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Estep and Smith: Making Waves

Making Waves

Sam Estep Jon Smith

December 11, 2018

Abstract

As explored in [1], the structure of the hyperbolic numbers encodes characteristics of two-dimensional
Minkowski spacetime. Differentiable functions on the hyperbolic numbers provide solutions to the wave
equation. In this paper we analogize the method of conformal mappings to the hyperbolic numbers in
order to provide solutions to the wave equation on given regions with given boundary constraints. As
template solutions we use low-degree polynomials and the logarithm function, and as transformations
we use polynomials and simple rational functions. We conjecture (and nearly show) that in general, the
family of rational functions we use take hyperbolas to hyperbolas.

1 Introduction

We begin by translating the theory from [1] into our own symbology. We denote the hyperbolic numbers as
H = {t+jz:t,r € R}, where j2 = 1. We define the hyperbolic conjugate of z = t + jx as z = t — jux,
yielding the “squared Minkowski modulus” ||z||3, = 2Z = > — 2%. Then (see Figure 1):

H={zeH: ||z||?\/[>0}jul{z€7-[:||z||?VI:0}JU:[z€"H:||z||?\4<0}J.

time-like light-like space-like

For a given hyperbolic number z = a + jb € H, we define L, : H — H for w =c+ jd € H by

L.(w) = zw = (a+ jb)(c+ jd) = (ac + bd) + j(ad + bc).

(a) time-like (b) light-like (c) space-like

Figure 1: Partition of H into time-like, light-like, and space-like numbers.
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Figure 2: The hyperbolic exponential function.

We let Ry, = {L. : z € H} denote the regular representation of H. It is easy to verify that the elements of
Ry are R-linear transformations on H. This allows us to define the matrix representation of H as

a

MH:{[T]:TERH}:{[b Z} :a+jb€7—l}.

If we consider the “pure hyperbolic number” z = jp for ¢ € R then

o0

|10 o B 110 gok_ coshp sinhg
[L.] = LO O} = eXP[Lz]—ZHLp 0} ~ |sinhy cosho|"

k=0

We define exp z such that exp[L,] = [Lexp:|, S0 exp z = cosh ¢ + j sinh ¢.

2 Exponential form

We extend the definition of the exponential to satisfy (exp z)(expw) = exp(z + w) by defining exp(a + jb) =
exp(a) exp(jb) for a,b € R and expanding according to the definitions of the real and pure hyperbolic
exponential functions. The resulting function is depicted in Figure 2.

Let z = x 4 jy € ‘H. Note that

le* |3, = [|(e® coshy) + j(e®sinhy)||3, = (e coshy)? — (e® sinhy)? = €2*(cosh? y — sinh?y) = ¢** > 0

so €” is time-like, and e” coshy > 0 so e* is in the right half-plane; this agrees with our visual data from
Figure 2. We now show that e = {x + jy € H : x > |y| > 0}; that is, the exponential function is surjective
onto this “right quarter-plane”. This is easily done by checking that

Log(z + jy) = In ||z + jy|,, + j tanh ™' (y/x)

yields exp(Log(z)) = z for all z € {z + jy € H : z > |y| > 0}.
Now once we set aside the zero divisors zd(H) = {z + jy € H : |z| = |y|}, we can rewrite our earlier
disjoint union of H as

H=c"U—euzd(H)Uje" U —je.
——— ———

- ) SN——
time-like light-like space-like
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3 Properties of conjugate and modulus

The conjugate mapping z + Z is obviously a linear transformation if we treat H as a two-dimensional real
vector space, and its composition with itself yields the identity map.

Lemma 1. zw = zZw for all z,w € H.

Proof. Let z = z1 4+ jz and w = wy + jws for 21, 29, wy, ws € R. Then

7w = (21 + jz2) (w1 + jwa) = (2101 + 22wa) + j(21w2 + 20w)

= (z1w1 + 2w2) — (21w + 2w1) = (21 — jzo) (w1 — jwa) = (21 + j22) (w1 + jw)

= ZW. O]
Lemma 2. |zw|3, = ||z]3, w3, for all z,w € H.
Proof. Using Lemma 1,

2 S _ - 2 2
lzwlly, = (2w) (W) = 2wz = 22w = ||z]|[lwlly, O

Lemma 3. ||1/2]3, = 1/||z|13, for all z € H \ zd(H).
Proof. By Lemma 2,
e/ 20 = ll2/2lh = IR, =12 =1 = |11/z]3, = 1/llll3- O

Thus far we’ve been using the squared Minkowski modulus; let’s now define the nonsquared Minkowski
modulus as well.

Definition 1. For time-like or light-like 2z € H (that is, ||z||3, > 0) we define the Minkowski modulus of z
to be [[lly = \/ Izl

Lemma 4. ||z|,, = |z| for all z € R.
Proof. x =x+4+j-0€ H, so ||z, = Va? — 02 = Va? = |z|. O
Lemma 5. |zw|,, = ||z]| 1wl for all z,w € H satisfying || 2|5, > 0 and |Jw|3, > 0.

