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We first study why harmonic oscillators are so ubiquitous and see that not only a point mass in a
harmonic potential but also an LC circuit as well as the electromagnetic wave in a cavity behave like
a harmonic oscillator. Second, we learn an important idea of normal modes to deal with coupled
harmonic oscillators. Third, taking the continuum limit we study that a (1+1)-dimensional boson
field is emerged from N coupled (0+1)-dimensional harmonic oscillators.

I. HARMONIC OSCILLATORS, COUPLED HARMONIC OSCILLATORS, AND BOSON FIELDS
A. Harmonic oscillators
1. Point mass in a harmonic potential

Let us begin by considering a point mass with mass m and coordinate z situated in a potential U(z). Suppose
that the mass is oscillating with small amplitude around the equilibrium position 3. Then the potential energy of
the mass can be Taylor-expanded around z:
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Since the force, F' = 8%(::0), should be zero in the equilibrium position, neglecting the potential offset U(zo) we have
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This suggests that any potential can be considered as a harmonic potential when we are interested in the small motion
in the vicinity of the equilibrium position.
With the kinetic part K = %mﬁ we have the standard Lagrangian for the harmonic oscillator:

L(z,i) = K(&) - U(x) = %mdUQ - %ka. (3)

The motion of the mass from time ¢; to to can be determined so as to minimize the action integral
to
I = /L(m,:b)dt. (4)
ty

The minimum of I can be obtained by a variational principle (Hamilton’s principle), which leads to the Euler-Lagrange
equation of motion:
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that, in turn, is Newton’s second law:

mi — kx =0. (6)
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In the formal procedure the conjugate momentum, p, can then be obtained by
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We have thus the Hamiltonian H(l’,p) from the Legendre transformation:
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The mean value of energy H(z,p) in thermal equilibrium can be given by
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The mean value of energy (H(#,p)) becomes
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where

which in high temperature limit becomes (n) — % as in Eq. (9).

2. LC circuit

(QQ-representation

(13)

An LC circuit can be viewed as a harmonic oscillator, too. Replacing the coordinate x by the charge @, the mass m



by the inductance Ly, and the spring constant & by the inverse of capacitance Cy, we have the Lagrangian for the LC
circuit:
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The first term is the inductive energy and the second is the charging energy. The conjugate momentum is
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which is identified as the flux. The Hamiltonian is thus
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The commutation relation:
[Q,¢] = iR (19)
Let the annihilation and creation operators be
a Low A )
b=/ — — P 20
e (04 o0) (20)
~ Low A 7
=/ — Q- —¢). 21
TR CRE ) (21)
The Hamiltonian Eq. (18) can then be written as
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p-representation
We can equally use the flux ¢ as the coordinate of the LC circuit system, which is more relevant when we deal with
a transmission line. Then, the Lagrangian is a function of ¢ and ¢, and is given by
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where the roles of Cy and L ! are the mass and the spring constant, respectively, and are switched from the first
case. The first term is then the charging energy and the second is the inductive energy. The conjugate momentum
becomes

IL(¢, ¢)

Since ¢ = Lol =V (Faraday’s law of induction) the conjugate momentum of the flux ¢ is indeed the charge:

Cop = CoV =Q. (25)
Consequently, the Hamiltonian is
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The commutation relation:

[p, Q] = ih (27)
Let the annihilation and creation operators be
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The Hamiltonian Eq. (26) can then be written as
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3. Electromagnetic field in a cavity [1, 2]

The same line of argument can be employed to deal with the electromagnetic field in a cavity. Maxwell’s equations
(first order differential equations) tell us that there are 4 independent degrees of freedom out of apparent 6 degrees
of freedom {E, B}; namely

{ElvBl}’ (31)

i.e., the transverse components of electric and magnetic fields since the longitudinal components {E|, B} can be
fixed by the static equations

v-E=2 (32)
€0
V.B=0. (33)

To canonically quantize the electromagnetic field the potentials {A, ¢} instead of the field {E,, B} have to be
employed since the Euler-Lagrange equations are the second order differential equations. There are then 8 degrees of
freedom, {A, ¢, A, ¢}. The velocity of scalar potential ¢ does not appear in the standard Lagrangian [1] and thus 2
degrees of freedom {¢, (;5} out of 8 can be eliminated as the non-dynamic variables. We could further eliminate the
longitudinal 2 components {A“,AH} from the 6 degrees of freedom {A, A} by fixing the gauge (Coulomb gauge). In
the Coulomb gauge we have only the transverse components of the vector potential, that is, {A ], A 1}, which fit the
above fact that there are only 4 independent degrees of freedom. To simplify the notation “ 1 7 will be henceforth
omitted. The free field Lagrangian can then be given by [1]

