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Astrophysical limits on quantum gravity motivated birefringence
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We obtain observational upper bounds on a class of quantum gravity related birefringence effects, by
analyzing the presence of linear polarization in the optical and ultraviolet spectrum of some distant sources. In
the notation of Gambini and Pullin we findx,531025.
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I. INTRODUCTION

Recently two predictions from the leading approaches
quantum gravity have raised the expectations that the th
ries ~or at least models based on these theories! could be
tested in the near future@1,2#. The main prediction coming
from superstrings is that the frequency dispersion relatio
not linear and consequently photons at different energ
travel at different speeds. In particular, Amelino-Came
et al.have argued that energetic photons would travel slo
than soft ones@2#. Thus, by comparing the time of arrival o
rays at different energies emitted simultaneously from
same source, one could test the validity of this prediction
first step in this direction is given in@3#. The second predic
tion comes from loop quantum gravity. It was observed
Gambini and Pullin@1# that if the weave states of quantu
gravity have a definite parity, then light traveling in that m
dium will display birefringence, namely, photons with le
and right circular polarizations will travel at different speed
For a source located about 1010 ly away, and energies of th
order of 200 keV, the predicted time of arrival difference f
left and right photons, emitted simultaneously, is of the or
of 1025 s which, if correct, could be detected in the ne
future. In principle, as indicated in@2,1#, a natural testing
ground to test these predictions would be gamma ray bu
~GRB!, since~a! they are at cosmological distances,~b! GRB
emissions show fine-scale time structure down to the pre
instrumental resolution, and~c! they emit in a continuum
spectrum~typically an E22 law!. However, partial analyse
of GRB data taken from the BATSE catalog@4# ~and other
detectors! have not shown evidence for the presence of th
effects @5,6#. Furthermore, there is evidence@6# of astro-
physical processes in GRB’s that affect their emission i
way that may completely swamp the signals expected fr
quantum gravity predictions. Thus, at present, GRB data
not appear to be useful to constrain these models, at l
using time of arrival measurements.

We may, however, consider a different approach that,
though restricted to the predictions of@1#, does not require
GRB data. This is based on the observation that a signific
rotation of the plane of polarization of linearly polarize
photons must occur long before any difference in time
arrival is even measurable. Of course, to measure a rota
it is necessary to have a reference orientation. On the o
hand, and this is the main idea of this paper, if we ha
evidence that the rotation, if present, is below a cert
bound, we immediately obtain a bound on the model para
0556-2821/2001/64~8!/083007~4!/$20.00 64 0830
o
o-

is
s

r

e
A

y

-

.

r
r

ts

nt

e

a
m
o
st

l-

nt

f
n,
er
e
n
-

eters characterizing the effect. In the next section we rev
the results of Gambini and Pullin, and indicate a way
relate the effect to astrophysical data pertaining to cosm
logical sources of polarized light. We close the paper w
some further comments on our results.

II. POLARIZATION EFFECTS ON THE OBSERVED
PHOTONS

In their model, based on loop quantum gravity, Gamb
and Pullin@1# assume a nonparity invariant weave, with t
result that the~vacuum! Maxwell fields satisfy equations o
motion of the form

] tEW 5¹3BW 12x l PD2BW ,
~1!

] tBW 52¹3EW 22x l PD2EW ,

wherel P is the Planck length, andx is a dimensionless con
stant, that characterizes both a parity nonconservation a
violation of Lorentz covariance. Combining these equatio
together with ¹•EW 5¹•BW 50, they obtain forEW a wave
propagation equation of the form

] t
2EW 2¹2EW 24x l PD2~¹3EW !50 ~2!

and a similar equation forBW , where terms of higher order in
x l P have been dropped, on account of their assumed sm
ness. Plane wave solutions of~2!, with wave vectorkW , and
given helicity, will be of the form,

EW 65Re„~ ê16 i ê2!ei (V6t2kW•xW )
… ~3!

with ê1•ê250. Consistency with Eq.~2! implies

V65Ak274x l Pk3.uku~172x l Puku!, ~4!

and,ê1•kW5ê2•kW50.
Thus, the model leads to the emergence of a birefringe

effect, associated with quantum gravity corrections to
propagation of electromagnetic waves, because the group
locity associated with the dispersion relation~4! has two
branches, one for each mode of circular polarization. In p
ciple, this effect is very small, corresponding roughly to
shift of one Planck length per wavelength.

