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Abstract

We consider the time-dependent Gross-Pitaevskii equation describing the dynamics of rotat-
ing 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 error es-
timates 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.

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, 50]. 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 ’super-atom’. Recent overviews on the mathematics
for Bose-Einstein condensates are given in [111 [10].

In this work, we focus on the specific case of Bose-Einstein condensates in a rotational frame
[29]. One of the interesting features of a Bose-Einstein condensate 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], 45| 44, [55] [46] [54]). If the rotational speed is sufficiently
large, the vortices can be detected (cf. [I]). 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. [53] 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 is
found in [3} 18] 23 41}, 511, [53]. Detailed 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 Schrodinger equation with an additional nonlinear term that accounts for particle-
particle interactions [33], [42] 49]. To account for a rotating BEC, it is common to extend this model
by an angular momentum term. Let D C R%, d = 2,3, be a bounded convex Lipschitz domain and
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[0,T] C R 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) = ug to the nonlinear
Schrédinger equation
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where we denote x = (z,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 Blu|>u de-
scribes the species of the bosons and how they interact with each other. In particular, 5 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 i€ - (x X V) u characterizes the angular rotation of the condensate, where €2 € R? defines the
angular velocity. As usual, the operator L = (£;,L,,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 simplifica-
tion iQ-(x x V) = —=QL,, where £, = —i (20y — y0,) is the z-component of the angular momentum.
With this simplification the weak formulation of problem (respectively its dimension reduced
version in 2d) reads: find u € C°([0,T), H}(D)) and dyu € C°([0,T), H~ (D)) such that u(-,0) = ug
and
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for all ¢ € H}(D) and almost every t € (0,T). Here, (-, ")2(p) denotes the standard L2-scalar

product for complex valued functions, i.e. (v, w)2p) = [, v(x)w(x) dx for v,w € L*(D).

A recent existence and uniqueness result concerning the solution of ([2) can be found in [§] 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 Schrédinger
equations can be found in the book by Cazenave [22].

The literature on the numerical treatment of is rather limited for the case 2 # 0. Very
efficient methods that exploit Fourier expansions were proposed in [I7, 15, [16]: in [I5] 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 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 ,
we refer to [7, [25].

Even though spectral and pseudo-spectral methods (such as the explicit methods proposed in
[17, (15, 16]) are typically computationally cheaper than a pure finite element based approach as
proposed in this paper, they generally require a high smoothness of the magnetic potential to
work. Non-smooth potentials can for instance arise in the context of investigating Josephson effects
(cf. [59] 160]) or experiments involving very rough disorder potentials (cf. [48]). In corresponding
numerical simulations, the usage of finite elements seems to be unavoidable for an efficient method.
Another advantage 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 particular case that V=0, 2 =0
and that the spatial mesh is quasi-uniform, a priori error estimates can be found in [5, 38| 39, 52]
57, B8, [61]. We describe those results in chronological order.




The first results were obtained by Sanz-Serna [52] 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 L?-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 et al. generalize the a priori L?-error estimates of [52] 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%*). Beside 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
T= O(hd/ 4) is required. Furthermore, the authors propose and analyze a Newton-scheme for solving
the nonlinear problems that arise in each time step.

In [57], Tourigny investigates the case of optimal L>- and H'-error estimates. He analyzes the
same implicit Runge-Kutta 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= 0(|Inh|=%/2) for d = 2 and to 7 = O(h*/?) for d = 3 (see Theorem 3.5 below).

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 77 = 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 [61], 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=0(Inh|~Y3) for d = 2 and 7 = O(h'/3) for d = 3.

In a recent work [58], Wang studies a new type of a linearized Crank-Nicolson discretization
which is mass but not energy conservative. Again, optimal order L2-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 eigenvalue problem
(again for = 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 Gross-Pitaevskii equation with rotation term (i.e. € # 0), we are only aware of the
work by Bao and Cai [I2] where optimal error estimates for the finite difference method are proved.
So far, there seem 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
implicit Runge-Kutta scheme earlier considered by Akrivis et al. [5] and Tourigny [57]. We gen-
eralize these work 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= O(h¥*) can be relaxed to 7 = O(|Inh|~%/4) 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 preliminaries. The
main results are presented in Section [3] where we state a Crank-Nicolson-type time- and P1 Finite
Element space discretization of the Gross-Pitaevskii equation. Furthermore, corresponding 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[d In Section
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 solutions as the
considered Crank-Nicolson-type Finite Elemente 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 dimension. 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 corresponding set of assumptions, we introduce our basic notation.

By T we denote the complex conjugate of a complex number z € C, by x -y we denote the
Euclidean scalar product between x,y € C? (ie. x -y := Zgzl x;y;) and by |x| := /x - x we denote
the corresponding norm. The real part of a complex number is denoted by R and by S its imaginary
part. We furthermore use the standard notation for the Sobolev spaces W*P?(D) (for 0 < k < oo
and 1 < p < o0) equipped with the norm

1/p
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For p = 2 we write as usual H*(D) := W#?2(D). The semi-norms on H*(D) are denoted by
1/2
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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,

(L)) oy ) = [ ARV Tl + i) - Vo) +elv(xuix de. (3

With the above definition we seek u € L°°([0,T), H}(D)) and dyu € L°°([0,T), H (D)) such that
u(+,0) = up and

(0wl 1), w) 2y = (L(u(-, 1), w) -1y (o) + (50 + Blul, 1)*)ul-, 1), w) r2(p) (4)

for all w € H}(D) and almost every ¢ € (0,T). Note that any such solution automatically fulfills
u € C°([0,T), L*(D)) so that u(-,0) = up makes sense.

Here we make the following assumptions.



(A1) The computational domain D C R? (for d = 2, 3) is a convex bounded polyhedron.

(A2) The coefficients A, b and c are real valued, smooth and bounded (i.e. L represents the smooth
linear part of the problem). On the other hand, we assume x € L*(D,C) N Wh3(D,C);
B € Rsg and up € 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

Yminl€]* < AR)E - € < maxl® for all (§,%) € RY x D. (5)

By the properties of A there exists a pointwise invertible matrix-valued coefficient A'/2 such
that AY/2AY2 = A. We denote its inverse by A~1/2 := (AY/2)~1,

(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 (G > 1 with

de(x) — (24 C)|ATV2(x)b(x)[2 > 4¢o > 0 for all x € D.

