1 Taylor expansion and limit

Problem. For various a € R, study the limit:

. 2cosz — 2+ 2%V/1+ 3z + az®
lim
-0 (log(1 + x2))?

and find « such that this converges, and calculate the limit.

Solution. As z — 0, log(1 + z%) — 0, thus the denominator tends to 0. For the whole limit
to converge, the numerator must also tend to 0, and we need to study the behaviours of the
numerator and the denominator as x — 0. For this purpose, we calculate the Taylor formula of
both the numerator and the denominator. The general formula (to the 4th order, see below why
the 4th order is enough) is

£(2) = F(@) + (@)= )+ o (@) @~ 0+ 5 f D @) (- @)+ SO (@) (=) + of(w —a)?),

as x — a. We take a = 0.

e Put f(z) = cosz. Then f'(z) = —sinz, f"(z) = —cosz, fO)(z) = sinz, ) (z) = cosz.
Applying the general Taylor formula with a = 0, we get cosx =1 — %:EQ + i;ﬁl + o(x*) as
xz— 0.

e In general, if g(z) = ag+air+asz?+o(x?), then we have 22g(x) = agr?+arx3+asz*+o(z?),
That is, the Taylor formula can be multiplied. This can simplify some calculations.

e For g(z) = v/1+ 3z we have ¢'(z) = %(1+3x)*%,g”(x) = —%(1+3x)*%. Thus /1 + 3z =
1+ 32— 22° + o(z®) as z — 0.

e By applying the formula for product (see above), 2%/1+ 3z = 2?(1 + Sz — S22 + o(2?)) =
z? + 3% — 32" + o(2h).

e Aslog(y) = y+o(y), we have log(1+2?2) = 22 +0(2?) and hence (log(1+22))? = 2% +o(z?).
Now the numerator is
2cosx — 2+ 2%V1 + 3z + ax®

1 1 3 9
=2 <1 — 53:2 + ﬂx‘l + 0(:1:4)) -2+ <x2 + §x3 - §x4 + 0(:104)) + ax®

(3 3 20 4 4
—<2+a)a: 51° + o(z")

%—i—a):c?’— %:644-0(9:4)

To have a finite limit of lim,_q , we must have %+a = 0, because otherwise

zi+o(x?)
the limit diverges. Therefore, a = —%, and the given limit is
lim M _ %
a—0 23+ o(a?) 24
Note: lim;,0 ;7 converges if and only if a = 0 (otherwise diverges). Similarly, we have
lim,_,0 M converges if and only if a = b = ¢ = 0 (otherwise diverges).
X

The symbol g(z) = o(x?) means that limx_ﬂ)% = 0.

0(14)

limg o <20 iy, st

Examples of Taylor series: e = 1+ x + %2 + %3 +o(z®) asx — 0, logz = 0+ (z — 1) —

(e—1)? | (2-1)°
2 3

In particular, we can calculate

as r — 1.



2 Series

Problem. Calculate the finite sum for x = 7 in Zi:o -1 (2 4+ 1) and study the convergence
of the infinite series >-°° -2 (z + 1)?", with various z.

Solution. The finite sum is Zi:o an = ag+aj +as. Recall that a® =1 foralla € C and 0! =1
by convention. In the case at hand with x =4, (i + 1)° =1, (i + 1) = 2i, (i + 1)* = —4, thus

2
2" — 1
n=0 )
201 2t —1 2% —

_ 0, =« — 1. 2
=5 (t+1)" + T (i+1)°+ 51

3
=0+2i+ 5 (-4)=—6+2i

1(z‘+1)4

As for the convergence, we use the ratio test. The ratio test tells, for a series > ° ; a, with
an > 0, that if limn_,oo(an)% = L < 1, then the series ) ° ;a, converges, and if L > 1, then
the series diverges.

To apply the ratio test to our case, for z € R, we set a,, = anjl(x +1)?" (no need to take
the absolute value, as (z +1)?® > 0 and 2" — 1 > 0), and see if L > 1 or L < 1, depending on z.

To calculate the limit,

n+1_ n
. Gpy1 . 2(n+1)!1(37+ 1)2(m+)
lim —— li

n—00 Ay n— 00 %(l’ + 1)2n
(2n !l — 1) (z +1)?
nioe (27— D)+ 1)
4(x +1)?

2n+1_1 2n+1

(we used that 2"*t! — 1 < 2"+ and 2" — 1 > 2"~! thus =T =T

conclude that lim,_, agf =0<1.

Therefore, the ratio test tells that, for all z € R, the series > 7 27;?1 (x + 1)?" converges.
This means that for any specific value of x, for example x = —%, the series converges (abso-
lutely).
Problem. Calculate the infinite sum 00 (£)".
Solution. This is a geometric series, that is a series of the form ) °  a™ for some a € R.
We know that hthis converges for —1 < a < 1 and for such a it holds that > 2 ja" = 4.

1—a
Therefore, with a = 2, 30 (2)" = L5 =3

= 4). By squeezing, we

n=0 \5 1-3 2
Note: a series Y a, is a new sequence obtained from the sequence a,, by ag,ap + a1, a9 + a1 +
as,---. For example, if a, = 2%, then fo:oan are % = 1,1—}—%,1—1—%—}—%,14—%—1—%—&—%,---
(N =0,1,2,3).



3 Graph of functions

Problem. Study the graph of the function f(x) =
Solution.

e Domain. -1 is defined only for = # a. We have f(z) = (z — 1)? - 2L therefore, it is

+1
not defined for x = 0, —1. Altogether, the domain is (—oo, —1) U (—1,0) U (0, 00).

e Asymptotes.

