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Abstract

In this thesis we develop and analyze generalized finite element methods for
time-dependent partial differential equations (PDEs). The focus lies on equa-
tions with rapidly varying coefficients, for which the classical finite element
method is insufficient, as it requires a mesh fine enough to resolve the data.
The framework for the novel methods are based on the localized orthogonal
decomposition technique, introduced in [35]. The main idea of this method
is to construct a modified finite element space whose basis functions contain
information about the variations in the coefficients, hence yielding better ap-
proximation properties.

At first, the localized orthogonal decomposition framework is extended to the
strongly damped wave equation, where two different highly varying coeffi-
cients are present (Paper I). The dependency of the solution on the different
coefficients vary with time, which the proposed method accounts for automat-
ically. Then we consider a parabolic equation where the diffusion is rapidly
varying in both time and space (Paper II). Here, the framework is extended
so that the modified finite element space uses space-time basis functions that
contain the information of the diffusion coefficient. In both papers we prove
error estimates for the methods, and confirm the theoretical findings with
numerical examples.

Keywords: Strongly damped wave equation, multiscale, localized orthogonal
decomposition, finite element method, parabolic equations.
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Introduction

1 Background

The modeling of partial differential equations (PDEs) is a major topic in both
science as well as industry. Applications range from simulating the aerodynam-
ics of large aircraft to modeling of atoms on a quantum mechanic level. In this
thesis, we focus on time-dependent partial differential equations. In particular,
our interest lies in simulations on materials that are strongly heterogeneous,
e.g. composite materials. The modeling of such materials result in PDEs with
highly oscillatory coefficients. This type of problems, where the data is varying
rapidly, is referred to as multiscale problems.

One of the most common numerical approaches to solving PDEs is the finite
element method (FEM). However, for multiscale problems, FEM approxima-
tions are not accurate unless the mesh is fine enough to resolve the variations
in the data. This quickly becomes challenging in terms of computational cost
and memory. For the purpose of solving multiscale equations, several so called
multiscale methods have been developed. Some of these methods are derived
from analytical homogenization theory, such as the Heterogeneous Multiscale
Method (HMM) [11,[1] or the Multiscale Finite Element Method [19]. As these
techniques are based on an analytical framework, they require assumptions in
terms of periodicity and scale separation. In addition, there have been several
so-called numerical multiscale methods developed that circumvent these sorts
of requirements. Examples of such methods include generalized (Multiscale)
Finite Element Methods [7, (6 [12] and gamblets [37,[38]. In particular, in [35], a
generalized finite element method (GFEM) known as the localized orthogonal
decomposition method (LOD) is introduced.

The LOD method is based on the Variational Multiscale Method (VMS), first
introduced in [20]. The main idea of the method is to construct a modified
coarse-scale finite element space enriched by problem-dependent fine-scale
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2 Introduction

correctors. In turn, it was proven in [35] (and later improved in [18]) that these
correctors satisfy an exponential decay, making it possible to compute them
solely on local patches, which is one of the advantages of the LOD method.
Another strength is that the correctors are completely independent and can
be computed in parallel. In [35], convergence of optimal order is proven
independent of the variations in the data, with no assumptions made on neither
periodicity nor scale separation. The LOD method was first introduced for
elliptic equations, but has since then been further developed and analyzed for
several types of problems, including time-dependent PDEs such as parabolic
ones in [33} 34} 3, 31] and wave-type equations in [2}32]. For more results on
the LOD method, see e.g. [17,[16,30].

The purpose of this thesis is to extend the LOD framework for problems that
require the time-dependency to be taken into account in the construction of
the multiscale method. This thesis discusses two such cases. In Paper I, we
derive a GFEM with the LOD framework as basis for the so called strongly
damped wave equation. This case is unique as the PDE consists of two different
multiscale coefficients, while multiscale methods such as LOD are in general
designed to handle only one coefficient. In Paper II, we consider a parabolic
equation, where the diffusion varies rapidly in both time and space. In both
papers, convergence of optimal order is proven independent of the high varia-
tions in the data, and numerical examples are presented that demonstrate the
performance of the methods.

In the upcoming sections, we introduce the LOD method with its prerequisites,
and further present the methods and main results derived in Paper I and Paper
IL. In Section 2] we present the classical finite element method and illustrate why
it is not sufficient for problems where the data is highly varying. In Section 3]
we look at the LOD method introduced in [35] for elliptic equations. Finally,
Section [d] presents the methods and summarizes the main results from Paper I
and Paper I

2 The finite element method

In this section, we discuss the finite element method and why it is insufficient
when the data is highly oscillatory. We restrict the discussion to the case of
elliptic PDEs with homogeneous Dirichlet boundary condition. That is, we
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consider the equation

—V - (AVu) = f, in Q,
(AVu) = f, in @.1)
u =0, on 99,
where Q C R?, d = 2,3 is a bounded Lipschitz-domain with polygonal bound-
ary, f € Ly(Q) is the source function, and A := A(z) € Loo(Q, RE:Y) is the
(highly oscillatory) diffusion coefficient that satisfies

) ) A(z)v-v
0<a:=essinf inf ———— <esssup sup ———
z€Q veRI\{0} V-V T€Q wveRd\{0} V'V

A(z)v - v . B < oo,

We begin by introducing the standard Sobolev spaces used in finite element
theory. Therefore, let &« = (a1, . .. aq) be a multi-index, and define

olelp

DY =— " 7
7 ozt - - - Oxy?

