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Is There Evidence for Cosmic Anisotropy in the Polarization of Distant Radio Sources?
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Measurements of the polarization angle and orientation of cosmological radio sources may be used
to search for unusual effects in the propagation of light through the Universe. Recently, Nodland
and Ralston [Phys. Rev. Lett.78, 3043 (1997)] have claimed to find evidence for a redshift- and
direction-dependent rotation effect in existing data. We reexamine these data and argue that there
is no statistically significant signal present. We are able to place stringent limits on hypothetical chiral
interactions of photons propagating through spacetime. [S0031-9007(97)04321-4]

PACS numbers: 98.80.Es, 14.80.Mz, 41.20.Jb
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The polarization of radiation emitted by distant radi
galaxies and quasars offers a way to search for chi
effects in the propagation of electromagnetic radiatio
Such objects are often elongated in one direction,
that one may define a position anglec which describes
the orientation of the object in the sky. Synchrotro
radiation can lead to a significant linear polarization o
the source, and the anglex of the plane of polarization
may also be measured [1]. (The angle of polarizatio
will typically undergo Faraday rotation, but this effec
can be removed by using the fact that Faraday rotati
is proportional to the square of the wavelength.) On
can therefore study the relative anglex 2 c between the
position and polarization vectors, keeping in mind tha
this quantity is only defined modulo 180±. It has been
found [2] thatx 2 c is not distributed randomly; there is
a large peak atx 2 c ø 90±, and a smaller enhancemen
at x 2 c ø 0±. Since many of these sources are a
significant redshifts, and therefore very far away, testin
whether this relationship is maintained for distant sourc
provides constraints on possible chiral effects on th
propagation of light through the Universe, which coul
rotatex 2 c away from the intrinsic value (that which
would be measured at the source).

From a field theory point of view, the simplest suc
chiral effect arises from a Lagrange density

L ­ 2
1
4

FmnFmn 2 fFmn
eFmn . (1)

Here, f is a pseudoscalar field which does not need
be fundamental (it can be a function of other fields in th
theory). This Lagrangian is the simplest way to coup
a neutral pseudoscalar to electromagnetism in a pari
invariant way, and often describes the effective couplin
of pseudoscalar particles (such as pions or axions)
photons.

Our interest here is in the case wheref varies only very
slowly over extremely large distances. In that case
electromagnetic wave traveling through the backgroun
f field will undergo a rotation in its polarization state
which depends on the change inf; such an effect arises
4 0031-9007y97y79(13)y2394(4)$10.00
o
ral
n.
so

n
f

n
t
on
e

t

t
t
g

es
e

d

h

to
e
le
ty-
g
to

an
d

in a variety of contexts [3–8]. In the WKB limit where
the length scale for variations inf is much larger than
the wavelength of the photon, the polarization anglex

obeys the simple relationDx ­ Df, whereD indicates
the change between source and observer. [Here, and
Eq. (2),Dx is measured in radians; elsewhere we measu
all angles in degrees; no confusion should arise.] Th
effect is independent of wavelength, and can therefo
be distinguished from ordinary Faraday rotation. Carro
Field, and Jackiw [5] suggested that observations
polarized radio sources provide a stringent test of such
effect, since they afford an opportunity to constrainDf

over a large interval in space and time (see also [9,10]).
The specific model investigated in [5] set≠mf ­

2s1y2dpm, where pm is a four-vector whose expecta-
tion value parametrizes violation of Lorentz invarianc
(as well as CPT [11]). It was hypothesized that ther
exists a preferred coordinate frame, close to the bac
ground Robertson-Walker frame of our universe, in whic
≠mpn ­ 0. This implies that the predicted rotation of the
polarization angle for a source at redshiftz is given in
terms of the timelike componentp0 and the spacelike vec-
tor $p by

Dx ­ 2
1
2

rsp0 2 p cosud , (2)

wherep ­ j $pj ­ sdijpipjd1y2, u is the angle between$p
and the direction toward the source, andr is the proper
spacelike distance traveled. If we take a flatsk ­ 1d
universe as a reasonable approximation, we have

r ­
2

3H0
f1 2 s1 1 zd23y2g , (3)

where H0 is the Hubble constant today. Regardless o
whether or not one is interested in tests of Lorentz in
variance, Eq. (2) is a useful parametrization of potential
observable chiral effects.

In [5] it was shown that the radio galaxies at redshi
greater than 0.4, with maximum polarizations greater tha
5%, were strongly clustered aroundx 2 c ø 90±, using
© 1997 The American Physical Society



VOLUME 79, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 29 SEPTEMBER1997

is

t
for

e
f

re

al
ce

of
e
ht

t,

ral
to

1,

es

ts

is
-
e-
aw
ss

ed
of
nt
ata
u-
e
il-

ed
of
a

a sample of galaxies and redshifts obtained from t
literature [2,12]. Assuming that the timelike componen
p0 would be significantly larger than the spacelike part$p,
the limit p0 # 0.80H0 was obtained. Recently, Nodland
and Ralston [13], using the same set of data [14], search
for anisotropic effects such as those that would arise fro
a nonzero spacelike part$p in Eq. (2). Surprisingly, they
claimed to find a significant signal in the data. Give
the fundamental importance of such a result, we ha
undertaken a reexamination of the data, and present
results in this paper. We conclude that the data a
most consistent with no effect, contrary to [13]. Ou
disagreement stems primarily from the method used
disentangle the 180± ambiguity in the quantityx 2 c,
and the use of randomly generated data for comparis
purposes, as will be shown below [15].

