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Breakdown of Lorentz Invariance
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The special theory of relativity results from the postulation of invariance undex coordinate transformation
of the hypcrbobc vravc equation

and it is required that ail laws of physics (except perhaps general theory of relativity) be invariant under
Lorcntz transformations. Divergencies in pxesent relativistic 6eld equations may be removed by considering
Inorc gcncra1 %'Rvc cquatlonss fox' cxalnPlcy

This equation introduces a unlvcrsal lcngQl lo 10 CIQ Rs a sccoQd Invariant Rnd destroys Lorentz invari"
RQce except as Rn Rpproxllnatc lnvarlancc. SOIQc tbcorctlcal and cxpcl'lxncntal conM'quences of trolls foul'-

dlIncnslonal %'Rvc equation Rrc dlscusscd.

I. MVRO'DUCTION

KSIDKS the speed of light c and. Planck's constant
k» R third constanty R UQlvcI'sal length /0~ io

cIQ, sccIQB to plRy RD lIQpoI'tRDt Tolc 1Q physics. Thc
dlstaQcc of strong interactions 18 about 10 cIQ. Thc
CTOSS SCCtlon Of DCUtX'OQ-PI'OtOD SCRttCX'lng 18 approxl-
rnately 19 "cm', which sets the diaIQeter of the proton
1D thc I'Rngc of ~10 cm. Thc clasSKR1 x'Rdlus of
electrons ls of thc SRIQC IQRgnltudc.

A thcoly that pTcdlcts thc IQRSscs Gf elcnMQtary par-
ticles must also contain a constant with the dimension

of length fox simple dimensional reasons. Using
.de Broglie'8 xelation, w'e have in dimensions

II (erg cm)
mass (gram) Xspeed (cm sec ') =

wavelength (cm)

However, the special theory of rdativity (STR) is

hostile to the introduction of a universal length as R

constant Gf Datulc, 81Dcc, fox' two dlGcrent fTRIQes of
TcfcI'cncc tIM length 18 Qot 1DvaTlant UDdcT Lorcntz
transfGTIQatlons.

Many attcIQpts hRvc becD Inadc to 1DtI'odUcc a
universal length into physics. In j.933, Pauli, ' after

discussing thc divergencies in qURntUIQ clcctTM~RIQics
and thc 1D6Dltc self-energy Gf electx'ons, closes with thc
following remark: "%ix' mochtcn hiexin einen Hinweis

dafUT cTMlckcn, dass Dlcht Dux' dex' Fcldbegri6, Sondern

auch dcT Raum-Zcit Begrime lIQ klcinen clncI' ~nd-
satzlichen Modiakation bedarf. " (We may see herein

an indication that not only the 6eld concept, but also

the space-tlIQc concept lIl thc IQlcI'Gscalc lequ. iI'cs a
prlnclpal modlftcatlon. )

March» lnsplred by this statclnent of Pauli~ sccIQB to
have been the 6xst one to point out the importance of

'%. Pauli, II@~mh der Ehysik, edited by H. Geiger Rnd

K. Schccl (Julius Springer& Berlin& 1933)& p. 272.
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R Universal length 1Q physKS. In a scI'lcs of pRpcrs
he tried to modify the geometry of smaB lengths while
IQRlntRlniQg relativistic invariancc. %ith his method hc
hoped to avoid the divergencies in quantum electro-
dynamics. However, March was unable to connect his
conccptloDB with thc experimental facts of nuclear
physics.

HclscQbcrg ln 3.938 wrote R Tcvic% article GQ the
slgn16cancc of R UQlvcTsRl length ln physics. He also
dlscusscs 'thc dlvcTgcnclcs 1D I"clRtlvlstlc 6eld theories
RQd thc Unsatisfactory Incthod of cuttlDg GG unde"
81I'cd dlvclgcDt 1DtcglRls Rt a length of InagDltUdc $0

which 18 doDc 1Q R IQRDDcx' tI1Rt destroys I'clatlvlstlc
ln variance.

