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Introduction

Definition (Mathematical Induction (Weak Induction)). Let P(n) be a statement about an integer n. The
principle of mathematical induction states that if the following two conditions are satisfied:

(i) Base case: P(ng) is true for some initial integer ny,
(ii) Inductive step: For all n > ng, if P(n) is true, then P(n + 1) is also true,

then P(n) is true for all integers n > ng.

Definition (Strong Induction). Let P(n) be a statement about an integer n. The principle of strong
induction states that if the following two conditions are satisfied:

(i) Base case: P(ng) is true for some initial integer ng,
(ii) Inductive step: For all n > ng, if P(k) is true for all k < n, then P(n + 1) is also true,

then P(n) is true for all integers n > ng.

Theorem (Bertrand’s Postulate). Bertrand’s Postulate states that for every integer n > 2, there exists at
least one prime number p such that
n <p<2n.

In other words, for any n > 2, there is always a prime number between n and 2n.

Definition (Fibonacci Sequence). The Fibonacci sequence is a sequence of numbers where the first two
numbers are defined as Fy = 1 and F} = 1, and each subsequent number is the sum of the previous two
numbers, i.e.,

F,=F, 1+ F,_ 5 for n>2.

Theorem (Fibonacci Identity). For all natural numbers n, the following identity holds:

n

F2n+1 = F2+1 +F3



Theorem (Euler’s Formula for Planar Connected Graphs). Let G be a connected planar graph with V
vertices, E edges, and F' faces (including the outer, infinite face). Euler’s Formula states that

V-E+F=2.

Proof by Induction:

We will prove Euler’s Formula using mathematical induction on the number of edges E in the graph G.
Base Case: E=V —1

When E =V — 1, the graph G is a **tree**. A tree is a connected graph with no cycles. For a tree:

F =1 (only the outer face).

Plugging into Euler’s Formula:
V—E+F=V-(V-1)+1=2.

Thus, the base case holds.
Inductive Step:
Assume that Euler’s Formula holds for all connected planar graphs with E edges, i.e.,

V-E+F=2.

Now, consider a connected planar graph G’ with £/ = E + 1 edges.
There are two possibilities for G':

1. Adding an Edge That Does Not Create a Cycle:

Adding an edge to G that does not form a cycle increases the number of edges by 1 and the number
of faces by 1 (since a new face is created). Thus:

V=V, EE=E+1, F =F+1.
Plugging into Euler’s Formula:
VI-E'+F =V—-(E+1)+(F+1)=V-E+F=2.
The formula still holds.
2. Adding an Edge That Creates a Cycle:

Adding an edge that forms a cycle does not change the number of faces. In this case:
V=V, EE=E+1, F =F
However, since a cycle is formed, we have:
VI -E+F =V—-(E+1)+F=V-E+F)-1=2-1=1,

which does not satisfy Euler’s Formula. **This scenario cannot occur in a tree** because trees do not
contain cycles. Therefore, to maintain the inductive hypothesis, we consider only the addition of edges
that do not create cycles.

To resolve the discrepancy in the second case, we refine our approach by ensuring that every added edge
maintains the property V — E + F = 2. This is achieved by only considering the addition of edges that
either:

e Increase the number of faces by 1 without creating a cycle, or

e Close a cycle in a way that the overall balance V' — E + F remains unchanged.

Alternatively, a more streamlined inductive approach involves removing an edge that is part of a cycle:



2. Removing an Edge from a Cycle:

Suppose G’ has a cycle. Remove an edge e from this cycle to obtain a new graph G with:
Vi=V, E=FE -1, F=F —1.

Since e was part of a cycle, removing it reduces the number of edges by 1 and the number of faces by
1. Applying Euler’s Formula to G:
V-E+F=2.

Therefore, for G':
VI-E+F =V—-(E-1+1)+(F-1+1)=V-E+F=2.
Hence, Euler’s Formula holds for G”.

Thus, by induction, Euler’s Formula V' — E + F = 2 holds for all connected planar graphs.

Theorem (Pigeonhole Principle). The Pigeonhole Principle states that if nk + 1 objects are placed into k
containers, then at least one container must contain at least n + 1 objects.

Proof: Assume there are nk+1 objects and k containers. If each container could hold at most n objects,
the total number of objects would be at most nk. Since there are nk + 1 objects, which is greater than nk,
it follows that at least one container must contain more than n objects, i.e., at least n + 1 objects.

