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ABSTRACT

Gribov ambiguity is a problem that arises when we try to single out the
physical gauge degree of freedom in non-Abelian gauge theory by imposing the
covariant gauge constraint. Unfortunately, the solution of the gauge constraint is not
unique, thus the redundant gauge degree of freedom, called Gribov copies, remains
unfixed. One of the traditional methods to partially resolve the Gribov problem is
to restrict the space of gauge orbits inside the bounded region known as the Gribov
region. The meaning of “partially resolve” is that this procedure can solve only the
positivity’s problem of the Faddeev-Popov operator but the Gribov copies are still
there. However, on the bright side, the restriction to the Gribov region leads to
the modification of the gluon propagator. Additionally, the new form of the gluon
propagator yields the violation of the reflection positivity which is considered as the
important axiom of the Euclidean quantum field theory. This shows that the gluon
field in the Gribov region is an unphysical particle or technically confined. In this
review article, we will start by discussing the traditional Faddeev-Popov method
and its consequence on the proof of the unitarity of the perturbative Yang-Mills
theory. Next, we will discuss the blind spot of the Faddeev-Popov quantization
and study the mathematical and physical origin of the Gribov problem. Then, the
method of the Gribov restriction will be elaborated. After that, we demonstrate the
modification of the gluon field after restricting inside the bounded Gribov region.
Finally, we show that the new form of the gluon leads to the violation of the reflection
positivity axiom.
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Conventions

Einstein summation convention is used.

Formally we work in the spacetime manifold M of D = d+1 dimensions where
d is the number of spatial dimensions.

The metric signature is taken to be (+, —, —, ..., —). However, mainly, we will
work with Euclidean signature (4, +, ..., +).

The natural unit (¢ = h = kp = 1) is used.

We sometimes write A,A4, = (A,)* and A,A4,A,A, = (A,A,)? so on and so
forth.

The Fourier transformation is taken to be

o(z) = / (;lﬁfD o(k)e

and

o(k) = /de o(x)e®®,



Chapter 1

Introduction

Quantum chromodynamics (QCD) is a gauge theory describing the strong interac-
tion - one of four fundamental interactions of nature. In the absence of quark, QCD is
described through the pure Yang-Mills (YM) theory which is a non-Abelian analogue
of Maxwell’s model of electromagnetism. Vacuum solution of the pure classical YM
theory in (341)-dimensional Minkowski(or Euclidean) space(time), by construction,
undergoes a conformal symmetry (this fact can be found, for example, in appendix
C of [2] and [95]), thus the existence of YM’s mass gap is forbidden in principle.
However, all known phenomena support the existence of the mass gap since the
formation of colorless bound states of colorful particles will be not allowed to hap-
pen unless the mass gap does exist. This fact was organized to be one of the most
difficult problems in mathematics. As mentioned above, the existence of the mass
gap and the absence of free colorful particles are closely related to each other. The
latter phenomenon, relate more to physicists, is known as (color) confinement which
can not be understood by using the traditional YM construction of QCD. Color
confinement can be classified further into a quark and gluon confinement. For the
former case, we have known for a long time that quarks, specifically in long-distance
or infrared (IR) limit, only appears to be bound states called hadrons. There are
many possible candidates for describing the quark confinement, for example, the
dual conductivity model constructed by the condensate of magnetic monopole in
the vacuum (See also [47, 48, 68, 81| for further information). For gluon confine-
ment case, we do not have any experimental evidence so far, however, we believe so
much that gluon, generally colorful, cannot appear isolated and also forms a bound
state called glueball [32].

Clearly, because of conformal invariance at the classical level, the confinement
effect is therefore believed to be a very pure quantum effect. Since YM theory is a
gauge theory, its quantization is also quite difficult to be done properly. For instance,
the most traditional way, so-called Faddeev-Popov (FP) quantization [31], is also
not complete in the sense that the FP method requires the very ideal gauge fixing
choice. One merit of using the FP quantization is the introduction of new attrac-
tively harmful degrees of freedom, which violates a so-called spin-statistics theorem



[79], known as ghost modes. This leaves quantum YM theory to be invariant un-
der new global transformation proposed firstly by Becchi, Rouet, Stora and Tyutin
[12; 13, 14, 83]. The BRST transformation can be used to classify the unphysical
state out from the overall degrees of freedom. This fact leads Kugo and Ojima to
prove the unitarity of the quantum Yang-Mills theory and propose how unphysical
spectra, involving ghosts, are confined [50, 51]. Unfortunately, the confinement of
(transverse) gluon field is not proven by this particular argument.

In the later 1970s, Gribov pointed out the incompleteness of the FP method
in almost all of the gauge fixing choices, this problem is well-known in the name
Gribov ambiguity [36]. Moreover, in numerical lattice calculations, the Gribov am-
biguity also leads to a meaningless indefinite result 0/0 known as the Neuberger
problem [62] which can be solved by introducing the mass term into the massless
YM theory. In particular, the failure of the FP quantization opened the new door
of exploration in theoretical high energy physics. There are many ways to solve this
ambiguity, for example, imposing rather a non-local gauge fixing condition than a
local one e.g. lightcone gauge. However, the main resolution is the one was proposed
by Gribov himself. He suggested the way to generalize further the FP method by
restricting the gauge orbit inside the Gribov region, in fact, inside a more restricted
region called fundamental modular region (FMR). This generalization gives a mass
of non-trivial forms to the gluon field. As a byproduct, a new look of gluon spectral
function generally violates the fundamental axiom of quantum field theory (QFT)
called reflection positivity, hence, gluon will become an unphysical asymptotic state
- technically confined. This will complete the analytical proof of the violation of the
reflection positivity axiom in the YM theory restricted inside the Gribov region as
pointed out in several papers, for example, [11, 18, 21, 42, 49].

1.1 Outline of This Review

We will start the next section by discussing the difficulty of quantizing gauge theories
and how the FP procedure avoids this difficulty. In the subsection, we will discuss
the consequence of FP quantization and then study the argument to understand the
confinement proposed by Kugo and Ojima. In chapter 2, we will begin to discuss the
big blind spot of FP procedure in covariant gauge conditions such as Landau gauge
fixing (will be mainly focused on in this review). Then, we discuss how the naive
FP method fails even in numerical computations. After we understand how harmful
the Gribov ambiguity is, we will give both mathematical and physical evidence of
how Gribov ambiguity gets into the YM model. After that, we will review the
possible resolution of the Gribov ambiguity by introducing the notion of the Gribov
region and FMR. Now then we will study the semi-classical solution of the Gribov
ambiguity which will illustrate how gluon mass of Gribov form gives rise. In the
final chapter, we will discuss the consequence of Gribov mass term to prove the
gluon confinement by starting with reviewing the axiom of QFT both Wightman



axioms [89] and, Euclideanized version, Osterwalder-Schrader axioms [63]. Finally,
we will show that the Gribov-type massive gluon propagator violates the reflection
positivity axiom leading to the sign of gluon confinement.



Chapter 2

Traditional Quantization

For the Yang-Mills (YM) theory, the path integral quantization is much more con-
venient to perform than the canonical one. We firstly introduce a useful tool called
(Euclidean) partition function as follows

Z(J) = /Dgp B_S[‘P]_del’ J(a:)go(;r)’ (21)

where S[p] is a (Euclidean) action functional of any field operator ¢ and J represents
a source of that operator. As we have already mentioned, the YM theory is a non-
abelian gauge theory so the relevant field is, of course, a YM gauge field or YM
connection A, (r) = Af,(z)T* where T is a generator of Lie group G. The partition
function is expressed as

Z(J) = /DAQ—S[A}YM—NDNZIATL, (2'2)
with the YM action .

S = 7 [ @2 P @) Fi(a) (2.3)
F,., so-called YM field strength tensor or YM curvature, is defined to be = 9,4, —

0,A,—1ig[A,, Ay with YM coupling constant g. In term of component of Lie algebra,
we have

Fi, = 0,A) — 0, A, — gf“bCAZAZ‘i. (2.4)

In the last term of expression (2.4), we have used the Lie algebra among generators
[T°, T¢] = ifbTe. The totally anti-symmetric tensor f2¢ is known as the structure
constant of the Lie group. Now let’s restrict ourselves to consider only the quadratic



part of the action functional to focus only on the kinetic part of the theory

e (3
:/DAeXp _ /de (
:/DAeXp /d% (

— G 0,0,) A% + A;;J;;)]

E/DAexp /dD (QAZD A“+AZJ5)],

The partition function (2.5) is nothing but Gaussian integral easily to evaluate.
Using the identity which will be derived in appendix (A.3). We thus have

1
det U,

(0,42 — 9,A)? +AZJZ)}

0, A%D, AL — 9, A%9,A%) + AZJ;L)}

r—t er—k »-Jkl

(2.5)

Zuaa ) = e e O, (2.6
The result obtained in (2.6) will be technically correct if an inverse of OJ,,,, really do
exist while, in fact, it does not. To make sense of this, let’s compute the equation
of motion by minimizing the action functional with respect to gauge field A,. We
simply obtain

OwAL = Ji + O(A%). (2.7)
This means that operator [J,, demonstrates a map (at leading order) from a set
of gauge fields to a set containing their source fields. Since, in principle, the gauge
field A, belongs to an equivalence class [A] = {A}/G (gauge field belongs to a set
of all possible field A, modulo out by the gauge transformation) called gauge orbit.

In English, this shows that A, is not typically unique in the sense that other gauge
field of the form

VA, =UA, U — é(&MU)U‘l, (2.8)

for any element U € G, it also describes the same physical situation as A, can do.
Following this logic, we can deduce that [J,, is precisely not injective (one-to-one)
but many to one implying that it is impossible to be bijective, hence, it is non-
invertible at the first place. Consequently, we need to eliminate redundant gauge
degrees of freedom, formally known as fixing the gauge, in a systematical way before
performing a consistent quantization of the YM theory. (In mathematical language,
it is known as choosing the one specific representative out from the gauge orbit.)
Specifically, in this review, we will stick in the Landau gauge (or sometimes called
Lorenz gauge), i.e. 9,47 = 0.

2.1 Faddeev-Popov Quantization

One way to fix the gauge in path integral quantization, we will follow the most
traditional way called Faddeev-Popov (FP) quantization as already mentioned in an
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introduction. The main idea is we will impose the gauge condition, behave as the
constraint, by inserting the delta function into path integrand. However, we cannot
just naively add delta function into the partition function. So what should we do
exactly? Let’s recall the well-known identity of delta function

oz — x;)

0(f(2) =D <7 (2.9)
2w

where z; is an element of kernel of function f, x; € ker(f), i.e. f(z;) = 0. Taking the
integration over z in both sides of relation (2.9) and using the distribution properties

of delta function [ dz §(z — z;) = 1. We then get

/ 2 (f() = Y (1%)‘. (2.10)

To obtain the form of “1” we are seeking for, we need to evaluate the summation
in the left-hand side of (2.10). However, this summation is precisely not too trivial
to evaluate easily. To be honest, one way to evaluate this summation is to not have
the summation at the beginning. In other words, what we really want to say is
to simplify this we have to require that there exists only one value of x; satisfying
the condition f(z;) = 0. Therefore, the calculation of this summation is no longer
necessary. Thus, after imposing the condition we have discussed, we find out the
form of “1” as

L= 17wl [ dos(r)). 2.11)

In the YM theory, we will generalize the identity (2.11) into the path integral version
as following expression

1= App / Da 6(G(“A)) (2.12)

where G(“A) is a gauge constraint we are talking about, a® denotes an infinitesimal
parameter of particular gauge transformation U ~ 1 — ia?T? + O(a?) and App is
called Faddeev-Popov determinant defined to be

- ‘det (5 (213)

G(aA)=0

1
App = |-det M,
FP ‘g e b Sab

factor g in denominator is just a convention. Determinant has been used since
the path integration measure is nothing but the product of integration measure so
| f'(x;)] becomes the product of eigenvalues of FP matrix, hence, it becomes the de-
terminant of that particular matrix as expressed in (2.13). Another way, probably
a simpler way, to make sense of this determinant is to think it as a Jacobian associ-
ated to the transformation from the integral measure [ DG(*A) into other form of
measure f Da.



Before we continue the work, let us emphasize very important point, which fol-
lows from the condition we have imposed to ignore the summation symbol in (2.10),
that the expression (2.12) will be true if and only if there is only one gauge field A,
that satisfies the gauge fixing condition G(A) = 0. Technically speaking, we demand
strongly that the gauge orbit crosses or intersects the gauge fixing constraint surface
only once! Unfortunately, in general situations, this condition is too ideal as we will
discuss in detail in section 3.

Now we can insert that non-trivial 1 of the form (2.12) into the path integral
(2.2) (from now on we will turn off the source without loss of generality)

2(0) - / DA / Da §(G(“A))e ¥ App — / Da / DA S(G(" A))e S App.

(2.14)
Note that we need to be careful about the position FP determinant in the path inte-
gral since FP determinant is independent of the gauge transformation, which comes
from the fact that the functional derivative % does not depend on « (infinitesimal
gauge transformation is effectively linear in group parameter), but nothing guaran-
tees that FP determinant is independent of the gauge field especially in non-Abelian
gauge theories. One might ask immediately how can we change the order of path
integral measure as we have done in the last step in (2.14). To answer that, we will
claim first that DA measure is a so-called Haar measure with respect to gauge group
G which means it is completely invariant under the gauge transformation. Intuitively
speaking, the path integration measure of gauge field A, does an integration over
all possible configuration of gauge fields implying that this integral is performed in
the sense that it has already involved all contributions from gauge transformation.
Thus, we can swap the measure without making any harmful karma.

In the next steps, we will use a dirty trick a bit to simplify a partition function.
Firstly, we will perform a gauge transformation from the gauge field A, into “A,,.
This transformation changes nothing since DA is a Haar measure and S[Aly s is
invariant under gauge transformation. Then « behaves just like dummy indices so
we can change the dummy variable back into the original one, “A4,, — A,,, without
hesitation. With these little steps, the path integral (2.14) is therefore dependent
on an infinitesimal parameter o no longer.

Z(0) = ( / Da) / DA JG(A)e ™ Aprp = Varoup / DA §(G(A))e™YM App,

(2.15)
where the integration over all possible gauge parameter « is nothing more and
nothing less but a volume V,,,, of gauge group manifold (a gauge group is a Lie
group so it is also a manifold) which is generally infinite. However, even though
it is not well-defined in principle, we will treat this infinity as a normalizing factor
and throw it out from the partition function. Hence, it will not affect the physical
phenomena at all.



Let’s specify the gauge fixing condition, we choose the class of gauge condition
G(A) = 0,A;(7) — w (), (2.16)

where w®(x) is an arbitrary scalar field contributing nothing in the physical theory
and also the FP determinant. Since the expression (2.16) is the local expression,
i.e. describing the only specific value of w®, thus, at the end of the calculation,
we prefer the averaging over this particular variable to obtain the result describing
global information. To average this variable, we will use the Gaussian weight to
parametrize the distribution because w* is arbitrary. On the other hand, it can
be treated as a random parameter represented by normal (Gaussian) distribution.
Finally, after we integrating over w®, we need to divide out by the normalization
constant which can be dropped out from the path integration as usual. To conclude,
the partition function becomes

Z(0) = (...)/DA/DW&(@MAZ — w?)exp <—i de(w“)Q) e VM App

1 (2.17)

= ()/DAexp |:— (SYM + i le‘ (@AﬁfﬂAFp.

In this sense, this step can be effectively realized as we just add the gauge fixing

term into action by hand. To be clear, it can be shown easily that the presence of

this extra term breaks gauge symmetry explicitly, thus the gauge fixing procedure

has been done. Unfortunately, the result has been not yet completed because FP
determinant remains undetermined.

So what we have to do is to calculate the FP determinant. Before doing that,
we need to calculate the infinitesimal form of the gauge transformation with the in-
finitesimal parameter . Recalling the gauge transformation (2.8) then substituting
U(z) to be e=@*@T* 2L 1 0o ()T + O(a?) = 1 —ia(z) + O(a?) and, of course,
an inverse element U(z)™! = € ~ 1 + ia(z). Finally, we thus have (keeping at
only leading order in a, i.e. O(a')))

A, = (1 — i) Au(1 +ia) — é(a#u —ia))(1 + ia)

1
=A,+i[A,, o — Eﬁua

1 (2.18)
= A, - E(aua + igla, Au])

1
= AM — EDNCY,

where D, = 0,0 + iglp, A,], known as a covariant derivative, for any field ¢
transforming under adjoint representation of the gauge group G, namely, ¢ = @*T*
need to be a g-valued field operator where g is a Lie algebra associated with a

8



Lie group G. Honestly, we will restrict ourselves to this definition only. Although
the definition of the covariant derivative acting on a field that transforms under
the fundamental representation is, in fact, different, in this literature, we will focus
only on adjoint fields. Note also that, in color indices form, we have Dzbgob =
(5(1128“ _ gfabcAz)gob_

We are ready to compute the FP determinant explicitly by plugging the result
(2.18) combining with the particular form of gauge fixing constraint (2.16) into the
definition (2.13). To obtain

det (ML@) (@Afj(x) - éaﬂpgca%x) - mm)) ' 010
= () det(8,D%6" (x — y)),

App =

up to some constant factor depending on the coupling constant g which can be
eliminated out by just simple re-definition of the gauge field. Notice here that in the
last step of the equation (2.19), we have implicitly thrown the absolute operation
out by keeping in our mind that we have already required the FP determinant to
be a positive value which, when the Gribov ambiguity is taken into account, does
not necessarily hold in all possible situation. For future’s usage, we can also read
off the expression of the FP operator M®(z,y) as

M (x,y) = —0,D5°6" (x — y). (2.20)

Let us give some remark first that the covariant derivative inside the expression
(2.18) will be reduced into a partial derivative for the case of the Abelian gauge
theory due to the simple fact that the Lie bracket or the commutator is trivial, i.e.
[, A,] = 0. Consequently, in Abelian gauge theory, we end up with

2(0) = (...) det(8?) / DAexp {_ (sMaxweﬁ% / iz (6MAM)2)} (2.21)

where we have used the fact that the FP determinant in an Abelian gauge model
is dependent not to gauge fields, we then pull it out from the integrand. Note
that no matter what the value of det(9?) is, divergent or not, we do not care since
the result will be just c-number-valued quantity or, in human language, it is just a
constant dropped out from the path integration. Hence, in Abelian gauge theories,
the FP determinant contributes not any further. Unfortunately, in non-Abelian
gauge theories, the story is completely different since the determinant is not that
trivial. To evaluate such a determinant, we will use the path integration’s identity
of Grassmann variable as will be derived in an appendix (A.10). This yields an
interesting result

Z(0) = / DA / De / Déexp{— {SYMJF / dPx <21—§(8HAZ)2 + E“@HDHC“) }

(2.22)



up to some (infinite) normalization constant. ¢ and ¢ are fermionic fields since it is
Grassmann variable, i.e. it satisfies anti-commutation relation. However, if we look
at the equation of motion of these fields more carefully, it takes the same form as the
complex scalar fields. As a result, ¢ and ¢ are anti-commutating spin-0 fields which
inevitably violate the spin-statistics theorem, one of the most fundamental theorems
of QFT, stating that integer-spin fields such as scalar fields and gauge fields must
satisfy commutation relation, whereas half integer-spin fields such as spinor must
satisfy anti-commutation relation (further reading [28, 79]). Since, generally, spin-
statistics theorem plays a significant role for ensuring unitarity, as we will emphasize
later in section 2.3, thus both ¢ and ¢ need to be unphysical particles formally known
as Faddeev-Popov ghost and anti-ghost, respectively.

Let us note further, as we have discussed slightly, even though the FP (anti-
)ghosts are very harmful in many senses, it does not imply that they need to be
invisible from the theory completely. The word “unphysical” means that they can
not appear as an asymptotic state but, honestly, they still can hang around inside
the loop diagrams. In particular, FP ghosts are necessary, in loop level calculation,
to cancel all gauge dependent parts of gluon 2-point correlation function (only gluon
bubble graphs alone can not satisfy Ward-Takahashi identity, the ghost contribution
need to be added).

&Q@égg&o/ @ﬁo&m 0000/ _ 10000

Figure 2.1: Gluonic vacuum polarization diagrams: 3-point vertex gluon bubble,
4-point vertex gluon bubble, and ghost bubble contribution. Summation of all
these graphs will give rise to the true tensorial structure which satisfies the Ward-
Takahashi identity. The absence of any graph will give the wrong result in the
end.

To complete this section, we will first write down the effective Lagrangian de-
scribing the quantum version of the YM theory. We clearly obtain

1
Loym = Z(FSV)Q +

1
2

This Lagrangian is said to be in linear covariant gauge or R, gauge (R-xi), reducible
to other gauge fixing condition. Particularly, for ¢ — 0 it will return to Landau
gauge while the choice £ = 1 will reduce the theory into a so-called Feynman-'t
Hooft gauge condition which is used widely in many standard QFT textbooks since
this choice makes the Lorentz covariant part of gluon propagator extremely easy to
deal with. Finally, we will read off the relevant Feynman rules from this Lagrangian

(0,A%)% + 0, D, (2.23)

10



as will be listed down below (the reader can understand the way to derive and read
off the momentum-space Feynman rules in, e.g. [72])

1. Gluon propagator. Let us begin by noting that the presence of the gauge fixing
term makes the kinetic operator defined in (2.5) and (2.6) will change the form

into .
O — O, = [(1 - E) 9,0, — gwapap} : (2.24)

Thus, the gauge fixing modification version of the equation of motion (linear
part) takes the form

50 AL () = 67 {(1 _ %) 9,0, — g,wapa,,] Afe) = Jix).  (2.25)

Naively speaking, this equation is, in principle, easy to solve by just finding an
inverse of the operator EW which, in fact, is technically difficult. Fortunately,
we have very powerful technique to change the operator-valued distribution
into the c-number-valued distribution called Fourier transformation. The op-
erator, such as, a partial derivative, in position space will look just like a num-
ber inside momentum space. Therefore, we find effectively the transformation
0, — —ip,. So we end up with the (number-valued) dynamical equation

1
5 {ngQ — (1 - g) pupy} Ab = Iy (2.26)

The solution is typically just a gluon propagator (Green’s function) we are
looking for. In any linear covariant gauge choice

_?:(Sab p,upu) B _,l'(sab

v,b &W e = p? + e (g;w —(1-9 2 )= M (p, £, (2:27)

- p? e
where the last expression is defined for later advantages. We will re-compute
the gluon propagator again in the presence of Gribov problem in the section 3.3
but we will restrict ourselves in the Landau gauge ¢ — 0 in that calculation.
Note also that the small complex pole z¢ has been inserted reasonably to
represent the time ordering in Feynman diagram level which, in the end, can
be set to be zero in almost all technical calculations.

