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QCD at extreme conditions

I. Each QCD phases defined by its own order parameters
Il. Behavior of order parameters governed by dynamics of symmetry
lll. Symmetry and its breakdown governed by vacuum structure

Chiral symmetry « Quark (chiral) condensate: Hadron or not?
Center symmetry « VEV of Polyakov loop: Confined or not?
Color symmetry « Diquark condensate: Superconducting or not?
Color-flavor symmetry (locking) « Diquark condensate at high density

phase « Symmetries of vacuum
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Why are heavy-ion collision experiments special for QCD?
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QCD at extreme conditions

SCSB results in nonzero chiral (quark) condensate due to nonzero effective
quark mass even in the chiral limit, i.e. m=0

d*p M(p)
2m)4 p2 + M?3(p)

- <EU>M1nk — Z<L’TL’ >Eucl = 4N, / (

Nonzero <gq> indicates hadron (Nambu-Goldstone) phase, whereas
zero <gqg> does non-hadronic phase, not meaning deconfinement

Thus, <gg> is an order parameter for chiral symmetry

In the real world with nonzero quark current mass ~ 5 MeV,
at low density, there appears crossover near T ~ 0, and it becomes
1st-order phase transition as density increases

In the vicinity of critical density, there are various and complicated
phases, such as color-superconducting, quarkyonic phase, etc.
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QCD and effective models

Instanton interprets well the spontaneous chiral symmetry breaking
(SCSB) and U(1) axial anomaly (Witten-Veneziano theorem), etc.

Technically, it has only two model parameters for light-flavor sector
in the large Nc limit: Average instant on size & inter-instanton distance

Unfortunately, there is NO confinement!!!

Some suggestions for the confinement with instanton physics:
Dyon, nontrivial-holonomy caloron, etc.

It has been believed that confinement is not so relevant in
ground-state hadron spectra, in contrast to resonances,
Regge behavior, Hagedorn spectrum, etc.
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Introduction: OQCD and effective models

A sophiscated QCD-like model: Liquid-Instanton Model (LIM)
Instanton: A semi-classical solution which minimize YM action

a __ 17a a B 2771%102
Feo =F,. wllpe A)= T )

Simpler understanding of instanton: Tunneling path of vacua
Or, instanton is a low-energy effective-nonperturbative gluon

<V(q)
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Introduction: QCD and effective models

Partition function of LIM

Zerld, q'] /dAi /Dqu exp [/Zq (i + mq)q Z [AaYﬁf(pHNa Oﬂ%)u »

=+
? a
YNf — —/ detf ’LJ )} /detf [ﬁ‘]qq’(x’ ]’ E_4N/ k) = oo F2(k)
c % k2+M2 Mo(k) = o0 ’
o) 1+ ay
_ //e(k D) F (p) [C]T(k) 5 5(],(]?)] . AZE(QUOVN)
o), Ny xN; 2V N

Example: Pion weak-decay constant

2
OMy;(k 2 TOM,7(k
’;’qu(k)—( ) +kil { ak( )}

F2 = 4N, / )
o k [k + Mg (k)]?

(R, p) [fm] Fr [MeV] Fk [MeV] F, [MeV]| F,/ [MeV]
(0.95,0.35 89.07 97.87 94.65 100.23

) [29]
(0.89,0.36) [30-32] 87.96  96.60  93.44  98.92
(0.76,0.32) [33] | 92.67  101.96  98.56  104.47
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Medium-modified Effective models

T-modified LIM:(mLIM) Instanton parameters are modified with
trivial-holonomy caloron solution (Not dyon, vortex, or something)

Caloron is an instanton solution for periodic in Euclidean time, i.e
temperature, but no confinement

Distribution func. via trivial-holonomy (Harrington-Shepard) caloron

1

2

1 1 _
d(p,T) =Cp"Pexp [-F(T)p*, F(T)= §ANCT2 + [ZA?VCTLL + vByn

1
Achgl_Nc_llﬂza 7:_[

: N. ]ﬁ ,_ 1IN, — 2N,

Using this, we modify the two instanton parameters as functions of T
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Medium-modified Effective models

mLIM parameters (left) and effective quark mass M (right)
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Hence, effective quark mass plays the role of UV regulator
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QGP and transport coefficients

= Recent heavy-ion collision experiment showed possible evidence of QGP
' ] J. Adams et al. [§TAR Col!aboration], Nucl. Phys. A, 10? (2005)

= Interpreted well by hydrodynamics with small viscosity: ~ perfect fluid

= Properties of QGP can be understood by transport coefficients:

Bulk and sheer viscosities, electrical conductivity, and so on

» They can be studied using Kubo formulae via linear response theor
F. Karsch, D. Kharzeev, and K. Tuchin, Phys. Lett. B 663, 217 (2008).

Strong magnetic (B) field in QGP N\
B. I. Abelev et al. (STAR Collaboration), Phgs. Rev. Lett, 1601 (2009)

= RHIC experiments observed strong B field ~ (pion mass)

= Strong B field modify nontrivial QCD vacuum structure
K. Fukushima, D. E. Kharzeev, and H. J. Warringa,

» Charged-current asymmetry: Chiral magnetic effect (wave)
D. P. Menezes, M. Benghi Pinto, S. S. Avancini, A. Perez Martinez, and C. Providencia, Phys. Rev. C 79, 035807 (2009).

