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Abstract

In this work, we analyze the convergence of the recent numerical method for enforcing fluid—
structure interaction (FSI) kinematic constraints in the immersogeometric framework for cardio-
vascular fluid—structure interaction. In the immersogeometric framework, the structure is modeled
as a thin shell, and its influence on the fluid subproblem is imposed as a forcing term. This force has
the interpretation of a Lagrange multiplier field supplemented by penalty forces, in an augmented
Lagrangian formulation of the FSI kinematic constraints. Because of the non-matching fluid and
structure discretizations used, no discrete inf-sup condition can be assumed. To avoid solving (po-
tentially unstable) discrete saddle point problems, the penalty forces are treated implicitly and the
multiplier field is updated explicitly. In the present contribution, we introduce the term dynamic
augmented Lagrangian (DAL) to describe this time integration scheme. We formulate the DAL
algorithm for a linearized parabolic model problem, analyze the regularity of solutions to this prob-
lem, and provide error estimates for the DAL method in both the L*(H"') and L*(L?) norms. We
also prove error estimates for a recently-proposed extension of the DAL method, with improved
conservation properties. Numerical experiments indicate that the derived estimates are sharp and
that the results of the model problem analysis can be extrapolated to the setting of nonlinear FSI,

for which the numerical method was originally proposed.
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1. Introduction

Recent years have seen great interest in numerical analysis of fluid—structure interaction (FSI)
[1H26] due to its relevance to structural [27, 28], biomedical [29]], and other engineering applica-
tions [30]. In a recent series of articles [31-36], we developed a framework for simulating FSI
dynamics of thin, flexible shell structures immersed in a viscous, incompressible fluid, where we
assume that the thin structure can cut through the fluid meshes and the fluid/structure meshes do
not have to match each other on the fluid-structure interface [37-39]]. The target application was
bioprosthetic heart valve [40] analysis. Heart valves are anatomical structures in the heart, regulat-
ing the direction of blood flow. Bioprosthetic heart valves are artificial replacements for diseased
valves that mimic the structure of native valves: they consist of several thin elastic leaflets that are
pushed open by flow in one direction and shut by flow in the other direction. FSI analysis could
become an important tool for understanding and designing bioprosthetic heart valves; however,
this problem class presents special difficulties [41-43]]: (1) due to the thinness of the heart valve
leaflets, shell models are typically employed for efficiency. However, the high-order derivatives in
some shell models (e.g., Kirchhoff—Love shells [44]) require additional smoothness on the numer-
ical solutions; (2) in heart valve problems the fluid and structure densities are close. Convergence
of coupled solvers is problematic because of the “added-mass” effect [45]; (3) the fluid velocity
gradients and blood pressure are discontinuous across the leaflets, which is difficult to approximate
in unfitted discretizations; (4) the leaflets undergo large deformations in each cardiac cycle, which
causes significant changes in the geometry of the region occupied by fluid.

To accommodate large deformations of and contact between bioprosthetic heart valve leaflets,
we pursued an immersed boundary numerical method (see, e.g., [16-18, 46]), in which the fluid
and structure are discretized separately and coupled in the numerical method. To simplify the
translation of bioprosthetic heart valve designs into analysis models, we used an isogeometric dis-
cretization [47,48]] of the bioprosthetic heart valve leaflets, representing discrete approximations to
the valve’s deformation with the same spline function space used to design its geometry. Moreover,
isogeometric spline spaces can be as smooth as the geometry allows, which permits straightfor-
ward discretization of fourth-order thin shell models. We introduced the term immersogeometric
analysis in [31], to identify the idea of directly using design geometries as immersed boundaries.
References [28), 49-51]] explore immersogeometric analysis in several application areas, using a
variety of numerical methods.

This paper focuses on the particular numerical method introduced in [31], and refinements
of it developed in subsequent work [36]. This numerical method is specialized for problems in

which the structure is modeled geometrically as a surface of co-dimension one to the fluid sub-
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problem domain. The interaction between the shell structure and fluid is mediated by a Lagrange
multiplier field, which enforces the constraint that the fluid and shell structure velocities match
along the shell structure’s midsurface. Immersed boundary numerical methods based on this dis-
tributed Lagrange multiplier concept have their origins in the work of Glowinski and collaborators
[52, 53], and continue to be studied today by Boffi, Gastaldi and Cavallini [22] 54]. In [S3], a
Lagrange-multiplier based fictitious domain method is presented and validated on a fluid-solid
coupling problem, where both the fluid and solid subdomains are in 2D. In this method, the fluid
flow equations are enforced in the whole domain, including the solid subdomain, and the solid
boundary is constrained using a distributed Lagrange multiplier. In [22]], the authors provided op-
timal error estimates for the Lagrange-multiplier based fictitious domain method on a simplified
linear model for the solid. Besides the case when the fluid and solid have the same dimension,
the authors have further discussed the case of a thin solid immersed in a fluid. However, in [22]
the error estimates depend on the problem regularity, i.e., the smoothness of the solutions, which
was not discussed in the paper. Moreover, the Lagrange-multiplier based fictitious domain method
entails the construction of a saddle point problem, which is fraught with practical difficulties in
the discrete setting. Drawing inspiration from discrete optimization [55,56] and solution methods
for contact problems [57] (where non-matching discretizations are the norm), we first attempted
to use an augmented Lagrangian iteration. This iteration avoids directly solving a saddle point
problem by introducing auxiliary penalty forces, then alternating between 1: solving an uncon-
strained problem, with fixed Lagrange multipliers, and 2: using the penalty forces to update the
Lagrange multipliers. Finding the convergence of this iteration unreliable, we truncated the orig-
inal augmented Lagrangian iteration, updating the Lagrange multiplier only once each time step.
This can be reinterpreted as an implicit discretization of the feedback forcing method of Goldstein
et al. [58-62], in which the fluid—structure forcing (i.e. Lagrange multiplier) is governed by a
stiff differential equation in time, essentially penalizing the time integral of fluid—structure velocity
discrepancy [31} Section 4.3]. Feedback forcing is a rate form of the fluid—structure displacement
penalties [63, Section 4.2.1] used quite widely to simulate airbag inflation [64]], heart valve FSI
[65-68]], and other fluid—thin structure interaction phenomena [69-71]].

Retaining the Lagrange multiplier viewpoint has allowed us to devise stabilization schemes
[34) 36] that would not clearly emerge from the picture of accumulating a fluid—structure dis-
placement difference in rate form and penalizing it. In this paper, we introduce the term dynamic
augmented Lagrangian (DAL) to describe the resulting family of numerical methods for imposing
the Dirichlet boundary conditions on the fluid—structure interface. The idea of DAL was initially
introduced for immersogeometric analysis in [31], and came from a combination of heuristic analo-
gies to feedback methods and results of numerical experiments. In [35, Section 3], we began to

undertake a numerical analysis of DAL, by introducing a scalar parabolic model problem with a



Dirichlet boundary condition applied on a surface cutting through the interior of the domain. Our
analysis of the model problem in [35] proceeded as follows: First, we related the model problem
to a feedback forcing regularization. Second, we analyzed the error in discretizing this regularized
problem in space and time. However, the dependence of the regularized problem’s coefficients
on refinement parameters introduced many technical difficulties into the analysis, and numerical
experiments indicated that the resulting error bounds were not sharp.

The present paper aims to address the solution regularity for the immersed thin solid problem,
and based on this regularity further investigate the convergence rates for DAL methods. We provide
a novel analysis of the original DAL on the parabolic model problem introduced in [35] and,
for the first time, analyze a recent extension of DAL [36]. In this extension, the multiplier is
projected onto a coarser space, to circumvent the trade-off between stability and conservation that
results from the original DAL [34, 35]. The new analysis does not rely on passing through a
regularized problem, and arrives at sharp bounds. We begin by reviewing the fluid—thin structure
interaction problem setting (Section [2)) and the immersogeometric FSI framework (Section [3)) in
which the two DAL methods are developed and applied. Then, in Section 4] we recall the linear
parabolic model problem introduced in [35, Section 3.1.1] and study the regularity of its solutions.
Section [5] analyzes the convergence of the original DAL and the projection-based DAL methods
in the context of this model problem. Numerical testing in Section [6] supports the analysis on
linear problems, and in Section [/| the numerical results on a novel benchmark 2D FSI problem
indicates that the conclusions of the model problem analysis extrapolate to much more complicated

problems. Section (8| summarizes our findings and discusses future research.

2. Mathematical model for FSI

This section defines the mathematical model of fluid—thin structure interaction in which the
DAL methods we consider here were originally developed. We also outline the discretizations

used for the fluid and thin structure subproblems.

2.1. Augmented Lagrangian formulation of FSI

We begin with a versatile augmented Lagrangian framework for FSI [[/2], which we specialize
to the case of thin immersed structures. The region occupied by fluid is denoted Q C R?, and the
deformed structure geometry at time ¢ is modeled by the 2D surface I, ¢ Q. Let u and p denote
the fluid velocity and pressure fields. Let y denote the structure displacement relative to some
reference configuration, I'y. The structure velocity is denoted 17 = y. The fluid—structure kinematic
constraint that u = 1 on I'; is enforced using the augmented Lagrangian

1
fA-(u—n)dH— Blu-nP dr @.1)
I; 2 I;



in which A is a Lagrange multiplier and 5 > 0 is a penalty parameter. This results in the following
variational problem: Findu e S,, p € S,,y € Sy, and A € S, such that, for all w, € V,, g € V,,
wy € V,, and O\ € V,

Bl({u,p},{wl,q})—Fl({wl,q})+fW1 -/ldT+fW1 pa-n)dl =0, (2.2)
I; I;
By(y, wy) — Fa(wy) — f wy - Addl' - f wy-Bu-n)dl' =0, (2.3)
I; I;
fa,l-(u—n)drzo, (2.4)
I;

where S, S,,, Sy, and S, are trial solution spaces for the different solution components and YV,
V,, Vg4, and V, are the corresponding test spaces. By, B,, Fy, and F, are semi-linear forms and

linear functionals defining the fluid and structure subproblems.

2.2. Fluid subproblem

We assume the fluid to be incompressible and Newtonian, with the following weak formulation

Bl({u,p},{w,q}):fw~pf(a—u +u~Vu) dQ+f€(w):0'fdQ
Q x Q

ot
—h[qV-uﬂ)—yj‘wyyh-mkudF, (2.5)
Q Iy
Fﬂm@:Imeauj\mnﬂy (2.6)
Q Iy

where p, is the mass density of the fluid, e(-) is the symmetric gradient, oy = —pI + 2ue(u) is the
fluid Cauchy stress, u is the dynamic viscosity, f; is a body force, T is a traction on I'y C 0€2, and
ny is the unit outward-facing normal to €. 0(-)/0#|x indicates time differentiation holding x € Q

fixed. In the last term of (2.5]), the function {-}_ extracts the negative part of (-):

{0 x>0
{x}- = . (2.7)
x otherwise

This enhances the stability of the problem in situations where flow enters through I'y [35,[73]. The
dimensionless coeflicient y controls the strength of stabilization.

Our past work on immersogeometric analysis has discretized this subproblem in a number of
ways. In [31], we used the variational multiscale (VMS) formulation, with equal-order pressure
and velocity interpolation. This suffered from difficulties with mass loss in the discrete fluid solu-
tion. In [35], we circumvented this issue by applying a modification of the divergence conforming

(or div-conforming) discretization described in Evans and Hughes [74-76] and based on work by



Buffa et al. [[77,78]. We refer interested readers to [[/4] for further information on div-conforming
B-splines and [35, Section 2.2] for details of the implementation we used for immersogeometric

FSI analysis. Numerical FSI examples in this paper use the div-conforming fluid discretization.

2.3. Thin structure subproblem

We define the forms B, and F, for the structure subproblem by assuming Kirchhoff-Love thin
shell kinematics [44, [79), [80]:

azy Nin /2
By(y,w) = f W phy —=| dT + f f DyE : S dédl (2.8)
r, ot |x To J=ha/2
and
Fz(w):fw‘pshthfz dl“+‘fw‘hnet dar, (2.9)
Iy I

where p; is mass density, f; is a body force, Ay, is the thickness of the shell, and £ is a coordinate
parameterizing the through-thickness direction. The elasticity term is referred to the reference

configuration; E is the Green—-Lagrange strain tensor,

d
DyE(y) = --E(y + ew)

, (2.10)
=0
and S is the second Piola—Kirchhoff stress tensor. The last term of F, combines tractions prescribed
on both sides of I';: h™' = h(¢ = —hy/2) + h(€ = +hg/2). The time derivative d(-)/dt|x is taken
holding X € I'y fixed. S can be computed from E using an arbitrary constitutive model. Computing
E from the midsurface displacement y relies on kinematic assumptions detailed in [44), [79] [8O]].

In the resulting thin shell subproblem, the smoothness of the solution space is especially im-
portant because of the high-order derivatives of y and w resulting from the mapping of y to E. For
B,(w,y) to remain bounded, w and y must be at least in H*(I'). Therefore, in this paper we employ
isogeometric analysis (IGA) spline spaces to discretize the thin shell subproblem in space, because

IGA accommodates the additional smoothness required of numerical solutions.

3. Dynamic augmented Lagrangian methods for fluid—structure coupling

This section discusses how we discretize the constraint coupling the subproblems. We describe
two variants of the DAL method: the original DAL approach proposed in [31] (including a sta-
bilization technique added in [34]) and a modified version proposed in [36l], which projects the

Lagrange multiplier onto a coarse discrete space.



3.1. The original DAL approach

In [31], we formally separated the constraint u = 7 on I into no-penetration and no-slip com-
ponents:

u-n;=-—7-n 3.1

and

u—(u-nf)nf:n—(n-ns)ns, 3.2)

where n; = —n;. (3.1) and (3.2) are enforced by normal and tangential components of X, respec-
tively, as well as the penalty forcing 8 (u — 17). In the applications with a closed structure separating
regions of different pressures (e.g. an aortic heart valve during diastole), the thin structure must be
able to prevent leakage to maintain the correct qualitative solution behavior. On the other hand, the
no-slip constraint is less essential; its strong enforcement may even be detrimental to solution qual-
ity on coarse meshes [81-84]]. We therefore discretized these constraint components differently.
For the no-slip constraint, we simply rely on imposing consistency with a penalty integral term
and neglect the corresponding component of the Lagrange multiplier field. For the no-penetration
constraint, we retain a scalar Lagrange multiplier field on I', denoted 4 = A - ny, to strengthen
enforcement of non-penetration. Because I'; can cut through the fluid domain arbitrarily, it would
be difficult to construct inf-sup stable combinations of discrete velocity and multiplier spaces. We
discretize A as a set of samples at quadrature points, which may be viewed as coeflicients in a lin-
ear combination of piecewise-constant basis functions, each supported on the patch of surface area
associated with a quadrature point (cf. Pinsky’s interpretation [85, (6.6)—(6.7)] of discretizing the
plastic multiplier at quadrature points in a three-field formulation of elastoplasticity). However, we
do not place any upper bound on the density of quadrature points relative to the fluid and structure
discretizations, so no discrete inf-sup condition can be assumed. To stabilize the formulation, we

introduced (in [34]]) a relaxation parameter, r, to regularize the no-penetration constraint residual:
r
u-m)-n; — (u—n)~nf—lg/l. 3.3)

This “perturbed Lagrangian™ approach for multiplier stabilization has previously been applied to
contact problems [86]]. The use of a perturbed residual and a multiplier discretized at quadrature
points is clearly equivalent to a penalty method, in which the penalty parameter scales like ~
T8or/T- The reason for retaining an unknown multiplier field is that it allows us to formulate a
semi-implicit time discretization that does not rely on solving a severely ill-conditioned problem
when r < 1. (In the initial formulation of [31], » was in fact zero.)

These modifications of the constraint lead to the following problem: Findu € S,, p € S,,



y € 84, and A € S, such that, for all test functions wy € V,, g € V,, wy € V4, and 64 € V,

Bi({wi, g}, {u, p}) — Fi1({w1, g}) + Ba(Wa,y) — Fa(W3)

+ (W1 — Wz) . /lnf dar
Iy

+ | (W —W2) - Thor ((u—n)-nf)nf dr
I

= fr (Wi = W) - han (@ =m) = ((@=m) - ms)ny) dr

+f(m-((u—n)-nf— ;/l)dl":O. (34)
T NOR
Applying spatial discretizations to the subproblems of (3.4)), as discussed in previous sections, al-
lows us to represent the semi-discrete solutions as vectors of basis function coeflicients, which is
convenient for discussing time integration algorithms. When describing time stepping procedures
for the fully-discrete problem, we use n to denote the time step index, and denote the spatially dis-
cretized fluid velocity solution as a vector of basis function coefficients U". Likewise, the spatially
discretized fluid velocity time derivative, fluid pressure, structure displacement, and displacement
time derivatives are denoted U”, P, Y”, Y", and Y". We denote the multiplier at time level n as A"
The time discretization proposed in [31} [34]] proceeds in two phases at each time step. First, A
is held fixed at A", and the penalty-coupled problem is solved implicitly. Second, A"*! is computed
explicitly. More precisely, the algorithm of [31} 134] considered solution variables at time level n

known, and first solved the following problem for all (n + 1)-level unknowns except A"*!:

Res (Un+af’ Un+a/m’ Yn+af’ Yn+af’ Yn+a,,,, Pn+l’ /ln) -0, (3.5)
Ul = U7+ At (1= p)U" + 0™ | (3.6)
U = U + a, (UM -0 (3.7)
U = U +a, (U™ -U") (3.8)
Y =Y+ AY" + A?tz ((1—28)¥" +28¥"1) (3.9)
Y =Y A (=¥ YY) (3.10)
Yo = Y7 4 q, (Y”” _ Y”) , (3.11)
Y= Y (Y - Y (3.12)
Y =Y (Y - YY) (3.13)

where a,,, @y, B, and vy are time integration parameters. Res(. . .) is the nonlinear algebraic residual



corresponding to discretization of (3.4) with A fixed and V, = 0. The subproblems are still coupled
through the penalty term, but in a more gentle way, which can be resolved using block iteration [35,
Section 4]. Equations (3.5)—(3.13) come from the generalized-a method of time integration [87]]. In
[31-34], we followed [88), Section 4.4] by using a subset of generalized-a@ methods parameterized

by pe € [0, 1], which controls numerical damping and defines the four free parameters as

1 ({3 -ps
= = , 3.14
¢ 2(1+p0<,) G149
1
o , 3.15
ay T+ oo (3.15)
1
y:§+a/m—a/f, (3.16)
—1(1+ ) (.17)
ﬁ—4 A —ay) . .

