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A gauge field is usually described as a connection on a principal bundle. It induces

a covariant derivative on associated vector bundles, sections of which represent matter

fields. In general, however, it is not possible to define a covariant derivative on non-

linear fiber bundles, i.e. on those which are not vector bundles. We define logarithmic

covariant derivatives acting on two special non-linear fiber bundles — on the principal

bundle and on the local gauge group bundle. The logarithmic derivatives map from sections

of these bundles to the sections of the local gauge algebra bundle. Some properties of the
logarithmic derivatives are formulated.
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1 Motivation and summary

The standard geometrical representation of a gauge field is a covariant derivative
on a vector bundle over a spacetime (cf. [1,2]). Sections of such a bundle describe
a matter field which interacts with other matter through the gauge field. However,
because the gauge field can interact with different matter fields, it is necessary to
have the same covariant derivatives on different vector bundles.

A natural way to define the same covariant derivatives on different vector bun-
dles is to start with a principal bundle PM over spacetime M with a structure
(gauge) group G (which represents a gauge symmetry of a theory). The gauge
field is then represented by a connection on the principal bundle. Vector bundles
of matter fields are defined as fiber bundles associated with the principal bundle.
The connection on the principal bundle allows to define covariant derivatives on
these vector bundles. These are used to construct the Lagrangian of matter fields
interacting with the gauge field.

The only problem of this construction is the necessity of manipulating objects
from tangent spaces of the principal bundle. The usual mathematical description of
the connection on the principal bundle is the connection form w (which defines hor-
izontal subspaces in the tangent space of the principal bundle), and the “strength”
of the gauge field is the curvature form 2. The connection form is a gauge algebra
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valued 1-form on the principal bundle PM and the curvature form is a gauge alge-
bra valued 2-form on PM. However, it is not very common in physics to work with
objects which live on such complicated spaces. Usually one works with fields (ten-
sor valued functions or sections of vector bundles) on spacetime or with covariant
derivatives in vector bundles with spacetime as a base manifold.

A standard way how to avoid working with objects from tangent space of PM
is a trivialization — a choice of a section of PM, i.e. a choice of coordinates in
the principal bundle and in associated fiber bundles. Then all objects can be rep-
resented as matrix or vector valued functions on spacetime. However, since there is
no canonical choice of trivialization, it is an input alien to the geometrical descrip-
tion of the theory. From the geometrical point of view, we would like to avoid any
specific choice of coordinates.

Fortunately, for a semisimple structure group?), it is possible to represent the
connection on the principal bundle by a covariant derivative on the local gauge
algebra bundle gM and the strength of the gauge field by a curvature tensor F
— a gM-valued tensor field on spacetime (see Definition 3). Hence, it is possible
to substitute the covariant derivative for the connection form and the curvature
tensor for the curvature form. Therefore, it is not necessary to work with objects
defined on the principal bundle but only with objects localized on spacetime.

However, there are still some operations and quantities where it is necessary
to use a trivialization. A typical example are the transformation properties of the
gauge field under a gauge transformation. This is usually written as?)

Aamn = Aamn - g_lmp dagpn . (1)

Here Aa™n, Aa™n are vector potentials describing the gauge field before and after
a gauge transformation, expressed in a trivialization, i.e., represented as matrices
on the gauge algebra g with a spacetime index « and algebra indices m,n. g™, is a
gauge group element represented as a matrix on the gauge algebra, which defines the
gauge transformation, and d is the usual gradient of a (matrix valued) function on
the spacetime M. However, we would like to avoid choosing the trivialization, i.e.,
we would like to work with abstract objects — with the element of the local gauge
group g € Sect GM, and with the vector potential as an element of local gauge
algebra A € Sectg ® T*M instead of their matrix representation. Unfortunately,
we cannot write an abstract relation like

Aa = Ao — 9_1 Dag, (2)

because a covariant derivative D, g on the local gauge group bundle GM is not
defined. The connection on the principal bundle allows us to define the covariant

1) The semisimplicity of the structure group G is necessary to guarantee that the adjoint rep-
resentation of the structure group on the gauge algebra g is faithful. Another standard case is a
commutative structure group (e.g. a Maxwell field) where the local gauge algebra bundle gM is
trivial. However, it is always possible to describe the connection as a covariant derivative on a
properly chosen vector bundle with faithful representation of the structure group.

