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1 Line through two points

e Starting from two points
(x1,y1) and (x2,y2)

it is possible to compute the function
y=mx+q

whose graph is the line through the two points (equation of the line in explicit form). The
slope of the line is the value m and the y-intercept of the line is the value qg.

* Requiring the line to pass through the two points we have:

yi=mxi+q
Y2o=mXxz+(

and we can determine m and g as follows (two equations in two unknowns):

q=y1—mxy qg=y1—mxy
q=Y)2—mxp y1—mx; =y, —mx,; whichbecomes mx;—-mx;=y,—)
— _ — _ YN
{CI—J’I m Xy {CI—J’I Yo—x X1
_Yn _y-n
- X2—X1 m= X2—X1

And we obtain the line:

2= )1 2— )1 2= )1 1= )2
=27 x+y1—y yx1 clearly 27N _n-r
X2 —X1 X2 —X1 X2—X1 X1—X2
~—— —_—
m q

The line through two points (x1, y1) and (x2, y»):

2= )1 2= J1 .
:ux+y1—y y x1 can be rewrittenas y=mx+y; — mx.
X2 — X1 X2 —X1
N—— SN——
m m

Hence the line can be written only in terms of the slope m and the point (x1, y;)
as follows:

yi—=Jy2
X1 — X2

y=yn+mx-x) with m=
The same holds for any point (%, y) of the line; in this case we would have:

y=y+m(x—Xx)




Example 1: Line through two points

We compute the line through the points: (x1, y1) = (=1,—1) and (x2, y») = (%, %) We compute the
slope:
y2-y1 _5+l_3
m= = =

X2—-x1 1+1

|

Using the point (xz, y2) = (3, 3) we obtain:

-
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Now using the point (x1, y1) = (—1,—1) we obtain the same line:

D= [—

= 1+3(x+1)—3x !
r= 4 47 4

2 Tangentline

[ What is the tangent line to the graph of a function at a point? ]

* The intuitive definition of a line tangent to the graph is that of a line that “touches” the

graph without “cutting” or “crossing” it (imagining the curve as if it were an impenetrable
physical object)

* This intuitive definition works, for example, for parabolas or hyperbolas. However, take
for example the function f(x) = x3

1 3 1
the graph y=x* andtheline y= §+Z (x— 5)
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e Lol

the intuitive definition works at the point (%, %), but the line also intersects the graph of
the function at the point (-1, -1).

* Conversely, there are functions, such as f(x) = |x|, whose graph is

y=Ixl
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This graph has a point (the origin) at which there are infinitely many lines satisfying the
intuitive definition, but clearly none of them can be called tangent.

Geometrically, the tangent line can be approximated by the line through two
points very close to each other on the curve, the first one fixed (the point of tan-
gency) and the other one “moving” (and chosen closer and closer to the point of
tangency).




e Two points determine a line; the closer the two points get, the closer this line gets to
the tangent. We therefore need to understand what happens to the line through the two
points when the second, moving point gets closer and closer to the first one, without ever
coinciding with it. The “limit line” - if it exists - will be called the tangent line.

A further way of looking at the concept of tangency is to think of the tangent (to a
curve at a point) as the line that best approximates the curve in a neighborhood
of the point.

2.1 Practical use of the tangent line

Computing the tangent is important to determine the points where the graph
of a function has a horizontal tangent (local or global maximum and minimum
points, and possibly other points as well).

e Itis therefore useful to be able to write analytically the equation of the tangent line to the
curve at a generic point, and then see at which points it is horizontal. This idea is due first
to Fermat, who developed it around 1630.

Example 2: Graph of a function — point with horizontal tangent

Consider the function:
fl)= 3 x-3P -2
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The function has a point with horizontal tangent, which is a global minimum point.




Example 3: Graph of a function — points with horizontal tangent

Consider the (piecewise-defined) function:

—%x2+1 x<0
f(x) =< cosx O<x<m

Tx-m?-1 x>n

The function has two points with horizontal tangent, which are local minimum and maximum
points, for example in the interval [—3 7, 7].

Now consider the function:

_ L s
f =5 @-2°-2

The function has a point with horizontal tangent which, however, is neither a maximum nor a
minimum point.




3 Derivative of a function at a point and derivative function

* Differential calculus is the study of the notion of derivative, and it is part of infinitesimal
calculus.

3.1 Derivative and tangent line

We look for the equation of the tangent line to the graph of the function at a generic
point A of its graph.

* Consider the graph of a generic function y = f(x); the coordinates of the points A and B
in the figure are respectively:

(x0, f(x0)) and (xo+h, f(xo+ h))

f(xo+h) — f(x0)

* The slope of the line through the point A and the point B is:

f(xo+ h)— f(x0)
h

Note that a positive slope indicates (on average) a rise, while a negative one indicates a
fall (on average).

This ratio is called the difference quotient of the function f relative to the interval
(X0, Xo + h].

* Geometrically, since the triangle ABC is a right triangle, we have:

+h) -
DACT i)z f(xo) = tanw (slope of the line through A and B)




* Consider the difference quotient and take the limit (assuming it exists) as # — 0. Geomet-
rically we have:

1. the point A, with coordinates (xo, f (xo)), stays fixed

2. while the point B, with coordinates (xo + h, f (xo + h)), moves towards A (staying on
the graph of f).

ﬁ limit position y=Ff (Jm

* Moving B towards A along the graph of the function, the line AB changes its slope and
settles into a limit position.

1. the limitline is called the tangent line to the graph of the function f at the
point with abscissa xo;

2. its slope is given by tan a and is called the first derivative of the function f
at the point x.

