9

Deformed Minkowski Space
as GGeneralized Lagrange Space

9.1 Generalized Lagrange Spaces

We want now to show that the deformed Minkowski space M of DSR does
possess another well-defined geometrical structure, besides the deformed
metrical one. Precisely, we will show (following [44]) that M is a generalized
Lagrange space.

Let us give the definition of generalized Lagrange space [12], since usually
one is not acquainted with it.

Consider a N-dimensional, differentiable manifold M and its (V-
dimensional) tangent space in a point, TMy (x € M). As is well known,
the union

U ™My =TM (9.1)
xeEM

has a fiber bundle structure. Let us denote by y the generic element of
T My, namely a vector tangent to M in x. Then, an element u € T M is a
vector tangent to the manifold in some point x € M. Local coordinates for
T M are introduced by considering a local coordinate system (z!, 22, ..., 2™V)
on M and the components of y in such a coordinate system (y',v?, ..., yV).
The 2N numbers (z!, 2%, ..., 2™,y y2,...,4") constitute a local coordinate
system on TM. We can write synthetically u = (x,y). TM is a 2N-
dimensional, differentiable manifold.

Let 7 be the mapping (natural projection) 7 : u = (x,y) — x. (x € M,
y €T My). Then, the tern (T M, 7, M) is the tangent bundle to the base

manifold M. The image of the inverse mapping 7~ !(x) is of course the
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tangent space 7'My, which is called the fiber corresponding to the point
x in the fiber bundle One considers also sometimes the manifold TM =
TM/ {0}, where 0 is the zero section of the projection 7. We do not dwell
further on the theory of the fiber bundles, and refer the reader to the wide
and excellent literature on the subject [46].

The natural basis of the tangent space T, (T'M) at a point

. o 0 .
u=(x,y) ETMls{W,ayj},z,j =1,2,...,N.

A local coordinate transformation in the differentiable manifold T'"M

reads )
, ) o'
2" =a2"(x), det ( xj) # 0,
N 9-2)
i 92"
= —qJ.
oxJ
Here, y' is the Liouville vector field on TM, i.e., y° oy
On account of (9.2), the natural basis of T My can be written as:
0 oz’ 9 n oy'* 0
ozt Oxt dx’F  Oxi Oy'k’
(9.3)

o oyt o
oyl Oyl oY’k

Second (9.3) shows therefore that the vector basis (9/9y’), j =1,2,..., N,
generates a distribution V defined everywhere on 7'M and integrable, too
(vertical distribution on TM).

If H is a distribution on T'’M supplementary to V, namely

T (TM)=H, @V, , YueTM, (9.4)

then H is called a horizontal distribution, or a nonlinear connection on T M.
A basis for the distributions H and V are given, respectively, by §/6x% and
0/0y?, where the basis in H explicitly reads

50 )

Here, H ZJ (x,y) are the coefficients of the nonlinear connection H. The basis

(i) = ()

is called the adapted basis.
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The dual basis to the adapted basis is {dz’,dy’ }, with
oy’ = dy’ + H(x,y)da'. (9.6)

A distinguished tensor (or d-tensor) field of (r,s)-type is a quantity whose
components transform like a tensor under the first coordinate transforma-
tion (9.2) on TM (namely they change as tensor in M). For instance, for
a d-tensor of type (1, 2):

. 0x™ Ox" OaP
R = %meﬁp. (9.7
In particular, both §/dz° and 9/9y? are d-(covariant) vectors, whereas dx?,
8y’ are d-(contravariant) vectors.

A generalized Lagrange space is a pair QENz(./\/l, 9i(x,y)), with
9ij(x,y) being a d-tensor of type (0,2) (covariant) on the manifold T'M,
which is symmetric, nondegenerate! and of constant signature.

