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An overall task pursued by most of the approaches to QCD vacuum structure is an identification of
the properties of nonperturbative gauge field configurations able to provide a coherent resolution of
the confinement, the chiral symmetry breaking, the U, (1) anomaly and the strong CP problems, both
in terms of color-charged fields and colorless hadrons.

Finite classical action, pure gauge singularities = Global minima of the effective quantum action

Instantons, monopoles, vortices, double-layer domain walls = Defects in the initally homogeneous background



S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

e Confinement of both static and dynamical quarks — W (C) = (Tt P e’ Jo @2udy)

S(z,y) = (Y (y)Y (@)

e Dynamical Breaking of chiral SU;(N;) x SUR(N;) symmetry — (3)(z)1)(z))

e /(1) Problem — 7 (x, Axial Anomaly)
e Strong CP Problem — Z(6)

e Colorless Hadron Formation: — Effective action for colorless collective modes:
hadron masses, formfactors, scattering
Light mesons and baryons, Regge spectrum of excited states of light hadrons,
heavy-light hadrons, heavy quarkonia

What would be a formalism for coherent simultaneous description
of all these nonperturbative features of QCD?

QCD vacuum as a medium characterized by certain condensates,
quarks and gluons - elementary coloured excitations (confined),
mesons and baryons - collective colourless excitations (masses, form factors, etc)
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S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

» Effective action of SU(3) YM theory, global minima of the effective action.

» Gluon condensation, Weyl reflections, CP: kink-like gauge field configurations
and domain wall network as QCD vacuum

» Confinement and the spectrum of charged field fluctuations, color charged quasi-particles
» Impact of the strong electromagnetic fields on the QCD vacuum structure

» Formulation of the domain model.

» Testing the model on the strandard set of problems of pure gluodynamics: o, y, (F?).

» Chirality of quark modes. Realisation of chiral symmetry and quark condensate:
UA(l) and SUL(N) X SUR(N)

» U.4(1) and the strong CP problem. Anomalous Ward Identities.

» Nonlocal effective meson Lagrangian: hadronization scheme and meson masses.
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S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

Pure Yang-Mills vacuum (no quarks present):

CPFRY A0, x= / I (Q)QO0) £0, (Q()) =0
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S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

Visualizations of Quantum Chromodynamics (QCD)Buried treasure in the sand of the QCD vacuum
P.J. Moran,Derek B. Leinweber, Centre for the Subatomic Structure of Matter (CSSM), University of Adelaide, Australia
arXiv:0805.4246v1 [hep-lat], 2008

Topological charge density Q(z) = 33; Fﬁy(x)ﬁﬁy(x)
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In Euclidean functional integral for YM theory one has to allow the gluon condensate to be nonzero:

7 = N/DAeXp{—S[A]}

R 1 4 . 2 710a a 2 2
V

Separation of the long range modes Bj; and local fluctuations (), in the background B}, background
gauge fixing condition (D(B)Q = 0): Aa =B+ Q"

] = /DB(I)A B] /DQ/Dw5 B*|6[D(B*)Q"]

@}, — local (perturbatlve) fluctuations of gluon field with zero gluon condensate: () € O;
Bj, are long range field configurations with nonzero condensate: B € B.

7 — N'/DB/DQdet[D(B)D(B+Q)]5[D(B)Q] exp{—5|B + Ql}

Self-consistency: the character of long range fields has yet to be identified by the dynamics of fluctuations:

7 = N’/DBexp{—Seﬁ[B]}.

Global minima of S.¢|B] — field configurations that are dominant in the thermodynamic limit V' — oc.
L. D. Faddeev,“Mass in Quantum Yang-Mills Theory”, arcxiv:0911.1013v1[math-ph]



The Abelian B,,(z) part of the gauge fields

A A A

Aﬂ(x) = By(z) + Xﬂ(x), [Bu(x), By(x)] =0

L. D. Faddeev, A. J. Niemi (2007); Kei-Ichi Kondo, Toru Shinohara, Takeharu Murakami( 2008); Y.M. Cho (1980, 1981); S.V. Shabanov (1989,1999)

Covariantly constant Abelian (anti-)self-dual fields

1 ~

BZ = —§naBny, B,, = £B,,
are stable against local fluctuations (). Explicit one-loop effective action:
11 A\B
1-loop _ 2

H. Leutwyler (1980,1981); P. Minkowski (1981); H. Pagels, and E. Tomboulis (1978); H. D. Trottier and R. M. Woloshyn (1993).

