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Testing of CP, CPT, and causality violation with light propagation in vacuum
in the presence of uniform electric and magnetic fields
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We have considered the structure of the fundamental symmetry violating part of the photon refractive index
in vacuum in the presence of constant electric and magnetic fields. This part of the refractive index can, in
principle, containCP T symmetry breaking terms. Some of the terms violate Lorentz invariance, whereas the
others violate locality and causality. Estimates of these effects, using laser experiments are considered.
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|. INTRODUCTION
#00=— [ Proexoamex, @)
Recently, experiments on searching for the birefringence
of a vacuum have been carried out and planfied3]. The  whereP**(x) is some tensor. We do not consider the case of
BMV project [3] was proposed to achieve an accuracy suf-strong external electric field, when vacuum instabilig]
ficient for detection of vacuum birefringence predicted byshould be taken into account. After Fourier transforms of the
QED. In addition, the search for exotic non-QED interac-four-currentj(x)= [j(k)e "“*d*k and four-potential of the
tions is possible in such experiments. In this article we diselectromagnetic fieldA(x)=fA(k)e **d*k the Maxwell
cuss what kinds of discrete, i.®,T,C, symmetry breaking equation is rewritten as
terms can be present in the photon refractive index in
vacuum in constant electric and magnetic fields. k2A*(k) —kH(kA) = —j#(k), 2
CP symmetry breaking irK-meson[4], andB-meson[5]

decays, as well as time reversal symmetry violatioK jrK o

oscillations[6], can be currently described by the standard j#(k)=— P (K)A,(K). 3)
model with the Cabibbo-Kobayashi-Maskawa matrix. It !

would be interesting to fin€ P violation in other systems, The four-tensorP*”(k)=[P**(x)e*™* d*x must be con-

different from theK, or By. It would be especially interest- structed from the tensor of the external fighd” and a pho-

ing to find some violation of the unconqueral@l®T sym-  ton wave vectok, since only they are available. By virtue of
metry. No signals foC P T violation have been observed yet the gauge invariance and current conservation the relations
despite numerous experimental tests. P#k,=k,P*’=0 must be imposed oR*".

From theCPT theorem 7] we know thatC P T invariance It is also necessary to emphasize that all the possible in-
of some field theory follows from locality and invariance teractions are supposed to be smallké@an be set to zero
under Lorentz transforms. UsualyP T violation is consid-  on the right-hand side of Maxwell’s equation during evalua-
ered to be due to breaking of Lorentz invariahi8¢ How-  tion of P*”: in addition, only that part ofP“* should be
ever, it is possible that locality is a less fundamental requiretaken into account which does not become zero when acting
ment than Lorentz invariance; therefore, experimentgn the four-vector polarizatioe,, (k) of a real photon(for
searching folCP T violation of both types are of interest.  regg| photons*e, =0). The structure of the polarization op-

erator, including off mass shell terms, was considered in Ref.

[10] for the case when all the symmetries are conserved and
Il. ELECTROMAGNETIC WAVE IN VACUUM IN is considered in Appendix A for the case of symmetry viola-
CONSTANT ELECTRIC AND MAGNETIC FIELDS tion.

In Egs. (2) and (3) the gauge is not fixed yet. We shall

where

Let us consider the propagation of an electromagnetic .
wave in vacuum in the presence of uniform constant electri(.ChOOS(_3 the_ gauge with the null component of the four-
and magnetic fields. Since a photon has no electric charg@0tential being equal to zerg=0. ThenE=—dA/4t and
such a medium is a medium with constant refractive indexE (K@) =i@A. In a given gauge we obtain from Eqg) and
We will assume that the field of the electromagnetic wave
obeys the Maxwell equatioF#"(x)/dx"= —4mj*(x),
wherej(x) is the current of all the particles that can interact K2Ei — Ki(KE) — w?
with the photons. The current arises due to vacuum polariza-
tion by the electromagnetic wave in the presence of external B
fields. Assuming that the wave field is weak and the vacuunwhere the three-dimensional tens@l is the spatial part of
in the homogeneous external field remains homogeneous, viee four-tensor P#”. Equation (4) shows thate' = 6"
can, in the general case, express the current linearly through P/ w? plays the role of the product of the dielectric and
the four-potential of the wave field: magnetic constants of the vacuum in an external field. Fur-
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ther, for short, we shall simply call it the dielectric constanttransforms the tensor of the external field, wave four-vector,
¢l of the vacuum in the external fields. and four-polarization of the photon are changedlay

Let us consider the structure of the four-tengdt” in
detail. It can be presented as an expansion in orders of theT]-“MVH—]-‘W, Tkt —k,, TeM_>eZ’, Te;’—>eﬂ,
external field. Provided the requiremems’k, =k, P*"=0
[11] andeZ’P’”g”iO, k?=0, are met, in the second order CFM'—s— FHV  CkM—kE, Celo—ek,
in the external field tensaF*” we obtain

