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what heat transport is all about
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why should we care?
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heat dissipation
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energy conversion
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planetary sciences
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why heat transport

energy saving and heat dissipation
heat shielding

energy conversion

earth and planetary sciences

... sheer curiosity ...



hydrodynamic fluctuations

Extensive, conserved, quantities are characterised by two properties:

A[Ql U QQ] = A[Ql] —+ A[QQ] — A[Q] — /Qa(r)dr
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the longer the wavelength, the slower the mode



Green-Kubo theory

é(r,t) + V-je(r,t) =0

je(r,t) =Jq(r,t) — (pE r.t)




the classical MD ansatz

e(r,t) = 6(r—Ry(t))er (R(t), V(1))
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ab initio simulations
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sensitive to the form of the potential. The widely used
Green-Kubo relation [14] does not serve our purposes,
because
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insights from classical mechanics
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insights from classical mechanics

Z er(R,V) = cnst
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insights from classical mechanics
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insights from classical mechanics
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insights from classical mechanics

)V =J1+P




insights from classical mechanics
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gauge invariance

Any two energy densities that differ by
the divergence of a (bounded) vector
field are physically equivalent.

The corresponding energy fluxes differ
by a total time derivative, and the
heat transport coefficients coincide.



density-functional theory

1 9 e2 Z[ZJ
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+ Zev—%EH + /(Exc(r) — uxc(r))p(r)dr



the DFT energy density

1 9 e2 Z[ZJ
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+ Zev—%EH + /(exc(r) — uxc(r))p(r)dr

eprr(r) = eo(r) + exs(r) +en(r) +exo(r)




the DFT energy current

JprT Z/reDFT( t)dr

=Jrgs +lg +3, +Jo +Ixc

s = Y ({(oltHies|@0) +20(@olrlon)

(Y

1
Jygg = — f[}H(r)VvH(r)dr
47
o= {pul(r=Ry) (V7 - Vido)| o)
v, 1
JO —Z{V[GI—I—Z [—RL) (VL VLUJ])}
I L#T

o Jo (LDA)
re — | p(r)p(r)Oegaa(r)dr (GGA)



the DFT energy current

JprT = /réDFT(ra t)dr

=Jxs +Ig +3) +Jo +Ixc

Iis = Y ((eolrHicslo) +eo(@olrlon)

(Y

e |¢,) and Hpgs|p,) orthogonal to the
occupied-state manifold

° pJ\g%} computed from standard DFPT



100

a benchmark

108 “LDA Ar” atoms
@bp density, T= 250 K

100 ps CP trajectory

same behavior at T=400 K




liquid (heavy) water

64 molecules, T=385 K
expt density @ac

1

3VkpT? /0 (E) - A(0))dt

t[ps]




liquid (heavy) water

64 molecules, T=385 K
expt density @ac
1 t
J(t') - 3(0))at’
T [ 4 a0)

- 2 . e -
[ps] Einstein’s relation

3VEkpT? /o (E) - (O))de” ~ 6VleT2 < /O ()t >



liquid (heavy) water

t[ps]

t{ps]

64 molecules, T=385 K

expt density @ac

3VkpT? /0 (E) - A(0))dt

1
RDFT — 0.74 -
Rexpt — 0.61
RDFT — 0.60

1 t :
J(tHdt
6V kpT2 /O (t) >

- 0.12 W/(mK)

(light@AC)
(heavy@AC)




Einstein vs. Green-Kubo

/{GK(T):/O (v(t)v(0))dt
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Einstein vs. Green-Kubo




Einstein vs. Green-Kubo




summary

heat currents are intrinsically ill-defined at the atomic scale;

energy conservation and extensivity make heat-transport
coefficients independent of such an indeterminacy;

this gauge invariance of thermal transport makes it possible
to compute thermal transport coefficients from DFT using
equilibrium AIMD and the Green-Kubo formalism;

Einstein’s relation is less sensitive to finite-frequency

features of the

The statistical t
significantly im

spectrum than straight Green-Kubo;

neory of time series can be leveraged to

orove the accuracy of the transport

coefficients estimated from MD (in progress).



the computer
Gy Clear thinking
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