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ABSTRACT. We study a semidiscrete analogue of the Unified Transform Method introduced by A. S. Fokas,
to solve initial-boundary-value problems for linear evolution partial differential equations with constant coef-
ficients on the finite interval € (0, L). The semidiscrete method is applied to various spatial discretizations
of several first and second-order linear equations, producing the exact solution for the semidiscrete problem,
given appropriate initial and boundary data. From these solutions, we derive alternative series representa-
tions that are better suited for numerical computations. In addition, we show how the Unified Transform
Method treats derivative boundary conditions and ghost points introduced by the choice of discretization
stencil and we propose the notion of “natural” discretizations. We consider the continuum limit of the
semidiscrete solutions and compare with standard finite-difference schemes.
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1. INTRODUCTION

We are interested in the numerical solution of the M™-order quasilinear partial differential equation
(PDE)

@ = cqma+ F (¢, 0zs - - qu—1)z) » ¢ € C\ {0}, (1.1)
on the finite interval « € (0, L). We assume initial and boundary conditions have been provided to make the
initial-boundary-value problem (IBVP) well posed, and that the provided initial and boundary functions
are sufficiently smooth and compatible.

The application of finite-difference schemes on discretized spatial and temporal grids is a standard and
intuitive approach to numerically solve finite-interval IBVPs at points ,, = nAx and t; = jAt. However,
numerical methods with high-order spatial stencils often need data at grid points outside of the x domain,
referred to as ghost points (see Figure . These points arise solely from the choice of spatial stencil,
independent from the given IBVP. Note that with periodic boundary conditions, ghost points and their
complications are nonexistent. The current heuristic techniques to determine data at ghost points can
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FIGURE 1.1. A stencil that requires information at a ghost point near = = 0.

*Corresponding author: jorgec5@uw.edu



2 J. CISNEROS & B. DECONINCK

destabilize schemes shown to be stable in the full-line or periodic problem [I2, 23] and are not easily
generalizable to higher-order PDEs and their derivative boundary conditions [3| 4} [7, 1T} 17, 18|, 28] B31].
Incorporating all boundary conditions correctly while addressing ghost points is a non-trivial issue [19, 21,
29, 132] that we propose to undertake with an operator splitting approach.

Higher-order derivatives usually require higher-order stencils that embed more ghost points than lower-
order stencils. We consider the class of quasilinear IBVPs that are discretized in space x,, = nh but are
continuous in time t, 7.e., semidiscretized, where the most nonlocal stencil is applied to the linear term ¢ gaz.
When solving the nonlinear problem , the lower-order problem ¢; = F (q, Qas -5 q( M—l)x) is handled
with established split-step techniques, while the linear problem ¢; = cqps: and its ghost points require
special attention. Similar to the ideas presented for half-line problems [5], this paper treats ¢ = cqars
on a finite interval using the Unified Transform Method on the semidiscrete (n,t)-plane. The split-step
methods for the nonlinear IBVPs will be explored in a future paper.

2. THE CONTINUOUS UNIFIED TRANSFORM METHOD

The Unified Transform Method (UTM) or Method of Fokas provides a systematic procedure to solve
linear constant-coefficient evolution PDEs on the half-line and finite interval, although it originated with
integrable nonlinear PDEs [14] 15, [16]. For problems ¢ = c¢qur, with nonhomogeneous boundary con-
ditions, the UTM gives an explicit analytical solution in terms of integrals along paths in the complex
plane of a spectral parameter k € C that can be numerically evaluated through contour parameterizations
[10L 13, 27]. Regardless of the type of boundary conditions, e.g., Dirichlet, Neumann, or Robin, the UTM
is more widely applicable than classical methods to solve evolution IBVPs [§].

The UTM for either half-line or finite-interval problems uses the following, algorithmic steps [5 [9]:

(1) rewrite the PDE in divergence form with a spectral parameter k to obtain the local relation and
the dispersion relation W (k),

(2) integrate over the (x,T")-domain to obtain the global relation,

(3) invert the global relation to obtain a representation of the solution that depends on known and
unknown boundary data,

(4) determine symmetries 77;(k) of W(k),

(5) determine where in C the global relations are valid when evaluated at 7;(k),

(6) if necessary, appropriately deform integral paths involving boundary terms,

(7) solve for unknown boundary data using the global relations evaluated at 7;(k), and

)

5
6
7
8) check that integral terms involving ¢(7;,7T") vanish, resulting in a solution representation.

(
Although the calculations are more tedious for higher-order problems and boundary conditions, the UTM

ultimately reduces the challenge of solving an IBVP to solving a set of algebraic equations involving the
dispersion relation and its symmetries.

For the finite-difference approach to nonlinear IBVPs, we apply the UTM to linear semidiscrete IBVPs.
A method-of-lines formulation allows the UTM to address ghost points directly by providing an analytical
solution to the semidiscrete problem.

3. SEMIDISCRETE UTM: NOTATION AND DEFINITIONS

The UTM has received a lot of attention for continuous IBVPs, but not nearly as much for semidiscrete
ones. Biondini and Hwang [I], Biondini and Wang [2], and Moon and Hwang [26] study semidiscrete
problems in the context of the UTM, but from the perspective of a purely semidiscrete problem on closed
contours with discretized Lax pairs. In [5], we study semidiscrete problems on the half line, motivated by
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spatial discretizations of PDEs. In the present paper, we do the same for discretizations of PDEs on the
finite interval.

Our motivation is to improve the numerical solution of nonlinear IBVPs. To reach our goal, we apply
the SD-UTM to the linear problem, addressing ghost points in finite-difference methods directly and
analytically. As we will show, the SD-UTM formulas for the semidiscrete solution ¢, (7") are easier to work
with than those obtained from the continuous UTM, but further approximations are needed in order to
efficiently implement them into a split-step method (see Section .

In the following sections, we present the SD-UTM through examples of several linear semidiscretized
IBVPs on the finite interval. We introduce an explicit mesh parameter h = L/(N + 1) < 1 for n =
0,1,...,N,N + 1 with N interior-domain grid points, such that n = 0 and n = N + 1 correspond to
x = 0 and x = L, respectively. For each section, the first few concrete examples are followed by higher-
order discretizations where ghost points play a significant role. We follow a similar procedure to Steps
-, adapting the methodology as we move through the examples. We use the shift operator AQ, =
Qn+1 — Qn, which effectively replaces the spatial derivative with a forward difference. For IBVPs with
Dirichlet boundary conditions on both ends of the interval, the Fourier transform pair can be written as

N
q(k,t) =n) e g, (t),  keC, (3.1a)
n=1
1 w/h _—
gn(t) = 2W/ ek dk, ke C (3.1b)

If a Dirichlet condition is not given at x = 0, then we start (3.1a)) at n = 0. Similarly, if there is no
Dirichlet data at = L, the sum ends at N + 1. We define the time transforms of spatial nodes at and
near the n = 0 boundary, including ghost points:

T
fj(W,T):/ Magtydt, j=...—1,0,1,..., keC, (3.2)
0

and, at and near the n = N + 1 boundary, including ghost points:

T
gj(T/V,T):/ eWthHﬂ-(t)dt, j=...—1,0,1,..., keC, (3.3)
0

for an arbitrary finite 7' > 0 and semidiscrete dispersion relation W (k).

To compare with standard numerical approaches, finite-difference solutions are obtained using a method-
of-lines approach with the same spatial discretization as the semidiscrete UTM approach, so that we set up
the full discretization of the PDE into a large, but sparse, system of ordinary differential equations (ODEs).
For example, the centered-discretized heat equation with Dirichlet boundary conditions is formulated as

= Gt =20 E el ) = AQ() + a(t) + p()

where Q(t) € RY is a column vector composed of all ¢,(t), A € RV*N is a sparse tridiagonal matrix,
and both g(t) € RY and p(t) € RY are sparse column vectors that include boundary conditions from the
left and right, respectively. The system of ODEs above is discretized in time and solved via the Forward
Euler (FE), Runge-Kutta Fourth Order (RK4), Backward Euler (BE), and Trapezoidal (TR) methods.
In summary, we compare the exact solution of an IBVP to these four classical numerical solutions and
the SD-UTM explicit solution, which exactly solves the spatially discretized problem, i.e., requires no
time-stepping.

(2, 1) = qua(,8) = Gn(t)

For the following examples, we compute the SD-UTM solutions within the interval = € (0, 1) if Dirichlet
boundary conditions are specified or = € [0, 1] if Neumann boundary conditions are given. The solutions
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are implemented in MATLAB using built-in functions, such as the vectorized integral(). To reduce
computation time, we analytically evaluate sums, like those defining the forward discrete Fourier transform,
and integrals when possible. In addition, all IBVPs have initial and boundary conditions compatible at
(z,t) = (0,0) and (z,t) = (L,0).

4. ADVECTION EQUATIONS

We begin by discussing advection equations in some detail, to show how the UTM is applied to semidis-
crete problems on the finite interval. This allows us to introduce notation and to illustrate the kinds of
numerical experiments we use here and for the more complicated examples of the following sections. Time
T is used to denote a fixed final time of interest in the time transforms - , while t < T refers to
the generic time variable.

4.1. Forward Discretization of q; = cq,. We start with the continuous problem for the advection
equation g = ¢ q, with wave-speed ¢ > 0:

qt = C{qg, 0<x<L,t>0,
q(z,0) =9¢(z), 0<z<L, (4.1)
q(L,t) =vO), t>o.

For well posedness, the IBVP requires the initial condition and a Dirichlet boundary condition at z = L.
Since information travels from right to left, a forward discretization of ¢, (x,t) is natural, and we consider

qn(t) —c Gn+1 (t)h_ qn (t) ‘

As for the continuous UTM, the local relation is determined by writing the problem in divergence form.
For this semidiscrete problem, we replace 0, with the shift operator A, and (4.2)) is rewritten as the
one-parameter family of problems

o, <e—iknheWtqn) _ %A (e—ik(n—l)h€Wtqn> ’ (4.3)

(4.2)

with dispersion relation
1— eikh
W(k)=c B

The symmetries of the dispersion relation are those transformations k& — v(k) that leave W (k) invariant,
i.e., W(v) = W(k). Here, only has the trivial symmetry vy(k) = k, up to periodic copies. From the
local relation , we obtain the global relation by taking a time transform over ¢ € [0,7] and a finite
sum from n = 0 (because go(t) is not known) to n = N (because gn41(t) is known):

S / r o1 (¢ e, ) — £ (e, ) ]t = o
n=0 0

(4.4)

= T4k, T) = q(k,0) — ¢ [—e™ fo 4 Mgy | — o, (4.5)
valid for k € C. Solving for ¢(k,T") and inverting using the inverse transform ((3.1b)),
1 w/h w/h ) )
qn(T) - eZk"he_WTQ(k, 0) dk + i elk‘nhe—WT [_elkhfo + e—zk‘(L—h)gO:| dk. (46)
2w —x/h T J—n/h

Since the Fourier transform ¢(k,0) consists of a finite sum, both integrands of are defined for all
k € C. We refer to the expression above as the “solution,” since fo(W,T) in the second integral term is not
known, unlike go(W,T). For n =0,..., N, e*+D" decays in the upper-half plane and e~ is bounded
in the shaded regions, including on the boundary, of Figure This figure also shows the integration path
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FIGURE 4.1. The shaded region depicts where Re(—W) < 0 and e~ is bounded, for the
dispersion relation (4.4)).

for “solution” (4.6)) from —m/h to 7/h on the real line. Note that the sign of ¢ is essential in determining
the region of exponential growth of the integrand, i.e., the white region in Figure

Following the approach discussed for half-line semidiscrete problems [5], we show that (4.6) does not
depend on fo(W,T), i.e., no Dirichlet boundary data at @ = 0 is required. First, we substitute the definition
of fo(W,T) in order to collect the k dependence:

w/h w/h

T T
< ekt Dhe=WT g g — ekt Dhe=WT / eVgo(t) dt| dk = / A(n, T — t)qo(t) dt,
27 —m/h 2T —7/h 0 0

with T'— ¢ > 0, and

A _ ¢ m/h ik(n+1)h —WT
(n,T) = . M e e dk.