The mathematical interpretation of p, is it is the spectral radius of the amplification matrix as
At — oo; see [87]. In FSI examples within this work, we maintain a direct analogy to the linear
model problems analyzed in Section [5| by using the backward Euler method instead. This can be
conveniently implemented within the generalized-a predictor—multi-corrector scheme of [88] by
setting the generalized-« parameters to @,, = ay = y = 8 = 1 and modifying the displacement
predictor to be consistent with the backward Euler method.

The second, explicit phase of the DAL time stepping procedure is to update the Lagrange

multiplier:
n+ay

I (3.18)

A+ TII\SIOR (un+af _ ,r’n+ozf) -n
/ln+1 -

1+r
The present semi-implicit algorithm is in fact stable in an energetic sense, as discussed physically
in [34, Section 3.2] and mathematically in [35]. In summary, then, the original DAL approach

employs the following two-phase algorithm in each time step:

1. Solve (3.5)—(3.13) with 2" fixed.
2. Update A"*! explicitly, by (3-18).

Regarding the choices of the penalty parameters, we suggested, based on dimensional analysis

and physical considerations [35) Section 5.2.1], to set

ToAN = CTAN% , (3.19)
and i
hor = max {CE‘%&%, CNOR%} , (3:20)

where Ctan, C;‘gﬁ, and Cﬁng are dimensionless O(1) constants and 4 is the fluid element diameter.
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When analyzing this original DAL method for the linear parabolic problem in Section [5] we con-

sider the normal penalty only and take the asymptotic value of the parameter as 75, = 8 = O(1/h).

3.2. The projection-based DAL

As discussed in [35]], the original DAL method requires r > 0 for a stable spatial discretization.
In [36], we suggested a stabilized method which projects the Lagrangian multiplier A onto a coarse
element space satisfying an inf-sup condition. This spatial discretization remains stable while

satisfying the kinematic conservation law

f(u—n)-nde:O, (3.21)
I

which can only be recovered in the unstable limit of » — 0 with the original DAL approach.

In this section, we first describe the stabilized immersogeometric framework with fully pro-
jected Lagrangian multiplier, which is equivalent to the r — oo limit of the formulation from [36].
Then we discuss the semi-implicit time integration method for this immersogemetric framework,
in which the projection-based DAL method is introduced and employed. Further discussions on
the inf-sup stability for the projection-based DAL method as well as its error estimates will be
provided in Section [5

We start with a modification of the algorithm provided in (3.4)), by introducing the projection

operator P as an L? projection from V, to a finite-dimensional subspace Vy: For A € V,,
(PA,64) ={(A,61), Yol e Vy , (3.22)

where (-, -) is the inner product in L*(T"). The space Vy is defined on a coarse mesh of T, with
element size H > h. In this paper, we keep C < H/h where C > 1 is a sufficiently large constant
required by the inf-sup condition, as will be discussed in Section [5] Practically, having H > h as
h — 0 would be sufficient for the projection-based DAL method to converge. We also denote the

complementary commutative projector of P as P = [ — P, then we have,
(PA, P61y = (P*A,P6A) =0, VA, 61 e V,. (3.23)

The original immersogeometric framework can then be modified, and we employ the spatial dis-
cretization as: Findu € S,, p € S,,, y € S;, and A € Vy such that, for all test functions w; € V,,

11



qEc (Vp, W, € (Vd, and 04 € (VH

Bi({wy, g}, {u, p};0) — Fi({wy, q}) + Ba(Wa,y) — F2(W3)

+ (W1 - Wz) . nf/l dr
Iy

+ | (W —wW2) - Thor ((u—n)-nf)nf dr
I

= fr (Wi = W) - han (@ =m) = ((@=m) - ms)ny) dr

+f6/1(u—n)-nf dl = 0. (3.24)
Iy

In this method, we also separate the penalty terms as the tangential and the normal parts, and the

tangential and the normal penalty parameters are given as in equations (3.19) and (3.20).

We now consider DAL time discretization of this formulation. The effect of the projection is to
modify the explicit multiplier update step of the original DAL method. The update formula (3.18])
is replaced by

T P2+ o (e — ) ) (3.25)

Summarizing, then, the projection-based DAL method uses the following two-phase time stepping

procedure:

1. Solve (3.5)—(3.13) with 2" fixed.
2. Update 2"*! by (3.23).

For general Vy, the second step would require inverting a matrix. However, this step can be
made explicit by considering Vy to consist of piecewise constants on the elements of the coarse
boundary mesh, rendering the projection matrix diagonal. As explained in [36], the approximation

power of Vy is largely unimportant.

4. A model problem and its regularity

References [34, 35] discuss the stability of the original DAL integrator, and the latter provides
some initial error estimates in the context of a linear parabolic model problem. However, the esti-
mates of [35] are not sharp and depend on unproven assumptions about the regularity of solutions
to the model problem. To further investigate the convergence rate of the original DAL and to de-
velop error estimates for the projection-based DAL, we formulate these methods for a linear model
problem. To ensure general applicability of the derived error estimates, we first provide analysis

of the regularity of solutions to this model problem.

12



0Q

Q=(Q,UQ)°
Figure 1: The domain Q and the immersed boundary I'.

On the domain as defined in Figure [I} a parabolic interface problem is considered: Given
f € L*(Q), find u = u(x, 1) satisfying

(9u,-

e V- (cVu) = f(x,1), inQ;x(0,T], ie{l,2}, (4.1a)
ux,r) = g(x,1), onl, (4.1b)
u(x,0) = up(x), inQ, 4.1¢)
ux,t) =0, ondQ. (4.1d)

Here Q, Q;, and I' are shown in Figure ; c 1s a linear transformation that we further consider to
be multiplication by a constant, c(v) = kv; u; = ulg,, and g(x,t) can be seen as analogous to the
shell structure velocity. In the thin structure problem, the fluid pressure is not continuous across
the thin structure, and the second spatial derivative of fluid velocity is not well-defined on the
interface; to state a problem for u without reference to the subdomains (which, in practice, may not

be well-defined if, e.g., I" is not closed), we re-write the problem in a weak formulation, in which

0 0
we introduce the Lagrange multiplier A = « (6—::1) + K (0—::2) and consider the parabolic evolution
1 2

problem in a weak formulation:

(us,v) + a(u,v) — (4, v) = (f,v), forall test functions v € X, (4.2a)
(u,01) =(g,04), forall test functions 61 € M, (4.2b)
u(x,0) = up(x), inQ, (4.2¢)
u(x,t) =0, onoQ. (4.2d)

Here (-, -) and (-, -) denote the inner product in L*(2) and in L*(I"), respectively. X = {w € L*(Q) :

13



w € H'(Q)and w = 0 on dQ}, M = L*(T'), and the bilinear operator a(u, v) is given by

a(u,v) = fK(Vu) -V,
Q

2

2@ and continuous on H'(Q \ D), ie., a(u,v) <

which is elliptic, i.e., a(u,u) = «||Vul|
K||VM||L2(Q)||VV||L2(Q)~
For the above parabolic problem, we can obtain its regularity by the following results, for

QeR?and Q € R3:

Theorem 4.1. For Q € R? or R? with finite diameter (diam Q < o), when the boundaries dQ i
J = 1,2 and the force loading f and boundary condition g are all smooth, the solutions u; (j = 1,2)
to @2)) are smooth in both space and time [89, Section 7.1.3]. We have H*'*~¢ regularity (for all
€ > 0) for the function
u:Q—R, M|Qj:lrtj,j:1,2,

u 0*u

o o
Proof: We will discuss the 2D and 3D cases separately. When Q € R2, we need to check

Vu € H'>7¢(Q) for all € > 0, i.e. the Gagliardo seminorm

Vu(x) = Vu@)l’
||Vu||Hl/2—E(Q) = f 3_29 dXdy
ada  Ix-)l

and its time derivatives:

is finite for all € > 0. Since both u;, u, are smooth, it follows |Vu(x) — Vu(y)]> € L*(Q), thus it

suffices to check |
Ve > 0) f ﬁdXdy < +o00,
axa X —yP~=

QXQ=(Q xQ)U () XQ)U Q) X Q) U (Qy X L), 4.3)

and u; is smooth on Q;, j = 1,2, it suffices to check

1
(Ve > 0) f ——_dxdy < +c.
Q

1XQZ |x - y|3_26

Let D := diam Q, which we assumed to be finite. Thus for all x € Q it holds Q C B(x, D), and

1 1
. dxdy < f f ___dydx.
\fQ]XQ2 |x - y|3_2E Q) JONB(x,D) |'x - )’|3_25

The convergence of this integral entirely depends on what happens when x and y are close. Thus

14



one can define Qs := {x € Q; : dist(x,I) > ¢}, then

1 1
——————dydx < f f —————dydx
jg; Lsz(x,D) |x — )’|3_2€ {xeQ:dist(x,[)>1} JO, lx — )’|3_2€
+00
1
+ ——dydx. “4.4)
; L1\9| fQZnB(x,D) |x =y
n+1 n

Clearly,
1
f f Tdydx < +00.
(reQdist(eD)z1) J@, 1X = Y7

+00 1
To estimate Z f f ﬁdydx, we first note that since I'" is smooth, for n suffi-

=] Y1 \Q J%NB(x,D) lx =yl

n+1 n
. 113 LSS T) : : 2 7_{1(1—) 1

ciently large the area of the “strip” Q . \Q 1S estimated by H*(Q . \Q 1 ) < oDy where H' (resp.

H?) denotes the 1-Hausdorff measure (resp. 2-Hausdorff measure), which intuitively corresponds

to the perimeter (resp. area). Direct computation then gives

1 1
o \Q; Jansep X — P o \e; Jansop) VP

1 1 1
1 n n+l n

HY() 1 27H'T) (P L,
< 32 W = pdp
n(n+1) Jo,npo.0) 1Vl nin+1) J o
27T7‘(1(F)

_ 1-2¢ _ 1-2¢
T 0= 20n(n + 1)(('“r D' - D).

Thus

+00 +00
1 2nHN (T
[ S e T R )
—Ja | \a, Jaynep) [X =y (1 =2e)n(n+1)

_1_\%<l
n+l n

3

which converges for all € > 0. Thus both right-hand side terms in (#.4)) are finite, and u € H*>>¢(Q)
for all e > 0. We have then proved the regularity for u in the 2D case. For the regularity of its

second time derivative, we have the Gagliardo semi-norm as

IV, (x) — Vutt()’)|2
Vi ey, = dxdy.
[ utt]Hl/Z (Q) LXQ |x —y|3_26 X y

Since u € C*(Q; x (0,T)) forall T > 0 and j = 1,2, we have

2

\Y% -V 2
f Vi (x) s (y)| dxdy < +oo, (4.5)
QjXQj

= |X _ y|3—26

15



and Vu, € L>(Q). Thus

2
Q]XQZ |'x - )’|3_26 leﬂz |x - )’|3_26

and it is thus enough to prove

1
f ﬁdxdy < 400, 4.6)
Qxa, X — Y

Set
Q] :={xeQ :dist(x,I') = r}, Qy(x,p) := Q, NIB(x, p),

and the integral in (4.6) is rewritten as

1 D D
f 35 dxdy = f f f f p‘3+2€d7{392(x’p)(y)dpd?-[ng, (x)dr
Qxq, X =l 0o JarJr Jop) "

Noting that sup,,,,., H'(Q]) < +co due to H'(I') < +o0, and H'(Qu(x, p)) < 27p for all x € Q,
and p > 0, we get

D D D D
f f f f p P dH (o  NdpdH, (X)dr < 21 f f f p P dpdH' , (x)dr
0 rJr Q) (x,0) ’ 0 Q) Jr "

D D
<2n(1-2€)" f f e dH (dr < 27(1 = 26)7!( sup H'(Q))) f r 12,
0 4 " D>r>0 0

which converges for all € > 0. Thus (4.6) is proven. The proof of

1
—dxdy < +co.
LZXQI |x - y|2+zs

is completely identical, and combining with (4.5]) and (.6) we infer [Vu,]? < +oo for all

H1/2—e(Q)
€ > 0. Now the theorem for the 2D case has been completely proved.

When Q € R3?, we need to show that

\Y -V 2
[Vu]Hl/Z—E(Q) = f | u(X) 7 L;(y)l dXdy < 400
axa X =y

for all € > 0. Similar as in (4.3)), Q is split into four parts, and since uj € C*(Q;), j=1,2, we have

\Y -V 2
f [Vul) 4_L;Ey)| dxdy < +oo.
QjXQj |x - yl

2

=1

16



Then it suffices to show

Vu(x) — Vu(y)P
f Vul) = VUL ;4 < o0, 4.7)
Q%

|x _ y|4—26
Again, in view of u; € C¥(Q;), j = 1,2, we have Vu(x) — Vu(y) € L*(Q), i.e., there exists a
constant M such that [Vu(x) — Vu(y)| < M. Let

Q) ={xeQ :dist(x,T") = r},

and note immediately that since Q is bounded, we have sup, H*(Q}) < +oo. Moreover, we can

partition Q;, Q, as follows:

Q = UQ’, Q, = U(Q2 NdB(x,p)) forall x € Q.

r>0 p>0

Note that for any » > 0 and x € Qf, the closest point in €, is at distance at least r, hence £, N
0B(x,p) = 0 for all p < r. Thus the integral (4.7) satisfies

_ 2
f Vu(x) = VuQ)” dy
Q1 xQy

lx — 2

D +00
=2M f f f f |x — )’|_4+2Ed7{392063(x,p)(Y)dpdﬂfgq (x)dr, (4.8)
0 JapJr  JoniBp)

where D denotes the diameter of (). Direct computation then gives

D +00
‘fo L f L AB( )Ix _y|_4+26d7{“292”‘93("’p)(y )dp dﬂfﬁ? (xX)dr
T r 2 NIB(x,p

D +00
< f f f 0~ 2HA(Q, N AB(x, p)dpdH, (x)dr
0 T r !

D +00 D
<dn f f f P dpdH o, ()dr = 4n(1 — 2¢)”! f f r 2 dH gy ()dr
0 JarJr 0 Jo;

D
£(27r(1—26)_1 supﬂ2(gq)) f r 12 dr, (4.9)
r 0

with the last integral converging if and only if € > 0. We have then proved the regularity for u in

the 3D case; for the time derivative of u one can similarly write out the Gagliardo semi-norm as

\Y -V 2
[Vun]z f Vi, (x) uy(y)l dxdy.
QxQ

HI2-€(Q) — I — y[+2

17



Since u € C*(Q; x(0,T)), T >0, j=1,2 and Vu, € L*(Q), we have

2

=y dxdy < +o0, (4.10)

f [V, (x) — Vutt()’)|2
.QjXQ.j

J=1

and

2
Q]XQQ |'x - y|4_26 Q]XQZ |x - Y|4_2€

Tus it suffices to prove
1
Qxq, X =y

Following the procedure in (4.8) and (4.9), one can show that (4.11)) converges for all € > 0.
Therefore, [Vu,|pi2-¢q) < +oo for all € > 0. We have finished the proof of regularity for the 3D

cases. |

5. Convergence of the dynamic augmented Lagrangian (DAL) methods

In this section, we aim to estimate, a priori, the error for the two DAL methods introduced in
Section 3] when they are applied to the problem given in Section[d] Both the original DAL method
(in Section [5.1) and the projection-based DAL method (in Section will be analyzed. For the
original DAL method, the spatial error for an elliptic interface problem is estimated in Section
[5.1.1} and the error of a fully discretized scheme for a parabolic interface problem is provided
in Section [5.1.2] Note that, for the original DAL method, we will mainly focus on the case that
r > 0 so the convergence and stability are not be constrained by the inf-sup condition. More
investigations on the inf-sup condition will be involved in Section[5.2] where we provide a proof for
the error estimate of the projection-based DAL method on the elliptic interface problem, followed
by the estimates for the errors on the parabolic interface problem. Throughout this section, we
consider the symbol “C” to indicate a generic constant that is independent of 4, H, and At, but may

have different numerical values in different situations.

5.1. Original dynamic augmented Lagrangian (DAL) method

For the original DAL method, integrating by parts and introducing the Lagrange multiplier

0 0
A= S + ab , we derive an alternative weak formulation for this interface problem: Find
1+r 8111 (9112

(u, ) € X x M such that for r € (0, T],

(u, w) + a(u,w) + (1 + r){(,w)y = (f,w), VYwelX, (5.1a)
(u—g,01)=0, Vole M, (5.1b)

18



where X = {w € H'(Q) and w = 0 on 6Q}, M = L*(T), (-, -) denotes the inner product in L*(Q) and

(-, is the inner product in L*(T"). According to the discussions in Section |4} the bilinear operator

2
L2(Q)’

To state the numerical method, we associate with Q a regular triangulation 7,(2) consisting

a(-,-) is coercive and continuous, i.e, a(u, u) > «||Vul| and a(u, v) < «l|Vull20)IVVI20)-
of elements 7" of mesh sizes 1 = maxq,q) hr. The low regularity of the solution to the model
problem implies that the minimum distance between u and a discrete solution on an unfitted mesh
will converge at low order, so, for simplicity, we assume that the space X is approximated by linear
finite elements, viz.

