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THE FINITE ELEMENT METHOD FOR THE TIME-DEPENDENT
GROSS-PITAEVSKII EQUATION WITH ANGULAR MOMENTUM
ROTATION*

PATRICK HENNING' AND AXEL MALQVIST?

Abstract. We consider the time-dependent Gross—Pitaevskii equation describing the dynamics
of rotating Bose—Einstein condensates and its discretization with the finite element method. We
analyze a mass conserving Crank—Nicolson-type discretization and prove corresponding a priori er-
ror estimates with respect to the maximum norm in time and the L2- and energy-norm in space.
The estimates show that we obtain optimal convergence rates under the assumption of additional
regularity for the solution to the Gross—Pitaevskii equation. We demonstrate the performance of the
method in numerical experiments.
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1. Introduction. When a dilute gas of a certain type of bosons is trapped by
a potential and afterwards cooled down to extremely low temperatures close to the
absolute minimum of 0 Kelvin, a so-called Bose-Einstein condensate (BEC) is formed
[19, 24, 27, 49]. Such a condensate consists of particles that occupy the same quantum
state. That means that they are no more distinguishable from each other and that
they behave in their collective like one single “superatom.” Recent overviews on the
mathematics for BECs are given in [11, 10].

In this work, we focus on the specific case of BECs in a rotational frame [29]. One
of the interesting features of a BEC is its superfluid behavior. In order to distinguish a
superfluid from a normal fluid at the quantum level, one needs to verify the formation
of vortices with a quantized circulation (cf. [2] for an introduction in the context of
BECs). In experimental setups the formation of such vortices may be triggered by
rotating the condensate. This can be achieved by using a stirring potential which is
generated by imposing laser beams on the magnetic trap (cf. [4, 44, 43, 54, 45, 53)).
If the rotational speed is sufficiently large, the vortices can be detected (cf. [1]).
In particular, the equilibrium velocity of the BEC can no longer be identified with
a solid body rotation and it can be observed that the rotational symmetry breaks
(cf. [52] for an analytical proof). The number of vortices strongly depends on the
rotation frequency. However, if the rotational speed is too low, no vortices arise, and
if the rotational speed is too large (relative to the strength of the trapping potential),
the BEC can be destroyed by centrifugal forces. Analytical results concerning the
formation, or lack, of vortices, their stability, types, and structures depending on the
rotational speeds and trapping potentials are found in [3, 18, 23, 40, 50, 52]. Detailed
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numerical investigations are given in [14, 18].

The formation and the dynamics of BECs are typically modeled by the Gross—
Pitaevskii equation (GPE) which is a Schrédinger equation with an additional nonlin-
ear term that accounts for particle-particle interactions [33, 41, 48]. To account for a
rotating BEC, it is common to extend this model by an angular momentum term. Let
D C R4, d = 2,3, be a bounded convex Lipschitz domain, and let [0,7] C R be a time
interval. We consider the dimensionless time-dependent Gross—Pitaevskii equation.
For the case d = 3 we seek the complex-valued wave function u : D x [0,7] — C that
describes the quantum state of the condensate. It is the solution with initial state
u(+,0) = up to the nonlinear Schrodinger equation

1
(1) i@tu:—iAu—l—Vu—&-iQ-(xxV)u+ﬁ\u|2u in D,
u=20 on JD,

where we denote x = (7,y,2) € R3. Here, V characterizes the magnetic trapping
potential that confines the system (by adjusting V to some trap frequencies) and
the nonlinear term B|u|?u describes the species of the bosons and how they interact
with each other. In particular,  depends on the number of bosons, their individual
mass, and their scattering length. We assume that £ is strictly positive (which means
that we have a repulsive interaction between the particles). The term iQ - (x X V) u
characterizes the angular rotation of the condensate, where € € R? defines the angular
velocity. As usual, the operator L = (£, Ly, L) := —i(x x V) = x x P describes
the angular momentum, with P = —iV denoting the momentum operator.

In the following, we assume that the rotation is around the z-axis, which leads to
the simplification iQ-(x x V) = —QL,, where £, = —i (20, — y0s) is the z-component
of the angular momentum. With this simplification the weak formulation of problem
(1) (resp., its dimension reduced version in 2d) reads: find u € C°([0,T), H}(D)) and
Oyu € CY([0,T), H (D)) such that u(-,0) = ug and

(2) 1<atu(’ t)a ¢>L2(D) = %<VU(, t)a V¢>L2(D)
+(Vu(-,t), 8) r2(py — ULoul-,t), ) r2(py + B{lu-, t)Pul-,t), d) r2(p)

for all ¢ € Hg(D) and almost every t € (0,T). Here, (-,-)2(py denotes the standard

L?-scalar product for complex valued functions, i.e., (v, w)2(py = [, v(x)w(x) dx for
v,w e L*(D).

A recent existence and uniqueness result concerning the solution of (2) can be
found in [8] for the case of the three dimensional Cauchy problem, i.e., for the case
D = R? (see also [36] for an earlier work). A general comprehensive overview on
existence and uniqueness of nonlinear Schrodinger equations can be found in the
book by Cazenave [22].

The literature on the numerical treatment of (2) is rather limited for the case
Q # 0. Very efficient methods that exploit Fourier expansions were proposed in
[17, 15, 16]: in [15] a time-splitting method is proposed that is based on the scaled
generalized-Laguerre, Fourier, and Hermite functions, whereas in [16] it is suggested
to discretize (2) in rotating Lagrangian coordinates. A finite difference discretization
is discussed in [12]. A comparative overview on different time-discretization is given
in [6]. Concerning the numerical treatment of the eigenvalue problem associated with
(2), we refer to [7, 25].
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Even though spectral and pseudospectral methods (such as the explicit methods
proposed in [17, 15, 16]) are typically computationally cheaper than a pure finite ele-
ment based approach as proposed in this paper; they generally require a high smooth-
ness of the magnetic potential to work. Nonsmooth potentials can, for instance, arise
in the context of investigating Josephson effects (cf. [58, 59]) or experiments involving
very rough disorder potentials (cf. [47]). In corresponding numerical simulations, the
usage of finite elements seems to be unavoidable for an efficient method. Another ad-
vantage of finite elements is that they can be easily combined with mesh adaptivity,
as it is helpful to resolve localized vortices.

There are some results concerning the convergence of numerical methods with
respect to the space discretization. Concerning P1 finite elements and for the par-
ticular case that V = 0, Q = 0, and that the spatial mesh is quasi-uniform, a priori
error estimates can be found in [5, 38, 39, 51, 56, 57, 60]. We describe those results
in chronological order.

The first results were obtained by Sanz-Serna [51] who considered a modified
Crank—Nicolson scheme that conserves the mass and the energy. For the case d =1
and a periodic boundary condition, optimal L2-error estimates were derived with a
quadratic order convergence in time. A necessary condition for the analysis was that
the time step size 7 can be bounded by the mesh size h, i.e., the time step size is
constrained by 7= O(h).

In [5], Akrivis, Dougalis, and Karakashian generalize the a priori L?-error es-
timates of [51] to d = 1,2,3 and to the case of a homogenous Dirichlet boundary
condition. Furthermore, they could relax the constraint for the time step size to the
condition 7 = O(h%/*). Besides the modified Crank-Nicolson scheme, the authors also
study a one-stage Gauss—Legendre implicit Runge—Kutta scheme (IRK) that we will
also consider in this paper. The IRK is still mass conservative, but does no longer
conserve the energy. However, as we will see numerically, the energy deviation is
marginal. Again, the condition 7 = O(h%*) is required. Furthermore, the authors
propose and analyze a Newton-scheme for solving the nonlinear problems that arise
in each time step.

In [56], Tourigny investigates the case of optimal L>°- and H'-error estimates.
He analyzes the same IRK scheme as considered in [5] and recovers the constraint
7 = O(h%*). Furthermore, he investigates a classical backward-Euler discretization
for which the more severe constraint 7 = O(h%?) is required. However, as we will
see in our analysis below, both constraints are not optimal. For instance, for the
backward-Euler scheme, for any s > 1, we can improve it to 7 = O(|Inh|~*/2) for
d =2 and to 7 = O(h*/?) for d = 3 (see Theorem 3.5).

Concerning higher order schemes (without conservation properties), a space-time
finite element method was proposed and analyzed in [38, 39] for the case d = 2 and
for graded meshes. Here, [38] is devoted to the case of a discontinuous Galerkin
time discretization and [39] is devoted to a continuous Galerkin time discretization.
Optimal error estimates in L? and H' are derived. Here the constraint (for d = 2)
reads as 7P = O(|Inh|~*®) for some s > 1 and where p denotes the polynomial degree
used for the time discretization. Hence, it excludes lowest order schemes such as the
backward-Euler scheme for which p = 0.