2) Any constant factor (a charge or maybe the imaginary unit in the case of complex represen-
tation of a unitary group) which is often written in front of the vector potential is included into
the vector potential here.
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derivative only on a fiber bundle with a linear structure (see Definition 1), i.e., only
when the standard bundle is a vector space. However, in the case of the local gauge
group bundle G M, the standard fiber is the structure group G. Therefore, we have
to use the adjoint representation and trivialization to represent the structure group
as matrices on the gauge algebra. Then, we can use the gradient to take a derivative
of the local gauge group element g.

Another way often used to write the transformation properties of the gauge field
" AT AT~ dga™ 3)
Here Aq™, Ag™ are gauge algebra valued vector potentials®) (g-valued 1-forms on
the spacetime) and a™ is a generator of the gauge transformation (i.e., g = exp(a)).
This relation is generally valid only to the first order in a. It is usually called the
“infinitesimal gauge transformation”.

The aim of this paper is to define the logarithmic covariant derivative on the
local gauge group bundle GM (Definition 5) — a tool that allows us to write the
relations above without specifying coordinates and without any approximation —
see Lemma 12 and Theorem 9. The logarithmic covariant derivative Dln g acts on
sections of the local gauge group bundle GM and its result is a section of the local
gauge algebra bundle gM.

We will also define the logarithmic covariant derivative on the principal bundle
PM (Definition 4) which allows a generalization of the following construction?):
It is often possible to represent the principal bundle as a space of frames in some
vector bundle, typically in the local gauge algebra bundle gM. That is, an element
E € PM can be represented as E = {0n}m=1..n, where 0, € gM are linearly
independent, and NN is the dimension of the gauge algebra. The trivialization means
a choice of a section E € Sect PM, i.e. a choice of base vectors in all fibers of gM.
The vector potential A of the covariant derivative can then be written as

A = (Dabn)0™ (4)

6™ being the dual base in g* M ?®). However, we do not always wish or can represent
the principal bundle as a space of frames and we usually want to work with the
vector potential A from g ® T*M, not with its adjoint representation A. With the
help of the logarithmic covariant derivative on the principal bundle introduced in
this paper we will be able to write the equivalent of Eq. (4) in a general case (cf.
expression (19)). The logarithmic covariant derivative Dln E acts on sections of
the principal bundle PM and gives as a result a section of the local gauge algebra
bundle gM.

The plan of the paper is the following. In Section 2 we shortly review the
geometrical setting of the gauge field theory. There are no new results here — the

3) Matrices A with antisymmetric multiplication given by commutator are adjoint representation
of A with multiplication given by Lie bracket of the gauge algebra.

4) See also the discussion of this construction in the case of the principal bundle of the tangent
bundle in the next section.

5) Of course, the tensor multiplication is assumed here — 0y, are vectors from gM, ™ are forms
from g*M, and the vector potential is from g ® T*M.
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main aim of this section is to fix the notation and to review facts needed later. The
logarithmic covariant derivatives on the principal and on the local gauge group
bundles are defined in Section 3. Some important properties of these derivatives
are also mentioned there — mainly generalizations of the chain rule, the relation
between two different logarithmic covariant derivatives, and the expressions for the
curvature tensor in terms of the logarithmic derivatives. The proofs of the lemmas
and theorems of Section 3 are relegated to the Appendix.

All constructions in this article are local; we will not study global topological
properties of the principal bundle and their consequences for the derivatives defined.
The definition of logarithmic derivatives does not introduce new issues in this area.
Due to the essential locality of all definitions, we will not refer to any transformation
properties under change of a map from an atlas of the spacetime manifold or the
principal bundle. All this can be done in standard way. Similarly, we will not discuss
issues of differentiability — we assume sufficient smoothness of all objects under
consideration.

