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Beyond special relativity at second order
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The study of generic, nonlinear, deformations of special relativity parametrized by a high-energy scale
M, which was carried out at first order in 1/M in J. M. Carmona, J. L. Cortés, and F. Mercati, Phys. Rev. D
86, 084032 (2012), is extended to second order. This can be done systematically through a (“generalized”)
change of variables from momentum variables that transform linearly. We discuss the different perspectives
on the meaning of the change of variables, obtain the coefficients of modified composition laws and
Lorentz transformations at second order, and work out how x-Poincaré, the most commonly used example
in the literature, is reproduced as a particular case of the generic framework exposed here.
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I. INTRODUCTION

The possibility to extend the usual Lorentz symmetry to
a new relativistic invariance characterized by an observer-
independent mass scale (or length scale) M has been
investigated for some time now in connection with a
quantum theory of gravity, for which this mass (or length)
scale would be the Planck mass, mp ~ 1.2 x 10'° eV/c?
(or Planck length, #p ~ 1.6 x 10733 m). This research has
been mostly made in the context of the so-called DSR (for
doubly or deformed special relativity) models (see Ref. [1]
for a review), initially formulated as relativistic theories
with nonlinear, M-dependent, deformations of the usual
boosts of special relativity (SR) in momentum space. DSR
was later interpreted geometrically as corresponding to a
curved momentum space, which resulted in an observer-
dependent notion of locality, named as the “principle of
relative locality” [2,3]. In fact, it was shown that the
“quantum deformation” of the Poincaré group known as
k-Poincaré,' an algebraic structure proposed by mathema-
ticians years ago to describe the symmetries of a non-
commutative space [4], can be interpreted in the framework
of curved momentum spaces leading to relative locality [5].
In particular, the coproduct of the momentum and the
coproduct of boosts in x-Poincaré (which can be seen as
operators acting in the tensor product of two momentum
spaces) have direct interpretations in the DSR language, in
terms of the composition of momenta (which is necessarily
nonlinear, since a conservation law based on the linear
addition of momenta would not be invariant under non-
linear boosts) and the Lorentz transformations of momenta
in a two-particle system (that, for a generic composition
law of momenta, will be different from the Lorentz trans-
formation in the one-particle sector), respectively.
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There exists then a correspondence between the
deformed Casimir of the algebra, the deformed Poincaré
commutators, and the coproduct structure as a Hopf algebra
on one side, and the modified dispersion relation, modified
(one-particle) Lorentz transformations, and the two-particle
sector (boosts and composition law) of DSR on the other
[6]. However, the coassociativity axiom of Hopf algebras
implies a restriction on the momentum composition rule,
which must be associative [5], so that one can say that the
Hopf algebra framework is more restrictive than a general
DSR or relative locality theory.

The original examples of DSR theories [7,8] as mod-
ifications of the transformation rules between different
inertial observers were explored in leading order of the
deformation (Planck-scale related) observer-independent
scale. Later on, the connection between DSR and Hopf
algebras referred to above made it possible to get all-order
results [9,10], and several examples of “exact” DSR
theories (named as DSR1, DSR2, or DSR3) were formu-
lated [11-13]. However, the general form of a DSR theory,
as well as the classification of all the possible deformations
of the Poincaré Hopf algebra, is still an open problem [14].

A way to sort out all the possible DSR theories is the
study of the mathematical relations that the relativity
principle imposes among the coefficients of the deformed
dispersion relation, the deformed Lorentz transformations,
and the nonlinear composition law. An exploratory study
was initiated in Ref. [15] at first order in the deformation
scale, and then carried out systematically at the same order
in Ref. [16] (both type of studies were generalized, also
at first order, to the case of nonuniversal kinematics, in
Refs. [17] and [18], respectively). All the authors of these
works restricted their studies to general deformations of
special relativity at first order in 1/M compatible with
standard rotational invariance.

Reference [16] contained also a short discussion on the
outcome of a change of variables in momentum space. In
fact, since the initial development of DSR, some authors
have expressed their concern that DSR might be nothing
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but classical SR in a nonlinear disguise, since one can
always make a change of variables to new momentum
variables that transform linearly [19,20]. However, these
remarks usually forget about the nontrivial multiparticle
sector of DSR theories [8,11]. From the algebraic point of
view, a change of variables in momentum space cotre-
sponds to a change of basis, and indeed there exists the so-
called “classical basis” of k-Poincaré, in which the boost-
momentum commutators, together with the Lorentz
sector, form the classical Poincaré algebra; however, it is
clear that x-Poincaré is not equivalent to the standard
Poincaré algebra, since the classical basis referred to above
has a nontrivial co-algebra structure [21].

From the point of view of DSR, it is normally assumed
that the momentum variables that transform nonlinearly
would be somehow distinguished by the dynamics as the
“physical” momentum variables, and even different basis of
k-Poincaré (which are mathematically equivalent, although
their physical equivalence is a subject of debate [21]) would
correspond to different physical theories. The DSR point of
view of a change of variables is, therefore, not completely
equivalent to the algebraic point of view.

Moreover, in Ref. [16] it was shown that such a change
of variables is able to reduce the (first-order) modified
kinematics (including its multiparticle sector) to that of SR
if and only if the momentum composition law is commu-
tative. In the geometric interpretation of relative locality, a
commutative composition law corresponds to a torsionless
momentum space [2], and a change of momentum variables
is just a change of coordinates in momentum space, with no
relevance in its geometric properties. Therefore, the pre-
vious result corresponds to saying that at first order in 1/M
(when one is not sensitive to the curvature of momentum
space, which enters only at M~2, [2]), the momentum space
is Minkowski if the torsion is zero [16]. From the point of
view of DSR, deformations of SR at leading order with
commutative composition laws are different from SR;
from the algebraic (Hopf algebras) and geometric (relative
locality) points of view they would be equivalent to SR,
since in these frameworks the change of variables that
reduce the theory to SR can be interpreted as a change of
basis or a change of coordinates, respectively.2

Independently of the adopted point of view, geometric,
algebraic, or DSR, one could take the change of variables as
a mere mathematical tool that simplifies the problem of
finding the different theories which are compatible with a
relativity principle, that is, a deformed theory that results
from SR from a change of variables is automatically a
relativistic theory, since a change of variables cannot alter
this fact. From this perspective, one could consider even

’It should be noted that k-Poincaré is an example of a Hopf
algebra whose coproduct of momentum (that is, the momentum
composition law) is not commutative; that is why the classical
basis of k-Poincaré is not completely trivial, as mentioned before,
and x-Poincaré is not equivalent to SR, even at first order in «.
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more general changes of variables than those of nonlinear
mappings between momentum variables of a single par-
ticle. In order to generate a nontrivial multiparticle sector,
one could make a change of variables that mix the momenta
of a number N of momentum variables. Since in the case
of a modified kinematics at first order, the composition of
two momenta determines the composition of an arbitrary
number of momenta, at this order it suffices to make this
“generalized” change of variables involving the momenta
of just two particles (N = 2). In Sec. II of this paper, we
will show that such a “generalized” change of momentum
variables is able to reduce any modified kinematics (with
arbitrary composition law) to the SR kinematics at first
order. In particular, this means that one could have obtained
the results of Refs. [15,16] (the relations among the
coefficients of the composition law, boosts, and dispersion
relation in a modified relativistic theory at first order) just
by starting from standard SR and applying a generalized
change of momentum variables, which is simpler than
trying to impose the relativity principle itself in a generic
deformed theory.

This mathematical trick can be indeed of real help for the
next step in the task of finding all possible DSR theories,
which is considering second-order corrections in the modi-
fied kinematics, something much more involved (it contains
many more coefficients) than in the first-order case. Generic
kinematics at second order have been much less considered
in the literature, not only for their mathematical complexity,
but also because of their (generally assumed in the literature)
less relevance in the phenomenological analysis of present
and near-future experiments if first-order corrections are also
present [22]. This however could well be not the case: recent
analyses of possible photon delays coming from gamma-ray
bursts and blazars [23] seem to suggest the absence of first-
order corrections as the leading quantum gravity effects (they
constrain them, pushing the scale of M to values larger
than the Planck mass); also, the possible dropoff in the
cosmological neutrino spectra observed by IceCube could be
explained in terms of second-order, but not first-order,
Planck-scale physics [24]. These phenomenological indica-
tions, though still far from full confirmation, give the study
of DSR theories at second order more relevance than that of
an issue of simple academic interest.