In [60], Zouraris considers a mass conservative linearly implicit two-step finite
element method. Zouraris proves optimal order L?- and H'-error estimates under the
mild time step conditions 7= O(|Inh|~/3) for d = 2 and 7 = O(h'/3) for d = 3.

In a recent work [57], Wang studies a new type of a linearized Crank—Nicolson
discretization which is mass but not energy conservative. Again, optimal order L?2-
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error estimates are derived, however, with the breakthrough that no constraints for
the coupling between time step size and mesh size are required. The condition of
quasi-uniformity is still necessary.

Concerning the convergence of space discretizations for the nonlinear GPE eigen-
value problem (again for 2 = 0), we refer to [21] for optimal convergence rates in
Fourier and finite elements spaces and to [37] for a two-level discretization technique
based on suitable orthogonal decompositions. Regarding the GPE with rotation term
(i.e., Q # 0), we are only aware of the work by Bao and Cai [12] where optimal error
estimates for the finite difference method are proved. So far, there seems to be no
results concerning finite element approximations.

In this work we present an error analysis for a Crank—Nicolson-type finite element
approximation of the time-dependent GPE with rotation. More precisely, we analyze
the one-stage Gauss—Legendre IRK scheme earlier considered by Akrivis, Dougalis,
and Karakashian [5] and Tourigny [56]. We generalize these works with respect to
two points: we consider the equation with potential and with an angular momentum
rotation, and for arbitrary s > 1 we show that the time step constrained 7 = (’)(hd/ )
can be relaxed to 7 = O(|Inh|=%/%) for d = 2 and to 7 = O(h*/*) for d = 3. We
do not consider Fourier approaches here (even though they can be computationally
more efficient in many applications), since they require smoothness of the trapping
potential, whereas the strength of finite element approaches lies in the fact that they
do not require such smoothness and that it can be easily combined with adaptive
mesh refinement strategies. This might be necessary in experiments involving disorder
potentials.

Outline. In section 2 we establish our model problem and state the basic prelim-
inaries. The main results are presented in section 3, where we state a Crank—Nicolson-
type time and P1 finite element space discretization of the GPE. Furthermore, corre-
sponding a priori error estimates in the L°(L?)-norm and in the L°°(H"')-norm are
given. The proof of these estimates takes place in several steps. First, we introduce
a general framework and some auxiliary results by investigating the fully continuous
problem in weak formulation. This is done in section 4. In section 5 we show well-
posedness of the numerical scheme presented in section 3. Furthermore, we introduce
a regularized discrete auxiliary problem which will turn out to produce the same so-
lutions as the considered Crank—Nicolson-type finite element scheme (under suitable
assumptions). Finally, in section 6 we derive an error identity and estimate the arising
terms. At the end of this section, all results are combined to finish the proof of the
main theorem. We conclude the paper with numerical experiments in section 7.

2. Model problem and preliminaries. Let d = 2,3 denote the space dimen-
sion. In order to keep our analysis as general as possible, we subsequently consider a
slightly generalized Gross—Pitaevskii model. Before stating the problem and a corre-
sponding set of assumptions, we introduce our basic notation.

By T we denote the complex conjugate of a complex number x € C, by x -y
we denote the Euclidean scalar product between x,y € C? (ie., x -y := ijl xi7;),
and by |x| := y/x - x we denote the corresponding norm. The real part of a complex
number is denoted by R, and its imaginary part by & We, furthermore, use the
standard notation for the Sobolev spaces W’W’(D) (for0 <k <ooand 1 <p<o0)
equipped with the norm

1/p
(E|a|§k Hao‘ngp(D)) for 1 < p < oo,

[ollwro ) =
max|q|<k [|0%V]| oo (D) for p = co.
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For p = 2 we write as usual H*(D) := W¥2(D). The seminorms on H*(D) are

denoted by
1/2

0| (D) = Z ||aav||2L2(D)

|| =k
We consider the following model problem.

DEFINITION 2.1 (model problem). We consider the (smooth) linear differential
operator L : H} (D) — H~1(D) that is associated with the following bilinear form:

(3) (L(v),w) g—1(p), 1 (D)

= /D A(x)Vo(x) - Vw(x) + ib(x) - Vo(x)w(x) + e(x)v(x)w(x) dx.
With this we seek u € L>®([0,T), H}(D)) and dyu € L*°([0,T), H= (D)) such that
u(-,0) = ug and

(4) (Ou(- 1), w) L2 (D)
= (L(u(-, ), w) g1 (py,m(oy + ((6() + Blu-, O)[P)u(-, 1), w) L2(p)

for all w € HY(D) and almost every t € (0,T). Note that any such solution automat-
ically fulfills u € CY([0,T), L?(D)) so that u(-,0) = ug makes sense.

Here we make the following assumptions.

(A1) The computational domain D C R¢ (for d = 2,3) is a convex bounded poly-
hedron.

(A2) The coefficients A, b, and ¢ are real valued, smooth, and bounded (i.e., L
represents the smooth linear part of the problem). On the other hand, we
assume k € L>(D,C)NWh3(D,C); B € R>g and ug € H*(D) N HY (D).

(A3) The real matrix-valued coefficient A = A(x) is symmetric and there exist
positive constants ymin > 0 and Ymax = Ymin such that

(5) Yinl€]? < AX)E - € < ymaxl€? V (€,%) € R x D.

By the properties of A there exists a pointwise invertible matrix-valued co-
efficient A2 such that AY2AY2 = A. We denote its inverse by A~/ :=
( Al /2)71.
(A4) The real vector-valued coefficient b = b(x) is divergence free, i.e., V- b = 0.
(A5) It holds R(x) > 0 and the real coefficient ¢ = ¢(x) is such that there exist
real-valued constants (o > 0 and ¢; > 1 with

de(x) = (2+ C)ATV2()b(x))P > 46 >0 ¥V x€D.

We note that assumptions (A1)—(A4) are trivially fulfilled for the GPE (2). In prac-
tice, A is typically just a constant, whereas b describes the angular momentum rotation
like in (2). The term ¢ describes any kind of real-valued nonnegative smooth potential
such as harmonic potentials of the structure c(x) = y22% + ’ySyQ + 222 with scaled
trapping frequencies 7, vy, 7. € R. The coefficient x can be used to model arrays of
quantum wells for investigating Josephson oscillations (see [58, 59]) or any other type
of rough potential. Furthermore, x can be also used to describe imaginary poten-
tials; see, for instance, the complex double-well potential in [30] or applications with
phenomenological damping.
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Observe that (A4) implies that the operator L is self-adjoint. Assumption (A5)
is an additional (often crucial) physical constraint, which says that the rotational
speed ) should be balanced by the trapping potential V' in the sense that V —
3/2|Q (x2 + y2) > (o > 0 on D. The physical interpretation is that the trapping
potential should be stronger than the arising centrifugal forces. Otherwise, particles
can escape from the trap and the BEC is destroyed (hence there exist no physically
meaningful solutions). As we will see later, the differential operator L is elliptic, but
degenerates for the cases (p = 0 and (; = 1, which just resembles the instability.

Remark 2.2. Observe that assumption (A5) allows one to balance ¢ and x in a
suitable way. For instance, if we only have ¢ > 0 but 4R(x)— (2+¢1)|A~/2b|? > 4¢o >
0, we can define ¥ (x) := k(x) —471(2 + ()|A"Y2(x)b(x)|> — (o and accordingly
cv(x) i= c(x) + Co + 4712 + ¢1)|ATY2(x)b(x)|?, which again suit our assumptions
above. Also note that we can hide any imaginary part of ¢ in x (which is allowed to
be imaginary without constraints).

Remark 2.3 (existence and uniqueness). In the cases A(x) =1, b(x) =0, ¢(x) =
0, kK € L®(D,R) and ug € HE(D), equation (4) admits at least one solution for
any time 7' > 0. The corresponding results can be found, e.g., in [22, Theorem
3.3.5, Theorem 3.4.1, and Corollary 3.4.2]. If d = 2, the solution is also unique (cf.
[22, Theorem 3.6.1, Remark 3.6.4, and Corollary 4.3.3]). Even though we are not
aware of an explicit result that guarantees existence of a solution to problem (4)
under the more general assumptions (A1)—(A5), at least for S(k) = 0 it appears
straightforward to derive it by exploiting Galerkin’s method and compactness results
via energy conservation (cf. [22] or [28, Chapters 7.1 and 7.2]).