X (Q) = {w;, € P(T) | w, =0o0n0Q} . (5.2)

Let W,(I') be the restriction of X,(2) to I'. The original DAL method can now be applied to the
weak problem (5.1): Find (u}*', 2}*") € X, X W), such that

un+1 —u"
(hTth, Wh) +a(u, wa) + (A, wa) + B (™ — (@), w)
= (F@"wh) . Ywi € X, (5.32)
1
A od) = —— (<A, 62 + Gy = g™ ), 604)) . VA, € Wi, (5.3b)

where r and S are suitably chosen penalty parameters. Since wy|r € W), we can take 64, = wy|r in

and combining it with yields

n+l _ . n
(%,wh) +a(uptowa) + 4+ D (G wy) = (FE)w) | (5.4)

and can be written as
At<¥,(mk> + (A o) = pu — g (). 64) - (5.5)

In the ensuing derivations, we will use the following mesh-dependent half-norms as suggested in
[90]: .
14U 2 = 5 (A (5.6)

AR o0 = 744, ) (5.7

19



5.1.1. Static: Elliptic interface problem

We first study the error estimate for the static problem

a(u,w)+ (1 + A, wy = (f,w), VYwelX,
(u—g,01) =0, Yol e M,

and a discretization corresponding to the steady limit of the original DAL method

a (up, wy) + (1 + 1) {Ap, wi) = (f, wp), Ywy, € X,
r(/lh,é/lh> = ﬁ(uh -4, 5/1;,) V6/1h (S Wh .
Denoting
r(l+r)
A (up, Aps Wy, 04y) = a(up, wy) + (1 + 1) (Ap, wi) — (1 + 1) {up, 04,) + (Ap, 04y)

and
F W, 04,) = (fwp) — (1 +1)(g,04,) ,

the formulation (5.9) can be written as

A (Upy Ay Wiy 04) = F (Wi, 64) . Ywy, € X, 04, € W), .

(5.8a)
(5.8b)

(5.9a)
(5.9b)

(5.10)

(5.11)

(5.12)

Combining the weak formulation of the static problem (5.8) with (5.9), one can obtain an alterna-

tive definition of the static solution from the original DAL method

1+
(1= ) + (14 P = Ay = (1 + =, 60 = S0 50,
which is equivalent to
r(1+r)
a(—up,wp)+ (1 +1r)A =, wy) — (A +71)u—up, oA, + (A= A, 04,)
1+
_ D s
B
or 1
+
A=ty A= A w 54) = 9 52,

20
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For given u(t) and A(¢), we can define a perturbed mixed elliptic projection (i, A,) as the solution

of
n I+
ﬂ(u - I’/\th, A— /lh; Wh, 5/1;,) = l"( 7')

</7., 6/1h> , Yw,€X,,01,eW,. (516)

Then the estimates in this section also hold true for the mixed elliptic projection.

In the estimates, we employ the mesh-dependent norm

Gt AP = (it Vi) + B, An) = (IVutal 72 + M2 0 (5.17)

[
With r = O(1) and B = 7 = O(1/h), we can then prove the coercivity and the boundedness

properties of A(:, -; -, -), as follow:

Lemma 5.1. For all wy, € X, 04, € W), A satisfies the coercivity property:

A Why 63 Wiy 543) = Clll(wi, S (5.18)

Proof: From the definition of A we have

ﬂ(Wh K 6/11’[ 9 Wh ] 61]1)

— a(wpswi) + (14 PG w1 = (14 P)ows 6 + 950, 5,

= a(wp, wp) + M(é/lh’ 0dn)

> KlIVWall72q, + @umhuam

> Clll(wn, SN - (5.19)
We have then finished the proof. [

Lemma 5.2. Let (v,u) € X X M and (wy,, 04,,) € X, X Wy, the following inequality holds

AWt w62 < C (0L I+ lellzy + W1 2) 1w S (5.20)
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Proof: The definition of A yields

AW, w; wy, 64)

=a(v,wp) + (1 + r){u, wi) — (1 + 1) (v, 64;,) + r(1+r)

<,U, 6/111)

< klIVVll2@IVwilliz) + (1 + Dllull2elwillizay + (4 + DIV 2ull0 A4l =1 /2,
r(l+r)

[
<C (IVVl2@ll + ez + Il 2 + ell-12) (I9wll 2y + will2qry

+H16Aull=1/2.) -

+

el =1 /24110 ARN=1 /2.1

Since wy, = 0 on 0€Q, the trace inequality

wall2y < Cliwallzn < C (I9wallz@ + Iwill @)
and Poincaré’s inequality

2
Wallz2 ) < ClIVWill29)

imply
[Wall2ry < ClIVWall2q) -

Given that 1 < 1, one can obtain

AW, w; wy, 04)
<C (IVVllz2@ll + ellzzy + Il 2 + Allallzay) (19wall2 + 164011 12.4)
<C (v Il + leallzzaey + V11 72.0) 10w SAII -

We have then finished the proof.

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)

We define I;, as the linear interpolation operator defined on X, and the L? projection II;, from

L*(T) to W" as
f(ll —Iu) 04, =0, Voa, € wh.
r

We then have the following properties [91]:

Lemma 5.3. Foru € H/*¢(Q),
12—
lle = Thullgpq) < Ch / Neall ey »

1-
e — Ll 2y < Ch ™|l ooy -
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Lemma 5.4. For 1 € H'/7<(I),

12 = Al < CRY2 4N\ Allgeeqry - (5.29)
4 = T Allg-12y < CRY A2 - (5.30)
|4 = Al 2y < CllAll 2 - (5.31)

We also have the following Lemmas from [92]

Lemma 5.5. Foru € H/*<(Q), and A € H'/><(I'),

lleell 120y < Cllullgy < Cllull <y (5.32)
leell grr2ry < Clluall ) (5.33)
A2y < CllAlg12-<) - (5.34)

Lemma 5.6. For any given function w, consider the elliptic problem

—V - (c(V(®) =w, inQ\T, (5.35a)
¢=0, ondQ, (5.35b)
=0, onl. (5.35¢)

Since the boundaries of Q, and Q, are both smooth, letting ¢ be the solution, the restrictions
¢ = @la, j = 1,2, are smooth. Set 0 := (V1) - my + ¢(V¢y) - my. Then the following inequality
holds:

I ey + By < Cllolgey, (5.36)

for some constant C.
Proof: We note first that ¢ satisfies [|§lli2;) < Cllwllz2@), J = 1,2. Thus

18120 = 191220, + 1012, < Cllol- (5.37)
By the trace theorem, since V¢; € H Q i), J = 1,2, we have also

IV, -njllgioecry < IVPjllpin-er < C”V(bj”H'*f(Qj)’ j=12,
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where n; denotes the outer (with respect to ;) normal derivative to I'. Thus

”9”H1/2‘f(1") < (Vg - nl”Hl/z‘f(F) + Vs - n2||H1/2‘f(l"))
< CIVouillai-<y + IV2llmi-<,) < Cllwllrz @) (5.38)

It remains to estimate the Gagliardo semi-norm [|Vé||g1/2-<q). By definition,

Vo (x) = Vo)l
||V¢||H1/2E(Q):f #(x) 3_(];?}) dydx
aJa lx =l

- 2 _ 2
[ [ EOSOR [ [ THI SR,
Q J Q) J

lx — yP2 lx — yP2

_ 2 _ 2
N f f [Vo(x) V_¢(Y)| dydx + f f Vo(x) V_¢()’)| dydsx.
o Ja, lx—yPE o Ja, |lx—yP

Since ¢; € HX(Q;), j = 1,2, it follows

— 2 (x) — (V)2
f IVo(x) — Vo)l dydx = f f Vo (x) — Vg, ()l dydx
o, Jo o, Jo

JJo, =P JJa, =P
< CIVP g, < Clollg, =12 (5.39)
\% -V 2
To estimate f f Vo) 3(2()}” dydx, note that
o Jao,  x—=yPe
\Y -V 2 \Y -V 2
f IV(x) 3_¢;(y)| dydx = f f IVé(x) 3 q;(y)l dydx
o Jao,  lx=yPe weQdisx D<o} Jo, X =Y
\% -V 2
. f Vo) ~ VOO .
reQudisx Do) Jo, X —YP7
for all 6 > 0. Since we already proved [[V@||12-q) < +oo, there exists sufficiently small 55 > 0
e Vo) - Vo0
x —_—
f | 15— dydx < |lwllr2q).- (5.40)
{x€Q dist(x,[)<60} JQ x =Yl
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On the other hand,

f f [Ve(x) — Vo (y)|* J
32¢ ydx
{x€Q, :dist(x,)>50} J Q) lx =yl

<ot f V() - VoO)Pdydx
{xeQdist(x,)>dp} J Q)
<052 f f (VO + Vo) P)dydx
Q J
QEHQT g, + V021 < CllolPag, (5.41)

where H?* denotes the 2-Hausdorff measure. ~ Combining (3.41) with (5.40) we obtain
IVRllgi2-cq) < C ”(J)”iz @ Combining with (5.37), (5.38) and (5.39) we have proved (5.36). [

With the above lemmas, we can now prove the error estimates as in the following theorem

Theorem 5.7. Let (u, 1) € X X M be the solution of and (i, A,) € X, X W,, be the solutions

l
of (5.9). Then, for r = O(1) and B = X the following error estimates for the original DAL method
hold true:
1Ge = tn, A = A)|| < CA'* (Nl pro-eqy + Il ppz-eqry) (5.42)

~ 1-2
|loe — Mh||L2(Q) < Ch E(||M||H3/2—f(gz) + ”/l”H‘/Z—f(F)) . (5.43)

Proof: From the triangle inequality, we obtain
Gt = iy 2= | < MGt = Tuae, A= TGN+ || Taae = 0, T = 2| (5.44)
Lemma|[5.3]and Lemma [5.4] yield the estimate for the first term:

e = Tyt A = TP = 11V = L)l ) + AllA = TTAL

L2(Q) LX)
2 2
< |lu = Ll + hlj4 = IT,A]|

HY(Q) LX)
1-2 2 2
< CR72 ([0l iy + Al ) - (5.45)

Therefore, given & < 1, for the first term

I = Ly, A = TN < CAY2 a2 . (5.46)
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For the second term, we can use Lemma

|||(Ihu = iy, 1A — /Alh)|||2 <CA(u — ty, , TA = A5 L — iy, , T = 4y)
<C (ﬂ(u — gy, A=Ay s Ly — iy, THA = Ap)
— A=, A=A s L — iy, A= 1)) (5.47)
From the alternative definition given in (5.16)), the first term of can be rewritten as

1+ nrr

A — iy, A — Ap; L — 4, A = Ap) = (A, TT,A — A

1+ rr A
< ; 1All=1 /2,201, A = Apll=1 /2.4

< ClAl || (e = n, T = 23| (5.48)

The estimate for the second part of can be derived from Lemma 5.2]

A — Ly, A = A L — dy, T — Ay)
<C (It = Fyat, A = THDI + 114 = Ty + e = Do) ||| (e = 2, WA= )| (5.49)

Combining (5.48)) and (5.49), one can get

- a2
<C (1112 + Nt = Dyaa, A = TR+ 1A = Tl ey + e = Tyl o)
1/2 1/2—- 1/2— 1/2—-
<C (W21 llzy + B> Null -y + BN Allery + B> Nl ey

<CR> (Il oy + Ml - (5.50)

To estimate the L? error, we apply the Aubin—Nitsche duality argument. We introduce the dual

problem of finding (¢, 6) as the solution of

-V (c(V$)) =u -y, inQ\T, (5.51a)
¢=0, ondQ, (5.51b)
¢=0, onT, (5.51¢)
0=c(Véy) -ny +c(Vgr)-my, onT, (5.51d)

from Lemma (5.6 the following bound holds for ¢
Iy + 101y < Cllit = gl - (5.52)
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Then, taking an inner product of and u — @i, gives

”M - ah”%}(g) =a (¢’ u— ﬁ/’l) - <C(V¢1) My, U — ﬁh) - <C(V¢2) o, U — I”\th>

=a(¢— I, u—iy) + a(lpp,u —ity) — 0, u — i) . (5.53)
We can estimate the above three terms separately. Firstly

a(p =g, u— i) < CIIV(G = Liplley IV (= )l 2oy
< Cll¢ = Pl oIV (u = )l 2
< Chl/z_El|¢”H3/2‘E(Q)”V(u = il
< Ch' 2Vl n-ccy (lallp-y + 1Al -eqr))

1-2. ~
< CR' Y = il (Il zre-ecy + All o) - (5.54)

Secondly, from ((5.9a) and (5.8a))

a(hp,u - i) = —(1 + ) (A= Ay Inp)
= (1+7) (A= A ¢ — o) (5.55)
< +na- 2h||L2(r)||¢ — Ll 2
< CR'72 (Nl e-cqy + 1Al ppo-eqy ) 1@l oe-cqc

1-2 A~
< CR'Vu = gl (Il ire-ecy + MAllgroey) (5.56)

where (5.55]) was obtained based on the fact that ¢ = 0 on I'. For the last term in (5.53)), one can
further divide it into two parts:

O, u—ity) =0 — 11,0, u — i) + 11,0, u — ity)
r A
= <9 —I1,0,u — fth> + = (I1,,0, 4,
* (1.1

. rh N
< Cl0 = 110l 120yl = Gl g2y + 7(”9||L2(F) + 110 = 40l 2 o)l Al 2

. rh N
< Ch1/2||9||L2(r)||u - Mh||H'/2(r) + CTllelle(F)ll/lh”Lz(F) . (5.57)
Since u — i, = 0 on 0Q2, we have

lu — @l ey < Cllu = fpllgq) < CIIV(u = @)l 2@ - (5.58)
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Together with the estimate for 1,
lllzzay < NAllz2y + 114 = Anllizay < Ch™(lullgsrz-ey + 1Al2-r) (5.59)
we obtain

<95 u— ah)
1/2 A 1-
<Ch" 1Ol 2oy [V (1 = @)l 2y + Ch 6||9||L2(1") (”u”HWZ*G(Q) + ||/1||H1/fo(r))
1-
<CR" N6l 2y (el zr-ecy + Il ppo-eqry)

SChl_E”u - ﬁh”LZ(Q) (”u”H3/2-€(Q) + ”/l”Hl/z‘f(F)) . (5.60)
Combining (5.533)-(5.60), we get
|zt — ﬁh||L2(Q) < Ch'~* (”u”H3/2—f(Q) + ”/l”H‘/z—f(F)) . (5.61)

We have then finished the error estimate of the original DAL method for the static problem. [

Remark 1. The analysis for linear finite elements can be extended to higher-order elements, but
the convergence rate would not improve. Nevertheless, in practice, higher-order approximations of
fluid mechanics may be beneficial for representing complex flow features away from the boundary;

cf. the reasoning in [93, Section 3].

5.1.2. Fully discrete: Parabolic interface problem
From the analysis for the static problem in Section [5.I.1} we obtain the following Lemma

which is useful for the analysis of the fully-discrete original DAL scheme in this section.

Lemma 5.8. For given u and A, we have the following estimate for their perturbed mixed elliptic
projections (ith, ;lh) defined in (5.16)):

NI
[ = 1 A = B[ = R ey + I ) (5.62)
llue — ﬁh”iz(g) < Ch2_46(||l’t||§.13/27e(9) + ”/1”21/275(1")) . (5.63)
N 3 2 2 2
ou On, 04 0OAy 1—2¢ [||Ou 04
— -t = - < ont||| = = , 5.64
H (6t ot ot ot ) ot H3/2-¢(Q) ot H1/2-€() ( )
ou  Omy,|| ou|? aA|*
‘ I e a1 = ' o2 . (5.65)
ot ot g Ot <y || Ot I«
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Let At be the time step size and T = NAt. We employ backward Euler time integration, and

n+l _ .n

obtain the fully discrete scheme as in (5.3)). Denoting v = EvE the original fully discrete

DAL scheme at the n + 1-the time step can be rewritten: Given (uh, /l”) find (u”“ /l”“) e X, xW,
such that

(Buady™ wi) + a(uy owa) + (1 + P (G wn) = (FE* D) Yy € X, (5.66a)
AL (B, 54) + r (4, 64,) = B(uy™ — g(¢™"),64,) , ¥od, € My, (5.66b)

wy = Dy , (5.66¢)

=0. (5.66d)

The above fully-discrete method can also be written in an equivalent form: Find (u}*!, A}*') €

X;, X W, such that for all w;, € X}, 04, € W,

At(1 +r)
B

Theorem 5.9. Let (u, 1) € XXM be the solution of @.1) and (u], ntl , A € Xy X W, be the solutions

l
of (5.66). Then, forr = O(1) and B = ” the following error estimates for the original DAL method
hold true:

(6,u”+1, )+ (ata"“ 6/1h>+&1l(u”“ AW, 82,) = F (Wi, 645). (5.67)

I

2-4e€
2 2
<
_C( m +At)(||uo||H3,2_E(Q)+||Ao||Hl,2_e(F)

tn+1
+ f
0

ety = g 2y = )

2

2
0*u

ou
—_— dt (5.68)
0 || 20 )

ot

H32-<(Q) Hat HI2-<(T)

and

””(th) - uh+l||L2(Q)

2-4 2
<C (h €+ At )(”llolle/zfe(Q) + ”/?’OHHI/Z*(F)
tn+l azu b
+ f

— dr| . (5.69)
9 || 2 )
Proof: With the perturbed mixed elliptic projection (ﬁh(t””), /fh(t””)) of u("') and A("*),

set

Haf H3/2-€(Q) Hal‘

H1/2 e(r)

l/t(ln+1) n+1 — (M(tn+1) lf/\th(tn+1)) + (ﬁh(ln+1) n+1) _ +1 + 9n+1 , (570)
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/1(l'n+1) _ /lz+l — (/l(ln+l) _ ;lh(ln+l)) + (;lh(l,n+1) _ 1z+1) — a)n+1 + §n+l ) (571)

The estimates of the interpolation errors ¢"*! and w"*! are known from Lemma

™ ™ DI < CH (™ M-+ 1A D) (5.72)
e 12 < CH ™ Doy + 1A D) (573)