Proof. Using Lemma 2 and the multiplicativity of nonnegative square roots,

2 2 2 2 2
lzwlly, = \/szHM = \/HZ”MHwHM =\ 2l lwllay = 2l llwl O
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4 H-differentiability

As discussed in [1], a hyperbolic-differentiable function f : H — H can be written uniquely as f = u + jv
for u,v : H — R—that is, t + jz — f(t + jx) = u(t + jx) + jo(t + jx)—where these component functions
satisfy % = and % = %. If f is twice H-differentiable then we obtain

Oz
oof o [of
ftt_fxx:a_a} _£|:%:|
] (WA XTI
ot | ot ot Ox | Oz ox
0[ov Ou 0 [ov .0Ou
Zaa”a—m] —a—x[a”a]

B 0%v +,82u B 0%v B 0%
= otor Y otor  otor Y otox
:07

the wave equation. It can also be seen from the above calculation that the component functions of f satisfy
the wave equation, in addition to f itself.

As discussed in [1], the chain rule, addition rule, product rule, quotient rule, and integer power rule apply
to hyperbolic calculus. For simplicity, we will only be considering functions that are infinitely hyperbolic
differentiable. We will term functions of this sort ‘hyperbolic smooth’ functions. Also, the component
functions of these hyperbolic smooth functions, being that they satisfy the wave equation, will be called
‘wavy’.

Example 1. For t + jz € H we have

= [LetJrjz]

| o tcosha] Oyt cosh tcosha e sinh
9 — ot coshz + jelsinhe  —>  J; = Oilet coshz]  O,[e! cos x]} _ {e coshz efsinhz

| Ofetsinhz]  O,[e! sinh z] e'sinhz e’ coshz

which satisfies the Cauchy-Riemann equations by inspection, so the exponential function is its own derivative.

5 Methodology

Now, the goal of this paper is to determine methods by which one can find solutions to the wave equation on
a multitude of regions. Since the composition of two hyperbolic differentiable functions is itself hyperbolic
differentiable, hyperbolic differentiable functions work nicely in this pursuit.

Hence, if we can find real valued wavy functions on a handful of regions and map other regions in the
hyperbolic plane to these "template regions”, then we can produce unique solutions to the wave equation.
For example, assume that there is a region R with certain boundary conditions in the hyperbolic plane on
which we would like to find a wavy function. Then, instead of attempting to find a real valued wavy function
directly, a task that can be rather difficult, we can attempt to find a hyperbolic differentiable function, ¢(z),
that will map R to a different region in the hyperbolic plane, U.

Our selection of the mapping ¢(z) is determined in such a way as to map the region R to a region U on
which we already know a solution to the wave equation. Methods for finding wavy functions on U with given
boundary conditions will be discussed in the section devoted to template solutions. The template regions
in which we are interested are the regions that coincide with the level curves of the component functions of
hyperbolic differentiable functions.

After ascertaining the real valued wavy function on U, we can find the hyperbolic differentiable function
for which it is a component function. We can call this hyperbolic differentiable function 1(z). Then, ¥ (z) is a

https://digitalcommons.liberty.edu/kabod/vol6/iss1/4 4



Estep and Smith: Making Waves
hyperbolic differentiable function on U with a real valued wavy component function satisfying the boundary
conditions placed on U.

Since a function composed of two hyperbolic differentiable functions is itself hyperbolic differentiable,
(o @)(2) is a hyperbolic differentiable function on R. Then, with proper consideration to how the boundary
of R maps to U, we can determine that the respective component function of (¢ o ¢)(z) is a real valued
solution to the wave equation on R.

6 Template Solutions

6.1 Polynomials

From the product and sum rules it follows that the polynomials are hyperbolic-differentiable. Moving to-
wards utilizing polynomials to find template solutions for the wave equation, we analyze the level curves of
polynomials of different degree. We begin by considering polynomials of degree one.

6.1.1 Degree One

Let z = x + jy be a hyperbolic variable. Then a hyperbolic polynomial of degree one can be expanded into
its component parts as follows:

f(2) = (a1 + jag)(x + jy) + (b1 + jb2)
= w2 + agy + by + j(asx + a1y + bo)

From here, it is easy to see that the level curves of the component parts of a polynomial of degree one are
lines. Hence, we can utilize polynomials of degree one to find wavy functions that account for boundary
conditions on a region formed by two parallel lines. We can demonstrate the usefulness of this fact with an
example.

Example 2. Consider y =z + 1 and y = x — 1, two parallel lines in the plane. Moreover, assume that we
want to find a wavy function on the region between the two lines that also satisfies some given boundary
conditions. Particularly, assume that we want our wavy function, which we will denote as f(z,y), to equal
10 along y = x + 1 and equal —10 along y = z — 1. This is represented graphically in Figure 3.