L= / dVL(A, A) (34)

with the Lagrangian density of
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L(A,A) = %0 (A — 2 (V x A)2> : (35)

The momentum conjugate with the variable A; with i = x,y, z is given by

oL\ " .
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The free field Hamiltonian in the Coulomb gauge can then be given by [1]
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HPoint mass‘LC (Q—rep.)‘LC ((p—rep.)‘EM cavity mode
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In reciprocal space Maxwell’s equations are strictly local, so is the Hamiltonian density, which leads to
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where Hy, is the Hamiltonian for a single mode with the index k, which has the wave vector k and polarization A:
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where wy = ck. The form of Eq. (39) is quite analogous to the Hamiltonian for harmonic oscillators appeared in
Egs. (8), (18) and (26). In this sense we can consider the single-mode free electromagnetic field in the Coulomb gauge
(in reciprocal space) as a harmonic oscillator with the position variable A(w), the momentum variable II(w), and the
mass €q .

The commutation relation:

[Ag, ] = ihdk ke (40)
With the annihilation and creation operators
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the Hamiltonian Eq. (39) can then be rewritten as

PN 1
Hi = hwy (dzdk + 2) . (43)

B. Coupled harmonic oscillators
1. LC-mechanical oscillator coupling

Let us consider first the situation in which a metallic membrane oscillator with the angular frequency of w,, is
capacitively coupled to a LC circuit with the angular frequency of wrc. The coupled system’s potential can then
be given by H(x,q), where x is the membrane displacement and ¢ is the charge in the capacitor of the LC circuit.
Suppose that with certain external voltage the equilibrium position is z = Xy, and the equilibrium charge is ¢ = Q.
Then, around the equilibrium point, the potential can be written as
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with © = Xog+&,¢ = Qo +4§. The linear terms in Eq. (44), however, vanish becasue of the definition of the equilibrium
condition ZZ|,_x, = 0 and —|q 0o = 0. Neglecting the equ1hbr1um potential energy H(Xy, Qo), we have

A 1
A(3,4) = gmund? + 5pd? + Gid, (45)
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where %leqxzxo =k=mw?, 2 aq i Qo = %, and gx8q|ﬂ? Xo,q=Q0 = G.
By adding the kinetic energy parts, 2m Sp? = ém( dt) for mechanics and 5 ¢2 = % (—‘tl)2 for LC-circuit, we have
the Hamiltonian,
H= 1A2+1mwx+ ¢2+ ! @+ Gig (46)
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The Hamiltonian Eq. (46) can be rewritten as
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Using the rotating-wave approximation which neglect rapidly oscillating terms ab and a'b' in the last term in Eq. (47)
we have the canonical Hamiltonian for the coupled oscillator system:

N A h ~ N
H = hwpala + hwrobb + 5 (afb + b*&) . (48)

Here the vacuum energy terms are omitted since the energy can be offset arbitrary.

Let us analyze the energy level structure for the coupled system. First, suppose that the two oscillators are resonant,
that is, wy,, = wre = w. We then easily guess that the normal modes, which diagonalize the Hamiltonian Eq. (48),
are

é:i(a—l}) (49)

d:%(mz}). (50)

With these normal mode operators the Hamiltonian can be indeed rewritten in a diagonal form as
A h hg
= (hw - 29) e+ (hw + > dtd. (51)

The eigen-energies are shifted from the originally degenerate fiw by hg, which called normal mode splitting.
Next, let us consider the situation where the mechanical and LC oscillators have different resonance angular fre-
quencies, w,, and wro = wy, + A, respectively. The normal modes in this case become

¢ = cosf a—sinf b (52)
d = sinf a+ cosf b, (53)
where the mizing angle 6 is defined by
A
cot20 = —. (54)
w
The resultant diagonalized Hamiltonian is
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2. 1D atomic chain -phonon modes [3]

Let us consider one-dimensional monatomic atomic chain with the periodic (Born-von Karman) boundary condition,
q(Naa) = ¢q(0), where a is the inter-atomic distance. The potential energy of an atom in the chain is now dependent
on the configurations of the nearest-neighbor atoms and the total potential energy is

1 O )
V=53 (ana) — alln+1]a))?, (56)
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where we assume that the neighboring atoms interact with the spring constant of k. The equations of motion for the
coordinates {q(a),--- ,q(Na.a)} are coupled equations, i.e.,

.. ov
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= —r(2q(na) —q([n = 1a) — q([n + 1]a)). (57)

It is again possible to diagonalize the potential energy, Eq. (56) into independent quasi-particles’ potential energies by
linear transformation of the coordinates and thus by defining the normal modes (phonon modes). Taking advantage of
the periodicity due to the periodic boundary condition (¢(N,a) = ¢(0)) we can employ a type of Fourier transformation
as the required transformation, that is,

1 .
q(na) = NGA Z ehnay, (58)
a

where k; = %1 with [ = 0,41, £2, - ’%.

