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Section 8-4 : Fourier Sine Series

In this section we are going to start taking a look at Fourier series. We should point out that this is a
subject that can span a whole class and what we’ll be doing in this section (as well as the next couple of
sections) is intended to be nothing more than a very brief look at the subject. The point here is to do
just enough to allow us to do some basic solutions to partial differential equations in the next chapter.
There are many topics in the study of Fourier series that we’ll not even touch upon here.

So, with that out of the way let’s get started, although we’re not going to start off with Fourier series.
Let’s instead think back to our Calculus class where we looked at Taylor Series. With Taylor Series we

wrote a series representation of a function, f(x) , as a series whose terms were powers of X —d for
some X =d. With some conditions we were able to show that,
e £ (a) .,
f(x)=2——(x-a)
~ n!
n=0
and that the series will converge to f(x) on |x —a| < R for some R that will be dependent upon the

function itself.

There is nothing wrong with this, but it does require that derivatives of all orders existat X =d. Orin
other words f(") (a) exists for n=0,1,2,3,... Also for some functions the value of R may end up

being quite small.

These two issues (along with a couple of others) mean that this is not always the best way of writing a
series representation for a function. In many cases it works fine and there will be no reason to need a
different kind of series. There are times however where another type of series is either preferable or
required.

We're going to build up an alternative series representation for a function over the course of the next
couple of sections. The ultimate goal for the rest of this chapter will be to write down a series
representation for a function in terms of sines and cosines.

We'll start things off by assuming that the function, f(x) , We want to write a series representation for

is an odd function (i.e. f(—x) = —f(x) ). Because f(x) is odd it makes some sense that we should be

able to write a series representation for this in terms of sines only (since they are also odd functions).

What we’ll try to do here is write f(X) as the following series representation, called a Fourier sine

- . (nrnx
Zanm( I j

n=l1

series,on —L < x< L.

There are a couple of issues to note here. First, at this point, we are going to assume that the series

representation will converge to f(X) on —L < x < L. We will be looking into whether or not it will
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actually converge in a later section. However, assuming that the series does converge to f(x) itis

interesting to note that, unlike Taylor Series, this representation will always converge on the same
interval and that the interval does not depend upon the function.

Second, the series representation will not involve powers of sine (again contrasting this with Taylor
Series) but instead will involve sines with different arguments.

Finally, the argument of the sines, %, may seem like an odd choice that was arbitrarily chosen and in

some ways it was. For Fourier sine series the argument doesn’t have to necessarily be this but there are
several reasons for the choice here. First, this is the argument that will naturally arise in the next
chapter when we use Fourier series (in general and not necessarily Fourier sine series) to help us solve
some basic partial differential equations.

The next reason for using this argument is the fact that the set of functions that we chose to work with,
. o0
{Sln (%)}n | in this case, need to be orthogonal on the given interval, —L < x < L in this case, and

note that in the last section we showed that in fact they are. In other words, the choice of functions
we’re going to be working with and the interval we’re working on will be tied together in some way. We
can use a different argument but will need to also choose an interval on which we can prove that the
sines (with the different argument) are orthogonal.

So, let’s start off by assuming that given an odd function, f(x) , we can in fact find a Fourier sine series,
of the form given above, to represent the function on —L < x < L. This means we will have,

7= 3,8,sin[ "]

n=1

As noted above we’'ll discuss whether or not this even can be done and if the series representation does
in fact converge to the function in later section. At this point we’re simply going to assume that it can

be done. The question now is how to determine the coefficients, B” , in the series.

Let’s start with the series above and multiply both sides by Sin ( mfx) where m is a fixed integer in the

range {1,2,3,...} . In other words, we multiply both sides by any of the sines in the set of sines that

we’re working with here. Doing this gives,
. [ mrx N . (nmx) . (mxax

X)sin = » B sin| — |[sin
/) [ L j Z; ' ( L j ( L j

Now, let’s integrate both sides of this from x=—L to x=L.

L L
mrrx nwx mrrx
i dx = E B sin| —— |sin| —— |d.
JLf(x)sm( 7 ) x JL 2.5, sm( 7 jsm( 7 j x
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At this point we’ve got a small issue to deal with. We know from Calculus that an integral of a finite
series (more commonly called a finite sum....) is nothing more than the (finite) sum of the integrals of
the pieces. In other words, for finite series we can interchange an integral and a series. For infinite
series however, we cannot always do this. For some integrals of infinite series we cannot interchange
an integral and a series. Luckily enough for us we actually can interchange the integral and the series in

this case. Doing this and factoring the constant, Bn , out of the integral gives,

L
J f(x)sin( jd Z s1n(ﬂ]sin(mmcjdx
L L L
—ZB sin nrx sin mrx dx
n=1 L L
Now, recall from the last section we proved that {Sln( LR )}n . is orthogonal on —L < x < L and that,
JL ) (nﬁxj ) (mﬁxj L ifn=m
sin| —— |[sin dx = )
L L L 0 ifn=zm

So, what does this mean for us. As we work through the various values of n in the series and compute
the value of the integrals all but one of the integrals will be zero. The only non-zero integral will come
when we have 1 =1, in which case the integral has the value of L. Therefore, the only non-zero term in
the series will come when we have =M and our equation becomes,

T so(=sarens

Finally, all we need to do is divide by L and we now have an equation for each of the coefficients.

