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1. Polyakov-loop model



Hidden global symmetry

QCD Lag. invariant und_er SU(3) gauge transf.
A, (z) _>Qf(;r)4.4&(.-;?)52(._1.»)+ij‘s'zf( 1)9,9(x), ¢(z) = Qa)q(z)
(

Q(z) € SU(3) thus QN(2)Q(z) =1, detQ(z) =1
dConsider €2 (x)=C21 as a subset:

() = 0 e2mi/3 0 — 2™/31 | det Q) = (t‘:f%f/g):j =1

0 0 E.,,_Q?r-z‘. /3
dUnder this transf.
Au(z) — e 2P AL(2)e?™P = Au(x), q(z) = ™ 3q(x) # q(z)

Invariant NOT invariant



Hidden global symmetry

JAIl such phases are
)y =31, Qp=e"2™131, Qs =1
—2>When no quarks, the system is invariant
under the above transfs.

- Z(3) symmetry — discrete and global

dIn SU(Nc), Z(Nc) symmetry transf. is given by
O=e"1; =g /N, (§ =0,1,3s ; Ns — 1)
NOTE: Quarks break this symmetry explicitly.



Z(3) invariants

JPolyakov loop

L(Z) = Pexp{ "

dr Ao(#, 7)|
L(£) = Q' (£, 1/T)L(z)Q(Z, 0)
&1/ T)= e'?Q(z,0)
JUnder gauge transf.
= (1/3)tr [L()] — €*™/3® ,(n=0,1,2)

- Z(3) invariants are

ol | CI)‘LS n P> < building blocks of

effective potential



Confinement vs. Z(3)

JFree energy of a static quark [mcLerran and svetitsky]

7] =0 confined, Z(3)unbroken
2 _F( 4 T . ’
(®(z)) ~ € 1(z)/ {74 ) deconfined, Z(3) broken

JConfining vacuum:
" Domains of Z(3) phases
= Randomly distributed "

o ermc 9—“

>




Deconfinement in YM

L Effective potential [Pisarski (2000)]
U (D, d; i bo - b3 by

— e PDP — (IJ (I: DD
T 5 (27 + @) + )?

—2Introducing T-dep. in b2 = phase transition
JFit to lattice YM-EoS [Ratti et al. (2006)]

bo(T) = ag+ a1 (1y/T) + ay ('TO/T)Q + as (T[]/T)B

a a1 a9 a3 b3 by

6.70 —19 262 —/744 0.7 1.0




[Figures taken from Ratti et al. (20006)]
Deconfmement in YM
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[Technical details and applications in CS and Redlich (2012)]

A little bit more

db2(T): where T-dep. comes from? = gluons
B ) AH - AH T QA/I
A= Afouo, Ag = AT . Ao

Z Indet (D'} =1Indet (1 — L-Ae_m/T

! “( 3) 8 r ( , )
La(Ay, Ay) = La(o1, ¢9)

dThe entire potential 2 = Q2 + Qi

" d3p °
— ?T/ iy 1+ . (D, D ) E_u_”"ﬁ &k
. BT WP

1 const. parameter!

Offgar = ) In {1 _ 60D + 4 (qﬁ @3) 3 (mﬂ




With quarks???

How good is the Z(3) symmetry in QCD?
JGood symmetry when mqg = o0
JExplicitly broken in QCD:

* Heavy quarks: may be softly broken

" Light quarks: badly broken
J(Naive) implementation as in PNJL/PQM
= Might be risky
" Might be fine when looking at fluctuations?
Cf. Lo, Szymanski, Redlich and CS (2018)



2. Nambu—Jona-Lasinio model



What emerges when mq = 0?

