Sohail Farhangi Solutions to the Math 2153 Recitation Handout for 2/10,/2022

Problem 1: Verify that

lim sin(x) + sin(y)

— 1. (1)
(z,5)—(0,0) Tr+vy

Solution: We begin by reviewing one of the sum to product trigonometric identities.
Observe that

sin(x) 4+ sin(y) | = sin(x _2|’ Yy + £ ; y) n Sin(a; y ; y) )

- Sin(x : y) COS(x S y) + sin(x ; y) cos(x ; y)
+ sin . ) cos(— i ) + sin(— S )C()S(lﬂ JQF LU) (3)

= sin(~ il ¥ cos(E=Y) + sin(——2) cos(= —; %)
+ sin(f ; y) (;()S(+I ! )— sin(w ¢ )cos(lT N U) (4)
= |2 sin( )c (x;y) (5)

Recalling that

we let 2 = “¥ and see that

2
lim sin(z) + sin(y) ~ lim 2 sin(*3%) cos(*5Y) "
(zy)=00) T+ Y (2:5)—(0,0) z+y
sin(%Y) T —y
lim —=2—= ( lim cos ) ]
((x,y)—>(0,0) ‘LTﬂ’ (2,9)—(0,0) ( 2 ) (8)
- - Ty 0—0
: = = 1.
(Z Z ) ((:c,y)lgéo,o) COS( 2 )) ( )(COS( 2 )) (9)
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Problem 2: Consider the function

2

fey) =5 (10)

(a) Show that if L is a line that passes through the origin, then

lim T =0. 11
(o (1)
(J«y)eL
Show that
lim  f(x,y) (12)

(2,9)—(0,0)
does not exist.

Solution to (a): Firstly, we see that if L is a line of the form y = mx for some m € R,
then

B x(mx)?
" l)mzo 0)f(ac Y) = hm f(x,mzx) = iﬂm (13)
(z,y)EL
2,3 2
—lim— —fim . (14)

=0 2 + mixt 2501 + mix?
The only line L left to consider is the line through the origin with infinite slope, which
is just the line x = 0. In this case we see that

092
" l)m%oo flz,y) = lim f(0,y) = zl,li%ouy

(z y)EL

— 0. (15)

Solution to : In order to show that the limit in equation does not exist we need
to use the 2 path test. Based on part (a), we see that our second path needs cannot be
a line. Thankfully, we only need to find a path P that results in any nonzero value when
the limit is taken along P. If we try the parabolic path y = 22, then we again get a value
of 0 for the limit, but if we try the path x = y* then we get a value of %! In fact, we see
that for m € R and the path B, given by = = my? we have

(my?)y®

) f (@ y) = lim f(my*,y) = )+ ot (16)
(zc y)EPm
my* m
= lim ————— = lim : (17)

y=0omPyt -yt y=om? 41
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Since the range of the function g(m) = —7 is [~1, 1], we see that the limit can take on
any value between —1 and 1 if the correct path is chosen. While we only need 2 paths
that result in different values to apply the 2 path test, it is amusing to see that we have
found infinitely many paths that result in infinitely many different values.
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Problem 3: Consider the function f(z,y) = /|zyl|.

Figure 1: A graph of z = /|zy|.

a) Is f continuous at (0,0)?

b) Show that f,(0,0) and f,(0,0) exist by calculating their values.

(¢) Determine whether f, and f, are continuous at (0, 0).
)

(d) Is f differentiable at (0,0)?

Solution to (a): We will show that f(z,y) is continuous on all of R?. The function
fi(z,y) = xy is a continuous function since it is a polynomial function. The function
fo(x) = |z| is also a continuous function, and the composition of continuous functions is
again continuous, so we see that f3(x,y) := fo(fi(z,y)) = |ry| is a continuous function.
Since |zy| only takes on nonnegative values and the function fy(z) = /2 is continuous
on the domain [0, 00), we see that f(z,y) = fi(f3(x,y)) is indeed a continuous function.

Solution to (b): We see that

(0 0):limf(0’y)_f(0’0) i VA0 = VIO-0) — 0, and (18)

y—0 Yy — 0 y—0 Yy

ty
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£(0,0) = lim 120 =J0.0) _ lim -0 = V100, (19)

x—0 x—0 x

Solution to (c): We will show that neither of f, and f, are continuous at (0,0). We
note that for all z,y > 0 we have f(z,y) = v/|zy| = /zy. It follows that for z,y > 0 we
have

0 1

falz,y) = 5-((@ ry)?) = 5(%9)5-y=% % and (20)
Feaw) = gl = 5lap) o =5 /7 1)

We now use the 2 path test to show that neither function is continuous. Let us consider
the path P,, given by y = max with m,x > 0 so that the path lies in the first quadrant.
We see that

1 /mx m
1. €T 9 — 1. €T 9 — 1. - _:_7 d 22
<x7y)1§%o,0)f (z,y) = lim fo(z,mz) = lim oy /=== =, an (22)
(aj7y)epm
im  f,(z,y) = lim fy(e,ma) = lim oy/-2 = . (23)
(g0 O T IR ST = Ao e 2m

(I y)EPm

We see that the paths P, and P, result in the values of % and 1 respectively for the value
of f.(x,y) as (z,y) approaches (0,0), so f, is not continuous at (0,0). Similarly, we see
that the paths P, and P, result in the values of % and }1 respectively for the value of
fy(z,y) as (z,y) approaches (0,0), so f, is not continuous at (0, 0).

