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Effective dissipative dynamics for polarized photons
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In the framework of open quantum systems, the propagation of polarized photons can be effectively de-
scribed using quantum dynamical semigroups. These extended time evolutions induce irreversibility and dis-
sipation. Planned, high sensitive experiments, both in the laboratory and in space, will be able to put stringent
bounds on these nonstandard effects.

PACS number~s!: 14.70.Bh, 03.65.Ca, 42.25.Ja
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The propagation of polarized photons in an optical act
media is a theoretically well understood physical process
can be effectively modeled by means of linear transform
tions acting in the space of polarization states@1–4#. In the
presence of dissipation however, a more general forma
in terms of density matrices is usually needed: it can
physically motivated in the framework of quantum open s
tems@5–8#.

These systems can be thought of as being subsystem
interaction with large environments. Although the time ev
lution of the total system follows the standard quantum m
chanical rules, the dynamics of the subsystem, obtained
the elimination of the environment degrees of freedom
usually very involved, developing dissipation and irreve
ibility. In many physical instances~essentially when the in
teraction between the subsystem and the environment ca
considered to be weak! the subdynamics can be explicitl
described in terms of quantum dynamical semigroups,
by mean of families of linear maps, transforming dens
matrices into density matrices, and satisfying the conditi
of entropy increase, forward in time composition and co
plete positivity@5–7#.

Various physical situations encountered in quantum op
can be studied within this framework@8–10#, and indeed,
many developments in the theory of quantum dynam
semigroups have been motivated through these applicat
However, the formalism is very general and has also b
applied to describe many other physical systems, rang
from statistical models@5–7#, to molecular systems@11#, to
the interaction of a microsystem with a measuring appara
@12–14#.

Further, quantum dynamical semigroups have been
cently applied to the study of dissipation and irreversibil
in elementary particle phenomena@14–16#. The original
physical motivation for these investigations come from qu
tum gravity: due to the quantum fluctuation of the gravi
tional field and the presence of virtual black holes, spa
time should loose its ‘‘continuum’’ aspect at distances of
order of Planck’s scale and assume a ‘‘foam’’ like behav
@17#. As a consequence, new, nonstandard phenomena
arise, leading to loss of quantum coherence@17–23#.
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Recent studies based on the dynamics of extended ob
~strings and branes! also support from a more fundament
point of view this possibility@24,25#. Unfortunately, our
present knowledge of string dynamics does not allow
quantify precisely the magnitude of the induced nonstand
dissipative phenomena. In any case, they should prod
very small effects; these are in fact suppressed by at least
inverse power of the Planck mass, as a rough dimensio
analysis suggests.

Nevertheless, for particular physical systems, involvi
interference phenomena, these dissipative effects might b
the reach of present and future experiments. Indeed, deta
investigations involving neutral meson systems, neutron
terferometry and neutrino oscillations using quantum d
namical semigroups have already allowed to derive orde
magnitude limits on some of the phenomenological consta
parametrizing the new phenomena using current experim
tal data @26–29#. More detailed results are expected wh
new data, in particular involving correlated neutral meso
will be available@30#.

Photon interferometry, and more in general optical ph
ics, is surely another obvious instance in which nonstand
dissipative effects induced by fundamental dynamics
Planck’s scale might be relevant. Many interferometricli
experiments have been devised~and will be operational in
the near future! for the study of a wide range of differen
phenomena, from the analysis of laser physics, to test
quantum mechanics, from the detection of gravitatio
waves, to the study of astrophysical and cosmological
jects; therefore, it appears relevant to discuss in detai
what extent dissipation can affect all those observations.

We shall concentrate our attention on the physics of
larized photons, since it seems to offer many experime
opportunities for detecting the new, dissipative phenome
Quite in general, these effects can be parametrized in te
of six phenomenological constants, whose presence mo
the behavior of various physical observables. Explicit e
pressions for some of these observables will be given us
useful approximations; they can be of help in fitting expe
mental data. Indeed, as discussed at the end, planned, f
experimental setups, both in the laboratory and in spa
©2000 The American Physical Society09-1
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F. BENATTI AND R. FLOREANINI PHYSICAL REVIEW D 62 125009
should reach the required sensitivity to measure with g
accuracy at least some of the dissipative parameters. Th
surely an important motivation for further, more detailed
vestigations.