We note that assumptions (A1)-(A4) are trivially fulfilled for the Gross-Pitevskii equation (2)).
In practice, A is typically just a constant, whereas b describes the angular momentum rotation
like in ([2). The term c¢ describes any kind of real-valued non-negative smooth potential such as
harmonic potentials of the structure ¢(x) = ﬁx? + 'y§y2 + 7322 with scaled trapping frequencies
VasVy: V- € R. The coefficient £ can be used to model arrays of quantum wells for investigating
Josephson oscillations (see [59, 60]) or any other type of rough potential. Furthermore, x can be
also used to describe imaginary potentials, see for instance the complex double-well potential in [30]
or applications with phenomenological damping.

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 2 should be balanced by
the trapping potential V in the sense that V — 3/2|Q|? (x2 + yQ) > (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 Bose-Einstein condensate is destroyed (hence
there exist no physically meaningful solutions). As we will see later, the differential operator L is
elliptic, but degenerates for the case (y = 0 and (; = 1, which just resembles the instability.

Remark 2.2. Observe that assumption (A5) allows to balance ¢ and & in a suitable way. For in-
stance, if we only have ¢ > 0 but 4R (k) — (2+¢1)|A~Y/2b|? > 4¢y > 0, we can define k¥ (x) := r(x)—
712+ 1) AT V2()b(x) 2 — ¢y and accordingly ¢ (x) = c(x) + (o + 471(2 + (1) | A~ 2(x)b(x) %
which again suit our assumptions above. Also note that we can hide any imaginary part of ¢ in &
(which is allowed to be imaginary without constraints).

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



3 Discretization and main result

In this section we propose a space-time discretization of problem and we state corresponding a
priori error estimates in L°°(L?) and L>®(H?").
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 7j) it holds

diam(Bg) > pdiam(K) (6)

for all K € 7Ty, where By denotes the largest ball contained in K. The diameter of an element K € Tj,
is denoted by hg; the maximum diameter by h,.. = maxge7;, hx and the minimum diameter
by Ry = minger;, hr. Finally, by h : D — Ry we denote the corresponding mesh function
with h(z) := hg if 2 € K. For brevity, we subsequently write ||hvl| gk (py for some v € H(D) to

1/2
abbreviate (ZKeTh h%(HvH?{k(K)) . The considered P1 Lagrange finite element space S, C H}(D)
is given by

Sy :={v € H}(D) | VK € Tp,v|k is a complex-valued polynomial of total degree < 1}.  (7)

By {Ai,...,An,} we denote an ordered (Lagrange) basis of Sj. In particular, we denote by
Nj, =dim(S},) the number of degrees of freedom in S}, (which is twice the number of interior nodes
in 73). On S, we introduce the corresponding L2-projection and the Ritz-projection associated
with L.

Definition 3.1 (L?-projection). The L2-projection P2 : H} (D) — S}, is given by
for v € H&('D) : (Pr2(v), wh>L2(D) = (v, wh>L2(D) for all wy, € S.

Definition 3.2 (Ritz projection). For v € H}(D) the Ritz-projection P,(v) € Sj, associated with
L is given as the unique solution to the problem

<L(U — Ph(v)), wh>H—1(D),H1(D) =0 for all wy, € Sp,. (8)
Existence and uniqueness of Py (v) follow from Conclusion below.

In order to derive the final a priori error estimates, we require further assumptions on the grid
Tr, 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 h-independent constant C/2
such that

1P ()l rspy < Crzllollimepy  for all v € HY(D). (9)

(A7) For p > d, we assume that the Ritz projection given by is Wh>_stable for functions in
W2H(D), i.e. there exists a h-independent constant Cyy1.00 such that

IV Pr(w)| poe (p) < Cwroo || Vwl| Lo () (10)

for all w € H} (D) N W2#(D). Note that since D is a convex domain, we have the embedding
W2H(D) < Wo(D).



Both assumptions (A6) and (A7) can be fulfilled by making suitable assumptions on 7. In
this paper we directly assume stability of the projections to avoid complicated mesh assumptions.
Concerning (A6), recent results on the H'-stability of P;2 on adaptively refined grids can be found
in [9, 40} BI]. 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 « 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 [47)).

3.2 Time discretization, method and main result

In this paper we assume that the time interval [0, 7] is divided into 0 =: tg < t; < --- < ty :=T.
Accordingly we define the n’th time interval by I, := (t,—1, tn], the n’th time step by 7, := t,, —tn_1
and step size function 7 € L*°(0,T) by 75, := 7,. For simplicity we subsequently only write
() == () H-1(p), 1 (p) for the dual pairing on H'(D). We consider the following one-stage Gauss-
Legendre implicit Runge-Kutta scheme (which is of Crank-Nicolson-type). The scheme is mass
conservative provided that (k) = 0.

Definition 3.3 (IRK Method for GPE). Let u? := Z(ug) € Sj, be the Lagrange interpolation of
ug. For n > 1, we seek the approximation uj € S with

1

n—sz . n—i n—1 n—
(upr, vn) r2py + Tad (L(uy 2),vn) + T i (5 + Bluy, 2Py, 2, 0n) 2y = (u)

sun)rzpy (1)

_1
for all v, € S;, and where uZ 2= (up + uz_l)/Q_

For alternative time-discretizations based on operator splitting for nonlinear Schrédinger equa-
tions with a cubic nonlinearity we refer to [43] [32], for the case without rotation, and to [6], for the
case with rotation. More general approaches are discussed in [35].

We note that the IRK scheme given by is mass conservative if (k) = 0. The mass

_1
conservation, i.e. [[u}|lr2p) = luj|lz2(py for all n > 0, is immediately seen by testing with uZ 2
in and taking the real part. Note that the conservation property implies that the scheme is
unconditionally L?-stable.

The following proposition follows from Lemma, [5.5] and the proof of Theorem below.