In 3.943, de Broghe in his book on elementary par-
ticles dcvotcs R chaptcl to thc relation between the
theory of relativity and quantum mechanics. From the
quantum-Inechanical point of view, the SX'R is a classical
theory slIlcc thc htstory of R polIlt (wol'ldllIlc) slmliar

to classical mechanics is described by its foux coordi-
QRtcs x~ p~ sy and f) Rnd thc spccd s. Thc coDccpt Gf

w'GI'ldllnc excludes any HclscDbcI'g Uncertainty relation.
In j.950 HclscDbcx'g polntcd out that fUtul c x'c"

DGTDlallzcd coIQIQutation TelRtlons which coQtaln no
singularities and describe the mass spectra of dementary
particles should coQtaln RS R fundanMDtal constant R

length of the magnitude j.Q "cm.
HC1SCnbCI'g A Q4. 1Q f955 dCVCloped R QOQEQCRT

theory of quantUIQ mechanics which also contains 8

univexsal length. '
The So-called Qonlocal theories have also been con-

' M. March, Z. Physik 104, 93 (1936); 104, 161 (1936); 105,
620 (1937); 106, 49 (1931');108, 128 (193'I).

g %.Heisenberg, Ann. Physik M, 20 (j.938).
L. dc Broglie, Dk ElN58%tct'ItlkM (H. Govcx'ts Vcrlag,

Hamburg, 1943).
& W. Heisenberg, Z. Naturforsch. Sa, 251 (1950).
s W. Heisenberg oi of., Z. Naturforsch. 10a, 425 (1955); 12a

177 (j.957); Ii~, 441 (1959);I6, 727 (iNi).
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sidered. ~ These nonlocal theories allow events to propa-
gate faster than the speed of light over distances of the
order of 10 "cm, which means that the time-direction
of causality is not reserved at this small distance.

The foundation of the present theory of special
relativity is brieQy discussed here as a preliminary
in order to provide the proper background for presenting
an extension of the STR wherein previous assumptions
are somewhat generalized.

II. POSTULATES AND CONSEQUENCES
OF THE STR

Einstein's (1905) starting point for the development
of the STR was the failure of the ether drift experiment
by Michelson and Morley (1887) to detect a preferred
frame of reference in nature. Einstein stated the follow-
ing special principle of relativity: All frames in unform
transtatory nMtion are equivalent for the formulation of
the laws of physics The.essence of the STR is contained
in the following tw'o postulates:

(a) The transformations connecting the coordinates
x1, y1, s1, and t1 of system I with the coordinates x2,

y2, s2, and t2 of system II are linear and homogeneous.
(b) The measured speed of light c is the same in

both systems I and II. In particular, the quadratic
(bilinear) form x'+y'+z' c'ts r—emains invariant for
systems I and II.

Using postulates (a) and (b) one derives the Lorentz
transformations.

Prior to Einstein, Poincare (1895) had derived the
Lorentz transformations by requiring the invariance
under coordinate transformations of the hyperbolic
partial diGerential equation

] gory
P—= PP—— =0,

C2 gt2

which describes the propagation of light in place of
postulate (b). However, postulate (b) is a consequence
of Eq. (1) and describes the propagation (trajectories)
of spherical waves. Therefore, it seems proper to use
Eq. (1) in place of postulate (b) for developing the
STR, although both give the same results, i.e., the
Lorentz transformations are the only transformations
(except for dilations) which leave Eq. (1) invariant.

Equation (1) has the following important properties:
If f(xr, yt, zt, tr) is a solution, then f(xr xo,yt yo,

— —
zt—zp, tt—tp) is also a solution of Eq. (1), since the
transformations

xr ——xs+xp,

yr= ys+yo,
Zl Zs+Zo q

tr= to+to,

with xp, yp, zp, tp arbitrary, do not change Eq. (1)
because

Blp cilp BXs cilp Bys Big I3Z2 it/ cits cist'

+ + +
~&1 ~&2 ~&1 ~$2 ~&1 ~~2 ~&1 ~t2 ~&l ~&2

, etc. ,
8$1 8$2

and have invariance under translation in space and
time.

With it =e""'+~'*' we obtain the relation oP=c'h'
and for the group (signal) velocity v=—des/dh= c. Equa-
tion (1) also describes almost all electrodynamics. It
should be mentioned, however, that for the static case,
&'/=0 (Laplace equation), the spherically symmetrical
solution P(r) has the undesirable property of being
singular at the origin, namely P(r) =e/r, P(r) —+ op

for r~0.

III. POSTULATES AND CONSEQUENCES OF
A5' EXTENDED THEORY

Relativistic field theories are subject to the well-
known divergencies since "renormalization" does not
remove all the diKculties. Further, the theory of nuclear
interactions is far from complete. The generalization
of relativistic field equations to higher-order equations
of the form f( )4=0 by Pais and Uhlenbeck has
not changed this rather unsatisfactory situation.

