NUMERICAL ANALYSIS OF A STEEPEST-DESCENT PDE MODEL
FOR SURFACE RELAXATION BELOW THE ROUGHENING
TEMPERATURE

R. V. KOHN* AND H. M. VERSIEUX'

Abstract. We study the numerical solution of a PDE describing the relaxation of a crystal
surface to a flat facet. The PDE is a singular, nonlinear, fourth order evolution equation, which can be
viewed as the gradient flow of a convex but non-smooth energy with respect to the H. ,;JT inner product.
Our numerical scheme uses implicit discretization in time and a mixed finite-element approximation
in space. The singular character of the energy is handled using regularization, combined with a
primal-dual method. We study the convergence of this scheme, both theoretically and numerically.
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1. Introduction. The relaxation of crystalline surfaces has been an area of ac-
tive research in recent years, motivated by the many applications of nanodevices. At
such small scales the properties of a device depend on its nanoscale features. How-
ever, nanoscale features are easily changed by surface diffusion. An understanding
of this relaxation process is therefore important for the modeling and fabrication of
nanoscale devices.

This paper addresses a widely-used PDE model for the relaxation of a crystalline
surface below the roughening temperature; see e.g. [18, 21, 23, 25, 26]. We introduce
a numerical solution scheme (using finite elements in space and implicit discretization
in time) and study its convergence.

The PDE we want to study is formally

ug = —AV - <6|§—u| + |Vu|p2Vu) with u =u" at t =0 (1.1)
u
(the proper interpretation of |g—5| will be discussed soon). Unless otherwise stated

we assume p > 1, and § € R. We work with periodic boundary conditions, writing
Q = Hle(ai,bi) for the period cell. Our initial data u(0,2) = u°(z) has mean
value zero, fQ u% = 0, and this property is preserved by the dynamics. The analysis
presented here could presumably be extended to the solution of (1.1) on a polygonal
domain €2 with a suitable boundary conditions.

We expect a solution with facets, where Vu = 0, so the PDE (1.1) is purely
formal. What we really mean is that u evolves by “Hp_elr steepest descent” for the
functional

1
E(u):/6|Vu|+—|Vu|pd:c.
Q p
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We shall review what this means in Section 2. From the results in [19, 20] one can see
that the steepest-descent solution is the same as the one defined e.g. in [26, 18, 21]
via continuity of the chemical potential at the edge of the facet.

We are naturally not the first to consider the numerical solution of this PDE.
Numerous authors have relied on regularization, but other alternatives have also been
considered; see [18, 25, 22]. None of these methods have, to our knowledge, been
studied from a numerical analysis point of view; in other words there are no rigorous
results on their convergence rates.

In this paper we use implicit time-stepping, combined with a “mixed” finite el-
ement scheme (see e.g. [11]) for spatial approximation. Like many other authors
(see e.g. [12, 13, 14]) we use regularization to handle the singular character of the
surface energy. Since the PDE is Hp’ei steepest-descent, the time-step problem min-
imizes a regularized and discretized version of E(v) 4+ 5x[lv — u"7!||%;. When the
regularization parameter ¢ is small it is important to choose a good scheme for this
minimization problem. We use a primal-dual method introduced in [1, 7], which has
the advantage of being very efficient even when the regularization parameter is quite
small (see Section 5).

Our convergence analysis relies mostly on standard arguments for the numerical
analysis of parabolic problems. The overall strategy is to estimate separately the errors
associated with regularization, time-stepping, and spatial discretization. We do this
by first comparing u to us (the solution of the regularized problem), then comparing us
to its discrete-in-time approximation uj (obtained by solving a variational problem at
each time step), then finally comparing u} to its discrete-in-space approximation ug’h.
Our main convergence results is Theorem 4.10, which demonstrates convergence in
the natural (but rather weak) space L°(0,T; H,.L). The methods needed to compare

per
u to us and us to uj are well-established; we follow [17] for the former and [24] for

the latter. The analysis needed to compare uj to ug’h draws some of its ideas from
the work of Barrett and Liu concerning the parabolic p-Laplacian [3].

Besides proving results about convergence, we also solve the PDE numerically. As

often happens, the numerically-observed convergence is somewhat better than what
we can prove.
Notation. Throughout the paper we use the notation || - ||s,q and | - |s,4 for s € [0, 00)
and ¢ € (0, 00] to denote, respectively, standard norms and seminorms associated to
Sobolev spaces W*1(§)). We also use the notation ||-||s and |-|s, for s € [0, 00) to denote
respectively, standard norms and seminorms associated to Hilbert spaces H*®(€2). We
use ¢ to denote an arbitrary constant independent of mesh parameters and §. Finally,
given a sequence of number a™, we introduce the notation dia" = (a™ — a""1)/7, T
representing the size of the time step.

Acknowledgement. We thank the anonymous referees for their helpful comments,
which led to substantial improvement of the paper.

2. Steepest Descent Framework. As already noted in the introduction, the
PDE (1.1) is not to be taken literally, since Vu/|Vu| is apparently undefined on the
facets, where Vu = 0. Our continuous-time, continuous-space solution u(z, t) is really
defined as the evolution of its initial data u°(z) under H,,). steepest-descent for the
functional E. We explain briefly what this means in Section 2.1. Then we discuss

implicit time-stepping in Section 2.2 and the use of regularization in Section 2.3.

2.1. The steepest-descent interpretation of (1.1). The goals of this paper
are very concrete: numerical algorithms and convergence theorems for the solution
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of (1.1). The interpretation of (1.1) is by contrast a bit abstract: it requires defining
the Hilbert space Hp_elT and discussing the subgradient of E. The reader who finds
this discussion uncomfortably abstract should skip to Sections 2.2 and 2.3, since as
a practical matter the only equations we ever study numerically are discrete-time,
regularized versions of (1.1).

The function space Hp_; is the dual of H;er /R. This space is equipped with the
norm associated with the inner product

(f,9)-1 Z/Q<V(—A_lf),V(—A_lg)>dx.