In Sec. III of the paper we will make use of a generalized
change of momentum variables in order to study relativistic
kinematics beyond SR at second order, and determine the
relations between coefficients of the modified kinematics.
Since the expressions are quite involved, we have found it
convenient to use a covariant notation, with a change of
variables depending on the components of a fixed four-
vector. As we will explicitly check in Sec. II, choosing
afterwards this four-vector as a timelike vector, one
recovers the results for rotational invariant deformations
of SR. We will also discuss the arbitrariness in the
assignation of momentum variables to the particles

084008-2



BEYOND SPECIAL RELATIVITY AT SECOND ORDER

participating in a process. For this purpose it will be
relevant to see the difference between an ordinary compo-
sition law and a covariant one with respect to their
properties related to a change of variables.

Then, in Sec. IV we will make explicit the correspon-
dence between our notation and the algebraic language of
Hopf algebras. This will allow us to see how x-Poincaré is
in fact an example of the generic deformations considered
here. Finally, we will return to the discussion on the
physical meaning of the momentum variables and some
proposals to be developed in future work.

II. BEYOND SR AT FIRST ORDER

A. A summary of previous results

Let us first remind the reader of the results that were
obtained in Ref. [16]. A generic deformation of SR at order
1/M, with the restriction of being polynomical in the
components of the four-momentum (pg, p;), and rotationally
invariant, will have a modified dispersion relation (MDR)
parametrized by two adimensional coefficients a;, a,:

ay -
po+-—>popt =m?*, (1)

a
C(p)=p2—p24+2L
(p)=p5—p°+ o

M

and a modified composition law (MCL) parametrized by five
adimensional coefficients S, £, 71, 72, ¥3:

B B Pr. -
b®%—m+%+Mm%+Mpq
€ijkP 4k

(2)

where €, is the Levi-Civita symbol, a totally antisymmetric
tensor, and the following condition is implemented:

SN 4 RN ¢ Y ]
@9%—n+%+Mm%+Mm%+M

P®gl4—0=r (P®q)p—0=2q (3)

In a theory with a relativity principle, the «; coefficients
of the MDR and the (f;, ;) coefficients of the MCL are in
fact related by the so-called “golden rules”

ay = —py, =y +v2— P (4)

This is so because both the parameters of the dispersion
relation and the parameters of the modified composition
law can be written as combinations of the coefficients that
appear in the nonlinear Lorentz transformations, in a way
completely determined by the relativity principle. In
Ref. [16] the following result was obtained:

ay = =2(4 + 4 + 243), ay =2(4 + 24 + 343),

(5)

B =2(4 + 1 +243), Pr = =24 —nt —nf, (6)
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Y1 =4 424 + 243 — ik,
3 =n5 =15, (7)

Y2 =M + 24 + 243 — nf,

where the A; are coefficients of the one-particle boost, and
nk, nf are coefficients appearing in a boost transformation
of the two-particle system. Specifically, the notation is as
follows. In the one-particle system, the momentum p
transforms under an infinitesimal boost by means of a
deformed Lorentz transformation p — T(p):

7)o = po-t (5B + 2 po(5 B,

A» A3 -
= Di + Pofl + = pogl + : 251

A 22 22 o=
+WM(P'§)» (8)

[T(p)]; =

where _é is the vector parameter of the boost, and the 4; are
dimensionless coefficients. The form of Eq. (8) is obtained
after one imposes the condition that the modified boosts
must reproduce the Lorentz algebra, i.e., that the commu-
tator of two boosts corresponds to a rotation [16], and the
invariance of the dispersion relation under this boost,
C(T(p)) = C(p), leads to Eq. (5).

The transformation law of a two-particle system is non-
trivial. Since the nonlinear terms of the MCL Eq. (2) mix the
components of the momenta which are being composed and,
for a generic MCL, the order of the momenta is relevant, a
boost transformation on p and ¢ will also mix both momenta
in an order-dependent way. When one of the momenta is
zero, however, the boost transformation of the other momen-
tum is determined by Eq. (8), that is, under a boost, (p, ¢) —
(TL(p). T8(q)) such that

Ti(p) =T(p) +T5(p).  Ti(q) =T(q)+TH(q),
9)
and rotational invariance gives the generic expressions
L L L
_ n L= o L o= n oo =
(T5(P)]g = 3 90(P &)+, P0o(@- ) + 7 (P A G) &,
B k.. ok nk
[%@MZM%@ijwmqﬁ f D0€iP
ok . ot ok
+M(p : )gt P0€z;kqj§k +—POCI0517
R R R
. o 2 0 e 2 Mo =y 2
T5(@ly =3, P0(@ &) +-7a0(P- &) + 7@ A D) &
. P N PN /)
T @) =5, Pild &) +5 74P - &)+ Pociped
ok ok of
+ M (q : )51 qoel]kpjgk + = M CIopofz
(10)
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After imposing that the transformations must satisfy the
Lorentz algebra, one gets the following relations between the
previous coefficients:

_’72 s

ol —
n =of =
ol — ol 1ol & gL —
oy — o0y + 03 +05 =0,
R
4

nt—nk + ok + ok =
= ]1557

o~k +of +of=0. (11)

Q

’72
R —nR +of +of =
It turns out that, with such a generic two-particle trans-

formation, the function C(T%(p)), as well as C(T%(q)), is

not equal to C(p), and in fact, both of the functions
C(T%(p)) and C(T%(q)) depend on both p and g, unless
the transformation satisfies the additional restriction

L_ L_ _,L L _ L
a; =0, 03 =3, os =11
R _ R _ _,R R _ R
oy =0, 03 = 713 05 =M- (12)

This is a necessary restriction in an extension of the SR
kinematics based on the same two ingredients that are used
when analyzing the kinematics of a process in SR: a
conservation law derived from a (modified) composition
law, and a (modified) dispersion relation for each of the
particles participating in the process, where, by definition,
the dispersion relation of a particle is a function of the
momentum of that particle. Algebraically, this means that we
ask that the Casimir of the Lorentz algebra in the one-particle
system must be also a Casimir in the two-particle system. In
this sense we have a nonlinear representation of the Lorentz
algebra in a momentum space that is consistently extended to
the tensor product of momentum spaces. As we will see in
Sec. 1V, this condition is automatically satisfied in the
formalism of Hopf algebras.

Relations (12) and (11) imply that a generic boost in the
two-particle system has only four free parameters, that can
be chosen as n%, 7k, nR, and 7%, since the rest of the
coefficients in Eq. (10) are expressible in terms of them as

=0, orf =0, o5 R = -k,
LR_nz’ LR_’,II ’ LR _

774‘ :_’12' . (13)

Finally, the relativity principle imposed as the invariance of
the composition of momenta for different inertial observers,
that is,

T(p & q) =Ti(p) ® Ty (q), (14)

leads, after some tedious algebra, to Eqgs. (6) and (7).

B. Change of variables and change of basis

In this section we are going to show that the final result
Egs. (5)—(7) can be obtained in a much easier way with the
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help of a mathematical trick: a change of variables in the
two-particle system.

