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|dentical particles

@ Examples of quantum many body problems:

» Photons in a block-body cavity

Electrons in a solid

Nucleons in a nucleus

Neutrons in a neutron star
Helium atoms in a superfluid

@ The concept of identical particles:

> Intrinsic: Those do not depend on the dynamical state of the particle,
such as the rest mass, the charge, or the total spin.

» Extrinsic: Those depend on the state of the particle or on its
preparation: the position, and velocity, spin orientation and other
internal parameters.

@ Here two particles are considered identical if they possess the same
intrinsic properties.
@ More mathematically speaking, we say n particles are identical if all

O(x1,P1;---,;Xn, Pn) are invariant under the exchange of their coordinates (x;, p;),
i=1,...,n

vV vyVvYyy

H(n) = Ho(n) Z"" + 3 V(I - ).

i<y
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One-particle system: states
The collection of states of a single particle form a Hilbert space

H = L2(R?) = {p(x); / dxlp(x)? < oo}

with the inner product

(ol) = / dxp (X)(x).

If a particle posses a spin s, its wavefunction will have 2s + 1 components

o(x,0), 0 =—s,—s+1,...,s —1,s+ 1. ie.
()O(X7 _S)

(p(x7 —s+ 1)

o(x) = : € H®C>*t

o(x,s — 1)
o(x,s)

Now, | will focus on the case s = 0.
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One-particle system: Observables

@ Position g and momentum p are linear operators on H :

(ap)(x) = xp(x)
(Po)(x) = —iAVp(x), V= (aaxl’ aiw af;)

@ The canonical commutation relations
[qa,p,@] = ihéa,ﬁa a,f=1,2,3.

@ In the Fourier representation

200 = e [ dxe et

the position operator q and the momentum operator q becomes

(ap)(k) = —iVkp(k)
(pp)(k) = hkp(k)
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One-particle system: Evolution equations

@ The evolution of the particle is governed by Schrodinger equation

ih (1) = (He)(x, )
where H is the given Hamiltonian. The formal solution is given by
p(xt) = (U(t)p)(x,0),  U(0)=1

where U(t) is the evolution operator (semi-group on H).

@ For example, if the external fields are independent of time, then
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n-particle system: States

@ The collection of the states of n non-relativistic spinless particles form
a Hilbert space

H" = £2(R3”) = {d(xq,... ,x,,);/ dxi...dx,|®(xq,... ,x,,)|2 < 00}

If the particles carry a spin s, the Hilbert space of states is
H' ® C25+1.

o Now we are going to construct the n-particle states in 7" from the
one-particle states.

<X1, . ,Xn|g01 ..., ®g0n> = gpl(xl) . cp,,(x,,)

Here |¢;), i = 1,...n are the single-particle state in H. We interpret
it as the joint probability of the state |1 ® ..., ®¢,) to find particle
1in xq, ..., and particle n in x,,.

@ The inner product of [p1 ® ..., ®p,) and |1 ® ..., @Y,) is
(V1 ® - @ a1 ® ..., @pn) = (p1[Y1)(p2(v2) - .. (onltn)
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n-particle system: Basis

@ Suppose {|p;), i =1,2,...} form a basis in the Hilbert space of a
single-particle system. We know

{’@Jl ®"'7®g0jn>;.j17.j27"' = 1727}
form a basis of the space H®*" = H® --- @ H.
e For all wavefunction ®(xy,...,x,), we can express as
O(x1, o Xn) = > Gy g P (X1) - )y (Xn)-
J1esdn

@ We could also write as

(X1,. .., Xp|P) = Z Cjy.. jn (X1, .. ,Xn|g0j1 R Q (pjn>.
J1eejn

D) =D G lon @ @),
Jeedn
@ This means we can identify n-particle space H"” with the tensor
product H®".
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n-particle system: One-body observables

@ Observables of a n-identical-particle system can be constructed from
observalbes in a single-particle system.

o If Ais a single-particle observable in H, we define the action A on the
Jjth factor of the tensor product H®" as

(@ ®AR---®1)|p1®- - -®p;@- - -Qpp) = [P1®- - RAP;®- - ®pp)

and denote it as A;.

@ The corresponding extensive observable for the n-particle system is
defined by

An) =) A;.
j=1
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n-particle system: Two-body observables

@ Let V be an observable in two-particle space H ® H, such as
interaction potential.

o Define Vj; on H®" as the operator acts on ith and jth factors of H®"
and trivially on the others.

