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Abstract

Bound states in a quantum field theory can be described by the Bethe-Salpeter equation [1].
This equation has been the subject of many studies and with this work, we want to build
on these studies in order to investigate the pion. The later is the lightest hadron composed
of a quark and an antiquark. We connect our calculations in the Bethe-Salpeter formalism
to in-hadron condensates and examine the Gell-Mann-Oakes-Renner relation.

The idea of in-hadron condensates is that quark fields do not have a vacuum ex-
pectation value all over spacetime, instead their condensate is spatially confined within a
hadron [2-5]. This concept could solve a problem concerning the cosmological constant [3],
which describes the vacuum energy density and is—within QCD—calculated to be forty
orders of magnitude greater than experimentally measured. If the quark condensate were
actually constrained to exist within a hadron, then it would not be taken into account for
the vacuum energy density, but rather already be included in the matter energy density.

The Bethe-Salpeter equation follows from the assumption that bound states are poles
in Green’s functions. These poles, which are at the energy corresponding to the rest
mass of a bound state, can be directly observed as resonances in experimental high en-
ergy physics. Under certain assumptions, like instantaneous interactions and equal quark
masses for the up- and down-quarks, one can simplify the Bethe-Salpeter equation to the
Salpeter equation. The solution of this Salpeter equation is the Salpeter amplitude, which
is the analogue to the wave function in regular quantum mechanics. Since we aim to
describe the pion, we demand a certain transformation under parity and charge conju-
gation transformation. As a result, only certain components of the Salpeter amplitude
remain and can be determined. After transforming the Salpeter equation to an eigenvalue
problem, these components appear as eigenvectors and the eigenvalue is the mass of the
corresponding bound state, i.e. of a pion.

In this thesis, we aim to explore in-hadron condensates in connection with the Gell-
Mann-Oakes-Renner relation [6]. This relation connects the “current” quark mass as it
appears in the Lagrangian to the mass of a bound state and its decay constant. Rigorously,
this relation is valid in the so-called chiral limit where quarks are assumed to be massless.
Furthermore, in the Gell-Mann-Oakes-Renner relation, the vacuum expectation value of
the constituent quarks enters the equation. We would like to investigate what happens
when we replace the vacuum condensate with the in-hadron condensate.






Kurzfassung

Gebundene Zusténde konnen in einer Quantenfeldtheorie durch die Bethe-Salpeter-Gleich-
ung [1] beschrieben werden. Diese Gleichung war Gegenstand vieler Untersuchungen und
in dieser Arbeit wollen wir, auf diesen Studien aufbauend, das Pion analysieren. Dieses ist
das leichteste Hadron, bestehend aus einem Quark und einem Antiquark. Wir verbinden
unsere Berechnungen im Bethe-Salpeter-Formalismus zu in-Hadron-Kondensaten und un-
tersuchen die Gell-Mann-Oakes-Renner-Relation.

Die Idee von in-Hadron-Kondensaten ist, dass Quarks keinen Vakuumerwartungswert
iiberall in der Raumzeit haben, stattdessen ist deren Kondensat innerhalb eines Hadrons
raumlich beschrankt [2-5]. Dieses Konzept konnte ein Problem beziiglich der kosmologis-
chen Konstante 16sen [3]. Die kosmologische Konstante beschreibt die Vakuumenergiedichte
und ist—im Rahmen der QCD—um vierzig Groflenordnungen grofler als experimentell
gemessen. Falls das Quarkkondensat tatsachlich innerhalb eines Hadrons eingeschlossen
wére, wiirde es nicht zur Berechnung der Vakuumenergiedichte beitragen, sondern zur
Massenenergiedichte.

Die Bethe-Salpeter-Gleichung folgt aus dem Ansatz, dass gebundene Zusténde Pole in
Greenfunktionen sind. Diese Pole, bei denen die Energie der Greenfunktion der Ruhe-
masse eines gebundenen Zustandes entspricht, konnen direkt als Resonanzen in experi-
menteller Hochenergiephysik beobachtet werden. Unter gewissen Annahmen, wie instan-
taner Wechselwirkung und gleichen Quarkmassen fiir die up- und down-Quarks, kann
man die Bethe-Salpeter-Gleichung zur Salpeter-Gleichung vereinfachen. Die Losung der
Salpeter-Gleichung ist die Salpeter-Amplitude, die das Analogon zur Wellenfunkion in
gewOhnlicher Quantenmechanik ist. Da wir das Pion beschreiben wollen, verlangen wir
eine bestimmte Transformationseigenschaft unter Paritdt und Ladungskonjugation. Da-
raus resultierend verbleiben nur gewisse Komponenten der Salpeter-Amplitude und kénnen
darauthin bestimmt werden. Nachdem die Salpeter-Gleichung in ein Eigenwertproblem
umgeschrieben wurde, kénnen diese Komponenten als Eigenvektoren identifiziert werden
und der Eigenwert ist die Masse des beschribenen gebundenen Zustandes, also die des
Pions.

In dieser Arbeit wollen wir in-Hadron-Kondensate in Verbindung mit der Gell-Mann-
Oakes-Renner-Relation [6] erforschen. Diese Relation verbindet die “current” Quark-
masse, die in der Lagrangedichte aufscheint, mit der Masse eines gebundenen Zustands und
dessen Zerfallskonstante. Streng genommen ist diese Relation im so genannten chiralen
Limes giiltig, in dem Quarks als masselos angenommen werden. In der Gell-Mann-Oakes-
Renner-Relation steckt auflerdem der Vakuumerwartungswert der Komponentenquarks.
Wir wollen den Fall untersuchen, dass wir stattdessen das in-Hadron-Kondensat verwen-
den.
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Chapter 1

Introduction

The Bethe-Salpeter formalism is a framework in quantum field theory to describe bound
states of quantum fields. In this thesis, we want to investigate the pion, which is the
lightest hadron, using this framework. By calculating the pion’s Bethe-Salpeter amplitude,
we aim to investigate the generalized Gell-Mann-Oakes-Renner relation, an equation that
combines the mass of a bound state, its decay constant and its in-hadron condensate.

It was first suggested by Casher and Susskind [2] that spontaneous breaking of the
chiral symmetry is connected to hadronic wavefunctions rather than to the vacuum. In
Ref. [3], Brodsky and Shrock argue that the idea of in-hadron condensates can help solve
an ongoing debate about the cosmological constant. In cosmology, the Friedmann equa-
tions describe the expansion of our universe in the context of general relativity. The first
Friedmann equation (which can be derived from the (00)-term in the Einstein field equa-
tions) can be expressed in terms of energy densities €2;. There are three different kinds
of energy densities: matter €,,, radiation €2, and the vacuum itself 5. Experimental
data suggests Qp ~ 0.76 [3], whereas QCD predicts an order of magnitude of 10%5. The
crucial assumption is that QCD condensates are constants in space-time everywhere in
our universe. However, if we consider in-hadron condensates, they are spatially confined
to only emerge within hadrons. Thus QCD condensates ought to contribute to €2, instead.

The outline of this thesis is as follows. In the next section, we briefly review in-hadron
condensates. We will arrive at a generalized Gell-Mann-Oakes-Renner relation, which in-
volves in-hadron condensates that can be calculated using Bethe-Salpeter amplitudes. In
Chapter 2, we start by defining the Bethe-Salpeter amplitude and deriving the Bethe-
Salpeter equation. Under certain assumptions, we can further simplify this equation to
the instantaneous Bethe-Salpeter equation and the Salpeter equation. Chapter 3 shows
how to solve the Salpeter equation. We first discuss the interaction potential we are tak-
ing under consideration. This potential is given by a scalar function V' (r), describing the
interaction in coordinate space, and the Dirac structure I' ® I', encoding interactions in
the Dirac spinor space. For the scalar function V(r), we use an analytically known, exact
expression [7] and for the Dirac structure, we employ the Bohm-Joos-Krammer (BJK)
kernel structure [8]. Furthermore, we expand our wave functions in a series of basis func-
tions. Depending on how many basis functions we include, we obtain a matrix equation of
a certain size N. This takes on the form of an eigenvalue equation, where the mass of the
bound state appears as eigenvalue and the eigenvectors will be used to calculate the pion’s
decay constant and in-hadron condensate. In Chapter 4, we show our results. First, we
present the mass of the the pion, its decay constant and its in-hadron condensate plotted
over the constituent quark mass. We finish by comparing different matrix sizes.



2 Introduction

1.1 In-hadron Condensates

Following Refs. [9, 10], we will now briefly review in-hadron condensates in order to set a
starting point for this thesis and to establish our notation. We will use natural units where
h = ¢ = 1 and a Minkowski metric n = diag (4, —, —, —). Additional notation is sum-
marized in Appendix C.1. The starting point is the Ward-Takahashi identity concerning
SU(Ny) a transformations, the so-called axial-vector Ward-Takahashi identity,

iP,T4"(k, P) = 2mIpo(k, P) — S~ (ky)yPt® — 4728 k), (1.1)

with I'4 and I'p being amputated three-point Green functions (three-point vertices) where
two quarks interact with an axial-vector or pseudoscalar current of momentum P, respec-
tively, and S(k+) denotes the dressed quark propagator (k+ = k4 P/2). 7° = iy%y14243 is
the fifth Dirac Gamma-matrix and t* are the generators of SU(Ny). Ward-Takahashi iden-
tities are relations between correlation functions and follow from symmetries underlying
a quantum field theory.

We now make an ansatz for every vertex' appearing in Eq. (1.1) (See Ref. [11] and

Appendix A.2),

LAt (k, P) = ty° [v”F W+ B — o K 5}3)}

Tk, P) + }%rﬂa(zﬁ, P), (1.2a)

L%k, P) = 2t%° [Fﬁ + PE@ 1 f- PE® 4 [f, P]Fyﬂ , (1.2b)
Tpt(k, P) = t%° [FS) + PF? 4+ pk- PFD 4+ R, P]FP‘*)}

+ Tk, P), (1.2¢)

P? — M2

where M, is the mass of a pion and T contains all regular terms when P? — M2. These
equations are based on how an axial-vector (or pseudoscalar) vertex should behave under C'
and P transformations. Each term is built up by a Dirac structure using gamma matrices
and a function F'x, which contains the momentum dependencies. We use these vertices
in the axial-vector Ward-Takahashi identity Equation (1.1) to get a relation between the
residues,

— 4 M? = 2mrp, (1.3)

which we will calculate in the following.
The axial-vector residue, r4. We start with the Dyson equation for a three-point

vertex, coupling an axial-vector current to two quarks. The first term is the bare vertex
and the second one contains all possible interactions:

T4it(k, P) 2 topef 4 / K(k,q, P)Ga"(q, P). (1.4)
qH

G 4 is the axial-vector Green’s function, which is related to the axial-vector vertex by
G = SI'S. We replace the interaction kernel K with the quark-antiquark scattering
amplitude M. The amplitude M describes the interaction by means of the kernel K

!The additional factor of 2 in ' is introduced in order to stay consistent with Ref. [10)
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occurring once, twice, three times etc. This allows us to eliminate the axial-vector Green’s
function on the right-hand side,

B.2
Tabid (k, P) = 1905755 +/Maﬁae(k,q,P)Saw(qHSpe(q)t“ﬂﬂgp- (1.5)
qH

Next we make an ansatz for the scattering amplitude M. We assume it consists of a term
where a pion appears near the pion pole P? — M2 and all other terms that are regular
near the pion pole. We use Equation (1.5), the ansatz for the axial-vector vertex I'4 (1.2a)
and this ansatz for the scattering amplitude M,

73:.3 Fﬂ'gﬂ(kap) Ige(% _P)

Maﬂ&e(ka q, P) P2 _ Mg + Regaﬁde(ky q, P)a (16)
to arrive at an identity for the axial-vector residue 74,
g Plgoe B / Trpp{198(¢)Tx°S (g_)1"1° ). (1.7)

q#

Next, we make an ansatz for an axial current’s vacuum polarization, I 4, in two ways: The
first is a Dyson equation and the second one again separates regular terms from terms near
the pion pole,

I (P?) = (" P* = PMPY)3" + g / Trep{t"y"°Ga" (g, P)}, (18
ql"
e

. 1.9

HAW@b(PQ) }?i(i<nuyp2 _ Pﬂpu)éab [ﬁA’reg(PQ) +

We use these two expressions for the vacuum polarization together with Equations (1.2a)

and (1.7) to arrive at:
ra = ify (1.10)

The pseudoscalar residue, rp. For the pseudoscalar residue, the first step is to again
rewrite the Dyson equation for a pseudoscalar three-point vertex in terms of a scattering
amplitude M,

B.2 q. .
FPgﬁ(ka P) = tal'yg/g+/Maﬁée(k7QyP)S5w(Q+)Spe(q)talry(ipa (1.11)
qt

then we make use of the pseudoscalar vertex’ ansatz in Equation (1.2¢) as well as the pion
contribution in the scattering amplitude M in Equation (1.6) to identify the pseudoscalar
residue with the in-hadron condensate of the — in our case — pion:

Cr Zirp. (1.12)

Finally, we can express the relation between the residues (1.3) as:
faM2 = 2mC,, (1.13)

which is a generalized Gell-Mann-Oakes-Renner relation.