We say that v is the o'th order weak derivative of u if

/uD("apdx = (—1)‘“'/”%“1% Vo e C(I)al(Q)a
Q Q

where C(l)a‘ (Q) is the space of |a| times continuously differentiable functions
with compact support in . With the weak derivative defined, we may con-
struct the Sobolev space H*(Q) for k > 0 as the space of all functions whose
weak derivatives of order smaller or equal to k belong to Lo (2), i.e.,

H*(Q) := {v € Ly(R): D € Ly(Q) for |a| < k},

equipped with inner product and corresponding norm

(v, W) gr = Z /D“vD“wdx7
lal<k 7

loll? = (v, 0)me = Y / (D")? de.

o <k

We moreover define the corresponding seminorm on H*((2) as

o = 30 /Q(D%)de.

la|=k
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In particular, we introduce H{ (f2) as the classical Sobolev space with norm

[0l Fr ) = 0017, + IV2lZ, @

whose functions vanish on 92, in the sense of traces. In the following, we
abbreviate the Ly(2)-norm as || - || := || - [| 1, ()

We derive the weak formulation corresponding to (2.1), on which we base our
finite element method. By standard procedure we multiply the equation by a
test function v € H}(Q) and integrate by parts over the domain (2. The weak
formulation becomes: find u € H} (2) such that

a(u,v) = (f,v), Yvé€ H&(Q), (2.2)

where (-, -) is the standard Ls-scalar product and a(, -) :== (AV-, V). We wish
to define a FEM for the problem by constructing a discretized version of the
weak formulation 2.2). To this end, let {7, },>0 denote a family of shape
regular elements that form a partition of the domain 2. For an element T" € 7},
we define the corresponding mesh size as hr := diam(7'), and denote the
largest diameter by  := maxrc7, hr. Now we construct the classical finite
element space using continuous piecewise linear polynomials as

Vi, :={v € Hy(Q) : v|r, T € Ty, is a polynomial of partial degree < 1}.

The finite element formulation now follows by considering a Galerkin ansatz
based on the discretized space V},. More precisely: find u;, € V}, such that

a(up,v) = (f,v), Yv eV, (2.3)

From standard a priori error analysis (see e.g. [26, Theorem 5.1]), the following
error bound is derived for the finite element approximations in (2.3)

[un = ullzr < Chljullz,

This convergence result is valid for u € H?(£2), which is satisfied under the
assumption A € C'(Q2) for a convex domain 2. Assume for the moment that 4
is a scalar valued coefficient. The H2-seminorm can further be bounded as

[ul> < CllAu]| < CAV - (V)| = C||V - (AVa) — VAV
< OV - (AVY) [ + [IVA[ Lo [[Vull < CA+ VAL /]
where the first inequality follows from elliptic regularity and the last inequality

from ||u||;: < C||f]|, which can be derived from the weak formulation. Note
here that the error is bounded by the derivative of the diffusion A. Hence, if A
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(a) Energy error.

Figure 1: The left image shows the energy error ||un — uret || as function of mesh size for
different choices of scales ¢. The right image is the coefficient used in the case ¢ = 27*.

is rapidly varying with frequency e}, then || VA| . = O(e~!). Consequently,
the error for the FEM has the upper bound

Huh _ u”Hl S len{h + h€_17 1}||f||

In practice this means that the sought convergence rate may not be achieved
unless h < €. As ¢ gets smaller, i.e. the diffusion varies more rapidly, this
condition quickly becomes tough to satisfy both in terms of computational
complexity and in terms of memory.

To demonstrate this phenomenon, we present a numerical example. We set
the domain to be the unit square, i.e. Q = [0,1] x [0,1], and let the diffusion
coefficient be given by

A(x1,x9) = 102 4 100 sin (27?1) sin (27?2), (2.4)

where ¢ denotes the scale at which the diffusion varies. An example of this
coefficient when ¢ = 27* is seen in Figure We compute a reference so-
lution, denoted ., on a fine mesh with mesh size h = 278, and compute
the energy error between the reference and finite element solution, wy, for
h =271 272 ..., 277 Thisis done for different choices of ¢ = 271,272, ..., 275,
The convergence plots are seen in Figure[lal] Here we can see how the error
remains on a constant level until the mesh is able to resolve the variations
defined by ¢, at which point we start to see the linear convergence behavior.
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3 Localized orthogonal decomposition (LOD)

For the purpose of solving PDEs with rapidly varying data, several multiscale
methods have been developed. In this thesis the focus lies on the Localized
Orthogonal Decomposition (LOD) method, first introduced in [35]. Widely
speaking, the goal of the LOD method is to decompose the solution space into
a coarse and a fine part. Here, the fine part is assumed to be refined enough to
be able to resolve the variations in the data, while the coarse part is used for
the main (cheap) computations.