Proposition 3.4 (Existence and uniqueness). If (A1)-(A5) are fulfilled and if h and 1, are small
enough and such that £ (Ruya + 72) — 0 for h, 7, — 0, then there exists a solution uy of . If
S(k) = 0 and if 7, is sufficiently small compared to h (in the sense of Lemmal[5.5 below), then the
solution is also unique.

The main result of the work is the following a priori error estimate, which we prove in Section
6l Recall assumptions (A1)-(A5) from Section [2] and (A6)-(A7) from Section

Theorem 3.5 (Error estimates for the IRK discretization). Let assumptions (A1)-(A7) be fulfilled,
let u € W2°°(0,T; H3(D)) denote a solution of , and let b and 7, be such that y,(Ruya +72) — 0
for h, 7, — 0 and where

0 \lnhminll/Q ford=2
e ]hmin|*1/2 for d = 3.



Then, if h and T, are small enough, there exist generic constants C = C(u) that are independent of
h, 7, and T such that for a solution uly of (3:3) and for m € {0,1} it holds

(-, T) = up || gm(py < CIW> ™ u(-, T)|g2py + CeCT (|B*™ug| gpy + |2°~ " Orul| 20,7, 12(p)))

n 1/2
T 2— 2 2 2 2,112
+Ce (Z Tk (Hh "l Lo (1, m2(y) + 1770kl Lo (1 pr2am(py) + 11T U||W2,oo(1k,Hm(D))>> :
k=1
We observe that the method yields optimal convergence rates, i.e. it is of quadratic order in
space and time for the L?-error and of linear order in space for the H!-error. Details on the arising
constants in Theorem .5 can be found in Lemma [6.6] and Lemma [6.7] below.

Remark 3.6. It is surprising that the L (H!)-estimate in Theorem requires the higher regular-
ity Oyu(-,t) € H3(D). A similar observation has already been made by Karakashian and Makridakis
[38, Remark 4.3] for the simpler equation i0;u = —Au + S|u|?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.

Theorem 3.7 (Error estimates for a Backward-Euler discretization). Assume (A1)-(A7), u €
W12(0,T; H3(D)) and h and 7, such that €y (Rue + ) — O for hy7,, — 0. Let further u) :=
In(uo) € Sy. Then, for all small enough h and ,, there exists uy € Sy with

(s vn) 12(p) + o 1 (L(uR), vn) + 7 i (5 + Blup|*)ul, va) r2ep) = (uh ™", vn) r2(m) (12)

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

Ju(-,T) — uiZYHH"L(D) < C|h2_mu(.,T)|H2(D) +CeT (|h2_mu0|H2(D) + Hh2_matu”L2(0,T,H2(D)))

n
+CeT <||h2_mu||L2(o,T,H2(D)) + [|70xu (s ) | L2 0,7, Fm+1 (D)) + ZTthQ_mU('atk)HH?(D)) :
k=1
The proof of this theorem exploits the same techniques as the one of Theorem 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
. In particular, 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 va for va(x) dx. In order to analyze problem properly, we require some
additional definitions and auxiliary results.

Definition 4.1. For any subdomain w C D we define the sesquilinear form (-, -) E(w) by

(v, ) B(w) 1=/ (AWW — 12_1A_1/2bv> - (AV2Vw — i271A-1/2bw)
w

+ /(c— (1/4)|A~Y2p2) 0w

for v,w € H'(w). Note that ¢ — (1/4)|A~1/2b|? is positive by (A5). Accordingly, we define the norm
|- [[E@) BY IVl Bw) = 1/ (¥, 0) Bw)-



Lemma 4.2. Let w C Q be a subdomain. Under assumptions (A1)-(Ab5), the sesquilinear form
() EB(w) is a scalar product on H'(w) and the induced norm ||v g, is equivalent to the standard
H'-norm | - | 771 (w)- In particular we have for all v € H'(w)

lolBy > (1= T IAYVolRa + Gollol 22,

Proof. Obviously, (-,-)g() 18 a symmetric sesquilinear form on Hg(w). Hence, it only remains to
show the existence of constants cg and C'g such that

cE||vH%11(w) < (v, V) Ew) < CEH””%{l(w) for all v € H'(w).

The upper bound is straightforward using the boundedness of the coefficients. To verify the lower
bound, we first observe with Youngs inequality for any € > 0 that

/ |AY2Ty — 127 AT 2py 2
_ 1
> /AV’U Yo _/ |A_1/2b”UHA1/2VU| _ 4/ |A_1/2b‘2|’0|2

(1—61)/Avv.vu—14+6/ |A=Y2p)2|0]?.

v

Hence

o) = (1= 1) [ AT0- T - 22 [laimpp 4 [ o

w

Choosing € = (; together with (A5) finishes the result (where we assumed (; > 1). Also observe
that ¢4 <1 leads to degeneracies. O

Conclusion 4.3. The differential operator L is uniformly elliptic and continuous on H}(D). In
particular it holds

(v, w) gpy = (L(v), w) for all v, w € Hy (D). (13)

Observe that Lemma [£.2] and Conclusion [4.3] imply that the operator L degenerates for (o = 0
and (; = 1.

Proof of Conclusion[{.3. Let v,w € H}(D), we observe that

/ (412v0 — 27 A7 20) - (A12Vw — 27141/ 2bu)
D

= /AVU~Vw—12_1 (/ vb~Vw—/wb-Vv>+1/ A7 2020w
D D D 4 Jp
N 1
= /AVU-Vw+/wib-Vv+/ |A~2p 20w,
D D 4 Jp

where we used that V - b = 0. Hence we have

(v,w)E(D):/AVv-Vw—i—/
D

wib - Vv —|—/ cvw. (14)
D D

Assumption (A4) finishes the proof of (L3)). The continuity and ellipticity of L hence follow using
Lemma [£.2] O
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Remark 4.4. Let w C D be a subdomain and v, w € H'(w) arbitrary. Under assumptions (A1)-
(A5) we see that there exists a constant C' (only depending on A, b and ¢) such that

/ AVv - Vw + bVv - W + cvw’ < Clolla wyllwll g -

Using the norm equivalence of Lemma [4.2] we hence also have

/AVU'V@UerVv-ercvw

< Celvllpw)llwll 5w (15)

with Cg = Cg(A,b,c). However, note that we do not have (v, w)g) = (L(v), W) g-1(u),H1(w) for
arbitrary v,w € H'(w).

