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IMPROVED UNIFORM ERROR BOUNDS ON TIME-SPLITTING
METHODS FOR THE LONG-TIME DYNAMICS OF THE DIRAC
EQUATION WITH SMALL POTENTIALS*

WEIZHU BAOT, YUE FENGT, AND JIA YIN?

Abstract. We establish improved uniform error bounds on time-splitting methods for the long-
time dynamics of the Dirac equation with small electromagnetic potentials characterized by a dimen-
sionless parameter € € (0, 1] representing the amplitude of the potentials. We begin with a semidis-
cretization of the Dirac equation in time by a time-splitting method, followed by a full-discretization
in space by with the Fourier pseudospectral method in space. By employing the unitary flow property
of the second-order time-splitting method for the Dirac equation, we prove uniform error bounds for
e € (0,1] at C(t)72 and C(¢)(h™ + 72) for the semidiscretization and full-discretization, respectively,
for any time t € [0,7:] with Te = T'/e and T > 0. In the expressions, 7 is the time step, h is the
mesh size, m > 2 depends on the regularity of the solution, and C(t) = Cp + Ciet < Co+ C1T grows
at most linearly with respect to t with Cp > 0 and C; > 0 two constants independent of ¢, h, T,
and €. Then by adopting the regularity compensation oscillation technique, which controls the high
frequency modes by the regularity of the solution and low frequency modes by phase cancellation
and energy method, we establish improved uniform error bounds at O(e7?) and O(h™ + e72) for the
semidiscretization and full-discretization, respectively, up to the long-time 7. Numerical results are
reported to confirm our error bounds and to demonstrate that they are sharp. Comparisons on the
accuracy of different time discretizations for the Dirac equation are also provided.

Key words. Dirac equation, long-time dynamics, time-splitting methods, improved uniform
error bound, regularity compensation oscillation (RCO)
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1. Introduction. In this paper, we consider the Dirac equation in one or two
dimensions (1D or 2D), which can be represented in the two-component form with
wave function ® := ®(t,x) = (¢ (¢, %), p2(t,x))T € C? as [18, 19, 38)

d d
(11) i@ = [—iY 0;0;+05 | P+e | V)L -Y Ajx)o; | & xe,
j=1 j=1

where 2 C R? (d = 1,2) is a bounded domain imposed with the periodic boundary
condition, which is widely used in the study of relativistic quantum mechanics and/or
graphene [13, 14]. Here, i = /=1, t is time, x = (z1,...,24)7 € R, 9; = %(j =
1,...,d), € € (0,1] is a dimensionless parameter representing the amplitude of the
potential, and V(x) and A;(x) are given real-valued time-independent electric and
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magnetic potentials, respectively, which are independent of . I5 is the 2 x 2 identity
matrix, and o1, 09,03 are the Pauli matrices defined as

(0 1 0 i (1 0
1= o) 27=\i o) = \o -1)

In order to study the dynamics of the Dirac equation (1.1), the initial condition is
taken as

(1.2) Ot =0,x) = Pp(x), x€.

The Dirac equation (1.1) with (1.2) is dispersive and time symmetric and conserves
the total probability [4]

2
wawaémwww=42wmwwmwwmwzww,uw
j=1

Since the electromagnetic potentials are both time independent, the energy is also
conserved, i. e.,

d d
E(®(t,)) ;:/Q —i Y *0;0;® + 03P + ¢ [ V(x| = Y A;(x)00;® | | dx
j=1 j=1

= B(9(0,)) = B(®o), t>0,

where f denotes the complex conjugate of f and ®* = &7

For the Dirac equation (1.1) with £ = 1, i.e., with O(1)-electromagnetic poten-
tials, there are comprehensive analytical and numerical results in the literature. Along
the analytical front, for the existence and multiplicity of bound states and/or stand-
ing wave solutions, we refer the reader to [22, 27, 29] and references therein. In the
numerical aspect, different numerical methods have been proposed, such as the fi-
nite difference time domain (FDTD) methods [4, 33], the exponential wave integrator
Fourier pseudospectral (EWI-FP) method [4, 5], and the time-splitting Fourier pseu-
dospectral (TSFP) method [7, 10]. Error bounds for these numerical methods have
been established for ¢ € [0,7] with 7" > 0 finite and fixed, i.e., finite-time dynamics,
by the energy method. For more details related to the numerical schemes, we refer
the reader to [12, 25, 28, 30, 35] and references therein.

Recently, much effort has been devoted to the analysis of different temporal and
spatial discretizations for the long-time dynamics of the Dirac equation (1.1) with
small electromagnetic potentials, i.e., the dynamics up to the time at T, := T'/e with
T > 0 for e € (0,1], especially when 0 < ¢ < 1. The key issue in the analysis is
to establish error bounds which depend explicitly on the mesh size h and time step
7 as well as the small parameter e. By adopting the energy method with the help
of the discrete Gronwall’s inequality, the following error bound was obtained for the
second-order FDTD method [23]:

2 2
~ T
(1) ®(t,,) - 8" < 00 (T4 T), 00 T

T

where t, = n7 for n > 0, " is the numerical approximation of O (ty,,x) by the
FDTD method, and the constant in front of the error bound C(t) could be growing
exponentially with respect to ¢ for ¢ € [0, T¢], i.e.,

(1.4) Ct) < CoetCrt < Coe™T,  0<t<T. =
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with 6’0 and 51 two positive constants independent of h, 7, n, and €. This sug-
gests that the e-resolution (or mesh strategy) of the FDTD method for the long-time
dynamics, up to the time at 7. = T'/e, of the Dirac equation (1.1) with small electro-
magnetic potentials has to be taken as [23]

(1.5) h=0(@EY?,  1=0@EY?), 0<e<l.

