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Abstract. We describe a fast high-order accurate method for the solution of the heat equation in domains with
moving Dirichlet or Neumann boundaries and distributed forces. We assume that the motion of the boundary is
prescribed. Our method extends the work ofL. Greengard and J. Strain, “A fast algorithm for the evaluation of heat
potentials”, Comm. Pure & Applied Math. 1990. Our scheme is based on a time-space Chebyshev pseudo-spectral
collocation discretization, which is combined with a recursive product quadrature rule to accurately and efficiently
approximate convolutions with the Green’s function for theheat equation. We present numerical results that exhibit
up to eighth-order convergence rates. AssumingN time steps andM spatial discretization points, the evaluation of
the solution of the heat equation at the same number of pointsin space-time requiresO(NM log M) work. Thus,
our scheme can be characterized as “fast”, that is, it is work-optimal up to a logarithmic factor.
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1. Introduction. We present a fast and high-order method for the solution of one di-
mensional heat equation in domains with moving boundaries.We assume that the boundary
motion is prescribed. Given smooth functionsf , g, andw we seek to computeu(x, t) such
that

∂u

∂t
= △u(x, t) + f(x, t) in ω(t), t > 0,

u(x, 0) = w(x) in ω(0), u(x, t) = g(x, t) on γ(t).
(1.1)

All our algorithmic choices can be extended to 2D and 3D. The details, however, become
quite involved and additional algorithmic components are necessary. For clarity and due to
space limitations, we present the core ideas of our method for the one-dimensional case. We
will report the extensions to higher dimensions at a future article.

Formulation. The proposed algorithm is based on potential theory [13]. Without loss of
generality, letω(t) be contained in the unit boxΩ = [0, 1]. Let Γ denote the boundary of the
unit box. By linearity, we decompose the problem (1.1) into the initial condition component
ui, the distributed force componentuf , and the boundary contributionub:

∂ui

∂t
= △ui in Ω, ui(x, 0) = w(x), ui(Γ, t) = 0, t > 0, (1.2)

∂uf

∂t
= △uf + f in Ω, uf (x, 0) = 0, uf (Γ, t) = 0, t > 0, (1.3)

∂ub

∂t
= △ub in ω(t), ub(x, 0) = 0, ub(γ(t), t) = g − ui − uf , t > 0. (1.4)
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We solve (1.2), (1.3), and (1.4) using an integral equation formulation; we computeui and
uf by

ui(x, t) = V0[w](x, t) =

∫

Ω

G(x, t; y)w(y)dy,

uf(x, t) = V [f ](x, t) =

∫ t

0

∫

Ω

G(x, t; y, τ)f(y, τ)dy dτ,

(1.5)

whereG(x, t; y, τ) is the Green’s function for the unit boxΩ with periodic boundary con-
ditions.1 The solution of (1.4) is obtained by the solution of a double layer indirect integral
equation formulation, which is given by

ub(x, t) = D[φ](x, t) =

∫ t

0

∫

γ(τ)

∂G(x, t; y, τ)

∂n(y, τ)
φ(y, τ)ds(y)dτ, x ∈ ω × (0, T ]. (1.6)

Heren is the outward normal toγ. The double layer potential denoted byD[φ] is the solution
for problem (1.4) provided the boundary densityφ solves the following Fredholm second-
kind integral equation fort > 0,

−1

2
φ(x, t) + D[φ](x, t) = ub(x, t), ∀x ∈ γ(t). (1.7)

Computational complexity.The solution of (1.1) through potential theory requires eval-
uation of double layer and volume potentials. A direct evaluation of V [f ] usingM × N
quadrature points atM ×N locations in space and time, requiresO(M2N2) work. The his-
tory dependence of this convolution can be overcome by usingthe fast algorithm of Green-
gard and Strain [6]. The key idea is to use two equivalent expansions for the kernelG(x, t),
one that converges fast at distant times and the other converges fast locally. The volume po-
tentialV is split into a local or near partVL and a far partVF . For the evaluation of the
local part, a method-of-images expansion ofG is used; for the far part, a Fourier expansion
is used. A recurrence relation to update the Fourier coefficients in the far part eliminates
the need to integrate over the entire history. As pointed outin [22], discrete sums of the
form

∑p
n=1 Cn sin(nπx) and

∑M
k=1 sin(nπyk)fk that arise in the computation ofVF , can be

computed in optimal time by using the nonuniform FFT [4]. Thelocal part can be computed
optimally using the fast Gauss transform [7]. Using these methods the overall complexity
of computing the volume potential can be reduced toO(MN logM); the overall scheme is
second-order accurate.

Synopsis of the new method.Here we extend the Greengard & Strain algorithm to a high-
order accurate scheme. We develop special product integration rules to compute the local and
far parts of the heat potentials. The basic idea is to approximate the boundary density using
Chebyshev polynomials and then compute the resulting moments exactly. To achieve optimal
complexity, we propose a scheme that makes use of fast summation methods [4, 6, 7]. We
then build a solver for (1.1) based on a fast and high-order accurate evaluation of volume and
layer potentials.

Following Greengard and Strain, this is the outline of our method:
• We use a double layer integral equation formulation for (1.1), which results in a

well-conditioned linear system;
• We discretize using a pseudo-spectral collocation method using Chebyshev polyno-

mials;

1Here we described the decomposition into three subproblemsfor the case of a Dirichlet boundary condition.
The extension to the Neumann case is analogous.
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• We develop high-order quadratures for the heat (and other sharply peaked) kernels
using recurrences;

• We derive a high-order scheme for the heat equation in domains with moving bound-
aries (with prescribed motion) and distributed forces.

The main contributions of this work are the high-order time-marching scheme, and the exten-
sion to problems with moving boundaries and distributed sources.

Related work.Much of the research on solving the heat equation on moving boundaries
has been concentrated on the Stefan’s problem for which the motion of the boundary is un-
known. In this paper, we consider only problems in which the motion of the boundary is
prescribed.2 Fast algorithms introduced recently dramatically improved the computational
complexity of solving integral equation formulations for parabolic PDEs. The fast Gauss
transform [7] can be used to accelerate the solution of the free-space initial value problem
for the heat equation. The Greengard & Strain algorithm [6] can be used for the efficient
evaluation of single and double layer heat potentials in bounded domains. Fast algorithms for
unbounded domains are discussed in [5, 14]. The work of [2, 20] is one of the first attempts
to design fast methods for the heat equation. A direct formulation was used in [8, 28] for
the 1D Stefan problem. In the case of prescribed Dirichlet data, a direct integral equation
formulation leads to a Volterra system of equations that is ill-conditioned3. Ill-conditioning
can be avoided by using an indirect double layer formulation, which we describe in detail in
Section 5. Recently, epitaxial step flow growth in 1D was simulated in [10] using layer po-
tentials. Despite these remarkable advances, however, none of the existing methods achieves
both high-accuracy and optimal complexity.

Indeed, fast summation algorithms and high-order schemes are necessary to build work-
efficient solvers for (1.1). The time integrals in all variants of the heat potentials have kernels
that are sharply peaked. A generic quadrature rule can be used but it will not achieve its
order of convergence for reasonable discretization sizes.Uniform second-order convergence
in computing the single layer was achieved in [6, 20] using asymptotic expansions. To obtain
high-order convergence through asymptotic expansions, one needs high-order derivatives of
the boundary densityφ, something that can be computationally expensive. In [22, 23] a
uniform second-order convergence was achieved by using a piecewise linear approximation
for the boundary density and computing the convolution withthe heat kernel exactly.

An alternative is the design of special quadrature rules: givenI(α) =
∫ 1

−1K(α, θ)φ(θ)dθ,
withK being a singular, sharply-peaked, or oscillatory kernel, the goal is to design high-order
accurate integration schemes. There exists a substantial body of work on quadrature rules for
such problems. The main challenge is to ensure optimal algorithmic complexity and compati-
bility with fast summation methods. In Kapur and Rokhlin [12] and Rokhlin [19], corrections
to trapezoidal rule have been suggested for integrating singular functions. In Ma et al. [11]
and in Yarvin and Rokhlin [26], numerical tools to obtain generalized Gaussian quadratures
have been devised. In Alpert [1] hybrid Gauss-trapezoidal rules for regular functions and sin-
gular kernels were developed. These approaches, however, are not directly applicable to the
heat kernel due to the spatial and temporal components of thekernel. Although it may be the
case that they can be extended to the heat kernel, we have opted for an alternative approach
based on recurrence relationships.

Such recurrences have been established by Piessens [16] fora wide variety of kernels.
In Hasegawa and Torii [9], Cauchy principal value integralswere evaluated using quadrature

2There is a large (and significant) body of work regarding local stencil-based discretizations of (1.1); we do
not attempt to review this literature. We believe that, for certain problems, there are significant advantages in using
integral equations. Since this work is in 1D, we postpone thediscussion to a future paper.

