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Introduction:

Yang-Mills moduli and con nement

Phenomenological impact of centre-sector-tunneling
I Fermi-Einstein condensation In SU(2N) QCD-like theories

Does centre-sector-tunneling take place

In the hadronic phase?

| lattice gauge simulations :YM + gHiggs

| centre-sector-tunneling and the 't Hooft loop
I tunneling coeffcient  (new!)

Does Fermi-Einstein condensation take place
In SU(3) with matter ?
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i Yang-Mills modull

e use lattice gauge theory throughout
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Yang-Mills moduli

¢ use lattice gauge theory throughout

¢ gauge elds: links U

1T

gauge transformation |

RN

site

identified
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Yang-Mills moduli

¢ My name is vacuum - the vacuum:
(pert.) vacuum $ all contractable loops are 1

example:
U(X)=1

more vacua?
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Yang-Mills moduli

¢ My name is vacuum - the vacuum:
(pert.) vacuum $ all contractable loops are 1

example:
U(X)=1

more vacua?

¢ constructing the moduli space

) need to “devide out” the gauge transformations
[Keurentjes, Rosly, Smilga, PRD 58 (1998) 081701]

[Schaden, PRD 71 (2005) 105012]

[Langfeld, Lages, Reinhardt, PoS LAT2005:201,2006.]
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i Yang-Mills moduli

e vacuum ) trP(x)=trP(y), P: Polyakov line
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ﬁ Yang-Mills moduli

e vacuum ) trP(x)= trP(y), P:Polyakov line
e UWP(X)UPY(y)=1 ) P(y)= UUP(x)U qg.e.d.
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ﬁ Yang-Mills modull

e complete gauge Xing " moduli space
step 1
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i Yang-Mills modull

e complete gauge Xing " moduli space
step 2
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i Yang-Mills modull

e complete gauge Xing " moduli space
Step 3 UPWPY=1

[U;P] =0

U;P 2 cartan
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Yang-Mills moduli

¢ choose Pq; P, 2 Cartan suchthat trP;6 tr P,
found a variety of gauge inequivalent  vacua
(moduli space! )
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Yang-Mills moduli
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Yang-Mills moduli

¢ choose Pq; P, 2 Cartan suchthat trP;6 tr P,
found a variety of gauge inequivalent  vacua
(moduli space! )

e centre transformation: z = expfi| |fl—cmg, m=1:::Ng SU(N)

e symmetry of the action
e mediates between
vacua:
trP! ztr P

Centre-sector tunneling, con nement and the quark Fermi su rface —=np. 9/40



Centre sector tunneling:

Hypothesis:

e |ntegration over moduli ) average of centre sectors
) con nement!
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) con nement!
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Centre sector tunneling:

Hypothesis:

e |ntegration over moduli ) average of centre sectors
) con nement!

¢ decon nement. only one state on moduli space is realised
remarks: needs in nitely many dofs ( SSB)
MC simulation better be ergodic
| hr Pi =0 also for T > T geconi

e« dynamical matter ( QCD!): at directions of the vacuum
are lifted, but centre sector tunneling still takes place
In the hadronic phase
extreme conditions: SSBof centre symmetry
on top of explicit breaking

Centre-sector tunneling, con nement and the quark Fermi su rface —p. 10/40



Centre sector tunneling:

‘ lllustration: I

e classical action ) moduli space
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Centre sector tunneling:

‘ lllustration: I

¢ guantum effective action, pure YM ) centre sectors

centre sectors
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Centre sector tunneling:

‘ lllustration: I

¢ gquantum effective action, QCD ) centre sectors

QCD: hadronic phase
tunneling

[ )
O\/ \
centre sectors vacuum
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Centre sector tunneling:

‘ lllustration: I

guantum effective action, QCD ) centre sectors
QCD: hadronic phase QCD: extreme conditions
tunneling SSB
@) (©)

NN A

centre sectors vacuum centre sectors vacuum
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i Centre sector tunneling:

