Indistinguishable particles

¢ Indistinguishability implies invariance under permutations of particles. The observables must
be invariant under permutations and the states must be totally symmetric (Bose statistics) or
totally antisymmetric (Fermi statistics).

e Any possible permutation is implemented by an operator P,,. Given N indices, the permutations
operators are N! (including the identity) and they form a possible representation of a discrete
group Py, with P,,, € Py . There are N — 1 generators o; consisting of the exchange of two
“neighbor” elements

o;€EPy:jj+1 j=1,...N—1,
which satisfy the involutory property
032» =1L
Any P,, can be obtained as a product of some generators

Pm = H O'jm,
{im}
where we denote with {j,,} a possible sequence of n,, values of j meaning the number of trans-

positions needed to obtain the permutation.

e Consider N particles and a complete set of p single-particle states {|«)}. Suppose that n; particles
are in the state |a;) (with Y2 n; = N), to construct the correctly symmetrized |{oz}i,> state

®ny |a2> Rna2

one can start from a possible configuration [{a},) = |ay) . |ap)®™ and apply to it

the (anti)symmetrization operator

{a}3) = ﬁ > P aby) = | [ S o) 1)

where P, is a possible permutation. The symbol

1 bosons
- {

—1 fermions

refers to the bosonic/fermionic statistics, and

1 N!
SC = ﬁ Z_l Cnuma (2)

is the (anti)symmetrization operator’.

I'Notice that from the property

P.P,, = P, = P?P, =P, =P.,P,,
follows that 1 1
(PSS = D T PP, = 15 ) (P =S,
m k

and
S? =S¢.

Moreover, STC = S¢ since P, are hermitian. This means that S is a projector. In particular, S, and S_ are orthogonal
projectors
S+Sf == 0



If the vectors {|a)} form a discrete complete orthonormal basis for the single-particle space, then
the resolution of identity for the N-particle space is

> Haky) o)yl =1, (3)

Q150N

and, if the basis is continuous

[ o da o} ()] = L. (1)

Exercise 1. Consider 3 particles each of them described by a 4-dimension single-particle state in a
space spanned by the complete basis

|a), |b) . ]c), |d) .
How many 3-particle states would the basis be composed of if the particles were distinguishable?

How many 3-particle states would the basis be composed of if the particles were classically
indistinguishable? Construct them.

How many 3-particle states would the basis be composed of if the particles were indistinguishable
bosons? Construct them.

How many 3-particle states would the basis be composed of if the particles were indistinguishable
fermions? Construct them.

Second quantization

The second quantization is formalism which is more suitable to describe a many-body system because:

It is more compact than “first quantization”,

It avoids to write explicitly the (anti-)symmetrization of the state, because in second quantization
the correct symmetry is already contained in the algebra of the operators,

It is easier to work with an arbitrary (not necessary fixed) number of particles,

Gives a more intuitive picture of the interaction in terms of processes of creation and annihilation
of particles.

It is the formal tool to define a quantum field.

One-particle states

Consider a complete basis of single-particle states {|¢x)} € H' with k a discrete dimensionless index.
We can introduce for each of them a creation operator as

al [0) = |o) | (5)

where |0) is called vacuum state: it does not belong to H' and it is the only normalized state of a
one-dimensional Hilbert space H°. The interpretation is that, starting from the vacuum, a particle is
created in that specific state. Then, for each creation operator there is its adjoint a; which is called



annihilation operator. In the following we will denote with ay, aL the generic operators, with cy,
CL the fermionic operators and with by, bL the bosonic operators.