For #"*!, take w = wy, in (5.1)) and recall the definition of the perturbed mixed elliptic projection

(5.16)); one can obtain

(91/[ N A n
(E | ,wh) +a (), wi) + 1+ 1) (@), wa) = (£, w) - (5.74)
m+
Subtracting from (5.18) yields

ou
ot

or, equivalently,

— o, w,,) +a () = uy™ wy) + A+ ) (@) = 4 w,) =0 (5.75)

i+l

Ou

(5,9"“, wh) +a@ ", wy) + (1 +7) <§"“, wh> = - (5,(,0”“, wh) + (5tu(t"+l) - %

, wh) . (5.76)
m+l

On the other hand, for £&"*!, taking w;, = 0 in the perturbed mixed elliptic projection definition
yields
Bl () = gt 64) = r ("), 64,) = 0. (5.77)

We can now subtract (5.66b) from the above equation:
A @ 60) = r (@) = 47 64,) + By — ! 62,) = 0 (5.78)
or, equivalently,

71+ n+ At - n+ At /- n+ At - n+
G 1,5&;,):%(5 1,6/1h>+?<8t§ 1,51;,)—%(@1@ 1),(5/lh>+§<8,w Lod) . (5.79)
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Taking w;, = 8! and 64, = &"*! and subtracting (5.79)x(1 + r) from yields

- At(l +r r(l+r
(8t9n+1’9n+1) +a(9n+1’3"+1) ( )<até;n+1 é':n+l> ( ﬁ )<é‘;n+1 é_«n+1>
- - ou At(l +r) )=
n+l an+l 1 1 n+l  en+l
=— (9", 0" )+(6tu(t"+ ) — E,M’HM )——<a,w+ &)
Ar(1 -
Judrn (ata(t"“),&"“) : (5.80)
Since
(vn+1 " vn+l) ” n+1||2 ”vn”Z + 1||vn+1 _ vn||2 > l”vn+1”2 _ 1”\/"”2 (581)
’ 2 2 2 ’
for the left hand side of we have
— At(l +r r(l+r
(at9n+1,9n+l) +a(9n+1,en+l) (ﬁ )< t§n+1 é;n+1> ( ﬁ )<§n+1 §n+l>

(||9"“||L2(Q) 16°172q,) + @@, 67" +
N r(l +7)
B

9n+l

> (I
1+

N ﬂfr)

ﬁ — 1 oy~ 16" o)

n+12
”‘f ”LZ(F)
1+r
1 112 2
||9n|| + K||V9nJr ||L2(Q) 21 (||€n+ ”_1/2,;1 - ||§n||_1/2,h)

€% o - (5.82)

L2(Q) LZ(Q))

From the fact that 8! = 0 on dQ, and applying the Poincaré’s inequality

||0n+]||L2(Q) < CPO”VGYH—IHLZ(Q) ’ (583)
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we can then have the inequality for the right hand side of (5.80):

- - 0 At(1 +r) )=

_ (at¢n+1’9n+1) + (atl/l(l"“l) . 6_’: | ,9n+1) _ (ﬁ r) <6,a)n+1,§n+1>
tn+
+ At(l + r) <5[/l(tn+l)’é_‘n+l>
— ou 2
i+ 1 n+1 ~Po n+ly 27

2C ||9 ||L2(Q) ||6t‘10 ||L2(Q) I/l(l ) 8t el LZ(Q)

r(l+r) . AP(1+7) = " AP(1+7) = 0
+ 2—”§ +1” 1/2,h T”atw +1|El/2,h + —||6 A(t +1)|| 1/2,h

2

K 7+ 1 n+1 ~Po |5 n+1 oz
Ellvg ||L2(Q) ||(9t90 ||L2(Q) M(t ) - E w2

r(l+r) . AP(1+7) = " AP(1+7) = "
+ T”'f H”%l/z,h + T”atc‘) +1|E1/2,h + —Ha /l(t +1)|| 1/2,h * (584)

Putting together the inequalities for the left and right hand sides, yields

+r
(”9n+1”L2(Q) ||gn||L2(Q)) + _||V0n+1||L2(Q) 7(”6’1‘” “%I/Z,h - ||§n”%l/2,h)
r(l +7)
+ 2—1“6 +1||%1/2,h
Croy o Ceo iz pery Oul | AP +71) = i
”8[‘10 * ||L2(Q) atu(tn+ )_ E 41 2@ + r—l||3,a) + ||—1/2,h
At2(1 +7) 5
+ T”at/l(t +1)”%1/2,h s (585)
or, equivalently,
" " AL +71) /0 i
U™ 2y = 16152 ) + AKIVE I g+ == (16" P12 = 171 2,
Atr(1 +7r), .,
+ f”g +1||El/2,h
1 2 1 ou ? 2 112
<C A0 s g + At || Q™) = — + AP0, 2 0
( ) at m+l LZ(Q) ’
+AP B AP 10,) - (5.86)
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We will now try to bound each term in the right hand side of (5.86)):

tn+l 2 t)Hl 2
op 1 0p
0,0 f —~dt < — — dt
” P ”LZ(Q) Al at 12Q) At (91‘ 12(Q)
Ch2_45 tn+1
< dr . 5.87
At f (Hat H32€(Q) Hﬁl HI2- f<r>) G0
' = o oul || 1 #u | 1" |Pu
Ou(@™’) — — = —f (t—1"—dt < —f At |—|dt
(91‘ m+1 LZ(Q) At m 8t2 LZ(Q) At m atz LZ(Q)
tn+1 2 2
0
<At f 2 ar (5.88)
1™ ew [ h
B 1P, o = || f Qg < "
! 1721 At m ot 20 At L)
~ 1 tn+l aw 2 dt
At m at ~1/2,h
Chl—ZE
< dr. 5.89
At f (Hﬁt H3I2() Haf H'/2- f(r)) G5
tn+l tn+l 2
- o1 h oA
10, A D2, ., = h f —dt < — — dt
' 1/2.h At). o . At ot 2
ch (" ||0A)P
< — — dr. 5.90
At ot H1/2-€(I) ( )
Substituting the above inequalities into (5.86) yields
" . At(l +5) o
U6 1Pagry = 16"1220) + AIVE™ [ ) + == (1P 1o = I )
Atr(1+7r), .,
+ f”g +1”%1/2,h
1 (92
scf ((h2 Y hlmeAr +hAt)( ” ) + AP )dt. (5.91)
p H32-¢(Q) ot ||gire- <) 3l 12(Q)
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Summing (5.91)) up from the first step to the (n + 1)* step, we find that

A1 +71)

1 1
171112, g + At Z A

Atr(1 +r) 2
+ f ; ||§+ ||—1/2,h

112
“fm— ”_1/2,]1

l”+1
scf ((h2 4 4 pl2epp +hAt)( H )
0 H3/2- €(Q) (9[’ H1/2- €I
) 2
At(l +7)
e ]dt+||9°llm — 2 (5.92)
L2(Q)

While taking the initial values of u; and A) as in (5.66), and since & < 1, one has the estimates for

the initial errors

0 A 0 A 0
06"y =Nlin(2™) — Thuoll 2y < lluo — Tnuollr2y + lin(2”) — uoll2(q)

<CR'7 (llullzrr-ecy + 1Aollz1-eqr)) - (5.93)

1111 2. =NARGE) = Oll=t /2.0 < NAoll=1/2. + 1) = Aoll-1 /2.1
<CR'> (lluoll -y + Il ollzn-eqry) - (5.94)

Substituting the initial error estimates into (5.92) and using the fact that 7 < 1 yields

) N At(1+r)
1012, gy + Atk D IVE R, ) + ———

i=0

Atr(L+7) O o
+— Zoj [l

1
12,2

tn+1 2
scf (B> + h'AP + hAt )( H ) ar|| 2 — di
0 H3/2— Q) al H!/2- €T) (91‘ Lz(Q)
+C (R + h”fm) (0l 2-c ) + |mo||H./z,em) (5.95)
t"+] (92
<C f h2—4f( H ) + AL dt
0 at H3/2- €(Q) H/2- €T at LZ(Q)
+ C (R + 172 (ol ey + Mol - (5.96)
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Therefore

n n

i+112 i+1112
D IVEE g + Z 112,
i=0 i

C ln+l 62
<— (hz““( H ) + AP ]dt
At 0 H3/2-¢(Q) ot ||gi2- () al‘ 2Q)
C —4e —2e
oo (770 124 (ol ey + Mol (5.97)
and
[n+] 2 2 ")
0 oA o°u
HgnH”LZ(m < Cf [hHE( a * ’ o ) rar o )dt
at H3/2—E(Q) al’ Hl/z—e(r‘) at LZ(Q)
+C (127 4 1A (ol + Mol - (5.98)
The inequality (5.97) yields
VO™ 112, 0, + ||§"“||21/2 )
t"+| V)
s£ (hz“‘f( H ) + Ar Ou ]dt
At 0 H3/2-¢(Q) H1/2¢(I) 6t 12(Q)
C —4e —2e
o (270 12 (ol + ol - (5.99)

Together with the estimates for the interpolation errors ¢"*! and w"*!, we have obtained an error
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estimate in the ||(-, -)|||-norm:

ety = it ey - 2y

I

h2—4s
1-2¢ 2 2
SC( —+h )(uuonmﬂ_m)+|mo||H./2_em)

(0 4e 2 2 2
h ou oA o°u
+C f ( — — + At dr
0 At ot H3I2-¢(Q) ot H1/2-€() (()l‘ 12(Q)
1-2 1 1
R (™ gy + 1A DN r)
R, 2 2 "
- —z€
SC( At + h + At) ”uO”H3/2—e(Q) + ”/10”1.11/2—5(]") + f H (91' @)
&ul|”
— dt
H ot || g1/2- f(l") or? 12(Q)
J2-4e 5 ) 1
<C + At ol o + 1011 e + f “
( At ) ” 0||H3/2 1) ” O”Hl/z @) ot || «@
2
0u
H 2 ar. (5.100)
ot || ge- s(r) ot 12Q)

On the other hand, combining with the estimate for ¢"*!, we obtain an error estimate in the

L? norm:

1 1
() = I
1 1
<2 (g™ 1oy + 10" 2 )

<C (R (™ ) aroeeiqy + |u(t"”>||H1/2 )+ (hZ-“f + 1AL (Il 2o-e g

t”+1
1Ao7« f (fﬂ 46( H )
H (F)) 0 H32-€(Q) ot || ge- )
82
+AP - dt
ot LX(Q)
2-4 1 1
<C(h € + At )(llu(tn+ )HH%/Z e(Q) + ||/l(tn+ )”Hl/z e(]") + ||u0||H3/2 e(Q)
l‘"+1 2
ou
Aol f H H oz,
H'/2=<(T') ot H32-¢(Q) ot H1/2- e(r) 5t2 12(Q)
tn+1 6 2
2—4 “
<C(h € + At )(HMO”H3/2 Q) + ”/10”1.11/2 €I f E 32
0 HA127¢(Q)
2
0’u
H 24 a (5.101)
at H!/2- e(r‘) al LZ(Q)
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We have then finished the error estimate of the fully-discrete original DAL method. [
Theorem [5.1.2]has indicated the following corollary:

Corollary 1. In the original fully-discrete DAL method, the optimal time step size is At = O(h),

which yields the error estimates:

V(") = w2 gy + AIAG") = R ) < CRI, (5.102)
(e = ull7, ) < CH. (5.103)

Or; equivalently, h'/>=%¢ order of accuracy for the |||(-, )|||-norm and h'=%¢ order for u in the L*(Q)-

norm.

Remark 5.10. Due to the lack of strong consistency of the method and the problem regularity in
the static problem, we lose A!/2*¢ order for the |||(, -)|||-norm and A'*?¢ order for the L?>-norm, as

shown in (5.42) and (5.43).
2-4e

Remark 5.11. The

expect to see large errors in the H'-norm. A similar concern was raised by our earlier analysis

in (5.68) suggests that, when taking At smaller than O(h?), one might

[35]. However, numerical experiments in Section [6.4] suggest that the method remains robust in

the limit of temporal over-refinement.

Remark 5.12. In practical numerical implementations, we are using nodal quadrature to obtain
a diagonal mass matrix for what is essentially an L*(T') projection. The Lagrange multiplier is
represented as a collection of samples at quadrature points on I' (i.e., amplitudes of the Dirac
measure) and the residual of the perturbed constraint equation is tested independently at each point.
In such implementations, W}, is enriched and the interpolation error should be much smaller than
considered in the analysis here. Since coercivity condition (5.18) still holds, such an enrichment

of W, should not affect the error estimates of u.

5.2. Projection-based dynamic augmented Lagrangian (DAL) method

For the projection-based DAL method, introducing the Lagrange multiplier yields an alterna-

tive weak formulation for this interface problem: Find (u#,1) € X X M such that for r € (0,T],

(U, w) + a(u,w) +A4,w) =(f,w), VwelX, (5.104a)
(u—g,01)=0, VYole M, (5.104b)
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where a(u, w), X, M are defined as in the previous section. For the numerical method, we consider

the regular triangulation 7,(2) and the space

Xh(Q) = {Wh S Pl(T) | wy = 0O on GQ} .

(5.105)

For the projection, we also consider a coarse, piecewise constant function space Wy(I') on the

interface, which may have jump discontinuities at element boundaries. We also assume that X,,(Q2)

and Wy(I') are all strongly regular [92]]. The Lagrange multiplier method with projection-based
stabilization technique in Section can now be applied on the weak problem (5.104): Find

(U1, 41 € X, X Wy such that for all w, € X, and 61y € Wy,

n+1 n
u, —uy
At

,Wh) +a@dy™ wy) + (A wi) + B = g, wi) = (F(E), W),
(07 60u) = (. 6y + B(Py™ = g™, 644 .

From (5.106b) and the orthogonality property of the projection operator P, we have

(57 wn) = (457, POwy))
= (A, Pow)) + B(P (™" = g (")), POwa))

— </ln ,Wh> +:3<MZ+1 _ g(tn+1) ,Wh> _IB<PJ_ (uzﬂ _ g(t"”)) , PJ'(Wh)> .

Substituting into (5.106a)) yields

n+l _ . n
(—Mh+At S , wh) +a (u’,ﬁ“, wh) + </1"H+1, P(wh)> +8 <Pl (uZ“) , Pl(wh)>

— (f(tn+1), Wh) +B <PJ_ (g (tn+1)) , PJ'(Wh)) i
and (5.106b) can be written as

[l

o) =P = e () o)

Combining (5.108)) with (5.109) with 61y = P(w;) we can obtain

(5.106a)

(5.106b)

(5.107)

(5.108)

(5.109)

un+l —ut /ln+1 Q"
(u, Wh) - At<u, Wh> + a@y™ wy) + (A5, Povy)) + B (™, w,)

=(F () ms) + B g () )
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In the following derivations, we will use the mesh-dependent half norm based on the mesh X},
2 1 2
”/1”1/2,/, = E(ﬂ, /D s ”/1”_1/2,/, = h</1’ /D s (5-111)
and the norms defiend on the coarse mesh Wy:
1
IR 5 = 7, AP, 0z = H(A,A) . (5.112)

5.2.1. Static: Elliptic interface problem
We now study the error estimates for the projection-based DAL method defined in Section
As in the above sections, we start with the static problem (5.104). The steady limit of the

projection-based DAL method can be written as

a(up, wp) + Ay, wi) + Bup, wip) = (f, wp) + BL{g, W) , Yw, €X, (5.113a)
(up, — 8,04y =0, Vody € Wy . (5.113b)
Defining
Aup, Ay Wi, 0dg) = alup, wi) + (g, wp) — (up, 0y + B (up, wp) (5.114)
and
?(Wh,é/l[—]): (fawh)_<g55ﬁH>+ﬁ<gawh>a (5115)

the formulation (5.113)) can be written as
An, Ay Wi, 0dn) = F (Wi, 0g),  Ywy € Xp,, 04y € Wy (5.116)
Combining (5.113) with the weak formulation from the static problem

a(u,w) +{A,wy=(f,w), YwelX, (5.117a)
(u—g,01)=0, VéleM, (5.117b)

one can obtain an alternative definition of the static solution
a(u — up, wy) + A = Ag, wy) — (U — uy, 6A) + B{u — up, wyp) =0, (5.118)

or
AW — up, A — Ag;wp, 6dg) = 0. (5.119)
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Therefore, one can similarly define a mixed elliptic projection (i, Ay) for given u(t) and A(¢) as
the solution of
A — ity A= s Wiy 6d5) =0, Ywy, € X3, 045 € Wy . (5.120)

Then the estimates in this section also hold true for the mixed elliptic projection.

In the estimates, we employ the mesh-dependent norm

s A = VUl ) + Netnll 0 + Nl - (5.121)

Before introducing the main lemmas for the continuity property and the inf-sup condition, we first

introduce the following lemma:

Lemma 5.13. For any given function uy € Wy, denote by y the solution of the Robin problem for

the differential equation

=V - (c(V(x) =0, inQ\l, (5.122a)
x =0, onoQ, (5.122b)
c(Vx1) -m +c(Vxz) m + By =uy, onl. (5.122¢)
Then
a(X’X) +18<X’X> = <X’ﬂH>’ (5123)

and there exist constants 0 < Cy < C, < oo such that

Cilx, pm) < ”/JH”%]/z,h < Colx, Um)- (5.124)

Proof: One can obtain (5.123)) by applying the test function y to (5.122a)) and integrating. For
(5.124), we first want to prove the following inequality

21 0 < Calxs in)- (5.125)

Take v, = I1,(uy), then we have
Vallzay < kw2 - (5.126)

We now show that for 2/ H sufficiently small, the following statement holds:

2
”luH”LZ(]") < C<Vh’ ,UH> . (5127)
Since uy is piecewise constant, with possible jump discontinuities at element boundaries, we have
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uy € HY27€(I') for any € > 0. Therefore, with the assumption that Wy, is strongly regular and when

h/H is sufficiently small,

1/2—€
e 1
e = vl < Ch'? el geery < C(E) a2y < §||,UH||L2(F> . (5.128)
Then

”/JHHiZ(r) = (Vh7 /lH> + <//tH — Vh, ﬂH) = <Vh, ﬂH) + ||,UH - vh”iZ(r)
1
< <vh9ﬂH> + Z”/'[H"iZ(r‘) ) (5129)
which implies
4
”/’lH”iZ(r) < §<vh,#H> 5 (5130)
giving (5.127).

