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Equilibrium systems

Microscopic description

Express free energy in terms
\ low energy effective  of appropriate low energy
field theory: d.o.f., constrained only by
symmetries

/
4

Renormalization
group, universality

Macroscopic phenomena
Direct computation: almost always impossible
For equilibrium systems: Ginsburg-Landau-Wilson paradigm

Till now there is no counterpart for non-equilibrium systems
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Non-equilibrium systems

Microscopic description
Many theoretical approaches,

“Too” microscopic:
like Liouville equation, BGGKY hierarchy,
Boltzmann equation ......

(too many d.o.f or too formal)

“Too” phenomenological:

hydrodynamics, stochastic systems ...
Macroscopic phenomena

Holographic duality has been particularly valuable: First principle,
with small number of d.o.f.
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Non-equilibrium Effective field theory

This talk: effective field theory for general dissipative
fluids.
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Conserved quantities and hydrodynamics

Consider long wavelength disturbances of a system in thermal
equilibrium:
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Conserved quantities and hydrodynamics

Consider long wavelength disturbances of a system in thermal
equilibrium:

non-conserved quantities: relax locally, Trelax ™ Tmfp

conserved quantities: cannot relax locally, only via transports

A— X0, = Trelax — OC
o _ Gapless and (only ones in
Conserved quantities long-lived thermal
modes equilibrium)

There should exist a universal low energy effective theory.
Phenomenological description: Hydrodynamics

0, (T")y =0, 8, (J") =0

‘ - - - slowly varying functions
))(f 1) ut (f 1) /’(f I) of spacetime
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O’Hara et al (2002)
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Despite the long and glorious
history of hydrodynamics
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Fluctuations

There are always statistical fluctuations .....

Important in many contexts:

Transports (long time tail),

dynamical aspects of phase transitions,

non-equilibrium states,

turbulence,

finite size systems ....
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Fluctuations

There are always statistical fluctuations .....

Important in many contexts:

Transports (long time tail),

dynamical aspects of phase transitions,

non-equilibrium states,

turbulence,

finite size systems ....

At low temperatures, quantum fluctuations can also be important.
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Phenomenological level: stochastic hydro (Landau, Lifshitz)
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Phenomenological level: stochastic hydro (Landau, Lifshitz)

O (Thiaea + ) =00 Oy (i +57) =0

t"", 7" 1 noises with local Gaussian distribution, fluctuation-
dissipation relations

Good for near-equilibrium disturbances (linearized)

Not adequate for far-from-equilibrium situations:

1. interactions among noises
2. interactions between dynamical variables and noises

3. fluctuations of dynamical variables themselves

non-equilibrium fluctuation-dissipation relations?
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Rayleigh-Benard problem

cold

Hydrodynamic

hot fluctuations

cold

900

hot
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Constraints

Current formulation of hydrodynamics is awkward.

Pirsa: 16080049 Page 39/133



Constraints

Current formulation of hydrodynamics is awkward.

Constitutive relations : not enough to just write down the most
general derivative expansion consistent with symmetries.

Pirsa: 16080049 Page 40/133



Pirsa: 16080049

Constraints

Current formulation of hydrodynamics is awkward.

Constitutive relations : not enough to just write down the most
general derivative expansion consistent with symmetries.

Phenomenological constraints: solutions should satisfy:

Page 41/133



Pirsa: 16080049

Constraints

Current formulation of hydrodynamics is awkward.

Constitutive relations : not enough to just write down the most
general derivative expansion consistent with symmetries.

Phenomenological constraints: solutions should satisfy:

1. Entropy condition J,,5" > 0

Page 42/133



Pirsa: 16080049

Constraints

Current formulation of hydrodynamics is awkward.

Constitutive relations : not enough to just write down the most
general derivative expansion consistent with symmetries.

Phenomenological constraints: solutions should satisfy:

1. Entropy condition d,, 5" > 0

2. Onsager relations: linear response matrix must be symmetric

Page 43/133



Pirsa: 16080049

Constraints

Current formulation of hydrodynamics is awkward.

Constitutive relations : not enough to just write down the most
general derivative expansion consistent with symmetries.

Phenomenological constraints: solutions should satisfy:

1. Entropy condition d,, 5" > 0

2. Onsager relations: linear response matrix must be symmetric

awkward: use solutions to constrain equations of motion

Page 44/133



Pirsa: 16080049

Constraints

Current formulation of hydrodynamics is awkward.

