Deconfinement @FRG

® QCD phase transition
® FRG @ deconfinement
® Summary & outlook
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(1) QCD phase transition
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Asymptotic freedom

Partition function: 7 — f[dqj] e—SA[CD,g] % T
@ Lattice QCD s
@ Perturbation theory, w0 N
@ Mean Field theory, B _
@ beyond MF: Gaussian, RPA, HTL, ... s

v" Wilsonian Renormalization Group method (Nobel Prize 1982)
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FRG (Wetterich 1993, Morris 1994) Ne

non-perturbative flow Eq connecting classical action and effective action

Average 1 f _— S F), |
F + J.rll_{ _ F !}- — lj-i-l'll_{ - R . _L'-’ll_l( J.:'Il_f—_ Y = — f— ]
erag M) = Bl = [ a0 5 MM ghr, = -5 — (02

IR cutoff

Wetterich Eq: 1 @) ~1
E)ka [J[] — ;TI (i}kﬁk [FL + Rk ] )

ora atic for 1
diagrammatic form Hle = = /C>
2 \_

I'A[M] = S|¢ = M| (classical action),
[o[M]

['[M] (effective action).
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(2) Deconfinement
@FRG
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Friedberg-Lee Model
b
L=Yid—go)W +10,00"c —U(o), Ulo) = —o~ +—cr + F"‘" "+ B,

Mg~ 2GeV | ¢ =1770fm™>2, b = —1457.4fm~", ¢ = 20000, ¢ = 12.

A0

1st order
300 - _
mg; = go Deconfinement

= 200f i |
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Tc=103.7MeV; u.=263.4MeV. Mean field calculation @ Mao, Yao, Zhao, PRC 2008

€ FRG for 1st order phase transition ?
@ Fluctuation effects on T, Y. ?
@ Universal behavior ?
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: 1 b
FL model: £ = §id-gow + sOucdo=-Ulr) Ulo)= Fr- + —Uﬂr + %cr*

. - | R . i '
Wetterich Eq: g [ov] = -T ([I o] + Rig]™ = )—Tr(|I1""'|[r*w]+R“.-|""hf:£’)
o

2
Vacuum IR cutoff: Ry, =(k*~q*)0(k*-q*), Rz, =4 \/Z_:_l (k*-q°).

T, v IR cutoff: R = (¢ + iﬂyﬂ)(\/(q0+ip)2+k2 T 1ok - ) Rip = (k2 _ q2)®(k2 _ q2)

(qo+ir)*+q>

1. Derivative expansion:
- |
Fk = fam'x (Zw’kw(l@ - gO')l,b + EZ(]-’ka#O'a}JO' + Uk(O'))
2. Assuming unitary field , and neglecting Z,, g, :

N1y = KWUp = U + WUrp
4 1 Jod 1 ne(Ee+p)+ne(le— p)
'Ejj.- I"TJ.'.F — —4N rf *'H""F{_‘. T . ‘ = — AN N — f f f fA=f /
; 672 wi + k2 + g%0? I 6n2 \ 2 2F;
o 1 k4 I np(fp) 2
dk [_- kB — T Z 2 —l_ L 5 T dd‘:-' == (i}"'l'g (:Zh..!;r + j“_‘:fj Ef = k2 + 920'2; EB = _aa:zk + k2

3. Solving flow Eq.: grid, potential expansion
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Solving flow Equation

1. Two points expansion method for 1t order phase transition:| | ~ N
ak bk Ck ol oss oo 008 {’h‘rl 045 020 025 030

Up(0) =0 +—=0>+—0c*+B ~
k(o) 21 k \ my = 2GeV W,

3! 41
o°U _82U
Zk >0, Local max;: o=o zk
O

Local min: 6=0, o=0,, m’= <0

O0<o,, < O'k'v),

aa max !

-0<0<9, 0,,~0<0<0,,10

~~

Small parameter o Small parameter y,=c-0,,

Flowegs: d,a, = f,;0,b = T, Flowegs: 0,a, =h_;0,b, =h,;
\«aka ] fC;akBk ) fB. akck = hc;(’akBk = hB,
U,(0) U, (o)

2. Grid calculation: U(o)=Tf(o) —d0<o<do. o,—060<c<a,+d0

discretization o; =s(1+0.1),s=0.01

derive U” with 7-point formula, boundaries with 3-point formula;
Solve d,U, with 4-order Runge-Kutta method --- Fukushima, 1010.6226
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Solving flow Eg. in vacuum

L = E(:’B‘ — go)r + %SHUB“U —U(o), 4p¢
= 3l
akUk = akUkF + akUkB’
k5 1 k5 1 1 - P o e =
oU,. = : —:0,U, =8N, : ,
T T 3272 KP4U T 3272 k2+g°0° I R
*l-.h".f , , . , !
0 10 20 30 40 =0
as b, CA o
Uy(o0) =—0*+—03+—0*+B . .
a(9) =3, 3! 4! A Green line----Grid:;
Red line------ 2-point expansion;
Rg « = (K*=0*)O(k’—q?), Blue line-----without scalar field :
% Black line----initial value.
Re =4l .| -1 0(k*-q°). A=400 MeV, g =12.416, a, =4.22*10° MeV?,
\ g b, =-532845.58MeV ¢, =23533.07,B, =0.

m_(oc=0)=2.05GeV;m_(o =0,) =1.93GeV;m_ > A.

