Chapter 9 )
Derivatives and Differentiability Shethie

Abstract Derivatives are usually introduced by fully exploiting the possibility of
dividing real numbers. We propose an approach that can be extended almost literally
to function defined on general normed spaces.

Definition 9.1 Let f: (a,b) — R be a function, and let xo € (a,b) be a
distinguished point. We say that f is differentiable at x¢ if a real number A exists
with the property that

@) = f(x0) + A(x —x0) + o(lx — xol) asx — xo. O.1)

The number A is called the derivative of f at xp, and is denoted by any of the
symbols

f'(x0), Df(xo), df(xo), f(xo).

The reader should recall that (9.1) is an equivalent way of requiring

i F &) — f@0) — AGr—x0) _
1m =

X—> X0 |[x — xo|

0.

Remark 9.1 The assumption that f be defined on an open interval (a,b) is
essentially for definiteness. Equation (9.1) shows that xo must be an accumulation
point of the domain of f, but it should also belong to it. It would be possible to
differentiate functions defined on a closed interval [a, b], for instance, but at the
end-points the derivative would lose several properties. For this reason we define
the derivative of a function only at interior points of its domain.

Exercise 9.1 Suppose that f is differentiable at xo. We want to prove that the
number A in (9.1) is uniquely determined. For the sake of contradiction, assume
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104 9 Derivatives and Differentiability

that

Jfx) = f(x0) + A(x — x0) + o(lx — xol)
Jf(x) = f(xo) + B(x —xo0) + o(|lx — xol)

as x — xg. Deduce that A — B = o(1) as x — xg, and conclude that A = B.

If (9.1) holds, then

)= fxo)
m =

li A. 9.2)
X—Xxq X — X0
On the other hand, if
i SO G0 _
X—>X0 X — X0
then
S x) = fxo)

=A+o(l) asx — xop,
X — X0

or f(x) — f(x0) = A(x — x0) + o(]x — xg|) as x — xo. We have proved

Theorem 9.1 For a function f: (a,b) — R the following conditions are equiva-
lent:

(i) f is differentiable at xo € (a, b) and f'(xo) = A;
(ii) the limit lim,_, y, Y (x)g;{oxo exists as a real number and is equal to A.

Remark 9.2 Calculus books usually propose the derivative as the limit of the
incremental ratio, namely (9.2). Our Definition 9.1 can be formally generalized to
the case in which the function f is defined on a normed vector space, like R" for
n > 2. Equivalent definitions may be used as they are needed: we will see that (9.1)
is the most convenient characterization of the derivative for proving the chain rule.

We record a third definition of the derivative in terms of continuous functions.
Theorem 9.2 A function f: (a, b) — R is differentiable at xy € (a, b) if and only
if there exists a continuous function w: (a, b) — R such that

f(x) = f(x0) + o(x)(x —x0) foreveryx € (a,Db). 9.3)
In this case, f'(x0) = @(xp).
Proof Condition (9.3) simply means that the function

J(x) — f(xo)
X )

X — X0

X # X0
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can be extended at x = x¢ continuously. Of course this is true if and only if the limit

i Jfx) — f(xo)
im

X—> X0 X — X0

exists as a real number. This means that f is differentiable at xp, and by (9.3) we
must have @ (xg) = limy_, x, Y (x;:fo(m)' O
Corollary 9.1 If a function is differentiable at a point, then it is continuous at that
point.

Proof This is immediate from (9.3). O

Exercise 9.2 Prove the previous Corollary by using each of the equivalent defini-
tions of the derivative.

9.1 Rules of Differentiation, or the Algebra of Calculus

If two functions f and g are defined on a neighborhood of a point x¢, we can define
pointwise the functions f+g and f-g:indeed x — f(x)+g(x)andx — f(x)g(x)
are well defined in a neighborhood of x¢. If g # 0 in a neighborhood of x¢, then the
quotient x — f(x)/g(x) is also defined.

