SECOND QUANTIZATION

LUCA GUIDO MOLINARI

1) N identical particles (Identical particles, indistinguishability of identical particles,
Slater determinants and permanents,the basis of occupation numbers)

2) The Fock space (Creation and destruction operators, the algebra of (anti)commutation
relations)

3) Canonical (anti)-commutation relations (Field operators)

4) Second quantization of operators (one and two-particle operators)

5) Symmetries (space translations, rotations, dilations and virial theorem, parity)

In quantum mechanics a particle is objectified by a set of observables, i.e. a set
of fundamental operators, such as position, momentum and spin, characterized by
certain commutation relations. If they are represented irreducibly (i.e. any operator
that commutes with them is multiple of the identity), then any other observable of
the particle is a function of them. The fundamental operators of different particles
commute: this translates the concept of a particle being an autonomous entity.
However, two or more identical particles are indistinguishable, and the fundamental
operators become unphysical. Only observables that are invariant for permutation
of particles, i.e. symmetric functions of the fundamental operators, are meaningful.

A convenient formalism for the quantum description of identical particles is sec-

ond quantisation. There are various ways to introduce it. Here, it is a procedure
for rewriting physical operators in a basis of operators {¢f, ¢,.}5, that create and
destroy a particle in single-particle states |r), with commutation rules that take
care of the particle statistics.
Second-quantized operators are defined in Fock spaces for bosons or fermions, that
accomodate any number of particles. The formalism is efficient in describing new
quantum phenomena, as decays, absorption and emission processes of particles or
excitations such as photons, phonons, etc.

The creation and destruction operators with commutation rules (Bose statistics)
were introduced by Paul M. A. Dirac (1926, Quantum theory of light radiation and
absorption). Pascual Jordan extended the formalism to massive bosons (Jordan
and Klein, 1927) and to Fermi statistics, with anti-commutation rules (Jordan and
Wigner, 1928).

1. N IDENTICAL PARTICLES

The Hilbert space of N particles is S (N) = 54 ® - -+ @ Sy, where S is the
Hilbert space for the single k-th particle. .#°(N) is the closure of the finite linear
combinations of factored vectors |uy,...,un) = |u1)®...®|uy), where |ug) belongs
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to 4, with the inner product among factored states

(1) (1, .., oN|u1, - un) = (Vi|u)r - (N un) N

where (- |- ) is the inner product in ;. The tensor product is linear in each term:
[ty ..y ou; + Bug, .. un) = alug, .oy Uy UN) F BlUL, e Vi UND.

An operator A on #, corresponds to an operator A\(k‘) on #(N) with action
A(K)|uyy .. ug,y .. cun) = |ug,y ..., Aug, ..., uy). By construction, operators of dif-

~

ferent particles commute: [A(k), B(k')] = 0.

Example 1.1. A Hilbert space for a spin-less particle is L2(R?). The products
fi(x1) -+ fnv(xn) and their linear combinations form a linear space whose closure
is the Hilbert space L?(R3Y) of functions with [ dxi ...dxy |f(x1,...,xn5)? < o0.

1.1. Identical particles. If the N particles are identical, the spaces 54, ... , N
are copies of the same one-particle Hilbert space 2 (J#(N) = ®V.#). Since the
vectors in |uq,...,uy) belong to the same space, it is possible to introduce the
permutation operators. If ¢ is the permutation o(1,...,N) = (o1,...,0n), the
corresponding operator on factored states is

(2) Bolut, .. un) = |tg,, .. Ugy)

They extend by linearity to unitary operators on the whole space . (N), and form
a representation of the symmetric (non-Abelian) group Sy:

3) BBy = by PL=P,

An important subclass are the exchange operators. The exchange of particles i
and j is Pij|u1...ui...uj...uN> =|ug...Uj...U.. . UN). Sincef:’% = 1, it follows
that I:’ij is self-adjoint with eigenvalues +1.

