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A STUDY OF WAVE EQUATIONS IN FIVE DIMENSIONAL SPACETIMES
WITH COMPUTATIONAL METHODS

SUMMARY

The interest in higher dimensional wave equations is driven by the usage of
higher dimensional metrics in general relativity and string theory. Instanton
solutions of general relativity are the counterparts of Yang-Mills instantons which
are finite-action solutions of the Yang-Mills equations. They have an important
contribution to the path-integral in the quantization of the Yang-Mills fields.
The general relativistic instantons are also expected to play a similar role in the
path-integral approach to quantum gravity. Weierstrass’ general local solution of
minimal surfaces yields a general instanton metric and Nutku’s helicoid metric is
a special case which corresponds to the helicoid minimal surface of this general
metric. Dirac and Laplace equations can be solved in terms of Mathieu functions
in the four dimensional case. If a time coordinate is added trivially to the
metric, the solutions become double confluent Heun functions which are known
to arise in higher dimensional solutions in the literature. One can trade the
irregular singularity at zero by two regular singularities at plus and minus 1
by a transformation, to reach at the same singularity structure of the Mathieu
equation and give the solutions in this form. But the main difference between
the two cases comes from the presence of different constants in the radial and
the angular parts of the Mathieu functions, modified by the presence of the new
term coming from the time-dependence. This fact makes the summation of these
functions to form the propagator quite difficult. In four dimensions one can
use the summation formula for the product of four Mathieu functions -two of
them for the angular and the other two for the radial part- summing them to
give us a Bessel type expression. The metric has a curvature singularity at the
origin. This point has to be excised. Then, the usage of the appropriate boundary
conditions is important. In odd dimensions, using the non-local spectral boundary
conditions which are described by Atiyah, Patodi and Singer is obligatory because
of topological obstructions. One is free to choose local boundary conditions like
Neumann, Dirichlet or Robin in even dimensional spacetimes. However, if one
needs to conserve y° and charge conjugation symmetries of the Dirac operator, the
non-local spectral boundary conditions should be used. The Atiyah-Patodi-Singer
formalism is used to impose spectral boundary conditions in this problem. The
equations written on the boundary of the manifold are more singular than the
ones in the bulk and this makes the solution more difficult. A qualitative analysis
of these equations is studied in order to give information about the soultion. The
derivation and analysis of the equations are done by using symbolic packages
intensively. A Maple package using the Goldblatt’s Newman-Penrose formalism
for instanton spaces is developed for the analytical computations needed in the
work. The package also supplies a complete Newman-Penrose calculator for
instanton metrics.



BILG ISAYARLI HESAPLAMA YONTEMLER | ILE BES BOYUTLU
UZAYZAMANLARDA DALGA DENKLEMLER  ININ INCELENMES |

OZET

Yiiksek boyutlardaki dalga denklemlerine duyulan ilgi, genel gorelilik ve sicim
kuramlarinda yiiksek boyutlu metriklerin kullanilmasiyla birlikte artmigtir.
Genel gorelilikte kullanilan instantonlar, Yang-Mills denklemlerinin sonlu eylem
¢oziimleri olan Yang-Mills instantonlarina karsilik gelen ¢oziimlerdir. Yang-Mills
instantonlari, Yang-Mills alanlarinin kuantizasyonundaki iz integraline 6nemli
bir katki yaparlar ve genel gorelilik kuramindaki karsiliklarinin da kuantum
kiitlecekiminin iz integrali yaklagiminda benzer bir rol oynayacaklari tahmin
edilmektedir. Weierstarss'in genel yerel en-kiiciik yiizeyler ¢oziimi genel bir
instanton metrigi verir. Nutku helikoit metrigi de bu genel metrigin helikoit
en-kiiclik yiizeyine karsilik gelen 6zel bir durumudur. Dirac ve Laplace
denklemleri dort boyutlu durumda Mathieu fonksiyonlari cinsinden ¢oziilebilir.
Bir zaman koordinati metrige dogrudan eklenirse ¢oziimler, literatiirde yiiksek
boyutlu ¢oziimlerde kargilagilan ¢ift konfluent Heun fonksiyonlarini igerirler. Bir
doniisiim yardimiyla sifirdaki diizensiz tekillik, art1 ve eksi 1’deki iki diizenli
tekillikle degigtirilebilir ve Mathieu denkleminin tekillik yapisi elde edilir. Bes
boyutlu durum, bu doniisiim sayesinde Mathieu fonksiyonlari cinsinden ifade
edilebilir. Zaman koordinatindan gelen ek terimle birlikte, radyal ve acisal
kisimlar degisik sabitler icerdiginden, dort boyutlu durumdaki gibi bir ilerletici
yazmak i¢in bu fonksiyonlarin toplanmasi oldukga zorlagir. Halbuki, dért boyutlu
durumda, (ikisi radyal, ikisi agisal olmak {izere) doért Mathieu fonksiyonunun
¢garpimi i¢in tamimlanmis olan toplama kurali yardimiyla Bessel tiirii bir ifade
elde edilir. Metrigin orijinde bir egrilik tekilligine sahip olmasi, bu bdlgenin
digarlanmasini gerektirir. Bu da uygun sinir kosullarinin kullanimini 6nemli
kilar.  Tek boyutlarda, Atiyah, Patodi ve Singer tarafindan tanimlanmig
olan yerel olmayan spektral smir kogullar,, topolojik engeller sebebiyle
zorunludur. Cift boyutlarda Neumann, Dirichlet veya Robin gibi yerel sinir
kosullar1 kullanilabilse de, Dirac operatoriiniin y° ve yiik eglenigi simetrilerinin
korunmasi isteniyorsa yerel olmayan spektral sinir kosullari kullanilmalidir.
Bu problemde smnir kogullarini uygularken Atiyah-Patodi-Singer formalizmi
kullanilmigtir. Manifoldun smirinda yazilan denklemler, simir tanimlanmadan
yazilan denklemlerden daha tekildir ve bu da ¢ozlimii zorlagtirir. Literatiirde ve
sembolik paketler kullanilarak yapilan ¢aligmada denklemlerin analitik ¢oziimleri
bulunamamis, ¢oziim hakkinda bilgi vermesi amaciyla denklemlerin nitel bir
analizi yapilmigtir. Sembolik paketler, denklemlerin ¢ikarilmasi ve analizlerinde
yogun olarak kullamilmigtir. Goldblatt’in instanton uzaylar1 igin geligtirdigi
Newman-Penrose formalizmini kullanan bir Maple paketi, ¢calismadaki analitik
hesaplar1 yapmak icin geligtirilmistir. Paket ayrica instanton metrikleri i¢in tam
bir Newman-Penrose hesaplayicisi olarak kullanilabilir.



1. INTRODUCTION

The interest in higher dimensional wave equations is driven by the usage of higher
dimensional metrics in general relativity and string theory [1-10]. Instanton
solutions of general relativity are the counterparts of Yang-Mills instantons which
are finite-action solutions of the Yang-Mills equations and they have an important
contribution to the path-integral [11]. The general relativistic instantons are
expected to play a similar role in the path-integral approach to quantum gravity
[12-14]|. Weierstrass’ general local solution of minimal surfaces yields a general
instanton metric and Nutku’s helicoid metric is a special case which corresponds
to the helicoid minimal surface of this general metric {12, 14]. The metric
has a curvature singularity at the origin. Dirac and Laplace equations in this
background can be solved in terms of Mathieu functions in the four dimensional
case [15-17]. If a time coordinate is added trivially to the metric, the solutions
of the Dirac and Laplace equations become double confluent Heun functions (see

Appendix A) [18,19].

Phenomena described by Heun equations are common when one studies problems
in atomic physics with certain potentials which combine different inverse powers
starting from the first up to fourth or combining the quadratic potential with
inverse powers of two, four and six, etc. [20]. They also arise when one studies
symmetric double Morse potentials. Slavyanov and Lay describe different physical
applications of these equations [21]. Atomic physics problems like separated
double wells, Stark effect [22], hydrogen-molecule ion [23] use forms of these
equations. Many different problems in solid state physics, like dislocation
movement in crystalline materials, quantum diffusion of kinks along dislocations
are also solved in terms of these functions [21]. The famous Hill equation [24] for
lunar perigee can be cited for an early application in celestial mechanics [21]. In
general relativity, while solving wave equations, we also encounter different forms

of the Heun equations. Teukolsky [25| studied the perturbations of the Kerr



metric and found out that they were described by two coupled singly confluent
Heun equations. Quasi-normal modes of rotational gravitational singularities
were also studied by solving this system of equations [26]. In recent applications
they become indispensable when one studies phenomena in higher dimensions, for
example the article by G. Siopsis [27], or phenomena using different geometries.
An example of the latter case is seen in the example of wave equations written in
the background of these metrics. For instance, in four dimensions, we may write
wave equations in the background of four dimensional Fuclidean gravity solutions.
For the metric written in the Eguchi-Hanson instanton [28] background, the
hypergeometric function is sufficient to describe the spinor field solutions [16,17].
One, however, has to use Mathieu functions to describe even the scalar field
in the background of the Nutku helicoid instanton [12,13] when the separation
of variables method is used for the solution. Schmid et al [29] have written
a short note describing the occurrence of these equations in general relativity.
Their examples are the Dirac equation in the Kerr-Newman metric and static
perturbations of the non extremal Reisner-Nordstrém solution. They encounter
the generalized Heun equation [19, 30, 31| while looking for the solutions in
these metrics. Here we see that as the metric becomes more complicated, one
has to solve equations with larger number of singular points, with no simple
recursion relations if one attempts a series type solution. As a particular case of
confluent Heun equation, Fiziev studied the exact solutions of the Regge-Wheeler
equation [32,33]. One also sees that if one studies similar phenomena in higher
dimensions, unless the metric is a product of simple ones, one has higher chances

of encountering Heun type equations as in the references given [34, 35].

In the second chapter, we solved the Dirac equation in four and five dimensional
spaces and the scalar equation in five dimensions. The four dimensional scalar
equation was studied in reference [12] giving Mathieu functions as the solution as
in the case of four dimensional Dirac equation. The five dimensional Dirac and
Laplace equations are solved in terms of double confluent Heun equations but one
can trade the irregular singularity at zero by two regular singularities at plus and
minus one by a transformation, to reach at the same singularity structure of the

Mathieu equation and give the solutions in this form. But the main difference



between the two cases is that, although both the radial and the angular parts
can be written in terms of Mathieu functions, the constants are different, due
to the presence of the new term coming from the time-dependence, which makes
the summation of these functions to form the propagator quite difficult. In four
dimensions one can use the summation formula for the product of four Mathieu
functions -two of them for the angular and the other two for the radial part-

summing them to give us a Bessel type expression [12].

As the metric has a curvature singularity at the origin [12|, this part has to
be excised to get a well defined problem. Then, the usage of the appropriate
boundary conditions is important. In odd dimensions, the use of the non-local
spectral boundary conditions, which are described by Atiyah, Patodi and Singer,
is obligatory because of topological obstructions [36-38]. One is free to choose
local boundary conditions like Neumann, Dirichlet or Robin in even dimensional
spacetimes. However, if one needs to conserve y° and charge conjugation
symmetries of the Dirac operator, the non-local spectral boundary conditions
should be used [39,40]. The Atiyah-Patodi-Singer formalism is used to impose
spectral boundary conditions in this problem [41]. We can no longer interpret

the additional dimension as time because of the causality principle [42].

The equations written on the boundary of the manifold are more singular than
the ones in the bulk and this makes the solution more difficult [43]. Moreover,
a constant of motion disappears when we restrict the system by setting the
radial coordinate X to a constant value. A qualitative analysis of these equations
is studied [44-46]. In the third chapter, we studied the Atiyah-Patodi-Singer
spectral boundary conditions with a qualitative analysis and singularity analysis

of the little Dirac equations in four and five dimensional cases.

In the fourth chapter, we gave the details of the computer package which is
developed for the symbolic computations of our study. The interest in symbolic
computational study of general relativity is growing rapidly as the capacity of the
the computer systems increase. The computer is no longer an apparatus for the
numerical relativist, but as the symbolic manipulators get easier to use, the more
researchers get into the subject by using these systems. Thanks to the symbolic

calculators, lengthy calculations needing time and care are no longer a problem

3



for scientists. The preliminary works on symbolic calculation goes back to 1965,
Fletcher’s program GRAD ASSISTANT could calculate Ricci tensor for simple
metrics [47]. Two years later, in 1967, M. Veltman developed SCHOONSCHIP,
a symbolic manipulation program to study renormalizability of gauge theories
[48]. At 1968, Macsyma, the first comprehensive symbolic mathematics system,
began to be developed by MIT scientists under the leadership of B. Martin [49].
Following the path of SCHOONSCHIP and Macsyma, a group leaded by S.
Wolfram began designing SMP which is the ancestor of today’s Mathematica
[50]. A comprehensive historical review can be found in reference [51]. Recent
platforms like Maple [52], Mathematica [53], Matlab [54|, Maxima [55] and
Reduce [56] offer developed and optimized solutions with their easy to learn
interfaces. There are more alternatives and all these platforms have their
advantages and disadvantages. Therefore, the user should make a decision before
getting deeper into programming. Another important point to consider is the
specialized packages which run under these platforms. Using a profession based
package reduces the work of the end-user. A package having a nice designed
interface can be used even by the people having no idea about the platform.
There are such packages for the general relativistic purposes. Some of the best
known examples are: GRTensorll [57], Riemann [58|, Riegeom [59], Riccir [60]
and MathTensor [61]. GRTensorll, being a widespread package led significant
progress in the area [62-67]. We developed a Maple package using the Goldblatt’s
Newman-Penrose formalism for instanton spaces for the analytical computations
needed in the work. The package also supplies a complete Newman-Penrose

calculator for instanton metrics [68].



2. CALCULATIONS FOR THE NUTKU HELICOID METRIC WITH A TIME
COORDINATE

2.1 The Metric Tensor

The Nutku helicoid metric is given by,
1 2, (¢2 1 22\q02 &
d$ = ———[dr+(r?+a%)d6°+ ( 1+ 5 sif 0 | dy?
1+8 '
12
a’ . a’
— 5 sin20dydz+ (1+ r—zcosz e> dZ], (2.1)

where 0 <r <o, 0< 60 <2 y and z are along the Killing directions and will
be taken to be periodic coordinates on a torus. This is a special form [12] which
corresponds to the helicoid minimal surface of a general instanton metric [13,14].

A helicoid in three dimensions is shown in Figure 2.1.

Figure 2.1 Helicoid in Three Dimensions

When the Einstein’s tensor,
1
Guv = Ryv — éguvR (2.2)

is written, it is seen that all of the components are zero. Therefore, this is a

vacuum solution. This metric reduces to the flat metric if we take a=0:
ds? = dr? +r2d6? + dy? + dZ. (2.3)

5



If we make the following transformation
r = asinhx, (2.4)

the metric becomes

2
ag = %sinh (A2 +d6?)

+ [(sinkP X+ sir? 6)dy? (2.5)

sinh
—sin20dydz+ (sint x+ cos 8)dZ].

We use the Newman-Penrose (NP) formalism [69,70] in four Euclidean dimensions
[71-73]. To write the Dirac equation in this formalism, we need to choose the

base vectors and the y matrices in curved space accordingly.

We choose
[ = ;(U,0,0), (2.6)
avsinh
1
= ————(0,0,cosix—1i8),isinh(x—10)), 2.7
———(0,0,cosH{x—i),isinh(x~i6)) 27)

as the legs of the NP dyad (see Appendix B).

