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Motivation/Introduction

generic Ny = 3 QCD Phase Diagram

T GeV
QGP
E
0.1 |= critical
point
vacuum quark mfatter CFL
0 1 Us , GeV

lattice at © = 0: crossover lattice at p # 0: “sign problem”
eff. models at T = 0: 1st-order idealization — chiral limit
— J critical end point E (cf. as in water) sharp distinction

location of crit. point unknown J
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Motivation/Introduction

critical line, my = 0

3D-view (T, s, mq) ’0(4) universality

of Ny = 2 QCD phase diagram:
tricritical point, m; =0
mq = 0 : O(4)-symmetry

o . 3d-Ising universalit;
4 modes critical o, @ § Y

line of end points, m, # 0

mg # 0 : no symmetry remains
only one critical mode o (Ising)
(7 massive)

surface of st order
transitions

UV

triple line, my = 0

Landau-Ginzburg potential: order parameter ¢ = (o, 7)

QT, i ¢) ~ &(T, )% + (T, )& * + c6°+mo
2nd order line: a(Te, puec) = 0 — O(4) universality ; tricritical point: b(Te, 1) =0

What are the sizes of the critical regions? )
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Motivation/Introduction

Ginzburg criterion: size of crit. region— break down of mean-field theory

Landau-Ginzburg potential for 2nd order phase transition

QT, i ¢) ~d(Ve)’ +dt” +bs* ;  t=(T-Te)/Te

| \

Ginzburg-Levanyuk temperature 75,

size depends on microscopic dynamics
universality not applicable

2
t| ~ ;r"abz =7g ~ m3/5 He* A-transition: 7¢; ~ 10~
ad O(2) spin model:rg, ~ 0.3
Size of crit. region shrinks as my — 0 (16, ~ b?) ; ftricritical b — 0
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Mean-field approximation

N; = 2 Quark-Meson model

L = g(ip—glo+is7®) g+ = (a 0o + 8,7"7) — %(az—l-ﬁz—vz)z—w

17
partition function: 2(T.p) = /DEﬂ)qDoDﬁexp ,-/ dtelx (£ + pdeq)
0

Mean field approx.: o — (o) = ¢, 7 — (7) = 0, integrate quark/antiquarks

Grand canonical potential [Rischke et al.]

AT, p) = ({0)* = V*)? = c{o) + Qag(T, 1)

Thnz A
Vv 4

with

Qaq(T, 1) = 2NcNfT/( {In(1 +e Fa/ Ty Lin(1 + e~ Eq+u)/r)}
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Phase diagram in MF approximation
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Phase diagram in MF approximation

160 T T T T T

1st order
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Phase diagram in MF approximation

160 T T T T T I
i 1st order
uobFE ——==. | crossover
® CEP
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In-medium meson masses (m, = 138 MeV)

mass [MeV]

800 .

CEP location: T; ~ 91 MeV , pc ~ 223 MeV

T-dependence
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In-medium meson masses (m, = 138 MeV)

mass [MeV]
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In-medium meson masses (m, = 138 MeV)

mass [MeV]
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CEP location: T; ~ 91 MeV , pc ~ 223 MeV

T-dependence
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In-medium meson masses (m, = 138 MeV)

mass [MeV]

CEP location: Tc ~ 91 MeV , pc ~ 223 MeV

T-dependence
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In-medium meson masses (m, = 138 MeV)

CEP location: Tc ~ 91 MeV , pc ~ 223 MeV

mass [MeV]

T-dependence u-dependence
80— 800 : : ‘ ‘ ‘ ‘
700 | 700
600 600
500 f 500
400 ¢ 400
300 f 300
200 | 200
100 | 100 | T=91 MeV
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In-medium meson masses (m, = 138 MeV)

CEP location: Tc ~ 91 MeV , pc ~ 223 MeV

mass [MeV]

T-dependence u-dependence
80— 800 : : ‘ ‘ ‘ ‘
700 | 700 |
600 600
500 f 500
400 ¢ 400 |
300 f 300
200 | 200
100 | 100 | T=91 MeV

° 0 20 40 60 80 100 120 140 160 180 ° 0 50 100 150 200 250 300 350
T [MeV] H [MeV]

— potential flattens in radial direction
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Quark-number density ng(T, 1) (MF)

n [fm™]
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Quark-number susceptibility xq( T, 1) (MF)

Xq [fm]

CEP: T; ~ 91 MeV
T=T:+5MeV
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Quark-number susceptibility xq( T, 1) (MF)

Xq [fm]
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if xq large — easy to compress

— interaction attractive
(or weakly repulsive)

(cf discussion: Walecka model
if my — 0)
crit. exp. ¢ = 2/3 (mean field)
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Quark-number susceptibility xq( T, 1) (MF)

@ diverges only @ CEP
@ finite everywhere else

@ height decreases for decreasing p towards
T-axis

@ For T below CEP: discontinuous — 1st order

30 ;
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25 | 5 =T,

20 T>TC
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o

>
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ratio: Ry := Xq/xgee

free.