Let R > 0. We define the line segment
D*z{keC’_hﬂgRe(k)gz and Im(k):R},

with left-to-right orientation, a horizontal straight-line path above the real line, from k¥ = —7w/h + iR to
k = m/h + iR. Next, we introduce a closed contour that consists of four straight segments: the original
real-line path, the new path D, and two vertical segments that connect the endpoints of the real-line path
with those of Dt (see Figure [4.1)). The contributions to the integral from these vertical paths cancel due
to periodicity. Hence,

A(n,T) = C/ ek ntDhg=W(T—1) g,

) o D+ )

by Cauchy’s Theorem. Taking R — +oo implies Im(k) — oo in the integrand. Because of the exponential
decay above the real line, A(n,T) =0 and

w/h
c ezk(n+1)he—WTf0 dk = 0.

27 —x/h
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It follows that the solution to the finite interval IBVP with the forward discretization (4.2)) depends only
on the initial condition and Dirichlet data at x = L:

1 7/h 3
qn(T) — 271_/ B eiknh —WT 5 (k 0) dk—l—/ etk (nh— L+h) WTgo dk. (47)

Note that e="'7T grows in the lower-half plane, and we cannot deform and remove the integral contribution
from go(W,T) for the same n. Thus, (4.7)) is the final representation of the solution.

For reference, we solve the IBVP (4.1 using the continuous UTM, following Steps - from Section
In short, we find the dispersion relation W (k) = —ick, with only the trivial symmetry (k) = k, and
the global relation

q(k,0) — VTG(k, T) + (—Fg +e—ikLG0) =0, keC,

where

and the time transforms are

/ e O
dazﬂ
/ we 0'q
d:vﬂ
After inverting the Fourier transform and showing there is no dependence on FO(W,T), the solution is
represented as

q(z,T) = ;ﬂ / ereWTG(k, 0) dk+— / =DV Gy . (4.8)

Taking the limit as h — 0 of ., we recover , where the limits of integration approach +oco at rate
1/h, limy,_,o W (k) = —cik = W, and limy_, elk("h Lth) — ¢ik(z=L) with nh = x,, — x and

h—0

T
hng(WT)_hm eiq(L + jh,t)dt = / Weg(L,t) dt = Go(W, T),

for any fixed j.

After substituting the definitions of ¢(k,0) and G in (4.8]), we recover the classical, traveling wave
solution:

(4.9)

o(x+T), O0<x<L—cT,
@.T) =1 (0 (z-L
o (=R 4T L—cT<z<L.

4.1.1. Series Representation. To facilitate numerical computation, we simplify the solution (4.7) by
substituting the definitions of §(k,0) and go(W,T'). For the initial-condition integral term with ¢(z,,) = ¢,

1 w/h N h w/h
- Zk:nh —WT (k O) dk = Z / elk‘(n—m)he—WT dk ¢m

27 —n/h m—0 2m —n/h

The integral can be evaluated with z = e*** and W (z) = ¢(1 — 2)/h:

z=0 h

/W/h etk(n—m)h ,—WT 1. _ @CT./hj{ zn_m_le%z dz — e—cT/hReS{Zn_m_lec}Z”Z} _ ﬂ <0T>m—n
|z|=1

—/h 2mi (m—n)!
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Since m > n, the initial condition integral gives

1 w/h zknh —WT al ech/h " —cT'/h - cr\™ ¢n+m
2 atk, O)dk_z (m —n)! <h> m =e n;)(h) m!

—7/h Je—

The boundary integral from (4.7) is treated similarly by substituting the definition for go(W,T) in terms
of v (¢):

c w/h

27 —7/h

A T w/h
< ezk(nh—L—i—h)e—WTgO dk — C/ 1/ ek(n=N)h —W(T—t) 11 U(O)(t) dt,
2 —n/h 0

after substituting L = (N + 1)h. Again with z = e’*",
1 m/h ik (n=N)h ~W(T—t) g ec(Tt)/h% Zn—N—leC(Lh_t)Z s
l2|=1

2T —7/h 2mih
—e(T—t)/h o(T—1)
— % " Res {z"_N_le R Z}
h z=0

e—c(T—t)/h C(T o t) N—n 1
B h < h ) (N —n)!l’

Hence,
e N—-n
< /h eik(nh—L-',-h)e—WTgO di — C/T o—c(T—t)/h (T —1t) v () dt
27T _ﬂ-/h h 0 h (N — n)' ’
Thus, (4.7) is rewritten as

T N\ NV, 0
() = _CT/hZ <cT) <Z>n+m +Z/0 o—e(T—1)/h <C(Th t)) (Kro_(;)) dt. (4.10)

Unlike for the classical continuous solution (4.9)), the initial and boundary conditions in the semidiscrete
solution (4.10) are inseparable and both contribute at every mesh point. For computational purposes, the
factorials become too large to store in finite precision as we refine h, and one last rewrite is in order. For

the sum in (4.10)),
T\™ 1 T
<Ch) = exp [mln (Ch> —In[["(m+ 1)]] ,
so that combining with e~<T/" gives
N—n
—cT/h CT ¢n+m _ ] g —InlT 1] — g
After a similar rewrite for the integral term, (4.10) becomes
N—n
T T
an(T) = Z exp [m In <ch> —In[l'(m+1)] - Ch } Grtm
m=0 (4.11)
r T—t T—t
4 c/ exp [(N —n)In <C<h)> [N =+ 1) — C<h) - ln(h)] O (1) dt.
0

Using MATLAB, we can make use of the built-in integral () and gammaln() functions.

From the stencil (4.2)), we know that (4.7)), and hence (4.11), is a first-order accurate approximation to
the solution ¢(z,T) of the IBVP (4.1). We can reveal more information about the behavior and structure
of this approximate solution by determining its modified equation [23, B33]. Suppose ¢,(T") samples the
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solution of a PDE with dependent variable p(x,T), such that ¢,(7) = p(x,,T). Substituting into the
forward stencil (4.2) and Taylor expanding gives

. C
QR(t) = n [Qn-l—l(t) - qrz(t)]
C
= pt(xn,t) = E [p(wn + hat) - p(mnat)]
= pr=cpp+ By g P2 4o (3)

2 6

Keeping the O(h) term, we find that (4.7) is a second-order accurate solution approximation to the
advection-diffusion PDE:
ch

Py =cpy + ~ Paa, (4.12)
so we expect solution profiles of (4.7]) to travel at the correct speed ¢, while dissipating in time. Since
¢ > 0, the diffusion coefficient ch/2 is positive. If we allow ¢ < 0 or if we apply the same forward stencil
to the PDE ¢; = —aq, with a > 0, we obtain a similar convection-diffusion modified PDE, but with a
negative diffusion coefficient, which gives an ill-posed problem with exponentially growing solutions.

As an explicit example, we compute the numerical solution of

gt = Qz, O<z<l,t>0,
q(z,0) = ¢(x) = sech [200(x — 0.925)] + sech [40(z — 0.425)], O0<z <1, (4.13)
0(0.6) =00 (1) = 6(1+1), t>0,

with ¢ = 1 and L = 1, so that the boundary condition acts as the continuation of the initial condition
from outside the interval for ¢ > 0. The initial condition consists of two peaks of equal heights, except
the leading peak is wider than the trailing peak. We solve with the aforementioned finite-difference
numerical methods and the SD-UTM solution via a first-order spatial forward discretization. Figure
shows the semidiscrete solution ¢, (t) (left panel) and a log-log error plot (right panel) of the co-norm
of ¢,(0.25) — q(zp,0.25), as a function of h, where the finite-difference schemes use a fixed time step
At = At = 2.5 x 1073, The (z,,t)-plot in Figure shows that both peaks decrease in amplitude and
widen as time increases, predicted by the modified PDE , with the narrow peak quickly dissipating
compared to the wider peak. The error plot in Figure shows that SD-UTM works well compared to
the traditional numerical methods. The explicit methods become unstable after their CFL conditions are
violated [23] and the implicit methods’ errors are asymptotic to the temporal truncation errors as h — 0
for a fixed time step At. Figure demonstrates there is no CFL condition for the SD-UTM to succeed,
while, for example, FE only works well for large h values where At/h < 1. The implicit methods do not
have such restrictions, but have truncation error O (h) + O (At?), where p = 1 for BE and p = 2 for TR.
For a fixed At, only the spatial error decreases as h — 0, while O (At?) remains and eventually dominates.
The asymptotic limits of BE and TR in Figure as h — 0 reveal this temporal truncation error. Figure
implies that the SD-UTM solution has a slow convergence rate to the continuous solution for
this IBVP, likely due to the sharp peak, reaching the expected O (h) for h < 1075,

Figure compares the exact solution with the numerical solution profiles for all methods, except FE
and RK4 due to their instabilities, with A = 10™%. For the SD-UTM, we simply compute the solution
at T = 0.25 once, while the finite-difference solutions time-step to T' = 0.25 with step size At = 2.5 x 107°.
From the solution plot, it appears that every method is dissipative, including FE and RK4 (not shown), and
TR is also dispersive. With the SD-UTM, both peaks drop in amplitude and diffuse, while the dispersive
nature of TR is apparent near the sharper peak. Despite the lack of a dispersive tail like the other implicit
method, it appears that BE is more dissipative than all the other tested methods. In summary, the SD-
UTM performs better than the finite-difference methods presented. Even though dissipation is evident,
dispersion is not.
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”q(mn, T) - qn(T) ”oo

FIGURE 4.2. (a) The semidiscrete solution (4.11f) evaluated at various 7" with h = 0.005.
(b) Error plot of the semidiscrete solution (4.11)) and finite-difference schemes relative to
the exact solution as h — 0 with 7' = 0.25 and At = 2.5 x 1073,

4.2. Higher-Order One-Sided Discretization of g; = cq. All forward discretizations produce f;(W,T)
terms with a coefficient C; " kh for some C; € Cand v; € Nin the global relation. Coupled with a polyno-
mial dispersion relation W(z), we can remove all integral terms containing any f;(W,T') from “solutions”
using the steps above. On the opposite side of the interval, more terms with g;(W,T') are introduced,
but with the help of symmetries or additional boundary conditions given by the PDE, we can remove
the unknown ¢;(W, T terms. The steps in the semidiscrete UTM become more intricate and tedious, yet
remain systematic.