...before discussing whether centre sector tunnelling In
QCD takes place,
| discuss the phenomenological impact
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{ Centre sector tunneling:
]

...before discussing whether centre sector tunnelling In
QCD takes place,
| discuss the phenomenological impact

consider SU(2N) + dynamical matter ( QCD-like theories )
at nite chemical potential

) Fermi-Einstein-Condensation (FEC) (

..will talk about SU(3) + matter = QCD later
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Fermi-Einstein-Condensation (FEC)

Model consideration:

g(x): quarks, m: mass, :chemical potential
Am: moduli elds ) weighted sum over centre sectors
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Fermi-Einstein-Condensation (FEC)

Model consideration:

g(x): quarks, m: mass, :chemical potential
Am: moduli elds ) weighted sum over centre sectors

partition function: expfiIAmg=Zm 2 Z(N¢)

-

P R . . .
Z = MNep, DgDgexptq(i@ (An+i ) o+ im)ag

Om - probability for centre sector m

pure YM-theory: Pm = 1=Ng, 8m

high T SSB phase: pn. =1,pn=0form=1:::N. 1
hadronic phase: Pne > P60 form=1:::N, 1

[Langfeld, Wellegehausen, Wipf, Phys. Rev. D81 (2010) 1145 02]
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Fermi-Einstein-Condensation (FEC)

Results for baryon density:

(E;T; ): density of states
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Fermi-Einstein-Condensation (FEC)

Results for baryon density:

(E;T; ): density of states

D)

B
(E;T; )= s Win

m eE  IFT + 7,

Zm . centre phases, wq,: weights
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Fermi-Einstein-Condensation (FEC)

Results for baryon density:

(E;T; ): density of states

D)

. . v Z .
(E1T1 ) — m e[E - Wm )

=T + 721

Zm . centre phases, wq,: weights

P 0

=exp % ~dEE EZ mZIn(l+ze T)
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Fermi-Einstein-Condensation (FEC)

(1) high temperature phase

remember:

sector probability:  py, =1,pn=0form=1:::N, 1
centre element: Zn, = 1

weights: WN, = N.= N, =1,Wpn =0 else
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Fermi-Einstein-Condensation (FEC)

(1) high temperature phase

remember:

sector probability:  py, =1,pn=0form=1:::N, 1
centre element: Zn, = 1

weights: Wi, N.= Ne = 1,wy, =0 else

free quarks with a Fermi surface !!
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Fermi-Einstein-Condensation (FEC)

(1) hadronic phase (N, even)

sector probability:  py. > pn 60 for m=1:::N, 1

centre element: Zn.=2 = expfiz- N 2 =g = 1
' . ch—Z Nc=2 —
weights: Whe=2 5o s 1,w, Oelse

A R p - @)

N2 = €xp % “dEE EZ mZin(l e T) ! 1

Cooper instability familiar from BEC !
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Fermi-Einstein-Condensation (FEC)

(1) hadronic phase (N, even)

sector probability:

Pne > P60 form=1:::N, 1

centre element: Zn, = = expfi ,fl— Beg = 1
weights: Wi .= E:Ci =1, wy Oelse
I v Rl p @)
N2 = €xp 5 ~dEE E2 m2Inl e 7 ) ! 1

Fermi-Einstein Condensation (FEC) !
[Langfeld, Wellegehausen, Wipf, Phys. Rev. D81 (2010) 1145
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Fermi-Einstein-Condensation (FEC)

2 T T | T | T |
__ — high temperaturg __
1.75 — hadronic phase mT =10
1.5 -
—~ 1.25~ -
e | 1
- |
U _
T 0.75 .
05 FEC i
. 2 Fermi sphere . I nterpretatlon :
0.25— _
L m i
0 1 | 1 | 1 | 1 | 1 | L | 1
0O 025 05 075 1 125 15 175 2
E/T
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Fermi-Einstein-Condensation (FEC)

