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1 Introduction

The Standard Model of particle physics was developed in flat spacetime. In this process, global gauge invariances
were transformed into local ones in accordance with the local characteristics of special relativity. The resulting
symmetries brought with them certain interactions and conserved quantities, so one can say they are the founda-
tion on which the Standard Model was built. Of course, since we are now aware of the fact that we live in a curved
spacetime, rather than a flat one, it is important to bring the Standard Model into a curved spacetime setting. In
this thesis, we implement this in the form of a background metric. The starting point is a Lagrangian with gauge
symmetry before symmetry breaking. At this point, there is no need for mass and our theory is globally scale in-
variant. Similarly to gauge invariances, we would like to implement this global phenomenon locally and investigate
the consequences. To that end, conformal symmetry is introduced. The conformal transformation transforms both
the metric and the fields. Of course, electroweak symmetry breaking is eventually needed to introduce mass. This
means that conformal symmetry would also need to be broken at this point, perhaps leaving interesting remnants
for us to observe.

Many people have worked on conformal symmetries, including Dr. E. A. Tagirov. He investigated conformal sym-
metry for a spinless Quantum Field Theory (QFT) in general spacetime in [1]. He found that a coupling between the
scalar field and the scalar curvature is needed for a conformal symmetry to exist. He then proceeded to compare
this to an entirely different approach in which a potential term proportional to the scalar curvature arises. This
second approach, described in [2], is the quantization of the non-relativistic motion of a spinless particle moving
along a geodesic line. This approach was inspired by DeWitt, who did similar calculations resulting in a potential
term proportional to the scalar curvature in [3]. When Tagirov compares the two coupling coefficients of the dif-
ferent approaches, he concludes that they are the same in 4 dimensions and goes on to say that this cannot be a
coincidence. This is because the coefficient in the geodesic approach is a fingerprint of the underlying conformal
symmetry of the massless theory, according to Tagirov.

We were intrigued by these findings and set out to further understand them. However, this proved challenging
since the reasoning in these papers is limited and often times more complex than can be determined at first glance,
which brings us to our present goal. In this thesis, the reasoning behind the comparison of the coupling with cur-
vature in these two approaches is reviewed and documented in a clear, unambiguous, and complete manner.

To this end, we will first investigate conformal symmetry in a QFT setting in line with the first approach of Tagirov,
which can be found in chapter 2. Next, we will investigate the second approach of Tagirov, the quantization of the
non-relativistic motion of a spinless particle that is moving along a geodesic line, which can be found in chapter 3.
Our conclusions and outlook can then be found in chapter 4.
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2 Conformal transformations

We first want to investigate conformal transformations in a QFT setting. Although we want them to work similarly
to the gauge transformations in the SM, they are more complex. A large part of this complexity is due to the fact that
we are in a general spacetime setting, which affects our Lagrangian and equations of motion. Therefore, we first
focus on QFT in a general spacetime. After this, we can focus on the conformal transformations and the resulting
symmetries.

Tagirov focuses on spin-0 particles and our main focus will reflect this. However, we grew curious about the effects
on spin—% particles as well. Since they show some differences with respect to the spin-0 particles, we decided to
include them in this chapter.

2.1 Notation and conventions

In this chapter, we use natural units. Additionally, a general n-dimensional metric g"* is used, where of course
ds® = guvdxtdx”. We use the ‘mostly minus’ metric signature, which means the Riemann tensor is

a a _ a a A _pa A
Rﬁ}’@ —('igl"ﬁy ayrﬁ6+rmrﬁy erﬁﬁ’ (1
where 0, = % and
1
Iy =58 (0p8sy +0y8sp — 0s8py)- @

The scalar curvature is defined as
R=g"M R 5. 3)

2.2 Quantum Field Theory in a general spacetime

QFT is often set up in flat Minkowski spacetime! with metric 1,;,. However, we want to work in a general spacetime
with a general metric g, In this section, we discuss the necessary changes to arrive at a QFT in a general spacetime.

2.2.1 Spin-0

In flat Minkowski spacetime, we have the scalar Lagrangian' £ = % (n“baagbaw— m?¢$?), where ¢ is the scalar
field and m the mass. The Euler-Lagrange equation that accompanies it is ((J+ m?) ¢ = 0, which is also known as
the Klein-Gordon (KG) equation. Here, we have used that [J = n%79,8;, in Minkowski spacetime. The switch to
a general spacetime is not complicated in this case. The metric %? is replaced by the metric g*¥ and the partial
derivative d, is replaced by the covariant derivative V,,. This results in

% = g1 (" 0,900~ mP 47~ ERe7), @

where g = det(gy,) is the determinant of the metric tensor, R is the scalar curvature, and ¢ is a constant. V¢ = 0,¢
was used since ¢ is a scalar field. We have added +/|g|, which is a result of the invariant volume element /|g|d" x.
The term containing the R-¢? coupling is also added. This is allowed because in flat spacetime R = 0, so this term

IThe Roman indices are used to make an explicit distinction between flat Minkowski spacetime and a general spacetime, for which Greek
indices are used. This will help with clarity later on.
'Note that Lagrangian density is meant whenever the term Lagrangian is used.
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drops out automatically when we go back to Minkowski spacetime. The special case when ¢ = 0 is referred to as
minimal coupling. The KG-equation turns into

(O+m*+ER)p=0 (5)

where (1= gtV V,.

2.2.2 Spin-3

Similarly to the spin-0 approach, we start with the Dirac Lagrangian in Minkowski spacetime,

%p = % (1/7}/“6,11// —wy*a aW) — myy, where v is the spin-% field and y# are the Dirac gamma matrices. The Euler-

Lagrange equation that accompanies it is (iy?d, — m)y = 0, which is also known as the Dirac equation. In a general
spacetime these become

i(._ e _
Zp=/1gl (5 (W‘Vuw —U/Y”V/ﬂl/) - mww) 6)
and
(iy*Vu—m)y =0. @

Please note that 1 # w'y® because we work in a different spacetime than Minkowski spacetime. Also note that
the transformation into a general spacetime is not as straight forward as it seems. The field v is not scalar, which
means V,y # 0,¢ but rather somewhat more complicated. This is easily explained using the n-bein formalism as
described by Parker and Toms in [4]. We will not explain the entire procedure in the same depth as they do, instead
we quote the necessary definitions.

iii

The n-bein formalism relies on the introduction of a tensor, the n-bein eﬁ(x). With this n-bein™ one can relate

the general spacetime to a local orthonormal frame (Minkowski spacetime) in the following way:
8uv = eﬁexb/nab- 8)

This can then also be used for other quantities, for example A“ = e/ A*. This raises the question of what V,A“
represents. A? is not a scalar and therefore V,, does not only involve a partial derivative but also a connection.
However, this connection is not the Christoffel symbol I ﬁv but rather something involving the Minkowski indices.
We introduce the connection wz , in the following way,

VuA® =0, A" + 0l AP, 9
In order to fully define this connection we use that Ve = 0 and arrive at
w, = —ep@uey — T, ef). 10)

The exact steps taken to arrive at this definition can be found on page 223 of [4]. Note that, with this definition, we

can rewrite the Riemann tensor, and thus the scalar curvature R, in terms of the connection wz b and the n-bein eﬁ.

Of course, what we are actually interested in is V,y. If we follow the reasoning in [4], we arrive at

1
Vv =0,y + S0’ lya Yoy (1

liiNote that the n-bein is not unique, nothing stops us from using a Lorentz-transformed n-bein. This means we need to make sure that the
choice of n-bein has no impact on the end result.
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where v, are the Dirac gamma matrices in Minkowski spacetime satisfying {y%,y"} = 2n®". One can bring those
into our general spacetime as well, y* = el,y%, where they satisfy {y*,y"} = 2g*".

In Minkowski spacetime, the Dirac equation squared equals the Klein-Gordon equation. However, in our general
spacetime with the new covariant derivative this becomes

1
(r"V) g =0y + 2 12)

Here, we see that a coupling with the scalar curvature R arises naturally and with a fixed coefficient.

2.3 Conformal transformations

Now we have QFT in a general spacetime, we can investigate the conformal transformations. As mentioned in
the introduction, we want to implement local scale invariance, which is why conformal transformations are intro-
duced. As part of the conformal transformations, not only the fields transform but the metric itself transforms as
well. The transformations are defined as follows,

¢ () = Q) 7 ) (13)
¥ (1) =0 7 px) (14)
8y (%) = Q) gy (). (15)

Here, Q is the factor describing the local scale transformation and is itself dependent on the spacetime coordinates
x. As one can see, the power of Q) is determined by the mass-dimension of the transformed field. These are the ba-
sic transformed quantities, but note that the transformation of the metric means that Fﬁv and R transform as well.
In order to not interrupt the flow of this thesis too much, all step-by-step derivations of relevant transformations
can be found in appendix A. In this section, we will discuss the results of those transformations.