Phv=a, Fak, POk, + 0,800 F, ok, e, K, PP~ F,, PK—k, Pe—e,. (®)

+ib1et Pk Fpo FO Pk + Co(€#M€TFy ok, Tk s Hence,P*” should be symmetric to satisfyP T invariance.
+e"™ T F, Kk, FHky). (5)  The term proportional td; breaksCPT invariance with
parity breaking only. The term proportional tg is CPT
Equation(5) is valid when the external field is slowly vary- invariant, butP, CP, andT violating. The terms proportional
ing with respect to the wavelength of the photon; furtherto a;=(16/45)(@?/m*~2.78<10"* MeV~* and a,
terms involving derivatives of the external field should be=(7/45)(a?/m*)~1.21x 10 * MeV~* arise in the frame-
included. work of conventional QED)15,14|. Here « is fine structure
The quantitye;’P’“eV is similar to the invariant forward constant andnis the electron mass. From E&) follows the
photon scattering amplitude in the external field. Let us findexplicit form of the vacuum dielectric constafit6] in the
its properties unde€ P T transformation. Unde€, P, andT  stationary uniform electri€ and magnetid3 fields:

gl=81+a,(88+(Bxn)(Bxn)—&(Bxn)-&(Bxn))+4a,(B'B +(Exn)BI+B'(Exn)i+(Exn)(Exn)))
+ib€"M(NME2+ NM(EX B-n) + EM(EN) — (BXE)™—[BX(Bxn)]™+2¢c,(B(Bxn) +BI(Bxn)'
+(EXN)(BXxn) +(Bxn)(Exn)i—(Exn)'d—-E&(Exn)—B'&-BIg)+idmBM+id,eME™+id,e!i™n™,
0

wheren=k/|k| and summation on the inder is meant. Let tromagnetic wave can be described in the framework of the
us remark that to an accuracy up to the terms of second ord&chralinger formalism(Appendix B. To second order in the
in the external field the refractive index does not depend owurrent operatof (x) (without defining its particular formn
the photon energyexcept for the terms proportional th , one can obtain that

d,, andds). In the Eq.(7) we have added by hand the terms

involving d,, d,, andds, which should be absent owing to 'PM,,(X)=47Ti[<O|jM(X)jy(0)|O>—(0|iy(0)iﬂ(x)|0>]0(t),
Lorentz invariance. Such terms as, for example, the Faraday

effect ~€'/™B™ violate bothCPT and Lorentz invariance. (8)
The same is true for the terme'/™E™, which violates all the

symmetries:P, C, T, and Lorentz, although it conserves Where H(I) is a step function. Let us derive the requirement
CP. However, in the presence of a substance such as gas of CPT invariance again, using a different method. For any
plasma they are not Lorentz violating, because we have adccPT-odd or CPT-even operatorZ(x) one can write
ditional vectoru® of the four-velocity of the substance. The @-17(x)@=+Z*(—x) [7], where ® is the operator of

vector u* allows us, for example, to construct the term . ES . .
P (FHIyT— FTuk— FRTUY)K, | responsible for the Far- CPT reflection, andZ™ is a Hermite conjugate operator.

aday effect in a substance. Applying this relation to the produgt,(x)j,(0) and taking

Therefore, experimental detection of the Faraday effect iinto account the hermiticity of the current operator we obtain
vacuum means violation of bot@ PT and Lorentz invari-

ance. (0[7,.(0],(0)[0)=(0[],(0)] .(—x)|0), 9
where invariance of the vacuum und€PT conjugation
. CPT THEOREM 0©|0)=|0) and(0|® =(0| in a constant uniform field is
used. The translational invariance of the vacuum in the ho-

According to the well knowrCPT theorem[7] CPT in- ~ h
variance follows from Lorentz invariance and locality; there-M0geneous constant field (0[j,(0)j,.(—x)|0)
fore, Lorentz invariant bu€ P T violating terms should break =(0|j V(x)jM(0)|0> and Eq.(9) lead to the symmetry of the
locality. Let us consider this in more detail. A small pertur- tensorP,,,(x) =P,,,(x) as a condition o€ PT invariance, in
bation of the vacuum in constant external fields by an elecagreement with the previous analysis. In a strong electric
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field the vacuum is unstable. It evolves from an “empty” by e~ <, wheree is an infinitesimal number, does not spoil
state to a state with particle-antiparticle pairs and is no longeconvergence of the integral in EG.0) and allows us to write
T invariant as well a<CPT invariant. This leads to the ap- P,,(k) as

pearance of antisymmetric terms in the polarization tensor

[17]. The effect is suppressed by the multipler™¢¢ and 4 (0[] ,.(0)[n)(nl},(0)[0)

negligible for electrons and a laboratory electric field, but Pou(K)=2(2m) 2

what about some unknown light particles? In the following

we will treat vacuum as stable. (Olj ,(0)[n)(n|j ,(0)|0)
First we consider the case when the locality condition e twtie