We consider a second-order stencil for a forward discretization of ¢, (z,t):

() = ¢ —3qn(t) + 4%;;: (t) — Qn+2(t)_ (4.14)
We find the local relation
o, (efiknheWtqn) _ iA (467ik(n71)h6Wtqn _ efik(nfl)heWtqn_H _ efik(an)heWtqn> 7 (4.15)
with dispersion relation . .
Wk) = co 46“;* . (4.16)
Taking a time transform and a finite sum from n = 0 to n = N, the global relation is
TGk, T) = 4(k,0) = 5 (F(k,T) + e *Eg(k,T)) =0, keC, (4.17)

where , , ‘
{f(/% T) = ** fo — 4™ fo 4+ *" fy,

g(k,T) = 4e™* gy — e*Fhgy — etkhg, .
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FIGURE 4.3. (a) The numerical solutions to IBVP (4.13) at T = 0.25 with h = 1074 for
all the methods and At = 2.5 x 1072 for the finite-difference methods. (b) The difference
between the exact solution and the numerical solutions under the same conditions as (a).

Solving for §(k,T') and using the inverse transform,

n/h n/h —ikL
Qn(T) = 1/ ellmhefWch(k7 0) dk + < eanhefWT |:f(k‘,T) te g(va):| dk. (4.18)
2m —7/h 2 —7/h 2

We can deform and remove f(k,T') from “solution” (4.18)), so that

1 [ m/h 4 gikhY) g0 _

qn(T) _ / ezknhe—WTqA(k’O) dk + C/ ezk(nh—L+h)e—WT ( € )90 91 dk. (4‘19)
2T —n/h 2T —7r/h 2

Figure illustrates this, since e™"7 is bounded in the whole upper-half plane. Thus, the second

integral term of (4.19) depends only on the transformed Dirichlet data and data at the unknown ghost

point qy12(T) = q(L + h, T) through g, (W, T).

The dispersion relation (4.16) has the nontrivial symmetry

In (4 — e™*h)

k)= —"—=
up to periodic copies. The global relation (4.17)) with & — 14 (k) is valid for all k£ € C, except for a bounded
region in the lower-half plane shown in Figure |4 .4bl We solve this global relation for the unknown g (W, T')

to find

: , Lo\ N+1 L\ N+1 9 (4 — k)N
g1 = gy — e (4 &) T fy g (4 )T g 262 140,0) - T, 7]
c
where e”1F = (4 — e“‘fh)NJr1 with L = (N + 1)h. Substituting into (4.19) does not only reintroduce
dependence on fo(W,T) and f1(W,T) that can no longer be deformed away, but it also introduces a
nonzero contribution from ¢(v1,T), the transform of the solution itself.
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FIGURE 4.4. (a) The shaded regions depict where Re(—W) < 0 and e="7 is bounded, for
the dispersion relation (4.16]). (b) The shaded regions depict where the global relation with
k — vi(k) is valid, i.e., Im(v1) < 0.

In [B], we present an alternative route to obtain a valid solution representation. Returning to the
continuous problem (4.1)), the PDE itself gives first and second-derivative boundary conditions from the
Dirichlet condition:

4z(L,t) = “(Ct) o(t) = %v(o)(t), (4.20a)
. ;
Gua(Lyt) = vg) b(t) = %v((’) (t). (4.20b)

We discretize the derivative conditions using centered second-order accurate stencils and apply time trans-
forms:

—gq V
-2 1V
LTIt Z‘;J“g L= VonD) / Wi (4.21D)

Solving (4.21al) and (4.21b)) for g1 (W, T) and g_1(W,T) gives

1 w/h w/h 3 _ ctkh

gn(T) = / ek =WT (1 0) dk+ < ik(nh—Lth) ,~WT ( € )go dk:
27 /n 27 J_z/n 2

(4.22)

21 4c2

The additional steps of including and allow to maintain O(h?) accuracy. The modified
PDE corresponding to the second-order discretization is the dispersive PDE p; = cp, — (ch®/3)prse,
and is its third-order approximation (the omitted higher-order term in the modified PDE is O(h?)).
The stencils and are both fourth-order approximations to their respective modified PDEs
with nonzero O(h®) coefficients. As before, the semidiscrete solution converges to as h — 0
and correctly loses dependence on the Neumann boundary condition in the continuum limit.

7/h 2
_C// eik(nh—L+h)€—WT[hV+ h V] dke.
—x/h
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4.2.1. Series Representation. We rewrite solution (4.22)) by substituting the definitions of ¢(k,0),
go(W,T), and Vo(W,T). For the initial-condition integral term,

1 w/h " h WT 3T/(2h) N-—nm/2 4m 2k T m—2k
il ethnh o — k.0)dk —s¢ bm - 4.2
) (k,0) DI _%,k,<h) Omine (123)
m=0 k= O
For the boundary integrals from (4.22)),
w/h 3 ikh . 2
< oik(nh—L+h) ,~WT [( e'™) go — EV— hv} dk
27T 77T/h 2
h 2
=3By (n, T,v ") — By (n,T,v'%) — =By(n, T, ) — 5.2 Bo(n. T.9),
& C
with
w/h )
Bj(TL, T,U) _ C/ ezk(nh—L-&-h-}-]h)e—WTV“/V7 T) dk
4 —7/h
(N=j=m)/2 N ine Ne—jn—2k
_ ac A G /T o~ 3e(T—1)/(2h) oT—t)\"™ o(t)dt,  (4.24)
2h = (N—j—n—2k)k Jo 2h S

and .
V(W,T) = / eiy(t) dt,
0

after substituting definitions and expanding. Combining the initial-condition term and the boundary-
condition term allows for a different representation of (4.22), and we can use optimized built-in
functions in MATLAB and other languages. As for (4.10), the initial and boundary conditions contribute
at every interior mesh point.

Remark 4.1. The choice of equations to remove additional unknowns is not necessarily unique. The
main challenge is finding equations that are linearly independent and give the desired order of accuracy.
For example, instead of the centered discretization (4.21a)) for ¢,(L,t), we apply the second-order forward
stencil:

—3 t)+4 t) — £ ot —3g0 + 491 — Vv
qn+1(t) + 4gn42(t) — an43(t) _ 0(2) N gotidgn—g2 V. (4.25)
2h c 2h c

This choice requires a second equation, different from (4.21b)), that does not introduce any new unknowns.
We discretize guq(L,t) using the first-order forward stencil:

qN+1(t) — 2qn+2(t) + qn13(t) — O(F) g—2q1+g V
N -5 > £ TE_o (4.26)
Interestingly, both pairs of discretizations, (4.21a)) — (4.21b]) and (]4.25|) - (|4.26|), give the same expression for
the unknown gl(W T) and the same second-order accurate solution (4.22)). It is noteworthy that g1 (W, T)

in (4.21a)) and ( arises as g1 /h. Similarly rewriting the g; (W, T) term in (4.21D)) and (4.26]), we have

-2 1% -2 v
g1 g}(L)—i—g l—h +O(h3) z1+92_h +OR?),
respectively, so that g;(W,T') is solved (at least) to O(h?) as in ([.21a]) and ([#.25). To remove g (W, T)
from (4.19)) without introducing new unknowns, we can discretize the Neumann condition (4.20al) using
the standard forward stencil to find

1 m/h e W c r/h N
()= [ e ek, 0)dk + o [ eIt
27T —TI'/h T _7r/h

(3 _ eikh) h .

- — . 4.2
5 90— 5. V| dk (4.27)
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FIGURE 4.5. The shaded regions depict where Re(—W) < 0 and e~ is bounded, for the
dispersion relation (4.28|).

Because of the discretization of the Neumann condition, the accuracy of (4.27)) is O(h) instead of the
expected O(h?). In fact, from this discretization, the modified PDE p,(L,t) = ©(t) + (h/2)psz (L, t) implies
local dissipation near the x = L boundary. Even so, solution converges to and loses dependence
on the Neumann boundary condition as h — 0. Note that an integral term with h%V/(4¢?) is the only

difference between (4.22)) and (4.27).

Remark 4.2. Unlike for the half-line problem, on a finite interval, the semidiscretized IBVPs for the
advection equation ¢ = —cgq, (¢ > 0) are similar to those for ¢; = +cgq,, except we now apply backward
stencils to g, (x,t) instead of forward ones.

Remark 4.3. For the half-line problem [5], the centered discretization also yields a suitable SD-UTM
solution that maintains O(h?) accuracy through use of the nontrivial symmetry v (k) = —k — 7/h from
the dispersion relation

eFh — e=hh ¢ sin(kh)
k) = = ) 4.2
Wk =c—; ih (4.28)
In the finite interval problem, however, this is not the case. For the IBVP
G = —Cqq, 0<z<L,t>0,
q(2,0) = ¢(z), 0<z<L, (4.29)

q(0,t) = u’(t), t>0,
with ¢ > 0 and a centered discretization, the global relation is

—ikh —ikL ( ,—ikh
+fi— -
M T(kT) — q(k,0) — ¢ | 0 F ¢ 5 (ota)| o pec (4.30)

so that the “solution” contains three unknowns: fi(W,T') and both g;(W,T) terms. Figure implies we
cannot argue away dependence on all g;(W,T') terms, since we have regions of exponential growth in both
the upper and lower halves of the complex k-plane. Deforming the integration paths onto the boundaries
of the shaded regions in Figure (see [9, 14, 15, [16] and future sections on higher-order discretizations),
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the global relation with £ and k& — v provides two equations to remove one f;(W,T') and one
g;(W,T) terms, say fi(W,T) and g1(W,T). We require a third equation that relates go(W,T) to at least
one of the other f;(W,T) or ¢gi(W,T) terms. Unless we have periodic boundary conditions, there is no
such relation that does not introduce more unknowns. Hence, the SD-UTM shows that a solution to the
centered-discretized IBVP does not exist. As in the higher-order discretization in Section M we
could derive and discretize the Neumann and second-derivative boundary conditions, ¢,(0,t) = —u(t)/c
and g, (0,t) = ii(t)/c? respectively, given by the PDE from the available Dirichlet condition u(% (t), with
a(t) = du9(t)/dt and i(t) = d*u®(t)/dt*>. However, this approach only serves to remove fi(W,T)
from the “solution,” impairing the global relation equations with k and & — v; to remove the remaining
go(W,T) and ¢g1(W,T). We reach a similar conclusion for the centered-discretized IBVP with a
Dirichlet condition at © = L. Lastly, the excess unknown terms occur near the interval’s boundary where
there is no prescribed condition, so this result does not change whether or not we take into consideration
the known boundary points (the starting and ending index) in the Fourier transform §(k,t) definition
(13.1a)).