2 T T | T | T | T

__ — high temperaturg —
1.75 — hadronic phase mT =10

1.5 -

1.25+~ _

r (E,Tm)

0.75

0.5— Fermi sphere I nterpretatlon -
0.25—
I PR I I r|n L P
25 05 075 1 125 15 175 2
E/T

0 |

0 O.

centre dressed quarks acquire Bose statistic
and condense because of a Cooper instability
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Fermi-Einstein-Condensation (FEC)

2 T T | T | T | T
__ — high temperaturg ]
1.75 — hadronic phase mT =10
1.5 -
—~ 1.25~ —
e |
= _
w
T 0.75 .
0 5' FEC
. 2 Fermi sphere I nterpretatlon -
0.25— _
i m
0 1 | 1 | 1 | 1 | 1 | L | 1
0O 025 05 075 1 125 15 1.75 2
E/T

centre dressed quarks acquire Bose statistic
and condense because of a Cooper instability

quarks are still represented by Grassmann elds
but the spin-statistic theorem does not apply
as long as colour iscon ned
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Centre sector tunneling:

!

Does centre sector tunneling take place in

In the phase of ?

QCD: hadronic phase
tunneling

o
N

centre sectors vacuum
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Model considerations:

The SU(2) -gHIiggs model

Degrees of freedom:
gluons ' U (x)
Higgs (scalar, fundamental rep.) ! (X)
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Model considerations:
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Couling constants:
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Model considerations:

The SU(2) -gHIiggs model

Degrees of freedom:
gluons ' U (x)
Higgs (scalar, fundamental rep.) ! (X)

Couling constants:
bare gauge coupling ' g$
Higgs mass ! . mass/ 1=
NO Higgs quartic coupling  (quadratic Higgs)

need good ergodcity
IHMC for the gluon sector
HMCfor the Higgs sector
simulations at the  HPCCPlymouth
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Model consideration:

String breaking

Pure Yang-Mills theory [no dynamical quarks]

electric flux tube: E~sr
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Model consideration:

String breaking

Pure Yang-Mills theory [no dynamical quarks]

electric flux tube: E~sr

QCD [with dynamical quarks]

string breaking: E~sr~2m |

A
Y

r
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% Model consideration:

su(2) 28 b=2.2 k=0.14220,000 configs SU(2) +gHiggs:

4 I | I | I | I | I | I | I | I | I | I
carefully tune the
I bare mass ()
3 - —
©
T2 -
>
1 - —
o—eo ground state
i o—=a excited state |
KL, HPCC Plymouth
0L T T I AT NI IR T R N
o 1 2 3 4 5 6 7 8 9 10

r/a
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% Model consideration:

SU(2) 20 b=2.2 k=0.14220,000 configs SU(Z) +qH |gg S
4 I | I | I | I | I | I | I | I | I | I
carefully tune the
I | bare mass ()
3+ _
© shows string breaking
2 —
< breaks center symmetry
- 1 abundance of congs
1+ _
o—eo ground state
- o—a excited state
KL, HPCC Plymouth
0L I S EIR I NI ST R S R
0 1 2 3 45 6 7 8 9 10
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Centre sector tunneling: YM + qHiggs

Dp 0 E
Polyakov line: P = . ¢ Uo(x1)
0.025— —
0.02 —
= 0.015- -
N 3
al 6—© 24 x 6, pure YM
V'o0.01- 5830 x 6, pure YM  —
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Centre sector tunneling: YM + qHiggs

Dp Q E
Polyakov line: P = . Uo(¢ 1)

0.025-
0.02—
. i
= 0.015-
N B 3
al 6—© 24 x 6, pure YM
V'o0.01- &—a 30 x 6, pure YM —

o0 24> x 6, YM + g Higgs -

shift of Tg:
30MeV |  17MeV
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Centre sector tunneling: YM + qHiggs

