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the Hilbert space of periodic functions
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Abstract. In this paper, we address the construction of an optimal quadrature formula in the sense
of Sard within a Hilbert space composed of periodic, complex-valued functions, specifically for the
purpose of numerically approximating Fourier integrals. The quadrature formula is expressed as a
linear combination of the function’s values taken at nodes of a uniform grid. An upper estimate
of the quadrature error is obtained through the norm of the associated error functional, which is
evaluated using the Cauchy-Schwarz inequality. To determine this norm explicitly, the method relies
on the concept of an extremal function. The extremal function corresponding to the error functional
is identified by applying the Riesz representation theorem, which guarantees that the norm of this
function coincides with the norm of the error functional in the dual (conjugate) space. Ultimately, the
resulting expression for the norm of the error functional takes the form of a multivariate quadratic
function dependent on the coefficients of the quadrature formula. In addition, this work determines the
optimal coefficients of a derived quadrature formula. Using these optimal coefficients, the exponential-
weighted integrals of several functions have been approximately evaluated.

Keywords: Hilbert space, extremal function, error functional, optimal quadrature formula, strongly
oscillatory integrals, Fourier transform
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1. INTRODUCTION AND STATEMENT OF THE PROBLEM

1.1. Introduction. The numerical computation of strongly oscillating integrals is a critical problem
in numerical analysis, as such integrals are extensively applied in science and technology. The following
types of Fourier integrals also serve as examples of strongly oscillating integrals for sufficiently large

values of w € R
1

Iw,9) = [ & pla)d,
0
where ¢ is non-oscillating functions.

The numerical approximation of these integrals can be particularly challenging when the oscillations
are highly localized and rapidly alternating. However, several techniques exist to achieve accurate
numerical approximations of such integrals. One such method is the stationary phase method, which
involves identifying the stationary points of the integrand and approximating the integral based on
the behaviour of the integrand near these points. Another approach is to apply a quadrature method
specifically designed for oscillatory integrals, such as the Filon method, Clenshaw-Curtis method,
modified Clenshaw-Curtis method, Levin-type methods, Gauss-Laguerre quadrature, and generalized
quadrature methods (for comprehensive details, see [1], for example, 2, |3] and the references therein).

In recent years, Kh.M. Shadimetov [4} 5, 6, |7, 8], G.V. Milovanovi¢ |2, 1], and A.R. Hayotov |9}
10} {11} 12} 13], N.D. Boltaev [14], 1.O. Jalolov [15, |16] and S.S. Babaev [17, |18, |19] have conducted
scientific research focused on constructing optimal quadrature formulas for calculating Fourier coef-
ficients and integrals in various spaces, including Lém) and Wém’m_l). The outcomes of constructing
optimal quadrature formulas for the numerical evaluation of Fourier coefficients in Wz(z’l) space of pe-
riodic functions, as well as applying these formulas to reconstruct computed tomography images, were
obtained in the studies of A.R. Hayotov [20]. It can also be added that optimal quadrature formulas
for the numerical calculation of singular integrals in the spaces Lgm) and Wém’m_l) are constructed in
the following works [21], 22 23].

In this paper, the problem of constructing an optimal quadrature formula of Euler-Maclaurin type

in the Hilbert space WQ(M) of periodic functions is studied.
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1.2. Statement of the problem. This study focuses on the derivation of optimal quadrature for-
mulas under the assumption that the integrand lies within the Hilbert space W2(2’1). For a detailed
description of this function space, the reader is referred to the definition provided, for instance, in the
references |14} 24, 25, 26].

The space W2(2’1) is a Hilbert space consisting of complex-valued functions, and it is defined as
follows
WL = {p:]0,1] — C|¢’ is abs. continuous and ¢” € Ly(0,1)}.

