Kapitel 5

Green’s function formalism

5.1 Introduction

Green’s functions appear naturally as response functions, i.e. as answers to the function
how a quantum mechanical system responds to an external perturbation, like for example
electrical or magnetic fields; the corresponding response functions would then describe
the electrical conductivity or the magnetic susceptibility of a system. Here we will be
concerned with small perturbations and thus only the linear response of the system. We
describe the system by a Hamiltonian

H = Hy+V, (5.1)

where V; represents the interaction with an external field. Hy describes the system with
the external field switched off; due to interactions Hy is not necessarily exactly solvable.
The external field F; couples to the observable B of the system:

V; = BF, (5.2)

Here, Bis an operator and F} is a complex number. We now consider an observable A of
the system that is not explicitly time dependent and ask how the dynamic expectation
value (A) reacts to the perturbation V;. Without field we have

(Ao = Tr(pod) (5.3)
where pg is the density matrix of the system without external fields:

e PH

in the grand canonical ensemble H = H — ,uN (with chemical potential u, particle number
operator V). The density matrix will change if we switch on the field:

Po = pi (5.5)

This means for the expectation value of A
(A) = Tr(pA) (5.6)
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In the Schrédinger picture, the equation of motion of the density matrix (the statistical
operator) is determined by the von Neumann equation

L Opy

/I/ —

ot

We consider a perturbation that is switched on at some time so that the boundary con-
dition for our first order differential equation is an unperturbed system for t — —oo

= [H+ Vi pi] (5.7)

lim p; = po. (5.8)
t——o0

We now switch to the Dirac picture where we have
pr(t) = er?olpem i (5.9)

with the equation of motion
d p

L1 D 1D
SR =3[P VP (1) (5.10)
Integrating with the boundary condition
. D .
Jim g7 (t) = po (5.11)
leads to
- t
1
PP == [ VPR (5.12)

This equation can be solved by iteration (by substituting p?(t) repeatedly on the right
hand side):

D(n .
pPt)=po+ > p ") with
n=1

i = (- %; /_; dt, /_; dtz---/_:_ldtn
X [Vt?(tl)v [VtzD(t2)7 [ o [Vt?(tn)vp0] e '}_]_]_ (5.13)

While this formula is exact, it is not practical. For sufficiently small external perturbations,
we can restrict to linear terms in the perturbation V; which is called linear response:

. t
? / !
W=y [ VP (5.14)

—0o0

We can use this result to determine the perturbed expectation value of (5.6):
. R . i [t .
(A = T(ePA%) = (Ao - 5 [ arte{ VP (0, m] A7)
. t
= <A>0 - i / dt/ Ft/TI' { [éD<t/), IOO:| 7AD(t)}

—00

St

=BpoA—poBA=pgAB—poBA

=it [ ar mn{p (a0, 570) ) (5.15)

—00
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Here, cyclic invariance of the trace was exploited. This shows how the system reacts to
the external perturbation, as measured from the observable A:

B = (A= (Ao = = 5 [t FullA2(0), B2 ) (5.16)

—00

This response is determined by an expectation value of the unperturbed system. The
Dirac representation of the operators AP(t), BP(t') corresponds to the Heisenberg repre-
sentation when the field is switched off.

Now we define the retarded two-time greens function

Wt ) = (AW@: BIY) = —iO(t — )([A(t), Bt)] ), (5.17)

The operators are to be taken in Heisenberg representation of the field free system. The
retarded Green’s function describes the response of a system as manifested in observable
A when the perturbation couples to observable B:

1 o
A=~ / dt' Fu G (t,1) (5.18)

[e.e]

It is called retarded because due to the Heaviside function, only perturbations for ¢ < ¢/
contribute.
With the Fourier transform F'(w) of the perturbation
1 - —i(w+id)t
F,=— dw F(w)e (5.19)
2m
where 0 > 0 is infinitesimally small and using the later result that with a Hamiltonian that
is not explicitly time dependent the Green’s function depends only on time differences
t —t', we can rewrite (5.18) in the form of the Kubo formula

1
AAy = — dw F(w)Gyp(w + i6)e 1@ Fio)t (5.20)
2rh J_ o

The 6 > 0 in the exponent enforces the boundary condition (5.8).
We will now look into two applications of response functions.

Magnetic Susceptibility

The perturbation is a spatially homogeneous magnetic field that oscillates in time:
1 [e.e]

B, = o | dw B(w)e @it (5.21)

which couples to the magnetic moment

mzzmi:g“’TBZ@. (5.22)

i

Thus, the perturbing potential term in the Hamiltonian becomes
~ 1 o0 L
Vi= —m-B = — . za: /OO dwm® B (w)e i@t (5.23)
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where a = x, y, z are Cartesian directions. An interesting quantity is now the magnetiza-
tion in response to the applied field. As it is

_ | .
M= 5m) =2 : (i), (5.24)

we have to choose the magnetic momentum operator for both A and B operators in the
Kubo formula:

M — MY = — %Z /_oo dt' Bg{(mP(t);m(t')) . (5.25)

Only in a ferromagnet there is a finite magnetization M{ without a field. Eq. (5.25) defines
the magnetic susceptibility tensor

) = O (65 0): 53(0) (5.26)

as a retarded Green’s function. Thus
Z / dt’ By (t,t) (5.27)

or in terms of frequency
s 1 0 it 8
M = T >N / dw e~ TN (W) BY(w) (5.28)
ij o YT

We have implicitly assumed that the system we consider has permanent localized mo-
ments.
Two types of susceptibilities are interesting: The longitudinal susceptibility

2,2
X W) = FEEE(S5 ), (5.29)

where the index indicates the Fourier transform of the retarded Green’s function. This
can be used to obtain information about the stability of magnetic orderings. For the
paramagnetic phase, one calculates the spatial Fourier transform

1 v (Ri—R;
W) = 5 2w () (5.30)
ij

At the singularities of this response function, an infinitesimally small field is sufficient
to create a finite magnetization, 7.e. a spontaneous ordering of the moments. For that
purpose, the conditions under which

{(hm X (w )}_1 =0 (5.31)

q,w)—0

are studied; they indicate the paramagnetic <> ferromagnetic transition.
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The other interesting case is the transversal susceptibility

po 917
i W) = = PR (SH Sy ), where SF =87 iS] (5.32)

Poles of this susceptibility correspond to spin wave (magnon) energies:
-1
{Xqi*(w)} — 0= w = w(]). (5.33)

The examples show that linear response theory not only treats weak external perturbations
but also yields information about the unperturbed system.

