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1 Green’s function

Consider a linear differential equation written in the general form

L(z)u(r) = f(z) (1)

where L(z) is a linear, self-adjoint differential operator, u(x) is the unknown
function, and f(z) is a known non-homogeneous term. We can write a solution
to Eq. 1 as

uw(z) =L f(z) = /G(x,x/)f(x')dx’. (2)

L(z)u(z) = /L(x)G(x,x’)f(x’)dw’ = [(2). (3)
Thus
L(x)G(z,2") = d(x — 2'). (4)
2 Green’s function in electrostatics

The basic equation for electrostatics is the Poisson equation

V2P = —é, (5)

where @ is the potential and p is charge density. In free space, we know that

B(x) = — /%d%’. (6)

4meq
So the potential at x due to a unit point charge at x”, p(x’) = —4mep d(x” —x')
is
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(x) dmeg ) |x — x| * |x — x”| (™)

Or, due the singular nature of the Laplacian of 1/r, (the integral form of the
Guass’s theorem), V2(1/r) = 0 for r # 0 and its volume integral is —4r, we can
write the formal equation,

V2(1/r) = —47wé(x — 0), (8)

or, more generally,



V2 < L > = —4né(x — x'), 9)

[x — x|

The free-space Green’s function for the three-variable Laplace equation is
given in terms of the reciprocal distance between two points. That is to say the
solution of the equation

V2G(x,x') = —47nd(x — x') (10)

is
1

x—x

G(x,x') = (11)

This green’s function is the potential due to a charge at x’. So the potential is
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4meg

With boundary, the Green’s function becomes

1

G()(7 X/) = m

+ F(x,x') (13)

with the function F' satisfying the Laplace equation inside the volumn V'

3 Eigenfunction expansion for Green’s Function

For, the Laplace equation in spherical coordinates (r, 8, ¢), when the system has
azimuthal symmetry, i.e. the solution is independent of ¢, the general solution

1S:
e}

O(r,0) = Z[Alrl + Byr~ D] P(cosh). (14)
1=0

Then the Green’s function can be expanded at x’
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Due to boundary conditions, the system has eigenfunctions! For example,
using separation of variables, we can solve the Laplace equation in a rectangular
box with boundary conditions. Then the solution is the superposition of the
eigenfunctions (normal modes, standing waves in this case).

For example, for an elliptic differential equation of the form

V(%) + [f(x) + N (x) =0, (16)

with homogeneous boundary conditions, the system can only has well-behaved
solutions for certain values of A\. These values of A\, denoted by A,, are called
eigenvalues and the solutions v, (x) are called eigenfuctions. The eigenvalue
differential equation in written:

V24 (%) + [f(x) + AnJton(x) = 0, (17)



The eigenfunction are orthogonal. Suppose now we wish to find the Green’s
function for the equation:

V232G (x,x') + [f(x) + N|G(x,x') = —4md(x — %), (18)

with the same boundary conditions, where A is not equal to one of the eigen-
values A,,. Then the Green’s function can be expanded in a series of the eigen-
functions of the form:

G(X7 XI) = Z Qn (X/)d}n(x)' (19)
Substitution into the differential equation for the Green function leading to:

D am (X)) (A = A )t (x) = —476(x — x'), (20)

Multiply both sides by ¥} (x) and integrate over the volume using the orthogo-
nality conditions, we have

Glx,x) =dn ) 7@&’?1#’;(’() (21)

For Poisson equation, f(x) =0 and A = 0, we let the eigen Eq. 17 equation
be the wave equation over all spaces:

(V2 + k) ih(x) =0 (22)

with the continuum of eigenvalues, k2, and the eigenfunctions:

l3) = G (23)

Then, according to Eq. 21, the infinite space Green’s function has the expansion:

1 1 3 eik-(xfx')
|x—x’|:2_71'2 @k k2 (24)

4 Green’s function for wave equation

From the Maxwell equations, we can derive the wave equations:
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We consider the basic structure
1 0%V
V20 — 557 = —An f(x,t) (27)