Before we perform the conformal transformations of the Lagrangians and Euler-Lagrange equations mentioned
above, we remove the mass. This is done because the conformal symmetry is based on the scale invariance of these
equations, which is only applicable when they do not contain mass.

2.3.1 Spin-0

For spin-0, we are interested in the transformation of the Lagrangian and the Klein-Gordon equation, since their
invariance under the transformation will signal a conformal symmetry. We begin with the scalar Lagrangian, which
behaves in the following way under conformal transformation,

L'=%L+V,

n 1 1
—,/_—g(E—I)EQ Lgh 29,0 . (16)

It is invariant up to a total four-divergence, which is quite common in symmetries. The transformation of the
Klein-Gordon equation yields the following result

¢ +ER'Y =727 (O + ERP) =0, 17)

which is also invariant. However, both of these invariances only hold for a coupling coefficient of £ = ¢, = ﬁ.
This is the same value Tagirov finds in [1] and Birrell and Davies have found in [5]. This also corresponds to the

findings of Penrose [6], who did similar calculations in four dimensions which resulted in a coupling coefficient
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of %. Since the Klein-Gordon equation and the Lagrangian are invariant, we are indeed dealing with a conformal
symmetry.

Note that it was necessary to introduce the coupling ¢ R¢p? between the scalar curvature and the field, with a spe-
cific value for the coupling coefficient, in order to arrive at a conformal symmetry. Now, we have followed Tagirov’s
first approach and have come to similar conclusions. This means that we have everything we need to continue
with the second approach, the quantization of geodesic motion. However, before we do this, we have added the
transformations for spin—% particles below for completeness.

2.3.2 Spin-}

For spin-% we are interested in the transformation of the Lagrangian and the Dirac equation, since their invariance
under the transformation will again signal a conformal symmetry. The Dirac Lagrangian behaves as follows under
conformal transformation,

£ =%p, (18)

so it is invariant. The transformed Dirac equation becomes,
. ln_j.
iy*v, ' =Q2 Tiykv,y =0, (19)

which is invariant. In this case, it was not necessary to introduce any extra couplings in order to arrive at a con-
formal symmetry due to the nature of V. Even though we do not need to add any extra terms, we have seen in
equation 12 that a coupling between the Dirac field and the scalar curvature arises naturally. It is interesting to note
that it is impossible to make the coefficients i and ¢, = ﬁ for the different spin cases match for any number
of dimensions. With this we have completed our investigation of the conformal transformations and will continue
with the quantization of geodesic motion.
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3 Quantization of geodesic motion

Now we have completed our investigation of conformal transformations, we can continue with the second ap-
proach of Tagirov. In this approach, the non-relativistic motion of a spinless particle, moving along a geodesic line
in a general spacetime, is quantized. In this quantization, we pay special attention to some rules of ordering, which
become more complex in a general spacetime. We then hope to find that the quantized Hamiltonian has a potential
term proportional to the scalar curvature R. In this section, we will follow the outline of sections 2 and 3 of Tagirov’s
paper [2] and add our own calculations and observations.

3.1 Notation and conventions

In this chapter, we focus on the quantization process and we will therefore not be working in natural units. For
the sake of simplicity, we will be working with a slightly different metric than before. We take time foliations of the
spacetime to separate a single component, ¢ = x°/c, from the rest of the metric in the following way,

ds® = guydx*dx’ = (cdt)* - w;j(t,x)dx dx. (20)

Since gy is n-dimensional, it follows that w;; is (n — 1)-dimensional. The slightly different notation between dx
and dx is used to highlight the difference between coordinates before and after separating the time component."
This coordinate system is chosen without loss of generality.

3.2 C(lassical Hamiltonian along a geodesic line

Before we start the quantization process, we must first find a classical Hamiltonian for us to quantize. To this end,
we start with an on-shell spinless particle moving along a geodesic line, adhering to the following constraint,

g pupv = m?c?. 21

Similarly to the metric, we can separate the time component and arrive at

+ 14 2Ho 14+ 20 22)
mc — —mc —— | =0,
Po nc2 Po o

1 .,
Hy = %w” X pip;. (23)

where H is

We then choose the solution for which H = cpg > 0 and arrive at the classical Hamiltonian

B 2 2Hy
H=mc"\/1+ — (24)
mc

Since we are interested in a non-relativistic particle, we can expand H into
H=~mc?*+ Hy (25)

plus higher order terms.

VNote that in this section the difference between the Greek and Roman indices is not for Minkowski spacetime but for the separation of the
time component.
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3.3 Quantization and rules of ordering

In canonical quantization the primary observables x and p become operators, ¢ and p respectively, satisfying the
canonical commutation relations

[4',471=0  1pi,pj1=0 (4", pj)=ihd}. (26)

Note that upper indices are used for the position operators and lower indices for the momentum operators from
now on.” We will mostly be working in coordinate representation, where the operators become

.j coord. repr. Xi

(27a)

. coord. repr. 0 1( 0 1 0 1
Pj —lh(g + 1 (alnw(x))) =—ihw % (x)@w4 (%). (27b)

Here, w(x) = det(w; j(x)) is the determinant of the metric tensor and % acts on everything to its right.

Obviously, we want to quantize the classical Hamiltonian, equation 25. The non-trivial part of this quantization
is Hp and, as such, we will focus on the quantization of equation 23. In this quantization, the rule of hermitian
operator ordering becomes rather important. Just like Tagirov, we choose a combination of two rules of ordering to
see which one might be better suited to our goal.

The first rule of ordering we choose is Weyl ordering. This popular ordering takes all possible orderings of non-
commuting operators and weighs them equally. A one dimensional example is

xp? 2 S@p*+pap+pa. (28)

The second rule of ordering is Rivier ordering. In this case, all position operators are grouped on one side and all
momentum operators on the other side, supplemented by the reversed expression and a weight of % The above
one dimensional example then becomes

A a2

1 X
xp? 2 5(@p*+ P> 9. 29)

We then combine the two by taking v times Weyl ordering and (1 — v) times Rivier ordering.

In our case, the position operators § only appear inside the metric w'/(4), which poses a problem. We do not
know what form w/ (x) may take or how many position operators it contains. To tackle this problem we will use the
method of implementing an ordering by means of integrals, where we make the assumption that w'/ (x) can be writ-
ten as a polynomial. The method of implementing an ordering using integrals in Euclidean space is described in
detail by Berezin and Shubin in [7]. Our version in the general spacetime with metric w*/ is based on that method.
The goal is to write f¥(x), a random function of operators acting on a state function, as an integral of the symbol f.
The symbol is the classical analogue of the operator function f , the way you would intuitively write it. We use this
because although we might not know f , we do know the function we want to quantize, f. This naturally means that
arule of ordering must be chosen and implemented in order to switch between a symbol and a quantized function.
This integral method is an important part of our reasoning and the entire process is thus described in detail in this
section.

VIf the indices were both upper/lower, the last commutation relation would contain the metric instead of the delta-function, which would
complicate the calculations.
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3.3.1 Weyl ordering using integrals

We will start with Weyl ordering, since it poses the biggest problem in our investigation. As mentioned before, in
Weyl ordering, every ordering of non-commuting operators has an equal contribution. To write this down sim-

ply, we use the Weyl-ordered symmetric product (A{Cl ...A;CVN )W of non-commuting operators Afl Vs AII%N , which is

defined as follows,
KUk ok (gk gk
(a1A1+...+aNAN)k: Z Wall...aNN (All“'ANN)W‘ (30)
ki +otky=k 10 KN
In our case there are only pairs of non-commuting position and momentum operators, so N = 2 and the previous
equation becomes

~ ~\k k! Lam (Al am
(ag+pp)"= 3 ——a'f"(d'p 31)
1+mek U ( )W
for one such (g, p) pair. This means, for example,
s 1. O oo

(@P)w =3 (ap+pa) (@*p)w =3 (a*p+apa+pq’). (32)

We then define our polynomial Weyl-ordered function fyy as follows in 7 — 1 spatial dimensions
fw= X cap@ pw- G B w, (33)

Oa,0psm

where oy = a1 +...+ ay-1,0p = 1 +...+ f5-1, m is the maximum degree of the polynomial, and Cap is a coefficient.