ASpin projection onto the momentum vector
Opeliatol 5 E p—:_uu‘[/Q — r§}. ]j-}unit s hﬁh(ﬁ?ty
Yr: helicity —1/2, ¢g: helicity 1/2 particles

1 — e il i left right
dI. = h}(j- dR = ’r'Jg. spin
; > >
momentum

L = qriv"ouqr, + qrin** Ougr + my(qrar + drar)

e — — L _l = |_
m=0 |m 0 |

Mq=0 limit
- No L-R mixing
—> Chiral symmetry




Spontaneous symmetry breaking

e.g. complex scalar theory
L=0,0"0"p— "¢ 6 — Mo o)
dGlobal U(1) symmetry and commutators
d— & =~ (14+i0)p, o — 7 = e i (1 —1i60)p
100, p| = i0p =0, [i0Q, P*] = —ifp* = do*

If u %>0:
(01[Q. ¢][0) = (0]¢]0) = 0
If u %<0:
011Q.6110) = (O10I0) = v/¥2



Spontaneous symmetry breaking

JGoldstone’s theorem: when a global
continuous symmetry is spontaneously
broken, a massless scalar particle emerges.

dIf a symmetry charge doesn’t annihilate the
vacuum, non-vanishing VEV emerges:

Q0Y #0, (0|Q #0
(0[[Q, ¢]|0) = (0[¢]0) = v/V2

JQCD: pions (mpi = 140 MeV << mrho, mN) as
approximate NG bosons (mq small but finite)



Consequences as LETs

JPartially conserved axial-current
Ik 2 0
a JA‘lL o fﬂ'mﬂ'w Jj.,u — ig,uf’irﬂ_a — f’frauﬂ_a
dGell-Mann—0Oakes—Renner relation
2 r2 —
mﬂ'fﬂ' o —mQ<QQ>
JGoldberger—Treiman relation

f rYr NN — QH]NQ A



Nambu—Jona-Lasinio model

G

Lagrangian £ = Vi + N (D) + (Pivse))?]

N-component fermion
7,9 — (Qrulf ?erj T ?ﬁ’yN)
JU(1)L x U(1)R chiral symmetry

J:Z_.!
10R, | 6
vp — e"Bhp, Y — et Yg

T e T e G
L =Yidvr + vridhg + v
JGenerating functional *

_ /pr& ei fdél:ﬁﬁ

(Vrtr) (UrL)



Effective potential

dBosonization O ~ ?/;?7@ T a 7/})/57#

JLarge N approximation

- leading-order eff. Potential

L . d*k:
Vie,m) = (2+ﬁ2)j[ i lnt{i'[ﬁ—— w/n

1G (27
]. ) 2 ) {{—1}{1 9 9 5
= 75+ ) — 2 ] + 7 — kT .
g’ tT) / (272 njs |

- k-integral needs to be regulated --- cutoff A\



Self-consistent equation
dExpanding it for a large \;

: o 1 A=Y 1 .
V(e,n) —V(0,0) = (40 %»—3) o = (4(; ~Ic ) o

. - _ 9, 9 ? 22
with 0" =0+ 7" and ., =
A2

AStationary condition
OV [ i 1 o A
= —|lpu =0 — — - | ~-In( 1+ —

ErL el e ( f’)_

= |f G < @Gcr, trivial solution 0o=0
= |[f G> Gcr, 2 solutions, 0o=0and 0o # 0
-2 V(0) > V(0T o #0)

Critical coupling
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[e.g. Meisinger-Ogilvie, Fukushima, Ratti et al., CS et al., Schaefer et al.]

Putting Polyakov-loops

Lagrangian based on chiral & Z(3)
£ = 0D — m+ o)+ [ (60)? + (Bins7)?] —U(@.8:T)
JdCovariant derivative

Dy=0,—iA,, A=A

JThermodynamics potential — mimicking conf.

o (m— M)* &p d*p (+) s
AT, ) = U+ — 12 = 1T (gﬁ)z{hlf +Ing }

with
Q(+) =1+3d E:_(Ep_“)/T 1+ 3 6'_2(EP_1"’)/T + 6_3[ Ep—p) /T
) =143 Epti)/T 4 3¢ o= 2Epti)/T | o=3(Ep+i)/T



QCD Phase transition

JModifications of particle properties due to a
phase transition — critical behaviors

JHow to quantify them?
- QCD vs. models: the same symmetry

JUniversality hypothesis: critical behaviors are
model-independent



