Free Fields, Harmonic Oscillators, and Identical Bosons

A free quantum field and its canonical conjugate are equivalent to a family of harmonic
oscillators (one oscillator for each plane wave), which is in turn equivalent to a quantum
theory of free identical bosons. In this note, I will show how all of this works for the
relativistic scalar field ¢(z) and its conjugate 7(z). And then I will turn around and show
that a quantum theory of any kind of identical bosons is equivalent to a family of oscillators.
(Harmonic for the free particles, non-harmonic if the particles interact with each other.)
Moreover, for the non-relativistic particles, the oscillator family is in turn equivalent to a

non-relativistic quantum field theory.

In this note we shall work in the Schrodinger picture of Quantum Mechanics because
it’s more convenient for dealing with the eigenstates and the eigenvalues. Consequently, all

operators — including the quantum fields such as ¢(x) — are time-independent.
FroM RELATIVISTIC FIELDS TO HARMONIC OSCILLATORS

Let us start with the relativistic scalar field ¢(x) and its conjugate 7(x); they obey the

canonical commutation relations

and are governed by the Hamiltonian
H = [d*x (37%(x) + 3(Vo(x))? + $m*@*(x)). (2)

We want to expand the fields into plane-wave modes ¢y and 7y, and to avoid technical
difficulties with the oscillators and their eigenstates, we want discrete modes. Therefore, we
replace the infinite x space with a finite but very large box of size L x L x L and impose
periodic boundary conditions — ¢(z + L,y,2) = ¢(z,y+ L, z) = ¢(z,y, 2+ L) = ¢p(x,y, 2),

etc., etc. This gives us discrete plane-wave modes

- 2
Ue(x) = L3/2ekx where kg, ky, k, = % X an integer. (3)



Expanding the quantum fields into such modes, we get

@(X) — ZL—3/2€ikX % @k, @k — /d3XL—3/2e—ikX % @(X),
k

(4)
7(x) = Z L3267 T T, = /d3x L3267 2 (x).
k

A note on hermiticity: The classical fields ¢(x) and 7(x) are real (i.e., their values are real
numbers), so the corresponding quantum fields are hermitian, ¢f(x) = ¢(x) and 77(x) =

7(x). However, the mode operators ¢, and 7, are not hermitian; instead, egs. (4) give us
o =¢ andal =7 .
The commutation relations between the mode operators follow from egs. (1), namely
[@ka‘ﬁk/} =0, [frk,frk,] =0, [¢k7ﬁ'k/] - i‘sk,—k’- (5)
The first two relations here are obvious, but the third needs a bit of algebra:
(Broiie) = [ [ 13m0 o () ()
_ /d3X /d3xl L—Se—ikxe—ik/x' « i5®) (X . X/)

Y /d?)xe—ix(k+k’)

box
- i5k7—k,'
Equivalently,
A R I s A 1ol AT s ;
[‘PkﬂTkI] [g&k,ﬂ'k,] 10k k! 5 [@kaﬂk/] [QOkﬂTk,] 1 Ok+k’,0 - ( )

Now let’s express the Hamiltonian (2) in terms of the modes. For the first term, we have

/d?’x 2 (x) = /d3x Hx)r(x) = /d3x Z Z L3 kxptikx ﬁltﬁk’

k k

= ﬁlﬁk/ x | L3 /d3xeix(k/_k) = kK (8)

box



Similarly, the last term becomes
Joxdt = Y d. ©
Kk
while in the second term
Vox) = > L732eM wikg = Y L7327 0 —ik g, (10)
Kk Kk
hence
Jix (Vo0 = Sk (1)

Altogether, the Hamiltonian (2) becomes
H=> (% Alr, + 1032 +m?) ¢L¢k> . (12)

Clearly, this Hamiltonian describes a bunch of harmonic oscillators with frequencies wy =
vkZ+m?2 (in the i = ¢ = 1 units). But since the mode operators are not hermitian,
converting them into creation and annihilation operators takes a little more work then usual:

We define

i = (i + i)

and consequently

- ¥

&;r( = Yo <Wk95I< - iﬁT) ) (13>
. 1 . . 1 At
a_y, = ST (w_kgo_k + Z7T_k> = NG (wkgok + 27rk> ,
L 1 A ot 1 . .
a_y, = NG <wfk<p7k — zwfk) = \/T_k (wkgok — z7rk>

Note that d;r{ #a_, and a_, # dL; instead, we have independent creation and annihilation

operators dL and a, for every mode k.