In addition, if the second-order finite difference spatial discretization is replaced by
the Fourier pseudospectral method, i.e., the FDFP method, the error bound in (1.3)
is improved to C(t,)(h™ + 72/¢) with m > 2 depending on the regularity of the
solution [23], and thus the e-resolution of the FDFP method is improved to h = O(1)
and 7 = O(¢'/?) [23]. Very recently, similar to the proof for the FDTD and FDFP
methods, by adopting the energy method with the help of the discrete Gronwall’s
inequality, for the EWI-FP method as well as the TSFP method, the error bound in
(1.3) is further improved to [4, 24]

(1.6) 9t )~ 1812 < ClL)R™ 4 72), 0<m< 1L

where ®" is the numerical approximation of ®(t,,x) by either the EWI-FP method
or the TSFP method, Ij, is the standard interpolation operator, and C'(t) behaves the
same as C'(¢) in (1.4), i.e., it could grow exponentially with respect to ¢. Thus, the e-
resolution of the EWI-FP and TSFP methods for simulating the long-time dynamics,
up to the time at 7. = T'/¢, of the the Dirac equation (1.1) is improved to [24]

(1.7) h=0(1), 7=0(1).

The time-splitting methods have been widely used to numerically solve dispersive
partial differential equations (PDEs) [1, 26, 31, 34], and they show better performance
in terms of resolution for high oscillatory dispersive PDEs. The main aims of this
paper fall into two aspects: (i) by employing the unitary flow property of the second-
order time-splitting method for the Dirac equation, we show that C(t) in (1.6) grows
at most linearly with respect to ¢ for ¢ € [0,T¢], i.e., there exist two constants Cy > 0
and C7 > 0 independent of ¢, h, 7, and ¢, such that

(1.8) C(t) < (Cpy+ Ciet < Co+ CT, 0<t<T, =

b

o [~

and (ii) by adopting the regularity compensation oscillation (RCO) technique, which
controls high frequency modes by the regularity of the solution and low frequency
modes by phase cancellation and energy method [2, 3], we establish improved uniform
error bounds for the second-order TSFP method for the long-time dynamics of the
Dirac equation (1.1) as

(1.9) |®(tn, ) — In®" |2 SR +er?, 0<n< TT/s

It is clear that the error bound with the term 72 in (1.9) is much better than the
term 72 in (1.6) for € € (0,1), especially when 0 < ¢ < 1, i.e., the Dirac equation
(1.1) with small electromagnetic potentials. We remark here that the linear growth of
the constant C(t) in error bounds for the time-splitting methods has been established
for the Maxwell equations [16, 17] and the Schrodinger equation [2] in the literature.
The long-time error estimates for the nonlinear Klein-Gordon equation [3, 8, 9] and
the Korteweg—De Vries equation [15] were recently established.
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The rest of this paper is organized as follows. In section 2, the second-order
time-splitting methods including the semidiscretization and full-discretization for the
long-time dynamics of the Dirac equation with small potentials are presented. In
section 3, uniform error bounds for the time-splitting methods are established up to
the time at O(1/¢) and the errors are shown to grow linearly with respect to the time ¢.
In section 4, we prove the improved uniform error bounds rigorously by adopting the
RCO technique. Extensive numerical results are reported in section 5. Finally, some
conclusions are drawn in section 6. Throughout this paper, we adopt the notation
A < B to represent that there exists a generic constant C' > 0, which is independent
of h, 7, and € such that |A| < CB.

2. The time-splitting methods. For simplicity, in the following sections, we
focus on the Dirac equation (1.1) in 1D, i.e., d = 1 in (1.1), for the numerical methods
and corresponding analysis. The methods and results can be easily generalized to
(1.1) in 2D, i.e., d = 2, and to the four-component Dirac equation given in [4, 5].

The Dirac equation (1.1) in 1D on the bounded computational domain Q = (a, b)
with periodic boundary condition collapses to

(21) 10;P = (—ialaz + 0'3)(1) + €(V((E)IQ — Al(QIJ)Ul)(I), x € Q, t >0,
(2.2) O(t,a) = ®(t,b), t>0; ®(0,z) = Po(x), z€Q,
where @ := ®(¢,z) and Pg(a) = Po(b).
2.1. The semidiscretization. Define the operators
(2.3) T :=—010, —ios, V:=—i(V(x)ly — Ai(z)o1);
then (2.1) can be expressed by
(2.4) 0 0(t,z) = (T+eV)P(t,x), z€Q, t>0.

Take a time step size 7 > 0 and denote the time grids as t, = n7 forn =0,1,.... As
both T and V are time independent, the solution to (2.4) with (2.2) can be propagated
through

(2.5) B(tpyr, ) = e TTVID(t,,2), n=0,1,....

(T+eV) ,

To approximate the operator e” we apply the second-order time-splitting

(Strang splitting) [37], which gives

(26) eT(T+EV) ~ e%Tem—Ve%T.

Therefore, the semidiscretization of the Dirac equation (2.1) via Strang splitting can
be expressed as

(2.7) dnHl(z) = S (0 (2)) := e3Te Ve Tl (2), n=0,1,...,

where we take the initial condition ®l0(z) := ®¢(x) for z € Q. Here, ®"(z) is the
approximation of ®(¢,, ).

Remark 2.1. We could also apply the first-order Lie-Trotter splitting as [39]

eT(T+5V) ~ e‘rTesTV7
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another composition of the second-order Strang splitting as
e'r(TJrEV) ~ B%EVGTTegsv

and the fourth-order partitioned Runge—Kutta splitting (PRK4) as [11]
eT(T+5V) s ealTTeblETVeazTTebQETVea3TTeb3€TVea4TT

% engTveagTTeszTveazTTeb1 57—VeCL17—T7

where

a1 = 0.0792036964311957, a9 = 0.353172906049774,
az = —0.0420650803577195, as =1—2(a; + a2 + a3),

1
b1 = 0.209515106613362, by = —0.143851773179818, b3 = 3~ (b1 + b2).

2.2. The full-discretization. By noticing the definition of V in (2.3), it is easy
to derive that

(2.8) EVO(t,x) = e TV@OE-M@)G (4 2) e, t>0.

