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https://link.springer.com/article/10.1007/JHEP07(2016)028
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Hydrodynamics of the equilibrium state

Hydrodynamics = EFT for thermalized matter
Dynamics = conservation equations
9,TH = FM ], o, J" =0

IR/Mean fields of hydrodynamics = thermodynamic parameters

EFT = derivative expansion of charges

v v v 2 _ 7 2
T =Ty + Ty + 0(97) JH = Jgy + Iy + 0(07)



Thermodynamic parameters

[Jensen et al. PRL 109 (2012) 101601; de Boer et al., SciPostPhys. 9, 018 (2020); Armas, Jain, SciPostPhys. 11, 054 (2021)]

 Split spacetime - space + timex

Yp={VeTM,:7(V) =0} v'ry=-1 hy,, =duele) (=diag(0,1,1,1))

20 Y
« Thermal vector (energy/momentum conjugate) >

« Chemical potential (charge conjugate)

po=T(AP"+Av)

« Electric field (polarization conjugate) /_'e \

]E‘u = —F‘W/V’/ , FHV = 2({9[”14,,] = ]E’UJTV — ]EUT” e

* + compatible connection


https://inspirehep.net/literature/1094058
https://scipost.org/10.21468/SciPostPhys.9.2.018
https://scipost.org/10.21468/SciPostPhys.11.3.054

Equilibrium conditions
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« Thermal equilibrium w.r.t. co-moving frame

E@TM =0 - a“TT —u” (0,7, —Oy1,) =0

EBAu =0 — E,-Oupu=u (E, 7~ Ma[ﬂ’ru])

Lsh,, =0 O =0 LgE, =0




* From thermodynamics:

Constitutive relations

Wiy = /dd+1$ le| P(S) , e = det(7,,¢€})

I

Elementary Composite
Scalars: T, 1 hutu”, WE,E,, E,u"
_ . B
One-forms: Ty By Oupt hywu
Vectors: vi ut WY, , WO, u
Covariant 2-tensors: Py TuTws TulBy, Tu0u . ..
Contravariant 2-tensors: hHv 1 VN VS TR T Tid

» Free energy as a generating functional:

[Jensen et al. PRL 109 (2012) 101601]

(SW(O)[’T, h,A,F] = /dd+1£l? € (

Energy-stress-momentum tensor ——

Magnetization/Polarization tensor
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https://inspirehep.net/literature/1094058

Constitutive relations

Current takes expected form

JH = nut + 8 (26V”]P”1)<:
J

Velocity-dependent polarization

J? = ;P

— 8tIP”‘
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Constitutive relations

New heat and stress terms

TH, = —cut't, — (P = P°E,) i’ h,u’T, + Ph*"h,, + pmu'u’hy,, —mEEa]Eﬁho‘“hﬁphp,, — BpE AP V!,

No Landau frame

T u’ = — (e — pt® — P - IE) u' + (P-E — Bp(E-u)) v —kg(E - u)h*"E,
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Prelude

 Equilibrium conditions = Ideal hydro equations

* Fix clock-form and metric ¢Minkowski spacetime)
T, = 50 v = —5) by = 6;5;157;3- ht'" = 5;?‘6;-’ 5

Iz

+ E.g. momentum conservation:  E — 9y =0  (Eu— 0= v’ (Eyr — pd7y))

« Equilibrium state = steady state = modifying ideal hydro equations



Introducing relaxation ( 0 Order)

Relax energy/momentum “Mminkowski~ spacetime):

0= 0n—+ 0;J°
0= 0+ 0, —B;J +T1.

Most general Ot order relaxations: [ =TsP' + 1P+ 00), I.=TI.+0(0)

. /9P L . P o
]P—(GTE> :HEIE—i—ﬁ[PfU P(%) :pm’U—F/O)IPE



Keep constant temperature, chemical potential E-field  Ls7, =0 Lghw =0 O F,,; =0 LgE, =0

EBAM =0 — =u” (E, 7, — “a[vTu])

!

n(E' - 0'u) = TP + T 5P 4 0(0) nv' (B; — i) = I + O(09)
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Gl + pul 5 Oel's + pml'p



Global charge/entropy conservation

] . ] - 1
Kinematic constraint I'c=v-1 B

dlaw  Opst =T, — - 1% 0, (u, T") =T, —¥-T

Flow energy con.

wlﬁ‘




Stability and conductivities

Perturb around steady state: constant T, u, E = (E,,0) , v, = (

n_"{'IE}PIp’_ﬁIPFﬁ

ﬁ]PI‘[p’ +Pme'

)e

: 1
Zero-k modes in 2+1d: w= —ileq. , L. = — (Bl + pml 5)
%3PF;3> 5= n B
. ) ) _ Ps— — (o v > +
Relaxation times < 0 possible: P (ﬂ P Cs (o~ 2) (
.. _ - ., STnt = 25
Non-trivial heat/charge transport (orude-like): Q = sTv = E opc = J/E
f)m
kgl's Bl 5
_ 171 1 En, 5 H:Tn, -
T=1_.




Conclusions
Extended polarized hydro to include finite equilibrium velocity
New susceptibility at equilibrium, no Landau frame
Defined Drude-like steady state by relaxing hydro equations
Stable with finite thermoelectric conductivities

2

Satisfies 2"d law and energy conservation
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Outlook

« Work out diffusive corrections (work in progress)
 Extend to fully covariant theory

* Introduce steady state in holographic models

[B. Withers, JHEP 8 (2016)]



https://link.springer.com/article/10.1007/JHEP10(2016)008

Thank you!