For simple situation of no boundary surfaces, suppose that ¥U(x,t) and f(x,t)
have the Fourier integral representations,

U(x,t) = % /700 U(x,t)e “dw
F ) = % /_ £, et dw. (28)

Inserting the above equation into the wave equation, the Fourier transform
U(x,w) satisfies the inhomogeneous Helmholtz wave equation

(V2 + E2)U(x,w) = —4nf(x,w) (29)

for each value of w. Here k = w/c is the wave number associated with frequency
w. If there are no boundary surfaces, the Green function can depend only on
R = |R| = |x — x/|. The Green’s function satisfying

(V2 + EHG(x,x) = —4md(x — ') (30)

: Gr(R) = AG\V(R) + BG)(R) (31)
where kR

GF(R) = IE (32)

The first term represents a diverging spherical wave propagating from the origin,
while the second represents a converging spherical wave.

To understand the different time behaviors associated with G,(j) and G,g_)
we need to construct the corresponding time-dependent Green functions that
satisfy

2
<V2 - é%) GH)(x,t: %, 1) = —4nd(x — x')o(t — t') (33)

The source term for the Helmholtz equation Eq. 29 is

fx,w) = / f(x, t)etdt = / §(x — x)5(t — t')e™tdt = —Amd(x — x')e™!
So the solution are therefore G;Ci) (R)em,. So, from Eq. 28 the time-dependent
Green functions are

(£) 1 > eiikR —iwT
G (R, 7) = Dy 7 e dw (35)
T

where 7 = t—1' is the relative time. For a nondispersive medium where k = w/c¢,
the integral above is a delta function. So the Green’s function are

— 00

G (R, 7) = =5 (T . §> (36)
GH(R,7) = o (tl ]ETX/X'T‘MD (37)

The Green function G(*) is called the retarded Green function because it ex-
hibits the causal behavior associated with a wave disturbance: an effect observed
at the point x at time ¢ is caused by the action of a source a distance R away
at an earlier or retarded time, ¢’ =t — R/c.



5 propagator
The Schrodinger Equation
i [9(6) = H (1)
General approach (not in a specific representation).
ih[(t)) = H [¢(t)) -
Now solve the time-independent Schrodinger equation

Then

W) =D IE) (El(1) =) as(t) |E) .

From the Schrodinger Equation, Eq. 39, we have

(ihd /0t — H) [ib(t)) = > (ihir — Eag) |E)

or
ith = ECLE

Then the solution to ag is
ap(t) = ap(0)e /N,
Or, )
(Elv(t)) = (Elip(0)) e UM,
So

W) =Y 1E) (El(0) e P/,

E

Now the propagator U (t) is

U(t) =Yg |B) (B]e P

and

[[0(6) = U [£(0) |

If choose eigenstates in terms of momentum, then

Ut = [ Ip)le POy
Or, actually, 4
U(t,to) _ e—zH(t—to)/h

for t > to!!
Now choose space x representation:

(z](t)) = /jo (@|U(t)]a") (2']¢(0)) da’

(42)

(43)



Or,
Blat) = / U, tia!, O Yb(e!, ) da (52)

— 0o

where U(z,t;2',t') = (x|U(t —t')|z’). Suppose we start off with a particle
localized at ' = xf, that is, ¥(2/,t') = (2’ — x(). Then

P(x,t) = Uz, t;z,t) (53)

In other words, the propagator (in the X basis) is the amplitude that a particle
starting out at (z(,t’) ends with at (z,t)

6 Propagator and green’s function
Recall Schrodinger Equation in X basis
[i0, — H] ¢ (z,t) = 0. (54)
We define the Green’s function by
[i0, — H) G(z,t;2,t) = 6(z — 2")o(t — 1) (55)

with boundary condition G(z,t;2’,t) = 0, for ¢ < ty. Then the wave function is

Wz, t) = /dx'G(x,t;x’,t’)dJ(x',t’). (56)

