Lorentz Violation of the Photon Sector in Field Theory Models

Zhou Lingl{]
School of Physics and State Key Laboratory of Nuclear Physics and Technology,
Peking University, Beijing 100871, China

Bo-Qiang Maﬁ
School of Physics and State Key Laboratory of Nuclear Physics and Technology,
Peking University, Beijing 100871, China and
Center for High Energy Physics, Peking University, Beijing 100871, China
(Dated: January 18, 2012)

We compare the Lorentz violation terms of the pure photon sector between two field theory
models, namely the minimal standard model extension (SME) and the standard model supplement
(SMS). From the requirement of the identity of the intersection for the two models, we find that the
free photon sector of the SMS can be a subset of the photon sector of the minimal SME. We not
only obtain some relations between the SME parameters, but also get some constraints on the SMS
parameters from the SME parameters. The CPT-odd coefficients (kar)® of the SME are predicted
to be zero. There are 15 degrees of freedom in the Lorentz violation matrix A%? of free photons of
the SMS related with the same number of degrees of freedom in the tensor coefficients (kr)*#*",
which are independent from each other in the minimal SME, but are inter-related in the intersection
of the SMS and the minimal SME. With the related degrees of freedom, we obtain the conservative
constraints (20) on the elements of the photon Lorentz violation matrix. The detailed structure of
the photon Lorentz violation matrix suggests some applications to the Lorentz violation experiments

for photons.

PACS numbers: 11.30.Cp, 12.60.-i, 14.70.Bh

I. INTRODUCTION

Lorentz symmetry is one of the basic principles of mod-
ern physics, and it stands as one of the basic foundations
of the standard model of particle physics. The minimal
standard model has achieved a great success in predic-
tions and explanations of various experiments. Never-
theless, some fundamental questions remain to be an-
swered. One of the most essential questions is whether
the Lorentz invariance holds exactly or to what extent it
holds. Through theoretical researches and recent avail-
able experiments on the Lorentz invariance violation
(LIV or LV), we can obtain a deeper insight into the na-
ture of Lorentz symmetry and clarify these fundamental
questions.

The possible Lorentz symmetry violation (LV) effects
have been investigated for decades from various theories,
motivated by the unknown underlying theory of quantum
gravity together with various phenomenological applica-
tions [1, [2]. The existence of an “sther” or “vacuum”
can bring the breaking down of Lorentz invariance [3, |4].
From basic consideration, there are investigations on the
concepts of space-time such as whether the space-time
is discrete or continues [5-7], or whether a fundamental
length scale should be introduced to replace the New-
tonian constant G [§]. The Lorentz violation can hap-
pen in many alternative theories, e.g., the doubly spe-
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cial relativity (DSR) [9-11], torsion in general relativ-
ity [12, [13], non-covariant field theories |14], and large
extra-dimensions [18, [19]. Among these theoretical in-
vestigations of Lorentz violation, it is a powerful frame-
work to discuss various LV effects based on traditional
techniques of effective field theory in particle physics. It
starts from the Lagrangian of the standard model, and
then includes all possible terms containing the Lorentz
violation effects. The magnitudes of these LV terms can
be constrained by various experiments. The standard
model extension (SME) [20] is an example within such
field theory frameworks, in which the LV terms are mea-
sured with several tensor fields as coupling constants, and
modern experiments have built severe constraints on the
relevant Lorentz violation parameters [21].

The standard model extension is an effective frame-
work for phenomenological analysis. We still need a fun-
damental theory to derive the Lorentz violation terms
from basic principles. An attempt for such a purpose
has been offered in Refs. [22, 23], in which a more basic
principle, denoted as physical invariance or physics in-
dependence, is proposed to extend the basic principle of
relativity. Instead of the requirement that the equations
describing the laws of physics have the same form in all
admissible frames of reference, it requires that the equa-
tions describing the laws of physics have the same form
in all admissible mathematical manifolds. The principle
leads to the following replacement of the ordinary partial
J, and the covariant derivative D,,

9% — M°P9s, D* — M*PDg, (1)

where M? is a local matrix. We separate it to two matri-
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ces like M = g*#+ A*P where g*# is the metric tensor
of space-time and A®? is a new matrix which is particle-
type dependent generally. Since g®? is Lorentz invariant,
AP contains all the Lorentz violating degrees of freedom
from M P, Then A“? brings new terms violating Lorentz
invariance in the standard model and is called Lorentz
invariance violation matrix. This new framework is re-
ferred as the Standard Model Supplement (SMS) 22, 23],
and it has been applied to discuss the Lorentz violation
effects for protons |22] and photons [24]. It is also ex-
tended to neutrinos recently[25] for the discussion of the
recent neutrino speed anomaly reported by the OPERA
collaboration [26, 27].

