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ABSTRACT 
Linear polarization observations were made of eight double-lobed radio galaxies viewed through the galac- 

tic plane in the Cygnus region. These observations have been used to determine intra- and intersource rota- 
tion measure differences; in some cases, we have extracted unambiguous rotation measures. The rotation 
measures are dominated by foreground magnetoionic material. The differences in rotation measure between 
pairs of sources correlate with angular separation for separations from 10" to 1?5. These rotation measure 
fluctuations are consistent with a model in which the electron density varies on « 0.1-200 pc scales. The 
amplitudes of these variations are, in turn, consistent with those electron density variations that cause diffrac- 
tive interstellar scattering on scales less than 1011 cm. 
Subject headings: interstellar: magnetic fields — polarization — turbulence 

I. INTRODUCTION 

In the past few years there has been considerable progress in 
the subject of radio wave scattering in the interstellar medium. 
A recent and comprehensive summary of activity in this field is 
given in Cordes, Rickett, and Backer (1988). 

In spite of improved observational specification of the phe- 
nomena, there remains almost complete uncertainty regarding 
the physical nature of the density irregularities responsible for 
interstellar scattering. Suggestions have been made that the 
irregularities are nonpropagating entropy structures analo- 
gous to those seen in hydrodynamic turbulence (Higdon 1984, 
1986) , analogous to Lighthill radiation in magnetohydro- 
dynamic turbulence (Montgomery, Brown, and Mattaeus 
1987) , or the compressive component of magnetohydro- 
dynamic waves (Spangler et al 1986; Spangler 1988). 

The attempt to decide between these suggestions would be 
considerably assisted by furthering our knowledge in two 
areas. First, we need to know the form of the spatial spectrum 
over a wide range of wavenumbers. It has previously been 
suggested by Lee and Jokipii (1976) and Armstrong, Cordes, 
and Rickett (1981) that the density power spectrum is a power 
law which extends to an outer scale on the order of parsecs. 
For a power-law spatial spectrum Pön(q) = C2

nq “with a <4, 
most observables tend to be dominated by small-scale irregu- 
larities and are much less sensitive to large-scale variations. 
Diffractive phenomena, such as angular broadening of radio 
sources and pulse broadening of pulsars, provide measure- 
ments of the density irregularities on scales of 108-1010 cm, but 
are relatively insensitive to irregularities on much larger scales. 
Thus, the outer scale of the turbulence (defined as the recipro- 
cal of the smallest wavenumber for which the spectrum is a 
power law) may be « 1012 cm or much larger. Second, there is 
a need to know the relationship between the density pertur- 
bations which produce scattering, and the (presumably) associ- 
ated magnetic field variation. In this paper, we report 
observations which should contribute to both of these present- 
ly poorly known topics. 

To study interstellar turbulence, we make use of the Faraday 
rotation measure and its structure function. Linearly polarized 
radiation passing through a magnetized plasma experiences a 
rotation of the polarization position angle. The polarization 
position angle upon emergence from the plasma is given by 

0 = </>o + RM A2 , (1) 

where </>0 is the initial polarization position angle of the radi- 
ation before it enters the plasma, À is the wavelength, and RM 
is the Faraday rotation measure, given by 

(2> 

where e is the charge on the electron, m is the mass of the 
electron, c is the speed of light, ne is the electron density, B is 
the magnetic field, and L is the path length. 

Differences in the rotation measure along two different lines 
of sight may be quantitatively studied with the structure func- 
tion, Drm(A6). The structure function contains information on 
the statistics of the RM variations and ultimately is determined 
by the nature of the plasma turbulence in the interstellar 
medium. The structure function is defined by 

DRMm = <[RM(0) - RM(0 + A0)]2> , (3) 

where angle brackets indicate an expectation value. In writing 
equation (3), we have assumed that the statistics of the RM 
fluctuations are stationary, i.e., not dependent on 9, and iso- 
tropic, or dependent only on the magnitude of A6 and not its 
orientation. 

In this paper, we report linear polarization measurements, 
yielding Faraday rotation measures, for eight double radio 
galaxies in the galactic plane in the vicinity of Cygnus. This 
region of the sky was chosen because our previous observa- 
tions (Spangler et al 1986; Fey, Spangler, and Mutel 1989) 
have measured the interstellar scattering on a number of lines 
of sight, and other observations (Spangler and Cordes 1988) 

515 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
90

A
pJ

. 
. .

36
3.

