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Thus the system evolves as if with the mean field hamiltonian, with a small
added oscillatory motion which does not grow (to order w=?2 for ¢(¢)) with
time.

We have seen that there are excellent techniques for dealing with pertur-
bations which are either very slowly varying modifications of a system which
would be integrable were the parameters not varying, or with perturbations
which are rapidly varying (with zero mean) compared to the natural motion
of the unperturbed system.

Exercises

7.1 Consider the harmonic oscillator H = p?/2m + %mw2q2 as a perturbation
on a free particle Hy = p?/2m. Find Hamilton’s Principle Function S(g, P) which
generates the transformation of the unperturbed hamiltonian to @, P the initial
position and momentum. From this, find the Hamiltonian K(Q, P,t) for the full
harmonic oscillator, and thus equations of motion for @@ and P. Solve these iter-
atively, assuming P(0) = 0, through fourth order in w. Express ¢ and p to this
order, and compare to the exact solution for an harmonic oscillator.

7.2 Consider the Kepler problem in two dimensions. That is, a particle of (re-
duced) mass p moves in two dimensions under the influence of a potential

K
Va? + 7

This is an integrable system, with two integrals of the motion which are in invo-
lution. In answering this problem you are expected to make use of the explicit
solutions we found for the Kepler problem.

a) What are the two integrals of the motion, F} and Fb, in more familiar terms
and in terms of explicit functions on phase space.

b) Show that F} and Fy are in involution.

¢) Pick an appropriate ny € M P and explain how the coordinates ¢ are related
to the phase space coordinates n = gi(no). This discussion may be somewhat
qualitative, assuming we both know the explicit solutions of Chapter 3, but it
should be clearly stated.

d) Find the vectors €; which describe the unit cell, and give the relation between
the angle variables ¢; and the usual coordinates 7. One of these should be explicit,
while the other may be described qualitatively.

e) Comment on whether there are relations among the frequencies and whether
this is a degenerate system.

U((L‘,y) =
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7.3 Consider a mass m hanging at the end of a length of string which passes
through a tiny hole, forming a pendulum. The length of string below the hole, £(t)
is slowly shortened by someone above the hole pulling on the string. How does
the amplitude (assumed small) of the oscillation of the pendulum depend on time?
(Assume there is no friction).

7.4 A particle of mass m slides without friction on a flat
ramp which is hinged at one end, at which

there is a fixed wall. When the mass hits the

wall it is reflected perfectly elastically. An ex-

ternal agent changes the angle o very slowly
compared to the interval between successive

times at which the particle reaches a maxi-

mum height. If the angle varies from from

an initial value of o to a final value ap, and

if the maximum excursion is L; at the be-
ginning, what is the final maximum excursion

Lp? >

7.5 Consider a particle of mass m and charge ¢ in the field of a fixed electric dipole
with moment p. Using spherical coordinates with the axis in the p’ direction, the
potential energy is given by

There is no explicit ¢ or ¢ dependence, so H and ps = L are conserved.
a) Show that

cos 6

A2 Po  apm
=Pet sin®@ = 2me
is also conserved.
b) Given these three conserved quantities, what else must you show to find if this
is an integrable system? Is it true? What, if any, conditions are there for the
motion to be confined to an invariant torus?



Chapter 8

Field Theory

8.1 Lagrangian Mechanics for Fields

In sections 5.3 and 5.4.1 we considered the continuum limit of a chain of
point masses on stretched string. We had a situation in which the potential
energy had interaction terms for particle A which depended only on the
relative displacements of particles in the neighborhood of A. If we take
our coordinates to be displacements from equilibrium, and consider only
motions for which the displacement n = n(x,y, z,t) becomes differentiable
in the continuum limit, then the leading term in the potential energy is
proportional to the square of derivatives in the spatial coordinates. For our
points on a string at tension 7, with mass density p, we found

1 L,
T = §p/0 Y (z)dz,
T (L [0y 2

and we can write the Lagrangian as an integral of a Lagrangian density
L(y,y,y',x,t) over x. Actually for our string we had no y or = or t de-
pendence, because we ignored gravity U, = [ pgy(z,t)dz, and had a ho-
mogeneous string whose properties were also time independent. In general,
however, such dependence is quite possible. In section 5.4.2, we considered a
three dimensional object, and discussed the equations for the displacement
of the atoms in a crystal. Then the fields 77 were the three components of
the displacement of a particle, as a function of the three coordinates (z,y, 2)
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determining the particle, as well as time. Thus the generalized coordinates
are the functions 7;(z,y, z,t), and the Lagrangian density will depend on
these, their gradients, their time derivatives, as well as possibly on z, ¥, z, t.
Thus

on; On; On; On;
Y, z,t)

‘C:‘C(nl? axvay7azu at7x7 9

and
L — /dx dydz L,

I = /dxdydzdtc.

The actual motion of the system will be given by a particular set of
functions n;(x,y, z,t), which are functions over the volume in question and
of t € [tr,ts]. The function will be determined by the laws of dynamics of
the system, together with boundary conditions which depend on the initial
configuration 7;(x, y, z, t;) and perhaps a final configuration. Generally there
are some boundary conditions on the spatial boundaries as well. For example,
our stretched string required y = 0 at x = 0 and x = L, for all values of ¢.

Before taking the continuum limit we say that the configuration of the
system at a given ¢ was a point in a large N dimensional configuration space,
and the motion of the system is a path I'(¢) in this space. In the continuum
limit N — o0, so we might think of the path as a path in an infinite dimen-
sional space. But we can also think of this path as a mapping t — n(, -, -, t)
of time into the (infinite dimensional) space of functions on ordinary space.

Hamilton’s principal says that the actual path is an extremum of the
action. If we consider small variations 0n;(z,y, z,t) which vanish on the
boundaries, then

M:/M@MﬁM:O

determines the equations of motion.

Note that what is varied here are the functions 7;, not the coordinates
(,y, 2,1). x,y, z do not represent the position of some atom — they represent
a label which tells us which atom it is that we are talking about. Often they
are chosen to be the equilibrium position of that atom, but they are fixed
labels independent of the motion. It is the 7;(Z), for each &, which are the
dynamical degrees of freedom, specifying the configuration of the system. In
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our discussion of section 5.4 7; specified the displacement from equilibrium,
but here we generalize to an arbitrary set of dynamical fields'.
The variation of the Lagrangian density is

5‘6(772') %7 aiy, 87’ a»xa Y, th)

_ 87%‘
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R L om
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Notice there is no variation of z, y, z, and ¢, as we discussed.

