT98, (3.36)]
T my TP+ 70 (V)T = TV -u) = Y77 1 Y, (6.37)
or in index notation, .
T =1 T + Ty — Tiopuy = Y500,

where (cf. [DT98, (3.123) with ¢ <» j and k < [])

0 0
T;T,;'kl = Ag;‘kl + Ti%kj - Tz’%kl (6.38)
_70
= Eijm + Tjoik + Tk — Tjj0k
= Tijw + (a — D)T0 + aTp6i; + (b+ 1)(Tdsx + Tjioir) + b(Tipb50 + Tj.u).-

Symmetry of T corresponds to the minor symmetry Tz;.(;cl = Tﬁ;l.

In accordance with [DT98, p. 80] we will choose a = —b = 1/2, because this convention renders
T independent of the initial pressure:

Lemma 6.5 (Incremental Lagrangian stress tensor independent of initial pressure).
With the choice of parameters a = —b = 1/2 in the definition (6.32) of the generalized prestressed
elasticity tensor ETO, the incremental Lagrangian stress tensor T' will be independent of p°.
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6 Linearization

Proof. If a = —b=1/2 then
Y = Tiju + % (=T350k + Ty + Ty, + Tjdu, — T — Tjiou)
and thus (now writing = instead of ~)
T = TijrOue + % (=T 0kur, + T Opuwdiy + TOu; + Tj0pu; — Tiju — TyOiuy) -
Applying the decompositions 70 = —pY13,3 + T, (4.65) for initial stress and
Vu=e+w  with ¢e:= %(Vu +Vul) =T and w:= %(Vu —vul) = - (6.39)

for strain (cf. Section 1.3.2), as well as employing the symmetry of I' and 7Y, we deduce

T'=T:Vu+ %(—TO(V cu) + (T : Vu)lguz +T° - (Vu) ' + Vu - T =T Vu — (Vu)T - 7°)

=—TO(tr e)+(T9:€)13x3 =T9-(Vu)T —=Vu)+(Vu—(Vu)T)-TO0=2(—T0 w+w-TO)

=T:e+ (—To(tre)+(T0:5)13X3)—T0~w+w-T0

=T e+ = (p'(tre)laxs — Ty (tre) — p°(tr &) 1553 + (They 1 €)13x3) — Ty - @ + w - Ty,

N =N =

that is,

1
T'=T:e+ 3 (T30 (tr &) + (T : €)13x3) — Ty - w + w - Thoys (6.40)

which does not depend on the initial pressure p°. O

We note that the choice a = —b = 1/2 yields

. 1
A = Tigrr + 5 (T80 + Tiadiy + T — Tt = Tiydu — Tgd)

and
— 70 1
Efik = Dijr + 3 (T50k + Tiy6i5 — Thoae — Tipdje — Typda — Tidjn) -

However, the choice a = —b = 1/2 has a major advantage in the case of a hydrostatic earth
model (see Section 7.5): The deviatoric prestress T

Jey vanishes by definition and consequently
(6.40) implies that

T!'=T:¢,

showing that T is even independent of 7. In particular, inserting (6.33) with the Lamé constant
A=kK— %,u, we obtain

T = Tijrier = (Mijor + p(0iwdji + 61651)) Ok + Dijpien
= NoijOkug + pojui + pdiuj + Uiper = Nijerk + 2ueij + Tijpen,

that is, classical Hooke’s law including an additional anisotropic part:
T! = Ntrelgys +2ue+T?: e

Hence, in the hydrostatic case, the incremental elastic behavior is independent of prestress.
In other words, formulated in terms of the Lagrangian incremental stress 7', hydrostatically
prestressed linearized elasticity reduces to classical linearized elasticity (cf. Section 2.1).
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6.5 Direct linearization of the governing equations

6.4.3 Elasticity tensors in prestressed elastic fluids

In an elastic fluid, shear resistance p and anisotropy I'* vanish and I' (6.33) reduces to
Lijri = K030k

In fluid regions of the earth model, prestress is hydrostatic: 70 = —p°13,3, that is, T((i)ev = 0.
Thus (6.40) leads to the following simple form of the incremental Lagrangian stress tensor in

prestressed elastic fluids:

T = k exrdij = K(Opur)di ie. T! = k(tre)lsxs = (V- u)13x3. (6.41)
Furthermore, we have
1
A = w0ij0u — 50" (8ij0u + Suadiy + Sudi — Sindjt — S8 — Sude)
K030k — P (8456k1 — 8j10i1)
P (v = 1)8550k + PS50 (6.42)
where
v = r/p°

is the fluid’s adiabatic index, cf. [Val86]. Hence, the first perturbation of the first Piola-Kirchhoff
stress tensor in elastic prestressed fluids is given by

0
Tz'?Kl = A%Z‘klazuk = p"(y — 1)(Bur)0ij + p°Oyuy,

i.e.
T = pO(y — 1)(V - w13y 4+ p° (V). (6.43)
Similarly,
=70 1 0
Eijkl = KO0k — 3P (030Kt + Ok10ij — 0516ik — 0irbj1 — dk0it — didjk)
= K60k — P (80, — k0 — 010k
= p°(y — 1)3s50m + p° (0400 + 5110k).
Inserting =" and T = —p°13x3 in (6.28) yields the following second-order approximation for

the elastic energy density in fluid regions of the earth model

0
p
U =y —p°(V - u) + 5 (v = 1)(V-u)* + Vu: (Vu)T).
The latter is consistent with the above equation for T7¥! and (6.27) in fluids, since a direct
computation shows

. OU

~y 01 0 -1 X 1 0 T:TO TPKl'
p a(Vu) 1 =P 13x3+p (v = 1)(V - u)lzxsz + p°(Vu) +

6.5 Direct linearization of the governing equations

We formally linearize the nonlinear elastic-gravitational equations directly, that is, we show
how the linearized system of Section 2.3.2 arises from the nonlinear system of Section 2.3.1.
Essentially, we simply replace the terms occurring in the nonlinear system by the corresponding
linearizations, dropping any resulting product terms of higher order. However, we anticipate
that the complete linearized system will be obtained independently and in a rigorous way in
Section 7.3 from the variational principle applied to the first- and second-order approximation
(6.48) of the action integral.
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6 Linearization

6.5.1 Linearization of the Poisson equation

In order to linearize Poisson’s equation (2.2),
AD® = ArGp?,

one writes ®* = ®° 4+ ®*! and approximates the spatial density p® correct to first order in w.
Linearizing conservation of mass (1.40) in material representation,

s P P p" 0 0_ 0
g J detVy  det(l3x3 + Vu) YTy voe !t p( u)=p —p u

and approximating the material density p as in (6.7),
p=p°oprp’+p"+Vpu,
gives p¥ — pO V- u =1 p° + p1 4+ Vp° - u, that is,
p*t = -V (p'u). (6.44)

The identity
p° 1 p =V (pOu)

has a clear physical interpretation: A positive value V - (p’u) > 0 represents a diverging mass
flux p%u, which must reduce the spatial density p*, whereas V- (p’u) < 0 represents a converging
mass flux, increasing the density.

Hence, the linearized Poisson equation reads
AP + @) = 4nG (p” — V - (pu)) . (6.45)
The terms of order zero give Poisson’s equation in equilibrium, A®? = 47Gp° (2.20), and

first-order terms yield the perturbed Poisson’s equation A®%! = —47G 'V - (p%u) (2.27).

6.5.2 Linearization of the equation of motion

Our starting point is the nonlinear material equation of motion (2.10),
PG+2Axp+QOx (Uxp) = V-T 4 o0+ f,
in the version (2.12):
P(P+H20x9) = V-T™ = p(V(®° + ) o + f.

We have ¢ = 1, ¢ = ii, and TT% ~; T°+T"¥! (6.27). The geopotential gradient (V(®*+¥*))op
is approximated analogously to the expansion q ~1 ¢° +¢*! + Vq°®-u (6.7): Correct to first order
in the perturbations u and ®*!,

g= (V@ + ")) oy, thatis, ¢(X,t)=(V(P +U)(@(X.b),t) for (X,t)€Bx I,
is given by

(X, t) = (V((®° + %) + &) (X + u(X, 1),t)

~y V(O + U%)(X, 1) + VO (X, t) + (VV(D° + T°) - u) (X, 1),

that is,
(V(®% 4 T%)) 0 p 1 V(D! + %) + V! + VV(Y + T¥) - w.
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6.5 Direct linearization of the governing equations

We recognize the material gravitational acceleration which, correct to first order, is given by
(Vo) op=gm g®+g" =g+ +Vg' - u=-V(@ + ) - VYV’ u.

The remaining terms correspond to the material centrifugal acceleration, which by (2.8) is linear
in v and thus coincides with its linearization:

(VI )op=0x (2x¢)=Qx (Qx (. +u) = VI +VVI 0

We then obtain the linearized equation of motion
P (i +20x 0 + V(@ +0%) + VV(O' + %) -4+ VO!) - V. (T° + TP¥!) = fL. (6.46)

Here TP¥! = AT" : Vu by (6.31) and f! ~; f by (6.21). Equation (6.46) comprises the static
equilibrium equation (2.19) (terms of order zero),

PIV(@0+ 0% =V T =0,
and the linear equation of motion (2.26) (first-order terms),
P (429 x4 + VV(@° + 0%) 4+ VPS) = V. TP = f.

Due to nonzero prestress 77, expressing the linearized equation of motion not in terms of the
perturbation of the first Piola-Kirchhoff stress T7% (but instead in terms of the perturbation
of Cauchy stress T, Lagrangian stress T, or second Piola-Kirchhoff stress 7°%) will result in a
different form of the linearized equation of motion, see [DT98, (3.51), (3.56), (3.62) respectively]:

pO (U+QQ % u)+p0v®81+pslv(¢)0+q}5> —V‘TSl :f;
P’ (i 4+ 2Q x @) + p'VO! 4 ptV (@0 + ¥%) — V- (VT? - u+ T?) = f,
PO (429 x i+ V(@0 + 0°) - u+ VOI!) = V- (Vu - T° + T = f.

All these variants coincide with (2.26) up to first order in u, ®*!, and the stress perturbations.

In Section 7.4.2, the linearized elastic-gravitational equations (6.45) and (6.46) will be obtained
from the variational principle as Euler-Lagrange equations (3.4).

6.5.3 Linearized dynamical interface condition for traction

We directly linearize the dynamical interface condition asserting that the spatial traction 7°-v*

must be continuous across interior surfaces, welded or perfectly slipping.

Lemma 6.6 (Linearized dynamical interface condition). Let S be a sufficiently reqular
(e.g. CY') surface S in B; S may be welded or perfectly slipping. Then the evact dynamical
interface condition (2.16), [T*]T -v® =0 on y(S), takes the linearized form

[T7% .y — V- ((T° - v)u)]t =0 (6.47)

on S, that is, [E?Klyj — 5k(TZ(;yJuk)]f =0.

Formula (6.47) for the linearized dynamical interface condition coincides with [DT98, (3.73)].
By the product rule, we may write the condition as

[Ty = V(T ) - u— (T v)(V - u)]t =0.
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6 Linearization

Proof. We argue along the lines of [DT98, 3.4.2], based on techniques similar to the proof of
Lemma 6.4 and introduce the points X’ and X" as in (6.16), see also the figure on p. 108. We
rewrite (6.14), dS® ~; (1 + V - u) dS, in the form

dS~1 (14 V-u)"1dS* &~ (1 -V -u)dS®.

The material counterpart of (2.16), ((T°+T7%!). VdS)+ (X') = ((T°+T"%Y) - vdS) ™ (X7),
thus reads

((TO LT (1- V- u))+ (X')dS*(x) ((TO LTy (1- V- u)>_ (X")dS*(x),

which implies

(TPKI ) V)+ (X/) . (TPKI . V)— (X”)J_‘_ (TO . V)+ (X/) . (TO . V)— (X”)
=:A =:B
(0 (F- u))+ (X + (@ )T ) (X" 210

=:C
A Taylor approximation yields A ~ [TP%!. )7 (X’) and C ~; —[(T° - v)(V - u)]*(X). We find
B~ —[V(T°-v)-u]"(X') by employing, in addition, [T°]F-v = 0 (cf. (2.22)) and the kinematical

slip condition [u] -~ = 0 (6.10). Combining these terms we get [T - — V- ((T°-v)u)]t ~4 0,
proving (6.47). O

If the surface is welded, as a solid-solid boundary S = Y55, the conditions [T°]T - v = 0 (2.22)
and [u]” = 0 (2.28) imply continuity of V - ((7° - v)u), and therefore (6.47) reduces to (2.31):

[T v=0 on ¥
Considering the case of perfectly slipping fluid-solid boundaries S = X%, we may substitute
T v = —p% (2.23) in (6.47):
[Ty — V- (T - )]t = [T v+ V- v u)]t = [T v+ 0V - (p%u) + p°Vi -]
Since Vv - fll = —v - VI (4.19), [p°]F = 0 (4.67), and [u]* - v = 0 (6.10), the jump of the last

term is B B B B
POV -u)t = p°Vr - [u]t = —p% - V[u]* = [-p°v - Vu]T.

Thus (6.47) reduces to (2.32), i.e. [rPX1]T = 0:

~ ~ 1+
7y + vV - (pPu) —p'v-Vu| =0 on XS,

In Section 7.4.3, the linearized dynamical slip conditions (2.31) and (2.32) will be obtained from
the variational principle as natural interior boundary conditions (3.7).

6.6 Second-order approximation of the action

Aiming at dynamical equations which are linear in the perturbations (u, ®*!), we approximate
the action integral by a quadratic expression in these variables and their first-order derivatives.
Inserting ¢ = Idgs +u, ®° = ®° +®*! and the second-order relation (6.30) for prestressed linear
elasticity in the action integral 7" (p, ®°) (5.9) leads to the approximation
d"(p,®) = "(Idgs 4+ u, ®° + &%)
re g (u, D) + o) (u, DY) + oy (u, D) (6.48)
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6.6 Second-order approximation of the action

where =% indicates the omission of terms of third order in (u, Vu,u, ®!, Vs, <i>51), with

A (u, o1 _/(/ 0 dV+/ S [ dS) dt  (i=0,1,2). (6.49)
I R3 »Fs

As a general principle, we always assume the validity of all first-order results when we modify
second-order terms. In particular, we will frequently employ the kinematical slip condition
[u] " - v =1 0 (6.10) as well as the equilibrium stress interface condition [T°]T - v = 0 (2.22),
which reduces to continuity of p® = —v - TV - v across fluid-solid boundaries.

6.6.1 Quadratic volume Lagrangians

The zero-, first-, and second-order volume actions of (6.49) with the approximated volume La-
grangian densities L’[E)], L/[I1]v and L'[’Q} are defined within the regularity setting of the linearized
fields on the composite fluid-solid earth model (Assumption 2). This setting is in complete con-
sistence with the regularity conditions making the action integral (5.9) defined in the nonlinear
case (Assumption 1).

The approximated volume Lagrangian densities are functions of z, t, u(z,t), ®*(z,t), Vu(z,t),
w(x,t), and V®*!(z,t) (note their independence of ®*!(x,t)). Their explicit form is as follows:

Lemma 6.7 (Approximated volume Lagrangian densities). The Lagrangian densities

L'[g}, L’['l], and L'[’Q], approzimating L" (5.10) up to order two in (u, '), read
= @0+ U — % (VEO)2, (6.50)
’['1] = pu-(Qxz)— T: Vu— plu- V(0" + %)
—p0®st — ﬁ vel. vest - pOFs (6.51)
’['2] = %pOuQ—l—pOu-(qu)—éVU:ATO :Vu—%pou-(VV(<I>0+\IIS))-u
—pPu - V! — ﬁ(vqﬁl)? —p%u - VF?. (6.52)

The Lagrangian density L’[’z] coincides with the volume Lagrangian in the “displacement-potential
variational principle” of [DT98, (3.190), p. 89].

Proof. We recall Formula (5.10) for the material volume Lagrangian density of the nonlinear
model:

1
- 816G

With ¢ = Idgs + u, the kinetic energy density, the Coriolis term, and the centrifugal potential
read

L'(X,t) = (% - (QAxp)—U—(®+T) - F) (X, )0 (X) (VO*)2(X,1).

:2 -2
50 = u,

V- QAxp) = u- (Qxz)+a-(Qxu),
1
v = \PS+U'V\I’S+§U'VV\IJS'U,
where the last equality holds since (X, t) = U® 0 ¢ (X) = U9(X + u (X)) and ¥* is a second-

order polynomial, see (2.7). Upon inserting ®* = ®° 4+ ®*! the squared norm of the spatial
gradient is

(V)2 = (VOO + var!)? = (V)2 4 2val - V! + (VE*!)2,
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6 Linearization

The second-order approximation for the material gravitational potential ®; = (®° + ®*!) 0 ¢, is
given by (compare to the calculation in Section 6.5.2)

1
qm2<1>0+(u~v<1>0+<1>81)+<2u-vv<1>0-u+u-v<1>81>

(where ~ indicates the omission of terms of third order involving (u, ®!) or their derivatives).
Here, we have grouped the linear and quadratic terms with brackets.

Inserting these approximations and the second-order elastic energy density (6.30) into the La-
grangian density (5.10) and comparing with the powers of (u, ®*!) and their derivatives in (6.48)
leads to equations (6.50) to (6.52). O

We note that the Lagrangian densities [0} [1} and L[Q] do not depend on ®*!(z,t). Moreover,

"
[0

’[’1] and L’[’Q] are first- and second-order polynomials in u, ®*', Vu, 1, V®*!, the force potential

| is independent of the variables (u, 1), their derivatives, as well as of time. Furthermore,

F#, and its gradient VF*® with time-independent coefficients (the appearance of the force terms
in the different approximation levels is explained in Section 6.3.3).

6.6.2 Quadratic surface Lagrangians

The second-order surface action is obtained as an approximation of the exact surface action

s () = Ao (i9) = /I s (i) dlt

(5.12) with surface Lagrangian (5.11), that is

XI;/FS7t(IdR3 +u) = /EFS EFS tdS = /to /EFS - TR v dS dt’.