By an inverse imbedding theorem, there exists a linear mapping M of H'/(I') into H'(€2) such
that for any function 8 € H'*(T') we have M(0) = 8 on I and [IMO)lz1 ) < CllOllz2q). Since
vp = I(up) is continuous, we have v, € H'*(') and therefore

”M(Vh)”Hl(Q) < C||Vh||H1/2(r) < C||Vh||1/2,h . (5.131)
The above bounds yield

”luHHiZ(l") < C(ﬂH’ Vh) = C (a()(7 M(Vh)) + B(X? Vh))
< C (M@l @l @ + Bvallmlbllza)

1
< C(||Vh||1/2,h||X||H1(Q) + Z”/JH”Lz(F)“X”LZ(F))

1 1
< C(%HﬂH”LZG)HXHHI(Q) + ﬁ”ﬂH”LZ(F)HXHI/Z,h) ) (5.132)

which, after dividing through by ||uxll2r)/ Vh, implies (5.125):
erll-1/20 < C(HX”HI(Q) + ||/\,/||1/2,h)

< Cfa(y,x) + B x)
= C{un, x) - (5.133)
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For the other side of (5.124)), since

1
Illjon = %nxnm < Caly, x) + B x)s

we have
O e < Alnllpell =120
< Caly, x) + B O Nall-1/2.0
= CV(XaﬂH)”,uH”—I/Z,h ) (5.134)
and thus
<X,,UH> < C”ﬂH”%]/z’h .
We have finished the proof. [

Lemma 5.14. Assuming that Q has finite diameter, then for any given function uy € Wy, denote
by x the solution of the Robin problem in (5.122)), we have y € H>*7¢(Q). Moreover; for 1 < s <
3/2 — €, the following inequality holds

¥l < C Valluallas @)- (5.135)

Proof: For s = 1, Lemma[5.2.1] gives
Wl ) < Caleox) < Cx ) < Cllunl?y (5.136)

For the case 1 < s = 3/2 — €, we separate the proof for 2D and 3D cases. Since uy is piecewise
constant, uy € H'/>7¢(T') for any € > 0. Note that for any piece-wise constant yy, we can approx-
imate in H'/>7¢(I") with a sequence of smooth functions which are obtained by mollifying uy on
arbitrarily small sets near the jump points. Therefore, we first prove the estimate for uy € H'~¢(I).
Later we will extend the proof to uy € H'?7(I') for all € > 0. For the 2D case, the Gagliardo

semi-norm can be written as

2 - IVx(x) = V(PP
[VX]HI/Z—E(Q) .= f — DB2¢ dXdy
QxQ lx =yl

42



Note that

B 2
f IVx(x) = Vx(»)l dxdy
QxQ

|x — yP-2

2
[Vx(x) = Vx(»)?
dxdy =

e Z L_,xg_, |x — yPP2¢

=

\Y -V 2
N f AZC R T
leﬂz |x - yl €
\Y -V 2
N f IVx(x) 3fg(y)l dxdy.
QrxQ |x - y| €
It suffices to show
IVx(x) — V()P 5 5
legl |X _y|3_2E dXdy = ”Xk”HS/Z—e(Ql) < Ch”/'lH”HI/Z—s(r) (5137)
IVx(x) = VY(»)PP
f X 3_)29 dXdy < Ch”“H”iIl/Z—e(r)’ (5 138)
Q]XQ2 |X - yl

as the proof for the other two integral terms is completely analogous. Here the symbol “C” may
denote different constants in different equations, but they are all independent of /4. To prove (5.137)),

we rewrite the problem as

-V (c(V(x)) =0, inQ\l, (5.139)
y=0, onodQ, (5.140)

1
Xk = B(uH —j) onl, (5.141)

where j := kV(x1 — x2) - n; is the normal jump of the gradient across I'. To estimate ||jl|;2r), we

claim

2y < Neeallz2a)- (5.142)

By integration by parts we have
‘[Fle)(l -mdH = jg; 1Ayt + [Vl ldx = ”V)(l”iZ(Q]),
- j;)(zv)(z mydH = L [2Ax2 + [Vxal*ldx = ||V)(2||iz(92),
i
hence
||VX||i2(Q) - \erV(Xl —x2) - mdH = fré(ﬂH = Vix1 —x2) - n)(V(x1 — x2) - n)dH

h
— 1 f [uaV (1 —x2) - i = [V0r1 = x2) - mPldH,
r
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which then gives
V1 — x2) - nl”iz(r) = f|V(X1 —x2) - mPdH < fﬂHV(Xl —x2) - mdH;
r r
< eall2aollVO = x2) - millza,

which proves (5.142)). This implies j € H~'/?(T'), and by the trace theorem we have

. 12
il g-120y < Clixllg@) < Ch / el 2y

Since uy € H'*(T'), we have also

||VX||22(Q) < 7 ﬁ[ﬂH] - |]|2]d7’(fr < 7||/-1H||H1/2(F)”]”H*‘/2(F) - 7||J||iz(r)
h . 2
< Chllugllgr2alxlla @) — 7”]”Lz(1—)

h
3/2 112
<ch/ el 2ol 2y — 7||]||L2(1~),

hence

Il @) < Chllugllgam,
||]'||iz(p) < Ch1/2||ﬂH||H'/2(r)||ﬂH||L2(r),
Wa(uy — Dllezay = Uxllpeay < Clilla ) < Chllugllgiee
= |lug = jllmprey < Clliwallgee

= ljllzrey < e = e + luallpeay < Clluallgae-

This last inequality is the most crucial point in the proof of this lemma: the solution u is thus the

solution of the transmission-reflection problem

=-V-(c(V(x)) =0, 1inQ\I, (5.143)
X1 =x2=0, ondQ, (5.144)
X1=x2=x%, onl, (5.145)

Vixi —x2)-m = je H”I), onT, (5.146)

and since the Laplacian is clearly a coercive form, by [94, Theorem 5.3.7] yx € H*(%), k = 1,2

and
il < Clallmey + llaea), k=1,2
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and by the interpolation inequality, for k = 1, 2,

Il 32y < C|b(k||}1r/22<;zek)|LVkllglz(;i)
< Cballray + llaea)' Il oy,
< Cllallina + 152 el s ),
< Ch"Plluallzey + Cllually g 2> Nl

< Chl/z“ﬂH”Lz(r) + Ch1/2+5||NH||H1/2(r),
< Ch1/2||ﬂH||L2(r) + Chl/z”,UH”Hl/Z-f(r), (5.147)

which concludes the proof of (5.137).
To prove (5.138)), we note first that

f [Vx(x) = Vx(y)I? IVx(x) = Vx(y)I? J
xdy
Qi xQ

dxdy = f
|x — y[3-2¢ Qx)nlx—yloh) X = Y

\Y) -V 2
N f [Vx(x) 3_)g(y)l dxdy
(Q1 X)) x—yl<h}) |x — yPP=

and we aim to prove

[Vx(x) = Vx()I?
f AL dxdy < ChllanlP.q (5.148)
@xenily>h X =)
IVx(x) = Vx()I?
f . 3f§€y dxdy < Chllull3 o (5.149)
(Q1x)N{|x—yl<h} lx =yl

To prove (5.148)), we note that

\Y -V 2 \Y 24|V 2
f [Vx(x) 3fg(y)l dxdy <2 f [Vx ()l l_z)((y)l dxdy
Q1 xQ)N{|x—y|>h} |x — y|P=2€ (QxQ)N{|x—y[>h} |x — y|P—2€

Set

\vj 2
0:Q — [0,40), O = fQ LTﬁ_'zgiy,

2Allmylsh) X =Y

and note

dy = |192V)(|2 * Loyl - |=6-29),

0x) = f o, () VX O Loyt )
R2

lx — yP—2

VYO
10l = f TXOF )
Q

1XQZ |x - y|3_2E
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where | - | denotes the Euclidean norm function of R?, hence

2 -(3-2
10111y < Mo, VaPllzie) - 772l g2 sy

Clearly
o, Tl = | O dy = 19,
and
_(3—2e)|| 2 f e 2427 2mh~1+2e
. = 7T = .
Il -1 LL(R2\B(0,h)) , P P 1—2e
Thus since Wy is strongly regular and & << H,
Zﬂh—1+25 ~ .
100 @) < IVXIIE2 05— < 271 = 267 A Yutnl
S Chl+2€H_26||1“H||i]1/2—6([‘) S Ch”/’lH”iI]/Z—e(r)’

which proves (5.148). We now proceed to prove (5.149): Denote by
Qu(r) == {x € Q : dist(x,I') < r}, k=1,2

and note that
{(x,y) € Qp X @ |x —y[ < h} C Qi(h) X Qy(h).

With the assumption that uy € H'=¢(I'), we have,

||VX||iz(Q) <h f[/JHj - |j|2]d7{:r < Mgl gl il gy = h||j||i2(r)
r

]lliZ(r) .2
= h||ﬂH||H1-f(r)m - h”]”Lz(r)

= [ljllgr-<ry < lluallg-<r)-

IVx(x) — VYOI < C(IVx(x) = Vx(xp)l* + [Vx(xr) = V)l + [Vx(y) — VxOrlP),
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where xr is the projection of x on I'. Thus

\% -V 2
f Vx@) = VYOI dy
(@ xQ)N{lx-yl<h)

|x — yPP~2¢
\Y) -V 2
_ f Vx(x) 3)_(2(:Cr)| dxdy
(QixQ)N{x-yl<h) lx =yl
\Y -V 2
+ f IVx(xr) 3fg(yr)l dxdy
(Q1xQ)Nlx—yl<h) |x — yP—=€
\Y -V 2
+ f Vx(yr) 3_)2((y)| dxdy
(Qx)N{Ix=yl<h) |x — y]P=€

Clearly |x — y| > |x — xr|, and by [94], Theorem 4.12], for fractional regularity results for solutions

of elliptic equations), we have Holder regularity of V2y:

2 . .
v )(||c0~1/276(gk) < [|h(ug — J)||H1-f(r) + ”]”Hl‘f(l") k=1,2
< Cllxllgsr-<qy + luallm-«r)

< Clluallgr-ry YA + lallm-<ry < Cliuallg-<o-

Since Q has finite diameter, sup [VZy| < Cl[V2xllcor-<q,) < Clinllgi-<r

2 2
sup Vx| < ClIV xllcoirn-<q,) < Clltnllm-«r)
Q

= [Vx(x) = Wy () < ClIVy W < Cllupllcq.

2
| |CO,1/2—5(Qk)

Thus with the fact the Wy is strongly regular and ry := dist(y, '),

[Vx(x) = Vx(ar)P .
f f 3 2¢ L dxdy < Chzllﬂl']”ill—e(r) P 22 dpdy
Qy(h) J B(y,h) lx =yl Q) Jry

h
2 2 —1+2 242 2
S Ch ||/1H||H]E(F)f ry * Ed))T S Ch * ellﬂH”HI—e(l")
0

2+2¢€

<C
- H

2 1+2 2
||llH||Hl/2—s(r) S Ch " E||lul‘l||].11/2—e(r)-

Thus the integrals

IVx(x) = Vx(xp)P 4 IVx(r) = VYOl
3-2¢ Xdy’ 3-2¢ dXdy
Q1 x)N{|x—y|<h} lx =yl (QxQ)N{|x—y|<h} lx — yl
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2
Hl/Z—E(r‘) .

f [Vx(xr) — VX(yr)|2d J
32¢ xay.
Qi xQ)N{Ix-yl<h) lx =yl

are bounded by Ch||uy]| The last remaining term to estimate is

Since h < 1, the projection of any point in Q(h) (k = 1,2) on I is uniquely determined. Thus
we can introduce a set of coordinate as follows: given x € Q,(h), x is uniquely determined by its

projection xr, and by x := |x — xp|. Similarly for y € €,(h). Thus

\Y -V 2 \Y -V 2
f IVx(xr) 332()’r)| dxdy < f IVx(xr) 332()’r)| dxdy
(Q1xQ)N{lx—yl<h) lx — y|°=>€ Qi ()X Qa(h) lx — y|°=>€

h h 2
|Vx(xr) -V |
:f f f X( r 3:\;?1’) dxrdyrdx”dy”
0 Jo Jrxr lx — yl

. _ . 2
_ 2 f |j(xr) = JOl dxrdyy
r>r X —yP%e

211 2112 2
= h ”.]”Hl—e(r) < C”/’lH”Hl/Z—E(F)h'

Thus (5.149)) is proven. Summing together (5.137)), (5.138), (5.148) and (5.149) we obtain

I llzs-ey < Clluallmn-er VA (5.150)

which concludes the proof in the case uy € H'/*().
When uy ¢ H'=¢(I), since uy is a piecewise constant function we have uy ¢ H'/?>7¢(T) for all

€ > 0. Then we can approximate py with a sequence of smoother functions ,ug” C H'"*(') such

that 4% — uy in H'/>~¢(T"). Repeating the above arguments for 4\, denoting by x the solution
of

-V (V™)) =0, inQ\T, (5.151)

¥ =x" =0, ondQ, (5.152)

X=X =x", onT, (5.153)

Vo =) my + ™ =4, onT, (5.154)

inequality (5.150) gives
1/2
ey < CR2 Mty ep<cr,

where the right-hand side quantities is uniformly bounded from above as n — +4co. Thus the

sequence ™ is uniformly bounded in H*/?~¢(Q), hence upon extracting a subsequence (which we
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do not relabel) y™ — y in H3/?>7¢(Q), with y being the solution of (5.122)). Thus by the lower-

semicontinuity of the norm || - ||312-¢(q) We infer
P 172 1/2
Il E32-c) < hnllljgf C'n' ||ﬂ§.r;)||H1/2-f(r) =C'h' el 1<y

concluding the proof for 2D case. The 3D case can be similarly proved with the above procedure,

except that the Gagliardo semi-norm should be modified as

IVx(x) = VxO)P
[VX13eiq = f S——dxdy.
QxQ lx =yl

We have then finished the proof. [

With g = n s O(1/h), we now prove the continuity property and the inf-sup condition of
AC(-, -5+, ) as follows:

Lemma 5.15. Forall (v,u) € XXM, (W, 0dy) € Xy X Wy, AW, u; wy, 0Ay) satisfies the continuous
property:
AW, 3w 6217) < C (912 + M2 + el ) O, S (5.155)

Proof: From the definition of ‘A we have

AW, u; wi, 64n)

=a(v, wp) + {t, wi) — (v, 0dg) + B v, wi)

<C (||VV||L2(Q)||VWh||L2(Q) + Wl 2y + VI 2,5ll0 AR =12,
WVl 2alwalli2.0)

<C (||VV||L2(Q)||VWh||L2(Q) + IVwill 2@l 2y + VI 200 ARl 21 /2.0
Wl 2 4lWalli2.0)

<C (IIVV||L2<Q> + W2 + IIuIILzm) llwn, 6l - (5.156)

We have then finished the proof. [

Lemma 5.16. Let (v, uy) € X, X Wy. When h/H is small enough, the following inf-sup property
holds:
sup AW, urs Wiy 6m) Z CllI(va, )l - (5.157)

lown.62m)lll =1

Proof: For a given uy, denote by y the solution of the Robin problem for the differential
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equation

=V-(c(V(y)) =0, inQ\I', (5.158a)
y=0, ondQ, (5.158b)
c(Vyy)-my +c(Vyy) my+By=puy, onl. (5.158¢)
Then
a(va, y) = Vi, ) = BV ¥ (5.159)

and from Lemma the following bound holds for y:

”/'11‘1”31/2,}; < C{uu, P(y)) . (5.160)

One can then obtain the bound for A(vy,, uy; u, + y, 2ugy):

AWn, fs Vi + Y, 2um) =a(p, vip) + avp, y) + {uw, P)) + (s PO)) = (POn), 2pam)
+ BV, Vi) + B Vi 1)
=a(Vp, Vi) + Vs ) + (e, PO)) + (s P)) — (P(Vi), 20
+ B Vi, Vi)
=a(V, Vi) + (> PY)) + B (Vhs Vi)
>a(vp, vi) + C*Ilqulﬁl/z,,, + B vy, Vi) . (5.161)

where the constant C* is associated with the inequality (5.160). Taking y, = I,,(y) , the following

estimate holds

1-€

1/2—€
12— 1-
lyn = Yl < Ch / Nyl < A Nuallmn-<r < CMHNH”LZ(F) < C(E) lleerall-1/2,05

1/2-€
s = Y2y < Ch ™ lyllgsr-q) < C ‘/E(E) leerll=1 /2,0

When wy, = v, + y, 04y = 2uy, we have

AWVn,y frs Un + Yo 205) =AWk, s up + Y, 20) + ap, yn — ) + (e, POn —y))

+BVhYn — )
2K||VVh||iz(g) + Cllunlly o + B Vhs Vi) + a(i, yi = ¥)
+ W PO =) + BV Y —y) - (5.162)
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We then bound the last three terms on the right hand side. Firstly
K
a(vp, yn —y) = — Ellvvh”Lz(Q) = ClIV(yn — y)lliz(g)
P 1-2¢
> - Ellvvhllﬂ(g) - C(E) ”MHlEI/Z,h .
For the second term one can obtain

-
<,UH, P(yh - y)> = - EC ”/JH”%l/z,h - C”yh - y”%/z,h

2

For the last term
l C
Bnyn—y) = - EHVhHiz(r) - E“)’h - y”im—)
I 1-2¢
> - Envhll%/z,h - C(E) ”ﬂH”z]/z,h .
Substituting the above three estimates into yields