The notation is getting awkward, so we need to reintroduce the notation
A; = 0A/0r;, for r; = (x,y, z). In fact, we see that 0/0t enters in the same
way as 0/0x, so it is time to introduce notation which will become crucial
when we consider relativistic dynamics, even though we are not doing so
here. So we will consider time to be an additional component of the position,
called the zeroth rather than the fourth component. We will also change our
notation for coordinates to anticipate needs from relativity, by writing the
indices of coordinates as superscripts rather than subscripts. Thus we write
2% = ct, where ¢ will eventually be taken as the speed of light, but for the
moment is an arbitrary scaling factor. Until we get to special relativity,
one should consider whether an index is raised or lowered as irrelevant, but
they are written here in the place which will be correct once we make the
distinction between them. In particular the Kronecker delta is now written
4,”. For the partial derivatives we now have

L0 (0000
B ger \eot’ 0z’ oy’ 02 )

for p = 0,1,2,3, and write n, := 0,n. If there are several fields 7;, then
Ouni = Niu. The comma represents the beginning of differentiation, so we
must not use one to separate different ordinary indices.

In this notation, we have

0L = Z 5 +ZZ 67727,“

zu()

!Note in particular that {r;} is not the set of coordinates of phase space as it was in
the last chapter.
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4
772# Z,
i op= 0

and

= om; +ZZ

51:/(2

where? d*zr = cdx dy dz dt. Except for the first term, we integrate by parts,

61 = < ) onid’
‘/|:z i pu=0 Ha i ]

where we have thrown away the boundary terms which involve 07; evaluated
on the boundary, which we assume to be zero. Inside the region of integration,
the 0m; are independent, so requiring 6/ = 0 for all functions dn;(x*) implies

d oL B oL
o dxt On; O n

(8.1)

We have written the equations of motion (which are now partial differ-
ential equations rather than coupled ordinary differential equations), in a
form which looks like we are dealing with a relativistic problem, because ¢
and spatial coordinates are entering in the same way. We have not made
any assumption of relativity, however, and our problem will not be relativis-
tically invariant unless the Lagrangian density is invariant under Lorentz
transformations (as well as translations).

Now consider how the Lagrangian changes from one point in space-time
to another, including the variation of the fields, assuming the fields obey the
equations of motion. Then the total derivative for a variation of z* is given
by the chain rule

dc oL a

As we did previously with d/dt, we are using “total” derivative notation
d/dx" to represent the variation from a change in one z*, including the
changes induced in the fields which are the arguments of £, though it is still
a partial derivative in the sense that the other three ¥ need to be held fixed
while varying x*.

2We have also multiplied I by ¢, which does no harm in finding the extrema.
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Plugging the equations of motion into the second term,

e oL d oL oL
i TS [Z ar (an ﬂ i+ 2
oL d oL
= o z,,: dxv <Z 877“,772’“> ’
Thus p or
2 g = g (82)
where the stress-energy tensor 7" is defined by
v oL v
T,"(x) = Z o, Lo, (8.3)

We will often talk about 7}," as a function of 2, understanding that = depen-
dence to include the implicit dependence through the fields, for 7" is a func-
tion of z#, n;(z) and n; ,(x). It is that total derivative that we are evaluating
on the left of equation (8.2), but it is often written as a partial derivative,
>0,1," = —0,L, understanding that T,"(2”) depends on x” through its
field dependence as well as any explicit dependence. But the partial deriva-
tives on the right of that equation do not include the variations through the
fields. Sorry about that, it is just the way it is always written.

Note that if the Lagrangian density has no ezplicit dependence on the
coordinates z*, equation (8.2) tells us the stress-energy tensor satisfies an
equation 32, 9,7, = 0 which is a continuity equation.

What does that mean? In fluid mechanics, we have the equation of con-
tinuity

dp/ot+V - (pv) = 0,
which expresses the conservation of mass. That equation has the interpreta-
tion that the rate of change in the mass contained in some volume is equal
to the flux into the volume, because pv is the flow of mass outward past a
unit surface area. In general, if we have a scalar field p(#,¢) which, together
with a vector field ;(f, t), satisfies the equation

dp
ot

we can interpret p as the density of, and j as the flow of, a material property
which is conserved. Given any volume V with a boundary surface S, the rate

— (F,1) + V- j(7,t) =0, (8.4)
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at which this property is flowing out of the volume, fsj ds = Y - jdv,
is the rate at which the total amount of the substance in the volume is
decreasing, [, —(dp/dt)dV . If we define j° = cp, we can rewrite this equation
of continuity (8.4), as 3, 9,7V = 0, and we say that j” is a conserved current?.
If we integrate over the whole volume of our field, we can define a total
“charge” Q(t) = [, j%(7,t)/cd’x, and its time derivative is

Son=[ Lanar=—[ v j@nde=- [

We see that this is the integral of the divergence of a vector current f, which
by Gauss’ law becomes a surface integral of the flux of j out of the volume
of our system. We have been sloppy about our boundary conditions, but
in many cases it is reasonable to assume there is no flux out of the entire
volume, either because of boundary conditions, as in a stretched string, or
because we are working in an infinite space and expect any flux to vanish at
infinity. Then the surface integral vanishes, and we find that the charge @ is
conserved.

We have seen that when the lagrangian density has no explicit z* depen-
dence, for each value of p, T,"” represents such a conserved current. Thus
we should have four conserved currents (J,)" := T,”, each of which gives a
conserved “charge”

Qut) = / T,°(Z,t) d*z = constant.
v

We will return to what these conserved quantities are in a moment.

