
Hwk #6:

I love to collect airline miles. Let’s assume I fly from Atlanta (ATL) to Frankfurt, Germany
(FRA). How many miles is the shortest distance? I look up the following info on a map:
ATL is at 84.4◦ western longitude and 33.65◦ northern latitude. FRA is at 8.6◦ eastern
longitude and 50.1◦ northern latitude. The radius of the earth is 3975 mi.

Transforming from spherical to cartesian coordinates (the equator plane is the xy plane,
with the Greenwich meridian going through the x axis); and using the dot product again,
I can calculate the number of miles for this trip (along the shortest route, which is the arc
of a circle centered at the center of the earth and connecting from ATL to FRA).

(Note: It is of course more expedient to use symbols λ1,2 and ϕ1,2 for the coordinates first,
and postpone plugging in numbers until the end.)

Solution: 5 pts

Location 1 (ATL) has coordinates





R cos ϕ1 cos λ1

R cos ϕ1 sin λ1

R sin ϕ1



 =: ~v1.

Location 2 (FRA) has coordinates





R cos ϕ2 cos λ2

R cos ϕ2 sin λ2

R sin ϕ2



 =: ~v2.

(The points are viewed as vectors from the origin to said points.)

For the angle δ between these two vectors (which determines the distance Rδ along the great circle),
it holds

cos δ =
~v1 · ~v2

‖~v1‖ ‖~v2‖
= cos ϕ1 cos ϕ2 (cos λ1 cos λ2 + sin λ1 sinλ2) + sin ϕ1 sin ϕ2

= cos ϕ1 cos ϕ2 cos(λ1 − λ2) + sin ϕ1 sin ϕ2

Specifically, with λ1 = −84.4◦, λ2 = +8.6◦, ϕ1 = 33.65◦, ϕ2 = 50.1◦, and R = 3975, we obtain
Rδ = 3975 arccos(0.39715) = 4620. (δ needed in radian of course for the validity of the formula Rδ.)

Hwk #7:

Consider the function f : R
2 → R given by f(x, y) = xy

x2+y2 for (x, y) 6= (0, 0) and f(0, 0) =
0. By using polar cordinates, draw the level curves of this function. As explained in class,
this function is not continuous at (0, 0). Show that nevertheless, all the single variable
functions g and h given by g(x) := f(x, y) for any choice of y, and h(y) := f(x, y) for any
choice of x, are continuous. For any fixed k, find the limit limx→0 f(x, kx).

Solution: 3 pts

We let x = r cos ϕ and y = r sin ϕ and define f̃(r, ϕ) := f(r cos ϕ, r sin ϕ). (Note that in comparison,
physicists may prefer to re-use the symbol f for the new function, with the names of the arguments
being used to resolve the ambiguity. – I am using the mathematicians’ convention here. Refer to the
introductory notes (pg 1) for this issue)
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Then f̃(r, ϕ) := cos ϕ sinϕ = 1
2 sin(2ϕ). The level curves are

straight lines ‘through’ (but omitting) the origin.
Obviously, the limits limx→0 f(x, kx) = k/(1 + k2) and
limy→0 f(0, y) = 0 exist.
For fixed x 6= 0, the sv function h : y 7→ xy

x2+y2 is continuous,

b/c it is a rational function with non-vanishing denominator.
For x = 0, we are considering the constant function h : y 7→ 0
(defined for every y including 0, because of the stipulation
f(0, 0) = 0). This h is trivially continuous. The analogous
arguments apply to the functions g : x 7→ xy

x2+y2 for fixed y

and (in case y = 0) to g : x 7→ 0.
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Hwk #8:

Cranking the previous example up a notch, consider the function f given by f(x, y) :=
x2y4

x4+y8 for (x, y) 6= (0, 0) and f(0, 0) = 0.