Electrical conductivity

Now we consider a spatially homogeneous electrical field that oscillates in time:

- 1 > - o
B = dw E(w)e it (5.34)

The electrical field couples to the electrical dipole moment P
P = / Prn(r). (5.35)
We consider N point charges ¢; at positions r;(t); the charge density is
N
n(r) = Y qd(F—7). (5.36)
i=1

This gives a dipole moment operator

N
P=3gr. (5.37)
i=1
The electrical field causes the additional external potential term in the Hamiltonian
N 1 o0 L
- _ . - o o —i(w+id)t
V,= —P-E, = 2WZ/_mde E%(w)e : (5.38)

An interesting quantity is the response of the current density to the external field:

| dr,  1dP
S 5.39
J v.lth V dt (5-39)

(700 =0, (5.40)

After switching the field on, we have
N 1 > [0 - (63
W= =33 [ (@), (5.41)
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In terms of the Fourier transforms this becomes
- 1 > —i(w+1 « «
=502 /_Oo oo e~ D P (00) F0 () (5.42)

This is Ohms law, defining the electrical conductivity tensor

o’ (w) = = (5% P*), (5.43)
that has retarded Green’s functions as components. This can be rewritten as
N ¢ i §9%5°)
Bex — i 5 - ! 5.44
o w) ZVm(w—i—M) aﬁ—i_h w+ 10 (544)

The first term represents the conductivity of a noninteracting electron system as given by
classical Drude theory, and the second one involving a retarded current-current Green’s
function represents the interaction between the particles.

5.2 Two time Green’s functions

The full Green’s function formalism has two more Green’s functions besides the retarded
Green'’s function:
Retarded Green’s function

ap(t.t) = (At): BE)" = —i0(t —t)([At), B(t)]-:) (5.45)
Advanced Green’s function

st t) = (A®); BE))" =0 — t)([A(t), B(t)]-:) (5.46)
Causal Green’s function

as(tt) = (A@t); B())" = —i{T.(A()B(t))) (5.47)

Again, we have for the operators in Heisenberg representation

_ Tr(ePMX) 1

X(t) = e Xe 7 H = H— uN, (X) = - 5.48
(t) =en™Xe 7" H pN, (X) oo P T (5.48)

where we omit the index 0 of H and H as we are not dealing with external perturbations
in this chapter. € has the value ¢ = — for Fermi operators, ¢ = + for Bose operators:

[Alt], B(t")] __ = A(t)B(t') — eB(t")A(t) (5.49)

€ = — yields the anticommutator, € = + the commutator.
The Wick time ordering operator 7. sorts operators in a product according to their
time arguments:

T.(A(t)B(Y)) = O(t — t)A(t)B(t') + Ot — t)B(t)A(t) (5.50)

The € makes it distinct from the Dirac time ordering operator.
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The spectral density is another very important function of manybody theory:

Sap(t,t') = < J—e) (5.51)

It contains the same information as the Green’s function.
We now prove the fact that Green’s function and spectral density are homogeneous in
time if the Hamiltonian is not explicitly time dependent:

M @t = Gyt — 1), (a=rac)

” Sap(t,t") = Sap(t —1t') (5.52)
We only need to prove that for the so called correlation functions
(A@)B(t)), (B(t)A(1)) (5.53)
The proof is based on cyclic invariance of the trace:
Tr{e ""A(t),B(t')} = Tr{e"BHe%HtAe_%H(t_t,)Be_%Ht,}
= Tr{G_BHG%H“_tl)Ae_%H(t_t/)B}

= Tr{e " A(t —)B(0)} (5.54)
Thus
(A()B(t")) = (A(t — t')B(0)), (5.55)
and analogously
(B(t)A(t)) = (B(0)A(t — 1)) . (5.56)

Actually calculating the Green’s function can be done via the general equation of motion
for Heisenberg operators

L d . 0A
ih o An(t) = [Aw, Hy] (t) +ih (%H (5.57)
We also have
i@(t—t) ot —1t) = —i®(t—t) (5.58)
dt B dt’ '
Then, all three Green’s functions formally have the same equation of motion:
0 o
ihaGiﬁB(t, t') = no(t —t')([A, B]__) + ([A H]_(t); B(t")) (5.59)
But the solutions have to obey different boundary conditions:
nptt) =0 for t<t
Gt t) =0 for t>t
. , —i(A(t —t"), B(0)) for ¢t >+t
AB(t t) = . , ,
—ie(B(0), A(t — t')) for t<t (5.60)
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On the right hand side of (5.59) a new Green’s functions appears as [A, H]_ is again
an operator. Usually this leads to a higher order Green’s function, i.e. one that contains
more operators than the original G%z(t,t'). For this higher order Green’s function, ano-
ther equation of motion of type (5.59) can be written. This leads to an infinite chain of
equations of motion. The system of equations can only be solved if the chain is stopped at
some point by decoupling, ¢.e. by making physically motivated approximations to some
higher order Green’s functions.

Often it is more practical to work in the frequency domain rather than in the time domain:

@) = (4B = [ -G - e

o 1 > o —iw(t—t
Gpt—t) = o dw G4 g (w)e @t (5.61)

The spectral density transforms in the same way. If we use the exponential definition of
the Delta function:

e / e (5.62)
or equivalently
e / S (5.63)
we have for our case:
R
ot =) = % /_ Z duw (=) o)

the equation of motion (5.59) becomes
WA BYS = ([A B ) + 2 {[A.#]_: B (5.65)

This is now an algebraic equation, not a differential equation any more. Meanwhile, the
difficulty that an infinite chain of such equations is produced remains.

Spectral representation

Spectral representations of the Green’s functions are important in order to find boundary
conditions for the Eq. (5.65).

