Calculus II, Spring 2023 (http://www.math.nthu.edu.tw/~ wangwc/)

Remark on Definition of Differentiability

The following definitions are equivalent (i.e. the same, even though they look different)
Definition 1: f(x,y) is differentiable at (o, yo) if

Oy f (20, y0) and 0, f(xo, yo) exist and

f(m,y) = L(fL’,y)+81'($—$0)+62'(y—y0), lim &1 = lim Eg = 07 (1)
(m’y)*(xo,yo) (m,y)—>(r0,yo)

(other equivalent definitions include:

flz,y) = L(z,y) + eV (x —20)2 + (y — 10)2, lim =0, (2

(z,y)—(z0,y0)

or

Az = 0, f(xo, yo) Az +0, f(x0, yo) Ay+e1- Ax+e5- Ay (textbook version) (3)

or
Az = 0, f(x0,90) Az + 0y f (w0, 40) Ay + € - \/(Al’)2 + (Ay)? ) (4)
where
L(ZC,y) = f(x07y0) + axf<x07 yO) ' (37 - l’o) + ayf(iCo,yo) ’ (y - y0)7 (5)
and
Ar =z —x0, Ay=y—1yo, Az= f(z,y)— f(z0,%0) (6)
Remark 1:

In view of the identity (see homework 07, problem 2 for hint of proof)

g1 (x—m)+e2- (Y—vo) =c-V(x—20)2+ (y — )2, (7)

it is easy to see that (1) and (2) are equivalent. Their equivalence to (3) and (4) are obvious.



The following Theorem shows that the assumption of existence of 0, f (o, yo) and 9, f (o, yo)
is not essential in the definition of differentiability.
Theorem 1: If there exists a, b € R such that the linear function

L(z,y) = f(wo,y0) +a- (x —x0) +b- (y — o) (8)
satisfies
flz,y) = L(z,y) +e1-(x —x) +e2- (Y =), lim e = lim =0 (9
(w,y)—>(wo,y0) (m,y)—)(mo,yo)

then 0, f(xo,yo) and 9, f(zo, yo) both exist and

Oxf (w0, 0) = a, 8yf(w0, Yo) = b. (10)

Proof:

We Compute @zf(xm yO) — lim f(:Ea yO) B .f(an yO)
T—rTQ €r — 'IO

lim f(x,y0) — f(z0,0) — lLm L(z,y0) + €1+ (v — x0) — f(0,Y0)
T30 T — X T30 r— Zo

directly. From (9) and (8), we have

= lim (£(x0,40) + 0 (2 = 0)) + e (2 = 7o) = f(¥0, ) = lim (a + &) = a.

T—T0 T — :L‘O T—T0

The proof for 9, f(xo, yo) is similar.
In view of Theorem 1, we have a new and equivalent definition for differentiability:
Definition 1:

f(z,y) is differentiable at (z,yo) if there exists a, b € R such that the linear

function
L(z,y) = f(xo,y0) +a- (v —x0) +b- (y — v0) (11)
satisfies
flz,y) = L(z,y)+er-(x—x0) +e2-(y—0), lim e = lim e =0. (1)
(Jj,y)—>(&?0,y0) (m,y)—>(m0,y0)

Here one can replace (1) by (2), (3), or (4).

Remark 3: It is straight forward to generalize Definition 1 and Definition 1’ to higher
dimensional case. For example, the 3D analogue of (2) reads

floy,2) = L(z,y.2) +e- V(@ —20) + (y —y0)* + (2 —20)%  lim =0, (12)

(z,9,2)—(20,50,20)
where
L(z,y,2) = f(20, Yo, 20)+0x f (20, Yo, 20)-(x—20)+9y f (%0, Yo, 20)-(y—¥0)+0- f (x0, Yo, 20)-(2—20)-

(13)
3D analogues of (2), (3) and (4) are similar.



Question: How do we verify whether f(x,y) is differentiable at (z,y0)? For example, when
f(z,y) is of the form
coe (, 0.0

Answer:
If you know the answer (differentiable or not):
Theorems to prove [ is differentiable at (xg, yo):

Section 14.3, page 832, Theorem 3:
If f, and f, are continuous at (xo,yo), then f is differentiable at (z,yo).
Note: INCONCLUSIVE if f, or f, is NOT continuous at (g, yo)-

Theorems to prove [ is NOT differentiable at (z, yo):

Section 14.3, page 832, Theorem 4:

If f is not continuous at (xo,yo), then it is not differentiable at (g, yo).
Note: INCONCLUSIVE if f is continuous at (xg, yo).

Section 14.5, page 847, Theorem 9:

ds
at (2o, Yo)-

d
If (—f) # V f(x0, yo) - u for some direction u, then f is not differentiable
U, (zo,y0)

If you are not sure whether f is differentiable at (z,y,) or not:

Step 1: Find 0, f(zo,v0) and 0, f(zo, o). If one of them does not exist, then f(z,y) is
NOT differentiable at (o, yo).

Step 2: If 0, f(zo,yo) and 0y f(xo, yo) exist, we still need to check whether L(z,y) given
by (5) satisfies (1), (2). (3) or (4). In general, it is easier to check (2). In other words, to
check whether the following is true:

lim f(z,y) — L(z,y) _ 07 (14)
(z:y)—=(z0,y0) \/(:p —20)2 + (y — yo)?

If (14) is true, then we can write

e ) - L 9 .
e f(@.y) (z,9) : lim e=0. (15)
Ve —z0)2+ (y—yo)? (@) =(z0.90)

which is the same as (2). Thus we conclude that f(z,y) is differentiable at (xo, 7o) if and
only if (14) holds. See Homework 09 problem 3 for some examples.



