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Shear and bulk viscosity
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sQGP: a nearly ideal fluid
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Viscosity and phase transition
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Viscosity calculation methods

* Classical method 1 ~ 1/0
* Relaxation time approximation

* Champman-Enskog
* Green-Kubo (GK) method

Plumari, Puglisi, F. Scardina, V. Greco, PRC (2012)
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Symmetric nuclear matter (SNM)
phase diagram
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Asymmetric nuclear matter (ANM)
phase diagram
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Box calculation of IBUU

a 5 - = 1 da] — — — —
(E V= ViU Vp)f(r,p; f) = /d3p2d3p3d9vre: = (2mh)*8(P + P2 — P3 — Pa)

(27h)s

ds2

x[fafa(1 = F)(1 = f2) = JR(1 = [3)(T = f4)].

box system with
periodic boundary condition

equations of motion
dr, _ D
dt m
5
L__vu
dt

20fm

20fm

isotropic and constant ¢ = 40 mb
150

FD, attempted
LU e ————
S MB
ke, T=10MeV, p = p,
3 50 solid: IBUU simulation
< dashed: theoretical limit
FD, successful
0

0 10 20 30 40 50
t (fm/c)
theoretical limit

A Neoll 1 2 3 3 £ £
7 = EVp o | d’pid’ pavma f(p1)f(p2)




Nucleon-nucleon collisions

* Bertsch’s approach (Phys. Rep. 160, 189 (1988))
— Go into the C.M. frame of the two nucleons 0t = a At
— Collision can happen if o= 17y

Ar-p
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— If collision happen, change the direction of P__ in the C.M.
frame

— Boost the momenta of the two nucleons to lab frame

— Check phase space density; 1f Pauli blocked, return to the
initial momenta

* Pauli blocking probability /-(1-n;)(1-n)
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Transport Model Evaluation Project (TMEP)
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Preparation of dynamically equilibrated
SNM system

density evolution
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Validity of GK method in non-uniform system
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Shear viscosity from GK method
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Results of shear viscosity 1

_ | T=6MeV T=9MeV T=12MeV |
" 1000} {1000} 1000 1000 ¢ :
= ] E
3 | |
= 100k 100k 100k 100 ¢
< | .:;”r’."
10¢ ; 10 {b_ 10 {g‘ 10 (d}g
' T=6MeV '_ T =9 MeV " T=12MeV |

02t {1 02 —s—woMF { 0.2} | 02f
— ] —e— with MF | | ]
EU-*'- : u.fﬂ"'- 0.1}t 1 01t .
ol | ] ] p
s 0 (@) (h)
0.0 : - : —~ 0.0 . —~ 0.0 . —~ 0.0 ‘ i
T=3MeV .s] T =6 MeV T=9MeV T=12MeV ]
100} 1 100} 1 100} 1 100} ;
" _ j ] E
= 10 { 10§ 1 10p / 1 10-4’"?
I R S 1Mr 1} S
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0

PP,
For a constant o, clustering reduces 7 due to more collisions



n (MeV/fm?)

s (fm™)

n/s

p=0.1p, L p=0.2p, p = 0.5p,
1000 3 {a 3 "IEICIGE- {b)— 1000
i | ——woMF |
100 | 1 100 E: *— with MF { 100}
10 ; :3: '! 10 ;' '! 10k
——+ —— 1+ 0.3 ——t—+—1+—+—+
- p=0.1p, . p=02p, | p = 0.5p,
0.2F {E}- 0.2F (ﬂ~ 0.2F
| —e— with MF
01k . 0.1 01F
0.0 W 0.0 p———t 0.0 ——t
C p=0.1p ] p=0.5p
100} " (i) 100} 100} ? (k)4
10% -g 1'3; 10k
I';f ‘ J;'r "ILE 1‘E 4 !I3 12 'IlE
T (MeV)

Results of shear viscosity 11

For a constant o, clustering leads to a minimum 7/s in dilute NM
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Energy- and angular-dependent O
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Preparation of dynamically equilibrated
ANM system
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Shear and bulk viscosity from GK method
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For a more realistic o, clustering reduces or enhances 7 due to competitions

between initial correlations and collisions, and the minimum of n/s is shifted;

Bulk viscosity is more sensitive to the phase diagram but less sensitive to o.



Conclusions

Clustering enhances <a*Ya*¥> correlations and
collisions, and reduces n and 1/s for a constant ¢

Minimum of ny/s (T) appears at low densities
Minimum of ny/s (T) depends on o(E)

Clustering significantly enhances <an> correlations
and thus C and /s

C/s (T) is more sensitive to clustering than to o(E)



Outlook

* In-medium NN cross section
* Other hadronic system

— hadron resonance gas
— hot neutron-star matter

* Partonic system
— NJL transport in spinodal

Thank you!
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