Theorem 9.3 (Differentiation Rules) Suppose that f and g are defined on a
neighborhood (a, b) of the point xq. Then

(i) the function f + g is differentiable at xg, and (f + g)' (x0) = f'(x0) + &' (x0);
(ii) the function f - g is differentiable at xo, and

(f - &) (x0) = f'(x0)g(x0) + f(x0)g(x0);
(iii) if g(x0) # O, then the function f/g is differentiable at x¢, and

(f/9) (xo) = S (x0)g(x0) — J;(XO)g (XO)
g(xo0)

Proof The proof of (i) is left as an easy exercise. A standard proof of (ii) is as
follows:

J()g(x) = fx0)g(xo) _ f(x)g(x) — f(x0)g(x) + [ (x0)g(x) — f(x0)g(x0)

X — X0 X — X0

_ - f(o)()+f() 9~ gt

X =X X0

— f'(x0)g(x0) + f(x0)g (x0)-
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Another proof, based instead on Definition 9.1, starts from the assumptions f(x) =
S xo) + f'(xo)(x — x0) + o(1), g(x) = g(xo0) + &'(x0) (x — x0) + o(1) and then

F)gx) = [f(x0) + f(x0)(x — x0) + o(1)] [g(x0) + &' (x0)(x — x0) + 0o(1)]
= f(x0)g(x0) + f(x0)g(x0) (x — x0)
+ f(x0)g' (x0) (x — x0) + [ Jo(1),

where [...] contains all the terms that are multiplied by some o(1) in the algebraic
expansion. It follows that the linearization of fg at x¢ (exists and) is f’(xo)g(xo) +
f(x0)g (xo).

The proof of (iii) is more traditional. First of all, since differentiability implies
continuity, the condition g(x¢) # 0 implies that g # 0 in a neighborhood of xp.
Then we construct

Wk _ 1 f@gko) — f0)g)
X — XQ X —Xo 8(x)g(xo)
_ I fx)gxo) — f(x0)gxo) + f(x0)g(xo) — f(x0)g(x)
X — X0 g(x)g(x0)
f'(x0)g(x0) — f(x0)g’ (x0)
—_ .
g(x0)?

O

Remark 9.3 Formula (iii) is not easily proved by means of Definition 9.1. The
trouble is that it is not trivial to extract a linearization formula from the quotient

f(xo) + f(x0)(x — x0) + o(1)
g(x0) + &' (x0) (x — x0) +o(1) '

Exercise 9.3 Try to deduce formula (iii) from

f(x0) + f'(x0)(x — x0) + o(1)
g(x0) + &' (x0) (x — x0) +o(1) '

As a hint, you may begin with the identity

1

L =@ =142+ 06,

Theorem 9.4 (Chain Rule) Let f: (a,b) — R be differentiable at a point xo €
(a, b), and let g be a function defined on a neighborhood of the range f((a, b)). If
g is differentiable at the point f(xo), then g o f is differentiable at xo, and

(g0 f) (x0) = &'(f (x0)) ' (x0). 9.4)
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Proof From Definition 9.1, we know that there exists function o and t such that
o(x)=o(l)asx — xg9, 7(y) =o(1) as y — f(xp), and

f@x) = f(xo) + f(x0)(x — x0) 4+ 0 (x)|(—x0)

g(y) = g(f (x0)) + &'(f (x0))(y — f(x0) + T(»)(y — f(x0)).

Then

go f(x) = g(f(x0) + & (f (xo)) (f (x) = f(x0)) + T(f ()(f(x) = f(x0))
= g(f(x0) + &'(f (x0)) (f'(x0) + o () |x — x0l)
+1(f () (f(x) = f(x0))
= g(f (x0)) + &'(f (x0))(f(x0) + o (x)|x — xo0|)
+T(f ) (' (x0) (x = x0) + 0 (x) (x — x0))
= g(f (x0)) + &'(f (x0) f(x0) (x — x0) +
+ (- Jo@) + [ 1t (f(x) (x — x0).