Then, since any polynomial of degree one can be written as the component function of a hyperbolic
smooth function, we need only find a polynomial of degree one satisfying the boundary conditions of the
region. To do so, we let f(z,y) = ax+ by + ¢ and solve for a, b, and ¢ in such a way as to satisfy the boundary
conditions. First, we notice that the slope of both lines is equal to 1, implying that 3 = 1. We also need
that f(z,y) = 10 for all points on y = z + 1 and f(z,y) = —10 for all points on y = = — 1. We can pick two
arbitrary points on each line and solve the system of equations. We find the following system of equations:

Solving for the system, we find that a = —10, b = 10, and ¢ = 0. Therefore, f(x,y) = —10x + 10y is a wavy
function on the region bounded by the lines y = x + 1 and y = x — 1 that satisfies the stated boundary
conditions.

Now, it is obvious that any real polynomial of degree one satisfies the wave equation, being that the
second partial derivatives with respect to = and y are equal to zero. However, it is beneficial to identify the

Published by Scholars Crossing, 2019 5
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2
IR

-1 f(xmy) =—10

—2 1

Figure 3: A region between two parallel lines on which we would like to satisfy the wave equation.

first degree hyperbolic polynomial for which the solution above is a component function. The importance of
this identification will become evident in our discussion of other solutions to the wave equation.

Using the expansion of an arbitrary first degree hyperbolic polynomial mentioned at the beginning of this
section, we find that

f(z) =(=10+ j10)z

is a hyperbolic polynomial with f(x,y) as a component function.

6.1.2 Degree Two

We can now move on to hyperbolic polynomials of degree two. Unlike the polynomials of degree one, it is
not the case that every second degree polynomial in x and y satisfies the wave equation. To see this, consider
the function f(z,y) = x? 4+ 2y*. Notice that,

fea[r? + 2] =2
fyy[as2 + 2y2] = 4.

Therefore, f(x,y) is not a solution to the wave equation. However, there are of course other polynomials
that do in fact offer a solution to the wave equation. Consider, for example, the function f(x,y) = 2% + y*.
For this reason, we will determine explicitly which second degree polynomials in x and y are wavy.

Begin by considering that a second degree polynomial in x and y is of the form:

f(z,y) = a12® + agy® + asz®y® + ay2®y + asxy® + agxy + arr + agy + ag
for ay,...ag € R. Then, taking the second partial derivatives of this function with respect to x and y we find,

fealf (2, 9)] = 201 + 2a3y° + 2a4y
fyy[f(xa y)] = 2ay + 2a3I2 + 2asx

Therefore, we find that a; = ay and also that ag, as, a5 = 0. From here, we can write the general form of a
wavy second degree polynomial in x and y:

f(2,y) = a1(2® + y*) + aowy + azx + asy + as

https://digitalcommons.liberty.edu/kabod/vol6/iss1/4 G
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Figure 4: A region between two concentric circles on which we would like to satisfy the wave equation.

Note: We can expand an arbitrary second degree hyperbolic polynomial and find that the set of component
functions of second degree hyperbolic polynomials is equivalent to the set of wavy second degree polynomials
in two variables found via the method above. In other words, the only second degree wavy polynomials in two
variables are those polynomaials that appear as the component function of a second degree hyperbolic polyno-
maal.

We can see that f(z,y), depending on the coefficient values, will have conic sections as level curves.
However, being that the coefficients for 22 and y? must be equal, we never have a wavy second degree
polynomial in x and y with parabolic level curves. Also, note that if we set a3 and a4 equal to zero, the level
curves of wavy second degree polynomials in x and y are symmetrical with respect to the lines y = —x and
y = x. To see this, consider:

fly,2) = a1 (y* + 2°) + agyax + a5 = f(z,y)
f(=y.2) = a1(y? + 2°) — agyx + as = f(x, —y)

Unfortunately, when a3 and a4 are not equal to zero, we do not always get this nice result. Regardless,
without going into needless detail with these polynomials, we can narrow our focus to ellipses and circles
that are symmetric with respect to y = —x and y = .

Example 3. Second degree polynomials might offer a nice template solution if we are attempting to find a
solution to the wave equation satisfying boundary conditions between two concentric circles. For simplicity,
and also because the section on transformation mappings will handle translations, we will look at concentric
circles centered at the origin.

We attempt to find a second degree polynomial in two variables that is wavy on an annulus centered at
the origin and also satisfies given boundary conditions. Let C} be a circle of radius 3, and let C be a circle
of radius 7. Assume we want to find a wavy function, f(z,y), such that f(x,y) = —4 on C} and f(z,y) =8
on (5. The region is plotted in Figure 4.

To find such a wavy function. We can set f(z,y) = a;(2* + y*) + ao. Notice that for z € Cy, 2%+ 3> =9,
and for z € Cy, 22 + 3% = 49. Then, to find a; and as, we solve the following system of equations:

9@1 + ag = —4
49&1 + a9 = 8

Published by Scholars Crossing, 2019 7
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']R f(xay) =T

cla

Figure 5: A region between two concentric ellipses on which we would like to satisfy the wave equation.

