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Impurity out-of-equilibrium

» Several baths (macroscopic, at equilibrium)
 Qut-of-equilibrium forcing
* Flow (of charge, spin, energy, ...) through impurity

Questions: currents I(wq,W5,...) ?
fluctuations AI(wq,Wo,...) ?

state of the system ?
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« Quantum impurities »

e Quantum dots:

= 2D electron gas
, » Molecules: metallic electrodes

=» Dbreak junctions
= electromigration

7 \
GaAs Al Ga; As 1 1um
(C. Marcus, Harvard)

= Quantum Hall edge states

(W. Wernsdorfer,
Institut Néel)

.
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Weak - Strong Coupling
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Weak - Strong Coupling
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Weak coupling limit, £ >> T,
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Weak - Strong Coupling
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Weak coupling limit, £ >> T, Strong coupling limit, £ << T}
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At low energy :
strong coupling regime

“Physics is non perturbative”
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Weak - Strong Coupling

Vr (E) 0"‘
A g
:":
] 7
’ 1/E
1/T,
Strong coupling limit, £ << T}

« Kondo resonance is a At low energy :

strong coupling phenomenon » strong coupling regime

“Physics is non perturbative”
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‘Standard’ perturbation theory

» Keldysh method:

» allows for a formal expression of the out-of-equilibrium density matrix

p(r) = 2(0,1) p(0) 2(0,1)" 20,0) = P e T hUHHD

* but how to evaluate/resum the perturbative expansion?
Fails in the strong coupling regime

» How to control approximate methods / other approaches?

* truncated EOM, diagrammatic methods,
 real-time RG, FRG,

» Integrability provides a non-perturbative approach
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Non-perturbative approaches

a few available solutions !

e Dressed TBA

— Quantum Hall edge states tunneling (P.Fendley, A.-W.W.Ludwig, H.Saleur 1995)
— Self-dual Interacting Resonant Level Model (E.B., P.Schmitteckert, H.Saleur 2008)

 Map to equilibrium problem
— Boundary sine Gordon model (V.Bazhanov, S.Lukyanov, A.B.Zamolodchikov 1999)

- Effectively non-interacting systems (map to free fermions)
_ 1-ch Kondo (A. Schiller, U. Hershfield 1998)

— Luttinger Liquid (A. Komnik, O. Gogolin 2003) } Toulouse point
— 2-ch Kondo (E. Sela, 1. Affleck 2009) QCP & vicinity

Out-of-equilibrium forcing generically destroys
Integrable quasiparticles!

Dynamical forcing (AC...) ? Heat transport ?
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The game is not over

 Integrable theories have nevertheless a rich
structure:

— Infinite number of conserved quantities
— Renormalization group flow is controlled non-perturbatively

« Can one use this rich structure to develop a
controlled expansion out of equilibrium, in the strong
coupling regime ?

) Yes (at least in some cases)
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Modeling the baths

* Modes that couple to the impurity are 1D (conduction channel)
« Linearize the spectrum

— S

Hy[W]= Y -iv, [ dx| ¥}, ()0, W, (x) - ¥, (x)3,%,, (x)]

a=1,2

-0 8§ .

—_— . S

H, [W] = E —ivFjdx Wix)d W (x)

a=1.2

ﬂ Chiral theory involving only right-moving fields: scattering problem

Nordita - Stockholm August 2014



Modeling the baths

Modes that couple to the impurity are 1D (conduction channel)
« Linearize the spectrum

— - S
H [¥Y]= E —ivadx[ ()W (X)W (x)0. P (x)]
(1) S
—_— >
Pin = P, ® P, (2) P =177
—_— : >
H[¥]=) —ivFjdx Wix)d W (x)

ﬂ Chiral theory involving only right-moving fields: scattering problem
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The s=2 Kondo model

Impurity:
Quantum wire (1) /""‘__‘_/"'5*‘ Quantum wire (2)
]t ) lemmmn
< i 7 >

Spin-flip processes

@I

Kondo stems from Anderson model ".\j__/iu/]

Parameters: - bare exchange coupling J
- anisotropy of couplings to the wires 6
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Strategy

Want to describe the strong coupling regime T,V,a)...s TK

1. Incoporate out-of-equilibrium forcing AT the fixed point
- yields a deformed CFT

2. Use integrability to build the (many-body) S-matrix
—> incoporate (many-nody) back scattering

3. Expand in inverse powers of T,

- Net result: Taylor expansion of the universal scaling
functions for local observables, at arbitrary order in principle
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Strong coupling fixed point

