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(DE-)CONFINEMENT IN GAUGE THEORIES



(DE-)CONFINEMENT ORDER PARAMETER

> order parameter: Polyakov loop (POLYAKOV'78; SUSSKIND'79)

L(x) = 1 P exp (i/ﬂ TAo(X)> t‘
c 0 \

> heavy-quark free energy
<trFL(x)> ~ e F
confinement: F—-oo < (L)=0 SYM 2y,

deconfinement: F<oo <<= (L)#0 SSB Z,

[TALK BY F. MARHAUSER]



PERTURBATIVE ORDER-PARAMETER POTENTIAL
> e.g., perturbation theory in background-field gauge:

1 - -
Voert(Ao) = 5 Tretx IN Gty guion[Ao] — Trox In Gty gnost Ao

N =

> perturbative propagators
—1 —1 2
Gpert,gluon’ Gpert,ghost ~ P

> Ap background

= Gp_e1rt,gluon(AO)a C';p_e1rt,ghost(AO) ~ —D? [Ao]



PERTURBATIVE ORDER-PARAMETER POTENTIAL
> e.g., perturbation theory in background-field gauge:

1 - -
Voert(Ao) = 5 Tretx IN Gty guion[Ao] — Trox In Gty gnost Ao

N =

> background field in Polyakov gauge
Ao = Ao(X) € Cartan, e.g. for SU(2): A3 = Ay0®
> e.g., SU(2) order parameter

Ao(X)  L[(A0)] > (L[Ao])
oT —

treL(X) = cos confinement: </¥’> =7



PERTURBATIVE ORDER-PARAMETER POTENTIAL

> e.g., perturbation theory in background-field gauge for Ay =const.

Voert(Ao) = T i cos (27rn )

(WEIss'81)
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PERTURBATIVE ORDER-PARAMETER POTENTIAL

> e.g., perturbation theory in background-field gauge for Ay =const.

Voert(Ao) = T i cos (27rn )

(WEIss'81)
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PERTURBATIVE ORDER-PARAMETER POTENTIAL

> e.g., perturbation theory in background-field gauge for Ay =const.

Vpert (AO

0.4
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> COos (271’[’7 )

= —— 42

(WEIss'81)
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PERTURBATIVE ORDER-PARAMETER POTENTIAL

> e.g., perturbation theory in background-field gauge for Ay =const.

©_ CO0S (27rn )

Vpert(AO = T Z
(WEISS'81)
0.4
0.2
Vpert
dominated by
k~2rT S

-0.4




PERTURBATIVE ORDER-PARAMETER POTENTIAL
> e.g., perturbation theory in background-field gauge:

1 - -
Voert(Ao) = 5 Tretx IN Gty guion[Ao] — Trox In Gty gnost Ao

N =



PERTURBATIVE ORDER-PARAMETER POTENTIAL
> “improved” potential

1

Vimpr(A0) = 5 TreLy In GguonlAdl — Trex In Gyt [Ao]

| =



PERTURBATIVE ORDER-PARAMETER POTENTIAL
> “improved” potential

1

Vimpr(A0) = 5 TreLy In GguonlAdl — Trex In Gyt [Ao]

| =

> Vimpr(Ao) dominated by modes k ~ T

. —1 —1 2
uv: Gpert,gluomGpert,ghost ~p



PERTURBATIVE ORDER-PARAMETER POTENTIAL
> “improved” potential

1

Vimpr(A0) = 5 TreLy In GguonlAdl — Trex In Gyt [Ao]

| =

> Vimpr(Ao) dominated by modes k ~ T

IR (k < AQCD) . G—1 ~ ('02)1+:1A7 G—1

211+
gluon ghost ™ (p7)' e



PERTURBATIVE ORDER-PARAMETER POTENTIAL
> “improved” potential

1

Vimpr(A0) = 5 TreLy In GguonlAdl — Trex In Gyt [Ao]

| =

> Vimpr(Ao) dominated by modes k ~ T

IR (k < AQCD) . G—1 ~ ('02)1+:1A7 G—1

211+
gluon ghost ™ (p7)' e

> Ag background

In(—~D?[Ao])"*" = (1 + &) In(~ D?[Ao])



ORDER-PARAMETER POTENTIAL

> |OW-eneI’gy effeCtlve potentlal (BRAUN,HG,PAWLOWSKI'07)

Vir(Ao) ~ {d21(1 + Ka) + % -(1+ nc)} %Trln (— D?[Ad))



ORDER-PARAMETER POTENTIAL

> |OW‘energy effeCtlve potentlal (BRAUN,HG,PAWLOWSKI'07)
d—1 1 1 »
VR(A)) ={ ——(1 +ra)+ 5 —(1+ke)p =Trin(— D?[Ad))
2 2 —2(a
M ¥ ghosts
transv. gluons long. gluons ~ Vpent