In dynamics of discrete systems we defined the momenta p; = 9L/dq;,
and defined the Hamiltonian as H = Y, p;¢; — L(q, p,t). In considering the
continuum limit of the loaded string, we noted that the momentum corre-
sponding to each point particle (of vanishing mass) disappears in the limit,
but the appropriate thing to do is define a momentum density

4 oL
B (5y(a: (5y /E @ )’ T oy Y

having defined both the “variation at a point” §/dy(z) and the lagrangian
density £. In considering the three dimensional continuum as a limit, say

3More accurately, the set of four fields j¥(Z,t) is a conserved current.
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on a cubic lattice, L = [ d®zL is the limit of ije ArAyAzLij, where Ly,
depends on 7, and a few of its neighbors, and also on ﬁijk. The conjugate
momentum to (4, j, k) is pijx = 8L/8ﬁijk = Aa:AyAz@Lijk/é?ﬁijk, which
would vanish in the continuum limit. So we define instead the momentum
density

T2y, 2) = (Bije)e/ AxAyAz = OLiji /0(ij0)e = OL /D,y 2).
The Hamiltonian

H Zﬁ;jk . ﬁ’z-jk — L= Z AxAyAz7(z,y, 2) - ﬁ(xyz) — L

/d%; (7(7) - 7i(7) — £) = /d%H,

where the Hamiltonian density is defined by H(7) = #(7) - 7(F) — L(7).
This assumed the dynamical fields were the vector displacements 7j(7, t), but
the same discussion applies to any set of dynamical fields n(7,t), even if n
refers to some property other than a displacement. Then

H(r) = ;W(F)ﬁe(ﬁ — L(7).

where

oL 1 oL
one(™) ¢ Ineo(7)

Notice from (8.3) that T,% = ¢X,mme, — 0,°L, and in particular T,° =
Yo meme — L = H is the Hamiltonian density, which we see is one component
of the stress-energy tensor.

Consider again the case where £ does not depend explicitly on (Z,t),
so Y3, 0,T,” = 0, which, as we have seen, tells us that the four cur-
rents (J,)” := T,” are conserved currents, leading to conserved “charges”
Qu=Jv Tu0 d3z. For =0, T,° is the hamiltonian density, so under appro-

m(7) =

priate conditions Q) is the conserved total energy. Then Tj,? should be the j
component of the flow of energy. As an example, let’s return to thinking of n;
as the displacement, and make the small deviation approximation of section
5.4.2. If we consider a small piece dS of the surface of a volume V, then the
inside is exerting a force dF; = 3°; P;;dS; on the outside, and if the surface
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is moving with velocity ¥, the inside is doing work Y=, v;dF; = 0- P - dS. But
U = dij/dt or v; = cn; 0, so energy is flowing out of the volume at a rate

dE . =
—E = C/;T],()PdS:C\/‘/%:aj (ni,OPij))

; oL
- 0Ty = / o, ([ 2=,
C/V; 40 Cvizj J(anw??,o)
which encourages us to conclude

oL
8771‘,]‘.

Pz’j =

A force on the surface of our volume transfers not only energy but also
momentum. In fact, the force A exerts on B represents the rate of momentum
transfer from A to B, and the force per unit area across a surface gives the
flux of momentum across that surface. As the outside is exerting a force
—dF; = —32; P;;dS; on the inside, this force will cause the momentum F; of
the inside of the volume to be changing at a rate

d

oL
£H — /S—XJ:P”dS]:—/V;a]PU:—/VZ]:@]%

B d oL oL

a /V (cdtam,o) - on;’
where in the last step we used the equations of motion. If it were not for
the last term, we would take this as expected, because we would expect, if
the Lagrangian is of the usual form, that the momentum density would be
gé = aféo. We will return to the interpretation of this last term after we
discuss what happens in its absence.

Cyclic coordinates

In discrete mechanics, when L was independent of a coordinate ¢;, even
though it depended on ¢;, we called the coordinate cyclic or ignorable, and
found a conserved momentum conjugate to it. In particular, if we use the
center-of-mass coordinates in an isolated system those will be ignorable co-
ordinates and the conserved momentum of the system will be their conjugate
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variables. In field theory, however, the center of mass is not a suitable dy-
namical variable. The variables are not & but 7;(Z,t). For fields in general,
L(n,n,Vn) depends on spatial derivatives of n as well, and we may ask
whether we need to require absence of dependence on V7 for a coordinate
to be cyclic. Independence of both  and Vn implies independence on an
infinite number of discrete coordinates, the values of n(7) at every point 7,
which is too restrictive a condition for our discussion. We will call a coor-
dinate field n; cyclic if £ does not depend directly on 7;, although it may
depend on its derivatives n; and Vn;.
The Lagrange equation then states

oL d oL
0,25 —0 o L1305 g
zﬂ: " On dt zj: " om,,j

which constitutes continuity equations for the densities m; (7, t) and currents
(Ji)e = OL/On; ;. If we integrate this equation over all space, and define

L) = [ m(@)d'r,

then the derivative dII/dt involves the integral of a divergence, which by
Gauss’ law is a surface term

di(t) oL

at O j

(dS);.

If we assume the spatial boundary conditions are such that we may ignore this
boundary term, we see that the II;(¢) will be constants of the motion. These
are the total canonical momentum conjugate to 1, and not, except when n
represents a displacement, the components of the total ordinary momentum
of the system.

If we considered our continuum with 7); representing the displacement, and
placed it in a gravitational field, we would have an additional potential energy
Jv pgns, and our equation for dr;/dt would have an extra term corresponding
to the volume force:

dm; 8£
FVOI FSUI‘f A v AV
¢ v dt ( z]: 8] 677Z 87] )

SO
Yol = AVZ? = —pgé, AV,

7

242 CHAPTER 8. FIELD THEORY

as expected, and the total momentum is not conserved.

From equation (8.3) we found that if £ is independent of Z, the stress-
energy tensor gives conserved currents. Linear momentum conservation in
field dynamics is connected not to ignorable coordinates but to a lack of
dependence on the labels.  This is best viewed as an invariance under a
transformation of all the fields, 7;(Z) — n;(Z + @), for a constant vector
a. This is a change in the integrand which can be undone by a change in
the variable of integration, ¥ — Z' = ¥ + @, under which the Lagrangian
is unchanged if the integration is over all space and the Lagrangian density
does not depend explicitly on #. This is a special case of conserved quantities
arising because of symmetries, a topic we will pursue in the next section.

Before we do so, let us return to our treatment of elasticity in the linear
continuum approximation of a solid, with the dynamical fields being the
displacements 7;(Z,t). We saw that the stress tensor P;; = 0L/0n; ;, and if
we intend to describe a material obeying the generalized Hooke’s law,

oL a—0
i =P = *Tfsz'j TrS — 38 = 5zg Zﬁk k—

771,] + 17] Z) :
This suggests a term in the Lagrangian

R

We will also need a kinetic energy term to give a momentum density, which
we would expect to be just @ = pij, so we take that term to be

? )
Ly= 5P Mo

771,] + 77] Z) .