3. Discretization and main result. In this section we propose a space-time
discretization of problem (4) and we state corresponding a priori error estimates in
L*°(L?) and L>°(H?'Y).

3.1. Space discretization. In the following, we denote by 7, a conforming
family of partitions of D C R? that consists of simplicial elements and which are

shape regular, i.e., there exists an h-independent shape regularity parameter p > 0
such that (for all 73) it holds that

(6) diam(Bg) > p diam(K)

for all K € T, where Bi denotes the largest ball contained in K. The diameter of an
element K € 7Ty, is denoted by hg; the maximum diameter by h,.. := maxgeTy, hi
and the minimum diameter by h,.., := minge7;, hx. Finally, by h: D = R we de-
note the corresponding mesh function with h(z) := hg if x € K. For brevity, we subse-

quently write ||hvl| g (py for some v € H*(D) to abbreviate (Y o7 hf(HvH%Ik(K)) 12,

The considered P1 Lagrange finite element space S, C H}(D) is given by

(7)

Sy :={v € Hy(D) | VK € Tp,v|x is complex-valued polynomial of total degree < 1}.

By {A1,...,An, } we denote an ordered (Lagrange) basis of Sj. In particular, we
denote by Np, =dim(Sy) the number of degrees of freedom in Sy (which is twice the
number of interior nodes in 73,). On Sy, we introduce the corresponding L?-projection
and the Ritz-projection associated with L.

DEFINITION 3.1 (L2-projection). The projection Prz : HY (D) — Sy, is given by
forv e H&(D) : <PL2 (’U),wh>L2(D) = <U,wh>L2(fD) Y wp € Sy,
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DEFINITION 3.2 (Ritz-projection). For v € H}(D) the Ritz-projection Py (v) € Sy,
associated with L is given as the unique solution to the problem

(8) (L(v = Pp(v)),wn)g-1(py,m(py =0V wpy € Sh.

Ezistence and uniqueness of Py (v) follow from Conclusion 4.3.

In order to derive the final a priori error estimates, we require further assumptions
on the grid 7,, which will be posed indirectly in the following way exploiting the
projections.

(A6) We assume that the L2-projection is H!'-stable, i.e.. there exists a constant
C12 that is h-independent such that

(9) 1Pr2() |1y < Crellvllmpy Vv e Hy (D).

(A7) For p > d, we assume that the Ritz-projection given by (8) is W1 >-stable
for functions in W2#(D), i.e., there exists a constant Cyy1.- (independent of
h) such that

(10) IV Pr(w)|| o (D) < Cwrooe || V|| oo ()

for all w € H}(D)NW?2#(D). Note that since D is a convex domain, we have
the embedding W2#(D) — W1e(D).

Both assumptions (A6) and (A7) can be fulfilled by making suitable assumptions
on 7p. In this paper we directly assume stability of the projections to avoid compli-
cated mesh assumptions. Concerning (A6), recent results on the H!-stability of Pr:
on adaptively refined grids can be found in [9, 31]. Concerning (A7), we refer to [20,
Theorem 8.1.11] where the result is established for quasi-uniform meshes. For results
on graded meshes we refer to [34, 26]. We note that the results on graded (locally
quasi-uniform) meshes are only proved for the Laplacian operator, i.e., L = —A, and
its generalization to general elliptic operators is still open. However, it seems to be
crucial that the operator L is sufficiently smooth for (A7) to hold on graded meshes,
this is why it might be important that x is not included in L (in this context, see
also the Holder-estimates for the Green’s functions proved in [34] and the necessary
regularity assumptions made in [46]).

3.2. Time discretization, method, and main result. In this paper we as-
sume that the time interval [0,T] is divided into 0 =: ¢ < t; < -+ < ty = T.
Accordingly, we define the nth time interval by I,, := (t,_1, 5], the nth time step
by 7, := t, — tn_1, and step size function 7 € L*°(0,T) by 7;, := 7,. For sim-
plicity, we subsequently only write (-,-) := (-,-) g—1(p),z1(p) for the dual pairing on
HY(D). We consider the following one-stage Gauss-Legendre IRK scheme (which is
of Crank-Nicolson type). The scheme is mass conservative provided that (k) = 0.

DEFINITION 3.3 (IRK method for GPE). Let ul) := Ip,(ug) € Sy, be the Lagrange
interpolation of ug. Forn > 1, we seek the approzimation uy € Sy, with

(1].) <u271, 'Uh>L2(D)

= <’u,;ll, vh>L2(D) + 7,1 <L(UZ_§),U}1> + 7,1 <(I€ —+ ﬁ|u;:_2 |2)UZ_§a'Uh>L2(D)

for all vy, € Sy, and where uzfé = (UZ + u’,:_l)/z
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Alternative time-discretizations based on operator splitting for nonlinear Schrodin-
ger equations with a cubic nonlinearity are discussed in [42, 32] for the case without
rotation, and in [6] for the case with rotation. More general approaches are discussed
in [35].

We note that the IRK scheme given by (11) is mass conservative if (k) = 0.
The mass conservation, i.e., |[u}||L2(py = |[u})||2(p) for all n > 0, is immediately seen

1
by testing with UZ 2 in (11) and taking the real part. Note that the conservation
property implies that the scheme is unconditionally L2-stable.

The following proposition follows from Lemma 5.5 and the proof of Theorem 3.5
below.

PROPOSITION 3.4 (existence and uniqueness). If (A1)—(A5) are fulfilled and if h
and 1, are small enough, such that £, (Ruy.. +72) — 0 for h, 7, — 0, then there exists
a solution uy of (11). If S(k) = 0 and if 7, is sufficiently small compared to h (in
the sense of Lemma 5.5), then the solution is also unique.

The main result of the work is the following a priori error estimate, which we
prove in section 6. Recall assumptions (A1)—(A5) from section 2 and (A6)—(A7) from
section 3.1.

THEOREM 3.5 (error estimates for the IRK discretization).  Let assumptions
(A1)—~(AT) be fulfilled, let u € W2°°(0,T; H*(D)) denote a solution of (4), and let h
and 7, be such that £ (hyay +72) — 0 for h, 7, — 0 and where

. [ 1In A 1/2 ford =2,
éh - ‘hmin _1/2

ford=3.

Then, if h and 1, are small enough, there exist generic constants C = C(u) that are
independent of h, 7, and T such that for a solution uf of (3.3) and for m € {0,1}
it holds that

Ju(-, T) — up || g (py < CIR2 (-, T)| 2oy + Ce“T[h* ™o | pr2(p)

n 1/2
+ Ce“T ([P~ ™0 20,112 (D)) ) + Ce” (Z Tk||h2_mu||%m(lkﬂz(p))>
k=1

n 1/2
+ C@T (Z Tk (“7—28“’“”%00(Ik,HQJr’”(D)) + ||7—2u||%[/2,oc(1k’Hm,(fD))>> .
k=1

We observe that the method yields optimal convergence rates, i.e., it is of quadratic
order in space and time for the L2-error and of linear order in space for the H!-error.
Details on the arising constants in Theorem 3.5 can be found in Lemmas 6.6 and 6.7.

Remark 3.6. Tt is surprising that the L°°(H')-estimate in Theorem 3.5 requires
the higher regularity Oy u(-,t) € H3>(D). A similar observation has already been made
by Karakashian and Makridakis [38, Remark 4.3] for the simpler equation idyu =
—Au + B|ul?u. It should be investigated in the future if it is possible to weaken this
regularity assumption.

Finally, let us state the corresponding result that can be derived for the backward-
Euler method. This result is rather for comparison, since the backward-Euler is
practically not desirable since it lacks both mass and energy conservation.
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THEOREM 3.7 (error estimates for a backward-Euler discretization). Assume (A1)
~(A7), u € WH2(0,T; H*(D)) and h and 7, such that £y, (e +7n) — 0 for b, 7, — 0.
Further, let u?L := Zn(ug) € Sp. Then, for all small enough h and T,, there exists
up € Sy, with

(12) (up™", vn) 2(p)

= (up, vn) L2y + Tn i (L(up), va) + 7 i ((k + Blup | ur, Vh) L2(D)

for all vy, € Sy, and there exist generic constants C = C(u) that are independent of h,
Tn and T such that for m € {0,1}

|u(-,T) — uiVHHm(D) < C|h2_mu(~,T)|H2(D) + CeCT|h2_mUQ|H2(D)

+ C@CT (||h2_m8tu||L2(07T7H2(D)) + ||h2_mUHL2(0,T,H2(D)))

0T (Tatuc,t>||L2<o,T,Hm+1<D>> + Zm||h2-mu<~,tk>||m>> :
k=1

The proof of this theorem exploits the same techniques as the one of Theorem
3.5, which is why we will not present it here.