* Perturbation is relevant VR(E) 0
« Strong coupling fixed point P
described by BCFT .
0 T, VE
Weak coupling Strong coupling
(UV fixed point) (IR fixed point)

« Step 1: Out-of-equilibrium SC fixed point (T = )
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Strong coupling fixed point

+  Boundary conditions: ®(x =07) =B - &(x =0")

.+  “Transparent fields”: @& (x<0)=® (x) ; @ (x>0)=B - ®(x)
They don’t see the impurity!

BC for fermions: wt/2 phase shift W, (x <0) =¥,,(x)

,(x>0) = LI»@x)
¥

>
Pin =P O P, v, X Lo = P2 @ Py

* Forcing out-of-equilibrium easily represented!

« Amounts to a gauge transformation ’UN_EW(Z) for the transparent fields

Hy[¥, ] - w0, Hy[¥,] - 1,0, <I> = (zez/h) (Ml(t) - Mz(t))

) T, ) T ‘ . .
P, & e ! ® e ’ Recover the linear regime
for the charge current
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“Doping” a CFT

« The strong coupling fixed point has conformal symmetry ; transparent
fields @ are holomorphic (functions of z = i(t-x) )

» The forcing out of equilibrium can be absorbed by a gauge
transformation (« doping ») W(z) = Uy 5,(2) - P(z)

Uy @ =554 B @=it-x)) = [ de (1)

<A1(x1’t1) A2(x2’t2)°">N.Equ - <A1(x1’t1) Az(xz’tz)"°>Equ

« It's a deformation of the CFT (no geometrical interpretation unlike finite
temperature CFT)

Out-of-equilibrium

Original basis Transparent basis t tb lIJ
V] / IIJ / ransparent basis
IR boundary Doping (voltage)
conditions
mixing in o
each level mixing
Id Id among levels ¥ [
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From weak to strong coupling

Physics is controlled
by backscattering (many body!)

C%D --------- ——

Weak coupling
(UV fixed point)

> Strong coupling

> (IR fixed point)
> X

» Step 2: Incorporate backscattering >
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Backscattering: dual theory

'

Weak coupling
(UV fixed point)

Strong coupling
(IR fixed point)

Integrability completely fixes the RG flow

The full approach to the IR fixed point can be
described exactly by a dual theory. (F. Lesage, H.Saleur 1999)

o0

H=H) +H) HE =) (Tf)zgn_l O, (x=0)

n=1
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Dual theory (2)

o0

H=H +Hy =3 s O,,x=0

n=1

The operators OZn are the (infinitely many) conserved quantities
stemming from integrability.

The couplings g, are pure numbers, fixed by integrability.

Fermi liquid: the least irrelevant operator is O,=T, an energy
momentum tensor.

Higher order processes havdimensions =4,6,8,...

Backscattering transfers integer charges (electrons)
“SUPER FERMI LIQUID”
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Keldysh expansion

- Start at time ¢ = — at the SC fixed point (7, = ©)

—~H{C kT

>
S X pP(=x) = Py =e

« Switch on backscattering at time t=0

p(1) =U®)ps U@’

U(t) = P eIt 0)
K

- - >

{
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Effective operators

In a super Fermi liquid, the Keldysh expansion bears a simple form:

A7) > = A
S ! n! g
t 2

» Each (local) operator can be replaced by an effective operator:

Complete many-body scattering

Hy(t))
o Al
* A(z) = E—'Qﬁ dt,... Eﬁdfn A(%) — Al
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Effective operators

« Operators undergo a dressing by scattering when
crossing the impurity:

—
—>
® > o— >
X X
A(x) At(x)

x =0 x =0

(A0 e = (U (D) * Up(2) ¢ AR)).

. /\%f
a,
a
—> s gr:>b + 1> '?/?:/; + f>-@EES>—a+4
Sab} S(—ifv\h S(S) \,‘X& a,
aa.04, 66aaqa™
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Summary

A simple formula

<A(f) >n-0q- - <A6ff >0

can be expanded in powers of 1/ 7% : non-linear effects to arbitrary order !

Contours + CFT relations :
—) Algebraic (computer-friendly) reformulation

vV

I PT is finite: No UV divergence !