Before accepting the SMS as a fundamental theory,
one can take the SMS as an effective framework for phe-
nomenological applications by confronting with various
experiments to determine and/or constrain the Lorentz
violation matrix A®? for various particles. From a more
general sense, the SMS should be a subset of a general
version of the SME. However, in the case of the min-
imal version of the SME, the relationship between the
SMS and the SME is unclear yet. The purpose of this
paper is to compare the Lorentz violation effects of the
photon sector between the two models. As have been
well known, light has always played a significant role in
the developments of physics, and the Lorentz violation
in the photon sector is also under active investigations
both theoretically and experimentally [2]. The Lorentz
violation parameters of photons in the SME have been
well constrained by various experiments, which have been
summarized in Ref. [21]. By confronting with the col-
lected data in Ref. [21], we can obtain bounds and de-
tailed structure of the Lorentz violation parameters in
the model SMS [22-24].

This article is organized as follows. Sec.[[Ilprovides the
relation between the photon Lorentz violation matrix in
the SMS and various tensor fields in the minimal SME,
in the case that the two models give the same results.
These relations define the boundary of the intersection of
these two theories too. In Sec. [[II, we discuss the general
structure of the photon Lorentz violation matrix in our
model, and its implications for the potential property of
the space-time structure for photons. At the same time,
we obtain the constraints on the elements of the photon
Lorentz violation matrix. Then conclusion is given in the
last section.

II. RELATIONS BETWEEN TWO MODELS

In the standard model extension (SME), the terms
that violate Lorentz invariance are added by hands from
some considerations such as gauge invariance, Hermitean,
power-counting renormalizability and etc. We consider
just the minimal SME [20] here. The Lorentz viola-
tion terms in the minimal SME contain many tensor
fields as coupling constants, with their magnitudes to be
determined/constrained by experiments. Though these

Lorentz violation terms are allowed by some general con-
siderations, the reason for their existence still needs to be
provided from theoretical aspects. In the SMS [22, [23],
the Lorentz violation terms arise from the replacement
of Eq. (), which is considered as a necessary require-
ment from the basic principle of physical invariance. As
both of the two models are built within the framework of
effective field theory in particle physics, they can be con-
sidered as two special cases of a general standard model
extension within the effective field theory. It is there-
fore necessary to study the relationship between the two
models.

The Lagrangians of the pure photon sector in the SMS
and the minimal SME are

1
Lsms = —ZFaﬁFaﬁ + Lav, (2)
where
1
Lov = _gAaﬁA“”(gwaﬁA”&,Ap — 0gAL0,AL)
—F,, AP0, A", (3)
and

1
ﬁSME _ _ZFQﬁFaﬁ + LCPT—even + ECPT—odd7 (4)

photon photon
where
—even 1 « v
‘Cg}ir{on = _Z (kF)aﬁ,uuF 'GFM , (5)
o 1 o 5
ES}E)orfon 4 = §(kAF) EQBMUABFH . (6)

We denote the matrix A%’ above as Lorentz invariance
violation matrix, whose dimension is massless. When we
ignore the field redefinition, there are 16 independent di-
mensionless degrees of freedom in A%? generally [23]. As
coupling constants, the vacuum expectation value of A®?
is CPT-even, and the vacuum expectation value of its
derivative 8#A°‘5 is CPT-odd. Coefficients (kr)agu and
(kap)® are CPT-even and CPT-odd respectively. The
CPT-even terms in SME might be understood as origi-
nated from some general relativity consideration as pro-
posed in Ref. [12]. (kr)aguw is antisymmetric for the first
pair indices « and [, antisymmetric for the second pair
© and v, and symmetric for the interchange of the two
pairs of indices. Hence there are 21 degrees of freedom in
(kr)apuy- With the redefinition of the gauge field, there
are 2 degrees of freedom to be reduced in (kr)aguw. SO
there are 19 independent degrees of freedom under the
redefinition of the fields and 21 degrees of freedom in
general without considering this redefinition. Another 4
degrees of freedom are in (kar)®. After all consideration,
there are 19 + 4 = 23 independent degrees of freedom for
(kar)® and (kp)agu to consider the field redefinition,
and 21 + 4 = 25 ones without considering this redefini-
tion in general in the pure photon sector of the minimal