2. Ghost propagator. This propagator is much easier to find out since the kinetic
part of (anti-)ghost field is the same form as the complex scalar field theory.
So the resulting form of propagator is then

i(sab

j% :p2+ie

(2.28)

11



3. The last important (at least in this review article) diagram is an interaction
between ghost fields and gluon field. The interaction encoded inside the co-
variant derivative in the last term of the QYM Lagrangian (2.23). Let’s focus
on this term carefully

Ling = =0, (=g f ™ AL)c" = —g f*(9,c") Ape”, (2.29)

in the very first step, we perform the integration by part in the exponential of
the partition function (2.22) first. The reason why we can do that is because
the boundary term does not affect to the physical situation. After that, the
last step, we have used the totally anti-symmetric property of the Lie struc-
ture constant f*¢ = — 2 and re-define color indices slightly to obtain more
beautiful result. Then, the ];Ze%nman rule reads

T = —gf™py, (2.30)

where p,, actually comes from the Fourier transformation of the partial deriva-

tive acting on the anti-ghost field (see (2.29)). However, in the next chapter,
we will work with the Feynman diagram without knowing the specific modified
form of the gluon propagator. To remedy this problem, one, instead of treat-
ing the gluon as a field, rather treats the gluon field as an external coupling.
Thus, we will modify the Feynman rule of this particular vertex as follows

A

b
o
CC”" ;Ea

— I pabep, At (2.31)

N

Since the gauge field in the momentum space is not a dimensionless quantity,
thus the volume V' has been introduced to maintain the dimensionality of the
Feynman graph. One can think about it as the extra variable obtained when
we performing the Fourier transformation from the gauge field in the position
space into the momentum space with the periodic boundary condition.

We will use all of these Feynman rules again in section 3.3 to calculate the pole
structure of the ghost 2-point function. In the next section, before we start dis-
cussing the main problem of the FP traditional method of quantization, we will
discuss the first argument of confinement, which is the direct consequence of the
FP quantization, due to the works of Kugo and Ojima by analyzing carefully the
Fock space of physical states [50, 51]. However, in the next section, we will prepare
the basic ingredients before we will cook a tasty dish first in the last section of this
chapter.
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2.2 Ghost and BRST Symmetry

As we have discussed in the previous section that the gauge symmetry is explicitly
broken by the gauge fixing condition during the quantization process is progress-
ing. However, we are studying gauge theories so the gauge transformation is very
important. Thus, we expect that the gauge symmetry will be eventually returned
after the quantization process has been done. Is that so? the answer is it will be
restored with the new attractive form. To warm-up, let’s explore first another extra
symmetry, easier to explore, besides the ghost generalization of the gauge symmetry.
Observe that the form of the ghost sector of the QYM Lagrangian (2.23) takes
almost the same form as the complex scalar field theory (it is not since we need
to keep in mind that ¢ and ¢ are not Hermitian conjugation of each other as the
ordinary scalar field theory, they are completely different fields with no any relation-
ship). Hence, one might naively guess that there must be the U(1) global symmetry
transformation inside this particular sector. Explicitly, we might have

c(x) = ee(z),  é(z) = e e(x). (2.32)

However, this is not quite true since U(1) transformation will be inconsistent with
the particular requirement of the Hermiticity of both ghost and anti-ghost fields.
To understand this precise reason, let’s consider the Hermitian conjugation of the
ghost sector Lagrangian. We thus obtain

%
‘C;host (CQ)T 9 ugu(éa)T
= —()10,Dy(c),

where we have used the anti-symmetric property of Grassmann variables in the last
step. It is precisely clear that if we demand that & = ¢ and ¢/ = ¢, the ghost
sector’s Lagrangian will become anti-Hermitian which is unacceptable (once again,
try to not misunderstand that ¢ = ¢, it is not true at all). Therefore, we assign
that anti-ghost is Hermitian while ghost field is anti-Hermitian, i.e.

(2.33)

d=¢ Jd=-c (2.34)

This assignment does not allow the U(1) transformation among (anti-) ghosts. Luck-
ily, we still can have the scale transformation by space-time independent real pa-
rameter

c(x) = ele(x), c¢—ec (2.35)
According to the Noether’s theorem, the preservation of the symmetry transfor-
mation implies the existence of an associated conserved (Noether) current. The
derivation of Noether’s current is straightforward which can be seen in many stan-
dard field theories textbooks. The conserved current associated with the scaling
inside the ghost sector can be further to calculate a so-called associated Noether
(conserved) charge as follows

Q. = / d Jg", (2.36)
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Because of the conservation of the charge, this charge can be used to represent the
quantum number of the QYM theory. We will call this from now on the ghost num-
ber charge used to count the ghost number of any field operator (see the more clean
reasoning in the equation (2.54) below).

After taking an appetizer, let’s move to the main dish. Since the presence of the
gauge fixing term, which remains even after the quantization has been done, breaks
the gauge symmetry among the gauge fields completely. This fact leads us to no-
tice that, the remnant gauge symmetry might complicatedly transform among both
gauge fields and ghost fields. Naively thinking, we may take the gauge parameter
a(x) to be directly proportional to the ghost field itself (this remark was given in
[72]). Explicitly, we guess

a(x) = fc(z), (2.37)

where Grassmann variable 6 has been added to keep the o remain bosonic. We end
up with the set of transformation

AL = 0D

a abc b ¢
oc* = —5991]” c’ct, (2.38)
= 00,4,

This set of global symmetry transformation is truly the remnant gauge transforma-
tion in the existence of (anti-)ghost modes. This symmetry is known as the BRST
symmetry referred to the names of whom we have mentioned in the introduction
section. Omnce again, “symmetry implies conservation law”. Let us denote the as-
sociated BRST conserved charge as ()p whose exact form will be left undetermined
for a while. One of traditional method to study the symmetry is to investigate the
algebraic relations among charges - a charge algebra. To do that, we will perform
the BRST transformation upon any field in the theory two times. Consider

(5251€a = (52 (—%ngfabccbcc)

1 1
= —5919fabc(520b)cc - Eelgfabccb(ﬂszcc)

1
= +18162g2fabc<fbdecdcecc + fcdecbcdce)

1
— Z0192512](‘(1170(fbdecdcecc o fbdecdcecc)

=0

(2.39)

where there are sub-steps changing from the third line to the fourth line in (2.39).
The first sub-step is to change dummy indices between ¢ <+ b in the last term only.
After that, we use the totally anti-symmetric property f* = —f%¢ so we now get
an extra minus sign in the second term. Finally, we just swap the position of ghost
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fields which are Grassmann, however, the sign remains the same since the position
of the ghost fields has been interchange for actual two times. The mathematical
implication of the result (2.39) is very meaningful. It deduces that the algebra
among the BRS charges might presumably be of the form (up to trivial constant
factor)

Q% =0=1{Qs, Qs}, (2.40)

followed from the nilpotency of a so-called BRST differential 6> = 0. Now let’s
check our assumption by manipulating the double BRST transformations to other
relevant field, i.e. anti-ghost ¢, the calculation is also straightforward to be done

0
50,8 = & <—§8MAZ)

1
= —591928MDM0“
which is unfortunately non-vanishing in general. Particularly, the result is so familiar
somehow. One might immediately notice that the field dependent part of the result
is the same form of the equation of motion derived from the functional variation of
an anti-ghost field having the form

(2.41)

0,D,c"(x) = 0. (2.42)

Clearly, if we combine the equation of motion (2.42) with the result in (2.41), the
contaminated target has been mysteriously eliminated. This fact seems unusual to
many people, by the way, it is a very well-known fact to one who is familiar with
supersymmetric (SUSY) field theories (reading the section 5.4 of review article [77]
will be helpful). Technically speaking, the BRST algebra is said to be closed on-
shell meaning that the anti-commutation relation of the BRST charge (2.40) can
not hold by itself unless the equations of motion have already been imposed. One
might honestly ask that can we construct the off-shell representation of the BRST
algebra. Ideally, it is possible since it is not mathematically forbidden. Formally
in SUSY field theories, to construct the closed SUSY algebra, we will introduce
the non-dynamical field known as an auxiliary field and let this new field to also
transform under such a transformation demanded to be closed.

How do we find the actual form of the auxiliary field then? This is a practical
difficulty we are worrying about. Fortunately, the auxiliary field in the QYM model
is already well-known. One particular method to derive the form of this auxiliary
field was given in the useful standard textbook [88] that, in my opinion, is a very
natural method. Let us traceback when we try to fix the gauge by using the FP
method in the previous section. We have selected the class of gauge fixing constraint
to be as expressed in (2.16) with arbitrary (auxiliary) field w®. Besides, since the
gauge fixing condition inside the delta function is a local expression, we, therefore,
average over this field by Gaussian distribution’s weight. However, this field w®
is not unique in many senses, one can reparametrize it by any constant factor.
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Nonetheless, we can also perform a Fourier transformation from this field into other
field living in its Fourier’s space (Fourier transformation, in this context, is not
referred to the Fourier transformation from the position space into the momentum
space and vice versa but regarded as the Fourier transformation between two sets
of auxiliary fields). To be clear about all the statement above, consider the Fourier
transform of the Gaussian weight in (2.17)

A 1 a)2 1
F{eiﬁfd%(w "y = /Dw exp [—i dPz (w'(x))? —i/de wa(m)Ba(x)],

A (2.43)
where F denotes the shorthand notation of the Fourier transformation. The expres-
sion (2.43) is again a Gaussian integration (A.3) yielding other Gaussian distribution
with new field variable B*(x)

./_:'{67% dex(w“)?'} _ e—%dex(Ba)Q_ (2.44)

Conversely, this shows that the original Gaussian weight factor can be thought
interestingly as the inverse Fourier transformation of the product (2.44). Up to
normalization constant, once again, dropping out from the partition function, we
have

o~ J AP _ / DB exp {—g / P (B*(x))’ + i / iy wa(x)B%x)] (2.45)

Since we have worked in the spacetime with Euclidean metric, we expect to have
the real-valued Lagrangian instead of the complex one. We conventionally redefine
the arbitrary field w* — iw® while keeping the gauge fixing condition (2.16) fixed.
Let’s insert the expression (2.45) into the partition function (2.17), then integrating
over auxiliary field w. Hence,

Z(0) = (...) / DA, / DB exp {— (SYM + / dPz [g(Ba)2 + Baaqu]ﬂAFp.
46)

Following these steps, we just replace the FP determinant by path integrals of the
ghost and anti-ghost as we have already done in the previous section. Henceforth,
if we are talking about the QYM Lagrangian, we will keep our eyes on the following
Lagrangian shown below

§

Lovm = Lym + B0, A}, + 5(8“)2 +&0,D,c%, (2.47)

where, now, we have already introduced an auxiliary field B%(x) formally known as
a Nakanishi-Lautrup (NL) field. To show that the BRST symmetry within this La-
grangian (2.47) becomes off-shell representation already, we will start with observing
that the set of transformation has already involved the transformation between the
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anti-ghost mode and the NL auxiliary field as shown below

JA = 19(D#c)a,
a _ abc b c
oct = 299f c’c’, (2.48)
s = 0B,
0B* = 0.

The first two transformation rules remain literally the same as in the on-shell version
(2.38), whereas, the last relation in (2.38) has already changed. Consequently, this
additional transformation rules make the computation of the double BRST trans-
formation of the anti-ghost field closed without imposing the equation of motion at
all, i.e.

(526150‘ = 52(01Ba) = 0. (249)

One would ask whether on-shell representation Lagrangian (2.23) can be restored
from the off-shell one in some circumstance? To answer the question, we firstly
emphasize the fact that the NL field is non-dynamical, then it can be effectively
thought of as slow mode with respect to the rest dynamical degrees of freedom. As
a result, the slow mode can be approximately treated as a classical spectrum being
able to be integrated out from the quantum path integration through the saddle
point approximation. In the action functional’s level, saddle point approximation is
a domination of the classical equation of motion of B* field, which is very easy to
compute out explicitly. It takes the form

a1
S

Plugging this equation of motion (2.50) into the Lagrangian (2.47) to get precisely
the on-shell Lagrangian (2.23) back. This is what we actually expected since the NL
field helps the BRST symmetry to be closed off-shell when we lose it the equation
of motion is, therefore, essential again.

Since we have already introduced the NL auxiliary field, we will specify the
particular forms of both ghost numbers charge (). and BRST charge Qg (also in
terms of B field) as the last ingredient to be used in the next section. Beginning
with using the formula to derive the general form the Noether current from any
quantum field textbook you like. We obtain ghost number current as

oL oL
ghost _ . [ =
J i (00(8“0) + 80w ) c) : (2.51)

B 0, Aa. (2.50)

where —i has been added to future purpose and color indices have been omitted.
Observe that we are very careful about the order of the fields inside the expression
(2.51) since both ghosts, anti-ghosts, and the derivative of Lagrangian density with
respect to them are all Grassmannian. One might be confused with how the deriva-
tive of Lagrangian with respect to (anti-)ghost is fermionic, it follows from the fact

17



that the Lagrangian density is bosonic thus its derivative with fermion is fermionic.
Next, using the definition (2.36) to get the ghost number charge of the form

Q.= —i / d'z (eme + m.c), (2.52)

where 7, is a canonical momentum conjugate to field ¢. Although we will keep
studying this form of charge without specifying the form of canonical momenta to
be convenient for calculating the (anti-)commutation relations, the explicit form of
the canonical momenta will be sometime clearly useful in some situation. All of the
relevant canonical momenta are listed below

T = E§:,

71-(c‘l - (Doc)a’

T =y, (2.53)
Ty = —A§.

Let’s calculate the same-time commutation relation between the ghost number
charge and ghost field. It is very straightforward to have (the first term in (2.52)
contributes no ghost field so dropping out)

Qo ¢*(a)] = —i / a'y [ ()" (), (@) ]aamn
= / dly [78(y)c (y)c*(x) — ()7t (y) ()]
— i / dy [72(y)c*(z)(y) + “(2)mb(y)c’(y)]

i [ diy {rtw). @)

—i / dhy(—i664(x — ) (y))

= (),

(2.54)

where we have used, due to the fact that ghost is a fermion, the canonical anti-
commutation relation {m.(y)?,c*(z)} = —id®§%(x — y). The meaning of the result
in (2.54) is clearly powerful in the sense that it demonstrates that Q). represents the
operator counting the number of ghosts. It will be more obvious if we assign how
this operator acts to the eigenstate ‘n> with n ghost numbers. That implies if we
demand that the eigenvalue of this state denoting the total numbers of the ghost of
that state, everything will be consistent quantum mechanically. We require

Qc[n) =nln), (2.55)

leading to the consequence that the state of form c‘n> will have n+1 ghost numbers,
ie.

(c|n)) = [Qc, c]|n) + cQc|n) = c|n) 4+ nejn) = (n + 1)(c|n)). (2.56)
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On the other hand, we can also calculate the commutation relation between this
charge and anti-ghost field. Without losing any sweat, we get

[Qc, ¢ = —¢, (2.57)

deducing that the anti-ghost field carries reasonable —1 ghost number.
The next relevant Noether charge, the BRST charge, can be also found directly
to be

Qp = i/dda: [W?(Dic)a - gf“bcﬂgcbcc + W?Ba] : (2.58)
where indices ¢ stand for the spatial components of the gauge field A;. Note that
the reason why we can ignore the time component is my = Fyg = 0 at the first place.

One might also rewrite this form of charge further by using the equation of motion
of the gauge field in presence of ghosts as follows

DYF, = —9,B" + gf*0,", (2.59)

choosing only the time component v = 0, we have other form of the equation of
motion
D’ Fy = —=D{*} = —0,B* + g f**m}c”, (2.60)

where the definition (2.53) has been used. Following these step, we multiple both
sides by ¢* into the right hand side and then perform a simple algebra to rewrite
the middle expression of (2.60), i.e.

(DR = () + g e A
= —0i(78c") + T — wig fUCAS (2.61)
= —0;(mfc) + T D

Substitute the result (2.61), combining with the equation (2.60) into the expression
of the BRST charge (2.58) to obtain

Qp = i/ddx [—(803)“6‘1 + gf“bcwfjcbcc +7iB (2.62)

where the extra total spatial derivative term in (2.61) has already been integrated
out at the boundary of the space.

In constrast to the ghost number charge, the BRST charge is fermionic generator,
thus it will be very handy later if we introduce a so-called Zy—graded Lie bracket
or super Lie bracket, suppose A and B are any fields, defined by

[A,B} = AB — (—1)9W9BI B4, (2.63)

where g(A) denoted the grade of operator A which defined to be 0 for bosonic
operator and 1 for fermionic one. It satisfies two important properties that are
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1. Super skew-symmetry

[A, B} = —(—1)9WB)[B A} (2.64)

2. Super Jacobi identity

(_1)9(A)g(0) [A7 [B7 C}} + (_1)9(B)Q(A) [B’ [07 A}} + (_1>g(C)Q(B) [C’ [A’ B}} =0.
(2.65)

This new kind of bracket seems to be quite abstract but it is not that much. We can
see that the super Lie bracket will reduce back to the original (anti-)commutator by
two sufficient conditions

A B} = {[A, B] if atleast one of them is bosonic . (2.66)

{A, B} if both of them are fermionic

With the new fancy bracket, we can write compactly the Zs;—graded canonical re-
lations among all relevant fields as

[ (@), ()} =0, (o5 (2), ()} = —i61,0°0% (& — ), (2.67)

where I, J are used to label the species of the particles. Nevertheless, one can find
through straightforward calculations that the BRST charge generates the BRST
symmetry transformation which follows from the converse argument of the Noether’s
theorem stating that the Noether charge will generate its associated symmetry trans-
formation. Mathematically, this statement shows by the supercommutation relation

(@B, ¢} = dp, (2.68)

where 0 is the BRST differential we discussed earlier by redefining the infinitesimal
parameter out and ¢ used to represent any field appearing in the quantum YM
theory including the NL field also.

Let’s move to the final supercommutation relations which are the (anti-)commutations
among charges themselves. Note that we already have one anti-commutation relation
between two BRST charges (2.40) implying the nilpotency of the BRST differential.
By the way, we need to be careful about this argument, it is okay to claim that
the nilpotency of the BRST charges implies the nilpotency of the BRST differential
but it is not necessary to be true in a converse way. To sketch the proof of our
proposition we have claimed, let’s consider the super Jacobi identity (2.65) among
(@B, @B, O) for any operator O. We have

(—1)7[Qp, [Qp, O}} + (-1)" [0, {Qp. Qp}} + (-1)'[Q5, [0, Qp}} =0
(—1)?Qg,[Qr, O}} + (—1)99[0,{Q5, Qs}} + (-1)"V[Qp, [Qp, O}} = 0
2[Q5, (@B, 0}} +[0,{Q5,Qp}} =0

26°0 +[0,{Q5,Qp}} =0,
(2.69)
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where we have noted that [Qg[Qp,O}} = 620 and the super skew-symmetry has
been used. We actually see reasonably that if 2Q% = {Qp, @p} = 0, then 520 =0
for any operator O. On the other hand, in the converse way, if we demand 520, it
does not essentially imply the nilpotency of the BRST charge @), in particular, it
can imply that the anti-commutation relation between two ()p yields any constant
number. On the bright side, {Qp, @} = 0 can be ensured by the direct calculation.

{QB,Qp} = i/ddx {Qp, —(0yB)*c" — gf“bcagé“cbcc + Doc*B*}

—i / Az (—[Qp, 0B — 9B {Qp, "} — g[QB, FPePC] 9y

_ gfabccbcc{QB7aoéa} + [Q37 Ba]Doca + Ba{QB, D()Ca}) (270)
_ d o a _g abc b c\ g abc b c a
—Z/dx[30B< 2f cc> 2f c’c“0yB

=0,

where we have used (A.12), (2.48), (2.53), (2.68) and the fact that §(D,c) = 0,
which will be verified in the appendix (see (A.11)). Combining with §(f%“cbc¢) as
we have done verifying indirectly in (2.39).

The rest of them are also not too hard to calculate by hand. Since (). is bosonic
charge, the remaining relation will be the commutation relations only. That are

[Qca QB] = [QBv Qc]
.y / '3 (O, & Doc” — (502°)"

.y / % ({Q, &Y Doc® — Q. Doc"} — {Q, Dy}
+ 806“{623, Ca})

= i/ddaz [B“Doc“ — 0B 4 Jpc” (—gf“bccbccﬂ

= QB7

Finally, the last commutation relation is simpler to be obtained, without deriving,
as

(2.71)

One might not notice how powerful relations (2.71) and (2.72) are. Since we have
known from (2.54) and (2.55) that the result of the commutator between ghost
number charge and any operator will determine the specific ghost number of that
operator. Thus, the equation (2.72) tells us that the ghost number of the ghost
number charge must be zero which is, in fact, clear in the sense that the operator
that used to count the number of ghosts must contain no any ghost number. To un-
derstand our statement, one may think about the number operator in the quantum
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harmonic oscillation that constructed from the combination between one creation
and one annihilation. Strictly speaking, the number operator must create and an-
nihilate nothing.

