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Shear viscosity

F = η
∂v

∂y
.

• Temperature dependence of η/s:

-R. A. Lacey et al., Phys. Rev. Lett. 98 (2007) 092301
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Bulk viscosity

• The bulk viscosity or second viscosity appears in the processes
which are accompanied by the change in volume of the fluid.
• Due to this compression or expansion, the fluid ceases to be in
thermodynamic equilibrium and internal processes are set up in it
which tend to restore the equilibrium.
• The processes which establish equilibrium are irreversible, they
increase the entropy , therefore energy dissipation occurs.
• This energy dissipation is determined by the second viscosity, ζ.
• The value of ζ depends on the relation between the rate of
compression and expansion and the relaxation time.

-Landau Lifshitz -Fluid Mechanics
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Brief introduction to Quark Gluon Plasma

• At sufficient high beam energy nuclei collision, a deconfined state
of quarks and gluons may be created.That state is referred as
Quark Gluon Plasma.
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Historical Overview

• In 1953 Landau proposed to exploit the law of ideal
hydrodynamics to explore the strongly interacting matter that is
formed in high energy heavy ion collision.
• In 1983 Bjorken developed it further and many more
developments in next two decades.

•In 2000,the outcome of the Relativistic Heavy Ion Collider (RHIC)
at BNL,was in good quantitative agreement with hydrodynamic
predictions for the Au+Au collision at the collision energies√
s = 200 GeV per nucleon pair. Only for some limited region!!

An accurate hydrodynamic code with small but essential dissipative
effects⇒ Transport coefficients!!
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Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Analytic expressions for viscosity

•Energy Momentum tensor for dissipative system:

Tµν = −Pgµν + ωUµUν + ∆Tµν

Where,

∆Tµν = η(DµUν + DνUµ +
2

3
∆µν∂ρU

ρ)− ζ∆µν∂ρU
ρ .

∆µν = UµUν − gµν Dµ = ∂µ − UµU
β∂β
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Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Analytic expressions for viscosity

• η = Shear viscosity ζ = Bulk viscosity.

• Energy Momentum tensor for dissipative system:

Tµν = Σa

∫
d3p

(2π)3

pµpν

Ea
fa

•fa = f eqa [1 + φa]⇒ system is slightly out of equilibrium.

∆Tµν = Σa

∫
d3p

(2π)3

pµpν

Ea
f eqa φa

• Where,

φa = C a
µν(DµUν + DνUµ +

2

3
∆µν∂ρU

ρ)− Aa∂ρU
ρ .
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Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Analytic expressions for viscosity

η =
2

15
Σa

∫
d3p

(2π)3

|p|4

Ea
f eqa Ca

ζ =
1

3
Σa

∫
d3p

(2π)3

|p|2

Ea
f eqa Aa

Where, C a
µν = Capµpν .

•Aa,Ca contain the informations of particle interactions.
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Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Analytic expressions for viscosity

• Boltzmann Equation:

∂fa
∂t

+ v.∇fa = −ωaδfa

Where ωa is the frequency of interaction taking into account both
gain and loss rates.

• Relaxation Time approximation suggests in those interaction
fi = f eqi unless i = a.
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Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Analytic expressions for viscosity

• Final expressions:

η =
gβ

15

∫
(d3p)τ

(2π)3
(
p2

Ep
)2f (1± f )

ζ = gβ

∫
(d3p)τ

(2π)3
(

( 1
3 − c2

s )p2 − c2
s

d
dβ2 (β2M2)

Ep
)2 × (f (1± f ))
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Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Effective model

• In the non perturbative region extracting useful informations for
most of the physical processes of interest from QCD lagrangian
gets way too complicated.
Effective model:Polyakov Quark Meson Model
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Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Construction of model lagrangian

• Quark meson interaction terms:

• Pion like state: iψ̄~τγ5ψ

• Sigma like state: ψ̄ψ

(π2 + σ2) −−→
ΛV

(π2 + σ2)

(π2 + σ2) −→
ΛA

(π2 + σ2)

• interaction term:

g((iψ̄γ5~τψ)~π + (ψ̄ψ)σ)
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Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Construction of the Lagrangian

• Pion Sigma potential: V = V (π2 + σ2) = λ
4 (π2 + σ2 − v2)

•σ0 = v = fπ; mσ = λf 2
π ; mπ = 0
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Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Construction of the Lagrangian

V = V (π2 + σ2) = λ
4 (π2 + σ2 − v2) −cσ

• c = fπm
2
π; v2 = f 2

π −
m2

π
λ ; m2

σ = m2
π + 2λf 2

π

L = iψ̄ /Dψ − g((iψ̄γ5~τψ)~π + (ψ̄ψ)σ) +
1

2
(∂µπ∂µπ + ∂µσ∂µσ)

− (
λ

4
(π2 + σ2 − v2)− cσ)− UP(Φ, Φ̄)

Pracheta Singha Calculations of viscosities in PQM model



Introduction
Formalism

Result
Discussion

Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Construction of the Lagrangian

