PHYSICAL REVIEW D 82, 024028 (2010)
Scalar field theory on noncommutative Snyder spacetime
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We construct a scalar field theory on the Snyder noncommutative space-time. The symmetry underlying
the Snyder geometry is deformed at the co-algebraic level only, while its Poincaré algebra is undeformed.
The Lorentz sector is undeformed at both the algebraic and co-algebraic level, but the coproduct for
momenta (defining the star product) is non-coassociative. The Snyder-deformed Poincaré group is
described by a non-coassociative Hopf algebra. The definition of the interacting theory in terms of a
nonassociative star product is thus questionable. We avoid the nonassociativity by the use of a space-time
picture based on the concept of the realization of a noncommutative geometry. The two main results we
obtain are (i) the generic (namely, for any realization) construction of the co-algebraic sector underlying
the Snyder geometry and (ii) the definition of a nonambiguous self-interacting scalar field theory on this
space-time. The first-order correction terms of the corresponding Lagrangian are explicitly computed. The

possibility to derive Noether charges for the Snyder space-time is also discussed.
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I. INTRODUCTION

Snyder space-time has been the first proposal of non-
commutative geometry to tame the UV divergences of
quantum field theory [1,2]. The preliminary idea to solve
this problem was to use a lattice structure instead of the
space-time continuum [3]. However, a lattice breaks the
Lorentz invariance, posing serious doubts for accepting the
theory. A Lorentz invariant discrete space-time has been
formulated only by Snyder. The price to pay is a non-
commutative structure of space-time. Because of the suc-
cess of the renormalization theory, the Snyder program has
been abandoned since its rediscovery 40 years later by
mathematicians [4,5]. Now, the analysis of field theories
on noncommutative space-times has become a fundamen-
tal area in theoretical physics (for reviews see [6,7]).

A quantum field theory on the Snyder space-time has
however not yet been constructed and thus the removal of
divergences by means of noncommutativity effects has not
yet been proved. In this paper we construct a self-
interacting classical scalar field theory on this space-
time. This model can be considered as the starting point
for the quantum analysis.

The noncommutativity of the Snyder space-time is en-
coded in the commutator between the coordinates, which is
proportional to the (undeformed) Lorentz generators. The
Poincaré symmetry underlying this space-time is unde-
formed at the algebraic level, while the co-algebraic sector
is (highly) nontrivial. In a previous paper [8] we have
shown that, by using the concept of realizations, there
exists infinitely many deformed Heisenberg algebras all
compatible with this geometry. This freedom can be under-
stood as the freedom in choosing momentum coordinates.
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We here complete the previous analysis by studying the
coproduct and star-product structures underlying the
model. Equipped with this technology, we construct a
scalar field theory on this noncommutative space-time.
Our main goal is to define the theory without ambiguities
and without needing supplementary structures (as a de-
formed measure) necessary in extra dimensional ap-
proaches. The momentum space of the Snyder-deformed
Poincaré group does not have a Lie group structure since it
is given by the coset SO(4,1)/SO(3, 1), i.e. the de Sitter
space. The coproduct and the induced star product turn out
to be nonassociative. This feature represents the main
obstacle in studying field theories on the Snyder space-
time. Such a kind of deformation of the Poincaré group
cannot be recovered within the classification [9], because
only deformations preserving the co-associativity are con-
sidered. The language of Hopf algebras [10] does not apply
straightforwardly to the Snyder space-time geometry.

The nonassociativity propriety obstructed the analysis of
the Snyder geometry with respect to other noncommutative
space-times. For example « Minkowski, a particular case
of Lie algebra-type space-time, has been developed at
different levels specifying star products [11,12], differen-
tial calculus [13,14], scalar field theory [15-18], and con-
served charges [19-21]. The key difference between
Snyder and k Minkowski is that in the latter the momentum
space has the structure of a non-Abelian Lie group and thus
the coproduct is noncommutative, but still associative. In
particular, the Snyder space-time is not a special case of «
Minkowski [22,23]. In fact, as clarified in [24], « spaces
are based on Lie algebra while Snyder space is grounded
on trilinear commutations relations.

Our approach is based on the framework of realizations
by which we bypass the nonassociativity and clearly define
the self-interacting theory. The theory we construct lives
on the noncommutative space-time and its dual has the
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momentum space given by a coset. Our analysis deals with
the four-dimensional Lorentzian model and no extra di-
mensional structures are invoked. Moreover, our theory is
general as we consider all realizations of the geometry,
differently to the previous approaches (for other attempts
to define a scalar field theory on Snyder space-time see
[25-28]). The frameworks usually adopted are recovered
as particular cases of our construction.

The Snyder space-time is linked to doubly special rela-
tivity models [29,30], loop quantum gravity [31], and two-
time physics [32]. In particular in [33], we have shown that
a Snyder-deformed quantum cosmology predicts a big-
bounce phenomenology as in loop quantum cosmology
[34] (for other comparisons between deformed and loop
cosmologies see [35-37]).

The paper is organized as follows: In Sec. II, we describe
the algebraic structure of the Snyder space-time. In Sec. I1I
the co-algebraic sector underlying the noncommutative
geometry is analyzed in detail. Section IV is devoted to
the formulation of the scalar field theory on this space-
time. Finally, in Sec. V the first-order corrections are
computed. Concluding remarks follow.

We adopt units such that z = ¢ = 1, the signature given
by 7,, = diag(—, +,..., +) and the index convention

{w,v,..} €{0,..., n}

II. SNYDER SPACE-TIME

In this section we describe the noncommutative Snyder
space-time geometry. We discuss the realizations of such a
geometry as well as the dispersion relation underlying the
model.

