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QCD at finite temperature: phase transitions

Chiral symmetry My,d =0 Z3 center symmetry mgy — 00

LQCD = Equark + ﬁgauge
invariant under:
U(2)y : 1 — exp(iTsay, )V isospin and barionic N°

U(2)a : ¥ — exp(ivs TSaSA)zp change parity

- SU(2)a spontaneously broken —
pions Goldstone bosons

- Restaured at high temperature
and/or density

- Order parameters: (qq), fr
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L"QCD = [rgauge

invariant under:
SU@3)c : Qe = ewal®Aa - 74

- Z3 spontaneously broken at high T'
1 B
P(Z) = gTr {P exp <zg/0 Ao (Z, 1) d'r)]
(®) = e BPF =
- confined quarks: (®) =0
- deconfined quarks (®) # 0
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Seg = d x {'lz

—tyuDy + 1) = == [ja(2)ja(2) + jp(2)jp(2)] + U(P] (w)])}
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Non-local PNJL +- WFR

5= [ o' {B@) D, + ) = G linle)ieto) + i @in()] + U @lA@) |

jo@) = [a*20)0 (o4 2 ) v (o - ) e
- fa
. _ z 1? z H
jP(I):/d4Z]:(Z)1,/J (z+§> Tr{pw(z_E) Pilp 2 P-k

Ta = (1,iv57), and u(z’) T v(z) = w(z)dzv(z) — Bpu(z’)v(x)
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Non-local PNJL +- WFR

5= [ o' {B@) D, + ) = G linle)ieto) + i @in()] + U @lA@) |

o= [ (o4 5) s (o)

ip@) = [ =7 (z+ 5) %w (z - )

Ta = (1,iv57), and u(z’) T v(z) = w(z)dzv(z) — Bpu(z’)v(x)

NN

Constant background color field: ¢ = iAg = ig d,0 G‘Z A% /2 Minimal coupling: D, =09, —iA,
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Non-local PNJL +- WFR

e {@) (i Dy ) = G [i@)ie(o) + o )inl@)] + U @LAGD }

n

[V

Ja(z) = /ld4z G(2)P <m+ g) Tov (I _ _)

ip@) = [ =7 (z+ 5) %w (z - 5)

Nogu(z) — dpu(ayo(a)

Ty = (1,iy57), and u(ml)?v(m) = u(zx

Constant background color field: ¢ =

iAg = ig 8,0 G5 A\*/2 Minimal coupling: Dy, = 9, — iA,

Bosonization: physical degrees of freedom at low energy 01,2, ™

01(1’) =01+ do1
02(x) = Kpd2 + do2

() = 67 (x)
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Parameterizati

- Exponential form factors

9(p) = exp(—p>/AY)

() = exp(=p®/AT)
without WFR (Set A), and with WFR (Set B)
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Parameterizations

- Exponential form factors

9(p) = exp(—p>/AY)

F(p) = exp(—p?/AT)
without WFR (Set A), and with WFR (Set B)
- LQCD inspired form factors

= p )

9= 1+ azfz(p) =P

_ 1+az am fm(p) — mecaz fz(p)
He)y = 1+ azfz(p) Am — Mclz

Fm(p) = [14+ 62 /83)*2] 7

) = [1+ @?/aD)] T
(Set C)
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Parameterizations

Set A Set B Set C
me MeV 5.78 5.70 2.37
. GsAZ 20.65 32.03 20.818
- Exponential form factors Ao MeV  752.2 814.42 850.0
Ay MeV . 1034.5 1400.
o(p) = exp(—p? /AZ) Kp GeV .. 4.180 6.034
2,2 A ' 1
f(p) = exp(—p~/A7) E———
08| - 4
without WFR (Set A), and with WFR (Set B). o
. . o8- *  Lattice
- LQCD inspired form factors S
WX 0
1+ a,
g(p) = —————f=(p)
1+azf(p)
Fp) = 1+ oz am fm(p) — meaz fz(p)
1+ azf=(p) Qm — Meaz

Fm(p) = [1+ (*/A5)?]