Show that each of the radial limits limx→0 f(x, kx) and limy→0 f(0, y) equal 0 = f(0, 0),
but that, nevertheless, lim(x,y)→(0,0) f(x, y) does not exist (and hence f is not continuous
in the origin). Draw level lines of f to get insight into this function.

Can you describe a ‘curve of approach’ in the (x, y) plane along which the single vari-
able limit exists, but is different from 0? That is, can you find x(t) and y(t) such that
limt→∞ x(t) = 0 and limt→∞ y(t) = 0, but limt→∞ f(x(t), y(t)) 6= 0.

Can you also describe a curve of approach for which the limit does not exist?

Solution: 5 pts

lim
x→0

f(x, kx) = lim
x→0

k4x6

x4 + k8x8
= lim

x→0

k4x2

1 + k8x4
= 0

because the last expression under the limit is continuous. Moreover, limy→0 f(0, y) = limy→0(0 ·
y4/y8) = 0. (Note that during the limy→0, by definition, y is not 0. )

The level lines are parabolas y2 = kx, for level k2/(1+k4). For
instance, if we approach the origin on such parabolas, we get
different limits: limy→0 f(y2, y) = 1

2 ; or limy→0 f(1
2y2, y) = 4

17 .
— (The parametrization for the curve of approach suggested
in the problem isn’t the most convenient for these parabo-
las, but we could consider (x(t), y(t)) = (1/t2, 1/t) for the
parabola x = y2.)
The limit lim(x,y)→(0,0) f(x, y) does not exist, because in every
ball around the origin, f takes on (among others), in particular
the values 0 and 1

2 , so no number L can be within distance
ε := 0.1 from both 0 and 1

2 .

To take a curve of approach for which the limit does not exist, we may want to take some kind of
spiral around the origin, that keeps encountering all level sets in turn. For instance, we might consider
trying (x(t), y(t)) := (1

t
cos t, 1

t
sin t) → (0, 0) as t → ∞, and we would get

f(x(t), y(t)) =
cos2 t sin4 t

t2 cos4 t + t−2 sin8 t
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This would work, but is technically a bit awkward to write up. We would need to select a sequence of
tk where cos4 t is small enough to compensate for the large coefficient t2, but not exactly 0, to prevent
the numerator from being 0. We would specifically argue (using the intermediate value theorem) that
there is a sequence tk → ∞ along which t2 cos4 t = t−2 sin8 t, and that for these tk, from the equality
case of the arithmetic and geometric mean inequality, the denominator equals 2 cos2 t sin4 t.

It is a bit easier to modify the curve of approach to model the different weights of x and y in the
formula for f . So we can take (x(t), y(t)) = (t−2 cos2 t sign(cos t), t−1 sin t), which is still a spiral but
squeezing much more in x direction than in y direction.

Then

f(x(t), y(t)) =
cos4 t sin4 t

cos8 t + sin8 t

and clearly no limit exists as t → ∞ (take tk = π
4 + kπ and t′k = kπ as respective subsequences).

Hwk #9:

Draw level curves of the function f given by f(x, y) := |x| + |y|, and describe the graph
z = f(x, y).

Same question for g(x, y) =
√

x2 + y2.

Solution: The level curves for f are squares whose vertices are on the x and y axes respectively. The 4 pts

graph of f is a four-sided pyramid ‘standing on its tip’.

The level curves of g are circles, and the graph of g is a cone ‘standing on its tip’.

Hwk #10:

Does lim(x,y)→(0,0) y sin 1
x

exist, and if so, what is its value? Explain.

Solution: The limit exists and is 0 by the squeeze theorem. However, note that the domain of y sin 1
x

3 pts

does not contain an entire punctured disc around the origin. So, due to the restriction on the approach
direction, this limit is more akin to the single variable limits like limx→0+[. . .], but obviously we cannot
maintain specific notations for all the possible limitations on the approach geometry that could occur
in multi-variable limits, and this is why we have put the domain hypothesis in the definition of the
limit.
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