A. Deformed Heisenberg algebras

Let us consider a (n + 1)-dimensional Minkowski
space-time such that the commutator between the coordi-
nates has the nontrivial structure

[)?,u’;cy] = SM,u,w (1)

where X, denote the noncommutative coordinates, and s €
R is the deformation parameter with dimension of a
squared length. We demand that the symmetries of such
a space are described by an undeformed Poincaré algebra.
This means that both Lorentz generators M, = —M,,, =
i(x,p, — x,p,) and translation generators p,, satisfy the
standard commutation relations

[M,u,w Mpo'] = anM,u(r - nprva' - nvo'M,u,p + 77;L0'Mvp
[Py Py]1=0. (2)

We also assume that momenta and noncommutative coor-
dinates transform as undeformed vectors under the Lorentz
algebra, i.e. the commutators

(M0 Dol = M0pPp = MNupPor (3)
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[M,uw ip] = T]vpiu - T,,u,piw 4)

hold. The quantity p* = n*”p,p, is then a Lorentz
invariant.

Relations (1)-(4) define the Snyder space-time geome-
try. However, they do not fix the commutator between X,
and p,. In particular, as it was shown in [8], there exists
infinitely many possible commutators that are all compat-
ible, in the sense that the algebra closes in virtue of the
Jacobi identities, with the above requirements. This feature
is understood by means of the concept of realization
[11,18,38-41] (for a similar framework see [42,43]). A
realization on a noncommutative space is defined as a
rescaling of the deformed coordinates ¥, in terms of
ordinary phase space variables (x,, p,) as

X =D (p)x,. (&)

The most general SO(n, 1)-covariant realization of the
Snyder geometry reads [8]

%, =x,01(A) + s(xp)p,el(A), (6)

in which ¢, and ¢, are two (dependent) functions of the
dimensionless quantity A = sp? (hereafter, the convention
(ab) = n*"a,b, is adopted). The function ¢, depends on
¢, by the relation

o

_1+2¢10

—, (7)
0 — 2A¢,

@2
where the dot denotes differentiation with respect to A. The
generic realization (6) is completely specified by the func-
tion ¢;. There are thus infinitely many ways to express, via
@1, the noncommutative coordinates (1) in terms of the
ordinary ones without deforming the original symmetry.
The boundary condition ¢;(0) = 1 ensures that the ordi-
nary commutative framework is recovered as soon as s =
0. The commutator between X, and p, immediately fol-
lows from (6) and reads

(X4 po] = im0 + 5pup,@2). (8)

This relation describes a deformed Heisenberg algebra.
It is also interesting to give the inverse of the realization
(6), which reads
1 (~
X, =—\x, ——F—-
ooVt e +4g,
This relation allows us to construct invariants for the non-
commutative framework from those arising in the commu-
tative one. We only have to demand that the invariants in
(x,, p,) coordinates will be sent into the invariants in
(X, p,) coordinates by means of (9).

The use of realizations allow us to give a phase space
interpretation of the Snyder space-time. Consider the non-
canonical transformation x,, — ®,,,(p)x,, p, — p, in an
ordinary phase space coordinatized by (x,, p,). The

s(Xp)py 902)- ©)
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Snyder noncommutative geometry results from such a
map. This transformation can be a generic function of
momenta, but linear in coordinates (for discussions on
noncommutative classical mechanics see e.g. [44]).

B. Particular realizations

The noncommutative Snyder geometry has been ana-
lyzed in the literature from different points of view [25—
33,45,46], but only two particular realizations of its algebra
are usually adopted. These are the Snyder [I] and the
Maggiore [47,48] types of realizations, which are particu-
lar cases of (6).

The first realization is the one originally suggested by
Snyder. It is recovered from (6) if

e =1 (10)

which, because of (7), implies that ¢, = 1. The second
realization has been proposed by Maggiore, and it appears

as soon as
@1 =41 —sp? (11)

and thus, from (7), ¢, = 0. The momentum p,, is bounded
or unbounded, depending on the sign of s. If s > 0, the
constraint |p| < 1/4/s holds.

Beside these types of realization, the one that realizes
the Weyl symmetric ordering is the third interesting one.
The Weyl ordering is obtained by the condition

(I)Mvpv = (€0177;w + Spupvng)pV = p,w (12)

which, considering the relation (7), implies that

0, = \/spzcot sp. (13)

As we said, there are however infinitely many possible
realizations of the Snyder space-time geometry.

C. Dispersion relation

Let us discuss the fate of the standard dispersion relation
p?> = m? in the Snyder space-time. In particular, we are
interested in how different realizations modify this con-
straint. Consider two momenta p,, and p, in two distinct
realizations. Since momenta transform as vectors under the
Lorentz symmetry, see (3), the relation

Pu=puflA) (14)

holds. The function f(A), such that f(0) = 1, depends on
the realization ¢; and can be obtained as follows. Let for
example p, be a momentum in the Maggiore realization

(11), i.e. the commutator [%,,, p,] = in,,v/1 — sp* holds.
The function f is obtained by inserting (6) and (14) in this
relation and reads
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Notice that f =1 as the realization (11) is taken into
account and that, because of (10), the Maggiore momen-
tum ph! is related to the Snyder one p3, by

P = piy1 + s(pS)2 (16)

As expected from (3), the dispersion relation for p? is
undeformed, but an effective mass m, = m,(m) has to be
taken into account. From (14) and (15), the Snyder-
dispersion relation reads

f= (15)

m2

p*= . 7)

3 (sm?) + sm?
Let us discuss such a formula in the Snyder realization
(¢, = 1). In the low-deformed case (m*> < 1/s) the effec-
tive mass is given by m2 =~ m?(1 — sm?). On the other
hand, in the ultradeformed case (m? > 1/s with s > 0)
we have m2 =~ 1/s (for s < 0, m is bounded as m* < 1/|s]).