On the other hand, the equation (2.71) implies the wonderful consequence that
the BRST charge carries +1 ghost number. However, this is what we expected
since, by construction, we set up the BRST transformation parameter to involve the
ghost field at the first place (see (2.37)). The reader who is familiar with differen-
tial topology might have noticed that the properties of the BRST charge, that are
nilpotency Q% = 0 and increasing ghost number by one, are quite familiar. Let us
remind the reader a little bit about this structure by giving the simplest example
of such a structure. Suppose, there are differential p-forms, sometime p is called
a degree, defined on the manifold M, whose set is denoted by (M) and we can
define a so-called exterior derivative d actually map p-form to (p + 1)-form, i.e.
d: QP(M) — QPTL(M) and also satisfies the nilpotent property, explicitly, d* = 0.
Combine all of this ingredient to construct the structure, known as the deRham
complex, expressed out as a sequence

Lt M) S M) S et ) S (2.73)
The deRham complex defines the corresponding deRham cohomology as following
steps: First, we suppose that there is a so-called closed form defined to be the
differential p-form that vanishes by the action of exterior derivative or explicitly
dw =0, w € QP(M). We will denote the set of closed p-forms as Z?(M) which,
in fact, forms a group structure. Due to the nilpotency of the exterior derivative,
d? = 0, there must be a (normal) subgroup of Z?(M) denoted as BP(M) consisting
of a so-called exact p-forms satisfying w = da, a € QP71(M). We can therefore
define the deRham cohomology group as a quotient space

HP(M) = ZP(M)/B*(M) = kerd,/im d,_, (2.74)

where d, is the exterior derivative acting on the differential r-forms, ker and im
stands for kernel and image, respectively. Note that the dimension of deRham coho-
mology group is related to the Betti number used to calculate the Euler characteristic
class of such manifold. Consequently, the non-trivial cohomology structure implies
a non-trivial topological structure of the theory.

In QYM theory, Q5 behaves the same way as the exterior derivative but acting
on the different structures. In parallel to the construction of the deRham cohomol-
ogy. Let’s suppose that there are operator-valued distribution carrying n-numbers
of ghost charge whose set is denoted by T'C™ (the symbol might seem not to be
related at all, on the bright side, it is truly related. T'C™ is generally known as the
total complex [41]). The corresponding differential, in analogue to exterior deriva-
tive, is nothing but the BRST differential ¢ defined by 6O = [@Qp, O} where O be
any operator of n ghost numbers € T'C™ and the (classical) BRST charge @p is an
element of TC'. These structures, again, define the BRST complex structure as a
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sequence
BRI VoL RN, o NN, o LU N (2.75)

Abstractly, this kind of structure is said to admit a so-called Z-graded Poisson
superalgebra structure [41] where the state is graded by an integer (Z) which is
rigidly an eigenvalue of the ghost charge. Additionally, “super” means that the Zy
gradation still be there in the sense that even(odd) Z graded state will behave the
same way as the degree zero(one) with respect to the Zy gradation’s perspective.

Since we have already shown that the BRST differential is truly nilpotent 6% = 0,
hence we can define the BRST cohomology, in analogue to the deRham cohomology,
as following way

Hi = kerd, /im 0,_1. (2.76)

One might loudly shout out immediately that all of this stuff is just an abstract
mathematical structure so how important is it physically? This mathematical stuff is
generally used to identify the physical space of the state. For the following treatment,
we will follow the argument in the reference [26]. First of all, let’s recall the partition
function of the QYM theory in the form that the normalization constant is ignored
and the source field is turning off. We thus have

Z(0) = / DA / DB / Dc / D¢ e~ Savm, (2.77)

and the correlation function of an operator O defined to be

(0) = %/DA/DB/DC/DC e SmQ, (2.78)

By the way, if we require O to be physical, we need to expect that O is also gauge-
invariant (BRST invariant in the quantum regime), explicitly, it needs to sufficiently
satisfy the condition 6O = 0. Mathematically, it said to be that operator is an
element of the kernel of the BRST differential map, O € kerd. The ensemble
average of such an operator can be seen easily that it is also invariant under the
BRST transformation, i.e.

5(0) =0 (%/DA/DB/DC/DC e_SQYMO>
= %/DA/DB/DC/DC e M50 = 0.

Omne might notice suddenly that we have required two sub-conditions to make (2.79)
hold consistently. The first requirement is the quantum YM action is invariant
under the BRST transformation which is extremely obvious since if it were not, we
would have no idea what meaningless things we have been dealing with so far. The
second one is quite not too obvious but we need to pretend that it really holds in
the present case. The second condition requires all of path integration measures to

(2.79)
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be Haar measures with respect to the BRST transformation. Strictly speaking, the
measure needs to be invariant under the BRST transformation, in other words, it is
lack of the BRST anomalies. The discussion of the situation that BRST symmetry
is anomalous can be seen in, for example, [54].

Suppose that these two essential conditions are satisfied, let’s consider the BRST
exact operator of n degrees O € im §, i.e. @ = 6O’ for any operator ¢ carrying n—1
ghost numbers. We end up with the fact that an expectation value of O stays zero
no matter what (can be observed directly from (2.79)). Frankly speaking, it implies
further that the probability (expectation value) to find a non-vanishing operator O
in any situation is precisely zero. Thus, this shows that all gauge-invariant physical
states belong to the BRST cohomology group (2.76) since all BRST exact states
are generally unphysical by its nature. To be more specific, the physical states
only belong to the Oth-order BRST cohomology, or, in this sense, it means that
the physical state must carry only zero number of ghost charges. This necessary
condition will be clarified in the next section below.

2.3 Kugo-Ojima Quartet Mechanism

As we have already emphasized once in section 2.1 that ghosts and anti-ghosts have
to be unphysical degrees of freedom since they do violate the spin-statistics theorem
inevitably, we will try to convince the reader to accept that this fact is definitely
unacceptable for unitary quantum field theories. First of all, we will start with
performing the plane wave modes expansion of these two quantum fields out as
follows

a ddk 1 a —ik-x a ik-x
(o) = [ G (e (),
(2.80)

5

% ddk ~a  —ik-x —~a ik-x
(o) = [ G @ @),

where wy, ¢ and goL are an associated energy, annihilation operator and creation
operator, respectively. Note that the signs in the expressions (2.80) are chosen
to be consistent with the Hermiticity assignment of ghosts (2.34). Plugging these
expressions into the super-commutation relations (2.67) to obtain the relationship
among the creation-annihilation modes as

{@)!, ey ={(e)l, cg} = =076 (k — q), (2.81)

while the remaining all vanish. So far we are focusing on the operator formalism,
here let’s move to the state consideration to explore the structure of the vector space
associated to this quantum theory. Let’s firstly define the simplest state called a
vacuum state ‘0> by requiring this state to be annihilated by an annihilation operator
of any value of momentum, i.e. ¢} }O> = ( and satisfying the normalization condition
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<0|0> = 1. After we define this state, all particle states of momentum k and color a,
‘gp@, can be constructed directly by acting the creation operator into the vacuum
one, namely, ‘ap@ = (goz)T‘O>. Unfortunately, the story about the theory involving
ghosts is too far from the word “similar” to the ordinary theory in QFT 101. To
understand our argument, let’s consider the inner product of two states, e.g.

(G|cq) = (0]ai(cp)]0)
= (0[{e, (c)"}]0) — (0](¢))ez]0) (2:82)
= 05k — q)(0|0) = —6°6%(k — q),

and we can always find easily that <ci}ég> also give the same result. The simple
computation (2.82) implies really strong consequence that is the vector space of
the quantum YM theory at the beginning has an indefinite metric. Hence, such a
vector space is absolutely not a Hilbert space (so Fock space). So? What kind is
the problem anyway? Physically speaking, if the metric’s definiteness of the vector
space associated to the quantum field theory is not guaranteed, there will be some
situation in the real world that have negative probability! This obviously leads to
the violation of the unitarity without question.

At this point, let us convince the reader even more that this situation truly
follows from the violation of the spin-statistics theorem. Suppose that (anti-)ghosts
does not violate the spin-statistics theorem, this implies that (anti-)ghost, which is
the spin-0 particle, must satisfy the commutation relations

(e, gl = [, ] = =076 (k — q). (2.83)

We see precisely that the computation (2.82) by using the relations (2.83) yields the
positive-definite result

(el eq) = (0lci(e)']0)
= (O], (cg)'1]0) + (0] (cg) et |0)
= 59 (k — q)
> 0,

(2.84)

This shows that the unitarity is safe in the light of the satisfaction of the spin-
statistics theorem. Thus we have finished the sketch of proof of our statement.

To summarize, due to the violation of the spin-statistics theorem, ghost and
anti-ghost states generate the indefinite metric that makes Hilbert(Fock) space ill-
defined in both mathematical and physical senses. Once upon a time, people have
been figured the actual way to solve this difficulty properly, we will just follow their
path of understanding from now on. The way they do is to suppose that the true
physical state, |¢> said, spans only the subspace V,ys of the total space of all states
in the QYM theory denoted by V. By the help of a so-called subsidiary condition
chosen to be of the form

Qslv) =0, (2.85)
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as firstly suggested by Curci and Ferrari [22], we will be able to project V into its
physical subspace Vppys. One might ask curiously how could people figure out such
a condition? In fact, this condition means that the physical states must be gauge
invariant, translating into the requirement of BRST invariance in the quantum level,
which is quite making sense intuitively.

Note further that the non-Abelian subsidiary condition (2.85) can be used to
restore the traditional subsidiary condition in QED in some circumstances. In par-
ticular, in the Abelian limit that f = 0, the BRST charge (2.62) will reduce
to

Abelian _ /ddx : B(z)0pe(x) — (0o B(x))e(x) : (2.86)

where :: is a normal ordering operation, defined such that all annihilation operators
in this operation will be relocated into the right of creation operators, inserted into
the definition of the Noether charge to get rid of the ambiguity about the order of
the operators after quantized. Once again, the NL field can be also expanded in
terms of its creation-annihilation modes. The calculation of the time derivative of
any operator can be done easily in the Heisenberg picture (in the end, we can work
in any picture since all representations are related to one another through unitary
transformation according to the Stone-von Neumann theorem [78, 84]) of such a
QFT. By assigning the NL field to be a Hermitian operator-valued field, as it should
be, we end up with

: ddk w —ik-x ik-x
Ooc(x) :z/ (27T)C“/7k (cre™® +cLek ),

. ddk W —itk-x 1k-x
aoB(x):z/WU?k (= Bre ™ 4 Blekx),

The explicit computation of the BRST charge is quite tricky but straightforward.
Let’s try evaluate term by term, e.g. the first term of the product [d* 'z : Boyc :

- %/ddx/ (;ijr];d / (sjrzd\/% : By et

- %/ (;ljrl;d / (;l;(_)ld\/z:z: Byey : (2m)%5%(k + q)
. i

:%/%\/%:Bkck:

:%/ngk)dinC—ki>

where we have used the integral representation of a Dirac delta function (A.20), the
fact that w_p = wy (can be seen explicitly by expressed the energy out using the
dispersion relation) and the measure d?k is invariant under the reflection symmetry

(2.87)

(2.88)
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k — —k since this integral measure has already integrate over the whole space.
Through the long calculations, we end up with the simple result

Abelian . ddk T T
B =1 @T)d (CkBk: - Bka) (289)

Next substituting the result (2.89) into (2.85) combining also with the fact that the
ghost fields in an Abelian gauge theory are constant modes contributing nothing
to the physical state. Intuitively, the ghost’s annihilation operator will instantly
annihilate the physical states while the creation operator of such a field will shift
the physical states by a meaningless constant. Thus, we deduce the subsidiary
condition for an Abelian gauge theory to be of the form
[ 2E gy = BO) =0 2.90
Z/W k‘¢>= |¢>—- (2.90)
This condition is sometimes called the Nakanishi-Lautrup quantization condition
which is the subsidiary condition used for canonically quantizing an Abelian gauge
theory in any linear covariant gauge fixing condition [53, 59, 60]. This condition
is still not familiar for many people since, in QFT 101, we formally work with the
canonical quantization of gauge theory in the Feynman-"t Hooft gauge. In particular,
we can reduce our consideration from the linear covariant gauge into the specific
Feynman-"t Hooft gauge by setting the Gaussian width to be unity, i.e. £ = 1. The
subsidiary condition reduces into the most familiar form called the Gupta-Bleuler
condition [16, 38]
0, AP ) =0, (2.91)
where we have substituted the equation of motion of the NL field (2.49) into (2.90)
to obtain (2.91).
The time has come, it is time to study the asymptotic behaviors of all these fields
we focusing on. To study this, we first derive the following relations, by considering

[Q5,T(O1(21)...04(2,))} = 6(T(O1(21)...0n(2)))

— Z T(Ol(ZL’l)...5Oi(ﬂj’i)...0n($n))7

i=1

(2.92)

where the operator T is, known as the time ordering operator, used to re-align the
operators inside the expectation value into the right chronological order. It is very
useful to know the explicit definition of the time ordering operator which is defined
as the following form

T(0(2)0(y)) = 6(z° — y*)O(2)O(y) £ 0(y° — 2°)O(y)O(x), (2.93)

the particular sign of “£” will be chosen to be minus sign if both operators are
fermionic, otherwise, it will choose to be plus sign and the operator §(x) is a Heav-
iside step-function defined as

0, <0
0 = ’ 2.94
(z) {1, xz > 0. ( )
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The next step is sandwiching the expression (2.92) by the vacuum states ’0>, we
thus obtain

> {01..60;..0,) = {0|[Qp. T(O1...0,)}[0) = 0, (2.95)
i=1
where < > = <O‘T |0> and we have used the assumption that the vacuum state

is a physical state, as it expected to be, so QB‘O> = (0. This relation is sometime
called a Ward-Takahashi (WT) identity for a Green function. We will consider the
two special cases of this WT identity. That are

<0!{QB,T<Ba<x>éb<y>>}!0> = <B“<x>B"<y>> =0, (2.96)
(O0[{Qs, T(A%(2) (1))}]0) = (Duc(2)e(y)) + (A%(x)B(y)) = 0. (2.97)

Consider second derivative with respect to the spacetime x* of the first term of the

middle expression in (2.97). Let’s carefully evaluate step-by-step, for first derivative,
we have

DD B w)) = (020 — ) Dy () ()|0)

—<0|—9 y" = 2%)e (y) Dyuc” (2)]0) (2.98)

= 52 — ) ({Dpe (), P(9)})
= — i5ab5d(x — ).

Note that the derivative with respect to z* of D,c*(x) definitely vanishes with the
help of the equation of motion (2.42) so we therefore did not care about it in the
calculation above (2.98). Moreover, the identity - 99(x) = 6(x), (2.53) and (2.67)
have been used in the sub-sequential steps. For the second derivative, it is easy to
get
Ou(Dyc () (y)) = —i6™ 5— 0
oxH
after this step, we will perform the Fourier transformation in both sides of the
relation (2.99). Effectively, it is the same as we translate from 0, — —ip,. Hence,

5z —y), (2.99)

F(Duc(2)(y)) = 5‘“’%- (2.100)

We can also compute other relation by, once again, taking second derivative with
respect to z*. This time, we will use the equation of motion of the NL field (2.49)
with the WT identity (2.96). In the end of all processes, it yields

T a abP

F(Aj(2)B*(y)) = =6 bp—’; (2.101)
One might ask, we sure reader will, that so far what is the purpose of doing all
of these stuffs? The physical meaning of the momentum space expectation value
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between two fields, a two-point function, is nothing but a momentum space prop-
agator. Thus, we can read off the pole structures from both relations (2.100) and
(2.101). As a result, this shows that the fields in the quantum YM theory admit
the massless pole structure. Asymptotically, we can then write all fields in terms of
other massless fields

Al (r) = 9,x"(x) +

B (x) - 5(x) + o102
(D) (x) = G (2) +

(x) = ¥(x) +

43

.7 denotes the term which has different pole structure. An asymptotic version of
the super commutation (2.68) reads

[QB;XG] :7a7 {QB?f_ya} :5a7
{QB’,}/(J«} = O’ [QBa Ba] = 0.
Since we are living in the operator level, we can instead work in state level by per-

forming the mode expansion as before. We have obviously the (anti-)commutations
among annihilation operators

@p, Xt =5, @B, 71} = By,
{@s.7} =0, [@p B =0.

On the other hand, the (anti-)commutation relations among creation operator can
be found from taking the Hermitian conjugation into each relation in (2.104), then
using the Hermiticity properties of (anti-)commutators, i.e. [A, B]T = —[AT, Bf] and
{A, B}t = {Af B} combining with the Hermiticity of the BRST charge Qf, = Q3.
We will obtain the right (anti-)commutation relations we have requested. Explicitly,

@5, ()T =-00)" {Qs. ()"} = (B,
{QBv (’YICCL)T} =0, [QB; <6Z)T] = 0.

We already have creation operators of each asymptotic field, we can construct the
state consistently by acting the creation operator to the vacuum state. We define

kyn) = x1|0),
k,—n) = B}]0),

|k,n + 1> = fyu()>,
k,—(n+1)) =740),

(2.103)

(2.104)

(2.105)

(2.106)

where k and n label dynamical quantum number (such as momentum) and the
ghost number, respectively. The particular reasons we define the state this way
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can be understood with the following logic. First of all, we begin with assign the
longitudinal mode x; of the gauge potential to have a reference value of the ghost
number n and reference momentum k. We see precisely from the first commutation
relation of (2.104) that the BRST generates the transformation from the longitudinal
gluon into the asymptotic ghost mode of the same momentum ~,. Following the
fact that the BRST charge carries one ghost number, thus, there is no wonder that
the resulting ghost field must carry “n + 17 ghost numbers. Besides, due to the
conservation of the ghost number following from the fact that the ghost charges ().
is a Noether charge, there must also exist their pairs that carry the opposite values
of ghost numbers, i.e. —n and —n — 1 which are the NL field and anti-ghost mode,
respectively. Note that this formalism is not used only in the quantum YM theory,
however, it becomes the general formalism to construct the theory with the same
structure (quantum theory with complicated constraints), e.g. in quantum gravity
[56] and topological field theory [40, 93]. This procedure is formally known as the
Batalin-Vikovisky or field-anti-field (BV-BRST) formalism [9, 10].

Once again, this all states form the vector space that also admits the BRST
complex structure. As we have said before that the BRST complex further admits
the Z-graded Poisson superalgebra, it implies that we can decompose the vector
space of states in the quantum YM theory as the direct sum among the vector space
of each degree. Mathematically speaking, we can write Vs = €, Vi (remember
that we have already projected from the total vector space into the physical vector
subspace). To do so practically, we will first define the n-ghost numbers projection
operator P(™ which can be constructed recursively. We guess the form of it as

P™ = Z(BIP" VO, 4 I PVO, 4 4l PODO, 4+ 7 PODO,), (2.107)

SN

where O; are any operator which can be found explicitly by imposing the properties
of this projector. The question is what kind of the projection operator we expected
to have. First property will be the trivial property that every projection operator
of any kind must essentially have, that is

P pm — ptm pt) — 5 Pt implying  (P™)* = P™. (2.108)

This property is obvious since once we act with the n-projector, that state will, one
hundred percent, carry n-ghost numbers already if we act once by the same projec-
tor, it will give the same result for sure. In fact, this property implies a very deep
consequence that is the projection operator of any degree has to be a bosonic gen-
erator unless the second time or more action of such an operator will give non-sense
zero. Consequently, we can deduce instantly that O; and Oy are bosonic while O3
and O, are fermionic.

The second property follows from the fact that we have expected the right de-
composition which is consistent with the graded algebra embedded inside the con-
sidering theory. We expect so much that the projection operator must satisfy the
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completeness relation
1= Pm=pO43y"pn (2.109)
n=0 n=1

This allows us to decompose any physical state W> € Vphys into the sum of that
state projected by projection operator of each degree. Clearly, we have

) = POy) + ) PMy). (2.110)
n=1

However, the state we are focusing on is a physical state which must be subjected to
the subsidiary condition (2.85). Nevertheless, since the vector is now decomposed
into the direct sum of each degree, we also expect that the projected states are lin-
early independent to their friends. All of these arguments imply that the projection
operator must inevitably commute with the BRST charge, namely,

[Qs, P™] =0. (2.111)

Plug the expression (2.107) into the constraint (2.110) to determine the relations
among O; with the help of (A.14), (A.15) and (2.105), it yields
0= AP V50, — A POV 0, 4 xf PM V50, — 4f POV50,

(2.112)
+ BPH O, — 5[ P50,

If we demand the equation (2.112) to hold, we require consequently as follows
001 = -0y, 004, =0, 003 =—0,, 60, = 0. (2.113)
The possible choice we can choose to satisfy the requirement (2.113) is
O1=—Xk, O2 ==Lk, O3 =, Oy = Y. (2.114)

Let us note that the choice, i.e. (2.114) is not unique in general. In the original
paper [50, 51], they have chosen the slightly different choice by choosing instead
O1 = —xr — wrF;, where wy, is a coefficient of the matrix defined inside that paper,
which also satisfies the requirement (2.113) without hesitation.