 .
51

5 

516 LAZIO, SPANGLER, AND CORDES Vol. 363 

have measured the spectrum of the density turbulence. The 
scattering in this direction is also quite heavy, indicating that 
lines of sight through the Galaxy have encountered one or 
more of the intense scattering clumps referred to by Dennison 
et al. (1984) and Cordes, Weisberg, and Boriakoff (1985). 
Observations in the Cygnus region, therefore, permit us to 
investigate highly scattered lines of sight for which the small- 
scale density irregularities are well-specified. 

Sources in this part of the sky are viewed through a complex 
of OB associations, stellar wind sources, and supernova rem- 
nants referred to as the “Cygnus superbubble” (Bochkarev 
and Sitnik 1985). Although many of the objects and associ- 
ations are not spatially contiguous, appearing together on the 
sky only through projection effects, lines of sight passing 
through the superbubble nevertheless encounter a number of 
distinct objects. Most of the objects in the superbubble are 
believed to be between 0.5 and 2.5 kpc distant (Bochkarev and 
Sitnik 1985). 

In § II we describe the observations and preliminary data 
reduction, in § III we present the observational results, in § IV 
we describe the extraction of polarization position angles and 
determination of the rotation measures of the sources, in § V 
we form the structure function and compare it with a simple 
model, and in § VI we summarize our results. 

II. OBSERVATIONS 

The observations occurred over a 3 yr period. In the summer 
of 1985, a region of roughly 10 deg2 centered on the source 
2013 + 370 was surveyed with the VLA1 at 1.46 GHz. Follow- 
up observations of discrete sources were made a few weeks 
later at 5 GHz. These observations were motivated by the 
observation of interstellar scattering of 2013 + 370 (Spangler et 
al 1986) and the desire to discover additional compact extra- 
galactic sources in the vicinity, which could be used to map the 
distribution of scattering in this region. These observations 
also revealed eight objects which we identified as extended 
extragalactic radio sources. Seven of the eight sources showed 
characteristic double structure. The locations of these eight 
sources are shown in Figure 1. Since extended extragalactic 
radio sources are typically linearly polarized, we decided that 
these would be good objects for Faraday rotation measure- 
ments. 

The first set of polarimetric observations was made on 1987 
January 18, when the VLA was in the C-array. Full polari- 
metric data were obtained in two contiguous 50 MHz band- 
passes centered at 4835 and 4885 MHz. Observations were 
made over a 12 hr period, and each source was observed at 5 
hour angles. At each hour angle, 15 minutes of integration were 
obtained. 

The second set of observations was obtained on 1988 
January 31 and February 1 at L band with the VLA in the 
B-array. The use of the VLA in this scaled array permitted the 
same spatial frequencies to be sampled as in the C band obser- 
vations. The AC and BD correlators were split for these obser- 
vations with the AC pair being set at 1437.5 MHz and the BD 
pair at 1652.5 MHz. The bandwidth at both L band fre- 
quencies was 25 MHz. Like the C band observations, the L 
band observations were also made over a 12 hr period with 

1 The Very Large Array is a part of the National Radio Astronomy Obser- 
vatory operated by Associated Universities, Inc., under contract with the 
National Science Foundation. 

each source being observed at 5 hour angles and 15 minutes of 
integration time being obtained at each hour angle. 

After correcting for instrumental polarization, corrections 
were applied to the L band data for ionospheric Faraday rota- 
tion. The corrections were initially applied at the VLA site 
using the ionospheric electron density values from 1986 
January. These electron density values were judged to be the 
most representative of the past several years for the observing 
conditions encountered. After the 1988 January electron 
density values became available, the phase corrections were 
calculated again. In both cases, the magnitude of these phase 
corrections was small, ranging from 0° to 8°. As the difference 
between the two corrections was small, never more than 2° of 
phase, it was decided not to recalibrate the data, but leave the 
corrections applied with the 1986 January electron density 
values. 

Using the NR AO Astronomical Image Processing System, 
maps of the Stokes /, Q, and U parameters were produced. For 
a given source, the restoring beam used to generate the 
CLEANed /, Q, and U maps was the same at all frequencies. 
For all sources, the restoring beam was approximately 4" by 4". 
The Q and U images were combined to form the linear polar- 
ization intensity image, L = y/Q2 + U2, and the polarization 
position angle image, <f> = j arctan (U/Q). An image of another 
common polarization observable, the degree of linear polariza- 
tion, m = L/I, was also formed. 

