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Doubly Special Relativity (DSR) theories consider (quantum-gravity motivated) deformations of
the symmetries of special relativity compatible with a relativity principle. The existence of time
delays for massless particles, one of their proposed phenomenological consequences, is a delicate
question, since, contrary to what happens with Lorentz Invariance Violation (LIV) scenarios, they
are not simply determined by the modification in the particle dispersion relation. While some studies
of DSR assert the existence of photon time delays, in this paper we generalize a recently proposed
model for time delay studies in DSR and show that the existence of photon time delays does not
necessarily follow from a DSR scenario, determining in which cases this is so. Moreover, we clarify
long-standing questions about the arbitrariness in the choice of the energy-momentum labels and
the independence of the time delay on this choice, as well as on the consistency of its calculation
with the relative locality paradigm of DSR theories. Finally, we show that the result for time delays
is reproduced in models that consider propagation in a noncommutative spacetime.

I. INTRODUCTION

A quantum gravity theory (QGT) has been pursued during the last decades. This theory would reconcile Quantum
Field Theory (QFT) and General Relativity (GR), and should be able to describe particles with extremely-high
energies, indispensable for studying the first instants of the universe.

Several attempts have been presented in order to avoid the inconsistencies between QFT and GR, such as string
theory [TH3], loop quantum gravity [4, [5], causal dynamical triangulations [6], or causal set theory [7H9]. In most
of these theories, a minimum length appears [I0HI2], which is normally associated with the Planck length ¢p ~
1.6 x 10723 cm, and, therefore, there is associated a high-energy scale. Unfortunately, the aforementioned theories are
not yet fully satisfactory in the sense that they still do not have well defined testable predictions, which might serve
us as a guidance in building a definitive theory of quantum gravity.

Another way of thinking arose not long ago: instead of a fundamental QGT, one can consider a bottom-up approach
in which residual effects of such a theory can be described. This opens up the possibility of testing phenomenological
effects without an ultimate theory of quantum gravity (see [I3] for a recent review). In particular, one way of effectively
describing these possible effects is to consider a modification of the kinematics of Special Relativity (SR). A crucial
ingredient in this approach is the fate of the relativistic principle that characterizes SR, or in other words, of the
Lorentz invariance of the theory. In particular, its breaking for high energies leads to Lorentz Invariance Violation
(LIV) scenarios [14, [I5], in which there is a privileged observer. The main modification of the kinematics of SR is a
modified dispersion relation, where usually new terms, proportional to the energy divided by the high-energy scale A
describing the SR deviation, are added to the expression of SR.

On the other hand, in Doubly/Deformed Special Relativity (DSR) theories [I6] the Lorentz symmetry is not
violated, but deformed. In these scenarios, in addition to a deformation of the dispersion relation, there is a deformed
(nonadditive) composition law for the momenta and, in order to save a relativity principle, some deformed Lorentz
transformations for the one- and multi-particle systems. These relativistic deformed kinematics are usually constructed
within the approach of Hopf algebras [17], being x-Poincaré kinematics [I8H21] the most studied example in this context
(see however [22] for a geometrical interpretation of these kinematics). There are different bases of k-Poincaré, i.e.,
different representations of the algebraic structure (see [23] for some of them). It is important to note that the
deformed Casimir depends on the chosen basis. For example, in the so-called “classical basis” of k-Poincaré [24], it is
the same as in SR. However, the composition of momenta is always deformed in these kinematics, independently of
the basis.
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Owing to the differences between LIV and DSR scenarios regarding Lorentz invariance, their phenomenological
implications are rather different. While forbidden processes in SR are also not allowed in DSR (due to the relativistic
principle present in this kind of theories), they can occur in a LIV scenario above some threshold energy [25] [26].
Also, the threshold for allowed reactions are different. In LIV, the modification is of the order of E3/(m?A), where E
is one of the energies involved in the process in our (Earth-based) laboratory frame, and m is a mass that controls the
corresponding threshold in SR. However, in DSR, due to cancellations of effects of the deformed dispersion relation
and momentum composition law, these modifications are of the order of E/A, so that they are only relevant when
the energy of the particles are of the order of the high-energy scale [27H30].

Moreover, in both scenarios, the possible existence of a time delay of photons has been proposed as an observable
effect of a modification of special relativistic kinematics: due to an energy dependent velocity for massless particles,
photons with different energies emitted simultaneously by a distant local source could be detected at different times.
There is a clear consensus within the LIV community concluding that there is a time delay in this scenario [3TH33].
Accordingly, the analysis of signals from different astrophysical sources (active galactic nuclei [34] [35], gamma ray
burst [36], B7], and pulsars [38H40]) have been used to put limits on, and in the case of some analyses [41}, [42] identify
hints of, an energy dependence of the velocity of propagation of photons due to a violation of Lorentz invariance
(see [I3] for a more detailed discussion).