» B field enhances SBCS: Magnetic catalysis
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Various transport coefficients

Electric conductivity Heat conductivity

Kubo formula:
Current-current
correlation

Bulk viscosity
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Shear viscosity of QGP (Instanton vacuum)
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Entropy density shows increasing functions of T
Min[n/s] ~ 1/(4n):KSS bound (Kovtun, Son, and, Starinets)
LQCD, NJL, and ChPT results are compatible with ours
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Electric conductivity of QGP (Instanton vacuum)

t=03fm =T
coorEe e _m- Gupta et al., PLB597 (2004)

é‘"_':: =00 SU(3). Unrenormalized VC

SU(3) LQCD, Gupta
SU(3) LQCD, Aarts Aarts et al., PRL99 (2007)

O
o

A SU(3) LQCD, Ding _

¢ SU(2) LQCD, Buividovich SU(3). Unrenormalized VC

The numerical results compatible with LQCD data for various T
Effects of B field is negligible (thick and thin lines)

EC increases obviously beyond T ~ 200 MeV B. Kerbikov and M. Andreichikov, arXiv:1206.6044.
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v Chiral condensate [MeV]

v Chiral condensate [MeV]

Chiral condensate under B field (Instanton vacuum)
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v Chiral condensate [MeV]

v Chiral condensate [MeV]
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Medium-modified Effective model: EoS

Thermodynamic properties of matter can be understood by EoS

Neutron star in terms of effective Dofs: Smooth transition possible?

Neutron Star

_ o Quark matter _ o
Seml-bosonlzatlon’ Semi-bosonization
Quark-meson
matter
ng')c?e Quark-meson
* Bosonization ' matter

[ Meson matter j
Non-topological

\ soliton
Topological [ Baryon matter j

Scale

soliton
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Medium-modified Effective model in SU(2#)

Effective action from liquid-instanton vacuum (Euclidean)

N 2 22 4 2 MQ
N 72p _QNC/dklnk+k
2r)2 k2 + m?
Matsubara frequency for fermions

Seft = =3 I\ U N oM
4 OO 3
/ CE k) T Y /(;Zﬂl;f[(Zn%—l)wT,k]

-
(2m)* S

Thermodynamic potential from LIM and NJL

NN N 272p? d3k
Qi = Qe + Q1 = — / ln[— il ]—2N6Nf/ E4+Th|{(14+Y)(1+X)]],

7 V N.MoM (2m)3
—m)? A3
ONIL — (M4G ) —2NCNf/ ((217‘-];:3 E+Thn[(14+Y) 1+ X)].

e BTy = B-/T Bl =E+pu=\E2+ (m+ M?2) +y,
= e /T y=e/T & =E+pu=k2+(m+ M)+

X
X
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Medium-modified Effective model

Momentum-dependent effective quark mass

9 N
M = MO(ILL’T) [2_|_p2 kQ]

Gap (saddle-point) equations for LIM and NJL

NNy QNCNf/(d?’k (m + M)FN [( (1—-XY) ]

V M, 27)3 E 1+ X)(14Y)
M-m Mk (m+ M) 1—- XY
2G chNf/ (2m)3 & [(1 +&)(1 +;V)] |

Parameterization of instanton packing fraction in medium

N N[ M 2
V.V | My
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Medium-modified Effective model

Standard representations for thermodynamic properties of QCD matter

0N
T p) = (@ = Chac), nlTo1) = =50
02
S(T7 ,LL) — _8—T> €(T7 :u) — TS(T7 :u) + :un(Tv :u) _p(T7 ,LL),

Thermodynamic properties of QCD matter for LIM and NJL

PNIL = (QNJL QefoH\Jfac)
d3k EQY-X)+(1-XY)MMW] (M —m)MW
= 2NN, _
HINIL f / E1+X)1+Y) 2G !
d3k i EE_1+X)YV+E(Q1+IX]+T(1 - XY)MMT)
— 2NN, In[(1+X)(1
SNJL 2Ny / n[( +X)(1+ )]+ ST+ )1+
(M —m) /\/l(T)
a G '
PLIM = (QLIM Q(Eflfl\gac)
Bk [EY —X)+ (1 —XY)MM*] 2MyM! N
o = 2 / l EQ+X00+Y) | M V
(T)
B EE_1+X)Y+E,(1+Y)X]|+T(1 - XY)MM™7]  2MoMy " N
SLIM = [ (1+X)1+Y)]+ BT+ X)1 1Y) Mozvac v
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Thermodynamic properties: NJL vs. LIM

Chiral phase diagram via effective quark mass
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Thermodynamic properties: NJL vs. LIM
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Summary

Along with lattice QCD and theory beyond QFT, QCD-like EFT plays a
important role to understand strongly-interacting systems

Strongly-interacting QGP believed to be created in HIC is a good place to
test QCD in extreme conditions, i.e. hot and dense QCD matter

QCD-like EFTs are modified in medium with helps of lattice QCD,
Euclidean-time formula, nonperturbative gluonic correlations, etc.

Various physical properties of QGP investigated using QCD-like EFTs,
such as transport coefficients, EoS, effects of B-fields, etc: Instanton.

There are still insufficient understandings and obvious distinctions between
EFTs, and they can be resolved along with lattice QCD
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