4. Reformulation of the continuous problem. In this section, we establish
some auxiliary results and preliminaries concerning the model problem (4). In partic-
ular, we introduce a suitable scalar product on H'(D) which can be associated with
the operator L and which is more convenient for the analysis in the following sections.

If clear from the context, we subsequently leave out the integration variable in
our integrals. For instance, we write [, v for [, v(x) dx. In order to analyze problem
(4) properly, we require some additional definitions and auxiliary results.

DEFINITION 4.1. For any subdomain w C D we define the sesquilinear form
() B(w) by

(v, W) B(w) :=/ (AI/QW —12_1A_1/2bv) - (A12Vw — 271 A1/ 2bw)

+/(c— (1/4)| A=Y 202)vw
for v,w € H'(w). Note that ¢ — (1/4)|A=Y/2b|? is positive by (A5). Accordingly, we
define the norm || - | gy by [Vl Bw) == v/ (v, V) B(w)-

LEMMA 4.2. Let w C Q be a subdomain. Under assumptions (A1)—(Ab), the
sesquilinear form (-,-) g 5 a scalar product on HY(w) and the induced norm ]| £(w)
is equivalent to the standard H'-norm || - |51 (). In particular, we have for all v €
H' (w),

[Vl By = (1= ¢ OIAY2V0[I72 () + Gollvll72 ) -

Proof. Obviously, (-,-)g(w) is a symmetric sesquilinear form on Hj(w). Hence, it
only remains to show the existence of constants cg and Cg such that

CEH’UH%{l(w) < (UaU)E(w) < CEH’UH%_Il(w) Vove Hl(w).
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The upper bound is straightforward using the boundedness of the coefficients. To
verify the lower bound, we first observe with Young’s inequality for any € > 0 that

/ |AV/20y — 1271 A 2y 2

> [ ave- T [ lameopaevel - | [ 1ameepe

> (1—6—1)/.4%.%— 116/ LA=12p2 02,

Hence

(v 0)p0 = (1= ) [ ave-To— 2255 [lavzpp+ [ o

w

Choosing € = (; together with (A5) finishes the result (where we assumed ¢; > 1).
Also observe that ¢; <1 leads to degeneracies. a

CONCLUSION 4.3. The differential operator L is uniformly elliptic and continuous
on HY(D). In particular, it holds that

(13) (v,w)ppy = (L(v),w) Y v,w € Hy(D).

Observe that Lemma 4.2 and Conclusion 4.3 imply that the operator L degenerates
for (o =0and (; = 1.

Proof of Conclusion 4.3. Let v,w € Hg(D), we observe that

/ (Al/QVU — 12_1A_1/2bv> - (AV2Vw — 12*1A*1/2bw)
D

— — 1
:/ AVy - Vw —i27! (/ vb~Vw—/ wb-Vv) —l—*/ |AY/2p 20w
D D D 4 Jp

:/ AW-W+/mb-w+1/ |A=1/2p) 201,
D D 4 D

where we used that V - b = 0. Hence we have
(14) (v, w)p(p) = / AVv - Vw + / wib - Vo + / U
D D D

Assumption (A4) finishes the proof of (13). The continuity and ellipticity of L hence
follow using Lemma 4.2. ]

Remark 4.4. Let w C D be a subdomain, and let v,w € H'(w) be arbitrary.
Under assumptions (A1)—(A5) we see that there exists a constant C' (only depending
on A, b, and ¢) such that

/ AVv-Vw 4+ bVo - @ + cvw‘ < CHUHHl(w)Hw”Hl(w)
Using the norm equivalence of Lemma 4.2 we hence also have

(15)

/ AVo -V + bV -+ cvw‘ < Cullollsw ol o).

with Cp = Cg(A,b,c). However, note that we do not have the equality (v, w)pg) =
(L(v),w) g-1(w), 1 () for arbitrary v,w € H'(w).
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5. Existence and uniqueness of discrete solutions. In this section we con-
sider the existence and uniqueness of discrete solutions. For that, we require the
following well known result which can be found, e.g., in the book by Thomée [55,
Lemma 6.4]. It can be easily proved using Sobolev embeddings with an inverse in-
equality.

LEMMA 5.1. Let D C R? be a convex domain. Then there exists some constant
Coo such that for all vy, € Sp,
[vrllo (D) < Coolnl|VorllLz(p),
where

o |Inh,|V2 ford=2,
T Y2 ford=3.

We treat the existence of discrete solutions u} of (11) together with the solutions
of some regularized auxiliary problem. This auxiliary problem is essential for the
analysis of (11). For this purpose, we recall a lemma that was basically proved in [38].

LEMMA 5.2. Let M € R be given by
(16) M = |Jullwr. (1, w1 (D)) + Cwie (diam(D) + 1)[|Vul| o< (1, x D)

where Cyy,00 is the constant from (AT). Then, there exists a function fpr : C — C
and a constant cpr > 0 such that

(17) fu(z) = |22 if 2| < M,
(18) (fm(2),2) € Rxo VzeC,
(19) |far(2)] < 2M?|z] vV zeC,
(20) |far(2) = far(w)] < 10M?|z — w| YV z,w € C,
(21) 1f2:(2) = fu (W)l ) < emllz — wllpo)

v Z,Ww € H&(D) with ||wHW1,oo(D) < M.

The above lemma is a slightly generalized version of [38, Lemma 4.1] in the sense
that we are more precise about the constants in (19) and (20), condition (18) is new,
and condition (21) is formulated with a different norm. The latter two points are
obvious; therefore we only prove (19) and (20).

Proof. Let us define 0 := M?, g(s) := 307%s® — 7607 3s* + 467253 + 5, and the
curve v : R — R by

s for s <6,
v(s):=4qg(s—0)+6 forscelb,20],
260 for s > 26.

It can be verified that v € C?(R) and we can hence define f(2) := v(|z|?)z for z € C.
In order to verify the properties of fy; it is sufficient to check the behavior of g on
[0,6]. It holds that

g'(s) = (1507 %s% + 20735 + 07%) (s — 0)?
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which is obviously strictly positive on [0, 6). Hence g is monotonically increasing and
so is . Furthermore, we have

g"(s) = 600" *s(0 — 5)(20/5 — s),

which implies that ¢’ has a maximum in 20/5 with ¢'(26/5) < 2. We observe |¢”(s)| <
606~1. Combining these properties of g allows us to derive (19) and (20), with the
constants as given in Lemma 5.2. Property (18) is obvious since + is monotonically
increasing and hence nonnegative on [0, 00). Condition (21) is stated in [38, Lemma
4.1] with the H'-seminorm, but follows directly by the norm equivalence that we
showed earlier. |

Using the previously introduced function fj;, we can now state the regularized
problem. As we will see later, the solution to the regularized problem is a solution of
the discrete problem (11) for sufficiently small time steps.

DEFINITION 5.3 (discrete auxiliary problem). Let fa denote a function with the
properties depicted in Lemma 5.2. Furthermore, we let U° = u?L € Sy with u% being
the initial value used for problem (11). Formn > 1 we let U™ € Sy, denote the solution

of
(22) (U™, o) 12(p)
=(U",vn)2(p) + Tn i <<L(U"_%)7vh> + (KU % + ﬂfN[(Un_%)7Uh>L2(D))

for all vy, € S, and where we defined U2 := (U™ + U1)/2.

In order to show existence of the solutions of problem (11) and (22) we require
the following lemma, which is a well-known conclusion from Brouwer’s fixed point
theorem.

LEMMA 5.4. Let N € N, and let B1(0) := {a € CN||a| < 1} denote the closed
unit disk in CN. Then every continuous function g : CN — CN with R(g(a), ) >0
for all & € 9B1(0) has a zero in B1(0), i.e., a point ag € B1(0) with g(ayp) = 0.

If there exits no ag € B1(0) with g(a) = 0, then §(a ) —g(a)/|g(e)| (in-
terpreted as a function g : R?Y — R2V) has a fixed point a* € B;(0) by Brouwer’s
fixed point theorem. Hence 1 = |§(a*)|? = (§(a*),a*) = —(g(a*),a*)/|g(a*)| =
—R{g(a*), a*)/|g(a*)] < 0, which is a contradiction.

