arXiv:1709.00385v1 [math.NA] 1 Sep 2017

Discrete Energy Laws for the First-Order
System Least-Squares Finite-Element Approach

J. H. Adler!, I. Lashuk!, S. P. MacLachlan?, and L. T. Zikatanov®

! Department of Mathematics, Tufts University, Medford, MA 02155, USA,
james.adler@tufts.edu, ilya.lashuk@gmail.com
2 Department of Mathematics and Statistics, Memorial University of Newfoundland
and Labrador, St. John’s, Newfoundland and Labrador A1C 557, Canada,
smaclachlan@mun.ca
3 Department of Mathematics, Penn State, University Park, PA 16802, USA,
ludmil@psu.edu

Abstract. This paper analyzes the discrete energy laws associated with
first-order system least-squares (FOSLS) discretizations of time-dependent
partial differential equations (PDEs). Using the heat equation as an ex-
ample, we discuss how accurately a FOSLS finite-element formulation
adheres to the underlying energy law associated with the physical sys-
tem. Using regularity arguments involving the initial condition of the
system, we are able to give bounds on the convergence of the discrete
energy law to its expected value (zero in the examples presented here).
Numerical experiments are performed, showing that the discrete energy
laws hold with order O (h27’ ), where h is the mesh spacing and p is the or-
der of the finite-element space. Thus, the energy law conformance is held
with a higher order than the expected finite-element approximation. Fi-
nally, we introduce an abstract framework for analyzing the energy laws
of general FOSLS discretizations.

1 Introduction

First-order system least squares (FOSLS) is a finite-element methodology that
aims to reformulate a set of partial differential equations as a system of first-order
equations [1I2]. The problem is posed as a minimization of a functional in which
the first-order differential terms appear quadratically, so that the functional
norm is equivalent to a norm meaningful for the given problem. In equations of
elliptic type, this is usually a product H'! norm. Some of the compelling features
of the FOSLS methodology include: self-adjoint discrete equations stemming
from the minimization principle; good operator conditioning stemming from the
use of first-order formulations of the PDE; and finite-element and multigrid
performance that is optimal and uniform in certain parameters (e.g., Reynolds
number for the Navier-Stokes equations), stemming from uniform product-norm
equivalence.

Successful FOSLS formulations have been developed for a variety of appli-
cations [3/4]. One example of a large-scale physical application is in magnetohy-
drodynamics (MHD) [5l6[7]. These numerical methods have led to substantial
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improvements in MHD simulation technology; however, several important esti-
mates remain to be computed and analyzed to confirm their quantitive accuracy.
One of these is the energy of the system. Using an energetic-variational approach
[RI9ITOITT], energy laws of the MHD system can be derived that show that the
total energy should decay as a direct result of the dissipation in the system.
Initial computations show that the FOSLS method indeed captures this energy
law, but it remains to be shown why it should.

In this paper, we describe the discrete energy laws associated with FOSLS
discretizations of time-dependent PDEs, such as the heat equation, and show
quantitatively how they are related to the continuous physical law. While we
only show results for a “simple” linear system, the results appear generalizable
to more complicated systems, such as MHD. Getting the correct energy law is
not only important for numerical stability, but it is crucial for capturing the
correct physics, especially if singularities or high contrasts in the solution are
present.

The paper is outlined as follows. In Section 2l we discuss the energy laws
of a given system and describe their discrete analogues. Section [3] analyzes the
energy laws associated with the FOSLS discretizations of the heat equation. We
present numerical simulations in Section ] and give some concluding remarks
and generalizations in Section

2 Energy Laws

The energetic-variational approach (EVA) [SIQTO/TT] of hydrodynamic systems
in complex fluids is based on the second law of thermodynamics and relies on
the fundamental principle that the change in the total energy of a system over
time must equal the total dissipation of the system. This energy principle plays
a crucial role in understanding the interactions and coupling between different
scales or phases in a complex fluid. In general, any set of equations that describe
the system can be derived from the underlying energy laws. The energetic vari-
ational principle is based on the energy dissipation law for the whole coupled
system:
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where Ejoiq; is the total energy of the system, and D is the dissipation.
Simple fluids, where we assume no internal (or elastic) energies, can also be
described in this setting and yield the following energy law:
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where u represents the fluid velocity and v is the fluid viscosity, accounting for
the dissipation in the system. Applying the so-called least-action principle results
in the integral equation,