III. CO-ALGEBRAIC SECTOR

The co-algebraic sector of the Snyder geometry is here
analyzed. We first focus on a generic framework, i.e. by
considering the arbitrary realization (6). The two particular
realizations (10) and (11) are investigated below. A dis-
cussion about the nonassociativity follows.

A. General framework

Deformations of symmetries underlying Snyder space-
time (1) are contained in the co-algebraic sector of a (non-
trivial) quantum group. Generators (%, p,, M,,,) form an
algebra defined by the commutators (1)—(4) and (8). This is
not a Hopf algebra. However, (p,,M,,) generate the
Snyder-deformed Poincaré group Pg whose algebra is a
generalization of the Hopf algebra.

As understood from commutators (2) and (3), the Snyder
algebraic sector is the one of an undeformed Poincaré
algebra. On the other hand, the co-algebraic sector, defined
by the action of Poincaré generators on the Snyder coor-
dinates Xy is deformed. The action of Lorentz generators
is still the standard one because of (4), but the action of
momenta is modified as in (8). The Leibniz rule is thus
deformed and depends on realizations. As we will see, the
coproduct for momenta is no longer commutative and
neither associative.

The coproduct and star-product structures can obtained
from realizations as follows: Let [ be the unit element of
the space of commutative functions ¢ (x). By means of (6)
the action of a noncommutative function (%) on [ gives
[24,49]

FO>1 = §'(x). (18)
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This relation provides a map from the noncommutative
space of functions to the commutative one. Notice that the
commutative function ¢'(x) will be in general different
from ¢ (x). Consider now a noncommutative plane wave
ei(kf), in which X, refers to a given realization (6), and k#
are the eigenvalues of p, = —id/dx*. It is then possible
to show that [24,49]

e I>] = oK), (19)

where K, = K M(k) is a deformed momentum (defined
below) depending on realizations. The commutative limit
s — 0 leads to the standard framework in which K, = k.
Consequently, given the inverse transformation K;l =
K, '(k), we have

KO = ik, (20)

It is worth noting that, in the Weyl realization (13), we have
eMI>] = ¢k and the plane waves are undeformed.

Let us now consider two plane waves labeled by mo-
menta k, and ¢q,, respectively. Their action on the unit
element [ gives

ei(ki)(ei(qX)) = (i(F(kq)x) 21)

The deformed momentum K, is thus determined by K,, =
F,(k, 0), where the function F,(k, ) specifies the copro-
duct as well as the star product. It can be obtained by a
straightforward implementation of the Campbell-Baker-
Hausdorff formula or by the more elegant method devel-
oped in [24,49].

The star product between two plane waves is defined by
F,(k q) as

¢l 5 i(ax) = (iK™ 0D iK™ @I[>] = (iK™ 0D (pilg))
= ¢i(Dka)), (22)
in which
D ,(k q) = F,(K~'(k), ). (23)

The star product defines, by means of (19) and (20), a Weyl
mapping from the commutative to the noncommutative
spaces provided by a one-to-one correspondence between
¢/ and ¢'¥9). The coproduct for momenta Ap,, (and the
corresponding Leibniz rule) is obtained from D, (k, g) as

Ap,=D,(p®1,18® p). (24)

In particular, the function D,, describes the non-Abelian
sum of momenta in the Snyder noncommutative space-
time, i.e.

D, kq) =k, ®q, #k, + q, (25)

As soon as the noncommutativity effects (in our case the
parameter s) are switched off, the ordinary Abelian rule
D, (k q) =k, + g, is recovered. By means of (22), it is
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possible to obtain the star product between two generic
functions f and g of commuting coordinates (see, for
example [11,39,49]). Adopting the plane waves relation
(22), the general result for the star product stands as

(f * @)(x) = lime™P"0or =Py =r f(y)e(z).  (26)

=X

Star product is a binary operation acting on the algebra of
functions defined on the ordinary commutative space, and
it encodes features reflecting the noncommutative nature of
Snyder space-time (1). The star product is uniquely de-
fined, but its concrete form is related to a particular real-
ization and vice versa. For any realization the star product
(22), and then (26), is nonassociative. The corresponding
coproduct (24) is non-coassociative. Such a result has been
confirmed by the recent analysis [28] also.

This construction is well defined and allows us to obtain,
from realizations (6), both the coproduct and star-product
structures underlying the Snyder space-time. The inverse
path is also meaningful: starting from a star product (or a
coproduct) it is always possible to recover information
about the realization we are working in. However, as we
shall see, to construct a scalar field theory on Snyder space-
time it is more suitable to deal with realizations instead of
star products. The nonassociativity of the star product in
fact poses severe challenges in defining interaction terms.