Any permutation can be factored into exchanges, in various ways. However, the
parity of the number of exchanges in any factorization is the same: a permutation
is even or odd if the number of exchanges is even or odd®.

Let’s introduce the simmetrization operator S(N) (or S(N)4) and the antisim-
metrization operator A(N) (or S(N)_) of N particles:

@) SN2 = O 7R,

" o€eSn

(+1)° = 1 applies to the simmetrization S(N), while (1) applies to A(N), and
is +1 if ¢ is even, —1 if ¢ is odd.
We omit the simple proofs of

~

(5) P,S5(N)=S(N)P, = 8(N), P,A(N)=A(N)P, = (—1)7 A(N)
Proposition 1.2. S(N)i are projection operators:
(6) S(NML=8(N)x, S(N)L =89(N)x

1oy is represented by N x N matrices o;; with elements 0 and a single 1 in each column
and row, the determinant may be 1 or -1. There are N! such matrices. The matrix exchanging
elements 4, j has matrix elements ors = drs for r,s # 4,4, 05y = 0j; =0, 055 = 05, = 1. Its
determinant is —1. All factorizations that produce the permutation matrix must give the same
value of the determinant.
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Proof. Tn S(N)}, = & 3 (£1)?P, 1, the sum on o coincides with the sum on
inverse permutations ¢!, and ¢ has the same parity of o~!'. This gives self-
adjointness. The other property follows from (5): S(N)1 = = Y (£1)°S(N)+ P, =

M 2o S(N)x = 5(N). O
Exercise 1.3. Show that A(N)|uy ... uy) = 0 if two vectors are equal.

Exercise 1.4. If |vg) = Zg:leﬂuj)? k=1...N, show that

(7) A(N)|vy .. o) = (det M)A(N)|uy ... un)

The projection operators identify two Hilbert (sub)spaces:
H(N)y = S(N).H(N), H(N)- = S(N)_H#(N)

A vector in J#(N); is invariant under the action of any exchange operator, while
a vector in J#(IN)_ changes sign under the action of any exchange operator:

Py, =V, Pyl =-U_  Vi#j

In other words, (N is the eigenspace with eigenvalue 1 for all exchange opera-
tors, while 5#(N)_ is the eigenspace with eigenvalue —1 for all exchange operators.
Therefore, 52 (N )y and J#(N)_ are orthogonal subspaces of JZ(N).

1.2. Indistinguishability of identical particles. In quantum mechanics iden-
tical particles are indistinguishable. This means that the operators associated to
observables are symmetric functions of the fundamental 1-particle operators:

0(1,2,...,N) = O(0y,03,...,0N)

where for brevity we put ¢ = (x;, ps,s;). Therefore, they commute with all permu-
tation operators: [0, P,] = 0.
Proof: (v, ...,ijN|O(1, oy N Uty oy UN) = (Vo ooy Vo |O(O1 ey ON) Uiy s ooy Uy ) =
(1, ooy UN\P;O(L - N)Pg|u1, ..., up) for all factored states and permutations. Since
factored states generate the whole space, it is P;@I:’a =0. ([

The only subspaces in #(N) that are left invariant by the action of the observ-
ables, and in particular by the time evolution, are #(N).. For this reason they
are the Hilbert spaces for the physics of IV identical particles.
The spin-statistics connection is a fundamental result of relativistic quantum field
theory, where a violation would correspond to a violation of causality. It states
that:

S (N)4 is the space for N bosons (integer spin),

€ (N)_ is the space for N fermions (half-integer spin).

