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> Introduction and motivation

» Nonequilibrium deviation from the distribution function

» Equations of hydrodynamics with mean field effects
 Equilibrium hydrodynamics
* Nonequilibrium hydrodynamics: Landau condition and viscous corrections

» Bulk viscosity computation
 Anderson-Witting model of the Chapman-Enskog approach
* 14-moment approximation

» Summary



v Relativistic fluid dynamics describes very well the evolution of matter produced in
heavy ion collisions after it achieves approximate local thermal equilibrium

v Hydrodynamics - macroscopic description of a system; transport coefficients - parameters

O THY = . i .
I3 — First applications of viscous hydro
to model the nuclear matter evolution:
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I = eu — A (P + H W\ 77/8 - must be small
/ strongly supported by the AdS/CFT result
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Related to conformal symmetry breaking

Nonconformality parameters:

i ) mo - zero-temperature mass
* Microscopic:

By - fixes the coupling as a function of the energy scale

. 1 dP/dT
 Macroscopic: - = —c —
P c=3b 376 s = dejdT
Extreme limits
1 2
« weak coupling - perturbative QCD: % X (g - Cﬁ) Arnold, Dogan, Moore (2006)
* strong (infinite) coupling - string theories: % -~ (% _ c§> Buchel (2008)
¢ L
the lower bound: - > 2(— - cs)
n 3

more in Czajka et al (2018)



First-principle approaches:

* Ansatz for the bulk viscosity spectral function was
proposed and bulk viscosity was computed

shear+bulk, n/s = 0.095 shear-only, /s = 0.16

Karsch, Kharzeev, Tuchin (2008)

- the ansatz misses high-frequency contributions and is not reliable
Moore, Saremi (2008)

* Direct lattice computations - uncertaintities too large
Phenomenology:
Bulk viscosity over entropy density strongly peaked

near critical temperature with (/s ~ 0.3 at the peak:
- simultaneous description of the multiplicity

and the mean transverse momentum Ryu et al (2015) and (2018)

- relevant for IP-Glasma initial conditions

Schenke, Shen, Tribedy (2018)

centrality (%)



need for more constraints on the physics induced by conformal anomaly

need for consistent, well-defined equations of hydrodynamics, which include
the effect of mean field and can provide reliable phenomenological estimates

v' QCD - complex, multiscale and multicomponent system

v lack of systematic microscopic methods to compute the bulk viscosity
near the phase transition region

v consequences of conformal anomaly can be understood by
studying ,,simpler” systems in the perturbative regime where
analytical methods can be applied



The system under study is made of weakly interacting scalar particles,
both classical and quantum statistics are considered

Quasiparticle thermal mass

Quasiparticle mass

Quasiparticle energy

Quasiparticle four-momentum
Lorentz invariant measure

Distribution function

Equilibrium
(well defined state)

Meq = Meq ()

\/m0+m2

k= (ko k) = (Ep, k)
dK = d°k/[(27)° E}]

fo =1/ —1]

Nonequilibrium
(small deviations, perturbative corrections
to equilibrium quantities)
min = mth<$)
My = \/mg +mg,

Sk:\/k2+mg

M = (ko k) = (&, k)
diC = d°k/[(27)3 ]
f=fot+tAf



Nonequilibrium deviation from the equilibrium distribution function

Boltzmann equation with the mean field contribution

(k'8 — ExVEL - Vi) f = clfl

term mvolvmg force coII|S|on kernel

All quantities entering the equation are x-dependent

f(x, k) = fin(x, k) + 6f(x, k) = folx, k) + 0 fen(x, k) + 6 f (2, k) Af(x, k) =0fin(z, k) +0f(x, k)

retains equilibrium form

—1
fth(x7 k) = f0($, k)|m(2)—|—mgq(x)—>m8—|—m§q(x)—l—Amfh(aC) - [exp (\/k2 + m(Q) + mgq(l’) + Amfh(x)lﬁ(x)> _1]

correction from the nonequilibrium thermal mass

2
Amg,

2F

Af =of —Bfo(1+ fo)



Nonequilibrium deviation from the equilibrium distribution function

Equilibrium vs. nonequilibrium thermal mass

Equilibrium: Nonequilibrium:
dm?
m2, = M)y, mi(a) = (a0 + Aq) = mig(a0) + Ay Am, = TR Ag
qg= [ dKf Agq= | dK6f + Yo Am?
0= [ dKf o A
dm? dKo
Solving self-consistently: Amg, = 2177 —1 J /

dT? B [ dKEyfo(1+ fo)

dmi, fo(1+fo)  JdKof
dr?  Ep  [dKEfo(1+ fo)

Full form of the correction to
the distribution function:

Af=6f—T>




Nonequilibrium deviation from the equilibrium distribution function

Thermal mass

For any theory with m2, = O(\T?) !