In Ref. [16] we already showed that a generic (again,
rotational invariant) change of energy-momentum variables

(po, D) = (Po, )Of the form
po = Po+ oty + BB = By (P P) = Bo(P),
M 0 M ’
5
pi = P+ PoPi = By(P) (15)

is able to change the coefficients 3, 3, and (y; + y,) of the
MCL Egq. (2) (the only parameters in a commutative MCL
at first order) as a function of the parameters 6, 5, and 5.
Following the mathematical language of Hopf algebras
(see Sec. IV), we will refer to Eq. (15) as a change of basis
in momentum space. That is, a change of basis is a change
of momentum variables that is the same for all particles in a
process. In the geometric language of relative locality, a
change of basis would be just a choice of coordinates in
momentum space. As we explained in the Introduction, a
change of basis does not have any algebraic or geometric
content in both formalisms. From the point of view of
DSR, however, the momentum variables which are changed
under a change of basis are physically inequivalent,
although it is difficult to give a physical meaning to these
variables in the absence of a dynamical theory or of a
theory of space-time (see more comments on this in
Sec. V). For the moment, in Ref. [16] we just stated that
a change of basis can relate a generic commutative MCL at
first order with the additive composition law of SR.
There is a technical point that was not made clear enough
in Ref. [16]. If (P, P) are energy-momentum variables that
compose additively, which is the modified composition law
for (pg, p) that is derived from the change of basis (15)?
The simple definition (p @ ¢), = (P + @), does not
work, since, using the inverse of the change of basis

5 5, i
Py = PO—MIPO—MZ 25801(17)’
03
P.=p ——= 458._1 s 16
i = Pi =3, POPi “H(p) (16)

we see that
(P+Q)y=Py+ Qy=By'(p) +By'(q)

) 0 nn o
=po+a0=7, (P +a5) =5, (P*+d%). (17)
and this cannot be used to define (p @ g),, since the
previous expression does not satisfy the condition given by
Eq. (3). Condition (3) is, however, automatically guaran-
teed if we define the MCL as

(P ®q),=B,(B7"'(p) +B7'(q)). (18)
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This is indeed what has been done in the literature when
discussing the so-called “auxiliary variables” in the DSR
framework [25]. In this case, one gets

26, 25, . -
(p®QM—pw+%+——M%+—3pq,(w)

5 s
Pit+ @i +2podi +—qopi- (20)

(P®q) = i i

Comparing with Eq. (2), we see that the composition
law obtained by applying a change of basis to energy-
momentum variables that compose additively is such that
P =261, Pr =265, y1 =72 =83, and y3 = 0.

A change of basis does also change the transformation
law of the energy-momentum variables. If (PO,P) trans-

form linearly under Lorentz boosts, Pj = Py+ P&,

P=pP+ POE, then

- -5 L=
[T(p)lo=Bo(P') = Po+ P&+ (po+ &)

5 o =
+M(P + poé)
(26, +26,-63) - 3

= —_ - . 21
Po + M pop - &, (21)
y 83
[T(p)]zEB<P) P +P0§1 M( 0+P 5)(]91"_[7051)
) N -
= pit+ pobit Ljrﬁﬁ —2&+ 1 PP S
(22)
so that, comparing with Eq. (8),
l] :25] +262—53, ),2:53—5], 13:—52.
(23)

The variables (py, p), therefore, transform nonlinearly.
Accordingly, the dispersion relation in terms of these
variables will be

_ 25
C@)EPé—Pzzp%—p2—jfp8
26y —68,) -
+ MPOPZ = m?, (24)

M

and, comparing with Eq. (1),

ay = =26, = —p, a =2(83—06,) =y1 +72— P

(25)

This agrees both with Egs. (23) and (5), and with the golden
rules Eq. (4).
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We will now define what we will call a change of
variables as opposed to simply a change of basis. By
definition, a change of variables (P, Q) — (p, ¢) will mix
momenta of the two-particle system, in such a way that
when one of the momenta is equalled to zero, then the
change of variables is just the identity function:

(P.Q) = (p.q) = (F*(P.Q). F*(P, Q))
such that £ (P,0) = P, F£(0,0) =0 and
FR(0,Q) = Q, F&(P,0) =0. (26)

Such a transformation has not a simple interpretation in
the algebraic or geometric languages, unlike the case of a
change of basis. We will use it, however, as a mathematical
trick to generate a modified relativistic kinematics from
variables that transform linearly in the two-particle momen-
tum space; in fact, we will see that any relativistic
kinematics at first order can be generated from a change
of variables and a change of basis applied to the standard
variables of SR, so that one can use this procedure to get the
results of Sec. Il A in a much easier way.

Let us first take (P, Q) variables that transform linearly
and compose additively (that is, they are the standard
variables of SR). Then, although the momentum variables
(p,q) transform nonlinearly in the two-particle system
[T5(p) and TX(g) are not linear], T(p) is a linear trans-
formation, since when ¢ = 0, p = P. In the notation used
above, this means that the 1; are equal to zero. Since we can
generate A; # 0 from a change of basis, we will say that
the A; are zero in the classical basis of momentum space
(this is a nomenclature inherited from the Hopf algebras
framework; see Sec. IV). A change of variables from SR
variables, therefore, will generate a relativistic kinematics
beyond SR for momentum variables in the classical basis.

It is easy to check that a change of variables generate a
modified composition law and transformation laws that are
compatible with the relativity principle. To see this, first
note that the natural definition

P®g=P+0 (27)

is indeed a good definition of a modified composition law,
since it satisfies the property Eq. (3). For example,

(P ® @)lym0 = [(F ) (p.q) + (FHR(p.q)] 0
=p+0=np, (28)

where we have made use of the inverse of the change of
variables, P = (F)L(p,q), O = (FH)®(p,q) and the
properties indicated in Eq. (26), which express that
when Q=0= p=P, ¢ =0; that is, (F ") (p,0) = p,
(F~H)R(p,0) = 0. Note that from Eq. (27), it is evident
that p @ ¢ transform linearly, that is, as a single momen-
tum does.
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Secondly, the transformations properties of (p,q) are
defined from

Th(p) = FL(P.Q).  Th(g)=FR(F.Q). (29)
where P’, Q’, denote the usual linear Lorentz transforma-
tions. Then,

Ti(p) @ Th(q) = FH(P.Q") & FX(P.Q') =P + Q'
=(P+0) =T q), (30)

where we have used Eq. (29), the fact that P and Q
transform linearly, and the definition Eq. (27). Condition
(14) is, therefore, automatically guaranteed by a change of
variables.

Finally, since T(p) is the linear Lorentz transformation,
the Casimir is just the usual one, C(p) = pj — p* = m?
(this is of course a property of the classical basis). As
explained in Sec. IT A, we must make sure that this is also
the Casimir of the two-particle system. In terms of the

change of variables, we must impose that P(z) P’ =
P2 —P% 03— 0 = g2 — §*. A generic (rotational invari-
ant) change of variables that satisfies this condition has four
parameters at first order in 1/M:

vk . vk v}
P0=P0+MP~% Pi:pi"i_MpOQi"i_Meijkijkv
N, vk vk
Qo = 90+M1P-q7 Q; ZQi‘FM]C]oPi‘FMZijQij
(31)
The composition law in these variables is
vk + ok
0o="Fo 0=DPot+4qo+t——— D4
[P ® alo = Po+ Qo =po+ g+ P4
vf vf
[P @ ali = Pi+ Qi = pi+ qi + 5 Podi + 51 doPi
vk — ok
+ e (32)
so that comparison with Eq. (2) gives
:Bl - 0’ ﬁZ - D% + Uf? Y1 = U%’ Y2 = Ulle’
vs = v5 — 5. (33)

This is in fact the general solution of the golden rules
Eq. (4) when a; = a, = 0 (classical basis). We can then
redefine the golden rules as a set of relations that the
coefficients of the composition law must satisfy when
working in the classical basis:

pi1 =0, Pr=1711+72 (34)
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For the transformation law one obtains
L.R L.R LR _ LR
m ==v M =0 . (35)

Equations (6) and (7) are then immediately obtained for the
case 1y =4, =43 = 0. One can get the full relations by
combining a change of variables with a change of basis.

