CLASS NOTES

JOHN B. ETNYRE

1. THE TOTAL DERIVATIVE

Recall, from calculus I, that if f: R — R is a function then

fla+h) — f@)

 h—0 h

We can rewrite this as

o F@ ) = £(a) = f'(@h

h—0 h =0

Written this way we could then say that f is differentiable at a if there
is a number A € R such that
lim fla+h)— f(a) = Ah

h—0 h =0

Then if such a number \ exists we define f'(a) = A. This might seem a bit
of a round about way to define the derivative, but it generalizes nicely to
functions of more than one variable. The way to interpret this definition is
that f’(a) is the “best linear approximation to f(z) at a” (or more precisely,
the best linear approximation to f(z + a) — f(a) at 0).

Now if f: D € R"™ — R™ is a function and @ € D then generalizing
the idea above we want the derivative of f at @ to be a linear map that
approximates f at @. Recall, a linear map from R” to R™ can be given by
an m X n matrix 7T'.

Indeed we say f: D C R" — R™ is differentiable at @ in D if there is
an n X m matrix T, which we think of as a linear map T : R” — R™, such
that

L F@ =B~ F@ - T _
h—D [|A]]

0.

If T exists it is called the total derivative of f at a and we write
Df(a)=T.

Theorem 1.1. If f : R" — R™ is a differentiable function at @ then f is
continuous at a.

Example 1.2. Suppose f : R — R™ is given by

f(@) = BT+,
1
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where B is an m x n-matrix and b € R™. For example if B = [1 1 2

- 1
b= [2} then

x
23 4 1] [2z+3y+42+1
f(x’y’z)_[l 1 2] +M‘[z+y+2z+2}

We claim that D f(@) = B for all @. To check this note

lim If@+h) — f(@) = Bhl| _

h—0 _HhH_ ) -

i 1B+ 1) =) — (B7+8) — BHI|
h—0 [|h]]

liHlH_LH =
h—0 Hh”

So indeed, Df(@) = B.

Example 1.3. Let f : R — R be a function and u be a unit vector.
Suppose that f is differentiable at @. Then

i @+ 1) = (@ = DI @ (1)

=0, by definition.

h—0 ||ha|| = h
(@ @)
flLlino < . - Df(a)(u)> = 0.
Thus
s @)= tim LD IO _ @)~ ws@) m

Where Dy f (@) is the directional derivative of f in the direction of @. Since
it is easy to see check that if ¥ and W are two vectors then 7-w = v'w, where
7! means the transpose of v, we have

[Df@)u = [V /(@)

We formalize this in a theorem.
Theorem 1.4. If f : D C R™ — R has continuous first partial derivatives
in a neighborhood of some point @ in D, then

Df(@) = [V/@)]"

Example 1.5. Find the total derivative of f(z,y) = sinzy + z?y at the
point (1,7).
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Df(1,7)

gam gam
= [(ycoszy + 2zy) (xcoszy + 2?)] l(1,7)
~[x 0

In general we have
Theorem 1.6. Let f : R" — R™ be given by

f(f) = (fl(f)v 00 '7fm(f))v

where f; : R" - R,i=1,...,m. If gg; is continuous at @ for all i and j,
then f is differentiable at @ and the total derivative is
Af1 (= Of1 /—
@ - g@
Df(@)=| : : :
fm (= fy —
U@ - gz(@

That is, Df(a@) is the m x n-matriz with the i row being the transpose of
the gradient of f;.

Example 1.7. Let f(z,y) = (e + 2%y, 22 +192, %) Fine the total derivative
of fat (1,—1).

