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Abstract

The main purpose of this work is to provide a novel numerical approach for the
Volterra integral equations based on a spectral approach. A Legendre-collocation
method is proposed to solve the Volterra integral equations of the second kind. We
provide a rigorous error analysis for the proposed method, which indicate that the
numerical errors (in the infinity norm) will decay exponentially provided that the
kernel function and the source function are sufficiently smooth. Numerical results
are presented, which confirm the theoretical prediction of the exponential rate of
convergence. The result in this work seems to be the first successful spectral approach
(with theoretical justification) for the Volterra type equations.
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1 Introduction

This paper is concerned with the second kind Volterra integral equations

u(z) + /93 k(x,s,u(s))ds = g(z), x € [a,b], (1.1)

where k(-, -, ) is called kernel function. We will consider the case that the solutions of (1.1)
are sufficiently smooth — in this case it is necessary to consider very high-order numerical
methods such as spectral methods for the solutions of (1.1).

There are many existing numerical methods for solving the Volterra equation (1.1),
such as collocation methods, product integration methods, see, e.g., Brunner [1] and refer-
ences therein. However, very few works touched the spectral approximations to (1.1). In
[6], Chebyshev spectral methods are developed to solve nonlinear Volterra-Hammerstein
integral equations, and in [7], Chebyshev spectral methods are investigated for Fredholm
integral equations of the first kind under multiple-precision arithmetic. However, no theo-
retical analysis is provided to justify the high accuracy obtained. In [11], a spectral method
is developed for solving (1.1), but unfortunately spectral accuracy is not observed for most
of computations.

It is known that the Fredholm type equations behave more or less like a boundary
value problem (see, e.g., [5]). As a result, some efficient numerical methods useful for
boundary values problems (such as spectral methods) can be used directly to handle the
Fredholm type equations (again see [5]). However, the Volterra equation (1.1) behaves like
an initial value problem. Therefore, it is very difficult and unpopular to apply the spectral
approximations to the Volterra type equations. The main reason is that the (1.1) is a
local equation while the spectral methods use global basis functions. The main difficulty
is how to implement the method so that spectral accuracy can be eventually obtained. On
the other hand, the numerical methods for the equation (1.1) may be different with those
for the standard initial values problems in the sense that the former requires storage of
all values at grid points while the latter only requires information at a fixed number of
previous grid points. The storage requirement for (1.1) also makes the use of the global
basis functions of the spectral methods more acceptable.

The main purpose of this work is to provide a novel numerical approach for the Volterra
integral equations based on a spectral approach. We will provide a rigorous error analysis
which theoretically justify the spectral rate of convergence for the Volterra integral equa-
tions. This paper is organized as follows. In section 2, we introduce the spectral approaches
for the Volterra integral equations of second kind. The convergence analysis is provided in
Section 3. Numerical experiments are carried out in Section 4, which will be used to verify
the theoretical results obtained in Section 3.



2 Legendre-collocation method

Without lose of generality, we assume that the solution domain is [—1, 1]. The second kind
linear integral equations in one dimension is of the form

u(z) + /j K(z,s)u(s)ds = g(x), x € [-1,1]. (2.1)

Set the collocation points as the set of (N + 1) Legendre Gauss, or Gauss-Radau, or
Gauss-Lobatto points, {z;}¥,. Assume that Eq. (2.1) holds at z;:

u(z;) + /? K (x4, s)u(s)ds = g(x;), 0<i<N. (2.2)

The main difficulty in obtaining high order of accuracy is to compute the integral term
in (2.2). In particular, for small values of z;, there is little information available for u(s).
To overcome this difficulty, we will transfer the integral interval [—1, x;] to a fixed interval
[—1,1] and i then make use some appropriate quadrature rule. More precisely, we first
make a simple linear transformation:

8($,9)=1;x9+x;1, 1<0<1. (2.3)
Then (2.2) becomes
u(z;) + /1 K (x5, 5(2;,0))u(s(z;,0))do = g(x;), 0<i<N, (2.4)
-1
where ) 4,

K(x;, s(x;,0)) = K(x;, s(x;,0)). (2.5)

2
Using a (N + 1)-point Gauss quadrature formula relative to the Legendre weights {wy}
gives
N ~
u(as) + Y K (g, s(2:,0;))u(s(2:,0;))w; = g(a;),  0<i<N, (2.6)
=0

where the set {6}, coincide with the collocation points {z;}Y.