Polarized photons can be effectively described by me
of a two-dimensional Hilbert space, the space of helic
states@3,4#. Any vector in this space represents a given p
larization and can be identified by two anglesu andw:

uu,w&5cosuu1&1eiw sinuu2&, ~1!

whereu1& and u2& are two orthonormal basis vectors, repr
senting linearly polarized states. Another convenient basi
this space is given by the circularly polarized states:

uR&5
1

&
~ u1&1 i u2&),

uL&5
1

&
~ u1&2 i u2&). ~2!

With respect to this basis, any~partially! polarized photon
state can be represented by a 232 density matrixr; this is a
hermitian, positive operator, i.e., with positive eigenvalu
and constant trace. In particular, to the state~1! there corre-
sponds the following matrix:

ru,w5
1

2 F 11sinw sin 2u cos 2u2 i cosw sin 2u

cos 2u1 i cosw sin 2u 12sinw sin 2u G ;
~3!

representing a pure state, this matrix is a projector: (ru,w)2

5ru,w .
Quite in general, the dynamics of any stater can be de-

scribed by an equation of the following form:

]r~ t !

]t
52 iHr~ t !1 ir~ t !H1L@r~ t !#, ~4!

whereH is the standard Hamiltonian, andL is a linear map
that can be written as

L@r#52
1

2 (
j

~L j
†L jr1rL j

†L j !1(
j

L jrL j
† , ~5!

while the L’s form a suitable collection of operators, suc
that ( jL j

†L j is a well-defined 232 matrix. Indeed, one can
show that this equation is the~unique! result of very basic
physical requirements that the complete time-evoluti
t t :r(0)°r(t) needs to satisfy; the one-parameter~5time!
family of linear mapst t should transform density matrice
into density matrices and have the property of increasing
~von Neumann! entropy, S52Tr@r(t)ln r(t)#, of obeying
the semigroup composition law,t t@r(t8)#5r(t1t8), for
t,t8>0, of being completely positive. These are the char
teristic properties of quantum dynamical semigroups, that
therefore generated by equations of the form~4!, with Eq.~5!
@5–7#.
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As mentioned in the introductory remarks, quantum d
namical semigroups have been used to describe a wide r
of phenomena related to the study of open quantum syste
in particular, they have been applied to analyze nonstand
dissipative effects in the propagation and decay of neu
meson systems. Although the basic general motivation
hind these treatments is that quantum phenomena at a fu
mental scale produce loss of phase coherence, one sh
always keep in mind that the form~4!, ~5! of the evolution
equation is very general and independent from the ac
microscopic dynamical mechanism responsible for the di
pative effects: in view of the properties they satisfy, a
physically sensible description of decoherence phenom
must be based on Eqs.~4!, ~5!. For these reasons, the discu
sion in the following, although applied to a specific mod
retains its validity in a much more general framework.

In connection with these observations, one should ad
further general comment on the time evolutionr(t). In view
of the interpretation of its eigenvalues as probabilities,
density matrixr(t) needs to be a positive operator for a
times; this is clearly a crucial requirement for the consisten
of the whole formalism, and it is satisfied in all situation
only if the mapr(0)°r(t) is completely positive. Roughly
speaking, this amounts to the requirement of positivity
the density matrix of a larger system, involving the coupli
with an extra, auxiliary finite-dimensional system~for de-
tails, see@5–7,15,25#!. This property is trivially satisfied by
ordinary~unitary! time evolutions, and turns out to be cruci
in properly treating effects of irreversibility in correlated sy
tems @31#. For this reason, in order to study possible no
standard, dissipative effect even in simpler, uncorrelated
tems the phenomenological equations~4!, ~5! should always
be used.

In the chosen basis~2!, the hamiltonianH has generically
the form

H5F v01v3 v12 iv2

v11 iv2 v02v3
G , ~6!

wherev0 is the average photon energy, while the real p
rameters v1 ,v2 ,v3 produce the level splittingv[(v1

2

1v2
21v3

2)1/2. In the following, we have keptv nonvanish-
ing in order to take into account possible propagation in
optical active media. Although the most natural way of re
izing this is through the use of a suitable crystal~@3,4#, see
also @32,33#!, many other unconventional mechanisms lea
ing to birefringence effects have been discussed in the lit
ture. They involve the action of external fields@34#, Chern-
Simons@35#, or more in general Lorentz andCPT-violating
modifications of Maxwell Lagrangian@36#, extensions of
general relativity @37#, and quantum gravity phenomen
@38#.1 Furthermore, one should take into account that in g