A possible way of detecting the effect, based on the d
ference in time of arrival associated with the difference
©2001 The American Physical Society07-1
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group velocities, was suggested in@1#. As indicated in the
Introduction, in this paper we consider a different analys
which is aimed at finding upper bounds on the magnitude
the effect. The main idea is more easily stated by restric
our attention to an astrophysical process where photons
emitted with linear polarization, and are detected after tr
eling a distance of cosmological relevance. We place the
gin of coordinates at the emission point, and consider pro
gation along thez-direction. As a first approximation we
disregard curvature effects. Real photons cannot be re
sented by plane waves, but rather by appropriate wave p
ets. If we assume that the photons are emitted at timest near
t50, with a central frequencyV0, and Gaussian frequenc
width dV, their wave function may be represented by
Gaussian wave packet of the form,

EW 5Re$AeiV0(t2z)@e2(z2v1t)2(dV)2
e2 ix l PzV0

2
ê1

1e2(z2v2t)2(dV)2
eix l PzV0

2
ê2#% ~5!

whereA is a constant,ê65(ê16 i ê2)/A2, and we have kep
only the lowest, nontrivial orders inx. The group velocities

v6 , corresponding to the circular polarizationsê6 , are
given by,v65174x l Puku.

Clearly, since the effect has not yet been observed, eve
v1Þv2 , we must haveuv12v2u!1, and v1.v2.1.
Then, the wave packets corresponding to both circular po
izations are centered nearz5t, and at any distancez from
the source, such that,

uv12v2utdV.8x l PzV0dV!1 ~6!

we have

EW .Re$BeiV0(t2z)e2(z2t)2(dV)2
@cos~x l PzV0

2!ê1

1sin~x l PzV0
2!ê2#%. ~7!

Therefore, for a sufficiently narrow~smalldV) packet, at
distances satisfying~6!, we recover the well known rotation
of the polarization plane, proportional to the distance to
source, that characterizes optical birefringence. On the o
hand, if we consider distancesz such that,

8x l PzV0dV@1 ~8!

the wave function splits into two spatially separated piec
corresponding to each one of the polarization modes. Th
the situation envisaged in@1#, where photons correspondin
to each circular polarization would be detected with a ti
delay of the order ofx l PzV0. But, and this is one of the
main points of our discussion, when~8! holds, the photons
are no longer linearly polarized. In more precise terms, if
characterize a linear polarization detector by a~fixed! unit
vectornW , such thatnW •kW50, then we may obtain a measure
the amount of linear polarization in the direction ofnW by
considering the quantity,

P~nW !5^unW •EW u2&/^uEW u2& ~9!
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where^& indicates a suitable average, for instance, we m
take ^X&5 lim

T→`
(1/T)*0

TXdt. When condition~6! is satis-

fied, we find,

P~nW !5cos2f51/2@11cos~2f!# ~10!

where cosf5nW•ê1. However, whenz is large enough that~8!

holds, we findP(nW )51/2, independentof the direction ofnW .
Therefore, if one could be sure that the photons were emi
linearly polarized, a signal of the presence of the birefr
gency effect would be the absence of this polarization at
detector, even if no time delay measurement is possible
the given level of detector discrimination. In fact, this re
soning may be further refined, because the linear polariza
is ‘‘erased’’ before a long separation of the modes
achieved. To see this, consider a distance intermediate
tween ~6! and ~8!. Suppose, for example, that the packe
corresponding to right and left circular polarization esse
tially superpose each other only through half of their leng
Then, at the detector, one first ‘‘sees’’ one polarization.
the packets begin their superposition, this turns to ellip
polarization, until a linear polarization is achieved, when t
amplitudes of the packets are similar, and from that point
the situation is reversed, the polarization becomes again
liptic, and finally circular with the other mode. Clearly, th
observed polarization will be such that,P(nW )51/2
1acos(2f), with 0<a<1/2, wherea51/2 corresponds to
full linear polarization anda50 to the absence of linea
polarization, which requires only full separation of the pola
ization modes. Of course, all the previous argument relay
the knowledge of a mechanism that certainly produces
early polarized photons. We may, however, turn the argum
around, and ask ourselves under what conditions it would
possible to observe a linear polarization of photons, ass
ing both that they are emitted linearly polarized,and that a
birefringency effect, such as the one proposed in@1#, takes
place. If we assume that linearly polarized photons are
tected, and unambiguously identified with a source at cos
logical distancez, without any significant interaction in be
tween, we may be immediately sure that~6! is not strongly
violated. Thus, if we can measurez andV0, from ~6! we find
an upper bound onx. But, at this point, if we review the
previous derivations, we see that they refer only to ess
tially monochromatic waves. Actually, photons from a giv
cosmological source may be observed both in line and
continuous spectra. In the latter case, where the mecha
at the source responsible for the linear polarization gives
to photons in a range of frequencies, but all polarized alo
the same direction, such as synchrotron emission, or po
ization by reflection from an interstellar cloud, it is better
refer our result to the standard definition in terms of Stok
parameters. Introducing the quantities@7#

S05^~Ex!
2&1^~Ey!2&,S15^~Ex!

2&2^~Ey!2&,S25^2ExEy&

~11!

the polarization is given by
7-2
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P5
@~S1!21~S2!2#1/2

S0
. ~12!

In our case, even if we assume that~6! holds ~otherwise
no linear polarization would be observed!, the averages mus
be taken over an ensemble of wave packets of the form~7!.
These are of the form,̂ A&5*F(l)A(l)dl, where l
52p/k, and F(l) is the distribution function for the en
semble that includes the characteristics of filters included
the detection device. We then find, up to an overall norm
ization factor,

S05E F~l!dl

S15E F~l!cos~8p2x l Pz/l2!dl ~13!