It was suggested firstly by Fujikawa [51] that such a projection operator of n > 1
degree can be rewritten into the anti-commutator between the BRST charge and
something else. Specifically, we can write

1
P™ = {Qg, R™},  where R™ = ——(5IP" Dy, + TP V3. (2.115)
n
This form leads to a very significant consequence. To understand how important

it is, let’s define the set of state, called zero-norm state, as Vy. The element of
this kind of set can be defined through the action of the n > 1 projection operator
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pP™ ’¢> = ’¢0> € V. We can easily show that the zero-norm state will be orthogonal
to the physical state

(]o) = (¥|P™ ) = (¥|{Qp, R™}|) =0, (2.116)

where we have used the expression (2.115) with the subsidiary condition (2.85).
What does the result show us? It means physically that two different states |w> and
W + ¢0> represent the same physics. In other words, |¢0> is an unphysical state
because of this reasoning. After we have already traced out all zero-norm states out
from the physical world, the remaining states are equipped by a positive-definite
metric. Thus, we can now define the physical Hilbert space for the QYM theory,
guaranteeing the unitarity to be safe since all harmful ghosts are gone, to be

POY =Hppys = Vonys/Vo- (2.117)

In summary, the unitarity of the (perturbative) quantum YM theory will be en-
sured after we have already integrated out all four elementary unphysical particles
which are longitudinal polarization gluon, NL field, ghost, and anti-ghost as defined
in (2.106). These unphysical particles form a family so-called a quartet (quartet
means four). Strictly speaking, Kugo and Ojima used all the statements above to
prove the unitarity of the quantum YM theory by claiming that all particles belong-
ing to the quartet are confined. This mechanism, celebrating the name Kugo-Ojima
(KO) quartet mechanism, completed the first-ever proof of the ghost confinement.
Unfortunately, the transverse polarization modes of gluon still are free from the cage
and still not yet proving to be confined. The discussion about the possibility that
transverse gluon can be also formed a quartet found in, for example, [4, 5].

Before ending this section, we will give two important remarks about this mech-
anism. The first one is that the Hilbert space of physical states in the QYM theory
defined in (2.117) can be shown to be identical to the zeroth BRST cohomology de-
fined in (2.76). We think it is not too hard to convince the reader that the unphysical
state above is clearly a ()g-closed and also an exact one. Reasonably speaking, the
closed property can be understood from the imposition of the subsidiary condition
(2.85) while the exact property, in the light of form (2.115), can be shown directly
as

o) = W) = (QuR™ + RWQp)[v) = Qu(R™[1)), 2.118)

do not forget that we have already imposed the subsidiary condition so the last term
in the middle expression of (2.118) typically vanishes. Finally, it implies amazingly
that the physical state, which carries zero number of ghost charges unless it will
become zero-norm mode, belongs to the zeroth-order BRST cohomology HC%B' One
might notice immediately that the considering cohomology is not the same cohomol-
ogy we considered in the last subsection that is instead the cohomology with respect
to the BRST differential §. However, we have already done sketching a proof that
the nilpotency of the BRST charge truly implies the nilpotency of the BRST dif-
ferential. To conclude, the BRST cohomology H%B is homomorphic to HY without
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wondering.

The second remark is a much more serious one since the correctness of the KO
quartet mechanism depends strongly on this remark. If we ask the reader what is
the most essential ingredient in the recipe to construct this mechanism. What is
in the reader’s mind? For us, we will answer the subsidiary condition since, as we
have discussed earlier, this is an essential condition to project the indefinite-metric
vector space to the semi-definite vector space before we can do the last step to finish
the mechanism. The key point is a subsidiary condition supposing that the physical
state is a BRST singlet or BRST invariant. Thus, we need to be sure that the BRST
charge is well-defined in the sense that it truly represents the right BRST generator.
To be more clear, () g must suffer not to any symmetry breaking which is not always
the case. As already mentioned once in the previous subsection, the BRST symme-
try can be anomalous due to the non-invariance of the measure under the BRST
transformation. Anomalous correction can generate the explicit symmetry breaking
term, making the BRST charge ill-defined. Nonetheless, at the beginning of the sec-
tion, we have done discussing that the FP method is incomplete. The modification of
the FP quantization in the presence of the Gribov ambiguity requires the restriction
to the Gribov horizon (see in detail in the next section). The restriction to the finite
region makes the BRST transformation can not be defined globally. This obstruc-
tion leads to the breaking, interpreted to be spontaneously broken type by Maggiore
and Schaden [55], of the BRST symmetry [29]. It can be shown (read section 3.4
of [87]) that the symmetry breaking term is the operator of mass dimension 2. Ac-
cording to the renormalization group language, in 4-dimensional spacetime, it said
to be super-renormalizable which will produce no further an infinite loop correction.
That means the symmetry breaking term modifies only the physics in low-energy
(IR) regime but does not modify things living a high-energy (UV) scale. Thus, it
is called soft (this terminology is usually used in the context of the supersymmetry
breaking model). To summarize, in the deconfinement phase or UV region where
the perturbative calculation is fine (follows from the asymptotic freedom), the KO
mechanism is doing very well. Whereas, in the confinement phase or IR region, this
mechanism fails since the BRST charge is not well-defined at first glance. Hence,
the unitarity of non-perturbative quantum YM theory can not be proven with the
same argument and still not be proven yet. On the bright side, the impossibility of
proving the unitarity of the quantum YM theory in the confinement phase shines a
new signal to physics’ society. It suggests us to propose that the BRST violation
can somehow lead to the confinement phenomenon. (This kind of argument can be
found in, e.g. [64]).
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Chapter 3

Gribov Ambiguity

Even though the FP quantization with the resulting BRST symmetry seems to be
very successful in many senses, as we have discussed once in the introduction, it is
still not complete yet. What is the origin of all messes? Frankly speaking, it follows
from the fact that we demand the gauge fixing condition to be very ideal. We require
that the gauge orbit essentially crosses the gauge fixing constraint surface once and
only once. In a realistic situation, how can we be so sure about that? Unfortunately,
the actual answer is no, we cannot. In this chapter, we will start the main dish by
studying the ambiguity of the covariant gauge fixing and the most successful (but
yet not complete also) possible resolution of the problem.

3.1 Gribov Ambiguity

Recall first that the condition that there is only one solution of the gauge fixing
equation has been implicitly used to force the identity (2.12) becoming the reliable
one. Otherwise, we rather need to write the form of unity as

1= Z;A%p /DU §(G(YA)), (3.1)

where the summation symbol is understood to be a sum over the all possible solutions
of the constraint equation G(A) = 0. In particular, we can rewrite the relation
(3.1) further in functional form by the help of the new variable N(G[A]) denoted
the numbers of the solution of the constraint equation, i.e. N(G[A]) = {U €
G|G(YA) = 0}]. Thus, we have

_ 1 U
' = NG /DU S(G(VA) App, (3.2)

where Arpp is a usual FP determinant which is now thought as a functional-valued
quantity. Before we go forward, we will do a terminology for a bit. Along an orbit,
if there are two A, and A, # A, which both satisfy the same gauge constraint
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G[A] = 0, we will henceforth say A, and A, are Gribov copy to each other. Now
let’s denote the numbers of all Gribov copies inside the one particular orbit as
Nee(G[A]). Tt can be seen simply that

N(GIA]) = |Z(A)] - Noc (GIA]), (3.3)

where Z(A) is called a stabilizer subgroup of G defined by Z(A) = {U € G|VA = A}.
By applying the so-called orbit-stabilizer theorem [94], we end up with the condition

N(G[A]) = %  Noe(GLA). (3.4)

This shows that the functional N(G[A]) is truly orbit-dependent making things
harder to evaluate in the path integration. Most importantly, it precisely shows
that if Gribov copies really exist, the gauge degrees of freedom still not yet be fixed
completely leading to over-counting the degree of freedom. Hence, the FP procedure
fails eventually.

Nevertheless, it can be more harmful than we can ever imagine. To see that,
suppose that A, and Aj, both satisfy the Landau gauge fixing condition 9,47 = 0.
Since A/, is a gauge field, there must always exist the element of gauge group, U € G
said, such that A/, =V A = UA,U " — é(ﬁuU)U_1 ~ A, — éDua. Thus, the gauge
condition leads to

1 1
0= 0, = Ay = Dy = = BuDy (3.5)

implying that the FP operator —0, D,, contains zero modes which is not sensitive to
the gauge constraint. What we can imply more about this? First let’s observe that
the FP operator is actually Hermitian in the light of the Landau gauge. Explicitly,

0D, o0 = 0,(0,0c + ig[A,, a])
= Oa + ig[0,A,, a] +ig[A,, 0,0]
= 0,,(0,c0) + ig[A,, 0,0
=D,0,q,

(3.6)

where we have used the linearity properties of both Lie bracket and partial derivative
to perform the Leibniz’s rule in the second line and the Landau gauge condition has
been imposed in the third sub-step. The Hermiticity of the FP operator implies that
it has only real eigenvalues. However, the perturbation around the zero modes can
generate the negative eigenvalue of the FP operator. Hence, the positive definite
condition of the FP determinant cannot be used and the introduction of ghost fields
in (2.22) is meaningless (since we have used the positive definite property of the FP
determinant to carelessly change from |det M| into det M in that step).
However, the Gribov ambiguity does not affect all situations of the YM theory.
In high enough energy where the coupling constant is sufficiently small, effectively
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we can think that the contribution of the gauge field is typically small A, — 0. The
zero modes of the FP operator as expressed in (3.5) will reduce to the zero modes
of the d’Alembertian operator [J which is nothing but the well-known relativistic
wave equation. The solution is, of course, a trivial plane wave. To have a local
QFT, we require that the gauge field must be normalizable, hence vanishing at the
spatial infinity. The plane wave solution is impossible to fulfill this condition, thus
such an « cannot exist in a high energy limit and then the Gribov problem is gone.
Unfortunately, in the confinement phase, the Gribov ambiguity is still haunted.

Note further that the argument above helps us to conclude that an Abelian gauge
theory is free from the Gribov ambiguity since, in Abelian limit, f%¢ = 0, the FP
operator also reduces into the relativistic wave operator as also happened in the
case of a weakly coupled YM theory. This makes sure that the traditional QED still
works well.

In fact, the presence of the Gribov ambiguity does not harmfully affect only on
analytical calculations but also affects numerical computations especially in lattice
gauge theories. To understand this problem, we will first note that the unity we
have inserted into the partition function (2.12) can be thought in an alternative
way. Instead of thinking that we add the unity of the non-trivial form, we will
rather think that we insert the additional partition function whose value turns out
to be one by the help of an appropriate normalization factor. Namely, the unity of
the form (2.12) can be rewritten to be

2, = / DU §(G(VA)) det My,

:/DB/DU/DC/DE@SW‘,

where Sg¢ denotes the action functional of both gauge fixing term and ghost term.
Note that here we have pretended to think that the traditional way of quantization
is still fine by naively neglecting the absolute symbol of the FP determinant.

In particular, the partition function can be also rewritten further by using the
functional generalization of the Dirac’s delta function identity (2.9) to obtain

(3.7)

Zgp = /DU Z%det Ma(V A)
. (3.8)
B det M, (Vi A)
2. | det MGZ(UzA)\

However, we have known from the analysis before that the existence of the Gribov
copies can be translated into the existence of the zero modes of the FP operator
leading to the vanishing determinant of the FP operator. As a result, we can deduce
that the naive FP method yields a non-sense 0/0 result as appeared in computational
lattice calculations. This organizes to other well-known problem in this field which
is known to be the Neuberger 0/0 problem [62].
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To understand where did the problem actually comes from. We need to change
the mindset about how we think about the partition function first. We need not treat
the partition function in the same way we have treated in the usual path integration
in QFT 101 and statistical physics. Conversely, if we are trying to compute the
partition function of the form (3.7), it means that we are amount to compute the
topological invariant of the specific group manifold, interpreted the same way as
the Witten index in SUSY non-linear sigma model [91], which is found to excitingly
coincide with the Euler-Poincaré characteristic y(G)mumbers of lattice sites = R eyember
that the gauge group G is a Lie group, thus it is also a manifold without wondering.
So the problem now lies down into the studying of the gauge group’s structure itself.

Recall that in the standard model, especially in the QCD sector, we formally use
the SU(N) as a gauge group (for IR-QCD’s extensions, we use at most SO(N)
and exceptional G5). Thus, we will try to compute the Euler characteristic of the
SU(N) group, however, it is quite hard to be done since the triangulation, which is
the beginning step to evaluate the homology group and associated Betti number, of
such a group manifold, is quite difficult to do. Fortunately, we can further reduce
our consideration on the gauge group into a much simpler manifold. Note that a
sphere of 2N — 1 dimension can be constructed as the quotient space between two
unitary group U(N) of different dimensions, i.e.

SN = U(N)/U(N —1). (3.9)
Then, consider the Cartesian product of the spheres

SN §2N=3 5 x 8 =U(N)/U(N — 1) x U(N — 1)/U(N —2) x
x U(2)/U(1)
= U(N)/U(1)
SU(N).

(3.10)

12

This implies that SU(N) group can be written into the Cartesian product of spheres,
which are easier to compute the associated Euler characteristic, of appropriate di-
mensions. Due to the consequence of the Kiinneth formula (B.19), we will obtain
the Euler characteristic of the SU(N) group as

X(SU(N)) = x(8°)x(8%)..x(8*¥ 7). (3.11)

By direct computation of homology classes and associated Betti numbers of spheres,
one will eventually end up with the result x(S™) =1+ (—1)" (see (B.22)). In other
words, the Euler characteristic of n-sphere will be zero for spheres of odd dimensions
and two for even-dimensional spheres. Combining this fact with the relation (3.11)
to get the reasonable consequence that the Euler characteristic of SU(N) group for
which N > 2 case is precisely zero.

Flashback to the origin of why we need to study the Euler characteristic, we
deduce from this consequence simply that, instead of adding the unity of the form
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(3.7), we have just inserted the partition function whose value is generally zero
and then carelessly divided out by normalization factor which is also zero. Loosely
speaking, in the case that Gribov ambiguity is not free, the partition function of the
form (3.7) is misunderstood to be the unity as we usually thought in (2.12). Its true
identity is 0/0 as we found in the Neuberger situation.

There are several possible resolutions to remedy the Neuberger problem. We
will discuss two of them in a very qualitative sense. The first one is, to not have
the indefinite 0/0 form at the first glance, we can introduce the mass dimension
regulator, called the Curci-Ferrari (CF) mass mep said, into the partition function
[43]. As a result, in this case, the expectation value of any operators in a so-called
CF model is well-behaved in the sense that it has been already free from the Neu-
berger problem. To restore the original YM result, we just take a massless limit
mer — 0 and then using the L’Hospital rule to calculate such a thing. It was
suggested by Kondo [45] that, due to the specific form of non-linear transformation
from the original gauge field, we can eventually write the massive YM theory with
correct degrees of freedom, i.e. two transverse and one longitudinal polarization
modes. The new kind of gauge field, which will be reduced into the usual massive
Proca field in the Abelian limit, precisely gauges invariant. However, what we refer
to the word gauge invariance is the invariance under the modified version of BRST
symmetry (the CF model is no longer invariant under original BRST symmetry but
modified one). Note also that the modified BRST symmetry has already lost its
nilpotency which shows a sign of the failure of the KO’s unitarity proof. Thus, even
though the CF model is shown to be renormalizable [23] but it is not perturbatively
unitary. The particular reason why unitarity is violated in the CF model was also
argued in [46] that the CF model is not valid in high energy since it can be only
treated as a low energy effective field theory of QCD existing below some energy
scale cutoff. One way to make it valid in high energy is to take the limit £ — oo,
which is equivalent to the unitary gauge in the well-known YM-Higgs model, where
all unphysical fields are decoupled out from the theory. To summarize, these all
attractive features of the CF model leads people to conclude that CF model does
play a role to be an alternative massive YM model without introducing any Higgs
field.

Another way to overcome the Neuberger problem is suggested from the analysis
above showing that the vanishing of the Witten index is the real problem here. The
alternative method is to perform the partial gauge fixing known as the Abelian pro-
jection. As shown in [44] (and in more detail in [48]), the element g of the group G
can be uniquely decomposed into & multiplied by & which belong to the maximal sta-
bilizer subgroup H and its quotient space G / H, respectively. By the help of the for-
mula (B.19), we can reduce the problem of computing the Euler characteristic of the
full non-Abelian group x(G) into merely computing x(G/H)x(H). Let’s study the
simplest possible model that is not trivial, the SU(2) QCD, we have that the max-
imal stabilizer group uniquely coincides with the maximal torus group U(1). Now
we see that the Euler characteristic reduces into just a product of the Euler charac-
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teristics that are much easier to evaluate, i.e. x(SU(2)) = x(SU(2)/U(1))x(U(1)).
The former one is nothing but the Euler characteristic of the 2-sphere which is well-
known already (see also (B.22)), that is, x(SU(2)/U(1)) = x(S?) = 2. The problem
is that the remaining contribution of the Euler characteristic class still vanishes. On
the bright side, we have seen precisely where does the problem actually come from. If
we fix the problem of the vanishing Witten index of the compact U(1) group, we will
completely solve the Neuberger’s problem for SU(2) case. It was suggested, by von
Smekal [85], that such a problem can be resolved by performing the stereographic
projection from U(1) & S' — R which transforms the topological space of genus
one into zero. Accordingly, the Euler characteristic now becomes non-zero and the
Neuberger’s problem for the case of SU(2) group has gone. For the more general
case, for SU(N) case, one can choose the maximal option of the Abelian projection
to project the full non-Abelian group SU(N) into the maximal torus group U(1)V~!
and the so-called flag manifold Fy_; [65] (In more abstract language, such a man-
ifold is the special case of the so-called generalized flag variety). We can check the
consistency by comparing with the SU(2) case, the maximal torus group is trivially
consistent and also F} turns out to be isomorphic to the 1-dimensional complex
projective space, widely known as the Riemann sphere, CP! = S? agreeing with the
previous result. Once again, the Euler characteristic of the coset space is not the
real face of the problem but the compact torus subgroup U(1)V~!. However, we can
also repeat the same method by stereographic projecting the N — 1-torus into the
RY=1 and we are done.

We wish that all of these kinds of stuff are enough to convince readers to un-
derstand that the Gribov ambiguity is a very dangerous thing that can destroy
everything we have believed so far without mercy. However, by far, we have just
only assumed that the Gribov ambiguity does exist. How many percent sure we can
believe about its existence. According to the Singer’s proof [75], it is one-hundred
percent inevitable for any covariant gauge fixing condition. Honestly speaking, the
proof given by Singer is very mathematically difficult to be understood easily. We
will, therefore, follow the simplified version appeared in [57].

Note that the Gribov ambiguity appeared as a non-trivial structure of the gauge
orbit. Thus, we need to reach a deeper understanding of the gauge orbit. We begin
with recalling that the gauge orbit [A] is defined to be a quotient space of the set of
overall connection 1-form {A} modulo out by gauge transformation G (mathemat-
ically known as the automorphism of the corresponding principal fibre bundle). In
differential topology language, the set of overall gauge 1-form {A} can be realized
alternatively as a principal fibre bundle over a base space [A] with associated fibre
G. Obviously, this principal fibre bundle admits a structure group G to be a con-
sidering gauge group since the transition function defined on this principal bundle
is actually an element of such a group (gauge one-forms related to one another via
adjoint gauge transformation with group element U € ). In summary, this defines
the fibration of the kind

G — {A} — [A] (3.12)
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(this sequence map demonstrates the inclusion from the fibre to the corresponding
fibre bundle, then fibrating down to its base space).

Now, to see the origin of the Gribov copies, we need to impose the gauge fix-
ing constraint into the bundle structure. Mathematically, the gauge fixing is just
choosing a specific representative out from the equivalence class [A]. Alternatively,
by using the language of fibre bundle theory, picking a representative is equivalent
with defining a so-called section which does assign a point on { A} associated to each
point on its base space [A]. If the section is globally defined, it means that there
exists the unique representative, hence, lack of the Gribov copies. Strictly speaking,
showing the existence of the Gribov copies is about to prove that the fibre bundle
{A} is a trivial bundle = [A] x G (there is a theorem stating that a bundle will be
a trivial bundle if and only if it admits a global section, see, e.g. Theorem 6 in the
appendix B.3 [58]).

To prove the non-triviality of the fibre bundle, one first need to extract the im-
portant information from the fact that {A}, by definition, is constructed to be a
convex set, i.e. any element in {A} can be written as a so-called affine combination
of other elements A,; and A, ». Namely, we can always write

A (r,2) =TAu(2) + (1 —7)An(x). (3.13)

Convex set implies the contractibility of any loop inside that set. The deformation
properties of loops define an equivalence class, which actually forms a group, known
as homotopy class m,({A}). In this case, it implies that homotopy group of the set
{A} is trivial, i.e. m,({A}) = {e} where {e} denoted trivial set for any value of n.

Next, let’s study the contractibility of fibre G. Naturally, we can introduce
a sequence of gauge transformation (gauge transformation trivially forms a group
structure) parameterized by a real variable s. The usual element of the gauge
group undergoes the triviality condition at infinity to maintain the finiteness of the
gauge theory. Therefore, we demand U (s, x) to enjoy the condition U(s,z) — 1 as
s — Fo00. Pictorially, this can be also looked like a closed curve in G whose base
point is located at an identity transformation 1. Consequently, the homotopy class
of the type m(G) has been introduced accordingly (loop is topologically equivalent
to a circle S'). In the usual sense, the gauge element can be also realized as a
transition function that performs a map from space(time) manifold which, in this
case, there is an extra dimension s. Thus, U(s,z) represents a map from RP+! to
a structure group GG. Once again, the finiteness of the YM energy implies that the
gauge transformation at far infinity must be trivial, this can be effectively thought
as a l-point compactification since all points at infinity of space(time) manifold are
mapped into the same point. This leads to the compactification from RP+! — §P+1,
Finally, the gauge transformation of the finite gauge theory is a map SP*' — @
defining the homotopy class mp1(G). In the real world that has only three spatial
dimensions, we end up with the wonderful result

Wl(g)

I%¢

m5(G). (3.14)
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For SU(3) QCD, we have 75(SU(3)) = Z (See also Bott periodicity theorem for
unitary group (B.24)). So? All of these kinds of stuff tell us anything? Absolutely!
The short exact sequence of fibre structure, which we have known in the name
fibration, (3.12) can be used to imply the long exact sequence of corresponding
homotopy class [39] of the form

= m({AY) = m([A]) = m(G) — m({A}) — . (3.15)

Since we have shown earlier that the homotopy group of the overall gauge potential
{A} are all trivial. Thus, this exact sequence (3.15) melts down into

m([A]) = m(9)

which is isomorphic to Z in the case of SU(3) QCD. From the theorem 5 in the
appendix B.3, we have known that if the base space is contractible to a point, then
the corresponding fibre bundle is trivial. However, this shows that the fibre bundle
{A} is precisely non-trivial meaning that the section, which is described as the gauge
fixing condition, cannot be defined globally. Hence, Gribov ambiguity!