Of particular relevance are the two classes of observables:

e l-particle operators A = Zivzl a(i), (total momentum P = El 1Pi, particle
density n(x) = va:lég (x — x;)), spin density S(x) = Z _1Si03(x — %5), ...);

e 2-particle operators A= ZKJ. a(i,j), with a(i,j) = a(j,i) (the two-particle

interaction energy V = D V(Xi, %5)).
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1.3. Slater determinants and permanents. The inner product of two vectors
S(N)xlug,...un) and S(N)x|vg,... vn) is:

A 1 N
(ui, ..., un|S(N)2|vr, ..., on) = mZ(:l:l)"(ul,...,uN|PU\v1,...,vN>

_ % S (ED (ualve,) - (unlvey)

) (uplvy) ... (urlow)
(8) = yiP= :
(unlv) ... (unl|vwn)
D, is the permanent? and D_ is the determinant.
When the inner product is evaluated with the bra (x1,m1;...; Xy, my|, one gets
the permanent or the determinant of a matrix whose elements are functions:

vi(ximy) ... oun(ximq)
(9) Dy : :
U]_(XNmN) . UN(XNmN)

The result is a totally symmetric or antisymmetric N-particle function.

Exercise 1.5. The first IV eigenfunctions of the 1D harmonic oscillator are

1 2
ug(x) = S —— Hy(x)

2Kk /T
where Hy(z) = 2¥2% + ... are the Hermite polinomials. Show that the totally
antisymmetric N-particle function is

A — — 3@+ tak) g
(1...zN|A(N)|ug ... un) = const. e” 2 1_L}>j(ac2 zj).
(the product is the Vandermonde determinant).

1.4. The basis of occupation numbers. Given a l-particle orthonormal com-
plete set of vectors |r), r = 1,2,3... the factored vectors |rq,rz,...,ry) form an
orthonormal basis in 2 (N). Their projections S(N)+|r1,72,...rxn) span the sub-
spaces J(N)4.

Remark 1.6. Since (ri|r;) = i, by eq.(8) two vectors S(N)i|ri,...rn) and
S(N)x|ry,...r\) are orthogonal if |r},...r\) is not a permutation of |r1,...7TN).

Bosons. In evaluating the squared norm, the sum on permutations in eq.(8)
gives nonzero terms in correspondence of the identity permutation and permuta-
tions among vectors that are repeated. Then:

”2 ~nailnal. L ing!
N N!

where n,. is the number of times that |r) is present in the sequence |rq,...,rn).
Since n1 + ns + ... + Nee = IN, most occupation numbers n,. are zero.

||S(N)|?"1,7"2, .. 'TN>

2The permanent of a matrix is evaluated as a determinant, but omitting the weights £1. Note
that D4 (AB) # D4 (A)D4+(B).
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Consider the normalized and orthogonal vectors

N!

(10) |71, N4 = mg<N)|T1,...TN>,

Conventionally, 1-particle basis vectors are in ascending order, ry < 1o < ... <7y,
to avoid replicas of the same symmetric vector. These vectors form an othonormal
basis of the space of N bosons S (N).

Fermions. A state |r) cannot appear twice in |ry,...,ry), therefore n, =
0,1. In evaluating the norm, only the identity permutation contributes, then
|A(N)|r1,72,...7N)||* = 37 The vectors

(11) Ir1,79,...rn)— = VNVA(N)|r1, 70, ... 7N)
where ry < r9 < ... < ry, form an orthonormal basis in the space of N fermions
JC(N)_.

A vector |ry,...ry)4 is proportional to the symmetric or the antisymmetric
sum on all permutations of |r1),...,|rn). Therefore it carries the information that
each of the N particles has equal probability in the specified 1-particle states. The
information is specified by the occupation number of each state of the basis.

We introduce the equivalent notation:

(12) [P1,M2, -« Moo )+ = |T1,T2, ... TN )+
where n, is the occupation number of the single particle state |r), i.e. the number

of times that the vector |r) appears in |rq,...7x). For bosons n, = 0,1,2,..., for
fermions n,, = 0,1. In any case n; + -+ +ny = N.

Example 1.7. Let [1),]2), ... denote the vectors of a 1-particle basis.

- The vector for 6 bosons |2,3,3,5,5,8)+ (note the ascending order) can be repre-
sented as the number state |0,1,2,0,2,0,0,1,0,...)+.