A lesson from the Ising model :

vacuum 1l , cenrew  Vacuum 2
& e—eo —+9 tfransf. e—e—e )
® o o o ® o o o
® o o o ® o o o
O O
(6—e—o—o +1 (0 —o—o—9 -1
reference spin /
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Centre sector tunneling: YM + qHiggs

A lesson from the Ising model :

magnetisation:

vacuum 1l , cenrew  Vacuum 2
¢ e—eo o ftransf. o—e—e o
® o o o ® o o o
® o o o ® o o o
O ®
(6—e—o—o +1 (0 —o—o—9 -1
T~ reference spin /

AMI =0 (Swendsen-Wang cluster alg)
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Centre sector tunneling: YM + qHiggs

A lesson from the Ising model :

vacuum 1l , cenrew  Vacuum 2

@ e—o o transf. e—e——@ ®

O
(6—e—o—o +1 (0 —o—o—9 -1
T~ reference spin /

magnetisation: AMI =0 (Swendsen-Wang cluster alg)

3

D P E < 3= nite, symm. phase
use: M)  M(x) /

V3 SSB phase
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Centre sector tunneling: YM + qHiggs
8
<

D p E

| 3 = con nement phase
Polyakov line: p(0) ., p(x) /

V3 high T phase
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Centre sector tunneling: YM + qHiggs

8
D p E <

| 3 = con nement phase
Polyakov line: p(0) ., p(x) /

V3 high T phase

12 B T T T T |
o 243 X 6, pure YM

"| o 30°x86, pure YM
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Centre sector tunneling: YM + qHiggs

8
D E <

| = 3 = con nement phase
Polyakov line:  p(0) , p(x) /

V3 high T phase

T | T | T | K T

12H 3 A =

O 24 x6, pure YM &

A
o 30°x 6, pure YM =
3 . a
10 ¢ 166, YM + gHiggs .3 —
. &
A 28%6, YM+ qHiggs

data suggest tunneling
for < .

depsite of explicit
centre symm. breaking
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Centre sector tunneling: 't Hooft loop

centre sector transformation: | ilj 4 i
Wigner Weyl: h j¢ i =1
SSB: hij“ i=0; (Vs!1 )
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Centre sector tunneling: 't Hooft loop

centre sector transformation: | ilj 4 i
Wigner Weyl: h j¢ i =1
SSB: h jé i :?; (V311 )
h je 75T j% | 1 for Wigner Weyl

consider;, P——————— =
hje "0y i 0 for SSB
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Centre sector tunneling: 't Hooft loop

centre sector transformation: | ilj 4 i
Wigner Weyl: h j¢ i =1

SSB: h j? i:?; (V311 )
_ h je H=Tj% | 1 for Wigner Weyl
consider: Pz =
e 0 for SSB
/ /]
S/
/// // // \

Centre-sector tunneling, con nement and the quark Fermi su
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% Centre sector tunneling: 't Hooft loop

centre sector transformation: j i!j 4 i
Wigner Weyl: h j¢ i =1

SSB: h j? i:((); (V311 )
_ h je =Tj% | 1 for Wigner Weyl
consider: P———+—+ =
hje ™) 0 for SSB
N\
i /
yars variable subs. Vv \
S/ / / \
/77T 7
// / 't Hooft loop!
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Centre sector tunneling: 't Hooft loop

pure SU(2) YM-theory: “x e

08 r N 634 —— |

[ de Forcrand, v. Smekal, % IS
06 | i

PRD 66 (2002) 011504.] % 12%4 8

0.4} ™
EANIN
N ;\\\n
0.2 x N )
* \\\x\\‘ ]
0 B e L
0.6 0.8 1 1.2 1.4 1.6 1.8 2
TIT,
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Centre sector tunneling: 't Hooft loop