As x — Xxo, it is immediate to check that [...]Jo(x) +[...]t(f(x)) — O, and the
conclusion follows. |

Important: Warning

The Calculus “proof” of the Chain Rule goes as follows:

g(f(x)) —g(f(x0)) _ g(f(x)) —g(f(x0)) f(x) — f(x0)

X — X [ = f(x0) X —Xxq

— &' (f (x0)) f'(x0).

There is a subtle flaw in this computation, since division by f(x) — f(xo) is
legitimate only if f(x) # f(xo) in a neighborhood of xp. Unfortunately the
assumptions of the Theorem do not ensure that this additional condition is satisfied
by f. There is a way out, but we do not emphasize this approach, since it cannot be
generalized to higher dimension.

Exercise 9.4 Provide a proof of the Chain Rule according to Theorem 9.2.

Theorem 9.5 (Differentiation of the Inverse Function) Suppose that f is an
invertible function on an interval (a, b). If f is differentiable at a point xy € (a, b)
and f'(xo) # 0, then =" is differentiable at yo = f (xo). Moreover;

1
DI OO = 4
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Fig. 9.1 Differentiating the
inverse function

//

Proof Since f is continuous and invertible on an interval, its inverse function f~!
is continuous on the range of f. Then

oy =o)L 1
lim = lim
y—=>yo0 Yy — Yo x—xg JxX)—f(xo0)
X—X0
_ 1
f'(xo)

The necessity of all the assumptions should be clear from Fig. 9.1.
Example 9.1
1. The function f defined by

xsin! ifx#£0

0 otherwise

fx) =

is differentiable at any x # 0: indeed

, o1 1 1
f(x)=sin — cos .
X X X
However
f@) = fO)
= sin
x—0

does not converge as x — 0. Hence f is not differentiable at x = 0.
2. The function f defined by

2 .1 -
x“sin . ifx#0

0 otherwise

fx) =
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is differentiable at x = 0, since

J@x) = f(0) .
=xsin ,
x—0 X
and 0 < |xsin(1/x)| < x for every x. Therefore f'(0) = 0.
Exercise 9.5 Suppose that f: (a, b) — R is differentiable at a point a. Show that

flath)—fla—h

’ -1
fa) = Jim 2h

Provide an example of a function such that the limit on the right-hand side exists,
but the function is not differentiable at a.

9.2 Mean Value Theorems

The derivative is a local object that can provide global properties of functions. This
is essentially the basis of mean value theorems.

Theorem 9.6 (Fermat) Let f be a function defined on the interval [a, b]. If f has
a local maximum or a local minimum at a point xo € (a, b), and if f'(xo) exists,
then f'(xg) = 0.

Proof Suppose that xq is a local maximum of f, so that there exists § > 0 such that
a<xgp—06<xp<xo+6<b.Ifxg—3 < x,xp, then

fo = fo) _

X — X0

3

since f attains a local maximum at xg. Letting x — xo in the last inequality, we get
f'(x0) = 0. Similarly, if xo < x < xo + 8, then

fo) = fo) _

X — Xxq

I

and letting x — xo we get f'(xo) < 0. Necessarily f’(xg) = 0. The proof for a
local minimum reduces to the previous one by considering — f instead of f. O

Theorem 9.7 (Cauchy) Let f and g be two functions defined on [a.b], which are
differentiable on (a, b) and continuous on [a, b]. Then there exists a point ¢ € (a, b)
such that

Lf () — f(@)]g'(c) = [g(B) — g@)]f'(c).
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Proof Let us introduce the function & defined on [a, b] by

h(x) = [f() = f(@]1g'(x) — [gb) — g@]1f'(x).

obviously /4 is continuous and differentiable on (a, b), and h(a) = h(b). It remains
to prove that the derivative of 4 vanishes somewhere inside (a, b). If & turns out to
be constant on [a, b], then the proof is complete.

