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1 Classical scalar fields

Classical field theory. The action of a system described by classical mechanics is
given by

S = ]thL (), () = /dt (; Y-V ..qn)>. (1.1)

The transition to classical field theory proceeds via the replacements
00(x,t)
ot

because in a relativistic theory the time derivative can only appear as a part of d,.
The action then takes the form

S = /dtL(CI)(x),OH(I)(x)) = /d4x£(<1>(x),8ufl>(x)), (1.3)

\%

qi(t) = @(x,t) = D(x), Gi(t) — — 0,P(x), (1.2)

where L is called the Lagrangian density or simply the Lagrangian of the theory.

To obtain the equations of motion, we vary the action with respect to ® and 9, ®
in a given volume V with the boundary condition {6®,8(8,®)}| oy = 0. Hamilton’s
principle of stationary action 65 = 0 then entails

Ve [ foc or
0—6S—/dx[8(1)5<1>+8(6#®) 5(9,®)

=[G -team) oo (o))

where we interchanged the variation with the derivative and performed a partial in-
tegration. The second bracket is a total derivative and can be converted to a surface
integral via Gauss’ law. It is zero because the field and its derivative vanish at the
boundary:

/d%@u Pt = /dauF“ =0. (1.5)
\% ov

The remaining integrand must also vanish because d® is an arbitrary variation. This
leads to the Euler-Lagrange equations of motion:

oL oL

o0~ " 9(0,®) 0- (16)

If the Lagrangian contains several fields ®;(z), one simply has to sum over them in
Eq. (1.4) and the equations of motion hold for each component separately.

Finally, let’s generalize the Hamiltonian formalism to the field-theoretical descrip-
tion. For a discrete system, the canonical conjugate momentum and Hamilton function

are given by
oL

T ()

pi(t) HZZ(M%—L- (1.7)
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In the continuum limit, the conjugate momentum becomes the canonically conjugate
momentum density II(zx),

oL oL
Hen H(x):&i)(:c)’ (1.8)

p(,t) =
and the Hamilton function acquires the form

H= /d% (H(x) b(z) — E) - /d%%(x), (1.9)
where H(z) is the Hamiltonian density.

Real scalar field and Klein-Gordon equation. We start with the simplest exam-
ple of a field theory. It contains only one type of field: a real scalar field ®(x) = ®*(z).
What are the possible terms that can appear in the Lagrangian? £ must be a Lorentz
scalar, so it can only depend on ® and 0,® 0*® (and higher powers of these expres-
sions). The combination 0,0/'® = O ® is a total derivative, so it doesn’t change the
equations of motion. Based on these considerations we write

= %a,@ 9P %m2<1>2 _ V(@ 7(0)™). (1.10)

The first two terms define the Lagrangian for a free scalar field, whereas the potential
V contains higher possible interaction terms.! The action is S = i d*z £, and we can
check that the mass dimensions work out correctly:

S]=0, [d*]=—-4, [L]=4, [®]=1, [9)=1, (1.11)

and therefore the parameter m has indeed the dimension of a mass. Discarding the
interaction terms (which we will always do in this chapter, hence ‘free fields’), we can
easily work out the Fuler-Lagrange equation:

oL 9 oL oL
= 2P = OHd = “P = Od 1.12
- " e Y Ggpe) T W=D (1.12)
and thereby arrive at the Klein-Gordon equation:
(O+m*)®=0. (1.13)

To derive the Hamiltonian density, we have to find the conjugate momentum:

_1 52 2 23,2 _ 0 _ &
£=3 (cp (V)2 — m2® ) = I(z) = 5500] b(z), (1.14)
and therefore we obtain
HzHé)—L:HQ—[,:%(H2+(V<I>)2+m2<132). (1.15)

In the quantum field theory, renormalizability will limit their form to ®3 and ®* interactions.
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The solutions of the Klein-Gordon equation are plane waves e*®* with dispersion

relation p? = m? = py = £/p? + m? = +FE,, so we can write its general solutions as

3 . .
O(x) = (273)3/2 / ;ZEZ; (a(p) e P + a*(p) e’px) (1.16)

pO:Ep

The overall normalization with (27)~3/2 and the factor 2E, in the integral measure
are just a matter of convention at this point, because we could equally absorb them
into the Fourier coefficients a(p) and a*(p). Later we will find that d*p/(2E,) defines
a Lorentz-invariant integral measure, so we keep it for convenience. Furthermore,
setting p’ = +E, does not restrict us to positive-energy solutions because we would
get the same form with p® = —FE, except for the interchange a(p) «+ a*(—p), which
we can always redefine (to see this, replace p — —p as integration variable). The
interpretation of the positive- and negative-frequency modes e¥? will become clear
only after quantizing the theory.