5 Existence and uniqueness of discrete solutions

In this section we consider 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 [56, Lemma 6.4].
It can be easily proved using Sobolev embeddings with a inverse inequality.

Lemma 5.1. Let D C R? be a convex domain. Then there exists some constant Csy such that for
all vy, € Sy,

[onll oo (D) < CoolnlVunliL2(p),

where

{|lnhmin]1/2 ford=2
h -—

’hmin|_1/2 fOT d = 3

We treat the existence of discrete solutions uj of (|11]) together with the solutions of some
regularized auxiliary problem. This auxiliary problem is essential for the analysis of . For this
purpose, we recall a lemma that was basically proved in [3§].

Lemma 5.2. Let M € R be given by
M = |ully1.00 (1, w0 (D)) + Ciee (diam(D) + 1)[| V|| oo (1, x D)5 (16)

where Cyi,00 is the constant from (A7). Then, there exists a function fyr : C — C and a constant
cyr > 0 such that:

fu(z) = |21z, if |2| < M, (17)

(fr(z2), z) € Rxo, for all z € C, (18)

|far(2)] < 2M? 2], for all z € C, (19)

|far(2) = far(w)] < 10M?|z — w, for all z,w € C, (20)

13 (2) = far ()|l oy < emllz — wl g (21)

for all z,w € Hy(D) with lwllw.00(py < 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 and , condition is new and condition is
formulated with a different norm. The latter two points are obvious, therefore we only prove ((19)

and .
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Proof. Let us define 6 := M?, g(s) := 307%s% — 7073s* +- 40725 4 5 and the curve v : R — R by

s for s <6
Y(s) =14 g(s—0)+6 fors el 20
20 for s > 26.

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

g (s) = (1507 1s* + 20735 + 072)(s — 0)*

which is obviously strictly positive on [0,6). Hence g is monotonically increasing and so is 7.
Furthermore, we have

g"(s) = 600"%s(6 — 5)(20/5 — s),

which implies that ¢’ has a maximum in 20/5 with ¢'(20/5) < 2. We observe |¢"(s)| < 6061
Combining these properties of g allows us to derive and , with the constants as given in
the lemma. Property is obvious since 7 is monotonically increasing and hence non-negative on
[0,00). Condition 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 fjs, 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 for
sufficiently small time steps.

Definition 5.3 (Discrete auxiliary problem). Let fj; denote a function with the properties depicted
in Lemma Furthermore we let U = u% € Sy with u% being the initial value used for problem
. For n > 1 we let U™ € S}, denote the solution of

<Un,1}h>L2(D) + T i ((L(Un_%),’l)h> + <HUN_% + BfM(Un_%),’Uh>L2(D)) = <Un_1,’l)h>L2(D) (22)

for all vy, € Sp, and where we defined Ui = U +un1y/2.

In order to show existence of the solutions of problem and we require the following
lemma, which is a well-known conclusion from Brouwers fixed point theorem.

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

If there exits no ay € B1(0) with g(ap) = 0, then g(a) := —g(a)/|g(ex)| (interpreted as a
function § : R?Y — R2Y) has a fixed point a* € Bi(0) by Brouwers fixed point theorem. Hence
1= [ga”)]® = (gla*),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 (@ If the time step
size is such that T, < 2 (||S(k)]| oo (p) + ﬁ101\42)_1 then the solution U™ € S}, is also unique. Recall
that M 1is the constant appearing in Lemma . Furthermore, if (k) = 0 and if 7, and h are such
that T,h-% — 0 for 7,,h — 0, then the solution uy € Sy of problem is unique for sufficiently

small 1, as well.
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Proof. We start with the existence result for the solution U™ of problem . First, recall that
Ny, =dim(Sy,) and that A, denotes the m’th Lagrange basis function. We want to apply Lemma
and define g : CN» — CMr for a € CNe by
Np
ge(a) i= =7, Z & (Ams Ae) 12(D)

m=1

1 o
+2mzlam (L(Am), Ae) + ((kId + B far)( U 1y Z CmAm)s M) 200y + Fy

where F' € CM is defined by

1 _ 1 arrne
F) = §<L(U" D, A0 + (MU A 2y

To show the existence of some oy with g(ag) = 0, it is sufficient (by scaling arguments) to show
that there exists some K € Rq so that R({g(a), a) > 0 for all & € CN» with || = K. For brevity,
let us denote o := SN A, Since R (7, i, @) r2py) = 05 (a,a)gmp) = (L(a),a) and by
construction of fys

a+U" 1 a+U!
51 ) 20

R <<<m+ Ban)

we obtain

Np,
1 o .
Rig(a), o) = 5”04”2E(D) + R(F, a) — ((kId + 5fM)(§Un L+ 3 Z AmAm), U 1) 12(p)

Y

5”04”215(17) - HTn_lUn_IHLQ(D)”O‘”LQ(D) - §||O‘HE(D)||Un_1HE(D)
1 o .
3 (6l ooy + B2M>) U™ M p2py (el 22y + 1U™ I p2(p))
> |l gy (Crllel gy — Ca) — Cs,

where we used the Poincaré-Friedrichs inequality in the last step and where C7, Cy and Cj are
appropriate a-independent positive constants. Consequently, for all a with [af|gpy > C2/Ch +
V/(C2/C1)% + C3/Cy we have R(g(x), &) > 0 and hence, by norm equivalence in finite dimensional
spaces, there exists a sufficiently large K such that R(g(a), ) > 0 for all & with || = K. This
gives us existence of a discrete solution of .
For uniqueness in we use an L?-contraction argument. Let us compare two solution U(’i)
22)

and U (”2) of problem (22)). Using the equation and testing with U (’i) — U(’é) we get
UG = Uy I 22
Tn . n n n n n n n n
= 5! ((L(U(1) = Us), Uy = Uy) + (U7 = Uyy), Uiy — U(2)>L2(D)>
U +unt Ugs + Ut Uji +yunl Ugs +yrnt
_27'n1B<fM()f)—fM( 2 5 )’ 1) 5 _ (2) 5 >L2(D)
]' n n n n
= 53w UL) —U) Uy — U)o

ur,+ur! un
(1) . ) — (2)

n—1 n—1 n—1
UM UL U Uy +U
2 ) 2 2 L2(D)

+27, B <<fM(

INZ

1 n n
5Tn (1S(%) | Lo () + B10M?) UGy — U(Q)H%Z(D)



13

Since we assumed that 7, (||%(/-€)||Loo(p) + B10M?) < 2 we conclude ||U(’i) UG, |z2(py = 0 and have
hence uniqueness.