Let us now compute the coproduct A p ,, at the first order
in s, for a generic realization (6). Expanding the realization
function ¢, as ¢, = 1 + ¢;sp*> + O(s*) and considering
(15), we obtain

Ap, = Aop, + sAp, + O(s?),

Aopy=pr.®1+1®p,,

Aip,=(c—Pp,®p*+Q2c—Yp,p,®p”
+c(p*®p, +2p,®p'p,), (27)

where ¢ = (2¢; + 1)/2. Here A¢p,, and A, p,, denote the
coproduct at the zero and first order is s, respectively. The
Maggiore type of realization (11) is defined by ¢; = —1/2
and thus it is recovered as ¢ = 0. The Snyder one (10)
appears for ¢; = 0 and thus ¢ = 1/2, while the Weyl one
(13) for ¢ = 1/6. The coproduct (27) defines the Snyder
non-Abelian sum in a generic realization. The star product
is obtained from (22).

To complete the analysis of the co-algebraic sector we
need to specify the coproduct AM ,, of the Lorentz gen-
erators, as well as the antipode S(g) and the co-unit £(g) for
any element g of Pg. Because of relations (2)—(4), the
coproduct AM ,,, is trivial, i.e.

AM,, =M, @1 +18M,, (28)
The antipode S(g) is defined by the equation

D(g, S(g) =goS(g) =0. (29)
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From (27) and (28), we immediately realize that the anti-
pode is not deformed for any ¢ = (p,, M,,, ), that is

Spp) = —pn  SM,,)=-M (30)

urt

Because different momenta are related by (14), the anti-
pode S(p,,) is exactly (not only at the first order) trivial in
all realizations. On the other hand, the co-unit &(g) is also
trivial for any g € Py. Finally, we observe that coproduct
for momenta (24) is covariant because of (28), i.e. the
relation

[AM . Ap,1=n,,Ap, — m,,Ap, (31)

holds. This expression is the co-algebraic counter term of
3).

Summarizing, the Snyder-deformed Poincaré group Py
is characterized as follows. The Lorentz symmetry is un-
deformed at both algebraic and co-algebraic level. The
deformations are encoded in the coproduct (24) only,
which, in particular, is non-coassociative. The correspond-
ing star product (22) is nonassociative and a homomor-
phism relates these structures. The algebraic sector is then
compatible with the co-algebraic one. Therefore, the gen-
erators (p,, M,,,) of P form a generalized Hopf algebra,
which we shall denote as a non-coassociative Hopf
algebra.

B. Particular realizations

We now study the coproduct structure underlying the
two particular realizations (10) and (11). In both cases a
closed form of the coproduct arises.

Let us first consider the Maggiore realization (11). The
basic function F, (k, ¢) in (21) is given by

B ——sinJ/A;, 1 — cos/A;
F,=q,* k‘u"l A, JA Sk#(kq)T,
(32)

where A, = sp?. The ordinary function F,=k,+q,is
recovered in the s = 0 case. From (32) one immediately
obtains the deformed momentum K, (k), which reads

sin/Ay
"OVAC
The coproduct Ap,, follows from (23), and it is given, in
terms of the realization function ¢, = 4/1 — sp?, by

K, = F,(k0)=k (33)

S
Ap,=pu®¢@ ———pur,®p " +1®p,. (34

1+ ¢
Such a coproduct [namely, the addition rule (25)] is non-
co-associative. The order by which we sum the momenta
becomes important. As s = 0, we have ¢; = 1, and the
trivial coproduct Agp, = p, ® 1 +1® p, is recovered.
The first-order term coincides with (27) for ¢ = 0.
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Let us now analyze the Snyder realization (10). In this
case the function F, (k, ¢) in (21) reads

-1
F, = glhk, + q,)g= <cos\/A_k - \/,;—Tz(kq) sin\/A_k) h

1/ |k
= 18(\/: siny/Ay + (kg)(cosy/A; — 1)). (35)
The deformed momentum K, (k) is then given by
tan/A;
Vil

The ordinary framework is restored as s = 0. The copro-
duct directly follows from (23) and reads

1 K
= (p,®1—— ®
” l—sPV®p”(p“ 1+ 1+App”p”

T a,ep,) (37)

Also in this case the coproduct is non-coassociative. The
first-order term coincides with the ¢ = 1/2 case of (27).

K, = F,(k0) =k, (36)

Ap P’

C. On the nonassociativity

The relation between special relativity and the Snyder
geometry allows us to better understand the physical mean-
ing of the nonassociativity.

Special relativity can be analyzed (and derived) from a
noncommutative point of view [50]. Consider the Galileo
group 1SO(3) = SO(3) - R3. Speeds generate translations
and the speed space R can be identified as R? ~
ISO(3)/SO(3). A manifold of this type is a coset space.
In this case it has the (Lie) group structure. Special rela-
tivity can be viewed as arising from the deformation of R
into the curved space C = SO(3, 1)/SO(3). This operation
sends the Galileo group into the Lorentz one SO(3, 1) =
SO(3) - C (this is the Cartan decomposition of the Lorentz
group [51]). The coset SO(3, 1)/SO(3) is nothing but the
(hyperbolic) boosts space, but it is not a Lie group. In fact
the product between two boosts is not longer a boost, but an
element of the full Lorentz group SO(3, 1). The composi-
tion of speeds can be extracted from a coproduct structure.
It turns out that the composition of (noncollinear) speeds is
no longer commutative and neither associative. A physical
manifestation of nonassociativity is the well-known
Thomas precession [52]. From a mathematical point of
view, the nonassociativity is a consequence of the fact
that the coset space is not a group manifold.