£20) = [1+ @%/aD)]

(Set C)

—1

Z(p)

5/2

06 -
0 1 F: 3

plGeV]

S. Noguera, N. N. Scoccola, PRD 78, 114002 (2008)

V.P. Pagura



*
Mean field approximation

mra AT L | (0hp)? + M2 (prp) | | of +Kpo3
Q =—?Z/dpln|: pz2(pc ) +
n,c P

2Gs

+U(D, D, T)
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Mean field approximation

MFA 4T ., (5 5)° + M>(p5, 5) of + Kkio3
2 =‘?Z/d”‘“[ e, |
n,c n,p

2Gs

+U(D, D%, T)

Z(p)=(1—o02f(p)”"

M(p) = Z(p)(m + o19(p))-
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Mean field approximation

AT (Php)® + M2(Php) | | of +rp03
QMFA _ =L /\d_.l n,p n,p i) *
DY ] I B R T R

v

Z(p) = (1 —o2f(p)) " M(p) = Z(p)(m + o19(p))-

(50) = [en+ V7T —in+ 0] +52,
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Mean field approximation

AT (Php)® + M2(Php) | | of +rp03
QMFA:__ /\d_.l n,p n,p i) *
| | B | g, @D

y

Z(p) = (1 —o2f(p)) " M(p) = Z(p)(m + o19(p)).
(dhs) " = [n+ DnT =i+ 6]+,

with ¢, = ¢3 + ¢s/V3, ¢y = —s + ¢s/V3, ¢ = —2¢s/V/3
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Mean field approximation

AT (Php)® + M2(Php) | | of +rp03
QMFA — _Z= /d*l uRy uRy L P, T
2 ; 1 Zz(pfw;) + 2Gs +U(®, @7, T)

y

Z(p) = (1 —o2f(p)) " M(p) = Z(p)(m + o19(p)).
(dhs) " = [n+ DnT =i+ 6]+,

with ¢, = ¢3 + ¢s/V3, ¢y = —s + ¢s/V3, ¢ = —2¢s/V/3

¢3 and ¢g parameterize the traced PL according to

&= % |:exp (-%%) +2 exp (% %) cos(d);;/T)} .
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Polyakov Loop thermodynamics

100 T T T T T
ol —— ULog - LQCD quenched limit: Ty = 270 MeV
—__ UPoly 1 .
GU i T < Ty: & = 0 confinement
< [ Pl
N _-7 =T >Ty: ®+#0 deconfinement, Z3 broken
& T=100 MeV _- - 1
o ol / g K
S —_ -7 - Guinzburg-Landau - Ratti et al., PRD 73, 014019 (2006)
, = 1
Upoly bo(T) . b3, g3 %3, , b4 12
B R Pl = 20"~ 2% +2"%) + = (297)
T T T T . RES
oor [ 7] T Ty T
% — =0 2042 0,43
b //‘( ] ba (T') o T @ +a2(T) +03(T) )
7
‘L ozp T=300 MeV " J‘/ 1
E 00 SU(3). Haar Measure - Roessner et al., PRD 75, 034007 (2007)
- /
& 02 ;0
N u 1
S .. ] % = —Ea(T)de)* +b(T) In(1 — 60™
] —3(28%)% 4 4(®° + 3?))
D‘O 0‘2 0‘4 D‘S 0‘8 1‘0
o
To To .2 To .3
) a(T) = ao+ai1(—)+az()" v b(T) =b3(=)
Parameters fitted to pure gauge LQCD data (eos and @) T T T )
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MFA: Gap equations

QMFA QMFA eree eree + Q

reg reg

MFA MFA MFA MFA
QU4 _o0NPA oo)i4  salift

Oo 1 Oo 2 0 ¢8 8¢8

order parameters :

(qq) = 9N Jom

||

susceptibilities :

Xeh = 0(qq)/Om
xXe = d|®|/dT
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1t = 0: Critical temperature as a function of 7

Upoiy: smooth transitions - AT, < 10 MeV
(~ 40 MeV for local models)

'<qg>i<dg>y
1@l

. . .
220 . . .
2Xen/<qa>o
2Xg -meees
01
T,=208 MeV
- T=180 MgV
s T=270 MeV
=
= 005
SetC
140 L L L L o B
180 200 220 240 260
Tp [MeV]

150 180

210 240
T [MeV]

V.P. Pagura



*

1t = 0: Critical temperature as a function of 7

Upoiy: smooth transitions - AT, < 10 MeV
(~ 40 MeV for local models)

Urog: rapid transitions

Ten = Tg for a wide range of T

<aa>/<qq>y
1@l

. . . . . .
T
' 2 Xer/<qa o Ke/<aa>)
2Xg <meee T,=208 MeV " 30 .
L P o1l To=180 MeV/
i r e Ty=270 MeV/
3 2 0 - Ty=180 MgV
L e 4 %‘ Ty=270 MeV
7 =
L = o005
setC e 4
140 I I I I I I I I 0 <
180 200 220 240 260 180 200 220 240 260 150 180 210 240
To [MeV] To [MeV] T[Mev]
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1t = 0: Critical temperature as a function of 7
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uPoly:

ULog:

uPoly:

smooth transitions - AT, < 10 MeV
(~ 40 MeV for local models)

rapid transitions

Ten = Tg for a wide range of T

AT, decreases with T
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= 0: Critical temperature as a function of 1j
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smooth transitions - AT, < 10 MeV
(~ 40 MeV for local models)

rapid transitions

Ten = Tg for a wide range of T

AT, decreases with T
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1t = 0: Critical temperature as a function of 7
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ULog:

Z/{Poly:

ULog:

smooth transitions - AT, < 10 MeV
(~ 40 MeV for local models)

rapid transitions

Ten = Tg for a wide range of T

AT, decreases with T

Change of character
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1t = 0: Critical temperature as a function of 7
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*

1t = 0: Critical temperature as a function of 7
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smooth transitions - AT, < 10 MeV
(~ 40 MeV for local models)

rapid transitions

Ten = Tg for a wide range of T

AT, decreases with T

Change of character

Set A not realistic



1t = 0: Critical temperature as a function of 7
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Z/{Poly:

ULog:

Z/{Poly:

ULog:

smooth transitions - AT, < 10 MeV

(~ 40 MeV for local models)

rapid transitions

Ten = Tg for a wide range of T

AT, decreases with T

Change of character

Set A not realistic

9= For 2 light flavors, Ty = 208 MeV:

T.pn, [MeV] Set A Set B Set C LQCD [¥]
ULog 178 178 180 173(8)
173 171 173 173(8)

uPolu
TFIF. Karsch and E. Laermann, Quark gluon plasma, ed. Awa, R.C.

The model favors a crossover-like

transition <P
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1 = 10T Extended Z3 symmetry

- Roberge-Weiss: Locp periodic z:
function of 0, 27/3 E T
- T > Trw: 3 vacua of Z3 - PL phase:
¢, o+21/3, ¢+ 4mw/3
- RW 1°% order transition at = S
0 =m/3 mod 27/3 or L T
3 400 -
nIPNJL Z3 extended symmetry 2k
®(0) — P(f)exp(—i2km/3) % ol
d*(0) — @ (0)exp(i2km/3) Yol
0 — 6+2kn/3 [ S
Extended PL: ¥ = ¢*’®, phase 1): RW §
order parameter -OYOAAO vD."Z’S”U.‘5 0‘75 i 1}25 1‘,571.'75 2

Set B T = 208 MeV: Tryy = 188 MeV 8/s)
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Phase diagram: imaginary p

1 ) ) ) <qq>ka‘1§ﬂ 7777777
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Phase diagram: imaginary u

To = 270 MeV

SetA SetB SetC
12;
i{, 11 N
= St Ty St ey g
104 ¥ P s | L] i
X
00 05 10 15 20 00 05 10 15 20 00 05 10 15 20
0/(x/3) o/(x3) 0/(w3)
o

]
1

n
it
N)
ye)
?

V.P. Pagura



*

Phase diagram: imaginary p

To = 270 MeV

1
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’o‘:o 11 N \‘,
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[*] L-K. Wu et al. Phys. Rev. D 76, 034505 (2007)
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Extended PL

ULog : RW 15" order Upory: RW 2 order
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Phase

Diagram: real u
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10%e -

120
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T.n [MeV] Set A Set B Set C LQCD [ |

ULog 178 178 180 173(8)

Upoly 173 171 173 173(8)

[¥]F. Karsch and E. Laermann, Quark gluon plasma, ed. Hwa, R.C.
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Phase diagram in the > — T plane
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Conclusions

Real u
- Chiral restoration and deconfinement transitions are strongly
entangled whenever they occur as a smooth crossover.

- For > pogp we find a first order chiral restoration
transition and a crossover-like deconfinement at a higher value
of T': quarkyonic matter.

- The values of T, predicted for = 0 is in good agreement
with LQCD results for all scenarios considered.

Imaginary 1

- When Tj is set to the corresponding value of Tj for Ny = 2
the deconfinement temperature agrees with LQCD data.

- Also does Tgryy, being the transition first order there as

predicted by LQCD calculations. The main drawback is that in
this case both transition are disentangled.
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