It can therefore be concluded that Eq. (1) is only an
approximation. Without doubt Eq. (1) is very suitable
for x rays, uv light, visible light, and longer wavelengths.
Equation (1) should be replaced by a more general wave
equation, which is clearly not of the form g(Q)/=0,
but should contain Eq. (1) as an approximation. This
equation, leading to a theory which we will term ex-
tended theory (ET), should include the following
conditions:

(1) It should contain the universal length lp as a
universal constant in a manner similar to the way in
which c appears in Eq. (1), i.e., lp has the same value
in all frames of reference. Moreover, since the STR
reduces to classical mechanics for 'v«c, the ET should
reduce to the STR for lo —+ 0.

(2) Besides other solutions, it must also have plane-
wave solutions of the form

ei(ra t+k ~ x)

(3) The replacement of Laplace's (and Yukawa's)
equation, resulting from the KT, should have the
following properties for the spherically symmetrical
case:

iP(r) —& 0 for r —+ oo,

g(r)W~ for r~0.
' D. I.Blochincev, Fortschr. Physik 6, 246 (1958). ' A. Pais and G. E. Uhlenbeck, Phys. Rev. 79, 145 (1950).
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It can be seen that condition (1) requires the intro-
duction of higher-order derivatives. For dimensional
reasons, this would be the only way to introduce lp.

As a simple example, the following fourth-order partial
diGerential equation may be considered as a model for
an. ET which fulfills conditions (1), (2), and (3):

1 82tt
tpprtg—+Pp ——=0.

c BI
(2)

f=c'& '+"'*' is a solution, and we obtain the dispersion
relation

p~2 = cpt'p2 (1+lppk2) . (3)

The first minus sign in Eq. (2) prevents &u from be-

coming imaginary for 1(42t'p2, and Eq. (2) reduces to
Eq. (1) for tp ~ 0

Equation (2), which recently attracted attention,
arises in the linearized dynamic theory of elastic solids

if couple stresses are taken into account. ' Unfortunately,
no detailed study of this particular equation exists in

the mathematical literature. This is also true for most
of the other fourth-order partial differential equations.

Like Eq. (1), Eq. (2) is also invariant under transla-

tion in space and time.
For 1((lppk2 (energy of the y quantum above the

rest energy of an elementary particle), the dispersion

relation (3) reduces to

cu'= c'lp'k',

to which the fourth-order partial differential equation,

1 g2P
t p27'Q+ -=0—,

c2 /f2

0 1) 0 i)— (1 0)
(1o)10) i oi &0 -1)

to the form

where

tpp 2%2+io 2V'+——
~P

= 0,
c ati

is now a spinor. Equation (2) is not invariant under
Lorentz transformation. But the transformations which
leave Eq. (2) invariant should reduce to the Lorentz
transformations for Ip ~ 0.

However, the following should be considered: Con-
trary to the STR, for very short wavelength, the ET
allows signals (group velocities) to propagate at speeds
different from c. From Eq. (3) in particular it follows
that

For r))0, Eq. (7) reduces to the well-known electro-
static potential

P= p/r

and remains finite for r —+ 0

p= pltp,

i.e., not singular at the origin. Therefore lp plays the
role of an effective electron radius, and a pointlike
electron is stable in this ET.

Equation (2) can be reduced to a second-order partial
diGerential equation with the aid of Pauli's spin
matrices

corresponds. Surprisingly, this is a Schrodinger-type

equation since

8$ i 8) i 8)
427''|t+ — = tpV2+- —

~

tpi72 ———~P.
c' rtt2 c Btl c Bt)

for

d~ 1+2tppk2
'v= —= c

dk (1+tppk2)'"

1))tppt'p2 p=c(1+ptp202) .

(12)

The static case,
t 2+4/+ IPP —0

For visible light, the additional term would be of the
order 10 ",which is negligible.

appears also in Bopp's treatise on G.eld equations of

higher order in electrodynamics, ' but where the basic
equation is of the type

1——~ ~ =0

The spherical symmetrical case of a point charge has the
solution

0=-(1—c '").
r

' R. D. Mindlin and H. F. Tiersten, Arch. Ratl, Mech. Anal. 11,
4&5 (~V62).

'o F. Bopp, Ann. Physik. 38, 345 (1940).

IV. THE PROBLEM OF THE EXISTENCE OF
SPEEDS WHICH EXCEED THE SPEED

OF LIGHT AND THE STR

The legitimate question may now be asked: If the
ET allows signals to propagate at speeds faster than c,
could it then be possible to 6nd a privileged coordinate
system in nature? On a macro-scale (ether drift), the
answer is no. A GedarIkerlexperimerlt may illustrate
this.

