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The low viscosity of QGP

PHYSICAL REVIEW LETTERS week ending

PRL 94, 111601 (2005) 25 MARCH 2005

Viscosity in Strongly Interacting Quantum Field Theories from Black Hole Physics

P. K. Kovtun." D.T. Son.” and A. O. Starinets®

In superstring theory, , based on analogy between black hole physics and equilibrium
thermodynamics, ... there exist solutions called black branes,

which are black holes with translationally invariant horizons. ... these solutions can be
extended to hydrodynamics, ... and black branes possess

hydrodynamic characteristics of ... fluids: viscosity, diffusion constants, etc.”

In this model the authors concluded that:
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The low viscosity of QGP

PHYSICAL REVIEW LETTERS

week ending
13 OCTOBER 2006

Strongly Interacting Low-Viscosity Matter Created in Relativistic Nuclear Collisions

Laszlo P. Csernai.'” Joseph L. Kapuslu." and Larry D. McLerran®
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This phenomenon can help us to detect experimentally the critical point.

n can be determined from:

(i)

fluctuation of flow parameters and from

(ii) scaling properties of flow parameters

(iii) Instabilities, turbulence,
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Instabilities in QGP

. [G. Torrieri, I. Mishustin, PRC 78 (2008) 021901R]
At a phase transition,

n has minimum, ¢ has peak f=s (zpqco N \/ﬂ exp [_LD 3)
This shows up in the time o By

development (Bjorken model) of /=7 = Tcand o =0.011c and zpqcp ~ 1077 [18].
S/So, T/TC’ and (dS/dy)/(dSO/dy) 3 ' T L |
Instability of entropy

perturbations and rapidity
perturbations were studied

In @ parameter range growing
instabilities occur:
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More specific predictions for turbulent behavior
in high energy heavy ion reactions
Collective flow harmonics, v, v,, v, ..., Vg, are measured
and may have different origins

(a) - Global collective flow symmetries: directed flow, v, ,
elliptic flow , v, and ...

(b) - Random fluctuating initial configuration

The latter one shows in LHC head on collisions a maximum
for v, !

For turbulent behavior we need velocity differences or
fluctuations. These can originate from:

(a) — Global collective flow velocity structure, or
(b) — Random initial state velocity fluctuations
Very recently specific proposals were made for these.
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The Kelvin-Helmholtz
Instability (KHI)

e Turbulent
fluctuations are
common in air* and
water*

e Usually 3 source*

e Usually damped,
but weakly

e 1 quasi-stationary
and developing
instabilities

e For KHI the source
is shear-flow
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The Kelvin — Helmholtz instability

e Initial, almost sinusoidal waves

y
F U2
by Py e e Well developed, non-linear wave
Pttt i V]
I nix, t) 4
U ST The interface is a layer
1 with a finite thickness, 2l =TT
1k - where viscosity and

surface tension affects the o
interface. Due to these [Chihiro Matsuoka, Yong

0 w effects singularity Guo Shi, Scholarpedia]

formation is prevented in
reality. The roll-up of a
-1k d sheet is observed
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The Kelvin-Helmholtz Instability (KHI)

T ;'zﬁﬁ. =

Turbulent fluctuations
are common in air*

Usually not visible!
Usually 3 source*

For KHI the source is
shear-flow
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Initial State — Reaching local equilibrium

e |nitial state by V. Magas, 4
L.P. Csernai and D. £ 2 £
Strottman " o
® [Phys. Rev. C64 (01) 014901] -2
-4
-6 -4 -2 0 pd -1 B
z, fm
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Rotation observed in PIC hydro

L. P. Csernai,?* V. K. Magas.* H. Stocker.” and D. D. Strottman '
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PHYSICAL REVIEW C 84, 024914 (2011)

Initial energy density
[GeV/fm3] distribution in the
reaction plane, [x,y] for a
Pb+Pb reaction at 1.38 + 1.38
ATeV collision energy and
impact parameter b =

0.7 _bmax at time 4.5 fm/c
after the first touch of the
colliding nuclei, this is when
the hydro stage begins. The
tilted initial state has a flow
velocity distribution,
gualitatively shown by the
arrows. The dashed arrows
indicate the direction of the
largest pressure gradient at
this given moment.
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Rotation observed in PIC hydro

190 200 210 220 230 240
Z

F.O.

The rotation is illustrated
by dividing the upper /
lower part (blue/red) of
the initial state, and
following the trajectories
of the marker particles.

The PIC method has
Lagrangian fluid cells
moving together with
the conserved baryon
charge!
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The Kelvin — Helmholtz instability (KHI)
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We made the same test for
strongly peripheral collisions
using very high resolution and

large number of marker
particles (low numerical
viscosity!)

To our surprise the KHI clearly

observed in the model!

At the start even two nonlinear

waves were formed.

Source of energy is the shear
flow and high frq. turbulence

Damping by expansion &
VIiSCOsity
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The Kelvin — Helmholtz instability (KHI)

BN

e Shear Flow:
V e L=(2R-b) ~4 -7 fm, init. profile height
e /=10-13 fm, init. length (b=.5-.7b

max)

e V ~ +0.4c upper/lower speed 2>
e Minimal wave number is
] k=.6-.48fm™
 KHIgrowsas o< exp(st), where
s=kV >
TSk * Largest k or shortest wave-length will
T80 200 220 7 grow the fastest.
- e The amplitude will double in
Vv 2.9 or 3.6 fm/c for (b=.5-.7b.,)
without expansion, and with favorable
Our resolution is (0.35fm)3 and viscosity/Reynolds no. Re=LV/v.
83 markers/fluid-cell 2 .

