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Thermodynamics:
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General Lorentz frame:
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JH = nut



Out of Equilibrium () JM()

Equations of motion: 0, T"" (z) =0
OpJ" (x) =0

9, TH = Frv J,

In presence of an electromagnetic field: 5 8 —0
duJ" =

Equations Variables
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Hydrodynamics: Local thermal equilibrium

ldea of Hydrodynamics:

T(x), plx), u’(z)

Constitutive relations in LTE:

T () = (e(x) + P(x))u! (z)u” (z) + P(z)n"”
JH(x) = n(x)u" (z)

EoM: 0, T"" (z) =0
Oy J"(x) =0



Out of local equilibrium:

Derivative expansion:

TH (x) = T(‘Lg;(:r) +TE (2) + ...

JH(x) = Jfo (x) + T () + . ..

First order hydrodynamics:

T = (e + p)ulu” + pnt¥ + 7HY

JH = nut + o H



First order derivative corrections:

Landau-Lifshitz frame:

2
T = =P PP (d,ug + Dgua) — (L_f - q’ﬁ') P 0.u

v = —gTP"J, (%) + o E" P = b g

Transport coefficients:

n ¢ o



Constraints on Hydrodynamics

Entropy current: SH = gyt

Second Law of thermodynamics: 9, 5" > 0

1) Local equ.: 0, S" =0

2) Out of local equ.: n=0. (=0, =0



Parallel developments

Fluid-Gravity duality:

Fluid dynamical flow in a 4-dim conformal sys
is mapped on to

Long wave-length perturbations of Einstein eqgs in an
asymptotically AdS 5-dim space-time

Dictionary:

S5 = / R — uncharged free fluid
Sy = /(R + F?) =  free charged fluid

Sr = / (R+ F? + kFF) = free charged fluid with vorticity




Vorticity term:
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Parity violating term

wH = %E“”“Jﬁupﬁaug

Adding to the current:

JH = nut — gTP™ 9, (’%) 4 oEM 4 £t

Second law:

DS = a( )+ n()* + (( )2+£(¢)
+ or —



Non-dissipative character .o o e

Parity violating terms in hydrodynamics

are related to
Anomalies
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Anomalous transport coefficients:
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Hydrodynamic perturbations

State of equilibrium:
u' = (1,0.0,0), T'= Const.. 4 = Const., B=20

Linearized equations:

Ji0e + ik:jﬁj — 0
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Non-dissipative fluid at B=0

Linearized EoM:

Obe + ikjml =0
Oym? + ikjv2de = 0
5;-.*1 = U

Hydrodynamic modes:
Ordinary sound waves wi2(k) = *usk



Dissipative fluid at B=0

Linearized EoM:

On+ kK*Dn =0
! + ikjvide — MY =0
dioe + ’“i.’-jﬂj =0

Hydrodynamic modes:

Hydrodynamic modes at B =0

wi2(k) = tvk — %sz}fs

wa(k) = —iDk? |
wa(k) = —iy,k?




Dissipative fluid in presence of B
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Linearized EoM:

i :
dn + k*Dn + ;kjj:'ikﬁk —0
w
at?fj + ikj?.-‘ﬁﬁﬁ — Mij:.'r_i = g‘Dijkmn + ;ijpkmﬂm
w

Oide + ?:k:j?rj =10

Hydrodynamic modes:

Hydrodynamic modes in presence of magnetic field

wi2(k) = vk — 3 (sz}fs + %Bg sin? 9)

wy,a(k) = —3 (kQ(D + ) + £ B2 £ /(13(D — ,) — £B?)? + 1L2B? I sin 9)

ws(k) = —i (kgf}fﬁ, + %BE cos” 0)




Chiral Fluid
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Type of mode Dispersion relation o=n=¢(=0
sound wia(k) = +v.k — % (k. + £B*sin®0) wid(k)
Alfvén Type-M wa(k) = —%TT_EB k —i(k*y, + 2B cos’ 0) w34 (k)
Alfvén mixed M-D|  wys(k) = (% _ g%ﬁ) B.k— 3 (K*(D+7,) + 2 B wid (k)
i%v/(mz{n ) —i£ B2~ £B.k) — 2B k2sin?0|  wil(k)
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Type of mode Dispersion relation
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sound wis (k) = Lvk

Alfvén Type-D |w

Alfvén Type-M| wi(k) = —%%
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