L
Bm=%J f(x)sin(mﬂxjdx m=1,2,3,...
-L

Next, note that because we’re integrating two odd functions the integrand of this integral is even and so
we also know that,
= —J f(x sm(

Summarizing all this work up the Fourier sine series of an odd function f(X) on —L < x < L is given

:Zanin(nﬂxj J f ( jdx n=123,...
n=l1 L
J f s1n( jdx n=1223,...
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Let’s take a quick look at an example.

Example 1 Find the Fourier sine series for f(x) =Xon—-L<x<L.

Solution
First note that the function we’re working with is in fact an odd function and so this is something we

can do. There really isn’t much to do here other than to compute the coefficients for f(x) =X.

Here is that work and note that we’re going to leave the integration by parts details to you to verify.
Don’t forget that n, L, and 7T are constants!

2 (" nwx 2( L nwx nwx
an_J xsin( jdxz—( > 2) Lsin( j—nﬂxcos( ]
L), L L\n'rm L L

= 22 - (Lsin(n 7Z')—n7Z'LCOS(I’l7Z'))
n’r

L

0

These integrals can, on occasion, be somewhat messy especially when we use a general L for the
endpoints of the interval instead of a specific number.

Now, taking advantage of the fact that n is an integer we know that Sin(nﬂ) =0 and that

cos(nﬂ) = (—1)" . We therefore have,
(_1)n+1 2L

B, :%(—nﬂL(—l)"):T n=1,23...

The Fourier sine series is then,

ee 3 2L gy (00 2L 5 () ()

n=1 niw

At this point we should probably point out that we’ll be doing most, if not all, of our work here on a
general interval (—L < x < L or 0 < x < L) instead of intervals with specific numbers for the
endpoints. There are a couple of reasons for this. First, it gives a much more general formula that will
work for any interval of that form which is always nice. Secondly, when we run into this kind of work in
the next chapter it will also be on general intervals so we may as well get used to them now.

Now, finding the Fourier sine series of an odd function is fine and good but what if, for some reason, we
wanted to find the Fourier sine series for a function that is not odd? To see how to do this we’re going
to have to make a change. The above work was done on the interval —L < x < L. Inthe case of a

function that is not odd we’ll be working on the interval 0 < x < L . The reason for this will be made
apparent in a bit.

So, we are now going to do is to try to find a series representation for f(X) ontheinterval 0 < x < L

that is in the form,
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ZBH sin(n ﬂxj
n=l1 L

or in other words,

7= 3,8,sin[ "]

n=1
As we did with the Fourier sine series on —L < x < L we are going to assume that the series will in fact

converge to f(x) and we’ll hold off discussing the convergence of the series for a later section.

There are two methods of generating formulas for the coefficients, Bn , although we’ll see in a bit that

they are really the same, just looked at from different perspectives.

The first method is to just ignore the fact that f(x) is not odd and proceed in the same manner that

we did above only this time we’ll take advantage of the fact that we proved in the previous section that

- (nrx \\*
{sm (T)}n . also forms an orthogonal seton 0 < x < L and that,

L L .
. (nxx) . ( mrx — ifn=m
sin| —— |sin| —— |dx =<2
0 L L 0

ifnsm

So, if we do this then all we need to do is multiply both sides of our series by Sin (mT”x) , integrate from

0 to L and interchange the integral and series to get,

L - L
mrx nwx mmx

sin dx=> B sin| —— |sin d

Lf(x) (ijZJ (L) (ij

Now, plugging in for the integral we arrive at,

LL f(x)sin[mzxjdx =B, (g)

Upon solving for the coefficient we arrive at,

L
B, =%J f(x)sin[m”)dx m=12,3,...
0

L

Note that this is identical to the second form of the coefficients that we arrived at above by assuming
f(X) was odd and working on the interval —L < x < L. The fact that we arrived at essentially the

same coefficients is not actually all the surprising as we’ll see once we’ve looked the second method of
generating the coefficients.
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Before we look at the second method of generating the coefficients we need to take a brief look at
another concept. Given a function, f(x) , we define the odd extension of f(x) to be the new

function,
[ f(x) if 0<x<L
g(x)_{—f(—x) if ~L<x<0

It's pretty easy to see that this is an odd function.
g(—x):—f(—(—x))=—f(x)=—g(x) for0<x<L
and we can also know that on 0 < x < L we have that g(x) = f(x) Also note that if f(x) is

already an odd function then we in fact get g(x) = f(x) on —L<x<L.

