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Motivation

Shear viscosity 77 1s an important property of the quark—gluon plasma:

T = euu” — (p + IDHA*Y + ¥

n7 or n/s: 1s an mput function to viscous hydrodynamics;
1s generated by interactions in transport models: relation?

17/s can be extracted from data/model comparisons:

nls
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Bernhard, Moreland & Bass,

Helium v Z‘i., Nature Phys (2019)

-3 -~ -Quark-ghIoR-plasma- - £F= - - - 1/(4 z) bound from AdS/CFT
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05 1.0 15 2.0 5g Kovtun, Son & Starinets,
TIT, Phys Rev Lett (2005)



Isotropic versus forward-angle two-body scatterings

In this study, we only consider a massless parton matter
in thermal equilibrium under 2-to-2 elastic scatterings.

* Isotropic scattering: do o
— = constant = —
dqQ 41

* Forward-angle scattering:
As the example, we take the parton cross section used in AMPT/ZPC/MPC:

do 9ma; -
it~ 2 At aGETa:

2
Omra

2
% is added to obtain a §-independent cross section g = 5.2
u

a =
Based on the pQCD gg-gg cross section:

do 3 tu Su 5t N ,
— —_—_ === — — screening mass
dt 52 t?2 U 2 g K



Isotropic versus forward-angle two-body scatterings

Transport cross section gy,- often appears 1n shear viscosity expressions:

2
* Isotropic scattering:  0¢ = 30

1
» Forward-angle scattering: o, = 4a(1 + a) [(1 + 2a) In (1 + E) — 2] o
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Isotropic versus forward-angle two-body scatterings

Thermal average:

2
even 1f ¢ 1s a constant, g;,- 1s not since 1t depends a = “?

For a parton matter in thermal equilibrium at temperature 7,

the thermal average for Boltzmann statistics 1s Kolb & Raby, Phys Rev D (1983)
g (7 4 3 w? 2
(Utr> — 3—2 ; du [u K]_(U) + 2u Kz(U)] h ? w = T
= 0 ho(w) Vs
u = ?

ho(w) 1sjust an average of the anisotropy function /(a)



Comparison of 7 and 77/s from different methods

Analytical: 6T
o Isracl-Stewart (IS) method: ~ n'° = = for isotropic scatt.
o Huovinen & Molnar,
Vs | Phys Rev C (2009)
* Navier—Stokes (NS) method: 7"'° =~ 1.2654 — for isotropic scatt.
de Groot, van Leeuwen & Weert o
book (1980)
* Relaxation time approximation (RTA) & modified version (RTA*):
4T 6T _ ,
nRTd = — pRTA* — — for isotropic scatt.
50 50
Anderson & Witting, Physica (1974) Plumari, Puglisi, Scardina & Greco, Phys Rev C (2012)
2
CE _ T Yo Wiranata & Prakash,
e Chapman—Enskog (CE) method: 1™~ = 10 , Phys Rev C (2012)
Co0
Numerical: S A
 Green—Kubo relation: 7 = FfO dt < TV (t +tHT?Y(t) > = €T

T: relaxation time extracted from correlation <...>



Comparison of 7 and 77/s from different methods

Analytical: AT AT

Is generalized to
* Israel-Stewart (IS) method: n-=

5(g...)\ S50 ha(w) Aanisotropic scatt.
\Otr) o(W) Huovinen & Molnar,

Phys Rev C (2009)

* Navier—Stokes (NS) method: UNS ~ 0.8436
(Otr)

* Relaxation time approximation (modified version RTA*):

pRTA* — 4T
5(0¢rVrer)
Plumari, Puglisi, Scardina & Greco, Phys Rev C (2012)

CE T )/g Wiranata & Prakash,
* Chapman—Enskog (CE) method: 7 — 10 e’ Phys Rev C (2012)
00
Numerical: S 4
. _ — = ' _
* Green—Kubo relation: 71 = FfO dt < TVt +tH)r*V(t) > = &7

T: relaxation time extracted from correlation <...>



Comparison of 7 and 77/s from different methods

More on analytical methods: MacKay & ZWL, Eur Phys J C (2022)