The derivation of the second-order surface action is more involved than the derivation of the
corresponding approximated volume action. It requires additional surface conditions on the
smoothness of the fluid-solid interfaces ¥ and the interface reference pressure p°|srs (see (iii)
of Assumption 2 below).

We present two variants to derive the approximation of the action up to second order: First,
by a direct expansion of the surface Lagrangian density (which is straightforward but rather
technical) and then, alternatively, from energy conservation and the second-order tangential slip
condition (6.13).

Lemma 6.8 (Approximated surface Lagrangian densities). Let X¥° locally be a Cl1-

surface and p°|yrs € Lip(XFS). Then the surface Lagrangian densities LY L?

»FS [0} EFS7[1] ) L%FSJQ]}

approzimating Lirs (5.11) up to order two in (u, ®1), are given by
L/X/)FS,[O] = LEFS 1 = 0 (653)
+

- 1 =~
%FS’[Q] = —p V-Vu-u+§u-Vu-u . (6.54)

Remark 6.9 lists several equivalent formulas for LEFS 2 The surface Lagrangian LEFS 2 in the

equivalent form (6.57) coincides with the surface density proposed in [DT98, (3.165), p. 89].
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6.6 Second-order approximation of the action

Remark 6.9 (Equivalent representations of the surface Lagrangian density). The
identity v-Vu-u=wu-V(u-v)—u-Vv-u allows us to write (6.54) as

~ 1 ~ +
L%FS,D] = —po [u -V(v-u)— §u -Vv- u} K (6.55)

Upon integration one also obtains

/ s g S = / [(1/ )V - (p%u) + 1pou V- u] +dS (6.56)
sFs > (2] FS 2 -
~ ~ +

_ L / [(1/ )V - (p°u) — pv - Vu - u} ds. (6.57)
2 »FS —

Here, we used the identities

Pu-Vy-u) = V- (pou(u ) — (v WV - (p"u)
Pu-Veu = V- uv-w) - v-uwV- @) —pv-Vu-u

and applied the surface divergence theorem (Lemma 4.5) to the corresponding surface action,
where the line integrals vanish as p® = 0 on 90X C 9B. J

Next we present the two variants to prove Lemma 6.8:

Proof. (Direct expansion) We first apply the Piola transform (1.49) TP¥ = JT - (V)= and
linearize each factor:

Tr~ TO+ T, J~11+V-u and (V) T~ 1343 — (Vu)T.
Consequently,

TP =JT- (Vo) T~ 1+V-uw)(T°+TY - (133 — (Vu)T)
~ T+ (V-u)T° + 7' - 7% (V).

Thus, to second order and noticing that 7° - (Vu)" = (Vu - T°)7 by symmetry of 79,

w-T™ v~y 4T v+ (V-w)iu- T v+a-T -v—u-T°- (Vu)T - v
w- T v+ (V-u)i - T - v+a-T v —v- (Vu-T - a.

Rewriting the second and the last term in terms of surface derivatives yields
(V-w)i- T -v—v- (Vu-T% -u

=(V-wi-T v—v-(Vu-T -4+ (v-Vu-v)a-T° v — (v-Vu-v)v-T° -4
=(V-wi T v—v-(Vu-T°-u,

since TV is symmetric. As we will consider the jump across X5 where the normal component
of u is continuous, we argue that we may approximate the material Cauchy stress perturbation
T* by the surface derivative of T in direction of u: Indeed, by (6.8)

T ey T+ VT u=T° —T° + VT? - u,
and hence

[T ) g [i- T 0]t — i - TO - )t + [ (VT - w) - )t = [i- (VT - w) - 1T,
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6 Linearization

since T° and T satisfy the normality condition (4.27) and [u - v]T = 0. Therefore we obtain

[0- T U]t o~y [0 T v+ (V-wa- T -v+a-T -v—v- (Vu T o]t
= [@-T’ v+ (V-wiu- T v+a-(VI'-u)-v—v-(Vu-T°) -0t

Successive application of the product rule and symmetry of 70 and Vv enables us to write the
sum of the second and the third term in the form

W (V)T + (VI w) v = ((Opur) TS + O6T0)ur))v;
= ﬁigk(ﬂguk)Vj
= 8}€(UZT8U,]€V]) — <8kuz)Tgukl/] T uk(aky])
= V(- T° v)u)— (T°-v) - Vi-u—u- (T Vv)-u
= V- ((@- T v)u)—v-(T°- Vi) -u—u-(T°-Vv) -0

By the surface divergence theorem (Lemma 4.5) and the zero traction boundary condition (2.21),
TY. v =0 on 90X C OB, the integral of the surface divergence term over Y75 vanishes. Thus,

W T v o~y 0T v—u- (T V) i—v-(T°- Vi) -u—v-(Vu-T° -4

= gt<u-T0~V—;u-(T0-€V)-u>—y-(ﬁuuTO-u—i—TO-%iru).

Considering the deviatoric initial stress 79 ~ (4.65) as an effect of first order (see [DT98, p.
102]), we have

TO ~0 —p013><3. (658)
Therefore, up to second order, also the last term is a time derivative,
~ ~ ~ ~ 00
—v-(Vu-T 0 +T° - Vi-u) mo v-p°(Vu - i+ Vi - u) = at(” Vu - u)
and with w-T% v — Fu- (T V) -u g —pPu- v — Tu- Vv - u) we arrive at
- T v g — 09 uw-v—v-Vu u—lu Vv -u
~ 2 '

Thus, on a fluid-solid interface, the up-to second-order expansion of the surface Lagrangian
(5.11) is given by

~ 1 -~ +
Srs A [po(u-y—y-Vu-u—zu-Vu-u)] (6.59)

~ 1 ~ +
— [po(u . V)]i_ — |:p0(y . V'LL - u 5 u - VU . U):| LZFS [0] —+ LEFS [1] + LEFS [2]

We observe that there is no constant part: L%FS 0 = 0. The linear part vanishes to first order,

due to continuity of p° (4.67) and the first-order tangential slip condition [u]T - v~ 0 (6.10):
L/Z/Fsvm =[P (u- )]t =]t v~ 0.

Finally, the second-order part L%FS 2 also coincides with (6.54). O

As an additional result, (6.59) incorporates the linear plus quadratic approximation of the surface

energy density on fluid-solid interfaces, since Egps = —Lips by (5.21):
~ 1 -~ +
EgFSQQ—pO U'V—V‘V’U/"U/—§U'v7/‘u7—E§:FS[O}+EEFS[]+E2F5[] (660)

122



6.6 Second-order approximation of the action

Proof. (Energy considerations) As we will show in Section 6.6.3, in the linearized setting,
energy conservation implies that the second-order surface energy must be equal to the work due
to slip against initial stress on X5, whereas the zero- and first-order contribution to the surface
energy vanish:

/i _ /! _ 0
EFS,[O} - EFS7[1} — Y
Eng7[2} = _[U : To]t s V. (6.61)

With the second-order tangential slip condition [u-v — v Vu - u — Tu- Vv -]t~y 0 (6.13), we
obtain

/ ng?m ds = —/ [w-TY" - vdS = / PPlu)t - vdS
YFS SFS »FS

ol & [ +
29 p[V'VU-U-i-*U'VV'u} ds.
»FS 2 —

Consequently, in agreement with the second-order terms of (6.60), we have

1" 0 v/ 1 v/ *

$FS 9] = P [V-Vu-u+§u-vy-u]_ (6.62)
and the corresponding second-order surface Lagrangian L%FS,D] = —EgFS’[Z] coincides with
(6.54). O

6.6.3 Interpretation of the interface energy

Energy conservation in the nonlinear setting was discussed in Section 5.2.5. In particular, the
exact interface energy (5.20), which is minus the full surface action 6lps = —/rs (5.12), was
derived from conservation of energy:

t

t
7o (t) = / / fig - T - v dS 4t = / / s TS s dSpdt.  (6.63)
to JXFS to J oy (ZFS)

The spatial version is valid at least in the sense of surface densities on @y (X"9) (see (5.38) of
Section 5.4.2). However, by the Leibniz rule, by the constitutive law 7% = —p*1343 in fluids (on
the —-side of ¢;(X"®)), which in particular implies the characterization of perfect slip via zero
tangential stress T° - v% = (v° - T% - v°)v® = —p°v® (2.17), as well as by the exact kinematic and
dynamic slip conditions [v*]T - v* (4.38) and [T°]T - v* = 0 (2.16), the integrand vanishes:

[v° - T5]F v =T [T - 5 +[0f)F - T5 v = —p% [o¥]F - v = 0.
0 0

This shows that the interface energy density EgFS is zero if slip is assumed to be frictionless.
Since the interface energy éaé’Fs = szS EngdS corresponds to the work due to slip,

Eng =0

indeed is clear from a physical viewpoint. Consequently, as already mentioned in Section 5.2.1,
the full nonlinear variational model of the elastic-gravitational equations possesses zero surface
action (5.12):

%E”FS =0. (6.64)

In case of the linearized model, where the energy is quadratic, (6.60) then yields

_ 1 ~ 4
0 = Efps ~9 Eng’[O] + Engm + EgFSM = —p° [u v—v-Vu-u— Ju Vv - u] K
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6 Linearization

With EgFS o = 0 we see that the second-order interface energy must balance the first-order
interface energy:

Bies 19 ~2 —Bges pyy = p'[u] L v = —[u- T
where we employed the constitutive relation 7° = —p%135 in fluids. Hence, in order to guarantee

energy conservation in the linearized variational model, we have to include a nonzero second-
order interface energy EEFS 228 in (6.61). The interface energy represents the work against the

initial stress on slipping fluid-solid boundaries.
Substituting T);% ~; TV + T7*! in the exact interface energy &ups(t) = 0 (6.63) and integrating
fti Gy dt’ = up — uyy = uy yields

0—// [t - T - v dS d¥’ ~2/ [y T0 zde—i—// [y - PKl 'I/det,.
to JXFS $FS to JuFs

With (6.61), which actually is a second-order approximation as well, we then arrive at

ngM:/EF siFs [g dS NZ—/EFS [u-T°]" udS—/tO /EFS - TP vasar.

This gives the following representation of the second-order interface energy dissipation rate,
which is analogous to the abstract energy balance equation (3.54):

d ,
pr Srs (3] NQ/FS [ - TP " . v ds. (6.65)
by

Remark 6.10 (Energy release due to friction on earthquake fault surfaces). On an
earthquake fault surface St, friction is nonzero. This results in a nonzero interface energy similar

o (5.20):
éosf / / Uyt + t’ ] cvdt'dS = Eg, dSs.
St Jto St

In the linearized setting, the second-order approximation of the energy dissipation rate density
would be the following modification of the density in (6.65), where 7 represents the frictional
force which acts tangentially on Sy, cf. [BAHH17, Section 6]:

iESf ~o [0 TP v 4 [t - 7.

dt

Following [DT98, Chapter 5.5] one may alternatively obtain an approximation by replacing the
first Piola-Kirchhoff stress TP% = T° + TTX! by the average of its initial and final value on the
fault surface, which both are time-independent, i.e. T7% = 1(T04+(T0+TFXY)) = (270 +TFKD).
With u(.,tp) = 0 and u(.,tanal) =: Ufinal, the final displacement field after the earthquake has
ceased, the total elastic-gravitational energy released during earthquake rupture is [DT98,
p. 184, (5.160)]

1
éoSf(tﬁnal) = 2/5
f

Note that in this approach one assumes that the fault surface St is already fixed. Advanced
fracture models cover opening cracks and predict the rupture zone from material weaknesses. _

tfinal
[ /t adt) - (27° + ngl)] vdS =2 /S [ugina - (2T° + TEED] - v dS.
f

0
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Chapter 7

Variational derivation of the
elastic-gravitational equations

The linear system of elastic-gravitational equations is derived from Hamilton’s principle of sta-
tionary action in a rigorous way. Based on the regularity assumptions of the linearized fields,
we first introduce the linearized variational framework for the composite fluid-solid earth model
(Section 7.1). Then, a general low-regularity version of calculus of variations for quadratic La-
grangians in a Sobolev space setting is presented, which in particular includes surface integrals
and composite domains (Section 7.2). By applying these results to the second-order approxi-
mation of the action integral of the composite fluid-solid earth model, we rigorously obtain the
weak formulation of the elastic-gravitational equations under low regularity conditions (Section
7.3). Stationarity of the first-order terms yields the equilibrium equations and the dynamical
equations follow from the second-order terms. Moreover, sufficient conditions to establish the
strong form of the equations, as well as the boundary and interface conditions, are presented
(Section 7.4). Thereby we recover the complete system of linearized governing equations from
the variational principle within a consistent low-regularity setting. Finally, we briefly discuss the
elastic-gravitational equations under hydrostatic prestress, which is a well established modeling
assumption in global seismology (Section 7.5).

7.1 The linearized variational model

In the previous chapter, we have derived a second-order approximation of the full action integral
2" (5.9) by replacing the configuration variables (¢, ®°) by reference fields (Idgs,®") plus
perturbations (u, ®*!). Stationarity of the resulting quadratic action integral (6.48),

(u, 1) = (g + ) + ) (u, @),

is understood as stationarity of the actions of order zero, one, and two separately. As will be
shown in this chapter, the equilibrium equations (2.19) and (2.20) coupling p°, ®°, and T will
follow from the variation of [’1/], whereas the variation of [’2’ will yield the dynamical equations
(2.26) and (2.27) for u and ®*! (Section 7.3).

In order to study stationarity on a rigorous basis, we need to define the linearized variational
model. Specifically, our purpose is to establish a suitable function space setting for the different
approximations of the action in which we can calculate the Fréchet derivatives.

The quadratic action (6.48) consists of integrals of the form

éﬁ(u@“)—/(/‘ '[§1dV+/ Lyrs i dS> e (i=0.1,2).
I \JRr3 TFS
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7 Variational derivation of the elastic-gravitational equations

We observe that, instead of R3, we may integrate over the unbounded Lip-composite domain
BTS¢ (4.40), since its interior boundaries ¥*° U 0B have measure zero. This modification allows
us to benefit from the higher regularity inside the interior regions of the earth model. Indeed,
the displacement associated to a piecewise Lip-continuous motion is just L°° on the whole
volume B, but H' on fluid and solid interior regions BFS separately. Furthermore, spatial
derivatives of the motion have been defined as L*>-functions on B by simply neglecting the
possible discontinuity surfaces X5, and not globally as distributional derivatives (see Section
4.2.4). Finally we note that since supp(p”) C B, the only non-zero contributions to the volume
integral exterior to B are integrands corresponding to the squared gradient of the gravitational
potential, namely — 25 (V®°)?, — 15 (V®°)-(V®*!), and —gl= (VP*!)? appearing in L’[g], L/[/l}

and L/[ 5 respectively (cf. Section 6.6.1).

Assumption 2 formulated below collects sufficient regularity conditions on the material param-
eters ¢, p°, the reference fields 7°, ®°, the perturbations u, ®*!' of the linearized setting, and of

the force potential F*; enabling us to define the approximated action integrals (6.49) and study
their Fréchet differentiability.

Assumption 2 (Linearized variational model).

(i) Geometry, material parameters, and equilibrium fields:
B = B UXFS is a composite fluid-solid earth model in the sense of Definition 4.12,

ngv cijrl € L°(R3) fori, j, k,1 € {1,2,3}, with compact support contained in B,

<1>0 € Y°(R3).
(i) Dynamical fields:
o5l e H(R3 x I°),
u € Hps(B™C x I1°)% with supp(uy) € B fort €1,
F* e L(I°, H'(R%)).

(iii) Surface conditions: X locally is a CY-surface and p°|yrs € Lip(XFS).

Let us emphasize that the conditions (i) and (ii) in Assumption 2 are essentially deduced from
the conditions on ¢, ®°, p° U, and F* which are sufficient to define the full action in the
nonlinear setting (Assumption 1). More precisely, the regularity conditions on ®°, T°, p° ¢,
and F* directly follow from the regularity conditions (4.58), (4.45), (4.59), and (4.49) of &%,
p, U, and F* respectively. According to (6.11), u € HéFS states that u is piecewise H' with
continuous normal component. This is a consequence of ¢ being a piecewise Lip-regular motion
of the composite fluid-solid earth, as we have already observed in (6.9). We note that the
prestressed elasticity tensor A7 also satisfies the conditions in (i): By definition (6.34),

ALh = Dija + a(T%0m + T8:7) + (1 + 0)T90u, + b(T%871 + T0i + T051)

for a,b € R, where the classical elasticity tensor ¢ is identified with T", as introduced in (6.33).
As concerns the regularity of ®°, we recall that Lemma 4.28 shows that
YR ={y e D'(R®) : Ay e LE(RY), lim y(x)=0}C [ Wil(R®) CC'(RY).

|z| =00 1<p<oo
For technical reasons we make a slightly stronger additional assumption for the regularity of
®*! with respect to time, namely H' in place of C°. This is more than in the nonlinear case,
because the regularity (4.58) of ®° only translates to (6.23): ®%! € C°(I°, H'(R?)). However,
the time derivative of ®*! neither appears in the action integral nor in other calculations below.
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7.2 Calculus of variations with low regularity

Moreover, the higher temporal regularity for ®*! will be justified in Proposition 8.10 from the
existence of weak solutions of the dynamical equations.

Condition (iii) is necessary for the definition and differentiability of the surface action in the
linearized model (see also Sections 6.6.2 and 7.2.3): The CY!' regularity of ¥ renders the
curvature of fluid-solid boundaries finite, thereby excluding sharp corners, where the curvature
is measured in terms of the Weingarten operator Vv (cf. Remark 4.4):

veLip(E™®)"  and Ve Lo(XFS)nXn,
By Lemma 3.14 on products of Sobolev spaces and with Lip = W1* we have the inclusion
Lip - H: C H? and, by duality, Lip - H:CH on X5,

Concerning the condition on p°, we anticipate from Proposition 8.2 that solvability 1of the equi-
librium equations yields T° € Hg;, (B™)3*3, which has normal traces in T9-v € H~2(X%)3] see
(1.18) and recall from (2.23) that

T v =—p"v with P =—v.-T0.y on ¥FS,

These identities, with v € Lip(XF%)" which is true for C'!-surfaces, suggest that p° = —v-T0.v
is an element of H _%(EFS). However, in the quadratic surface Lagrangian for the composite
fluid-solid earth model (6.54), p° acts as a multiplier on products of the traces of u, Vu, v,

and V. Consequently, if the surface action is interpreted as duality of H =3 and H? on PILEN
we need to assume p°|srs € Lip(XF). Thus, condition (iii) of Assumption 2 has the status of
an additional regularity requirement, which originates from the quadratic approximation of the
surface action (compare to the comments after (5.12) for the nonlinear situation).