- The vector for 6 fermions |2,3,4,5,6,8)_ (ascending order, no repetitions) is
equivalent to the number state [0,1,1,1,1,1,0,1,0,...)_.

- The number state for fermions |1,0,1,1,0,...)_ describes 3 particles in states |1),
|3) and [4), i.e. the state [1,3,4)_.

The orthogonality and completeness relations in 7 (N)4 are:
(13) +{ni,ng,...ny,nh, .. )y = Oyt Ong s, - - -

(14) E: slni,na, . N na,ng, . |e = In
Mny,ny,. ..
ny+ng+...=N

2. THE FOCK SPACE

It is advantageous to immerse the Hilbert space of N bosons or fermions in the
larger Fock spaces (V. Fock, 1928) for bosons or fermions:

Fi= |0 e 1) S AHR)Ld... 0 HN)L®...

|0} is the vacuum state (zero particle), .7 (1) = S is the one-particle Hilbert space,
woey (N )< is the Hilbert space of N bosons or fermions. In this construction,
vectors with different number content are orthogonal. Since 7 is separable, the
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Fock spaces % are separable (i.e. it admits a dense numerable subset).

The vectors |nq,...,ns )+ With unrestricted sum ny + -+ + ny, are a basis for F,.
In the large ambient of Fock space, operators that change the number of particles

may be defined. The basic ones are the operators that create or destroy one boson,

Bt and E, or the operators that create or destroy one fermion AT and A. Since

many properties can be derived jointly, we often use the single notation ¢f, ¢ (for

bosons they act on %, for fermions they act on Z_).

2.1. Creation and destruction operators. The creation operator of one particle
in a single-particle state |u) is defined through its action on factored vectors:

(15) &y S(N)slur, .. un) = VN +1 SN + 1) xfu,ur, . uw)

u)

It simply adds a new particle in state |u) to the existing N particles, and reshuffles
the N + 1 states. In particular, éb\O} = |u).

of
Ju

i H(N)x = A(N+1)x, N=0,1,...

The action on a generic vector in %L is defined by linearity, once the vector is
expanded into factored vectors.

The destruction operator of a particle in a state |u) is defined as the adjoint of
é‘Tw. For reasons that will be clear, it is useful to adopt the notation ¢,
To find the action of ¢, on vectors, we consider the matrix element between two
factored states (v1,...,vn" |5'(N’)ié<u|3’(N)i|u1, cosuN) . As Gy = (c‘Tu>)T adds a
particle in the bra-vector, the matrix element is zero if N’ # N — 1, meaning that
C(u| acts on the ket by removing a particle.
Let’s then evaluate the matrix element

(1, .., on—1|S(N = 1) 26 S(N) tug, ..., un)
The operator adds a state |u) in the left N — 1 particle state:

= \/N<U,U1,-.-,UN_1|S(N)1‘U1,--.,U,N>

_ @D (v1]us) ...2 <v1|ujjvv>
TN TE .
(on-1]u1) (on-1]un)

The permanent or determinant is expanded with respect to the first row:

(E1)7 () Dt [(viur )i

<.
Il
—

M=

(1 ) or, vt [SOV = D, ooy un)

I
3= 25
] =

<.
Il
i
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By the arbitrariness of the bra vector, and being the linear combinations of such
vectors a dense set in (N — 1)1, we obtain the final formula:

(16)

N

A4 1 .

Cu)S(N)|ut, ..., un E (£1)7 Ty uj)S(N —1)i|u1...,¢j7...,u]\z>
J:1

Destruction operators annihilate the vacuum state: ¢,|0) = 0.