Let’s take a quick look at a couple of odd extensions before we proceed any further.

Example 2 Sketch the odd extension of each of the given functions.
@ f(x)=L-xon0<x<L

o) f(x)=1+x’ on 0<x<L

i if 0<x<<i

2 2

(C) f(J() {x L if L<X<L
2 2 ==

Solution
Not much to do with these other than to define the odd extension and then sketch it.

(a) f(x)zL—x on0<x<L
Here is the odd extension of this function.
f(x) if 0<x<L
g(x):{—f(—x) if —L<x<0
L—x if 0<x<L
:{—L—x if —L<x<0

Below is the graph of both the function and its odd extension. Note that we’ve put the “extension” in
with a dashed line to make it clear the portion of the function that is being added to allow us to get
the odd extension.
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Graph of | [x:l Graph of Odd Extension of [ [x)
L L
-L L -r L
-r _xi L

(b) f(x)=1+x"on 0<x<L

First note that this is clearly an even function. That does not however mean that we can’t define the
odd extension for it. The odd extension for this function is,

«(x) {f(x) if 0<x<L

—f(—x) if —L<x<0

3 1+x° if 0<x<L
—-1-x* if —L<x<0

The sketch of the original function and its odd extension are,

Graph of f [x) Graph of Odd Extension of [x)
S S
- o
-L i -L L
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L if 0<x<<i
(€ f(x)=17 | ., :
X—E lf 5 <x<L
Let’s first write down the odd extension for this function.
x—%< if £L<x<L
(x) f(x) if 0<x<L L if 0<x<%
X)= =
BT f(x)  if —L<x<0 |-t if —L<x<0
x++ if —-L<x<-%
The sketch of the original function and its odd extension are,
Graph of [x) Graph of Odd Extension of [ [x)
L L
3 / > /
4 i
i /
-._,r .._,r
/ /
J 7
7 I L 7 7 I L 7
Ll I |

With the definition of the odd extension (and a couple of examples) out of the way we can now take a
look at the second method for getting formulas for the coefficients of the Fourier sine series for a

function f(X) on 0 < x < L. First, given such a function define its odd extension as above. At this
point, because g(x) is an odd function, we know that on —L < x < L the Fourier sine series for g(x)

(and NOT f(x) yet) is,

o L
g(X)=ZB,,Sin(anj an%J g(x)sin(nTﬂxjdx n=1273,...
0

n=l1

However, because we know that g(x) = f(x) on 0 < x < L we can also see that as long as we are on
0< x <L we have,

. L
f(x)=Zanin(nﬂ-x) B"ZEJ f(x)sin(n—ﬂxjdx n=1,23,..
n=1 L L 0 L
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So, exactly the same formula for the coefficients regardless of how we arrived at the formula and the
second method justifies why they are the same here as they were when we derived them for the Fourier
sine series for an odd function.

Now, let’s find the Fourier sine series for each of the functions that we looked at in Example 2.

Note that again we are working on general intervals here instead of specific numbers for the right
endpoint to get a more general formula for any interval of this form and because again this is the kind of
work we’ll be doing in the next chapter.

Also, we’ll again be leaving the actually integration details up to you to verify. In most cases it will
involve some fairly simple integration by parts complicated by all the constants (n, L, 7T, etc.) that show
up in the integral.

Example 3 Find the Fourier sine series for f(x) =L-xon0<x<L.

Solution
There really isn’t much to do here other than computing the coefficients so here they are,

B, =%JO f(x)sin(nLﬂjdx=%Jo (L—x)sin(%)dx

2L 22y 222

21 I : 2L
= Z[ﬁ(’m —sm(nzz))} =

0

In the simplification process don’t forget that n is an integer.
So, with the coefficients we get the following Fourier sine series for this function.

1) =3, 2Esn[ "2

n=1 nrw

In the next example it is interesting to note that while we started out this section looking only at odd
functions we’re now going to be finding the Fourier sine series of an even functionon 0 < x < L.
Recall however that we’re really finding the Fourier sine series of the odd extension of this function and
so we're okay.

Example 4 Find the Fourier sine series for f(x) =l+x’ on0<x<L.

Solution
In this case the coefficients are liable to be somewhat messy given the fact that the integrals will
involve integration by parts twice. Here is the work for the coefficients.
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J f i (nﬂxjdx:%JOL(1+x2)sin(—anjdx
2( L 2 2 2 2 h7zx (x|
:_(?j{(ZL -n'r (1+x ))cos(—j+2Lnﬁxsm(—ﬂ
L\nr L L 0

= %(%)[(2L2 -n’r’ (1 + I ))cos(nrr) +2Lnzsin(nz)— (2L2 —-n’r’ )}

| (22 —ww (1+.2))(-1) 22 +wn |

As noted above the coefficients are not the most pleasant ones, but there they are. The Fourier sine
series for this function is then,

0 5 L, ) woms 5 o (nmx
f(x):Zn}ﬂ3 [(ZL -n'r (1+L ))(—1) 2 +n’m Jsm(Tj

n=l1

In the last example of this section we’ll be finding the Fourier sine series of a piecewise function and can

definitely complicate the integrals a little but they do show up on occasion and so we need to be able to
deal with them.

