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O A “hierarchy” of dynamical description

_ 1
Micro: QCD | Imicro ~ dinter £ =¥ (iDyy* —myg) by — 3G, G

of of af
Meso: kinetic lmesc. ~ lmfp gp TV gp + F- # = C[fp]
Macro: hydro lmacro ~ P/ Opp E (pvi) + iﬂu =0
315 33:j

O Top to bottom “coarse graining ”: short-distance information
loses, universality increases. Hydro equations are general.

O Only those long wavelength low frequency modes are included
in hydrodynamics: conserved densities, Goldstone modes.
Short-distance physics is only in transport coefficients + EOS.
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O Relativistic hydrodynamic equations (conservation laws):
uy —_
8,T"" = 0 g.N* = 0
O Constructive relations (Landau-Lifshitz frame)
T = (¢ + P)utu” — Pg" + 1#¥
NF = nut 4+ 4%

9
= | VA + V¥ — APt ) + CA*Gu’ + O(8?)
3 H

= H( L )Ew (%) + 0@

Ideal +Dissipative

T

O Transport coefficients: shear viscosity 77, bulk viscosity ( ,
heat conductivity kK .
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O Phenomenological meaning of transport coefficients.

F
—

shear 30:.*:
force

pressure N v
shift AP Vv

cool

ar . k [(OT\*
heat flow Qy ~ —H@ S~ T a
hot
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O Transport coefficients connect micro to macro physics.

v, (percent)

Micro

Macro
Luzum & Romatschke 2008

'|'|.-' = I

25 Y T Y T l T
L | © STAR non-flow corrected (est). . )
me 1)/5=0.08

20k e STAR event-plane ’

Strongly
Large v2 Sm_aII sl:near ~—» coupled
viscosity matter
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O Transport coefficients are related to phase transition.

Lacey et al.2007

I—1I_E}I o I—CII_SI o ID_IDI o ICII_SI — I1I_C|I
(Tl Ty

Dynamical critical
behaviors: talks of Skokov,
Nakano, Llanes-Estrada.
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3 20 Chiral phase
= transition
|_
) B~ ﬁQGD
= =
® Nonperturbative
L 100}
2 Chiral , &
brolien 7 B E Effective chiral
. ’/.d .+ Neutron model: NJL
0 1
Nuclei Net Baryon Density
Transport coefficients in NJL model:
How fluid?
Critical behaviors?
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O

O

Kubo’s formulae give how the system near equilibrium linear
responses to external weak (thermodynamic) forces.

Let v_x has a small gradient in y direction.
The perturbation Hamiltonian reads (Zubarev 1974),

t
Errért(t) =_/ dt,fdaxfjmy(x?f)ayvm(x:t,) Yy

Eal

4 <T:f:y} (x,1)

3[ dt’([ﬂpert(t’):iﬁﬂy(xat)]}

t t
f dt’ f dt" f PG (x, 1 %", ") B, v (x", ')

Ghlx, t;x",t") = —if(t — ¢"){[T™¥(x,2), T¥(x",¢")])
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O After Fourier transformation, shear viscosity:

n=  lim lim Gh(w, k) =

() w—0 k—0

d
—ah’ﬂg&(w} O) I

tt—+0

O Similarly, bulk viscosity and heat conductivity:

10

90w

T(E+P)2 d
3

vy
|

&
|

G‘?R(x:t) =

Grix,t) =

ImG{R (w, 0)

nl

tt —+0)

tat —#0)

—i0(t){[TH(x,1), T¥(0)])

e

—if0(){[N*(x,1), Nu(0)])
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O 2-flavor NJL model: symmetry SU-(3) ® SU(2)y ® SU4(2) ® Ug(1)
L =96+ ") + gl(@9)* + (WivsTy)7]

> 'f-"'m"y = EJJ)’Y?"’a”D?’b
. _ de, des de’p pQ[ﬂrF €2 — ) —HF(El —ﬁﬂ)] 2 2
G} (iwn, k) = — or o f (2n)3 o — T 6 Tr[y“p(€1,p + k)v*p(€2, P)]

@ Gr(w,k) = G} (iwn — w 4107, k)

“2 /o) o

1) —np(e+w — p)|Tr[y’p(e + w,p + k)v°p(e, p)]

d'p
n = _if on ——penrp(p — p) e[y’ p(po, )7’ p (P, P)]
Quark uark > de p(e,p)
spectral  p(p) = ps + pu" Pronagator 3(ro,p) = —00 2T Pp — €

function
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O Similarly, for bulk viscosity we have (EOM imposed)
"= —Pin’ Oy