Solution to (d): .| We begin by examining the directional derivative in the direction
of the vector & = (\[ \f) (0,0). We see that

AN 1 1)y —0

Duf(0.0) = lim L @O+ = £0.0) _ T (5:55) (24)

t—0 t t—0 t

5l 11
. 2
i I = v 25
If f was differentiable at (0,0), then we would have

1 1

Dy f(0,0) = V£(0,0) - & = (f:(0,0), £,(0,0)) - ( ) =0. (26)

V2' V2

Since this is not the case, we see that f is not differentiable at (0,0).
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Problem 4: Imagine a string that is fixed at both ends (for example, a guitar string).
When plucked, the string forms a standing wave. The displacement u of the string varies
with position z and with time ¢. Suppose it is given by u = f(z,t) = 2sin(rz) sin(5t),
for 0 <x <1andt >0 (see figure . At a fixed point in time, the string forms a wave
on [0, 1]. Alternatively, if you focus on a point on the string (fix a value of x), that point

oscillates up and down in time.
(a) What is the period of the motion in time?

Find the rate of change of the displacement with respect to time at a constant position
(which is the vertical velocity of a point on the string).

(c) At a fixed time, what point on the string is moving fastest?
(d) At a fixed position on the string, when is the strong moving fastest?

(e) Find the rate of change of the displacement with respect to position at a constant
time (which is the slope of the string).

(f) At a fixed time, where is the slope of the string greatest?

2r 2r

1r 1r
0.2 0.4 0.6 0.8 | 0.2 0.4 0.6 0.8

-1 -1

-2+ -3l

Figure 2: Snapshots of the wave at times ¢t =1 and ¢ = 3.

Solution to (a): We begin by recalling that the period of sin (as well as cos, tan, csc, sec,
and cot) is 27, i.e., sin(y) = sin(y + 27) for all y € R. We now want to find the smallest
p > 0 such that
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sin(5(t +p)) = sin(51), (27)
which will happen if
Tm T
_ _p=_ 2 — 4. 2
2t+2p 2t+ T=|p (28)
Solution to : If we fix a position of z = z(, then , the rate of change of

displacement with respect to time is given by the ¢ partial derivative of f. We now
observe that

= fi(xo,t) = %2 sin(mxg) sin(gt) QSin(ﬂ'l’o)% sin(gt) (29)
: 7T 7r
= 2sin(mwxg) (5 cos(yﬁ)) = : (30)
where follows from the fact that 2sin(mzg) is a constant.

Solution to (c): Since speed is just the absolute value of velocity, it suffices to optimize
the velocity function . In the end, the largest possible speed is going to either be
the largest possible velocity, or the absolute value of the smallest possible velocity. Since
we are fixing a time t = ty, we seek to optimize the function h(z) := v(x,ty) with respect
to x, which is essentially a single variable calculus optimization problem. Consequently,
we begin by finding the the critical point of A(z) in the interval [0, 1]. We now see that

d 0 o . T, | T .0 |
0= %h(x) = a—xv(a:,to) =57 sin(mx) cos(ito)—ﬂ COS(§t0)% sin(7x) (31)
= Wcos(gto) (77 Cos(m:)) =’ COS(gto) cos(mzr) = 0 = cos(gto) cos(mz), (32)

where equation * follows from the fact that mcos(5ty) is a constant. We now observe
that if cos(Gtg) = 0, then v(w,ty) = 0 for all z € [0, 1], so in this situation every point
on the string is the fastest moving point since every point is moving (or not moving
since the velocity is 0) at the same speed. Having fully resolved the situation when
cos(qtp) = 0, we proceed to the remaining situation in which cos(5ty) # 0, in which case
we are allowed to divide both sides of the right hand equation in by cos(5to) to see
that 0 = cos(mz). Recalling that cos(y) = 0 if and only if y = § + nm for some integer
n, we see that z € {--- — %, —%, %, %, .-+ }. Recalling that = € [0, 1] we see that z = % is
the only critical point. Since the end points of the domain of x are 0 and 1, we observe
that v(0,%y) = v(1,%9) = 0 (which should not be a surprise since the end points of our
string are not moving) and that v(%, to) = 2cos(5tg). Lastly, to put together the results

of our preceding two cases we recall that cos(Gtg) = 0 if and only if §ty = § + n7 for
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some integer n, which happens if and only if £ = 2n + 1. Since £ > 0, we see that this
happens if and only if ¢ is a positive odd integer. In conclusion, the fastest moving point
on the string at time ¢t = ¢ is