We begin by deriving the method in its ideal case. However, there are compu-
tational difficulties arising in this method due to the resulting matrix systems
not being sparse, but dense. For this purpose, a localized version that is com-
putationally feasible is further presented. We finish this section by revisiting
the numerical example from Section 2}

3.1 Ideal method

At first, assume the mesh size h to be fixed and sufficiently small, i.e. h < ¢,
so that the FE-space V}, can approximate the solution accurately. We define
the space Vi similarly to V}, but with a larger mesh size H > h. Moreover, let
N denote the set of interior nodes of T, and {\; } e be the set of standard
piecewise linear basis function that span V. Recall that computing a solution
in Vy is cheap, but inaccurate as described in Section The goal of LOD is to
incorporate the finescale behavior of the diffusion into Vj; to define a new so
called multiscale space Vs, which has the property that dim (Vi) = dim(Vz)
so that the computations are cheap, but with an error bound independent of ¢.

For the construction of the multiscale space we require an interpolant I :
Vi, — Vi with the projection property Iy o Iy = Iy that for all T' € Ty satisfies

Hz' v = Inv|nyery + IVIavl oy < Crl Vol very), v € Vh,  (31)
where N(T) :={T" € Ty : T'NT # 0} and Hy := diam(7T'). Furthermore, for
a shape-regular and quasi-uniform partition, the estimate (3.1) can be summed
into the global estimate

H o —Igv| L, + IVInvl L) < Y1Vl Ly,

where C,, depends on the interpolation constant C; and the shape regularity
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parameter defined as

diam(Br)

‘= max where =
vy TeTy yr, YT HT

Here Br denotes the largest ball inside 7". There are several choices of inter-
polants that can be used for the construction. A commonly used example, used
for the numerical examples in both Paper I and Paper I, is [z = Eg o Ilg,
where ITj is the piecewise Lo-projection onto P; (75 ), the space of affine func-
tions on each triangle T' € Ty, and Eyr : P1(Ti) — Vi is an averaging operator
that, to each free node x € NV, assigns the arithmetic mean of corresponding
function values on intersecting elements, i.e.

(Bx(v))() ! S ol @),

card{K € Ty :x € K} KeTracR
For more discussion regarding possible choices of interpolants, see e.g. [13] or
[39].

For any function v € H}, Iyv describes the coarse part of the solution in the
space V. The remainder part, (1 — I)v, contains fine-scale features of v that
are not captured by the coarse space. These fine-scale functions configure the
so-called fine-scale space, defined by the kernel of the interpolant, i.e.,

Vi :==ker(Iy) ={v €V : Iyv =0}

That is, V; consists of the finescale features of the solution which the FE-space
is unable to capture. Consequently, this leads to the solution space being
decomposed as

Vi =Vg &V,

so that every function v € V}, can be uniquely written as v = vy + v¢ where
vy € Vg and vy € V;. The LOD method is characterized by correcting coarse
functions by appropriate projection into V;. Thus, let Q¢ : V}, — V; be the
Ritz-projection onto V4, i.e., Qv € V4 satisfies

a(Qsv,w) = a(v,w), Yw € V.
Using this Ritz-projection we create our multiscale space as

Vins =V — Q¢VH.
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Figure 2: The basis correction ¢, (left) and corresponding modified basis function
Az — ¢ (right) for a coarse node x € A positioned at (0.375, 0.500) in the unit square.

Note that for all v, € Vius and ve € V; it holds that
a(Vms, v¢) = a(vg — Qsvm, vt) = a(ve, ve) — a(Qsvm, ve) = 0.

Hence, the Ritz-projection QO yields an orthogonal splitting with respect to the
bilinear form a(-,-) as

Vh = Vms®‘/f-

Since Vs is the orthogonal complement to V; it holds that dim(V,,,s) = dim(Vy),
but unlike Vy it moreover contains fine-scale features of the diffusion due to
the Ritz-projection. For the construction of the multiscale space, we want to
compute the projection for a fixed set of functions. Hence, we use the Ritz-
projection to construct so-called basis correctors, ¢, := O\, € V; for each
coarse node = € N as solutions to the (global) corrector problem

a(pz,w) = a(Az,w), Yw € V. (3.2)

The basis for Vs is then given by {\; — ¢, }zen, which can be viewed as a
modified basis that holds information on the fine-scale behavior of the diffusion.
An example of a computed basis corrector ¢, and its corresponding modified
basis function, A\, — ¢,, is illustrated in Figure@

Given the multiscale space, the ideal LOD method reads: find ums € Vins such
that

a(ums,v) = (f,v), Yo € V. (3.3)

In [35], the following theorem on an a priori error bound is derived for the
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method.

Theorem 3.1. Let uy, be the solution to (2.3) and u,s the solution to (3.3). Then the
error is bounded by

[tms = unl| e < CHI| ],

where C' is independent of the variations in A, but depends on the upper and lower
bound of A.

Proof. Let e := ums — up and note that e € V; due to the orthogonal splitting.
Hence it holds that Igze = 0. Moreover, recall the Galerkin orthogonality
ale, vms) = 0 for vms € Vins. We get

a(e,e) = —ale,un) = =(f,e) < [|flllell = [ flllle = Lme|| < CH| fl[lle]| -

The desired estimate now follows from the equivalence of norms between the
H'-norm and the norm induced by a(-, -). O

The theorem states that the LOD method achieves convergence of optimal order,
but unlike the standard FEM, the constant is independent of the derivatives
of A. Although the method seems promising, it is in its current state based on
the global projection (3.2) onto the fine-scale space V;. That is, it is as expensive
to solve for one basis corrector as solving the finite element problem on
the fine scale. Moreover, by definition, each basis corrector ¢, has a global
support which consequently makes the linear system corresponding to
dense. To circumvent these issues, we wish to localize the computations onto
coarse patches in order to obtain a sparse matrix system. This act of localization
is justified by the fact that each basis correction ¢, decays exponentially fast
away from its corresponding node z € N, as proven in [35].

