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Kryloff for Sage
INTRODUCTION

Problem formulation

We investigate the application of computer algebra systems to the
summation of trigonometric Fourier series. Fourier series associated
with problems of mathematical physics are not analytic functions of
a complex argument. Therefore, an attempt to find the sum of the
Fourier series in closed form using CAS leads to transcendental
functions. At the same time, often these sums are elementary
functions of a real variable, piecewise given elementary functions.
This class of functions is not included in the class of elementary
Liouville functions.

In this talk, we present the first functions of the «Kryloff for Sage»
software package, which make it possible to determine at least
some of the cases in which the Fourier series represents an
elementary function of a real argument.
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INTRODUCTION

Start point: simplest Green's function
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Here 6(x — s) is Dirac delta function. The Green's function g can
be found as a Fourier series [Tikhonov, Samarskii]:
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This series has been studied by many authors, but is not presented

in the available literature in finite terms.
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Start point: simplest Green's function

Theorem

The Green's function g can be presented in finite terms as the
expression:

1 t—T—x+s t—=T+4T =35
g=_—|atan|cot ——— | +atan | cot ——— | —
27 2 2

 aten <COt t—T—fo—S> ~ atan <COt $+82+t—7>>

Alternative expression has the form:

_1 r—s+T + —x+s+T
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Here [-] means «floory, T'=1t — 7.
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INTRODUCTION

Our Research

Leaving aside further mathematical studies of Green's functions, we
fix the following questions:
@ Can we find such kind of expressions in finite terms of Fourier
series in moderm CAS?
@ What kind or expressions for series can we find for Green's
functions and other Fourier series using computer instruments?
@ Is it possible to systematize the cases in which the sum of the
series presents in finite terms? Does such a systematization
allow implementation in CAS?
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EXPERIMENTS

Fourier series summation, g

sum[%-sm(n-x] sin(n-s)-sin(n-t),n=1 .mfmlty} assuming x>0,5>0,t>0;
L(ln(l7eflwt+x+s\)7m(l7efl|—!+x+s\)71n(17El|—rfx+s\)+m(17EI\r—;<+s\)71n(17871\!7K+s|)+ln(1767]\—!7:<+:|)

8
+in(1 —dtra+s) (g — dlt+x+9))

The simplest Green's function g in finite terms in CAS Maple'2019.
We can see satisfactory result, but too difficult for users. We
cannot find this result without assuming, because this
representation does not hold for arbitrary complex values of z, s, t.
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Fourier series summation, g
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The simplest Green's function ¢ in finite terms in CAS Sage.
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Another Green's function, ¢

Consider the series:

4o~ 1 1 1 1
g—ﬂ;o%_i_lsin (k—i—z)xsin <k+2>ssin <k—|—2) (t—7).

In finite terms:

B 1/ . . a:—s+t—T+, . —xrx+s+t—T1
= — | signsin ——  +signsin ———
I= g\ 2 & 2
. L xt+s—t+T . . —r—8s—t+T
81gnsm#+51gnsmf .

This test turned out to be much more difficult.
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Another Green's function, ¢
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Fourier testing results: tipycal series from textbook

This is the series for motion of finite string. It satisfies the initial
condition u(0,z) = ¢(z) = 2%(1 — ).

oo
8. (_1)n+1 —4 )
= Z ————4—— sin(mnx) cos(mnct)
— ™n

Maple'2019 is able to convert the infinite series in symbolic
expression, namely

21 : i
+ Lig(—e" @ty — Li3(—€_i’ﬂ($_6t))) -
) . —i-m(z4ct : im(z+ct
3 (ng(e (@+et)) _ Lig(em@tet)) 4
+ Lig(e @)y — LiS(ei'W(m_Ct))) :

Here Lis(z) is Euler's polylogarithm.
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Fourier testing results: tipycal series from textbook

But obviously, at every moment of time it is a piecewise
polynomial function! It is obviously, because we can convert the
product sin - cos to the sum of sines. The symbolic expression of
the function w in finite terms again requires the piecewise
constructions sign or arctan(cot). There is an alternative: work in
the field of complex numbers C and use special functions, or work
in the field of real numbers R and use piecewise elementary
functions. The bridge between the two representations in finite
terms is the Fourier series.



