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Tangent conic sections to the graph of a function
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Abstract The geometric problem of the tangent line to the graph of a function at
a point P is studied within the derivative concept. The geometric problem of the
tangent can be extended to other tangent curves and not only to the simplest curve
(the tangent straight line). The tangent line is a specific case of a tangent conic sec-
tion since a line is a degenerate conic section. Therefore a tangent conic section is
a more general solution as this contains also the geometric problem of the tangent
line. Here, the tangent conic sections to the graph of a function are determined. The
tangent conic section contains the point P as its vertex whose tangent line is equal
to the tangent line of the function at that point P. The second-degree equation of a
tangent conic section is an implicitly defined function. So, the parametric equations
are used to obtain the graphs and the derivatives easily. Tangent conic sections to a
given point P of a function are calculated in illustrative examples.

Keywords derivative, limit situation, parametric curve, tangent conic sections, tan-
gent curve.

Resumen El problema geométrico de la recta tangente a la grafica de una funcién en
un punto P se estudia en el concepto de derivada. El problema geométrico de la tan-
gente se puede extender a otras curvas tangentes y no solo a la curva mas simple (la
recta tangente). La linea tangente es un caso especifico de una seccién coénica tan-
gente ya que una linea es una seccién cénica degenerada. Por lo tanto, una seccién
coOnica tangente es una solucién mds general, ya que también contiene el problema
geométrico de la recta tangente. En este articulo, las secciones conicas tangentes a
la grafica de una funcién son determinadas. La seccion cénica tangente contiene el
punto P como su vértice, cuya linea tangente es igual a la linea tangente de la fun-
cién en ese punto P. La ecuacion de segundo grado de una seccién cdnica tangente
es una funcién definida implicitamente. Entonces, las ecuaciones paramétricas son
usadas para obtener las graficas y las derivadas facilmente. Las secciones conicas
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tangentes a un punto P dado de una funcién se calculan en ejemplos ilustrativos.
Palabras Claves curva paramétrica, curva tangente, derivada, secciones cOnicas
tangentes, situacion limite.

1 Introduction

The conic sections were described by the Greeks. The Greek Apollonius obtai-
ned the conic sections cutting a double cone by a plane. If the plane passes through
the vertex, the intersection is a degenerate conic. If the slicing plane is parallel to
a side of the cone, a parabola is obtained. If the plane slices a cone at right angle
with respect to the cone axis, a circle is generated. If the plane slices a cone with
an oblique angle to the cone axis, an ellipse is obtained. If the plane is parallel to
the cone axis, a hyperbola is generated. Conic sections contributed to the develop-
ment of analytic geometry and calculus. In the 17th century, Galileo determined
that the projectile path is parabolic and Kepler discovered that the planets follow
elliptical orbits. Analytic geometry combines algebra and geometry and is based
on the work of Descartes and Fermat. Geometric problems can be solved algebrai-
cally and algebraic problems can be solved geometrically. The geometric problem
of conic sections can be reduced to an algebraic problem. Conic sections can be
expressed as second-degree equations. Newton and Leibniz used the analytic geo-
metry to develop calculus (Boyer, 2004; Das, 2013; Eddy, 2017; Larson, Hostetler,
& Edwards, 2002; Newcomb, 2010; Serdarushich, 2015; Strang, 2010; Swokowski
& Cole, 2008; Weir, Hass, & Thomas, 2010).

The first solution to the tangent line problem is attributed to Isaac Newton and
Gottfried Leibniz. To determine the tangent line to the graph of a function is neces-
sary the limit concept. The slope of the tangent line at a point P can be approximated
using a secant line through P and other point on the curve. Approximations to the
slope of the tangent line can be determined choosing a second point close to P. The
limit of the secant line slope when the second point tends to P is the slope of the tan-
gent line to the graph of the function at the point P. In this case, a tangent straight
line to the graph of a function can be determined (Larson et al., 2002; Leithold,
1995; Palmer & Krathwohl, 2018; Tan, 2011).

A tangent line is the simplest curve. The geometric problem of the tangent line
to the graph of a function can be extended to other tangent curves. The geometric
problem of tangent curves as the conic sections to the graph of a function can also
be solved. The tangent line to the graph of a function is a specific case of a tangent
conic section since a line is a degenerate conic section. Therefore a tangent conic
section is a more general solution as this contains also the geometric problem of
the tangent line. Concepts related to the tangent line to the graph of a function can
be extended using tangent conic sections, e.g. tangent conic sections can be used
to approximate function values instead of tangent lines (Stewart, 2015; Swokowski,
1979). Under certain circumstances the approximation with tangent conic sections
can be more accurate. The geometrical interpretation of some circle equations in
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the complex plane can be done using their equivalent real-valued function and their
tangent conic sections.

A descriptive study was conducted integrating known concepts to obtain the tan-
gent conic sections to the graph of a function and their derivatives. The content
can be used as a pedagogical tool in the areas of science, engineering and mat-
hematics since it shows an interdisciplinary approach combining general topics of
analytic geometry, functional analysis and differential calculus. The article opens
the possibility for new investigations that explore the applications of the tangent
conic sections.

The results are applied in illustrative examples. The second-degree equations
and the parametric equations for the first and second tangent conic sections (para-
bola, ellipse and hyperbola) to the graph of the function f(x) = 2x + x> — x> at the
point P(1,2) are determined for different values of the parameters (focal distance
p -tangent parabola-, semi-major axis a and semi-minor axis b -tangent ellipse or
hyperbola-). The tangent and perpendicular lines to the graph of the function f(x)
at the point P are also shown as reference. The parametric equations for the tangent
conic sections are used to generate the tangent conic sections graphs and derivatives.
The limit of the tangent parabola when the focal length tends to infinite is calculated.
The tangent line is obtained.

2 Tangent conic section to the graph of a function

The notation y = f(x) is used for the tangent conic section to the graph of a
function y = f(x). Let f(x) be a continuous and differentiable function, the tangent
conic section to the graph of a function y = f(x) at a point P(x, f(xo)) is determined
as the conic section y = f(x) containing the point P as its vertex whose tangent line
is equal to the tangent line of the function y = f(x) at that point P. Thus, from the
definition:

£ is a conic section andNits vertex is at the point P(xo, f(xo)),
F(x0) = f(x0) and
J'(x0) = f"(x0).

3 Determination of the tangent conic sections to the graph of a
function

The point P with coordinates (xp, f(x)) and the point Q with coordinates (xy +
AXx, f(xo+Ax)) are located on the graph of f. The line containing P and Q is a secant
line with slope:
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_ Ay [+ ax) - fxo) "
PO Ax AX

The midpoint M of the line segment with endpoints P(xg, f(xo)) and Q(xo +
AX, f(xo + Ax)) is given by M (2X°+M, i (x°)+f (xo+4%)

The coordinate system x’y’ is translated. The translated axes remain parallel to
the original cartesian coordinate system. The positive directions of the translated
axes x’ and y’ are the same as the positive x and y directions. The origin O’ of
the translated coordinate system x’y’ is the midpoint of the line segment and has
coordinates M (2"““, Lo+ o +Ax) ) in the original system (Figure la). Any point
has coordinates (x’, y") with respect to the translated system and (x, y) in the original
coordinate system, where:

Yoo 2x0;-Ax @)
y/ —y- f(X()) + f;x() + Ax) (3)

The translated coordinate system is then rotated so that the x”-axis is aligned to
the secant line between the points P and Q. The coordinate system x 'y~ is rotated
with the angle 6 relative to the coordinate system x’y’ (Figure 1b).

The angle 6 can be represented as one of the angles of a right triangle (Figure
Ic).

)The triangle’s hypotenuse is calculated using the Pythagorean theorem. The va-
lues of the sine and cosine can be determined from the right triangle.

S(o+ax)—f(x0)

Ging = flxo + Ax) = f(xo) _ ~ ax )
VAR + [+ 80 = FGOP | fi 4 [ fouso-son?
AXx 1
cosf = = ()

Vax2+ [f(xo + Ax) — f(xo)? \/1 + [ f(xo+Ax)'—f(xo)]2

The rotation of axes formulas can be found in Leithold (1995). The coordinates
in the rotated x”” y” and translated x’ y’ systems are related by:

X" =x"cosf+y sinf 6)
Y’ =y cos@ — x'sinf @
Using the values of the trigonometric functions of the angle 6 (eq. 4 and 5) in the
eq. 6 and 7.
1 Lo +20)=f(x0)
x// _ / AX (8)
\/1 + Laota0-f) f(m) \/1 + Lo t(xn)]
1 SCxo+a0-f(x0)
x/ AX (9)
\/1 + L)~ f(ro)] \/1 + [_f(Xo+A:3—_f(Xo)]2

The coordinates in the rotated x” y” and the original xy systems are related by
(replacing eq. 2 and 3 in eq. 8 and 9):
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(a) Translation of the coordinate system x’y’ to the mid-
point of the secant line containing P and Q.
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(b) Rotation of the coordinate system x”’ y” to align the
x""-axis to the secant line between the points P and Q.

—_—

VaxZ + [f(xo + Ax) = f(x,)]*
flag +4x) — f(xg)

Ax

(c) The angle 6 as one of the angles of a right
triangle.

g

Figure 1: Translation and rotation of the coordinate system x”’y” to align the x"’'-
axis to the secant line between the points P and Q.

Source: Own creation
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. ( 20 + Ax) ! + ( SGro) + f o + Ax)) S
X =x- y-
2 ) _ 2 2 - —
1+ [f(xmAAxx /(XO))] 1+ [_/(»o+AA)2 _/(M))]
T o)
, ( Fxo) + flxo + Ax)) 1 ( 2x0 + Ax) Lontan—jtxo)
Y =y~ —x-
2 . — 2 2 N - 2
1+ [f(M)+AA)2 f(m)] ’l + [f(xn+AAJ2 J‘(Xn)]

an

The y”’-axis is aligned to the line perpendicular to the line segment with endpoints

P and Q that intersects at the midpoint M since the y”’-axis is perpendicular to the
x"-axis. The slope of a line perpendicular to the line containing P and Q is its

negative reciprocal:
AX AX
mp = —=-—0—""—— 12)
oy flo+ax) - fx)
The point-slope equation of a line is used to determine the perpendicular line to

the segment PQ at the midpoint M.