With the definition of the creation operator on factored states, and being the de-
struction operator its adjoint, the following properties of linearity and anti-linearity
follow:

(17) rau—}-ﬁv) aéL) + ﬂérm’ é(au-i-ﬁ'u\ = Oé*é<u| + ﬂ*é<v|

2.2. The algebra of (anti)commutation rules. Creation and destruction oper-
ators obey a simple and important algebra. Consider the creation of two particles
in the single particle states |u) and |v)

&yl SN xlur, . un) = VN +2)(N + 1SN +2)sfu, 0, u1, ... un)

If the order is exchanged, the boson state with vectors exhanged remains the same,
while for fermions an exchange means a minus sign:

&yl SN s, un) = £/ (N +2)(N + DS(N +2)fu, 0,01, ..., un)

By respectively subtracting and summing, the following exact commutation and
anti-commutation properties result®:

(18) o]

lu)’

blT ]=0, (bosons) {lew,&‘TU)} =0, (fermions)

By taking their adjoint, it follows that destruction operators exactly commute or
anticommute:

(19) [b u|,lA) ] =0, (bosons) ’ {a(u), @0} =0, (fermions) ‘

In particular, (dru>)2 =0 and (G,)* = 0 (Pauli principle).

To obtain the relations among creation and destruction operators, their actions
in different order are evaluated:

2

éfv>é<u|S(N)i|u17 S UN) = Z(:tl)j+1<u\uj>5(]\7)i\v,u1 ety UN)

el >S(N)i|u17 > VN + u|S(N+1)i|U U17.-.,UN>:

N
= (o) S(N) < s, . ., uy Zﬂﬂ“ W) SN ey, oo sy )

By comparing the two expressions one concludes that

(20) [BM,ZA)'T@] = (ufv) (bosons)| |{a,a } = (ulv) (fermions)

3[A,B] = AB— BA, {A,B} = AB + BA
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Symmetric or antisymmetric factored states are obtained by acting with creation
operators on the vacuum (the state is not normalized, in general):

(21) S(N)xlur,ug, ... é|Tu1>é\Tuz>“ ‘l )10)

“Cluy

1
u;@—W

In the formula bosonic creation operators commute, and may be exchanged. Fermionic
operators anticommute, and their exchange may imply a sign change.

3. CANONICAL (ANTI)COMMUTATION RELATIONS

In most applications, creation and destruction operators are introduced in asso-
ciation with a complete orthonormal basis |r), r = 1,2,.... For brevity we write
&= éqpand & =¢f .

e For bosons the canonical commutation relations hold:

(22) [b,,bs] =0, [bi,bl]=0, [b.,bl]=6. (CCR)
e For fermions the canonical anti-commutation relations hold:
(23) {a,,a,} =0, {af,al} =0, {a,al}=96., (CAR)

A canonical transformation of creation and destruction operators is a map to an-
other set of operators, that preserves the CCR or CAR rules. For example, the
exchange of a, with af is canonical (particle-hole symmetry).

The action of the operators is simple on the occupation number states |nq, ... noo)+
referred to the same basis |r). With egs.(10) and (12), we obtain
e for Bose operators

N N! PN
I =t
blny...np...no) = nl!...nr!...bTS(N)|T1’r2"”’TN>
N+
= %S(N‘Fl)mﬁﬂhwuﬂ’N)
Nyte. . Npse e
(24) =Vn,+1|ng...,n.+1,...n5)

Br|n1...nr...noo> =

ol ! Na S(N
oty 2 D SO Dl )

(25) Ve ngooone — 100 ne)

e for Fermi operators:
allng...n.,...ns) =VNIWN +1 A\(N + D|r,r,r2. ., rN)
=/(N + DI(=1)"Fmr = AN 4 1) |1,y ry)

_ {(—1)"1"'""""“1 Ry ..,ne+ 1. .n0) ifn.=0

26
(26) 0 ifn, =1

0 if n, =0
(—1)mttneting on,— 1,00 0ny) ifn. =1

(27) aplni...np .. ns) :{

(—1)mt--F7r—1 counts the exchanges that bring the vector |r,r1 ... rx) to the vector
withri < - <r<---<rpn.
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The operators 7, = blb, and 7, = ala, are the occupation numbers of state |r):
(28) Ap|N1 e Ny Moo ) = NP1 oM o)

In the basis |r), the following are normalized occupation number vectors:
1

(29) [Py, M2, .. Neo) = \/ﬁéinl ) (bosons)
(30) In1,na, ... neo) = al™ ---alr=|0) (fermions)

For Fermi statistics n; = 0, 1; a change of the order of the operators may produce
a sign.