The conditions summarized in Assumption 2 allow us to study the variational problem for the
approximated action (6.48) in a Sobolev space setting. To simplify the notation and draw the
attention to the structure of the action, we combine u and ®*! to a single variable and set

y = (u,®HT € H (7.1)
for
H = HLps(B™C x I°)® x HY(R? x I°) = H'(I°, Hyes (B™°)? x H'(R?)). (7.2)
Upon recalling
Hles(B™C x I°)® = {u € HY(B™° x I°): [u]F -v =0 on X5}

from (6.11), it is clear that H C H'(B™® x I°)*. Then the first (space-time) derivative of y
reads

Dy = < (VZZ)T (ijfﬂ ) € L*(B™ x 1°)¥4, (7.3)

Finally, we note that due to the specific form of AT’ in fluid regions, both, the divergence V - u
and the displacement gradient Vu occur in 775! = pO(y — 1)(V - u)13x3 + p°(Vu)T, see (6.43)
(by contrast, T* (6.41) only depends on the divergence). Therefore it is legitimate to test u with
H'-functions not only in the solid parts but also in fluid regions of the earth model.

7.2 Calculus of variations with low regularity

We generalize the classical theory of calculus of variations (presented in Section 3.1) to a low-
regularity setting. Based on Sobolev space techniques we will show that for action functionals
(3.10),

T(y) = /V F(z,y(x), Dy(z)) dV(z),
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7 Variational derivation of the elastic-gravitational equations

but with a Lagrangian F' in the form of a second-order polynomial in y and Dy, the first variation
0J (Yo, h) may still be determined using formula (3.14) for the weak EL, even with regularity
lower than the classical C2-condition. This will allow us to extend the validity of the classical
results to functions of lower regularity, in particular, the EL (3.4) and NBC (3.5), as well as the
NIBC (3.6) for composite domains and their modification (3.7) in presence of a surface term.

7.2.1 Quadratic functionals in a Sobolev-space setting
We consider a functional J (3.10) of y: V' — R™ for V' C R™ open (and possibly unbounded).

The Lagrangian is a quadratic polynomial of y and Dy, which is split into constant, first-order
and second-order terms: F' = Fjo + Fy) + Fjz). We thus consider

JW) = Jpo) + Iy +T)y)  with  J(y) = /‘/F[i](x7y(x>7Dy(x)> dV(z)  (74)

for : = 0,1, 2, where

Flo (., y, Dy) == fo
Fuy (., y, Dy) = (f1l(y, Dy)) (7.5)
Foy(,y, Dy) == (f3 - yly) + (f2 - y|Dy) + (f5 - Dy|Dy).

By abuse of notation, we suppress explicit switching between vector and matrix notation and
simply write (.|.) for inner products in RP or R?*", for p,q,r € N. We will also identify R™*"
with R™”. Then the values of the coefficients at © € V are as follows:

folw) €R,  fi(z) ER™™™ fH(z) eREA,  fH(z) € RIXT, f(z) € Rimxomm),

The structure of Lagrangian densities in (7.5) is the same as of the volume Lagrangian densities
(6.50)-(6.52) of the fluid-solid earth model for y = (u, ®*1)T (7.1) and m = n = 3: fo = L’[’]
and the coefficients of f1 as well as of f2 for j =0, 1, 2 correspond to coefficients of L[l} and L’[’Q]

respectively (except of the force terms p’F'* and p’u - VF*, which are of lower order in u),

b o= plu-(Qxz) = T°:Vu—p'u- V(@ 4+ 0°%) — p'o! — yre GV<I>0 Vst — pUps,
/i 1 0.-2 0 - 1 TO 1 0 0 s
o = §pu +pu-(ﬂ><u)—fVu:A :Vu—ipu-(VV(CD + %) -u
1
—pu - Vo — — (Vo2 — Oy . VS

81G
Under the regularity conditions

fo € IMV), fi € L3(VY™™™, f8 & L¥(V)mAm, fi e IV, g2 e [25(v) G
(7.6)
we easily verify
J: H' (V)™ = R.

Indeed, integrability of F;(.,y, Dy) (i = 0,1,2) on V is a consequence of the inclusions H Lcr?,
L>®.1?2CL? L[? - L>CL'Y and L>®-L' C L',

However, since f9 will contain VV®° which by Lemma 4.28 is not L>, applicability of the
calculus to the composite fluid-solid earth model requires the condition

e N rvmae

1<p<o
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7.2 Calculus of variations with low regularity

(We note that multiplication of VV®° by p°, which has compact support, allows replacing Lfoc

by LP.) Therefore, proving integrability of this term is more subtle, since the components of f
are in LP for 1 < p < oo but not for p = co. This case is settled by Lemma 7.1 below, which
shows that (fJyly) is integrable at least on V' C R* or V' C R3. Based on the Sobolev embedding
theorem (Lemma 3.13), it provides a result on LP-multipliers that map H' to L2, if V is open
and satisfies the cone property (see Section 3.2.1). Note that this is true if V' is a Lip-domain
or a Lip-composite domain (Definition 4.2).

Lemma 7.1 (Products of L” and H'-functions via Sobolev embeddings). Let V C R"
be open and have the cone property. Then H(V) is embedded in LY(V) for q = %”2 with

9l Loy < ellyllgoy for  yeHY(V)
and a constant ¢ > 0. The estimate holds for g =4 if n =4 and for ¢ =6 if n = 3. Moreover:
() Ifn=4,ye€ H(V), and f € LX(V), then fy € L*(V) with
”fl/HLZ(V) < c”fHL‘l(V)HyHHl(V) (7.7)
and fy* € L'(V) with | fy2ll vy < el fll a9l )

(ii) Ifn =3,y € H'(V), and f € L5(V) N L3(V), then fy € L*(V) with

1
192y < & (113017 22w ) Il (7.8)
1

‘ 3 1
and fy* € L' (V) with ||fy2||L1(V) <ct (Hf”iG(V)”fHL?(V)) ! ||yH?L11(V)-

Proof. To simplify the notation in the proof, we omit the domain V and just write, e.g. H'!
instead of H'(V'). The first claim directly follows from Sobolev embedding, Lemma 3.13 (iii):
H' =W (k =1, p=2) is embedded in L? with ||y[|;, < c||y[| for ¢ = 2.

- n

Proof of (i): For n = 4, note that h,g € L* implies hg € L? by Cauchy-Schwarz:
2 2 2
Ikl = /V 119 = 11112191 e < NP2 llgl e = [R1Tallgllza-

Therefore, y € H' and f € L* give fy € L? and by Sobolev embedding of H! in L*, the
inequality ||fyll;2 < ¢||fll allyll g1 holds. Furthermore, using again Cauchy-Schwarz and the
inequality above, we find

2
1Fy2 e = /V [Fyllyl = NFyllyll e < M fyllpzllylize < el fllpallyll g yllze < ellfllpallyl

completing the proof of (i).

Proof of (ii): The statement for n = 3 is a consequence of Cauchy-Schwarz in combination with
the (trivial) embedding H' C L? and the Sobolev embedding H' C LS. Indeed, if f,g € L°NL?,
then fg € L? follows from

2
1fgllz2 = | 1fPlal* = 1F121g17 ]I
\%4

1
<M Mg* N2 = AP g Plalll )2

1 3 1 3 1
< PN MM L2 Mg Pl 2 Malll )2 = 1176112 llgl 76 llgll 72

by applying Cauchy-Schwarz twice. Combining this result with the embedding inequalities
lyll2 < llyll g and ||yl ;6 < ||yl for y € HY(V) justifies to set g = y and similar arguments
as for (i) complete the proof of (ii). O
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7 Variational derivation of the elastic-gravitational equations

7.2.2 Stationarity of volume integrals

We are ready to prove Fréchet differentiability of the functional (7.4).

Proposition 7.2 (Fréchet derivatives for volume integrals). Let V C R" be open and Fj;
(i = 0,1,2) be given by (7.5) for coefficients fo, f1, f3, f3, and f2 with reqularity (7.6). Then
the functionals J (i = 0,1,2) in (7.4) are Fréchet-differentiable on H* (V)™ with derivatives

D (y)(h) = 0,

DI = [ (il(h D)V = Ty (n).

DIa)) = [ (@f5-y+ ()7 - Dult) + (13 -y + 243 - DyiDA)) av

fory,h € HY(V)™. Furthermore, instead of assuming boundedness of f3, the result also holds if
[ e LAWV)mxm for V.C R* with cone property or if fS € L2(V)1Xm N LS(V)mX™ for V C R3

sym sym sym
with cone property.

Proof. The functional J[g] is constant and Jy) linear and bounded, because by Cauchy-Schwarz

[Ty < I N llyll e + 1A 21Dyl g2 < ellyllg,
where f1 = (f2, f). Thus their Fréchet derivatives are well-defined. For Jp2) we have

Tatw+h) = [ (U +ly+0)+ (3 -+ DDy + D)
+(f2 - (Dy + Dh)|(Dy + Dh)>> dV = Jjg)(y) + DT (y)(h) + Tjg)(h)

with the Fréchet derivative D79 (y)(h) as claimed above. Thus DJy(y) is linear and continuity
follows from the estimate

(DT () (1) < e(y) 1Al

obtained from the Cauchy-Schwarz inequality (and using the inequalities (7.7), (7.8) of Lemma
7.1 to estimate the term involving f9 if it is not L°°). Similarly, the remainder satisfies

| Tia (W) < ellR] 7

implying I‘(Iﬁ]‘(hl)l — 0ash — 0in H', completing the proof of Fréchet-differentiability of N
H

Thus the Fréchet derivative of J = Jjg + I + Jpg) at yo € H L(V)™ takes the classical form
(3.14) and the weak EL read

DI (o) (h) = /V (0, Folh) + (Opy Fol DY) dV =0

for all h € HY(V)™. Here Fy denotes the evaluation of F at yo as introduced in (3.13) and we
recall that (.|.) is the Euclidean inner product in R™ or R™*"™. The assumptions of Proposition
7.2 (y € HY (V)™ and the coefficients of the Lagrangian are bounded) allow us to formulate the
weak EL in terms of L? inner products:

<8yF0’h>L2(V) + <8DyF0|Dh>L2(V) = 0. (7.9)

If V is a Lip-domain (Definition 1.5) and the quadratic Lagrangian F' = F, (0] + F[1 + Fjz) satisfies
the additional conditions

o, Fy € L>(V)™ and OpyFo € Hyi (V)™ 7.10
Y Y
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7.2 Calculus of variations with low regularity

we may integrate by parts via the Sobolev version of Green’s formula (1.17) and obtain
(OyFo — div(Opy Fo)h) 2(vy + (Opy Fo - v, h)ov = 0

where ((.,.) sy denotes the duality of H =2 and H? on 0V, see (3.32). Hence we arrive at the
strong EL (3.15), 8,Fy — div(dp, Fy) = 0, interpreted as equations in L?(V), together with the
NBC (3.16), OpyFp - v = 0, valid in H_%(QV). Specifically, in case of the quadratic volume
Lagrangian we have

OyFo =210 -y+(f3)"'-Dy and  Ap,Fo=fs-y+2fi- Dy.

Under the assumptions of Proposition 7.2, the first expression also satisfies the additional condi-
tions (7.10) required to obtain the strong form. However, the second expression needs higher reg-
ularity assumptions: Specifically, L? measurability of div(0p,Fp) is guaranteed, if y € H2(V)™
and the coefficients f3 and f2 are Lipschitz regular.

7.2.3 Stationarity of surface integrals

We discuss Fréchet differentiability of a quadratic functional in the form of a surface integral

Ts(y) = /S Fs(x y(x), Dy(x)) dS(z) (7.11)

for a closed Lip-hypersurface S in the interior of V' and with the following special surface
Lagrangian

Fs=[Gs]T  where  Gs(.,y,Dy) == (¢° - yly) + (¢* - y|Dy). (7.12)

Here y has to be understood in the sense of the trace of functions in H'(V)™, which possibly

consists of different values y* and y~ when S is approached from different sides. The surface
gradient operator D (4.16) acts on the different traces of y. The values of the coefficients at
z € S are ¢°(x) € RIX™ and g'(z) € R™)>X™  As before, (.|.) denotes the Euclidean inner

Sym
product in R™ or R™*"™, Linearity of the jump implies

Js(y)Z/SFSdS:/S[GS]*dS: Masds]j.

Let us specify the assumptions on the coefficients if we want to keep y € H'(V)™. We have
the traces y € H%(S)m and Dy € H_%(S)m. By the properties of products of Sobolev spaces

1

(Lemma 3.14), L= - H2 C H~2 and Lip- H~% C H~2. Thus, if

g° € Leo(9)mxm and ¢! e Lip(S)mmxm (7.13)

sym
then the surface integral makes sense as H =3 and H? Sobolev duality on the Lip-surface S,

Ts(y) = [(g"y. y)s + (Dy. g'y) sIT,

showing
Js: HY(V)™ = R.

Moreover, by continuity of the trace operator (3.30),
Wllmirzsy < Elyllawy  and 1Dyllg-1205) <yl
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7 Variational derivation of the elastic-gravitational equations

Consequently, Fréchet differentiability of Jg on H'(V)™ follows from the same estimates em-
ployed in the proof of Proposition 7.2 for the volume integral 7.

However, comparing Fg (7.12) with the surface Lagrangian for the composite fluid-solid earth
model (6.54), where S = ¥ and y = (u, ®1)7,
1 " " +
L/X/:FS7[2] = —p’ iu-V%u—kl/-Vu-u ,

it turns out that the nonzero components of ¢° and g' must be proportional to —%p()%I/ and

—p°v respectively. If S is a Lip-surface, then v € L>®(S)"; yet Vv is not even measurable.
Nevertheless, the required regularity conditions (7.13), i.e. g° € L® and g' € Lip, are recovered
under the additional assumptions that S = %S locally is a Cb!-surface and p°|srs € Lip(XF®),
which are precisely the conditions (iii) of Assumption 2.

We summarize our findings about Fréchet differentiability of the surface integral Jg in the
following proposition.

Proposition 7.3 (Fréchet derivatives for surface integrals). Let V. C R™ be open, S a
Lip-surface in V, and Fs be given by (7.12) with ¢° € Le(S)gm™ and g' € Lip(S)mm)*m - Then
Js is Fréchet-differentiable on H' (V)™ with derivative

DIs(w)(h) = [ 126+ (6" - Dulh) + (g" 5| DAI* a5
fory,h € HY(V)™.
The corresponding weak surface EL at yo € H' (V)™ take the form
DIs(w)() = [ [(0,Gslh) + (0, Gs0lD)] a5 =0
for all h € H'(V)™. The regularity conditions on g° and g' of Proposition 7.3 imply

0,Gso=29"-y+(g")" Dy € H3(S)™  and 05, Geo=g" -y € H2 ()™, (7.14)

allowing us to interpret the Fréchet derivative DJg(yp)(h) in terms of surface Sobolev dualities
and to apply the surface divergence theorem (4.22):

DJTs(y)(h) = [(9,Gs0, ks + (Dh, 05, Gsols|T = [(9yGso — div(p,Gso), h)s]T.  (7.15)

=g

The Leibniz rule for the jump gives [(g, h)s]™ = ([9]", R ™) s+ (g7, [R]T))s. Upon restricting to
test functions h € H'(V)™ that are a.e. continuous across S (that is, in the sense of the trace,
[R]T =0 a.e. on S, and thus h := h*t = h™), the last term disappears: [{(g,h)s]T = ([g]T, h)s.
Under these assumptions, the weak surface EL in Proposition 7.3 take the classical form:
DJs(y)(h) = ([0,Gs0 - div(9p,Gs0)] 5, h)s
= (0y[Gs0]T — div(9p,[Gs0]T), h)s

(0, Fso — div(p, Fso), h)s = (9, Fso, h)s + (Dh, 0, Fso)s = 0.

In total, we have thus established Fréchet differentiability of a functional J + Js: H 1(V)m — R,
comprising a volume and a surface integral, with integrands that are quadratic polynomials in
y and Dy or Dy.
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7.2 Calculus of variations with low regularity

7.2.4 Composite domains

The findings of the two previous sections extend to Lagrangians on composite domains. We
consider a Lip-composite domain V' with interior boundary ¥ and restrict to the case m = n (in
the application, m = n = 3). In view of Assumption 2 (ii), stationarity is only required on the
space

HL(V)"={he H'(V)": [h]T-v=0 on S C ¥}

introduced in (4.25). To compensate this restriction of test functions, we need to assume that a
modified normality condition (4.27) holds.

The following theorem collects our main result about calculus of variations with low regularity
for quadratic Lagrangians on composite domains:

Theorem 7.4 (Weak and strong EL, NBC, and NIBC for Lip-composite domains).
Let V' be a Lip-composite domain with interior boundary Y and with a Lip-surface S C X.
Consider the functionals J = [,, F dV (3.10) and Js = [4 Fs dS = [([Gs]t dS (7.11).