We take E, and |E,) to be eigenenergies and eigenvectors of the Hamiltonian #H of the
system we consider:

We assume the states |E,) to form a complete orthonormal system

Z |En)(En| = 1; (En|Em) = 6nm (5.67)
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First we consider the correlation functions (A(t)B(#')) and (B(¥)A(t)) (2 = Tre 7).
QA(t)B(t)) = Tr{e P"A(t)B()} = Z(En|e_BHA(t)B(t’)|En)

= ) (Eu|AW)|En)(Em| B(t)|E,)e "

S AN ) B BI e e
= > (B B|En)(E|A|E,)e e AEm=En) e (E=En)(=t) (5 68)

Introducing a unit operator 1 has significantly simplified the time dependence of the
Heisenberg operators. In the last step we have exchanged n and m indices. Analogously
we find for the other correlation function

QUBVAW®) = S (Bl B| By (B A|E,)ene i (B En) =) (5.69)

If we now substitute (5.68) and (5.69) into the definition of the spectral density (5.51) or
rather its Fourier transform

Sl = [~ s e

[e.e]

= % ) d(t =) ((A()B(t)) — (B(1'), A(1)))
- é% (= ¢)ei (o EER) BB (BB ) _ o
X > (En|B|Ep)(Em|A|E,) (5.70)

and with the definition of the delta function (5.64)

Sap(w) = éZ(ER|B|EW><Em|A|En>(emW — 5)6_6E"5<w —

M) (5.71)

h
The argument of the delta function contains the possible excitation energies of the system.

Now we will express the Green’s functions with the help of the spectral density. We use
the following representation of the step function:

. i 00 eix(t t')
Ot —t) = %/m dot o (5.72)

This can be proven using the residue theorem (see below). Using this relation, we can
transform the retarded Green’s function

(W) = /_OO d(t — e (—i0(t — 1)) (2rSap(t — ')

- [Cau- e (o= 1) [t Supturye s
— /OO dw/ /OO dI SAB 1 /OO d(t B t/)e—i(m—w-i-w/)(t—t/)
- o T+ 10+ o
> > SAB
— / ’
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This leads to the spectral representation of the retarded Green’s function

ap(w) = / " gy S (5.74)

w—w 410t

Analogous treatment of the advanced Green’s function yields the spectral representa-
tion of the advanced Green’s function

Gp(w) = /_ " g —San) (5.75)

!/
o w—w —1i0T

The only (but significant) difference between G’ and G%p is the sign of i0"; it deter-
mines the analytic properties of retarded and advanced functions, G") 5 can be continued
analytically into the upper, G%5 into the lower complex plane. Neither is true for the cau-
sal function G g. Substituting the spectral representation (5.71) of the spectral density
into (5.74) and (5.75) yields the important expression

) , B eB(Bn—Em) _ o
= 5 2 (Bl BIEN Bl AlB e P50 —
nm "

Bl o (5.76)

Both functions are meromorphic in the complex plane (holomorphic except for a set
of isolated points) with singularities at the exact excitation energies of the interacting
system. As retarded and advanced Green’s functions have the same physical content,
they are sometimes joined into one function Gap(w); G5 and G%p are considered the
two branches of a single function in the complex w plane (obtained by considering w + in
or w — in a complex variable and calling it again w):

GAB(W):/_ " ,s,w_():{ rp(w) i Imw >0 (577

w—uw 4gw) if Imw<0

The singularities are on the real axis. In text books, » and a indices are often omitted,
and interpretation of Green’s functions written like in Eq. (5.77) in terms of retarded or
advanced Green’s functions is left to the reader.

We still need the spectral representation of the causal Green’s functions. Using the defi-
nition (5.47), we have

cp(w) = —@'/Oo d(t —t)e Ot — ') (A()B(Y)) + Ot —t)(B(t) A1)} (5.78)

—00

Using results (5.68), (5.69) and (5.72), we obtain
1
y = — Y (E,|B|En)(En|A|lE,)e Pr—
i) = g S UBIBIE) (B 150 / / o

)

1
- — E,|B|E,)(E..|A|E, BEH/ d
0 2 EnlBIER) Enl Al | e

{eﬁ(Evl_Enb)(S(w _ L}_LEW — m) + 55<w — @ + :13)} (5.79)
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This yields the spectral representation of the causal Green’s function

. 1 _BE B (En—Em) €
i) = G L BB Enl AIB " e~ e | (580

h

We have expressed the retarded and advanced Green’s functions by the spectral density.
Using the Dirac identity

1 1
=P—-+ind .81
e . imd(x) (5.81)

that should be interpreted as

T A G P/dx@ +inf(0) (5.82)

50+ r+id

with the Cauchy principal value denoted by P, we can write the spectral density in terms
of the Green’s functions:

GAB(CU + i0+) — GAB((.U — i0+)

/ wSas(w) w—w 410" w—w —i0F

> 2
_ / QS ap(){ — 2mid(w — )} = TSan(w), (5.83)
and thus
Sup(w) = i{GAB(w +i07) — Gap(w —i0%)} (5.84)
Assuming the spectral density to be real, this means
1 T
Sap(w) = F - Im G% 5(w) (5.85)
We now prove the formula
o) = Tim —- / T (5.86)
550t 2 o T HI0 .

that was essential for arriving at the spectral representation of the Green’s functions
(5.74) and (5.75). We first consider the case t > 0. For these t values we can obtain a
closed integration contour by adding a semicircle of radius R in the lower complex plane
for the integral (5.86) (see Fig. 5.1); the factor e~*** ensures that in the limit R — oo, the
contribution of the semicircle to the integral vanishes (Jordan’s lemma). To see that, we
consider the argument —ixt of the exponential function:

—ixt = —i(2' +ia" )t = — izt + 2"t (5.87)

In order to have a vanishing exponential function in the limit R = |z| — oo, we need
2"t — —oo and thus a contour in the lower complex plane 2”7 < 0 for ¢ > 0. Thus the
integral (5.86) can be written as

- oo —ixt - —ixt
lim — / dz— lim — [ do< (5.88)

< = = X -
§—0+ 21 J_ oo x+id  s—0t 21 Joo  w+ 0
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Im x

C<

Abbildung 5.1: Integration
contour for the case t > 0.

