QCD Thermodynamics on the lattice

Frithjof Karsch
Bielefeld University & Brookhaven National Laboratory

Day I:

® Introduction: Dense Matter and Heavy lon collisions

® Finite-T lattice QCD: Chiral symmetry and the hadron spectrum
Day II:

® Chiral (phase) transition: O(4) scaling and T,

® Deconfinement: Polyakov loop and Z(3) symmetry, baryon number
and electric charge fluctuations, the QCD equation of state

o thermodynamics at up # 0 (lectures by C. Schmidt)
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dense: mp ~ 10nnp




From matter to elementary particles...
...to elementary particle matter

temperatures in the early universe after 10—6 sec: ~ 1012 K
density of neutron stars: ~ (3-10)-times nuclear matter density
guark gluon plasma
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From Hadronic Matter to the Quark Gluon Plasma
with the help of Q CD

had dense hadronic ;‘: ""’iMM e
adron gas - ,
J matter o o ; ‘"‘f%&.
(% O s e
4 X £85 S o
7 AN n} A, 5 "44:
4..(§ My P Mf‘l. ” o
@ A
~:'L' {} {”{ «_ | 4\: o, NS QuantumChromoDynamics
D o't s (Fritsch, Gell-Mann, 1972)
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RV n ¢ quarks;
J.C. Collins, M.J. Perry, Superdense Matter: (N2 — 1) gluons;
Neutrons and asymptotically free quarks? _
PRL 34 (1975) 1353 confinement;

N. Cabibbo, G. Parisi, Exponential Hadronic asymptoﬂc S oNE _
Spectrum and Quark Liberation, PL B59 (1975) 67 chiral symmetry breaking;



Creating hot and dense matter in
heavy ion collisions

Creating a QGP in A-A Collisions (RHIC)

beam energy: 200 GeV /A (for Au)
~ (O(1000) particles/event at central rapidity

14 fin

14m "measured” in experiment;

initial (thermalized) energy density using Bjorken formula
e(70) ~ 10 GeV /fm3

70 ~ (0.5 — 1.0)fm

L _ at constant S, Ng
initial temperature;  baryon density

~ 1.5 Tc; #B ~ 50 MeV  need E0S: p(e) = wvs
~ 250 MeV . .

hydrodynamic expansion

(transport coefficients)

T—?

phase transition at T¢ ~ 170 MeV hydro: e()
back to the ordinary QCD vacuum lattice QCD: €(T")

= €(70), Ty = T¢, T¢

observable properties of QGP?




Bjorken formula:
Estimating the energy density of the dense
(thermalized) matter created in an A-A collision

=1 1z
> ->
>n ->

1 1dE

£, =
Y nR't, dy

R ~ 1.2 AY/3fm: transverse radius

To. equilibration time = time after collision
at which "some form of equilibrium” is reached

dEr/dy ~ (ET)dN/dy: transverse energy per unit rapidity




Bjorken formula:
Estimating the energy density of the dense
(thermalized) matter created in an A-A collision

<= = R, >~ 7fm;
« » T0 >~ 1 fm
1 1dE

dN/dy ~ 1000

€p = —— ! y
T R TO dy epj ~ 7 GeV/fm?3

R ~ 1.2 AY/3fm: transverse radius

To. equilibration time = time after collision
at which "some form of equilibrium” is reached

dEr/dy ~ (ET)dN/dy: transverse energy per unit rapidity



Transverse energy in A-A collisions

<dE./dn>vs.\/s,, for Central Au-Au/Pb-Pb Collisions
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® RHIC = LHC: transverse energy (< energy density) doubles;

® initial temperature increase by at least 20% = Ty ~ (2 — 2.5)T.