0
<8—1: +Vp,y> =(V-vVu,y),Vy €V,



where we assume an incompressible fluid, V - v = 0, and an appropriate Hilbert
space, V. Here, we use (-,-) to denote the L2({2) inner product. In strong form,
we obtain the time-dependent Stokes’ equations (assuming appropriate boundary
conditions):

o
M V-V uVu=0, 3)

ot
V-u=0. (4)
Note that the energy law can also be derived directly from the PDE itself. First,
we consider the weak form of (B])-]), multiplying (B) by u and ) by p and
integrate over (2. After integration by parts we obtain the following relations:

0
O=<8—1:+Vp—V-VVu,u>+<V-u,p)

_ <(?3_1:’“> + (Vp,u) — (V- vV, u) + (V- u, p)

10
T 20 (u,u) + (Vp,u) + (¥Vu, Vu) — (u, Vp).

Here, we have assumed that the boundary conditions are such that the boundary
terms, resulting from the integration by parts, vanish. Hence, we have

%% (u,u) = — (¥Vu,Vu).

This approach can also be applied to other PDEs, such as the heat equation,
to show similar energy dissipation relations. Let v be the thermal diffusivity of
the body (2, and u its temperature. Then the PDE describing the temperature

distribution in {2 is as follows,

%_V.VVU:(L on Q, ’LL:O, on 0f2. (5)
As before, we multiply (@) by u and integrate over (2 to obtain that
ou Ju
0= <E -V I/VU,U> = <E,UJ> - <v : I/VU,U>
10
T (u,u) + (vVu, Vu)
Hence,
10
25 (u,u) = — (vVu, Vu),

which is the scalar version of (2)).

For the remainder of the paper, we analyze the scalar version of ([2)), specifi-
cally how closely the FOSLS method can approximate the energy law discretely.
We consider the scalar (heat equation) version only in the numerical results, as
the form of the energy law for the vector version (Stokes’ equation) is identical.
First, we discuss how moving to a finite-dimensional space affects the energy
law.



3 Heat Equation

We consider the heat equation, assuming a constant diffusion coefficient v = 1
for simplicity, homogeneous Dirichlet boundary conditions, and a given initial
condition:

w = Au(z,t) Yz €, V>0 (6)
u(x,t) =0 Ve ed, Vt >0 (7)
u(zx,0) = ug(xz) Vx € 0. (8)

To discretize the problem in time, we consider a symplectic, or energy-conserving,
time-stepping scheme such as Crank-Nicolson. Given a time step size, 7, and time
t, = Tn, we approximate u, = u(x, t,) with the following semi-discrete version

of (@),

Un41 — Un _ AunJrl + Aun

T 2

To simplify the calculations later, we introduce an intermediate approxima-
tion, w,, | 1, and re-write the semi-discrete problem as

(%) e
Y _ (9)
unJr%(w)—O Ve e 02, n=0,1,2,...

Upt1 = 2un+% — Uy,

Remark 1. To obtain the semi-discrete energy law for (@), we perform a similar
procedure as done in Section 2] where we multiply the first equation in (@) by
Up g1 and integrate over the domain. After some simple calculations, we obtain

the corresponding energy law, using L?—norm notation:

lunia | = lunl®
2T

1V, 112 (10)

To use the FOSLS method, we now put the operator into a first-order system.
Since we have reduced the problem to a reaction-diffusion type problem, we
introduce a new vector V = Vu, and use the H!-elliptic equivalent system [112]:

2
w1 -V VnJr% t FUnyl %Un
L (72 ) = Vasr—Vu,, = o |. (11)
V .1 nt3 nt3
nta V x Vn-l—% 0

Note that Dirichlet boundary condition on the continuous solution, u, gives rise
to tangential boundary conditions on V, V x n = 0, where n is the normal
vector to the boundary.



