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Abstract: Some sequences of integrals have nice patterns as can be found in CAS-assisted experiments. In
the present paper, we present some interesting examples of this kind and explain useful tips about the use of
Maple. We also give a proof of a formula in Fourier analysis. It is based on the study of a sequence of integrals
and is well suited for experimental mathematics. It can replace a conventional, tricky proof based on a strange

lemma.

1 Introduction

It is a fun, to be sure, to learn established facts, but it gives more joy to discover mathematical
facts by oneself. Such a thrilling experience used to be a privilege of few talented people. Now,
however, ordinary people can feel the joy of discovery with the help of a computer algebra
system. One can perform a significant amount of compution in mathematical experiments.
Some experiments may produce only messy results, while others yield really good, beautiful
patterns. When the latter is the case, one is tempted to formulate and prove a general statement.

In the present paper, we give some examples of sequences of integrals with good patterns.
First we calculate the first one hundred or so terms of a sequence and try to find a rule. We
formulate a hypothesis based on such a CAS-assisted experiment. The next step is to prove it
in full generality and it is done by pencil and paper.

We will conclude this paper by the discussion about a formula in Fourier analysis. The
formula itself is not new and an ingenious proof is given in the famous book [4]. Indeed, it is so
ingenious that it is not clear how one can hit upon it. Only a mathematician with exceptional
intuition can do it. To teach this kind of proof has the risk of discouraging students by making
them feel inferior to talented people. Here we give an alternative, natural proof based on a
CAS-assisited experiment and well-known methods in analysis. Such an approach can be taken
by an ordinary person and does not require an inspiration of a genius. It can boost students’
self-confidence and encourages them to find something new.



2 Sequences of integrals
Problem 1 Find the value of S, = fo7r sin” zdzx forn e N=4{0,1,2,...}.

The following Maple commanddl] generate the sequence {5, }1%,.

sinint:=n->int(sin(x)"n, x=0..Pi);
sinintseq:=seq(sinint(n), n=1..100);

We start the sequence sinintseq from n = 1 because the index of the first element of a list in
Maple is not 0 but 1. Here we give only the first sixteen terms for lack of space. They are:
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Odd-numbered terms are rationals and even-numbered terms are rationals multiplied by .
That is the case for n > 11, too. To see the pattern more clearly, it helps to calculate the ratio
Sn/Sn_2, not S, /Sn_1.

evenodd:=seq(sinintseq[n]/sinintseq[n-2], n=3..100);
The result is the simple recurrence formula

Sn :n—l (1)

Sn_g n

for 2 < n < 100. Here we have included n = 2 since Sy = 7,51 = 2,5y = 7/2,53 = 4/3.
It follows immediately that we have S, = 2(n — )!!/n!l if n is odd and S, = w(n — 1)!!/n!!
if n is even at least for n < 100. Recall that n!! = n(n —2)---3 -1 if n is odd and that
nll=n(n—2)---4-2if nis even. By convention, (—1)!! = 0!l = 1.

We expect that our sequence satisfies a simple recurrence formula for an arbitrary
n. We rewrite S, into S, = foﬂ sin" ! 2(— cosz) dz and integrate it by parts. Then we get
Sp = (n —1)(Sp—2 — Syp), which implies . The explicit expression of S, given above holds
true for any n. Integration by parts will be used repeatedly to derive recurrence formulas in this
manuscript.

Problem 2 Calculate Ju(z) = [J(1 4™ 2dt (n > 0) and find the values J,(o0) =
limg o Ju(z) = [ (14 t2) n- 1/2 dt forn > 1. (The limit diverges for n = 0.)

The change of variables z = tanf (0 < 6 < 7/2) shows J,(c0) = OW/Q s?"~10df and the
method in the previous problem can be applied. Here, however, we study the integral J,(z)
without changing variables. We employ the following Maple commands:

J:=n->int ((1+x°2) " (-n-1/2), x);
for n from 0 to 50 do J(n); od

1See [2] or [3] for basics of Maple.