@ The corresponding observable for a n-particle system is
n
Vin)=> V.
i<j

e If V is acting on two identical particles, we have Vj; = Vj;. Therefore
we have

V(m) =33 Vs

i#j
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Symmetrization: Permutation operator

@ Permutation operator P, actin on H®" is

Prlpr ® -+ ® ¢n) = [@r(1) ® *++ @ Pr(n))

where 7 — 1 2 ... n
=\ 7)) =2 ... =(n) )
@ Some properties:
P7r17T2:P7T]_P7T27 P;:PT?I

@ Let A be an observable on a single-particle space H. We have

[A(n),P:z] =0 for all permutation 7

where A(n) = > 7, A;.
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Symmetrization: Exchange degeneracy

@ Suppose |®) is an eigenstate of a n-identical-particle system. i.e.
H(n)|®) = E|®)
We will find
H(n)P.|®) = EP,|®) for all permutation =
@ In a n-identical-particle system, P|®) and their linear combinations

describe the same physical state.

@ Principle of symmetrization: the state of n identical particles are
either completely symmetric or completely antisymmetic.

Bosons are particles in the symmetric case.

o Fermions are particles in the antisymmetic case.
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Symmetrization: Symmetric and Antisymmetric States

@ For any |®) in H®", we can construct corresponding one which is
totally symmetric or totally antisymmetric:
@)1 = S51[®)
@)_ = 5_[0)

where two operators Sy and S_ defined by

1 1
=gl P S=n 2

’ 7T€7)n ’ 7r€73n

@ Properties:
$2=5,, 2 =5 =5, 5,5 =5.5,=0.

Pr=5.P, =54, P:S_.=S_P,=(-1)"S_.
@ According to the principle of symmetrization, the space of state of a
system of n identical particle particles is not entire H®".

» Space for bosons (symmetric): HY" = S H®".
» Space for fermions (anti—symmetrlc) ’Hc_g" = S_HO"
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Hilbert spaces for bosons or fermions

@ Denote the symmetric or antisymmetric state of ’H?” or H®" by

|Q0179027"'a()0n>1/ESV|Q01®§02®"'®SDn>

where v = 1 for bosons and v = —1 for fermions.
@ Exchanging the ith and jth components, we find

’@17"'7‘)01'7‘”790j7"'7§0n>+:|§017"’790j7"’7S0f7"'780n>+
|(p17"‘790i7'-'7§0j7"'7()0n>—:_’3017'"7@]7"'7901'7""@")—

@ The inner product is

N O ,Z "(@1ltm(a)) - - - (nlton(n))-

’ 7T€’Pn

@ In particular for the fermions case,

1
—<Q01) LR <Pn|¢1= s ﬂ/fn>— = m det{<90’|1/}J>}
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Occupation Number Representation

Let {|¢,)} be a basis of a single-particle space H.

@ The occupation number normalized to 1 are defined by

v nl

0, B2 g g = e Sy @ @ 1y,
vmlooond oL

|n1,no, ... np ) m =VnlS_|, @ R1y,)

where n, is the number of indices ry, .
e For bosons, n, =0,1,2,3,....
For fermions, n, = 0, 1.

.., I'n which are equal to r.

@ The system has exactly n = )", n, particles.
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Occupation Number Representation: Observables

@ Let |¢),) are the eigenvector of a single-particle observable A such that

AlYr) = ar|ty).

Then |[n1, na, ..., N, ...), are also eigenvectors of the one-body
observable A(n) with eigenvalue ), n,a,.

Ay @+ @) = Ajlhy ® - ®1y,) = (Z n,a,> Y ® - @y,
Jj=1 r

Therefore if [S,, A(n)] = 0, we have

A(n)|ni,na, ... np . )y = (Z n,a,) N1, no, ... Ny
r

@ Orthogonality:

v(mi,mo, oo me, o n oy e )y = Omy i Omping - Omyny - -

e Basis: {|n1,n2,...),} form a basis of HZ".
Since ’(D)V = Zn,...,rn CC17-~~,rn5V’¢r1 Q- wrn>'
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Systems with Variable Particle Numbers

In many physical systems, the number of particles of a given type is not
exactly known or may vary during reactions.

@ A photon gas
@ Phonon in condensed-matter

@ In high-energy physics, particles may be created or annihilated.

Because of these reasons, it is better to construct a Hilbert space of
many-particle system which allowing undetermined number of particles.
Such construction is called the second quantization.

