EXPONENTIAL AND LOGARITHMIC POWER SERIES
FORMAL PROPERTIES

This writeup shows, purely formally, with no reference to analysis, that the power
series definitions

— 1 — 1
exp(x) = Z Em" and n(l —z) Z ﬁ
n=0 n=1

satisfy the properties (noting that 1 — (z +y — zy) = (1 — z)(1 — y) for the second
and that 1 — (1 — exp(x)) = exp(z) for the fourth)

exp(s + ) = exp(z) exp(y)
In (1—x—|—y—xy)) In(1—2)+In(1—1y)
)
)

exp(In(l—z))=1—=

In (1 - (1 - exp(z))

so long as we assume that we are working in characteristic 0.
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1. EXPONENTIAL PROPERTY

Immediately from the binomial theorem,
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2. LOGARITHMIC PROPERTY

Granting that the exponential and the logarithm are inverses, as will be shown
below, compute, using expoln = 1 at the first step, exp(z) exp(w) = exp(z + w) at
the second, and Inoexp = 1 at the third,

In ((1—2)(1—y)) =In(exp(In(l — z)) exp(In(1 — y)))
= In(exp (In(1 — 2) + In(1 — y)))
=In(l —2)+1In(1 —y).

However, we also show this result directly. The sum of two logarithmic power

series is
(o)

ma_xy+mu_yy:—§:%("+y%.

And the logarithmic power series of the product is
1
1Mﬂ—$ﬂl—w)Zmﬂ—%w+y—xw)=—§:5@+y—ww”

By the trinomial theorem, this is

m(-a)a-)=-3 0 5 ()t

Ji,k £>0
Jj+k+l=n

=1 . n! .
_ _ - -1 n—j—k__ " n—k n=j
§:n > (1 N T

n=1 j,k>0

The terms where (j,k) = (n,0) or (j,k) = (0,n) give — > >°, (2™ + y™), which
we recognize from above as In(1—z) +1n(1 —y). So what needs to be shown is that
the rest of In((1 —z)(1 —y)) is 0. This is the condition that for every pair («, /3) of
positive integers, the coefficient of z®y? vanishes, and we may take o < 3 because

the whole situation is symmetric in « and y,

> E:(—U”**ﬂmm_lﬂ,:a 0<a<§.

n=10<j,k<n (n—j—k)!

j+k<n

n—k=a

n—j=8
We see that j = n—f and k = n —«, sothat 0 <n—aand 0 < n — g, ie,
n > « and n > S (and the second of these implies the first because o < ) and the
summation condition j+ k < nis n < a4+ . So now the needed condition is that
infinitely many finite alternating sums vanish as follows,

a+f

a+pB—n (ni 1)' _
Z;—D+ﬁ AT AT iy = 0<a<h

Let k = a + 8 — n, which varies from 0 to «, and the needed condition becomes

- a—1+8—-k)
g;_”%émuamhﬂza 0<ash.
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The unsigned summand is

(a;!l)! ' k!(aa!— k) Ezj)f(gigi B i(g) (a_i:f_k)

And so, because 1/« is constant as k varies, the needed condition is combinatorial,

i(—n’“@ (aitfk> ohesr

k=0

We argue combinatorially that indeed the sum in the previous display is 0. For any
k € {0,...,a} and any size-k subset Ay of {1,...,a}, let S, denote the set of
(a—1)-combinations (unordered («— 1)-element sets) from {1,...,a—1+ 8} — Ay.
Thus

e Sy, =Sy consists of the (o — 1)-combinations from {1,...,a —1+ 8} that
needn’t omit any element of {1,...,a} but may do so

e each Sy, consists of the (v — 1)-combinations that omit the lone element
of A; and possibly omit other elements of {1,...,a} as well

e cach S4, consists of the (o — 1)-combinations that omit the two elements
of Ay and possibly other elements of {1,..., a} as well

and so on. Inclusion-exclusion counting says that the sum of (—1)I4#!|Sy, | over all
such k and Ay counts the (o — 1)-combinations from {1,...,a — 1+ S} that omit
none of {1,...,a}, i.e., contain them all. Because o > « — 1 there are no such
combinations and so the sum vanishes,

e

S DES (84l =0, 0<a<p.

k=0 A
For each k there are (z) sets Ay, for each of which |S4, | = (a_;t/f_k), and so the

previous display is exactly what we need,

S () (") =0 ocass

k=0
This completes the proof that the power series of In(1 — ) + In(1 — y) and of
In(1 — (x 4+ y — zy)) are formally equal.

(A slightly variant proof uses a more set theoretic statement of the inclusion-
exclusion principle, as follows. For any finite collection of finite sets, {S; : ¢ € I},
and with the empty intersection (¢, S; understood to be ;. Si,

N Sj‘ = 0.

