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Abstract

A new linear and conservative finite difference scheme which preserves discrete mass
and energy is developed for the two-dimensional Gross—Pitaevskii equation with angular
momentum rotation. In addition to the energy estimate method and mathematical
induction, we use the lifting technique as well as some well-known inequalities to
establish the optimal H'-error estimate for the proposed scheme with no restrictions
on the grid ratio. Unlike the existing numerical solutions which are of second-order
accuracy at the most, the convergence rate of the numerical solution is proved to be of
order O(h* + 72) with time step 7 and mesh size 4. Numerical experiments have been
carried out to show the efficiency and accuracy of our new method.
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1. Introduction

Through proper nondimensionalization and dimension reduction, the dynamics
of a rotating Bose—Einstein condensate (BEC) can be well described by the
following Gross—Pitaevskii (GP) equation with angular momentum rotation (AMR)
in dimensionless form [3, 20]:

0 =[-3A+V(x) - QL. + Byl ly, xe€R? t>0.

Here i = V-1, d =2,3, x = (x,y) € R? or (x,y,2) € R?, t is the time variable and
Y(X, 1) is the unknown complex-valued wave function. Note that V(X) is a real-valued
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function related to the external trap potential and, in most experiments, it is chosen as
a harmonic potential, that is, as a quadratic polynomial. The dimensionless constant Q
corresponds to the angular speed of the laser beam in experiments and g characterizes
the interaction (positive for repulsive interaction and negative for attractive interaction)
between particles in the rotating BEC. Moreover, A is the Laplacian operator and L, is
the z-component of the angular momentum defined as

L, = —i(x0, — y0,) = —i0y,

where (r,60) and (r, 6, z) are the two-dimensional (2D) polar coordinates and three-
dimensional (3D) cylindrical coordinates, respectively. In fact, since the first
experimental implementation of a quantized vortex in a gaseous BEC [18, 19], which is
relevant to superfluidity, theoretical and experimental advances in rotating BECs [6, 9]
have spurred great excitement in atomic physics and the computational and applied
mathematics community.

In this paper, we focus numerically on the 2D case

04y = [-1A+ V(x,y) - QL. + Byl l¥, (x,y) eRXR, 0<:<T, (L)
subject to the (I, )-periodic boundary conditions

Uy, ) =y(x+1,y,t), Yxy0)=vxy+Dh,1), xy)eRxR, 0<t<T,
(1.2)

and the initial condition

ll/(-x’y90) ZWO(XJ), (X,J’) ERXR’ (13)

where ¥o(x,y) is a given (/1, [)-periodic smooth complex-valued function. In addition,
it can be verified that the initial boundary value problem (1.1)—(1.3) possesses the
following mass and energy conservation laws:

M@y(..1) = fz)ll//(',t)l2 dxdy=M@), 120,

and

EQ (1) = fD [%IWIQ + VW~ QUL + §|w|“ dxdy = EWo), 1>0,
where D = [0, ;] X [0, l,] and ¢ refers to the complex conjugate of .

The GP equation with AMR has been vigorously studied in theoretical analysis and
numerical simulations. For the derivation, well-posedness and dynamical properties,
we refer to the papers [13, 17], the book [20] and the references therein. Numerically,
various algorithms have been developed, including the finite difference method [3, 25],
the finite element method [14], the time-splitting pseudo-spectral method [23] and so
on. For the 1D GP equation including the nonlinear Schrédinger (NLS) equation, the

unconditional and optimal error estimates for conservative finite difference methods
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have been established by Chang et al. [7] and Guo [12]. Note that their proofs heavily
rely on the discrete conservative property and the discrete 1D version of the Sobolev
inequality

Iflle < Collfllzn forall £ e H'(D) with D c R.

Such an inequality in 2D or 3D is no longer valid, which causes serious difficulty
in obtaining an a priori uniform estimate of the numerical solution. Thus, few error
estimates of the finite difference method are available in the literature for the 2D
GP equation with AMR. For the second-order finite difference method of the GP
equation with AMR, the first result about the error estimate was given by Bao and
Cai [3] with the aid of the cut-off technique [21]. Nevertheless, a weak condition
on the time-step size is involved in the corresponding error analysis. For Q # 0, the
convergence rate in the discrete H'-norm is merely of order O(h3/? + 73/2), which is
not optimal according to the numerical results. Further introducing a lifting technique,
Wang et al. [25] established an optimal H'-error estimate for another Crank—Nicolson
finite difference scheme; the convergence rate, with no restrictions on the grid ratio, is
of order O(h? + 72).

Recently, there has been growing interest in high-order methods for solving partial
differential equations. It was shown that the high-order difference methods play an
important role in the simulation of high frequency wave phenomena. For example, it
is convenient to incorporate compact finite difference methods to achieve a high-order
scheme. There have been a few fourth-order compact schemes for the NLS equation,
which is a special case of the GP equation, as well as their convergence analysis. Liao
and Sun [16] established the maximum norm error estimate for linear Schrodinger
equations in 2D/3D. However, their analysis technique cannot be directly used in
nonlinear problems. Wang et al. [24] developed a new technique to analyse a compact
difference scheme for the 2D NLS equation and it was proved to be convergent,
with no constrains on the time-step size, at the order of O(h* + 72) in the discrete
L?>-norm. Nevertheless, due to the introduction of the angular momentum rotation
term, this method [24] still cannot be directly extended for the analysis of the GP
equation (1.1)—(1.3).

To the best of our knowledge, the compact finite difference method has not
been applied to the GP equation with AMR and the existing finite difference schemes
are of second-order accuracy at most. Therefore, it is desirable to construct a high-
order scheme for the GP equation with AMR. In this paper, we first develop a
fourth-order conservative difference scheme for solving the initial boundary value
problem (1.1)—(1.3) and then prove that the proposed scheme is convergent at the order
O(h* + 1) in the discrete H'-norm, which is optimal according to the local truncation
error. The application of the lifting technique [25] removes the restriction on the mesh
ratio, which is needed to estimate the maximum norm boundedness of the numerical
solution of Bao and Cai [3]. Another aspect of this paper is that we have obtained
a higher order of spatial convergence using the fourth-order finite difference scheme.
Unlike the known analysis techniques [16, 24], the key strategy in the proof is the
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utilization of the circular matrix operation and the equivalences of several discrete
semi-norms for error estimates.