2.2 Dirac Operator

The relativistic mass-shell condition is given as pypH = E2 —p? = M? where Py is
the 4-momentum, E is energy, M is mass and Planck units (h= c=1) are used.
Dirac started with the square root of this expression to write an equation which

is linear in time (Schrodinger-like) for the relativistic electron [74-76]:

i‘;—‘t": (—iey0"+ BM) (2.8)

where, aj and B are constant matrices. The square of the operator which is acting
on  field should give the mass-shell condition,

%y

—5 = (e 0+ BMPY = (02 + M2y (2.9)

Thus, the matrices should satisfy,

{ai,aj} = 24 (2.10)
{ai,B} = 0 (2.11)
a? = B?=1 (2.12)



These matrices are called as Dirac matrices or y matrices and are denoted as

B =P, Ba' =y Consequently, the Dirac equation is given as,

(iy“d, — M) =0 (2.13)

and the condition that the y-matrices should satisfy is given as,

{y", v} =2g"". (2.14)

The massive Dirac equation in curved spacetimes reads

Oy = My, (2.15)
where

using the spin connection 'y, which is the representative of the curvature of the

spacetime. The y matrices can be written in terms of the base vectors as (see

Appendix B),

o 0 ¥
0 0 —mH IH
=2 om0 o | (2.17)

mt [ 0 0

The spin connection is written as
1 vV

using the y matrices given above.

2.2.1 Solutions in Four Dimensions

For the Nutku helicoid metric background, Dirac equations read,

V2 .
m{@x—f—la@)%
+-a[c08( 0+ iX)dy + Sin(O + ix) 3y g — AV SINN X V\j";hqu;l} —0, (2.19)

.
a\/m{( ~1%) s
~alcos©  b)d, + sin(6 )2y~ I

0, 2.20
7 Yo} = (2.20)



+alcog 0 — ix)dy + sin(6 — ix) 7 Y1 —

V2 ——————{(0x— 109 + cothX) Y

av/sinh

—a[cos(9+ix)ay+sin(9+ix)az]w2—Ma”}”hz‘wg} 0, (2.21)
V2 .

m{(ﬁx%-lde-i-coth&)l.m

Max/sinh

7 SV Tl =0, (2.22)

To simplify the calculations, we will study the massless (M = 0) case. Then we

see that only {1, Yo} and {3, Y4} components are coupled to each other. Using

(2.21) we can write,

(0x— 109 + coth2X) Y

=- . . —— 2.2
Y2 iak[coq 6 + ix) cos@+ sin(6 + ix) sing)| (2.23)
or by using (2.22) we get
—(0x+10g + cothX) o
= 2.24
h iak[cog 8 — ix) cos@+-sin(6 — ix) sing| (2.24)
and similarly, by using (2.19) and (2.20) we get
—(Ox+1dg) Y13
= 2.2
V4= faklcod B+ iX) cosg + Sin(8 + ix) sing] (2.29)
and
(ax - ic?e)w4
=- . . —— 2.26
Ys iak[cog 8 — ix) cosp+ sin(8 — ix) sing) (2.26)
after making the transformations
ky = kcosg, k; = ksing. (2.27)
We are free to take
@ = lvHkzly; (x 9) (2.28)
because of the properties of the metric. We take
sinx—i(6 — @)] ~
W, = y 2.29
! V'sinh ! ( )
and
W, — smh[x+|(6—<p)]qJ (2.30)

V/sinh z



Now we have to solve
2 a2k? ~
Pak/enne {dxx+ 0o + —— {005{2(9 + @)] — cosh 2(}} Wi,=0. (2.31)
When similar transformations are done for the other components we get:
coshx—i(0
ak

)l {dxx—l— Opo + E {co92(6 + ¢)] — cosh 2(}} W;=0, (2.32)

coshx+i(0 — @)]
ak

We can seek a solution in the product form,

{dXXJr Opo + K {co92(6 + ¢)] — cosh 2(}} WY,=0. (2.33)

Wi(x,0) =R (X)S(0) (2.34)

and we end up with the equations

d?R a%k?
d1>7<§73’4 —[5-coshx+{1234/R1234=0, (2.35)

d*Si23 4. a’k
d6?

where the subscripts (1, 2, 3, 4) relate the solutions with the spinor components.

2
{005{2(9+(P)]+51234}51234— (2.36)

The solutions of these equations can be expressed in terms of Mathieu functions:

Y= eik(zsin(p+ycos¢) sinh[x— i(9 - QD)] v

v/sinh
21,2 21,2
{[Clsq_ZL_a; , —iX) +C2So— {1, - a4k —ix)] (2.37)
21,2 212
><{0356(—51,—%,9+<P)+C4SC(—51, ax 9+(P)}}
ik(zsing+ycosg) sinh[x+ i (9 - (P)]
b = € Venhx <
21,2 21,2
{[cssd G- ix>+cesq—zz,—%,—ix>] (2.38)
2k2 2k2
X{C7S€(—Zz7 - 0+9)+CeSd— o~ ,e+<p>]},

o k2 a?k?
W = e|k(zsm(P+YC03<P{{C98q (3,— —iX)—l—ClOS(X—Zg,—T,—iX)}

21,2 21,2
X [01186(—53, a K 9+¢)+C1230( Z37_& 6—1—([))]} (2.39)



4 4

a?k? a’k?
X {C15S€(—Z4, —T, 6+ (0) +C168C(—Z4, —T, 0+ QD)} } (2.40)

o a’k? a’k?
W — e|k(zsm<p+ycos<p){ {C1336{—Z4, — 2 —iX) +CraSA g, ———, —ix)]

Here {j are the separation constants and C’s are arbitrary constant. The sketches
of these solutions are shown in Figures 2.2, 2.3 and 2.4 for ¢ =0.3,a=1, k=1,
(=2and G =1

Tm[¥,]in 4D

Figure 2.2 W4 Solution in Four Dimensions

Re[¥-]in 4D Im[¥>] 4D

Figure 2.4 W34 Solution in Four Dimensions

At this point also note that we can get solutions in the plane wave form, which are

given as ekasin@—@+x)+sin(0—p-x)] giilar to the ones given by Sucu and Unal [16].

10



But the former form turns out to be more useful when we try to compare the

solution with the solution in the five dimensional case.

2.2.2 Solutions in Five Dimensions

The addition of the time component trivially to the previous metric gives:
ds? = —dt*+dsj, (2.41)
resulting in the massless Dirac equation as:
(VHOu+ Vo — YT —yTow=0, (L=x8.y,2). (2.42)
Here, the spin connection corresponding to the time coordinate
't =0. (2.43)

The Dirac matrix corresponding to the time component

i 00 0
0i 0 0

¥=100 - o (2:44)
000 -i

can be taken according to the anti-commutation relation of the Dirac matrices,

to give the set of equations,

V2 .

m{@xﬂde)%

+a[cos(6+ix)dy+sin(6+ix)dz]tp4+| ?I/rlhzxdtwl} 0, (2.45)
V2

a\/smh'zk{( ~100) W

—acog 8 —ix)dy +Sin(0 —ix)d| Yz +i jr_]h&dth} 0, (2.46)
V2 .

a\/m{( —idg + coth ) yn
[cos(e+|x)dy+sm(9+|x)dz]tp2—| il/rlh&dwg} 0, (2.47)
V2 .

m{(dx+|d@+coth2()w2

+alcog 8 — ix)dy +Sin(8 — iX)d sy — i Vfﬁhz‘atw} 0. (2.48)

11



If we solve for (/1 and {» and replace them in the latter equations, we get two

equations which involve only {3 and (jy . If we take
@ = ity rkezly (¢ g) (2.49)

and

W, = i{(aﬁ idg)W3

akv/sinh
+iak[cog 0 + ix) cosg+ sin(6 + ix) sing|W4] }, (2.50)

V2 .
Y2 = ak{\/smh&{( ~100)%

—iak[cog 6 — ix) cos@ -+ sin(B8 — ix) sing| W3] } (2.51)
The resulting equations read:
2k2 a2k2
{c%(x-l- Ogo + —— {c092(0 + @)] — cosh X} + > sinh 2(} W3,4=0. (2.52)

If we assume that the result is expressed in the product form W34 = T1(X)T2(8),

the angular part is again expressible in terms of Mathieu functions.

21,2
n’_%,amcw\/wcozeﬂp))

212
ﬂ’arcco$\/W) .

To(0) = C;1Se

+CSo|n,— (2.53)

Here Gi’s are arbitrary constants. n is the separation constant and the periodicity

of the solution makes it equal to the square of an integer.

The equation for T reads:

d2 a2k? a’kf

The solution of this equation is expressed in terms of double confluent Heun (Hp)

functions [19]:

a’k?
Ti(x) = CsHp {O,T —n,—a kt +n tanhx]
212 2
+CaHp [o, % -k, % + r),tanhx] (2.55)

/ —dx
X

N
Ho [0, 55—, —a2k@, & + . tanh|

12



One can see that as X goes to infinity, the function given above diverges. The

function is finite at X= 0 though. In order to get well defined functions, we study

the region where X < F, where F is a finite value. We will give a way to determine

F below.

Just to show the differences with the four dimensional solution, we attempt to

write this expression in terms of Mathieu functions. This can be done after few

transformations. We define
B a2kt2
=
B= —’77
212
o FH
2

and use the transformation
z=e %

Then the differential operator is expressed as

0-a2% 159 nyipict
T d2 dz z’

where d; denotes derivative with respect to z. Here

C-A
A="_"
2
C+A
! __
C= 2
If we take
A/
au:Z,
and
1 1

and set E =+ AC’ we get,

d? d E B

—WH —.

(2.56)
(2.57)

(2.58)

(2.59)

(2.60)

(2.61)

(2.62)

(2.63)

(2.64)

(2.65)

The solution of the equation obtained by acting this operator on a function, is

also expressible in terms of Mathieu functions given as:

R(Z)Z%’SG(—B,—E,arccoq/WTHHCQSc(—B,—E,arccoq/V%l). (2.66)

13



To satisty the regularity conditions of the Mathieu functions we set the coefficient
of the second solution in equation (2.55) equal to zero. The Maple commands

and the output for this transformation is given in Figure 2.5.

The sketch of this solution is shown in Figure 2.6 and 2.7 for ¢ =0.3,a=1, k=1,
N = 2 and two different values of k;.

At this point we see a natural limitation in the values that can be taken by our
radial variable since the argument of the function arccoscan not exceed unity.
The fact that can not exceed unity, limits the values our initial variable X

can take, thus determining F which imposed on our solution in equation (2.55).

K2k
[

infinity at kk = —k and at ki = Kk, these ki values should be excluded.

The calculation gives F— 1In( ) as the limiting value. As V%l becomes

P2 Maple 11 - [transformation.mws - [Server, 1]] [BES]

Ry rie ot vew Insert Fomat Vo tie BEE

B ETE] EE =] ©] EI=R] [1] ] @

> with (PDEtools) : j
eqnl:=diff (f (x) ,x,x)+ (- (a*a*k*k/2) *cosh (2*x) + (a*a*kt*kt/2) *sinh (2*x) -eta) *f (x) ;
dsolve (eqnl) ;
transformationl:={x=1n(1l/sqrt(z))}:
eqn2:=dchange (transformationl,eqnl) :
dsolve (eqn2) :
transformation2:={z=u*sqrt ((k*k-kt*kt) / (k¥k+kt*kt)) }:
eqgn3:=dchange (transformation2,eqn2,params=[k, kt]) :
dsolve (eqn3) :
transformation3:={u=w+(w"2-1)"(1/2)}:
eqn4 :=dchange (transformation3,eqn3) :
dsolve (eqn4) ;

d 1, 1.2
eqnl :=|——f(x) |+ | —-a k" cosh(2 x) + _~a" kt" sinh(2 x) — 7 [f(x)
ax’ 2 2
2.2

e ey
f(x) =_CI HeunD| 0, 77 mn,—a kt, T+ 7, tanh(x)

2 42 525 e 1
—-n,-a kt,TJrn,tanh(x) B dx

+_C2 HeunD(O,

3
2 222

2,0 @K

HeunD[O, 5 -, —a kt, 3 +1, tanh(x)]

K-k K-k
g (K + ki) % (K + ki)

a a
K+l 2w+2 K+ il J2w+2
f(w) =_CI MathieuC| 1, — , Arccos| 3 +_C2 MathieuS| 1, — , Arccos| 2

> |

|

Time: 1736: | Bytes: 121M | Avalable: 2276

Figure 2.5 Transformation for the Dirac Equation

Here we also see a difference from the four dimensional case. Although both the

radial and the angular part can be written in terms of Mathieu functions, the
212

constants are different, modified by the presence of the new % term, which

makes the summation of these functions to form the propagator quite difficult.

14



Im[¥34] n 5D

Figure 2.6 W34 Solutions in Five Dimensions fa¢ = 0.01

’Re[‘P3_4] mnsD I."T‘.’[‘P;_;},] in 5D

Figure 2.7. W34 Solutions in Five Dimensions fd¢ = 1.2

In four dimensions we can use the summation formula [12,77] for the product of
four Mathieu functions, two of them for the angular and the other two for the

radial part, summing them to give us a Bessel type expression [12].

2.3 Laplace Operator

In this section we will discuss the Laplace operator written in the five dimensional
background explained above. It is used for the calculation of the field equation
for the scalar particle, similar to the case studied in reference [12]. The definition

of the Laplace operator is [74],
1
Ou/—0g"V 0, (2.67)
V=g 8

For the five dimensional metric, the operator becomes,

1 .
\/__96\/ \ —gg“vﬂu = —att + axx+ 699 + a25|nr?2X(ayy+ azz)

+a?(coshdy +sinfd;)? — a®sinhxcoshxdy. (2.68)

I =

H =

There are three Killing vectors and one quadratic Killing tensor with eigenvalues

given below.

15



From the Killing tensor we can construct a second order tensor operator [12],
K = —0dgg — a%(cosBd, +sinBd,)>. (2.69)

The eigenvalues can be defined by the equations,

KO=AD, (2.70)
0P = kP, (2.71)
We have
P — g (ktt+ky+k2) R(X)S(0) (2.74)
where Sobeys the equation
e
% + (A —a’k?cog0)§O) = 0. (2.75)
Here
O=0—-9¢ (2.76)
and the solution reads
—a’k? a%k?
S6) = CiSE——+1,7,,6-9)
_a22 212
+czsqa7k FA, %, 8- ). 2.77)
The radial part obeys
R, . 2gintex 2
32 (sinhxcoshxkZ — k?sin X——)R=0. (2.78)

The solution to this equation, the radial solution, can be written in terms of

double confluent Heun functions,

R(x) = CgHp [0,a%k*— A, —a’k?, A, tanhx]
+C4Hp [0,2%K? — A, —a%kZ, A, tanhx] (2.79)
—dx
x / 5
Hp [0,a2k? — A, —a?k?, A, tanhx]

The radial equation can be reduced to the modified Mathieu function after

performing a transformation similar to the spinor case treated above. Taking

16



2
A=2 k‘ , B= —A and C= a2k , and using z= € % transformation we get
a result similar to equation (2.66). To satisfy the regularity conditions of the
Mathieu functions we set the coefficient of the second solution equal to zero.