Chapter 2

Model

In this chapter, we introduce our notation by reviewing the Bethe-Salpeter formalism. In
Section 2.1, we show that bound states appear as poles in Green functions. We will define
Bethe-Salpeter amplitudes and investigate the region near the pion pole. In Section 2.2,
we derive the Dyson equation for a 4-point Green function, which we use in Section 2.3 to
arrive at the homogenous Bethe-Salpeter equation. In this thesis, we are interested in the
homogenous Bethe-Salpeter equation, because it describes bound states. In Section 2.4,
we assume instantaneous interactions between the constituent particles such that our
interactions get reduced to three dimensions. Finally, in Section 2.5, we assume the
constituent particles to be freely propagating quarks of equal mass, in order to arrive at
the most simple form of the Salpeter equation. We make use of a certain interaction kernel
and close this chapter with the equations that we aim to solve in Chapter 3.

2.1 Poles in Green functions

Consider a fermionic 4-point Green function defined as

GW (1, 22391, 92) = (0] To(21) P (w2)1 (y1)e(y2) |0) (2.1)

where ¥(z;) and (x;) = T(z;)7° are fermionic field operators, corresponding to the
annihilation and creation of a fermionic particle (e.g. a quark), respectively. z; = (¢, x;)
is the four-position vector, T represents time-ordering and |0) is the vacuum ground state.
We assume that the fermions’ positions can be split up into a center-of-mass movement
and a relative movement, according to Appendix A.3. The available states in our Hilbert
space are the vacuum |0), the one-particle states |k) with momentum k (and energy wy =

+vk% + m?) and multi-particle states |k, n) with center-of-mass momentum k and other
(discrete and /or continuous) quantum numbers n. We insert the completeness relation [12],
&Pk 1

1= o)o| + /Eﬁf )| + 5[512 el dR= e (2.2)

into the 4-point Green function, Equation (2.1). In the scope of this work, we are interested
in mesons, which consist of a quark anti-quark pair. Therefore, we will only consider the
multi-particle terms in Equation (2.2) that can be brought to the vacuum’s quantum
numbers via one ¢ and one ¢ such that the time-ordered product simplifies to [13],

Ggée))son(xlvx%ylv y2) = %(/ﬂj{: <0‘ 1/}1’1@332 ‘kvnxkﬂ n|@y1wy2 ‘O>

x ©(min(z?, 29) — max(y?, 49)),

(2.3)

4



2.1. Poles in Green functions )
I n T n
M
@ 9
T2 Y2 T2 Y2
FiGUrE 2.1: The 4-point Green function contains a term where a meson is created and
annihilated via the Bethe-Salpeter amplitudes.

where ©(x) is the Heaviside unit step function, which will be adressed in Equations (2.8)
to (2.11). We introduce the Bethe-Salpeter amplitude ¥ and its conjugate via,

U (w1, w25k, n) = (0| T (21)Y(22) [k, n)
@(ajl’x% k, n) = <k7n‘ T@(fl)ﬂ)(m) |0> )

and will consider the meson state from this point on as a one-particle state with three-
momentum Py (i.e. |k,n) — |M) and (k,n) — (Pas)),

(2.4)

V(21,225 Par) = (0] T (1) 9(2) [M) (2.5)

see Figure 2.1 for a visual representation. Using the center-of-mass definitions given in
Appendix A.3, we can denote Equation (2.5) differently, using how the translation operator
acts on a scalar field, p(x + a) = exp(iPa)p(z)exp(—iPa),

= (0| TePXep(naz)e P X P XG(—y2)e 12X | M)
= (0| T (o) (—miz) | M) e FaX
=: U(z; Pypp)e X

U(z1,22; Pr)

where P* is the four-momentum operator acting as the generator for spacetime translations
and we used that the meson state is an eigenvector of this momentum operator with
eigenvalues P};. With the definitions of a Fourier transformation,

f(p) = / f) e fa) = / f(z)e e, (2.6)

where we denote momentum space integrals as fpu = [d*p(2m)™* and coordinate space

integrals as fxl‘ = [ d*z for brevity. The amplitudes are transformed to momentum space
via

V(s Pyy) = / P (p, Pay),

" (2.7)

U(y; Puy) = /eiqy U(q,Pur).
qM
In the following, we address the Heaviside step function in Equation (2.3), ensuring time-
ordering in the original Green function. With the help of the identities,
a+b n la — b
2 2

a+b |a—b
2 2

min(a,b) =

max(a,b) = (2.8)
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the argument of the Heaviside step function can be expressed as (see Appendix A.3 for
the conventions on 12,2z, X),

. 1 1 1
min(z{, 29) — max(y{,y9) = X° - V0 - 5|¢E0| — §|y°| + 500 = m)(z®—y").  (2.9)

We use the following integral representation of the Heaviside step function [14,15],

[e.e]

i e*ll‘Z n
Ox)=— | d -0 2.10
@ =5 [ Aot emot, (210)
—0o0
so that we can write the step function as,
0.0 0.0 Y S EC SR )
O(min(z7, zy) — max(yi,ys)) = o / dz P , (2.11)
— 00
where we set £ := —3[2° — 3|30 + 3(n2 — m)(z® — y°) for brevity. Let us insert Equa-
tion (2.11) into the meson 4- pomt Green function (2.3),
P P
Gon(@1, 2291, 92) / dZ/dPM// (b, Par)¥ (g, Par)
z + i€ (2‘12)
pt g
> eflPM(XfY)eflp-xelq-yeflz(Xo7YO+£O).
For the last step, we transform this Green function to momentum space,
Gtlnni) = [ [ / e WO ey X —Y), (213)

xH yM —

where we chose the three translational invariant coordinates to be x, y and X — Y. If we
only look at the d(X 0_ YO) integration, we pick up the following arguments,

IOV (P +2-K%) — 97 §(2 — (K° — PY))). (2.14)

X0_y0

This shows that after the z integration, a pole emerges, when the total energy K trans-
ferred through a Green function equals the energy P& of a bound state in the same
Hilbert space. This means, we can drop the label “meson”, since all other terms arising
from Equation (2.2) are regular when K° — PY,. We are left with,

GO (kK K) =i / / / / dPy / / p’PMPO GPu) kot y-patey)
M—I—le

xH yM X-Y
—1PM(X—Y)e—1§0(K0— PRp) o K(X-Y)

X e

Next, we perform the d(X — Y) integration, which leads to a delta function 63 (K —Py).
The factors of (27) cancel the ones of the tilded integration measure, and integrating over
P yields,

G (k.5 K _l//// 2]}’0 “ p’ p‘lé(q’ K)ei”(k*p)eiy'(q*k/)e*igo(Kofpgf).
M + 16

xH yAU' pAU' qAU'
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At this point, the d*z and d*y integrations cannot be performed to obtain Dirac delta
functions, due to the presence of £°, which contains 2% and 4°. But, if we take the limit
KO — P](\)/[, that is only consider momenta with energies near a bound-state energy, the
exponential factor containing £° drops out,

0lim0 GV (kK K _1//// 2;0 V(p, K)U(g, K)eim-(k:fp)eiy-(qfk’)
K *)PIM xH yt pH gt 6
1 U(p,K)¥(¢,K
// 2P ic PV KD ()50 (p — k)3 (g — 1)
P g
U(k,K)¥ (K, K
M

Equation (2.15) shows, that for energies near a bound state energy, the 4-point Green
function can be represented by a diverging term, containing the Bethe-Salpeter amplitude
and its conjugate.

2.2 Dyson equation for the 4-point Green function

The Dyson equation emerges after sorting the occurring diagrams of a given process. For
a 2-to-2 scattering process, one can arrange the diagrams in such a way that they, at
first, do not interact at all. The next possibility is to interact once, via all one-particle
irreducible (1PI) diagrams, abbreviated by a scattering kernel iK. Then they can interact
twice and so on.

@: + K + K K + ...

Here, lines with arrows represent full propagators. The above equation has the form of a
geometric series. This fact can be used to formally manipulate the equation in a way to
get a recursive equation,

@: + K + K K +...

2 —_—
:<1+ K + K —l—)

—1 —_—
(- IIED T
—_—
Multiplying the expression in brackets from the left yields,
+
(- T -
—_—
_)_
—_—
G- TTEE e

Equation (2.16) is the Dyson equation for a 4-point Green function. We use this equation
in the next section to derive the Bethe-Salpeter equation.
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b1 q1

G (p,q; P) =

D2 q2

FIGURE 2.2: 4-point Green function. Here, p = p; — (=p2), ¢ = ¢1 — (—¢2) and P =
P1— P2+ q1— Ga.

2.3 Bethe-Salpeter Equation

The Dyson equation for a 4-point Green function reads (see Section 2.2 for a derivation),

GW(p,q; P) = S1(p1)S2(—p2)d™@ (p — q) + S1(p1)S2(—p2) /iK(p, 4 PYGW(¢,¢; P),
Y2

where G (p,q; P) is the 4-point Green function, S(p) is the dressed quark propagator
carrying momentum p and iK (p, ¢; P) is an interaction kernel, containing infinitely many
interactions. We choose our notation in a way, that the first (second) argument of a
4-point Green function corresponds to the difference of the left-hand (right-hand) side
momenta and the third argument corresponds to the total transferred momentum, as seen
in Figure 2.2. If we only want to consider a bound state |M), we let PO — PY, insert
the main result of the previous section, Equation (2.15), and look at the dominating pole
term contributions of the Dyson-Schwinger equation,

Y(p, P)¥(q, P)

(¢, P)¥(q,P)
2P](\)/[6 '

\\
= Sip)Sa(-p) [ K. 6PV T
M€
o

(2.17)

On the right side, the conjugate Bethe-Salpeter amplitude ¥ does not depend on the
integration variable ¢, such that we can multiply the equation with its inverse from the
right. Renaming ¢ — ¢ and cancelling remaining factors yields the homogenous Bethe-
Salpeter equation for the Bethe-Salpeter amplitude W,

V(5. P) = 81(01)S2(-p2) [ 1K (9. P)W(a. P). (218)
qM
This equation describes bound states, since in order to arrive at this expression, we took

the limit of only considering energies near a bound-state pole, thus omitting the term with
only propagators.

2.4 Instantaneous Bethe-Salpeter equation

The instantaneous Bethe-Salpeter formalism [16] assumes the interaction kernel iK to only
depend on spatial components of the relative momenta p and ¢. This means, replacing

K(p,q, P) = K(p,q, P). (2.19)

We will later on switch to the bound state’s rest frame P = 0, hence from here on, we
suppress the P-dependence for notational simplicity. In this instantaneous formalism, one
defines a reduced Bethe-Salpeter amplitude, the so-called Salpeter amplitude,

B(p) = / W(p). (2.20)
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as well as a new interaction term,

I(p) = / K (p.q)®(q). (2.21)

q

With these new expressions, we take the homogenous Bethe-Salpeter equation (2.18),
integrate over p? and rewrite the instantaneous Bethe-Salpeter equation,

[vw) = [si0s:cm) [iEE.qv@

pO

B(p) =i / S1(p1)Sa(—ps) / K(p, @)®()
o q

®(p) = 1/51(171)1(1))52(—192). (2.22)

We moved the propagators to the left and right end because of their suppressed matrix
structure (see Appendix A.4 for details).

2.5 Salpeter equation

The Salpeter equaiton follows from assuming that the quarks have a constant mass m,
instead of a momentum-dependent mass function. The free fermion propagator with a
constant constituent mass m, is given by,

i

S(p) = PR (2.23)

Within the instantaneous Bethe-Salpeter formalism, we assume that the quarks propagate
as free particles. For each (anti-)quark, i = {1,2}, in the meson, we define the single-

particle energy,
Ei(p;) = \/p; +mj (2.24)
and a generalized Hamiltonian,

Hi(py) =°[v - pi +mq.l, (2.25)

where 4/ are the Dirac gamma matrices satisfying the Clifford algebra {y*,7"}.3 =
2n""d45. These definitions of energy and Hamiltonian satisfy the following relations,

H}(p;) = E}(p,), Hi(p)?* = Hi(—p,), (2.26)

and help define energy projection operators,

1
Af(py) = E;i(p;) + Hi(p; 2.27
F(p) 2Ez’(P¢)( i(p;) = Hi(py)), (2.27)
which obey the defining relations of projection operators, idempotence A*A* = A* and
being able to be written as a direct sum A* + AT = 1 with ATAT = 0. By using the
following identity

B.9

p+mg = |[p°+ E®)]AT(p) + [° — E(p)]A(p) |7, (2.28)
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we can write the fermion propagator as

B.10 . At (p) A~ (p)
Sp) =i <p° “E(p) +ic PO+ E(p) - 16> T (2.29)

With the help of Equation (2.29) we can evaluate the integral in Equation (2.22),
B.11

/ $1(p1)1(p)Sa(—p2) 2 (2.30)

PO—El—EQ PO+E1+E2

. (Af(pl)vof(p)f\z_(—pg)'vo Al_(pl)VOI(p)A;(_pQ)'Y()) |

where we used contour integration. Using this result in Equation (2.22), we arrive at the
instantaneous Bethe-Salpeter equation for fermion-antifermion bound states,

(AP IP)A; (—p)Y AL (P)y I (P)AS (—P2)y”
(I)(p)—<1 1pO_EleQQ - 1P0+E1—|—2E22 >

In the subspace spanned by the energy projection operators AfQ, one can define compo-
nents of the Salpeter amplitude @,

P = AFOAY, with@TT + 7 + 7T 4+ o7 =, (2.31)

and investigate their properties with respect to the instantaneous Bethe-Salpeter equa-
tion. When applying AljE from the left and A2jE from the right, that is only looking at
the components ®*+ and ®~, the right-hand side of the instantaneous Bethe-Salpeter
equation vanishes and we are left with,

Pt =0=90"". (2.32)

If we use the definition of I, Equation (2.21), that is write the Salpeter equation in terms
of the kernel K, we arrive at [17],

+ 0 R 0OA—
q)(p) — / <A1 (p1)7 PKO(I_)vgl)(I:((gJ AQ (p2)

q

— 0 0A+
AT ()Y ]ﬁfo(_rtgl)i(‘g: As (p2>>. (2.33)

Next, we want to discuss how the interaction kernel K acts on the Salpeter amplitude.