However, it is an open question whether one would expect time delays in the DSR framework. While there are
several papers [43H46] affirming the existence of such an effect, some works point to the opposite [29, [47H49]. The
reason behind the different contradictory answers to this question is the fact that the deformed implementation of the
Poincaré transformations, in particular the translations between different frames, adds a new ingredient together with
the velocity of propagation of photons in the discussion on time delays. This was considered in [43], where, besides a
deformed dispersion relation, a noncommutativity of spacetime was present. A noncommutative spacetime was also
the main ingredient in the analysis made in Ref. [47].

In a recent work [50], a systematic way for the study of time delays in DSR, based on postulating a representation
of a deformed Poincaré algebra in canonical phase-space variables, was considered. Our aim in the present paper is
to generalize this analysis to show that there is no contradiction between the different previous works claiming the
presence or absence of time delays. In fact, both possibilities correspond to different cases of DSR, i.e., different bases
of k-Poincaré describe different physics. Moreover, we interpret different choices of energy-momentum labels as the
result of canonical transformations. The identification of energy and momentum with the generators of translations
has been a source of confusion in the literature [23] [51]. We will explicitly check that the expression of time delays is
indeed independent of energy-momentum labels if they are identified with the momentum coordinates of the canonical
phase space. This will allow us to single out specific choices for these labels in DSR theories. We will see that the
choice of phase-space variables is also behind a non-conventional implementation of translations in the system of one
particle. In contrast to what is commonly assumed, such nonstandard translations in the one-particle system are not
a consequence of the relative locality paradigm of DSR, and in fact can be removed by an appropriate choice of the
phase-space coordinates. We will show, however, that the analysis of time delays presented in the paper is consistent
with the DSR formulation of the relative locality of interactions.

The paper is organized as follows. In Sec. [[I, we introduce the ingredients we will use in the computation of time
delays: the most generic first-order deformation of the representation of translations and boosts in a canonical phase
space, and the corresponding deformed dispersion relation. The parameter of the deformation will be identified with
the inverse of a high-energy scale which characterizes the effects of new physics. We analyze in detail the computation
of time delays in Sec. [[II} including a discussion of the choice of the energy-momentum variables. In Sec. [[V] we
see that the same expression for time delays is obtained if instead of considering a commutative spacetime we use a
noncommutative one, as it is done in some approaches of DSR. In Sec. [V] we study the consistency of the previous
discussion of time delays with the main ingredients of DSR theories, a modified composition law and the relative
locality of interactions. Finally, we end with the conclusions in Sec. [V]]

II. RELATIVISTIC DEFORMED SYMMETRY

From an algebraic point of view, DSR introduces a deformed Poincaré algebra characterized by a parameter in terms
of which one can consider a power expansion of the deformation. Its inverse, which we will call A, has dimensions of
energy, and we will associate it to a high-energy scale of new physics.

Let us consider the most general first-order deformation of the Poincaré transformations acting on the canonical
phase space of one particle. These will be the ingredients that will enter the calculation of time delays that we will carry
out in the following section. We denote by E, P, N the generators of translations and boosts in a 1 + 1 dimensional



spacetimeﬂ with coordinates (z,t). The canonical phase space is composed, together with the space-time coordinates,
by its canonical conjugated momentum coordinates (II, ), such that {z,II} =1 ,{t,Q} = -1 ,{z,Q} = 0, and
{t,II} = 0, where the {, } operation stands for the Poisson bracket. The most general expression for the generators of
the Poincaré transformations in terms of the canonical phase-space variables iEE| (here and in the following, equalities
have to be understood neglecting O(1/A?) terms):
ai o az o as Qy 2 as 2 Qg
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where the a; are adimensional coefficients determining the deformation of the Poincaré transformations in phase space.
Eq. is a generalization of the model presented in [50].
The Casimir of this algebra will have the general form
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where the coefficients o, as are determined, in terms of the coefficients (a4, as, ag) in N, by the condition {N,C} = 0.
One obtains
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{NaC}: A A

I, 3)

so that

2a4 — 4as — 2
o = (204 35 o) and as = 2a5. (4)

The Casimir also determines the deformed energy-momentum relation, also known as dispersion relation. In the case
of a massless particle (C = 0), one finds
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One can also identify the deformed Poincaré algebra that these deformed generators satisfy,

(ag + 2a; + 2a3)

{N,E} =TI+ A QIT,
{N,P} — Q+ (a4+a3) QQ—f— (a5+a3) HQ’ (6)
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which is more naturally written in terms of the generators themselves,
(NE} =P+ 23EP, (NP} =E+21p24 52p2 (7)
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where the coeflicients w; are given by
wy, =a4 —ai +as, we = a5 — as + as, w3 = ag + 2a1 + 2a2 — as . (8)
Similarly, the Casimir can also be written in terms of £ and P,
2 — 2wy — 2
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Note that the energy and momentum are denoted by (£2,1I), so that one has to see the relation between 2 and
II, derived from the equation C(Q,II) = m?, as the particle dispersion relation which intervenes in the deformed
kinematics, and it should not be confused with the relation between E and P that one could derive equating C(E, P)
to m2. As we will remark in the following section, this is a source of confusion regarding the arbitrariness in the
choice of energy-momentum labels for the physics under study.