How about SU(2) sub-dynamics of QCD? It is quite obvious that it must also
suffer from the Gribov ambiguity since we have seen in the case of lattice gauge
theories that SU(2) QCD undergoes the Neuberger problem. To see that again
in the language of Singer, we will pick one specific choice of gauge transformation
Up(z) = U(sg, x) out of the sequence. In this particular case, the transition func-
tion is topologically equivalent to a homotopy class mapping from some fixed point
s = sg on G into itself. This leads to the introduction of the zero degree homo-
topy class mo(G) which is currently isomorphic to m4(G). For G = SU(2), we have
74 (SU(2)) = Zs (this result can be obtained by performing the following steps. First
is to use the isomorphism SU(2) = S® combining with the consequence of (B.26) to
have the isomorphism 74(S5?) = ,(SO(3)). In the end, just using the Bott periodic-
ity condition for an orthogonal group (B.25) to get the result we requested). Finally,
we just have to repeat our analysis of the long exact sequence again and obtain the
same consequence as same as the SU(3) case that there exists an obstruction that
forbids the fibre bundle {A} to be trivial for such a gauge group. Eventually, we
have thus finished the Singer’s proposal of proving the existence of the Gribov copies
for such a gauge group.

Note that there is also a stronger mathematical argument to ensure the exis-
tence of the Gribov ambiguity due to the independent work of Narasimhan and
Ramadas [61]. They calculated the holonomy group (the set of the closed loop
parallel transportation induced by the connection on the given bundle) on the hor-
izontal space of set of all possible gauge fields {A} (i.e. the set of tangent vectors
AT that satisfy the equation DHAZ = 0). They found that such a holonomy group
is typically non-trivial. What is the consequence to that then? Following figure 3.1,
it can be seen that the transition amplitude between two points on [A] is deeply
related to that holonomy group. The non-triviality of the holonomy group leads to

12
12

75(G), (3.16)
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the non-uniqueness of the parallel transport. Hence, there is the Gribov ambiguity.
Moreover, in that paper, the way how to prove the twisted property of the principal
bundle is to the relevant matrix model for QCD gluon. In this particular case, SU(2)
QCD, the gluon field is constructed to be the real 3 x 3 (3 follows from the total
numbers of the adjoint degrees of freedom of the associated group) matrix, some-
times, called the matrix corresponds to the three-body bundle. In particular, the
practical construction and further generalization to SU(3) case (8 x 8 real matrix)
of the QCD matrix model has been done properly in, for example, [8].

S
e S

Figure 3.1: The closed loop parallel transportation comparing between on [A] and
on {A}.

For readers who did not understand the mathematical proofs above, it is okay!
Since from now on, we will discuss the alternative argument, given by Gribov him-
self [36], to guarantee the existence of the Gribov ambiguity. Gribov studied the
Gribov ambiguity appearing in the SU(2) YM theory (QCD subdynamics) with the
Coulomb gauge 0;A; = 0 which is effectively equivalent to the Landau gauge by
assigning an additional temporal gauge condition Ay = 0, i.e. he focused on the
static field configuration. In a vacuum, where the field strength tensor naturally
vanishes, the gauge field is in the pure gauge form, namely, A, = U'9,U where
Ued.

Gribov proposed the static, spherically symmetric ansatz to demonstrate his
argument. Explicitly, we choose the ansatz of the form

U(x) = exp (Z@XT—U) = exp (@@n : o—) , (3.17)

where ¢ is the generator of SU(2) gauge group which is nothing more but the Pauli
matrices, and r is spatial radius r = Zf x2. In particular, we can perform the Taylor
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expansion of such an ansatz to rewrite the ansatz (3.17) further such that

fr)x-0  f*(x-0)?
U=1+1 5 . gr—2+
f(r)

r)x-o 2 025050
_ L Ty

=1 2 r 8 r?
2 g g
14 f(r)x-o f_xzxj{az,a]}+m
2 r 16 7"2 (318)
_ g fnxo _ [raoy
B 2 r 8 12
B 1f? () .
_(1_§Z+ )-I—Z(T-f—...)n-a
:cos@—i-isinf(;)ﬁ-a,

where the anticommutation relation of the Pauli matrices has been used {o;,0;} =
26;;. (Note that, in this situation, we will use the spatial indices ¢ and the color
indices a simultaneously, since both indices run from one to three.) By the help of
identities 0;r = n; and On; = %(52-3» —n,;n;), we can find the full expression of the
gauge field in this ansatz as

A =U"'9U

n%(A o)

— 4 (635 — ning)o; . 1 —cos f (3.19)

sin f + €iikNiOL
2r 2r R

" labels the radial derivative %. Thus, the Coulomb gauge condition 0;4; = 0 in

this ansatz can be expressed as follows
r2f" +2rf —2sin f = 0. (3.20)

This equation is quite simple and it can be more simplified by introducing Inr = ¢,
we end up with very familiar equation

f4+f—2sinf=0. (3.21)

The equation (3.21) is actually an equation describing damped (forced by external
periodic force) harmonic oscillation known sometime to be the Gribov pendulum
equation. With the appropriate boundary condition, we can solve this differential
equation systematically. There exists three possible solutions: f = 0, f = fi/2(7)
and f = —fi/2(r), respectively. The non-trivial solution fi/5(r) behaves such that
f1/2(0) = 0 (to avoid singularity) and f;/5(c0) = —m/2. Remarkably, each solution
has its own topological charge, to see this, we substitute the ansatz (3.17) into the
definition of Chern-Simon number (B.38), we obtain the relation

=00

= {f - —sm(2f)] : (3.22)

r=0
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Thus, each solution carries v = 0,% and —%, respectively. Intuitively, the first so-

lution f = 0 is a trivial solution interpreted to be our usual vacuum carrying no
topological charge while the rest solutions f = fi/2(r) and f = —fi/2(r) are topo-
logically heavy vacuum solutions, which will be known from now on as the Gribov
vacua, expected to relate with the usual vacuum through somewhat mechanism. As
observed from both the Singer and Gribov arguments, we expect that such a mech-
anism must relate to the topological structure of the YM theory itself.

Finding the (vacuum) solutions of the SU(2) YM theory is equivalent to finding
the gauge field configuration which satisfies the classical equation of motion. In
other words, the classical solution of the YM theory is extremized configuration of
the YM action (2.3). To extremize the YM action, it is more convenient to slightly
rewrite the YM action, one has

1 a [a 1 a 1ra
Svar = / d%x (Ef, + 1) F 5 / Pz F 0, (3.23)

where F’W is a component of a so-called dual field strength tensor defined in (B.12).
One can check very easily that this form of the YM action (3.23) is truly equivalent
to the original form of the YM action (2.3). We see that the cross term of the first
term actually cancels with the last term of the expression (3.23) but the monster
whose true form need to be revealed is the following term
a 1a 1 a
F;U/F/u/ = ZE#VCVIBFOA,BEHVW;F’Y‘s
1
= 5(0ay085 = 0as0py) FripFrs
1 a a a a
= 5( a,BFa,B - FaﬁFBa)
— Fa FCL

puvsopve

(3.24)

So we have everything we supposed to have. Now let’s observe that the first term of
the new YM action is clearly positive definite. Thus we end up with the fact that the
YM theory must satisfy the bound known as the Bogomolnyi-Prased-Sommerfield
(or BPS for short) bound [17, 67]. The saturation of such a bound will yield the
classical YM solution. To be specific, the YM action will be extremized when the
YM field strength is either self-dual or anti-self-dual, i.e.

F;w = F/,Ll/' (325)
Mysteriously, any self-dual anti-symmetric tensor, S, can be written as
S = M, (3.26)

where ¢ is any Lie-algebra-valued function and 7y, is known formally as the 't Hooft
tensor [82] whose components are

UZV = €au + 52501/ - 5350,u- (327)
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In fact, this symbol did not come from the heaven but did come from the brilliant
mind of 't Hooft. To understand the origin of this symbol, let’s recall first that a
self-dual antisymmetric tensor belongs to (1, 0)-irreducible representation of Lorentz
group (to be more specific, the projective representation of the universal covering
group SL(2,C)), whereas a 4-vector lies within the (3, ) representation of the same
group. Therefore, the 't Hooft tensor is nothing but a Clebsch-Gordon coefficients
used to construct (1,0)-representation out from tensor product between two four-

vector (1,2) ® (%,1). Similarly, we can also write any anti-self-dual antisymmetric

272 22
tensor A, as A, = 7, where the anti-’t Hooft tensor 75, is almost the same as
1, beside the component 7g; = 7. Before we continue our discussion, let us write

down the useful properties of 't Hooft tensor [76] first

1.
€N Mor = GuMog — Guo Tl T Gpolley — OpuTllse- (3.28)

This identity is very meaningful, it shows that, by the help of the 't Hooft
tensor, we can represent the generator associated to the SU(2) group as the
Lorentz algebra.

Mo M = 12 (3.29)

To summarize what we have done so far, by introducing the 't Hooft tensor, we can
simply write the YM field strength, which is the solution of the classical YM theory,
as the 't Hooft tensor times any function. Because of this, Corrigan, Fairlie [20], 't
Hooft [82] and Wilczek [90] proposed the choice of ansatz to be

Al = —n,,0, In¢(x). (3.30)
If we substitute this ansatz, named after them, into the YM equation of motion
D,F;, =0. (3.31)
Although it is very tricky but straightforward to be done, we will end up with

¢°0,(¢~°0¢) =0, (3.32)

implying
¢ 30¢ = constant = —\ or 0o + \¢® = 0, (3.33)

which is merely an equation of motion of the massless Klein-Gordon equation with
self-interaction of the form —§¢4 (usually known from QFT101 as ¢* (phi to the
four) theory). Strictly speaking, this ansatz reduces the complicated problem on
non-linear YM equation into a very well-understood equation of the real scalar
field. Therefore, this ansatz is sometimes called the ¢*-ansatz. The solutions of
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the massless Klein-Gordon equation are not too difficult to be found. We have two
possible solutions [34] that are

o(r) = —, (3.34)

o(z) = \/? o i o (3.35)

(p is actually an arbitrary constant) Each solution leads to different non-trivial YM
connection. The former solution leads to the YM solution called deAlfaro-Fubini-
Furlan (AFF) (one) meron solution [3]

and

a nauxl/
Al(x) = 225, (3.36)

T2

while the latter gives the well-known Belavin-Polyakov-Schwartz-Tyupkin (BPST)
instanton [15] )
a -TV
Ajl(x) = xf " el (3.37)
Henceforth, we will study how these two YM vacuum solutions generate the Gribov
copies one-by-one. Historically, it was pointed out by Sciuto [73], independently to
Abbott and Eguchi [1] that the BPST instanton solution demonstrates the possible
relationship between two Gribov vacua. After that, Chiu, Kaul and Takasugi [19]
used the same argument to study the role of AFF meron solution to this story.
However, in this review article, we will study in the converse timeline since the AFF
one meron is, of course, simpler than the BPST instanton.
Let’s begin by noting that the AFF meron solution can be rewritten as follows

1
A, = §U‘18#U, (3.38)

where we just throw out the factor of ¢ by, e.g. redefining the gauge field or generator
of the gauge group and

U(z) = % = exp(if(z)i - o), (3.39)
with B(z) = —tan™! (;—0> (be careful about the convention that r, we used here,

is as same as the r appeared before. Namely, r does not involve time component
xo in it). Observe that the gauge configuration (3.38) is of the pure gauge form up
to some constant factor but still not in the Coulomb gauge as expected from the
Gribov example. However, since the gauge field is not unique at the first glance, we
have a freedom to choose a different gauge field that has almost the same properties
as the AFF meron has but, instead, lies within the Coulomb gauge fixing condition.
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The so-called transverse meron solution can be related with the AFF meron through
the suitable gauge transformation. Namely,

i

_ 1.
AT:vl&y+§V1@M (3.40)

where, of course, 9; A7 = 0. By introducing the new variable

G(z) = U3 (2)V(z) = exp [z (a(x) . g) Xﬂ , (3.41)

we can express out the transverse gauge field out explicitly as
1
AZ = 5[(U1/2G)_18M(U1/2G) + (U_1/2G)_18M(U_1/2G)]. (3.42)

Plug the gauge configuration (3.42) into the transverse Coulomb condition to obtain
the differential equation with very familiar form [19]

2 i
" / _
a’ + Toz W
In asymptotic limit such that || < r, the differential equation (3.43) will reduce
into the Gribov pendulum equation (3.20). Thus, the gauge field of the form (3.42)
is clearly what we are looking for. The analysis given in the original paper [19] tells
us that there will be four types of solution to this equation that are

sin 2 = 0. (3.43)

5 t<0

L ale) = {7?—7(9(;) t>0
2 alz) = TH(x) t<0
' T t>0 3.44)
3 R t<0 o
cal@) = y(z) t>0

)5 =) t<0
4'&@)_{0 t>0

~ has been introduced in such a way that o = +v + n7m to help us understanding
the behavior of solutions. The behavior of ~ itself is as follows:

2. y(r,t = o0) — 0.

3. y(r —o0,t) = 7.
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The meaning will be clear when we consider the topological charge of such a solution.
Let’s use the Chern-Simon number (B.37) to represent the appropriate topological
charge in this theory. Since the Chern-Simon charge must be evaluated at the
boundary of the underlying manifold. Let’s choose the boundary condition such that
the manifold is effectively compactified into the cylinder of the type S? x R where
R represents the time axis while the cross-section of the cylinder is the spatial part
S? (once again, the spatial coordinates are compactified into the sphere to maintain
the finiteness of the YM energy). Thus, there will be three boundary surfaces in
this case. Two of them are the base at ¢ = 00 of the cylinder while another one is
the side at » = oo of the cylinder. The associated Chern-Simon charges evaluated
at time infinities take the form

1 1 Zo r=ee
— ~ 2 Gin2 4
vy — {a 2\/ﬁsm a} L (3.45)
while
-1y Lo oa] (3.46)
n=—_lim ja 2\/PsmoziT .

represents the topological charge at the spatial infinity’s boundary. The total topo-
logical charge is therefore expressed as

vV=vy—v_+n. (3.47)

This, in differential topology language, is a simple example of the well-known math-
ematical theorem known as the Atiyah-Patodi-Singer index theorem [6] which is the
generalization of the Atiyah-Singer theorem [7] to the case that contribution from
the spatial boundary of the manifold is concerned, i.e. n-invariant term. We can
check that for every possible situation in (3.44) n will always vanish. Intuitively, this
is not coincident since one knows that, for example, [58], that the 7 term represents
the gauge anomalies on the spatial boundary. Concisely speaking, n = 0 implies that
no gauge anomalies are living on the spatial boundary surface of this theory. The
non-trivial cases such that the n-invariant is not vanishing, but will be perfectly
canceled, can be found in several situations, e.g. M-theory compactification [25],
lattice chiral QCD and topological insulators [33].

Now let’s compute the topological charges of the fourth case (one of my favorite)
of the solution (3.44) to study the physical picture of the model. One finds through
a direct calculation that v, =0, v_ = % and 7 = 0, this means that such a solution
describes the quantum tunneling from the Gribov vacuum carrying 1/2 charge into
the traditional topologically charged-less vacuum. To understand a more intuitive
picture of this, we consider the temporal gauge fixing Ay = 0 condition of the meron
solution. We will see that [2] the single meron solution demonstrates physically
the unstable Wu-Yang monopole. Strictly speaking, the fourth solution (3.44) can
be visualized as follows: at the beginning of time, there is a Wu-Yang monopole
located inside the vacuum, later asymptotically, such a Wu-Yang monopole decays
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completely into another vacuum satisfying the same gauge fixing condition as the
same one at the far past. Hence, this ensures the Gribov ambiguity.

For the BPST instanton (3.37) solution, we can repeat all analyses in a long-
distance limit. Why the long-distance limit is needed? Observe that, by using the
same configuration (3.39), we can rewrite the BPST instanton in a more attractive

way
2

AL = 22 + p?
This form of the BPST instanton is almost pure gauge but it is still not. The
particular reason is the BPST has a core of finite size, i.e. finite radius p which differs
from the case of the meron solution. However, in the long-distance limit x > p, the
size of the instanton’s core will be considerably negligible, hence, it becomes pure
gauge in this limit. By the same analysis, we can show that the BPST instanton also
describes the tunneling solution interpolates between two different Gribov vacua (in
this case, the total topological charge is one, not one-half, then the transverse BPST
instanton jumps from v = —1/2 to vy = 1/2 and vice versa). Remarkably, due
to these behaviors, one believes that the BPST instanton composes of two merons
(meron, in fact, means “a part of”) and we also know that meron is merely a Wu-
Yang monopole. These all pieces of stuff reveal a deep connection between instanton
and monopole as conjectured in several papers (see, e.g. [35, 81]).

Here I will remark about the Gribov’s argument to show the existence of the
Gribov copies. Actually, the extension to the higher SU(N) group is not that
necessary since the argument is almost general at first glance. To understand the
remark, let’s recall that the unitary group SU(N) with N > 3 can be written as
the product of the spheres (see (3.10)), thus we can consistently compute the 3rd
homotopy group of the SU(N) as follows

U-'o,U. (3.48)

m3(SU(N)) 22 mw3(SEV=Y) x .. x m3(5%) = m3(SU(2)) = Z, (3.49)

where we have used the fact that the homotopy group of the Cartesian product
space can be split into the homotopy group of each one and 7 (S™) is a trivial group
if n > k (intuitively, the triviality can be thought as following sense: the way we can
embed the sphere onto the sphere of higher dimension is always trivial, hence the
corresponding homotopy class is also trivial). In fact, we can end up with the same
result by using alternatively the Bott periodicity theorem for the unitary groups
(B.24). The meaning of the relation is that, along the appropriate direction on the
Lie group manifold, the instanton and meron solutions for a higher SU(N) group
are precisely equivalent to the solutions for the well-studied SU(2) case. Thus, the
generalization is not that essentially as claimed.
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3.2 Gribov Horizon and Fundamental Modular
Region

In the previous section, we study how the Gribov ambiguity arises in the non-
Abelian gauge theories and how harmful its consequence is. In this section, we
will now study the old but gold method suggested first by Gribov in his original
paper. Gribov proposed that, in the beginning, the gauge orbit flows across from
the place of which FP operator has positive eigenvalues, when it is about to cross
into the dangerous zone of negative modes, the gauge orbit is immediately cut right
there. In the other words, the space of gauge fields, in this sense, is restricted to the
everywhere bounded (as will be showed soon enough) region known as the Gribov
region, 2 said. Mathematically, the Gribov region is defined as follows

Q= {A% 9,A% =0, M®(A) = —9,D% > 0}. (3.50)

After restricting the path-integral measure within this region, the FP operator turns
out to be positive definite so the problem of introducing the ghost fields as we have
done in the FP procedure is resolved. Obviously, we can see it precisely that the
boundary of the Gribov region is a collection of the zero modes of the FP operator,
as will be called the (first) Gribov horizon and denoted by 0f.

So far, the idea is quite clear logically but it turns to give us another big question,
that is, how can we determine the shape of this region or how can we locate the loca-
tion of the Gribov horizon? This, in fact, translates into the problem of differential
topology which aims to study the topological property of some topological space.
The well-known method we will use henceforth is called a Morse theory that studies
the properties of the topological space by investigating the critical behavior of the
so-called Morse function(al). To be specific, we will choose the Morse functional to
have attractive minima. Generically, we choose that functional to be a chiral-like
action expressed down below

. 2
S[Ul = ||lVA|)? = Tr/de <§U‘18uU+ U—lAHU> : (3.51)

where the gauge field here is treated as a fixed variable. Due to the gauge’s freedom,
we can always choose the configuration such that the local minimum point of such
a functional is at U = 1 which is the simplest choice possible. In the end, we reduce
the problem into finding the critical behavior of the functional called the Hilbert-
Schmidt norm defined on the gauge space. Explicitly, we are about to investigate
the functional of the form

I|A||? = /dDm Tr(A,A,) = %/de Al (2) Al (). (3.52)

Let’s explore what will happen if this functional has a relative extremum. Consider
an infinitesimal variation with respect to the gauge transformation (we are trying
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to explore the infinitesimal variation in the space of gauge fields)

MAWz&(%/J%A%%)
=:/de5@gpA;

:—/fxm%mZ
(3.53)
:_/le, (6aba#—gfabcAZ>OébAz

= — /dDa: O A}
:/fmﬂ@%)

If this configuration is truly the local extremum of this function, that implies || A||?
must vanish for any value of infinitesimal parameter a. This implies further that
the gauge field which extremizes the Hilbert-Schmidt functional must be the gauge
configuration that satisfies the Landau gauge fixing condition 9,Af, = 0.

Next, if we demand more that the considering configuration does not only ex-
tremize the functional but also minimize it, we will end up with

ﬂmwz—/ﬁﬁmmmg

= /dDa: 8ﬂa“Dzbab
(3.54)
=— / dPz aa(aﬂng)ab

= /de a®M®ab > 0.

That is, Requiring that the gauge field does minimize the functional is equivalent to
require that the FP operator M = —@LDZI’ is positive definite. In summary, the
specific gauge configuration minimizing the functional (3.52) will be the gauge field
inside the Gribov region satisfying the Landau gauge constraint.

Before we go through this, let us note the interesting analogue has been also
introduced in the context of the SUSY field theory by Witten [92]. In the SUSY
field theory, the relevant Morse function coincides with the so-called superpotential.
In general, the presence of the SUSY leads to the degeneracy of the ground state
since the numbers of the fermion and boson are equal in the same supermultiplet.
However, in the real world, the superpartner has been not yet found in the currently
reachable energy scale, thus the SUSY must be spontaneously broken. Particularly,
the superpotential takes responsibility for this purpose. In our situation, the Morse
function(al) which is chosen to be the Hilbert-Schmidt norm of the gauge field
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has been also introduced to eliminate the degeneracy arisen from the cancellation
between the negative and positive modes of the FP operator. In other words, one
can think the negative-positive modes cancellation in the Gribov case as the same
way one think about the cancellation between the fermionic and bosonic modes in
the supersymmetric field theory case.