If h(x) > h(a) for some x € (a, b), then h must attain a global maximum inside
(a, b), and at this point &’ vanishes by Theorem 9.6.

If h(x) < h(a) for some x € (a, b), then h must attain a global minimum inside
(a, b), and at this point i’ vanishes again by Theorem 9.6. O

The simple choice g = id is surprisingly important: see Fig.9.2.

Theorem 9.8 (Lagrange) Let f be a function defined on [a.b], which is differen-
tiable on (a, b) and continuous on [a, b]. Then there exists a point ¢ € (a, b) such
that

[f(®) = f@)]g'(c) = (b —a)f'(o).

Corollary 9.2 (Monotonicity) Suppose f is differentiable on (a, b).

(a) If f' > 0on (a,b), then f is monotonically increasing on (a, b).
(b) If f' <0on(a,b), then f is monotonically decreasing on (a, b).
(c) if f' = 0 identically on (a, b), then f is constant on (a, b).

Fig. 9.2 Lagrange’s theorem
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Proof For any points x; and x, in (a, b), Theorem 9.8 yields f(x2) — f(x1) =
(x2 — x1) f(c) for some ¢ between x| and x,. It is now immediate to conclude
according to the sign of f. O

Exercise 9.6 Suppose that f is a differentiable function such that f/(x) = f(x)
for each x € R. If f(0) = 1, prove that f(x) = ¢* foreach x € R.

Exercise 9.7 Let f be a differentiable function on R with

L=sup{|f/(0)||xeR} <1

(a) Fix any so € R, and define s, = f(s,—1) foreachn = 1,2, ... Prove that the
sequence {s, }, is convergent. Hint: show that {s,}, is a Cauchy sequence.

(b) Prove the Banach-Caccioppoli Fixed Point Theorem: there exists a point x € R
such that f(x) = x.

Mean value theorems are typically used in Calculus to derive criteria for the
existence of limits. The well-known result which goes under the name of De
I"Hospital is the most celebrated one.! We follow [2] for the proof.

Theorem 9.9 (De ’Hospital) Suppose f and g are differentiable on (a, b), and
g (x) #0forall x € (a,b), where —00 < a < b < 400. Suppose

fim T ¥ 4

x—a g'(x) - ©-3)
where A € R. If either
lim f(x) = lim g(x) =0 (9.6)
X—a XxX—a
or
lim g(x) = 400, 9.7
X—a
then
im &) Z 4. (9.8)
x—a g(x)

An analogous statement holds as x — b.

We remark that A may be infinite.

1'We write De I’Hospital since this is the ancient and original name. Nowadays it is customary to
write De 1’Hopital.
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Proof Let us start with the case —0o < A < 4o00. Let ¢ > A be any real number,
and choose r such that A < r < g. By (9.5) there exists a point ¢ € (a, b) such that
a < x < c implies

(J; ((;C)) <r. 9.9

Ifa < x <y < b, Theorem 9.7 yields a point ¢ € (x, y) such that

f@—=fo» _ f@© -,

— 9.10
g@) — g g ©.10)

Suppose that (9.6) holds. When x — a in (9.10) we see thata < y < ¢ implies

f» -,

9.11
gy) — =1 .

Suppose now that (9.7) holds. We fix y in (9.10) and select ¢; € (a, y) such that
g(x) > g(y) and g(x) > O for every x € (a, c1). Then it follows from (9.10) that

S 80 D

(9.12)
gx) gx)  gx)

for every x € (a,cy). Letting x — a in (9.12) we see that the right-hand side of
(9.12) converges to r, and therefore there exists a point c2 € (a, c1) such that

fo0 _

o) = r<gq (9.13)

for every x € (a, c2). Equations (9.11) and (9.13) imply that f(x)/g(x) < g for
every x € (a, ¢2).