Heavy lon Collisions at the SPS/LHC@CERN:

A-A collisions since 1986

ﬁﬁﬁﬁﬁﬁ

e i T

Pb-Pb beams: /s = 17.4 GeV/A (SPS)
2.7 TeV/A (LHC)



Heavy lon Collisions at the SPS/LHC@CERN:
SS t.‘nel

#‘Iﬂ. b

!
e

A-A collisions since 1986

Pb-Pb beams: /s = 17.4 GeV/A (SPS)

2.7 TeV/A (LHC)
estimated temperature: Tp ~ (1-1.2) T,

estimated initial energy density:
€0 > (1 —2) GeVIfm®  NA49 event




Heavy lon collisions at the RHIC@BNL:

S, 50 S TER B e i SN

AU-AU beams: /s = 130, 200 GeV/A




Heavy lon collisions at the RHIC@BNL:

......

AU-AU beams: /s = 130, 200 GeV/A

estimated temperature: Tp ~ (1.5-2)T,
estimated initial energy density:
€0 ~ (5 — 15) GeV/fim3

—p. 1



Heavy lon Collisions at the SPS/LHC@CERN:

A-A collisions since 1986

e By e T

ALICE@LHC

Pb-Pb beams: /s = 2.7 TeV/A
(LHC)

estimated temperature:
T() ~ (2 — 3) Tc




Ratios

Particle ratios and
freeze out conditions

plp NA /= Q/Q T/ KKK /T pitKh @/h Alh =/hQ/m*10 ¢ plp KK K/t p/mQ/h*50
vV E S T e - =&
. # STAR = ; >
o = PHENIX : i
— O PHOBOS N —~= : )
— A BRAHMS —%— ‘ : Ry
B 5=130 GeV s S =200 GeV
, Model re-fit with all data TL_ i[ Model prediction for
10 —— T=176 MeV, p, =41 MeV {( | T=177 MeV, p, =29 MeV
| — + 1

resonance gas:. Zz(T,V,u;) = Tre PH-L:i#Q:)
describes observed particle ratios and

freeze out conditions

P. Braun-Munzinger, D. Magestro, K. Redlich,
J. Stachel, Phys. Lett. B518 (2001) 41



Particle ratios and
freeze out conditions

- Is the freeze out temperature the critical

T, [MeV]

200 L RHIC ) temperature of the QCD transition?

[ SPS -

o & 1 )

[ % R ' - Which role do resonances play for the

- 5%, AGS -

% occurence of the transition to the QGP?

100 | i

' . SIS |

g

<E>/<N>=1 GeV

0.0 o.é ' o.; ' o.; ' o.é In ‘ZZ(ZZﬂ,.‘/; HUB, ,,) —

ug [GeV] 2T
resonance gas ; n Zi(T,V, s, -)

describes observed particle ratios and
freeze out conditions

-p. !



QCD thermodynamics
at non-zero temperature and density

THERMODYNAMICS: Z(V, T, ) = Trye 1 H-#N)

Euclidean path integral: 7 =4 = 7 € [0,1/T)

partition function: Z(V, T, p) = /DADibDTZ e~ SE

1/T ]
Sg = / dmO/ d*z ﬁE(A,¢,¢, :u)
0 \4

temperature  volume chemical potential

QC : a,b
1 [ o 9 .
EE — ZFMVFHV —I— 'lpj,a (Z Yv (zc‘?,, —|— EA,, — ’I,,Lbdg,,/) — mj> ¢j,b
v=0
a,b=1,...,N2 — 1, colour

j=1,...,ng, flavour
-p. !



Analyzing hot and dense matter on
the lattice: N2 x N,

\C\ N 2N Michael Creutz
VR W WA W
[T ) /
VARVASVAVSVAR
1/T:Nra
<— VB oNga >

Quantum Chromo Dynamics
partition function: Z(V, T, ) /’DADth?,b e SF

1/T _
p— / dxg / d*z LEg (Aa 7#, ",b, ,Ll,)
0 Vv

temperature  volume chemical potential Phys. Rev. D21 (1980) 2308

-p. !



Analyzing hot and dense matter on
the lattice: N2 x N,

|~
'&./

,\
\ Y
A A A

/T :NT a

<— v =nga >

L.