This can be evaluated with the residue theorem

]gD dx f(x) = 2mi Z Res{f(z;)} (5.89)

z, €D

where D is a domain in the complex plane with outline D. The contour integration needs
to be done in the mathematically positive sense which is counterclockwise. The sum runs
over all poles z; of f(x) in D. Resf(x;) is the residue of f(x) at z;; if the Laurent series
of f(x) at x; has the form

flz) = S Zan(x — )" (5.90)

r — T 0

then a_; = Res{f(z;)}. For a simple pole at z the residue can be calculated as
Res {f(x0)} = Jim (v — o)/ (¢) (591)

Alternatively if f(z) = % and ¢(x) has a simple zero at z = x

Res {f(an)} = 520 (5.92)

For a pole of order m > 1

=)

1 dm1
Res {an)) = gy Jim { s [ = 0" )| (5.93)
Here,
a_i = v Me’m =e =1 for §—0 (5.94)

im -
r——id T + 10
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Thus,

i e—z‘mt i
lim — d =2m—a_; = —1 5.95
50t 2 /C< ERT ot (5.95)

For the second case, t < 0, we have to close the integration contour C~ in the upper half

Im x
A

C>

R

Abbildung 5.2: Integration
contour for the case t < 0.

plane (see Fig. 5.2). Then we can write

) i 0 e—iwt ) i e—ixt
lim — dx — = lim — dx , (5.96)
6=0t 2w oo x+10 650t 2T Jou X+ 10

As the contour doesn’t contain a singularity of the integrand the value of the integral is
zero according to Cauchy’s integral theorem. Combining the cases for t > 0 and t < 0, we
find

i 00 efixt
lim — = .

Now we can discuss the analytical properties of the Green’s functions, i.e. their analyticity
in the complex w plane. First we defined the Green’s functions G4 z(w) via (5.61) only
for real frequencies w, but the spectral representations (5.74) and (5.75) offer an analytic
continuation in the complex w plane. Meanwhile, Eq. (5.80) for the causal Green’s function
indicates that analytic continuation is not possible as G z(w) has singularities in the upper
and in the lower complex plane.

For retarded and advanced Green’s functions one can show that the continuation doesn’t
only exist but is analytic — for the retarded Green’s function in the upper complex plane
and for the advanced function in the lower complex plane. To see that we reconsider the
definition

2 (w) = / 0t G ()™ (5.98)
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and separate real and imaginary parts of w:

w=uw +i" (5.99)
Then, because of

gt = gitmwt (5.100)

an analytic continuation in the complex plane is possible if only positive values of ¢ are
accepted for w” > 0 and if only negative values of ¢ are admitted for w” < 0 because
under these conditions e™"* guarantees the convergence of the integral (5.98) and its w
derivatives for a large class of functions G4 z(w). As the retarded Green’s function is only
nonzero for t > 0 and the advanced function only for ¢ < 0, the convergence conditions are
fulfilled and thus the retarded Green’s function is analytic in the upper complex w plane
and the advanced function in the lower. The casual function generally doesn’t permit
analytic continuation as w” > 0 as well as w” < 0 would lead to divergencies. This makes
retarded and advanced functions better suited for many applications.

Spectral theorem

We saw that Green’s functions and spectral density contain microscopic information about
the excitation energies of the considered system. We will now find that also the macrosco-
pic thermodynamic properties are available from suitably defined Green’s functions. We
start with the correlation function (B(t'), A(t)) because its spectral representation (5.69)
is similar to the corresponding representation of the spectral density (5.71). Combining
(5.69) and (5.71) yields

) (%) B

/ _ AB —tw(t—t")
(B(t")A(t)) = /_OO dw—eﬁﬁw n 1€ (5.101)
where we have chosen the anticommutator spectral density with ¢ = —1. When using

commutator spectral densities (¢ = +1) a constant D needs to be added to this expression

o 5k ey 1
(B(tYA(t)) = / dw%e—w—fwé(ugw (5.102)

This is due to the fact that the commutator spectral density doesn’t determine the corre-
lation function completely. We can see that by separating diagonal (in w) and offdiagonal

parts of Sap(w) (Eq. (5.71))

Sinw) = S5h(w) + (1 —2)Di(w) (5.103)
where
En#Em
Ale 1 _ E,—E.,
0@ = 5 D7 (Bul BB} En| Al By (e —5)(5<w - )
1 En;Em
D=5 D (EulBlIEn){En|AlE,)e " (5.104)
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The diagonal terms contained in D fall out of the commutator spectral density even

though they are needed for determining the correlations. We have

/ - Sﬁff)s(w) —iw(t—t")

/ - Sﬁ%(”)‘fﬁm —iw(t—t)

—00

as can be read off from the spectral representations (5.68) and (5.69).

Exact relations

(5.105)

There are a number of symmetry relations and sum rules for Green’s functions that are
useful as soon as approximations for calculating Green’s functions need to be developed.

1.
ZXB (tv t,) - 5G%A(t/7 t)

follows from the definitions because

(A®); B(t))" = —i0(t = t'){[A(t), BI)] <)
= ie0(t = t)([B(t'), A(t)] <) =

"pw) =eG@h(—w) forreal w

e(B(t); A(®))*

(5.106)

(5.107)

(5.108)

follows by Fourier transforming Eq. (5.106). From the combined Green’s functions

for complex w (Eq. (5.83)) we have

Gap(w) = eGpa(—w) for complex w

(GHp(t. 1)) = eGip (t1)

4. Another important relation follows from the equation of motion:
| aetoqamy - na B} = [ doqans)
_ / d (—i) / dt ([[4, H)_(t), B0)] e
0

—00

(5.109)

(5.110)

= ) B0 [ st =2 [ ar (140, BO)-)30

Using [;° dz f(x)0(z) = 5 f(0) we find

[ e fetpte) — A B} = w([A), BO)L)

—00
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and analogously for the other two Green’s functions

/OO dw {wG%p(w) — W([A, B]_.)} = — 7h{[A(0), B(0)]_)

—00

| {utiste) - a4, Bl-0)} = nd (A). BO)) +£(BO). A0)) } (5:113

The importance for these relations arises from the following argument: The right
hand sides, being expectation values of products of operators (observables) are fi-
nite; thus, the integrals on the left hand side need to converge. This leads to the
requirement for the integrands:

lim G%p5(w) h

w—00 w

(4, B].) (5.114)

The expectation value on the right can usually be calculated directly so that this
relation determined the high frequency behavior of the Green’s function; they fall
off as L. In case the (anti)commutator on the right hand side of (5.114) vanishes,

the Green’s function will go to zero with a higher power of % for w — oo.