Before we start this problem let’s note that f is a function from R_Q to R3
so we expect to get a 3 X 2-matrix as our answer. We can think of f as

[= (fl(aj¢y)v f2($>y)v f3($7y))7

where fi(z,y) = e + 2%y, fo(z,y) = 22 + 9%, and f3(x,y) = % Then the
matrix in the theorem is

0 0

% B (e rouy) (@e +a?)
afs  Ofs | _

95 | = 2z 2y

ofs  Ofs 1 =z

Ox Oy Y Y

Since all the partial derivatives in this matrix are continuous at (1, —1) we
can just evaluate the terms at (1, —1) to compute the total derivative. So

_ (—e™2-2) (e7141)

DF(1,-1) = 2 2
—1 -1

Example 1.8. Let f(z,y) = (v cosy, xsiny). Find the total derivative. We

know the partials of the functions z cosy and x siny are continuous so

DT_ cosy —xsiny
"~ |siny xcosy
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2. THE CHAIN RULE

Now suppose you have two functions f : R® — R? and g : R? — R™. If
you compose these functions you get gof : R — R™. We know that D f(a) is
the best linear approximation to f at @ and that Dg(f(a@)) is the best linear
approximation to g at f(@). So what is the best linearly approximation to
go f at @a? Well, you would expect it just to be the composition of the other
two linear approximations and compositions of linear maps corresponding
to matrices is achieved by matrix multiplications. This leads to the multi-
variable chain rule.

Theorem 2.1 (Mutli-Variable Chain Rule). Let f:R" - RP andg: RP —
R™ be two functions. If f is differentiable at @ and g is differentiable at
f(@) then go f is differentiable at @ and

D(go f)(@) = [Dg(f(@)] [Df

Example 2.2. Let f(z,y) = (22 + 92, zy) and g(z,y) = (doy,x — y, 3% +
2y2). Find the total derivative of go f at (—3,1). Use the chain rule to
compute this.

D(go f)(=3,1) = [Dg(f(=3,1))] [Df(=3,1)] = [Dg(10,-3)] [DF(-3,1)]

[4y  4x
2L e
6z 4y (10.-3) (=3,1)
—12 40 6 9
I B [F R
| 60 —12
[ 112 —144
=| -7 5
|—372 156

Example 2.3. Here we will check that a special case of the chain rule used
when studying the gradient follows from the general chain rule. To this end
let f:R— R"and g: R" — R and write f(¢t) = (f1(t),..., fn(t)). Then we
have

(9o Dt) = Dlgo 1) = [Da(T ()] [DF(0)
2% (1)
= [2qw) . =T |
o4 1)
— (5200)) G+ o+ (4G G

Example 2.4. Here we show how to use the multi-variable chain rule to
compute derivatives in different coordinate systems.
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Recall cartesian coordinates (x,y) are related to polar coordinates (r, )
by
xr=rcosf, y=rsind

T
r=+z24+y2, 6=tan "’ "

Now suppose we are given a function expressed in xy-coordinates, like g(z,y) =
22y3. We can compute the total derivative of ¢
Dyg(z,y) = [2zy® 3z%y?].

But this is the total derivative with respect to the coordinates x and y. What
about the derivative with respect to the coordinates r and 07 We could plug
x =rcosf and y = rsinf into g to express g in terms of r and 8. Then we
could compute the total derivative of g with respect to r and 6. It turns out
that it is just as easy (and in other cases easier!) to use the multi-variable
chain rule. To this end consider

f(r,0) = (rcosf,rsind).
Then g thought of as a function of r and 6 is just
g(r,0) =go f(r,0).

Now the chain rule gives us

D(go f)(r,0) = [Dg(f(r,0))] [Df(r,0)]

and

_ [2xy3 3m2y2] cosf —rsin «9]
(r,0)

(r cos ,r sin 9) |:sin9 7 cos 6

= [2(rcos0)(rsind)® 3(rcosf)?(rsind)?] [COS@ —rsine]

sinf rcosd
= [(2r* cos? Osin® 0 + 3r? cos? Osin®0)  (—2r° cos O sin* 6 + 3r5 cos® @ sin? )]
= [(5r* cos? Osin® ) (r° cos @ sin® (3 cos? 6 — 2sin?0))] .