LEMMA 5.5. For every n > 1 there exists a solution U™ € S}, of problem (22). If

the time step size is such that 7, < 2 (||S(x)|| D) + ﬂlOMQ)_l, then the solution
U™ € Sy is also unique. Recall that M is the constant appearing in Lemma 5.2.
Furthermore, if 3(k) = 0 and if 7, and h are such that T,h-% — 0 for 7,,,h — 0,

then the solution up € Sy of problem (11) is unique for sufficiently small T, as well.

Proof. We start with the existence result for the solution U™ of problem (22).
First, recall that N, =dim(S},) and that A, denotes the mth Lagrange basis function.
We want to apply Lemma 5.4 and define g : CN» — CM» for a € CVr by

Ny
gg(oz) = —7'n_1 1 Z am<Am, )\[>L2(D)
m=1

Np,

+- Zam m)s Ae) + <(H1d+5fM)( Urlt+ o Zam m)>)\g+Fg,
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where F' € CN» is defined by
1 _ 1 errm—
Fy = §<L(Un 1),)\g>—|—<7'n11U 17)‘Z>L2(D)-

To show the existence of some ap with g(ag) = 0, it is sufficient (by scaling
arguments) to show that there exists some K € Ry so that R(g(a), ) > 0 for

all @« € CNr with |a] = K. For brevity, let us denote o := Zg;;l o Ay, Since

R (1, i, @) r2(py) =0, (o, @) ppy = (L(a), @), and by construction of fy

n—1 n—1
R <mm+ﬁhn<a+U )Q+U > >0,
2 2 [
we obtain

R(g(a), @)

Np,
1 1 1
2 §||O‘HJQE(D) +R(F, ) — <(f€ld + Bfumr) <2U”_1 +5 Z am)\m> U"‘1>
m=1

1 _ _ 1 _
> §||O‘HJQE(’D) — ' U N 2yl 2oy — §||04||E(D)||U" " &)

1 _ _
—3 (|6l oo (py + B2M?) U™ M 22(py (|l 2y + U 22(p))
> [lall gy (Crllell gpy — C2) — Cs,

where we used the Poincaré—Friedrichs inequality in the last step and where Cy, Cs,
and C3 are appropriate a-independent positive constants. Consequently, for all a
with [|e]|gpy = C2/C1 + /(C2/C1)? 4+ C3/Cy we have R(g(ax), ) > 0 and hence,
by norm equivalence in finite dimensional spaces, there exists a sufficiently large K
such that #(g(a), ) > 0 for all o with || = K. This gives us existence of a discrete
solution of (22).

For uniqueness in (22) we use an L2-contraction argument. Let us compare two
solutions U(Ti) and U(g) of problem (22). Using the equation and testing with U(T;) —U(’é)
we get

UG = Uty 220y
Tn . n n n n n n n n
= — 201 ((L(UB) = Ufsy), Uty = Ugsy) + k(U3 — Ul)) Uy = Ul 129 )
n n—1 n n—1 n n—1 n n—1
B ) U(l)-l—U B U(2)+U U(1)+U B U(2)+U
2 i B S () = far (25 5 5

1 n n n n
= 53w UG —Ulz) Uy = Uy 12o)
Un + Un—l Un + Un—l Un + Un—l Un + Un—l
(1) (2) (1) (2)
2 " QY 7 ) — _
(20) 1 o 2 n n |12
< 57 (IS(R)l| L (py + BIOM?) UGy = Uy 172y -

Since we assumed 7, (|| (#)|| L (p) + BL0M?) < 2 we conclude [[Uf}) —Ufy || L2(p) = 0
and hence have uniqueness.
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For two solutions uj, ;) and ujy ) of the original IRK scheme (11), we use the
additional assumption 3(k) = 0 to conclude with the mass conservation that

lup oy llz2 ) = lui ) |22y = lupll 2y = I1Zn(wo) |l 2(py < Clluol| a2y,

where we used the stability estimate ||Zp, (v)||,2(p) < C||v|| 2(p) for v € H?*(D) for the
Lagrange interpolation operator Z,. With this, we can proceed as before to obtain

||UZ,(1) - UZ,(z) H%%’D)

2 2
< 3 5%< (‘Uﬁ,u) + szl‘ - )“27(2) + uz“ﬂ ) (Uh,(2) + “Zﬁl)uﬁ,u) - “2,(2)>
n n—1 2 n n—1 2 n n 2
< B . (‘Uh,u) +uy, ‘ + ‘uh,(2) +uy, ‘ ) [up (1) — U (2]
B

IN
ﬂ

n OHUOH%I?(D)HUZ,(I) - “Z,(z)”%oo(v)-

With the inverse estimate [uy ) — up o) llL=(p) < Ch;i/zﬂuzy(l) =ty o) lL2(p) we

conclude that for an appropriate positive constant

Huﬁ,(l) - “Z,(z)”zm(o) < C(B, |luollr2(p)) Tnh;i UZ,(U - uﬁ,(z)”%za))

we have that uj 1 = uy @) for sufficiently small 7,,. |

6. A priori error estimates. In the following we assume that u denotes a
solution of (4) with sufficient regularity. In this section we derive an a priori error
estimate for the discrete solutions. However, instead of taking (11) as our reference
problem we follow the ideas of [38] and take the auxiliary problem (22) as our reference.
In this context, note that by the definitions of u and fy; we have

(23)

(u(-,tn), vn) L2(D) +i/1 ((L(w),vn) + (ku+ Bfar(u), va) r2(p)) = (Ul tn-1),Vn) L2(D)

for all vj, € Sp,. Since w is continuous in time we can define u™ := u(, ).
For simplicity (and slightly abusing the notation), we write for v € H?(D)NH{ (D)

Lv:= -V - (AVv) +b- Vv + v,
so that
(24) (v,w)pp) = (Lv,w)2(py YV v,w € Hy(D) N H*(D).

In order to derive the a priori error estimates, we first derive an error identity and
then estimate the various terms in the identity.

Before starting, recall Definition 3.1, i.e., the definition of the Ritz-projection
associated with L. Note that we do not include the term (kv, ¢y,) in the Ritz-projection
since we want L to be a smooth and self-adjoint operator. Since x can be imaginary,
(13) would not be valid any longer.

Finally, we also recall a standard result (which follows from the best approxi-
mation property of P, with respect to the H'-norm and an Aubin—Nitsche duality
argument).
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LEMMA 6.1. Assume (A1)—(A5). There exist generic positive constants C1 and
C5 such that

(25)  |lv— Pa(0)llr2py < Cilh*v|p2py and |jv — Po(v)||ppy < Co|hv|m2(p)

for allv € H*(D) N H (D).
In the first step, we establish an error identity.
LEMMA 6.2 (error identity). We introduce the abbreviation f(v) := kv + B far(v).
Forn € N, n > 1 we define the error splitting by
(26) ep = (Up — Pp(u™)) + (Pp(u™) —u™)
= E}TLL € Sy

and the error contributions by

¢ /(Ph C1)Dyul-t) dt, €D = ri (f(Ph(“nHQP’L(““)) f<U”+2U”1))

In
& =i | futn)-f (Ph(un) ; Ph(un_l)) a6 =i [ - Wbt
I, ;

2 2

n

With these notations the following L?-norm identity holds for Ey:

(27) ||EZ||2L2(D) = ||E}7_1||%2(D)
+ R (€0 + €2 + €9, By + B g2y + (LED), By + B )

and the following energy-norm identity:

(28) 1By = 1B ) + RAL(ER + By 1), Pra(6l) + €2 +69))

+R (1<L(E;; + E}’fl),/ Pua(Lu(., 1)) — L2 +2PL2<L“TL_1) dt>> .

ITL

Proof. For brevity we write (-, -) instead of (-, -)z2(p) since its usage is clear from
the context. Recalling the definition of U™ we have for all v, € S),

(29) (U™ — U1 ) +Tni<L(Un+2Un_1),vh> = —Tni<f(Un+2Un_1>vh>.

Subtracting the term (P, (u™) — Py (u™ 1), vp) + 75 i <L(w), vp) on both
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sides of (29) gives us

1
(BR = By on) + 5l (L(BR + B3 ), on)

= (Pn(u" 1), 0) — (Pp(u™),vp) — 7o 1 <L(

R n n—1
(L

= P} = P = (2 ) )

g <<f<Ph(un) +2Ph(u"1)> _Ja<U" +2Un1> _f<Ph(u”) +2Ph(u”1))vh>)

P (u") +2Ph(u"_1) ) 7 'Uh>

o <<f(Ph(u”) +2Ph(u"_1)> _f<U" +2U”‘1>Uh>>.