_ SO + flxo +6x) AX (x— 2x0+Ax) (13)
2 T fGo+ ax) - f(x) 2
Operating with the eq. 13:
Ax AX 2x0 + Ax f(xo) + f(xo + AX)
= 14
FOo+ 80— fao) (f(xO Yo - f(m))( 2 ) ’ 2 (o

Once the axes have been rotated, the conic sections in the coordinate system x”’
y”’ that pass through the origin O” (and O’) are established.

Parabola

The equations and parametric equations of the conic sections in Cartesian coor-
dinates can be found in Swokowski y Cole (2008). A simple equation for a parabola
is obtained if its vertex is placed at the origin O”, the focus is the point F (0, p)
(with respect to the coordinate system x” y”) (Figure 2a) and the directrix has the
equation y” = —p and is parallel to the x”’-axis.

x//2 — 4py// (15)

Obtaining y” from the parabola equation (eq. 15):

1
yr/ — _x//2;p £0 (16)
4p

The derivative of the parabolic function is calculated (eq. 16):

dy”’ 1
— = —x" 17
ax" pr an

Ifx"=0ineq. 17:

dy//
— =0 18
T (18)
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The origin O”(0,0) belongs to the graph of the parabola. The function y” =
%px”z has a horizontal tangent line at the origin O’ and it is aligned to the x”-axis
(and to the secant line between the points P and Q).

The equation of the parabola is expressed in terms of the original coordinate
system xy (replacing eq. 10 and 11 in the eq.16):

( Fxo) + flxo + Ax)) 1 ( 2x0 + Ax) foregon)
y- -|x- =
2 1+ [ﬂxom;;—ﬂm]z 2 1+ f<xU+A:lffuo>]2
1 (x C2xp Ax) | . (  fxo) + fxo + Ax)) Ltan)-flx)
4p 2 TR 2 o
1+ [f(xtﬁrAAX; f(Xo)] 1+ [f(A()*AAXi f(\u)]

19)
Since y” = g(x""), the following parametric equations of the parabola are obtai-
ned:

X =t (20)
And y” = g(1):
Y= —t 03}
Where —c0 < t < o0

Using the relation between the coordinates in the rotated x”y”” and the original
xy systems (replacing eq. 10 and 11 in the eq. 20 and 21):

; ( 2xo + Ax) 1 . ( f(xo) + flxo + Ax)) f—“"“jj’ﬂ"")
=|x—- y -
2 X X)— J (X 2 2 X X )= J (X 2
1+[f( 2+00-f( o)] 1+[f( 2+00-f( o)]
(22)
Lo ( fxo) + fxo +Ax)) 1 ( 2x0+Ax) Looran-/to)
—P=y- —|x-
4p 2 X( X)— ] (X 2 2 X X)— J (X 2
1+[f( 0+AA; fC o)] [1+|:f( 0+AA2 f( 0)]
(23)

An alternative parabola can be obtained from the description of the tangent conic
section to the graph of a function. In the first parabola, the rotation was done by
an angle 6 counterclockwise. If the coordinate system x’”y"”’ is rotated m radians

counterclockwise a second parabola can be obtained (Figure 2b).
The equation of the parabola in the coordinate system x’”’y’” is given by:

x///2

=4py” 24
The coordinates in the rotated x”’y”” and the x”’y” systems are related by:

77,

X" = x" cos(n) + " sin(rr) = —x” (25)
yn/ - y// COS(ﬂ) _ x// Sil’l(ﬂ') - _y// (26)

Replacing eq. 25 and 26 in the eq. 24:
(=x")* = —4py” @7

Obtaining y” from the parabola equation (eq.27):
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2" = dpy”

f(x)

Q(xp + 4x,f (xg + 4x))

5 oL (2x9+dx Fxo) + Flxg + Ax))
2 ' 2

P(x0.f(x0))

x

o

(a) Parabola x> = 4py” with its vertex placed at the ori-
gin O” and focus at F(0, p) (with respect to the coordinate
system x”'y"").

v 2
R

f(x)

Qxp + Az, f (xg + 42))

N

(b) Parabola x> = 4py”” with its vertex placed at the ori-
gin 0" and focus at F(0, p) (with respect to the coordinate

" /1/)

system x""y

Figure 2: Parabolas x> = 4py” and x> = 4py"”’.

Source: Own creation

2 (28)

1
y//:_Ex// ; p¢0

The equation of the parabola is expressed in terms of the original coordinate
system xy (replacing eq.10 and 11 in the eq.28):

fxg+ax)—f(xp)
ax

(y fxo) + f(xo + Ax)) 1 (x 2x0 + Ax)

2 — 2 —
fxp+ax)—f(xp) fxp+ax)-f(xp)

1+[70 = O] 1+[7° = 0]

1 ( _ 2x+ Ax) 1 . (y _ fGxo) + fxo + AX)) '7ﬂx0%:x)_mo) 29)

2 [ 2 2 2
Flxg+ax)—f(xg) flxg+an—f(xg)
1+ [7M ] 1+ [7& ]
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In this case, the parametric equations of the parabola are:

X =t (30)

1 2
1’ - l
y 4,,’ 3D

Where —c0 <t < o0

Using the relation between the coordinates in the rotated x"’y””” and the x”y”
systems (replacing eq.25 and 26 in the eq.30 and 31):

X =t (32)

1 2
= —t 33
Y 1, (33)
Using the relation between the coordinates in the x”y”” and the original xy sys-

tems (replacing eq. 10 and 11 in the eq. 32 and 33):

) ( 20 + Ax) 1 N ( F(xo) + Flxo + Ax)) Lfoaora- /)
P _
2 T ]2 2 L+ f(mw:;—f(xo)]z
. L GH
Ll (y o) + £ + Ax)) 1 _(x 2+ Ax) Sy
- 12 N N 2
Y ’ R N

(35)

Ellipse

In order to obtain a simple equation for an ellipse, the focus is placed on the
x""-axis at the point F(c,0) (with respect to the coordinate system x”y") and the
directrix has the equation x” = d and is parallel to the y”-axis.

x//Z yHZ

a—2+?:1; a>b>0 (36)

If the ellipse with a horizontal major axis Xa—; + ‘h—7 = 1 is translated along the
y”’-axis, the co-vertex can be placed at the origin O”. By interchanging x” and y”’
the ellipse with a vertical major axis and focus located on the y”’-axis at the point
F(0, ¢) (with respect to the coordinate system x”’y”") (Figure 3a) is obtained:

72 "2
y X
a? * b

=1; a>b>0 (37

If this ellipse is translated along the y”-axis at the point (0, a), the vertex can be
placed at the origin O (Figure 3b). The ellipse equation in the coordinate system

x""y"" is given by:
ymz x/r/2
a_2+?:]; a>b>0 (38)
The relation between the coordinates (x
by:

117

,¥"”) and the system (x”,y”") is given
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xll/ = xll (39)
y/// - y// —a (40)
Replacing in the ellipse equation (replacing eq.39 and 40 in the eq. 38):

7 )2 12
Mﬁ;—z:l; azb>0 1)
a

Obtaining y” from the ellipse equation (eq. 41):

) ) x//2
o —af =a (1 - b_z) @)
Operating with the result':
b2 —vp)
Y'—-a=a bzx 43)
2 _ 112
y' = a(l + b—x] (44)
b
The derivative of the function of the ellipse is calculated (eq. 44):
% — %(bZ _ x//2)7% (_zx//) (45)
Operating with the result:
dy// _ zaxll
A" pNp - (46)
If x” = 0 in the eq.46:
dy// B
a - “n
Now, the origin O”(0, 0) belongs to the graph of the ellipse. The function y” =
a (1 + —“bzb‘xﬁ) has a horizontal tangent line at the origin O and it is aligned to the

x"’-axis (and to the secant line between the points P and Q).
Simplifying the ellipse expression (eq.41):

yn2 _ 2Lly’/ + aZ x

P + ﬁ =1 (48)
712 " 12
y©or o ox
7 atw o 49

The equation of the ellipse is expressed in terms of the original coordinate system
xy (replacing eq. 10 and 11 in the eq. 49):

1 (y f0) + fxo + Ax)) 1 B (x 2+ Ax) Logra9-70g)
a? 2 B 2 >
Jxg+ax)-f(xg) Sxg+ax)—f(x0)
1+ [7AA ] 1+ [7AA ]

! The calculation is done with the positive root a ”1;—52 With the negative root —a / "Z;'f"z , the

dy” . ’”
o isalso0at x” = 0.
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Sxp+ox)—f(xg)

2( f(Xo)+f(Xo+Ax)) 1 ( 2x0+Ax) =
2= Y

a 2 - 2 >
fxp+ax)-f(xp) flxp+ax)=f(xg)
1+ [7& ] 1+ —_—— ]

2

o1 (x72x0;Ax) L 2 +(y7f(Xo)+f2(X¢>+M)) M -0 o
The parametric equations of the ellipse are given by:
Yy = acos(t) (51)
x""" = bsin(r) (52)

Where 0 <1 <21
Using the relation between the coordinates in the translated x"”’y”” and the rotated
x"y"" systems (replacing eq.39 and 40 in the eq. 51 and 52):

Yy’ —a=acos() (53)
X" = bsin(r) (54)

Using the relation between the coordinates in the rotated x”y”” and the original
xy systems (replacing eq. 10 and 11 in the eq. 53 and 54):

Fxg+ax)-f(xg)

alcos(r) + 1] = (y _f)t fz("“ * AX)) ! - (x - 2)‘“;’ “) & (55)
X X)— X 2 X X)— fx 2
- [f(,omw)‘ £ 0>] - [f( R 0)]
fxg+a0-f(x)
bsin() = (x _ 2xo;— Ax) 1 N (y _ flo) + f2(x0 + Ax)) e 56)

FOg+an—fig) 1 Fo+a0—fxp) 12
[ [P

s

If the final ellipse (coordinate system x”’y””) is rotated & radians respect to the
coordinate system x”y” a second ellipse can be obtained (Figure 3c).
The equation of the ellipse in the coordinate system x"'y" is given by:
v _ a)2 xiv2
UTerz:l; a>bh>0 (57)

The coordinates in the rotated x"'y" and the x”’y” systems are related by:
A = ¥ cos (1) + y” sin (1) = —x” (58)
Y =y cos (1) — x” sin (1) = —y” 59)
Replacing eq. 58 and 59 in the eq. 57:

v — )2 2
(ya—za)+%=1; az>b>0 (60)

Simplifying the ellipse expression (eq.60):

y//2 _ za(_y//) + a2 X

= =1 61)
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(a) Ellipse ’a—z %2 = 1 with a vertical major axis and focus
located on the y”-axis at the point F (0, ¢).
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7 = | with a vertical major axis and
focus located on the y”’-axis at the point F(0, ).
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(c) Ellipse (yiva_z“)z

iv2 . . .
+ %= =1 with a vertical major
axis located on the y"-axis.