We assume that Eq. (2) holds, i.e., we have signals at
our disposal which propagate faster than c, e.g., 2c. A
Michelson-Morley experiment is carried out with these
signals, but it is found that in diGerent frames the speed
of the signal is always exactly 2c. No conclusion about



the existence of a preferred coordinate system (ether)
in nature can then be drawn. Therefore to conform to
the special principle of relativity on a macro-scale, it is
required only that signals propagate with the sujet,'
constant velocity e (not necessarily equal to c) in
diferent frames.

It should be mentioned that a Michelson-Morley
experiment allows the measurement of differences only
in speeds of signals in different frames. The absolute
speed of the signals used is irrelevant.

The STR does not prove that c is the highest possible
speed in nature. Postulation of invariance under
coordinate transformation of Eq. (1) or postulate (b)
imP/ies that c is the highest speed in nature, since Eq. (1)
allows signals to propagate only with the speed c (as
shown). The Lorentz transformations then explicitly
express this fact by becoming imaginary for e& c.

On a micro-scale, however, there seems to be a break-
down of the special principle of relativity. This wiU be
discussed at the end of this paper.

Nevertheless, up to now the existence of an KT has
been rather speculative. There are also other wave
equations, which could replace Eq. (1) and lead to
other ET different from that resulting from Eq. (2)."
If Eq. (1) is considered as an approximation, one could.
formally write as a "dispersion relation" of an KT

with f(lk)((1 for visible light, or respectively,

&o'= c'k'(1+la'k'+lr'k'+ ) .
The KT wave equation is then obtained by replacing ~
and k by the operators co~iB/N, k —+ iV'. However,
the values of lo, l~, etc., can only be obtained by experi-
ment. Therefore before going into any lengthy calcula-
tion, the speed of very short y rays of wavelength
X=10 "cm (and shorter) should be measured. If there
is indeed an effect, one could immediately determine
the proper form of the wave equation, leading to the
correct ET, by measuring the speed e (group velocity)
as a function of wavelength.

The dispersion relation

f(k)dk

would follow from @=des/dk= f(k) by integration. This
would also allow the determination of the magnitude of
lo (and 4, etc.).

A rather easy experiment to perform may be the
following: One produces a very short burst of y rays
(containing wavelengths X=10 " cm, and also shorter
and longer ones). One can follow now the shape of the
burst as a function of time (distance) traveled. If in-
deed the different waves travel at different speeds, the
length (shape) of the burst should also change.

(
Il 1 Q2p ———it —/pv')ip= 0, for example.

c2 8P

V. CLOSING REMARKS

The constant lo has been introduced in a rather formal
way. One may now be interested in a simple physical
model that explains the significance of lo. To construct
this, we start with an ordinary elastic Inedium, pictured
as an aggregate of points, where each point has coordi-
nates x, y, s, and t assigned. In this medium, wave
propagations are expressed by Eq. (1), where c is de-
termined by the elastic constants of the medium. 1A'e

note that the "electromagnetic medium" has also an
elastic medium as a physical model.

The deformations of an ordinary elastic medium are
expressed with the usual tensor formalism, which
operates in an Riemannian space. However, there are
more general elastic media, for example so-called
"oriented media, " where there are not only points,
but also "directors" (or vectors) attached to each point.
If the medium is now deformed, the directors may also
undergo deformations (couple stresses) independent of
the points. A standard of measure of length is supplied
by the director frame. If the length of the directors is
reduced to zero, one returns to the ordinary elastic case.

The concept of oriented media was 6rst introduced
by Duhem. " In 1909 the Cosserat brothers pubhshed
their important work on a general theory of oriented
bodies with three directors at each point. " Ericksen
and Truesdell'4 generalized the Cosserats' work and
presented it in modern mathematical language. The
subject was further advanced by Toupin, "Mindlin, "
and. others. 'r Mindlin and Tiersten' derived Eq. (2),
which describes wave propagation in oriented media,
the wave propagation now being dispersive. The geo-
metry, describing deformations in oriented media, is
non-Riemannian (e.g. Finsler geometry" ")

In relativistic mechanics, the motion of a point
(particle) is expressed in a four-dimensional space with
the metric

ds'= dx'+dy'+ds' c'dh'. —

If one now wants to extend relativistic kinematics to an
ET kinematic and And the corresponding coordinate
transformations, the following is indicated.