5. THE HEAT EQUATION

5.1. Centered Discretization of q; = @z, with Dirichlet boundary conditions. Consider the
problem
4t = Qzx, 0<‘T>L7t>0)

q(z,0) = o(x), O0<z<L,
q(0,t) =uV(t), >0,
q(L,t) = v @), t>o0,

with Dirichlet boundary conditions on both sides of the interval. We write the centered-discretized heat
equation as

(5.1)

Gn+1(t) = 2qn(t) + gn-1(t)

gn(t) = 12 ) (5.2)
with local relation
‘ 1 , .
o, <efzknheWtqn) _ ﬁA (efzk(nfl)hel/thn _ efzknheWtqn_1> ’ (5.3)
and dispersion relation
2 _ ikh _ _—ikh 2(1 — kh
Wk)=2-_¢ = e ™ 2 Z(Z)S( ) (5.4)
The global relation is obtained by summing from n =1 to n = N and integrating in time:
e—tkh f g 4 g—ikL (gikhg o
WTq(k,T)—q(k,O)—[ fomh ; (™90 — 9-1) —0, keC. (5.5)
Inverting, we obtain the “solution” formula
1 w/h 1 w/h —ikh £
qn(T) _ / €Zlmh€_WT(j(k?,0) dk + / ezknhe—WT [e Jo f1:| dk
27 /h 2 h
(5.6)

7/h ikh
+ 1 / pik(nh—L) —WT [6 go — 91] dk,
27 —7/h h

which depends on the unknowns fi(W,T) and g_1(W,T). The dispersion relation ([5.4) has the trivial
vo(k) = k and nontrivial 14 (k) = —k symmetries, up to periodic copies. To remove both unknowns,
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FIGURE 5.1. (a) The shaded regions depict where Re(—W) < 0 and e~"7 is bounded, for
the dispersion relation ([5.4). The integration paths that constitute P are also shown. (b)
The integration paths OV =.

we need to deform the integration path of the second integral with the f;(W,T) terms away from the
integration path of the g;(W,T) terms. This results in two equations to solve for two unknowns:

e—ik:hfo — A+ e—ikL (—971 + eikzhgo)]
h )

0=eVTG(k,T) — (k,0) — [
(5.7)

ikh ikL —ikh

WT A N efo—fite (—9714'6 90)

= —k,T) —q¢(—k,0) —
Oeq<,>q<,o>[ . ,

both valid for £ € C.

Let us deform the f;(W,T') terms to the upper-half plane in order to abide with well-posedness as h — 0.
We introduce

vE= {k eCi‘Re(—W) go}.

With hindsight, we define the integration path P = P; + P + Ps, shown in Figure where the two
horizontal paths P; 3 are at height Im(k) = R > 0 above the real line and P, is on the boundary of V' up
to Im(k) = R. Using periodicity, we deform the second integral of “solution” (5.6)) to P, so that

1 m/h iknh ,—WT <elkhf0_fl> dk — 1/ oiknh ,—WT <€Zkhfo—f1> k.
21 J—x/n h o1 Jp h

Since P;3 are in regions of exponential decay, we let R — oo, so that the integrals on P;3 vanish,
the endpoints of P, are extended to +ico approaching the vertical asymptotes Re(k) = +7/(2h), and
limp oo P> = OV (the entire boundary of VT in the upper-half plane). Figure shows OV*, where
OV~ is obtained in a similar fashion for the third integral of “solution” containing the g;(W,T') terms.
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FIGURE 5.2. (a) The integration paths OV deformed away from the origin. (b) Deforming
VT to 'DJr in the upper-half plane. Without decay from e, the shaded region depicts
where e decays.

Hence,
1 [/ 1 , —ikh
Qn(T) = / ezknhe—WT(j(k’ 0) dk + — eiknh ,—WT <ef()f1> dk
27 J—n/n 21 Jov+ h 55)
1 4 ikh, o .
_ L[ ikenen) wr <€9091> dk.
21 Jov- h

Note the path directions, which have introduced a minus sign on the third integral. Now that the f;(W,T)
and g;(W,T) terms are on different integration paths, we solve the two global relation equations (5.7)) for
f1(W,T) and g_1 (W, T), obtaining

M fy — fi b [d(=k,0) — XLk, 0) + RN Tk, T) — eV T(—k, T)] + 2isin(kh) (fo — e go)

h h (e2kL — 1) ’
. . . (5.9)
e (—g 1+ €e*go) R [G(k,0) — G(—k,0) + eV TG(—k, T) — eV TG(k,T)] — 2isin(kh) (fo — e go)
h - h (e2kL — 1) '

Both left-hand sides are analytic in k, thus the roots of the denominator, k; = n¢/L, ¢ € Z, are removable
singularities, including at the ends of the interval [—7/h,w/h] and at the origin ky = 0. Since we are only
interested in this interval, we can restrict £ to —(IN +1) < ¢ < N + 1, using L = (N + 1)h. For any finite
h, the number of singularities is finite and increasing as h — 0. Our integration paths are off the real line
except at the origin. To avoid passing through the removable singularity kg, it is convenient to deform
OVE to OVE, which is entirely off the real line as depicted in Figure Of course, OV now crosses into
the unshaded regions where e="7 grows, but this growth is bounded on this segment. On V*, “solution”
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(5.8)) becomes
1 [7/h 1 , —ikh g
an(T) = o / e*hem WLk, 0)dk + 5~ | efrhe T <e fo f1> dk
21 ) x/n 27 Jov+ h (5.10)
1 pik(nh—L) ,~WT w dk
2 6\7* h )
Using (5.9),
qn(T) — 1/7T/h 7,knh —WT » (k 0) dk
27 —7/h
1 giknh—w | 4 (—k,0) — e**Lg(k,0)  2isin(kh) (fo — e*"go) "
o Joirs o2k ] h (2L — 1) (5.11)
1 iknh —wr | 4(k,0) — 4(=k,0)  2isin(kh) (fo — e**go)
o /av— e e o2ikL _ | B (e2kD 1) dk + S(n),
where
1 nn 1 €2FEG(k, T) — G(—k,T) 1 onn [G(—F, T) — G(k, T)
_ ikn dk — — ikn : dk.
O e )l
—WT

We wish to determine the contributions from S(n). Since the exponential e is not present, our aim

is to close the contours using a path at infinity. First, we truncate the infinite paths OV* and close the
curves by introducing

{ke(@’ 5 < Re(k) < o and Im(k) :I:R},

with R > 0, so that D¥ is a horizontal interval above /below OVE in the complex k-plane, as shown in
Figure for Dt, and limp_soo D* = 0V *.

Now,

S(n) = lim <217T /[)+ eiknh|: e q(k, T) — (va)] dk+i giknh {d(k@)(i(k»T)] dk>'

R—00 ekl — 1 27 |

Notice the sign change for D~. For the first integral on DT, q(k,T) grows exponentially as R — oo.

However, we rewrite the first term as
1 oik(nh+2L) 1 oik(nh+2L) cik(n—m+2N+2)h

— | 4k, T) dk = —— |h —ikmh / : dk
o /D+ gt —q Ak Tk =50 /D+ eBFL ] Z ¢ 4m(T) b €ZRL ] ’

after using L = (N + 1)h. For all n and m, n —m + 2N + 2 > 0. Letting R — oo on D% implies
eth(n=m+2N+2)h () and e2kL — (0. In this limit, the integrand approaches zero and we recover the
original integration paths, so that

h N
= % Z Qm(T)

1 eik(nh-i—?L)

— ——q(k,T)dk =0
ot en eszL_1Q( ) ) 3

for all n. The second term with (—k,T) on Dt similarly goes to zero as R — oo. The third term is

rewritten as
eik(n-ﬁ-m)h
/ 2kl _ 1 dk| .
p- ekl 1

1 piknh A
— —q(—k,T)dk = — m (T
2m /[)_ e2ikL _ 1q( ) 2m mzlq ()
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Im(k)

FIGURE 5.3. The shaded regions depict where Re(—W) <0 and eWT s bounded, with the
boundaries 9QF approaching Q% asymptotically as |k| — oo.

On D—, ek(tmh and €2kl grow as R — oo for all n and m, but

ik(n+m)h ik(n+m)h
ekl : ekl : — pik(ntm—2N-2)h

. ~ - .
eszL -1 eszL

Sincen < N+1land m < N+1, n4+m—2N — 2 < 0, and the integrand approaches zero, as R — oo.
Thus,
1 6iknh

— ———Q(—k, T) dk =
27T af/f 622kL _ 1q( ) ) 07

for all n. Similarly, the fourth term is zero. Hence, S(n) = 0 and the final representation for the solution
to the finite-interval problem for the heat equation ({5.2]) with Dirichlet boundary conditions is

L™ e W
an(T) = o M e"Me G(k,0) dk

1 / giknh W [é(—k,o)—e”“é(kﬁ) 2isin(kh) (fo—eikLgo)] "
v+

+ (5.12)

o e2ikL _ 1 h (e2kL — 1)

_ 1/ giknh o~ WT G(k,0) = 4(=k,0)  2isin(kh) (fo — ™ go) i
2 97— e2tkL _ 1 h (eQik;L _ 1) :

For the IBVP (5.1)), using the continuous UTM [9], we find the dispersion relation W (k) = k2 and define
0 = {k e C* ( Re(—k?) < 0} ,

to use the integration paths o0* as illustrated in Figure As in the semidiscrete case, there is a
(removable) singularity at the origin, so 9QF is deformed to 9QF. The solution is
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1
q(x,T) = e VTG (k, 0) dk

2
1 » 7 (=K, 0) — e2*LG(k,0) + 2ik —e*L@

b [ e | SCERO TGO 2k (T | an (5.13)
2 o0+ esthl — 1

o | @k, 0) = G(—k, 0) — 2ik (Fy — e*LG

i ezkze—VVT q( ) ) Q( ) ) ? ( 0—¢€ 0) dk.
21 Joqr- ekl — 1

Taking the continuum limit, it is clear that limy,_,o W (k) = V~V(I€)~ and thus limy,_,o OVE = 9O, as well.
In addition, the coefficient of the boundary terms from either OV* integral converge to 2ik/ (e — 1)
with limy,_g ( fo — eFL go) = Iy — e'*L Gy, so that the SD-UTM solution (5.12)) converges to the continuous

UTM solution ((5.13]).

Unlike for the heat equation on the half-line [5] and the previous advection IBVPs, the integration paths
of the last two integral terms in are off the real line, avoiding the integrands’ simple poles. To
numerically evaluate the integrals, we design any contour path that is within the shaded regions of Figure
and off the real line, with endpoints that have real part +m/h. For computational purposes, having
paths off of the boundaries OV* is preferred in order to have some exponential decay. Since we are taking
h < 1 in practical settings, we must orient our contours so that in the continuum limit, the semidiscrete
solution converges to the continuous one.

5.1.1. Series Representation. To bypass complex integration paths, we derive a series representation
equivalent to , as before. For any n, we deform the first integral term to 9V, since G(k,0) is valid
for all £ € C and the bounds on the integral with respect to k are finite. Combining with the other initial
condition terms on 8‘7+, solution becomes

_1</ +/ ) (n, T, k) dk+</ / ) (n, T, k) dk, (5.14)
T \Jov+ V- v+ av-—
with

iknh — G(k,0) — ¢(—k,0) ik sin(kh) (fo — e*Lgq
A(n, T, k) = e"nhe”WT [ o2kl _ | and  B(n,T,k) = e T e2gkL —1 )

Next, we deform the paths back to the real line, excluding the 2(N + 1) + 1 singularities on [—7/h, 7/h]
using half-circles with radius € smaller than half the distance between singularities, see Figure The
horizontal line segments for both V. are on the real line, but are drawn above and below for illustrative

purposes. We obtain
-1
(/ +/ > ndek+(/ / ) (n, T, k) dk. (5.15)
™ \JovF v v v

Taking the limit of (5.15) as € — 0, the integrals give rise to residue contributions and principal value
integrals. For instance, the first term above becomes

N
1 . ;
- A(n,T,k)dk:Z[ Res A(nTk)—i—kRe?A(nTk] Z esAnTk)

21 Jov+ 4 | k=—n/h P
1 w/h
. A(n, T, k) dk.
27 —x/h

We have two contributions of the quarter-circle contours from the singularities on the edges of the inte-
gration path plus contributions from the half-circle contours from the inner singularities. Similarly, for the
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FI1GURE 5.4. The semi-circle integration paths 8‘755 around singularities on the real line.

second term in ([5.15),
-1 i . N
o 8f/iA(nTk)dk 4[k_fiews/ A(n, T, k) + Re/s A(nTk] :Z: esAnTk)
1 w/h
+ — A(n, T, k) dk.
27 —7/h

Combining the two rewrites above cancels the integrals, so that

_1</ +/ >A(n,T,k)dk—z'
™ oVt oV

Similarly, the B(n, T, k) integrals in (5.15|) are rewritten using residue contributions, so that substituting
into (5.15)) gives an expression with residue contributions only:

N
1
3,k Res A(n,T,k)+ Res A(n, T, k) + 5 Re? A(n, T k)| .