So we can already locate the Gribov horizon, let’s move to the discussion of the
geometrical properties of such a region

1. It can be proved rigorously [27], by using the mathematical branch called
analysis, that every gauge orbits will pass through the gauge fixing hyperplane
at least once. Strictly speaking, if we restrict the path-integration into this
region, it ensures that the gauge condition can single out the redundant degrees
of freedom.

2. Configurations A, — 0 live within the Gribov region, this proposition can be
proved very easily by using the fact that, in this regime, D, — 0, makes the
FP operator positive definite, i.e. —9%2§% = p?§?® > 0. This property ensures
that the perturbative calculation must work well as it always be.

3. Since the space of gauge fields is expected to be a convex set meaning that,
for every A,1, A,2 belonging to the gauge space, the affine combination A, =
TA;1 + (1 —7)A, where 7 € [0, 1] still belongs to the gauge space. Thus, it
is very natural to think that the same thing must occur in the Gribov’s case.
Let’s see

M (r Ay + (1= 1) Ayz) = = 0u(0" 0 — gf ™ (TAfy + (1 = 7)A}p))
= — 0,070, — g As,)
= 0u(0"(1 = 7)8, — g f™*(1 = 7) A}y))
— TM(A) + (1= 1) M™(Ay).

(3.55)

This shows that if both A,; and A, are living inside the Gribov region,
in the other words, M®(A,;) and M®(A,s) are both positive definite, so
TA1 + (1 — 7)A,e. Therefore, the Gribov region is convex.

4. The Gribov region is bounded from every direction. To show that, recall that
the second part of the FP operator, to be specific g9, ( f“bCAZ), is traceless
since the color (SU(N)) generator is traceless by its definition. Thus, the
sum of the eigenvalues of this part of the FP operator yields zeroes meaning
that there exists the gauge configuration A, representing the negative mode.
Explicitly, we write

/dDa: a’lg(f*™ A’ =k < 0. (3.56)

o2



Now consider the following gauge configuration

/dDJ}OzaMab()\A“)Oéb — /de aa[_aﬂ((gaba‘u o gfabc/\AZ)]Oéb
(3.57)
_ / 4P a%(~02)a® + Ax.

Since the first term of the right-hand side of the (3.57) is positive definite,
thus, with sufficiently large A, nothing guarantees that the FP operator of the
gauge configuration above will be positive-definite. Consequently, if it is not
positive definite, then it locates outside the Gribov region. In the other words,
if we begin with some gauge field A, that belongs to the Gribov region, there
exists some large constant number A such that the gauge field of the form \A,
flows far enough until it literally lives outside the Gribov safe-zone already.

After we have reviewed the properties of the Gribov region, we hope that it is
enough to convince readers to feel safe to restrict our gauge orbit inside this region.
However, everything has both pros and cons. The most disadvantage of this region is
it is not stringent enough to expel all of the Gribov copies. Let’s focus on the gauge
field at the first Gribov horizon, we have known that things live on the boundary of
the Gribov region is the collection of zero modes of the FP operator, hence, we can
deduce easily that such a gauge configuration differs from the one belongs to the bulk
of the Gribov region in the sense that they are not essentially relative minima of the
Hilbert-Schmidt functional (3.52) which implies that, suppose the gluon field on the
Gribov horizon denoted by A,,, there will always exist the gauge transformation such
that the transformed field is typically less than the non-transformed one. Strictly
speaking, there exists U which makes the following inequality hold

1A[[* > ||V A, (3.58)

Notice that this degeneracy is not that harmful since this gauge field located at
the boundary of the Gribov region meaning that, under the integration over the
gauge field restricted to the Gribov region, this configuration is then regarded as
the endpoint of the integrand contributing nothing to the result of the integration.
By the way, observe that there is another gauge field of the form (1 —¢)A, for an
arbitrary small parameter €. Due to the fact that the Gribov region is convex, the
new gauge potential (1 —¢)A, = (1 —¢)A, +¢ x 0 also belongs to the Gribov region
but, in this situation, away from the Gribov horizon (remind ourselves that the
perturbative gauge field A, = 0 always lives within the Gribov region.) Thus, the
(1 —¢)A, must be a local minimum of the functional by its construction. However,
by continuity condition, we have

11 =) Al > [|(1 — o) Al (3.59)

Thus, (1 —€)A, is not an absolute minimum. Hence, Gribov copies arise in the
Gribov region (2.
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To remedy this, of course, we must restrict to a more stringent region containing
only absolute minima of the functional (3.52) contrasting with the Gribov region that
can have the relative minima inside it. We call this region the fundamental modular
region (FMR) denoted by A. In literature, after restricting the gauge configuration
inside this region, it is said to be working in the minimal Landau gauge. Let’s begin
with the explicit definition of the FMR as shown below [74]

A= {AL AP > [|All%,vU € G}, (3.60)

where || - || is the Hilbert-Schmidt norm as defined in (3.51) and (3.52). Since only
absolute minima are allowed to belong in the FMR, thus, it is kind of obvious that
the FMR is smaller than the Gribov region, i.e. A C €.

Once again, we will end this section by discussing the properties of the FMR.
Note first that here, in some properties, we will not go through it in detail since it
is the same properties as also appeared in the case of the Gribov region.

1. Since all gauge orbits intersect with the Gribov horizon, so the boundary of

the FMR OA.
2. Perturbative gauge fields live inside the FMR.

3. A is convex. We are about to prove this since this particular property is not
that trivial to see as another one. Let’s recall our chiral action (3.51)

VA2 = Tr/dD:U (UlAMU + fUlauU) (UlAuU + fUlaMU)
g g
2i 1
= ||A|? + EZTr/dD:v <U1A#8MU + ?@UlaﬂU) :
(3.61)

where the cyclic property of trace operation Tr(ABC') = Tr(BCA) has been
implicitly used in the sub-sequential steps. Henceforth, it will be shown easily
that

21 D -1 1 —1

ETI" d”xU [TA,ul —+ (1 — T)Aﬂg]auU -+ EauU GMU 2 0 (362)
or |[7(rAu + (1= 1) Ap)lI? = [[(TAu + (1= 7)Auw)|? 3 ||V Aul® > (Al
and ||V A,;2||> > ||A,2||* are independently hold. In summary, any affine com-
bination of two gauge fields belonging to the FMR also belongs to the FMR.
In other words, we have completed the proof that A is convex.

4. Again, since the FMR is typically smaller than the Gribov region, thus, it is
bounded from every direction.
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The final remark about this region is it still contains the Gribov copies. Fortunately,
at this point, the Gribov copies are allowed to live only on the boundary of the FMR,
not inside it. Therefore, the restriction into the FMR has then solved the Gribov
ambiguity completely in the way that the Gribov copies contribute no more to the
path-integral and the FP operator is now positive definite. The most unsatisfactory
thing is that currently there is no analytical method to do so. As good as we can get,
in the next section, we will study the Gribov’s way to restrict the path integration
inside the Gribov region [36], i.e. Even through the Gribov copies are still there, at
least, we can introduce the FP ghost in the usual way.

3.3 Gluon Propagator’s Enhancement

The time has come, we will start this section to compute the new form of the gluon
propagator due to the restriction on the Gribov region. Let’s see what are things
we can do. Recalling the partition function (2.22)

1
Z(0) :/DA/DC/DCGXP{— {SYM—i—/de (2—5(8MAZ)2+ c“E)HDMca>] }
Q
(3.63)
However, at this moment, we deform the range of the integration from the whole

gauge space into the Gribov region / DA — / DA. The ultimate objective of us

now is to explore what is the most suitable condgiztion to evaluate the deformed inte-
gral. Observe that the FP operator is nothing but the kinetic differential operator
of the ghost fields which has nothing to be curious about since the ghost fields were
introduced to evaluate the FP determinant at the first place. What is this obser-
vation tells us? Instead of thinking that the FP operator is the kinetic operator of
the ghost field, we can rather think that it can be treated as the inverse operator
of the ghost propagator. Thus, equivalent to the condition that the FP operator is
positive definite inside the Gribov region, we can alternatively look for the condition
that the ghost propagator has no non-trivial pole.

The observation suggests us strongly to extract the pole structure of the ghost
propagator. The easiest way to single out the pole structure from any propagator
is to calculate its two-points one-particle irreducible (1PI) Feynman diagram. For
one who is not familiar with the stated argument, this kind of situation can be
found also in the QFT101, e.g. The electron self-energy contributing to the extra
pole electron mass which leads further to the radiative correction of the Lamb shift
effect, the shift between 2s and 2p orbitals of the Hydrogen atom (See, for example,
[72].)

In our case, we are about to evaluate the 2-points 1PI ghost graph, especially,
at 1-loop level which is, in particular, enough to obtain what we want. Generally,
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the ghost propagator can be written in term of the geometric series as follows

v 3.64
ZGg?wst: b> +b>é66>%>a + - ( )

a

where - - - denotes higher-loops diagrams which can be obtained simply after we have
a 1-loop diagram. Hence, we will focus only on the 1-loop graph, for simplicity, we
will firstly truncate the external leg and will add it back later,

along with the help of the Feynman rules (2.28) and (2.31), we can read off the
Feynman diagram above as

de Z‘(Sef d c
V 2P T p)zky(k: — P)uA,(=p)AL(p)
kl/(k B p)#

_19” de peer [ 47D c

Now we will perform very wonderful trick, in particular, we can guess the true form
of the product Af(—p)AS(p) by using the following argument. Since the propagator
is legitimately Lorentz invariant and the product above is dependent only on p, thus,
the product is expected to be written in the Lorentz covariant tensorial structure
taking the unique form (up to the Lorentz scalar function C(A?))

92
Z.Gab (k’2> _ _fadffecb

ghost,1—loop

(3.65)

d iy 2 _ Pubv\ _ 2
AL (=p) A5 (p) = C(A?) (gw AL ) = O, () (3.66)

where II,,, (p) is understood as II,,, (p, £ = 0) as defined once in the expression (2.27).
Obviously 11, is the right Lorentz covariant tensorial structure in the sense that
11, — AASIL,, under the Lorentz transformation (this will be cancelled precisely
with the Lorentz transformation matrix from k* — A*,k"). Moreover, the Lorentz
scalar C'(A?) is easy to determine by contacting both sides of the equation (3.66) by
gP* then summing over indices v and p. So we get

1 C
C(A%) = ZAL(=p)AL(p)- (3.67)
Plug the result of analysis (3.66) and (3.67) into (3.65) to obtain
;2 D
- ~vab 2 Y9 rade pech d p d ckV(k_p)
ZGghost,l—loop(k ) = Vdf f / (27T>D ApAp (k’ _p)Q’uHuw (368)
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The next step is to observe that the integration here is the integration over the whole
momentum space, thus, p, in (k —p), can be ignored since if we split the integrand
into two separate terms, the term depending on the p, will be the odd function on
the momentum integral over the space of p. One more thing that can use the help
of the oddity of the integrand to simplify is the product p,p, inside II,,, it can be
understood clearly that the integrand will be odd function unless y = v. Thus,

[t = [ (0= 52) () =g (1= 5) [ o9

The last thing we need to evaluate is the color indices which are not a big deal at
all since the true expression of ghost propagator must be averaged over the color
space. Consequently, we need to sum over all possible color of the final state then
dividing out by prefactor representing the total numbers of the color, i.e. N?—1 for
SU(N). Finally, we have

G ot (F) = i (1)
o (o it )5 + 006"
. ;2 rade feca D
B % - XZ/gD ];VQ Ji 1 %/ (gﬂfD AZAZW s (3.70)

VDN =1 @n)P h—pp 0(94))
(1+0o(k* A) +0(g"),

_if,, 9 N dPp  (A2)?
TR

1
k2
where the identity fdfe¢ = N§ has been used. As we have mentioned once,
that the ghost propagator, in fact, can be expressed as the geometric series of the

1PI graph. Thus, we expect that the nth-ordered graph must be of the form k%a”.

Using the formula of the geometric series 1 + o + 02 + ... = ﬁ We therefore can
write
Copo(b) = —— 1 (3.71)
ghost k21 —o(k?, A) '

There it is, the pole structure has been revealed itself already. After we are done
with the tricky calculation, let’s grab some tea and discuss the implication of the
result. Here, we see that there are two poles of the ghost propagator: one is k% = 0
and another one is 1 — ¢ = 0. The former is very meaningful in the sense that such
a pole is a signature that all massless field’s propagators must have. In other words,
this pole tells us that the ghost field is massless. Additionally, this pole is good since
it is, in general, positive definite following from the fact that the ghost field is not
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tachyonic. On the other hand, the latter is not a well-behaved pole since nothing
can guarantee that it will be positive definite. In the end, it helps Gribov to find
the appropriate condition to restrict the path integration into his Gribov region, i.e.
We require that

1—o(k* A) > 0. (3.72)

This condition, in literature, is known as the Gribov no-pole condition. In particular,
we can simplify this condition furthermore by looking carefully at the expression of
0. Let’s see
9°N d’p (A7)
VDN 1) / 2m)P (k- p)?’
it can be seen that by slight increasing of the k, the integrand becomes smaller and

smaller. Thus, we deduce reasonably that o(k?, A) is a decrease function of k2. One

might not feel clear about this, so let’s prove it in the simplest case, in 2-dimensional
case (D = 2). We have

s 9N d’p (A"
O'(k ,A> = 2V(N2 _ 1) / (271')2 (k’ p>2

2
g°N 1
= dp p(AL(p d0
8m2V(N? —1) / p ol / + p? — 2pk cos 0
2 0 27
g°N E+p /(0
= d Aa t t =
SWQV(NQ—l)/ P ol [kQ an( k—p (2 .

92N oo
- T | P

The derivative respect to k% will show whether (3.74) is increasing function or de-
creasing function. The derivative is very straightforward to be done

o(k* A) =

(3.73)

(3.74)

0o - g2N . p a 2
ok* ~ 4AmV(N2—1) /0 dp G — e Aup))” < 0. (3.75)

Indeed, the higher-dimensional generalization, which is harder to perform the inte-
gration, is needed to be sure but we will presume that the result will hold in any
dimension. By the usage of this argument, it is good enough to reduce the Gribov
no-pole condition into

1—a(0,A) > 0. (3.76)

To insert this constraint into the path integral, we rewrite it into a more systematical
form, i.e. By using the Heaviside step-function. To be explicit, we can rewrite the
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partition function of the QYM to be
0= [ D4 [pe [ Decrlorria s oo
/DA/DC/Dce (1 — 0(0, A))e [SratS a5 @udg)™+ e0u Dyt
= [a e [ [ B T v sie s coumne)

27 I5; ’
(3.77)

—oo+1ie

where, in the final step, instead of writing the Gribov no-pole condition in term
of the Heaviside step-function, we are decide to write it in term of its integral
representation (A.23) since it is sometime easier to be evaluated.

So far so good, it is time to compute the gluon propagator corresponding to
the new partition function. Since, in this case, the ghost sector and gluon self-
interaction terms are not useful, we will implicitly ignore them for now. Moreover,
the performance in the momentum space is more convenient. We therefore have the
momentum-space partition function of the form (see also in appendix A.3)

uad dﬂ eﬁ dD 1 a Aab Ab a ja
zgan = [ 4o S [paes G (A - )| e)

where we have redefined a bit from A — —A without changing anything but the last
term in the expression and the new differential operator A% (p) = §*(p*IL,, (p, &) +
%g}%). The first part of the new operator comes from the usual propagator
while the extra contribution comes from the Gribov no-pole condition. The integral

is, once again, a Gaussian integral which can be computed through the formula
(A.3). The result is then

dg e” 1 dPp _
unad _ Rl al Aab 1 b
gluon(J) /27TZ 5 ot AZ?] exp [/ (27T)DJM( p)( ,uu) Jy( p)

- ﬁﬁ; dD a ab\—1 b/ 4
_/27rz'ﬁ det A, (”/(%)DJM( p)(AL) o (=p) + O )).
(3.79)
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After obtaining the true expression of the partition function, we can use this to
compute the gluon propagator straightforwardly as follows

T B <L i )
ALPIAO) = e 5 5w )0 (0)

gluon

J=0

gluon

52(p) / 9B 1) (psy

21
/ B s ’
211
where f(8) = f—In ﬁ—%Tr ln(Affl’,). We come into the problem, the last big one, how
we can evaluate the integral over the parameter 5. This is when the thermodynamics’
argument is taken into account. Recalling that the partition function Z(0) ~ e’
where F'is a free energy of the system. We have also known that the free energy is
an extensive quantity meaning it is directly proportional to the size of the system
V. Thus, no matter the result of integration will look like, in the limit V' — oo,
the configuration that extremizes the function f(/5) will dominate the integral. This
method is known as the saddle point approximation widely used in, for example, the
mean-field theory of the Ising model. Suppose the value of 5 = 5y is the value that

extremizes the function f(/3), we can then approximate (up to negligible higher-order
fluctuation)

_ 1 D dﬂ f 1 Aab -1
= Jd ) v) | 5 3 = (A
det AgJ, (3.80)

/ﬁeﬂﬁ) _ 0 [y = ety (3.81)

21 21

Thus, we end up with (assume that the A~ does not oscillate too strong)

(AL(p)AL(0)) = 0" (p) (AT (3.82)

B=Bo

So the climax of the story is to calculate the inverse of the operator

2609°N g Gy
Aab _ 5ab 21—[ . TP = 6ab 2H . 4Ipv )
(D) s (p (D, €) + VDIV 1) 2 P (p,§) + 12
(3.83)
One can check that the inverse of the operator above takes the form
2 2
A%y ‘ — gab (—p Mo (p) + —F— p“p”> . 3.84
( u) ()/3:50 p4+f>/4 ﬂ<) é‘fy4+p4 p2 ( )

In the Landau gauge condition, i.e. ¢ = 0, we eventually obtain the gluon propagator

of the form ,

(A ) A0)) = 6 ()" i TTu(p) (3.55)
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To end this chapter, let us give remarks about the new form of the gluon propagator,
from now on, called the gluon propagator of the Gribov type. First of all, let’s start
with the most important observation that the gluon propagator now changes its
form. Strictly speaking, it effectively becomes a massive propagator with the mass
v, called the Gribov mass from now on. Where does it come from actually? Recall
that, at the beginning, the gluon field is classically constructed to be a massless
field. The evidence is the classical YM theory, by construction, is generically scale-
less or conformal invariant. Amazingly, the effect of the quantization makes very
interesting consequence. In the quantum regime, the massless gluon gains its mass
miraculously. In particular, the generation of the mass scale is not that mysterious
at all. Tracing back into the resolution of Gribov to resolve the Gribov ambigu-
ity, Gribov has introduced the Gribov region whose horizon is bounded from every
direction (see the final property of the Gribov region). At that moment, we have
already introduced the specific length scale into the gauge space which can be trans-
lated into the mass-scale inside its Fourier world. Strictly speaking, by introducing
the Gribov region, we have also introduced the mass scale into the theory without
hesitation. If the result from Gribov is true, the QYM theory thus have the mass
gap which will be shown further in the next chapter that the presence of this mass
scale do naturally generate the confinement of the gluon.

In fact, the result is not totally quantum. Let’s remind readers that the result
is clearly obtained when the size of the system is sufficiently large or V' — oo. In
this particular limit, the finite size effect from the periodic boundary condition will
be negligible. Roughly speaking, the box quantization tells us that the momentum
mode will be quantized into the discrete value which is inversely proportional to the
size of the system. Thus, in the large volume limit, the discrete distribution of the
momentum mode will become continuous and approximately classical. Hence, the
limit is therefore called the semiclassical limit. However, the semiclassical approxi-
mated used by Gribov will make sense if and only if the f(5) ~ V. Let’s see how it
works actually. As we have discussed in the above paragraph that the v represents
the mass scale of the QYM theory, thus, we believe so much that the scale must be
finite and not equal to zero. The reason can be deduced intuitively if the mass scale
is infinite, it is equivalent to the fact that the radius of the Gribov region is typically
zero. This can not be solved anything since the zero radius Gribov region will forbid
any gauge orbit to exist in its own space. On the other hand, for the case that the
Gribov mass is zero, it implies that the first Gribov horizon locates at the far infinity
in the space of gauge fields. This situation will not solve any ambiguity also since
if the Gribov region has infinite radius, the Gribov region can not stop any gauge
orbit from passing into the negative eigenmodes’ zone. In fact, it can be understood
with simpler logic, if the Gribov mass is typically zero, it means that the mass gap
is not generated at all, thus, the result will merely coincide with the classical theory.
To see the behavior of the Gribov mass, let’s recall the full expression of the Gribov
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mass
4 QBOQQN
T VDN 1)
Thus, to have non-zero and finite Gribov mass, the value 5y must run as gy ~ V.
As a result, f(fy) ~ V as expected.

In the end, one might ask that so how we can determine the specific value of the
Gribov mass scale y. Observe from the expression (3.86) that what we need to do is
to determine the value of Sy, to be specific, the finite ratio between % After that,
we can use the result to estimate the value of the Gribov mass (the rest of them are
just the parameters depending on the details of the theory). To compute it out, we
need to think first that what really is the ;. Right! 3y is the configuration that
makes the function f(f) become extremum. Thus, we can then simply find out the
value of 3, through the calculus 101 condition % = 0 which is widely known

dg | =P
in literature as the gap equation. Finally, we are done.

(3.86)
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Chapter 4

Gluon Confinement

In this final chapter, we will use the result in the previous chapter to show that the
gluon should be confined due to the violation of the axioms of the QFT. By the
way, this topic is kind of difficult since it requires a lot of basics knowledge in both
mathematics and physics. Thus, we will take a serious discussion on the basics in
the first section and then use it in the last section.