(33)
all x € [0,1] else

{:U = % if ¢ is not an odd integer

Solution to (d): As in part (c¢) we begin by optimizing the velocity function

Since we are fixing a position z = xy, we seek to optimize the function ¢(t) := v(zo,t)
with respect to t, which is essentially a single variable calculus optimization problem.
Consequently, we begin by finding the the critical point of ¢(¢) over [0, 00). We now see
that

d 0 o . T v . 0 T
0= EQ(t) = av(a:o,t) =5 sin(mzg) COS<§t)—7T Sm(mso)a COS(§t) (34)
. T T T . T
= 7Tsm(7m:0)( ~3 sm(§t)) =3 sin(7zxg) sm(§t) = 0 = sin(7zy) sm(;ﬁ), (35)

where equation * follows from the fact that msin(mwzy) is a constant. We now observe
that if sin(mzg) = 0 for some xy € [0, 1], then xy = 0, 1. Noting that v(0,t) = v(1,f) =0
for all £ > 0 (which makes sense since the endpoints of the string are fixed) we see
that any time ¢ > 0 results in the fastest velocity if o = 0,1. We now proceed to
the situation in which xy € (0,1), so sin(mxy) # 0 and we can divide the right hand
equation in by sin(mxg) to see that 0 = sin(5t). Recalling that sin(y) = 0 if and
only if y = nw for some integer n, we see that t € {--- —4,-2,0,2,4,---}. Recalling
that ¢ > 0 we see that {0,2,4,---} are all of the critical points, and this set of critical
points coincidentally (luckily) includes the endpoint 0 of our region. Observing that
v(xg,2n) = wsin(mxg) cos(nm) = (—1)"wsin(mwzy), so the largest speed is 7| sin(mxg)|. In
conclusion, the fastest speed of the point x = x(y on the string is attained at

(36)

Everyt >0 ifxy=0,1
{0,2,4,---} else '

Interestingly, we note that if ¢ € {0,2,4, - - -} then the string is back at equilibrium (every
point has 0 displacement) and if t € {1,3,5,---} then the string is in an extreme state
in which every point has its maximum possible displacement.

Solution to (e): If we fix a time ¢ = ¢y, then s(z, ty), the rate of change of the displace-
ment with respect to position (slope of the string) at a constant time is given by the x
partial derivative of f. We now observe that
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0 0 . N N A
s(x, ty) = %f(a:, to) = %2 sin(mx) 81n(§t0)—2 sm(ato)% sin(mz) (37)
= QSin(gto) <7T cos(mc)) = |27 cos(mx) sin(gto) : (38)

Solution to (f): As in parts (¢) and (d) we begin by optimizing the slope function
s(x,t). Since we are fixing a time t = ty, we seek to optimize the function r(x) := s(x, ty)
with respect to x, which is essentially a single variable calculus optimization problem.
Consequently, we begin by finding the the critical point of r(z) over [0,1]. We now see
that

d 0

0= %r(l’) = —s(x,tg) = =—2m cos(mx) sin(§t0)227r sin(§t0)—cos(7rx) (39)

ox ox ox

=27 sin(gto)( — Wsin(ﬂw)) = —2msin(mx) sin(gto) = 0 = sin(mx) sin(gto), (40)

where equation * follows from the fact that 27 sin(fty) is a constant. As we saw in part
(d), sin(5tg) = 0 for ty > 0 if and only if t; € {0,2,4,---}, and in this situation we see
that s(x,tg) = 0 for all x, so every z attains the greatest slope. We now consider the
situation in which ¢y ¢ {0,2,4,---} and divide the right hand equation of 40| by sin(5t)
to see that 0 = sin(mz). As before, we deduce that z € [0,1] must be an integer, so
x = 0,1. Observing that

s(0,ty) = 2w cos(0) sin(gto) =27 Sin(gto) and (41)

s(1,t) = 27 cos(r) sin(gto) — o sin(gto), (42)

we see that the largest slope in this case is 27| sin(5to)|, which occurs at 0 if sin(5ty) > 0
and at 1 if sin(5#p) < 0. In conclusion, the greatest slope of a point on the string at time
t =ty is attained at

Every x € [0,1] iftp € {0,2,4,---}
=0 if tg € (2n,2n + 1) for some integer n . (43)
r =1 if tg € (2n + 1,2n + 2) for some integer n
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