A function

L:(x,y)€eTM — L(x,y) €R (9.8)

differentiable on TM and continuous on the null section of 7 is named a
reqular Lagrangian if the Hessian of L with respect to the variables gy’ is non-
singular. A generalized Lagrange space GL =(M, 9ij(x,y)) is reducible to
a Lagrange space LV if there is a regular Lagrangian L satisfying

1 9°L

= 2ay0y (0.9)

Gij
on TM . In order that GLY is reducible to a Lagrange space, a necessary
condition is the total symmetry of the d-tensor (dg;;/dy*). If such a con-
dition is satisfied, and g;; are 0-homogeneous in the variables y*, then the
function L = g;;(x,y)y'y’ is a solution of the system (9.9). In this case,
the pair (M, L) is a Finsler space? defined for x € M and ¢ €Ty M such
that ®(x, ) is a possibly nonsymmetric norm on TxM.

Notice that every Riemann manifold (M, g) is also a Finsler space, the
norm P (x, €) being the norm induced by the scalar product g(x).

A finite dimensional Banach space is another simple example of Finsler
space, where ®(x,€) =[|€]| . (M, ®), with > = L. One says that GL" is
reducible to a Finsler space.

Of course, GL" reduces to a pseudo-Riemannian (or Riemannian) space
(M, gi;(x)) if the d-tensor g;;(x,y) does not depend on y. On the con-
trary, if g;;(x,y) depends only on y (at least in preferred charts), it is a
generalized Lagrange space which is locally Minkowski.

!'Namely it must be rank ||g;;(x,y)|| = N.
2Let us recall that a Finsler space [7] is a couple (M, ®), where M is be an N-
dimensional differential manifold and ® : TM = R a function ®(x, &)
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Since, in general, a generalized Lagrange space is not reducible to a
Lagrange one, it cannot be studied by means of the methods of symplectic
geometry, on which — as is well known — analytical mechanics is based.

A linear H—connection on T’ M (or on T M) is defined by a couple of
geometrical objects CI'(H) = (Lijk,C’ijk) on TM with different trans-
formation properties under the coordinate transformation (9.2). Precisely,
Lijk(x,y) transform like the coefficients of a linear connection on M,

whereas ;k (x,y) transform like a d-tensor of type (1,2). CI'(H) is called
the metrical canonical H—connection of the generalized Lagrange space
grh.
In terms of L}, and C7; one can define two kinds of covariant derivatives:
a covariant horizontal (h-) derivative, denoted by “.” and a covariant ver-
tical (v-) derivative, denoted by “|.” For instance, for the d-tensor g;;(x,y)
one has
Gijik = % — 955 L% — 9is Ly
(9.10)
_ 99ij s s
Gijlk = Zok — 9siCk 9isC%p-

The two derivatives g;;x and g;j|; are both d-tensors of type (0,3).

The coefficients of CI'(H) can be expressed in terms of the following
generalized Christoffel symbols:

. (0gs;i  Oqgrs 0
g,s(gj+ Grs gﬂc)_

N|—

L, = -
ik Sk S dxs )’

(9.11)
| (09, Oges g,
Czjk %gm ( 9sj gk‘ g]k) )

ozk  OxI oxs

Moreover, by means of the connection CI'(H) it is possible to define a
d-curvature in T M by means of the tensors Rjikh, Sjlkh and P, given by

0L, 8L,

Rjikh = Tsph T Sak + LrjkLirh - Lrthirk + CierTkm
. oC". oC*. . .
K3 _ jk jh T K3 i T,
Sj kh ayh - 8y’“ + Cjkc rh th(] rk>
i aLijk i i T
Pi'%n = oyt C'ip +C% Pl (9.12)

Here, the d-tensor R; . is related to the bracket of the basis §/dz":

PR L0
i) = g .
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and is explicitly given by?

. SHY.  §H?
i _ J k
R, = 5ok oa (9.14)
The tensor Pijk, together with Tijk, Sijk7 defined by
3 aHij i
ik T gk T jk
ij = szk - Lij%
Sk = ChHu—C%; (9.15)

are the d-tensors of torsion of the metrical connection CI'(H).
From the curvature tensors one can get the corresponding Ricci tensors
of CI'(H):
Rij =RS? Sij = Sisjs;

1 , 9 , (9.16)
Pij:Piéjs Pij:Piésj’
and the scalar curvatures
R=g"Rij; S =48 (9.17)

Finally, the deflection d-tensors associated to the connection CI'(H) are

{ Dlj — y% = _Hlj 4 ystsj;

d'y = yj; =0 +y°Cy,

(9.18)

namely the h- and v-covariant derivatives of the Liouville vector fields.
In the generalized Lagrange space GL it is possible to write the Einstein
equations with respect to the canonical connection CI'(H) as follows:

H 1 1
Rij — 5Rgij = k15 Pij = kT3

(SIS

, , (9.19)

14
SiA _ %ng] = K’TU’ PZ] = K;Tija
2

H Vv 1
where & is a constant and T';;, Ty, Ty, 1';; are the components of the
energy-momentum tensor.

