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1. Scattering Amplitude:

The scattering state
ikl
7

can be found from the Green’s function formalism as follows.

Vp(F) = € 4 i (7), xg(7) = f(R, ki)

First, one can write down the Schrédinger equation describing a particle moving in a
given potential V' (7) in the momentum representation with the help of the single-particle
Green’s function:

|Gat = V] w(?) =o.
Recall, that in the momentum representation the free-particle Green’s function is

A 1
Go= e—p2/(2m) +1id’

while the potential V is actually an (integral) operator.

Substituting the above scattering wave function and noticing that the plane wave is a
solution of the Schrédinger equation for a free particle, one finds

A

{éo—l - V] Xa(7) = Vel = |k,

The solution can be formally written don using the “full” Green’s function
Gl=G' -V = X = (FAGVI]k).
Now, we can expand the Green’s function into a power series

G=GCGo+GVGo+...
This allows us to write the solution for x;(7) as

Xp(7F) = (AGV + GoV GV + ... |k) = (F1GoF|k),

where S

F=V+VG)V +...

This series can be pictorially represented by the diagrams shown in the original figure.



To relate the quantity F to the scattering amplitude, consider the following expression
for the free-particle Green’s function (e = k*/(2m))

Bp G| m ekl =7l
Gole;7,7) = S —
(&7, 7) /(2@3 e—p2/(2m)+id 2 |F— 7]

Now we are going to consider this Green’s functions “at large distances”. The meaning
of this phrase is the following. We choose the coordinate system in such a way that
the scattering center is located near the origin, while the vector 7 points towards the
observation point. The vector 7/ spans the area around the origin, where the potential
V(7') is nonzero (in a scattering problem we are looking at a potential that is confined
to a certain area and study how particles — or waves — arriving from infinity scatter off
this potential). Now we denote the length of the vector 7 by R and assume all other
lengths in the problem to be much smaller:
n-r’

7= Ri, |F—7'|~R—|"cosf+O(1/R), cost =——,
”

where 6 is the angle between 7 and 7.

Substituting the above approximation into the single-particle Green’s function, we find

meikR

2T R

XE(F) _ /d3T/€_ik|F/|COSQ(F,|F|E>.

Comparing this expression with the definition of the scattering amplitude, we find the
relation

S5 o m - A -
f(k1, ko) = —§<k2|FV€1>,
where . B
ko = k1| 7.

Let us now derive the integral equation for the scattering amplitude. We re-write the
series expantion for F' in the momentum representation:

~ ~

F=V+VGV+... = Flky,ky)=FY(ky, k) + F®(ky, k) + ...
FO(Ey, k) = V (ks — k),

" V(ks = V(7 k)
12 = / s :
(k. k) “q e—q%/(2m)+1id

Now we can see, that in the series of diagrams in the figure the straight lines correspond
to free-particle Green’s functions and the curvy lines — to the matrix elements of the
scattering potential. All internal momenta should be integrated over, while the incoming
and outgoing momenta should be “on shell”, i.e. should satisfy € = k?/(2m).

The integral equation for F can be easily expressed either diagrammatically, or in the
operator form:

A A A A N A A

F=V4+VGVA+VGVGV 4=V +VG(V+VGV+...)=V+VGF.



= +

In the momentum representation the integral equation has the form

Bq V(ky — Q) F (k1, Q)

F(El,]gg) = V<E2_El)+2m/(2ﬂ')3 e—qg/(Qm)—f—lé .

2. Second quantization:

See the attached problems and their solutions.
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2
Uy(z) = W3 Fad(z), a=, EhWO’

and the existence of the zero-energy state is connected to the presence of a single
discrete level in a d-well; see Problem 2.7.

10.3 The simplest systems with a large number of particles
(N >1)

Problem 10.28

For the ground state of a Bose-gas consisting of N identical non-interacting particles
with the spin s = 0 in a volume V', calculate the mean particle number density, the
mean number of particles in a volume v, and the fluctuation of this particle number.

Solve this problem by averaging the physical operators in the occupation-number
representation.

Solution
Expressing 1 (r)-operators in terms of creators &l‘(" and annihilators ay of a particle with

a given momentum p = fik, the operator for particle number density 7n(r) = T (r)zﬁ(r)
(see Problem 10.22) (here ¢ (r) = >_(1/v/V)e™Tay) becomes
K

. 1 i(ka—k1)r A+
n(r) = v Z ettke—k1) al‘;akZ. (1)
kiko
The mean particle number density n(r) is obtained from operator (1) by averaging
over the ground state |1)g) = | Ny=00x=0) (all the particles have zero momentum p = 0).
Since

N, ki=ky=0
A+ A . ] 1 2 Y
(Wolay, ax, [vo) = { 0, in all other cases,

we have the natural result m = N/V.