L
Example 5 Find the Fourier sine series for f(x) = { 2
X

Solution
Here is the integral for the coefficients.

el w2 on(2

A [ (e (o {5 |

Note that we need to split the integral up because of the piecewise nature of the original function.

Let’s do the two integrals separately
- nr
1—-cos
0 2n7r 2

[ o5 (]
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t LY. (nnx L . (nnx L nxx
x—— |sin dx = —| Lsin —nxw| x—— |cos
2 L n°w L 2 L .

- 2L2 [Lsin(nﬂ)—%cos(nﬂ)—Lsin(%ﬂ

L

o~

nrnw

r |\nzx(-1)" (nx
=—— +sin| —
n'r 2 2
Putting all of this together gives,

B, = %JO £ (x)sin (n—zxj dx = %[%){lﬂ—l)m —cos(%)+%sin(?ﬂ
= L{1+(—1)n+1 —Cos [ﬂj—isin(ﬂﬂ
nw 2 nrw 2

So, the Fourier sine series for this function is,
= L n+l nr 2 . (nrx . (nxx

x)=>» —|1+(-1) —cos| — |———sin| — | |sin
f();m{() (2jm (ZH (Lj

As the previous two examples has shown the coefficients for these can be quite messy but that will
often be the case and so we shouldn’t let that get us too excited.

© 2018 Paul Dawkins http://tutorial. math.lamar.edu



Differential Equations 47

Section 8-5 : Fourier Cosine Series

In this section we’re going to take a look at Fourier cosine series. We'll start off much as we did in the
previous section where we looked at Fourier sine series. Let’s start by assuming that the function,

f(x) , we'll be working with initially is an even function (i.e. f(—x) = f(x)) and that we want to

write a series representation for this function on —L < x < L in terms of cosines (which are also even).
In other words, we are going to look for the following,

f(x)= iAn cos(nzxj

This series is called a Fourier cosine series and note that in this case (unlike with Fourier sine series)
we’re able to start the series representation at n =0 since that term will not be zero as it was with

sines. Also, as with Fourier Sine series, the argument of "Lﬂ

is the argument that we’ll be running into in the next chapter. The only real requirement here is that
the given set of functions we’re using be orthogonal on the interval we’re working on.

in the cosines is being used only because it

Note as well that we’re assuming that the series will in fact converge to f(x) on —L <x <L atthis

point. In a later section we’ll be looking into the convergence of this series in more detail.

o0
So, to determine a formula for the coefficients, 4 , we’ll use the fact that {COS(%)} . do form an
n=

orthogonal set on the interval —L < x < L as we showed in a previous section. In that section we also
derived the following formula that we’ll need in a bit.

. 2L iftn=m=0
J cos(@]cos(mﬂxjdxz L ifn=m=#0
. L L )
0 ifn#+m

We'll get a formula for the coefficients in almost exactly the same fashion that we did in the previous

mnx

section. We’'ll start with the representation above and multiply both sides by cos (T) where mis a

(")

Next, we integrate both sides from x =—L to x = L and as we were able to do with the Fourier Sine
series we can again interchange the integral and the series.

L L
J f(x)cos(mﬂxjdx= ZAncos[nﬂxjcos(wjdx
) L Lm0 L L

© L
= ZAnj cos (ﬂ) cos (M] dx
n=0 -L L L
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mrx > nwx
=>» A4
f(x)cos( 7 j HZ:(; ncos( 7
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We now know that the all of the integrals on the right side will be zero except when n =m because the
set of cosines form an orthogonal set on the interval —L < x < L. However, we need to be careful
about the value of m (or n depending on the letter you want to use). So, after evaluating all of the
integrals we arrive at the following set of formulas for the coefficients.

m=0:

J‘LLf(x)dszo (2L) = A4, ziIfo(x)dx

m=z0:

jL f(x)cos(mijdx A1) = 4 :%JLLf(x)cos(mijdx

-L

Summarizing everything up then, the Fourier cosine series of an even function, f(x) on —L<x<Lis

given by,

i[if(x)dx n=0

%J_Lf(x)cos(nLﬂjdx n#0

Finally, before we work an example, let’s notice that because both f(x) and the cosines are even the

Sae(z] 4

n=0

integrand in both of the integrals above is even and so we can write the formulas for the 4 ’s as
follows,

%IOLf(x)dx n=0

" 2 (* nwx
— cos d. #0
Ljof(x) ( L j o

Now let’s take a look at an example.