Quantum Chromo Dynamics Michael J. Creutz

partition function: Z(V, T, ) /’DAD¢D¢ e—Sz  San Dieguito Un. H
Encinitas, Calif.

1/T _
p— / dxg / d*z LEg (Aa 7#, ",b, ,Ll,)
0 Vv

temperature  volume chemical potential

-p. !



QCD Thermodynamics:
Simulating hot and dense matter

. . 3
. the lattice: N x N
— o
NN\ \/ N\ lattice spacing : a
\!’ ,'\ A ,'\ ,f\ ! \ gauge coupling : 3 = 6/g?
IR, the problem:
WA ASYAY VAN 4 fermion determinant requires
1/T =N a large scale computing
<—— VB oN,a > particularly difficult problem:
partition function: # finite density QCD

Z(V,T, 1) :/’D.A DetM (A, p1) e=5¢ (complex determinant)

1/T ] (’)(102) grid points;
SE :/ da:O/ Pz Lx(A, P, P, 1) O(10°) d.o.f;
0 v integrate eq. of motion

temperature volume chemical potential

-p. !



QCD Thermodynamics:
Simulating hot and dense matter

the lattice: N2 x N,

\ \ \ \ \ lattice spacing : a,, a-
\! ' .’ gauge coupling : 3 = 6/g?
/ '[ \ / bulk thermodynamics:
ARVA / / AN / AL
1/T =N 1
L . 4
T4 VT3
<—— vy1B-N,a > € 1 0
0 — = = InZ
" : T4 VT4 oT—1
partition function: n 1 9
= In Z
Z(V,T,p) =/ DA DetM(A,p) e=%¢ T8 — yvT389u,/T
Xq 1 0%InZ

1/T ] A9
Sk :/ da:O/ Bz Lp(Ap,p, ) | T? ‘,_;TS O(pq/T)?
0 Vv

| = (D = (vy)?)
temperature volume chemical potentic..

-p. !



Detecting the QCD phase transition
on the lattice

Deconfinement vs.
chiral symmetry restoration

phase transition <= breaking/restoration of global symmetries

r

B. Svetitsky, L.G. Yaffe, NPB210, 423 (1982) exist only for
R. Pisarski, F. Wilczek, PRD29, 338 (1984) mg = 0 and my,; — o0

global symmetries — suggest order of the phase transition

— control universal behaviour at second order transition

mg = oo: Z(3) = 15% order
mg, =0, ny = 2: SU(2) x SU(2) ~ O(4) = 2" order (possible)
mg = 0, ny = 3: SU(3) x SU(3), no fixed point = 15* order

-p. !



Critical behavior in hot and dense matter:
QCD phase diagram: chiral limit (m; = 0)

T4 m=0 T4 m=0 already ugp = 0
d t '
2"order 1% order IS not fU||y
explored
t
1" order
- -
H Nf =2 Pure H
A Gauge
T m=0 °°
o5
. m : 2nd order
1~ order s 205)°rder
M| phys. point 2 . o Np=3
> l Ni=1
*, crossover
\ ° N; = 2+1
2nd order
X #7722
0




Phase diagram for ug = 0

® already the up = 0 phase diagram is not fully explored

®» phase boundary is known to be very sensitive to cut-off effects

N¢ =2 Pure
o » Gauge
2nd order / :
Ok 2nd order . influence of U4 (1) breaking on QCD
2(2) transition in the chiral limit; may
e change O(4) to O(4) x O(2), can in-
> N¢=3 duce 15¢ order transition
phys.
ohy point Ni;=1
. o N = 2+1
msg 2nd order
’,.’“ /Z(Z)
0 L
0 m,,my 0

® N. = 4, standard staggered fermions:

crit
=>mp3

~ 300 MeV for ny = 3, i.e. larger than physical m

FK, E. Laermann, C Schmidt, PL B520 (2001) 41



Phase diagram for ug = 0

o o

already the up = 0 phase diagram is not fully explored

phase boundary is known to be very sensitive to cut-off effects:
N.,. = 4, standard staggered fermions = mg";’it ~ 300 MeV
for ny = 3, i.e. larger than physical m

Nf:2

2nd order

#0(4)? 2nd order >

— Z(2)
phys.Tpoint A Nf =3
\ o S N =2+1
2nd order

X 722

Pure
- Gauge

physical point may be above mtric

N, = 4, 6; improved actions:

= mort <70 MeV
FK et al, NP(Proc.Suppl) 129 (2004) 614
G. Endrodi et al, PoS LAT 2007 (2007) 182
(also N, = 6, unimp.)

