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1. Zusammenfassung

Im Rahmen der Untersuchung von Schwerionenkollisionen wie sie zum Beispiel bei der
GSI durchgefiihrt werden versucht man Erkenntnisse iiber den Aufbau und die Struktur
von Materie zu gewinnen. Dabei ist eine theoretische Beschreibung der Eigenschaften
von Mesonen und Baryonen in Materie fiir das Verstandnis der aus den Experimenten
gewonnenen Daten von entscheidender Bedeutung.

Ziel dieser Arbeit war es zunéchst eine selbstkonsistente Beschreibung der Eigen-
schaften der leichten Vektor-Mesonen p und w und des Pions bei endlicher Temperatur in
einer baryonfreien Umgebung zu erreichen. Eine Verallgemeinerung dieser Rechnungen
zu endlichen Dichten benotigt zunachst eine zuverlassige Beschreibung des Pions und der
A(1232) Resonanz. Hier wurden die bisher in der Literatur diskutierten Ansétze durch
Hinzunahme von Vertex-Korrekturen und eine selbstkonsistente durchgehend relativis-
tische Rechnung verbessert. Im Rahmen unserer Modelle konnten wir zeigen, dass sich
die Eigenschaften des p-Mesons auch bei hohen Temperaturen nicht dramatisch andern,
wenn keine Effekte der Baryon-Dichte berticksichtigt werden. Das Verhalten von Pion
und A-Resonanz bei endlicher Dichte #ndert sich hingegen stark. Eine Anderung der
Masse des Isobars kann in unserem Modell durch eine geeignete Wahl der mittleren
Felder gesteuert werden. Eine endgiilige Aussage iiber eine mogliche Massenédnderung
kann im Rahmen des hier diskutierten Modells noch nicht getroffen werden. Hierzu sind
weitere Verbesserungen, insbesondere die konsistente Berticksichtigung der In-Medium
Effekte in den Hintergrundbeitragen zur Photoabsorption, notwendig. Ferner miissen
Korrekturen zum ~v/NA-Vertex in die Rechnung mit einbezogen werden.

Weiterhin konnte im Rahmen dieser Arbeit durch die konsistente Beriicksichtigung
der Vertex-Korrekturen eine Beschreibung der A-Resonanz ohne weichen Formfaktor
erreicht werden. Dies ist von entscheidender Bedeutung fiir die In-Medium Physik da
nur so sichergestellt werden kann, dass das Modell weiche Moden konsistent behandelt.

Die im Rahmen dieser Arbeit entwickelten technischen Methoden erlauben eine ein-
fache Verallgemeinerung der hier behandelten Modelle hinsichtlich der Hinzunahme von
weiteren Resonanzen und Kopplungen. Hierdurch kann die bisher erzielte Beschreibung
der In-Medium FEigenschaften der betrachteten Teilchen weiter verbessert werden.
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2. Introduction

2.1. Motivation

Quantum Chromo Dynamics (QCD) is considered as the fundamental theory of strong
interactions. Due to its nonabelian structure this gauge theory leads to perturbative
interactions at high energies or small distance (asymptotic freedom), while at small en-
ergies the interaction becomes so strong that the quarks and gluons are confined into
hadrons. Besides the iso-spin symmetry between up and down quarks QCD posses one
particular symmetry which arises from the fact that the up and down quarks are nearly
massless. This symmetry is called chiral symmetry, since massless quarks, though in-
teracting with other quarks, preserve their helicity or handyness. It predicts degenerate
pairs of hadrons with positive and negative parity, called chiral partners, provided the
vacuum state is chirally symmetric. However, the experimentally observed hadron spec-
trum shows chiral partners with masses that are not degenerate but differ by about 500
MeV. Along with other observations this manifests that the chiral symmetry is spon-
taneously broken in vacuum leading to a finite value of the chiral condensate!. The
Goldstone theorem then predicts modes of zero mass which can be identified with the
three pions. Their small but finite masses of 140 MeV, which is significantly lower than
any other hadron mass, results from the remaining explicite symmetry breaking due to
the small but finite masses of up and down quarks of 5 to 10 MeV.

The interesting point in the context of hadronic, i.e. strongly interacting matter is
the conjecture that chiral symmetry becomes restored with increasing energy density
along with the confinement — deconfinement phase transition. As chiral partners have
to become degenerate in the chirally restored phase, this implies a strong change in the
properties of the hadrons in the medium during the approach towards the phase border.
This could be realised for example by mass-shifts and /or by broadening or more general
by a change of their spectral functions. Apart from the Goldstone boson itself which stays
gapless throughout the true Nambu-Goldstone phase, chiral symmetry considerations
enforce no further constraints on other chiral partners. Therefore it is interesting to
study the spectral properties of particles in the medium as a function of thermodynamic

!Much like the rotational symmetry is broken in a ferro-magnet below the Curie temperature leading
to a finite magnetisation with corresponding Goldstone modes, the spin waves, possesing a gapless
spectrum.
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parameters such as density and temperature. Besides nuclear many-body effects which
are interesting on their own, one expects to learn something about the fundamental
symmetry features of strongly interacting matter. Finally a precise experimental and
theoretical determination of the behaviour of particles together with their chiral partners
(like the p- and a;-meson) is mandatory in order to draw quantitative conclusions [1].

One of the experimental accesses to observe the in-matter properties of hadrons is
provided through the study of electron-positron- or muon anti-muon pairs, called dilep-
tons both in hadron-nucleus and nucleus-nucleus collisions [2-8]. Compared to strong
interacting particles, like pions or kaons, which suffer from strong and complicated final
state interaction effects, such electromagnetic probes directly observe the centre of the
reaction zone. While this method offers a quite clean possibility to study the behaviour
of vector mesons, techniques to study their chiral partners are presently not established.

In order to address these questions from the theoretical side one needs reliable pre-
dictions about the in-medium behaviour of these particles. In order to developed the
techniques further and especially study the effects due to self-consistency we will con-
centrate on two aspects which are, besides others, of importance.

e First we need to extend the existing studies of vector mesons in a hot environment
because several techniques used to restore four-transversality had to be reconsid-
ered.

e Secondly a good control about the in-medium properties of the pion is mandatory.
Since the pion is the lightest degree of freedom in the hadron spectrum nearly
every other hadron resonance has a decay-mode which includes the pion. Thus
the behaviour of the pion will influence the behaviour of all other particles and
therefore needs further investigation.

In this work we will address these problems from a nuclear and hadron many-body
approach with the aim to improve the description of the A-isobar and the pion in the
nuclear medium and to establish a more reliable self-consistent treatment of vector-
mesons. For the pion and A-isobar we will use a fully relativistic treatment to guarantee
that we have everywhere the right kinematical behaviour of the self-energies. Besides the
standard RPA-type short range correlations we will further include vertex corrections.
The problem of renormalisation will be addressed by dispersion relations thus avoiding
possibly problematic soft formfactors. In addition we provide the nucleon with a scalar
and vector-meanfield to be able to model the in-medium behaviour of the nucleon in a
more realistic way. For the A-isobar we will also allow such meanfields. As compared
to our earlier investigations [9] the model will be constrained by scattering and photo
absorption data.

Concerning the vector-mesons an earlier treatment to restore four transversality [10]
will be improved in order to avoid spurious modes arising from kinematical singularities.
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Furthermore vertex corrections and short range correlations of the type used for the A-
isobar will also be applied for the vector mesons. The account for both real and imaginary
parts of the self energies makes it necessary to introduce particular renormalisation
strategies with the perspective to extend the model towards the inclusion of further
resonances and other decay processes.

The thesis is organised as follows. After a historical overview we will treat the vector-
mesons in hot matter in Chapter 3. Afterwards the pion and A-isobar will be studied
at zero temperature (Ch. 4). These two chapter will each start with a short description
about the model used before going into the computational details. Results for the
two investigated scenarios will be presented at the end of the corresponding chapters.
Further relations which are not of direct relevance for the understanding of the model-
calculations are stated in the Appendices where we also include some side-studies, like
analytical estimates, which are not within the main focus of this work but turned out
to improve the understanding.

2.2. Historical overview

Investigations of the in-medium behaviour of hadrons in nuclear matter have a long and
diverse history. Many experiments focused on the investigation of pionic modes in nu-
clei [11] using e.g. electromagnetic probes, pion-nuclear reactions, and charge exchange
reactions. Thereby it was found that the pion strongly couples to the A(1232) isobar res-
onance inducing A—hole excitations. The latter by itself would lead to a strong softening
of the pion modes including the possibility of pion condensation which, however, becomes
compensated by repulsive short-range correlations known as Migdal correlations [12,13].
The microscopic description challenged many investigations [9,13-25] with diverging re-
sults. With a few exceptions [19,20] non-relativistic many-body techniques were applied
throughout. Short range correlation effects were studied systematicly in refs. [15,18,21],
while self-consistent approaches [9,16,17,20,21,23] are in the minority.

First estimates about the in-medium properties of the A-isobar at nuclear saturation
density inferred from the phenomenological spreading potential [26] suggest a small
repulsive mass shift of the isobar together with an increase of its width. With the
exceptions of refs. [15,20] most recent models claim such a mass shift. This seems
consistent with recent data on electroproduction of isobars off helium three [27] and with
the observed shift of the peak in photo-absorption cross sections on nuclei relative to
that on the nucleon. However the situation may be more subtle, as the photo absorption
process is significantly affected by short range correlation [15,20,28] with the option even
of a downwards shift of the Delta mass [22].

A further source of concern are the soft form-factors used in most calculations which
omit vertex corrections, c.f. [16,17]. Such form-factors suppress pionic modes already at
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rather soft energy scales relevant for the isobar dynamics [20]. Since scales are not cleanly
separated, models with soft form-factors are not able to properly explain the vacuum
phenomenology, to which they are fitted. Thus, extrapolations to the nuclear medium
are problematic. Strong temperature, density, energy and momentum dependences of
the form-factors may come into play. Arve and Helgesson [18] or Oset et al. [15, 28]
avoided soft form-factors and claimed a strong attractive isobar mass shift of about 65
MeV at nuclear saturation density consistent with photo absorption data.

Longitudinal and transverse isobar modes can split in the nuclear environment [15,
18,20,22]. Contrary to refs. [15,20,22] Arve et. al. [18] even quotes sizable splittings
which, however, depend sensitively on the choice of their form-factors.

Since the A-isobar lies only 140 MeV above the wN-threshold, the feedback of a
dressed pion back on the isobar itself can be very essential [9,16,17,20,21,23] pledging
for a self-consistent treatment. Further effects then arise through the fact that the
Delta-hole correlations themselves are also modified [18,20,21].

Recently Lutz [29] formulated a covariant Delta-hole model. It differs significantly
from the non-relativistic versions [13,14,30]. Sizable alterations in the self-energies
occur close to the light-cone and in the time-like region, since factors proportional to
the square of the pion four-momentum ¢? appear in the relativistic treatment [29,30],
compared to the square of the three-momentum ¢ appearing non-relativistically [13,14].
In this context quite a variety of prescriptions (see e.g. [18,31]) were suggested with great
spread in the values of the Migdal parameters [18,21,30,32]. In a recent work [20] a
first manifestly covariant and self-consistent computation of the pion spectral function
was presented, and successfully used to compute the nuclear photo absorption [22], still
using rather soft form-factors instead of vertex corrections. A further clarification of
the isobar properties in nuclear matter is therefore vital, both for the application to
nucleus-nucleus collisions [23] and for the calculation of the vector-meson properties.

Besides the motivations given by theory, e.g. in the context of chiral restoration,
special interest in the vector-meson question arose from dilepton spectra observed in
nucleus—nucleus collisions. There a significant enhancement in the dilepton rates was ob-
served [2-8,33], compared to rates estimated from straight extrapolations of elementary
processes. While at low invariant pair-masses Bremsstrahlung and controllable Dalitz
decays of the pion and other resonances dominantly contribute to the di-lepton rates, at
invariant pair-masses above 400 MeV electromagnetic decays from light vector-mesons
are the main source.

The enhanced nuclear yields triggered quite a variety of explanations, which range
from a lowering of the p-meson mass to a significant increase of its damping width
[9,10,34-41]. Presently the high precision data of the NA60 collaboration [8] are best
described assuming a strong broadening of the p-meson width in the medium [42,43].
A simple lowering of the p-meson mass [44] seems to be excluded. So far most the-
oretical investigations were done on a perturbative level. This allows to include large

10
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numbers of excitation modes [39,40,45,46] contributing to the p-meson spectral function
in the medium. Self-consistent treatments [9,10,47-49] showed interesting new effects.
However so far the model space in the latter studies was rather limited. Contrary to
the importance of baryonic effects, Refs. [10,47-49] solely investigated mesonic systems
only. In a previous work [9] we already improved the situation by considering baryon
effects on the in-medium pionic modes. Yet, certain aspects of conceptional importance
such as vertex corrections [34,35] were still neglected. In addition large effort has been
made [50-52] to describe the different mesons and baryons in vacuum using coupled
channel approaches. In [52] this input was then used to draw conclusions about the
in-medium behaviour of vector-mesons. Here quite different effects as compared to the
calculations of Post et. al. [40] where found due to the smaller coupling of the p-meson
to the N*(1520) resonance.

On the level of QCD sum-rules have been considered [53-58]. However they could so
far only provide rough constraints on but no quantitative predictions for the spectral
shape of the p-meson. Also recent lattice QCD studies [59] are trying to address these
questions, however, with limited precision which defers a quantitative comparison to
data.

The in-medium behaviour of the w-meson is an even more challenging problem both
theory wise [2,7,54,60-65] as well as experimentally. Suppressed in its coupling compared
to the p-meson, the w-meson signal will be quite difficult to be isolated in the dilepton
spectrum. The alternative observation through the w — 7% — 3+ channel as recently
observed in photo-production off nuclei [66] point towards interesting density effects
on the w-meson. A preliminary analysis [67] shows a two peak structure of the in-
medium w-meson possibly arising from resonance-hole excitations [52]. Furthermore it
was found [68] that also vertex corrections are needed in order to get a proper description
already at the vacuum level.

In our previous exploratory study [9] we were able to calculate the modified spectral
functions of both vector-mesons in a self-consistent coupling scheme. Thereby the pro-
cess p — w + 7 leads to a strong interplay between the vector mesons. In particular the
w-width showed to be very sensitive to the space-like, i.e. low energy component of the
pion modes caused by its coupling to nucleon nucleon-hole states.

Recently we had initiated a clarifying discussion [48,49] on spurious modes arising
from kinematical singularities in self consistent treatments [47,49] of vector particles.
This issue will be also part of this thesis.

11
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3. Pions and vector-mesons at finite
temperature

In this chapter we study the interplay of the pion with the p- and w-mesons in a hot but
baryon free environment. Effects from nuclear density will be not be considered. We will
analyse several ways how to restore four transversality of the vector-meson polarisation
tensors in self-consistent calculations. The realtime formalism [69] will be used.

3.1. Fields and model interactions

The Lagrangian defining the interaction between pions and p- and w-mesons is given
by [70]

1 . . 1
Lorpo = §(au - ngﬂﬂppTi) T (O — ngﬂﬂlopTi) ™= §m72T7T -
11
— 1 wl" + S
1 1% 1 2 m afuv . [ al!
— Wt + M + Gupr€ M wa08pu(0,, — zgpmpMTC) T (3.1)

where 7 and p* denote the isospin triplet fields of the pion and the p-meson and we have
T} = —i€q. with isospin indices a, b, c. Thereby the vector-meson field strength tensors
are denoted by p,, = 9,0, — 0,p, and w,, = O,w, — O,w, respectively. The 7pw-vertex
is given by the standard Wess-Zumino-Witten term [71-73] where we also have to use
the covariant derivative.

3.2. The approximation scheme

Before explaining the technical details of the approach we first give an overview of the
approximation. Main focus of this chapter will be on the determination of the behaviour
of the light vector mesons p and w and the pion at finite temperature. To do so we like
to determine the full retarded propagators G, G,(fl,) and G,(fi) of pion, p- and w-meson

13
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given as solution to the coupled set of Dyson equations
Grlw,u) = GOw) + GO (w) (e, u) Grluw, u),

GO (w,u) = GLI(w) + GO (w) I, (w,u) G (w,u)

p (p: P)
G&(w,u) = GO w)+ GO (w) I, (w,u) G (w,u) . (3.2)

Here the free propagators

1
GO =
- () w? —m2 + ie
g,uu - wrnl;y g,ul/ - wfng)y
G (»,0) — LA G w,0) — L 3.3
i (w) w? —m?2 + ie m (w) w? —m?2 + ie (3.3)

are indicated with an index zero and the retarded self energies or polarisation tensors
will be defined in the following. The additional index P used at the vector-meson self-
energies indicates a projection of these quantities in order to recover four-transversality.
A detailed discussion of such projections will be given in a the following chapter.

From our choice of the interaction (3.1) we have several contributions to the self-
energies of all particles which could be discussed. Our strategy assumes that the con-
tributions with the lowest threshold will play the most dominant part and has to be
resummed while further interactions implied by (3.1) are suppressed by phase space.
Key ingredient for the pion self-energy of this approach is therefore the basic correlation
loop

p
X (w,u) = M
= 8¢° / a1 GO, u) Ge(l — w,u) (3.4)
PTTTT 2(271-)4 v Y ™ ) Y

which in a relativistic treatment takes the form of a Lorentz polarisation tensor. Here
and in the following w denotes the external four momentum while u denotes the four
velocity of the equilibrated matter (in the c.m. frame of the matter u = (1,0)). The
mp loop contains an isospin factor of two due to isospin symmetry. Other possible
diagrams like the mw-loops or pw-loops which would also be allowed by the interaction
are suppressed due to phase space restrictions and will therefore be neglected. For the
pw-loop this is clear due to the high mass in the intermediate state whereas the ww-loop
is less important in the low energy range due to the smaller width of the w-meson.

14



3.2. The approximation scheme

With this basic diagram we then generate the following RPA resumed expressions

p p p
:M—{_W—F'“
N 4 N 7 N 4

(pm) _
g =
™ s m
_ [Xom) (- X(pw))—l]“”

(3.5)

where ¢, denotes the pion momentum. They are relevant for the short range correlations
and the corresponding vertex corrections. Using these building blocks we can now define
the self-energies entering the self-consistent scheme. In the case of the pion we get

= —4w* HE[ZT) (w,u) w” + dmy + w4, (3.6)

which corresponds to a resummation of the backinfluence of the p-meson on the pion.
The renormalisation terms dm, and ¢ will be adjusted in vacuum to guarantee that the
pion has its pole at m? = (139 MeV)? with residuum 1.

The self-energy for the p-meson will be given by

_
=1,

F I, T (3.8)

(p:2) (ps3)

15



3. Pions and vector-mesons at finite temperature
with
115 =g’ o (1 (1
(p71)(wau) = Yprr m ( (pﬂ)( ,u) + (pﬂ)( —w,u))

(Tm (L u) + T (1= w,u)) Ga(l,u) Gr(l — w, u)

(pmr)
pv _ 2 d'l pafy va' By plpm) (1 _ (pm) (7
1T oy (w, 1) = g5 pr 22y et e L —w,u)lgD 0" (1 —w,u)lg
: m

(w)
G\ (1, u) Gy (1 = w, u)]

mn

o
(o (W) = gzm/ I (1, u) G (1 + w, u) (3.9)

2(2m)4 ()

Here the bare pion momentum ¢* at the vertex got dressed by correlations (3.5). The
w-meson receives a similar self-energy corrections as the p-meson,

(3.10)

d4l 1l
_ 2 afy va'p u (pm)
= ”””/72(27r)4 [e“ Y BT (1 —w,u) I TV (1 — w, u) 1

(p)
G (L u) Gy (1 = w, u)]

3.3. Computational details

3.3.1. Pion self-energy and polarisation loops

Since we will need structures arising form the polarisation loops (3.5) we start with the
construction of these quantities and the pion self-energy.

For the computation of short range correlation effects we take advantage of the de-
compositions into the set of Lorentz structures L,(f,z)(w, u) and T}, (w,u) (e.g. [29])

L2 (w,u) = w, — uy} ,

W w = [(wu)

w?

1 [(wu)

w? — (w-u)? Ll w? wl’_u”}’

w, W,
) T,Lw(wa u) =9 — # — LEL%,Z) (UJ, U) . (311)

Here T" and L‘é”z) project onto the three physical degrees of freedom of a vector-meson,
the two spatially transversal and the one spatially longitudinal, respectively. The other

16



3.3. Computational details

four-longitudinal projectors are then needed to obtain a closed algebra. These projectors
satisfy the following relations:

g™ L) LM = 5, Lem P L T, = ¢ T, L) =0,
aﬁ Tyo Ty = T (3.12)

Now we can decompose the correlation loop (3.4)

X,(ff w,u) Z Xzy (w,u) ( L9 (w, u) +X(p )(w,u) T (w,u). (3.13)
i,j=1

It leads to a decoupling of the Dyson-equation into the longitudinal and transversal
sector [29]. The derivation of the explicit expressions for the longitudinal and transverse
loop functions is relegated to Appendix A. The latter follow by simple contractions
of the tensors x,,(w,u) with the projectors (3.11). The decompositions (3.13) also
easily allows to include vertex corrections. To see how this works we compute this first
contributions to the pion self-energy including correlations.

I (w,u) =—4w* Hfﬁ,’r) (w,w) w” + dmy +w?§
= — 4wt P — 4¢P XELOZ )X(ﬁpf) w” + ... +0m. +w? (3.14)

1%

The decomposition (3.13) permits to evaluate the needed contractions

g XN = ZZX(M X L)+ X X T | (3.15)

upon decomposing the contraction of two loop functions into the projector basis. Since
the transversal parts do not mix with the other projectors we obtain a decoupled set of
equations in this space. In contrast to this the longitudinal components do mix such that
the new coefficients can be obtained form the old ones by a matrix multiplication. The
generalisation to higher orders follows along the same lines. For example the coefficient
function for the longitudinal projector L} in the next order is given by

Z XX (3.16)

Now that we know how the projector structure has to be treated in the summation we
can establish a convenient way for the calculation of the pion self-energy. We first define
a loop matrix Y& and y("

L ngﬂ) ngﬂ) T (pm)
Xa1 X22

17



3. Pions and vector-mesons at finite temperature

The quantity Hfﬁ,ﬂ) (w,u), which sums up all contributions in (3.14), then results to

Hﬁfl’f)(w, u) = Z HEZT)) (w,u) Lffg)(w, u) + Hg%r)(w, )T (w, w) (3.18)

- -1 -1
(pm) _ L L (pm) _ L L
iy = [ ) W] mE = (™) (]
- -1 - -1
(pm) L L (pm) L L
ngy = [(-x®) @, mg = (=) ),
- 1 -
i = [(1=x®) x| (3.19)
L 411

Due to the derivative structure of the interactions (4.1, 3.1) and the structure of the four
particle interactions the I'-bubble insertions simply lead to a replacement of the bare
pion momentum ¢* at the vertex by a dressed one

¢ — TP (qu) = ¢ +¢"TU (q,u) = ¢, TV (q,u) +u, TY (g, u), (3.20)

with contributions proportional ¢* and u* given by the vertex functions ng ™. These
vertex functions are obtained by contracting the full correlation sum H,(f,)f)(q, u) over g*
because one vertex directly couples to the pion while the other one stems from the four
point coupling. The two Vertex functions ng ”)(q, u) and ng ”)(q, u) are explicitely given

by
-1
rem — 149 [(ﬂ—x(” g<L>> NGO g(L)Ll

+L‘1))2 [(1[ _ D g@))_lX(L) g<L>} T

?—(u-q
2 —
rem o —2¢ [(1[ NG g<L>) lx(” g@)] (3.21)
¢ — (u-q)? "

in terms of the loop functions. We introduced a finite renormalisation 61" to impose the
condition T'y(w? = m2) = 1 in vacuum. There are two important technical issues to be
emphasised here. First, the application of the longitudinal and transverse projectors in
(3.13) implies that the loop functions have to satisfy specific constraints. They follow
from the observation that the polarisation tensor Xfﬁ,ﬂ)(q, u) is regular. In particular at

¢*> = 0 and at ¢*> = (¢ - u)? it must hold

X (g, 1) = X1 (g u) — i x5 (g, w) — i X (g, ) + O ()
X (g, 1) = x¥ (g, u) + O ((q - w)? = ¢?) . (3.22)
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3.3. Computational details

This turns out to be important when specifying the real parts of the loop functions (see
Appendix A. Furthermore a finite renormalisation has to be constructed such that it
suppresses the formation of ghosts in the pion self energy [74] (see Appendix C). The
construction of the latter has to comply with the constraints (3.22).