1 The extension of the results to the case of 3 + 1 dimensions is straightforward.
2 We have assumed the invariance of these expressions under the discrete transformation I — —II, P — —P,  — —x, and N — —N in
order to have an analogue in 1 4 1 dimensions of the restrictions due to rotational invariance in the case of 3 + 1 dimensions.



IIT. CALCULATION OF TIME DELAYS

Once the implementation of a deformed Poincaré algebra in the phase space of one particle has been set, it is
possible to study its physical consequences for photon time delays, as we will do in the present section.

The deformed Casimir C' determines the propagation of particles in spacetime by identifying it with the generator
of translations in a parameter 7 along the worldline of the particle,

dz dt

el — = 1

T oamics, L= amic, (10)
where A(7) is an arbitrary function implementing the invariance under reparametrizations of the worldline. The
trajectory x(t) will be a solution of
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Using the dispersion relation for a massless particle, Eq. , which is the relevant one for the discussion of photon
time delays, one obtains that the velocity of propagation for photons is

U:d£=1— - 2(CL4—|—CL5—(I6)H7
dt A 3A

a result that could have been derived directly from the energy-momentum relation identifying the velocity with d€2/dII.
In order to discuss time delays, we consider the propagation of two photons, one of high energy, whose trajectory
will be characterized by Eq. , and one with low energy, that propagates with dx/dt ~ 1, as in SR. We will define

the time delay as the difference in the detection times of the two photons if their emission was simultaneous.
In the case of a LIV scenario, one only needs to consider a single observer to discuss time delays. If the two photons
are emitted at the origin of the space-time coordinates, the low-energy photon is detected at coordinates (L, L), and
the high-energy photon, propagating at speed v, at coordinates (L, L + dt), where dt is the time delay, which is equal

to L[(1/v) — 1] (Fig. [1).

(12)

v*1 v+1

(L, L + 6t)

FIG. 1. In LIV, only one observer is nec- FIG. 2. In DSR, due to relative locality, the observer O’ (left figure) sees the emission
essary for the calculation of time delays. of the high-energy photon as local, but not the detection. The opposite behavior is
An observer at the emission is able to as-  shown for O (right figure), which sees the detection of the high-photon as local, but
sign coordinates to the detection of both not the emission. The emission and detection of the low-energy photon is local for
photons. every observer.

In contrast, the analysis of time delays is much more subtle in a DSR scenario. The reason is the principle of

relative locality [52], which states that in DSR, for a given interaction (e.g., either the emission or the detection of
the high-energy photon), there exists only one observelﬂ which sees this interaction as local. For this ‘local’ observer,

3 We are here identifying observers related by a Lorentz transformation, so that different observers are related by a translation.



the interaction takes place at the origin of the space-time coordinates. The nonlocality of all other interactions is
nevertheless negligible when all the intervening momenta are sufficiently small compared with the scale A. We will
analyze in more detail the connection between the present calculation of time delays and relative locality in Sec. [V}

Relative locality makes necessary the presence of two observers to compute the time delay, one of them local to the
emission of the high-energy photon, and the other one local to its detection. Let us call O the observer for which the
detection of the high-energy photon happens at its origin of space-time coordinates, (z,t) = (0,0) (Fig. |2} right), and
O’ the observer for which the emission of the high-energy photon takes place at (2/,t') = (0,0) (Fig. 2} left).

If the source and the detector are at relative rest, the coordinates of the points of the photon worldline assigned by
each observer will be related by a translation with parameters (€1, €p) that we need to determine. Since the Poisson
brackets of FE or P with {P,z}, {P,t}, {E,z} and {E,t} are zero, one can compute the finite transformation as

1'/ = .’E—El{P,LU}-l-E(){E,(E}, tl = t—€1{P,t}+€(){E,t}. (].3)
As for both observers the wordline of the high-energy photon contains their corresponding origin of spacetime, its

trajectory will be x = vt for observer O, and z’ = vt’ for observer O, where v is given by Eq. (12). This imposes a
relation between the parameters of the translation,

eo [V{E,t} —{E,z}] = e1 [p{P,t} — {P,x}] . (14)
Using that
(Et) =1+ Q%Q (B 2} = 72%11, (Pt} = aAiH, and {P,a}=—1- %Q (15)
and the energy-momentum relation, Eq. , one gets
@:1+2(a4+a5—a6)n_2(a1+a2—a3)H. (16)
€1 3A A