For two solutions uz’(l) and u27(2) of the original IRK scheme , we use the additional as-
sumption (k) = 0 to conclude with the mass conservation that

HUZ,Q)HL?(D): ”uh ”L2(D = Huh 1HL2 = HU?LHB(D) HIh(Uo)Hm <CHUOHH?

where we used the stability estimate ||Zp, ()| 2py < Cllvl|lg2(p) for v € H*(D) for the Lagrange
interpolation operator Z;. With this, we can proceed as before to obtain

[uh 1y = up o)1 22(p)
Tn n n— 2 n n— 2 n n— n n
S BS((‘uh7(1) +Uh 1‘ . )Uh7(2) +uh 1‘ > (uh,(2) +Uh 1)’uh,(1) — Uh7(2)>L2(’D)

n—1 n n—1 2 n n 2
/3 ) T U ‘ + ‘uh,(2) +uy, ‘ Ul (1) = Uk 2]

< B CHUOHHQ(D)HUZ,(D - UZ,(2)H%°°(D)‘

IN

With the inverse estimate Huzy(l) —up () oo (py < C’hm,dn/QH Up (1) = U (2) | z2(py we conclude that for
an appropriate positive constant

||UZ,(1) - UZ,(2)||%2(D) < C(B; [lvollzr2(p)) ™ mmHUh - “Z,(z)”%?(p)

and hence uZ,(l) = u27(2) for sufficiently small 7,,. O

6 A priori error estimates

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

(uleta)on) ooy +1 [ (B o) 41 [ (ot Bar(w) o)z = (0l tus) o) 2oy (23)
I, I,
for all v, € Sp. Since u is continuous in time we can define u” := u(-, t,).
For simplicity (and slightly abusing the notation), we write for v € H*(D) N H (D)

Lv:=—-V-(AVv)+b-Vu+cv,
so that
(v, w) gy = (Lo, w) 2(p) for all v,w € H} (D) N H*(D). (24)

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 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 k can be imaginary, equation would not be valid any
longer.

Finally, we also recall a standard result (which follows from the best approximation property of
Py, 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 Co such that
o= Po(v)llr2py < Cilh?v|gapy  and — |lv — Py(v)|| gpy < Colhv|g2(p) (25)
for all v € 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 + Bfa(v). Forn € N,
n > 1 we define the error splitting by

e, == Uy — Pp(u”)) + (Pr(u") —u") (26)
N———
= E;LL €S,

and the error contributions by

& = / Py(0u(-,1)) = Oty dt,  €P =i <f<Ph<u”>+Ph<u“> fUuUm))’

& = i/z Flu,0) - f(Ph(un) +2Ph(un_1)) dt, W= i/I u(-,t) — Mdt.

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

IER 172 (p) (27)
= B oy + R (€0 + 62 + €9, B + By gy + (LED), B + B 7).

and the following energy-nom identity

1ER 50y = B8 ) + RAL(ER + Ep~), Pra(€l) + &7 +€7)

Pr2(Lu™) + Pr2(Lu™ !
- 3%(1<L(E;;+E;;—1),/ Pya(Lu(- 1)) — 22 ”2 12 (L )dt>> (28)
In
Proof. Recalling the definition of U™ we have for all v, € S,
" . ' Un+Un—1 o Un+Un—1
U™ = U o) 2(p) + T i (L5 )wn) = =7 1 {f () o) 2(D)- (29)

Subtracting the term

Py(u™) + Py(u™1)

(Pp(u™) — Ph(un_l), Uh>L2(D) + 7 1 (L(
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on both sides of gives us

_ 1
(Ep — By " n) 2o )+ 5T i(L(E} + E}Y), vp)

Pp(u”) + Pp(u" 1)

P o)y — ()00 gy — o (E( DL BT
it (T e
= B ) — (P, o)y — et )
o <<f(Ph(Un) +2Ph(u”1)) e +2U”1) RICH +2Ph(“nl)),vh>L2(D)>
(P(u" ™) — Y o) ) — (Pa(u™) — ™ vn) 12y (30)
[ e d-n(CE )
/ ) dt — m f(0) +2Ph(un_1)),vh>m(p)
7 i <<f(P"( )+2Ph(unl)) i +2Un1),vh>L2<D>)

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

17 a0
+P £ Un—i_Unil n n— n—
o (1B, U By B ) + I
R~ B+ B ) ~ RN~ o, B+ B ey

< / £) dt — L (UBW),E,?+E21>)
{f,

n un—l
( ) dt — m f L) E Pl )>,E;3+Es—1>L2<D>)'

2
The simplification
R ((Po(u™™") —u" B + B p2ipy) = R ((Pa(u™) —u™, Eff + B} 1) p2(py)

= R <</I Pu(9yu(-,t)) — dyu(-, t) dt, B + E,’;1>L2(D))

finishes the proof of the L?-norm identity.
To derive the energy-norm identity we use the L?-Riesz representer Gy € Sy, of the error func-
tional (L(E}), ). The Riesz representer G} € Sy, is characterized by the equation

(vn, Gh) 20y = (L(E} + EF 1), up) for all vy, € S, (31)
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Testing with v, = G} in and using (L(E? + Ef 1), G} = HGQH%Q(D) we obtain

mn n— n n— ‘1 n
(L(ER + By, B — ER 7Y + Tn1§”GhH%2(D)
= (Pu(u"™) —u" GR) 2y — (Pa(u™) — u”, G}) (D) (32)

u™ + unfl

1 [ (Bt - L), Gy

Py (u™) + Py (u™1 "
h( ) 5 h( ))7Gh>L2(D)

un + Unfl
2

+i( f flul-, 1) dt =7 f(

» Pp(u™) + Pyp(um 1)