3R§. i, Plays the role of a curvature tensor of the nonlinear connection H. The corre-
sponding tensor of torsion is instead
i )
P aHj _ aHIZc
Jk yk oyi
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9.2 Generalized Lagrangian Structure of M

On the basis of the previous considerations, let us analyze the geometrical
structure of the deformed Minkowski space of DSR M, endowed with the by
now familiar metric g, psr(EF). As explained in Part I, E is the energy of
the process measured by the detectors in Minkowskian conditions. There-
fore, F is a function of the velocity components, u* = da*/dr, where T is
the (Minkowskian) proper time:

dax#

E=E (dT) : (9.20)

The derivatives dz# /dr define a contravariant vector tangent to M at z,
namely they belong to T'My. We shall denote this vector (according to the
notation of Sect.9.1) by y = (y*). Then, (x,y) is a point of the tangent
bundle to M. We can therefore consider the generalized Lagrange space
g£’4 = (M, QW(Xv y)), with

9 (X,Y) = g, Dsr(E(X,Y)),
(9.21)

E(x,y) = E(y).

Then, it is possible to prove the following theorem:

The pair GL = (M, guvpsr(x,y)) = M is a generalized Lagrange space
which is not reducible to a Riemann space, or to a Finsler space, or to a
Lagrange space.

We already proved the first statement in Sect. 2.2 of Part I, on account
of the dependence of the deformed metric tensor on E (and therefore on y)
only: g, DSR(X,¥) =09, Dsr(Y). To prove that GL* is reducible neither to
a Lagrange space nor to a Finsler one, it is sufficient (as stated in Sect.9.1)
to show that the d-tensor field (9g,.,psr/0y”) is not totally symmetric,
i.e., the equation

aguu,DSR _ agup,DSR (9.22)
oyP oyv
does not hold. Let us assume by absurdum that (9.22) is satisfied. Then,
for g = v # p, one gets

0 0
9pu,DSR _ OYpup,DSR (9.23)
oyr oyH
whence 9
9Juv,DSR
ZIpw DSR-_ 9.24
e . u#p (9-24)
(since gpsr,uw is diagonal). Equation (9.24) implies
0 OE 22

OE oy ayP
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which is impossible. This proves the theorem. Notice that such a result
is strictly related to the fact that the deformed metric tensor of DSR is
diagonal, and therefore it does not hold, in general, for the generalized
Minkowski spaces we defined in Chapter 5.

If an external electromagnetic field F),, is present in the Minkowski
space M, in M the deformed electromagnetic field is given by ﬁ"l‘,(x, y) =
e Fov (X) (see Sect. 3.5). Such a field is a d-tensor and is called the elec-
tromagnetic tensor of the generalized Lagrange space. Then, the nonlinear
connection H is given by

w_) M P _ m
Hu_{ vp }y FV(va)a (926)

where 5 p }, the Christoffel symbols of the Minkowski metric g, are

zero, so that

HY = —Fl(x,y). (9.27)
The adapted basis of the distribution H reads therefore
0 0 ~ 0
— = — + F" . . 2
5o = gan TERG0Y) By (9-28)

The local covector field of the dual basis (cf. (9.6)) is given by

Syt = dy* — F"(x,y)da". (9.29)

9.3 Canonical Metric Connection of M

The derivation operators applied to the deformed metric tensor of the space
GL* = M yield

09uv,psSR __ 09w DSR | 70 09w DSR fo 09,,pSR OF

_ F = Jue :
SaP dzr TP oye P OB 0y’ (9:30)
09uv.psk _ Oguv.nsr OE (9.31)

oy° OE 0Oy°’

Then, the coefficients of the canonical metric connection CI'(H) in M (see
(9.11)) are given by

L, =

vp = 29DSR 5‘y°‘ +

oF P ) Y oF

1 _po oF (agm/,DSRﬁa agap,DSRFVQ . agup,DSRﬁ(i)’

upfﬁgDSR@ OF 51)Jr OF v OF o

(9.32)

on _ 1p0 OF (3gau,DSR 990p.DSR 50 O9up.DSR 50 ) .
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The vanishing of the electromagnetic field tensor, F9 = 0, implies
Ly, =0.