> confinement criterion (Landau gauge)

04
d—2+(d—1)ka—2rc <0 °‘2R /

-02
D d == 4 —04
3ka—2Kke < —2

> quark confinement induced by:

IR gluon suppression and/or ghost enhancement



CONFINEMENT CRITERION

(TAYLOR'71)
(ZWANZIGER'02; LERCHE,VON SMEKAL'02)

> Landau-gauge sum rule
(SCHLEIFENBAUM,MAAS,WAMBACH,ALKOFER’05)
(CUCCHIERI,MAAS,MENDES’08)

4
OZHAJrZIindT

> quark confinement

(BRAUN,HG,PAWLOWSKI'07)



CONFINEMENT CRITERION (d = 4)

> quark Conﬁnement (BRAUN,HG,PAWLOWSKI'07)
S 1
K> —
4

> Kugo-Ojima color confinement (KUGO,0mA'79)
k>0

> Gribov-Zwanziger color confinement (GRIBOV'78, ZWANZIGER'94,04)

K> (horizon condition)

N —



FUNCTIONAL RG



FUNCTIONAL RG FLOW EQUATION

IR: &k — 0 * Uv:k— A

k

Tr 1 0t Ry

(‘Mk = k(?krk = (2)
rk + Rk

N —

(WILSON'71; WEGNER&HOUGHTON'73; POLCHINSKI'84; WETTERICH'93)



FUNCTIONAL RG FLOW EQUATION

1 1
Py T (—61‘Rk
2 + R

Rﬁ.‘.‘
T T

ol =

> quantum fluctuations:




FUNCTIONAL RG FLOW EQUATION

1 1
Tr —8tF1’k

ok = 5
2 ( + Ry

> quantum fluctuations:
Oy Ry,

R, P
m




FUNCTIONAL RG FLOW EQUATION

1 1
Tr —8tF1’k

ok = 5
2 ( + Ry

> quantum fluctuations:
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Rff
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FUNCTIONAL RG FLOW EQUATION

1 1

ol = = Tr (—5th’/<
2 + R
> quantum fluctuations:
atRk:
Ry,
il ™

o



FUNCTIONAL RG FLOW EQUATION

1 1

ol = = Tt ———0:Rx
2
2 FE() + Rk
> RG trajectory: Tk=n = Svare = [ §FZ,FZ, + ¥ (i + gA ¥
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FUNCTIONAL RG FLOW EQUATION
1 1

= I —GtH’k
2 ( + Rk

/UV

ol =

> RG trajectory:

theory space
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FUNCTIONAL RG FLOW EQUATION
1 1

Tr —6tF1’k

Ok = 5
2 ( + Rk

> RG trajectory:
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FUNCTIONAL RG FLOW EQUATION

1 1

ol = 5 Tr (— 0t R
+ R
> RG trajectory: Mko="T
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FUNCTIONAL RG FLOW EQUATION

1 1
Ol k > Tr (— 0t R
+ Rk
> RG trajectory: R« scheme independence




FUNCTIONAL RG FLOW EQUATION

1 1

Ok = 5 Tr ———0tRx
2 ( ) + Ry
> RG trajectory: truncation
A
Uv
D
8
&
=
3
= icS
R uosye®

quark dynamics



FUNCTIONAL RG FLOW EQUATION

1 1
6trk — E TI’ T@tRk
> RG trajectory: truncation
A —
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ORDER PARAMETER POTENTIAL FROM FUNCTIONAL RG

> flow equation

Tr 9:R[T? + RW] !

| =

oy =

]
— I = fTrInr / dkTrTa,r(fuc.t.
2 0 k Fk + Rk

> Ap potential:
MAo] = / d9x V(Ao) + Z(A0)0, Ao, Ao - .
>G- M@ =1

V(Ao) E Tr In G + O(at )



DECONFINEMENT PHASE TRANSITION
> INPUT:

Landau-gauge r® = G-

T=0
4 T T T T T T T
L 31 RG  pawiowski, in preparation |
ES ii;‘g
DSE  smekaletal 97
3l T Alkofer, Fischer 02;... _|
= lattice Leinweber et al ‘98; ...;
2 = Sternbeck et al ‘06;
p2/r( )(pZ) r S Cucchieri et al '07 4
A "
5,
2 e, -
1 -
[ 2
p°[GeV]
0 . | . | . | . | : | .
0 1 2 3 4 5 6

[PAWLOWSKI@ DELTAMEETING’07]



DECONFINEMENT PHASE TRANSITION

> INPUT:

P2 /T (p?)