On the other hand, to get e"T®(¢, z), we can discretize (2.4) in space by the Fourier
spectral method, and then it is possible to integrate the operator analytically in the
phase space. We take M + 1 uniformly sampled grid points in Q with M a positive
even integer,

(2.9) zj=a+jh, h=

and we denote the sets Xy, Y, Zp as
Xn = {U:(UOlev"'yUM)T~|~Uj 6(227j:0717'~'7M7 UOZUM}v
Y = Zu % Zu,  Zu = span{gy(x) = e 1€ Ty},

where the index set Tpy = {I7|7l = =M /2,—M/2+1,...,M/2—1}, and pu; = 27l/(b—
a) for I € Tys. The projection operator Py : (L? (Q))2 — Yy is defined as

(PuU) (z) = Y D@ Ule) e (L3(Q))",
€T

where

~ 1
2.1 =
(2.10) b b—a

b
/ Ulz)e @Dy | e Ty,

and by taking (C’per(ﬁ))2 ={U e (C’(ﬁ))2~\~U(a) = U(b)}, the interpolation oper-
ator Ips : (C’per(ﬁ))2 — Yy or Ipg: X — Yas is defined as

(InU) (@) = 3 U= U(z) € (Cour(@))” or U € Xar,

LETM
where
- 1 Ml g
(2.11) U, = i Z Ujefzmw/M’ 1€ Ta
j=0

Here we take U; = U(z;) if U is a function.
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Denote ®" = (<I>3,<I>’1L,...,<I>§\L/[)T € X as the solution vector at ¢t = ¢, with
®% the numerical approximation of ®(t,,z;). Take the initial value ®) = ®¢(z;)
for j = 0,..., M; then the time-splitting Fourier pseudospectral (TSFP) method for
discretizing the Dirac equation (2.1) is given as

o) = 3 e (@), e = 3 Qe TE Q)T (@),

€T 1€Tar
(212) @(2) = e_is"'G(zj)q)(_l) — Pe _isAjPT(I)Q)
i

7= X e 5 00 Q)

l€Tm 1€Tm

for n =0,1,..., where I'; = jy01 + 03 = Q;D;(Q;)T with & = /1 + u%, (Q))T is the
transpose of @;, and

1 1+46; _ j223 6
(213) I‘l = < ﬁll) ) Ql = \/26l;511+6l) \/?ilgllJrél) ) Dl = <0l _O(S> )
H \/28,(1+6)) \/28,(1+6)) !

and G(z;) = V(z;)Iz — Ai(zj)o1 = PA;PT with A; = diag(A; +,A; ) and Aj 4 =
V(z;) £ Ai(z;), P = Iy if Ai(z;) =0, and otherwise

1 1
P= ( V3 VP) :
V2 V2
3. Uniform error bounds. In this section, we prove the uniform error bounds
for the second-order time-splitting method in propagating the Dirac equation with
small potentials in the long-time regime up to 7. = T'/e for any given T > 0. We

will start with the results for the semidiscretized scheme, and then extend it to the
full-discretization.

3.1. For semidiscretization. Suppose there exists a positive integer m > 2,
such that for the potentials and the initial data ®g in (2.2), we have

(A) V(z) € Wie, (Q), Ai(z) € Wie, (Q), @0 € (Hpe,())?,
where m™ := max{2,m — 1}, W[%>(Q) := {ulu € W™>(Q), dLu(a) = dLu(b), | =
0,...,m—1}, and H2 (Q) := {ulu € H™(Q), dLu(a) = Obu(b), 1 =0,...,m—1}.

Based on the above assumption (A), it is easy to obtain that the exact solution
® := P(t,x) of the Dirac equation (2.1) up to the long time T, = T'/e satisfies

B1) Pl oy, @)2) S 1O0®ll e o sz @y S 1
where the equivalent H™-norm on H}¢, (€2) is given as
1/2
(3.2) 6l grm = (Z(l +u?)m|$zl2> :
€z

By taking the semidiscretized second-order time-splitting given by (2.7) for the Dirac
equation (2.4) with the operators T and V defined as in (2.3), we have the following
error estimate.
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THEOREM 3.1. Let & () be the numerical approximation obtained from the
semidiscretized second-order time-splitting (2.7) for the Dirac equation (2.4); then
under the assumption (A), for any 0 < e < 1, we have the uniform error estimate

T
(3.3) H@(tn,x) - <I>["](:U)H LS Ciet, 72 < C1T7%, 0<n< ﬁ,
L T
where C1 is a positive constant independent of T,n, and €.

Proof. We notice that T generates a unitary group in (HE,(Q))? (k > 0). We
denote the exact solution flow ®(t,) — ®(¢,41) as

(3.4) D(tpsr) = Ser(®(tn)), 0<n< Lo

where we take ®(t,) := ®(t,,z) for simplicity.

In order to prove the convergence, we adopt the approach via formal Lie calculus
introduced in [32] and split the proof into the following two steps.

Step 1 (bounds for local truncation error). We begin with the local truncation
error, i.e., to estimate the error generated by one time step computed via (2.7). By
using Taylor expansion for e™V, we have

1
S (Do) = €Ty +e7eT Ve &) + 5272/ (1—0)e= e'VV2e™ dydo.
0

By Duhamel’s principle, we can write
Se.r (Do) = TP, + e/ TTV TP ds
0
+ 52/ / e(T_S)TVe(S_“’)TV@(w)dwdS.

Denote
(3.5) Y(s) = e TVesTd,  B(s,w) = 9TV Ty T H

then the local truncation error can be written as

() =S =er¥ (7)< [ Vs 578 (3.7

752/ / B(s,w)dsdw+€2R1 +e2R,,
o Jo

with

1
2 L P)eE OV 2 _ T T
Ri=r / (1-0)e V2eE Bydf 3(2 2)

/ / (T=)Tyes=TYH(w) — B(s, w)dwds.

