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heat flows from the warm to the cool
as time flows from the past to the future
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energy saving and heat dissipation
heat management in devices

heat shielding

energy conversion

earth and planetary sciences



why should we care?

m ... because it is important and poorly
understood



Boltzmann’s Transport Equation
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Green-Kubo theory

e(r,t) + V- je(r,t) =0
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the classical MD ansatz
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gauge invariance
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gauge invariance

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



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
EDFT:_E MV7 A E,
2 X 2 Iy, R

+ Zev—%EH + /(Exc(r) — uxc(r))p(r)dr



the DFT energy density

1 9 e2 Z[ZJ
EDFT:_E M;V7 A E,
2 L 2 oy Rrs

+ Zev—%EH + /(exc(r) — uxc(r))p(r)dr

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



the DFT energy density

1 9 e2 Z[ZJ
EDFT:_E M V7 - E,
2 L 2 oy Rrs

+ Zev—%EH + /(exc(r) — uxc(r))p(r)dr

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




the DFT energy current

JprT = /réDFT(ra t)dr

=Jrgs +lg +3, +Jo +Ixc



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)



liquid water

64 molecules, T=385 K
expt density @ac

1

t[ps]



liquid water

1

3VkpT?

t[ps]

64 molecules, T=385 K
expt density @ac

/ () - 3(0))dt



liquid 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 water

64 molecules, T=385 K
expt density @ac

1

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

t[ps]

/Otj(t’)dt’ 2>

t{ps]



liquid water

64 molecules, T=385 K
expt density @ac
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