772 72 1112 2 ng 2 iv2
: . ; i X% _ 1Y X" _ 0"'-a) X
Figure 3: Ellipses —> + 37 = 1, 7 = land ~— =

= 1.
Source: Own creation

Fernando Gémez-Villarraga



Tangent conic sections to the graph of a function and their derivatives 13

=4+ —+—==0 (62)

The equation of the ellipse is expressed in terms of the original coordinate system
xy (replacing eq. 10 and 11 in the eq.62):

2

. X( X)—f(
1 (}, fO) + flo+ Ax)) 1 _ (x 20+ Ax) e
a? 2 | 4 [Laran=roo) P 2 | 4 [LG0ran-ruo) 2
+ [ + [
fxp+ax)-f(xg)
2 (y S0+ fxo + Ax)) I _( 2+ Ax) S —
a |\ 2 - 5 - ) 5
flxp+ax)=f(xp) Sflxp+ax)—f(xg)
I+ [Lren-sio)] [+ [Laren-si)]
2
1 230+ Ax 1 F(x0) + f(xo + A%) Lag+a0-fzg)
N +y- . =0 (63

FGp+an-f(xp) T2 g +an-f(xp) 12
1+ [ e 14 [ e

In this case, the parametric equations of the ellipse are:

Y —a=acos(f) (64)
Y =acos(t) +a (65)
X = bsin (1) (66)

Where 0 <t <2r
Using the relation between the coordinates in the rotated x”y” and the x"y”
systems (replacing eq. 58 and 59 in the eq. 65 and 66):

Z

y" = —alcos(t) + 1] 67)
x" = —bsin(¢) (68)

Using the relation between the coordinates in the rotated x”y”” and the original
xy systems (replacing eq.10 and 11 in the eq. 67 and 68):

 fOw) + fon + M)) | B (k 2x0 + M) Lagrad-fg) )
) - > 2 ) 12
Sxp+ax)—f(xg) Sxg+ax)—f(xg)
1+ [M] 1+ [%]

Ax

—alcos(t) + 1] = (y

flxg+ax)—f(xg)

(o 2meax i S G0) + (o + A)
—bsin(t) = (x . ) —— +() L ) —=— @
1+[_ X0 AXX' .ro)] ,]+l X0 A)X/)()]
Hyperbola

In order to obtain a simple equation for a hyperbola, the focus is placed on the
x"-axis at the point F(c,0) (with respect to the coordinate system x”’y”) and the
directrix has the equation x”” = d and is parallel to the y”-axis.
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A A (a0

If the hyperbola with a horizontal major axis Xa—; - }b—; = 1 is translated along the
y'’-axis, none of the vertices of the hyperbola can’t be placed at the origin O”. By
interchanging x” and y” the hyperbola with a vertical major axis and focus located
on the y”-axis at the point F(0,c) (with respect to the coordinate system x”y"’)

(Figure 4a) is obtained:
y//2 x//2
at b
If this hyperbola is translated along the y” —axis at the point (0, —a), the vertex
can be placed at the origin O” (Figure 4b). The hyperbola equation in the coordinate

g

system x”’y"”’ is given by:

=1 (72)

y///2 x///Z

PR 7

The relation between the coordinates (x”’,y”’) and the system (x”,y”) is given
by:

xl// = x// (74)

yl/l = y// +a (75)

Replacing in the hyperbola equation (replacing eq.74 and 75 in the eq.73):

(y// + a)Z x//2

= =1 (76)

Obtaining y” from the hyperbola equation (eq. 76):

) ) X//Z
o +al =a (1 + b_Z) an
Operating with the result:?
. bZ + x//2
y'+a=a ” (78)
Vh2 112
¥ = a(b# - 1] (79)
b2
The derivative of the function of the hyperbola is calculated (eq. 79):
o _a (2 + x"z)’% @2x") (80)
dx” b
dLU _ 2ax’ @1
dx”  p\p 4 x?
If ¥ =0ineq.81:
dy//
== 2
T 0 (82)
br4x"?

2 The calculation is done with the positive root a . With the negative root —a ”ZZ';"Z , the
ZL isalso 0 at x”” = 0.
X

b2
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Now, the origin O”(0,0) belongs to the graph of the hyperbola. The function

Vb2 4172
b

y' = a( - 1) has a horizontal tangent line at the origin O and it is aligned

to the x” —axis (and to the secant line between the points P and Q).
Simplifying the hyperbola expression (eq. 76):

yNZ + zay// +a2 x//Z

a2 - ? =1 (83)

72 ’” 2
yo oo«
PR 4
The equation of the hyperbola is expressed in terms of the original coordinate
system xy (replacing eq. 10 and 11 in the eq.84):

2

1 F00) + fxo + AX) 1 20 + Ax Lgred- /)
207 2 > T T2 >
(xp+25)—f(xp) (xg+ax)—f(xp)
1y [ 1y [ e
+ 2 ( f(xo) + flxo + Ax)) 1 ( 2x0 + Ax) 4/(;0%::[(.(0)
- —|x-
a 2 () 12 2 X)—f(xn) 12
'l + [f(xomAx: f(»o)] [1 + [f(xoMA«; f(«\o)]
2
1 230 + Ax 1 F(x0) + fxo + A%) Laprad-fg)
e = +[v- > = =0 (85
(g )-f(xg) fG X)—f(xg)
1+ [/ /\0+AAXX X0 J 1+ [ x0+AAxX X0 ]
The parametric equations of the hyperbola are given by:
" = asec (1) (86)
X" = btan (¢) (87)

Where ="/, <t < /5t + />
Using the relation between the coordinates in the translated x”’y"” and the x”y”
systems (replacing eq. 74 and 75 in the eq.86 and 87):

Y’ +a=asec(t) (88)

X" =btan () (89)

Using the relation between the coordinates in the rotated x’’y” and the original
xy systems (replacing eq.10 and 11 in the eq.88 and 89):

_ f(xo) + f(xo + Ax)) 1 _ (x _ 2xp + Ax) 4/“0%237]('(0) ©90)

2 5 2 [ 5
f(xg+ax)-f(x0) fxp+ax)—f(xg)
L+ [T] L+ [T]

2xp + Ax 1 f(xo) + f(xo + Ax) 7/(x0+A::—_/‘(x0)
3 +(y - > 2 [C2))
2

1+ [ £ xomAxX)—f(xo)] L+ [f(xomgx)—f(xo) ]2

alsec(t)—1] = (y

btan(r) = (x -
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1’

If the final hyperbola (coordinate system x”’y”’) is rotated & radians respect to

the coordinate system x”'y” a second hyperbola can be obtained (Figure 4c).
The equation of the hyperbola in the coordinate system x"y" is given by:

(yiv + a)Z x[vZ
T2 ) ©2)
The coordinates in the rotated x"'y" and the x"’y” systems are related by:

A = ¥ cos (1) + y” sin (1) = —x” 93)

YV =y cos () — x” sin () = —y” 94)
Replacing eq. 93 and 94 in the eq. 92:

(_y// +Ll)2 B (_xr/)Z B

= =1 (95)
Simplifying the hyperbola expression (eq.95):
(=y") + ZZZ(—y") +at %’22 - 96)

The equation of the hyperbola is expressed in terms of the original coordinate
system xy (replacing eq.10 and 11 in the eq. 97):

1 Fxo) + fxo + Ax) 1 2xp + Ax Loo297/00)
2\ 2 > T2 >
S +ax)—f(xg) Sxg+ax)—f(xg)
1+[7" = 0] 1+[70 = "]
2 (y Fo) + fxo + Ax)) I ( 230+ Ax) Lgroarfty)
a |\ 2 o 2 ; 2
flxg+ax)—f(xg) flxg+ax)—f(xg)
1+ [%] I+ [%]
2
1 (x 2w Ax) ! N (y fo+ S+ Ax>) st QN
b2 2 Y 2 S
flxg+ax)-flxg) flxp+ax)—f(xp)
L [P L[]
In this case, the parametric equations of the hyperbola are:
YW +a = asec(r) (99)
" = btan (f) (100)

Where —"/> <t < ¥ /y,t # %/, o
Using the relation between the coordinates in the rotated x"y" and the x”y”
systems (replacing eq. 93 and 94 in the eq. 99 and 100):

Yy’ = —a[sec (1) — 1] (101)

X’ = —btan () (102)
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Figure 4: Hyperbolas *
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// ’’

Using the relation between the coordinates in the rotated x
xy systems (replacing eq. 10 and 11 in the eq. 101 and 102):

and the original

. . Flxp+a0)~f(xp)
1 2x0 + A =0
alsec(n — 1] = (y7 f(xo) +f2(xo + AX)) 7(}(7 x02 X) ax (103)
fOg+an)-f(xg) 12 / fGg+an-f(xg) 12
l+[7° = OJ I+[7" — OJ
. flxp+ax)—f(xg)
2 1 ¢ —4 0
~bran() = (x- 202%) o[- Lt St ) 1on

/ fagra—fe PV fGg+an-fxg) 1
1+ 17&( J 1+ [ — J

The limit as Ax — 0 is considered, the limit position of the secant line slope (eq.
1) is the tangent line slope at the point P(xg, f(xo)):

f(xo + ax) - f(xO)]

AX

A P
Iim mpg = Iim & Iim
Ax—0 Ax—0 AX Ax—0

= f"(x0) (105)

The limiting value for the midpoint M (2x°+“, fou)Hf (x"*m)) of the line segment

with endpoints P(xg, f(xo)) and Q(xo + Ax, f(xo + Ax)) as Ax — 0 is given by:

M(lfm [Zxo + Ax i [f(xo)+f(x0 + AX) ) (106)
Ax—0 2 Ax—0 2
M(xo, f(x0)) (107)

The limit for the coordinate system translation (eq. 2 and 3):

2
lfm ¥ = lim (x— M) (108)
Ax—0 Ax—0 2
(109)
lim y = lim [ f (x°)+f (x + %) (110)
AXHO Ax—0
Y =y~ flxo) (111)

The limit for the values of the sine and cosine in the coordinate system rotation
(eq. 4 and 5):
S +ax0)-fx)

h’mo Ging = h’mo ax > (112)
Ax— Ax— 1+ [f(xo+AAX;—f(xo)]

g SO0 (113)

1+ [f(x0)]?
1
Iim cos 6 = lim (114)
Ax—0 Ax—0 1+ [f(x0+A\’) f(XO)]
Ax
cosf = ; (115)

VI+[f (xo)?