It is easy to check that
T

IRyle < 72 eg}ax {1960 ((1 = 0)e™= €™V V2e> Bp) | 12}

S e ([[VP®l| 2 +e7||[ ViR 12) S er.

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.
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In view of the properties of T and B(s,w), the quadrature rule implies

IRollze S 70 max {[eT VLTIV, (w)] 2}

s, we(0,7)

T0:@ ()| Lo (f0,71:(22)2) S T°

and

2 T ps
"B (I, z) —/ / B(s,w)dwds
27\22) " ), J,

Finally, we estimate the last term, which contains the major part of the local error

<70 max (10.B]: + [0uB]12) S

L2

(3.6) F(@g) i=ery (T) ~ ¢ / Y (s)ds = er / ker(0)Y"(67)d0,
where ker(f) is the Peano kernel for midpoint rule. In addition, we have
Y"(s) = e )T [T, [T, V]]e*T @,
For the double commutator [T, [T, V]], we have
T, [T, V¥ 2 S (VO w2 + 1AL Oz ) W]
By combining all the results above, we find the one step local error as
(3.7) S (Do) — Se,r(Po) = F(Po) + R,

where ||RY||z: < e272 and

1

(3.8) F(®g) =e7? / ker(9)e™ =TT [T, V]]eTd,d6.
0
Define the local truncation error at ¢,, for 0 <n < TT/E —1las
(3.9) EM(x) =S P(tn, x)) — Se,r (B(tn,x)), a<az<b
then from the above computation, we can get
(3.10) EMNx)=F(P(ty))+R", a<zx<b 0<n<—"—-1,
-

where for 0 < n < T/E -1,
(3.11) IF@EDNLe S e 1@(ta)lmr, IR 2 S *7°.

Step 2 (bounds for the global error). We are going to prove the error bound (3.3).
Denote el (z) = & —®(¢,,); then |[el”) ()| > = 0 by definition. For 0 < n < TT/e— ,
we have

(3.12) et = S (DM — S (@ () + S (B(tn)) — Ser (B(tn)).
By the error bound (3.11) for the local truncation error, we obtain for 0 < n < TT/E -1,
(3.13) He["“]‘ < He["] + Cyer?,

L2 L2
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where C7 > 0 is a constant and independent of h,n,7, and €. Then it is straightfor-
ward to derive

(3.14) He[""'”’

< He[O]H +Ci(n+ 1)57’3 < ClsthTz,
L2 L2

which completes the proof of Theorem 3.1. 0
Remark 3.2. In Theorem 3.1, the constant Cy depends on ||®|| Lo (jo,7.3: (. (2))2)-

When the Sobolev norm is uniformly bounded for all ¢ > 0, the uniform erroi"erbound
on the time-splitting method for the Dirac equation grows linearly with respect to
t. In fact, given an accuracy bound §y > 0, the time (for simplicity, assume ¢ = 1
here) for the second-order splitting method to violate the accuracy requirement dq is
O(80/72%). The results can be extended to other time-splitting methods. For the first-
order Lie-Trotter splitting and fourth-order compact splitting or partitioned Runge—
Kutta splitting (PRK4), the times are at O(dy/7) and O(dy/7?), respectively. In
other words, higher order splitting methods perform much better in the long-time
simulation not only regarding the higher accuracy but also longer simulation time to
produce accurate solutions. In addition, extensions to 2D/3D are straightforward.

3.2. For full-discretization. For the full-discretization given in (2.12) by the
second-order time-splitting method for the Dirac equation (2.4), we can further derive
the following uniform error estimate.

THEOREM 3.3. Let ®" be the approximation obtained from the TSFP (2.12) for
the Dirac equation (2.4). Under the assumption (A), for any 0 < e < 1, we have

T
(315) ()~ Lu® g < C(t) (7 472), 0<n< L7

where C(t) = Co+ Cret < Cy+ C1 T, with Cy and Cy two positive constants indepen-
dent of h,7,n, and €.

Proof. Noticing that
(3.16) Iy ®" — ®(t,) = Iy ®" — Py ®(tn) + Pu®(t,) — O(tn),

under the assumption (B), we get from the standard Fourier projection properties [36]

T
(3.17) [ Ipm®" — @(tn)l| 2 < [T @™ — Prr®(ty)|| ;2 + C2h™, 0<n < %

Thus, it suffices to consider the error function €™ € Yy, at t,, as

T
(3.18) e i= &"(x) = Iy ®" — Pyd(ty), 0<n< Lo
-
Since ®9 = ®¢(x;), it is obvious from (B) that [€%||2 < Csh™. From the local
truncation error (3.9), we have the error equation for e” (0 <n < TT/E - 1),
(3.19) "t = Iyt — Py S (®(t,)) + Pu(E™).

By recalling the semidiscretization (2.7) and the full-discretization (2.12), we have

L@+ = ¢ (1,82, 1,,6® = I, <e”"q>(1>) Iy = F

(IM(I)n)v
Prf(S-(2(t,))) = e 7

(Py®?), 2 .= Vo) dW) .= e &(t,).

T
2
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In view of the facts that Iy, and P are identical on Yj; and that e7T/2 preserves

the H¥-norm (k > 0), using the Taylor expansion €™V = 1+ 7V fol ef7Vdh and
assumptions (A) and (B), we have

(3.20) |10 @™ = Pag(S-(@(tn)))|] . = HIMcb(?) — PM<I><2>’

2’

(3.21) HPM¢><2> - IM<I><2>HL2 < Cyerh™.

