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3.2 Limits and Continuity of Functions of Two
or More Variables.

3.2.1 Elementary Notions of Limits

We wish to extend the notion of limits studied in Calculus I. Recall that when
we write lim f (z) = L, we mean that f can be made as close as we want to
Tr—a

L, by taking = close enough to a but not equal to a. In this process, f has to
be defined near a, but not necessarily at a. The information we are trying to
derive is the behavior of f (z) as x gets closer to a.

When we extend this notion to functions of two variables (or more), we will
see that there are many similarities. We will discuss these similarities. However,
there is also a main difference. The domain of functions of two variables is a
subset of R?, in other words it is a set of pairs. A point in R? is of the form
(z,y). So, the equivalent of z — a will be (x,y) — (a,b). For functions of
three variables, the equivalent of  — a will be (z,y,2) — (a,b,c), and so on.
This has a very important consequence, one which makes computing limits for
functions of several variables more difficult. While z could only approach a from
two directions, from the left or from the right, (x,y) can approach (a,b) from
infinitely many directions. In fact, it does not even have to approach (a, b) along
a straight path as shown in figure With functions of one variable, one way
to show a limit existed, was to show that the limit from both directions existed
and were equal ( lim f(z) = lim+ f(z)). Equivalently, when the limits from

T—a~ r—a

the two directions were not equal, we concluded that the limit did not exist.
For functions of several variables, we would have to show that the limit along
every possible path exist and are the same. The problem is that there are
infinitely many such paths. To show a limit does not exist, it is still enough to
find two paths along which the limits are not equal. In view of the number of
possible paths, it is not always easy to know which paths to try. We give some
suggestions here. You can try the following paths:

1. Horizontal line through (a,b), the equation of such a path is y = b.
2. Vertical line through (a,b), the equation of such a path is z = a.

3. Any straight line through (a,b) the equation of the line with slope m
through (a,b) is y = max + b — am.

4. Quadratic paths. For example, a typical quadratic path through (0,0) is
2
y=z°.

We will show how to compute limits along a path in the next sections.

While it is important to know how to compute limits, it is also important to
understand what we are trying to accomplish. Like for functions of one variable,
when we compute the limit of a function of several variables at a point, we are
simply trying to study the behavior of that function near that point. The
questions we are trying to answer are:
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a,h)

Figure 3.7: Possible paths through (a,b)

1. Does the function behave "nicely" near the point in questions? In other
words, does the function seem to be approaching a single value as its input
is approaching the point in question?

2. Is the function getting arbitrarily large (going to co or —oc0)?

3. Does the function behave erratically, that is it does not seem to be ap-
proaching any value?

In the first case, we will say that the limit exists and is equal to the value
the function seems to be approaching. In the other cases, we will say that the
limit does not exist. We have the following definition:

Definition 3.2.1 We write ( l)nn( b)f(amy) = L and we read the limit of
xr,y)—(a,

f(z,y) as (z,y) approaches (a,b) is L, if we can make f (z,y) as close as
we want to L, simply by taking (z,y) close enough to (a,b) but not equal to it.

Remark 3.2.2 [t is important to note that when computing ( %lHl( . f(z,y),
z,y)—(a,

(z,y) is never equal to (a,b). In fact, the function may not even be defined at
(a,b), yet the limit may still exist. While (a,b) may not be in the domain of f,
the points (x,y) we consider as (z,y) — (a,b) are always in the domain of f.

Remark 3.2.3 There are several notation for this limit. They all represent the
same thing, we list them below.
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1. lim z,y) =1L
(z,y)—(a,b) f(@:9)

2. lim f(z,y) = L
ZHZ/

3. f(z,y) approaches L as (x,y) approaches (a,b).

We now look at how limits can be computed.

3.2.2 Finding Limits Using the Numerical Method

We try to estimate or "guess" if a limit exists and what its value is by looking
at a table of values. Such a table will be more complicated than in the case of
functions of one variable. When (z,y) — (a,b), we have to consider all possible
combinations of x — a and y — b. This usually results in a square table as the
ones shown below.

sin(z? 442
Example 3.2.4 Consider the function f(x,y) = %}y) Use a table of
values to "guess”  lim  f(x,y).
(z,9)—(0,0) (=9)

We begin by making a table of values of f (z,y) for (x,y) close to (0,0).