1Other unconventional Planck’s scale phenomena affecting p
ton propagation, but not directly leading to birefringence, have a
been studied; see@39# and references therein.
9-2
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EFFECTIVE DISSIPATIVE DYNAMICS FOR . . . PHYSICAL REVIEW D 62 125009
eral the formalism of open quantum systems can also lea
nonvanishing Hamiltonian contributions, so that, even in
sence of other physical mechanisms, birefringence eff
should always be present as the result of the interaction
the environment@5,25#.

On the other hand, the additional pieceL@r# in Eq. ~5!
induces a mixing-enhancing mechanism, leading to irrev
ibility and possible loss of quantum coherence. Being a
ear map, it can be represented as a 434 matrix acting on the
entries ofr. It can be fully parametrized in terms of six re
phenomenological constants,a, b, c, a, b, andg, satisfying
the following inequalities:

2R[a1g2a>0, RS2b2>0,

2S[a1g2a>0, RT2c2>0,

2T[a1a2g>0, ST2b2>0,

RST22bcb2Rb22Sc22Tb2>0, ~7!

direct consequence of the property of complete positiv
@5,15#. A convenient explicit expression for the right-han
side ~RHS! of Eq. ~4! can be obtained by decomposing t
232 density matrixr in terms of the Pauli matricess i , i
51,2,3, and the identitys0 :

r5
1

2 (
m50

3

rmsm . ~8!

One can then rewrite the evolution~4! as a Schro¨dinger-like
equation for the abstract vectorur(t)& of components
(r0 ,r1 ,r2 ,r3):

]

]t
ur~ t !&522Kur~ t !&. ~9!

The 434 matrix K includes both the Hamiltonian piece
2 i @H,r#, and the contributionL@r#, and takes the block
diagonal form

@Kmn#5F0 0

0 Hi j
G ,

@Hi j #5F a b1v3 c2v2

b2v3 a b1v1

c1v2 b2v1 g
G , i , j 51,2,3.

~10!

The formal solution of Eq.~9! involves the exponentiation o
K:
12500
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ur~ t !&5M~ t !ur~0!&, @Mmn~ t !#5F1 0

0 Ni j ~ t !
G ,

N~ t !5e22Ht. ~11!

Notice that the time evolution generated by Eqs.~4!, ~5! is
trace-preserving; therefore, from the initial normalizati
condition Tr@r(0)#51, one immediately deduces thatr0(t)
51 for all times, as it is apparent from Eq.~11!.

Any physical property of a polarized photon beam can
extracted from the density matrixr(t) by computing its trace
with suitable hermitian operators. In particular, the obse
ables that correspond to the Pauli matricess i and the identity
s0 give the so-called~normalized! Stokes polarization pa
rameters. From the decomposition~8!, it is then clear that the
vector ur& precisely represents a normalized Stokes vec
therefore, the 434 real matrixM(t) in Eq. ~11! corresponds
to the Mueller matrix connecting the initial Stokes vect
ur~0!& with the evolved oneur(t)& at time t @1–4#.

For instance, in absence of the additional pieceL@r#, the
matrix N(t) in Eq. ~11! can be explicitly written as

Ni j ~ t !5d i j 2
sin 2vt

v
Hi j 1

2 sin2 vt

v2 Hi j
2 , i , j 51,2,3.

~12!

The physical meaning of the corresponding Mueller mat
M(t) can be most simply obtained by takingv15v250, or
alternatively by switching to the basis in which the Ham
tonian H is diagonal. In this caseM(t) becomes block-
diagonal:

M~ t !5F 1

R~ t !

1
G , R~ t !5Fcos 2vt 2sin 2vt

sin 2vt cos 2vt G
~13!

it represents a rotator: in fact, for linearly polarized state

ur~0!&5S 1
cos 2u0

sin 2u0

0
D , ~14!

the direction of polarization, initially alongu0 , is rotated by
an anglevt, proportional to the elapsed time.