=

Landau-gauge r® = G-
T=0

0\/\1 ‘ 2 ‘ 3 ‘ ] ' 5
K criterion phase transition

© p?GeV]

mid-momentum regime is decisive



DECONFINEMENT PHASE TRANSITION

> SU(2) A() pOten’[Ia| (BRAUN,HG,PAWLOWSKI'07)

0.4 T>TC

0.2

-0.2

—0.4 T<T. Ao/ T




DECONFINEMENT PHASE TRANSITION

> SU(2) 2nd Order phase ’[I’ansi’[ion (BRAUN,HG,PAWLOWSKI'07)

1

0.8

0.6 -

L[<Ag>]

04

0.2

0

09 095 1 105 11 115 12 125
TIT,

T.//o = 0.614 + 0.023, cf. lattice: To/+/& ~ 0.709

(KACZMAREK ET AL.02)



DECONFINEMENT PHASE TRANSITION

> SU(8) Ap potential (BRAUN,HG, PAWLOWSKI'07)

TR

N
N

L%

T>T. T<T.



DECONFINEMENT PHASE TRANSITION

> SU(S) 1St Ol’del’ phase transition (BRAUN,HG,PAWLOWSKI'07)

1

0.8

0.6 -

L[<Ag>]

04

0.2

0

09 095 1 105 11 115 12 125
TIT,

T./Vo =0.646 £0.023 = T,~284MeV,  cf. Lattice: T./\/o ~ 0.646

(KACZMAREK ET AL.02)



ERROR ESTIMATE

1 1 ™ dk 1
r - zTr|nr<2>—— / d—Tr—Qtrf)

gy
lattice (mid momentum!) RG flow
@ T=0

> Ao fluctuations neglected: I'® ~ —92 + V//(A)
o

O
<&'
7

sze/@l/ SU(3): 1st order
e

SU(2): Ising universality class

Y/



RG Flow towards the Chiral Transition



RG FLOW OF THE CHIRAL SECTOR

> effective action:

e = [ 57 (%60 - (F%s0F]

> RG flow

Ne | »
8t)\n' - 2)\0- - m Ad B

Rk




RG FLOW OF THE CHIRAL SECTOR

> effective action:

e = [ 57 (%60 - (F%s0F]

> RG flow

Ot = 2N — —
RG irrelevant

RG relevant
>> 'NJL phase"




RG FLOW OF THE CHIRAL SECTOR

> effective action:

1 5 (0 + 5
re — /ZF5VF5V+' - + 0P+ A Y
1),

t552 (93P — (Pys1°)?]
> RG flow
Ohe = 2\, — % o2 )
_% chvc— 1 N
9 3N2-8 &

- 25672 N,



RG FLOW OF THE CHIRAL SECTOR

> effective action:

1 5 (0 + 5
re — /ZFi”Fi”J“ - + 0P+ A Y
1),

t552 (93P — (Pys1°)?]
> RG flow
_ NC 2 B
81)\0 — 2)\0- - 477[_2 )\a-
3 N2-1 ,
T8z N, I
9 3NP-8 y ‘
25672 N, I ’




CHIRAL CRITICALITY

8t)\,¢ a=0

A

o> critical gauge coupling av,:

= bosonization — ySB:

e\ )
\J|V

[TALK BY B.-J. SCHAEFER]




RG FLOW OF THE CHIRAL SECTOR
> effective action: SU(N;), SU(M)L x SU(N)r

re = f{ FEFE, 4o oo 40200+ Z10A Y
202 (SP) 3 A [a(V-AYS - (1/N6)(V-A)]
+%% (V+A) + ; ?{; (V-A)
> RG flow, e.g.,
Oy = 2\, — #/f’[ﬁ’k] {2Nc A2 = 20N, — 2NiA, Ava — 6/\+)\g}
—#/ﬁfﬁ”[ﬂk] sNCZNjngU 60t
IR k] -8 Y (HG JAECKEL, WETTERIGH'04)

128212



xSB CRITICAL COUPLING

(HG,JAECKEL'05)

1.75

ey 15
1.25
1 N, =2

o7s; ———  IN.=3

o5}
0.25 N. =8

eg., forNo=83=NMN: ., ~0.85



RUNNING GAUGE COUPLING AT FINITE T

10 T T T
:':;one loop (T=0)

Y™

a, (kT)

0.1 ¢

0.1 1
k [GeV]

> T/k — oo: strongly interacting 3D theory

o — —=o3p, 03p — a3px ~ 2.7

T

Background gauge:

(HG'02)
(BRAUN,HG’05)

cf. Landau gauge:

(V.SMEKAL,ALKOFER,HAUCK'97)
(LEINWEBER ET AL'98)
(LERCHE,V.SMEKAL'02)
(FISCHER,ALKOFER’'02)

(ZWANZIGER'02)
(PAWLOWSKI,LITIM,NEDELKO,V.SMEKAL 03)
(FISCHER, HG'04)