To clarify the notation, with 5/:’“ we mean that every operator g has its own corresponding power a, where the lat-
ter are integers and the repeated k-indices are not summed over. This series of symmetric products is implemented
in the form of an exponential function, similarly to [7],

el (ria'+s'pj) _ pi(ng'+s'p1)  Hi(rn-14""+5"" pui)

(o) l'kl ) ok (o) ikn,l o s o (34)
=Y —nmd+stp)t . ¥ (1@ " )
k=0 k1! k=0 kn-1!

Each of the terms above is of the form of equation 31, so we automatically arrive at something of the form of
equation 33. To deal with the lack of knowledge about the precise functional form of the operator f , we use a
Fourier Transformation (FT) of position and momentum at the same time. To this end, we start by writing f asa
FT of some function ¢(r, s),

fw(@,p) =fe"(”ﬁi”j’ﬁf)w(r,s)drds. 35)

Here, we have used the compact notation dr = dr;...dr,—; and ds = ds'...ds" 1, the same holds true for dp and
dq. We also write the classical symbol f in a similar way;,

Fap = f el i +5'p)) (1 sy dr dis, (36)

and its inverse o
p(r,) = @m)>1" f e i+ £(q, p)ydq dp. @37)

As mentioned before, we are interested in the effect of fw on a state function ¥ (x),

fw¥ = f e id ') W () p(r, 5) dr dis. (38)
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We want to know how the exponential acts on the state function, but this is made difficult by the appearance of
both position and momentum operators in the exponent. As a short intermezzo, we will explore this.

To study the effect of ei(rid'+s'pj) on ¥ (x), we will first split the exponential into components with a single operator
type and then investigate the effect on ¥ (x). To split the exponential, we define

U(r) = e~ it P gmitnid’ git(rya! +5" pm) (39)

Then we take the derivative

oul(r) _ _iefitskﬁk(saﬁa)efitrlf]leit(rfﬁf+smﬁm)

ot
kA oAl . N .
e it Pk pmitng (rhflb)elt(rqu"'smpm)
n ie—itskﬁke—m,q’ (rcflc+ sdﬁd) eit(rqu+sMﬁm)
L _irckp R P N (A M
— _jeits* Pk (Sapae itng' _ g-itrig sdpd) ezt(rfq +5" D) (40)
. —itskpy (—itrig! a4 b, —itrig! _ —itrig" d 5 ) it(rrgf+s" pm)
—ie e s“pa—Hts"rpe —-e s“pale Vs m
. ks i Al i Af L ms
=zhtsbrbe itspr p=itrig elt(rfq +5"Pm)
= ihtsPr,U(0).

We know U(0) = 1 so we can solve this to get

2k Ceikp i Al s Af L om o
U(t) = etht s5ril2 = g i Pk pmitrig ett(rfq +s pm)‘ 41)
This means ; . 1
. i oma . e ma
elt(rfq +5"Pm) — ezht s rk/Zettrlq el ts” Pm (42)
andfort=1 . .
ei(rqu+s’”ﬁm) = oSk rii2 ying' His™ pm (43)

Now, we have our rule for splitting the exponential in terms of components with a single operator type, which
means we can continue to the action of the exponential on the state function ¥ (x):

. Af o omp .2k oAl sma
el(rfq +5 pm)‘P(X) — eths ril2 ging' gis P ()
.k oAl s oma
— (X|elhs rk/Zezrlq e's pm|\I_,>
— eihskrklz <X|eir1ﬁl eismﬁm |\P> (44)
2 ok ol om
— eths rklzelrlx (xle” pm|\P>

; k k 1
=/ SED )73 ()W (x + hs).

10
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In the last step, we used that

—iakpyin

I}
18
=~

~
Il
o

‘ —iakﬁk/h)l

I}
™18
=~

~
Il
o

1
koo _1 0 1
—ia"(—-ihw 4(x)—kw4(x)/h)
. 0x (45)

w‘i(x)(—aki)lw}l(x)
! oxk

I}
18
=~

~
Il
o

_1 —_ak k
—w 4(X)e a”*a/0x

w%(X),

where we used equation 27b for the momentum operator in coordinate representation. This results in the following
translation, which is implemented in the last step of equation 44,

e i@ PN (x) = ™1 () e @ I T (0P (x)
1 (46)
=0 1TXVY x-a),

where we defined the new state function as ¥/ (x) = w% x)¥(x). This concludes our intermezzo.

Now, we can go back to fiy ¥ (x) as defined in equation 38, where we can implement what we learned in equation
44,

N

fw¥ X :fe"(”f’i”jﬁf)‘l’(x)(p(r,s)drds
=/ei’k(skh/2+xk)w_i(x)‘P'(x+hs)(p(r,s)drds

— (Zﬂ)Z(I_n)feirk(Skh/2+Xk)e_i(riqi+sjpj)f(q, p)w—%(x)\},/(x_{_hs)dqdpdrds
. (47)
- (277:)2(1_”)fei(rk(Skh/2+Xk_qk)_sjpj)f(q, p)a)_%(x)\l’/(x+hs)dqdpdrds

= (Zn)l_”fe_isj”f5(sh/2+x—q)f(q,p)w_i(x)‘ll’(x+hs)dqdpds
= (Zﬂ)l_”fe_i‘j”ff(sh/2+x, P~ i (W (x+hs)dpds.

In the third step, we used the inverse FT for ¢(r, s) as described in equation 37. We then define new coordinates
y =X+ is and rewrite equation 47,

fwPx) = (Znh)l‘”fei"f("j‘yj’/hf(t—sl,p)w‘i(x)‘P’(y) dpdy
o (48)
— @nh)l" f oIP I =yin f(’%y,p)w‘i(x)\P(y)wi(y)dpdy-

This integral can be used to determine the Weyl ordering of a random polynomial function f of non-commuting op-
erators g and p. Our integral differs from that of Tagirov in [2] in that the phase has a different sign. We checked this
by using a fw with an odd number of momentum operators (x?p), where our phase gives the correct expression.
However, this difference between our findings and those of Tagirov is inconsequential to our current investigation
since we are dealing with an even number of momentum operators in Hy.

11
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We will take a another short intermezzo to show that this integral indeed produces Weyl ordered functions. We
perform a check with the one dimensional example of equation 28, where f(x, p) = xp?:

fWW(x)=(2nh)‘1f ip-ymn XY y pPo T ()W (y) dp dy

(Znh)‘lf(zh) ( el Y”h)x Yo i W (y) dpdy

0 X+
f ﬁz(a—zé( —Y))Tyw‘%(X)‘P'(y)dY

0% (x+
—hzw‘l(x)fa(x—y)—z(u‘lﬂ(y)) dy
(49)
X+y @

—‘P())

20 4(X)f5(X Y)( ‘P() Ta

= P i X ( 9 ¥ (x) +X6—‘P (x))
ax %2

—hzw‘Z(x)—(xa—\P (x)+i(xi\1/( )) > — (x¥' (x)))
B x> 0 0x2

N NPT
=3 (ap*+pap+p*a)ve.

This is exactly the same result as before. Note that there are more ways than one to rewrite the before last equation,
resulting in seemingly different weights for each term. For example,

2
fw¥® = -Ho i (X (ai‘{f’(x) +Xa—‘I”(x))

2

= —hzw_i(x)— (xa—‘l’ x) +2i (XE‘P x|+ 9 (X‘I’ (x))) (50)
0x?

0x? ox\ 0

= (ap*+2pap+p*a) ¥ (.

This is still Weyl ordering, just rewritten in a different form. We will make explicit use of this later on, while deter-
mining Hy.

3.3.2 Rivier ordering

Returning to our original problem, the function f that we are interested in contains exactly two momentum opera-
tors and an unknown number of position operators in the form of w'/ (§). Equation 48 tells us how to deal with this
in Weyl ordering, but we wanted to use a combination of Weyl and Rivier ordering. Rivier ordering, in this case, is
rather simple since the unknown part of f only contains position operators and, in Rivier ordering, they do not mix
with the momentum operators. Thus, we can simply write

A 1 A TP
fr=35 (w”(q)pipj + pipjw”(q)) 61
for Rivier ordering in our specific case. As required, fR is hermitian. The general case with an unknown number

of position and momentum operators, similar to the approach above for Weyl ordering, is described in detail in
appendix B.