Finally, if we have a volume force E (7) due to some external potential —7- E,
this will be from L3 = 77- E. Thus our total lagrangian density is

pZmoJri <ank> - ﬁ

nw +77]z> +77' E.
Now

oL
877i,j

== 61] ank

771,] +nj, 1)
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8771"0 - pn’b,o
oL _ g
on;
so the equations of motion are

oL oL

Mg a 8% = Pt Z { 51] an,m

5
0=20, (Migg +Mjig) | —

or

pif = <§+§> V(V - 7) + ﬁv2n+E

in agreement with (5.9).

8.2 Special Relativity

We have commented several times that a continuous symmetry of the dynam-
ics, such as invariance under translation or rotation, is reflected in conserva-
tion laws. We will give a formal development of Noether’s theorem, which
makes this connection generally, in the next section. When we do that, we
will certainly want to consider relativistic invarinance, so first we will revise
and clarify our notation appropriately.

So we now consider the symmetry known as special relativity, the postu-
late that the laws of physics are equally valid in all inertial reference frames.
We will assume familiarity with the basic ideas?, so we will only deal with no-
tational issues here. The relation of coordinates in different inertial reference
frames is determined by the invariance of

(ds)* = —c*(dt)* + (dv)* + (dy)* + (d2)”,

where ¢ is the speed of light in vacuum. This looks something like the
Pythagorian length, except that the time component is scaled and has the
wrong sign. The scaling is not a problem, we could just choose to define
2° = ¢t and measure time with 2° in meters. Then we can treat the space-
time coordinates as a four-vector® a# = (ct, z,y, z). The minus sign is more

4The student who has not learned about Einstein’s theory is referred to Smith ([15])
or French ([5]) for elementary introductions.

5Actually z* is a position in space-time and not truly a vector, a distinction discussed
in section (1.2.1) but not important here.
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significant, so that (ds)? is not a true length. We introduce the Minkowski
metric tensor

100 0
1o 100
=110 0 1 0

0 0 0 1

so we can write®

2= nudatda”.
pv

Notice we have defined x* with superscripts rather than subscripts, and any
vector (or tensor) with such indices is said to be contravariant. From any
such vector V# we can also define a covariant vector

V=S nuV".

This is a somewhat trivial distinction in special relativity, only changing the
sign of the zeroth component”. But it is useful, because it enables us to define
an invariant inner product >, V,W#. One can also make a contravariant
vector from a covariant one, W# = 3>, n**W,,, where n* is the inverse®, as
a matrix, of 7,,. We will also redefine the Einstein summation convention:
an index which occurs twice is summed over only if it appears once upper
and once lower. (Otherwise it is probably a mistake!) We also redefine what
we mean by the square of a vector V*: V2 := n, V*V" = V,V#* and not
Su(VH)2

The relationship between coordinates in different inertial frames,
't =AY
is given by the Lorentz transformation matrix A*,. The invariance of (ds)?

tells us
NN, N = 1o (8.5)

6Note that this is not a two-form, as 7 is symmetric.

"In general relativity 7,, is replaced by the metric tensor g,, which is a dynamical
degree of freedom of space-time rather than a fixed matrix, and this distinction becomes
less trivial.

Szp n*Pn,, = 6%, = 1 if 4 = v and 0 otherwise. Note the Kronecker delta function
needs one upper and one lower index in order to be properly covariant, and in fact it and
n are different forms of the same tensor, using the usual lowering or raising procedures
with 7. Don’t be misled by the fact that for each p and v, n* is the same as 7,,,.
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which says that A is pseudo-orthogonal.

We have defined position to be naturally described by a contravariant
vector, but some objects are naturally defined as covariant. In particular,
the partial derivative operator

a : v v
Oy = g is, for g,2" = 4.

With this four dimensional notation we see that time translation and
spatial translations are unified in # — a* 4 ¢*, and rotations are just special
cases of Lorentz transformations, with

0 0 0

1
0
Mo=10 R
0

As for rotations, we may ask how objects transform under Lorentz trans-
formations. For rotations, we saw that in addition to scalars and vectors, we
may have tensors with multiple indices. The same is true in relativity — a
large class of covariant objects may be written in terms of multiple indices,
and the transformation properties are simply multiplicative. First of all,
how does a covariant vector transform? From V'# = A* V¥ and the lowered
forms V) = n, V'* = 0y AP VY = np A 0"V, we see that V) = A 7V,
where we have used 7n’s to lower and raise the indices on the Lorentz ma-
trix, A7 =, A¥,n". So we see that covariant indices transform with A 7.
Note that A 7A?_ = n, A", n"" AP = n.;,n"" = 67, where the second equality
follows from (8.5), so A, = (A=")7,. Note also that the order of indices
matters, A" # A”,.

Now more generally we may define a multiply-indexed tensor
T, 9T and it will transform with each index suitably transformed:

Y el Hig1e-Hp : 1 - v
g JH1Te i - Hj41--- e
T L =IIA%, TI A, T, 0 . (8.6)

V...V,
1P :
=1 n=1

If we contract two indices, they don’t contribute to the transformation:
/ _ v _ —1\v v _ v
Tr=ANNTTP = (A AN TP =0T, =T,".

So we see that we can make an invariant object (a scalar) by contracting
all indices. We should mention that in addition to tensors, another possible
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transformation possibility is that of a spinor, but we will not explore that
here.

For a point particle, the momentum three-vector is coupled by Lorentz
transformation to the energy?, P* = (E/c,p). Then we see that to make an
invariant,

PHPYy,, = p? — B/ = —m?c?.

We are going to be interested in infinitesimal Lorentz transformations,
with A#, = ¥ 4 eL*,. From the condition (8.5) for A to be a Lorentz
transformation, we have

U (55 + ELMp) (0 +€L¥;) =10 +€ <77MULMP + nvaya> +O(€) = 10,

SO
n;m'Lup + npl/LVo- = Lo’p + Lpa = 0,

so the condition is that L is antisymmetric when its indices are both lowered.
Thus L. is a 4 x 4 antisymmetric real matrix, and has 6 independent param-
eters, and the infinitesimal Lorentz transformations form a 6 dimensional Lie
algebra.

Now we are ready to discuss symmetries more generally.

