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Content of the talk

1. Emergence of hydrodynamic behavior in kinetic theory

Relativistic heavy ion collisions, Bjorken flow
Based on work done in collaboration with Li Yan

2. An analogy with collective phenomena in many body systems

"The tale of two sounds”

In both cases we shall be looking at the transition from a (non
trivial) collisionless regime to a collision-dominated regime
(hydrodynamics).



what Ls Mgdroolgwamias ?

'Traditional’ view

Fluid behavior emerges around local equilibration

Fast relaxation of microscopic degrees of freedom via collisions.
(Collisions have little impact on local conservation laws.)

'Modern’' perspective

Effective theory for long wavelength modes



Thermalization

Two main issues

i) relative populations of different momentum modes

ii) isotropy of momentum distribution e Main topic for the

rest of this talk

In relativist collisions, isotropization involves competition between
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simpLe Rinetic equation
(Bjorken flow)
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1+1 dimensional expansion, in relaxation time approximation
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SPBOLaL moments of the momentum distribution

(P®B, Li Yan , 2017, 18, 19, 21)

Special moments p, = pcoso

L, = / p* Py, (cos 0) £ (p)

p (Legendre polynomial)

® Coarse graining (loss of information)

e Focus on the angular degrees of freedom

The energy momentum tensor is described by first two moments

= / f(p)p"p" Log=c¢ L1 =PL—Pr
p

We are looking for an effective theory for these two moments



Coupled equations for the moments

0Ly, 1 L,

o - ; [a’n‘cn +bnLn—1 + Cn»cn—l—l] — E (n > 1)
(collisionless expansion) (collisions)
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The coefficients Gy, by, C, are pure numbers (a0 =4/3 co=2/3)
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Effective theory = Two-moment truncation

i L() __l Ao Co L()
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e Contains second order viscous hydrodynamics a la "Israel-Stewart"

e Amenable to analytic solution, very rich mathematical structure

The coupled equations can be transformed into a single non linear ODE for:
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Fixed point ana Lgsis

w—— = B(go, W) W= T/TR
w
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w1l (T < 1R) P(8)) =0 i two free streaming fixed points

w>1(T>1r) go+ap=0, go=—-4/3 hydrodynamic fixed point

The 'attractor solution’ is the particular solution that starts from the stable
collisionless fixed point at time 7 = 0 and evolves "slowly" (adiabaticity) to the
hydrodynamic fixed point at late time.

All solutions converge, soon or later depending on the initial conditions,
towards the attractor, hence to hydrodynamics at late time (in most cases).



The transition from free streaming to hydrodynamics

Early and late times are controlled by the free streaming and the hydrodynamic
fixed points, respectively
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The transition region occurs when the collision rate is
comparable to the expansion rate .. as expected !



Time dependent relaxation tlmae

TR ~ T 78

A controls the "speed" of the transition

Rapid Jump from

one fixed point to
the other

__"non thermal fixed point" (?)

(very slow evolution
towards the hydro fixed
point: the expansion

oot 0010 0100 1 10 10 1000 nearly balances the

/T effect of the collisions)
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Renormalizing al cures unphysical features of two-moment truncation
(and other (srael-sStewart caleulations)
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Time dependent relaxation time (1 ~ 7)
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Changing al (a 'second order transport coefficient') does not “improve”
hydrodynamics, but rather improves the location of the collisionless fixed point

Renormalization of al
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A tale of two sounds'

Title from "Collective states in Nuclei, a Tale of Two Sounds, B.K. Jennings and A.D. Jackson, Phys. Rept. 4 (1980)141.

Collective modes in neutral Fermi liquids

Long vavelength excitations are localized at the Fermi surface

on, = 6(&, — p) vp i, Up

Ty

Fermi velocity VF = -

Distortion of the Fermi surface

Landau kinetic equation (no collisions but interaction between quasiparticles)

(q "V, T G))M(ﬁ) +q- \{ prp’ 5(81)’ — //l) u(f)/) =0
p’

The dynamics is dominated by the angular degrees of freedom

(‘Average’ over |p|, as done for the £, is automatic)



Landau kinetic equation

cosd=q-p
. cosd o A o
(cos @ — DHu(p) + [dQ’F(p PYu(p) =0 d=
87 gV

Expand in Legendre polynomials: all values of £ are coupled.

(Note the analogy with the £, moments)

Simple solution for constant interaction F(p - p’) = Fj

. cos A oA+1 1
?) A—cosf 2 -1 F

When [, =0,1=1, and w = qv; : single particle excitation.
When F, > 0, there exists an undamped collective mode with A > 1:
the zero sound.

Fy
When Fy> 1, A ~ 3



Transition from the collistonless zero sound to the
(colliston-dominated) first sound

Collisions suppress all moments except the lowest ones (associated with
conservation laws). Same as for the £, moments.

The distorsion of the Fermi surface is then simply u(p) = A + Bcos6

1 + F,
3

The collective mode is the first sound W = qVp

When F, > | the two sounds have analogous dispersion relations...
but zero sound is NOT "hydrodynamics out of equilibrium®



conclustons

Kinetic Bjorken flow can be analysed in terms of a restricted set of moments of
the distribution function, leading to an effective theory that contains in particular
second order hydrodynamics a la Israel-Steward.

The generic flow exhibits two regimes: a collisionless regime (driven by the
expansion), and a collision-dominated regime (hydrodynamics).

The transition between the two regimes occurs where it is supposed to occur,
namely when the collision rate is comparable to the expansion rate.

The collisionless regime is non trivial. Its underlying simple fixed point structure
allows us to justifies the two-moment truncation. A simple renormalisation brings
the effective theory in nearly perfect agreement with the exact solution of the

Kinetic equation.