Solving the system, we find that a; = &5 and ay = 55°. Moreover, it is obvious that f(z,y) = & (22 +y*) - ¢

is a wavy function being that it is an element of the set of second degree polynomials in two variables that
satisfy the wave equation given above. Hence, f(x,y) = 5(2® + y?) — 5 is a solution to the wave equation
on the annulus with given boundary conditions.

Lastly, in order to utilize hyperbolic function composition with this template solution, we must find the
hyperbolic smooth function for which this real polynomial is a component function. Expanding the general
form of a second degree hyperbolic polynomial, we find

f(z) =az®> +bz+c
= (a1 + jaz)(x + jy)* + (b1 + jbo) (2 + jy) + c1 + jeo
= (ay(2® + y*) + 2092y + b1 + boy + c1) + j(ao (2 + y?) + 2a12y + by + b1y + c2)

Hence, the second degree hyperbolic polynomial in which we are interested is

3, 67

f(z) = 0% ~ 10

Example 4. In addition to concentric circles, second degree polynomials provide template solutions on
regions bounded by two concentric ellipses that have the major and minor axes on the lines y = x and
y = —x. Let F; and E5 be two ellipses centered at the origin with major axes along the line y = x and
minor axes along the line y = —x. The rest of the pertinent information is given in Figure 5.

For this example, we will keep the constants in Figure 5 arbitrary for the sake of generality. However,
c1,co > 1 and a > b. To give the equations for both of the ellipses depicted, we use a general equation for
an ellipse taken from [2].

The equation of the smaller ellipse is given by

https://digitalcommons.liberty.edu/kabod/vol6/iss1/4 ]
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and the equation of the larger ellipse is given by
(@ F+y ) (@F —yF)
ca? c3b?

L] (2® +y%) + ! ! 1
——+ —— | (z — = = |y = 1.
2c2a?  2c3b? 4 da? A Y

Then, we want a polynomial f(z,y) in two variables satisfying the wave equation such that f(z,y) at the
points on the two ellipses above satisfy the boundary conditions given in Figure 5. Within the equation of
the larger ellipse given above, notice that if ¢; = ¢, then we can rewrite the equation in terms of a constant
multiplied by the equation of the smaller ellipse.

Let ¢; = ¢o = ¢. Then the equation of the larger ellipse becomes

1 1 9 9 1 1 9
(ﬁ‘F@)(l‘ +y)+(§—b—2)xy—c.

=1

Then, we let

fen) = (5 + g )@+ 0+ (55 = g5 )] 40

where s1, o are elements of R such that f(z,y) satisfies the boundary conditions on the two ellipses. To
solve for s; and s,, we simply solve the following system of equations:

81+82:7“2

81*C2+82=T’1

and we find that

o=
ey
o — 1ol
82_—(1—02) .

Thus, a general form of a wavy polynomial in two variables on the region bounded by concentric ellipses
with the given scaling conditions is given by

Ty — 71 1 1 5 5 11 ry — roc?

(1—¢?) {<2a2 i 2b2)(x Y+ 2 )T (1—¢?)"
Then, utilizing the expansion of second degree hyperbolic polynomials, we find that a hyperbolic function
with the above equation as a component function is

[ra=r)@P ) ()R], e
flz) = { (1 —c?)(2a20?) R 2(1 — ¢%)(a?b?) } =y

This function is hyperbolic differentiable as well as wavy. Knowing the hyperbolic function will be important
when using transformation maps in later sections.

Example 5. Lastly, second degree hyperbolic polynomials offer a template solution satisfying the wave
equation on the region bounded by two hyperbolas with the same center.

Consider the region given in Figure 6. We wish to find a smooth hyperbolic function satisfying the
boundary conditions in the graph. Similar to the previous example, we will use arbitrary constants for the
sake of generality throughout this example.

Published by Scholars Crossing, 2019 9
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Figure 6: A region between two hyperbolas on which we would like to satisfy the wave equation.

Unfortunately, for this figure, the diagram would likely only become more confusing if the distances from
the vertices to the center and transverse axis were marked. However, we will denote the inner hyperbola H;
and denote the outer hyperbola Hy. Then, going forth with this example, a, cia will be the distances from
the center to each vertex respectively, and b, cob will be the distances from the transverse axis to each vertex
respectively. With these trivialities in place, we can begin with the calculations.

Similar to the ellipse example, we use a the general formula for a rotated hyperbola. The formula for H;
is written as:

1 1\, , o, (1 1
. — | — — =1
(2@2 262>(x ) (a2 * 52)”

and the formula for Hy can be written as:

| 1\, , 11
- Y (I
(20%@2 20%()2) (@ +y) (c%aQ * c§b2)xy

Again, similar to the ellipse example, if ¢; = ¢o, then we can set ¢ = ¢; = ¢o and rewrite the equation for Ho

as:
11N, ., 11 ,
(2_612_2_172)(:” ) - (Wb—z)wy:“
We can then define a function

flzy) = 81[(2%2 - 2—;) (x> + %) — (% + b—lg)xy] + 59

and find sq, so so that f(x,y) satisfies the given boundary conditions. We simply solve the following system
of equations:

S1+S8S2=1"1

81*02+32:r2.

https://digitalcommons.liberty.edu/kabod/vol6/iss1/4 10 10
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and we find that

T2 —n
T
7"102—7"2
2T e

Thus, a wavy second degree polynomial in two variables is given by

- ()= el - (557)

Lastly, we find a hyperbolic second degree polynomial f(z) for which this function is a component function.
Using the expanded hyperbolic second degree polynomial, we simply match the coefficients in f(z,y) to the
coefficients in f(z) in such a way as to produce f(z,y) upon expansion. We find that

[ =r)(®?=a®) . (e =)0 +a?)] -
1(z) = { (@ - 1)Ea?) 7T E - e } ) -1

Then, f(z) is hyperbolic smooth and we are able to compose other hyperbolic smooth functions with f(z)
in order to find solutions to the wave equation on other regions in the hyperbolic plane.

Now, at this point it ought to be mentioned that a template solution on regions such as the region given
above might be without a purpose, being that mapping another region to these hyperbolas might be difficult
or scarcely possible. Regardless, an example of this sort ought to give an idea of how powerful hyperbolic
polynomials can be in offering template solutions. Towards the end of the paper, we will provide multiple
examples in which we compose transformation mappings and these template solutions to find wavy equations
on other regions in the hyperbolic plane.

6.2 The logarithm function

Recall from Section 2 that the hyperbolic logarithm is defined on e’ as
Log(w + jy) = In ||z + jyl|, + j tanh ™ (y/).

Note that

2 2

1
In||z+ jyl|l,; =Inv22 -y —§1n(x2—y2)

and, using equation (3) from [3] since 0 < |y| < z,

tanh ™' (y/x) = %ln (

Thus we find that the Jacobian is

-
e Ty /(y

since )
1 T Jy
r+jy a2 —y?

This shows that the hyperbolic logarithm is differentiable. Since it serves as the inverse of the exponential
function, the level curves of its components are precisely the images of horizontal and vertical lines under
the exponential function; see Figure 2.

Published by Scholars Crossing, 2019 11 11
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Figure 7: A region in e* between two rays on which we would like to satisfy the wave equation.

Example 6. Let’s say that we want to find a wavy function on a wedge in quadrant 4 which is equal to —10
on the ray of slope — tan(7/12) and 10 on the ray of slope — tan(7/6); see Figure 7.
The upper line is y/z = — tan(w/12) and the lower line is y/z = — tan(7w/6). This gives us

a = tanh™'(y/x) = tanh™'(— tan(7/12)) ~ —0.3 and J = tanh™'(y/z) = tanh™'(— tan(7/6)) ~ —0.7,

respectively. These are ugly constants, but they’re constants nonetheless. Then if we set

1 a+p
=920 - =10 -
a 0 —a and b 0 i

we get atanh™'(y/z) +b = —10 on the upper ray and atanh™*(y/z) +b = 10 on the lower ray. Thus we can
take the real component of
jaLog(x + jy) + b

as our desired wavy function.

Now for the other level curves.

Example 7. Let’s say we want to find a wavy function between two “nested” hyperbolas se/® and 2e/® in
the right half-plane (see Figure 8), with fixed values on each of those hyperbolas. To continue our exciting
precedent, let’s say —10 on the hyperbola closer to the origin, and 10 on the hyperbola further from the
origin.

Note that for each z € e/® we have z = e/* for some t € R, so

1200 = ||¢”||,, = llcosht + jsinht,, = cosh®t — sinh®¢ = 1.
Then looking at our two hyperbolas with Lemmas 4 and 5 yields

1
2

. 1
Il =

3
2

3

1 . .
celt = el = ‘ el = 2.

3
and z € éeJR = |zl = '

Let « = —In2 and f =1n3 — a. As in Example 6, if we set

1
and ble-a—i_ﬂ

f—a a—pf

https://digitalcommons.liberty.edu/kabod/vol6/iss1/4 192 12
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2 .

Figure 8: A region in e* between two hyperbolas on which we would like to satisfy the wave equation.

then we get al|z + jy/||,;,+b = —10 on the closer hyperbola and a|lz + jy||,,+b = 10 on the further hyperbola.
Thus we can take the real component of
aLog(x + jy) + b

as our desired wavy function.

7 Mobiesque® Transformations

Here we develop the theory of the hyperbolic analogue of Mébius transformations: compositions of affine
functions z — az + b and the reciprocal function z — z71.

7.1 Affine

Here we analyze hyperbolic affine transformations geometrically by parametrizing families of affine transfor-
mations through a real variable, taking the derivative of these parametrizations, and plotting the resulting
vector field.

Definition 2. A translation is a mapping f : H — H given by f(w) = w + z for some z € H.

The simplest type of affine transformation is the translations z — z + b for some b € H. This is just familiar
vector addition, so we need not spend much time discussing it here.

Definition 3. A skew mapping is a mapping f : H — H given by f(w) = zw for some z € H such that
213 # 0.

