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1. (a) We want to transform an arbitrary gauge configuration Aµ(x) into a gauge equivalent con-
figuration Āµ(x) ≡ Ω(x)(∂µ + Aµ(x))Ω(x)†, with the transformation Ω(x) chosen so that Āµ

satisfies the axial gauge condition n̂ ·Ā = 0. Therefore, we need Ω(x)[n̂ ·∂+ n̂ ·A(x)]Ω(x)† = 0.
For any x, let x = x0 +sn̂, with s ≡ n̂ ·x and n̂ ·x0 = 0, and view this condition as a first order
differential equation in the variable s. If A(x) were a number (instead of a matrix), then a solu-
tion to this first order ODE could be written explicitly as Ω(x)† = exp{−

∫ s
0 ds′ n̂·A(x0+s′n̂)}.

For the general case, where A(x) is a matrix, what we need is a generalization of this expo-
nential defined such that its derivative brings down a factor of n̂ · A(x) on the left of the
exponential. This is just like time-ordering, but in this context is called path-ordering. We
need Ω(x)† = P exp{−

∫ s
0 ds′ n̂ · A(x0 + s′n̂)}, with P a path-ordering symbol. Path ordered

exponentials may defined by breaking the path into many little pieces, writing the exponen-
tial as the product of exponentials of each little contribution to the path, and ordering the
resulting factors such that contributions from earlier parts of the path are placed to the right
of contributions from later parts.
The Faddeev-Popov determinant for axial gauge is ∆FP = det(−n̂ ·D) = det(−n̂ ·∂− [n̂ ·A, · ]).
Axial gauge does not uniquely determine the gauge field. One still has the freedom to make
gauge transformations by group elements Ω(x) = ω(x⊥) — that is, gauge transformations
which have arbitrary dependence on the transverse coordinates x⊥ (transvere to n̂), but no
dependence on n̂ · x. In more physical language, in Euclidean space one is free to call the n̂
direction the “time” direction. Using such language, the residual gauge invariance amounts
to the freedom to make time-independent gauge transformations on fields.

(b) Transforming to radial gauge is similar to transforming to axial gauge. For any x, let x = sx̂,
so that s = |x|. The required transformation Ω(x) must satisfy Ω(x)[x ·∂ +x ·A(x)]Ω(x)† = 0,
or equivalently [ d

ds + x̂ ·A(sx̂)]Ω(sx̂)† = 0. This is again solved by a path ordered exponential,
Ω(x)† = Ω(sx̂)† = P exp{−

∫ s
0 ds′ x̂ ·A(s′x̂)}.

(c) Under an infinitesimal gauge transformation, Aµ → Aµ + DµΛ, where DµΛ ≡ ∂µΛ + [Aµ,Λ].
(Here Aµ is an anti-Hermitian Lie-algebra valued gauge field, and the covariant derivative is
an adjoint representation covariant derivative.) Therefore, under such a gauge transformation
∂ · A → ∂ · A + ∂µDµΛ, which implies that the appropriate Faddeev-Popov determinant is
∆FP = det(−∂µDµ) = det(−∂2− ∂µ[Aµ, · ]) (where the last form is just making clear that Dµ

is the adjoint representation covariant derivative).
Using a Gaussian representation of the gauge-fixing delta-function, and expanding the gauge
field in a Lie algebra basis, Aµ =

∑
a Aa

µ(T a/i), gives
∫

ddx 1
4(∂µAa

ν − ∂νA
a
µ)2 + 1

2ξ (∂µAa
µ)2 =∫

ddx 1
2Aa

µ

[
−∂2δµν + (1− ξ−1)∂µ∂ν

]
Aa

ν as the quadratic part of the gauge field action. There-
fore, the Fourier transformed free gauge field propagator (in Euclidean space) is D(0)(p)ab

µν =

δab
[

δµν

p2 + (ξ−1) pµpν

p4

]
. Taking the ξ → 0 limit (which was implicit in the Gaussian repre-

sentation of the gauge fixing delta function) gives D(0)(p)ab
µν = δabPµν(p)/p2, where Pµν(p) ≡

δµν − pµpν/p2 is a projection operator onto vectors transverse to the momentum.