AWV, s un + Vi, 2drr)
ZK”Vvh”iZ(Q) + C*llﬂH”%l/z’h +ﬁ<vha Vh> + a(Vh9 Yn — J’)

+ e, PO = y)) + BV yn — )
1-2¢

2 x 2 K 2
ZK”VVh”LZ(Q) +C “/lH”_l/z’h +ﬁ<vh’ Vh> - Ellvvh”LZ(Q) -Cl+=

1 1-2¢ ! 1-2¢
- EC*”/JHHEI/ZJL - C(ﬁ) ||ﬂH||%]/2,h - Ellvh”%/z,h - C(ﬁ)

1-2¢
1.
>-=C ||,UH||%1/2,h -C (ﬁ) ||/1H||%1/2,h )

1-2¢
c* K
2 2 2 2 2
ZK”VVh”Lz(Q) + 7”/1H||_1/2,h + l”Vh”l/z,h - EIIVVhlle(Q) - C(E) ”ﬂH”_l/z,h

l
- E”Vh”%/z,h
1-2¢
=C [nwhniz(g) + (C* -C (E) )u;mu%l/z,h + ||vh||%/2,,,J :

On the other hand, since

2 2
”Vy”Lz(Q) < C”/JH”_l/z,h

1
IV = 7(=a0y )+ ) < C ) < Cliunll?, 2.
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IV = 92y < ClolEp ) < ClIVR 2y < ClltalP o -

and

1
Iy =30l = 2113 = 0lley < CoIE 0y < ClIVMIg < Cllanl

we have the following estimate
2 2 2
”VWh”Lz(Q) + ||6/1H||_1/2,h + ||Wh||1/2,h
2 2 2
=IIVvi + Vyullaq) + 12612 00 + Vi + Yally 2
2 2 2 2 2
SC (llvvh”LZ(Q) + ”Vy”LZ(Q) + ”V(y - Yh)”Lz(Q) + ”/lH”_l/z’h + ”vh”l/z,h
2 2
+ly - thl/z,h + ”)’”1/2,;,)
2 2 2
<C (IVvall 20 + a1 + Il ) - (5.167)

Therefore, we have
AWn, s Wi, 62m) 2 Cll|(Vis )l plll (Wi S| - (5.168)

and we have finished the proof. [

With the above lemmas, we can prove the error estimates in the following theorem

Theorem 5.17. Let (u, 1) € X X M be the solution of (5.117) and (iiy, ) € X, X Wy be the

[
solutions of (5.113). Then for r = O(1) and B = W when h/H is small, the following estimates
hold true:
G = g, A = Al < € (>Nl ggs-ecy + H' >Nl po-eqry) (5.169)

et = G2y < CCHM27 + H') (W2 ull ey + H* ¥l Allep-eqry) - (5.170)

Proof: Similarly, as in the proof for the original DAL method, from the triangle inequality we

first obtain
M = dip, A — Al < M = Ly, A = T DIl + (Lt — G, T d = A, - (5.171)
For the first term, given h < 1, we have

@ = Lya, A= T DI = 11V = Bl + 114 = T Al ), + Nl = Byl

1
2 2 2
< ”Lt - Ihu”Hl(Q) + h”/l - HH/1”L2(1") + —||l/l - Ihu”LZ(r)

h
S Ch1_2€||u||12q3/2—5(9) + ChH]_ZEH/i”ill/Z—s(r)
< Ch' Nl reqqy - (5.172)
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For the second term, the proof of Lemma shows that there exists (wy,, 54y) € X;, X Wy such
that [||(wp, 64m)lll, = 1 and

I(Zput = T, g A = Al
<CAILu — i, Ty — A wi, 0dy)
=C (ﬂ(u — Gy, A= gy Wy, 05) — Au — L, A — Ty d; wy, 5/1H)) . (5.173)

From the alternative definition given in (5.120)), the first term of (5.173) should be equal to 0. The
estimate for the second part of (5.173)) can be derived from Lemma[5.15}

A — Ly, A — g, wy, 64y)
<C (V@ = Do)z + 14 = Dy Allzqry + Nt = Taally ) O 5211

=C (IIV = L)l + 14 = Tl oy + e = Taally ) - (5.174)
(5.173) and (5.174)) yield

(Tt — G, T A = Ap)lll,
<C (||V(M = L2 + 14 = gl 2y + [lu - Ihu”l/z,h)
<C (h"*Yullgpr-eiay + H M Alliper)) - (5.175)

which finishes the estimate for the H' error. To estimate the L? error, we apply an Aubin—Nitsche
duality argument similar to that used for the original DAL method, by introducing the dual problem
of finding (¢, 8) such that

=V (c(V($) =u—iiy, inQ\T, (5.176a)
¢=0, ondQ, (5.176b)
¢=0, onT, (5.176¢)
0=c(Vpy) -n +c(Vgy)-my, onl . (5.176d)

From Lemma 5.6] the following bound holds for ¢:
||¢||12LI3/2—6(Q) + ”9”?.]1/2—5(1") S C”I/l - ﬁh||i2(g) . (5177)
Taking an inner product of and u — i, gives

e = @ll72 ) = a(p = I — i) + allyp, u = ) = (6,0 = i) . (5.178)
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We can estimate the above three terms separately. Firstly,

a(p — Iyp,u — i) < C||V(¢ — Ih¢)||L2(Q)||V(M - ah)”Lz(Q)
< Cllgp = il g ol V(u = i)l 2
< ChY N lli-ccy (A" Nl pa-cy + H'> N AUl gy2-eqry)

< ChV 4 lu — iyl 20 (h1/2-6||u||H3/2_5@) + H‘/Z-f||A||H1/2_€(r)) . (5.179)
Secondly, from (5.120) and the fact that ¢ = 0 on I, one can obtain

alup,u — i) = = (A = Ay, Inp) = B{Lup u — i)
= (A=A, &= L) + B¢ — Inp, u = i)
C ~ C -
< Wllﬂ = Aull-12.4ll¢ — Inll 2y + WHM = tplly2.nlld — Lidllr2
< Ch2 (W24 lull ey + HY 2Nl gpeqoy) I = Dz
< Cl’ll/z_e (l’llﬂ_E”M”H}/Z—e(Q) + Hl/z_ell/lHHl/Z—e(r)) ||¢||H3/2—E(Q)

< CRY> Nl = dugll ey (B> <Ml ey + H > NAllzpieqr) - (5.180)
For the last term in (5.178)), from the fact that (I1,0, u — i1,) = 0, we divide it into two parts:

O,u —iip) =0 —yO,u — i) + Ax0, u — i)
= (6 — 140, u — iiy)
< Cll60 — gbllg-12ayllu = dpll g
< Cll6 = gbll g-12ayllu — il (o)
< CH"™ (Ml 2-<y (R~ “tllpgoa-ey + H >Nl gr2-ecry)

< CH" Yl = il (A"l po-cqy + H'> <Ay -eqry) - (5.181)

Combining (5.178)—(5.181)), one can get
lee = a2y < CORMP + H') (A2 ull ey + HY* ¥l Allzpr-eqry) -

We have then finished the error estimate of the projection-based DAL method on the static

problem. [

5.2.2. Fully discrete: Parabolic interface problem
Based on the analysis for the static problem in Section[5.2.1] we will have the following lemma
for the projection-based DAL method:
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Lemma 5.18. For given u and A, we have the following estimates for their mixed elliptic projection

(@i, ) defined in (5.120)):

G = g, A = A, < € (A" Uetl ey + H' WA ) (5.182)
= Bl < CCR72 4 HP72) (' quuuHm ca + H' M) (5.183)
0 o1 04 0 A
" ot 8t 8t H3/2- E(Q) 0t HL/2-¢(T)
ou Oy |* ou|? A
‘ T <o 1B (R || 2|2 L (5.185)
61’ (9l LZ(Q) 8t H3/2— Q) Hl/2—s(r)

Let At be the time step size and T = NAr. We employ the backward Euler method for time
integration, and obtain the following fully discrete scheme for the projection-based DAL method
at the (n + 1)-th time step: Given (u}, A}), find (u} it /l"“) € X, X Wy such that

(8,u”+1 ) At <8,/1"H+1, wh> +a@)™t,wy) + </I"H+1, wh> +,8< ntl wh>

= (@), wa) + B, wi),  Ywi € Xy, (5.186a)
At (0,5, 62u) = By = g™, 64u), V6Ay € Wy, (5.186b)
) = Ly (5.186¢)
Ay =0. (5.186d)

The above fully-discrete method can be written in an equivalent form: Find (u"+1 Ay € Xy x Wy
such that Ywy, € X, 01y € Wy,

(B wa) = At (3,45, wi) + 3 (a,z”“ i) + A, Ay s wi, 62u) = F (Wi, 62p). (5.187)
To prove the error estimate for the above fully-discrete method, we first introduce a lemma for the
inf-sup condition.

Lemma 5.19. When h/H is small enough, there exists a constant C such that for any given function

Uy € Wy, the following inf-sup condition holds true:

Wp,
sup —— K)o (5.188)

wheXn ”Wh”H'(Q) + [Whll=1 /2.1

Proof: Set v, = 0in (5.157). The supremum is clearly attained for 61y = 0, producing (5.188).
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Theorem 5.20. Let (u, 1) € X X M be the solution of @) and (u}*', ") € X, x Wy be the
[
solutions of (5.186)), then when the fixed element ratio h/H is small enough and B = W the

following error estimates for the projection-based DAL method hold true:

|||(u(l,n+1) _ MZ+1,/l(ln+1) _ /1111—1+1)|||j,

hl—ZE +H2—2£ ~ ~
sC(T + 1)(h1 Yol + H' N0l

H3/2—E(Q) H1/2—e(1")
ey 2 2 2 2
ou o1 o“u
+f =2l — +H'7 | — tlz=l| dt (5.189)
0 a[ H3/2—E(Q) at H]/Z—e(r) 0t LZ(Q)
and
n+1 n+1 2
””(l ) — w, ||L2(Q)
1-2 2-2 1-2 2 1-2 2
<C (A" 4 H72 4 At) (R Mol ey + H' Mol
tn+1 a 2 2 2 2
u oA o“u
+f 72— +H'7 | + At || dr]. (5.190)
0 at H3/2’5(Q) 6t Hl/Z—e(r‘) 51‘ LZ(Q)

Proof: With the mixed elliptic projection (i, (#™*!), Ax(#™")) for u(#*') and A(¢"*1), set
w(@) = = ) = () + (et - upthy = g (5.191)

/1(ZJ1+1) _ /1111;1 — (/l(tn+l) _ ;lH(l,n+l)) + (;?.H(ZJH-I) _ /1111_1+1) — Cl)n+l + é';n+1 ) (5192)

The estimates of ¢"*!' and w"*! are know from Lemma |5.18}

n n 2 ¢ n —2€ n
et 0™ D) < € (AN DMlpneiqy + H' U DN ery) (5.193)
™ gy < CC' 4 B2 (W2 e+ H I ) - (5.194)

For 6"+, with the definition of elliptic projection (5.120) we have

a(u@"y = ("), wi) + (@) = D@, wa) + B (@) = ("), wa) = 0. (5.195)
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Taking w = wy, in (5.104) and combining it with the above equation, one can obtain

@
ot

= (F@"), wi) + B ) w)

e Wh) +a (fth(f"H), Wh) + </~1H(tn+1)’ Wh> +B <ﬁh(fn+1), Wh>

Subtracting (5.1864) from the above equation yields

— gtuzﬂ, Wh) + At <5t/lnH+l, Wh> +a (ﬁh(fn+l) - MZH, Wh)
+ (A = 257 wa) + B () = ™ wy) = 0
or, equivalently,

(5t9n+]’wh) +a(0n+1’wh) + <§H+I,Wh> +ﬂ<9n+1’wh>

= — (G wn) + (5zu(t””) - o

ot
+ At (5,w"+1, w,,) — At (5,4(:’“1 ) wh> .

m+1

,wh) + 8GN w,)

From the fact that #"*! = 0 on dQ and Poincaré’s inequality, one can obtain

12 1
16" 12 ) < CrollVO™

17
@ @) -
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(5.197)

(5.198)

(5.199)



Combining it with lemma[5.19)] there exists a v, € X, satisfying

1M1 20 Vallzn @ + Vallij2n) < C <§n+1, Vh>
=C (— (5,9"“, vh) —a@* "', v) - B <9"+1, vh> + At <5t el vh>
+At <5,w”+1 , vh> - At <5,/l(t”+1 ), vh> - (5,(/)"” , vh)

Ou ))
. s Vi
m+1

ot
3 gn+l 1 1
<C (||(9t9n+ ||L2(Q)||Vh||L2(Q) +[|ver ||L2(Q)||Vvh”L2(Q) +/3||9n+ ||L2(r)||Vh||L2(r)

T entl 3 1 3 1
+ At||o &£ 2 vall 2y + At]|0,w"" Iz vallzary + A0, A" Mz lvallzza

+ (5tu(t”+l) -

— ou
Au(rh) — o 2
L*(Q)

7 gn+l 1 1
<C (llat9n+ 2 llvalle @) + IVe'* 2 Vil @) + \/,E”@'Pr 2| 1valli 2.
T entl 3 1
+ At VAIGE Mz Valli 2 + At VRIGW"™ 20y Vil 2.1
3 1 5 ot
+ At \/E”at/l(ldﬁ Mezallvallijon + 0. lz2lvalla @)

T+l
+]10:™ 2 llVall 2y +

||Vh||L2(Q))

m+l

Gy = 2

+
[puce -5

||Vh||H1(Q))
tn+1

L2(Q)
q g+l 1+ 1 1 +1
< Cvallar @y + valliom) [ 110:0" N2 + IV l2) + Z”é)’l 22

+AtVRIOE N pay + At VRIBW™ N2y + At VRIBAE D2y
ou

5,u(ln+l) _ E

T+l
+]10:™ 22 +

i+l

) (5.200)
LX(Q)
or, equivalently,

1" 112 < Con (19087 2 gy + IV6" ) + BUE™ Iy + ACRIOE™ I

L2(Q) LX(Q) L) LX)
2119 112 21119 1N\12 ) 1112
+ALh||0,w" oy + ACRNGAC D2y + 100" 5
— ou 2
+||Qu() - = . (5.201)
at l’”l LZ(Q)

On the other hand, for &"*!, take 61 = 64y in (5.104)). Then, with the elliptic projection definition

(5-.120), we have
(") = u(@™"),62,) = 0 (5.202)

and therefore
(") - g(™*"), 64,y = 0. (5.203)
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Subtracting from the above equation yields
A (B,57", 82u) + B (") = up™ 62y) = 0 (5.204)
or, equivalently,
At~ At~ At =
(67" 60y) = 3 (8.8, 60y) — 3 (8,4, 62 ) + 5 (81", 62 ) . (5.205)
Take wy, = 0! and 64y = £"*!, subtracting (5.203)) from (5.198) yields

(5t0n+l’9n+l) + a(9n+1’9n+l) + % <5t§n+l’€;n+l> +ﬂ<9n+1,9n+1>

- _ (5[¢n+1’0n+1) + (étu(tnﬂ) _ % . ’9n+1) + At <5t§n+1’9n+1> + At <51wn+1,9n+1>
= At (B A", ) - %(étwn“,g"ﬂ + % (.40, &) (5.206)

For the left hand side, we have
— At =
(at9n+l’9n+l) + a(9n+l’ 9n+l) + ﬁ <6t§:n+l’§n+l> +ﬁ<9n+1,9n+1>

1 12 12 Af = i 12
2 (10 12 ) = 19"12y) + 5 10,6 1z ) + KlIVE" I

2
||L2(Q) (€9))

1 AP —
+ Z (anﬂllzl/z’h - ”‘fn”zl/z’h) + Enat n+1”%1/2,h +,8||9n+1”iz(r) . (5207)

For the right hand side, when the mesh is strongly regular we can combine it with the inequality
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(5.201)

— (gl(pml’gnﬂ) n (étu(tnﬂ) _ Ou

ot
— At <5t/l(tn+l),9n+l> _ %<5twn+l’§n+l> + % <5[/l(tn+l)’§n+l>

ou 2

~Po 5;14(tn+1) _ -

9n+1
v | F o

2C LZ(Q) ||al‘10n+1||
AP

+ H n+1 2 ﬁ”9n+l”
4 LZ(F) LZ(]‘)

2
rao ¥

L2(Q)

—||9"“|| + hAd|d ™|}

L2(D) L)

ZhAtC
+ hAt”a A(tn-'-l)”LZ(r) _||§n+1||L2(r) ”at n+1||

2hAtC
+ 18,40l

LX)

L)

ou 2

NGty - —

9n+1
"I y

2C LZ(Q) ”81“10’“—1”

L2 (Q)

m+l

L2(Q)
31+ 2At At

o + ||9n+1||L2(r) Tmllg +1||%1/2,h

A +2C,) =
l

C
n+1 PO
||81S0 ||L2(Q) P

2
+ H ) n+1

At(l2 +2C,)
e

IIVH"“II

q 112
||atwn+ ||—1/2,h +

CPO

102D,

2

— ou
atu(tnﬂ) _ E

2
et

LX(Q)
A
+ — |6,
31

A \CadA

n+1 2

31+ 2At 1
1/2h + ”Qn ||L2(F)

+ Bl +At2h||6,§"+‘||

(||ate"“||

LX)

L2(Q) L2(I)

1
LZ(F) + At hllatwn+ ”LZ(F)

ou 2 )
L2(Q)

gtu(lnﬂ) _ -
BACIIE, 5

+At2hllal/l(tn+l)|lL2(r) + ||at¢n+1”L2(Q)

M+l
At(> +2C,,)
T

At +2C,)

q 112
||atwn+ ||—1/2h P
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When Ar <« 1, we have

o n+ + 9 n+ du
—((9;90" l,9n 1)+(3,M(l 1)— E

, 6.n+1) + At <5[§n+l’ 9”+1>
s
+ At <5twn+1, 9n+1> — At <5,/l(l‘n+1), 9n+1> _ % <5t0)n+1’§n+1>

+ % <5t/l(tn+l)’§n+l>

2
K Cro|l5 w1y, Ou
<<[IVe™ 17, ||3190"+1|| > u(™) - —
2 L (Q) L (Q) 01’ i+l Lz(Q)
At 1 1 1
t§n+ ~1/2.h _”6"‘*' ||L2(F) ||at0n+ ||L2(Q)
At(F F2C) = o AP+ c ) 1
+ l—zmllﬁtw’” 12100 + l—m”@t @O0, -

Putting the inequalities for the left hand side and the right hand side together, (5.206) yields

1 1 1
(||e"+ Fay = 16°1520)) + 5 25 1R, g + S NCaR.