They yield
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Jo(x) = arcsinh(x), Ji(2) = —, Jh(r)=-—"7—7,
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Obviously n = 0 is an exception: arcsinhz = log (:v + V41 ) From now on, we consider
only positive values of n. The denominators are (1+x2)""1/2. Set K, (z) = (1+22?)"" 2], (x).
It is a polynomial whose degree is obtained by

K:=n->(1+x"2) " (n-1/2)*int ((1+x~2) " (-n-1/2), x);
s:=seq(K(n), n=1..50);
s2:=seq(degree(s[n]), n=1..50);

We see that the degree of K, (z) is 2n — 1. The coefficient of the leading term is complicated.
We calculate the ratio of its values for n + 1 and n by

s3:=seq(lcoeff(s[n+1])/lcoeff(s[n]l), n=1..49);

Then we find that the ratio is 2n/(2n + 1).

Now let us prove the observation given above for an arbitrary n. Recall that the logarithm
is integrated by [logxzdx = [2'logxdx = xlogx — x + C. This technique works for .J,, () =
Jo (14 t2) 7" "1/2 dt and we get

Jo(z) = 2(1+22) Y2 4 (2n + 1)/ 21+t 32
0
Since 2 = (1 + %) — 1, we get J,(z) = z(1 + 22) "2 + 2n + D)[J,(x) — Jpi1(z)]. It implies
g + p
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Usually a recurrence formula is accompanied by an initial condition, but can do without
one because Jy(z) = z(1 +2%)72 40 Jo(z) = z(1 + 2?)~"/2. We can calculate J, () even if
we do not know Jy(z). We have K;(z) = x and ([2) implies

2n
2n+1

x
n+1

Kopi(z) = (1+2%) Kp(z) + (3)
It follows that K,(x) is a polynomial of degree 2n — 1 consisting of odd powers of z. The
coefficient of z?"~! which we denote by a,, is given by a, = (2n — 2)!!/(2n — 1)!l. Since

Jo(2) = (1 4+ 232K (2) = (1 + 22) ™Y 2(a,2% ! + .-+ ), we have J,(00) = ay,.
Problem 3 Assume a > 0. Find the value of L, = fol z%(logx)" dx forn € N,

Let us define the function L in n by the following Maple commands. We fix a for the time
being.



assume (a>0) ;
L:=n->int(x"a*log(x) "n, x=0..1);

We find that Ly = 1/(a+ 1), L1 = —1/(a®* + 2a + 1), Ly = 2/(a® + 3a®> + 3a + 1), Ly =
—6/(a* 4+ 4a® + 6a® +4a +1). The denominators are powers of a+ 1, so the expression for L(n)
would be simplified by factorization. We apply

for n from 0 to 50 do factor(L(n)); od;

and the denominators are certainly (a+1)""! and the numerators seem to be (—1)"n! (although
factorials of large numbers are difficult to identify). In other words, it seems that

L, = /0 z%(logz)" dx = %. (4)

It reminds us the well-known exercise in calculus “Find the n-th derivative of the function
y = 1/(1+ x)”. Of course, the answer is y™ = (—1)"n!/(1 + x)"*1. That is, says

1 dr
LO = Lo(a) = a——|—17 Ln = Ln(a) = %Lg(a) (5)

Why is that so? It is explained by differentiation under the integral sign. Indeed, since da' /dt =
a'log o, we have 0x®/da = x*log z. It implies

dm dn 1 1 o 1
%Lo(a)—%/o x“dw—/o %x“dx—/o z(logz)" dx = L,(a).

Problem 4 Find the value of

T sin” x
I, = - dx
/0 (a + ipcos z) !
fora>0,peR, neN.

The evaluation of these integrals is difficult even for Maple. A simple observation greatly
alleviates the burden on the computer. It is easy to see that I, is homogeneous of degree
—n — 1 in (a,p) and we have

1 T sin" D
I, = ——/J, In = d = -
Toognrttm /0 (1 + igcosx)nt! 54y

It is enough to calculate J,,. It is done by

assume(q, real);
J:=n->factor(int(sin(x) "n/(1+I*g*cos(x)) " (n+1), x=0..Pi));
for n from 1 to 20 do J(n); od;



The output is
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J(bB) = —— , J(6) = — ———12, ...