The limit for the relation between the coordinates in the rotated x’y” and the
original xy systems (eq. 10 and 11):
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S +ox)—f(xg)

lim ” = lim (X_2X0+AX) 1 +(y_f(xo)Jrf(XovLAX)) ax
430 430 2 1+ [ FGrg+a0)—f(xg) ]2 2 L+ f(xomx)—_f(xg)]z
(116)
/ 1 f'(x0)
X'=(x = x0) ————= + [V~ [()] ——= (117)
V1 +[f"(x0)]? V1 +[f(x0)]?
lim " = 1fm (y _ fGo) + f2(x0 + Ax)) 1 _ (x _ 2x0; Ax) —
2420 2x=0 [+ [f(xowx)ff()rg)]z 1+ [,f(x0+m)<f<xo)]2
(118)
1 f'(x0)
V== o) —eo—o— - () —Y——= (119)
TGP N

The limit for the equation of the perpendicular line to the segment PQ at the
midpoint M (eq. 14):

lim y = 1im {_ ax x+( . Ax )(2x0+Ax)+f(xo)+f(x0+Ax)}
Ax—0 Ax—0 f(XQ + A)C) - f(xo) f(xo + Ax) — f(xO) 2 2
(120)
1 X0
ETYINRY IR 121
TR [f/(x()) +ow (2D

This is the equation of the perpendicular line to the tangent line at the point P.
The Figures 2a, 2b, 3b, 3c, 4b, 4c show the secant line containing P and Q. When
Ax — 0, Q moves along the graph of the function f towards P. The limit position
of this secant line is the tangent line to the graph of the function f at the point
P(xo, f(x0)). Simultaneously, the limit of the midpoint M of the line segment with
endpoints P and Q is the point P(xo, f(xo)) and the limiting conic section is tangent
to the graph of the function f at the point P (Figures 5 - 7).

Parabola

The tangent parabola to the graph of the function f at the point P is the limiting
parabola that passes through the origin located at the midpoint M of the line segment
with endpoints P and Q as Ax — 0 and the tangent line of the parabola is aligned to
the tangent line of the function f at the point P (Figure 5).

The equation 122 is obtained taking the limit Ax — 0 in the expression of the
parabola (eq. 19):

\im (y _ fxo) + fz(xu + AX)) 1 B (x _2x ;— Ax) L(XOMA':)-#(XO) _
a0 1+ [f(x()+AAx:—f(X0)]2 1+ [f(xom::—f(xo)r
2
i % (x B 2x0;— Ax) 1 . (y  flxo) + fz(x(J + Ax>) W 1)
ax=0ap 1+ lfuowA.rj—f(xm ]2 - [ /(mm:zf_/'(m) JZ

Thus:
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b FOo) e — (v LD _
L+ [f(x0)1? 1+ [f(x0)]?

2
T G } (123)

1 1
— 3 (x = o) ———— B
4p{ T P T+ 1/ ()P

The general second-degree equation is obtained:

1 24 S’ (xo0) + Lf(x0)]? 5
4p{l + [f"(x0)]?} 2p{1 + [f"(x0)]?} 4p{1 + [f"(x0)]?}

N fio) X0+ fOo)f'(xo) | Jf (o)lXo + fOro)f (o)l 1 y
I+ 2p{l+ [f (x0)?} 2p{1 + [f"(xo)1?) VI+f ()2
Lxo + SCo)f (o)l f"(o)xo = f(x0) _ 0
4p{l + [f"(xo)1?) VI+ [ (o)

Taking the limit p — oo of the general second-degree equation of the tangent
parabola (eq. 124):

(124)

. 1 2 S’ (xo) Lf' (x0)]? 2
pgrgo{4p{1 PGP 2pl+ PGPl aplL+ [ GRS
+ f' (x0) _ X0 + f(x0)f" (x0) . S (o)lxo + f(x0) ' (o)l 1 y
I+ [P Gol  2pll+1f (o)) 2p{1 + [f"(x0)1?} I+ ()2

[xo + f(xo)f' (X)) f(x0)x0 — f(x0) .
- =1mO0 (125
WU+ COP)  VTa oo } Am 0 (125
Thus: , . ,
S (x0) ‘e v S (0)xo = f(x0) _ 0 (126)
VI+ 1 (o) VI+1f(x0)] VI +[f (xo)?
Operating with the result (eq. 126):
y = f'(x0)x = f(x0)x0 + f(x0) (127)
y = f(x0) = ' (x0)(x — x0) (128)

The tangent parabola as p — oo is the tangent line to the graph of the function f

at the point P(xy, f(xp)).
The equations 129 and 130 are obtained taking the limit Ax — 0 in the parametric
equations (eq. 22 and 23):

flxp+an-f(xg)

lfm = 1fm (xf 2"”“) ! +(y— f(x°)+f(x°+Ax)) o (129)
Ax—0 2x—0 2 — f(xn) 12 2 ( — /1 2
[1 + lf(xoM:; /(AO)J 1+ [/(A()M:: j(xo)J
P ) + floxo +82) ! 2 +ax) TR
lim —¢ = lim {|y - —|(x-
2x-0 4p 230 2 2

FOg+an-fxg) 1 fxg+a0-f(xp) 12
1+ [7“ ] 1+ [7Al ]

(130)
Thus:
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£ = (3= X0) e + [y — ft0)
VI+Lf (x0)]? V1+ [ (o)l
1, 1 S (x0)
=)/ - () Y/—=
ap VT G0P VTGP
Multiplying eq. 131 by f’(xo):
y S (x0) Lf' (xo))?
Gt = (x = xo) ——= + bV — [0 —=
’ N RTINS
Adding eq. 132 and 133:

1 2 ’ [y - f(xO)] ’ 2
7+ fxo)t = ————={1 + [f"(x0)]"}
4p VI+1f ()P

Operating with the result (eq. 134):
3+ [ (o) ;
= —— + f(x)
VI GP
Replacing eq. 135 in eq. 131:
1 3l + (o) £ (x0)

t=(x

- Xo) +
VI P L+ (0)P Y1+ ()P
Operating with the result (eq. 136):

F G0 457 + £ o]
x= A1+ [f(x0) {‘ T s I[)f'(xo>]2 o

Taking the limit p — oo in the parametric equations (eq. 135 and 137):

limy = ll’m{

p—oo p—oo

=12+ [ (xo)t
p— + xO)}
VI+[f ()P

Thus: )
"(xo)t

Y= —————+ f(x0)

NEaTEen e

’ / £ |52 + £ (o]
pimx = Jim, { AL {’ BT A

Thus:
[ , Lf' (x0)I*t
x= /1 +[f"(x)]? {t BTN [f’(xo)]z} + Xo
Operating with the result (eq. 141):
t

_+
VI+ [ (x0)]?

Eliminating the parameter (¢ is obtained from the eq. 142):

X0

21

(131)

(132)

(133)

(134)

(135)

(136)

(137)

(138)

(139)

(140)

(141)

(142)
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(x=x0) /1 + [f'(x0)]* = ¢ (143)

Replacing ¢ (eq. 143) in the eq. 139:
ye £ (0)(x = x0) V1 + [ (x0))

+ f(x0) (144)
VI+ 7 GoP ’
Operating with the result (eq. 144):
y = fxo) = f(x0)(x = xo) (145)

The tangent parabola as p — oo is also the tangent line to the graph of the
function f at the point P(xo, f(xp)) using the parametric equations.

The equation 146 is obtained taking the limit Ax — oo of the second tangent
parabola expression (eq. 29) (Figure 5b).

o (y_ Flxo) + fxo + Ax)) 1 _( 2+ Ax) Log+29-/60)
0 2 1 +[f(xo+M)ff(A0)]2 2 1 +[f(x0+AX)ff(r0)]z
2
L (X_2x0+Ax) 1 +(y_f(x0)+f(xo+Ax)) Logr09-/6g) (146)
20 4p 2 ,1 . [f(xm A:)-f(xmr 2 1+ [f(xo-v-AAx)—f(xO)]Z
Thus:
- f(xO)]; -(x- xO)A =
V1I+[f (o)l VI+ 1 (xo))?
2
1 1 J(x0)
- —{x-x)—— + [y - —=__ 147
» {(x BT N [f'<x0>12} e
The general second-degree equation is obtained:
_ 1 2o J"(x0) o Lf’ (xo)? >
4pil + [f"(xo)1?) 2p{1 + [ (x0) %} 4p{l + [f"(x0)1*}
. Sx0) X+ fOo)f'Go) | f S o)l + f(ro)f (o)l 1 y
VIF P Gol  2pll+[f (x0)]?) 2p{1 + [f"(x0)1?) N1+ [f (x0)]2

_ Do+ @) f ()l fxo)xo — fxo) _ (148)
4p{l + [f"(x0)1?) V1 +[f (xo)]?

The equations 149 and 150 are obtained taking the limit Ax — 0 in the parametric
equations (eq. 34 and 35):

o
i i 2% + A 1 J) + [ + ax)) it
llmo—t: llmO x— 3 +(y- 5
Ax— Ax—
[ +a0-1g) |2 Jg+a0-fxg) 2
(149)
lim —Lzz = lim (y, S (xo) + f(xo +AX)) 1 7( C2xmp+ AX) W
Ax—0 4[7 - Ax—0 2 - > B - - -
fog+an-flxg) |2 flg+a0-f(xg)
1+ [%] 1+ [%]

(150)



Tangent conic sections to the graph of a function and their derivatives 23
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(a) First limiting parabola tangent to the graph of the function f at the point P.