In order to determine these parameters, let us consider the simultaneous emission of a low-energy photon, that
is, emitted at (a’,t") = (0,0), whose trajectory is characterized by dz/dt ~ 1. The nonlocality of the emission and
detection of this photon can be neglected for all observers if one assumes that these are low-energy processes. Observer
O defines the detection of the high-energy photon at z = 0. Disregarding the size of the detector, the detection of the
low-energy photon will also happen at x = 0 for @. The coordinates of the detection of the low-energy photon will
be then (x,t) = (0, —dt), where 4t is the time delay of the high-energy photon with respect to the one of low energy.
This detection will correspond to a point (z/,t") = (L, L) for O (see Fig. [2). The relation between the coordinates
assigned by both observers to the worldline of the low-energy photon is then

¥ =x+1L, t' = t+ (L+dt). (17)
This gives the values of the parameters of the translation in Eq. (13)), 1 = L, ¢g = L + ¢, and then,

€0 ot
_——= 1 —_— . 1
ot (18)

From Eq. we get

2((14 + as — a6) H _ 2((11 + ag — a3)

0t = L A A

| . (19)

We see that the time delay is a sum of two contributions. The first one, due to the momentum dependence of the
velocity of propagation of photons, can be read from the equation for the trajectory, Eq. , and the second one,
due to the nontrivial translations relating the two observers O and O’.

One will have a cancellation of the two contributions in , and then no observable consequences at the level of
time delays, when the deformations of the boost and space-time translation generators are such that

as + as —ag = 3(a; +az —az). (20)



A. Independence of the choice of energy-momentum variables

In the previous study, we have identified the energy-momentum variables with the momentum coordinates (II, ()
of the canonical phase space; however, there is not a unique choice for these coordinates, since one can consider a
canonical change of phase-space variables (z,t,II, Q) — (Z,¢,11,Q), with

_ 03 _ 207 03 _
II=I1I+-=-0QII =t——tOQ+ =211 = —tII-—=x2Q. (21
+ , t=1t At —I—Aa: , T=ux+ At A2 (21)

E:§+%ﬁ2+%ﬁ2, P:ﬁ+%§ﬁ, N :iﬁ—%ﬁ+%f§2+%iﬁ2—%%§ﬁ, (22)
with
a, = a;—01, G = as—10y, a3 = az— 03, (23)
Ay = ag — 01 +03, a5 = a5 —02+03, Gs = ag+ 201+ 22 — 3.
Hence one can check that
57 = L2(64+65—66—361—362+363)ﬁ: L2(a4+a5—a6—3a1—3a2+3a3)n _ 5t (24)
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From this result one concludes that the value of the time delay, i.e. Eq , is independent of the choice of energy-
momentum variables.

B. Coordinate-independent expression of the time delay

We can use this freedom of choice of the energy-momentum variables to simplify the computation of the time
delay. For example, from Eq. , one can check that the condition to have a momentum-independent velocity for
massless particles is (a4 + a5 — a@g) = 0. Therefore, when performing a change of phase-space variables such that
91 + 02 — 03 = (1/3)(aq + a5 — ag), the time delay will have a contribution only from the nontrivial translations. On
the other hand, from Eq. , we see that the condition to have trivial translations is (@; + @2 — a3) = 0. Then,
when performing a change of phase-space variables such that 01 + dz — d3 = (a1 + a2 — as3), the time delay will be due
exclusively to the momentum dependence of the velocity.

Let us use a choice of energy-momentum variables such that they coincide with the generators of space-time
translations, (Q,1I) = (E, P), and so

- 2 2

t:t—%tﬂ+%xﬂ, §=x+%tn—%”xﬂ. (25)
With this choice of coordinates, the space-time translations are not deformed, so the time delay is only due to the
momentum dependence of the velocity, i.e. ¢ = L[1/v — 1]. Moreover, the velocity can be read directly from the
Casimir in terms of E and P,

v _ 0 _ dE
dt 4l dP

v =

(26)

C=0

Then the time delay, Eq. , can also be written in terms of the relation between E and P, which does not depend
on the choice of phase-space variables.
(dE )1 .
dP|c_g

Therefore, the condition of absence of time delays can be written as a condition over the algebra of (E, P, N),

2(w1 + wo — ’wg)

0t =0t =1L A

=1L

P. (27)

wy +wp — w3z = 0, (28)



which is independent of the choice of phase-space variables. Without losing generality, then, one can say that there
will be no time delay as long as the Casimir expressed in terms of £ and P is such that the solution of the equation
C(E,P) =0 is the same as in SR, i.e., E = P[]
We can now show some examples of different bases of k-Poincaré, for which the previous condition is satisfied:
e Classical basis [24]

In this basis, the Casimir is unmodified with respect to the SR case. Therefore, E = P trivially for photons.

e Magueijo-Smolin basis [53]

The Casimir in this basis is

E? — p?
T B =
for which F¥ = P for massless particles.
e DCL1 basis [54]
The Casimir in this case is given by
2 2
oo B 0

Again, E = P for massless particles.