Complex scalar field. We can generalize the formalism to complex scalar fields:

1 . *
D(x) = —= (P1(x) +i®a(2)) , P (x) = Pi(x), (1.17)
V2
whose Lagrangian can be written as the superposition of the Lagrangians for its real
and imaginary parts:

2
L=

1 2
[2 0,0; 01D, — %cb? = 0,0% 0"® — m? D2 (1.18)
1

7

If we view the fields ®(z) and ®*(z) as the independent degrees of freedom, the conju-
gate momenta become

II(z) = oL = d*(z), *(x) = .BE = &(z) (1.19)
0P (x) 0P* (x)
and the Hamiltonian is
H= /d3x (H*ci)* +Hd - E) = /d?’x (T + |[Ve ]2 +m? |®]?) . (1.20)

Both fields satisfy Klein-Gordon equations: (0 + m?)® = (O + m?) ®* = 0, and the
Fourier expansion for their solutions has now the form

3 . .
O(z) = (27r1)3/2/§EZ (a(p) e ™" + b(p)* ") oo, (1.21)

with two independent coefficients a(p) and b(p).

We can define a Lorentz-invariant scalar product for solutions of the Klein-Gordon equation:

(B, W) := i/daﬂ @*(z)gz‘w(az) :z‘/ d*z @*(x)(%w(x), (1.22)

(Ex)



16 Quantum field theory

<
where f0, g = f(Oug) — (0. f)g and o is a spacelike hypersurface (which we chose to be a fixed timeslice
in the second step). The scalar product is Lorentz-invariant and therefore it has the same value on
each spacelike hypersurface:

/)

In the first step we used Gauss’ law under the assumption that the fields vanish sufficiently fast at
|z| — oo, and to obtain the zero we inserted the Klein-Gordon equations for the fields ® and ¥. Hence,
although the fields are time-dependent, the second form in Eq. (1.22) is independent of time. Eq. (1.22)
is linear in the second argument and antilinear in the first, it satisfies (&, ¥)* = (¥, ®), but it is not
positive definite: to see this, consider the plane waves

< <>
do, ® "W = /d% Dy (D*OMW) = /d% (®* OV — 0d* W) =0. (1.23)

) (o fyr) =2, 8'(p— p).

o —ipx * * _ 3 /

fp(l’) - (271')3/2 € pOZEp = <fp7f1i’> - _2EP(S (p —-p )7 (124)
(for fpr) =0.
With their help we can write the free Klein-Gordon solutions (1.21) as (ap = a(p))
" dp .
CI)(CE) = YAl (aP fp(x) +bp fp (I)) ) (1‘25)
J 2E,
and therefore

@)= [0 [ ottty 00 = [ B2 (- mR). )

’ 2Ep ZEP/ PJP pJpsrYUp Jp p’Jp QEp P D

The norm is not positive definite because of the negative-energy contributions |bp\27 hence it does not
permit a probability interpretation. Later we will see that (®|®) coincides with the U(1) charge for a
complex scalar field. For a real scalar field it is zero because b, = a,. From Egs. (1.24-1.25) we can
extract the Fourier coefficients via

ap = <fp>q)>7 b; = _<f;7 <I)> . (1‘27)

Noether theorem. Symmetries play a fundamental role in field theories. For ex-
ample, Poincaré invariance was the guiding principle for the construction of the La-
grangian (1.10), and eventually we will see that also the properties of ‘mass’ and ‘spin’
of a particle have their origin in the Poincaré group (they are related to the Casimir
operators of the group). There are also other types of symmetries such as internal
symmetries, and generally the invariance of the action under a symmetry leads to con-
served currents and charges. Symmetries also have dynamical implications: in fact,
the very nature of the Standard Model as a collection of gauge theories, where charged
particles interact via gauge bosons, is a consequence of gauge invariance.

Consider a field theory with fields ®;(z) and action S. We perform a transformation
of the coordinates and fields, which are parametrized by infinitesimal parameters &,:

oM = gt 4 Szt St =3 eq XH(2), (1.28)
PlL(2') = ®i(z) + 59, 60, =3 eq Fia(®,00). '
The Noether theorem states that for each transformation that leaves the action
invariant (then we call it a symmetry transformation) there is a conserved Noether
current j4 (x) with

Oy it () = 0 (1.29)
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px) —= ¢'(x)

Y

FIGURE 1.1: Visualization of Egs. (1.33-1.34).

along the classical trajectories, i.e., for solutions of the classical equations of motion.