Effective action for covariantly constant Abelian (anti-)self-dual field within the Functional RG:

W(F?)/GeV*
0.010}

0.005¢

A. Eichhorn, H. Gies, J. M. Pawlowski, Phys. Rev. D83 (2011) [arXiv:1010.2153 [hep-ph]]
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Effective Lagrangian

Consider the following Ginsburg-Landau effective Lagrangian for the soft gauge fields satisfying the re-
quirements of invariance under the gauge group SU(3) and space-time transformations,

1
Lo = - (ngFgMDgCFgM + ngngDgCng) — Uy

1 A 4 4 16 . -
i = —T F2 4 —CyF* — —CsF°
Uesr 5 r <Cl -+ 302 9 3 ,
where

a a - 2ab - Ac (re\ab a a a - rabc Ab Ac
DY = 679, —iAY =0, —iA(T)™,  Fi, = 0,A% — 0,A% —if" A AL,
- a a a - rabc - ab 1ba a 1a
B = Fo, T, o= —if"™ Tv (F?) = BBl — —3F, 1, <0,
gA, — A,

V—o0

lim V_1/d4x<F2) 40— C, >0, Cy>0, Cy>0.
V

12 1h% vac vac

F* % = 4b? A4>O, I (\/022+30103—02) /303



S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

Consider A, fields with the Abelian field strength

A

F, = nB,,
where matrix 7 can be put into Cartan subalgebra
n=T3%cosé+T® sin€, 0 <& < 2.
It is convenient to introduce the following notation:

~

by = 1B, /A = 7b,,, b,b., = 4b

vac?

1
e; = by, h; = §5ijkbjk:7 e’ + h? = Qb\%ac'

(eh) = |e| |h| cosw, (eh)* = h? (26 — h*) cos” w.

Hence the effective potential takes the form

1
Ui = A |-+ Ca (28 = (eh)?) + GCat? 10+ cost) (18, = 3

There are twelve discrete global degenerated minima at the following values of the variables h, w and &

h2=12_ >0, w=nk (k=0,1), fz%(2n+1)(n20,...,5).

vac
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S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

Kink-like configurations

Discrete minima mean that there exist kink-like field configurations interpolating between these minima.
For instance, for the angle w

1
Lo = —§A263368wa9uw — bt A (Cy+ 303b? ) sin? w,

vac

with the sine-Gordon equation of motion

Ow = m,sin2w, m = b2 A (Co+3C50%,)

vac

o
CcOos W

with kink solution
w = 2 arctan (exp (\/imw:m)) :

which can be treated as domain wall. Figure 1: Kink profile in terms of the components of the chromomagnetic
and chromoelectric field strength (left), and a two-dimensional slice for the
topological charge density in the presence of a single kink measured in units of
gQFab ﬁFg 3 (right). Chromomagnetic and chromoelectric fields are orthogonal
to each other inside the wall (green color).
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S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

Domain wall network

Denote the general kink configuration:
Gy mymy — ') = — arctan exp(pi(m,x — ¢'))
s
p; — inverse width of the kink, 7', — a normal vector to the plane of the wall, ¢' = 1’2, with 2!, - coordinates
of the wall.

Figure 2:  Two-dimentional slice of a multiplicative superposition of two kinks with normal vectors anti-parallel to each other

w(z1) = 7¢(p1, v1 — a1)C(p2, =1 — as).

BLTP, July 3, 2013 3
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S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

Additive superposition of infinitely many such pairs

(0. 9]

w(ry) = WZC(M;‘JH — a;)C(fj1, —T1 — aji1)

j=1

gives a layered topological charge structure in R*, Fig.3.

Figure 3: Two-dimentional slice of layered topological charge distribution in R* . The action density is equal to the same nonzero
constant value for all three configurations. The LHS plot represents configuration with infinitely thin planar Bloch domain wall
defects, which is Abelian homogeneous (anti-)self-dual field almost everywhere in R*, characterized by the nonzero absolute
value of topological charge density almost everywhere proportional to the value of the action density. The most RHS plot shows
the opposite case of very thik kink network. Green color corresponds to the gauge field with infinitesimally small topological
charge density. The most LHS configuration is confining (only colorless hadrons can be excited) while the most RHS one supports
the color charged quasiparticles as elementary excitations.

BLTP, July 3, 2013
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One may go further and consider a product
k
w(z) = [ [l njz — ¢). 2)
i=1

For an appropriate choice of normal vectors 1’ this superposition represents a lump of anti-selfdual field in
the background of the selfdual one, in two, three and four dimensions for £ = 4, 6, 8 respectively.

