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COMMON STATEMENT WE HEAR FREQUENTLY:

SUCCESS OF (ALMOST IDEAL)
HYDRODYNAMIC DESCRIPTION IN
RELATIVISTIC HEAVY ION COLLISIONS
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Determination of Properties of Matter (EoS,
Transport coefficieints)

Comparison with Lattice QCD

Determination of Initial State just after the
Collision

Key for the QCD dynamics...
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RELATIVISTIC HYDRODYNAMICS AS COVARIANT
LOCAL CLASSICAL FIELD THEORY

Local Thermal Equilibrium 1s considered as a
necessary condition

Very difficult.... even Conflicting, if it is really
local.
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STRUCTURE OF RELATIVISTIC HYDRODYNAMICS
14 unknowns
(t,r),

(%), n"(x)

with

3,7 (x) =0y,

0,n"(x)=0.
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STRUCTURE OF RELATIVISTIC HYDRODYNAMICS
Local Rest Frame (Landau)
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STRUCTURE OF RELATIVISTIC HYDRODYNAMICS
Local Rest Frame (Landau)
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Local Rest Frame (Landau)
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STRUCTURE OF RELATIVISTIC HYDRODYNAMICS
Ideal fluid case

\4

X,

Additional conditions: e [ 0\
* T 4s1sotropic T4 (X) _”) E
* No diffusio JDiff =0 0 T,
1453125 = No. of Egs.tt 224
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STRUCTURE OF RELATIVISTIC HYDRODYNAMICS
Local Thermal Equilibrium

\4

1tional conditions:

o . ORI
T 4s1sotropic T (X) >
+ No diffusion, ] =0 0 T,
14-5-3-1=9 and
e 'x_ aw) (N )
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QUESTIONS FOR
LOCAL THERMAL EQUILIBRIUM

It 1s a sufficient condition for Ideal Fluid
dynamics. But is it a necessary condition?

How local?

Can not be strictly local (compatibility with the
thermodynamaics).

If not local, how the local covariant theory can
emerge”?

How much can we say about the inhomogeneous
nature of the initial conditions?
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COARSE GRAINING AND RESOLUTION
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COARSE GRAINING AND RESOLUTION
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EXAMPLE:

Matter density expressed in terms of Lagrange
Coordinates:

n*(t,F)zj d°R nO(ﬁ) S(r—rr(t))
Mag
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EXAMPLE:

Matter density expressed in terms of Lagrange
Coordinates:

n*(t,F)zj d°R no(ﬁ) S(r—rr(t))

When we don’t have space-time resolution,
n(t,r)—

j dt'd®R no(ﬁ) U, (t'—tW, (r —rr(t))




U, (1),W,(x) <> smoothing kernel

l,X

| Uydt = [w(x)dx =1



U, (1),W,(x) <> smoothing kernel

Ex. Rudy Marty’s Gaussian

l,X

| Uydt = [w(x)dx =1



n*(t,F)z_[dt'dBﬁno(ﬁ) U, W,

_ _ drw
t,r)=|dt'd*Rn,(R) U W
itn= o(R) U W=
U, =U,_ (t'-t)

W, =W, (r —rg(t’))




N (t,r)= jdtd RN, (R) U, W,
drM

H@ r)—jdt d°*Rn,(R) U, W,

dt’

U, =U_(t"-t)
W, =W, (r —rg(t’))




N (t,r)= jdt d*Rn,(R) U, W,
drM
dt’

i(t, r)—jdt d°*Rn,(R) U, W,

U, =U_(t"-t)
W, =W, (r —rg(t’))

Not exactly local .. but

o,n"(t,r)+Vej(t,r)=0




N (t,r)= jdt d*Rn,(R) U, W,
drM
dt’

H@ r)—jdt d°*Rn,(R) U, W,

U, =U_(t"-t)
W, =W, (r —rg(t’))

Even we can write
n“=(n", j),
7
8ﬂn = 0.




We can do this also for T (X)
T(x) = [dt'd*x" U W, T, " (t,X)

Define n(t,r) = /nﬂn“,
u”(t,F):n“/n,

e(t,r) = u,u, T,



We can do this also for T (X)
T(x) = [dt'd*x" U W, T, " (t,X)

Define n(t,r)=./n,n",
u”(t,?) =n“/n,

g(t,?) =u,u, T,

Physical meaning of ¢ and n:

“Proper” energy and number densities
measured 1n the local rest frame defined
with the coarse-grained quantities.



We can do this also for T (X)
T(x) = [dt'd*x" U W, T, " (t,X)

Define n(t,r) = /nﬂn“,
u”(t,F):n“/n,

e(t,r) = u,u, T,

Reminder:

For a given coarse-grained profile n“(t,,r)
there are many events 1n microscopic level,
that 1s exists a big statistical ensemble.



Say, (2, such an ensemble that,
Q= {events | (t,,r) = n,* (F)}.