The logarithmic derivatives on the principal and local gauge group bundles do
not bring any essentially new information that could not, in some manner, be ex-
pressed without using them. However, they are useful tools when expressing certain
quantities in a natural, coordinate-free geometrical way. They are a natural gen-
eralization of the notion of covariant derivative in case of non-linear fiber bundles.
This generalization has its limitations — it works only for the case of two special
non-linear bundles that are closely related with a vector bundle, namely, with the
local gauge algebra bundle gM . The logarithmic derivatives have a number of use-
ful properties formulated in Theorems 6, 9-11, in Lemma 12, and in Eq. (19), that
extend the standard covariant derivative calculus to the new area. An application
of this formalism can be found, e.g., in the proofs of Theorem 10(ii), Theorem 11,
and Lemma 12.

2 Geometry of gauge fields

Fiber bundles

Fiber bundles are standard kinematical area for geometrical description of gauge
and matter fields. A gauge field is represented by a connection on the principal
bundle PM with a structure group G and matter fields are sections of the associated
vector bundles. Gauge symmetry is invariance of the theory under a “rotation” of
the inner degrees of freedom, i.e. under the action of the local gauge group.

In this section, we shortly review some basic facts from the theory of fiber
bundles — to fix the notation and for later references. For details see, e.g., [3].

We denote the tangent space of a manifold X by TX, the tangent tensor space
TfX , and the space of its sections T{“X . We use abstract indices (bold letters;
see, e.g., [4]) to indicate tensor character of tangent tensors and coordinate indices
(plain letters) to label components of a tensor in a special frame. However, we try
to avoid the use of indices; instead, we use a dot to indicate contraction between
vectors and forms.
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Fiber bundles describing the inner degrees of freedom are built above a space-
time manifold M. We use Greek indices for tensors from the tangent space TM
and we denote a contraction by dot “”, ie., a-w = a*w,.

The principal bundle is denoted by PM, and the bundle projection by 7. The
intuitive meaning of a fiber P, M of the principal bundle is the space of “frames”
in the space of inner degrees of freedom at a base manifold point z. We will use
letters E, F, ... for elements of PM. The structure group G acts on the principal
bundle from the right: e.g., F' = Rz E = Eg. It corresponds to a “change of frame”.
We assume that G is a semisimple Lie group and thus an adjoint representation is
faithful.

If a manifold A with an action T of the structure group G is given (i.e.,
T:GxA — A, Ty, = TyTy), we can define an associated fiber bundle with
the standard fiber A. Intuitively, this is a space of objects ¢ with “coordinates”
¢ from the standard fiber A taken with respect to a frame E from the principal
bundle PM. We will writef)

¢=Trd, ¢=¢[E]. (5)
The coordinates change by the action T under a change of frame, i.e.,
¢p=Tpo=Tg; Ts1¢, ¢[Eg] =Tz ¢[E]. (6)

We call such an associated fiber bundle (TpA)M, or shortly AM.
Let us mention some special cases of the associated fiber bundles. First, the
principal bundle P M itself can be viewed as an associated bundle with the structure

group G as the standard fiber and with left multiplication as the action on it, i.e.,
PM = (LpG)M. Here, we identify

LEg:RgEa (7)

i.e., F[E] =g if F = Eg. The fundamental vector field fz € ¥ PM on the principal

bundle PM associated with an element @ € g of the gauge algebra (Lie algebra of
the structure group G) is defined by

D __ Dg.

aln,=—Rz F h =

fal s da 9o Pz VO T T ny

Jo=¢€. (8)

The fundamental form 6 on the principal bundle PM at a point E € P, M is a
linear mapping from the tangent space of the fiber P, M to the gauge algebra g
“inverse” to the fundamental vector field:

Oefa=a . 9)

Here, the bold dot “«” represents contraction in the tangent space to the fiber
P.M. We use it also for contraction in the tangent space to the entire principal
bundle PM.