The remainder of the paper is organized as follows. In Section 2 some notation is
given and the fourth-order difference scheme is proposed. In Section 3 we introduce
some auxiliary lemmas for our error analysis. We discuss the existence of the
numerical solution and the discrete conservation laws in Section 4. In Section 5 the
convergence and stability of the proposed scheme are analysed. Numerical examples
are presented to show the efficiency and accuracy of our method in Section 6 and
concluding remarks are given in Section 7.

2. Notation and the fourth-order finite difference scheme

Numerically, we study the initial boundary value problem (1.1)—(1.3) in a finite
domain D X [0, T]. We start with introducing some notation. For N € N, let the
time step 7= T/N,t, =n1,0 <n < N and denote 7. ={t, =nt|n=1,2,...,N — 1},
T!={t,=nt|n=0,1,2,..., N-1}and 7/ ={t, =nt|n=0,1,2,...,N}. Given
a temporal discrete function {u" | t, € 7'}, we denote su" = (W' —u"1)/27,u" =
@ +u"/2,t, € T7 and 6 u" = (W —u) /1,1, €T,

Besides, let J, K € N, hy = [1/J, hy = [,/K, h = max{h;, hy}, xj = jh;,0< j < J -1,
Vi =khy,0 <k <K -1 and the grid 7, = {(x;, ) 10<j<J-1,0<k<K-1}. To
approximate the periodic boundary conditions, we assume that x_; = —hy, x; = Jhy,
y_1 = —hy, yx = Kh, and the extended discrete grid Tf ={(xj,y) 1 j=-1,0,...,J;

k=-1,0,1,...,K}. Given a grid function u = {uj | (x;,yx) € ThE}, we denote
Wil — Ujk Wil — Uj—1 k Wit — 2k + Uj1k
Siuy = L Oxlhjk = e 5)2c”.ik = 2j —,
hy 2h; h
_ Uj—1k T IOujk + Uji1k 3 _ Uj-1k + 4Mjk + Ujr1k
ﬂh]ujk = 2 5 mUjk = 6 >

: 2
where (xj, y¢) € 7. Difference operators 6y uji, Oyttji, Oyt jis Apyttjic, Bpyujp are
similarly defined.

A matrix in the form

ap ay ... dp—
ay—1 Ao ... Qap-=
A=
aq ay ... ap

is called a circulant matrix [11]. Since the matrix A is determined by the entries in the
first row, the matrix may be denoted as

A =C(ag,ai,...,a,1).
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To approximate the Laplacian operator and the rotation operator, we introduce the
following matrices: in x-direction,

1 1 1
D =—C(-2,1,0,_3,1), Di=—C(0,1,0;_5,-1), DI=—C(-1,1,0;_5),
> h%( 7-3, 1) 1 2h1( 7-3,—1) o hl( J-2)

1 1 1
D)_( = C(I;O‘Ifzy _1)’ A)QC = C(lo’ 1’0J73’ 1); A)lc = _C(4’ 1’0173’ 1)5
h 12 6

By =)', Bi=A)", X =diagxo,x1,...,x1);

and in y-direction,

, 1 1 1
D)= —=C(-2,1,0g_3,1 D =— -1,0¢g_3,1 D = —C(-1,0x.,1
A h%C( 1,03, 1), Dy 2th(O, ,0k-3,1), Dy h2C( , 02, 1),

1 1 1
Dl =—C(1,-1,0k-2), A)=-—=C(0,1,0x-3,1), A} =—-C(4,1,0¢3,1),
hy 12 6

By =A™, B =AD", Y=diag(o ..., yk-1)

where 0,, is a row vector with m zero elements. Note that Dy, A}, A}, By, B} are
symmetric circulant matrices, D} is an antisymmetric circulant matrix, DY, D" are
circulant matrices and w = x or y.

Let Vi, = {u= (uj) | (xj,yx) € 71} be a space of grid functions. For u € Vj, we
introduce the discrete version of the Laplacian operator, the gradient operator and the
rotation operator in the matrix form as

Viuj = (Dyu+uD))je, Awuj = (B5Du + uD)B}) i,
Vi = (Diw)j, @D )", Llup = —i(XuD)B) — B{D{uY),

where (x;,yi) € 7. For any two grid functions w,v € Vj,, we define discrete inner
products and discrete (semi-)norms, respectively, as

J-1 K-1
W) =hihy D0 wide Il = onw), vl = V=B, w),
=0 k=0
J-1 K-1
il = VWP + 19012, [l = 3 ko )" > wil, 1< p <o,
j=0 k=0
1 J-1 K-1
2 2 — h
wlles = max_fwil,  &(w) = Shwih + hika " > (Vielwl? = QibjLwj).
(30T 2 priy

In fact, it can be verified that

IVwll = AT, Vi) = /(D2w, Dw) + (oD wD?)
= \/—(DiﬁDfW, w) — (wD,D”,w) = \/—(D’z‘w +wD), w)

= - (Viw,w).
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Throughout the paper, let C be a generic positive constant independent of 4 and t;
the notation p < g means that there exists a constant C such that |p| < Cgq. To introduce
some lemmas for error estimates, we first make the following assumptions.

AssumpTioN 2.1. For the external trapping potential V(x,y) and the rotation speed £,
we assume that there exists a constant y > 0 such that

V(x,y) € C(D), V(x,y)> 3 +y*) forall (x,y) € D,[Q| < 1.
AssumptioN 2.2. For the regularity of the exact solution ¢, we assume that
Y eC(0.T; L*D)NCX0.T; WD) nC(0,T]; WO(D) N H)(D)).
2.1. Fourth-order compact approximation of spatial derivatives
Lemma 2.3 [16]. Let g(x) € CO([xj-1, xj+1]) and {(2) = 5(1 = 2)* = 3(1 — 2)°; then

8" (xj-1) + 108" (x)) + 8" (xjr1)  8(xju1) — 28(x)) + g(xj-1)
12 B h?

* 360 f [g€(x; — Ahy) + g©(x; + AL () dA.

Levmva 2.4. Let g(x) € C3([xj-1, Xj+1]) and Z(A) = 4(1 — 2)* = 3(1 — A)*; then

g (xj-) +4g'(x)) + &' (xj1)  8(xju1) — 8(xjo1)
6 B 2h,

Y f (6% (x, — Ahy) + g90x; + A)IZCD) da.