2. Euclidean space propagators.

(a) Using 1/p2 =
∫∞
0 ds e−sp2

, and then changing to t = x2/(4s) gives ∆(0)(x) =
∫

ddp

(2π)d

eip·x

p2
=∫ ∞

0
ds

∫
ddp

(2π)d
eip·x−sp2

=
∫ ∞

0

ds

sd/2

e−x2/4s

(4π)d/2
=

∫ ∞

0

dt e−t t(d/2)−2

4πd/2(x2)(d/2)−1
=

Γ(d
2−1)

4πd/2(x2)(d−2)/2
. This

reduces to ∆(0)(x) = 1/(4π2x2) at d = 4, and ∆(0)(x) = 1/(4π|x|) (of course) for d = 3.



(b) ∆(0)(x;m) =
∫

d4p

(2π)4
eip·x

p2 + m2
=

∫ ∞

0
ds

∫
d4p

(2π)4
eip·x−s(p2+m2) =

1
(4π)2

∫ ∞

0

ds

s2
e−(sm2+x2/4s).

Let r =
√

x2 and change variables to t ≡ s(m/r) to put the exponent in the canonical form

for a saddle point expansion (for large r), ∆(0)(x;m) =
m

(4π)2 r

∫ ∞

0

dt

t2
e−mrf(t). with f(t) ≡

t+1/(4t). The function f [t] has a unique minimum at t = 1
2 with f(1

2) = 1 and f ′′(1
2) = 4. So

∆(0)(x−y;m) =
4m e−mrf(1/2)

(4π)2 r

√
2π

mrf ′′(1
2)
×

[
1+O

( 1
mr

)]
=
√

2m
e−mr

(4πr)3/2
×

[
1+O

( 1
mr

)]
,

with r ≡ |x−y|.
(c) ∆(x, y;m) solves the Green’s function equation (−D[A]2 + m2) ∆(x, y;m) = δ4(x−y) with

vanishing b.c. at infinity. One may directly analyze this differential equation and show
that a solution of the claimed form is the beginning of a systematic expansion in powers of
1/m|x−y|. But this approach cannot fix the overall normalization of the desired solution. Al-
ternatively, one can construct a path integral representation for ∆(x, y;m), and then perform
an appropriate saddle point expansion to derive the large distance asymptotic behavior. To
do so, start with ∆(x, y;m) = 〈x|(−D[A]2 + m2)−1|y〉 =

∫∞
0

dT
2m 〈x|e−(T/2m)(−D[A]2+m2)|y〉,

and notice that this exponential looks just like the (Euclidean) time evolution operator for a
particle in four-dimensional space with Hamiltonian −D2/(2m) + m/2. Therefore, one may
derive a path integral representation for matrix elements of this exponential by following the
usual procedure of breaking the exponential up into many little steps, leading to ∆(x, y;m) =∫∞
0

dT
2m

∫ z(T )=x
z(0)=y Dz(τ) e−S[z] with S[z] ≡

∫ T
0 dτ

[
1
2m(dz/dτ)2 + A(z(τ)) · (dz/dτ) + 1

2m
]
. Here

zµ(τ) is an arbitrary path in Euclidean space which runs from y to x as the parameter
τ runs from 0 to T , and Aµ(x) is the anti-Hermitian gauge field (with D[A] ≡ ∂ + A).
[Note that 1

2mż2 + A(z) · ż + 1
2m is the Euclidean Lagrangian corresponding to the Hamil-

tonian (p−iA)2/(2m) + 1
2m.] Also note that e−S[z] = e−

m
2

R T
0 dτ (ż2+1) U [z] where U [z] ≡

e−
R T
0 dτ A(z(τ))·dz/dτ = e−

R x
y A(z)·dz is the exponential of the line integral of Aµ(x) along the

path z(τ). If the gauge field is non-Abelian, then this exponential needs to be path-ordered.
Since large separation is the same as large mass, i.e., |x−y| � m−1, we need to find the large
mass asymptotic behavior of this path integral. This is easy since the mass only enters through
the exponential factor e−

m
2

R T
0 dτ (ż2+1). For large mass, this factor is very highly peaked about

the path which minimizes
∫ T
0 dτ (ż2 + 1) (subject to the boundary conditions of running from

y to x in time T ). This is just the straight line path z̄(τ) which runs from y to x with
constant dz̄/dτ = (x−y)/T . The leading saddle-point approximation to the path integral just
gives the result one would have for A = 0, times the straight line parallel transporter U [z̄],

or
∫ z(T )=x
z(0)=y Dz(τ) e−S[z] = U [z̄]