We now need to represent u(s(z;,6;)) using u;, 0 < i < N, i.e., the values at all the
grid points. To this end, we expand u using Lagrange interpolation polynomials, i.e.,

u(o) ~ 3w (o),

where F; is the j-th Lagrange basis function. Combining the above equation and (2.6)
yields

u; + Zuj (Z K (i, 5(24,0,)) Fj(s(x, Qj))wj> = g(x;), 0<i<N. (2.7)



Remark 2.1 Tt is seen from the numerical scheme (2.7) that to compute the approxima-

tion to u(z;), we require the entire solution information of {u(x;)}_, and the semi-local

information of { K (x;, s(x;,0;)}—o. Here, =1 < s(24,6;) < ;. ThlS is different with the
collocation methods or product integration methods which use the semi-local information
of both the solution and K, namely, {u(z;)},_, and {K(z;, 8;} where —1 < 3; < x; are
some collocation points. It is because of this difference that we will be able to obtain, as
to be demonstrated in the next section, a spectral rate of accuracy instead of an algebraic
order of accuracy for the proposed scheme (2.7).

2.1 Implementation of the spectral collocation algorithm

Denoting Uy = [ug, uy, -+ ,un|’ and gn = [g(z0), g(x1),- -, g(zn)]T, we can obtain an
equation of the matrix form:
UN+AUN:FN, (28)

where the entries of the matrix A is given by
N
Z ZEZ, ‘Iza )Fj(s(xi,ﬁp))wp.
p=0

We now discuss an efficient computation of Fj(s(z;,0,)). The idea is to express Fj(s) in
terms of the Legendre functions:

$) = apLy(s), (2.9)

where «,, ; is called the discrete polynomial coefficients of F;. The inverse relation is (see,
e.g., [4]):

1
Qp,j = ,y_ ZFj(xl)L (i)w;i = Lyp(x;) /Yp, (2.10)
P =0
where
1
_ 2 _ -1
Yo = Z:Lp(xi)wi =(p+ 5) , for p< N (2.11)

and vy = (N + 1/2)7! for the Gauss and Gauss-Radau formulas, and vy = 2/N for the
Gauss-Lobatto formula. It follows from (2.9) and (2.10) that

= 3" Ly(x))Ly(s) /% (2.12)

p=0

which, together with the known recurrence formulas for L,(s), can be used to evaluate
F;(s(x;,0,)) in an efficient way.



2.2 Nonlinear equations

In practice, many Volterra equations are usually nonlinear. However, the nonlinearity adds
rather little to the difficulty of obtaining a numerical solution. The methods described
above remain applicable. To demonstrate this, we consider the Volterra equations of the
second kind with the form

u(z) + /93 k(x,s,u(s))ds = g(z), x € [-1,1]. (2.13)

1

Similar to the linear case, we assume that (2.8) holds at the Legendre collocation points
and transform the interval [—1,z] to [—1, 1]. This gives

/1 k(xi, s(x;,0), u(s(z;,0)))d0 = g(x;), 0<i<N. (2.14)

Similar to (2.7), we obtain

U; +

1
—HEZ Zk (xz, s(x;, 0 Zuj s(x;, 0 )) w; = g(x;), 0<i<N. (215)

Equation (2.15) can then be solved by some methods suitable for solving the nonlinear
systems.