The more interesting type of affine transformations is those of the form f(z) = az for some a € H. Let us
first consider the case where a € e”. Then we can write a = e° for some ¢ € H, so a = e for some
c1,c2 € R. We can rewrite our function as

f(2) =az = ez = e TI2y = efel2y,

If ¢y = ¢; = 0 then we simply have the identity transformation. Thus we consider two parametrizations
t — g; and t — hy, where g;(2) = €'z and hy(z) = e’*2. Note that for a given ¢ as discussed above, we can
write any f as f = Ger © hcz = hcz ©Gc-
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Figure 10: Multiplication of a lattice by e7.

Our t — g; family of functions is trivial; it simply scales each point along a ray from the origin to that
point. Thus we will direct our attention to the other family.
Since gy, ++, = g, © g, for all 1, ¢, € R, plotting the vector field

. d
SRR

()] =

[e7'2] = jeltz
=0

t=0

t=0

shows us exactly the path along which points “flow” as we vary t; see Figure 9.

Another way to visualize a multiplication by some z € ¢/® is by looking at the image of a lattice under
that transformation; see Figure 10. From this we can see that a multiplication by e’ for positive ¢ “stretches”
along y = x while “squishing” along y = —x, while a multiplication by e’¢ for negative ¢ does the opposite.

Definition 4. If f is a translation and ¢ is a skew, then f o g is an affine transformation.
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Figure 11: The paths given by the mapping family e* — e as ¢ goes from 1 to —1.

7.2 Reciprocal

For non-light-like z = = + jy € H, the reciprocal of z is

1 1
Z_]':—:—
z z

lelly, 2% =92

ISEIRN]

1 w

But more interestingly, for z = e € e we can express the reciprocal as z=! = e~. This suggests a
family of functions similar to the families we studied in section 7.1. We use the parametrization t — f, where
fi o €t — eM is given by fi(e¥) = e, letting ¢ range between 1 and —1. Figure 11 graphs the paths taken
by points according to this parametrization.

This figure also exhibits a further geometric quality of the hyperbolic exponential function: it maps the

lines x = y and x = —y into the lines x = 1 + y and © = 1 — y, respectively.
Lemma 6. ¢24) = (1 + zd(H)) N e™.

Proof. First, for t € R,

t ot t_ -t
cosht = & —1_26 =e '+ ‘ 26 = e ' + sinht.
Then for z = x + jy € H,
ze(14+j)H <<= z=1+j)y

< " =¢Y(coshy + jsinhy)
— ¢ =¢eY(eY +sinhy + jsinhy)
— =1+ (1+j)esinhy
— efel+(1+))H.

Recall from Section 2 that zd(H) = {x + jy € H : |z| = |y|}; thus zd(H) = (1 + j)RU (1 — j)R. By the
above (and similar reasoning for 1 — j), we have

M — (14 1+ )H)Ne? and P =1+ 1 - jHH) N = 20 = (1 4 2d(H))Ner,
completing the proof. O
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The above analysis is for the inversion of points in e*, but inversion of points in the other four sections
of H works exactly the same way: you simply follow your unique path through whichever one of 1, j, —1, —j
you can reach without crossing over a zero divisor, stopping when you reach a point whose modulus is the
inverse of your original modulus.

7.3 Mapping Hyperbolas to Hyperbolas

Definition 5. A Mobiesque transformation is a function

Jiofarrofy,

where each f; is an affine transformation or the reciprocal function.

For our purposes, we only consider hyperbolas whose asymptotes have slope m satisfying |m| = 1.

Definition 6. A hyperbola is a set of points H(z,¢) = {w € H : |w—z|3, = ¢} for some z € H and
ce R\ {0}.

Lemma 7. For a hyperbola H and translation f, the image f(H) is a hyperbola.
Proof. By definition, H = H(z,c) for some z € H and ¢ € R, and f(w) = w + b for some b € H. Then

fH)={w+b:weHand |w—z|3, =ct={weH:|w—(z+b)3 =ct=H(z+bc). O

Lemma 8. For a hyperbola H and skew mapping f, the image f(H) is a hyperbola.

Proof. For any hyperbola H = H(z,c) and skew mapping f(w) = aw, we can write f = ty 0 f ot for
translations ¢;(w) = w — z and t3(w) = w + az. By Lemma 7, translations take hyperbolas to hyperbolas,
so without loss of generality we only need consider hyperbolas centered at the origin.

By definition, f(w) = aw for some a € H with ||z||5, # 0. Then,

fH) = {aw: weH and |lw]y, =} = {w e H: |wly = ¢/llally} = HO,¢/|ally,). O

The reciprocal function is trickier. It works fine for hyperbolas centered at the origin, but other hyperbolas
cross zero divisors which aren’t in the domain of the reciprocal function. Thus we’ll cheat a bit and extend
the definition of image.

Definition 7. Let S C H and f : S — H. For a given curve C' C ‘H, we extend the definition of f(C) to be
the closure of f(C'N.S).

Note that this is compatible with our previous lemmas for translations and skew mappings, because hyper-
bolas are topologically closed.
The above definition should suffice to prove the general version of this lemma, but the proof is evasive.