3In 1D ill-conditioning has little impact in practical computations. The argument is important for problems in
higher dimensions.
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rules combined with Chebyshev-polynomial approximations. Here we concentrate on heat
potentials but this strategy can be applied to solving otherPDEs via integral equations. For
example, in Piessens [15] integral equations like the Abel integral equation were solved. The
main difference between this method and quadrature rules isthat we discretize the density
but not the integral operator. Given a densityφ(θ) and a kernelK(α, θ) we write:

φ(θ) =

q−1
∑

k=0

φ(k)Tk(θ) ⇒ I(α) =

q
∑

k=0

φ(k)Ik(α), whereIk(α) =

∫ 1

−1

K(α, θ)Tk(θ)dθ,

(1.8)
based on the Chebyshev-polynomial expansion ofφ. The integralsIk(α) are computed to
machine accuracy using recurrence relations (Section 2). Using FFT, the Chebyshev coeffi-
cients{φ(n)}q

n=0 can be computed inO(q log q) work and allIk(α) can be computed using
recurrence relations inO(q) work. Hence the overall complexity of computing the integral
I(α) is O(q log q). Using this method we compute heat potentials by approximating the po-
tential density function using piecewise(q − 1)th order Chebyshev polynomials, and thus,
obtain aqth-order accurate method.

Contents.In Section 2, we discuss algorithms for the fast evaluation of heat potentials.
In Section 3, we derive recurrence relations for computing the momentsIk(α) defined in
(1.8) for heat kernels. The details of implementing the boundary integral solver for (1.1) with
static boundaries, are given in Section 4. The case of boundaries with prescribed motion is
discussed in Section 5. We report numerical results that verify the efficiency and accuracy of
our scheme in Section 6.

2. Fast summation. The direct evaluation ofub by the formula (1.6) atM spatial lo-
cations andN time levels requiresO(N2M) work in 1D. The Greengard-Strain algorithm
reduces this work toO(NM). The key idea is to use two different representations of the
Green’s function (for a square box with periodic boundary conditions) in different time inter-
vals: one for the history part that represents the influence of the sources located temporally
away from the current evaluation time; and one for the local part that represents the influence
of the sources located at times closer to the current evaluation time.

The Green’s function for the unit box is the solution to the adjoint problem with homo-
geneous boundary conditions:

∂G

∂τ
+ △yG = δ(x− y, t− τ) in Ω s.t.G(Γ, t) = 0. (2.1)

The solution of this problem by Fourier series and by Kelvin’s method of images give us two
equivalent expansions:

G(x, y; t, τ) =

∞
∑

n=1

e−n2π2(t−τ)2 sin(nπx) sin(nπy) (2.2)

=

∞
∑

n=−∞

(

e−(x−y−2n)2/4(t−τ)

√

4π(t− τ)
− e−(x+y−2n)2/4(t−τ)

√

4π(t− τ)

)

(2.3)

These expansions converge with different rates in different time intervals. The Fourier rep-
resentation converges faster at distant times (from the current evaluation time), whereas the
method of images representation converges faster at closertimes. This motivates splitting of
heat potentials into two parts,

V [f ] = VF [f ] + VL[f ] =

∫ t−δ

0

∫

Ω

Gf +

∫ t

t−δ

∫

Ω

Gf. (2.4)
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Hereδ is a parameter that determines the error in truncating both the series in equation (2.3).
The operatorVF will be termed as the far part; andVL will be termed as the local part. The
exact same decomposition is also valid for single and double-layer potentials, withf being
replaced by the boundary densityφ.

2.1. Truncating the series. In 1D the boundaryγ of the domainω corresponds to two
pointsb1 andb2. Then the far part of the double layer potential simplifies to

DF [φ] =
∞
∑

n=1

2
∑

k=1

(−1)k 2nπ sin(nπx)

∫ t−δ

0

cos(nπbk)e−n2π2(t−τ)φ(bk, τ)dτ. (2.5)

The error in truncating the series (2.5) afterp terms can be bounded from above as fol-
lows,

EF (p) =

∣

∣

∣

∣

∣

DF [φ] −
p
∑

n=1

2
∑

k=1

(−1)k 2nπ sin(nπx)

∫ t−δ

0

cos(nπbk)e−n2π2(t−τ)φ(bk, τ)dτ

∣

∣

∣

∣

∣

=

∣

∣

∣

∣

∣

∞
∑

n=p+1

2
∑

k=1

(−1)k 2nπ sin(nπx)

∫ t−δ

0

cos(nπbk)e−n2π2(t−τ)φ(bk, τ)dτ

∣

∣

∣

∣

∣

≤ 4|φ|∞
∞
∑

n=p+1

∣

∣

∣

∣

∣

∫ t−δ

0

nπe−n2π2(t−τ)dτ

∣

∣

∣

∣

∣

= 4|φ|∞
∞
∑

n=p+1

∣

∣

∣

∣

∣

e−n2π2δ − e−n2π2t

nπ

∣

∣

∣

∣

∣

≤ 4|φ|∞
π(p+ 1)

∞
∑

n=p+1

e−n2π2δ ≤ 4|φ|∞
π(p+ 1)

e−(p+1)2π2δ

∫ ∞

0

e−π2x2δdx

=
2|φ|∞

π
√
πδ(p+ 1)

e−(p+1)2π2δ.

The local part expansion represents the influence of Gaussian pulses initiated att = 0
and located at{x− 2n, 2n− x}∞n=−∞. The value of a Gaussian pulse evaluated at a distance

2r
√
t from its center would be of the ordere

−r2

√
t

. Hence, if the boundaryγ is a distance
d away from the boundary of the unit boxΓ, then the error in approximating the Green’s

function by just the first term (n = 0) is of the ordere
−d2/δ
√

δ
. Then, the local part of the

double layer is

DL[φ] =

∫ t

t−δ

∫

γ(τ)

x− y

4[π(t− τ)]3/2
e−

(x−y)2

4(t−τ) φ(y, τ)dτ + O
(

e−d2/δ

δ3/2

)

. (2.6)

2.2. Fast evaluation of the far part. A direct evaluation ofDF [φ] atM × N points
in space and time requiresO(N2Mp) computations. Optimal complexity ofO((M + p)N)
can be achieved by using the fast algorithms in [4] and [6]. Webriefly summarize these
algorithms here. Let

φ̂n(τ) =

∫

γ(τ)

∂ sin(nπy)

∂n(y)
φ(y, τ)ds(y) = nπ (cos(nπb2)φ(b2, τ) − cos(nπb1)φ(b1, τ)) ,

(2.7)

Cn(t, δ) = 2

∫ t−δ

0

e−n2π2(t−τ)φ̂n(τ) dτ. (2.8)



6 S. K. VEERAPANENI AND G. BIROS

Then,

DF [φ](x, t) =

p
∑

n=1

Cn(t, δ) sin(nπx). (2.9)

The Fourier coefficients can be updated with constant work per time–step using the following
recurrence,

Cn(t+ △t, δ) = e−n2π2△tCn(t, δ) + 2

∫ t+△t−δ

t−δ

e−n2π2(t+△t−τ)φ̂n(τ)dτ. (2.10)

This recurrence is the key step that eliminates the history dependence of the far part. Once
we have computed theCn coefficients, we can evaluate (2.9) using the inverse NUFFT.

2.3. Optimal splitting of the heat potentials. In this section we briefly comment on
the selection4 of the parameters associated with the splitting of the heat potentials to a far and
local part. If we retainp terms in the far part expansion and ifδ = l△t, the overall complexity
of computingD[φ] isW = O(N(M + p) log p+MNl). For each target point, the local part
computation involves integrating overl time steps, hence the local part evaluation contributes

O(MNl) toW . For fixed constants(c1, c2), we setp = c1
√
M andl =

⌈

c2 log M
N△t

⌉

to obtain

W = O(MN logM), which is off from being optimal only by a logarithmic factor. For
this choice of parameters (assuming exact evaluation of thefar and near integrals) the error
estimates due to the splitting are given by

EF (M,N) = O
(

(

N

M logM

)1/2

e−
π2c2

1
c2M log M

N

)

EL(M,N) = O
(

(

N

logM

)3/2

e−
d2N

c2 log M

)

.

(2.11)

Therefore, both errors are exponentially converging asM andN are increased. For instance
if N = M = 256, by choosingc1 = 2.5, c2 = 0.1, bothEF , EL are less than10−15 and for
this choice we getp = 40, δ ≈ 0.0022 .

Next we describe our construction of recursive product integration rules for the local and
far parts.