N\Y | -10 | -05|-02 |0 0.2 0.5 1.0
—1.0 | 0.455 | 0.759 | 0.829 | 0.841 | 0.829 | 0.759 | 0.455
—0.5 | 0.759 | 0.959 | 0.986 | 0.990 | 0.986 | 0.959 | 0.759

—0.2 | 0.829 | 0.986 | 0.999 | 1 0.999 | 0.986 | 0.829
0 0.841 | 0.990 | 1 1 0.990 | 0.841
0.2 0.829 | 0.986 | 0.999 | 1 0.999 | 0.986 | 0.829
0.5 0.759 | 0.959 | 0.986 | 0.990 | 0.986 | 0.959 | 0.759
1 0.455 | 0.759 | 0.829 | 0.841 | 0.829 | 0.759 | 0.455

Looking at the table, we can estimate the limit along certain paths. For example,
each column of the table gives the function values for a fixed y value. In the
column corresponding to y = 0, we have the values of f (x,0) for values of x
close to 0, from either direction. So we can estimate the limit along the path
y = 0. In fact, the column corresponding to y = b can be used to estimate the
limit along the path y = b. Similarly, the row x = a can be used to estimate
the limit along the path © = a. The diagonal of the table from the top left to
the bottom right correspond to wvalues x = y. It can be used to estimate the
limit along the path y = x. The other diagonal, from top right to bottom left
corresponds to y = —x. So, it can be used to estimate the limit along the path
y = —xz. Looking at the table, it seems that the limit along any of the paths
discussed appears to be 1. While this does not prove it for sure, as there are
many more paths to consider, this gives us an indication that it might be. We
can then try to use other methods we will discuss in the next sections to try to
show the limit is indeed 1. It turns out this limit is indeed 1.



3.2. LIMITS AND CONTINUITY OF FUNCTIONS OF TWO OR MORE VARIABLES.219

22 —y?

TR Use a table of values

Example 3.2.5 Consider the function g (x,y) =

to "quess" lim z,y).
J (w>y)—>(070)g( )

We begin by making a table of values of g (x,y) for (z,y) close to (0,0).

N\Y | —1.0 -0.5 -02|0]02 0.5 1.0
-10 1|0 0.6 0923 | 1 |0.923 | 0.6 0

-0.5| 0.6 0 0.724 | 1 | 0.724 | O —0.6
—-0.2 | -0.923 | -0.724 | O 110 —0.724 | —0.923
0 -1 -1 -1 -1 -1 -1

0.2 —-0.923 | —0.724 | O 110 —0.724 | —0.923
0.5 -0.6 0 0.724 | 1 | 0.724 | O —0.6

1 0 0.6 0923 |1 |0.923 | 0.6 0

Looking at the table as indicated in the previous example, we see that the limit
along the path y = 0 appears to be 1 while the limit along the path x = 0 appears

to be —1. This proves lim g (z,y) does not exist.
(z,9)—(0,0)

2

Example 3.2.6 Consider the function h(z,y) = xfiﬁyz Use a table of values

to "guess" lim  h(z,y).
(z,5)—(0,0)
We begin by making a table of values of h (z,y) for (x,y) close to (0,0).

N\Y | —1.0 -0.5 -0.2 0|02 0.5 1.0
-1.0| -0.5 —-04 —0.1923 | 0 | 0.1923 | 0.4 0.5
—-0.5 | —0.2352 | —0.4 —0.4878 | 0 | 0.4878 | 0.4 0.2352
-0.2 | —-0.039 | —0.079 | —0.1923 | 0 | 0.1923 | 0.079 | 0.039
0 0 0 0 0 0 0

0.2 —-0.039 | —0.079 | —0.1923 | 0 | 0.1923 | 0.079 | 0.039
0.5 —0.2352 | —0.4 —0.4878 | 0 | 0.4878 | 0.4 0.2352
1 -0.5 —-0.4 —0.1923 | 0 | 0.1923 | 0.4 0.5

Looking at this table as indicated in the previous examples, it appears that the
limit along the paths t =0, y =0, y =x and y = —z is 0. However, as we will
see in the next section, this limit does not exist. In this case, the table would
have given the wrong indication.

In conclusion, we see that tables do not provide as good an answer as in the
case of functions of one variable. They can be helpful when the limit does not
exist, if the table shows two paths leading to a different limit. However, since
the number of paths we can see on the table is limited, they will not, in general
tell us for sure if a limit exists. They can still be used to get an idea of whether
the limit might exist and what it might be. Given a function, and a limit to
compute, if one does not have any idea of what this function does, looking at a
table of values might help to point the person in one direction. Usually, solving
a problem is easier if one has an idea of what the answer might be. So, while the
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use of such tables is more limited than in the case of functions of one variable,
these tables are not useless.