Kryloff for Sage
ALTERNATIVE

A.N. Krylov's technique Fourier series

The direct application of CAS to the summation of Fourier series
can lead to difficulties.

One can try to overcome them by
changing the formulation of the
problem: instead of the
summation problem in the finite
terms, consider the problem of
accelerating the convergence of
the Fourier series. As Krylov
wrote, this technique «often
leads to the representation of the
sum of the proposed series in
closed form under the guise
piecewice function».
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Krylov's technique in moderm mathemathical physics

@ A. B. Hepcecsin “YckopeHue cxognMocT pasnoXeHunii no
cobcteeHHbIM dbyHkumsim’, Jokn. HAH Apmenun. 2007.

o A.Tl. Xpomog, M. LLI. Bypnyukas, “Knaccuyeckoe pewenue
meTtofoM Pypbe CMeLlaHHbIX 3a4ay NPy MUHUMASbHBIX
TpeboBaHusAx Ha ncxoaHble ganuble”, M3e. Capat. yH-ta. Hos.
cep. Cep. MaTtemaTtuka. Mexatnuka. VndopmaTuka, 14:2
(2014), 171-198

@ Adcock B. Modified Fourier expansions: theory, construction
and application / Trinity Hall University of Cambridge, 2010.



Kryloff for Sage
ALTERNATIVE

A.N. Krylov's method [L.V.Kantorovich, V.I. Krylov]

5 (0 (2 s 7 (2 o)

n=1
1 1 1 1

U () = Uu;— +U272 + O <3> ,ul, ug € R;
n n n n

1 1 1 1
Vv <> :1)1*—1-1)2*24-0 <3) , V1,9 € R;
n n n n

. sinnz T—x

E = ,x € (0,27]
n 2

n=1

>\ cosnz T

E = —log2|sin —|,.
n 2

n=1
We can see, that the simplest Green's function g is the subject,
when this scheme has only ONE nontrivial step.
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Implementation in Sage

We will implement the above convergence acceleration scheme,
assuming that the given functions U and V are good enough. In
practice, the Fourier coefficient is a function of n, and it may not
be possible to expand it into a series in terms of % Let's take a
class of functions where such a possibility exists: rational functions
of n. The main direction of our work is the symbolic study of a
series, and this class of functions has additional advantages:

@ The built-in functions of Sage allow to determine the
membership of a polynomial ring and its field of quotients.
This allows, sometimes, to determine: is a given Fourier series
a (piecewise) elementary function?

@ The fact that the series diverges can be easily established.

@ For this case, standard symbolic tools give the answer in the
form of transcendental functions, and comparison of the
results may be of independent interest.
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Implementation in Sage

For simplicity, today we will leave aside the question of
trigonometric transformations and the question of the periodic
extension of a piecewise function to a straight line.
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Main functions of the program

Here U is the function U(n) given by symbolic expression. The
prefixes ¢ and s are used to indicate which series is being
considered: by cosines (¢ ) or by sines (s).

@ is_elementary_c(V) |

o c_series(V,M)|, summation_c(V)|. Finding a partial
sum of order M and a sum in closed form using sage
tools.

@ kryloff_c_slow(V,k)| Returns the expression in
closed form for the slowly converging part of the
Fourier series. The Taylor polynomial of order k
is used. Only those terms are singled out that
lead to expressions in elementary functions
(logarithm and Bernoulli polynoms) .

e c_rapid(V,k,M)| Returns the order M partial sum of
the accelerated convergence series.
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ETNTIES

sage: load(’kryloff-1.sage’)\\

sage: U=x/(x~2+1\\

sage: summation_s(U)\\

1/4* (imag_part (hypergeometric((2, -I + 1, I + 1), (-I + 2, |
sage: f=s_series(U,40)\\

sage: g=kryloff_s_slow(U,5)+s_rapid(U,5,3)\\

sage: m=plot([f,g],z,0,2*pi)
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ETNTIES

0.5

-0.5

The series
oo
> ;2 sinnz. Blue line: partial sum of 40 terms. Green line: the
n=1

sum of elementary part of 5 terms and 3 terms accelerated series.



Kryloff for Sage
IMPLEMENTATION

Examples: logarithm singularity

35
30
25

20

w _

6.279 6.28¢ 6.2816 6.282¢ 6.283¢ The series Z +1 COSNI.