In addition, noticing V.= —i(V (x)Is— A1 (z)o1), by direct computation and Parseval’s
identity, we have

M-1 9 M-1 2
2 1
HIM®<2> 7IJV1®<2>HL2 = h> ’@; ) f<b<2>(rj)’ =\|h > “I’g ' — o) (ay)

=0 =0
- H1Mc1><1> - IMq><1>H = 110 ®" — Par®(t)l 2
L
(3.22) =lle"ll.--

From (3.10), (3.11), and the assumption (A), it is clear that there exists C5 > 0 such
that ||E||pz < Cser3 for 0 < n < TT/E — 1. Taking the L?-norm on both sides of

(3.19) and combining the above estimates, we obtain for 0 < n < TT/E -1,

et o < [|1as®® = Pag@®| |+ €7,
< HIM<1><2> - IM<I><2>H + HPM<I><2> - IM<I><2>H FIE™ L
L2 L2
(3.23) <|le™|,2 + Cg (eTh™ + e7?),

where Cg = max{Cy, Cs}. Thus, we arrive at

(3.24) €™ |, < Coetnyr (B +72) + C5h™, 0<n< —-1

which completes the proof of Theorem 3.3 by taking Cy = Cy + C3 and Cy, = Cg. O

4. Improved uniform error bounds. In this section, we establish the im-
proved uniform error bounds for the time-splitting methods applied to the Dirac
equation (2.1) up to the long-time T, under the assumption (A).

4.1. For semidiscretization. THEOREM 4.1. Let ®(x) be the numerical
approzimation obtained from the semidiscretized second-order time-splitting (2.7) for
the Dirac equation (2.4). Under the assumption (A), for 0 < 19 < 1 sufficiently

small and independent of e, when 0 < 7 < a\/Tg(b_Z()l;:l);;’(Hm)z for a fized constant

a € (0,1), we have the following improved uniform error bound for any € € (0, 1]:

T/e

2§67'2—|—7'6”, 0<n< L=,
L

(4.1) H@(tmx) _ gl

T

In particular, if the exact solution is smooth, e.g., ®(t,z) € L>([0,T.]; (H3%.(€2))?),
the last term 75" decays exponentially fast and can be ignored practically for a suffi-
ciently small 1y, where the improved uniform error bound for ™ < 1y will be

T/e

<er?, 0<n< -,

42 chtn, — gl
(1.2 (t, ) — @] /
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Proof.  From the local truncation error (3.9) and the error equation (3.12), we
have

43) et =5 (o) - S (D(t,)) + & =Tl W €7 n>0,

where W" := W"(z) (n=0,1,...) is given by

1
(4.4) W"(z) = 67‘6§V/ TV dg e el
0
Under the assumption (A), we have the estimate
(4.5) W@l S e [le]| -

Based on (4.3), we arrive at

n
(46) e[n+1] _ e(n+1)7‘Te[O] + Ze(nfk)TT (Wk + gk) \ 0 <n< ==
T
k=0

Combining (3.10), (3.11), and (4.5), noticing el’l = 0, we have the following estimates
for0<n< TT/E —1:

+
2

U s FELS M L
(4.7) e Lo SET +5Tkgoe .

3 IR ()
k=0

L2

In order to obtain the improved uniform error bounds, we shall employ the regularity
compensation oscillation (RCO) technique [2, 3] to deal with the last term on the
right-hand side of the inequality (4.7).

The key idea is a summation-by-parts procedure combined with spectrum cut-
off and phase cancellation. First, we employ the spectral projection on ®(¢x) such
that only finite Fourier modes of ®(t;) need to be considered and the projection error
could be controlled by the regularity of ®(¢x). Then we apply the summation-by-parts
formula to the low Fourier modes such that the phase could be canceled for small 7
(the terms of type Y ,_, e ®7T) and an extra order of  could be gained from the
terms like F(®(tx)) — F(P(trt1))-

From the Dirac equation (2.4) and the assumption (A), we notice that 9;®(t, z) —
T®(t,z) = O(e). In order to gain an extra order of ¢, it is natural to introduce the
“twisted variable” as

(4.8) U(t,x) = e "Td(t,x), t>0,

which satisfies the equation

(4.9) OV (t,x) =ce T (Ve'TU(t,2)), t>0.

Noticing T = —019, — i03, under the assumptions (A) and (B), we can prove that
(4.10) 9] oo (o, 1) 2) S 1, 00| Lo (0,720 (am, (2))2) S €

and

(111) [ (ta) ~ ¥ Sem 0<m< 1L
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The RCO technique will be used to force 9; ¥ to appear with the gain of order ¢ for
the summation-by-parts procedure in the last term Y ,_, e *™TF(®d(t;)), where
the small 7 is required to control the accumulation of the frequency of type e *)7T,

Step 1. As introduced in [2], we choose the cut-off parameter 79 € (0,1) and
My =2[1/19] € Z* ([] is the ceiling function) with 1/79 < My/2 < 1+ 1/79. Under
the assumptions (A) and (B), we have the estimate

(4.12) 1Pat F (Pary ®(t0)) = F(@(tn))ll L2 S €779"

Based on the above estimates, (4.7) would imply for 0 <n < T./7 —1

[n+1] m 2 (K] n
(4.13) et s rert+er Do ||| |+ e,
k=0
where
n
(4.14) Lr =Y e "Iy F (T (Pay, (1)) -
k=0

Step 2. Now, we concentrate on L£", which represents the summation of low Fourier
modes. For [ € Tyy,, define the index set IZMO associated to [ as

(4.15) Mo = {(li, 1) | hi+la=1, 1y €Z, 15 € Tasy } -
Following the notation in (2.13), we denote
(4.16) I} = Q;diag(1,0)(Q)”, II; = Q;diag(0,1)(Q))7,

where H are the projectors onto the eigenspaces of I'; corresponding to the eigenval-
ues +4;, respectwely Moreover, we have (Hi) Hli, H+ +1I; = I, (Hi) Hli,
HileF = 0. By direct computation, we have

(4.17) TPy, U(ty,) = Z (e7HOULF 4 OUTT) Wy (1) et (=),
ISV

According to the definition of F in (3.6), the expansion below follows
ef(k+1)'rTPM0 (e(rfs)Tve(thrs)TPMO\I/(tk))