∫ d4p
(2π)4

eip·(x−y)−(T/2m)(p2+m2) = U [z̄] ( m
2πT )2 e−

1
2m[T+(x−y)2/T ],

with further corrections suppressed by additional powers of 1/m. The final integral over T ,
after the change of variables T = 2|x−y|t, becomes identical to the integral in (b) for the free
propagator ∆(0)(x−y;m). Hence, ∆(x, y;m) = ∆(0)(x−y;m) U [z̄]× [1 + O(1/m|x−y|)].

(d) The free propagator S(0)(x−y) for massless fermions is the Green’s function for /∂. Since
(/∂)2 = ∂2, S(0)(x) = −/∂∆(0)(x) = −/∂ 1

4π2x2 = /x/(2π2x4).
The free propagator S(0)(x−y;m) for a massive fermion is the Green’s function for /∂+m. Since
(/∂+m)(−/∂+m) = −∂2+m2, S(0)(x;m) = (−/∂+m)∆(0)(x;m). Inserting the asymptotic form
for ∆(0)(x;m) gives S(0)(x;m) ∼ (−/∂+m) e−mr

√
2m/(4πr)3/2 =

√
2 (/n+1) e−mr (m/4πr)3/2,

where r = |x| and nµ ≡ xµ/r, neglecting relative corrections suppressed by additional powers
of 1/(mr).
The propagator S(x, y;m) for a massive fermion in a background gauge field is the Green’s



function for /D[A] + m. Now (/D[A] + m)(−/D[A] + m) = −D[A]2 + m2 − 1
2σµν Fµν , where

γµγν = gµν + σµν with σµν ≡ 1
2 [γµ, γν ], and [Dµ, Dν ] = Fµν was used. In other words,

because of the magnetic moment of fermions (which leads to a direct coupling between spin
and magnetic fields), the fermion propagator in a background field is not just (−/D[A] +
m) times the corresponding scalar propagator, rather it is (−/D[A] + m) times the Green’s
function for −D[A]2 + m2 − 1

2σµν Fµν . Generalizing the previous path integral construc-
tion of the Green’s function to this case leads to a path integral with the action S[z] ≡∫ T
0 dτ

[
1
2m(dz/dτ)2 + A(z(τ)) · (dz/dτ) + 1

2m− 1
4m σµνFµν

]
. This shows that spin-dependent

effects are suppressed by 1/m. The leading large distance behavior of this path integral will still
be proportional to e−m|x−y| times the parallel transporter U(x, y), but now times the Lorentz
transformation matrix Σ(x, y) ≡ exp{σµνF̄µν

|x−y|
4m }, where F̄µν is the average of Fµν(x) along

the straight line path from x to y. Hence S(x, y;m) ∼ (−/D[A] + m) e−m|x−y| U(x, y) Σ(x, y).

3. Q ≡ − 1
32π2

∫
d4x εµναβ trFµνFαβ , with Fµν ≡ [Dµ, Dν ], Dµ ≡ ∂µ + Aµ, and Aµ ≡ Aa

µ
τa
2i an

anti-Hermitian SU(2) Lie-algebra-valued vector field.

