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Indication of Anisotropy in Electromagnetic Propagation over Cosmological Distances
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We report a systematic rotation of the plane of polarization of electromagnetic radiation propagating
over cosmological distances. The effect is extracted independently from Faraday rotation, and found
to be correlated with the angular positions and distances to the sources. Monte Carlo analysis yields
probabilisticP values of orden 03 for this to occur as a fluctuation. A fit yields a birefringence scale
of orderlO"’S’L—O m. Dependence on redshiftrules out a local effect. Barring hidden systematic bias
in the data, the correlation indicates a new cosmological effect. [S0031-9007(97)02978-5]

PACS numbers: 98.80.Es, 41.20.Jb

Polarized electromagnetic radiation propagating acrosgolarization plane after Faraday rotation is taken qut;
the Universe has its plane of polarization rotated byis central to our analysis.
the Faraday effect [1]. We report findings of an addi- On symmetry groundsy would be expected to ap-
tional rotation, remaining after Faraday rotation is ex-proximately align with the major axis anglé¢ of a
tracted, which may represent evidence for cosmologicagalaxy. This expectation has consistently been at odds
anisotropy on a vast scale. with the data. Gardner and Whiteoak [1] proposed a

We examined experimental data [1] on polarized radia“two-population” hypothesis, at first on the basis of 16
tion emitted by distant radio galaxies. The residual rotasources, with some sources emittingyat- ¢ = 0°, and
tion is found to follow a dipole rule, depending on the angleothers aty — ¢ = 90°. Clarkeet al. [1] found a sub-
v between the propagation wave vectoof the radiation set of galaxies supporting the two-population idea, but
and a unit vectos. The rotation is linear in the distanee by making a severe cut consisting of galaxies with quite
to the galaxy source; in sum, the rotation is proportional tastrong polarization, which eliminated most of the data
rcody). This effect cannot be explained by uncertainties(p > 11, leaving 47 of 160 galaxies.) The group se-
in subtracting Faraday rotation. We focus on a statisticalected as perpendicular emitters was found to be distant
analysis of the correlation, but we have also made considhigh luminosity), while the parallel group was found to
erable effort to explain it in a conventional way. Unlessbe near (low luminosity). The full data set (no strong po-
the effect is due to systematic bias in the data, it seemigirization cuts) does not convincingly support multipopu-
impossible to reconcile it with conventional physics. lations, and the statistical significance of conclusions is

Some history is useful. In 1950, Alfven and Herlofsonnot given. The reader is warned of inconsistencies in the
[1] predicted that synchrotron radiation would be emittedstatistics: in Clarkeet al. [1], the quantityA = |y — |
from galaxies, with polarization perpendicular to theis defined to be the statistic, but actually applied when
source magnetic field. By the mid 1960's, data begany — | < 7 /2, while A = 7 — |y — | is used oth-
to accumulate on the polarization of radio waves that hagrwise. Carrollet al.[2] use y — ¢ as a measure of
traveled over cosmological distances [1]. The observablessidual rotation, a definition which neglects the other
include the redshift; of the galaxy source, an angle possible rotationy — ¢ * . (A few errors in this pa-
¢ labeling the orientation of the galaxy major axis, theper’s transcription of the data have been corrected.)
percent magnitude of polarizatiop, and anglesf(A) Birch in 1982 observed a dipole rule correlation of
labeling the orientation of the plane of polarization of polarization angles and source location angles relative
radio waves of wavelength. Experimental fits [1] show to an axis he fit from the data [3]. Birch used the
that the angled(A) for a galaxy is given byf#(A) =  acute angle betweely and ¢ in a limited sample of
aA®> + y. Fits to the linear dependence of the angledata. The acute angle is an improper statistic for the
6 on A verify the presence of Faraday rotation. Theobservables, which are not vectors, but planes. Kendall
fitting parameterr, called the Faraday rotation measure,and Young confirmed Birch's conclusions [3] using a
depends upon the magnetic field and the electron densifyroper (projective) statistic. Bietenholz and Kronberg
along the line of sight [1]. Conventional Faraday rotation(BK) also confirmed the same correlation with a different
does not account for anglg, the orientation of the analysis [3]. However, introducing a larger sample of
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data with sources for which redshifts were not known, To determine the validity of Eg. (1), we computed