Here A~ denotes the inverse of the Laplacian, and we use the fact that the Laplacian
is an isomorphism from H;er /R to Hp_;

We are interested in the Hp_elT steepest descent of the functional

1 Py = u) dx
E(u):/ﬂﬁ|Vu|+§|Vu| d:c—/be(V ) dz, (2.1)

defined as a special case of a much more general theory (see e.g. [6]). It is conventional
to define the domain of E by

D(E)={ve H,, : E(v) < oo}. (2.2)
Since E is not differentiable, the steepest-descent evolution cannot be expressed as
U = —VH;;T E. Rather, it must be expressed in terms of the Hp’ei subdifferential,
defined by

Oy-1 E(u) ={ve H;; s {(v,z—u)_1 < E(2) — E(u), forall z € H !

per perJS:

Kashima showed in [19] that this subgradient can be made quite explicit:
Oys Blw) = {AV € : £(z) € 0(Vu(x))}
where 99 is the subgradient of the function ®(n) = 3|n| + %|77|p, namely

~ Bu/inl+ P2y ifn#£0
3“”‘{ fel<p  ifg=o.

Thus: the steepest-descent framework interprets (1.1) by permitting Vu/|Vu| to be
replaced by any vector of length <1 when Vu = 0.

The general theory [6, 19] shows that for any u® € D(E) there is a unique steepest-
descent evolution starting from u®. The energy F decreases with time, and

—uy € 3pre1rE(u). (2.3)

2.2. Implicit-in-time approximation. A basic fact about the steepest-descent
evolution is that it can be approximated by implicit time-stepping.

Fixing a timestep 7 > 0 and a time interval [0, 7], let N be the smallest integer
such that N7 > T. For n € {0,2.., N} we define the functions u™ recursively by
letting u® be the initial data and letting u™ solve the minimization problem

. lv — w2,
E _—
vénDl(nE) ('U) * 27

3
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Now define u7(z,t) by piecewise-linear interpolation in time:

t—(n—1
uT =u"t tzn=lr (u* —u""") for t € [(n—1)7,n7). (2.5)
T
The general theory assures that u” — u as 7 — 0; the error is linear in 7, as one

naturally expects [24].

2.3. Regularization. Our numerical scheme relies on regularization. We now
examine in detail the associated error. Let ps(x) be a regularization of |z|, for example

w5 (Vv) = +/|Vv|]2 + 6 (2.6)

(the regularization we used for our numerics) and consider the regularized energy

Es(v) = /Q ﬁcpg(Vv)+%|VU|pdx= /Q Bs(Vus)de. 2.7)

The associated regularized evolution us solves
ust = —AV - (P5(Vus)) in Q. (2.8)

with the d-independent initial data u® at ¢ = 0. (Our notation is a bit informal:
D% (Vus) = Bhs(Vu) + |Vu[P~2Vu represents the vector-valued function 8®s5/0Vu.)
The PDE (2.8) equation amounts to Hp_ei steepest-descent for Es.

We want to estimate the difference between us and w. Rather than focus on the
example (2.6), let us say more generally what constitutes a “reasonable” regularization

s. We shall assume that

0 <0 < 1; g5 is convex; ps(z) < C(|z] + |z|P + 1) for all z and

with C independent of 8; there exists a > 0 such that |ps(x) — |z]] < s> (2.9)
for all z, with C' independent of ¢ and .

The second condition guarantees that the functionals Es and F have the same domain,
since if E(u) is finite then a fortiori Vu € LP. The third condition specifies a rate for
the convergence ps(x) — |z|.

Theorem 2.1. Let u and us be the solutions of Equations (1.1) and (2.8),
respectively. Assume that the regularization satisfies (2.9). Then

ess sup |[u(t) —us(t)||—1 < eVT5/2. (2.10)
t€[0,T]

Proof. The argument is almost the same as used in [17] to prove that paper’s
Theorem 2; the only difference is that we are considering an Hp_e}‘ steepest descent
rather than an L? steepest descent. [

REMARK 2.2. The regularization we use in our numerical work, (2.6), satisfies

los () — ||| < 62; thus (2.9) holds with o = 1/2.

3. Discretization using Finite Elements. This section introduces a conve-
nient spatial discretization using piecewise-linear finite elements and a mixed formula-
tion. Section 3.1 lays the foundation introducing a mixed formulation of the time-step
variational problem. Section 3.2 discusses the associated finite element scheme. Fi-
nally, Section 3.3 introduces modifications associated with the primal-dual scheme.
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3.1. A mixed variational formulation. Section 2 discussed implicit time step-
ping and regularization separately, but we want to use them together. So our goal is
to discretize the timestep variational problems, which define u} recursively by solving

lv —ug 2,

min ——— 4 F;(v 3.1

vED(E) 2T 5(v) (3-1)
with u$ = u°. The functions uj} determine a spatially-continuous approximate solu-

tion uj of our PDE by linear interpolation:

t—(n—-1r

b4

uy =ug (uy —up™") fort € [(n— 1)1, n7). (3.2)
The optimality condition for (3.1) is
uy — u?_l

(

One might be tempted to ask that the finite-element version of u} satisfy (3.3) for
all v in the finite-element space. But this is not convenient, because the H ! inner
product of two finite-element functions is nonlocal and laborious to compute.

This difficulty is familiar: the same issue arises when discretizing the biharmonic
equation. The solution is also familiar: one can avoid the use of negative norms by
introducing a “mixed formulation,” see e.g. [11, 16]. In the present setting the mixed

LUy = —/ O5(Vuy) - Vodz Vv € D(E). (3.3)
Q

T

formulation of (3.3) is this: given uj ™' € D(E), find 4} € D(E) and w} € H},.(Q)/R
such that
an — un—l
/ %v dx = / Vwj - Vodr Yo € Hy,,(Q)/R (3.4)
Q Q

/wg¢d:c:—/q>g(vag)~v¢d:c V¢ € D(E).
Q Q

We state the equivalence as a lemma:

Lemma 3.1. If u} solves (3.3), then the unique solutions 4y and w§ of (3.4)
are Uy =uy and wy =V -05(Vu}).