(a) Under an active Lorentz transformation Λµ
ν , the field strength tensor transforms like any

rank-two tensor, Fµν(x) → Λµ
µ′

Λν
ν′

Fµ′ν′(x′) , with x′α ≡ Λβ
αxβ. Therefore tr FµνF̃

µν =
1
2εµναβ trFµν(x)Fαβ(x) → 1

2εµναβ Λµ
µ′

Λν
ν′

Λα
α′

Λβ
β′

trFµ′ν′(x′)Fα′β′(x′). For any 4× 4 matrix
Λ = ‖Λµ

ν‖, εµναβ Λµ
µ′

Λν
ν′

Λα
α′

Λβ
β′

= εµ′ν′α′β′
det Λ. (One way to verify this is to fully

contract both sides with all possible products of eigenvectors of the matrix Λ.) Consequently,
tr Fµν(x)F̃µν(x) → (detΛ) 1

2εµ′ν′α′β′
trFµ′ν′(x′)Fα′β′(x′) = (det Λ) tr Fµν(x′)F̃µν(x′). For a

proper Lorentz transformation, det Λ = 1, while for improper transformations, detΛ = −1.
So tr FµνF̃

µν transforms like a scalar field under proper Lorentz transformations, but acquires
an extra minus sign under improper transformations — and hence is a pseudoscalar field.

(b) Under an infinitesimal variation of the gauge field, Aµ → Aµ+δAµ and Fµν → Fµν +δFµν , with
δFµν = Dadj

µ δAν−Dadj
ν δAµ, where Dadj

µ f ≡ [Dµ, f ] = ∂µf+[Aµ, f ] is the adjoint-representation
covariant derivative which is appropriate for any Lie-algebra-valued field f . Hence, δQ =
− εµναβ

16π2

∫
d4xtr δFµν Fαβ = εµναβ

8π2

∫
d4xtr (Dadj

ν δAµ) Fαβ = − εµναβ

8π2

∫
d4xtr δAµ Dadj

ν Fαβ , where
the covariant derivative was integrated by parts in the last step. This is valid, inside the
trace, for the commutator part of the covariant derivative since tr ([Aν , f ] g) = −tr (f [Aν , g]).
Finally, any gauge field satisfies the Bianchi identity εµναβ Dadj

ν Fαβ = εµναβ [Dν , [Dα, Dβ]] = 0,
and hence δQ = 0. (The Bianchi identity follows from the fact that εµναβ is symmetric under
cyclic permutations of three indices, while double commutators satisfy the Jabobi identity,
[Dν , [Dα, Dβ ]] + [Dα, [Dβ, Dν ]] + [Dβ , [Dν , Dα]] = 0.)
The only subtlety in this argument is the integration-by-parts — this can produce a surface
term which was neglected above, so that δQ = εµναβ

8π2

∫
d3Σν tr (δAµ Fαβ), where the surface

integral is over the sphere at (spacetime) infinity, or in other words the R → ∞ limit of the
integral over a 3-sphere of radius R, whose surface area grows as R3. But if Fµν(x) vanishes
faster than 1/|x|2 and δAµ(x) vanishes faster than 1/|x| as x → ∞, then the integrand falls
faster than 1/|x|3, so this R → ∞ limit vanishes. So, under the stated conditions, any
continuous variation of the gauge field leaves the value of the topological charge Q unchanged.
Which means its value can only depend on topological properties of the gauge field — hence
the name ‘topological charge’.

(c) If − 1
16π2 trFµνF̃

µν = ∂µ jµ for some current jµ, then this current must be a pseudo-vector with
dimension three constructed from the (dimension one) gauge field and derivatives. Possible
terms are εµναβ tr (Aν∂αAβ) and εµναβ tr (AνAαAβ). (Any term with two derivatives would
vanish upon contraction with the ε tensor.) The first term has the right structure so that its



divergence can generate the (∂A)(∂A) part of trFµνF̃
µν , while the second term has right struc-

ture to generate the (∂A)AA pieces of trFµνF̃
µν . But what about parts of tr FµνF̃

µν which
are quartic in the gauge field, namely 1

2εµναβ tr [Aµ, Aν ][Aα, Aβ ]? Such quartic terms cannot
be generated by the divergence of a current, and therefore trFµνF̃

µν could not equal ∂µjµ for
any current jµ — unless these quartic terms are actually absent. To see if they do vanish,
expand the commutators, consider any of the resulting terms such as 1

2εµναβ tr (Aµ Aν Aα Aβ),
and note that the epsilon tensor changes sign under a cyclic permutation of all four indices,
while the trace is symmetric. [E.g., tr (Aµ Aν Aα Aβ) = tr (Aν Aα Aβ Aµ).] Hence trFµνF̃