O For heat conductivity we use
NF = gy

O We have

oy — 1T [p(p))

K = -g (E;TP)E f (;fr *‘;’ ne (o — 1) Tr [v* p(p)yp(P)
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O 2-flavor NJL model: symmetry SU-(3) ® SU(2)y ® SU4(2) ® Ug(1)

L=PEP+ p°) + g[(@) + (ivsTv)’]

Non-renormalizable: introduce a cutoff A ~ 6563MeV

Coupling constant gA% ~ 2.14 > 1: perturbation theory fails

Approximation scheme: 1/Nc expansion (g ~ 1/Nc).
Leading order: O(1) to gap equation. Mean-field (Hartree) approx.

oo o O

Srnt (P) = S5 (P) — Eme(p)

dp 1
(2m)2 E,

Mmf = Z:mf — mechNfgf [tﬂllh
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O Mean-field gives 2"d phase transition at Tc, 1st at He.

350 . . . 200

300 y restored

2504

200 <
B

150 4 . ?.'
-

m_{MeV)

] x, broken
1004 . 50 4

50

D T T T D T T T T T T
0 50 100 150 200 0 50 100 150 200 250 300 350
T(MeV) u(MeV)

O Mean-field mass is always real.
pme(€) < 8(e+ Ey)  ==>  Pmi(€)pme(€+w) =0

Mean-field does not contribute to transport coefficients

O We need to go beyond mean-field approx.. How to do?
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O Kinetic argument gives
2
1 T 1
~ —ND ~ — P~ — — 02
M 3nplmfp > ¢~ (3 s

O O(1/Nc) contribution to quark cross section: RPA bubbles

co XK SO0 -
)

2
- Ty
~ Im : ' ~ m ’ \
I i

)

Quark self-energy should contain this sunrise diagram j
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O RPA bubble summation = Bethe-Salpeter equation for meson

A O

Meson propagator: D3/ (g) = (=2g9)™" + M(q)
Meson self- I _ dip T VS VSt (p)
energy: M(Q) ( (2’?{') I'[ M mf(p'l'Q) M mf( ]
1 M=c 1 M =
Quark-Meson . _ s M =y Vi =4 Ty Mo=7y
vertices: iT_vs M =m_ it M =7
it3Ys M =mo | 1T37vs M =g
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O Direct calculation shows (below Tc)

Pp 1 E2—é&,/4 E,+p — K
REHM(WaO) = NENflpf (2?1_)3 EPE?? _w2/4 tanh T tElIl_h 2T ]
i 2
IIHHM(M,O) NNf €2M\/w2 4m? tanhw_l_ #

8’?1' I 4T AT

— €%y [ W+ 2 W — 24
— —y —9
e Vw? — 4m? _tanh 1 + tanh 1 0(—w — 2m)

+tf:unllm’?_2'bE O(w — 2m)

— N.N;=

O Position of pole of meson propagator gives mass and width.

1_29HM(MM:O)={] MM=TTEM—EPM/2

O The pole mass is zero for pion, and 2m for sigma. Pole width is
zero. Pion is Goldstone boson for chiral symmetry breaking.
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O Use pole approximation (valid when pole is well separated from

continuum states)

_QQqu

-1
Dus(d) s (3REHM)
M\g) =~ Imeg =\ — a2
qi — Mi:f “ agu go=m r1,q=0
" L L 12

600 1 oo 8 009 o T
11 .

500 4 -m: -
p— 1 g 1
S 400- 91 rdd -
QD j )
< 300 81 7
e ] ;) w=0 ]
200 1 6_- o]

1001 5. 9 Degenerate
0 . : - ; 4 . . : . |
0 50 100 150 200 0.0 0.2 0.4 0.6 0.8 1.0
T(MeV) LLLP
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O Thermodynamic potential

-
.
0= R
— + I I

v 2

\_."

O Entropy density

& E, -
§ = ZNcfo (253 [111(1+€"’3(EP'”)) +np(Ep — p)— 'U’] +(p— —p)

3 [ oy [0 =) a7
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O Meson-dressed quark propagator: (partly) O(1/Nc) correction.