12
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3.4 Quantized Hamiltonian
We can now continue with the quantization of Hy, equation 23. Using the integral of equation 48 for Weyl ordering
and equation 51 for Rivier ordering, and weighing them with v and 1 — v respectively, we get
H\P_Z—vijAAA Voo s Z_VAAijA\P

¥ (x) = B Y (q)pmﬁmpiw (q)pﬁmpipjw (@Y. (52)
The full derivation can be found in appendix C. This is exactly the same as equation (25) in [2] of Tagirov.
This may look as though the different terms in Weyl ordering do not share the same weight, but this is not the
case. The terms are simply rewritten in the same way as the example of equation 50. To prove the validity of the
integral method for Weyl ordering, we perform a check by way of a Taylor expansion of the metric w'/ (x). The full

Taylor expansion can be found in appendix D and agrees with equation (52). In this appendix, one can also find
that equation 52 can be written as

N n? 0 0
Hy¥(x) = —Pz 0 (@)p; ——( _X)(a_qlaql l’(q)))q’(x), (53)

where the dependence on the ordering is purely in the second term.

3.4.1 Separating kinetic and potential terms

As usual, we would like to separate Hj into a purely kinetic term and a potential term. Before doing so, we introduce
some definitions that will simplify our calculations. First of all, we introduce the Laplace-Beltrami operator A,

1 0 D
Ap¥PX)=V-V¥X) = —— — ( wXw J(X)H‘P(x))
X

VoX) oxt
(54)
= larl(x)wif(x) (iw(x)) (i‘l’(x) + (iwij (x)) (i\P(X)) + ' (x) (ii\P(x))
2 oxt oxJ ox! oxJ oxi ax/ ’
Next, we introduce the Christoffel symbol,
k Wk 0 6 0
r; (X) x) _w]l(X) + w;i(X) — wz] ® |, (55)
which we can use to define
Kl 0 0 0 1 4 0
rix = (x) —w x) —wkl(x) + —w;X) - —wirX|=-0" X —wX), (56)
oxk ox! 2 ox?
where the last equation holds because of the symmetry in the indices k, I. We then use the identity
Inwx) =Tr(nw;;(x)), (57)
to get
9 =002 0 (58)
0(x) oxk axk

which can be proven directly using the fully diagonalised version of the metric. This is then connected to the
Christoffel symbol, resulting in the following identity:

0
@w(x) =20X) I (x). (59)

13
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Now, we can separate Hy into a kinetic term and a potential. We start with equation 53 and work this out until we
have the separation we are looking for.

HoW(x) = (—pl ’f(q)p,——z( —3)( 0 ”(q)))qf(x)
g’ 0g7
=—h—2w‘i(x)i(w"f(x)—.(wi(x)\}'(x)))—h—z(l—z)(iiw”(x))\y(x)
2m ox! ox/J oxt ox/
:—h—zw*i(x) (iw”(x))(w%(x)i\wx)+\1/(x)iwi(x))+w"f(x)((iiw4(x))‘l’(><)
2m ox? ox/ J oxt ox/
(iw‘*(X))(i‘l’(X)) (iwf*(X))(i‘I’(X))HM(X)(ii (X)))
ox! oxJ OxJ ox! ox! OxJ
—h—zu—z)( 0 ”(x))\y(x)
4m 0x ’6 Y
=—h—2 (iw’]( ))(i‘l’(x))+ 1w*1(x)\1/(x)(iw’1(x))(iw(x))+ 1w*1(x)w’f(x)\y(x)( 9 .w(x))
ox? ox/J 4 ox? ox/ 4 ox! 0%/
- ia)‘z(x)wif(x) (ia)(x)) (iw(x)) Y(x) + 1w—l(x)wif(x) (iw(x)) (i‘l’(x))
16 ox? ox/ 2 ox! oxJ
+w”(X)(ii‘I’(X)) —(1——)(1160”()())‘1’()()
ox! oxJ ox! OxJ
L (1——)(iiw”(x))+lw i 0 ( "f(x)(iw(x)))
2m= 7 4m oxi OxJ 2 oxJ
_3um2 X'l (x) (iw(x)) (iw(x)) ¥ (x)
8 ox ox/
_ P e (1——)( 9 Wi +i( "f(x)r-(x))+1w"f(x)r~(x)r-(x) ¥ (x)
T oom am oxi ox/ oxi / 2 B
= —h—zAw‘P(x) + VY
2m
(60)
The first term is the kinetic term and
VX = ——[( ——)(;% ”(x))+ai( "f(x)rj(x))+%w"f(x)ri(x)mx) 61)

represents the potential term, which Tagirov calls the quantum potential in [2]. It is interesting to note that, al-
though we are dealing with a ‘free’ particle, there is still a potential term because we are working in a general space-
time instead of a flat one. Also note that V' (x) still contains v and, as such, is dependent on the choice of a rule of
ordering. At this point, we have no means of preferring a specific ordering.

If we compare our potential to that of Tagirov in [2] (equation 27), we can see that the two results are distinctly
different. To investigate this, we directly replicated Tagirov’s calculations but still end up with our own results.
Therefore, we conclude that we are in disagreement with Tagirov.

3.4.2 Coupling with R

A slightly different approach described by DeWitt in [3] investigates the path integral to see how a particle behaves
that is moving along a geodesic line. This was done because, in the classical limit, a freely moving particle will

14
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follow a geodesic line. Along this investigation some assumptions were made that come down to the following:
The extent of the particle’s wave packet is very small in comparison to the distance scale on which the metric
changes appreciably, so the particle can effectively be treated as a point particle. The other assumptions are that
this particle is moving non-relativistically and that the metric is static. DeWitt uses the same Hamiltonian as we
did and quantizes Hy as Hy = ﬁ piw'l(§)p i, which corresponds to our findings if we take v = 2. He then uses the

path integral to arrive at
. n? 1
o= =g (S0~ 5 ) >

where Hj is split into a kinetic term and a potential term proportional to the scalar curvature R with a coefficient
of L.
6

To cast our Hj into a similar form, we use Riemannian normal coordinates y*. These coordinates arise from the
idea that a unique geodesic line can be found between two points that are sufficiently close together. The new
coordinates are defined as follows:

yu = sa", (63)

where s is the distance along the geodesic line between the two points and a* is the tangent vector along the same
geodesic line. In the vicinity of the point y* = 0, which we will call the origin (O), we can approximate the metric as

1
v = guw(0) + gRumﬁ(O)y“yﬁ, (64)

plus higher order terms which we will omit in the current calculations. As a result of the Riemannian normal
coordinates, % 8uv(0) = 0 and therefore FZ 5 (0) = 0. We assume that all time derivatives of w!/ are zero, so we work
in a globally static spacetime, as a consequence, R = R,,. Implementing this into our potential term of equation 61,
we arrive at

- (2 — X) l R,(0)

2)6""

We have indeed found a potential term proportional to the scalar curvature and if we take v = 2 we arrive at the
same result as DeWitt.

V(O)——h—z[—(Z—X)lR (O)] __ (65)
T 4m 2)37¢ T 2m '

If we follow the same procedure described above for the potential term of Tagirov (equation 27 in [2]), we arrive
at

hZ
V(T) (0)= ——

— —(1+3) L e, ()

2)6
It is the same as ours but with a different prefactor involving v. In his paper, Tagirov describes following the same
procedure but he arrives at

. (66)

v =1 [ (%) lRw(O)] , (67)
2m 2/6
which is the same as DeWitt for v = 2, unlike equation 66. It seems that the difference in the potential term com-
pared to ours and the difference in the prefactor above compared to our calculations magically cancel to arrive at
the same equation as DeWitt in the case of v = 2. Tagirov then goes on to say that v must be 2 so that the result
agrees with DeWitt. However, DeWitt did not take into account different rules of ordering and we still do not see
any reason to prefer a certain rule of ordering.

Like we set out to do in the beginning of this chapter, we have found that the quantized Hamiltonian has a po-
tential term proportional to the scalar curvature R in these Riemannian normal coordinates. The corresponding
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coefficient is (2 - %) é, which is still dependent on the choice of rule of ordering, v. If v = 2, the coefficient becomes

%, which is the same as the conformal coefficient found in section 2.3.1, é, = in four dimensions. However,

n-2
4(n-1)’
the factor % in equation 65 is a direct consequence of the use of normal coordinates so it is unclear whether this sim-
ilarity is a fingerprint of the underlying conformal symmetry of the massless theory or this is merely a coincidence.
Furthermore, as of yet we still have no clear compelling reason"! to prefer a certain rule of ordering. This concludes
our investigation of the second approach, quantization of geodesic motion, which means we can proceed to some

interesting conclusions and areas of future research.

vire you require the Hamiltonian to be purely kinetic, that could be realised by taking v = 4, which coincides with minimal coupling or ¢ = 0.
However, we do not have a compelling reason for this requirement yet.
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4 Conclusions and outlook

In the introduction, we mentioned that the goal of this thesis was to review and document the reasoning behind
the QFT approach with conformal symmetry and the approach of quantization of geodesic motion presented by
Tagirov in a clear, unambiguous and complete manner. The two approaches have been explored and described in
detail and we can draw some interesting conclusions from our research.