We observe that there is a one to one correspondence
between the parameters of the change of variables (31) and
the » parameters of a nonlinear boost in the two-particle
system, on the one hand, and the parameters of the change
of basis (15) and the A parameters of a nonlinear boost in
the one-particle system, on the other hand. A change of
variables and a change of basis from linear variables (that
is, from variables that transform as in SR), therefore,
produce the most generic relativistic kinematics beyond
SR at first order. We will assume that this property is true
at every order, so that generic relativistic kinematics at
arbitrary order can be easily analyzed by this mathematical
procedure.3

C. Covariant notation

It is convenient to introduce a covariant notation that
will simplify the calculations at second order. We consider
again a change of variables in the two-particle system,
(P,Q) = (p, q), from linear variables (P, Q) to nonlinear
variables (p,q), which, as explained in the previous
section, must satisfy

(P.0) = (P.0).
P2 — P2,

(0,0) = (0,0),
0* =g (36)
The condition that the Casimir in the one-particle system
has to be also a Casimir in the two-particle system, or
equivalently, that the dispersion relation does not mix the p,
q variables when applying the change of variables to the

standard dispersion relation, P} — P’ = m?, corresponds to
the fact that the terms in the power expansion proportional
to (1/M) must be orthogonal to p in the expression of P, or
to ¢ in the expression of Q, in order to have p*> = P2,
g*> = Q7 at first order. A general change of variables in
covariant notation is then of the form

*We do not have a proof of this assumption. However, even if
this were not the case, the richness of the relativistic theories that
can be obtained by this procedure merits a study on its own. In
fact, one should extend the change of variables presented in this
section to a change of variables of a number N of momenta when
studying relativistic theories beyond SR at order (N — 1), but in
order to reduce the complexity of the study, we will make the
additional simplification of considering the change of variables
just in the two-particle system, which has a consequence on the
type of modified composition laws that can be generated; see
Secs. II D and III.
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vl vk
Pﬂ = DPyu + Ml [qﬂ(n : p) - n}l(p ' q)] +M2€ﬂupapyq/)no—’
(37)
R R
_ v ) VP 70
O = G+ 437 Puln - q) =1, (p - 4)] + 5 - €upod” P,
(38)

where we have made the change of variables depend on a
fixed dimensionless vector n, which breaks Lorentz invari-
ance, and €313 = —1. The rotational invariant change of
variables (31) is then obtained when n, = (1,0.,0, O).4

The change of variables modifies the composition law
of the (P, Q) variables, which is additive, [P @ Q], =
P, + Q,, to a nonadditive composition law for the (p, q)
variables, (p @ ¢), such that

(r®q,=PDO],=P,+0,

L R

_ vy vy
(vE +oR) (v — %) ,
- #”ﬂ(l? “q) +%€W,mp”qpn .
(39)

If we take n, = (1,0,0,0) in the previous expression, then
we have

(o] +of)

[P ® qlo = po+ g0+ TEAKA
vk R
[P ® gl =pi+ 4 +M1p0%‘ +MIQOPi
(v§ — %)
42 : €ijkP 4k (40)

which is the result given in Eq. (32).

Let us consider now the Lorentz transformations. We
will simplify the notation of Secs. II A and II B and, instead
of using T%(p) or TH(gq) we will denote by (p’,q’) or
(P', Q') to the transformed momenta of (p, g) or (P, Q),
independently of whether the transformation is linear or not
(but remember that in the case of a nonlinear transforma-
tion, p’ and ¢’ depend on both p and ¢). We also introduce
the notation X u =NMA/X,, where the A} are the standard
Lorentz transformation matrices. Then we have

“When one has a formally covariant expression (it would be
really covariant if n were a vector transforming linearly under
Lorentz transformations instead of a fixed vector) with an
arbitrary fixed vector n, then the change of variables is covariant
under the subgroup of Lorentz transformations that leaves the
direction of n invariant.
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oL vk
Ph+ T [ p) = 1, (0] + T2 o a0
L
=Py = NP, = p+ 25 (3,0 B) = (5 - 3)
u" ut v M M H H
UL
+ Mzeﬂypai)vépﬁa‘ (41)

This relation is telling us that p’ is equal to p up to terms
proportional to (1/M)’; then we have to first order

7}L - ~ - ~ ~ o~
P = Byt 371, =n) - p) = (i, = m,) (P - 3)]
22 oD 7 (7 = ). (42)

If we consider an infinitesimal Lorentz transformation,
then

5(” =X, + a)"ﬁnWXﬂ, (43)

where @ = —@”* are the parameters of the infinitesimal

transformation, and one has

- vk vk
p;/4 = Pu + waﬁn/j |:A} (qﬂpa - WW(P ! q)) + Aje;wwppyqp] .

(44)
For the second variable ¢, similar arguments lead to

. vk vk
q;t = ‘1;4 + waﬁn/)’ |:M1 (pﬂqa - ’Yﬂa(P : q)) + Mzeﬂmquypp]
(45)

that, together with (44), gives the nonlinear Lorentz trans-
formation of the variables (p,q) at first order. When
n, = (1,0,0,0) one has

a)oﬂnﬂ =0, wiﬂnﬁ =o' = fi = _fz’a (46)

and the Lorentz transformation at first order (44), (45)
becomes

>This is just an obvious consequence of the fact that the
nonlinear Lorentz transformations of the new variables is due to
the change of variables.
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L L

Ph=po+ (B8 =3hao(p-8+2 (F A 3)-&,
oL R L -
Pi=pi+ posi= - (0P &) = (- 0)&) =2 (a0 (P A D)
—PO(ZI/\Z:)i)v
, O PPN PR
qo=qO+(q-§)—Mpo(q §)+M(C1Ap) &,
R . R
=q;+qo&i - A}( pi(q-&)—(p- q)é,)——(po(qAéf)
—g0(p A E)), (47)

which gives again Eq. (35).

This completes the discussion of a change of variables
from linear variables at first order in covariant notation. As
remarked, under the change of variables, the dispersion
relation of p and ¢ are the standard ones. If one wants to
consider a modified dispersion relation, then it is necessary
to introduce a change of basis

bs
n X2+ =n

I n,(n-X)* (48)

(where X stands for p or g), so that one has a first-order
dispersion relation

2 b +b 2[7
( 1 2) "2( . A) 3

A

and a new composition law at first order p @ ¢
from Eqgs. (18) and (48), that is,

that follows

P ®dl, =P, +5,(p+a),(n (p+7)
F (b af + n e ()R (50

vk —b, vR—b
M

(Ul + vf) +2b,

P4,

=Pyt gt

n,(p-q)
(vE =B oo
T CupaD U

(1)

If we choose n, = (1,0,0,0) in Egs. (49) and (51),
we get

PHYSICAL REVIEW D 94, 084008 (2016)

2(b1+b2) a2 n 2bs . 5
v Pho 7 (o)

. 22 2(by+by+b3)

P(z)—P +%(1’0)3

_2(by + by)

M

m? = p* +

2

IA)OI% s (52)

to be compared with the general expression Eq. (1), and

2(bi + by +bs)

[P@aqly = Po+aqo— i Po4o

+(U%+1}If)+2b2: >

M pP-q,
A vk =by . WR=b,,
p®ql,=pi+q;+ POQi+TroPi
(vk —0k) L
+%€ijkijkv (53)

to be compared with Eq. (2), so that, indeed, the golden
rules Eq. (4) are satisfied, and we reproduce the results
described in Sec. II A for a general first-order modification
of the dispersion relation and composition law compatible
with the relativity principle, with a linear implementation of
rotational symmetry.

D. Specific features at first order

Before embarking on the analysis of second-order
kinematics beyond SR, let us remark on some points that
are specific to first-order kinematics and that do not
necessarily extend trivially to second order.

(1) At first order, the modified composition law of an

arbitrary number of particles is obtained from the
MCL of two particles, whose generic form is given
by Eq. (2). This is a consequence of the natural
requirement that a MCL of N particles has to reduce
to the MCL of N — 1 particles if one of the momenta
is made zero, and the fact that at first order all the
nonlinear terms are quadratic in momenta. For
example, at second order a new term will appear
in the composition of three momenta proportional to
all three momenta which does not appear in the
composition law of two momenta. One can never-
theless restrict the study of a relativistic kinematics
to those cases in which the MCL for N momenta is
determined by the MCL of two momenta at order
higher than one. This is a simplification that allows
one to confine the change of variables to the two-
particle system, exactly as at first order. Since,
besides being simpler, it is an important case from
the point of view of the algebraic formalism (where
the main structure is the coproduct of the Hopf
algebra, equivalent to the composition law of two
momenta) and the geometric formalism (the com-
position law of two momenta defines the curvature
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(@)

3

)

of momentum space), we will stick to it in the
analysis of the kinematics at second order.

At first order, the MCL is associative. This can be
easily proved in the covariant notation introduced in
the previous section. Writing generically

L,
(P ®4), = Putau+ ;B Pugp  (54)

we have

I,
(p®q) @k, =(p®q),+k,+ MB/(PHI)J%

=p,t+q.tk
1
+ MB:p(pqu + pyk/) + %/k/))

=(P®q®h), =[P ®(q®k),
(55)

where the definition of (p @ g @ k) is a conse-
quence of the requirement mentioned in the previous
item, that is, (p ® ¢ ® k)|,_o = (p ® ¢) (and the
equivalent conditions when one makes zero p or g).
At higher orders, however, a generic MCL is not
associative.

