Physics 7450, Fall 2019
3. Hydrodynamics

3.1) Diffusion on the Fermi surface

So far we have essentially been assuming that the system is relaxing to equilibrium in a spatially
homogeneous way. It is now time to relax that assumption. Recall that in our study of short range disorder
in a low temperature Fermi liquid, we found that
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Now we need to turn on the “streaming” terms in the kinetic equation. These become non trivial if we have any

inhomogeneity.
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So let’s write down the kinetic equations, restricted to these Fermi surface fluctuations...
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On time scales short compared to the impurity scattering time, we can reduce the problem to non interacting “ballistic
physics”. This regime will be discussed more in the next part of the course. So what happens on long time scales?
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Hence we arrive at the following tower of equations...
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We interpret Phi_0 as the charge density, since after all...
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This is the simplest hydrodynamic equation. As we make precise later, hydrodynamics is the effective theory of how
conserved quantities evolve on long time scales.

Let’s go ahead and think about the conductivity of this theory. Since
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3.2) Hydrodynamics as an effective theory

There are a few shortcomings in our discussion thus far. We have derived some equations governing the
dynamics of globally conserved quantities, but they’re all within linear response. Also, why did these
equations take the form that they did? We’ll now give a second perspective which should help answer
these questions.

Suppose that we have a system with a known set of conserved quantities. Our postulate is that on long
time scales, the only slow degrees of freedom are the conserved quantities themselves...
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This conservation law should hold quantum mechanically (as an operator statement) as we will discuss near the end of
the course. For now let’s treat this as a classical constraint.

We will now proceed by carrying out a Taylor expansion of the currents, order by order in derivatives. This is called a
derivative expansion or gradient expansion.
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As a simple example, let’s consider our theory of charge diffusion along the Fermi surface from before.
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This diffusion equation is the simplest hydrodynamic theory, describing the relaxation of charge.

There is one more important ingredient to hydrodynamics, corresponding to the second law of thermodynamics.
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It is straightforward to generalize these arguments to a theory with multiple conserved quantities that are scalars under
rotation.
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A classic example of this would be the diffusion of charge and energy in a metal (in the absence of long range Coulomb
interactions, which we will shortly get to...)
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Finally, let’s discuss a system with a conserved energy, charge and momentum — just like a classical gas. Since
momentum is now a vector under rotations, even in an isotropic fluid the currents become a little more interesting.
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But not all of these coefficients need to show up. There are two things to deal with: symmetry forbidden terms, and
terms which correspond to a change in fluid frame. Let’s start with the first.



Suppose we have rotational invariance. Then angular momentum is conserved:
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Now we come to the question of fluid frame
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So we would like to only keep track of terms in the currents which are physically distinguishable. This is called “fixing the
fluid frame” in hydrodynamics. A common choice for nonrelativistic theories is to set all terms involving time derivatives

to zero.

One final thing that is often done is to replace densities of conserved quantities with their thermodynamic conjugates
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The procedure for deriving hydrodynamic equations more generally follows this procedure — using thermodynamic
constraints to fix the leading order (zero derivative) coefficients in the currents, then fixing fluid frame, and finally using
second law of thermodynamics. In this context, the result of the second law is that
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There is one final point worth making. Independently of a kinetic theory description, namely purely from effective theory
principles, we observe the following basic estimates of the derivative coefficients
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We will see explicitly how hydro breaks down in the next part of the course, on shorter length and time scales.

[ fivafe V)/]Q 2 _ &'m* S Tiap o5 Ahey



3.3) Hydrodynamics from a general kinetic theory

We now derive the linearized hydrodynamic equations from a generic kinetic theory, and hence explicitly
calculating all the phenomenological coefficients of hydro. we focus on a theory with a conserved charge,
energy and momentum, these techniques generalize to any kinetic theory.

Our first step is to find an explicit expression for all of the currents.
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Part of our hydrodynamic ansatz (which we will carefully justify in general, and already saw in our simple examples of
diffusion on the Fermi surface) is that on long time and length scales...
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This confirms the results advertised in our earlier discussion on hydro. Now it is time to move to the derivative
corrections to hydrodynamics... let’s write out the following
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The entropy production rate is given by
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These derivative corrections serve to relax the system back to global equilibrium. In general these dissipative terms will
be present.




3.4) Hydrodynamics of a low temperature Fermi liquid

Now let’s run our algorithm on an isotropic Fermi liquid, assuming there are no impurities and all electron
electron scattering is momentum conserving.

Using a relaxation time approximation, and assuming two dimensions for convenience...
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We follow the same procedure as before, keeping only ter/ms relevant at the longest wavelengths...
,/@h g Tt
. S Unh 'N\ i L
hC(/ < m M l jm> N/ O\prﬂjxlb\aé{\] V\z /l MD&Q )0

Corvenk:
) > |ﬁ§> OffD_Hk\ AVASRS



S%uwv \ﬂ§c0§*§”
]~ (ol = (ol oy
)
= [gte) 1 <0210 = EEx 2 T
bl yiseosy:
J~ T
T x| ) 32/05\\2 ~ 1 K/>

o g o Yy [T 0[2)

ool O/@ w\*)/ ﬂj

hh — Con3eritd |

)

PR

00
(n hed CMMw@$—u>h\gW7 ncohey o
it e oy et (13,5057, W5l T
MUSHV Sheont,  We e Sore w@& fhect

e TO%MC g | (K\Cg valll 45 4s @vg/@ 7S
ji;: F,\\"“ /T 1 C ey h © have besn onded >
—Kx~ W}<ML 14 [

ncohiad coductivities! it 8.9]|<T

%> P%> fvfﬁT29 rre] t

~ T
/&mgg T"<Q“



To summarize what we learned, the linearized equations of hydrodynamics for a Fermi liquid are, using previously found
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Remarkably, these are (at leading order at low temperature...) precisely the hydrodynamic equations for a Galilean
invariant fluid, where
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The Galilean symmetry forbids all the incoherent conductivities except the thermal one in our standard fluid frame,
because the current and momentum density are exactly related!