Proor. Taylor’s formula with the integral remainder yields the result and we omit the
details here for brevity. O

For the discretization of the second- and first-order derivatives ¢, and ¢, of the
(11, I)-periodic function ¥(x, y, ), we derive from Lemmas 2.3 and 2.4 that
ﬂhllr//xx(xj’ Yis t,,) = 6)25110()6], Yiks t,,) + (n;);,k, (Xj, yk) € 771’
Bhl wx(-xj9 yka tn) = 6X¢,(xjs yk7 tn) + (77)16);1/@ (xjs Yk) € Th»

that is,
WX Yoo tn) = A S0y 1) + A )i (o 00) € Ty
WX Vi 1) = By 6.0(xjo yio 1) + By Yo (xjo i) € T
where
)i = 365 60 f (WO (x; = Ay, ye tn) + WO (xj + Ak, yi 1)) dA,
= 1 f WOt = A, v 1) + 0Oy + A, yio 11D A,
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The corresponding matrix form of the above equations is

AW = D" + ()" = Y, = ByDyy" + By(ny)”, (2.1)
Al = D" + ()" = ¥ = B{DY" + B{(n1))", (2.2)
where ¥y, = (W5 (x, ), ¥y = W (xj, yi)), " = (" (xj, yi)), (1), (177)" € V.
Similarly,
WILAL =y D} + ()" = W, = ' DB, + (7)) B), 23)
WA =y D) + (7)) = ¥ = ¢" DB} + ()" B, 2.4)
where

w;'y:(w;'y(x,»,yk)) W= W), s (Y € Vi,

(m)j = 360 f [y (xjo i = A, 1) + Y50 (e yic + Aho, 1)1 (D) dA,

(Tﬁ)?k f [lﬁ(s)(xj,Yk = Ahy, 1) + ¢§§)(Xj,yk + Ahy, 1,)14(2) dA.

144

Using (2.1) and (2.3), we represent the action of the Laplacian operator as
AY" =yl + U
= BIDy" +y"D,B) + BS(y)" + (,)" B,
= A" + By(my)" + ()" By (2.5)

Then, for the rotation operator, we derive from the identities (2.2) and (2.4) that

Ly = —i(Xy" ~ y'Y)
= —i[X(y" DB + (n)"B)) — (B{D{Y" + B{(7))")Y]
= —i(Xy"D|B, — BiD{y"Y) — iX(7))"B] + iB\(n7})"
= L'" — iX(1))"B} + iB}(})"Y. (2.6)
2.2. Fourth-order linear finite difference method Now we can incorporate the
fourth-order compact approximations (2.5) and (2.6) into the initial boundary value

problem (1.1)—(1.3) in space and use a three-level linear difference method in time to
arrive at a full-discrete system:

O = (=3 8n + Vi = QUW, + B P, (o) € Ty tw €T, (27)
" eVy, 1, €T/, (2.8)
WO = wo(xp ). (X530 € Ths (2.9)

where Vi = V(x;, yi). As a three-level scheme, the above scheme cannot start by itself.
We can compute the numerical solution at the first step by any explicit second-
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or higher-order time integrator, for example the following second-order modified Euler

method:
, 1
07 = (~ 30 + Vi = QU + BRI, (v €Tin 210)
T 1
WP =y, - 15[(—§Ah V- QL?)I,[/?]{ + BSPuY, | @.11)

In practical computation, the order of the execution of the scheme (2.7)—(2.11) is
aligned as follows. If ° is directly given in (2.9), then y! is obtained from (2.10)
and (2.11). If y" ',y forn =1,2,...,N — 1 are obtained, then y"*! can be derived by
solving a linear system defined in scheme (2.7) as

(1 - %Ah +itV - irQLf)w“ + B -y = (1 + i%Ah — itV + iTQL?)L//n_l
— By -y

and the computational cost is apparently cheaper than the conservative Crank—
Nicolson finite difference method [3, 25], which is globally nonlinear and implicit
at each discrete time step, and a set of nonlinear algebraic equations has to be solved.

3. Some useful lemmas

To establish an optimal H'-error estimate for the approximate solution of the
proposed scheme, we need the following lemmas.

Lemma 3.1. For matrices DEV, D‘IV, DY and DY,
D" =-D*, Dy=D'D}=DYD* Dy=XD}+D"), w=xory.

Proor. It can be directly verified by using the definition of the matrices DY, DY, DY
and D". O

Lemma 3.2 [11]. For a real circulant matrix A = C(ay, ay, - . . , ay—1), all eigenvalues of
A are given by

fler), k=0,1,...,n—1,
where f(x) = ag + a\x + ayx* + -+ + a1 X" and & = A,
Levmva 3.3. For circulant matrices A}, A, A, A7,

AS=FYAF;, A)=F{AFx, Af=FYAF;, A =FiAFgx, (3.1

respectively, where F is the discrete Fourier transform matrix with elements (F ) ;x =
(1/ NJ)e @ ikD | FH s the conjugate transpose matrix of F; and Fy, F¥ are defined
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similarly. Furthermore,

Al = diag(/lA;,O,/lA;,l, v dazg-1), Aay = % + écos 2JT7T 0<j<J -1,
Ap = diag(Apy 0, Aay 15> Ay k-1)s  Aax = 2 + écos %, 0<k<K-1,
Az = diag(/lAT,g,/lAf,l, .. .,AA)IC,j_l), Az j = % + %cos ZJTH 0<j<J -1,
Ay = diag(/lA.Y,O,/lA)]',l, .. .,/lA.Y,K_l), /lA.;‘,k = % + %cos %7” 0<k<K-1

Proor. It follows from Lemma 3.2 that

A= 510+ I 4 (2D - 6(5 +cos %)

Then Ay 4, Aay j and Ay can be similarly obtained. Since A3, A}, Af, A are circulant
matrices [11], we have (3.1). Further, it may be verified that