3.2.3 Finding Limits Using the Analytical Method

Computing limits using the analytical method is computing limits using the
limit rules and theorems. We will see that these rules and theorems are similar
to those used with functions of one variable. We present them without proof,
and illustrate them with examples.

Theorem 3.2.7 (Properties of Limits of Functions of Several Variables)
We list these properties for functions of two variables. Similar properties hold
for functions of more variables. Let us assume that L, M, and k are real numbers

and that  lim  f(z,y) = L and lim g (xz,y) = M, then the following
hold (z,y)—(a,b) (z,y)—(a,b)
old:

1. First, we have the obvious limits

X

I
S]

lim
(z,y)—(a,b)

lim = b
(z,y)—(a,b) Y

If ¢ is any constant,
lim c=c
(z,y)—(asb)
2. Sum and difference rules:

lim  [f(z,y) £g(z,y)]=L£tM
(z,y)—(ab)

3. Constant multiple rule:

lim kf(x,y)] = kL
(w,y)—»(a,b)[ [ (z,y)]

4. Product rule:

lim x, z,y)| = LM
i U (@) g(@y)l

5. Quotient rule:

lim [f (%y)}
(@) —(ab) | g (z,y)
provided M # 0.

6. Power rule: If r and s are integers with no common factors, and s # 0
then

w |3
w |3

lim [f (z,y)]s = L

(z,y)—(ab)
r

provided Ls is a real number. If s is even, we assume L > 0.
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Theorem 3.2.8 The above theorem applied to polynomials and rational func-
tions implies the following:

1. To find the limit of a polynomial, we simply plug in the point.

2. To find the limit of a rational function, we plug in the point as long as the
denominator is not 0.

Example 3.2.9 Find lim 25y + 22y
(z,9)—(1,2)
Combining the rules mentioned above allows us to do the following

lim 2% +2zy = 1%2+2(1)(2
o Y Yy (1)(2)
= 244
6

2

Example 3.2.10 Find (m,y%i—>m(1,1) AT

Combining the rules mentioned above allows us to do the following

lim 7m2y = 7121
(zy)—(1,1) 24 + 2 14+ 12
- 1
T2

Remark 3.2.11 Like for functions of one variable, the rules do not apply when
"plugging-in" the point results in an indeterminate form. In that case, we must
use techniques similar to the ones used for functions of one wvariable. Such
techniques include factoring, multiplying by the conjugate. We illustrate them
with examples.

Example 3.2.12 Find lim %
(z,y)—(0,0) *7Y

We cannot plug in the point as we get 0 in the denominator. We try to rewrite
the fraction to see if we can simplify it.

. 23— . (z—y) (2% + 2y + y°)
lim = lim
(z,y)—(0,0) T —Y (@,9)—(0,0) rT—y
= lim 2 + zy + 1>
(x’y)H(O,O)( vy )
=0
E le 3.2.13 Find i v -y
xample 3.2. in im —
(.9)—(0,0) VT — /Y
Here, we cannot plug in the point because we get —, an indeterminate form.

Since this is a fraction which involves a radical, we multiply by the conjugate.
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We get:

22 — zy li (x —xy) (f+f)
00 VE—VE 00 (Vi vB) (Va F vE)
z(z—y) (VT +/y)

= lim
(z,y)—(0,0) rT—yY
= lim VTV (vVz + o)
(2,5)—(0,0) 1

=0

3.2.4 Limit Along a Path

We have mentioned several times above how important taking the limit along
a specific path might be. In particular, one way to prove that ( %Hn( b f(z,y)
z,y)—(a,

does not exist is to prove that this limit has different values along two different
paths. We now look at several examples to see how this might be done. In
general, you need to remember that specifying a path amounts to giving some
relation between z and y. When computing the limit along this path, use the
relation which defines the path. For example, when computing the limit along
the path y = 0, replace y by 0 in the function. If computing the limit along the
path y = z, replace y by z in the function. And so on...

Make sure that the path you select goes through the point at which
we are computing the limit.