The Maple commands and the output for this transformation is given in Figure

2.8. The sketch of this solution is shown in Figure 2.9 for ¢ =0.3, a=1, k=1,
kk=0.01, A =2

dow  Help
S[F] EITR] FE (=] B E[-[A] (1] (] @]

eqnl :=diff (f (x) ,x,X)+(-(a*a*k*k/2) *cosh (2*x) + (a*a*kt*kt/2) *sinh (2*x) + (a*a*k*k/2) -lambda) *f (x) ;
dsolve(eqnl) ;

transformationl:={x=1n(1/sqrt(z))}:

eqn2 :=dchange (transformationl,eqgnl) :

dsolve (egn2) :

transformation2:={z=u*sqrt ((k*k-kt*kt) / (k*k+kt*kt))}:
eqgn3 :=dchange (transformation2,eqn2,params=[k kt]) :
dsolve (egn3) :

transformation3:={u=w+(w"2-1)"~(1/2)}:

eqn4 :=dchange (transformation3, eqn3) :

dsolve (eqnd) ;

[dz ] [ 1 1 az ¥ J
eqnl := f(x) [+ —d K cosh(2 x)+ & Kkt sinh(2 x) + — A [f(x)

1
f(x) =_CI HeunD(0, a* k* — A, —a® k%, A, tanh(x)) +_C2 HeunD(0, a* k* — A, —a® k%, A, tanh(x)) |- dx
HeunD(0, a” &

2
*_ A, —d" ki, A, tanh(x))

f(w) =

) L s (K + k) g & A (B + k)
a + a T
IK B+ kf 2w+2 4K K+ it Jaw+2
_CI MathieuC| — = + A, - , Arccos| 5 +_C2 MathieuS| — 2 +A,— , Arccosj

2
>

Time: 4937 | Bytes: 418M | Avaiable: 1515

Figure 2.8 Transformation for the Scalar Equation

Re[®] in 5D Im[®]in 5D

Figure 2.9 Scalar Solution in Five Dimensions
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3. ATIYAH-PATODI-SINGER SPECTRAL BOUNDARY CONDITIONS

Non-local spectral boundary conditions were first explained by Atiyah et al in the
paper where they study the Hirzebruch signature of the manifolds with boundary
[11,78,79]. Local boundary conditions like Neumann or Dirichlet can be used
for the solutions of the Dirac equation on a bounded even dimensional manifold.
However, if one needs to conserve y° and charge conjugation symmetries of the
Dirac operator, the non-local spectral boundary conditions should be used [39,40].
In the odd dimensional cases, one is obliged to use the non-local spectral boundary
conditions because of the topological obstructions which are obtained by Atiyah

et al [36-38,80].

Dirac equation,

iv“DuwAziv“Du( ,Lm:/\( ““)zAwA (3.1)

UA
and the "little" Dirac equation (Dirac equation on the boundary) can be written
as,

iy, = Aey (3.2)

Operator [ is Hermitian and A’s are real [42]. The functions €, construct a basis

on the boundary of the manifold.

Near the boundary, up and U can be expanded in terms of €, [42]:

qungf)eA(cw A (E) = /Memq)uA(é,qw@dr, (3.3)

quggm)eA(q) LgM(E) = /d///ewq)uA(z,qw@dr, (3.4)

where dT is the volume element and /|g| is the square root of the determinant

of the metric.

On the boundary, spectral boundary conditions restricts the A values for upper

and lower spinor components:
fAlos=0, A>0 (3.5)
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and

Qlos=0 A<0 (3.6)

can be written. Projectors PT and P~ can be constructed for the boundary modes

with positive and negative eigenvalues [42]:

P+(q7q/) = z €\ (q)eT)\ (q/)7 (37)
A>0

P (a.d) = Y ex(@e(d) (38)
A<0

for which | being the unity operator for the function space spanned by €,
Pt+P =I (3.9)

is satisfied. If we write the two dimensional P™ and P~ operators as a 4x4 matrix

P, the spectral boundary condition for the 4-spinor W becomes,

N
PWlo.r = ( PO PO_ ) ( 3 )\(Mz =0. (3.10)

The matrix y° is given by
I O

and the projector P commutes with y° matrix:

[Py’ =0. (3.11)

Therefore, spectral boundary conditions conserve chirality [42]. The spinor on

the boundary can be written as:

Aéof)\ &
Wio.r = S ae | (3.12)
A>0

The charge conjugation property is defined as,
WC(x,A,) = CW*(x,—A) (3.13)
where C is the charge conjugation operator which satisfies y°C = —Cy>:

0 -1
cz(l o)’ (3.14)

and Ay is the gauge (or curvature) related term in Dirac equation (iy*(dy +

AW = N\Y).

19



According to these definitions,

. —/\Z 09} (&) )a--A
= > - . 3.15
lll |d/// Azof)\ (e)\ )A—»—A ( )
<

Using the little Dirac equations, it can be written that,

(€)as—a=¢€",, (3.16)
Therefore,
c _/\z ogi)‘ &
_ <
Vo = e | (3.17)
2 125
A>0

is obtained. Using the spectral boundary conditions, it is determined that
the upper spinor components stay in the subspace spanned by eigenvectors
corresponding to negative eigenvalues and lower components stay in the subspace
spanned by eigenvectors corresponding to positive eigenvalues and, hence, the

charge conjugation symmetry is conserved [39,42].

3.1 Solutions in Five Dimensions

We write the system in the form Ly = A and try to obtain the solutions for
the different components. The aim is to write the upper components (1, ) in
terms of the lower components (3, s). We will impose the boundary conditions

on the upper components in terms of derivatives of the lower components below.

The equations read

V2 .

m{<dx+ i0p) W3

+-alcog( B + iX)dy -+ Sin(8 + )3 s — a—”j%h?’(at W) =Agr, (3.18)
V2 .

avamha 0

—a[cog0 — ix)dy -+ sin(6 — iX)d,] s — a—”‘i‘g'z(at W} = Ags, (3.19)
V2 .

m{(dx — |d@ + coth 2() Lﬂ]_

—alcos(B + i)y + Sin(8 +iX) 3y W + a—”‘i"gz‘at Ws} = Ags, (3.20)
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i{(d)mL idg + coth X) yrn

av/sinh
+alcog 8 — ix)d, + sin(8 — ix)d 1 + a—v‘i"g‘z‘at Wt = Aga.  (3.21)

These are the coupled equations involving three different components. The usual
method to obtain solutions at this stage is the separation of variables method.
Three of the variables, t,y,z define the Killing directions. This is exploited by
writing the solution as a product of exponentials in y,zt times a function of X
and 6.

i = ety rkaly; (¢ g). (3.22)

We take ky = kcosp,k; = ksing, since then we can absorb the variable @ in the

functions of the remaining variables X and 6.

We note that these four equations are not similar in form. The transformation
_ 1 . .
Wio= mfl’z can be used for the upper components. This transformation

eliminates the cothZ terms in the third and the fourth equations. With this

transformation, the equations read,

(Ox+109)Ws +iak[cog( 8 — @+ iX)|Ws — iak f1 = /\%2 i, (3.23)
(Ox—idg)Wa —iakjcog 8 — @— iX)|W3 —iak f = /\%2 f, (3.24)
(—Oy+idg)fy +iaklcod 8 — @+ ix)]f2+ iak W3 = —/\aSi\;gz‘w:.;, (3.25)
(—0y—i0g)fr —iak[cod 6 — @ —ix)] f1 + iakWa = —Aasijg'z‘w. (3.26)

We solve f1 5 from the last two equations and substitute in the first two equations
given above. This substitution gives us second order, but uncoupled equations

for the lower components.
2
(Ot oo + %{kz[— cod42(0 — )] — cosha] — (K2 + A2)sinh &}|W3 4 = 0. (3.27)

We can separate this equation into two ordinary differential equations by the
ansatz W34 = R(X)S(8 — ¢). Separation of equation (3.27) gives us two ordinary

differential equations. The equation for Sreads

dzséf) - (a;kz cog20) — n) S(©) =0, (3.28)
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where (8 — @) = ©. This equation is of the Mathieu type and the solution can be
written immediately.
212 212

ack a
S(e) = Clsqna T7 6 - (P) +C28qn7 T;

6-9). (3.29)
where C1 and Cy are arbitrary constants. The solutions should be periodic in the
angular variable ©. This fact forces n, the separation constant, to take discrete
values. It is known that the angular Mathieu functions satisfy an orthogonality

relation such that functions with different n values are perpendicular to each other

according to the McLachlan normalization [81].

The equation for R(x) reads

{dd_; - [a;(kZ cosh X+ (K + A?) sinh 2] + n} R(x) =0, (3.30)

whose solution can be reduced to the form
R(X) = D1S€n, As,i(X+ b)) + D2San, Ag,i(x+ b)), (3.31)

where Cq,Cp,D1,D> are arbitrary constants. The other constants (Ag and b) will
be defined below as we explain how one can reduce our initial equation to give
these solutions. The solutions for the lower components W3, W4 are given in terms
of sums over n and integrals over K, ¢, ki we used in the separation ansatz. To get

this solutions one has to go through several steps.

In reference books the solution of equation (3.30) is not listed as a Mathieu
function. In fact, we find that the solution of this equation is expressed in terms
of double confluent Heun functions [19]. We denote these functions as Hp in our

expressions.

2Kk2 2)2
R(x) = CiHp (0, aT —n,a?(N>+k?), aT + n,tanhx)

a2k2 a2k2
+CoHp <0, 5 n, az(/\2 + I<t2), > + n,tanhx) (3.32)

/ —dx
X

5.
Hp (0, # —n,a2(A\2 +k?), # + n,tanhx)

Normally one takes the first function and discards the second solution as explained

in the previous chapter.
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We can show that we can express this result in terms of Mathieu functions by
using a simpler independent variable than the one given in (3.32) after performing

few transformations. We define

—_a2(K2 + N2

A= M, (3.33)

2
Ao = —n, (3.34)

2k2

Ag= 2 (3.35)

2

and use the transformation

z=e2 (3.36)

Then the differential operator in (3.30) is expressed as

d2 d A3—A]_ A3+A11
(4zzd—22—|-4zd—z+( _ )z—l—A5+(T)E)f—0- (3.37)

This equation is still of the double confluent Heun form, since it still has two

irregular singularities at zero and infinity. We define Aq = (A3£A1) and As =

(#). If we take

\/%u =z (3.38)
and
1 1
w= E(U—F G>’ (3.39)
and set Ag = /A4A5 we get,
d? d As A B

With the new transformations, we have traded the irregular singularity at zero
by two regular singularities at plus and minus one. This is the same singularity

structure of the Mathieu equation.

The solution of this equation is indeed expressible in terms of Mathieu functions.

It is given as:

/ 1 / 1
R(w):CﬁSe(n,Ae,arcco %) +C’280<n,A6,arcco V%) (3.41)

where Ag = azz[k“ — (kt2‘|‘/\2)2]1/2.
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Going back through the transformations we made, it is not hard to express
arcco WTH in terms of our original variable X up to a constant, i(x+b). We

simply write

e < kzk[2/\2>
RGN
wrl_ ‘ = coslf(x+b). (3.42)

A==
ke 4k 4+
2 [K—KE—N2
€ T=y———=. 3.43
k2+kt2—|‘/\2 ( )

Taking the arccosof this expression gives the result given in equation (3.31).

Here

After these transformations, we see that the solution of the lower components
of the Dirac equation can be expressed in terms of functions that are regular at
zero. We can not say this for the upper components, though. They are expressed
in terms of these solutions and their derivatives divided by a function, which
blows up at zero. Even if we take the so called odd Mathieu functions, which
can be expanded in terms of hyperbolic sine functions, their derivatives will be
hyperbolic cosine functions. To obtain the upper components we have to divide

them by v/sinhZ. Then these functions will still diverge at the origin.

A finite scalar product can be defined around the origin for these solutions in the
form

/wi*wi Vigdr,  (i=1,..,4), (3.44)
in a finite domain, including the origin. Here dT is the volume element in our
five dimensional space. Repeated indices are not summed over. \/@ = a—22 sinh
is the square root of the determinant of the metric, necessary to get an invariant
volume element. The zero of the invariant measure cancels the singularity of the

wave functions at the origin.

We find, however, that the solutions are not normalizable as X goes to infinity.
Furthermore, our metric has curvature singularities at the origin. Although,
using our new measure (\/@ d1), we can make all four components normalizable
at the origin, we still define our solutions for the domain 0 < X <F. We integrate
X variable in the domain up to the point X <F, where F is the point where the

function starts to diverge. Since our radial solution is multiplied by the angular
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solution and the exponential function to make up the total solution of the Dirac
equation, the orthogonality of the angular solutions for different values of the
discrete N makes our solutions orthogonal to each other. By dividing by the

appropriate factors, we can normalize them.

We note that the domain where the solutions are normalizable is restricted.
These differential equations do not have a meaning unless we define the boundary
conditions the solutions obey at the boundary of our domain. Since our system
exists in an odd dimensional manifold with a boundary, we have to study this

equation using spectral boundary conditions [36-38|.

The method used in applying these boundary conditions requires first studying
the little Dirac equation, the tangential operator of the Dirac operator restricted

to the boundary, where the variable X takes a fixed value Xgp.

For this purpose we write the equations (3.23-3.26) for a fixed X = Xg value.

V2 . . iak
—{idgW akcoq 6 — Wy——Ff 1 =AfF 3.45
3 {idgWs +i 0 — @+ ixg)Ws NG 1} 1, (3.45)

2 . . : [
\/?—{—Iﬁgqﬁ —IakCOS(Q—(p—IX())LPg—%fz}:)\fz, (3.46)
\/?é{—idgfl —iakCOie—(P—l—iXo)fz—F%
%
V2

where A is the eigenvalue of the little Dirac equation.

W3} = AWs3, (3.47)

gz{idg f) +iakcog 0 — @ —ixp)f1+ Wil =AWy, (3.48)

After studying the system with symbolic packages and referring to literature
[82] we could not find analytical solutions of these equations in terms of known
functions. We could not even write uncoupled equations in the second order.
One needs to go to fourth order in derivatives to be able to write equations that

involves a single unknown function.

At this point we follow closely our references [39,40,42,83]. We formally expand
our solutions at the boundary, fixed Xg in terms of eigenfunctions of the little
Dirac equations with both positive and negative eigenvalues A. For the lower

components we have

W34(0.%0) = Y (0. X0), (3.49)
A
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for fixed values of ki, ky,kz. We set
W34(0,%0)l0.0 = Y (O, %0). (3.50)
A>0

The negative A eigenvectors are all set to be zero at the boundary to satisfy the

spectral boundary conditions.

Then, we solve f12 in terms of W34 using the equations (3.23-3.24) and fix the X
values to Xg on the boundary. Note that since X = Xg, the derivative with respect
to X is evaluated at this point as well as the terms without the X derivative. We
can, in general, use the expansion given for W34 on the boundary, in terms of its

eigenfunctions.

W34(0.%0) = 3 y 34(0,%). (3.51)
A

This sum is over all values of A. In fixing the values of f1, in terms of W34 on

the boundary, we use only part of the expansion of LIJ/3\’ 4(0,X) where
Y340 X0 = Y M 34(x.0). (3.52)
A<0

In other words, we write W’l\z(@, X)|9.» using the expressions obtained from f1
in terms of the negative A values of W2,(0,X)|s.,. These boundary conditions
are non-local, but are shown to be the only consistent ones for odd dimensional

Euclidean spaces by Atiyah-Patodi-Singer [36-38|.

3.1.1 Qualitative Analysis for the Little Dirac Equations in Five Dimensions

The little Dirac equation is a system of linear differential equations with periodic

coefficients. Then we can write the system as [44,45|:

doy = P(8) Y, (3.53)

where P(0) is the coefficient matrix and ¢ is the solution vector. Here P(0+T) =
P(0) and T is the period of the coefficients (T # 0). According to Bellman [44], if

@(0) =1, we can write

W(6) =Q(6)e. (3.54)

26



The matrix Q(0) is also periodic with the period 7. Then we have

WO+T) = Q(O+T1)eP0e

= Q(6)eB%e™T (3.55)
= Y(O)EP.
We can define €B" = C and use
C=y(0) yOB+1) (3.56)

to obtain C. The Jordan normal form of C, T being the transformation matrix,

L1
C=T T (3.57)
L

gives us the B matrix:

B= %In L. (3.58)

The eigenvalues of B give us the characteristic roots. We will use these

characteristic roots with different parameters in our stability analysis.
The periodicity of the defined Q can be checked using numerical means.

