GREEN FUNCTIONS

LUCA GUIDO MOLINARI

A system of bosons or fermions is described by the Hamiltonian H = H; + Ho,
where H; and H, are the one and two particle operators

(1) Hy = haches,  Hy=3> vapcachccace
ab abcd

An arbitrary one-particle basis is used, with corresponding canonical operators ¢,
and c¢f. The matrix elements are ho, = (alh|b) and vepeq = (ablv|cd) = Vpaac
(invariance for exchange of particles).

The ground state of H is |gs); the Heisenberg time-evolution of an operator is
O(t) = et/hOe=Ht/P Tt solves the equation of motion

(2) ih%O(t) = MM O, Hlem /N,

Let us evaluate [c,, H]. By means of the commutators

(3) [Cra Clcb] = GarCh

(4) [er, c};czcdcc] = (SMCZ + 5rbcl)cdcc

we obtain [c,, Hi] = Y., hypey and [c, Ho] = £ 37,4 (vrpea + vbmd)clcdcc. The
indices ¢ and d are exchanged in the second term; next the destruction operators
are exchanged: c.cq = *cqc.. Then [c,, Ha] = %Zbcd(UTde + vbrdc)clcdcc. Since

(ablv|ed) = (balv|dc), the final expression is obtained:

(5) [cr; H] = Z hepcy + Z Urbcdcltcdcc
b

bed

The following algebraic identities are useful, and simple to obtain:

Exercise 1. Show that

(6) > cller, H] = Hy + 2H;
(7) [ci, H]=- Z clhar — Z vabrcclclcc
a abc
d
(8) ih—-co(t) = > hever(t) + D vnealcheace)(t)
b bed
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1. The time-ordered Green function

Let us introduce the symbol T of time-ordering of operators. Its action on a
product of creation/destruction operators of any set of states, at different times
of Heisenberg evolution with the same Hamiltonian, is to reorder them with times
decreasing from left to right:

(9) TAl(tl)...AN(tN) = (:tl)aAgl(tgl)...A(,—N(to—N)7 tgl > > ey

o is the permutation that produces the time-ordered product, (+1)7 is 1 for boson
statistics, or £1 for Fermi statistics, according to the number of exchanges in o
being even or odd.

Example: T, (t)cl(t + 1)cg(t — 1) = £l (t + 1), (£)cq(t — 1).

The definition implies that creation/destruction operators may be permuted (any
permutation o) under the symbol of T-ordering, up to a sign:

(10) TA1(t1) ... An(tn) = (£1)°TAs, (toy) - - Aoy (ton)
The action on a product of generic operators, in second quantization and at differ-

ent times is defined by linearity.

The 1-particle time-ordered Green function is:

(11) iGrpr (1:1') = (gs|Ten(t)el (t)]gs)
If the action of T and the Heisenberg evolution are written explicitly, it is:
(G (8,8) = 0(t — t") e~ #Fas W=D (gs|c, U (t — t')cl, |gs)
£ 0(t' —t)e 7P (gl el U — t)e,|gs)

The interpretation is simple. If ¢ > ¢/, the matrix element (gs|c,U(t — t’)ci,\gs)
is the projetion of the state cl, lgs), propagated in time ¢ — ¢/, on the state cl|gs).
States are not normalized: ||cf|gs)||? = (gs|c cl|gs) = 1 £ n,.. If the normalization
is taken into account and if, for fermions, n, < 1 and n,» < 1,

gsle,U(t —t')cl, |gs)|”
(T£n)(1£n)

is the probability that a particle created in a state 77, is observed in a state r after

a time t — ¢/, indistiguished from the particles in the ground state.

With the knowledge of the Green function, the ground-state average of any 1-
particle operator may be evaluated by it:

(12) (gsleleslgs) = (cl(t)es(t)) = (Tel(th)es(1)) = £iGor (8, £7)
Then: (0) ==+i>., OpsGar(t,tT).