), Gh) L2(D)-
Using that R(L(E} + E; 1), B}l — By~ ) = | Efll3p) — |1 B |3p) and that
R(v, G) L2(p) = R(L(ER + EP 1), Pra(v)) for all v € H}(D)
and taking the real part of equation yields
BRI Gy = 1B W) + RE(ER + Ep ), Pra(e) + 6 +€92))
| Ppa(Lu?) + Ppa(LunY) dt>>

+ R <1<L(E;: +E,’;—1),/I Pra(Lu(-,1)) 7

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

Lemma 6.3. Recall the constant M from (16)) and let f(z) := |z|?z. It holds (a.e. in D)

tn n n—1
Flu(-,0) dt — 7 f <“+2“> < M (i\u" —u" T+ 73M||u|ywa,m(,n)> . (33
tn—1
and
tn ul +un—1
V([ sty (S (34
tn—1

< Ar,M (|u” — u"_1|2 + |Vu"™ — Vu”_1|2) + 7'3M2 (Hu||W2,oo(In) + ||VuHW2,oo(1n)) .

Proof. We decompose the error under considerations into

Fn e
) ( o (o)) dt ) +2f(u”—1)> o (f(u”) +2f(u”‘1) _; <u” +2u”_1)> |

With f(u) = |u|?u, the first term in can be estimate using the trapezoidal-rule to obtain

1
< grilull ey (2000 ) + 100wtll o lullzr,))

/tn ‘u|2u77— |un‘2un+|un—1|2un—l
tn—1 " 2

< T M|l 1, - (36)
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For the second term in (35)), let ¢, : [0,1] — [u""!,u"] denote the complex valued (linear) curve
given by (,,(s) := (1 — s)u™ ! + su™ for s € [0,1]. We have ¢/,(z) = u™ —u""! (and ¢/ = 0). With
that, we get with the trapezoidal-rule and the midpoint rule that

’f(u”) +2f(u"_1) —f (u” +2u"_1>

LG g as| +| [ sy as - g (200U

1 1 1
< EH(f 0 Cn)" oo (0,1) + *H(f 0 Cn)" |l oo (0,1) = g”(f 0 Cn)" lLoe(0,1)

3 3 _
< Gl = PG e o) < Jlut = w2 ) (37)
Combining the estimates and with finishes the proof of . Estimate (36)) can
be derived analogously by applying trapezoidal-rule and midpoint rule to the function g(s) :=
2/(1 = s)u™ 1+ su™2((1 — s)Vu" 1t + sVu?) + ((1 — s)u ! + su™)?(1 — s)Vur—1 + sVur. O

<

‘ (f0¢u)(0) +
2

Lemma 6.4 (L?-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 Ciy that only depends on M, D, k, 3, Cyi,
and Cy (cf. the L*-estimate (25)) such that for all T, < (2C)~" it holds

n +OMT” n—
1B} Z20p) < El—CM;HE Y22y + CurlIB?8u 121, 20 (38)

+CuTn <||T L(But)|[Foe (1, £2(py) + 17202000 1, 22(D)) + HhQUH%w(]n,H?(D))) :

Proof. In the following C); denotes any constant that depends generically on M, D, k, 8, Cy1,0
and C7. We estimate the terms on the right of side of the error identity and start with

s ((fr(zl), £} + E}?_1>L2(D)>- We obtain

R (€, B + B ey |

<€V N r2(p)

]E”—i—E” 1HL2
= / Pu(@uu(-1)) — (-, 1) dt]| 12y < / | Pu(@ru(-, 1)) — Byu(-,1)]| 2
I,
. 2 1/2
= O [ IR0 )lleoy de < Cart 200l g, oo (39)

Hence

n— mn n— 1
R (6, Br + By ey ) | < 2m (IR 2oy + 1B ey ) + 3CRIN0ul 2 1, o

Next we bound the term depending on &(12) =Tyl (f(Ph(“an)"(“n_l)) — J‘?(Un“'gw1 )) Recalling
that E}' = U™ — P, (u") we obtain
. . R Ph u™ +Ph un—l . Un 1 . -
R (€2 B+ By s ) | < mull ATy O T e ol B+ B o

(20)
2 (|4l = (o) + 100M28) 7, (||Ezzuiz(p) + 1B B o)) - (40)
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Recall f(z) = kz 4 Bfu(z). In order to treat .57(13) =i(f(u)—f (3(Pp(u™) + Pp(u1)), 1)r2(1,,), we
use that fur(z) = |2|?z for |z| < M and the facts that |Jul|e(s, xpy < M and || Py(u™)]] o) <
Cw1.cdiam(D)||[Vu"|| e (py < M to conclude that

R (67 B+ B o)) | u™) + Pu(u)
<l [ e 120
| B + B, ”L?(D 2
+ P

#0 [ futey) — PR )>dtum>, ay
where f(z) := |z|?2. To estimate this, we decompose Hfln flu(-t) — f(W) dt|| 2 (p)
into

u +un 1 un+un71 P (u?) + P unfl

I sttt = 7 (255 ) oy + mly (55— ) = 1 (PR

L Lo

For the first term we use to get
3 _
115;3)| < Tr?L)MQHUHWQ’OO(In,L%D)) + TnZMHu” —u" 1”%4(1))
3772 3 2
= T M7 [ullwz.oo 1, 2(0)) + Tn M| ’ Opu(-, 1) dt|[74(p)
< TIMP||ullwr2oe (1, r2 () + TaCm |t (1, £2(D)) -

For the term II £ We get in the usual manner

u” +u ! Py (u™) + Py (u™t
| =l (555 ) = (P ey S oululie o

Combining the estimates for I £ and IT £ with yields

3) n—
% (€2, B+ By ) ey )| ) )
||E”~|—E"*1|| 2 D) < CuTy (HT UHWZOO(I,L,L?(D)) + [|h u”LOO(In,H2(D)))
h h L*(D

and hence the final estimate for the 5%3)-term
R (62, B + By o)) | (42)
< T (HEZH%Q(D) + ||EZ_1H%2(D)> + 70Cy (I7%ullweo(1, r2(p)) + HhQUHLOO(In,H?(D)))Q‘
Next, we bound the term (L( (4)) E}). Tt holds