The data set used in [5] includes 160 sources, w
redshifts as high as 2.012. In the present paper we sh
make use only of the 71 sources with redshiftsz $ 0.3;
this choice is consistent with [13], allowing for direc
comparison of our results. In Fig. 1, we have plotted
histogram ofx 2 c for these sources, definingx 2 c

so that it lies between 0± and 180±, and grouping the data
into bins which are 10± wide. It is clear that there is a
peak atx 2 c ø 90±, but none at 0±; this is consistent
with models of the sources [2].

This peak represents the crux of our disagreement w
[13]. If the claim of [13] is true, it is necessary to
believe that the peak at 90± is an accident, and these
data are actually drawn from a distribution which i
intrinsically centered at 0±, with position- and redshift-

FIG. 1. Histogram of number of galaxies vsx 2 c, for
galaxies withz $ 0.3.
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dependent contributions of order 180±. We will argue that
this is not the simplest interpretation of these data.

Searching for a signal in the polarization data
complicated by the fact thatx 2 c is only defined
modulo 180±. In testing any specific hypothesis, i
is necessary to choose some reasonable procedure
resolving this ambiguity. The method chosen by th
authors of [13] was the following: for any choice o
direction for the vector$p, define an angleb ­ x 2

c 6 180± which is between 0± and 180± if cosu $ 0
and between2180± and 0± if cosu , 0, whereu (which
they calledg) is the angle between$p and the direction
toward the source. It was noted in [13] that this procedu
necessarily introduces correlations betweenb andr cosu.
It would be illegitimate, therefore, to take a statistic
correlation between these two quantities as itself eviden
of a signal in the data. However, if the degree
correlation were much higher than that which would b
expected if there were no signal in the data, we mig
conclude that there was a measurable effect.

It is at this point in the analysis that we find two
important flaws in the procedure followed in [13]. Firs
one must reliably determine the zero point forx 2 c,
which would be observed in the absence of any chi
effects. In [13], the authors searched for a best fit
the data of the formb ­ s1y2dL21

s r cosu 1 d, where
in the notation of Eq. (2),Ls ­ p21. They found that
the favored value for the zero point wasd ø 0±. This
seems to be inconsistent with the evidence of Fig.
which exhibits a peak at 90±. The resolution is simply the
fact that the definition ofb, as described above, separat
the data into two groups, one with2180± , b , 0±

and one with0± , b , 180±. With this procedure the
favored value ford will always be near 0±; it arises
essentially from taking the average of a group of poin
clustered around 90± and another clustered around290±.
This method of resolving the 180± ambiguity is therefore
inappropriate for data which lie naturally in the vicinity
of 90±.

Nevertheless, [13] argues that the correlation found
statistically significant, as it was only very rarely repro
duced in artificially generated sets of data. The proc
dure for generating these sets is the second important fl
that we find. Figure 1 provides evidence that, regardle
of the position of the source in the sky,x 2 c is dis-
tributed approximately in a Gaussian distribution center
on 90±; a best fit to the Gaussian yields a dispersion
s ­ 33±. Therefore, in searching for position-depende
effects, it is appropriate to compare the actual data to d
which are generated by drawing from a similar distrib
tion. In [13], on the other hand, artificial realizations wer
generated completely randomly, i.e., from a flat probab
ity distribution for x 2 c . This has a dramatic effect
on the claimed significance of the result. We perform
an independent analysis, using two different methods
generating the artificial data sets: first by drawing from
2395
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flat distribution, and then from a Gaussian with the a
propriate width. The numbers generated were values
x 2 c for the positions and redshifts of the 71 sources
the sample withz $ 0.3. In 1000 realizations of the dat
drawn from a flat distribution, in only 7 trials was the sig
nificance of the correlation greater than that in the act
data; this is comparable to the 6 out of 1000 reported
[13], and if reliable would be evidence of the existen
of a signal. On the other hand, in 1000 realizations of
data drawn from the appropriate Gaussian distribution,
artificial data were more strongly correlated with the h
pothesized test function in 911 out of 1000 trials. Ev
if there were no signal at all in the data, we would expe
the artificial realizations to have a stronger correlation a
proximately 50% of the time; the fact that our trials ha
better correlations over 90% of the time is due to the f
that the Gaussian slightly underestimates the numbe
data points near 0±. This result, however, vividly demon
strates our main point: the existence of a real enhancem
of x 2 c near 90± leads to a spuriously large correlatio
coefficient if one uses the procedure described in [1
When this enhancement, which is consistent with conv
tional models of the sources, is taken into account, th
is no sign of an additional effect such as that in Eq. (2)