8.3 Noether’s Theorem

We have seen in several ways that there is a connection between conserved
quantities and an invariance of the dynamics under some continuous trans-
formations. First we saw, in discrete dynamics, that ignorable coordinates
have conserved conjugate momenta. A coordinate is ignorable if the La-
grangian is unchanged under its translation, ¢ — ¢ + ¢, for arbitrary c¢. In
particular invariance under translation of all coordinates 7; — 7 + ¢ leads to
conservation of the total momentum. In field theory momentum conservation
is not associated with ignorable field coordinates, but rather to invariance
under translations of the labels, that is, under 7,(7) — 7,(7" + ¢), which is
a consequence of 7 being an integration variable, so changing it makes no
difference as long as £ has no explicit dependence on it, and as long as we

9Why PY rather than P, for the energy? In quantum mechanics we have p associated
with the gradient operator, p'= —ihﬁ, and a partial derivative is naturally covariant. But
the energy is H = ihd/dt, because Schrodinger arbitrarily chose that sign when he wrote
down his equation. So if we write P, = —ihd/dz*, we have P, = (—E/c, p).
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are integrating over all 7. For rotations in discrete mechanics we saw that
one component of L could be considered conserved because ¢ is ignorable,
but the other two components, which are also conserved, must be attributed
to a less obvious symmetry, that of rotations about directions other than z.

Now we will discuss more generally the relationship between symmetries
and conserved quantities, a general connection given in a famous theorem by
Emmy Noether!®. Symmetry means the dynamics is unchanged under a
change in the values of the degrees of freedom 1 — 1’ which will in general
depend on those degrees of freedom. In the discrete case the dependence is
commonly on a related set, such as the new x component of the electric field
experienced by a point charge being dependent on all three old components
under a general rotation. In the case of fields, it would in principle be pos-
sible for the new field 7,(Z) to depend on all the values of all fields at all
points in space, but this is not useful to consider. We might consider only
local symmetries, for which it depends only on the old fields at the same
point, 7;,(Z), which might for example be the case for considering the spins
of atoms under rotation of all the spins. But if we want to consider the more
fundamental symmetry under a true rotation, for which the atoms are also
rotating, we need to consider a symmetry which relates new fields at 2’ to
old fields at x, where the symmetry maps r — 2’ as well as transforming
the fields. Then we find that the new field 7,(Z") depends on the old fields
at a different point Z. This is what we have in the case of translation we
just discussed, as well as for rotations and other possible symmetries. These
symmetries may be thought of in a passive sense as having the physics un-
changed when we translate, rotate, or boost (in a relativistic theory) the
coordinate system describing the physics. Then the new coordinates x; de-
scribe the same physical point as the old z,, with a definite map ® : z — a
which describes the change of coordinates of space(time). While the physics
at that point is unchanged, its description in terms of fields may be, so we
need to consider a rule for transforming the fields, which gives n,(z},) as a
function of fields at x,,.

We will only be concerned with continuous symmetries, which can be gen-
erated by infinitesimal transformations, so we can consider an infinitesimal
transformation with ), =z, + dx,, along with a rule that gives the change
of my(z,) from the set of ny.(x,). For a scalar field, like temperature, under a

10T his section relies heavily on Goldstein, “Classical Mechanics”, 2nd Ed., section 12-7.
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rotation, we would define the new field

i (2') = (),

but more generally the field may also change, in a way that may depend on
other fields,

mi(x") = mi(x) + omi(; ().

This is what you would expect for a vector field E under rotations, because
the new £, gets a component from the old E,.
To say that
Ty = Tyy

is a symmetry means, at the least, that if n;(x) is a specific solution of the
equations of motion, the set of transformed fields n/(2’) is also a solution.
The equations of motion are determined by varying the action, so if the
corresponding actions are equal for each pair of configurations (n(z),n'(z’)),
so are the equations of motion. Notice here that what we are saying is that
the same Lagrangian function applied to the fields 7} and integrated over
2’ € R’ should give the same action as S = [ L(n;(z)...)d*x, where R’ is the
range of 2/ corresponding to the domain R of x. [Of course our argument
applies also if 0z, = 0, when the transformation does not involve a change
in coordinates. Such symmetries are called internal symmetries, with isospin
an example.]

Actually, the above condition that the actions be unchanged is far more
demanding than is needed to insure that the same equations of motion arise.
The variations required to derive the equations of motion only compare ac-
tions for field configurations unchanged at the boundaries, so if the actions

o POoIN Al (odN o AT _ ) ) 4
S = [ L) om(a’),a)d's’ and S = [ Lon(x). dmi(x).x)d's (87)

differ by a function only of the values of n; on the boundary R, they will
give the same equations of motion. Even in quantum mechanics, where the
transition amplitude is given by integrating e*¥/" over all configurations, a
change in the action which depends only on surface values is only a phase
change in the amplitude. In classical mechanics we could also have an overall
change multiplying the Lagrangian and the action by a constant ¢ # 0, which
would still have extrema for the same values of the fields, but we will not
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consider such changes because quantum mechanically they correspond to
changing Planck’s constant.

The Lagrangian density is a given function of the old fields £(7;, 9,m;, z,).
If we substitute in the values of n(z) in terms of 1/(2’) we get a new density
L', defined by

oz

‘C/(nzl‘v 8:”7;7 x;) = 5(771'7 auniv xp,) 89@’“

)

where the last factor is the Jacobian of the transformation x — 2/, required
because these are densities, intended to be integrated. This change in func-
tional form for the Lagrangian is not the symmetry transformation, for as
long as x <> z’ is one-to-one, the integral is unchanged

ox¥

Pl (! SN, A Z S . .
| L@ o). s = [ L), o). o) |5

/72 Llni(x), dumi(a), x)diz = S (8.8)

d*a’

regardless of whether this transformation is a symmetry.

We see that the change in the action, S = S’ — S, which must vanish
up to surface terms for a symmetry, may be written as an integral over R’/
of the variation of the Lagrangian density, 65 = [z, 0L, with

OL(ni(x"), Omi(a’),2') = L(ni(a"), Oumi(a”), ") = L' (m(2'), ("), ')

POIN A oI dx"”
= L"), 9,1i(2"), &) = L(mi(=), Oumi(w), @) |5 20

(8.9)

Here we have used the first of Eq. (8.7) for S” and Eq. (8.8) for S.
Expanding to first order, the Jacobian is

x|

oxV

oozt
oxv

—1
det ) — 1 —8,6z", (8.10)

= det (0% + 9,02") " = (1 + Tr

while

'C(nz/'(x/)a 0;/];(%'), lj) = 'C(ni(x)v 3Mh(96), ff)

oL oL oL
= )+ dat == (8.11
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Thus'

oL oL oL
— 1% R i P H__
6L = L,00" 4 6n;—— + 5(3,m:) oo + 0

12
an, (8.12)

and if this is a divergence, 0L = 9,A* for some A*, we will have a symmetry.