1<, A <3 1<, Ay <3, (3.2)
which completes the proof. O
Lemma 3.4. For circulant matrices A, B € R and C, D € RK*X,
AB=BA, CD=DC.
Proor. Noticing that A, B are circulant matrices [11] of order J,
AB = F!AsF;FY ApF; = FIAsApF; = FApAsF; = BA,
using the fact that F1F7 = 1. Similarly, we have CD = DC. O
Lemma 3.5 [10]. For any A € C/, B e CK*K and u,v € V), there exist identities
(Au,v) = (u,A"v), (uB,v) = (u,vB").
LeEmma 3.6. Foru,v € V,
(Apu,v) = (u, Apy),  (Lhu,v) = (u, L'v).
Proor. It follows from Lemmas 3.4 and 3.5 that
(Apu,v) = (B3D3u,v) + (uD, B}, v)
= (u, D3Byv) + (u,vB) D))
= (u, BiD3v + vDB))
= (u, Apv),
(L'u,v) = —i(XuD),B] — B{DjuY,v)
i(u, XvB| D)) — i(u, D{B}vY)
i(u, XvD|B| — B{D}vY)
= (u, L),
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which yield
(L'u,u) = (u, L'u) e R (3.3)
and this completes the proof. O

Unlike the analysis techniques [16, 24], we here utilize the circulant matrix
operation to prove the following equivalences of discrete semi-norms:

2
|l ~ IVuell, NN Apull ~ |[Vull.

Lemma 3.7. For any grid function u € Vy, the following inequalities hold:

V6
IViull < fuly, < TIIVWII- (3.4
Proor. Using the definitions of ||Vj-|| and | - |;, we obtain from Lemmas 3.1, 3.4 and
3.5 that
IVuull> = —(Dyu, u) — (uDy, u)
= (Du, DXu) + uD’,,uD’)
and

lul; = —(B5D3u,u) — (uD} B, u)
= (ByD{u, D{u) + (uD’, B, uD’)
= (ApFyDiu, FyDiu) + (uDiF,I?AB,;, uD, F?).
Comparing the above equations, and using inequalities (3.2) and the equations
FU'F,;=1, FlFx=1, (3.5)
we immediately obtain inequalities (3.4). O
Lemma 3.8. For any grid function u € V), the following inequalities hold:
IV2ull < 1&gl < 31V 2ull. (3.6)
Proor. The definitions of ||Vi-|| and ||Ap-||, along with Lemmas 3.1, 3.4 and 3.5, yield
IVoull* = (Dju + uD}, Dyu + uDy)
= (D3u, D3u) + (D3u,uD}) + (uDy, Diu) + (uD}, uDy)
= (D3u, Dyu) + 2(D5uD, DiuD’,) + (uD}, uDy)
=1+ 211 + 111,
lAwul® = (B3D3u + uD)B), ByDu + uD),B})
= (B3D}u, BiDsu) + (B3 Dyu, uD),B)) + (uD3 B}, BiD3u)
+ (uD}B}, uD}B))
- (AZ%FJD“EM, F;D3u) + 2(Ap; FyDiuD' F, F DiuD’, F{ Ag)
+ (UDyFY ALy uDy )

=T+ 211 + 111
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From (3.2) and (3.5),
Tl 9 9
<< I andsimilarly 1< T< 7L HI< I < 7L

Combining these inequalities immediately yields inequalities (3.6). O

Lemma 3.9. Under Assumption 2.1,

1/, 90?2
2(1—#—)||th|| < &) < IVpull® + llull*. 3.7

Proor. From Lemmas 3.1 and 3.5,
[luDy|* + ID{ull* = [lu(D’, + DI + (DY + D¥)ull’]

LD + luD” P + ID%ull* + IDZul?)

luD’ | + 1D ull”

= —(uD) + Dju,u)

= IVl (3.8)

N

Under Assumption 2.1, from (3.2), (3.3), (3.5) and (3.8),
—Q(L!'u,u) = Qi(XuD' B} — B{DjuY, u)
= Qi(uD{B{,Xu) — Qi(B{Dju,uY)
> —|Q| - [|uD)B||| - IXull = |Q - [|B{Dyull - ||uY|

@ s ), & 2 K
>_ﬁ”uD}IB)1” —7||XM|| —ﬁ”BTDT”” _?””Y”

Q2 d \2 2 :uz 2 2
= 5, (D1 (B)Y ub)) + (B Dju, Do)l = - (IXull* + 1Y)

9 o2 -1 K-1 ,u
> (IIMD’II2 +ID{ull?) = h hz 3 X+ ylul?
k=0

\

T
<)

9Q2 J-1
> —anhum —hihy ij|btjk|2 (3.9)
H =0 k

N

~.
I
(=)

and
IL!ull* = \XuD) B} — BiD{uY|l*
< 2(1XuD)B)|* + |B{D{uY|[*)
= 2[(X*uD)(B})*,uD)) + (B})*DjuY?, Dju)]
< D} + IDjull®
< |IVaull. (3.10)
Along with the definition of &(u), we derive (3.7) from (3.4), (3.9) and (3.10). O
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Lemma 3.10. For the approximation Y € V), there exist the following identities:
Im(-3A" + V -y = QLYY ") = 0, (3.11)
1 _ _ _ 1 _
Re(—zAhw" +Vyt - QLY w") = @ h-e@w L (12)

where “Im(s)” and “Re(s)” mean the imaginary part and the real part of a complex
number s, respectively.

Proor. The definition of £(i") together with Lemma 3.9 gives
Im(-1A" + V¢ — QLAY ¢ = Ime(y™) = 0
which is (3.11). From Lemma 3.6,

Re[—(Awy™ " D) + (A" Ly ] =0
Re[—(L?WH] , w}'lf]) + (Lillﬁnfl , wnJr])] — 0

Using the above identities,

1 _ 1
Re(‘zAhw", W”) = —oRe(Ay"™ !+ Ay =y

8t
1 _
= g2 W=D,
J-1K-1
Re(V ", 50") = J-Reluhn 3 3" V' + i g - |
j=0 k=0
1 J-1 K-1
= Vi ' P = 15 P,
j=0 k=0

—QRe(sz,//‘,étl//") _ —%Re(Lfl//‘“ + Lill//n—l,ll/ﬁl )
_ _%[(L?wnﬂ,wnﬂ) _ (ngn—l7¢n—l)]'
Adding the above equations yields (3.12). O
Lemwma 3.11 [27]. For any grid function u € Vj,
llulleo < Clladl"= (Ve + el )"
ford=2,3.

