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1 Introduction

In nonabelian gauge theory, and particular in QCD, from topological consider-
ation, there are different vacuum states labeled by different winding number.
There are also solutions to classical Yang-Mills theory in Euclidean space, known
as instantons. Instantons correspond to tunneling events between different vac-
uum states. Those tunnelings result the so called "¢ vacuum”. This parameter 0
is the same 6 appears in [ d*zT r[f’éjﬁ F ,“,F #¥], which causes the chiral anomaly
we discussed before. This term violates CP symmetry. However, experimental
bound of € is very small. Such small value of 8 requires an explanation. This is
so called ”strong CP problem”. We will also see that adding fermions into the
pure gauge theory can change the 8 dependence of partition function.

2 Vacuum Winding Number

Consider SU(2) gauge theory with gauge fields only £ = %TT(F M F.). The
classical field configuration corresponding to the ground state is Fjj, = 0. This
implies that the vector potential is A, = AT = éU 0,U", which is a pure
gauge transformation of A4, = 0.

Let us fix temporal gauge Ag = 0, then we can focus on time independent
gauge transformations U(x). We also impose the boundary condition that U(x)
approaches a particular constant matrix as |x| — oo, independent of direction.
This is equivalent to adding a spatial ”point at infinity” where U has a definite
value, and such spatial space has the topology of three-dimensional sphere S3.

If every U(x) can be smoothly deformed into every other U(x), then all
these field configurations are gauge equivalent, and they correspond to a single
quantum vacuum state. If every U(x) can not be smoothly deformed into other
U(x), then there must be more than one quantum vacuum state. The reason is
as follow:

Suppose U(x) cannot be smoothly deformed into U(x). The associated vec-
tor potentials A, = £U0,U" and A, = £U9,UT are both gauge transformations
of zero, so both F},, and F;w vanish. If we try to smoothly deform A, into flu,
we must pass through vector potentials that are not gauge transformations of
zero, and whose field strengths do not vanish. These nonzero field strengths im-
ply nonzero energy, so there is an energy barrier between the field 4, and /LL.
Therefore they represent two different minima of the hamiltonian in the space
of classical field configurations, which correspond to different vacuum states in
the quantum theory.

U(x) is a mapping from spatial S3 to vacuum SU(2) space. Because any
elements in SU(2) can be written as U = ug+¢u- 7, where 7 is the Pauli matri-



ces and u and u are real satisfying u2 +u? = 1 (which follows from UUT = 1).
Therefore the manifold of the SU(2) group elements is topologically equivalent
to S3, which we will call vacuum S3. Thus U(x) provides a map from spatial
S3 to vacuum S3. From the homotopic classes (see appendix for introduction),
we can define a winding number n that counts the number of times the vacuum
S3 covers the spatial S3(m3(S93) = Z).

Given a smooth map U(x), its winding number can be written as

n =

T oUn2 / Bk Tr(Ua, U (U8, UN)(U8UT)]

From above, we see that SU(2) gauge theory has infinite number of classical
field configurations of zero energy, labeled by integer n and separated by energy
barriers.

2.1 Simple Example
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Figure 1. The V(¢) potential with minima at ¢ = nv

The infinite number of classical field configurations of zero energy is analo-
gous to a scalar field theory with a potential V(¢) = Av*[1 — cos(27¢/v)]. The
potential has minima at ¢ = nv.

Generically, between two quantum states |n > and |n’ > that are separated
by an energy barrier, there is a tunneling amplitude of the form e~°, where S
is the euclidean action for a classical solution of the euclidean field equations
that mediates between the field configuration corresponding to n at t = —oo
and the field configuration corresponding to n’ at ¢t = +oo. In the scalar field
theory, the classical solution of the euclidean field equations is independent of
x, therefore S scales like the volume of the space. In infinite volume limit, the
tunneling amplitude vanishes. Therefore minima at ¢ = nv are degenerated in
the quantum theory.