There are subtleties in this expression'?. The last term involves a deriva-
tive of £ with its first two arguments fixed, and as such is not the derivative
with respect to z# with the functions n; fixed. For this reason we used a
different symbol, because it is customary to use d,, to mean only that z” is
fixed for v # p, and not to indicate that the other arguments of £ are held
fixed. That form of derivative is the stream derivative,

OL(ni(w), Oumi(),x) L (mi(x), Bus(w), x) oc oc
axl/ = 51‘1/ + (81’771) 8777] + (81’6/1«177/) aaﬂni .

Note also that dn;(x) = n}(z") —n;(x) is not simply the variation of the field at
a point, don;(z) = n(z) —n;(x), but includes in addition the change (6x*)0,n;
due to the displacement of the argument. Thus

oni(x) = om;(x) + (02”)0,m;. (8.13)
The variation with respect to d;,7; needs to be examined carefully, because
the ¢ variation effects the coordinates, and therefore in general 9,,0m; # d0,n;.

By definition,

§0,m = On;/ox™|,, — On;/Ox"|,

oz 0
= o g [ (02”)0pmi + on] | — O/ O,
0
= - (8#51.1/) 81/777,' + @ [(51:#)8’)771 + bnl]

where in the last line we used 0,07m; = 80,n;, because the b variation is
defined at a given point and does commute with 0,,.

This is the equation to use on homework.
2There is also a summation understood on the repeated i index as well as on the
repeated p index.
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Notice that the 02" terms in (8.13) and (8.14) are precisely what is re-
quired in (8.11) to change the last term to a full stream derivative. Thus

( ( )7 /,LT}'L( )a ) = E(ni(z)vauni(x)ax)
oL oL oL

b 1
oy T POy 035 L (8.15)

O 00,m O o

where now JL/0x" means the stream derivative, including the variations of
n;(z) and its derivative due to the variation dz* in their arguments.
Inserting this and (8.10) into the expression (8.9) for 6L, we see that the
change of action is given by the integral of
oL oL oL

_ n dad
oL (0p02") L + 0x py + on; 8n+ba“n’0c’9w

0 oL oL 0 oL
— H -
gy ((51: L+ bm@@# 2) + o (87% oy 68N77i> (8.16)

We will discuss the significance of this in a minute, but first, I want to present
an alternate derivation.

Observe that in the expression (8.7) for S, 2’ is a dummy variable and
can be replaced by x, and the difference can be taken at the same x values,
except that the ranges of integration differ. That is,

S = [ L0/(@). 00 ().x) d'x,

and this differs from S(n) because

1. the Lagrangian is evaluated with the field n'(x) rather than n(z), pro-
ducing a change

oL Ys
5,5 = / <anbm+ 50 baum> d'z,
) Tl

where the variation with respect to the fields is now in terms of on;(z) =
ni(z) — n;(x), at the same argument z.

2. Change in the region of integration, R’ rather than R,

= ([, )t
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If we define dS,, to be an element of the three dimensional boundary OR of
R, with outward-pointing normal in the direction of dS,, the difference in
the regions of integration may be written as an integral over the surface,

(/R/—/R)d“x: [ dur - ds,.

Thus

528 = /8  Loat-dS), = /R 8, (Loz") (8.17)

by Gauss’ Law (in four dimensions).

As b is a difference of two functions at the same values of x, this operator
commutes with partial differentiation, so 89,7, = 9,07;. Using this in the
second term of 8,5, and using A9,B = 9,(AB) — BJ, A, we have

oL oL oL
5 = fots o () - (55 - 050
Tl i ulli

Thus altogether S" — S = 6,5 + 8,5 = [ d*xdL, with 5L given by (8.16).
This completes our alternate derivation that S' — S = [ d*zdL, and Eq.
(8.16).

Note that §L is a divergence plus a piece which vanishes if the dynamical
fields obey the equation of motion, quite independent of whether or not the
infinitesimal variation we are considering is a symmetry. As we mentioned,
to be a symmetry, §£ must be a divergence for all field configurations, not
just those satisfying the equations of motion, so that the wvariations over
configurations will give the correct equations of motion.

We have been assuming the variations dz and d7n can be treated as in-
finitesimals. This is appropriate for a continuous symmetry, that is, a symme-
try group!® described by a (or several) continuous parameters. For example,
symmetry under displacements x* — z* + ¢*, where ¢* is any arbitrary fixed
4-vector, or rotations through an arbitrary angle 6 about a fixed axis. Each
element of such a group lies in a one-parameter subgroup, and can be ob-
tained, in the limit, from an infinite number of applications of an infinitesimal
transformation. If we call the parameter ¢, the infinitesimal variations in x*

13Symmetries always form a group. Continuous symmetries form a Lie group, whose ele-
ments can be considered exponentials of linear combinations of generators. The generators
form a Lie algebra.
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and 7; are given by derivatives of z’(¢, x) and 7 with respect to the parameter

e. Thus £ d
W
T , 57771 — 77@( )
de |, de |,
The divergence must also be first order in €, so 0L = €d, A" if we have a
Ssymmetry.

We define the current for the transformation
oL dn, oL dx" dx'*

Jh = = - oni— — L A" 8.18
00 de 0, " de "M ae T (8.18)

ot =€

Recalling that on; = dn; — (027)0,n;, we can rewrite (8.16)

0 oL oL
pr— # - v y
oL py (5:(: LA 0nim— 0 ox ((9,,772)88#?7)

+on, oL 0 oc
on; Ozt 00,m;

and see that

0 oL oL 0
b _ ) Srv ) — H
€0y oy ( aaﬂmém + 8(9”7%6”77263: ) e (Lox) + L

o (9£ 0 or
= "\ on;, T 0w 00,m;

Thus we have
d,J" =0 for a symmetry, when the fields obey the equations of motion.

This condition is known as current conservation. Associated with each
such current, we may define the charge enclosed in a constant volume V'

Qv(t) = /V P IO, 1).

