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Outlook

© \What do we study?

@ Quark-gluon plasma & its transport properties

e What do we use?

@ Quasiparticle model & kinetic theory

© \What did we find?

@ Transport parameters - shear & bulk viscosities, ...
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Quark-Gluon Plasma

@ Subject of Quantum ChromoDynamics (QCD) - theory of strong
interactions

@ Strongly coupled fluid produced in heavy ion collisions:

Hydro expansion
Initial state of QGP or hadron gas . Freeze-out

Preequlhbr ium Hadronisation

@ Phase of matter in extreme conditions: T > 155 MeV, 7 ~ 10 fm

@ Mixture of deconfined quarks and gluons
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Transport Phenomena in hot QCD
Longitudinal motion - friction between layers - shear viscosity n

y dimension
boundary plate
(2D, moving) velocity u

shear stress, ¢

. o
fluid dient, 5~
ui gradient, 5

boundary plate (2D, stationary)

+ electrical conductivity, heat conductivity ...
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Transport Phenomena in Hot QCD
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Lattice QCD data for gluon plasma (no quarks)

[V.M., "Transport Properties of Hot QCD Matter in the Quasiparticle Approach’, PhD Thesis]
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Quasiparticle Model

i similar to massive quasielectron moving freely in solid states

Real QGP:

strongly-interacting particles,
constant (bare) masses m?

i
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Quasiparticle Model

i similar to massive quasielectron moving freely in solid states

Real QGP: Effective approach:
\/6‘\ o
TN )
® .05° 5 R ® .03%8
° ° Re 5 @ .2
(ep. e 4 \@.‘ ) ‘@
® "o e
strongly-interacting particles, weakly-interacting quasiparticles,
constant (bare) masses m? dynamical m;[T, G(T)]
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Quasiparticle Model

Quasiparticles are ,dressed” with effective masses m;[G(T), T]:

m{G(T), T) =/ (mP)2 + M[G(T), T] (1)
self-energies I; from perturbative QCD:

gluons: Mg[G(T), T _< N7> (2)

quarks: M 4[G(T), T]—2 \/ 2 GZ(T (3)
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Quasiparticle Model

Quasiparticles are ,dressed” with effective masses m;[G(T), T]:

m{G(T), T) =/ (mP)2 + M[G(T), T] (1)
self-energies I; from perturbative QCD:

gluons: Mg[G(T), T _< N7> (2)

quarks: M 4[G(T), T]—2 \/ 2 GZ(T (3)

i effective coupling G(T) - reliable thermodynamics - lattice QCD
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Quasiparticle Model

s(T)~ > [ d®p ([L £ £ In[1£ 7] 7 £21n %) = lattice data — G(T)
i=g,l,s,..

f(E):  EIG(T), T]=/p? + mG(T), T] &

[V.M, M. Bluhm, C. Sasaki, K. Redlich, PRD 100 (2019); lattice: Wuppertal-Budapest]
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Effective Coupling and Masses
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mi[G(T), T]> m? =5 MeV, m? = 95 MeV
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Thermodynamic Consistency
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V.M. C. Sasaki. PRD103 '21
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Kinetic Theory: Relaxation Time Approximation

Boltzmann Equation:

poufi=Cll~ [l - ff) s)
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Kinetic Theory: Relaxation Time Approximation
Boltzmann Equation:

fi— 9
i (6)

po.fi=Clil ~ [ wlff — if) =~ -

Ti

Approximate solution: f; relaxes to equilibrium value fl.o in time 7;
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Kinetic Theory: Relaxation Time Approximation

Boltzmann Equation:

fi— 2
PO =Clil ~ [ wlff — i) ~ -7 ©

Ti

Approximate solution: f; relaxes to equilibrium value fl.o in time 7;

Pure gluon plasma (N¢f = 0):

1
0= —1. 0 0
eE g = [NgTeg—gel n ~ [ f; (7)
g0gg—gg
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Kinetic Theory: Relaxation Time Approximation

Boltzmann Equation:

n ! ! fi — fio
Ploufi = Clfil ~ [ w(ffff — fiff) = —=— (6)
Approximate solution: f; relaxes to equilibrium value fl.o in time 7;
Pure gluon plasma (N¢f = 0):
. 1 0= —1. 0 fO 7
Tg = F = [nga-gg*)gg] ' nl- ~ i ( )
g0gg—gg

Quark-gluon plasma (Nf = 2 4+ 1):

- - - - 1
Tg = [ng(agg—)gg + Ogg—IT + O'gg—>s§) + n? Ogl—gl T+ ng Ugs—)gs] (8)
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Kinetic Theory: Relaxation Time Approximation