In terms of the normal coordinates uy, , the kinetic energy becomes
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and the potential energy Eq. (56) becomes
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Since the Lagrangian can be given by
m .. K
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the canonical momenta are systematically deduced, i.e.,

oL

Pk, = Din, mi_p, (63)
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In terms of these new coordinates the Hamiltonian becomes

1
H= o gkjpk,p,kl + nkz (1~ cos(kia)) up,u—,. (65)
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The Hamiltonian Eq. (65) is still not in the desired form because of the terms contain both k; and —k;, which stems
from the fact that {ug,,pk, } are not hermitian but uLl = u_y, and le = p_r,. We can rectify this situation by

introducing manifestly hermitian coordinates (standing wave solutions)

c 1 1
U’I(cz) = ﬁ (ukz + u—kz) = ﬁ (ukz + u;[) (66)
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and their respective canonical momenta

c c 1 1
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Note that for new coordinates and momenta k; runs over only positive values up to 2 . With these coordinates the
Hamiltonian Eq. (65) becomes a sum of the Hamiltonians for the N, independent harmomc oscillators;

(c) 2 1 (s) 2 1 (s) 2
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where k; = 2” l with 1 =0,1,2,---, & and wy, is the doubly-degenerate eigen angular frequency defined as

2

Wi, = \/2” a 7;()8(""”)) - 2\/zsin(k;a). (71)

Note that the relation between the eigen angular frequency w (energy) and the wave number k& (momentum) is
generally called the dispersion relation. We have now N, solutions of eigen energies {fiwy, }, and the mean total
energy per mole is

_ 2 1 1

For an atomic chain made up of two atoms, the two eigen angular frequencies are

Wiy = 0 (73)

Wy = 2,/%, (74)

which reproduce the aforementioned normal mode splitting.

C. Boson fields
1. 1D atomic chain -continuum limit [3]

Suppose that a <« 1, then

9q(x, + a) u

o (75)

q([n+ 1a) — q(na) = q(zn + a) — q(zn) =

and

allna) ([ — 1]a) = g(z) ~ (o — @) = 2000, (76)




thus

2q(na) — q([n —1]a) — q([n +1a) = (q(xn) — q(zn — a)) = (¢(xn + a) — q(z,))
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Plugging this in Eq. (57) the equation of motion for ¢(z) in the continuum limit can be written as

mi(z) = K (azq”)) a2, (78)

Oz?
or rather
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that is, a (1+1)-dimensional boson field equation with the velocity,

vﬁmﬁ (30)

where ¢11 = K + %u = ra and p = ™ are the elastic constant (K being the bulk modulus and p being the shear
modulus) and the mass density of the chain. This wave equation is essentially for the longitudinal acoustic phonon
mode. For the transverse acoustic phonon mode, the velocity becomes

2
/UST = K/Ta = 7012 == H. (81)
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The dispersion relation in the continuum limit is linear:

wi = vsk. (82)

We see that in the continuum limit, a — 0, N, — oo, the displacement field q(x,t) is emerged from the discrete
atomic chain. Note that x is now the index as opposed to the coordinate. From the view point of the field theory the
above point mass equation, Eq. (6) is in fact (0+1)-dimensional boson field equation.

As in Eq. (58) the (0+1)-dimensional coordinate is

qn(t) = \/jv Z etkina)y, (8), (83)
.

and the canonical momentum is
1
t =
pn(t) VoA

Z e ki@ (t). (84)
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The commutation relations are

[9n (£), s (1)) = ih6 - (85)
for the real space operators and

[k, (), i, ()] = hk (86)

for the reciprocal space operators.
The (1+1)-dimensional operators are defined, on the other hand, by

o(e.t) = lim q"jaf)z lim \/%Zuk(t)eikz:%Zuk(t)eim (87)
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and

. palt) : 1 ik 1 —ik
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Note that the factor ﬁ in introduced in each definition in order to make sense when the limit operation a —

0, N, — oo with Nya = L finite is performed on the original (0+1)-dimensional forms in Eqgs. (83) and (84). The
Fourier-transforms are then properly defined with the periodic boundary condition over the length L

g (t) = \% / duq(z, t)e—* (89)

ot

and

L
p(t) = 7= / dap(z, t)ee. (90)
-3
The commutation relations are
la(x, 1), p(a’,1)] = ihd(z — ') (91)
for the real space operators and
[k, Prr] = Phdk 1 (92)

for the reciprocal space operators.
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