Interaction Kernel. We start by making an ansatz for the interaction kernel via a
tensor product of elements on the basis of Dirac matrices,

Kaﬂ'yé(pa Q) = Z VFF’(p7 q)ra'y ® Ff;g; (2'34)
I

and if we further assume identical coupling of quark and anti-quark dppv, we can simplify
this to,

Kaﬁ»yé(P, q) = Z Ver(p, @)l oy @ Dsga, (2.35)
r
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where ' € {1,iy5, v, 414>, oHV = %[’y“, ~*]} and lowercase Greek letters are spinor indices.
The kernel is said to have a I' ® I' Lorentz structure. It acts on the Salpeter amplitude in
the following way,

K® = Kogys®y5 = > VirTan®ysTss = > Vir TOT. (2.36)
r r

By requiring symmetry under Fierz transformations (see [18] and Appendix A.5), we may
choose the interaction kernel to be the so-called Bohm-Joos-Krammer (BJK) kernel [8],

[

el =- (@7 +7°®+" -1®1). (2.37)

2
Structure of the Salpeter amplitude. In this work, ®(p) is supposed to describe
pseudoscalar mesons, like the pion or the kaon. These mesons have a well-defined CP-
transformation with eigenvalues PC = —4. Under the assumption of equal quark masses
Mg,1 = Mg2, an expansion over the basis of Dirac matrices shows that only two components
of the Salpeter amplitude are relevant (see Refs. [19,20] and Appendix A.6), namely terms
proportional to ¢ and 2 in

24 (p) = ¢1<p>ggg;+m<p> e, (2.38)

We change to the bound-state’s center-of-mass system, that is P = M, p; = —p, = p,
which leads to F;(p;) = E(p). Using this decomposition, and that

¢1,2(P) = Yoo(¥, #)p1,2(p) = (), (2.39)

1
iz

the Salpeter equation (2.33) finally yields the two equations,

2
Mei(p) = 2E(p)p2(p) +2 / (2%2 V(p.q)p2(a), (2.40a)
Meps(p) = 2E(p)p1(p),  p=1pl. (2.40b)

We will further analyze Equations (2.40a) and (2.40b) in the next chapter. Note that from
here on, p = |p| denotes the length of a three-vector, instead of a four-vector p*.



Chapter 3

Methods

In the previous chapter, we derived the Salpeter equation, which describes bound states in
QCD, and wrote down a special case, valid for pseudoscalar mesonic bound states under
the assumption of equal quark masses. This equation depends on two components of the
pseudoscalar Salpeter amplitude, ¢1 and 2. In this chapter, we use recent results for the
interaction potential in order to solve these equations.

In Section 3.1, we present the Salpeter equation we want to solve and discuss the interact-
ing potential. In Section 3.2, we expand our wave functions in a set of basis functions, thus
arriving at an eigenvalue problem. In order to perform calculations, we simplify certain
expressions. In Section 3.4, we describe how to calculate the in-hadron condensate and
the decay constant, using the eigenfunctions of the eigenvalue problem.

3.1 Ansatz

Let us restate the equations we want to solve,

Mei(p) = 2E(p)p2(p) + 2/ (%)2‘/(19, 7)p2(q), (3.1a)

Mps(p) = 2E(p)¢1(p). (3.1b)

Here, M is the bound-state’s rest mass, ¢12(p) are the components of a pseudoscalar
Salpeter amplitude in Equation (2.38), E(p) is the single particle energy in Equation (2.24)
and V(p,q) is a function describing the interaction kernel according to Equation (2.34).
The second equation is of algebraic nature, therefore we can solve it for ¢1(p). Inserting
this result into the first equation yields

M?gs(p) = 4E*(p)ga(p) + iEgg)/qm(q)/sin(pT) sin(qr)V (r). (3.2)

9+ T+

The interaction potential V() in position space is defined in terms of its Fourier-Bessel

transform V (p, q),
Vip,q) = Z /sin(pr) sin(gqr)V (r). (3.3)

T+

The analytical form of V' (r) has been calculated for vanishing bound state mass M = 0 [7].
This was done by first fitting a quark mass function to certain data points. This mass

12
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function was then used to build a Bethe-Salpeter amplitude, which in turn was modified
to a Salpeter amplitude and its components. These components of the Salpeter amplitude,
valid for M = 0, helped reverse-engineering the potential from the Salpeter equation. This
means, using V' (r) should lead to a vanishing bound-state mass. The analytic expressions
read

V(r)==T(r)/e(r),
7T (27) 217
L'(2y = 3%) sin(ym)T(7)

sin(vym) 5
o (br) Ly s (br) + (br) Lo (br) + =5 (7 = 2)(br) ~,

T(r) =

rok [2(1 - ’Y)(br)717—3/2(b7“) - (br)H'yIv—% (br)

(r) = I'(2y) 22-7h7
TN VAT 2y —%h) T()

where I'(z) is the Gamma function [14, 15],

P Ksj,_(br),

[(x) = / 7 le™t (3.4)

ty

I,(xz) and K,(z) are the modified Bessel functions of first and second kind, respectively,
of order a,

- (go)* m1a(x) = la(2)
I, — (1l.\e 27 " _ Dma\w)  Cal) 3.5
(z) = (32) kZ:O KT (a+k+1) (z) 2  sin(aw) (3:5)
and L, (x) is the modified Struve function of order a,
o0 1,\2k
Lo(z) = (Jo)*+! (32) . 3.6

In Ref. [7], Lucha and Schéberl present values for the parameters b and ~ that enter the
potential:
b=1.69334 GeV, v = 6.49292. (3.7)

We would like to solve Equation (3.2). This is equivalent to an eigenvalue problem: the
second component of the Salpeter amplitude, p2(p), is an eigenfunction and the mass of
the pseudoscalar bound state, M, is the eigenvalue. In the next section, we will manipulate
Equation (3.2) in order to arrive at a matrix equation.

3.2 Eigenvalue Problem

We expand ¢2(p) in a basis of orthonormal states |¢§l)>, defined by their position space
representation,

(2p)2+sit (2+2)

¢5£l) (r) = <T|¢§l)> = mr exp(—pur)L; (2pr), (3.8)

where I'(z) is again the gamma function and L () are the associated Laguerre polyno-
mials [14,15]. Dimensional analysis requires us to introduce a parameter p with one mass
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dimension. They specific choice of u will we addressed in Appendix A.7. We will call the

amount of basis functions N, i.e. we are dealing with N x N matrices. The basis functions

obey the following normalization with weight function w(r) = r?:

/ w6 ()P (r) = 5. (3.9)

The basis in momentum space ¢~5§l)(p) is obtained via a Fourier-Bessel transformation,

= il\/i / Pier)e (),
P+
) = (—i)l\/Z/r+ i)y (r).

In this work we will make use of the case [ = 0, so that the basis functions in position
space read

(3.10)

(2p)?i!
T(i +3)

00 (r) = exp(—pr) LY (2pur), (3.11)

and in momentum space they are given by
) = z )
¢ /MTF i+3)p 11—t

(1 + z2> i sin <(t +2) arctan<z>> . (3.12)

Now we use the momentum space basis functions 51(0) (p) to write ¢o(p) as a linear com-
bination with coefficients v;:

2(p) = v; 8% (p). (3.13)

Making use of the orthonormal properties of our basis functions, we mutliply with the
weight function, p?, and a basis function, qbgo) (p), in order to extract M? on the left-hand
side by integrating over p,

22 [ 2500w =1 [ B0 03 w0,

P+ P+

/ / / P)ad” (q) sin(pr) sin(qr)V (r) v;. (3.14)

We arrive at an eigenvalue equation with eigenvalue M? and eigenfunctions v;,
Mijuj = (A+ B), v = M?o;. (3.15)

Let us look at the matrices A and B and how we can simplify them.
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The matrix A. We use the following abbrevitation for an integral over the basis func-
tions,

I = /k“” 3" (k)" (k), n=0,1,2,... (3.16)
ky

which has an analytic expression [21]

I(n)
* 77\/1+1 (i+2)(+1)(G+2)

)
XZZ 9)r+s <Z+2) (”2) (r41) (s +1)

r=0 s=0

'Tf’ <|r_3|> r(;(k+n+1))r(§(r+s+3+|rslnk)>cos<k7r>

2\ ok TG (r+s+a+r—s|) 2
r4s+4 1
Z r+5+4 I (k+n+1)I(5 (2T+25+7—n—k))cos km
L(r+s+4) 2 '
With this, we write E?(p) = p? + m such that we can use I;; ) and I; 0 — 0;; and express
.Aij as:
2
Aij = 4Ii(j) +4m25;;, (3.17)

where m, is the constant constituent quark mass.

The matrix B. In B;; we can evaluate the ¢ integration using the Fourier-Bessel trans-
formation (3.10),

/ 40" (q) sin(qr) = / 230 (g 22 sin(ar) \/> ¢, jo(z) = sin(z)/z.  (3.18)

9+ a+

In order to perform the p integration, we expand E(p)ggo) (p) in a linear combination of
basis elements,

E@)" (p) = bady (v), (3.19)
such that the coefficients b;; are given by
b= | PE0 )50,
P+

Now, we can solve the p integration again using the Fourier-Bessel transformation

b [ 280 @) sintor) = vt [ 500D < [Fo00. 20)

P+ P+

This leaves us with the third integration over r in the matrix B;;:

Bij = 4bi / 2600 (1) (r)V ().

T+



16 Methods

V(1) [GeV] V() [GeV]

40 40

30 30 /"
20 20

0 . . . . ZrlGO\/'H 0 L . —" . Zrch\ﬂ]

-20 -20

Ficure 3.1: Left: The potential V(r) is affected by numerical errors for large values of
its argument. Right: Our fit of the potential.

Using the definition of qﬁgo) (r), we can express B;; using Laguerre polynomials as

3 LI 351
Bi; :4bik\/ (22)°k! \/(2”) J /T2e_2'er](€2)(Q/LT)L;Q)(Q,U,T)V(T)

L(k+3) TG +3)

T+

Now, we can write down our eigenvalue equation as follows:

(2) 2 3 klj!
4 1'% +am?s;; + 32b; :
Jg et Rl \/<k+2>!<y+2>

ocp? T+

'/T2e_2uTLI(€2)(2#T)L§2)(2MT)V(T) v; = M?v;.

In the next section we will take a closer look at the potential V(r) and how to perform
the last remaining integration.

3.2.1 Approximating the Potential

The potential V'(r) is a rather complicated function, so in order to handle it analytically,
we approximate it piecewise in a power series up to fourth order:

4

7 4
V() =Y aprPO(r —h)O(h+1—1)+ > ag,r"O(r — 8) (3.21)

h=0 p=0 p=0
appr? 0 <r <1

4
apr? 1<r<?2

=0

(3.22)

P
agpr? 8 <r

The coefficients are listed below, the matrixelement a;; is given in units of [GeVJ™]:

—0.926815  0.0000174443  0.0862116 —0.000307632 —0.00532234

—0.99365 0.196217 —0.115383 0.081671 —0.0150562

—1.51373 0.973044 —0.499373 0.143089 —0.0143649

1.02981 —2.2813 1.08877 —0.207713 0.0152381
ajj = 1.63807  —2.33096 0.889904 —0.13698 0.00838439
2.75972 —2.90901 0.963495  —0.132943 0.00746306

5.31962  —4.88215 1.5185 —0.200919 0.0105356

12.6866  —11.5004 3.44131 —0.431006 0.0203911

37.5486  —34.5959 9.73796 —1.1168 0.0467693

This fit is smooth and approximates the function well except for the region where we as-
sume the wave functions to be exponentially small. The later region is therefore negligible.
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3.2.2 Integrating the Potential

We would like to solve the last remaining integral in B. As an abbreviation, we define the
matrix C:

iy = [ re L2 ) L 2V (1) (3.23)
T+

Using a certain representation of the associated Laguerre polynomials [14,15],

(a+b)!

