How to explain the unreasonable success of
hydrodynamics in heavy-ion collisions

Outline

o Classical (non-quantum) models at scales much shorter
than the double slit experiment?

o Large quantum corrections to kinetic theory: hydro from
kinetic theory?

o How much can we generalize and in which way?
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Hydrodynamics
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Magic box

First, global equilibrium (not as silly as it seems)
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Some definitions from classical mechanics
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dtp+ Vy-(pv) =0

pa = —V,P
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\\g‘eneralizes to
pa=V,- T

definition of a fluid:
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the Cauchy Tensor T

For an incompressible fluid V, - v = 0
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Relativistic hydrodynamics U
~ Bu = T
0.THY = () Local four-momentum conservation, hardly a
U , unique feature of hydrodynamics
plus some extra equations for the
T = Eutuv — (P + IDHAHY + g remaing degrees of freedom
e.g. gradient expansion
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or entropy flow

{ SH = .‘P,B” +TMVIBV _|_QH } And from this

T, V) +

V= 2n o*?

+ -+« (other second order terms)

A Muronga, Phys. Rev. C 69, 034903



Quantum field theory and entropy flux,
some unexpected results

With the non-equilibrium density operator approach (NEDO) one has

{ GHS“ — T[l’WO'HV + .- } F Becattini , M Buzzegoli, E Grossi,
Particles 2 (2019) 2, 197-207

It is also possible to compute the entropy flux exactly!

Expectations from a classical gas Non interacting quantum field

* Non-ideal corrections to the

entropy flux S¥ = (€ + P)BH * Ideal entropy flux S* = (€ + P)pBH

° i U >
+ Conserved entropy d,S* = 0 Increasing entropy 9,5 = 0

D Rindori, L T, F Becattini, D H Rischke, Phys.Rev.D 105 (2022) 5, 056003 6



Attractor behavior already used to explain hydrodynamization
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Relativistic kinetic theory would be a very
convenient background (hydro-wise)

Relativistic Boltzmann equation

p-0f = —Cl|f]

p'a(p-u)(u-6)+p-V/
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G Denicol, J.Phys. G41 (2014) no.12, 124004



Relativistic kinetic theory wo
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Method of moments
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in particular
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...but no immediate generalization of the higher rank tensors!
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Large quantum corrections, compared to
the kinetic limit

W(x, k) =

f d*v e RV tr(p ®T(x + v/2)D(x — v/2)) quantum precursor of

2 N .
(2m) the distribution function

THY — d4k L W(x, k) * Relativistic Kinetic Theory. Principles and Applications - De Groot, S.R. et al.
Amsterdam, Netherlands: North-Holland ( 1980)

general form of the exact solutions exact

1 2 2 2 2 . ]
“ K — _ . — eee . .
[4h (k e ) ik 0| Wiz, k) solutions for the (1+1)d expansion

LT, Phys.Rev.D 108 (2023) 7, 076022
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Simplest case: free streaming

Off-shell non-trivial solutions!

; ; e -
{ Wz, k) =6(k* = m*Wo,(z, k) = 5§(k* —m?) f (; {;Q e Won (€, k) }
m

Incompatible constraints ke OW (2, k) = 0

2 1 — A (12 2.2\ T L
RPOW (2, k) =4 (A- mec ) W(z.k)  tor the Fourier modes...
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LT, Phys.Rev.D 108 (2023) 7, 076022
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Large quantum corrections, compared to

the kinetic limit
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Generalization of the method of moments

Solution: add a (k - u)"e_“k'“)zto the definition of the moments (to keep the

e 4
power of (k - u) positive) S (3, 0) = (Czl ’)‘4 (k - W)™ e~ SKkW? elua) .. k)W (x, k)
T

. 5 5
PO = 2(P + Mok +56(P + DA — 20t — 210" + 2y 0™

_I_f dq {(jl(u)(v) ~v, f(pt)(v) n ita[qufW _ 2(4);‘“1’] + Vaug [d)gﬂl“’ — 2(4);‘3“"]}
0

In simple enough cases, the underlying W(x,k) can be solved as well as the
approximations in the generalized hydrodynamic expansion

LT, Phys.Rev.D 108 (2023) 3, 036015
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Numerical tests of the generalized
hydrodynamic expansion
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Possibility to estimate if hydro is going to be a good approximation, or not...
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PLIPT

Numerical tests of the generalized
hydrodynamic expansion
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Summary and outlook

 The most important structure of kinetic theory (for the method
of moments) is still present in its quantum precursor

* No need to go to the kinetic limit, off-shell hydrodynamic
expansion

* Important role of the symmetry of the expansion

Thank you for your attention!
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What's wrong with the relativistic kinetic theory?

Probability density p in a
6N+1 dimensional space

integration over all particles,
but one

N

\
P(xpxz»“‘»xNiPLPz»‘“»PNI t)
_ d3x;d>p;
fx,p;t) = Z”:l[ 2nh)? P
/
d3xd3p
(2h)3 E fpit) g

normalized to N ( by construction ) { N = f

Then molecular chaos, and further approximations

The distribution

~ function f(x,p; t)
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What'’s wrong with the relativistic kinetic theory?

The relativistic Boltzmann equation

p-9f (x,p) = —C|f. f]
p-0f (x,p) = —C|f.f]

Kinetic only contributions to T*" and to J#

TH (x) = (Znh)g f — PP (f(x p) + f(x, p))

50 = s [ 52 v+ (rem = Fm)

It neglects spin, asymptotically small interactions only!
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(PL /PT )/ (pL / CDT )exact
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