We note that one can still write down a Noether current jj () irrespective of whether

the transformation (1.28) is a symmetry or not (then it won’t be conserved), and in

general we do not require the fields ®;(z) to satisfy the classical equations of motion.
Here are some examples for symmetry transformations:

e Internal symmetries correspond to transformations of the fields only, but not
spacetime itself. They are usually realized in the form of Lie groups whose ele-
ments are obtained by exponentiating the group generators Gy:

i eq Ga ozt =0,

N — DB —¢ a
Pi(z) = Dy ©i(x), D=e < 00; =iy eq(Ga)ij j.

(1.30)

e Spacetime translations depend on four parameters o and they are part of the
Poincaré group:

' =z+a ozt = at

& (1.31)

e Lorentz transformations consist of rotations and boosts and contain the re-
maining six parameters of the Poincaré group. An infinitesimal Lorentz transfor-
mation A = 1 + ¢ is parametrized by the antisymmetric matrix €,

= Az ozt =y,
& (1.32)

The matrices D(A) are the finite-dimensional irreducible representations of the
Lorentz group which depend on the nature of the fields (scalar, Dirac, vector field
etc.); we will discuss them later in the context of Dirac theory. For scalar fields,
D(A) =1 and therefore they satisfy ®,(Az) = ®;(z) and §®; = 0 (which is why
the fields are scalars under Lorentz transformations).
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To proceed, we need to define two types of variations. The ‘total’ variation is what
we already introduced above:

§0; = Bl(2') — Bi(z). (1.33)

It vanishes for the example of a scalar field under Poincaré transformations. The second
type of variation is the change of the functional form of the field at the position x:
= ®;(2' — ox) — D;(x) = ®;(2') — 9,P; Iz — D;(x) (1.34)
= 5<I>Z - 8#<I>1 (556“ .
Both types of variations are visualized in Fig. 1.1: a scalar field is invariant under

translations and therefore ®'(z') = ®(z); however, the functional form ®'(z) at the
position x has changed in the process. It follows that

0®; = 69, + 8;}131' oxt , (1.35)

where the second term vanishes for internal symmetries (0z* = 0).
Consider now a variation of the action of the form

5S = /d4 ' L(® () /d‘*mﬁ L, D(z))

:/d4:c5£+/(5d4a:)£,

with 0/2 = 9/0z'", which does not vanish at the boundary and also permits a variation
of the volume itself. The variation of the integral measure follows from expanding the
Jacobian of the transformation:

(1.36)

=|det J|d'z = (1+ 9 62" +...)d*s = dd'z=(0,02")d . (1.37)
Inserting this together with Eq. (1.35) into the expression for 45, we get
68 = / d*z [SoL + 0, L 6x* + L 0,02" ]

:/d4x[8£50<1>+ oL (508@—1-8(653:“)]

0P 9(9,)
(1.38)
oL oL
= [d o # o
/“{[acb “a@@)}% ”“[”””” T 90,8) ]}
14 ~~
egs. of motion N ZE“ 1

In the second bracket we defined a current 0j*; it inherits the dependence on the
infinitesimal transformation parameters g, in Eq. (1.28), so there is one current j4 for
each parameter ¢,. Now, if these transformations define a symmetry of the action then
0S = 0, and because the spacetime volume is arbitrary also the integrand must be
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zero. The first bracket vanishes upon inserting the solutions of the classical equations
of motion, and so we arrive at a conserved Noether current for each e,:

9, j"(x) = 0. (1.39)

We can rewrite the Noether current in a more useful form. With Eq. (1.35) we
eliminate dg® in favor of the total variation d®:

oL oL oL
0 — | ——=0"0—g"L |6z, = ——< 6O —THéx,. (1.40
90,9 "~ [ a0, T g, fre (140)
=:TH

TH is the energy-momentum tensor whose meaning will become clear in a moment.
While we derived the Noether theorem and the current for a single-component field,
the derivation goes through for arbitrary types of fields in arbitrary representations of
the Lorentz group — one simply has to sum over all fields in the Lagrangian. Let’s
exemplify the case of a scalar field ®(z) under ...