If we evaluate the time derivative of the charge, we have

d /d3 S 0.0z,

il _ 3 0
ZQu() /d 200J°(, 1) ~ b

- / BV - J(7,1)
14
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where OV is the boundary of the volume and dS an element of surface area.
We have used the conservation of the current and Gauss’ Law. If, as can
usually be assumed, the current vanishes as we move infinitely far way from
the region of interest, the surface integral vanishes if we take V' to be all
of space, and we find that the total charge is conserved, d@/dt = 0, in the
same sense that equations of motion are satisfied. The assumption about
asymptotic behavior is not always valid, and we must consider whether we
have grounds for it in particular applications. We will see later that in some
circumstances there are “anomolies” when this assumption is not justified.

It should be mentioned that, because we are only considering infinitesimal
transformations, it is possible to describe the symmetry without relating new
fields at new points to old fields at the old points. We could simply consider
whether the transformation of fields n;(z) — ni(z) = ni(x) + dn(z) is a
symmetry, where bn;(z) = dn;(x) — (d2¥)0,n; includes not only the natural
variation ¢7 (that is, zero for a scalar and an orthogonal transformation for a
vector), but also the derivative piece. The derivation then need not consider
change of integration region, but will in general require a nonzero choice of A
to compensate. This is not necessary in simple applications using the method
described here. Another disadvantage of starting with o is that it obscures
the local nature of the field dependence.

8.3.1 Applications of Noether’s Theorem

Now it is time to use the very powerful though abstract formalism Noether
developed for continuous symmetries to ask about symmetries we expect our
theories to have. At the very least, in this class, we are going to deal only
with theories which are invariant under

spatial translations, ¥ — 7' = 7+ C.

time translations, t — t' = t + ¢°, or in four dimensional notation,

20— 2/0 =29 4 .

e rotations, 2’ — 2'* = ¥; R;2/, with R’; an orthogonal matrix.

Lorentz boost transformations.

where Rij is an orthogonal real matrix of determinant 1. The first two of
these together are four dimensional translations,

at — 't =gt + M (8.19)
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and the last two (actually Lorentz transformations already include both) can
be written a# — 2’ = >, A* x¥ = A* x¥  (using the Einstein summa-
tion convention), where the matrix A is a real matrix satisfying the pseudo-
orthogonality condition

AuunupApr = Nur,

which is required so that the length of a four-vector is preserved, z'* :=

o', = a®,
All together, this symmetry group is called the inhomogeneous Lorentz
group, or Poincaré group.

Translation Invariance

First, let us consider the conserved quantities generated by translation in-
variance, for which dx#* = ¢#. All fields we will deal with are invariant, or
transform as scalars, under translations, so 07, = 0. From (8.18) the con-
served current is

oL

Tt =B, — Lot = T,
c ¢ aaﬂne Te c c v

so the four conserved currents are nothing but the energy-momentum tensor
whose conservation we found in (8.3) directly from the equations of motion.
The conserved charges from this current are

PH:/VT#O(:E,t)d?’x,

with Py = H, P; the total momentum for j = 1,2, 3.

Lorentz Transformations
Now consider an infinitesimal Lorentz transformation, with
't = A pY = (5{,‘ + EL“V) z¥, or ozt =el* a".
The pseudo-orthogonality of A requires
N LF )07 5 + 1", L7, = 0 = Loy + Ly,

so the infinitesimal generator, when its indices are lowered, is antisymmetric.
The fields may transform is many ways. A scalar field'* will have &'(2') =

14 Now that our fields may be developing space-time indices, we will change their name
from 7 to £ to avoid confusion with 7,,.
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&(z), with 06 = 0, but a field £ might transform like a contravariant vector,
0t = elF &) or in an even more complex fashion such as a tensor or a
spinor. Whatever the change in & is, it will be proportional to L*,, so

ong = eL“VAH'je, and the current generated is

oL oL
LA+ 0,617 " — LLM
aaﬂg@ oc=p ¢ + aaﬂé@ a-,—fg &L L L

JH = L, MM = —

As L,, is antisymmetric under p < v, there are six independant infinitesimal
generators which can produce currents. Only the part antisymmetric under
p < v in MM enters in this expression, so we take M*”” and A", to be
antisymmetric under p < v, and thus

OL \p 1 OL

ppv _ -
M 00,6, 200,

1
7 (0,60)a" =1 (0,602 =5 £ ("= a").

Of course the six currents M**” are conserved only if the action is invariant,
which will be the case only if the lagrangian density transforms like a scalar
under lorentz transformations. This will be assured if all the vector indices
of the fields are contracted correctly, one up and one down. Note that part
of the current M**¥ is related to the energy-momentum tensor,

1 oL
pov _ (VPR _ e PTVRY _
M 5 (x T ) 90,6,

pv
A e.

As TP is a 4-current of the 4-momentum, we see that the first term is the
4-current of the four dimensional version of orbital angular momentum. The
last term is then the contribution of the spin to the current of the total
angular momentum.

8.4 Examples of Relativistic Fields

As we mentioned, Noether’s theorem will generate conserved generators of
Lorentz transformations if the lagrangian density transforms as a scalar under
Poincaré transformations. For convenience we will take ¢ = 1. The easiest
example to consider is a single scalar field, with what is called the Klein-
Gordon Lagrangian:

ey (gt - et -

Lo = 12 2,2
2 Oxt Oxv §(¢ - (Vo) —m(b).
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The canonical momentum field is T = 2% (j), and
v oL v v =
L, = 5o 0n = L8 = =070, +2ﬂ(¢2<vml+m%ﬁ.

The Hamiltonian is
. 1 - .
H = /T00d3x = 5/ [(]52 + (Vo) + m2¢2} Pz

the three-momentum is

= [1,0d% = [6(Vo); d

The equation of motion (8.1) is

or P = /Wﬁqﬁ .

(70,0, = m*) 6 =0, or = V26 +m?p=0.

which has solutions which are waves, decomposable into plane waves ¢(Z, t) o
ei(’z'f’“’t), with w? = k? + m?. Identifying k with the momentum and w with

the energy, as one would in quantum mechanics (with 7 = 1) gives the

relation one would expect for a particle of mass m: E? = p? + m? (as we

have set ¢ = 1 also. E? = p*c? + m2c* if you want to put ¢ back in).

The only relativistic field we are familiar with from classical (non-quantum)
mechanics is the electromagnetic field. We are familiar with E and B as fields
defined throughout space and also functions of time. But E and B satisfy
constraint equations. Maxwell’s equations (in free space and SI units) are

V-E p/€o (8.20)
V-B =0 (8.21)
-~ . 10B
EFE+-— = .22
VxE+ T 0 (8.22)
- - 10E .

