AN EXPANSION ON SERIES
FEBRUARY

RAYMOND FRIEND

ABSTRACT. This paper resembles more an initial jab at, or a tangential rever-
beration off of, than an assiduous excavation into series, but we prove a result
on what we coin total sums of power series, and see some consequences. This
is another old problem of mine.
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1. INTRODUCTION

High school and undergraduate students are bombarded with problems of tak-

ing derivatives and integrals of many functions, learning some advanced techniques
to solving some of math’s most trivial problems. Differential equations take these
routines to another level of application and procedure. A natural question when
considering differential equations is to wonder how many derivatives of your func-
tion f you may sum; and why stop at derivatives? Why not sum over antiderivatives
of f as well? When I thought of this problem, I was looking outside my bathroom
through the small window that I was barely able to stand tall enough to see through.
The symbols f, f’, f”, [ f(z)dz, and so on scrambled across the pane. I stopped
the water running in the tub and went to my room to explore.
Admittedly, the work was tedious at first, and I had many mental mishaps and
ruined notes from perpetuated errors. Eventually, I found a similarity between the
forms of derivatives and antiderivatives of f, and this is what we will explore. I
chose the name Droz- Wolf as the name of the theorem because it was my freshman-
year multivariable calculus professor: Prof. Daniel Droz who entertained this idea
with delight and excitement, pushing me to further it and consider some gener-
alizations; and a majority of my final discoveries happened during my first night
as an undergraduate student in Wolf Hall at Pennsylvania State University. My
temporary roommate chose not to ask what I was doing that night.

Date: February 27, 2017.
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2. TAYLOR’S THEOREM

The first theorem is terribly unmotivated, arising from pure abstraction. If I
had more free time, I would spend longer on motivating and explaining the steps
leading up to this theorem.

Theorem 2.1. Let f, g be functions defined on a closed interval [a,b] that admit
finite n-th derivatives on (a,b) and continuous (n — 1)-th derivatives on [a,b]. Sup-
pose ¢ € [a,b]. Then for each x € [a,b],x # ¢,3E in the segment joining ¢ and x
such that

k) (e ol ok (e
(f(w) S PEALITE c>k> §7(E) = 1(e) <g<x> S PEACITE c>’f> .

k=0 k=0

Proof. For simplicity, first assume a < ¢ < x < b. Keep z fixed and consider

=l k)
HORNIORS SEA PR
k=1 ’

_ 9 k
G(t)=g(t) + > =@ =",
k=1
for each t € [c,z]. Then F,G are continuous on [c, z] and admit finite derivate on
(¢, x). By the mean value theorem, we may write

FI(Q[G(x) - G(o)] = G'(O[F(x) — F(c)]

for some choice of € € (¢,x). This gives that

Fl(Olg(x) — Glo)] = G"(§)[f(x) — F(c)]
since F(x) = f(z) and G(x) = g(x). But we see that by cancelling terms with
opposite signs, that
(l‘ _ t)nfl

F'(t) = M) (t
1) =G 170,
_ t)’n.fl
Q' (t ZZEE;AAAAA, () (¢
(t) S (t),
which gives the desired formula when choosing ¢t = £. The proof works equally well
for the case a < & < ¢ < b, choosing ¢ € (z, ¢). O

Corollary 2.2 (Taylor’s Theorem). We get Taylor’s theorem with g(x) = (z —c)™,
namely, for some &, we have

n—1 (k) c
<f<x> Y06 c>k> n = FOO )"

or

(n) nol ),
k=0

n! k!
Note that g*)(¢) =0 if k =0,1,2,...,.n — 1, and g™ = n!.

Taylor’s theorem requires of f to be a function defined on a closed interval
[a,b] C R that admits finite n-th derivatives on (a,b) and continuous (n — 1)-th
derivatives on [a, b] for specified n.
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3. TOoTAL SUMS
Take function f which is a finite power series or polynomial with coefficients
(an) C R,
o0
flx)= Z anz™.
n=0

As for some notation, for some m € Z, define f(™(x) as

dm’f
dx™

m > 0 : the m-th derivative,
m = 0 : identity on f,

f(x)

f(M) —
//---/f(m)dm_m m < 0 : the m-th antiderivative.
—_——

Also, allow us to extend the domain of the standard factorial function to any integer,

n € Z, in this way:
{n! n >0,
n! =

1 n<0.

Theorem 3.1 (Droz-Wolf). For some bi-infinite sequence (a,)>,, C R, we take
the power series f(x) = 3~ apa®. Denote with F the sum of each f)(x), called
the total sum of f.

m=—0oQ

F@ =Y 2% Y apenlom).

The total sum is interpreted as the sum of every derivative and antiderivative of
the power series f.

Lemma 3.2 (Positive Derivatives). We claim for m > 1 that

e 9] | o
f(m) ('T) = Z apxp—m (p fm)| = Z a’p+mxp

p=m p:()

(p+m)!
p

Proof. We are given
flx) = Z ap?.
p=0
Then we see

d d & = _ d = p!
fO@) = = f(@) = = > apa® =3 apa”'p+ ——ao) = Y _apa”
p=0 p=1 p=1

(-1

The second representation of the sum follows from the simple transformation p —
p — 1. Next, we assume that for some m =k € Z > 1, the statement holds

) () = S g =k P
f (x)—pz:;apx T
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The other representation follows from applying the transformation p — p—k. Then
we wish to show the formula holds for m = k + 1.

f(k+1)( ) = <f(k+1)) Zapmp v D! )!

d k!
p—k— 1 o,
Z ape (p— k)( k) + [Jc ag 0!]

p=k+1

aprP” (kt1) P2
Z (p (k+ )L

p=k+1

Similarly, the other representation of the sum comes from the simple transformation
p—=p—(k+1). O

Lemma 3.3 (Negative Derivatives). We claim for m < —1 that
p! » (P + m)
f(m) ap Zp—m Ay

z;n (p—m)! pZO Pt p!