L1

Figure 4: A two-dimensional slice of the four-dimentional lump of anti-selfdual field in the background of the self-dual configura-
tion. The domain wall surrounding the lamp in the four-dimensional space is given by the multiplicative superposition of eight
kinks as it is defined by Eq.(2).

divH # 0



Gauge field parameterization

Cho-Faddev-Niemi-Shabanov-Kondo: the Abelian part Vﬂ(yc) of the gauge field AM(ZE) is separated mani-
festly,

X 1
“Li(z) x (am(x) + gA,(z) x ﬁ@;)) ,
Ay(z) = A()t?, ix) = ng(2)t?, nn® = 1
Oun x f =i f*0,n"n"t, [t*, "] = ifo4e.
The field V}, is the Abelian field: o
Vil), Vi ()] = 0

A

E,(z) = n(x) [8,B, — 0,B,, +ig > f*"n"0,n"(x)d,n"(x)]

L. D. Faddeev, A. J. Niemi // Nucl. Phys. B. 776. 2007

Kri-Ichi Kondo, Toru Shinohara, Takeharu Murakami // arXiv:0803.0176v2 [hep-th] 2008
Y.M. Cho, Phys. Rev. D 21, 1080(1980); Y.M. Cho, Phys. Rev. D 23, 2415(1981).

S.V. Shabanov, Phys. Lett. B 458, 322(1999); Phys. Lett. B 463, 263(1999),

Teor. Mat. Fiz., Vol. 78, No. 3, pp. 411-421, 1989.



S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

The general kink network is then given by additive superposition of lumps (2)

oo k
w=m>_ 1] ¢z, —q7).

j=1 i=1
Correponding topological charge density is shown in Fig.5. The LHS plot in Figs.5 and 3 represents con-
figuration with infinitely thin domain walls, that isAbelian homogeneous (anti-)self-dual field almost every-
where in R*, characterized by the nonzero absolute value of topological charge density which is constant
and proportional to the value of the action density almost everywhere.
The most RHS plots Figs.3 and 5 show the opposite case of the network composed of very thik kinks. Green
color corresponds to the gauge field with infinitesimally small topological charge density. Study of the
spectrum of clorless and color charged fluctuations indicates that the most LHS configuration is expected to
be confining (only colorless hadrons can be excited as particles) while the most RHS one (crossed orthogonal
field) supports the color charged quasi-particles as the dominant elementary excitations.

Figure 5: Three-dimensional slices of the kink network - additive superposition of numerous four-dimensional lamps.

BLTP, July 3, 2013
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S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

Impact of electromagnetic fields on “QCD vacuum .

e Relativistic heavy ion collisions - extremely strong electromagnetic fields
V. Voronyuk, V. D. Toneev, W. Cassing, E. L. Bratkovskaya,
V. P. Konchakovski and S. A. Voloshin, Phys. Rev C 84 (2011)

AuAu, VSyy =200GeV, b=10.2fm, t=0.05fm/c

e By/m7t

= ————
\ R
\\\“'\},@‘a&#@:&.
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e
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S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

One-loop quark contribution to the effective potential in the presence of arbitrary homogenous

Abelian fields
1 det(ip — 1 I
() =~ n dit((i_?_ ;';)) - / diaTr / dm’ [S(z, zlm’) — So(z, z|m)]|
%4 m
ren B2 [ ds 52 2 2 —m—2$
o (G) = = / ;Trn [31@ coth(ssey)ss_ coth(szx_ ) — 1 — g(%r +x°)| e BY
0

%i:% QOi—:%(\/Q(R—I—Q):E Q(R—Q))7
R = (H? — E%)/2 + 7*B* + nB(H cos(#) + i E cos(x) sin(€))
Q = nBH cos(€) + inBEsin(f) cos(¢) + n*B*(sin(0) sin(&)cos(¢p — x) + cos(0)cos(€))

Y. M. Cho and D. G. Pak, Phys.Rev. Lett., 6 (2001) 1047
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Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization
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S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

H # 0, E # 0 and arbitrary gluon field
I(Uer) = 0 = cos(x)sin(&) = 0, sin(0) cos(¢) =0

Effective potential (in units of B?/87?) for the electric £ = .58 and the magnetic H = .9B fields as
functions of angles # and £ (¢ = x = 7/2)

1072 ~ S ;'.' U;fe"

1 ~\~~A::.$t~s~;s“~ oo
-1.67 \\\\\\\\\\‘
R
-3.67 s ‘y"
> ""‘,:.\\\‘\‘

)
i 5
4 i
7.6 “‘ O\

-5.61

Minimum is at @ = 7 and £ = 7/2:
orthogonal to each other chromomagnetic and chromoelectric fields: Q = 0.
Strong electro-magnetic field plays catalyzing role for deconfinement and anisotropies?!