C. Change of basis of k-Poincaré

Let us notice that a very different situation arises if one, instead of making a change of phase-space coordinates,
now changes the deformed generators of space-time translations, i.e., if one changes the basis of x-Poincaré. This
implies that we change (E, P,N) — (E, P, N), with

= Al 2 AQ 2 o5 AS
E—E+TE +TP’ P—P+TEP. (31)
Then we have a new deformed algebra given by
(NP =FE+ 2+ 27, (NNEY =P+ 22EP, (32)
A A A
with
wp = w; — Ay + Az, Wy = we — Ay + Az, w3 = w3z + 241 + 24, — Az, (33)
and, as a consequence, the result for time delays is also modified,
_ 2(w1 + Wy — W 2 — 2(A1 + Ay — A 2(A1 + Ay — A
§t:L(w1+w2 wg)H:L (w1 + wy w3)H_L( 1+ A 3>H:6t—L( 1+ Ao B)H. (34)
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Different bases of k-Poincaré, therefore, correspond to different physical models going beyond SR.

IV. TIME DELAYS IN A NONCOMMUTATIVE SPACETIME

Some works have considered a noncommutative spacetime as the physical spacetime where trajectories of particles
should be defined [43], 46, [47), 49]. In particular, the x-Minkowski spacetime is associated naturally to a k-Poincaré
deformation of the algebra of special relativity [51], which has been extensively studied in connection with DSR

4 Note that this is not the same as saying that the energy is equal to the modulus of the momentum for a photon, since the energy
and momentum of the photon are 2 and II, respectively, and, in general, they do not coincide with the generators of the space-time
translations F and P.



theories. In this section we will examine how the previous discussion of time delays is modified if one considers that
the propagation and detection of photons are described in such a spacetime.

In order to introduce this noncommutative spacetime, let us consider the deformation of Poincaré transformations
acting on momentum space which include, together with the generator of boosts N, the deformed generators of
translations (X, T') acting on the momentum variables (I, ). Such a deformation is necessarily of the for

{T,X}:%X, (N, X} = T, {N,T}:X+%N. (35)

A general expression for these deformed generators which is linear in the space-time coordinates is

_ b1 b2 o b3 b4
X—x—I—AxQ—I—AtH, T—t—|—AxH—|—AtQ. (36)

The coeflicients b; are determined by the Lie algebra; using

(bl + b2 — 2(15) (bl —+ b2 =+ a6)

(N, X} =t + . 210+ N tQ,
bs 4+ by +2 b3 + by —
NIy =gy Lt E200) g (Bs ¥ himas)
A A
b1+

{X,T} :(1;/&3)% (37)

and Eqs. (35)-(36), we get
2 2 —4 2a5 — 2 —2a4 — 2a5 — -2 4 2

by — as + 3@54‘@6_1’ by = a4+3a5 96 L, py = 21 3“5 a6 g, = a4+3a5+ . (38)

One can make a model in which the physical space-time coordinates are (X,T") instead of the canonical ones (z,t)
used in the previous section. From Eq. (36]), we find

dX - dx b1 dx b2 dT o b3 dr b4
a ~oat Taattat a ~ ttaatt Rt (39)

and then, merging both equations and expanding until order 1/A, we get that the velocity in the noncommutative
spacetime is given by

dX dzx (b1 + b2 — bg — b4)

et _ = I
dT CltJr A
2 (aq + as — ag) 2 (a4 + as — ag)
( 3A 3A ’ (40)

where in the next-to-last step we have substituted the values of (by, ba, bs, bs), given by Eq. . Then, we get that
the velocity of a massless particle in this noncommutative spacetime is simply (dX/dT) = 1.