2.3 Two-dimensional extension

Consider the second-kind Volterra equations in 2D:

u(z,y) + /I /y k(x,y,s, t,u(s,t))dsdt = g(x,y), (z,y) € [a,b]*. (2.16)

Letting the above equation hold at the Legendre point pairs (x;,y;), and then using the
linear transformation and tricks used in 1D case yields

1+xll+x3

Z Z k(zi,y;, s(xi,0p), s(z4,0), u(s(xi, 0,), s(z4,61))) wpwr = g(x4, y;)-

p=0 [=0

ui,j +

(2.17)
The values of u(s(z;,0,), s(x;,6;)) can also be approximated by u;; with the use of the
relationship between the Lagrange interpolation polynomials associate with the Legendre
collocation points, as demonstrated in the one-dimensional case.
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3 Convergence analysis

In this section, a convergence analysis for the numerical schemes for the Volterra equation
(2.1) will be provided. The goal is to show that the rate of convergence is exponential, i.e.,
the spectral accuracy can be obtained for the proposed spectral approximations.

Lemma 3.1 ([4], p.290. Integration error from Gauss quadrature.) Assume that a (N +
1)-point Gauss, or Gauss-Radau, or Gauss-Lobatto quadrature formula relative to the
Legendre weight is used to integrate the product u¢g, where w € H™(I) with I := (—1,1)
for some m > 1 and ¢ € Py. Then there exists a constant C' independent of N such that

1
‘/1U($)¢(x)d$ — (u,¢)n| < CN_m‘u‘[}m’N([)’|¢HL2(I)7 (3.1)
where
. 1/2
ulg,, vy = > u3 : (3.2)
j=min(m,nN)

N
(u, @)y = iju(xj)a;(xj). (3.3)

j=0

Lemma 3.2 ([4], p. 289. Estimates for the interpolation error.) Assume that u € H™(I)
and denote Iyu its interpolation polynomial associated with the (N + 1)-point Gauss, or
Gauss-Radau, or Gauss-Lobatto points {.Tj}évzo, namely,

N
Inu = Zu(wZ)FZ(x) (3.4)
i=0
Then
lu — Inullrery < CN""[ulg, @) (3.5)

Lemma 3.3 ([9] Lebesgue constant for the Legendre series.) Assume that F(z) is the
N-th Lagrange interpolation polynomials associated with the Gauss, or Gauss-Radau, or
Gauss-Lobatto points. Then

N
Fi(z)| =1+ Al .
Jmax D |Fy(0)] =14 AY, (3.6)
7=0
where
23/

3/2
NP = TN By O

and By is a bounded constant.



Lemma 3.4 (Gronwall inequality.) If a non-negative integrable function E(t) satisfies

E(t) < Cy /t E(s)ds +G(t), —-1<t<]1, (3.7)

-1

where G(t) is an integrable function, then

1B zo(ry < ClGllrpy- (3.8)

Theorem 1 Let u be the exact solution of the Volterra equation (2.1) and assume that

v =Y wh(a) (3.9)

where u; is given by (2.7) and F;(x) is the j-th Lagrange basis function associated with the
Gauss-points {x;}1q. If u e H™(I), then for m > 1,

lu = Ull ey
< 1/27m [ ) o —-m ~ .
< CN max K(z;, (i, ) P [ull 2y + CN""ulg,, o (3.10)

provided that N is sufficiently large, where s(x;,0) is defined by (2.5) and C' is a constant
independent of N.