BK then found no correlation of Birch’s type. Although the linear correlation coefficierRgy,,, for the 160 points

the subject died out after BK’s negative conclusion, thein the galaxy data set ofr; cogy;), 8;] for trial val-

history is relevant inasmuch as the redshift is found taues of thes direction (decl R.A.); sweeping out all di-

play a role. rections. For a general sék;,y;) of N data points,
None of these studies addressed a correlation going g is defined aR = (N Y x;vi — >.x; S.vi)/AIN S x? —

r cogy), the co$y) being the lowest order anisotropic ef- D xi)z]g[Nzyiz _ yi)z]%}_ For each trial direction

fect that might be observed, and the factarepresenting > : -
the generic dependence of birefringence on distance. Tq,OFJc $, we also computed 1000 correlation coefficieRisq

. 4 - om 1000 copies of the original data séb( X 1000 X
lengthr must be measured in a basic unit denoted An 5 _ 35499 false data points), where the copies had ro-
ansatz for the residual rotation angeis

1 tations B; obtained from substituting randog; and y;
B = EAS_IF coqvy). (1) into (2). The positional part of the data,coqy;), was
not randomized. In randomizing only the polarizations
The astronomical literature has several, sometime@nd major axis orientations, we created a sample with the
inconsistent measures of angle differences. The angl&®me spatial distribution of points as the data itself, thus
x and ¢ do not label vectors, but plane orientations;allowing a scan of the polarization data without prejudice
they are defined only up to multiples of (not 27r).  caused by the= assignment, or the spatial nonunifor-
Analysis should retain information on the sign of the Mity of the data’s distribution.
differences ofy andy which probes the sense (clockwise ~For each trials direction, we then compared .
or counterclockwise) of the rotation. We introduce twofrom the data set with th&,,,q distribution, by computing

functions* and 8, given by the fraction P of computations WithR,,nq = Rgaga. IN
X — if y — 4 =0 statistics,P is called aP value; the interpretation as a
g = { — g+ if y — o < 0’ “probability” depends on various assumptions and details
X X ’ of terminology. A plot of P~! is shown in Fig. 1(a).
B X — ¢ if y — ¢ <0, (@) The result is stgble and scalgd prqperly_ as we i_ncreased
B = {X S — ify —¢=0. the number of independent trial orientationssofFig. 1

shows our finest resolution of 410 bins covering the entire
From Eq. (1), the rotation3 is either positive or celestial sphere with bins of average solid angle of about
negative depending on the angle We therefore assign 7 /100. There is a clear excess in tie! plot in the
a rotation 3 = B; to a galaxy () if cos(y;) = 0, and regions = (decl R.A.) = (—10° = 20°,20 * 2 h).
a rotation B = B; if cos(y;) < 0. This assignment  To explore this, we cut the data to= 0.3, roughly the
necessarily introduces correlations because two quadranisost distant half of the sample (71 galaxies), to improve
of the data plane oB; andr; cogy;) are excluded, a point the experimental “lever arm.” The correlation for the
which we discuss momentarily. z = 0.3 set is much more dramatic; we see in Fig. 1(b)
By definition, B lies in the interval[—,7]. If the  a well-connected cluster of more than twenty-one peaks
residual rotation magnitude is bigger thanfor certain  in the regions* = (decl R.A)¥ = (0° = 20°,21 = 2 h)
sources, then that data would be scrambled and yield lowith a P value lower than we can resolv® = 1079).

correlations. Fluctuations in the initial orientation will [Several of the§ directions displayed in Fig. 1(b) had no
contribute noise to the analysis. Our data consists of thglonte Carlo events WittR,.,q = Ry in the 1000-trial

most complete set we have found of 160 sources in [l}yns. P = 10~3 was assigned to these directions.] We
which includes polarization as well as position informa-g|| this procedure 1.

tion. The radio frequency varies, typically spanning a 1— For the§ direction with highest? ! value of the full