This is the total derivative with respect to r and 6. Notice, now that we
have this worked out we know what % and % are:

99 = 5r% cos? fsin® 0, 99 = 15 cos fsin? (3 cos? 0 — 2sin? h).

or 00

Again this problem could have been worked out by just writing ¢g in terms
of r and € and computing the derivative, but you cannot always do this.
For example, in the next problem we don’t know what our function is, just
that it satisfies an equation in xy-coordinates and we want to see what the
corresponding equation is in rf-coordinate.

Example 2.5. A function v : R? — R is said to satisfy Laplace’s equation
if
u  0%u
— + == =0.
0x?  Oy?
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This equation is used in heat conduction, electrodynamics and many other
areas. It is frequently useful to have Laplace’s equation written in polar
coordinates. To do this we need to figure out how to write the partial
derivatives with respect to x and y in terms of partial derivatives with respect
to r and 6. So again consider the change of coordinates

f(r,0) = (rcos@,rsinf).
Now as above
Du(r,8) = D(uo f)(r,0) = [Dul ) [DS (1, 0)].

So

[@ @] _ [@ @} cosf —rsinf

or 901 = [0z Y]y |sin® rcosf
Denote the 2 x 2-matrix on the right by A and notice that

A1 [cos 6 sin 0}

—sinf  cos@
r T

Thus

u  Ou _[au au] cosf sin6

T s

_ ou sin  Ou : ou cos 0 Ou
= [COSHW— ] sm@m—k - %].
So '
ou Ou sinf ou

o % T o
a_u_ ine@_i_cosﬁ@
oy " ar T T Be

So we have the first derivatives of « in terms of x and y written in terms of
r and 0. Of course these same formulas hold for a function v as well. So if

_ Ou
v =3 we have

Pu_ 0 (Ou\ _ 0
or2  Ox \ oz _ax“

and

B @_sm@@_ 02 _sm@ﬁ
S5 P
0 Ou sinf 0 Ou
= cosf——

oroxr r 000x

= cos@2 (cosH% — y@> — ﬂg (cosH% — y@>
or or r 00 r 00 or r 00
:cos20@— cosfsinf 9*u +sin29@+ﬁ@+ sin@cos@%.
or? r2  Ordu r2 002 r Or r2 00
Similarly

@ _in? 9@+ cosfsinf 9*u n cos? 9@4_ cos? Ou _Qsinecose%
oy or? r2  Ordu  r? 00> r Or r2 00’
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Thus
82u+82u B 82u+ 1 82u+ 10u
ox2 oy or2  r2002  ror
And finally, Laplace’s equation becomes
82u+ 1 82u+ 10u
o2 r2902  ror
3. MULTI-VARIABLE TAYLOR EXPANSIONS

Recall, from calculus I, that the single variable Taylor polynomial is the
following: given a function f : R — R that is (k + 1)-times differentiable
near a then the k*" order Taylor polynomial of f about a is

Pho(@) = f(a) + f'(a)(& — @) + 3 (@) (& — a)? + - + 2 P a)w — a)f

which we can write more succinctly

P =>4 () e o

k
=0

This polynomial satisfies
|[f (@) = Pfo()| < K|z —af*™
for some constant K and x near a. In other words, lef’ () is the k™" order
polynomial that best approximates f near a. The Taylor series is just
lim Pf,(z).
o, Pral)

We will see that a formula almost identical to the boxed one above will also
give the multi-variable Taylor polynomial. The difficult part is interpreting
what this should mean in a multi-variable context. If we are in dimension
n then a mutli-index [ is an ordered sequence of n non-negative integers

I=(i1,...in).

IfZ = (x1,...,2,) is a point in R™ then define

Example 3.1. For example if T = (z,y, z) then

=(1,0,0) _ 21020 = 1.

203) — 52403 — 4223,

7
E(l’l’l) = TYz.
The degree of a multi-index I = (i1,...,1i,) is

I =iy + - + i
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Example 3.2. We can write any multi-varible polynomial in multi-index
notation. For example

wy? +axz+3y+7
can be written

5(17270) + 5(17071) + 35(07170) + TE(()’O’O),
where, of course, T = (z,y, 2).