µν

does not, in fact, contain any terms quartic in the gauge field.
Let jµ = εµναβ {C1 tr (Aν∂αAβ) + C2 tr (AνAαAβ)} and note that

∂µjµ = εµναβ {C1 tr (∂µAν)(∂αAβ) + 3 C2 tr (∂µAν)AαAβ}
= εµναβ

{
1
4 C1 tr (∂µAν−∂νAµ)(∂αAβ−∂βAα) + 3

4 C2 tr (∂µAν−∂νAµ)[Aα, Aβ ]
}

,

while tr FµνF̃
µν = 1

2εµναβ {tr (∂µAν−∂νAµ)(∂αAβ−∂βAα) + 2 tr (∂µAν−∂νAµ)[Aα, Aβ]}. So
− 1

16π2 trFµνF̃
µν will equal ∂µjµ if C1 = −2/(16π2) and C2 = −4

3/(16π2). Hence

jµ =
−1

16π2
εµναβ

{
2 tr (Aν∂αAβ) + 4

3 tr (AνAαAβ)
}

=
−1

16π2
εµναβ tr (AνFαβ − 2

3 AνAαAβ) .

(d) If Aµ(x) → g(x)∂µg(x)−1 as x →∞, then this means that Aµ becomes a gauge transformation
of zero as x →∞. And that implies that the field strength Fµν vanishes as x →∞. Conversely,
if the gauge field did not approach a pure gauge for large x, then the field strength wouldn’t
vanish as x →∞, contrary to the stated assumptions.

(e) Combine the results of the previous two parts to find:

Q =
∫

d4x ∂µjµ(x) = lim
R→∞

∫
d3Σµ jµ(x) =

1
24π2

∫
d3Σµ εµναβ tr (AνAαAβ)

=
1

24π2

∫
d3Σµ εµναβ tr

{
[g ∂νg

−1][g ∂αg−1][g ∂βg−1]
}

,

where the surface integral is over the sphere at spacetime infinity. Since Fαβ falls faster than
1/x2 and Aν will fall like 1/|x|, the εµναβ tr (AνFαβ) part of jµ cannot contribute to the
surface integral, and hence was dropped. [This asymptotic behavior for Aν assumes that g(x)
approaches some element of the gauge group g(x̂) depending only on direction as x →∞.]

(f) If g(x) → g0 as x → ∞, then its angular derivatives will vanish and hence, from the above
formula, so will the topological charge Q.

(g) Define τ̄µ such that τ̄i is the usual i’th Pauli matrix, while τ̄0 ≡ −i. And define τµ such
that τ0 = +i while τi are again the usual Pauli matrices. Note that τµ = (τ̄µ)†. And
also observe that (τ̄µxµ)(τνx

ν) = (−ix0 + τ
˜
· x
˜
)(ix0 + τ

˜
· x
˜
) = (x0)2 + (x

˜
)2 = x2. Hence,

if g(x) → iτµxµ/|x| at large x, then g(x)−1 → −iτ̄µxµ/|x|. And therefore, g ∂αg−1 →
(τ · x τ̄α − xα)/x2 (with τ · x ≡ τβxβ). The formula for topological charge thus gives Q =

1
24π2

∫
d3Σµ εµναβ tr (τ · x τ̄ν τ · x τ̄α τ · x τ̄β) /x6. The xα/x2 part of g ∂αg−1 doesn’t contribute

since the normal to the surface is purely radial and hence the epsilon tensor ensures that only
angular components of g ∂g−1 contribute to the integrand.
To simplify the trace, notice that τατ̄β + τβ τ̄α = 2 δαβ . Hence tr (τ · x τ̄ν τ · x τ̄α τ · x τ̄β) =
tr [(−τν τ̄ · x + 2 xν) τ · x τ̄α τ · x τ̄β ] = −x2 tr (τν τ̄α τ · x τ̄β)+2xν tr (τ · x τ̄α τ · x τ̄β), and once
again, the second term proportional to xν will vanish when contracted with d3Σµεµναβ . So now
Q = − 1