LV (z) => (-1)f 2t (3.24)
vt CEIr
we obtain
E o J
t1+t2 (k + 2) (] + 2) / 2_ —2ur t1+t2
Crj = tlz_%t;) e I — BT Bl ) e )TV

T+

k J t1+t2 9 N1(2 t1+to
=2 Z . S Lo . / rie TRV (1), (3.25)
t1=0t2=0 _tl (2+ )t (J — t2)!(2 + t2)lta!

F(tl it2 7k7.juu‘)

T+

With the piecewise approximation of the potential, we can write C as

h+1
Crj = > Flti,ta, k,j, p)any / dp PPt P20
titohp
o0
+ Z F(ti,to, k, j, 1)a 8p/drr2+t1+t2+pe_2“r. (3.26)
titap 8

First, we use that

h+1
/ dr p2Thttatpe=2ur — (9,)=(PHtita+3) [F(p+t1+t2+3, 2hp) =T (p+t1+t2+3,2(h+1) 1)
h

where I'(a, b) is the upper incomplete Gamma function [14, 15],

o
I(a,b) = / tvte~tdt, (3.27)
b
and that (for p > 0)
0
/dT T2+t1+t2+pe—2ur — 8p+t1+t2+3E—2—p—t1—t2(16M), (328)
8

where E,(z) is the exponential integral function [14, 15]

r) = / t~ % "dt. (3.29)
1
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Finally, we have an analytic expression for C, which reads

Cej = D Fltrto, k. g plany(2ps) "0+ [r<p 1+t +3,2hp)
titohp

—TI'(p+ti+t2+3,2(h + 1)u)]

+ Z F(tlv t2a k;’ j’ :U’)a8p8p+t1+t2+3E—2—p—t1—t2 (16#) (330)

titap

We have now successfully simplified our Bethe-Salpeter equation into an eigenvalue equa-
tion. The eigenvalues of M are M?, the squared masses of the bound state. In Section 4.1,
we will present our results for the mass M over a variable constituent mass m,.

3.3 Normalization

Since the Salpeter equation is a homogenous equation, the solution of this equation, i.e. the
Salpeter amplitude @, is known up to a multiplicative factor: ne®. A normalization can
be imposed by means of the inhomogenous Bethe-Salpeter equation, which reads [19,22,23]

—( 0 0
Pt =T <3PM (Sl &® 52) — 5155 (8PH K> S SQ) v, (3.31)

In terms of the components of the Salpeter amplitude, this can be written as [21]
91 = tlna 2. [ [1009209 + 300010 (3.32)
k

The factor N, follows from Tr.{1} = N, and will be set to N, = 3. Using Equation (2.40b)
we can express (1 in terms of 9 and use the basis expansion @y(p) = vjqﬁg-o) (p)

12]* = 12\”<I>|2/ [Qéw(k)w(k)@z(k)—i—c.c.] (3.33a)
k

B o [[47k? M 1 1 ]
1900y k[{(%)g s T ) k) + ce (3.33b)

_ L2ne’M B 5050 }
T (2n)3 . [2\/mvzvj¢i (k)% (k) + c.c. (3.33¢)

3|ne|*M [ k? ~(0) 1) 7(0) ]

_ 0,00 (k)80 (k) | 3.33d
273 k[ \/mv Uj (k) f (k) ( )

Equation (3.31) implies that the norm of the Salpeter amplitde ||®||? is related to the
norm of the bound state vector |7) we introduced in Equation (2.3)

(2m)32P°
(2m)
We choose a covariant normalization, such that the norm of the Salpeter amplitude should

yield

||®|? = for (m(P)|r(P")) = (2m)*2P%) (P — P). (3.34)

||®]|*> = 2P° = 2M.

With this, we are able to calculate the value of ng, such that the normalization in Equa-
tion (3.31) is fulfilled. The normalization ng is shown in Figure 3.2.
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N =10, y=1.51195
ne

5.2} .
5.0}
4.8:— .
4.6:— .

4.4 .

| ] | | | | | | | | | | 1 I i L L ! ] mq [GeV]
0.0 0.1 0.2 0.3 0.4

F1GURE 3.2: The normalization of the Salpeter amplitude, ng, for various values of m,
at a matrix size of N = 10 and pu = 1.5.

3.4 In-Hadron Condensate and Decay Constant

In this section, we will calculate the in-hadron condensate and the decay constant using
the eigenvectors of our eigenvalue problem, defined in Equation (3.15). A pseudoscalar
Salpeter amplitude' is given in terms of its components as

H(p)

®p(p) = <P1(P)ﬁg) +@2(p) | 7’ (3.35)

The component ¢ of this Salpeter amplitude can be expressed in terms of the second one
via the analytic equation (3.1b) and the second component ¢ is the one we expanded in
a Laguerre basis in the previous chapter:

¢1(p) = Té\?msoz(p), p2(p) = \/%wz(p) = \/Z—ﬂvj%m (p)- (3.36)

Inserting this yields the Salpeter amplitude

M~ - M~m,
®p(p) = ¥2(p) [ 1 ;(pf jmg; 1} ~7° (3.37a)
= [APNY7 + L) + L)1 (3.37)

Here we used some abbreviations to emphasize the Dirac gamma matrix structure of @,

2(p? +m2)’ 2(p? + m2)’ f3(P) = ¢2(p)- (3.38)

filp) =
In order to do the following calculations, we will need to evaluate expressions such as

(Ol (2) O () | (P)), (3.39)

1Since we assumed equal quark masses, m, = mg, we will ignore the isospin structure from here on.
There is no longer a mass difference between the pions 7% and 7°, due to the assumption of equal quark

masses.



20 Methods

where O is some matrix in Dirac spinor space. If we pull this operator out of the bra-ket
term, we can write this in terms of a Bethe-Salpeter amplitude,

(0[(2) Oy ()7 (P)) = (Ol o (2) Oapthp (@) | (P)) (3.40a)
= Oup(0[ta(2)15(2)|m(P)) (3.40Db)
= Oaﬁ /TI‘c \I/ﬂ-”ga(q; P) (3.400)
= /TrD Tr{O¥,(q; P)}. (3.40d)

Next, we switch to the pion’s rest frame and integrate over ¢" to arrive at the Salpeter
amplitude (including the correct normalization, cf. Section 3.3), ne®, which we then
expand according to Equation (3.37b):

(O (2) O ()| (0)) = / Trp Tre{ O (g: P)} (3.41a)
— s / Trp Tr {0, (q)} (3.41b)
q

— ng Tro{1} {/f{(q) Trp{O~°+/+°}
N.=3 q

+ / fol@) Trp {0447} + / f3(@) Trp{0} . (3.41¢)
q q

The in-hadron condensate C. The condensate is given by this expression (See Ref. [10]
and Equation (3.42)):

O[piy’ylr(P)) =C & O=iy, (3.42)

where we chose the normalization as in Equation (3.34). We use the following identities
of Dirac gamma matrices,

Trp {7°7%977°} =0, Trp {7"7°°} =0, Trp {+*7°} =4,
such that the only remaining term in Equation (3.41¢) is the one with f3. Therefore, the
condensate is given by

C,r = 12inq>/f3(q) (3.43&)
q
—12ing / 02(q) (3.43b)
q
.
= 12in¢/(427:1)3\/z7g02(q). (3.43¢c)

This means, we can calculate the in-hadron condensate C using the eigenvectors of our
eigenvalue equation:

Cr =313 2ingy; /q2$§0)(q). (3.44)

9+
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The results for the condensate are presented in Section 4.3.

Calculating the Decay Constant. The decay constant of a charged pseudoscalar
meson is defined via [24-26]

(0lja" (@)|w(P)) = iP¥ fre 7, (3.45)

where ji#* = ¥y#y%¢ is an axial-vector current and we chose the normalization as in
Equation (3.34). We will look at the case i = 0 and set 2# = 0, i.e. O = %75, We use
the following identities of Dirac gamma matrices,

TI'D {,YO,YF),YO,YJ,YE)} —_ 0, TI'D {70757075} —_ _4’ 'I‘I'D {7075,}/5} —0.

This means, that the only remaining term in Equation (3.41c) is the one containing fa:

iMfr =—12n¢ / fa(q). (3.46)
a
We now substitute fo according to Equation (3.38) and change to spherical coordinates:
Mfﬂ— = 121”@ / fg(q) (347&)
a
. 802(Q)Mmq
=12 = A7b
1%/ 2(q2 +m2) (3470)
a
. Arg* 1 pa(g)my
=12iMn 3.47c
| G A e (347
a+
3. 3 2 p2(q)

9+

Using the expansion in the Laguerre basis, we arrive at the result how to calculate the
decay constant:

3. 3 ¢ ~(0)
fr= S MgNv; 7q2+m2¢j (q)- (3.48)
q
0+




Chapter 4

Results

We started from the definition of a Bethe-Salpeter amplitude and calculated the mass of a
pseudoscalar bound state, as well as its decay constant and the in-hadron condensate. This
was possible under the assumptions that the interactions happen instantaneously and that
the quarks porpagate freely with a constant mass. In this chapter, we present our results
as a function of the constituent quark mass. The only other free parameter is p, which
appeared in the Laguerre basis expansion due to dimensional analysis. In Section 4.1,
we present the eigenvalue, i.e.the mass of the bound state, whereas Section 4.2 shows
the eigenvectors. Section 4.3 presents the in-hadron condensate and the decay constant.
Finally, in Section 4.4, we compare our results to the Gell-Mann-Oakes-Renner relation.

Appendix A.7 shows that the explicit choice of u does indeed alter the results, although
only in the case of a small matrix, i.e. few basis elements. For larger matrices, the choice
of p becomes more and more irrelevant.

4.1 Mass Eigenvalue M

The mass of the bound state appeared as eigenvalue in the matrix approximation to the
Salpeter equation,

Mijvj = M2’Ui. (4.1)
Since M is an N x N matrix, it can have up to N distinct eigenvalues. And because we are
interested in the ground state, we only consider the smallest eigenvalue. Due to the fact
that our problem is not self-adjoint, the eigenvalues M? are not guaranteed to be positive,
or even real numbers. Figure 4.1 shows a linear relation between the mass of the bound
state M and the quark constituent mass m,. Even if we look at very small values of the
constituent quark mass mg, we see a linear relation, as shown in Figure 4.2, that is

dM

qu mgq=0

£0. (4.2)

4.2 Eigenvectors ¢,

The eigenvectors v; together with the basis functions 5, build up the second component of
the Salpeter amplitude, po. Figure 4.3 presents the function s plotted over its argument,
the absolute value of the three-momentum. It very closely matches Fig. 2 of Ref. [7]. This
shows, that our transformation from the Salpeter equation to an eigenvalue equation did
not alter the original equation.

22
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FIGURE 4.1: The mass of the pion as given by Equation (3.15) at N = 10, u = 1.51195.

FIGURE 4.2:
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Even for very small m,, the mass of the pion is linearly proportional to the
constituent quark mass.



24 Results

N =10, y=1.51195
@2(p) [GeV /2]

I I T r—— ~ p[GeV]
0.5 1.0 1.5 2.0

F1GURE 4.3: Blue: The second component for the Salpeter amplitude for m, = 0, which
appeared as eigenvector in Equation (3.2). Orange, dashed: Eq. 10 of Ref. [7]
which was used to construct the potential V (r).

4.3 In-Hadron Condensate and Decay Constant

We calculate the in-hadron condensate according to Equation (3.44),

C,= 37T_3/2inq>vj /q2¢~5§-0) (q). (4.3)

9+

Section 3.4 showed how to calculate the decay constant, again using the eigenvectors:

P ”
2 @ +m2)
a+
Figure 4.4 shows the decay constant f; over a range of values for the constituent mass
mg. The in-hadron condensate is shown in Figure 4.5.
It can be shown that in the chiral limit, the in-hadron condensate reduces to the
vacuum condensate divided by the decay constant [27],

(gq)
f hadron .

Chadron — (45)

4.4 Comparing to the Gell-Mann-Oakes-Renner Relation

The generalized Gell-Mann-Oakes-Renner relation (1.13),
f7rM7% = 2mc7r7 (46)

contains the “current” quark mass m, which is the mass parameter in the Lagrangian.
Until now, we calculated M, the decay constant f; and the in-hadron condensate C for
different values of the constituent quark mass m,. This means, we can rearrange the
equation such that

frMZ

faM? =2mC — 5C m,
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FIGURE 4.4: The pion’s decay constant fr, as it appeared in Equation (3.48).

F1cUure 4.5: The pion’s in-hadron condensate Cr, as it appeared in Equation (3.44).