The Snyder space-time geometry can be viewed from
the same perspective. Consider the Poincaré group P =
SO(3,1) - R*. As above, the momentum space R* can be
viewed as the coset R* ~ P/SO(3, 1) and of course it is a
group manifold. Deforming the momentum space into the
de Sitter space dS = S0(4,1)/SO(3, 1), we recover the
Snyder noncommutative geometry. This is the original
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formulation made by Snyder himself [1]. The Snyder-
deformed Poincaré group Py is then factorized as

Ps=580@31)-dS, (38)

showing that the Lorentz symmetry is undeformed. On the
other hand, the translation sector of this (quantum) group is
deformed consistently to (1). As in the previous case, the
coset dS is not a Lie group. The non-coassociativity of
Snyder coproduct can be traced back to this feature.

IV. SCALAR FIELD THEORY

In this section we construct the scalar field theory on the
four-dimensional Snyder noncommutative space-time. We
first consider the Fourier transformation and define the
Snyder scalar field and then we write down the action for
the theory. A comparison with other approaches follows.

A. Preliminaries

We define a scalar field ¢ (%) on the Snyder noncommu-
tative space-time by means of the Fourier transformation as

B — f [dK1 (k)0 (39)

The integration measure [dk] is a priori deformed, depend-
ing on the antipode S(k,, ). However, as we have previously
seen, it is trivial in any realizations. The measure in (39) is
thus the ordinary one

d*k
2m*
Let us now consider the action of the Snyder scalar field

(39) on the identity . By means of (20), this operation
gives

[dk] = (40)

(R = ¢(x), (41)

which ensures the Lorentz scalar behavior of the model. As
a further step we consider the quadratic term G*(X)>.
Given the definition (39) and remembering (21)—(23), we
obtain

2> = (¢ * ¢) (). (42)

We have thus recovered the star-product structure.

Let us now discuss the notion of a real and complex
Snyder scalar field. First, because of the triviality of the
antipode, the conjugation is also an ordinary one. Second,
the noncommutative coordinates %, have to be Hermitian
operators in any given realization. All the commutators
given above are invariant under the formal antilinear in-
volution “t”

ML, =-M

pL="ru (43)

~ 1- —_ =
X “ X w nr
where the order of elements is inverted under the involu-

tion. On the other hand, the realization (6) is in general not
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Hermitian. The Hermiticity condition can be immediately
implemented as soon as the expression

= 3xuer + sGp)puer + olxl + selpl(ep)h)
(44)

is taken into account. However, the physical results do not
depend on the choice of the representation as long as there
exists a smooth limit X, — x, as s — 0. We can thus
restrict our attention to non-Hermitian realization only.
Consequently, we focus on the real Snyder scalar field
theory, while the complex one can be straightforwardly
defined.

B. Action for scalar field theory

We are now able to construct a Lagrangian for the non-
commutative scalar field (39). Let us start by analyzing
how the ordinary kinematic term (9, ¢)(0* ¢) is changed
in the Snyder space-time. Following the previous reason-
ing, the corresponding term in the noncommutative frame-
work is given by (9, &)(9* $)>I (notice that the derivative
is still with respect to the commutative coordinates, i.e.
d, = d/dx*). Such a term, expressed by means of the
Fourier transformation (39), is uniquely defined. In fact,
in order for the differentiation to make sense, we have to
first project the plane waves on [ and then act on these by
differentiation. By using (21) and (30), the relation

(9,6 K D)eit) = (D, — g,)el Pk = jf Dk
(45)

follows. The kinematic part, considering (20) and (45), is
then given by

(0, $) (9" P>

B / (@K1, b, (9,60 D)o (1 O>1)

= — [l b () P, (46)
where [d"k] = [dk,]...[dk,] and ¢, = ¢(k). This ex-
pression leads to the correct ordinary result as s = 0. As in

(42), the star-product prescription leads to the same result
with respect to our construction:

(0,0) 0 P)>1 = (3, ¢) * (37 ). (47)

The action for a noninteracting massive scalar field on
Snyder space-time then reads

. [ dx(8, §or G + m G
— [ d3[(5,8) % (94 ) + mA(* $)]  (@8)

Because of the antipode (30), the action in the momentum
space can be trivially written.
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The noncommutativity effects are thus summarized
within the coproduct (27), i.e. within the non-Abelian
sum D, (ky, ky). The noncommutative corrections to the
ordinary theory depend on realizations. For each type of
realization different actions appear.

Finally, we investigate the role of self-interactions. In
particular, we consider the cubic ¢*(%)>] and quartic
&*(®)>1 interaction terms. These terms can be immedi-
ately obtained. The generalization of (21) to three plane
waves, considering also (22), reads

elK3 D) (K D) (iK' D> ) = ol (Dslksikaki)), (49)

in which (ﬂ:;)”'(k:;, kz, kl) = Dﬂ(k3, D(kz, kl)) This de-
fines the cubic term

G3H>1 = (¢ * (¢ * $))(x). (50)

The quartic term ¢*(X)>1 is determined in the same way.
Given four plane waves we have

elK' D) (KD (iKY 'D) (iK' N))) = oiDad) - (51)
and therefore
D> = (¢ * (¢ * (¢ * $)))(x), (52)

where (D4),u = Dﬂ(k4, D3(k3, kz, k]))

Summarizing, we have defined a Lagrangian density for
a self-interacting scalar field on the Snyder noncommuta-
tive space-time geometry. Our framework, which is based
on realizations, uniquely fixes the theory. This is relevant
because the coproduct is non-coassociative (the corre-
sponding star product is nonassociative). This feature
would lead, a priori, to a nonunique definition of the
model. Such a shortcoming is bypassed in our construction.

C. Relation with other approaches

Our construction differs with respect to the usual ones on
two main points: the dimensions of the structure under-
lying the theory and the adopted algebra.