(4.18) =D > D G,

1€T, (th)EIlMO vi==%,j=1,2
where G;/}? () is a function of s defined as

v,V i 8)0, 32 i Va2 T,
(419) gk ; 112,12( ) —e (tk+8)0, 3, Hllvllnl;\Plz (tk)7

with 61”7%;”2 = 110; — 12d;,. Then the remainder term £™ in (4.13) reads

(420) 3D D M DR A )

k=01€Trg (1, ,15)e)0 vi=+7=1,2
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where the coefficients \;;? , are given by
kLl

v1,V2 1/1 12 Vi,V
Ak,l,ll,lz k L,l1,la (1/2) — / gk l 11,12

V1,V ltktsll v2 v1,V2
(4.21) =€ 2 e,
and
V1,V2 V17 Vo I
(4.22) Chililydy = H \7111_[l2 vy, (tk)7
,
61/1 N2 2 . 61/1#2
(4.23) rﬁ;yz — o0 _/ eouly T g = 0(73(5;%2,1/2)2).
0 ,

We only need to consider the case ;)" # 0 as r/?"* = 0 if §;)"* = 0. For I € T,
and (I1,12) € Z,Y'°, we have

o 472(1 + 719)?
(4.24) 100071 < 200102 = 24/ 1+ 13y, 2 < 2\/1 T2 a2

. . . < w(b—a)To . TISVLY2| <

which implies for 0 < 7 < a\/r[;‘(b—a)2+47r2(1+m)2 with 0 < a, 70 < 1 that Z[6, "] <
n v,V
R T < w(b—a)7o
ar holds. Denoting S, 2 Z:: e 2, for 0 <7< a\/T[]z(bia)2+4Tr2(1+,m)2’ we
obtain
1 C 2am

4.25 S ;o O=———, Vn>0.
(4.25) [ 1151 < |sin(76, 272 /2)] — 76,127 sin(a) B

Using summation-by-parts formula, we find that
n n—1
Vi,V2 vi,v2 V1,V2 V1,V2 Vi,V vi,V2 Vi,V2
(4.26) E Akzzl,zQ Tl E :Sk,l,lg (Ck,l,ll,lz Ck+1zzl,12) Snlbcnlll,lg )
k=0 k=0

with
(4.27) T | LA i (q/l2(tk) \Illz(tk+1)>.

Combining (4.23), (4.25), (4.26), and (4.27), we have

Vi,V 2| LV1,V2
(4.28) E A1, <7 |6l,l2 |

Vi,

] |

Step 3. Now, we are ready to give the improved estimates. For [ € Ty, and (I1,13) €
ZMo, simple calculations show (I = Iy + I2)

n—1
> “1’12 (ti) — Wi, (tk+1)‘ + “1’12 (tn)
=0

2
(4.29) 6732 S H 14 pi )2
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Based on (4.20), (4.28), and (4.29), using the Cauchy inequality, we have
(4.30)

2
£z

2 >
P I SID ) YN

l€TN, (1, 12)61—1\’0 vj==%,j=1,2 k=0
2 2
H )Y 2)

2 4{ Z ( Z ’Vll
2 2
U, (1) — Wy, (trgn) ‘H 1+M 1/2) }}

\1112

1€TmMy ™ (1y,15)€Z0

Sy (X W

USYFYS (11,12 )GINO

In order to estimate each term in the above inequality, we use the auxiliary function
O(z) = Y 1ep(1+ p)'/? “il(tn)‘ em(@=a) where O(z) € (HI- 1((2))2, which can
be verified from the assumption (B), and we can prove ||©(x)|gs < ||V ()| gs+1
(s <m—1). Similarly, introduce the function U(z) = 3,5 (1 + u7)1/? ‘Vl‘ i (z=a)
where U(z) € Wi 1°°(Q), as can be derived from the assumption (A). We can prove
directly that ||U(z)||lwo.~ < |V(2)|w2~. By expanding

SO | (RS AL

1E€Z 11 +la=1 j=1

zul z— a)

we can obtain

[ V)

> (X W[ Tlamre)

1€Tmo ™ (14,00)ez)0 =
(4.31) < [U@@)6()[l7: < ||V(m)||W2v°°||\I](tn)”H1,

which together with the assumption (A), (4.10) and (4.11) gives

1CP 12 < 274V (@) By (n\v(tn)n%{l TS () - qf(tkmn%p)

(4.32) St pn?etrt <t

for0<n< L/e _ 1, where the same trick is applied to the rest terms. By combining

(4.13) and (4.732), we have

(4.33) €™+t Le S 7 +e7? +mz\|e lz2, 0<n< == -
k=0

The discrete Grénwall’s inequality would yields [e" ™|z < er? + 7" (0 < n <
T/ £ —1), and the proof for the improved uniform error bound (4.1) in Theorem 4.1 is
complete 0

Remark 4.2. 19 € (0,1) is a parameter introduced in analysis, and the require-
ment on 7 (essentially 7 < 79) enables the improved estimates on the low Fourier
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modes |l| < 1/7y, where the error constant depends on «. 7y can be arbitrary as
long as the assumed relation between 7 and 7y holds, i.e., 79 could be either fixed, or

£/ 1672+ (b—a)?
7( ) T.

dependent on 7, e.g., 7o = ab—a)w

Remark 4.3. The improved uniform error bounds are established for the second-
order (Strang) splitting method. Under appropriate assumptions of the exact solution,
the improved uniform error bounds can be extended to the first-order (Lie-Trotter)
splitting and the fourth-order PRK splitting (PRK4) method with improved uniform
error bounds at e7 and e74, respectively.

Remark 4.4. By introducing a rescale in time,
(4.34) t="ws= et, Y(s,z) = O(t,x),
€

we can reformulate the Dirac equation (2.1) into the following oscillatory Dirac equa-
tion:

(4.35)  i0sT = (720151 + éag)T + (V(z)Iz — Ar(x)o1) T, zeQ, s>0,
(4.36)  Y(s,a) =7T(s,b), s>0; Y(0,2) = ®g(x), z€Q,

where T := Y(s,x).