The particle statistics is taken into account imposing suitable (anti-)commutation rules. The
properties of the bosonic operators are given by the commutation rules

[bi,br] = 0, (6)
[bkza bH = O,
while the properties of the fermionic operators are given by the anti-commutation rules
{er,ew} = 0,
{Ck,CL,} = Opp- (7)

We can use the compact notation
LI=0lo 4y =11

and write

[ak, ak/]fc = 0; [ak, aH = (5k,k/ . (8)

Occupation-number operator
The occupation-number operator for the state £ is
n; = a,tak,

which satisfies the following commutation relations (both for fermions and bosons)

[k, Ny | = agok i, [azynk’} = —aL%k' . 9)

Exercise 2. Remembering that, given three operators A, B, C, the following relations hold

[AB,C|=A[B,C| +[A,C]B=A{B,C} - {A,C}B=A[B,C|_ +([A,C|_B| (10)

[AB,C]_,=A[B,C]_ +([A,C|B (11)

prove Eq. (9).
For a single particle the occupation-number operator gives the probability distribution for the
particle to be in the state k

Pe = (i) — Z (ng) =1,

as a consequence, the identity in H! is

I:an.
k

Change of basis

Given two different single-particle basis {|¢x)} e {|v)}, corresponding to the operators a}. df, one can
express one basis in terms of the other as

|Pr) = Z (vilow) [w) (12)
1
so, from (16), the same change of basis can done in term of operators

al = > (ulox)d]. (13)

l



Field operators

The field creation operators are defined analogously from a continuous basis |z) (where z is a

generic continuous variable) as

@i(2) |0) = |2) |
) = (elz) |on) = Zaﬁk )al |0),
k

the field operator can be expressed as the linear Comblnatlon

f(2) =) di(x)aj

Since

and vice versa
@:/mm@@@.

The (anti-)commutation relations for the field operators are

[P (z), ¥(2')]_, =0 (W (z), \IIT(a:')] = oz —a')|.

Local-density operator

Form the field operators one can define the local-density operator

n (z) = '(2)¥(x),

which satisfy the commutation rules

(14)

(15)

Exercise 3. Prove formula (19).

Exercise 4. [t is possible to define also field operators in the momentum representation
W (k), ' (k),

write these operators in term of field operators W'(x), ¥(z).

As in the discrete case, in H' n(x) represents the probability density function in the continuous

variable
p() = (n(x)) = / dr (n(2)) = 1.

As in the discrete case, in H! the identity can be expressed as

Iz/ﬁmﬂ@.

Many-particle states

To describe a many-particle state, one can introduce the so-called Fock space F which is a Hilbert

space given by the direct sum of fixed-particle states

f:]:o@}—l@fé@fii@-”



Starting from Fy = H® and F; = H! (zero and one-particle Hilbert spaces), and from a complete set
of single-particle states a,t |0), the so-called occupation-number representation for the elements
of F is defined giving how many particles are on each single-particle state

Ini,no, ...,
with the total number of particle given by > ;nj = N. Of course
ng = 0, 1

for fermions and
ng=0,1,2,...,00

for fermions. Applying a creation/annihilation operator to a N-particle state, one jumps to a N + 1
particle sector of the Fock space

i Vet T g ng, o (e + 1)) bosons
a, [ny,ng, ... Ny, . ..) =

(‘Ukﬂ 5%,0 |n1, Ngy ..., (nk + 1),c S > fermions ’

g lny,ne, .o (np—1),, ... bosons
ak’nl,n%-'-,nk,...>: L+117 2, 7( k )k> > : .

(—=1)"" Oppa |1, no, ..., (N — 1),,...) fermions

In this representation a vector basis for N identical particles can be written as the (normalized) vectors

(20)

i) = —=—T] (al) " 10)

\/ Hk nk' &
(remembering that because of the anti-commutation rules, for the fermions one has a;"* = 0 for n;, > 1)

with
k

For any subspace Fx a resolution of identity is

= Y H:nk! [H(a,t)"’“\())(oy];[agk]:% > [Ha,tjm)(ﬂlﬂakj],

{nk}‘Zk ng=N k ’ ki,ko,...kn

and in particular
Iy = |0) (0,

L =) a|0)(0ay,
k

1
I, = 3 ;;az;a,t;, 10) (0] axray,

and so on.