If —oo < A < +00, acompletely similar argument shows that, given any p < A,
there exists a point ¢3 such that p < f(x)/g(x) for every x € (a, c3). Since p and
q are arbitrary, we have proved that f(x)/g(x) > Aasx — a. O

Exercise 9.8 For every x € R, consider the functions

f(x) =x 4+ sinxcosx

g(x) = MM f(x).

(a) Show that limy—, 400 f(x) = limy— 400 g(x) = +00.
(b) Show that f(x) = 2cos?x and g’(x) = e5"* cosx (2cosx + f(x)).

sinx

(c) Show that f'(x)/g'(x) = 2" LSey if cosx # 0 and x > 3.
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2¢~SIMY cos x

(c) Show that limy_s 400 5 cosx+ ()

exist.

= 0 and yet limy_, y f(x)/g(x) does not

This exercise shows that the assumption “g’(x) # 07 is necessary in Theorem 9.9.

Remark 9.4 Calculus books often write that De I’ Hospital’s theorem is a tool for the
analysis of indeterminate forms [0/0] and [co/oc]. As we have seen, no condition
on f is needed when g(x) - +ooasx — a.

Exercise 9.9 Suppose that f(x) + f'(x) = L as x — +o0. Prove that f(x) — L
asx — a and f/(x) — 0asx — +o0. Hint: write f(x) = e¢* f(x)/e*, and remark
that ¥ — +o00 as x — +00. De 1’Hospital’s theorem applies even if we have no
information about e* f(x) as x — +o00.

9.3 The Intermediate Property for Derivatives

Although a differentiable function may have a discontinuous derivative, it is
interesting that derivatives always have the intermediate value property.

Theorem 9.10 (Darboux) Suppose that f is a real differentiable function on
[a, D), and suppose that f'(a) < . < f'(b). Then there exists a point & € (a, b)
such that f'(§) = A

Proof We define g(x) = f(x) — Ax. By assumption g’(a+) < 0 and ¢g'(b—) >
0. It follows that g(¢1) < g(a) and g(p) < g(b) for some t1, t, in (a, b). As a

consequence, the function g must attain its minimum at some point & € (a, b). We
already know that g’(¢§) = 0, and thus f'(§) = A. |

Example 9.2 Define the polynomial P(x) = (x> — 1)%. Let f: [0, 1] — R be the
function such that f(0) = 0 and

1 . 1 1
f(x):n3/2P(2n(n+1)x—2n—l) 1fn+1§x§n.
Clearly f is a differentiable function, but f’ is not continuous, and event not
bounded on [0, 1]. Indeed £ (0) = 0, but f(b,) — 400 at the points

n+1
n = -
dn(n+ 1)

Nevertheless, Theorem 9.10 applies, and f” attains every positive value y on every
interval [0, b,].
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9.4 Derivatives at End-Points

The idea of linearization is fruitful at inner points of the domain of definition: the
function can be identified, at an infinitesimal scale, with a linear function. It is
nonetheless convenient, from time to time, to extend the definition of derivative
at end-points.

Definition 9.2 Let f: [a, b] — R be a function. We say that f is differentiable at
a if the limits

Faty = tim T = SG0

X=X X — X0

exists as a real number. In this case, we call f’(a+) the right-derivative of f at a.
Similarly we define the left derivative of f at b.

Unfortunately, several fundamental results of differential calculus do not extend
to end-point derivatives. As an example, we propose the function f: [a,b] — R
such that f(x) = mx + g, where m # 0 and ¢ are real numbers. It is easy to check
that @ and b are global extremum points of f (their nature depends on the sign of
m), but f'(a+) = m = f'(b—) are different than zero. In other words, Fermat’s
Theorem does not hold at end-points.

9.5 Derivatives of Derivatives

A nice feature of derivatives in one variable is that we can easily differentiate
derivatives. We will see that this requires much more attention in higher dimension,
since the derivative is no longer a real number.