SME [21]. Given the situation that the Lorentz violation
matrix AP here is coupled with other types of fermions
and bosons, there are no universal redefinitions for all the
fields of different particles yet. So we discuss mainly the
general form of A% with all the 16 degrees of freedom,
fit data from various experiments, and obtain the mag-
nitudes or constraints by the experiments, avoiding any
a priori assumption on A8,

We can make a direct correspondence between the
two Lagrangians in Eqs. ) and ) (cf. the table in
Ref. |22]), when considering the vacuum expectation val-
ues of both A®® (CPT-even) and its derivative 9,A%"
(CPT-o0dd) as coupling constants and Lorentz violation
parameters. In the case that just the Lorentz violation
matrix A% is adopted as the violation parameters, there
are terms left in Eq. () which can not be covered by
the Lagrangian in Egs. (B) and (@). Comparing directly
Eq. @) with Egs. (@) and (6l), we can not find a direct
term-to-term equivalence between the Lagrangians of the
free photon sector in the SMS and the minimal SME.

Here, we treat A®? as its vacuum expectation value,
i.e. as coupling constants in the field theory framework.
Then any derivatives 8#Ao‘ﬁ vanish in the following par-
tial integrations during the derivations.

In the standard model supplement, the motion equa-
tion for free photons is

H’SYIF\J/ISAP =0,
and the Lagrangian in Eq. ([2) reads also
1 vp
ESMS = _QAWHSMSAW (7)

where

s = —g"P9% + 070"
FAYYPDy 4+ APXDV Dy + AVPAPY 30,
—g"P (208,00 + gap AP AP 030,). (8)
From Eq. @) to Eq. (), partial integrations are used. We
use the Fourier transformation A,(x) = A,(p) exp(—ip -
x) to get
Mis(p) = ¢7"p* —p7p"
—A"DPpo — AP Py — A'YﬁA’”’plgp,,
+977 (20 Dpa + Gap A A pgp,).

For the free photon in the minimal SME, the Lagrangian
is similar
1 vp
Lsme = _EA’YHSMEAM (9)

where

M = —g"°0% + 070" + 2(kp)"*PP0,05
+2(kar)a€*PPopg, (10)

and the representation in momentum space is

IR L) = g7"p* — p'p” — 2(kr) P Ppaps
—2i(/€AF)a€7aﬁppﬂ.

We see that ITIJ(p) and IIL8 5 (p) are the inverse of the
photon propagator in the momentum space. The propa-
gator determines the propagating properties of photons.
When the two Lagrangians Eq. ) and Eq. (@) are
equivalent to each other for free photons, i.e. we consider
the common part (intersection) between the two models,
some enlightenments are expected to come. We can get
4% = ILL 5. Then the matrix equation is satisfied

97 (2AFpupa + Gau A A pep,,)
_A'Yapppa _ Apap'Ypa _ A'YﬂAPVpoU
= —2(kp) " paps — 2i(kap)a€’** ps.

Making derivative with respect to momentum p® for two
times, we obtain

2gvp(AaB + ABa + gijuaAVﬂ)

—Ayagps — Bysgpa — Bpagys — Dpagra
—Ayalps = Byplpa
= _4(kF)'y(a,8)p — 4i(kAF)'u€;yyp(alg)- (11)

We accept conventions of general relativity for the no-
tation of indices here and in the following derivations.
The coefficient lg is introduced here, and its dimension
is [length] or [mass|~'. [} represents the characteristic
length of the physical process. Based on the symmet-
ric/antisymmetric properties of indices v and p, we get
two matrix equations further

— i(kar)  €uypally = (kr)piepo =0, (12)

and

2gvp(AaB + ABa + gijuaAVﬂ)

—Bya9ps = Bysgpa = Bpagrs = Bpsgra
—Ayalps = Byplpa

= —4(kr)(1(ap)p) = —4EF)y(ap)p- (13)

The general formula Eq. (I3) here demonstrates the re-
lations of the Lorentz violation matrix A, and the coef-
ficient (kr)yasp, for the intersection of the SMS and the
minimal SME.