Nf:].



Phase diagram for ug = 0

30
® drawn to scale
physical
@ point
20

n
£73

£

\U)

= physical point may be above m?!"*c

mgrit_ 2

N, = 4, 6; improved actions:
crit
= mz <70 MeV
. FK et al, NP(Proc.Suppl) 129 (2004) 614
N =
' | G. Endrodietal, PoS LAT 2007 (2007) 182
| | | (also N, = 6, unimp.)
0 0.5 1.0 1.5 2.0
m J/m phys

ud ud —p.:



Phase diagram for ug = 0

30

ud

O(4) physical
- @ point
?
7(2) =2
| | |
0.5 1.0 1.5
phys

2.0

®» drawn to scale

Is physics at the physical
guark mass point sensitive to
(universal) properties of the
chiral phase transition?

physical point may be above m?!"c

N, = 4, 6; improved actions:

= mort <70 MeV
FK et al, NP(Proc.Suppl) 129 (2004) 614
G. Endrodi et al, PoS LAT 2007 (2007) 182
(also N, = 6, unimp.)



Symmetries of the QCD Lagrangian

Uv(].) X UA(]_) X SUL(’I’Lf) X SUR(’I’LJ-‘)

Lr~ YLD + YrD,Yr — mq(PrYr + YrYL)

chiral projection:

PG:%(1+ey5) ,e==+1, P’=P., PP =0
Y =YL+ ¢Yr

Y =Piy , Yp=P_

Y =yP_ , PYr=19PP;




Symmetries of the QCD Lagrangian

Uv(].) X UA(]_) X SUL(’I’Lf) X SUR(’I’LJ-‘)

Lr~ YLD + YrD,Yr — mq(PrYr + YrYL)

Uy (1): baryon number h® = ei®q , h® = Phe—®
Ua(1): axial symmetry Y = e'®5q) | h© = 1het®s
SUL r(n¢): flavour symmetryGe = P_. -1+ P.U. , U € U(ny)

G = G_|_(U_|_)G_(U_) .

P =Gy, ¢ =¢pGT
Y = (Y1, .-9Pn;)



The QCD mass term

Y = Prr + YrYL
e Ur(ny) X Ur(ny) transformation:
Py = PrULU_pr + U Uspr = YrV b + $rVir

V = UiU+ = e'@aTa, g =1, ,n? —1

e Infinitesimal transformation:

6'&"7& — _i@a";RTawL + i@a'(ZLTawR
= i0,P7sTath + O(0?)



The QCD mass term

Y = YR + YrYL
e Ur(ny) X Ur(ny) transformation:
'y’ = YrULU_or + YU Uspr = $rV L + ¥ Vg
V=U'U; =e®", a=1,..,n%2 -1

e infinitesimal transformation:
YY) = —iOWVrTL VL + 1O @ mixes flavour

L 0 components
= 10,9 yTayp + O(O7) adds pseudo-scalar

component to scalar



The QCD mass term

Y = Prr + YrYL
e Ur(ny) X Ur(ny) transformation:
Py = PrULU_pr + U Uspr = YrV b + $rVir

VEUiU+ =¢e'®Ta, g=1,...,n2 -1

2
f
e Infinitesimal transformation:

6'&"7& — _i@a";RTawL + i@a'(ZLTawR
= i0,P7sTath + O(0?)