—k
—m/h o= Fhe

N
|1 1
an(T) =i 3 kEe:/ A(n, T, k) + _E lieksz A(n, T, k) + 5 kES?hA(n’T’ k)
. (5.16)
1
— B(n,T,k) + B(n, T,k B(n,T,k
+s k_fge;/ (n, T, k) + ZE_N Res (n,T,k) + k5§7h (n, T, k)

Next, we determine these residues, starting with the A(n, T, k) residues for = —N —1,..., N+1, where
the lone residues at k = £7/h or £ = £(N + 1) follow trivially. Since we only have simple poles at k = ky,

Q—ig(—kbo)] .

ReSA(’I’L T k;) iklnhe—W(kz)T |:(j (kZ,O)
k=kq
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Using the definitions of ¢(+k, 0),

N N
. . ) . wfmh ) 2h . wfmh
G(k0) — d(—ke,0) = —2ih 3" sin ( L ) b= —ilb  b="03 sin ( ) .

m=1

m=1

Note that by = by (n41) =0, b_¢ = —by, k_y = —ky, and W (ke) = W(—kg). Using these observations,

N
h
Z ReSA n T k - Z zkenh ké)Tbe ’L.Z€7W(RZ)T Sin <7rlil";l/ > bé

(=1

Similarly,
; _ . ¢th\ HWy,T)
B T ’Lk,g?’bh WzT L )
RepBOn T2 k) = efete Whsin (57 ) o
where we have introduced W, = W (k) for brevity, with
H(Wi, T) = fo(We, T) + (—1)Fgo (W, T).

As with the residues of A(n, T, k), one can show there are no contributions from the poles at the endpoints
and at the origin. After rearranging,

al mlh minh
—W,T -
IBekSEB(TL T, k) E ¢ sm( 7 > sin < 7 > H(W,,T).

{=—N

Returning to ([5.16)), we recover the classical series solution:

(T) = ge_wﬂsin <”£L”h> |:bg + Lih sin <”§h> H(WE,T)} . (5.17)

From a numerical point of view, this solution representation is favored over the integral representation
(15.12]).

As an example, the exact solution to the IBVP

4t = oz 0<z<1,t>0,

q(z,0) = ¢(z) = 2z +sin(brz), 0<z <1,

9(0,1) = u® (t) = 0, t>0, (5.18)
q(1,t) = 0O (t) = 2, t>0,

is q(x,t) = 2z + sin(57rx)e_25”2t. We have chosen time-independent boundary conditions for simplicity
only. We solve the IBVP (5.18)) with the centered finite-difference methods and the series SD-UTM solution
(5.17). Deriving the modified PDE from the centered stencil (5.2)), we find that (5.12]), and hence (5.17)),
is a fourth-order accurate approximation to the solution of the dissipative PDE

h2

A 5.19
12p4a: ( )

The presence of the higher-order dissipation term p4, causes high-frequency oscillations to be further
damped for t > 0. The original heat equation is also dissipative, but solution might overdamp in
scenarios where the initial data contains high-frequency oscillations or the boundary condition oscillates
in time with large amplitude. Although the dissipation coefficient of p4, is O(h?), the overdamping nature
can be troublesome for a practical h <« 1 as ¢ increases. This can be counteracted by decreasing h. With
the SD-UTM solution , the left plot of Figure shows the exponential decay as time increases and
the right plot shows the expected O(h?) error as h — 0. The SD-UTM solution outperforms the traditional
numerical methods in the continuum limit, where the explicit methods become unstable and the implicit

Pt = Paz +
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FIGURE 5.5. (a) The semidiscrete solution ([5.17)) evaluated at various ¢t with h = 0.01. (b)
Error plot of the semidiscrete solution (5.17)) and finite-difference schemes relative to the
exact solution as h — 0 with 7' = 0.01 and At = 6.25 x 10~%.

methods are asymptotic to their respective temporal truncation error as h — 0. The finite-difference
solutions have CFL conditions that must be satisfied for stability, but Figure [5.5b| shows that there is no
such restriction for the SD-UTM to succeed. The dips in this error plot are due to mesh points being placed
near stationary points in the solution. With these boundary conditions, we know that lim;,~ q(z,t) = 2z.
Hence, mesh points on the initial condition that are near ¢ = 2x tend to stay there as t increases.

5.2. Centered Discretization of q; = gz, with Neumann boundary conditions. We consider the
same centered-discretized heat equation , now with Neumann boundary conditions at both ends of
the interval:

Qt = Qzx, O<z<L,t>0,

Q($,0):¢(t), 0<(E<L,
¢(0,t) =uM @), t>o0,
¢(L,t) = oM (), t>o.

We can discretize the Neumann data with many different stencils, but we show that the SD-UTM restricts
which of these are available to be paired with ([5.2)).

With the centered discretization , we retain the local relation ((5.3)) and dispersion relation with
nontrivial symmetry vi(k) = —k. We cannot use the global relation ([5.5)), because we assumed Dirichlet
boundary data to obtain it. Without information at n = 0 or n = N + 1, we define the forward transform
to start and end at these points:

(5.20)

N+1

G(k,t)y=h>_ e * g, (1),
n=0
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directly affecting the global relation. From the local relation ([5.3)),

ikh —ikL —ikh
1 - + -
TGk, T) — (k,0) — [f 1ot Tlane 90)] _0, kec (5.21)
Solving for ¢(k,T) and inverting, we obtain
1 w/h iknh ,—WT »
an(T) = 7 /he e 4(k,0) dk
' w/h ikh —ikL —ikh (522)

1 iknh_—wr | -1 =€ fote (91 — e *go)

5= e e dk,

2 —7/h h

with unknowns f_1(W,T), fo(W,T), go(W,T), and g1(W,T). In order to use the global relation (5.21))
with k and k — —k, we separate and deform the integration paths of the f;(W,T') terms from the g;(W,T)
terms. Asin with Dirichlet boundary conditions, we deform the boundary terms in “solution”
off the real line to dVE:

1 [/ 1 , L gikh
gn(T) = / b= WT (1 0) d + — giknh ,~WT [flefo] e
2m —n/h ™ Jov+ h (5 23)
1 , _ p—ikh .
L[ kL) W [91690} k.
2w ov— h

Through the time transforms, the global relation (5.21]) contains boundary nodal information n = —1,0 at
the interval’s left boundary and n = N + 1, N + 2 at the right, leading us to backward-discretize ¢, (0, t)
and forward-discretize g, (L,t) with O(h) stencils to obtain

QO(t) — Q—l(t) — u(l) (t)

qN+2(t) —any1(t)
- +2 T — W), (5.24)

d
an h

Second-order discretizations, both in stencil width and accuracy, introduce additional unknowns, despite
having information of all odd derivatives at either boundary. Without even derivatives, one can show these
discretizations are linearly dependent through the method of undetermined coefficients and the Casoratian
[34], the discrete analogue of the Wronskian. Taking the time integrals of the O(h) discretizations above,
we have four equations to remove four unknowns f_1 (W, T), fo(W,T), go(W,T), and g1 (W, T):

ikh —ikL —ikh
- + -

h

—ikh ikL ikh
- + -

h (5.25)

fO_f—l (1)
LT U
h Y
91— 90 _ (1)
— =V
h Y

with

T T
men:/emwmmu and WWWH:/emWWMt
0 0



24 J. CISNEROS & B. DECONINCK

Solving ([5.25)),
(f-1— €™ fo 1 2ik(L+h) WT & C2ik(L+h) oikh JWT 5
h = 2ik(Lth) _ 1[ (AW G4k, T) — XM (K, 0) + q(—k,T)
erhG(—k, 0) + (1 i ez‘kh) U _ (eik(L-i—h) i eik(L+2h)> V(l)],
. . (5.26)
e~ tkL g1 — e—zkhgo 1 ; A ; A
( h ):€2ik(L+h)_1[_€kh TGk, T) + ™ G(—k,0) — "4k, T) + (k. 0)
_ (1 + eikh) U 4 (eik(L+h) i eik(L—l—Qh)) V(l):|’

with (removable) singularities at ky = 7¢/(L + h) for —(N +2) < ¢ < N + 2. Since the boundary integrals
of (5.23]) are off the real line, substituting ([5.26)) into ((5.23|) gives

1 w/h
C_In(T) — / zk:nh 7WT (kﬁ O) dk

27 —7/h
) 2ik(L+h) ikh 5 1 ikhY (7)) _ gik(L+h) 1/ (1)
— L[ gmhwr | Q(k,0) + e™q(=k,0)  (1+e™) (U —e )| an (5.27)
21 Jov+ e2ik(L+h) | C2ik(LHh) _ 1
1 o | €FhG(—k,0) + G(k,0) (14 &) (UQ) — gh(Lth)y ) "
_ % e € e esz(L+h) -1 o e?ik(L+h) 1 .

after checking that the integrals with ¢(k, T") and G(—k, T) vanish by deforming the paths to D* and taking
R — oo.

The solution representation for IBVP (/5.20) using the continuous UTM [9] is

I ik VT
q(2,T) = o / e*e=WTG(k,0) dk
T

w/h
1 ike —WT QlkL (k 0) + q( ka 0) 2 (Fl - eikLGl) dk
_ o o e e C2RL | — 2L ] (5.28)
1 ike ,—WT qA(_k.a O) + (j(k:’ O) 2 (Fl N eikLGl)
- — ee - — . dk,
21 Joa- e2tkL _ 1 e2ikL _ 1

where QF is illustrated in Figure Referencing (5.27)), the continuum limits of the coefficients of ¢(+k, 0),
UMD, and VY converge to their continuous counterparts, where

lim U = hm/ Wity dt = / Wi uV (1) dt = Fy,
h—0 h—0
lim VWY = lim [ VoW (t)dt = / Wty =G.
h—0 h—0

5.2.1. Series Representation. Following similar steps to those in Section we deform OV * to 817€i,
so that the integral representation of (5.28)) is rewritten in terms of residue contributions:

N+1 N+1
qn(T) = ( Z Re;gsA(n T, k) Z ReksB(n T, k)) (5.29)

(=—N-1 e_Nl_



NUM. SOLN. OF SD LIN. PROBLEMS ON THE FINITE INTERVAL USING UTM 25

with

zkh ( k 0) (k‘,O) (1 + eikh) (U(l) _ eik(L+h)v(1))

_ iknh —WT _ tknh —WT
A(n7T7 k) =ee |: e2ik(L+h) _ 1 :| and B(TL,T, k;) =e e2ik(L+h) _ 1

There are no contributions from the residues at the endpoints ki (yy2) = +7/h as in Section but we
find a nonzero contribution at kg = 0. Specifically,