* Relaxation time approximation (modified version RTA*):
4T 4T

RTA*_ N
5(ctrvrer)  50hi(w)

n

(OtrVrel) = K2 (2 )f dy y*(y? —l)Kl(Zzy)jda sin? 6, in general (z=m/T)
2
o (" 4 w” = for massless partons & AMPT &2
16, duu*K,(u) h 2 = ohy(w) p 7
T vé AT
* Chapman—Enskog (CE) method: nCE = —
10 cqgo 50'h2 (W)
2 _ j dy(y*—1)° [( +L)K (2zy) —K (2 )”d 0 I
Y2 251(2( ) y(y? yot+o 7 ) Kslezy 2 (2zy osin?0,, in genera

6400f du u® K - g) Ks(u) _EKZ(U)] h(g) = ohy(w)

for massless partons & AMPT —

hi(w) & h,(w) are different averages of the anisotropy function /(a)



Comparison of 7 and 77/s from different methods

Analytical results of 7
for massless gluons & g=2.6mb (or u~0.7GeV):

(@) Isotropic (b)  Forward

1 c T 7 1
S IS i ]
0.50F + 10.50
: NS T 4
T RTA E
8 CE P
; 0.10:— ‘,/' T —:0.10
0.05} e T 10.05
¢/"’
001 RN 1 [ 01 | 1 [ 01 001
50 100 500 100 500 1000
T (MeV)
* For isotropic scatterings: * For forward scatterings:
[S=RTA*=CE [S*RTA*~NS <CE mostly

~NS  (~5% higher) T<<u — almost 1sotropic
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Comparison of 7 and 77/s from different methods

Q: which analytical result of 77 1s accurate?
A: compare with numerical results from Green-Kubo:

_V = —Xy NFXY (£ > = =
n—TfO dt <@V (t+ )TV () > =—er

A © T=05GeV,0=26mb
(%': Isotropic Forward
* With ZPC parton cascade, we |§ 1he e g:gjt;hzepnc]:e-_
calculated 77 of gluons in a box AN Navier-Storon e ]
with the Green-Kubo relation. >
» Subdivision method (with I=106) 5 Forward
agrees well with NS expectation Ié;’ 01k . ]
for 1sotropic scatterings. v '\"?;;\\.\ _
00 02 04 06 08 10

Zhao, Ma, Ma & ZWL, Phys Rev C (2020)
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Comparison of 7 and 77/s from different methods

We extracted 7/5 of gluons in a box
versus y with Green-Kubo relation:

—
——
_——
—

s
==
\\
=

=—=a New scheme
& —o Default scheme
— — Subdivision
Navier-Stokes

0-01 I I Lo I I Lol

0.1 1 10

50

Zhao, Ma, Ma & ZWL, Phys Rev C (2020)

x (opacity parameter):
= radius of interaction / mean free path

o o3
X=4/Z/h=m/—
T T

Zhang, Gyulassy & Pang, Phys Rev C (1998)

For fixed «,,
7r7/s 1s only a function of y.

For example:
NS 0.4633  0.1839
<_) d)P L

\)

for gluons (d,=16)
under isotropic scatterings
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Comparison of 7 and 77/s from different methods

4 analytical methods vs Green-Kubo results of

77/s VETsus X: MacKay & ZWL, Eur Phys J C (2022)
' T LN B T UL R L LA T
(@)  Isotropic (b)  Forward
1¢c Te 41
o z
0.50 + -10.50
®
@ : "
L IR
0.10 IS e X T 40.10
[ NS i AP
0.05F -+ “7:.10.05
I RTA* . b
Q
CE S|
.
) Green-Kubo
00 b bl
0.1 0.5 1 5 10 0.5 1 5 10 50

X
* All methods agree well for 1sotropic scatterings
* For anisotropic scatterings: CE results agrees well with Green-Kubo;

but the other analytical methods are not accurate

* 7/s decreases with y & T: due to constant o
13



n [GeV’]

Comparison of 7 and 77/s from different methods

The fact that Green-Kubo agrees with CE (but not RTA*)

has been shown in

Plumari, Puglisi, Scardina & Greco, Phys Rev C (2012) + Relaxation time approximation

(modified version RTA*):