B.V. Galilo and S.N. Nedelko, Phys. Rev. D84 (2011) 094017.
M. D’Elia, M. Mariti and F. Negro, Phys. Rev. Lett. 110, 082002 (2013)

G. S. Bali, F. Bruckmann, G. Endrodi, F. Gruber and A. Schaefer, JHEP 1304, 130 (2013)
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S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

Spectrum of the charged field in (anti-)selfdual background

Consider the eigenvalue equation of the charged field in the kink-like background
. 2

— (Op — 1Bu(x))" ¢ = Ad.

The homogeneous (anti-)self-dual fields
B.(%) = By, Bu = £B, BuaBya = B, B = Aby,
The eigenvalue equation can be rewritten as follows
A
BB +7vive +1] ¢ = Eﬁb

where creation and annihilation operators 3+, 3%, v+, 71 are expressed in terms of the operators o™, a,
1 1

1
be = 5 (a1 Fiag), 7e = 5 (3 Fia), = E(B% + Ou),
1 . 1 , 1
B = 5 (af iza;) v = 5 (oz}f izai) : oz:[ = E(Bxu — 0,).

The eigenvalues and the square integrable eigenfunctions are
A =4B(r+1), r=k+n (for self — dual field), r =1+ n (for anti — self — dual field)

Grmii(T) = ! )™ doo00(), doooo(z) = 20

(5D () ()

Discrete spectrum. Absence of periodic solutions is treated as confinement of the charged field.

1—e?/B

D*(2)G(z,y) = —0(z —y) Glz,y) =P H(xz—y) HP’)=—F

p

BLTP, July 3, 2013
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S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

Orthogonal to each other Euclidean chromoelectric and chromomagnetic fields
~ pure chromomagnetic field:

BQ = O, Bl = QBQZQ, Bg = O, B4 =0 (HZ = 2B5@'2, Ez = —23(523)

O(x) = exp(—ipsxrs — ip3r3)(T1, T2)
(=05 + (p1 + 2Bx2)” + p3 + pi] X = Ax

Square integrable over x1, x5 solution

©On(T1, T0) = /dplf(pl)e_iplxl exp {—B <CU2 + ﬂ)Q} Hy <@ (xQ + ﬂ))

2B 5B
P pi
Au(p3, 1) = 2B <2n e ﬁ))

Continuous spectrum similar to Landau levels. Periodic eigenfunction can be treated as the presense

of charged quasi-particles moving along the chromomagnetic field:

Py =p5+ps,  pn=2B2n+1)

BLTP, July 3, 2013
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S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

V. Voronyuk, V. D. Toneev, W. Cassing, E. L. Bratkovskaya,
V. P. Konchakovski and S. A. Voloshin, Phys. Rev C 84 (2011)

AuAu, VSyy =200GeV, b=10.2fm, t=0.05fm/c AuAu, VSyy =200GeV, b=10.2fm, t=0.2fm/c

S =

R GTT D TR AT

A
L e

e By/mn

A bag filled by hundreds of color charged quasi-particles, azimuthal asymmetry

K. A. Bugaev, V. K. Petrov and G. M. Zinovjev, Phys. Atom. Nucl. 76 (2013) 341.

BLTP, July 3, 2013
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S.N. Nedelko

Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

A. Eichorn, et al,

Phys.Rev.D83, 2011 Weyl group, CP and the kink-like field configurations
in the effective SU(3) gauge theory

U(F?Y/GeV*

0.010} <F2>;£0

0.005¢

SU3) — U(1) x U(1)

Weyl reflections in the root
space of color su(3) — kink
between boundaries of
Weyl chambers

BLTP, July 3, 2013

B. Galilo, S. Nedelko,
Phys.Part.Nucl.Lett., 8, 2011;
Phys. Rev. D 84,2011.

Dynamical breaking of CP and colour gauge symmetry:

<«—> Weyl reflections ?

Topological defects(domain walls and lower dim. deffects at their
intersections) bring disorder into ensemble of vacuum gluon
configurations — on average SU(3) and CP are not broken!

Ensemble of domain structured vacuum fields:
dynamical quark confinement, chiral symmetry breaking.

In bulk of domain color is confined, color charged quasi-
particles are localized at the boundaries.

Strong crossed electromagnetic

field creates relatively stable

domain wall defect and thus triggers
deconfinement of color charged particles
in the space-time region of the
relativistic heavy ion collision

04 0.2 Q 0.2 04

Parity transformation - kink interpolates
Between self- and antiself-dual Abelian
gluon configurations

0
Quark contribution to QCD effective
potential for Abelian gluon field in the
presence of the strong crossed
electromagnetic field




Charged field fluctuations in the background of a domain wall
A single planar domain wall of the Bloch type.