4.1 Axioms of Quantum Field Theories

Axiomatic QFT (AQFT for short) is an effort to assign rigorous mathematical de-
scriptions to QF'T. The subject begins with the first question, simple but not too
trivial, at all: which object can be used to define a “quantum field”? To answer
this simple question, let’s start our discussion with an important physical obser-
vation. Historically, what we have known as “field” was introduced to solve the
problem called the action at a distance appearing in the naive notion of the classical
force, e.g. Newtonian gravity and Coulomb’s electrostatics. Instead of mentioning
the quantity like force, we will rather focus on the quantity like a field that is dis-
tributed everywhere in the finite local region in spacetime. This motivates us to
introduce the notion of the field as the distribution instead of the naive function.
Hence, we will first study the distribution theory. Straightforwardly, the (tempered)
distribution is a continuous linear functional on a so-called space of Schwartz test
functions

S = {f(x) € C*(R”)| sup [2°0" f(x)| < oo} (4.1)

rERD

% [30]. In other word, the distribution

¢ is a linear functional ¢ : & — C and we will denote the collection of the dis-
tribution as §*. In fact, any function ¢ that grows no faster than any polynomial
(called polynomially bounded) defines a (regular) tempered distribution through the
formula

where 2% = 2{°...25* and 9° =

o(f) = / 0P o(x) f(z). (4.2)
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The famous example of the singular type is a Dirac delta distribution §(f) = f(0).
Let us remark that even though the value at the specific point in the spacetime
of any distribution, defined as the functional, cannot be found, we can still talk
about the local value of it. Specifically, there is a very important terminology
need to be mentioned here. We will say that the distribution vanishes, ¢ = 0,
in the neighborhood of the point z if ¢(f) = 0 for all test functions f(z) which
vanish outside this neighborhood. The complement of the set of points at which
a distribution ¢ vanishes with respect to the entire spacetime will be called the
support of ¢ [80].

Now we just obtain the definition of the classical field. Obviously, the next thing
we have to do is to promote the classical field into the quantum field. Recall that
Heisenberg’s uncertainty principle suggests that the c-number-valued distribution
essentially extends to the operator-valued distribution. Explicitly, the field has been
promoted into the map of the kind

¢:S — Lin(D,H), (4.3)

where Lin(D,H) denotes the set of all linear (Lin stands for linear) maps, formal
definition of operators, from a dense domain D to the Hilbert space H with the inner

product <’> and norm || - || = ,/< . | . > In particular, it is natural to expect that

the common dense domain D is contained inside the domain of the field distribution
D(p(f)). In quantum theory, we mainly deal with the Hermitian, or more strictly,
self-adjoint operator since the spectral values, the generalization of the eigenvalues,
of such operators are all real. The dense domain of adjoint operator O is defined
as D(OY) = {¢ € H|F € H : V¢’ € D(O),{¥|v') = (¢|0y')} where P(H) is
the projective Hilbert space which we shall clarify it further below. Consequently,
inside this dense domain, we can say that the operator O is a Hermitian operator
when D(O) C D(O") and Oy = O for all possible ¢» € D(O) and it will be
called the self-adjoint operator if D(O) = D(OT). For such an operator, writing as
<w’O1/J’> = <¢‘O}1//> is sometimes acceptable.

Only operators in Hilbert space H is not enough to define QFT, not even QM.
In experiment, the measurement apparatus, i.e. initial state and final state, is
represented by an element in the projective Hilbert space P(H) defined to be an
equivalence class [¢)] = {¢' € H|" ~ 1p} where ¢ is said to be equivalent with 1),
denoted as ¢ ~ 1), if there exists some non-zero constant A € C such that ¢’ = \i).
The requirement of the equivalence relation is introduced to make all elements in
the equivalence class represent the same physical situation (all elements in the same
equivalence class will give the same probability amplitude).

Yet, this is still not the complete description of QFT since, as mentioned at the
beginning of the section that field was initially introduced to solve the action at a
distance problem, thus we necessarily further demand that our field must obey the
relativistic properties. In other words, the quantum field must transform covariantly
under the Poincaré transformation forming the group of transformation known as,
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of course, the Poincaré group P whose element is of the form (A,a) € £ x T
where £ = 5 01(1, d) and T ~ RP are the proper orthochronous Lorentz group and
translational group, respectively. Note that the reason why the product between
the Lorentz group and translational group must be the semi-direct product is the
fact that the double action of the Poincaré group can be expressed as follows

(A a)(A',d') = (AN, Ad’ + a) (4.4)

Following the above analysis, the theory of the relativity is strongly based on the as-
sumption that the physical system is invariant under the frame-changing or Poincaré
symmetry. In the level of state, the argument can be written shortly as

()] = [ulA, a)u(A, a)y’)

where u is a representation of Poincaré group, i.e. u denotes a map of the form
u: P — GL(D,R) and the absolute symbol || is essentially inserted to eliminate the
ambiguity of phase, i.e. there is still an extra U(1) degree of freedom that makes
the projective Hilbert space non-unique depending on the choice of this phase.

In more general situation, suppose g denotes an element of the group G and
u(g) is its representation. If G is truly the symmetry of the quantum system, we
therefore have

7 (4.5)

[(@[0")] = [(ulg)d]ulg)y’)]. (4.6)

According to the equation (4.6), we expect that the representation of the element of
that group must satisfy the unitary condition u'u = J¥ which means the appropriate
representation must be a unitary representation. We will denote the set of all unitary
operators defined in the Hilbert space H as U(H). However, this condition is too
weak, in general, it will be stronger if we define the transition amplitude between
the elements in the projective Hilbert space P(H) as p([¢], [¢']) = % then
requiring that the transition probability satisfies p([¢], [¢]) = p(u[)], u[¢)]) is much
more stronger.

Let us note that there is an important theorem showing that the action of P on
the projective Hilbert space P(H) induces the unitary (anti-unitary) representation
of that group element. The theorem states that [69]

Theorem 1 (Wigner’s Theorem) Suppose that there are 1, ' € P(H) and the
bijective map u : P(H) — P(H) which preserves the transition amplitude. Then
there ezists a linear (anti-linear) map U : H — H which is unitary (anti-unitary)

such that u([1p]) = [U(¥)].

We will call U as a lift of u to H, denoted by U = (u).

Now the main problem turns out to be to determine the appropriate lift of the
group. The problem will be resolved by the theorem due to Bargmann stating as
follows [71]
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Theorem 2 (Bargmann’s Theorem) Suppose G be a simply-connected and finite-
dimensional Lie group with vanishing 2" Lie algebra cohomology. Then every con-
tinuous projective representation v : G — U(P(H)) has a lift as a unitary represen-
tation U : G — U(H).

Unfortunately, the Poincaré group P = L x T is not the case. Even though T is
simply-connected, £ is not. Thus, we need to enlarge the Lorentz group into the
bigger connected group that can cover the whole Lorentz group, i.e. its universal
covering group, in this case, the universal covering group of £ is Spin(1,d).

The analysis of the relativistic properties gives us more information. Since we
have known already that the covariance property of the quantum field encodes inside
the unitary representation of the Poincaré group. With the help of the following
theorem, we can find out explicitly the specific form of that unitary representation.

Theorem 3 (Stone’s theorem) If U is a strongly continuous unitary representa-
tion of group R in the unitary group of Hilbert H, then there exists a self-adjoint
operator O in the dense domain D such that, for allt € R, we have U(t)!D = "0,

We call O as the infinitesimal generator of U(t). As a result, we obtain
U(w,a) = exp(iw, J" +id"P,) = UMW, a)U(w,¥) (4.7)

where w,,, is the infinitesimal form of the finite angle of the Lorentz group A, i.e.
A = g + Wy In particular, P, and J,, denotes the infinitesimal generators
of the translational group 7" and Lorentz group L, respectively. By imposing the
physical interpretation, P, is treated to be the 4-momentum operator. Since all
physical systems tend to evolve to the lowest possible energy configuration, thus, to
maintain the stability of the system, we expect that the zeroth component of P, or
energy is, therefore, essentially bounded from below. Mathematically, we say that
it respects the so-called spectral condition.

Definition 1 1. Joint spectrum Sp(Oy, ..., O,,) is the set of (A1, ..., \) such that,
for all (ty,....t,), D ity is in the spectrum of Y ., t;0; (obviously, all O;
need to be compatible to each other since non-compatible operators cannot have
simultaneous spectral value).

2. The spectral condition is expressed as follows

Sp(Po, P1,...P1) = {(po, p1, -, pa) C V'], (4.8)

where VT is known as the closed future lightcone, all points in it are time-
like separated and evolve from present to future, defined mathematically as
{(z9,x) € RY|zy > 0,22 — x* > 0}.
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Notice that there is still the problem here. Observe that the Lorentz transformation
affects inevitably the 4-momentum operator since the Lorentz transformation affects
directly to the translational group (see (4.4)). First of all, the causal structure is
preserved under such a transformation meaning that there is no need to worry about
the consistency of the spectral condition. However, the classification of the particle’s
spectrum will be difficult to do. Thus, this fact leads Wigner to use rather the
subgroup of the Lorentz group of which all elements leave the 4-momentum operator
unchanged. Such a subgroup is known as the little group or stabilizer subgroup.
Due to the use of the little group, we can construct the induced representation of
the Poincaré group that is well-behaved in the sense that the energy-momentum’s
spectra are unaffected. The resulting induced representation leads to the Wigner’s
classification of the physical particles. Wigner shows that only mass m and spin J are
enough to characterize the particle (this fact, intuitively, follows from the presence of
two Casimir operators, that are mass operator p? and Pauli-Lubanski spin operator
W2, of the Lorentz group) which is the representation of the Lorentz group (while
the additional translational group will constrain the spectrum condition). Hence,
the types of physical spectra can be listed below

1. Massive particle is a state with positive mass m > 0, spin J, and positive
energy FE > 0.

2. Massless particle is a state with zero mass m = 0 but non-zero energy £ > 0
and helicity h (we cannot practically measure the spin of the massless particle
since the massless particle always travels at the speed of light that means it is
impossible to catch the massless particle then measuring its spin).

3. Vacuum is a state with vanishing mass m = 0, vanishing spin J = 0 and, of
course, vanishing energy £ = 0.

Following the spectrum condition, the last type of the physical state called a vacuum
state. However, in Wigner’s theory, this is just the description used in the relativistic
QM. By the way, this motivates us to define the physical subspace of the Hilbert
space of the QFT, i.e. the vacuum state, denoted by €2, which is interpreted to be
the ground state of the underlying QFT. In this sense, the vacuum state is believed
to be the state that contains no particle at all. Thus, it is also expected to be singlet
or completely invariant under the Poincaré transformation. Namely, we have

UNa)Q=0Q, Y(Aa) e€TP. (4.9)
So far so good, we currently have all useful ingredients to construct the QFT.

Definition 2 The Wightman QFT [89] is a quadruple (H,U,p, D), that is com-
posed of

1. Separable Hilbert space H and its projective space P(H).
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2. Strongly continuous unitary representation of the universal covering of the
Poincaré group U(H).

3. The Hermitian operator-valued distribution ¢ defined on the dense domain D
in the Hilbert space H.

4. 1-dimensional vacuum §) subspace of the projective Hilbert space P(H) which
15 unique with respect to the Poincaré symmetry.,

which satisfies all following Wightman axioms

e W1 (Covariance) Since

Wle(N)]e') = (Ml )| Dy )
= (Y|UT(A, @)™ f)U (A, a)|y'),

where M) f = f(A~Y(z — a)). Therefore,
(M f) = U, a)p(HUN(A, a). (4.11)
This axiom requires that the quantum field must be relativistic.

e W2 (Locality)
[p(f1): p(f2)] =0 (4.12)

if its support on the test functions fi and fo are spacelike separated, that is, if
fi = fi(zy) and fo = fo(xs), then (x1—x9)* < 0 implying that the information
cannot be sent between two fields at different events separated by spacelike
interval. In other words, no information can travel faster than light.

e W3 (Spectral condition) The joint spectrum of the 4-momentum operator
is contained in the future lightcone. This condition is to maintain the bounded
from below property of the energy.

e W/ (Uniqueness of vacuum) All elements in P(H) which is invariant
under translation are the vacuum state multiplied by some scalar. This implies
the uniqueness of vacuum, as its name, since the scalar multiplies with vacuum
Q looks no different to the pure § in the rays on Hilbert space.

Note that, in this case, we consider only the scalar field. For the more general
case, we need to include the contribution of transforming the tensor and spinor
indices into the W1 axiom also. Note further that the scalar field is a bosonic field,
however, the generalization to the fermionic field can be done by merely changing
the commutator into the super-commutator in W2.

This is very understandable why Wightman defines QFT in this way. However,
the next discussion is the unexpected one. Recall that f — ¢(f) is an operator-
valued distribution defined in the Hilbert space H. Thus, the inner product on
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the Hilbert space is therefore defined appropriately. Namely, we have, for every

V'€ D(p(f))
(¥|e(f)y') € C. (4.13)

Whereas, the number |<w|cp( HY' >]2 € R represents the probability of finding the
value of operator ¢(f) measured in the final state ¢ out from the prepared initial
state ¢'. Let assume further that the observable is self-adjoint operator (as an
observable should be), i.e. We can write ¢(f)" = ¢(f), accordingly, we can introduce
a very important quantity called the Wightman function(al) or n-points correlation
function as a separatedly continuous, multi-linear map

Wp:SExSEx..x8§—=C (4.14)

defined explicitly as

Wn(fl;---,fn) = <Q|§0(f1)90(fn)‘9>7 (4'15)

where () is a vacuum state, thus, sometimes this correlation is called the vacuum
expectation value. One can think about this quantity in the following sense: we
have known that the test function f spans the vector space S, W,,(fi, ..., fn) can be
realized as the complex-valued tensor of (0,n)-type defined on this vector space.

There are two significant remarks. First of all, the Wightman distribution
Wo(fi, .., [n) defines a unique distribution on S(RP™), denoted again by W,, as
follows directly from the Schwartz’s nuclear theorem [79]

Theorem 4 (Schwartz’s Nuclear Theorem) Let W be a separately continuous,
linear functional on (S(RP))". There exists a unique distribution W' such that

W (f1sos o) = W (frof) (4.16)

That is there is a unique correspondence between the dual space S*((RP)") and

S*(RP™).

Another remark is that the correlation function appearing here is not the same
as the correlation function in the previous chapter calculated from the variational
derivative of the partition function. Observe that the Wightman distribution does
not include the time-ordering operator into it but the chronological order of the
operator-valued quantity must be seriously concerned. One might ask that can we
modify the definition of the Wightman distribution by naively operating it with
the time-ordering operator. This answer is we can not naively do that since the
multiplication of the distribution with the discontinuous function (the definition
of the time-ordering operator can be expressed through the discontinuous Heaviside
step function) will make it loses its temperedness. However, it can be done eventually
by approximating the Heaviside step function as a smooth function.
Following from the Wightman axioms, one can prove the following theorem
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Theorem 5 The Wightman function W, € S*(RP") satisfies
e WD1 (Covariance) W,(f) = W,(“9f), ¥(A,a) € P. This comes from the

Wightman’s first axiom W1 and the fact that vacuum is Poincaré invariant.
e WD2 (Locality)

Wn(flv SEE) fia fi+17 ) fn) = Wn(fh ES) fi+17 fi7 ey fn)a (417)
iof the supports of f; and f;11 are spacelike separated.

e WD3 (Spectral condition) There exists a distribution w, € S*(RPM™~Y)
supported in the product (V7)1 of forward cones such that

dD(n—l) _ ]
Walsees ) = [ Gy (P, (118

where §§ = x4 — ;. This condition is the implicit consequence of the prop-
erty WD1 telling that the Wightman function is translational invariant, i.e.
Wy (fi(zi—a), ..., fu(zn—a)) = Wi (fi(z1), ..., fu(z,)), implying that the Wight-
man function is dependent only on the difference of the spacetime coordinates.
Thus, we can legitimately define

Wy (f1(&1)s ooy fro1(&n-1)) = Wia(fi(z1), .., fu(xn)). (4.19)

Finally, one can show that the Fourier transform of w,(f), i.e. wy(f) belongs
to the closed future lightcone.

e WD/ (Positive definiteness) For f, € S(RP"), one has

Z Wonin (i @ fn) >0, (4.20)

m,n=0

where [ ® g is defined as f @ g(x1, ..., Tman) = (@1, s T G(Ts1s ooy Tonin) -
This can be shown as follows: We first construct the operator anzl o(fm)Q €
H. Since this operator belongs to the Hilbert space, thus we can compute the
norm of this operator which s, in principle, positive-definite. FExplicitly, we
obtain

2

k

&
< mZ:l o (fm)Q2 i w92
<Q

k k
Z o (f) D0 fa)

ZWern f ®fn) 07

0

> (421)
)
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where we have used the definition of the self-adjoint operator o'(f) = p(f*)
in the sub-sequential step.

In some place in the literature, after introducing the Wightman function, one may
assign one more axiom into the definition of the Wightman QFT known as the
cluster decomposition axiom [79] which states as follows:

)\h_g)lo Wn(fla ) fia(%)\a) fi+1a "'7(%)\(1) fn) - m(flﬂ ) fi)Wn—i(f’i-i-h fn) = 07 (422)

for any arbitrary spacelike vector a. The physical meaning of this axiom is that
two experiments performing at the far spacelike-separated events in the spacetime
can be decomposed into two separate clusters of the experiment apparatus. In the
other words, the two experiments, that are far enough (in the spacetime) so that
the information from one apparatus can not reach the other at all, will not correlate
with each other at all. This axiom might be very obvious to see but, in particular,
this axiom plays a very significant role in the perturbative QFT in the sense that it
ensures that the disconnected Feynman diagram will not contribute to the theory
[72].

Now we have seen precisely how the Wightman axioms constrain the properties
of the Wightman functional. One might ask for the converse argument which is the
most marvelous result of the Wightman QFT.

Theorem 6 (Wightman Reconstruction Theorem) For any sequence of the
tempered distributions W, € S*(RP™) satisfying the properties WD1-WDJ (along
with the cluster decomposition principle), there exists a Wightman QFT of which
sequence of the Wightman functions coincides with the given sequence of the tem-
pered distributions above.

This theorem is extraordinary, it tells us that if we know the vacuum correlation
function of any n-points, we can reconstruct back the whole QFT. Speaking novelly,
only one sequence of the Wightman functional can rule them (QFT) all. This, in
fact, is used to give the mathematical definition of the integrable or exactly solvable
QFT. For example, a massless Thirring model, a Dirac field with the self-interaction
of the Fermi-type in (1+1)-dimensions, is said to be exactly solvable since all n-
points functions are known. We will not go through it in details because it does not
relate much to this review article.

So far we have discussed the axiomatic QFT in Minkowski spacetime, however,
several things defined on Minkowski QFT is slightly ill-defined. The reader might
have noticed that everything in all three previous chapters is constructed through
the path integral quantization. Moreover, the reader might have also noticed that
our path integration used so far has been performed in the manifold endowed with
the Euclidean metric. The main reason is that the path integral measure in the
Minkowski space is ill-defined in the sense that we even have no idea about the
underlying mathematical structure of the measure space. Additionally, even if the
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structure is well-defined, there is no guarantee that the path integral will converge.
Conversely, the path integral working on the Euclidean space is well-defined, at least
in free theory, in the sense that its measure can be realized as the Borel probability
measure (see also the Bochner-Minlos theorem, for example, theorem 2.1 of [30]).
Therefore, after axiomatizing the Minkowski QFT, we will then study how can we
use the information from the Wightman QFT to construct the Euclidean field theory.
To study this, we essentially discuss the notion of analytic continuation. The idea
begins within the context of the complex analysis by studying the analytic function.
Recall that, if U is an open set in complex plane C, the complex-valued function
F : U — C is said to be holomorphic or (complex) analytic if, for any point zy € U,
the power series expansion of F' exists and converges in an open disk B(zg, p) C U,
ie.

F(z) = Z ar(z — 2)". (4.23)

Alternatively, by using the fact that a, can be matched with %% — in Taylor’s

series, we say that the holomorphic function is the complex-valued function of which
partial derivative exists at any order. In the more abstract language of the branch
of mathematics known as the sheaf theory, F'is found to be just one representative
of an equivalence class called germ of F. All analytic functions inside the same
germ will have equal value of their restriction to U, namely, F' and G will be said
to belong to the same germ if F!U = G|U for all points in U. Thus, this leads to
the context of analytic continuation, that is, /' can be analytically continued to G
when G|U = F, we will sometimes call F' the boundary value of G.

In particular, we can repeat the same thing in the case of the distribution. Let’s
start with finding the appropriate domain of analytic continuation. Recall first
that our distribution obeys the causality implying that our domain is nothing more
and nothing less but the closed future lightcone V. Then, we define a so-called
induced backward tube to be T = R? x (=V?) where V9 is an open future lightcone
= {(20,x) € RY|zg > 0,22 — x? > 0}.

Theorem 7 [30] Suppose p € S*(RP) whose Fourier transform is supported in V.
There exists an analytic function F' on the tube T satisfying

1. F(z) is polynomially bounded.

2. @ is the boundary value of the holomorphic function F' in the sense that

lim / dPx f(2)F(x + ity) = ¢(f). (4.24)

t—0
Repeating again in the Wightman function’s case. Recalling the Fourier transform

(4.18), instead of writing the test function over the coordinate chart of a real mani-
fold, we perform the complexification and write the test function as a complex-valued
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function, i.e. Replacing £ — ¢ = £+ in € CP. We have the Wightman function’s
counterpart of the above theorem. Mathematically speaking, the distribution

D(n—1) - ,
wn(F0) = [ g (Fe)e . (4.25)

where ¢ € T,,_1 = (RP x (=V?))""1 defines an analytic function in T},_; such that
lim w, (§ + itn) = wn(E). (4.26)

This means that the Wightman distributions can be analytically continued into an
associated holomorphic function on its complexified tube. One down but many to
go. This is not yet the complete analytic continuation since the Wightman function
is constrained by the properties WD1-WD4. The next thing to do is to impose the
invariance under the action of the Lorentz group into the complexified tube. Since
the complexification has been already done, the Lorentz group must be complexified
accordingly.