(i) Weak EL: The results of Proposition 7.2 and Proposition 7.3 hold, if one considers the
restricted functionals J: HL(V)™ — R and Js: HL(V)™ — R respectively. In particular,
the weak EL for the combined functional

J+JTs = /VFdV+/S[GS]i dS,  J+Js: Hs(V)" =R
read
(DyFolh) 2 vy + (Opy Fo| Dh) 2y + [(0yGso, B) s + (Dh, 95, Gsol)slZ =0
for all h € HL(V)™.
(ii) Strong EL, NBC, and NIBC under higher regularity: If
T = OpyFo € Haiv (V)™ (7.16)
then stationarity of J + Js on HL(V)"™ implies the strong EL (3.15),
div(OpyFo) —9,Fo =0  in  L*V)",

the NBC (3.16),
(OpyFo)-v=0 in  H 2(0V)",
and the NIBC (3.18),

OpyFo)t - v=0 in  H2(\S)"

(iii) Modified NIBC under normality: If, in addition to the higher regularity (7.16), T
satisfies the normality condition (4.27)

T-v=w-T- v

on S (that is, T - v is purely normal: (T -v)l = 0), then stationarity of J on HL(V)™
implies the NIBC' (3.18) in H_%(S)”. Under the modified normality condition that

T=(T-V)V for T :=OpyFo-v+ cﬁ;/(@ﬁszo) — 0yGso (7.17)

on S (that is, T is purely normal: il = 0), stationarity of the combined functional J + Jg
on HE(V)™ leads to the modified NIBC (3.20),

dyFso — div(05, Fso) — [0pyFoT v =0 in  H3(S)".
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7 Variational derivation of the elastic-gravitational equations

In the application of Theorem 7.4 to the composite fluid-solid earth model, the surface S (more
precisely, the spatial part of the space-time hypersurface S) will play the role of the fluid-solid
boundary XS, whereas ¥ also comprises solid-solid interfaces. The 2-tensor 7 will correspond
to the negative stress tensor (—7° or —TPX1), the vector T - v to the associated traction vector
on the interface (—7°-v or —TX! . v), and 7 = T - v — g will be identified with the reduced

traction vector (—7° or —77%!) on perfectly slipping fluid-solid boundaries, see (2.23) and (2.32)

respectively.

Proof. (i): Restricting J to HY C H' formally does not alter its derivative, so the Fréchet
derivatives (the weak EL) take the same form. Linearity of the derivative implies that the weak
EL of the combined functional J + Js are obtained as the sum of the individual weak EL (7.9)
and (7.15):
D(J + Ts)(y)(h) = DI (y)(h) + DTs(y)(h)
= (OyFolh) L2 vy + (Opy Fol Dh) L2 vy + [(9yGis0, h)s + (Dh, 055, Gso) s]-.

(ii): We apply formula (4.30) of Lemma 4.11,
/ f:thV——/ h-divde+/h-f-z/dS—/ Wt [f]F v ds,
1% 1% 1% b

that is

(fIDR) p2vy = —(div f|B) p2qvy + (f - v, B g = ([F1Z - v, kT )s, (7.18)
to f =T = OpyFo € Haiv(V)"*™ which by assumption satisfies the normality condition (4.27)
on Sand T|s-ve H_%(S)”. This gives

<8yF0 — diV(@Dng)|h>L2(V) + <<3DyF0 -, h>>87 — <<[8DyF0]ir -, h+>>s =0

for all h € H§(V)™. First we restrict to test functions that vanish on S and deduce the strong
EL (3.15), valid as equality in L?(V)". Second we consider the full class of test functions. But
by the just established strong EL, only the surface dualities are left, proving the NBC (3.16)
valid in Hfé(E)V)" and the NIBC (3.18) valid in Hfé(S)". On interior boundaries 3 \ S, the
NIBC (3.18) hold in H 7%(2 \ S)™ without the normality assumption.

(iii): Let us discuss the modifications in presence of Js. We first observe that the reduced

traction vector satisfies 7 € H_%(S)". We may argue similarly as in the proof of Lemma 4.11:
The conditions [h]+ v = 0, the Leibniz rule applied to surface Sobolev dualities, as well as the

modified normality condition (7.17), implying in particular 7= = (77 - v)v, yield
[rBs) = () hDs + (o= (A1 Ds = (7] A
and thus

(40, G50 — div(95,Gs0) = Iy Fo - v, s ™ = =[(7, W)™ = =([7]7,h")s
= {([0,Gs0 — div(95,Cs0) = IpyFo - 11", h" ) s
= (0, Fso — div(9p, Fso) — [0py Fol* - v, AT ).

Consequently we obtain
(0y Fo —div(Opy Fo)|h) r2(vy + (OpyFo-v, b)) g7 + Oy Fso — &R(%yFso) —[0pyFo)™ v, ht)s =0
for all h € HL(V)™, which implies that the modified NIBC (3.20) are valid in Hf%(S)”. O
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7.3 The weak Euler-Lagrange equations

7.3 The weak Euler-Lagrange equations

We apply the results of Theorem 7.4 (i) and derive the weak EL for the composite fluid-solid
earth model from Hamilton’s principle of stationary action.

7.3.1 Stationarity of the first- and second-order action

Let the regularity conditions for the linearized variational model listed in Assumption 2 hold.
Then the Lagrangians L[] in (6.50)—(6.52), that is,

" _ 0/570 s 0\2
o) = (& HT) = s (V)Y
n o= P2 (2 xx) — T Vu — pPu - V(20 + 0¥)
1

0F,s1 0 sl 0 s

09 — vl . yorl — LOF

p 47TGv v P
" L g9 1 T° L g 0 s
o = 5pu + p% - (qu)—§Vu:A :Vu—ipu-(VV(Q +9%) - u

_pOu . V(I)SI _ (V‘I)81)2 o pOU X VFS’

8rG
and Lz ; in (6.53)~(6.54), that is,

LEFS J[0] == L%FSJ” - 07

- 1~
EFS,[2] = —po[u-Vu-u+§u~Vy-u]J_r,

have the same structure and regularity of coefficients as the functionals with quadratic La-
grangians F' and Fyg discussed in Section 7.2, upon identifying

V = BFSC x ° and S =3 x I°.

[¢]

Therefore we have integrability on B5¢ x [
integrals (6.49),

of the Lagrangians in the approximated action

1" .

fori =0,1,2and y = (u, ®*")T. Fréchet differentiability of the action integrals on H'(B5¢x I°)*
is established by Propositions 7.2 and 7.3. By Theorem 7.4 (i) the result also holds on the smaller
space

H = Hl (IO, H%)FS (BFSC)E} % HI(RB))

introduced in (7.2). Hence, for y, h € H the Fréchet derivatives are given by the formulas
D m( )(h) =
/ / (0, L 1) + (9, Liy DAY ) AV dt, (7.19)
BFSC

By = / / (40, Ly IR} + (O, Liy D)) AV dt
BFSC

/ /E (40 Les g 1) + (95, Liges [Q]th>)det. (7.20)
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7 Variational derivation of the elastic-gravitational equations

The derivatives of the Lagrangians read, recalling from (7.3) the convention Dy = ( (vgﬁ)T @21 ),

—_OV(80 + TS 79 00 x x
ayLﬁ]:< p (_po )>7 Oy f”:(—zllg(V@O)T & > (7.21)

w [ —POVFS = pOVUV (0 + U®) - u— p0Q x i — pOV P!
8:’/L[2] - 0 3
—AT" : Vu O(Q x u) + pOu
Opy Ll = ( p P 7.22
Dyt2] (_pou_ ﬁvq)sl)T 0 ( )
0% <., 1+
—p°|Vv-u+v-Vu|"
81/-[//2/:}‘57[2] = < [ 0 ] > )
0 +
T . —p [VU]_ O3x1
8Dy »FS 2] T < 013 0 ) : (723)

According to Hamilton’s principle, the system of dynamical equations for y € H follows from
the stationarity of the regional action integrals, expressed by the conditions

Daf(y)(h) =0  and  Dafy(y)(h) =0 (7.24)
for all h € H. These are the linearized EL for the composite fluid-solid earth model in their

general weak form, coinciding with the principle of virtual work (3.8).

7.3.2 Weak formulation of the elastic-gravitational equations

We separate space and time components of derivatives by inserting a test function
h € D(I°, Hiws (B™C)3 x HY(B™) C H,  h(z,t) == 2(x)¥(t)
for (z,t) € B™° x I°, where
2 € Hyws(B™°)? x HY(B™°)  and ¢ € D(I°).

Then the (temporally distributional) spatially weak EL (7.24) for <7

) %'2’1 are given by the
equations

[ oo (@12 + 05,28y w2 av =0 75

dt </BFsc <3yL'['2}|z> dV—I—/E <89L%FS,[2]|Z> dS) - /BFSC (<ayL,[/2]|Z> + <3vny2]]Vz>> dv

FS

_ /ZFS <<8yL/z/:FS7[2HZ> + <a€yL/z/:FS7[2]’%Z>) dS =0. (7.26)

These equations must hold as equations in D'(1°), for all z € Hyps(B"™)3 x HY(B"C).

Remark 7.5 (Initial and final conditions in Hamilton’s principle). By choosing the
temporal part of the test function with compact support, i.e. ¢ € D(to,t1), we restrict to fixed
endpoints of (z,t) — y(z,t) with respect to time, that is, fixed initial conditions at ¢y and final
conditions at t1. Since final conditions seem unnatural, one may let t; — oo and consider the
problem on the unbounded interval (tg, 00). This approach is taken e.g. in [AO79]. a
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In order to separate inner products we further decompose the spatial test function z as
z=(v,w)  with  v€ Hies(B™)3 we H'(B"™),

in accordance with the components u and ®*! of y (7.1). Consequently, (7.25) and (7.26) reduce
to the weak formulation of the elastic-gravitational equations: Stationarity of 427[’1'} implies the
weak equilibrium elastic-gravitational equations

/ (—TO Vo — p'V(®° + 0% . v — ﬁvqﬁ -Vw — p0w> dV =0 (7.27)
BFSC

Vo€ His(BTO)3, Vw e HY(B™C).

Stationarity of 52%[’2’} implies the weak dynamical elastic-gravitational equations

d

o </ POU'UdV> +/ PO(ZQxu+VV(‘1>0+\I’S)'u—I—V<I>SI+VFS) vdV
dt \ Jgrsc BFSC

- / (ATO : vu) : Vo dV + / <p0u + 1V<I>31> - VwdV
BFSC BFSC A7 G
~ ~ ~ +
+/ po[u-(Vu)m—i—u-(Vu)-U—i-l/-(Vv)-u] dS=0 (7.28)
»FS —

in D/(I°), Ve HLs(B™)3, Ywe H'(B™).

In particular, the surface term s(u,v) is recovered from (7.26) and (7.23) with the help of the
symmetry of Vv and continuity (4.67) of p" across X*5. Actually, in view of Theorem 7.4 (i),
this term is understood as a surface Sobolev duality, see (3.32):

s(u,v) ::/EFSpO[u-(%u)-U—I—l/'(ﬁu)-iw—u- (%)-utds

= [<<p0u (Vo) + v - (Vu), v>>EFS + <<p0%v, uu>>EFS]+. (7.29)

The product rule and the tangential slip conditions [u]* - v = 0 and [v]" - v = 0 (2.29), which
imply [V(v-u)]T =0 and [V(v-v)]T =0, yield the alternative representation

s(u,v):/ZFSpO[u-%(u-v)—i—v-%(u-u)—u-(%u)-vr—dS

:/ P (]2 V(o) + [ V(w) — [u- (V) o)) d,
nFsS

showing that the weak dynamical EL (7.28) are in complete consistence with [Val86, eq. (36)].

We thus have seen that under Assumption 2, Hamilton’s principle of stationary action applied
to the second-order approximation of the action (6.49) yields the weak EL (7.27) and (7.28).

7.4 Strong form with natural boundary and interface conditions

The strong EL, the NBC, and the NIBC may be derived from the weak EL under higher
regularity conditions on the material parameters and equilibrium fields p°, ®°, 79, ¢ than those
listed in Assumption 2. Specifically, Theorem 7.4 (ii), (iii) give conditions that will enable us
to deduce the strong EL, the NBC, and the NIBC from the weak EL by integration by parts.
Rather than applying these results directly (which is of course possible), we will repeat key
elements of the proof for the composite fluid-solid earth model and in particular translate the
H g;y-condition (7.16) to corresponding higher regularity assumptions on the specific fields in the
linearized earth model (see Assumption 3).
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7 Variational derivation of the elastic-gravitational equations

7.4.1 Higher regularity assumptions
In case of the weak elastic-gravitational equations, we consider an interior Lip-regular surface
in B¥SC further separating it into connected components Vi. Then the unbounded composite

integration domain V := |J, V} has interior boundary ¥ = 9V \ OV (cf. Definition 4.1). Formula
(4.29) of Lemma 4.11, that is

/Vf:VvdV:—/Vv-(V-f)dV—i—/avv-f-udS—/Zv'[f]+-udS

/g-deV:—/w(V-g)dV—i—/wg-udS—/w[g]f-udS,
\%4 \%4 oV %

needs to be applied to f =T° and f = T7%! or g = V®° and g = pu + ﬁvqﬂ respectively.

or

Let us investigate the conditions that, in addition to Assumption 2, are sufficient for integrating
the weak elastic-gravitational equations by parts. By definition of the weak equations, the test
functions v and w are in H' (or at least in HéFS) on B¥5¢, which is enough for integration by
parts. As we will see in Section 7.4.3, the modified normality condition (7.17), which is necessary
to handle the more general case where test functions are restricted to v € HéFS (4.25), will
correspond to the dynamical conditions (2.23) and (2.33), characterizing frictionless tangential
slip. Thus we are left with the requirement that f and g must satisfy the Hg;,-condition (7.16),
that is, we have to assume the following:

Assumption 3 (Higher regularity). In addition to Assumption 2, let V = J, Vi, € B¢ be
a Lip-composite domain that is possibly unbounded (see Definition 4.2).

(i) 70 € Hdiv(V)gxg, Vo0 e Hdiv(v)3-
(i) @€ HU(I° LA(V)?), TPl e L2(I° Hay(VI*¥®),  pu+ gVt € L2(1°, Ha(V)?).

In Assumption 3 (ii), T7¥! = AT’ V. Moreover, we have separated the Hg;,-condition with
respect to space and time, upon noting that Hgi, (1°) = H'(I°).

7.4.2 The elastic-gravitational equations in strong form

By Theorem 7.4 (ii), the strong EL (3.4) hold in L? under the higher regularity conditions (7.16).
If y = (u, ®*1)T as in (7.1), we thus need to assume that aDny;] lies in Hgiy (B¢ x I°). These
are the additional conditions of Assumption 3, as (7.21) and (7.22) reveal in view of (7.3):

"o —T70 POOxzx "o ATy P2 (xu)+pOu
OpyLyy) = (—ﬁ(vrbO)T 0 and - OpyLyy = (—pPu— L vasH)T 0 ‘

Under these conditions, the strong EL hold in L?(B*5¢ x I°). Alternatively, one may also keep the
time-dependence distributional and only assume that dp, L has components in D' (1°, Hgiy (B¥*°)).
This leads to strong EL that are valid in D’(I°, L?(B"5)).

Specifically, the strong EL for L/[/1] (6.51) consist of the equilibrium equations
V- (Ovulfy) —0uLy =0 and V- (dygoLf;) =0. (7.30)

Thus the component of the equations D;zf[’l’] (u, ®*') = 0 that corresponds to variations with
respect to u is the static equilibrium equation (2.19)

PPV(@° 4+ 0% -Vv.-T"=0
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7.4 Strong form with natural boundary and interface conditions

and variations with respect to ®*! give the equilibrium Poisson equation (2.20)

AP = 47GpP.
The strong EL for L’[’Q} (6.52) consist of the dynamical equations [DT98, (3.169) and (3.192)]
04(9uLiy) +V - (Ovully) —0uLliyy =0 and V- (Oygs Liy) =0. (7.31)

The stationarity equations D%’Q’] (u, ®*1) = 0 yield the linear equation of motion (2.26),
P (i 420 x 0 + VV(@ + %) - u+ Vo) - V- (AT : Vu) = pOVF?,
when varying with respect to u, and the perturbed Poisson equation (2.27),
AP = —47G V - (pOu),

follows from stationarity with respect to variations of ®*!.

We observe that outside the Earth, the only nontrivial equations are the two Laplace equations

AP’ =0 and AP =0. (7.32)

7.4.3 Boundary and interface conditions

With Assumption 3, we consider the weak EL (7.27) and (7.28) and restrict B*5¢ to the possibly
unbounded Lip-composite domain V' = J, V4 € B**° with interior boundary

>=Yus®uxFuUoB.

Then Theorem 7.4 (ii), (iii) allow to deduce H~2-validity of the NBC (3.5), the NIBC (3.6),
and the modified the NIBC (3.7). These conditions comprise the dynamical exterior boundary
and interface conditions.

The weak equilibrium EL (7.27) imply the equilibrium NIBC (3.6),
: _1
OvyLiylZ-v=0 in  H (D).
Assumption 3 (i) ensures that the components of TV and V®° are in Hy;, (V) and we obtain

[T" v =0 and Voot v =0 on X.

These are (2.22) and part of (2.25), which also contain (2.21), T%-v = 0 on 9B, as a special case.
Since there is no first-order contribution from the surface action, slip at fluid-solid boundaries
does not affect the equilibrium equations.

The weak dynamical EL (7.28) gives the dynamical NIBC (3.6),

Ovy Lyt v=0 in  H:((S\Z) x I°).

Assumption 3 (ii) ensures that T7%! = AT" . Vu and pOu + ﬁvqﬁl have components in
Hgi (V) and we obtain

[Tt .y =0 on X\X' and [ArGp’u+ VeS|t .v =0 on X.

These are (2.31) and (2.35), which also contain (2.30), T"%! . v = 0 on 0B, as a special case.
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7 Variational derivation of the elastic-gravitational equations

On X8 the surface term in (7.28) gives an additional contribution to the dynamical NIBC, as
is already clear from (7.20) or (7.26). Since the surface Lagrangian in (6.54) only depends on wu,
it suffices to evaluate the modified NIBC (3.7),

0r(0iLiys )+ V - (9, Liges 1)) — Oulifs oy + [0vulfp] ¥ - v =0 in H73(S% x I°).
With
Ovu /[/2] = _TPKla auLg;Fsy[Q} =0,
8UL/X/:FS7[2] = v Vu+u- V|t = [Vut — 'V [t
T (O, Lips ) = ¥ - (—p"w[u]) = —1% - (P[]t — pFw - ],

noticing that the terms p°Vu - [u]* cancel, the interface condition reads
oV - (°[u]5) + " - [Vl - [P v =0,
that is, B B
[THNE v+ oV - (0u]) = v - [Vl = 0.