Next, we consider a finite-dimensional subspace of a product H' space, V",
and perform the FOSLS minimization of (II]) over V"

2
hoovh ) = in ||L, (& "0
u, .
h _ h h
Upp1 = 2’11,”_’_% — Up,.

For each n, the above minimization results in the following weak set of equations:
L
0 ,L7¢h> =0 VYo" eV (12)
0

where the inner products and norms are all in L? (scalar or vector, depending
on context), unless otherwise noted.

Note, that with the introduction of V, the discrete form of the FOSLS energy
law can now be written,

[ i |* = [Jun]
27

—||VZ+%||2—>O, as h—0. (13)

The goal of the remainder of this Section is to show how well this energy law is
satisfied. To do so, we make use of the following assumption.

Assumption 1. Assume that the initial condition is smooth enough and the
projection onto the finite-element space has the following property,

HUO - ugHHl < Ch? ||UOHHP+1 )
where p is the order of the finite-element space being considered.

Then, using standard regularity estimates we obtain the following Lemma.

Lemma 1. Let {u;},_o,  be a sequence of semi-discrete solutions to (@). Then,
for any successive time steps, there exists a constant C > 0, such that

”un-i-lHHP <C ”un”Hp

A consequence of this regularity estimate is a bound on the error in the approx-
imation.

Lemma 2. Let f € HP N H} and let the pair (uh, Vh) € V" solve

2 2

(Uh) = argmin ||L (u) — ;Of
Vh (u,V)evh \V 0



Let u be the exact solution of the corresponding PDE, i.e.,

—Aﬁ—i—za:zf imn 012,
T T
=0 on0f2.

Then,

. Ch?
||uh —u H S T ”f”prl )

where the constant C' may also depend on 7.

Proof. For a fixed 7, the PDE is a reaction-diffusion equation. Therefore, stan-
dard results from the FOSLS discretization of reaction-diffusion can be used
[112].

Next, we make the following observation, which follows from the well-posedness
of the FOSLS formulation [T2].

Lemma 3. Let (u1, V1) € V" and (uz, Va) € V! be two solutions to the following
FOSLS weak forms with different right-hand sides,

<LT (;‘,1) —Fl,LT¢>h> 0, <LT <§‘,§> - FQ,LT¢h> —0 Vgl e

Then,
ur —uallgn + Vi = Vallgn < C||F1 = F2.

This, then, yields the following result.

Lemma 4. Given the solution to the semi-discrete equation, [@)), and the fully
discrete solution, we can bound the error in the L? norm:

Proof. Let {‘24-1 be the scalar part of the FOSLS solution (ﬂZ+l , Vnh+l) of
2 2 2

h
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oy vy € LWl ol =l (10
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— Au+ —u = —uy, in 2, u=0on dfN, (15)
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where the exact semi-discrete solution u,,, at the previous time step, is used in
the right-hand side. By the triangle inequality,

h h ~h .
’unJr%—unJr% §’un+%—un+1 —|—‘un+1 Upy1 (16)
By Lemma [3, we have
h  _&h <y . —zn h  _Yrh
[y =l = ooy = s+ Vi = ¥is (17)

< Caul —



(where constant Cy may depend on 7). The functions ﬂz L1 and wu, 1 are, re-
bl 2

spectively, FOSLS and exact solutions of the same boundary value problem (I5)).
Hence, from Lemma 2 we have

~h
[es = s
Combining (I6l), (I7) and (I8]), we obtain (I4)).

Finally, we have the following result on the approximation of the exact energy

law ([I3).
h

Theorem 1. Let <€;}l) be the solution to the FOSLS system, (1), at time

C c
< 22 lunll o < =P il (1)

step n (with UZ+l and V;:_l defined as before). There exists C > 0 such that
2 2

h
U 1
||Uh+1||2_|‘“h”2 h 2 20 . n}jg h
w L V2] < 02 ul— | min ||V | - Lot
0

Proof. To simplify the notation, define the energy law we wish to bound as,

I 2

h . h 2
E!: 5 + Vo™
Note that
h 2 h2 h nh ulh b
1 ||un+1H — ||unH _ JUngpr " Uy g _ ntg " h
5 - aun+l - T 7un+l )
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and )
h _ h h R b h
HVn+% —<—V Vn+%,un+%>+<Vn+% Vun+%,Vn+%>,

where the latter equation is obtained by integration by parts, continuity of the
spaces, and appropriate boundary conditions. Thus,
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Next, consider adding and subtracting the solutions to the semi-discrete,
(D), and fully discrete, (I2), FOSLS system from the previous time step,

h 2Zyh ul —u, “24_;
h Uty " " h h
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where we have defined M := min Vth . | = L.¢"||. Then, adding and
2