Continuous basis

Starting from a continuous basis, one can proceed in a similar way, paying attention to the normaliza-
tion. Applying a field operator to a 1-particle state, one obtains a 2-particle state

Ul (@s) |21) = O (w5) ' (21) |0) .
The possible states constructed in this way are orthogonal

(01 (25) W (24) W (22) T (21)[0) = (0[®(x3) (6 (22 — 4) + (¥ (22) W (24)) ¥F(21)]0) =
= 0 (zg — 24) 0 (21 — x3) + C (O] (23) W (2) W (24) T (21)[0) =
= 0(wg—x4)0 (21 —x3) + (O (20 — 3) 0 (21 — 24) ,

(/ dl’3d$4 ‘I’T($4)‘I’T(l’3) |0> <0| ‘I’($3)‘I’(l’4)) \I’T(l‘g)‘I’T(lj) |0> =
= /dargdx4 (6 (29 — 24) 6 (1 — 23) + (6 (22 — 3) 6 (21 — 24)) UT(2g) T (25)[0) =
= (U1 (22) WM (1) + (O (21) ¥ (22)) [0) = 297 (22) ¥ (21)]0)

it follows that in the 2-particle space, the resolution of the identity is
1
5 [ dnsded W1 (@)W ) 0) (0 (o) () = T

This result can be generalized to N particles

1

m/dxl e O ay) () [0) (0] W) . W) = T,

giving the correct normalization for the continuous basis for fixed number of particles

N
’x1,$2,...,x]\[> = _H\I]T (.fl;k)|0> :

Important! Notice that in the Fock representation the state has automatically the correct sym-
metrization of (1) so to say

Ini,ng,...) = ’{k}zsv> ’

as can be verified in the following example.

Example 0.0.1. Two-particle case: consider two particles in the Fock state with k £ &’

[4) = ala}, |0), (21)
its wave function is given by

= i x z5)alal =
(xy, 1) = ﬁ<0|‘1’( )W (x3)agay, [0)

_ % 3 du(@1)dunl2) (0] asaafal, 0) =
ly,m

1
= E (Dr(z1) P (22) + Cbr(T2)P1e (1)) (22)



and it has the correct symmetrization. If the particles are two bosons in the same quantum number

1

ﬁa? 0),

9) =
the wave function is
Ylenm) = 5 {012 B(r)af o) =
= 33 ue)om(w2) (0] aianal? 0) =
= cbkl(’;bl)m(@)- (23)

Particle-number operator

For a N-particle system, the average of the local-density operator over the N —particle state gives the
density of particles for each position z, while the average of the occupation-number operator is the
average occupation of the state k.

The particle-number operator is

N = /dx i)W () =) alay.

Example 0.0.2. Consider the two-particle state

1
|¢N:2> = E /dxldl‘g f ($1,$2) ‘I’T(@)‘I’T(%) |O>

Let us analyze the coefficient f (21, z3) .

e They must be (anti-)symmetric f (21, x2) = (f (22, 21):
[pn=2) = % /dxldﬂ?z f (1, 22) O (22) W (21) [0) =
= % /dxldxzf (21, 22) ‘I’T(xl)‘I’T(@) 0) =
= % /dmldng($2,$1) ‘I’T(fﬁQ)‘I’T(fEI) 10),

e From the normalization condition derives that [ dwidxs |f (z1,22)]° =1

(On=2|pn=2) = % / daydzadrsdry f* (v3,24) f (21, 72) X
X (0] (23) W (24) ¥ (22) W (21)]0) =
= % / daydrsdrsday f* (25, 24) f (21, 72) X
X [8 (22 — x4) 8 (21 — ) + €O (22 — x3) 6 (21 — 24)] =
- %/dxldf@ Uf(-l"l,xg)\ + CfF (w2, 1) f (21, 22)] =

= dﬂfldxg ’f $1,$2>|2.



e The quantity |f (21, x)|° represents the probability density function p (z;,22) for two particles
to be localized in the positions x; and z5. The marginal distribution for a single particle is

p(z) = / dry |f (2,22)|°

e The average of the (single particle) local-density operator over the state |¢y—z) is