Note that the second quantization does not introduce any new theory.
Conceptually, it is just an useful formulation of quantum mechanics.
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Fock Space
@ Let H be a Hilbert space of single-particle states and #$" be the corresponding
Hilbert space of n identical particles. (v =1 for bosons, v = —1 for fermions)
@ Vacuum state: H° = {)\|®(0)); A € C} where |$(0)) = [0) is a unit vector.

V=H'oN o  oH "D....
@ The elements |®) in the space V take the form
|®) = {[®(0)), [#(1)),[®(2)), ..., |®(n)),...} = {|®(n)}n.
@ Addition and scalar multiplication:
|®) + W) = {[®(n)) + [W(n))}n
Al®) = {A[d(n)}

@ Inner product on the space V:

oo

(@[w) = (&(n)|W(n))

n=0

where (®(n)|W(n)) is an inner product in HE".
@ Fock space:

Fo(H) = {|®) € V; (|P) < oo}
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Observables in Fock space

@ Let A(n) be an observable for n particle. The corresponding
observable A acting on Fock space is given by

Al®) = A(n)|®(n)).
n=0

@ The vacuum sate is an eigenvector of all extensive observables with
eigenvalue zero.

@ The particle number operator N is defined by N|®) = >0, n|®(n)).

@ Expectation of A:

(olaie) = > (e(n)o(n) I

n=0
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Basis in Fock space

@ The collection of {|p1,...,¢n),} generates H and the vacuum state
|0) generate the Fock space F,(H) when {|g;)} form a basis of a
single-particle space H.

@ Occupation number representation:
Given a basis {|p;} of one-particle space H, the collection of

[n1,no, .o ne )y, Zn,<oo
r

form a basis in the Fock space.
» for bosons, n, =0,1,2,....
» for fermions, n, =0, 1.
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Creation and Annihilation Operators

@ The creation operator a*() of one particle in the state |p), is
defined by

a*(90)|<)01’ . -790n>u =vn+ 1|‘P7901’ . -7(10n>1/

e The annihilation operator a(y) of a particle in the state |p) is
defined by

a(p) = (a°(#))"

where the second * means the Hermitian conjugate.
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Properties of creation operators and annihilation operators

e a*(y) is linear but a(¢) is anti-linear:

a*(Mfp1) + A2lp2)) = Ma"(p1) + Aaa*(¢2)
a(A1lp1) + A2lp2)) = Afaler) + Aza(p2)
@ Inner product:

V(wh - '7110”7‘3(()0)“017 .. -750”>’/
vn+ 1u<§07w1>'~~7¢m|§017--~7tpn>l/
0 for m# n—1,

V<w17” . ,1/’n71|9017~ <y Pie1, Pitd, - - 390">V<SD|SD’>
form=n-1

@ Therefore, a(p) decreases the number of particles by one unit, while
preserving the symmetry of the state

a(¢)|9017"‘790n Z I 1|901,~-'7§0i—17(,0i+17---790n>1/<90|90i>
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Commutation and Anti-commutation Relations

) a'(p)a(y) —a"(¥)a'(p) =0 (bosons)

) a'(p)a* () +a"(¥)a(p) = 0 (fermions)
) a(p)a*(p) — a*(v)a(y) = (Ylp) (bosons)
) a(y)a*(p) + a*(v)a(y) = (¥lp)/ (fermions)

Here I is the identity operator in F,(H).

o Let {|7/)} be a given fixed basis of one-particle space. Set
af = a*(¢,) and a, = a(1,). The commutation and
anti-commutation relation become

aja; Fa.a, =0

aras Fasar =0

* *
ara. Facar =90rs

Tien-Tsan Shieh (Institute of Mathematics/ Introduction to the Second Quantization July 27, 2011 22 /35



Formation of States from the Vacuum (I)

All states of n independent particles can be obtained by successive
application of the creation operators on the vacuum.

P \;a*(m...a*(s@nno»

@ The state is symmetric or antisymmetric depending on whether
a*(p;) is commute or anti-commute.

@ All of states in Fock space is their linear combination of such states or
their limit.

Occupation number representation relative to the single-particle basis

{lr)} and a7 = a*(|r)):

*\N1 *\Np —
- (a7) (a7) 0) for{ n=0,1,2,... (bosons)

n,...,Np,... .
(15 s n,=0,1 (fermions
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Formation of States from the Vacuum (II)

@ For bosons,

asln,...,ney . )=V +1in, ... n+1,..00) 4
arlm, ... e o) =~/nelm, .o ne— 10004
@ For fermions,
arln,....np.. ) =0 =n)(=1)"|ng,....,n,+1,...)_
arlny, ... npy o ) =0 (=1)"|ny,...on =1, 0)
where 7, :Z;;i Ns.