3. Quadratures. In this section, we compute the momentsIk(α) as defined by ‘(1.8)

for the kernels:e−αθ, e−
α
θ√
θ
, e−

α
θ√

θ3
and then show how they can be used to compute the time

integrals inDL andDF . First, we review some basic properties of Chebyshev polynomials.
Forx ∈ [−1, 1] , the closed–form expression for thenth-order Chebyshev polynomialTn(x)
is given by:

Tn(x) = cos(n cos−1 x). (3.1)

The Chebyshev polynomialsTn(x) are orthogonal w.r.t the inner–product defined by:

〈f(x), g(x)〉 =

∫ 1

−1

f(x)g(x)√
1 − x2

dx. (3.2)

4The discussion here is important only in the asymptotic limit i.e., when the size of the time step is small. But
for significantly large time-step discretizations, we can just fix the parametersp, δ such thatδ < △t and such that
the truncation errors are within the required accuracy. This would suffice to obtain optimal complexity.
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Thenth-order Chebyshev coefficient off(x) denoted byf(n) can be computed by taking
inner–product withTn(x).

f(n) =

∫ 1

−1

f(x)Tn(x)√
1 − x2

dx =
cn
π

∫ π

0

f(cos θ) cosnθ dθ =
cn
2π

∫ 2π

0

f(cos θ) cosnθ dθ,

(3.3)

where c0 = 1 and ck = 2 for k ≥ 1. (3.4)

Now as the functionf(cos θ) is 2π–periodic, we can use FFT or the fast cosine transform
to compute{f(n)}q−1

n=0 in O(q log q) time. Also, we will use the following properties of
Chebyshev polynomials:

Tn(x) = 2xTn−1(x) − Tn−2(x), and
∫

Tn =
1

2

(

Tn+1

n+ 1
− Tn−1

n− 1

)

+ C.

For more details on the properties of Chebyshev polynomials, we refer to [18]; a review on
spectral methods for solving PDEs using the Chebyshev polynomials can be found in [24].

3.1. Recurrence relations. The idea of computing the integrals through the approxima-
tion of the integrand by Chebyshev polynomials and then computing the moments of smooth
functions by recurrences was first used by Clenshaw and Curtis [3]. Consider integrating a
smooth functionf(x) in the interval (0, 1),

I =

∫ 1

0

f(x)dx =

q−1
∑

n=0

f(n)

∫ 1

0

Tn(2x− 1)dx =

q−1
∑

n=0

f(n)In,

where In =

∫ 1

0

Tn(2x− 1)dx =

[

Tn+1(2x− 1)

n+ 1
− Tn−1(2x− 1)

n− 1

]1

0

.

One can easily show that evaluation of this will yield:

In =

{

0 n is odd,
− 1

n2−1 otherwise. (3.5)

Similarly we can derive the recurrences for computing the momentsIk(α) =
∫ 1

0
K(α, θ)Tk(θ)

for a variety of kernelsK. In the Appendix we give recurrences for the singular kernelsθ−γ

for γ ∈ (−∞, 1) and log θ. As the approximation off(θ) by Chebyshev polynomials is
super-algebraically convergent, the error in the computation of the integralI(α) is approach-
ing zero exponentially (numerical examples can be found in Section 6). Now we discuss the
computation of integral operators that will arise while evaluating the heat potentials. Let us
consider

I(α) =

∫ 1

0

√
α√
θ3
e−

α
θ f(θ) dθ, and J(α) =

∫ 1

0

1√
θ
e−

α
θ f(θ) dθ. (3.6)

In the limit any generic quadrature rule will converge to thecorrect value ofI andJ with its
optimal convergence rate . The quality of the approximation, however, will be nonuniform
in the value ofα. In fact, the constants deteriorate dramatically with small α. As a result,I
andJ become very difficult to compute accurately; a generic rule will require thousands of
points—even for a few digits of accuracy. This is because thekernel becomes sharply peaked
for smaller values ofα, see Figure 3.1.
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FIG. 3.1.KernelK(α, θ) =
√

α√
θ3

e−
α
θ for different values ofα. The kernel becomes sharply peaked

asα decreases, so an accurate evaluation of (3.6) by generic quadratures requires an excessive number
of points.

This poses a challenge for Nyström-type methods as one would need to develop special-
ized quadratures for different values ofα. Instead, we are using a Chebyshev approximation
of f and derive recurrence relations to compute the momentsIn. In this way, givenα, we can
compute allIn with O(q) work.

First we compute the base condition for the recurrence.

I0(α) =

∫ 1

0

√
α√
θ3
e−

α
θ dθ = 2

∫ ∞

√
α

e−z2

dz =
√
πerfc(

√
α).

Then, we compute higher moments by

In(α) =

∫ 1

0

√
α√
θ3
e−

α
θ Tn dθ =

∫ 1

0

√
α√
θ3
e−

α
θ [2(λθ + η)Tn−1 − Tn−2] dθ,

⇒ In(α) = 2λ
√
αJn−1 + ηIn−1 − In−2, (3.7)

where Jn−1(α) =

∫ 1

0

1√
θ
e−

α
θ Tn−1 dθ = 2λ

∫ 1

0

√
θe−

α
θ Tn−2 dθ + 2ηJn−2 − Jn−3.

Integrating by parts, we get:

2λ

∫ 1

0

√
θe−

α
θ Tn−2 dθ = Cn −

∫ 1

0

(

1

2
√
θ

+
α√
θ3

)

e−
α
θ

(

Tn−1

n− 1
− Tn−3

n− 3

)

dθ.

Substituting this back in the expression forJn−1, we obtain the following recurrence:

Jn−1(α) =
2n− 2

2n− 1

(

Cn − 2n− 7

2n− 6
Jn−3 + 2ηJn−2 −

√
α

(

In−1

n− 1
− In−3

n− 3

))

, (3.8)
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where Cn = e−α

(

Tn−1(λ+ η)

n− 1
− Tn−3(λ+ η)

n− 3

)

. (3.9)

Using (3.8) we can computeJn−1(α), from whichIn(α) can be computed using equation
(3.7). Now we establish the recurrences for the kernele−αθ.

In =

∫ 1

0

e−αxTn(λx + η) dx,

=

[

e−αx

2λ

(

Tn+1

n+ 1
− Tn−1

n− 1

)]1

0

+

∫ 1

0

[

e−αx

2λ

(

Tn+1

n+ 1
− Tn−1

n− 1

)]

,

⇒ In+1 = cn+1 + (n+ 1)

(

2λ

α
In +

In−1

n− 1

)

wherecn+1 =
n+ 1

α

[

e−αx

(

Tn+1

n+ 1
− Tn−1

n− 1

)]1

0

.

(3.10)

The recurrences (3.8) and (3.10) are numerically unstable5 in the forward direction. More
specifically, we get a dominant solution rather than a minimal 6 solution for these recurrences,
which prohibits us from computing higher-order moments (see [17] for more details). Since
we use aqth-order piecewise polynomial approximation ofµ(θ) we need to ensure that the
recurrences are stable up ton = q.

Remark.The more sharply peaked the integration kernel is the more stable the recur-
rences are and thus, the higher the order of moments that we can compute accurately. For
example, the kernele−αθ is sharply peaked for higher values ofα.

For α ≪ 1, instead of using the recurrence (3.10), we usee−αx =
∑p

k=0(−1)k (αx)k

k!
and the recurrences given in the Appendix (8.1) to compute

In =

∫ 1

0

e−αxTn dx =

p
∑

k=0

(−α)k

k!
Mnk, whereMnk =

∫ 1

0

xkTn dx; (3.11)

herep is chosen such thatα
p

p! < ǫ, the required accuracy.
The numerical instability is a property of the recurrence relation; different recurrences

like (3.5) and the ones given in the Appendix for the kernels1
θγ for γ ∈ (−∞, 1) andlog θ

are unconditionally stable.

3.2. Heat kernels. Using the recurrences derived here, we now develop product inte-
gration rules for the time integrals of far and near parts of the double layer.

a) Far part. To computeCn(t+△t, δ) using the recurrence (2.10), we have to compute

Un[φ̂] =

∫ t+△t−δ

t−δ

e−n2π2(t+△t−τ)φ̂n(τ) dτ. (3.12)

5There are algorithms that can be used for stabilizing these recurrences, see for example [25]. The length of
the domainω (which is less than 1) sets an upper bound on the parameterα in the recurrences (3.7, 3.8). Based on
this upper bound, we have obtained a global eighth-order accurate method without resorting to any such recurrence–
stabilizing algorithms. In general, it is possible to getarbitrary order of accuracy by stabilizing the recurrences.