(n(z)) = 2p(z),

as can be found explicitly

f (w1, 22) f* (23, 24)
2

(pn=2|n (7) |py=a) = / dxydrydzsd, (O (3) W (24)n(2) W (2) ¥ (21)]0) =

1
= /d$1dl’2d$3dl‘4 f ([L’l, 132) f* (C(]g, 1'4) X
(

2
X (O (3) W (24) [¥1(22)0 (2 — ) + ¥ (22)0(2)] ©F(21)|0) =
- . / drdusdusds f (1, 02) [ (25, 24) X
X [8 (22 — 2) (O] (3) W () ®F (22) ®T(21)|0) +
+ (0] W (23) W () [©F (22) ®T(21)8 (21 — ) + O (20) O (21)n(2)] |0)] =
_ % / A dadrsdzs f (21, 22) F* (w5, 24) X (6 (23 — ) + 0 (21 — 7))
X (5 (s — 24) 6 (21 — 3) + C6 (2 — 23) § (w1 — 1)) =

= /dxg \f (z,22)? —{—/d:vl \f (21, )] :2/dm2 |f (2, 20) |

Exercise 5. Verify the following relations:
2, N] = &y, [al,N] = —a] (24)

(@ (2), N] =¥ (2), [¥7(2), N] =~ () (25)

Exercise 6. Show that

e N (1) e™N = W (1) e

Observables
A many-body observable A must be invariant under any particle permutation so it must satisfy
[A,P,]=0.

We want to express the operators in terms of creation and annihilation operators. Before to start, we
notice that, for one particle

(al, [0) (0] ay) |¢) = al, 0) (0] ay Zwkak 10) = vyal, |0)
(alay) [¢) = ala Zlﬁkaz |0) = il [0),
k
so one obtains the formal relation

aL |0) (0| a; = ailal,

that will result useful in the following.



One-particle operators

Let Ay be an operator acting on the Hilbert space of a single particle. The one-particle many-body
operator corresponding to it is

A=AQIy 1 +LOA @Iy o+ ... + Iy 1 @A

This means that, even if the operator acts on the N-particle space, it engages a single particle at a
time. In first quantization a one-particle observable A; has the following representation in terms of
its eigenstates Aq |ox) = Fi |ox)

A=) Fildn) (ol (26)

In second quantization one has an equivalent representation, given |¢y) = az |0), the operator can be
represented as

k

As expected, for the single particle case the two pictures are completely equivalent as expected. Taking
another basis {|Vk> —=d! |0>}, the observable can be written as

A= Z Fy [on) (x| = Z Fy vy (vl on) (Drlvm) (Vm| = Z Apm V1) (Vi (28)

with Ay, = >, Fi (vlén) (dr|vm) = (0|d;A4d],|0), using (13) in (27), one gets

Ap =) Apdid,,.

Im

The second-quantization representation results more convenient for more than one particle, since this
representation of the operators remains the same also in the N-particle space, so one gets

A=) Apdld,, | with Ay, = (0/d,Aqd][0) (29)
Ilym

and, in a continuous basis

A= /dmldxg Ay, 20) O (21) W (22) | with A (21, 25) = (0¥ (z1) AP (25) |0). (30)

The rigorous proof of this fact is a little long and tedious, so we rather prefer to show it, in the next
example, only in the simple case of two particles and let the interested reader to generalize it.

Example 0.0.3. Let us study the case of N = 2. The action of a single-particle operator

A:A1®Il+11®A1,



10

on the symmetrized two-particle state in first quantization is
VIAS 1) [11) = VISCA ) |n) =

= V2S¢ (A1 [22)) |21) + |22) (A4 |21))] =

1
= 5 (A |22)) |21) + ¢ |21) (Ag |22))] +

1
—l—ﬁ [(|z2) (Aq]z1)) + C(Ay |21)) |22))] =

N TS [ B

—|—/dx3A (23, 21) |22) |23) 4\'/54 |23) |2) _

_i TaAlxa. T:L‘ TI
_}ﬂ/dﬁ(&ﬂW(QW(Mm+

i €T Ta. TJ,’ TI —
fﬂ/d¢<&gw<gw<mm

- LlIlT (x2) /dng (23, 21) ¥ (23) |0) +

V2
1 1
—l—EC\IIT (1) E/deA (23, 22) U (23) |0).