In Table 1 we display the positions and measured fluxes 
(Stokes parameter I) of these sources. In column (1) is the 
source name, column (2) designates the strongest component of 
the source, columns (3) and (4) display the equatorial coordi- 
nates of the most intense feature within the component of 
column (2), and columns (5), (6), and (7) show the integrated 
flux density of the source at the frequencies 1437.5, 1652.5, and 
4885 MHz, respectively. We do not list here the measured flux 
of the sources at 4835 MHz. 

Galactic Longitude (degrees) 

Fig. 1.—The positions of the eight extragalactic sources displayed as a 
function of galactic latitude and longitude. Dark curve marks the most intense 
optical emission from the Cygnus loop as it appears on the Palomar Sky 
Survey print. 
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TABLE 1 
Source Positions and Flux Densities 

Sv (mJy) 

Source Component a Ô 1438 MHz 1652 MHz 4885 MHz 

2003 + 383  SP XP 3m40?557 38°18'48"63 113.10 90.78 33.22 
2004 + 369  NP 20 4 41.583 36 55 7.71 122.33 102.45 50.18 
2005 + 368  NP 20 5 47.436 36 50 0.71 560.30 497.41 176.60 
2007 + 365  SF 20 7 46.617 36 32 10.50 77.87 75.12 33.18 
2011 + 360  SP 20 11 41.484 36 017.60 276.40 236.63 98.55 
2012 + 388  SP 20 12 20.842 38 4923.61 59.65 60.63 25.74 
2013 + 362  SP 20 13 23.681 36 17 44.50 503.71 462.04 164.74 
2014 + 355  SF 20 14 27.450 35 30 26.40 178.37 134.97 48.10 

III. OBSERVATIONAL RESULTS 

We present maps of the sources at three frequencies: 1437.5 
MHz, 1652.5 MHz, and 4885 MHz. The format for Figure 2 is 
the following. For each source, there is a total intensity 
contour image at 4885 MHz and images of the polarization 
position angle at the three frequencies. The vectors are orient- 
ed as the polarization position angles and their lengths are 
proportional to the polarized intensity. A low contour marks 
the boundary of the source. Displayed in Table 2 are the inten- 
sities and angles measured for the principal components of 
each source. Column (1) gives the source name, and column (2) 
is the component designation in conventional “ north- 
preceding, south-following ” notation. The frequency of obser- 
vation is given in column (3); we do not list here separate data 
for the other C band channel. Columns (4) and (5) list, respec- 
tively, the peak total and polarized intensity for the com- 
ponent. Columns (6) and (7) give the polarization position 
angle of the component as determined in two different ways. In 
column (6) we present the spatial average of the polarization 
position angle over the component, while in column (7) we give 
the polarization position angle at the position in the com- 
ponent where the polarized intensity is highest. We refer to 
these two methods as spatial averaging and single feature, 
respectively. For most components, the polarized emission was 
only slightly resolved or showed only small spatial gradients; 
consequently, the polarization position angles determined in 
these two methods are generally the same. 

The errors in these polarization position angle measure- 
ments, given in parentheses, also deserve comment. In the case 
of the spatial average of the polarization position angle, 0, the 
error was calculated from the internal dispersion of the pixel 
values in the region over which the average was taken. For the 
polarization position angle of the most highly polarized 
feature, </>peak, the uncertainty was calculated from the theory 
of errors in polarimetric observables (e.g., Rankin, Campbell, 
and Spangler 1975). Such a calculation requires knowledge of 
the errors in Q and U, cr, which were assumed and in practice 
found to be equal. We measured these by taking the rms noise 
in the Q and U maps on a blank portion of the map far from 
the source. 

An additional important quantity which may be calculated 
from the data in Table 2 is the depolarization, or ratio of 
fractional linear polarization at a lower frequency to that at a 
higher frequency. This quantity is of interest because it is a 
crude indicator of internal Faraday rotation and may, further- 
more, be used to limit the Faraday rotation through the phe- 
nomenon of bandwidth depolarization. Further and 
quantitative discussion of this matter is given in § IV. 

Additional discussion of each source is deferred until the 
rotation measures have been presented. 

IV. DATA REDUCTION AND ANALYSIS 

a) Extraction of Polarization Position Angles 
As mentioned in § III, two methods were used to extract 

polarization position angles for source components. We now 
wish to discuss these two methods further, and particularly 
their relative advantages and disadvantages. 