3.3.2. Four transversality of vector mesons

Before we proceed with the determination of the vector meson self-energies we have to
deal with a conceptional problem concerning the four transversality of the polarisation-
tensor. In self-consistent Dyson approaches, where one sums up a restricted subclass of
self-energy diagrams, one generally! violates Ward identities, arising from the fact that
the interaction (3.1) has a conserved current [35,76], on the correlator level. Thus the
polarisation tensor may contain additional four-longitudinal background contributions,
which have to be excluded in our present model where the photon couples via vector
dominance. From general grounds, this deficiency can be cured by corresponding ver-
tex corrections which lead to presently intractable schemes of Bethe-Salpeter equations
resumming t-channel ladder diagrams required by crossing symmetry.

The simplest ansatz to restore four transversality on a more pragmatic level is to to
project out the unphysical four-longitudinal components of the polarisation tensor Hf:)
as implicitely done in ref. [47] through the Stiickelberg Formalism. One is then left with
a new projected tensor H‘(‘; P) containing the 3 physical modes, the 2 spatially transverse
and the spatially longitudinal mode

v v 22 v T
T ) (w, ) = Ly (w,u) T2 (w, ) + T (w, u) T (w, 1), (3.23)
where
n®, = r@mr o, =71, 10 (3.24)
(p, P) = Fmr L) (. P) = L ) :

This procedure, however, has the side effect that although regular before the projection
due to the kinematical singularity of the projector L) at w? = 0 the projected tensor
becomes singular on the light cone. As a result this scheme leads to a spurious and thus
unphysical mode with zero mass that seriously spoils the self-consistent dynamics. For
details see the comment [48] to ref. [47].

Alternatively H. van Hees and J. Knoll [10] proposed a scheme that respects particular
dynamical properties of the polarisation tensor and in addition avoids the above singular
behaviour. From transport considerations it is known that polarisation tensors have at
least two relaxation times. Because of charge conservation, one of these times has to
be infinite, implying that the component H?g) (wo, w) vanishes exactly for @ = 0 and
wo # 0, while the second relaxation time is clearly finite.

L An exception is the tensor representation of the vector mesons [75] where the form of the interaction
enforces four-transversality also in a self-consistent calculation.
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3. Pions and vector-mesons at finite temperature
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Figure 3.1.: Typical relaxation behaviour of the polarisation tensor.

Such a result can never be reached in a truncated Dyson-resummation scheme where
all relaxation times are finite, because they are determined by the damping-time scale
of the dressed propagators involved in the loops. On the other hand, the spatial com-
ponents of the polarisation tensor, given by the autocorrelation of spatial currents, have
solely finite and short correlation times which can be expected to be safely approximated
within a Dyson resummation scheme. Therefore their strategy assumes the spatial com-
ponents of the polarisation tensors H‘(‘p”) to be given by the self-consistent loops, while the
time-components are to be corrected such that the full tensor becomes four-transversal.
Within this scheme the scalar functions HE 2P and Hg py of (3.23) can be calculated
solely from the spatial parts of the polarisation tensors using the following spatial traces

w;w ;
M= =10 310 = —gullg,
(22) w2 1) 1 (325)
Woom = Wi My =3 B -

This scheme avoids the light-cone singularity, since HE?}J) vanishes there by construction.

However unless IT; does not vanish quadratically towards zero energy w’ = (u - w) a
singularity occurs there. Placed in the space-like region the corresponding spurious zero
energy mode does not directly affect physical observable such as dilepton spectra. It
can however influence the self-consistent dynamics, if the coupling of the vector mesons
back onto other particles in the system such as the pions is considered?. This back-
coupling was unimportant in ref. [10], became however important for the case considered
in ref. [47] where indeed the self-consistent dynamics is spoiled seriously by this zero
energy mode as can be seen in Fig. 3.2 .

The advantage of the improved scheme is that it is free of singularities in the extire
time-like region, where the singularities of the two spatial components at vanishing

2Note that in our previous calculation [9] where we used this scheme the propagation of spurious
modes was blocked due to the structure of the mwp-vertex.
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Figure 3.2.: Time-time component A% (w) of the p-meson spectral function at T =
160 MeV as a function of energy and three momentum for the Ruppert-
Renk projection method (left figure) and for the method by van Hees and
Knoll (right figure) calculated for the model presented in [47]. Please note
the difference in the ordinate scales.

spatial momentum (in the rest frame) w? = (u - w)* — w? exactly compensate. It

therefore opens the perspective to construct a singularity free tensor by some cut-off

procedure solely applied to the spatial longitudinal component Hg?;) in the space-like

region close to vanishing energy. Therefore we have to have a more detailed look on the

decomposition

2

v v 1] v T
Y (w,u) = > LY (w,u) I (w,u) + T (w,u) T (w,u), (3.26)
i,j=1

of the self-energy where the behaviour of the projectors enforce the relations

2

forw® — 0

1) = IG) =il — TG ~ O ()

for (u - w)? —w? — 0

HE;)Q) ~ O ( (u-w)?— w2) Hgi)l) ~ O ( (u-w)?— w2)
(22) (T)
My =1, ~ O ((u-w)? —w?) (3.27)

between the coefficient functions. Now the longitudinal projector relation (3.25) can be
rewritten as

1t (3.28)
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3. Pions and vector-mesons at finite temperature

(21)

where we used H(p) = HE;)Q) due to the symmetry of the tensor. The singularities stem

from the factors in front of HES) and HE;)Z). Thus one can attempt to construct the HE?}D)

and HEZ)P) coefficients in the space-like region as:
_ 17D (22) _ 17(22) (11 (12
o) =iy T py = TGy = Alw, u) Iy" = 20/ A (w, w) T, (3.29)
with a coefficient function A(w,u) which has to fullfill
Mw? =0,u) =1 (3.30)

and should stay finite towards (u - w) = 0. A possible choice that provides a smooth
transition to the form (3.28) to be used in the time-like region is given by

(u-w)? —w24 A2 (uww)?—w? 2
Mw.u) = )T AY) T aayr—ez  f0r W <0 (3:31)
’ % for w?>0 '

The sensitivity of the results on the regularisation parameter A then has to be investi-
gated.

3.3.3. Vector meson self-energies

After our consideration of the options to suppress longitudinal background modes we
now turn to the actual calculation of the self-energies for the vector mesons.

In order to avoid contributions from non-physical modes such as ghosts the vector
meson propagators will be treated in the unitary gauge limit (for different gauges see
Appendix D), which pushes all non-physical modes to infinite masses. The expressions
for the free propagators thus read

v — iz G — “h5*
G (P:0) — ™ G@:0) - " 3.32
- (W) w? —m2 + ie - (W) w? —m?2 + ie ( )

Let us start with a calculation where we exclude vertex corrections for simplicity. In
this case we have two contributions
e v oo m
I =1y + 10, = W P \ / . (3.33)

AN 7
~ -

N 7
~ -

T

to the p-meson self-energy. The first diagram (3.33) corresponds to the two pion decay
of the p-meson which is responsible for nearly the complete vacuum width. The second
diagram is suppressed in vacuum because of the higher mass in the intermediate state.
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3.3. Computational details

However as we found out in [9] this decay mode can be enhanced in the medium due
to low energy excitations of the pion which reduce the mass of the intermediate state.
In addition broadening of the w-meson due to collisions will enhance its damping width
such that this diagram can become important. The calculation of the imaginary parts
of these diagrams has already been done in [9]. In addition self-consistent effects within
such a system have been studied by [10,47] where also a broadening was observed. In
this work we will now extend the previous calculations by including the realparts of the
self-energies and vertex corrections. In a first step we decompose the propagators (3.32)
and self-energies (3.9, 3.11)

w wO w,0)
G/(ﬁ,/ 70)(w) = T, (w,u)G p/ _I_ZL GEZ/ ( )
2,7=1
G/ (w,u) = T (w,u) G (w, u) + ZL(” w,u) G (w,u)  (3.34)
4,7=1
00, o (wu) = T (w,u) ng/m (w,u) + ZL’“’ w, u) HEZ/)M)(w,u)

1,7=1
v v 22
I py(wou) = T (w,u) ng/)m py (W, u) + Ligg (w,u) ng/i’i,P)(w,u)
according to the projector-basis defined in (3.11). Note that according to (3.23) the
projected self-energies have 4-transversal components only. The same automaticly holds
also for the propagators. The coefficients GEPT/)‘U’O) and GEZ /)w,o) of the free propagator
(3.32) are easily determined

w,0 w,0 1
GEPT/) )(w) - GE%) )(w) T ow?— mz/ + 1€
p/w
w70 w,O w,O
G (w) = G (w) = G (w) = 0. (3.35)

The projection scheme now allows for a simple solution of the Dyson equation (3.2) by
matrix inversion. Imposing four transversality on Il through the projection introduced
in the pervious section (3.29) we obtain

1
Ggf’/w) (w,u) =
! @
w? —my, =g, py(w, )
. 1
w? —mgy, =, py(w,u)

G (w,u) = G%%,> Gl (w,u) =0
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3. Pions and vector-mesons at finite temperature

two decoupled equations for the dressed propagator. Taking now the interactions defined

in (3.1) we compute the imaginary part of the retarded self-energy arising from the first
diagram of (3.33):

dl
v 2 v v
ST 10.0) = GFnr [ gy (20 = 0) (@21 =) Al) Al = .

(np((l —w)-u)+ng(l-u)), (3.38)
where the pion spectral function A, (l) is defined as
A () = —23G, (3.39)

and ng((l - u)) are the usual Bose functions. The coefficient functions of the decompo-
sition (3.34) are listed in Appendix E. The polarisation tensor (3.38) is not yet four
transversal and has to be projected following the procedure (3.29) ff.

We have also to take care about the computation of the realparts. Applying an
unsubtracted dispersion relations one would be left with power divergencies since none of
the imaginary parts drops to zero for large energies. Within the framework of an effective
field theory we would like to absorb all power divergencies into counter terms leading
us to a scheme of subtracted dispersion relations. In addition one has to take care that
along with the imaginary parts also the realparts are free of kinematical singularities.
This enforces certain relations between several coefficient functions (3.27) which have to
be fullfilled.

We begin our discussion of the renormalisation with the vacuum case. Here a sub-
tracted dispersion relation

—w dU_)O —

STITD) (5
1) (w) = ~ w' / Mt l0) (3.40)
(1, P) 7r w* (wy — Wy + i€) '

is used with w = (wp,w) and w = (wp, ), which automatically guarantees that the
polarisation tensor and its derivative vanish at the lightcone. This is the technically
preferred renormalisation because of the vector dominance used for the coupling to
photons. It guarantees that the photon stays massless and has a pole with residuum
1. In addition this scheme automaticly complies with the required cancellation of the
kinematical singularities because the chosen subtraction leads to realparts vanishing on
the lightcone so that all constraints (3.27) are naturally fullfilled. For the in-medium
case this scheme has to be abandoned because it crucially requires the imaginary parts
and their derivatives to vanish at the lightcone which is no longer true if medium effects
come into play which effectively remove all thresholds. In addition the behaviour of the
realpart with s? which is fine in vacuum where every function has to be Lorentz invariant
becomes artificial when going into medium where we have a preferred frame and would
expect separate dependence on energy and momentum. Thus we then need a different
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3.3. Computational details

prescription. Let us first consider the kinematical constraints. These constraints arise
only due to our special choice of the projector-basis. If one uses a decomposition into
singularity free Lorentz tensors like

I, py(w,u) = " Py(w, u) + w" w” Pyy(w, u) + u" u” Pyy(w, )
+ (uw” + whu”) Pyu(w,u). (3.41)
instead of
L (w,u) = L (w, ) T (w,w) + T (w,w) T, L (w, u) (3.42)
(p1, P)A0 22\ (p1, P)NT? ’ (p,1, P)NT0 :

one avoids such problems and has no special constraints on the coefficient functions
P. However in such a basis the interpretation of the results becomes less transparent
since the four transversality condition is less obvious and the Dyson equation does not
decouple. The idea is now to combine both advantages. Therefore we first will compute
the coefficient functions in the basis (3.11, 3.42) then convert the results to the singularity
free basis (3.41) evaluate the realparts and then convert back.

First one observes that the new coefficient functions are not all independent because
they are solely build up form the two functions HEZQB P) and HEZ)L P)

w2 H(T) = (’LU . u)2 H(QQ)

(T) (p,1,P (p,1, P)
Py(w, u) —15, p) P (w,u) = w? (w? — (w - u)?)
2 (17(T) (22)
w (H(p,l,m _H<p,1,P))
P (w,u) = 5 5
w? — (g - u)
(22) (T)
(w-u)® (TG p) = H(p,l,m)

(3.43)

On the other hand now the dispersion relations can be established for these new coeffi-
cient functions and via

HEZ)LP) = —Fy(w,u) (3.44)
2,02 2 9
@2  —w(w?—(w-u)?) w
H(Pyl,P) o (w ] u)2 wa(“’; U) - ng(w, u)

can be reconverted to the old projector basis. This properly deals deals with the kinemat-
ical singularities which in the standard basis would require to guess special subtraction
conditions. The dispersion relation used for the coefficient functions in the none singular
basis is

(u-w)* S Py (W, u)
P, ww 5 - — — X d . 3.45
(10 0) /(u-w)2 @o — wo +ic O (3:45)
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3. Pions and vector-mesons at finite temperature

Since the imaginary part has to go to zero for wg = 0 it is a natural choice to use a
subtraction in wy to regularise the UV behaviour. However a logarithmic divergence
is still left which will be regularised by a cutoff A. Unfortunately such a dispersion
relation procedure induces medium dependent counter terms. This is not ideal because
all the divergencies in the theory should result from vacuum terms such that a proper
renormalisation prescription would work with vacuum terms only [77]. However at the
moment there is no tractable scheme at hand which would allow us such a calculation.
To properly approach the vacuum limit (3.40) one first has to subtract the vacuum part
of the loop. Collecting all intermediate results we arrive at

17 - o _
e (w,u) = ) (w,u) + (u - w)? \fl'[ml’P)(w,u) \sH(pJ,WC)(w, u) .
(L P i A (u - w)? Wy — Wy + 1€
2  (w,u) — ST (w0, u)
(22) _ 17(22) w_ (p,1, P)\™ (p,1,vac)\ "> _
1_[(p,l,P) (w,u) = H(p,l,vac) (w,u) + 2 To — wo T ic dwy .
(3.46)

Here it is understood that the vacuum terms HEZ)LUGC) and Hgi?l)’vac) contain the projection
(3.29) already. The factor w? in the 3 longitudinal is essential to cancel the 1/w?
singularity arising from the projector. This then defines the scheme for the calculation
of the first self-energy diagram in (3.33). Note that we now automatically have a separate
dependence on energy and momentum of real and imaginary part.

We come now to the calculation of the second diagram in (3.33). Here we will follow

the same steps as for the first diagram. The imaginary part is given by:

d4l !l A
v _ 2 afy va!'p (w)
Sn?p,z) (0, u) = g5 pn / 72(2@46“ T o lg qor I AL (L u) Ag (1 — w, u)
(np(l-u)+np((l —w)-u)), (3.47)

where the spectral function As;), of the w-meson is defined as the imaginary part of the
propagator (3.32).

A (1 u) = LD (1) Ay (1 w) + T (1, u) Al (1, )

)
AG (w) = 28G5 (Ly) AL (Lu)=-23GY)(Lu)  (3.48)

The expressions for the coefficients of the decomposition (3.34) are listed in Appendix E.

In vacuum the realpart of the functions HE?Q/ 7;3)) is determined by a dispersion relation:

6 ST (0, u)
(22/7) _ L[ w S e )
H(P,27P) (w,u) = - /dwo 8 wo — o T ic (3.49)

where one has to take the higher degree of divergence into account. In the medium case
the same scheme as before (3.46) will be used however due to the higher degree of the
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divergence one is left with a linear divergence left also to be regularised by the cutoff.
This is unfavourable because one would like to move all power divergencies into counter
terms. However a higher subtraction would require to make additional definitions how
to handle the dispersion integral because of the requirement that also the derivative of
the imaginary part has to vanish at zero energy. That implies that the actual mass shifts
in medium depend on this cutoff which is an additional free parameter in the model and
thus the values of the meanfields used to give the vector-mesons the desired in-medium
mass may depend on this cutoff.

Now we come to the inclusion of vertex corrections. As already stated the vertex
corrections just require to replace the bare pion momentum at the vertex by the dressed
one

¢ — TV L yrTP™, (3.50)

with vertex functions T¥™ and T'¥™ as defined in (3.21). In order to simplify the
notation we introduce the following effective spectral functions of the pion:

L7 (q,w) TG (q, u)
q2

- mgr - Hﬂ'(qv u)
where we additionally define I'§"(¢) = 1 which allows us to write the normal pion spectral
function (3.39) as A (¢, u). Collecting then the vertex tensors I'; into the pion spectral
functions as defined in (3.51) the expressions for the several self-energy diagrams:

v v v
My = M) + M) + 11

(o, (p3)

(3.52)

get modified. Besides these vertex corrections I" in loops also the new diagram containing
IT has to be considered. Its imaginary part is readily expressed through:

d*l
v 2 v
%HéLp,S)(w’ u) - gPTWT/ 2(2W)4%H€pﬂ)(l’ u) Aﬂ(l +w, u) (nB((l + ’LU) ’ u) + nB(l ’ u))
(3.53)
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3. Pions and vector-mesons at finite temperature

with the shortrange correlation tensor SII (I, u) defined in (4.20). The coefficients
of the decomposition (3.34) for all diagrams (3.9, 3.52) are readily evaluated also in
the presence of vertex corrections. The results for the imaginary parts can be found in

Appendix E. The scheme for the determination of the realparts (3.46) can be taken over

nz

from the case without vertex corrections. Hereby the new diagram H(p 3

Nz
(p,1)"
The self-energy of the w meson is given by the second diagram in (3.33) with p and w

) is treated like
the two pion decay 11

meson exchanged. Therefore we can use the same equations where we only have to take
care of the different isospin factors. Thus the equivalent of (3.47) becomes

v d4l o va! B/~
ST (W) = 392, / 2@ e w1y war Ly AP (1) An(l — w, )

(np(l-u) +np((l —w) -u)). (3.54)

The vertex corrections and correlation parts of Il(,,, c.f. Eq. (3.11), can likewise be
constructed following the above strategy for Il c.f. Egs. (3.49) ff. The relevant
coefficients for the decomposition (3.34) are listed in Appendix E.

3.4. Determination of the parameters

For the vector mesons two coupling constants are to be fitted. The first one, g,rr,
determines the coupling of the p meson to the two pion channel. It also controls the
vertex corrections and is fitted to m — 7 scattering phase-shifts in the vector channel. A
reasonabel description of the electromagnetic formfactor of the pion can also be obtained
using slightly different values of the parameters. However since here one would also have
to consider pw mixing and perhaps a small violation of vector dominance [78] we solely
use the phaseshifts to determine the value of the coupling constant. For the mesonic
system we get the following values for the bare vacuum mass and the coupling constant:

m, = 782 MeV, Gprr = 9.65 fitting the phaseshifts
and
m, = 773 MeV, Gprr = 5.3 fitting the formfactor.

These values are consistent with the ones obtained in a perturbative approach (e.g. [82])
indicating that the self-consistent corrections can be neglected for the vacuum physics.

For the coupling of the w meson g,,,» one has several options. We choose to determine
this value form the vacuum decay width of the w-meson into the 7%~ channel because
this is a more clean method. A direct fit to the full width of the w-meson for g, would
lead to a larger value because other decay channels are still neglected. For calculating
the decay into 7%~ we use strict vector dominance and restrict the calculation to the
lowest perturbative order [68]
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Figure 3.3.: Comparison of our model with the vacuum data. Pion phaseshifts in the
vector channel [79] (left figure) and electromagnetic formfactor F' of the
pion [80,81] (right figure). For the formfactor we present the best fit (best
fit) solution and the one obtained using the parameters from the best fit of
the m — 7 phase-shifts (calculation).

11 *k d°p vy (€ Gupr )
F = — 2k_2 wpT 2 464 B k‘ .
70y 3 2my, / 2 kO (2 7r)3 2 ]5’2 +m72T (2 7T)3 ( Gprer > ( 7T) (q p)
with ¢ = (m,, 6)
1/2

a Gupr (M2 —m2\’ m2 —m2\” ,\
= T —— | +m: . (3.55)
48 mw gpﬂ—ﬂ— mw 2 mw
Neglecting the pion mass whenever compared to the mass of the w meson we then arrive
at the following expression for the coupling constant:

1 (24T m2\
Jupr = m—w\/ﬁoj g%m (1 — W) . (356)

The partial decay width I';o., = 0.75 MeV taken from the particle data book [83] together
with the value of g,., obtained in the fit of the phaseshifts determines g.,» = 0.0155.
This value is slightly higher then the one found by Wachs [68] using a perturbative
treatment. However we have to state that using only the decay of the w meson into
pr still underestimates the total width. This has also been stated by Wachs [68] who
claimed that additional vertex corrections are needed, which are beyond the model
presented here. Thus the analysis has to be seen as a conservative estimate of the effects
concerning the w-meson.
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3. Pions and vector-mesons at finite temperature

3.5. Results

3.5.1. Influence of the projection method

Before we can study the influence of the vertex corrections and the different decay
and scattering processes we have to analyse the influence of the additional freedom
introduced by the projection scheme ((3.29) to (3.31)). Our studies of the mp system
show that the presence of kinematical singularities has a strong influence on the self-
consistent results and may lead to unphysical effects. Therefore correction methods like
the scheme described in (3.29, 3.31) are mandatory. However in such a scheme the
strength of the far space-like modes in the 3d longitudinal part of the vector-mesons is
controlled by the choice of the function A(w,u) parameterised here by the parameter
A (3.31). This additional dependence on A has to be studied. In order to keep the
discussion as simple as possible we restrict this study to a reduced model where only
pions and p-mesons void of vertex corrections are kept. The same system was also
studied in [10,47,49] using different techniques to restore four transversality.
The behaviour of the

10 T T T T T T T T T
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6| / ]
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Figure 3.4.: Comparison of different choices for A(w, ) (3.31) at a 3 momentum of 200
MeV for three different values of the parameter A. For comparison we also
show the function A implicitly used in the method by H. van Hees and J.
Knoll which develops a singularity at vanishing wy.
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function A(w,u) is shown in Fig. 3.4 for some typical values of A in (3.31). This
function determines how much strength is contained in the far space-like components.
A low value of A results in a higher strength of these components while a large value
suppresses strength. In addition we shall compare the results also to a calculation
where the value of the spectral function for the p-meson is set to zero for all spacelike
momenta referred to as 'with cut®. The results of this study are stated in Figs. 3.5
and 3.6. The numerical evaluations shows that the dependence on the actual choice
of A is quite moderate even though the actual value of A(w,u) changes by more than
a factor of two. The largest difference is obtained between the calculations using the
interpolation scheme (3.31) and the one using the cut. Here we observe that the width
of the p-meson is reduced by about 30 MeV for the interpolation scheme instead of the
cut, while the width changes only about 10 MeV when A is increased form 50 MeV
to 200 MeV. In contrast to this the pion shows a larger sensitivity on the value of A
which even increases with temperature. We observe that especially the introduction of
the cut leads to a reduction of the width. In contrast to this the effect of A is small
and becomes important only for very high temperatures. This behaviour of the pion
and the p-meson is generic and similar for all momenta. We therefore show results (Fig.
3.5 and 3.6) for a momentum of 200 MeV only. The rather large influence of the cut
on the pion spectral function can be understood. The cut effectively reduces the decay
possibilities of the pion such that the width decreases as can be seen in Fig. 3.6. This
then self-consistently influences back on the p-meson which becomes broader because
the phase space for the decay modes is larger. In addition the pion spectral function
has now less strength on the low energy side since strength has been shifted to high
energy reducing phase space for the decay (see also Appendix F). This effect also causes
that we see nearly no temperature influence on the width of the p-meson because with
increasing temperature pion strength is shifted towards higher energies which in part
compensates the Bose enhancement effect. To conclude this analysis of the influence of
the value of A used in the calculation we observe that as expected the influence of the
A increases with temperature because the low energy tail becomes stronger populated.
The effect of changing A turned out to be small for the p-meson and somewhat larger
for the pion. However as we will see in the next chapter where effects of baryonic
particle-hole contributions on the pion self-energy are studied the influence resulting
from mp-loops becomes relatively small and the actual variations with A are therefor no
source of concern.