Densities at a given space and time
point(f,r), € and N fluctuate event

by event in this ensemble, (2
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events

events



For larger (2, the width may become
small (central limit)
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HYDRODYNAMIC MODELING VIA
VARIATIONAL PRINCIPLE

g and ﬁ are strongly correlated so that

g = &(n) )

Dynamics in terms of coarse-grained variable, N
1s determined by the action,

| =— j d *x £(n(x))



HYDRODYNAMIC MODELING VIA
VARIATIONAL PRINCIPLE

g and ﬁ are strongly correlated so that

g = &(n) )

Dynamics in terms of coarse-grained variable, N
1s determined by the action,

| =— j d *x £(n(x))

(continuum generalization of the
Lagrangian for a particle )

L= my1_V’




HYDRODYNAMIC MODELING VIA
VARIATIONAL PRINCIPLE

51 =—5[d*xe(n(x)) =0
with respect to

— 1 —_ —_
n =(, nv)
subject to the constraint

n.,n =n

H-T. Elze, Y. Hama, T. K and J. Rafelski,.J. PhysG:25(9):1935, 1999



HYDRODYNAMIC MODELING VIA
VARIATIONAL PRINCIPLE

51 =—5[d*xe(n(x)) =0
with respect to

—_

n“=(n, n v)

subject to the constraint 0s
— —u —2 ) E\),\QYE
n,Nn =n . AsC
leads poe® -
_ de - —
HoV HY — N —<
d, {(g+ P)u“u” —Pg }_O, P - n <&,

H-T. Elze, Y. Hama, T. K and J. Rafelski,.J. PhysG:25(9):1935, 1999



HYDRODYNAMIC MODELING VIA
VARIATIONAL PRINCIPLE

When the fluctuation i1s not negligible;
ol = —5_[d4Xg(n(x)) =0

for stochastic variable leads to

Navier-Stokes Eqgs. for a viscous fluid,
1n non-relativistic limit !

T. Koide and T. K, .J. PhysA: 45(25):255204



HYDRODYNAMIC MODELING VIA
VARIATIONAL PRINCIPLE

When the fluctuation i1s not negligible;
ol = —5Id4xa(n(x)) =0

for stochastic variable leads to

Navier-Stokes Eqgs. for a viscous fluid,
1n non-relativistic limit !

In fact, fluctuations 1n 1nitial conditions
ogives a similar effect as viscosity

T. Koide and T. K, .J. PhysA: 45(25):255204



Kvent averaged v,
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R. Andrade, et al,, Phys. Rev. Lett., 97:202302
Ph. Mota et al., Nuclear Physics A, 862:188 , 2011



NOW WE HAVE PROBLEM.....

* Once arrived to the relativistic Euler
equation, we cannot tell the coarse-graining
scale.

* Transport coetficients, or even effective
EoS may depend on this scale.

* Some observables may not be sensitive to
this scale. If we see only these, we would
conclude that the 1deal hydro works well...



IMPORTANT TO STUDY

Event by Event fluctutations

S.Paiva, Y. Hama and T.K. Phys. Rev. C, 55:1455
(1997), C.E. Aguiar, Y. Hama, T. K. and T. Osada.
Nucl. PhysA, 698, 639 (2002),
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IMPORTANT TO STUDY

Event by Event fluctutations

S.Paiva, Y. Hama and T.K. Phys. Rev. C, 55:1455
(1997), C.E. Aguiar, Y. Hama, T. K. and T. Osada.
Nucl. PhysA, 698, 639 (2002), thanks to

J. Drescher, F. M. Liu, S. Ostapchenko, T. Piero, and
K. Werner, Phys. Rev. C, 65:054902, Apr 2002.

Find observables that are sensitive to the genuine
hydro signal



GENUINE (LocAL) HYDRODYNAMIC SIGNAL

o Time evolution of hydrodynamaic profile.




GENUINE (LocAL) HYDRODYNAMIC SIGNAL

o Time evolution of hydrodynamaic profile.

- Not observable in heavy 1on collisions (may be
shock wave and 1ts thickness, or Kelvin-
Helmholtz instability (L. P. Csernai, D. D.
Strottman, and Cs. Anderlik. Phys. Rev. C,
85:054901)




NECESSITY FOR SYSTEMATIC STUDIES ON THE
EFFECTS OF GRANULARITIES IN THE INITIAL
CONDITIONS

o Multi-flux tube inspired model Gaussian with
. the width d th
Hannu Holopainen’s talk e N

energy g, = &7 /N




Sensitivity of v, /e,

o N1000a1

« N 1000g0.35

0 100 200 3000 100 200 300
M M

0.01

Kvent averaged v, /e, 1s not sensitive to the
oranularity, although almost looses the EbE
correlation for high granularity
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Average pp as function of freezeout time
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TAKE A LOOK ON THE NEXSPHERIO CASE

NeXSPheRIO Fluctuating IC [30-40%]
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count (A’poA )/Nevents
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NEXSPHERIO
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NEXSPHERIO

0.55

std(W2-¥2)/(n/n)
=
|

04 -




n-dependence of event averaged v, /¢,

crosses:p; = 0.5 — 5GeV and 10-50%; bars:10-50%
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SUMMARY

Hydrodynamic model requires the coarse-
graning scale, but not easy to discover.

Effective model based on variational principle?
Viscosity vs. Fluctuation
Need genuine hydro signals.

Pt separation may carry information on time
evolution.

Emission plane (mid rapidity) changes in time.
How to separate “non-hydro” part? (Klaus’ talk)
More systematic study 1s necessary.
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