Latest developments in anisotropic
hydrodynamics

Outline

 Hydrodynamics in heavy ions collisions
- Expansion around an anisotropic background
- Leading order for the previous formulation

« Newest results

55. Cracow school of s
theoretical physics Leonardo Tinti
HHIrGIIC\Q Ch n




Hydrodynamics

Hydrodynamic modeling of heavy ion
collisions (small viscosity)
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Equilibrium QGP
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Non-equilibrium QGP
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Semi-hard particle production
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beam direction

Large gradients =—P» viscous corrections

Strong longitudinal
expansion,

pressure anisotropy
(also AdS/CFT)

Large momentum
anisotropy from
microscopic models
(PQCCD, CGC)



Hydrodynamics

From quantum field theory {T‘“’ = @“’ "ﬂ
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Hydrodynamics

Perfect fluid T = (e + P)\U*UY — g"*P
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From four-momentum { 8,uT =0 } Continuity and Euler equations

conservation /
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Local equilibrium?

Gradient expansion?
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Shear pressure pr o py |
corrections [ L AT }

Instabilities, causality violation



From kinetic theory to hydrodynamics

Relativistic Boltzmann equation:
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First moment:
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®8S. R. De Groot, W. A. van Leeuwen, Ch. G. van Weert, Relativistic kinetic theory,
North Holland (1980).



From kinetic theory to hydrodynamics

Ansatz for the relativistic Boltzmann distribution

Perfect fluid: f ~ feq, — kexp [_p - U(CU)}
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Dissipative hydrodynamics

[ f=feq+0f ©=—> TH =TH L£5TH }

0f = 0T treated as, small, perturbations

pv 8N e
Landau frame, o e |

massless particles |

Four equations, five more degrees of freedom!



Entropy current and entropy source

Obtaining the remaining equations from the second principle of thermodynamics
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Example, Bjorken flow

0+1 dimensions: boost invariant in the longitudinal direction,
homogeneous in the transverse plane
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Gradients of the four velocity are proportional to 1/’7’

In the Navier-Stokes limit
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Anisotropic hydrodynamics

Reorganization of the hydrodynamic expansion

{ f:feq-"|'5f }

around an anisotropic background instead of the local equilibrium
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*Romatschke-Strickland” form:

faniso. =iy CXP

V(p-U@)* +&@) (p- Z()

2

A(z)

10



- . 1
0+1 dimensions

Boost invariant in the longitudinal direction, homogeneous in the transverse plane

Exact solutions for the Boltzmann equation with the collisional
kernel treated in relaxation time approximation

p
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Test for viscous and anisotropic hydrodynamics!

oW Florkowski, R Ryblewski and M Strickland, Phys. Rev. C88, 024903 (2013)
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Some plots

3P (7)/e(m0)
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Higher dimensions

Radial flow, pressure asymmetries in the transverse plane

Non trivial transverse dynamics is important to explain
collective behavior like the elliptic flow

/

The Romatschke-Strickland form has only one
anisotropy parameter

h

Possible solutions

D Bazow, U W Heinz, M Strickland, Phys.Rev. C 90 054910 (2014)

Next to leading order p g2o o0 U W Heinz, M Martinez, Phys.Rev. C 91 064903 (2015)

or Improve the | ing order
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First step, cylindrically symmetric radial flow

For a conformal system

VO+&x) (p-X)*+(1+&) (p-Y) + (0 +EM0a)
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Pressure not isotropic in the transverse plane zI: &1 =0

Dynamical equations from the second moment of
the Boltzmann equation and four-momentum
conservation

©_L Tinti and W Florkowski , Phys. Rev. C 89, 034907 (2014)



Important even without radial expansion 3

© W Florkowski, R Ryblewski, M Strickland, L Tinti, Phys. Rev. C 89, 054909 (2014)
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Bulk degree of freedom (M Nopoush, R Ryblewski, M Strickland, Phys. Rev. C 90, 014908 (2014) )

Gubser Flow (M Nopoush, R Ryblewski, M Strickland, Phys. Rev. D 91, 045007 (2015) )
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(3+1)-dimensional framework

No symmetry constraints from boost invariance or cylindrical symmetry

Generalized “Romatschke-Strickland” form

1 =
f=kewp (-3, map)

Dynamical equations from the second moment of the Boltzmann
equation, the zeroth moment, and four-momentum conservation

@ L Tinti, arXiv:1411.7268

Generalizing in this way the leading order comes with the price
of a slightly reduced agreement with the exact solutions...

@ L Tinti, R Ryblewski, W Florkowski, M Strickland,arXiv:1505.06456
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It is not necessary to take the equations from the
moments of the Boltzmann equation!

Kinetic theory already provides exact equations
for the pressure corrections
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It is not necessary to take the equations from the
moments of the Boltzmann equation!

Kinetic theory already pro

for the pressure 0g  — exact
' - -~ aHydro
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e G S Denicol, W Florkowski, R R, M Strickland,Phys.Rev. C 90 044905 (2014)
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New! Very successful application to anisotropic 18

hydrodynamics too!
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New! Very successful application to anisotropic 18

hydrodynamics too!
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mm look

*Anisotropic hydrodynamics is a reorganization of the hydrodynamic
expansion, around an anisotropic distribution.

*Pressure anisotropies already at the leading order, treated in a
non-perturbative manner.

*Generalized ansatz for the leading order, consistent with second order
viscous hydrodynamics close to equilibrium (full 3+1 expansion).

sStriking agreement with the exact solutions of the Boltzmann equation in
the one-dimensional expansion

J|s this agreement preserved in different situations (e.g. Gubser flow)?