A —
n+12 ny2 n+112 +1
+ 2_l (”f ”_1/27;, - “f ”—1/2,]1) + 61 ”616 ”_1/2,}, + ”9’1 ”L2(F)

Cp Cpo || ou| | At(12 +2C,) =
< oa n-f—l2 _06 tn+1__ +—man+12
16:¢ ”L (Q) P u( ) O | o P2 16w ”_1/2,;,
Ai(I* + 2C,,
%IIMU’”I)II " (5.208)
or, equivalently,
(112 ) = 167122 y) + ||ate"+‘||Lz(Q) = KAtnve"“an(Q)

At n+1712 7|2 A O en+lg2 7+ 1
+ 7(||§ P 1jon = 1€ ) + gua,f [Py + ||9 [
2
+ At

_ ) 20 a 112
(')tu(t'” )_ E . + At ”6[wn+ ||—1/2,h

+APBAEDIP 1) - (5.209)

LX)

<C (Alllat‘erl”

m+l
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The terms in the right hand side can be bounded as

tn+l tn+1 2
0y 1 0p
0,0 f —Ldt < — — dt
” P “LZ(Q) At p ot 2@ At ot L2(Q)
SO HTY f |2 2|2 g (5210
B At ” 1t |l «Q) weem) '
2 tn+l 2 2
0
'@u(r’”l)— = Atf 2 ar (5.211)
at m+l LZ(Q) m (9)? Lz(Q)
' dw " dw]]
1B, 1 = f oul <12 @
t 1/2,h Al’ ot 2 At ot L2(T)
dt
Al H ot |- /2h
C e 3 ol
<= e[| 24| + HI dr . (5.212)
At ot H3/2-¢(Q) (9t H!/2-¢(T)
_ ch (" |||
10, AN, 100 < —f — dt . 5.213
Al 112 At n ot H/2-¢(T) ( )
Combining with 7, H < 1, the above bounds lead to
(11180 = 101122) + ||at9"“||L2(Q) + KAtnve"“an(m
At _
+ 7 (“‘fnﬂllgl/lh - ||fn||%1/2,h) + ?”atfm—l”%l/zh ||6n+1||L2(F)
7! 2
ou oA
<C f ((h“f + H>7 + Ap) (hl e +(h+ H'™) )
m 6t H32-¢(Q) 8t H/2-¢()
82
+AP )dt
£+ 2
yilG
Scf ((hl 26+H2 26+At) (hl —2e 6 Hl —2€ 6 )
m at H3I2-¢(Q) ('9t H/2-¢(T)
02
+AP )dt . (5.214)
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Summing (5.214) up from the first step to the (n + 1) step gives

At
167112 ) + Z 1,641 + KAIZ V6 172 gy + 1
Atl
Z 162 0+ = Z 167111 .
r"“ 2
du o
Scf ((hl 26+H2 2E+At)(hl —2€ Hl —2€ )
0 al‘ H3I2-¢(Q) Gt H1/2-¢()
2 2
+AP v ]dr+||e°||L2(Q) 7||g°||%1/2,h. (5.215)
L2(Q)

While taking the initial values of u{ and A9 as in (5.186)), we have estimates for the initial errors
similar to (5.93))—(5.94) from the analysis of the original DAL method:

0 ~ ~ 2
16122 0, = 1 (0) — TytaolZa gy < 210 (0) = o2y, + 2llto — Tty

< C(h2 + B2 2Nl iy + H 2 N0l (5.216)
012 T 2 5 2 2
||'f ”—1/2h - ”/lH(O)” 1/2,h < 2||/1H(O) - /1(0)” 1/2,h + 2”/1(0)”_1/2,;,
< COM 2 Nuols ey + H' Mol ey (5.217)
Substituting the initial error estimates into (5.215) gives
16" 1)+ 5 Z 1867125 ) + KArZ IV |22, + —||§"“|| o
Z ||at§z+]|| 1/2.h + 2 Z ||91+1”1/2h
tn+l 2 )
0 AP 0-u
<C f ("2 + H> + Af) (hl -2 || 22 + H' ) + AP dt
0 al H3/2 E(Q) 61’ Hl/2 e(r) 8t LZ(Q)

+ OO 4+ H2 4 A Yol + H Mol (5.218)
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which yields the estimate for **! in the L? norm

tn+1
g+ < Cf hi=2€ 4 22 o A [ Rp12e + Hl72e
I ”LZ(Q) 0 (( ) 82‘ H3/2-€(Q) 6t HU2=€(T)
2112
+AF I: ) r+ C(hl L HTE 4+ At)(hl ZE”MOHHW ‘(Q)
ot L2(Q)
+ Hl_zell/lOH?.]l/z—e(r)) . (5219)

Combining (5.219) with the estimate for ¢"*!, we obtain the error estimate in the L?> norm

1 1
(™) — u |

1
<2(le" P

<C<(hl —2€ +H2 26)(hl Zellu(lﬂ+l)”

L2

71+ 1
+ ”9 ”LZ(Q))

1-2 1\112 1-2 2-2,
H3/2- E(Q) + H Ell/l(tn+ )HHI/Z—G(]")) + (h ¢ + H €

tn+l
—z€ € € € au
+At)(h1 26””0”[.]3/2 €(Q) + Hl 2 ||/10||12L11/2—e(r)) + f ((hl -2 + H2 2 + At) (hl - a
0 A1V RE )
(9/1 2 2 2
+H'7 || = )+Ar2 —Z‘ dt
ot H/2-€() ot 2Q)
1-2 2-2 -2 -2 " 2 ||Ou ’
SC(/’I e H ¢ + At) (hl E”uOHHS/Z e(Q) Hl E”1-0”].11/2 e(l") L (hl_ ¢ E H3/27€(Q)
oA ol
+H'* cal| = (] (5.220)
0l H/2-¢(T) ot 12(©)
On the other hand, from (5.218)), we have also obtained
Z IV |2, + Z 16717 o+ 1E™ 12
tn+l 2
S£ (h'=2€ + H>¢ 4+ Ar) (hl —2¢ ou||? 4 gl oA ) + AP O u dt
At al‘ H3/2-¢(Q) (9)/‘ H1/2-€(I) 6t 2Q)
C(hl—Ze _I_H2—2E + Al) . .
+ = (A" lutolo-e gy + H' NN 1) - (5.221)
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which yields

12 1112 112
V6™ 12, g + 167 1 o, + 1712 0

hl—25 + H2—26 -
€1, 112 1-2€ 112
S("( Al + 1 (h ||M0||H3/2—E(Q) + H ”/10”1.11/2—5(1")
tn+] a 2 2 2 2
u 01 0°u
+ f ne = +H'7 || +At||— | drf. (5.222)
0 t H3/2-¢(Q) 8t H/2-€(I") at 12(Q)
Together with the estimates for ¢"*! and w"*!, we have obtained the error estimate in the

I1C, Il p-norm:

‘H(u(tnﬂ) _ uZJrl,/l(lnH) _ /11[1_1+1)H'12)

t"+]

2

h'72€ + H>7>¢ 1=2€p.. 112 126119 112 1-2¢ || Ou
SC (T + 1) h ||u0||H3/2—e(Q) +H ”/10”1.11/2—5(1") + L h E .
o|? 0*u 2
1-2¢ 1-2¢ n+1y112 1-2¢ +14112
+H E HPe(r) + At W o dt + C (h ”l/l(t )”HS/Z—G(Q) + H ||/l(tn )”Hl/Z—s(l"))
h'~2¢ + H* 7% 1-2¢ 2 1-2¢ 2 " 1-2¢ || Ou ?
SC (T + 1) h ||u0||H3/2—E(Q) + H ”/10”1_11/2—5(1“) + ‘ﬁ h E e
ol Pull’
LH!2 |2 || . (5.223)
ot H1/2-¢(T) or? 12©Q)
We have finished the error estimate of the projection-based DAL method. [

Theorem has indicated the following corollary:

Corollary 2. In the projection-based fully-discrete DAL method, the optimal time step size is At =
O(h) = O(H), which yields the error estimates:

1 —4€
19 Gu") = iz + ) = 131y + AINAGY) = A3l < CRITH, (5.224)
lu(t") = ull7, ) < CH. (5.225)

That is, in similar fashion to the original DAL method, with these settings we have h'/*7%¢ order of

accuracy for the |||, )l ,-norm and h'=*¢ order for u in the L*(Q)-norm.

Remark 5.21. Given the problem regularity u € H>>=¢(Q), the error estimates in both DAL meth-
ods are consistent with the error estimates in [22]]. Therefore, although the original augmented
Lagrangian iteration was truncated in the DAL methods, the error estimates have shown that com-

paring with the algorithms in [22]] where the Lagrange multiplier was updated exactly, such a
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truncation in the iterations did not affect the convergence rates for u, due to the fact that the error
introduced by this truncation is actually of the same order with the error from the degraded solution

regularity.

6. Numerical results for model problems

The basic results of the error analysis for the original DAL method are already supported by
the numerical experiments of [35, Section 3.1.8]. When taking At = O(h), half-order convergence
for the H'(Q) error of u and first-order convergence for the L*>(Q) error of u were observed. For
the error of A, we have observed no convergence of the L*(I") error. For further details, we refer the
interested reader to [35]. In this section, we test the results of the analysis for the projection-based
DAL method, then explore how robust the results are by applying them in situations outside the
scope of the linearized model problem analysis presented earlier. In section [6.1] and section [6.2]
two types of element spaces for the Lagrange multiplier are investigated. Moreover, in section
we demonstrate the kinematic conservation property of the projection-based DAL method, which
was the original motivation for developing this method. Lastly, in section [6.4] we investigate the
stability of the temporal over-refinement cases as discussed in Remark [5.11] To demonstrate the
robustness, in section the original DAL method with r = 0 is employed, which represents the
case with the worst stability among the DAL methods.

6.1. Confirming estimates for the projection-based DAL method: foreground definition for Wy

To test the conclusions of our error analysis for the projection-based DAL method, we construct
a particular linearized model problem. We set the space dimension to two and choose a(u,v) =
(Vu, V)12 Q is the square (-W/2, W/2)* c R?, with W = 2.5, and T is the unit circle {x €

R? : |||z = 1}. The time interval terminates at 7 = 0.1. The initial temperature distribution is

Up(X) = Upess(X) + Usin(X) , (6.1)
where
e
" Ugin(X) = sin (27”1 ) sin (27”2) (6.3)
e W W)’ '

where R is the first root of the Bessel function Jy. Given g = u|r and f = 0, this problem has a

time-dependent analytic solution as

M(X, t) = uBess(X)e_RZZ + usin(X)e_(S‘%t)- (64)
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This solution exhibits discontinuous first derivatives of u at I' and is smooth everywhere else, i.e.,
u € H*?7¢(Q); this matches the spatial regularity that is shown to hold over a large class of problem
data in Section ] The exact multiplier A is constant in space and decaying in time, corresponding
to the jump in normal derivative of the Bessel function component of uE]

To define the space Wy(I'), in this section we divide I" into elements of size ~ H, as illustrated
in the left plot of Figure 2] In the following developments, we denote this type of definition for
Wy as the “foreground” construction [36]. In contrast with the “foreground” construction in this
section, in the right plot of Figure [2] we illustrate another choice of Lagrange multiplier space
construction, i.e., the “background” construction. In the background construction, the Lagrange
multiplier is discretized in the trace on I' of a space of degree-zero B-splines with every other
knot’s multiplicity set to zero along each direction (i.e. the space of constants on clusters of 2¢
Bézier elements, see [36] for further details), and its numerical performance will be discussed in

the next section.

\\ \
\ \
IS ' N\

M

I/
/

Figure 2: Sketches illustrating foreground (left) and background (right) definitions of the boundary Lagrange multi-
plier. In each case, I'g indicates a section of I that serves as an element domain in the multiplier mesh.

We now discretize the temperature field with a linear uniform B-spline space of 2 x 2M el-
ements, for M € {3,...,11}. The Lagrange multiplier is approximated with a piecewise constant
function on 2¥73 elements that evenly divide the arc length of T, i.e., Ay is represented with a
single constant element in the computations with the coarsest 8 X 8 background mesh (M = 3),
and a constant ratio of H/h is maintained during refinement. Defining H = 27/(247%), i.e., the arc
length of one element, H/h = 20. If we take H to be the arc length of one of these elements and
let h = W/2M then we have H ~ h. We set 8 = 1/h. The discrete initial condition is set by nodal
interpolaton of u,. Integrals over I are evaluated using 32 x 2™ evenly-spaced quadrature points.
The time step is proportional to A, viz. At = T/2™. An illustrative snapshot of a numerical solution
is shown in Figure

! Although the exact multiplier is trivial to represent with any reasonable discrete space, we expect the discrete
solution to be polluted by errors in u, as indicated by the bounds derived previously.
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Figure 3: Annotated snapshot of a numerical solution to the scalar parabolic test problem.

The convergence results of projection-based DAL method are illustrated in Figure [ The left
plot of Figure El shows the convergence of the L*(Q) and H'() norms of the error u(T) — uhN ,
suggesting convergence rates of 1/2 in H'(Q) and 1 in L*(Q) for both cases, as expected from the
analysis. The right plot of Figure@ shows the convergence of the L?(I') norm of the multiplier error

Ay — A at time T'. Although this error does not diverge, it is only bounded under refinement. This

observation is consistent with convergence at a rate of 1/2 in the weaker || - ||-; /2, norm.
0
L (Q) norm ——
o 2 H (Q) norm —— 1
o | G o+ L(@)norm ——
= slope = 1/2 -----+- ~
83 T 5 -1
= -6 — slope =1 2
2 g 2p
- 8 - g 3
-10 L :: _ ! \
8 -6 4 -2 0 7 6 5 4 3 2 -
log( Element width ) log( Element width )

Figure 4: Convergence of u and A using the projection-based DAL, with respect to element size # and At = O(h). Left:
L*(Q) and H'(Q) errors of u(T). Right: L*(T') error of A(T).

The lack of convergence of the Lagrange multiplier in a strong norm is also clear from com-
paring plots of the Lagrange multiplier at various levels of refinement. The multiplier field A(T) is
shown at several refinement levels in Figure [3] as a function of the arc length along I'. While there
is an obvious improvement from the coarsest discretizations to more refined ones, the magnitudes

of oscillations in the asymptotic regime do not decrease, as is consistent with the O(1) L*(I) error
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shown in the right plot of Figure
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Figure 5: The Lagrange multiplier as a function of arc length along I', at various levels M of refinement.

6.2. Confirming estimates for the projection-based DAL method: background definition for Wy

It would at first appear very intuitive to define the space Wy(I') by dividing I" into elements
of size ~ H, as in the numerical experiments of Section @ However, this use of a “foreground”
construction may lead to difficulties in practice. In the FSI case, one might immerse a structure into
a background mesh of the fluid domain that is refined in a highly non-uniform and/or anisotropic
way, to, e.g., capture boundary layers near a fitted boundary. A foreground construction of Wy that
is appropriate for a structure immersed in one part of {2 may become inappropriate as the structure
moves to a less-refined region or changes its orientation relative to anisotropic refinement of the
background mesh. Puso et al. [95] previously compared foreground and background definitions
of Lagrange multiplier spaces for immersed discretizations and found that defining the Lagrange
multiplier using the background mesh was typically a more stable choice. In [36], we chose a
background-based definition of the Lagrange multiplier for isogeometric background discretiza-
tions, which will be investigated in this section.

We now test the convergence of the projection-based DAL method with this background mul-
tiplier space. Aside from changing the definition of Wy, we repeat the experiment of Section
The convergence of the error in temperature is shown in the left plot of Figure [6] we obtain the
same convergence rates as we did when using the foreground multiplier space. The O(1) L*(T)
error for the multiplier A, shown in the right plot of Figure[6] is also consistent with the results of
Section

The multiplier field in this case appears to have oscillations of larger amplitude, as shown in
Figure |/l The thin spikes in Figure [/| correspond to poorly cut elements of the background mesh.
If we define H = 2h, irrespective of how I” cuts through elements, we are reducing the ratio H/h by

about a factor of 10 relative to the experiment of Section [6.1] so it is not surprising that we would
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Figure 6: Convergence results of # and A while using a background-mesh-derived multiplier space in the projection-
based DAL method, with respect to element size / and At = O(h). Left: convergence of of L*(Q) and H'(Q) errors of
u(T). Right: convergence of the L*() error of A(T).

see larger oscillations, even without considering the issue of cut cells. While these oscillations
and spikes may look alarming, they do not appear to impede the convergence of the temperature
solution. Further, unlike multiplier oscillations in the r = 0 limit of the original DAL method, these
spurious features do not grow in an unbounded way under temporal refinement, or in the limit of

T — oo.
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Figure 7: The Lagrange multiplier as a function of arc length along I', at various levels M of refinement, when using
the background mesh to define Wy. Note that some of the functions plotted extend beyond the bounds on the vertical
axis.

6.3. Advantages of the projection-based DAL method
As elaborated in [36], the purpose of the projection-based DAL method is to ensure kinematic

conservation in the steady limit without needing to reduce the parameter r to an unstable value

near zero. We demonstrate this conservation property on the problem introduced in Section [6.1]by
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looking at the conservation error (cf. (3.21))

Er = fr (u = g(T)) dr (6.5)

in the limit of Ar — 0 at fixed h. (The steady limit of 7 — oo for this problem is trivial.) We use
the M = 4 meshes of Q and I" defined in Sectionand consider At = T/2M: for M, € {3, ...,10}.
For computations using the original DAL method, we set r = IEH’f] The resulting values of log |Ey|
are plotted in Figure 8] It is clear that the projection-based DAL recovers kinematic conservation,
with the conservation error converging as O(Af), while the conservation error from the original

DAL does not converge.