Example 1 Find the Fourier cosine series for f(x) =x"on -L<x<L.

Solution

We clearly have an even function here and so all we really need to do is compute the coefficients and
they are liable to be a little messy because we’ll need to do integration by parts twice. We’ll leave
most of the actual integration details to you to verify.
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r I’
poplirep a5
Jf (nﬂxjdx=%ﬁ)xzcos(nzxjdx
— 3(%) (2Ln7zx cos (mj + (n2ﬁ2x2 -2r )sin (mn
L\nr L L

L

0

%(2L2nﬂcos(n ﬂ)+(n27r2L2 —2L2)sin(n n))
nr
2( n
:—4L2( 21) n=12,3,...
nr
The coefficients are then,
2 2
Aoz% A = w, n=1,2,3,...
nr

The Fourier cosine series is then,

o © © 2 n
=) 4, cos(nzxj:/lo +> 4, cos[nﬂx):%+z4L 2( 21 (HZXJ
n=l1

n=0 n=1

Note that we’ll often strip out the n =0 from the series as we’ve done here because it will almost
always be different from the other coefficients and it allows us to actually plug the coefficients into
the series.

Now, just as we did in the previous section let’s ask what we need to do in order to find the Fourier
cosine series of a function that is not even. As with Fourier sine series when we make this change we’ll
need to move onto the interval 0 < x < L now instead of —L < x < L and again we’ll assume that the

series will converge to f(x) at this point and leave the discussion of the convergence of this series to a

later section.

We could go through the work to find the coefficients here twice as we did with Fourier sine series,
however there’s no real reason to. So, while we could redo all the work above to get formulas for the
coefficients let’s instead go straight to the second method of finding the coefficients.

In this case, before we actually proceed with this we’ll need to define the even extension of a function,
f(x) on —L<x<L. So, given a function f(x) we’ll define the even extension of the function as,

f(x) if 0<x<L
g(x):{f(—x) if —L<x<0

Showing that this is an even function is simple enough.

g(—x):f(—(—x))=f(x)=g(x) forO<x<L
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and we can see that g(x) = f(x) on 0<x<L andif f(x) is already an even function we get
g(x):f(x) on —-L<x<L.

Let’s take a look at some functions and sketch the even extensions for the functions.

Example 2 Sketch the even extension of each of the given functions.

(@@ f(x)=L-xon0<x<L

(b) f(x)zx3 on 0<x<L

= e

© f(x):{

_L ;
- if

Solution
(a) f(x):L—x on 0<x<L
Here is the even extension of this function.
f(x) if 0<x<L
g(x):{f(—x) if —L<x<0
L—-x if 0<x<L
:{L+x if —L<x<0

Here is the graph of both the original function and its even extension. Note that we’ve put the
“extension” in with a dashed line to make it clear the portion of the function that is being added to
allow us to get the even extension

Graph of f [x) Graph of Even Extension of f [x)
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(b) f(x)zx3 on 0<x<L
The even extension of this function is,
(x) f(x) if 0<x<L
X)=
& f(—x) if —L<x<0
e if 0<Sx<L
-x*  if =L<x<0
The sketch of the function and the even extension is,
Graph of [x) Graph of Even Extension of § [x)
Iit . , I3t f
-L L -L L
L if 0<x<<i
() f(x)=1" . ’
f( ) x—% if L<x<L
Here is the even extension of this function,
( ) f(x) if 0<x<L
X)=
& f(=x) if —L<x<0
x—% if £<x<L
_ < if 0<x<%
< if —£<x<0
—x—-% if —L<x<-%
The sketch of the function and the even extension is,
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Graph of | [x:l Graph of Even Extension of § [x)
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Okay, let’s now think about how we can use the even extension of a function to find the Fourier cosine
series of any function f(x) on 0<x<L.

So, given a function f(x) we’ll let g(x) be the even extension as defined above. Now, g(x) is an

even function on —L < x < L and so we can write down its Fourier cosine series. This is,

%J.Lf(x)dx n=0
- nwx 0
g(X)=Z_(;AnCOS( I J 4, = 2 (" nx

" ZJ f(x)cos(—L de n#0

and note that we'll use the second form of the integrals to compute the constants.

Now, because we know thaton 0 < x < L we have f(x) = g(x) and so the Fourier cosine series of

f(x) on 0<x< L isalso given by,

%J.OLf(x)dx n=0

%JO f(x)cos(nzxjdx n#0

e

n=0

Let’s take a look at a couple of examples.
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Example 3 Find the Fourier cosine series forf(x) =L-xon0<x<L.