The space is the Hilbert space with the inner product

1
(0, 1) e Z/O (0" (z) + &' () (¥ (x) + ¥ ())dz, (1.1)
and the corresponding norm is
1/2
Il = ({0 Pwgen)

Let W;z’l) (0, 1] denote the subspace of Wz(z’l)(O, 1) that consists of 1-periodic complex-valued func-
tions. Each function belonging to Wz(z’l) (0, 1] satisfies the condition of 1-periodicity

o(x 4+ B) =p(zr) for x € R and S € Z.

We consider the quadrature formula of the following form

1 N N
0 k=1

k=1

— (2,1
where w € Z \ {0}, ¢ € Wg( ), C coefficients are given in the work [5]

2 e?h — 2eh cos(2mwh) + 1
Am2w? + 1 e — 1

C, = cermWhk for k=1,2,...,N,

the coefficients A, are unknowns and need to be determined, while h represents the step size of the
equal mesh. The difference between the integral and the quadrature sum is called the error of the

quadrature formula (|1.2)

(6,p) = / T o(z)dr — 3 Crp(hk) — S Avg! (hk), (13)

k=1

and the corresponding error functional is

U(x) = (&m‘wwqoﬂ (z) = > Cib(x — hk)+ > A (z — hk)) % do(), (1.4)

k=1 k=1
where € 1)(z) is the characteristic function of the interval (0,1], § is the Dirac delta-function and
¢o(x) = > 0(x—p). The error functional ¢ is called the periodic error functional of the quadrature
pB=—00
formula ([1.2), and it belongs to the conjugate space W2(2’1)*(0, 1].
Since the error functional ¢ is defined on the space WQ(Q’D(O, 1], the following equality is valid as in

the work [27]
(67 1) =0. (1.5)

The error ([1.3]) of the quadrature formula ([1.3)) is a linear functional in I//Tv/2(2’1)* (0,1]. The absolute
value of the error (|1.3]) is estimated by the Cauchy-Schwarz inequality as follows

160 < Wlgen- - Iellggen,
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where

2
HEHVV(?J)* _ sup (¢, )
2 ® ”‘P”@(Zl)?ﬁo HQ)OH

is the norm of the error functional ([1.4)).
Hence, to get the least upper bound of the error for the quadrature formula (1.2)), we solve the
following problems.

Problem 1.1. Find the norm of the error functional (1.4) of the quadrature formula (1.2]) in the
117(2,1)%
space W,"" (0, 1].

It is clear that the norm of the error functional ¢ depends on the coefficients A,. Minimizing ||¢||
by adjusting the coefficients A, is a simple linear problem.

Problem 1.2. Find the coefficients Ay that minimize the value of the norm of the error func-

tional (1.4)).

The coefficients that give [|{|[-v- the minimum value are called optimal coefficients and are
2

denoted by /i)k The quadrature formula (|1.2)) with these coefficients is the optimal quadrature formula
in the sense of Sard. Similar problem as Problem 1.1 was first proposed by S.L. Sobolev [27], later the

(m,m—1)

problem was solved in the space W, of functions in works [9] and in the space Lgm) of periodic
functions in works [28] and in works |28, 4] for optimal quadrature formulas of Euler-Maclaurin type.
Furthermore, to solve Problems 1.1 and 1.2 in the next sections, we will do the following:

e first, we find the extremal function of the quadrature formula (1.2) and use it to find the
analytic representation of the norm for the error functional (|1.4]) in section 2;

e in section 3, the process of solving the system of linear equations for the coefficients of the
optimal quadrature formula is presented;

e and in the last section, we find the sharp upper bound of the error of the constructed optimal
quadrature formula.

2. FINDING THE NORM OF THE ERROR FUNCTIONAL

In this section, we will deal with Problem 1.1. To do this, we use the concept of an extremal
function.