3. The angle «a is the angle between the tangent line and the x-axis.

Definition 1: of derivative

Let f: (a,b) — R; f is said to be differentiable at xy € (a, b) if the following limit exists and

is finite )
lim f(xo+h) = f(xo) _ lim f(x)— f(xo)
h—0 h X—Xo  X— X

this limit is called the first derivative (or simply the derivative) of f at x;.




With h=x—xg,wehave h - 0 x—x9 — 0 & x — xp and x = xo + &, hence:

lim f(xo+h) = f(xo) _ lim f(x) = f(x0)
h—0 h X—Xo  X— X

* To denote the derivative the following symbols are used:

. af dy
/
[ (x0) f(x0) — and —
N—— N——~ dx X=X dx X=Xg
Newton’s notation ~ ~~ d
Leibniz’s notation

Lagrange’s notation

Definition 2: tangent line
Given a function f : (a,b) — R with f differentiable at x; € (a, b), the line with equation:

¥ = f(x0) + f'(x0) (x — xo)

is called the tangent line to the graph of the function f at the point (xo, f (xo)).

Example 4: Tangent line
We compute the equation of the tangent line to the graph of the function f(x) = x3 at the point

1

with abscissa xy = % The derivative at the point xp = 5 is:

Lyn)P® - (1) Li3pyd3p2ip3-i
G+ - () =lim &4 2 8:lirn(§+§h+h2
h h—0 h h—0 2

3
4

lim fGo+m) -~ flxo) _ lim
h—0 h h—0
3 and the tangent line at the point (3, §) is:

Wehave £ (1) =}, /(3=
1
y = f(x0) + f(x0) (x — x0) = 3

-~

o
N~ |-
=




Example 5: Tangent line

We compute the equation of the tangent line to the graph of the function f(x) = x3 at the point
with abscissa xy = —1. The derivative at the point xo = —1 is:
f(xo+h) — f(x0) (-1+h)° - (1?3 -1+3h-3h2+h3+1

li =1i =i
hl—ril) h hl_I% h hl—r% h

=lim(3-3h+h?) =3
h—0

We have f(-1) = -1, f’(-1) =3 and the tangent line at the point (—1,-1) is:

y=f(xo)+ f(x0) (x—x9) =—1+3(x+1)

-

N

* We can now define a function that associates to each x the derivative of a function f at
the point x (of course, if f is differentiable).

Definition 3: of derivative function

If a function f is differentiable at every point of an interval (a, b), the function:

f'ia,b)—-R, flix— f'(x)

is called the derivative function of f.

* To denote the first derivative function the following notations are used:

a7 a7 and dy

, .
fx) [
—— ~—— \d x dx da X
Lagrange’s notation Newton’s notation P .
Leibniz’s notation
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Example 6: derivative function

We compute the derivative function of the function f(x) = x3. For every x € R we have:

. fa+R)-fx) .. x+h3-(x)® . BP+3x2h+3xh2+hE -3
lim = lim = lim
h—0 h h—0 h h—0 h

:}lin})(sx2+3xh+h2) =3x* hence f'(x)=3x*

We compute the derivative function of the function f(x) = |x|. For x # 0, we have:

X if x>0 and limw:lim“—h_le hence f'(x)=1
h—0 h h—0 h
fx)=
—x if x<0 and limw=lim_(x+—h)+x=—l hence f'(x)=—1
h—0 h h—0 h
For x = 0 we have:
fx+h-fx) _ f(h)-f0) |Ah| . |hl . h . |nl . —h
= =— h lim —=1lm —=1, lim — = lim —=-1
1 h 2 e R et M et S P e A

since if h — 0% then |h| = h and if h — 0~ then |h| = —h. We conclude that, since the limit of the
difference quotient does not exist, f is not differentiable at x = 0. The function is continuous at
the origin but the tangent is not well defined.
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3.2 Continuity and differentiability

Given a function f : [a, b] — R, if f is differentiable at a point x, € (a, b) then it is contin-

uous at xy.

Proof. The function is differentiable at xj € (a, b), so we write:

f(x0+h)—f(xo): f(x0+h})l_f(x0) 'th’(X())'h for h—0

Moreover we have
f'(x0)-h—0 for h—0

Therefore

}lirr(l) (f(xo+h)—f(x0)) =0 hence }lin})f(xo +h) = f(x)

Setting xo + h = x we have h — 0 if and only if x — X, and consequently we have:

J}Lrgo fx) = f(xo)

* A possible alternative but equivalent proof is the following:

Proof. The function is differentiable at x; € (a, b), so we write:

}liiréf(xo+ h) = }lii%f(x(w h) — f(xo) + f (xo)

h _
:mf (X0 + ;l TE) 4 fx) = o)

—’]:f(xo)

-0
Setting xo + h = x we have h — 0 if and only if x — X, and consequently we have:

Jim f(x) = f(xo)
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Given a function f, differentiability at a point xp in the interior of its domain
implies continuity at the point xo:

f is differentiable at x, = f is continuous at xg 1)
but the converse is not true:
f iscontinuous at xo # f is differentiable at xo 2)

a counterexample is the function f(x) = |x|, which is continuous at xy = 0 but not
differentiable at xo = 0. Consequently, if a function is continuous at x, it is not
necessarily differentiable at x,.

* The fact that f is differentiable at xj is a sufficient but not necessary condition for f to
be continuous at xy. Moreover, the fact that f is continuous at xy is a necessary but not
sufficient condition for f to be differentiable at xy.

e From the contrapositive of (1) we have:
f isnot continuous at x, = [ is not differentiable at xj

that is, if a function is discontinuous at xg it cannot be differentiable at x;.
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