Constitutive relations : not enough to just write down the most
general derivative expansion consistent with symmetries.

Phenomenological constraints: solutions should satisfy:

1. Entropy condition d,, 5" > 0

2. Onsager relations: linear response matrix must be symmetric

awkward: use solutions to constrain equations of motion

Microscopic derivation? Are these complete?
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Will address these issues by developing hydrodynamics as a low
energy effective field theory of a general many-body system at
finite temperature

Action principle for full fluctuating
hydrodynamics applicable to far from
equilibrium situations
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Will address these issues by developing hydrodynamics as a low
energy effective field theory of a general many-body system at
finite temperature

Action principle for full fluctuating
hydrodynamics applicable to far from
equilibrium situations

Should be distinguished from an action which just reproduces
eoms (which may not capture fluctuations correctly)
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Searching for an action principle for dissipative hydrodynamics has been a
long standing problem, dating back at least to the ideal fluid action of G.
Herglotz in 1911.

Relativistic: Taub, Salmon, Carter, ......

Reviews: Jackiw, Nair, Pi and Polychronakos; Andersson and Comer

The last decade has seen a renewed interest:
Dubovsky, Gregoire, Nicolis and Rattazzi hep-th/0512260

Dubovsky, Hui, Nicolis and Son, arXiv:1107.0731

Including dissipation: Grozdanov and Polonyi; Harder, Kovtun, and Ritz; Kovtun,
Moore and Romatschke; Endlich, Nicolis, Porto and J. Wang, ......

Holographic: Nickel, Son; de Boer, Heller, Pinzani-Fokeeva; Crossley,
Glorioso., HL, Y. Wang.

Closely related work: Haehl, Loganayagam and Rangamani, arXiv:1510.02494,
1511.07809
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Dissipations
Standard lore: Dissipative systems don't have an action formulation

mx + v = ()
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Dissipations
Standard lore: Dissipative systems don't have an action formulation
mx + vx = (0
This issue is naturally resolved by quantum mechanics.

Interested in describing real-time dynamics around a state, not
transition amplitude

| (bh) b U(ty,t;) tp —
Ty (,/)U i o ) po® o |

Ut(ts,ti)

Closed time path (CTP) or Schwinger-Keldysh contour
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Dissipations
Standard lore: Dissipative systems don't have an action formulation
mx +vx = (0
This issue is naturally resolved by quantum mechanics.

Interested in describing real-time dynamics around a state, not
transition amplitude

(b) -
T U(tys,ti) ‘)

TI' (/)U . .« ) /’:= S : ‘ Il

Closed time path (CTP) or Schwinger-Keldysh contour

Requires doubling the number of d.o.f.
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Dissipations and fluctuations

Couple x, (t), x, (t) to a certain bath in thermal state and integrate out

the bath: .
- . ) 2
i = MITLqg — VTaT + ;(7.;-” + ..

Ly -+ To
xr = ———, Lg — L1 —IT9
i) ! a | 2

—_
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Dissipations and fluctuations

Couple x, (t), x, (t) to a certain bath in thermal state and integrate out

the bath: .
. i . ! 9
L = MITTqg — VT aT + ; T, + ...
i T+ To
I = ——— T, = T1 — To
0 ] «a | 2

—_—

mx + vr = &(t) (E(1)E(0)) = ad(t)
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Dissipations and fluctuations

Couple x, (t), x, (t) to a certain bath in thermal state and integrate out

the bath: ;
L =mzxx, —vr,r + _;(7.1'; + ..
L1 -+ T2
= —— L, = T1 — T2

—_

mz +vx = E(t)  (E(1)E(0)) = ad(t)
o = 21'v (fluctuation-dissipation relation)

& : Legendre conjugate of x, , thus x, describes noise.
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Dissipations and fluctuations

Couple x, (t), x, (t) to a certain bath in thermal state and integrate out

the bath: .
.. , 1 B
Iy = MITqg — VTaT + .-(7.1-(— + ..

I

Ty -+ T
i) l

mx + vr = &(t) (E(1)E(0)) = ad(t)
o = 21'v (fluctuation-dissipation relation)

¢ : Legendre conjugate of x, , thus x, describes noise.

Taking the classical limit, the noise survives.
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Effective field theory for fluids

Microscopic description (in thermal density matrix)

low energy ‘ i . o)
A~T effective field / DxepLryp g FhrdeatilaXarold , ..
theory: ‘

Macroscopic phenomena
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