Lemma 9. For a hyperbola H = H(0,c), the image of H under the reciprocal function is a hyperbola.
Proof. By Lemma 3,
fH) ={1/w:weH and |[wly, =} = {w e H: uly, =1/c} = H(0, 1/e). O
The general theorem would follow trivially if that last lemma could be shown for z # 0:
Conjecture 1. Moabiesque transformations take hyperbolas to hyperbolas.
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Figure 12: An annulus centered in je™ on which we would like to find a solution to the wave equation.
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Figure 13: The region U; the image of R with respect to ¢(z)

8 Examples Utilizing Transformations

In this section, the goal is to combine the template solutions that we have found with transformation mappings
to find solutions to the wave equation on other regions.

Example 8. Assume that we want to find a solution to the wave equation on the region in Figure 12. The
annulus in the figure is centered at z = 105 and the radii of the two circles are r = 2 and r = 6 respectively.
Also, although it is not labeled in the figure, assume that we want the solution g(z, y) to satisfy the following
boundary conditions. On the outer circle, we would like g(z,y) = 20, and on the inner circle, we would like
g(z,y) = —10. We will call this region R.

Now, recall from the template solutions section that hyperbolic polynomials of degree two provide so-
lutions to the wave equation on annuli centered at the origin. Hence, we would like to translate R to an
annulus centered at the origin. The function providing this translation is simply ¢(z) = z — 105. The image
of R with respect to ¢(z) we will call U, which is depicted in Figure 13.

From here, we simply use the method given previously in the paper to find a wavy function for the region
U. We want f(x,y) = 20 on the outer circle of U, and f(x,y) = —10 on the inner circle of U. Then, we let
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f(z,y) = a1(x* + y*) + as and solve the following system of equations:

36&1 + a9 = 20
4ay + as = —10.

We find that a; = % and ay = ’TE’E’. Therefore,

flay) = (%) ()~ 2

is a real valued wavy function satisfying the boundary conditions on U. Now, by considering the expanded
form of a second degree hyperbolic polynomial, we find that ¢ (z), the hyperbolic differentiable function with

f(z,y) as a component function is
15\ , 55
5= (55)* =7

Then, (¢ o ¢)(z) is a hyperbolic differentiable function, and so the components functions of (¢ o ¢) are wavy
on R. Therefore, we can expand (¢ o ¢)(z) to find a real valued solution to the wave equation on R.
Consider,

oo = (1)~ 100

~(30) e+ 1002 %

— (32) @+ =107 = F + 2000 - 10

2 _ %

Then, the real valued function satisfying the wave equation on the region R is

o(z,y) = G—z) (2 + (y — 10)%) — %

To check our solution, note that 2% + (y — 10)? = r? is the equation for a circle of radius r centered at (0, 10).
Hence, it is easy to see that g(x,y) satisfies the boundary conditions. Moreover, just to ensure that g(z,y)
is in fact wavy on R, we can note that

15
Goa(T,Y) = — = gyy(2, 7).

8
For this particular example, finding the function g(z,y) may have been easy without using the methodology
built within this paper. However, for some of the following examples, the reader will find that discovering
g(x,y) can be quite difficult.

Example 9. Now before we continue with this example, it should be noted that the more complicated
examples are nearly always reverse engineered. To find regions on which we can find solutions to the wave
equation, we can simply apply invertible transformations to the template regions. Unfortunately, the regions
on which the second degree hyperbolic polynomials offer template solutions contain zero divisors. For this
reason, using the reciprocal map to map from R to the polynomial template regions is problematic. However,
we can use the reciprocal map to map R to a translation of a polynomial template region that does not contain
zero divisors.
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Figure 14: The inversion of an annulus on which we would like to find a solution to the wave equation.

Assume that we want to find a solution to the wave equation on the region R given in Figure 14. The
outer curve is given by the following parametrization:

2 cos(t)
xTr =
4 cos?(t) — 4sin®(t) — 16sin(t) — 16
—2sin(t) — 4

v= 4 cos?(t) — 4sin®(t) — 16sin(t) — 16

where 0 < ¢ < 27, and the inner curve is given by the parametrization:

_ cos(t)
cos?(z) — sin?(z) — 8sin(t) — 16
—cos(t) — 4

 cos?(t) — sin®(t) — 8sin(t) — 16

for 0 <t < 2m. I will leave it to the reader to show that the inversion of this region gives the annulus of
inner radius 1 and outer radius 2 centered at (0,4). Also, we would like the wavy function g(z,y) to satisfy
the following boundary conditions:

g(x,y) =5 on the outer curve,

g(x,y) = 2 on the inner curve.

After applying the reciprocal map to R, we get the region U given in Figure 15. We will denote the reciprocal

map ¢.
Then, just as in the first example, we can translate U to get an annulus centered at the origin. We will
call this third region V', and it is given in Figure 16. The translation map will be denoted (2) = z — 4j.
Then, we find the wavy function for V' via the methods we utilized previously. We find that the wavy
function on V is given by

fla,y) =a® +y* +1
and the corresponding hyperbolic differentiable function is

P(z) =22 + 1.
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Figure 15: Region U; ¢(R).