When we take kap and kp of Egs. (I2)) and (I3)) into
the Lagrangians of the minimal SME of Egs. (@) and (@),
we find that the Lagrangian of the minimal SME of
Eq. @) can be converted to that of the SMS of Eq. ().
This tells us that the free photon sector of the SMS can
be considered as a subset of the minimal SME, provided
that the coefficients (kar)* and (k) ap, are constrained
by Egs. (I2) and ([I3).

The identity Eq. ([I2) tells us the relations between
(kF)yasp and (kap)*. The constraints mean that the



violation coefficient (kap)* (CPT-odd) vanishes in the
photon sector of the minimal SME; i.e.

(kap)" = 0.

There is a maximal sensitivity 10742 ~ 10743 GeV for

the coefficients kg;o’,))oo, ké?/))lov Rekg;o’,))ll and Imkg;o’,))ll in
Tab. [l These four parameters are defined in terms of co-
efficient (kap)® in Tab. [l In Eq. (I3), tensor (kr) asp
is antisymmetric for indices v, o, and antisymmetric for
indices 3, p. At the same time, (kp)yasp = (kF)gpya. SO
there are 21 degrees of freedom in (kr),ap, generally, and
21 — 6 = 15 independent elements in tensor (kr)y(ag),-
We have already known that there are 16 degrees of free-
dom for AP without the field redefinitions being con-
sidered. Therefore, any one of A*? and (kr),ag, can not
completely determines the other one. In Eq. ([I3)), there
are 15 degrees of freedom of the Lorentz violation matrix
Aqp related with 15 ones of the tensor (kr)yagp. A def-
inite A®? can determine at most 15 degrees of freedom
of (kr)yapp, and vice versa.

We consider an example that A,g is a symmetric ma-
trix. Then we can get the explicit form for it. Multiplying
g7? on both sides of Eq. (I3)), we obtain

3g“UAMaA,,Ig + 6A(a5) = —2(/€F)a3,

where we define (kr)ag = ¢7°(kr)yasp. The tensor
(kF)~yasp has most of the properties of the Riemann cur-
vature tensor. So (kr)apg is a “Ricci tensor” and satisfies
that (kr)ag = (kr)ga. As we know that (kr)ag < 1 and
Aqp < 1, the solution of A,g in terms of (kr)ag, to the
second order, is

Bap = ~5(ke)as = 20 (kr)ualbrhus. (14)

18

With the assumption of A,g being a symmetric ma-
trix, there are 10 independent elements in it. Then the

_(kF)OIOI + (kF)2323

(’%e-‘r)jk = 7
b

which is symmetric for the indices j and k;

- )jk — (k)01 — (kp)2323 4 o
Fe_ — ”

”

which is symmetric for the indices j and k, and a = 2 (k)

0 (kF)0131 _ (kF)0223 (kF)

(’%oJr )jk = K 0

kM ”»

—(kp)0102 4 (Jfr)2331
— (k)02 4 (Jp)3131 —(kp)0203 4 (fpp)3112

—(kr)
~(kp)0202 _ (k)38 4

Lorentz invariance violation matrix for the free photon
can be obtained from the tensor (kp)yag, completely,
and can be considered as somewhat a kind of Ricci ten-
sor. In the following part, the general case of A,g with
all the 16 degrees of freedom is considered.