G (1,82 = L — POt > 1 t]gs)

2. The ground state energy

The operator identity eq.(6) yields an expression for the total energy, due to
Galitskii and Migdal. First apply Heisenberg’s evolution in time and use [¢,(t), H] =
ihé,(t). Next take the expectation value on the exact ground state; for any operator
it is (gs|O(t)|gs) = (gs|O|gs). Then:

(g9s|Hy + 2Hs|gs) = ihZ(ci(t)%cr(t» = ihtl/iin)t %(cl(f’)cr(t»
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If # > ¢t a T-ordering can be introduced in the inner product; this allows to
exchange the operators and obtain:

(Hy) 4 2(Hy) = Th lim —ZGW (t,t')

t'—t+ O

The equation provides the expectation value of the 2-particle operator Hs in terms
of the 1-particle Green function!. The total energy is Egs = (H;) + (Hs):

(13) Eag = 4+ Jim, {maab 0

L g7 + o] G, 1)

In the basis of position and spin, and for a potential that does not depend on spin:

— 1 3 foi 2 140
EGSiQ;/dx{zhat szerU(X) G (xt,x't")

(x/,t")=(x,tt)

Exercise 2. Show that, in presence of translation invariance and spin independent
interaction, the formula simplifies to

B, . (25+1) / &k du
=)
Vv 2 (2m)*

where V is the volume.

[hw + e(k)]G(k, w)e™”

3. Equation of motion of the propagator

Let us evaluate

I G (1) = B [000 = 1) e ()b (1)) 2 0 — 1) (el (e (1)]

= Bt~ ) e ()b, (1) e (e (1)) + ATl 1)

= h5(t — t Oppr — 1 Z hrb TCb i, — lzvrbcd CdeCc)(t) I’(t/»
bed

0
Z |:5rblhat — hrb:| be(t, t/) = h(S(t — t rr’ —1 Zvrbcd CdeCC)(t) ;r,/ (t/)>

b bed

In the last term, the T ordering acts on the triplet as a single operator at time t.
To treat the three operators individually, the ambiguity of equal time is avoided by
adding infinitesimal time shifts that keep memory of the original order:

(T(cfeace) R)el () =(Tef(t")ea(t)ec(t)el, ()
=(Teo(t)ea(tt)el, (t)eh (171))
Inside a T product operators may be permuted, up to a sign. The ++ and 4+ must
be left in place as far as T is present. The matrix element has been written with

creation operators at the right, to comply with the definition of the two-particle
Green function:

(14) 2 Gapealtas tos testa) = (Tealta)ep(ty)ch(ta)cl(te))

IThe single particle average is: (H1) = Fi Y., hapGpa(t, t1).
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(note the positions of labels ¢ and d). Because of T—ordering:
(15) Gabed(tas to, testa) = £ Gracd (o, ta, testa) = £ Gavde(ta, thy ta, te)
The equation of motion of the propagator is obtained:
(16) Y "(ih6m0r — gty G (£,8) = Byt — ') +1 > VpneaGoanr (£, tT, 7,8
b bed

It is the first equation in an infinite hierarchy, first obtained by Martin and Schwinger,
where each step involves higher order Green functions.
In the position representation, for spin-independent interactions, the equation is:

(17) (ihdy — h(X)) Gy (xt, X't") = W 03 (x — X' )8 (t — t)
+i Z / dSy ’U(X, y) Gmm”m”m’ (Xta yt+, yt++7 X/t/)

If the particles do not interact, the equation of motion does not involve the 2-particle
Green function. Let us pause for a while on Green functions of non-interacting
particles.

4. Independent particles

For independent particles the Green function is a generalized function solving
(18) (ih6ab0r — hap) G (t, ') = hSacd(t —t')

The equation does not have a unique solution, as one may add a solution of the
homogeneous problem.

In frequency space the equation is (hwdap — hap) Gy, (w) = A4, which is recognized
as the basis-projected equation for the resolvent operator:

(hw —h) G%(w) =h
with G2, (w) = (a|G%(w)|b). The resolvent G°(w) = (w — h/h)~! exists for hw not
in the spectrum of h and, assuming a discrete spectrum for h:

al){j|b
- ¥ L

To make sense of the Fourier integral for G, (¢,#') one must shift poles (and cuts)
off the real axis by infinitesimal amounts. This can be done in various ways, leading
to Green functions that differ by solutions of the homogeneous equation. The most
useful ones are the retarded and the time-ordered Green functions.