Exact formula! Directly gives universal results

Versatile formulation V/, 11, w, 15,1, B, €g4...

Integrable models with integer conserved quantities only
I
Not always easy to find conserved quantities and couplings
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The price to pay...

Electrical current operator : initial fermions

Ips = 1/2((11tb1r) — (dth2r) + (@5 011) — (03 402)))
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The price to pay...

Electrical current operator : Transparent fermions

| 1

;'\lll'.Hl(D\lHH[(JHI £)—-1)+ :)ahuuﬁ')sml‘ (W) (Wae))
|
+— sin(#) cos(f)(cos(£) — 1) + —isin(#) sin(&)( (W II\I’MI )
Zeroth order 2 i i i 2 : WELT

—+-3 [:siu"?{{!) cos(§) + (‘(152(()}) (W) (Wy4))
l . —_— | o .
X +5 (—sin™(#) cos({) — cos™(#)) ((War )T (Way))
Ips o S B
+ — 5 sin{#) cos(f)(cos(E) — 1) — 5 sin(#) sin(€)((Wq )" (Vay))

-

1 ,
+—-.|11"(l|(n~u Mlcos(E) — 1) — ;f‘-ll]l(})‘\]lllg I I\Uu_:ll‘l’gr_lnl

— —

-~

1 ;. 5, . 2 Ay 7 .
+5 (sin”(f) cos(&) + cos™(0)) ((Py )" (¥y))

—

1(—\1[1 ”’l(ﬂw’f'l—fn\ 1(}}) 'I‘l»‘ul l‘l‘nlll
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The price to pay...

Electrical current operator : Transparent fermions

g o — / r o3 / . . .
—(sin# = (2 % cos[@/2]" * (cos§ — i #sin§) + 2 = cos[d;

*cosf = (cosf —i*sinf) +

+(sind = (=2 % cos[0/2]* « (cos€ + i *sin€) + 2« cos[f/2]” = cosf + (cos€ + i #sin€) + sinh” + (cos.
4+ — (sin@ = (=2 *sin]0/2]" * (cos & — i s sin&) — 2% cosf = sin[f/2]° « (cos€ — i +sinf) +

\ )
e (cosE +1=sin€) + sinfl” = (cos,

-

f(sin® + (2 + sin[0/2)? * (cos€ + i +sin &) — 2 = cos O + sin[f/

3

) . . B
+ — ((cos|B/ cosf —sin|#/2]°) «sinf” = (cos £ —

- sin|@/2 )« sind” « (cos§ + 1

First order: 1/T,
Irs or er' K + — |~iuf!" «(—cosf + 2 « coslf 2‘ #(cosf —i=sinf) —cosf = (cosf —i=sinf)

. y ;
£2 % conlB ‘_)I‘ * [cos€ 41 esinf) cosl) e ([cosf 40w
+(1/16) =sinf° = (1 = (cos€ — i +sinf) +i1*xcosf = (cosf —i1=sinf) +(2+1) *sin|f/2|" = (cosE — 1 =sin€)) — (i/16) =sinf° = ((—i) = [cos +i1=sinf) +i*xcosf=(cosf +i=sinf) + (2=1) =sin|f/2

b(sin@=(22c088/2° « (cos€ —i+sinf) +22cos0/2°+xcosh+(cosf —i+sinf)))/16 — (sinf = (

2 +2 + cos[f/2]" « cosf « (cos§ + i «sin€)))/16 + (siné” « (cos€ — i #sinf))/16 — (sind” « (cos € + i
+ —(sinf = (-2 = sinl@ '_": *(cosf —i+sinf) — 2+cosf =sinlf '."‘ *(cosf —1=s5m)))/1

+1 ‘wil:il 2scosb -\'ln_‘U .)"' * Iun( ol | ».\i“i]-ll 16 [,\iuf)" *(cosé

7 1

F(sind” » (cos € — cosf » (cos€ —iwsing) —iwsing))/16 + (sin6” » (cos € + cosb +

(sin®® o (= cos€ — cosO s (cosE +iesing) —i+sing))/16 — (sinh? ¢ (= cos€ + cos@ « (cos& + i wsin€) — i

+(sinf” « (cos€ + cost » (cos € — iwsiné i «sin€))/16 — (sinf” « (= cos & + cos b »

