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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. Left8, 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

The polarization of radiation emitted by distant radioin a variety of contexts [3—8]. In the WKB limit where
galaxies and quasars offers a way to search for chirahe length scale for variations ig is much larger than
effects in the propagation of electromagnetic radiationthe wavelength of the photon, the polarization angle
Such objects are often elongated in one direction, sobeys the simple relatiod y = A¢, whereA indicates
that one may define a position anglewhich describes the change between source and observer. [Here, and in
the orientation of the object in the sky. SynchrotronEqg. (2),A y is measured in radians; elsewhere we measure
radiation can lead to a significant linear polarization ofall angles in degrees; no confusion should arise.] This
the source, and the angpe of the plane of polarization effect is independent of wavelength, and can therefore
may also be measured [1]. (The angle of polarizatiorbe distinguished from ordinary Faraday rotation. Carroll,
will typically undergo Faraday rotation, but this effect Field, and Jackiw [5] suggested that observations of
can be removed by using the fact that Faraday rotatiopolarized radio sources provide a stringent test of such an
is proportional to the square of the wavelength.) Oneeffect, since they afford an opportunity to constraic
can therefore study the relative angle— ¢ between the over a large interval in space and time (see also [9,10]).
position and polarization vectors, keeping in mind that The specific model investigated in [5] sét, ¢ =
this quantity is only defined modulo 180 It has been —(1/2)p,, where p, is a four-vector whose expecta-
found [2] thaty — & is not distributed randomly; there is tion value parametrizes violation of Lorentz invariance
alarge peak ay — # = 90°, and a smaller enhancement (as well as CPT [11]). It was hypothesized that there
at y — ¢ = 0°. Since many of these sources are atexists a preferred coordinate frame, close to the back-
significant redshifts, and therefore very far away, testingground Robertson-Walker frame of our universe, in which
whether this relationship is maintained for distant sources, p, = 0. This implies that the predicted rotation of the
provides constraints on possible chiral effects on thepolarization angle for a source at redshiftis given in
propagation of light through the Universe, which couldterms of the timelike componept and the spacelike vec-
rotate y — ¢ away from the intrinsic value (that which tor p by
would be measured at the source).

From a field theory point of view, the simplest such Ay = 1 r(po — p cosh), (2)
chiral effect arises from a Lagrange density 2

1 ~ — |3l = (8Up:p)2 @i i

L = ——F ,F* — $F,,Fr. (1) wherep = |p| = (6 p;p;)'/?, 6 is the angle betweep

and the direction toward the source, ands the proper

Here, ¢ is a pseudoscalar field which does not need tgPacelike distance traveled. If we take a flat= 1)

be fundamental (it can be a function of other fields in the!NiVerse as a reasonable approximation, we have

theory). This Lagrangian is the simplest way to couple 2 3

a neutral pseudoscalar to electromagnetism in a parity- r= 3—H0[1 — (1 + 2777, ®3)

invariant way, and often describes the effective coupling

of pseudoscalar particles (such as pions or axions) twhere Hy is the Hubble constant today. Regardless of

photons. whether or not one is interested in tests of Lorentz in-
Our interest here is in the case wherevaries only very  variance, Eq. (2) is a useful parametrization of potentially

slowly over extremely large distances. In that case ambservable chiral effects.

electromagnetic wave traveling through the background In [5] it was shown that the radio galaxies at redshift

¢ field will undergo a rotation in its polarization state greater than 0.4, with maximum polarizations greater than