The commutations relations between these operators are

lay,d] = 0, [al,al] =0, [ay,al,] = S (14)
Indeed,
L. 1 Fia A A s e s .
g i) = o (' [y ] + 37 e ] + i 01 ] — [ o] )
1
= 0 + iw X —idkywo + iw X +idkiwo + 0
dww’ ( o el ) (15)
_ 5 y W —w
k+k’,0 oo
=0 because w’ = w when k 4+ k’ = 0.
Similarly, [af,al,] = 0. Finally,
Lt 1 AP e o ra At L L
[ay; ] = Ton <WW [Py Pp] + i [Fy, D] — iw [Py, Ty + [kaﬂk/]>
1
= (0 + iw' x _i(sk,k’ — W X +i5k7k’ + 0)
dww! (16)
w+w
= O X
’ dww’
= Ok because w’ = w when k’ = k.

To re-obtain the field mode operators ¢, and 7, from the creation and annihilation
operators, let us combine the first and the last equations (13) for the @, and dT_k. Adding

and subtracting those equations, we find

ap +al = 2w x @,  —idy +ial, = X i (17)
Consequently,
AT A Wk N N N A
wQszLgok = 5 X (alt +a_y )@ +a )
w AT A AT oA N A
= %x(ai{k—i—alcﬁk—i—a K + a_pa k),
At oA Wk At T (18)
M = - % (it —ia_y )(—iay +ia’ )
w AT A AT A A A
:?kx<aLk—aTkaT_k akak+akak>,



hence

PRLp + Fie = wiex (alay +aaly)
(19)
— e x (@ + alyay +1).
Altogether, the Hamiltonian (12) becomes
=3 donex (afay + alya g +1) = Y (alay +3). (20)
k k

In light of the commutation relations (14), this Hamiltonian clearly describes an infinite

family of harmonic oscillators, one oscillator for each plane-wave mode k.

Now consider the eigenvalues and the eigenstates of the multi-oscillator Hamiltonian (20).
A single harmonic oscillator has eigenvalues E,, = w(n + %) where n = 0,1,2,3,.... For the
multi-oscillator system at hand, each n, = dek commutes with all the other 7, so we may

diagonalize them all at the same time. This gives us eigenstates
{ni for all k}) = Q) lnk)  of energy Epyy = Y wi(ni + 3). (21)
k Kk

where each ny is an integer > 0. Moreover, all combinations of the ny are allowed because
the d;r{ and a, operators can change a particular ny — ny & 1 without affecting any other
ni. (This follows from [, ,7,,] = 0 and [dlt,ﬁk,] =0 for k’ # k.) Thus, the Hilbert space
of the multi-oscillator system — and hence of the free quantum field theory — is a direct

product of Hilbert spaces for each oscillator,

H(QFT) = ® H(harmonic oscillator for mode k). (22)
k

FrROM THE MULTI-OSCILLATOR SYSTEM TO IDENTICAL BOSONS

A constant term in the Hamiltonian of a quantum system does not affect its dynamics in
any way, it simply shifts energies of all states by the same constant amount. So to simplify
our analysis of the multi-oscillator system in particle terms, let’s subtract the infinite zero-

point energy Eog = ) %wk from the Hamiltonian (20), thus
H— H - By = wali,. (23)
k

I'll come back to the zero-point energy, but right now let’s focus on other issues.



In the multi-oscillator Hilbert space (22) each occupation number ny is independent from
all others. However, states of finite energy must have finite N = ), ny, so let us re-organize

the Hilbert space into eigenspaces of the N = >k Ty operator,

H(QFT) = (R H(modek) = P Hy, (24)
k

and consider what do those eigenspaces look like for different N. For N = 0, the Hq spans
a single state, the vacuum |0) = |all ny = 0). For N = 1, the #H; spans eigenstates with a
single ny = 1 while all other ny, = 0. Renaming such eigenstates |ny = 1, othern = 0) — |k)

and noting their energies
E(k)) = wx = VK2+m?, (25)

we identify the H; as a Hilbert space of a free relativistic particle with Hamiltonian

l,—_ifparticle _ ‘/132 +m2_ (26)