(0]7#(x)] (0)—*(0)]*(x)|0)=0 atx?><0 is satisfied. This

relation implies that events at points of four-space withFor the spaceliké& we can consider everything in the system

spacelike separation are not connected in any way. It is af reference where=0; then

consequence of the limited velocity of an interaction propa-

gation, or the absence of any tachyons that can transfer an

&®)(py—k)

€n —w—le

59 (p,+k)|. (12)

&
interaction. ThusP,,,(x) is not zero only in the future light Pulk)=2(2m)*>, 2+n 5
cone. Transforms of the restricted real Lorentz grmIp " EnTE
map the future light cone&/*, consisting of pointsx® <10l (0 Inynli (0)10%6@(p.—k
>0, Xo>0, onto itself[7]. In other words, the presence of (O[] ,.(0)m)n[},(0)]0) ™ (pn—k)
the step function does not spoil the Lorentz covariance of +<0|iv(0)|n><n|j#(0)|0>5(3)(Dn+ K. (13

P,.,(X), as a point of the future witko=t>0, x*>0 re-
mains a point of the future with’>0 for any system of From Eq. (13 it follows that the relation Pn(K)
reference. This means that the function =7P,,(—K) is valid. By virtue of analytic continuation this
relation is valid for complex of the extended tub&’ (al-
. though it is violated on passing to the limit of timelike réal
P,W(k):J Pur(x)e**d*x (100 as then in the left-hand side lka~0 belongs to the future
=0 light cone, while on the right-hand side Imk) approaches
zero in the past light coneConsequently, we have through-

is covariant under transforms bf| . out the extended tube
The function of Eq(10) can also be defined for the com-
plex k=k+iK, with K belonging to the future light cone PunK) =P, (=k)=P,,(K). (14)

(KeV™), since in any frame of reference kg>0 and the o ,

integral in Eq.(10) converges. Let us define the forward tube At the end and beginning of the (iquahty we can turVn to the
F as the set of complek= x+i K, wherek belongs tov*  limitof realk: Im k—0, ImkeV™, and find that?*"(k)

[7]. Then the extended tub& is the set of complesk, obeysCPT invariance. Thus we have proved 84 T theo-

obtained as a result of all the complex Lorentz transformd€M for our special case, showing that locality, Lorentz in-
L. (C) [7] with determinant+1 to the points ofF. Due to variance, and field-theoretic Scliinger equation lead to the

analytical continuation toF’ the function?, (k) becomes C©PT invariance ofP“*(k). o
covariant under transformations from the. complex Lorentz Le€tus assume now thatlocal commutativity does not hold
groupL ;. . The value ofP,, (k) at realk is a boundary value for the operatof (x). The current operator can be nonlocal
of PW(K):Iim,CHO,,CEWPW(k). The reflections of all four and, for example, may be expressed J%ssx)—fKW(x
axes are included ih, and, thereforeP,,,(K)=P,,(—K).  —x")7”(x"), where the operatof”(x) is local (expressed
We cannot, however, pass to réain this equality, as, if in  through the fields and their derivativeandK ,,,(x—x') is a
the left-hand side Ik—0 belonging toV™, in the right-  function describing nonlocality. Then, in the general case,
hand side of the equality Im{k) e V™. Itis known that the  the expression of Eq(8) is distinct from zero at spacelike
extended tube also contains real poifisst point3 [7]. Al points. Therefore, due to the presence of éhfeinction Lor-
Yost points are spacelike. Let us show that the relationsntz invariance has been lost. To maintain the Lorentz invari-
Pur(K)="P,, (k) is satisfied at the Yost points. Using the ance we must “remove” the function in some way, which
relat|0n<0|1#(x)|n> e'Pn"<O|J#(O)|n> we rewrite P,,,(x)  will mean violation of causality. Certainly, we cannot simply
as remove thed function and are forced to abandon the field-
theoretic Schrdinger equation. Modification of the Schro
dinger equation to the case of nonlocal theories is offered in
PM,,(X)=4ﬂ-iE [(O|]M(O)|n)<n|f,,(0)|0>e‘“’nx Ref.[18]; however, most likely it is not a unique possibility
n and we will not consider it here.