@ For both bosons and fermions, the occupation number states are
eigenstates for all of the operations aja,:

ayar|ni, ... Nk ) =np|01, 0 N )y
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Coherent States of Bosons

@ States of type
1 * *
l¢15 - @n)y = ﬁa (¢1)---a"(¢n)]0)

have a determined number of particles. This is typical for the case of a scattering
process in which the incoming particles are specified and the particles produced by
the reaction are observed.

@ States of type consist of superposition of n-particle state with n =0,1,2,...

P = 00 (46l ) 3 > 0 =)0
where
Dle) = expla’ (i) ~ a()] = exp (o)) expla” (@) exol-alo)].

@ A coherent state represents a state of photons (or phonons) associated with a
classical electromagnetic (or acoustic) wave.

@ One has a(¥) |©)con = ((V|©)) |) coh-
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One-Body Operators in Fock Space
@ Consider a single-particle observable A. The operator

A(n) = >>7_; Aj is the associated observable of n-particle system.
The corresponding observable A in the Fock space is

n
ALt @nl =Y 1915 01, AR) i1+ Pl
=1

o Let {|¢);)} be some basis of single-particle space.

A= 5 (A )a() = S (rlAls) a3a,.

r,s

@ If |¢),) are chosen as eigenvector of A with eigenvalue «,, then we

*
A= g Qr a;ar.
r

have
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Some typical one-body operators in Fock space ()

@ Particle-number operator

N =" a*()a(r)

If we express the operator N in terms of the basis |xo) of the
configuration representation

N://\ dx Zaja*(x,a)a(x,a)://\dxn(x)

where the particle density in x is n(x) = >__ n(x,c) and the particle
density of particles with spin o is n(x,0) = a * (x,0)a(x, o).
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Some typical one-body operators in Fock space (II)

@ Kinetic energy
» The Hamiltonian of free particles

H()Z E €k aﬁaakg
ko

where € is the kinetic energy of the particle.
» The momentum of free particles

P = Z hk ag, ake

ko
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Some typical one-body operators in Fock space (I1)

Consider a system of particles under an external potential V/(x) which is
independent of spin.

@ In the basis |xo)
(xo|V|X'o") = §(x — x')6,, 0 V(x)
The representation of the external potential V is
V= /Adx V(x)n(x).
@ In the basis of plane wave |ko)

1 ~
(ko VIK'o") = b0 75V (k = K)

where V(k) = [y dx e **V(x).
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Some typical one-body operators in Fock space (IV)
In the basis of plane wave |ko)

1~
(ko|V|K'o") = 6a7g/ﬁ V(k — k')

where V(k) = [y dx e **V/(x).

Yo vV = %ZZV(k—k')aiaak/g

kk/ o
1 T *

= F Z Z V(k)a(k+k/)gak/0

kk/ o
Vik - k') 1 o~

= an (k) V (k)

k
where
akﬂ

(k) = / dxe 3" 3" (x,0)a(x,0) = 3 arsawige
A o k’o
= Z az(k’—k)aak’a =n’(—k).
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Two-Body Operators

Consider an operator V acting on two-particle space H ® H.

n
Vo1, ..., @n)y = Z Vij|801, PRy
i<j

We express V in terms of the creation and annihilation operators

1
V=2 D (nnlViss) a3

rr2s1s2
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Two-Body Operator: Configuration Representation

Consider a two-body potential V(x; — x2) which is invariant under
translations and independent of spin.

<X10’1, X202’ V|X301, X’20'2> = V(X1 — X2)(5(X1 — X/1)5(X2 — Xlz)(sgl,gi(sgz,oé.

Therefore we have

V= % (/A dx //\ dx2 Y V(xi - X2)> x a"(x1,01)a" (x2, 02)a(x2, 02)a(x1, 01).

0102
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Two-Body Operator: Momentum Representation

Here we express V in the plane-wave basis |ko) with periodic boundary
conditions.

1 -
(kio1, kooa| VIk1o1, k202) = 80, 0100,.04 75 D Vi(K) G e ik kg k-
k
where V, = [, dx e~ *V/(x). Therefore we can write

1 Y * *
V=op3 Z Z VL(K) @k k)1 (ko — k) r k202 Ty 1 -

kikok 0102

" -
Uiy + k) Oy~ k)era
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Thank you for your attention!
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