2.1. The extremal function. To calculate the norm HE”VT/;(Z’U*’ we use the extremal function 1), for
the error functional ¢ (see [27]) that satisfies the following equality:

(&300) = [[ell 0 - el om0 - (2.1)

. —~ (2,1) , . . . . .
Since W, is the Hilbert space, using the Riesz representation theorem, we obtain
(£;0) = (s %e) 2, (2.2)

where (1, ¢>V72 @1 is the inner product of the functions 1, and ¢ which is defined by expression (1.1)).
In addition, the equality |[£|| ;5 - = [|¢0¢| - 20 is satisfied. Thus, taking into account ($2.1)), we obtain

(&,1e) = ||2lI5 - (2.3)

Then from (2.2)), integrating by parts, we obtain

/01 Ux)p(x)de = /01 (@1‘/(30) — %N(m» o(z)dz.
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From the last equation, we have
—IV —
Yo (z) = (x) = £(x). (2.4)
For the solution of the last equation the following holds.

Theorem 2.1. The solution of differential equation (2.4]) is identified as the extremal function 1),
associated with the error functional £, and can be expressed in the following form.:

N
¢E($) —_ dO 4 e—27riww X H(W) _ Zﬁkz H(B)€2Tri5(w_hk) ZAk Z 27T’L,8) QTriB(w—hk:)’ (25)

k=1  B#£0 k=1 B0

where dy is a complex number, C), and A, are the complex conjugates of Cy, Ay, respectively and

1

2rw) + (2nw)? (26)

K(w) =

Proof: We find the periodic solution of equation (2.4]) using the following properties of the Fourier
transform (see, for instance [14])

Flg] :/ o(z)e*™ P dz, F~[y] :/ o(p)e~2" P2 dp,

Flp @] = (=2mip)*Fl¢], (a € N), F7[Fp(2)]] = ¢().
We apply the Fourier transform to both sides of equation (2.4))

Flge =% =Fl0).
Since the Fourier transform is a linear operator, we have
((2rip)* — 2rip)?) Flib] = F[0]. (2.7)
To find the Fourier transform of the error functional ¢, we simplify it
N N o)
o) = (ewwxg(o,l] (2) = 3 Crdle — hk) + 3 A (w — hk)) D RICET)
k=1 k=1 B=——oo

Taking into account the convolution of two continuous functions f and g, which is

= /_Oo f(y) - g(z —y)dy

and properties of the Dirac delta-function, we get the following

() = e ch Z §(z — hk — B) +2Ak Z &' (x — hk — B). (2.8)

k=1 B=—00 k=1 B=—00

Using ([2.8)) we rewrite eqution ([2.7)

((2mip)* — (2mip)?) Fliby) = F {%W ch Z 5(z — hk — j) +2Ak Z §'(x —hk — B)|,

k=1 B=—00 k=1 B=—0o0

or

(@rip)' — Crip)?) Fli) = P -3 ¢, S Flo(e—hk— )

k=1 B=—00

+ ) A i F[§'(x — hk - p)]. (2.9)

k=1 —
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Now, using the following equalities

F [e*™"] = §(p + w), Z F [ (x — hk — B)] = (—2mip)e*™ ¥ Z d(p—p),
B=—00 B=—00
S e = S 5(p—p),
B=—00 B=—o00
Z F [6(£U — hk — B)] — Z eQTrip(hk-‘,—,ﬁ) — eQm’phk Z eQm’pﬁ _ eQm’phk Z 5(]? _ B)
B=—c0 B=—00 B=—0c0 B=—0c0

we can rewrite equation (2.9) as follows

((2mip)* — (2ip)?) Flih] = 6(p+w) ch Z 2Tk (p ZAk i (2mip)e®™ 5 (p — B).

k=1 B=—00 k=1 B=—00

We consider that the coefficient on the left-hand side of the last equation is not equal to zero. Conse-
quently, we can divide both sides of the last equation by x(p), which is defined by . This division
is not uniquely defined. From the last equation, the function F[¢),] is defined up to the term of the
form ¢(p). Taking into account the above-mentioned and the properties of the delta-function, we get