+ ,‘Ihl"‘ *(—cos§ cosf = (cosé t*sin) +¢+sinf))/16 I\ill'j" -

b

+ — (sinf = (—2 * cos|# 2"' #(cos§ —i=sing) + 2= coslf 2:" scosf *(cosf —i+sinf) + sin#” cosf —i#*sin€)))/16 + (sin# * (2 « cos/d '.’7" s (cos§ +i#sing)+ 2 #cos|f '.’"' scosfl « (cosf +i=sin) +sind = (c

- = (sin# = (2 *sinf/2 2. (cosf —t*sinf) — 2scosf+sind/2 2 & oo —issinf) "lll‘f" * (cosf —i+sinf)))/16 + (sinf s (=2=sin#/2 2, cosf +issinf) — 2+ cosfl =sin¥ .’ s (o€ +i1+sinf) o\inlr" *

F(sin @ + (cos€ 4 2« coslf 21 s (cos€ —~iwsing) — coxf» (cos ~insing) — insinf))/16 (Sin 6 o (= cos€ + 2% coslf/2]" « (cosE 4+ iwsing) - cosh » (cosE + i

"\ill”’“l—(‘-h:’l'lhﬂl]l‘ih:—ll\.llilo'.“\ih” '2:-||1)~£—r-~il|fl-.~~i1_fll 16 — xin'ﬁ"-:nusf-r-nrl‘lwhi—:-~in£|-‘.’~~in ] 2;-“.1\{-/.

(sin® = (-2 = cos|@ _' t(oos€ —i=sing) + 2« cosld 2]? = cos 0 » (cos& — i +sin€)))/16 + (sinf = (2 = cos[6 2% 2 (cos€ + i sin€) + 2 » coslf 2]? = cosf = (cos€ +i+sinf)))/16 (sin @’ » (cos€ — i+ sin€))/16 + (sin@” = (cos € +
+(sind « (2 +5in[8/2]% « (cos§ — i «sin€) — 2+ cos# «sin[0/2)% « (cos€ — i «5in€))) /16 — (sinf « (2 «sin[#/2]% « (cos& + i« sin€) — 2« cos O +sin[8/2]* « (cos§ + i «sing))) /16 + (sin 6 « (cos§ — i « sin€)) /16 — (sin & « (cos £ +
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The price to pay...

Electrical current operator : Transparent fermions

#5in&) —i#siné))/16 + (sin 6% # (—cos€ + cost = (cos€ —i*sin€) + i *sin€))/16 — (sinf? « (cos€ + cosf « (cos& + i #sin€) + i +sinf))/16 + (t'lT('-'irt{":,i""“ )
i*sin€) 4+ i+sinf))/16 - (sin 0? « (cos€ — cosll = (cosE +i+s8inf) +i+sinf))/16 - (siu()'" #(cosE 4 cosll = (cosE 4 rsing) 4+ i+sinf)) /16 » (_'-‘n»('»‘;T“"u’«";g )}
- i*sing))/8 + (cos[f/2)° « sin @ = (cos £ — i #sin€))/8 + (cos[f/2)° +sin#° « (—cos& + i +sing))/8 — (cos[0/2)? «sin b = (cos& + i +sinf))/8 + (L‘:f(L‘H{U‘LUU )}
£ —ixsing))/8 — (sin]0/2]% * sin 0 + (cos& — i #5in€))/8 + (cos[0/2] * sin 0% * (cos € 4+ i = sin€)) /8 + (sin[0/2]* + sin 0° = (cos€ + i +sinf))/8 » (l.':r(l,'”{ {V'{,i vay)))
2 % cos|0/2]2 EMordetkilT«:bl"zjz «cosfl s (cos € +i+sing)))/16 — (sinf® + (cos & — i+ sin&)) /16 + (sind* = (cos & + i +sin€))/16 + (¢ (v (e vay)))

2% 008[0/2]* * (cosE +1xsme) + 2 *cos0/2]° «cosd = (cosé +i+sin€)))/16 + (sin@* * (cos & — i «sin€))/16 — (sin @ = (cos€ + i +sin€))/16 * (f.‘,'r(t'l1{1"1&“;; )