3Since analyticity is violated when artificially setting some part of the spectral function to zero this
procedure can be take as some extreme example only.
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3. Pions and vector-mesons at finite temperature
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Figure 3.5.: Spatial transversal (left panels) and longitudinal (right panels) parts of the
p-meson spectral function at a momentum of 200 MeV. The four choices
used for the regularisation of the projection method are specified in the
upper left panel.
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Figure 3.6.: Same as in Fig. 3.5 for the pion spectral function at a momentum of 200
MeV.

3.5.2. Results for the mesonic system

In the previous section we studied the influence from the uncertainty in the determination
of the spacelike parts in the 3d longitudinal components of the vector mesons. It turned
out that the we have only a small sensitivity to the choice of the interpolation and
therefore use a value of A = 200 MeV in the following. The next step is now to isolate
effects coming from the various parts of the model like the vertex corrections or the
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3. Pions and vector-mesons at finite temperature

coupling to the omega meson and to study the temperature dependence of the spectral
distributions. From the analytic estimate (see Appendix F) and earlier calculations [9]
we expect no dramatic changes of the spectral distribution of the p-meson. For the w-
meson we expect some broadening due to the interplay with the p-meson. However since
in the pure mesonic model no large spacelike components appear in the pion spectral
function which turned out [9] to be responsible for large fractions of this broadening we
expect less strong changes. The most interesting point then will be what influence the
vertex corrections have on the result and to what extend the pion gets modified.

10

2
IM T, [m, ]

-10

vacuum pole vacuum pole

-20 - -20

full calculation
no vertex corr. - - - -
vacuum — — —

30 1 1 1 1 1 1 1 1 1 i 1 1 1 1 1 1 1 1 1 1 1 30
200 400 600 800 1000 200 400 600 800 1000

Energy [MeV] Energy [MeV]

Figure 3.7.: Imaginary (left plot) and real part (right plot) of the pion self-energy at at
temperature of 120 MeV and 200 MeV momentum in the full calculation
(full line) and without vertex-corrections and short-range correlations (dot-

ted line). Vacuum results for the full calculation are given for comparison
(dashed line).

We begin with the effects on the pion. The self-energy at T=120 MeV temperature
can be seen in Fig. 3.7. We observe that in the medium the pion width is around
35 MeV and becomes a bit smaller without the vertex correction. This width results
from new scattering effects present at finite T. In vacuum we only have the free pion
pole and the continuum from the decay of the pion into the pm-channel, (Fig. 3.8). At
finite T the continuum remains essentially unchanged (Fig. 3.8), while the pion pole
gets broadened by scattering. Here the pion can scatter off an other pion from the
heat-bath and convert into a p-meson, a process which becomes the more effective the
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3.5. Results

more the low energy time-like components of the p-meson become enlarged. This leads
then to self-energy contributions at low masses which are responsible for the broadening
of the main pion mode. Short-range correlations have some but small influence on the
self-energy which becomes a bit larger in general.

20 MeV
40 MeV - - - -

0.001

0.0001

le-05

A, [Mev?

1le-06

1e-07 .

200 400 600 800 1000 1200
Energy [MeV]

Figure 3.8.: Pion spectral function for three different temperatures at a momentum of
200 MeV.

From Fig. 3.8% we also learn that the changes in the pion spectral function are not
symmetric with respect to the vacuum mass but show a preference for higher masses.
This then leads to a suppression of the p-meson decay thus reducing the width.

The p-meson shows only minor changes and we especially have to note that the width
given thought the thermally enhanced decay into two pion becomes reduced (see Fig.
3.13) as compared to the perturbative case (See Appendix F). This can be explained
because here we have to deal we a pion spectral function which is no longer symmetric
around the pole mass but receives more contributions on the high mass side resulting
from the pm cut. Since this attracts some strength into a mode where the p-meson can
not decay into we have some lowering of the width. The resulting net effect between
this reduction and the thermal enhancement turns out to be quite small such that the
actual enhancement of the p-meson width is mainly given by the two new decay modes
into wm and prm which become now possible since the thresholds for these decays are

4The small width of the pion pole at zero temperature results from a minimal width required in the
numerical calculations.
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3. Pions and vector-mesons at finite temperature

reduced when all particles become broad. However even with the additional scattering

and decay possibilities into wm and prm the width is only increased by 35 MeV at 140
MeV temperature (see Fig. 3.10).
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Figure 3.9.: Contributions (see upper left plot for explanations) to the 3 transversal (left

plots) and 3 longitudinal (right plots) part of the p-meson self-energy at a
temperature of 120 MeV and three momentum of 200 MeV.
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3.5. Results

In Fig. 3.9 we see the three different contributions to the p-meson self-energy. We
observe that in the whole low energy range until about 1.2 GeV the decay into two pions
(rm) dominates the self-energy. In contrast to this the contributions from the interplay
with the w-meson (w7) and the vertex corrections (prm) give only small corrections. In
addition we see that all processes receive contributions at very low energy from scattering
off thermally exited particles. Therefore all spectral functions have support also in this
regions leading then to the vanishing of the thresholds in all self-energies.
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Figure 3.10.: 3 longitudinal and transversal part of the p-meson spectral function for
three a momentum of 200 MeV and different temperatures.

The effect of the vertex corrections and short-range correlations is seen to be negligible.
This is due to the fact that they lead only to a reordering of spectral strength of the pion.
However since the p-meson has a much larger mass then the pion it is quite insensitive
on this reordering. For the w-meson we observe (see Fig. 3.11) also a small effect of
the vertex corrections. At T=120 MeV the w-meson width is increased to about 30
MeV which is about half of the value compared to earlier studies [9]. This however is
due to the leak of low energy pion components which could arise from interactions with
baryons.
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3. Pions and vector-mesons at finite temperature
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Figure 3.11.: 3 longitudinal and transversal part of the w-meson self-energy at a temper-
ature of 120 MeV and three momentum of 200 MeV in the full calculation
(full line) and without vertex-corrections and short-range correlations (dot-

ted line). Vacuum results for the full calculation are given for comparison
(dashed line).

To gain some further understanding of the vertex corrections we have to look at the
results for the vertex tensors I'; (4.22). Here we observe that at low momenta the
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3.5. Results

realpart of I'; is, for energies in the region of the pion mass, larger then 1 which implies

that the vertex corrections essentially enhance the process where they are applied.
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Figure 3.12.: Real and imaginary part of the vertex functions I'y and I'y at a three
momentum of 200 MeV and three different temperatures.

In contrast to this the effects coming from the imaginary part of I'y and especially from

['y are much less pronounced.
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3. Pions and vector-mesons at finite temperature
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Figure 3.13.: p-meson width I'(o. 7y = =S (22, 7)(m,,, 0)/m,, versus temperature. We give

results for the total width and the three different contributions p — =
(dashed line), p — wm (dotted line), p — prw (dashed dotted line).
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Figure 3.14.: w-meson width I'(9 7y = =S (22,1 (M, 0) /my, versus temperature.

From these results we learn that the self-consistency in the meson sector proved being
not very important for the p-meson where the results are comparable with the perturba-
tive treatment. On the other hand self-consistent effects come into play when considering
the pion and the w-meson. The vertex correctons proved to small in all cases as could
already be expected from the rather high threshold of the pm-loop as compared to the
pion mass. The momentum dependence proved to be small in all cases.
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4. Pions and A-isobars at finite density

In order to extend our considerations of the vector-mesons towards finite density we need
a good understanding of the pion and baryon properties in a hot and dense environment.
To approach this problem we will now study the interaction of the pion with nucleon
and A-isobar at finite density and zero temperature.

4.1. Fields and model interactions

The interaction between pions, nucleons and the A-isobar is modelled by the leading
order vertices [29] resulting from the low energy limit of QCD. Therefor we consider the
leading order vertices

Lina = v N5y (0,7) TN + Ja (A“ (0,7) TN + h.c.) (4.1)

My My

resulting from the chiral lagrangian. Here 7; and T} denote the standard iso-spin Pauli
and iso-spin 1/2 to 3/2 transfer matrices, respectively which obey T;r T; = 05 — 175/ 3.
Following ref. [84] the coupling constants are chosen to be fy = 0.988 and fa = 1.85.
Pion, nucleon and A-isobar fields are denoted by m, N and A*, respectively!.

Taken at one loop level the interactions (4.1) lead to a strong softening of the pion
mode. This can be prevented by short range correlations as suggested by Migdal. In its

LConsidering the form of the interaction (4.1) one has to note that for the A as a spin 3/2 particle
it leads to the propagation of additional spin 1/2 modes. Since the A-isobar is supposed to be a
spin 3/2 particle one could call these additional modes unphysical and try to prevent them from
propagating. One method to do this has been proposed by Pascalutsa [85] which uses a new type
of gauged interaction

c = 12 (e”"“[" 0By 57 T N (957) +h-C-> ; (4.2)

My

for the A such that only spin 3/2 modes can be propagated. However he showed [86] that the
difference between these two coupling schemes are background terms which have to be adjusted to
data anyway. Thus we decided to use the standard interaction (4.1) to be also in line with earlier
studies such that a comparison is easier possible.
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4. Pions and A-isobars at finite density

relativistic version [29, 32| this four baryon interaction reads

2 — —
Litigdal = 911 % (N% Y FN) (N% V”FN>

+ gl % (N5 7N) ((A*TN) +he.) (4.3)

with Migdal parameters ggj. It accounts, in particular, for ¢-channel exchange interac-
tions mediated by heavy mesons

,F
ﬂv
(an)

to be treated as local couplings on the Hartree level. The Fock contribution can be cast
into the form of a Hartree contribution by a simple Fierz transformation just simply
renormalising the coupling strengths in (4.3). These additional interactions give not
only rise to changes in the pion self-energy but introduce also corrections to the 7T NA
vertex which will be an essential part of this work. Besides these interactione we treat
the binding effects in the baryon sector by scalar ¥ and vector ¥y mean fields which
depend on the nuclear density p and will be specified later.

4.2. The approximation scheme

As also done in the previous chapter we first give an overview about the model in form of
diagrams. The main focus is on the study of the in-medium behaviour of the propagators
of the pion G, and the A-isobar S* as the solution of the Dyson equation

Gr(w,u) = G;O) (w) + G;O) (w) Iy (w, u) Gr(w, u) ,

Sw(w,u) = SO(w—Spu)+SY(w— P u) 2 (w, 1) Sgy(w,u) (4.4)
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4.2. The approximation scheme

where we use the free propagators
1

GO —
- () w? —m2 + ie
W —ma+ie 3 3mi 3ma
Z
+— [7“(Z7/)—2(Z—1)mA)7”—27“w”—2w“7”}, (4.5)
6 mAi

indicated with the index zero. The vector meanfield of the A-isobar X% will be included
by an energy shift in the free propagator (4.4). We take

ma = mi + N (4.6)

as the free A mass and scalar meanfield X5 whereas Z accounts for ambiguities in the
interpolating field. The four vector u* characterises the nuclear matter frame and will
be taken ut = (1, 0 ) in the following. It remains to specify the self-energies entering in
the Dyson equation (4.4). Interested in the soft modes of the system which we would
like to resum we consider particle- and Delta-hole excitations as key ingredients of the
model. The corresponding nucleon- and isobar-hole loop tensors,

N A
) = <> ) = @ -
N—] N—]

which we define by
dp
(2m)*

/
(Nh)(w7u) —9 ﬁ / d'p 1

X;u/ m2 (27T)4Z't1‘ (AS(p’U)’}%%uﬁ_Zg%_"ﬁ_mN V5 Yv

4 /X
3 m2

xio™

(w,u) = itr AS(p,u) S, (p+w,u) + (w, — —w,) ,

1
+5 AS(p,u) 15 7. AS(p +w, u) 75 %) +(wy = —wy),  (48)

take in a relativistic treatment the form of Lorentz polarisation tensors. They depend
on the choice of the nucleon propagator which in our case will contain scalar and vector
meanfields only

1
_yﬁ—EJJyd—mN—l—ie
AS(p,u):27ri@[p-u—Eg] 6[(p—2$u)2—m?v]

x (5= Sv g+ my) Ok +p* = (u-p)*]. (4.9)

SN(p> u)

+ AS(p,u), mN:mﬁC—Eg,
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4. Pions and A-isobars at finite density

and on the self-energies of pion and A-isobar as defined in the following. The values for
the scalar 3 and vector X{/ will be specified later when discussing parameters (4.59).
Hereby Fermi momentum kr and density p are related by

p=—2tr / &' i AS(p,u) = 2k . (4.10)
(2m)* ’ 3n2\/1— 02/

We consider these baryon loops in no see approximation where all anti-particle contri-
butions are neglected. This can be motivated by the fact that all baryon anti-baryon
effects need energies of about 2 GeV which is far above the energy region we would like
to study. In addition two such basis loops can be coupled together by the Migdal type
four particle vertices, which lead to RPA-like diagram resummations. As in the case
of the vector-mesons we can use (4.7) to construct the building blocks as a basis for
the resummation. The only additional point is that now we have to consider also the
coupled channel structure. Therefor we first define matrices

(AN) xXin” 0 9 912

v !
BN _ g = (4.11)
g 0 X/(L%h) ( G2 92 )

which take the excitation channels NN~', AN~! into account. Thereby X,(L%N) takes
a diagonal form with values given by (4.7), while the channel-channel couplings are
compiled in ¢’. From this we can now build up the quantities

-1
nz - > - { (=g O
A A v
LD I TR Tl

relevant for the short range correlations and the corresponding vertex corrections. Hereby

(4.12)

g" denotes the pion momentum. For the A-isobar the self-energy results to

2 d
__/2(%) T (1 0) S (w — 1) Ty (1) Ga(1)

m2

/ AU
+m—g/2(2w) Xy (1 w) Sy (w = 1) .

44



4.3. Computational details

In the case of the pion we get an equivalent contribution as compared to (3.6)

= —w“HL%N)(w,u) w”—47r(1+%)beﬂcp, (4.14)
N

only the building blocks have been changed and correspond now to the well known
nucleon- and isobar-hole contributions modified by short range interactions. In addition
we supply a correction term linear in density in order to be able to reproduce the pion
nucleon scattering length in vacuum in the context of a virial expansion.

4.3. Computational details

4.3.1. Pion self-energy and polarisation loops

Since we will need structures arising form the polarisation loops (4.12) we start with the
construction of these quantities and the pion self-energy. For the computation of short
range correlation effects we take advantage of the decompositions into the set of Lorentz
structures L,(fg)(w u) and Tw(w u) (3.11) and write

X" Z Xy (w, ) LD (w,) + 5™ (w0, 1) T (w, ).
1,j=1

X;w Z Xz (w,u) L% )(w,u) +X(TAh)(w,u) Tp(w,u).  (4.15)
,j=1

It leads to a decoupling of the Dyson-equation in the longitudinal and transversal sector
[29]. The derivation of the explicit expressions for the longitudinal and transverse loop
functions is relegated to Appendix G. The latter follow by simple contractions of the
tensors X,(ﬁh) (w,u) and Xffih) (w, u) with the projectors (3.11). As in the previous chapter

we define the loop and coupling matrices x and g

Nh Nh
Xéjl\fh; X%\/hi 0 0 g1 0 g2 0
X(L) _ X21 X22 0 N 0 N g(L) _ 0 g 0 919
0 0 Xt xig" g2 0 g% O
0 0 xé?h) Xégh) 0 912 0 g
/ / (Nh)
T _ ( 911 Y12 ) T _ | Xr 0
g = , X = . 4.16
< G2 922 ( 0 X%Ah) (4.16)

where now the projector and coupled channel structure has to be included. The pion
self-energy can then be brought in the same form as in (3.14)

Me(w,u) = —w" TTEN (w,u) w” — 47 (1+ ) by p. (4.17)
my
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4. Pions and A-isobars at finite density

After decomposition the quantity HEL%N) (w

results to

with coefficient functions HEJ-AN)

(aN) _
)

(aN) _
(i)

AN _

(21)

(aN) _
I(z)

(AN)
ipy

(w,u) L(”)(w u)+ 11

and H(TAN)

2.

i€{1,3}je{1,3}

2.

i€{1,3}je{2,4}

2.

i€{2,4}je{1,3}

2.

i€{2,4}je{2,4}

_ ZZ: [(1{ — D gm)

=1

(T)

(AN)

(w,u)T,,

defined as

@ () @]
[ @ () @)
(H_X g ) X ij
[ @) () @)
(H_X g ) X ij
[ @ () @)

_IX(T):|H

(w,u)

u), which sums up all contributions in (3.14),

(4.18)

(4.19)

Here the coupled channel structure requires the additional summations. For the corre-

e

n (4.13) one needs the corresponding correlation tensors

lation diagram

e

(AN)(w,u) =

2

A
> T

i,j=1

uv
Ligy (w,

with coefficient functions I';; and I'r defined as

off.

46

(L) (11 _
(L) (11 _

-1
) g<L)> ]
33

-1
N g<L)) ]
43

r -1
g™ (1{ — D g<T)> ]
L 22

which represents a truncated version of HL%N)

(T)

u) + T (w, w) T (w, u)

(4.20)

(4.21)

where the outermost loops are stripped



4.3. Computational details

Like in the mpw-system considered previously the vertex corrections are introduced by
replacing the bare pion momentum ¢* at the vertex by a dressed one

g — T (gu) = . T (q,u) + u, T8 (g, w) (4.22)

A -1
rivd =1y Y [(H_Xw)g(m) X(L)Q(L)]

1€{3}j€{1,3} gl

(u-gq -
.S ) [(1[ W g<L>> ND g(m} (423)
¢* — (u-q)? i
1€{4}je{1,3}
NA —CI2 -1
Py Y [(ﬂ _ B g<L)) NGO g(L>] _
(4} ¢ —(u-q)? ij
i j€{1,3}

4.3.2. Pion-nucleon scattering

One important issue of this work is the study of the in-medium isobar propagator
S,w(w,u) and its interplay with the pion in a self-consistent framework where we also
would like to include short-range-correlations and modifications of the vertex [87, 88].
The in-medium modifications of the nucleon will be treated by the inclusion of scalar and
vector meanfields. We will start our discussion with the case without vertex corrections
in order to introduce our renormalisation scheme in this more simple case. Afterwards
we then state the changes introduced by the inclusion of the vertex corrections.

The isobar self-energy tensor in nuclear matter is a quite complicated object which
depends on the time-like 4-vector u,, specifying the nuclear matter frame. For symmetric
nuclear matter at rest it follows w, = (1, 6) The solution of the Dyson equation (4.4)
requires a detailed study of the Lorentz-Dirac structure of the propagator. This can most
easily be done by using an appropriate decomposition of all objects. The projectors used
for the case of the A-isobar, where we have in addition to the behaviour as a Lorentz
tensor a spinor structure, P[‘;;.i(w,u) and Qﬁ;](w,u), have already been introduced by
Lutz and Korpa in [89]. Introducing the auxiliary Dirac structures

—iy-u
\/(w-u)2/w2 -1

(w - u) w, —w?u,

w2/ (w-u)2fw? 1"
Ui (w,u) + U_(w,u)> Vi(w) —i \/gXu(w,u),

Pr(w)

Petw) =5 (12 5) L Uatwa) = Pafw)

Vi(w) = % (7# - % wu) o Xu(w,u) =

R, (w,u) =+

Sl -

1 . /3
L,(w,u) = +ﬁ V,(w) <U+(w, u) + U_(w, u)> —1 \/;Xu(w, u) . (4.24)
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4. Pions and A-isobars at finite density

which satisfy some usefull relations

PiPi=Py=UsUy, PiPr=0=UsUy,

V.L=0=R-V, L-V=-L(U,+U)=V"R,
V.V=L-R=R-L=1, R-R=L-L=1

PV, =V,P., PiL,=L,P., P.R,=R,Pys,

UV, =-1v,U; — 8L, P, UsL,=R,Usg,

V,Up=-1U.V, -8R, P., UsR,=1L,Uy, (4.25)

one defines two sets of projectors. The g-space projectors recover the helicity 3/2 modes

iy = (gﬂ”—w“ )P+ VAP VY — L' P, R,

pv :<gMV_wM )P _VMP Vl/ LuP_RV7

22]

= (9 — o) Uy + Sveu v

+48 (L“P+V”+V“P_R”> ~ LU R,

iy = (9 o a) U+ vru v

(21]

(L PV VP RY) LD U R (4.26)
where w, = w,/vw?. The projection onto the helicity 1/2 modes (p-space) is obtained

via

Py = Py, Py = Uy, Py = U- Plag) = P,

Ply =V* Py, Py =ViU,, P[‘f3}=P+V“ Pl =U_V*",

Pt o=VrU_, Pl o=VeP_ Pl o=UV*, Ph =P Vk

Pl =" Py Py = ' Uy P[Ts]—P+w“ Py =U_ ",

Ploy =0"U-, Py =uw"P_, Fig=Usd*, Foy=P ",
Phy=1L'Py, Phy=L'Uy, Piy=P R, Poy=U_R",

Py =L'U-, Py =L"P, Pﬁs} Up R, Py = P-R",

Py = Py Py = Py By » (4.27)

where we directly extended the algebra to include objects with one or no Lorentz index
[89]. Using the various relations (4.24) it is now easy to prove the properties:

a Bv _
Qlity 9a8 Py = Pl ap Qpy = 0
Q[ik] 9ap Q[lj] = O Q/[ZIJ/] ’ P[/;’Sj 9ap I [lﬂ

showing that the Qﬁ;} and P[’;j l] indeed form a projector algebra. This particular basis
facilitates the computation of the in-medium part of the isobar self-energy significantly.