Scalar color charged field

The quadratic part of the action for the scalar field in the background field of a planar kink with finite width placed at z; = 0
looks as

S[®] = — / d*z(D,®)!(z)D,®(z) = / d'x®'(2)D*® (),
D, =09, +iB,, B, = —iB,(z).

Here n is a constant color matrix, 5, is the vector potential for the planar Bloch domain wall.

By = Ha(w1)xs + Ha(w1)xs,
By =DBs=0, By= —DBuzs,
Hy = Bsinw(z1), H3 = —Bcosw(z1),
w(ry) = 2 arctg exp px;.
A kink with finite width is a regular everywhere in R* function. However, there is a peculiarity related to the chosen gauge of the
background field. ) A
D* = D* +1i9,B,,
D? =>4 2iB,0, — iB,B, = (0, — inHy(x1)x3 — i Hs(x1)x2)? + 03 + 02 + (04 + ihBas)? — i0, B
0, B, = —nHy(x)x3 — nHy(1)s.

The action can be written as

S[®] = /d4a:(I>T(x)l~)2<I>(a:) — i/d4a:(I>T(x)ﬁ<I>(x) [Ho(21)x3 + Hy(x1)s) .
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Figure 6: Derivatives of the components of the chromomagnetic field are plotted for two values of the width parameter 1/ VB = 3,10.The coordinate z;
is given in units of 1/ v/B. In the limit of infinitely thin domain wall (x / v B — o0) the derivatives develop the delta-function singularities at the location
of the wall.

It should be noted that the integral in the second line is equal to zero if ®'(2)n®(z) is an even function of x5 and 3.

A continuity of the normal to the wall component of the total (through the whole hypersurface of the wall) charged current offers
a reliable guiding principle for identification of the matching conditions. Continuity of the integral current means that the surface
terms do not appear under integration by parts in the action

lim [J1(e) — Ji(—¢)] =0,

e—0

Iuw) = [ da0!(@)D,0(z).
dr = drodrsdr,.

Moreover, this requirement restricts the form of the eigenfunctions in such a way that the surface terms associated with the gauge
dependent delta-function singularuties in 0, 55,,, vanish as well.



Confined fluctuations in the bulk: x; # 0
Consider the eigenvalue problem )
—D*® = \D.

for the functions square integrable in R* and satisfying the integral current continuity condition .
For all z; # 0 the operator D? takes the form

D? = (01 £ inBwy)* + 03 + 0% + (04 + inBuxs)*

“+” corresponds to the anti-selfdual configuration (x; > 0) and “-” is for the self-dual one (x; < 0). Respectively the square
integrable solutions are

. . 1 A 1 . .
Oy = /dpldp4f(p1)9(p4) exp {ilplﬂil + ipaTy — §]n|B(:z:2 +p1/|7|B)* — §|n!3($3 +p4/|n\B)2}

- P1 ~ D4
X H B H B
(VIAIB [+ 5] ) o (VIATB [+ 15 ).
where H,, are the Hermite polynomials. The eigenvalues are

M = 2/a|Blk+1+1), k,1=0,1,....

The amplitudes f(p;) and g(p,) have to provide the square integrability of the eigenfunctions in x; and x4. The integral
current through the domain wall is continuous if both f and H; are odd or even functions simultaneously under the combined
change p; — —p; and x2 — —129

f(=p1)Hi(=2) = f(p1) Hi(2).
This property also guarantees the absence of the gauge specific contribution to the action related to the derivative of Hj.
The eigenfunctions are of the bound state type with the purely discrete spectrum. Field fluctuations of this type can be seen as
confined. The eigenvalues coincide with those for the purely homogeneous (anti-)selfdual Abelian field. In this sense domain
wall defect does not destroy confinement of dynamical color charged fields. The eigenfunctions are restricted by the correlated
evenness condition, while in the case of the the homogeneous field the properties of the amplitude f(p;) and the polynomial Hj,
are mutually independent.



Color charged quasi-particles on the wall: 1 = 0

On the wall the chromomagnetic and chromoelectric fields are orthogonal to each other (see Fig.6). In conformity with
integral current continuitythe absence of the charged current off the infinitely thin domain wall requires

61¢‘$1:0 - 07
and the eigenvalue problem on the wall takes the form

[—05 — 05 + A’ B*x} + (i0s — nBx3)*] & = A\

. . _ﬂ " by 2 R
Dipopy (22, T3, 74) = P27 Te AC ) H, [ V2|n|B (373 - 2|ZTTB)] ;
n

2 2
N3 p) = V2IRIBEE+1) + 5+ 2 k= 0,1,2,...

The spectrum of the eigenmodes on the wall is continuous, it depends on the momentum p- longitudinal to the chromo-

magnetic field and Euclidean energy p,, the corresponding eigenfunctions are oscillating in x, and z,.