Example 3.2. 14 Consider the function f (z,y) =
find  lim

(e 1 0) T
You may remember from Calculus I that in many cases, to compute a limit we
simply plugged-in the point. If you try to do this here, you obtain % which is an
indeterminate form. It does not mean the limit does not exist. It means that
you need to study it further. We will do this by looking at the limit along various
paths. As mentioned in the introduction, some obvious paths we might try are
the path x =1 and y = 0.

s7o=1- The goal is to try to

1. Limit along the path y = 0. First, we find what the function becomes along

this path. We will use the notation %yl‘ _to mean z+Z—1 along the
ath y = 0 and lim —%— to mean lim —2— along the path
ety (@) —(1,0) 7Y (@) —(1,0) =1 olong the p
along y=0
y =0. We have:
Y - 0
r+y—1{ 4 -1



lim 0
x—1

Y

(zy)—1,0T +y—1
0

lim

along y

Also, note that along the path y = 0, y is constant hence (x,y) — (1,0)

can be replaced by © — 1. Therefore

N e ra e %
WYVl
QRREELKRRIIIRANHIIKKS
RIS
RKIETRK
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1

along ©

2. Limit along the path x = 1. We have:
Hence,
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3. Conclusion: The limits are different, therefore  lim does not

Yy
(2,y)—(1,0) “TV 1
exist.

Example 3.2.15 Consider the function f (x,y) = ﬁij_zz The goal is to try to
2 2
nd lim L%
ind o o0y T
As mentioned in the introduction, some obvious paths we might try are the path
x =0 and y = 0. Note that we can also combine both computations (finding
what the function is along the path and finding the limit).

1. Limit along the path x = 0. Along this path, we have

22 — 2 . 22 — 2

1m —_— m e——
(z.9)—(0,0) 22 + 12 (z,y)—0,0) 22+ 42| _,
along =0

2

im 5
(z,9)—(0,0) Y
= lim -1

(z,y)—(0,0)
= -1
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T 7T T
TR
TTHA7SRID
S
RN

lV’ w LTI
TR

2. Limit along the path y = 0. Along this path, we have

22 yQ ) 22 y2
oY oy, oY
22+ 42 (@y)—(00) 22 +y2 |,

lim y =
(z,y)—(0,0)
along y=0

.’52

(z,9)—(0,0) T
= lim 1

(@,5)—(0,0)
= 1
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3. Conclusion: The limits are different, therefore lim ;Li does not
(z,y)—(0,0) © Y
exist.
Example 3.2.16 Prove that lim —%5 does not exist.

(2,9)—(0,0) © TV
First, we try the limit along the paths x = 0 and y = 0. The user will check
that both limits are 0. Next, we try along the path y = . We get

lm s
(z,9)—(0,0) % + Y
along y=x

im Y
(@y)—(00) 22 +y* |, _,
1‘2
lim ———
(2,2)—(0,0) T2 4 2
2

li —
(x,x)Lnl(o,o) 212

lim -
(z,2)—(0,0) 2
1

2

We obtained a different limit. So lim LY does mot exist.
i " (@) —(0,0) Y

Example 3.2.17 Prove that  lim —f?iz does not exist.
(z,y)—(0,0) *"FY

You will recognize this function, it is the function in the third table we did
earlier. From the table, it appeared that the limit along the paths x =0, y = 0,
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and y = = was 0. Yet, you were told the limit did not exist. We prove it here.
The reader will check that if we compute the limit along the paths x =0, y = 0,
y = x, we obtain 0 every time. In fact, the limit along any straight path through
(0,0) is 0. The equation of such a path is y = mz. Along this path, we get
: a’y : a?y
lim —— lim —
(@y)—(0,0) ¢ + y? @y)—00) 2t +y?| ..
along y=mx

mx3

lim —_
(z,max)—(0,0) x4 + m2x2
1i mx3

m —————-<
x—0 z2 (22 + m2)
. mx

lim ——
20 1‘2 + m2
= 0

However, we will get a different answer along the path y = x2.

Itzy 2L'2y

(20)=00) T4+ 32| _ .

(@)= (0,0 2" + y?
along y=z2
ZL'4

li _
(z,a:2§T(0,0) o4 + x4

This proves that  lim =% does not exist.

(,y)—(0,0) ** Y

3.2.5 Additional Techniques to Find Limits: Change of
Coordinates and Squeeze Theorem or Sandwich The-
orem

Sometimes, changing coordinates may be useful. Consider the example below.

3 3
Example 3.2.18 Usi l dinat d i LAY
X P sing polar coordinates, fin (z,y)lin(o,o) 27 y?