Inequalities
Theorem (Arithmetic Mean-Geometric Mean Inequality (AM-GM)). For any set of non-negative real num-
bers ay,asg, ..., a,, the arithmetic mean is always greater than or equal to the geometric mean. Specifically,

ay+ag+---+an
n

> {/aras - an,

with equality if and only if a1 = as = -+ = a,.

Theorem (Weighted AM-GM Inequality). For any set of non-negative real numbers aj,as,...,a, and

corresponding non-negative weights wy, wo, . .., w,, the following inequality holds:
wiay + weag + - -+ + wypa I
141 + 202 + + nWUn > (a’ll,l)l a’121)2 .. agn) Wi Ftwa+-Fwn ,

w1 + w2 + -+ wy

with equality if and only if a; = as = -+ = ay,.

Proof Summary:

1. Base case (P(2)): The inequality holds for n = 2, where it simplifies to “5%2 > | /aja;. This can
be proven by considering the non-negativity of squared differences.

2. Inductive Step 1: From P(n) to P(2n): Assuming the inequality holds for n, we prove it for 2n
by applying the AM-GM inequality to two groups of n numbers, and then combining the results.

3. Inductive Step 2: From P(n) to P(n—1): The inequality for n — 1 can be derived by adding a zero
or a very small number to the set and applying the inequality for n, then letting the added number
tend to zero.



4. Extension to rationals: The inequality for rational numbers is obtained by considering rational
approximations of real numbers and applying the inequality for integer n.

5. Extension to reals: Extending to real numbers is achieved by taking limits, using the continuity of
the arithmetic and geometric mean functions.

6. Extension to weighted case: The weighted AM-GM inequality is derived by reducing the weighted
case to an unweighted form through partitioning the numbers according to their weights.

7. Extension to weighted rationals and reals: The weighted version is extended to rationals and
reals similarly to the unweighted case, using rational approximations and taking limits.

Theorem (Jensen’s Inequality (not in class in this form)). Let f be a concave function defined on an
interval, and let x1,zs,..., 2, be points in this interval. For any non-negative weights p1,po,...,p, such
that p; +p2 + -+ p, = 1, Jensen’s inequality states that

f <va$z) > szf(%)

Equality holds if 1 = 2o = -+ =z, or if f is affine on the interval.

Theorem (Functional Weighted AM-GM Inequality). Let f be a continuous, concave function on an interval
that contains the points z1, zo, ..., z,. For non-negative weights p1, po, . . . , pn, the following inequality holds:

)

(pll“l + P22 +"'+pn’£n> > p1f(w1) +paf(ze) + -+ pnf(Tn)
PL+p2+-+Pn N PL+p2+-+pn

with equality if 1 = 29 = --- = x,, or if f is affine over the given interval.

This inequality follows directly from Jensen’s inequality for concave functions. Furthermore, this functional
inequality generalizes the AM-GM inequality: by choosing f(z) = In(z), which is concave, we recover the
AM-GM inequality. Specifically, applying In to the terms of the AM-GM inequality transforms it into a form
where Jensen’s inequality can be applied.

Definition (Weighted k-th Power Mean). Let aq,as, . .., a, be non-negative real numbers, and let py, pa, ..., pp
be non-negative weights. The weighted k-th power mean Mj, is defined as
n kN ®
1 Dia;
Mk(al,CLQ,---7an;p17p27~-~,pn): <ZZ111H) )
Zi:1 Di
for any real number k # 0. When k = 0, the weighted mean is defined as the geometric mean:
n Py
DN
Mo(al, a2,...,0n;P1,P2,--- 7pn) = Hai =t .
i=1

Additionally, the following special cases hold:

e When k = 0o, the weighted power mean represents the maximum value of the elements:

Moo (a1,a9,...,a,) = max(ai,ag, ..., an).
e When k = —oo, the weighted power mean represents the minimum value of the elements:
M—Oo(a’lv CLQ, st 70’7L) = min(ala (12, tt an)'



Ezxamples:

1. Harmonic Mean (k = —1):

diciDi _ PiApat 4P
Mfl(alaaﬁv’"7an;p17p2a"'7pn): Zrll 1&1 = p71+p72++p7’r,7;
1=1 a; ay as an

2. Quadratic Mean (k = 2):

n 2 2 2 2
i—1 Pi; piaf +p2a5; + -+ ppa
M2(a1,a2;-~-’an;p1’p2’-~-7pn) = Zlnl L = L 2 z n'
> i1 Di pL+pe+-+pn

Theorem (Monotonicity of Power Means). Let aj, as, ..., a, be non-negative real numbers, and let p1, pa, ..., pp
be non-negative weights such that p; + ps + - -+ + p, = 1. For any real numbers k; < ks, the corresponding
weighted power means satisfy

Mkl(alaGQa"'aan;plap2a"'7pn) < Mkz(alaa/Qa"'aa‘n;plap27"'7pn)'

Equality holds if and only if a1 = as = - = ay,.