6) Here we use the same symbol T as for the action of the group G on the standard fiber A.
These are different operations, of course, but our notation is justified by, for example, the formal

associativity Tgg ¢ = Tg(Tg ¢) — see (6).
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Another example of an associated fiber bundle is the local gauge group bundle
GM. Its standard fiber is again the structure group G but now with the adjoint
representation Ad as the action: GM = (AdpG)M. Each fiber of the local gauge
group bundle has a group structure — group operations are:

gh=Tr(g[EIWE]), g ' =TrglE]™", e=Tge. (10)

It is easy to check that this is independent on the choice of E € PM. This bundle
is called the local gauge group bundle because its sections form the local gauge
group. The whole theory should be invariant under the action of this group. The
action of the local gauge group on any associated fiber bundle (TpA)M is defined
as

Tg d) = TE(Tg[E] ¢[E]) . (11)

Again, it does not depend on the choice of E. As a special case, we have “left”
action of GM on PM (we write Ly E = gFE) and the adjoint representation Ad of
GM on itself.

Next example of an associated fiber bundle is the local gauge algebra bundle gM .
The standard fiber g is the Lie algebra of the structure group G, which we identify
with the tangent space T.G at the unit element e. The action of the structure
group on G is adjoint representation ad, i.e., gM = (adpg)M. Again, each fiber
g:M has the structure of a Lie algebra, where the Lie brackets and exponential
map are defined by

[a,b] = adg[a[E],b[E]], expa = adgexp(alE]) . (12)

Contraction in the algebra bundle will be denoted by a square dot “-”.

Finally, we mention the case of the standard fiber E having a linear structure and
the action of the structure group being a representation. In this case, in addition to
the representation T of GM, we can also define a representation t of the local gauge
algebra gM. Let T be the representation of the structure group G on the linear
standard fiber E and t its generator — the representation of the Lie algebra g:

Texpt_z = exp(ta) . (13)
Then the representation of g, M on E,M is given by

ta®p = TE'ta[E] d)[E] : (14)

The dependence of t, is linear in a; thus we can write t, = a+t with t € El®@g*M.

The principal bundle FM of tangent spaces of the base manifold (spacetime) M
can be viewed as a space of vector bases in TM, i.e., we can write F = {65}H=1,---7d'
The structure group is the group GL(d) of nondegenerated matrices, the local gauge
group bundle GL M can be represented as a space of nondegenerated (1,1)-tensors
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(i.e., g = g*p), and the local gauge algebra bundle as a space of all (1,1)-tensors:
gl M = TiM. Clearly,

Eg= R§E = {e‘;gyu} , gE= LgE = {gane;j} ) (15)
(9h)%s = 9%<h"p , [a,b]%p = a®xb"g = b%xa"p , (16)

(E€FM,g,h € GLM, a,b € glM and g € GL(d)). Finally, tangent tensor spaces
are associated bundles with the standard fiber given by a tensor power of R? with
the standard GL-action on it.

Connection

The gauge field is represented by a connection on the principal bundle. Let us recall
that a connection H defines horizontal subspaces Hg of the tangent fibers Ty (PM)
that are invariant under the action of the structure group. We denote by hor and
ver the projectors on the horizontal and vertical subspaces. The connection can
be given by a connection form w (g-valued 1-form on the principal bundle). The
connection defines a horizontal lift (“parallel transport”) in the principal bundle
and it can be extended to associated bundles by the rule of keeping the coordinates
constant with respect to a parallelly transported frame.
This allows us to define a covariant derivative on associated vector bundles:

Definition 1 (Covariant derivative on vector bundle)
Let EM = (TpE)M be a vector bundle associated with the principal bundle
PM, and let a connection H be given. We define covariant derivative

D¢ € Sect(E® T*M)
of a section ¢ € Sect EM as
§Dp = De

. d
Dé(b = TE’O d_€¢€ [EE]

e=0 ’

D¢ is the covariant derivative in a direction £ € TM, E. is a horizontal lift in
PM of a curve x. with tangent vector &, and ¢. = ¢|.. o