The long-time dynamics of the Dirac equation (2.1) up to the time ¢t = T'/e is
equivalent to the oscillatory Dirac equation (4.35) up to the time s = T. The solution
of the oscillatory Dirac equation (4.35) propagates waves with wavelength in space
and time at O(1) and O(¢), respectively, and the wave velocity is at O(1/e). These
properties of the wave are quite different from those of the Dirac equation in the
nonrelativistic limit regime [4, 5], whose solutions propagate waves with wavelength
in space and time at O(1) and O(g?), respectively, and the wave velocity is at O(1) !

According to Theorem 4.1, by taking the time step k = e7, the improved error
bounds on the time-splitting method for the long-time problem can be extended to the
oscillatory Dirac equation (4.35) up to the fixed time 7. Let Y™ () be the numerical
approximation obtained from the semidiscretized second-order time-splitting for the
Dirac equation (4.35). Under the assumption of the regularity of the exact solution(A),
for 0 < kg < 1 sufficiently small and independent of €, when 0 < xk < aekg for a fixed
constant a > 0, we have the following improved error bound:

T

2
(4.37) HT(sn,x)—T[n] hS %—F/@'om, 0<n<—.

L2 K
In particular, if the exact solution is smooth, e.g., Y(s,x) € L>=([0,T]; (H3,(2))?),
the improved error bound for sufficiently small x will be
2
< T
2™~ ¢ K
4.2. For full-discretization. For the TSFP method (2.12), we can establish
the following improved uniform error bounds.

THEOREM 4.5. Let ®™ be the approximation obtained from the TSFP (2.12) for
the Dirac equation (2.4). Under the assumption (A), for 0 < 19 < 1 sufficiently

small and independent of €, when 0 < 7 < a\/rg(bfz()l;li);g(um)? for a fized constant

, 0<n

IN

(4.38) HT(sn,x) —

a € (0,1), we have

T
(4.39) |®(tn, x) — Ing®"|| o SA™ +em®+ 17", 0<n< ﬁ,

~
T
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for any 0 < e < 1. In particular, if the exact solution is smooth, e.g., ®(t,x) €
L>o([0,Te]; (H32,(2))?), the improved uniform error bounds for sufficiently small T
will be

T
(4.40) |®(tn, x) — Ing®" || 1 §hm+€7'2, 0<n< ﬁ
-
Proof. From the error estimates in previous sections, we have for 0 < n < TT/E,
(4.41) H(I)(tmm) — o ] < er2 + H(I)[n] _ PM<I>["] . < hm.
L L

Since ®(t,,, x) — Iy P" = O(t,,,z) — ol 4 ol — py @ 4 Py ol — 1,7 we derive

(4.42) | ®(tn, ) — [y "} < HPMcp[”J Iy o"

Lo + 4 (hm +672+7'6n),

where Cy is a constant independent of h, 7, n, €, and 79. As a result, it remains to
establish the estimates on the error function €” := €"(x) € Y)s given as

- T
&"(z) := Py®M — 10", 0<n< %

From (2.7) and (2.12), we get
L@+ = o F (IM (e”"e§(1Mq>”))) ,
Pyl = o (PM (e”"e§(PMq>[”]))) ,
which lead to
(4.43) et =e™Tem" + W (),

where

Wn(z) =% [PM ((eETV - 1)£(PM<1>["1)) — Iy ((e”v - 1)6%(1Mq>”))} .

Similar to the error estimates in [5], we have the following error bounds:
(4.44) W (@)l 2 < e (h™ + [&"] 12) -

Thus, we can obtain

(4.45) &2 < I&" g2 + Coer (W™ + [&"[|2), 0<n< == -1,

where Cs is a constant independent of h, 7, n, and €. Since €° = Py, ®g — I, ®g, we
have HEOH , S h™, and the discrete Gronwall’s inequality implies HE“H ||L2 < h™ for
0<n< ¥ — 1. Combining the above estimates with (4.42), we derive
T/e
|®(tn,z) — Ing®@"|| 2 SA™ +em® +70", 0<n< L,
Ju
which shows the improved uniform error bound (4.39), and the proof for Theorem 4.5
is complete. 0

Remark 4.6. 1If the electromagnetic potential V and/or A; are time-dependent,
the time-ordering technique [40] should be applied when we implement (2.7), as the
operator T 4 £V is no longer commutable for different time coordinates t; # to.
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Remark 4.7. The TSFP (2.12) conserves the mass in the discretized level as [4]

M-1 M— M—
[ =k S B =h S 80— [ A S [Ba(e)fs n >0,
j=0 j=0 =0

Introduce the discrete energy at t = t,, as
E':=h Z “01(0.P)] 4 (BF) 03@T + eV;| 07 |* — e Ay ;(97) 0197

where

(0,@)7 =i Y (@), @) j =01, M~ 1.
LETM

Then we have the following estimates for the discrete energy:

T/e

(4.46) |Ep —Ep| Sh™+er+1", 0<n< .
T

Furthermore, if the exact solution is smooth, e.g., ®(t,z) € L>([0,T.]; (H3e,(€2))?),
the estimate for the discrete energy for sufficiently small 7 is

T/e

(4.47) |Ep —Ep| Sh™+er®, 0<n<
-

5. Numerical results. In this section, we present numerical results of the TSFP
method for the long-time dynamics of the Dirac equation with O(g)-potentials up to
the long time T, = T'/e.

5.1. For ¢ =1 with T > 1 regime. First, we show an example to confirm that
the uniform error bound grows linearly with respect to the time ¢t. We take Q = (0, 1),
the electromagnetic potentials

(5.1) Vi) =2*(z-1)2+1, A(x)=2*(z-1>4+1, z€Q,
and the (HZ..(€2))? initial data
(5.2) b1(z) = po(z) = 2*(1—2)* +3, z €.

2

The regularity is enough to ensure the uniform and improved error bounds. The
“exact” solution ®(¢,x) is obtained numerically by the TSFP (2.12) with a very fine
mesh size h, = 1/128 and time step size 7. = 107*. To quantify the error, we
introduce the following error functions:

€ltn) = [D(t,0) = IN® o, emun(ta) = max e(t,).