Kramers Kronig relations

We have seen that G”) ; and G% 5 are completely defined by the spectral density S4p. But
Sap can be obtained solely from the imaginary part of these functions. Thus, real and
imaginary parts of the Green’s functions are not independent. We consider the integral

T !/
I — / AB(w) 11
(W) /cdw o —0F (5.115)

G"g(w) is analytic in the complete upper frequency plane. If we take w to be real, this

Im o’
A

> > Re®

Abbildung 5.3: Integration R
contour in the complex w’ pla- ‘

ne for the Kramers Kronig

relations.
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is true for the entire integrand; then the integral along the contour C' of Fig. 5.3 becomes
I.(w)=0 (5.116)

Letting the radius R of the semicircle go to infinity, the part of the contour integral along
the semicircle disappears because of (5.114), and using the Dirac identity (5.81) we find

(e/e] T (w/) o0 r (w/) ) ,
0 = / dw' a]_iﬁ—_zo_‘r = P B dw' ﬁ + ZT('GAB(UJ) (5117)
This gives
,l’ o0 r (CL)/)
v = _-P dow' =42 5.118
) = 2P [ S8 (5.118)

Analogously we find for the advanced Green’s function if we close the semicircle in the
lower complex w’ plane where G%5(w’) is analytic and by replacing —i0" by +i07:

w—w

Gpw) = — %P/OO dw’M (5.119)

—00

This means that we don’t need to know the entire Green’s functions; it is enough to know
the real or the imaginary part, and the other part is given by the Kramers Kronig
relations which we read off from (5.118) and (5.119):

; L G
Re G%5(w) = :F—P/ do 22ZAB) A (@)
T

e w—w
r 1 > Re G (W)
Im G =+_P dw ——AB 2 5.120
mGhple) = &P [ 28 (5120)

Assuming the spectral density to be real, (Eq. (5.85)) is valid and thus

. @ = Sap(W
Re G z(w) = ReGYp(w) = P/_Oodw :va
ImGpw) = — ImGYp(w) = —7S4p(w) (5.121)

Egs. (5.71) and (5.72) provide a connection to the causal Green’s function:

Bhw
c er™ +¢€
I Gpw) = —mSap(w) g—

ReGp(w) = ReGL%5(w). (5.122)

While the Kramers Kronig relations (5.120) are generally valid, the following relations
require the spectral density to be real as it often is; in this case, the different types of
Green’s functions can be converted by these equations; this can be useful as equations
of motion methods determine G';% while diagrammatic techniques are used to calculate

c
AB-
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5.3 Application to noninteracting electrons

We will get to know the properties of Green’s functions for the simple example of nonin-
teracting electrons. The advantage of using the Green’s function formalism is not obvious
in this case as all results could have been obtained with other methods, but the real
strength of the new formalism will become clear in the case of interacting electrons.

We first consider Bloch electrons that don’t interact with another but are subject to the
periodic potential of the lattice. The Hamiltonian is

H =Hy—uN, Hy= Zg(g)a% a; N = a,% a; (5.123)
ko ko

All properties we are interested in can be obtained from the socalled one-electron Green’s
function

G2 () = (a0l )2, a=rac; e= —1 (5.124)
The choice of ¢ = —1 is plausible as we deal with a purely Fermionic system but it is not

necessary. We now proceed in the same way in which more complicated problems would
be tackled: The first step is writing and solving the equation of motion:

WG (W) = ([ag,.ab | )+ ([ag,. H]_sal )* (5.125)

Using the commutation relations

(950 00 = [a%aa%,a,h =0, [a;(,a%,g,h = 07250007 (5.126)

we find
URGIEED'S (e(K) = 1) [y, b ap.]-
ko’
= D) = )i 0aar,, = (=(k) — n)ay, (5.127)
E/UI

Substituting in (5.125) leads to

WG (w) =1+ (2(k) — m)G2 (w) (5.128)

solving for G% and fulfilling the boundary conditions with +i0" or —i0*" yields

r 1
Ga (w) = _ (5.129)
ko w—e(k)+ p £ 0+

We will use the convention & = 1 from now on. The singularities of this function correspond
to the possible excitation energies of the system. With complex argument w we have the
combined function

G- (w) = (5.130)

1
w—e(k)+p
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The one electron spectral density is

So (W) = 6(w — (k) + ) (5.131)

From the frequency domain we can now change to the time domain. The retarded Green’s
function is

1 8] e—zw(t t')
G- (t—1t) = / dw = (5.132)
ko o J o w—e(k) + p+i0t

Substitution of w by W’ = w — E(E) + p leads to

o 1 00 e’ (t—t")
T —ile(k)— —
GL(t—t)=e (st)-n) ¢ “%/_ dw’m (5.133)

Using Eq. (5.72) gives
GL (t—t) = —iO(t - t’)e_i(g(k)_“) (t=t) (5.134)

This shows how indeed the introduction of +i0" has fulfilled the boundary condition.
Analogously we find for the advanced function:

Ge (t—t) = —iO(t - t)e_i(e(k)_“) (t=t) (5.135)

In the noninteracting system, the time dependent Green’s functions show an oscillatory
behavior with a frequency that corresponds to an exact excitation energy. We will see later
that this remains true for interacting systems, but they will additionally have a damping
factor that corresponds to a finite lifetime of the quasiparticles. The time dependent
spectral density is easily found from (5.131):

N

1 /
—ile(k)—p ) (t—t")
S (t— ) = i ((1=n) (5.136)

2T

The average occupation number (n: ) of the level (EO’) can be found by substituting
(5.131) into the spectral theorem (5.102)

5w —e(k 1
(af (t)az (8)) = (n2) = / o 2 Bj( ) (5.137)
ko oo ePv 41 e (e(k)—u) +1
This is the result known from quantum statistics, the Fermi function
_ 1 5.138
W) = G (5.138)

evaluated for w = 5(%) Using (n; ) we can fix the total electron number N, by summing
over wave vector and spin:

Z/ dw S ( eﬂw+1_2/ dw f-(w) Sy (w — pu) (5.139)
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If we denote with p,(w) the density of states per spin for the free Fermion system (for
which p,(w) = p_,(w)), we can write N, as

N, = NZ/_OO dw f—(w)ps(w) (5.140)

N is the number of lattice sites if we consider a one band model; p,(w) is normalized to
1. Comparing (5.139) and (5.140) leads to the definition of quasiparticle density of
states

polw) = 3 308, - ) (5.141)

These considerations are not only true for the free system but are generally valid. We will
see that (5.141) represents the general definition of the quasiparticle density of states for
any interacting electron system. For noninteracting systems we can enter Sza(w):

pol(w) = % 3l — () (5.142)

The internal energy U is the thermodynamic expectation value of the Hamiltonian and
therefore determined in a simple way by (n;: ):

N

ko

U= (Hp) = elk)n: )= %Z /_OO dw (w+ (k) f-()Sz (w—p)  (5.143)

The last expression will turn out to be generally valid for interacting systems. From U we
obtain the free energy F' and thus the entire thermodynamics by considering that

F(T,V)=U0(T,V)-TS8(T,V)=U(T,V) —i—T(Z—?) (5.144)
1%
which leads to
0 (1
— _m72| =2 [ =
urT,v)y=-T {8T (TF(T, V))}V (5.145)
Using the third law of thermodynamics
lim | 2Py — FO)| = (2£) (7 =0)= —S(T=0,V) =0 (5.146)
70 | T “\or ), T T ‘

and F'(0,V)=U(0,V) we can integrate (5.145) and obtain

U<T,7 V) — U(()? V)
T/2

F(T,V)=U(0,V)-T / " ar (5.147)

All other properties of equilibrium thermodynamics can be derived from F(7, V). Here
we considered Green’s functions G% (w) corresponding to Bloch electrons; we could also
have worked in Wannier representation. For the Green’s function

Go(w) = (aio al ) (5.148)
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one finds the equation of motion

WG (W) = 05+ > (tim — 16im) G (@) (5.149)

that doesn’t directly decouple but can be solved by Fourier transformation:

G (w) = iz M) (5.150)
e N = — (e(k) — p) £ 0+ '

5.4 Quasiparticles

We will now investigate how to extract information about interacting electron systems
using Green’s functions. We consider the Hamiltonian in Bloch representation

H= Z ae%ju Z vpda)al _ al - agap (5.151)

k+qo p q0
kﬁaa

where we consider a one band problem so that we can suppress band indices. The Bloch
energies are:

e(k) = / d*r (7 { - %A + V(?)] Y(r) (5.152)

where ¢(7) is a Bloch function and V/(r) is the periodic lattice potential. The e(k) are
given once the model that we study is specified. The Coulomb matrix element is

G GV G ACI A GY
d37‘1d37’2 |T’1 — T2| (5.153)

2
1@7@) = .

For a constant lattice potential V' (r) = const this becomes

2

r =const
= 5.154
@ T 0@ =~ (5.154)
We will also use the Hamiltonian in Wannier representation
H = Z tlja’wajo' +35 Z Z] kl w ]g/ala’aka (5155)

ijo zgklaa

The hopping integrals ¢;; are connected to the Bloch energies E(E) by Fourier transform.
We will now see that the one electron Green’s functions

G2 () = {lag,ial )2,
G% (W) = (i al N, a=rac; e= —1 (5.156)



and the corresponding one electron spectral density

S; (w) = % /_ N d(t — )™= ([ap (1),al ()] )
Sijo(w) = % /_OO d(t —t)e " ([a (1), al, (1] ,) (5.157)

determine the full equilibrium thermodynamics also for interacting electron systems. To
calculate them, we write down the equation of motion of the k-dependent Green’s function,
we need the commutator

. _ T T
[a'ko’%}— o (g(k) “)“;U“L# U?Hq Cf) p—qo Upo k+qcr (5'158)
pgo’
using the higher order Green’s function
amo’o — JL R T wa
I7% () = {lab . agpag, o col ) (5.150)
we have the equation of motion
(w—g(k)w)cu = 1+ZH+ (q)°T ”( ) (5.160)

O'

The unknown function I' prevents us from directly solving for G% . But we postulate that
g
the following decomposition is possible:

([az,, H — Ho]- Z pk+@arza:za(k w)G2 (w) (5.161)

This equation defines the self energy zg(%, w). It allows us to solve Eq. (5.160) for G% :

1
G2 (W) = - - (5.162)
ko w—e(k) +p— X2k, w)

Comparison with the corresponding expression for noninteracting electrons shows that
the entire effect of the particle interactions is contained in the selfenergy. Usually it is a
complex function of (k,w); the real part determines the energy of the quasiparticles, and
the imaginary part their lifetime.

We can rearrange (5.162) a bit; writing G for the one electron Green’s function of

noninteracting electrons, we have (Suppressmg the index «)

G @) = {[€9W)] "~ Sokw)]}
{[ng(w)}‘l - EU(E,W)}& (w) =1 (5.163)

ko

This gives us the socalled Dyson equation

G, (@) = V(W) + GO ()% (k,w) G (w) (5.164)

ko ko
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Electronic self energy

We will now investigate the general structure of self energy, Green’s function and spectral
density. The self energy corresponding to Eq. (5.162) is in general a complex quantity.