In the transverse to chromomagnetic field direction x5 the eigenfunctins are bounded and the eigenvalues display the Landau level

structure.

This can be treated as the lack of confinement - the color charged quasi-particles can be excited on the wall.

The continuation py; = —pg leads to the dispersion relation for the quasi-particles with the masses i,

with the solution

pr=pi+pd, 2 =222k + V)|a|lB, k=0,1,2,....



S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

Formulation of the Domain Model

Euclidean partition function is defined as

i QEPTAG) 4 BG) 450 (D] —iQv. [QW +B®
20)= lim N [ do 6H/dB/Dw D /DM &SP QO+ B 40, G0] -i0Qy, [+ B

V.N—oo
a,ﬁ

Du = 5[D(BM)QW]App[BY, QU]

The thermodynamic limit: v~! = N/V = const, as V, N — co. Functional spaces ]—"é? and ‘7'7# are specified by BCs at
(x — 2)* = R?

fLZ.Q(i)(:C) =0, iffi(z)e i(a+B"\/2) vsdj ( ) = ¢(i)($), @;(i)ei(awwﬂ)%i () = _&(ﬂ(@)

(x —z)"

n = |—‘, n; = n; 1" T"—adjoint representation.
r — Z;
f do;Z;(c) = Ensemble of ”domain-" or "cluster-like” structured background fields with the field strength tensor
N
T) = ZnWBg)e(l — (z—z)*/R%), BY)BY) = B%,, B®= const

B{) = iBfW), W) = 13 cos & + t¥sin g, 5je{g(2k+1),k=o,...,5}

Free parameters: the field strength B and the radius R. Domains are hyperspherical, centered at random points z;.

4,5

d*z; 7o (21 —I—
/dB,-- =5 / /dgpz/de sin 6; /d& /deZ(S — k).

% 1=0,1,2 k=0,1
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Testing The Model In Pure Yang-Mills System.

e Mecan topological charge is zero. At finite volume V = v the distribution of the topological charge —Nq < ) < Ngq is

symmetric about () = 0.
2 N!

g
O = 5o FOF@, PV Q) = x5 =g g (N2 + Q20!

B2R4
Q= [ daQ) =q(N. - N.), g= T N+ N =N
Vv

16

e Gluon condensate: (: g>F, (z)F5, (z) :) = 4B?
e Topological susceptibility for pure YM x = [ d*z(Q(2)Q(0)) = B*R*/128~>
e The area law: Wilson loop for a circular contour with radius L >> R for N, =3

N
_ : 1 i [, dou(x)Bu(x) _  —onL2+0(L)
J:
2 3 d 2vV3 d
o = Bf(rBR*), f(z)=— 3—£ / —xsina:——\/_/—xsina:
3z 2z x z x
0 0

Fitting (B, R) : VB = 947TMeV, R = (760MeV) ™ = 0.26fm

o = (420MeV)%, x = (197TMeV)*, 2(F?) = .081GeV': ¢ = 0.15, v ! = 42fm*

Here ¢ is a fraction of top. charge per domain, and v~! is the density of domains .

BLTP, July 3, 2013
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Including Quark Fields

» Eigen modes

Don(x) = Anibn(2),
igf(z)e () = P(x), 2* = R
Pla)ePig(z) = —P(), 2* = R
» Quark determinant and realisation of Uy (1) and SUp(Nt) x SUL(N)

Anomaly reduces U4(1) to a discrete subgroup. Unlike U4(1) flavour chiral symmetry is broken spontaneously.

(Wa)(e)) = - Trzkiﬂ[M(l,k+2,z)—%HM(l,k+3,—z)—1
k=1

2 = nBR? /2, Tr — color trace (matrix 7 - diagonal).

With B, R determined from pure gluodynamics (1)) = —(237.8MeV)?
1000

Absolute value of quark con-
densate as a function of domain
radius in units of

Ry = (760MeV)~L,

Domain radius R/R )

BLTP, July 3, 2013
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Poincaré Recurrence Theorem and The Strong CP-problem
B
LA o= =0> The scalar (A and B) and pseudoscalar (C and D) quark condensates as func-

V\/\ AW

IO
> 3

/\\,/\/\/\/\/

TR
[«

)
The set of critical values of the

0
¢ is dense in the interval [—, 7]:

Z = lim Zy(0)