T.v =0, (4.15) allows us to pull out the jump operator:

Finally, as [u]
~ ~ 1+
Ty 4+ oV - (pu) — p’v - Vu| =0, (7.33)
Upon recalling the definition of the modified surface traction vector (2.36),
KL= PR 4V (p%u) — pPr - (W),
the result (7.33) shows that the dynamical traction NIBC on ¥F° reduce to (2.32):

[7’PK1]Jr =0 on »Fs,

As we have seen in Section 6.5.3, this is a special case of (6.47),

[Ty — V- (T - v)u)]t = 0.

We discuss the fluid-solid normality condition (4.27), f-v = (v - f - v)r on X5, which by
Theorem 7.4 (iii) is required to obtain the NIBC (3.6) or (3.7). For a volume action of the
form J = fv FdV we have f = OpyF. Consequently, normality corresponds to the dynamical
interface condition (2.23) for prestress,

T v=w-T - v)r on X'

In the presence of a surface action, that is, if the action integral is of the form fV FdV+ [, g FisdS
with S = ¥, we have f-v = [0p,F|* - v + cﬁ;/(aﬁyFs) — 0yFs. For the composite fluid-solid
earth model only the second-order action contains a surface term. Thus, as already announced,
normality corresponds to the dynamical interface condition (2.33),

PEL— (7PKL )y on XFS.

The sum of the slip conditions (2.23) and (2.33) coincides with the linearized version of the exact
normality condition (2.17) on slipping fluid-solid interfaces:

T°-v=w-T° v

We note that both slip conditions (2.23) and (2.33) on X5 follow from the constitutive laws
for 70 and TP¥! in elastic fluids, which is encoded in the prestressed elasticity tensor AT’ (see
Sections 4.6.3, 6.4.3, and [DT98, Section 3.4.2]).

We summarize our results.
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7.5 Hydrostatic approximation

Corollary 7.6 (Variational derivation of the strong elastic-gravitational equations,
including boundary and interface conditions). Let Assumption 2 hold and

Y>=Y¥uy¥uzfuUiB

be the interior boundary of a possibly unbounded Lip-composite domain V C BF5C.

(i) Strong equilibrium equations: Under Assumption 3 (i), the weak equilibrium EL (7.27)
imply strong EL, NBC, and NIBC, that coincide with

~ the equilibrium equations (2.19), (2.20) a.e. in L?(BFS°),
— the gravity interface condition (2.25) in H_%(E), and
— the traction boundary and interface conditions (2.21), (2.22) in H_%(E \ XF9).
If the frictionless slip condition (2.23) holds on X%, then the NIBC also include the traction
interface condition (2.22) in H_%(EFS).
(ii) Strong dynamical equations: Under Assumption 3 (ii), the weak dynamical EL (7.28)
imply strong EL, NBC, and NIBC, that coincide with
~ the dynamical equations (2.26), (2.27) a.e. in L?>(B"C¢ x I°),
— the gravity interface condition (2.35) in H_%(E x I°), and
— the traction boundary and interface conditions (2.30), (2.31) in H_%((E \ XF%) x I°).

If the frictionless slip condition (2.33) holds on X%, then the NIBC also include the traction
interface condition (2.32) in H_%(EFS x I°).

The equilibrium gravity interface condition (2.25) actually holds from the solution of the weak
equilibrium Poisson equation alone, which also yields (2.24) and the decay conditions (see Propo-
sition 8.1). Moreover, the analysis in Chapter 8 will reveal that the conditions (i) and (ii) in
Assumption 3 (and thus the validity of the strong EL, the NBC, and the NIBC) essentially fol-
low from the existence of solutions of the weak EL (7.27) and (7.28) (see Propositions 8.2, 8.10,
and 8.11; in the dynamical case the material parameters must be piecewise Lip). Eventually,
as Section 5.3 suggests, a geometric formulation involving generalized variations would further
allow to variationally derive the linearized kinematic slip condition (2.29), characterizing :*°
(see Remark 5.7). Thereby, the complete system of equations, boundary and interface conditions
of the linearized elastic-gravitational equations arises from a variational principle.

7.5 Hydrostatic approximation

In a hydrostatic equilibrium earth model (which is also, but incorrectly, is referred to as a
hydrostatic earth model), prestress is a pure pressure, that is, given by (4.66),

T° = —pPl3ys.
Consequently, by (4.65) the deviatoric prestress vanishes,
Ty = 0,
and the static equilibrium equation (2.19) reduces to hydrostatic balance

Vp? = —p'V(®° + U*). (7.34)
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7 Variational derivation of the elastic-gravitational equations

In a hydrostatic equilibrium earth model, pressure gradients must be parallel to the gravitational
plus centrifugal acceleration terms: Taking the cross product of (7.34) with Vp® (which with
Corollary 7.6 is in L?) results in

Vp? x V(@° + %) = 0.

Let us consider regions where p° is sufficiently smooth such that all terms in (7.34) are at least
C'. This is the case, e.g., if p° is CM for 0 < a < 1, because solutions ®° of the Poisson
equation (2.20) then are C>® by elliptic regularity on Holder-Zygmund spaces [Hor97, notes at
the end in Section 8.6, referring to Corollary 8.4.7]. The properties of these spaces with respect
to multiplication (see [H6r97, Proposition 8.6.8]) guarantee that Vp? is C1e.

Taking the curl of (7.34) then yields
Vo x V(Y + %) = 0.
Consequently, in a hydrostatic earth model,
Vol || Vp° || V(@Y + u¥). (7.35)

In other words, the level surfaces of the density p°, the pressure p® and the geopotential ®° + ¥*
are parallel. Due to the zero-traction condition (2.21) we have p° = 0 on the exterior boundary
OB, that is, OB is a level set for p°. Therefore also p and ®° + ¥U* must be constant on
OB. Furthermore, in the hydrostatic model one assumes that all interior boundaries . are
level surfaces of p°, p¥, and ®° + ¥*. On C!'-discontinuity surfaces of p°, which are contained
in ¥ U JB, the t-traces, (Vp')x, (Vp¥)+, and (V(®Y + ¥#))4, must also be parallel and the
respective surface gradients vanish [DT98, (3.258)]:

Vel=0, Vp"=0, V(@ +¥)=0 on XLUIB. (7.36)

The hydrostatic assumption 70 = —p®l3,3 severely restricts the possible equilibrium earth
models. In absence of rotation, hydrostatic equilibrium implies spherical symmetry of the planet,
that is, its material parameters are functions of the radial coordinate only. Uniform rotation
leads to rotational ellipsoidal symmetry (up to first order in the centrifugal-to-gravitational-
force ratio, which is sufficiently accurate in case of the relatively slowly rotating Earth [DT98,
p. 597]). Thus, all level sets and interior boundaries must be oblate ellipsoids. In particular, the
fields p°, p°, and ®° + ¥* depend only on the ellipsoidal radial distance from the center of the
Earth but are constant in lateral directions (varying latitude or longitude). Consequently, the
presence of any lateral heterogeneity in p° requires a non-zero initial deviatoric stress Tgev for
its support, so that the hydrostatic assumption 7° = —p®13,3 does no longer hold. In practice
this discrepancy is often ignored and one assumes validity of the hydrostatic equations even if p°
is laterally heterogeneous. However, this so-called quasi-hydrostatic assumption is justified,
as T3, generally is small compared to the Earth’s rigidity [DT98, p. 102].

The advantage of the hydrostatic assumption is that it simplifies the elastic-gravitational equa-
tions and interface conditions, especially if the Lagrangian stress perturbation 7 is employed.
By (6.40), if T9. . = 0, then

T!'=T:Vu,

which is Hooke’s law of classical linearized elasticity (Section 1.3.2 for I' = ¢; recalling also the
definition of the linearized strain tensor ¢ = 1(Vu + (Vu)7)).

In particular, this shows that 7! is independent of initial pressure p'. The equation of motion
(2.26) then can also be written without explicit occurrence of p® [DT98, (3.259)] (cf. Section
6.5.2):

P’ (i +2Q x4+ VEH) — (V- (p"u)) V(@ + U%) + V (p°V(@° + ¥*) -u) — V- (T': Vu) = f.
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7.5 Hydrostatic approximation

Here we inserted p*! = —V - (p%u) from (6.44) and employed the hydrostatic equilibrium (7.34).

The linearized exterior boundary and interface conditions simplify to [DT98, (3.265)—(3.267)]

=0 T'-v=0 on 0B,

and
PlE=0, [T'17-v=0 on T=3FuUn,

as well as the additional condition for frictionless slip (normality condition)

T™-v=@w-T' -v)y on X'

These identities follow from the relation (6.37) between TTX! and T, T°

(7.37)

(7.38)

—p%13x3, and

the isobaric condition Vp? = 0 in (7.36). In consistence with the variational derivation of
the dynamical interface conditions as NIBC (3.7), the second-order surface energy vanishes if

prestress is hydrostatic.
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Chapter 8

Analysis of the elastic-gravitational
equations

We analyze the linearized system of elastic-gravitational equations and investigate existence,
uniqueness, and regularity of solutions within the low-regularity setting. First we show solv-
ability of the weak equilibrium equations, comprising the static equilibrium equation and the
equilibrium Poisson equation (Section 8.1). Then solvability of the weak equation of motion is
discussed by employing the method of energy estimates, where the incremental gravitational po-
tential is expressed in terms of displacement via the solution operator for the perturbed Poisson
equation (Section 8.2). Thereby, existence and uniqueness of weak solutions of the linearized
system of elastic-gravitational equations can be established. We conclude with a discussion of
additional regularity results for the dynamical equations (Section 8.3).

8.1 Solution of the weak equilibrium equations

The weak equilibrium equations (7.27),

1
/ T°: Vo + p'V(9° + %) v+ — V& Vw + p'w | dV =0,
BFSC A7 G
must hold for all test functions v € Hiws(B™°)? and w € H'(B"™), where B"° C R? is the
composite domain defined in (4.40).

This system constrains the possible reference configurations p?, ®°, 79, Q of the variational earth
model, as was already mentioned in Section 6.2. In this section, we investigate the regularity
properties of the weak equilibrium equations more thoroughly. In Propositions 8.1 and 8.2 we
will find that, under Assumption 2 (i), validity of the weak equilibrium equations (7.27) implies
the hypotheses of Assumption 3 (i). By Corollary 7.6, this shows weak-strong uniqueness of
the weak equilibrium equations, that is, solutions ®° and T° of the weak equations are actually
solutions of the equations in strong form.

8.1.1 Equilibrium Poisson’s equation

Setting v = 0 in (7.27) gives the weak equilibrium Poisson equation

1
/ <4GV<I>O -Vw + p0w> dv =0 for all w e Hl (BFSC). (81)
prFsc \ 47

Its solution determines the equilibrium gravitational potential ®° resulting from a given equi-
librium density model p°.
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8.1 Solution of the weak equilibrium equations

Proposition 8.1 (Solution and regularity for the equilibrium Poisson equation). As in
Assumption 2 (i), let p° € L (R3) with supp(p®) C B be given. Then there exists ®° € Y°(R3)
that is the unique solution of the weak EL (8.1). Moreover, ®° also satisfies the equilibrium
Poisson equation (2.20),

AR =4nGp®  in L*(R?),

as well as the IBC (2.24) and (2.25), which hold in a pointwise sense. Furthermore, the solution
1s explicitly given by

0t
Y = 4nGE3 x p°, that is, ®(z) = —G/ p(@) AV’ for x€R>.
R

5 |z — o

Proof. By the hypotheses, V®° and p° are in L?(R3). Therefore the integration domain B¥S¢
in the weak EL (8.1) can be replaced by R? and one may consider test functions w € H'(R?).
Restricting to w € D(R?), the weak EL can be interpreted as the distributional duality:

1

=0.
4G

<V(I)O’ Vw>D/(R3),D(]R3) + <p0’w>D/(R3),D(R3)

This gives (AP, w) = 47G(p°, w), showing that ®° € Y°>°(R3) is the distributional solution of
the equilibrium Poisson equation A®? = 47Gp° (2.20). By Lemma 4.28, ®° = 47GE3 % p° €
Nicpeoe Wi (R?), implying VOO € M, WiiP(R?)3. With the decay V&°(z) = O(1/|z|?)

loc loc
as |z| — oo, we obtain

ve? € H'(R%)? C Hgiv(R?)® C Ha (B™°)°.

This gives the relevant condition of Assumption 3 (i) which by Corollary 7.6 suffices to establish
the strong EL and IBC. O

Let us note again that all IBC for ®° already follow from the inclusion ®° € Y°°(R3) C C!(R3).
Moreover, the Hgi,-condition for V®° can also directly be inferred from the validity of Poisson’s
equation in distributional sense: V - V@Y = A®Y = 47Gp® € L°(R3) C L?(R3).

8.1.2 Static equilibrium equation

With w =0, (7.27) reduces to
/ (T°:Vu+p"V(®" + U*)-v) dV=0  forall v € Hyps(B™)". (8.2)
BFSC

This equation constrains the possible choice of prestress tensors TV, for given Q, p°, and ®°
defined as the solution of Poisson’s equation (see Proposition 8.1).

Proposition 8.2 (Regularity for the static equilibrium equation). In accordance with
Assumption 2 (i), let T0 € L>®(R3)3*3 and p° € L>(R3) with support of T° and p° contained in
B be given and assume ®° € Y°(R3). If the weak EL (8.2) hold, then
TO c Hdiv(BFSC)3><3
and T satisfies the static equilibrium equation (2.19),
V-TY=p°V(@° + 0%  in  L*B™°),

as well as the conditions (2.21) and (2.22) which hold in the sense of H=/2.
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8 Analysis of the elastic-gravitational equations

Proof. By Assumption 2 (i), the integrands 7% and p°V(®°+W*) are in L?(B¥5°), which together
with v € D(B¥5)3 allows us to interpret (8.2) as the distributional duality

0 0 0 s _
<T ’VU>D/(BFSC),D(BFSC) + <p V(e + 7 )’ U>D/(BFSC)7D(BFSC) =0

Equivalently, (V - T% v) = (p°V(®" + ¥*),v), that is, (2.19) holds in D’(B¥S°). But since
P’V (@Y + U) € L3(B¥)3, we obtain V- T? € L?(B°)3. This proves T € Hg, (B¥5)3%3,
which by Corollary 7.6 is the relevant condition of Assumption 3 (i) to deduce the strong EL,
NBC, and NIBC. O

8.2 Solution of the weak dynamical equations

The weak dynamical equations (7.28) split into the weak perturbed Poisson equation

1
Oy 4+ —Vosl) . VuwdV = .
/BFSC <p “ AnG v 0 (8 3)

valid in D'(I°) for all w € H!(B"°), and the weak equation of motion

d 0, 70 .
dt(/BFscp u-vdV)—F/BFSC (A .Vu) : VodV

+/ P’ (2Q x u+ VV(Q! + T%) - u+ VO!) - vdV (8.4)
BFSC

+/EFSp0[u.(§V).U+y-(§u)-v+u-(§v)-ur_rd8 = /B f-vdV,

FSC

valid in D'(I°) for all v € HéFS (BFs)3,

Recall that, correct to first order, the force was given by f = —p'VF* see (6.21). However,
the hypothesis of a conservative force was only necessary to derive the governing equations from
Hamilton’s principle of stationary action and thus can be dropped in the present discussion of
solvability. Therefore, in Assumption 2 (ii), the condition F* € L2(I°, H'(R?)) for the force
potential can be replaced by the following condition on a general body force f:

feL*(I°, L*(R%)®  with  supp(fy) CB  foraa.te I (8.5)

In order to write the dynamical elastic-gravitational equations as a system for the displacement
u only, we need to express ®*! in terms of u by solving the weak perturbed Poisson equation
(8.3).

8.2.1 The solution operator for the perturbed Poisson equation

Under Assumption 2 (and by arguments similar as those in the proof of Proposition 8.1), the
weak perturbed Poisson equation (8.3) may be interpreted as distributional duality

1
0 sl
—Vo° V .
<p ut 4G ’ w>D’(R3),D(R3)

Thus ®*! solves A®*! = —47GV - (p%u) (2.27) in the sense of D'(R3). Since p’u € &'(R3)3,
Lemma 4.28 yields the solution operator S: D'(R3)3 — D'(R3),

% = Su = —4nG E3 % (V - (p°u)) = —47G(VE3) * (p’u). (8.6)
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8.2 Solution of the weak dynamical equations

In order to also take the geopotential terms in the weak equation of motion (8.4) into account,
we further introduce the operator Q: L?(R3)3 — D'(R?)3

Qu := p°(VV(®° + U%) - u + V(Su)). (8.7)

The following lemma states that the restricted operators (by abuse of notation denoted by the
same symbols)

S L2(BFS)3 N Hl(BFS) and Q: HI(BFS)S N LQ(BFS)ZS, Q: LZ(BFS)3 N H*l(BFS)S

are continuous within the regularity framework of the linearized variational model. To abbreviate
the notation, we temporarily set

g = —4nGp° and h:= p’VVaL.

Assumption 2 implies that g € L>(R3), with support contained in B. Lemma 7.1 then shows
that the components of h are in (), L, (R3) C Ni<peoo LF(B™) C L?(BF®) N L5(B™®),

loc
where we benefit from the boundedness of the restricted domain BFS.

Lemma 8.3 (Mapping properties of the operators S and Q).

(i) Let g € LX(R?) and define the map S: D'(R3)3 — D'(R3) by Sy := E3 (V- (gy)). Then
S: L2(R3)? — HY(R3) and its restriction S: L?(B™)3 — HY(B™) are continuous.

(i) Let h € L®(R?)**3 and Q: L*(R?)> — D'(R3)? be defined by Qy :=y - h + V(Sy). Then
Q: L*(R3)3 — L2(R®)3 and its restriction Q: L*>(B™)3 — L%(B™)3 are continuous.

(iii) If the components of h are elements of L?(B*®) N L%(B"S), then we obtain continuity of Q
as a map HY(B™)3 — L?*(B™) and also as a map L*(B*®)? — H~Y(B"S).