One can define the deflection tensors associated to the metric connection
CI'(H) as follows (cf. (9.18)):

o oYt TR o
DY, = =55 Tyt = F gt L,
&, = o, =8, +y"Clh,. (9.33)

The covariant components of these tensors read

Duu = guo,DSRDUIJ = Guo,DSR <F\€/ + yaLUau>
_ 1 o OF 89;1,0',DSR =y 8g,u,1/,DSR T ago'L/,DSR ~a) .
= Ful)+3y aya( o8 ‘vt o Fem T am )
dHV = gua,DSRdgu
1 + OF (0gucs,DSR 00, DSR 09ov,DSR
_ ot gy g (DS, . SuDot e SonbStyn )
gosrpv + 5y aya< oE Y7o T am »

(9.34)

Let us show how the formalism of the generalized Lagrange space allows
one to recover some results on the phenomenological energy-dependent met-
rics discussed in Chap. 4.

Consider the following metric (¢ = 1):

ds? = a(E)dt* + (dz? + dy? + d2?), (9.35)

where a(E) is an arbitrary function of the energy and spatial isotropy (b? =
1) has been assumed. In absence of external electromagnetic field (F,, =
0), the nonvanishing components Ch,, of the canonical metric connection

CI'(H) (see (9.32)) are

a’ a’ a a
o/ N O7 [0/ 1’ o/ UE— 27 co, = — 3’
00 0 Y 01 a Y 02 0 Y 03 a Y (9.36)
C(%o = —0/917 C'020 = _a/yQa 080 = —a’y?’,

where the prime denotes derivative with respect to E: o’ = da/dE.

According to the formalism of generalized Lagrange spaces, we can write
the Einstein equations in vacuum corresponding to the metrical connection
of the deformed Minkowski space (see (9.19)). It is easy to see that the
independent equations are given by

d =0 (9.37)
2aa” — (d')° = 0. (9.38)
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The first equation has the solution a = const., namely we get the Minkowski
metric. Equation (9.38) has the solution

o(E) = i (ao + EEO>2 (9.39)

where ag and Ej are two integration constants.

This solution represents the time coefficient of an over-Minkowskian met-
ric of the second class, (4.31), with ng =2. For ag = 0 it coincides with (the
time coefficient of) the phenomenological metric of the strong interaction,
(4.11). On the other hand, by choosing ag = 1, one gets the time coefficient
of the metric for gravitational interaction, (4.18).

In other words, considering M as a generalized Lagrange space permits
to recover (at least partially) the metrics of two interactions (strong and
gravitational) derived on a phenomenological basis.

It is also worth noticing that this result shows that a space—time defor-
mation (of over-Minkowskian type) exists even in absence of an external
electromagnetic field (remember that (9.37),(9.38) have been derived by
assuming F,, = 0).

9.4 Intrinsic Physical Structure of a Deformed
Minkowski Space: Gauge Fields

As we have seen, the deformed Minkowski space M , considered as a gen-
eralized Lagrange space, is endowed with a rich geometrical structure. But
the important point, to our purposes, is the presence of a physical richness,
intrinsic to M . Indeed, let us introduce the following internal electromag-
netic field tensors on GL* = M, defined in terms of the deflection tensors:

Fuv

(D;w - Duu)

1 ,0F (09usDSR ma  O%vo,DSR ma
(x)+§y 6y0‘( oF FV— o FIJ« (940)

M| —

I
e
S

(horizontal electromagnetic internal tensor) and

f;w = (d/w - dvu)

1
2
1 . oOF <89MU}DSR 6,1 . agya,DSR 6(1 >
2

(9.41)