4. Existence of solution and conservation laws

In this section, we show that the proposed scheme is solvable and it possesses the
discrete mass and energy conservation laws.
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Lemma 4.1 (Browder fixed point theorem [5]). Let (H, -, -)) be a finite-dimensional
inner product space, ||-|| the associated norm and g - H — H a continuous function. If

there exists « >0 forallze H ||z|| = @, such that Re{g(z),z) =0
then there exists a 7* € H, ||Z°|| < a such that g(z*) = 0.
TueorEM 4.2. The linearized equation system in scheme (2.7)—(2.11) is solvable.
Proor. Note that the assertion for (2.10) is true. For a fixed n, (2.7) can be written as
Y=y —in(= AT+ V= QLI+ BT -y,
Yy eV YT EVh,
where [y - " = (7 IZW’ ). We define a mapping ¥ : V), — V;, as follows:
Fw=w—y" " +ir(=1Aw + V- w—QL!w + "> - w), (4.1)

which is continuous. Computing the inner product of (4.1) with w and taking the real
part, we obtain from Cauchy—Schwarz inequalities and Lemma 3.9 that

\

-1 K-
Re(Fw, ) = Il = Re("", w) = I (u) + Bl AR
Jj=0 k=0

H

I
(=)

= |wl* — Re@"™", w)
Wl =l - liwll

>
1 (1ol -2
> 3(WIl” = 1" 119).

Hence, taking @ = +/|ly" 1|2 + 2 for ||w|| = @, we have Re(Fw,w) > 1. Thus, the
existence of ¢ follows from Lemma 4.1 and, consequently, the existence of y"*!
is obtained. O

THeorEM 4.3. The proposed scheme (2.7)—(2.11) is conservative in the sense that for

tn € Tr,
M" = LR+ ) = MO, 42)

B J-1 K-1
[8<l/'"“>+ s+ S ) ) WP = £ 4.3)

j=0 k=0

Proor. Computing the discrete inner product of (2.7) with " and then taking the
imaginary part, we derive from the identity (3.11),

1
4—(I|l//"+lll2 —Ily""1%) =0,
-

which yields (4.2).
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Similarly, computing the discrete inner product of (2.7) with 276" and then taking
the real part, we obtain from the identity (3.12),

J-1 K-1
[e(W*‘) w1+ h i Y WP - P =0, teT
j=0 k=0
that is,
,8 J-1 K-1 J-1 K-1
s(W‘“) +Shih W Py = s(w" N+ h 1hy WP
Jj=0 k=0 j=0 k=0
which gives (4.3). O

5. Error estimate of the scheme

In this section, we establish an optimal H'-error estimate for the proposed scheme,
without any constraints on the grid ratio. We define the local truncation error " € V),

by
My = 6% + 50w = Vi + QLG = B3P oy, (o) € Ths 1 € Try (5.1)
M =07 %+ GAn = Vi + QLG = Blo P07 (y) € Th (52)
T 1
O = %~ iz| (-5 00 + Vie = QU + BALPA] ivoe T 53)
where

¢ = U Y tn)s B = —<¢"*‘ +@5 ), o= —<¢"*‘ ¢

Lemma 5.1 (Local truncation error). If Assumptions 2.1 and 2.2 hold, then the local
truncation error of the proposed scheme satisfies the following inequalities:

"l < C(h* + %), t, €T, (5.4)
Il < Ch* + 75, IVl < C* + 7, Il < C. (5.5)

The proof of this result is presented in Appendix A.
Let us now define an error function " € V, by

S =¢h — Vi YD) ETH €T

Then, for the convergence analysis for the proposed scheme, we have the following
theorem.

THeEOREM 5.2. If Assumptions 2.1 and 2.2 hold, then there are hy > 0 and 7y > 0 such
that for all 0 < h < hy and 0 < T < 1, the error of the proposed scheme (2.7)—(2.11)
satisfies the inequalities

le"ll < Ch* +7%), t, €T, (5.6)
le"llo <C, W'l <C, 1, €T/, (5.7)
IV,e?ll < C(h* + 72). (5.8)
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Proor. Subtracting (2.7) and (2.10) from (5.1) and (5.2), respectively,
i, = (=30, + Vi = QLD + &4 + 1y, 1 €T, (5.9)
i6; €% = 1'% (5.10)
where
f;?k = ﬁ|¢7k|2¢r}k _,3|W;k|2‘ﬁ7k
= B = Wi + By el
= BBy + U@ + Bl (5.11)

Here we use mathematical induction. From (1.3) and (2.9), we find that (5.6) and
(5.7) are apparently true when n = 0. Then it follows from (5.5) and (5.10) that

lle'l = l-irn’ll < Cr(h* + %), (5.12)
IV5e'll = 7lIVin°ll < Cr(h* + 7%, (5.13)
lle!leo = I=itn’lle < C, (5.14)

1 1 1
1 lleo < l¢ " Mleo + Ml lloo < C,

which implies the validity of inequalities (5.6) and (5.7) when n = 1. Now we assume
that (5.6)—(5.7) are true for all 0 <n < m — 1 (2 < m < N); then, from (5.11),
€™l < Cle™ M+l + le" '), 1<n<m-1. (5.15)

First, we need to prove that (5.6) is still true when n = m. Computing the inner
product of (5.9) with ¢" and taking the imaginary part, from (3.11), (5.4) and (5.15),
”en+1||2 _ ||en—l||2 — ZTIm(égn + 7]”> erH—l + en—l)
<20(I"1P + 1" I + e P + 1le™ ' 1)
< Cr(lle"™ P + 11"l + 1le" M IP) + Cr(h* + 722,
that is,

HE e P < Crle™ P + el + lle P + Cr(h* + 72

lle
Summing all these inequalities with n changing from 1 tom — 1,

m
2 =12 12 02 12 4 27\2
e + lle™ I = lle! I = 1"l < C7 Y lleI? + CT(h* + 7)2.
=1

Using (5.12), we rewrite the last inequality as
m
e < Cr )"l + C(h* + 7).
=1

This, together with the Gronwall inequality [15], yields (5.6) for n = m. Then
le"ll < C(h* +7%), 0<n<m. (5.16)
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Next, we need to show that (5.7) is also true when n = m. From inequality (3.10),

ILL"IP < ClIVAe"IP
= —C(Vie", e")
2
< ClVie"ll - llel
1 2 2 22 2
@Ilvhenll +e Clle”ll