Theorem (Mean Value Theorem (MVT)). Let f be a function that is continuous on the closed interval
[z, 2 + h] and differentiable on the open interval (z,z + h). Then there exists some y € (z,z + h) such that

fl@z+h) = f(x)+hf'(y)

Theorem (Taylor Expansion with Remainder). Let f be n-times differentiable on an interval containing
[z, 2 + h]. Then, using the Taylor expansion with the remainder term in Lagrange form, we have:

hnfl B h™ "
@)+ ),

h !/ h2 11
Flat ) = fa) + T @)+ gl @)+ ey

for some y € (z,x + h).

Explanation:

e The expression f(x + h) = f(z) + hf'(y) from the Mean Value Theorem (MVT) is essentially the
first-order Taylor approximation with a remainder involving y € (z,z + h).

e The Taylor expansion generalizes this by expanding f(x + h) to a higher degree, with the remainder
involving a higher-order derivative evaluated at some point y € (x,z + h).

o If £(") >0 for all z, it implies that the function grows at a non-decreasing rate, which can be used to
establish bounds on f(z + h) based on the Taylor expansion.

Theorem (Cauchy-Schwarz Inequality). The Cauchy-Schwarz inequality is a fundamental inequality in
linear algebra and analysis. It can be written in several equivalent forms.
General Form: For any real or complex vectors @ = (a1, as, ..., a,) and b = (b1, bs, ..., by), the following

inequali‘y hOldS:
( 'n " bl) = ( n ai ) ( _n : b’b > ’



Inner Product Form: For vectors d, beR" or C", the inequality can be stated in terms of the inner
product:

|<5’ 5>|2 S <5a a"> : <g7 5>7

where (@,0) = a1b; + asbs + - - - + apb,, is the standard inner product.
Expanded Form: Another way to express the Cauchy-Schwarz inequality is:

(a1by 4 agbo 4 -+ anby)? < (a2 + a2+ -+ a2)(b? + b2 +--- + b2).

Justification:

e The inequality can be thought of as stating that the cosine of the angle between two vectors is always
between —1 and 1, which geometrically means that the projection of one vector onto another cannot
exceed the product of their magnitudes.

e For vectors @ and 5, equality holds if and only if the vectors are linearly dependent, i.e., @ = b for
some scalar A.

Number Theory

Theorem (Euclidean Algorithm). The Euclidean Algorithm is an efficient method for finding the greatest
common divisor (ged) of two integers a and b, where a,b € Z and a,b > 0. The ged of a and b, denoted
ged(a, b), is the largest positive integer that divides both a and b without leaving a remainder.

Algorithm Description: Given two integers a and b, with a > b:

1. Divide a by b, obtaining a quotient ¢ and a remainder r such that

a=bg+r, 0<r<hb.

2. If r = 0, then ged(a, b) = b.
3. If r #£ 0, replace a with b and b with r, and repeat the process.

The algorithm terminates when the remainder is zero, and the gecd is the non-zero remainder from the

previous step.
Example: Find the ged of 252 and 105:

e Step 1: 252 = 105 - 2 + 42 (remainder 42).
e Step 2: 105 =42 -2 4 21 (remainder 21).
e Step 3: 42 =21 -2+ 0 (remainder 0).

e Therefore, ged(252,105) = 21.

Justification:

e The Euclidean Algorithm works based on the property that ged(a,b) = ged(b,r), where r is the
remainder when a is divided by b. This property follows from the fact that any divisor of both a and
b must also divide 7.



e The algorithm reduces the problem size at each step, ensuring that the remainder r gets smaller until
it reaches zero, at which point the gecd is found.

Theorem (Bézout’s Identity). Let a,b € Z, and let d = ged(a, b) be the greatest common divisor of a and
b. Then there exist integers x and y such that

ax + by = d.