N+1

N+1 1
L bO W, T 7T£(TL+§)h
5 g - e [ e |
iy i(L+h) = L+h
N+1 N1 )
2 HOV0) N et g (Y o (TEAn D)
E—ZJ; UEGkS}{B(nTk)} WL+h) | 2 +; s \a@rm) ™\ Toen ) O

where W, = W(k?g)

N+1
h
ZhZC"S( ?fh) >¢m, H(We, T) = UD (W, T) + (~) VO (W, 1),

Returning to , we find

N+1
tn+3)h 2 wlh
W, T 7r _ < _m™h
n( L+hZe cos< 7 )[bg LCOS<2(L+h)>H(W£)]
Lby  H(Wy)
2L+h) L+h’

(5.30)
_|_

Using the series representation ([5.30]) and the finite-difference schemes, we examine the solution of the

IBVP
Gt = Gaz, O<z<1,t>0,
1
q(z,0) = ¢(z) = 12z — 102> + 3 sin(20m2®), 0 <z <1, (5.31)
5.31
:(0,t) = u®(t) = 12, t>0,
a(1,1) = 0O (t) = 307 — 8, t>0.
The exact solution to ([5.31)) is given by
s 2
q(z,t) = (157 — 10) 2% 4 12z + (307 — 20) t + ag + Z ane” "t cos (nrx)
n=1
with
1 3 1T 3
20 20
ap = / [sm(;m) - 157m:2] dx and an = 2/ {sm(zwm) - 15#332] cos (nmx) dz.
0 0

The given Neumann data is discretized using the first-order accurate stencils , which reduce the overall
accuracy of the solution from the expected O(h?) to O(h). With the centered stencil (5.2)), solutions ([5.27)
and are fourth-order accurate approximations to the dissipative PDE (/5.19). However, the modified
equations from the Neumann boundary conditions are

42(0,1) = uM(t) — <Z> G220, 1), and az(L,t) = oM () + (Z) Gz (L, 1),

implying the loss of accuracy is through the form of dissipation near the boundaries. Even so, the solution
profiles from Figure [5.6a) depict the general diffusive behavior of the heat equation, quickly damplng the
high-frequency oscﬂlatlons. Evaluating ag and a,, numerically, we obtain the error plot in Figure For
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FIGURE 5.6. (a) The semidiscrete solution ([5.30) evaluated at various 7" with h = 0.01.
(b) Error plot of the semidiscrete solution (5.30) and finite-difference schemes relative to
the exact solution as h — 0 with 7' = 0.005 and At = 6.25 x 10~%.

consistency, the finite-difference schemes there also incorporate the Neumann boundary conditions using

the first-order stencils ([5.24]).

5.3. Higher-Order Discretization of g = g, with Dirichlet boundary conditions. As in Section
we can apply higher-order centered discretizations to the heat equation. As before, we need extra
equations in addition to the global relation formulas with & — v;(k) to eliminate unknowns. As an
example, consider the Dirichlet problem with the standard centered fourth-order discretization:

_ —n—2(t) + 16gn—1(t) — 30¢n(t) + 16qn11(t) — gnr2(t)

In(t . 5.32
Qn( ) 12h2 ( )
After some tedious steps, the global relation is
k,T)+ e *Lg(k, T
MTg(kT) — g(k,0) — | LT +162h sk D] o, ke, (5.33)
where . ‘ A ‘
fe,T) = —e #f ) + 166" fo — e 2 fo 4 e®h f1 — 161 + fo,
g(k,T) = e "*g_1 4+ 16¢™ gy — €™ gy — ™ gy + g_5 — 1691,
with dispersion relation
—2ikh _ 16 —ikh 30 — 16 ikh 2ikh
W(k) =& c_+ c_te (5.34)

12h2
Solving for §(k,T) and taking the inverse transform, we obtain

1 w/h 1 w/h kT —ikL k,T
qn(T) _ %/ o e’Lknhe—VVTqA(k7 0) dk + % ” elknhe—WT |:f< ) +162h g( ) dk, (535)
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oV —

=
S

FIGURE 5.7. The shaded regions depict where Re(—W) < 0 and e="7 is bounded, for
the dispersion relation (5.34). The integration paths for OV*, deformed away from the
singularities on the real line, are also shown.

which depends on the six unknowns f_ (W, T), fi(W,T), fo(W,T), g—o(W,T), g—1(W,T), and g1(W,T).
The dispersion relation has the trivial symmetry (k) = k and three nontrivial symmetries:

1/1(]{7) = —k‘,

; —ikh A A : -
va(k) = ~In (e 5 |:16€Zkh i \/(—meikh + e2ikh 4 1)% — 4e2zth :

h

: —ikh
v3(k) = %m <e 5 |:1662kh — 2k 1 — \/(—166ikh + e2ikh 4 1)% — 46%th ,

where the branch cut for the square-root function is chosen to be on the positive real line. We separate
f(k,T) from g(k,T') in the last integral of (5.35) and, anticipating singularities, deform that integration
path to OVE, as shown in Figure

w/h 1 ' BT
qn(T) 1 / ezknhe—WTqA(k7O) dk + /~ e1l~cnhe—WT I:f(a):| dk
ov+

“or 2 12h
i 1"’/" . TW (5.36)
o pik(nh—L) ,~WT g(k,T) dk.
27 Joir- 12h

In contrast to the half-line problem [5], the global relations with k& — 12 3(k) are valid for all & € C.
Using all symmetries, including vy(k), the global relations give four equations to remove four unknowns,
specifically two f;(W,T) and two g;(W,T) contributions. To remove the remaining pair of f;(W,T) and
g (W, T') terms, we must introduce (at least) one more equation for each unknown. Using the given Dirichlet
data, the heat equation itself gives all even-derivative boundary conditions, particularly ¢,.(0,¢) = u(t) and
q12(0,t) = @i(t) on the left, and quu(L,t) = 0(t) and quo(L,t) = ©(t) on the right, where @ = du(®(t)/dt,
i = d2uO(t)/dt?, v = dvO(t)/dt, and © = d?vO)(t)/dt?. Discretizing the second-derivative conditions
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with the standard centered fourth-order stencils gives

—q—2(t) + 16g1(t) — 30qo(t) + 16¢1(t) — g2(?)
12h2
—qn—1(t) + 16qn(t) — 30 t)+ 16 t) — t
gn-1(t) + 16gn(t) qn+1(t) + 16gn42(t) — an43(t) o(t). (5.38)
12h2
These stencils introduce an additional unknown, each requiring two more equations. We can find additional
equations that relate nodal points with derivatives using the method of undetermined coefficients. Since

we know q4,(0,t) and qq.(L,t), we derive the last pair of equations that does not introduce any more
unknowns, maintains the same order of accuracy as (5.32)), and is linearly independent of ([5.37)) — (5.38)):

g-2(t) +2q-1(t) — 690(t) +201(t) + ¢2(t) _ . n?

= a(t), (5.37)

= u(t u(t .
e (1) + i), (5.3)
_1(t) +2qn(t) — 6 t) +2 ¢ ¢ h?
gN-1(t) +2qn/(t) QNg;Lg)+ qn+2(t) + qn43(t) = i(1) + i), (5.40)
Taking the time transforms of (5.37)) — ([5.40), we have a closed system of eight equations for all unknowns:
( f(k,T) + e *g(k,T) —f2+16f1=30fo+ 161 —fo _ .
0=e""4(k,T) - G(k,0) — | — ’ =U
(& Q( ) ) Q( 9 ) |: 124 ) 12h2 ;
—k,T) + ™ g(=k,T) —g_o+169_1 — 30go + 1691 — g2 _ -
0= Mk, T) — 4(—k,0) — | L P ’ S
A=k T) = d(=k,0) [ 12h ’ 12122 ’
WT . fva, T) + e ™2l g(1n,T) foo+2f 1 —6fo+2fi+fo . A%
— T — — = —_
0=e""q4(r2,T) = 4(r2,0) [ 190 , o U+,
T —iv3L T B 291 — 6 2 . h2 ..
0= " T4(us, T) — 4(v3,0) — |:f(7/37 )+162h 9(vs, )] ’ g—2+ 291 6h2go+ g1 +9g2 _ v g i,
\

where U (W, T) is the time transform of «(t), U(W, T) is the time transform of (), etc. Solving the system,
we substitute our findings into (5.36)):

1 ™" b —wT
() =5 | etk 0)

S L) o2k . oy A
1 giknh ,—WT [Q( k,0) —e q(k‘,O)] dk+i giknh ,—WT [CI( k,0) CJ(/‘%O)] dk

+ — - -
1t o+ 62@kL -1 eszL -1

1 ] e—2ikh _ 14e—ikh 4 14eikh _ eQikh _ eikL
+ 5o </av+ +/W> gihnhe=WT [( ) fo o) | gp (5

21 Jov-

12h (e2kL — 1)

1 _ —ikh (g2ikh _ 1 3
= / +/ elknhe—WT € (6 ) hU b+ U
2 \Jov+  Jov- 12 (e2kL — 1) 12

1 H(nht L) —WT o—ikh (62ikh _ 1) ' hj )
" 2m </6\7+ +/af/> ‘ ¢ 12 (e2ikL — 1) RV + 12 v

after showing integral terms with ¢(+k,T") vanish. Note that (5.41)) has no dependence on v, 3(k) and
the integration paths OV * are above/below the singularities given by k, = 7¢/h, exactly as for the heat
equation discretized to second order ([5.2)).

dk

dk,

In the continuum limit,
i 6—2ikh - 14e—ikh 4 14eikh o eQikh il
im = 2ik.
h—0 12h
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Expanding the common factor between the derivative boundary conditions in (5.41)),

—ikh ( 2ikh _ | "
e ) _ i h+ Oh3),
12 (eQZkL _ 1) 6 (e2sz _ 1)

so that the coefficients of U and V are O(h?), while the coefficients for U and V are O(h*). Hence,
the SD-UTM solution loses dependence on the second and fourth-derivative boundary conditions in the
continuum limit and the semidiscrete solution (5.41)) converges to (5.13)). Although the expressions are

tedious to derive, a series representation can be written down as before.

Remark 5.1. To avoid the need for the additional equations (5.39) — ([5.40|), we can discretize the second-

derivative boundary conditions with O(h?) centered stencils:

q-1(t) —2q0(H) + u(t) _ . an (t) — 2qn11(t) + gn42(t) _
h2 = u(t), —;L2 s = 0(t).
Together with the four global relation formulas, we solve for the original six unknowns in (5.36)), which

gives rise to a second-order accurate SD-UTM solution. As a consequence, there is a drop in accuracy from
the intended O(h*). This solution is exactly (5.41]), but without the inclusion of h3U /12 and h3V /12.

Remark 5.2. As in Section solving the fourth-order discretization with Neumann boundary
conditions leads to a solution that is one order of accuracy less than that of the PDE stencil. After inverting
the global relation for this IBVP, the “solution” depends on eight unknowns: f;(W,T) for i = —2,...,1
and g;(W,T) for j = —1,...,2. The four symmetries result in four global relation formulas to remove two
fi(W,T) and two g;j(W,T) terms after deforming off the real line to 9V*, as illustrated in Figure In
order to not introduce more unknowns, four linearly independent discretizations to eliminate the remaining
four unknowns are:

J1— [ n o h? g1 —g-1 o R
T_U(>+€U, T_V()+FV’
and
f2—6f1+3fo+2f1
6h

after taking time transforms. Here,

g—2—6g9-1+ 390 + 291
6h

_ U(l), _ V(l)7

UW,T) = /O TeWtiL(t) d, V(W,T)= /0 TeWtz')(t) dt,

where u(t) = du™ (t)/dt and 0(t) = dv™ (t)/dt. The first pair of discretizations is O(h*), but the second
is O(h?), where the O(h3) terms depend on q4;(0,t) and q4.(L,t), respectively. Replacing this last pair
of discretizations with a wider, more accurate stencil introduces more unknowns that no linearly indepen-
dent discretizations can eliminate. Hence, the SD-UTM solution with these discretizations is third-order
accurate.