There is another way of quantifying our claim that
random distribution centered around 90± is a better fit to
the data than the correlation proposed in [13]. Figure
is a plot of x 2 c as a function ofr cosu, where u

is defined using the best-fit direction quoted in [13] a
x 2 c is defined to be between 0± and 180±. We may
think of this graph as being defined on a cylinder, whe
0± is to be identified with 180±. With this in mind, we
have plotted two possible relationships, a solid horizon
line at 90± and a dashed line ats1y2dL21

s r cosu 1 d,
where we have measured the parametersLs and d from
Fig. 1(d) of [13]. If the relationship claimed in [13
is correct, the dashed line wrapping around the cylin
should be a better fit to the data than the solid horizon
line. This can be measured by calculating

x2 ­
X

i

µ
Di

s

∂2

, (4)

where we take the average error to bes ­ 33±, although
the precise value is irrelevant for purposes of comparis
The quantityDi, which represents the difference betwe
the predicted and measured value ofx 2 c, is of course
subject to the 180± ambiguity; however, we can resolv
this ambiguity optimistically for each point, by definin
290± , Di , 90±. Using this procedure, we calculat
that the best fit proposed in [13] yieldsx2 ­ 161, while
the hypothesis of no effect yieldsx2 ­ 69. Thus, the
horizontal solid line in Fig. 2 is a much better fit than th
diagonal dashed lines.

Given that there is ample evidence that the intrin
zero point is centered onx 2 c ­ 90±, we may ask
how good a limit we can place on an effect such as t
2396
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FIG. 2. The difference between polarization and positi
angles as a function ofr cosu for the best-fit direction of
anisotropy proposed in [13]. Angles of 180± are to be identified
with 0±; the data thus live on a cylinder. The solid lin
represents the predicted relationship in the absence of
signal, while the diagonal dashed line wrapping around
cylinder represents the model suggested in [13].

in Eq. (2). One approach to this problem is to defin
x 2 c to be between 0± and 180±, and to assume tha
the deviation from the intrinsic value is given byDx ­
x 2 c 2 90±. It is then possible to do a straightforwar
least-squares fit to Eq. (2), with the four componen
of pm as free parameters. Using the data at redsh
z $ 0.3, the best-fit parameters obtained in this way are

p0 ­ s0.59 6 0.80dH0 ,

j $pj ­ s1.13 6 1.40dH0 .
(5)

(This procedure yields separate values for each of
three spacelike componentspi ; since each value is con
sistent with no preferred direction, it is more appropria
to quote the limit on the magnitudej $pj.) These values
are consistent withpm ­ 0, and similar to the limit onp0
from [5] quoted above.

After analyzing the data in a variety of ways, we a
able to conclude with confidence that there is no eviden
for a chiral effect on the propagation of photons fro
distant radio sources. Despite this negative result, th
are still good reasons to further pursue observations s
as those examined in this paper.

In Fig. 3 we have plotted the position in the sky of th
sources withz $ 0.3, indicated by symbols related to th
deviation ofx 2 c from 90±. Theh’s represent sources
with x 2 c , 90±, while the3’s are sources withx 2

c . 90±. The size of the symbol is related linearly to th
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FIG. 3. Positions of radio sources in the sky, including onl
galaxies withz $ 0.3. The symbols indicate deviations from
x 2 c ­ 90±; h’s are sources withx 2 c , 90±, and 3’s
are sources withx 2 c . 90±. The size of the symbol
indicates the amount of deviation from 90±.

deviation from 90±, although for clarity there is an offset
so that points withx 2 c very close to 90± still have a
nonzero size. One conclusion to be drawn immediate
from this graph is that there is a need for additiona
data to be collected in the southern celestial hemisphe
especially at high redshifts. In the future, observations
polarization of the cosmic microwave background may b
the best source of data for constraining phenomena su
as these [7,17].

In characterizing the limits one can place on chira
effects, for convenience we hypothesized a fixed fou
vector pm which would represent a violation of Lorentz
invariance. If an effect were to be found, however, it i
by no means necessary that such a profound conclus
would have to be drawn. A more plausible hypothes
would be that of a very slowly varying scalar fieldf with
a coupling as in (1); the application of the data discuss
in this paper to this possibility was examined in [6]. Suc
a field could arise as an ultralight axion, with mass o
order the Hubble constant today (or less). Interesting
such axions may appear naturally in the strongly coupl
limit of heterotic string theory [18]. Another possibility
is the detection of axionlike cosmic strings; in the vicinity
of such a string, the polarization angle of two light ray
passing on either side will undergo rotations in opposi
directions [4]. Although there is no obvious sign o
such a signal in Fig. 3, the importance of such a findin
encourages us to continue the search.
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