Definition 9.3 Suppose that a function f is defined on an interval (a, b), and
that the derivative f’ of f exists at every point of (a,b). Hence the function
f’: (a,b) — R is defined in such a way that f': x — f/(x) for every x € (a, b).
We say that f is twice differentiable at x € (a, b) if f’ is differentiable at x. In this
case we denote by f”(x) or D? f(x) or d* f (x) the derivative of f’ at x, and call it
the second derivative of f at x.

More generally, if f is differentiable n times at every point of (a, b), we say that
f is differentiable (n + 1)-times at x € (a, b) if the function f ) is differentiable
at x. In this case we denote by £+ (x), or D"*! f(x) or d"*! f(x) the derivative
of £ at x, and call it the derivative of f of ordern + 1 at x.

Definition 9.4 (Regularity Classes) Let f: (a,b) — R be a function. We write
f € C%a,b) if f is continuous on (a, b). For n € N, we write f € C"(a, b)
if the derivatives f/, f”, ..., f® D exist on (a,b), and if f" exists and is a
continuous function on (a, b). We formally write f € C*(a, b) to mean that
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f € ﬂi’,io C"(a, b). Hence, a function is of class C* if and only if it can be
differentiated as many times as we please.

We now attach a very specific polynomial to every function with a high degree
of differentiability.

Definition 9.5 (Taylor Polynomial) Let f: (a, b) — R be n-times differentiable
at a point xg € (a, b). The Taylor polynomial of degree n at x is defined to be

(k)
P(n,xo;x) = Z f ( 0) x—xo)k

— fo)+ S o) —xo) + T 2( 0 (¢ ) e
)
T nfx‘)) (x — xo)". (9.14)

Taylor polynomials express the local behavior of functions, and generalize the
concept of linear approximation which was introduced in the definition of the first
derivative.

Theorem 9.11 (Local Polynomial Approximation) Let f: (a,b) — R be n-
times differentiable at a point xo € (a,b), and let P(n,xq;-) be its Taylor
polynomial of degree n. Then

fx) =P, xp; x) + (x — x0)"0(1) asx — xp. (9.15)
If, in addition, {7V (xo) exists, then

i §®) _ OV o)
im = .
X—=>X0 X — XQ (n+1)!

Proof We consider the function

() = f(x)—P(n,XOQX)’ 9.16)

(x —x0)"
defined for x # xg. It is easy to check that all the derivatives oforder 1 < j <n—1

of the numerator of ¢ vanish at xo. We apply Theorem 9.9 n — 1 times to (9.16), to
get

. F D) — £ D(xg) — (x — x0) £ (x0)

lim ¢(x) = i 9.17)
X—>X0 X—>X0 n!(x - X())
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provided the last limit exists. By definition,

. fOD @) — D (x)
lim

X—>Xx0 X — X0

= ™ (x0),

thus from (9.17) we deduce lim,_, x, £ (x) = 0. We can define {(xo) = 0, so that ¢
becomes a continuous function on (a, b). By applying again Theorem 9.9 n times,
we finally see that

L N A R A C OB A0
im = lim = .
X—=>X0 X — XQ (n+ D! x—xo (x — x0) (n+ 1!
O

Theorem 9.12 (Lagrange Remainder) Ler f: (a,b) — R be n + 1 times
differentiable on (a, b), and let xo € (a,b). For each x € (a,b), x # xo, there
exists a point & between xo and x such that

(n+1)
FG) = P(n,x0: x) + ’Zn . l(i) (x — xo)™H.

Proof Suppose without loss of generality that xg < x. We define F: [xg, x] — R,

4 (n)
F() = f) = fO) — f1 ) —1) — f;) S n!(” I
Then
(n+1)
Fay=—7 . O —

Next we introduce the function G : [xg, x] = R,

(x — t)n+1

GO=" i

We have F(x) = G(x) = 0, and F'(1)/G'(t) = f®D(r). We now apply
Theorem 9.7 to F and G on [x¢, x], and find a point § between xo and x such
that

F(x)) _ F(x)—F(xo) _ F'(€)

= = — D gy
G (x0) G(x) — G(xg) G'(&) f &)
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Fig. 9.3 A convex function

9.6 Convexity

Convexity is a fundamental property in mathematical analysis. Most Calculus books
propose the definition of convexity as a property of the second derivative. We are
going to see that this is just the top of the iceberg.