We use

Ww(0+T1)=Q(8+T1)ePC (3.59)

and for 8 =0, Y(8) = Q(0)€P? to give,
Y(T)C™t=Q(1) =Q(0) = Y(0) = 1. (3.60)

We check numerically that this equation is satisfied;

1.0-"10"8% 1078 "10°8 1078
1| 108 1.0-"10"% "10°° "107°
YOC =1 ~ps “10-9 1.0-"10"8 ~10°8 - (361)
"10°° "10°8 1078 0.99+71078i
Hence, Q is periodic (where "™ denotes the magnitude of the numerical value).

The values and the signs of the characteristic roots of the spinor components are
given in Table 3.1. In the table, "+ + - -" means that the first two components
have positive roots and the last two components have negative characteristic

roots. The root value for a set of parameters (a,k, ki,Xp,A) is the same for the
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all four spinor components. Our calculations indicate that f; and fz solutions
are not stable (positive characteristic root) while, W3 and W4 solutions are stable
(negative characteristic root). As it is seen in Table 3.1, when we keep all the
other parameters constant and vary only a, the value of the roots are influenced
most, whereas the effect of the variation in the value of A changes the value of
the roots least. However, the dependency to the change of parameters is not
significant for all cases. We also find that when these parameters exceed unity in
absolute value, we encounter instabilities as the separation between consecutive
roots increase and some negative roots go to positive values for larger values than
unity. If we keep the values of the parameters in the range [—1,1], we seem to

have no such problems.

Table 3.1 The Change in the Characteristic Roots With Respect to Parameters in 5D

a |l k| k| x| A real parts.of.the signs of the.
characteristic roots{2m) characteristic roots

111|111 10.33600 ++——
05| " ” ” ” 4.75880 ”
08| " ” ” ” 8.13868 "
11] 7 K K ” 11.42970 "
15] 7 K K ”? 15.76100 "

1 /05111 7.42689 ”

" 108" ” ” 9.03146 ”

S I R ” ” 11.03930 ”

" 115 ” ” 11.03830 ”

1 1|05 1 1 9.53770 ?

8 " 108" 3 9.96445 8

” S I ” 10.54930 ”

” "l 15" ” 11.52540 ”

11 1|1 051 8.06106 ”

” ” " 108" 9.18092 ”

K K 1117 11.06420 K

K K 1157 15.15810 "

1 1 1 1 ]05 9.53770 "

” 8 ” " 108 9.96445 ”

” ” ” "1l 10.54930 ”

” ” ” " |15 11.52540 ”

3.2 Solutions in Four Dimensions

Here we repeat the calculations given for the five dimensional case after setting

ki to zero. Our solutions exist only in a finite domain for the variable X, hence
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we have to use the appropriate boundary conditions at this point. At this point,
although we can use local boundary conditions in this case, we choose to use the
spectral boundary conditions of Atiyah-Patodi-Singer to conserve chirality and

charge conjugation.

We write the system in the form Ly = AP where  is a four component spinor,
and try to obtain the solutions for the different components. Then our equations
are similar to the ones given in the equations (3.18-3.21). The only difference is

taking ki equal to zero but three components are still coupled in our equations.

The method of solution is exactly like the one used in the five dimensional case.
To get our solutions we use the separation of variables method. We write the

solution as a product of exponentials in Y,z times a function of X and 6.
Y = el (x 6). (3.62)

The same transformations are used as those in the five dimensional case to
reduce W1p to fro. We solve our equations in terms of fio and substitute
these expressions in equations, given above. We end up with second order, but

uncoupled equations for the lower components.
2
(axx+ Jg — %[kz (cos2 6 — @) +coshX) +A?sinh zq) W34=0  (3.63)

We can separate this equation into two ordinary differential equations by the
ansatz W34 = R(X)S(08). For §0) we get an equation of the Mathieu type and

the solution can be written immediately.

a2k2 a2k2
S(6) =Ci8eén, 5.0 — 9] + CoSdn, -0 - ) (3.64)
Solution for R(X) can be reduced to
R(x) = D1Sdn,B,i(x+b')) + D2S€n, B,i(x+b')). (3.65)

Here C1,Cy, D1, D2 are arbitrary constants. B= . b/ is defined as in equation

VKN4
2
(3.43) with k = 0. Just note that n is the separation constant which has to take
discrete values to get a periodic solutions for the angular Mathieu equation §(6).
The solutions for the lower components W3, W4 are given in terms of sums over n

and integrals over K, @ we used in the separation ansatz.
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We find that we have the upper solutions,W;  are divergent at the origin, whereas
the lower ones are finite. Both of our solutions diverge at infinity. For the same
reasons as given for the five dimensional case, we have to limit the domain of our

solutions.

To impose these boundary conditions we need to write the little Dirac equation,
the Dirac equation restricted to the boundary, where the variable X takes a fixed

value Xg. We choose to write the equations in the form,

%Z{iﬁgq-’g +iakcog 8 — @+ixg)Ws} = A fy, (3.66)
g{—idgw4 —iakcog 0 — @ —ixg)W3} = A fo, (3.67)
g{—iﬁg fy —iakcog 8 — @+ ixo) f2} = AWs, (3.68)
%Z{iae fo +iakcog6 — @ —ixo)f1} = AWa. (3.69)

Here A is the eigenvalue of the little Dirac equation.

We could not obtain analytical solutions of these equations in terms of known
functions. This is the same result as in the five dimensional case. For us it seems
very curious being able to solve similar system of partial differential equations,
but not even being able to decouple them when this system reduces to ordinary
differential equations on the boundary. One possible explanation is that 8 — @+ix
act as Z and z of complex variables. Sometimes it is easier to find functions of
this pair as solutions than a function of a single real variable. Actually for the
full Dirac equation, Sucu and Unal find solutions in a closed form [16]. Same

technique, however, does not seem to work when X = Xo.

We expand our solutions at the boundary, fixed by two values of Xg in terms
of eigenfunctions of the little Dirac equations with both positive and negative

eigenvalues A.

W (©,%) = Y 61 (©,%) (3.70)
A

for fixed values of ky,kz. We set

W30 X)0.0 = Y Gh34(0%0). (3.72)
A>0

The negative A eigenvectors are all set to be zero at the boundary.
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The boundary conditions on the upper components are imposed exactly in the
same manner as explained in the five dimensional case, namely we solve for f;

in terms of W3 4 using the equations

V2

?{(aﬁ idg)W3 +a[coq 0 — @+ix)|Ws} = Afq, (3.72)
gz{(dx— idg)Wsq —a[coq 0 — @p—ix)|W3} = Af, (3.73)

and fix the X values to Xg on the boundary.

We can use the expansion given for W34 on the boundary, in terms of its
eigenfunctions, equation (3.70). This sum is over all values of A. In fixing the
values of f15 in terms of W3 4 on the boundary, we use only the part where A < 0.
These boundary conditions are non local, but they respect self adjointness and

conserve y° and charge conjugation symmetry.

3.2.1 Qualitative Analysis for the Little Dirac Equations in Four Dimensions

The same analysis explained above can be used for the four dimensional
case, giving the characteristic roots of the four dimensional little Dirac
equations.  The results can be summarized as in the Table 3.2. The
arrangement of Table 3.2 is the same as Table 3.1.  The behavior of
the roots are the same as in the five dimensional case, with different
numerical values of the characteristic roots. Therefore, the stability

structure of the five and four dimensional cases are the same.
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Table 3.2 The Change in the Characteristic Roots With Respect to Parameters in 4D

a | k|x | A real parts_of_the signs of the_
characteristic roots{2m) characteristic roots

1 /1|11 9.25029 ++—
05| ” ” ” 4.03926 ”
08| ” ” ” 7.21630 7
11”7 ” ” 10.25420 7
15| 7 ” ” 14.22150 7

1 (0511 5.83270 ”

108 " ” 7.75421 ”

B W R ” 10.03190 "

" 115 ” 1327450 7

11051 6.56206 ”

” " 108”7 7.91586 7

” S ¢ R 10.06320 ”

” " 115 14.46480 ”

1, 1| 105 8.30164 ”

” ” " 108 8.81342 ”

” ” 111 9.49249 7

” ” " 115 10.58880 7

3.3 Singularity Analysis for the Little Dirac Equations

The Dirac equation written in the background of the Nutku helicoid metric was

written as
(Ox+10g)W3 +iakjcoq 0 — @+ix)|W4 =0, (3.74)
(0x—10g)W4 —iakjcoq 6 — @ —ix)|W3=0, (3.75)
(—0x+idg)f1 +iaklcos(@ — @+ix)] fo= 0, (3.76)
(—0x—i0g) > —iaklcos® — @ —ix)]f; = 0. (3.77)

These equations have simple solutions [16] which can also be expanded in terms
of products of radial and angular Mathieu functions [15,84]. Problem arises when

these solutions are restricted to boundary [41].

To impose these boundary conditions we need to write the little Dirac equation,
the Dirac equation restricted to the boundary, where the variable X takes a fixed

value Xg. We choose to write the equations in the form,

%—Z{i%wg +iakcog 6 — @+ixo)Wa} = A fi, (3.78)
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/3

—{—I—LP4 —i&kCOS(Q—(p—iX())LPg} =A f2, (379)
V2 . B
—{—|—f1 —iakcoq 0 — @+ixg) f2} = AW3, (3.80)
V3, | o
?{I@ fo + |akcos(9 —Q— IXo) f]_} =AW, (3.82)

Here A is the eigenvalue of the little Dirac equation. We take A = 0 as the simplest
case. The transformation

O =06-¢p—ixo (3.82)

can be used. Then we solve f1 in the latter two equations in terms of fy:

d?2 d (ak)2 ~
- fr—tan®— co920)cos
55 2~ tand-x o + < [cog(20) cost(2x)
—isin(20) sinh(2xg) + cosh2xg)] f2 = 0 (3.83)
When we make the transformation
u=e4®, (3.84)

the equation reads,

{4(u+1)u[ddj2 dd} 2iu(u— 1)ddu

ak)?
@k (u+1) {uez"0 + anXO + COSHZXO)} } f,=0. (3.85)
This equation has irregular singularities at U= 0 and o and a regular singularity
at U= —1. If we try a solution in the form
z apu” (3.86)
N=—o0

around the irregular singularity u= 0 we end up with a four-term recursion

relation as

an 1[4’ —2n+1) —2i(n—1)+ (@K° 320, %e%)]

2 2
2
@(%’e‘”‘%%e%)] + (3.87)

2 2
-2l 620 1 g [ 229 =0

+an[4n? + 2in +

As it is known, in the Heun equation case, this kind of series solution gives a

three-term relation [19].
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If we search for a solution of the Thomé type we may try a solution of the form
A
f, = evig(u). (3.88)

This form does not allow us to get a Taylor series expansion around the irregular

point u= 0 [22,85|.

If we try a series solution around the regular singularity at u= —1 as
> an(u+1)" (3.89)
n=0

we find a relation between five consecutive coefficients for the solution. Therefore,
we may conclude that the solution of this equation cannot be written in terms of

Heun functions or simplier special functions.

We note that the Heun equation has four regular singularities. Some of these
regular singularities coalesce to form irregular singularities in the confluent forms
of this equation. The confluent Heun equation has two regular and one irregular
singularities, the double confluent Heun equation has two irregular singularities,
the biconfluent Heun equation has a regular and a higher rank irregular singularity
and the triconfluent Heun equation has a single irregular singularity of even higher
rank [19]. The little Dirac equation we studied has two irregular singularities and

one regular singularity which does not fit any of these types.

To check this further, we first set the coeflicient of % term in equation (3.85)
equal to zero to change our irregular singularity at zero to a regular one. Then
we keep this term and discard the ue 29 term to reduce the singularity structure
of infinity. In both cases one can check that the solution can be expressed in terms
of confluent Heun functions. This shows that reducing one of the singularities

yields a Heun function.

Thus, we conclude that the full equation (3.85) has more singularities then the
better known solutions in the literature, which are included in the computer

packages like Maple or cited in the book by Ince [43].

3.4 The Integral of Motion

The full metric in four dimensions admits two evident Killing vectors dy and d,

(There is an additional one in five dimensional case, ¢). Another constant of
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motion is the square of the 4-momentum g"¥ py py = p?, and an independent

integral of motion,
K = — pg? — a2 (cosh py -+ siné py)?, (3.90)

exists [12]. The existence of this Killing tensor leads to a separation of variables

in the Hamilton-Jacobi equation for geodesics. The separability ansatz,

S=pyy+ P.z+ S(X) + $(6) (3.91)

leads to decoupled ordinary differential equations in the Hamilton-Jacobi

equation,
ds\ 2 . u2a?
<W> +a (pg+ p2) smI"Fx—Tsth( = K
2
(Z—ZB) + a? (cosB py + sinfp,)? = —K (3.92)

where the separation constant K coincides with the integral of motion [12].

When one restricts the solution to a fixed value of the radial coordinate, the value
of K becomes dependent to this fixed value and the system on the boundary lacks

the symmetry of the full spacetime.
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4. NPInstanton COMPUTER PACKAGE

The package, NPInstanton, consists of procedures to calculate some physical and
mathematical quantities for instanton metrics using Newman-Penrose formalism.
It is coded under Maple 11 and GRTensorll package. The procedures calculate
massless scalar equation, massless Dirac equation, source-free Maxwell equations,
covariant and contravariant Dirac matrices, coframe | (= [,dx*) and m(= m,dx*),
Ricci rotation coefficients, Weyl scalars, trace-free Ricci scalars, spinor equivalent
of the connection 1-forms, basis 2-forms, curvature 2-forms, integrands of the
Euler number and the Hirzebruch signature curvature part integrals and Petrov

class of the spacetime.

As one can see, some of the objects could be calculated by standard means and
without using a signature-dependent package. But for the sake of completeness,
we added these features to the program. By these, the program becomes a
complete symbolic calculator for an instanton metric. The NP calculator of
GRTensorlI is not designed for the Euclidean signature and could give unexpected
results. Therefore, a complete NP based calculator, combining the power of

GRTensorll and NP formalism for these special metrics is useful.

4.1 System Requirements
Any system that can run Maple 11 and GRTensorlI is able to run NPInstanton.
The program uses,

1. GRTensorll Package: The famous and widely used non-commercial general
relativity package. It has two versions, the one which NPInstanton uses works
under Maple and a limited version of the package for Mathematica is also
available. The developers of GRTensorll are Peter Musgrave, Denis Pollney
and Kayll Lake [57]. Several objects (Ricci scalar, covariant Weyl tensor, etc.)

are calculated by this package in our program. The package has a powerful
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NP calculator but it is not designed for the metrics with Euclidean signature.
No specific knowledge of GRTensorIl is needed for using NPInstanton. Our
program creates the metric file needed for the calculation itself using the NP
legs given in the input file and writes it to the metric directory of GRTensorll
as "npinstanton.mpl".  This metric file then can be used in GRTensorll

independently.

2. Differential Geometry Package of Maple 11: One of the most important
new features of Maple 11 is the new package: "DifferentialGeometry". It is
convenient to use this package with linear algebraic quantities. The rather old
"difforms" package would be another solution but it has some conflicts with
linear algebraic quantities which are the major elements of our program. The
Differential Geometry package is based upon the Vessiot package developed by
[. M. Anderson, Florin Catrina, Cinnamon Hillyard, Jeff Humphries, Jamie
Jorgersen, and Charles Miller at Utah State University. The redesign and
expansion of Vessiot to DifferentialGeometry for Maple 11 was done by I. M.
Anderson and E. S. Cheb-Terrab [86]. The definition of the wedge product is
supplied by this package in our program.