The scalar field theory on Snyder space-time is usually
formulated by considering a five-dimensional structure
[25-28]. The same happens for the field theories on «
Minkowski [15-17]. In particular, the momentum space
is the de Sitter section in a five-dimensional flat space, and
a deformed Fourier measure is thus needed to ensure the
Lorentz invariance [25-28]. In x Minkowski, a five-
dimensional differential structure predicts some unphysi-
cal ghost modes [15] (to overcome this feature a twist
deformation of the symmetry has been proposed [53,54]).
On the other hand, our theory is defined on a four-
dimensional space-time. No extra measures are needed,
and the theory has the same field structure of the commu-
tative framework. The Snyder-deformed symmetry algebra
is the original undeformed one, and only the coproduct
structure changes. Interesting, this is exactly the frame-
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work arising from the twist formulation of noncommuta-
tive field theories [18,53,54].

The second difference with respect to other approaches
is that our theory is generic. All the possible realizations of
the algebra are taken into account. The other attempts to
construct a scalar field theory on the Snyder space-time are
in fact based on a particular realization only. Our theory in
the Snyder type of realization (10) corresponds, up to the
momentum-space duality, to the previous proposals [25—
28].

V. FIRST-ORDER CORRECTIONS

In this section we explicitly compute the generic non-
commutative corrections, up to the first order in s, to the
commutative theory.

As we have seen, all the noncommutative information is
summarized in the non-Abelian sum (25), namely, in the
coproduct (27). We are thus interested in the function
(D4)‘u = (D4)#(k4, k3, k2, kl) defined in (51) The func-
tions (D;),,(ks, ky, ki) and D, (k, k;), which define the
cubic and quadratic terms, are clearly recovered from this
one as soon as k, = 0 and k; = k3 = 0, respectively. The
(D,),, function can be expanded in the deformation pa-
rameter s as

(D), = (D)), + s(Da)y, + O(s?),
(D4)(/)1, = (kl),u, + (k2),u, + (kS),u + (k4);u (53)
(Dy),, = alky), + Blka), + y(ks),, + 6(ky),,

where the superscript denotes the order in s.
The correction term (@4)}L depends on realizations

through a = a(e)), B= Ble1), v=v(e)) and 6 =
8(¢;). These functions are given by

a = C[k% + k% + ki + 2(k1k2 + k3k2 + k3k1 + k4k3
+ kyky + kyky)], (54)

B = (c= ki + (2c = Plkiky) + e[k + &
+ 2ksky + ksky + kyks + kyky + kyky)] (55)

y = (c — P(ky + k)? + (2¢c — P(ksky + ksky)
+ C[kézt + 2(k4k3 + k4k2 + k4k1)], (56)

6 - (C - %)(kl + k2 + k3)2
+ (2C - %)(k4k3 + k4k2 + k4k|). (57)

The value of the constant ¢ determines the realization in
which we are working. The Snyder (10), the Maggiore
(11), and the Weyl (13) types of realization are, respec-
tively, recovered for ¢ = 1/2, 0, 1/6.
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VI. CONCLUDING REMARKS

In this paper we have constructed a scalar field theory on
the Snyder noncommutative space-time. The next step will
be the quantization of the model in order to investigate the
fate of UV divergences and thus fully analyze the Snyder
proposal.

We have shown that the deformations of symmetries are
all contained in the co-algebraic sector and that the cop-
roduct is non-coassociative. By using the realizations of
the Snyder algebra we have constructed a well-defined
(namely, nonambiguous) self-interacting scalar field the-
ory. The ambiguities carried out by the nonassociative sum
of momenta (and thus the nonassociative star product) have
been overcome by the use of realizations. By means of a
map between the noncommutative functions and the com-
mutative ones, a scalar field action has been constructed.
This theory has been directly defined on the space-time
and, since the Fourier space has been identified with the
de Sitter space, it is dual to a field theory over the coset
SO(4,1)/S0(3, 1). Finally, we have computed the first-
order corrections in a generic realization.

PHYSICAL REVIEW D 82, 024028 (2010)

As a last point, it is interesting to mention that we can
construct Noether charges for the Snyder space-time. As
was shown in [20,21], the key ingredient to build Noether
charges in a noncommutative theory is a Poisson map
between the deformed and the undeformed spaces of solu-
tions of the Klein-Gordon equation. In our framework this
kind of map is given by the projection of noncommutative
functions on the “vacuum,” as in (18). By using this map it
is possible to induce a symplectic structure on the space of
the noncommutative functions and thus obtain a conserved
symplectic product defining charges. This analysis will be
reported elsewhere [55].

ACKNOWLEDGMENTS

We would like to thank A. Samsarov for useful discus-
sions and for a critical reading of the manuscript. A.
Marciano is thanked for comments. Part of this work is
supported by the Ministry of Science and Technology of
the Republic of Croatia under Contract No. 098-0000000-
2865.

[1] H.S. Snyder, Phys. Rev. 71, 38 (1947).

[2] C.N. Yang, Phys. Rev. 72, 874 (1947).

[3] Letter of Heisenberg to Peierls (1930), in Wolfgang Pauli,
Scientific Correspondence, edited by E.K. von Meyenn
(Springer-Verlag, Berlin-Heidelberg, 1985), Vol. I, p. 15.

[4] A. Connes, Institut des Hautes Etudes Scientifiques 62,
257 (1986).

[5] S.L.Woronowicz, Commun. Math. Phys. 111, 613 (1987).

[6] M.R. Douglas and N. A. Nekrasov, Rev. Mod. Phys. 73,
977 (2001).

