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Chapter 7

The Gradient of a Scalar Field
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What is gradient of a scalar field?

m Assume that there is a heat source in a room and the
temperature does not change over time.

Suppose the temperature in that room is given by a scalar
field, f, so at each point (x, y, z) the temperature is f(x, y, z).

At each point in the room, the gradient of f at that point will
show the direction the temperature rises most quickly.

The magnitude of the gradient will determine how fast the
temperature rises in that direction.

Department of Mathematics University of Ruhuna — Real Analysis [II(MAT3123) 3/36



What is gradient of a scalar field?
The gradient of the function f(x,y) = —(cos? x + cos? y)?

Figure: The gradient of the function f(x,y) = —(cos® x + cos? y)?
depicted as a projected vector field on the bottom plane
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Mathematical aspect of the gradient of a scalar field

m The gradient of a scalar field is a vector field that points in
the direction of the greatest rate of increase of the scalar field.

m The magnitude is the rate of change and which points in the
direction of the greatest rate of increase of the scalar field.

m If the vector is resolved, its components represent the rate of
change of the scalar field with respect to each directional
component.
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Mathematical aspect of the gradient of a scalar field
Notations

The gradient of a scalar field f is denoted V.

m Where V denotes the vector differential operator, del.

m The notation "grad(f)" is also commonly used for the
gradient.

m Hence for a two-dimensional scalar field f(x, y),

o 0 of of
gradf(x,y) - Vf(X,y) - <8x’0y) f= ((9)(’(9)/> .
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Mathematical aspect of the gradient of a scalar field
Notations=-Cont...

m And for a three-dimensional scalar field f(x,y, z),

o 0 0
grad f(x,y,z) = Vf(x,y,z) = (ax,ay,az>f

_ (of of of
 \ox'9y’oz)
m For a n-dimensional scalar field f(xi,x2, ..., X»),

o 0 0
gra‘d f(X17X27 "'7Xn) - Vf - (a)<1, 87)(2’ ceey 8)(n> f

_(of of of
N Ox1  Oxo" 7 Oxpy )
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Mathematical aspect of the gradient of a scalar field

Notations=-Cont...

In 2-space the gradient vector is often written as

Vf(X7_y)— 8X 8)/

In 3-space the corresponding formula is

V(x,y,2) = L2y

of
(x,y, Z)j .

B 37‘(><,y)iJr af(x,y)j.

of(x,y,z) K

ox dy
In n-space the corresponding formula is

Of (X1, X2y« Xn)
8x1

VI(x1, X2, o0y Xn) =

0z

Of (X1, X2, ..y Xn)

€2
8x2

n)

Of (X1, X2, +y X,

Oxpn

e,.
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Examples

For following scalar fields, calculate V£:
f(x,y) = 8x+ by.
f(x,y,z) = x*yz.

f(x,y) = x?sin5y.
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Examples
Solution of 1

Given scalar field f(x,y) = 8x + 5y:

of of
Vf(ij) - ((9X’8y>

— (8,5).
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Examples
Solution of 2

Given scalar field f(x,y) = x*yz:

of of oOf
Vf(X,y,Z) = &7aiya$

= (4x3yz7 x*z, x4y) .
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Examples
Solution of 3

Given scalar field f(x,y) = x?sinby:

Vf(x,y) = <givg}i>
= (2xsin(5y), 5x2 cos(5y)).
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The first order Taylor formula using gradient

The formula in Theorem (6.1), which expresses f’(a;y) as a linear
combination of the components of y, can now be written as a dot
product,

f'(a;y) = ) Dif(a)yx = vf(a).y, (1)
k=1

where Vf(a) is the gradient of the scalar field f.
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The first order Taylor formula using gradient
Cont...

m If f is a differentiable function at point a we have a Taylor
formula,

f(a+v)=f(a)+ Ta(v) + ||v]E(a,v).

m From Theorem (6.1) we have

Ta(v) = f'(a;v) = vf(a).v (From (1)).
m The first order Taylor formula can now be written in the form
f(a+v)=f(a)+ vf(a).v+ |v|E(a,v), (2)

where E(a,v) — 0 as ||v|]| — 0.
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The first order Taylor formula using gradient
Cont...

m The above form of Taylor formula resembles the
one-dimensional Taylor formula, with the gradient vector
Vf(a) playing the role of the derivative f'(a).

m From the Taylor formula we can easily prove that
differentiability implies continuity.
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Theorem (7.1)

If a scalar field f is differentiable at a, then f is continuous at a.
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Theorem (7.1)
Proof

From equation (2) we have
fla+v)—f(a) = vf(a)v+|v|E(a,v)
By taking modulus from both side we have
[fla+v)—f(a)l = [vf(a)v+|v[E(a,v)|.
Applying the triangle inequality we find

0<|flat+v)—f(a)] < [vi(a)v|+]]v][E(a,v).
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Theorem (7.1)
Proof

Applying the Cauchy-Schwarz inequality we find
0 <[f(a+v)—f(a) <[ vF@)[lv] +[lvll[E(a,v)]

This shows that f(a+v) — f(a) as ||v|| — 0, so f is continuous
at a.
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Example

Suppose that g : B> —R is defined by,

glx,y) = #yyz i Ooy) 7 (0,0)
| 0 ,if (x,y) = (0,0).

