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Motivation

the next phase ... will focus on detailed investigations of the QGP, “both to
quantify its properties and to understand precisely how they emerge from

the fundamental properties of QCD”
--The frontiers of nuclear science, a long range plan

-What is the initial temperature and thermal evolution of the produced matter?
-What is the viscosity of the produced matter? ... http://www.bnl.gov/physics/rhiciiscience/

Outline

» Accelerating hydrodynamic solution and results (perfect flow).

T.Cs+M. Csanad+M.I.Nagy, arXiv:0605070, arXv: 0709.3677,

arXv: 0710.0327, arXiv: 0805.1562...
Csanad, et. arXiv:1609.07176.

> Accelerating solution with viscosity, and final state discussion.
| » Outlook.
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Accelerating solution of relativistic perfect fluid hydrodynamics
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The possible non-trivial solution in above case, which are 4

different sets of the parameters A, k, d and K the possible cases
as follows (A =1 is the Hwa-Bjorken solution in 1+1 dimensions.):

Case

a.)
b.)
c.)
d.)

e.)

A d K

2 R d
1/2 R 1
3/2 R (4d-1)/3

1 R R

R R 1

expressed as:

R

0 « accelerating, d dimension
(k+1)/K

(k+1)/K
0 += Hwa-Bjorken, Buda-Lund type
0 «= Special EoS, but general velocity

- . . .
«d dimensional ( T. S. Biro)

In all ideal cases, the velocity field and the pressure is

v=tanh An , p= pO(T—O
l1oP%

d(K‘+1)

< (cosh 772—““)‘(“"1)"5




The initial energy density estimation

Rapidity distribution:
o P osh @ (L)1 dN  p dn cosh n dN 21 -1
dv ~ dN cosh 2 l(l)e s ¢ <:> d ~ £ d £ —77 d o0 = —
dy  dy| a n E dy \/m2+p§ y 1-1

. 1 dE (E) dn
¥ Rlmr,dn Rmr, dn
J. D. Bjroken, Phys. Rev. D 27, 140 (1983)

For an accelerating flow,
two modifications for Initial
CO“ditionS: y * T]a nfinal + 1ﬂlinitial .

A=1.18+0.01, 7,/7,=8+2fm/c,
£, =(2.020.1)g, =10.0£0.5Ge V/fnk
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Equations of relativistic viscosity hydrodynamic

The energy-momentum tensor ( viscous hydro): shear viscosity

>

T =eu”u" —(p+IDA" + 1

AV =g —utu’

Shear viscosity tensor: 7"

bulk viscosity
Bulk viscosity: []

The fundamental equations of viscous fluid:

& =Kp 8T" =0

Assume: n~0 J(nu*)=0

2017-11-2 Winger-IOPP 5



Equations of relativistic viscosity hydrodynamic

The second law of thermodynamics: 0,8 20

7 v L S a1 , T T,
T, A" A" 7, tiz = 2no - E”ﬂ ?51(7” ”ﬂ) - |Israel-Stewart
ult 22 - ého, (1| eauations
""""" I

viscous hydro: near-equilibrium system
The Navier-Stokes approximation,

7 =t | 0= -¢(0,n")

The shear viscosity and bulk viscosity,

Strongly coupled AdS/CFT prediction: n /s21/4r = 0.08 D.T. Son, et,al. 05

Via lattice calculation: é/ /s <0.015 H.B. Meyer, et,al. 07 10.3717
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Solutions of viscosity hydrodynamic equation

In Rindler coordinate, the energy equation and Euler equation reduce to:

)
on,
D .,
S

Bjorken approximation: The perturbative case ,

—Ta_T+E—|—1T Hd2€—|—1
Up to O(E) L oT K K T

Ti () (1 - %) e+ - (1 - 1) o+ T 1 o)~ 0

- kK — 1)mg K
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Solutions of viscosity hydrodynamic equation

The temperature solution:

1+4+€

T'(r,ms) = To (?) m

1 1 By
X [eXP[—§€(1 - 2)773] 1% E 1

I I

One special case of our recent work, presented at

BGL 17, Contribution from viscous effect
Rl g Reyonlds number
¥ g [A. Muronga, arxiv: 0309055 ]

» A non-zero Reyonlds numbers R;' makes cooling rate smaller,
A non-vanishing acceleration ¢ makes the colling rate is larger.
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Temperature evolution

0 n/s=0.08, {/s=0.00
Ns = 1/s=0.00, /s=0.08
—— 5/s=0.16, {/s=0.015

.- Perfect flow

— e=0.00 L —— k=1, Special EoS
Of.. 778 — — k=3, Hadron gas 1.0

e —— k=7, From PHENIX
—— k=10, Lattice QCD

Sy
.......

., = 06
...................... H ":'-"T""""‘r;;‘.-.___l
- Acceleration N 1 N o
' Dependence ' EoS Dependence ' Viscosity
Dependence

B[ =i Hil e ] n/s=0.0, £/s=0.0, €=0.06 D21 #=3,e=0.06
1 ;) 3 4 5 6 ) 8 1 2 3 4 5 6 ) 8 1 Z 3 4 5 6 7 8
/79 el /7o /
- Acceleration comes from the pressure gradient, make the cooling ratio larger. The acceleration effect is
[M. I. Nagy, T.Cs., M. Csanad: arXiv:0709.3677v1] almost fully compensated
- EOS is one of the important factors that influence the expansion of system. by the viscous contribution.