The principal condition here is the linear structure of the standard fiber — it is only
thanks to this structure that the derivative (d/de)@e[Ec]|__, is again an element
of the standard fiber. It is not possible to use a similar definition to introduce a
covariant derivative on a non-linear fiber. Only if we were able to map a result
of the derivative (d/de)pe [E€]|e=0 to a standard fiber of some associated bundle
(maybe a different one) we could define a covariant derivative. This will be done
for the principal bundle and for the local gauge group bundle in the next section.
Later we will need the following:

Lemma 1
Let ¢ be a section of a fiber bundle AM = (Tp A)M and { € TM. We can
choose a curve z. such that £ = Dma/d‘?’,;:o' We denote the values of ¢ along z.
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by ¢. and a horizontal lift of z. in PM by E.. Then

)

VGY(E'D¢|x0) = 2(TEO ¢€[E€])

de e=0
D
hor(§-Doley) = 7= (Te. ¢o[Eo])| _
where D¢ is a differential of the map ¢ : M — AM. O

It is well known that all connections form an affine space and that a difference
between two connections can be characterized by a vector potential:

Definition 2 (Vector potential)
Let H and H be two connections on the principal bundle PM given by funda-
mental forms w and @. The vector potential A € Sect g® T* M of the connection
H with respect of H is defined by equation

T AE] = (0 —w)|g ,

where 7 is the projection from PM to the base manifold M and E € Sect PM.
We will write

REMARK

The consistency (independence on the choice of E) follows from the transformation prop-
erties of @ and w under the action of the structure group and from the fact that both
these forms act as the fundamental form on the vertical vectors — see, e.g., [3]. o

Finally, let us recall the definitions of the curvature form and curvature tensor:

Definition 3 (Curvature)
Let H be a connection on the principal bundle PM given by a connection form
w. The curvature form Q (g-valued 2-form on PM) is given by

QY hor, dw .

The curvature tensor F € Sect(g®@A2M) (i.e. gM-valued 2-form on M) is defined
by equation

m.F[E] = Qg ,
where F is an arbitrary section of the principal bundle PM. o
REMARK
Independence on the choice of E follows from the transformation properties of {2 — see
again [3]. °

The relation between curvature tensors of two connections follows from Cartan’s
structure equations and definitions of the vector potential:
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Theorem 2

Let I:I, H be two connections on the principal bundle PM with curvature tensors
F, F and let A =H © H. Then

F-F=dPA+[A A =dPA-[AA. .

Here dP is the covariant external derivative; it acts on Sectg ® APM as the
external derivative d in tangent tensor indices, and as the covariant derivative D
in gauge algebra indices. If we extend the action of the covariant derivative D on
the tangent bundle TM using any torsion-free connection we can write

dPw=DAw. (17)

3 Logarithmic covariant derivative

Now we can define a covariant derivative on the principal bundle. The derivative
of a section F'(x) is essentially a vertical part of a change of the section projected
to the local gauge algebra gM.

Definition 4 (Logarithmic covariant derivative on PM)
Let F' € Sect PM. The logarithmic covariant derivative Dln F' € Sect(g @ T*M)
is defined as

DPnF < adpweDF = adp 0 «ver(DF) .
Here, DF is a differential of the mapping F': M — PM. We will use notation
Deln F = € DIn F

for logarithmic covariant derivative in a direction & € TM. o

Similarly, we can define a covariant derivative on the local gauge group GM.
Again, it is the vertical part of the change of a section g, now “left-shifted” to the
local gauge algebra:

Definition 5 (Logarithmic covariant derivative on GM)
Let g € Sect GM. The logarithmic covariant derivative Dln g € Sect(g ® T*M)
is defined as

Dlng ¥ Ly ver(Dg) .
We will use notation
Delng = ¢-Dlng .

for logarithmic covariant derivative in a direction £ € TM. o

The derivatives Dln E and Dln g are called logarithmic because they substitute
heuristic expressions (DE)E-! and Dlng = g'Dg. This can be made rigorous for
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a principal bundle represented as a space of frames in a vector bundle — e.g., for
the principal bundle FM of tangent space TM (see Section 2). In this case we have