= 0u P (4.28)

[l] ’

48



4.3. Computational details

In particular the algebra (4.28) illustrates the decoupling of helicity one-half (p-space)
and three-half modes (g-space). Concerning the objects with one or no Lorentz index
the set of identities (4.28) extends naturally

Bir) - Poy) = O Py, P [ik] ]D[l] =0 b [z] p[l:k] G Pty = O Py 5

Qﬁz] Jap P[l] 0= p[?k:} Gap Q[lj] . (4.29)

As a first application we consider the isobar propagator, S, (w,u), in the nuclear
medium. We will drop the index A in the following. From covariance we expect a
general decomposition of the form,

SH (w, w) Z S[w v, u) Pii(v,u) + Z S[w (), (4.30)

[i]
3,j=3 1,5=1

in terms of invariant functions, S[(Z.’}q)(v, u), and the complete set of Dirac-Lorentz tensors
Pii(v,u) and Q' (v, u). For later convenience we introduce a shifted energy variable

v, = w, — SN u, (4.31)

which accounts for the nucleon vector meanfield ¥%Y. Decomposing likewise the isobar
self-energy in the shifted basis

8
Y (w,u) = Z Efi])}@ u) Pl (v, u) + Z E[” (v ), (4.32)

4,j=3 ,j=1

and the bare propagator

S (w Z So ] (v,u) U] Z S( 0.0 (v,u) ﬁ; (v,u), (4.33)

1,J=3 1,j=1

it is straightforward to evaluate the Dyson equation (4.4). It can be mapped onto two
simple matrix equations which in compact notation read

-1
S®) (v, u) = S (v, u) [1 — 2@ (v, u) Sép)(v,u)] :

-1

S@ (v, u) = S (v, u) [1 — XD (0, 4) S (o, u)} , (4.34)

involving the six-dimensional matrix ) (v, u) and two-dimensional matrix 2@ (v, u).
Due to the projector formalism the in-medium isobar propagator as implied by the
interaction vertex (4.1) at the one-loop level can be computed in a manifestly covariant
fashion [22]. Since we aim at generalising the latter work towards vertex correction
effects, it proves convenient to extract the isobar propagator from a corresponding model
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4. Pions and A-isobars at finite density

for the pion-nucleon scattering amplitude. The conceptional path is already layed out
in Ref. [89].

Since we want to use pion-nucleon scattering data to constrain our model we need
to solve the according scattering equation. Without vertex corrections is evident that
also the isobar self-energy can be computed by considering a Bethe-Salpeter scattering
equation of the pion-nucleon system

4
T(k,kyw,u) = V(k, k;w,u) + / % V(l;:,l;w,u) Gl w,u)T(l, k;w,u) ,
T
—1
G w—lw,u) = —i Sy(w— 1, u) [z? w2 L (L), (4.35)

where ¢, p, ¢, p are the initial and final pion and nucleon 4-momenta and
w=p+q=p+qd, k=50p-q, k=50-07). (4.36)

The two-particle propagator, G(I; w, u), is specified in terms of the free nucleon propaga-
tor (4.9), and the pion propagator written in terms of the in-medium self-energy I1 (1, u)
of (4.17). The latter will be determined self-consistently based on the interaction (4.1,
4.3). This generalises the study of [29].

In order to generate the isobar self-energy >*(w,u), we introduce the interaction
kernel

- 2
V(k, kyw,u) = —% 4, St (w — Z‘A/ u)qy,, (4.37)

where we allow for the presence of a vector mean field $£. The isospin projector PI:%
is suppressed in (4.37) (see e.g. [20]). The particular choice (4.37) implies a scattering
amplitude, which determines the isobar propagator, S, (w,u), by

2
T(k, kyw,u) = —% qu S" (w,u) gy - (4.38)

™

The system is solved conveniently by decomposing the interaction kernel into a set of
projectors based on the shifted 4-momentum v, = w, — % u:

8 2
V=" VP wu)g P g+ Y Vil (w,u) g QL (v.u) g (4.39)

i,j=3 i,j=1

For the general case with ¥ # X the derivation of V[E%’q) (v,u) as implied by (4.37)
is somewhat tedious though straight forward to derive. The expressions are listed in
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4.3. Computational details

Appendix H. In the limit ¥ — X the expressions simplify with:

2 2
@ _ o _ A 1 @ _ 1w _ A 1
V“”_VW”_JFm_i\/F—mA’ ‘/[22}_‘/[88}__m—3r\/ﬁ+mA’
2) 2 2 1 2 1 2
V§§>:__f_a\/77+2mﬂ__f_a_[\/772(2_4)—2(2—1)],
[55] 3mZ  mi 3 m2 ma L2ma
2 2 Vo2l—ma 1 f2 1 (V22
v _ 2 IR ma __A_[ A ZZ—1}
[66] +3m72; mA +3m2rmA 2ma ( )+ 2 )|
1 2 1 V?
) _ /) _ A
Wss]—‘ﬁss]—+ﬁm—3m—A[1_2%2(2_2)*2(2_1)]’
W _yw_ 1 fA 1 Vo2
R 1+ =2z -2+ 2(Z-1).
V(p):_ﬁi[mz_(z_ )]
[33] m2 ma L2ma ’
2 7 2
v — +f_A i [ Ve? Z+(Z - 1)] , (4.40)
(44] m2 ma L2mp

where only non-zero components are specified. A corresponding decomposition is implied
for the in-medium scattering amplitude

8 2
T =) T g B w e+ > T ) 4 Qv v) .
i,j=3 i,j=1

TP (v,u) = VP (v, u) [1 — J®) (v, u) V(p)(v,u)} :
T (v,u) = VO (v,u) [1 — JD (v, u) VD (0, u)] B . (4.41)

The scattering amplitude 7 is determined by the interaction kernel (4.40) and two
matrices of loop functions J[(f;% (v,u) and J[(;ﬁ (v,u). Comparing (4.41) with (4.37) and
(4.34) we identify

_ A

2
ma

2
TP w,u), S0 (v,u) = —% T (v,u).  (4.42)
The evaluation of the real parts of the loop functions requires great care. The imaginary
parts of the loop functions, AJ[(I.Z;jq) (wg, W), behave like wy for large wy with n not
always smaller or equal to zero. Thus power divergencies arise if the real parts are
evaluated by means of an unsubtracted dispersion-integral ansatz. The task is to device
a subtraction scheme that eliminates all the power divergent terms systematically. The
latter are unphysical and in a consistent effective field theory approach must be absorbed
into counter terms. Only the residual strength of the counter terms may be estimated

by a naturalness assumption reliably. Since we want to neglect such counter terms
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4. Pions and A-isobars at finite density

it is crucial to set up the renormalisation in a proper manner. We suggest [88] to
introduce a subtraction scheme that in the free-space limit recovers the loop functions
as renormalised in [90]. There the representation was motivated by properties of the
loop functions manifest within dimensional regularisation [90]. Its form follows from the
Passarino Veltman representation [91] supplemented by a subtraction of reduced tadpole
contributions [90].

The loop functions J[(i’;iq) (wo , W) are expressed in terms of a basis spanned by 13 mas-

ter loop functions, J&% (w , @ ) as detailed in Appendix I. However the renormalisation

procedure has also to comply with the behaviour of the projectors used in the decom-
position. These projectors are singular at v> = 0 and (u - v) = v? which imposes a
certain behaviour of the coefficient functions. A carefull consideration of the projector
properties leads to the requirements

(v-u)
Jio+ Ji 42 ———L Jip = O (Vo?) |
10 11 (’U i u)2 12 ( )

~—

v-u

Jg + 3 JlO + J11 + 33— J12 = O (U2) 3 (443)

(v-u)
V(v u)? (v - u)?
which have to be fullfilled at v? = 0 and
Jo= Tyt Js=Js=Js=Jot Jis=0 (4.44)

needed at v? = (u-v)2

Let us begin the consideration with the vacuum case which proves much easier then
the in-medium calculation. Here the 13 basis loops are given by

Ji(v,u) — Ni(v,u) /OOOdLU p(0)

p=0 T 0202 — v —1e

o) [T (—) o)+ 800 [ (“—2)3,0(@), (1.45)

T \ 02 o
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4.3. Computational details

with

Ov? — (my + m, m2, — m2)2

)ﬂyﬁ”—ﬂm%+m9+( ”

V2 ’

AW _ _a —277;3)27 AW Ly - 7;%3)3
3 (v?) 8 2

AD_ A0 _ (N NNs (my —ma)”
A(6) _ —A(6) _ (m%\f — Tnzr)2 Ny + (m%\f - mZ)Q
T 2
! 12 (v2)2 802

0 mj)3> . (4.46)
24v/v?

The higher order subtractions Az(j ) are to enforce the kinematical constraints > (4.43,4.44).
However the energy dependence of these additional terms is trivial because it is given
g;) (v?) only.
In contrast to this the first term in (4.45) shows a more complicated structure. One has
to note that the constraints (4.43,4.44) do not require that the loops are finite at the
lightcone or at v? = (u-v)?. As long as (4.43) and (4.44) are fullfilled we will always get

singularity free results.

by the (v?)" factor from the subtraction and the energy dependence of the A

For the in-medium case the situation becomes even more involved because we have
to define the additional loops which are zero in vacuum?®. Guided from the approach in
vacuum we also make an ansatz with terms including at most one subtraction in v?/?

and a remainder term

+oo d@o AJ (@0"00 ’LU)
In(vo, W) = — —— IS (vo, W), 4.47
(o) = [T S, ) (1.47)

where we introduce spectral weight functions, A J,(vo, Ug, W ), that depend on ’external’

2As a more simple cure one could try to cut out the singularities by restricting all .S [(Z.’]q) to the region
v? > m? with some m > 0. However this has the disadvantage that when using vector meanfields
of about 300 MeV the main mode of the A-isobar will chopped off for higher momenta making the
influence of this cut rather high.

3In principal one could use the technique as for the vector-meson case (3.41) and use the trick of
converting to a singularity free basis in order to deal with the kinematical singularities. However
the fact that we need to define some loops which are zero in vacuum makes this approach inefficient.
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4. Pions and A-isobars at finite density

and ’internal’ energies vy = wy — E{}f and vy. We identify

_ . d3l =5\~
AJn(UQ;UO,W):/m (mﬁv‘i‘lZ)

(S

Kl 0300, @) An(jo-|, 0 — 1) ©(=0-) |

M= (m2 +120),  vs=0yF\/m%+12, (4.48)

Here the pion spectral function A, is defined as the imaginary part of the corresponding
propagator (4.5)

for w >0,

— —

w? — % —m2 — I (w, )
Aﬂ'(_wa i) - _Aﬂ'(w7 J) ) (449)

including the self-energy computed in the previous section (4.17). The subtraction terms,
JE (v,u), of (4.47) are determined (see Appendix I) by the coefficients,

. i, d3l BN
Ciok () / ”/ (my =22 +72)

l2)

+ (0 ) (@2) 1) 6(-u) |,
z‘i:zi—%w, P = (pu)— (w0, w=(1,0), (450

expanded up to second order
. _ . 1 _ .
Con() = CI23(0) + 3 W (Vi - Vi) CIN0), (4.51)

(see Appendix I and tabular I.1). Note that similar as in the vacuum case the higher
subtraction terms have trivial energy dependence given by the external energy variable
only. In addition the C’”k( ) become constant numbers in the vacuum limit. Even
though we could also fullfill all requirements (4.43, 4.44) by defining the subtractions
JE (v, u) directly in terms of the C¥(u) we have to use the expanded ones for several
reasons. First of all the interpretation of the JC as counter terms requires a polyno-
mial behaviour which is automatically imposed by (4.51). In contrast to this the use of
Ci%(w) in the JC (v, u) terms leads to additional, unwanted, structures. Secondly we
have to state that the integrals for the higher order subtraction are strictly speaking not
defined as soon as the imaginary part gets support at the lightcone. At zero tempera-
ture this causes no problems when using the expanded version because the support of
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4.3. Computational details

the imaginary part on the lightcone is always zero for reasonable small momenta and
meanfields. The situation is different at finite temperature where different prescriptions
have to be used (see Appendix I).

4.3.3. Isobar self-energy in the presence of vertex corrections

The evaluation of the delta self-energy in the presence of vertex corrections

S S I , (4.52)

requires several modifications of the formulas used so far. This is due to the fact that
the third contribution to the self-energy in (4.52) can’t be generated by a m N scattering
equation like in the previous section and we have to consider the Dyson-equation directly.
Still it is useful to identify a set of master loop functions, in terms of which the full loop
matrix can be constructed. The latter are renormalised applying the scheme introduced
in the previous section. The proper generalisation of (4.48) is readily worked out. The
pion spectral function, distorted by vertex correction functions, leads to effective spectral
densities, which we denote with A% (w, 7). For a given spectral distribution we introduce

1
2

. d3l -
AJup 1 (Vo; vo, W) :/2(27r)3 (m?\f—i-m)

U= (E\md +120),  vx=00F \/m} +12, (4.53)

where n = 0,...,12. The kernels K, (I, 0; vo, W) are identical to those encountered in
(4.48). They are listed in Appendix I. The real part of the loop functions is computed
applying the dispersion-integral representation (4.47). A corresponding generalisation
holds for the second term in (4.47).

We identify the effective spectral distributions, A%(w, ) as implied by the diagrams
(4.52). The vertex vector and tensor may be decomposed into invariants

AN AN
PN (g, u) = g, TN (g u) +u, T8V (g,u)

=(AN =(AN =(AN
LA (g, u) = ¢, ¢, TV (g,1) + quu, TV (1) + 1,0, TH™ (g, 0)

=(A =(A
g, Ty ™ (g,u) + g Tig™ (g, u) (4.54)
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4. Pions and A-isobars at finite density

in terms of which we introduce the spectral distributions

AP(w,7) = =S <F8§N><w, a>> :

(AN) =\ T (AN)
o™ (w, )Ty " (w,q) | =@
A®(w,q) = -S b r 7) |- 4.55
rr(w7Q) J(Q}Q_q—»g_m%_n(w Q)+ ab ( 7Q) ( )
where the vertex vectors FEAh) are defined in (4.24). The explicit form of the tensor
vertex
= 1 AR) q-u (Ah) (Ah)
T q,u:——<F( vl
o = (P oL )
(q- U)2 (AR) ¢ (Ah)
y MW paw 4 p )
@ —(g-u? *? @[ u)?
= _ _ 1 (AR) q-u (AR) (AR
FlQ(Q7 U) - F21 (Qa u) - q2 — (q - U)2 I_‘12 + qQ _ (q . U)Q (FQQ - I_‘T ) s
2
— q —
I'ya(q,u) = TP —(q-u? (q-u)? (Fggh) - F(TM)> , Loo(q, u) = —F%Ah) ; (4.56)

is given in terms of the longitudinal and transverse correlation functions Fl(-jAh)

previously (4.20).

specified

It is left to specify the isobar self energy in terms of the generic loop functions defined

J(p ,q)

by (4.53). In a first step a matrix of loop functions, (v, u), is constructed in terms

ab,[ij]
of J,, (v, u) as detailed in Appendix I. The evaluation of the self energy is analogous to
the computation in the previous section with the complication that the effective vertex

develops additional structures g, u, + u, q,,u,u, and g,,. The loops Jl(f qw]( u), which

are implied by the structure g, g,, contribute like the previous loops J[i i ( ,u) in (4.42).
The remaining loop functions are readily worked out through the useful identities

/v u 1 -
\/7 - 1 [28] \/§ <P[!1L P[g:a])}

+ = T _ (Pl + Plig)

/ v-u)? 1
\/7 _1 [82] \/§(P[41]+P[ })}

+ o= N (P[m} + P[az])

" Pag) = fw] + ng} + Ph + Phgr

[ [66] (88] *
9" Puay = Qo — 5 Pl + Pl + 5 Pl — 5 5 (g + Plig)
9" Poy = Qyyy — 3 Piy + Pl + 5 Pl — o 5 (Pgyg + Parp) - (4.57)
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4.4. Determination of the parameters

It is now straight forward to write down the self energies, EfZ (v, u), as
=@ (v, u) = i JO () + JP [(v,u) ¢
[i4] m?r 11,[45] 00,[i5]
A
Efg)}(v u) = -4 { ﬁ’[” v, u) + Z o [ab (v, u) cai(v, u) (v, u)
ab=1
2
+ Z (Jl(g?[m](v, u) cqi(v,u) + ‘]2(?,)[@]'] (v,u) cai(v, u)
a=1
2
ab
+ Jég?[ab](v u) fm)(v,u)},
a,b=1

v 12 [(v-u)? 1
Caj (U, U) = ﬁ 54+a,j -1 \/; 02 -1 (56+a,j - ﬁ 55—a,j) )

(ab)( ;) = 0q1 Op2 (% (0i7 648 — 04a 0j3) + dis 66 — ? (0i7 653 + dia 5j8))

Clig)

+ Oap 0ij (61',5—(1 + 0 4qa T 61‘,6—0—@)
I (% (Gis G — 03 034) + 06 05 — 25 (3is 57 + O 5j4)) (4.58)

with coefficients cffj?) given in Appendix L.

4.4. Determination of the parameters

We now turn to the determination of the model parameters. The coupling constants
fa, fv and f, as well as the values for the mean-fields used for the Delta isobar and
the Migdal parameters g;; will be determined from both, scattering as well as photo
absorption data.

For the scalar and vector mean fields of the nucleon we use the simple parametrisations

SN =280 2 MeV,  my = 9390MeV +2Y 2 = 350 2 Mev,  (4.59)
Po Po
as a quite conservative estimate [92-96]. The corresponding mean-fields of the A-isobar
will be adjusted together with the parameters g;; to nuclear photo absorption data.
The phenomenological relevance of the Z parameter in the definition of the isobar
propagator was discussed in [97]. A value of Z ~ 0.72 was suggested in [90] based on an
analysis of pion- and kaon-nucleon scattering data.
In (4.17) we allowed for a background term linear in the nuclear density reflecting
an s-wave pion-nucleon interaction. Such a term is required to compensate for the fact
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4. Pions and A-isobars at finite density

that the vertices of (4.1) lead to a pion-nucleon isospin averaged scattering length of the
form [90],

- 2 4 2
my my 9 ma

2-2) (1+Z+(2—Z) M) (4.60)
2m A

For Z = 0 this would lead to a,y ~ —0.09 fm and thus to a significant overestimation

of the empirical scattering length of about —0.01 fm [90]. In order to improve on the

s-wave part of our model we subtract that large term by identifying b.g ~ 0.08 fm in

(4.17). The dependence of beg on |Z] < 1is moderate. At Z ~ 0.72, the value suggested

in [90], it follows beg =~ 0.06 fm.

The evaluation of the parameters for the pionic modes requires some care. Compli-
cations arise here due to different reasons. First we will see that a proper fit of the
mN scattering amplitude requires more care than in the case of the 77 scattering used
for the p-meson because u-channel contributions prove to be relevant at least close to
threshold.

As a second point we have to keep in mind that since we would like to determine the
Migdal parameters and mean-fields from photo absorption on the nucleus our vacuum
model has to comply with the data for the same process on the nucleon. Here the only
additional parameter is f, which however can only give rise to an overall factor in the
photo absorption. Thus our model for the scattering amplitude has to give the right
shape needed for the description of the photo absorption data without further tuning.

4.4.1. Vacuum scattering amplitude

For the adjustment of the m NV scattering amplitude we compare our results with the em-
pirical scattering amplitude as extracted from phase shifts [20,98]. Since it is known [20]
that u-channel effects are important in the threshold region we study these contributions
on a perturbative level. Thus besides the s-channel isobar pole diagram

A 4
N 4

3
Tt = /=.=\ (4.61)

3
2

N

which contributes to the 7N scattering amplitude in the spin 3/2 isospin 3/2 channel

3
T,E?V’H we also study the u-channel contributions

~ - ~ -

33
22
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4.4. Determination of the parameters

4 and isobar u-channel pole diagram. Details are given in

resulting from the nucleon
Appendix M. These additional contributions solely modify the real part of the scatter-
ing amplitude. To get a feeling about possible changes in the imaginary part one can
calculate the first iteration in the u-channel showing that also an improvement of the
imaginary part close to threshold is possible. However since the scattering amplitude
close to threshold is dominated by the real part we neglect these effects on the imaginary
part in the following. The included diagrams give the lowest order in the modification
of the scattering amplitude due to u-channel contributions and thus an estimate about
possible effects. Since we only need the contribution to the P33 amplitude it is convenient
to use a projetion of these diagrams on the required spin and isospin 3/2 channel. A
convenient projector basis using projectors with good angular momentum has already
been introduced in [90]. Such projectors allow to decompose the vacuum scattering
amplitude into it’s partial waves

= (M 5) YT ¢ w) + M (Vs) Y (@ g5 w)) (4.63)

n=0

For our case the relevant J = 3/2 projector is given by

Y1(+) = —3qu (P[l;;]< )+ ﬁi}(w)> Qv - (4.64)

From our decomposition of the scattering amplitude (4.35) we read of

M (s) = -3 fA S(” =32 /3 S[(fl] (4.65)

(77—

and can directly take our vacuum results for the A—propagator to determine the contri-
bution of the s-channel diagram. The determination of the coefficient function in case of
the u-channel diagrams can be done along the same lines. We therefore first decompose
the scattering amplitude into the given projectors P*

KOn(ppiw) = KI5V PY 4 K5 P (4.66)
where x € {N, A} and then project onto the required channel

- dz Kff’” S, U dz (Exn —mn)?
M*MQ:/?—%%Jﬂ@+/7L7E7LMW@@%U(MU

where P; and P, are the first and second Legendre polynomials. For the vacuum case
the kinematics yields

2 2 2 2
9 s+ m, —my 9 s+m; —my
=7 N _ En = 2 'n N
PN 2./s me By =s 2./s
u=2m% +2m2 +2p2y (1 — 2) — /5. (4.68)

4The nucleon s-channel diagram does not contribute in the partial wave studied here.
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4. Pions and A-isobars at finite density

The interaction kernels Kfj\’,i) are derived in Appendix M. Within this scheme we can
now determine the scattering amplitude resulting from our model. In order to reproduce
the available data [98] we allow for a phenomenological dependence® of the isobar mass

on s = Vw?, i.e.
ma = my(Vw?) + X5, (4.69)

The result is given by the dashed line in Fig. 4.4.1. In a fully consistent treatment this
energy dependence would have to vanish. In contrast to this we find a lage variation
which could reflect the influence of left-handed branch points on the P33 amplitude.

1.15

2 1.1
)
Q/-\

—

2
<
£

1.05

1

| | | | | |
1.1 1.2 1.3

Figure 4.1.: Effective mass m%*(vw?) of the Delta isobar. The dashed function leads
to an exact reproduction of the amplitude while the full one, used in the
calculations, only results in an approximation.