Original DAL — 7|
Projection-based DAL — ]
8- slope = 1

9 | | | | | | | | |
95 -9 85 -8 -75 -7 65 -6 -55 -5 -45 -4

log( Absolute conservation error

log( Time step )

Figure 8: Convergence of log |Er| as At — 0 at fixed A.

6.4. Over-refinement in time

As mentioned in Remark for the original DAL method, error estimates suggest a lower
bound for stability on the time step in terms of & as At > O(h>~*¢). The possibility of error blowing
up under temporal refinement is a serious practical concern in nonlinear FSI simulations, as reduc-
ing At on a fixed spatial discretization may be necessary to ensure stability or rapid convergence.
(See, e.g., the stability analysis in [35, Section 4] of the block iterative procedure used to resolve
the implicit step of the time integrator.) In this section, we explore the consequences of refining

too quickly in time, relative to the spatial discretization.

ZNote that practical heart valve FSI computations in our previous work required 7 < 1, or » = 0. Small r allows
good kinematic convergence, but sacrifices stability. We do not recommend using r = 1 in practice, but we use it in
this section, to illustrate the drawback of considering “r = O(1)”, as needed for the convergence analysis.

3Concerns over taking At — 0 at fixed & with the original DAL method should be allayed by the experiments of

Section @
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To exacerbate the potential small-time-step instability, we consider the original DAL method
with limiting case of » = 0 and run two experiments using the scalar parabolic model problem.
First, we refine in both space and time, with At ~ h*. Then, we refine in time while holding
h fixed. Based on the bound (5.68), we might expect to see H'(Q) errors in temperature fail to
converge in the first case, and diverge in the second case. The particular problem we consider is
the same as that used in Section [0.I] We use (part of) the same sequence of spatial meshes for the
temperature field, and attempt to cast a spotlight on any possible unstable behavior of the multiplier
by setting 8 = 10°/h.

The convergence of error in temperature at time T is shown for Az = T/(2"/4)? in the left plot
of Figure[9] The temperature error when taking Az — 0 on the M = 4 spatial mesh is shown in the
right plot of Figure 9] We see from these results that the apparent small-time-step divergence of
the error bound (5.68) appears to be a false alarm, suggesting that either the predicted divergence

only occurs in select pathological cases, or the theoretical estimate is overly pessimistic.
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Figure 9: Convergence results of u with over-refinement in time, with the original DAL method and r = 0. Left:
Convergence of L*(Q) and H'(Q) errors in u(T) when taking Ar ~ h?. Right: Convergence of L*(Q) error in u(T)
when taking At — 0 at fixed h. (For 4 fixed, all norms of uflv are equivalent.)

7. A benchmark problem and numerical results for nonlinear FSI

In this section we test how well the model problem analysis extrapolates to the setting of
nonlinear FSI, on a benchmark 2D FSI problem with manufactured solution. Briefly, we first
derived a benchmark problem with analytic solution that exhibits the regularity expected in practice
and satisfies all kinematic constraints, then substituting it into the strong form of the governing
equations, to obtain a source term. This is complicated by several factors in the case of unsteady
fluid—thin structure interaction. First, the overall method presumes that the solution is stable, but
this cannot be assured in nonlinear problems, especially with thin structures (that may buckle) and
fluid flow (that may become turbulent). Second, the expected regularity of the fluid solution in

immersed FSI applications is less than that needed by the strong form of the governing equations.
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We address the first of these challenges by considering flow at low Reynolds numbers, to avoid
turbulence, and formulating the thin structure as a prestressed membrane. In particular, we select

the constitutive law of the structure in (2.8)) to be

/2 hin /2
f DyE : S d¢ = Dye : (n+1nP°) d¢, (7.1)
—hn/2 —hn/2
where € is membrane strain [[79) (3.34)], n is the membrane resultant force [[79, (3.38)], and nP™®
is a prescribed membrane prestress (cf. [96, (5)], in the 3D solid setting). To resolve the second
difficulty, we construct the benchmark problem in the way that the distributional parts of the fluid
solution derivatives are always induced by fluid—structure coupling, rather than imposed in the
manufacturing process, through an artificial concentrated source term. To be specific, the bench-

mark 2D FSI problem is constructed through the following steps:

e In Section define the shell structure displacement, and define a solenoidal fluid velocity
field with a discontinuous gradient at the deformed shell structure position. Then calculate

the body force f; on the fluid from the strong form of the fluid equation.

e In Section[7.2] compute the jump in fluid traction, — A, at the shell structure, due to the jump
in velocity gradient and an arbitrary pressure difference.

e In Section prescribe —A as a fixed traction on the structure, then solve for the remaining

body force, f,, based on the strong form of the shell equation.

Lastly, in Section [7.4| we test the convergence of the computational results from DAL methods in

the derived benchmark 2D FSI problem, with respect to the manufactured analytic solution.

7.1. Choosing structure displacement and velocity solutions

The fluid subproblem domain is Q = (0, L)* and the initial shell structure midsurface divides
Q in half: I’y = {L/2} x (0, L). We parameterize this midsurface by &; = X», so that the conversion
between curvilinear and local Cartesian coordinates in the reference configuration [79) (3.41)] is

simple. We want to manufacture a shell structure displacement solution
yX, 1) = ViY(Xa)e; , (7.2)

where V > 0 is a constant and
Y(x) = x(L—x)=Lx— x> (7.3)

Note that the expression for y remains well-defined for X ¢ I'y, which will be useful in the con-
struction of the conforming fluid velocity field. A sketch of the problem is shown in the left plot
of Figure
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Figure 10: A sketch of the benchmark FSI problem settings. Left: The fluid domain with the deformed structure,
where arrows indicate the surrounding fluid velocity field. Right: Shell structure parameterization.

Remark 2. If bending is included in the shell structure, one can avoid issues with the time-

dependent boundary condition on the shell structure bending moment by replacing (7.3) with

2rx

Y(x) = %(1 — cos (T)) , (7.4)

or some other function for which Y’(0) = Y’(L) = 0.

The fluid velocity field must conform to the selected structure displacement. Further, to have
regularity representative of expected applications, we want the pressure and fluid velocity gradients

to be discontinuous at I';. For x € Q with x; < L/2 + VtY(x,) (i.e., X is to the left of I';), we set
u'(x, 1) = VY(x)e; . (7.5)
On the other hand, for x to the right of I},
u(x, 1) = VY (x2)e) + Ugpear(X, 1) (7.6)

with
Uahear(X, 1) = F (67" (%, 1)) Ughear (7' (%), 7). (7.7)

Vv
Here Ugerr(X, 1) = Z(Xl — L/2)e, is a velocity field with uniform shear stress in the structure’s

reference configuration, (X, 1) = X + y(X, #) is the volume preserving motion which extends the

shell structure’s midsurface motion to 2, and F = X is the deformation gradient of ¢. Because

Ugpear 18 solenoidal and ugpe,, is its pushforward by ¢ using the Piola transform (with detF = 1),
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Ugpeor 1S also solenoidal. Specifically

ushear(X’ t) = F12 (Ushear)Z e + F22 (Ushear)z €
V(= (ViY(x) + L/2))
B L

(VIY,(Xz)el + ez) . (78)

To manufacture the fluid and structure solutions, we will need Vu, Au, and 0,u. Taking derivatives

of the solutions to the left and right sides of the (deformed) structure, we have, for the points x to

the left of T,

0 vy vYy”

Vu]eft — , Auleft — , alu]eft =0 (79)
0 O 0

and for the points x to the right of T,

V2t vy ’ V2 ” 1y’ " Ly
- :[ VY | VY + (Y - Vi(Y'Y + YY) - Ly7) J 7.10)
v ‘ _Vryr ’ ’
L L
" V2 117 AV 117 Ly
Auright:[w + L (Y = V@YY + YY) - by )J a1
_Viiyn ’ '
L
e L[ VY —2viyy - YLy
puist = [ 7N 2 . (7.12)
-V2y
We can then calculate the body force term for the whole fluid domain
pif =pr(Ou+u-Vu)—uAu-Vp, (7.13)

where Vp is an arbitrary irrotational pressure gradient. For simplicity, we assume that Vp = 0 to
the left and right of the structure, with a pressure jump P across the deformed structure I, i.e.,
pleft _ pright = P.

7.2. Obtaining the traction jump on the structure

In this section we prescribe the fluid traction jump across the structure as a source term on the
structure. With the gradient Vu computed above, we can write the viscous stress in the fluid as a
function of the shell structure midsurface parameter &;:

TELD=p (Vu (X() + y(&1, 1) + (Vu(X(&) + y(&1, t)))T) : (7.14)
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We now set the fluid-induced traction load on the structure subproblem as:
— X = (7"n, - 7""n,) + Pn, (7.15)

where P is the pressure jump, and n; is the unit vector normal to the deformed structure:

1 1
= — ) 7.16
! V1 + (VtY')2[ -ty ] ( )

7.3. Manufacturing the shell structure solution

We now manufacture a shell structure solution by determining the remaining prescribed forcing
needed to obtain the solution y = VY (X;)e, in the presence of the exact fluid subproblem solution.
To apply shell theory to a 1D structure, consider it to be extruded in the x; direction, along which
all problem variables are constant, as illustrated in the right plot of Figure [I0]

We need to first derive the Euler—Lagrange form of the shell structure’s virtual work principle.
To define the membrane strain, we define the covariant basis vectors in the reference and current
configurations:

In the reference configuration: A; =e, , A; =e;3, (7.17)

In the current configuration: a; = f_ = |
1

The midsurface metric tensor in the reference configuration is identity due to the choice of a Carte-

0 vVtY’
X—[ ) Ca=A,. (7.18)

sian parameterization. The (pulled-back) midsurface metric tensor in the deformed configuration
is

(7.19)

2opA” ® AP = [ (1 + (VtY')2) 0 )

0 1

where A“ are the contravariant basis vectors such that A, - A’ = 6,°. Since the displacements in

the x;3-direction are constrained to be zero, the membrane strain is then

1 "2
e:%(g—l):( N0 0)'

0 0

We can compute the extension resultants n,s = Cgpys&yshm 719, (3.38)] with the given material

tensor C,g,s, and obtain

[S—

E11 1

Ehth 2
= —(VtY’ 7.2
0 T Vz)(Vt Yl v | (7.20)

n
11 Ehth

ny | =
1 —y2

S = <
T o o
<

Gy
)
o <
|
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where E and v are the Young’s modulus and Poisson’s ratio of the membrane material. We now

compute the membrane strain variation with respect to the displacement test function w:

(X 0
Dyen = __(| 1) _0X+y) ow (7.21)
de?2 0¢, 0 0&, 06,
The internal work term of the variational problem is then
0X + 0
(n+1") : Dye dl" = f i ZEEY) O (7.22)
To To 3 3

With the assumption that the test function w vanishes at the end points of I'y, we can integrate by

parts to get
0 e
—j; a—é:l((ml +n$1)a§ (X+Y)) wdl. (7.23)
0

which yields the strong form of the shell structure subproblem

ha (05)o ¥ — 85 ((nll + nﬁ)rle X+ Y)) — Ve + hy(po)ofz, (7.24)

) e
where /g1, transfers the fluid traction A to the reference configuration. Splitting into components,
substituting in the manufactured solution in ([/.2)), and assuming that the presstress does not vary

in space, we get

8% ( 3Eh P e
han (05)o (£2), = _(952 (2(1 : )( )3( 2%, ) + ) Vl) Y + vgndi, (7.25)
Eh, , Y 8*Y
i (0:)y ()2 = == : TV 1 — o o " N (7.26)

7.4. Numerical results

To test the convergence of the projection-based DAL approach to the manufactured solution
in the benchmark problem, we take a test problem with the following parameters: V =1, L = 1,
AP =1, u=01,pr =1, =1Ln =10, E =1, hy =01, v=03,and T = 1. We
then discretize the fluid domain into a uniform grid of 2 x 2V lowest-order div-conforming B-
spline elements [77, [78]], where N = 4,...,8. Weakly-consistent advective stabilization of the
form [35] (41)-(43)] is included, but its effect is minimal at such a low Reynolds number. The
corresponding time steps are At = T/2". The structure is discretized into 19 x 2¥~* linear elements
along the &, direction, to ensure some degree of mismatch with the fluid mesh. The FSI penalty
parameter 8 on I is set to 10 x 2¥=*. The coarse-scale Lagrange multiplier space is discrtetized

in the background fashion proposed in [36]]. Dirichlet boundary conditions on dQ2 are enforced
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using a penalty method, with penalty parameter 1000 x 2V=*, Quadrature on I', is performed using
a three-point Gaussian quadrature rule in each element of the membrane structure, without regard
to how the structure elements intersect the fluid elements. The nonlinear problem in the implicit
step of the semi-implicit algorithm is solved using a fixed number of block iterations [35], Section
4].

A representative numerical solution (N = 6) is shown in Figure [T demonstrating the correct
qualitative behavior of the solution. The convergence of the L?(Q2) and H'(Q) norms of the velocity
errors are shown in the left plot Figure [I2} these errors appear to converge at the rates predicted
by the analysis of the model problem. The Lagrange multiplier fields as functions of x, are shown
in the right plot Figure it is evident that there is some O(1) error in L*(I'), which is again
consistent with the analysis of the model problem, in which the multiplier converges in a weak,
mesh-dependent norm. The L™ deviation from a constant is much less pronounced here than in

numerical tests with the model problem.

Figure 11: An annotated snapshot at t+ = T of a numerical approximation to the manufactured solution. Streamlines
indicate fluid velocity. Contours show pressure on a scale from <-0.7 (blue) to >+0.7 (red), reproducing the expected
AP of 1, with moderate over- and under-shoot near the structure. (The range of the scale exceeds AP to illustrate the
over- and under-shoot phenomena.)

8. Conclusion

In this paper we presented two dynamic augmented Lagrangian (DAL) methods: the original
DAL method (of [31} 34]) and the projection-based DAL method (of [36]]), for enforcing Dirichlet
boundary conditions. Both methods were previously developed within immersogeometric frame-
works for fluid—thin structure interaction simulations. In the present work, we have for the first
time addressed regularity of immersed thin structure problems for a simplified linearized parabolic
model problem. In this model, the computational domain €2 is separated by a co dimension-one
interface I', where a Dirichlet boundary condition is enforced. We have shown that for both 2D and

3D cases, when all the boundaries are smooth, the solution u(x, ¢) for this problem has regularity
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Figure 12: Computational results in the FSI benchmark problem, from projection-based DAL method. Left: Conver-
gence of the fluid velocity error at time 7 in the H'(Q) and L?(Q) norms. Right: The Lagrange multiplier at time 7T,
for various meshes, interpolated linearly between samples at quadrature points on I'r.
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estimates for the original DAL method: When the element size is 4, taking the penalty parameters

r = O(1), and 8 = O(1/h), the following error estimates hold for the original DAL method:

H2

2—-4e
2 2
<
_C( 5 +At)(||uo||H3/2e(g)+|uo||m/25(r)

a

€ H3?7¢(Q), for k = 0,2 and any € > 0. With this regularity, we have provided sharp error

H‘(H(ln+1) _ uz+l’ /l(tn+l) _ /lz+l)

oul”
= dt)

H32-(Q) H ot ||g1- f(r)

and

||M(ln+l) _ n+1 ||L2(Q)

2—-4 2
<C (™ + At )(||uo||H3/z,€(Q) + |mo||Huz,€m
n+1 azu 2

+ f H — dt) .
ot or? 2@

The results suggest the optimal choice of time step size as At = O(h), which yields approximately

H3/2- €(Q) H H!/2- e(r‘)

half-order accuracy for u in the H'(Q) norm, and first-order accuracy of u in the L*(2) norm.
Moreover, in this paper we have for the first time provided error estimates for the projection-based
DAL method: When the element size on € is 4, and the element size for the Lagrange multiplier

is H, large enough, with penalty parameter § = O(1/h), the following error estimates for the
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projection-based DAL method hold:

|||(I/l(tn+1) _ uz+l’/l(tn+1) _ AZPI)”E

h1—2e + H2—26 e ) Lo )
SC(—AI + L (P2 Nu0l B pa-eqy + H' Aol ey
tn+1 2 ) ) 2
+f pl-2e c')_u + |72 (9_/1 LA (9_M dt
0 at H3/2-¢(Q)) at HL/2-€(T) alz LZ(Q)
and
n+1 n+1||?
||u(t ) —u, |L2(Q)
1-2 2-2 1-2 2 1=2. 2
<C (R4 H72 + At) ("€ Ulolo-ciy + H' Moo
t)Hl 2 ) ) 2
+f o v ai]| 2 s 24 ar
0 Ot llpr-eo) Ot |-y 0| 2

Similarly, as in the original DAL method, the above error estimates suggest the optimal choice of
time-step size as At = O(h) = O(H), which yields approximately half-order accuracy for u in the
H'(Q) norm, and first-order accuracy of u in the L?(Q) norm. Given the problem regularity, the
convergence rate in H'(Q) is the same as the rates from the Lagrange-multiplier based fictitious-
domain method [22, 53], which is actually the best possible rate when using a quasi-uniform mesh
of Q that is not designed to conform to the boundary I'.

In the numerical investigations, we have firstly verified the error estimates for both DAL meth-
ods, on numerical tests using the model problem. To test the applicability of the above error
estimates in practice for more complicated applications, i.e., in the immersogemetric methods for
nonlinear and large-displacement FSI, we have derived a manufactured solution for a fluid-thin
structure problem with pressure jump. Numerical evidence has suggested that on this FSI prob-

lem, the approximate fluid velocity converges at the predicted rates to the manufactured solution.
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