£ —iwxsing))/8 + (sin[#/2]” #sin 6 « (cos€& — i »sin&))/8 — (cos[8/2] #sin#? + (cos € + i« sin&))/8 — (sin[0/2] « sin 6 = (cos £ + i #sinf))/8 + (’c‘.}T(L'ZT( L‘"Lvu)}]
2% +sin? « (—cos§ — i +sing))/8 — (sin[0/2]° + sin 6 + (cos§ — i = sin&)) /8 — (sin[0/2]? « sin 6 + (—cos§ + i «sing)) /8 + (sin[0/2)* « sin6? « (cos& + i +sin&))/8 + ( '-';r ('J"'-’T“'-L ¥24)))
n€)))/16 — (sin + (2 +sin[0/2]* * (cos € + i #siné) — 2« cosf = 5inl0/2]* = (cos £ + i #sin€))) /16 + (sin 6@ » (cos € — i #sin€))/16 — (sin @ + (cos€ + i +sin))/16 » (r,’;r(G'gﬂ(‘h(\;ﬂ))
sin€)))/16 + (sin @ » (2 + sin[6/2]” » (cos § + i #sin&) — 2 « cos @ = sin[8/2]* = (cos & + i #sin))) /16 — (sin6° » (cos § — i #sin€))/16 + (sin 6 « (cos& + i % 8in€))/16 » (U, (Lay (¥ry0:])))
e cos B« (cosE —ixsing) +sinf? + (cos€ —i«sin€)))/16 — (sind + (2 + cos[0/2]% + (cos £ +i«sing) + 2 «cos[0/2]° +cosf +(cos € 4+ i «sinf) +sinh* « (cos& +i+sinf))) /16« [dl’hl,’gl |
112 % (cos € — i #siné) +siné® + (cos€ — i+ sin€)))/16 — (sind « (—2 « sin[#/2)% & (cos& + i #sin€) — 2% cosf + sin[#/2]% * (cos £ + i #sin ) +sinb? « (cos€ + i #sinf)))/16 + [c"LdL'n)

+((cos[@/2]* — cos @ — sin[0/2)?) « sin#? = (cos€ — i *sin€))/8 — ((cos(6/2]* — cos @ — sin[#/2]*) « sind? = (cos& + i *sin€))/8 * (r,'l'l [u‘-”(L'Llu“ 1
€ 4 2w cos[#/2)? « (cosf —iwsing) —cost+ (cosf —iwsing) —iwsing))/16 — (sin 6 » (—cos€ + 2 % cos[B/2) « (cos +iwsing) — cost+ (cos £ + i wsin€) — i wsinf))/16 « [L‘“Il(lL’”)
cos €+ cosf = (cosE —i=sing) + 2 =sinl/2)? = (cos& —i+sin€) +i+sin€))/16 — (sin 62 « (cos €& + cosf = (cos& + i +sin€) + 2 +sin[0/2)% * (cos € + i *sin€) + i =sin£)) /16 = [dvilun)
086+ (cosE ~ i wsing) + sin 6 » (cos £ ~ i #sin€)))/16 — (sinf » (~2 » cos[0/2]% » (cos & + i wsing) + 2 » cos[0/2]? » cos O » (cos & + i #siné) + sinf” « (cos& +insing)))/16 « [dvuu;‘)
1[#/2)% % (cosE — i = sin€) + sin 6 = (cos§ — i +sing)))/16 — (sinf = (2 = sin[#/2)* = (cos& + i #sin€) — 2 cosf *sin(#/2]? * (cos £ 4 i #sin &) + sinf? * (cos& + i *sinf))) /16 = [u"”du.:,‘]
0s€ 425 cos[0/2)7 + (cos € — i+ sing) —cosl+ (cosE —issing) +i#sin€))/16+ (sin 07 + (cos € + 2« cos[0/2] « (cos& +i+sin€) — cosh+ (cos € + i« sin€) + i« sin€))/16 « (du'], vy))

*cosf % (cosé —i#sing) — (2%1) % sin[ﬁ,""l]2 ¢ (cosé —i#sing)) + (i/16) »sin 6 + (i # (cos€ +i=sin€) — i »cosf + (cos€ + i+ sinf) — (2#1i) '4'a‘in[0,."‘..’]2 *(cosé +1+sinf)) = [l‘"h(h.'gl:l
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The price to pay...