Proof. The result follows easily from the definitions. O

3.2. FEM approximation. Let 7"(Q) be a regular partition of the domain
by triangular elements K;. Our finite element space is

ViQ)={¢ € H),.(Q) : ¢k, € P1(K;) for all i and [, pdz =0},
where P;(K;) is the space of polynomials of degree less than or equal to 1. Note that
Vh(Q) c D(E).
The Galerkin approximation u?’h of uf is defined recursively as follows. When
n =0, ug’h = ulh = 7M0 — [ 7" dx, where I" : D(E) — V"(Q) is a suitable
finite element interpolation operator. Here depending on the regularity of v, the

interpolation Z"v in V"(Q) is obtained either by a standard pointwise interpolation
(if v is continuous) or by a local averaging procedure (if v is not continuous; see [9]).

Given u)~ """, we determine u}"" by asking that u}", w}" € V() solve
un,h _ un—l,h
/ 29 yhdr= / Vuwp Vol dz Yol € VI(Q) (3.5)
Q T Q

/ wy et dae = —/ (Vuy ™y - Vol de Vot € V().
Q Q
5



To show that this problem has a unique solution, we argue as Barrett, Blowey, and
Garcke did in [4] for a different nonlinear fourth-order problem. Define the discrete
inverse Laplacian A=1h . H-1 — V*(Q) by

per
/ V(—=A"Vy) Vo dr = /v¢hdx, Vol € V(Q). (3.6)
Q

Note that A~ € V() exists and is unique for any v € H,. (we use here the fact
that the functions in Hp_e}d have mean value zero). We also define the inner product

(-,-)—1,n O Hp_elT, and the norm associated with it by

(¢, v)-1n = /QV(Afl’héb) V(AT dz, ol = 00)Y, 37)
Lemma 3.2. Given u?il’h € VR(Q) the problem (3.5) has a unique solution

u?’h and w?’h € V(Q); moreover u?’h solves the variational problem

“1,h
lo—ug™ "2,

min
veEVH(Q) 2T

+ Es5(v). (3.8)
and satisfies, for every v" € VI(Q)

(deuf" o)1y = — /Qwsag(w?h) + [Vuy PPy volde. (3.9)

Proof. One verifies using the definitions and injectivity of the map A~L" :
V() — V(Q) that (3.5) and (3.9) are equivalent, and that they are the first-order
optimality conditions for the variational problem (3.8). Existence and uniqueness
follow, using the strict convexity of (3.8). O

As usual, the functions u?’h determine an approximate solution ug’h of our PDE
by linear interpolation:

T,h _  n—1,h

t—(n—1T1/ , ne
ult =l + ( ) ( b 1,h

= ug ug ) for t € [(n — 1)7,n7). (3.10)

The rest of this subsection develops some properties of the inner product (-,-)_1 p

and the norm || - ||=1,5, which will be needed for our convergence analysis.
Lemma 3.3. Let v € L*(Q) and ¢ € H,}.. Then
(¢, 0)—1 = (¢, v)—1,n] < chlll[-1lv]lo; (3.11)
and
Mol = lvll—wnl = ol = vl -1n < chljolo. (3.12)

Proof. From the definition of the inner product we have
(,0) -1 = (¢ 0)-1n = | H(=ATTv+ AT ) de <[] -1 |AT 0 — ATy
Q

Inequality (3.11) follows from easily, using the standard finite element error estimate

JA= = A~V o]y < chl| A ]ly < chlfo]o.
6



Next we show that |[v||_1, < |lv||-1. Indeed, —A~!v and —A~1"y minimize
the functional I(z) = |2[3/2 — (v,2) on H},,.(Q)/R and V() respectively. There-
fore I(—~A~1v) < I(—A~%"). Since I(-A~'v) = —||v||?,/2 and [(—A~ V) =
—[[v]|?,,/2 it follows that [[of —1,n < [lofl-1.

Finally we show (3.12). Arguing as for the proof of (3.11) we find that

o2y = l[]121 4] < ch?|v]f5.

This implies (3.12) since (|[v]|-1 — [|v[|-1,,)* < ||[v][2, — [[v]|?;, (using the fact that
0 < oll-1n < lvll-1)- O

3.3. Numerical Implementation. We now discuss how to solve the discretized
problem (3.5). When ¢ is relatively large this can be done by minimizing (3.8) using an
iterative optimization scheme such as Newton’s method. When 0 gets small however
that works poorly, due to the nearly-singular character of the energy. We obtained
better results using a version of the primal-dual method introduced in [1, 7]. The
basic idea in a continuous-space setting is to introduce the new unknown

Vuy
Vug?+4

The system (3.3) can then be written as

zy =

n n—1
uy — ug

( ,U)_ = — / (B2f + |VuR|P~2Vu}) - Vudr Vv € D(E) (3.13)
Q

25/ |Vug|? + 6 = Vuy.

and we can use Newton’s method to solve for 2§ and v} simultaneously. The advantage
of this scheme is that it remains robust when ¢ is small. In particular, the number of
Newton iterations required to solve (3.13) is almost independent of §; see Subsection
5.1.

To implement this idea in our discrete finite-element setting, we take advantage
of the fact that our finite elements are piecewise linear. Therefore

T

v n,h
= 22 (3.14)

VIVay 2+ 6
is constant on each element.

The discrete version of (3.13) is obtained as follows. We focus for simplicity
on the case p = 3 (the exponent of primary physical interest) and @ = (0,1) (one-
dimensional dynamics, representing the evolution of a two-dimensional staircase; the
case Q = (0,1)x (0, 1) is similar). Our finite-element space V" (Q) consists of piecewise
linear, mean-zero, periodic functions on a uniform mesh of size h = 1/M; each function
in V"(Q) has the form Zﬁl a;i¢; where Ef\il a; = 0 and {¢;}M, is the periodic
piecewise linear function that equals 1 at the ith node and 0 at the other nodes for
1 # 1 and ¢1 has value 1 at x = 0 and = = 1 and vanishes at the other nodes. The
functions ™" belong to the space of functions that are constant on each interval; the
general form of such a function is Eﬁl 1;0; where o; is equal to 1 on the ith interval
and 0 on the others:



Suppose u?’h = Zﬁl all¢; with Zi\il a = 0 and zg’h = Y nlo;. Then, for
p = 3 we obtain the following discrete version of (3.13)

M
> (dta?<¢i,¢j>_1,h+ /Q Bnfoi - Véj + o]y opVer|Ve; - Vo, dsv) =0
=1 k

<Z 771-01) \/| Z ApVer2+6 | = Z ay Vo
i k k

for all j. We solve this nonlinear system (subject to the constraint > «; = 0) by
Newton’s method. The implementation is straightforward, since its Jacobian is easily
accessible.