Notice that (8.20) and (8.21) are not equations of motion, as they do not
involve time derivatives. Instead they are equations of constraint, best im-
plemented by solving them in terms of independent degrees of freedom. As
we saw in section (2.7), these equations allow us to consider E and B as
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derivatives of the magnetic vector potential ff(f, t) and the electrostatic po-

tential ¢(&,t). Then we have B = Vx A, and E = —V¢— %%‘f. We also saw
that the interaction of these fields with a charged particle could be given in

terms of a potential

o qu“
A(r,t)): A

if I take Ag = —¢ = —A". This is the first step in writing electromagnetism
in relativistic notation®.

The connection to E and B is best understood if we define a 1-form from
A and its exterior derivative:

U ) = g (6(r,t) — (5/c) -

0A 1
A=A, (2")dz", F:=dA=—Ldz" Ndz" = §Fﬂydx“ A dx”.

oz
Examining the components, we have

99

1

Foj = EA] 5 0% = —FE; = —Fjo, (8.24)
0A; - o

Fij = oz, axj Z Ezjk V A)k = ; EijkBk~ (8.25)

As F := dA we know that dF = 0. dF is a 3-form,

dF = é(dF)Wpdx“dx”dx” = éewpgvgdx”da:”dx”,

where V7 = (—1/6)e"*?(dF'),,,. As we saw in three dimensions in section
(6.5), a k-form w in D dimensions can be associated not only with an anti-
symmetric tensor of rank k, but also with one of rank D — k. That tensor is
associated with a (D—k)-form, called the Hodge dual'® of w, written *w.
On the basis vectors we define

*(dx“l A d:z;lik) — #eﬂl“'ﬂk dr"Y A - - dxVP-k .

(D — k- e

5 Note U is not an invariant, nor should it be, as it is part of the energy. Therefore it
is expected that it should transform like d/dt of a scalar.

16Warning: the dual of the dual of a k-form w is +w, with the sign depending on D and
k.
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In particular, if w is a 2-form in four dimensional Minkowski space,

1
w = iwwdz“/\dx”
P P
w = 5 (5 oW ) do x
1
dw = §wﬂy7pd:):”/\dx“/\dx”
1
xdw = 56”"’0wlw7pd:ﬁ”
1
xdxw = €77 (Ze“ywwum> dx" = wry cda”.

In particular for our 2-form F, the fact that dF = 0, and thus *dF = 0 tells
us the vector V7 = (—1/6)e"*°F,, , = 0. The 0 = 0 component of this

1 .. 1 .. —
0=3V"= §€”ijk,i = §€ij€jlclB£,i =0yBy; =V - B,
giving us the constraint equation (8.21). For the spatial component,
12 , 13 L o
v, p=0 7,k=1

13 1 .
= - Z (Ejklfejkng + 26]klajEk)
2j’k:1 c

1> = -
= (fB—f—VxE) ,
c .

(2

which gives us the constraint (8.22). So the two constraint equations among
Maxwell’s four are

dF = 0. (8.26)
What are the two dynamical equations? If we evaluate *d x F =
Fdxt =: V,dx#, we see the zeroth component contains only Fy; = —FEj,

with Vp = 37, OFy;/0xt = v E, which Maxwell tells us is —p/€g. The spa-
tial component is V; = E070 + Zj FijJ' = Ej/C + GijkajBk = (E/C + 6 X g)
which Maxwell tells us is (modulo ¢) (7);. This encourages us to define the
4-vector J* = (p,7) and its accompanying 1-form J = J,dz*, and to write
the two dynamical equations as

xd*F=—-J ordxF =xJ. (8.27)
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How should we write the lagrangian density for the electromagnetic fields?
As the dynamics is determined by the action, the integral of £ over four-
dimensional space-time, we should expect £ to be essentially a 4-form, which
needs to be made out of the 2-form F. Our first idea might be to try F A F|
which is a 4-form, but unfortunately it is a closed 4-form, for d(F A F) =
(dF) NF + (F) A (dF), and dF = ddA = 0. Because we are working on a
contractable space, F A F is thereform exact, and an exact form is useless
as a lagrangian density because [dwd'r = [yw which depends only on the
boundaries, both in space and time, but this is exactly where variations of
the dynamical degrees of freedom are kept fixed in determing the variation
of the action.

There is another 2-form available, however, * F', so we might consider

1 1 1 1
Ldtd®r = —§F A *xF = 35 wdxt A dz” - Zem\paFm\ A dx? N dx’
1
= —TGe”Apae“”p”FWFH,\dxo Adxt A dx® A dx?
C KA vpo c v v
L = —Ee oo €T E Foy = —g(F“ F,., —F"E,,)

1 1
(—ng + —€ijnBr€ijeBr = ~(E* — B?)

= _EFHVF _c
2 2

4 =Ty

Exercises

8.1 The Lagrangian density for the electromagnetic field in vacuum may be writ-
ten

£= (B~ %),

where the dynamical degrees of freedom are not E and B, but rather A and o,
where

= VxA
- 1=
= —Vop—-A
c

TRV

a) Find the canonical momenta, and comment on what seems unusual about one
of the answers.

b) Find the Lagrange Equations for the system. Relate to known equations for
the electromagnetic field.
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8.2 A tensor transforms properly under Lorentz transformations as specified by
equation (8.6), with each index being contracted with a suitable L' or L' as
appropriate.

(a) The Minkowsky metric 7, should then be transformed into a new tensor by
contracting with two L ’s. Show that the new tensor 1’ is nonetheless the same as
7. [That is, each element still has the same value].

(b) The Levi-Civita symbol in one reference frame is defined by €23 = 1 and
e"’P? is antisymmetric under any interchange of two indices. Being a four-index
contravariant tensor, it will transform with four L' ’s. Show that the transformed
tensor still has the same values under proper'” Thus both N and €*P? are both
invariant and transform co- or contra-variantly.

(c) Show that if T, ., transforms correctly, the tensor T, 4, o =
N T "5, .o, transforms correctly as well.

(d) Show that if two indices, one upper and one lower, are contracted, that is, set
equal and summed over, the resulting object transforms as if those indices were
not there. That is, W,  =1"""", . transforms correctly.

TProper Lorentz transformations are those that can be generated continuously from
the identity. That is, they exclude transformations that reverse the direction of time or
convert a right-handed coordinate system to a left-handed one.
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