III. LORENTZ VIOLATION MATRIX OF

PHOTONS

The Lorenz violation parameters of the minimal SME
have been constrained from various recent experiments.
The data can also provide bounds on the magnitudes of
the elements of the Lorentz violation matrix of photons in
the SMS, through Eqs. (I2]) and ([I3]) above. The Lorentz
violation parameters of the SME commonly used in ex-
periments are four matrices (Fes ), (Fe_ )7, (Fos)?*
and (%,_)7* in Ref. [21]:

. . 1 .
(’%eJr)]k _ _(kF)OJOk + ZequfkTs(kF)pqrs,

(F@e—)]k _ _(kF)O_]Ok _ Z6_];Dq€}’crs(kF)pqrs + g(kF)OlOléﬂc7

(fio+)jk — _%Equ(kF)Okpq + %Ekpq(kF)ijq,
and

(RO_)JIC _ %Equ(kF)Okpq + %Ekpq(kF)OJpq'
The same indices mean summation. More parameters
related with the Lorentz violation matrix are listed in
Tab. [Tl

In terms of (kp)*?#¥ the four matrices can be rewrit-
ten as follows,

— (k)03 4 (kp)2312

b2l _(kF)OBOB + (kF)IQIQ

0102 _ (f;.)2331 — (k)03 — (kp)2312

—(kF)O203 _ (kF)3112
» _(kF)OBOB _ (kF)IQIQ + o

0l01.
)

0112 _ (},,)0323

(kp)0%2 — (kp)0331
0

3



which is antisymmetric for the indices j and k; and

2(kF)0123 (kF)0131+(kF)0223 (kF)0112+
2(kp)0231

(F&O_)jk _ b2l

”

which is symmetric for the indices j and k. The symbol
” above means that the matrix element is not written
explicitly for brevity and it can be obtained from the
property of symmetry/antisymmetry of the correspond-

1
. 2
(e = [ 1A

kM ”»

(A10A20 + A23A13)

kF 0323

(kF)0212 4 (kF)0331
2(/€F)0312

ing matrix.

With Eq. (3], we can replace the tensor (kr)*?* with
the Lorentz violation matrix A®?. So the four matrices
above are rewritten like:

(A10A30 + A32A12)

(A2OA3O + A31A21) , (15)
1A
2

N[~

which is symmetric for the indices j and k, with A = A*Pg,4;

lAOO+lA11_§A22_§A33
i 2 6 , 6 6
(Fe )" =

7

which is symmetric for the indices j and k, with o = Z(kr)

%(AIOA% _ A23A13)
1 1 5 5
§AOO i 6A22 N EAH a EABS 1 AO 1 A33 5A11 22
” 1A00 L LA33 _ BALL_SA

l(A10A3O _ A32A12)

E(AQOASO _ ABlAQl) , (16)
3
6

olot.
)

0 _l(A02A32 + A01A31) l(AO3A23 + A01A21)
. 2 2
(,%OJF)Jk — b2l 0 —%(A%AB +A02A12) , (17)
” b O
which is antisymmetric for the indices j and k; and
‘ ? %(A02A32 _ A01A31) %(A01A21 _ A03A23)
(%O_)Jl@ _ ) ? §(A03A13 _ A02A12) ) (18)

”» ”

which is symmetric for the indices j and k. The metric
tensor gos = diag(—1,1,1,1) is used here. The sym-
bol ‘?’ in matrix (%,_)7* denotes that the involved ele-
ments (kr)?12, (kr)?23! and (kr)%312 can not be written
in terms of the Lorentz violation matrix A®? through
Eq. (I3). We have known from the preceding section
that only 15 degrees of freedom in matrix A®? are inter-
related with the same number of independent degrees of
freedom in tensor (kp)~agp, and vice versa. Besides the
representation of (Fet)’¥, (R ), (Roy)’* and (F,_)7*
in terms of A®? the relations between other Lorentz vi-
olation parameters commonly used in the minimal SME
and the Lorentz violation matrix here are summarized in
Tab. [IIl There are 15 independent expressions in terms
of A®P appearing in the four above matrices (/.4 )",
(Fe—)*, (Foy)’* and (K,_)7*. These 15 independent ex-
pressions help to determine 15 degrees of freedom of the
Lorentz violation matrix A®?.

?