3 GHz range. Measurement uncertainties, less idor  gata set, the distribution @®,.,q is a Gaussian, centered
¢ and typically5° for y, were not reported on a point- at ;, = 0.60 with a standard deviatioor = 0.032, with
by-point basis. Since the existing Faraday fitsyto= Rgaa = 0.66 = u + 1.880. In contrast, in a typical
aA® + x are done using several data points, the errors ofyff.axis” direction (60°, 12 h), the distribution is given

x should be much smaller than a few degrees. Galaxby w =047 and o = 0.04, With Rgae = 048 = u +
position coordinates [1] are given in terms of distange ( (25o. Returning to the strongly correlated data set, with

right ascension (R.A.), and declination (decl). The ma-, = (3. and for ar§ direction yielding a high? ! value,
jority of the data comes from the northern sky, with visual 5 typicalu = 0.76 ando = 0.027, With Ryae = 0.86 =

magnitude of the galaxies between 8 and 23. We useg 4 375, Distributions with long tails were not seen.
the () = 1 (critical average mass density) relation for the The spatial distribution of galaxies in the sample is quite
distancer traveled by light as a function ofhredshiit nonuniform, so that the populations assignedsfo, and
namely,r = 10'(lightyears[1 — (1 + z)"¥?]3}, where  the 1 and o values, depend on the trial The P values

hy = %10*10(year3*l and# is the Hubble constant. are therefore much more meaningful than the correlation
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a set of largesR,.,q4’Ss. This procedure was motivated by
the fact that there is an increased probability in procedure
1 of obtaining a fit ofs to the data due to the two
degrees of freedom of. The crucial test is for the
far-half data set withy = 0.3, which had aP value of
P 4 order10~3 (in procedure 1). For the far-half sample with
z = 0.3, we found that the fraction of the largeR{z,q's
that exceede®yqata(;=0335=5-) Was less than 0.006. The
distribution of largestR,.,4'S was characterized by a
and w such thatRy,, = u + 2.80. In contrast, for the
closest half of the data, < 0.3, the fraction of the largest

3 3 Rrand exceedinQRyata(;<035=5+) was 0.86, confirming that

2 (© 2 @ the effect “turns on” only for the most distant half of

3 3 the galaxies. We found no instances of largRsghq's

(/13 o (/1 . .

iE & iE g for the sample withz < 0.3 exceedingRyaa(;=0.33=3)-

-1 e s . .

2 ~’£~2 ’“’S%‘;’"’"“’ 2 T, ”"“i‘;'”'”“) These results provide a more stringent test and corroborate

3 L3 0Tm 3 T ool the conclusion of procedure 1. (The authors welcome
6 4 -2 0 2 4 6 8 -6 -4 2 0 2 4 6 8

requests for additional information.)

FIG. 1. InverseP values versus anisotropy directiangiven The average (procedure 1) best fit value As =
in terms of its declination and right ascensioR. is the frac- (1 1 + 0.08)1025% m for a5 direction of(decl R.A)* =

tion of galaxy sets with randomized major axi%..q) and po- o ° ;
larization (yr.na) angles that yielded a linear correlation coef- (0°=20°%21 =2 h) for the data withz = 0.3. For

ficient Ruang Of the set f: CoSy;, Bi(Pana, xmna)] greater than the full data set of all 160 data points, we find, =

or equal to the linear correlation coefficieRg,,, of the orig-  (0.89 * 0.12)1025% m for (decl R.A.) = (—10° * 20°,

inal set f; cosy;, Bi(4, x)I. (a) All data (160 galaxies). (b) 20 = 2 h). The scaleA,, approaching a billion parsecs,

All data with redshiftz = 0.3 (71 galaxies). The figures sup- s apnroximately an order of magnitude larger than the

port an anisotropy direction in the regiéri = (decl, R.A)} = lar | b di | lati )

(0° + 20°21 + 2). (c) Scatter plot ofg versusr cosy for the gest scales observed in galaxy correlations. (Errors in

5 direction yielding the highest peak (arrow) of (a) for all data. As are the usual o variation of uncorrelated analysis and

(d) Scatter plot of8 versusr cosy for the s direction yielding do not refer to probabilities.) The directicii appears

a typical central peak (arrow) of (b) for the cut= 0.3. unremarkable, although vaguely toward the galaxy center,
the cluster in Fig. 1(b) is separated from the galaxy center

coefficientsk themselves. We include a few scatter plotshy 30°, about 30 times the apparent size of the core region

[e.g., Figs. 1(c) and 1(d)], but warn that visual inspectionof the Milky Way.

is not very reliable. For the set of strongly polarized As a consistency check, we have separately investigated

sources with polarizatiop = 5 (116 galaxies), the plot whether there are strong correlationsgn= A !r, and

of P! versuss is almost identical to Fig. 1(a). We g = g,coqy). We find nothing significant in the first

also studied the dependence in shellg.Qf < z < zZmax case, or for the second case over the full data set. The set

containing 20 galaxies, which we considered a minimunm; = 0.3 does produce correlations witBy cogy) which

number for a sensible analysis. Only in the reglbrc  we cannot readily distinguish from Eq. (1), since the

z <02 was P = 107% bin by bin, P < 107? in the  values do not vary enough.