Using the single-particle property (30) we get

A |ZE]> = 1A\];’Jf (ZE]) |0> = /dlL’gd!L‘4A (l’g, IL‘4) ‘I’T ([Eg) U (l’4> ‘I’T (ZE]) |0> ==
= /dxgda:4 A (23, 24) O (25) 6 (24 — ) + ¢ () W (z4)] |0) =

— [ dny A, ) ¥ (2 [0)
so the previous equation becomes

V2AS [25) |11) = BT () O (1) |0) =

7
L (g (g T (g (g
\/5(‘1’ (22) Ay T (1) + O (1) A PT (22)) [0)
obtaining the following identity

We now introduce two resolutions of the identity

A =TAI= }l / drydzydrsdr, O (zo) Wl (1) [0) (0] W () (22) AW (24) T (25) |0) (0] W (23) W (),
(31)
let us analyze the central term
(O] (1) W (22) AT (24) ®T (23)[0) = (O] W (1)@ (22) (PF(2a) Ay T (25) + (VT (25) A1 T (1)) [0)
it splits in two parts
(01 (1) W () OF (24) Ay O T (3)[0) = 6 (w2 — 24) (0] @ (1) A1 ¥ T(23)[0) +
+C (0] (1) O () W (22) A1 P (25)]0) =
= 0(z2—24) <0|‘I’($1)A1‘I’T(953)|0> +
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and, equivalently,
CO[W (21) W (22) W (23) A1 W T (24)[0) = (6 (w2 — a3) (0] (1) A1 T T (24)]0) +
—HS (.Tl — Z’g) <O"I’(£2)A1‘I’T($4)‘O> .

The two resulting integrals are equivalent, in fact for the second term one can make a change of
variables x3 & x4 remembering that W(x3)W(zry) = (W (x4)P(x3), so eq. (31) becomes

A = %/dand:czdx:a W (25) T (1) [0) (O (1) A BT (5)]0) (O] @ () ¥ (5) +

also in this case the two terms are equivalent since one can change x; & x5, so the result is

A = /dxldxg (0| W (1) A1 T (25)|0) T () [/ dzo W (29) 0 (0] W (x5) | W(z3),

the part inside the parenthesis is a resolution of the identity in the one-particle state, so we obtain the
desired result

A= / drds (018 () Ay T (25)[0) O (20) T (5).

Example 0.0.4. Single particle Hamiltonian: Take a single-particle Hamiltonian
2

p
H=—+V 32
P v (52)
in the basis {|¢x)} one has
H=> Hlé¢:) (¢;] =) Hjala;| (33)
0, 1]

In the position representation
H= /dl’ldl’Q \i’T (1]1) ‘i’ ([L’Q) <ZL’1|H|[L’2> s

since V (x) is local
(21| V (%) [w2) =V (21) 0 (1 — 22) ,

and

) 0
(z1|p|r2) = —id (21 — 72) Oy’

one gets

H = /da: W (o) (x 83—;) B(z)| (34)

Exercise 7. Write the spm—% operator S in terms creation and annihilation operators of fermions
with spin % and —%
C,, c! o= =xl.

Try to express this result in a compact quadratic form of this kind

where

and M is a vector whose three components are 2 X 2 matrices.
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Example 0.0.5. Current density operator: In quantum mechanics, the current density of a single
particle wavefunction ¢ (z)
Gw}

ox

is the average value of the so-called current-density operator, defined as

J(z) = %% {w

1
3(@) = 5 {pd (e =)}
on the state |¢)

J(z) = (W) ) =
(¥[pd (z —x) [) + (4]0 (x —x) p[¢)) =

da' ((Blpla) (/)6 (@ = %) [6) + (016 (2 = x) |o') (|plo)) =

_ ﬁ(az”;x)w(x) v @) 2) — a3t

The current density operator can be expressed in second quantization as

J (l‘) = % /dl'/dl'// ‘i’T (Z'/) \i/ (:L'”) <x" {p, 5 (:C _ X)} ‘:C”> _
= % /daj’dx// \iIT (;p/) \i, (J}”) ((5 (I . ZE”) iy (x B JJ’)) 5 (q}’ B x”) _
7 It 2" . ) N y
= % </ dz"” a\Ila—x(”)\I, (x//) 5 (m . :L‘”) . /dl” Bt (x,) a‘gl(‘, )5 (m B x')) |

One can expand the operator in a discrete basis

=Y i(v)al

I =% (%k( ) () kam—h.c.).