3.2 Localized method

To localize the corrector problem, we begin by defining the patches to which
the support of each basis function is to be restricted. For w C €, let N (w) :=
{T € Ty : T Nw # 0}, and define a patch N*(w) of size k as

NY(w) := N(w),

N*(w) := N(N¥Y(w)), fork > 2.
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Tw
N*(T)
- TeTy

Figure 3: Illustration of patches based on an element T" € 7.

Given a coarse grid patch, we may restrict the finescale space V% to it by defining
Vi = {v € Vi : supp(v) € N¥(w)}.

In particular, we will commonly use w = T' € Ty and w = « € A as subdo-
mains. An example of how the patches spread across the grid with increasing
k is illustrated in Figure 3}

We aim to localize the computation and support of our basis correctors, ¢,
by utilizing the newly defined coarse patches. For this purpose, define the
element restricted Ritz-projection Qf such that Qf v € V4 is the solution to the
system

a(Qf v,w) = / AVv - Vwdz, Yw e .
T

Note here that if we sum over all elements T' € T we get

a(z Q{v,w) = Za(Q{v,w) = Z/ AVv - Vwdz = a(v,w), Yw € V.
T T T /T
That is, the global Ritz-projection is constructed by the summation

Qu= Y ofv.

TeETH

For k € N, we may restrict the projection to a patch by letting Qf; : Vg — V',
be such that Of ;v € V) solves

G(Qg:k%w) = / AVv-Vwdzx, Yw € Vfﬁ.
T
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By summation this yields the corresponding global version as

T
Qf,kU: Z ngv-

TeETu

Finally, we may construct a localized multiscale space as Vins 1 := Vir — Q¢ £ Vi,
spanned by {\; — Q¢ x Az }uen-

We replace the multiscale space Vs by its localized version Vi, », and obtain
the localized LOD method that reads: find umg 1 € Vins 1 such that

a(ums,lmv) = (.fvv)a Vv € Vms,k- (34)
For a given element 7' € Ty, the dimension of Vi, is significantly smaller
than that of V;. Hence, the problem of finding QOf ;A\, is computationally
cheaper than finding Q¢\,. Moreover, due to the restricted support of the
basis correctors, the resulting linear system is also sparse (where the sparsity is
determined by the size of corresponding grid patches). Another computational
benefit is that the corrector problems are all independent and can be solved in
parallel.

In [16], the following theorem is proved for the error bound.

Theorem 3.2. Let uy, be the solution to (2.3) and ums i the solution to (3.4). Then
there exists & € (0, 1) such that

||ums,k - uhHHl S C(H + kd/Qé-k)”fH?

where C is independent of the variations in A, but depends on the upper and lower
bound of A.

The convergence is thus dependent on the choice of k. To achieve linear
convergence for the method, k should be chosen proportional to log(1/H).

3.3 Numerical example

To demonstrate the performance of the LOD method we revisit the example
from Section 2} Once again the domain is set to the unit square, and the same
coefficient as defined in is used, where the scale at which the values
vary is set to e = 275, The fine mesh is once again set to h = 27% so that it
resolves the fine variations of the coefficient. We compute the localized solution
Ums k, where k = log,(1/H), for H = 272,... 275 and plot the energy error
[[tms e — Urer|]| where the reference solution u,.r is obtained using the finite
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Figure 4: The energy error ||ums,x — uret|| (blue) for different coarse mesh sizes H. For
comparison, the FEM-error ||ug — uret|| (orange) is also plotted. The dashed line is an
O(H )-reference line.

element method on the fine mesh. For comparison, we also plot the error of
the finite element solution based on the same mesh sizes. The error plot can
be seen in Figure dand shows how the FEM-error remains on a constant level
throughout all mesh sizes, while the LOD-error instantly decays according to
the established theory.

4 LOD for time-dependent PDEs

The LOD method as stated so far is by now well-established for several types
of equations, where the previous section showed its usefulness in the elliptic
case. The method becomes even more advantageous with time-dependent
equations, such as the parabolic case, since the multiscale space only needs to
be computed once and can then be reused in all time steps. In this thesis, we
further extend the LOD framework by considering equations that require the
time-dependency to be taken into account in the construction of the multiscale
method. As a first example, we consider the strongly damped wave equation
that consists of two different multiscale coefficients. Here, the way the solution
depends on the different coefficients is strongly affected by what phase of the
time interval we consider. Hence the multiscale space must be constructed so
that it is automatically adjusted for this effect over time. In Paper I, a GFEM
that achieves this is derived and analyzed. The second case we consider is a
parabolic equation, where we let the diffusion be time-dependent with rapid
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variations in both time and space. The LOD method for parabolic equations
was rigorously analyzed in [34], but is only applicable for high oscillations
in spatial sense. An extension of the LOD method to the space- and time-
dependent case is developed in Paper II.