Example 3.3. A general second order polynomial in two variables can be
written

(CL(Q,O)HC2 +agry + 0(0,2)92) + (a0 + a(0,1)y) + a(0,0),
which we can write
Z a[fl + Z a[fl + Z CLITI,
|1|=2 1I|=1 |1]=0
where, of course, T = (z,y). Note all the multi-indices in two dimensions
with degree 2 are (2,0),(1,1),(0,2). So the first sum in this formula is over
these three multi-indices and give the first three terms in the polynomial.
Similarly the multi-indices with degree 1 are (1,0), (0, 1) and these two terms
give us the next two terms in the polynomial. Finally the constant term is
given from them multi-index (0,0) of degree 0. Now we can write this last
expression for the polynomial even more succinctly as
2
Z Z a ]TI.
i=0 |I|=i
Note this same formula gives an expression for a second order polynomial
in any number of variables. The only difference is the multi-indecies which

equal a given degree will be different. For example in 3 dimensions, the
multi-indices of degree 2 are (2,0, 0), (0,2,0), (0,0,2),(1,1,0),(1,0,1),(0,1,1).

In general, a k' order polynomial in the variable T = (x1,...,2y) is just
k

ZZCL[EI.

=0 |I|=
We are almost ready for the multi-variable Taylor polynomial, we just
need a few more definitions. If I = (iy,...,4,) then

I = (i1)(ia) - - (in).
We abbreviate 8%1- by D;, in other words

of
85137; '

D;f =

Finally,

o . o\ / 0 \%
DI = DUupD2...Dnf— [ — _—
J=Dibs w ! <39€1> (3902)
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Example 3.4. For example if I = (2,1,1) then

N2/ o\ [0\
I 5.2.3\_ [ Y9 o e 5,23
v = () (5) () )
=5 - 4232y322 = 1203y 2>

We can finally state:

Theorem 3.5 (Multi-variable Taylor Polynomials). Let f: D C R" — R
be a function with continuous mized partial derivatives of order less than or
equal to k + 1 near a. Then

k
- 1 N o
Pl =Y 3 oD f@@ -
=0 |i|=i
is the best k™ order polynomial approzimation of f near @ in the sense that
(@) - Pfa(@)| < K[z —al**",

for some constant K and all T near a.

Notice that this theorem is almost identical to the one for single variable
Taylor polynomials. The main difference is interpreting everything in terms
of multi-indices.

Example 3.6. Let f : R? — R be a function of two variables. Write out
the 2"? order Taylor polynomial at @ = (a, b).
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7T
L = =
= ﬁD(0,0)f(a, b)((z,y) — (a, b))(o,o)
+ (5 0 (@ D) () — (@) + 2 DO fa,b)(,9) — (0,5) D)
. 1
+ (G D0 Fa.b)(@,y) = (@ b)) + 7= DO f(a,b) (. y) — (a, b)Y
+ DO [0, 0)(,9) ~ (a.6) )

= f(@)(z — a)°(y - b)°

+(Fa =o' -8+ S @b - o))
+ (508 @nE -0 -0+ 2L -1 - 1)
+ 520D - 0w 7)
— f(eh) + G @b - a) + G (@b -b)
" %%(a, b — a)? + &jéfy(a, D)@ — a)(y — b) + %giy‘};(a, D)y — b)2.

OK that took some work. Let’s look at a specific function.
Example 3.7. Compute the 2" order Taylor polynomial of
f(a,y) = sinz +y°)

at (0,0). We know from that last example that we need to compute all
derivatives up to order 2 and evaluate them at (0,0). We have

o _ cos(z +y?),

ox
of 2
9y~ 2y cos(z + y),
O*f . 2
ok —sin(z + y*),
0% f

ey~ —2ysin(z + y?),
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and )
97 _ 2cos(x + y%) — dy? sin(x + ).
Oy?
When we evaluate at (0,0) we get
of of
0,0) =0, —=—(0,0)=1, —==(0,0)=0
0.0 =0, 0.0 =1 F00-0
and o o 5
—5(0,0) =0 0,0) =0, —5(0,0)=2.
83:2(’ ) ’ 83:81/(’ ) ’ 8y2(’ )
Plugging this into the formula from the last exercise we get
1
P?’(O’O)(ac,y) =04+ 1(z—0)+0(y—0)+0(z —0)> +0(x — 0)(y —0) + 52(3/ —0)?