Proof. (i) Let y € L?(R?)3. Since gy € L?(R?®)3, we have V - (gy) € H:1(R?) C &'(R3) and

Sy := B3+ (V- (gy))

can be defined in D’(R?), because E3 € Li (R3?). Young’s inequality for convolution products

loc

[AF03, Corollary 2.25, p. 34], 9;E3 € Li (R3), and gy; € L2(R?) (i = 1,2,3) give

loc
Sy = BEs* Y0, 0i(gui) = Y0_1(0iF3)  (gui) € L*(R?).
Furthermore, we have
ASy = (AEs) (V- (gy)) =6+ (V- (gy)) = V- (gy) € H'(R?).

Elliptic regularity (Lemma 3.15) of A thus yields Sy € HY(R3), hence S: L2(R3)? — H(R3).
For continuity of S, let y, — y in L2(R3)3 and Sy, — z in HY(R?) (k — c0). Then

Syr = B3+ (V- (gyx)) — E3 % (V - (gy))

as k — oo in D'(R?), implying that z = Sy in D' (R?). However, since y € L*(R%)? it follows
from above that Sy € H'(R?) and thus we have z = Sy in H*(R?). Therefore, the closed graph
theorem applies, establishing continuity of S: L?(R3)3 — H!(R?). Finally, define the operator

S: L*(B™)® — H'(B*),  §:= Rgrs oS o Egrs,

where Epgrs: L?(B")? — L?(R3)3 denotes the extension operator to R?, extending by zero
outside B, and Rprs: H'(R3) — H!(B') stands for the restriction operator from R? to
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8 Analysis of the elastic-gravitational equations

B, Since | Egrsull o) = [l 2grs) for u € LA(B™) and |Rprsoll g gesy < 0]71 gy for
v € H'(R?), all operators are continuous and so is their composition S.

(ii) Continuity of Q: L2(R3)3 — L2(R3)3 follows from IR yll2msy < N7l oo ey 1]l L2 (rsy for
y € L?(R?)3, IVall 2@sy < llall g1(rsy for a = Sy € H'(R3), and the continuity of the operator
S: L2(R3)3 — H(R3). Continuity of the restricted operator Q: L2(BS)3 — L2(B"$)3 follows
as in (i).

(iii) If b € L2 N LS on B, then ||h - y||;2 < eul|yll ;1 for y € H! by Lemma 7.1 for n = 3. Thus
we obtain Q: H' — L2. The conditions h € L5 and L% L2 C H~! (in general, by Lemma 3.14,

2n

L?. L2 C Ln+1 C H™' on B™ C R") imply Q: L? — H~!. Continuity of these maps follows
from the continuity of the embeddings. O

8.2.2 The equation of motion as an abstract evolution equation

We eliminate the explicit dependence on the incremental gravitational potential in the weak
evolution equation (8.4) via the solution operator ®*! = Su (8.6). Then the weak EL for u is
written as a sum of bilinear forms,

d

ﬁc(u,v) + b(w,v) + ag(u, v) + a1 (u,v) + s(u,v) = (f|v), (8.8)
which holds for all v € H!(B")3 in the sense of D'(I°). The framework will be analogous to
Section 3.2.2, with variational triple V < H < V' given by

Hl(BFS)S N LQ(BFS)S SN (HI(BFS)[%)I'

The continuous embedding H~! — (H')’ mentioned in Section 3.2.1 allows to replace (H'(B¥%)3)’
by H~1(B®)3 in the estimates below.

Remark 8.4 (Restricting the domain from B¢ to B™). With p° = 0 in B¢ by Assump-
tion 2, the perturbed Poisson equation (8.3) becomes [pe V@ -Vw dV = 0 for all w € H'(B°),
that is, the Laplace equation A®*! = 0, whereas the weak equation of motion (8.4) vanishes
identically outside B. Consequently, it henceforth suffices to consider the elastic-gravitational
equations restricted to the bounded domain B¥® instead of B¥S°. In Theorem 8.9 below, we
establish existence and uniqueness of the weak solution u in C°(I, HY(B*®))3 N CY(I, L*(B®))3.
But since B¥® is a union of Lip-domains and thus possesses the Sobolev-extension property, this
space is contained in CO(I, H*(B"¢))3 N C(I, L*(B*))3. 4

To abbreviate the notation, we denote the spaces L?(B*)3, H'(B™)3, H~1(B")3 simply by
L?, H', H~! and write (w|v)z2 = [ges wvdV for the standard L2-inner product on B"S C R™.
Moreover, ((.,.)) := (., .))srs denotes the surface Sobolev duality (3.32) on the Cl:'-surface %S,

In accordance with (8.4), the bilinear forms ag, a1, b, ¢, and s are the maps

ap, a1, s: H' x HY % R and b, c: L? x L? 5 R, (8.9)
given by
ap(w,v) = (ATO : Vw|Vv) 2, (8.10)
ar(w,v) = (Quwlv);z, (8.11)
bw,v) = (p°2Q x w|v) 2, (8.12)
o(w,v) = (pwlv)re, N N (8.13)
s(w,v) = [(p°w - (Vv)+pv - (Vw), v) + (p°Vo, vw)]T. (8.14)
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8.2 Solution of the weak dynamical equations

Here, the operator @ is given by (8.7) and (8.6), that is,
Qu = p°(VV(®° 4+ %) - w + V(Sw)) with Sw = —4nG F3 % (V - (p'w)).

Due to the mapping properties of S (Lemma 8.3), the integral operator VS is also just a
contribution of order zero in the weak formulation (8.8).

Remark 8.5 (Including the tangential slip condition). The weak elastic-gravitational
equations (7.28) were variationally derived for test functions v € Hyps(B")? := {v € H*(B™)? :
[]T - v = 0 on X'}, see (6.11). In order to establish solvability of (8.8), we enlarge this
space to V := H'(B")3, which simplifies the analysis. Unfortunately, the weak solution found
will generally not satisfy the tangential slip condition [u]* -~ = 0 on XFS. A Sobolev space
framework incorporating the slip condition is proposed in [Val87, Val89a, Val89b], where the

spectral problem associated to the weak elastic-gravitational equations is studied. J

8.2.3 Conditions on material parameters and fluid-solid interfaces

In addition to Assumption 2, proving existence and uniqueness of weak solutions of the elastic-
gravitational equation of motion requires the following conditions on the prestressed elasticity
tensor A7°, the initial density p°, and the curvature ||Vv/|| Loo(srs) of the fluid-solid interfaces:

Assumption 4 (Positivity of material parameters and low interface curvature).

(i) AT’ s uniformly positive definite, in the sense that there exists A > 0 such that for a.a.
x € B and for all matrices X € R3*3, the inequality X : ATO(x) X >AX X, e
Ag;'(l)cl(x)Xinkl > )\Xinij, holds.

(ii) p° is uniformly bounded from below on BS, i.e. there exists a constant p° > 0 such that

for a.a. x € BS, the inequality p° < p°(x) holds.

(iii) H%I/HLOO(EFS) is sufficiently low to ensure cyps < A/ ||pOHLip(ZFS)7 where X is the lower
bound in (i) and cxrs > 0 is the constant in the surface estimate

[s(u,w)] < exrs [l ipsrs) llull 7 (8.15)

As Lemma 8.8 (v) reveals, cyrs = 2(0,)2”6’/”@0(2“) + 4" for Sobolev trace constants ¢, ¢”.

Condition (i) in Assumption 4 expresses the strict convexity of A7"(z) as a bilinear map on
R3%3. This implies strict convexity of the quadratic form

u— ap(u,u) = / (ATO : Vu) : VudV
BFS

on H', which in turn corresponds to coercivity of ag (8.10), i.e. ag(u,u) > Mu|37, see (3.37).
The slightly weaker condition ag(u,u) > al|ul3 — B||ul|3> required in the proof of Theorem
3.18 is known as Garding’s inequality [MH83, Box 1.1, p. 323].

Remark 8.6 (Convexity conditions). In classical linearized elasticity, existence of weak
solutions of the equation of motion p%i — V - (c : Vu) = f (1.59) is still guaranteed, if strict
convexity is replaced by rank-one convexity (Legendre-Hadamard condition, strong ellipticity):
There exists A > 0 such that for all £, € R™, the estimate (£7) : ¢ : (En) > M|E[2n|? (that
is, &nj cijr Sk 2> )\fl-znjz) holds. In nonlinear elasticity, also the intermediate conditions of
polyconvexity and quasiconvexity play an important role, see [MH83, Bal02, Ant05]. J

Condition (iii) in Assumption 4 will provide H!'-coercivity of the combined bilinear form ag + s.
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8 Analysis of the elastic-gravitational equations

Remark 8.7 (Validity of the curvature condition in the Earth). In a very crude first
approximation, the constant A in Assumption 4 (i) may be interpreted as the bulk modulus &,
which in the real Earth is around four times larger than p°, e.g. [KB0S, p. 99]. Consequently,
the curvature condition holds if |V Loo(xFsy is small enough to obtain cyrs < 4. Combined
with the fact that the formula (8.18) for cxrs seems not to be the optimal estimate for (8.15),
the validity of the curvature condition is indeed realistic. a

8.2.4 A priori energy estimates

A priori estimates are inequalities that a solution must necessarily satisfy if it exists. Thereby
one can identify the regularity conditions that constrain the possible function spaces in which a
solution can be found. The a priori estimates are usually obtained from the energy equality (or
inequality), by employing positivity conditions of the material parameters.

Since the general theory of variational solutions of second-order evolutionary PDEs was already
presented in Section 3.2.2, for our purposes it actually suffices to check whether the bilinear forms
(8.9)—(8.14) satisfy all relevant conditions. This will be done in Lemma 8.8 below. However,
we feel that it is illustrative to briefly sketch the derivation of the a priori estimates for the
linearized elastic-gravitational equations.

The energy equality for the elastic-gravitational equations formally can be deduced by
multiplying the equation of motion (2.26) by , the perturbed Poisson equation (2.27) by @1,
adding the results, integrating over the space domain, and finally incorporating all interface and
boundary conditions via the divergence theorem on composite domains (Lemma 4.11):

d 1 1 1
— / Z %2 4 = Vu ATVt = pPu s (VV(R0 + %)) - u+ plu - V! ) dV
dt \ Jprs \ 2 2 2

1

+/ (vq>51)2dv> +/ [i- TP¥N T v dS = f-udV. (8.16)
R3 87TG nFS BFsS

Alternatively, the energy equality may also be obtained based on the weak formulation, by a

procedure analogous to the proof of Lemma 3.19: Inserting the test functions v = % and w = ®*!

in the weak dynamical equations (7.28) directly yields twice the energy equality (8.16).

The volume integrand is the total second-order energy density (El’{’in—l—EI’J’Ot) 2], Whose constituents
are in one-to-one correspondence with the terms in the second-order volume Lagrangian density
L’[’Q} = (B, — Epot)z of (6.52), but without the Coriolis term (since Coriolis force is orthogonal

to the velocity, p°(Q x ) - @ = 0, it cannot do any work).

As the second-order identity (6.65) for the surface energy dissipation reveals, the surface integral
in (8.16) is a total time derivative as well (this can alternatively be deduced directly from the
dynamical slip condition (2.32) and the specific form of the constitutive law for TP%! in fluids
(6.43), cf. [{HHP15, Lemma 3.1]):

d
. PK11+ _ "
/EFS[UT ]_.Vds—ﬁLFS EFSJQ}dS
d

- 1 = + 1 d
e — 0 . . — . . —_ -
== EFSp |:I/ Vu-u+ 5 U Vv u} ~ds 5 7t s(u, u). (8.17)

In terms of the bilinear forms (8.9)—(8.14), the energy equality (8.16) thus reads

d 1 - .
=5 (elin i) + (a0 + a1 + 9)(w,w) = (£.1),
dt 2
(Here, ay is generalized to a; by including the gravitational term ﬁ(V@“)Q, which is not

present in the weak equation for u alone.)
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8.2 Solution of the weak dynamical equations

In comparison with the abstract version %%(c(u,u) + ao(u,u)) + (b(d, @) + a1(u,0)) = (f, )
(3.54), this specific form of the energy equality reflects the fact that the system of elastic-
gravitational equations does not include any dissipative effects, except if they are contained in
the force f.

With the positivity conditions of Assumption 4 and the mapping properties of the lower-order
bilinear forms, one may estimate the terms in the time-integrated energy equality (8.16) from
above and below as in Section 3.2.2 and employ Gronwall’s inequality (Lemma 3.20). This
results in the following a priori estimates for the elastic-gravitational equations:

[i(t) 172 sy + [[u(®) |71 grs) < €

for a.a. t € I and some constant ¢ > 0, dependent on the material parameters, the initial condi-
tions, and the force. These estimates imply that the solution must satisfy @ € L>(I°, L?(B¥®)3)
and u € L>®(I°, H(B¥®)3), that is,

= LOO(IO7H1(BFS)3) N WI’OO(IO,LQ(BFS)?)).

Together with existence and uniqueness of solutions, a refined version of these conditions and
energy estimates will be rigorously established in Theorem 8.9 and (8.20) below.

8.2.5 Existence and uniqueness of weak solutions

We verify the conditions necessary to directly apply the method of energy estimates for second-
order linear evolution equations, presented in Section 3.2.2.

Lemma 8.8 (Properties of the bilinear forms). Let the Assumptions 2 and 4 hold. Then
ap, a1, b, ¢, s defined by (8.9)—(8.14) satisfy the following conditions:

(i) ag is a continuous, symmetric, bilinear form on H*.
. 0
For all w, v € H', |ag(w,v)| < collwl| g1 [|v]l g with co = AT oo rs)

For allw € HY, ap(w,w) > a|w||3: — Bllw|/re with a == \.

(i) a1 is a continuous bilinear form on H*.
For all w, v € H', |ai(w,v)| < ca[|w|l g1 ||v]l ;2 with cq, = 1Qlop-
For all w, v € L?, |ay(w,v)| < ¢, w2 ||v] g1 with c,, > 0.

(iii) b is a continuous bilinear form on L?.
For ally, z € L%, |b(y, 2)| < cyllyll 2|12l > with ¢y = 2|Q[|°] oo res)

(iv) c is a continuous, symmetric, bilinear form on L2.
For all y, = € L, |e(y,2)| < callyllell2ll 2 with co = 0]l grs)-
For ally € L?, c(y,y) > 7llyll72 with v = p°.

(v) s is a continuous, symmetric, bilinear form on H'.
For all w, v e HY, [s(v,w)| < csl|v]| g [|wl| gr with

Cs = Cyps HPOHLip(EFS) where Cyps = 2(0’)2H%VHLOO(EFS) +4"d. (8.18)

Proof. Bilinearity of the forms in clear by their definition. Let w, v € H' and v, z € L?.

(i) Continuity of ag follows from Cauchy-Schwarz and from boundedness of AT’

0 0 0
lao(w, v)| = (AT Vw|Vo) 2| < AT oo [Vell 2| Vol 2 < AT ] oo ] [0l -
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8 Analysis of the elastic-gravitational equations

Symmetry of ag is a consequence of the major symmetry Agﬁd = Aglj x
ao(w,v) = (AT : Vw|Vv) 2 = Jgrs (Vv : AT . V) dV = (AT : Vo|Vw) 2 = ao(v, w).
Positive definiteness of AT" from Assumption 4 (i) yields coercivity:
ao(w,w) = (AT : Vw|Vw) 2 > MVw|Vw) e = A[wlf3 — Mw]7=.
(i) For a1, Cauchy-Schwarz and continuity of @Q: H' — L?, established in Lemma 8.3, give

a1 (w, v)| = (Qulv) 2] < [ Qlopllwl L2 llvll e < N@Qllop 1wl llvliz < NQUopllwl gallvll
which also implies continuity of a1. The second estimate claimed is equivalent to continuity
of Q: L? - H~! (Lemma 8.3 again).

(iii) We have |b(y, 2)| = [(p°2Q x y[2) 2| < 2|Q[|p°]| o Y]l 12 |2]| 2, S0 b is continuous on L2.

(iv) Boundedness of p® gives continuity of ¢ |c(y,2)| = [(p%ylz)r2] < 0% 1o lyllz2]l2]l 12
Symmetry of ¢ is clear. Finally, thanks to the uniform lower bound p® > 0 of p° from
Assumption 4 (i), we have ¢(y,y) = (2yly) 2 > p2||yl|72-

(v) Symmetry of s follows from the symmetry of Vv. Assumption 2 (iii) guarantees that
v € Lip(¥7%)3 and p® € Lip(X7®). Hence, estimating [.]© < 2|.| and successively employing
the embeddings of Sobolev space products Lip - H3 C H3 and Lip - H™3 C H™3 (Lemma
3.14), as well as the Sobolev trace properties

[l grreeesy < dllvllgs and Vol goazgmresy < vl

3.30), and finally ||v|| ;e srsy = 1 results in the estimate
Loo(SFS)

~ ~ ~ +
[s(w, 0)] = | [ w - (Vo) + 500 - (Vw), 0) + (@ V0, vw)] |
< 2((p"w - (Vv), o)+ 2/(p"% - (Vw), v)| +2/(p° Vo, vw))]
<1 spgesy (2N e rsy +4¢¢) fwl ol = sl ol
We thus identify ¢s = cxrs Hpo”Lip(EFS)7 which establishes (8.18) and also (8.15). O
As announced earlier, combining the estimates (i) and (v) of Lemma 8.8 with Assumption 4

(iif), which states that A > cxrs [[p°||5,srs) = ¢s, shows that ag + s is a continuous, symmetric,
coercive, bilinear form on H! with

(ag + 8)(w, w) = ap(w, w) + s(w, w) = ag(w, w) = |s(w,w)| = (A= ¢s)||lw|fp = Alw|7s.

