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* Motivations and context

* Hydrodynamic setup

* Relaxations and DC transport
* Relaxations from kinetic theory



Context....

Fermi liquid: long-lived quasiparticles
Tee > Timp, Tey = Wiedemann—Franz law
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Features of transport:

o Gurzhi effect (minimum of resistivity),

e Breakdown of Wiedemann—Franz law,

, e Non-local transport.
Clean, strongly-coupled materials

=  Tee < Timp, Te~ (NO quasiparticles)

conserved momentum =- emergent Some exaples: Graphene, ultra-pure 2D
hydrodynamic transport heterostructure, Dirac/Weyl semimetals,
[review, Narozhny (2022)]. cuprates.



Typical band structure of Weyl

semimetals [Armitage et al. (2018)].
Examples: NbP, TaAs, TaP,

NbAs, WPs.

...and motivations
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Figure: Negative
longitudinal (B || E)

4 magneto-resistance
[Nielsen, Ninomiya (1981)].
o x B2 in NbP
[Niemann et al. (2017)].
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Figure: Breakdown of

the Wiedemann-Franz

law in WP5 [Gooth et al.
(2018)].
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Setup

Conserved charges [Landsteiner et al., Lucas et al., Gorbar et al., Chernodub et al., ...]
. A :
auTHV — FU JA ({‘)MJM — O 8“,&];1 — CE g B

Constitutive relations:
¢ symmetries,
e derivative expansion,

e second law of thermodynamics 9,5" > 0.

Relativistic hydrodynamics with U(1)y X U(1)4 anomaly [Son, Suréwka (2009)] and
B~ O(1)
T = eulu” + PA"+£ (W B” + u”"B") + O(0)
J"' = nu"+£BY + O(0)
J = nsu+&£B" + O(9)

with £ = cus, & = cu, and € = cups. Dissipative and hydrostatic terms are O(9).



Linear response and transport

Linear response theory [Martin, Kadanoff (1963)]*:

oJ\ [ ow) «a(w) OE
0Q/) \Ta(lw) kw)) \-ViT
Compute longitudinal DC transport E || B = conductivities diverge as w — 0.

Indeed, noE adds momentum, J - OE &« B - 0E adds energy, oE - B adds axial charge.

= We need energy, momentum and axial charge relaxations.

We look for relaxations such that:
e conductivities are finite in DC,
o transport coefficients are Onsager-reciprocal a = @,
o electric charge is conserved,

» (relaxations are independent).



DC transport |

Longitudinal DC conductivities are infinite = add momentum, energy and charge
relaxations [Landsteiner et al. (2014), Abbasi et al. (2016)]
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Onsager relations 7c: = Thn = Tnsns = Tm = unphysical solution.



DC transport li

First suggestion:
anomalous flow is superfluid-like [sadofyev, Yin (2016), Stephanov
normal component only, e.g. §J" = én + cusB - v — on

8,85T™ = §5(F* 1) 0€
Tee
. . 2k
s
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a# 6J“ . T?l T
0,0Jf = cdFE - B ke
Tngnx

Onsager relations 7cc = Thn = Tnzns, While 7,, > 0 is free

Yee (2016)] = relax

= still bad.



Generalized relaxations
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Onsager relations imply ¥ -7 =7 - ¥', explicitly
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+ 2 more

Finite DC conductivities, Onsager relations and electric charge conservation. However...
= only oy Is anomalous (NMR) op~ = 06p,,,40 aB?
= entropy production not positive definite.




Kinetic theory

Boltzmann equation (BE) for f, = f({,x,p)

Otfo +P -V fp = Icon|fp]

If Icon = Iee, then I.. = 0 gives Detailed Balance = Local Thermodynamic
Equilibrium

1
1 e e(sp_u'p—N)/T

Jp =

Integrate BE in momentum space against €, p and 1 = hydrodynamics

d*p
/ PSE A Iee =0 for I TR POl YO

Charges are conserved in kinetic theory, I, , = 1,
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Relaxation time approximation

Momentum relaxation: linearize [Gorbar et al. (2018)]

af(())

. 1
fo [+ (p-u) with  f =

Je T 1+ eer-m/T

Considering I o = lce + limp We have

[imp% = atP”—l—

Energy and charge relaxations: 1. = lce + limp + Ie~

¥ fp_f(o) 4 e+ = gT_ng
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Generalized relaxations from kinetic theory

Consider 7,, = 7,,(¢p) and expand

f(0) _F(0) 4 £(0)_ FO) q £(0) _ FO)  p(0) _ F(0)
Im:Zsfof il L i i (L i B D B
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Mixed relaxation from kinetic theory identically satisfy Onsager y - 7T = 71 )?T



Summary and outlook

e Hydrodynamic regime of Weyl semimetals = anomalous relativistic
two-components fluid.

e Longitudinal magneto-conductivities are divergent in DC = need energy,
momentum and axial charge relaxations.

e Generalized relaxations are necessary to satisty fundamental considerations:

o finite DC conductivities
o Onsager relations
o conservation of electric charge

e They can be justified from kinetic theory using energy-dependent RTA.
e Entropy production not positive definite.
* Thermoelectric transport not anomalous.

o BKG-like model to preserve charge conservation.

For the future:
o Explicit examples from microscopic physics?

e Other relaxations mechanisms?