Thus a fully consistent calculation which would reproduce the amplitude much better,

5This treatment might lead to additional poles in the complex plain and thus to ghost states. Their
contribution can be estimated form the analytic properties of the propagator and turn out to be

small.
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4.4. Determination of the parameters

meaning with a much smaller variation of the mass function, would at least require the
unitarisation of the sum of s-channel isobar and u-channel nucleon exchange processes.
This however is beyond the scope of this work. In order to correct for the presence of
such processes we include a phenomenological mass function determined by fitting the
imaginary part of the amplitude in the resonance region only. Outside the resonance
region we let the effective mass become a constant, full line in Fig. 4.4.1. While having
a much smaller variation then the exactly required mass function this phenomenological
mass function reproduces the empirical amplitude still quite well. Significant deviations
are only seen close to threshold where we expect the largest influence from u-channel

contributions.
T T I I T L
empirical — — —
1.510°
5
>
Q
=
= 50107
0
N
nucleon u-channel exchange N,
-5.0107 | .
| | | | | |
11 1.2 1.3
s12 [GeV]

Figure 4.2.: Comparison of the empirical P33 amplitude of [20] and our model calcula-
tion. In addition we show the contribution of the nucleon u-channel diagram.
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4. Pions and A-isobars at finite density

4.4.2. Photo absorption

Tuning the model to the photo absorption data, both, on the nucleon as well as on the
nucleus will allow us to determine the values of the Migdal parameters and the isobar
mean-fields at finite density. Since the photon receives no initial state interaction we can
directly scale up the v/N amplitude to get a model for the y-nucleus amplitude. However
for a description of even the photo absorption on the proton a simple model containing
the s-channel Delta pole diagram

only is not sufficient. This can most easily be seen when we analyse not only the total
photo absorption but the exclusive processes for scattering on the proton (p) v+ p —
7 +pand v+ p — 7" + n as well as the corresponding ones on the neutron (n)
y+n — 7 +nand y+n — 7 + p separately. Here it turns out that while the
processes with a neutral pion in the final state are mostly dominated by the resonance
there is a rather high background contribution in the case of a charged pion. This
background consists of additional processes involving the nucleon. Especially relevant
in the energy range of A-isobar are the nucleon s- and u-channel diagrams [99-102]:

, (4.70)

the Kroll-Ruderman term:

(4.71)
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4.4. Determination of the parameters

and the t-channel pion exchange:

|
| . (4.72)
|
AN
Based on the interaction vertices (4.1, 4.3) and the photo couplings
ﬁﬂ-N = —GN (]l+7'3) ’yMNAM
—ef—NN% WA (T Xx7T)3 N —e(x0'71)s A, (4.73)
cras = g 0% AP — 9% A*) NT] (0" A) +h
WA T 5t Cuwap — 5 ( )+ h.c.
/
Lha = 5% (aa AP — 9P Aa) NT} (9" AY) + hec. (4.74)

the photon-nucleon cross section is reasonably well described. We allow a magnetic
and electric® coupling of the Delta isobar. The relevance of this electric coupling was
claimed by [101,102] in contrast to the simpler model used in [22]. As an important
generalisation of [22] we incorporate short range correlation effects into the YN A vertex
of (4.1) as well as in the TNA and 7NN vertices. As already seen in the case of e.g. the
pion self-energy these vertex corrections lead to a replacement of the pion momentum by
a properly dressed momentum (°(w, ¢, u) defined in (4.81). The modified YNA vertex
then becomes:

T (0,0,%) = €uas ¢ CP(w,q,u), W, =pu+qu, (4.75)

with the photon and nucleon 4-momenta ¢, and p,. The generalised vertex (4.75) is
transverse with respect to the photon 4-momentum and therefore consistent with con-
straints set by gauge invariance. The vacuum limit is approached with the replacement
¢y — w,. The corrections to the TNA and m NN vertices are incorporated in the very
same way as in the previous chapter (4.22) for details see Appendix P. The computation
of the total absorption cross section for each channel is performed in the nuclear matter
rest frame. Fermi motion effects are considered:

channel(q ) 4 /kF d3p %A?y}}\?nnel(%pa u)

o = - ,
”A p (2m)* 2(p —mvu)-q

po=\/my+02+%v,  q@=1q7, w.=(10), (4.76)

6Note that with this choice of the electric coupling one recives contribution in the electric and magnetic
multipole [101]
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4. Pions and A-isobars at finite density

with

channel d4l d4k channel eff
AN (g, p,u) = o ZZ G (0, q ks L) A (k)

Im=1 j=1

b3 RSk ) AT 6 u)] (1= myu)? = m3)o(p+q— 1 = )

Im=1

(4.77)

and integration kernels Kmmel defined in Appendix P. The integration in (4.77) is

ij;lm
performed over the momentum of the outgoing nucleon [, and the pion k,. In addition

we define effective spectral functions

I (w,§) Ty (w. )

eff Sy a 4 )Ly )4 (Im) o

Aablm( q) __% (WZ_Q_Q—TTL%—HTr(w,(j’) _Fab (u),q)

At @) =9 (Tl @.0) (4.78)

which are build up in a similar way then (4.55) however we have to consider addition-
ally the possibility of connecting resonance with resonance terms as well as resonance
with background terms and background terms among each other. Therefore we need
additional vertex tensors I' which are given in Appendix P. The total cross-section is
in the end obtained by summing over the individual channels. For a particular model
of the isobar propagator, S, (w,u), and the vertex, (,(w, g, u), the expressions (4.76)
and (4.77) enable the computation of the nuclear photo absorption cross section in the
isobar region. The required amplitude A,y also involves vertex corrections given by a
further isobar-hole tensor loop function, which takes the form

4 /X [ dp .
Ah JA
M3 @) = 522 [ it ASG.w S,ulo-+ 0.0,

(g — =) - (4.79)
The photon vertex tensor, I, (g, p, ) couples to the transverse nucleon- and Delta-hole
loops, H(zjyh)(q, u) and H(ﬁh)(q, u), introduced in (4.15). Because of the e-tensor structure

in the bare photon vertex, only contributions proportional to either g,, us or g, u, are
relevant. This requirement singles out transverse correlation effects:

I (q,p,u) = ™ g., ¢* (P (w, q,u)

ra A 1
= o €7 (gwpﬂ + 1157 (g, w) )gm

1— g™ xM(q,u

T"(q, u)) (4.80)

with matrix structures defined in (4.16). For further manipulations it is useful to offer
a more explicit form of the photon vertex. As anticipated in (4.75) the vertex can be
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4.4. Determination of the parameters

written in terms of a 4-vector function ¢,(w, ¢, u). Due to the presence of the e-tensor
in (4.79) it is sufficient to consider terms proportional to p, or u,. The p, part of the
bare vertex is not renormalised by the short range interaction (4.3). The evaluation of
the only non-trivial term requires a projection of the tensor, Hfﬁf&), onto the relevant

structure. We obtain:

Culw, q,u) =w, + U(g,u) =™ i((T)(q,u)g(T) } Uy (4.81)
where
V) = 37(0n) L0 o
_ %T”O‘(q, ) <q('q“')3;__q;““ I8 (g, 1) (4.82)

The evaluation of the invariant loop function, U(q, u), in terms of a given isobar propaga-
tor, Sy, (w, u), can be found in Appendix N. Next we have to consider a very important
issue. The resonance amplitudes are gauge invariant by themself due to the choice
of the interaction (4.74). On the other side we need certain cancellations among the
background terms to get a gauge invariant result. While these cancellations are easily
fullfilled in the vacuum, problems arise as soon as in-medium spectral functions for the
pion and vertex corrections come into play for the in-medium calculations. While this
causes no problems in the neutral pion channels, a full calculation in the charged pion
channels would require the evaluation of additional vertex corrections which are beyond
the scope of this work. Therefore we restrict the calculation by setting

I opeff o opeff .
Althy = Afiim = Afly = A
Azgﬁz = AZ{él = AZJ;J;Q =0 foraand /orb =2
A;{f; = A;{Qfl = A;Q; =0 (4.83)

thus removing all in medium effects of the pion in the background terms while keeping
the mean-field shifts for the nucleon. A comparison with the full calculation in the
neutral pion channels will then allow a first judgement about the influence of these in
medium effects. For the consideration of the in-medium results we need to use the
photo absorption on heavy nuclei such as Uranium or Lead. In this case however we
have no reason to assume isospin symmetry any more like we did for the calculations up
to now. In order to take such effects into account in a first approach we put a different
weighting between the processes on the proton and on the neutron when summing up
the contributions for the total cross-section. Before we turn to the discussion of the
parameters let us first consider the kinematical situation. This will provide some rough
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4. Pions and A-isobars at finite density

estimate about the values to be expected for the isobar mean-fields apart from corrections
through the short range correlations. Energy and momentum conservation require

wo = \/m{ + 5%+ my + g0, [Dlmin = le0 =PI, |Wlmar = g0+ [P],  (4.84)

where wy and w are the isobar energy and momentum, p the nucleon momentum and gq
the photo energy. Thus, for given photon energy and and nucleon momentum the isobar
is probed only in a very limited region of phase space. Considering the nuclear Fermi
motion within the Fermi surface, we get a border line in the wg - @ - plain which marks
the region where the Delta is probed for each photon energy. In vacuum the situation is
even more simple because there one can choose the frame where the nucleon is at rest.
Therefore this region shrinks to a point and we can draw a single kinematical curve on
which the isobar is probed when varying the photo energy (see Fig. 4.3).
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Figure 4.3.: Kinematics for the photo absorption. Shown are the areas where the A-
isobar is probed at different photon energies qq. Full areas state the situation
when no mean-fields for the nucleon are present and the dashed areas when
mean-fields are applied (krp= 250 MeV in both cases). We additionally give
the free isobar kinematic and the line along which the isobar is probed in
vacuum.

The in-medium case is discussed in Fig. 4.3 where we plot the region probed by a photon
with energy from 200 MeV to 500 MeV which is most relevant for the peak seen in the
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4.4. Determination of the parameters

experimental data. In addition we draw a helping line at a photon energy of 350 MeV
where the maximum in the experimental data is observed. We learn that, if no vertex
corrections are applied, we expect quite similar mean-field-shifts for nucleon and Delta
to explain the experimental fact that the peak position of the cross section is nearly
unshifted from vacuum to in-medium.

We will now turn to the determination of the parameters. First we have to adjust the
coupling constants f, and f! (4.74) using the data for photo absorption on the proton.
The absorption is here nearly completely dominated by pion nucleon final states. The
result for the total absorption cross-section is displayed in Fig. 4.4. From this figure
we also learn that in order to describe especially the data points for energies bellow 250
MeV the background terms are very important. Still we are missing some strength here.
This fact may - as in the case of the mm-scattering - be related to missing u-channel
contributions in the isobar self-energy:.

MacCormick —8—i
- total |
background — - - @
500 | resonance -------- .

400

300

GyA(qO) [ub]

200

100

200 300 400
Jg [MeV]

Figure 4.4.: Calculation of the photo absorption on the nucleon compared to data for the
photo absorption on the proton (yp —— hadrons) [103]. We display the
full calculation (full line) and the resonance (dotted line) and background
(dashed line) contributions separately.

However as we pointed already out for a complete description we need not only to
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4. Pions and A-isobars at finite density

describe the total photo absorption but also the individual exclusive processes v + p —
7% 4+ pand v+ p — 77 + n. Additionally we would have the corresponding processes
for absorption on the neutron. However the data quality is naturally much better in
the proton case so that we stick to this to adjust the the parameters. In order to
determine the magnetic coupling f, and electric coupling fJ the photo absorption is
calculated in vacuum. A good fit leads a value of f, = 0.0114 and f = 0.024 which
is in the same range as the values found in [101,102]. In addition we get a quite
reasonable description of the exclusive processes. This would be different when we
would try to adjust the the parameters without the background terms. Even though we
would achieve a reasonable description of the total absorption cross-section we have no
chance describing the exclusive processes. In this case one would clearly overestimate
the process v+ p — m° + p and underestimate v+ p — 7 + n.

T T T T T T T
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300 = packground — — — o |
resonance -------- [ ] 1]
2. 200 F
=
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o
Ol_: —
o
100
O |
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Figure 4.5.: Calculation of the 7% channel compared to data for the photo absorption
on the proton [103,104]. We display the full calculation (full line) and the
resonance (dotted line) and background (dashed line) contributions sepa-
rately.

The result for v+ p — 7° + p is shown in Fig. 4.5. This process is dominated by
the A-resonance. The background terms have only a minor influence on the results.
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4.4. Determination of the parameters

This can be understood from the theoretical side because here only the s- and u-channel
nucleon pole diagrams (4.70) enter which don’t give rise to strong effects. The situation
changes drastically when one considers the charged pion channel v +p — 7% + n. Here
the Kroll-Rudermann term (4.71) and the t-channel pion exchange (4.72) lead to a much
higher background contribution which is clearly visible in Fig. 4.6. Nearly half of the
cross-section is give by the background terms. The peakposition turns out to be at a
bit to high photon energies in our calculation. This is caused by the strict adjustment
of our isobar propagator to the mr-scattering data. A more global fit of the parameters
would certainly lead to an improved result.

| | |
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Figure 4.6.: Calculation of the 7+n channel compared to data for the photo absorption
on the proton [103,105]. We display the full calculation (full line) and the
resonance (dotted line) and background (dashed line) contributions sepa-
rately.

We now turn to the discussion of the Migdal parameters g;;. These should be adjusted
together with the mean-fields for the A-isobar to reproduce the photo absorption data
on the nucleus. Since the model for the in-medium calculations of the photo absorption
includes the serious approximation of treating the background terms without vertex

69



4. Pions and A-isobars at finite density

corrections and a realistic pion spectral function we can’t draw a final conclusion here
but will study different scenarios. We choose the following two parameters sets

Set 1:

28 =360 2 Mev, 22 = 2 350MeV
Po Po
g =058 g, =02  gj =02 (4.85)
Set 2:
28 =440 2 Mev, 22 = 2 350MeV
Po Po
g =058  ¢,=02  gj =06 (4.86)

where the value of the scalar mean-field is chosen identical with the nucleon scalar mean-
field. Both sets produce an attractive mass-shift of the isobar with respect to the vacuum
(see next section). An unshifted A-isobar could also be obtained by using even higher
values for the vector meanfield or by reducing the scalar one. This would result in a
about 30 to 40 pb lower cross-section. To really determine these parameters the model
has to be extended to incorporate the essential medium effects neglected by (4.83).

setl ——

set2 — —
400 X g = .

300

o(qp) [ub]
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0 | ! ! ! ! ! !
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o [MeV]

Figure 4.7.: Comparison of the total photo absorption cross-section for the two different
parametersets defined in (4.86).
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4.4. Determination of the parameters

However it turned out that within the given sensitivity of the calculation we can only
make a statement about the combination of scalar and vector-mean-field where the
splitting between both influences the global shift of the isobar. The influence of the
absolute magnitude of these mean-fields has only a minor effect. In Fig. 4.7 we show
the corresponding results for the cross-section. We learn that within this restricted
model setup we reproduce the magnitude of the cross-section rather well while the peak
structure is less dominant in our calculation. This might result from the fact that the
actual creation of the peak is a highly nonetrival effect within our model because due
to the vertex correction (4.75) we do not probe the resonance peak itself but the high
energy edge of the resonance. The actual peak is then created in the interplay of this
edge with the vertex. The global magnitude is still about 120 ub too small.

total (med.) — —
total (vac.)

resonance ------- - % E
x X

400 -

300

o(do) [1b]

200

100

200 300 400
Jg [MeV]

Figure 4.8.: Contributions of the resonance and background terms to the total photo
absorption cross-section. For the full curve we added the vacuum back-
ground to the resonance contribution whereas the dashed line shows the
cross-section when the medium effects are switched on. Parameters are ac-
cording to set 1. Data is taken from [106,107].

However in this approach we neglected important in-medium effects in the background
terms. As can be seen from (4.83) we keep the mean-field shifts of the nucleon and
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4. Pions and A-isobars at finite density

Pauli-blocking effects only. This results in an underestimation of the cross-section as
can also be seen from Fig. 4.8 and Fig. 4.9. The relevance of the background terms for
the in-medium calculation are visible from Fig. 4.8. We observe that their contribution
is less strong then in the vacuum case. This is caused partially due to Pauli-blocking
effects but also we expect quite some influence form the approximations made in the
calculation of the background terms (4.83). While being less severe for the neutral pion
channel as can be seen from Fig. 4.9 we expect that a calculation with the full pion
spectral function should lead to stronger effects especially in the t-channel diagram which
still have to be explored. The relevance of the different channels is shown in Fig. 4.10.
Here we learn that the most dominating contribution comes from the absorption on the
neutron which is not suprising since for the heavy systems studied here we have much
more neutrons then protons.

T T T T T | : |
total approx. — —
total
background approx. — - - A4 =
400 - background ------- X = .
%

__ 300 r
O
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=
3

200

100 |-

O |

Figure 4.9.: Influence of the approximation made in (4.83). We compare the results for a
calculation using the spectral functions of (4.83) compared to a calculation
where this approximation has only been used in the charged pion channel
while keeping the full structure (4.78) in the neutral pion channel.

In the fit it turns out that the photo absorption is quite insensitive on the choice of g1,
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4.4. Determination of the parameters

so that we take this value in accordance with literature [32]. The influence of the other
two Migdal parameters turned out being small then expected.

| | | | | | |
total

ng p Channel — —
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200
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Figure 4.10.: Contributions of the several channels to the total photo absorption cross-
section. Parameters are according to set 1. Data is taken from [106,107].

We observe that even a variation in geo from 0.2 to 0.6 causes only relatively small change
in the cross-section as can be seen in Fig. 4.7 when the mean-fields are readjusted. This
effect is caused by compensating effects of the Migdal parameters in the different parts
of the model. In the photon vertex a higher vale of g, would lead to a larger cross-
section however on the other hand this effect is compensated by a different shape of
the resonance mainly caused by the second diagram in (4.13). Our parameter choice 2
is also in agreement with values for g;; suggested by Nakano et al. [32] who analysed
Gamow-Teller transitions. They [32] deduce the constraint gj; = 0.585 together with
915 = 0.191 +0.051 ¢/, insisting on a empirical quenching factor Q = 0.9 of the Gamow-
Teller resonance [108]. In their consideration they assume the quenching exclusively to
result from a mixing of the nucleon-hole and the isobar-hole state. As will be shown
in the following section this choice of parameters produces a A-isobar with a attractive
mass-shift which is quite conservative. On the other hand we could not find reasonable
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4. Pions and A-isobars at finite density

fits using a high value of g}, as suggested by the calculations of Arve et al. [18] where
universality g, = g1, = g5, = 0.60 was found.

4.5. Results

Now we turn to the discussion of the results obtained in the w/NA-system at finite
density. Since the model for the photoabsorption still needs to be extended in order to
allow for a reliable fit of the Migdal parameters g;; we will present the results for the
parameter sets one and two on equal footing. Special care will be taken to show the
effects of the vertex corrections which become much more important as in the case of
the mpw-system studied previously. We begin our discussion with the results for the
in-medium A-isobar. Here the most relevant components of the spectral functions Si(;’ )

and Sg-]) (4.30) are the ones which contain the vacuum pole, namely 5% and S (4.33,
4.37,4.40). Therefore we restrict our discussion to these two main components. However
one has to keep in mind that the other components - even though small - are crucially
needed to keep the whole scheme free of kinematical singularities. The results for the two
main components can be found in Fig. 4.11 and 4.12 where we compare the calculations
for both parameter sets for half times normal nuclear density (Fig. 4.11) and normal
nuclear density (Fig. 4.12). Compared to the vacuum result we observe in both cases a
significant attractive shift of the A-isobar of about 120 MeV for set 1 and about 80 MeV
for set two at saturation density. However one has to note that also the nucleon recives
an attractive shift of about 60 MeV due to the mean-fields (4.9, 4.59). Keeping in mind
that previous calculations [15,28] claimed attractive mass shifts of about 60 MeV using
an unmodified nucleon our results confirm the possibility of such shifts. The splitting
of the spin 3/2 and 1/2 mode increases with momentum reaching about 100 MeV for
600 MeV momentum. The width of the resonance is nearly unchanged for low momenta
while a significant broadening is observed for momenta larger then about 300 MeV.
Comparing the calculations for half times saturation density and saturation density we
observe that already at rather low density we have significant attraction of the A-isobar
of about 80 MeV (which is about 45 MeV larger then the shift of the nucleon.). This
means that we have, especially for parameter set 2, a saturation behaviour already at
rather low densities. This underlines the relevance of a self-consistent calculation since
such a behaviour will never be possible in a low density expansion. We also learn that
the change in g5, has much stronger influence on the calculations at higher density as
can be seen from the much larger deviations of the results for set 1 compared to those for
set 2. This is natural since the contributions of the Delta-hole loops which are modified
by ¢4, become stronger with increasing density.
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Figure 4.11.: Spectral functions Séz;) and Sf‘{) for parameter sets one and two and half
normal nuclear density. For comparrision we also show the vacuum result
(long dotted line).
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Figure 4.12.: Spectral functions Séz;) and Sf‘{) for parameter sets one and normal nuclear
density. For comparrision we also show the vacuum result (long dotted
line).
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Let us now discuss the results for the pion spectral function. The results for both pa-
rameter sets can be found in Fig. 4.13 and 4.14 where calculations for half times normal
nuclear density and normal nuclear density are presented. In all cases the contribution
of the nucleon-hole states is clearly visible at small energies while the Delta-hole mode is
less pronounced. Generally there is the tendency that the pion receives a small attrac-
tive mass shift at small momenta which is due to level-level repulsion between the main
and the Delta-hole mode. At momenta of about 200 to 300 MeV these two modes cross
and for higher momenta the main peak of the spectral function is shifted toward higher
energies. Besides these similarities there are also some distinct differences between the
calculations with small g5, (parameter set 1) and high g5, (parameter set 2). Especially
one observes that the crossing of the main pion mode with the Delta-hole mode happens
at higher momenta for the high g5, case. The reason for this effect which can also be seen
from the pion self-energy given in Fig. 4.15 is that the Delta-hole mode is at about 100
MeV higher energies for the high ¢}, case which is explainable since in this case the A-
isobar recives less attraction. One further aspect concerns the normalisation of the pion.
In a scheme where the self-energy is determined by a resummation of certain diagrams
it is not a priori clear that the normalisation is preserved in the self-consistent treatment
due the fact that additional ghost-states may appear (See the discussion in Appendix
C.). We checked that with the scheme used for the calculations of the Delta-hole and
nucleon-hole loops we indeed arrive at a procedure which conserves the normalisation of
the pion throughout the whole self-consistency.
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Figure 4.13.: Pion spectral function A, for half normal nuclear density (dotted line) and
normal nuclear density (full line) for parameter set 1. The vertical dashed
line marks to position of the vacuum pole.
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Figure 4.14.: Pion spectral function A, for half normal nuclear density (dotted line) and
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line marks to position of the vacuum pole.
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Figure 4.15.: Pion selfenergy for normal nuclear density and both parameter sets.
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The relevance of the vertex corrections can be seen from Fig. 4.16 and 4.17 where we
compare the pion spectral function with the effective spectral function which is modified
due to the vertex tensors (4.55). Here it turns out that the A], component plays the
dominant part while the other effective spectral functions have only a minor influence
on the result. We especially learn the the introduced vertex corrections indeed act like a
formfactor in the spacelike region. Therefore the nucleon-hole contribution gets strongly
suppressed which prevents the A-isobar from becoming too board at finite density. The
magnitude of the suppression can be deduced from Fig. 4.18 where the results for the
vertex tensor I'y can be found. We see that the realpart of this function is bellow 1
in the region where the nucleon-hole contribution dominates the spectral function thus
leading to a suppression. In addition we see that the effective spectral function can
even become negative. This is caused by an interplay of real and imaginary part of the
vertex tensor. The fact that even when we insert these indefinite spectral functions in
our calculation and still get a self-energy for the A-resonance that leads to a positive
definite spectral function is highly non-trivial and can only be obtained when all vertex
tensors are taken into account. Here also the contribution from the second diagram in
(4.52) is mandatory. An additional observation is that the Delta-hole structure is much
stronger pronounced in the effective spectral function. This is due to the fact that such
a structure is not only provided by the self-energy but additionally by vertex I'y. Form
Fig. 4.19 where the results for the vertex function I'y are presented we also learn the
reason for the fact that the effective spectral functions A7, and AJ, are quite small. In
contrast to the vertex function I'y which has a real-part close to 1 the vertex function
['s is nearly zero in the kinematical region where we have the main contributions from
the pion spectral function. This effect is especially visible for small momenta. However
even at large momenta no sizeable contribution can be generated. The relevance of self-
consistence is also clearly visibly from the rather large distortion of the spectral function
by the vertex corrections. Since these vertex corrections crucially depend on the form
of the isobar propagator, self-consistence is absolutely essential.
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4. Pions and A-isobars at finite density
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Figure 4.16.: Pion spectral function A, (full line) and effective spectral function Al!
(4.55) (dashed line) for parameter set 1 and normal nuclear density.
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Figure 4.17.: Pion spectral function A, (full line) and effective spectral function Al!
(4.55) (dashed line) for parameter set 2 and normal nuclear density.
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4. Pions and A-isobars at finite density
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5. Relations to the ®¢-functional

Before we draw the conclusions of what has been done in this work we would like to point
out some relations of our approach to the ®-functional method [109,110]. Up to now
we determined the self-energies (3.6, 3.9 ,3.11, 4.14, 4.13) entering in our coupled set of
coupled Dyson equations (3.2, 4.4) by the principal that we would like to sum up all soft
modes in the system. However there is a more schematic method for the construction
of the self-energies which could serve as a guidance. This method is provided by the
®-functional approach. Within this method or, more general, in self-consistent two-
particle irreducible (2PI) approximation schemes [109,110], the self-energies ¥ or II for
the baryons and mesons are derived from a generating functional, called ®-functional.
This functional is given by a truncated set of closed diagrams in accordance with the
interaction Lagrangian where all lines denote dressed, i.e. self-consistent propagators.
The self-energies result as functional variations with respect to the meson G and baryon
S propagators, i.e.