_ The mean particle number in the volume v is obtained by averaging the operator
N(v) = [#(r)d®r, and is equal to N(v) = Nov/V.

v

To calculate the fluctuations of particle number, we first average the operator N2 (v)
over the state |1g). Since

1
N(o) = / / S explillko — ki) v+ (ki — ks) - ']} gy, dPrdr,
v v Kikoksks
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we must first find the matrix elements

to calculate N2(v). Using the explicit form of |¢)g), we see that the matrix elements are
non-vanishing only when conditions k1 = k4 = 0, ko = k3 are fulfilled. These elements
are equal to N? for ko =ks =0 and to N for ky = ks = k # 0. Taking this into
account we obtain

1 . /
N2(v) = Ve // N? + NZeZk'(r_r) d*r d*r'. (2)

k0

Because the functions vy = e/ V'V form a complete set, the sum here is equal to
Vo(r —r') — 1, and integration gives

- (32 322
Hence
(BN@F = N20) - M) = 5 (1- ). (4)

For v = V' we have (AN (v))? = 0, which is obvious, since the total number of particle
in the system is equal to N and does not fluctuate. When v < V| according to (4),
we have

(BN@ ~ 57 = N().

Let us note that for a system of N non-interacting classical particles in a volume V,
the distribution of the number of particles NV, in the volume v has the form

W) = wvew 7))

(binomial distribution). For such a distribution, the calculation of mean values N,,
N2, (AN,)? gives results that coincide with those obtained above (see also a remark
in the next problem).

Problem 10.29

Under the same conditions as in the previous problem, consider the spatial correlation
of density fluctuations. For a homogeneous system it is characterized by a correlation
function v(r) (r =r; —ry) equal to

ning — ﬁz

v(r) = — ni 2 =n(ry2),
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where 7 is the mean particle number density.

Compare this result to the corresponding result for a system of classical particles.

Solution

Since particle density operators in different points of space commute with each other,
the operator of the form nin9 can be written:

e = P (r1)P(r)) 0T (r2)(rs)

1 : b oA At s
=72 Z exp{i[(ke — ky)r1 + (k4 — kg)rg]}afg1 akzal'fgakm
kikoksky

and its mean value in the Bose-gas ground state is

1 2 ik(ry—r N N2 N
nlngzﬁ N +Nkz?£0€ (1 2) :V(s(rl—I'Q)—}—W—W. (1)

Compare this to the derivation of Eqs. (2) and (3) in the previous problem. Hencel?2%!

%{nﬂw —n’}=6(r) -

Y

e

and the correlation function becomes equal to

V= ——, 2
u (2
In order to understand the results obtained, we derive correlators similar to (1), (2)
for the case of non-interacting classical particles. Taking into account the fact that

the probability distribution of particle coordinates is described in terms of a product
d®r,/V and n(r) = > 6(r — r,), we find

- , , dS d3
n(r))n(rh) :/.../Zé(rl—ra)é(rz—rb) V?jl ‘;N
a,b

N_, , NN-1
75(1"1 —ry) + vz (3)

which coincides with Eq. (1). (Note that the term with a d-function in (3) corresponds
to the terms with a = b. The number of such terms is N. The second term corresponds
to the terms with a # b, and their number is N(N — 1).)

For macroscopic systems, the value of N is extremely large, and therefore the last
term in (1) can be omitted and we have v = 0 (there is no correlation) in (2). On the
other hand, for finite values of N we have v # 0. Here the characteristic properties
of v — its independence from r and its sign v < 0 — have an intuitive explanation for

[223]  The term with the d-function, that goes to zero as r # 0, has a universal character and does not
depend on the form of the distribution function.
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classical particles. Indeed, the value of mi75 is lower than 72, since a single particle
cannot contribute to the particle number density at different points of space at the
same time, regardless of the distance between them (in the case where N > 1 the
density at different points in space is determined mainly by the contribution of different
particles).

Many characteristics of a Bose-gas in the ground state, considered here and in the
previous problem, are the same as for a gas of classical particles. It is not accidental.
Indeed, the wavefunction of the ground state for the Bose gas has the form

Wo = o(r1)o(ra) ... Yo(ry), olr) = %V

i.e., is a product of single-particle wavefunctions. This is similar to a gas of distinguish-
able particles. The particles therefore do not interfere with each other, and for each
one of them |¢|? = 1/V, which corresponds to a constant probability distribution
over the volume.

Problem 10.30

In the ground state of an ideal Fermi-gas of N particles in volume V, find the mean
particle number density and the mean particle number in some volume v.