Figure 16: Region V; v(U).

https://digitalcommons.liberty.edu/kabod/vol6/iss1/4 20

20



Estep and Smith: Making Waves
From here, we can compose the three pertinent functions to find a solution to the wave equation on the
region R. Consider,

<wowo¢><z>:(§—4j)2+1.

This function is hyperbolic differentiable on R. Moreover, expanding to find the component functions, we
find that

(Woyod)(s) = (xjjy—4j)2—1

= -~ *J 4+ 17
@ty @ty
v L
By — 82) + 17

- x? +y? + 2xyj

1 —8y — 8xj)(x? + v — 2zyj
_( Y : J)(22 y4 yJ)+17
xt — 2x%y* 4y
(2% 4+ y* — 8y(a? + y?) + 162%y) + j(16zy* — 8z (2* + y?) — 2zy)

= 2T g +17.

Therefore, the function

2% + y? — Sy(z? + y?) + 162%y
g(z,y) = . éu )4 +17
Tt —22°y° +y

is a real valued wavy function satisfying the boundary conditions given for R. Unlike the previous example,
I am bold enough to say that this solution could not be found with a ”guess-and-check” methodology.
Unfortunately, the more obscure the solution function, the more difficult it is to verify that the function is both
wavy and satisfies the boundary conditions. Fortunately, Wolfram Alphra indicates that g..(z,y) = gy (z,v)
and also that the boundary conditions are met.

Example 10. Now, say that we want to find a solution to the wave equation on region R given in Figure
17. In the figure, the left-most ray has a slope of 2 while the right-most ray has a slope of g. In addition to
the figure, we desire the solution function g(x,y) to satisfy the following boundary conditions:

g(x,y) =10 when y = 2z

6
g(z,y) = —10 when y = i

Unlike the template solution, this region is in je*, and hence, we cannot use the hyperbolic logarithm directly.
Instead, we transform the region R to a region U in e in order to use the logarithm function. We will
use the transformation ¢(z) = jz, which reflects R over the line y = z. The resulting region U is given in
Figure 18. The rays in U have slopes % and % respectively.
Then, to find a wavy function on U, we utilize the method given in the template solution section. We let
f(z,y) = a; tanh™*(y/z) 4 ay and solve the following system of equations:

ay tanh ™ (1/2) + ay = 10
a; tanh ™ (5/6) + ag = —10.

We find a; = 30.78 and ay; =~ —6.92. Thus, a real valued wavy function on U satisfying the boundary
conditions is given by

f(z,y) = 30.78 tanh " —6.92.
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Figure 19: A region in e between two hyperbolas on which we would like to satisfy the wave equation.

The hyperbolic differentiable function with f(x,y) as a component function can be written
¥ (z) = 30.78;j Log(z) — 6.92.
Now, we can compose ¢(z) and 1(z) to find that
(1 o ¢)(z) = 30.787 Log(jz) — 6.92.

We then expand this hyperbolic differentiable function to find the component function that satisfies the
boundary conditions:

30.78

5 In(y* — 2%)j + 30.78 tanh ™" (z/y) — 6.92.

(Yo o)z +Jjy) =

Hence,
g(x,y) = 30.78 tanh ™! (x/y) — 6.92
is a real valued wavy function on R satisfying the given boundary conditions.

Example 11. This example is essentially an extension of Example 7. In this case, our two hyperbolas are
1—1e® and 1 — 267® in the left half-plane (see Figure 19), again with —10 on the hyperbola closer to the
origin, and 10 on the hyperbola further from the origin. Let

f(z+jy) = aLog(x + jy) + b

be the end result from the previous problem. If we compose this with the Mdbiesque transformation g(z) =
1 — z, then we get back our original regions from before. Thus our full function, taking the real component
of the logarithm as described, is

h(z) = aln||z|,, + b~ 8.048591n || z||,, — 4.42114.

Example 12. Let’s say we want to solve the wave equation on the area between the two curves pictured in
Figure 20, parametrized by

1 1 1
e 0s? [cosh (5 sin 0) + jsinh (5 sin 9)} and  e“*?[cosh(sin #) + j sinh(sin )],
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Figure 20: The image of an annulus under the exponential mapping.

yielding —10 on the inner curve and 10 on the outer curve.

The first step is to notice that these curves are the images of the circles of radii 1/2 and 1 under the
exponential mapping. Thus we can get back to the original circles using the logarithm function, and then
we just need to apply a second-degree polynomial to achieve our desired boundary conditions. Observe that

flx+jy) = (x4 jy)* = (@° +v*) + 2zyj.

This means that for the unit circle, the real part of f will give us a value of 1, and on the circle of radius
1/2, the real part of f will give us a value of 1/4. We can then compose with the function g(z) = 40z — 30
to get 10 and —10. Thus our complete function is the real part of

z + 40[Log(2)]* — 30.
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