4. Convergence Analysis for the FEM. This section studies the convergence
of our finite element scheme. We shall assume that the discretized problem (3.9) is
solved exactly. Our main result is Theorem 4.10, which estimates the error between
the the exact solution u (with § = 0) and its numerical approximation ug’h, in the

norm |- |l poe 0,710
There are three sources of error: regularization, time-stepping, and spatial dis-

cretization. We shall estimate them separately, using the triangle inequality

o = ™ <l = sl + lfus = |+ f — 5"
We already estimated the first term on the right, in Theorem 2.1. An estimate for
the second term is available from the existing literature (see Theorem 4.1). The main
task of this section is thus to handle the spatial discretization error.

To analyze the effect of discretization in time, we observe that for § > 0 the H !
subgradient 8H;€1T Es has just one element, namely AV - ®5(Vu). Abusing notation
slightly, we shall write 0Es(u) = AV - ®5(Vu) in what follows. The standard tools
for controlling the time discretization error of a steepest descent are the resolvent and
the Yosida approximation of the associated operator, which in the present setting are
respectively

J) = (I+X0Es)~! and A5 = %(I —J3). (4.1)
Here I is the identity operator and A > 0; for more properties of these operators
see [6, 15]. The following theorem estimates the time discretization error, i.e. the
difference between us and uj:

Theorem 4.1. Let us and uj be defined by Equations (2.8) and (3.2), and set
uf(s) = u}~! for (n— 1) < s <nr. Then

lus(t) = ug ()12, + 4/0 (A2 (uf (1) — OBs(us(t)), JA, (w5 (1)) — us(t)) dt
+ T/o 10Es(us () — A3 (uf (1)|12y dt < OT*||0Es ()2, (4.2)

for allt € [0, T). The constant C depends on T but not on § or At.
Proof. This is essentially Theorem 5 of [24]. The only difference is that in the
result just cited, the term |lus(t) — uf(¢)[|%, on the left side of (4.2) is replaced by
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lus(t) — uf(t)]|%,. However, it easy to see that the argument in [24] also proves our
assertion. O

While the constant in (4.2) is independent of 4, the right hand side nevertheless
depends on § through the term ||0Es(u®)||-1. The following Lemma shows that this
dependence is at worst proportional to 1/6 when the initial data are smooth enough.
(This would not be the case for faceted initial data, but it would be the case for
example if u°(z) = csin(z).)

Lemma 4.2. Assume @5 is given by (2.6), 0 < 6 <1, and p > 3. If the spatial
dimension is d < 4 then for any v € H3(Q2) we have

joBs(w)) - < X (4.3
where b(+) is a polynomial of degree less or equal than p. Moreover in any space
dimension we have a similar statement for any v € W3*(Q), with the RHS of the last
inequality replaced by L}‘“)
to p.

Proof. To simplify the exposition we focus on the proof of (4.3) in space dimension
one (the arguments for d > 1 are similar). We have

. Where b(+) is a polynomial of degree less than or equal

10Es(v)ll-1 = Ug(rbs(vm))im dx:|1/2

o / 6'Uacacac ngvxam 3 szvgm
o \@2 4012 (124632 (v +4)32

1/2
Bugvi, _ ?
P (el ) ) dr
Blols | Blvl3.4 _
S 2 51/2 +6 5 + ||(|,Ux|p 2”1)11”0- (44)

Here we have used the triangle inequality and an L* bound for the terms of the form
0% /(Jug|? + 6)™ to obtain the last line. For instance, the term |Bvgzq/(v2 + 6)1/2|
is bounded by |Bvz.0~/2|. To estimate the last term of the above inequality, we
observe that the function f(s) = |s|P~2s has derivative

f'(s)=(p—1)|s|P~2if s # 0.

Therefore f’ is continuous if p > 2 and f” is bounded at s =0 if p > 3, and

H(|U1|p_2vﬂc)m”0 =@-1{p- 2)”7)5_3”0'

Combining these observations with (4.4) we easily obtain (4.3) from the hypothesis
v € H3(Q) and an application of the Sobolev inequality. O

REMARK 4.3. Theorem 4.1 and Lemma 4.2 give |lus(t) — uf(t)|| -1 < c5.

We turn now to the main task of this section: estimation of the spatial discretiza-
tion error.

The following result is Lemma 2.2 from [3]. It will be used to prove Lemma 4.5,
and also for handling the term |Vu|[P~2Vu in the proof of Lemma 4.7.

Lemma 4.4. For any p € (1,00), € > 0 and d > 1 there exist positive constants
c1 and ¢y such that: for all £, € R?,

16172 — [P0l < eal€ —nl" (€] + Inl)P >+ (4.5)
9



and

(I[P~ — InlP~>n) - (€ = 1) = cal€ — n>T<(lg] + Inl)yP~>~*.

Our next result bounds dyu? = (u —u?™Y)/7 and dyuy” = (up" —ul "™ /7 in
the norms || - ||=1 and || - ||=1,,. We will use it in the proof of Lemma 4.7.

Lemma 4.5. Let u} and u?’h be defined by (3.3) and (3.9). Assume s satisfies
(2.9). Then there exists a constant ¢ > 0 independent of T, h and 6 such that

ldvugl|—r < 0Bs(u)]-1, Ildeug™ll-1n < Ideuz™ | -1 < (4.6)

c
7172

Furthermore, if u® satisfies Lemma 4.2’s hypothesis, and ps is given by (2.6), then

[ deug™ | -1 < erf" (4.7)
where
0,h 0
ho . |u U |1,oo 1 01p—2 , c
K5 = min W(m*‘w |1,oo)+||v'q)6(u0)”1am (4.8)

Proof. To prove the first inequality of (4.6), recall the nonlinear resolvent operator
defined by (4.1). Clearly

u? = (Jf)nuov

and applying the contraction property of J? (see for example Theor. 2 pg 526 of [15])
we obtain

luy =g~ 0 < )" g = ()" Pugll-1 < [ J7ug — ugl|-1.