B Two points expansion method is OK.
B Scalar’s contribution is negligible, and so for Z, g,
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Deconfinement Phase transition (&2t mnde:]

1. Determine initial coupling constants a, b, c,
2. Obtain phase transition: T, M.

AMeV) | T (MeV) b (MeV) [Li(m) |L,(m*)

300 | No prase | wansiton | mecium | [N

N=27?
1st deconfinement phase transition depends on A. A>300

Large A\, FRG results becomes saturated. A>m

Small A, FRG predicts no phase transition. \/\?ma y
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(3) Flow diagram
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Flow diagram(1)

Dimensional reduction:

akUk = akUkF +akUkB;

k* 1

a|<U kB —

67° Kk’ +U,

\

j.
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L=vYid—go) + %Sﬁcra“’cr — U(o),

k* 1

;0U, . =—-8N : ;

‘6% k%+ 920'2

2"d phase
transition

_ Qg Ck
[Uk = 70' +EO'

Orx = fa; Ok = Jos OkGr = fg = 02]

Dimensionless couplings

kzﬁ;ck:?; Ik =

Fixed points:

Critical exponent:

(eme)=m(e

C —
M = _2+3u+2y 6U+aP s
- 3c? -
_ _(1+a)4152 (1+a)311:2
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gx = 0; (-0.08, 7.76);

)

(0,0)

—1.8426
1.1759 v = 0.5427
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Flow diagram(2) =

U o, D 5 Ck 4 ///@/\ \\\

1st phase transition Uy =—0°+—=;0° +—0%

21 3! 41 / \
4 fixed points: g, =0; |largegy © gr=0 /
0,0,0); (-0.08, 0, 7.76); /////////
( 1V )7 /
- ~ o
2nd Phase transition »\
Y = 0.5427 '/ e N
(-O. 1 O, iO.8 2’ 11_39); = ' : :' , / | \\\
d(a—a,b-b,c—c) . 8P :
=M(a-a@b-bh,c—c) LIl (T~
(-1.79493,
Eigenvalues: 0.795625+1.122631, | ¢
0.795625 - 1.12263 i}
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Flow diagram(3)

1st phase transition

ay 2 bk 3
2! 3!

4 fixed points: g, = 0;

_ k4, % 5, Sk 6
Ui=——0“+—0 +ZG +§0' +aa

large g, © g, =0

-

\_

4 N
(0,0,0,0,0); (—0.143,0,12.431,0,540.813)
\ 2nd,v = 0.5932 y
(—0.186,+1.047,17.299,61.541,1184.115) ? 2

~

~

Eigenvalues: {12.0818+8.08018 1, 12.0818 -8.08018 1, -1.5845, 0.730471+1.18035 1, 0.750471 - 1.18033 1)

J
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Summary

1. Two-point expansion method to solve
flow equation for 18t phase transition;

2. Flow diagram for 15t order phase transition.

Outlook

3. Grid calculation of flow diagram, critical exponents.

141 141 |
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HAPHMA RS 5A BRI B FARAL A MO Bk R 0e ?
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Wilsonian Renormalization Group method =5/t s

1
©
\\\\\\\

Step 1: Mode elimination

O=P 1+ P e.g. ®°(q) :®(k_|Q|)(D(CI)
- o (q) = ©(g| - K)(q)
Z=[[do]f[dd et
— j[d D] e SiLo7]

consecutive inclusion of fluctuations

v Phase transition including fluctuation: TC,,UC — Functional RG;

Step 2: Rescaling b:%
q =bg; @ (q)=£,27(q /b) .G = f.(b,G)

SS[® ;g ] has the same form as S, [®, ]

> Critical behavior: critical exponents, universality
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Flow diagram(1)
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Dimensional reduction: _
a|<U|< — akUkF + akUkB’

k* 1 k* 1
akU"B_6 2.k2+Uk-akUkF:_8|\|667z2'k2+g202;
Ak 52 Ck ot __%_ Ck_ — _ Yr
U =570" + 570 k=2 T G TR

(2)Small parameter

Xk=0-0y,

1 L L L L 1 L L L L 1 L L L L L
-0 -3 an 0z Lo

gr = 0; (-0.08,7.76); (0,0)

gr = 0; (—0.25,33.3);(0,0)
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(1) Hagedorn —5‘%%—1%%*&!‘& g:;.%.ﬁr;-rﬁ:%ﬁ-f,
_Il'm-‘_ ‘ _ FAEEEEH,
g, {2 } o plmy=me™  ab=0 TEEA
1’11 .,i$_-=- & ‘P;_.E}""

(2) Bag #A: AWMHLRAHRESB)IRTERBEARIEFER, WRA.
P (I) = Fpp (I 14.) = -0 -5 - B

(3) &M FERMAEXN M T HQRHMEZ(NC),F5 EZPolyakov | topological

0 Fim)y=no, confinem ent Solition (Z:lﬁ)

i o T
L(x) = PEKP[ —ig [D dxsA4(X, .r_1]| e~ L) =Jtﬁ|ﬁﬁ V(o) =finite deconfinement
(4) # ZQCD: Nc=2,—ZFAM&Z; Nc>=3,—ZHX.
(5) PNJL, POM %: ¥ FAEMX SERHEE FRAR

(6) Soliton Bag Model: Cnon-topological (F-L model) >
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