Blue line: partial sum of 400 terms. Green line: the sum of
elementary part of 5 terms and 5 terms accelerated series. Red line:
elementary answer (but this is not basic series).
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Summary: results, presented in the talk

@ We present a simple emplementation of A.N. Krylov's metod
of Fourier series convergence acceleration

@ This emlementation can give closed-form representation for
several cases of Fourier series

© Functions of the package «Kryloff for Sage» can be adapted
to another eigenfunctions: sin(n + 3) and other cases of
series, typical for mathematical physics
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Unsolved problems

@ The presented implementation of convergence acceleration can
lead to finite expressions for series in a very narrow class of

o0
cases. Even the series ) n%rl cos nx does not fall into it.
n=1

@ Acceleration of convergence based on the Taylor expansion of
the Fourier coefficient in a Taylor series cannot, in the general
case, lead to acceleration of convergence to an arbitrary order
of decrease in the Fourier coefficient.

Therefore, further research into the issue is necessary.
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The main idea

Let us remember why it was necessary to accelerate the
convergence of the Fourier series in the first place? This procedure
was absolutely necessary for working with solutions presented in the
form of series, since each calculation of the derivative of such a
series usually slows down convergence. At the same time, it is not
difficult to encounter problems in which the corresponding
differentiation of the required order leads to a divergent series. In
this case, the desired function itself can be arbitrarily smooth within
the domain of consideration. Accelerating convergence singled out
the slowly converging parts of the Fourier series; they can be
replaced with finite expressions, and remove the problem of finding
the derivative in the form of a divergent series.
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The main idea

Note that the trigonometric Fourier series we are studying can be
considered not as ordinary functions, but as elements of the
distribution space D’(—m, m) [Laurent-Moise Schwartz, Teorie des
distributions, 1950]. That is, as generalized functions. Every
generalized function has derivatives of any order. It can be proven
that the Fourier series of a generalized function, if it is locally
integrable, can be obtained using the usual Fourier formulas. It can
be proven that this Fourier series will converge in the distribution
space D'(—m, 7). It can be proven that in the sense of the space
D'(—m, ) it can be differentiated term-by-term any number of
times! In this case, in the classical sense, divergent Fourier series,
with which Krylov struggled, will inevitably arise.
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The main idea. Differetiation of the basic series.

d X sinnz > 1
%Z _Zcosnx——§+ﬂ5($)al“€[*Waw]

n=1 n n=1
d <= cosnz d T Sl 1 T
dfﬂnz:l e <log2 51n§’):—251nnx:—§cot§,

x € [-m,0) U (0, ]

These equalities should be understood as equalities of generalized
functions from the distribution space D’(—m, 7). Justifications for
them as equalities for elements of distribution spaces can be found
in [Gelfand, Shilov], [Antosik, Mikusinsky, Sikorski].
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The main idea. Basic divergent series.

oo

Znsinnm =—md(l,z),x € [—m, 7|

n=1
These equalities should be understood as equalities of generalized
functions from the distribution space D’(—m, 7). Justifications for
them as equalities for elements of distribution spaces can be found
in [Gelfand, Shilov], [Antosik, Mikusinsky, Sikorski].



Kryloff for Sage
DIVERGENT SERIES

The main idea. How we will use divergent series.

We will take advantage of the opportunity to express the indicated
series in closed form, and the opportunity to differentiate the
Fourier series term by term any number of times. If the Fourier
series has the form

Z gsinnx =y,z € [-m, 7|, P €Q[n],Q € Q[n],
n=1

then it is not difficult to find an expression for the differential
polynomial Lg that “annihilates” the denominator in the fraction
g, so that for iy we get the equation

Loy = frq,x € [~m,m.

On the right side is the distribution f, which is expressed in final
form. Note that if the polynomial @) in the denominator of the
Fourier coefficient depends only on n2, then the expression for f is
entirely determined by the numerator - the polynomial P.
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Finding of the sum

© Reconstruct the operator Ly and the right-hand side fp.

@ |If the right-hand side is composed only of the Dirac delta
function and its derivatives, the given Fourier series is found in
elementary functions.

© |If the right-hand side contains a cotangent and its derivatives,
the ability to express the series in elementary functions
depends on the spectrum of the operator L. If there are
irrational eigenvalues, or multiple eigenvalues, expressions in
elementary functions cannot be composed.