FIGURE 4.6:
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The current quark mass, calculated by means of rearranging the Gell-Mann-
Oakes-Renner relation.
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and we can investigate which value of m, leads to a current quark mass of some MeV,
which is in range of the u and d quarks. Figure 4.6 shows how the quark mass parameter
in the Lagrangian should behave in order for the generalized Gell-Mann-Oakes-Renner
relation to be fulfilled away from the chiral limit.



Chapter 5

Conclusion

In this thesis we started from the Bethe-Salpeter equation with the intent to describe
bound states in a quantum field theoretical framework. We arrived at the Salpeter equation
and successfully rewrote it into an eigenvalue equation. The components of the Salpeter
amplitude are given as the eigenvectors, while the corresponding mass is given by the
eigenvalue. This enabled us to calculate the in-hadron condensate and the decay constant
using the eigenvectors.

We were able to show that using the potential derived in Ref. [7], the mass of the pion
approaches zero as the mass of the quarks goes to zero, which was an assumption used to
calculate the potential.

Within our framework, the generalized Gell-Mann-Oakes-Renner, i.e. replacing the
vacuum condensate by the in-hadron condensate, is valid for vanishing quark masses m,
since the product f,M,; goes to zero as m goes to zero, cf. Figure 4.4. For larger quark
masses, the generalized Gell-Mann-Oakes-Renner relation can be fulfilled for certain con-
stituent quark masses my. The mass of the pion, as well as its decay constant, appear
larger than they are experimentally measured. A possible explanation for this is, that
the potential used in this thesis was determined under the assumption of vanishing quark
masses. However, in Ref. [7] the authors show that for larger quark masses, the potential
grows wider. This allows for lower eigenvalues, which may explain the overestimation in
our calculations.

There are three ways to extend this thesis. First, on could use bigger matrices at the
cost of more laborious calculations. For larger N, the fact that our Hamiltonian is not self-
adjoint should play a more and more inferior role, meaning that one should be able to find
ground state solutions for almost any u. Second, renormalization could be considered.
Ref. [10] presented calculations including renormalization coefficients, whereas for this
thesis we skipped the aspect of renormalization. Third, it might be possible to further
investigate the Bethe-Salpeter equation without restraining oneself to either instantaneous
interactions, equal quark masses or free propagation of the quarks. Also, a different spinor
space interaction kernel than the BJK structure might lead to different results.
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Appendix A

Detailed Calculations

A.1 Axial-Vector Ward-Takahashi Identity

Ward-Takahashi identities are useful relations of n + 1-point and n-point Green functions.
A general n + 1-point Green function reads,

Gx(x,x1,...,2,) = (0] Tj(z)p(x1) ... P(xn) [0), (A1)

where X denotes whether it is a (pseudo)scalar or (axial-)vector Green function and j
is a current interacting with n quarks. For Chapter 1, we are interested in the 3-point
function, where an isovector axial-vector current interacts with two quark fields v,

Galyg (z, 21, 22) = (0] Tia"* (2)¢a (1) 5(2) [0) - (A.2)

Following the calculations in [30], Ward-Takahashi identities follow from taking a deriva-
tive of a time-ordered product (we use ©,~, as a shorthand for ©(z° — 3°) and 6, for

(2" —y°)),
Oz [T](m)lb(y)@(z)] =0, [@x>y9y>zj1ﬂ + 025:0:5yJ 1) + Oy 00 Y

+ 0y>:0.5,00) + 0,550, Vj1 + @z>y@y>x$¢j]

= T(02))t) + 62yOys 20 + 02205y jUU — 00yOus 20 j1h
+ 5zz@y>x¢j@ - 5m@y>z¢aj - 5xz@m>y@jw
+ 0y ©250PJY — Oy Oy 1)

= T (O + 0ay Oy [, ]9 + 02y Oy 4, ]
+ 022025y [j7m¢ + 022Oy> 21 [ja E]

= T(Oug)Wt) + Oay T [5, 0] + 00T 5, 0],

where we collected terms to restore the time ordering and used the identity of differenti-
ating a Heaviside step function,

3:0(2° —y°) = (2" — y*)doy-
Putting this into a vacuum expectation value and using Equation (A.2) yields,

0uGa™ (@, 1, w2) = (0] T(Dpsa* (2)) b (1) (2) |0)
+8(a” = 29) (0] T[a**(x), 9 (z1)] ¥ (x2) 0)
+ (2 — 29) (0] T (1) [a™ (), P(22)] [0) - (A-3)
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We now need to calculate three expressions: the Noether current j, its divergence - j and
the commutator of the Noether current with a quark field [j,1]. We shall do this step by
step:

1. For the Noether current, consider a quantum field theory with an action § =
[d*z L(p,0¢) and an infinitesimal transformation,

o= ¢ =9p+dp,

for which the variation of the action reads,

(oL oL
6S:/d4:n ——50; + ———5(0 ]
| O 4 0(Oupi) Oupi)

oL oL oL
] (2 50) (3,2 Y
/ L Opi 4 : 8@#%’) 4 g (@L%‘) 4

[ oL oL oL |
_ d%é9<5¢>+<—8>5i]i0
/ N\ 98007 oo P (0up) )7
—_———

=€ jH:a =0 for classical solutions

Therefore, we can calculate the Noether current as follows,

2L a£ %
ST 9(0pi) den”

whose divergence vanishes, if the transformation is a symmetry transformation. For
the axial-vector Ward-Takahashi identity, we consider the Lie group SU(Nyf)a with
elements exp(—iv%“t“). In order to calculate the corresponding Noether current, we
need to know how the fields transform under this group. The quark field transforms
infinitesimally as

Y=Y =+ 0 =1 — i % t, similarly: 09 = ipy € t?, (A.5)

and for the SU(Ny)a Noether current j/4“, commonly denoted as A*“, we use
Equation (A.4) to get

(A4)

[ oL g oL oYy

= + —
(0uF) de (8,05 e
~—~— HYf) o~
?’W,L_/ —i'y5t“d) 5 i@,ysta

= E’}/“'ystaw. (A.6)

Hya

JA

2. The divergence of this current reads,
ity = (0 0)V* 1% + Pyt (9,0)
= WpMy°t9 + g Ay 1% + 1Py t M + ighry t Ay
— B{M, 7y (AT)

which is known as the PCAC-relation (partially conserved axial-vector current).
Here, we used the quarks’ Euler-Lagrange equations (M is a diagonal matrix in
flavor space, containing the quark masses in its entries),

ip-Mp=0 — J=—-iMp+igdy,
I = o o
VP AM] =0 — ¢ P=iYM—igp 4,
as well as the Clifford algebra {v*,v"}ag = 20"*Sag, {7",7°}ag = 0.
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3. For the commutator of an isovector, axial-vector current j/4* = PyHy2t%) with the
quark fields 1, v, we make use of the following relation,

[AB,C] = A{B,C} — {A,C}B,
in order to use the equal-time anticommutation rule of fermion fields,

{05 (%), 01 (£, ¥)} = Gapdppd® (x —y),
{¢?(t7 X)’ 1/}?/ (t7 Y)} =0= {¢fa(tv X)a sz)jf/ﬁ(tv Y)}

For the zero-component of the current, this yields,

U3 @), (1)) = [(@)7° 7t (@), 1 (21)]
= ()77t {oh(), (1)} —{P(2)7°7°t%, Y1)} ()
0
= —t%(2)6®) (x — x1). (A.8)

Similarly,
G5 (@), ¥(@a)] = ()7 176D (x — x1). (A.9)

Let us now evaluate the Ward-Takahashi identity Equation (A.3) using Equations (A.6)
o (A.9). We will assume equal quark masses (M = m1), such that the PCAC relation
reads 0,5 = 2miYtiySeh = 2mj% (with the pseudoscalar current j% = ¢t%y5¢),

0pGal* (@, w1, w2) = (0] T(9uily " (@) ¥ (21)1) (22) |0)
+0(2” — 29) (0| T[44" (x), ¥ (21)] P (x2) |0)
+6(2° — 29) (0] Tob (1) [5° (), W (2)] |0)
= 2m (0] Tjp(2)1h(z1) (22) |0)

=00 (@ — 21)7°t" (0] Ty () (2) |0)

— 0 (@ — 22) (0 Teo (1) () [0) "
= 2mGp®(x, 1, x2)

— 6D (z — 21)7°t°S (z, 22)

— W (z — 29)S (21, 2)7°t%

In momentum space, where P is the current’s momentum and ky = k £+ P/2 are the
quarks’ momenta, this equation reads,

iP,Ga"(k, P) = 2mGp“(k, P) — v°t*S(k_) — S(k4)v°t%, (A.10)

with 4-momentum conservation at every vertex. Multiplication of S~!(k, ) from the right
and S~!(k_) from the left yields an equation with the amputated vertices I instead of the
Green functions G,

iP,Ta"%(k, P) = 2mTp(k, P) — S~ (k3 )7t — 4°t2S~ 1 (k_), (A.11)

kl*ﬂ «
T2 (k, P) < @: a, P, . (A.12)
k2(—7 5
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A.2 Ansatz for Three-Point Vertices

The three-point vertex we consider here connects a certain current to two quark fields. The
nature of this current determines how the vertex transforms under discrete transformations
like parity or charge conjugation. Following Refs. [11,31], we need to make an ansatz for
the pseudoscalar and axial-vector vertices.

At these vertices, an incoming quark with momentum & interacts with the current’s
momentum P and leaves as an outgoing quark of momentum k' = k + P. Therefore, the
vertex can only depend on k£ and P. For a quark-scalar vertex, one can write down basis
elements,

bi € {]lakvpa [%7P]}7 (A13)

and for a quark-vector vertex with an additional Minkowski index, the basis elements read,
b€ (VK1 PRY < {1 E, P (R P} (A.14)

The vertices are now built using the basis elements and some functions, depending on k
and P,

Is =Y Fy (k. P) (b). Iy = Y Bk P) (0)), s
Tp =Y F(k,P)(iy°b), T =" FY(k, P) (°0)).
Such vertices transform under parity as,
I'(k, P) = np7°T(Apk, Ap P)A°,
(k, P) = npy"T'(Apk, ApP)y (A.16)

T#(k, P) = npy"(Ap)* T (Apk, Ap P)7Y,

where np is the eigenvalue under a parity transformation and the transformation matrix
reads Ap = diag (1, —1,—1,—1). Under charge conjugation, this vertex transforms like,
I'(k,P) = ncCT' (—k,P)C,

I (k, P) = ncC (") (—k, P)YC, (A-17)

where 7¢ is the eigenvalue under a charge conjugation, AT denotes a matrix transpose
and the quark’s momentum changes sign, since charge conjugation transforms a quark to
its antiquark. For completeness, let us look at some P and C' eigenvalues.

A pseudoscalar can be denoted as JF¢ = 0=+ (with spin J and P, C' the eigenvalues under
parity transformation and charge conjugation), hence we can make an ansatz,

iCp o< iy’ + 7P+ Fk - P+ [}, P+ ... (A.18)

Let us look at the second term in this ansatz and check for the right eigenvalues using
Equation (A.16) (this should yield np = —1 and nc = +1),
VAP, = npyPP A0 (PR = (P, PY) = (P, - PY))

— 1 P70 P — 1y Py

— 17O Por® + 1pry P Py

= 17’17 Py + 1py°7 1 P

= —np("7°Po — +"1'P)

=-—np(v"7*P) — np=-L
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Now let us check Equation (A.17) using Cy*C~! = —(v*)T and ~-C =C~! =CT,
T

VA P, = neC(y°4*P,) O~
=1 (i TN T TR ot
— incC(’y“)TCflC(’y?’)TC*lC’(’yQ)TC*lC’('yl)TC’*lC(fyO)TC’*lPM
= inc(—1)°v"7*7*y'1"P,
=nc(=1)1""y° P,
=neY"Y"P, = ne =+l

Similar calculations show that the other terms in the ansatz have the same eigenvalues.
For the axial-vector vertex, we have to consider JF¢ = 11, which leads to other terms,

(Ta)" o YPyH + Y Rk + [y K + .. (A.19)

In order to arrive at the axial-vector vertex, as seen in Chapter 1, we use the procedure to
make a PC-appropriate ansatz only for terms linear in k. Every term linear in P is now
contained in T, which is regular near a certain pole, and the pole itself. Since we want to
investigate the pion in Chapter 1, we chose this pole to be the pion pole.

A.3 Center-of-Mass System

In a non-relativistic two-body center-of-mass system, the center-of-mass position is given
by
> m,r; miry + mors
R = = =T r A.20
S Vi mri + n2ra, ( )
with n; = % and therefore, 1 + no = 1. Here, m; and r; are the mass and position of
the i-th particle. The center-of-mass velocity is the time derivative of the center-of-mass

position,

dR miVi + MoV
V= =~ - == A21
dt M ( )

The total momentum, as the sum of the individual momenta therefore reads,
P=MV =myvy+mavs = p; + Pa- (A.22)

In the rest frame of the second particle, the relative momentum between the two particles
can be calculated as m; times the reduced velocity of the first particle, i.e. vi minus the
center-of-mass velocity,

P12 =p =mi(vi — V) =1mp; — mPps.