Exercise 3.1. Prove for fermions: the number operators commute, the eigenvalues
of n,. are 0, 1.

3.1. Field operators. The formalism is extended to operators that create and
destroy particles in states belonging to a continuum basis. An important example
is the single particle basis of position x and spin s,

Z/dx|x, my(x,m| =1, (x,m|x',m') = Spnmdz(x —x)

The operators that create or destroy a particle in the (unphysical) states |x, m) are
named field operators. In place of the symbols ¢y ,,| and é‘Tx my? it is customary to

use the symbols ¢, (x) and ¥} (x).

For bosons:

(31) [ (), 05,0 ()] = 03(% — X') 3y

(32) [om (%), Yo (x)] = 0, [, (), 9, (x)] = 0
For fermions:

(33) {m (%), 0] (%)} = G3(x = X' )

(34) {m (%), b (%)} = 0, {$], (), 9, (x)} = 0

Given the one-particle state |u) and the function u(x,m) = (x,m|u), one has
the expansions

(39 =3 [ dxtuxm) b, e,y =3 [ dxxomlu b, (0
On the other hand, given a single particle basis |r):
(36) b () =Y (xmlr)én,  df,(x) = (rlx,m)é

T T

Let’s introduce the operators that create and destroy a particle in eigenstates of p
and s,: plk,m) = hk|k,m) and s,|k,m) = hm|k,m). In a box of volume V = L3
with periodic b.c. the eigenstates form a discrete basis (k = (27r/L)n, n € Z3). We
associate them to the canonical operators éLm and ¢yx,,. Then, for example:

(37) ben = | j’;e—ik'ximm () = % Z g
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In the infinite volume, the basis |k, m) is continuous, and we associate to it the
field operators v (k) and ), (k). It is:

3 9= [ e . D = [ e i

4. SECOND QUANTIZATION OF OPERATORS

The action of creation operators on the vacuum state gives factored states, that
generate the Fock spaces. For this reason creation and destruction operators asso-
ciated to a basis, are a basis of operators on .%#..

The operators associated to the observables of identical particles commute with the
projectors S(N)4, and leave the subspaces (N )y invariant. In this section, they
are expanded in creation and destruction operators.

The proof of the following identity is left to the reader. If |u) and |v) are any
two single-particle states, for any factored state:

N

(39) & e S(N)slur, - un) = (@) S(N)lur, .- u, - un)
j=1

(in the right-hand side, the vector |u) replaces the vector |u;)). The iteration of
the formula with new vectors |u') and |v') gives:

é\Tu>é<v|é\Tu’>é<U'|‘§(N)i|u17""uN> = Z <U/|Uj>éru>é<v|g(]\7)i|u1,...,u,...,uN>

j=1..N
=(v|u/) W'u)S(N)|ut, ..oy un)
j=1..N
W' ;) wlug) S(N)|ug, sy uy)
J#k

In the last line u replaces uy and u’ replaces u;. The term with a single sum is
(W)l SN ) sl ).

An exchange of operators by means of (v|u’) = 0‘1,)C‘Jru,> F c‘Tu,>c‘U> gives

é‘Tu>é‘Tu/>é(u/|é<U|§(N)i|U1, e ,’LLN>
= (e 6018l e = (W)E e S(N) s, . uy)

—:I:Z (] (' |ug) S(N) g |ug, .yt oy uy)
J#k

(40) —Z () (V' fur) S(N) g, - oyl oun)
J#k

In the last line, v and v’ replace u; and wuy.
4.1. One-particle operators. They are sums of N identical operators acting on

1-particle subspaces, A = Z,ivzl a(k), where a(-) is a function of the fundamental
1-particle operators (e.g. position, momentum and spin).
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Upon insertion of two resolutions of the identity (not necessarily with same basis):

