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Math 235 Fall 2024, Lecture 4 stenogram: Sums
and sequences

website: https://www.cip.ifi.lmu.de/ grinberg/t/24f

1. Sums and sequences

Today we will start with sequences of integers, their sums and products. We
have already solved some problems on this topic, but now we will be more
systematic about it.

1.1. Sums and products

As you know, the sign ) stands for “sum” and the sign J] for “product”. Both
can be used in many ways. For instance,

$ i _5,6,7,8
~itvl 6 7 8 9

10

Y (k%3) =142+404+1+240+14+2+0+1;
=1 ——
the remainder
of k divided by 3
Y. k=347+11+15
ke{1,2,...,15};
k=3 mod 4
Y. k= (empty sum) = 0;
ke{1,2,...,15};
16]k
Y, I=0+141+1+2+2+2+3;
1€{1,2,3}
n
Hk =1-2..... n=nmn!
k=1

There are rules for transforming sums and products; they are collected in
§4.1 and §4.2 of the text, but you probably know them already or can derive
them easily from common sense. For instance,

Z(ai —f-bi) = Zai +Zbi

iel iel iel
(where [ is a finite set) and

Z{li = Z a; + 2 a;

i€l i€l; i€l;
i is even iis odd



https://www.cip.ifi.lmu.de/~grinberg/t/24f

Lecture 4 stenogram, version October 15, 2024 page 2

(where I is a set of integers). You can interchange two summation signs:

3 5

5 3
). Z%‘:g g%‘
L

i=1 j=1 =1 i=

because both times you are summing the entries of a 3 x 5-table. It is more
difficult but still possible to interchange two summation signs when the range
of one depends on the index of the other. More about this later.

Exercise 1. Prove the “Little Gauss” formula

1+2+---+n:@ (forallm € N)

without induction.

Solution. We have

k=1 k=1 k=1
1 n
=5 Y k+ ) (n+1—k)
k=1 k=1

here, we have substituted n +1 — k
for k in the second sum

:%i£k+(n+1_k)z (bytherule Zai—i—zbi:Z(ﬂi‘i‘bi)

k=1 e i€l iel i€l
=n+1
1 nn+1)
2 = 2
N—_——
=n(n+1)

Exercise 2. Let n € IN. Let d be an odd positive integer. Prove that

1424 4n| 194274 i,

nn+1)
2

Solution. Rewriting 1 +2+---+n as , we can rewrite this as

nn+1)

5 |19+ 27 4 - 4 0.

Equivalently, (by multiplying both sides by 2), this becomes

n(n+1)|2(1d+2d+---+nd>.

)
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Proving this becomes easier once we realize that 7 and n + 1 are coprime (since
ged (n,n+1) = ged (n,1) = 1), and therefore a number is divisible by n (n 4 1)
if it is divisible by n and by n + 1 separately (coprime divisors theorem). So it
suffices to show that

n|2(1d+2d+---+nd) and
n-|-1|2<1d-|—2d+----|-nd>.

Let me show the second divisibility. We have
n n n
2(1 4204 ) =2 K = Y K YK
k=1 k=1 k=1

n n
=Y K+ Y (n+1-k)"
k=1 k=1
here, we have substituted n +1 — k
( for k in the second sum >

I
1=

(kd+ (n+1 —k)d)

. S

=0mod n+1
(since n+1—k=—kmod n+1

entails (nJrlfk)dE(fk)d:fkd mod n+1)

T
(X

n
= ZOzOmodn+1.
k=1

So we proved n+1 | 2 (1?4 2% + - - - + n?). The same argument (but applied
to n — 1 instead of n) yields

n|2(1d-|—2d+---+(n—1)d>.

Adding n | 2n? (which is obvious), we obtain n | 2 (19 +29+ .- +n). So
much for the first divisibility. And we are done.

n
Exercise 3. Let n € IN. Simplify the sum ) i-i! (that is, rewrite it without
i=1
using the ) sign).
Solution. What does i - i! remind us of? Perhaps the recursive rule

G+ =(i+1)-il =i-il +iL.