-+« isotropic limit « « isotropic limit
o RTA - with o, T E CE - 1st order
I o green Eugo, $=0.3 gex 1 Q\ © green-ﬁul;o, 1'-=00;136Gi>/ ] 8Z o0
o reen Kubo, T=0.4 Ge - reen-Kubo, 1=0.4 Ge
. o Green Kubo, T=0.5 GeV { \. ¢ _Green Kubo, T=0.5 GeV (h(a) Urel) = K2( ) / dy y2 (y2 = 1) h(22y E) K1(22y)
Z 1 —
@ ¥ (b) 7 2
I ] = f(z, @), (35)
1 T
nto = 0.8 , (36)
= f(z, %) Otot
............... N ~Q-:L ...\....vh,....g.-:
- : * Chapman—Enskog (CE) method:
el ¢ s 0 el ¢ o gl lepadd 0 o el ¢ o a4 gl [77 ]1 — 0.8 1 L (37)
0.1 1 10 0.1 1 10 slce = 0. =—
m_ [GeV] m_ [GeV] cr g(z, a) o
with
_ 32 Z o0 2 3 _
,a) = — d — 1) h2zya
g(z,a) s K%(z)/l y(y ) 1h(2zy a)
. x [(Z%y? + 1/3)K3(2zy) —|zy K2(2zy)]. (38)
However, there are 2 typos in those 77 results, RS i

as pointed out in MacKay & ZWL, Eur Phys J C (2022): should be h(1/(2zya)?)
14



Application to parton matter in the AMPT model

We then apply the Chapman—Enskog (CE) method to study
n and 77/s of the parton matter in string melting AMPT for A+A.

The AMPT model can reasonably describe

: : . . ZWL, Phys Rev C (2014
the bulk matter properties at low p; in A+A collisions: ys Rev C (2014)
_I | | | | | | | | | I_ 3_I IR | IR | IR | I L I O 2_II I | L | L | L II_
900 ~ T (a) dN/dy T]10°E 3 L (o) v,{EP}

n 4 .;— —;. I oooooO

B o — - B (o) ]

: Totf e 01 med N

= ~ F — Rreic 0-5% e R ]

_ 110 — - E::E 2010% Qg = | /.80 — LHC 0-5% |

Y/ \ = O PHENIX data /’o — = LHC 20-30%]|

re N — 0O |BRAHM data | B | 0| ALICE data
D R N A e O N B e RSN R e RS

TR @ p;  F O () v {EP} T

1 C 1 PR S

. . / Q9

JOE El s S

g “d | &5 ]
| N 1111 | L1 11 | L1 11 | | I 0 I/il | | 1111 | 1111 | L1 11

-6-4-20 2 46 0 05 1 15 2 0 05 1 15 2

y pr (GeV/o) pr (GeV/) 15



Application to parton matter in the AMPT model
The String Melting version of AMPT:

A+B =3

HIJING1.0:

minijet partons (hard), excited strings (soft), spectator nucleons

Strings melt to q & gbar .
via intermediate hadrons
2-to-2 elastic

ingsat >
scatterings at C (parton cascade)

constant o or U

Currently, only

Partons freeze out

Hadronization (Quark Coalescence)

Extended ART (hadron cascade)

, Hadrons freeze out;
ZWL, Ko, L1, Zhang & Pal, strong-decay remaining resonances
Phys Rev C (2005); | g-eetdy =

ZWL & Zheng, Nucl Sci Tech (2021) Final particle spectra
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Application to parton matter in the AMPT model

For the parton matter in the center cell,
we extracted effective temperatures. ZWL, Phys Rev C (2014)

For example, central Au+Au at 200A GeV:

10° — T | T 600 T T T T
&
(a) £ 400
| T
g 10°k - 1
“O" 2 Z
I B B
S = 200
& . |
= 10° E x
o [4+1
) o |
LoF e S 1001
- i e T S
= 10° -9 ® € (MeV/fm’) ==~ < 80p
- Rt 3 —
= f 010 "/fm’) Z 60
) [O—0O <p;> (MeV/0) i i
» - 2
S T <E > (MeV) g 40
F =+ <E> (MeV) g7
- € including unformed =
- -+ nincluding unformed <
]0” 1 1 | 1 1 | 1 1 | 1 1 | 1 1 E 20
0 3 6 9 12 15
t (fm/c)
39B 4 4
€ = 2 TS ’ T(pT) — (pT);
T 31T

Tpry < Te — the parton matter is not in chemical equilibrium



Effective temperature (MeV)