The system can be described by either the two absolute momenta (p;, py) or by the total
and relative momenta (P, p). They are related via,

P =p; +p,, p; =mP +p,
P = 12P1 — NP2, p; = 172P — p,
whereas the position vectors are related by,

R = mry + nera, ri = R+ nor,

r=rj; —ro9, ro =R —nr.
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A.4 Index Structure of the Bethe-Salpeter Equation

The Bethe-Salpeter equation in its diagrammatic form reads,

(07

v
« Y o ——7 « Y
E:E —_ + K 1::E , A.23
B d B——3 B 5 0 ( )

g

where greek letters represent the quarks’ spinor indices. This represents the analytic
expression,

Gag,yg = Sa'yS(Sﬁ + SadSBﬁiK G

apé
For bound states, we omit the propagator-only term since there the quarks do not interact
to form a bound state, and express the four-point Green function G by two Bethe-Salpeter

amplitudes Gogys = \Ilaﬁﬁwg,

s (A.24)

K.

UosV.5 = SaaSs4l aB,yg\If,ygﬁ,ﬂ;. (A.25)

We multiply by the inverse of @75 and define M 5= iK B%\Pﬁg,
Vg = SadSBﬂM&B’ (A.26)

this shows that, in order to be written as a matrix equation, we must rearrange terms to
place pairing indices next to each other,

Wop = SaaMy5555. (A.27)

This result shows that the propagators are supposed to be at the left and right ends of
the expression.

A.5 Fierz Transformations

Consider a spinor structure like,

(1T42) (13 Teha), (A.28)

called a quadrilinear, where I" is one of the 16 elements of the basis of 4 x 4-matrices of the
Dirac bilinears, T' € {1,iy%, v#,y#+>,a"*}. A Fierz transformation transforms one Dirac
quadrilinear into a linear combination of other Dirac quadrilinears. This short presentation
of Fierz transformations is based on Ref. [18] pp. 160-162. If we collect expressions like
Equation (A.28) into a vector, it can be shown that it is equal to a linear combination of
similar expressions with exchanged spinors,

S 1 1 1 1 1 S

P 1 1 1 -1 -1 1 P

Vv =1 4 —4 -2 2 0 %4 , (A.29)
A 4 —4 2 =2 0 A

T 12;34 6 6 0 0 -2 T 14;32

where the index represents the spinor’s ordering and the quadrilinears are given by,

S=1®1, — Sju= (@il%‘)@klwl)
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P=~"®7"
V=" @,

A =9 @~ v,
T= %0”” ® O,

and the factor % in the tensorial quadrilinear corrects for the over-counting when summing
over both p and v. For instance, the vector Dirac quadrilinear can be written as,

(17" 02) (P37u000) = (Y1900) (P302) — (P17°a) (57 )2) — %@ﬁ“w)@gw%)

1 _ _
+ 5(%7’*751#4)(1/)375%@02)-

In this work, we demand symmetry under such Fierz transformations, that is, we choose
I'® I' as an eigenvector of the above transformation. In particular, we choose the eigen-
vector [8],

1
F®F:§(W“®W+’y5®75’—1®l). (A.30)
The factor in front of the gamma matrices could in principle be absorbed into the potential,

but is kept here in order to make it possible to compare our results to those of other works.
We can check that it is indeed an eigenvector,

1 1
V‘12;34 =(5—-P- §V+ 5‘4)‘14;32’
1
P‘12;34 = 1<S+P— V- A+T)‘14;32’

1
5’12;34 = 1(S+P+ V+A+T)’14;32’

that is, 3(V + P — S) is an eigenvector with eigenvalue —1.

A.6 Structure of the Salpeter Amplitude

Following Ref. [19], a Salpeter amplitude x can be expanded in the following basis of Dirac
matrices,

x=Lo+Lipi+No-o+N;-pio, (A.31)
where the basis elements are given by [20],
=" p2 =",
p3=1", o =7’
According to the well-defined PC' = —+ eigenvalues, only some terms survive,
x = L1p1 + Lopo + sin HLQR -0 — COS ¢L1R - P30, (A.32)

Under the assumption of equal quark masses, we can insert the definitions given in [19]
for the (co)sine functions' and apply trigonometric identities, so that we arrive at,

X = Ll(p)g((gi + La(p) | 707" (A.33)

!The angles are in fact functions of the quarks masses, which means that the following statements are
only valid for mi1 = mg!
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One important thing to notice is that in Ref. [19], the Salpeter amplitude of a bound state
B was defined as,

x(p) = (0] 41 (p)¥(p) |B) (A.34)

where 1! was used instead of ¢). This aspect (which is elaborated on in more detail in
section 2.6 of [16]) accounts for the removal of 4° from Equation (A.33) to Equation (2.38).

A.7 The Choice of

The parameter p appeared when we expanded the second component o of the Salpeter
amplitude in a basis ¢, which relied on Laguerre polynomials,

(2p0)2434)

! B (20+2)
T@I+it3) r"exp(—pur)L (2pur). (A.35)

o (r) = :
The parameter p was introduced in order for the mass dimensions of p and r to cancel
within the Laguerre function. In principle, every value of u leads to a different, but
nonetheless valid basis. However, depending on the choice of u, the mass M of the bound
state would behave very differently, as seen in Figure A.1. We would expect the mass of
the bound state to be zero when the constituent mass vanishes M (my = 0) = 0, since this
is how the interacting potential was originally constructed, cf. Chapter 3. This behavior is
based on the fact that we “only” use a finite amount of basis functions for our calculations.
In the limit of N — oo, we would expect any value of p to yield M(m, = 0) = 0. And
this is in fact what we found, as seen in Figure A.2. This means, that for large enough
matrix sizes, the choice of the parameter p becomes irrelevant.



36

Detailed Calculations
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Ficure A.1: The eigenvalues M at different values for p = {1.1, 1.1218, 1.2} at N = 3
show how the choice of ;1 can influence the region of small m,.
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FIGURE A.2:
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M?(0) for different matrix sizes N = {3,5,10}. The bigger the matrix

size,

the broader the region where M?(0) = 0. The first figure shows that

M?(0) = 0 happens somewhere between p = 1.1 and g = 1.2, which is
exactly what Figure A.1 already showed.



Appendix B

Proofs

B.1 Proof of Equation (1.4) — Dyson Equation for Three-
Point Vertices

The Dyson equation emerges after sorting the occurring diagrams of a given process. For
a 2-to-2 scattering process, one can arrange the diagrams in such a way that they, at
first, do not interact at all. The next possibility is to interact once, via all one-particle
irreducible (1PI) diagrams, abbreviated by a scattering kernel iK. Then they can interact
twice and so on.

@=>=+ K>=+ K K>=+

where lines with arrows represent full propagators (Note that G = ST'S, so when we
picture the Green’s fuction G in a diagram, there are two propagators on the left-hand
connections already included). The above equation has the form of a geometric series.
This fact can be used to formally manipulate the equation in a way to get a recursive

equation,
@ = >= + K >= + K K >= + ...
2
= (1 + K + K + .. ) >=
-1

(TR >

Multiplying the expression in brackets from the left yields,
© _i[© - >
@ - >= + K @ (B.1)

Equation (B.1) is the Dyson equation for a 3-point Green function. In order to arrive at
the equation for the truncated 3-point vertex, we remove the propagators on the left-side

of each diagram,
© -~ F@-
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which in analytic form reads,

Ip%(k, P) = t%° + /iK(kz,q,P)Gp“(q,P), (B.3)
q/»"
Lo (k, P) = t%9""9° + /iK(k,q, P)Ga""(q, P), (B.4)
qH

for a pseudoscalar and axial-vector current, respectively.

B.2 Proof of Equation (1.5) — Rewriting the Dyson Equa-
tion

Starting from the Dyson equation for Three-Point Green function,

@=>=+ K@ (B.5)

we iteratively use this expression to replace the Green function on the right-hand side,

@—}:Jr K}:+ K K>=+ (B.6)

We define the quark-antiquark scattering amplitude M,

M| = |K| + | K K| +..., (B.7)

and can now write the equation for the truncated 3-point vertex as follows,

(O = >+ [m[y. (B.3)

which in analytic form reads,

Fpgﬂ(ka P) = tai72,8 + /Maﬁés(ka q, P)S(?W(Q—l-)spe(Q—)tai’sz: (Bg)
qll«
Talg (k, P) = t"y05755 + / Mogse(ky @, P)Ssu(0+)Spe(4- 1126 VE (B.10)
q/»"

for a pseudoscalar and axial-vector current, respectively.

B.3 Proof of Equation (1.6) — Pion Contribution to the
Scattering Amplitude M

Within all processes that can happen inside the 2-to-2 scattering amplitude M, there is a
possibility that a pion forms as a bound state and later on decays again into two quarks.
We saw in Chapter 2 that bound states in Green functions give rise to a pole term. This
means, our ansatz consists of two three-point vertices, where two quarks can combine to
a pseudoscalar current (a pion), and a pole term near the pion’s mass. Diagrammatically,

this means,
M| = @@Jr Reg| | (B.11)
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where [Reg] denotes all diagrams that are regular for P? — M2. The index structure looks
as follows,
kl*ﬂ «
@ 0, P Tk P) (B.12)
k2<—7 /B

5a kl% =T
P_b @ & T8 (k P), (B.13)
€, k2—>

where AT denotes a matrix transpose, so that we can write,

Waﬁ(k P) wée( _P)
P2 _ )2

™

Maﬁée(ka q, P) = + Rega/g’ée(kv q, P) (B'14)

The unit residue on the pion pole follows from the canonical normalization of a Bethe-
Salpeter amplitude [11].

B.4 Proof of Equation (1.7) — An Identity for the Axial-
Vector Residue

=

5),

We start with the Dyson equation for an axial-vector three-point vertex, Equation (1.

Kk, P) = Bl + / Masielk. 0. P)Ssa(a)Spela )bty (B13)

On the left-hand side, we use an ansatz for the axial-vector three-point vertex, Equa-
tion (1.2a),

Lok, P) =29 [yFS) + g F — [y, S|
r A PH

+FA‘LL’a(k,P) + w

=" (k, P) (B.16)

and on the right-hand side, we use an ansatz for the scattering amplitude M, containing
a pion contribution, Equation (1.6),

<55k, P16 (q,— P)
P2 — M2

Maﬁée(kv q, P) = + Regaﬁge(kz, q, P) (B17)

In the limit of P? — M2, we discard all regular terms which leaves us with,

PAPE 5k P) = [ Duth P~ P)Ssala)Spla Sty (B9
q

The first pion vertex on the right-hand side does not depend on the integration variable
q, so we can multiply by its inverse to get,

ac T a
rapaee = [T T 0.~ P)Suatan) et | (8.19)
q
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Next, we look at the conjugate vertex, I. It is connected to the original vertex through
charge conjugation with positive eigenvalue (pions have JF¢ = 0=F),

7T _
Fﬂ'ge(q? P) = Cgalrﬂ'gﬁ(_q: P)Cﬁa (BQO)

and use this in the above equation,

raPFo" = /Trf{CgalI’ﬂflﬁ(—q, —P)CgGS(;w(q+)SpE(q_)t“'ygéfygp}. (B.21)
q

In the following, we will perform two changes of variable, first we let P — — P, implying
q+ < q—,

—ra Pty = /Trf{cgalrﬂ'gﬁ(_qaP)Cﬂss&u(q)Spe(Q+)ta7¢3§7§p}a (B.22)
q

and ¢ — —gq, which implies ¢ < —q_,

—rAPHy%c = / Trf{Cg(jErZﬂ(q, P)CpeSsu(—q+)Sy (_Q)ta72§7£p}' (B.23)
q

We will now briefly switch to matrix representation in Dirac space in order to perform the
following calculations more efficiently. We make use of the following relations,

CLS(P)C = ST (=p), CAPC =47, CIgrC = 44T, (B.24)

with the charge conjugation matrix —C' = CT = C~! = C'. We reposition terms in order
to place pairing indices next to each other and switch to matrix notation,

—r g PF = / Trf{t“C;ijég(q, P)CﬂeSpe(—Q—)vg‘ﬂigsaw(—%)}

Trp TI'f {t“C’lfﬂCCST(—q_)’V“T75TST(—Q+)}

Trp Try {t°C1T,°CST(—q)C ey TC Oy T O CS T (—q0)}

Trp Try {t*T;° CST (g )C ' C*TC CyP T e CST (—g )}
S(g-) -+ 75 S(g+)

/TrD Trs {t"T:°S(q-)v"7°S(g+)}
q

Q\Q\Q\Q

= —/TrD Trs {t*S(q4)T=°S(g-)v"~"}. (B.25)

This leaves us with this identity,

raPHOC = /TrD Try {t“S(qu)FﬁcS(q,)v“f}. (B.26)
q
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B.5 Proof of Equation (1.8) — Dyson Equation for an Axial-
vector Current Vacuum Polarization