Solution
All we need to do is compute the coefficients so here is the work for that,

A, :%J.:f(x)dx:%'[:L—xdng

L L
Anzzj f(x)cos(n”x}lxzzf (L—x)cos(nﬂxjdx
L), L L), L
2( L

:z(ﬁj(m(kx)sin(zﬂ]‘“’"s(anD:

2( L 2L n+
=z£n2—7z2j(—Lcos(n7z)+L)=ﬁ(1+(—1) 1) n=1273,...

The Fourier cosine series is then,

7= 5+ 32 (1 (1) oos[ 22

n=1

Note that as we did with the first example in this section we stripped out the 4, term before we

plugged in the coefficients.

Next, let’s find the Fourier cosine series of an odd function. Note that this is doable because we are
really finding the Fourier cosine series of the even extension of the function.

Example 4 Find the Fourier cosine series forf(x) =x on 0<x<L.

Solution

The integral for A, is simple enough but the integral for the rest will be fairly messy as it will require
three integration by parts. We'll leave most of the details of the actual integration to you to verify.
Here’s the work,

1 cz 1 pz r
Aozzjo f(x)dx:zjo x3dx:?
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2 (*F nwx 2 (*F nwx
=—J f(x)cos( jdx=—J x3cos( ]dx

L), L L), L

xj (3Ln*mx - 6L3)cos(n7[xj
L L

L (mrL o 6L2)s1n(n7z) (3L3n27z2—6L3)cos(n7r)+6L3)

L

(nfrx ;127r2x2 61’ )sm(

0

6r

(2+ n*r — _1)”):W(2+(n27;2_2)(_1)”) n=12,3,...

NI N N~
=
B
B
B

4
n'r?
The Fourier cosine series for this function is then,

f(x)=%3+ Iji (2+( 2)(—1)")cos(nzx)

n=l1

Finally, let’s take a quick look at a piecewise function.

Example 5 Find the Fourier cosine series forf(x) = { on 0<x<L.

Solution
We'll need to split up the integrals for each of the coefficients here. Here are the coefficients.

=_I f dx——[jjf(x)dx+jjf(x)dx}
:L{ L., jéd}l{L_L_}LFL}L’J
L|Jo2 2 L|4 8] L 8] 8

For the rest of the coefficients here is the integral we'll need to do.

e I

2 L nwx L nwx
=— —Cos dx + x—— [cos dx
L|),2 L L 2 L
To make life a little easier let’s do each of these separately.

J%L (nnxj L(Lj. (nﬂxjé L(Lj. (nﬂj ro. (nﬂ')
—Cos dx =—| — |sin =—| — [sin| — | = sin| —
0 2 L 2\ nrw L ), 2\nrm 2 2nw 2
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JL( Lj (nﬂxj L L Enﬂxj ( Lj ) (nﬂxj
x—— |cos dx =—| —cos +| x—— [sin
L 2 L nrx\ nr L 2 L .

:_(Lcoswwésmwﬂ—im(?ﬂ

L

nir 2 nir

So, after all that work the Fourier cosine series is then,

=B oo ) o5

n=1

Note that much as we saw with the Fourier sine series many of the coefficients will be quite messy to
deal with.
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Section 8-6 : Fourier Series

Okay, in the previous two sections we’ve looked at Fourier sine and Fourier cosine series. It is now time
to look at a Fourier series. With a Fourier series we are going to try to write a series representation for

f(x) on —L < x <L inthe form,

f(x)= :Z(;An cos (%)+ iBn sin (nLﬂj

n=1

So, a Fourier series is, in some way a combination of the Fourier sine and Fourier cosine series. Also, like
the Fourier sine/cosine series we’ll not worry about whether or not the series will actually converge to

f(x) or not at this point. For now we’ll just assume that it will converge and we’ll discuss the

convergence of the Fourier series in a later section.

Determining formulas for the coefficients, An and Bn , will be done in exactly the same manner as we

0
did in the previous two sections. We will take advantage of the fact that {COS(?)} and

n=0

. o]
L2 are mutually orthogonal on —L < x < L as we proved earlier. We'll also need the
sIm{=~)y . tually orth I L<x<L d earlier. We'll al dth

following formulas that we derived when we proved the two sets were mutually orthogonal.

2L ifn=m=0

L
J cos(@jcos(wjdx= L ifn=m=#0
. L L

0 ifnzm

(t (nﬁxj ) (mzzx} L ifn=m
sin sin dx = )
J L L 0 ifnzm

So, let’s start off by multiplying both sides of the series above by COS (mec) and integrating from —L to

L. Doing this gives,
L L

J:f(x)cos(mzm)dx: iAncos(”Zx)cos(mfx)dx+ iBﬂsin(”?)cos(”’f")dx

—L n=0 —L n=1

Now, just as we’ve been able to do in the last two sections we can interchange the integral and the
summation. Doing this gives,
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jLLf(x)cos(mZx)dx:iAnjLLcos("’L”)cos(mfx)dx+i8njisin("’L”)cos(mfx)dx

n=0 n=1

We can now take advantage of the fact that the sines and cosines are mutually orthogonal. The integral
in the second series will always be zero and in the first series the integral will be zero if ## M and so
this reduces to,

Am(2L) ifn=m=0
A, (L) ifn=m=0

L
I Lf(x)cos(mfx)dx:
Solving for Am gives,

A4, :ﬁJ-LLf(x)dx

4, :%ILLf(x)cos(mZx)dx m=1,2,3,...