In chapter 2, the first approach of setting up a Quantum Field Theory (QFT) in a general spacetime and search-
ing for a conformal symmetry was investigated thoroughly. From that investigation we can conclude that, for a
massless spin-0 field, there is a conformal symmetry if we introduce the coupling £ Rp? to the scalar Lagrangian
and take the coupling coefficient to be ¢ = ¢, = %, where 7 is the number of spacetime dimensions. This is
exactly the same result found by Tagirov in [1].

We have also investigated the same approach for a massless spin—% Dirac field. In this case, there is a conformal
symmetry without the need for introducing extra terms. Furthermore, in writing the squared of the Dirac equation
we arrive at a Klein-Gordon-like equation with a coupling between the scalar curvature and the Dirac field with a
coupling coefficient of %. This coupling is a result of the action of the derivatives on the Dirac field in a general
spacetime. It is interesting to note that it is impossible to make the coefficients for the different spin cases match
for any number of dimensions.

After we concluded the first approach with similar results to Tagirov, we investigated the second approach in chap-
ter 3. The second approach of quantization of the non-relativistic motion of a spinless particle moving along a
geodesic line was investigated thoroughly and a few different conclusions can be drawn from this investigation.
First of all, we verified the method of using integrals to implement Weyl ordering and Rivier ordering for a random
function of operators working on a state function.

Secondly, we found the same integrals as Tagirov did in [2] except for a different sign for the phase. This had no
impact on our calculations since Hj contains two momentum operators and we arrived at the same expression for
Hj as Tagirov. However, it is important to use the correct sign in any future research, especially when working with
an odd number of momentum operators.

Finally, we separated Hj into a kinetic and a potential term and arrived at a distinctly different expression com-
pared to Tagirov in [2]. After we used Riemannian normal coordinates, the potential term was proportional to the
scalar curvature. The resulting coefficient agreed with the calculations of DeWitt if we take v = 2 for the ordering
parameter in our calculation, but we have not found a compelling reason to prefer this choice for the rule of order-
ing, nor any other choice. For v = 2, the coefficient became % which corresponds to the coefficient found in the
first approach for a massless spin-0 field in four dimensions. However, it is still unclear whether this similarity is
a fingerprint of the underlying conformal symmetry of the massless theory, or merely a coincidence. Even though
Tagirov uses the same method of using Riemannian normal coordinates, we find a different coefficient for his po-
tential term than he does. Inexplicably, the coefficient he arrives at becomes the same as that of DeWitt for v = 2.

These conclusions, of course, give rise to some interesting areas for future research. The first is to investigate
whether there is a guiding principle that tells us which rule of ordering we should choose. An argument could
be made for taking v = 4, which coincides with minimal coupling, because the Hamiltonian would be purely ki-
netic in that case. However, we do not have a compelling reason to set this requirement yet. If a clear reason arises
for choosing v = 2, resulting in the same coefficient for the two approaches in four dimensions, it would also be
interesting to investigate whether an underlying reason for the correspondence can be determined or not.
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Another interesting area for future research is to follow the second approach of quantization of geodesic motion
but for a spin—% particle. Of course, this changes Hj and the spin—% character of the particle needs to be taken
into account throughout the calculations. It would be interesting to see whether a similar coupling with the scalar
curvature arises, and whether this corresponds to the coupling found in the QFT approach.

Regardless of the direction of future research, we hope that this thesis can serve as a solid foundation.
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A Conformal transformations

In this appendix, the derivations of the conformal transformations can be found. It has been split into four parts.
The first section contains metric related quantities such as the Christoffel symbol, the Ricci curvature scalar, and
the spinor connection. The second section contains n-bein related quantities such as the n-bein itself, the Dirac
gamma matrix and the connection. The third section contains equations containing the scalar field such as the
Klein-Gordon equation and the scalar Lagrangian. The fourth section contains equations containing the Dirac
field such as the Dirac equation and the Dirac Lagrangian.

A.1 Metric g"¥
In this section, the derivation of conformal transformations of metric related quantities can be found.
A.1.1 Christoffel symbol I'},
T = %g’“’ (0484 + 008115~ 0080y
- %Q_Zglp (0:(Q*gvp) + 0y (Q*gup) — 0, (Q*gy))

1
= 50728 (200,08y, + Q%0,8vp + 200, Qg + Q01 8up ~ 200 Qv ~ 20p ) (68)
=T}, + Q7' g" (8100, Q + 8p0y Q2 — 8y 0, Q)

=1}, +0710,0 (5ﬁ5$ +6169 ~ gwgw)

A.1.2 Ricci curvature scalar R

R =gP (agr;;"a 0T + T T, ~ rg"lr;ﬁé)

= 072gP 05T, +05 (071010656} + 555} ~ gpag™)
~0aT%; ~ 00 (Q 710106562 + 635% — 858" "))
+I5 T, +T5,Q710,Q0050% + 050 — gpag™™) +Q710,0(650% + 6565 — 8185, (69)
+Q7'9,0(6506% +656% - g518"Q 10,0846, +6430) — gpag™)
—T5 s~ T3, Q710,Q(85075 +0656% — gpag™) — Q7' 0,0656% +856% — 8arg ™ T s
~0710,0(656% + 5555 - 20180071 0,05455 + 535 - gpsg™)|

With clarity and conciseness in mind, we examine the terms in between the square brackets proportional to Q°,
0y (Q7'0,0Q), Q’lapQ, and Q’ZO#QOVQ separately. We start with the term proportional to Q°,

-2 B0 A Al _0-2
Q72gP 05T, —0aT s+ T8i T 5 —Toalhs| = Q°R. (70)
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Next, we examine the term proportional to 9, (Q210,0),
072g7 05 (Q710,0656% + 656} - 8pag™") 00 (20126567 + 555 - 8o 8™ |

=Q2gh [65(nQ_16ﬁQ) —05(Q105Q) - 05(Q 1050 +04(Q 101 Qgps g

=02 [(n -2)gMa5(Q71050) + nd (' g™ 0, ) + Q*lgﬁ‘sg“‘amaagm]

(71)
=072 [(n-2gM 057105 + n(g*194(Q710,0) + 071010048 + 01 g7 210,00, g
=Q [2(n ~ 1805 Q71 95Q0) + nQ 719, 00,8 + Q‘lgﬁdg“amaagﬁa]

= [Z(rl —1)Q'gM05050—2(n-1)Q 28R 050050+ nQ 19, Q0,8 + Q*lgﬁ‘sg“*amaagm] .
Then, we examine the term proportional to Q‘lapQ,

Q2gP [rglﬂflauﬂ(éga’; +040% - gpa ™) +Q710,0658% + 5155 — 518°MT ),
—I5,Q710,Q(630% + 06504 — gpag™) — Q71 0, Q058Y + 6§05 — garg ™I s
= 0790,08" (T} + 8,84 ~ T2, gpa g™ + Tlys + T%0% — 8528 T, —T%s05 —T%50% + %, gpsg™ — ' )
=07%0,0 ((2 — mghoTh s T g - Fgag““ + nl"glg’“‘)
= 079,00 - (g"r; - 1%, g™
=07%3,02-n) (%gﬁ‘sf,"”L (0p8sr +058pr —08ps) — %g“‘ 8 (0agvr +018va — Ov8ar)

=07%0,002-ngh g" (35851 — 01 8p0)
= 070,02 -n) (28714, - g7 g 0pg51 ).