R, By + Ep )| @
By + B 1||L2(D

n—1
SR
I,

< ILED) 22y (43)

u™ +u"

1
5 —u(t))dt|r2py < ETSHL(attU)”LOO(In,L?(D))-

Combining the estimates — with the error identity proves the lemma. O
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Recall that according to Lemma and the Poincaré-Friedrichs inequality there exist positive
constants cg and Cg such that

BVl 2ap) < 013y < CullVO2eipy  for all v € HY(D). (44)

Lemma 6.5 (Energy-error estimate for £}'). Considern > 1 and E}} = U™ — P, (u™). Let M denote
the constant in Lemma [5.2. There exists a constant Cys that only depends on M, D, d, the data

L, k, B, the norm-equivalence constants Crg and cg and the stability constants Cyy1,00, Cr2 and C)
such that for all T, < (2Cy)~! it holds

" 1+ Cym, —
BRI m) < (1 o B ooy + Corllh0iula, oy ()

+Cn (1T L) B 1, )y + 1200 1 1110 + 100 1, 11200 ) -

Proof. We proceed analogously to the proof of Lemma Starting from the energy error identity
we obtain the following estimates for the various terms. Using we get

R ((LER + B, PaE) | @
( T ) < Cr2 )M epy < CLQClTrlL/QHhatu”L?(In,HQ(D))‘ (46)
HEh + Eh ||E(D)

Second, using || Py (u")|y1.00(p) < Cppreo (diam(D) + 1) || V|| poo(py < M (cf. (AT)) we get

[ (LB + By, Pra(e)) |

) o Py(u™) + Py (un! N A i I
L O f A, O o 1+ B s
29 |2 n—12 - k k n n—1
< Cpe | BB B0y + 1ER IEm)) + ™0 Z |5(Pr(u”) = U eoyll ER + ER 7 lem)
k=n—1
n n—
< Cu (earBral| BRIy + 1 Bp~ )
vVCE n n—
+20s(,bolevﬁ7_n||’{||W173(D)(HEh||2E(D) +IE N EmD) ) - (47)

In the last step we also used the following inequality (based on Sobolev embeddings) which holds
for any v € HY(D)

IV (k0)[| 20y < I(VE)O) 220Dy + 16(VV) |20y < IVE[ L3y 1]l Loy + 8l Loo () 10l 1 (D)

< (CsovatelIKllwrsp) + 161l o= (2) ol a1 -

For the 57(13) we use again that |[u||pe(,xpy < M and ||Py(u")|[ze(py < M in combination with
fu(z) = |22z for |2] < M. This yields

R (LB + B PN ey
< Che VED L2 48
e <O e e (18)
N Pu(u™) + Py(un~!
< ol ([ stuten) - (AL 1)
Lo
N Pa(u) + Py(un=!
#0Cu SN ([ stute) - pPLEDEIED )

g

n
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The regularity of x (and the fact that we can hide [|s|lyy13¢p) and ||&[[zeo(py in Cir) allows us to
estimate the first term by I£(3> < Curn(1720wul| oo (1, 110y + 1P| oo (1, 2(p)))- For the second
term we get "

C n n—1
tgo < 502N ([ ftatt) = 1) ) oo

VCE 2
i&f’)
\/ﬁ no n—1 P n 4+ P n—1
O LY (7 = PR

fio)
where we can use to obtain
e < TaCullullwrce (1,11 (p)) + TaCntllllwzoe (1, 11 ()
and where we can use [|u"|[yy1,00(p), [|[Ph(u”)|lyi.ec(py < M to get
ii&({?’) < CMTthuHLoo(ImHQ(D)).
Combining the estimates for 1523), 11523)7 igglg) and ii&@ with yields

R (L7 + B, Pra(el)) |
IE + E Y o)

< Cutn (7% ullwzoe (1, o)) + Ul oo, m20y)) - (49)

For the last term in the error identity we get

um unfl
R (LB + By, f,, DB e B ) pyy(Lu( 1) d)) |

— (50)
IER + E; 7 oy

Lu™ 4 Lu™ !
< 1P ([ B Lun b)) o) < RCILO) gm0,

Combining estimates — and plugging them into the error identity finishes the proof. [

Lemma 6.6 (Full L?-error estimate for E}'). We use the notation and the assumptions of Lemma

[6-4. Then it holds

IERZ2(py < €M | EQNF2(py + Care* M B0l 720 1, 112
n

+Cpe'Min Y " (HTQL(attu)H%OO(I;C,LQ(D)) 172l fy200 (112 (py) + ||h2u||%°°(1k,H2(D))) :
k=1

Proof. First we note that if a,,b,,a, is a sequence of positive real numbers that is related via
an+1 < (14 an)ay + by, then it holds

n

(i1 < e2i=0% (ao + Zbl> : (51)
i=0

Next we use equation to obtain

1B By < (14 an)|Bf " 2ap) + b (52)
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where oy, := (12_%‘7;;%) and

b = Carllh* Ol 32, 12y
o (HTQL(attu)H%OO(L“LQ(D)) + 172l 20 1, L2 (D)) T Hh2UH%OO(In,H2(D))> :

Combining with and Cyr, < 1/2 yields

e 2= | B |72 p) < I BRI 2 ) + CM; W2 deull2 1, 12 (py)
=1

+Cu ZTk (HTQL(attU)H%oo([k,B(D)) + HT2UHI2/V2700(I,€,L2(D)) + thuH%OO(Ik,HQ(D))) :
k=1

The inequality Y ;_; ap < 4Cty, finishes the proof. O

Lemma 6.7 (Full energy-error estimate for E}'). We use the notation and the assumptions of

Lemma . It holds

Cartn Cartn
IER Iz ey < e | Rl By + Care* M 1hull2 0.1, 112y
n

+Cure' Ot S 7 (I L(Ou) e 1,110y + 1Tl ) + Il 2o ) -
k=1

Proof. The proof is analogous to the proof of Lemma by combining equation with Lemma
O

Following the ideas of [38], we want to show that the solution uj} of the original discrete problem
is identical to the solution U of the auxiliary problem implying that the estimates in
Lemma and hold equally for u}!. For that purpose, we want to show that if 7, is sufficiently
small it holds ||U}||pec(py < M for all n > 0. Then, by the properties of fis, we obtain equality
of up and UJ'. To show the desired boundedness we can use again Lemma which guarantees
thHLOO(D) < Coothv'Uh”LQ(D) for all vy, € S},.