Thus, experimental detection of terms of the Faraday ef-
fect type ~e'™B™ and ~e'"™EM in vacuum would mean
CPT and Lorentz invariance violation. If we do not detect
where P,={ge,,p,} is the four-momentum of the particle- such terms, but do detect tf@PT violating term propor-
antiparticle states in the external field. Multiplying EG1)  tional tob,, it means violation of locality and causality, but

—(0|7,(0)|n)}{n|j ,(0)|0yeP™Ta(t),  (11)
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Lorentz invariance. Locality and causality may be violated y y
through t_h_e presence of tgchyoﬂsartlcles with superlgml—_ S
nal velocitie$. Tachyons arise in a number of Lorentz invari- plane

ant theories. Even in the Rarita-Schwinger theory of a par-
ticle of spin 3/2 interacting with an electromagnetic field a
tachyonlike solution appeargl9]. However, no tachyons n.B X x
have been detected experimentally. ’

(a) (b)
IV. EVOLUTION OF LIGHT POLARIZATION UNDER  CP FIG. 1. (a) Linearly polarized light withzs=1, ¢;=¢,=0; (b)
AND CPT VIOLATION light with £3~1, ¢;#0, {,=0.
One of the traditional ways to describe light polarization 1 0 0 0 0 1 0 i
is to use Stokes parametefs, {,, {3 [20] which can be mea- " —A( +B +C +D )
sured by experimentalists. We can describe evolution of the 0 O 0 1 1 0 —-i 0/’

Stokes parameters when the electromagnetic wave propa- (20
gates in a medium with a tensor refractive index. Because of . .
the small difference of the refractive index from unity we canWhere the quantities,B,C,D should be expressed in terms

consider the electromagnetic wave to be transverse. Nor?f a1.az, - - g for a concrete external ﬁe'd configuration.
transversal terms will give the next order of smallness in the 1€ density matrix can be parametrized by the Stokes

constantsa; ,a, . . . . Thus, the dispersion equation for the Parameter$20]
t b itt .
wave vector can be written as a1 §1—|§2) "
. =5, . :
(n*—€)E=0, (15) 210+ 1-¢s

Distinguishing the real and imaginary parts in the coeffi-

wheren=k/w, and the wave strength vectér is perpen- cientsA=A’ +iA”- - - we find from Eq.(18) that

dicular tok and has only,y components if the wave propa-

gates in thez direction. Because of the smallnessnsf-1, 1.d¢,
Eq. (15) can be rewritten as (2~ e—1)E=0. Putting to ZEI(A'—B')§2+(A"—B")§1§3—2C"(1—ﬁ)
zero a determinant of the equation we can find eigenvectors
g belonging to the eigenvaludg . Expanding the initial +2D'{3—2D"{41¢5,
strength vector of the wavEy=3,a/q allows one to find
the evolution of the strength vector under photon propaga- 1d¢g, L R )
tion through the volume occupied by the external fields: o dz B TANGH(AT=BY){3+2C (s
. - +2C"{1{,+2D"(1-£5),
E(z)=, €*Za,e=¢€“"E,. (16) ST (1-¢2)
1 d¢s

— ” ” 2 ' ”
Here we have introduced an operator of the refractive index  , dz — —(A"=B")(1-{3)—2C [, +2C (1 3

according to the formula 2(—1)=¢—1. To describe par-

tially polarized light the density 2 matrix p;; —2D"{1+2D"{5ls. (22
=EE['/|E[" is used. From Eq(16) it follows that The Faraday effect can be measured, if we choose the
magnetic field to be parallel to the wave vector of the photon

dE(2) —iwNE(Z). (17) as shown in Figs. (® and 1b). Then in Eq.(20) only the

dz term proportional toD=3(d;B+d;) remains. As light
passes through the volume occupied by the magnetic field,
Equation(17) gives the evolution of the density matrix: the light with the only Stokes parameter initially distinct
from zero, {5 [20], will gain polarization corresponding to
the parametef, and, in contrast, light with the only initially
nonzero parametef; gains polarization corresponding e.
Thus the light polarization rotates as shown in Fig. 1.
Generally, the refractive index operator can be expanded via Let us recall tha{3=1 and{;=—1 correspond to the

the unit basis vectors, ande, in the following way: light polarized along the andy axes, respectively. The pa-
rameter{;= =1 describes polarization at 45° to teaxis.

The light ellipticity ¥ is expressed througiy=2W for fully
polarized light. Partially polarized light can be expanded as a

d A
d—z=iw[np—pn+—pTr{P(”‘”U}]- (18)

n—1=Ae®6+Beee,+C(6R6,+6,86)

+iD(e®e—g®e,), (199  sum of natural light and elliptically polarized light. In this
casel,=2VP, whereP is the light polarization andV is
or in the matrix form the ellipticity of the polarized part.
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back and forth between the resonator mirr@$]. Consid-

e gk ering only these terms we find that all the coefficieAts
=(a,/2)(£%+ B?), B=2a,(£?+B?), C=—c,EB, andD
=—b,EB+d4/2 are different from zero. First, assume that