3 Instanton

Here we are trying to find the solution to classical SU(2) Yang-Mills theory in
Euclidean space.

At g = £T', we set A, (x) = éUi(x)auUi(x), where Uy (x) has winding
number ny. At |x| = R, for —T < z9 < T, we set the boundary condi-
tion A, = 0, which is equivalent to set U(x) to constant matrix at x| = R

(A, = éUaﬂUT), and we will take T" and R to infinity at the end.
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Figure 2. The boundary in euclidean spacetime.

Above cylindrical boundary(caps not included) of four-dimensional space-
time is topologically a S2. The winding number of the map on this three-sphere
is n4 — n_(think of a line winding around this boundary from bottom to top).

By using the winding number formula given in previous section and noting
that the cylindrical wall makes no contribution (9,U" = 0), we have the upper
cap contributes n, and the lower cap contributes —n_(minus sign is due to
orientation of the cap).

In large R and T limit, we can consider the boundary of the whole cylinder
3 _ 2 o . L x
tq be a.S .at p = +\/x§ +x-x = 0o. On this boundary, we have map U(Z = 7“)
with winding number n =n, —n_.

Consider the euclidean action S = L [ d*aTr[F*F,,] of a field that obeys
the boundary condition lim,_,.cA, (L) = éU(fc)BMUT(;%) and the field strength
is given in terms of the vector potential by F,, = 0,4, — 0, A, —ig[A,, A].

The winding number is
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ne L / 48, Tr[(U0, U U, U (Ua, U] = 22 / 45, Tr(A, A, Ay)

2472 2472

We want to express the winding number n as volume integral. Let us intro-
duce an unobservable gauge-dependent current (called Chern-Simons current)

JH = 26" N Tr[A, Fy, + 2igA, A\Ay)

It is easy to check that

Dt = 2Tr[F,, F*]

where dual of F,, is F},, = LY.

On the surface at infinity, the vector potential is a gauge transformation of
0, so F,, = 0 there, thus

[dS,J = [ d*zo,JH = [d*zTr[F, JFHY]

n= 162

3271'2 32772

where the integrand in the last expression is gauge-invariant.

Note that F‘“’FM = FWE . therefore

nyy
sTrFuEF ) = Tr[FM F £ Tr[FF,,] > 0= S = 5 [ d*aTr[F'F,] >
3| [ d'aTr[FrEy ]| = 87%nl /g

We obtain the minimum value of the euclidean action for a solution of the eu-
clidean field equations the mediates between vacuum configurations with wind-
ing numbers ny at xo = 400, where n, = n_+n. And this minimum is achieved
when F,, = :l:FW, which means that the self-dual of antiself-dual fields are the
finite-action solutions to the classical Euclidean Yang-Mills theory.

Notice that the tunneling amplitude is of form e~ ~ e=8m*/ g2, therefore Ehig
is an effect that cannot be seen in ordinary perturbation theory since e =87 /9
is extremely small for small g.

3.1 Example of SU(2) gauge transformation
Consider SU(2) gauge transformation U(x) =

W%7 where o is the Pauli ma-

trices vector. This gives rise to gauge field A, (z) = (5 +/\2) .U, UT, where
A is some arbitrary scale parameter called instanton 51ze(the existence of solu-
tion of arbitrary sizers is a necessary consequence of the scale invariance of the



classical field theory). For p >> X, we have A, (z) — gUauUJr as required by

the boundary condition. More explicitly, we can write Ag(z) = 5%%,A(z) =

%. One can check the corresponding action integral has value 872 /g2,

so it is an instanton centered at the spacetime origin with winding number 1.
We say that the instanton is localized in both Euclidean space and time.