. un+ 1 .
subtracting L, 2 | yields
(et

2
Hl

2 2
< C;Mg Huz — unH + ;M,};” ||uz — unH .

Combining the two terms completes the proof.

To provide a better bound for the FOSLS energy law ([3)), we introduce a mea-
sure for the truncation error defined as

ul | (v)
1 e 0
dp = max ———— min Vi () | - Lo"|, (19)
veHPH(02) ||v]| o1 phevr n+

where u/" L 1(v) and Vthr 1 (v) are the corresponding solutions to the fully discrete
2 2
problem with uy = v as the initial condition.



Corollary 1. Using the same assumptions as Theorem [l and Assumption [,
lupall® = llugll?
2T

o
Va3 1P < =P lluollfpss, 6 =maxd,.  (20)

Proof. Using the definitions of uZ 41 and u, 1, the triangle inequality, and
2
Lemma [4],

h

g = s ] < 20w 0 = wn g gl + lug = unl

2
< O unllae + (Co + 1) ug, — un.

An induction argument then gives
2 . ;
gy, — unl < —Cih? D (Co+ 1Y unjlla + (Co+ 1)" [|uf — uoll.
j=1

With Assumption [I]
2 - i "
s = wall < ZC1P S (Co+ 17 sl + (o + 1)" ol
j=1

Using some regularity arguments for each wu;, we get,
gy = wnll < C()RP|[uo| o+

Then, with the definition of § and the result from Theorem [ the proof is
complete.

We note that the bound in Corollary [Il is a rather pessimistic one. At a
fixed time, t, we expect the quality of both the fully discrete and semi-discrete
approximations to the true solution to improve as 7 — 0 and more time-steps
are used to reach time ¢; thus, ||u? — u,|| should decrease as 7 — 0 for n =t/7.
Furthermore, for the unforced heat equation, we expect both u” and u, to
decrease in magnitude with n, but this is not accounted for in the bound in
Corollary [l The bound above worsens with smaller 7 and bigger n, showing
the limitations of bounding ||u" — u,|| by terms depending only on uy and the
finite-element space.

Remark 2. As shown in the numerical experiments, Section E] the constant &
defined in ([3) is of order AP for a smooth solution. This indicates that the
energy law (I3) holds with order O (h2p). While the theoretical justification
of such statement may be plausible, it is non trivial as the discrete quantities
involved in the definition of 6 do not possess enough regularity (they are just
finite-element functions, only in H?).

Remark 3. The FOSLS discretization of the Stokes’ equations [T2IT3I14] can be
formed in a similar fashion as is done for the heat equation, and the energy law is
identical to (3] in vector form. Thus, all the above theory still holds subject to
enough regularity of the solution to the time-dependent Stokes’ equations [I5/16]
and a suitable generalization of the definition of 4.



4 Numerical Experiments

For the numerical results presented here, we use a C++ implementation of the
FOSLS algorithm, using the modular finite-element library MFEM [I7] for man-
aging the discretization, mesh, and timestepping. The linear systems are solved
by direct method using the UMFPACK package [18].

Consider the heat equation, (@), and its discrete FOSLS formulation, (I2)),
on a triangulation of 2 = (0,1) x (0,1). The data is chosen so that the true

solution is u(z,y,t) = sin(mx) sin(wy)e_2”2t. Note that this solution satisfies the
boundary conditions and other assumptions discussed above.

108 [ ] p=1
] p=2
10° |- 112 D
] h? convergence
o
5 y --- h* convergence
A 1073 | h® '
N A N I convergence
3
B 107° |
g
5] .
1072 - |
L
—12 | . i
10 ‘ ! w .
0 2 4 6

# Refinement Levels, ¢

Fig.1: Energy law error, ([I3]), vs. number of mesh refinements, ¢ (h = %), for
the FOSLS discretization of the heat equation, (IZ), using various orders of the
finite-element space (p = 1 - linears; p = 2 - quadratics; and p = 3 - cubics).
One time step is performed with 7 = 0.005.