K=7 comes from [PHENIX, arXiv:nucl-ex/0608033v1 ]
- Viscosity effect make the cooling rate samller. [H. Song, S. Bass, U. Heinz. et, PRL2011]
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The final state observables

The thermal spectrum of particles:

d*°N g
= ad2at
2rprdprdy  (2m)3 /p” !

P = (mr coshy, pr cos ¢, prsin g, my sinh y)

For a system out of equilibrium (Boltzmann approximation):

i Jo = exp (,u(a:) - p,;u“)

T T
f — fO ‘|‘5f B 1 b 2 A
of = 2(€+p)T2 Jor"p lﬂ'w/ + BH ;w]

[K.Dusling and D. Teaney: arXiv: 0710.5932]
Freeze-out condition (Cooper-Frye formula):

Q' —1
(E) cosh((¥ —1)ns) =1
-
[M. I. Nagy, T.Cs., M. Csanad: arXiv:0709.3677v1]
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The final state observables

Freeze-out hypersurface:

pud># = mypTy cosh@-1 ((©2" — 1)ns) cosh(Q — y)rdrdeo

[M. I. Nagy, T.Cs., M. Csanad: arXiv:0709.3677v1]

The transverse momentum distribution:

dQN TTR% +o0 -
— ; k'} : 1 5 o — : :} 1 .
2 prdprdy (273 / mq cosh((e + 1)n, — y) exp { ) cosh((e + 1)ns — )

=00

1—¢ ]. 1
X ('rf cosh™« (ens) + T3(: ;S) {n(p;p 2mi sinh®((e + 1)ns — y))

~ 150 + i snt?(e+ Vo — )| ),

-Temperature solution,
-Boltzmann approximation,

-viscosity, acceleration, mass, rapidity, space-time rapidity...

Winger-IOPP
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The final state observables

Numerical Results:

— €=0.10 — 17/s=0.00, {/s=0.00 — k=1
— e=0.20 —1n/s=0.08, {/s=0.00 — k=3
— €=0.30 _ — 1n/s=0.00, £/s=0.08 | — k=7
g 2 01 —n/s=0.16, {/s=0.015 | & 01 k=10
B~ b~ ]
'%: 0.01} % 0.01} : %:
=1 g R, » ) 0.01
& ; 5 R
- Acceleration % 0.001 ] Viscosity |7
< Dependence e Dependence | 3 = O'OOIH EoS Dependence
T =140 MeV, y=0.35 €=0.06, k=7 } T;=140 MeV, y=0.35
1074t 1/s=0.08, {/s=0.015, k=7 10~* Tr=140 MeV, y=0.35 1074 €=0.06, 5/s=0.08, /s=0.015
0.5 1.0 1.5 2.0 05 L0 15 > 05 1.0 15

Transverse momentum distribution (academic study),
- the first viscous correction play a improtant role,
- EoS and acceleration's effect is not obvious.
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| 1
N 2 [t e A7, T3 48(1 T?
d _ 71'Ro / {COSth (6775 ng (T: 775) n 8(4 —|_6) (Ta 773)
5 cosh“((e+1)ns —y)  cosh™((e + 1)ns — y)

X [%g(l — 2sinh®*((e + 1) — ) — é% cosh®((e + 1)n, — y)] }dns

Rapidity distribution (academic study),
- the integral value this is a good approximation for the
particle that mass m is little.
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Z/s=0.015, /s=0.16 weer €20.06 — £/s=0.00, 1/s=0.00 | ) — k=3
1.2} 7 T+=140 MeV __ e=0.10 ] 1.2l €=0.06 e £[5=0.08, 17/s=0.00 | 12l £/s=0.015, n/s=0.16 e K=5
Y " — €=0.20 k=T, Ty=140 MeV —=§/s=11.00, 7/s=0.08 €=0.06, T;=140 MeV S

—— £/s=0.015, 17/s=0.16 | —— k=10

o = 0 5 2 ' ' -_1'—., - - 3 ;0
¥

Rapidity distribution (academic study),

- at finial state, the dn/dy is effected sensitively by the acceleration parameter

and EoS.
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The final state observables

‘ Pseudo-rapidity distribution
N  p 3N _\/1 m?2 d2 N

dnprdpr  E dyprdpr m32. cosh® y dyprdpr
m2 + p2, cosh? n + pp sinh
T)’L% _ p% _|_ m2 ) = \/ pT n-—+—pr n

\/ m?2 + p2 cosh” 1 — prsinh

?TRZ —I-CO +00
O T [ oy 1= cosh(e+ . = p)esp | - cost(e+ T~ )
*mTcoq (] T( 7?3)

(choshf(ens) Ti(,,f;b)[gg(pT—stth((eH)n ~0) - 52 + mbsi e+ . - )|

[ [
Contribution from perfect flid W oo
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a brief summary and outlook

1. We obtained exact accelerating solutions of prefect

flow.
2. The perturbative solution with viscous correction are

obtained. We obtained the final state distribution.

outlook:
1. 2rd Israel-Stewart problem, Rotation , CME/CVE...

2. Jet/heavy quarkonium disturbance evolution on such a
medium background...
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Quisner

Thank you for your
attention
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