The principal advantage of the spatial averaging method is 
that it yields a “global” value of the polarization position 
angle, i.e. one obtained from a larger volume of the source. We 
would expect it to be less susceptible to depolarization effects 
which can shift the location of polarized structure at different 
frequencies. 

One disadvantage of this method is its sensitivity to spatial 
gradients in the polarization position angle at each frequency. 
This should not affect the mean value of the polarization posi- 
tion angle provided that, as was done, the average at all fre- 
quencies is calculated over exactly the same part of the source. 
However, structural variations in the polarization position 
angle will also inflate errors assigned to the measurement, since 
these structural changes will be added to the truly random 
noise contributions. 

In an attempt to minimize this effect, we computed the 
average over the largest region for which the polarization posi- 
tion angle was relatively uniform. The implementation of this 
practice is illustrated by 2005 + 368. As can be seen in Figure 
2c, the polarization structure in the south-following com- 
ponent consists of two “domains” at the two lower fre- 
quencies, whereas only one of these (the southernmost) is 
identified as a region of uniform polarization position angle at 
4885 MHz. The integration was confined to this southernmost 
feature. 

The principal disadvantage to these spatially averaged 
polarization position angles is that they are nonoptimum from 
the viewpoint of signal-to-noise ratio. In forming this polariza- 
tion position angle estimate, we average regions of high and 
low signal-to-noise ratio, thereby increasing the error in the 
extracted polarization position angle. As will be seen § IVfr 
below, this larger error allows more values for the rotation 
measure to be permissible in a least-squares sense. 

The second method, choosing only the brightest polariza- 
tion feature, is based on the notion that random errors of the 
most intense feature would be smaller than that of a spatial 
average. The errors in this second method were determined 
from the signal-to-noise ratio. If the polarized intensity at the 
location of interest is L and the rms noise in the Stokes Qor U 
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image is <r, then the error in the polarization position angle is 
^ = 2(<V¿)> for a <L. 

There are two difficulties with this method. First, there is the 
danger that depolarization would depend on location in the 
source, i.e., depolarization would cause the position of peak 
polarized intensity to be different at L band and C band. This 
situation could then result in the polarization position angle 

measurements at different frequencies referring to different 
positions. Although checks on the spatial coincidence of fea- 
tures of interest indicated that the aforementioned effect was 
not present at a significant level, this remains a possible source 
of error. 

The second difficulty is that this method will tend to under- 
estimate <7, and therefore Our measurement of a comes 

TABLE 2 
Source Parameters 

Source Component3 (MHz) (mJy beam x) (mJy beam" <f>P< 
2003 + 383. 

2004 + 369. 

2005 + 368. 

2007 + 365. 

2011 + 360. 

2012 + 388° 

2013 + 362. 

2014 + 355d. 

SP 

NF 

NP 

SF 

NP 

SF 

NP 

SF 

SP 

NF 

SP 

NF 

SP 

NF 

NP, hot spot 

NP, lobe 

SF, hot spot 

SF, lobe 

1438 
1652 
4885 
1438 
1652 
4885 
1438 
1652 
4885 
1438 
1652 
4885 
1438 
1652 
4885 
1438 
1652 
4885 
1438 
1652 
4885 
1438 
1652 
4885 
1438 
1652 
4885 
1438 
1652 
4885 
1438 
1652 
4885 
1438 
1652 
4885 
1438 
1652 
4885 
1438 
1652 
4885 
1438 
1652 
4885 
1438 
1652 
4885 
1438 
1652 
4885 
1438 
1652 
4885 

64.12 
54.81 
18.58 
26.00 
21.44 

6.83 
41.12 
37.38 
16.74 
40.13 
35.28 
14.05 

210.25 
185.95 
65.04 

205.27 
183.15 
64.98 
10.90 
10.47 
4.53 

18.37 
16.73 
7.39 

89.85 
80.82 
32.26 
17.53 
16.06 
5.94 
4.98 
4.69 
7.07 
0.31 
0.21 
4.21 

190.39 
172.36 
62.13 

173.64 
159.78 
62.67 
26.84 
23.36 

8.00 
8.84 
6.31 
1.99 

42.93 
38.84 
14.48 
15.95 
13.32 
2.67 

1.07 
1.26 
1.59 
0.96 
0.85 
0.50 
1.52 
1.96 
1.07 
1.10 
0.88 
0.68 
6.24 
6.26 
2.47 
5.82 
5.26 
2.50 
3.22 
3.18 
1.30 
4.52 
4.14 
1.78 
2.39 
2.63 
1.51 
1.44 
1.43 
0.67 
0.31 
0.21 
0.82 
0.33 
0.21 
0.50 
1.55 
2.45 
4.84 
6.08 
9.12 
8.73 
2.69 
2.71 
0.91 
2.27 
1.83 
0.58 
7.85 
7.77 
3.17 
2.95 
2.52 
0.67 