We now observe that Jou$ — u$ = 7A%u°. Finally, from the properties of the Yosida
approximation we have ||A2u®||_; < ||0Es(u®)||_1.

Turning now to the second inequality of (4.6), we begin by showing that ||ug’h -
wy T M < Jlud TP =l TP 2. Recall from (3.9) that

(dtu?’h,vh>,1ﬁh = —/ @:;(Vug’h) Vol dz
Q

and

n—1,h n—2,h||2

_ n,h n—1,h n,h n—1,h 1,h n—2,h
(s — Us “1,n = flug™ — ug —(

uy™ —ug ) dugT o — ug ||2—1,h

n—2,h

SR ™ = 2uf T g

h
= [lug™ —u [y
+ 2T/Q(cpg(vu§*h) — & (Vuy M) Y (upt —uy ) de
h —1,h
> g™ =g 2y,

where we have used (3.9) to obtain the second equation, and the last inequality follows
from the convexity of ®s5. Finally, we estimate ||dtu[15’h||,17h using the steepest descent
10



feature of the problem (Hdtu};’h||2_17h < Bs(u%")/7; see (3.8)), and the stability of the
FEM interpolation operator.
Next we prove inequality (4.7). Let wg’h € V(Q) be defined by

/ wP" ehde = —/ O (Vudh) - Vol de Vol € V(Q), (4.9)
Q Q

and let wl = V - ®5(Vul). Using Equation (3.9), and adding and subtracting the
term [, ®5(Vulh)- Vdyuy" dx we obtain

g™ (|2, = / —(®5(Vuy™) = 5(Vu®")) - Vdpug" — 05(Vu'") - Vdyug" da
Q
< —/ OL(Vuohy - thu};’h dx, by the convexity of ®;
Q

< /Q (W™ — Pruwd)dpuy™ + Plwy - deup™ de, by (4.9)
0,h 1,h
< (ws™ = Prwglla + 1P wg 1) | dewg ™| -1,n (4.10)

where Pé‘ denotes the L? projection on V*(Q). The last inequality comes from the
fact that if f,g € V"(Q), then [, fgdz = [,V f-V(=A"Vrg)de < |f|1]lgll-1.n-

The first term on the right hand side of the last inequality is estimated as follows.
We first apply an inverse estimate (see Lemma 4.5.3 of [5]):

”UHm,T < Chl_m+(d/r)_(d/s)”UHLS YRS Vh(Q) (4'11)
to obtain
[wi™ — Pl < ch™ " — Prwd|lo.

Then we use a basic property of the L? projection, and integration by parts to obtain
0,h h, 02 0,h 0\/, 0h h, 0
" = Rl = [ (" — ) — Fuf)da

— = [ (@(7u") - (Va)) - V" - Puf) o
Q

1 _

< e = 001 (5175 + (0010 + 0o D" = Pl by (4.5)
1 N

< e s (777 + [0 2002 " = Rl o

To obtain the last inequality we used the stability of the finite element interpolation
operator, i.e. the estimate [u®"|; o < c[u®|; o, combined with (4.11).

The second term on right hand side of (4.10) can be estimated as follows. From
the stability property of the L? projector we have || Plw?||1 < c||w?||;. Substituting
the preceding results into (4.10) we confirm (4.8). O

The following standard result will be needed to handle the term |Vu[P~2Vu in
the proof of Lemma 4.7.

Lemma 4.6. For any p € (1,00) there exists g > 0 with the following property:
for any € € (0,€) and any a,b,c > 0 we have

(a+b)P"%be < e(a+ b)P~2b* + C(e,p)(a + c)P~2c?
11



for some constant C(e,p) (independent of a,b,c).
Proof. This is Lemma 2.3 from [3]. O

The heart of any convergence theory for a Galerkin method is an estimate of the
error in terms of the best approximation of the solution in the Galerkin space. Our
next result provides such a estimate. The first term on the RHS of (4.13) comes from
the fact that we use the norm || - ||—1,, to approximate the norm || - ||—1 in (3.1).

Lemma 4.7. Let u} and u?’h be defined as usual by (3.3) and (3.9). The
reqularization need not be ps(z) = \/|z|? + 6, but we assume it satisfies
05(2)] < co, VzERY, (4.12)

for some constant co and (2.9). Let €} = u} — u?’h. Then there exists constants

¢,y > 0 and independent of T, h and §, such that for any v" € V*(Q) we have

er|*
| 6!— 1,h +7/(|V’UJ?|+ |V€g|)p_2|VGg|2d$ (4.13)
Q

< chOBS ()] + o — ot s+ e [ [V(af = o] da
Q

|\6?71H—1,h|

e / (IVug] + [V — o) P2V (ul — o) da + EI—.

where g’h = e~ Y2, Furthermore, if u® satisfies Lemma 4.2’s hypothesis, and ps is
given by (2.6), then Vg’h = Ag’h; see (4.8).
Proof. From (3.3) and (3.9) we obtain

<dtug—dtu?)hv €g>—1,h = <dtugv €g>—17h _<dtug7 €g>—1+<dtugv €g>—1_<dtu?h7 eg>—1,h

— (g )~ () [ @6V - B(Vupt) - Ve do
Q

— (™ Ry 1 — / (V") - Vul da.
Q

Let v" be an arbitrary element of V"(Q). Adding and subtracting [, (®5(Vuy) —

fIJg(Vu?’h)) - Vo dz on the right hand side of the preceding equation, moving the
third term on the right hand side to the left side, and using the convexity of ps we
obtain

(deuy — dyug™ ) 10 + / (IVup P> Vug — [Vuz " P=>Vuz™") - Vep da
Q

< (dyuf,ef)—1n — (duf, ef) 1 + (deuf, uf — o)

— ey = ") [ (@T0) = BTG - T — ") do

We now use Lemma 4.4, the fact that the terms |Vu}| + |Ved| and |Vu}| + |Vu?’h|
are equivalent, and (4.12) to estimate the second term on LHS and the fifth term on