2
1

<[ ==lV5ell + eClie”ll
2e

that is,
1
||L?e”|| < 2—||Vf,e”|| + &CJle"|| forall € > 0. 5.17)
: &

We now utilize the lifting technique [25] to prove the boundedness of ||¢”|. It follows
from (5.9) and Assumption 2.1 that forn=1,2,...,m -1,

1 -1 1 -1 h 1 -1
An(e™ + " DI < CliSee"|l + lle™ + "Il + [IL2 (™ + " DIl + 11" + 1" 1D)-

(5.18)
Considering each term in the right-hand side of (5.18) and using (5.4) and (5.15)—
(5.17),
l6:"ll < CT'(lle" | + lle" ') < O~ (h* + ),
e + e M < Ml | + lle" M| < Ch* + 1),

L2 ™! + DIl < =V + " DI+ eClle™! + "]

1
2
||V a4 h + eCht + 1),
"1 + NIl < C(h4 +7°).

Substituting these estimates into (5.18) and taking € = C, one can obtain from (3.6),

Vi + e hli<Cr 't +1%), n=12,....m-1 (5.19)
Therefore, starting with Lemma 3.11 and using inequalities (5.16) and (5.19),

le™! + ¢ Yo, < Clle™ + ¢ 1||1/2(||V @+ e + | + 2
<

Cr'?(h*+7%), n=12,...,m—1.

The last inequality also implies that

n+1|| Ienfll n+1

<l + ¢l
<Crit s+, n=12,m-1,

lle™ oo — |

(e8]
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and, summing all such estimates with n changing from 1 tom — 1,

lle"lleo + lle” Moo = lle' oo = lle°lleo < COm = 1)z~ 2(h* + 72)

< CTT 20t + 7).
This, together with inequality (5.14), gives
le”lleo < CI1 + 732" + 7).
On the other hand, by using the inverse inequality [22],
lle”llco < Ch™'le™| < Ch™'(B* + 7).
Therefore, with no constraints on the time-step size, it is always true to have
lle"llo < €, " lloo < 18" lleo + lle™ o0 < C.

This implies that (5.7) is true for n = m; thus, the validity of (5.6) and (5.7) for#, € 7/
is proved by induction.

Finally, we present the proof of (5.8). Noticing that e(j).k =0, we rewrite (5.9) for
n=1as

%eﬁk - %(—%Ah V- QLf)e§k v el (5.20)
Computing the inner product of (5.20) with 2¢? and taking the real part,
g(e?) = —2Re(¢!, €%) — 2Re(n', €%).
This, along with inequalities (3.7), (5.4), (5.6) and (5.15), yields
V%12 < CAIEI + 1" + N1e?IP) < Ch* + 722,

which completes the proof. O

Further, in the following, we make higher temporal regularity assumption on the
solution of the problem (1.1)—(1.3).

AssumpTioN 5.3. For the exact solution ¢, we assume that
¥ € CH([0,T]; L¥(D)) N C*([0, T]; W>(D)) N C' ([0, T]; WO (D) N H)(D)).
Then we have the following result.

THeOREM 5.4. If Assumptions 2.1 and 5.3 hold, then there are hy > 0 and 7y > 0 such
that for all 0 < h < hg and 0 < 7 < 10, the error of the proposed scheme satisfies the
inequality

lle"llin < Ch* + %), t,eTV.

T
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Proor. With Assumptions 2.1 and 5.3, by utilizing (A.8) in Appendix A, we have the
following result on the local truncation error:

6"l < C(h* +7%), n=2,...,N-2. (5.21)

Then the boundedness of the approximate solution can now be utilized to establish
semi-norm estimates of the nonlinear term £” in (5.9). Invoking (5.7) and (5.11), we
first estimate

1 -1 1 -1
155" < CUIsTE™ || + I5Ee | + 165" 1 + [l + llel + lle™ ",
I55€"1 < CUISTe™ ||+ 167 €" 1+ 185" 1 + [l + llel + [l

and these inequalities lead to the estimate

VA" < CAVRE" M+ VRl + IV I+ 1™+ Nlel] + e, € T
(5.22)

Computing the inner product of both sides of (5.9) with 475;¢" and taking the real part,
we obtain from identity (3.12) that

e@) — (") = —41Re(&", 5,€") — 4tRe(n", 5,¢"), n=2,...,N—1.

These equations can be summed with n ranging from 2 to m. Now, using the identity
m m—1
20 3 8ie)y = =21 Y (O, €y + (" ™) + (" M) = (' €)= (s e
=2 =2
and then replacing m by n,

n n—1
@) + &(e") — e(€?) — e(e') = -4t Z Re(¢!, 6,¢) + 41 Z Re(5,17, )
=2 1=2

—2Re[(", ") + (") = (7', €)= (%, €], (5.23)

Before estimating the right-hand terms, we first derive from Lemma 3.1, (3.2) and
(3.5),

€', Aneh) = I(€, ByD3e' + €' D) B))|

<€, B3D3e)| + (£, ' DIBY)|

= [(D}¢, ByDie")| + |(¢'D). ¢' D) B))|

<3IDLENR + SIBs DL + 31D + Slie' DB

= 1D} + €D, &) + 3(B3)’ Die, Die)) + (' DL(B) . €' DY)

<31V + FUDYe!, Diel) + ('DY, ' D] = SIVAEIP + 5IVaelIP. (5.24)
Let us now estimate each term in the right-hand side of (5.23). For this, we use the
triangle and Cauchy inequalities, along with inequalities (3.10), (5.4), (5.6), (5.15),
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(5.21), (5.22) and (5.24), to arrive at the estimates

1 _
IRe(¢, 6,¢")| = Re(gl, i(zAh -V+ QL’;)el -ig - in’)
< 2@ Al + (@, v - & + [Im(@, QL N + Im(&. 7P|
X ) s Bh > ’ z 7]
1 9 T 1 1 7
<—V112+—V12+—12+—V2 12
IV + Tl1Vaell + SN + SIVIE e
|Q|12 |Q| h 12 112 1 112
+ IENR + I + SIE + S|
< CUIVRe™MP + VL I? + Ve P + Ch* + 792, 2<1<n,
Re(S,n', el < Sllom'IP + 31| < C@n* + 2%, 2<i<n-1,

2Re[(f", ™) + ("' e = (', €)= (P, )|
<CA" 1P+l P+ 1" 17 + e 1P + 1" 1P + eI + 1711 + lle' 1)
< C(h* + )%
Substituting these estimates into (5.23) and using inequalities (3.7), (5.6), (5.8)
and (5.13) yield

n+l
IV, P < Cr vahe’u2 +Ch*+72)?, n=2,...,N-1.
=1

Finally, using the discrete Gronwall inequality [15], we obtain ||V,e"|| < C(h* + 72),
n=73,...,N. Incorporating estimates (5.6), (5.8), (5.13) into the last inequality gives

e, < Ch* +7%), t, €T,
which completes the proof. O

Similarly, we have the following stability result.