1 ”M"xﬁ ‘ ‘ ‘ ] 1
pure SU(2) YM-theory: o e
08 N\ 634 —+—
[ de Forcrand, v. Smekal, N IS
0.6 - 1ozx4 rrrrrrrrr
PRD 66 (2002) 011504.] ‘%% 12%4 - o
I
02t X %
0+ | | ;*2% ffffffffff ‘*77
0.6 0.8 1 1.2 1.4 1.6 1.8 2
T/T,

also: 't Hooft loop $ vortex free energy
[Kovacs, Tomboulis, PRL 85 (2000) 704]
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Centre sector tunneling: 't Hooft loop

T T T

pure SU(2) YM-theory: o

[ de Forcrand, v. Smekal, | 2 gzii e
PRD 66 (2002) 011504 > %\% 12
also: 't Hooft loop $ vortex free energy

[Kovacs, Tomboulis, PRL 85 (2000) 704]

t Hooft loop with dynamical matter 27?7

‘ here: h j* i welldened $ centre sector tunneling I
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Centre sector tunneling: 't Hooft loop

pure SU(2) YM-theory: 4
08 r R 64 —— [
[ de Forcrand, v. Smekal, N\ IS
0.6 k- 1ozx4 e
PRD 66 (2002) 011504.] ) 12%4 o
02}
ok 1 1 1ml*;;T\“—’;M:jé;:;;:;r:;;;;i
0.6 0.8 1 1.2 1.4 1.6 1.8 2
T/T,

also: 't Hooft loop $ vortex free energy
[Kovacs, Tomboulis, PRL 85 (2000) 704]

t Hooft loop with dynamical matter 27?7

‘ here: h j* i welldened $ centre sector tunneling I

dif cult to calculate with dynamical matter
[100,000 configs]
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Centre sector tunneling: 't Hooft loop

pure SU(2) YM-theory: 20
0.8 r x% J
[ de Forcrand, v. Smekal, i e
06 :« 103X4 K
PRD 66 (2002) 011504.] ] 12%4 o
“ o
02}
0 e B :;—::;1;i;’;:::32:;—;;;—;::;;&::_,
06 08 1 12 14 16 18 2
T/T,

also: 't Hooft loop $ vortex free energy
[Kovacs, Tomboulis, PRL 85 (2000) 704]

t Hooft loop with dynamical matter 27?7

‘ here: h j* i welldened $ centre sector tunneling I

dif cult to calculate with dynamical matter
[100,000 configs]

need something else....

Centre-sector tunneling, con nement and the quark Fermi su rface —p. 31/40



Interface tension: YM + gHiggs

A lesson from the Ising model :

vacuum 1 vacuum 2
o O o—o oo o o ®
0_50 ® © o—o o o ®
@
o—gfo ® ® e o ) °® ®
o - o6—o o—o—0 o0 o ®
' periodicity T

e+l —— bond:-1 e -1
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Interface tension: YM + gHiggs

A lesson from the Ising model :

vacuum 1 vacuum 2
e © o—o ® o—o o ®
G0 e o o—e o o o
e
o—gfo o o e o ) o ®
o O o o—o o—o o ®
' periodicity T

e+l —— bond:-1 e -1

Interface energy: F
expf F =Tg — partion function

partion function

Centre-sector tunneling, con nement and the quark Fermi su

rface —p. 32/40



Interface tension:

De ne: Polyakov lines

N

b
Pe= w QtUo(x) e
P. = | tr . Up(X)

Centre-sector tunneling, con nement and the quark Fermi su rface —p. 33/40



Interface tension:

De ne: Polyakov lines
_P Q N

P< = p V- tr — Uo(x)

P> - Vs tr tUO(X)

Center map: C(P)
C=n:P2C! 2z,
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Interface tension:

De ne: Polyakov lines
_P Q N

P< = p V- tr — Uo(x)

P> - Vs tr tUO(X)

Center map: C(P)
C=n:P2C! 2z,

Centre Interface eﬂergy: Fim

expf Fon=Tg= < DUD m;C(P.) n;C(Ps) ¢
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Interface tension:

De ne: Polyakov lines
_P Q N

P< = p V- tr — Uo(x)