V = V (π2 + σ2) = λ
4 (π2 + σ2 − v2) −cσ

• c = fπm
2
π; v2 = f 2

π −
m2

π
λ ; m2

σ = m2
π + 2λf 2

π

L = iψ̄ /Dψ − g((iψ̄γ5~τψ)~π + (ψ̄ψ)σ) +
1

2
(∂µπ∂µπ + ∂µσ∂µσ)

− (
λ

4
(π2 + σ2 − v2)− cσ)− UP(Φ, Φ̄)

Pracheta Singha Calculations of viscosities in PQM model



Introduction
Formalism

Result
Discussion

Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Construction of the Lagrangian

V = V (π2 + σ2) = λ
4 (π2 + σ2 − v2) −cσ

• c = fπm
2
π; v2 = f 2

π −
m2

π
λ ; m2

σ = m2
π + 2λf 2

π

L = iψ̄ /Dψ − g((iψ̄γ5~τψ)~π + (ψ̄ψ)σ) +
1

2
(∂µπ∂µπ + ∂µσ∂µσ)

− (
λ

4
(π2 + σ2 − v2)− cσ)− UP(Φ, Φ̄)

Pracheta Singha Calculations of viscosities in PQM model



Introduction
Formalism

Result
Discussion

Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Polyakov loop

• Polyakov loop:

L(x) = P(

∫ β

0
dx0A0(x0,~x))

• The Polyakov loop variable Φ = Φ(~x) = 1
Nc
〈trcL(~x)〉β

• Order parameter for confinement deconfinement transition.
• Polyakov Loop potential:

Up(Φ, Φ̄) = T 4 [−b2(T )

2
Φ̄Φ− b3

2
(Φ3 + Φ̄3) +

b4

4
(Φ̄Φ)2]
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Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Thermodynamic potential

Ω(T , µ) = ΩQ̄Q + Uχ + UP(Φ, Φ̄) .

•P = −Ω

•s = − ∂Ω
∂T

•ε = P + Ts

•c2
s = ∂P

∂ε |s
•M2

σ = ∂2Ω
∂σ2 and M2

πi
= ∂2Ω

∂π2
i
.
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Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Calculation of thermal width

η =
gβ

15

∫
(d3p)

(2π)3
τ(

p2

Ep
)2f (1± f )

•ω = Total interaction frequency= 1/τ = Inverse of relaxation
time.
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Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Calculation of thermal width

( a ) ( b )

(k) (k)( l )

(u=k−l)

Q QQ

(k) (k)

( l )

(u=k−l)

Temperature (T)

Quark Matter

Hadronic Matter

Figure : Interaction picture taken into consideration

• Γ = Thermal width=Imaginary part of self energy.
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Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Calculation of thermal width

Figure : a bosonic self energy diagram

• There are real particles present in the medium.
• Available channels with appropriate statistical weight factors.
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Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

calculation of thermal width

ImΠ(ω) = −g2

16

∫
d3k

(2π)2

1

ωkωk+p

[(1 + n(ωk))(1 + n(ωk+p))− n(ωk)n(ωk+p))

×(δ(ω + ωk + ωk+p)− δ(ω − ωk − ωk+p)

+ n(ωk)(1 + n(ωk+p))− n(ωk+p)(1 + n(ωk))

×(δ(ω − ωk + ωk+p)− δ(ω + ωk − ωk+p)]

• φ→ B + B and B + B → φ Decay processes.
• φ+ B → B and B → φ+ B Scattering processes.
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Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Calculation of thermal width

• Branch Cuts:
s = ω2 − ~p2

For decay process:∞ ≥ s ≥ (m1 + m2)2 Unitary cut.

for scattering process:(m1 −m2)2 ≥ s ≥ −∞ Landau cut.
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Analytic expressions for transport coefficients
Polyakov-Quark-Meson Model
Thermal width calculation

Calculation of thermal width
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Figure : Temperature dependence of mass (a) and thermal width (b) for

quark, pion and sigma meson( |~k | = 0.500 GeV for panel (b)).
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Results for constant thermal width

Figure : Temperature dependence of η (a) and η/s (b)
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Entropy Density vs. Temperature

Figure : entropy density vs. T
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Results with constant Thermal width

Figure : Temperature dependence of ζ (a) and ζ/s (b)

.
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c2
s vs. Temperature

Figure : C 2
s vs T
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(1
3 − c2

s ) vs. Temperature

Figure : ( 1
3C

2
s ) vs T
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Results with Temperature dependent thermal width
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Figure : Temperature dependence of η (a) and η/s (b) for pion and
quark using τ(T ,K )

Pracheta Singha Calculations of viscosities in PQM model



Introduction
Formalism

Result
Discussion

Results with Temperature dependent thermal width
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Figure : Temperature dependence of ζ (a) and ζ/s (b) of quark pion by
using τ(T , k).
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Discussion

• We have investigated the role of PQM dynamics in calculations
of different transport coefficients like shear viscosity η, bulk
viscosity ζ of quark and hadronic medium.

• Starting from standard expressions for transport coefficient with
both constant and temperature dependant relaxation time the
plots for transport coefficients are obtained which are in qualitative
agreement with expected and available results.
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