which depends on the change dn such an effect arises 5%, were strongly clustered around— ¢ = 90°, using
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a sample of galaxies and redshifts obtained from thelependent contributions of order 80We will argue that
literature [2,12]. Assuming that the timelike componentthis is not the simplest interpretation of these data.
po would be significantly larger than the spacelike part Searching for a signal in the polarization data is
the limit po = 0.80H, was obtained. Recently, Nodland complicated by the fact thay — ¢ is only defined
and Ralston [13], using the same set of data [14], searchadodulo 180. In testing any specific hypothesis, it
for anisotropic effects such as those that would arise fronis necessary to choose some reasonable procedure for
a nonzero spacelike pagtin Eq. (2). Surprisingly, they resolving this ambiguity. The method chosen by the
claimed to find a significant signal in the data. Givenauthors of [13] was the following: for any choice of
the fundamental importance of such a result, we havelirection for the vectorp, define an angle8 = y —
undertaken a reexamination of the data, and present oyr = 180° which is between Dand 180 if cosf = 0
results in this paper. We conclude that the data arand between-180° and O if cosé < 0, wheref (which
most consistent with no effect, contrary to [13]. Ourthey calledy) is the angle betweep and the direction
disagreement stems primarily from the method used téoward the source. It was noted in [13] that this procedure
disentangle the 180ambiguity in the quantityy — ¢, necessarily introduces correlations betwgeandr cosf.
and the use of randomly generated data for comparisolh would be illegitimate, therefore, to take a statistical
purposes, as will be shown below [15]. correlation between these two quantities as itself evidence
The data set used in [5] includes 160 sources, wittof a signal in the data. However, if the degree of
redshifts as high as 2.012. In the present paper we shaibrrelation were much higher than that which would be
make use only of the 71 sources with redshifts 0.3;  expected if there were no signal in the data, we might
this choice is consistent with [13], allowing for direct conclude that there was a measurable effect.
comparison of our results. In Fig. 1, we have plotted a It is at this point in the analysis that we find two
histogram of y — ¢ for these sources, defining — s  important flaws in the procedure followed in [13]. First,
so that it lies between®tand 180, and grouping the data one must reliably determine the zero point fpr— ¢,
into bins which are 1Dwide. It is clear that there is a which would be observed in the absence of any chiral
peak aty — ¢ = 90°, but none at @ this is consistent effects. In [13], the authors searched for a best fit to
with models of the sources [2]. the data of the formg = (1/2)A;'rcosf + &, where
This peak represents the crux of our disagreement witin the notation of Eq. (2)A; = p~!. They found that
[13]. If the claim of [13] is true, it is necessary to the favored value for the zero point was= 0°. This
believe that the peak at 9ds an accident, and these seems to be inconsistent with the evidence of Fig. 1,
data are actually drawn from a distribution which iswhich exhibits a peak at 90 The resolution is simply the
intrinsically centered at 9 with position- and redshift- fact that the definition o3, as described above, separates
the data into two groups, one with180° < B8 < 0°
and one with0° < B < 180°. With this procedure the
favored value foré will always be near @ it arises
L 1 essentially from taking the average of a group of points
20 = 7 clustered around 90and another clustered aroun0°.
I | This method of resolving the 18@mbiguity is therefore
inappropriate for data which lie naturally in the vicinity
| of 90°.
f Nevertheless, [13] argues that the correlation found is
1 statistically significant, as it was only very rarely repro-
duced in artificially generated sets of data. The proce-
| dure for generating these sets is the second important flaw
. that we find. Figure 1 provides evidence that, regardless
of the position of the source in the sky, — ¢ is dis-
tributed approximately in a Gaussian distribution centered
| on 9C; a best fit to the Gaussian yields a dispersion of
_ o = 33°. Therefore, in searching for position-dependent
effects, it is appropriate to compare the actual data to data
which are generated by drawing from a similar distribu-
tion. In [13], on the other hand, artificial realizations were
I T I P R R b B generated completely randomly, i.e., from a flat probabil-
0 50 100 150 ity distribution for y — «. This has a dramatic effect
X = ¥ (polarization — position angle) on the claimed significance of the result. We performed
FIG. 1. Histogram of number of galaxies vg — ¢, for ~ an independent analysis, using two different methods of
galaxies withz = 0.3. generating the artificial data sets: first by drawing from a