12



the RHS of the above inequality, obtaining

(e — de™, e3) 1+ / (V| + [Veg )2 Vel | de
Q
S <dtu?7 €g>*17h - <dtu:§la 6?>,1 + <dtug7u? - vh>*1

™ — oMYyt / (14 (V| + [P 2[Vel )V (uf — o) d.
Q

Next we use Lemmas 3.3 and 4.5 to estimate the sum of the first four terms on the
right hand side of the last inequality, obtaining

Hegnz—lh n n — n
Ty [ (90 T P e

< ch|0Bs ()| -1leglh + vy " lug — v" |1

n—1
b [ (901 + 19 )2 D DIV — o) o L8200
Q

e 1l-1,n-
Now we estimate the term ||e¥|]; that appears in the first term on the RHS of the last
inequality. Taking v = u} ' in (3.1) we obtain

[deuf||? ) + 2E5(uy) < 2E5(uf™"), (4.14)

hence Es(ud) < Es(u®) < ¢(E(u’) + 1). From (3.8) we obtain similar bound for
n,h
Es(ug™). Therefore

leplly < lluglly + lluz ™[y < «(B@’) + B@®") +1) < e

where we have used a Poincare and Sobolev inequality, and (for the last inequality)
the stability of the finite element interpolation operator.
We finally obtain

Heg”Q—lh n n — n
Ty [ (90 T P e

< chl|OBs (uO)]| -1 + v [} — vy

n—1
—|—c/(1—|—(|Vu§|—|—|Ve?|)p_2|Ve§|)|V(u§—vh)|d:c+7”6‘5 H*1*h|
Q

les|l=1,n. (4.15)
Applying Lemma 4.6 to the third term on the right hand side of (4.15) gives the
desired result (4.13). O

The following auxiliary Lemma will be used in the proof of Proposition 4.9.

Lemma 4.8. Let {a;}M, be a sequence of positive real numbers satisfying, for
somey >0, a? < 7y+aza;—1, fori=1,2,..,M . Assume furthermore that ag < 172,
Then a; < (it +1)y*/2, fori=0,1,..,M.

Proof. We argue by induction. The result holds for ¢« = 0 by hypothesis. Assuming
the result is true for i, we now prove it for i + 1: If a;41 < 7'/? we are done. If
Aiv1 > 71/2 then from hypothesis we have afﬂ < Tai+171/2 + a;4+1a;; dividing both
sides by a;y1 and using the induction hypothesis to estimate a; we conclude that
ais1 < (i +1) +1)y¥2. 0

13



The following proposition is our main estimate for the spatial discretization error.
It controls e = uf — u?’h in the norm || -||—1,, and the seminorm |- |1 ,. It also allows
us to estimate e} in the H | norm through Lemma 3.3.

Proposition 4.9. Let uf and u?’h be defined by as usual by (3.8) and (3.9).

Assume @s satisfies (2.9) and (4.12). Then there exists a constant ¢ > 0 independent
ofn, T, h and J, such that

n T,h
les ||2—1,h < cps (4.16)
where
Th __ 0 : T,h n __ ,h
" = OB+ int (v~ o (@17
+ /Q IV (uy = o")| + (IVug| + V(g —o"))P 72|V (uf —o")f? dw)
where Vg’h = ¢r Y2, Furthermore, if u® satisfies Lemma 4.2’s hypothesis, and ps is

given by (2.6), then Vg’h = Ag’h; see (4.8). Also,

n Th T,h 7,h
IVeRIn, < " (o712 4 cpp. (4.18)

Proof. The first inequality (4.16) is an immediate consequence of (4.13) and
Lemma 4.8. As for the second inequality (4.18): subtracting |[e}]|*, , /7 from both
sides of (4.13) gives

/ Ves|P da < ||deef || —1nllefll—1.n + chl|0Es (u®) ]| -1 + cvf ™ |lui — v" |

Q

+ c/ IV (ud — ") + (V| + |V(ud —o"))P~HV(u? —o")?dz.  (4.19)
Q

We estimate the first term on the RHS of the last inequality using (4.16) and the
following inequality:

ldeegll-1.n < e |- + deuy " | -1 < g™
Here, to obtain the last inequality we have used Lemma (4.5), the steepest descent
estimate ||dyuf||_1 < er7/2, and the fact that ||0Es(u®)||_1 < ||V - ®5(u)[1. We
estimate the second and third terms on the RHS of (4.19) using (4.16) and (4.17).
This leads directly to (4.18). O

We now combine our estimates for the errors due to regularization, implicit time
stepping, and spatial discretization. The following theorem bounds the error between
the unregularized continuum solution u and its numerical approximation ug’h, in the
Il Wz 0,715,y norm0.

Theorem 4.10. Let u and ug’h be defined by (1.1) and (3.10), respectively.

Assume s satisfies (2.9) and (4.12). Then there exists a constant ¢ independent of
7, h, §, such that

ess sup [Ju(t) —uf" (1)1 < e (720 + 0B 1 + (552
te[0,T]
14



where pg’h is defined by Equation (4.17). Furthermore, if u® satisfies Lemma 4.2’s

hypothesis, and s is given by (2.6), then we may take ug’h = mg’h in the definition

of pg"h; see (4.8) and (4.17).
Proof. We use the triangle inequality to obtain

Ju(t) = ug™ (@)1 < llu(t) = us(@)ll-1 + [Jus(t) = uf ()] -2
+ g () = uz" ()1 = ug(t) = 3™ Ol -1n + 1uf () = w5 (O] 1.0

The first, second, and the fourth terms on the RHS of the last inequality can be
estimated using Theorem 2.1 and Remark 2.2, Theorem 4.1, and Proposition 4.9
respectively. The third term on the RHS of the last inequality is estimated as follows:
first use inequality (3.12) to obtain

g (8) = ug " @)l =1 = [uF (t) = 5" (O -1,0] < chluf(t) = uz" (@)1 (4.20)

Next use a Sobolev inequality, the steepest descent feature of the Equation (2.8),
(4.14), and a Poincare inequality to obtain

- A
luf (t) = ug™ (®)ll1 < elluf(0) = ug™(0)ll1p < cllu’]l1p

(for the last inequality we used the stability property of the finite element interpolation
operator, i.e. the fact that [|u®"||; , < c||u®]|1,,). This gives the desired result. O

As usual in the finite element method, the convergence rate depends on the regu-
larity of the exact solution. Alas, we do not know very much about the undiscretized
time-step problem (3.3). In the next Corollary we assume some reasonable-sounding
hypotheses about the regularity of u}. Using those hypotheses, we provide an estimate
for the term pg’h.