More in general, any observableO can be decomposed a
in Eq. ~8!,

O5 (
m50

3

Omsm , ~15!

so that its corresponding mean value is given by

^O~ t !&[Tr@Or~ t !#5 (
m50

3

Omrm~ t !. ~16!
9-3
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F. BENATTI AND R. FLOREANINI PHYSICAL REVIEW D 62 125009
Of particular interest is the observable that correspond to
fully polarized state in Eq.~3!; the probability that the
evolved vectorur(t)& be in such a state is then given by

Pu,w~ t !5^ru,w&5
1

2
@11r1~ t ! cos 2u1r2~ t ! cosw sin 2u

1r3~ t ! sinw sin 2u#. ~17!

The corresponding intensity curve that this probability p
duces can be compared directly with the experiment, p
vided explicit expressions for the entries of the matrixM(t)
in Eq. ~11! are given.

Formally, this can be obtained by studying the eigenva
problem for the 333 matrix H in Eq. ~10!:

Huv ~k!&5l~k!uv ~k!&, k51,2,3. ~18!

The three eigenvaluesl (1),l (2),l (3) satisfy the cubic equa
tion:

l31rl21sl1w50, ~19!

with real coefficients,
-
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r[2~l~1!1l~2!1l~3!!52~a1a1g!, ~20a!

s[l~1!l~2!1l~1!l~3!1l~2!l~3!

5aa1ag1ag2b22c22b21v2, ~20b!

w[2l~1!l~2!l~3!

5a~b22v1
2!1a~c22v2

2!1g~b22v3
2!2aag22bcb

22bv1v222cv1v322bv2v3 . ~20c!

Via Cardano’s formula@40#, the corresponding solutions ca
be expressed in terms of the associated discriminantD5p3

1q2, p5s/32(r /3)2, q5(r /3)32rs/61w/2; the eigenval-
ues are either all real (D<0), or one is real and the remain
ing two are complex conjugate (D.0). The degenerate cas
D50 occurs when two real eigenvalues are equal; all th
coincide forp5q50.

Then, using the fact that the matrixH itself obeys Eq.
~19!, one can show that the entries ofN in Eq. ~11! can be
written as
Ni j ~ t !5 (
k51

3

e22l~k!tF ~@l~k!#21rl~k!1s!d i j 1~l~k!1r !Hi j 1Hi j
2

3@l~k!#212rl~k!1s G , i , j 51,2,3. ~21!
y

ate

ero

q.

he

r
ow

l-
@The expression in Eq.~12! is just a particularly simple ex
ample of this general formula.#

When v50, i.e., v15v25v350, the matrixH is real,
symmetric and non-negative, as guaranteed by the ineq
ties ~7!; therefore, its eigenvalues are all real and no
negative:D,0 andp,0. Only for sufficiently large values
of v1 , v2 or v3 the discriminantD becomes positive and
complex eigenvalues may appear; note that their real par
always non-negative, since in general the quantum dyna
cal semigroup generated by Eqs.~4!, ~5! is bounded for any
t @41#. Therefore, the general behavior of the Mueller mat
M(t) in Eq. ~11! depends on the relative magnitude of t
constantsv1 , v2 andv3 with respect to the dissipative pa
rametersa, b, c, a, b andg; only when the latter are sma
compared to the former an oscillatory behavior is possib
while exponential dumping terms prevail, when dissipat
is the dominant phenomena.

In particular, when det(H)[2wÞ0, one can show that
in presence of dissipation, the real parts of the three eig
valuesl (1), l (2), l (3) are all strictly positive@29#. Then, for
large times, the dumping terms dominate and the Mue
matrix M(t) becomes that of a total depolarizer:

M~ t ! ;
t→`

diag~1,0,0,0!. ~22!
li-
-

re
i-

,
n

n-

r

Indeed, in this case the degree of polarization, defined b

P~ t !5„12det@r~ t !#…1/2, ~23!

asymptotically vanishes, independently from the initial st
r~0!.

The situation is more complicated in presence of z
eigenvalues, since the additional cubic conditionw50 needs
to be imposed. Looking at the explicit expression in E
~20c! and recalling the inequalities~7!, it is clear that a van-
ishing w can be obtained only for very special values of t
parametersv1 , v2 , v3 anda, b, c, a, b, g. As a simplifying
assumption, let us takev15v250; keepingv3 arbitrary,
the only way to setw50 is then to imposeg50; indeed, the
inequalities~7! further imply b5c5b50 anda5a. Most
of the entries ofN(t) are still exponentially suppressed fo
large t; however, the presence of the zero eigenvalues n
impliesN33(t)51, so that the asymptotic form of the Mue
ler matrix becomes

M~ t ! ;
t→`

diag~1,0,0,1!. ~24!