(72)
Finally, we examine the term proportional to Q‘ZO“Q(?VQ,
Q2gh° [Q‘layg(égaﬁ +050% - gs18"MQ 10, Q(5 507 + 6&6% - gpag™)
—Q7'0,0(650% +858% — gaa8™Q10,Q(87365 + 8567 — gpog™) (73)
=070,00,Q8"" (n* -3n+2).
Now, we gather all the terms again and use [JQ = g#V0,,0,Q — rfwa 1QgH:
R=Q7 [R +0720,00,Q8" (n* -3n+2) + Q710,02 - n) (2gﬁ5r’ﬁ‘5 - gﬁ‘sgﬂlaﬁgm)

+2(n— 1)Q_lgﬁ56ﬁ65(2 -2(n- I)Q_zgﬁ56ﬁ9059 +nQ710,Q0,8% + Q—lgﬁ‘?g“amaagﬁﬁ] -

= Q2 [R+Q720,00,Q8" (n*—5n+4) +2(n-1)Q'0Q
+29_16u98ﬁ5F§5 - 2-mQ 10,08 g"dpgs1 + nQ 10100, g™ + Q_lgﬁ‘ngaAQaagm]

Focussing on the last four terms, we can show that they amount to 0.
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20719

Qgﬁ‘sl“ -2-mQto Qgﬁ gt 0p8sr +nQ10,Q0, g+ 1gMg%%,00, gpo
070,08 g @pgsn +058p1— 018ps) — 2— MQ 8,08 g 0852

+ anla;LQaaga;L +Qflgﬁ5gmla,196ag’35

nQ_la,lQ(gﬁ‘sg“Aaﬁggﬂ +0a8"M

(75)
= n0719,0(05(8" " g5y) - 87 5,0p8™ ~ 8 85u0p 8" + 028"
= nQ719,Q20,8% - 6h0pgM - 62058
= nQ710,Q20,8 - 20,8
=0
In the before last step, we used that 0 /36 g‘ = 0. The transformation of R then results in
R =Q7%[R+(n-1D(n-9HQ*g",00,Q+2(n-1Q7'0Q]. (76)
A.2 n-bein e
In this section, the derivation of conformal transformations of n-bein related quantities can be found.
A.2.1 n-beinej
We use the definition of e, given in equation 8, and the transformation of the metric.
gn=0gw=elelng  gM=07gh =elleyn® 77)
This means that the n-bein transforms as
= Qe el =qleh. (78)
A.2.2 Dirac gamma matrix y*
We use that
it y¥y=2g", (79)
which results in
Y =Q Ik (80)
A.2.3 Connection w?
ub
w,=—e," ey - ke
=—ale) (aﬂ (Qe) - (rﬁv +Q7'0,Q(6167 + 5265~ guv g’t”)) Qe;f)
=-Q7ley (eSG#Q +Q0,ey - FﬁVQef{ - 609(616‘7 6)”(5#‘ gmg’l”)ef{)
(81)

=Wy, — Q7 ( i 36uQ—e26UQ(6”16”+616” g’ )ef{)
—w -Q- ( 36,19—egezde—eZef,‘auQ+gﬂpg e elag )

:w”b (gypg’w pelagQ eb ydg )
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Here, we used the transformation of the Christoffel symbol from section A.1.1.
We are also interested in the transformation of wﬁb [Ya» Y], where we will use the transformation of wz b described
above:

0 P10 vp) = 0 Iy oY)

= UCb (ch - Q_l (g,upg/loelc)ef{aag - egeﬂaaﬂ)) [Yar Vbl

=0 lya,ypl - Q7' (gppg“’ el e, 0~ e?e,‘faaﬂ) [Yar Y] -
= wzb [YarYbl — Q! (gupglgaaQ[YA,Yp] - GUQ[YW?’U])
= 0y eyl =07 (098" [y, vl - 0,26 Iy 721
=0 [ya vy —2Q7'9,028" [y, 7.

A.3 Scalar field ¢

In this section, the conformal transformations of the Klein-Gordon equation and the scalar Lagrangian can be
found.

A.3.1 Klein-Gordon equation O¢+¢R¢p =0

First, we focus on the d’Alembertian of the scalar field, O¢:
!l 1 / I oV /
D¢_\/_—g,a#( —88 61/(1[))
1 / n
_ —_02 =2 UV 1-5
- —angay( Qg gm0y 2¢))

_ \/%_g aa,(v=g" 2 (@' Fa,p+ (1~ Diga-t0,0))

_ 1 -n 21 5 uv 22 = v _n
= __gQ 6u(92 V=88 0vp+Q27"/—gg (1 z)avﬂ)

- \/L__gQ*” (0F0u(v/=gg" 0 + \/_—gg’“”’(iv(p(g —1QF 29,0+ (g ~2)0%739,0,/~gg" (1 - g)am

n n n n
+0E 200 - 2)0,(/7g8" 0,0 + Q82 /Zgg (1 - 20,00,0)

,(n=2)(n-4)
4

n -2
=q 27! (D¢—Q‘ g™ $0,00,Q - nTQ_1¢DQ).

(83)
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Then, we implement this and the transformation of R into the full Klein-Gordon equation:

¢ +ERY =Q 27 [Op- Q2

(n=2)(n—-4) n
4

-2
g"" $0,00,Q - Q’l(pDQ)

2
+éQ 2! (Rp+(n-1)(n-49HQ2g" ¢0,00,Q +2(n - 1Q ™ ¢0Q)

=Q 7 Qg +ERP) + Q77! i

(f(n— D(n-4)- )Q_Zg’”(pauﬂavﬂ (84)
+ (ézm— - —”;2)9-14)59]
=Q 1 (O¢p+ERP) =0

Here, the last equation only holds for & = ¢, = 4(’;—__21).

A.3.2 Scalar Lagrangian &
1 —
x/: 5 _g/ (g/uVa”(p/aV(pl_le('blz)
1 n n n
= EQ”\/_—g [Q‘zgﬂvau(gl‘f@av(gl‘f¢) —{Q7%(R+(n-1(n-4Q%g"0,00,Q+2(n-1Q7'0Q) (Ql_?gb)z]
- %Q”,/_—g [o72g" (- g)Q‘g¢6”Q+Ql‘g6y¢>) (a- S)Q‘gWhQ +0'7%09,0)
—{(R+(n-1D(n-4Q7%g"0,00,Q+2(n-1)Q'0Q) Q"¢

1 2
= Vg | ((1 —n+ "I)Q*%Zauaavg +(- S)Ql’”(payQav<p+ (1- S)QI*"(paVQa,,m QZ*"apq)avq))

~{(R+(n-D(n-4Q%g"0,00,Q+2(n-1)Q'0Q) ¢?]

1 1 ’
= S V=8(8" 0up0vp—ERY?) + S v=g || - n+ nz) —&n-1)(n-4)|Q g ¢*0,00,0

+2-mQ ' g p0,Q0,¢ —2(n-1)EQ 7 ¢*0Q)]
(85)

n-2 .

Now, we plugin ¢ =¢. = K

1 1
£'= - =g(g" 0,pdyd—ERP?) + —\/_—g((g —1)Q2gM ¢?0,00,Q + 2 - mQ " 0,00, - (g -nol¢?00)

2 2
1 v 1n - v - v -
= 5 V=g (8" 0909~ {RY?) + 2 (5~ D (V=80 8" $°0,00,0-2\/=g0 1 0,00,$g" ¢ - Q7 /=g 110)
1 1
= 5 V=8 (8" 0.p0vp—{RY?) + g(g -1 (V=80 %" ¢?0,00,Q - 2y/=gQ "' 0,00, ¢pg" ¢ - Q7 $* V(=g g" 0,Q))
1 n 1 __
— 5\/__g(gNVaﬂ¢av(P_é—R¢2) +vu (_ /_g(E - 1)5{2 lgﬂv(pzavﬂ

- 2+9,(-v7BG - 0307'g"¢0,9),
(86)

which is the same as the original scalar Lagrangian up to a total four-divergence.
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A.4 Dirac field

In this section, the conformal transformations of the Dirac equation and the Dirac Lagrangian can be found.
A.4.1 Dirac equation iy*V,y =0

. . 1 b

iy =iy (0u + 5 [Ya,w;])w’

l-n_q, 1 1 1-n__
=02 11y“(6”+§wzb[ya,yb]—zﬂ lagQg’w[y;L,yu]+TQ 16”9)1//

-n j 1-
=7 (iY”Vuw— LQ70,Q8M Y iy a vy + i nQ‘IY"aqu)
4 2 87)
—n -1 1-
s (iy“vuw+ i1 019,08y p + i 5 nQ‘ly“GHQw)
-n 1- 1-
-1 (iy”V,ﬂp—i o lyko,0u+i ”Q*lyﬂaﬂgxp)
Q7 iV, =0
Here, we used y#[y,, Yul = —(2n—2)y, and the transformations described in section A.2.
A.4.2 DiracLagrangian Zp
i B _ —
Zp=5\181 (07 Vi iV )
i l-n _l-n_j _ ln _l-n_y _ <
=2 'g'(Q Py - T T Gy V) 88)

R e
= Q070" 2 igl (07 Yy~ 97 V)
=%p
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B Rivier ordering in integral form

In this section, we describe the method of implementing the Rivier ordering for a random polynomial function
fr(g, p) using integrals.