Remarkably we did NOT assume Galilean invariance in our theory, but for any isotropic Fermi liquid there is a sense in
which this symmetry “approximately” arises at low T. One way to think about this is that at low T, we can’t tell what the
full dispersion relation is. If it was Galilean q
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P L

Then all of the identities we wrote would have to hold exactly. The breaking of Galilean symmetry is at the same order

where we can see deviations from the quadratic dispersion...which means we have to go to O(T~4) in dissipative
coefficients !



3.5) Quasinormal modes
Reference: 1704.07384
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The simplest fluid is the one with only scalar conserved quantities, where we found
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Next, let’'s consider a fluid with conserved momentum. In this case,
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In a generic fluid, all of the modes will be either sound waves or diffusion modes (at least in the presence of time reversal
symmetry and inversion symmetry). Reference: 1710.11141

3.6) Plasmons

These sound and diffusion modes are commonly observed in all kinds of classical fluids. But why not in
electron fluids? There are two obvious issues. Firstly, the presence of impurities leads to momentum

relaxation, as we will discuss in a little bit. But for propagating sound modes, there is also the problem of
the long range Coulomb interactions in metals...

For simplicity let’s focus on the sector of charge and momentum dynamics, relevant for low T...
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Whether the electrons are confined to 2d or not, we have the 1/r potential...except in the presence of a gate!
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Let’s again look for quasinormal modes. We need to Fourier transform the Coulomb interaction
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Now we plug back in to the equation of motion 7
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This scale is usually very fast compared to electron-electron scattering, so well beyond the “hydrodynamic” frequency

scales. Thus there are no propagating sound modes.
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Plasmons propagate much faster than ordinary sound modes, but still with a finite velocity. In either dimension, the
plasmon dispersion is robust against hydrodynamic effects up to its decay rate. The real part of these dispersion
relations has been seen in many metals, but the imaginary part is harder to detect, and there are of course other

contributions to plasmon decay...



3.7) Momentum relaxation and quasihydrodynamics

The second issue in a metal that we need to deal with is the presence of impurities which relax momentum. If
the impurity scattering rate is extremely long lived though, we can incorporate it...
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Quasihydrodynamics is a label that we assign to a theory where some of the degrees of freedom are not
exactly conserved, but whose decay rates are extremely small. It is easiest to think about with an example
— in our case, the Fermi liquid hydrodynamics in the presence of momentum relaxation...
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Let’s first think about the quasinormal modes here. We find that
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It is instructive to draw this by going into the complex plane:
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The “quasihydrodynamic” momentum decay mode “collides” with the charge diffusion mode to create two sound modes.
For a second perspective on this, let’s think about the equations of motion. For simplicity let’s imagine static flows
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For a circular Fermi surface, usmg identities derived previously...
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Roughly speaking, viscous electron flows become relevant on scales short compared to lambda, but still long compared
to the electron scattering length...

3.8) Transport in narrow channels

Let’s give a specific example of this effect. Consider the following setup
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The relevant hydrodynamic equations here are...(assuming solutions only depend on the y coordinate)
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The precise slip length is relatively unclear in current experiments, so we will treat it as a free parameter.
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Let’s finally return to a transport calculation, and compute the resistance per unit length of the channel...!
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This is the same transport coefficient as if we just solved the Ohmic transport equations directly!
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In contrast, if the Gurzhi length is very large compared to the channel width...
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This very peculiar scaling of the channel resistivity is, in principle, a clear prediction of the hydrodynamic flow regime. In
practice, as we will discuss more soon, it is not so easy to see in experiments...

Also note that because this prediction of hydrodynamics is not particularly sensitive to electronic dynamics, only to the
momentum conservation equation, one could also predict such behavior for phonons in the presence of an applied
temperature gradient, where the w/A3 scaling would again be a signature of hydro

One last very interesting point here. We’ve found that in the regime where channel is small enough that electrons behave
like a viscous fluid,

s
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The faster the collision rate, the smaller the resistance! This violates one of our “theorems” in the kinetic theory of

transport, but in reality it is simply pointing to the breakdown of some of the assumptions that we made there. In
particular, spatial inhomogeneity of the channel was crucial to get this effect to work.
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It was crucial, to get this modified viscous resistance, that the boundary conditions on the fluid relaxed momentum. If
they conserve momentum, then resistivity is always given by the Ohmic answer, even for a short channel!



3.9) Transport in inhomogeneous media
Reference: 1011.3068

More generally, let us calculate the transport properties of an electron fluid moving in a highly

iInhomogeneous medium. We will assume that the fluid is almost homogeneous, except for the presence of
weak potential inhomogeneity...

The fully nonlinear hydrodynamic equations are, assuming no time dependence...
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Up to higher derivative corrections. Observe that the sources and thermodynamic variables always come coupled
together. This is important, and it represents that the fluid cannot locally distinguish between whether a thermodynamic
gradient comes from the fluid itself or an external source. Let us imagine applying the following external source:
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Take the Fourier transform of the perturbations. We find that ﬂ o(
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We have just derived the precise form of the “hydrodynamic transport coefficients” found in our earlier treatment of
transport at strong momentum conserving scattering rates. Namely, all transport coefficients are proportional to
thermodynamic densities, weighted by an inverse momentum relaxation tensor.

Let’s now focus our discussion on the theory of transport in a Fermi liquid at low temperatures, where we have
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