Given a momentum k, a MCL defines its (left-

handed, IAcL, or right-handed, lAcR) antipode, such that
ky ®@k=k@®kp=0. At first order in 1/M,
IAcL = IAcR =k Working again in covariant notation:

~

. 1, X
(k@k),=0=k,=—k,+— B kk,=k®k),

M
(56)

At higher order, however, lAcL # IAcR in general.

At first order, the MCL defines the conservation law of
a process. For example, in the disintegration of a
particle of momentum k into two other particles,
of momenta p and ¢, A(k) - B(p) + C(q), two
possible conservation laws are k= p @ g and
k@ p®qg=0. If the variables of the modified
kinematics are obtained from a change of variables
of SR momenta, both conservation laws are relativis-
tically invariant: since the composition p @ ¢ = P +
Q transforms linearly, the first conservation law is the
equality between two four-vectors that transform
linearly, and since the compositionlAc SpPg=0=
—K + P+ Q also transforms linearly, the second
conservation law is the equality between a quantity
that transforms linearly and zero, which is a relativ-
istically invariant assertion. Both of the conservation
laws generalize the SR conservation law, that can be
writtenas K = P+ Qor—K + P + Q = 0, and it is
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immediate to see that both conservation laws are
equivalent at first order in 1/M:

k®p®g=kd(p®q) =0k=p®gq.
(57)

where we have used the associativity of the compo-
sition law and the definition of antipode. The two
conservation laws, however, are not equivalent beyond
first order in 1/M. In the present paper we will be
discussing the modified Lorentz transformations and
modified composition laws; we will not discuss which
is the most appropriate form of the conservation law,
which will certainly be associated with the dynamical
theory (probably a modified form of relativistic field
theory) behind the considered extension of SR. We just
note that the second form of the conservation law has
some inherent ambiguities which are absent in the first
conservation law: the definition of the antipode (which
can be “left” or “right”) and the choice of which
antipodes are present in the conservation law, those of
the momenta of the initial state, or those of the
momenta of the final state.

Equations (6) and (7) show that, at first order in
1/M, the coefficients of the composition law are
completely determined by the coefficients appearing
in the nonlinear Lorentz transformations. However,
this is no longer the case at second order. As we have
seen, the relations among the coefficients of the
modified dispersion relation, modified composition
law and modified Lorentz transformations can be
understood as a result of a change of variables and a
change of basis from momentum variables trans-
forming linearly. In the case of a modified kinemat-
ics at first order, there are four parameters in a
general change of variables and three parameters in a
general change of basis [see Egs. (31) and (15),
respectively]. The three coefficients of the modified
Lorentz transformation in the one-particle system,
the 4;, are exclusively determined by the coefficients
of the change of basis, Eq. (23), and the four
coefficients of the modified Lorentz transformation
in the two-particle system, the #;, are completely
determined by the coefficients of the change of
variables, Eq. (35). Since the change of variables and
the change of basis modify the composition law, it
seems natural that the coefficients of the composi-
tion law be determined by the coefficients of the
nonlinear Lorentz transformations. However, there is
a subtlety here. As we will see in the next section, at
order higher than one there exist nonlinear compo-
sition laws that are compatible with linear Lorentz
transformations. This will represent a new ingredient
which is absent at first order; we will examine it
carefully in Sec. III C.
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III. BEYOND SR AT SECOND ORDER

According to what we learned in the last section, we will
generate modified kinematics at second order through a
change of variables from momenta transforming linearly. A
general kinematics can then be completed by considering a
change of basis; we will however make emphasis on the
change of variables over the change of basis because we
want to compare the results obtained here with those
appeared in the literature of Hopf algebras, where the
basis is a matter of choice. In other words, and using the
|

L
1

[4*(n- p)* -

L
pr=p2 4 0
M

_|_

RUR
e L[p*(n-q)?
R,,R

vl
vy v
M?
+

0 = -2(p-q)(n

+ 22 02?2 +2(p - q)(n- p)(n-q)

M?

[p @*n* +2(p-q)(n-p)(n-q)

p)(n-q)+
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algebraic language, we will be working in the classical
basis, where the one-particle momenta transform linearly.

A. Change of variables up to second order

As in Sec. II C, we need the most general expression of a
change of variables at second order (P, Q) — (p, ¢q) that is
consistent with p?> = P2, ¢> = Q%. To this purpose, we
start by considering the terms proportional to (1/M)? that
are obtained when one applies the first order change of
variables Eq. (38) to p?, ¢*:

2(p-q)(n-p)(n-q)+ (p-q)*n’

—p*(n-q)* —¢*(n-p)* = (p-q)*n*,

(p-q)*n?]

-p*(n-q)* = ¢*(n-p)*—(p-q)*n’]. (58)

In order to have p? = P? to second order, we need to consider a change of variables of the form

L L
Pﬂ = Pu +Ml [qﬂ(n : p) - nﬂ(p ’ Q)] +Uﬁ2eﬂy/mpyq/)no—
svj 2 >
2M2 [Pug?n* +2n,(p - q)(n-q) = pu(n-q)* -
L L
+W[pﬂ(n-p)—nﬂp2]( )+—[qﬂ(n p)—
L L

+ W (Vl ' p)eﬂvpo—pyqpng + MZ

(I’l ’ Q)eﬂvpapyqpng-

For the second variable Q we have

/UR UR
Qﬂ =4y + Ml [pﬂ(n : Q) - nﬂ(p : q)} + Mzeuupaqyppno— -

R, R
L)

2M?
o ) R
a2 (- a) = mq](n-p) +
vR vk
M62 (- @)€upsq” p'n° +W

lq,p*n*+2n,(p-q)(n- p) —q,(n-p)?

+

+ (n- P)euwpsq” P’n°.

There are, therefore, a total of 14 parameters
(vl vk oR L oE) for a generic change of variables
at second order. To find the composition law for the
variables (p, g) we have to apply the previous change of
variables to the composition law of the momentum vari-
ables (P, Q) which transform linearly. But at second order

there is a nonlinear composition law compatible with a

v
~ o [n,q*(n - p)

v
L - g)

—n,p*(n-q)

M“Q [Pu(n-q) =n,(p-q)l(n

=2n,(p - q)(n-q) + q,(p - q)n*]

2(n-p)—q,(p-q)n’]

n(p - q))(n

oL

'p>+M2

(qu(n-p)=n,(p-q)l(n-q)

(59)

—2n,(p-q)(n-p)+pu(p-qn?]

— pu(p - q)n’]

R

+q) + 375 [Puln - @) = mu(p - @)l(n - p)

(60)

[
linear Lorentz transformation (recall the comment in the
last point of Sec. IID):

[P@Q]}¢:PF+Q# M2 qu M2QHP2

+5P(P-Q) 4250, (P- Q). (61)
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It is easy to see that this composition law is invariant under
the standard Lorentz transformation, X . = N;X,, since the
(1/M?) terms are covariant; we will call it a covariant
composition law (the existence of covariant composition
laws at second order was also noted in Ref. [26]). A generic
|

PHYSICAL REVIEW D 94, 084008 (2016)

nonlinear composition law and Lorentz transformation in
the two-particle system will then be obtained by applying
the change of variables (59)—(60) to the generic covariant
composition law (61). For the new composition law, one
obtains

’U{J 'UI]e (1}12‘—115) v c
[P ®daly = Pyt au+ 5 1au(n-p) = mu(p- @)} + 5 [Pu(n - @) = my(p - @) + = = €upop*a’n
C Cy C3 Cy
+Wpﬂq2+ﬁqﬂp2+ﬁpﬂ(p-q)+Wqﬂ(p-q)
”f”f 2 URUIIe 2 2
Ve > g*(n-p)=2n,(p-q)(n-q) +q,(p-q)n*] - A [n,p*(n-q)=2n,(p-q)(n-p)+p,p-q)n
U%”L 2.2 2 2 2
o [Puq’n” +2n,(p-q)(n-q) = pu(n-q)* —n,q°(n-p)—q,(p-qn’
05”2 2.2 2 2 2
o lg,p°n” +2n,(p-q)(n-p)—q,(n-p)—n,p>(n-q)—p,(p-q)n]