Conclusion 6.8. Let assumptions (A1)-(A7) be fulfilled and let h and 7,, be such that £5(hu.. +

72) — 0 for h, 7, — 0. Then, for all small enough h and 7, the corresponding solution U (i.e. the

solution for fjs as specified in Lemma fulfills
|UR oo (D) < M.
Proof. We have U} = E}' + Py (u"). Using and Lemma we get

1UR oo Dy < 1P(u™)]| oo (D) + Coo vV OELL | EL || (D)

The term Py (u") is uniformly bounded by (A7) and the Poincaré-Friedrichs inequality with || P, (u")|| e (p) <
Cy1,codiam(D)||Vu" || oo (p). Let us hence consider the second term. Fixing the model problem (and
assuming (A1)-(A7)), the only variables are h and 7,,. With this, we can write Lemma[6.7 as: there

exists a constant C' (M), which is independent of h and 7, such that

I3 5@) < CM) (hone + max, 72)

Consequently, for each given € > 0, we can pick h(M) and 7,,(M) small enough so that
O (M)ER | ) < C(M)lp(M)(huax (M) + IE}&XNTVQL(M) <e

If we choose h and 7, small enough so that Coo/Crln(M)|E} || gy < llullwiee(r, wiee(py), then
we obtain ||Up || e (py < M as desired. O
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Observe that Conclusion proves Proposition 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
holds true. Since ||U}}|| oo (py < M we obtain from the properties of fys (see Lemma that U}’
must be identical to the solution uj of 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 respectively Lemma and where (P (u™) — u™) can
be estimated in the usual matter. A Lagrange-interpolation error estimate for the initial value
up € H?(D) concludes the proof. O]

7 Numerical experiments

In this section we investigate the performance of the one-stage Gauss-Legendre implicit Runge-
Kutta scheme stated in Definition and compare it with the approximations obtained with the
Backward-Euler method to stress the importance of the discrete mass conservation. We consider
the computational domain D := [—6,6]? and the time interval [0, Ty...] := [0, 100]. We seek a solution
u € C°([0,T), H} (D)) to the time-dependent Gross-Pitaevskii equation

1
i0yu = —EAu+Vu—Q£zu+ﬁ|u|2u in D, (53)

where we recall £, = —i(z0, —y0,). We use the following configuration. We chose 8 = 100,
Q0 = 0.8 and the harmonic potential

_ ey’

V(x): 5

with trapping frequencies v, = 0.9 and v, = 1.1. The initial value ug = u(-,0) is chosen as the
L?-normalized ground state eigenvector of the Gross-Pitaevskii operator Go(v) := —%AU +Wuv -
0.8L.v + 100|v[>v with Vy(x) = 3(2? + 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 [I3]. Starting from this setting, we wish to simulate the dynamics of ¢ in the anisotropic
trap V, i.e. we solve numerically. The problem is picked in such a way that vortices, i.e. density
singularities, are formed in the condensate (see Figure [3| and . We define the energy by

Ew) = (0.0)mm) + [ (sl + Slol"),
D
which is a conservative property of equation (53]).

We demonstrate the efficiency of the Crank-Nicolson-type IRK scheme (as stated in Definition
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 approxima-
tions vanish quickly. In all our computations we use a uniformly refined triangular mesh 7T, 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 and the Backward-Euler
scheme 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
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4.170=-02

t=0 t=20 t=40

=60 =80 =100

Figure 1: The figures show the approzimations for the particle density obtained with the Crank-
Nicolson 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%.

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 wth the corresponding quantities obtained with the
Crank-Nicolson-type IRK scheme. Recall that the IRK always conserves the mass.

T ‘ T H ||U;XBE||L2(D) ‘ ||UhNIRK||L2(D) H 5(UhN,BE) ‘ E(U;XIRK) ‘

1 |100] 26-10717 1.0 6.9-1073* | 3.36455
1071 10 0.13275 1.0 0.02309 3.19203
1072 1 0.91676 1.0 2.52235 3.19383
1073 ] 0.1 0.99905 1.0 3.18549 3.19383

to reach a given tolerance. In the following, we shall denote Backward-Euler approximations by
UZ ppr and IRK approximations by u’g IRK"

Due to the structure of the problem, we could use exact integration when assembling 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 residual 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



24

2.245e-16
2216

7
5

| aaRRRRRREEERERE ]
]

g
g

5.306e-02

=]
o
5]

aaalG
B

0.000e+00

Figure 2: The figures shows 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.
_3073e-02
lnmmu

Figure 3: The figure depicts numerical approzimations for the particle density p(-,T) = |u(-, T)|?
at T = 1. The left approximation is a Backward-FEuler approrimation computed with time step size
T = 1072, whereas the IRK approximation on the right is computed in one time step, i.e. with ™= 1.

time steps with 7 = 0.1 the conservation of energy already improved to a relative error of below
0.03% which is insignificant considering that the reference energy (at ¢ = 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 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 unconditionally stable,
suffers from a major loss of energy and mass. This is clearly shown in Table[l] 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
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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 [2 Here
we compare Backward-Euler and IRK approximations for large time steps 7 = 1. We can see that
even though ]uﬁ 7 RK\Q is not particularly accurate, it still preserves the structure of the condensate,
whereas ’UZ B E\Q quickly collapses into a vanishing mass that fully contradicts the correct physical
behavior.

Finally, in Figure [3| 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 |u’,"{ B E|2 has clearly not
yet the quality of ’“Z,IRKP-

In summary we conclude that even though the Backward-Euler scheme seems to be uncondi-
tionally 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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on the initial version of this manuscript, which helped to improve the contents of this paper signifi-
cantly. Furthermore, the authors thank Jiirgen RoBmann for the helpful and enlightening discussions
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