[7]1 R.J. Szabo, Phys. Rep. 378, 207 (2003).

[8] M. V. Battisti and S. Meljanac, Phys. Rev. D 79, 067505
(2009).

[9] P. Podles and S.L. Woronowicz, Commun. Math. Phys.
178, 61 (1996).

[10] V. Chari and A. Pressley, A Guide to Quantum Groups
(Cambridge University Press, , Cambridge, UK, 1994).

[11] S. Meljanac, A. Samsarov, M. Stojic, and K. S. Gupta, Eur.
Phys. J. C 53, 295 (2008).

[12] L. Freidel, J. Kowalski-Glikman, and S. Nowak, Phys.
Lett. B 648, 70 (2007).

[13] A. Sitarz, Phys. Lett. B 349, 42 (1995).

[14] S. Meljanac and S. Kresic-Juric, J. Phys. A 42, 365204
(2009).

[15] P. Kosinski, J. Lukierski, and P. Maslanka, Phys. Rev. D
62, 025004 (2000).

[16] M. Daszkiewicz, J. Lukierski, and M. Woronowicz, Phys.
Rev. D 77, 105007 (2008).

[17] A. Agostini, G. Amelino-Camelia, and F. D’ Andrea, Int. J.
Mod. Phys. A 19, 5187 (2004).

[18] T.R. Govindarajan, K.S. Gupta, E. Harikumar, S.

Meljanac, and D. Meljanac, Phys. Rev. D 80, 025014
(2009).

[19] A. Agostini, G. Amelino-Camelia, M. Arzano, A.
Marciano, and R.A. Tacchi, Mod. Phys. Lett. A 22,
1779 (2007).

[20] M. Arzano and A. Marciano, Phys. Rev. D 75, 081701
(2007).

[21] M. Arzano and A. Marciano, Phys. Rev. D 76, 125005
(2007).

[22] X. Calmet, B. Jurco, P. Schupp, J. Wess, and M.
Wohlgenannt, Eur. Phys. J. C 23, 363 (2002).

[23] M. Dimitrijevic, L. Jonke, L. Mdller, E. Tsouchnika, J.
Wess, and M. Wohlgenannt, Eur. Phys. J. C 31, 129
(2003).

[24] S. Meljanac, D. Meljanac, A. Samsarov, and M. Stojic,
arXiv:0909.1706.

[25] F. Girelli and E. R. Livine, arXiv:0910.3107.

[26] J.C. Breckenridge, T.G. Steele, and V. Elias, Classical
Quantum Gravity 12, 637 (1995).

[27] V. Elias and T.G. Steele, Int. J. Mod. Phys. E 16, 51
(2007).

[28] FE. Girelli and E.R. Livine, arXiv:1004.0621.

[29] J. Kowalski-Glikman and S. Nowak, Int. J. Mod. Phys. D
12, 299 (2003).

[30] H. Guo, C. Huang, and H. Wu, Phys. Lett. B 663, 270

(2008).

[31] E.R. Livine and D. Oriti, J. High Energy Phys. 06 (2004)
050.

[32] J.M. Romero and A. Zamora, Phys. Rev. D 70, 105006
(2004).

[33] M. V. Battisti, Phys. Rev. D 79, 083506 (2009).

024028-8


http://dx.doi.org/10.1103/PhysRev.71.38
http://dx.doi.org/10.1103/PhysRev.72.874
http://dx.doi.org/10.1007/BF01219077
http://dx.doi.org/10.1103/RevModPhys.73.977
http://dx.doi.org/10.1103/RevModPhys.73.977
http://dx.doi.org/10.1016/S0370-1573(03)00059-0
http://dx.doi.org/10.1103/PhysRevD.79.067505
http://dx.doi.org/10.1103/PhysRevD.79.067505
http://dx.doi.org/10.1007/BF02104908
http://dx.doi.org/10.1007/BF02104908
http://dx.doi.org/10.1140/epjc/s10052-007-0450-0
http://dx.doi.org/10.1140/epjc/s10052-007-0450-0
http://dx.doi.org/10.1016/j.physletb.2007.02.056
http://dx.doi.org/10.1016/j.physletb.2007.02.056
http://dx.doi.org/10.1016/0370-2693(95)00223-8
http://dx.doi.org/10.1088/1751-8113/42/36/365204
http://dx.doi.org/10.1088/1751-8113/42/36/365204
http://dx.doi.org/10.1103/PhysRevD.62.025004
http://dx.doi.org/10.1103/PhysRevD.62.025004
http://dx.doi.org/10.1103/PhysRevD.77.105007
http://dx.doi.org/10.1103/PhysRevD.77.105007
http://dx.doi.org/10.1142/S0217751X04020919
http://dx.doi.org/10.1142/S0217751X04020919
http://dx.doi.org/10.1103/PhysRevD.80.025014
http://dx.doi.org/10.1103/PhysRevD.80.025014
http://dx.doi.org/10.1142/S0217732307024280
http://dx.doi.org/10.1142/S0217732307024280
http://dx.doi.org/10.1103/PhysRevD.75.081701
http://dx.doi.org/10.1103/PhysRevD.75.081701
http://dx.doi.org/10.1103/PhysRevD.76.125005
http://dx.doi.org/10.1103/PhysRevD.76.125005
http://dx.doi.org/10.1007/s100520100873
http://dx.doi.org/10.1140/epjc/s2003-01309-y
http://dx.doi.org/10.1140/epjc/s2003-01309-y
http://arXiv.org/abs/0909.1706
http://arXiv.org/abs/0910.3107
http://dx.doi.org/10.1088/0264-9381/12/3/004
http://dx.doi.org/10.1088/0264-9381/12/3/004
http://dx.doi.org/10.1142/S0218301307004886
http://dx.doi.org/10.1142/S0218301307004886
http://arXiv.org/abs/1004.0621
http://dx.doi.org/10.1142/S0218271803003050
http://dx.doi.org/10.1142/S0218271803003050
http://dx.doi.org/10.1016/j.physletb.2008.04.012
http://dx.doi.org/10.1016/j.physletb.2008.04.012
http://dx.doi.org/10.1088/1126-6708/2004/06/050
http://dx.doi.org/10.1088/1126-6708/2004/06/050
http://dx.doi.org/10.1103/PhysRevD.70.105006
http://dx.doi.org/10.1103/PhysRevD.70.105006
http://dx.doi.org/10.1103/PhysRevD.79.083506