=)

Py

(b. 1)

(b. 3)

(b) Second limiting parabola tangent to the graph of the function f at the point P.

Figure 5: First and second limiting parabola tangent to the graph of the function f
at the point P.

Source: Own creation
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Thus: | )
—t=(x—xO)W+[y—f(xO)]W s1)
—%tz = D’—f(xo)]\/ﬁ —(x—xo)\/% (152)
Solving for x and y in the eq. 151 and 152:
it F(x0) (153)

+
VI +[f (x0)]?
F'xo) |52 + f/(xo)t]
x= A/l + [ ()2 ] +€f’(x0)]2 —1%+ x (154)

The tangent line to the graph of the function f at the point P(xy, f(xp)) is also
obtained with the equations of the second tangent parabola as p — oo.

Ellipse

The tangent ellipse to the graph of the function f at the point P is the limiting
ellipse that passes through the origin located at the midpoint M of the line segment
with endpoints P and Q as Ax — 0 and the tangent line of the ellipse is aligned to

the tangent line of the function f at the point P (Figure 6).
The equation 155 is obtained taking the limit Ax — O in the expression of the
tangent ellipse (eq. 50):

i L (y o)+ S+ Ax)) I 7( 2+ Ax) Logron- i)
2x—0 @2 y 2 o N 2 (e 3 2
[1 . [ fag+an-fig) [y . [ fog+an-fg)
1+ [%] 1+ [%]
2 (y o)+ flx + Ax>) I , (x 2+ Ax) e —
a 2 2 2 o
/ (xp+ax)-f(xp) 1 / (0 +4%)~f(xp)
]+lfx0+A;/»0] ]+lf»0+A:X/x0]
2
f(xo+a0~f(x0)
blz (x— 2xo;—Ax) 1 +(y— f(xo)+f2(xo+Ax)) i = lim 0 (155)
Fxpran-flxp) 12 fig+an—flxg) 12 o
1+ [ 0+AM 0 ] 1+ [ 0+AM 0 ]
Thus: )
1 1 S’ (x0)
- {[y - f(xo)]—2 -(x- xo)—2
a V1 +[f(x0)] V1 +[f(x0)]

2 4
_E{U—ﬂmﬂ [ x0) }

1
Tarmr YV eer

2
1 1 S (xo)
b ) e + [y~ )] =
V{ UV PGP ! 1+wmm}

(156)
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The general second-degree equation is obtained:

I el | 1) o, 2f(x) ( 11 )xv 1 VAED);
[T U T+ PGP \B? @ P @ e )

S (xo)Lf(x0) — Xof"(x0)] X0 + f(/\())f/(xo) 21" (x0) N
L+ [f’()ro)]2 a ale + [ (x0))
. [f(xo) — X f'(x0) | [ G0)lxo + fxo)f" (o)l | 2 y
TTELf (Jco)]2 b ay1+[f (xo)P
1 [[f(xo)*xnf'(xo)l“ [xo + f(x0)f” (o) | _ 2Lf (xo)xo = fGo)] | _ 0 as7
L+ [f" (xo)P? a s a T+ (o)

The equations 158 and 159 are obtained taking the limit Ax — 0 in the parametric
equations (eq. 55 and 56):

. . S +ax)—f(xg)
lim {afcos (+11) = lim (y i iCks f;"” h M)) : - (x - 2"0; M) ix
Ax—0 Ax—0 - [f(/"()*ﬁl‘)‘*f(-tn)]z L+ [f()fr)‘rM)‘*f(-‘O)]z
(158)
fxg+ax)—f(xg)
lim (bsin (1)} = lim (x— Zn t “) ! + (y _ o) S+ M)) T
ax=0 2x=0 2 1+ [Lareo- fuo)] 2 s [f(xm-m)—f(ro)]z
. (159)
Thus:
. 1 S’ (x0)
alcos (1) + 1] = [y — f(x0)] —/————= - (* — %) ———= (160)
V1 +[f"(x0)]? V1 +[f"(x0)]
. 1 S (x0)
bsin (1) = (x — x0) ———= + [y - f(x) | ——= (161)
VI +[f (xo)]? V1 +[f (x0)]
Solving for x and y in the eq. 160 and 161:
f'(x0)bsin (¢) + a[cos () + 1]
= + f(xo) (162)
VI GoP Sl
_ bsin (1) — f’(xp)a[cos (1) + 1] i (163)

VI+[f (o)l
The equation 164 is obtained taking the limit Ax — 0 of the second tangent
ellipse expression (eq. 63) (Figure 6b).

L Fx0) + fxo + A%) 1 230 + Ax Lgran-fixg)
= X( X)—f(x 2 X X)— (X 2
’1+[f(ro+AArl fC 0>] ’1+[f(0+AAl f( 0)]
L2 (y_f(xo)+f(xn+Ax)) 1 _( _2x0+Ax) Lgre- /i)
a

X
2 2 2 [ 2
fxp+8x)—f(xp) fxp+ax)-f(xg)
L+ | ——F" ] 1+ [7&, ]
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a? b
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P f
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>} D
(a.1) (a.2)

@.3)

(a) First limiting ellipse tangent to the graph of the function f at the point P.

¥

Py

(b.3)

(b) Second limiting ellipse tangent to the graph of the function f at the point P.

Figure 6: First and second limiting ellipse tangent to the graph of the function f at
the point P.

Source: Own creation
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flxp+a0)=f(xg)

1 J(,_ 2x+ax 1 _ So) + flxo + %) — _
+h2 ( 2 ) fxp+ax-£(xp) ! (} 2 ) fo+an-f(xp) Al;r_x)l o o
1+ [%] 1+ [%]
Thus: 5
1 1 o)
= b - fo)———— - (-
a? { e Y rGor }
2 1 f'(x0)
=1 - ) —T—/—/—/——= - - ) —
a { TGP Ve [f’(XO)JZ}
2
1 1 £’ (x0)
+ = (x—x)— 7 73 =+ [y - f()] ———; = (165)
b? { VT G0l T [f’(xo)]z}

The general second-degree equation is obtained:

1 {Mu@ﬁ+i}ﬁ+ 2f"(x0) (l_JJW+ 1 {i+LNmW}f

1+ [f"(x0)] a? b L+ [f (x)? \b* a2 L+ [f"(x0)] b2
. [f'(xo)[f(xo) Xof"(x0)]  xo + f(xo)f'(xo) 2" (x0) N
1+ [f’(xo)]2 a tl\/1 +[f"(x0)?
+ [f(xn) —xof"(x0)]  f"(x0)[x0 +f(Xo)f'(X0)] 2 y
e [f’(xo)]2 b? aNT+[f (xo)
1 [[f(xo) - )fof'(lfo)]2 Lxo + f(x0)f" (x0)]* } 2f"(xo)x0 = fOo)T | _ 0 (166)
1+ [ (x0)? a b? a1+ (x0)P

The equations 167 and 168 are obtained taking the limit Ax — 0 in the parametric
equations (eq. 69 and 70):

(v _ fGx) + f(xg + 20

b

lim {-alcos(r) + 1]} = lim
Ax~>0( fcos@+ 11 2x—0

f(xp+ax0)-f(xp)
1 ( 2xg+ax L0720 ’ a6

_(» )
FOg+an-f(xg) |2 2 \/] L[ foo+an-rag) P
AX Ax

B
Thus:
~alcos (1) + 11 = [y — flxo)] e — (= x) =L (169
VI+If o) VI+ I o)
—bsin(e) = (x - x0) e+ [y — fla) (170)

VI+[f (o)l

Solving for x and y in the eq.169 and 170:

VI+L[f (xo)?

—f’(xo)b sin (f) — a[cos (1) + 1]
V1 +[f(x0)]?

—bsin (t) + f'(xp)alcos (t) + 1] i

= 0

VI+[f(x0)]?

+ f(xo) (171

(172)
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Hyperbola

The tangent hyperbola to the graph of the function f at the point P is the limi-
ting hyperbola that passes through the origin located at the midpoint M of the line
segment with endpoints P and Q as Ax — 0 and the tangent line of the hyperbola is

aligned to the tangent line of the function f at the point P (Figure 7).
The equation 173 is obtained taking the limit Ax — 0 in the expression of the
tangent hyperbola (eq. 85):

) ( Fx0) + fxo + A%) 1 230 + Ax Lagran-fixg)
Iim = - > ) - (x - )
50 @ J;?g;;g? J:F@EE@?
L2 (v_f(xo)+f(x0+Ax)) 1 _( _2x0+Ax) e
“I' ? 1+ [Lramieo P 2 /H[Wfr
2
_i? (x _ 2x+ Ax) 1 . (y _ fo) + flx + AX)) 7/(XO+A:£_[(XO) — lim 0 (173)
v : 1o [ Ry 2 e [P |7
Thus: 5
1 1 o)
1= fxo)] —/—= - (x - }
a? { VI+1f (x0)P «/1 + [ (x0)P2
2 1 S’ (x0)
+-= [y—f(xo)]——(x—xo)—}
a { V1 +[f(xo)? 1+ [f"(x0))?
2
1 ’(x0)
b—z{(x—XO)—+[Y—f(xo)]f—0} - (174)
1+ [f"(x0)]? I+ [f(x))?