6If we take two linearly independent solutionsfn andgn of a three term recurrenceyn+1+anyn+bnyn−1 =
0, thenfn is called a minimal solution iffn/gn → 0 asn → ∞; gn is then termed as the dominant solution.
Adding any multiple offn to gn would give us another dominant solution, but the minimal solution is always
unique.
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As n increases, the kernel becomes sharply peaked, prohibitingthe use of smooth quadra-
ture rules to compute (3.12). Instead, we use the recurrences. We compute the Cheby-
shev coefficients of̂φn(τ) in the interval7 (t − δ, t + △t − δ), then we havêφn(τ) =
∑q−1

k=0 φ̂n(k)Tk

(

2
△t (τ − t+ δ) − 1

)

. By settingτ = t+ △t− θ△t− δ we obtain

Un[φ̂] = △te−n2π2δ

q−1
∑

k=0

φ̂n(k)

∫ 1

0

e−(n2π2△t)θTk(−2θ + 1) dθ =

q−1
∑

k=0

φ̂n(k)Enk. (3.13)

For a fixed step size△t we can precompute

Enk = △te−n2π2δ

∫ 1

0

e−(n2π2△t)θTk(−2θ + 1), n = 1, .., p, k = 1, .., q. (3.14)

This precomputation is done in an optimalO(pq) time using the recurrence (3.10) withα =
n2π2△t and the scaling parametersλ = −2, η = 1.

b) Local part. The local part approximation of the double layer potential is given by

DL[φ] =
2
∑

k=1

(−1)k

∫ t

t−δ

x− bk
4[π(t− τ)]3/2

e−
(x−bk)2

4(t−τ) φ(bk, τ)dτ. (3.15)

Let

DLbk
[φ] = (−1)k

∫ t

t−δ

x− bk
4[π(t− τ)]3/2

e−
(x−bk)2

4(t−τ) φ(bk, τ)dτ. (3.16)

Then,

dblL[φ] = DLb1
[φ] + DLb2

[φ]. (3.17)

Settingθ = t−τ
δ and substitutingα = (x−bk)2

4δ we get

DLbk
[φ] =

1

2
√
π

∫ 1

0

√
α√
θ3
e−

α
θ φ(bk, t− δθ) dθ. (3.18)

Similarly to the far part case, we compute the Chebyshev coefficients8 of φ(bk, τ) for τ ∈
(t− δ, t). Then we use the recurrence relations (3.7) together with (3.8) to compute (3.18).

4. The overall algorithm for a stationary boundary. So far we have presented 1) an
integral equation formulation for (1.1); 2) a near-far decomposition in time of the volume
and layer potentials; and 3) quadratures for convolutions of functions (defined in terms of
Chebyshev polynomials) for singular or nearly singular kernels, and in particular heat kernels.
Next we describe how we can combine these techniques to efficiently solve (1.1) on stationary
boundaries. In a nutshell, we compute the volume potentialsui(x, t) anduf(x, t) using the
formulas (1.5), solve the integral equation (1.7) for the double-layer densityφ(γ, t), and use
(1.6) to computeub(x, t).

7Here we assumeδ = l△t. We have the Chebyshev coefficients ofφ̂n(τ) at each time interval∆t (see Section
4). If δ < △t, we use the recurrence (3.10) with modified scaling factors(λ, η) instead of computing the Chebyshev
coefficients in the interval(t − δ, t + △t − δ).

8If δ = l△t, we need to loop through thel time intervals, each of which has a Chebyshev polynomial represen-
tation ofφ(bk, τ). On the other hand, ifδ < △t, we compute (3.18) from the polynomial representation ofφ(bk, τ)
in the interval(t −△t, t).
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4.1. Evaluation of the volume potentials. We will need two additional algorithms.
Computing Fourier coefficients for the far part.We need a fast algorithm for computing

the sine transformŝw, andf̂(τ) used inV0,F [w] andVF [f ]:

ŵn =

∫

Ω

w(y) sin(nπy) dy; f̂n(τ) =

∫

Ω

f(y, τ) sin(nπy) dy, n = 1, . . . , p. (4.1)

We assume that bothf andw are given in regular grid points in space time. Iff andw are
periodic then (4.1) can be computed using FFTs. Otherwise, we use the high-order hybrid
Gauss trapezoidal rules developed in [1]. The advantage of using those rules is that, except
for a few Gaussian nodes, all the other quadrature nodes are on regular grid. Then ifng is
the number of Gaussian nodes andM is the number of trapezoidal nodes, the complexity
of computing the discretization of (4.1) can be reduced fromO((M + ng)p) to O((M +
p) logM + png) using FFT.

Fast Gauss Transform.We need an accurate and fast evaluation of the Gauss transform
defined by,

Gσ[µ](x) =
1√
πσ

∫

Ω

e−
(x−y)2

σ µ(y) dy. (4.2)

Using quadrature rules to discretize (4.2) and applying fast Gauss transform [7] on the result-
ing discrete sum, the complexity of computingGσ atM points in space usingM quadrature
points is reduced fromO(M2) toO(M). But through this approach, uniform high-order con-
vergence would not be possible for smaller values ofσ, since the Gaussian becomes sharply
peaked. So, to get the expected convergence with optimal complexity, we proceed as follows:

• We divideΩ intoM/qs uniform cells, each of sizelC ; qs is defined below.
• In each cell we use a fixed number of quadrature nodesqs. One way to choseqs is

to ensure that a Gaussian of support equal to the size of cell can be resolved using
qs points.

• An approximate support of a Gaussian is given by2r
√
σ, wherer is such that

e−r2

< ǫ andǫ is desired accuracy. If2r
√
σ > lC , we use FGT to computeGσ

at theM target points. Since there areM sources the complexity isO(M).
• If 2r

√
σ < lC we computeGσ directly: we truncate the domain of integration from

Ω to the support(x− r
√
σ, x+ r

√
σ) and useqs quadrature points to discretize the

integral. The forcing term at these points is computed usingan appropriate high-
order interpolation. The complexity isO(M).

4.1.1. Initial condition volume potential. The kernelG(x, y, t) is approximated by the
truncated Fourier series expansion ift > δ, and the Kelvin expansion otherwise. Hence,

ui(x, t) =

{

G2t[w](x), if t ≤ δ,
∑p

n=1(2e
−n2π2tŵn) sin(nπx), otherwise.

(4.3)

The transformG2t[w] is evaluated using the aforementioned strategy with a quadrature rule
of orderq. The inverse NUFFT is used to compute the discrete sum in (4.3) for t > δ.

4.1.2. Distributed forcing volume potential. The evaluation of (1.5), is split into a far
part(0, t− δ) and a local part(t− δ, t). At time interval(t, t+ △t) the evaluation of the far
partVF [f ] involves the following steps:

• Computation of the Chebyshev coefficients for each of{f̂n(τ)}p
n=1 by evaluating

(4.1) (using quadrature rules in space) at the Chebyshev nodes belonging to(t −
δ, t+ △t− δ).
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• Forn = 1, . . . , p, computation of the updateUn[f̂ ] as defined in (3.12) using Cheby-
shev recurrences developed in section (3).

• Update of{Cn}p
n=1 usingCn(t+ △t, δ) = Cn(t, δ) + 2Un[f̂ ].

• Evaluation of the discrete sumVF [f ](x, t+ △t) =
∑p

n=1 Cn(t+ △t, δ) sin(nπx)
at the target points using the inverse NUFFT.

The local part ofuf(x, t) denoted byVL[f ], is given by

VL[f ](x, t) =

∫ t

t−δ

∫

Ω

e−
(x−y)2

4(t−τ)

√

4π(t− τ)
f(y, τ)dy dτ. (4.4)

Settingσ2 = t − τ and noting that outside the interval(x − 2rσ, x + 2rσ), the Gaussian
decays exponentially fast to zero, we obtain

VL[f ](x, t) ≈
∫

√
δ

0

g(σ) dσ, whereg(σ) =
1√
π

∫ x+2rσ

x−2rσ

e−
(x−y)2

4σ2 f(y, t− σ2)dy. (4.5)

By substitutingy = x+2ξσ, we getg(σ) = 2σ√
π

∫ r

−r
e−ξ2

f(x+2ξσ, t−σ2)dξ; the integrand

is smooth and hence,g(σ) is a smooth function inσ. Then, we use a high-order quadrature
rule of orderq to integrateg(σ) i.e., VL[f ](x, t)] =

∑q
k=1 wkg(σk), wherewk, σk are the

quadrature weights and nodes respectively. Notice thatg(σk) = 2σkG2σk
[f ](t− σ2

k) at each
σk. Hence, the optimal strategy for computing the Gauss transform discussed previously can
be used for the accurate computation ofg(σk).

4.2. Computation and Evaluation of the boundary double layer potential. To eval-
uateub(x, t), we first need to compute the densityφ(γ, t) by solving (1.7). At each time
step, we incrementally solve (1.7) for the Chebyshev coefficients ofφ(b1, t) andφ(b2, t). Let
φ(b1, n), φ(b2, n) denote the correspondingnth-order Chebyshev coefficients. Then, for any
τ ∈ [t, t+ △t], we have:

φ(bk, τ) =

q−1
∑

n=0

φ(bk, n)Tn

(

2

△t (τ − t) − 1

)

, k = 1, 2.

Since we requireq Chebyshev coefficients at each point on the boundary, we needto solve
(1.7) atq collocation nodes{t + ti}q

i=1. The natural choice of the collocation nodes are
the zeros ofqth-order Chebyshev polynomial defined in the interval[t, t + △t]. Then the
transformation between physical and spectral space can be performed using FFT. In addition,
interpolation at the Chebyshev nodes gives rise to a stable approximation of the interpolated
function.

