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Introduction

Why is finite 7/, physics (=~ QCD) interesting?

High energy physics applications

@ Heavy ion experiments = Need
quantitive understanding of
non-Abelian plasmas at

e High T and small/moderate ;.

e Moderately large couplings

e In and (especially) out of
equilibrium

@ Early universe thermodynamics

e Signatures of phase transitions
o EW baryogenesis
@ Neutron star interiors

e EoSathighpand T =0
e Transport in nucl. matter
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Introduction

Challenges in thermal QCD

To understand heavy ion experiments / early universe thermodynamics
want to know (among other things):

@ Structure of QCD phase diagram: Phase structure, location of
transition lines, critical points,...

@ Properties of phase transitions, in particular the deconfinement
transition

@ Equation of state and other equilibrium quantities
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Covariant bound states in effective QCD

A systematic field-theoretic approach to the description of hadronic
matter on the basis of an effective-action functional in the quark sector
of QCD can be formulated within the path-integral approach. The
quark-action functional can be represented in the form

Seila, @] =f dx, dx, EA(xl)[Go_l(xl’ xz)]quB(xz)
_%f dx, dx, dy, dy, [EI_A(xi)qB( Yl)]

X[Z1(x1, ¥35 %25 ¥2)| aicpl@c(%2)ap(¥2)]-

Here, the first term is the free-quark action, with
[Go_l(xl’ xl)] AB = (la _’ﬁﬂ)sABa(xl —x3),

and My = diag(my), a=1,...,N, is the current quark mass matrix.
The indices A, B, C, D are a compact notation for Dirac as well as
flavour and colour indices.
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Covariant bound states in effective QCD

The channel decomposition of the four-point interaction kernel K"
[l%/ﬂ(xls Yis X2 yz)]AB;CD= (Aﬂu -A‘é,,).ﬁf"(x, v X,Y),
where

AED = (fk -pb 'gi)AD

i i
gk = (1, ivs, ﬁn’ ﬁ‘)’,ﬂs)a
i
pb = (\[glf’ —ﬁfﬂ), a=1,2,3 for SU(2),

, N
§J=(%1c: ﬁ/\l): i:l’ 2s-~-58 forSU(3)c
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Covariant bound states in effective QCD

The orbital part of the interaction,

Z(x, v X, Y)=W(x*, y" )8 (X -Y)d(x-n)8(y m),

has a relativistic covariant form, with x = x3 — x3, X = (x1 + x2)/2
being the four-vectors of the relative and the center-of-mass coordinates
of the incoming quark-antiquark pair;

Yy =y1—Yy2, Y = (y1+y2)/2 are those of the outgoing one, respectively.
The four-dimensional d-function guarantees the condition of the center-
of-mass conservation, which is a consequence of the homogeneity of the
space-time continuum.
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Covariant bound states in effective QCD

The instantaneous interaction kernel is further assumed to neglect retardation
effects in the s-channel so that it depends via W(x*,y*) only on the
transverse components of the four-distances x,, and y,, with respect to

the (conserved) four-vector P,,, of the center-of-mass momentum:

"
xS=x,—xl, xy=nlxm), m,= 7

yll and y+ are introduced accordingly.

The neglect of retardation effects in the s-channel is motivated by the
analogy with quantum electrodynamics where the assumption of the
dominance of instantaneous interactions in the formation of bound
states can be justified. The projection on the subspace of equal-time
processes is represented by d(x - 7).

The potential of the effective quark interaction can be constructed in
a gauge-invariant way within the reduced phase-space- quantization
scheme.
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Covariant bound states in effective QCD

For the application of the general nonlocal theory, there are two important
classes of potentials which are contained as special cases in the general
form of W(xt,yt)
bilocal potentials:

W(xt, yt)y=8(xt -y )V (x4,

separable potentials:
Wix*,y')=Vog(x")g(»*).
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Covariant bound states in effective QCD

Within the standard functional-integral approach to bilocal field theory
the action can be transformed by introducing bilocal bosonic fields
MAB(XhXQ).

After integration over the quark fields, the effective bosonized action
takes the form

Sl #) = FN[3.4(77) ' A +i TrIn(~ G5 +.4).

Due to the particular choice of the instantaneous interaction kernel,
the fields Map(x1,x2) = Az Map(x, X) can be introduced in such a
way that they satisfy the Markov-Yukawa condition for instantaneous
bilocal meson fields:

d
— H =
x“aX;( (x1X)=0.
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Covariant bound states in effective QCD

These fields are irreducible representations of the Poincare group with
definite mass, P? = M%, spin and orbital parts which can be expressed
as

.l”(xlX)=f “HEOr (2t P)afi(P)

dp [
(@) Rag(P) ©
+ePIOF (x| —P)ag(P)]8(x - n"),
+

where a;;(P), ag (P) are creation and annihilation operators of a bound
state. The index H denotes the set of hadron quantum numbers and P

is fixed as Py = wy = {/P% + M% and g (p*|P), Tu(pt| — P) are the
quark-meson-vertex amplitudes which are functions of the transverse

component of the four-distance xﬁ with respect to the four-vector P of
the center-of-mass momentum.