regions = (0° = 20°,21 * 2 h) thereafter. As for conventional physics, the effect observed is not
These studies use the correlation coeffici@nappro-  explained by variations on Faraday physics. While fits
priate to test unconstrained linear fits of the fon=  to Faraday rotation (linear in?) represent a model and

%A;lr cody) + &, whereA; and$ are free parameters. an approximation, the ratios of the radio frequency to cy-
We found thaté is consistent with zerds = 2°, with  clotron and plasma frequencies are such that the approx-
6 typically =1°) in the region of good correlatior; (=  imation is thought to have exceedingly small corrections.
0.3, P! =1000 or z =0, P~!' =25). We also re- Observers also make corrections for systematic errors and
peated the entire study usiy= > x;y;/(> x7 Y y?)!/2,  take into account the effects of the Earth's ionosphere.
which tests the hypothesis of linear correlation with theConsulting with the original observers [4] does not yield
constrainté = 0, without finding significant changes. any suggestions for bias that would imitate the signal we
Another study (procedure 2) used a different order. Fopbserve. We have nevertheless questioned whether a lo-
each random data set (again, galaxy positions were natl effect of the Galaxy, via some unanticipated conven-
randomized, as explained above), we variedver the tional physics, might account for our correlation. The fact
sphere (410 directions) to maximi®g,,q. This “largest- that the correlation is seen fer= 0.3, but notz < 0.3,
Riang” value was then recorded. A new random setrules out a local effect. (Several observational groups
was then generated, producing another lar@estr. This  contributed to the = 0.3 data, closing the loophole that
calculation was repeated more than 1000 times, to createne particular analysis might contain bias, as best we can
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determine.) Again, strong fields at the source might gen- Ni [6] obtained (3) from covariance arguments; inde-
erate unexpected initial polarization orientations, or upsependently it was found from quantum adiabatic arguments
the Faraday-based fits, and this could plausibly depend ofiRalston [6]). The latter was our initial motivation, used
z. But since the correlation is observed in ¢gs any to predict the correlation (1), which led to this investiga-
population-based explanation requires an unnatural, if ndion. The curious history came to light much later. s#f
impossible, conspiracy between distant sources at widelis treated as dependent anthen it must be a gradient:
separated zenith angles. One is left, then, with the option\; 's* = £9#¢, whereg is a coupling. The theory is
of unknown systematic bias for the largeset, or accept- then related to axions [7] or similar pseudoscalar fiebds
ing the possibility that the correlation is a real physical ef-with couplingg. If a new field is proposed, there should be
fect. For the latter, one must arbitrarily invoke coherencdurther observational consequences. Our study of a space-
on outrageously vast distances, perhaps organized by eldide s# is unconventional compared to other work [2], but
tromagnetic or other interactions in the early Universe, othere is every reason to think that the observed correla-
contemplate new physics. tion can be consistent with axion-type domain walls [7], or
If we take the data at face value as indicating aother condensate structures. More data on the observables
fundamental feature of electrodynamics, gauge invariancis needed, especially from the southern sky. The crucial
severely limits the possible couplings of the vectorissues of conventional explanations and experimental sys-
potentialA* and the electromagnetic field strength tensortematics merit scrutiny from a broad community. From a
FrY = grA” — 9”A* to any background vectar*. The  scientific standpoint, we report what we find, given the data
unique derivative expansion (units ale= ¢ = 1) for  that exist. We find that the data contain a correlation indi-
terms in the effective actiofigs is cating cosmological anisotropy in electromagnetic propa-
gation. Further study may be able to determine whether
Sep = f d4x( _ lF,L,,F“” 3) or_its_ counterparts invokin_g new fields might be a valid
4 description of electromagnetism on the largest scale.
10 uvap B. Anthony-Twarog, K. Ashman, C. Bird, H. Rubin-
+ 4Ax € FuvAasg |, (3) stein, B. Cox, and an anonymous referee made helpful
suggestions. DOE Grant No. DE-FG02-85ER40214, NSF

suppressing higher derivative terms which would con-Grant No. PHY94-15583, and th&*STAR program pro-
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