- sin® e (20 conld/ 27 fesing) + 20 comfd/2 seon e (conf ~ iesing) + sind® o (conf
F"'st order- 1IT +(600 s (=20 CoNO/21? o (0 € + i o 8In€) + 2 » ccnld/ 2 o con®s (cORE 47 o8inE) + snd? o (c08€ + F 0 iR E))
. K
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+ “(—cong +cond e (cosd — i esing) + 2o sin0)/27 « (conf — dosing) + ¢ sing + 2 sinl0/2? Fivsml) + 10 smnl))/16 % (Vhdog)
+ T " T ecom e (omd PI/U6 4+ (sin® o (20 con0/27 o (omf 4 ionind) + 20 0onl/2] s comt o (om{ + i w5ind))) sin 0 « (com { 16 4 (%m 6" o (comd + 1 wxing))/16 ¢ (Oyg (v, (0], 000
+{sind « iesing) = 2econ®esinl/2% o (s € ~ i o sing€)))/16 ~ (sin® o (=2 o 5in@/27 ¢ (cow& + i esing wcon® e sinf0/27 « (con§ + i o sing)))/16 + (sin 0 « (con £ 16 ~ (sim 6 o (con€ + i o 5ing))/ 16« (Oyg (05 (03, 0200
' £oombBofomE «iosing) «iesing))/16 « (sin# o [« cmf « omB e (omé ¢ ienin) -~ iesing))/1 s o (womf s comle(conf « ienimf) 4 iening))/10 ~ (% mE 4 omBe (aml 4iesing) 4ie 16« (O (0h (0] 030D
+ condle(comf —1ennl)+1enml))/ 16+ (dnt? o (- com . Fesing) +dening))/16 £—conle(comf +iomm)+riommnd))/ 16— (wmt? o fomf + com@ e (cond +ionind)+1enind))/ /16« (Cyplvd, (¥10 N
+ conE ~ desing))/S + (0onl®/ 27 o it o (0o — i e sing))/S + (con{0/ZF e sin® o (—oonf + i e sing))/S ~ (o2 «foomE +iesin))/S ¢ (0], (0gsl0] 0000
b (oonl®/27 o sin o (om€ i v sing))/8 ~ (n(0/27 + 5in#” o (conf ~ i o xim€))/5 4 (oomB/2 o 5in 87 ¢ (conf 4 i 0 nim))/S & (i) 2 o sin 07 o w4 i 0 2in€))/S o (0] (0esl0d, 0200
- 27« (omd s comd Pesm)))/16 4 (sin® « (2« conld, o lom{ &1 0+ T ecomt e (ooml + i DI/6 ~ (e 0w (com — d o sin£))/ 16+ (sin®" « (cond + 1w sin )/ 10« (0], (030(0] 02,)0))
LD . (om g Pocom® e (oomE < dosing)))/16 « (sin® s (~Tocmi@ A o (cmf wionng) » 2o/ T cooml e (oonf 4 dosing) + (0 o (oom€ ~ 4o sing))/16 ~ (sin®#’ « Extosng)) 16 (0l (0l N
(cenl®)27 o sin 6 o (om € = i o 5ing))/8 + (68(0/27 ¢ 5ind o (conf ~ i e i £))/8 ~ (w2 ¢ 5in 8 o (enf + i o 5 €))/S = (sin})2 « sin 6 tiesing))/8 e (el (vmle] 0D
a0/ 27 o sin 8 o (= con = i o M E))/S = (5inl0/ 27 ¢ 5in 0 o (o = i o 0 E))/S = (N0O/2 o 8007 o (= comE 4 i # M0 E))/S + (N2 o i o (mE + i # sinEI)/B & (6] (Vrr(0] 000D
Hvin® o (20 0inld/27 o fonf < iesing) - 2econ® e sin/ 27 116 < (sin® o (20 sinfl/27 o (comg 4 iosing) ~ 2o comloinl/27 o (cm 4 i wsing)))/16 4 (dn " o (comf i o sing))/16 - (in® o (omf « i o nim€))/16 + (3, (Pn (0], 02)))
sinf o (~2esinl/27 o« (ol ~iesing) ~ 2o oo sin®/27 o /164 (sin® e (20 i/ 27 o (cmf ¢ iesing) ~ 2o comb o i@/ 27 o (cond + i wsin€)))/16 ~ (dn# « (cm ~ i e in€))/16 4 (sin# « foonf » i o sind))/16 ¢ (3 (0xyley, 0000
(0@ s (20 cmd/27 o [omf ~ i oniné Y ol (oomE i wsin s w omf — iesing)))/ 06 Bo(2oomf@/ 27 o (omé 4 inning 2ecom/2T soombB e (comf 4 inning) 4 sim i o (c biesin)))/ 16« (de] vs)
(sin® e (20 sind/2F « Fesing) ~ 2ecomt o sl ¢ (comd ~ insing) + sint o Fesing)))/16 « (sin® s (<2« a2 « (cm (com€ + i wsing) + sin viesin)))/ 16« (o] dog,)
NTo— m® ~ inl8/27) o sin 8 o (g yusin 0 o (omd 4 i enin€))/8 e (0], (Vy0d 0D
(30 # « (oum g oo/ e (cmf « insing) ~ cnde(omf ~iosind) ~i 1/16 « (siné o (« cmf Yo (ool 4 iesing) oo (oml o ivsing) i 116« (0] dvy )
Hoint o (< omf b omb o (omé < iening) 4 2esin/27 o (omf < iesing i S €))/16 < (sin# o (omf s comB e (omé 4w ‘2 elomf +ionin iening))/16« (del vs)
(in® (20 com/27 o foumf ~ie 2ecnlf/27 comB e fom « iesind) 4 sind o (cms 16 - (wim e (2o confl)/ 27 o (cond 4+ inning) + 20 conll/27 e conte (cond 4+ iwsing) + sim 07 o (cmd 4 i 0sin)))/16 « (dyy0h)
(sin® « 9/2]7 « (cm& 2ecmb o sinld a7 o (comd < e ning)))/16 < (sin® e (20 8inl®/27 o (€ 4 i ening) « 2o comd o sin@/ 27 o (comf 4 iwning) ¢ it o (omd 4 i ening)))/ 160 (¢ "]
s = (Hnd o (-cm {—ivosimg) —combe(comg —iening)+iesing))/16 + (xn 0 o (cmf + 2o conil)/ 27 o (cmg + 16« (dy), )
+ i) o (oon ~ iosing) « ivcomd e fons exing 2 wsind/27 . i #(i/18) o ximn 07 o (i o (o€ 4 ioning) « iwcomb e )o (0], dvs)
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The price to pay...