S25E F~l!sin~8p2x l Pz/l2!dl.

This implies that no linear polarization may be observed iF
does not change appreciably in a range of values ofl such
that 8px l Pz/l2 changes in more than several timesp. In
other words, no net linear polarization will be observed if t
plane of polarization of the different members of the e
semble ~photon with different frequencies! is rotated in
angles that cover a range larger thanp. It is important to
realize that what we have in mind is an experiment wh
polarized photons are actually observed, quite independe
of the production mechanism. This observation puts a li
on the possible differential rotation of the polarization plan
as a function of frequency, and, therefore, on the value ox.
Since the effect depends onl2, we obtain a very sensitive
proof of the presence of a birefringence of the type propo
in @1#. In fact, there are many measurements available in
literature showing linear polarization in the light from qu
sars, or radio galaxies, with wavelengths in a continu
optical range.

We may take, for example, the results of Jannuziet al.
@8#, that indicate a polarization larger than 10% in the ult
violet for radio galaxy 3C 256, at a redshift of 1.82, a
assume, for simplicity, no change in wavelength after em
sion, and a flat spectrum in the region of interest. For po
ization measurements in the ultraviolet with a U filter we
take, also for simplicity, again up to an overall normalizatio

F~l!5exp„2~l2l0!2/~Dl!2
… ~14!

wherel0.3500 Å, withDl.500 Å. Then, if, as a rough
estimate, we takez.1010 light-years, we find that the ob
served polarization can be larger than about 10%, only i

x<531025. ~15!

A different type of evidence may be obtained by notici
that there are objects at a cosmological distance that sho
linearly polarized component throughout the visible sp
trum ~of the order of a few percent! with little dependence
~less than 10°) of the polarization angle with wavelength@9#.
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In this case, directly from Eq.~7!, since the rotation angle is
DfPol54p2x l Pz@(1/l1

2)2(1/l2
2)#, if we take l1

54000 Å andl258000 Å, z51010 ly, and imposeDf
,10°, we find,

x<1024. ~16!

III. FINAL COMMENTS

It has been suggested that the presence of a birefring
of space, of the type given by Eq.~4!, might be put to test in
the analysis of events where gamma rays are involved. T
is because, assuming the characteristic parameterx is of the
order of 1, such high energies~or short wavelengths! are
required in order to separate sufficiently in time the two p
larization modes, so that their separate detection beco
technically feasible.

In the approach considered in this paper, we take Eq.~4!
as an essentially phenomenological ansatz, and, instea
trying to measurex, we analyze the possible consequenc
of the presence of such an effect as regards measuremen
polarization already performed. Thus, although the lack
polarization, or the presence of a wavelength dependenc
the polarization angle of cosmological sources, may be
to many effects, the detection of significant polarization,
lack of rotation, is possible only if the value ofx lies below
a certain upper bound. Regarding the bounds indicated
~15! and~16!, they should be considered as overly conser
tive. In fact, in the case of~15!, just taking redshifts into
account would make the effective wavelength shorter lead
to a smaller upper bound onx. Notice that by takingl0
51500 Å, the upper bound onx is decreased by at least
factor of 10. Similarly, takingl151500 Å, the bound~16!
is decreased by an order of magnitude. Further refinem
on these bounds may be achieved by a more detailed ana
of Df in polarized sources. However, the results obtained
this paper already show that the presence of significant
larization in the light from cosmological sources provid
important information on the possibility of a quantum gra
ity birefringence effect of the form~4!.

We close this paper with the following remarks.
~i! Equations ~1! give the simplest coupling betwee

quantum gravity and Maxwell theory which includes a par
violation.

~ii ! More important, although the results presented h
are derived from Eqs.~1!, dimensional analysis of a quantum
gravity induced birefringence indicates that the change
phase of the linear polarization vector per unit length sho
be proportional tol P /l2, since it should vanish in the clas
sical limit l P→0. Thus, the result presented here should a
apply to any model that gives rise to a quantum gravity
duced birefringence.

~iii ! At present there is no reliable way to estimate t
value of x. Our results put an upper bound for this valu
which might be consistent with a more detailed calculatio
Thus it would be very important to measure polarization
fects for x and gamma rays from astrophysical sources
cosmological origin. The shorter wavelengths of these r
would either provide a much smaller upper bound forx, or
7-3
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evidence of a quantum gravity effect.
~iv! Given the conservative upper bound onx found in

our analysis, the time delay in the situation envisaged in@1#
would not be larger than 1029 s, completely beyond presen
or near future technology.

~v! An extension of the polarization measurements to
x andg ray part of the spectrum, even with current techn
ogy, could improve the estimate of the upper bound onx by
several orders of magnitude, or, perhaps give some ind
tion of the existence of the effect.
s
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