For N > 1, we may have several modes with ny > 0, but for a finite N there can be only
a finite number of such modes. So we rename such a state |ky,...,ky) by listing only the

modes k with ny, > 0 and repeating each k ny times. For example,
’3k7 2, 2, Lyom, Oeverything else> = ‘k7 k7 ka kla kla kl/a k/la k///> : (27>

In such notations, the Hy Hilbert space spans eigenstates |ki,ka, ..., ky) labeled by N
modes ki, ..., ky (such modes may coincide but do not have to). The energy of such an

eigenstate is
E(’kl,kg,...,kN>) = Wk, + Wk, + -+ wkN, (28)

which allows us to identify the H as the Hilbert space of N free relativistic particles with

Hamiltonian
N
JyN particles  _ Z \/]_f)Z(ith) + m2. (29)
i=1
However, treating the ki, ..., ky momenta of N particles as independent over-counts the

quantum states because the occupation numbers ny do not specify the order in which we



list the modes k;. For example, both |kj, ko) and |k, ki) both correspond to the same state

}1k1, I, Oothers>- More generally,
H{nk}) = |ki,...,ky) = |any permutation of the ky,..., ky). (30)

In other words, the N relativistic particles in the Hy are identical bosons.

Altogether, we have

@ H(N identical bosons). (31)

H(QFT) = ®’H(harmonic oscillator #k) =
k N=0

Hilbert spaces of this kind — any number N of identical bosons (or fermions) are known

as Fock spaces. So the Hilbert space of the quantum field is the same as the Fock space of

particles, and the Hamiltonians are also the same:

N

H[p(x), 7(x)] = Y _/P? + m?2. (32)
=0

2

In other words, the quantum theory of the free field is identical to the quantum theory of (any
number of) free identical bosons. For the theory in question, the field is a relativistic scalar
¢(x) and the bosons are spinless relativistic particles. But in exactly the same manner, the
quantum theory of Maxwell fields F#¥(x) is identical to the quantum theory of (any number
of) photons — which are massless relativistic particles with two polarizations states (per

photon) and obey Bose statistics.

Quantization of field theories with non-quadratic Hamiltonians (and hence non-linear
classical equations of motion) also leads to theories equivalent to theories of quantum par-
ticles, but this time the particles are not free but interact with each other. In relativistic
theories, interactions also allow for creation and destruction of particles; such processes have
to be described in terms of the Fock space rather than a fixed—-N Hilbert space. In non-
relativistic theories, the net particle number N is sometimes conserved, sometimes not, but

even when it is conserved, the Fock-space formalism is often convenient.



Finally, a few words about the zero-point energy Ey = > . %wk. From the particles’
point of view, Ej is the vacuum energy. It does not affect any properties of the individual
particles or the way they interact with each other, so one usually simply ignores the Ej
and proceeds as if it was not there. However, in some situations Ey becomes important:
(1) When one couples a quantum field theory to general relativity, vacuum energy density
becomes the cosmological constant. (2) When a QFT has some variable parameters, the
vacuum energy acts as an effective potential for those parameters. This is important for
cosmology of the early Universe, and also for the Casimir effect. Note that while the Ej
itself is infinite (except in supersymmetric theories where infinities cancel out between the
bosonic and fermionic fields), it can be written as a sum of an infinite constant and a finite
part which changes with parameters by a finite amount AFEy — it’s the finite part that’s

responsible for the effective potential and for the Casimir effect.
FRrROM IDENTICAL BOSONS BACK TO CREATION AND ANNIHILATION OPERATORS.

Quantum Mechanics of many identical bosons can be done in the wave-function formal-
ism, but it’s often convenient to use the formalism of the creation and annihilation operators
in the Fock space. For historical reasons, this formalism is called “second quantization”, but
this name is misleading: there is no new quantization, just the same old quantum mechanics
re-written in a new language. In this section, I will develop the second quantization formal-
ism for the ordinary non-relativistic particles (for example, helium atoms), although it works

in the same way for all kinds of particles, or even for quasiparticles such as phonons.