Proof. We are given
oo
x) = E apz?.
p=0

Then we see
— D p+17 p+1_ P '
/f )dz = /Zapx da:—Zapa: —|—a 1= pzlapx TSk
where we chose a_; from the given b1—1nﬁn1te sequence to serve as the constant of

integration. The second representation of the sum follows from the simple transfor-
mation p — p+ 1. Next, we assume that for some m = k € Z < —1, the statement

holds
> !
k) x) = a,z? &
E » .
= (p— k)

The other representation follows from applying the transformation p — p + k.
Then we wish to show the formula holds for m = k — 1 (we are performing reversed
induction to prove our formula over all negative integers).

0@ = (19) 7 @)
o0 !
-/ D

> 1 p!
= p—k
,;capx p—k+1(p—k)!+ak_1

ey PL =)= (k-) (k—1)!
- (1) =)= k=)

=k
> !

— a xpf(kfl)#
2 a (p— (k— D).
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Similarly, the other representation of the sum comes from the simple transformation
p—=p+(k-1). O

We now see the ultimate result: for any m € Z:

(p+m)!

f(m) (z) = Z ApymT? o

p=0

Proof. Droz-Wolf. By definition and using the two lemma just proved,

Fay= S fm= % ZCLmep(p—;!m)!

m=—oo m=—o00 p=0
o0

oL
:ZE Z ap+m(p+m)!'
p=0 ="

m=—0o0

O

We can use the Taylor expansion to any f satisfying the conditions of Taylor’s
theorem and extend its definition to a bi-infinite sequence (a,)*,,, and then apply
this theorem to calculate the total sum. Surely the bi-infinite sequence (a,) has
its restrictions for convergence, and we assume the equality signs during divergent
cases truly mean mutual divergence. As a special case, a polynomial has the special
property that 3 minimal N € N U {0} such that n > N implies a, = 0, and
N < M for any M satisfying the same condition. Moreover, we can restrict our
consideration to having for all n < 0: a,, = 0. Then

o0

N-p

P

F@) =32 S appmlp mt
=0 P m="p

We could perform the transformation m — m + p and get

5 N N
x
F(z) = E - E amm! = e” E !
p=0 p: m=0 m=0

If we define A = ZZ:O amm! then we have finally that F(x) = Ae®. This is a
pretty surprising but wonderful result!

4. ToTALING TOTAL SUMS

Let’s denote the total sum operator from the space of power series to itself, with
F : P — P, transforming a power series f as follows:

o0

FH= S f<m):zf§ S apimlp+m)l
p=0 ="

m=—0o0 m=—0o0

Naturally, we could apply this operator more than once.

Proposition 4.1. The formula for the repeated total sum operator is

o0

.'L'p
yn(f) = Z Z Ap+mq+...+my, (p +my1+ ...+ mn)'

o
p=0 P (. omn)ezn
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Proof. The n =1 case is clear from Theorem 3.1. Now assume for n = k that

oo

D
FEH=""% Y tprmgtm (0t ma o m)

p=0 """ (my,...,my)ELF

We wish to show the corresponding statement for n = k + 1, that

oo

l’p
jk+1(f) :Z—' Z ap+m1+...+mk+1(p+m1+"'+mk+1)!'
p=0 " (my,...;mpq1)EZEH1
Notice
k k
FRO=FF I =F |\ L 2 G (P m et my)
p=0 (M1 y...,mp ) ELE
Label
1
ap =3 Z Aptmy+...my, (P + M1+ o 4 )L
) (ma,...,my)ELF
So

o' 00 >
k xp
p=0 p=

: MmEe41=—00

We have that

Qptmygq (p+ mp41)!
(p+mpy1)!

prr— o At tmi ot (P M) F M+ my)!
(m1,...,my)EZLE

Thus,

oo oo

P
FEf) = Zg > Yo Gt (P ML M)

p=0 ME41=—00 (myq,...,my ) ELF

o
P
= ZE > Uptmatotmp (P+ma 4+ mg)!.
p=0

(ma,...,mpypq) EZFFL

O

Could we total these powers of total sums of power series? Let’s tweak the
notation to identify # <« %#,. Surely, we could define %, : P, - P, called the
total power total sum operator (this will be the last one named explicitly!), that
acts as

Fo(f) =D FI )

n=0

Continuing the analogy, .%#; is defined as
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where ) = f (") However, notice in our expansion of Fy,

N =D =12 Y tprmrtm (o m1 + ot my)
n=0

n=0 p=0 p: (m1,...,my,)EZL™
p

oo [ee]
= Z | Z Z Aptmy+...4m, (p+mi+ ... +my),
p=

T
o P =0 (my,...,mp)ELT

there are an infinite number of ways to express the same z € Z as the index for the
term ap4m,+...4m, as we work over all possible Z™. Thus, any nontrivial f would
have #,(f) be divergent. Otherwise, .%,(f) = 0 trivially. And this even occurs
for all powers of .#; greater than or equal to 2. One can easily see that for any
z € Z, we could express z = mj + mo for my, mo € Z. This system has infinite
solutions in Z2, so the sum .#"=?(f) is divergent. This is the end of our expedition,
unfortunately.