In this case, the degree of polarization~23! vanishes only for
states that initially are linearly polarized, as in Eq.~14!.
9-4
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The large-time behaviors in Eqs.~22! and ~24! @for the
special casev15v25g50# are characteristic of the pres
ence of the dissipative contribution~5! to the evolution equa-
tion ~4! and can be put to experimental tests. However,
the determination of the parametersa, b, c, a, b, and g,
explicit expressions for the elements of the matrixN(t), for
finite t, are needed. These are in general very complica
@cf. Eq. ~21!#; nevertheless, having in mind possible com
parisons with experimental data, their study in suitable
proximations seems appropriate.

In order to simplify the treatment, we shall hencefor
adopt the eigenstates of the Hamiltonian in Eq.~6! as basis
states; notice that the physical observables, e.g., the prob
ity in Eq. ~17!, being the result of a trace operation, a
independent from any choice of basis.@Alternatively, one
can assumev15v250.#

When the magnitude of the dissipative, nonstandard
rameters is large or comparable with respect to that ofv, a
-
u

-

o

ou

n

12500
r

d
-
-

il-

a-

useful working assumption is to takec and b to be much
smaller than the remaining constants: indeed, this choic
perfectly compatible with the constraints of complete po
tivity in Eq. ~7!. To lowest order, the matrixH becomes
block diagonal and a manageable expression for the en
of the Mueller matrixM(t) can be obtained. Explicitly,
M(t) can be written as the product

M~ t !5MD~ t !•MR~ t !, ~25!

whereMD(t) is diagonal and contains exponential dumpi
factors

MD~ t !5diag~1,e2At,e2At,e22gt!, ~26!

while MR(t) is of the form~13!, but with the matrixR(t)
replaced by
R0~ t !5F cos 2V0t1
Re~B!

2V0
sin 2V0t 2

2v1Im~B!

2V0
sin 2V0t

2v2Im~B!

2V0
sin 2V0t cos 2V0t2

Re~B!

2V0
sin 2V0t

G , ~27!
s

ob-

-

ond
dix.
and

A5a1a, B[uBueifB5a2a12ib, V05Av22uBu2/4.
~28!

The matrixMR(t) generalizes that of a rotator. Notice, how
ever, that the oscillator behavior depends on the magnit
of v with respect touBu; when v,uBu/2, the frequencyV0
becomes purely imaginary andMR(t) contains only expo-
nential terms. On the other hand, the form ofMD(t) looks
like the Mueller matrix for a random medium@4#; as in that
case, for large times the limit~22! is recovered and any ini
tial polarization is totally lost.

In practical applications, the initial stateur~0!& can often
be prepared to coincide with that of a linearly polarized ph
ton, given in Eq.~14!; one can further setu050, by a suit-
able choice of reference frame. Then, inserting the previ
results into the general expression~17!, the measure of the
polarization state along the directionu after a timet would
produce the following intensity pattern:

Pu~ t !5
1

2 H 11e2AtFcos 2~u2V0t !1X uBu
2V0

cos~2u1fB!

1S v

V0
21D sin 2uCsin 2V0t G J . ~29!

As already mentioned, for large times dissipation prevail a
all polarization states become equally probable.
de

-

s

d

The expression in Eq.~29! further simplifies wheng
50; as observed before, this automatically guaranteec
5b50 and further imposesb50 and a5a. In this case,
one explicitly gets

Pu~ t !5
1

2
$11e22at cos 2~u2vt !%. ~30!

This is the most simple expression that the transition pr
ability Pu(t) takes in presence of dissipative effects.

Another useful approximation of the general formula~17!
can be obtained when the nonstandard parametersa, b, c, a,
b, andg are small compared withv, assumed to be nonva
nishing. In this case, the additional pieceL@r# in the evolu-
tion equation~4! can be treated as a perturbation@15#. All
entries in the 333 matrixN(t) are now nonvanishing and in
general, the resulting Mueller matrix in Eq.~11! cannot be
decomposed as a product of simpler matrices, as in Eq.~25!.
Explicit expressions for its entries, expanded up to sec
order in the small parameters, are collected in the Appen
Using these results, the transition probabilityPu(t) takes the
form

Pu~ t !5
1

2 H 11e2AtFcos 2~u2Vt !1XuBu
2V

cos~2u1fB!