The general second-degree equation is obtained:

S Y T R (O A N I RV A
VDTN W I+l \@ 7)Y T TR e \@ - 2 )’

S (xo)[f (x0) = xo.f"(x0)] R f(Xo)f'(xo) 2f"(x0) N
L+[f (xo)]z a? aNT+[f ()P
N [f()m) - xof (o)l f/(0)lxo + f(x0)f (x0)] 2 :
1+ Lf'(xo>12 b? a\1T+1f ()2
. 1 [[ f0) = 2of' (o) [xo + f(xo)f’(xo)]z} L 2 G0 = fool | _ (175)
L+ [f7(xo)? a? b? a\T+[f (x0)P

The equations 176 and 177 are obtained taking the limit Ax — 0 in the parametric
equations (eq. 90 and 91):

lim {alsec()~ 1]} = lim |(y_ fxp) + flxg + Ax)
Ax—0 Ax—0

)

fxo+an-f(xp)
! - (x— 2o+ M) s s— ‘ (176)

2
Ffap+av-fog) P ? \j] L[ f6gran—fap P
Ax AXx
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2x0 + Ax .f(X(J*AAX))(*f()L())

. i e 1 oy [G0)* [ + 29
o= iy (- =45) \/, L[ feoran-roo) P b \jl [ e0ra0-roo) P w
Thus:
1 S’ (xo0)
alsec(®) = 1] = [y - f(x0)] —m—= - (x — x0)) ——= (178)
T ol T TG0l
1 1 (x0)
btan(t) = (x — xp) ———= + [y — f(x)) ] —mo— (179)
T ol RNTTE
Solving for x and y in the eq. 178 and 179:
f'(xo)btan (f) + a[sec (t) — 1]
y= + f(xo) (180)
I+ ol ’
‘= btan (r) — f’(xo)a[sec (¢) — 1] T xo (181)

VI+[f(x0)]?

The equation 182 is obtained taking the limit Ax — 0 of the second tangent
hyperbola expression (eq. 98) (Figure 7b):

2

fm ( ‘f("o)*f(xomw) I ( 2xU+Ax) SERRSIEY
lim —y= > o
230 @ 1+[M]2 1+[M]2
2 (yif(XO)+f(XU+Ax)) 1 7( 72x0+Ax) W
2
L (x_ 2xo+Ax) 1 +(y_ f(xo)+f(x0+AX)) Llgra-ftog) o as
2 2 1+[W]2 2 H[W]Z Ax0
Thus 2
1 ! ()
_Z{U—f()m)]—z_(x_x())f—oz}
a 1+ [f,(xO)] 1+ [f/(xo)]
2 1 x0)
_z {[y—f(xo)]—z_(x_x())f—oz}
a 1+ [f (xo)] T+ 1/ (o)l
2
1 ! '(x0)
-3 {(x— xo)—2 +[y —f(xo)]f—oz} -0 (183)
1+ [f"(x0)] 1+ [f"(x0)]

The general second-degree equation is obtained:

| FaP 1),  2fG (1 1 | A
1+wum2{ - }x nmmMm(ﬁ+bJ”*umﬂmW{ Y

a? b? a? b?

+ 2 [f/(xo)[f(xo) = xof"(x0)] Lot f(xo)f'(xo)] . 21" (xo) .
1+ [f(x0) ]2 a? b? a1+ [f (x)2
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@.2)

a.3)

(a) First limiting hyperbola tangent to the graph of the function f at the point P.

(b.3)

(b) Second limiting hyperbola tangent to the graph of the function f at the point P.

Figure 7: First and second limiting hyperbola tangent to the graph of the function
f at the point P.

Source: Own creation
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+ [f(xo) xof"(xo)] — f7(xo)[x0 + f(xo)f'(xo)]] _ 2 y
L [f’(xO)]2 b2 ay1+[f (o)l

[[f(xo) Xof’(xo)]2 [xo + f(xo)f'(xo)]z] 217 (x0)x0 — f(x0)]
1+ [f'oco)]2 b a1+ [f (xo)]?

The equations 185 and 186 are obtained taking the limit Ax — 0 in the parametric
equations (eq. 103 and 104):

} =0 (184)

) fp+ax)—flx)
lim (~afsec()— 1]} = lim (vf /(*0)”2”0+m)) ! 7(x7 ZXO;M) LY3 (185)
230 2x=0 flg+an—fig) P fag+an-fg) P
N QT
Flrg+an—Fg)
lim (~btan (0} = lim (17 Z‘YUZJ'M) ! +(,v, f(~vO>+J;(Xo+M)) —3 (186)
Ax—0 230 | | fagran- f(xo)]z - \/W
AXx AX
Thus:
1 S’ (x0)
—alsec () = 11 = [y = )] s — (1= ¥ (18)
V1 + [f(x0)] V1+ [f(x0)]
1 . S (x0)
—btan(t) = (x — x0) ————= + [y — f(x0)] (188)

VI+[f (o) V1+ [ (o)

Solving for x and y in the eq. 187 and 188:

_ —f'(xo)btan (r) — a[sec (1) — 1]
V1 +[f7(x0)]

—btan () + f'(xp)a[sec (r) — 1] iy

= 0

VI +[f (x0)]?

Equations of conic sections can be written using the general second-degree equa-
tion Ax> + Bxy + Cy? + Dx + Ey + F = 0. The coefficients of the second-degree
equation for the first and second tangent conic sections to the graph of a function
y = f(x) at a point P(xo, f(xo)) are listed in the Table Al and Table A2 (Appendix
A). The parametric equations are listed in the Table B1 (Appendix B).

The tangent conic sections to the graph of a function were obtained using the
translation of the initial coordinate system to the midpoint of the line segment with
endpoints P and Q (Figure 1a) but the coordinate system could have been transla-
ted to any point R(x,,y,) on the line segment PQ. Any point R(x,,y,) is given by
the parametric equations (parametric equations can be found in Swokowski y Cole
(2008)):

+ f(x0) (189)

(190)

X, =txg + (1 = )(xp + AX) (191)
yr = tf(x0) + (1 = [ f(x0 + AX)] (192)

Where ¢ € [0, 1]

If t =' /,, the point R(x,,y,) is the midpoint M of the line

<2xo+Ax f(x0)+f(xo+Ax))
segment PQ. The limiting value for the point R(x,, y,) as Ax — 0 is given by:

lim x, = hm [txo + (1 = (xg + AX)] (193)

Ax—0
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X, = Xo (194)
lim y, = lim {1 (x0) + (1 = DLf (xo + £x]) (195)
yr = f(x0) (196)

The limiting value for any point R(x,,y,) as Ax — 0 is R(xo, f(xo)). Thus, the
limiting value and the subsequent results are the same taking the midpoint or any
point of the line segment PQ.

4 The derivatives of the tangent conic sections to the graph of a
function

The second-degree equation of a conic section is an implicitly defined function.
The parametric equations are used to obtain the derivatives. The derivative of the
function defined by parametric equations is given by (the derivative of a parametri-
cally defined curve can be found in Leithold (1995)):

dy dy/dt dx
dx ~ dx/dt’ dt

(197)

The expressions for the derivatives of the tangent conic sections are determined:

Parabola

The derivatives of the parametric equations (eq. 135 and 137) for the first tangent
parabola are given by:
dy 351+ [/ (x0)

=2 - (198)
- \T+1f (x)P
dx Fxo) |51+ f(x0)
— = 1+ [f ()] - —[ L | (199)
dt VI (o) P
Determining %:
35 1+f" (x0)
d 7 (x0)]?
dy _ \/1+>[f (o)l (200)
dx 1 OP-f (o) 5 1+ (x0)]
VI+F (o)l
Operating with the result:
1 /
d 5.1+ f(x0)
d_i =x 7 s (201)
1 - Tt
1+2pf" (x0)
dy _ 2p
dx ~ 2=fGor (202)
2p
d t+2pf’ 2
&y _t42pfx0) 2P 203)

dx  2p— f(xo)’ F'(x0)
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The limit p — oo of the derivative is determined:

i D 120 @0) 20

m — = IIm = Im ”

p—oo dx  p—oo 2p — f/(xo)[ poo D S (o)t
4

= f"(x0) (204)

The limit of the first tangent parabola derivative as p — oo is f’(x¢) (the tangent
line slope at the point P(xg, f(xp))).

Ellipse

The derivatives of the parametric equations (eq. 162 and 163) for the first tangent
ellipse are given by:
dy _ f'(xo)bcos () — asin (f)

dt VI+ 1 (o)

dx _ beos(n) + f'(xo)asin (1) (206)

dt NETE:

(205)

Determining .
L
u [ (x0)b cos (1)—asin (1)
dy VIS o))

a = b cos (t)+f" (xp)a sin (1) (207)

VI+F P
Operating with the result:
dy _ f'(x)bcos(f) —asin(t) . , b?

dx ~ beos+ Fasin®’ ' 2GR + B (208)

Hyperbola

The derivatives of the parametric equations (eq. 180 and 181) for the first tangent
hyperbola are given by:

Q _ [ (xo)b sec? (f) + a sec (f) tan (f) _ sec ()Lf"(xo)bsec (t) + atan (1]

= = (209)
dt VI (0P VI (0P
ﬂ b sec? (f) — f'(xo)a sec (f) tan (£) _ sec(t)[bsec (1) — f'(xo)atan (1] 210)
N VI (0P VI (0P
Determining %:
sec (1) f* (x0)b sec ()+a tan (1)]
dy VI (xo)P
dx  secOlbsec(D=f (x)atan (1] 211
VI (o) P
Operating with the result:
’ 2
dy _ f'(xo)bsec(t) +atan(r) tan? (1) # b 212)

dx ~ bsec(r) — f'(xo)atan (1)’ a[f (xp))* — b?
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The derivatives for the second tangent conic sections are the same as for the
first tangent conic sections. The derivatives for the first and second tangent conic
sections to the graph of a function f at the point P(xo, f(x()) are listed in the Table
C1 (Appendix C). Illustrative examples are shown in the Appendix D (page 40) .