Figure [1 displays the convergence of the energy law to zero as the mesh is
refined for a fixed time step. The convergence is O (hQP), where p is the order of
the finite-element space being considered, confirming Theorem 1. It also suggests
that the constant ¢ is O (h?), as is remarked above.

Figurelindicates how the timestepping affects the convergence of the energy
law. As discussed above, taking more time steps decreases the error in the energy
law, showing that we can improve the results on the bound, |u, — u/||. On the
other hand, if only one time step is taken, the convergence slightly worsens for
small 7, which is consistent with the constants found in Theorem [land Corollary

@
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Fig.2: Energy law error, [I3]), vs. (a) number of time steps, n (with fixed
7 = 0.005), and (b) time step size, 7, for the FOSLS discretization of the heat
equation, ([I2)), using various orders of the finite-element space (p = 1 - linears;
p = 2 - quadratics; and p = 3 - cubics). Mesh spacing is h = %

5 Discussion: General Discrete Energy Laws

The above results show that FOSLS discretization of a specific PDE yields
higher-order approximation of their underlying energy laws. In this section, we
give a more general result, which suggests ideas for extending this theory for
other discrete energy laws using FOSLS discretizations.

5.1 FOSLS Discrete Energy Laws

As encountered earlier, an energy law is an integral relation of the form:
(Lu,u)y =0, for wu(z,0)=wuo(x), (21)

where £ :V — V is a linear operator (that involves boundary conditions), V is
a function space, and u € V is the solution to

Lu=0, u(z,0)=ug, forexample: L=279;— A. (22)

To match the time-dependent problems considered in earlier sections, V cor-
responds to a computational domain that involves both space and time, or as is
often dubbed, a “space-time” domain: 2 = 2 x [0, T]. Further, we define a finite-
dimensional space, Vi, on 2 corresponding to a triangulation of this space-time
domain, as well as a “stationary” finite-dimensional space, V},, for ¢t = 0. Re-
garding such space-time discrete spaces and the related constructions, we refer
the reader to the classical works by Johnson et al. [19)20], to [21] for space-time
least squares formulations, and to [22] for space-time iso-geometric analysis and
a comprehensive literature review.



To present the FOSLS discretization in an abstract setting, we define an
extension of ug to the whole of 2. Without loss of generality, we assume that
the initial condition is a piecewise polynomial and, more precisely, ug € V.
Hence, we define the extension wy € V, of ug so that wp(x,0) = wue(x). This
gives a non-homogenous problem with zero initial guess, which is equivalent to
22). Tts weak form is: Find w € V such that for all v € V, there holds

u=@+wy, where (Lp,v)=— (Lwp,v), (23)

Here, the space, IN)O, is the subspace of V of functions with vanishing trace at t = 0
(zero initial condition). In a typical FOSLS setting, for the heat equation, u is a
vector-valued function and the extension wy, needs to be modified accordingly.
We then have the following space-time FOSLS discrete problem: Find u, € Vp
such that for all vj, € V},, there holds

up = wp, + @p, where, (Lop, Lop) = — (Lwp, Log) . (24)

Restricting V to a finite-element space-time space, 17h C 17, results in a
restriction of £ on V}, which is often called the “discrete operator”.

In the following, we keep (Lu, u) in all estimates allowing for a non-homogenous
right-hand side in (2I). We now estimate the error in the energy law, namely
the difference (Lu,u) — (Lup, up).

Theorem 2. If u, € Vy is the FOSLS solution of @4)). Then, the following
estimate holds:

| (Lu,u) — (Lup,up) | < CRP||ul| go+1. (25)
Proof. For the left side of (25) we have
(Lu,u) — (Lup,up) = (Lu,u) — (Lu,up) + (L(u — up), up)
= (Lu,u —up) + (L(u — up), up) .