7 Green’s function in scattering

7.1 Definition of many-body Green’s function

The scattering problem is to find the full solution of Schrodinger equation
(V2 + k)i = ;_ngk (57)
for a particle with energy k2h2/2,u One fines the Green’s function
(V2+EHG  (r, 1)) = 83(r — 1) (58)
So Green’s function is the effect of a unit (0) potential. The solution will be
Yi(r) = ¢°(r) + 2—“/Go(r,r’)V(r'wk(r’)d%’ (59)
where 1)°(r) is an arbitary free-particle solution of energy k2h> /2

(V2+EHyY =0 (60)

So the Green’s function is the propagation of the perturbation (the potential).
Make Fourier transformation:

GO(I' _ I‘I) — /d3qeiq~(r—r’)G0(q) (61)



GO(q) is the amplitude of the propagation of mode ¢! T=*) of GO(r —1'). And

P ]_ . ’
3 AN 3 iq-(r—r
6(r—r)—(2ﬂ)3/dqe‘1( ) (62)
Using V2eia(r—r) — —q26iq'(r’r'), equation 58 becomes
1
k* —¢*)G°(q) = 63
(K~ )6°(@) = o (63)
Then
(a) = 7 (64)
(2m)3(k? — ¢?)
So
1 . '
0 / _ 3 iq-(r—r 0
G’(r—r') = (27T)3/dqeq( e (q)
1 el (r—r’)
= 65
w7 | 1 (09)
To make this integral converge, write
1
0 _
Gl = G —g i
1
- . 66
@0 (a— O+ 0)a — (&~ ) (90
Make a semi-circuit contour integral in the upper plane, we have
iq-(r—r’)
A -r) = i / & ‘
S A T e )
= }irr(l) 2miRes(k + i9)
o L i(kgis)r
glir(l) 2mi gn2r©
eikr
- 67
47y (67)
8 Many-body Green’s function
In the interaction representation, the Hamiltonian is separated into:
H=Hy+YV, (68)

where the unperturbed part Hy is exactly solvable. Operators have a time
dependence

O(t) — eil"lotOe—iHm‘,7 (69)
and the wave function have a time dependence
12)(0 _ eiHOtilJ(t) _ eiHotefthd}(O)’ (70)



where 1)(t) is the wave function in the Schrodinger picture. Notice efofe=iHt £

etHot=iHt ynless [Hp, V] = 0. In the interaction picture, the wave function can
be solved from

9 . .
50 =~V ()9 () (71)
which leads to the operator U (¢):

Ut) = eiHot o —iHt
_ N L L L L TR
- H; — /Odt1/0 dts /OdtnT[V(tl)V(tQ) V(t)]

Texp {—i /0 t dtlff(tl)} (72)

where T is the time-ordering operator The S matrix is defined by

D(t) = S(t, t)P(t). (73)

The definition of wave function in interaction picture immediately gives
t
S(t,t') = U@)UT(t') = Texp [—z/ dtﬂ?(tl)} (74)
t/

Notice 1(0) = 4(0)

At zero temperature the electron Green’s function is defined as
GO\t —t') = =i (TCAB)CL(H)]) (75)

The quantum number A can be anything depending on the problem of interest.
At zero temperature the state |) must be the ground state. If the Hamiltonian
of the problem is chosen to be H, then |) is the ground state of H, not Hy, and
not known. Write H = Hy + V, choose ground state of Hy. In the definition
of the Green’s function the C) represent states of Hp, while the ground state
|) is an eigenstate of H. Furthermore, Eq. 75 is defined in the Heisenberg
representation, so that |) is independent of time, while C,(¢) is given by Cy(t) =
eiHECy giHt

To understand the Green’s function is to observe that it describes a certain
Gedanken experiment. For t > t', one takes the real ground state, and at a time
t' one creates an excitation A. At a later time ¢ one destroys the same excitation.
Now if A\ were an eigenstate of H, with HC’I\ ) = QCI\ |) and H|) = &g ), then
this state would simply propagate with a phase term

G\t >t') = —iexp[—i(t —t")(ex — €0)]- (76)

Because A is not usually an eigenstate of H, the particle in the state \ gets
scattered, shifted in energy, etc. When one measures at a later time ¢, to see
how much amplitude is left in the state A, the measurement provides information
about the system.