In other words, d can be expressed as a linear combination of a and b with integer coefficients x and y.
Example: Find integers x and y such that 252z + 105y = ged (252, 105).

e From the Euclidean Algorithm:
252 =105-2 442,

105 =42 -2+ 21,
42=21-2+0.
Thus, ged(252,105) = 21.
e Now, back-substitute to express 21 as a linear combination of 252 and 105:
21 =105 —42-2.
Substitute 42 = 252 — 105 - 2:
21 =105 —2(252—105-2) =5-105 — 2 - 252.
Therefore, z = —2 and y = 5, and we have

252(—2) 4 105(5) = 21.

Justification:

e Bézout’s Identity follows from the steps of the Euclidean Algorithm, where we successively express the
remainders as linear combinations of a and b.

e Since the ged d is the last non-zero remainder in the Euclidean Algorithm, it can always be written as
a linear combination of the original numbers a and b.

Theorem (Unique Factorization into Primes (Fundamental Theorem of Arithmetic)). Every integer n > 1
can be factored uniquely into a product of prime numbers, up to the order of the factors. Specifically, if

n=Dpip2- Pk = 4192 """ qm,;

where p; and ¢; are primes, then kK = m and, after reordering, p; = ¢; for all 1.

Proof Summary:
e FExistence: We prove by induction that every n > 1 can be factored into primes.

1. Base Case: n =2 is a prime.

2. Inductive Step: Assume true for all kK < n. If n is prime, it is its own factorization. If n is
composite, we can write n = ab with a,b < n. By the inductive hypothesis, a and b have prime
factorizations, which gives a prime factorization for n.



e Uniqueness: Assume two different factorizations exist. By the property of primes, each prime in one
factorization must divide some term in the other factorization, leading to a contradiction unless the
factorizations are identical. Cancel one prime at a time.

Theorem (Basic Properties of Modular Arithmetic). Let n be a positive integer, and let a,b, ¢, d € Z. The
following properties hold under modulo n arithmetic:

e Congruence Preservation: If a =b (mod n) and ¢ = d (mod n), then:
1. a+c¢c=b+d (mod n)
2. a-c=b-d (mod n)
o Addition and Multiplication:
— Commutative Law: (a+b) = (b+a) (mod n) and (a-b) = (b-a) (mod n).
— Associative Law: (a+b)+c=a+ (b+¢) (modn) and (a-b)-c=a-(b-c) (mod n).
— Distributive Law: a-(b+c¢) = (a-b) + (a-¢) (mod n).
e Raising to a Power: If a =b (mod n), then for any non-negative integer k, we have
ko — pk

a® = (mod n).

This follows by applying the congruence repeatedly, using the property that multiplication preserves
congruence.

Well-Defined Operations on Z/nZ:
In the set Z/nZ, we define addition and multiplication as follows:

[a] +[b] = [a + 0], [a] - [b] = [ab],

where [a] denotes the equivalence class of a modulo n.
To show that these operations are well-defined, we need to verify that if « = ¢’ (mod n) and b = ¥/
(mod n), then:

L. [a+b]=[a+0]):

Since a = a’ (mod n) and b = (mod n), we have a = a’ + kn and b = b’ + In for some integers k, [.

Then:
a+b=(d +kn)+ ¥ +in)=(a +b)+n(k+1),

which implies a +b=a’ + V' (mod n), so [a + b] = [a' + V']

2. [ab] = [d'V']:
Since a = a’ (mod n) and b = (mod n), we have a = a’ + kn and b = b’ + In for some integers k, [.
Then:

ab—a't! = (ab—a'b) + (a'b—ad'b') =bla—ad')+d' (b-1).
Since a = @’ (mod n), we have a — @’ = kn, and similarly b — b’ = In. Therefore,
ab—a't! = b(kn) + a'(In) = n(bk + d'l),
which implies ab = a’t’ (mod n), so [ab] = [a'V].

Therefore, addition and multiplication are well-defined in Z/nZ.



Theorem (Divisibility Rules for 9 and 11). Let n be a positive integer with decimal representation n =
apGg—1 - - a1a9, where a; represents the digits of n. The following divisibility rules apply:
Divisibility by 9:

e n is divisible by 9 if and only if the sum of its digits is divisible by 9.
Diwvisibility by 11:
e n is divisible by 11 if and only if the alternating sum and difference of its digits is divisible by 11.

Specifically, let

S=ayg—a;+ay—az+--+(=1)*a.

Then n is divisible by 11 if and only if S is divisible by 11.

Theorem (Fermat’s Little Theorem). Let p be a prime number, and let a be any integer. Fermat’s Little
Theorem can be expressed in several equivalent forms:
Form 1: General Congruence

e If p is a prime and p { a or ged(p, a) = 1, then

a?”'=1 (mod p).