As with Weyl ordering we start with the general description of fz,
£ ooaoa 1 ~ An— A APn— A APn-1,~ ~An—
fR(q! p) = Z C&EE ((ql)al(qn 1)an—1pf1 ".pg711 + pfl---pg,f (ql)al (qn l)an—l) , (89)

0o, 0psm

where o4 = a1 +...+ ay-1,0p = 1 +...+ f5-1, m is the maximum degree of the polynomial, and Cap is a coefficient.

A reminder of the notation, with (§¥)% we mean that every operator g has its own corresponding power ay,
where the latter are integers and the repeated k-indices are not summed over. Generally, Rivier ordering groups
all operators of the same type, as mentioned in chapter 3. All position operators are grouped on one side and all
momentum operators on the other side, supplemented by the reversed expression and a weight of % For example,

xp? L 3(gp? + p*§). More generally, we can write

A 1 ~ 4

fr= E(fl"’fr); (90)
where f; and f, have all position operators to the left and right of all momentum operators respectively. Since the
two parts are easily separable and very similar, the following description of the integral method is done for the first

half of Rivier ordering, f;.

First, we define the kernel K in the following way

K(xy) = &I fly). D)
In our case, we will only be working with fl so we will use

Kx,y) = xIfily). 92)

Then, we write the symbol f as a Fourier transformation (FT) of the kernel

flg,p) = fL(q, pIx,V)K(x,y) dxdy. (93)
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In order to determine L(q, plx,y), a few steps are needed as well as some ingredients. The first ingredients are the
following four kernels:

mmﬁm=[mmmmﬁwm

f( lh)(§+é—lglnw(x))6(x 7z)K(z,y) dz

=- h(i+lilnw(x))l<(x ) (94a)
B ox) 4 0x) y

mﬁmm=fMMmmdez

fK(xz)( lh)(—+lilna)(z))6(z y)dz

0z) 40z)
(0 190
_+zh(@—z—la—]lnw(y))K(x y) (94b)
147 filyy =x/ (x| filyy =x K (x,y) (94c)
/1471y =y <1 fuly) =y K, y). (94d)
The next ingredients are the following operators and their corresponding symbols.

A 0
ijw( tﬁ@)f (95a)
fibj—pif (95b)
P fi—daf (950)

L ‘ 9
flﬁf—»(qf—ih—)f. (95d)

apj

Note that we can only translate the operators to their corresponding symbols once they are in the right ordering,
for which we used the commutation relations of equation 26. To determine L(qg, p|x,y), we first use equation 93 in
combination with equations 94a and 95a,

)
(m-lﬁ )f(ci p)= f(pj_lhaq )L(q,plx VKX y) dxdy

0 10
fL(q,plx y) (- lh)(ﬂ+25_]lnw(x))K(X y) dxdy (96)

. 10
_f(+zh)K(x,y)(@—Za—lnw(x))L(q,plx y) dxdy,

to arrive at

( -—ihi)L( Ix,y) = +lh( 9 9 lnw(x))L( 1X,y). 97)
pj g q, pIXy. o 49% q,pIx.y.

Then, we do the same thing, using equations 94b and 95b,
f(q,p)pj:fij(q,plx,y)K(x,y) dxdy

6 1 6

10
f( iNK(X,y) (a—] + Za—]lnw(y)) L(g, plx,y) dxdy,
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to arrive at

..(0 120
piL(g,plx,y) = —in (@ + ZWlnw(y)) L(g, pIxy). (99)
Similarly, we use equations 94c and 95c,
@' fp.qg) = f 4’ L(q, plx, Y K(x,y) dxdy = fL(q, pIx, V)X K(x,y) dxdy, (100)
to arrive at ) )
q’L(q, pIxy) = x' L(q, pI%, ). (101)

And finally, we use equations 94d and 95d,

; 0 ; 0
(q’—iﬁ—)f(p,q)=f(q’—iﬁ—)L(q,pIx,y)K(X,y)dxdy
op; ?P; (102)

=fij(q,plx,y)K(x,y) dxdy,

to arrive at
9 .
(qf — lﬁa—p) L(g, pIx,y) =y’ L(q, pIx, ). (103)
j

We have acquired a set of differential equations, formed by equations 97, 99, 101, and 103, and now we solve these
to find L(g, plx,y). We begin by using equation 99

i 10 0
(glﬂj - ;lwlnw(y))uq,plx,y) = a_wL(q’plx’y)’ (104)
which results in P o )
L(g, plx,y) = en PV =100 ) (g pix) = PY My~ 1 (y) Ly (g, plx). (105)

Then, we use equation 97

(—i '+lilnw(x))L( |x )—(i+i)L( [%,y)
P 1w TPV \oxd T aqi )P
N (_ip.+lilnw(x) P Gy 1 () L1 (g p|x)=(i+i)eipkyk’hw‘%(ym(q pIx) (106)
R 4% ’ oxi  aql '
= (—i ‘+lilnw(x))L ( Ix)—(—+i)L ( [x)
nPI " 4 oxi 1 PRI=\oxd T ogi )P
This results in T . o
Ll(q,PIX) — e—lpjxflh+zlnw(x)L2(q_X, p) = wi(x)e_”’f"]/hLz(q—x, D), (107)
which means L(q, p|x,y) becomes
L(g, pIxy) = i @w™ i (y)e  Pi¥ ¥, (4 x p). (108)

Using equation 101, we arrive at

qu% (X)w—i (y)e—ipj(xf_yj)/hLz(q —x,p) = ot (X)w—i (y)e—ipj(xf_yf)/hLz(q —x,p) 109)
= q/Lig-xp) =x/Lr(g-xp).
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This implies
Ly(g—x,p) =6~ q)L3(p),
resulting in the following for L(g, pIx,y),

L(g, plx,y) = 03 ®w i (e Pi¥ Vs x_ g L (p).

Finally, we use equation 103

(qj - ih%) Wi i e P Vs g La(p) =y 0t o™i (e PI¥ Y x— gLy (p)
J

= (xj - lhai) e‘ipj(xf—yf)/th(P) =Yje_ipj(xj_yj)/hL3(P)
pj

0
= _L3 (p) = 0;
op;
so L3(p) is a constant. We know that for f =1, K(x,y) = x|ly) = §(x—y) and thus equation 93 becomes
1= fw% W i (y)e P YVREx — a) L3 (p)5(x—Y) dxdy.

This is correct if L3(p) = 1 and we finally arrive at

L(g, plx,y) = 0 @i (y)e PI¥ Y5 g).

Now we know L(g, plx,y), we can insert it into equation 93 to get
flg,p)= fw%(x)af% (y)K(x,y)efipf(xjfyj)/hé(x— q) dxdy
:fwi(q)w‘i(y)K(q,y)e""’f("j‘yj”h dy.
The inverse FT is given by
ot o K = @a = [P o a,

which can be written as
. i i 1 1
Kxy) = @rh)'™" f e Pi® YD) =1 (w1 (y) f(x, p) dp.

Like before with Weyl ordering, we want to know f; ¥ (x)
[P = xIfil®)
= [ifipyierdy

=fK(x,y)‘I’(y) dy

— (znh)l—nw—% (X)ff(x’ p)w% (y)eipj(xf—yi)/h\l,(y) dydp
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For f,, we can follow the same method as for f; and arrive at

P = @) o™i ®) f Fy, poiy)ePi® D Mp) dyap. (119)

If we then add f; and f, with weight %, we arrive at our Rivier ordering in integral form

~ 1 1 1 . i
fr¥Y® = a0 ™1 (x) f S (fop+fe,p)wt e Pi¥ ¥y vy dydp. (120)

As with the Weyl ordering, this integral differs from that of Tagirov in [2] in that the phase has a different sign. Again,
this was checked with an odd number of momentum operators, where our phase gives the correct expression. In
the case described in chapter 3 this difference is inconsequential since we are dealing with an even number of
momentum operators.
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C Quantization of H, using the integral method

In this appendix, the derivation of equation 52, the quantization of Hy using the integral method, can be found.
Before quantization, Hy is

1 .
Hy = %piw” ®pj=f. (121)

Of course, this is also our symbol f. To get the Weyl ordering, we use the integral of equation 48 with the above
symbol as input and fully work it out along the lines of the example in equation 49:

fwP = @rm)' " 7(x)f Py )/h;n ‘wif()ﬂ)lﬂj‘l"(y)dpdy
= (2nh)'~ "—w 4(x)f[(zh)za laa] ety i 2yt ) ap ay
1- n I n-1 _ ij ﬂ /
= (2nh) ()f[ala](Znh) o(x y)]w ( 2 W (y)dy
—n? 0 :
:%w 4(x)f6(x y) [ ( ’J(X y)‘l”(y))] d
R i aa, 1(0 4 a 1(0 0
_ﬁw 1(x) |lw (X)(FO_J (X))+E(Fw ()) (67\11 (X)) —(a—]w (X)) (@‘P (X)) 122
+ 1( 0 0 ”(X))‘I’(X)
oxi oxJ