— (1p1p) = 0, if xy-symmetry not spontaneously broken
— T=0: limo(zﬁw) #+ 0 < Goldstone particle
mg—>



Topology, U4(1): A primer
U4 (1) Symmetry Restoration

Toplogical charge:

Q = g° dizF* Frv FHY — le’““’Fp"
3272 proa 0 2

— 4 _ R
Q = /d xq(x) , q(x) = 392 FiF)
topological charge fluctuations

xtops%<c22>= / d*z(g(x)q(0)) , XT=° ~ (180MeV)*

2’)’Lf
Y Xtop = M2, +m

f

2

n Zm% , Witten — Veneziano rel.

axial current: JE (x) = ¥ (x)v,vs5¢(x)
2

0,J = —1g7T2F§VF£“’ , Ua(1) breaking = m, > m,




Meson Spectrum and
Chiral Symmetry Restoration

scalar, flavor singlet operator: O, = ¥y = Yrvr + YrYL
o Ur(ns) X Ur(ny) transformation:
Y'Y = PrULU_¢p + prU Uipr = YV iYL + ¥V Yr

VEU1U+ =¢e®la, g=1,..,n2 -1

2
f
e choose transformation: ®, = /2

— T _ _ _

¢,¢, — _ZEG)G (¢RTa¢L + ¢LTa¢R> ~ PysTay = O

pseudo-scalar, flavor non-singlet
= Ga(x,T) = (0(0)0%(z)) ~ e=m=(D=
=  Go(z,T) = (0,(0)0} (z)) ~ e=™e (D)

x-Symmetry restoration: G (x,T) = G, (x,T)



Meson Spectrum and
Chiral Symmetry Restoration

flavor non-singlet SU(2) L X SU(2) R flavor singlet

X5,con . aVS%Q‘ 0. aq Xcon+Xdisc
@), @),
Xcon 0: 459 -~ - n:Q Y.d Xscon~ Xs5disc

SU(2) L x SU(2) R
correlation functions:

Gs(x) = —tr( M, *(z,0)M; *(0,x))

Go(x) = Gs(x) + (trM; ' (x, z)trM; ' (0,0)) — (trM; ' (z, z)) (trM, *(0,0))
susceptibilities:

Xo _ Xcon Xdisc 2
T2 — T2 + T2 —NTZGG(CI%T)
x

X8 _ Xcon
T2 T2




Vector Meson Spectrum and
Chiral Symmetry Restoration

testing SU (2)r x SU (2) g restoration with correlation functions is
difficult as the calculation of "disconnected correlation functions” is
difficult (noisy)

test U (1) 4 is more straightforward as only connected correlation
functions are involved

= ) test SU(2)r x SU (2)g restoration in the vector/axial-vector
channels

Op,u(x) = @yud(x), Oa1,u(x) = wy57.d(x)

= 1) test SU(2)r x SU (2)g restoration using susceptibilities;
disconnected contributions much easier to handle
X is related to chiral susceptibility x,,, = d{(7))/dm



Effective U4(1) symmetry
restoration above T.

w:Jpg ~ qV57Tq & 0: Jg ~ qrq

[ * * * ] [ ‘ ‘ ‘ ]
- Gamym pseudo-scalar —=— | U A(l) - GaT)T pseudo-scalar = |
1000 | scalar *2 1000 | scalar *2
[ | | ] m ]
[ [ [ ] m ]
| | | | | ™ |
100 © . 0.6 T, . 100 © = 09T, ]
' | | ] : : :
I - ] ] " ] I ] " g g " ]
10 ¢ : = - ] 10 ¢ . ]
[ ] ™ ] r
- : T | fi4 T |

1 LY * 1 *

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8

chiral symmetry breaking below 7. =
light pseudo-scalar pion, heavy scalar (9);

discrepancy decreases with increasing temperature



Effective U, (1) symmetry

restoration above T.