Lemma 3
Let E = {ef} € SectFM, g = g®g € Sect GL M, and VIn, V are covariant
derivatives associated with a connection on FAM. Then

(VulnE)*g (V )eﬁ,
(Vulng)* ﬁ:9 “,Vug®s

where ef is a dual base in T* M. O
Now we return to the general situation. We write down two lemmas that could

also serve as definitions in a similar way as Definition 1 determines the covariant
derivative on vector bundles:

Lemma 4
Let F' € Sect PM, ¢ € M. Let x., E. be as in Lemma 1 with Ey = F|,,; we
denote the values of F' along z. by F.. Then

D
D€1DF|$O = adEO d_gFE[EE] . ]

e=0

Lemma 5
Let g € Sect GM, £ € TM. Let x. and E. be as in Lemma 1; we denote g. = g|,.-
Then

D
Deln g, = adg, e (QO[EO]_lga [Ee])

e=0 '

Next, we formulate some important properties of the covariant derivatives de-
fined above — the analogues of the usual chain rule for the derivative of a product.

Theorem 6 (Chain rules)
Let E € Sect PM, g,h € Sect GM, a,b € SectgM, ¢, € Sect EM, where
EM = (TpE)M is a vector bundle associated with PM. Then

~—

Dln (gE) = ady(PIn E + Dlng) = ad, PDIn E — Dln g™ , (i
Dln (gh) = ady1 Dlng + Dlnh = adj,+ (Plng — Dlnh't) |
D(T4¢) =Ty (Do + (Plug)-te) ,

D(ady a) = ady(Da + [Dln g, d]) ,

D(a-t¢) = (Da)+td +a-t(De),

Dla,b] = [Da, b] + [a, Db] ,

D(¢y) = (Do) + ¢(Dip) .

—
=~ — o~

=, < R R
=t N T TR R =D
N N SN

[m]
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The straightforward consequence of Theorem 6(ii) is

Lemma 7
Let g € Sect GM, then

Dlng' = — adg Plng . O

Rules 6(iii) and 6(v) tell us that representations T and t are covariantly constant:

Lemma 8
Let g € Sect GM, a € Sect gM, then

T,'DT, = (Dlng)-t,
Dt, =tp,, e, Dt=0. o

Covariant derivatives on GM and gM are, of course, related but this relation
is more complicated than one could expect from expression Dln exp a because the
gauge group multiplication is not commutative:

Theorem 9
Let a € Sect gM, then

1 1
Dln exp(a) = Da + g[Da, al + y[[Da, al,al + ... o

Now we formulate the relation between covariant derivatives corresponding to
two different connections in terms of the vector potential (see Definition 2):
Theorem 10 (Difference of covariant derivatives)

Let H, H be two connections on PM, A = Ho H, and Dln, D be covariant
derivatives on the principal bundle PM, the local gauge group, and algebra
bundles GM and gM, and on an associated vector bundle EM. Then

DInF —DInF = A, F € Sect PM , (i)
Dlng — Dlng = adg1 A—- A, g € Sect GM | (i)
Da —Da = [A,d] a € Sect gM , (iii)
Do —Dp = At , ¢ € Sect EM . (iv

O

The usual method of handling the covariant derivative is the so-called, trivializa-
tion (see, e.g., [4]). It consists of a choice of a section F of the principal bundle PM
(i.e. a choice of “frame” in associated fiber bundles) and of expressing all quantities
with respect to this “frame”. Such a choice also defines a coordinate connection h
by the requirement that E be horizontal. That is, for the corresponding covariant
derivative dln on PM we get

dlnE=0. (18)

The curvature tensor of the coordinate connection is zero. As a consequence of
Theorem 10(i), we conclude that the vector potential A = H& h of the connection
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H with respect to the coordinate connection h is given exactly by the logarithmic
covariant derivative of E:

A=DhE. (19)

Finally we discuss the relation between the logarithmic covariant derivative
and the curvature tensor F. The curvature tensor plays a fundamental role in
expressions that contain the commutator of covariant derivatives, some of them are
summarized in the following theorem:

Theorem 11 (Curvature)