The Fock space is the Hilbert space of an arbitrary number of identical bosons,

F = @H(Nbosons), (33)
N=0

and our first task is to construct the basis of this space which may be interpreted in terms
of occupation numbers n,. Here a’s should label 1-particle quantum states, so we start with
the single-particle Hilbert space H; and build some kind of a complete orthonormal basis

of states |o) with wave-functions ¢n(x). I assume |o) to be eigenstates of some kind of

* By abuse of notations, I include spin, isospin, and any other discrete quantum numbers a particle may
have with the x = (z, y, 2, spin, etc.).



a l-particle Hamiltonian, H; |a) = €4 |a), but the specific form of the operator Hy is not

important for our purposes. For simplicity, I also assume the spectrum of « to be discrete.

Given a one-particle basis {|«)}, we may construct a complete basis of the two-particle
Hilbert space Ho using eigenstates of the operator Hy = Hi(1%%) + H{(2"). Naively, this op-
erator has eigenstates |o) ®|3) with energies e,+€3 and wave functions ¢ (x1) x ¢g(x2). How-
ever, two identical bosons must have a symmetric wave function ¢o5(X1,X2) = ¢ag(x2,x1).

Consequently, we must symmetrize:

) ©16) + 18) @ |y

for f # «a,

o) @ |av) for § = a,
or in the wave-function Language

Pa(X1)Pp(x2) + dp(x1)Pa(x2) for B # o
Gap(X1,X2) = Gpal(X1,%2) = V2 o (35)
¢a(xl)¢a(x2> for 5 = Q,

Similarly, wave functions of N identical bosons must be totally symmetric,
¥(x1,X2,...,xXy) = t(any permutation of the x1,x2,...,xy). (36)

To construct a complete basis of such N-particle wave functions, we use eigenstates of the
N
Hy =) H(i*" particle). (37)
i=1

Without the symmetry requirement (36), all eigenstates of this Hamiltonian would be of the
form |o) ® |f) ® - - - ® |w), with energies €, +€g + - - - + &, but because we are in the Hilbert

T A continuum spectrum would lead to the same physics, but we would need more complicated formulae
to handle states with occupation numbers n,, > 1 for continuous «.



space of IV identical bosons, we must symmetrize such states according to

o, 3 W) = la) ® ) ® -+ @ |w) + all distinct permutations of «, 3, ... ,w
e V# of distinct permutations ’

Pa(x1)0g(x2) - - du(xn) + all distinct permutations of a, 3, ... ,w

¢a5...w<X1, X9, ... ,XN) =

V# of distinct permutations
(38)

Consequently, the order of the N single-particle labels «, 3,...,w of a state (38) does not

maftter,

la, B,...,w) = |any permutation of the a, §3,...,w), (39)

which means that we may uniquely specify such a state in terms of its occupations numbers

ng that count how many times each 8 appears in the list o, §,...,w. For example,
|Oé, Oé, Oé, /87 ﬁu 77 77 57 €> = ‘3047 257 2’}/7 157 167 Oallothers> . (4())
Formally,
N
a1 ...,an) = |{ng}) where ng = 25%5 : (41)
i=1

Note that > gng =N, so all but a finite number of the occupations numbers must vanish.

The states (38) are eigenstates of the Hamiltonian (37) in the N-boson Hilbert space Hy,
so together they form a complete orthonormal basis of the H . In terms of the occupation
numbers, this basis comprises states |{n5}> where ng are non-negative integers which total
up to N, > gng = N. Removing the latter constraint, we construct a bigger Hilbert space
which spans |{ng}) with all values of the N =} gnp. Physically, this space is the Fock

space
o0
F = |vacuum) @ Hi1 @ Ho @ Hz & --- = EBHN (42)
N=0
of the quantum theory of an arbitrary number N = 0,1, 2,3, ... of identical bosons.

In other words, what we have done thus far is to construct a basis of the entire Fock

space comprising states |{nﬂ}> with definite occupation numbers. We can think of this basis

10



as a common eigenbasis of a family of commuting hermitian operators ﬁﬂ with eigenvalues
ng = 0,1,2,.... Such operators are very useful for extending additive operators such as (37)

to the whole Fock space and for writing them in compact form

A~

H = N, . 43
whole F ; G'Bnﬁ ( )

Indeed, the operators (37) and (43) have the same eigenstates |aq,---,ay) and the same
eigenvalues ZB €4l = €, T+ €ay -
For example, consider free non-relativistic particles (in a big box). The single-particle

Hamiltonian is H; = %152, so we may identify |a) as |p). Consequently, the Fock-space

Hamiltonian

Htot = — XN (44)

comprises net Hamiltonians H N=2 ﬁfﬂ(im) for any number N of free particles. Like-

wise, the Fock-space momentum operators

Pt = Y pxiy (45)
P

comprises net momenta P N=D P(i™) of N particles for any N.