”L R

+ 3z Pu(n e p) = mup?l(n - q) +%[qﬂ(n ~q) =n,q*|(n- p)

8 gy 2) = mp- @)1 p) + 2 [0 4) = ny (0 - (- g)

+ML2[61,4(n p)=n(p-q)l(n-q) +AU;2 [pu(n-q) =n,(p-q)(n-p)

+(véﬁ%§)(n P)€upsP" 4" 1° +%(H-Q)€Maﬂq”n” (62)

We see that a generic composition law generated by a change of variables at second order has coefficients that depend on
16 parameters: the four parameters of the original covariant composition law, Eq. (61), and 12 combinations of the
14 parameters of the change of variables (59)-(60). In the interesting particular case of rotational invariance, we take

n, = (1,0,0,0) in Eq. (62) and we find

_ (of +08) . -, (2c; —ovfof —20%) (2¢; = vfof = 20%)
[P ®dlo=potgqo+-———P 4+ e Pod* + e qop*
2c3 + vRoR — R0k — 20k — 208 2c4 + vhok — vhol = 20L — 208
(2¢3 Ml 4 5)po(p‘q)+( 4 oAl 5 4)q0(p'q)
2M 2M
(V808 + 205 + 20% +208) (V505 + 208 + 205 +208)
2M2 Po4o 2M2 Podp
vk vk (vl — k) (2¢; = vhoh) (2¢, — vR0K)
i =Pitqi+—Poqi oPi T €ijlPj9k T =5 Di —
[P @ 4qli = pi+ qi 5 Podi 4 dopi + - € g + 2M22pq2+ 2M22qp2
(2¢c3 — vRoR 4 oR0k) (2¢c4 — viok 4+ vEoh) (VB8 + 20k)
+ LR pp-g) + L2 204i(p @) s P
2M 2M 2M
(v5 05 + 20%) (v + 0f) (vf +2%) ()
Tpqu+T i 0‘10+TC]5P0‘IO+TP0€i_;kPij
(4~ 18)
+ 7M qOGt/kp/ka (63)
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where we can identify as in the first order case the following adimensional coefficients:
B =0, By = vk + ok, 2p3 = 2¢; — vhot — 208,
204 = 2¢y — vROR = 204, 2fs = 2c5 + vRof — R0k — 204 — 208,

2B = 2c4 + vivh — vhvE — 20k — 208,

2p; = vRo¥ + 205 + 20 + 205, 2P = vivE + 208 + 20k + 208, y1 = vk,
V2 = Uf, 73 :vé—vg, 2ys = 2¢y —vév%,
2ys = 2¢, — v5UR, 2y = 2c3 — vRoR + v50E, 2y7 = 2¢4 — 0k + 050k,
2yg = v§ok + 20%, 2y = vivk + 208, Y10 = v + vk,
v = v§ + ok, Y12 = vk — ok, vi3 = vk — vk (64)

These relations constitute the generalization to second order of Eq. (33). As in the first-order case, in the classical basis (that
is, when the dispersion relation and Lorentz transformations in the one-particle system are those of SR) the golden rules are
a set of relations among the coefficients of the composition law. From Eq. (64), we find that the first-order rules given in
Eq. (34) are generalized to second order to

Pr=PF—-ri—-r.=0,

2
4
B3 +/36—74—Y7+79+7/11—3]:0,
73
ﬂ4+ﬂ5—75—76+78+710—5=0,
Br=r8—Yiwo=Ps—ro—rn=0. (65)

In the case of a modified Lorentz transformation in the two-particle system, (p,q) — (p’,q’), one can follow the
steps that led to Egs. (44) and (45) in Sec. IIC; in this case, one gets the following expression for the transformed
momentum p’:

vk vk vk
p//4 = 13/1 + waﬂnﬂ [Mlpaqy - er]aﬂ(p : (’I) - Mzeaﬂvppyqp
L R ’ULT)R UL’UL
+w"/’nﬂ{ e " (Gapu - mw(p-q))( -p) - Mf €qupPq" (n - p) — 1{421 Patu(n - q)
LUL L R
+ 1142 CavpoduP 4" 1" (paq qa(p - 9))n, + le (gaP® = Pa(p - @)1y,
é L , é R vhvk 2
= Cawpd " (P @)+ 5 Caupp 1 (P 4) + = 5 [46(Pu(n - @) = ¢u(n - p)) = gu((n - q)(p - q) = (n- p)q)]
_vpof 2, VIS
A [Palqu(n-p) = pu(n-q)) = na((n-p)(p-q)—(n-q)p°)] +anpﬂ(n “q)
L, L L, L L, L L, L L
—W(mnﬂ + Nu(n - )G + (vroy :/[22”2 ) (gury + Ne(n- ) (P - q)
vy vy vy v
+W(qa(n-p)+pa(n-Q))pﬂ—M2 (qalty + Nau(n - q)) P* +M2 2paqu(n-p) — Y2 (Palty + Na(n - p))(P - q)
vk vk vk
+M2 (Qa(n p) + pa(n Q))QM +—5 Mz [pa €upe D q/)n ~ €qupl q/)(n p)] +—3 M2 [th €uvpe P q/)n - ea;wpp q (l’l Q)]

(66)

The Lorentz transformation for the second momentum variable (¢’) is obtained from the expression for p’ by the
interchanges p < ¢, v} < vk,
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- vk o vk
q;l =4y + a)aﬂn/i |:Ml 9alPu — Mlﬂ(lﬂ(p : q) - Mze(my/)qypp
URUL vRyR
+ w“”nﬁ[ L (Padu = NP~ 9))(n - q) — Caupd P’ (n-4) == “qapu(n - p)
vRvk vRoR vRok
top CapoPud PN+ 5 (4aP® = Pa(p - @)1y +——- M2 L (pad® — 44(p - )1,
utof ot ok
M2 ea/uzpp n (p Q) +—=> M2 ea;wpq n (p : Q> T M2 [pa(qM(n p) pﬂ(n ' Q>) _”aﬂ((n ’ p)(p : q)
vi s

—(n-q)p?)]
e l4a(Pu(n-q) —q,(n-p)) —=na,((n-q)(p-q)— (n-p)g*)] +U[2W—Ufpaqy(n p)
_(”1”1 _”2U2)(

R, R _ . R,R _ ,R
M2 9oy + now(n Q))p + (Ul al 11;1221}2 1)5) (pan + nay(n : p))(p ’ CI)
o o of
+W (Paln - q) + qo(n - P))dy =3 55 (Paty + e (1 - )’ + 2qapu(n q) - (qan +Nau(n-q))(P - q)
vf vk R
+W (pa(n Q) + Q(l(n p))pﬂ += M2 [Qa €uvpeq ppn g

— €oquvpqd pp(n ' q)] + ﬁé [paeﬂlzpaqvppna - €a/wpqvpp(n ' p)] .

(67)
We see that the coefficients of the modified Lorentz transformations depend on the 14 parameters (v; o), i =1, .

.,
appearing in the change of variables, and not on the 4 parameters c; of the covariant composition law, so that, as we stated in
the last point of Sec. II D, at second order the modified Lorentz transformations do not determine a generic nonlinear
composition law.

