New formulation of leading-order
anisotropic hydrodynamics

Outline

« Second order viscous hydrodynamics

- Expansion around an anisotropic background
- Leading order in anisotropic hydrodynamics

- Extension of the mode!
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Motivations 1

Hydrodynamic modeling of heavy ion Large gradients =P viscous corrections
collisions (small viscosity)

Strong longitudinal
expansion,

\ Freezeout

Hot Hadron Gas
5<T<9fmlc

AN

Equilibrium QGP
2<T<5fml

pressure anisotropy
(also AdS/CFT)

Large momentum
anisotropy from
microscopic models
(pQCCD, CGC)

Non-equilibrium QGP
03<T<2fmlc

Semi-hard particle production
0<T<0.3fmlc

beam direction




From kinetic theory to hydrodynamics

Relativistic Boltzmann equation:
v )
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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).




Hydrodynamics

Ansatz for the relativistic Boltzmann distribution

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

{ f=foq +6f T TH =T 4 6TH }

0f = 0T treated as, small, perturbations

TR
Landau frame, o T 4

massless particles y

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

05— (COSh?]H,O, 0, sinh 77”) HF= %ln <z+ z) T =12 — 22

hle

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
E f — f eq. = 0 f }

around an anisotropic background instead of the local equilibrium

[ f — faniso. + 5]E }

*Romatschke-Strickland” form:

faniso. I keXp N




0+1 dimensions

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

0 0 0
No negative pressure already at the
TL.R.F. — 8 ]BJ‘ PE)J_ 8 leading order
0 0 0

Exact solution! Test for viscous and anisotropic hydrodynamics




Some plots
e(t)/e(mo0) 3P (7)/e(10)
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Radial flow

1+1 dimensions, boost invariance in the longitudinal direction, rotation invariance in the
transverse plane

1 cosh 61 coshn
Four-velocity U sinh @, cos @
g =y — : .
Vy sinh 6, sin ¢
U cosh 6, sinhn,

Another unknown function  tanh 6, (7,7) = coshny/v2 + v2

Orthonormal basis

sinh @, cosh glt 0 sinhn I
- cosh @, cos¢ | —sing 3 0
S5 cosh @ sin ¢ 4= COS @ 2= 0
sinh 6 sinh 7, 0 coshn,

oW Florkowski and R Ryblewski, Phys. Rev. C 85, 044902 (2012)




Improving the starting point of the expansion 4

For a conformal system

| :keXp[_\/<1+§X>(p-X)2+<1+£y)(p-Y)2+(1+§z>(p~Z)2]
aniso. { A(,fl’,') J
251:0
Pressure not isotropic in the transverse plane I
Ie{X,)Y, 2}
e 0 0 S0
T Uiy 0 0
(). Py sl

Still two trivial equations from the local four-momentum conservation
and four unknown scalar function: 6, ,\ and two independent
anisotropy parameter

© L Tinti and W Florkowski , Phys. Rev. C 89, 034907 (2014)
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How to match with second order hydrodynamics

Using a close to equilibrium expansion

4 ™
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We can verify the matching if the equations 15078 7
for the anisotropy parameters correspond f ]
to the second order hydrodynamics 4

equations for the pressure corrections i




The remaining equations 9

Looking at the second moment of the Boltzmann equation, in relaxation time
approximation, to close the system.

prorf=(p-U) e = R /dP p'p'proNf =

Teq.

Ly 1 AUV ALV Many of the projections of
0\O = (U/\ @eq b, ) these equations along the

Teq vectors of the basis are
trivial, but there is a useful

QMY — / dP p*pHp” f @é\(ﬁl“/ - / dP p pHp” i, combination of the
remaining ones
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Only two of the three equations are independent, if two of them are fulfilled all of them are




Small anisotropy limit S

D§I + 207 + 51 ~ () Using the first moment equations

T and after some calculations
eq.
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Consistent with Israel-Stewart
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Important even without radial expansion S

© 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) )
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(3+1)-dimensional framework

No symmetry constraints from boost invariance or cylindrical symmetry

Generalized “Romatschke-Strickland” form

Geometric decomposition

DUV _ [TRITV i guz/ il ¢A’W/

Matching with second order viscous hydrodynamics (Israel-Stewart??)

e L Tinti, arXiv:1411.7268




17

(3+1)-dimensional framework

Geometric argument to choose the necessary equations

We need higher moments of the Boltzmann equation

porge / dPp*p*p” f = OuUU*UY + UO* + UFO¥* + UYOM

QM = U, A4AY @7

“Shear equation”
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(3+1)-dimensional framework

Close-to-equilibrium limit
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