Recall that the relationship between a point in polar coordinates (r,0) with r > 0
and rectangular coordinates (z,y) is

T = rcosf

= rsinf
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From which, we can see that

%+ y2 = r2cos?6 + r%sin%0
r? (cos2 6 + sin? 9)

= T2

and

2 +y> = rdcos®0+r’sindo

= 73 (cos3 6 + sin® 9)

Also, saying (z,y) — (0,0) is equivalent to saying v — 0%. Hence, we have:

3 493 . 1% (cos® 0 +sin® 0)
im ——— = lim
(z,y)—(0,0) T2 + 32 P 2
= lim r (cos3 0 + sin® 9)
r—0+
=0

There is also an equivalent of the squeeze theorem. Suppose we are trying

to find ( %Hl’l( . f (z,y) given f (x,y) and we suspect the limit might be L.
T,y)—a,

Theorem 3.2.19 Suppose that |f (x,y) — L| < g (x,y) for every (z,y) inside
a disk centered at (a,b) ,except maybe at (a,b). If( %Hn( b)g(w,y) = 0 then
z,y)—

lim z,y) = L.
(Ly)ﬂ(ayb)f( v)

)

The difficulty with this theorem is that we must suspect what the limit is
going to be. This is not too much of a problem. If you have tried a table of
values and found that along all the paths the table allows you to investigate,
the limit is the same, or if you have tried to compute the limit along different
paths and have found the same value every time. Then, you might suspect the
limit exists and is the common value you have found. It is this value you would
try in the squeeze theorem. The second difficulty is finding the function g. This
is done using approximation of the initial function f. How it is done depends
on f. We illustrate how to do it with a few examples.

2
E le 3.2.20 Find i =L
ampe " @)= (0.0) fayy) for f(z.y) = =

The reader will check that computing this limit along various paths such as x = 0,
y=0,y=ux gives 0. So, you might start suspecting the limit exists and is 0. We
now use the squeeze theorem to try to prove it. In other words, we need to find

a function g (z,y) such that |f (z,y) — 0| < g (x,y) and ( %im(O O)g (z,y) = 0.
‘/1:7y g bl
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To find g, we proceed as follows:

$2y

22 + 42 B
2y
22 + y?
|2%y]
|22 + 32|
2
x
= a|:2 _||_|z|2 since T2 + y2 >0
z” Jy|
2 + 92

|f(x,y) _O| =

)

we can make a fraction bigger by making its denominator smaller. Thus, we
have

22 |y
1'2 + yQ
22 y|

.Z‘2
= |yl

|f(xvy) _0‘ =

<

If we let g (x,y) = |y|, we see that ( %im(o O)g (z,y) = 0. Thus, by the squeeze
z,y)—(0,

theorem, lim z,y) =0.
(wvy)—>(0»0)f( v)

Example 3.2.21 Find ( lim )f(amy) for f(x,y) = gj%
) — (1,

The reader will verify that the limit along the paths t =1, y =0, y =z — 1
1s always 0. So, we suspect the limit we want might be 0. We now use the
squeeze theorem to try to prove it. In other words, we need to find a function

g (x,y) such that |f (z,y) — 0] < g (x,y) and ( %im(0 O)g(m,y) =0. To find g,
z,y)—(0,
we proceed as follows:

(z—1)’Inz

(@—1)"+y?

(z— 1) Inz|

(@ —1)* + 92
< |lnz|

Since |Inz| — 0 as (z,y) — (1,0), it follows by the squeeze theorem that

lim z,y) =0.
(Ly)ﬂ(lxo)f( v)
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There is another version of the squeeze theorem. As before, we suppose we

are trying to find ( %un( . f(z,y) given f (z,y).
z,y)—(a,

Theorem 3.2.22 If g (z,y) < f(z,y) < h(x,y) for all (z,y) # (xo,y0) in a
disk centered at (xo,yo) and if lim g(z,y) = lim h(z,y) =L
(z,y)—(x0,90) (z,y)—(z0,y0)

then lim f(z,y)=1L.
(@,9)= (z0,%0)

Here, the difficulty is to find the two functions g and h which satisfy the
inequality and have a common limit. We illustrate this with an example.

Example 3.2.23 Does knowing that 2|zy| — IQGyz < 4 —4cos/|zy| < 2|xyl

. . . 4—4cos/|zy|

help you with finding (x’ygin}070) Tl 2

If we divide the inequality we have by |xy|, then we will have an inequality
inwolving the function for which we want the limit. If the two outer functions in
our new inequality have the same limit, then we will be done. Dividing each side
of the given inequality by |xy| which is positive (hence preserves the inequality)
gives us

2|zy| — $26y2 < 4 — 4 cos/|zy < 2 |zy|
lzyl |y T eyl

that is

2, 2
2wyl — L 44
lzy| — %5 < cos \/|zy| <9
|zy| |lzy|

2,2

; 2|zy| - -

We compute  lim T
(z,9)—(0,0) Y

get %. We will eliminate the absolute value by considering cases.