3. linalg package of Maple: This rather old internal package is used for an

eigenvalue calculation in Petrov classification section.

The program is set for a computer having a 512 Mb of RAM (Average value
for today’s personal computers). If the system has less memory, the user must

change the line
kernelopts(gefreq=10"7):

of the npinstanton.mws file to a lower value (1076 is the standard value of Maple).
For a computer having larger than 1 Gb of memory, the user may change the
gefreq value as 1078, "ge" is the abbreviation of "garbage collection" and it is
the Maple’s internal routine which cleans the memory after an amount of memory
is allocated. For a computer having a large amount of memory, one can increase
the frequency of this process. The larger the gc frequency value results in more
memory to be wasted but for a system having a large amount of memory it

increases the performance for some calculations.
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The programming style is procedure-based. Each command is a Maple procedure
which can call other calculation procedures and inherit their outputs. For
example, when the dirac() command is given for the calculation of massless
Dirac equation, the program calls dirac() procedure. The calculation of Dirac
equations needs the information of y matrices. Therefore, dirac() procedure calls
gammamatricespless() procedure for this calculation and its output is sent to
dirac() procedure. The suffix "-pless" (printless) means that this procedure is a
"secondary" one and it does not print its output to the screen. When dirac()
procedure finishes execution, it removes the information that was inherited from
gammamatricespless() procedure and sends the user only its permitted output as

dirac vector.

The "secondary" procedures do the massive works of the main procedures and
the main procedure generally contains the key directives. Therefore, this usage
makes the program easier to track. In addition to this, if a user wants to add
another command to the program, a procedure of that command can be coded
using these "secondary" procedures, or the user can add his/her own "secondary"

procedures, as well.

Throughout the program, only the output variables of the procedures are the
global ones and only these variables can be reached by the user at the end of the
execution of the command. Therefore, the user should be aware of the output
names of the procedures that are being used. This global variables are shown at
the end of the execution of each command. For example, the output variable of
scalaroperator() command will be shown as scalarop and it can be called in the

session when needed.

The outputs of the auxiliary calculations are cleared from the memory by setting
them as local variables, as these auxiliary calculations may occupy too much
memory. For example, ¥ matrices information is not necessary if the user needs to
know only the Dirac equation. Therefore, dirac() procedure clears the information
about y matrices after finishing the execution. If the user needs to know the y
matrices, gammamatrices() procedure is run by the user. As another example,

in connlform() procedure, only output values are connection 1-forms and the
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outputs from coframepless() and riccirotcoeffpless() procedures, as well as internal

calculations are dismissed to gain memory for further calculations.

A few commands for simplification are added to the code which can be evaluated
easily by an average personal computer (i.e. having a 512 Mb of memory), but it
is always more convenient for the user to choose the right simplification technique
for the problem after the calculation. The output must be regarded as a "raw
material" for a simplification routine that is to be chosen by the user. The
user having a computer with insufficient memory can extract the simplification
routines from the program, simply by modifying it in an editor but it is not
recommended as it may lead to miscalculation of some properties such as Petrov

type or (anti-)self-duality.

Linux and Windows versions are available and for those who have older Maple
versions, a limited version of NPInstanton (NPInstantonjr) which does not
contain the basis2form(), curv2form() and topologicalnumbers() parts (parts that
use Differential Geometry Package) is also supplied. The details on how to run

the program is given in the README file which comes with the program files.

4.2 Running the Program

The program consists of several procedures for calculations. The user runs the
procedures by calling some specific commands and the output will be available

for further calculations after the procedure is finished.

The program comes with four files:

i. NPInstanton program (npinstanton.mws)

ii. Sample input files (eguchihanson and nutku)

iii. README file containing short definitions of the commands (README.txt)

Sample input file should be in "C:/npinstanton" directory. If the user wishes to

change this location permanently, in the NPInstanton program, in Windows,
currentdir("C: /npinstanton"):

or in Linux,
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currentdir(" /usr/local /npinstanton"):

line should be changed in the appropriate way. Or the user may choose to give the
path of the file after running the program. A permission change of the directory

may be needed in Linux systems and it can be completed by
chmod -R 777 /usr/local /npinstanton /

or in Ubuntu Linux,

sudo chmod -R 777 /usr/local /npinstanton/

for the original directory after logging in as the superuser or root.

Changes to the npinstanton.mws file should be made using an editor such as
notepad. The changes should not be made within Maple as, on saving the file,
the Maple editor adds a "signature" which causes errors when executing the

worksheet.
To run NPInstanton:

1. Open a Classic worksheet in Maple. Standard worksheet can also be used

technically but GRTensorll suggests Classic worksheet.
2. Run NPInstanton from its location by read command.
For example,

read" C: /npinstanton /npinstanton.mws";

or in Linux systems,

read " /usr/local /npinstanton/npinstanton.mws";

runs the program from "C:/npinstanton/" or "/usr/local/npinstanton/"

directory.

n.n n.n
N .

3. Enter the input file as requested. No or is required after the file name.
Now, the program will load GRTensorll package, Differential Geometry package,
information from the input file and check the Newman-Penrose legs. After the

program checks the Newman-Penrose legs, the user will be prompted as

npinstanton >
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and the session is ready for calculations. Most of the calculations are finished in
seconds (even less than a second) but some spacetimes may have properties that

may need more time to finish the calculation.

4.3 The Input File

The input file contains the necessary definitions for the space and wave equations.
General definitions (constants, etc.) can also be given in this file. The definitions
should be given using Maple’s syntax. The input file of our program plays the
role of the metric file of GRTensorlIl.

The user first sets the coordinate names in the first section as,

firstcoordinate: = x:

secondcoordinate:— theta:

etc. as given in sample input file. Then the components of the covariant NP
legs are entered. 1_covar[1]| being the first component of the covariant I, leg and
1 bar_covar|l] being the complex conjugate of 1 covar[l], etc.. Maple does not
do the complex simplifications because they need assumptions that may cause
wrong calculations. Therefore, the most appropriate way to define the legs is to
give the both by hand. The choice of NP legs are not unique for a metric. For
the Eguchi-Hanson NP legs we can have [11]:

1 1 ir /, at
= 7 ﬁdr—z 1—r—4(df+cosed<p) ) (4.1)

r4

re—i¢
m = ——(dO+isin6do). 4.2
5 \/i( ®) (4.2)

Then the input forms are

1 covar[l]:=1/(sqrt(2)*A):
1_bar_covar|l]:=1/(sqrt(2)*A):

etc. as given in sample input file. The A value being /1— ‘;“—j was given in the

general definitions section.
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Spinor components can be given if the user will be calculating the Dirac equation.

They can be chosen as [16],

Y =MW, (1,0, ), (4.3)
o =MW, (1,0, ), (4.4)
s =M 2EWy(r,0,9), (4.5)
=MW1, 0,0), (4.6)

and the input form is
spinorcomponent 1:=exp(I*(m+(1/2))*xi)*psil|r,theta,phil:
etc. as given in sample input file.

The scalar function can be given for the calculation of the scalar equation. This
definition can be skipped if the used does not need to calculate this object. It
can be chosen as

¢ =™ a(r6.9) (4.7)
for the Eguchi-Hanson space, ¢ being the scalar function and it is set as
scalarfunction:=exp(I*m*xi)*Phi(r,theta,phi):

in the input file.

4.4 Command Definitions

The list of commands can be given as, scalaroperator(), dirac(), maxwell(),
gammamatrices(), coframe(), spinrotcoeff(), weylscalar(), tfricciscalar(),

connlform(), basis2form(), curv2form() and topologicalnumbers|().

The definitions of these commands will be given in Appendix C through an

example.
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5. RESULTS AND DISCUSSION

The wave equations in the background of the Nutku helicoid solution can be
expressed in terms of Mathieu functions. The radial and angular equations are
found to be appropriate to form a propagator by using summation formulae
for Mathieu functions in the four dimensional metric [12]. A time dimension
is added trivially to the metric to see a possible higher structure. In the time
added Nutku helicoid case, the wave equations are written in terms of the double
confluent Heun equation which is a special family of the Heun equation [19].
This solution can be also expressed in terms of the Mathieu function by using the
z= e transformation, which maps infinity to zero followed by a rescaling and a
further transformation where, aside from the scaling, we are taking the hyperbolic
cosine of the original radial variable and this procedure brings a natural limit on
the radial variable. By applying this transformation, one trades the irregular
singularity at zero by two regular singularities at plus and minus one to end up
with the same singularity structure with the Mathieu equation. Although both
the radial and the angular part can be written in terms of Mathieu functions,
the constants are different, modified by the presence of the new ﬁ term coming

from the additional coordinate, which makes the summation of these functions

to form the propagator quite difficult.

Nutku helicoid solution has a curvature singularity at the origin [12|. Therefore, in
order to have a precise result we tried to apply the Atiyah-Patodi-Singer spectral
boundary conditions which was necessitated by the dimension of the spacetime.
One is free to choose the local boundary conditions in even dimensions. However,
we applied the same type of boundary conditions to conserve y° and charge
conjugation symmetries of the Dirac operator in the four dimensional case. The
application of the spectral boundary conditions involves the solution of the so
called the little Dirac equation, the Dirac equation written on the boundary

of the manifold. The analytical solutions of the little Dirac equation could
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not be reached, but a qualitative analysis is done to show the behavior of the
solutions. We concluded that two elements of the solution vector (W3 and Wy)
which correspond to negative characteristic roots are stable, and the other two are
unstable, given by the positive characteristic roots. The singularity structure of
the little Dirac equation can reveal why we could not obtain an analytical solution.
The singularity analysis shows that the equation has irregular singularities at zero
and infinity and a regular singularity at minus one. We see that this equation
has one more singularity than the Heun functions; thus, our solution is not one
of the better known solutions in the literature. Moreover, a constant of motion
is disappeared when we restrict the system by putting the radial coordinate X to

a constant value.

The computer programs are involved intensively in the derivation and analysis
of the equations. A Maple package using the Goldblatt’s Newman-Penrose
formalism (see Appendix B) for instanton spaces is developed for the analytical
computations needed in the work. The package also supplies a complete
Newman-Penrose calculator for instanton metrics. The numerical study for the
qualitative analysis section is done by Mathematica [53| as it is faster when dealing

with large data sets but Maple [52] is widely used in all other parts.

The numerical methods, being still important for the analytically non-solvable
systems such as N-body dynamics, analytical methods are getting more and more
crucial in the applicable cases as the capacity of the computer systems and the

symbolic manipulation packages increase.

It is a strong estimate that we will encounter higher equations -in the sense of the
singularity structure- than the hypergeometric equations gradually more in the
literature, as the phenomena in higher dimensions or in different geometries are
studied. Having different confluent types and special cases which reduce to less
singular equations, Heun’s equation has a special importance to bring together

the known literature with the physics of the future.
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A. HEUN'S EQUATION

Heun’s equation is the general second-order linear Fuchsian equation with
four singularities. The extra singularity brings difficulties when analyzing the
equation. The powerful methods used for investigating the hypergeometric
equation no longer work for the Heun’s equation case. For example, the power
series solution has a three term recursion relation while for the hypergeometric
equation one ends up with a recursion relation between two successive coefficients.
In the case of two way recursion relations, it is easy to study the convergence of
the solution series. However, in three way relations this type of study is not as
clear as the former case.

The reference of this brief introduction is the book edited by Ronveaux [19], which
is the most comprehensive source in the field.

A.1 Heun’s General Equation
The canonical form of the Heun’s general equation can be given as (a# 0,1),

dy [y & e \ dy afz—q
d_22+(2+z—1+z—a) d_z+z(z—1)(z—a)y_o’ (A1)

where the parameters are linked by y+0+¢& = a+ 3+ 1. This equation has four
regular singularities at z=0,1,a, c.

This equation reduces to the hypergeometric equation if a=1 and q= af3 or
a=(0g=0ore=0and g=aafB. If y=50=¢= % then the equation becomes
Lamé’s equation.

A.2 The Confluent Heun Equation

This form is obtained when the singularity at z=a is merged with that at z= oo,
resulting in an equation having regular singularities at z= 0,1 and an irregular
singularity of rank 1 at oo.

The natural general form can be given as,

dy (¢ A dy (¢ G & B
haitd Eq | =2 D =0 A.2
az " (i;Z_Z‘ " 0) dz " 22 +i;(2—3)2+ 0 R (A2)

where Aj, Bj,Ci, Do, Eg are arbitrary parameters. This equation has Whittaker-Hill
and Mathieu equations, which are the simplest modelling equations with
periodical potentials, as special cases.
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A.3 The Double Confluent Heun Equation

This form is obtained when the singularity at z=1 is moved to the point z=
b; then simultaneously let @ — 0 and b — 0. The equation has two irregular
singularities at 0 and o of rank 1.

In its canonical form,
a_
D%y + (alz+ 71> Dy

+(Bur D)z (B 292) + (Ba- ) Fy-0. a9

where D = ngz. a1,0_1,B_1,Bg,B1 are arbitrary complex parameters. This

equation has special cases as confluent hypergeometric, Bessel, Euler and Mathieu
equations. aj = 0 degenerate case gives the Mathieu equation.

A.4 The Biconfluent Heun Equation

This form is obtained when the singularity at z= 1 is moved to the point z=b;
then simultaneously let @ — co and b — co. The singularity at o becomes irregular
of rank 2. The singularity at z= 0 remains regular.

In its normal form,

d?y D E
d—zz—i—(AZz—FBZ—{—C—FE-F?)y-O. (A.4)

It has the Kummer equation as a particular case.

A.5 The Triconfluent Heun Equation

This form cannot be derived directly by confluence from Heun’s equation in
its standard form. One has to go back to less specialized equation which has
singularities at ai,ap,az and o and allow @ — . The result has an irregular
singularity at o of rank 3.

It can be written as,

3%/+(A24+Bz3+C22+Dz+E)y:0 (A.5)

in its normal form.
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B. NEWMAN-PENROSE FORMALISM IN EUCLIDEAN SPACES

B.1 General Definitions

Newman-Penrose (NP) formalism is a powerful technique for investigating the
physical properties of the exact solutions of Einstein’s field equations [69, 70].
Goldblatt has developed NP formalism for gravitational instantons based on
the SU(2) x SU(2) spin structure of positive definite metrics [71,72]. In the
gravitational instanton case, the gravitational field decomposes into its self-dual
and anti-self-dual parts and this decomposition is natural in the spinor approach
which necessitates two independent spin frames for the spinor structure of
4-dimensional Riemann manifolds with Euclidean signature [73|. Aliev and Nutku
used differential forms to make it easier to treat [73]. The purpose of this appendix
is to give a brief outlook to the subject. The full descriptions can be found in
references cited in the text.

In Euclidean NP formalism, a complex dyad (complex vectors of IH and m#) and

a tetrad (€)) is defined:

e = {IH IF ¥, mH) (B.1)
The inverse of this basis is given by,
93 = {ITMIV,rﬁVamV} (B.2)
and the co-frame 1-forms,
e = eddx’ = {I,.m,m} (B.3)
and the metric o
d =@l +l@l+mom+mem (B.4)

is written respectively. The legs of the complex dyad satisfies these normalization
relations:

Completeness relation can be written as:
S = 1M1, + 111, + mim, + mim, (B.6)

The directional derivatives along the legs of the dyad,

0 0
% s 2
D=IFor d=mtor (B.7)
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and the exterior derivative,
d=ID +ID+md+md (B.8)

can be found [73].