If we choose again n, = (1,0,0,0) in Egs. (66) and (67) we get

L

L L,L_ L L.L | L. L
/ Lop vEo g b o vpvE —vheh = 2up VUL 0305 o 2
f— . —_— . i /\ . . - = = .
Py=PotP-E=7rd0(p &)+ (P AG) & e %P &)+ =5 a(P¢)
L.R_ L L. R_ L _ L
VYV — V3 op - 2y, VTV — V3 — U4 = vioR 0k
_l’_i . PR . PR S S
P (-8 + e Podo(P - &) — e (P28
vivk + ok | L

T 1 ) 5 N )
o (P-9)(G-9) +%po(p A q)§+%qo(p A §)E,

(68)
vk L = vk LR — L — oL
Pi=pi+ po&i— Ml 9:(p- &)+ (p-q)é&] - e (%%kpjfk Po€ijid ) + %Pé%ff
viol — vkl — 20L — bR — LR 4t —vbol +20Lpk 4L
o Pt (B Dpodi + — (B )4
vEvoR 4+ ok | vlol =30kl | vhpR — 2L o= bR 4oL I
: 12‘42 2 P2 qoéi +— 12M2 2 2p0q2§i+%poqi(p‘é) —%piqo(p-é)
vhpl — L 20kt L oo vkoR =k S 1 )1 7 4 >
+ e podi(@ £) - 2 Piao(d@- &) + == popi(q - &) + = 5> q0ai(P - €)
vkok - vkoR 4ok vk - vk
e 22 q:(p N q)E+ Lzﬁpgeijk%fk ——62 (P - &)eijkpjqr + —72P0610€ijkqj‘§k
M M M
vk - vk vEoR + v Ly Rk
- ﬁl(q : f)eijkPjCIk - VZQ(Z)Gijkpjé:k - #Po%%kpjfk (P Q) ukquk M2 (P q)e ljkpjglw
(69)
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q = QO+3'E_%P0@'E) +vﬁ2@ AP)EH 207 2 p‘%(q'EHWV@E)
B B FaA L e e AN I ekl A BT
I (B - g @+ L 8 (70
q; = qi + qo&; — g PG &)+ (p-q)&] - AU/I—% (Po€ijid;ér — qo€iwp i) + MM 95Poti
N vRoR —211;{[1;2 208 GopRé + —vloR A/iljg vk +of (- 3)q08: + —vfof +A247;2 v§ +of (B 3)po&;
+ %qz ofi + 1)1 v12M32112 v2 qoP*&i + W%Pi@ ) E) - W%Po(a ) E)
”5”]5:4_ vs qopi(p - &) — 2’;‘2’R qipo(p - &) + U‘LUZI‘:/[; % q0q:(p - &) + %popi(fl )
+ 1);1;1? pi(p A ZI)E + %Jqoe,jkpjék + MR2 (q- Zf)%kl’ﬂk + ;%PO(IOQRP/&
+ ;—i (B - E)esipai - ;—ipﬁeijkqjék %ipoqoeukq,ék + ;R (P @)eipep i = ;/IUR (P @)eieajéi (71)

These are the expressions that generalize Eq. (47) to order
(1/M)?: they are nonlinear modifications of the Lorentz
transformations to second order in the two-particle system
that make p? and ¢? invariant, and their coefficients depend
on 14 parameters that can be identified as the parameters of
a generic change of variables in the two-particle system.
As remarked before, they can be extended by a change of
basis to make modified second-order dispersion relations
invariant. The calculations including a change of basis are
rather involved, but in the following subsection we will
consider an important case for which they are greatly
simplified. It is the case in which the corrections to SR start
directly at second order.

B. Change of variables and change of basis
starting at second order

As we saw in the Introduction, a few phenomenological
indications seem to suggest that the possible corrections in
a modified kinematics should start at second order. In
fact there exist also some theoretical arguments favoring
second-order over first-order corrections, such as thought
experiments involving the Heisenberg microscope or black
holes, which conclude quite generally that quantum gravity
generates G « m;2 corrections to, for example, the stan-
dard Heisenberg uncertainty principle [27,28], or the fact
that, from the point of view of effective field theories, and
in the context of supersymmetry, d = 6 Lorentz-violating
operators (corresponding to M~2 corrections) are able to
suppress unwanted Lorentz violations at low energies
which are generated through radiative corrections, while

|
they are however unavoidable if d = 5 Lorentz-violating
operators (M~! corrections to SR) are present [29-31].
In this subsection, then, we consider the relevant case in
which there are no first-order corrections to SR, and we will
study the most general modification of SR at second order in
the same way as we did in Sec. II C for the first-order case.
The expressions corresponding to the modified Lorentz
transformation and composition law in the case of a change
of variables are obtained easily from Egs. (66), (67), (62) by
making vf, vf, v%, 0§ equal to zero.
If corrections to SR start at second order it is straightfor-
ward to make a change of basis at second order

bs

by ) N N N
X, =X, +M n,X*(n - X)"'qu(”'x)z
by N
+Wnﬂ(n-x)3, (72)
leading to a dispersion relation
y  2(bgy+bs) . 2b R
wt = pt = 4 2t b v b2y +22 (e p)
(73)

m? = p3 - (74)
which is the modified dispersion relation that generalizes
Eq. (1) to the case of corrections to SR starting at second
order, and where
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(13 = 2(b4 + b5 + b(,), a, = —2(b4 + b5) (75)

The change of basis modifies the composition law so that
the second-order coefficients in Egs. (64) become
ﬂ3:C1—7)R—b4, ﬁ4:cz—v§—b4,

Ps =c3— v4 - 1)5 2b,,

ﬂ6 = Cyq — 1)5 - ’U4 2b4,

pr = vh + vf + 08 = 3bs — 3by,

Py = v8 + vk + 08 — 3bs5 — 3by,

Y4 = Cy, Vs = C2, Y6 = €3,

Y7 = Cas vs = v§ — bs, r9 = v§ —bs,

}/10:U§'+7J§—2b5, }/11 :U§+1}§‘—2b5,

Y12 = Ué - 05, Y13 = U% - U§~ (76)

From these expressions we can get the golden rules (the
relations between the coefficients of the modified
dispersion relation and the modified composition law) at
second order:

Pst+PBs—va—vitrotrini=Ps+Ps—vs—vstrs+vrio
3

= —a4’
2

3
ﬂ7_78_710:ﬁ8_79_711:_§(a3 +ay). (77)

C. Generalized kinematics and the choice
of momentum variables

In the previous subsections we have used the change of
variables as a mathematical tool to identify the nonlinear
Lorentz transformations to second order in (1/M) that leave
invariant the set of dispersion relations in the two-particle
system. As we commented in the Introduction, there has been
a debate in the literature about the physical meaning of the
choice of momentum variables in extensions of SR. In the
absence of a dynamical theory, it is difficult to give a definite
answer on this question, although, as we also explained
above, from the algebraic or geometric points of view a
change of variables is qualitatively different from a change of
basis, which in those contexts is mathematically irrelevant.

Nevertheless one could ask whether every generalized
relativistic kinematics can be seen as a consequence of a
change in the (possibly nontrivial, or physically inequiva-
lent) assignation of momentum variables over the kinemat-
ics of SR. In Sec. II we showed that this was indeed the case
at first order. We will see now that this is not completely so
in the case of the generalized kinematics at second order.

As we have seen, at second order the nonlinearity of the
Lorentz transformations and the correspondent nonlinearity
in the composition law (the terms proportional to the
parameters of the change of variables v, vF) is due to a
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choice of momentum variables. We had, however, another
relevant ingredient in this case: the covariant composition
law (61). We will see now that it is not possible to generate
an arbitrary covariant composition law by a change of
variables and a change of basis.

Let us start with a linear (additive) composition law in
the variables {P,Q}, and make from here a covariant
change of basis

- R b 4,
Pﬂ_Pﬂ(l—’_ﬁP) (78)
that leaves invariant the dispersion relation because P is an

invariant constant. Following the procedure indicated by
Eq. (18) we obtain

I b -
P@®Q), =P, +0,- PﬂQ e QMPZ
2b -~ 2b ~ o~ o~
M2 y(P Q) zQy(P' Q) (79)

Now we make a change of variables that does not mix
momenta in the dispersion relation:

L

P P +W(QFP2_PM(P'Q))’

0, =0,+ (PQ Qu(P-Q)). (80)

In this way we finally obtain a covariant composition law of
the form

R_p
[PGBQ]”:PH+Q”+7PﬂQ2+
+2b R+2b
S p0)- "0, 0)
(81)

If we compare Eq. (81) with Eq. (61), we see that there are
four parameters in Eq. (61), while the composition law (81)
contains only three. This means that we cannot obtain the
most general covariant composition law through a change
of variables and a change of basis.

To sum up, we see that 17 out of the 18 parameters
(vE, vk, ¢;) correspond to a choice of momentum variables,
leaving out a combination of the c; that do not correspond to a
change of variables or a change of basis. Independently of the
physical meaning of a change of variables, this result shows
that not every generalization of the relativistic kinematics of
SR can be reduced to a choice of momentum variables.