. We cannot just plug in the point because we

case 1: xy > 0. In this case, |xy| = xy hence

2,2 2,2
2zy| — =& 2oy — =
|lzy| 6 _ lim Y 6
(z,9)—(0,0) |zy| (z,9)—(0,0) xy
Ty (2 — 2
(2,9)—(0,0) Yy

—  lim (2 - @)
(2,9)—(0,0) 6

= 2
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case 2: xzy < 0. In this case, |xy| = —zxy hence
2|ay| - L e =
il S im 7 6
(@y)—00)  |zyl (@y)—(00)  —TY
_ —oy 2+ %)
(w,y)—(0,0) -y
= dim(2472)
(2,y)—(0,0) 6
= 2
2lay| - 2
in conclusion: lim :vylxi‘ﬁ = 2 and since lim 2=2, we are ex-
(z,y)—(0,0) v (z,y)—(0,0)

4—dcos/|zy|

actly in the situation of the squeeze theorem. We conclude that — lim
(@y)—(©0) 1Y
2.

3.2.6 Limits with Maple

To compute  lim  f(z,y), use
(z,y)—(a,b)

limit( f (z,y),{x =a,y =0} );

3.2.7 Continuity

Like in Calculus I, the definition of continuity is:

Definition 3.2.24 A function f (z,y) is said to be continuous at a point (a,b)
if the following is true:

1. (a,b) is in the domain of f.

2. lim Z,Y) exists.
(z,y)—(a,b) f (=)

3. lim z,y) = f(a,b
(M)H(a,b)f( y) = f(a,b)

Definition 3.2.25 If a function f is not continuous at a point (a,b), we say
that it is discontinuous at (a,b).

Definition 3.2.26 We say that a function f is continuous on a set D if it is
continuous at every point in D.

Thus, if we know that a function is continuous at a point, to find the limit
of the function at the point it is enough to plug-in the point. We now review
rules and theorem which allow us to determine if a function is continuous at a
point, or where a function is continuous.
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Theorem 3.2.27 The following results are true for multivariable functions:

1. The sum, difference and product of continuous functions is a continuous
Sfunction.

2. The quotient of two continuous functions is continuous as long as the
denominator is not 0.

8. Polynomial functions are continuous.
4. Rational functions are continuous in their domain.

5. If f (z,y) is continuous and g (x) is defined and continuous on the range
of f, then g (f (z,y)) is also continuous.

We now look at several examples.

Example 3.2.28 Is f (z,y) = 22y +323y* — 2+ 2y continuous at (0,0)? Where
is it continuous?

f (z,y) is a polynomial function, therefore it is continuous on R?. In particular,
it is continuous at (0,0).

Example 3.2.29 Where is f (z,y) = 3:2;%;,2 continuous?

f is the quotient of two continuous functions, therefore it is continuous as long
as its denominator is not 0 that is on R*\_{(0,0)}.

Example 3.2.30 Where is f (z,y) = Iiy continuous?
As above, f is the quotient of two continuous functions. Therefore, it is con-
tinuous as long as its denominator is not 0. The denominator is 0 along the

parabola y = z2. Therefore, f is continuous on {(az,y) ER? |y # xQ}.

Tty
Here, we have the composition of two functions. We know that tan=! is con-

my2
T4y

Example 3.2.31 Find where tan™* (zy2 ) is continuous.

tinuous on its domain, that is on R. Therefore, tan™! ( ) will be contin-

2 2
uous where % 18 continuous. Since ﬁfy is the quotient of two polynomial

functions, therefore it will be continuous as long as its demominator is not

0, that is as long as y # —x. It follows that tan™! (fii) is continuous on
{(z,y) e R?:y # —x}.

Example 3.2.32 Find where In (wQ +9% - 1) s continuous.

Again, we have the composition of two functions. In is continuous where it is
defined, that is on {x € R:x > 0}. So, In (1:2 +y? - 1) will be continuous as
long as x> +y? — 1 is continuous and positive. x> + y2> — 1 is continuous on
R2, but 2% +y? — 1 > 0 if and only if 2% +y> > 1, that is outside the circle of
radius 1, centered at the origin. It follows that In (332 +92 — 1) s continuous of
the portion of R? outside the circle of radius 1, centered at the origin.
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22 —y?

Example 3.2.33 Where is f (z,y) = z?+y? if (zy) #(0,0) continu-
0 at (0,0)

ous?
Away from (0,0), f is a rational function always defined. So, it is continuous.
We still need to investigate continuity at (0,0). In an earlier example, we found

that ( %IHI( : izi:;i did not exist. Therefore, f is continuous everywhere except
z,y)—(0,0

at (0,0).