6. THE LINEAR SCHRODINGER EQUATION

Consider the free linear Schrodinger (LS) equation

7
S zx- (6.1)

. 1
1qt + =Gz =0 oOr qt:2

2

In contrast to the dissipative heat equation, this problem is dispersive.
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6.1. Centered Discretization of ¢; = (¢/2)gy, with Dirichlet boundary conditions. The finite-

interval IBVP with Dirichlet boundary conditions at both ends is
qZ%qxx, O<z<L,t>0,
q(z,0) = ¢(z), 0<z<L,
q(0.t) =u®(1), >0,
a(L,t) =vO(t), t>0.

Using the second-order centered discretization,

i) = . <qn+1<t> ~ 200 + qn1<t>> .

The local and dispersion relations are, respectively,

o, (e—zlmheWtqn> _ WA <e—zk(n—1)h6Wtqn _ e—zknh€Wtqn_1) ’

i 9 _ ezkh _ e*ikh i
W(k) = 5 ( % > =12 [1 — cos(kh)] .

Starting the forward transform at n = 1 and ending at n = N gives the global relation

WTG(k,T) — 4(k,0) — =

2 h

We obtain our “solution” formula by solving for ¢(k,T) and taking the inverse transform:

7/h 1 w/h ; iknh_ —WT —ikh £ _
(@) = = [ e Wl )k + = [ [e fo fl} dk
27 —7/h 2 —7/h 2
1 w/h jeik(nh—L) g~ WT [ gikhg _ o "
2w —/h 2 h )

[ o—ikh o —ikL (ikh
1[6 Jo—fite (e™hgo — 91)]207 —

(6.4)

(6.5)

(6.6)

(6.7)

The dispersion relation has the symmetries vy(k) = k and v1 (k) = —k up to periodic copies, which
can be used to remove the unknowns fi(W,T) and g_i(W,T) from (6.7). First, we separate the integral
with the f;(W,T') terms from the integral with g;(W,T'), and deform both integration paths off the real
line (where we have singularities after solving for the unknowns). For the integral with the left boundary
terms, consider the integration contour P = Py + ...+ Py, depicted in Figure Note that not all paths

are straight lines. We define the integration paths’ start and end points as

P : from — % to 0, Ps : from ic to %2’,

P, : from 0 to %, P : from %2 to —%—1—2'5,
Ps: from%to%—i—ié, Py from—%—i—idto—%,
P, : from % + 10 to ic,

where §,c € RT are nonzero constants. The point that connects P4 to Ps can be conveniently chosen, fixed
or varying with respect to h, but the choice must keep the area underneath P, small, since this path is in
the region of exponential growth. It is vital, however, for the curve P, to asymptotically approach the real
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FIGURE 6.1. (a) The shaded regions depict where Re(—W) < 0 and e~"7 is bounded, for
the dispersion relation (6.5). The integration paths that constitute P are also shown. (b)
The integration paths V= and ch.

line from above as h — 0, so § < 1 but never zero for a finite h. The path Fs is chosen as a straight line

also for convenience, but any curved path suffices. From periodicity, P3 = —Pr, so that
i m/h Z'eikmhe—WT <€—ik:hf0 o fl) g — i </ +/ +/ > ieiknhe—WT <e—ikhf0 o f1> "
2T —7T/h 2 h 2 —Py —Ps —Pg 2 h
1 . iknh —WT 7 _—ikhp
_ 1 ie"""e e " fo— f k.
2 af/wr 2 h

after defining OV = —Py — P5 and 9V = 9V* + P with P = —Ps. Following similar arguments to
deform the integral containing the right boundary information, (6.7)) becomes

1 [ 1 . iknh —WT 7 _—ikhg
an(T) = / ehhe=WT Gk, 0) dk + —— e ¢ (e Jo f1> dk
21 ) x/n 21 Joir+ 2 h 65)
1 jetk(nh—L) . —WT ez’khgo — g1 0 .
2m o 2 ( h > ’

where OV~ = 9V~ + Py, as shown in Figure Now off the real line, solving the system

i [eikhfo — 1 + kL (eikhgo _ 91)] 0

GWTQ(]{:’T) - (j(ka 0) - 5 h

GWTQ(_I{;’ T) - qA(_kv 0) Y h

i [eikhfo — A+ ik L (efikhgo _ 91)] 0
2 - M
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Im(k)

FIGURE 6.2. The shaded regions depict where Re(—W) < 0 and e"T is bounded. The
integration paths 0QF are also shown.

for fi(W,T) and g_1 (W, T) gives

1 m/h iknh T
an(T) / giknhe=W 4(k,0)dk

B % —7/h
1 - 2ikLG(k, 0) — G(—k,0 sin(kh — kL
. piknh o~ WT € q( Q'k% q( ) 4 (kh) gJ'jSL 90) dk (6.9)
21 Joir+ e?kl — 1 h (e?kl — 1)
1 giknh ~W'T q(k, 0)‘— 4(—k,0) n sin(kh) (fo —eflgo) ik,
2 Pava e2tkL _ 1 h (621kL _ 1)

after removing the integral terms with (£k, T"). The simple poles at k; = 7¢/L, the same as in to the
second-order discretized heat equation, do not interfere with the integration paths 9V=. When numerically
evaluating the integrals above, the paths P, in OVE are parameterized as exponentially-decaying curves
toward the real line as Re(k) — oo.

With the integration paths QF illustrated in Figure and the dispersion relation W (k) = ik?/2, the
continuous UTM solution [9] to (6.2)) is

I
a(x,T) = o / ek e=WTG(k, 0) dk

—00

o v | €4k, 0) — §(—k,0) + k (Fy — ™G
1 /€)Q+ oikz ,~WT [e (.7( > ) CI( )+ ( 0—¢€ O) dk (6_10)

o e2ikL _ 1

! ike__vvr | 4k 0) = 4(=k,0) + k (Fo — ¢ Go)
Cor c c 62’ikL -1

dk.

2T 80—
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Taking the continuum limit, we find limy_,o W (k) = W(k:) and lim_,00VE = QF, where OV =
ovE + ch. For Pgr in the upper-half plane, we have

4 %KL - e i (kh kL
piknh —W'T [e q(k,0) — G(—k,0)  sin(kh) (fo — e**go) ik

€2ikL -1 h (62ikzL _ 1)

. 1 ioo ike —WT e%kLCj(kv 0) - qA(_ka 0) + k (FO - 6Z‘kL(;O) dk 6.11
=o)L, e - 61
With R > 1,
i iR eikxe—WT e?ik’L(j(k’ 0) _ (j(—k', 0) g — i L /iR eikze—VVT e2ik‘Le—ik’y _ eik‘y i q(y 0) dy
21 J_Ris ekl —1 21 Jo  LJ-R+is ekl — 1 ’ '

Because the integration path is in the shaded region of Figure taking R — oo implies the integrand

- ik(2L—y) iky
; e’ e
ezkxe wT [ 0’

e2z’kL -1

since every exponent is positive and decays in the integration region. Similarly for -6_11. Hence,
1o L o le%kL(j(k:, 0) — 4(—k,0) + k (Fo — e*LGy)
e

o2kl _ | dk =0,

27 —oo+1id
and in the continuum limit,

mll/ gkt -wr | 4(=K,0) — ¥k, 0) _sin(kh) (™go —fo) |
h—0 27 Jp+ ekl — 1 h (e2kL — 1)

We reach a similar conclusion for the Py integral. Therefore, the SD-UTM solution converges to its
continuous counterpart (6.10]).

6.1.1. Series Representation. Although this is a dispersive problem, the series representation of
is obtained following almost exactly the same steps as those in Section for the heat equation with
Dirichlet boundary conditions. Deforming the integration paths OVE to the singularities on the real line
and determining the residue contributions gives

N rlnh ; xlh
qn(T) = ;G_WZT sin (L) |:bg + E sin (L) H(Wg,T):| s (612)

where W (k;) = W, and

op Nl mfmh
be=— > sin (L> Smy  HW,T) = fo(We, T) + (1) go(Wy, T).

m=0

Using (6.12]), we examine the numerical solution to

Qt:%qm, O<x<1,t>0,

q(z,0) = ¢p(z) = 2(6 + 5i)x — 10(1 + i)z> + %sin (4rz®), O0<ax <1, (6.13)
q(0,t) =u®(t) =0, t>0,

q(1,6) =00 (1) =2, t>0.

For this IBVP, the continuous solution is traditionally determined using Fourier series. The modified
PDE is p; = (i/2)pss + (ih?/24)p4,, which is dispersive. The higher-order dispersive term is O(h?), and
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we can decrease any excess dispersion in numerical computations by decreasing h. Figure shows the
dispersive nature of the real and imaginary components of the SD-UTM solution, along with the square
of the modulus. Once more, the SD-UTM outperforms the standard finite-difference methods, where BE’s
dissipative behavior practically dampens all oscillations. From the error plot in Figure TR attempts
to capture these oscillations, but not as accurately as the SD-UTM.

6.2. Centered Discretization of g; = (i/2)gz, wWith Neumann boundary conditions. Lastly, we
consider the second-order discretization (6.3)), but with Neumann boundary conditions at both ends of the
interval:

qt:%qm, O<ax<L,t>0,
q(.’E,O) :d)(x)a 0<3’J<L,

6.14
0(0,t) = uM(@), t>0, (6.14)

gz(L,t) =ovM(@), t>o0.

The local and dispersion relations, (6.4) and (6.5) respectively, transfer over from the previous section.
Now without Dirichlet data, go(t) and gn41(t) are unknown, and the global relation is

. ikh —ikL —ikh

- + -

eWTqA(k;’T) o qA(k;,O) - % !f 1 € fO € - (gl € go)] — O, keC. (615)
Solving for §(k,T') and using the inverse transform, we obtain
1/ 1 [7/h jeiknho=WT ¢ ikh
4n(T) = / eibnhe=WT (1 0) dk + / iethnhe f-1—€""fo i

2T 77T/h 2T 77T/h 2 h 6.16
1 w/h ;gik(nh—L),~WT i _6—ikhgo " (6. )

% —7/h 2 |: h :| .

The global relations (6.15) with & and & — —k remove two of the four unknowns. To not introduce
new unknowns, we apply the first-order backward discretization to ¢,(0,t¢) and the first-order forward
discretization to ¢, (L,t). Upon taking time transforms, we solve the system

\

: _ _ikh kL (. _ —ikh
Mgk, T) — ik, 0) - | L R o m )|
2 h
, —ikh ikL ikh
WT . v i faa—e™fote (g1 —€e®hgo) |
e’ " q(=k,T) — 4(—k,0) 2[ N =0,
fO_f—l (1)
Jo— /-ty
h )
gl_gﬂ_v(l)’

to remove all four unknowns from “solution” (/6.16[), where

T T
UOW, T) = / D@ dt and  VOW,T) = / Wt (1) dt.
0 0
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o Im(gn)

100 b

107t L

1072+

lg(2n, T) = ¢u(T) |00

103

FIGURE 6.3. (a) - (c) Real and imaginary parts and modulus squared of the semidiscrete

solution (6.12)) evaluated at various T" for IBVP (6.13]) with ~ = 0.01. (d) Error plot of the
semidiscrete solution (6.12)) and finite-difference schemes relative to the exact solution as
h — 0 with T = 0.1 and At = 3.90625 x 10~*.