We can try to rewrite above gauge field expression in temporal gauge Ag = 0.
We can make a gauge transformation first on above gauge field expression
Au(z): Al (z) = VIA,(z)V(z) + VT(2)9,V(z). The condition of temporal

gauge is Aj(z) = 0, which implies 9oV (z) = —Ao(z)V (z) = %V(m) =

Viz) = exp[(xzfﬁ(tanfl(@”%) + 6p)], where 6y is the integration
constant. We can set 6y = (n + %)w If we take the spatial component
Ai(x) to be zero at xg = oo, then Aj(zq = Ho0) = VI(2)d;V(x) with
V(zg = —00) = exp[iﬂ'ﬁn} and V(zg = +00) = exp[iﬂm(n—kl)].

_ —ixo _ —i(oxotoxx) .
Therefore we see Ag(z) = e A(z) = — e indeed connects two vac-

uum states that differ by one unit on winding number.

If we want to have tunneling process whose winding numbers differ by more
than 1, we can construct a mediating solution n = ny —n_ by patching together
n4 instantons and n_ anti-instantons(with winding number -1) whose centers
are widely separated on scale set by their sizes.

Remark: Adding scalar fields has no effect on our analysis. Changing
from SU(2) to another simple nonabelian group also has no effect; instanton
solutions always reside in an SU(2) subgroup(this is due to a theorem by Raoul
Bott, stating that any continuous mapping of S? into G can be continuously
deformed into a mapping into an SU(2) subgroup of G). If the gauge group is
U(1), there are no instantons, and hence no vacuum angle(w3(S*) = 0 as stated
in appendix).

4 # vacuum

A gauge transformation with winding number n changes the ground state from
|[n_ > to |n_ +n >. Therefore if we want a gauge invariant ground state, we
need to construct a superposition of those ground states with different winding
numbers.

Define the 6 vacua |0 >= "2 __e~™mn >.

n=—oo

If we act on € vacua with a gauge transformation U; with winding number
1, we have

U160 >=U; Y2 e Mn >= Zzozioo e~ MU n >

n—=—oo



= S eTmin 41 >= ___el= ' n' >= ¢l et O >
fzo_ - inf 1 ;’LO_ - i(—n'+1)0|,,/ 0 ZO_ - n'0|,,/
=e0 >

We see that |§ > is an eigenstate of U; with eigenvalue . Since the
Hamiltonian is invariant under gauge transformations ([Uy, H] = 0), |0 > is also
energy eigenstate.

Consider a gauge invariant operator B. Gauge invariance means [U, B] =0
or Uy BUJ = B, therefore 0 =< 0|B — Uy BUJ |/ >=< |B|¢/ > —e= i ~0) <
0|Bl0' >= (1 — e =9} < 9| B|¢’ >, which means that < 6|B|#’ >= 0 unless
0" = 0 + 2rnl, with | € Z. If we restrict —7 < 6 < 7, then < 0|B|§ >= 0
unless 8’ = 6, which means that the value of # can not be changed by a gauge
invariant operator, and hamiltonian is gauge invariant operator as well, so the
value of § does not change as time moves on. Therefore | > is really an energy
eigenstate. Therefore different 6 corresponds to different theory, as different
value of coupling constant describes a different theory.

4.1 Understanding 6 through Condensed Matter Physics

Consider electron moving in 1d periodic potential, with potential minimum sep-
arated by a distance a. From Bloch’s theorem, we know that the energy eigen-
states for an electron in a crystal can be written as Bloch waves ¥(x) = e?**u(z),
where z is the position, u(z) is a periodic function with the same periodicity as
the potential and k is the crystal momentum.

Suppose g is the position of a potential minima, then from Bloch wave,
we have the ground state wavefunction ¢(zg + a) = e*®0e*y(xy + a) =
e*aetkroy (20) = e*p(xg), where xg + a is another position of potential min-
ima. Then the true ground state wavefunction should be superposition of the
wavefunction of all minima. There are different superposition, characterized by
crystal momentum k. We see that 6 is analogous to crystal momentum k.

4.2 Physics of § and strong CP problem

Consider the euclidean path integral with boundary condition with states of
winding number n4 at xg = +o0o. The only field configurations that contribute
are those with winding number ny — n_. We can write

Zn+<—n, (J) _ f,DAnJr—n, 675+f d*zTr[J" A,

where we only integrate over fields with winding number n; — n_, and
Zn, «n_(J) only depends on n = n, —n_ and not separately on n4 and n_.