Corollary 4.11. Let u and ug’h be the solutions of Equations (1.1) and (3.10),
respectively, and d be the dimension of Q. Assume p > 3, u® € H3(Q) N W>(Q),
d <4, @5 is defined by (2.6), and u} € WHHQ)NWL>(Q), 1 <r <2, with

5 1100 125 15 1], [”ll2,00 < Ymaa

for some constant Yma. independent of 6, 7 and n. Then there exists a constant c
independent of T, h, 0, such that

2

h
ess sup |Ju(t)—uy"(#)]|_1 < T1/251/4+§b(~ymax)+ {cgvhh"l +s h"2] b(Ymaz).

t€[0,T]

(4.21)
Here
hd/2-1 g c
Th .
C(; = min |:<W + 5) C, m:| ) (422)
d d d 2d

91:——74—7“ and 92—min[d—7—|—r—1,d—7—|—2r—2], (4.23)

Sq

where sg =1ifd=1,84>14ifd=2, or sq=2d/(2+d) if d > 3; b(-) denotes a
suitable polynomial of degree less or equal than p, whose coefficients are independent
15



of T, h and 6. (The value of sq changes with dimension due to a Sobolev inequality
used in the proof. We obtain a better estimate in lower dimensions. The value of
b(Vmaxz) depends on the choice of sq, since it incorporates the constant of the Sobolev
inequality. When d = 2 we are free to choose any sq > 1. However, in this case
b(VYmaz) — 00 as sq — 1.)

Proof. We first estimate the term pg’h, defined by (4.17). The first term on the
right side of (4.17) is estimated by Lemma 4.2: h||0Es(u®)|-1 < hé ™ b(Ymaz). To
estimate the second term on the RHS of (4.17), we use the following property of the
standard finite element interpolation operator Z":

v —Z"0||s.q < ch VD= QVEr=s)9| 1 for s <1, if WSIQ) — WHHQ)  (4.24)

(see e.g. Theorem 3.1.5 of [10]. For the term mg’h we use (4.24) and Lemma 4.2 to
obtain

0,h 0
T,h . |u TTu |1,00 1 - c
= {W(m + [ + IV - @5(u”) 1 75 | (4.25)

) hd/2_1 1 c
< min {(W + 5) b(%na:c)a m:| .

Here the estimate ||V -®5(u®)||; < ¢/d is obtained proceeding as in the proof of Lemma
4.2. Let M, = fQ vdx; preparing to choose v/ = Ihug — MIh,ug in (4.17) we observe
that:

luy = T"uf + Mznygpll-1 < clluy — T"ufllo,s, + cll Mznugllos,-

Here we used a Sobolev and a triangle inequality to obtain the last inequality. To
estimate the second term on the RHS of the last inequality first we use an inverse
inequality and the fact that u} has mean value zero to obtain

[ Mznunllo,sy < ch*4= Y Mgnypllog = ch®** = Mznyp| < ch*= 4| T — ufo,1.

Next, we use (4.24) to estimate ||Z"uf — u}|

0.5, and [|[Z"u} — u?|o,1. Hence
luf — T"ug + Mzuypll -1 < ch¥ o=y, 00 by (4.24)

We now observe that [|[V(u} — Z"u)|o1 < c||V(u? — Z"u?)|jo, and from the
stability of the interpolation operator we have |V (u? — Z"u2®)|/0.co < ¢Ymaz- Hence
the choice v/ = Ihug — Mz’mg gives

195 = o (9049 = ") )29 = o) P
Q
< b0man) (g = 0" 10 fuf = 0" [}) < (B DT EEE D 0) by (4.24)

1
We thus conclude that pg’h < [Cg’hh‘gl + heQ} ’ b(Ymaz)- Finally, we obtain (4.21) by
combining the last inequality with Theorem 4.10 and Lemma 4.2. O

The preceding estimates all controlled the error in the H~! norm. That was
natural, because continuum model is a steepest descent in the H~! inner product.
However estimates in stronger norms are also possible, by interpolation.

REMARK 4.12. We see from the last corollary that the order of convergence
depends on the regularity of the solution u. We know that u develops facets with time.
Near the edge of a facet we expect uy to behave like the square root of the distance to
the facet’s edge; see [18]. This suggests that u € W for every | < 2.
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Fig. 5.1: Plot of ug’T(t, Jfort=0andt =103 and u’(z) = x(x—1)y(y— 1) — 1/36.
Here h = 1/160, 7 = 107% and § = 10,

5. Numerical Results. We implemented the finite element scheme discussed in
Section 3 in one and two dimensions. This section reports on the results, emphasizing
the observed convergence rates as the regularization parameter § tends to 0, the
spatial discretization gets finer (h — 0), and the time step tends to 0. For all the one
dimension simulations reported here, we solved the PDE with period cell Q = (0,2)
and initial condition u%(z) = 0.1cos(mz). For the two dimensions experiments we
considered Q = [0,1] x [0,1], and u®(z) = z(x — 1)y(y — 1) — 1/36. The exponent p
was always taken to be 3 (the case of primary interest for surface relaxation).

It is well-known that the solution develops facets near the maxima and minima of
the initial data, and that it reaches v = 0 in finite time. Figure 5.1 shows the initial
data u®(z) = z(z—1)y(y—1) —1/36 and the profile at time 3 x 107°. All our 1D tests
used a final time 7' on the order of 1072 (long enough to show significant evolution,
but short enough that the surface has not yet flattened).