Boltzmann Equation:

n ! ! fi — fio
POuf; = CIf ~ [ w(flf] — fiff) = —"— (©)
Approximate solution: f; relaxes to equilibrium value fl.o in time 7;
Pure gluon plasma (N¢f = 0):
. 1 0= —1. 0 0 7
Tg = F = [nga-gg*)gg] ' nl- ~ f; ( )
g0gg—gg

Quark-gluon plasma (Nf = 2 4+ 1):

Tg = [ng(agg—)gg + 5gg—>ll_ + 5’gg—>s§) + n? Ogl—gl + ng 5'gs—>gs]_1 (8)
— Compute transport coefficients in the 7-approximation
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Kinetic Theory: Relaxation Time Approximation

Shear viscosity (reaction to flow):  — 75, (, for gluon plasma (V¢ = 0)
[Hosoya, Kajantie, NPB250 '85]

Z /d3” P o gy 9)
= 15T o U PR i)
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Kinetic Theory: Relaxation Time Approximation
Shear viscosity (reaction to flow):

: — g, (g for gluon plasma (Nf = 0)
[Hosoya, Kajantie, NPB250 '85]
d*p p
(1) 7 9
= 15T gz/s /27r)3E2' 7 )

Bulk viscosity (reaction to volume expansion/compression):
[Bluhm, Kampfer, Redlich, PRC 84 '11]

I g7l7s

T 3 d/ flo)é [(E;z— T28m,?(T))C2_ p2rT’
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Kinetic Theory: Relaxation Time Approximation
Shear viscosity (reaction to flow):

: — g, (g for gluon plasma (Nf = 0)
[Hosoya, Kajantie, NPB250 '85]
d*p p
(1) 7 9
= 15T gz/s /27r)3E2' T )

Bulk viscosity (reaction to volume expansion/compression):
[Bluhm, Kampfer, Redlich, PRC 84 '11]

I g7l7s

T 3 d/ flo)é [(E;z— T2c’)m,?(T)>C2_ p2rT’

Electrical conductivity: —0g =0
[Srivastava, Thakur, Patra, PRC 91 '15]

U3TZ""

i=u,d,s,...

P’ .
Soea-f. uo
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Kinetic Theory: Relaxation Time Approximation
Shear viscosity (reaction to flow):

: — g, (g for gluon plasma (Nf = 0)
[Hosoya, Kajantie, NPB250 '85]
d*p p
(1) 7 9
= 15T gz/s /27r)3E2' T )

Bulk viscosity (reaction to volume expansion/compression):
[Bluhm, Kampfer, Redlich, PRC 84 '11]

I g7l7s

T 3 d/ flo)é [(E;z— T2c’)m,?(T)>C2_ p2rT’

Electrical conductivity: —0g =0
[Srivastava, Thakur, Patra, PRC 91 '15]

U3TZ""

i=u,d,s,...

* common relaxation times 7;

P’ .
Soea-f. uo
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Shear and Bulk Viscosities: N =0vs Nf =2 + 1

Shear viscosity (flow) Bulk viscosity (volume)
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* Dynamical quarks increase viscosities of hot QCD matter

* Faster restoration of conformal invariance for gluon plasma

[V. M., C. Sasaki, PRD103 '21; V. M., M. Bluhm, K. Redlich, C. Sasaki, PRD100 '19]
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Specific Shear Viscosity
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[V.M., M. Bluhm, K. Redlich, C. Sasaki, PRD100 '19; Auvinen, Eskola, Huovinen, Niemi, Paatelainen, Petreczky, PRC 102 '20]
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Non-Perturbative vs Perturbative QCD Regimes
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[V.M., C. Sasaki, PRD 103 '21; pQCD: Arnold, Moore, Yaffe, JHEP 05 '03; Arnold, Dogan, Moore, PRD 74 '06]
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Electrical Conductivity of QGP
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* Overall agreement with other models and with lattice at low T

Lattice: m, =~ 384 MeV — larger bare quark masses

[V. M. and C. Sasaki, PRD 103 '21; V.M. EPJ ST 229 '20, Lattice: G. Aarts et al., JHEP 02 (2015)]
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Summary

1 Quark-gluon plasma - peculiar state of matter with unique properties
and a lot of open questions.

1z Quasiparticle model - well-established tool connecting
non-perturbative and perturbative QCD regimes (strong vs weak
coupling).

iz Possibilities - finite u, quasiquarks out of chemical equilibrium,
N =241+ 1, momentum anisotropy...

THANK YOU FOR ATTENTION!
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