(OLIVEIRA,SILVA'04)
(BLOCH,CUCCHIERI,LANGFELD,MENDES'04)
(STERNBECK ET AL.'06)

(MAAS’07)
(CUCCHIERI,MENDES,OLIVEIRA,SILVA'07)

cf. lattice: (CUCCHIERI,MAAS,MENDES'07)



CHIRAL PHASE TRANSITION

> O‘(kv T)

vs. ae(T/K)

o at T=130 MeV
4+ o, at T=130 MeV

o at T=220 MeV
., at T=220 MeV

0.2 I ‘ 0.‘4 OjG
ke k[Gev]

— xSB triggered by ag

T [MeV] H (BRAUN,HG’05)
Ni=2 172 + 37

0.2 ‘ 024 ‘ 0.‘6
k [GeV]

single input: as(m;) = 0.322

T: [MeV] H Lattice (BI) ‘ Lattice (W)

(CHEN ET AL.06) (AOKI ET AL.06)

Ni=3 148 £+ 32

Ni=2+1 || 192(7)(#) | 151(3)(3)



CHIRAL PHASE BOUNDARY T — N:

180 F R (BRAUN,HG'05,06)
160
140
120
100
80 r
60
40 +
20

oL

T . [Mev]

> critical flavor number:

. . . 4
> small Ni: fermionic screening, Sguark ~ %l\lf & ‘."-

NET ~ 12

(CF. APPELQUIST ET AL."96; MIRANSKI, YAMAWAKI'96; HG,JAECKEL 05)



CHIRAL PHASE BOUNDARY T — N:

0.4 — ‘
Ni= 6,T=0 —— 180 |
Ni= 8 T=0 L
03 INj=10,T=0 —— 160
140 |
o 02r —_ L
Q = 120
" o1t =, 100t
©) 5 80|
& o |
01} - | 40 |
' el 20 -

oL

02 R
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
G=a¢/81

> fixed-point regime: critical exponent ©

Bge = —© (9% — g°)



CHIRAL PHASE BOUNDARY T — N:

0.4 ‘
Ne= 6,T=0 180 1
Ni= 8 T=0 L
03 INj= 10, T=0 160
140 |
o 02r = ,
Q = 120
" o1t =, 100t
©) 5 80
a0 F oot
01} - | 40 |
' el 20 -

oL

02 R
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
G=a¢/81

> fixed-point regime: critical exponent ©

Bge = —© (9% — g°)

o> shape of the phase boundary for Ny ~ Nf': (BRAUN,HG'05,06)

Tor ~ ko |Ng — NE|T,  © ~ —0.71



CONCLUSIONS

> Ag potential: quark confinement from color confinement
3ka—2Kkg < —2
quark confinement from IR gluon suppression / ghost enhancement
o> functional RG for I'[¢]
o systematic and consistent expansion schemes for QCD
e chiral symmetry v/

e calculations “from first principles”

> Many-flavor QCD: relation among universal aspects:

shape of the phase boundary < IR critical exponent






Appendix



FUNCTIONAL RG FLOW EQUATION

L Tr 1 0 Rk

N E I’f(z) + Rk

> regulator




RG FLOW OF THE CHIRAL SECTOR

AT

> 2 fixed points per 0:A
— 2% = 16 fixed points

>

|/\ia*| 20
> fixed-point annihilation "
10

eg,N.=N=3

5




CHIRAL CRITICALITY AT FINITE TEMPERATURE

> quark modes:

= 4 @rT(n+ )

O e

— T-dependent

critical coupling:

aor(T) 2 g =~ 0.85

(BRAUN,HG'05)



ERROR ESTIMATE

> regulator dependence

uv
IR IR
R exact solution ‘e truncation
> fermion sector: “optimized” regulator vs. “sharp cutoff” (Lmo1)
@4 _ 1 ema_ o ama_ 3 (F)4 _ (FB)4 _ (FB)4 _
l =3 l1’1 =1 l1,2 =3 VvS. l */1,1 flL2 =1

> anomalous dimensions, momentum dependencies,
higher-order operators ~ 8, etc. ...

> gauge sector: 2-loop, 3-loop, 4-loop 5 function
MS scheme vs. RG scheme  (~10, 30, 50 % variation (?))



xSB CRITICAL COUPLING

N 40 |
30}
20 |

10 ¢

2 3 4 5 6 7 8
Ne

> SU(3) “conformal phase” for

Nier = 10.0 4 0.29(fermion) 5 (gluon) < M < 16.5

(HG,JAECKEL05)



Lessons to be learned for “real QCD”

fermionic screening is rather weak
fermionic truncation (surprisingly) stable in x symmetric phase
phase boundary detectable with fermionic “derivative expansion”

‘real QCD” requires nonperturbative estimate of 3,