5.1. Superiority of the Primal-Dual Method. In order to show the supe-
riority of the Primal-Dual Newton Method, we implemented another version of the
FEM method using regular Newton Method. For fixed values of 7 = 1076, error
tolerance of 2 x 1079, and maximum number of 400 iterations for the Primal-Dual
and regular Newton method, we observed the following results:

Primal-Dual Method. For h = 1/10: Converged for § = 9 x 10~% and did not converge
for § = 8 x 1075. For h = 1/20: Converged for § = 2 x 1075 and did not
converge for § = 1.5 x 1075,

Regular Newton Method. For h = 1/10: Converged for § = 1.5 x 10~2 and did not
converge for § = 1073, For h = 1/20: Converged for § = 4.5 x 1072 and did
not converge for § =4 x 1073

Table 5.1 shows the maximum number of iterations to solve the nonlinear system

for different values of § for the regular (RNM) and Primal Dual Newton Method

(PDNM). We used 7 = 1075 or 7 = 1073, h = 1/20, error tolerance of 2 x 10~? and

allowed a maximum number of 400 iterations for the both methods.

Finally, we note that for fixed values § = 2.5 x 1073, h = 1/20 and error tolerance
of 2 x 107? and maximum number of 400 iterations for the Primal-Dual and regular
Newton method, we observed the following results:

Primal-Dual Method. Converged for any choice of 7 <2 x 1072,

Regular Newton Method. Converged for 7 = 10~7. Did not converge for 7 > 2x 107".
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Table 5.1: Maximum number of iterations to solve the nonlinear system, for both
regular (RNM) and Primal Dual Newton Method (PDNM). Here h = 1/20.

=106
5 2x1072110°2[5x103[25x1073]1.25x 1075 [ 6.25 x 10~ %
PDNM | 6 6 7 7 7 7
RNM |5 11 28 DNC DNC DNC
=103
5 10~* 107° [ 10°F 10°7 108 1079
PDNM | 9 9 10 10 10 10

Similar results were also observed for different values of § and h. All results in this
subsection were obtained in dimension 2.

5.2. Regularization error. The functional analysis of steepest descent assures
us that there is a well-defined solution in the limit § — 0. The simulations bear
this out; for example, Table 5.2 demonstrates that for fixed values h = 1/160, and
7 = 1076, max, ug’h is virtually independent of § once this parameter is less than
10-S.

Table 5.2: The value of max, ug"h at time ¢ = 2.8 x 1073, for various values of §. Here
h =1/160 and 7 = 107°.

511073 1071 107° 1076 1077 1077
0.0080 | 0.0040 | 0.0029 | 0.0026 | 0.0025 | 0.0025

Theorem 2.1 and Remark 2.2 show that regularization error, measured in the
H~" norm, is bounded by C§'/*. The regularization error we observed numerically
was actually much smaller, more like C§%/0. Indeed, Table 5.3 gives the value of
SUDse (0,7) uy" — ug"/};H,l for selected choices of §, when h = 1/640 and 7 = 1076, A

Table 5.3: The value of sup,¢ g 1) Hug’h - ug’/};H_l for various choices of §. Here
h =1/640 and 7 = 1076.

5] 8x1073[4x103[2x1073] 1073 5x 1072
13.01e-4 | 8.92e-04 | 5.89e-04 | 3.69e-04 | 2.30e-04

bit of arithmetic using the data in the Table reveals that

sup [ul —ul) -1~ 0.65 sup [lul™ —ull]]
P 5/2 s/all-1~=U. P s 5/21l-1-
t€(0,7) te(0,T)

If ug"h = ug’h + C6% + 0(6%), then 27% ~ .65, whence o ~ .62. Thus, the observed
H~1 error due to regularization is about §%/10.
We did the same test as in Table 5.3 but using the L? norm instead of the H~!
norm. We found that
sup Hug/}; — ug’/ZHO ~0.73 sup |luj" — ug’/;HO.
te(0,T) te(0,T)
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Since 2-% = .73 = « ~ .47, the observed L? error due to regularization is about §/2.

Our analysis of the convergence as 7 — 0 gave a bound of the form C7/4 (see
Theorem 4.1, Lemma 4.2, and Remark 4.3). The bound is proportional to 6! due to
the presence of ||0Es(u®)||-1 on the right side of (4.2). Our convergence estimates as
h — 0 also have terms proportional to !, whose origin is essentially the same (for
example, in Proposition 4.9 the error estimate Bév’h includes a term h2||0Es(u®)|| 1)
Therefore it is interesting to assess the sharpness of Lemma 4.2, which showed that
|0Es(u®)||-1 < C/§. In fact the estimate appears not to be sharp when u%(z) =

1 cos(rx). For this specific choice of u’, our numerics shows that ||0Es(u®)||-1 ~
53/,

5.3. Time discretization error. Fixing § = 1072 and h = 1/320. We observed
that
T T/2,h T/4,h
Jo 15" — g™ 1 ds

= .60 or .53
T 7,h T/2,h
S " =g -y ds

depending on the choice of 7 = 2.5 x 1074 or 7 = 1.25 x 10~%. The anticipated linear
behavior in 7 corresponds to a ratio of 1/2.

5.4. Finite element discretization error. The numerically-observed conver-
gence rate as h — 0 was O(h?), far better than the h'/? behavior suggested by
Corollary 4.11 and Remark 4.12. Indeed, we computed fOT ||u§’h - ug’h/2|\_1 ds for
different values of h € {1/10,1/20,1/40,1/80}, and a few different choices of § €

{1074,1075,107 %} and 7 € {1075,1078,107?}. Our results suggest that
T he h/4 o h/2
/ fluz / —uy’ / =1 dsz0.25/ lug™ — ug / ||=1ds.
0 0

Since 27 = 1/4 = « = 2, the observed discretization error in the L'(0,T; H,.}.)
norm is about h2. This same convergence rate was also observed for the error in the

norms L>(0,T; H,.L) and L*(0,T; L?).

per

6. Conclusions. We have discussed the numerical solution of a widely-used
PDE model for surface relaxation below the roughening temperature. We use im-
plicit time-stepping and a mixed finite-element spatial discretization. The singular
surface energy is regularized, and the time-step problem is solved using a primal-
dual scheme. Our convergence analysis is the first rigorous analysis of any numerical
scheme for solving (1.1). Our estimates may not be optimal. Indeed, the numerically-
observed convergence as § — 0 and h — 0 for the 1D problem with ug(z) = .1 cos(rz)
is considerably better than our estimates would suggest.
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