AS(N)2lur,.un) = S(N)x Y fur,... dug, .. ux)

k=1..N
ZS(N)iZ (rlalug)|ug, ..., 7. un)
r k=1..N
= (rlals) > (slur)S(N)xlu,...,7,...,ux)

The last line is compared with (39) and, since the vectors S(N)4|uy ... uy) generate
the Fock spaces:

(41) A=Y dlrlals)e

If the basis vectors are eigenvectors of the single particle operator @ with eigen-
values a,., the expansion is simple and suggestive: A= Doy Q. Ny = élé, is the
occupation number operator of the state |r).

In the continuous basis of position-spin, the expansion reads:

(42) A= 3 [ dxax il (o) emla 'y )

For local operators it is (x, m|a|x'm’) = d3(x — X') @m m (X). A notable example is
the particle density operator:

N
(43) Ax) =D a(x = x;) = Y b, ()¢ (x)
i=1 m

In the basis |k, m) (in a box) the kinetic energy operator is diagonal, while in the
basis |x,m) it recalls a 1-particle expectation value
N a2 21.2 2
R ey P e
(44) T=Y L= e tm = ~o Em: dx Pl (%) V24, (x)

2 2
=1 m k,m m

4.2. Two-particle operators. The operators are the sum of identical two-particle
operators: V = %Z#]‘ v(i,j) where v(i,7) = v(4,4). The symmetry implies the
exchange symmetry of matrix elements on 2-particle states
(L, 200]1,2) = (2. 1]0]2, 1)

Let us evaluate

VS(N)i|U1,...,UN> = %S(N)ﬂ:Z/U(ivjﬂulv"'?uiw"7uja"'7uN>

i#]
=3 ) (rslulr, )Y 0 ) (s fug) S(N) < fug, o7,y s, L u)
r,s;r’,s’ i£]

After using (40) we obtain the following expression:

(45) V=1 Z elel(r, s|ulr!, s ) g e

’ ’
r,s,r’,s
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(note the order of the destruction operators, which is opposite to that of the ket
states in the matrix element). If field operators are used:

@) V=33 [ daaxedl, )il )

(X111, Xoma|v[X3m3, Xag) Yy (Xa) Vg (X3)

The notation can be significantly simplified:

V=3 [ daznit 03 @), 2003.4) H05G)
If v only depends on the positions of the two particles:
(x1m1, Xoma|v[X3ms, Xamy) = v(X3,X4) (X111, XoM2|X3M3, X4My4) =
= v(X3,X4)03(X1 — X3)03(X2 — X4)0m, ms0ma,m,

The operator gains a form similar to a first-quantized expectation value:

(47) V=1 S [ a0, () o) o)

Remark 4.1. In second-quantized form, operators share some general properties:
e there is no dependence on the total number N of particles: the operators act on
the Fock space, and have the same expression for any N;

o if the numbers of creation and destruction operators are the same, they leave the
subspaces of N identical particles invariant;

e they are normally ordered, with destruction operators at the right of creation
operators. As a consequence, the expectation value of the operator on the vacuum
state (zero particle) is zero.

Exercise 4.2. Given H = 27-3 hméiés, which is the transformation that diago-
nalizes the Hamiltonian? Study the Hamiltonian H = —t > (éfé, 1 +éfé,_q).

5. SYMMETRIES

A unitary operator u on one-particle states in J# defines a unitary operator
on #(N): Uy = u®u®...®u. Uy commutes with exchange operators and
leaves the subspaces (N )y invariant. The unitary operator on Fock spaces is
U=louaU,o...00v®....