A point with coordinates (x,t) = (0,0) has coordinates (X,T) = (0,0). Then, the detection of the high-energy
photon happens at (X,T) = (0,0) for observer O, and its emission at (X’,T') = (0,0) for observer @’. The worldline
for the photon is then X = T for observer O, and X’ = T” for observer (O'. Imposing once more that one can go from
observer O to observer O’ by a translation with parameters (e, €p), one has

X' = X+e{E,X}—e{P, X}, T =T+e{ET}—e{PT}. (41)

Applying the translation to the worldline X = T of the observer O, one has to find the worldline X’ = T’ for the
observer (O’. This implies the relation

e [{E, T} —{E,X}] = e {P,T} —{P,X}] . (42)

5 Note that the first parenthesis of (35)) is a definition of the scale A used in the previous sections.



Combining the expressions of the noncommutative space-time coordinates, in terms of the canonical phase-space
variables in (36]), with the expressions of (E, P), in terms of the momentum variables (,1I) in (I, one has

{E, T} = 1+(b4+AiQ‘“)Q, (B, X} = (@172‘“2)117
{P,T}:wm {P,X}:_l_(blLAGS)Q. )

Using once more the energy-momentum relation, Eq. , one finds

€ (b1+b2—b3—b4) 2(a1+a2—a3) . 2(a4+a5—a6) 2(a1+a2—a3)
g—l-l- A II A I=1+ A 1T A

o, (44)

The parameters of the translation between observers O and O’ defined in a noncommutative spacetime satisfy exactly
the same relation, Eq. , obtained previously. This is just a consequence that a point with coordinates (z,t) = (0, 0)
is a point with coordinates (X, T) = (0,0), which is what defines the two observers, O and ', in the model of time
delays. Since for the trajectory of the low-energy photon, which allows one to define the time delay, there is no
distinction between commutative and noncommutative coordinates, the result for the time delay T coincides with
the result for 6t, Eq. , obtained in Sec.

V. MODIFIED COMPOSITION LAW AND RELATIVE LOCALITY IN DSR

DSR contains an essential feature in comparison with SR and LIV: a nonadditive composition law for momenta,
which can be seen as a reflection of a curved momentum space. As a consequence of this feature, a relative locality of
interactions arises, since translations in spacetime must be deformed accordingly [52]. In this section we will explore
how the properties of a modified composition law and relative locality are related to the discussion of time delays of
the preceding sections.

A. DModified composition law

In all the previous discussion we have considered a deformation of the Poincaré transformations acting on the
one-particle system. This is an ingredient required to study the presence of time delays in the detection of photons
of different energies emitted simultaneously by a local source as a possible consequence of the relativistic deformation
of SR. But the physical content of a relativistic deformation is in the nontrivial step going from one-particle to multi-
particle states. This is manifest in the algebraic framework at the level of the coalgebra involved in the Hopf algebra
which characterizes the deformed relativistic symmetry [20]. In the purely kinematic perspective, a DSR theory has a
non-symmmetric composition law of momenta as the ingredient defining the deformation of the kinematics. We will
now see how this key feature of DSR is related with the ingredients used in the calculation of the time delay.

Let us consider a translation in momentum space, with generators (X,T") and parameters (7, w). Using Eq. ,
we get

IV — 11 = n{ X, 11} — w{T, 11} = 7r+l;\—17rQ—bX3wH7
Q/—QZW{X@}—W{T,Q}:w—%wn+%w9. (45)

Defining a composition of two momentum variables ¢ = (q1, o) = (I, Q) and p = (p1,p0) = (7,w) as the momentum
variable that results from the previous translation

) B Je; .
(p@Q)l:p1+Q1+%pOQ1+%p1QO=H/, (p@Q)0=p0+QO+X1POQO+X2p1Q129/7 (46)

one has

7 = —bs, Y2 = by, B1 = by, B2 = —by. (47)

The coefficients defining the deformed composition of momenta (51, 82,71, 7y2) are in one-to-one correspondence with
the coefficients (b1, ba, bs, bs). This way, the deformed composition of momenta determines the coefficients (a4, as, ag)
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of the deformed boost generator using Eq. . The latter also determines the modified energy-momentum relation,
or dispersion relation, given by Eq. (5)). In fact one has

041=M+2a6=—b4=—51, az = 2a5 = b1 +by—b3 = +72— B, (48)
which are the golden rules of a relativistic kinematics derived in a previous work [55] from the compatibility of the
deformed composition of momenta and the implementation of Lorentz transformations in a two-particle system.

A DSR theory always has a modified composition law of momenta, giving rise to non-standard conservation laws
in particle processes, and therefore, to possible observable effects beyond time delays. This fact is what makes a DSR
model without time delays different from standard SR (see however [56H58] for recent works discussing a possible
effect of DSR in the lifetime of particles).

B. Relative locality

A modified composition law leads to a loss of absolute locality in canonical spacetime [48] [49] 52 [54, 5IHGT].
Qualitatively, since the total momentum, which is conserved in an interaction, is a nonlinear composition of momenta,
translations (generated by the total momentum) of the worldlines participating in the interaction are not constant
displacements (as it would be the case if the total momentum were a linear sum of momenta) but momentum-dependent
displacements: a local interaction for one observer is then seen as nonlocal for a translated observer.