1S v

V
21D sin 2uCsin 2Vt1

uCu2

V2 sinfC„sin~2u

1fC!cos 2Vt2sinfC cos 2u…G J , ~31!
9-5
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F. BENATTI AND R. FLOREANINI PHYSICAL REVIEW D 62 125009
whereA andB are as in Eq.~28!, while

C[uCueifC5c1 ib, V5Av22uCu22uBu2/4. ~32!

In writing Eq. ~31!, we have reconstructed the exponent
factors by consistently putting together the terms linear
quadratic int; a similar treatment has allowed writing th
oscillatory contributions in terms of the frequencyV.

It is worth noting that the expression~31! reduces to the
expression in Eq.~29! for uCu50, i.e., whenc5b50: it is
therefore a correction to Eq.~29! for nonvanishing2 C. In this
respect, the validity of Eq.~31! goes beyond the approxima
tion in which it has been derived: it can be considered as
expansion of the full probabilityPu(t) up to second order in
c andb, and thus it is valid also for vanishingv.

The behavior of the probabilities in Eqs.~29!–~31!, and of
other observables that can be similarly constructed,
clearly affected by the presence of dissipation and irrev
ibility. From the experimental point of view, the actual vi
ibility of such nonstandard effects clearly depends on
magnitude of the parametersa, b, c, a, b, andg. In a phe-
nomenological approach, it is hard to give ana priori esti-
mate on how large the dissipative effects should be. Ho
ever, as already mentioned in the introductory remarks
general framework in which dissipation naturally emerges
provided by the study of subsystems in interaction with la
environments. In such instances, the nonstandard effects
be roughly estimated to be proportional to the typical ene
of the system, while suppressed by inverse powers of
characteristic energy scale of the environment.

In the case of polarized photon beams, these consi
ations, together with the general idea that dissipation is
duced by quantum effects at Planck’s scale, lead to pre
very small values for the parametersa, b, c, a, b, andg; for
any fixed observational condition, an upper bound on
magnitude of these parameters can be roughly evaluate
be of orderE2/M P , with E the average photon energy an
M P the Planck mass. This ratio is of order 10249GeV for a
typical radiowave, 10238GeV for ordinary laboratory lase
beams, and 10219GeV or more for energeticg-rays.

At first sight, it might look very hard to construct an a
tual experimental setup sensible to such tiny values. H
ever, the sophistication of present and planned ‘‘optica
devices is so high@42# that at least some bounds ona, b, c,
a, b, andg should actually be obtainable in the near futu
In fact, at least in principle, a very simple setup is needed
order to test the nonstandard dynamics in Eqs.~4!, ~5!. An
initially polarized photon beam evolves undisturbed for
time t; its final polarization state is then determined by me
suring the corresponding Stokes parameters, and comp
with the results in Eq.~11!. In practice, it might be more
convenient to perform an interferometric polarization te
the resulting intensity curve can be directly compared w
the behavior ofPu(t) in Eqs.~29!–~31!.

2Analogously, in the same limit the elements ofM(t) listed in the
Appendix reduces to those in Eqs.~25!–~27!.
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As a simplifying working assumption, takeg50, so that
only the parametera survives, as a consequence of Eq.~7!;
then, from the expression in Eq.~30!, the ability of detecting
the nonstandard effects is connected to the sensitivity in
lating the exponential factore22at from the experimental
data.3 This can be very high, so that, for long enought, a
good sensitivity ona can be reached.

Although a detailed analysis of possible experimental s
ups that can be used for the measure ofa is surely beyond
the scope of the present investigation, some general con
erations on the sensitivity of present and future apparatus
be given. In the case of ground-based laboratory experim
using ordinary laser beams, even for relatively large ‘‘st
age’’ timest, as obtained in high efficient cavities@42,43# or
in the interferometric detectors for gravitational waves,@44#
the sensitivity ona cannot optimistically exceed 10230GeV,
a few orders of magnitude away from the estimated up
bound ona.