Ty -
Example 3.2.34 Where is f (z,y) = e (z,y) # (0,0) continu-
0 at (0,0)

ous?
Away from (0,0), f is a rational function always defined. So, it is continuous.
We still need to investigate continuity at (0,0). In an earlier example, we found

that ( %IHI( : = 0. Therefore, [ is also continuous at (0,0). It follows
x,y)— (0,0
that f is continuous everywhere.

szy
x2 +y2

Remark 3.2.35 If the function of the example we just did had been defined
such that f (0,0) =1, then it would not have been continuous at (0,0) since the
value of the limit at (0,0) would not be the same as the value of the function.

3.2.8 Problems

Make sure you have read, studied and understood what was done above before
attempting the problems.

2 2=
1. Find lim 35 -445
(@)= (0,0) TV

2. Find lim /22+9y2-1

(z,y)—(3,4)

3. Find lim secxtanz
(=9)—(0,%)

4. Find lim ery
(z,9)—(0,In2)

5 Find lim sz
(2,9)—(0,0)

6. Find i zsiny
P a0

7. Find ( %Hn( ) % by first rewriting the fraction.
z,y)—(1,1

8. Find ( %nn( ) % by first rewriting the fraction.
z,y)—(1,1 v

9. Find  lim “-Yt2/e-2Vy

L N by first rewriting the fraction.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
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Find ( %IHI( : 75?:5 by first rewriting the fraction.
z,y)—(2,0

= i : 1,1, 1
Let P = (z,y,2). Find PJ%?374) (5 +14 ;)

Let P = . Find i sin?  + cos? y + sec?
(z,9,2). Fin Pag}s,o) (sin® z + y+ z)

Let P = (x,9,2). Find lim ze % cos2z
P—(m,0,3)

At what points in the plane is f (z,y) continuous?
(a) f(z,y) =sin(z+y).

(b) f(z,y) =In(z* +y?).

At what points in the plane is g (z,y) continuous?

(a) g(z,y) =sin

(b) g(ax,y) = 2-;:;21

At what points in space is f (z,y, z) continuous?

(a) f(x,y,z):x2+y2—222.
(b) f(a:,y,z):\/x?erzfl
At what points in space is g (z,y, z) continuous?

_ o1
9 - Z
(a) g(2,y,2) = zysin

does not exist.

By considering different paths, show that  lim ==

(z,9)—(0,0) V&*+y?

By considering different paths, show that  lim Tz_yi
(,y)—(0,0) * 1Y

does not exist.

By considering different paths, show that lim % does not exist.
(@) —(0,0) *FY

2
By considering different paths, show that ( %Hn( ) % does not exist.
z,y)—(0,0 -

Show that f (z,y) = % has limit 0 along every straight line approach-
ing (0,0).

Does knowing that
1

l_a:y<tan’3:y<1
3 xy
tell us anything about
. tan~! Ty
lim ——~=

(z,y)—(0,0) XY
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24. Does knowing that

tell us anything about

. 1
lim  ysin —

(z,y)—(0,0) T
25. Consider the function f (x,y) = ﬁj_; . Suppose we want to find ( %im(o 0 f(z,y).
z,y)— (0,
(a) Along the path y = ma, the function becomes 11% Substituting

m = tan#, show how the value of f varies with the line’s angle of
inclination.So, the value does depend solely on 6.

(b) Use the formula obtained in part a to show that the limit along the
line y = mx varies from —1 to 1 depending on the angle of approach.

z®—xy?

26. Use polar coordinates to find lim .
(@,y)—(0,0) © Y

2

27. Use polar coordinates to find lim P
P (2,y)—(0,0) & +Y?
28. Use polar coordinates to find lim tan~! LZ‘E;’J

(z,y)—(0,0)

3.2.9 Answers

22
1. Find  lim 3% —4+£5
(z,y)—(0,0) T ¥ H2

3m2—y2+5_5

lim 22 Y 7O
(.'c,y)1—>In(0,0) 2 + y2 + 2 2

2. Find lim /2?2 +9y2 -1

(z,9)—(3,4)
lim 22 +y2—1=2V6
(z,y)—(3,4)
3. Find lim secxtanz

(z,9)—(0,%)

lim secrtanz = 1
(zy)—(0,%)

4. Find lim ety
(z,9)—(0,In 2)

1
lim etV ==~
(,)—(0,In 2) 2
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5 Find lim sz