€q

> AMao) dmey — Aqo) dao L 90 4\ (a0)
Meq = 7590 ‘ dT 2 dI' 2 dT
_ dA(qo)

Temperature dependence of the thermal mass in weakly interacting systems:

dm?
7 alT2q = mgq + al” By
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Equations of hydrodynamics

Local equilibrium hydrodynamics

Energy-momentum tensor: mean-field contribution

Téw _ /de”kao — " U, / thermodynamic consistency of hydrodynamic equations

- conservation of energy and momentum

_ 90, 2
T = equtu” — PyAHY dUo = 2 dmeq

Energy density and pressure:

eg = €9 — Uy, €g = /dK(uuk“ffo
_ _ 1
P0:P0+U0 P() — —§/dKAMV]€M]€VfO
 Enthalpy not changed: €0+ Po = €0 + Po
dP,
« Thermodynamic relation satisfied: 1'sqg = 79 — co + P

dT 11



Equations of hydrodynamics

Nonequilibrium hydrodynamics

Energy-momentum tensor: Non-equilibrium mean-field contribution

THY — /d/@/%ﬂ/%”f — g"vU — U=U,+ AU AU = %OAmQ

th

All quantities contain nonequilibrium thermal mass correction
T =T + ATH

Particular components:

AT = / dKE;Af
ATV = / AdKELk'Af
5 - Am?2 kik o Am?
ATV = / AdKE'EAf — gbth / dK f52 fo + 0% ?th / dK fo
k
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Equations of hydrodynamics

Nonequilibrium hydrodynamics - local rest frame

Landau matching is defined by the eigenvalue problem «,7T"" = eu”

Local rest frame: 700 _ . AT —
v-oon wy L mp
T =0 AT =0

Landau matching conditions:

: dm?
/dKEkkzéf =0 /dK [Ei — 77 dTZq] O0f =0 Contains the medium correction

Viscous corrections:
' :/de<%j>6f

AT — / AR5 f » 1

1 = §/de25f

Known structures but x-dependent mass
enters the equations
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Equations of hydrodynamics

Nonequilibrium hydrodynamics - general frame

Energy-momentum tensor:

2dmgq
TR — / AKK"EY fo — g™ Uy + / A | KK — T2 —2t o f
Landau matching condition:
W\ 1.V v Qdmgq
AI | (upk )K" —u"T?— 2L 6 f =0
Viscous corrections:
THY = /deWk”>5f Al = ARY AP

1 APY = (ARAL + AUAL —2/3AM A Lg) /2
H:—§/dKAWk“k”5f op = (Do + ApAg —2/3 8)/
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On the way to compute bulk viscosity (and other transport coefficients)

Anderson-Witting model

Boltzmann equation in the Anderson-Witting model

(u- k)

TR

(%@M—&W@hV@>f:—— Af

LHS of the Boltzmann equation dictates the form of RHS
0f(k) = fo(k)(1+ fo(k))o(F)

~12dmy [ dK (k) fo(k)(1 + fo(k))
Ey dI? [ dKEyfo(k)(1+ fo(k))

Af(k) = fo(k)(1+ fo(k)) <¢(k)

¢ = ¢s + ¢ (shear part + bulk part)

15



Transport coefficients

Anderson-Witting model: shear viscosity

Solution of the A-W model for the shear part: ¢s(k) = _%k<jki>ajui 6f = fo(1+ fo)o

Shear viscosity can be computed using: 7% = 2ns¥ Tl — /de@'kﬁ(gf

n _ B85 n _c+ 1o Shear viscosity is not influenced by
TR ’ TR 5 the mean field in the leading order
For guantum gas: Jng = aq/dK(u KT (=A L ERE) fo(R) (1 + fo(K))

For classical gas: g — Ing I, = aq/dK(u CR)TTR(—ALL KPR fo (k)
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Transport coefficients

Anderson-Witting model: bulk viscosity

Solution of the A-W model for the bulk part:

1 J3o0— TQ(dmgq/dT2)J1,0
Ek Jl,O — TZ(CZ?Tqu/dTZ)J_LQ

on(k) = Brr(Ou")(c; — 1/3) <Ek: - of = fo(1+ fo)o

Bulk viscosity can be computed using: I1 = M/dK(Sf and II = —(ou

Nonconformality parameter: N\
Microscopic: M = ! (mg — aBxT?) the consequence of mean field
3 corrections
» dPy/dT 1 5 MJi 0

Macroscopic: ° — — _
S deo/dT 3 7 Jzo—T*dmZ,/dT?)J1
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Transport coefficients

Anderson-Witting model: bulk viscosity

Bulk viscosity of the Boltzmann (classical) gas:

2
oltz 1
CB It O<T4 (_ —C?)
TR 3

Bulk viscosity of the Bose-Einstein (quantum) gas:

2

1 T

£0<T4(——c§) —

TR 3 ™My
l_'_l

Effect of the cut-off of infrared divergencies

Relaxation time approximation can be too crude
to obtain a reliable form of bulk viscosity
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Transport coefficients
14-moment approximation

One deals with moments of the distribution function:
* 14-moment approximation - unknown moments are expressed in terms of [T and 7"

dK (u®ky)"d 171
/ (ko) 0F = v, 1Y - combinations of thermal integrals
/dK(uo‘ka)”k<“k”>5f — A2
* Equation of motion for II 1= M/dKAf u"9,11 = uhd, [M/dl( Af}
~ J1,0

- S \ M= MJLO — T2(dm2,/dT?)J 1
The structure of EoM: | 1+ - — G p ‘Mg, o,

TR TR TR TR

the same as in the A-W model x1/3 — ¢

/ , N\
affected by higher powers of T'/m,
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The form of the nonequilibrium correction to the distribution function found

Fully consistent incorporation of thermal mean field in the hydrodynamical
description of the dynamics of one-component systems

The physics of bulk viscosity studied for the Boltzmann and Bose-Einstein gases

Bulk viscosity is of the expected parametric form for the classical gas
in the relaxation time approximation

Relaxation time approximation can be too crude to study bulk viscosity of
the quantum gases with Bose-Einstein distribution
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