The situation clearly improves using high energetic pol
ized g-beams~with E;102 GeV or greater!, as the ones ex-
pected in the so-called Photon Colliders,@45# since now one
should havea<10215GeV; the required sensitivity for mea
suring this parameter from Eq.~29! can be reached with a
path-lengthl[t of just a few centimeters. These high-ener
accelerators, together with thee12e2 linear colliders to
which they are coupled, turn out to be particularly suited
studying certain aspects of the standard model@46#; many
projects for their actual realization are in advanced stage
development@47#. On the other hand, the construction
polarized photon beams of more modest energiesE
;1 GeV) is surely in the capacity of any high energy lab
ratory~e.g., see the discussion presented in@48#!. They might
actually soon be built with the aim of studying the birefri
gence effects predicted in@32#; clearly, they would also pro-
vide a suitable venue for deriving accurate bounds on so
of the parametersa, b, c, a, b, andg.

Polarized photons of astrophysical and cosmological
gin can also be used to probe the presence of the dissip
effects described before. Indeed, radio signals from ac
galactic nuclei and quasars have already been used to
stringent bounds onCPT-violating birefringence effects@35#.
For a typical radiowave~with frequency;1 GHz!, the di-
mensional arguments discussed before would give un up
bound on the magnitude of the dissipative effects tha
really very small:a<10249GeV; however, the propagatio
time t can now be as big as the inverse of the Hubble c
stant. Therefore, the sensitivity of the present radiotelesc
polarization measures is not too far form the above up
limit and improvements can be expected in the future@49#.

3As already mentioned, alsov contains in general dissipative con
tributions, resulting from the interaction with the environme
However, these contributions to birefringence cannot be dis
tangled from those produced by other physical effects~see @32–
38#!. On the other hand, the dependence ofPu on the nonstandard
parametersa, b, c, a, b, andg is distinctive of dissipative phenom
ena and cannot be mimicked by other unconventional mechani
9-6
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The development of very sophisticated detectors, b
ground-based and space-based, has allowed the observ
and the study ofg-ray emissions from a variety of astro
physical sources@50,51#. In view of their extremely high
energy~ranging from 102 KeV up to 1 TeV or more! and of
their extragalactic or cosmological origin~resulting in large
propagation timest!, these photons turn out to be a ve
interesting system for measuring nonstandard, dissipative
fects. In fact, the physical mechanisms that have been
posed to explain the origin of these energetic emissions
rise to~partially! polarized photons@50–52#, and preliminary
observations seem to confirm this prediction@53,54#. If effi-
cient polarimeters will be coupled to the next generation
orbiting g-ray spectrometers, accurate measurements of
parameters in Eq.~10! might indeed be possible.

In conclusion, the study of polarized photon beams c
provide very useful information on the presence of dissi
tion and irreversibility induced by a fundamental ‘‘stringy
dynamics. Future experiments, in the laboratory and
space, will likely be able to put stringent bounds on the
nonstandard effects.

APPENDIX

As discussed in the text, when the parametersa, b, c, a, b,
andg can be considered small with respect tov, perturbation
theory can be used to find a convenient explicit express
for the solution of Eq.~9!. Up to second order in the sma
parameters, the entries of the matrixN(t) in Eq. ~11! can
then be written as

N11~ t !5e2AtFcos 2Vt1
Re~B!

2V
sin 2Vt G

22F Im~C!

V G2

sin2 Vt,
f

d

.

n
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N12~ t !52e2AtF2v1Im~B!

2V Gsin 2Vt1
Im~C2!

2V2 cos 2Vt,

N13~ t !5
Im~C!

V
e22gt2e2At

uCu
V

sin~2Vt1fC!2@ uCu~A

22g!sin~Vt1fC!1Re~BC!sinVt#
sinVt

V2 ,

N22~ t !5e2AtFcos 2Vt2
Re~B!

2V
sin 2Vt G

22FRe~C!

V G2

sin2 Vt,

N23~ t !52
Re~C!

V
e22gt1e2At

uCu
V

cos~2Vt1fC!

1@ uCu~A22g!cos~Vt1fC!

1Im~BC!sinVt#
sinVt

V2 ,

N33~ t !5e22gt1
2uCu2

V2 sin2 Vt,

where the definitions~28! and ~32! have been used; the re
maining off-diagonal elementsN21, N31 andN32 can be ob-
tained fromN12, N13 and N23, respectively, by lettingv
→2v andV→2V.
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