:x—l—y2.

This is a fairly tedious way to compute Taylor polynomials. Let’s find
some shortcuts. First, recall the standard Taylor polynomials from single
variable calculus. More precisely we have the Taylor series:

1 > "
=1+z+527+...=) —
'7
2 = !
) 1 3 1 5 0 x2n+1
=z— = — = 1)t
sinz = — a” + f2” + nz:%( )(2n—|—1)!’
_ Lo 1 4 _ - n 22"
cosm—1—§m +ax —i—...—nZ:%(—l) ok
and -
ln(1+x):x—1x2—|—...:Z(—1)”+1£.
2 = n

Now a theorem that helps us put Taylor polynomials together is the follow-
ing.
Theorem 3.8. We have the following
(1) If f is a polynomial then Pk,ﬁ is all the terms in f of degree less than
or equal to k.

k _
(2) Piga=Piat Fya
(3) Pfgﬁ 18 the terms of degree less than or equal to k in Pﬁapjm
(4) Pfogﬁ 18 the terms of degree less than or equal to k in lef,g(ﬁ) o ng,a

Example 3.9. Compute the order 4 Taylor polynomial of f(x,y) = sin(x +
y?) at (0,0).

Note we can think of f(x,y) as goh(z,y) where g(z) = sinz and h(x,y) =
x 4 y2. From item (1) in the theorem we know the Taylor series of a poly-
nomial is just that polynomial so

4 2
Ph00) =7+ Yy~
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Also h(0,0) = 0 so from item (4) in the theorem we are interested in the
Taylor polynomial of g at 0 = h(0,0). From above we know the order 4
Taylor polynomial of g(x) at 0 is

3

Let’s compute P;O o Pfi(o,o)'

1 3
4 4 4 4
fhoﬁmm:%mm_g@MwQ
1

6(33 +y?)?

1
6(3;3 + 322y% + 3zt +9°)

We want all the terms of degree less than or equal to 4. So we have

= (z+y?) +

=(z+v°) +

1 1
éx?’ — §x2y2.
Example 3.10. Compute the order 2 Taylor polynomial of f(z,y) = cos(mwe® cos y)
at (0,0).
We will think of f(z,y) as the composition g o h(x,y) where g(x) = cos z
and h(z,y) = me® cosy. Now P? h(0,0) (x,y) is the terms of order less than or

P;},(o,o) («Tay) =+ y2 -

equal to 2 in P2 OPCOSy o- We have

s (1c5) (--9)

y? zy? 1 z?y?
e e 7
7T|: 2+ 5 —|-2<a: 9 ﬂ

2 2
Y x
P; oo (@y) =7 <1+x— o+ ?> '

Now h(0,0) = 7 so we need to find the expansion of g(x) at 7. We know

Thus

o0 72n
cosz =Y (=1)" ,
T
S0
[e.e]
(:L“ _ 7T)2”
cos(z —m) =) (—1)'—=—,
nz:% (2n)!
but
cos(x —m) = cosxcosT —sinxsinT = — cos x.
Thus

e _ 7T)2n

cosr = — Z(—l)"(x(T)!,

n=0
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and

1
2 2
Pg77r——1—|—§(:13—7r) .

We now need to consider P27T ° P2 1.(0,0)

2
1 y2 T
2 2
Py o Py 00 = 1—|—2<(1—|—aj—7—|—7 -
2 4
Y 2y
=-1 -z
—1-2( ym+x+4 5

Taking the terms of order less than or equal to 2 we have

2 7w’ 2
Pf7(070)(f1}',y) = _1 + ?l’ .

13



