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The setting I

e The one particle Hilbert space: H = [*(N) @ [*(N) & [*(T)
e The canonical basis: {|j_)}i>0 U {|7+)}i>0 U{Im) }i<m<ns

o Leads: hy = h(L_) + AP, with
(B9)(5) = L[ + 1) + 9 — 1)]

e Small system: hg = ) tn|m)(n

e Coupling: hp(t) = Z’y::l: Vo (6){104) (my | + |m) (04|}
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The initial state I

e The Fock space: F = F;, ® Fg

e—ﬁ(Hé’Y)—M'yN(’y))

e dl'(obs) = OBS, and py” =" Tor 1) ® ps

e Expectations: (dI'(0))ret = Trr{podl'(0)} =

S T f (R0 Pyo} + 30, nadea, o), with
hsox = Aoy
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The current '

e Current operator: J,,(t) = i[H(t), No| = dU(i[h7 (1), P,])

e Another expression:
Ja(t) = iVa(t){a™ (Jma))a(|0a)) — a*(|0a))al|ma))}

e The unitary evolution: id;:U (t,tg) = H(t)U (¢, 1), with
Ul(t,tg) =1d

e The current at time ¢: I, (t) = Tr={U(t,t0)poU*(t,t0)Ja(t)} =
<U* (tatO)Ja<t)U(t7tO)>ref
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e The Heisenberg evolution:
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The Keldysh ’lesser” function I

e The Heisenberg evolution:
afy (), t) := U*(t,to)a (|2))U(t, to) = a# (u(t, to)|))

e The Keldysh “lesser” function:
G;x’ (t7 t/) = Z<CL7{(|ZIZ/>, t/)CLH(|CE>, t)>ref
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The Keldysh ’lesser” function I

e The Heisenberg evolution:
afy (), 1) := U*(t,to)a (|2))U (¢, to) = a# (u(t, to)|))

e The Keldysh “lesser” function:
G (1) i=i(ay (|2'), t)an (|2), t))ret

e The current formula: 1, (1) = 2Re{V, ()G}, o (t,1)}.
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The noninteracting case I

o GI . (6t) =ilay(|z), t')an (|2),t))res
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The noninteracting case I

¢ Gaf,:c’ (t7 t,) — ’L<CL7{(|ZC,>, t/)aH(|$>7 t)>ref —
ia*(u*(t', to)]x"))alu™ (¢, to)|)))ret
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The noninteracting case I

¢ Gaf,x’ (t7t/) — i<aj€[<|x/>7t/)aH(|x>7t)>ref —
i(a” (u*(t', to)|2))alu” (¢, to) ) ) )ret,

o or: GS (1) =i Y (,ult, to) f (hi) Pyu* (¥, to)a') +
U ZA n>\<¢>\7 u” (tla to)flf/> <U* (t7 to)ﬂf, ¢>\>
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The noninteracting case I

¢ Gaf,a:’ (t7 t/) — Z<a?{(|x/>7 t/>aH(|ZC>7 t)>ref —
ia*(u*(t', to)|x") Jau™ (¢, to)|)))ret

o or: GS (L) =i Y (,ult, to) f (he) Pyu* (¥, to)a’) +
iZA n>\<q5>\,u*(t’7t0):v’> <u*(t7t0)$7¢>\>'

e (retarded Keldysh):
Gro (t,t) = —i0(t — t'){[a} (|2'),1'), amr(|z), t)]5 )rer
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The noninteracting case I

Gsf,x’ (t7 t/) — Z<CL?_I<|ZC/>, t/>CLH(|ZC>, t>>ref —
ila” (u*(t', to)|2))alu” (¢, to) ) ) ret,

or: Gy ./(t,t") = i) (z,u(t to) fr(hr)Pyu*(t', to)z’) +
U ZA n>\<¢>\7 u* (tlv tO)x/> <u* (tv tO):Cv ¢>\>

(retarded Keldysh):
Gro (t,t) = —i0(t — t'){[a} (|2'), 1), amr(|z), )]+ )rer

or: GE_,(t,t') = —if(t — t'){x, u(t, t')z’).
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The noninteracting case I

Gaf,x’ (t7 t/) — ’L<CL7{(|ZE/>, t/)aH(|$>7 t)>ref —
ia™(u*(t'; to)|2'))a(u* (t, t0)|x)))ret,

or: G, (6,t) =1 (z,u(t to) f(hp) Pyu™(t', to)z") +
iy ma(Ox, u (1, to)x") (u*(t,to)z, Pr)-

(retarded Keldysh):
Gy o (1) = —i0(t — t')([af; (|2'), '), amr (|2), 1)) 4 )ret

or: GE (¢, ') = —if(t — t'){z, u(t, ')x’)

(self-energy of the leads):
(s—s’ ()
X3 (s, 8") := V4 () V4 (s7)(05, f'Y(h(LV)WZ(S e 0,)
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The Keldysh equation I
e Duhamel:

u(t, ty) = e t—to)ho _ zfti u(t, s)hp(s)eH(s—to)ho g
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The Keldysh equation I
e Duhamel:

u(t, ty) = e t—to)ho _ thi u(t, s)hp(s)eH(s—to)ho g
o Keldysh: G}, . (t,1") =

> f; dsGt . (t,s ft ds'Y35 (s, s )GA (st +

L2\ oA (D U (t’ to)m’) (u (t to)m, 6)
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The Jauho-Meir formula I