Xq . massless free quark gas

free _ #2 T2
Xg (Tsp) = NeNp | = + 5
m

eg. Ry=30rRy=5
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Critical region (MF)

Rq = xq(T, 1)/ X5(T, 1)
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Critical region w/ scalar susceptibility x, (MF)

@ y, = 1/m?: zero-momentum projection of scalar propagator
@ encodes all fluctuations of order parameter
@ define: Rs = m2(0,0)/m2(T, 1)

10 ———  Rg10
L S i
|
S R.=20
120 — Rs=25 ]
> 110 ¢ ———  1storder
= 100 ]
— 90 +
80 +
70
60 r
50
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Renormalization Group approaches

M'k[¢] scale dependent effective action ; t=In(k/A) ; Rk :regulator

different realizations:

@ exactRG

ERG (averaged action) [Wetterich et al.]

1 A 1 , @ 6Tk
atrk[(z)] = étr 81 k m 3 rk = 5¢5¢)

k

@ proper-time RG

[Liao et al.]

Ot k[4] = —% ]ocf [81Rk(A27)] tr exp (_Tr£2)>
0
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RG flow equations

e Quark-Meson model

_ , 1 1
Mo =[x {apa(o-+i7irslla + 5@u0) + 5@ + Vio®+7)

flow for grand canonical potential

k* T3 E, 1 E,
(T, p) = 5.2 {E—W coth <2T) +E coth (2T>
_ 2Nl Eq—p Eq+p
E, {tanh ( oT + tanh oT
E2=14201/K®,  E2=1+420/K +4¢°Q /K>,  E:=1+g¢°/K
@ ¢~(qq)

@ quark fluctuations: chiral symmetry breaking
@ meson fluctuations: chiral symmetry restoration
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Phase diagram: (RG)
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Phase diagram: mq ~ 370 MeV  (RG)

TCP: T; ~ 80.2 MeV 2. TCP: T; ~ 8 MeV

200 : ‘
e TCP
------ - e 2nd TCP
150 ¢ 1
3
= 100 r X
|_
50 f
0 L L L L L f L
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[BJS,J.Wambach NPA (2005)] M [MEV]
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Phase diagram: mq ~ 370 MeV  (RG)

TCP: T; ~ 80.2 MeV 2. TCP: T; ~ 8 MeV CEP: T; ~ 61.5 MeV

200 . .
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------- e 2ndTCP
150 | e CEP ]
>
= 100 t
'_
50 |
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In-medium meson masses (RG)

CEP:
Te ~61.5MeV, uc ~ 313 MeV
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In-medium meson masses
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In-medium meson masses (RG)

CEP:
Te ~61.5MeV, uc ~ 313 MeV
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In-medium meson masses (RG)

CEP:
Te ~61.5MeV, uc ~ 313 MeV
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Quark-number density ng(T, 1)
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Quark-number susceptibility x4

Xq [fm]

(RG)

RG: tricritical point (TCP) and critical point (CEP)
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Critical exponents

Xq ~ |1 — pre| ™7

TCP: v = 0.5 (Gaussian)

CEP: MF: ¢ = 2/3

3D Ising: e = 0.78

2 053 —— ° £=0.74 ——
18} ¥=0 ] I &= ]
16 | 25 £=0.77 ——
: , | |
— lap
' 12 15
T 10 1}
g 087 05
< 06} ol
04t
02} 05
0 . . . . . -1 . . . . . .
2 15 -1 05 0 05 25 -2 15 -1 05 0 05 1 1E

log (Ju-p¢ [/MeV)

log (|u-H¢ /MeV)

MF: tricritical exponents different from bicritical exponents
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Critical region with quark number sus

@ Size of crit. region shrinks as my — 0 (7g. ~ b?)

ceptibility x4

tricritical b — 0
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Critical region with quark number susceptibility x4

@ Size of crit. region shrinks as my — 0 (7g. ~ b?) tricritical b — 0
100
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Comparison with scalar y, : MF—RG

Rs = m?j(0,0)/mi(T, /‘L)

MF RG
" R=10| 06 ‘ ‘ Re=10 |
Rg=151 057 Re=15 |
R=201 04 I R¢=20
. R=25{ 03} — R¢=25 |
£ istorder | o2 | —_— 1st order |
:f 01} ]
e ol |
-0.1 + 4
-0.2 1
S ‘ 03 ‘ ‘ e
-0.6 -04 -0.2 0 02 04 06 -0.05 0 0.05 0.1
(MM e (MM e

critical region w/ RG more compressed J
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Comparison with scalar y, :
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Summary

Mean-field RG approach
fxg = — Re=10 100 — Re=10
Re=15 %0 | Re=15
130 . R¢=20 - Rs=20
120 S Rg=25 80 f — Rs=25
5 10 ——  1storder ——  1storder
2 100 70 ¢
- 9
80 60
70 50 |
60
50 T 40 ‘ ‘ ‘ ‘
50 100 150 200 250 300 350 400 450 290 300 310 320 330 340 350
{1 [MeV] H [MeV]
@ MF: only CEP found RG: TCP (as expected) and CEP found

Size of critical region via xq(T, 1) and xo(T, i)

— “compressed” w/ fluctuations (cf. Figs)
@ RG calc.: critical exponents consistent w/ 3d Ising universality class @ CEP
@ novel crossover phenomenon
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Polyakov Quark Meson Model (preliminary)
J. Pawlowski, BJS, J. Wambach
200
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