A vacuum polarization describes all possible processes that can happen during the propa-
gation of a vector field. Here, we want to consider axial-vector currents interacting with a
pion. We assume an ingoing current with Lorentz and flavor indices p, a and an outgoing

current with v, b,
1, a @ v,b . (B.27)

There are two possible types of processes. Either the current does not interact at all, i.e.
it propagates freely, or it creates a quark-antiquark pair. This quark-antiquark pair can
itself interact in any way, before finally combining to an axial-vector current again. A
process, where two quarks enter and an axial-vector current is created is described by the
axial-vector three point Green function G4, see Appendix B.1. Therefore, the vacuum

polarization can be split up into,
nb + u,a@y,b . (B.28)

M?a’@l/,b = Ka

In analytic form, this equation reads,

HAMv,ab(PQ) _ (nul/PQ _ P#PV)(SGI’ + 92 / Tr{ta“fy“ry5GA”’b(q, P)}7 (B.29)
qt

where g is the axial-vector current’s coupling constant to quarks (the current-quark inter-
action happens twice, therefore we have ¢g?), the trace runs over flavor, Dirac and color
indices (this results from the closed loop in the Feynman diagram) and the index structure
of the first term is determined by the Ward identity,

PII™ = 0. (B.30)

B.6 Proof of Equation (1.9) — Pion Contribution to an Axial-
vector Vacuum Polarization

Similar to Appendix B.3, we now investigate the pion contribution to the axial-vector
current’s vacuum polarization. Here, we consider an ingoing axial-vector current js4*¢
and an outgoing current j4**. We already saw in Section 2.1, that the formation of bound
states leads to poles in Green functions. We want to describe an ingoing axial-vector
current forming a pion, and later on continuing propagation as an axial-vector current.
We can write this as,

(O] ja™® |7 (P) ) (P)] ja™* [0} , (B.31)

where (0] ja#® |7(P)) = ifrP*t* defines the pion’s weak decay constant f [24]. Therefore,
this contribution to an axial-vector current’s vacuum polarization enter the equation as,

g2 f2
P2 M2

HA‘LW’ab(P2) — (n,ul/P2 _ PMPV)(;ab ﬁA,reg(P2) + (B.32)
Here, the axial-vector current’s coupling to quarks enters quadratically, because the current
has to interact twice with quarks in this process and Il4 ;¢ are regular term near the pion
pole. Again, the index structure is determined by the Ward identity P,II* = 0.
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B.7 Proof of Equation (1.10) — Determining the Axial-Vector
Residue

In this section we use the ansatz for the axial-vector vertex, Equation (1.2a), an identity
for the axial-vector residue, Equation (1.7), and two representations of an axial-vector
current’s vacuum polarization (Dyson equation and pion contribution), Equations (1.8)
and (1.9),
LA™ (k, P) = ty° [VHF O+ pFD — [ HE ,513)]
ro PH

+Ta"*(k, P) + 55— 0n (k, P),
P2 M2

’I“AP‘U’(saC = /Tr{taS(qu)FwCS(Q)’VM'Y{)}’
qt
HA/u/,ab(PQ) — (nHVP2 _ pﬂp’/)dab —+ gQ/TI‘{ta’YMP)ﬁGAV’b(Qa P)}7

q

2 r2
ab/p2y _ 2 b |7y 2 9w [
ML) = (P2 = PP PP + T

to calculate the axial-vector residue. We start by equating the expressions for the vacuum
polarization (note: G = ST'S),

e L Tr{tavw5s<q+>wb<q, P>S<q_>} -
q

(B.33)

w p2 _ puprysab |17 2 92f7%
(" P — P*PY)0" |11 A veg (P7) + 55— |-

P2 — M2
We use the expression for the axial-vector vertex and only look at singular terms near
P? — M2,
92TAP”/Tr{t“v“’v55(q+)pr(q, P)S(CJ)} = (n""P* — PP")5"*f7.  (B.34)
qH
The term on the left-hand side corresponds exactly to our identity for the axial-vector
residue, therefore,
2 2P“P”5ab* MVPQ_P},LPV 6ab 2 r2 B.35
9T = )57g" fx. (B.35)
Finally, we use a special projection operator (n,,P? — 4P,P,) in order to isolate the
axial-vector residue,

9270124(77,U‘VP2 - 4PMPV)PNPV = (77,UVP)2 - 4PMPV)(77/WP2 - PMPV)QQJCE
ra(=3P*) = 3P")f2
TA=1ifr. (B.36)

B.8 Proof of Equation (1.12) — Defining the Quark Conden-
sate

Starting from the Dyson equation for the pseudoscalar three-point vertex Equation (1.11),

Fpiﬂ(k, P) = taif)/gﬁ + /Maﬁée(ka q, P)Séw(Q+)Spe(Q—)tai73pv (B37)

qllf
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we use the pseudoscalar vertex Equation (1.2c),
TP (k, P) = %" [F) + PF + k- PES + [ PIFL

Pk, P), (B.38)

+P2—M72r "

and the pion contribution to the scattering amplitude Equation (1.6),

=T
Lacp(k, P)Ur5c(q, —P)

Maﬁée(kv q, P) = P2 _ N2 + R‘egaﬁ&(k? q, P)a (ng)
which, looking at singular terms only, yields,
: a c =Te a:
- erFﬂ'aﬂ(k?P) = / ﬂ'aﬂ(kﬂp)rﬂée(q? _P)S5W(Q+)Sﬂ€(Q—)t lfygp' (B4O)
ql»"
We multiply by the inverse of I':g5(k, P) and get,
: ac =Te a:
—irpd"t = /Trf Trc{Fﬂae(% —P)S50(q+)Spe(g-)t 173,,}7 (B.41)
q/»"
which in matrix notation reads,
ac =Te a
A KR LGRS R PR E PRI (B.42)

ql‘«
We already calculated this right-hand side expression in Appendix B.4, this leads to,
~rpse= | Tr{smm%q, P)S(q_wff}. (B.43)
qt
In analogy to [10], we identify an in-hadron condensate with the pseudoscalar residue,

C:=irp= —i/Tr{S(q+)I‘7ra(q,P)S(q_)t“ff’} (B.44)

ql»"

B.9 Proof of Equation (2.28)

We will use the following definition of the energy projection operator and the Clifford
algebra,

Af(p) = (Ei(p) £ Hi(p)),  {1":7" }ag = 20" Sap.

2E;(p)
Then,

(2.28) = [ (" + E(p)) A" (p) + (p° — E(p))A~(p) [7°
(»° + E(p))(E(p)+ Hp)Y' + (° — E(p))(E(p) — H(p))Y’
2E(p)
_ 29°°E(p) + 2E(p)H (p)7"
2E(p)
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="p" +~"H(-p)
="+ [ =~ p+my]
=1%" —v-p+my
=p+mg.

B.10 Proof of Equation (2.29)

We take the free fermion propagator and manipulate it in the following way:

i

S(p) = —
() P—mg+ic
P+ mg—ie
1p2—m3+2i6+62
_; P+ my
WP (o7 i
_ P+ mg
(p° + /p? + m2 —i€) (p° — |/P? + m2 — ie)
]ﬁ—i-mq

(p + E(p) —i€)(p® — E(p) + ie)’

where we Taylor expanded the square root and omitted terms of order O(e?). With the
help of another identity, Equation (2.28),

pt+mg= [(po +E(p))At(p) + (n° - E(p))A_(p)} 7,
we can write the propagator as,

S(p)_l(p +E(p))AT(p) + (#° — E(p))A~(P) ,

(P° + E(p) —i€)(p° — E(p) + ie)
:i< ATe) AP ) 0
E(p) +ie = p’+ E(p) —i '
O
B.11 Proof of Equation (2.30)
We want to calculate the expression,
/ dp®S1(p1)I(p)S2(—p2), (B.45)

where S; is the free fermion propagator for the i-th particle, represented in a certain way,

A+(k) Af(k)
Si(k) = (ko (k)+1e+k0+E(k) >%

(B.46)



46 Proofs

and I is the interaction kernel, depending only on the spatial components of the mo-
mentum. The momenta p; o are given in a generalized way to 4 dimensions according to
Appendix A.3 by py = m P + p and pa = o P — p. After multiplying the propagators, we
have to solve four different cases of the following integral,

/ do— ! (B.47)
x_

a—iql’—b—iEQ’

where a, b are constant expressions with respect to the integration variable and there are
four variations for (e1,€2) = {(e,€), (¢, —€), (—¢,¢€), (—¢, —€)} with ¢ — 0T, depending on
which parts of the propagator we are multiplying. Let us do an analytic continuation to
the complex plane and close the integration contour in the upper or lower half plane. If
we can show that the auxiliary path in the upper or lower half plane vanishes, we can use
Cauchy’s theorem and calculate the integral via residues. To integrate over a half circle,
we substitute,

= lim Re™™, dz=iRe¥dy, ¢ € 0,n], (B.48)

R—o0

so that Equation (B.47) gives,

™

. 1 1
lim iR [ dpet¥—— . =0. B.49
Rosoo’ ¢ Ret® —q —ie; ReF¥ — b — ies (B-49)
0

The integral vanishes for R — oo, therefore we can use the residue theorem,
fdzf(z) = 27riz Res,, f(2). (B.50)
¢ i

Since we are dealing with single poles, we calculate the residue at a point zy as follows,

Res,, f(z) = lim (z — 29) f(2). (B.51)

Z—20
Now let us consider the four cases we have:

1. For €1 = €5 = €, both poles are in the upper half plane, so we close the countour in
the lower half plane. Since there is no residue, this term vanishes.

2. For €1 = —ea = ¢, the pole at x = a + ie is within the contour and we calculate the
residue to
1 1 1 1
Resqtie = i (B.52)

r—a—iex—b+ie a-+ie—0b+ie a—b

3. For ¢ = —ey = —¢, the pole at z = b + ie lies within the contour and we calculate
the residue to

1 1 1 e—s0 1
Resy .- = - ) B.53
e tiex—b—ie b+ic—a+ie b—a ( )
4. For €1 = €9 = —¢, both poles are in the lower half plane, thus closing the contour in

the upper half plane makes this term also vanish.
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Equation (B.45) reads,

o

A+ 0 AT 0
mPO+p0 — Ei(py) +ie  mP%+p° + Ei(py) — e

—o0
I II
y ( A (—pa)?° N A5 (—po)’ )
—m2 PO +p0 — Eo(—py) +ic  —maPY + p0 + Ey(—py) — i€
II1 IV

We use Aii(p)'yo = WOAZ-i(—p) and look at the resulting terms separately:

(IXIII) corresponds to case 4, this term vanishes.
(IxIV) corresponds to case 3 with a = Ey —n; P? and b = 1o P° — E5. This yields a residue

1
==\ B.54
Res P B B (B.54)

(ITxIII) corresponds to case 2 with a = —m P* — Ey and b = moP° + E5. This yields a

residue )

P4+ B+ By

(IIxIV) corresponds to case 1, this term also vanishes.

Res = (B.55)

Applying the residue theorem, Equation (B.50), this finally yields,

o (A PYI(P)A (-P2)1° AL (P I(P)AS (—P2)y”
PO—El—EQ PO+E1—|—E2 '




Appendix C

Overview of Symbols

aij
A, B,C
b,y

Eq(b)
Ei(p;)
e
F

I'(a,b)
T po
Ty
O(z)

Coefficients in the expansion of V(r) ........ .. . ... i, (3.21)
Abbreviations for matrices ............ .. o i (3.14), (3.23)
Parameters in the potential V(r) ........ ... ... (3.7)
Charge conjugation matrix or its eigenvalue ............................ (A.17)
In-hadron condensate ............ ... (3.42)
Exponential integral function .......... ... . i (3.29)
One-particle eNergy ... ... ..ot (2.24)
Decay constant (of the pion) ....... ... (B.32)
Abbreviation for a scalar function ......... ... . .. i (3.25)
4-point Green’s function .......... ... (2.1)
One-particle Hamiltonian .......... ... i (2.25)
Interaction term, integral over K® ....... ..., (2.21)
Modified Bessel function of the first kind .............. ... (3.5)
Abbreviation for a certain integral .......... ... ... ... oL (3.16)
Axial-vector CUITent ..............o.iuiniiiii (A.6)
Scattering kernel, interaction term .......... ... . i p. 7
Spatial scattering ......... ... (2.19)
Modified Bessel function of the second kind .............. .. ... ... (3.5)
Associated Laguerre polynomials ........... ..., (3.24)
Modified Struve function of order a ............ ... .. . .ol (3.6)
Mass of a bound state (e.g. of a pion) ..........c.ooiiiiiiiiiiiiii. p. 11
Quark-antiquark scattering amplitude ............ ... .. ... .l (B.7)
Constituent quark mass, i.e. mgr~m,/3 ........ ... p- 30
“Current” quark mass, i.e. the parameter in the QCD Lagrangian ...... (A.10)
Normalization of Salpeter amplitude ................ ... . ... ... ... Section 3.3
Fermion propagator ........... ... (2.23)
Generator of SU(N) ...t e (A.5)
Interaction potential ........ ... .. . (3.3)
Dirac gamma matrices ..........oiiiiii p- 2.5
Basis element of 4 x 4 matrices T' € {1,y v*, v#45, "} ..., (A.28)
Gamma function ......... ... . (3.4)
Incomplete Gamma function ............. ... .. (3.27)
Pseudoscalar three point vertex ........... ... .. (A.11)
Axial-vector three point Vertex ..............o.oeveiiiiiiiiiinenennann. (A.11)
Heaviside theta function ............ .. ... ... .. ... (2.10)
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AZ-i Energy projection operators ..............o.oiuiiiint i (2.27)
7 Parameter appearing in the Laguerre basis expansion ..................... (3.8)
¢ Salpeter amplitude ...... ... . . (2.20)
©1,2 Components of a pseudoscalar Salpeter amplitude ....................... (2.38)
QNSZ@, gbl( ) Basis elements in the expansion of ¢a(p) and its Fourier transform ....... (3.8)
), Fermionic quantum fields, in particular quark fields ...................... (A1)
U ¥ Bethe-Salpeter amplitude of a bound state M ............................ (2.4)

C.1 Further Notation

Units. We employ units where ¢ = 7 = 1 and choose a mostly-minus Minkowski metric
n= dla’g (+7 T T _)

Integration. Unless otherwise stated, we abbreviate position space (z, y, z) and mo-
mentum space (p, ¢, k) integration by

e e
<] ] e

p —00

such that x* represents a Lorentz four-vector, x the three spatial components of z* and

x = y/x - x stands for the length of a three-vector. Occasionally we will make use of the
abbreviation -
/5/@ (C.1)
&+ O

to denote an integration over a non-negative region.