The Green’s function can be convert to the interaction representation:

oo (TEOEL)S (e —0))
s N 7




A Green’s function can also be defined for the special case where the interactions
V = 0 and hence the S matrix is unity:

GOt 1) = —io (ITCA(OCL X)), (78)

There are two quite different types of electronic systems in which we want
o employ the Green’s function analysis.

1. An empty band. Here the properties are studied of an electron in an
energy band in which it is the only electron. An example is an electron in the
conduction band of a semiconductor or an insulator. In this case the ground
state is the particle vacuum. The unperturbed Green’s function is

GOt —t) = —iO(t — t')e e (t=1) (79)

The Fourier transform gives

G(O)(AaE) =—1 /oo dt ei(E*E,\JriE)t _ 1

2. A degenerate electron gas. The electrons are in a Fermi sea at zero tem-
perature. The standard example is a simple metal. The system has a chemical
potential p, all electron states with E < p is occupied. If the unperturbed elec-
trons (eigenstates of Hy) are characterized by an energy ex. The ground state
|)o has all states ex < p filled and states ex > p empty. It is convenient and
conventional to measure the electron’s energy relative to the chemical potential,
to define & = ex — p. For a spherical Fermi surface with Fermi wave vector pp,

0 (ICkCL]), = ©(pr — k) (81)
0 (ICLCw]), = ©(k — pr) (82)

or more generally,

0 (ICLCk)y = O(~&) = |

Pl s A (83)

The unperturbed Green’s function is now
GOt —1') = =[Ot — 1")O(&x) — Ot — 1)O(—&)]e™Ek=1) (84)

The Fourier transform is

GO E) = 5 = éikl i " E(?(f_fl:)ia (85)

3. Phonons. The Green’s function for phonons is defined as
D(q At —t') = =i ([T Aqa(t) A—qa(t')]) (86)
Agr = aga(t) +al g, (1) (87)

The subscripts A refer to the polarization of the phonons. Most applications
have one kind of phonon in Hamiltonians which do not mix polarizations. We
omit these subscripts for now. At zero temperature there are no phonons. The
ground state is again vacuum.



At zero temperature, the unperturbed Green’s function for phonon is
DO = (q,t —t') = —i[O(t — t')e~ =) L Ot/ — t)e a1, (88)

The Fourier transform is

2wq

w? — w2 +146 (89)

D) = [ dteDO(a.t) -

Sometimes it is useful to have the phonon Green’s function at nonzero tem-
perature. In this case, the thermal average is taken of the phonon occupation
numbers,

o (lagal]), = Nq +1 (90)
o (lafaal)y = Na = (91)
qal/g q ePwa — 1
and the Green’s function of time is
DO = (q,t —t') = —i[(Ng + 1)e@alt =t 1 Ngeiwalt’=t], (92)

8.1 Calculation of Green’s function

The Green’s function is evaluated by expanding the S matrix S(co, —o0) in Eq.
74 in a series such as Eq. 72:
dtg / dtn,

<|TC>\() (t)V(t ) V(t)CLE))
0 ([T'5(00, —00)[)g

Gp,t—t) = dt1

(93)

The terms such as
o (ITCABV 1)V (2)V (1) CL(1) ) (94)
are to be calculated. Suppose that V(tl) is the electron-electron interaction:
Z Z 47Te Ol s Ol .o Ot Ol s €' 11 Eratli—a—8=8) - (95)
k’kq ss'
The Wick’s theorem states that a time-ordered bracket may be evaluated by

expanding it into all possible parirings. Each of these pairings will be a time-
ordered Green’s function or a number operator ng or npg
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