(i) Using the definition, show that %g(o, 0) =0 and
0
éTyg

(ii) Check the continuity of g at (0, 0).

(iii) Check the differentiability of g at (0, 0).

(iv) What conclusions can be obtained from above results on the
differentiability of scalar fields and their partial derivatives at
some points?

(0,0) = 0.
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Example
Solution

B
Egd&ﬂ

155

i X+ hy) —g(xy)
h—0 h

[im

h—0 h

Iim1 A—O
h—0h \ h2+0
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Example
Solution

o 8y +h) —glx,y)

afyg(&y) = lim b
0 . g(0,0+4 h) — g(0,0)
- -
8yg(0’0) PRt h
1/ 0.h
= M <0+h2 _0)
= 0.
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Example
Solution

(ii) Consider the limit of the function g(x, y) when (x, y) — (0,0)
along the path y = mx, where m € R. Then we have

lim  g(x,y) = lim g(x,mx) = lim e
(x,y)—(0,0) x—0 x—0 x2 4 (mx)2
B m
14 m?

This limit changes when m changes. That is limit is not
unique. Therefore lim(, ,)_,(0,0) &(X,y) does not exists. It
implies that g is not continuous at (0, 0).
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Example
Solution

(i) Since g is not continuous at (0,0), g is not differentiable at
(0,0).

(iv) There exists some scalar fields which are not differentiable at
a point but they have partial derivatives at that point.
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The relationship between directional derivative and gradient vector

m When y is a unit vector the directional derivative f'(a;y) has
a simple geometric relation to the gradient vector.

m Assume that Vf(a) # 0 and let 6 denote the angle between y
and Vf(a).

m Then we have

f'(a;y) = vf(a)y = [vf(a)llllyll cos 6 = ||V f(a)] cosb.
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The relationship between directional derivative and gradient vector
Cont...

m This shows that the directional derivative is simply the
component of the gradient vector in the direction of y.

m The derivative is largest when cosf = 1, that is, when y has
the same direction as Vf(a).
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The relationship between directional derivative and gradient vector
Cont...

m In other words, at a given point a, the scalar field undergoes
its maximum rate of change in the direction of the gradient
vector.

m Moreover, this maximum is equal to the length of the gradient
vector.

m When Vf(a) is orthogonal to y, the directional derivative
f'(a;y) is 0.
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A sufficient condition for differentiability

m If £ is differentiable at a, then all partial derivatives
Dif(a), ..., D,f(a) exist.

m However, the existence of all these partials does not
necessarily imply that f is differentiable at a.
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A sufficient condition for differentiability

Example

m A counter example is provided by the function

2
Xy .
fxy) =3 gyt X7

0 if x=0,
discussed earlier.

m For this function, both partial derivatives D;f(0) and D»f(0)
exist.

m But f is not continuous at 0, hence f cannot be differentiable
at 0.
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Theorem (7.2)

A sufficient condition for differentiability

Assume that the partial derivatives Dif, ..., D,f exist in some
n-ball B(a) and are continuous at a. Then f is differentiable at a.
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Theorem (7.2)

A sufficient condition for differentiability

m The above theorem shows that the existence of continuous
partial derivatives at a point implies differentiability at that
point.

m A scalar field satisfying the hypothesis of Theorem (7.2) is
said to be continuously differentiable at a.
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Example

Let f : R" — R be a real valued function defined such that
2
Xy .
- if
fxy) = xays XPO
0 cif x =0.

(a) Evaluate f(x,y) and f,(x,y).

(b) Show that f.(x,y) and f,(x,y) are not continuous at
(x,¥) = (0,0).

(c) Show that f is not continuous at 0.

(d) Using this result what can you say about differentiability of f
at the point (0,0)?
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Example
Solution

fr(xy) =

(x* + y*)y? — xy?(2x)

(x2 4 y*)?
y6 — x2y?

(X2 + y4)2

(X2 + y*)2xy — xy?4y>

(@ + y*)?
2x3y — 2xy°

(x2+y%2 "
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Example
Solution

(b) Consider the limit of £(x, y) when (x,y) — (0,0) along the
path y = mx, where m € R. Then we have

(X7y|)i£>n(070) f(x,y) = )I(iLno fx(x, mx)

(mx)® — x?(mx)?
x—0  (x2 + (mx)*)?2

— im mx® — m?x*
x—0 X4(]. + I'I‘14X2)2

= —m2.

This limit depends on m. That is limit is not unique.
Therefore the limit of f(x,y) when (x,y) — (0,0) does not
exist. So, fi(x,y) is not continuous at (x,y) = (0,0).
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Example
Solution

Consider the limit of £(x, y) when (x,y) — (0,0) along the path
y = bx, where b € R. Then we have
M Bxy) = fim 6 x5y
2x3(bx) — 2x(bx)®
x—=0  (x2 4 (bx)*)?
~im 2bx* — 2b°x°
x—0 x*(1 4 n*x?)?2
= 2b.

This limit also depends on b. That is limit is not unique.
Therefore the limit of f,(x,y) when (x,y) — (0,0) does not exist.
So, f,(x,y) is not continuous at (x,y) = (0,0).
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Example
Solution

(c) Exercise.

(d) Since f(x,y) is not continuous at (0,0), f(x,y) is not
differentiable at (0, 0).
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Thank you!
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