IV. RELATION WITH THE FORMALISM
OF HOPF ALGEBRAS

Having obtained the expressions for a generic modified
kinematics up to second order in a power expansion of
(1/M), we will compare our results with the most studied
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extension of the Poincaré algebra, which is the Hopf
algebra of x-Poincaré. This is a single-parameter [k, our
(1/M)] deformation of the commutation relations of the
(Py, P;, J;, N;) generators of the Poincaré algebra, which has
a structure of co-algebra, and has therefore a coproduct
operation that can be put in correspondence with the
composition law or the deformed boosts of DSR in the
appropriate basis of the algebra [21]. Since our expressions of
Sec. III correspond to an extension of SR for which the
dispersion relations are those of SR, we will compare them
with x-Poincaré in the classical basis. One can read from
Ref. [32] the coproduct of boosts and momenta in this basis:

Py, P} P
AN)=N QT+ (1-24L 4+
(Ni) =N; ® +< VRETTAETYE
1 P
®Ni_M€ijkPj<]] —A;) ®Jk’ (82)
Py, P P
A(Py) =P T+24+ 0
(Po) 0®<+M+2M2 2M?
Py P} P
-4 -0 4 -
+< M 22 o

1 P,
®PO+MPm<ﬂ_M>®va (83)

From the form of these expressions it is evident that
[A(N;).C®1]=[A(N;),1®C] =0, since C, the Casimir
of the algebra, commutes with all of the (P, P;,J;, N;)
generators. This means that the Casimir of the algebra is
trivially extended to the tensor product of the algebras, or,
equivalently, as was described in Sec. II A, that the dispersion
relation of every particle in the two-particle system is a
function of the momentum of that particle.

To match these algebraic expressions with the kinemati-
cal language we have used in this paper, let us consider that
the generators of the Poincaré algebra are operators acting
on the basis of the momentum operator, P,|p) = p,|p).
The generators of boosts N; satisfy

) = (1 —ig;N; + O(&))lp) (85)

where |p’) = |p)’ is the transformed state from |p) with a
boost. From the previous equation, and working up to order

0(&),
—i&;[N;, P,]|p) = —i&;(N;P, - P,N,)|p)
= pu(IP") = |P)) = PulP) + Pulp)
=(p=0)p")=p-0r)lp) +0(&).
(86)
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From here we get

where [f;(p)], are the eigenvalues of [N}, P,], which is a
function of the P, that is,

fiP)lp) =IN; Pllp) = [f(P)lIp).  (88)

The previous relations can be generalized to the two-
particle system. In this case, we define

(P ® )| q') = pulps 4,
(T P,)IP:d) =alp'd), (89)
and the generators of coboosts, A(N;), satisfy
P'3d') = (V= i&AN;)) + OE))lpsa).  (90)
Then, Eq. (87) is generalized to

Pl = pu + & (9. @),
dy = q, + &P (p.q)],e (91)

where [f(il)(p, q)], and [fg-z)(p, q)), are the eigenvalues of
[A(N;).P, ® 1] and [A(N;),1 ® P,], respectively:

[AN). P, ® 1Ipiq) = I\ (p. @) p: a).
[A(N,). 1 ® P,lIpiq) = [ (p. @), Ip: q)- (92)

Finally, the coproduct A(P,) acts in the momentum space
of the two-particle system, such that

A(P,)

p:q) = (p®q),lp:q). (93)

Let us now make explicitly the correspondence between
our framework and that of x-Poincaré. From Eq. (93) and
Egs. (83) and (84), the composition law that corresponds to
k-Poincaré in the classical basis is

Pq. p _
(P@Q)02P0+40+7+2—A;2(Q%—q2)
490 > Po - -
o (PP =1 a (P 4).
qoDi Pi -
(P®a)i=pitat, 2@ = 7). (94)

On the other hand, from the coproduct of the boost, Eq. (82),
and using Egs. (91) and (92), together with the standard
commutation relations [N;,Py|=—iP;, [N;,P;,]=i5;P,
[J;, P;] = ie;xP,, (remember that we are working in the

classical basis), we get
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Po=po+Dh-&  pi=pi+poki
616=610+21.E<1—%+2p—152+2’3—]‘;>,
q§:4i+qo€i<1—%+%+%>

+ (7 *)5,(M—%)+a-é(—%+’};’§") 95)

Comparing Eq. (94) with Eq. (63), and Eq. (95) with
Egs. (68)-(71), we see that our framework reproduces
k-Poincaré in the classical basis with

1
Cl - C3 - 2 ’
and with the rest of the parameters equal to zero. As expected,
k-Poincaré is a particular case of our general framework
that includes relativistic kinematics beyond SR at first and

second order in the power expansion of x (1/M).

R =1,

V. CONCLUSIONS

In this paper we have shown how to obtain second-order
(in an expansion on the inverse of a high energy scale M)
relativistic kinematics beyond SR. We have been able to give
a systematic procedure by using a mathematical trick: a
change of variables from momentum variables that transform
linearly in the two-particle momentum space and a change of
basis in the one-particle momentum space. In fact we showed
in Sec. II that this procedure produces the most general
relativistic kinematics at first order; it allows one to arrive at
the same results that were derived in Ref. [16] by imposing
the relativity principle, and gives a simple interpretation of
the mathematical relations that the relativity principle
imposes on the coefficients of the modified dispersion
relation, the modified composition law, and the modified
Lorentz transformations: all of these coefficients are expres-
sions that involve the same parameters appearing in the
change of variables and the change of basis.

We have also related different approaches to extensions
of SR: the algebraic, the geometric, and the DSR perspec-
tives. In doing so, we have made a distinction between
two types of relativistic kinematics beyond SR: those which
come from a change of variables, and those which are
derived by a simple change of basis. This distinction may
be of help for trying to answer the nonresolved question on
the meaning of the choice of momentum variables and the
physical inequivalence between SR and these extensions.
For example, from the algebraic and the geometric points
of view, a change of basis represents just a choice of
coordinates in the algebra or in the geometry of the
momentum space, and has therefore no physical meaning.
In fact, in Ref. [21] it was suggested that the structure of
space-time could be the common ingredient to different
bases in the context of x-Poincaré; although the coproduct
is different for every basis, when one introduces space-time
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in a certain way (through a pairing compatible with the
coproduct, see Ref. [21]), one arrives to a noncommutative
(k-Minkowski) space-time that has the same algebra
independently of the basis. A generalization of this result
to generic second-order relativistic kinematics, including
alternative ways of introducing the space-time, will be
presented elsewhere [33].

The mathematical procedure discussed above has allowed
us to construct relativistic kinematics at second order,
generalizing the formulas of modified composition laws
and modified Lorentz transformations that were obtained at
first order in Ref. [16] to much more involved expressions at
second order. Another important point was the introduction
of covariant notation, which also helped to simplify calcu-
lations. What is more, formulas in covariant notation are
valid without the simplification of rotational invariance.

Another key ingredient was the existence of covariant
composition laws, which are absent at first order. Assuming
a rotationally invariant kinematics, we have seen that up to
second order in the classical basis there are 18 parameters,
and 17 of them correspond to a choice of momentum
variables. There is a linear combination of the parameters of
the covariant composition law that cannot be reproduced by
a change of variables from the standard variables of SR. We
also saw in Sec. IV that our model contains the much
studied x-Poincaré, which in the classical basis and up to
second order, can be reproduced with three parameters
different from zero. In this case however the model up to
second order can be seen as a choice of momentum
variables, since it is possible to reproduce the covariant
terms in x-Poincaré by a covariant change of variables,
Eq. (81), with b = v = —oR/2 = —1/6.

The existence of covariant composition laws is therefore
related with the problem of the choice of momentum
variables, and makes the situation of relativistic kinematics
at first and second order very different. In the extreme case
of complete arbitrariness in the choice of momentum
variables, it suggests that the first nontriviality of nonlinear
extensions of SR appears at second order only. It is
tempting to try to relate this idea with the apparent lack
of phenomenological effects of quantum gravity at first
order in the Planck mass as mentioned in the Introduction;
however it is clear that one needs a dynamical frame
(a quantum field theory based on these kinematic exten-
sions of SR) in order to reveal the physical content of the
momentum variables and go from these speculative ideas to
specific phenomenological predictions. This has to be the
subject of future work.
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