Now, do it all over again only this time multiply both sides by Sin (mszx) , integrate both sides from —L

to L and interchange the integral and summation to get,

J.lf(x)sin(mfx)dx = gAnI_LLcos($)sin('”Z”C)dx+an'[_LLsin("Lﬂ)sin(’”fx)dx

In this case the integral in the first series will always be zero and the second will be zero if ## M and so
we get,

Ilf(x)sin('”fx)dx =B,(L)

Finally, solving for Bm gives,

Bmz%j;f(x)sin(’"f‘)dx m=1,2,3,...

In the previous two sections we also took advantage of the fact that the integrand was even to give a
second form of the coefficients in terms of an integral from 0 to L. However, in this case we don’t know

anything about whether f(x) will be even, odd, or more likely neither even nor odd. Therefore, this is

the only form of the coefficients for the Fourier series.

Before we start examples let’s remind ourselves of a couple of formulas that we’ll make heavy use of
here in this section, as we’ve done in the previous two sections as well. Provided n in an integer then,

cos(nr)=(-1)" sin(nz)=0

In all of the work that we’ll be doing here n will be an integer and so we’ll use these without comment in
the problems so be prepared for them.
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Also, don’t forget that sine is an odd function, i.e. Sin(—x) = —sin(x) and that cosine is an even

function, i.e. COS(—x) = COS(x). WEe’'ll also be making heavy use of these ideas without comment in

many of the integral evaluations so be ready for these as well.

Now let’s take a look at an example.

Example 1 Find the Fourier series for f(x) =L-xon-L<x<L.

Solution
So, let’s go ahead and just run through formulas for the coefficients.

AO__.[ f )dx——.[ L—xdx=L
:%J_Lf(x)cos(nzxjdx=%J_L(L—x)cos(n7£xjdx

Aot o)
:%(%)(—mesin(—nﬂ)):O n=123...
_ %JLL £(x)sin (”Lﬂ] dx = %J_LL(L ~ x)sin (?j dx
=%(_nz_ﬁrzj{Lsin(”’L”J—mz(x—L)cos(”zxﬂ

-L

1| I? . 2L(-1)"
:Z{ﬁ@nﬂcos(nﬂ)—ZSln(nﬂ))}=% n=12,3,...

Note that in this case we had Ao #0 and An =0,n=12,3,... Thiswill happen on occasion so don’t
get excited about this kind of thing when it happens.

e 3 mnl 1)

)1 35, sin[ 22| - ey sm["?j

n=1 n=1

The Fourier series is then,

ZA COS(
=4, +iAn cos(
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As we saw in the previous example sometimes we'll get Ao #0 and An =0,n=1,2,3,... Whetheror

not this will happen will depend upon the function f(x) and often won’t happen, but when it does

don’t get excited about it.

Let’s take a look at another problem.

L if —L<x<0
Example 2 Find the Fourier series for f(x) = 5 £ 0<x<L on—-L<x<L.
x 1 0<x<

Solution
Because of the piece-wise nature of the function the work for the coefficients is going to be a little
unpleasant but let’s get on with it.

:i“if(x)dx%—'[:f(x)dx}

U_OLde+J‘OL2xdx}=i[LZ +2]=L

A= 1 ()
4 =%Jif(x)cos(nzxjdx=%{JOLf(x)cos(an)dx+J:f(x)cos(nzxjdx}
:%|:JOLLcos(nzxjdx+J0L2xcos(nzxjdx}

At this point it will probably be easier to do each of these individually.

’ niwx r nwx '
J Lcos (—j dx =| =—sin (_j
L L nx L B
L
2L .
J 2x COS(n—”xj dx=|—— || Lcos (n_;zx}r nzrxsin (mj
0 L n'r L L

L2
= — 1 = O
g sm(mr)

L

0

= % (Lcos(mr)+nﬂLsin(mr)—Lcos(O))
n’r
207 0

= 0

So, if we put all of this together we have,

4, =%J:f(x)cos(nzxjdx=%{0+[’;—§2j((—1)" —1)}
—i((—l)”—l) : n=1,2,3,...

T2 2
nrm
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coefficients for the sines.