Flhe] = 8(p+w) Z Cr Y _ ™ P5(p — B)r Z A (2mip)e*™ P k(p) + dod(p),

k=1  B#0 k=1 B0

where k(p) is defined by formula (2.6)) and dj is a constant.
Using the property f(z)d(z —a) = f(a)d(x — a) of delta-function, we have the following

W’e] =d0(p+w) Z Cy Z e%zﬁhk Z A Z 2mif3) QMBhk“(ﬁ)‘s(p — B) +dod(p).

k=1  B#£0 k=1 B£0

Then, applying the inverse Fourier transform to both sides of the last equation, we have

ILE — eQTriwz Z Ck Z e27rzﬁhk 727rzB13 Z Ak Z 27T2ﬁ 27Ti,3hk’£(l8)6727riﬁx + dO-

k=1  B£0 k=1 B0
Since E@ is equal to 1y, we obtain ([2.5)), that is, Theorem 2.1 is proved. O

2.2. The norm of the error functional. The following result corresponds to the solution to Prob-
lem 1.1.

. . . iy (271)* .
Theorem 2.2. Within the functional space Wy (0,1], the squared norm ||€HVAV;(2,1)*correspondmg

to w € Z\{0} is represented by the following expression

Vo = sl o+ 2mico - o ZA -ty S it
k=1
N N -
+ DN 2miB - w(B)e M) [4,C + CLAY
k=1 k/=1 B0
N N
+ DN T ALY (2miB)? - k(BT ED
k=1 k'=1 B#£0
where
N N
||€2H2WA,2(211)* — Ii ZC —2miwhk + Z C 627rzwhk + Z Z C Ok/ Z ) 2miBh(k—k')
k=1 k=1 k'=1 B0

and k(+) is defined by (2.6).
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Proof: To prove Theorem 2.2, we calculate the norm HEHWQ eun- and use equalities (2.3, (2.8) and
(2.5)), respectively. As a result we have the following

1 N
||€||?7V;<2,1>* =l 1) = /o l(x) (do + e T L g(w) — ZC’k r(B)e>miB@—hk)

k=1 B0

a ZA*’“Z’%(B) : (271'7;/8)@2”6(1—1%)>d$.

k=1 B0

As such, given the algorithm to calculate the norm [|£y || - @0+ in the work [5].

By taking condition (1.5 into account and simplifying the preceding expression, we arrive at the
result stated in the previous theorem. Thus, Theorem 2.2 is completely proved. O

3. THE OPTIMAL COEFFICIENTS OF THE QUADRATURE FORMULA

In this section, we determine the optimal coefficients of the quadrature formula (1.2]) that mini-
mize the norm of the error functional ¢. To find the minimum of the norm ||€||VA[;2<2,1)*With respect

to the coefficients A;, we employ the method of Lagrange multipliers for constrained optimization.
Accordingly, we consider the following function:

L(Au, A) = ||¢|]® for k=1,2,....N and k'=1,2,...,N.

By setting the partial derivatives of the function L(Ay, A;/) with respect to all variables A, and A,
equal to zero, we obtain the following system of equations

oL , Mo A ,
oA = 2miw - K (w)e 2wk 4 Z Chr Z 2miBr(B)e 2 k=K)
k k=1 B0
— Z A > (@2rB)*k(B)e M) =0 |k =1,2,...,N, (3.1)
k=1 BA0
oL _ . 27rzwhk/ 27'rzﬁh (k—k")
— = 27w - Kk(w —l—ZC’kz%'zﬁ
A k=1 B0
— Z Ay (27B)R(B)e* MR =0, k=1,2,...,N, (3.2)
k=1  B#0

where £(+) is defined by (2.6)).

A solution of this system which we denote by Ay, is a minimum point for the function L(Ay, Ax).
The system of equations (3.1 is equivalent to system (3.2). Therefore, it is sufficient to solve the

system ([3.1]).

The following theorem is valid for the solution of the system (3.1).