B.2 Spin Frames

There is a rotational degree of freedom in the definition of the tetrad legs |73].
This degree of freedom is given by the group SQ(4) and it can be decomposed
into a product of two independent SU(2) degrees of freedom. Two spin frames
can be defined with these bases:

L={MN" A=12 a=0,1 (B.9)

=" ™) xX'=12 X¥X=0,1 (B.10)

where capital Latin letters indicate spinor components and small Latin letters

run over the two spinors, omikron (0) and iota (1) respectively. The both types of

indices can be raised and lowered by using Levi-Civita symbol (i.e. 0p = 0Bgga=
B

—E&nBO )

Only non-zero normalization condition is
oat=1 67X =1 (B.11)
Primed and unprimed indices cannot be contracted as they define objects in

different spaces.

A correspondence between complex dyad and the spinor basis can be set by using
Infeld-van der Waerden connection quantities (O KX,) [73]. A representation can
be chosen as,

I = ok = ok,

I = af, =gk A (B.12)
m = ab, = ok o

m = —alf =gk "e¥

These definitions which relates tensor and spinor fields can also be written in
matrix notation:

[H : I, m
B L AX u I
Iax = (—rﬁ“ |u) oy~ = (—mu |u) (B.13)

Infeld-van der Waerden symbols are proportional to Pauli spin matrices [87, 88].
Therefore, the curved space gamma matrices can be written as,

o 0 IH
0 0 —mH IH

w=v2| o o o0 (B.14)
m 1L 0 0
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B.3 Ricci Rotation Coefficients

Ricci rotation coefficients are the complex dyad components of the Levi-Civita
connection [73]:

Vik = &jvel & = —Viik (B.15)
where semicolon denotes covariant diferentiation. The Ricci rotation coefficients
can be labelled as,

K = ya11= Iy mHIY, = V231:mu;v@u’7
T= Vo= lgymHlY, V = yozo=myy MY,
v Ty (B.16)
0 = 13=lyymm’, U = Yo33= My IHm",
p=—Yaua=lpymtm’, A = —yo3q=my, I1Hm",
& :%(Wll_ﬁﬂ) = %(lu;vl_“lv—rﬁu;vm“lv)a
y :%(V212+ ¥342) = %(lu;vlylv+rﬁu;vm“|v)7
a :_%(V214—V344) = —%(Iu;vlﬂrﬁ"_rﬁu;vmﬂrﬁ")7
B :%(VQ13+V343) = %(I“;VI“mV+rﬁu;vm“m"),

using a notation similar to the NP spin coefficients for the Lorentzian signature.

Exterior derivatives of the basis 1-forms | and mgive the Ricci rotation coefficients
as well,

dl = (y-g)IAl+(@+B-—MIAM+(T—B-a)lam
—VIAM+KIAM—(A+p)mAm
ntrlIAm=(A+p) ~ (B.17)
dm = (m+1)IAl—(e+y—A)IAm—pulAm
+(e—p+y)lAm+olAm—(a—B)mAm
B.4 Connection 1-Forms
Connection is a 1-form which satisfy Cartan’s equations of structure:
de” +wh AP =0, (B.18)
and it is anti-symmetric:
waB = — &)ﬁa (Blg)
The spinor equivalent of the connection 1-form is given as,
Wyg < Tax by N
=T Exry + rxly/ &ab (BZO)
= rab
These split into two, according to two spin frames (I 5 and I:X/yf). Using,
r2=rp oXd, FY=FY,, oZdx (B.21)
they can be found in terms of rotation coefficients:
Mot = —lyy MidXY = -1l —kl+pm—om (B.22)

r10: _Fol7 r11: _rOO



and . _ _ _
F

oF =y MHAXY = —7Tl —VI— Im+Am (B.23)

F0_ ¢ 1 rFr1Y_ Fo
My =-Tg, My =-Ty

B.4.1 Self-Dual Gauge

A most convenient way in dealing with 4-dimensional Riemannian manifolds that
admit (anti) self-dual curvature is to find a frame where the connection also
shares this property. Connection 1-form equations (B.22) and (B.23) gives the
(anti) self-duality condition. (Anti) self-duality is given by the definition,
1 1
iCx)aB = E (Cx)aﬁ + Egaﬁya (A)y(;) , (B.24)

(+) signed case, being zero gives anti-self-dual gauge, while (-) signed case being
zero gives self-dual gauge.

_(A)aB =0, +OOaB =0, (B.25)

If the spinor equivalents are considered, the gauge of the connection 1-form is
given by,

Fap=0, Fey =0 (B.26)
as self-dual or anti-self-dual respectively. Therefore, self-duality condition
E=a=T=K=p=0=0, (B.27)

and anti self-duality condition is given by
y=B=n=u=v=A=0. (B.28)

These are the necessary and sufficient conditions.

B.5 Basis 2-Forms

Spinor equivalents of the basis 2-forms are the wedge products of the Infeld-van
der Waerden matrices of basis 1-forms.

@ebd ndx — o g

Consequently, there are two basis 2-form sets corresponding to the two spin
frames:

1 1
LD = > Opa o, dx* Adx’ = 5 Oat / o™ (B.29)
~ 1
[y = 5 Oax 0% (B.30)
It can be seen that,
LY = 3(0Aal+mam), L = 3(Al-mAm),
Lt = —IAm, Lf = 1am (B.31)
LO = Iam, LY = —IAm
where Lol = —Ijg ve |:0/1’ = —Iilg.
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B.6 Curvature

Riemannian tensor can be decomposed as
1
Ruvpe = Cuvpo + > (gupRva —OGuoRvp + o Rup — gvaua)

1
6 (Qup9vo — Yuo9vp)R (B.32)

where Cyypo is the conformal Weyl tensor, Ry = g°°Rypvo is the Ricci tensor
and R is the curvature scalar. Two sets of Weyl scalars can be obtained for the
complex dyad:

Wo = Cy313= Cpyorl *m19mt - By = Cyg14= Cpyorl *mV1 o’
W, =Ci213= CHVGTI“I_"IUmT qJ1=C1241: CWGTI“I_"nTIG (B.33)
W, = C1324= Cpvorl MYl ot q"2 = Cr423= Cpyorl Mo mT

Trace-free Ricci scalars:
oo = —sRwlHV =g, Do = —IRIFMY = —dyy,
CDoz = —% R“vm“m" = q_320, CD]_O = %Ruvlurﬁ" = —q_312, (B.34)
®11 = —2RyuyIHIV +3A

Curvature scalar:
AN=—R (B.35)

24
B.7 Curvature 2-Forms
The spinor equivalents of the curvature 2-forms can be given as
O° = —(Wo—A+Pp)IAl—(Wo—A—Dy)mAm
—Wi Il AM+ W AM=— Dol AM— Dol AM,

@01 = (LIJ1+<D01)IAI_+(LIJ1—¢01)m/\rﬁ+d>02I/\rﬁ

_ _ (B.36)
—(W2+2A) 1 Am—Wol Am+ Pggl AM,
010 = (W1 —Dap)I Al + (W1 + Do) mMAM— Dol AT
FWol AM+ (Wo+2A) I A= Dyl Am= -3
and
Of = —(V2-A+®)IAT+ (P~ A—Dy)mAm
— @il Am+Prl AM+ Borl AM+ Dogl AM,
Of = (W14 P10)IAl— (D1 — Do) mMAM—Dyol AM
(B.37)

+<®2+2/\)| Arﬁ+@ol_/\m—CDool_/\rﬁ,

él’ = (@1—¢12)|/\|—(ml—l—q)lz)m/\l’ﬁ—l—cbzﬂ/\m

—~ _ ~ — — wl’
—Wol/\m—(‘P2+2/\)I/\m+CDogI/\m:—@U

for the two spin frames.
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B.8 Maxwell Field

Source-free Maxwell equations are written in two sets. ¢ag and Py being
symmetric spinors, spinor equivalence of the Maxwell field can be written in
the form,

1= do1 =3 Fuy (IM1Y + ), o := oo = FuvlHm"
Po 1= P11, Go:=Pry

B.8.1 Source-Free Maxwell Equations
Maxwell equations in vacuum can be written as,
dZ =0, dZ=0 (B.39)
Here, .F = palL”B, d.7 = Pxryr LXY". When the definitions are used,
(5—2T)¢1—(D:+25—5>¢0+0¢70 =0 (B.40)
(D-2p)¢1+(0+2a0~T)po+Kpo = O

and — _
(0+2m P1+ (D—2y+A)Po+udy, =

. , (B.41)
(D+22)$1—(0-2B+m)Po+Vho =

are obtained.

B.9 Topological Numbers

Chern formula for the Euler number is

1
X fd W /'/% eadeeab /\ QCd
1 abcd 2 e
—WA%S Qab/\ ch— é Qab/\Qc /\Qed (B42)

and the Hirzebruch signature can be given as

1 1
T gz [, 1O g [, O NG s0.4) (B.43)

Here, By is the curvature 2-form and Qgpis the second fundamental form on the
0.7 boundary which is defined as

Qab = Wab— (Wo)ab (B.44)

where wyp is the curvature 1-form for the original metric and (wp)ap is the
curvature 1-form for the metric on the boundary. ns(d.#) is the eta-invariant.

If the spinor equivalents of these objects are used,

1 ~
X = 4—n2////[|W0\2+4]W1’2+3W%+\W0’2

+4] P12+ 395 - 2(| Poo|* + | Po2|?)

—4(|®o1 [P+ | P11 P+ | D122 —3A2) [IAIAMATM  (B.45)
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1

T = ——
67112

[ T1Wol2+a] w1 2433~ G2

—4|® 2302 I AlAMAM —ns(0.4) (B.46)

can be found.

B.10 Petrov Types
The traceless matrix constructed using the Weyl scalars
Wz—%(q-’o—}-mo) —%(Wo—wo) L|J;|_—i-¢;|_
W= —5(Wo—Wo)  Wat 3(Wo+Wo) i(W1—Wy) (B.47)
w1+¢1 i(Wl—Wl) —2¥>

is used [73]. Since this matrix is real and symmetric it can always be diagonalised
in the orthonormal basis with eigenspinors. Corresponding to three distinct real
eigenvalues

A =Wr— Yo, A =W+ Yo, A3 = —-2¥, (B.48)
obeying the condition
AM+A2+A3=0
we have the case of algebraically general, or Petrov type |, gravitational

instantons. When two roots coincide A1 = A2, we obtain
Wr = A1 = Ag, Yo=W1=W3=WY;,=0 (B.49)

which corresponds to the algebraically special, or Petrov type D, gravitational
instantons. For the anti-self-dual case a similar analysis holds for the independent
primed 3 x 3 matrix.
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C. EXAMPLES FOR THE NPInstanton PACKAGE

In this section, we will apply our program to Nutku helicoid metric and give the
command definitions through this example. After that, an exercise on the four
and five dimensional scalar operators, the Petrov type and the self-duality for
Eguchi-Hanson metric will be done.

C.1 Example 1: Calculations for the Nutku Helicoid Metric

The Nutku helicoid metric is given as

2
d¢ = %sinhzx(demeZ)

+

S 2([(sinhzx+ sir? 0)dy? (C.1)
—sin20dydz+ (sint x+ co )dZ].

where 0 <r <o, 0< 60 <2m, y and z are along the Killing directions and are
taken to be periodic coordinates on a 2-torus [12]. This metric reduces to the flat
metric if we take a= 0.

The NP legs can be chosen as,

) (€2)
mH = ;(0,0,cosr(x—ie),isinh(x— i9)). (C.3)

v/sinh

The application of the NPInstanton package on this metric will be given in the
following pages along with the command definitions.
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e scalaroperator() command

This command calculates the massless scalar equation, finding the scalar operator.
The scalar operator is given as

1
Hp = ——av+/|g|g"Va,¢. C4

Here, g is the determinant of the metric. The procedure takes the scalar function
(name: scalarfunction) from the input file. The output to be used thereafter:

> scalarop;

For the massive case, one can equate this object to M2¢2, M being the mass of
the scalar particle. As an additional property, this procedure is not dependent
on the metric signature and it does not use the NP objects so it can be used for
any spacetime in four dimensions by extracting it from the program. The Maple
output of this command is shown in Figure C.1.

mws - [Server 1]]
Formt.

ot S s Wt 1
[ B[] ] G [==] O] E=R] [1] ] @]

HEERAE AR R AR AR AR R AR AR AR RS RARA R R RARR 2l
... You may now use the special commands...
scalaroperator(), dirac(), maxwell(),
gammamatrices(), coframe(), riccirotcoeff{),
weylscalar(), tfricciscalar(), connlform(),
basis2form(), curv2form(), topologicalnumbers()
....... Check the help.txt file for details.......

R AR AR AR AR AR AR AR AR AR R AR AR AAR
npinstanton > scalaroperator() ;

-MASSLESS SCALAR EQUATION-
Simplification will be applied during calculation.

CPU Time = 0.
2 2
= {kl @(x, 0) a® cosh(x)* — k> a® D(x, 0) — [% D(x, e)] = [a—z D(x, e)] + &2 D(x, 0) a® cos(0)” — 2 k> D(x, 0) a” cos(0)” cos($)” + k> D(x, 0) a’ cos($)*
X a0

(ke (sin($) y + cos($) 2) 1)

+2 K* ®(x, 0) a” sin(0) cos(0) sin($) cns(d))] e / (cosh(x) @’ sinh(x))

This calculation took, 1.640, seconds
Output variable(s): scalarop

npinstanton >

Time. 785 Bytes: 16.1M_| Avaiable: 2266

Figure C.1:. Maple Session for the scalaroperator() Command
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e dirac() command:

This command calculates the massless Dirac equations,

VO =0 (C.5)

where

and [, are the spin connections. The procedure takes the spinor vector
components from the input file under these names: spinorcomponentl (),
spinorcomponent2 ({k), spinorcomponent3 () and spinorcomponentd ((j).

The output to be used thereafter is the components of the "dirac" vector as
(i=1, 2, 3, 4):

> diracli];
For the massive case, one can equate these objects to 'Y'—L[J vector, M being the

spinor mass and | =+/—1. The output of this command is given partially in
Figure C.2.

P Maple 11 - [examples.mws - [Server 1]] E@

R Fle Edt View Insert Format Window _Help
el @l

npinstanton > dirac() ; |

Test 1-> Successful, The Dirac matrices are correct

Test 2-> Successful, The Dirac matrices are correct
Simplification will be applied during calculation.

Applying routine expand to object g(dn,dn,pdn)

Applying routine expand to object Chr(dn,dn,dn)

Applying routine expand to object Chr(dn,dn,up)

Applying routine simplify to object g(dn,dn,pdn)

Applying routine simplify to object Chr(dn,dn,dn)

Applying routine simplify to object Chr(dn,dn,up)
CPU Time = 0.203

-MASSLESS DIRAC EQUATIONS.
Ist Dirac Equati

— (7(63 y3(x, 9)] sinh(x) + (% W3(x, O)J sinh(x) I + k sin(¢) y4(x, 0) a cos(0) sinh(x) cosh(x) I — ksin(¢p) y4(x,0) a cush(x)Z sin(0) m
x

+ ksin(¢) wa(x, 0) asin(0) + &k cos(¢) w4(x, 0) a cush(x)l cos(0) — & cos(¢p) w4(x, 0) a cos(0) + & cos(¢) w4(x, 0) a sinh(x) cosh(x) sin(e)IJ

(& (sin($) y + cos(9) 2) 1) 3/2)
g sl /(« cosh(x) sinh(x) a)

2nd Dirac Equation

(& (sin(@)y +cos(®) D) ([ © . o . . . . 2.
¢ [(a wa(x, 9)) sinh(x) + (£ wa(x, 9)] sinh(x) I + k& sin($) w3(x, 0) a cos(0) sinh(x) cosh(x) I + & sin($) w3(x, ) a cosh(x)" sin(0)

— ksin(¢) w3(x, 0) asin(0) — k cos(¢) w3(x,0)a cush(x)2 cos(0) + & cos(dp) w3(x, 0) acos(0) + k cos(d) wy3(x, 0) a sinh(x) cosh(x) sin(O)IJ / (
4/ cosh(x) sinh(x)(“Z) a)

1 [ [ a N\ [ a

3rd Dirac Equati
\ 5

Time, 1035 | Bytes; 2234 | Avaiable; 227G

Figure C.2: Maple Session for the dirac() Command
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e maxwell() command:

This command calculates the source-free Maxwell equations using the equations
(B.38-B.41). Fj’s in the output are the usual Maxwell field matrix components.