2m
k,m

The global current is obtained integrating over all the space

J = ZZ <gk,ma2am — h.c.) ,
k,m

1 Jons
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Two-particle operators

Let Ay be an operator acting on the Hilbert space of two particles. The two-particle many-body
operator corresponding to it is

1
A=A2®IN—2+I1®A2®IN—3+...+IN—2®A2:§ZA§’])®IN_2.

0,3
Given a single-particle basis
d 0) = [¢n) ,
the two-particle operators have the form
1
A= D (0 GulAslow. o) didldydy | (35)
‘77n7j 7n

Notice that the state |¢,/, ¢;/) is not symmetrized.

Example 0.0.6. Let us check it in the case in which we have only two particles. The matrix element
of A is

<O’dm/dk’Adein|0> = <¢k’¢m"A2‘¢kz¢m> +¢ <¢k’¢Tn"A2‘¢m¢k> )
where we used the symmetry of the operator

<¢k/¢m”A2|¢k¢m> = <¢m/¢k”A2’¢m¢k> :

Let us compare it with (35)

1
<0|dm,dk,AdeIn]O>:§ > (), 6nlAs|b, ¢) (Old,wdiedidld;d, dld], |0)

Jm.g’ /!
the right-side term can be expanded
(0]d,dpdidid;d,dldl0) = (0] (5,«,]- + Cd}dk/> did, (m + Cden/) dt |0y =
= G5Ok s + GO g0 O] (83 + (g ) (B + ) 0) +
+COnGym (O] (S + ¢l ) (B + (i) [0) +
+(0/d,ydidydid;dd,d],[0) =

- 6k’,j5n/k:5m’,n5j’m + Cék’,jém’,néj’,kén’k +
+<6n’k5j’m5m’,j6k’,n + 5m’j5k’,n6j’,k5n’m7

so to obtain

(0]ddp Adfd] |0) = = (2 (dw, Buv| As|Bry i) + 2C (Gh, D | Ac| By D)) -

N | —

In a continuous basis

1 o ~ o A
A = 5 /d$1d$2d$3d$4 <ZE17CL’2’A2‘$37{E4> \I’T(ZEI)\I’T([BQ)‘I’(ZE4)‘I’(I3) .
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Global gauge transformations

We know that, in quantum mechanics, one-particle states are defined up to a global phase factor
) = e [v).

Equivalently, the observables are unchanged under the transformation
e A = A.

This phase factor represents for the quantum system a globlal U (1) symmetry, under which it is invari-
ant. In second quantization and within a one-particle space, this gauge transformation is equivalent
to

a; — ajei¢.

In the Fock space, a global gauge transformation is obtained applying the symmetry generated by the
operator N .
U = N, (36)

indeed
UTajU = e“baj .

The system is invariant under this global gauge transformation if and only if the Hamiltonian commute
whit its infinitesimal generator, i.e. IN, meaning that the total number of particles is a conserved
quantity. All the n—body Hamiltonians that we described are obviously invariant under (36), indeed
their structure consists of terms with products of n creation and n annihiliation operators which
transform as

UTaJ{ .ala,...aU= e_m‘ﬁai .ala, ... ae" = aJ{ .ala,...a.
The requirement of being particle-preserving is a quite reasonable physical requirement but also non
particle-preserving Hamiltonians can be constructed introducing for example terms proportional to

aja} + a;a;.
Such terms are commonly allowed when assuming the existence of a reservoir with which the system can
exchange particles. A typical example is the BCS mean field Hamiltonian describing a superconductor
in the mean field approximation, where these terms appeas as the effect of the spontaneous symmetry
breaking of the U (1) symmetry.
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