Thus, ag + s satisfies a similar coercivity estimate as ag, but with constants «, 5 > 0 given
by o :== A —¢cs = X — CEFSHPOHLip(EFs) and S := A. Consequently, Lemma 8.8 assembles all
the conditions that are necessary to infer the existence and uniqueness of weak solutions of the
linearized elastic-gravitational equations from Theorem 3.18:

Theorem 8.9 (Existence and uniqueness of weak solutions of the equation of motion).
Let the Assumptions 2 and 4 hold and I = [to,t1]. Then, for given data

UO c HI(BFS)?), Ul c LQ(BFS)?), and f c LQ(IO,L2(BFS)3),
there exists a unique solution
u e CO(I, H (B™)3) ncl(I, L?(B™®)3) (8.19)

of the Cauchy problem for the weak equation of motion of the elastic-gravitational equations

(8.4), satisfying the initial conditions u(.,tq) = u® and u(.,to) = u'.
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8.3 Additional regularity results

By Theorem 3.21 the weak solution fulfills the following energy estimate: For t € I,

(e )7 (gwsy + (s )T grsy < ka(uo, ua, ) ™20 (8:20)
with ) )
0 2
) (AT N e + 11@Qllop + 22 1z + 1%l oo 1wt 12 + J7 I1£11Z2
1(u0’u17f) = . 0 —
min(p?, A — ¢s)
and

_ 14 1@llop + 42l M o0 + 22(E — to)
min(p® , A — ¢)

ka(t) )
We recall from (8.7) and Lemma 8.3 that [|Q]|,,, contains norms of the Hessian of the geopotential
VV(®? + ¥*) and norms of the initial density p. The energy estimate thus indicates the
dependence of u on the material parameters, the equilibrium fields, the initial conditions, and
the source.

8.3 Additional regularity results

We investigate the validity of the strong form of the dynamical equations, including the boundary
and interface conditions.

8.3.1 Perturbed Poisson equation

The results of Theorem 8.9 are obtained independently of the assumption that ®*! possesses
H'-regularity with respect to time, as an inspection of the proof of Lemma 8.3 reveals. It
turns out that this condition rather holds as a consequence of solvability of the weak equations.
Moreover, higher regularity conditions on p°, namely piecewise Lip, allow to deduce the strong
EL and IBC from the weak EL for ®*!.

Proposition 8.10 (Solution and regularity for the perturbed Poisson equation). Let
u be the solution of (8.4) obtained in Theorem 8.9 and let ®1 € CO(I, H'(B™C)) satisfy the
weak EL (8.3). Then

%l e cY(I, HY(B™°)) C HY(B™C x I°). (8.21)

Moreover, if in addition
p° € Lip(B"™°),

then ®! also satisfies the strong EL (2.27) in L*(B™C¢ x I°) and the IBC (2.35) in Hz.

Proof. Below, all spaces are defined on the composite domain B¥5¢, which we do not indicate.
From the weak solution u € C°(I, H')*NC (I, L?)3 and p° € L*>° with compact support, we infer
pPu € CY(I, L?)? which gives V - (p%u)) € C}(I, H™!). As we have seen in Section 8.2.1, the per-
turbed Poisson equation A®*? = —47G V- (p%u) (2.27) holds in D'(R?), therefore elliptic regular-
ity of A yields @' € C*(I, H'), proving (8.21). For p° piecewise Lip, the same argument, starting
from p%u € CO(I, H')3, gives ®%! € C°(I, H?). Consequently, pu + ﬁvqﬁl € L*(I°,Hgy )3,
which is the relevant condition of Assumption 3 that leads to the strong EL and NBC via

Corollary 7.6 (ii). O

We note that the regularity result (8.21) justifies studying stationarity of the approximated
action integral for @' € H'(B¥SC x I°) instead of C°(I, H*(B¥5°)) (see Assumption 2).
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8 Analysis of the elastic-gravitational equations

As concerns the second statement, we observe that if p° is piecewise Lip, then by [u]T-v =0 on

YFS (and also ¥5%), the NIBC [V®*'" . v = —47G[p%u]" - v (2.35) on surfaces S C R? reduce to
VO v = —4xG[p") T u - v.
These interface conditions are satisfied for
! = —4nG(V Es3) * (p'u),

which on the level of convolution of distributions coincides with (8.6). Thus, in case of a piecewise
Lip density model, we obtain the following explicit representation of ®*! [DT98, (3.99), (3.98)]:

(pu) (1) - (& — )

! (z,t) = -G | 73 dv (")
RS r—x
_of V() ),(x/’t) dv(e) + G / ) (u($/’/t) ) .
o iz — 2] s |z — 2’|

The volume integral is the incremental gravitational potential related to the perturbations of
spatial volume density, p*t = —V-(pu) (6.44), whereas the surface integral represents the effects
of the apparent surface mass density due to normal displacement, —[p°]Tu - v, cf. [DT98, p. 73].

8.3.2 Equation of motion

In contrast to the static equilibrium equation or the two Poisson equations, the equation of
motion is a PDE with variable leading coefficients p° and AT, Consequently, we do not expect
to obtain similar weak-strong uniqueness results as in Propositions 8.2, 8.1, or 8.10, at least in
the case of low-regularity coefficients.

Ideally, in order to obtain weak-strong uniqueness also for the equation of motion, we would like
to argue as follows: Assume that the weak solution u obtained in Theorem 8.9 also satisfies the
equation of motion (2.26) in D'(B" x I°). Then we may proceed as in [DL92, p. 585] and arrive
at the following equality for the space-time divergence of (—ATO : Vu, p%) in D' (BFS x I°):
divw,t(—ATO : Vu, p’t) = -V - (AT0 : Vu) + i
— —p0<29 X1+ VV(D0 + %) - u+V(su)).
By the regularity of the weak solution v € CO(I, H*(B¥®)3)NCY (I, L*(B*®)3), the right-hand side
is an element of L?(I°, L?2(B"8))? C L?(B™ x I°)3. Therefore, also employing strict positivity
of p° (Assumption 4 (ii)), we obtain the relevant conditions of Assumption 3 (ii), that is
ie H'(I°, L*(B™)®  and AT :Vu e L2(I°, Hy(B"))*"?,

implying the validity of the equation of motion (2.26) in strong form in L?(B¥S¢ x I°). How-
ever, these are essentially the same conditions that are required to obtain the distributional
interpretation of the weak equation of motion in the first place.

Let us investigate the situation in more detail: By Theorem 8.9, there exists u € C°(I, H!(B")3)N
CY(I, L?(B"®)3) satisfying the weak equation of motion (8.4),

d
(/ p%-vdv>+/ (ATO:Vu):VvdV
dt \ JgFsc BFSC

+/ P’ (2Q x u+ VV(Q) 4+ T%) - u+ VOS) - vdV
BFSC

FSC

+/EFSp0{u.(€V).U+y.(§u)~u+y-(§v)~utd8 = /B f-vdV,
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8.3 Additional regularity results

valid in D'(I°) for all v € Hps(B™°)?. We evaluate the D'(1°)-duality at a test function ¢ €
D(I°) and only consider spatial test functions v € D(B)3. This restriction will eliminate the
surface term. However, in order to interpret the equation in D’(B¥® x I°)3, we additionally need
higher regularity assumptions to avoid the occurrence of ill-defined products of distributions.
Specifically, in addition to Assumption 2, which gives p° € L>, we make the hypothesis that

uwe H*(B™C x 1°)*  and AT’ € Lip(B"¢)3x3x3x3 (8.22)

(that is, AT is piecewise Lip). Then, by density of tensor products v(z)1(t), the weak equation
can be written as the following distributional duality for all h € D(BFS¢ x I°)3:

(0 (i +29 x i+ V(@ + W) - u+ V) = V- (AT : V), h) = (/,h).

The distributional interpretation is indeed possible, because the conditions (8.22) ensure that
all terms are in L2(B"SC x I°) (else, the terms p%i and V- (AT” : Vu) would be ill-defined). We
note that the conditions (8.22) also directly imply Assumption 3 (ii). Anyway, the new result
obtained from these higher regularity assumptions is the validity of the interface and boundary
conditions via Corollary 7.6. Let us summarize:

Proposition 8.11 (Regularity for the equation of motion). Let u be the solution of the
weak EL (8.4) obtained from Theorem 8.9 and assume that the higher regularity assumptions
(8.22) hold, that is

= HQ(BFSC % 10)3 Cmd ATO c Lip(BFSC)SXBXBXB.

Then u satisfies the strong EL (2.26) in L*(B¥C¢ x I°), as well as the NBC (2.30) and the
(solid-solid) NIBC' (2.31) in H™2.

This regularity result as well as Assumption 4 (i), (ii) are in accordance with the analysis of
classical linearized elastodynamics based on semigroup theory (see Remark 8.12). The lower-
order terms due to prestress and gravity can be incorporated in the semigroup framework as
bounded perturbations according to Kato, see [MHS&83, Chapter 6, 2.17, 1., p. 341].

Remark 8.12 (Strong solution via semigroup theory). The equation of motion of classical
linearized elasticity, pii = V - (¢ : Vu) (1.59) on R”, can be written in the form of a linear first-
order symmetric hyperbolic system, see also [HM78]:

d (u\ , (u . , (0 1d 1 ‘
dt(it>_A <u> with A_<A O) and Ay = ;V (c:Vu).

If p is C°, uniformly bounded from below, and c is C!, strongly elliptic (see Remark 8.6), then
A: H?> — L? and A’ generates a quasi-contractive semigroup on H? x H', which implies the
existence and uniqueness of solutions, see also [MH83, Chapter 6, Theorem 3.1, p. 346]. This
result can be generalized to include a nonzero body force f, see [MHS83, Chapter 6, 2.17, 5., p.
342]. The semigroup framework allows to deduce further refined regularity results. In particular,
if the coefficients and data are smooth, i.e. C*°, then the equation of motion has classical smooth
solutions. J

The results obtained in this chapter may be further refined and extended by employing gener-

alized functions techniques [Obe92]. Moreover, this framework may also provide the means to
analyze the full nonlinear system of elastic-gravitational equations in a low-regularity setting.

155






References

[AAW10]

[AF03]

[AFP00]

[AMRO1]

[Ant05]

[AOT9]

[AOS11]

[ARSO]

[Bal76]

[Bal02]

[Ball0]

[BB92]

[BD69]

[BAHH17]

D. Al-Attar and J.H. Woodhouse. On the parametrization of equilibrium stress
fields in the earth. Geophysical Journal International, 181(1):567-576, 2010.

R. Adams and J.J.F. Fournier. Sobolev Spaces. Elsevier, Oxford, second edition,
2003.

L. Ambrosio, N. Fusco, and D. Pallara. Functions of bounded variation and free
discontinuity problems, volume 254. Clarendon Press Oxford, 2000.

R. Abraham, J.E. Marsden, and T.S. Ratiu. Manifolds, tensor analysis, and appli-
cations. Springer, third edition, 2001.

S.S. Antman. Nonlinear problems of elasticity. Springer-Verlag, New York, second
edition, 2005.

S.S. Antman and J.E. Osborn. The principle of virtual work and integral laws of
motion. Archive for Rational Mechanics and Analysis, 69(3):231-262, 1979.

L. Andersson, T.A. Oliynyk, and B.G. Schmidt. Dynamical elastic bodies in New-
tonian gravity. Class. Quantum Grav., 28:235006, 2011.

K. Aki and P.G. Richards. Quantitative seismology: Theory and methods. Freeman,
San Francisco, 1980.

J.M. Ball. Convexity conditions and existence theorems in nonlinear elasticity.
Archive for Rational Mechanics and Analysis, 63(4):337-403, 1976.

J.M. Ball. Some open problems in elasticity. Geometry, mechanics, and dynamics,
pages 3-59, 2002.

J.M. Ball. Progress and puzzles in nonlinear elasticity. In Jorg Schroder and Patrizio
Neff, editors, Poly-, Quasi- and Rank-One Convezity in Applied Mechanics, volume
516 of CISM International Centre for Mechanical Sciences, pages 1-15. Springer
Vienna, 2010.

P. Blanchard and E. Briining. Variational methods in mathematical physics: A
unified approach. Springer-Verlag, Berlin, 1992.

B.A. Bolt and J.S. Derr. Free bodily vibrations of the terrestrial planets. Vistas in
Astronomy, 11:69-102, 1969.

K. Brazda, M.V. de Hoop, and G. Hoérmann. Variational formulation of the earth’s
elastic-gravitational deformations under low regularity conditions. Preprint at
arXiv:1702.04741, 2017.

157



[BF79]

[BFS1]

[BMS4]

[BMS81]

[Bog07]

[CF97]

[ChaT76]

[Cha06]

[CHL91]

[Cia88)]

[CN87]

[Cox80]
[Cro84]

[CTZ09]

[CV04]

[Daf16]

[DHS5]

[dHHP15]

C. Banfi and M. Fabrizio. On the concept of subbody in continuum mechanics. Atti
Accad. Naz. Lincei Rend. Cl. Sci. Fis. Mat. Natur. (8), 66(2):136-142, 1979.

C. Banfi and M. Fabrizio. Global theory for thermodynamic behaviour of a contin-
uous medium. Ann. Univ. Ferrara Sez. VII (N.S.), 27:181-199 (1982), 1981.

J.M. Ball and J.E. Marsden. Quasiconvexity at the boundary, positivity of the
second variation and elastic stability. Archive for Rational Mechanics and Analysis,
86(3):251-277, 1984.

A. Ben-Menahem and S.J. Singh. Seismic waves and sources. Springer Verlag,
second edition, 1981.

V.I. Bogachev. Measure theory. Vol. I. Springer-Verlag, Berlin, 2007.

R. Choksi and I. Fonseca. Bulk and interfacial energy densities for structured
deformations of continua. Archive for Rational Mechanics and Analysis, 138(1):37—
103, 1997.

P. Chadwick. Continuum mechanics: Concise theory and problems. Dover Publi-
cations, 1976. Reprint of the 1976 original (1998).

I. Chavel. Riemannian geometry. Cambridge University Press, Cambridge, second
edition, 2006.

D. Crossley, J. Hinderer, and H. Legros. On the excitation, detection and damping
of core modes. Physics of the Earth and Planetary Interiors, 68(1-2):97-116, 1991.

P.G. Ciarlet. Mathematical elasticity. Vol. I: Three-dimensional elasticity. North-
Holland Publishing Co., Amsterdam, 1988.

P.G. Ciarlet and J. Necas. Injectivity and self-contact in nonlinear elasticity. Archive
for Rational Mechanics and Analysis, 97(3):171-188, 1987.

J.P. Cox. Theory of stellar pulsation. Princeton University Press, 1980.

D. Crossley. Oscillatory flow in the liquid core. Physics of the Earth and Planetary
interiors, 36(1):1-16, 1984.

G.-Q. Chen, M. Torres, and W.P. Ziemer. Gauss—Green theorem for weakly differ-
entiable vector fields, sets of finite perimeter, and balance laws. Comm. Pure Appl.
Math., 62(2):242-304, 2009.

E. Chaljub and B. Valette. Spectral element modelling of three-dimensional wave
propagation in a self-gravitating earth with an arbitrarily stratified outer core.
Geophysical Journal International, 158(1):131-141, 2004.

C.M. Dafermos. Hyperbolic conservation laws in continuum physics. Springer-
Verlag, Berlin, fourth edition, 2016.

C.M. Dafermos and W.J. Hrusa. Energy methods for quasilinear hyperbolic initial-
boundary value problems. Applications to elastodynamics. Archive for Rational
Mechanics and Analysis, 87(3):267-292, 1985.

M.V. de Hoop, S. Holman, and H. Pham. On the system of elastic-gravitational
equations describing the oscillations of the earth. Preprint at arXiv:1511.03200,
2015.

158



[DL8S]

[DL90]

[DLY2]

[DMMO99]

[DPO3]

[DPO7]

[DPOY3]

[DT9S]

[DWO1]

[EG92]

[E1s07]

[Eval0]

[Fed69)

[Fed88]

[Fla73]

[FMWO03]

[Fol99)]

[FS78]

[GBMR12]

R. Dautray and J.-L. Lions. Mathematical analysis and numerical methods for
science and technology. Vol. 2. Springer-Verlag, Berlin, 1988.

R. Dautray and J.-L. Lions. Mathematical analysis and numerical methods for
science and technology. Vol. 1. Springer-Verlag, Berlin, 1990.

R. Dautray and J.-L. Lions. Mathematical analysis and numerical methods for
science and technology. Vol. 5. Springer-Verlag, Berlin, 1992.

M. Degiovanni, A. Marzocchi, and A. Musesti. Cauchy fluxes associated with tensor
fields having divergence measure. Archive for Rational Mechanics and Analysis,
147(3):197—-223, 1999.

G. Del Piero. A class of fit regions and a universe of shapes for continuum mechanics.
Journal of Elasticity, 70(1):175-195, 2003.

G. Del Piero. A new class of fit regions. Note di Matematica, 27(2):55-67, 2007.

G. Del Piero and D.R. Owen. Structured deformations of continua. Archive for
Rational Mechanics and Analysis, 124:99-155, 1993.

F.A. Dahlen and J. Tromp. Theoretical Global Seismology. Princeton Univ. Press,
Princeton, N. J., 1998.

A. Deuss and J.H. Woodhouse. Theoretical free-oscillation spectra: The importance
of wide band coupling. Geophysical Journal International, 146(3):833-842, 2001.

L.C. Evans and R.F. Gariepy. Measure theory and fine properties of functions. CRC
Press, 1992.

J. Elstrodt. Maf5- und Integrationstheorie. Springer-Lehrbuch. Springer-Verlag,
Berlin, fifth edition, 2007. Grundwissen Mathematik.

L.C. Evans. Partial differential equations. American Mathematical Society, Provi-
dence, RI, second edition, 2010.

H. Federer. Geometric measure theory. Springer-Verlag, New York, 1969.

J. Feder. Fractals. Physics of Solids and Liquids. Plenum Press, New York, 1988.
With a foreword by Benoit B. Mandelbrot.

H. Flanders. Differentiation under the integral sign. The American Mathematical
Monthly, 80(6):615—627, 1973.

R.C. Fetecau, J.E. Marsden, and M. West. Variational multisymplectic formula-
tions of nonsmooth continuum mechanics. In E. Kaplan, J.E. Marsden, and K.R.
Sreenivasan, editors, Perspectives and Problems in Nonlinear Science, pages 229—
261. Springer-Verlag, New York, 2003.

G.B. Folland. Real analysis. John Wiley & Sons Inc., New York, second edition,
1999.