Let H be a connection, Dln and D be the corresponding covariant derivatives,
and F be the corresponding curvature tensor. Then

F=dPDInE — [DIn E, D E] , EcSectPM, (i)
ad,1 F — F =d"Dlng + [Plng, Dlng] , g €Sect GM , (i)
[F,a] = dPdPa, a € SectghM ,  (iii)
Fetp=dPdPy, a€SectEM . (iv

O

The first relation in the last theorem is essentially a well-known equation for
the curvature tensor in terms of the vector potential (19). From the second relation
and from Theorem 2 follows how the curvature tensor changes under a gauge trans-
formation. The gauge transformation is given by a “rotation” of the inner degrees
of freedom by a local gauge group element g, i.e., for example, a — @ = adga
for a € Sect gM. The gauge field represented by a connection H transforms to
a connection H and the corresponding covariant derivatives have to satisfy the
condition

Di = Da. . (20)

This is achieved by a proper choice of the vector potential:

Lemma 12 (Gauge transformation)
The vector potential A = HS H corresponding to a gauge transformation of the
connection H by a local gauge group element g € Sect GM is

A=Dng™*'. (i)

The curvature tensor transforms as

F=ady F. (ii)
O

The first equation is the desired coordinate-free relation for a change of a gauge
field under a non-infinitesimal gauge transformation mentioned in the introduction
(cf. Eq. (2)). The second equation is the standard behaviour of the curvature tensor
under a gauge transformation.
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Appendix: Proofs

Proof of Lemma 4
Using Lemma 1 we get

D
Deln F = adp 6« ver(DF) = adg, 6 e (EOFE [EE])

e=0 '

Due to Fy[Ey] = &, we can use Equation (8) and the last expression transforms to:

D
adEO 0e f(D/dE)FE [EEHE:O = adF %FE[EE]

e=0 '
Here we used relation (9). This completes the proof of Lemma 4. n

Proof of Lemma 5
Using Lemma 1, we get

D
Ding = L1 ver(Dg) = L7 —

9o dE (AdEO gE[EE])

e=0

Including the left shift in the derivative and using (11), the last expression changes
to:

D D 1
E (Lg[')l AdEo Je [Ee]) ‘e:O = % (AdE’o g0 [EO] Je [EE]) o
Extracting Adg, from the derivative, we obtain Lemma 5. n

Proof of Theorem 6
Let &, E., F¢, ge, he, ¢ be as in Lemma 4 and Lemma 5. It follows from the first
Lemma:

D¢lngF =

D
=adp, 0. P (Eoge|E:]FL[EX])

e=0

+0. 2 (EOge [Ea])

=adg, 0« (2 (EogolEo] e [Ex]) e=0 de

de

)

Equation (8) gives
DelngF =
=adg, 0+ (f(D/de)FS[Ea]I;o }Eogo[Eo] + (D /de) (g0l Bo) 1 9- [Es])‘e=0}Eggg[Eo]) =
= adyp 0« (f(Den 1) (o] + f(Detn g)(E0)) |, =
= adp adg[p] ('DglnF + 'Dgln g) [F] =
= ad, (Dgln F + D¢ln g) ,

where we used Egs. (9), (11), and F|, = Fy = Ep. This proves the first equality in
the rule (i).
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Using Lemma 5, we get

D
De¢ln gh = adg, e (holEo] ™" go[Eo) ™' g-[Ec]he[EX))

= adtp, (2 (hol o] ™ gol Bo] g2 [E- o[ o]

de
)"

D _

+ (ho[Eo]™'he[Ex])

D (90[Eo) " g-[E-]) ’ +Delnh =
de =0

=adp1 Dlng + Dinh .