Proposition 5.1. A one-particle unitary operator u induces a canonical transfor-
mation on creation and destruction operators:

(48) Ulel, U =él,,  UTenU =y

Proof. Ute) ,US(N)x|vr,...on) = UTef  S(N)sfuvs, ..., uow)

=N+ IUTS'(N+ Dy|v,uvy,...,uon) = VN + 1§(N+ Dalufv,vr,.. ., 0n)
= &l SV £vr, . o).
The second relation follows by adjunction. O

We present the unitary representations of space translations, rotations, dilata-
tions and parity on Fock space. They are important in the study of correlators.
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5.1. Space translations. For one particle, translations are represented by the
unitary group u(a) with the following action on position, momentum and spin
operators:

f(a)xu(a) =x+a, uf(a)pu(a)=p, uf(a)su(a)=s

u
They imply u(a) = exp(—%a -p) and the following transformations of eigenvectors

(49) u(a)lx,m) =[x +a,m), u(a)lk,m)=e "k, m)

On %, translations are represented by the unitary operators

(50) U@) =exp(—ia-P), P =Y hkél, tum
k,m

with action:

(51) U@, (x > U(a) = ¥, (x —a), U(a)dn(x)0(a) = dn(x - a)
(52) Ua)'ef,,U(a) = e™=ef,,, Ula

) Ckm (a) =e —ik: aékm

m?

5.2. Rotations. On the Hilbert space of a particle with spin, space rotations act
as unitary operators specified by the vector transformation of the fundamental
operators:

U(R)TJZZU(R) = Rijxj, u(R)Tpiu(R) = Rijpj, U(R)TSLU(R) = Riij

The infinitesimal transformations yield the commutation rules of x, p, s with the
generator (angular momentum) ji = €;52;p; + Sk. The action on basis vectors is

u(R)x,m) = D(R)wm|Rx,m'), u(R)[k,m) =73 D(R)mm|Rk,m')

where D(R) is a unitary representation of rotations, of dimension 2s+ 1, generated
by the spin matrices.
To the single-particle representation there corresponds a representation on Fock
space, where the generator is the total angular momentum. The field operators
transform as follows:

(53) U(R)ILx)0(R) =D 4l D(R)},
(54) ( )Twm Z D mm/wm/(Rilx)
The same relations hold for the field operators in the basis of momentum.

5.3. Dilations. Dilations, or scale trasformations, are here illustrated in the isotropic
case. They form a 1-parameter group of unitary transformations u(t) with the fol-
lowing action on fundamental operators:

(55) u(t)'zu(t) = ez, u(®)'piu(t) =e P, u(t)su(t) = s
and on position and momentum eigenvectors
u(t)|x,my = e%t|etx m) u(t)k,m) = 67%t|67tk m)

With u(t) = exp(—itD), from (55) one obtains the generator D = o=(x-p+p - x).
The representation on Fock space has action:

(56) U@l (x)0(t) = e 29, (e7'%)  U() 4 (x)0(2) = e~ F 4y (e ")
657 0OTLR0E) = 2] (e'k)  U() dn(k)U(t) = e2t4y, (e'k)
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Theorem 5.2 (Virial theorem). Let H = 3", H;, where U(t)H;U(t) = e™ ' H;. If
|E) is an eigenstate of H, then

(58) > (B[ E) = 0.

Proof. From Ut (t)H|E) = EUT(t)| E) one obtains: 3, "' H;Ut(t)|E) = EUT(¢)|E).
A derivative in t = 0 gives ), nH;|E) + iHD|E) = iED|E). The inner product
with |E) gives the result. O

Example 5.3 (Coulomb Hamiltonian). H = T + U, T = =30 P, U =
eQZKj |x; —x;| 1. For a scale transformation the kinetic term has weight ny = —2

while the Coulomb interaction has weight ny = —1. Then (E|T|E) = f%<E|U|E>
5.4. Parity. Parity is the unitary self-adjoint operator 7 defined by the properties:

wx,® = —x;, wp;® = —p; and ws;wm = s;. They imply w|x,m) = | — x,m) and
|k, m) = | — k,m). The corresponding unitary operator on Fock space is
(59) ULl () U = 98, (=), Ul () U = thyn (=)
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