The output is set to be "maxwell" vector whose components are the source-free
Maxwell equations as (i=1, 2, 3, 4):

> maxwell[i];

The output of this command is given partially in Figure C.3.

P Maple 11 - [examples.mws - [Server 1]] E.@
@ Fie o Fomat Window Hela
@l ]
npinstanton > maxwell() ; ]
Simplification will be applied during calculation.
CPU Time = 0.
e SOURCE-FREE MAXWELL EQUATIONS——mmemmev
Ist Mo Il Eq
T [
*\/7 [wush(x) ( F23(x, 0, y,a)Jsm(e)‘smh(x)Ffsm(9)(F23(x,9 ,2)) sinh(x) | sinh(x) [ + [ F13(x, 0, _v,‘.)J sin(6) cosh(x)| sinh(x) [
2
+2[a F23(x, 0, _},x,))sm(e)cosh(.x) | sinh(x) [ - ( F23(x, 0, _},1,)) sin(0) cosh(x) | sinh(x) [* — cosh(x) ( F14(x, 0 J,L)) cos(8) | sinh(x)
0
— 3 cosh(x)’ F13(x, 8, , z) cos(8) | sinh(x) f + [ F24(x, 0 y,‘,)J cos(6) cosh(x) | sinh(x) [ — cosh(x)® sm(e)[ay F12(x, 6 y,‘.)J|smh(x)‘3
-2 cos(e)[ F12(x, 0 y,h)J cosh(x) ‘smh(x)‘ercos(e)( F12(x, 6, v,h)J cosh(x) |sinh(x) P +2 sm(e){ F12(x, 6 1,4)] cosh(x)?| sinh(x) [
2
— sin(0) (6_1) F12(x, 6, , “)) cosh(x) | sinh(x) [ + 2 cosh(x)’ F13(x, 8, y, z) cos(8) | sinh(x) [ +2 (a— F14(x, 0, y, n) cos(0) cosh(x)*|sinh(x)
2
+ cosh(x)® cos(e)( F12(x, 6 y,z.)J‘smh(x)‘ + cosh(x)’ [ F24(x, 0 y,&)J cos(0) | sinh(x) ' — 2 cosh(x) ( F24(x, 0 J,h)J cos(8) | sinh(x) !
+2 cosh(x)’ F14(x, 8, , z) sin(8) | sinh(x)  — 3 F14(x, 6, , 2) sin(8) cosh(x)*|sinh(x) [* + F14(x, 6, y, z) sin() cosh(x) | sinh(x) [
+ cosh(x)® ( 29 13,0 y,‘,)] sin(0) | sinh(x)[* — 2 cosh(x) [—Fla(x, 0 y,L)J sin(0)| sinh(x) [* + F13(x, 6, y, z) cos(8) cosh(x) | sinh(x) [
= (£ F14(x, 0,7, z)] cos(8) cosh(x) | sinh(x) [ — F24(x, 8, 3, z) cos(8) sinh(x) | sinh(x) ' + F23(x, 0, y, z) sin(0) sinh(x) | sinh(x) [
S — K] PO —
+ cos(8) (F24(x, 0, y, z)) sinh(x) | sinh(x) ' — cosh(x) ( F13(x, 0, , Q)J cos(0) sinh(x) | sinh(x)[* + sin(0) (F13(x, 8, , z)) sinh(x) cosh(x) | sinh(x) ' T
(o... i 3 5 oxalagsai D Y B |
T e e i

Figure C.3: Maple Session for the maxwell() Command
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e gammamatrices() command:

This command finds the covariant and contravariant Dirac y matrices and tests
them with

{y',y'}=2g"" (C.7)

anticommutation relation. The output is "gamma contr" (contravariant y
matrices: y*) and "gamma_covar" (covariant y matrices: yy) vectors as (i=1,
2,3, 4):

> gamma__ contr|i];
> gamma_ covarl|il;

The calculation of the Dirac y matrices could be put into the dirac() procedure
but further calculations involving higher dimensions may need these matrices. To
find the y matrix for the extra dimension, one can use these results and look for
the y matrix of the extra dimension using the anticommutation relations as in
reference [15]. Therefore the procedure is a separate one. Figure C.4 shows the
output for the Nutku helicoid case.

P2 Maple 11 - [examples.mws - [Server 1]] [BEE
R Fie it Fomat indow Help EIE3
CleRERS [ EE B ETP] EE =] O] FleR] [ F @]

npinstanton > gammamatrices() ; |
Test 1-> Successful, The Dirac matrices are correct
Test 2-> Successful, The Dirac matrices are correct
CONTRAVARIANT DIRAC GAMMA MATRICES
0 0 S 0
4/ cosh(x) 4/ sinh(x) a
1
. ? » . 4/ cosh(x) 4/ sinh(x) a
gamma_contravariant, = 1
4/ cosh(x) 4/ sinh(x) a . . ¢ o
1
L ’ 4/ cosh(x) +/sinh(x) a . ¢ i
0 0 —_ 0
4/ cosh(x) 4/ sinh(x) a
0 0 0 N S
X 4/ cosh(x) 4/ sinh(x) a
gamma_contravariant, = I
4/ cosh(x) 4/ sinh(x) a 0 0 0
0 S S— 0 0
L 4/ cosh(x) +/sinh(x) a A
co0s(0) sinh(x) cosh(x) + cush(x)Z sin(0) 7 —sin(0) 1
0,0,0,- - i)
4/ cosh(x) sinh(x)
0,0, 7cosh(x)2 sin(0) 7+ sin(0) I + cu:s(lez)) sinh(x) cosh(x) 0 :
L ik 8 5

Time: 16.25 | Bytes; 226M | Avaiable: 2265

Figure C.4: Maple Session for the gammamatrices() Command
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e coframe() command:

This command calculates the coframe | =L (=1,dx") and m=M (= mydx*). The
output variables are the following, " bar" denoting the complex conjugate:

> L

> M,

> L_ bar;

> M _bar;

The co-frame for the metric is calculated by coframe() command as shown in
Figure C.5.

[Server 11] [B[EES]
2 Fiep BEES
el @l

The values of dx1, dx2, dx3, dx4 which will be used by the program are the following in terms of the real coordinates: 2

dxl = d(x)

dx2=d(0)

dx3 =d(y)

dxd =d(z)

Testing the NP legs...

Testl -> Success, NP legs are correct
Test2 -> Success, NP legs are correct
R AR AR AR AR AR AR AR AR AR R AR R AR RER
... You may now use the special commands...
scalaroperator(), dirac(), maxwell(),
gammamatrices(), coframe(), riccirotcoeff{),
weylscalar(), tfricciscalar(), connlform(),
basis2form(), curv2form(), topologicalnumbers()
....... Check the help.1xt file for details.......
E R R AR AR AR AR AR AR R AR AR A AR

npinstanton > coframe() ;
CO-FRAME IS GIVEN AS:

,:%uﬁmmMezﬂmn

ﬁ (sinh(x) dx3 cos(0) — cosh(x) dx3 sin(0) I + cosh(x) dx4 cos(0) I + sinh(x) dx4 sin(0))
cosh(x) 4/ sinh(x)
Output variable(s): L,M,L_bar,M_bar
This calculation took, 0.047, seconds

(SRS

npinstanton > |

=|

Time: 16.25 | Bytes; 226M | Avaiable: 2265

Figure C.5: Maple Session for the coframe() Command
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e riccirotcoeff() command:

This procedure calculates the Ricci rotation coefficients using equations in (B.3).
The output can be used later by calling:

> npkappa; > nptau; > npsigma;

> nprho; > nppi; > npnu;

> npmu; > nplambda; > npgamma,;
> npepsilon; > npalpha; > npbeta;

in the meaning of the Ricci rotation coefficients kK, 7, o, p, T, v, U, A, Y, €,
a, B respectively. Figure C.6 shows that we have two non-zero Ricci rotation
coefficient for this metric.

2 Maple 11 - [Server 1]] [BEE]
) a Help BEE
© &

npi on > riccirotcoeff () ; 4]
Simplification will be applied during calculation.

CPU Time = 0.
NP RICCI ROTATION COEFFICIENTS
npkappa=, 0
nptau=, 0
1 2
L Ty (372)
a sinh(x) cosh(x)
nprio=, 0
nppi=, 0
npnu=, 0

(3/2)

npmu=, 0
nplambda=, 0
1 42 Qcosh(x)’ - 1)
4 . 372) @312)
a sinh(x) cosh(x)

npgamma=, 0

tpep )

npalpha=, 0
npbeta=, 0
This calculation took, 0.485, seconds

Output variable(s): npkappa, nptau, npsigma,nprio, nppi,npnu, upmu, nplambda, npepsil

Ip )/ nrnh fa
npinstanton > |

Time: 17.0_| Bytes; 226M | Avaiable: 2266

Figure C.6. Maple Session for the riccirotcoeff() Command
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e weylscalar() command:

This command calculates the Weyl scalars using equation B.33. The output
variables are:

> weylscalar(Q; > weylscalarl; > weylscalar2, > weylscalar3;
> weylscalar4; > weylscalartilde(; >weylscalartildel;
> weylscalartilde2; > weylscalartilde3; > weylscalartilde4;

for Wo, W1, Wo, W3, Wy, q—’o, q-’l, q—’g, ng, @4 respectively. "tilde" means the
variable has a tilde in the meaning of a different spin frame.

Another property of this procedure is that it finds out the Petrov class of the
spacetime according to equations (B.48-B.49). Petrov classification of Euclidean
spacetimes were first studied by Hacyan [89] and then by Karlhede [90].

Weyl scalars can be calculated by using weylscalar() command as shown in Figure
C.7.

Vindow  Help

EMe] EE EE] E] R [ F @

npinstanton > weylscalar() ;

[x]#] /

CPU Time =11.265
3 2cosh(x)’ -1
2 4° sinh(x):‘ cush(.v)3
weylscalarl=, 0
e L cosh(x)™® — 5 cosh(x)® + 10 cosh(x)® — 10 cosh(x)* + 5 cosh(x)* — 1
T2 cush(x)3 sinh(x)13 o
weylscalar3=, 0
3 2cosh(x)’ -1
"2 4 sinh(x)3 cush(.yt:)3
weylscalartilde0=, 0
weylscalartildel=, 0
weylscalartilde2=, 0
weylscalartilde3=, 0
weylscalartilde4=, 0
Petrov-type I according to self-dual part
This calculation took, 32.953, seconds
Output variable(s): weylscalar0,weylscalarl,weyliscalar2, weylscalar3,weylscalar4, =

ildel, Iscalartilde2, Iscalartilde3,

npinstanton > |

Time: 43,05 | Bytes; 396M | Avaiable: 2245

Figure C.7. Maple Session for the weylscalar() Command
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e tfricciscalar() command:

This command calculates the trace-free Ricci scalars using equation (B.34) and
sets them to variables for a later use:

> tfricciscalar00; > tfricciscalar01; > tfricciscalar(2;
> tfricciscalar10; > tfricciscalarll; > tfricciscalarl2;
> tfricciscalar20; > tfricciscalar21; > tfricciscalar22;
> scalofcurv;

for CDoo, CDOJ_, CDoz, CDlo, CD]_]_, CD]_2, (Dgo, (Dz]_, q322, scalar of curvature A
respectively. Trace-free Ricci scalars and the scalar of curvature are found by
using tfricciscalar() command as shown in Figure C.8.

P Maple 11 - [examples.mws - [Server 1]]

. m
[Tl B ETPe] FE [E=] O] F[=R] 1] E @
[=[&]

npinstanton > tfricciscalar(); |
Simplification will be applied during calculation.

CPU Time = 0.
Simplification will be applied during calculation.

CPU Time = 0.
~-—————re——————-TRACE-FREE RICCI SCALARS-
Trace free Ricci Scalar00=, 0
Trace free Ricci Scalar01=, 0
Trace free Ricci Scalar02=, 0
Trace free Ricci Scalarl0=, 0
Trace free Ricci Scalarll=, 0
Trace free Ricci Scalarl2=, 0
Trace free Ricci Scalar20=, 0
Trace free Ricci Scalar21=, 0
Trace free Ricci Scalar22=, 0
Scalar of curvature=, 0

This calculation took, 3.453, seconds L]
Output variable(s): tfricci: ), tfricciscalar0l tfvicciscalar02, tfricciscalarl 0,
Ifricciscalarl 1, tfricciscalarl2, tfricciscalar20,tfiicciscalar? 1tfvicciscalar22,scal v

npinstanton >

=

Time: 53,75 | Bytes; 39.68M | Avaiable: 2256

Figure C.8: Maple Session for the tfricciscalar() Command
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e connlform() command:

This procedure calculates the spinor equivalent of the connection 1-forms given
by equations (B.22) and (B.23). The output can be reached by calling

> GAMMAOO; > GAMMAO1; > GAMMA10; > GAMMAL11,
> GAMMAUtildeOprOpr; > GAMMAUtildeOprlpr;
> GAMMAtildelprOpr; > GAMMAtildelprlpr;

for 7 r1 ro ri fo/, Fll, fg, I:%; respectively where "tilde" means the variable
has a tilde and "pr" means "prime" in the meaning of a different spin frame.

Another property of the procedure is that, it finds out the gauge by checking the
necessary and sufficient conditions for (anti-)self-duality namely, 5 = 0 implies
self duality and sz/y = 0 implies anti-self-duality. The Maple output is given in
Figure C.9.

P Maple 11 - [examples.mws - [Server 1]] E@
) o BEE
[[R] ) &

npinstanton > connlform() ; |
Simplification will be applied during calculation.

CPU Time = 0.
CONNECTION 1-FORMS
1
connection I-form GAMMAG0=, — (-2 cosh(x)? dxI|sinh(x)|+2 I cosh(x) dx2|sinh(x) | + dxI|sinh(x)|— d@x2|sinh(x)|7 + 2 cosh(x)* dxI sinh(x)
+2 Icush(x)z dx2 sinh(x) — dxI sinh(x) — dx2 sinh(x) I) / (sinh(x) cosh(x) ‘ sinh(x) ‘)

1 sinh(x) dv3 0) + cosh(x) dx3 sin(0) I — cosh(x) dx4 6) I + sinh(x) dv4 sin(0
connection 1-form GAMMADI=, — sinh(x) dx3 cos(0) + cosh(x) sin(0) _ cos (wt:)Z cos(0) sinh(x) sin(0)
2 a sinh(x)” cosh(x)

1 (sinh(x) dx3 cos(0) + cosh(x) dx3 sin(0) I — cosh(x) dx4 cos(0) I + sinh(x) dx4 sin(0
connection 1-form GAEWMAM=,*( x) L) () (0) 3 ( )z () (x) (8))
2 asinh(x)” cosh(x)

1
connection 1-form GAMMAIL=, (-2 cosh(x)* dxI | sinh(x)|+ 2 I cosh(x)? dx2 | sinh(x) |+ dxl | sinh(x) | — dx2|sinh(x) |7+ 2 cosh(x)? dxI sinh(x)

+2 Icush(x)z dx2 sinh(x) — dxI sinh(x) — dx2 sinh(x) I) / (sinh(x) cosh(x) ‘ sinh(x) ‘)
connection I-form GAMMA_tilde0'0'=, 0
connection I-form GAMMA_tilde0'1'=, 0 ]
connection I-form GAMMA_tildel'0'=, 0
connection I-form GAMMA_tildel'l'=, 0
Testing the (anti-)self duality...
ANTI-SELF DUAL GAUGE because all connection 1-forms with tilde are zero
This calculation took, 0.500, seconds

Qutput variable(s): GAMMAO), GAMMAO01, GAMMA10, GAMMA 11, GAMMAtildeOprOpr, GAMMAtildeOprIpr, GAMMAtilde IprOpr, GAMMAtildeIprIpr
npinstanton > |

=

Time: 53,75 | Bytes; 39.68M | Avaiable: 2245

Figure C.9: Maple Session for the connlform() Command
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e basis2form() command:

This command finds the basis 2-forms using the definitions in equation (B.31).
The output can be reached by

> L00; > LO1; > L10;
> LtildeOprOpr; > LtildeOprlpr; > LtildelprOpr;
for L9, LY L9, I~_8,/, I:é:, I:(l): respectively. Here, "tilde" means the variable has a

tilde and "pr" means "prime" in the meaning of a different spin frame. Figure
C.10 shows the Maple session for this command.