> (-1
jeJ

JCI

This equality holds by induction on |I|, as the reader is invited to show. Especially,
if ’ﬂ e Sj‘ depends only on |J|—call it f(|.J|)—then the previous display simplifies

to
|1

>ty s =0,

k=0

Now let I = {1,...,a}, and for each i € I let S; be the set of (o — 1)-combinations
of {1,...,a — 1+ 8} that omit i. Thus |I| = a and f(k) = (a_l*'ﬁ_k)7 and so as

a—1
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S (0) (12 o

k=0

above,

Whereas the previous paragraph counted out the solution to the specific problem at
hand, this paragraph has counted out a general inclusion-exclusion principle that
is broadly useful and then specialized it to solve the problem.)

3. COMPOSITION OF FORMAL POWER SERIES

To show that the exponential and logarithmic power series are inverses, we first
discuss composition of power series in general.
Consider two power series, both having constant term 0,

a(z) = Z anx™ b(x) = Z byx™.
n>1 m>1

In what follows, indices named n or m are understood to be at least 1. For any n,
the nth power of b(z) is

(b(x)) _ Z bm1 bmn$MI+"'+m"
my,...;Mp
Introduce notation for the length and the size of any vector m = (mq,...,my,),
Lm)=mn || = mq + - + my,

and introduce an abbreviation of a product,

bt = by, -+ b

My (m) *
So now, concisely,

b)) =Y baa™,

m:(m)=n
and so a(b(z)) = 32,51 Gn X m0(my=n baa!™ =3 agmybma!™ is therefore
a(b(x)) = Z cxx®  where ¢ = Z ag(m )b -
k>1 |17t =k

More handily,

k
(1) a(b(z)) = chxk where ¢, = Z an, bz,
k>1 n=1 £(m)=n
|77t =k
For example,
Cc1 = alb(l) = a1b1
Co = alb(g) + agb(l,l) =aiby + agb%

3 = arbz) + az(b(12) + b2,1)) + asb(i,1,1) = aibs + 2azbi1bs + asby.
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4. THE EXPONENTIAL INVERTS THE LOGARITHM

For a(z) = exp(z) — 1 and b(z) = In(1 — ), so that a(b(z)) = exp(In(l —z)) — 1,
which we want to be —z, we have a,, = 1/n! and b,, = —1/m and so (1) gives
exp(In(l —2)) =1 =35, cxa* where

k
N =T 1
TSI U SR —
n=1 my+-+my=k
Soc;=—1/11-1/1=—1 and ¢3 = —1/1!-1/2+1/2!-1/(1 - 1) = 0. To show that
exp(In(l—2z)) — 1 = —x as formal power series, i.e., that ¢, = 0 for k& > 2, it suffices

to show that

i k! 1
n —

Z:(—l)H > o =0 E>2.

n=1 mi+-+mu,=k
The unsigned summand k!/n!>" . 1/(m; ---m,) counts how many permutations
in Sy decompose into n cycles, including trivial cycles of one element. Indeed,
there are k! ways to write 1 through k left to right, and then for each of them,
Zml 4ootm, =k 1 Ways to parenthesize in order to create n cycles, and for each
(mq,...,my) we must divide by m;y ---m, to account for rewriting the cycles,
and we must divide by n! to account for rewriting their product. Further, left
multiplication by (12) has the effect

(lag ... ac—12Get1 -.. aq) <— (lag ... ae—1)(2act1 ... Gq),

so it bijects between the elements of S that have an odd number of cycles and
those that have an even number. Hence the alternating sum is 0.

5. THE LOGARITHM INVERTS THE EXPONENTIAL
Similarly, with a(x) = In(1 — z) and b(z) = 1 — exp(z), so that a(b(z)) =
In(exp(x)), which we want to be z, now a, = —1/n for n > 1 and b, = 1/n!
for n > 1. This time (1) gives In(exp(z)) = >4, cxz® where

k
N 1
Ck_z n Z myl---mg!
n=1 mi+-+my=k
Soec; =1/1-1/11 =1and ¢ = 1/1-1/21 —1/2-1/(1! - 1I) = 0. To show that
In(exp(z)) = x as formal power series, i.e., that ¢, = 0 for k > 2, it suffices to show
that

k
k! 1
-1 — — =0, k>2.
DV Y =0 k=
n=1 myi+-+my=k
This time the unsigned summand k!/n)" - 1/(mi!...m,!) counts how many ways
{1,...,k} can be written as a cycle of n nonempty subsets. The map

bijects the even such cycles and the odd such cycles. Hence the alternating sum
is 0.