A

S7THp) = Sui(p) — X Zml(p)
diq Does not
Yum(p) = Ef (27)" VMESWI(P'FQ’)VMﬂDM( ) generate
width
Z+ W
S o : | 0.25 -
(») p— M +il,/2 | l
0.201 .
Width/mass<<1: _ 0.151 g -
E p=0 "
= 0.101 J." 1
Lo 2Im(Se(M,0) + %,(M,0)) Y,
? 7 ORe(%o(M,0) + X,(M,0))/0M — 1 0.05- -
0.00 4=a=p—= _._..._.._-___.,_..f"
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O Shear and bulk viscosities at zero chemical potential.

* Shear and bulk
viscosities increase
along T.

* Bulk viscosity is
much smaller than
shear.

*Viscosities are small
at low temperature.

* Bulk viscosity
. : . shows up a
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O Shear and bulk viscosities over entropy density at zero

chemical potential

5
.| »0 s
3.
2
14
0 S¥eeaeses
0.0 :
1/Nc¢ analysis to shear viscosity in NJL:
Buballa, Heckmann & Wambach 2008
2010-1-21 Hirscheg

1.5
1.4
1.3
1.2
1.1

1
0.9
0.8
0.7
0.6
0.5
0.4

0.7

U.uuoo

0.005 |
0.0045
0.004 |
0.0035
0.003
0.0025 -
0.002 |
0.0015
0.001 |
0.0005

0

I I I I I
zero |

NoN-zero pL =======

% Kinetic theory to NJL:
*, Sasaki & Redlich 2009

- -
-------
-----------------

full -

180 190 200 210
T [MeV]

150 160 170 220



GOETHE@

Transport coefficients UNIVERSITAT

FEANKFUERT AM MAIN

O Shear and bulk viscosities over entropy denS|ty at zero
chemical potential T Teron

1 2 N noN-zero i =s=we=s |
cal \. Kinetic theory to NJL: ]|
b H 12 L % Sasaki & Redlich 2009

Z 1
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u=0

g 0.4
’ 0.2
o 0
|
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‘:./- - ‘ O-12E Noronha-Hostler A
I I 0.10F ot al. 2009 i
0.0 0.2 0.4 0.6 0.8 1.0 {} 08F
T, F .06
0.04f
ﬂﬂz?ﬂ:_,—_‘_‘h-‘
e ... |

0.00°
014 015 016 017 018 0.19

2010-1-21 Hirscheg T [GeV]



Transport coefficients

GOETHEﬁ

UNIVERSITAT

2.5x10° :

2.{]11{19; u=10 MeV ;f'“l*.-.
L |

H.xnﬂ- / N
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!
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O Heat conductivity: mu=10 MeV.

00 S | k©o1.4F

0.0 0.2 0.4 06 0.8
T/T

Chiral perturbation theory:
Fernandez-Fraile et al. 2008 :
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* Very large value.

*Non-monotonous .

*Drops fast
approaching Tc.

1.0 MZq2f

1.0
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O Shear and bulk viscosities at fixed temperature T=150 MeV.

30’ T T T T T T T T T 2{}‘_ T T T T T T T T T
2.5- .
4 - 15_
2.0- .
- T=150 MeV : T=150 MeV
1.5 —=—n/s - 10 - —=—n/n
rol —+—1000"; /s 1 =—1000%5/ n
o E 5__
0.5-1 .M’*/.’—._. _ .__-‘__'___-.——-l——-.——l —
0.0 r T T T . T . T r (4] : , . . . . ' ] '
0.5 0.6 0.7 0.8 0.9 1.0 0.5 0.6 0.7 0.8 0.9 1.0
W, pin,
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We obtain the Kubo’s formulae for shear viscosity, bulk
viscosity and heat conductivity in NJL model.

We consider the RPA meson feedback effects to quark through
a sunrise diagram which contribute a finite width to quark.

At zero chemical potential, near Tc, shear viscosity decreases
but bulk viscosity increases and shows a divergent behavior.

We obtain a large heat conductivity at low mu, which drops fast
when T -> Tc.

More consistent approach: full O(1/Nc) correction to quark and
O(1/Nc”2) correction to meson Bethe-Salpeter equation.

Extention to T>Tc and mu>mu_c.

Landscape of transport coefficients: can we use transport
coefficients to fix phase transition line and tri-critical point?

Transport coefficients in 2nd order hydrodynamics.
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it

Comments are welcome
xhuang@th.physik.uni-frankfurt.de
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O Shear and bulk viscosities over entropy denS|ty at zero

chemical potential -
0.0030 | #F% 3
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