*x kX

To construct more interesting operators in the Fock space we need the creation and
annihilation operators, so our next task is to construct harmonic-oscillator-like dL and aq.
We begin this by noticing that in the Fock space, the occupation numbers ng are completely
independent from each other. That is, given any state |{n5}> € F, we may change one
particular n, — n,, £ 1 while keeping all the other ng unchanged, nfg =ng for § # «, and
the state [{nj;}) would be a valid state in the Fock space 7. This means that the Fock space

is a direct product of single-mode Hilbert spaces,

F = ®H(mode B) where H(mode [3) spans |n5> for ng =0,1,2,3,....  (46)
B

The Hilbert space of a single mode looks like a Hilbert space of a Harmonic oscillator,

11



so we may construct oscillator-like creation and annihilation operators according to

n|n—1) forn >0,
i) © Varipm+1), ap) ¥ viin=1) (47)
0 for n =0,
and hence a'a = 7 and [d,df] = 1. Similarly, the direct product of single-mode Hilbert

spaces in eq. (46) looks like a system of many harmonic oscillators, one oscillator for each
mode 3. This allows us to construct a whole family of oscillator-like creation and annihilation

operators in the Fock space, namely

al, [{ns}) et e 1 [{nfs = ns + bas}) .

def { VN ‘{n'ﬂ =ng—0ap}) for ng >0, (48)

o Hnﬁ}> 0 for ng, = 0,

It is easy to see from these definitions that the operators &L, (o, and 1, for different modes
a commute with each other, but for the same mode [aq, &&} = 1. Altogether, we have the

bosonic commutation relations

(g, 5] = 0, [al,al) = 0, [ag, @] = das. (49)
The operators d:& and a,, do not commute with the net particle number operator N = > 3 n 5
Instead, [N, ah] = +ad, [V, 4] = —aq and hence
Nal = al(N+1) and Na, = a,(N—1), (50)
T

an G, operator creates a particle while an a, operator annihilates (destroys) a particle.

That’s why the &}; are called creation operators and the a,, are called annihilation operators.

Of particular interest to QM of many-particle systems are operator products d:&dﬁ,
d:&dg&yd 5> €tc., containing equal numbers of creation and annihilation operators. Such prod-
ucts — and their sums — commute with N and may be used to construct physically inter-

esting operators for systems where the particles are never created or destroyed. For example,

12



for the free non-relativistic particles (in a big box)

~ p N ~ N
Hior = Z—Gi)ap, Piot = Z pa;[)apa (51)
p p

cf. eqs. (44) and (45).

More generally, consider any one-body (i.e., one body at a time) additive operator which

acts on N-particle states as
N
A™Y(N particles) = ZAl(ith particle) (52)
i=1

where A; is some kind of a single-particle operator. Let («| Aj |8) be its matrix elements.

Then in the Fock space formalism, the net operator (52) acts as

At =N "(al Ay |8) x alag. (53)
a7ﬁ

In particular, when the 1-particle states |a) are eigenstates of the Ay, this formula reduces to

Alot — Z(eigenvalue)a X ala, . (54)

«
At this point in the argument, the special case (54) should be obvious to you. The more gen-
eral case (53) with non-diagonal matrix elements (a| A; |3) is not obvious, so I am assigning

it as a part of your next homework (set#2).

Another part of your next homework is to show that if three single-particle operators Ay,
Bl, and él are related via commutation relation [fll, 31] = C’l, then the corresponding Fock-
space operators flt"t, BtOt, and C°t defined according to eq. (53) obey the same commutation
relation [Af°t, Btot] — (ot For example, consider a gas of free atoms with nonzero integer
spin s = 1,2,.... In terms of the creation and annihilation operators, the net spin operator

for the whole gas becomes

Spet = Z Z (s,ms| Sy ‘s,m;> X dI),mS&p,mg’ (55)

’
P msms

and since the single atom’s spin operator obeys the angular momentum commutation re-

lations [S%,57] = i€7%S¥  the net spin operator satisfies the same relations [SZ., ] =
1€V SE