50 (k,w) = R%(k,w) +il%(k,w), o=rac (5.165)
Eq. (5.110) for the Green’s function implies
(Zo(k,w))” = =5 (k,w) (5.166)

This simple relation allows us to concentrate on the retarded Green’s functions, and we
will omit the +i0% if I, # 0. We can rewrite Eq. (5.162) as

w—e(k) + 1 — Ry(k,w) + il (k,w)

G- (w) = — — 5 — 5 (5.167)
ko (w—-e(k) +p— Ry(k,w))” + (I,(k,w))
Thus, the spectral density is
1 I, (k,
Se (W)= —— - (kw) _ S (5.168)
7 T (w—e(k) + p— Ro(k,w))” + (I, (k,w))
If we compare this to the spectral representation of the spectral density (5.71)
1 2 _ "
S, w) =g > [(Balal |E) e (e +1)6(w — (B — En)) (5.169)

[N

which is nonnegative for all (k,o,w), we find for the imaginary part of the retarded self
energy

L(k,w) <0. (5.170)

We will now investigate (5.168) further. Without explicit knowledge of RJ(E,w) and
I,(k,w) we expect more or less pronounced maxima at the resonances

wis(k) = (k) — p+ Ro(k,wig(K)), i=1,2,3,... (5.171)

We have to distinguish two cases:
Case 1: In a certain energy range containing w;,,

L(k,w) =0 (5.172)

Then we have to consider the limit I, — —0'. Representing the delta function as the
limit

X

d(w —wp) = — ilir(l) &)t a2 (5.173)
we have
S (w) = 0 (w— E(E) +p— RU(E,w)) (5.174)
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Using

S = Y \f/(lxi)f(x —@); f(z) =0 (5.175)

we can write this as

iy (k) = ‘1 ~ R (k,w)

- (5.176)

w = Wio

The sum runs over the resonances w;, in the energy range for which Eq. (5.172) holds.
Case 2: We consider

I (k,w) #0 (5.177)
but in a certain energy range around the resonance wj,

|1, (k,w)| < |e(k) — p + Ry (k,w)] (5.178)
There we expect a pronounced maximum at w = w;,. To see this, we expand the expression

Fo(k,w) =e(k) — p+ R, (k,w) (5.179)

close to the resonance up to the linear term:

N - F
Fa(kvw) = Fo(k’ww) * (w N Wig)% W=Wig
= wig(k) + (w — ww>% s (5150)
This means
N R OR 2
B B 2~ () — V21 - e
(w E(k’) +u R(,(k,w)) — (w Ww) (1 ow www)
= 0 2(h) (@ — wio(R)’ (5.181)

N

We substitute this expression in (5.168), assuming that I, (k,w) is only weakly dependent
on w around w;, so that

L (k,w) ~ I (k,wio (k) = Ly (k) (5.182)

and find the following approximation for the spectral density:

) - 1 fégg(E)Ii (%l _ (5.183)
T (= wie () + (0o (B) L ()

Under our assumptions, the spectral density has a Lorentzian shape close to the resonance.
These considerations show that the spectral density will typically be a linear combination
of weighted Lorentzians and delta peaks. The consequence for the time dependence of
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the spectral density in Case 1 is like in a noninteracting electron system an undamped
oscillation:

Sp(t—t) = o Zaw i (R) (1) (5.184)
m

The resonance frequencies w;, (E) determine the oscillation frequencies. In Case 2, the Lor-
entzians lead to damped oscillations. To see that we assume that (5.183) is approximately
valid for the entire energy range. Then we can write

DY R Y —iw(t—t)) (T
Sﬁa (t—t) ~ PR dwe Qo (k)X
1 1
X { _ - _ S— } (5.185)
W — Wig (k) +icie (k) Lip(k)  w—wie(k) —icie (k) ;s (k)
because
1 1

. (5.186)

N

The integrals can be solved with the residue theorem. The spectral weights a;, (k) are
positive definite so that because of Eq. (5.170)

— —

i (B) 1 (k) < 0 (5.187)

Thus the first term has a pole in the upper, the second in the lower complex plane.
Therefore we choose the integration contours dependent on ¢ > ¢’ as

o dw... fort—t
/ do... = {f0< ~ ort=1>0 (5.188)

oo Josdw. .. fort—t <0

where C'< is a contour closed by a semicircle in the lower complex plane, C~ in the upper
complex plane. Then the exponential function in (5.185) suppresses the contribution of
the semicircle. This yields (see Eq. (2.87))

SOt~ )~ oo (R)em o Bt (5.189)
T

ko

This is indeed a damped oscillation, again with the resonance frequency, but now damped
with the damping mostly given by the imaginary part of the self energy. Thus we expect
for interacting systems a spectral density S;U(t — t') that is composed of damped and
undamped oscillations.

We will learn more about the significance of the spectral density S (t—t") by considering
the special case T = 0, |k| > kg, t > t' where k:f is the Fermi wave vector; thus, the system
is in its ground state | Ey). By addition of a (k, o) electron at time ¢ the state

[polt)) = ab (1) Eo) (5.190)
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is created which is not necessarily an eigenstate of the Hamiltonian. If we now consider
the definition

/ R T /
St 1) = o {lag, (), oL (£)].)
of the spectral density, due to |E| > kr only one term can contribute; thus,
2wy (t—t) = (@o(t)]o(t')) (5.191)

This has a simple interpretation: 2mS;: (t—t') is the probability that the state |¢o(t)) that

was created by addition of a (k, o) electron from the state |Ep) at time ¢’ will still exist at
t >t S; (t—1') characterizes the time evolution or propagation of an additional (k: o)
electron in the N particle system. This is why & (and G; ) are sometimes propagators.

If we had assumed |/<:] < kp, S;_(t —1') would describe the propagation of a hole.
There are two typical states:

stationary state: |(o(t)]po(t'))|* = const
state with finite lifetime: | (o (t)|@o(t))|* —— 0 (5.192)
t—t'—o0

We now apply this consideration first to noninteracting electrons. The Hamiltonian in
Bloch formulation is

H = Z ae a, (5.193)

Now we can calculate

(Mol ]_ = (c(k) — p)al (5.194)
and

Ho(al |Eo)) = ak Ho|Eo) + [Ho,al ]_|Eo) = (Ey+ (k) — ) (ol [En))  (5.195)
In this case, a%G|E0) turns out to be an eigenstate of H, again. Further, we find

ool)) = ”ai e g} = ¢ (ol |y

e (=9~ “) (al |Eo)) (5.196)

Because of ]k! > kr and (Ey|FEo) = 1 we also have

<E0|a;ga%U|Eo> = (Eo|Eo) — <E0|a%0_a;g|Eo> =1 (5.197)
This finally leads to

oolt)o(t)) = e (=) =t) (5.198)

Thus the propagator is an undamped harmonic oscillation with an exact excitation energy
of the system (e(k) — p). As

[{eo()lgo ()P =1 (5.199)
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it is a stationary state.
Next we consider an interacting system. By inserting a unit operator from a complete set
of eigenstates |E,) we have:

218 (t—t') Z} Eo)|*emiBn=E0)(t=1) (5.200)