B 3 B all the coefficients are approximately of the same order of
. nl . " magnitude. Then the light with the initial polarizatidn re-

ceives polarizatiord,. The polarizatiory; can also arise due
(a) (b) (c) to the imaginary part of the coefficie@ however, this con-
tribution does not depend on the sign of the initial polariza-
FIG. 2. (a) Linearly polarized light with{3=—1, {;={,=0;  tion {3 and can be separated by changing the sign/of
(b) light with {3~—1, {,#0, and{;=0; (¢ light with {3~—1,  during the experiment. Taking the electric field strength
£>,#0, and{,#0 (ellipse of polarization is slightly rotated ~10° V/m we obtain a restriction o€ PT and the causality
violation constantb,=An(p/EB=D/EB~0.31 MeV * if
In the BMV project[3] it is planned to achieve an accu- An(pis measured with accuracy 18. To measure th€ P
racy sufficient for measurements of the vacuum birefl’in-\/io|ating constantc; we have to search for the e|||pt|c|ty
gence predicted by QED, i.eAn~10"*" at 5~25 T. Ear-  parameter/, when the light was initially linearly polarized
lier, An~1.3x 10" *° was measured in the BNL experiment with ¢;=1.
[1] and An~6.7x 10 2° by PVLAS [2]. Thus, from mea- In the case whedA—B|>|D|,|C| [but |(A’—B’)wZ|
surements ofAn corresponding to Faraday rotation at the <1] “mixing” of the polarizations ¢; and ¢, occurs. Still,
level Ancpr=D~10"*" in a magnetic field of 25 Twe  the light initially polarized with¢s will gain polarizations(,
will use the system of units €/4m=a,1 T  and¢, only in the case whe or D differs from zero. But
=195 eV?,1 V/m=6.5x10"" eV?) one will be able to ob- e will not know C or D. Fortunately, we have a possibility
tain the restrictiord; = 2D/B~4x10"** MeV 2. to avoid this difficulty. The sign of the Cotton-Mouton effect
The presence of a residual pressure in the resonator imfor nitrogen is opposite to the sign of the vacuum Cotton-
poses a restriction on the measuremenk nfof the vacuum.  Mouton effect[23]; therefore, using nitrogen at a residual
Assuming the residual pressure in the equipment to b@ressure of about 10 Torr we can compensate for the dif-
10~ Torr, we find thatAn of the Faraday effect for helium ferenceA’ —B’ and distinguistD from C.
at this pressure ian~10" % Thus, theCPT violating Far- Apparently, the possibility exists to measure much smaller
aday effect can be measured with this accuracy. An. Baryshevsky offers the interesting idea of using laser
For measurement of the terms proportionabtowe may  amplifiers[24], which do not change the polarization prop-
choose a magnetic field perpendicular to the photon waverties of light, but, at the same time, will stop photon beam
vector. The electric field should be chosen perpendicular t@amping. Ideally, the amplifier should be combined with a
both the photon wave vector and the magnetic field strengtfirror, as shown in Fig. 3, to obtain an “amplified” mirror
vector. Thus the photon wave vector, the direction of thewith reflectivity 1 or more than 1. Light can be localized in
magnetic field, and the direction of the electric field form asych a trap for several hours. Assuming, for example, that we
triplet of mutually orthogonal vectors as shown in FigS. 2can measure an ang|e of p0|arization rotatd=Anwz
and 3. The refractive index contains terms which are of odd-1071° and the lifetime of a photon in the trap is 1 h, we
or even order in the vectar. For a laser experiment only the find the minimum measuredn~10"%7, for w=2.4 eV.
terms of even order in the wave vector are of interest, beHowever, a number of technical problems can arise in this
cause these effects accumulate under the passage of a photheme. For instance, we need the amplifier to remain iso-
tropic after multiple passage of the polarized light through it.
Finally, it may be possible to obtain restrictions on this
8 CPT violating term by examining the polarization of light
- from distant galaxies. It is necessary to separate the vacuum
, effects from the Faraday rotation in the magnetic field and
& lighit the substance of the galaxies. Earlier, such an analysis
\ yielded the restrictiom\ncg=ds;~10" 33 (w=2.4 eV) [25]
for the terme' ~¢e""™n™ (Chern-Simons terin
amplified mirrors

WITH SOME OTHER KNOWN TESTS

Let us estimateCPT violation of the Faraday type
~eMBM. Certainly, we cannot be sure of the applicability of
the Feynman diagram technique in the cas€&fT invari-

% / V. COMPARISON OF THE LASER EXPERIMENT TESTS

amplifier  mirror ance violation. But it can still be suitable for heuristic esti-
mates. In the framework of QED, the refractive index, pro-
FIG. 3. Scheme of a photon trap. portional toa;,a,, is evaluated using the square diagram
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(b) T 14 FIG. 5. (8) Graph of vacuum polarization contribution to the
5 electron or positrom factor. (b) Analogous graph o€-odd vacuum
polarization.