Doing so and substituting into (6.16)) after deforming to OVE, depicted in Figure gives the first-order
accurate solution

1 (™" wh _wr
an(T) = %/ M et G(k,0) dk

1 eiknhe—WT €2ik(L+h)(j(k,0) + e"khqA(—k,O) i (1 + eikh) (U(l) _ eik(L+h)v(1)) dk (617
C2iR(L+R) _ 1 5 (2(LHH) — 1) (6.17)

2 Jov+

1 ek W [q(k,o) +eikhq(_k’0) i(l +eikh) (U(l) _ eik(LJrh)V(l)) ik
e e ,

e2ik(L+h) _ 1 2 (e2ik(L+h) _ 1)

2 av—
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after applying similar techniques as before to remove the integral terms depending on ¢(+k,T). In the
continuum limit, (6.17) converges to the continuous UTM solution [9]:

1 w/h -
q(z,T) = — / ek e=WT (K, 0) dk

27 —x/h

— i eikme—VVT €2iquA(k‘7 0) + qA(_k7 0) — 1 (F1 — eikLGl) dk
271 Joa+ o2kL _ (6.18)
1 . % 1(—k, 0 1(k,0) — i (F} — kL

L ke —WT q( ) +4( ') Z( 1—e 1) k.
21 Joo- ekl _ 1

where limj,_,o UM = Fy and limj,_,o V® = G4.

6.2.1. Series Representation. Proceeding as in the previous sections, the series representation for ((6.17))
is

N+1 1 , ,
L ) ol (n+ 1) h i wlh Lbo — iH(Wo,T)
(1) = —— WeT — 27 by — — — | H T —~. (6.19
an(T) L+hZ:1e cos( L+ h >[@ COS|:2( ] (W, )]4— 5L+ h) (6.19)

where

N—+1 1
2 {(m+5)h
h <7T(mh2)> D H(W,;,T) = (f(l)(WbT) ( 1)“11’(1)(W4,T)~

For a numerical example, consider the IBVP ([6.13)), but with Neumann boundary conditions:

U = G, O<z<l1,t>0,
1
q(z,0) = ¢p(z) = 122 — 102> + = sin (4723), 0<z <1,
(,0) (=) 2 ( ) (6.20)
42(0,1) = uM(t) = 12, t>0,
4(1,1) = v (t) = 67 — 8, t>0.

The dispersive nature of the LS equation is captured by the SD-UTM solution (6.19)) in the three (x,,t)-
plots of Figure [6.4] while its first-order accuracy is presented in Figure [6.4d]

7. COMPUTATIONAL COMPARISONS

For each of the previous numerical examples, we compared the performance of the SD-UTM solutions to
standard finite-difference schemes as h — 0 for a fixed time step. In this section, we compare all numerical
methods in terms of wall-clock time needed to achieve a target accuracy. We use the IBVP ([6.13)) as an
example, which poses the challenge of accurately capturing dispersive behavior as 71" increases.

For all methods, we impose a mild target accuracy ||q(xn,T) — ¢u(T)||eoc = E with E = 1072 for
1072 < T < 10'. First, we determine the number of spatial grid points N, needed for the SD-UTM
solution to reach the target accuracy. Using this spatial grid, we determine the number of time steps
N; needed for each finite-difference solution to reach a similar accuracy. We use the SD-UTM series
representation with fo(Wy,T) = 0 and go(Wy,T) = 2(1 - e*WZT)/Wg, while the finite difference
solutions are set up in a standard method-of-lines approach with sparse tridiagonal linear systems that
are efficiently solved. For every T, Figure presents N, and N; together (left panel) and the methods’
wall-clock computation times T (right panel) when solving the IBVP to the target accuracy E. The
simulations were conducted in MATLAB R2021b on an Intel Core i7-8705G processor with 12GB of RAM.
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FIGURE 6.4. (a) - (c¢) Real and imaginary parts and modulus squared of the semidiscrete
solution (6.19) evaluated at various 7" for IBVP with A = 0.01. (d) Error plot of the
semidiscrete solution and finite-difference schemes relative to the exact solution as
h — 0 with T'= 0.2 and At = 1.5625 x 1073,

Starting from T' = 1072, we stop computing the finite-difference solutions if T > 103 seconds for the
most recent T'. This threshold roughly translates to 91 million time steps for FE, 4 million time steps
for RK4, 11 million time steps for BE, and 2 million time steps for TR, which we deem impractical, and
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FIGURE 7.1. (a) The blue curve denotes the number of spatial grid points N, required
for the SD-UTM solution to approximately reach the accuracy £ = 1072 when solving the
IBVP (6.13)). Using this information, every finite-difference method uses the same spatial
grid for each T to determine how many time-steps IV; are required to reach a similar accuracy
as the SD-UTM solution. (b) The wall-clock computation time (averaged over 10 runs to
rule out any effects due to background processes) required for each method to solve the
IBVP with the selected N, and N; that approximately give an accuracy E.

terminate the computations to avoid excessive wall-clock times in trying to reach the final T' = 10. All
methods achieved an accuracy of E 4 10~* for all successful 7. Although the SD-UTM solution itself
does not rely on a time-stepping procedure, we must refine the spatial mesh as T increases to remove
higher-order dispersive effects (see Section for the modified PDE). Note that at the finest mesh of 3810
grid points, the computation time is still less than 1 second.

8. SMALL-TIME INCREMENTS

Our overall goal is to numerically solve IBVPs for quasilinear PDEs , where the most nonlocal
stencil is applied to the linear problem. Our proposed approach is a split-step technique: iteratively
combine the solutions of the separated M®™-order linear IBVP ¢; = cqas, and the nonlinear IBVP ¢ =
F (q, Qus -5 q( M,l)x) [22, 24, 25]. This requires the repeated computations of both linear and nonlinear
solutions for time steps 7 =T — tg < 1, where ty is an arbitrary initial time.

For half-line problems [5], we showed how to derive small-time approximate solutions with predetermined
accuracy for SD-UTM integral representations. A similar approach is applied for finite-interval SD-UTM
integral representations. For the forward-discretized advection equation , we show how to briefly
derive these approximate solutions.
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To include an arbitrary initial time tg, we generalize the original IBVP to
Gt = C4qz, 0<x<L,t>t,
q(z,t) = ¢(z), 0<z<L, (8.1)
q(L,t) =0 O(t), t>to,

where ¢(z) is the output from the previous split-step. Following the procedure in Section the solution

tois

1 w/h w/h
qn(7_> _ 27T/ B eiknh ,—Wr 5 (k‘ tO) dk + % B elk(nh—L—i-h)e—WTgO dk, (82)

where

gj (VV, 7') = / eW(t+t0)qN+1+j(t + to) dt, keC,
0

after making the substitution 7 = T — t5. We expand around 7 = 0 to obtain a convenient ap-
proximation for a split-step method. We do not expand the initial-condition integral term, since the only
time dependence is through e="7. For this term, we simply follow the steps in Section to rewrite
the integral as a series. The boundary-condition term of has a more intricate dependence on time.
Rewriting this integral into a series and then expanding the time-dependent terms leads to representations
unique to the IBVP that generally cannot be addressed (see Remark . First, we expand the integrand
and then rewrite each of the resulting expansion terms as finite series. Doing so up to third-order terms,
we have

N—n
q e—ct/h ( > an-i-m + Kl( )7’ + KQ( )T + Kg( )T + O( ) (83)

m=0

where L = (N + 1)h and

n/h (0)
Ki(n) = C/ k=N, 0) (g g = (t0)5Nn,

27'[' 771./]74 h
Ks(n) = T g0 T30 (10) — WOt
2”)—47r_/h€ ™ (to) vV (to)| dk,
w/h
Ks(n) = oo— B etk(n=N)h [@'(0) (to) — WoO (to) + W20 O (tg) | dk.

ik(n—N)h

The only dependence on k within the integrands of Ky(n) for £ = 1,2,. .., are through e and powers

of W(k,7), and we want to rewrite

w/h
In(n) _/ eR=Nhym gk m=0,1,...,
—7/h

as a series in terms of

djv( )(t)
Ko(n) " or. E‘ZIE 15 At

t=to

With z = e the dispersion relation for this IBVP gives

om _)m a(=1N-" ,e\m m)!
Im(”):%(ﬁ) f[le(zlfv—"ildzzit((i\fl—)W(h) (m—N'+n)‘
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Note that I,,,(n) is nonzero only for m+n > N. Substituting into K;(n) yields the small-time approximation
(8.3), free of integral computations, where

()N G~ (1)1 ) (£)" 0

Ky(n) = :
«(n) (N —mlll &g (t=1—j—N+n)l \h dti

t=to

A similar process can be repeated for other IBVPs.

Remark 8.1. Although the process of rewriting an SD-UTM integral representation into a series is straight-
forward, the resulting formulas are specific to the IBVPs and their dispersion relations. To obtain these
small-time approximation solutions in general, we must start from the integral representations — not the
series.

9. CONCLUDING REMARKS

Like the continuous UTM, the SD-UTM is applied algorithmically using the following steps:

(1) rewrite the semidiscretized equation into divergence form to obtain the local relation and the
dispersion relation W (k),

2) sum over spatial indices and integrate over the temporal domain to obtain the global relation,

) invert to obtain a representation of the solution that depends on unknown boundary data,

) determine the symmetries v;(k) of W (k),

) determine where the global relations with k£ — v;(k) are valid in C,

) if necessary, deform integral paths of the boundary terms appropriately,

) if necessary, determine additional boundary conditions from the PDE,

) appropriately discretize boundary conditions,

) solve for unknowns using global relations with k& — v;(k) and time transforms of discretized bound-

ary conditions, and
(10) check integral terms involving §(v;,7T) vanish, resulting in the solution representation depending
only on known quantities.

(

(3
(4
(5
(6
(7
(8
(9

To rewrite the SD-UTM solution formulas as series, more suitable for numerical computations, substitute
the definitions for the Fourier and time transforms and apply Cauchy’s Theorem, where additional defor-
mations may be necessary. Note that this rewrite may not always be possible. Third-order problems, like
the linear Korteweg-de Vries equations ¢ = £qg.2, on the half-line and finite interval will be presented in
a forthcoming paper [6].

For a given discretization of a PDE, the global relation and its regions of validity under the symmetries
vj(k) impose which stencils can be selected for derivative boundary conditions, as we saw with the higher-
order discretizations and the Neumann problems. Similar to how the continuous UTM determines which
types of boundary conditions result in a well-posed problem [I5], “natural” discretizations reduce the
variety of stencils down to those that are compatible with the IBVP [5]. We re-iterate that a natural
discretization for a PDE is (i) of the same order as the spatial order of the PDE, (ii) not purely one
sided (except for first-order problems), and (iii) the one that optimally aligns with the available boundary
conditions.
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