Kryloff for Sage
DIVERGENT SERIES

Fundamental Fourier Series

;n+)\51nna;:ya nzln_/\smm:zz-
"Annihilation":
d2 A T
d—x‘z + My =7d(1,2) + geoto, y(=m) =0,y(m) =0;
d?z

A
) + N2z =n6(1,z) — §cot g, y(—m) =0,y(m) = 0;.

The ability to find an expression for the sums in elementary
functions is reduced to the ability to find an integral of the form

/ sin Az cot gda:.

This is possible if lambda is a rational number [Liouvill, Hardy].
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Fundamental Fourier Series

=1 =1
stinnx:y, stinnﬂv:z.
n=1 n=1
"Annihilation":
d?y 9 1 =z
ﬁ_)\ y:_§COt§’ y(—m) =0,y(m) = 0;
d? 1
CF A2 = ot E, y(—m) =0,y(r) =0;.

dx? 22
The ability to find an expression for the sums in elementary
functions is reduced to the ability to find an integrals of the form

/ sin Az cot gdx, / exp Az cot gd:v
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Fundamental Fourier Series

More complex simple fractions correspond to transcendental
functions associated with multiple integration of the form indicated
above, and quadratures of the form

/a:dsin/\xcot gdaz, rxeC,deN.
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Divergent series, WolframAlpha

FROM THE MAKERS OF WOLFRAM LANGUAGE AND MATHEMATICA

% WolframAlpha

‘ sum sin{n*x), n=0..infty

£k NATURAL LANGUAGE | [ MATH INPUT 8 EXTENDED KEYBOARD 33 EXu

Infinite sum
o0

Zsin(n x) diverges
n=0

This is consistent with the results of mathematical analysis.
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Fourier series summation, WolframAlpha

FROM THE MAKERS OF WOLFRAM LANGUAGE AND MATHEMATICA

% WolframAlpha

| sum cos{n*x), n=0..infty =]

T NAT LANC E ¥ MATH INPUT EH EXTENDED KEYBOARD EXAMPLES # UPLDAD 34 RANDOM
I 2

Infinite sum

o

Z cos(n x) diverges
n=0

This is consistent with the results of mathematical analysis.
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Fourier series summation, WolframAlpha

FROM THE MAKERS OF WOLFRAM LANGUAGE AND MATHEMATICA

% WolframAlpha

sum n*cos(n*x), n=0..infty =]

¥ NATURAL LANGUAGE | fF5 MATH INPUT B EXTENDED KEYBOARD i EXAMPLES 4 UPLOAD 3¢ RANDOM

Infinite sum

= LTE 2
Zn COS(NX) = — — CSC [7] =~ —0.25 csc (0.5 x)
n=0 4 2

This is something unexpected!
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Fourier series summation, WolframAlpha

FROM THE MAKERS OF WOLFRAM LANGUAGE AND MATHEMATICA

¥ WolframAlpha

sum n*2*sin{n*x)+n*5*sin(n*x), n=0..infty a8

Bk NATURAL LA E | fja MATH INPUT EH EXTENDED KEYBOARD i EXAMPLES # UPLOAD 3@ RANDOM

Infinite sum

5 o 1. 4 X ) 4
Z[n sin(nx) +n” sin(n x)) = - 5 sinix) cse [E] = ~0.125 sin(x) csc (0.5 x)
-0

This is something unexpected!
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L.A. Dikii, 1954

B) JiuA coboTBeHHEIX (YHROME MOMKHO TANK:HS TOJIYIHTE CEPHE) TOHUIECTB,
adaxorndunx tomaecTeam [enedanga—Jlernrana niug cofCTEEHUEX 3UAYOHWH.
Bamernm, aro
{ &% sin 2z

1 ya—1
2il{s) ain (3*'1)7‘) (== ¥ - 2¢% cos 2w 1 o

rie woHTYp L TPUXONHT ma -f- 00, OTHOAET HATMN0 KOOPEMIAT [ LOIOMIN-
TeJILHOM BAMPABJIEHNH H ¥XOGHT B + oo, [lpu s = — 2k -1 somoc I'(s)
yEUYTOIRAeTCA EYNeM sin (s-—1)%, a wWATerpan paBell Hyd0, TaR KAK OH
NPUBOIHTCA K

o
Z n—igin 2nx =
13

é‘) (— 3y - ¢¥gin 2% de.