Testing with v, = E}} + E,’Z_l and using only the real part of the equation gives us

IR 122 )

o Pat) + oY)\ (UM TN e
(P (5 )

+R (P ") —u" ER 4+ EFY) =R ((Pu(u™) —u, ER + EFY)

+R <1</ L(u)(- 1) dt—TnL<m+2W>’E’HEZI>)

I,
R (< ) di = f (LD, ) ) |
fn 12(D)

The simplification

R((Pr(u" ") —u" "L B + ERY)) = R ((Pu(u®) —u", Ef + Ep7Y))

=" <</ Pi(ru(-,1)) = pu(-,t) dtE}! + E2_1>>

In

finishes the proof of the L?-norm identity.

To derive the energy-norm identity we use the L2-Riesz representer G} € S, of
the error functional (L(E}),-). The Riesz representer G} € Sy, is characterized by
the equation

(31) (v, Gi) 2y = (L(ER + B~ Y),on) Vv € S
(D) h
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Testing with vy, = G}, in (30) and using (L(Ef + E; ™), G7) = [|GR 172 (py, we obtain

n— mn n— : 1 mn
(32) (L(E} + E} 1), B — B 7Y 4 7l §||Gh||%2(D)
= <Ph(un_1) — un_l, GZ>L2(D) — (Pr(u™) —u™, GZ>L2('D)
n n—1
+ i/ (L(u) (1) —L(“+2“>,Gg> dt

n

n—1
/ f dt - Tnf<Ph( ) +2Ph(u )>7GZ>L2(D)

L Tni<f<Ph( )+2Ph(u"_1)) _f<w>gz>.

Using that R(L(E} + E; 1), Ef — By~ Y) = | B | 5epy — 1ER ™ I3p) and that

R(v, G} r2(py = R(L(E) + E;'™ 1), Pre(v)) Vv e Hy(D)
and taking the real part of (32) yields

IE ) = 1B ) + RAL(ER + B 1), Pra (6 + €2 +€7))

+R <1<L(E;; + E;;—l),/ Pua(Lu(- 1)) — ez +2PL2 (Lu"™) dt>>

n

and finishes the proof. 0
The next lemma is central for estimating the f—terms in the error identities.

LEMMA 6.3. Recall M from (16) and let f(z) := |z|?>2. It holds (a.e. in D) that

n n—1
)) dt — 7o f (““}“)

3
<t (3 = w2l )

v(iiﬂmw»ﬁ—me‘ﬁflj)

< 4r, M (|u” - u”*1\2 + |Vu" — Vu"*1|2) +7’2M2 (Hu||Wz,oo(In) + ||vu||W2,oc(In)) .

Proof. We decompose the error under considerations into

(/t::f(u(.7t))dt—rnf(u ut )) (/ 1f u(z,t)) dt — i (ki i) Hf( = 1)>
+Tn< ) f ) f<u +2u" 1))

With f(u) = |u|?u, the first term in (6) can be estimated using the trapezoidal-rule
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to obtain
tn ) ‘un‘Zun + |un71|2un71
lu|*u — 7,
th—1 2
L 3 2
< grilullze gy (10l 1, + N0l ol e 1,
(35) < Ml 1,

For the second term in (6), let ¢, : [0,1] — [u""1,u"] denote the complex valued
(linear) curve given by (,(s) := (1 — s)u""! + su™ for s € [0,1]. We have (/,(z) =
u™—u""1 (and ¢ = 0). With that, we get with the trapezoidal-rule and the midpoint
rule that

‘f(u”) +2f(u"—1) —f (u" +2u"_1>’

(f0Gu)(0) + (fodn)() !
<| : - [ecsas
! ¢ (0) +<n(1)>‘
o, ds — =7 >
| [ recaeas— g (<05
1 1 1
< EH(fOCn)"HLOC(o,l) + ﬁ”(fOCn)"HLoc(o,l) = g\l(fOCn)”HLoc(o,l)
3 3
(36) < lu” - PGl 0,1) < yiciie u P | poe )

Combining the estimates (35) and (36) with (6) finishes the proof of (33). Estimate
(35) can be derived analogously by applying the trapezoidal-rule and midpoint-rule
to the function g(s) := 2[(1—s)u™ 1 + su™?((1—s)Vu" ! + sVu") + (1 —s)u" ! +
su™)?(1—s)Vur—1 + sVun, 0

LEMMA 6.4 (L2-error estimate for E'). Consider n > 1 and E} = U™ — Py, (u™).
Let M denote the constant in Lemma 5.2. There exists a constant Cy; that only
depends on M, D, k, 3, Cy1., and Cy (cf. the L?-estimate (25)) such that for all
Tn < (2Car) ™1 it holds that

(37)

n (1+CMTn)
IE; 1720y <

m||E;?_l||%2(D) + Cul|h?0pull 321, 12 (py)

+CuTy (HTQL(attu)||2Loo(1n,L2(D)) 2l 1, p2 () + ”hQU'HQL‘X’(ImH?(D))) :

Proof. In the following, Cj; denotes any constant that depends generically on M,
D, k, B8, Cwi.=, and Cy;. We estimate the terms on the right-hand side of the error
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identity (26) and start with R((& 0 JE + E} N p2(py). We obtain
(38)
R (e, Ep + Ep
(& B + By o)
15 + 5l z2(py

- H/ P (8yu(-,t)) — Byul-,t) dt

< 1€ L2y

< / | Pu(@su(-+ 1)) — By, )| 2y dit
I,

L2(D)
< 01/ 1R20pu (-, 1)) || gr2(py dt < Ci7p/?|h20gul| L2 (r,, 12 (D)) -
Hence
‘9‘% (¢, B + By ) ’

n mn— 1
< 2r (BRI 2c0) + 1B ey ) + 7O 1M 00l o, 12y

Next we bound the term depending on 52 = i (f( P”'(“n)'s'fh(“n )—f( Ll : ).
Recalling that E}! = U™ — P, (u™) we obtain

‘% (< & Ep + By~ >L2(D)) ‘

+( Pp(u™) 4+ Pp(u” ! (UM Ut n n—
< nlf (PP (T T Y ey 1B + B e

(20) _
(39) < (Inllzmco) +100028) 7 (17 ooy + 1E7 oo )

Recall f(2) = nz+Bn (2). To treat &7 = i(f(w)—f (5(Pu(u™) + Pu(u™™Y)) . D1z, ).
we use that fu(z) = |z[?z for |z| < M and the facts that [ul|ps(r, xp) < M and
| Pr(u™)|| o (py < Cwreediam(D)||Vu"|| oo (py < M to conclude that

(40)
R (€. 51 + B ) |

u") + Pp(unt)
= < l&llze= H/ dt|| L2 (p
I1EL + Ep 1||L2(D) ) 2 )
P,
- (BB >) A
2 12(D)
where f(z) := |2]?2. To estimate this further, we decompose the last term, i.e.,

n n—1
| [, flu(,t)) — fOLEREE D) G| 2 ), into

| fu.0) - f (“*2“) i

L2(D)
Isf)
g <“n * “n1> _y (PMW) - Ph<u"1)>
" 2 2 LZ(D)‘
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For the first term we use (33) to get

3 _
“M|u" —u" 1”%4(1))

1
/ Bpu(-,t) dt
L,

< T M2 Jullwz.o (1, 12()) + TaCrrllull w1, L2(D)) -

Lo | < T M |Jullweo 1, L2()) + Ta
3 2
= T3M2||u||wz,oo(]mL2(D)) + Tn4M‘

L4(D)

For the term H£<3) we get in the usual manner

u unt P,(u") + P, (un!
Mgy | = mlf () - f (PP o,

9 2
< TnCumllP?ul| oo (1, 12(D))-

Combining the estimates for I€(3> and I s with (40) yields

’% <<§r(z3)a Ep + E}?_1>L2(D)> ‘

1E;: + B~ 2oy

< Cutn (IT%ull w2 (1,12 (0)) + 1020l Lo (1, 12 (D))

and hence the final estimate for the f,(f’)—term

an [R5+ B )| < m (1 + 1B )
2
+1nCOu (7 ull w2 (1,,22(0)) + [1B2ull Low 1, 12 (D))~

Next, we bound the term (L( 7(14)),E,’j>. It holds that

IR(L(EY), Ep + Ep~1)| 29
~ nh < LED) 12 (p)
|Ey + Ey ||L2(D)

[ )

Combining the estimates (38)—(42) with the error identity (27) proves the lemma. 0O

(42)

1
< 137 ANL(Owu)|| L= (1,22 (D))

L?(D)

Recall that according to Lemma 4.2 and the Poincaré—Friedrichs inequality there
exist positive constants cg and Cg such that

(43) cel|Vollizp) < lvllim) < CellVoliapy Vv e Hy(D).