J.L. Friedman and B.F. Schutz. Lagrangian perturbation theory of nonrelativistic
fluids. The Astrophysical Journal, 221:937-957, 1978.

F. Gay-Balmaz, J.E. Marsden, and T.S. Ratiu. Reduced variational formulations
in free boundary continuum mechanics. Jour. Nonlinear Science, 22:463—497, 2012.

159



[GFA0Y]

[GHO6]

[Gia83)]

[Gil80]

[GM76]

[GPS02]

[(Gri85]
[Gur81]
[Gur00]

[GWZS6]

[HC00]

[Hil02]

[HKM?77]

[HM78]

[Hol95]

[Hor85]

[H6r90]

[Hor97]

[IT04]

M.E. Gurtin, E. Fried, and L. Anand. The mechanics and thermodynamics of
continua. Cambridge University Press, 2009.

M. Giaquinta and S. Hildebrandt. Calculus of variations I. Springer-Verlag, Berlin,
1996. The Lagrangian formalism.

M. Giaquinta. Multiple integrals in the calculus of variations and nonlinear elliptic
systems. Princeton University Press, Princeton, NJ, 1983.

F. Gilbert. An introduction to low frequency seismology. In A.M. Dziewonski and
Boschi E., editors, Physics of the Earth’s Interior, Proc. Enrico Fermi Interna-
tional School of Physics, vol. LXXVIII, pages 41-81. North Holland Publishing
Co., Amsterdam, 1980.

M.E. Gurtin and L. Martins. Cauchy’s theorem in classical physics. Archive for
Rational Mechanics and Analysis, 60(4):305-324, 1976.

H. Goldstein, C. Poole, and J. Safko. Classical mechanics. Addison Wesley, third
edition, 2002.

P. Grisvard. Elliptic problems in nonsmooth domains. Pitman, London, 1985.
M.E. Gurtin. An introduction to continuum mechanics. Academic Press, 1981.

M.E. Gurtin. Configurational forces as basic concepts of continuum physics, volume
137. Springer, 2000.

M.E. Gurtin, W.O. Williams, and W.P. Ziemer. Geometric measure theory and
the axioms of continuum thermodynamics. Archive for Rational Mechanics and
Analysis, 92(1):1-22, 1986.

J. Hinderer and D. Crossley. Time variations in gravity and inferences on the
Earth’s structure and dynamics. Surveys in geophysics, 21(1):1-45, 2000.

D. Hilbert. Mathematical problems. Bull. Amer. Math. Soc., 8(10):437-479, 1902.

T.J.R. Hughes, T. Kato, and J.E. Marsden. Well-posed quasi-linear second-order
hyperbolic systems with applications to nonlinear elastodynamics and general rel-
ativity. Archive for Rational Mechanics and Analysis, 63(3):273-294, 1977.

T.J.R. Hughes and J.E. Marsden. Classical elastodynamics as a linear symmetric
hyperbolic system. Journal of Elasticity, 8(1):97-110, 1978.

M. Holschneider. Wavelets: An analysis tool. Oxford Mathematical Monographs.
The Clarendon Press, Oxford University Press, New York, 1995. Oxford Science
Publications.

L. Hérmander. The analysis of linear partial differential operators, volume III.
Springer-Verlag, 1985. Second printing 1994.

L. Hormander. The analysis of linear partial differential operators, volume I.
Springer-Verlag, second edition, 1990.

L. Hérmander. Lectures on nonlinear hyperbolic differential equations. Springer-
Verlag, 1997.

M. Ishii and J. Tromp. Constraining large-scale mantle heterogeneity using man-
tle and inner-core sensitive normal modes. Physics of the Earth and Planetary
Interiors, 146(1-2):113-124, 2004.

160



[KBOS]

[K1i88]

[KO8S]

[KPOS]

[KT02a]

[KT02b)]

[LCK9S]

[Leel3]

[LL76]

[LM72]

[LR90]

[LW95]

[Mal69]

[MGLDO6]

[MHS3]

[Mor66]

[MPS98]

[MROA4]

B.L.N. Kennett and H.-P. Bunge. Geophysical continua: Deformation in the Earth’s
interior. Cambridge University Press, 2008.

E. Klingbeil. Variationsrechnung. Bibliographisches Institut, Mannheim, second
edition, 1988.

N. Kikuchi and J.T. Oden. Contact problems in elasticity: A study of variational
inequalities and finite element methods. Society for Industrial Mathematics, 1988.

S.G. Krantz and H.R. Parks. Geometric integration theory. Birkhauser, Boston,
2008.

D. Komatitsch and J. Tromp. Spectral-element simulations of global seismic wave
propagation — I. Validation. Geophysical Journal International, 149(2):390-412,
2002.

D. Komatitsch and J. Tromp. Spectral-element simulations of global seismic wave
propagation — II. Three-dimensional models, oceans, rotation and self-gravitation.
Geophysical Journal International, 150(1):303-318, 2002.

P. Lognonné, E. Clévédé, and H. Kanamori. Computation of seismograms and
atmospheric oscillations by normal-mode summation for a spherical earth model
with realistic atmosphere. Geophysical Journal International, 135(2):388-406, 1998.

J.M. Lee. Introduction to smooth manifolds, volume 218 of Graduate Texts in
Mathematics. Springer, New York, second edition, 2013.

L.D. Landau and E.M. Lifschitz. Mechanics. Course of theoretical physics. Perga-
mon Press, 1976.

J.L. Lions and E. Magenes. Non-homogeneous boundary value problems and appli-
cations, volume 1. Springer-Verlag, Berlin, New York, 1972.

P. Lognonné and B. Romanowicz. Modelling of coupled normal modes of the earth
— The spectral method. Geophysical Journal International, 102:365-395, 1990.

T. Lay and T.C. Wallace. Modern global seismology, volume 58. Academic press,
1995.

L.E. Malvern. Introduction to the mechanics of a continuous medium. Prentice-Hall,
Englewood Cliffs, NJ, 1969.

L. Métivier, M. Greff-Lefftz, and M. Diament. Mantle lateral variations and elas-
togravitational deformations — I. Numerical modelling. Geophysical Journal Inter-
national, 167(3):1060-1076, 2006.

J.E. Marsden and T.J.R. Hughes. Mathematical foundations of elasticity. Prentice-
Hall, Englewood Cliffs, NJ, 1983.

C.B. Morrey. Multiple integrals in the calculus of variations. Springer-Verlag, Berlin,
1966.

J.E. Marsden, G.W. Patrick, and S. Shkoller. Multisymplectic geometry, variational
integrators and nonlinear PDEs. Comm. Math. Phys., 199:351-395, 1998.

J.E. Marsden and T.S. Ratiu. Introduction to mechanics and symmetry. Springer-
Verlag, New York, 1994.

161



INHS1]

[Nol59]

[Nol73]
[NV8S]

[Obe92]

[Ogd84]
[O’N06]
[Ped8?7]

[PJ58]

[Rog03]

[RRO4a]

[RRO4b)]

[RV09)]
[Salss]
[Sch04]
[Sch07]

[Si185]

J. Necas and 1. Hlavacek. Mathematical Theory of Elastic and Elasto-Plastic Bodies:
An Introduction. Elsevier, 1981.

W. Noll. The foundations of classical mechanics in the light of recent advances in
continuum mechanics, 266—281 in The Azxiomatic Method with Special Reference to
Geometry and Physics, edited by L. Henkin, P. Suppes, A. Tarski. North-Holland

Publishing Company, Amsterdam, 1959.

W. Noll. Lectures on the foundations of continuum mechanics and thermodynamics.
Archive for Rational Mechanics and Analysis, 52(1):62-92, 1973.

W. Noll and E.G. Virga. Fit regions and functions of bounded variation. Archive
for Rational Mechanics and Analysis, 102(1):1-21, 1988.

M. Oberguggenberger. Multiplication of distributions and applications to partial
differential equations, volume 259 of Pitman Research Notes in Mathematics Series.
Longman Scientific & Technical, Harlow; copublished in the United States with
John Wiley & Sons, Inc., New York, 1992.

R.W. Ogden. Non-linear elastic deformations. E. Harwood Ltd. and John Wiley
& Sons, New York, 1984.

B. O'Neill. Elementary differential geometry. Elsevier/Academic Press, Amster-
dam, second edition, 2006.

J. Pedlosky. Geophysical fluid dynamics. Springer-Verlag, New York, second edition,
1987.

C.L. Pekeris and H. Jarosch. The free oscillations of the earth. In B.F. Howell Jr.
M. Ewing and F. Press, editors, Contributions in Geophysics in Honor of Beno
Gutenberg, pages 171-192. Pergamon, New York, 1958.

Y. Rogister. Splitting of seismic-free oscillations and of the Slichter triplet using
the normal mode theory of a rotating, ellipsoidal Eart. Physics of the Earth and
Planetary Interiors, 140(1-3):169-182, 2003.

M. Renardy and R.C. Rogers. An introduction to partial differential equations.
Springer-Verlag, 2004.

Y. Rogister and M.G. Rochester. Normal-mode theory of a rotating earth model
using a Lagrangian perturbation of a spherical model of reference. Geophysical
Journal International, 159(3):874-908, 2004.

Y. Rogister and B. Valette. Influence of liquid core dynamics on rotational modes.
Geophysical Journal International, 176(2):368-388, 2009.

R. Salmon. Hamiltonian fluid mechanics. Annual Review of Fluid Mechanics,
20(1):225-256, 1988.

M. Schechter. An introduction to nonlinear analysis. Cambridge University Press,
Cambridge, 2004.

F. Schuricht. A new mathematical foundation for contact interactions in continuum
physics. Archive for Rational Mechanics and Analysis, 184:495-551, 2007.

M. Silhavy. The existence of the flux vector and the divergence theorem for general
Cauchy fluxes. Archive for Rational Mechanics and Analysis, 90(3):195-212, 1985.

162



[Sil91]
[Si197]
[Sil08]
[SSR84]

[SW6S]

[Syn60]
[TNO4]

[Tor03]

[Tré67)
[Tré75)
[Tro93]
[Tro96]

[TT60]

[VAO4]
[Val86]
[Val87]
[Val8al

[Val89b]

[VP65]

M. Silhavy. Cauchy’s stress theorem and tensor fields with divergences in LP.
Archive for Rational Mechanics and Analysis, 116:223-255, 1991.

M. Silhavy. The mechanics and thermodynamics of continuous media. Texts and
Monographs in Physics Series. Springer, New York, 1997.

M. Silhavy. Cauchy’s stress theorem for stresses represented by measures. Contin.
Mech. Thermodyn., 20(2):75-96, 2008.

D.E. Smylie, A.M.K. Szeto, and M.G. Rochester. The dynamics of the Earth’s
inner and outer cores. Reports on Progress in Physics, 47:855, 1984.

R.L. Seliger and G.B. Whitham. Variational principles in continuum mechanics.
Proceedings of the Royal Society of London. Series A. Mathematical and Physical
Sciences, 305(1480):1-25, 1968.

J.L. Synge. Classical dynamics. In Principles of Classical Mechanics and Field
Theory, pages 1-225. Springer, 1960.

C. Truesdell and W. Noll. The non-linear field theories of mechanics. Springer-
Verlag, Berlin, third edition, 2004. Edited and with a preface by S.S. Antman.

W. Torge. Geoddsie. Walter de Gruyter, Berlin, second edition, 2003.

F. Tréves. Topological vector spaces, distributions and kernels. Academic Press,
New York, 1967.

F. Tréves. Basic linear partial differential equations. Academic Press, New York,
1975.

J. Tromp. Support for anisotropy of the Earth’s inner core from free oscillations.
Nature, 366(6456):678-681, 1993.

J.L. Troutman. Variational calculus and optimal control: Optimization with ele-
mentary convexity. Springer-Verlag, New York, second edition, 1996.

C. Truesdell and R.A. Toupin. The classical field theories. In Principles of Classical
Mechanics and Field Theory, volume I11/1 of Encyclopedia of Physics. Springer,
Berlin, 1960. Edited by S. Fliigge and with an Appendix by J.L. Ericksen.

B.D. Vujanovié¢ and T.M. Atanackovié. An introduction to modern variational tech-
niques in mechanics and engineering. Birkh&user Boston, Inc., Boston, MA, 2004.

B. Valette. About the influence of pre-stress upon adiabatic perturbations of the
Earth. Geophysical Journal of the Royal Astronomical Society, 85(1):179-208, 1986.

B. Valette. Spectre des oscillations libres de la Terre: Aspects mathématiques et
géophysiques. PhD thesis, Université Pierre et Marie Curie, Paris VI, 1987.

B. Valette. Etude d’une classe de problemes spectraux. Comptes rendus de
I’Académie des sciences Paris. Série 1, Mathématique, 309(12):785-788, 1989.

B. Valette. Spectre de vibrations propres d’un corps élastique, autogravitant, en
rotation uniforme et contenant une partie fluide. Comptes rendus de [’Académie
des sciences Paris. Série 1, Mathématique, 309:419-422, 1989.

L.R. Volevi¢ and B.P. Panejah. Some spaces of generalized functions and embedding
theorems. Uspehi Mat. Nauk, 20(1(121)):3-74, 1965.

163



[Wah81]

(WD78]

[WDO07]

[Wil60]

[W1087]

[WooT6]

[WR90]

[WS03]

[WSL07]

[Zie83)

[Zie89)

[ZLWSGO0]

J.M. Wahr. A normal mode expansion for the forced response of a rotating Earth.
Geophysical Journal of the Royal Astronomical Society, 64(3):651-675, 1981.

J.H. Woodhouse and F.A. Dahlen. The effect of a general aspherical perturbation
on the free oscillations of the Earth. Geophysical Journal of the Royal Astronomical
Society, 53(2):335-354, 1978.

J.H. Woodhouse and A. Deuss. Earth’s free oscillations. In G. Schubert, editor,
Treatise on Geophysics, volume 1, pages 31 — 65. Elsevier, 2007.

E.B. Wilson. Vector analysis. A textbook for the use of students of mathematics
and physics, founded upon the lectures of J.W. Gibbs. Dover Publications, Inc.,
New York, 1960.

J. Wloka. Partial differential equations. Cambridge University Press, Cambridge,
1987.

J.H. Woodhouse. On Rayleigh’s principle. Geophys. J. R. Astron. Soc., 46:11-22,
1976.

W.J. Wu and M.G. Rochester. Core dynamics: the two-potential description and a
new variational principle. Geophysical Journal International, 103(3):697-706, 1990.

R. Widmer-Schnidrig. What can superconducting gravimeters contribute to normal-
mode seismology?  Bulletin of the Seismological society of America, 93(3):1370,
2003.

R. Widmer-Schnidrig and G. Laske. Normal modes and surface wave measurements.
In G. Schubert, editor, Treatise on Geophysics, volume 1, pages 67 — 125. Elsevier,
Amsterdam, 2007.

W.P. Ziemer. Cauchy flux and sets of finite perimeter. Archive for Rational Me-
chanics and Analysis, 84(3):189-201, 1983.

W.P. Ziemer. Weakly differentiable functions. Springer-Verlag, New York, 1989.
Sobolev spaces and functions of bounded variation.

W. Ziirn, G. Laske, R. Widmer-Schnidrig, and F. Gilbert. Observation of Coriolis
coupled modes below 1 mHz. Geophysical Journal International, 143(1):113-118,
2000.

164



Zusammenfassung

Die elastisch-gravitativen Gleichungen, d.h. die Gleichungen der Elastizitatstheorie unter Bertick-
sichtigung der Eigengravitation, beschreiben die Bewegung und das daran gekoppelte zeitlich
veranderliche Gravitationsfeld eines elastischen Kontinuums. Dieses System von partiellen
Differentialgleichungen zweiter Ordnung stellt zusammen mit den entsprechenden Rand- und
Grenzflachenbedingungen die Grundgleichungen der globalen Seismologie dar. Die Ldsungen
dieses Systems — sowie seiner Verallgemeinerungen, die auch Wellendampfung bzw. viskoe-
lastische Rheologie beinhalten — umfassen mannigfaltige Deformationen unseres Planeten; von
den hochfrequenten seismischen Raum- und Oberflaichenwellen, iiber die langerperiodischen
freien Schwingungen und Gezeitendeformationen, bis hin zu auf groflen Zeitskalen ablaufenden
Lithosphéarenbewegungen, beispielsweise aufgrund glazialer Auflasteffekte. Die vorliegende Ar-
beit untersucht die elastisch-gravitativen Gleichungen fiir ein allgemeines, gleichférmig rotieren-
des, heterogenes Erdmodell, welches neben festem Material auch aus fliissigen Bereichen besteht,
die dem &ufleren Erdkern oder den Ozeanen entsprechen. Dabei sollen nur minimale Bedingun-
gen hinsichtlich der Glattheit der Materialparameter sowie der Grenzflaichengeometrie vorausge-
setzt werden. Zu diesem Zweck wird zunachst ein konsistentes mathematisches Erdmodell mit
geringer Regularitat innerhalb des allgemeinen Rahmens der nichtlinearen Kontinuumsmechanik
entwickelt. Dann wird eine Variante der Variationsrechnung in Sobolew-Raumen auf zusam-
mengesetzten Gebieten prisentiert, die es erlaubt, die schwache Formulierung der linearisierten
elastisch-gravitativen Gleichungen direkt aus dem Hamiltonschen Prinzip der kleinsten Wirkung
abzuleiten. Zum Abschluss werden Existenz und Eindeutigkeit schwacher Losungen mithilfe der
Methode der Energieabschatzungen gezeigt, sowie weitere Regularititseigenschften diskutiert.
Das Ergebnis dieser Arbeit ist ein vollstandiges mathematisches Modell fiir die globale seis-
mische Wellenausbreitung unter dem Einfluss der Eigengravitation und unter geringen Regu-
laritatsannahmen. Dieses Modell kann als theoretische Grundlage fiir die Weiterentwicklung
der Spektraltheorie der Erde sowie fiir eine Verbesserung der numerischen Modellierung seis-
mischer Wellen dienen. Schliefilich stellt es einen mathematisch konsistenten Ausgangspunkt
dar, um das inverse Problem der globalen Seismologie unter realistischen Regularitdtsannahmen
zu untersuchen.
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