order 1/(Tk)?, 10 GB, 1 km?

order 1/(Tk)4, 1 MB, 100 m?
]

order 1/(Tk)?, 4KB, 0.2m?

order 1/Tk, 400 Bytes, 0.01m?
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Results

DC bias applied to the two baths

Net analytical result : current

. 2 3 252/34+657+5m cos 20 ) sin[0]2V°
I(V):2 81112 gy — sin A% + ( ) (0]

/ ATZ 19207 T

linear response Fermi Liquid result

+O[VT/T§]

4 am

Temperature dependence of non linearity captured !

3 - Kondo
= |RLM D=1/2

I(V)/Iov _— (1 —+ (Y(T)T/z/Tg -+ ) ) --- IRLM D=1/4

T/Te

0.00 0.05 0.10 0.15 0.20 0.25 0.30
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Results

DC bias: Universal differential conductance G=dl/dV Rescaled quantities

X =X/T,

Fixed point Fermi liquid corrections

/ —

G(V,T,h) {11
Go

—crT? —aycr Ve - athhZ)

+ V2 (yy Vi +yr T2 +ynh®) + prnci T2 h? + ppcih + prca T! )
- 1740%(1(1/‘_/2 +x7T? + Khﬁ?‘) - 7‘40:}([31/1_/2 + ﬁTT?' + ﬁhﬁ?‘)

/ —hr (v Ve + x1T? + xph®) =y rhcy VAT W + O(Tg )

\ J

NEW !

ay=3/2n2~015 cr=n%l4=~246 @, =1/7%=~0.10

Yy = 252\/§+645£:5-57t00520 ~0.04 yr= 72\/§+lzirt:7rcos,29 ~1.44%003 Y= 3(5v/3 +7) /75 ~ 0.12
prh=206vV3+m)/n3~1.52 pT=§+%§z5.64 pn = (6vV3+m)/3n° =0.02
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Results

DC bias: Universal differential conductance G=dl/dV

Fixed point Fermi liquid corrections

/ —

GWV,T,h) (¥ _— = _

(G() )=[1—CTT2—aVcTV2—athh2J

o — — — = p— - =)
+Vzc%(yVV2+YTT2+yhh2)+pThczTT2h2+phc%h4+pTc%T4
-V (ky V2 +x7T? +xh?) — T3 (By V2 + Br T? + Brh?)