. _6i®[G, 5] . _ 0i®[G, S
—i3(z,y) = 5505, 7) or —ill(z,y) = 5iG.T) (5.1)

This implies an opening of a corresponding propagator line in the diagrams of ®. For the
resulting set of coupled Dyson equations such 2PI approaches guarantee that even in a
partial resummation of a single class of diagrams the conservation laws which are related
to the symmetries of the system are fulfilled on the level of expectation values [109]. In
addition such a set-up guarantees the thermodynamic consistency of the approximation.
However we have to point out strongly that this scheme can only serve as a guide
determining which diagrams are to be included in the calculations. This is due to the
fact that the actual self-energies might have divergences which have to be absorbed in
counter terms. At this point the ®-functional approach and our scheme using dispersion
relations deviate in the choice of these counter terms.

In the ®-functional approach the procedure to generate the coupled Dyson equation
would be like this. First our strategy is that all soft modes have to be resumed while
all the hard modes can be treated as local point vertices. As already stated in sections
3.2 and 4.2 this implies that the key ingredients of this approach are correlation loops
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5. Relations to the ®-functional

resulting both from particle-hole and meson-meson channels

N A
N—l N—l

M oS, (5.2)

™ w

which in a relativistic treatment take the form of Lorentz polarisation tensors. With the
help of the correlation loops (4.7) and using the interactions (3.1, 4.1, 4.3) which also
allow to couple any of these loops directly using a four point vertex!. It is possible to
define a 2PI ®-functional

X x

"OT0E O

N
AR @

to be understood in a properly chosen regularisation scheme. As already mentioned
the renormalisation of the resulting Dyson equations will not use the counter terms as
following from this functional (5.3) but will use the dispersion relations stated in sections
3.3 and 4.3. Therefore we use the ®-functional only as a book-keeping tool telling us
which diagrams have to be resumed. The upper set of diagrams in (5.3) defines the

Wl
e~ =

+
\
N\

. - +
2

. - +
2

Wl
e~ =

LA generalisation of the interactions used in (3.1, 4.1, 4.3) to allow for all necessary four point couplings
is straight foreward.
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Hartree mean-field terms, while the infinite set of ring diagrams with y-loops of any sort
given in (4.7) generate the following RPA resumed expressions?

= [x-(l—g’-x)_l]w
T — @ :g’.HW.g’
M = @ =q¢"+g-1"qg,

(5.4)

They are relevant for the short range correlations and the corresponding vertex correc-
tions. The difference between these expressions is given by the outer most vertices. In
the case of Il we have two three-point vertices at the outer most positions while I'*”
has two four-point vertices and I'* one three and one four-point vertex. In all these
quantities we now set the pw-loop to zero because it contributes at very high energies
only.

Almost all self-energies used so far follow by variation of ® (5.3) with respect to the
propagators implying to open any of the corresponding propagator lines (5.1). For the
nucleon the self-energy results to

The self-energies for the isobar is given by

A= e+ IQE:JF . (5.6)

Here the correlation diagrams are instrumental in order to avoid the standard use of soft

5.5)

form-factors. In the case of the pion we get a first contribution when opening any of the

2Besides the Lorentz structure for y, these are matrix relations also in the excitation channels i €
{NN-Y AN~ mp,...}, Thereby x takes a diagonal form with values given by (4.7), while the
channel-channel couplings are compiled in g'.
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5. Relations to the ®-functional

explicite pion lines in (5.3). This produces the first diagram in (5.7)3

and corresponds to the well known nucleon- and isobar-hole contributions modified by
short range interactions. However now we also have mp loops hidden in the y bubles.
Opening the corresponding pion lines gives two further self-energy terms given in brack-
ets. The first one gives a correction to the mp-loop in the pion self-energy where the
vertices are dressed by short-range effects. The second one is similar to the main term
but contains an additional p-meson.

The self-energy for the p-meson will be given by

¢ |

where all diagrams except the third one follow from the ¢-functional (5.3). This third
diagram is included for a more complete correction of the prmm-vertex. The w-meson
receives a similar self-energy corrections as the p-meson, however, since we have no
wm-loops in our definition of xy we get the following terms

only. In the end we arrive at a set of coupled Dyson equations for the determination
of the full retarded propagators in terms of the retarded self energies or polarisation
tensors and the free propagators.

3We set some terms in brackets to indicated further approximations. Details follow bellow.
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The model studied in this work uses only a subset of the self-energies indicated by
this approach. We studied the baryonic part with the self-consistent interplay of the
A-isobar together with the pion and nucleon at zero temperature and a pure mesonic
model where we consider the interactions of the pion with the p- and w-meson at finite
temperature. These simplified treatments allowed us to introduce the new techniques
on a less complicated level which proved to be mandatory to identify possible problems.
In addition we neglected certain parts of the self-energies given above. For example we
treated the nucleon with a sharp spectral function and thus all correlation terms in (5.5)
were ignored keeping only the scalar and vector-meanfields. In addition all the terms
in the brackets have been neglected due to phase-space suppression arguments. In a
more complete treatment one could also start including these diagrams and establish
the connection between the two subsystems studied so far.

For renormalisable theories ®-derivable approximations can be proven to be renor-
malisable with counter term structures defined on the vacuum level [77,111,112]. Since
our field theoretical model is not renormalisable in the standard sense we use dispersion
relations instead of the procedure described in [77,111,112].
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6. Conclusions and Outlook

Conclusions

In this work we studied the influence of the presence of nuclear matter on the spectral
properties of the light vector-mesons p and w as well as on the pion and the A-isobar in a
self-consistent framework. Here the aim was to include not only short-range correlations
of the usual Migdal type but in addition to include vertex corrections in order to con-
sistently sum up all soft modes of the system. These short-range correlations which are
normally used to describe the interactions of the pion with nucleon and A-isobar were
also applied to the vector-mesons. Special emphasis was put on the determination of the
real-parts of all self-energies and the proper avoiding of kinematical singularities in the
self-consistent treatment [88]. The self-consistent treatment of vector-mesons within the
current model setup requires great care due to the fact that the polarisation tensors have
to be four transversal meaning that no unphysical degrees of freedom are propagated.
In contrast to perturbation theory where Ward-Identities are conserved at each order of
the expansion, conservation laws are spoiled as soon as self-consistency comes into play.
The reason for this is that only certain sub-classes of diagrams are now summed up to
infinite order thus violating Ward-Identities. One cure to restore four transversality is
given by projection schemes which construct four transversal objects out of the given
polarisation-tensors obtained in the resummation. We studied these techniques used up
to now and found that some have severe problems arising from kinematical singularities
which are introduced by the projection. Therefore we invented a new ad hoc method
to circumvent these problems. In the baryonic system we now achieved a description of
the isobar properties without relying on the usually used soft formfactors. This is con-
ceptional important because the presence of soft formfactors, where the cutoff scale is of
the same order as the physics one likes to describe, makes the in-medium extrapolation
doubtfull. In addition we used a fully relativistic treatment of all particles including
the spin 3/2 A-isobar. This is important to guaranty the proper behaviour of the self-
energies in all kinematical regions. In addition in a self-consistent treatment where new
low energetic modes may emerge this is the more reasonable treatment because these
new modes may not be heavy enough to allow for a non-relativistic expansion. Since
a lot of preperatory work concerning the renormalisation and the proper avoiding of
kinematical singularities had to be done we decided to first consider two independed
systems namely a purely mesonic system where we have interactions of p- and w-meson
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6. Conclusions and Outlook

together with the pion and one baryonic system where we studied the dynamics of the
mNA-system at zero temperature.

The parameters of the model were adjusted to reproduce nm- and 7w N-scattering in the
relevant channels as well as photo absorption on nucleon and nucleus. We found that in
the meson sector we could achieve a good description of either the mm-phaseshifts or of
the electromagnetic formfactor only by a different choice of the parameters. A simulta-
neously fit of both quantities would require to take more vertex corrections beyond our
model into account. Since the phase-shifts offer a more clean method to determine the
parameters we then used this input only. In addition it turned out that a proper descrip-
tion of the w-meson properties also requires to take more processes into account [68].
Therefore our model can only serve as a first estimate here. In the baryonic subsystem
we can get a good simultaneous description of the scattering and photo absorption data.
However for reproducing the empirical scattering amplitude we had to take a moderate
energy dependence of the vacuum isobar mass into account. This variation serves for
processes beyond the s-channel pole contribution of the A isobar important for the de-
scription of the m/N scattering amplitude like unitarised u-channel contributions. The
fit of the Migdal parameters g¢i1, g12 and goo to the photoabsorption data turned out
being quite involved. Previous calculations [22] used the resonance contributions of the
A-isobar only to adjust the parameters. However there are considerable background
terms [14,99-101] which have to be taken into account before reliable conclusions can
be drawn. Special care has also to be taken about vertex corrections. However despite
these problems it turns out that the values for the Migdal parameters g11, g12 and g9
used in other approaches [32] give also reasonable results in our scheme. The meanfield-
shifts required for the isobar are repulsive however within the resolution of the model
we cannot make detailed statements about the individual size of the scalar and vector
meanfield but only about the total shift. In addition the current status of the model
for the photo absorption allows not to draw detailed conclusions about the values of the
Migdal parameters or the mean-fields. However we have to note that even a rather large
attraction of the isobar could well be in agreement with the data.

In the purely mesonic system containing pion as well as p- and w-meson we made the
experience that no large medium effects are visible even at high temperatures and when
taking correlations and vertex corrections into account. This complies with earlier stud-
ies [35,36, 38,40, 113] where it was found that the dominating in-medium effect on the
light vector mesons results from the direct interaction with baryons. We only observe a
moderate broadening of about 30 MeV for both vector-mesons even at 120 MeV tem-
perature. The influence of the vertex corrections and short range correlations turned
out to be quite small. In addition in such a purely mesonic scenario self-consistency
was found to play only a minor role and has the most pronounced effects on the pion.
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However this picture concerning vertex corrections and self-consistency might change
when including direct baryon couplings because then new low energetic resonance-hole
excitations become available.

In contrast to this in the baryonic system we have strong effects from the vertex cor-
rections and the self-consistency requirement. The vertex corrections turn out to be
essential in order to obtain an in-medium A-isobar which is not strongly broadened.
This is due to the fact that these vertex corrections effectively suppress the nucleon-
hole states in the pion propagator. A definite statement about the Migdal parameters
and the in-medium mass-shift of the A-isobar could not be obtained within the present
framework. We observe that the contribution of the s-channel isobar exchange to the
photo absorption is only about 30 %, nearly independent of the parameters used. This
makes a more detailed study of the background terms essential.

Outlook

The present status of the work suggests extensions in several directions. First of all
it is essential to extend the calculations of the photoabsorption in order to determine
the values of the Migdal parameters and the mean-fields of the isobar. Here a complete
treatment requires to include further corrections of the y7wm- and N N-vertices. This
will then modify especially the interference between the resonance and the t-channel pion
exchange and will allow a much better understanding of the microscopic processes. After
this the calculations already made in the pion-baryon sector could be applied to electron
scattering or neutrino induced reactions. Additionally it would be straight forward to
obtain the pion optical potential as resulting from our model and compare the results to
data. With more effort one could also try to describe pion absorption or charge exchange
reactions [11]. An interesting topic would also be to study pionic atoms using our model
for the w N-amplitude. Here the possible strong attraction we can get for the isobar could
possibly explain the rather strong imaginary part of the scattering length. All this would
help to constrain the model further because different kinematical regions are probed.
Having then a quite well settled model an extension of the calculations in the pion-baryon
sector to finite temperatures is conceptional unproblematic. Further extensions could
then point towards the unification of both parts of this work namely to study a combined
system of baryons and vector-mesons at finite density and temperature. Concerning such
applications to vector-mesons it would of course be necessary to describe also further
resonances like the N*(1520) resonance in a similar framework. Such an extended model
would then also allow applications of the so obtained spectral functions to dilepton
spectra [43]. The latter would require to implement the so obtained microscopic results
into some macro dynamical model, such as hydrodynamical or fireball evolution models.
This could then allow for a proper description of the nuclear collision dynamics.
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7. Appendix

A. 7p loop tensor coefficients

The imaginary parts of the pm loop functions y;; of Eq. (3.13) are given by

4
%X%}W)(@U,U) = 29p7r7r/ (2d7rl)4 (HU ,22] A'D (l,u +H’L]T AP (l u))Aﬂ(l _w’u)
F(w )

)

(np(l-u) —np((l —w)-u))

e (0T _ d'l T,22] 7p p

\sxgp )(w,u) = 2gpm/ o) (HT22L A8 (1, u) + TLAL(1,u)) Ap(l — w, u)
(np(l-u) = np((l —w) - u) Fw?),

(A.1)

in terms of coefficients H'?2 and HI'MT! given in Appendix B. The determination
of the realparts requires some care for two reasons. First of all the imaginary parts
don’t tend to zero for large energies making renormalisation necessary. For example we
consider the vacuum on-shell limit of the imaginary parts

P 2m2 + | [2) Iz |
(o) _ Gprr |1 | ) _ o) _ omm 2y A [l ) [l
SXi 27rm,2)\/§ S X22 SXT 127rml2,\/§
Sxi5” =S =0
L[ ((my = me)? = 5) (my, + ma)? = 5)]
=3 - . (A.2)

As one clearly observes these functions don’t tend to zero for large energies. This problem
will be handled by a formfactor

) = [(exp (“’2 - A)) O(w? — 2) +0(N? - w2>] (A3

with A = 1250 MeV. In addition we have to take care about the kinematical constraints.
This can be done in the same way as for the baryonic loops by choosing a different
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representation:
W 0) = 5w d),
X157 (@, ) = pe _1(q e (qq;“ X7 (@, 7) = ’<w,a>) ,
) = s (qq“ @, 4) = 20 (@, )
+ ;—gu X (w, i)) :
W) = 5 (W0 @ 0) . 0)) (A4)

(pm)

The functions ;"' can now be build up, using the kernels defined in Appendix B,

XN w, 7) = [6 (0, )

~20 / ﬂ/ o <q> (H22 Ay (1, w) + HET A (1)) An(l — w, )

) 7w \2

W—w—1€

(np(l-u) = np((l—w)-w) F?) | + (g = —qu) (A.5)

for i =1,3,4 with ny 4 =2, ny = 1 and ¢* = w? — ¢?, 3* = @? — §*. While for n = 2 we
have

ﬁmwwzbu@@m

% / d*l /+°° dw (cu) (HE2 AL, (1, u) + HETV AL (1, w)) A (L — w, u)
205 [ ¢ aw

2m)4 T W—w—1€

—00

(np(l-u) —np((l —w) W) Fw?) | — (g — —qu), (A.6)
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B. Coefficient functions HWm4l g4l glmTl apnd T
B. Coefficient functions Hlmul FHTl glimT] gnd g1

m 1 va ij ij va ij
HTiml _ §g gpnﬂ Ty (w, ) L,(lé)(l,u) liaT) g g#ﬂ L;(UZ)@%U) Tos(l,u)

H[ij’lm] _ guaguﬁ LEZJ/)(wj U) LS?([, U)

1

H[ll,y] —_ H[Ly]

w2
2y — 1 {(u ) gl _ H[Zy}}

w? — (u-w)? [ w?
2

piza — (W) W) gy o ey W sy

w? —(u-w)? | w? (u-w)

1
HTw — 5 [H[MA — gty _ H[22,y]} y e {ij, T}

2 2
L — (l-w) 21— (u-1) (- w) B (u-1) A — g

2 2 2
iz (-w) ((u-0) (- w) =1 (u-w)) 212 _ _(l w) VI = (u-1)?
P12 — (u-1)? [
312 — w? (u- 1) =P ((u-w)(l-w) + (u-1) (w? = (u-w)?)) 112 _
2\/1?2—(u-1)?

1,22] (u-0) (I w) —I? (u~w))2 2,22] “(u-l)
H2 = 12 (12— (u-1)?) H! }—(u-w)— 12

2
B2 g _ (UZ‘QZ) 422 —

(I-w)?=2(w-w)(u-1)(l-w)+ (u-)?w* + 12 ((u-w)?* —w?)
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g =09 pgBfl=9 gtll=1

H[I’T} —

HIT21 _ gl pl2221] _ pple2a2) g2l _ (i)
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7. Appendix

C. Ghost states in the pion self-energy

The occurrence of ghost causes a severe problem [74]. It implies that the pion self energy
does not satisfy a Lehman representation anymore. A ghost state is present if the pion
self energy has a pole for complex energies, i.e.

D(w) =det[ll =" (w,7) g =0  with  Sw#0. (C.1)

Note that a function that satisfies a Lehman representation can have poles only on
the 2nd or higher Rieman sheets. In fact, we claim that such artifacts are avoided all
together once a finite renormalisation is implemented such that all elements II,;(w, )
are bounded for large energies, i.e.
i [, 9)] < . (€2

It is noted that the condition (C.2) may be viewed as a construction rule how to define
additional terms of the form (4.3) involving a finite number of time or spatial derivatives'.
The latter amount to introducing effective energy and momentum dependent coupling
constants g;;(w,q) to be used in (4.16). In this work, rather than constructing such
counter terms explicitly we impose the condition (C.2) on the loop functions directly.

Our argument that (C.2) indeed avoids the formation of ghost states goes as follows
[74]: According to a theorem? proven by Symanzik [114] and Weinberg [115] one may
represent the determinant

D(w) = R(w) H(w),
H(w) = H0+H1w+/ dzw _SH(z)

thres T 2 2 — W — 1€

(C.3)

in terms of a so-called Herglotz function H(w) [116] and a rational function R(w). Here
we use the fact that all elements II;;(w, ¢') are analytic functions with branch cuts on
the real axis only. A Herglotz function is characterised by SH(w) > 0 and H; > 0 in
(C.3). The spectral density SH (w) may contain a finite number of positive d-function
terms. An important property of the Herglotz functions is that it does not support
zeros at complex w. Moreover the number of zeros permitted at real energies exceeds
the number of poles at most by one®. From the assumption (C.2) it follows that D(w)

!The imaginary parts of the particle and isobar hole loops are bounded due to kinematics. For the
pm-loop we achieve the same by using a formfactor.

2We reject here the pathological case where SD(w) changes sign infinitely many times.

3This property follows once the Herglotz function with a finite number of pole terms is decomposed in
terms of a Wigner R-function [117] and a Herglotz function with no pole terms. A Wigner R-function
has simple poles and zeros only, that interlace [118]. A function R(z) is called an R-function if it has
the following properties: R(z) is meromorphic, SR(z) &z > 0. Adding to a R-function a monotonic
function, i.e. a Herglotz function without poles, can not lead to additional zeros.
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is asymptotically bounded by a constant, and also that D(w) does not have any pole in
the complex plane. Since the Herglotz function behaves asymtoticly like [116]

H
% — H, as |w| — o0 (C4)

we conclude the the rational function R(w) must in this case vanish like

R(w) — —. (C.5)

w

As a consequence it is also excluded that D(w) develops zeros at complex w. This
follows because all poles in R(w) must be cancelled by the zeros of the Herglotz function
H(w). Furthermore any pole in the Herglotz function must be compensated for by
corresponding zeros in R(w). Trouble may be induced by possibly complex zeros in R(w)
that are not associated with poles in H(w). The latter are excluded by the asymptotic
properties of D(w). This can be seen as follows. Let m and n be the number of poles
and zeros of the Herglotz function and j and ¢ the number of poles and zeros of the
rational function respectively. Since D(w) has no poles we need to have

i>=>m n>=j. (C.6)
Further it holds
j—i=1 n=m+1 (C.7)
due to the properties of D(w) and H(w)?*. This leads us the the conclusion
m+1>5 j>m+1 (C.8)
which can only be fullfiled if
j=m+1l=i=m=n-—1 (C.9)

and therefore can’t have a pole in the complex plain because we need all ¢ allowed zeros
in R(w) to cancel the poles of H(w).

4The case with m = n which automatically requires i = j can be treated along the same lines.
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D. Different gauges

Up to now we only stated that we use unitary gauge for the vector mesons. In order to
clarify the reason for this we will now analise different possible choices for the t’Hooft
gauge. The essential differences can already be seen in vacuum and on a perturbative
level so that we can restrict the discussion to this case. Our choice of the interaction (3.1)
is a special case (unitary gauge) of the more general Stiickelberg model. For details about
the this model we refer to [78] and references within. From the Stiickelberg Lagrangian

1, m 1 1
Lstiickel. = —ZPWP” + TPP‘LP# - %(appuy + 5(8;#/5)(8#9?5)
—7”9252 + (8.m*)(9"n) — Emun™n (D.1)

where we have in addition to the vector meson field p* or p** = O*p” — 0¥ p#* respectively
the ghost field n and the Stiickelberg ghost ¢ we can directly read of the form

_ 1-¢
G (w) = (w? —m2) g + Wt (D.2)
of the free inverse propagator containing the parameter £ which interpolates between
the renormalisable R¢ gauges with 0 < { < oo and the unitary gauge with § = oo .
After matrix inversion the retarded propagator turns into
v w,, Wy 1-—
G (W) = I = w0 (1) (D.3)

w? —m?2 +i(wo)e  (w? —m2 +i(wp)e) (w? —m2E + i(wo)e)

The spectral function of the vector meson is the given through the imaginary part of
this propagator

Wy Wy,

Ap(w) = =23(Gu ()] = 27 [g — “L5¥] 6w = m2) (B(uwo) — O(~w))

+2w% 5(w?® = m%€) (B(wo) — O(—wp)).  (D.4)
Note that this function needs a ie prescription for all poles which appear in order to
make the complete function retarded. We observe that in addition to the mode of the
vector meson we have an additional ghost mode with a mass of m,+/¢ in the spectra.
This additional mode is four longitudinal and due to that recives no modifications from
the self-energy which couples only to transverse modes. In addition the coupling of the
p- and w-meson within our model is such that this contribution modifies the pion self-
energy only. In all other diagrams like w — pm we have to take only the transversal part
into account thus making the result independent of the value of £&. Within an arbitrary
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D. Different gauges

choice of £ the vacuum pion self-energy is given by

I (w)

2

W 3

O(w® —m?)

=t )

T8 m/% w?
+(w? —m2)? \/(w2 —

My :mp\/gj:mTr

m?) (w? —m3) O(w? —m?)

(D.5)

M4 =M, L My

Results for Landau (¢ = 0), Feynman (£ = 1) and unitary gauge (£ = oo) are presented

in Fig. D.1.

Im[IT] [MeV]

4108

2.108

A
[N =]

U,
1l
8

500 1000 1500 3000

inv. mass [MeV]

Figure D.1.: Results for the perturbative pion selfenergy in vacuum.

As we can already conclude from (D.5) the unitary gauge is special with respect to the
UV behaviour where the imaginary part is proportional s* whereas in all other R¢ gauges
we have a behaviour proportional to s only. This is due the fact that when £ — oo
is applied the ghost field which is responsible for the reduction of the UV behaviour is
moved to infinite mass. This change of the UV behaviour is clearly visible by comparing
the case of £ = 3 with £ = co. An other interesting effect arises when we set £ = 0.