e 207 008 22 + 1
Jpols, crofman MOA HHTErpaIoM,-— yerHAS (yERmeT. ME momyumw:

N 8 P
Sinz—isin 2ng = 0

(Ii CMBICJIE AHAJILTHYERCROTU llpO](OJI?I{BIIIIFI). Togno TaR me IIVIYY9HM, 9TO

apu k=0
Dndtcos 2na = 0.
Tlpu k=0 Jpra cy. amna — . D coobparme :
pa k=0 pra cyuma pasna —-,. Jrie coobpasenmst  TMPHBOUAT K
TeopemaM 7o 8, .
Toctynane
10, IV, 1954

L. A. Dikii, “The zeta function of an ordinary differential equation
on a finite interval”, lzv. Akad. Nauk SSSR Ser. Mat., 19:4 (1955),
187-200.
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Fundamental Differential Equation, Kamke

d2y 1 T
@ + )\2y = —§C0t §,y(—7r) =0, y(ﬂ-) =0;

2.9] ay” + . .a 365

2.7. y” ~ 2y = 4x% exp x2
ye=expx?+Crexp x V2 +Cyexp (- xV2).
2.8. y" + a’y =ctgax.

smax 1 —cosax
y=Ccosax+ Cysin ax+ ’

sin ax

- e o.on -

For our purposes, only one value of a is suitable, a=1/2.
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Fundamental Differential Equation, WolframAlpha

solve " +4y/25 = cot(x/2)

- 15 T wouT 8 EXTENDED KEVBOARD 3
s S o
B W x
solve  y'(0)+ 4 L2 o cm[*J
25 2

Approximate fo

4 5 5 ~
; g sm[%]lux[wfn[‘% 5+1)-
gsm[%)lng[uns[%)‘ﬁ 1)

y /S - 3)tan( £
5y LlsavE) ms‘l—x)lanh ‘[wl.
2 : V10-2vVs

/5 can( X
| @+ VE)an(Z)

x

. EGS(E)H«I\II
\ 5+V5 5

2(5+v5)
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Fundamental Differential Equation, WolframAlpha

solve y* + y*pi = cot(x/2)

@ v {55 MATH INPUT § EXTEN

nput interpretation

X
solve Y (x)+ yx)m = cmtf)
- 2

Result Appn

i T Xeos(Wa x)oFy (L 1-Va2-Va; )

y(x) =—

e with our services on the site, a:

( + )
VT Sin(VE x)oFy(1,1- Vi 2- Vs )
2(-14mVa
eV 5 sin(Vr x)oFy (1L 1- Vs 2- Vs e')
2(-1+m !

i YT Y eos(Va x)aFy(1, 1+ V24V e)

+
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Example-1, cos-series

e Edit View Insert Format Evaluate Tools Window Help
DEH@@ BT>= @ Wl C # /a8’ @ It signin R v
Palettes | Workbook Math [P Maplepiot ~ ][ Lucidasright ~][12 +] B [ U «
s ¢ Tco5(0) +CO8(2 ) +Co5(3 ) +€OS(A X) -+ COS(5 X) €036 ) +COS(7 X) +<05(3 ) +€OS(0 X) +caS(10 %) @
e 4 +71 Diracx),¥10) =0,¥71 =0,70) =0,y7(7y =0 ]
P Calair
(0510 2o 100)
B Common Symboks s = n=0.100
B varibles . / N . .
W vatrix 700 = —2——| -2cos( %) beaviside(x)e? xHeaviside(x)e 2 2 +2cos|
Rows: = 20 F 20t H
Columns: | 25 ’zsm’é]nmawsmmxwef’fazsm 3 aheavisice (o e ¢ 7" T sin( § ) nbteaviside( e T T +2cos(§)net T
[ choo... x .z N e
(%) pe i E (X)ei*E (%)t E
-2cos( % —2sim( %) ze? "7 _2em( X 44Ty
o <os\z]ne 2sin( 3 ) xe 2sin| 2] 4e’7 4ae
Shape: [ Any ~ @

> plot([t(x), T(x)1);

Data type: [ Any ~

v uries
Dimensionali
length -
1
unit
P Layout
P Greck

P Components

<

o[Ready

VIEditable [Maple Default Profile |[/home/mal/3arpy3xwihtl/pca-example/pcaza/pca-example |Memory: 72.18M