1000 |

1000 +

7 :Jps ~ qvsTq

100

10 ¢

- GaT)T pseudo-scalar —=—
scalar —=— ]

T

0.4 0.6 0.8

100 ¢

10 |

- GaT)T pseudo-scalar — = |
scalar —=— |

& 0: Jg ~ qrq

] T * w w ]

U A(l) - GaT)T pseudo-scalar —=— |
1000 - scalar —=— ]
o .

u .

100 - =« 0.9 T, T
[ ] | ] ]

' u EE ]

| n " . " g n ® . ]

: ' :

1 ' s

0 0.2 0.4 0.6 0.8 1

chiral symmetry restoration <
degeneracy of correlation functions

effective U 4 (1) restoration
ms(T) — m,(T)



Meson Spectrum and
Chiral Symmetry Restoration

calculations with @ (a?) improved staggered fermions (p4-action):

screening masses: Gy (z) ~ e” MH?

SU (2)r x SU(2)g restoration U (1) 5 "effective restoration”
LaT ' | ud, 6x24° —6—
[0) ud Us, 6x24° —o—
12} @ | 14t Ss, 6x24° —6—
- ” Ud, 8x32° —a—
S ED- 13}
\> 1 e = He—H=— \O ¢ o
<
€ 4x16° —H— | 4};
08} 4323 —m— . o
6x24§ —— 11y ‘? o
6x32° —@— 0
0.6 F 8x32° —A— 1 1 ¢ @ % ﬁ
0.5 1.0 15 20 25 30 35 40 10 11 12 13 14 15 16 17
TIT, TIT,

mgc 7 mps < U(1)a notrestored at T,. for chiral symmetry restoration
M. Cheng et al., Eur. Phys. J. C71, 1564 (2011) ps



The flavor non-singlet correlation functions
pseudo-scalar () versus scalar (o)

® What generates the differences between Gs(x,T) and G (x,T) in
the SU (2)r x SU(2)g symmetric phase?

G(s(ﬂ-) (33) = <’l_1,LdR(CU)CZL’LLR(O) -+ ﬁRdL(m)JRuL(O)>
:l: <’ITLLdR(33)CiR’U,L(O) —|— ﬁRdL(:B)JLuR(O)>

under U (1) 4 transformation terms are variant / invariant

TzléiOM \Vj ‘%%‘ f:140MéV — K
10 150M2V K %gSng —K—
%§8MS¥ —k— 10 170MeV —%—
Bey Bey
o éi%x 200MeV ¥ X% & 200MeV ¥ —
2 i i 2 61%% FHEoxox ok x % B %%%
o1 TpliEEraxEiC - Ffypgtl
B
X x kg gk Koo 01 FRadgtt
XK XK
X X
X¥¥ X y
e 2 4 6 8 10 12 1 oo 2 4 6 8 10 12 14

0
DWF calculation; HotQCD preliminary



The flavor non-singlet correlation functions
pseudo-scalar () versus scalar (o)

0.5(S+PS)

[EEY
o

(PS + S)/2
H

©
S

0.01 ™

60

U(1)A variant contrlbutlon A(x) = (Gr(x) + Gs(x))/2T?

T 140MeV %%
150MeV —*—
160MeV ——x—
170MeV —x—
180MeV ——*—

=K KR

%
;

§§§§¥§§20%01\/;?%%%
%%%ijﬁ%%%%i
SEEE

?F%
Jf

%
:

X

t
3

0 2 4 6

i | hi | | ' T=160MeV
180MeV
| timehistory -~ 13ovey
\ ‘ I ““ \“\
,“‘t Ao & AW s\‘\f@ /‘\ A | I
40 | VLS LN LA WA WA T\ VLU
N /\A M M\MUL
20
10
(\ |
i \
0 J1

400 600 800 1000 1200 1400 1600 1800 2000

A(x) # 0 ’only’ on configurations

with non-trivial topology: |Qtop| # O

DWF calculatlon HotQCD prellmlnary

10 tlme hlstory 0.5(S+PS) ——
Qtop"’2 o
8t |
T=200MeV ||
6 L
4 L
ml h LA
2 r . |
Tl B WM
0k X L ‘ | X P |
1000 2000 3000 4000 5000