Solving this for i - i!, we obtain
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Thus,

éi-i!:i((l’—i—l)!—i!)

i=1
=2 -1+ B! -2)+ 4! -3)+---+ ((n+1)! —n!)
=mn+1)—1! (since all other addends cancel)
=m+1!-1
This is an instance of the telescope principle:

Theorem 1.1.1 (telescope principle for sums). Let u and v be integers such
that v > u — 1. Let a; be a number for each i € {u —1,u,...,v}. Then,

v
Z — 1) = Ay — ay_1;
i=u

%
Z ai 1—a;) =ay 1—
i=u

Exercise 4. Let p be a positive integer, and n € IN. Simplify

n 1
Z.zzli(i—i-l)(i—i-Z)---(i-i—p)'

Solution. Here is the trick: Let

1
= for each i > 1.

ST TGr DG 2) - (itp—1)

Then,
a; — aj+1
_ 1 B 1
T+ +2) - (itp—1) (+1)(G+2)(i+3)---(i+p)
= (i+P)—i _ p
so that . 1 o
= g = 4 Bl
i(i+1)(i+2)---(i+p)_;(”‘z ﬂ1+1)—p -
Hence,

i 1 :i(ﬂ_ﬂzvrl):ﬂ_l_ﬂnﬂ
=i(i+1)@E+2)---(i+p) H\p v p p
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by a version of the telescope principle.
Remark: This works only for p > 0. And indeed, in the p = 0 case, the sum

1 1 L |
LG+ Grp) Hi

=1

is known as a harmonic sum and cannot be simplified, but only approximated

no1
(Euler formula ) = ~ logn + v for Euler’s constant y ~ 0.577).
i=1

Exercise 5. Let n € IN. Simplify

Z\f+\/T

Solution. For each i > 1, we have (rationalizing the denominator using the
(a+Db) (a—0b) = a*— b? formula)

1 _ Vi—Vitl _Vi- Vi
VitVvitl P oixe i+
B R N S

Thus,

2\[+\/¢ i_21<\/i+ ~Vi) = Vit T-VI=Vn+1-1

Generally, getting things out of denominators in a sum tends to simplify the
sum.

Exercise 6. Let 2 and b be any numbers. Let m € IN. Then,

m—=1 )
(a—1D) ) alb" =a" —b".
i=0

the sum of all terms of the form a'b/
where i+j=m—1

Solution. Easy using telescope principle again:

m—1 ) m—1 . )
(a—0b) Y ab" =Y (a—-b)ab" T = (telescope)
i=0 i=0 - g

—gitlpm—1—i__gipm—i

=a" —b".
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(Details in the notes.)

As a particular case of the above exercise, for any x, we have

m—1

(x—1) Y x'=x"-1,

i=0

so that
x™ —1

m—1
i;)x:x—l (ifx #1).

Any sum computed using the telescope principle can be proved by induction
once you know the answer.

Exercise 7. Let x # 1 be a number. Simplify

n
Eixl — 1xl 242 4+ o nx",
=1
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Solution. We have
n
Zixl =1xt 42424+ nx"
i—1
=xl+xP 444"
x4 x"
+ x"
(x 4okt ._|_xn>

J/

Il
=

k

I
—_

—xk(1+x+x2+ k)

I
=

xk(l—l—x+x2—|—---+x”_k>
1 N

k

n—k x‘nr*kJrl -1
R
_ ixkxn—kH -1 _ 1 i k (xn—k+1 1)
k=1 x—1 =N )
—xnﬁ xk
1 v ( n+1 k)
= Z X ¥
x—1 = s
=Y antl— Yy xk
k=1 k=1
1 n n
T x—1 DR LS
e =1
:nxn+l :x1+x2+“_+xn
=x(1+x+x2+...+xn—1)
T ox—1
= 1 nxn-s—l_x’x”—l :nxn+l(x_1)_x(xn_1)
1 x—1 (x — 1)2
B nx™2 — (n4+1) 2" 41
(x — 1)2 '

What we have tacitly used in the above is a “triangle-shaped interchange of
summations”: i.e., the fact that summing the entries of a triangle-shaped table
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can be done by row or by column with the same answer produced each time.
In more formal terms, for instance, this is saying that

n i n n
Yo 4= ) )4

i=1 j=1 j=1 i=j

(Both sides are simply the sum of 4;; over all pairs (i,j) with 1 < j <i < n.)
This is one example of how you can interchange summation signs when the
bounds of the inner sum depend on the index of the outer sum.