when u<<m [14]. This fact is a reflection of a more general

rule. The contribution of the virtual particle loop connected

by the photon lines to the electrons is proportional to some
FIG. 4. (a) QED graph of vacuum polarization contribution to degrees ofn/ . whenu>m, and to some degree of m{w)

the photon refractive index in a static fielth) Analogous graph of whenu<m. Thus, the contribution of the diagram shown in

C-odd vacuum polarization. Fig. 5(b) can be estimated as

shown in Fig. 4. Each vertex with the external electromag- 3.3 3

netic field corresponds to the factoe/(/4x)(B/m?) or acpr~ €9 m , (24)
(e/J4m)(E/Im?) in An, wherem is the electron mass. Each (4m)% \ ul

of the remaining vertices corresponds to the faetbf4.

We can, in the same way, estimate @8® T and Lorentz where the Spens functiofr(x) [14] has the asymptotic
violating term ~€'i™B™, considering the triangle diagram F(x)~x atx<1 andF(x)~ 7%/6+ 3 In?(x) whenx>1. Fig-
shown in Fig. 4. The triangle diagram cannot appear in standre 6 shows restrictions on the couplingg of
dard QED, as the diagram is not invariant un@econjuga- C, CP, CPT, and Lorentz violating interactions following
tion. Let us assume the most remarkable possibility, that thérom the inequalitiesAncpr <10 2 and acpr<10 12 As
violation of C, CPT, and Lorentz invariance is induced by we can see, measurement of the Faraday effect in vacuum
some unknown particles interacting with the photons W@th gives much more stringent restrictions gnin the above
violation of the order of unity. By analogy with the calcula- model of CPT violation than the traditional comparison of
tion of the standard square diagram we assume that the vethe electron and positrog factors. Certainly, it happens be-
tex with the external field corresponds to the factorcause we have chosen the model WitR T violation in the
(9/\4m)(B/?) in An and the other vertices correspond to

the factorg/y4m in An, whereg is the coupling of the W0 T T T T T T T T
particle with photons ang is the particle mass. As a result, i _
we have 4

10 [ T

9> 9B - -

In the BMV project it is planned to reach an accuracy suffi-
cient for a measurement dfn predicted by QED, i.e.An 168 - _
~10 2 (strength of the magnetic field is 25.7A measure-

ment of Ancp1 With this accuracy gives a restriction on the

0 1

couplingg. It is interesting to compare this restriction with 10 L1 1 |

what follows from theCPT test, based on a comparison of 16> 1 ¢ 16 16

the g factors of electrons and positronsicpr=(ge+

—0e-)/Uayr <10 12[26]. Under the assumption of the same HEY)

mechanism ofC parity violation, acpr arises from the dia- FIG. 6. Restrictions on the dimensionless couplingf some

gram shown in Fig. @). For the sake of simplicity, we again pariicles interacting with photons, with the relatite CP, CPT,
make very heuristic estimates of the diagram shown in Figand Lorentz invariance violation of order unity. The straight curve
5(b). First, we remark that the relative contribution of the relates the Faraday effect in vacuum and corresponds to the inequal-
diagram shown in Fig. & (the usual vacuum polarizatipn ity Ancpr <10 2L The bent curve arises from the difference of
to theg factor of the electron is-[e*/(4m)2](m?/ u?) if the  the electron and positrapfactors and corresponds to the inequality
virtual particle massu>m, and is ~[e*(47)?]IN(Mx)  (ge+ —Je-)/ga, <10 12
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i g

Ps's,

b4 Y

\/\/\/V\)=/\/\/W
FIG. 7. Graph ofP violating photon interaction in final state in tachyon

two-photon para-positronium decay.

FIG. 9. CPT violation due to exchange of causality violating

) ) ) particle (tachyon of axion type.
photon sector; therefore, the experiments dealing directly

with photons have an advantage. ra 4
; . : g m

Let us now consider the terms proportionalttg which alp~——F| —|. (26)
breakP, CP, CPTand causality, but at the same time, are (4m)? \ ut

Lorentz invariant and do not bredk parity. To estimate the

appropriateA nj.p1 we should consider the square diagram of ~ T1he resEr;Etions ong’ f(BIéowing from the inequalities
Fig. 4(@). In the same way we find Angpr<10 “*anda;p<10 ° are shown in Fig. 8. We have

taken the electric field strength 4®/m, so that the dimen-
sionless parametee£/m?)~ 102 The vertices we consid-

A g’z( g'B g'& 25 ered are of the type one photon—two particles; however, it is
Nepr~ —-— : 25 i ' -
CPT™ 2m \/E,uz \/E,uz possible to consider a vertex of the type two photons—one

particle. In this case for evaluation afng 1 we should con-
sider the diagram shown in Fig. 9. For reasons of dimension-
The restriction ong’ obtained from a measurement of ality we obtain
Anpr with the accuracy 10°* can be compared, for ex-

ample, with the restriction onCP violation in para- AR~ 9'B 9'¢ 27)
positronium decay into two photons. The positronidi, CPT N Vamp?) \ Jamu?)