Eigenvalue spectrum of the fermion matrix

chiral condensate

— ’I’Lf 1 _1 ’I’Lf 1 1
) 4 N3N, M) = N3N, 23: my + i
2ml
= dA A
JE )
chiral limit:  (Yv¥); = rnlir_rio Vlgnoo pv(0) = wp(0)
(Banks-Casher relation)
2 4m;
Ars=(Xr—x8)/T" = [ dApv(A)— 5
(m? + A2%)

U (1) o remains broken, if p(A) ~ X (problematic) or p(A) ~ m2§(\)...??
U (1) 5 restored, if (for instance) p(A) hasagap or p(A) ~ A%, a > 1

—-p. 3



Eigenvalue spectrum of the fermion matrix

U (1) 4 remains broken, if p(A) ~ X (problematic) or p(A) ~ m2§(\)...??
U (1) 5 restored, if (for instance) p(A) hasagap or p(A) ~ A%, a > 1

T =133.54 MeV, m/m¢ = 1/20

014 ! | ' e | ' | | | | ' |
L M : i
0.12 | _
0.1 | i
~.0.08 1 15¢ 100 eigen-
S values

F0.06

0.04

0.02

O I 1 ) ]
0O 0.0020.0040.0060.008 0.01 0.0120.0140.0160.018
Aa



Eigenvalue spectrum of the fermion matrix

U (1) 4 remains broken, if p(A) ~ X (problematic) or p(A) ~ m2§(\)...??
U (1) 5 restored, if (for instance) p(A) hasagap or p(A) ~ A%, a > 1

T =145.82 MeV, m/m¢ = 1/20
0.07 1 - | ' I '

0.06

0.05 |
_004 |
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Eigenvalue spectrum of the fermion matrix

U (1) 4 remains broken, if p(A) ~ X (problematic) or p(A) ~ m2§(\)...??
U (1) 5 restored, if (for instance) p(A) hasagap or p(A) ~ A%, a > 1
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Eigenvalue spectrum of the fermion matrix

U (1) 4 remains broken, if p(A) ~ X (problematic) or p(A) ~ m2§(\)...??
U (1) 5 restored, if (for instance) p(A) hasagap or p(A) ~ A%, a > 1
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Eigenvalue spectrum of the fermion matrix

U (1) 4 remains broken, if p(A) ~ X (problematic) or p(A) ~ m2§(\)...??
U (1) 5 restored, if (for instance) p(A) hasagap or p(A) ~ A%, a > 1
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Eigenvalue spectrum of the fermion matrix

U (1) 4 remains broken, if p(A) ~ X (problematic) or p(A) ~ m2§(\)...??
U (1) 5 restored, if (for instance) p(A) hasagap or p(A) ~ A%, a > 1
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Eigenvalue spectrum of the fermion matrix

U (1) 4 remains broken, if p(A) ~ X (problematic) or p(A) ~ m2§(\)...??
U (1) 5 restored, if (for instance) p(A) hasagap or p(A) ~ A%, a > 1

T =210.60 MeV, m/mg = 1/20
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Eigenvalue spectrum of the fermion matrix

U (1) 4 remains broken, if p(A) ~ X (problematic) or p(A) ~ m2§(\)...??
U (1) 5 restored, if (for instance) p(A) hasagap or p(A) ~ A%, a > 1

T =275.91 MeV, m/mg = 1/20
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Summary:
T-dependence of correlation functions

® analysis of correlation functions with meson guantum numbers
gives insight in the T-dependence of SU (2);, x SU(2)g as well
as U (1) symmetry breaking

® current studies suggest that a 'significant’ U 4 (1) symmetry
breaking persists at the time of SU (2);, x SU (2) g restoration

® HOWEVER: The V — oo, m — 0 limits in the U 4 (1) sector are
subtle. No final conclusion on the effective U 4 (1) restoration can
be drawn at present; studies with chiral fermion formulations may
be crucial....
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