4.1. The retarded Green function. In the retarded Green function the whole
spectrum of h is slightly shifted to the lower half of the w—plane:

1 ([b)
19 GOR(L) —- (alf) (]

( ) ab(w) ;UJ—Ej/h+i77

In passing we note that the imaginary part of the diagonal matrix elements in the

position basis give the local density of states:

(20) —%Im GOF(x,x;w) =: Z |(x|n)|?6(w — wp)

The trace (which is basis-independent) is the density of states of the Hamiltonian.



GREEN FUNCTIONS 5

Consider the inhomogeneous equation [iA0,0; — hap] fo(t) = go(t) with unknown
fa(t) and assigned source g, (t). The general solution can be obtained with the aid
of the Green function:

Falt) = 52(0) + 1 [ dGE )00

where fU(t) solves the homogeneus equation.
Since the retarded Green function is analytic in the upper half plane, its Fourier
transform to the time variables is zero for ¢’ > ¢, by the residue theorem,

oo g ) /
| Speeahw)

oo 2m
= —ift—1t)Y_ e = aln)(n|p)

= —i0(t —t) (alU(t,1')[b)

GOy (t,t')

This feature is of great importance in physics as it expresses causality: the particular
solution

fﬂw:/meﬁmw%w>

only depends on the values g(t') at ¢’ < t.

In a many body system, the retarded Green function is the expectation value of the
commutator (bosons) or anticommutator (fermions) at unequal times (the definition
holds also for interacting systems):

(21) G 1) = 0~ 1) (gs] [ea(t),c}(t)]_los)

Exercise 3. Evaluate the retarded Green function for free particles (the result does
not depend on statistics)

z'GR(X tx ) =0(t — t/)/ d3k*eik'(x_xl)_i”’“(t_t/)
b b ) (27‘[')3

3/2 2

gy | ™ mx=xP

( )[2wh(t—t')} eXp[ Ot v

4.2. The time-ordered Green function - fermions. In the time ordered Green
function the Fermi frequency divides the spectrum into a portion that gains a
positive imaginary part and another that gains a negative imaginary correction:

(22) T =3 (aln) (n]b)

W — Wy +insign(w — wr)

n

If states are ordered according to increasing frequencies, wp is the highest frequency
available for N fermions in the ground state.
The Fourier transform to time variables is (in position basis)

(23) iGY (x, ;% 1) = D e 7 (x|n) (n]x')

X [0t —t)0(w —wr) — Ot —t)0(wr — w)]



6 LUCA GUIDO MOLINARI

for ¢ > ¢’ the propagation involves energy states above the Fermi frequency (particle
excitations), for ¢ < t' it involves states below the Fermi frequency (hole excita-
tions).

By means of the unperturbed (time ordered) Green function, the equation of
motion for the one particle Green function can be written in integral form:

G (z,2") =GO, (x Z / dty dty

(24) G?nm”’(xvyl)UO(y 7y)Gm”’m”m”m (Z/ y+ y++ -73/)

The equation G = G° + G°U°G4 can be compared with the Dyson equation for
the proper self-energy, G = G° + G°X*G, to express the self energy in terms of Gy
(repeated indices are summed or integrated):

i
(25) E:nm”(xv y)Gm”m’ (ya (E/) = ﬁUO(xa y)Gmm”m”m’ (.’E erv y++ x/)
5. Hartree Fock approximation
The 2-particle Green function admits a decomposition in connected components:

(26) Gabcd(taa tb7 tca td)

= Gac(ta; tc)de(tby td) + Gad(ta7 td)Gbc(tba tc) + ngcd(taa tb, tc; td)
One of the equivalent forms of Hartree Fock approximation is to neglect completely
the connected part of the 2-particle Green function, meaning that the two particles
evolve independently. This truncates the Martin-Schwinger hierarchy of equations
at the first level. If in the equation of motion (18) for the 1-particle Green function
we neglect the connected part of G4 we obtain:

(27) > " [ih6mu0 — hap) Gopr (t,1) = 7y 6(t — 1)

b
i > VrpealGen (b 47)Gapr (8,) £ G (8, G (8, 11)]
bed

In frequency space it is:

Z (hwarb - rb - Zvrabd CoCd ) Gbr ( ) - h(;rr’ + Zvrbcd<czcc>Gdr/ (w)

b bed

Gmm”m”m’ (Xt, yt+7 yt++7 X/t/)
R G (Y, X G (xt, y5) £ Gt (38, Y7) G (x, Xt)

Then (18) becomes a closed quadratic equation for the propagator in HF approxi-
mation:

L d 3
(Zhdt — h(x)) GHE (xt, X't') = hdpm:3(x — X' )o(t —t') + i Z/d yu(x,y)

m'’

x [GHE L (yt. x't)GEE (xt,ytT) £ GIT . (yt, ytT)GEE, (xt, x't)]
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Since 4 Y°, . G (yt, yt+) = n(y), we obtain the Hartree interaction with HF
density

U (x) = / d*y v(x,y)n"* (y)

The equation of motion is
(m:ft — h(x) — UH(X)> GHE (xt, x't') = Wby 03(x — x')3(t — 1)

+i Z/d3y v(x,y) GEE  (yt, x't") G (xt, yt )

m’!

In w space:

[fiw — h(x) — U (x)] GEE  (x, %", w) = 6 mmd3(x — x')
dw'’ o
+i Z/d3y v(x,y) GHE (y,x’,w)/iGgﬁn (x,y,w)e"
— 27

To solve the equation we assume a spectral representation typical of independent
particles

Ug (X, m)ug (%', m')*

(28) GHF (x,x' | w) = Z

— W — wq + 18ign (Wa — wr)

with unknown orthonormal functions u, and real frequencies wy.
Insert the representation in the equation for G, multiply by u,(x’,m’) and integrate
in x’ and sum on m’, Because of orthogonality:

Ug (x, m)

[hw — h(x) — UH(X)} p—— = hug(x,m)
+22/d3yvxy (Y7 ) /dw GHF,,(xy )l'r?w
w—wgtin ) 2n ™M '

m'’

Here Up is evaluated with
F(y) = 305 fusloc ) Beor — ).
b m

The integral in w’ is evaluated by residues and gives: i ), uy(x, m)uy(y, m”)*0(wp—
wp). Next, the limit w — w, is taken, and the system of Hartree-Fock equations is
obtained:

(29) [h(x) + Ug (x)] uq(x,m) — Z O(wp — wp)up(x,m)

b,m"’
8 /d?’y ’U(X, y) ua(y7 m”)ub(Yv m//)* = hwaua(x, m)

The spin dependence may be chosen to factorize (then it is a quantum number):
Ug,o (X, M) = foo(X)vs(m). Then: Y, vs(m")ve (M) = 656 and

160+ U] () = 320 = ) ) [ E003) fua )l

- hwafaa (X)
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If the Hartree Fock approximation is done in eq.(26), one reads the HF approxima-
tion for the self energy:

St (,2') =2 GID (2,0 )0 (, 2')
1
(30) + ﬁé‘mm’&l (117 - xl> Z / d4y Uo(xv y>Gg’ITm” (ya y+)

m,,
Therefore, we obtained another characterization of the Hartree Fock approximation:
the HF self-energy is provided by the two self energy graphs of first order expansion,
with the self-consistent G*" replacing G°.

An important remark is that the Hartree-Fock self-energy is independent of time.

Exercise 4. Evaluate the HF self-energy (31), by using the expansion (29) with
functions that factorize.

Exercise 5. Show that the HF self-energy ¥*(k) for fermions with only two-body
interaction v(|x —y|) coincides with the correction to the energy of a free fermion.

Exercise 6. Show that the self energy may be viewed as a bilocal potential in HF
equations:

(i =00 ) o) =15 [ @550 X))