4.1 Strongly damped wave equation

Consider the strongly damped wave equation

it — V- (AVi+ BVu) = f, inQx (0,7T], 4.1)
u=0, ondx(0,T], 4.2)

u(0) = ug, inQ, 4.3)

w(0) =vy in, (4.4)

where T' > 0 and 2 is a polygonal (or polyhedral) domain in R?, d = 2,3.
Here A := A(x) represents the damping coefficient, B := B(x) represents the
wave propagation speed, f := f(x,t) denotes the source function of the system,
and the solution u is a displacement function. This equation is common in
the modeling of viscoelastic materials, where the strong damping —V - AV4
appears when representing the stress as the sum of an elastic part and a viscous
part [8,[15]. Viscoelastic materials have several applications in engineering,
including noise dampening, vibration isolation, and shock absorption (see [24]
for more applications). In multiscale applications, both A and B are rapidly
varying. It is noteworthy that the solution is highly dependent on the damping
A in the transient phase due to the time derivative, and that in the steady state
phase it solely depends on the wave propagation speed B.

The strongly damped wave equation has been thoroughly analyzed in several
areas recently. For instance, well-posedness of the equation is discussed in [9,
23] 25], asymptotic behavior in [10} /5, 36], solution blowup in [14} 4], and decay
estimates in [22]. In particular, the FEM for the strongly damped wave equation
has been analyzed in [28] using the Ritz—Volterra projection, and [27] uses the
classical Ritz-projection in the homogeneous case with Rayleigh damping.

We begin by considering the finite element method that corresponds to the
system ([4.T)-(4.4). For the spatial discretization of the problem, let V}, be defined
asin Section The semi-discrete FEM becomes: find uy(t) € V}, such that

(tip,v) + a(tp, v) + b(up,v) = (f,v), Yo € V4, t >0,

with initial values up(0) = wup,0 and @, = vp,0, where up0,vn0 € V4, are
appropriate approximations of ug and vy respectively. Here, the bilinear forms
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are defined as a(+,-) := (AV-,V-)and b(,-) := (BV-, V).

For the temporal discretization, let 0 =: ¢y < ¢; < ... < ty := T be a partition
with uniform time step 7 := ¢, — t,—1. By applying a backward Euler scheme,
the fully discrete system reads: find uj € V}, such that

(Ofuy,v) + a(Gpuy,v) + bluy,v) = (f",v), Yov € Vi, 4.5)

for n > 2. Here, the discrete derivative is defined as d;u} = (u}l —u}~')/7. The
first initial value is given by u) € V. The second initial value u} should be an
approximation of u(¢;) and could be chosen as uj = u) + 7v). For results on
regularity and error estimates, we refer to [27]. However, although convergence
of optimal order is proven here, the involved constants are dependent on the
variations in the data, and hence not applicable in the multiscale case.

For the development of our GFEM for the strongly damped wave equation,
we begin by defining the coarse FE-space Vg and the finescale space V; :=
ker(/f) in complete analogy to Section 3| For the standard LOD method
(as used in the elliptic case [35, (18, [16], parabolic case [34] 33]], and for the
wave equation [2,(32]), the definition of the Ritz-projection is based on solely
the diffusion coefficient. However, since we have two different multiscale
coefficients to incorporate in this case, we define the Ritz-projection R :=

a(Rev, w) + 7b(Rev, w) = a(v,w) + 7b(v,w), Yw € V;.

Here, the operator Ry takes the role of Qr from Section so that the notation
stays in line with that of Paper 1. The particular choice of scalar product,
a(-,-) + 7b(-, -), comes from the backward Euler scheme. Using this projection,
we may define the multiscale space Vs := Vg — RV such that

Vi =Vis ® Vs, and  a(vpms, ve) + 70(ms, v¢) = 0. (4.6)

The basis functions for this multiscale space is, similarly to the standard LOD
method, defined by applying the Ritz-projection to the finite element basis
function. That is, R¢ A, € V% solves the global corrector problem

a(ReAg, w) + TO(Re Az, w) = a(Ag, w) + 7b(Az, w), Yw € V4. (4.7)

We can now construct our basis for Vi,s as {\, — Re ;. }zenr, where Re A, contains
fine-scale information on both of the multiscale coefficients.

We may now formulate our ideal method. Since the solution space can be
decomposed as V), = Vius @ V%, the idea is to solve a coarse scale problem
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in Vjs, and then add additional corrections from a problem on the fine scale
to account for the time-dependency of the problem. The method reads: find

up g = 0" +w", with v € Vg and w™ € V4 such that
(020", 2) + a(v™, 2) + Th(v", 2) = T(f", 2) + a(uﬁ)al, z), Vz€Vns, (48)
a(w™, z) + Th(w™, 2) = a(ul'y', 2), Vz € Vi, (4.9

for n > 2 with initial data u{,; = u) € Viys and uj,y = uj, € Viys. The initial
data is chosen in Vj,¢ to simplify the implementation of the finescale correctors.
This choice does not affect the performance of the proposed method, as shown
in Paper L.

The ideal method as currently stated is defined on the entire fine grid which
is not computationally feasible. For this purpose we construct a localized
multiscale space Vins i, := Vi — Re 1V in complete analogy to the localization
procedure in Section (3 For this localization to be valid it is required that
each basis corrector R; ), satisfies the same exponential decay as Q¢ A, from
Section[3} However, we quickly note that B¢\, solves the same type of problem
as O¢), but with diffusion A + 7B, and hence satisfies the required decay
property by classical LOD theory.