A realization of the relative locality of interactions in DSR is the action formulation of an interaction that was
introduced in Ref. [62]. The action is of the form

S =) g4 gnt, (49)
where 7 labels the particles (both incoming and outgoing) participating in the interaction. The free part is
Sifree = /dT (le'[l — tzQz + MCz) 5 (50)

where the integral extends from —oo to 0 (if we set the interaction to take place at 7 = 0 for each of the particles)
in the case of the in particles, and from 0 to +o0o in the case of the out particles. In the previous expression, N; are
Lagrange multipliers that impose the modified dispersion relations C; = 0. The interacting part is

Sint =z [Pm(O) o Pout (0)] -2 [gm(o) o 50Ut(0)]7 (51)

where £ and P are the total energy and momentum which are obtained from the modified composition law of the
incoming or outgoing momenta, and (21, 29) are again Lagrange multipliers.

From the variational principle, one obtains that the in and out worldlines are characterized by constant momenta,
independent of 7, and gets the space-time coordinates of their corresponding end or starting points,

oP o€ oP o€
, + 20— = —Zl{P,ti}—‘y—Zo{g,ti}, $Z(0) =z — 20 = —zl{P,mi}—i—zo{E,xi}. (52)

t(0) = —z155-+205e- O 5

The set of momenta and the values of (21, 2p) determine the end or starting points of the in and out worldlines,
respectively, and the interaction is seen as local only for the observer which establishes the origin of space-time
coordinates at the interaction vertex (corresponding to z; = zgp = 0), as shown in Eq. . An observer who assigns
a different value of the pair (21, 29) to the interaction is related with the local observer by a translation generated
by the total energy and momentum with parameters (z1,20), as the expressions in terms of Poisson brackets in
Eq. indicates. Translations correspond then to constant displacements in the Lagrange multipliers, and translated
observers with respect to the local one do not see the worldlines meet at a single space-time point.

Note that the notion of relative locality allows one to define an observer with the property of seeing a given
high-energy process (that is, one which includes corrections of order £/A or P/A in the notation of Eq. (51))) as a
local event. This property also defines the origin of space-time coordinates for this observer. The approach that we
have followed in Sec. [[I]] for calculating the time delay of a high-energy photon is consistent with this idea, since we
introduced two observers, O and O, who establish their respective origin of space-time coordinates using specific
high-energy interactions that they see as local: the detection and the emission of a high-energy photon, respectively.

Since the procedure presented in Sec. [[TI] allowed us to relate the space-time coordinates of the worldline of the
particle whose detection and emission defines the observers @ and ', we may ask how observer O would ‘see’ the
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process of emission of this particle, which must be nonlocal for this observer, or how ' would see the process of its
detection, that is, which coordinates they would associate to the starting or ending points of worldlines of particles
participating in these interactions.

If we would know the values of (21, 29) in the description by observer O of the interaction that produces the high-
energy photon, one could use Eq. (52) to obtain the space-time coordinates that this observer would assign to the
end or start of the worldlines of all the particles participating in the interaction, including the starting point of the
trajectory of the high-energy photon. Alternatively, one can determine these last coordinates from Eq. with
=t =0,

-2
v = a{Pa}—efbs} = -L [u(“i””n ,
ool Tl = [1+ (_2a2A+ o)y 2o +3GA5 —ey] (53)

The compatibility of the two expressions for the coordinates (x,t) that observer O assigns to the starting point of the
worldline of the high-energy photon allows us to determine the values of the parameters (z1, zo) in the description of
the emission by observer 0. One finds

R |:1+ (—2@2+CL3)H+ (1+ o€ 87?)] 7

A ol Il
_ (—2a2 +a3) | 2(as + a5 — ag) 9  OP
20 = L{l—i— A I+ A Im+(1 8Q+8§2 . (54)
One has corrections to the result in SR, 21 = zp = —L, due to the deformation of the generators (E, P) of translations

(terms proportional to (—2as + as)), to the deformation of the boost generator (term proportional to (a4 + as — ag)),
and to the modification of the composition of energy and momentum (terms depending on the derivatives of the total
energy (£) and total momentum (P) with respect to the energy () and momentum (IT) of the high-energy photon).

The method used to determine the parameters (z1,29) in the description of the emission by observer O can also
be used to determine the parameters (z1,z(), in the description of the detection by observer ', reproducing the
space-time coordinates (z’,t") of the end point of the trajectory of the high-energy photon.

It is remarkable that the derivation of the time delay of a high-energy photon emitted by a source that we got from
a model describing its propagation from the source to the detector is consistent with the nonlocality obtained with
the action formulation of either its emission or its detection, which incorporates the modified kinematics (modified
dispersion relation and modified composition law) of the corresponding interaction. The description of each process
by one of the two observers is very complicated and depends on the four-momenta of all the particles involved in the
interaction, but the result of the time delay itself is independent of them, and depends only on the four-momentum
of the high-energy photon.