(z,y)—(0,0)
. eYsinz
im =1
(z,y)—(0,0) T
. . zsiny
R i
i F siny 0

i it A
(z,9)—(1,0) T2 + 1

7. Find ( %Hn( : 962757%# by first rewriting the fraction.
z,y)—(1,1

2_2 2
m LAY

(z,y)—(1,1) T—y
8. Find ( %nn( ) “’_i/# by first rewriting the fraction.
z,y)—(1,1

zyfy—2x+2:

lim -1
(I’y)*)(l’l) T — 1

9. Find ( %1m( ) % by first rewriting the fraction.
z,y)—(0,0

—y+2yz—2
i SCYEAE2E
(z,5)—(0,0) VI —\/y

10. Find ( %Hn( ) %i“fyy_f by first rewriting the fraction.
z,y)—(2,0

Vie—y—2 1

i
(a:,y)1—>Hl(2,0) 2t —y —4 4

11. Let P = (z,y,2). Find lim (l + 14 l)
P—(1,3,4) \F ¥ %

. 1 1 1 19
lim -+ —-4+-]=—=
P—(134)\x Yy =z 12
12. Let P = (z,y,2). Find lim (sin®z + cos® y + sec? z)

P—(3,3,0)

lim (sin®z + cos®y + sec? z) = 2
P—(3,3,0)

13. Let P = (z,y,2). Find lim  ze™2Y cos 2z
P—(7,0,3)

lim ze cos2z =3
P—(m,0,3)
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14. At what points in the plane is f (z,y) continuous?

(a) f(z,y) =sin(z+y).
f (z,y) is continuous on R2.

(b) f(z,y) =1n(2?+y°).
f is continuous for all (x,y) except (0,0).

15. At what points in the plane is g (z,y) continuous?

(a) g(z,y) =sin .

g (x,y) is continuous for all (z,y) not on the = or y-axes.

(b) 9(z,y) = 5tz
g is always continuous.

16. At what points in space is f (x,y, z) continuous?

(a) f (.T,y,Z) = xQ + y2 - 2Z2'
Continuous at all points since it is a polynomial.

(b) f(x,y,z): \/xQ""_y2_1

f is continuous outside the cylinder of radius 1 along the z-axis.

17. At what points in space is ¢ (z,y, z) continuous?

— in 1
(a) g(z,y,2) = zysin 7.
g is continuous as long as z # 0.
(b) g (337y7 Z) = m2+i271'
g is continuous as long as z2 + 22 # 1.

-

18. By considering different paths, show that lim does not exist.
yeonsicerig Patis, show (@.9)—(0,0) V2 +y? *

Just follow the instructions.

19. By considering different paths, show that ( %Hn( ) % does not exist.
z,y)— (0,0

Just follow the instructions.

20. By considering different paths, show that  lim 2% does not exist.

(z,y)—(0,0) “TY
Just follow the instructions.

21. By considering different paths, show that lim 2% does not exist.

(z,y)—(0,0) Y

Just follow the instructions.

22. Show that f (z,y) = ﬁf;ﬁ has limit 0 along every straight line approach-
ing (0,0).
Just follow the instructions (recall that a line through (0, 0) is of the form
Yy =max).
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23.

24.

25.

26.

27.

28.
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tan "t Ty 9

Does knowing that 1—# < tdngﬂ < 1 tell us anything about  lim -
Y (2,y)—(0,0) Y
tan”?! Ty 1

Yes, lim
(my)—(0,0) Y

Does knowing that |sin%f < 1 tell us anything about ( %Hn( )ysin %?
z,y)—(0,0
Yes, lim ysin % =0
(z,y)—(0,0)

Consider the function f (z,y) = ﬁfgﬁ Suppose we want to find ( %im(o 0 f(z,y).
z,y)— U,

(a) Along the path y = ma, the function becomes 13_% Substituting
m = tan#, show how the value of f varies with the line’s angle of
inclination.

‘We obtain
2m

14+ m?2

So, the value does depend solely on 6.

= sin 260

(b) Use the formula obtained in part a to show that the limit along the
line y = max varies from —1 to 1 depending on the angle of approach.
This follows from the fact that —1 < sin26 < 1.

23 —xy?

Use polar coordinates to find li .
p I Tdin 1 (gg,y)lin(0,0) 22 ty?
. x3 — xy?
lim ——% =
(2,9)—(0,0) 22 +y?

Use polar coordinates to find lim -
P (@) —(0,0) ¥+

The limit does not exist.

Use polar coordinates to find ~ lim  tan—! 1Z*1l
P ()~ (0,0) Py
lim tan™! L' + [yl _T

(2,y)—(0,0) x24+Y2 2
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