P> - Vs tr tUO(X)

Center map: C(P)
C=n:P2C! 2z,

Centre Interface eﬂergy: Fim

expf Fon=Tg= < DUD m;C(P.) n;C(Ps) ¢

‘Tunneling coef cient: I

probability C(P.) and C(P-) are different

Centre-sector tunneling, con nement and the quark Fermi su rface —p. 33/40



Interface tension: YM + gHiggs

tunneling coefcient for  SU(2):

tunneling I 1=2

C(P<) | 1 1 +1 41 SsB 1 0
C(P>-) | 1 +1 1 +1 '
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Interface tension: YM + gHiggs

tunneling coef cient for
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Interface tension: SU(3) + quarks

tunneling coefcient for  SU(3):

tunneling | 2=3

cP)| 1 1 0 0 41 + SSB I 0
cP-)| 1 0o +1 1 0 1 '
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Interface tension: SU(3) + quarks

tunneling coefcient for  SU(3):

tunneling | 2=3

cP)| 1 1 0 0 41 + SSB I 0
cP-)| 1 0o +1 1 0 1 '

SU(3) Staggered Dynamical Nf=2 m=0.0125
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' I ' I ' I ' I
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ﬁ Centre sector tunneling:

evidence that centre sector tunneling take places in

iIn the hadronic phase of QCD !

QCD: hadronic phase
tunneling

o
N

centre sectors vacuum
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Centre sector tunneling:

evidence that centre sector tunneling take places in

iIn the hadronic phase of QCD !

QCD: hadronic phase
tunneling

IS there for SU(N), o
N odd, such as ?
+ |
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centre sectors vacuum
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Fermi-Einstein-Condensation (FEC)

Model consideration: SU(3)

g(x): quarks, m: mass, :chemical potential
Am: moduli elds ) weighted sum over centre sectors
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Fermi-Einstein-Condensation (FEC)

Model consideration: SU(3)

g(x): quarks, m: mass, :chemical potential
Am: moduli elds ) weighted sum over centre sectors

partition function: expfiIAmg=Zm 2 Z(N¢)

-

P R . . .
Z = MNep, DgDgexptq(i@ (An+i ) o+ im)ag

Om - probability for centre sector m
nadronic phase: Om  1=Ng, 8m
nigh T SSB phase: pn. =1,pn=0form=1:::N. 1
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—ermi-Einstein-Condensation (FEC)

high- T SSB phase
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—ermi-Einstein-Condensation (FEC)

— high T(SSB) |
— hadronic —

Fermi sphere of quarIZ;
| quarkyonic (?!)

high- T SSB phase
guarkyonic phase
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—ermi-Einstein-Condensation (FEC)

£ESB
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ﬁ Conclusions:

Sum over Yang-Mills moduli ) con nement

Yes, there is a QCD perturbation theory with con nement!

guantum level: centre-sector tunneling ) con nement
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ﬁ Conclusions:

Sum over Yang-Mills moduli ) con nement

Yes, there is a QCD perturbation theory with con nement!

guantum level: centre-sector tunneling ) con nement

Phenomenology of centre-sector-tunneling
effective quark theory ) Cooper instability

‘ Fermi-Einstein condensation in SU(N) QCD-like theories I

N even [analyticall , N odd [numerical]
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ﬁ Conclusions:

Sum over Yang-Mills moduli ) con nement

Yes, there is a QCD perturbation theory with con nement!

guantum level: centre-sector tunneling ) con nement

Phenomenology of centre-sector-tunneling
effective quark theory ) Cooper instability

Fermi-Einstein condensation in SU(N) QCD-like theories

N even [analyticall , N odd [numerical]

Evidence that centre-sector-tunneling takes place

In the hadronic phase:

lattice gauge simulations : SU(2) + qHiggs, SU(3) + Ny =2
I tunneling coeffcient

generalised 't Hooft loop (h j4 i) with dynamical matter...
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