The odd-numbered and even-numbered terms show a little different patterns. It suggests that
a recurrence formula relates I, to I, 5. If ¢ = 0 and a = 0, then J, is nothing but S,, in
Problem [1] We can guess that J, = S,./(¢> + 1)"*1/2 and that

I,= o (6)

(a2 + p?) (/2

Let us derive a recurrence formula. Integration by parts gives

I /” (—cosx) sin" tx
" Jo (a+ipcosz)rt!

—(n—1) /“ si.n”_2 T de—1.\ 4 /7r i(n + 1)p sin” cos x .
o (a+ipcosz)rtl o (a+ipcosz)rt?

The integrals are derivatives of I, 5 and I, with respect to a and p up to some factors. We get

1 2
(pagp + n) I, = E%[n_g (n>2). (7)
It is easy to check that I, = S, (a? +]92)_HTJrl satisfies .

There remains the problem of uniqueness of I,,. Given I,,_», isn’t there another function 7,
that satisfies (7)? If that is the case, we have p(1,,), + nl, = p(in), + ni,, where the subscript
p denotes the differentiation in p. Set f = I,, —i,, then pf, = —nf and f = const.p™" as is
proved by separation of variables. Since f is bounded near p = 0, the constant factor must be
zero and we have I,, = 1,,.

3 Fourier analysis

In this section, we study the following formula in Fourier analysisﬂ

Theorem 5 For alla >0 and t € R", we have

—2malz| —2mit-x — a
/ne € dx C"(a2+ |£[2) D72 (8)

where ¢, = T[(n + 1)/2]/(7T("+1)/2).

2To readers unfamiliar with this branch of mathematics, we recommend [I] as a good introduction.
3The value of the gamma function can be calculated by using I'(z + 1) = 2I'(2), I'(1/2) = /7, ['(1) = 1.




Its proof in [4], pp.6-7 is based on the unfamiliar formula

=— —e du, B> 0. (9)

VT /0 Vu

It appears suddenly out of nowhere and only gifted mathematicians can think of such a trick.

We would like to find how a layperson can prove Theorem [5| with the help of a computelﬂ
We employ the polar coordinates. Set x = r¢, & € 8", Then dx = r"~1d¢, where d€ is the

surface-are element of S"!. Let us denote the left-hand side of by by I. Then a formula

of Laplace transform gives
I :/ df/ -1 —27rar —27r7,rt §dr
Sn—1

(n—1)!
/Sn_l {27 (a + 2mit - f)}”al§

By rotation, we can replace the vector t by (J¢|,0,...,0) without changing the value of the
integral. Indeed, let p: S" 1 — S" ! be a rotatiorﬂ which maps the north pole (1,0, ...,0) to
t/|t|. Set £ = p(n). Then d§ = dn and ¢ - § = |t[p('(1,0,...,0)) - p(n) = [t['(1,0,...,0) - n = [t[n;.
Therefore we obtain (still using the letter £ for the new variable)

— 1!
I— / (n—1) de.
gn-1 {2m(a + 2milt]€,)
Let us introduce the angles 6,,...,0, 5 € [0,7] and 0,,_; € [0,27] by

& =cosby, & =sinfy cosly, 5 =sinbysinfycosbs,. ..,
§ = sinf;sinfy---sinf;_ cosb;,...,
&1 =sinbysinby---sinb, 1 cosb, 1,

¢, =sinf;sinfy---sinf,_1sinb, ;.

We have d§ =[]} !sin" 177 0,df; and

(n— 1) /2” i /” — /” sin" 2 0, df,
= do,,_ "I 0.dO - ) 10
g Jy P (L s ) | e ey 0

We can complete the proof of Theorem [5] by using the results of Problems [I] and [4] .
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