In the rest of the paper, the spatial mesh size is always chosen sufficiently small, and
thus spatial errors can be ignored when considering the long-time error growth and/or
the temporal errors.
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Figure 1 depicts the long-time temporal errors of the TSFP method for the Dirac
equation (2.1) with ¢ = 1 and different time step 7, which shows that the uniform
errors grow linearly with respect to the time. In addition, for a given accuracy bound,
the time to exceed the error bar is quadruple when the time step is half, which also
confirms the linear growth. For comparisons, Figure 2 plots the long-time errors of
the fourth-order partitioned Runge-Kutta splitting (PRK4) method, which indicates
that higher order time-splitting methods get better accuracy with the same time step
size as well as longer time simulations within a given accuracy bound.

5.2. For ¢ — 0 with fixed T regime. Next, we report the convergence test
for the TSFP method (2.12) for the Dirac equation (2.1) with the electromagnetic
potentials (5.1) and the initial data (5.2).

Figure 3 plots the long-time errors of the TSFP method for the Dirac equation
(2.1) with the fixed time step 7 and different ¢, which confirms the improved uniform
error bound at O(e7?) up to the long time at O(1/¢). Figures 4 and 5 exhibit the

— ) - =U.1, T1=3
n=n/2, T =40
w Ty = 1'1,1"4, T3 = ].STI

120 160 1,200

F1G. 1. Long-time temporal errors of the TSFP (2.12) for the Dirac equation (2.1) with e = 1
and different time step T.

-5
PRl : .
.E sessssesas T] 202, T] =71
1%
¥ =72, T =161,
0.8
= I i | T3 = 71;"4, T,r; = 256T1
5064 ' -
S
04
BT _____________________________________;::_:.:.:-_-="*--=
02}/ e Y {
0 --—r""!"-—-—.-r 1 1 1 1 :
ol T 30 60 90 120 150 180 210 240 T, 270

F1G. 2. Long-time temporal errors of the PRK4 method for the Dirac equation (2.1) with e =1
and different time step T.
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/ ' [ i gy =1 =30
0.06} I

E9 = E;f?, Tz = 2T|
v g =a/4, Ty=4T
ey =¢e1/8, Ty =81

F1G. 3. Long-time temporal errors of the TSFP (2.12) for the Dirac equation (2.1) with 7 = 0.1
and different €.

e(l/e)

F1G. 4. Temporal convergence rates of the TSFP (2.12) for the Dirac equation (2.1) over long-
time dynamics at t = 1/e; convergence rates in T (a), and convergence rates in € (b).

temporal and spatial errors of the TSFP (2.12) for the Dirac equation (2.1) at t =
1/e. Figure 4(a) shows the second-order convergence of the TSFP method in time.
Each line in Figure 4(b) gives the global errors with a fixed time step 7 and verifies
that the global error performs like O(e72) up to the long time at O(1/¢). Each
line in Figure 5(a) shows the spectral accuracy of the TSFP method in space, and
Figure 5(b) verifies the spatial errors are independent of the small parameter ¢ in the
long-time regime. Figure 6 plots the long-time errors for the discrete energy denoted
as €gnergy (t), which confirms the improved uniform error bounds (4.46) for the discrete
energy.

5.3. Comparisons of different temporal discretizations. In this subsec-
tion, we compare the long-time temporal errors of the time-splitting methods with the
finite difference method (FDM) and the exponential wave integrator (EWI) method
[23, 24]. In order to compare the temporal errors, we adopt the Fourier pseudospectral
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0%
:u?‘ J"L:\ 10%) A\K‘\ﬁ—e._ﬁ—a—a
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F1G. 5. Spatial convergence rates of the TSFP (2.12) for the Dirac equation (2.1) over long-time
dynamics at t = 1/e; convergence rates in h (a), and convergence rates in € (b).
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F1G. 6. Convergences rates for the discrete energy of the TSFP (2.12) for the Dirac equation
(2.1) over long-time dynamics at t = 1/e; convergence rates in 7 (a), and convergence rates in
e (b).

method in space combined with each temporal discretization and choose a fine mesh
size such that the spatial errors are neglected.

Figure 7(a) displays the temporal errors for the fixed ¢ = 1 with different time
step 7. For the three second-order schemes, the second-order (Strang) time-splitting
method obtains smaller temporal errors than the other two methods with the same
time step. The fourth-order time-splitting method (PRK4) not only has higher or-
der convergent rate but also gives much smaller errors than the other three methods
with the same time step. Figure 7(b) shows the long-time temporal errors of these
methods for different ¢ with a fixed time step 7. The splitting methods have im-
proved uniform error bounds like O(e72) up to the long time at O(1/e). The EWI
method has uniform error bounds, while the long-time temporal errors of the finite
difference method depend on the parameter e and behave like O(1/¢). As a result,
time-splitting methods perform much better than FDM and EWI in the long-time
simulations.
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F1c. 7. Temporal convergence rates of different temporal discretizations for the Dirac equation

(2.1) over long-time dynamics at t = 1/e; convergence rates in T (a), and convergence rates in
e (b).

6. Conclusions. Improved uniform error bounds for the time-splitting meth-
ods for the long-time dynamics of the Dirac equation with small electromagnetic
potentials were rigorously established. With the help of the unitary property of the
solution flow in L2(Q), the linear growth of the uniform error bound for the time-
splitting methods was strictly proven. By employing the regularity compensation
oscillation (RCO) technique, the improved uniform error bounds were proved to be
O(e7?) and O(h™ +¢e72) up to the long time at O(1/¢) for the semidiscretization and
full-discretization, respectively. Numerical results were shown to validate our error
bounds and to demonstrate that they are sharp. Finally, comparisons of different time
discretizations were presented to illustrate the superior property of the time-splitting
methods for the numerical simulation of the long-time dynamics of the Dirac equation.
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