Using the continuity of £ and the standard error estimates for the FOSLS dis-
cretization,
| (Lu,w) = (Lun, up) | < [ (Luyu—up) |+ [ (L(uw = un),un) |
< Cllu = upllgr (ull e + llunl[ 1)
< ChP||u|| go+1-

This concludes the proof.

5.2 Exact Discrete Energy Law

Next, we provide a necessary and sufficient condition for the FOSLS discretiza-
tion to ezxactly satisfy an energy law, namely conditions under which we have
(Lup,up) = (Lu,u). Recall the assumption that ug € V). Consider two stan-
dard projections on the finite-element space, 9}110: (1) the Galerkin projection



I}, : V — Vho; and (2) the L2(£2)-orthogonal projection, Qp : L2(£2) — V.
These operators are defined in a standard fashion:

(LITpu,vp) = (Lu,vp), for all v, € 17;170 and u € 17,

(Qnu,vp) := (u,vp), forall v, € Vs, and u e L*(R).
Consider a well-known identity (see for example [23] for the case of symmetric

L) relating ITj, and @}, which is used in the later proof of Theorem Bl

Lemma 5. The projections Qp and I, satisfy the relation
LyIT, = QuL, (26)
where Ly, : lN)h — 17}1 is the restriction of L on lN/h, namely,
(Lovn, wn) = (Lo, wr), forall vn, wy € Vy.

Proof. The result easily follows from the definitions of Qp, [T, Ly, and the fact
that L,II,v € V. For v € V, and w € V we have

(LpIlpv,w) = (Lp v, Qrw) = (LI, Qrw)
= (Lo, Qrw) = (QrLv, Qrw) = (QrLv, w) .

This completes the proof.

Note that we use Qpxn = IIpxn = xn for all xp € 17;170. In general, such an
identity is not true for xp € Vh. However, we can relate the solution to ([24) to a
discrete analogue of the energy law (2I)) using Lemmalfl Further, notice that the
FOSLS solution, up, satisfies (Lup, Lxr) = 0 only for x5, € IN/h,O corresponding to
a zero initial guess. Thus, it is not obvious how to estimate (Lup,up) — (Lu, u).

Theorem 3. The solution up, of 24)) satisfies the discrete energy law (Lup,up) =

(Lu,u) if and only if there exists a wp € Vi satisfying the initial condition
wn(,0) = uo(z) and if (Cun, wn) = (Lu, u).

Proof. Let wy, € 17}1 be any extension of ug € V in (NZ, that is, wy, satisfies
the initial condition. The following relations follow directly from the definitions
given earlier, Equation (24]), and Lemma [0l

(Luh,uh> = <£uh, (uh — ’LUh)> + (Euh,wh>
hy—/
Vh,o
= (Lup, Qun(un — wp)) + (Lun, wn)
= <£uh, Qhﬁﬁ_l(uh — wh)> + (Lup, wh>

= <£uh,ﬁﬂh£1(uh - wh)> + <£uh,wh> = (Euh,wh> .
—_——

vheﬁh,o



In the last identity, we use the fact that vy, = IT, L~ (up — wp,) is an element

of ]N/h,O and the first term on the right side vanishes (by Equation (24)). As a
result, we have

(Lu,u) — (Lup, un) = (Lu,u) — (Lup, wp) .
which gives the desired necessary and sufficient condition.
From the proof, we immediately obtain the following relation,

| (Lu,uy — (Lup,up) | = glhf {| {Lu,u) — (Lup,wp) |, wp(-,0) =ug}. (27)

In addition to the estimate in Theorem [2] it is plausible that one can use
the right side of (27)) to obtain a sharper result. While this is beyond the scope
of this paper, some comments are in order. The difficulties associated with each
particular case in hand (heat equation, etc.) amount to estimating the quantity
on the right side of ([27)) and such estimates depend on the spaces chosen for
discretization and how well the timestepping approximates the space-time for-
mulation. Sharper estimates on the error in discrete energy law, which uses ([27)),
can lead to sharper bounds on the constant defined in (I9). In this work, we have
shown numerically that this quantity is of order higher than the finite-element
approximation order for a typical transient problem. The rigorous theoretical
justification of such claims are topics of current and future research.
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