With the space Vi, 1 defined, we are able to localize the computations corre-
sponding to the system by replacing the multiscale space by its localized
counterpart. It remains to localize the computations of the finescale system
in (4.9), which equivalently can be written as

= 1
a(Qyw™, z) + b(w™, 2) = —a(v" 1, 2).
T
We replace the right-hand side by its localized version vZﬁl € Vs, and note
that vZ*I = eN a1 (\; — Rer):). Thus, we seek our localized finescale
solution as wy = >\ wi ., where wy . € V% solves

_ 1
a(atwg,:m Z) + b(wg,xa Z) = ;a(an_l()‘m - Rf,k)\m)v Z)v Vz € ‘/ffkv (410)

x

so that the computation of this equation is localized to a patch surrounding the
node z € M. We introduce the functions f,lm € V", as solution to the parabolic
equation

_ 1
W00 2) + D(Ehan2) = (X1 (Da = Repde),2), V2 €V, (411)

forl = 1,2,..., N with initial value fg’m = 0, and where x;(l) is an indicator
function that equals 1 when | = 1 and 0 otherwise. It holds that wy , =
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Sy ai~l),  is the solution to (#10), which can be shown by simply inserting
it and canceling terms.

The localized GFEM then reads: find uj;, 4 , = vi +wy, wherevil = > - o (Aa—
Ry Ay) € Vins i solves

(020}, 2) + a(v}, 2) + Tb(vy, 2) = 7(f™, 2) + a(uﬁ;}k, z), Vz €& Visk, (4.12)

and wyl = Y o Yoy an e, where & € Vi solves @.TT).

To justify the fact that we localize the finescale equation, we furthermore require
that the functions {¢!};¥, satisfy an exponential decay as well. The following
theorem, proven in Paper I, provides this requirement.

Theorem 4.1. For any node x € N, let &' € V; be the solution to
_ 1
a(Oy, z) +b(&r, z) = a(;xl(n)()\gg — ReXy),2), Vz eV,

with initial value £2 = 0. Then there exist constants ¢ > 0 and C' > 0 such that for
any k > 1
1€ @\ 2)) < Ce™F el

for sufficiently small time step T.

For the error analysis of this method the solution is first decomposed as uj} ; =
Uloa1 T Ulpa o, Where ufg 4 ; has zero initial data and ujy 4 , has zero source data.
The error of each decomposed part is then analyzed separately. In each case,
the error is split as

lutta,; = wh il < lluioa; = X" + [1X™ = wg llm = 16" ar + 0" |1,

where X" is the solution to an auxiliary problem. We state the final result here
and refer to Paper I where the whole analysis is investigated thoroughly.

Theorem 4.2. Let u} and u]; be the solutions to (@.5) and (@.8)-(@.9), respectively.
The solutions can be split into up, = uy, | + ujp, o and uj g = ujtq 1 + ujoq o, where the
first part has vanishing initial data, and the second part a vanishing right hand side.
The errors are bounded by

yeeesTU

n n
Dl s~ g, i < CH? (men? 971 + | max |fﬂ|2>,

j=2 =1

n
Y Tt — g slin < CHA (18w llip + Juilizs + lluf 7).

=2
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for n > 2, where the constants are independent of variations in A and B, but depend
on the upper and lower bounds of A and B.

4.2 Parabolic equation with time-dependent diffusion

The second case we consider for the extension of the LOD framework is the
parabolic equation of the form

w—V - (AVu) = f, inQx (0,7], (4.13)
u=0, ondQ x (0,T], (4.14)
u(0) =0, inQ, (4.15)

where T > 0 and Q2 is a polygonal (or polyhedral) domain in R, d = 2,3. In
contrast to the parabolic case dealt with in [34], we have A := A(t, x) with rapid
oscillations in both time and space. We remark that the choice of zero initial
data is made to simplify the presentation of our proposed method, and that
nonzero data can be considered with just a few alterations. The parabolic equa-
tion (4.13) appears in several real life applications, where common examples
include heat transfer and modeling of pressure in compressible flow [40} 29} 21].
In particular, the time-dependency in the diffusion is highly relevant when
considering a heat conductor undertaking radioactive decay [42].

We begin by deriving the weak formulation corresponding to (4.13), and its
corresponding finite element formulation. Let L?(0,7; B) and H'(0,T’; B) be
the standard Bochner spaces with norm

T 1/2
lollzeo.zisy = ( / ||v||%dt) ,

T 1/2
T ( i+ |v||%dt)

where B is a Banach space with norm || - ||g. Throughout this section, we
abbreviate the Bochner spaces by omitting the interval and the domain and
write, e.g., L2(H}) := L?(0,T; H}(Q)). We consider the following weak space-
time formulation: find u € Vi, := L?(H) N H*(H ') such that

T T
/ (G, v) + a(t;u,v) dt = / (f,v)dt (4.16)
0 0

for all v € Vi, := L?*(H}). Here, we have denoted by (-, -) the dual pairing of
H~1(Q) and H}(Q). Moreover, the bilinear form a(t;-,-): H}(Q) x H}(Q) — R
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is defined by
a(t;v,w) = / A(t, )Vv - Vwdz
Q

for almost all ¢ € (0,T'). From here on, we omit the ¢-dependence and abbrevi-
atea(,-) :==a(t;-, ).