Voo

tions of & for Ny = 3 in units of N. The plots A and C are for rational
g = 0.15, while B and D correspond to any irrational ¢, for instance to
¢ = 30— = 0.15047... which is numerically only slightly different from
0.15. The dashed lines in A and C correspond to discrete minima of the free
energy density which are degenerate for m = (0. The solid bold lines de-
note the minimum which is chosen by an infinitesimally small mass term for
a given . Points on the solid line in A, where two dashed lines cross each
other, correspond to critical values of #, at which CP is broken spontaneously.
This is signalled by the discontinuity in the pseudoscalar condensate in C. For
irrational ¢, as illustrated in B and D, the dashed lines densely cover the strip
between 1 and —1, and the set of critical values of ¢ is dense in R.

im Zy(0), lim (E)), = lim (E){7°,  lim (Q)yy =0,

—00 Voo Voo V-0

for any CP-even and CP-odd operators [E and O respectively, which resolves the problem of CP-violation.

BLTP, July 3, 2013

A simple example: the Poincaré theorem for uniform motion on a

torus, . .
0 = b97 (b - b¢7

where 0 and ¢ are the latitude and longitude of a point on the torus.
If b = by/b, — rational number, trajectory is closed and can be
characterised by an integer winding number. In the case of irrational
b the trajectory is dense on the torus.

[O8)
[O)
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Mass relations

Simultaneously topological succeptibility in QCD with massive quarks

XQCD = — lim la—QZV(Q) = —m%¢> + (’)(m2)
f

is nonzero, independent of 6 and consistent (in Euclidean space) with the identity
NiXOP = Nym2F7 + O(my).
FZm?2, = —2m(y)

which indicates a correct implementation of the U4 (1) symmetry. In the chiral limit the mass of the 7’ is expressed via the
topological succeptibility y¥™ of pure gluodynamics in agreement with the Witten-Veneziano formula.

m?],Fz = 2N "M+ m2F?

The anomaly contribution to the free energy suppresses continuous axial U(1) degeneracy in the ground state, leaving only a
residual axial symmetry. This discrete symmetry and flavour SU(Ny);, x SU(Ny)p chiral symmetry in turn are spontaneously
broken with a quark condensate arising due to the asymmetry of the spectrum of Dirac operator in the presense of domains.

BLTP, July 3, 2013
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Hadronization: Effective meson action, meson spectrum

. B h§ 2
Z—NVIEEO/DCI)Qexp{EfCQ/d:E(I) Z —Wi[® }

[+1 1 1

Cop=Cr—t ™ Ogyp=—-, C
I+ ) TP T g TSP TR
=" T O (~MAIB),  hg? —dpr b ()| o ar2

wile] = Y hgl...th/dxl.../dxkcpgl(:cl)...@Qk(xk)rgf“_gk(xl,...,xkyB),

Tolo, = Golo,(x1,22) = Ealar — 12)Gg|Cly),

FSSQQ% = GSEQ2Q3(I17 To, T3) — ;Eg(:ﬁl — $3)G(Q21)Q2(£U1,5L’2)G(Qli(l’3)
b B, 2) G0 ()G )(2) O (),
FSB%%@; = G8392Q394(971> 2, I3, 24) — 252(371 - x2)G(Q13($1)G8293Q4(372’ 3, 14)
— %Eg(xl — xg)GngQ(scl,xg)G(Q2§Q4(x3,x4)

+ 53(96‘1,932,$3)G(Q13($1)G(le($2)G(Q23),Q4($3,-%’4)
= G(l) G(l) G(l) G(l)
Ea(x1, 2, 23, 24) Gl (11)G g, (12) G g, (3) G g, (24).

S| =

The vertices I'*) are expressed via quark loops G (Qn) with n quark-meson vertices

BLTP, July 3, 2013
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G(le)...gk(xla T /dojTrVQl(xl\B(j))S(ajl, :L"2|B(j)) . VQk($k|B(‘j))S(Z’k, xllB(j))

by

7 k
Go...o@n,- )Gy, o (o, w) = /daj
)y

x Tr {Vgl(:cl\Bu»S(:m, 29| B9 .. Vo, (21| BY) S (, :c1|B<J>)}
XTe { Vo, (21| B)S (w111, 21421 BY) ... Vo (w4 B)S (w211 BD) |

bar denotes integration over all configurations of the background field with measure do;.

All the elements of the effective action are fixed: nonlocal meson-quark vertices Vo, (x| B) and quark propagators S(x,y|B)

and background field correlators =,,(x) are given in explicit analytical form.
The quark propagator

A~

S(I, y) = exXp (__CC;LB/W?JV

T
S
I
[S—
O\H
QL
V) DN | .
Cb\
’E[\')
~
)
<
=
/\ \_/
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in the presence of the (anti-)self-dual homogeneous field

. 1 A A
B,(r) = —§ﬁBWa:V, B, B,, = 4*A%,,,

A

n .
Jop = WBW, v = diag(1/6,1/6,1/3),

|5

A2 = *-B.