Note that we did not try to build a model of multiple interactions, which is not as well-defined as the action
formulation of one interaction , and which poses important difficulties, such as the spectator problem [60], to try
to obtain an expression for the time delay in DSR. In such a model we would not have been able to treat independently
the two interactions (emission and detection of the high-energy photon) and we would have found an obstruction to
reproduce the photon’s trajectory used in the calculation of the time delay in Sec. [[TIl

VI. CONCLUSIONS

In the present work we have analyzed in detail the calculation of time delays in doubly special relativity theories
in terms of the parameters that define the deformation of special relativity at first order. We have clarified long-
standing questions related to this problem: first, the independence of the result of an observable, the time delay, of
the energy-momentum variables one is free to choose; second, the consistency of the calculation of the time delay
with the relative locality of the interactions, leading to a result which is independent of the details of the emission or
detection of the high-energy photon; and third, the existence of DSR models without time delays.

The fact that observables in DSR should be independent of the choice of energy-momentum variables seems reason-
able and is normally advocated in the literature [62], but its physical interpretation was not clear because a change of
energy and momentum was usually related to a change of bases in a Hopf algebra, which are assigned to different DSR
models [23, [51]. However, already in Sec. [lI| we have been very careful to distinguish between the physical energy and
momentum, (§2,II), which are variables in a canonical phase space, and the generators of translations in spacetime,
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E, P, which are the operators that appear in the deformed Poincaré algebra. We showed in Sec. [[ITA] that the result
for time delays is indeed independent from the choice of phase-space variables.

The use of a canonical phase space as the physical spacetime and energy-momentum is indeed consistent with the
action formulation of relative locality that we reviewed in Sec. [VB| This formalism gives the space-time coordinates
of ending and starting points of worldlines of particles participating in an interaction, as a function of the momenta
of all those particles, the total momentum which is conserved in the interaction, and the Lagrange multipliers that a
given observer assigns to it. A consequence of relative locality is that each (high-energy) process is only seen as local
by a single observer, who assigns zero Lagrange multipliers, corresponding to the origin of space-time coordinates, to
the interaction. The procedure of calculation of time delays carried out in Sec. [[TI] was indeed compatible with this
formulation of relative locality. Remarkably, we obtained a formula for time delays in DSR which depends on the
four-momentum of the high-energy photon but is independent of the details of its emission and detection. We also
showed in Sec. [[V] that considering the propagation and detection of the photon in a noncommutative spacetime is an
equivalent description up to order (1/A), that leads to same result for the time delay.

An important observation is that the nonstandard space-time translations generated by F and P, which was the
starting point in Sec. [T} have nothing to do with implementing the relative locality of interactions, but with the
choice of phase-space variables. In fact, there exists a choice of these variables (when Q = E, II = P) where
space-time translations are undeformed in the one-particle system. The translational invariance of DSR is indeed
different from that of SR because in DSR, the total momentum which is conserved is not a sum of momenta, but a
nonlinear combination of them. Translations are not, then, constant displacements in the coordinates of the different
particles. Deformed translation generators in the one-particle system do not correspond to a translation between
observers in the DSR formulation of an interaction, which has the total energy and momentum as the generators of
the transformations, and not the functions of the energy and momentum of a single particle £ and P.

Finally, we have seen that the expression for the time delay has a sum of two contributions, one due to the momentum
dependence of the velocity of propagation of a massless particle, and a second one due to the nontrivial implementation
of translational invariance. We have shown that it is possible to have a DSR theory without time delays when these
two contributions cancel each other. From the perspective of the representation of deformed Poincaré transformations
in terms of the canonical phase-space coordinates, the absence of such an effect requires the condition to be
satisfied. However, one can also see the condition in a coordinate-free form, as a condition over the deformed algebra
of the generators, Eq. . As a consequence, we find the possibility to identify the existence of time delays directly
from the deformation of the Casimir. It is also relevant to note that one can have an absence of time delays, and still,
a photon dispersion relation (which, let us remark once again, must be seen as a relation between Q and II, and not
between E and P), which is different from the one of special relativity.

The absence of time delays in a DSR theory does not contradict the existence of a modified composition law (which
we related to the parameters of the relativistic deformation in Sec. , nor the relative locality of the interactions.
As commented in the introduction, in the case of DSR there are cancellations of corrections due to the modification
of the dispersion relation and the modification of the composition of momenta in the kinematics of processes at
energies below the energy scale of the deformation. As a consequence, in contrast to the case of a Lorentz invariance
violation, there are no observable effects in the high-energy interactions of particles which are relevant in high-energy
astroparticle physics when the scale of the deformation is of the order of the Planck energy scale. This raises the
question of which is the most restrictive present bound on the scale of a DSR without time delays and what could be
the first observable effect of such a deformation of SR. First steps to answer this question have already started [30],
but it certainly deserves further investigation.
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