IO
Time: 10015 | Zoom: 75% |Text Mode
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Example-1, cos-series

/home/mal/3arpysk/htl/pca-example/pca2d/pc 00d. mw* - [Server 1] - Maple 2019
File Edit View Insert Format Evaluate Tools Window Help
DEE=&@ S BT = (AL C & A_a_k @ It signin R v
Palettes | Workbook | Math [ P MaplePlot _~|[Lucdasright ~][12 -] B [ U === «
B Favorkes [=]|» B
P Expression 4 Bl
P Calair
3
I Cormman Syrmbols
P Varisblas 4
w vt
Rows: | 2 42
Columns: | 2
40
[ choo...
Type: [ Custo... ~ 38
Shape:[Any  ~
Datatype:[Any  ~ 36
. 34
v Unis
Dimensionality: AR AR AR, ox
length ~ - z
x
-um% =0.infinity | assuming(x > 0);
Hal
(77
2+ hypergeom ‘1, 1o T} ) +perseom [x -
P Layout M= x5 2 +hypergeom| |1,
B Gresk {
> Camponarts )
ploti[2x), T(x), M(x)1 x=0_Bi);
K2 Eie)

IO
o[Ready. VIEditable [Maple Default Profile [/home/mal/3arpyaxwihtl/pca-example/pca2aipca-example |Memory: 72.18M |Time: 10.01s |Zoom: 75% | Text Mode
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Example-2, |.N. Pak Series

D Ihome/mal/Paouw cron/uhby/Pak-I-N.mw - [Server 5] - Maple 2019 _ e x
File Edit View Insert Format Evaluate Tools Window Help
N Elsl=1] & BT>= = in] m oy RAKX @ [sea Aty signin R v
Palettes rw.,,kb.,.,k 4| D *Ex-2-type-good.mw X | [)to-example-pca.mw X eresting_ex.mw X ]
“| Fedlmath [P maplepiot ~|[Lucidadright ~|[12 -] B[ U = «
restart, =
dsolve([y™+ y = Dirac(3, x), y(0) =0, y(Pi) = 0, y"(0) = 0, y"(Pi) = 0], »)
= s
EC ap— 1 _ {H iside(x) [—[qccsht‘/z‘]] [cos[rn*»vixlﬁ»ccst y2x ]]+4 cos[V;X]
4e? " —gcos(V2 x) +4&'7 " “
x = = = ( =
Rows | | [cosh[n n+VgX]«,cosh[q?vﬂi*]J]Hcosn\Vg*]cos[qT«ng]—A cos“/ZX]cosh[q?vz-‘-Vix]]
,3 { {
S(3) = sum| % k=0.100
-
plot([Pi-s(x), S(x)], x=-Pi_Pi);
15
insert et
W Units 1
Dimensionality:
length - 05
1
x =© 3x =
4 2 4
X
unit
P Layout
P Gresk
P Components
=) Dl |
o[Ready [v]Editable [Maple Default Profile |/home/mal/Pabouii cron/uhby |Memory: 74.10M | Time: 4.295 | Zoom: 100% |Text Mode

The series from the article I. N. Pak, “On the sums of trigonometric
series”, Uspekhi Mat. Nauk, 35:2(212) (1980), 91-144. Kernel has
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New functions in «Kryloff for Sage»

2]

Function «SeriesToODE>» to reconstruct the differential
equation for the Fourier series

Function «TheElementaryConvolution» for finding a solution
to a boundary value problem with a delta function and its
derivatives on the right sides. Based on the explicit form of
the Cauchy function and solving a system of linear algebraic
equations.

Function «KryloffDecomposition» for finding the sums of the
fundamental components of a Fourier series. Built on the basis
of Ostrogradsky decomposition and integration ODE by CAS
Sage.
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Summary: results, presented in the talk

@ The difficulties of symbolic summation of series can in some
cases be circumvented by using finite expressions for the sums
of divergent Fourier series.

@ The basis of this approach is the theory of generalized
functions based on the space D', within the framework of
which work with a certain class of divergent series becomes
updated and acquires a purely algebraic character

© Some functions for summing series have been implemented.
Certain problems that could not be solved in final form using
the conventional version of the convergence acceleration
method are now available for solution.
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