Quark-meson vertices

“ 2
Vo o< TATY(V JiN) Ey(V /A?)

1
2
Fru(s) = / dtt et s =y /A2,
0

— —

<
Vip=8& V =&V, g =my/(my+myp),
— ) - = _

Sue—y) = 3 [0 -2 = 2o (L2E).
\%

o(p*) = [37# — Barcsin(p) — 3p\/1 — p? — 2p(1 — p*)\/1 — p2] :

BLTP, July 3, 2013
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my, MeV) mg MeV) ms (MeV) m. MeV) my MeV) A (MeV) g
198.3 198.3 413 1650 4840 319.5 9.96
Meson L 5 M MeP
T 0 0 140 140
Meson ™ P K K* w 10} by 1 1 1252 1235
M 140 770 496 890 770 1034
Me*P 140 770 496 890 786 1020 K 0 0 496 496
fp 126 - 145 - - - Ki(1270) 1 1 1263 1270
N & S 1 A
h 6.51 416 7.25 448 4.16 4.94 P 0o 1 770 770
M* 630 864 743 970 864 1087 1 0 1238
ai 1 1 1311 1260
Meson D D* Dy Dz B B* B B} as 1 2 1364 1320
M 1766 1991 1910 2142 4965 5143 5092 5292
Me*P 1869 2010 1969 2110 5278 5324 5375 5422 K* 0 1 890 890
fr 149 - 177 - 123 - 150 - 1 0 1274
K1(1400) 1 1 1342 1400
K3 1 2 1388 1430
Meson e JY Xeo  Xa Xeo W W
n 0 0 0 0 0 1 2
Y4 0 0 1 1 1 0 0
J 0 1 0 1 2 1 1
M (MeV) 3000 3161 3452 3529 3531 3817 4120
MP (MeV) 2980 3096 3415 3510 3556 3770 4040
Meson T Xbo  Xb T’ X;JO Xb, Xb, i
n 0 0 0 1 1 1 1 2
J4 0 1 1 0 1 1 1 0
J 1 0 1 1 0 1 2 1
M (MeV) 9490 9767 9780 9780 10052 10212 10215 10215 10292
MP (MeV) 9460 9860 9892 9913 10230 10235 10255 10269 10355

M, = 640 MeV, M,y = 950 MeV, h, = 4.72, h,y = 2.55, VBR = 1.56.

BLTP, July 3, 2013



S.N. Nedelko Domain wall network as QCD vacuum: confinement, chiral symmetry, hadronization

Features of the spectrum of light vector and pseudoscalar mesons are driven by the chiral symmetries and are correctly
reproduced by the model quantitatively.

Bl =n"Buay, B =%+Bu, BB =06,B°, B®=const

: ~ 1—e7/B
DA(@)Gla,y) = =0 —y) Glo,y) =" H(w —y) H@?) = — 57—

Hi(p| B) — O (exp {i—z}) , Fu (p*) = O (exp{ : }) :

Regge behaviour of the spectrum is due to nonlocality of the vertices and propagators.

o

8 5) 4
> M2, = gln (5) -A?-n +0(nn), for n>>/, M2, = gln5-A2-€ +O(In¥) , for £> n.

Heavy-light mesons and heavy quarkonia

> mQ>>A,mQ>>mq, MQq:mQ—l—A(QJq)—i—O(l/mQ)

o _ (P) _ (V)
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Summary

Starting with

: 1 4 2 1a a
\%4

one arrives at the importance of the lumpy structured gluon configurations (almost everywhere homogeneous abelian (anti-)self-
dual field) and correctly implemented:

e Confinement of both static and dynamical quarks — W(C) = (Tr P ¢'Jo dzﬂ*iﬂ},
S(x,y) = (W(y)Pe' s “rtib(a)

e Dynamical Breaking of SU(N;) x SUR(N;) — {(¢(z)(z))

e /4(1) Problem — 7/, y, Axial Anomaly
e Strong CP Problem — Z(0) = Z(0)

e Colorless Hadron Formation: — Effective action for colorless collective modes: spectrum, formfactors
(Light mesons and baryons, Regge spectrum of excited states of light hadrons, heavy-light hadrons, heavy quarkonia)

e QCD vacuum is characterized as heterophase mixed state with corresponding phase transition mechanism.

V. L. Yukalov and E. P. Yukalova, PoS ISHEPP 2012, 046 (2012) [arXiv:1301.6910 [hep-ph]]; Phys. Rep. 208 (1991) 395;

e Impact of a strong electromagnetic field as a trigger of deconfinement is indicated.
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