24π2

∫
d3Σµ εµναβ tr (τν τ̄α τ · x τ̄β) /x4 = − 1

24π2

∫
d3Σµ

xρ

x4 εµναβ tr (τν τ̄α τρ τ̄β). At this



point, it is convenient to do the surface integral. By O(4) rotational invariance, the integral∫
d3Σµ

xρ

x4 must be proportional to δρ
µ. Contracting the integral with δρ

µ gives
∫

d3Σµ
xµ

x4 =
limR→∞

∫
d3Σ · x̂/R3 = 2π2 since the surface area of a three-sphere is 2π2 R3. Hence the

original integral
∫

d3Σµ
xρ

x4 equals 1
2π2 δρ

µ, and this gives us Q = − 1
48 εµναβ tr (τν τ̄α τµ τ̄β). If

µναβ equals 0123, then the epsilon tensor is +1 and the trace is tr (iσ1σ2σ3) = tr (−1) =
−2. If µναβ is any even permutation of 0123, the result is exactly the same, while for odd
permutations the epsilon tensor is −1 while the trace is +2. Hence Q = − 1

48 4! (−2) = +1.
(h) The space of finite action field configurations may be partitioned into distinct topological

categories. We have shown that at least two such categories exist — those in which Q = 0
and Q = +1. If we had considered configurations with g(x) → −iτµxµ/|x| as x → ∞ (which
is the inverse of iτ̄µxµ/|x|) then we would have found a third category of configurations with
Q = −1.
The gauge transformation g(x) characterizing the asymptotic behavior of the gauge field gives
a mapping from the sphere at infinity into the gauge group. The group SU(2) is topologically
a three-sphere, and hence the relevant topological classification is π3(S3), the homotopy group
of mappings of three-spheres into three-spheres. [To see that SU(2) has the topology of S3,
note that any 2 × 2 unitary matrix with determinant one may be written as iτµnµ with n a
unit length four-vector.] One may show that Q can take on arbitrary integer values and that
π3(S3) = ZZ, the set of integers. The existence of configurations for which Q is an arbitrary
integer follows from what we have already shown, plus the fact that homotopy groups are
truly groups, since one may compose two mappings to obtain a third and the topological
classification must preserve this group structure.

(i) Since the topological charge Q is the spacetime integral of pseudoscalar field, it is invariant
under proper Lorentz transformations, but changes sign under improper transformations such
as parity or time-reversal. Therefore, if the term iθQ is added to the Euclidean action then,
for non-zero values of θ, parity and time-reversal will not be symmetries of the action. But
because Q is quantized (i.e., it only takes on integer values), at θ = ±π the change in the
action under an improper Lorentz transformation, for any field configuration, will be an integer
multiple of 2πi. Since the integrand of the functional integral is the exponential of the action,
e−SE [Aµ], this means that the theory (as defined by this functional integral) is parity and
time-reversal invariant at either θ = 0 or θ = π.

(j) Equations of motion are conditions for stationarity of the action under infinitesimal variations
of the fields. We showed in part (b) that Q is unchanged under infinitesimal variations. Hence,
adding iθQ to the action has no effect on the classical equations of motion. Perturbation theory
is equivalent to a saddle-point expansion of the functional integral about classical vacuum
configurations. Since vacuum configurations are gauge-equivalent to Aµ = 0, these minima
of the action lie in the Q = 0 sector of the theory. The existence of topologically disjoint
sectors of configuration space (in which Q is non-zero) has no effect whatsoever on the saddle-
point expansion about vacuum configurations. Hence perturbation theory cannot depend on
θ. But the complete functional integral includes the topologically non-trivial sectors, whose
contributions will be weighted by the phase factor eiθQ. Therefore, changing the value of θ will
effect the value of the partition function, and hence will effect the ground state energy. Because
Q only takes on integer values, the phase factor eiθQ is periodic in θ with period 2π. Hence,
the theta dependence of the ground state energy must also be periodic with period 2π. Since
the integrand of the functional integral is strictly positive at θ = 0, introducing a non-zero θ,
which gives a non-zero phase to contributions of topologically non-trivial configurations, can
only decrease the total partition function. Since Eg.s. ∝ − lnZ, this means that the ground
state energy, as a function of θ, must be minimized at θ = 0.