R

o [ om{EJe  riom(Ee
A e ol

- L_z(—l +cos(nr)) = L—z((_l)n N 1)

0 2 0
j Lsin[nﬁx)dx: —L—cos(nﬂx)
i L nr L ., hT nr
L
J 2xsin[mjdx % Lsin(mj—nﬂxcos(mJ
0 L nr L L

= —— (L sin (nﬁ) —nrlL cos(mz))

L

0

So, if we put all of this together we have,

S o 7 a2 (a2

So, after all that work the Fourier series is,

=34, cos( J+ZB sm(”zxj
:AO+ZA cos( ]+ZB sm('”L”j

n=1

So, we’ve gotten the coefficients for the cosines taken care of and now we need to take care of the

As with the coefficients for the cosines will probably be easier to do each of these individually.

=_[_1_(_1)"}=__(1+(—1)”) n=12,3,...

As we saw in the previous example there is often quite a bit of work involved in computing the integrals

involved here.

The next couple of examples are here so we can make a nice observation about some Fourier series and

their relation to Fourier sine/cosine series
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Example 3 Find the Fourier series for f(x) =xon—-L<x<L.

Solution

Let’s start with the integrals for A,, .

1 (L 1 ¢z
A, =ZJ‘7Lf(x)dx=ZLLxdx=0

L L
Anzlj f(x)cos(nﬂx)dlej xcos(nﬂxjdxzo
L), L L), L

In both cases note that we are integrating an odd function (x is odd and cosine is even so the product

is odd) over the interval [—L,L] and so we know that both of these integrals will be zero.
Next here is the integral for Bn

L L L
anij f(x)sin[nﬂx]dx=lj xsin(n”x)dxzzj xsin(m)dx
L), L L), L L), L

In this case we’re integrating an even function (x and sine are both odd so the product is even) on the

interval [—L,L] and so we can “simplify” the integral as shown above. The reason for doing this here

is not actually to simplify the integral however. It is instead done so that we can note that we did this
integral back in the Fourier sine series section and so don’t need to redo it in this section. Using the
previous result we get,

(_1)n+1 2L

nrw

B =

n

n=12,3,...

In this case the Fourier series is,

f(x)= iAn cos(nzx

n=0

j+Z 5 Sin(nzrxj ¥ (-)""2L .n(nzzxj

S1
n=1 niw

If you go back and take a look at Example 1 in the Fourier sine series section, the same example we used
to get the integral out of, you will see that in that example we were finding the Fourier sine series for

f(x) =X on —L < x < L. The important thing to note here is that the answer that we got in that

example is identical to the answer we got here.

If you think about it however, this should not be too surprising. In both cases we were using an odd
function on —L < x < L and because we know that we had an odd function the coefficients of the

cosines in the Fourier series, An , will involve integrating and odd function over a symmetric interval,

—L < x <L, andso will be zero. So, in these cases the Fourier sine series of an odd function on
—L < x < L isreally just a special case of a Fourier series.
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Note however that when we moved over to doing the Fourier sine series of any functionon 0 < x < L
we should no longer expect to get the same results. You can see this by comparing Example 1 above
with Example 3 in the Fourier sine series section. In both examples we are finding the series for

f(x) =x— L and yet got very different answers.

So, why did we get different answers in this case? Recall that when we find the Fourier sine series of a
function on 0 < x < L we are really finding the Fourier sine series of the odd extension of the function
on —L < x < L and then just restricting the result down to 0 < x < L. For a Fourier series we are
actually using the whole function on —L < x < L instead of its odd extension. We should therefore not
expect to get the same results since we are really using different functions (at least on part of the
interval) in each case.

So, if the Fourier sine series of an odd function is just a special case of a Fourier series it makes some
sense that the Fourier cosine series of an even function should also be a special case of a Fourier series.
Let’s do a quick example to verify this.

Example 4 Find the Fourier series for f(x) =x"on—L<x<L.

Solution

Here are the integrals for the An and in this case because both the function and cosine are even we’ll

be integrating an even function and so can “simplify” the integral.

1 L 1 L 1 2
A, =Z_[7Lf(x)dx=ﬁ 7Lx2dx=zj‘o x? dx

1 (" nwx 1 (" ) nx 2 (* ) nxx
A,=—1| f(x)cos dx=—| x’cos dx==| x’cos dx
L), L L), L L),

As with the previous example both of these integrals were done in Example 1 in the Fourier cosine
series section and so we’ll not bother redoing them here. The coefficients are,
I 41 (-1)"

_r 4 =20 103
5 3 " n’r’

Next here is the integral for the B,,

L L
B, =lj f(X)sin(ﬂ]dxziJ x* sin(ﬂjdx=0
L), L L), L

In this case the function is even and sine is odd so the product is odd and we’re integrating over
—L < x < L and so the integral is zero.

The Fourier series is then,
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0 0 2 0 2(_1\"
f(x)zZ;Ancos(nﬂx)+ZBnsin(nzxj=%+z4L2( 21) cos(nzxj

L

As suggested before we started this example the result here is identical to the result from Example 1 in
the Fourier cosine series section and so we can see that the Fourier cosine series of an even function is

just a special case a Fourier series.
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