state has negative spatial paijity4]; therefore, the probabil-
ity of decay into two polarized photons should be propor-CP violation in positronium decay can be estimated from the
tional to (e;Xe,-k) [27], wheree, and e, are the photon diagram shown in Fig. 10 as
polarizations andk is the momentum of one of the photons
(the other photon has opposite momentuihe presence of v 9
P-even (- &) correlation is a signal o andCP violation P am
(C parity is conserved in para-positronium two-photon de-
cay). For this process we can say nothing abbirivariance,  Unfortunately, due to the weakness of the electric field pos-
because we do not compare it with the reverse process aible in a laser experiment, compared to the magnetic one,
v+ y—Ps. The branching ratiax;p of the decay with the restrictions on sucBPT and causality breaking tachyon
(e,-&,) can be estimated from the diagram shown in Fig. 7coupling are\&/B times weaker than the restrictions on the
and is given by usual axion coupling for whichAn~ (g,B8/\J47u2)?. For

the strength of the electric and magnetic fields used in our

n2 2

m

. (28
PE

T T T T T T T 1 work, this gives about 100 times differen@gg. 11). For the
1 - - usual axion the very rigid restrictiog,/\4mu,~10 °—
= a 10 2 GeV ! follows from astrophysic$23,28. However,
10° L | laser experiments can be considered irrespective of the mod-
B ] els as independent tests GP T invariance.
e, 4
é 10 VI. CONCLUSION
= L _
108 . To summarize, laser experiments searchingfexT, Lor-
L _ entz invariance, and causality violation for photons in
-8 vacuum, in the presence of constant uniform magnetic and
10 - C " . . .
Ll L electrical fields, are competmve with tes;s using posnron and
2 2 4 6 electrong factor comparison and searching foP violation
10 1 10 10 10
THCY)
1
FIG. 8. Restrictions on the dimensionless couplifigof par- Ps 'S, tachyon

ticles interacting with photons with violation of paritg P, CPT,

and causality of order unity, but conserving Lorentz invariance. The

restrictions follow from the inequalityAngp1<<1072! (straight FIG. 10. Tachyon induce@P violation in the two-photon de-
curve and the inequalityr.p<<107° (bent curve. cay of para-positronium.
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Despite the above classical consideration the expansion of
the tensorP#” in the orders ofF#” andk* is not only valid

for soft photons. In fact we can deduce it by considering the
one-photon retarded Green'’s function in the external station-
ary uniform electromagnetic field D,,(x—x")
=i(0|[A,(x),A,(x")]|0)6(t—t"). The photon propagation
modes can be described by the poles of the Fourier transform
D, (K) =D, (x)€**d*x of the Green’s function. The dis-
persion relation for the propagation modes reads

9/(arp) (Gev')
[

Y -
O-LO

de{D ,,(k)|=0. (A1)

102 1 1% 10" 10 o
The photon Green’s function is expressed through the

&) Green’s function of the free photdn,,, (k) and the polariza-

FIG. 11. Restrictions on the tachyon coupling arising from thetlon operator as

inequality Anf.,7<<10"2! (straight curvg and from the inequality
alp<10"° (bent curve. D, (K)=D (k) + D, (K)P*#(k)Dg,(K).

in positronium decay, provided th&PT is broken in the “1_n-1_puv : IR S
) . : Thus D, =D, —P#". Taking D, (k)=(k°g,,—k,K,)
photon sector. It is essential that in the case of unbrokeule come to a dispersion relation like Eqg) and (3)
Lorentz invariance we have the possibility of testing causal- The 4x4 tensorP™’ contains 16 independent' compo-
ity and locality. nents. Thus it can be expanded over 16 independent tensors.
Ten of them are symmetric and six are antisymmetric. The
ACKNOWLEDGMENTS gauge invariance conditio®*"k,, 1{0,1,2,3, reduces the
The authors are grateful to Professor Viadimir Bary-number of symmetric terms to six. It also reduces the number
of antisymmetric terms to three, because for any antisymmet-
ric tensork,P#k,=0 are automatically valid and only
APPENDIX A three of four gauge conditions are independent. Independent
tensors should be expressed through the tensor of an external
In this appendix we consider the structure of the tensofield 7#” and the photon wave vectér The expansion can
P#” in the external field, including off mass shell terms. be written as

shevsky for valuable discussions.