Here we observe that the self-energy has the 'wrong’ sign. This is clearly a signal from
the unphysical ghost state at zero mass which now enters the calculation. In order to

avoid these problems with ghost states we work in unitary gauge.
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7. Appendix

E. Coefficients of the vector-meson self-energies

We specify the imaginary parts of the coefficients HEZJE) and Hg’)i) in Eq. (3.34). In the
case with vertex corrections we have:

104

S w0,10) = e [ 5557 (80 =)0+ (- )

(Bl (AR (1) ALY — w,u) +2 ARY(1, ) AR — w, )

+ A1, ) AN — w,w)) + BES (ALY 1 u) ALY~ w, )
4B$5+BﬁgﬂmmuwAPW—wwwh¢WLMAwa—ww»
(B + B ) (AR (1 u) ARV — w, 1) + AT 0) AP — w0, u)

F AR (1 u) AT — ) 4+ ALY (1 u) AP — w0, u))

— (Bl 4 Bl ) (A1, u) AR — w, ) + ALY(1 ) ABD (L — w,w))
+B(T i) (A22(1 ) A1 — w,u) + 2 AR ) APV — 0, )
—l—AT?O (1, u) A£r22](l —w,u))), (E.1)
%H(T’ij)(w u) = g /ﬂ (np(l-u)+np((l —w) -u))
(p,2) ) wpm 2(27?)4
[(D(Tz] ;22) Ag; <l7 ) + ‘D[lTl]zj ;T Ag:)) (l7 u)) A[H] (l w U)
<D[%11”sz ;22) A(W) <l7 U) + D(liqj]z] iT) Agjj) (l7 u)) A7[T12] (l w u)
<D[1’}lzj ;22) A(W) <l7 U) + D(q}l]z] iT) Agjj) (l7 u)) A7[T21] (l w, u)
+(D o A5 (1 w) + Dty AP (1) AP (1 = w, ) | (E2)



E. Coefficients of the vector-meson self-energies

4 2
(T) _ d’l (o) S gy
\SH(p3)( )—gfmﬂ/ 22n)] (H[TT}C\H(; (I,u) + HT J]C\H(Z (1,u))

A (l+w,u)(np((l +w) -u) +np(l - u))

ij=1

\SHEZT;)) (w,u) =

d*l
2 [nm,T| cx [nm,ij] (pm)
gpﬁﬂ/Q(zﬂ)4(H ST (1, w) +Z§] 1j Pl ST (1, )

Ar(l +w, u)(np((l +w) -u) +np(l-u)). (E-3)

Here we used the coefficient functions B and D specified in (E.9) and (E.8). The H
functions are determined in Appendix B (B.1) We further decomposed the spectral
function of the w-meson

A (1 u) = LD (1) Ay (1, w) + T (1, u) Al (1, ) (E.4)

in the same way as the propagator (3.34). The functions Hl(-p ™) are defined in (3.19)
and we take the pion spectral functions A from (3.51). In the case without vertex
corrections these expressions reduce to

dl [1] l l
STI ) (w, 1) = g2 / (4B — 2Bl — 2 Bl + BY)

g pTT

& 2(2m)*
Ar(lu) Ar(l 4w, u) (np((l+w) - u) + np(l - u))
(i) _ 9 d'l 11 g [al] | plad]
Sy (W, 4) = Gorr / 22y 4B 2By — 2By + Bi)
Ay (Lu) Ar (T4 w,u) (np((l+w) - u) + np(l-u)) (E.5)

01
ST, (w, 0) = g2 / (D, A%) (1, u) + DI, A% (1,u))

(o, = Jupr 2(2ryd \(T22) (T:T)
A (I —w,u) (np(l-u) +np((l —w) - u))
17 d4l 1 w 1 w
%HEP{;) (w’ u) - gip”/ 2(271’)4 (D[z]] ;22) AEQZ (l ) + DE@]] iT) AET)) (l> u))
Ay (I —w,u) (np(l-u) +np((l —w) - u)) (E.6)
I, ) (w, 1) = 0 (E.7)
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7. Appendix

It remains now to calculate the several contractions of the projectors. We specify only

non-zero components.

By = Loy (w,0) b, By = Liv (w,u)
By = Ly (o) bw, Bl = L (w,u) w,l,
B([l:r’”) = %TW(U”U) Luly B([f}z;] = %T‘”(w,u) Uy, Uy
B([lij)] = %TW(U%U) Ly wy B([q}l)] = %T‘“’(w,u) uuly
Bl = 57 (),

m 1 Cw)? =2 D) (u-w) (-w) + (w- D) w?
B(T)_Q( w2 — (u - w)? +l>

(L~ w) ((u-Dw? = (u-w) (- w))*

B _ Bl _

(11) w2 (22) w? (w? — (u-w)?)
Bl _ gl _ (L-w) ((u-w) (- w) = (u- 1) w?)

(12) 7 (21 — 2 2 2

w? Jw? — (u - w)

] _ plul] _ (u-w) (- w) ] _ 4 (uw)?
Bly9) = Bag) = (u-1) - w2 Blogy =1— w2

w _ ply (L w)yw? = (u-w)? 0 _ 2
B(12) - B(21) - w2 B(ll) —w
gl _ pglul (u-w) ((u-w)(l-w)—(u-l) w2)

(21) 7 T2 — 2 2

w? yJw? — (u-w)

[lu] [ul]_(u'w)(l'w) lqu] _ plug _
B(ll) - B(ll) - w2 B(({I) - B(13) = (u-w)

) _ ) (- w)yw? — (u-w)? g _ plal
B(12) o B(21) - w2 B(lql) - B((il) = (- w)

: cw) (1-w) — (u- 1) w?

gl _ (u-0) gla _ gl _ (@ w)(

(11) w2 (21) (12) w? — (u-w)?
Bily) = Bl = —v/w? — (u-w)?
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(w, u) P 2By g wy lg L,

u euaﬁ’y v Gy’ Wy lﬁwa lﬁ/

!l
u euaﬁ’y vy’ Wy lﬁwa/uﬁl

<

hoBy el By, ug War lgr L]

)
)
)
)

2, )

1 !l A 27

= T (w,u) by vol By, lgwo ug L(ﬁ,)(l, u)
1 =T, )

— _Tuy(w7 U) EMOé,B’Y ve By We UG Wey l,@/ L’(;"Z/,) (l, u)

(T3i5) —

(w, u) €3 B o ug wer ug L(ij,) (I, u)

2, )
2, )
2, )

= L(”m w, u) P P iy g we ug Lgi, (I, u)

w) (- w) + (u-1)?w? + 12 ((u-w)?

— w2)

D (1-w)?=2(u-1)(u

2(P° = (u-1)?)
D@m) =D D[l;m (u-0)D D[;U]ﬂ - <ul.2l)2D
Pl _ 2(u-0)2(l- w2+ (u-w)? =P 1-w) ((-w)+2u-1) (u-w
(T5T) 2((u- 1) —12)
W ((Cw) =2 ) (uw) (L w) + (u- 1) w?)
2(w? — (u-w)?)
DF;;]T) = 2([2 — tu ) l)2) (—(u . l) (l . w)2 + 272 (u . w) (l . w)
+(u-1) ((w-0)?w? — P ((u-w)? + w2)))
D%’ﬂf) = 2(12 — }u -1)2) (_<l w) +2(u-1) (u-w) (- w)
+(u-1)? (w? =2 (u-w)?) + 1% ((u- )Q—wg))
D %JT) =D EZIEL;}T) D F”}l;]m) D F;;]m)
All others being zero.
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7. Appendix

F. Analytic estimates for the p-meson self-energy

In this Appendix we analyse the imaginary part of p-meson self-energy resulting from
the two pion loop

2
g T — — —
SH&E??Q(U)OamlamQ) = _67:@00 |:|pd|3 (nB (\/ |Da|? + m%) —Np <—\/ |pal® + m%))
A5 (e (I3 +mt) = s (Vime s ) )|

|5a] = % (((w0)? = (ma +ms)?)(wo)? — (my — m2)?)) " O(wo — (my — my))

1] = % (((w0)? = (ma +ms)?)(wo)? — (my — m2)?)) "> ©((my — ms) — wo)

at zero momentum on a perturbative level depending on the pion mass in order get some
estimates on the possible in-medium effects.

200 - B 200 - B
150 B 150 B
s s
[} [}
2 2
© 100 |- g © 100 |- R
50 |- . 50 |- g
0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
m=m,=m, [MeV] m, [MeV]
Figure F.1.: Dependence of the p-meson width I' = —QT15.(m,, my, ms)/m, on the pion

mass at a temperature of 160 MeV. For equal masses of the pions (left plot)
and for keeping one mass at 10 MeV (right plot).

The results for the influence of variations of the pion mass are shown in Fig. F.1. The
increases of the width by about 20% when turning on temperature results from the Bose
enhancement in the decay mode while the scattering contribution can completely be
neglected at the p-meson pole. We studied the influence of changing both pion masses
in the loop while keeping them equal or we kept on mass at 10 MeV while increasing
the other one. The influence on the p-meson width is mainly given by phase space and
results in a roughly linear slope. In the real calculations the pion will not be a sharp
particle any more but will become board due to the interactions with the medium. This
effect can be modeled in the present treatment by folding the p-meson self-energy with
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F. Analytic estimates for the p-meson self-energy

one

SH"T(wO,mg) = /%HT(wOamlamQ)ml Aw(ml,ﬁ) dmy

Aﬂ'(m7 Frr) =

2 ml m, =140 MeV T, = 30 MeV
T

(m? —m2)2 + (mI';)?

or two parameterised pion spectral functions. The result for such a calculation is shown
in Fig. F.2 compared to case of a sharp pion. We see that the inclusion of a spectral
distribution for the pion effectively reduces the width of the p-meson. The effect can be

understood
0
2.010% | e
-4.010% | E
-6.0-10% | e
< 8010* | g
[
=3
= 1.010° | g
E
-1.210° | e
-1.410° | g
5 .
-1.6:10 two spectral functions ----- N
one spectral function N
5 no spectral function — - —- N
-1.810° - ) vacuum ) ) ) ) ]
200 300 400 500 600 700 800 900

inv. mass [MeV]

Figure F.2.: Dependence of the p-meson self-energy at a temperature of 160 MeV on the
pion spectral function.

because in our spectral function we have several modes which become so heavy that
they can’t be balanced by an according low energy contribution. Therfore spacelike
parts in the pion spectral function which are absent in our present treatment would be
necessary. This effect can also be observed in the calculations done in the full system.
Thus from this approximative treatment we can conclude that no large effects on the
p-meson width are expected as long as no strong spacelike modes, which could emerge
due to interactions with Baryons where partice hole excitations could serve as a source
for such spacelike modes, are present.
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7. Appendix

G. Nucleon- and isobar-hole loop functions

Before we consider the calculation of the loops functions (4.15) in the general case we
start with the perturbative limit. For the particle- and A-hole loops these calculations
have already been done in [29] where the following zero temperature expressions have

been found:
(Nh)
(VB (w i):ﬁp/kF d’p 8 K
v mz - Jo  2(po—2v)(27)% 2p-q+q*+ie
Nh S
i ]2\70/]@ d3p 8K1(] )@<|p+Q|_kF> @( N )
_INV - w
m2 > Jy 20— Sv) (20 2p-qtq®tic bo
(=" g — —qp) (G.1)
where ¢, = (w, ), po = V/m3 +p? + Zy and
g L)
WG Lo w?
2 25 <2
I |
KES™M =3md +w(po—Sv)—p- 7 5 <K1(11Vh)+K§éVh)>- (G.2)

For a bare isobar propagator, S{ (w) as given in (4.4), the longitudinal isobar-hole loop
functions were computed already in [29]. We present here longitudinal as well as the
transverse loop functions:

Ah
@, *):éﬁ/“ d'p  SKFY (mymatm} + (- 9))
SO 9mE Jo 2(po—Bv) (2m)7 2p-q+ ¢ —mi +mi e
+<_1)z+j(qﬂ — —qu),
2 2 R - o 9
Ah (" +p-q) Ah (wp'] cos(q,7) = |q| po)
KW =1- S Ky =1+ 2 2 :
T ma mad
2
Ah Ah ¢ +p-q,_ . Lo
K3 = K3 ):Zﬁ(|9|p0—w|p|003<qap))
q= M
Ah (p+q?* 1 Ah Ah
K(T):2_ 2 m2 __<K§1)+K§2 )>7 (G.3)
M 2

where g, = (w,{), po = \/m3% + p? + ZBy. The kernels can be rewritten as:

Ah 1 an an) 1 Ah Ah Ah
R Lo g 2L (- 9 )

2 2
AR _ (q-u) ((CI “u) FAR _ opean) I ¢ K(Ah))
2w\ ¢ ! 2 (q-u)
1 .
KO0 _ g(an _ <(q 2U) K0 _ KéAh)) (G4)
¢*—(q-u) \ ¢
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with

KO Z g2 (> + (]; -q))° KW g ((p-u) +2(q -u))?

mA mA

U _|_ U
K = (q-u) - v )m2 @) ((p-q)+ %)
A
2
m
A

as to show the projector structure explicitely. This structure is also helpfull when de-
riving the general results for the isobar-hole loop functions. We write

Ah . 1 (an .
Xin Mw)z;x& (w,7),
(AR), = 1 q-uU _(AR), - N
V8w, ) = ( &, ) — x <w,q>),
12 q2_(qu)2 q2 1 2
Ah - q-u q-u Ah o
éQ )(qu) q2_<qu)2 ( q2 ]_Ah(w;Q)_2 g )(w;Q)

q2 (Ah) -

+——x3 (W, q) ],

q-u
Ah S 1 Ah S Ah - AR -
W w, @) = 5 (@, 0) = (@ ) - X8 w,0)) - (G.6)

This representation (G.6) simplifies the realization of the constraint equations (3.22).
The first condition is satisfied for any functions y;(w, ¢) that are regular at ¢*> = 0. The
second equation in (3.22) implies the following constraint,

1 1
X3(w70) - EXl(wa 0) ) XZ(w70) - ; Xl(wa 0) )

X4(u),0) = 3X22<w,0) +X11(u),0) 5 <G7)

where we boosted into the rest frame of nuclear matter for convenience. Based on the
representation (4.30) we define

(AR, =

X2 (w,7) = |0, 187(0,7)

8/ / d'p /md—““(w)"i sign (@) 95"(@, ¢, 7)
)2

3 m2 po—2y) (203 ) . 7 \@ O—w—iwe

+(=1)% (g — —qu) (G.8)

where py = /m3% +p? + 3y and €34 = 0 and & = 1. Furthermore n;4 = 2 but
ne = 1 and n3 = 0. We assure that the definition (G.8) leads to a polarisation tensor
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compatible with all constraints (3.22, C.2). This is a consequence of specific identities
of the integral kernels (see G.11).

The integral kernels, SZ-(Ah)(q,p, u), required in (G.8) are covariant functions of the
4-momenta g, p,, and u,. Their evaluation requires the contraction of the isobar propa-
gator, S, (p+ ¢, u), with the ¢, and u, (see (4.8)). We express the 4-vector w,,, in terms
of v, and X, (v, u),

—V (0 u)2 =1 X, (v,u) + (0-u) 0, (G.9)

since the contraction of the isobar propagator with v, and X, (v, u) leads to more trans-
parent expressions. In particular we can take over the results (0.3, O.4), where con-
tractions of the isobar propagator with the latter 4-vectors were computed already. The
results were decomposed into the extended algebra of projectors (4.26, 4.27) introducing
the invariant expansion coefficients S[(Z% (v,u) and S[(;;.I])) (v,u) with a,b = v, x.

We present the integral kernels of (G.8), which have transparent representations in
terms of the invariant functions introduced in (4.30, O.1, 0.4, 0.3) and c )(q, v,u) of
Appendix L. We establish:

2
(Ah Z C[l] SU] Z j U]’

4,J=3
2 8

Ah N v 5 m
=33 [0 wsi - Va1
i=1 j=3
2
S?EAh) _ Z Cffj)} [(@ ) g ((@ u)? - 1> g@z)
i,j=1

2

S =3 s (G.10)

[ig] (4]
i,j=1

A straight forward computation reveals that the kernels Si(Ah) are correlated at vanishing
3-momentum ¢ = 0. In this case it holds

Ah 1 an 1 an
s = — 817, s = — 517, (G.11)

4
aq?|

q=0

2
S (AR) _ —3 S(Ah - = S&Ah) _ (S£Ah) _ 2wS§Ah S(Ah ) 7
w

where we assumed an angle average, i.e. the presence of df)g.
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H. Coefficient functions V[E%’q)

(p,q)

H. Coefficient functions V[ij]

We derive

V(p) fz |:2av5<mA+<ﬁ)@)) Z(Z(ﬁ)@)—2mA(Z—l))‘|’

[33] m2 9m2A (mi — ?) 2m2A
) _ id X —26, 6 Z_ sy
VM—mferA (w02 1 53 —a7) T 6 )|
po) _ SR [3ma(md — (9-0)°) =8y 6 (2( D) — ma)
[35] V3m2 m2 3 (mA — u?)

7 o
+§(2mA(Z—1)—(w'U)<Z_2))}’

J f3 2(m% — (w-0)?) Z

v _ o 10 fx { A 0 Zigy g
36] 5T 2 3 (w0 =3 | 3(ma - ?) 5 ( )
v V2id [} 3ma(ma + (0 v))+25V5_Z

s mzmd a0 — 1 3 (m} — @?) |
o _ IR0 Oy (1= (u-0)*) +36) (ma —2( - ))

i 9v2m2m3 (mi — ) (1= (u-0)2)

2 N

o fa [20v0((W-0)—ma)  Z B I
VM_W%WZA{ 9 (2 — @) +E<2mA<Z )+ (w-0)2)|,
v _ I3 —3ma (mi — (@0-9)%) = dv 0 (2(D - D) + ma)

M6\ /Bm2 m 3 (m% — w?)

—g(QmA(Z—1)+(@D'@)(Z—2)) )

— 286y (1 — (u-0)%) +30) (ma + 2 (w0 - 0))

V(P) — ’
o 9v2m2m3 (m4 —@?) (1 — (u-0)2)

Vo _ V2id f3 3ma(ma — (-9) +286
U8 gm2 mA /(u-0)2—1 3 (m% — w?) ’
w _ JA [—2(ma— (@) (ma+ (@ D))

V55 - 2 2 ~
551 3m2 ma mi — W2

+5 @malz -1~ (@0 (Z-1)|.
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Ve id f3 [—Q(mi— W - 0)?) +Z_2}
56 2 mi \/(u-0)?—1 3 (m} — w?) 6’
V(p):— \/§Z5f2 {m2A+3mA(1Z)-@)+2(@D-@)2
[57] 3vV3m2 m3 /(u 02— 1 (m% — w?)
Ve _ fRO (0 (1 — (u-0)*) +30) (ma — 2(w - 9))
o 3V6m2mi (m} —a?) (1 - (u-9)?)
Ve fR [=2(ma — (@-0))* (ma + (@ 9))
1661~ 3m2 m3 mA — w?
+5 @ma(Z- 1)+ (@02~ 1)
v SRy (1= (u-9)*) +30) (ma +2(@ - 9))
o 3VomZm} (m} —w?) (1 (u-9)?)
V[EJQ: V2i6 f3 A [mZ—SmA(21D~ﬁ)~+2(1I)-@)2+Z
3vV3m2mi /(u-0)2 -1 (ma —w?)
Ve SR (ma + (w0 - 9))
i mi (mj — w?)
+f2 (35(2mA+( 0)) + 6y ((u-9)* — 1) 2ma + (@ - 9)))
mZzm} (m3 — @) (1= (u-9)?) ’
v —10 fR(90% + ((u-9)* —1) (=56v d +3m}))
[78] 3 )

9m2mA (mi — w?)/(u-0)?—1

o _Rlma—(@0)
ey oy

LJXOB8(@2ma = (@-0)) + by ((u-0)* — 1) (2ma — (@ - 9)))

9mZmZ (m% —i?) (1 — (u-0)?) ’

o) _ A (ma+ (@-9) o) _ fX (ma = (- 0)
11 — m2 (11)2 _ mQA) ’ [22] — mzr (U~)2 _ mQA) 5
V(Q) — i 5 fi

to be used in Eq. (4.39). Here

W, =w, — pyty, 0= (u-0)(w-0)—(u-w), dy =3y —py.
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I. Coefficient functions J[(f;iq) and master functions J;

(p,q)

Coefficient functions J[Z.j] and master functions J;

The matrix of loop functions Jy; (p 9(v,u) to be used in contrast of Eq. (4.42) f. are

expressed in terms of 13 master functions Jn(v,u). It holds

‘][(:g] = % (mN (2 J3 — J5) + Jio — 2 J7> ,
J[(le)] = (mN (2 J3 — J5) —Jia+2 J7>

‘][(;7)] - % (mN (J3 - 2J5) +J7r — 2J12> )

‘][(58)] - % (mN (J3 - 2J5) — Jr + 2J12> )

J[?;]:J[ZQ] %<2J7—J12—\/172(2J3—J5)> ,
J[(é?] = J[ZQ} =1 ? (2 Jg — Jn) :

1y = 133 (mae = Vi) Ty o = a2 1)
‘][(éjs)] = \/g <(mN +Vu2)Jg = Jig — mN\/_J2> :

J[(fi] =-3 (2 Js — Jn) : J[(%)] (5 Js +2 Jll)
J[(;g] =-7 ((mN + V) Jg — Jio — mN\/_J2> ;
(mx — \/v_2)J6 T~ maVe? ) |
(s )= Jr— ).
T = L2 (e (S + ) + o+ Jiz)
J[?s)] = J[(é% = \/5 <J7 + Ji2 — Vo2 (J5 + J5)> :
56 = — <J10—2\/_J6~|—v J2> ,

1
3

J[(5p5)] = (mN—Z\/_Z) J4+J9+mNU2J0+ (U2—2mN\/U_2) Jl,
= (my +2V02) Jy — Jo +my v Jo — (V2 + 2my Vo?) Jy

(L.1)
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T =my Js+ o, T =my =T 0 =i,

JO =myJo+Jr,  Jgy=mndo—J,  Jly=—il,

J[(lpfi)} - ‘][gzl)] - \_/_% (2 Js — ‘]5> ; ‘][16] J(p = 41 <J6 - \/U_2J2> ;
J[(fs)} = +(Vo2 —my) Jy — Jy +my Vo2 Ty,

J[(;G)} = —(m+mN) Jl + J4 +my \/’U_2J0 s

J[(f%:_i\/g(mjvb%-c](s) ; J(ng :_i\/§<mNJ2_J6),
J[(lpél)} = +ﬁ(mN J2 + JG) 5 J[(Qg?] +\/—(m]v JQ J6) ,

)
Ty = T =

(e,

where the remaining elements follow from the symmetry property .J, (f; ]q

= J“. It

[71]

remaines to specify the integral kernels, K, (l;v,v,u), defining the loop functions intro-

duced in (4.48) and (4.53). It is derived

Ko= =,
(Ver (o) 0P
K, = T—F\/F)ﬁ,
Ky W (I-v) v? Vo2 (I - u)
Vw2 =02 Vo2 92 (v-u)?—v?
[ B A () R e
K3—§K5—§—z< T )
_(VE L ) v
we ()
1 2 U2— v-u v 7U
K=0 U)Q_UZ{U (u) =2(v-u)(-0) (- u)
+ (0o’ (l;) }_Ulz_@s v,

ViR (-0) () (v-u)  (I-9)
K¢=~— K — —,
S (R Y (T
1 5 1o (o, v2—0v2 (1-0)? Vo? (1-v)
K7—§K12+§ﬁ(l e )(2 Vo
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nglKﬁJrl(l_2+02_v2_(l_'”)2) (_ (:;) (- v)0?