We begin by introducing the space-time discretization on the fine scale. Let
Vi, be defined as in Section 2] for the spatial part. For the temporal discretiza-
tion, we introduce the fine time step 7 and set ¢t; = i1, i = 1,..., N, as the
uniform partition with ¢, = T'. Denote by Z. the decomposition of [0, T] into
sub-intervals [t;_1,t;], ¢ = 1,..., N;. With respect to this discretization, we
introduce two discrete spaces, V; and V;, as the temporal trial and test space
respectively, defined by

V, :={ve H0,T): v|;, I €Z,, is a polynomial of degree < 1and v(0) = 0},
V, :={ve L*0,T): v|r, I €Z,, is constant}.

Based on the above definitions of spatial and temporal spaces, we introduce
corresponding tensor-product space-time finite element spaces with respect to
the full domain [0, 7] x Q. We set

Vh,-,— = V-,— X Vi, Vh,-,— =V, xV,

as trial and test space respectively. The finite element formulation of (4.16) now
states: find u, » € V}, - such that

T T
/ (itnrs U )+ @t v r) At = / (Fyonr) dt 4.17)
0 0

for all v, € Vi -. Note that, for the parabolic problem, we base our finite
element problem on a Petrov—-Galerkin ansatz, i.e., the trial and test spaces do
not coincide.

For our space-time multiscale method we will, in similarity to previous LOD
based methods, introduce corresponding coarse domains. For the spatial
discretization, define V; and the interpolant Iy = Ep o IIy as in Section
and let {¢,},en,, denote the standard finite element basis functions for
V. For the temporal discretization, let 7 > 0 be a coarse time step, and let
T, =4T,i=0,1,...,N. Denote by Z; the decomposition of the time interval
[0, T] into sub-intervals [T;_1,7;], i = 1,..., N of uniform size with Ty = T.
Then, in analogy with the fine temporal spaces, we define V- and V; as coarse
temporal trial and test spaces based on the decomposition Z;. Moreover let
{¢G:i}Y, denote the piecewise linear basis functions that span Vi, and {x;}¥,
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the piecewise constant basis functions that span V;, where x; = 1(7,_, 1,)- The
coarse space-time spaces are then set as VH,T = VT x Vr as trial space, and

Vi1 := V5 x Vg as test space.

Ti—1,

Next, use the spatial interpolant to define the remainder spaces

Whr = {wEVhyT. Igw(T;,-) =0foralli=0,. },

T;
Whr = {wGVh,T: 71! Idet:Oforallizl,...,N},
Ti-1

which we will use as our fine trial and test spaces respectively. Note that, by
construction, V}, , = Vyr @ Wy, and Vi, » = Vg7 @ W -

Our proposed space-time multiscale method is based on the Variational Multi-
scale Method, first introduced in [20], and aims to extend the LOD framework
to space- and time-dependent coefficients. The main idea is to decompose
the solution into a coarse part in Vy + and a remainder part in Wh,T and then
consider for test functions in the coarse test space Vj 7 and the fine test
space W}, ; separately. In turn, this yields a coarse-scale and a fine-scale equa-
tion respectively. The main purpose of the fine-scale equation is to compute
certain correctors, which we utilize to enrich the coarse-scale equation with
the fine-scale behavior of the diffusion. The proposed method reads: find
Uy =uy 7+ Quyr € (1+ Q)VH 7 such that uy ;- € VH 7 solves

T T
/<%(1+Q)uH,T,UH,T>+a(<1+g)uH,T,UH,T)dt=/ (Fromy)dt, (4.18)
0 0

forall vy r € Vg and Quy - € Wh,T solves
T T
/ <%QUH$T7 wh,r> + a(QuH.Ta wh,T) dt = — / <uH.Ta wh,r> + a(uH,Ta wh,T) dt
0 0
(4.19)

for all wy, » € W}, ;. Due to linearity, we may take and further decompose
it into corrector problems with local space-time basis functions AJ := (¢, €
VH,T as source, where j € {1,..., N} denotes the temporal node and = € Ny
the spatial node that the basis function corresponds to. That is, we define a

corrector QAJ € VAVhJ as the solution to

T T
/ (4 QAL wi,r) +a(QA], wp ) dt = — / (AL wnr)+a(Ag, wp ) dE (4.20)
0 0
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for all wy, , € W), ,, with initial condition QAJ(-,0) = 0. Note that, due to
supp(A1) = [Tj_1,Tj+1] x N(z) and the initial condition in (.20), the integrals
are immediately reduced from [0, T to [T;_1, T]. Without loss of generality, we
will therefore restrict the presentation to the case j = 1 and abbreviate A = A},

¢ =1, and ¢ = ;.

We wish to solve the system (4.20) without explicitly computing the fine-scale
spaces W;M and W}, ;. Hence, we reformulate as a constraint problem
posed in the full discrete space V;, » and with test functions in Vj, .. That is, let
P € Vh,r be the solution of

0

T N T; T
/0 <¢,v>+a(w,v)dt+Z/T <)\i,IHv)dt=—/ (A, vy + a(A,v)dt

(4.21a)
Ny
> (Tap(Ty), pj) =0, (4.21b)
=1

forallv € Vi -, pj € Vg, j =1,...,N, where (\,...,An) € Vg x ... x Vg
are the associated Lagrange multipliers. Note that, by construction, (4.20) and
(4.21) are equivalent, i.e. QA = 7).