The "electromagnetic medium, " in which wave
propagation now obeys Eq. (2), does not have an
ordinary elastic medium as a physical model, but an
oriented medium. This imposes a necessity to express"P. Duhem, Ecole Norm. 10, 187 (1900)."E.Cosserat and F. Cosserat, Theoric DeformaMes (Hermann
Bz Cie., Paris, 1909).

~4 J. i.. Kricksen and C. Truesdell, Arch. Ratl. Mech. Anal.
1, 296 (1958).

'5 R. A. Toupin, Arch. Ratl. Mech. Anal. 11, 385 (1962); 17,
85 (1964)."R. D. Mindlin, Arch. Ratl. Mech. Anal. 16, 51 (1964).I' C. Truesdell and %. Noll, Handblch der I'hysjk, edited byS. Flugge (Springer-Verlag, Berlin, 1965), p. 389."P.Finsler, Uber E'urven Nnd FIachen in A/gemernen Eal*men
(Birkhauser, Basel, Switzerland, 1951). This is an unchanged
reprint of Dissertation, University of Gottingen, 1918.

'9 H. Rund, The Lbgerenti ah Geometry ofF&ssler Spaces (Springer-
Verlag, Berlin, 1959).
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physical laws by more general geometrical concepts.
A point (particle) is not only described by its four space-
time coordinates, but director (s) have to be attached to
each point. Therefore coordinate transformation wouM
not only have to take the points into account, but also
the director(s). These director(s) contain additional

physical information. They constitute a preferred direc-
tion (or directions), and so are violating the special
principle or relativity on a micro-scale. Symmetry
operations in these Inore general spaces become also
more complex. For example, in this model one would
not generally have invariance under reflection.
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Studies were made of the interactions initiated by fragments, including nucleons, from the gradual
breakup of ultra high-energy heavy nuclei in a large block of nuclear emulsion. The results obtained by thjs
approach are free from the detection biases that arise in scanning for, e,g. , high-energy electromegnetjc
cascades. For one family of genetically related interactions the primary per-nucleon energy could be reliably
established as ~1.3 TeV. The sample of nucleon-induced interactions with average multiplicity n,, &25,
with primary energies in the region of I TeV, show strong bimodality in the angular distribution of the
created particles. An upper limit of 1.5 HeV/c is found for the average transverse momentum. of the possjble
6reballs that could have given rise to this bimodality. The average inelasticity for the same sample of
collisions is 0.6. The average multiplicity n, for the nucleon-induced interactions with Ny, (5 is 1I.5.
For the interactions initiated by heavy nuclei the lower limit to the average per-nucleon multiplicity,

n, /ttA in the energy interval 1—20 Tev is consistent with the average multiplicity for the nucleon-induced

interactions at about 1 TeV. A linear superposition, in nucleus-nucleus collisions, of elementary nucleon-

nucleon acts of meson production is suggested.

DTTR'ODUCTION

'HE purpose of the present investigation is the

study of multiple meson production in the TCV

region using the detailed information obtained from the
collisions of heavy primary nuclei of the cosmic rad. ia-

tion in a large nuclear emulsion block. In the collision

with an emulsion nucleus, a primary heavy nucleus can
dissociate into fragments and jor single nucleons. The
nuclear interactions of the latter can be observed pro-
vided the dimensions of the detector are large compared

*Research supported by the National Science Foundation and
the U. S. OfTice of Naval Research.

f On leave from the Institute of Nuclear Research, Krakow,
Poland. Present address: Instytut Badan Jodrowych, Krakow,
Poland.

g National Science Foundation Graduate Fellow. Present
address: Research Division, U. S. Atomic Energy Comimssion,
Germantown, Maryland.

with the collision mean free path in nuclear emulsion

( 37 cm). A primary heavy nucleus thus initates a
family or cascade of interactions, and it is plausible to
expect that those caused by multiply-charged. fragments
arc duc to lncldent nuclcl callylng thc same pcl-nucleon
energy as the parent primary nucleus. Some of the nu-
cleon fragments as well may emerge from the original
fragmentation with energy close to the per-nucleon en-
ergy of the heavy primary. However, the remainder of
the fragmentation products will be represented by nu-
cleons which have lost energy after having been in-
volved in the production of mesons in the 6rst collision.
As a result, the breakup of a heavy primary nucleus is
expected to give rise to a beam of fragments and nu-
cleons, with some spread in energy but with a wcll-
delned "hard edge" of the per-nucleon energy which
@rill correspond to that of the primary heavy nucleus.