The Chebyshev nodes are given by

ti =
△t
2

(

1 + cos
π(i− 1)

q

)

, i = 1, . . . , q. (4.6)

Integral equation (1.7) can be rewritten as

−1

2
φ(x, t + ti) +

∫ t+ti

t

∫

γ

∂G(x, t+ ti; y, τ)

∂n(y)
φ(y, τ)ds(y)dτ =

ub(x, t+ ti) −
∫ t

0

∫

γ

∂G(x, t+ ti; y, τ)

∂n(y)
φ(y, τ)ds(y) dτ, ∀x ∈ γ.

(4.7)
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The resulting finite-dimensional linear equation isKφh = r, where

φh = [φ(b1, 0), . . . , φ(b1, q − 1), φ(b2, 0), . . . , φ(b2, q − 1)]
T
. (4.8)

Assumingδ ≥ △t, the entries ofK are given byK =

[

A B
B A

]

,

where Aij = −1

2
Tj−1

(

2

△t ti − 1

)

, i, j = 1, . . . , q, (4.9)

Bij =

∫ t+ti

t

b2 − b1
4[π(t− τ)]3/2

e−
(b2−b1)2

4(t−τ) Tj−1

(

2

△t (τ − t) − 1

)

dτ. (4.10)

The entries ofB can be computed using recurrences onIn(α) =
∫ 1

0

√
α√
θ3
e−

α
θ Tn(λθ + η)dθ.

The operatorK is well-conditioned and can by “inverted” using a matrix-free GMRES.9 The
integration of the history part of double layer on the right-hand side of (4.7), denoted byDh,
is split into(0, t+ ti − δ) and(t+ ti − δ, t). The first interval integral is

p
∑

n=1

(

e−n2π2tiCn(t, δ) + 2

∫ t+ti−δ

t−δ

e−n2π2(t+ti−τ)φ̂(τ) dτ

)

sin(nπx). (4.11)

We use the local part expansion of the kernel for the second interval. The time integration in
both intervals is performed using the product integration rules discussed in Section 3. Since,
the coefficientsCn are updated at each time-step,r can be computed with constant work per
time-step. Thenub(x, t) can be evaluated at the targetM spatial locations using the formula
(1.6) and the fast summation method for the double layer described in Section 2.

4.3. Summary of the overall scheme for stationary boundaries. The overall algo-
rithm is summarized in Algorithm 1. The output of the algorithm is u(x, t) at the target
points. The input is

• parameters: A fixed time-step∆t, and an error toleranceǫ.
• boundary conditions: In each time interval(t, t + △t), the boundary data at the

collocation nodesg(bk, t+ ti), i = 1, .., q.
• distributed force: The forcingf at points belonging to a regular grid of sizeM×N

imposed onΩ × [0, T ].
• initial condition: w atM regular points onΩ.

Since we use special quadrature points to compute the volumeintegrals (4.1),f andw are
evaluated using high-order interpolation schemes; for example, FFT combined with B-splines
can be used [27].

The overall complexity of the algorithm isO(MN logM). Below we discuss the differ-
ent sources for errors in the final solution.

• Truncating the series expansion for the Green’s function inthe near and far parts.
These have been shown to be exponentially convergent with increasingM,N .

• The order of the Chebyshev polynomials used for approximating the densityφ in
each time interval.

• The quadrature rule used for the computing the spatial integrals (4.1) and time inte-
gral (4.5).

By approximatingφ with (q − 1)th-order Chebyshev polynomials and picking a quadrature
rule of orderq to perform the space and time integration for the volume potentials, we get an
qth order method. In Section 6, we present results that validate our scheme.

9Given a fixed time step△t, we can precompute the inverseK−1 once, and subsequently solve forφh by just
one matrix vector multiplication,K−1r. This is can be done efficiently only in 1D and for static boundaries.



14 S. K. VEERAPANENI AND G. BIROS

Algorithm 1 Overall algorithm for stationary boundaries
INITIALIZATION

Choose p and l using (2.11)
Compute E (3.14) using (3.10)
Compute ŵn and set Cn = 2e−n2π2(l−1)△tŵn, n = 1 . . . p O((M + p) logM)
Compute ti using (4.6)
Compute K−1 O(q3)

TIME MARCHING

for j = 1 : N do
If j < l, l = j first l time steps: δ = j△t

SOLVE FOR THE BOUNDARY DENSITY

loop over boundary nodes

for k = 1 : 2 do
Loop over time-collocation nodes

for i = 1 : q do
tc = (j − 1)△t+ ti
rk(i) = g(bk, tc) − V [f ](bk, tc) − V0[w](bk, tc) O(M), using FGT

rk(i) = rk(i) −Dh[φ](bk, tc)
end for

end for
φh = K−1r

EVALUATION AND UPDATE

Local part

u(xk, j△t) = VL[f ](xk, j△t), k = 1 . . .M O(M)
u(xk, j△t) = u(xk, j△t) + DL[φ](xk, j△t), k = 1 . . .M O(Mq)
if j < l then

Initial Condition

u(xk, j△t) = u(xk, j△t) +Gj△t[w](xk), k = 1 . . .M O(M)
else

Far part

for n = 1:p do
Compute Un[φ̂+ f̂ ]((j − 1)△t) using (3.12)

Cn = e−n2π2△tCn + 2Un[f̂ + φ̂]
end for O(pq + p)
u(xk, j△t)+ =

∑p
n=1 Cn sin(nπxk), k = 1 . . .M O((M + p) logM)

end if
end for

5. Moving boundary. Now we will describe the methodology for solving (1.1) for
boundaries with a prescribed motion. By linearity, we decompose the solution into three
parts: u = ui + uf + ub. The three parts correspond to the solutions of an initial-value
problem (1.2), a inhomogeneous problem with homogeneous boundary conditions (1.3), and
a homogeneous problem with inhomogeneous boundary conditions (1.4). The motion of the
boundaryω(t) is assumed to be contained within the unit boxΩ, hence the solutionsui(x, t)
anduf(x, t) are given by (1.5). At any pointx inside the domainω(t) we assume that
ub(x, t) = D[φ](x, t). As G(x, t; y, τ) satisfies the adjoint equation (2.1) and the potential
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ub satisfies the heat equation, the initial conditionub(x, 0) = 0 is satisfied by construction.
To satisfy the prescribed boundary conditions onγ(t), we need to compute the jumps in the
double layer asx → γ(t). The conditions have been derived before, for example, see [21]
and [10]. We have included their derivation for completeness. We first discuss the computa-
tion of double-layer potential at a point away from the boundary and then we give the jump
conditions.

To evaluate the double layer, we split it into a local and a farpart:D[φ] = DL[φ]+DF [φ].
We first discuss the local part computation. We rewrite the local part asDL[φ] = DLb1

[φ] +
DLb2

[φ], with each term being defined as in (3.16) but using the time-dependent boundaries.
Let’s look at computingDLb2

[φ](x, t) defined by

DLb2
[φ] =

∫ t

t−δ

x− b2(τ)

4[π(t− τ)]3/2
e−

(x−b2(τ))2

4(t−τ) φ(b2(τ), τ)dτ (5.1)

Settingτ = t− δθ , x−b2(τ)

2
√

δ
= β(θ) , andφ(b2, t− δθ) = ψ(θ) we get

DLb2
[φ] =

1

2
√
π

∫ 1

0

β(θ)√
θ3
e−

β2(θ)
θ ψ(θ) dθ. (5.2)

Unlike the static boundary case, we cannot directly use the recurrences (3.7, 3.8) to compute
(5.2) asβ is not a constant. Instead, we rewrite (5.2) as

DLb2 =
1

2
√
π

∫ 1

0

e−
β2
0

θ

√
θ3

{β(θ)Eβ(θ)ψ(θ)} dθ, whereEβ(θ) = e−
β2

−β2
0

θ , (5.3)

andβ0 = β(0). The kernel in this expression is similar to the static boundaries case (3.18).
Therefore, we first compute the Chebyshev coefficients of thefunctionβEβψ and then use
the recurrences (3.7, 3.8) withα = β2

0 to compute (5.3).
Remark.Assumingβ(θ) is sufficiently smooth, it is easy to see thatEβ is also smooth:

by expandingβ(θ) aboutθ = 0 using Taylor’s series asβ(θ) =
∑∞

k=0 βkθ
k, we can see that

Eβ(θ) is of the forme−
∑

∞

k=0 ckθk

.
Similarly, the single layer potential is calculated by rewriting it as

SLb2
[φ] =

1

2
√
π

∫ 1

0

e−
β2(θ)

θ

√
θ

ψ(θ) dθ =
1

2
√
π

∫ 1

0

e−
β2
0

θ

√
θ

{Eβψ(θ)} dθ, (5.4)

and using the recurrence (3.8). Now let us examine the limit as the evaluation pointx ap-
proaches the boundary. Asx → b2(t), the constant term in the Taylor’s expansion ofβ(θ)

given byβ0 = x−b2(t)

2
√

δ
approaches zero.