SCALAR FIELD THEORY ON NONCOMMUTATIVE SNYDER ...

[34]
[35]

(36]
(37]
(38]
(39]
[40]

[41]

[42]

[43]
[44]

M. Bojowald, Living Rev. Relativity 8, 11 (2005).

M. V. Battisti and G. Montani, Phys. Lett. B 656, 96
(2007).

M. V. Battisti and G. Montani, Phys. Rev. D 77, 023518
(2008).

M. V. Battisti, O. M. Lecian, and G. Montani, Phys. Rev. D
78, 103514 (2008).

L. Jonke and S. Meljanac, Phys. Lett. B 526, 149 (2002).
S. Meljanac and M. Stojic, Eur. Phys. J. C 47, 531 (2006).
S. Kresic-Juric, S. Meljanac, and M. Stojic, Eur. Phys. J. C
51, 229 (2007).

T.R. Govindarajan, K.S. Gupta, E. Harikumar, S.
Meljanac, and D. Meljanac, Phys. Rev. D 77, 105010
(2008).

J. Lukierski, H. Ruegg, and W.J. Zakrzewski, Ann. Phys.
(N.Y.) 243, 90 (1995).

S. Ghosh and P. Pal, Phys. Rev. D 75, 105021 (2007).
M. Daszkiewicz and C.J. Walczyk, Phys. Rev. D 77,
105008 (2008).

[45]
[46]
[47]
(48]
[49]
[50]
[51]

(52]
[53]

[54]

[55]

024028-9

PHYSICAL REVIEW D 82, 024028 (2010)

R. Banerjee, S. Kulkarni, and S. Samanta, J. High Energy
Phys. 05 (2006) 077.

L. A. Glinka, Apeiron 16, 147 (2009).

M. Maggiore, Phys. Lett. B 304, 65 (1993).

M. Maggiore, Phys. Rev. D 49, 5182 (1994).

S. Meljanac, D. Meljanac, A. Samsarov, and M. Stojic,
Mod. Phys. Lett. A 25, 579 (2010).

F. Girelli and E.R. Livine, Phys. Rev. D 81, 085041
(2010).

A.W. Knapp, Lie Groups: Beyond an Introduction
(Birkhduser Boston, Boston, MA, 2002).

L. H. Thomas, Nature (London) 117, 514 (1926).

J. Bu, J.H. Yee, and H. Kim, Phys. Lett. B 679, 486
(2009).

H.C. Kim, Y. Lee, C. Rim, and J. H. Yee, J. Math. Phys.
(N.Y.) 50, 102304 (2009).

M. V. Battisti and S. Meljanac, “Conserved Charges in
Snyder Space-Time” (unpublished).


http://dx.doi.org/10.1016/j.physletb.2007.09.012
http://dx.doi.org/10.1016/j.physletb.2007.09.012
http://dx.doi.org/10.1103/PhysRevD.77.023518
http://dx.doi.org/10.1103/PhysRevD.77.023518
http://dx.doi.org/10.1103/PhysRevD.78.103514
http://dx.doi.org/10.1103/PhysRevD.78.103514
http://dx.doi.org/10.1016/S0370-2693(01)01464-2
http://dx.doi.org/10.1140/epjc/s2006-02584-8
http://dx.doi.org/10.1140/epjc/s10052-007-0285-8
http://dx.doi.org/10.1140/epjc/s10052-007-0285-8
http://dx.doi.org/10.1103/PhysRevD.77.105010
http://dx.doi.org/10.1103/PhysRevD.77.105010
http://dx.doi.org/10.1006/aphy.1995.1092
http://dx.doi.org/10.1006/aphy.1995.1092
http://dx.doi.org/10.1103/PhysRevD.75.105021
http://dx.doi.org/10.1103/PhysRevD.77.105008
http://dx.doi.org/10.1103/PhysRevD.77.105008
http://dx.doi.org/10.1088/1126-6708/2006/05/077
http://dx.doi.org/10.1088/1126-6708/2006/05/077
http://dx.doi.org/10.1016/0370-2693(93)91401-8
http://dx.doi.org/10.1103/PhysRevD.49.5182
http://dx.doi.org/10.1142/S0217732310032652
http://dx.doi.org/10.1103/PhysRevD.81.085041
http://dx.doi.org/10.1103/PhysRevD.81.085041
http://dx.doi.org/10.1038/117514a0
http://dx.doi.org/10.1016/j.physletb.2009.08.028
http://dx.doi.org/10.1016/j.physletb.2009.08.028
http://dx.doi.org/10.1063/1.3250148
http://dx.doi.org/10.1063/1.3250148