Form 2: Special Case When a Is Not Divisible by p

e If p is a prime and a is not divisible by p, then a?~! — 1 is divisible by p:
pl (@t =1).

Form 8: Congruence for Any Integer a
e If p is a prime and a is any integer, then

a? =a (mod p).

Form 4: Congruence for Small Values

e When ¢ = 1 (mod p), Fermat’s Little Theorem implies that a?~! =1 (mod p), confirming the period-
icity in raising to the power.

Definition (Euler’s Totient Function). Euler’s totient function, denoted p(n), is defined as the number of
positive integers less than or equal to n that are coprime to n (i.e., they share no common factors with n
other than 1).

Closed Form Formula:

e If n has the prime factorization n = p'p5? - - - pi*, then Euler’s totient function can be expressed as:
1 1 1
ga(n)n(l) (1)(1)
D1 D2 Dk

e The prime factorization of 12 is 2% x 3.

1 1 1 2
12)=12(1-=)(1-=)=12.-.2 =4
#(12) < 2>( 3) 23

Thus, there are 4 positive integers less than or equal to 12 that are coprime to 12: 1,5,7,11.

Ezample: To compute ¢(12):

e Using the formula:



Theorem (Euler’s Theorem). Let n be a positive integer and let a be an integer coprime to n (i.e.,
ged(a,n) = 1). Then Euler’s theorem states that

a?™ =1 (mod n),

where ¢(n) is Euler’s totient function.

Note: Euler’s theorem generalizes Fermat’s Little Theorem. Specifically, Fermat’s Little Theorem is the
special case of Euler’s theorem when n is a prime number p. In this case, ¢(p) = p — 1, and the theorem
reduces to

a?” ' =1 (mod p),

which is Fermat’s Little Theorem.

Theorem (Highest Power of a Prime Dividing n!). Let p be a prime number, and let n be a positive integer.
The highest power of p that divides n! is given by:

p p2 p3 ’
Where the sun Continueb until pk > n.

Ezample: To find the highest power of 3 dividing 10!:

SRS
SEIE
1] =0

Thus, the highest power of 3 dividing 10! is 3+ 1 = 4.

Theorem (Chinese Remainder Theorem). Let ny,na,...,n; be positive integers that are pairwise coprime
(i.e., ged(ng,nj) =1 for all i # j). For any sequence of integers a1, ag, .. ., a, the system of congruences
z=a; (modni), z=as (modny), ..., z=a; (modng)

has a unique solution modulo X = ning - - ng.

Proof by Induction:

We prove the theorem by induction on &, the number of congruences.
Base Case (k = 2):

For k = 2, we have two congruences:

x=a; (modny), z=ay (modny),
where ged(ny,ng) = 1. By Bézout’s identity, there exist integers yi,yo such that
n1y1 + nays = 1.

We construct a solution x as
T = a1n2y2 + axniy;.

We verify that x satisfies both congruences:

o T = ainoys + asniyr = a1(n2ys2) (mod ny). Since niy; + noys = 1, it follows that noys =1 (mod ny).
Therefore, x = a; - 1 = a; (mod n;).

10



e I = ajnaoyst+asniyr = az(n1y1) (mod ng). Similarly, njy; =1 (mod ngy), so x = as-1 = ag (mod ny).

Thus, a solution exists, and it is unique modulo X = nins.

Inductive Step:

Assume that the theorem holds for k congruences. That is, for pairwise coprime ni,ns,...,ng, there
exists a unique solution modulo Xy = nins - - -ny for the system

r=a; (modny), z=ay (modnz), ..., x=a; (modny).
Now consider k + 1 congruences:
r=a; (modni), z=as (modny), ..., z=arr (mod ngy1),

where n1,n2,...,nE1 are pairwise coprime.
By the induction hypothesis, there exists a unique solution xg modulo Xy = nins---ng for the first k
congruences. We now need to solve the system

x=1x9 (mod Xg), x=ars1 (mod ngyq).

Since X}, and nyy1 are coprime (as ng41 is coprime with each n; for 1 < ¢ < k), we can apply the base case
(which we proved for two congruences) to find a unique solution modulo Xj11 = Xy - ngy1. Thus, there
exists a unique solution modulo Xj41.

Conclusion:

By induction, the system of congruences has a unique solution modulo X = nins - --ny for any positive
integer k.

Facts

e Any triangle can be cut up into 6 or more similar triangles.

e Every odd square is =1 mod 8
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