13



Interactions between particles are described by operators involving two or more particles

at the same time. For example, a two-body potential Va(x; —x%;) gives rise to the net potential

operator which acts on a wave functions of N particles as

7.] 1’ 7
Vnet\If(Xl,..., Z V2 —Xj)\I/(Xl,...,XN).
i#j

In the Fock-space formalism, this operator becomes

~ ) e
Viet = 5 Z Va,8,7,6 Xaga%aéav
057/8,776

where V,, 5,6 are the matrix elements

Vi = [ [ 656ea)ox0) x VoGt —2) x 0, (x1)050x2)

In particular, in the momentum basis |p),

Vp’l,p’yphpz = L% p,+p,,pi+pz X W(q)

where q=p,—p1—ps—py and W(q) = / dx e Vy (),

hence

A _ 17-3 N
Viet = L ZW Zpﬁ—ququpl'

P1,P2

More generally, a two-body additive operator of the form
Buet (N particles) = % Z By (it and j*™ particles)

in the Fock space formalism becomes

(56)

(57)

(58)

(59)

(60)

(61)

1N Bapas x ahalaga,  where Bag.s = ((ol @ (8)Ba(ly) ®16)). (62)

a,B,7,0

Note that the matrix elements B, g, s are not symmetrized with respect to particle per-

mutations v <+ 6 and «a <> [; instead, the operator product dL&E&(;&W takes care of the

symmetrization thanks to asay = ayas and &Ta&; = &EGL

14



Proving eq. (62) is left as an exercise to the reader; indeed, it’s a part of your next

homework (set#2).

Generalization of the Fock-space formalism to operators involving more than two par-
ticles at the same time is straightforward. Three-body additive operators become sums
of deT@&TyaQ&E& 5 With appropriate matrix-element coefficients, four-body operators involve

AAAA

products a'atafataaaa of four creation and four annihilation operators, ete., ete.
NON-RELATIVISTIC QUANTUM FIELDS

In the previous section, we defined creation and annihilation operators in terms of a
particular basis of single-particle states |«). Changing to a new basis {|u)} involves a lin-
ear transform |p) = ) &) x (a|p) and hence a similar linear transform of creation and

.|.

annihilation operators from ag and a, to &L and a,, namely

af, =Y al x(alp), a, =Dy x (ula). (63)

« «

Indeed, in the Fock space |a) = al, |0) while |pu) = &L |0}, so the creation operators transform

exactly like Dirac kets; by Hermitian conjugation, the annihilation operators transform like

Dirac bras. And thanks to unitarity of this transform, the a, and dL obey the same bosonic

commutation relations (49) as the a, and al.

Of particular importance is the coordinate basis in which x-labeled operators become

quantum fields. Specifically, the creation field
Uix) = af =) al x ¢h(x) (64)
@
which creates a particle at point x, and the annihilation field
T(x) = 4y = D Gy X $o(X) (65)
a

which annihilates a particle at point x. These fields obey the continuous version of the

bosonic commutation relations (49), namely

~

B0, 9] =0, [0, 0 x)| =0 [T, 06)| = 6P x—x).  (66)
In the non-relativistic many-particle theory, many operators may be expressed in terms

15



of creation and annihilation fields as [ d3x (something local). For example, the net particle

number operator N becomes
N = Yalia, = [Ex T80, (67)
(0%

which tells us that 7(x) = Uf(x)¥(x) is the local particle density operator. Consequently,

the potential energy operator for particles interacting with an external potential V,(x) is

Vet = /d?’xVe(x) X A(x) = /d3xVe(x) x Ul (x) T (x). (68)

Similarly, the net momentum operator is
Poet = » Ppahi, = / Px Ul (x) x —iV(x), (69)
p

and the net non-relativistic kinetic energy operator is

2 2
- lcin p .. P v 1 (4 R
Hig = E —a;r)ap :/d x U1 (x) 5 U(x) = —I——2 PBxVUi(x) VI(x). (70)

m m m
P

[\

Thus, the non-relativistic particles in an external potential V(x) but not interacting with

each other have Fock-space Hamiltonian of the form
. . . 1~ ~ ~ ~
H = HED 4 Vi :/d3x <% VUi (x) - VU (x) + n(x)w(x)\y(x))

_ /d?'xxfﬁ(x) (—5—2 + Ve(x)) U (x).

m

(71)

For this Hamiltonian, the Heisenberg equations for the quantum fields become similar to the
ordinary Schrodinder equations for single-particle wave functions. Indeed, in the Heisenberg

picture of QM, the time-dependent quantum fields satisfy

-~

i U(x,t) = [@(x, t),H] - (—% + Ve(x)) T(x, 1),
9. o o2 ~ (72)
—is U (x 1) = [H, U(x, t)] - (—% + v;,(x)) Ti(x, ).