On to finite products (J]). Keep in mind that the empty product is defined to
be 1 (just like the empty sum is defined to be 0). Thus, for instance, 0! = 1.

n 1 ” 1
Exercise 8. Let n be a positive integer. Simplify ] (1 - §> and [] <1 - —).

s=1 s=2 s

Solution. We have

[(=5)=0-1) (=3) - (=3)

and

L 1 s—1 1 2 3 n—1 1
H(l—g)—l_[ — =531 =

5=2 s=2
because everything else cancels (cf. homework set #0).

Again, we have come across a telescope principle:

Theorem 1.1.2 (telescope principle for products). Let u and v be integers such
that v > u — 1. Let 4; be a number for each i € {u — 1,u,...,v}. Then,

HU a; Ay

- 7
iy %1 Ay-—1
(4

1—[ aj—q _ ﬂu—1,

i i ay

as long as the denominators are nonzero.
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Exercise 9. Let n € IN. Prove that the product of the first n odd positive
integers is

Solution. We have

@2n)!=1-2---- 2n)= [ &

ke{1,2,...2n}

= H kl- H k

ke{12,...2n}; ke{1,2,...2n};
k is even N k is odd
:2.4.(:.r...(zn) :1~3-5-j~r-(2n—1)
~11(20)
i=1
—on T i
i=1
n
=2"(][i])-(1-3:5----- (2n —1))
gl
=n!
=2"n1-(1-3-5----- (2n —1))
Thus,
(2n)!
1:3:5---- (2n—1) =27,
qed.

1.2. Binomial coefficients

Definition 1.2.1. Let n and k be two numbers. The binomial coefficient (Z)

(do not mistake this for a vector) is defined by

ny _Jnn-1)mn-2)---(n—k+1) i ,
< )-— X = 0 , ifkeN
0, else.
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For example,

5 . 5-
- = _:1-
(2 2 0;
(5 = ):15;

n (empty product) 1

n—l n(n—l)

)=
)=~
(52) =0
)
) =1
)=*

(0 = Tzl for any n;
n

( = for any n;

1

") = for any n

2) = 2 y

Moreover, for any k € IN, we have

The binomial coefficients (Z) with 1,k € IN are the best-known ones. They

form the so-called Pascal triangle:

k=0
vd
k=1
n=0 — 1 N
k=2
n=1 — 1 1 N
k=3
n=2 — 1 2 1 /
k=4
n=3 — 1 3 3 1 N
k=5
n=4 — 1 4 6 4 1 N
k=6
n=5 — 1 5 10 10 5 1 N
k=7
n=6 — 1 6 15 20 15 6 1 N
n=7 — 1 7 21 35 35 21 7 1
n=8 — |1 8 28 56 70 56 28 8 1
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Theorem 1.2.2 (binomial coefficients facts). Let 1,k € IN be any numbers.
@ If 7 € N and k > n, then Z — 0. (But not if n ¢ N.)
(b) (Upper negation) If k € Z, then

(&)= ()

(c) (Pascal’s recurrence) We have

B+

(d) (Factorial formula) If n,k € IN and k < n, then

(0)=mowr

(But not if n ¢ IN or k > n.)
(e) (Symmetry) If n € N, then

(But not if n ¢ IN.)
) If n € N, then (Z) —1.

(g) (Integrality) If n € Z, then Z e”Z.

(h) (Binomial formula / binomial theorem) If x and y are numbers and

n € N, then
n
(x+y)" Z( )x]y

Corollary 1.2.3. Let n € IN. Then,

. (n> -3 (7) V1" = (1+1)" =2"

i/ 5

and
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We will see a lot more binomial identities (i.e., identities involving binomial
coefficients). Here is just one:

Proposition 1.2.4. Let (fo, f1, f2,...) be the Fibonacci sequence. Then, for
each n € IN, we have

fn =% (")

‘k(so°)+(”11>+(”22)+---+(”n”).

Proof. Strong induction on n. Essentially, show that the RHS satisfies the same
recursion (value for n equals value for n — 1 plus value for n — 2) as the LHS.
More details in recitation. O
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