—_—Zw‘i(X) ! W' (x )( 0 ())+li( ”(X) 0 ‘I’(X)) i( ”(X) 0 ‘I’(X))
T 2m oxi oxJ 4 gxi 4 ox/

1a e
LN 5 s 10 10 0,
- 71 J R, - ij [ /
07| ()(dlaxl‘y())+26x’( (09 \P()) 13 5 (@ 00¥' )

= (lwij(fl)ﬁiﬁ Pt @)y + = pip ‘w"f(q)) ¥ (x)
m\4 ) It
In the before last step we have used the symmetry in the indices 7, j. We combine this with equation 51 for the

Rivier ordering according to the rule ‘v-Weyl ordering+(1 — v)-Rivier ordering’ and arrive at

N 1v,-jAAA Voo i Voo s l—vl-jAAA l—vAAl-jA
HYX) = — |-’ (@pipj+ - piw’ (@pj+ =pipjw” () + — 0" (PPipj+ — Pipjo~ (@) | Y X)
2m\4 2 4 2 2 (123)

- (ﬂwij(q)ﬁiﬁ.+Lﬁiwif(gi)ﬁ.JrZ;Vﬁiﬁ‘wif(q) V(x).
8m " am 17 8m Y
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D Taylor expansion of w'/

In this appendix, we use the Taylor expansion of the metric w’/ to investigate the ordering of quantum observables
belonging to Hy = ﬁw” (X)pipj, equation 23. This is done to verify the results of the integral method, equation 52.

First, we take the Taylor expansion of ' (x) with respect to the reference point X,

g © ] y
ij _ - ijs k _ gk ks _ ks
w (X)_sg()S! (6k1---ak50) (x))(x1 gk ks — gk, (124)
Here, we used that dy, ...0, 0" (X) = axikl“‘ aka ' (x)|x=z. We will make use of the following series
S
Y l=s+1
=0
S 1
Y I==s(s+1)
i 2
s 1 (125)
Y P=—s(s+1)@2s+1)
i 6
S 1
B==8(s+1)>
i 4
Next, we implement Rivier ordering,
1 T
o (0T @pips + pipie” @), (126)
and Weyl ordering,
1 X1 2 s
— Y === (5.0 0 ®) G* —xF)...g* — x5 p;-
2m & s! (s +2)! ( kyeeTks );’)r:o q qa pi (127)

(glkm _)‘(kl-#l)'”(qur _xkl+r)’§j([]kl+r+1 _ _kl+r+l)“.(ﬁks _)‘(ks)_

Here, we have separated the s position operators in 3 parts, each divided by a momentum operator. Because of

symmetry in the indices ki, ..., ks, the order of the operators within the different parts does not matter, resulting

. -1 . .
in a factor (SJZ'Z) . The order of the momentum operators does not matter either because of the symmetry in the

indices i, j. The resulting factor % is the expected weight associated with Weyl ordering and is in agreement
with the one dimensional example of equation 28 for xp?, where we have one position operator and for s = 1 the
above factor becomes %

We then combine the expressions using the rule ‘v-Weyl ordering+(1 — v)-Rivier ordering’ and bring p; to the left
and p; to the right using the commutation relations of equation 26, the series described above, and the symmetry
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in the indices ki, ..., ks and i, j:

1 ij 2v o) &k <k caks _gk
Ho=5—pi|1-v)o (q)+z( +2)'( O, ’(X))ZZ L_ghy gk -5k |
1=07=0

1 (e8]

l ij - . kl kg —kz ks — kS _V
oy (0,--0k, 0" ®) | ins6¥ (4 I
1 —
_ ihsé"f:pl(qkl _Xkl) (qks 1 -ks—l) ZV (128)

s
+ Zhl§k1 gl _ gke ki _ gkir Akierel _ skicri Ak _ gks
(s+1)(s+2)120r20( )--(q )P4 )-..(4 )

—zh(s—l—r)é‘k“pl ki _gkny gk —)'(ks‘l))]
:%ﬁiw”(fl)ﬁj +Q.

The term on the first line is responsible for the first term at the end, which means the rest of the terms are collected

in Q. The latter is worked out by bringing all § operators to the right-hand side of the remaining p operator, giving
rise to additional non-zero commutators.

o0
Q i Z . (akl akx l](X)) lhs[pj5k1(Ak2_Xk2) ("ks_)-(ks)

s=0 S

—ﬁia’?s(a; —xM) (g5 xR+ (s - 1)5’?15’?2(@’“3 —x53)..(g"% —xF9)

(129)
v (o) N k _
EZ S+2)|( akswf(x))ml;)rzo[ml pi(gF — k2. (g% k)
_(S_l_r)agfsﬁi(ﬁ 1_)—(]61)”.(@]65—1 —)_(ksfl)+ih(l+r—l)l5;€l6k2(qk3 —kj) (qks_)—(ks)
We use the following series:
s s—1 s 1 1 ) 1
Y XY I=)Y ls—1+)=-=s(s+DR2s+ D+ -s(s+1)*==s(s+1)(s+2)
1=0r=0  [=0 6 2 6
S 5= 1S 1 1 1
ZZ U+r=9==Y (-8)(s—1+1)=——=s(s+D2s+1) +-s(s+1)(2s+1) — =s(s + 1)
&5 2 12 4 2
:—ls(s+1)(5+2)
(130)
N
ZZ(lz+rl—l)—Z(s—l+1)( I + —l(s 2))_2( §l2+%l(s+1)(s—2))
1=0r=0

- ls2(3+ D2+ ls(s+ DERs+1)+ ls(s+ 1D?(s-2)
8 4 4

1 1
=§s(s+ D(—s®—s+4s+2+2s>—25—4) = E(s— Ds(s+1D(s+2).
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We implement these in Q and arrive at

=1 21 v 1 l] ks ke ok

Q=1 L o [0k 0k, (0100 () (0 - 5)...(g" =)
~ ZLOO 1 ij ks cks ks ks 131
h 8m§’2(s—2)'(ak3 Ok, (0;0jw (X)))( %)...(g" — %) (131)

K2 v o
=— m(l — 5)6i0jwlf (q)

At first order in 7, all orderings are equivalent. This follows from the mirror symmetry of p; and p; of every hermi-
tian ordering. At highest order (2"9) in i, we see the only differences between the different orderings. Therefore, it
is sufficient to use two representative orderings, and thus one parameter v, to parametrize the dependence of Hj
on the quantum ordering. If Hy would have contained more than two momentum operators, one parameter would
not suffice. The ordering of quantum observables belonging to Hy finally results in

2
Ho =—pl 0 (@)p; ——(1 —)(6 djw ”(q)) (132)

To show that this is in agreement with equation 52, we rewrite the latter:
ﬁ\P—Z_V"fAAA Voo ijiaa 2—vAAl-jA\P
¥ (x) = el (q)mpﬁmmw (q)pﬁmpimw (@YX

2—v .. 1 v o _1 .. 2—v 1 ..
——m[Tw”(x)w 100 (310, %'09) + S 1 (90, (w’f(x)aj\}f’(x))+Tw 10,0, (w”(x)‘l”(x))

S [2_—Vwif W7 (x) (0,0, %) + gw—i (300, 07 099, %' ) + ZTTVw—i (0 (0:00" ) ¥' )

+ 2—w 4(x)( lw”(x))(aj‘l"(x))+2;—Vw‘%(x)w”(x) (0:0;¥'x)

—(u i(x)a 0 x0;¥ ) —2_—wa%()() 9;0 x| (0: ¥ ® +Xaf%(x)6i 0 %0V x)
j 5 j 5 j

+ 2T(u‘ﬂx) (6,-6jwif(x))\lf’(x) + 2_va_i(x) (Oiwij(x)) (0;¥' )

_ 2 _1 ij , 1 v . ,
_—%[a} 4(x)0i(w (x)aj‘P(X))+§(l—§)w 4(x)(6,-6jw (X))\y(x)
_ L i n? V(A A i

_%plw (q)p]‘l’(x)—m(l_z)(ala]w (q))\P(X)

(133)

This is indeed the same as equation 132, which means both methods give the same result.
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