LEMMA 6.5 (energy-error estimate for E}'). Consider n > 1 and E}) = U™ —
Pp(u™). Let M denote the constant in Lemma 5.2. There exists a constant Cyy that
only depends on M, D, d, the data L, k, B, the norm-equivalence constants Cg and
cp, and the stability constants Cy1,0«, Cpz2, and Cy such that for all 7, < (2C7)~*
it holds that

(44)

1B 3 p) < A+ Cutn)

G 10 Y2 py + Carllhdeull3ar, oy

+ Cuty (HTQL(attu)||L°°(In,H1(D)) + 2 u||W2v°°(In,H1(D)) + HhUH%w(ImHZ(D))) :
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Proof. We proceed analogously to the proof of Lemma 6.4. Starting from the
energy error identity (28) we obtain the following estimates for the various terms.
Using (13) we get
(45)

n— 1
R (LB + B P @) 1o Ol < OonCrrt 2l
o P = Un2|iSy "llEmD) = Cr2ln 7, tU||L2(I,,H2(D))-
15+ Er 2oy

Second, using || P, (u™)||w1.0c(p) < Cwi.ee (diam(D) + 1)(|Vu" || oo (py < M (cf. (AT))
we get

’&e (<L(E;; +EpY), Pre (553))>) ’

Py (u™) + Pp(u™1) U+ Ut
2 > B f( 2

9) N _
< CL2Tn||f< )E(D)HE;TZ + E e

(20) _
2 oy (cM/ananm?E(D) 1B )

- ||n<Ph<u’“>—U’“)HE(D)HE%EZ1|E<D>)
k=n—1

(43) .
2o (cMﬁrn<||E2|%(D) 1B )

vC _
(46) + QCSobolevFEETnHK’HWI’S('D)(HE;LLHQE('D) + By 1||125(’D))>'

In the last step we also used the following inequality (based on Sobolev embeddings)
which holds for any v € H!(D):
IV(k0)llL2(p) < (V)] 22Dy + 16(V)l[12(D)
< ||VH||L3(D)HU||L6(D) + ||H||Lo<>(D)HU||H1(D)
< (CsoporeEllwrspy + 18]l Loo () 01|21 (D)

For the 5,(13) we use again that ||u|| e (1, xp) < M and || Pp(u")| g (py < M in combi-
nation with fu;(z) = |2|?z for |z| < M. This yields

‘m (<L(E;; + EMY), Pra 5?’)>) ‘ e

< Cra Y22 || veD || e
< LQ\/EHV§TL 2 (D)

(47) —
1By + Ep o)

< Cpe @HV </In K(u(-,t) — (Ph(un) i Ph(unl)) dt) lz2(p)

N 2
Isﬁ:”
C P, (u™) + Pp(unt
#0021 ([ stute - (PP 0 o,
IIE(S)

The regularity of x (and the fact that we can hide ||k|lw1.3(py and |&||p~(p) in
Chr) allows us to estimate the first term by I£<3) < CMTn(||T28ttu||Loo(ImH1(D)) +
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|hull Lo (1,,,2(D)))- For the second term we get

(o] u™ unfl
tgo < 50217 ([ stuten - 1 (55 ) ) oo

2
i&ﬁ?’
C un+un—1 P (u™ +P un—l
iy RN (5(MEE) - p (PR g,
iie&?)

where we can use (34) to obtain

L@ < T3Cum|ullwree 1, 11 () + ToCmt||ullweos (1, 11 (D))
and where we can use ||u™||y 1.0 (p), || Pn(u™)||wi.p) < M to get

iigﬁf’) S CMTn”huHLoo([mHz(D)).
Combining the estimates for I§(3>, II£<3>, ig(:»,), and ii£(3> with (47) yields
(48)
n n—1 (3)

(2 + B, P

IER + Ep ' gm)

< Cun (| T2ullwzse (1, 11 (py) + [Pt o 1, 12(D)) ) -

For the last term in the error identity (28) we get
(49)
‘3% (e + By, f,, BB e W) pr (L, 1)) de)) ‘

1B} + B3l o)

Lu" + Lyt
< [|Pre </ ——— —Lu(~?) dt) ey < TaCre || L(8uu) || L1, . B(D))-
In

Combining estimates (45)—(49) and plugging them into the error identity (28) finishes
the proof. ]

LEMMA 6.6 (full L?-error estimate for EJ'). We use the notation and the as-
sumptions of Lemma 6.4. Then it holds with c7, := e*Cmtn

n
IEM 7200y < c?MQEgH%?(D) +Cun (HhQatu“QL?(O,th?(D)) +> 7 hzuﬁmuk,m(p))))
k=1

+Cucy ZTk (HTQL(attu)H%OC(I,C,L?(’D)) + ||7'2U||%4/2voo(lk,L2(D))) :
k=1

Proof. First we note that if a,, b,, a,, is a sequence of positive real numbers that
is related via ap+1 < (1 4 @y)ay, + by, then it holds that

(50) ng1 < e=i=0 % (‘10 + Z bi) :

=0
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Next, we use (37) to obtain

(51) 1ER 720y < (14 an) | ER [T (py + b,
where «,, := &% and

bn = Curllh*OulZa(r, 12y
n CMTn (HTQL(attu)||%°°(In’L2(D)) + |‘T2u|‘%4/2~°°(1n,L2(D)) + ||h2u||%00(1n,H2(D))) .

Combining (51) with (50) and Cp7y, < 1/2 yields

e Z’“yﬂakHEﬁH%Z(D) < HE;)LH%%D) +Cum Z thatu”QL?(Ik,H?(D))
k=1

n
+Cy ZTk (”TQL(@ttu)‘|%°°(Ik,L2(D)) P2l feee 1, 12 (py) + ||h2u||2Loo(1k,H2(D))) :
k=1

The inequality Y ;_; oy < 4Cpty, finishes the proof. O

LEMMA 6.7 (full energy-error estimate for E}). We use the notation and the
assumptions of Lemma 6.5. It holds with c}; = etCmtn that

1B 5y < i <||E2||2E'(D) +Cm (”hatu”%?((),tn,H?(D)) + ZTk||hu|%°°(Ik,H2(D))>>
k=1

+Crcly Zﬂc <||72L(3ttu)H%m(zk,Hl(D)) + ||7—2u||%/[/2v°°(1k,H1(D))> :

k=1

Proof. The proof is analogous to the proof of Lemma 6.6 by combining (50) with
Lemma 6.5. ]

Following the ideas of [38], we want to show that the solution u} of the original
discrete problem (11) is identical to the solution U]’ of the auxiliary problem (22)
implying that the estimates in Lemmas 6.6 and 6.7 hold equally for uj. For that
purpose, we want to show that if 7, is sufficiently small, it holds that ||U}' ||~ ) < M
for all n > 0. Then, by the properties of fy;, we obtain equality of u} and U}
To show the desired boundedness we can use again Lemma 5.1, which guarantees
[vnllze (D) < Coclnl|Vorlp2(p) for all vy, € .

CONCLUSION 6.8. Let assumptions (Al)-(A7) be fulfilled, and let h and 7, be
such that £, (hyay + 72) — 0 for h,7, — 0. Then, for all small enough h and 7, the
corresponding solution U} (i.e., the solution for fu as specified in Lemma 5.2) fulfills

1UR N Lo (D) < M.
Proof. We have U’ = E}' + Py (u™). Using (43) and Lemma 5.1 we get
[UR ([ oo () < [1P0(u™) |2 (D) + Coo vV Cul||ER | £(D)-

The term Py (u™) is uniformly bounded by (A7) and the Poincaré-Friedrichs inequality
with || Py (u™)|| e (p) < Cwr.ediam(D)||Vu" || o (py. Let us hence consider the second
term. Fixing the model problem (and assuming (A1)—(AT)), the only variables are h
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and 7,,. With this, we can write Lemma 6.7 as follows: there exists a constant C'(M),
which is independent of A and 7, such that

17 |p) < OO (b + max 72).
Consequently, for each given € > 0, we can pick h(M) and 7,(M) small enough so
that
0D B py < CONEL M) (o (M)) + max 72(M) < e
With h and 7, small enough so that Coo/Cly(M)||E} || gy < [[ullwrs (1, ,wi.e D))
we obtain ||U} || p) < M as desired. d

Observe that Conclusion 6.8 proves Proposition 3.4. We are now prepared to
conclude the proof of Theorem 3.5.