Proof.  Following the notations of (3.3), we let

(K(:E, 3)7 d)(s))N,S = Z K(ZE, S(I7 0]))¢(S($, ‘gj))wj

Then the numerical scheme (2.7) can be written as

u; + (f((xi, s),U(s))ns = g(zi), (3.11)
which gives
1
u; +/ K(xy, s(x;,0)U(s(x,0))d0 = g(x;) + Ly, 1<i<N, (3.12)
where
/ (25, 8(s, 0))U (s(x1, 0))d6 — (K (w1, 5), U(5)) .o
It follows from (3.12), (2.2) and (2.4) that

u; + / K(z;,s)U(s)ds = g(z;) + 1;1, 1 <i<N. (3.13)



Using Lemma 3.1 gives
1| < ON"™[sKK (i, s(xi, ) g, oy 10220y

Multiplying Fj(z) on both sides of (3.13) and summing up from 0 to NV yield

(3.14)

+IN(/ K(z, s)u )+1N(/ K(z,s)e ):IN(g)+J1(x), (3.15)

where U is defined by (3.9), the interpolation operator Iy is defined by (3.4), e denotes

the error function, i.e.,
e(x) =U(z) — u(x), x e [-1,1],

and the remainder function J;(z) is defined by

N
= LiF()
=0
It follows from (3.15) and (2.1) that

U(w) + In(g — u) + I (/1 Kz, s)e(s)ds) — Inlg) + A (),
which gives ]
e(@) + (u— Iyu)(x) + Iy < /_ K s)e(s)ds) ~ Ni(a).
Consequently, )
+ /1 K(z,s)e(s)ds = Jy(x) + Jo(x) + J5(z),

where

JQ—INU ()

J3 = /Kws ds—[N(/sz )

It follows from the Gronwall inequality (see Lemma 3.4) that

el < € (Il + 1l + 15l )
Using (3.14) and Lemma 3.3 gives
[l < Ol

< CN™ max )K(lﬂms(%w))) -
1<i<N Hyp n (1)
< 1/2—m )~ , - )
< ONVE max |K (e sl )|, 0l
< ONYI e RG] (el 4 ullen)

N
[Ullz2(0) max 3 | (@)
=0

(3.16)

(3.17)

(3.18)



Using the L*-error bounds for the interpolation polynomials (i.e., Lemma 3.2) gives
|2l < Cllallrzay < ON"ulg,, oy (3.19)
and
|3l < Cll sl ez
K(z,x)e(x) + /I K. (z,s)e(s)ds
-1 L2(1)

CNHellpoe(r)- (3:20)

CN™!

N

IN

The above estimates, together with (3.17), yield
o)y < ONY2 i | Rastas )|, (lelli+ o)

+ON_m|U|Hm7N(I) +ON—1||6HL°°(I)7 (321)

which leads to (3.10), provided that N is sufficiently large. This completes the proof of
this theorem. [

Remark 3.1 It can be verified that

(i, 8(xi, - < " 190 2

max, K(xi, s(x;,-)) B = max Z /_1 |0V K (z,5)|" ds

j=1in(m,N)

Therefore, the corresponding term in (3.10) can be replaced by the right hand side of the

above inequality.

4 Numerical experiments

Without lose of generality, we will only use the Legendre-Gauss-Lobatto points (i.e., the ze-
ros of Ly1(z)) as the collocation points. Our numerical evidences show that the other two
kinds of Legendre-Gauss points produce results with similar accuracy. For the Legendre-
Gauss-Lobatto points, the corresponding weights are

2
(1= @)Ly g ()2

Example 4.1 Our first example is concerned with an one-dimensional Volterra equation
of the second kind. More precisely, consider the Volterra equation (2.1) with

; (ex(x+4) . ef(x+4) )

K — TS :4x
(2,8) =™ gla) ="+ ——

The corresponding exact solution is given by u(z) = e**.
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N 6 8 10 12 14
error | 3.66e-01 | 1.88e-02 | 6.57e-04 | 1.65e-05 | 3.11e-07

N 16 18 20 22 24
error | 4.57e-09 | 5.37e-11 | 5.19e-13 | 5.68e-14 | 4.26e-14

Table 1: Example 4.1: The maximum point-wise error.