/ - 71403}(7(‘/\_/2 +y7T? + ynh?) - yThc?}\_/?‘Tzizz + 0(TE7)

\ J
NEW !
K1y — 12960+19025/5+7308y/3n+420m* . _ 5265+7375y/5+2826y/3n+150m" x, = 1215+1850y/5+756y/3n+357
v 7207° T 36n° h 1207°
~0.01 ~1.11 ~0.08
_ 4455+63001/5+2376\/ 31+ 1217 _ 2(14580+21250v/5+8316v3n+4277°) _ 2(3240+4600v5+1674v3m+7571°%)
ﬂV - 1551 ﬂT - 315572 ﬁh - 457"
~22.36 ~71.77 ~ 10.66
8(117+175v5+56v3n+27°) 16(117+175v5+56v/3n+21%) (45(3+5v5)+60v3n+27?)
= nd T= 37° Xh= 4574
~0.70 ~4.62 ~0.002
_ 4428+60505+2160y/ 31 +967°
Yrh= 275

~2.66
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Results

AC bias applied to the two baths

... Quantum wire (2)

Quantum wire (1) .
@ 4 @ 3 14
v N 1) vi =
_J + \ S

V cos(wt)

-----
B
Yeut

= Re[Y7 Veiwt]

/\/ |
/\/\/\/ — Re Y3 V3e'i3wt]
WW

. |
— RelY5V°e™™?]

Higher harmonics can be captured! Y, (V, w, T")
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Results

AC bias applied to the two baths

5 % discrepancy with

0.06 | Y;l(w) /_\ /p.o. Order

3rd harmonic : 0o R
0.04 = |RLM D=1/2
=== |RLM D=1/4
0.03
0.02 - ——
0.01 N
; oo LT olTg
0.00 b
-0.3 -0.2 -0.1 0.0 0.1 0.2 03
2.0
C(M)
. . . 1.8
Capacitance C(T) , imaginary part of Y, (T)
16 - Kondo
-~ IRLM D=1/2
14

=== |IRLM D=1/4
1.2

1.0 ...........................................................................
048 T/Te
"0.00 0.05 0.10 0.15 0.20 0.25 0.30
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Results

Exact results for the noise ! |

Symmetric noise :

S(t) =Tt +7)I(t) —I*)+ T )I(t+T1)—I?)

Noise spectrum :

S(w) = / T S(1)dT
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Results

Fano factor S

S(V)/lpg(V), w,T=0

5/3
Fols
2e IBS

1.0

5 — oo
At V=0: F _ { . —— IRLM D=1/2

=== IRLMD=1/4

Sela, Oreg, von Oppen, Koch, + Gogolin, Komnik: PRL 2006

%90 0.2 0.4 0.6 0.8 1.0 1.2
Corrections : € = cos 0
1 5 C? —1) (7 (25C? + 153) — 18V/3) V?
[":‘—(5_8("')_'_( )( ()‘. 2)) \/)
N ((513297 + 782875v/5 + 376866\/3m + 372757m2) C? — 4263072 — 313866+/31 — 475625/5 — 276372) V*
6048007274,
N (875m2C° — 70 (972 + 5005 — 882\/37 — 16372) C*) V4
604800721}
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Results

At T=0 : non-analycities

4sin”(0) . :
SO (w, V,0) = . V —w|+ |V +wl|) (4cos?(0) + W?) + 8|w| sin?(0
(@20 = — o (V= 6l 5 IV ) (1002(0) + W2) + 8l in0))
W sin®(6) cos(6)

(|V — w| (8V cos(20) + W*(V — w) — 4(V +w))

(W2 +4)°Tp

+ |V 4+ w| (8V cos(20) + W?(V + w) — 4(V — w)) + 32V |w|sin*(0))
A S AR
0.5} e 1

Derivative of the noise at low temperature : 0.0}
Non analycities at T=0 are rounded by temperature

w/TB«
~05 00 05 1.0
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Conclusions

v A generic — but perturbative — method for some integrable systems:
super Fermi liquids

v’ Gives exact (formal) expression for the out-of-equilibrium density
matrix

v'Yields exact results in variety of conditions:
v'Voltage (AC/DC)
v'Finite temperature(s)
v'Particle-hole asymmetry
v"Magnetic field

v'Perspectives:
v'(Slow) quenches
v"Non Fermi liquid fixed points?
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