This problem should be solved by averaging the physical operators in the
occupation-number representation.

Solution

The particle density operator n(r) has the form

i) = Sl ) = o S0 ST G Gy, (1

o o k1k2

Compare to Problem 10.28 and 10.22, 0 = s,. The ground state of the Fermi-gas
is determined by occupation numbers ny,, equal to 1 for |k| < kr and 0 for |k| > kp,
so that

o) = ] ail,10), (2)

where the product includes operators dlfa with quantum numbers (ko) of occupied

states. Here the Fermi momentum, pp = hkp, is found from the condition

Z Z 1= (25 +1) / ‘(;:)f _ (2s —;;;V’ﬁr — N,

7 k(k<kr) k<kr
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i.e., we have

6m2N Y3
hp = |—2 " |
(2s+ 1)V

Since we see that the matrix element (g |€Ll‘fw&k2g |1
to 1) only for k; = ky =k, and |k| < kg, from Egs.

is different from zero (and equal
1) and (2) we obtain

—_—

n = (Yo|n(r)|1o) =

<=

(which is expected), and n(o) = 7/(2s + 1), while N(v) =nv = Nv/V.

Problem 10.31

Under the conditions of the previous problem, consider the correlation of particle
number densities with definite values of spin z-projection at different points in space:
find n(ry, s,1)n(re, s,2), and compare to the product n(rq, s.1) - n(ra, s,2). Consider
the cases of different and identical values of s,; and s,9.

Find the density-density correlation function (see Problem 10.29).

Solution

The operator n(ry, o1)n(rs, o) has the form

e 1 , b oA a4 s
n(gl)n(€2) = V Z eXp{Z[(kZ - kl)rl + <k4 - k3)r2]}al:o-1ak201 al—{’_30'2ak40'2' (1>
{i}

(Compare to Problems 10.29 and 10.30). Letting [¢) be the wavefunction of the
Fermi-gas ground state given in the previous problem, it is easy to see that the matrix
element obtained by averaging

<¢0 |&l:al dk201&17:302 dk402 |¢0>v

for the case o1 # 09, is different from zero (and equal to 1) only for k1 = ks, kg = ky
and |ky 3| < kp. Taking this into account, for o1 # o2 we find

1 2 N
(Woli(E)aElbo) = 775 D 1= (2”Tl) = (3)
|k1,2|<kr

(For the calculation of the sum over k; 5, see the previous problem.) Since (o) =
n/(2s + 1), the result (3) means that ning = 77 - Mg, i.¢, in the case of different values
of the spin projections o1 # o9 there is no correlation between the particle densities
at different points in space.

In the case of o1 = 09, the situation is different. Now the matrix element (2) is
different from zero and equal to 1 in the following cases:
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1) k1:k27 |k2| SkF7 k3:k43 |k4| SkF7
2) ki =ky, |ka| <kp, ko=ks, |ks|>kp.

Using this fact, we find

n(ry,o)n(ry, o) = % Z 1+ Z Z etlke—ki)(ri—r2) \ (4)

[ki,2[<kp |k1|<kF |k2|>kF

Then, using the relation
1 iker 1 iker iker 1 ik-r
p 2 =g e 3 =it m g D«
k|>kr k k| <kr [k|<kr

and calculating the integral (in spherical coordinates with the polar axis directed along
the vector r) we obtain:

» |4 sinkpr
iker 3371, F
V E mE / e dk_27r2r2{ " —kpcoskrpr},
k| <kr K<k p

We transform (4) using (r =r; —ra, (o) =n/(2s+ 1)):

n(rh O‘)TL(I‘Q, U) = TL(O')2 4t r

1 . 2
{SmkFT —kr coskpr} .

Hence we obtain the correlation function:

[sin kpr — kpr cos kpr]?

v(r,o) =— — : (5)

Amim(o)rd

Let us discuss this result. The character of the particle density correlations can be
made physically clear. Identical particles with different values of spin projection behave
like distinguishable ones, so there is no correlation between them. The sign of the
correlation function v(r, o) < 0 in the case of the same spin projections is also natural.
It shows the “repulsive” character of the fermion exchange interaction. For the values
r = |r; — ra| — oo, the correlation disappears.

In conclusion, we should note that the full correlation function for particle number
density v(r) coincides (independent of the spin projection) with v(r, o).

Problem 10.32

Considering the interaction between particles as a perturbation, find the ground state
energy of the Bose-gas (consisting of N spinless particles in volume V') in the first
order of the perturbation theory (the interaction between particles is described by a
short-range repulsive potential U(r) > 0, r =r, —ryp).