—> this favors large L and large V
~ 10k cells & 10Mill m.p.-s
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The Kelvin — Helmholtz instability (KHI)

Formation of critical length KHI (Kolmogorov length scale)

3 critical minimal wavelength beyond which the KHI is able to
grow. Smaller wavelength perturbations tend to decay.
(similar to critical bubble size in h. nucleation).

Kolmogorov: Aicor = [V3 /€14,
Here €e=¢/p o< Té/p o< v, isthe specific dissipated

flow energy. Vo s — 2.1 = 5.4 fm for b = 0.5b,,,,
We estimated: Kol =Y 14 = 3.6 fm for b=0.7b,,,.

It is required that l. > Akot - = weneed b>0.5 I:)max

Furthermore
Re=0.3-1 for “n/s =17 and
Re= 3-10for “y/s = 0.1”
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The Kelvin — Helmholtz instability (KHI)

Pb+Pb
1.38 + 1.38 ATeV
b=0.5

50

e The situation is quite critical,
small viscosity and large
impact parameter are

* 48

46

44

42

required even for ideal
geometry.

* |Intermediate impact
parameters, low resolution,
high (numerical) viscosity

would not support KHI

| - | L pet... L
205 210 215 220 225 230 210 220 230
z 4

L.P. Csernai 16



The Kelvin — Helmholtz instability --- Observability

e The rotation effect is increased
by a factor of more than 2 |

e May be measurable by vi(y)
but this is still a challenge in the
strong fluctuating background.

e Further difficulty is that for an
enhanced rotation in the [x,Z]

plane, larger rapidity

R acceptance is needed,

which is not easily available at

the ALICE TPC.
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PACIAE afterburner 0'7-_ Pb+Pb 2.76 TeV b=70% t=3.8fm/c
064 3 5-'. T
* Final stages: simplest o
with Cooper-Frye* onan 5 9°- a. 1 ¥
FO hypersurface > . ”f
* Better for rapid, non- % |
equilibrium 2 03- . T
hadronization & FO > 2 l - T
Transition hypersurface E 0.2
to a dynamical, non-
equilibrium, MD or 011
cascade model, which 06 |
describes these 0 5 100 '00 150 200 250 300
processes in detail T (GeVic)

 Then special correlations, Quarkyonic matter, two particle correlations,
and other observables can be described more precisely
e Such a hybrid model can predict, which are the most sensitive and
precise observables to identify these instabilities.
[ Yu-Liang Yan!, Yun Cheng?, et al.]
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Onset of turbulence around the Bjorken flow

S. Floerchinger & U. A. Wiedemann, JHEP 1111:100, 2011; arXiv: 1108.5535v1

nucleons [fm] energy density [fm]

e Transverse plane [x,y] of a Pb+Pb HI collision at Vs,,=2.76TeV at b=6fm impact parameter
e Longitudinally [z]: uniform Bjorken flow, (expansion to infinity), depending on T only.

AN

Green and blue have the same
longitudinal speed (!) in this model.
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Onset of turbulence around the Bjorken flow

e |Initial velocity distribution in the

middle of the transverse, [X,y] .
plane
e A 7x7fmsquareisshown - 2
* The transverse expansion is
neglected, initially this is a good |
approximation
* Vorticity
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Onset of turbulence around the Bjorken flow

1 3T

12l

| | | 1 | 1 I | | 1 1 1 1 |
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

absolute value of vorticity |9;u? — dgu!| divergence |Dyu' 4 dhu?|

Initial state Event by Event vorticity and divergence fluctuations.

Amplitude of random vorticity and divergence fluctuations are the same

In dynamical development viscous corrections are negligible (= no damping)
Initial transverse expansion in the middle (+3fm) is neglected (= no damping)
High frequency, high wave number fluctuations may feed lower wave numbers
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Onset of turbulence around the Bjorken flow

Initiated at t, = 1 fm/c

Vorticity w; for large fluctuations, k=1/fm,
grows by 50% at the cost of smaller ones,
k=2-4/fm.

Here w5 is in the transverse plane with
axis in the beam direction, [z]

The growth last up to ~6 fm/c, i.e. near to
the Freeze Out time

The same conclusion as ours for the
Kolmogorov length, so the formation of
this size instability is possible.

Two dimensional perturbations may
grow, 3-dim.-s not. Same as our example.

Observability: may be possible via
specific features of two particle
correlations

transverse propagation {k2=k.y=0)
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for ky = 4/fim
for 1{1 = 1/fin
for ky = 2/fm
for k; = 4/fin
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Conclusions

Initial development of turbulent instabilities is not excluded
and different configurations are possible (just like for the
azimuthal anisotropies).

Fill blown turbulence or KHI are not probable but
observable signatures of starting instabilities can be
predicted for specific Events.

The balance of feeding and damping processes is essential,
these can be estimated precisely in realistic 3+1D, models,
with viscosity and numerical viscosity under full control!

Thus these instabilities provide the
most sensitive precision tools
for evaluating the viscous properties of QGP
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