N 6 8 10 12 14
error | 2.33e-02 | 7.22e-04 | 1.82e-05 | 3.15e-07 | 4.06e-09

N 16 18 20 22 24
error | 3.98e-11 | 3.05e-13 | 3.86e-15 | 3.33e-15 | 3.98e-15

Table 2: Example 4.2: The maximum point-wise error.

N 5) 6 7 8 9
error | 6.21e-04 | 2.02e-04 | 8.16e-006 | 1.78e-06 | 7.77e-08

N 12 14 16 18 20
error | 1.73e-10 | 2.89e-13 | 1.30e-14 | 2.94e-15 | 1.67e-15

Table 3: Example 4.3: The maximum point-wise error for the 2D linear problem.

We use the numerical scheme (2.7). Numerical errors with several values of N are
displayed in Table 1 and Fig. 1. These results indicate that the desired spectral accuracy
is obtained.

Example 4.2 Our second example is about a nonlinear problem in one-dimension. Con-
sider the Volterra equation (2.13) with

1
9(r) = “2(1 + 3672)

—36em?)e” + e"sin3rx, K(z,s,u(s)) =" *u*(s).

<e*5‘7 + 36m%e " — e ® cosb6mx + 6me ¥ sin 67z

The exact solution is u(x) = e” sin 37z.

This is a nonlinear problem. Although our convergence theory does not cover this case,
it should be quite straightforward to establish a convergence result similar to Theorem 1
provided that the kernel %k in (2.13) is Lipschitz continuous with its third argument. A
similar technique for the collocation methods to the nonlinear Volterra equations was used
by Brunner and Tang [3].
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On the other hand, the numerical scheme (2.15) leads to a nonlinear system for {u;}Y;,
and a proper solver for the nonlinear system (e.g., Newton method) should be used. In
our computations, we just use a simple Jacobi type iteration method to solve the nonlinear
system, which takes about 5 to 6 iterations. The numerical results can be seen from Table
2 and Figure 2. Again the exponential rate of convergence is observed for the nonlinear
problem.

Example 4.3 The third example is concerned with a 2D linear Volterra equation with
second kind. Consider the equation (2.16) with

K([L’, Y, S, t, 'LL(S, t)) = eCCer 005(28 + t)u(s, t)7

1
g(x,y) = 1—66x+y(sin(4aj + 2y) +sin(2y — 4) + sin(4x — 2) + sin 6) + sin(2z + y).

This problem has a unique solution: u(x,y) = sin(2z + y).

There are some recent studies for using the collocation methods and the product inte-
gration methods for solving multi-dimensional Volterra integral equations, see, e.g., [2, §].
Again, the ideas in these analysis can be used, together with the ideas in proving Theorem
1, to extend Theorem 1 to obtain a spectral convergence rate for (2.17).

Table 3 and Figure 3 present the maximum pointwise errors with difference values of
N. Again, it is observed clearly that the errors decay exponentially.

5 Conclusion

This paper proposes a numerical method for the Volterra type equations based on spectral
methods. The most important contribution of this work is that we are able to demon-
strate rigorously that the errors of the spectral approximations decay exponentially. More
precisely, it is proved that if the kernel function and solutions of the underlying Volterra
equations are smooth, then errors obtained by the proposed spectral method decay expo-
nentially which is a desired feature for a spectral method.

This work seems to be the first successful numerical method with exponential rate
of convergence, which is justified theoretically, for the numerical approximations of the
Volterra type equations. The tools used in establishing the error estimates include the
standard estimates for the quadrature rule and the L?-error bounds for the interpolation
function.

We close by pointing out that the rate of convergence in Theorem 1 seems not optimal,
which should be O(N~™) instead of O(N'/2=™) as given in (3.10). This would be true if
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the estimate in Lemma 3.3 can be improved. One possible improvement would be to prove

N
S NElla = 0(1). (5.1)
3=0

If this is true, then we can have
[ Jillzry = O(N™™), (5.2)

in the proof of Theorem 1. And as a result, the optimal order of convergence O(N~™) can
be obtained.
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