Trace. In this work, we perform traces in Dirac spinor space, SU(Ny) flavor space and
SU(3) color space. We denote them by Trp, Try and Tr., respectively. A trace without
index means tracing over all three, Dirac spinor, flavor and color space: Tr = Trp Try Tr,.

In order to keep the main text free of lengthy claculations, we put most of them in to
the appendix.



Bibliography

[1]

2]

[10]

[11]

[12]

[13]

E. E. Salpeter and H. A. Bethe, “A Relativistic Equation for Bound-State Problems”,
Phys. Rev. 84 (1951), 1232-1242, D0I:10.1103/physrev.84.1232.

A. Casher and L. Susskind, “Chiral Magnetism (or Magnetohadrochironics)”, Physical
Review D 9 (1974), 436-460, DOI:10.1103/physrevd.9.436.

S. J. Brodsky and R. Shrock, “Condensates in Quantum Chromodynamics and
the Cosmological Constant”, Proceedings of the National Academy of Sciences 108
(2010), 45-50, DOI:10.1073/pnas.1010113107.

T. Horn and C. D. Roberts, “The Pion: an Enigma within the Standard Model”,
Journal of Physics G: Nuclear and Particle Physics 43 (2016), 073001, DOI:10.
1088/0954-3899/43/7/073001.

I. C. Cloét and C. D. Roberts, “Explanation and Prediction of Observables using
Continuum Strong QCD”, Prog. Part. Nucl. Phys. 77 (2014), 1-69, D0I:10.1016/j.
ppnp.2014.02.001.

M. Gell-Mann, R. J. Oakes and B. Renner, “Behavior of Current Divergences under
SUs x SU3”, Physical Review 175 (1968), 2195-2199, DOI:10.1103/physrev.175.
2195.

W. Lucha and F. F. Schoberl, “Instantaneous Bethe-Salpeter Kernel for the Lightest
Pseudoscalar Mesons”, Phys. Rev. D 93 (2016), 096005, DOI:10.1103/PhysRevD.
93.096005.

M. Boéhm, H. Joos and M. Krammer, “The Mesons as a Relativistic Fermi-Quark-
Antiquark System with Strong Binding”, Nucl. Phys. B 51 (1973), 397-433, DOI:
10.1016/0550-3213(73)90524-5.

P. Maris and C. D. Roberts, “m- and K-meson Bethe-Salpeter Amplitudes”, Phys.
Rev. C 56 (1997), 3369-3383, DOI:10.1103/PhysRevC.56.3369.

P. Maris, C. D. Roberts and P. C. Tandy, “Pion Mass and Decay Constant”, Phys.
Lett. B 420 (1997), 267-273, DOI:10.1016/S0370-2693(97)01535-9.

C. Llewellyn Smith, “A Relativistic Formulation of the Quark Model for Mesons”,
Ann. Phys. (N. Y). 53 (1969), 521-558, DOI:10.1016/0003-4916 (69)90035-9.

M. Srednicki, Quantum Field Theory, (Cambridge University Press, 2010),
ISBN:9780521864497.

Z. K. Silagadze, “Wick-Cutkosky Model: An Introduction”, Preprint (1998), arXiv:
hep-ph/9803307.

50


http://dx.doi.org/10.1103/physrev.84.1232
http://dx.doi.org/10.1103/physrevd.9.436
http://dx.doi.org/10.1073/pnas.1010113107
http://dx.doi.org/10.1088/0954-3899/43/7/073001
http://dx.doi.org/10.1088/0954-3899/43/7/073001
http://dx.doi.org/10.1016/j.ppnp.2014.02.001
http://dx.doi.org/10.1016/j.ppnp.2014.02.001
http://dx.doi.org/10.1103/physrev.175.2195
http://dx.doi.org/10.1103/physrev.175.2195
http://dx.doi.org/10.1103/PhysRevD.93.096005
http://dx.doi.org/10.1103/PhysRevD.93.096005
http://dx.doi.org/10.1016/0550-3213(73)90524-5
http://dx.doi.org/10.1103/PhysRevC.56.3369
http://dx.doi.org/10.1016/S0370-2693(97)01535-9
http://dx.doi.org/10.1016/0003-4916(69)90035-9
https://web.physics.ucsb.edu/~mark/qft.html
https://arxiv.org/pdf/hep-ph/9803307.pdf

Bibliography o1

[14]

[15]

[16]

[17]

18]

[19]

[20]

[24]

[25]

[26]

[27]

M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions, (Dover Pub-
lications, 1970), ISBN:0-486-61272-4.

F. W. J. Olver, D. W. Lozier, R. F. Boisvert and C. W. Clark, NIST Handbook of
Mathematical Functions, (Cambridge University Press, 2010), ISBN:9780521140638.

W. Lucha and F. F. Schéberl, “Instantaneous Bethe-Salpeter Equation with Exact
Propagators”, J. Phys. G: Nucl. Part. Phys. 31 (2005), 1133-1140, DOI:10.1088/
0954-3899/31/11/001.

Z. F. Li, W. Lucha and F. F. Schoberl, “Stability in the Instantaneous Bethe-
Salpeter Formalism: Harmonic-Oscillator Reduced Salpeter Equation”, Phys. Rev.
D 76 (2007), 1-14, DOI:10.1103/PhysRevD.76.125028.

C. Itzykson and J.-B. Zuber, Quantum Field Theory, (McGraw-Hill International
Book Co., 1980), ISBN:0070320713.

M. G. Olsson, S. Veseli and K. Williams, “Instantaneous Bethe-Salpeter Equation”,
Phys. Rev. D 52 (1995), 5141-5151, DOI:10.1103/PhysRevD.52.5141.

A. Le Yaouanc, L. Oliver, S. Ono, O. Péne and J. C. Raynal, “Quark Model of
Light Mesons with Dynamically Broken Chiral Symmetry”, Phys. Rev. D 31 (1985),
137-159, D0I:10.1103/PhysRevD.31.137.

W. Lucha, K. Maung Maung and F. F. Schoberl, “Instantaneous Bethe-Salpeter
Equation: Utmost Analytic Approach”, Phys. Rev. D 63 (2001), 056002, DOI:10.
1103/PhysRevD.63.056002.

J. F. Lagaé, “Reduction of the Instantaneous Bethe-Salpeter Equation for ¢g Bound
States”, Phys. Rev. D 45 (1992), 305-316, DOI:10.1103/PhysRevD.45.305.

N. Nakanishi, “A General Survey of the Theory of the Bethe-Salpeter Equation”,
Progress of Theoretical Physics Supplement 43 (1969), 1-81, DOI:10.1143/ptps.
43.1.

J. Gasser and G. R. S. Zarnauskas, “On the Pion Decay Constant”, Phys. Lett. B
693 (2010), 122128, DOI:10.1016/].physletb.2010.08.021.

W. Lucha and F. F. Schoberl, “Goldstonic Pseudoscalar Mesons in Bethe-Salpeter-
Inspired Setting”, Preprint (2017), arXiv:1801.00264.

C. Patrignani and P. D. Group, “Review of Particle Physics”, Chinese Phys. C' 40
(2016), 100001.

A. Holl, A. Krassnigg and C. D. Roberts, “Pseudoscalar Meson Radial Excitations”,
Phys. Rev. C' 70 (2004), DOI:10.1103/physrevc.70.042203.

W. Lucha, K. Maung Maung and F. F. Schoberl, “Instantaneous Bethe-Salpeter
Equation: Analytic Approach for Nonvanishing Masses of the Bound-State Con-
stituents”, Phys. Rev. D 64 (2001), 036007, DOI:10.1103/PhysRevD.64.036007.

W. Lucha and F. F. Schoberl, “Instantaneous Bethe—Salpeter Equation: Improved
Analytical Solution”, Int. J. Mod. Phys. A 17 (2002), 2233-2240, DOI:10.1142/
S0217751X0200976X.


http://people.math.sfu.ca/~cbm/aands/
http://dlmf.nist.gov/
http://dx.doi.org/10.1088/0954-3899/31/11/001
http://dx.doi.org/10.1088/0954-3899/31/11/001
http://dx.doi.org/10.1103/PhysRevD.76.125028
https://books.google.com/books?id=Xp7vAAAAMAAJ
http://dx.doi.org/10.1103/PhysRevD.52.5141
http://dx.doi.org/10.1103/PhysRevD.31.137
http://dx.doi.org/10.1103/PhysRevD.63.056002
http://dx.doi.org/10.1103/PhysRevD.63.056002
http://dx.doi.org/10.1103/PhysRevD.45.305
http://dx.doi.org/10.1143/ptps.43.1
http://dx.doi.org/10.1143/ptps.43.1
http://dx.doi.org/10.1016/j.physletb.2010.08.021
https://arxiv.org/pdf/1801.00264.pdf
http://dx.doi.org/10.1103/physrevc.70.042203
http://dx.doi.org/10.1103/PhysRevD.64.036007
http://dx.doi.org/10.1142/S0217751X0200976X
http://dx.doi.org/10.1142/S0217751X0200976X

52 Bibliography

[30] G. Eichmann, “QCD Lecture”, (2013), URL:http://www.staff.uni-giessen.de/
~gd1632/552013.

[31] G. Eichmann, “Hadron Properties from QCD Bound-State Equations”, PhD Thesis
(2009), arXiv:0909.0703.


http://www.staff.uni-giessen.de/~gd1632/ss2013
http://www.staff.uni-giessen.de/~gd1632/ss2013
https://arxiv.org/pdf/0909.0703.pdf

	Introduction
	In-hadron Condensates

	Model
	Poles in Green functions
	Dyson equation for the 4-point Green function
	Bethe-Salpeter Equation
	Instantaneous Bethe-Salpeter equation
	Salpeter equation

	Methods
	Ansatz
	Eigenvalue Problem
	Approximating the Potential
	Integrating the Potential

	Normalization
	In-Hadron Condensate and Decay Constant

	Results
	Mass Eigenvalue M
	Eigenvectors 2
	In-Hadron Condensate and Decay Constant
	Comparing to the Gell-Mann-Oakes-Renner Relation

	Conclusion
	Detailed Calculations
	Axial-Vector Ward-Takahashi Identity
	Ansatz for Three-Point Vertices
	Center-of-Mass System
	Index Structure of the Bethe-Salpeter Equation
	Fierz Transformations
	Structure of the Salpeter Amplitude
	The Choice of 

	Proofs
	Proof of eq:Maris05 – Dyson Equation for Three-Point Vertices
	Proof of eq:ThrPoiDysM – Rewriting the Dyson Equation
	Proof of eq:AnsScaAmpM – Pion Contribution to the Scattering Amplitude M
	Proof of eq:IdeResA – An Identity for the Axial-Vector Residue
	Proof of eq:WBosDys – Dyson Equation for an Axial-vector Current Vacuum Polarization
	Proof of eq:WBosPioCon – Pion Contribution to an Axial-vector Vacuum Polarization
	Proof of eq:Maris25 – Determining the Axial-Vector Residue
	Proof of eq:Maris28 – Defining the Quark Condensate
	Proof of eq:InsLamPro
	Proof of eq:InsProPro
	Proof of eq:InsConInt

	Overview of Symbols
	Further Notation

	Bibliography