If now we are interested in starting with a particular theta vacua |# > and
ending with |6’ >, then using the definition of § vacua, the corresponding path
integral is

Z(-)’e(-)(J) _ _Zn,,nJr ei(n+0/7n70)Zn+<—n_ (J) _ Zn,,n ei((”*JF”)e'*"*e)Zn_*_en_ (J)
= Zn,7n ezne +in_ (0 —9)Zn+<_n7 (J)

Since eme'Zmrgn_ (J) only depends on n, summing over n_, we get §(8’' —6).
Thus we have

Zoro(J)=0(0"—0)>, emeZM(_nf (J)
Drop the delta function, and define
ZO(J) _ En ei”GZmen, (J) — Zn eind fDAne_S+f d*zTr[J" A,

By combing the sum over n and the integral over A,, into an integral over
2 ~
all A, and using n = {2 [ d*aTr[F,, F"], we get

4 1 v ig2o Py Th
ZQ(J) _ fDAefd ITT[ 2F F“V+7167r2 F‘“,F +J ALJ

Putting the path integral back into Minkowski space, we get

. v 2 I v
Zy(J) = [ DA CoTrl= g B B =g P P 401 Ay
The 0 term above causes chiral anomaly we discussed before.

We can write TT[FM,,F”V] = Tr[4E;B;], where E; and B; are the ”electric
field” and "magnetic field” of F},, respectively.

Under parity transformation, F; — —FE;, B; — B; and under time-reversal
transformation, F; — E;, B; — —B;, therefore 6 term is not invariant under
parity(P) or time-reversal(T or CP since CPT is always invariant). Therefore
f term implies CP violation in QCD. However, experimental measurement of
6 suggest that |0] < 2 x 1071%. Such a small value of § requires for a good
explanation, and this is called the strong CP problem.

4.3 QCD with massless fermions

Consider QCD with one flavor of massless quark, represented by a Dirac field
U in the fundamental representation of gauge group SU(3). The path integral is

7 = [ DADUDVeapli [ d*x(iDPV — LFenv e, — £6 famwpa )]

pv 3272



where we have not written the source terms explicitly.

We know that U(1) 4 symmetry(¥ — e~ W ¥ — We~i%75) is anomalous,
meaning that
_ 2 ~ _
DYDY — exp|—i [ d4xﬁ3—W°§F““”Fﬁy]D\I/D\II
Therefore the effect of a U(1)4 transformation is to change the value 6 to
0 + 2c. Since the value of 6 can be changed by U(1)4 transformation with
arbitrary «(which is equivalent to change of dummy integration variable in the

path integral), we conclude that Z does not depend on 6. Therefore adding a
massless quark has turned 6 into a physically irrelevant, unobservable parameter.

We see that in original pure QCD without matter, Zy depends on 8. Why
adding a fermion changes the 6 dependence of Z7 We can perform the integral
over the quark field, and we have

7 = [ DADUDWeapli [ d*a(i0 PO~ Lo Fe, L0 fampa )] — [ DAdet(ip)e [ 471 F""

py o 3272

where n is the winding number. We see that Z would be independent of 6 if
gauge fields with gauge fields with nonzero winding number did not contribute.
This will be the case if det(ilp)) vanishes for gauge fields with n # 0. There-
fore iI) must have a zero eigenvalue or zero mode whenever the gauge field has
nonzero winding number.

4.4 QCD with massive fermions

Now consider adding a mass term for the quark. If we write the Dirac field

¥ in terms of two left-handed Weyl fields x and &, ¥ = ( fx]»), then the mass

term is Loass = —mxé — m* €yt = —|m|We VU where m = |mle’®. A
U(1)4 transformation changes ¢ to ¢ + 2 and 6 to 6 + 2a, we see that ¢ — 6
or equivalently me~* is unchanged. Because we want to rotate away the mass
phase, we want —2a = ¢, then 0 parameter is fixed to 8 — ¢. Therefore the path
integral depends on me~%, but not on m and 6 separately.