Galaxies with redshift z 2 0.3

and maximum polarization 2 0%
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flat distribution, and then from a Gaussian with the ap- [ ' — 1 T ]
propriate width. The numbers generated were values of : / b
x —  for the positions and redshifts of the 71 sources in L /
the sample withy = 0.3. In 1000 realizations of the data 150 - . / /A
drawn from a flat distribution, in only 7 trials was the sig- - A . o/
nificance of the correlation greater than that in the actual - /o, . VAR
data; this is comparable to the 6 out of 1000 reported in_, - / < e/ .
[13], and if reliable would be evidence of the existence $ i y v
of a signal. On the other hand, in 1000 realizations of thes 100 |- .
data drawn from the appropriate Gaussian distribution, thé - D
artificial data were more strongly correlated with the hy-= I /et . A 7
pothesized test function in 911 out of 1000 trials. Even, | */ . w / ]
if there were no signal at all in the data, we would expect I </ . .
the artificial realizations to have a stronger correlation ap- 50 / . /
proximately 50% of the time; the fact that our trials had | 4 A
better correlations over 90% of the time is due to the fact / / ]
that the Gaussian slightly underestimates the number of i / /

data points near°0 This result, however, vividly demon- 0 / * / .
strates our main point: the existence of a real enhancement
of ¥ — ¢ near 90 leads to a spuriously large correlation r cos(8)

coefiicient if one uses the procedure described in [13]FIG. 2. The difference between polarization and position

When this enhancement, which is consistent with Convenémgles as a function of cosf for the best-fit direction of

f[ional models of the_ sources, is taken into account, therg@nisotropy proposed in [13]. Angles of 188re to be identified
is no sign of an additional effect such as that in Eq. (2). with 0°; the data thus live on a cylinder. The solid line

There is another way of quantifying our claim that arepresents the predicted relationship in the absence of any
random distribution centered around°dé a better fit to  Signal, while the diagonal dashed line wrapping around the
the data than the correlation proposed in [13]. Figure é:ylmder represents the model suggested in [13].
is a plot of y — ¢ as a function ofr cosé, where @
is defined using the best-fit direction quoted in [13] and, ) . i
y —  is defined to be betweer? @nd 180. We may N Eqg. (2). One approach to this problem is to define
think of this graph as being defined on a cylinder, whereX — ¥ 10 be between Dand 180, and to assume that
0° is to be identified with 180 With this in mind, we the deviation from the intrinsic value is given lyy =
have plotted two possible relationships, a solid horizontak — % — 90°. Itis then possible to do a straightforward
line at 90 and a dashed line 4tl/2)A;'rcosg + &, least-squares fit to Eq. (2), Wlt.h the four componeqts
where we have measured the parametersand 8 from of p, as free pa_rameters. Using _the Qata_at redshifts
Fig. 1(d) of [13]. If the relationship claimed in [13] % = 0.3, the best-fit parameters obtained in this way are
is correct, the dashed line wrapping around the cylinder po = (0.59 = 0.80)H,,
should be a better fit to the data than the solid horizontal . (5)
line. This can be measured by calculating 1Pl = (1.13 = 1.40)Ho.

5 A \? (This procedure yields separate values for each of the
X = Z( U) ) (4)  three spacelike components; since each value is con-

! sistent with no preferred direction, it is more appropriate
where we take the average error tode= 33°, although to quote the limit on the magnitudep|.) These values
the precise value is irrelevant for purposes of comparisorare consistent witly,, = 0, and similar to the limit orp,

The quantityA;, which represents the difference betweenfrom [5] quoted above.

the predicted and measured valueyof- ¢, is of course After analyzing the data in a variety of ways, we are
subject to the 180ambiguity; however, we can resolve able to conclude with confidence that there is no evidence
this ambiguity optimistically for each point, by defining for a chiral effect on the propagation of photons from
—90° < A; < 90°. Using this procedure, we calculate distant radio sources. Despite this negative result, there
that the best fit proposed in [13] yieldg®> = 161, while  are still good reasons to further pursue observations such
the hypothesis of no effect yieldg?> = 69. Thus, the as those examined in this paper.

horizontal solid line in Fig. 2 is a much better fit than the In Fig. 3 we have plotted the position in the sky of the
diagonal dashed lines. sources withy = 0.3, indicated by symbols related to the

Given that there is ample evidence that the intrinsicdeviation ofy — ¢ from 90°. The[d's represent sources
zero point is centered oy — ¢ = 90°, we may ask with y — ¢ < 90°, while the X’s are sources withy —
how good a limit we can place on an effect such as thaty > 90°. The size of the symbol is related linearly to the

—_
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