4 v? V(v — 02 \/U_Qﬁ

2 v?
VE 0
+<T m)(vu) P }
ly=1,—1,/2, 7= (0-u)? — (v-u)? + 02,

FEL SR I UM T

(p - (ij’f)) (1 -~ (73;)2)

S (- L) (-

2 2 —92
P2 my + m; v

2 4

(1.2)

(13)

Note that in K2, KF, KI' and Kf we need terms proportional to % — v? in order
to regularise the [? and (u - [)? terms which would otherwise be UV-divergent. The
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subtraction terms are constructed according to

J(?:(v-u)CSﬁ“, Iy =
vV-u
\/7—1;2\/_

JSC:—J5 +2(v-u)CFy +2C3%,,

C _ 100
Jy = CO,l )

2
1 2 (v-u)
J¢ = 1 (v-u) (02 CI0 +4.CL0) | J¢ = e Yy,
— 1@(}0 _ 1 110
2 2 (’U . u)2 — ’U2 —]_,0 )
1 1 1
J¢ = 3 JS + N Y, — T 02 (O +4C%, — 16 C3Ys)

1
SV (o) (O + 2 C — A CEE + 16CRY)

1
) Vo2 (CiF) +4C0, =80T, —8C3Ys)

1 1
I =50 - [v* 3CY +12C%, +8C3Y,)

24 Vv /(v-u)?2 — 02
1202, — (v (3070 4 SCR) + 120 w) (G2 — C2Y)
(0 0) (3R + 12CR — 3CIP, — 12019 + 8T — 8]

I = = [0 ) (0 OB+ G 16 - ) G + 5 O]

1
— v
1202 /(v u)? — 02 [
+12C30 + (v-u)? (30 oY — 16 C3%)) + 12 (v - u) (CFY — C3%s)

+2(v-u)v? (3G —3CH, +8Cy —8CH)]

1
T g 20 W PG 20 O
+(v-u)? (30 i + 307 —20° CTY)
+(v-u)® BCEY +20° Y — )]

1

12C%°, +0? oy’ — 1Y

6 \/’(ﬁ((’l) U) ’02) [( ) ( +1,1 ( ( 1,1)
+6 (CH) + Co?) +4C3Y)) + (v-u)® (30> CHY, —4C3%)
+6 (v-u)® (2037 — CFY,)
+(v-u)?o® (3CY — 301, + 12055 — 8 CLYs)
+(v*)? (=3C Y +6CY, —8CEY +4C3Y,)] (1.4)

c _
Jio =

> (6 Oill(,)o +6 C—li-ll(,)l + 16 0-2:102)

C _
Jn=—

Cc _
Jip =
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Please note that the K; and J¢ fullfill the constraints on the lightcone by themself. No
cancellation between these terms is needed to fullfill the constraints. In addition the
JC fullfill the lightcone-constraints independent of the values of the C’;{’jl The case is
different at zero momentum where we need cancellations in order to get finite results.
Therefore the zero momentum limit deserves closer investigation. First we observe that
for zero momentum some of the functions get correlated

Gk — QUDGHDE L o) (L5)

1n 0,(n—1)
In addition we already stated that we need the J¢ only to cancel the kinematical sin-
gularities at zero momentum and to guarantee the right vacuum limit. Since in the
vacuum limit all C’;{kn become constants anyway we can ask what minimal polynomial
ansatz would comply with the kinematical requirements. Expanding .J; and J¢ around
zero momentum we learn that to cancel the singularities it is enough to keep the terms
given in tabular 1.1. It remaines to define the terms proportional to 1/[v2]" for n > 1
because these terms are not defined using a normal principal value integral as soon as
the imaginary part has support at the subtraction point. If this is not the case then
we can also reformulate the basis loops as described in Appendix J. However in the
general case an extended definition is required. Normally we are left with the following
dispersion integral for the remainder terms:

= o))
/_ R (L.6)

with f some function depending on momentum and internal energy only. For n = 1 there
is no problem and we can simply calculate this dispersion integral as a principal value
integral. For higher values of n we first split f into a symmetric and and anti-symmetric
part:

[fs(vo, [W]) =

fA(EO’ |’LU|) =
Then we define for n = 2:

5 (@0, @) = fs(vo, [@]) = fs(|@ ], @)

(f (Do, [ ]) + f (=20, [ ]))
(f (o, [W]) = f (=20, [@])) (L.7)

DO =D

Mwm:mmw—%mmww (L8)
and for n = 3:
_ —2
200 i ) = (T, 1) = S0, 1) — g S0, 1)

3 [(Bl@]* = 55) fall@ ], [ ])
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vacuum limit singularity cancellation
const. term | quadratic term

C«OOO X< X

C«IOO < <

COlO <

C«Oll x

0210 < X<
CllO <

3y X 0 X
! x x

0101 < o

0210 o x
0200 X 0 X
200 x x

0300 X 0 X
C«OOO X

C«IOO <

cH X X X
C’210 X X X
0010 <

COll X< <

C«llO X< X

cp2o x x
0020 < <
C«QOO <

0300 x <
6_‘02’120 X X b
CdOO <

Oil,l X

Table I.1.: Relevant orders of the Cfffj close to zero momentum. A cross denotes that
this order is needed and an o is introduced for the terms which additionally

have to fullfill (I.5). Note that the linear term vanishes.
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I. Coefficient functions J[(f;.iq) and master functions J;

The integral is then defined as:
> JE(’DU’ |’LU |) —
L d [.10
I (1

We immediately observe that the anti-symmetric part always leads to a vanishing result
after performing the dispersion integral. So we can drop this part form the very begin-
ning. The motivation for this procedure is that we would like to close the integration
countour in the upper half plain without including the poles from the higher subtractions
which by using (1.8,1.9) are moved to the lower half plain.

This procedure also complies with the correlations (1.5) at zero momentum. At zero
momentum our functions f for the two cases look like:

fi(@o,€) = ()" (lo)™ (w0)"™" + O(e) (L11)
for the case of C_”_]f ,, and
fa(@o,€) = ()" (Io)™ (50)' " + O(e) (L12)
for C_‘éf&l_)%ﬂ)k leading to the relation:
J1(Bo, €) = (T)? f2(To, €) + Oe). (L.13)

Now we have to convert both functions according to the different prescriptions we have.
We obtain:

Fid0.) = Fi30.) ~ 2 (2 3(0,0))
= (00)* fa(To, €) = (00)? f2(0,0) (1.14)
and of course
.]?1(730, 6) = fg(ﬁg, 6) — fg(O, 0) <115)

The additional factor (79)* now compensates the higher subtraction done in the first
case such that we arrive at the same result for both terms.
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7. Appendix
J. Reformulation of the master loop functions J,

In (4.47) we splitted the J; loops into parts containing one subtraction and a part J¢
where higher subtractions on the lightcone are included. When we have no support form
the imaginary part of the loop at the lightcone, like in the vacuum case or at reasonably
small momenta for zero temperature, we can alternatively® define the master loops as

+0o 7 T n
Tfuni) = [ Sl (1.1

o T Vg—vg—i€(g—p)’
with
B o d3l S\ "3
AJn(Uo;vo,w):/m (m?\,—l—m) 2

) { KR (L 1300, @) Ax(lo,], @ = 1) [©(+54) = Ok — I1])]

)
K 0300, 8) Ag(J], 5 = 1) ©(=00) |
W= (£\/m% +120),  or=0F\/m%+12. (J.2)

In this case the kernels K being a combination of the K, and the kernels used in the
definition of J¢ (4.50) together with the algebra (I1.4) are give by

(v-u)?—0?
Lt (L R R R L= =L
2 2 2 v? 4 v? v?

SIf there is no support for the imaginary part on the lightcone this is identical to the definition (4.47)
and (4.50) without the Taylor expansion (4.51).
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+ () (l;;g) }_Ulz_@g 2
kr = VP n, G0 W @ow)  @ew) (0
2 (U u) (’U u)2 1)2 U2

2 2 2 02 4 v
1 — 2 31 (v- — (v - 2\ (7.7)3
Ll - v? (1) (v-u) (v-u)—(v-u) ) 3?_ (I 7@) ’
2 02 022 2 (2 02 02 02
1 1o (-, (I-9) 1 92— (I-0)?
R _ R 2 R R
B=gfutem\l - )37 w M
Vo2 o (1-9) 3 (v-u) (I-v)?
rR_ [ VU R_ 9 N
K, —( 5 + o K 2 /o [(v u) — (v u)} =
1 [(v?=0* g (0-u)—(v-u)\ (I-0)°
+? 5 KO — 2(’0 u) 72 ) 72 5
2 5 7.7)2 2 2 =2
RV (I-0) (I-0) r 1vi—0"(1-0)° ,
Ko=7 (1 T T ety T T

V2

—V? a0
Vo2 02 — 0t (I-9)
Ty (0 - u) (1 u) =5 (-3)
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with

l,=1,—1,/2, 7 = (0-u)? — (v-u)*+ 0%, (J.4)

This formulation of the master loops makes it also easier to prove the constraints (4.43,
4.44) we need to fullfill. The transition to the splitted version used in (4.47) and pre-
sented in Appendix I can be achieved in the following way. From the K? we first take
all which terms which lead to a converging dispersion integral and have at most one
subtraction. These terms will then build up the K; given in Appendix I. Note hereby
that according to the vacuum limits (1.3) we minimally need to combine

2

- n . v
(I-v) with -
(u-1) with 1 (J.5)

in order to get convergence of the dispersion integrals. The situation for (u - )%, (u-1[)?
and [? is more involved because here we need to compensate the o2 of the [? terms. This
can be done by adding

2

(1.6)

and extra term which changes the 92 into a v? behaviour. After having moved these
minimally subtracted terms into the K; we will be left with terms including higher
subtractions and the terms compensating the additional term in (J.6). These terms will
then be brought into a from

((0-u) — (v-u)) x remainder (J.7)

using the identities of Appendix K. Thereby the factor ((o - u) — (v - u)) cancels the
denominator in the dispersion integral resulting in a trivial energy dependence of the

Ci% which is given by external energy variable only.
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K. Reformulations in the dispersion integrals

In this appendix we derive some tricks used in the calculation of the master loop functions
for the delta isobar. In order to calculate the real parts of these loops we use dispersion
relations. Doing so we are always facing integrals like®:

f@°% @) —0ym
| e P e (K.1)
where f(0° |1]) is our integration kernel. In vacuum these kernels always fullfill the
condition f(0°, [17|) = —f(—0Y, |1]) due to the symmetry of the imaginary parts of the
loops. This leads us to

G of @LITD oy oy (K.2)

:/ dv® f(0°, @ ]) (") (8°)™ [(v +U(l$2(:1();§;} — %)

0

If m is even we thus find:
=2 [T antynyeen [ SR

and in the odd case:

= 2/00 d@O(UO)(n+1)(@0)m [ f(qjo’ |ZU|) ]

0 L(00)2 = ()2 ]
We see that in the odd case we are free to move one power of ©° into a power of v°
without changing the result. For example we would have:

= [ - [ G =0

and we could make the replacements:
(2°)? (K.3)

and so on without changing the value of the dispersion integral. This allows us to rewrite
some subtraction terms:

T _

6Note that all calculations of the dispersion integrals are done in the nuclear matter rest frame Uy =
(1,0)
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where the last equality is valid only in vacuum. This is a nice trick to rewrite the
subtraction term v?/9? for the following reason. In vacuum the subtraction with v?/2?
is perfectly doable because we know that the realpart will be a function of v? only and
our subtraction doesn’t spoil this. In contrast to this in medium we have an additional
dependence on (u - v) which will not be covered when v?/9? is used. The mentioned
rewriting of this term will then serve for this additional dependence. In addition we can

write equivalent substitutions for higher subtractions:

3¢ 2

- (“0'2“) [(w-7) — (u-v)] — qﬁ”U; @;) (K.5)
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L. Coefficient functions c

We recall the form of the invariant functions ¢

and

i =3B (By B +(X-0?), o) =By,

iy =—5(Xq) (BL B+ (X q)*), ey =—i(X q),

cg;} =1E_ <E+ E_+(X q)2> : cg%} =FE_,

Cffy),} = fé’i] =-5E,E_, Cg;} = Cffé] —i(0-q) (X -q),

Cﬁ% = _i\/§E+ (X-q), Cffg))] = (0-q) By, CEQ} = ﬁEJr (X -q),
iy =—i3E-(X-q), i=(-9E , cfy=>JE (X-q),
cion = ciy = —\/3 (% ELE +(X- CI)2> :

=B B, ) -1EE

iy =Ee (0P, =3B (JEE-~(X-9)°),

i = E-(0-0)°, ¢y =3 B- (% E B —(X- Q)Q) :

Cgé} = Cffé] =—75 @ QB B, Cg;] = —i\/5(X-q)(0-q) B4,
Cg;} Cfg] Z? (X-q ELE_, Cfé?;] —i\/3(X-q)(0-q)E_,
iy = —5(X-Q)EyE-, cf)=—i(0-9(X-q),

@ =i(X-q) (3(x-q) "+ 2B E)

=B (X-q), B =5E (ABE +(X 9?),
=50 QB (X ) =B (B B+ (X ).
di = din =30 0 (3B B+ (X)),

where X, = X, (v,u) and

Ei=my+ (/R —02—q-0),

(p.a)

[i]]

(p,9)
(4]

L. Coefficient functions ¢

(q;v,u):

(»,9)
[ig]
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M. u-channel contributions to the 7/NV scattering
amplitude

In this Appendix we construct the interaction kernels Kilj\\[,’i) and Kfﬁv’i) for the wu-
channel contributions to the 7N scattering amplitude. We begin with the calculation of
the coefficients for the u-channel nucleon pole diagram

Kggv _ /.;T;\ (M.1)

where we define w=p+q¢=p+ ¢and w =p—q=p— q. This contribution

2 - 1
KN (5, psw) = I (4 iy — (p+ my)———
my 1,[1+mN

P+ mN)> (M.2)

has already been calculated in [90] from where we also take the value g,yy = 12.61. We
now decompose this expression into the projectors P™ and P* (4.25)

KN 0. piw) = KN PT+ KT P (M.3)

and determine the coefficient functions which are used in (4.67). Using the on-shell
conditions we arrive at:

s 1 s — mp
Kfr]]\\f;i) = ginn (( Vs + ‘*‘4\/_ )

my)? my u— (mpy)?

(M.4)

The same decomposition has to be done for the case of the isobar u-channel diagram.

KﬁN _ /:/r:\ (M.5)

Since we would like to have only a qualitative estimate about the possible effect due to
u-channel corrections we use the free isobar propagator in this diagram. The computa-
tion is a little bit more complicated because of the more complicated structure of the
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M. u-channel contributions to the mN scattering amplitude

propagator:

Kl(tﬁr)N(]japvw) =
C~Y[(1%01A) (@-q9)  (¢-w)(@0-q)

e L —ma  (ma)2(th —ma)

(- (q-w) 1 (q-w)\ w-(¢g+q)
+§<z$+mA+ ) (p+mA+ - )_

ma 1:1} + ma 3ma

_%(1’[,4_77%)4_%(%(w-q)—l—(q_-w)¢+mA(%¢f—2(Q_'Q))))

2 (pivp— s+ 2maid — 200 0)] (M)

6mA

(3
The coupling O[(fOiA) = 6.845 is taken from [90]. This leeds to the following results for
the K*:

Cla” 5 4
24 f2m3 {(mA)Z 4 (F10(ma)® +6v/s (ma)

+mi(£12m3 + 6m2 F 9s F u) — /s (—m% +m2 + u)?

+mAVs (—2m3 —4m? + 35+ u)

+2ma (my —m2 —u)(2miy — 2m2 — u)) (M.7)
Znoy (£2m2 F 5 £ ) = 2V/s5(-m} +m? +u))
Z[210] (:F(mA)3 + /s (mA)2 + mZA(ﬂ: 2 m?v + mi Fstu)—u \/E)}

At
KT(rN )=

Note that the nucleon w-channel contribution is proportional to 1/4/s while the con-
tribution of the delta is ~ /s respectively. Compared to the treatment of the isobar
we had up to now here we have to mention a difference. The value of ma is in this
perturbative treatment not given by the effective mass we introduced to get a better
description of the scattering data but is fixed to the value ma = 1232 MeV. One could
speculate whether a more complete description using a dressed isobar might improve
the quality of the description of the scattering amplitude. However since a complete
description which than would also have to include unitarisation effects is beyond the
scope of this work we restrict ourself to this perturbative treatment.
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N. Photon transition function U

We provide explicit expressions for the photon transition function U(q,u), introduced
n (4.79, 4.82). For nuclear matter at rest we write

N/ d’p W), =
q U(waq) = _gm 0 2(290—2\/) (27T)3 SAh (waQap)+(qu_> _qu)' (Nl)

The evaluation of the integral kernel of (N.1) is analogous to the derivation of (G.10).
The first term in (4.82) implies a contribution proportional to S (TM). The second term
in (4.82) is treated with ease upon inserting (G.9) into the decomposition

[(q-w) qu — ¢® ) Toalg, u) v™ = —[(q - w) (¢-v) — ¢* (v-w)] LGP (g, )

—(g-v) V@ = (q-uw? L (g, u) + [(g- u) g — P ] v, . (N.2)
We obtain:
vy 1 Ah Ah Ah
W = 52 [ S - s - 5]
1(CI'U)(Q'U)—Q2(U'U)[2 (AR o(Ah)
- Sam _ g
2 (q-u)?—¢? = !
8
L (@0 gawm le(@w)ve S% s
2 P — (@ u) 2 (0P — ¢ 2 2 0
1 q U U q U2 (zv) (vv)
37 Z i [\/ CRER I } (N.3)
i,7=1
with
. 2
sem_ @ gen T gew (N.4)
¢* —(q-u) ¢* = (q-u)?
2 2 2 2
S(Ah) (q-u) S(Ah)_2 (q-u)q S(Ah)+ q-q S(Ah)‘
22— (gru2™! g2 — (q-u)? " ¢ —(q-u?™?

130
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0. Contractions of the isobar propagator

We specify the invariant functions

2
Guw S Z SU] Bijy(v, u)
i,j=1
2
G506 = 3 900 P
2,7=1
2 8
Cu S* (w,u) = Z Z S[é)](v u) Py(v,u)
i=1 j=3
8 2
SH (w,u) ¢, = Z S[(Z?](v u) Pl (v,u), (0.1)
i=3 j=1

in terms of the components, S[(g.)] (v,u) and S[(Z.)] (v, u), of the isobar propagator as defined
n (4.30):

(9) _ (»)
S[;;} S[ - S[4+l 4+J +3 (4 Oij — 1) S[EZ: i,5—4] +3 (1 +2 5w) S

[6+i,6-+]
(p)
+§ (5 B 1) [S[S 1,6+] + S[G-HS ]} )
SIS = (C- 02 ST+ (¢ XPSEY = (- X) (¢ 0) (S + S
Sty = (¢ 0) S — (¢ X) 8 (0.2)
where 9, = v,/Vv? and X, = X,,(v,u) and
2 8 8
WS =33 SP, SUh=3 3 SRy,
i=1 j=3 =3 j:l
2
0, 5" 0, = Z GP XN Y SRy
= i,7=1
X“ S0, = Z SU] P[” U“ S X, = Z SU] (7] >
i,j=1 i,j=1
2 8 8 2
v _ v _ () pp
XS =3 Z ) P STX, = Sin Pl - (03)
=1 j=3 i=3 j=1
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[

[

R +z\fs for i,j=1,2
lij] — [4+4,5— 3] [444,6-+4] ] = L
[

[

We obtain:
(xz) _ V2 (o) (p) 1 (o) (p)
Sij] - 3 (55 1,647] + S6+i5 j]) T3 (5[5—1,5—3‘] + 28[6+i,6+j]) )
(xv) ¢ p
Si =~ 73 5 4+g]+zf5[6+z4+]

C»J

1
@) :_Ls@ Tiy/2SW,,. fori=12 & j>2
3 V3 Zl5=id) [6+i.4] L)

@ i o) . .
SE = LS by J2sE, L fori>2 & j=12.
© o qb) _ o® o) _ o) ») -
Sty = Sehs Sy =5Sehs Stn=Su. Syn=Sgy. forj>2,
W) _ o) B
S[ij] S[fﬂ sig] for i,7=1,2. (0.4)
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P. Nucleon contributions to the Photoabsorption

P. Nucleon contributions to the Photoabsorption

In this Appendix we calculate the relevant background contributions to the photoab-
sorption.

The kernels (4.77) are defined

channel __ _ v 7 channel 7 channel
Kij,lm =—g" T [T#;i;l TV;j;m ]
channel _ _ _pv _af 7 channel 7 channel
Kg;lm =-—g" g T [Tua;g;l TVﬁ;g;m } (P'l)

in terms of the amplitues 7. We will specify only the amplitudes actually used in the
calculation while setting all other to zero for simplicity.

—spm0 2fA \ 7 v (07
T;;]l);lp = % N<p7 U) k/i S (wvu) [fV €vap 4 wﬁ

™

+1 f,/y Y5 ((q : ’LU) Gvs — Qu ’(U(S)} N(l’ U)

1 =il M) R o Lo v

—spm0 2fA \ 7 v a
Tiza™ = 3m3 N(p, ) w, S* (w, w) [f €svap ¢ w”

+1 f,/y Y5 ((q : ’LU) Gvs — Qu ’(U(S)} N(l’ U)

-~ : o + ¢ +my J—d+my
ToPPT f_NN Prdtmy - J—d+my N(I
52:2 e~ N(p,u) |95 2o T a0 Vs 3| N(1,u)
—spm0 2f \ 7 v a
T;/zg;f = 3mA3 N(pa U) S;L(wau) [f’y €svas 4 wﬂ
+i f175 ((q - w) gvs — ¢ ws)] N(1, u)
— . = +¢—|—mN l—d—i—m]v
o G L pPrd+my ) —d+my N (I
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1

1

1
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o ) = +qg+m
Tgfa To= Z\@ef—N N(p,u) |75 %]big al Y5 — V5Ys
. My 2(p-q)

2ks —qs
_75(¢_k) 2 2 N(l7u)
(k - q) —mx
yp—nmT yp—nmT
T =T =0 (P.3)
3;2;2 T T ouig;2 - ’
§;1;1 611 §;2;1 6521 o951 — Tl
0 0 0
yn—nm _ myn—nn” _ gyn—nms
T5;1;2 - T6;2;2 - TJu;g;? =0 (P4)
- 1 0 I 1 0 I 1 0
yn—pm — T’Yp pT yn—pmw __ T'Yp pT T’Yn b __ YP—PT

6;1;1 _\/§ 6;1;1 6;2;1 _\/§ 6;2;1 op;g;l _\/§ o951

n—pmw— . N —g+m
T3, = ivae N § (p,u) {—%Hjijv Vs K+ Y57
s My 2(l-q)
2ks —qs
+75(d — k)(’f—CD—Z—mZ] N(l,u)
T’}/?’L—>p7T_ — Tyn—mﬂ'_ — 0 (P5)

9;2;2 o352

where we have p, + ¢, = w, = [, +k,. To build up the effective spectral functions (4.78)
we define:

1 L/ w q-u L L
i (g,u) = — (xég) t (& + xis)

2 ¢ —(q 2 )?
e~ )
0 = T o) =~ 4 s (0 ).
W=t (W) Wew-—d o)

These functions are equal to the ones defined in (4.56). In addition we could now have the
case where the external state is not a nucleon and a A-isobar but due to the background
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terms we have also the situation with two nucleons. For these we need in addition:

12 1 L q-u L L
I (q,u) = — (xﬁg) + ({7 + X))

2 ¢ —(q -QU)
e ).
(g, u) =I5 (g,u) = m X3+ m (xéi) - Xg)) :
) = (D). Wew =P @

and

22 1 L q-u L L
r&? (g, u) = - (xﬁl) + (x5 + X&)

¢ —(q-u)
N2 2
e )
M (g, u) = T4 (q,u) = m Xiy + ﬁ (Xé? - Xg)) :
57 (q,u) = —m (Xé? - Xﬁ?) : Tl ()= =1 (PS8)

Of course also the definition of the I'; (4.24) has to be extended:

-1
o1 3 [(H_Xw)g(m) x(L’g(L)]
1€{3}j€{1,3}

. (QL%q)[(ll_X(L)g(L))_IX(L)g(L)]” (P.9)

ie{4} je{1,3} ¢* — (u-q)? Y

¥

p -1
1 _ q D) L@ (L)
ry) = ) . )2[(11 X9 X9
icfayiefgy VI ?

1

Y =1+ Y [(1[ D) g<L)>
1€{1} je{1,3}

. &[(ﬂ_X(L)g(L))_lx(L)g(L)]' (P.10)

ie{2} je{1,3} ¢* — (u-q)? gl

-1
[(1{ — g<L>> ) g<L)] ij'

. e
ie{2}je{1,3} V ¢* — (u-q)?
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