The method presented in (4.18)-(.19) is referred to as our ideal method. For
the corresponding error estimate, we introduce the norms for the trial and test
space respectively as

T

loll?,, = / I3, )0y + 150 )30y A + [0(T) 22001,
T

lol3,. = / V0t )220 .

where 7 := Y207 (77! 'fttz—l v(s,-)ds) x; is the mean with respect to the fine
temporal discretization. These norms are essential for the analysis of certain
space-time Petrov—Galerkin discretizations as in [41]] on which our approach
relies. The error for the proposed ideal method is then quantified by following
theorem, which is proven in Paper II.

Theorem 4.3 (Error of the ideal method). Assume that the right-hand side fulfills
f € LA(L*) N HY(H™Y). Then the error between the solutions uy, » and Gy 1 satisfies

w7 —unrllvi, < CH+T)Nflle22)nm (z-1)- (4.22)
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This theorem states that our novel method converges with optimal order. How-
ever, similarly to earlier LOD based methods, the formulation as currently
stated is ideal, but impractical. The method is based on auxiliary corrector
problems defined on the entire fine space-time grid, which is not computa-
tionally feasible, as earlier discussed. To circumvent this issue, one observes
that a corrector function 1) decays exponentially fast away from the support
of the underlying basis function A. Without a great impact on the approxi-
mation property, it is therefore possible to restrict the fine-scale computations
to local spatial patches as for the standard LOD, and to a limited number of
coarse time steps, yielding a localized method in both space and time. For the
temporal localization, we begin by demonstrating how the basis corrector ¢ is
computed by a sequential approach. This turns into an efficient scheme whose
computations easily can be restricted in time.

To define the sequential approach, we begin by dividing the integral in (4.21)
into local integrals over [T;_1,Tj], j = 1,..., N and define for given j the local

version of Vj, » by
V}f’T = {vl[ijth]XD v eVt

Further, we denote with ¢; € V,fﬁ, &;(T;-1) = 0 the solution of

T

X .
/ (&rv) + al(&,v) + (A, [gv) dt = — / (A, v) + a(A, v) (4.23a)

T 4 T 4
— (7&-1(Tj-1),v)
+a(T g (Ty),0) dt,
(Ir&;(T5), 1) =0, (4.23b)

forallv € Vi, -, u € Vi, where \; € Vi is the associated Lagrange multiplier.
For j =1, we explicitly set £, (Tp) = 0 such that the third and the fourth term
on the right-hand side of vanish. Note that the functions {¢;}}_, are
constructed in a way such that

N
Yv=> (&+ T"ijjfl(ijl))]l[Tj—hTJr
=1

We emphasize that the basis function A only has support on the first two coarse
intervals. That is, for j > 2 the first two terms in (and also in {#.21a))
disappear and, consequently, ¥ will begin to decay due to the parabolic nature
of the problem.
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Due to the decay property of 1), there will be an ¢ € N such that for j > ¢,
the sequential functions £; will be of negligible size compared to the error of
the ideal method. Hence, it suffices to restrict the computations to {¢; }521.
That is, we define our temporally localized corrector function by vy = ¥ 1o 7,),
where we refer to ¢ as the temporal localization parameter. We remark that simply
restricting the computations will make ¢, discontinuous, and thus it will no
longer be a function in V}, ;. However, this can easily be circumvented by

choosing
Tg+ 1—t

Yo =117+ =F—&(T) Uiz, 1)
It remains to apply the spatial localization procedure, which follows in similar-
ity to Section [3} By combining this temporal localization procedure with the
spatial one from Section B} we yield an efficient space-time multiscale method
for which the convergence rate from Theorem [4.3| remains valid. Details on
the decay of ¢, and the performance of the localized method are examined
numerically in Paper II.

5 Summary of papers

Paper I. In Paper I we propose and analyze the GFEM in (4.8)-@.9), based on
the LOD method, for strongly damped wave equations with rapidly varying
data. The method is designed to handle independent variations in both the
damping coefficient and wave propagation speed respectively. It does so by
correcting for the damping in the transient phase, where it is as most effective,
and automatically transitions into correcting for the wave propagation speed
in the steady state phase, where the damping has vanished. Convergence of
optimal order is proven for the ideal method, as well as the exponential decay
of the basis corrector functions to justify the localization. Numerical examples
are presented that confirm the theoretical findings.

Paper II. In Paper II we present the GFEM (#.18)-(4.19) extending the LOD
framework to parabolic equations where the diffusion is highly oscillating in
both time and space. The method computes a coarse-scale representation of
the differential operator that contains information on the space-time variations
in the diffusion. Once the coarse-scale representation is constructed, it can
furthermore be reused to solve the system for multiple right-hand sides. Con-
vergence of optimal order is proven for the ideal method. We illustrate the
space-time decay of the basis correctors, which is necessary for the localized
scheme. Numerical examples that illustrate the error convergence and the
performance of the localized method are presented.
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