Theorem 3.1. Among all quadrature formulas of the form (1.2)), where w € Z\{0} and wh ¢ 7Z, within

— (2,1) . . . .
the space Wy (0, 1]of complez-valued periodic functions, there exists a unique quadrature formula

with optimal coefficients, and the optimal coefficients of which are a unique solution of the system of
equations (3.1)), which admits the following representation:

o 2i e?h + 1 — 2e" cos 2mwh 1 cot mwh] o iink
pr— . . —_— . e
4m2w? + 1 el +1 2nw(eh —1) et +1

. k=1,2,...,N. (3.3)

The proof of the theorem is the same as the proof of Theorem 3 in [5].
Thus, Problem 1.2 is solved.
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4. A SHARP UPPER BOUND FOR THE ERROR OF THE OPTIMAL QUADRATURE FORMULA
Now, we evaluate the error of the optimal quadrature formula of the form (1.2]). To do this, we use

the results of Theorems 2.2 and 3.1, that is, using the optimal coefficients A, determined by equation
(3.3) when calculating the square of the norm for the error functional in Theorem 2.2, we obtain the
following theorem

Theorem 4.1. The norm of the error functional corresponding to the optimal quadrature formula
of the form (1.2)), that is, the sharp upper bound of the error (1.3|), is expressed by the following

expression:
2

[e]

)

o

2
Y — E*(w, h),

where

o

Uy

’ 1 ll - 2N
 (27w)t + (27w)?2 (2mw)* + (27w)?

x [ -1 }_1] (4.1)

1 —cos2mwh  e2h — 2¢h cos 2nwh + 1

is given in Theorem 4 in [5] and

E2(w,h):i' <€2h+1—26h0082ﬂ'wh)2. ( 1 _200t7rwh)2‘ <eh+1 _2>. (4.2)
2h (4m2w? +1)(eM + 1) w(eh — 1) et +1 eh—1 h

To show that the function E?(w,h) is positive for arbitrary values of w and h, we consider each
multiplier in the formula separately. It is evident from formula that the first factor ﬁ is positive
for h > 0, and the second and third factors are non-negative as they are squares of real expressions.
Therefore, the sign of E?(w, h) is determined by the last factor:

eh+1 2
D(h) = _ 2
(h) eh—1 h
Using the identity ::ﬂ = coth(h/2), we can rewrite this term as:
h 1
D(h) = coth [ =) — ——.
(h) = cot <2> Ve
Using the inequality tanh(z) < x for x > 0, we have coth(z) = m > L. Letting = h/2, we

obtain coth(h/2) > 2, which implies D(h) > 0. Thus, the function E*(w,h) is strictly positive for all
h >0 and w.

Now we show numerically that the function E?(w,h) tends to zero as w or N tends to infinity in
Table 1.

w=2 w=11 w =101 w = 1001

N =10 7.45e-8 1.08e-9 1.82e-13 1.92e-17

N =100 9.23e-14 2.59e-12 2.09e-15 2.20e-19

N = 1000 9.25e-20 2.76e-18 2.21e-16 2.21e-21

N =10000 | 9.26e-26 2.77e-24 2.33e-22 2.17e-20
TABLE 1. Value of the function E?(w, h) is positive and E*(w, h) — 0 as w — oo
or N — o0.

Theorem 4.1 shows that the absolute value of the error of the optimal quadrature formula con-
structed in this work is smaller than the absolute value of the error of the optimal quadrature formula
in the work [5].
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CONCLUSION

This work addresses the construction of an optimal quadrature formula involving derivatives, in the
sense of Sard, for the approximation of strongly oscillatory integrals in the Hilbert space of complex-
valued, periodic functions. To derive a sharp upper bound for the absolute error of the quadrature
formula, the analytical expression for the norm of the associated error functional is obtained. This
derivation begins with the identification of the extremal function corresponding to the error functional.
Moreover, in this work, the optimal coefficients of the quadrature formula of the form are derived.
Additionally, the sharp upper bound for the error of the optimal quadrature formula is established,
and it is demonstrated that this bound is smaller than the corresponding error obtained in the work

[o]-
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