TueorEM 5.5. If Assumptions 2.1 and 5.3 hold, then there are hy >0 and 19 > 0
such that for all 0 < h < hy and 0 <1 < 71, the proposed scheme (2.7)—(2.11) is
unconditionally stable with respect to the initial data in the discrete H'-norm.

RemMark 5.6. In fact, the existence of the discrete conservation laws is essential to
guarantee the convergence and unconditional stability of the proposed scheme [1, 8,
26] and it will not yield numerical “blow-up” for the approximate solution [26].

6. Numerical examples

In this section, results of some experiments are presented to verify the theoretical
analysis on convergence and conservation of mass and energy.
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TasLE 1. Temporal errors of the numerical solutions with # = 1,/ = 1/32.

70=1/400 719/2 T0/4 70/8
Q=0 llell1.n 0.0973 0.0259 0.0064 0.0014
Rate 1.94 2.01 2.08 *
1] 0.0048 0.0012 2.94e-004  6.82e-5
Rate 2.00 2.02 2.07 *
Q=05 el 0.0957 0.0254 0.0063 0.0014
Rate 1.93 2.01 2.08 *
1] 0.0048 0.0016 4.02e-004  9.32e-5
Rate 1.73 1.99 2.07 *
Q=09 el 0.0925 0.0247 0.0061 0.0014
Rate 1.93 2.01 2.08 *
1] 0.0059 0.0015 3.89e-004 9.09e-005
Rate 1.96 1.97 2.07 *

Exampie 6.1. We set D = [-2,2]%, V(x,y) = (x> + y?)/2 and B = 1. The initial
condition is taken as gy = (2/ Vm)(x + iy)e‘g(x2+y2). For comparison, the numerical
“exact” solution i, is obtained by the proposed scheme with a very fine mesh and
a small time step, for example 4 = 1/128 and 7 = 0.00001. Let e(t, /) denote the error
of the numerical solution with time step 7 and mesh size 4. The convergence rate is
calculated using the following formula:

Rate = In(error; /error;)
In(6,/6,)

where ¢;, error;(I = 1,2) are step size and the error with step size J;, respectively.

Convergence tests are presented in Tables 1 and 2 with different angular speeds
Q, respectively. The accuracy of second order in time and fourth order in space is
clearly observed, which verifies the preceding theoretical analysis. For brevity, we
define the Crank—Nicolson finite difference method [3] as “CNFD” and denote the
proposed scheme (2.7)—(2.11) as “LCFD”. The comparison of the spatial convergence
rate between CNFD and LCFD is presented in Table 3 and the numerical results show
that our method has higher efficiency and accuracy.

Moreover, we further demonstrate the long-time behaviour by employing a larger
time period 7 = 10. As we can see from Figure 1, the errors of discrete mass and
energy reach machine accuracy for all the choices of Q, which uniformly illustrate
the conservative properties of the proposed scheme. Notice that the small time step
7 =0.001 is used in the simulation so as to guarantee that every iteration of BICGSTAB
used for solving the linear system can converge to the desired tolerance. Otherwise,
the evolution of the errors may exhibit a slightly linear growth but with the ending
error at T = 10 of magnitude 107!, which usually is also considered as a rigorous
conservation.
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TaBLE 2. Spatial errors of the numerical solutions with ¢ = 0.05, 7 = 0.00001.

hy =4/32 ho/2 hy/4 hy/8
Q=0 llellin 6.9895e-004 4.4488e-005 2.7732e-006 1.6315e-007
Rate 3.96 4.00 4.12 *
llello  1.4387e-004 8.6196e-006 5.3437e-007 3.1465e-008
Rate 4.08 4.00 4.12 *
Q=05 Jelin 6.9054e-004 4.4015e-005 2.7445e-006 1.6147e-007
Rate 3.96 4.00 4.12 *
llelle  1.4268e-004 8.5519e-006 5.2969e-007  3.1196e-008
Rate 4.08 4.01 4.12 *
Q=09 |eli, 6.8409e-004 4.3650e-005 2.7224e-006 1.6017e-007
Rate 3.95 4.00 4.12 *
llelle  1.4173e-004 8.4978e-006 5.2596e-007  3.0981e-008
Rate 4.08 4.01 4.12 *
TasLE 3. Comparisons of spatial convergence rate with ¢ = 0.05, 7 = 0.00001, Q = 0.3.
hy =4/32 ho/2 ho/4 hy/8
CNFD |lell1.x 0.0075 0.0020 4.9496e-004  9.9510e-005
Rate 1.93 2.02 2.23 *
llellco 0.0017 4.3523e-004 1.0454e-004  2.0955e-005
Rate 1.97 2.04 2.23 *
LCED |lelin 6.9386e-004 4.4202e-005 2.7559e-006 1.6213e-007
Rate 3.96 4.00 4.12 *
llells  1.4316e-004 8.5790e-006 5.3156e-007  3.1304e-008
Rate 4.08 4.01 4.12 *

ExampLE 6.2. In this example, we consider the dynamics of vortex lattices in rotating
BECs. The initial datum is chosen as the L>-normalized ground state eigenvector of
the Gross—Pitaevskii operator

Go(v) = —Av/2 + Vv — QL.v + BIv|*v

with Vo(x,y) = (x* + y*)/2. We compute this ground state using the backward Euler
centred finite difference (BEFD) method [4], which is also equipped in the GPELab
program [2]. The parameters are chosen as Q = 0.7, 8 = 100 firstly and we solve
the problem on D = [-6,6]*> with mesh size 4 = 12/128. Figures 2 and 3 display
the corresponding initial stationary vortex as well as the contour plots of the density
function |y|? for the dynamics of vortex lattices simulated at different times by the
proposed scheme. It is clearly observed that during the dynamics the number of
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Figure 1. Evolutions of discrete mass and energy errors with different angular speeds Q and i = 4/128,
7 =0.001.
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FiGure 2. Vortex lattices of condensate ground state in a rotating BEC with g = 100.