Despite the similarity, these are not the true Schrodinger equations of the many-particle sys-

tem because: (1) They apply in the wrong picture of QM (Heisenberg instead of Schrédinger).

16



(2) The true wave-function ¥ (xy, ..., xy;t) of N particles depends on all of their coordinates
X1,...,Xy, unlike the quantum field \Tl(x, t) which depends on a single x regardless of how
many particles we have (or rather had since ¢ does not preserve N). (3) Adding interac-
tions to the Hamiltonian (71) would make eqgs. (72) non-linear, while the true Schrédinger

equations are always linear, no matter what.

Indeed, let the particles have a two-body interaction potential (56). In terms of the

quantum creation and annihilation fields, the Fock-space two-body potential becomes
Vine = %/d)q/de Va(x1 — xa) x Ul (x) ) U (x2) W (x0) U (x1). (73)

Adding this interaction to the free Hamiltonian (71) makes the Heisenberg equations for the

quantum fields nonlinear (and non-local), namely:

@a@(x,t) = [EJ(x,t),ﬁf] = (—% + Ve(x)> U (x,t)
+ / dx' Va(x' — x) U ()W (x') x ¥ (x),
5 R A - R (74)
i V1) = - [\Iﬁ(x,t),H] - (—% + Ve(x)> Tt (x, 1)

+ Ul(x) x /dx/vg(x/—x)\fﬁ(x’)@(x’>.

However, without the two-body (or multi-body) interactions between the particles, the
Heisenberg equations (72) are linear and look just like Schrodinger equation for a single-
particle wave function. This similarity suggest that the quantum fields W (x,t) and Wf(x, ¢)
may be obtained via the second quantization, which works like this: First, one quantizes
a single particle and writes the Schrodinger equation for its wave function. Second, one
re-interprets this wave function as a classical field 1)(x,t) and the the Schrodinger equation
becomes an Euler-Lagrange field equation which follows from the Lagrangian density

Lo = —hIm(p*y) — % VOV — Vi(x) x 970 (75)
(Note, —hIm(1*1)) = ihtp*) + a total derivative.) Third, one switches to the Hamiltonian

formalism where the canonical conjugate field for ¢(x) is w(x) = iht)*(x) and the classical
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Hamiltonian is
2
H = [dx (mw X b — 5) - /d3x <§—m VOV + Vi(x) x ¢*¢> . (76)

Finally, one quantizes the fields ¥(x) and 1*(x), hence the name “second quantization” as
the “first quantization” was writing down the single-particle Schrodinger equation in the
first place. Consequently, ¥ (x) and ¢*(x) become quantum fields \/I\f(x) and \/I}T(X) obeying
commutation relations (66) (which follow from the ih1)*(x) being the canonical conjugate of

1 (x)), and the classical Hamiltonian (76) becomes the Hamiltonian operator (71).

Historically, the second quantization was used as a heuristic for deriving the non-relati-
vistic quantum field theory. Some people tried to take the second quantization literally and
got into all kinds of trouble because it does not make physical sense: A wave function is
not a classical field, and it should not be quantized again. Instead, one should not take the
intermediate steps of the second quantization seriously but focus on the end result — which
is a perfectly good quantum field theory. However, the physical content of this theory is not
a single particle but an arbitrary number of identical bosons, and the \Tf(x) and \/I\/T(X) are
not quantized-again wave functions but quantum fields which destroy and create particles in

the Fock space. And of course, physically there is only one quantization.

The physically correct way to derive the non-relativistic QFT is the way we did it in
this note, the second quantization is only an old heuristic. Today, when one talks about a
second-quantized theory, it is simply a name for a quantum theory of an arbitrary number
of particles, usually formulated in terms of creation and annihilation operators in the Fock

space.
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