— Vertical asymptotes. As z — 0 @=1)* | o (the sign depends on whether z — 0T

» z(z+1)
or x — 07). Similarly, limz_,_ % = t00. There are vertical asysmptotes at
z=0,-1.
— Horizontal asymptote. As x — 400, note that :(5?;41_)1?; — +oo. Hence there is no
horisontal asymptote.
. . —1)3 . 3342435
— Oblique asymptote. We calculate lim, 4. %% = limg; 4 % = 1.
Furthermore,
(x —1)3 . 23 =322+ 3r—1—-2%(x +1)
im ——— —x = lim —x
z—+oo :L‘(x + 1) z—+oo J,‘(.%’ + 1)
) —42% 43z — 1
= lim ——— =—4,
z—+o00 2 + x
therefore, y = x — 4 is an oblique asymptote.
e The derivative. We can use the rule for quotient: ()" = %. In our case, g(z) = (z—1)3

and h(z) = z(x + 1), therefore, we get

3rx—1)2% z(x+1)—(x—1)3 2z +1)

() =

z?(z 4 1)2
(@ —1)2Bax(e+1)— (- 1)z +1))  (z—1)*(z® +4x+1)
N z?(z 4 1)2 B z2(x 4 1)2

e In particular, f'(2) = 2.

e Stationary points. They are points x in the domain where f’(x) = 0 holds. As we have
computed f'(z), the condition is that (x — 1)?(2% + 4z + 1) = 0,2 # 0, —1. Clearly, v = 1
is a stationary point. Moreover, the equation 2 +4x +1 = (x +2)? — 3 = 0 has two (real)
solutions & = —2 + /3. Altogether, there are 3 stationary points.

e Behaviour of the graph. Recall that the function f is monotonically increasing in an interval
if f’(x) > 0 there, and is monotonically decreasing in an interval if f'(z) < 0.

The factor g(x) = 22 +42+1 has a minumum at z = —2 and it is monotonically increasing
on x > —2. Furthermore, ¢(3) = 22 > 0, thus g(x) > 0 for = € [3,4]. This implies that
f(x) > 0 for x € [3,4], therefore, f is monotonically increasing in that interval.

Note: the graph of a function f(x) is the collection of points (z, f(z)) where x is in the domain

of f.



4 Integral

Problem. Calculate the integral

3
1
/ ng dz.
1 o

Solution. Recall the general formula of integration by parts

b b
/ f(@)d (@)dz = [f(z)g(x)]! ~ / f(@)g(x).

We can easily find [ x—Ide = —%. Therefore, by integration by parts and (logx) = %, with
i 1
f(z) =logz,g(r) = _579/(33) = 72

Note: other useful techniques are substitution (example: [ ze® dx by putting t = z?) and
. . 1 . . . d _ . 1 _
change of variables (example: [ de by putting x = sint, &7 = cost, resulting / de =

f\/ﬁmstdt: [ dt =t = arcsinz).



5 Improper integrals

Problem. For various a € R, study the improper integral fooo rexp(ax?)dr.
Solution. The function f(z) = x exp(az?) is bounded on any finite interval, but the integration
region [0, 00) is infinite. Therefore, we need to take 5 > 0 and calculate the integral on [0, f].
Noting that (ax?)’ = 2az, thus by substitution, for a # 0,
B 1 B
/ rexp(ar?)dr = — 20 exp(ax?)dz
0 2a Jo
1
=5 [exp(axQ)]g
1
= 5 (exp(af”) — exp0).
1

As 8 — oo, this is convergent only if o < 0, and in that case, the limit is —5.
If @ = 0, then the integral is

and this diverges as § — oo.

Altogether, the improper integral converges only for o < 0. For the specific value a = —5,
the integral is —i = %.

Note: Actually, it is not necessary to divide into two parts as suggested in the Moodle
question, but the results are the same.

Problem. Choose all improper integrals that are convergent.
o [;"logx/xdx
o [0 logx/a?da
o [[Flogz/zdx
o [Clogx/a?dx
o [°exp(—a)/zdx
o 7 exp(x)/xdx
o [ exp(—z)/2*dx
o [Cexp(z)/z?dx

Solution.

Each of the functions is integrated over an infinite interval, and is possibly unbounded some-
where. Therefore, we need to look at whether the integral converges for large x and whether it
converges when the function diverges.

o [ logw/xdr. As x — oo, logz/x > 1, and we know that [ ldx diverges, thus this

diverges as well.

o [[Clogx/a*dx. As x — 0, |logz/a?| > 1/2% and we know that fol Zdx diverges, thus this
diverges as well.

o [Clogz/axdr. As & — oo, logz/z > %, and we know that [} %daz diverges, thus this

diverges as well.



o [Plogx/z*dx. The function is bounded. As z — oo, |logz/2?| < 1/2'° and we know

that fol x%sdm converges, thus this integral converges as well.

o [ exp(—x)/zdr. As & — 0, |exp(—x)/x?| > 1/22% and we know that fol szda diverges,
thus this diverges as well.

° fooo exp(z)/xdx. As x — oo, the function diverges, thus the integral diverges as well.

o [["exp(—z)/a*dx. The function is bounded. As z — oo, exp(—z)/2? < exp(—z) and we
know that floo exp(—x)dx is convergent, thus this integral is convergent as well.

o [Cexp(x)/a*dx. As & — oo, the function diverges, thus the integral diverges as well.

Note: An integral is improper if the interval is unbounded or the function is unbounded. In
that case, we define

c b—e

b
/ f(x)dx = lim f(x)dx + lim f(z)dz,
a e—0 ate e—=0 /.

where ¢ € (a,b).
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