Theorem 8 (Bargmann-Hall-Wightman Theorem) [70] If a function W, is
holomorphic on T, 1 and invariant under the action of the (orthochronous proper)
Lorentz group L(R), then W,, can be analytically continued to a single-valued func-
tion on a so-called extended tube

T, ,= |J AT, (4.27)
A€L(C)

W, on this extended tube will be invariant under the action of the complexified
Lorentz group denoted by L(C).

T!_, contains real points also is called a Jost point. We say that (&, ...,&,-1) €
RP™=1) ig called a Jost point if its linear combination A& + ... + A\,,_1&,_1 is space-
like for A; > 0. There is a lemma (Jost’s lemma [70]) stating that 7}, , N RP"
coincides with the collection of Jost points. Thus, W,, can be treated as real ana-
lytic functions on the set of Jost points, since Jost points are altogether spacelike.
Due to the property WD2 constrained on the Wightman functional, the argument
of the Wightman function in the set of Jost points is, therefore, expected to be
permutable. Finally, the tube will be further extended into the so-called permuted
extended tube

"o ={olEeT, |, o€ S}, (4.28)

where 5, is a discrete symmetric group or permutation group. 77, in particular,
contains the so-called non-coincident Euclidean points. Namely, it contains the point
(€1,...,&,-1) € CP=D that can be written as (W€}, ..., w¢" ) where (&,...,€, ) €
RP=1) and % denotes the operation known as the Wick rotation which rotate the

real-time into the purely imaginary time. Clearly speaking, w is concisely defined
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as wat = w(2° 2!, ..., 2%) = (i2% 2!, ..., 2?). In the end, we completed the analytic

continuation of the Wightman function, and we define its boundary value as follows

S, = Wn\Em\ A (4.29)

EP" = (iR xR%)™ denotes the collection of the Euclidean points and A = {(&, ..., &,

EPn|¢; = &} is the coincide point. Henceforth, we will call the analytically contin-
ued Wightman function as the Schwinger function.

Theorem 9 The Schwinger function S, is a holomorphic function, S, : EP"\A —
C, satisfying the so-called Osterwalder-Schrader azioms [63] (OS axioms for short)

e 0521 (Regularity) S, is a tempered distribution on its domain EP"\A. To
require that the Schwinger function will not grow fast enough at infinity.

e OS2 (Covariance) S, is invariant under the action of complezified Poincaré
group or the Euclidean group L(C) x T.

e 083 (Locality) S, (1, ..., 7,) = Sp(To(1),...0tm)). Remember that the argument
of the Schwinger function is the Jost points which are altogether spacelike at
the beginning. Thus, permutation invariance always holds.

e 0S/ (Reflection positivity)

> Spin(Ofm ® fu) > 0. (4.30)

m,n

This is the Euclidean counterpart of the WD/. The additional condition comes
from the addition operator © which is the action of the so-called Fuclidean
time reflection mapping ixg — —ixg. Intuitively, this axiom can be viewed as
follows: we know that the Schwinger function or n-points correlation function
has a probabilistic interpretation, and the negative probability is meaningless.

Again, the OS axioms are sufficient conditions for the OS reconstruction theorem
stating in the same sense as the Wightman reconstruction theorem above. In other
words, if the Schwinger function satisfying the OS1-OS4 is known, we can then
reconstruct the Euclidean field theory. To end this section, let us note that the
OS axioms can be also written in the language of the path integration since, as
mentioned previously, the path integral quantization of the QFT in the manifold
equipped with the Euclidean metric is well-defined measure theory (the reader is
recommended to see the reference, e.g. [30].)

4.2 Violation of Reflection Positivity

We have seen that the most powerful tool in the Euclidean QFT is the Schwinger
function. Since, in the QYM theory, it is not too easy to evaluate the Schwinger
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function of any value of n, we will, therefore, restrict ourselves only with the 2-
points correlation function or propagator G(p). To see the reflection positivity in
the explicit circumstance, we perform the Fourier transform of the propagator in the
momentum space (as computed out in the previous chapter) back to the position
space. We have

Sa(w) = [P gireg 4.31
2(1’) - / (27T)D € (p> ( : )
However, the multi-dimensional integral is still difficult to calculate out exactly.
Fortunately, following the statement of [37], the Euclidean QFT relies on only the
hyperplane subspace of the Hilbert space H. One might ask immediately that can we
choose the hyperplane freely? In [37], Guerra showed that we can project, through
the projection operator denoted by Py, the whole H into the subspace Hy defined
by the distribution in H supported in the region U. The operation Py is proven to
be Markov or have no memory ensuring that the choice of the hyperplane can be
chosen almost freely. Let us choose the hyperplane in such a way that all spatial
momenta p = 0. The problem is thus reduced into the evaluation of

0
Sy(t,x = 0) = / 90 e 0|

o (4.32)

p=0"
(We will denote the Euclidean time ix° = t.) Substitute the propagator of the
Gribov type (3.85) into the projected Schwinger function (4.32). So we obtain

> dp’ ip® (»°)?
Sg(t) = /—OO gep tm. (433)

First of all, notice that the integrand contains four distinguish poles at p¥ = {i\%(l—i—

)7, i\%(l —1i)}. Since the integrand will be convergent when p° — +ico (remember
that the Schwinger function is supported in the forward lightcone, then we choose
the value of ¢ such that ¢ > 0), thus the coutour must be written as illustrated in
the Figure 4.1 below. Thus, only two poles involve the complex integral. We can
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J5(=1-i)y
X

Figure 4.1: The contour plot of the complex integration of (4.33)

use the residue theorem to obtain the full expression of the Schwinger function
omi [ et et

Sot) = o= | 75

2 \ 4p

0
p°=\}§(1+i)'v>

2v/2y
- ) o)

= o () () o () ()]

IR t
— e " cos (7__1_5)’

2y V2 4

which can be shown in figure 4.2 below. Note also that this plot considerably agrees
with the Lattice result illustrated in the figure 4.3.

As shown explicitly from the plot, this result shows that the Schwinger function is
not positive-definite as the time parameter changes. On the other hand, this can
be seen easily by recalling that the cosine function is a periodic function. In other
words, speaking strictly, there exists ¢ such that S5(f) < 0. In summary, the 2-
points Schwinger function of the gluon propagator restricted in the Gribov region
violates the reflection positivity axiom (OS3) of the Euclidean QFT. Thus, the
modified gluon field cannot appear as an asymptotic state. Technically speaking, it

(4.34)
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Figure 4.2: Plot of the Schwinger function of the Landau Gribov propagator (4.35)
where the value of the Gribov mass parameter is chosen to be v = 0.5.

0.04

-0.02 -

-0.04

t(fm)

Figure 4.3: Shape of the Schwinger function plotted by lattice simulation obtained
from [21].

is confined. Intuitive picture is quite precise since, in the previous chapter, we restrict
the space of the gauge orbit into the bounded region. In other words, our gluon field
is generally confined inside the Gribov region at first glance. Eventually, after a
long journey, we have ended the analytical proof of the violation of the reflection
positivity axiom for the restricted YM theory. This shows that by restriction into
the Gribov region the gluon field behaves confined. However, this is not a unique
mechanism to understand the gluon confinement. Strictly speaking, the violation of
the reflection positivity is regarded as a sufficient condition for gluon confinement but
not a necessary condition. Note that the usage of the reflection positivity violation
is studied further by Baulieu et al, they showed that such an unphysical gluon field
can be used to constructed the physical bounded state of that fields (we will not go
through it in details, however, we recommend the reader to read further, e.g. [11]).

We will give a final remark about this behavior. One might be curious that so
what about other massive gauge fields in the presence of the spontaneous symmetry
breaking and Higgs mechanism such as W= and Z bosons in the electroweak theory?
We have known evidently from the experiment at CERN that such a gauge field can
appear as an asymptotic state. Let’s compute the Schwinger function of the massive
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gauge field gained through the Higgs mechanism. We therefore have

dpo in0 1
Sg(t) = /g €p tm, (435)

with the contour of the shape

Tm(p°)

—im

Figure 4.4: The contour plot of the complex integration of (4.35).

We end up with the 2-points Schwinger function of the form

o o, 1
SQ(t> = %ep t2—po

1 _
= —¢
2m

pO=im (4.36)

mt

Here, the Schwinger function of the conventional massive gauge propagator is posi-
tive definite. Therefore, it is allowed to appear in our experimental apparatus. This
Schwinger function gives us the more physical interpretation. By comparing the
Schwinger function (4.36) with (4.34). We see the Schwinger function for the Gri-
bov propagator can be realized as the Schwinger function of the massive gauge field
with the complex mass (in some literature, we thus call this kind of particle as an
i-particle). The complex mass yields the tachyonic state that makes the vacuum of
the state unstable. Thus, the Schwinger function of the Gribov gluon is consequently
unphysical in this sense.
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Chapter 5

Conclusion

To summarize, in this review article, we begin by studying the basics ingredients
for understanding the Gribov ambiguity such as the path integration in Euclidean
gauge theory, BRST symmetry so on and so forth. Then, we discuss the origin of
the Gribov ambiguity and show the consequence of it. Next, we suggest a promising
procedure to resolve the Gribov problem by introducing the bounded region called
the Gribov region to restrict the functional integral over the gauge field. In the end,
we show that the introduction of the Gribov region yields the complex mass in the
gluon spectrum suggesting the sign of confinement behavior.
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Appendix A

Mathematical Identities

A.1 Path Integration Identities

When we are dealing with the path integration, we will focus on the integration
over the weight factor of form e™® where S is an action functional. Generally,
for free theory, lack of interaction term, an action functional will take only the
quadratic order in fields. Thus, the path integration of the kinetic part is normally
the Gaussian integration as we have seen already in, for example, (2.5). To evaluate
it, let us recall the normal form of the Gaussian integration, we have

I = / dy e~ 7004 — \/ 2 eé. (A1)
o a

Now if we extend our consideration from the integration over ordinary function into
the path integration over operator-valued case. Explicitly, we will calculate the
integration of the kind

I = /Dgp e 2¥ At (A.2)

Observe that we can choose the basis of ¢ such that the matrix A can be expressed
as the diagonal matrix. That means we can actually diagonalize A by performing
similarity transformation by some orthogonal matrix O7 = O~! such that A =
OA%90~1 and then changing the basis of ¢ — O¢p. Since the path integration
is nothing but an infinite-dimensional generalization of the ordinary integration,
the particular factor a in the expression (A.1) will be replaced by-product of the
eigenvalue (remember that we have already diagonalize the matrix A) of A which
is actually a determinant of that matrix. Moreover, < in the exponent of (A.1)
will be represented by the inverse matrix (assume that it really exists) A~!. We,
therefore, obtain the result of the path integration counterpart of the Gaussian
integration as (up to some constant which will be of course dropped out from the

explicit calculation)

JEE

Lor
Tot 4 &P [§J A J}. (A.3)
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So far, we have considered the bosonic path integration, let’s move to the fermionic
one which is useful while dealing with ghost in the section 2.2. Fermions in the
path integral can be described by using a so-called Grassmann variable which is
the Zs-graded extension of the ordinary complex number. Suppose that the set
of Grassmann variable spanned by the basis {6;} satisfying the anti-commutation
relation

{Qi, ‘9]} =0 or (QZ)Q =0. (A4)

The integration over such a variable is called the Berezin integral, which is defined

such that
/d&zO, /d09:1. (A.5)

Another way to look at this integral, which will be helpful in the explicit calculation,
is it is the integral that satisfies “integration=differentiation”, i.e.

/ 40 K (0) = % K(9). (A.6)

Consider a Gaussian integral
[ = /DH/DG e~040 — HH/dei/dej e~ 2040, (A.7)
(A

while we have supposed that there are only n numbers of # configuration and n or 6.
To evaluate this integral, we recall that such an exponential can be defined through
the Taylor series as shown below

I = / db,...do, / db; ...do, (1 — 0;A;;0; + %éiAijejékAklel + > : (A.8)

Due to the attractive property of the Berezin integration (A.5), there will be only
one contribution left non-vanishing which is the contribution containing n of 6 and
n of 6. Thus,

1
I=o > FAeo@ Ao (A.9)

where o denotes the permutation operator. Finally, we can deduce that the Gaussian
path integration over two Grassmann variables yields

/ DO / DO ¢4 = det A, (A.10)
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A.2 BRST Transformation and Identities Among
Super Lie brackets

As being used in (2.70) and (2.71). We will verify the following BRST transformation
rules

(Dyc)® = 8(Dc — g f* Abc?)
=0, (gfabccbcc> _ gf“bC(Duc)bcC - gfabcAZ (gfcdecdce>
=D, (g pabeh Cc> — gf (D)
— gfabc(DMc>ch n gfabccb(DMc>c g f (D)
g

aoc C gac C aoc (6
= SI(Du0)" e + S (Dye)'e” — g (Dye)'c

=0,

(A.11)

where the Leibniz’s rule of the covariant derivative has been carried out in the third
step and in the fourth step, we have used the totally anti-symmetric property of
fabe = — fab and anti-commutation relation between two ghost fields.
Consider the anti-commutator between A, B and C, as appeared in (2.70), which
are fermionic, bosonic and fermionic, respectively. We can verify that
{A,BC} = ABC + BCA
=[A,B]C + BAC + BCA (A.12)
= [A, B]C + B{A,C}.
Additionally, we will also verify the relation that is used in (2.71). Suppose A, B
and C are all fermionic
[A, BC| = ABC — BCA
={A,B}C — BAC — BCA (A.13)
={A,B} — B{A,C}.
Sometime identities of the commutator between fermionic operator () and three
operators A, B and C are useful. For (B and F stands for boson and fermion,
respectively) (A, B,C) be (B,B,B), we have
[Q,ABC| = QABC — ABCQ
= [Q,A|BC + AQBC — AB[C, Q] — ABQC (A.14)
— [Q, AJBC + A[Q, BIC + AB[Q,C.

Whereas, for other case, if (A, B, C) be (F,B,F), we end up with the identity

[Q, ABC] = QABC — ABCQ
= {Q,A}BC — AQBC — AB{C,Q} + ABQC (A.15)
—{Q,AYBC — A[Q, B]C — AB{Q,C}.
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Moreover, anti-commutation relations of (B,B,F) and (F,B,B) are also useful. They
are expressed as

{Q,ABC} = [Q,A|BC + AlQ, B]C + AB{Q, C}, (A.16)

and

{Q,ABC} ={[|Q,A}BC — A|Q, B]C — AB|Q, C], (A.17)

respectively.

A.3 Fourier Transformation

Our world is a very interesting world in the sense that it seems like it is constructed
to have non-trivial duality between positive-space and momentum-space. That is, it
is mysteriously suitable with the Fourier transformation. In particular, the greatest
advantage at all of the Fourier transformation is that, since the QFT is the theory of
the operator-valued distribution (as discussed in chapter 4), in many situations, we
will deal with the distribution function which is difficult to evaluate since it is the
operator-valued quantity. The Fourier transformation solves it by just performing
the transformation from the space of the operator-valued distribution into its Fourier
space that turns out to the space of the c-number-valued distribution. Thus, in
the Fourier space, the algebraic manipulation is allowed to do more conveniently.
Moreover, by using the help of the Fourier transformation, several functions can
be written in integral representation which is, once again, more convenient to deal
with. Let’s see the relevant examples. Firstly, the most used distribution is the

Dirac delta function §(x) which is defined to be /dy f(z)o(x —y) = f(y) where

f is any function and x belongs to the domain of the integration. For simplicity,
we will start with the 1-dimensional problem and then generalize to the general
dimensional case. We can perform the Fourier transformation of the Dirac delta
function as follows -

I(p) = / dr 6(z)e™ = e = 1. (A.18)

After that, we perform the Fourier transformation back to the position space. We

thus have © g © g
o(x) = / L 5(p)e v = / L gmime (A.19)

oo 2T oo%

By writing the delta function in the so-called integral representation. We can easily
check many properties of the delta function, for example, §(z) = é(—x) due to the

fact that the measure [ dp is integrated over the entire momentum-space, hence,

the re-definition from p — —p is acceptable. In general dimensional case, d said, we
can write

d
5z — y) = / @D —ivte), (A.20)



Another useful function that can be written in the integral form is the Heaviside
step function 6(z) defined as in (2.94). We therefore obtain

6(p) = /_OO de O(z)e™ = /OOO do cirr — L (A.21)

00 p

and then p .
- P R s A.22
o) = [ SEomer = [ (A2

Let’s redefine further that = —ip. We have
* 4B el
O(x) = —_ A2

@=] 35 (223

Last but not least, we will work mainly in the momentum space when we are trying
to compute the propagator or derive the Feynman rule, thus we will show how to
change the action from the position-space to the momentum-space. To be specific,
let’s Fourier transform the source’s action

smmz/fmwmmm

/w(/ e QA%N%YWW

_ p qu a a D ¢D
1/%)/@ﬂA<w<mm6@+@

=/%%4mwem

as appeared in (3.78). This particular example might not that good to demonstrate
how Fourier transformation can change the space of the operator-valued distribution
to the c-number-valued one. Let’s consider another example

(A.24)

1
Sym = /de <§AZ($)(8M(9V - guvapap)AZ@))
= %/le’
_ 1!

dPx

(;Zﬂ-)pD V(p>€*ip-x(aﬂay —gu,ﬁp@p)/ (;i )q Aa( ) —igx

D D
p a d q a —1 T
5 AP >/ b A0 (-t — gun(—¢*))e " ®*

- % / (;iwa A p) / (;lﬂ—)qD A8 ()4 G — 4u90) (27) 6" (0 + )

— % / % AL(D) (PP g — Pupv) As(—D).
(A.25)
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Here, in addition to change from x to p, we have effectively changed from the
operator 0, = 8% into just some complex number —ip, as have seen frequently in
the QM101 and QFT101.Here, in addition to change from x to p, we have effectively
changed from the operator 0, = % into just some complex number —ip, as have

seen frequently in the QM101 and QFT101.
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Appendix B

Elements of Differential Topology

To be honest, the main reference used in this topic is actually the very handy book
by Nakahara [58]. Caution! In this chapter, we will deal with the general case
of spacetime, so the position of the subscripts and superscripts will be carefully
studying.

B.1 Differential Form and Cohomology

The mathematical main tool mostly used in the language of differential topology for
describing the gauge theory is a differential form. Loosely speaking, a differential
form of degree p, alternatively called a p-form, is a tensor of type (0,p) where all
indices are totally antisymmetric under odd permutation. Let’s denote the set of
all differential p-forms defined at the specific point of the spacetime M as QP(M)
forming a vector space whose basis can be expressed by the help of the wedge product

defined as following
dat A\ dzx” = —dz¥ A dzt. (B.1)

For any element w € QP(M) can be written explicitly as

1
W= =W g, AT N dx?® NN dxtP (B.2)

p!

The diffential (p+ ¢g)-form can be constructed by using the differential p-form and ¢-

form through the operation called exterior product A : Q9(M)xQP(M) — QPTI(M).
It is quite useful to define a so-called exterior derivative d, mapping from (M) —

QP (M). To be specific, we define such an operation such that

1
dpw = 17 (%Wul...up) da” Ndz™ AN dat (B.3)

By keeping track which degree of the differential form we are dealing with, we will
usually drop the subscript on d, and writing only as d for convenience. The attractive
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properties of the exterior derivative is it is nilpotent by its construction, i.e. d? = 0.
We can check it directly by observing from

1 02
Cety 00 N dgP A A dihe, (B.4)

&2 =
YT D+ ) Bz e

. . . Py .
Since the Hessian matrix W is symmetric under the change between v and p

while the basis of the differential form is constructed in such a way that the indices
v and p is anti-symmetric. Hence, the only way it can satisfy both conditions is to
be zero at the beginning. As we have discussed in the main topic, the nilpotency of
the exterior derivative can deduce the wonderful consequence that there exists the
differential form that can be constructed by the action of the exterior derivative on
the one lower differential form called an exact form. However, the set of all exact
forms is just a subset of the whole set whose element, w said, satisfies d?w = 0
known as a closed-form. The non-trivial class of differential p-forms is thus the
form which is closed but not exact. Such a type of class is known as the pth de
Rham cohomology H?(M). There are two remarkable structures of the de Rham
cohomology group summarized below

1. de Rham cohomologies satisfies the so-called Poincaré duality

HP(M) = HP=P(M). (B.5)
2. Moreover, they satisfy the Kiinneth formula

HP (M x My) = @D (H)(M1) @ H'(Ms)). (B.6)

q+r=p

One more attractive fact about the closed form lies on the very powerful theorem
which people in the past called it as a lemma! The “Poincaré’s lemma” stating that

Theorem 10 (Poincaré’s lemma) If a coordinate neighborhood U of a manifold
M is contractible to a point pg € M, any closed p-form on U will be exact.

(quoted from [58]). For the people who are in love with mathematics, we are so
sorry about that we are not planning to prove anything inside this review article.
However, we still can give a remark about the considering theorem. What Poincaré’s
lemma really tells us is any closed form defined on a manifold is “locally” exact since
any local coordinate neighbourhood on any kind of manifold is typically isomorphic
to a flat space R%*! which is generally contractible to a point. We will use this fact
later in the final discussion of the appendix B.3.

It is very important to remark that since the differential form is a totally anti-
symmetric tensor, thus, the differential form of degree greater than the dimensions
of the space where it defined on cannot be constructed. The highest degree which
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any differential form can reach is, of course, a degree D. Suppose that the manifold
is orientable, i.e. the Jacobian J = det(0xz*/0y*) > 0 where z# and y® are local
coordinates of the open regions U; and U; (under the assumption that U; UU; # O),
respectively.