— 5t =

e translations (0® = 0, dz, = a,): the first term in §j* vanishes, and after remov-
ing the translation parameters ¢ we find that the conserved current according
to translation invariance is the energy-momentum tensor itself. The continuity
equation

0, T" =0 (1.41)

holds for solutions of the Klein-Gordon equation and can be easily verified. The
energy-momentum tensor has the form TH” = 9H® 0¥ d—gM" L, which corresponds
to one current for each component of a”.

e Lorentz transformations (0® = 0, dz, = €452°): here we can exploit the anti-
symmetry of e,4 and write

— 0t = —THoc g2’ = —%76 (THeal — TP ™) = —&%ﬁ mted (1.42)

Therefore, the conserved current is the angular momentum density
mteB = pragh _ priype Ay mtf =0 (1.43)

It carries the orbital angular momentum of the field; for fields with higher spin
there will be additional spin contributions coming from the 0® term in Eq. (1.40).
We can make this more explicit by inserting the energy-momentum tensor:

.o
9(9,,)

mial —

—i (2P — xﬁaa)} O+ (299" — 2PgNL.  (1.44)

S

L*# is a ‘covariantized’ version of the orbital angular momentum, because in
analogy to Eq. (2.55) we can define a three-vector

L= —Lej P =igja70" = L=z x(-iV). (1.45)
For a scalar field the current has the explicit form

meP = —i D LPD + (279" — 2P gh*) L. (1.46)
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e Internal symmetries (dx, = 0): in that case only the first term in Eq. (1.40)
contributes. An example is the U(1) current of a complex scalar field that we
will discuss in Eq. (2.44). The Lagrangian is invariant under the transformation
O =P, &' = ¢ ®d*, with € a real constant, and the corresponding current is

A xd
G =i(®* D — PP B) = i D* D, 8" =0. (1.47)

Noether charges. There is another important consequence of current conservation.
After inserting the equations of motion into Eq. (1.38), we can exploit Gauss’ law to
convert the remaining volume integral into a surface integral:

0:/d4xaujg = /da“jfj. (1.48)

\%4 ov

Specifically, if we squeeze the spacetime volume between two hypersurfaces at fixed
times, do, = (d®z,0), and assume that the fields vanish sufficiently fast for || — oo,
we conclude that there is a conserved charge that has the same value for all times:

[aie|, - [t
to

The relative sign comes from the fact that the normal vectors for the planes at fixed
times always point outwards of the volume. In fact, this relation holds for arbitrary
spacelike hypersurfaces, so the charge ), has the same value for all spacelike surfaces.

As an example, let’s consider again a scalar field under translations. The conserved
current is T#¥, and therefore the conserved charges are the spatial integrals [ d3x T,
They coincide with the Hamiltonian H and the total momentum P of the system,
which are conserved:

H—/deTOO_/d3x(H<i>—£)—/d3x7-[,

pi:/d%TOi:/d?’xHa@:/d?’xﬂvi@.

=0 = Q4= /dejg(ac) =const Vt. (1.49)

t1

(1.50)

Taken together with the Lorentz transformations, the conserved charges are the quan-
tities
P = /d?’xTO"‘, MP = /dgxmo’aﬁ. (1.51)
For example, in the case of rotations the conserved charge is
. ; 3 (1.45) ;
Jh= Lt MF =1 eijk/d% m0dk (12 ;aijk/d?’xnyk P, (1.52)

which is the total angular momentum of the field:

J:—z'/d?'xHL@. (1.53)
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Another example is the conserved charge for the U(1) current in Eq. (1.47):
3 nd
Q=i | dxz®"0y®. (1.54)

This is just our earlier construction of the ‘norm’ for Klein-Gordon solutions; it is
indeed Lorentz-invariant because it has the same value on each spacelike hypersurface.

The Noether charges will play a prominent role in the quantum field theory. After
quantizing the fields by imposing commutator relations, the charges inherit the operator
structure of the fields and form a representation of the Lie algebra of the symmetry
group on the Fock space. That is, if the group elements of the symmetry transformation
in Eq. (1.28) can be written as

iy caGa
D=¢ ¢ with [Ga,Gp] = ifape Ge, (1.55)

with some generic structure constants fup., then the charges will satisfy the same Lie-
algebra relation as the generators:

[QaaQb] = 1 fabe Qe » (1.56)

and thereby provide a representation of the symmetry group on the state space. This
is also true for the Poincaré group (which is also a Lie group): after quantization, the
operators MM and P in Eq. (1.51) satisfy the commutator relations of the Poincaré
algebra and thereby form a unitary representation of the Poincaré group on the state
space.