5 Conclusions

The geometric problem of the tangent straight line can be extended to other tan-
gent curves. The tangent conic sections, namely tangent parabola, ellipse and hyper-
bola are obtained. The traditional tangent straight line is a specific case of a tangent
conic section. The limit of the tangent parabola when the focal length tends to infini-
te is a tangent line. The tangent conic section to the graph of a function at a point P
is determined as the conic section containing the point P as its vertex whose tangent
line is equal to the tangent line of the function at that point P. There are two alter-
natives that satisfy the previous definition, they are called here the first and second
tangent conic section. Graphically, the first tangent conic section situates “upward”
and the second situates “downward” relative to the tangent straight line. The pa-
rametric equations are used to obtain the derivatives easily and they are useful in
the tangent conic sections plotting since the second-degree equation of the tangent
conic sections is an implicitly defined function. The results of the second-degree
equations and parametric equations for the first and second tangent conic sections
to the graph of a function f at the point P(xq, f(xo)) as well as their derivatives are
summarized. Examples of the tangent parabola, ellipse and hyperbola to the graph
of a function f(x) = 2x + x*> — x° at the point P(1,2) are calculated.
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Appendix A. Coefficients of the second-degree equation

Ax* +Bxy+Cy>+ Dx+Ey+F

=0

Coefficients of the second-degree equation Ax? + Bxy + Cy*> + Dx+ Ey +
0 for the first tangent conic sections to the graph of a function f at the point

P(x9, f(x0))

Table A 1
F

dCO)S1+1 .
[()f = ox(%%) /g

dCO)S1+1
[(0x)f = 0x(%x),f1g
A0 ST+1 4 i dO)S1+1

dCO)S1+1
(00)f = 0x(o),f
([(*0) /1 + 1}dy

* [l 14

(0, (00 ] + 0] (%), fox = ()] ! [(00) f(O0)f + 0x] .:5;\?| ©)f] I

[(00) f(O)f + 0x]

N:CS\\_ +1

NQ
—RSQ FO0O ]+ 0x)(), f TGS %Aod\ + S:SVK

A O, f1+1
==

A S1+1 A1+ 1 {o[(0)./1 + 1}dT Wl
(0x), o () T (), f E (S T [(0%) f(Ox) ) + 0x](%x) ./
OV S1+1pe dCOST+ MY
o g
4 . > AT+ 1 4 B b AT+ (@) 1+ g OIS+
(00) J(O0)f + 0 [(0%),f0x = () f1(%) ./ 4 (00) J(O0)f + 0 [(0x),f0x = () f1(%) ./ (4 () F()f +0x (%), f
ﬁ A NW A0S+ 1 A 4, N\J A S+ 1 (L)1 + 1)dy
ACOST 1 I JACO)ST 1 ! 1), /]
Am . N\av A0S +T AN\a B &v (). f1+1 (c[(%)./1+ 1)dT
[N ()T [ ()4t ().

A&\ & T:E\\T_

Amf i WN:_E\\T_
I )11 I

[(0).f] !

[/ + 1}dy
I

eloqrodAH asdiig

e[oqereq

Source: Own creation
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Coeflicients of the second-degree equation Ax>+Bxy+Cy*+Dx+Ey+F

0 for the second tangent conic sections to the graph of a function f at the point

P(xo, f(x0))

Table A 2

dCOST+1
[(0x)f = 0x (%), f]g

A0 ST+1 .
[(0)f = 0x (%) /12
A i ()

J1+1

A0 S1+1
(0)f = 0x(ow), [~
{c[().f] + 1)dy

— NQ \ Na N:egc::
() JOX) S+ 0x] - [(%%) f0x = ()f] 1

[(00) f(O)f + 0x] * £[(00),f0x = () f]

[

(O f(O)f + 0x]

dCOST+ MY dCOST+ MY
=7 _ a7
4 [/
4 _ 4 N A0 ST+1
[(0%) f(0x)f + 0x](%%) . [(0%) () f + 0x])(O%) .S I -
i dO)S1+1 i _ oA _ 0.1+ 1)dg
(0x) f0x = () f T (0x) f0x = () f 4 [(O), £ (%) + 0x](0x) ./
d) 1+ 1Mo dO) ST+ 1Mo
ae—J St A M
()47 (%), 4T
el N i A1+ 1 « _ i A0S+ 1 D)1+ 1de | dOOS1+1
(0) J(O0)f + 0x  [(0x),f0x = () f](%) ./ 4 (00) J(O)f + 0x - [(0x) f0x = () f1(%) ./ T () f(O)f + 0x * (%), f

A « %W A0 S1+1

A0S I

A i +N\JN:§S+_
A0 1

) S1+1)dy
(0, /]

Am+mv &Ebiw
[N ()T

ﬂ% iv A1+ 1

) e

(L), /1+ 1}dT
().

ANQ 4 W A0S+

T4 1

A0S +1
I

) S1+1)dy
[

eloqrodAg

asdig

e[oqereq

Source: Own creation
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Source: Own creation
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Appendix C. Derivatives for the first and second tangent conic
sections to the graph of a function f at the point P(x,, f(x))

Table C 1
dy
dx t
—0 <t <00
Parabola t+2p f’(x0)
2p—f"(xo)t ,
P
ey
0<t<2n
Ellipse ' (x0)b cos (H)—asin (1)
bcos (t)+f"(xp)a sin (1)
sin? () # L2

a*[f (xo)2+b*

/2 <t<3n/2,t# /2
Hyperbola [ (x0)b sec (¢)+atan (1)
b sec (1)—f"(xp)a tan (¢)

2 2
tan- (f) # o=

Source: Own creation
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Appendix D. Illustrative examples

Note: the following values were rounded (where applicable).
Find the equations of the tangent conic sections to the graph of the function
f(x) =2x+ x2 — x3 at the point P(1,2).

x0=1

flxo) =2

The derivative of f is:
f(x) =2 +2x—3x7

£ is differentiable on the interval (—oo, +00) and therefore continuous on (—oo, +00).
The derivative of f at x is:
F(H=2+2(1)-31) =1
f(xo) =1

The tangent line to the graph of the function f(x) = 2x + x*> — x> at the point
P(1,2) is given by:
y—2=1x-1)

y=x+1

The equation of the perpendicular line to the tangent line at the point P(1,2) is
given by:
y=-x+[1+2]

y=—x+3

Parabola

The general second-degree equation for the first tangent parabola (Table Al ) is
given by:

o 1 1, (1 1+
i+ a0 T puey) v eyt
_{1[1 +(2)(1)] . L} N [1+@M]? _ (-2 _

0
2p{l + 1} V2 4p{1 + 1} V2

121+12+{1 3} {3+1}+9+1 0
X Xy =Y = X — Yyt —+ — =
8p 4p 8p V2 4p 4dp  \2 8p V2
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The second-degree equation is determined using the values of 1/8, 1/4, 1 and oo

for p:
Ifp=1/8:
2 2 2
K= 2xy+y + £—6 x— 6+£ y+9+£=0
2 2 2
If p=1/4:
1 1 2 2 9 2
Exz—xy+§y2+{§—3}x—{3+§}y+§+§:O
Ifp=

Taking the limit p — oo in the second-degree equation:

h’m{12 ! +12+{1 3} {3+1}+9+1} lim 0
T B e i R e B e = A e = I
p—eo | 8p 4p 8p V2 4p 4p 1 8p V2 p—oo
1 1 1
—x——y+—=0
2 V2 V2
x—-y+1=
y=x+1

The parametric equations for the first tangent parabola (Table B1 - Appendix B)
are given by:

AR
y = +2
V2
1 2
=+t
x:\/E{t—4P }+1
2
1.2
—rP2+t
4p
x=——+1
V2

Where —c0 < f < o0
The parametric equations are determined using the values of 1/8, 1/4, 1 and oo
for p:
Ifp=1/8:
20+t

+2
V2
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42
212 +1 .
X =
V2
Ifp=1/4
2+t
y= +2
V2
-+t ol
X =
V2
Ifp=1:
P+t 5
y= +
V2
)
T+t
)
X = +1
V2
Taking the limit p — oo in the parametric equations of the parabola:
P+t
Iim y = lim +2
—l
lim x = lim | ——— + 1
p—ox p—00 \/E
: t+2
y=—-—=
V2
1
x=—t+1
V2
Eliminating the parameter:
t=V2x-1)
L V2(x=1)+2
y=—=V2x~
V2

y=x+1
The first tangent parabolas to the graph of the function f(x) = 2x + x> — x> at the
point P(1,2) with different values of p are plotted using the parametric equations

(Figure D1a).
Ifp=1/8andt=1/2:

=

1
2

_2( )2+
T

+2
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Appendix
1 1+2V2 V244 V2
y=—+2= = =—+2
V2 V2 2 2
12,1
-2(3) +1
X = +1
V2
x=1

The derivative of the first tangent parabola (Table C1 - Appendix C) with p = 1/8

at the point (1, g + 2) is given by:

dy 3+3() 3
ﬁ+gm

The tangent line to the tangent parabola with p = 1/8 at the point (1, 5

given by (Figure D1b):
2
y—(i +2] - 3(x-1)
2
y:—3x+5+1@
2
The general second-degree equation for the second tangent parabola (Table A2)

is given by:

L, I S
VT Y T api1y C\ Vo 2p(l + 1)

4p(1+1
+{H®HDUH 1} _u+@xm2_uxn—@):0

2p(1+1} 2 4pil + 1} 2

Ll +(2)(1)}x

_sz_ny_iszr{LJri}H{i_L}y_iJrL_
8p 4p 8p V2 4p dp  \2 8p V2

The second-degree equation is determined using p = 1/8:

2 2 2
—x2—2xy—y2+{7\/_+6}x+{6—§}y—9+7\/_=0

The parametric equations of the second tangent parabola (Table B1 - Appendix

B) are given by:
—pt =1
=—-+2

Y
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Where —c0 < f < o0
The parametric equations are determined using p = 1/8:

y = +2
V2
2t2—t+1
X =
V2
Ifp=1/8andr=1/2:
12 1
—2(5)—3 1 —14+2V2 —-\V2+4 V2
y=—2 2 i0=— 42= = =42
V2 V2 V2 2 2
121
2(3) -4
X = +1=1
\2

The derivative of the second tangent parabola with p = 1/8 at the point
(1, _l 2) is given by (Table C1 - Appendix C):

dy _5+3 3

G-y -

The tangent line to the second tangent parabola with p = 1/8 at the point
(1, —g + 2) is given by (Figure D1c):

y—[—?+2)=—3(x—1)
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05 o 0s 1 15 2

(a) First tangent parabolas to the graph

of the function f(x) = 2x+x%—x> at the (b) Tangent line to the first tangent parabola with
point P(1,2) with different values of p. p = 1/8 at the point (1, %5 +2).

Parabola 1

(c) Tangent line to the second tangent para-
bola with p = 1/8 at the point (1, _ 2).

Figure D 1: Tangent parabolas to the graph of the function f(x) = 2x + x> — x* at
the point P(1,2).