Proposition 5.1: We define the single layer potential asSL[f ](β0) =
∫ 1

0
e−

β2
0

θ√
θ
f(θ) dθ

and the double layer potential asDL[f ](β0) =
∫ 1

0 β0
e−

β2
0

θ√
θ3
f(θ) dθ. Then,SL[f ] is continu-

ous asβ0 → 0, whereasDL[f ] sustains a jump equal tof(0).

lim
β0→0−

SL[f ] = lim
β0→0+

SL[f ] =

∫ 1

0

f(θ)√
θ
dθ, (5.5)

lim
β0→0−

DL[f ] = −1

2
f(0), lim

β0→0+
DL[f ] =

1

2
f(0). (5.6)



16 S. K. VEERAPANENI AND G. BIROS

We give a proof of this proposition in appendix B. In the case of static boundaries, using
this proposition, we arrived at the Volterra system (1.7). For moving boundaries, clearly the
proposition cannot be applied directly, sinceβ is not constant. Here, we write the double
layer potential defined in (5.2) as follows,

DLb2
=

1

2
√
π

∫ 1

0

e−
β2
0

θ

√
θ

{(

β(θ) − β0

θ

)

Eβψ(θ)

}

dθ +
1

2
√
π

∫ 1

0

β0e
− β2

0
θ

√
θ3

{Eβψ(θ)} dθ.
(5.7)

Let us defineFβ(θ) = β(θ)−β0

θ . Using Taylor’s series (and assuming sufficient smooth-
ness), we haveFβ(θ) =

∑∞
k=1 βkθ

k−1. Therefore,Fβ(θ) is smooth, independent ofβ0 and

limθ→0 Fβ(θ) = β1, whereβ1 = − ḃ(t)

2
√

δ
. We denote the first integral in (5.7) bỹSLb1

; it
is a single layer potential with constantβ0 and hence it is continuous asβ0 → 0. By the
proposition 5.1, the second integral approaches− 1

2Eβ(0)ψ(0) asβ → 0−. We can show that
limθ→0β0→0

Eβ(θ) = 1. The Volterra system that we obtain for moving boundaries isgiven
by,

−1

2
φ(x, t) +

∫ t

0

∫

γ(τ)

∂G(x, t; y, τ)

∂n(y)
φ(y, τ) ds(y) dτ = ub(x, t), ∀x ∈ γ(τ). (5.8)

In the case of static boundaries, the Volterra equation (1.7) at the boundary pointb1 at timet
can be written as

(

−1

2
I + DFb1

+ Db2

)

[φ](b1, t) = ub(b1, t), (5.9)

since the local part of the double layer,DLb1
[φ](b1, t) → − 1

2φ(b1, t). The far part does not
contribute to the jump in the double layer. From (5.7), we canshow that the Volterra equation
in the case of moving boundaries at(b1(t), t) is given by,

(

−1

2
I + DFb1

+ S̃Lb1
+ Db2

)

[φ](b1(t), t) = ub(b1(t), t), (5.10)

We can verify that as the boundary motion becomes negligible, (5.10) leads to (5.9):β(θ) →
β0 and limβ(θ)→β0

S̃Lb
[φ](b(t), t) = 0 as the functionFβ(θ) → 0 sinceβk → 0 for all

{βk}∞k=1.
We now summarize the changes in the algorithm described in Section 4, which are nec-

essary for moving boundary problems. At each time step, we solve (5.8) for the Chebyshev
coefficients ofφ(b1(t), t) andφ(b2(t), t) using GMRES. Assumingφ(b2, t) is given, our aim
is to solve the resulting algebraic system after discretizing the operator equation (5.10) by col-
location at nodesti. Starting with an initial guess{φn(b1)}q−1

n=0, we first computeφ0(b1, ti)
at the collocation nodes in timeti by inverse FFT. Computing the left hand side of (5.10) in-
volves computing three operators at(b1, ti) : the far partDFb1

[φ], the local part of the single

layerS̃Lb1
[φ] and the double layerDb2 [φ].

• As with the static case, the far partDFb1
[φ](b1, t) is computed by storing and updat-

ing {Cn(t, δ)}p
n=1 and evaluating (2.9). The only difference is that the boundaries

are time dependent in the definition ofφ̂n(τ).
• To computeS̃Lb1

[φ](b1, ti), we need to evaluate the functionFβ(θ)Eβ(θ)ψ(θ) in
(5.7). Let

φS̃(t, τ) =
b1(t) − b1(τ)

2(t− τ)
e−

(b1(t)−b1(τ))2

4(t−τ) φ(b1(τ), τ), (5.11)
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then

S̃Lb1
[φ](b1(ti), ti), =

∫ ti

ti−δ

G (b1(ti), b1(ti); ti, τ)φS̃(ti, τ) dτ

=

∫ ti

ti−δ

φS̃(ti, τ)
√

4π(ti − τ)
dτ.

To compute the Chebyshev coefficients{φS̃(ti, n)}q−1
n=0, we evaluateφS̃(ti, τ) at the

collocation nodes{tj}q
j=1 (which also are the Chebyshev nodes). Note that when

τ → t, we havelimτ→t φS̃(t, τ) = −ḃ1(t). Then, we evaluatẽSLb1
[φ](b1(ti), ti)

using the recurrence (3.8) with appropriate scaling factors andα = 0.
• To computeDb2 [φ], we split it into a far and a local part. The local part is computed

by rewriting it as in (5.3) withβ0 = b1(ti)−b2(ti)

2
√

δ
.

Once we solve for the Chebyshev coefficients ofφ(b1, t) andφ(b2, t) the potentialub is
evaluated at all target locations using (1.6). The asymptotic complexity and accuracy of the
algorithm is the same with the stationary case.

6. Numerical results. In this section we illustrate the accuracy of the quadraturescheme
described in Section 3 for different kernels. Then, we present numerical results for solving
the heat equation (1.1).

6.1. Quadratures. We compare the hybrid quadratures of Alpert [1] with the Cheby-
shev spectral method. First we compute the following integral:

∫ 1

0

cos(200x)s(x) + cos(200x+ 0.5) dx (6.1)

for the functionss(x) = 0, s(x) = 1√
x
, s(x) = log x. The recurrence relations for computing

the momentsIk =
∫ 1

0
s(x)Tk(2x−1)dx are given in the Appendix. We report relative errors

for both Chebyshev method and for the quadrature methods in [1] for convergence orders 4,
8, and 16.

p 4 8 16 Chebyshev
64 2.66e-01 7.85e-02 1.01e-03 4.21e-03
96 5.83e-02 2.03e-03 3.04e-06 6.39e-03
128 1.75e-02 4.18e-05 2.16e-08 1.11e-09
160 6.72e-03 7.87e-06 1.48e-11 5.66e-14
192 3.05e-03 2.50e-06 2.37e-11 8.32e-14
224 1.56e-03 6.50e-07 3.28e-12 2.33e-13
256 8.75e-04 1.74e-07 5.00e-13 3.88e-14
288 5.25e-04 4.95e-08 6.00e-13 2.04e-13

TABLE 6.1
In this table we report a numerical comparison between our method and the quadrature rules

proposed in [1] for convergence orders 4, 8, and 16. Relativeerrors in computing the integral (6.1) for
the cases(x) = 0, p indicates the number of Chebyshev coefficients or the total number of points used
in the quadrature rule.

We now present numerical results for evaluating the following integral for two different
functionsf(x),

J(α) =

∫ 1

0

e−
α
x

√
x
f(x) dx. (6.2)



18 S. K. VEERAPANENI AND G. BIROS

p 4 8 16 Chebyshev
64 6.42e-02 1.98e-03 7.17e-06 3.87e-04
96 5.53e-03 2.19e-05 2.14e-09 5.73e-04
128 4.74e-04 1.02e-06 2.06e-12 1.00e-10
160 5.27e-05 1.92e-09 1.18e-13 2.50e-14
192 8.35e-05 1.40e-08 2.44e-15 2.01e-14
224 6.09e-05 4.78e-09 2.57e-14 2.53e-14
256 4.04e-05 1.50e-09 1.74e-15 6.99e-15
288 2.66e-05 4.94e-10 2.62e-14 2.88e-14

TABLE 6.2
Relative errors in computing the integral (6.1) for the cases(x) = 1√

x
.

p 4 8 16 Chebyshev
64 4.46e-02 2.52e-02 4.96e-05 4.31e-03
96 7.84e-03 8.83e-04 2.03e-07 8.07e-03
128 3.97e-03 1.09e-05 9.53e-10 1.53e-09
160 1.79e-03 4.25e-06 6.93e-12 5.88e-14
192 8.76e-04 1.20e-06 4.04e-13 3.16e-14
224 4.66e-04 2.99e-07 1.01e-14 8.93e-14
256 2.67e-04 7.82e-08 6.79e-16 1.76e-14
288 1.62e-04 2.16e-08 3.65e-14 3.68e-14

TABLE 6.3
Relative errors in computing the integral (6.1) withs(x) = log x.