Definition 9.6 Let I be an interval? (open, closed, bounded or unbounded), and let
f: 1 — Rbe afunction. We say that f is a convex function on /, if foreach x1 € I,
xp € I, and for all real numbers A > 0, u > 0 such that A + p = 1, there results

JOxy + pxa) < Af (x1) 4 pof (x2). (9.18)

The function f is concave on [ if and only if the function — f is convex on /.

Exercise 9.10 Prove that a function f is convex on an interval / if and only if for
every x; € I, xo € I and A € [0, 1] there results

S Ox+ 0 —=Mx2) < Af(x) + A =24)f(x2).
See Fig.9.3.
Remark 9.5 The crucial fact is that Ax; + ux, must be an element of 7, as soon as

x1 and x7 belong to / and A 4+ & = 1. It is easy to check that this is actually correct,
since [ is an interval.

2 Hence I is characterized by the following property: if x € I,y € Tand x < z < y, thenz € I.
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Let us manipulate the convexity inequality (9.18). Let x be any point between x
and xp. We set x = Axy + uxp. Since A + u = 1, we see that

X2 — X X — X
A= , M= .
X2 — X1 X2 — X1

Hence (9.18) is equivalent to
X2 —X X —x
Fo =7 fan+ T fo). 9.19)
X2 — X1 X2 — X1

By symmetry, we can always suppose that x, > x;. Then we get

(2 = x1) f(x) < (x2 = x) f(x1) + (x —x1) f(x2). (9.20)
Writing x5 — x = (x2 — x1) — (x — x1) in (9.20), we find

fO) = fl) _ flx) = flx)

(9.21)
X — X X2 — X1
Writing xo — x1 = (x2 — x) + (x — x1) in (9.20) we find
fx) — fx) < f(x2) — f(X). 9.22)

x| — X X3 — X
Comparing (9.18), (9.21) and (9.22), we have proved

Theorem 9.13 The function f is convex on the interval I if and only if, for every
xo € I, the map

f(x) = f(xo)
X >
X — X0
is (defined for x # xo and) monotonically increasing.

We thus see that convexity is just another way of stating that the incremental ratio
is an increasing function. Since monotone functions always have one-sided limits,
we deduce

Corollary 9.3 A convex function f defined on an interval (a, b) is left- and right-
differentiable at every xo € (a, b). Moreover f'(xo—) < f'(xo+).

If we remember (9.22) and let x — x; and then x — x7, we see that

Fe) = fa) _
X2 -

— X1

o+ < f(x2-). (9.23)

We can finally relate convexity to derivatives.
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Theorem 9.14 Let f be a differentiable function in the interval [a, b]. A necessary
and sufficient condition for f to be convex is that ' be monotonically increasing.

Proof If f is convex, then (9.23) implies f'(x1) < f’(x2), so that f” is increasing.
In the other direction, we remark that convexity is equivalent to (9.22) for all points
x1, x and xp such that x; < x < xp. If f’ is increasing, then there exists points &;
and & suchthat x| < & <x < & < xpand

S = f(x) — fED, Sx2) = f(x) = (&),
X1 —Xx X2 — X
Since f/(x1) < f’(x2), the conclusion follows. |

In particular, it is indeed true that convex functions are those functions whose
second derivative is positive, but there is no need to restrict our definitions to twice
differentiable functions.

Corollary 9.4 Let f be twice differentiable in [a, b]. The function f is convex if
and only if f”(x) > 0 for every x.

Proof This follows immediately from the characterization of increasing functions
in terms of the first derivative, see Corollary 9.2. O

Example 9.3 Prove that the function x — |x| is convex on I = R. Of course this
conclusion would be meaningless if we had defined convex functions through the
sign of the second derivative.