If there are more quark fields, the mass term is £ = —M;;x;§; +h.c.. U(1)a
transformation changes the phase of every y; and & by €', so every matrix
element of M picks up a factor e?®. Simultaneously, # changes to § + 2Na,
where N is the number of quark fields. Thus (detM)e™" is invariant under
U(1) transformation. Then the path integral depends on (detM)e~* not on
(detM) and 0 separately.

a
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A Homotopic classes

Let X and Y be two topological spaces and fo(x), f1(z) be two continuous func-
tions from X to Y. Let I denote the unit interval on the real line 0 < ¢t < 1.
fo and f1 are said to be homotopic if and only if there is a continuous function
F(z,t) which maps the direct product of X and I to Y such that F(z,0) = fo(x)
and F(x,1) = fi(x). The continuous function F'(x,t) which deforms the func-
tion fo(x) continuously into fi(x) is called the homotopy. We can then divide
all functions from X to Y into homotopic classes such that two functions are in
the same class if they are homotopic.

A.1 Homotopy groups of spheres

Homotopy groups of spheres describe how spheres of various dimensions can
wrap around each other, and they are topological invariants.

The n-dimensional unit sphere - called the n-sphere(denote as S™) - general-
izes the familiar circle(S') and the ordinary sphere(S?). The n-sphere may be
defined geometrically as the set of points in a Euclidean space of dimension n+1
located at a unit distance from the origin. The i-th homotopy group m;(S™) sum-
marizes the different ways in which the i-dimensional sphere S* can be mapped
continuously into the n-dimensional sphere S™. If two mappings can be con-
tinuously deformed into each other, they belong to the equivalence classes of
mappings. An "addition” operation defined on these equivalence classes makes
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the set of equivalence classes into an abelian group.

We notice that 73(St) = 0, which means that there is no winding number
for abelian U(1) group(the manifold of the U(1) group elements is topologically
equivalent to S1).

A.2 Example: S!' — St

Let X be the points on a unit circle labelled by the angle {6}, with 6 and 6 + 27
identified. Let Y be a set of unimodular complex numbers u; = {e'”}, which is
topologically equivalent to a unit circle S*. Consider the mapping {6} — {e¢}.
The continuous functions given by

f(0) = expli(nf + a)]

form a homotopic class for different values of a and a fixed integer n. This
is because we can construct a homotopy

F(0,t) = expli(nd + (1 — )6 + 16:)]
such that

fo(6) = expli(nf + 6p)]

and

£1(0) = expli(nd + 0,)]

are homotopic. One can visualize f() as a mapping of a circle onto another
circle. In this mapping n points of the first circle (%T”, where k =0,1,...,n—1)
are mapped into one point of the second circle. We can think of this as ”winding
around it n times”. Thus, each homotopic class is characterized by the wind-
ing number n(also called the Pontryargin index). From expression of f(#), the

winding number n for f(6) can be written as

n= [27d0[ i d0)]

0 27

Of particular interest is the mapping with lowest nontrivial winding number
n=1:

F0(6) = e

By taking powers of this mapping, we can get mappings of higher winding
numbers. For instance, the mapping [f(V)(6)]™ has winding number m.
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We can also write f()(0) = 2 + iy with 22 4 9% =1

We can generalize the domain X of this mapping from the unit circle to the
whole real line —o0o < x < oo, by identifying * = co and £ = —oo to be the
same point (f(z = 0) = f(z = —0)).

Example of this type of mapping with winding number n = 1 are

file) = eaplimz/(@® + M)V, fi(z) = expli2sin™ (a/(2* + N*)V/?)] =
(A +iz)?
A2+a2

where A is an arbitrary number. And the winding number for a general
mapping is

1 [teo [—i df(z)].

=95 )os xf(z) dx
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