The relative errors in computing (6.2) using two different methods are presented in tables
(6.4) and (6.5). One is to use theNystr̈om’s methodwith the quadrature nodes and weights of
the singular kernelx−1/2 and the other is to approximate the functionf(x) using Chebyshev
polynomials and then using the recurrence relations (3.8).In table (6.4), we can see that
the relative error is high in the case ofNystr̈om’s methodeven if we take as many as 512
points. This can be expected as the behavior of the heat kernels is different fromx−1/2. So
we need to develop separate quadrature rules. Developing such quadratures for each value
α is not practical. Instead, we can compute{In(α)}p

n=1 for eachα in O(p) work using the
recurrence relations (3.8). For the same functionsf1(x) andf2(x), we evaluate the integrals

N 4 8 12 16 20 512
q = 4 1.87e-01 1.09e-02 8.31e-03 6.36e-03 4.78e-03 3.64e-04

Chebyshev 1.38e-03 8.59e-06 2.17e-16 2.17e-16 2.17e-16 2.17e-16
TABLE 6.4

Relative errors in computing the double-layer heat potential with densityf1(x) = 1 + x10 and
α = 2×10−4. HereN indicates the number of quadrature nodes or the order of Chebyshev polynomials
used to approximate the functionf(x); q denotes the order of singular quadrature rule used. Observe
that the error in the case of quadrature doesn’t reduce asO(N−q) whereas in the second case the error
reaches machine precision forN > 10. Recall that the smaller theα the more difficult the computation
of the heat kernel becomes.

I(α) =

∫ 1

0

√
αe−

α
x

√
x3

f(x) dx. (6.3)
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FIG. 6.1. Plot of the relative errors given in Tables 6.1, 6.2 and 6.3 w.r.t p, the number of the
Chebyshev modes used. As the number of quadrature points is increased, we observe that the quadrature
error gets reduced by a constant multiple, whereas in the case of Chebyshev approximation, the error
decays exponentially.

N 16 20 24 28 32 36
q = 16 2.94e-01 7.75e-02 7.64e-02 7.53e-02 7.46e-02 7.39e-02

Chebyshev 3.34e-04 2.16e-06 5.75e-09 7.51e-12 4.00e-15 1.20e-15
TABLE 6.5

Relative errors in computing (6.2) with the functionf2(x) = cos(20x) andα = 2 × 10−4. The
16th-order singular quadrature rule from [1] is used.

6.2. The heat equation: stationary boundaries. In this section we report results for
the diffusion problems in domains with static boundaries. In all the examples, the domainω
is taken to be[0.4, 0.6], δ = 10−3, and the total timeT = 0.1; N indicates the number of
time steps andq the number of Chebyshev polynomials used to approximate thefunctions in
the boundary integrals at each time step. We report thel∞ error evaluated atM spatial points
andN time levels in Tables (6.7) and (6.8) for two different analytic solutions.

6.3. The heat equation on domains with moving boundaries. Here, we present nu-
merical results for the solution of the heat equation on domains with prescribed boundary
motion. The boundary position, as a function of time, is given by b1(t) = 0.4 + s1(t) and
b2(t) = 0.6 + s2(t). We present results for three different motions of the boundary for
which the functionss1(t) ands2(t) are defined in Table 6.10. The motion of the boundary is
depicted in Figure 6.3.
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N 4 8 16 32 64
f1(x) 7.38e-02 3.61e-04 3.75e-16 1.25e-16 1.25e-16
f2(x) 2.62e-01 5.32e-01 2.61e-03 6.84e-14 2.50e-16

TABLE 6.6
Relative errors in computingI(α) defined by (6.3) using recurrences for the functionsf1(x) =

1 + x10 andf2(x) = cos(20x), for α = 2 × 10−8.
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FIG. 6.2.Relative error plot (logarithmic scale) versus the number of Chebyshev modesN used for
approximating the functionf(x) = cos(200x) in computing the integralI(α) =

∫

1

0
K(α, x)f(x) dx

for the kernels1, x−1/2, log x and for the heat kernels
√

α√
x3

e−
α
x , e

−
α
x√
x

with α = 2 × 10−4. The

integration errors follow the approximation error of the functionf(x). We can observe that oncef(x)
is resolved, the integration is accurate to machine precision—independently of the kernel in which we
used in the integration.

Example 1: Prescribed Neumann conditions.We solve the homogeneous heat equation
with Neumann boundary conditions given by∂u

∂x (bk, t) = 2e−4t cos(2bk(t)), and an ini-
tial condition given byu(x, 0) = sin(2x). For this problem the exact solution is given by
u(x, t) = e−4t sin(2x). We reportl∞-norm errors of our numerical approximation scheme
in Tables 6.11, 6.13, and 6.14. We have used a direct formulation that results in a well-
conditioned integral equation. We solve this problem for the three cases of boundary motion.
At each time step, we sample the numerical and exact solutionat a uniformly spaced spatial
grid. We report the maximum of the absolute error values overall time steps and spatial
points. We observe optimal convergence rates for all three cases.

Example 2: Prescribed Dirichlet data.In this second example we solve a heat equation
problem with distributed forces and prescribed Dirichlet boundary conditions:

∂u

∂t
= △u+ 4 cos(2x) cos(100t)− 100 cos(2x) sin(100t) in ω(t), (6.4)

and u(x, 0) = cos(2x), u(bk(t), t) = cos(2bk(t)) cos(100t). (6.5)
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N = M 2 4 8 16 32 64
q = 4 4.62e-02 1.01e-03 5.34e-05 3.03e-06 2.66e-07 2.11e-08
q = 6 1.72e-03 7.09e-05 4.15e-06 1.62e-07 1.39e-09 4.94e-11
q = 8 4.36e-04 7.86e-06 3.33e-07 1.05e-08 1.71e-11 5.36e-13

TABLE 6.7
We reportl∞–norm errors for the solution of the heat equation with an exact solution given by

u(x, t) = e−10
2t sin(10x). In this example we solve a problem with Neumann boundary conditions and

zero distributed forces. We compute the numerical solutionusing a direct integral equation formulation
that results in a well-conditioned Volterra equation.

N 2 4 8 16 32 64
q = 4 7.16e-01 1.28e-04 3.54e-05 2.41e-06 1.51e-07 1.17e-08
q = 6 8.27e-01 8.10e-06 7.80e-07 6.72e-08 1.08e-09 2.92e-11
q = 8 7.75e-01 3.74e-07 8.38e-08 3.40e-09 2.46e-11 3.34e-13

TABLE 6.8
In this table we reportl∞-norm errors for the heat equation (1.1) problem with an analytic solution

given byu(x, t) = cos(100x) cos(200t) and a corresponding non-zero distributed force. We consider
Dirichlet boundary conditions and an indirect double-layer formulation. We use eight quadrature points
in computing the volume integrals in (4.1).

N 2 4 8 16 32 64
q = 4 0.8 1.3 2.6 5.3 10.3 21.1
q = 6 1.0 1.7 3.3 6.0 12.9 26.3
q = 8 1.3 2.3 4.0 8.0 16.0 32.6

TABLE 6.9
Representative running times for the example in Table 6.8. Notice that only the relative increase

is important here, as the code is implemented inMATLAB and has not been optimized. The following
observations can be made: first, the computation time grows linearly with N; second, for a fixed N, the
computation time increases by a constant factor as the orderq is increased.

case s1(t) s2(t)
i 0.01 sin(100πt) 0.01 sin(100πt)
ii 0.005 sin(150πt) 0.02 sin(150πt)
iii 0.02 sin[10π sin(2πt)] 0.02 sin[10π cos(2πt)]

TABLE 6.10
Test cases for the boundary motion.
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FIG. 6.3.Plot of test cases for the boundary motion.
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N = M 2 4 8 16 32 64
q = 4 1.85e-01 1.00e-01 8.59e-03 3.28e-04 1.72e-05 9.42e-07
q = 6 1.37e-01 9.85e-03 2.08e-04 4.90e-06 3.80e-08 1.47e-09
q = 8 6.36e-02 6.13e-04 9.96e-06 3.39e-08 2.62e-10 9.01e-13

TABLE 6.11
l∞–norm errors for the solution of example 1 with theω(t) varying in time as given in case (i).

N = M 2 4 8 16 32 64
q = 4 0.80 1.27 2.60 4.94 10.34 21.47
q = 6 1.19 2.32 4.49 8.83 17.84 36.86
q = 8 1.92 3.58 7.14 13.71 27.81 56.25

TABLE 6.12
CPU times for the example in (6.11)

.

The exact solution for this problem is given byu(x, t) = cos(2x) cos(100t). We reportl∞
errors, computed as in the case of the other examples, in Tables 6.15, 6.16, and 6.17. Again,
we observe optimal convergence rates.

