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The Kubo formule
Recall basics from linear res parse Theory :
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fit = § + of (t) }⇒ 5f41 = État' alt
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(Recall interaction representation :
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susceptibility -

where :

Kubfla : [Âsn. G)= È Olt) ( [BCHAIZ~trcpo.is ]
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IKÂ = [A
,
Ho] /→ =p ⑤ (t) Êpa?⃝ reporte kernel

= f- {{ Âfitrt) BAH DX

@ this arder

q
→ responsa function E correlation,

6f also fluctuation - dissipation etc) this latte version is the
" Green - Kubo formula

"

.

⇒ if
BE went then X is a cuçnt correlation .

A = density



I. Twioapplications
1) Theonsagarelations

conjugale extensive

Ji (Ft) = E Lig. Fjcrt) →
variable : Xj (Ft) .

j

" generalized force
"

(intensive)

"

Conjugale
"

↳
"

Equipartition
"

: ( SX i E ) = - les Ôij

First Thon : ( SXIOSXJCE)) = ( Milt) d'✗j)
(time- translation + time reversal )

→ Cimproved by Casimir )

Then ( SX ; DX;) = ( OÜi dxj )
m -

= Ç Liu Ee
that's Onsager's

= JE Ljkfk "

regression hypothesis
"

which impolies : (Lij=| → Onsager relations .

NB i in particular , no Hall effect when TR is not broken
.

2) The Kubo - Nakano formula .

That's a special case of Green - Kubo with electronic transport .

Û1 (E) = - e Ei Ûip Epct) and the responsa is
Ê = Î

,

the charge curent .

thus
p

Â = e? Ûip ⇒ Ipsa (t) = Oct) { { Jptiht) Jatt)) dt
alt) = - Ep (t) | x

and by clef , Ipou) = { dteiwtX~pn.CH .
Kubo - Nakano formula for r.
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The London appro-a.ch

H = Saisi { En 4¥) C- ih-F-en-5-CH-eocx-s-tcx.MG ) } .

⇒ Ôcx> = - §¥* , = t' Étais + % Âcxpcx)
- -

= Jp
"

paramaputic
"

= Ô
,

"

diamagnehc
"

Rq : decomposition not gauge
- invariant onder { 4G) → e

ie"⇒
4G)

ACI)→ ATI) thÊXGT

Apply le#parse with 41 = - Sdk jpcx) ÀG) minimal aopleng .

This yield :
I Coney this one is not trivial )

( jp (t)) = fdt
' d'Î' i ( [ j'p (x) , j fai )] ) Ala

' )

t'Ct
the London responsa kernel

(same here)
⇒ J'(1) = -fd2Q@23AI2Jrwhuef.QPa- 2) = M£8 d'(1-2) - i / [ j' § (1) , jfk)) ) -04 - taf
-

"

diamgoehuspanx " FÊTE
"

Noütg :

MP = Q" } ⇒ (papa) = #filjacwsjk.ws>) / ! )QU = o) 0
Kubo - Nakano recovered !



Interpretation : fake ÀA) = À oct)
and free bulle electrons

,
m Œæ = - et !Ë) .

One gets Ôp= Ô and J
,
=
-n£Â : a

pure
"
diamguet

"

.

: a superconductor .

More generally :

At tot
, evey matérialisa se

"

.

je# (that's the f. sum sub .

see P. Coleman 's book) -"

s" À is the " apaanduchy
"

metal responsa .

Jp cormes later to balance it .

Two vey different behaviœrs :

• J' ✗ Â : in SC
, plasma , metal@high.w .

↳ a
"

tliggsed
"

phase , KG Equation ,diamgnelic.oJxdIdE-.inametal@loww.dielectrics
.

↳ a

" Coulomb
"

phase , mostly paramagoetic .

→ Now hour does one actually compute the London kernel ?



I. A bunt of digrams .

d) Electron scattering on disorder

Û= JDE UK)✗
+
G)4G) ËËqWEEnoir

,
_
→-

-Y
Basic block after avuag.mg over the disorder :

⇒ GCK
,
iwn) = iwm.ge?z(iwm)- = TM

; UE )

p

where Eciwn = Sdq . = ni E. fff.IE?=-zEsnjncwn) -

⇒ GCK
,
-2)= [Z - Get ¥ sign ( Imt)]

"

Acj'

Spectral function : ACK , w) = ¥ Im GCK
,
w - id) =Î

2) Drude unductiuity .

The current vertex is ✗{ ± e¥ . Responsa kernel ?
iwr

( j' lion) jfc.vn)) = •

&
= - 2T Ça, kfmk-feZGCK.iwrt.vn)GCK, iwr)

iwr + ion

Matsubara sum : see Textbook . Result : s G- id)- MÊ .

RI : this is all about transe conduchüty .
Drude

.

i.e. Otp = - div j' = 0 TÊË îsi.e. " fast responsa
"

f- diffusion ( see later) .

→
E.
→



I
.

Electronic diffusion .

Now we are considering the other case : Qp = -divj f-0 .

↳ Apply Hq) → responsa sp q) .

" slow responsa
"

( of (q) > ¥0 il [pcq.ion.pc-qi.vn)]> c- EOIGD
-

=
- 2T Gcktq) GCK) . Meck , ktq) . ¥?⃝

Random phase approximation : (Gps) = + + : + + . . .

T'^Meck , ktq) = ( see P. Coleman) =
⇒g

(D= 0F73 ) .

⇒ ✗G. ai = ✗oDÊÎ← diffame pole # Drude !

§G)= ✗G) e G)

- ioijcg) = es
.

=
-iuopç, }#=iË Tip= ekdio.i.jp

j'G)= Icq> E-Cap
Einstein's relation .

-

NI: Icq) is transvase while ✗(q) is diffusion
Cie . fast ) Cie

. slow)]( but they're the same they ultimate lg !
cf Luttinger

'

64 version : doit> = Qg est ,
s→o .

§G) t D- jcn = O both here ! (pq)= j§Ê§→ da

{ jacn = Gps Epn À Dp per ) } " { GG) = (Jp - Dp§ÊË-g)Epa
•Rapid : fiçmo fini : then Pq>-0 . Cj,> = EÊ, : transverse .

diffusion Einstein,
• lle : fin. fif : then (G) =Ô and Xp = ÊÊ§ Dap ] relationgain .



VI. Two remarks
.

d) Other diagram are sometimes important .
Recale that to get Drude we hammed diagram like .

•

.

→ incohérent scattering time T - UB -

But 7
"

Langer - Neal
"

diagrams : . (cf mesoscopie
physis etc) .

→ cohérent scattering time to ~ HFD
④ c-j'12

⇒ Correction AT x f ¥¥a¥io DÉ - ¥, € lu (%-) .

(DTOJYZ

→ For tel one get Got = Tirade +D8 =O .

Anderson localisation↳ non perturbative wrt disorder
Usual result of RG) .

2) Thermal conduchiity ?

{ E- EÊ
= -→¢ } { F- -

KIT

d- Pe t div je = 0 Q-h.at div Ôa = 0 |
Pablum : T is not arr external potential . No minimal capleng !
So the transverse viewpoint ( i- e - fast responsa) is fishy .

However ,HI - efpecr>QG) di É H
,
= / ¥44) of

with YG) a gravitational field .

This is the diffuse Viewpoint, from which Kap can be found .

More about this later maybe .