Io(t) = 2Re{VL(t)G5, 0. (£, 1)}
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The Jauho-Meir formula I

Io(t) = 2Re{VL(t)G5, 0. (£, 1)}

t 2
= / dt’ / dEN/4 — B2V, (t')V, (t)eit—t)E
to —2

X A{Grnma (G ) + fo(B)G o, (61}
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e No discrete spectrum for i
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Steady state? I

e No discrete spectrum for h

o G (tt—s)=1) (z,u(t,to)fy(hr)u*(t —s,t0)z’) +
i) AUt (L, to)x, da) (Pr,u(t — s,t0)x’)
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Steady state? I

e No discrete spectrum for h

o Gy (tt—s)=1) (z,u(t,to)fy(hr)u*(t —s,t0)z’) +
i) A (u*(t, to)x, da) (Pa,u(t — s,t0)x’)

o u(t,ty) = e Tty (¢, ty) and
u(t — s,t0) = e U5ty o)
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Steady state? I

No discrete spectrum for h

Goo(tt—s) =i (z,u(t,to) fy(hr)u*(t — s, to)x') +
i)\ a{u*(t, to)z, dx) (P, u™(t — s,10)z")

u(t, to) = e *E—thy (¢, to) and

u(t — s,to) = e 5=ty (¢ to)

Gy (tt—s) =

3 ety ) £ (i Ju” (b1, o))
iy (eI (s to)on) (u(ty, to)da, el 1)ha!)
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Large ¢ I
o Go . (t,t—s)=

i) (@, ety (ty, to) fo (hr)u* (b, to)e’ =57 1)ha!) 4
2 Z)\ n>\<6i<t_t1)hx7 u(t17 t0)¢>\> <’U,<t1’ t0>¢)\7 ei(t_s_tl)hx,>
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Large ¢ I
o Go (t,t—s)=

iy (, e~ {=t)hy(ty to) fry(hr)u* (t1,to)el T 1Ay 4
iy nale g w(ty, to)on) (u(ty, to)da, et a!)

e Riemann-Lebesgue: lim,_, . (e!(!="11)"y /) = 0.
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Large ¢ I
o GT . (t,it—s)=

i) (7, ety (ty, to) fy (hi)u* (ty, to)et =5 1)hg!) 4
0305 (et to)da) (u(ty, to)a, e P50

e Riemann-Lebesgue: lim;_, oo (e*(:=t1)hy /) = 0

o Go .(t,t—s)~
iy (@, e Tyt to ) £y (R )u (tr, ) et 571!
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Large ¢ I
Gy (tt—s) =

i), e~ =ty (ty, to) fy (ho)u* (tr, to)et =57 1)hg!) 4
3 A u(ty, to)d) (u(ta, to)a, €5ty

Riemann-Lebesgue: lim;_, oo (e?¢~t)hy o/) =0

Gy (tt—s) =
i), e~ {=t)hy(ty t0) £y (hp)u*(t1, to)ett—s—t)hy)

u(ty, to) — e HEr—to)ho and u* (t1, ) — e*f1=%0)0 are compact

operators!
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Large ¢ I
o Go .(t,t—s)~

,l: Z <,ij e—i(t—tl)he—i(tl—to)ho f’y(hL>ei(t1_tO)ho 6i(t—8—t1)hx/>
AN
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Large ¢ I
o G;m, (t,t—s) =~

i 27@’ e~ i(t—t1)h o—i(t1—to)ho f,y(hL)ei(tl—to)ho ei(t—s—tl)hx/>

o Go(tt—s)~i)y (z, e~ —t)h £ (hp)eilt=s—ti)hyt)
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Large tI
o G;x, (t,t —s) ~

i 27@7 e~ i(t—t1)h o —i(t1—to)ho fﬂy(hL)ez’(tl—to)ho gilt=s—t0)h /)
o Gy (tit—s)midy] (x, e TINL (hy)eltmo—t)hy!)

¢ Gi,x’(tvt —5) & 7:27@77
e—i(t—tl)hei(t—tl)ho fq/(hL)e_iShL e—i(t—s—tl)ho ei(t—s—tl)hx/>
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Large ¢ I
Gy (tt—s) =

i 27@7 e~ i(t—t1)h o—i(t1—to)ho f’y(hL)ei(tl—to)ho eilt=s—t1)h g1
Gy ottt —s) =iy (z,e UM E (hp)ert stk

GS(tt—s) ~i Y [,

e—i(t—tl)hei(t—tl)ho f”y (hL)e—’iShL e—’i(t—s—tl)ho e’i(t—s—tl)hx/>

o G (Lt —5)= i) (@, w_ fr(hp)e e P w* ')
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o Io(t) =2Re{VL(t)G;, o (L, 1)}
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Steady current I

o Io(t) = 2Re{VL(t)G,,, 0. (L, 1)}

o [n(t)~ =2Volm ) (ma,w—fy(hr)w204)
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Conclusions .

e The Keldysh formalism contains no extra information compared
to the ’usual’ scattering approach

e The Jauho-Meir current formula is higly dependent of the
composed form of h

e The computations tend to be much more complicated than in the
scattering approach
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Thank you! I
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