10 .JI.KanunoBckuit © aunaa E.B., Bo Ba A.U., ®pu KBapkoHuu B GMIOKAJBHON MOJeJM NPU KOHEYHOH TeMmIire



Covariant bound states in effective QCD

Z(x — y) =m0 (x — y) + 1A7(x, P)Gg(x — ¥),

=iA(x, y) jd4zl d4zz Ge(x — z.)(zy, 2,) Gz, — ¥},

In momentum space we obtain with

Z(k) = jd"x Z(x)e™,

Lig|?) = J d*x d*y exp [ix ; Y 9”] exp[i(x — y)q] I'(x, y)

d4
Z(ky=m" + iJ(i;ri;zf(kl — 4 )Gl

Tk, #) = i f G Y — [gz(q +f)r(qrg')c_;z (q —%’ﬂ 1
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Covariant bound states in effective QCD

The quantities £ and I” depend only on the transversal momentum
Lk)=2(k'), TCk|P)=Tk"|P),

because of the instantaneous form of the potential ¥'(k*) in any frame.

Z.9) = d* + E(¢M)5,%(qh)
for the self-energy with
S;Mah) =exp{—d'2v,q*)}, 4 =qt/latl.

where §, is the Foldy-Wouthuysen type transformation matrix with the parameter

U,
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Covariant bound states in effective QCD

Then, one has
Gr, = (4ot — E.@1)S, *(¢M)]

{ A AP } )
—Efg")+ic qo+Eg")+ie)"’

where
Ala(g™) = Sg A0S g'),  ATHO) = (1 +4)2

are the operators separating the states with positive (+ E,) and negative (— E,)
energies.

As a result, we obtain the following equations for the single-particle energy E
and the angle v,

E (k') cos 2v(kt) =md + = ! V[(F Vik' — gq')cos 2v(g"),

(2m)*~
dS 1

E (k') sin 20(kY) = |kt + 2 j(Z 7

V(k*t — gkt g sin 2v(g*).
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Covariant bound states in effective QCD

The vertex function is given by

Cae12) = | 29 vt = g nta
ab (21:)37 q ab 3
where the bound-state wave function y,, is given by
R(+)a(ql-) b(qllﬁ‘)l\ (g J') + ( )a(ql) b(qllga)A(+]b(q ):| i

'!’/ab(q)=#|: ET—\/‘-FIE ET+\/— P

E; = E, + E, means the sum of one-particle energies of the two particles (¢} and (b)

K(i)(ql) =81 (q l)A(i)(O)S(ql) = A(r}(—q L)
has been introduced.
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Covariant bound states in effective QCD

(Ez(k™) F /PPN (e (K AL o (— k)

d3 1
{T)a(ki) [J( 20)° Ykt — ql)‘f/ab(qL):I A{rﬂ:))b(—kL)-
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Covariant bound states in effective QCD

2
RN N R

a

k Lty
taHZU:mﬂo, Sky~1, Ay = B e,

AGWAC = Psn:  AyA, =0,
and finally the Schrodinger equation results in

1., o d
[ﬂk + (mg + my — MA)J'l’Sch(k) = J%S—V(k — Qs (@),

where u = m,-m,f(m, + m,). For an arbitrary total momentum #,,

1 3 L
[fz—u(k&rz + ) + mf — ﬁ)}bsm(kl) = fzf)3 Vi — ') safa").
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Covariant

Dueprua £(p), cer = 0,5, 0 = 0,215 r-82
T T T T T

ﬁ T L
mo=1,2TsB —
me = 4,635 1B —
sl my = 1,88 MB — -
4+ N
sk |
E(p) 21 b
1 F -
0
b 4
_2 1 fl L L 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 L4

p, ToB

, ®pu J bHO# MOZeH MpU KOoHew



Covariant
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Sagaun

MopesimpoBaHie 1 YNCIIEHHBII aHAIN3 IOBEJIEHUS
IICeBIOCKAJIAPHBIX ME30HOB B IIJIOTHOII 1 ropa4veil saepHoi
MaTepuu B 3aBUCUMOCTHU OT BHJA IIOTEHIaJIa B3aUMOIAEHCTBUS.

MO,ILGJIHpOBaHI/Ie U YUCJIEHHBIA aHAJIN3 noBeIeHNA BEKTOPHBIX
ME30HOB B IIJIOTHOU M ropﬂqeﬁ HﬂepHOIU/I MaTepuu B 3aBUCUMOCTU
OT BUJa IIOTEHIIUAJIA B3aH1VIO,Z[eI>'ICTBI/IH.

Ceoiicrsa J/1) 1 Y B B IUIOTHO# 1 ropsiveit siIepHON MaTepun.

MotetupoBanve U 9UCIEHHBIN aHAJIN3 PEIATUBUCTCKHUX
ypaBHEHUI I TVIIOOHHBIX CUCTEM.

MoyesiupoBaHue U 9UCTIEHHBIN aHAN3 PEJISTTUBUCTCKIX
YPABHEHUH [[JIsT MHOTOKBAPKOBBIX CHCTEM.

MogemnpoBanue pacuaoB TAKEJIBIX KBADKOHUEM B HEJIOKAJIHHON
3bPEeKTUBHOM Teopum.
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