Proof of Theorem 3.5. We pick h(M) and 7,,(M) small enough so that the bound
in Conclusion 6.8 holds true. Since [|U} ||~y < M we obtain from the properties
of fu (see Lemma 5.2) that U] must be identical to the solution u} of (11) for every
time step n > 1. Hence, we obtain the splitting

up —u” = Ep 4+ (Pp(u™) —u™),

where E}' can be estimated by Lemma 6.6, respectively Lemma 6.7, and where the
term (P, (u™) — u") can be estimated in the usual matter. A Lagrange-interpolation
error estimate for the initial value ug € H?(D) concludes the proof. |

7. Numerical experiments. In this section we investigate the performance of
the one-stage Gauss—Legendre IRK scheme stated in Definition 3.3 and compare it
with the approximations obtained with the backward-Euler method (12) to stress
the importance of the discrete mass conservation. We consider the computational
domain D := [—6,6]? and the time interval [0, T,...] := [0,100]. We seek a solution
u € C°([0,T), Hi(D)) to the time-dependent GPE

1
(52) i0yu = —iAu +Vu—QLu+ Blul*u in D,

where we recall £, = —i (20, — y95). We use the following configuration. We chose
6 =100, Q2 = 0.8, and the harmonic potential

el

V(x): 5

with trapping frequencies 7, = 0.9 and ~, = 1.1. The initial value ug = u(-,0) is
chosen as the L?-normalized ground state eigenvector of the Gross—Pitaevskii operator
Go(v) == —3Av+Vyv—0.8L,v4100|v|?v with Vo(x) = (224 y?) and corresponding
ground state energy Ey = 3.1938 (cf. [18]). We computed this ground state using
the discrete normalized gradient flow method proposed in [13]. Starting from this
setting, we wish to simulate the dynamics of ug in the anisotropic trap V, i.e., we
solve (52) numerically. The problem is picked in such a way that vortices, i.e., density
singularities, are formed in the condensate (see Figures 1 and 2). We define the energy
by

E(v) = (v,v) p(p) + /D (ﬁUIQ + §|v|4>7

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



FEM FOR BOSE-EINSTEIN CONDENSATES 947

3.973e-02
0.000e+00

FIG. 1. The figures depict numerical approzimations for the particle density p(-,T) := |u(-, T)|?
at T = 1. The left approzimation is a backward-Euler approxzimation computed with time step size
T = 1072, whereas the IRK approzimation on the right is computed in one time step, i.e., with
T=1.
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Fic. 2. The figures show the approximations for the particle density obtained with the IRK
scheme for large time steps 7 = 0.1 at times t =0, t = 20, t =40, t = 60, t = 80, and t = 100. We
observe a reduction of the number of vortices. The mass is fully preserved and the energy up to a
relative error of 0.026%.

which is a conservative property of (52).

We demonstrate the efficiency of the Crank—Nicolson type IRK scheme (as stated
in Definition 3.3) by showing that large time steps are allowed, thanks to the mass
conservation property. The backward-Euler approach, on the other hand (despite
being unconditionally stable), does not allow large time steps, since this results in a
severe loss of mass which lets the corresponding approximations vanish quickly. In all
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our computations we use a uniformly refined triangular mesh 75, with 66.049 nodes.
That means that the discrete space S}, contains 132.098 degrees of freedom (minus the
ones from the boundary condition). We use uniform time steps and denote 7 := 7,
for simplicity.

We note that the computational complexity of the IRK scheme (11) and the
backward-Euler scheme (12) is roughly the same in our implementation. Since both
schemes are implicit, they require an iterative Newton method in each time step
where we observe a comparable number of iterations to reach a given tolerance. In
the following, we shall denote backward-Euler approximations by up pp and IRK
approximations by up ;-

Due to the structure of the problem, we could use exact integration when assem-
bling the system matrices and load vector for our problem. Furthermore, all linear
systems were solved with an UMFPACK direct solver. The only reason why we were
not computationally exact (up to machine precision), was that we prescribed a resid-
ual tolerance of order O(10~%) for the Newton algorithm to abort. This inexactness
did not have an observable effect on the conservation of mass for the IRK in any of
the computations. Concerning the energy, a small deviation from the exact energy
was observable over time for the IRK; however, in a negligible range. For instance,
for large steps 7 = 1, the energy was still preserved up to an error of 5.3% at T' = 100.
For slightly smaller time steps with 7 = 0.1 the conservation of energy already im-
proved to a relative error of below 0.03% which is insignificant considering that the
reference energy (at t = 0) is typically already polluted by discretization errors. Using
a time step size 7 = 0.1 we simulated the dynamics of the particle density on the time
interval [0, 100]. The corresponding results are depicted in Figure 2. We observe that
the condensate with initially seven vortices collapses to a condensate with six vortices
at T' = 100.

This is in strong contrast to the backward-Euler scheme that, though uncondi-
tionally stable, suffers from a major loss of energy and mass. This is clearly shown in
Table 1. For time step sizes of order 7 = 1, basically all energy and mass is lost after
100 time steps. In our example the situation gradually improves with decreasing time
steps sizes; however, to obtain an acceptable loss of mass and energy after 100 time
steps, the backward-Euler method requires time steps sizes of at least 7 = 1073, The
significance of the preservation properties is further emphasized in Figure 3. Here we
compare backward-Euler and IRK approximations for large time steps 7 = 1. We
can see that even though |“Z IR x|? is not particularly accurate, it still preserves the
structure of the condensate, whereas |uy pp|* quickly collapses into a vanishing mass
that fully contradicts the correct physical behavior.

TABLE 1
The table shows the loss in energy and mass of the backward-FEuler scheme after 100 time
steps for different time step sizes T, compared with the corresponding quantities obtained with the
Crank—Nicolson type IRK scheme. Recall that the IRK always conserves the mass.

’ T ‘ T H ”uiXBEHL?(D) ‘ ”uiv]RK”L?(D) H g(uhN,BE) ‘ 5(“2\]15{[{) ‘
1 100 2.6-10"17 1.0 6.9-10734 3.36455
10-1 | 10 0.13275 1.0 0.02309 3.19203
10~2 1 0.91676 1.0 2.52235 3.19383
1073 | 0.1 0.99905 1.0 3.18549 3.19383

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



FEM FOR BOSE-EINSTEIN CONDENSATES 949

034610 2245216

T
4
¥

%

set0 Te-16

2210

t=20 t=40

_as3e02 5300802

o
B
RN RREN

°
13

Tt

Fic. 3. The figures show the approximations for the particle density obtained with the backward-
Euler (upper row) and the IRK scheme (lower row) for the time step size T =1 at times t = 20 and
t = 40.

Finally, in Figure 1 we compare the IRK approximation after one single step of
order 7 = 1 with the backward-Euler approximation at the same time (7" = 1) but
using 100 time steps with size 7 = 1072 each. Even though the costs for the backward-
Euler scheme are a 100 times higher as for the IRK approach to obtain a comparable
result, the approximation |uj; p|? clearly does not yet have the quality of [u}. ; 5z /.

Remark 7.1. By approximating the nonlinearity in the IRK method (11) alter-
natively by (Juf|? + |u|?)(u} + u}' ") /4, the arising discretizations will not only
conserve the mass, but they will also conserve the energy of the initial state. This
modification might hence be a preferable alternative for long time simulations, where
the energy loss of the IRK scheme could become significant. Investigating this issue
is left open for future research. It should be mentioned that the H'-error analysis
presented in this paper does not appear to be transferable to the energy-conserving
discretization, so that we cannot make any definite statements on the H!'-accuracy of
the arising approximations. However, for short times, we could numerically observe
that the performance and accuracy of the energy-conserving method is comparable to
the IRK method. For long times, the L2-error estimates (for the energy-conserving
discretization) obtained in [51, 5] show a scaling factor of order e in front of the
convergence rates in h and 7. Hence, due to this possible exponential pollution, the
reliability of the arising approximations for long times appears at least questionable,
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independent of a possible energy conservation.

In summary, we conclude that even though the backward-Euler scheme seems to
be unconditionally stable, the loss of mass and energy has a tremendous impact on
the quality of the obtained approximations if the time-step size is not chosen very
small. The IRK scheme of Crank—Nicolson type, on the other hand, does not appear
to have such restrictions.
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