P =ag(K2gH" = KHK") +ag Pk, F Ky + 48, P KW F Kyt 200 (FHK o T 7Kyt FEK G F K )
+ Co (KPFHOF K = KK F 55 F Pk ) PPk + (KRF " F o K = KK F g FP7K ) F 10K, |
+Ca (KEFHOF (KN = KEKOF 5 g FPOK ) FYPK 4 (KEF O F K — KK F 5 g FPOK ) FHPK ]
+ byt PR, F ., F 19Ky ot N F, KK+ by (KEF Ky — KIF M, + K2FHY), (A2)

where F#v= %e“””‘s]—'ﬂg. The coefficientsay,a;, ... are degree off. In a pure magnetic fielg=0 and the aforemen-
functions of four independent scalak$, k,7**F,k*  tioned term disappears.

FuoFrr,  g= ]—"M,,?’” [10]. The terms involving

a9,C»,C3,b5,b3 do not lead to observable effects at first or- APPENDIX B

der in the constants, because evaluation of these terms on the

photon mass shell gives zero. For instance, the quantity Here we deduce Eq8) from the field-theoretic Schro
e*“(kzgw,—k”ky)e” equals zero because the free photondinger equation. The classical fouAr-currem(r,t) corre-
satisfiesk?=0 andek=0. The symmetry properties of all sponds to some Schimger operatoy ,(r), so that pertur-
the terms are given in Table I. Let us remark that the scalar bation of the vacuum in a constant field by an
is P andT violating so if the coefficientsy,a,, ... contain  electromagnetic wave can be described by the interaction
odd orders ofG its symmetry properties change. Conven-Hamiltonian\?(t)=f]“(r)AM(x)d3r. Let us recall thaf\(x)
tional QED allows the terms proportional &y,a;,a, and  represents the four-potential of the wave. We will assume
also the term involving, which appears only with the odd that the wave rises adiabatically from zero value at infinity. A
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TABLE |. Symmetry properties of the terms of the tengdt” R . , )
allowed by Lorentz and gauge invariance. <n|V(t)|0)=f (n[j#(n|oye'ent A (k)d*kd3r
Symme.try - Ob§ewability _ |¢M 0)[0 ipx—ikxA (k) ik
Term Base Modified by?"* with real (n[j*(0)[0)e u(K) r
CPT CPT photons
a . +o— invisible =(2W)3<nlf”(0)|0>f 8¥(py—k)
a; +++ +-= visible _ )
a, +4+ +—— () xelent =t (k)d*k. (B4)
C1 to- Tt Y The solution of Eq(B3) can be written as
Cy -+ - -—+ invisible
(] -——+ —+- <> i ‘ \| ienT,
b, +—+ +4+— visible an(t)= 'f,w<”|v(7)|o>e dr
b, —++ -——= invisible R
bs - — 1 (O =(2m)*(n[j*(0)|0)

ient—iwt
(3) - 4

) xf 68 (p”+k)w—sn+i0A“(k)d k. (B5

perturbed state of the system is described by the Sahger .

equation: Then we can find the average value j¢f). Evaluation of
j(r,t)y=(t|j(r)|t) with the help ofa,(t) given by Eq.(B5)
leads to

i(en—w)t

d A X
g7/ =Ho+ W)[D). (B1) jﬂ<x>=—(2w>3f go (<nlj”(0>|0>6<3)<pn—k>m

X A,(K)(0[] ,(x)[n)+(0[](0)[ny 8®)(p,— k)

Vacuum states in constant external fields are eigenstates of “i(enm o)t

the HamiltonianH, in the absence of the wavedy|n) en—w+i0
=g,|n). Expansion of the stati) to stategn) gives
=—<2w>3f§ (<0|1M(0>|n>

At<k><nliﬂ<x>|0>>d4k

Cie 2y 5(3)(pn_k) 2y
[)=10)+ > an(t)me"" (82) X(n[*(0)[0) =g +(0li*(O)|n)
9Py +k)

X(nlj ,(0)|0) A (ke d*.  (B6)

e, to+i0
Substituting the given expression in E&1) we obtain o o )
From Eq.(B6), in view of the definition given by Eq3), we

obtain Eq.(12), which is the Fourier transform of E{8).
Let us note, that the Fourier transform of the causal polar-

da,(t) ization operator

dt

i (n|V(t)|0)e'nt, (B3)

IT,,,(x)=4mi(0|T],(x)],(0)|0) (B7)

differs from Eg.(12) by the sign beforé0 in the second
) ) _term. For the photon refractive index it is necessary to use
USIng the FOUrler transform of the Wave .fouripoten“aljust the de|ayed p0|arizati0n Operatg&'”” as in this case
AM(x)zfAﬂ(k)e*"‘Xd“x and the translational invariance of pur(ky given by Eq.(12) has the right propertie®* (k)

the vacuum(n|j°#(r)|0>=(n|f#(0)|0>e*”’nr, we obtain =P,.,(—k) required by the reality of the field(x).
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