Source: Own creation

Ellipse

The general second-degree equation for the first tangent ellipse (Table Al) is
given by:

T W o (L) L I 3], 20,
2\ -2 2\ e @ ] e

L[, 3]o 2 o], 2,
PRl IS CA Ul PRI Y
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The second-degree equation is determined using the values ofa = 1,b = 1/2;a =
1/2,b=1/4anda=b = 1:
Ifa=1,b=1/2:

§x2+3xy+§y2+[—11+ \/i]x+[—13— \/§]y+ %+ V2(=0

Ifa=1/2,b=1/4
10x7 + 12xy + 10y? + {-44 +2V2} x + {-52 - 2V2}y + {74 +2V2} = 0
Ifa=b=1:
x2+y2+[—2+ \/§]x+[—4— \/§]y+[5+ \/5]:0

The parametric equations for the first tangent ellipse (Table B1 - Appendix B)
are given by:

_ bsin(?) + alcos (7) + 1]

2
N +
‘e bsin(t)—c\z/[;os(t)+ 1] 1

Where 0 < 1 < 2n.

The parametric equations are determined using the values of a = 1,b = 1/2;a =
1/2,b=1/4anda=b=1:

Ifa=1,b=1/2:
_ 1/2sin(f) + cos (¢) + 1 )
V2
1/2sin(f) — cos(t) — 1 ‘1
X =
V2
Ifa=1/2,b=1/4: ‘
M+ [cos (1)+1]
4 2
y=——m—>"+2
V2
sin(f) _ [cos(D+1]
4 2
x=——=—+1
V2
Ifa=b=1:
sin (f) + cos (1) + 1 v
y:
V2
in (1) — H-1
xzsm() cos () i1

V2
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The first tangent ellipses to the graph of the function f(x) = 2x + x*> — x> at
the point P(1,2) with different values of a and b are plotted using the parametric

equations (Figure D2a).
Ifa=1,b=1/2and t = n/4:

_ 1/2sin (r/4) + cos (n/4) + 1 o
V2

y = 3,457
_ 1/2sin@/4) —cos@/4) -1
V2

x =0,043
The derivative of the first tangent ellipse (Table C1- Appendix C) witha = 1,b =

1/2 at the point (0,043, 3,457) is given by:
d 1/2 4) —si 4
y _1/2cos(n/4) —sin(n/4) 0333

dx ~ 1/2cos(r/4) +sin (1/4)

The tangent line to the first tangent ellipse with @ = 1,b = 1/2 at the point
(0,043, 3,457) is given by (Figure D2b):
y—3,457 = -0,333(x — 0,043)

y=-0,333x + 3,471

The general second-degree equation for the second tangent ellipse (Table A2) is

given by:
A e (Lo o L I L3 2 L
2\ 222\ e @ ] ava

N 1 N 3 N 2 N 1{1 N 9 2 0
PRl RS CA U PRI BV
The second-degree equation is determined using the values of @ = 1 and b = 1/2:

%—\/5]:0

§x2+3xy+§y2+[—11— \/§]x+[—13+ \/§]y+

The parametric equations of the second tangent ellipse (Table B1 - Appendix B)

are given by:
_ —bsin (1) —afcos (¢) + 1] i
V2
_ =bsin () + a[cos (1) + 1] ‘1

V2
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Where 0 <t < 27
The parametric equations are determined using the values of a = 1 and b = 1/2:

_ —1/2sin(f) —cos () — 1 .

2
V2
‘e —1/2sin(t)\/+§cos(t)+1 ‘1

Ifa=1,b=1/2and t = n/4:

_ ~1/2sin(r/4) —cos (n/4) ~ 1

2
V2
y = 0,543
—1/2sin(/4) + cos (m/4) + 1
X = +1
V2
x = 1,957

The derivative of the second tangent ellipse using the valuesof a = 1 and b = 1/2
at the point (1,957, 0,543) is given by (Table C1 -Appendix C):
dy 1/2cos(n/4)—sin(n/4) 0333
dx ~ 1/2cos(n/4) +sin(n/4)
The tangent line to the second tangent ellipse with a = 1,5 = 1/2 at the point
(1,957, 0,543) is given by (Figure D2c):
y—0,543 = -0,333(x — 1,957)
y=-0,333x+ 1,195
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o 05 1 15 2

(a) First tangent ellipses to the graph of the
function f(x) = 2x + x> — x> at the point
P(1,2) with different values of a and b.

2

1 05 0 05

Ellipse 1
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e (0.043,3.457) y=-0333x+ 3471

1 05 o 05 1 5 2

(b) Tangent line to the first tangent ellip-
se with @ = 1,b = 1/2 at the point
(0,043, 3,457).

y =-0333x+1195 |

(c) Tangent line to the second tangent ellipse with
a=1,b=1/2 at the point (1,957, 0,543).

Figure D 2: Tangent ellipses to the graph of the function f(x) = 2x + x*> — x° at the

point P(1,2).

Source: Own creation

Hyperbola

The general second-degree equation for the first tangent hyperbola (Table Al) is

given by:
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1(1 1] , 1 1 1 (1 1) , 1 3 2
A vl Rl Ve RS Peiate) SR P vz &
N 1 3 N 2 N 11 9 2 ~0
2 | B2l 1| ava) T

The second-degree equation is determined using the valuesofa = 1,b = 1/2;a =
1/2,b=1/4anda=>b=1:

Ifa=1,b=1/2:
3, 3, 35 _
—5% —Sxy—zy +{l3— \/§}x+{11+ \/§}y+{—7— \/E}—O

Ifa=1/2,b=1/4
—6x% = 20xy — 6 + {52 - 2V2} x + {44 + 22}y + {-70 - 2V2} = 0
Ifa=b=1:
“2xy+{4— V2fx+ {2+ V2ly+{-4- V2} =0

The parametric equations of the hyperbola (Table B1 - Appendix B) are given
by:

_ btan(?) + afsec (r) - 1] .

2
V2
‘e btan(t)—a\z/[;ec(t)— 1] ‘1

Where —n/2 <t < 3n/2,t # n/2.
The parametric equations are determined using the values of a = 1,b = 1/2;a =
1/2,b=1/4anda=b=1:
Ifa=1,b=1/2:
1/2tan (7) + sec(f) — 1
= +
V2

1/2tan(f) —sec (1) + 1
X = +

V2

2

1

Ifa=1/2,b=1/4:
tan (1) + sec (1)—1

V2

tan(r) _ sec(n-1

x:—4 2 +1

V2

_ tan(?) +sec () — 1

V2

Ifa=b=1:

+2
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- 1
_ tan (1) — sec (1) + o1

V2

The first tangent hyperbolas to the graph of the function f(x) = 2x + x> — x3 at
the point P(1,2) with different values of a and b are plotted using the parametric

equations (Figure D3a).
Ifa=1,b=1/2andt = n/4:

_1/2tan(7/4) +sec(n/4) — 1 i
V2

y = 2,646
1/2tan (7/4) —sec (n/4) + 1
X = +1
V2

x = 1,061
The derivative of the first tangent hyperbola (Table C1 - Appendix C) with a =

1,b = 1/2 at the point (1,061, 2,646) is given by:
dy 1/2sec(n/4)+tan(n/4) _5.828

dx _ 1/2sec (n/4) —tan (x/4)

= 1,b = 1/2 at the point

The tangent line to the tangent hyperbola with a
(1,061, 2,646) is given by (Figure D3b):

y—2,646 = -5,828(x — 1,061)

y = —5,828x + 8,830

The general second-degree equation for the second tangent hyperbola (Table A2)
is given by:
1(1 1) , 1 . 1 . 1(1 1) , N 1 N 3 N 2
NS5 -5 X - |5+5|lv+tzi5 -5 S+ S|+—=tx
2 )T 2\@ n” @7 R u

2 la® b2
L 1_ 3 3 2 N 1 1_ 9 N 2 -0
a? b a2 Y 2la> b’ a\2 B

The second-degree equation is determined using the values of a = 1 and b = 1/2:

—%x2—5xy—gy2+{l3+ \/§}x+{ll— \/§}y+{—§+ \5}:0

The parametric equations of the second tangent hyperbola (Table B1 - Appendix

B) are given by:
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_ —btan(?) — a[sec(t) — 1] N

2
V2
‘= —btan (1) +\c/1£sec(t)— 1] i1

Where —n/2 <t < 3m/2,t # /2.
The parametric equations are determined using the values of a = 1 and b = 1/2:

_ —1/2tan(t) —sec(t) + 1 N

2
V2
—1/2tan(t) + sec(t) — 1
x= NG +1
Ifa=1,b=1/2andt = n/4:
—1/2tan (n/4) —sec (n/4) + 1
y= \/E +2
y = 1,354
—1/2tan (n/4) + sec (n/4) — 1
y= NG +1
x =0,939

The derivative of the second tangent hyperbola with a = 1,b = 1/2 at the point
(0,939, 1,354) is given by (Table C1 - Appendix C):

dy 1/2sec(n/4)+tan(n/4)
dx  1/2sec(n/4) —tan(1/4)
The tangent line to the second tangent hyperbola with a = 1,5 = 1/2 at the point
(0,939, 1,354) is given by (Figure D3c):
y— 1,354 = -5,828(x — 0,939)
y = -5,828x + 6,826

-5,828
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¥ = —5828x + 8830

(1.061,2:646)

f)=2x+x*=x*
2

p
y=x+1

(a) First tangent hyperbolas to the graph of (b) Tangent line to the first tangent hyper-
the function f(x) = 2x + x> — x° at the point bola with @ = 1,b = 1/2 at the point
P(1,2) with different values of a and b. (1,061, 2,646).
h Hﬁ\'perbola 2
) GTLA=Y2 _ ceaex+ 6826
il
Hyperbola 1

a=1b=1/2

(09394 354) _ f)=2x+x?-x?

A /:*' > y=-x+3
N ° 2 3™, /v/
Hyperbola 1

a=1b=1/2

(c) Tangent line to the second tangent hy-
perbola with a = 1,b = 1/2 at the point
(0,939, 1,354)

Figure D 3: Tangent hyperbolas to the graph of the function f(x) = 2x + x> — x> at
the point P(1,2).

Source: Own creation