With the recent maximal sensitivities attained from
current experiments for Lorentz violation parameters
(R )7®, (Re—)*, (Foy)?® and (K,_)"* of the free pho-
ton sector in the minimal SME (see Tab. [)), we get the
maximal sensitivities or the conservative bounds from ex-
periments for Lorentz invariance matrix AP

photon
A3 + 10717 10~° 10—° 106
1079 A% 410717 1079 1079
1079 1079 A33 410717 1079 |
1079 10°8 1078 A33
(19)

in the Sun-centered inertial reference frame 21, 28]. The
publication |21] claimed a 20 limit on Lorentz violation
coefficients (Fet )7%, (Fe )7, (Fou )™, (Ro_)’* and etc.
in Tab. [l The 15 independent degrees of freedom of
A8 are determined, and there is still one freedom A33

remaining unclear. The maximal sensitivity for the ele-
ments of A®? is listed in Tab. [



Eq. (T9) demonstrates that the Lorentz violation ma-
trix A% needs not to be a symmetric matrix in general.
The non-symmetric structure of the photon Lorentz vio-
lation matrix suggests preferred directions and potential
anisotropy of space-time [24, 29] for propagating of the
free photon, even in the case of no gravitation. More
experiments will give more details for A®?,

There are different representations for the Lorentz vio-
lation matrix A®? in different coordinate systems. These
representations are related with each other by a coordi-
nate transformation matrix 7%% in group SO(1,3). When
the relative velocity between these two coordinate sys-
tems is much smaller than the light speed, the element
of T*# is either order O(1) or close to zero. An element
of the Lorentz violation matrix in a coordinate system
is the linear combinations of the elements of A®? in the
other coordinate system. Then the magnitudes of the
Lorentz violation matrix in these two coordinates are not
different too much with each other. So we expect that
the upper bound on the violation parameters appearing
in Ref. [24] is compatible with the maximal sensitivity
shown in Eq. (T3). The limit of order 107! in Ref. [24]
for the photon Lorentz violation matrix is indeed com-
patible with the bound 10~2 here.

From Eq. ([9), we find that the trace A = tr(A%?) =
GapA®? =~ 10717, A competitive upper bound 1.6 x 10714
on the photon Lorentz matrix A%’ was obtained in
Ref. [24]. In that article [24], we made an assumption
about the form of the matrix A®? theoretically for the
analysis on the data there. There is no a priori assump-
tions here about the general structure of A®?. We see
that the maximal attained sensitivity 10~'7 for the trace
of the Lorentz violation matrix is stronger than the upper
limit 10714 gotten in Ref. [24]. Compared with the strin-
gent bound on the trace A, the maximal attained sensi-
tivities put looser limits on the non-diagonal elements of
A%? shown in Eq. (IJ).

Through this work, we have seen that the two theories
of the SMS and the minimal SME can give same results
for free photons. Eq. (I3) shows the correlations between
the Lorentz invariance violation matrix A*? of our model
and the coupling tensor (kr)ag,u. appearing in the pho-
ton sector of the minimal SME. The relations of the vi-
olation parameters A®? with the parameters (kF)apuv
uncover the detailed structure of the Lorentz violation
matrix of free photons in Eq. (T9). Up to now, there have
been no compelling experimental evidences for the exis-
tence of Lorentz violation for photons. All that we have
gotten so far are the theoretical analysis and the maximal
sensitivities attained from the recent experiments.

IV. CONCLUSION

Two Lorentz violation models, the minimal standard
model extension (SME) and the standard model supple-
ment (SMS), are compared here for the photon sector.
For all the terms in the Lagrangians of the pure pho-

ton sector, there is no direct one-to-one correspondence
between the two models in general. However, some in-
teresting results can be obtained by the requirement that
the two models are identical with each other in the inter-
section. We find that the free photon sector of the SMS
can be a subset of the minimal SME provided with some
connections in the SME parameters. (i) We consider the
photon sector of the two models, and two main equa-
tions are obtained between A®? (kr)*#" and (kar)®,
through the propagator of photons in the momentum
space. (ii) These equations suggest that the CPT-odd
coefficients (kap)® are zero. Such a suggestion is sup-
ported by available experimental bounds, for example,
there is the maximal sensitivity 10742 ~ 10743 GeV from

(3) (3) (3)
k(V)OO’ k(V)lO’ Rek(v)u

and Imkg’,))ll. (iii) There are 15 degrees of freedom in the

experiments for the coefficients

Lorentz violation matrix A% and the same number of de-
grees of freedom in tensor (kr)®?*¥ to be inter-related.
We got the conservative bound Eq. (I9) on the detailed
structure of the photon Lorentz violation matrix in our
model. The bounds on A®? are gotten from the limits
on the Lorentz parameters of the minimal SME. The de-
tailed structure of the photon Lorentz violation matrix
can play an important role for applications to Lorentz
violation experiments.