9.7 Problems

9.1 Suppose that f is differentiable at the point x¢. Prove that

n—+o00

lim n |:f (xo+ a) - f(xo— 'B)} = (o + B) f' (x0).
n n

Give an example to show that the existence of the previous limit does not imply the
differentiability of f at xo.

9.2 Suppose that f is differentiable at the point xqg. let {h,}, and {k,}, be two
nonincreasing sequences which converge to xg. Prove that

li f(x0+hn)_f(x0_kn
1m
n—+00 hn + kn

- f'(x0).

Give an example to show that the existence of the previous limit does not imply the
differentiability of f at x¢.
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9.3 Suppose that f’ is continuous on an interval [a, b]. Prove that for every ¢ > 0
there exists § > O such that

J@) = fx)

r—x

- flx)|<e

whenever 0 < |t — x| < and x € [a, b],t € [a, b].

9.4 Let f be differentiable on [a, b]. Suppose that 0 < m < f’(x) < M for each
x € [a, b], and that f(a) < 0 < f(b). Given x| € [a, b], define a sequence {x,},
by

X — oy — f(xn)
n+1 = Xn M
forn = 1,2,3,... Prove that {x,}, converges to a limit x¢o such that f(xg) = O.

Furthermore, prove that

J(xn) (1_ m)"

[xXp41 — x| < m M

9.5 Suppose f is a real-valued function defined on the half-line (a, +00). Suppose
that f is twice differentiable on (a, +00), and define

Mo = sup [ f(x)]
x>a

My = sup | f'(x)]
x>a

M; = sup | f"(x)].

xX>a

Prove that M 12 < MyM; as follows: for each & > 0 deduce from Taylor’s expansion
that there exists & € (x, x 4+ 2h) such that

Jfx+2h) = fx)

o —hf (&).

[l =

Therefore

M
| ()] < hMy + ho.

Now optimize the right-hand side with respectto 2 > 0.

9.6 If f is twice differentiable on (0, +00), f” is bounded and lim, _, 1o f(x) =
0, prove that lim, —, 4 f'(x) = 0. Hint: consider the limit a — 400 in the previous
problem.
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9.7 (a) Prove that for each x > 0, x % 1, we have

<logx <x—1.

(b) Foreach j € N, j > 1, prove that

J+1 J
log” . <  <log . .
J Jj—1
(c) Foreachn € N, k € N, n > 1, prove that
kn
1 1 k
log<k+n> < Zj <10g<k—|—n_ 1)
j=n
and
kn i
nilrfoo — j = logk.
j=n
(d) Deduce from (c) and from the identity
2n 2n n
—1)i+! 1 1
(=D o 22 )
= =17 k=
that
00 .
—1)J+!
Z ( ) = log?2.
=7

9.8 If x > 1, x # e, prove that there exists one and only one number f(x) > 0
such that f(x) # x and

2O = (f .

_ logy

log x
x Ty

Hint: x¥ = y* if and only if
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9.8 Comments

The standard definition of derivative as the limit of the incremental ratio should
not be considered as the one used by mathematicians from the beginning of
Calculus. They would rather use a principle of disappearing quantities which
roughly correspond to an expansion of functions at first order as in

fa+An = f@) + f O+ f0)(AD = f(1) + f' ()AL

In this sense, the one-dimensional derivative has progressively lost its definition as
a linearization procedure in favor of an iconic limit:

fon e S+ AN = f(2)
f(t)_Alzlglo At ’

There are several good reasons to define the derivative as a linearization, and the
most important one is that the derivative of a function of several variables is not a
number.

The theory of convex functions is a long but elementary exercise, in the case
of functions of a single real variable. The topic becomes much more exciting in
higher dimensions, where intervals must be replaced by convex sets and a new fact
comes into play: it is possible to draw conclusion about a function on a convex set
by assuming a property of that function on every straight line. The interested reader
may start from [1].
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