vortices is conserved and the discrete mass and energy are also preserved to round-
off errors in Figure 4. We also present the comparison of different iterative methods
for solving the resulting linear system in Figure 4. For the simple Jacobi iteration, the
errors exhibit an apparent linear growth although the error magnitudes are still rather
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x X

FiGuRe 3. Contour plots of the density function [y|> for the dynamics of vortex lattices in a rotating BEC
with 8 = 100 at different times.

small. For the BICGSTAB iteration, the errors are just oscillating near the round-off
error with no drift observed. Consequently, it relies heavily on the choice of iteration
methods to demonstrate the exact conservation of physical quantities numerically.
However, to the best of our knowledge, there is no clear result about the criterion
to select an effective iteration method, which is worthy of being investigated.

Notice that the choice of the parameter S can directly impact the vortex lattice
structures of the condensate ground state. Basically, the increase in 8 will cause
more vortices and the lattice will thereby becomes more dense. As a consequence,
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s Energy Mass — — - Energy -

Ficure 4. Evolution of discrete mass and energy errors by solving the linear system with BICGSTAB
iteration (left) and Jacobi iteration (right).

FiGure 5. Vortex lattices of condensate ground state in a rotating BEC with 8 = 200.

high-order numerical methods are preferred for the sake of capturing the feather of
each vortex. In the additional example, we set § = 200 and display the corresponding
vortex lattice in Figure 5. Again our methods can resolve these lattice structures very
well with the discrete mass and energy being conserved precisely, as Figures 6 and 7
demonstrate. Meanwhile, the influence on numerical errors of conserved quantities of
different iteration methods is also revealed in Figure 7 for this example.

7. Conclusions

In this paper, we propose a new linear and conservative finite difference scheme
which preserves the discrete mass and energy for the 2D GP equation with AMR.
Our key strategy is using the circulant matrix operation and the equivalences of
several discrete semi-norms for error analysis. With no constraints on the time-step
size, we establish optimal H'-error estimates for the proposed scheme. Unlike the
existing finite difference methods, which are of second-order accuracy at the most, the
convergence rate of the approximate solution proved here is of order O(h* + 72). Two
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Ficure 6. Contour plots of the density function |i|> for the dynamics of vortex lattices in a rotating BEC
with g = 200 at different times.
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Ficure 7. Evolution of discrete mass and energy errors by solving the linear system with BICGSTAB
iteration (left) and Jacobi iteration (right).

numerical examples are presented to illustrate the efficiency and accuracy of our new
scheme.

Work on optimal error estimates for Fourier pseudo-spectral methods for the 3D
GP equation with AMR is under way and future works may focus on the unconditional
maximum norm convergence of high-order accurate numerical schemes for the general
NLS/GP equations in higher dimensions.
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Appendix A.
Lemma A.1. For any grid function u € V,
IBSull < 3llull,  NuByll < 3l 11Bull < 3lludl, By || < 3llull.
Proor. Using (3.2),
IB5ull® = (Byu, Byu) = (B3) u u) = (Npy Fyu, Fyu) < 3(Fyu, Fyu) = 3l
that is, ||B3ull < (3/2)||u||. Similarly,
B < 3llell,  IBYull < 3llull,  NluBill < 3llull.

This completes the proof. o

Proor oF LEmma 5.1. Considering the problem (1.1)—(1.3) at the point (x;, yx, t,),

10 (xj, Yies ta) + A = Vi + QLW (xj, Vi, ta) — BUSIY) (X, i 1) =0 (ALD)

with (xj, yx) € Th, t, € 7. Then, using the Taylor expansion with integral remainder
and using (2.5) and (2.6),

O(Xj, Vi, ta) = 5t¢?}< - (Ut)?k’ (A.2)

AY(xj, Yo tn) = DMy + [B3 ) L + [072)" By = (1Y (A.3)

W(xjs i ) = O — (1 (A.4)

Ly(xj, yi, tn) = L’§¢’}k —ix; (7)) B 1k + iy By ()" + ix; () — (), (AS5)
(WP i 1) = |03 P87, = 18P (D' (A.6)

(X, y0) €Ty 1 €T, (A7)
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where the local truncation errors are

T2 1 83 63
o'y = f [ l//(xjy)’k, In +7$) + —f(xj,yk,tn - TS)](I - 5)*ds,

o
62
(nA f [61‘2 AY(xj, Yty +TS) + —Al//(xj,yk,tn TS)](] —s)ds,
T2 1 62 62
©n f‘[&fuwybm+r@+~E§u¢ybm—rnk1—wd&
o T2 1 3111 a3d/
(WM=EJT&wCmm@+ﬂﬂﬂﬁwmnw—ﬂwbﬂwx
>y Py
TV, = f{mw<@¢%m+rﬂ+5@;nab%—n$l—@m
and (7). ()" T (T (77)1 are defined in (2.1)—(2.4). Substituting (A.2)—(A.6) into
(A1),
i6,8y + (381 = Vi + QLG = BUS DSy = s (xjsy) € Ths 1 € T
where
M = i) = LIBY@3) 1k — 3L Byl + %(ﬁA = Vi + Qix;[(7))" B 1
= Qiyi[BY (1)1 jx = Qi (77} + Qi (7}, = Bl & (M- (A.8)

It follows from Assumption 2.2, Lemma A.1 and (A.8) that

"1l < CAG" I+ NG+ NG+ 11+ IV =G
G711 1+ WGP Y+ G+ Rl 1" 1D

Ch4( o’y *y 55_‘” P’y )
Praif ays 0% |1 Oy |~
a%p oty a%p
c 2( oy ‘
el T llazae |, 8t20y Wl || 5
>y o oy
+H8t2(')x - ”61‘28)/ o T Wl T Lm)

SCh*+71), t,eT-
Similarly, from (5.2) and (5.3),
Il < Ca* + %), IVl < Ch* + 7, 1I°lle < C,

which completes the proof. O
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