For A8 of free photons, due to the factor that a uni-
versal constant can be absorbed into the gauge field A*,
there are 15 independent degrees of freedom in A®? of
free photons to describe Lorentz violation. In the paper,
we do not use these 15 independent degrees of freedom to
derive the magnitudes of all the 16 elements of A®?, but
use the relations of it with the parameters in the minimal
SME to get the constraints on A®? of free photons from
the constraints of various experiments on the minimal
SME.

The strong constraints on the matrix elements of A®?
mean that Lorentz violation is small for photons if it ex-
ists. The matrix A®? is not symmetric generally. The
non-symmetry property of A®? implies that the space-
time for free photons can be not isotropic very well, even
if in the case of no gravitation. To date, there has been
theoretical analysis on Lorentz violation and there is no
strong experimental evidence supporting Lorentz viola-
tion for photons. Generally, we should study the minimal
standard model extension and the standard model sup-
plement separately, and then determine whether these
two models are equivalent to each other by directly con-
fronting with relevant experiments.
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TABLE I: Maximal sensitivities (20) for the Lorentz violation matrix of photons.

Coeflicient Sensitivity
AOO _ 3A33 10717
All _ A33 10-17
A22 _ A33 10-17

AOl 1075
AOZ 1075
AOB 1076
AlO 1079
AZO 1079
ASO 1079
A12 1079
A13 1079
A21 1079
AZB 1079
A31 1078

A32 1078




TABLE II: Maximal sensitivities (20) for the photon sector (from Ref. |21]). The superscripts X,Y, Z there are converted to
1,2, 3 here respectively for consistence with the notation of the Lorentz violation matrix.

Coefficient Sensitivity

(fﬁe+)12 10—32
(Re+)13 10-32
(Re+)23 10—32
(Re+)11 _ Re+)22 1032
(K/e+)33 10732
(%7)12 1032
(%7)13 10~32
(%7)23 10~32
(,%7)11 _ (,%7)22 1032
(R07)33 10732
(~e—)12 10—17
(~e—)13 10—17
(~67)23 10717
(Re—)ll _ (Ref)QQ 10—17
(fie,)?’?’ 1016
(Fmo+)12 10713
,~%+)13 10~ 14
(Ro+)23 10—14
Rr 10~
k& 0o 107 GeV
ko 107*2 GeV
Rek() 10742 GeV
Imk®) 10742 GeV

(V)11
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TABLE III: Definitions for the photon sector in the minimal SME, together with relations with the Lorentz violation matrix
of the SMS. (The two left columns are from Ref. [21].)

Symbol Definition Relation
(Re+)jk _(kF)OjOk + %6qu6krs (kF)pqrs Eq
(Ree ' —(hr) % = Lmek™ ey 1 305 Eq. ()
(,goJr)jk _%equ(kF)okpq + %6kpq(kF)0qu Eq. (]IZD
(Ro,)jk %Equ(kF)Okpq + %6kpq(kF)0qu o (DED
Rtr —%(kF)OlOl —%All + %A
K (kp)0213 )
k2 (k )0123 )
k3 (kF)ozoz _ (kF)1313 —%A
k4 (kF)OSOS _ (kF)1212 —lA
k5 (kF)0102 + (kF)1323 _%(AloAzo . A23A13)
K O e (e _L(APA® 4 AZAL)
K (k)™ 4 (k)1 ~L(AMAY 4 ATIA
K (kp)°™2 + (ki)™ —1(ABAR _ AMA%)
e (k)" = (k)22 L(AVAY — A2A®)
e 0212 _ 0313 T AO3ALS  AO2AL2
k (kr) (kr) L(A%A AD2A12)
kg?/))oo —\/47T(kAF)O

kE?/))m —\/Ar/3(kar)?
Rek(), /27 /3(kar)"
Imké?/))n — /27"/3(kAF)2

o O © O