= adEO adhO[EO].l

This concludes the proof of the first equality in (ii).
Part (iii) follows from Definition 1, Equation 11, and Lemma 5:

d
DeTy¢ =Tg, d_z-: (Tga[Ea](bE [EE]) LZO =

d d
=Tg, (E (Tgo (0] Dc [Ee]) L:o + o= (To.m1d0[Fol)

d
+ de (TQO[EO]'lga [Ec] o [EO])

e=0
Ofi)o[Eo]) =

P
)™

d
=Tg, Tgo [Eo] (d_s(ba [EE]

=T, (Peor+ T80 /42 (go1m0 10 12.7) |

=Ty (Dt + tpemg )

Rule (iv) is just the corollary of (iii) in case of EM = gM, T = ad.
Rules (v)—(vii) are standard properties of a covariant derivative on a gauge
algebra bundle gM and a vector bundle EM and we do not prove them here.
The remaining parts of (i) and (ii) follow from Lemma 7. -

Proof of Lemma 7
The lemma is a straightforward consequence of the first equality in Theorem 6(ii)
and the fact that Dlne = 0. -

Proof of Lemma 8
The lemma is a consequence of rules 6(iii), 6(v), and of the tensor character of the
representation T, and the generator t. n

Proof of Theorem 9

Let T be a representation of the gauge group on a vector bundle, and t its generator.
We denote the generator of the adjoint representation of the gauge algebra by c ,
ie.,

adexpa = €xp(Cq) , Com = [a,m] .
Applying repeatedly t,,tq = tata+t—c,m, it is straightforward to prove the relation:

k
kN e
tmtlnc@ = Z (l)t]; lt(—ca)Lm : (*)

=0
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Expanding expt, into power series we obtain

oo n
1 —k k—1
DTexpa =Dexpt, = go D(ty) EOH kgltg tpaty s
n= n= =

were we have used Lemma 8. Substituting Eq. (*) and rearranging sums we get

DTexpa -
oo n k—1
1 _ k—1 i
=2 a2t kZ( z )ts ey pa =
n=0 " k=1 =0
oo n—1 n
1 k—1 -
S5 3 (0)) e
n=0 =0 T k=l+1
o0 o0
1 1
— —_tm t, —

i.e., using Lemma 8,

(Dln expa)«t = TexlpaDTeXpa = (IZ ] Da)
If we choose the faithful representation t, Theorem 9 follows. n

Proof of Theorem 10
With help of Definitions 4, 2 and thanks to 7F = id, we get (i):

DInF —DInF = adp(® — w)« DF = ADn+«DF = AD(nF) = A.
Using the relation we have just proved and Theorem 6(i), we can write:
A=Dln(9E)-Dln(9E) = ady(Dln E—~Dln g—Dln E+Dln g) =

= adg(.A—l-ﬁlng —Dlng) .

Relation (ii) follows immediately.
Relations (iii) and (iv) are well-known properties of covariant derivatives on
vector bundles and we will not prove them here. -

Proof of Theorem 11
Part (i) follows from Theorem 2 if we choose H as the coordinate connection given
by the section E, i.e., D=9, F =0, A= —DInE (sce (18), (19)).

To prove (ii)7 we substltute E = gF in the relation we just proved and use
Theorem 6(i)

adg1 F = adg1 (dDDln (9F) — [DIn (gF), Dln (gF)]) =
— ad1 (d” (ady (DI F + Dlng))

— ady[Dln F + Dln g, Dln F + Dln g]) .
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From Theorem 6(iv) and (17), we have
d” ady a = ady(dPa + [Plng,a] + [a, Dlng]) ,
and, therefore,

adg1 F = dP(DIn F 4+ Dlng) + [Dln g, DIn F + Dln g
+ [Dlng,Din F' + Dlng] — [Dln F + Dln g, Dln F + Dln g]
= F+dPDIng+ [Dlng, Dlng],

q.e.d. -

Proof of Lemma 12
From (20) with help of Theorem 10(iii) and Theorem 6(iv), we get

0="Dadya —ad, Da = Dad,a+ [A,ad, a] — ad, Da
=ady[Dlng,a] + [A,adga] = [adg Dlng + A, ad, a] .

This is true for any a € Sect gM, so due to the fact that the adjoint representation
is faithful and due to Lemma 7, we get (i):

A= —ad,Dlng=Dlng*.

Relation (ii) follows from Theorem 2 and Theorem 11(ii). n
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