In the free system, a% |Ep) is an eigenstate, and the orthogonality of the eigenstates
g

implies that only one term in the sum is nonzero. In the interacting system, this is no
longer the case; in the expansion

[po(t)) = al [Eo) = Y~ cml Em) (5.201)

usually infinitely many expansion coefficients will be nonzero. The superposition of oscil-
lations with different frequencies will lead to a sum in (5.200) that is maximal for ¢ = ¢/
and will destructively interfere for ¢ — ¢’ > 0 so that

[(po(®)leo(t))]* ———0 (5.202)

Then, the state |po(t')) created at time t' has only a finite lifetime. Under certain con-
ditions, however, the irregular time dependence of the propagator can be represented as
superposition of damped oscillations with well defined frequency:

2 Se (t—t) Zaw Mo (R)(E=t) (5.203)

This formally has the same form as the corresponding expression (5.198) for the free
system, but the new single-particle energies are complex quantities:

Mo (k) = Repiq (k) + i Im 1, (k) (5.204)

The imaginary part is responsible for the exponential damping of the oscillation. The
energies 7;, (k) are now ascribed to a fictive particle, the so called quasiparticle. This is
motivated by the fact that the particle number (N +1) that is added to the - system at time
t" propagates as if it decays into several quasiparticles of energy Remn;, (k) and lifetime

. 1 & (nis is again measured in units of £, i.e. it is a frequency). Every quasiparticle has
mnic

a spectral weight «;, (%) for which the conservation of total particle number means

Z ip (k) = 1 (5.205)

If we now compare

5’5’ (t—t) = QL%(E)e—iRenw@)(t—t')e—|Imnw@mt—t’) (5.206)
o T

to (5.189) we recognize the relationship between quasiparticle properties and electronic
selfenergy:

— — — —

quasiparticle energy: wi,(k) = e(k) — p+ R, (k,w = wiy(k))

- 1
quasiparticle lifetime: 7;, (k) = ————— (5.207)
| i (K) i ()|
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The spectral weights «;, are determined by the real part of the self energy. Thus, the
quasiparticle lifetime is also influenced by the real part of the self energy. Another ana-
logy between quasiparticle and free particle is the effective mass m? (k) which is also
determined by the real part of the self energy. With the same argumentation as for the
Bloch density of states po(w) we can define a quasiparticle density of states

pole) = 5 305, - ) (5.208)

In contrast to po(w), this density of states for the interacting system will be temperature
dependent; it will also depend on the particle number.

As the spectral density represents a weighted superposition of delta functions, in the
arguments of which appear the excitation energies that are required to add a (ko) electron
to an N particle system or remove one from it, p,(w) has a direct link to the photoemission
experiment.

Application to interacting systems

We now apply the formalism to a simple interacting problem, the Hubbard model in the
limit of infinitely narrow bands. The Hamiltonian is

H = Z(t — p16;5) awa](, annw, (5.209)

ejo

where we use the notation —o = . In order to calculate the one electron Green’s function,
it is convenient to proceed in the Wannier representation

Gio(w) = (aio; al, )2 (5.210)

ijo jo

For the equation of motion, we need the commutator

[aiaa H]— - Z(tzm - ,U/(Sim)amo + NpicQio (5211)

m

The second term leads to the higher order Green’s function
Do (@) = (als0150me; al, )2 (5.212)

This leads to the equation of motion

(w+ 1) G, (w) = 0y + Ztlm ¢ (W) +UTS (W) (5.213)

Due to the higher order Green’s function I'* we cannot directly solve for G“. Therefore
we determine the equation of motion for I'“; we need

[ni6ai07 HO]f = Z(tzm - Mézm) {niﬁama + ajﬁ-am&a’iﬂ' - a;rnc'rai&aia}
Migiz, Hil- = Udignis (5.214)
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where the relation n? = n;, was used. This yields
(w—i_/’L_U)FZl_]O’( = 1] nw +Ztlm{rumjo +P?nga( ) F?mljcr(w)} (5215)

Now we will specialize to the limit of infinitely narrow bands (atomic limit)

N

Then the equation of motion hierarchy decouples and (5.215) simplifies to

(w+p—U—=To)T0(w) = 6ij{ns) (5.217)
Translation symmetry implies lattice site independence of the particle number operator:
(nis) = (ny)Vi. Eq. (5.217) can now be inserted in Eq. (5.213):

U(ng)
—19)GS = 5.218
(w—i_:u 0) iio +w—t0+y—U ( )

Then we have for the retarded Green’s function

1-— <n5> <n6>

G, = — + , 5.219
iio () w—to+pu+i0t  w—tg—U+ pu+1i0* ( )
Thus, G, (w) has two poles corresponding to the excitation energies:
Wi = lo — = Wiz
Wog — to + U - Hn = Was (5220)

The original level at ty splits, due to the Coulomb repulsion, into two spin independent
quasiparticle levels wy,, wo,. The spectral density can be easily calculated as Sy, (w) =
1 Im G, (w) to be

no

zza Q; a — W cr 5.221
Z : : (5.221)

The spectral weights

al, =1—(ng); a, = (ns) (5.222)
measure the probability that a o electron meets a ¢ electron at a site (ag,) or that it
finds an unoccupied site («y,). In the first case it has to pay the Coulomb interaction U.

The quasiparticle density of states consists in this limit of two infinitely narrow bands at
the energies ty and ty + U:

pole) = 5 3 Sioler = 1) = Suolio = 1)
= (1—(ns))o(w —to) + (nz)d(w —tog — U) (5.223)
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The lower band contains (1 — (nz)), the upper (n;) states per atom. Thus the number of
states in the quasiparticle subbands is temperature dependent. Now we have to determine
the expectation value (nz) using the spectral theorem (2.100):

(ng) = /_Z dwféffi = (1= (o)) f-(to) + (no) f-(to + U) (5.224)

with Fermi function f_(w). Using the corresponding equation for (ns), we find

_ f-(to)
(ne) = T 7 () — [t D) (5.225)

Then the complete solution for p,(w) is

1
pa() = L+ f_(to) — f-(to ‘f’U){(

1—f_(to+U))d(w—to)+ f—(to)d(w—to—U)} (5.226)
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