P Maple 11 - [examples.mws - [Server 1]] E@
BE]

Insert  Format Window  Help.
el @l

npinstanton > basis2form() ; |

BASIS 2-FORMS-

1 1
Basis 2-form L00=, 7£Iaz cosh(x) sinh(x) dxI * dx2 — ;Ilbd Ndxd
1 1
Basis 2-form LOI=, Ea (—sinh(x) cos(0) + cosh(x) sin(0) I) dx1 ~ dx3 — ;a (cosh(x) cos(0) I + sinh(x) sin(0)) dxl * dx4
1 1
+ EIa (—sinh(x) cos(0) + cosh(x) sin(0) I') dx2 "~ dx3 — EIa (cosh(x) cos(0) I + sinh(x) sin(0)) dx2 * dx4
1 1
Basis 2-form L10=, Ea (sinh(x) cos(0) + cosh(x) sin(0) I) dxI " dx3 — ;a (cosh(x) cos(0) I — sinh(x) sin(0)) dxI * dx4
1 1
B ;Ia (sinh(x) cos(0) + cosh(x) sin(0) I) dx2 * dx3 + EIa (cosh(x) cos(0) I — sinh(x) sin(0)) dx2 * dx4
1, 1
Basis 2-form LtildeOprOpr=, 72111 cosh(x) sinh(x) dx1 ~ dx2 + Zhbﬁ ~dx4
1 1
Basis 2-form LtildeOprIpr=, ;u (sinh(x) cos(0) + cosh(x) sin(0) I) dxI * dx3 — Ea (cosh(x) cos(0) I — sinh(x) sin(0)) dxI " dx4
1 1
+ EIa (sinh(x) cos(0) + cosh(x) sin(0) I) dx2 * dx3 — EIa (cosh(x) cos(0) I — sinh(x) sin(0)) dx2 * dx4
1 1
Basis 2-form Ltilde1prOpr=, ;u (—sinh(x) cos(0) + cosh(x) sin(0) I) dxI ~ dx3 — ;a (cosh(x) cos(0) I+ sinh(x) sin(0)) dxI * dx4

= %Ia (—sinh(x) cos(0) + cosh(x) sin(0) I') dx2 "~ dx3 + %Ia (cosh(x) cos(0) I + sinh(x) sin(0)) dx2 ~ dx4

This calculation took, 0.329, seconds
Qutput variable(s): L00,L01,L10,LtildeOprOpr, LtildeOprIpr, LtildeIpripr

npinstanton > |

Time: 5455 | Bytes; 39.6M | Avaiable: 2266

Figure C.10: Maple Session for the basis2form() Command
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e curv2form() command:

This command calculates the curvature 2-forms using equations (B.36) and (B.37)
and sets them to these variables:

> Theta00; > Theta0l; > ThetalO;
> ThetatildeOprOpr; > ThetatildeOprlpr; > ThetatildelprOpr;

for @0, @ @9, (:)O/, C:)1/, (:)(ly, respectively where "tilde" means the variable has a
tilde and "pr" means "prime" in the meaning of a different spin frame.

Curvature 2-forms are calculated by curv2form() command as shown in Figure
C.11.

P2 Maple 11 mws - [Server 1]] E@
orma indow Help BEES
€ ]

npinstanton > curv2form() ; |

CPU Time = 0.
Simplification will be applied during calculation.

CPU Time = 0.
Simplification will be applied during calculation.

CPU Time = 0. &
Simplification will be applied during calculation.

CPU Time = 0.

CURVATURE 2-FORMS:
1
Curvature 2-form Thetad0=, - (10 Ia® cosh(x)® sinh(x) dvI ~ dx2 — 5 I a* cosh(x)® sinh(x) dxI ~ dx2 + a* cosh(x) sinh(x) dxI A @2 I +10 I dx3 ~ dx4 cosh(x)"*

— 5Idx3 ~ dvd cosh(x)? + dx3 A dvd I — 10 1 dx3  dxd cosh(x)® — 10 Ta® cosh(x) sinh(x) dl A dx2 + 5 I dx3 * dxd cosh(x)®
+57a? cosh(x)’ sinh(x) dvl ~ dx2 — a* cosh(x)™ sinh(x) dxI ~ dx2 I — dx3 ~ dv4 cosh(x)'° I) / (cosh(x)’ sinh(x)™ a*)

Curvature 2-form Theta01=, —% (—33 Ga (sinh(x) cos(8) + cosh(x) sin(8) I) dxl ~ dx3 — %a (cosh(x) cos(8) I — sinh(x) sin(8)) dxl ~ d4
- %Ia (sinh(x) cos(8) + cosh(x) sin(8) I) dx2 A dx3 + %Ia (cosh(x) cos(8) I — sinh(x) sin(6)) dx2 A ,m] cosh(x)" — (
%a (—sinh(x) cos(8) + cosh(x) sin(0) I) dxI * dx3 + %a (cosh(x) cos(8) I + sinh(x) sin(8)) dxI ~ dxd
- %Ia (~sinh(x) cos(8) + cosh(x) sin(0) I) dx2 ~ dx3 + %Ia (cosh(x) cos(0) I+ sinh(x) sin(8)) dx2 ~ dx4J cosh(x)™®

+ ga (sinh(x) cos(0) + cosh(x) sin(0) I) dx1 * dx3 — za (cosh(x) cos(0) I — sinh(x) sin(0)) dx1 ™ dx4

1 1 [ =

Time: 78.0s | Bytes: 404M_| Avaiable: 2245

Figure C.11 Maple Session for the curv2form() Command
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e topologicalnumbers() command:

This command calculates the integrands of the Euler number and the Hirzebruch
signature curvature part integrals using the relations (B.45) and (B.46) namely,
1

X = gz [1Wol+4]W1+ 345+ | B

+4| W12+ 392 - 2(| @oo|* +| Pz |?)

—4(| Do1|?+ | P11]2+ | P12[2—3A) [ I Al AMAT (C.8)
T = —i/ [|Wo 2 +4|W1|2+3W5— |2
612 )«
— 4|91 12392 I Al AMAM — ns(0.4) (C.9)

Ns(0.#) being the eta-invariant and this value will not be taken into consideration
in the program. The output can be reached by calling

> eulernumber _integrand;
> hirzebruch signature integrand;

These numbers have a special importance for the Atiyah-Patodi-Singer index
theorem of operators on manifolds with boundary [36-40]. The Maple session for
this command is shown in Figure C.12.

- [Server 1]]
el
€l

on > topologicalnumbers() ;

Bl

np
CPU Time = 0.
Simplification will be applied during calculation.

CPU Time = 0.
Simplification will be applied during calculation.

CPU Time = 0.
Simplification will be applied during calculation.

CPU Time = 0.
TOPOLOGICAL NUMBERS FOR THE COMPACT MANIFOLD:
Euler number chi
Integrand of the Euler number calculation=, — 3 dx1 ~ dx2 ~ dx3 ~ dx4 (1 — 13 cosh(x)* — 1506 cosh(x)™ + 1035 cosh(x)'® + 166 cosh(x)™ — 33 cosh(x)™
— 505 cosh(x)"® + 3 cosh(x)™ — 285 cosh(x)® + 1596 cosh(x)"? + 705 cosh(x)® + 78 cosh(x)* — 1242 cosh(x)'") / (cosh(x)" & sinh(x)™)
Hirzebruch signature tan

3 dxl A dx2 A dx3 A dx4 (3 cosh(x)* — 3 cosh(x)” +1)

Integrand of the Hirzebruch sig e calculation=, 5 2 5
cosh(x)” a” sinh(x)”

This calculation took, 26.578, seconds

iable(s): enlernumber i I hirrebruch sis ;
Output vari ( 2 g e g

npinstanton > |

Time: 10435 | Bytes: 41.1M | Avaiable: 2245

Figure C.12 Maple Session for the topologicalnumbers() Command
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C.2 Example 2: Calculations for the Eguchi-Hanson Metric

Eguchi-Hanson instanton [11] is the most similar to the Yang-Mills instanton of
Belavin et al. [91] and the dyad was given in equations (4.1) and (4.2). We run
our program in Maple and type the name of the input file: eguchihanson

We can find the scalar operator by using scalaroperator() command. We can
easily find the solution for the scalar equation with one extra dimension added if
this dimension is a Killing direction. In the example, we just added —k2®(r, 8)
to the equation after dividing by the exponential part which comes from the
solution of the Killing directions. Here, k; is the eigenvalue corresponding to the
extra dimension. The scalar equation can be solved in terms of hypergeometric
equations in four dimensional case. We see that the addition of the extra
dimension results in a more singular equation which can be solved in terms of
confluent Heun equations as the solution of the radial part. The Maple session
of this procedure is shown in Figure C.13.

FEER B RN M EE

npinstanton > pdsolve(scalarop,INTEGRATE) ; B

(©(r, 0) = _F1(r) _F2(6)) &where {{{_Fl(e) =

z 2o
_C4hypergeum(|:f_2£+§+m,%+%+m:|, [1 +u+m],%+%cus(9)]« 2—-2cos(0) (cos(9)+1)(1]sin(9)"' (cos(0) — 1)( : ]
¢ 1 ¢l o1 11  m (’? (?’1”)
+ _CS5 hypergeom| 7T+;7n, 2 +27n ,[lfnfm],EJrEcus(e) 42 —2cos(0) sin(6) " (cos(8)+1) (cos(0)—1) 1

o1 A R
{_F1(r) =_C2 LegendreP| 2 2 m, 2 +_C3 LegendreQ 2 7 m, 2 13
npinstanton > pdsolve(scalarop/ (exp ( (m*xi+n*phi)*I))-kt*kt*Phi (r,theta) ,INTEGRATE) ;

s _C1 &Kt d (7]
e (r—a)
2 4 4

okt

(®(r,0)=_F1(r) _F2(0)) &where H:{_Fl(r) =_C2((a+r) (az + rz)) ’ HeunC[O, m, m, —

2’ 24
2], o dKt md _Cl Ak AP 2.
+_C3(a+r) (a +r) HeunC| 0, —m, m, — o+ 1 (r—a) ,{_F2(0) =
- 2 2 4 4 24 -
1+ C1 1 J1+ o1 1 11 2, ” ’T“Z] B
_C4 hypergeom| | m + 2 +E‘ m— i +; b [1 +n+m],;+;cos(9) 42 —2cos(0) (cos(0)+1)  sin(0)" (cos(0)—1)

= 2 172
+_C5hypergeum[[ﬂl+ ! J;'CI +%, i J;'CI +ﬂ [ 7n7m],%+%cus(9)]«/272cus(9) sin(e)(’"’(cus(e)n)( 2](cos(e)q)(2 ]}}’

|

npinstanton > |

Time. 124,45 | Byles: 27.7M | Avaiable: 2276

Figure C.13 Scalar Operator for Eguchi-Hanson Metric

Now, let us calculate the connection 1-forms by connlform() command. The
Maple output of this command is given in Figure C.14. Then the gauge is found
by the program as self-dual.

To find the Weyl scalars and the Petrov class, one can run weylscalar() command.
The Maple output of this command is given in Figure C.15. After the Weyl scalars
are shown, the Petrov type is found to be Petrov-type D.

The whole results agree with the literature [90].
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P Maple 11 - [examples.mws - [Server 1]] D@@
a x

e Edt View Insert Format window  Help E

npinstanton > connlform() ; 2
Simplification will be applied during calculation.
CPU Time = 0.
CONNECTION 1-FORMS
connection I-form GAMMAO00=, 0
connection 1-form GAMMAOI=, 0
connection I-form GAMMAIO=, 0
connection 1-form GAMMAILI=, 0
. " 1 7 4, 4] 8 4 3 4 4 3_4., 4 1 ] 4
connection I-form GAMMA_tilde0'0'=, 7; (2r dxl‘fr +a ‘7 reos(0)d3a I—a dxdr'1—2a dxlr ‘*f +a ‘ +a cos(0)dx3I—r dyda 1
+2 M del + 7 cos(0) dv3 T+ dxd |+ + a* |1 — & ava| " + a* | T+ ¥ axd 1 - 2 a° axl +* — & cos(0) dv3|—* + a* [T — a® cos(0) a3 7* T+ a™ acd T
+ cos(0) dx3 rs‘fr“ +a ‘I) / ((7r4 + a") rd‘fr“ +a* ‘)
. . 17 —a'ye™” (a2 + sin(0) ax3 1)
connection 1-form GAMMA_tilde0'l'=, E 3
r
147 = a* (~dx2 +sin(0) dx3 I)
connection I-form GAMMA_tildel'0'=, — @n |
2 Fe
1
connection 1-form GAMMA_tilde]'T'=, _ (-2 ¥ dxl|—r* + a*| - &® ded | + & [T+ a” e T-2 & el |~ + a*| - &® cos(0) dx3 5 T+ a cos(B) a3 T
+2 M del - a® cos(0) ax3|—r* +a* [T - P avd a* T+ ded |+ + a* [T+ cos(8) dx3 | + a*|T-2d® dxl ¥ — P cos(B) a3 a* T— P vt ' T
+rcos(8) dv3 I+ ded I) / ((—* + a*) F | 1 a*))
Testing the (anti-)self duality...
SELF DUAL GAUGE because all connection 1-forms without tilde are zero
This calculation took, 0.594, seconds
Qutput variable(s): GAMMAO0, GAMMAOL GAMMA 10, GAMMA 11, GAMMAtildeOprOpr, GAMMAtildeOprIpr, GAMMAtilde IprOpr, GAMMAtildeIpripr |

I Time: 126.0s | Bytes: 27.7M | Avallable: 2.25G

Figure C.14 connlform() Command for the Eguchi-Hanson Case

P Maple 11 - [examples.mws - [Server 1]] E@@
L) & x

indow  Help E

npinstanton > weylscalar() ; |
CPU Time = 0.140
weylscalarf=, 0
weylscalarl=, 0
weylscalar2=, 0
weylscalar3=, 0
weylscalard=, 0
weylscalartilde0=, 0
weylscalartildel=, 0
4
weylscalartilde2=, — "
r
weylscalartilde3=, 0
weylscalartilded=, 0
Petrov-type D according to anti-self-dual part
This calculation took, 1.000, seconds

BTof<) - wevlseal Iscalarl, weylscalar2, Iscalari. weviscalard.
3

Output vari. (s): ), 1,
Foi ey Iscalartilde], weylscalartilde2, weplscalartilde3,weylscalartilded

npinstanton >

=

Time: 1251 | Byles: 27.7M | Avaiable: 2266

Figure C.15 weylscalar() Command for the Eguchi-Hanson Case
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