7. Conclusions. We have presented an extension of the Greengard & Strain algorithm
[6] for the fast solution of the heat equation with moving boundaries. Our main contribution is
the introduction of the product integration quadrature anda scheme for moving boundaries.
Our approach results in a high-order scheme in both space andtime. We presented results
for the Neumann and Dirichlet problems with distributed forces. In all cases the accuracy
and efficiency of the proposed scheme is verified— even in the case of highly oscillatory
boundary motions. Optimal complexity has been achieved by using the fast Gauss transform
and nonuniform FFT. Also, our method can be extended to variable-coefficient and nonlinear
problems by introducing a volume density for which we have tosolve.

A shortcoming of our method is that it has a complex implementation. A second, more
important drawback is that high-order accuracy can be achieved for sufficiently smooth data
only (forces, boundary conditions, and boundary motion). For certain applications, in partic-
ular industrial ones, this can be a quite restrictive assumption. For general non-smooth data
the high-order properties of our scheme will be lost.

We are currently working on extending this work to higher dimensions. As we mentioned
in the introduction, all algorithmic choices extend to higher dimensions: the product quadra-
ture rules, the Chebyshev approximation (using adaptive, tensor products), the kernel splitting
for the local and far part, and the approximations in the caseof prescribed boundaries. The
most significant complication is the fact that the boundary of the target domain becomes an
infinite dimensional manifold. Boundary convolution with the heat kernel requires additional
algorithmic machinery. Although one can outline the extensions of the method in higher
dimensions, such a task is difficult when one wants to preserve work optimality and high
accuracy. Finally, the assumption thatf andw are defined everywhere is restrictive; in most
practical applications the data will be only defined on a regular grid, or at random points.
Smooth extensions and design of special quadrature rules for such data is not trivial. We are
currently working on addressing some of these issues and we will report our work in a future
paper.

8. Appendix A. Here, we give recurrence relations to computeIk =
∫ 1

0
σ(θ)Tk(2θ −

1)dθ for the singular kernelsσ1(θ) = θ−γ for anyγ ∈ (−∞, 1) andσ2(θ) = log(θ). These
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N = M 2 4 8 16 32 64
q = 4 1.31e+00 1.00e+00 9.83e-02 4.81e-03 2.50e-04 1.35e-05
q = 6 3.00e+00 1.42e-01 7.39e-03 2.13e-04 2.37e-06 9.67e-08
q = 8 6.23e-01 3.11e-02 7.22e-04 7.20e-06 7.37e-08 2.06e-10

TABLE 6.13
l∞–norm errors for the solution of example 1 with theω(t) varying in time as given in case (ii).

N = M 16 32 64 128 256 512
q = 4 1.49e+000 4.09e-02 7.65e-03 2.44e-04 1.42e-05 5.98e-07
q = 6 6.93e-02 3.71e-03 2.02e-04 2.21e-06 1.64e-08 6.48e-10
q = 8 8.73e-03 8.07e-04 2.70e-06 5.76e-08 2.79e-10 5.51e-13

TABLE 6.14
l∞–norm errors for the solution of example 1 with theω(t) varying in time as given in case (iii),

with T = 1.

recurrences are unconditionally stable.

In = − n

n+ 1 − γ

(

2

n(n− 2)
+ 2In−1 +

n− 3 + γ

n− 2
In−2

)

n > 2, for σ1(θ). (8.1)

In =
n

n+ 1

(

Cn − 2In−1 −
n− 3

n− 2
In−2

)

n > 2, for σ2(θ), (8.2)

where Cn =

{

0 n is odd,
− 6

n4−4n3+n2+6n otherwise.

9. Appendix B. Proof of the direct formulation:The Leibniz rule for differentiating
the volume integral, also called the Reynold’s transport theorem states that for any function
q(x, t) defined inΩ(t),

d

dt

∫

Ω(t)

qdΩ =

∫

Ω(t)

∂q

∂t
dΩ +

∫

γ(t)

q(v.n)dγ,

wherev is the velocity of the boundary. Substitutingq = Gu, we get

d

dt

∫

Ω(t)

GudΩ =

∫

Ω(t)

∂G

∂t
u+G

∂u

∂t
+

∫

γ(t)

Gu(v · n)dγ

=

∫

Ω(t)

∂G

∂t
u+G(△u+ b) +

∫

γ(t)

Gu(v · n)

=

∫

Ω(t)

(

∂G

∂t
+ △G

)

u+Gb +

∫

γ(t)

(

G
∂u

∂n
− u

∂G

∂n

)

+Gu(v · n).

Integrating both sides from0 to t and usingG(x, y, t, t) = 0 for anyt, we get,

−
∫

Ω0

Gw =

∫ t

0

∫

Ω(τ)

[−δ(x, t)u+Gb] +

∫ t

0

∫

γ(τ)

(

G
∂u

∂n
− u

∂G

∂n

)

+Gu(v · n),



24 S. K. VEERAPANENI AND G. BIROS

N 2 4 8 16 32 64
q = 4 2.19e-02 5.24e-03 2.20e-03 5.55e-05 4.54e-06 4.15e-07
q = 6 2.29e-03 1.54e-03 1.05e-04 2.50e-06 5.39e-08 4.33e-10
q = 8 3.27e-03 5.04e-04 8.82e-06 9.07e-08 1.28e-10 7.83e-13

TABLE 6.15
l∞–norm errors for the solution of example 2 with theω(t) varying in time as given in case (i).

N 4 8 16 32 64 128
q = 4 2.04e-02 1.58e-02 4.94e-04 3.47e-05 2.71e-06 8.48e-08
q = 6 1.29e-02 3.36e-03 2.56e-05 8.92e-07 1.00e-08 1.64e-10
q = 8 2.30e-03 4.54e-04 2.49e-06 6.40e-09 3.85e-11 2.54e-13

TABLE 6.16
l∞–norm errors for the solution of example 2 with theω(t) varying in time as given in case (ii).

⇒ u(x, t) =

∫

Ω0

Gw +

∫ t

0

∫

Ω(τ)

Gb +

∫ t

0

∫

γ(τ)

(

G
∂u

∂n
− u

∂G

∂n

)

+Gu(v · n). (9.1)

Jump conditions:a) DefiningI(β0) =
∫ 1

0
e−

β2
0

θ√
θ
f(θ) dθ, we have to prove:

lim
β0→0−

I(β0) = lim
β0→0+

I(β0) =

∫ 1

0

1√
θ
f(θ) dθ. (9.2)

Proof: Consider the sequence of functionsgn defined asgn = e−
β2

n
θ with the sequence

βn chosen such thatlimn→∞ βn = 0. Clearly |gn| ≤ 1 and gn → 1 pointwise almost
everywhere. The result follows by Lebesgue’s dominated convergence theorem.b) Assuming
thatf(θ) is uniformly continuous inθ ∈ (0, 1), we need to prove:

lim
β0→0+

I(β0) =
1

2
f(0); lim

β0→0−

I(β0) = −1

2
f(0) whereI(β0) =

β0

2
√
π

∫ 1

0

e−
β2
0

θ

√
θ3
f(θ) dθ.

(9.3)
Proof: We split the integral into two parts:I(β0) = I1(β0) + I2(β0). The integralsI1 andI2
are defined as follows.

I1 =
β0f(0)

2
√
π

∫ 1

0

e−
β2
0

θ

√
θ3

dθ =
β0

2 |β0|
Erfc(β0)f(0). (9.4)

∴ lim
β0→0−

I1(β0) = −1

2
f(0) and lim

β0→0+
I(β0) =

1

2
f(0). (9.5)

I2 =
1

2
√
π

∫ 1

0

e−
β2
0

θ

√
θ3

(f(θ) − f(0)) dθ =
1√
π

∫ ∞

β0

e−σ2

(

f

(

β2
0

σ2

)

− f(0)

)

, (9.6)

by the change of variablesσ = β0√
θ
. Now breaking the interval of integration into two parts

(

β0,
√
β0

)

and
(√
β0,∞

)

, we see that asβ0 → 0 the integral of the first interval vanishes.
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N 32 64 128 256 512 1024
q = 4 2.54e-01 4.85e-03 5.52e-04 6.69e-05 6.41e-06 4.21e-07
q = 6 1.01e-01 7.57e-04 3.54e-05 7.14e-07 1.23e-08 2.10e-10
q = 8 2.07e-02 3.67e-05 1.85e-06 2.09e-09 1.24e-11 4.28e-14

TABLE 6.17
l∞–norm errors for the solution of example 2 with theω(t) varying in time as given in case (iii),

the total time here isT = 1.

The integral of the second interval,σ ≥
√
β0 ⇒

∣

∣

∣

β2
0

σ2

∣

∣

∣
≤ |β0|. Sincef(θ) is uniformly

continuous, we can chooseδ such that
∣

∣

∣
f(

β2
0

σ2 ) − f(0)
∣

∣

∣
< ǫ whenever|β0| < δ. Thus,

lim
β0→0

|I2(β0)| < lim
ǫ→0

ǫ

2
√
π

∫ ∞

√
β0

e−σ2

dσ = 0. (9.7)
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