Yo\ o °vT T aE ‘n

(vertical electromagnetic internal tensor).
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The internal electromagnetic h- and v-fields F,, and f,, satisfy the
following generalized Mazwell equations

2 (fuzup + ]:pr + fp;uu) = ya (Rﬁpycﬁap + Rﬁypcﬁocu + Rﬁpucﬁau) y
OF,
RS, = gPr. 9.42
» e, (9-42)
f#y‘p+fyp|#+fpﬂlu = fuwp""fupw""fpmu? (943)
Juvlo + foplu + Fouly = 0 (9.44)

Let us stress explicitly the different nature of the two internal electro-
magnetic fields. In fact, the horizontal field F,,, is strictly related to the
presence of the external electromagnetic field F),, , and vanishes if F},, = 0.
On the contrary, the vertical field f,, has a geometrical origin, and depends
only on the deformed metric tensor g,, psr(E(y)) of GL* = M and on
E(y). Therefore, it is present also in space—time regions where no external
electromagnetic field occurs. As we shall see in Part III, this fact has deep
physical implications.

A few remarks are in order. First, the main results obtained for the
(abelian) electromagnetic field can be probably generalized (with suitable
changes) to non-abelian gauge fields. Second, the presence of the internal
electromagnetic h- and v-fields F,, and f,,, intrinsic to the geometri-

cal structure of M as a generalized Lagrange space, is the cornerstone to
build up a dynamics (of merely geometrical origin) internal to the deformed
Minkowski space.

The important point worth emphasizing is that such an intrinsic dynam-
ics springs from gauge fields. Indeed, the two internal fields F,,, and f,, (in
particular the latter one) do satisfy equations of the gauge type (cf. (9.42)—
(9.44)). Then, we can conclude that the (energy-dependent) deformation
of the metric of M , which induces its geometrical structure as generalized
Lagrange space, leads in turn to the appearance of (internal) gauge fields.

Such a fundamental result can be schematized as follows:

M = (M, gpsr(B)) = GL* = (M, g (x,¥)) = (M, Fou, fy)
(9.45)
(with self-explanatory meaning of the notation).

We want also to stress explicitly that this result follows by the fact
that, in deforming the metric of the space—time, we assumed the energy as
the physical (nonmetric) observable on which letting the metric coefficients
depend (see Chap.2). This is crucial in stating the generalized Lagrangian
structure of M, as shown in Sect. 9.2.

As is well known, successfully embodying gauge fields in a space-time
structure is one of the basic goals of the research in theoretical physics
starting from the beginning of the twentieth century. The almost unique
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tool to achieve such objective is increasing the number of space—time dimen-
sions. In such a kind of theories (whose prototype is the celebrated Kaluza—
Klein formalism), one preserves the usual (special-relativistic or general-
relativistic) structure of 4D space-time, and gets rid of the nonobservable
extra dimensions by compactifying them (for example to circles). Then
the motions of the extra metric components over the standard Minkowski
space satisfy identical equations to gauge fields. The gauge invariance of
these fields is simply a consequence of the Lorentz invariance in the enlarged
space. In this framework, gauge fields are external to the space—time,
because they are added to it by the hypothesis of extra dimensions.

In the case of the DSR theory, gauge fields arise from the very geomet-
rical, basic structure of M, namely they are a consequence of the met-
ric deformation. The arising gauge fields are intrinsic and internal to the
deformed space—time, and do not need to be added from the outside. As a
matter of fact, DSR is the first theory based on a 4D space—time able to
embody gauge fields in a natural way.

Such a conventional, intrinsic gauge structure is related to a given

deformed Minkowski space M , in which the deformed metric is fixed:

M = (Mv g#U,DSR(E)) . (946)

On the contrary, with varying gpsr, we have another gauge-like structure —
as already stressed in Sect. 4.4 — namely what we called a metric gauge. In
the latter case, the gauge freedom amounts to choosing the metric according
to the interaction considered. .

The circumstance that the deformed Minkowski space M is endowed
with the geometry of a generalized Lagrange space testifies the richness
of nontrivial mathematical properties present in the seemingly so simple
structure of the deformation of the Minkowski metric. This will be fur-
ther supported in Part IV, where we shall show that M can be naturally
embedded in a 5D Riemannian space.