Application to parton matter in the AMPT model

We have extracted effective temperatures Ty, ) & T,

for 4 different collision systems: ZWL, Phys Rev C (2014)
T T T L T T T L T T T T TTT | T T T L 3 TTTT | T | TTTT |
(a) _: (b) T central _(C) LHC central 1500
----- T¢ midcentral = ==== LHC midcentral
-------- T(PT> central o+ RHIC central
500 T - Tip. midcentra 1L - - RHIC midcentral _{1gg
- 150
n 410
- _: 5
LHC (Pb+Pb@2760A GeV) s RHIC (Au+Au@200A GeV)
1 1 1 | 1111 | 1 1 1 | 1111 1 1 1 | 1111 | 1 1 1 | 1111 1A 1 1111 1 1 1 (| N
10(()).1 05 1 5 05 1 5 10 0.1 05 1 5 101

t (fm/c)

t (fm/c)

MacKay & ZWL, Eur Phys J C (2022)

We use these temperatures to calculate 77 and 77/s of the center cell.

Collision rate (a.u.)

18



Application to parton matter in the AMPT model

1) When treating the matter as a QGP in full equilibrium (N=3),
we use temperature T, to calculate both 7 and .

1 ' LI B R ' LB B R R ' | T | 1
[ (a) LHC central | (b) _
- mme==- LHC midcentral + 1
050 RHIC central | 70-50
----- = RHIC midcentral |
D Ry )
% ~'~." Q
O) 's: <
<
0.10 -+ 410.10
0.05F -+ -0.05
" Assuming full equilibrium
0.1 0.5 1 5 0.5 1 ) 10
t (fm/c)

* <1/s> (time-averaged value weighted by collision rate) 1S quite small

* Temperature dependence of 7/s 1s “wrong”, due to constant o

19



Application to parton matter in the AMPT model

2) When treating the matter as a QGP in partial chemical equilibrium,
we use temperature T,y to calculate 77 but use T to calculate s,
since 771s determined by momentum transfer but not density:

0.50

— 0.50

0.051-

Partial equilibrium

LHC central

----- LHC midcentral |

RHIC central
----- - RHIC midcentral

10.10

nl's

0.05

0.1

IO.5””1 II 5
t (fm/c)

05 1 5 10

<n/s> 1s very small

* n1s lower in partial equilibrium due to T,y < Tg:
lower 7'makes scattering more 1sotropic and effective

20



Application to parton matter in the AMPT model

* Our results improve previous calculations of 77 for parton matter, such as

4T3
)1 (1 B2\ based on IS: Magdy et al., Eur Phys J C (2021)
(1)

!

sma2 [ (1+ 4

I I I I | I I I I I I I
| ——— CE
e - - CE-fit Z
050~  reriven 1S
L | = = ' for do'/dt p // ]
& a\
; 010:_ """ IS for dU'/dt 0-=3 mb _:
= 1 -
0.01 | | T | | | | | | [
50 100 500 1000
T (MeV) MacKay & ZWL, Eur Phys J C (2022)
. . 4T
« We can use a h,(w) fit function for forward scattering n¢t= m——
ony(\w
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Application to parton matter in the AMPT model

pQCD 1 5.12
with u « gT': s g41n(2.42/9) :
Arnold, Moore & Yaffe, JHEP (2003); s 2

Csernai, Kapusta & McLerran, Phys Rev Lett (2006)

| 160 | | 500 | | 1‘0‘00 5000 104
Cross Section T MeV)
5 , ,
af ; )
: | Whenusing u < gT
3t .
g — ¢ o 1/u? will be larger at lower T
5 | — /s < T /o will have the expected
't 2 T- and #-dependences
of I — adirection to improve ZPC/AMPT
- 1_60 200 | 500 1000

T (MeV) 22



Summary

The Chapman—Enskog (CE) method gives accurate expression of 77
for parton matter under 2-to-2 scatterings

The other analytical methods (IS, NS, RTA & RTA*) are not accurate
for anisotropic scatterings as they disagree with Green-Kubo results

Applying the CE method, <77/s> for parton matter in the center cell of
high energy A+A collisions 1s found to be quite small at (1-3)/(47)

T-dependence or time-dependence of 77/s in AMPT is opposite to
pQCD expectation, because of the constant o or screening mass
This problem can be resolved by adopting u « gT;

will lead to a better ZPC/AMPT
as a dynamical model for non-equilibrium studies
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