85?0(7?0) 
68.9(3.5) 
93.1(3.5) 

142.1(13) 
149.5(3.5) 
124.4(8.4) 
145 (37) 

1 (37) 
50 (28) 

113 (16) 
129 (19) 
147.9(6.9) 
159.9(9.9) 
95.5(5.6) 
17.7(5.2) 
1.2(5.7) 

128.8(7.5) 
56 (22) 
70.2(1.5) 
81.3(4.2) 

161.4(9.5) 
102.7(5.2) 
74.6(7.8) 
58.2(6.8) 

167 (13) 
32 (16) 

146 (3.6) 

90 (12) 
32 (12) 
34 (12) 
76.0(6.9) 
32.6(6.4) 
8.6(4.9) 

151.9(7.6) 
81 (21) 
93 (23) 
77 (25) 

66.7(7.9) 
45.6(5.5) 

120.7(6.1) 
106.9(9.7) 
85.1(5.6) 

176 (20) 

78?4 (5?8) 
66.3 (3.8) 
94.7 (1.6) 

138.6 (4.1) 
150.9 (6.1) 
120.4 (5.2) 
139.6 (2.1) 

2.1 (1.7) 
60.4 (2.6) 

106.8 (2.9) 
133.0 (3.9) 
150.2 (4.1) 
153.85(0.57) 
92.56(0.59) 
16.0 (1.2) 
0.62(0.62) 

125.37(0.75) 
49.1 (1.2) 
71.1 (1.0) 
81.5 (1.0) 

158.9 (2.7) 
100.22(0.74) 
75.43(0.81) 
58.0 (2.0) 

154.8 (3.5) 
9.9 (2.2) 

163.6 (1.7) 
91.0 (2.4) 
69.3 (2.5) 
46.7 (4.4) 

52.7(9.5) 52.2 (3.2) 

81.4 (6.2) 
35.8 (2.3) 
38.6 (1.5) 
71.38(0.52) 
35.13(0.56) 
11.40(0.40) 

149.76(0.31) 
81.4 (1.3) 
90.7 (1.3) 
71.8 (2.9) 
32.5 (1.5) 
39.9 (2.0) 
12.9 (4.6) 
64.70(0.43) 
45.31(0.47) 

124.19(0.84) 
108.7 (1.2) 
88.4 (1.5) 

1.3 (4.0) 
a An “ N ” or “ S ” indicates North and South, respectively. A “ P ” or “ F ” indicates preceding and following, 

respectively. 
b Numbers in parentheses are errors. 
c A dash (-) indicates no measurement possible due to lack of polarized intensity. 
d For 2014 + 355, the hot spots are the regions of the highest total intensity and the lobes are outlying regions. 
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Fig. 2a 

Fig. 2.—{a) Maps of the source 2003 + 383 are displayed. In the upper left panel is a total intensity contour image. Contours are 0.01, 0.03,0.05,0.10,0.20,0.30, 
0.50,0.75, and 0.90 of the peak intensity. The remaining three panels show the polarization position angles at 1438,1652, and 4885 MHz. The position angles of the 
vectors are that of the polarization position angles, and the lengths of the vectors are proportional to the polarized intensity. A low contour marks the boundary of 
the source, (b) Same as (a), except for 2004 + 369. (c) Same as {a), except for 2005 + 368. (d) Same as (a), except for 2007 + 365. Contours are 0.03,0.05,0.10,0.20,0.30, 
0.50, 0.75, and 0.90. {e) Same as {d), except for 2011 + 360. (/) Maps of the source 2012 + 388 are displayed. In the left panel is a total intensity contour image. 
Contours are 0.03,0.05,0.10,0.20,0.30,0.50,0.75, and 0.90 of the peak intensity. The right panel shows the polarization position angles at 4885 MHz. As this source 
was unpolarized at the two lower frequencies, images at these frequencies are not shown, (g) Same as (a), except for 2013 + 362. (h) Same as (d), except for 2014 + 355. 
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from the blank portions of the map, and therefore refers to the 
noise level of the map. The error in a portion of the map where 
a polarization signal is present is more difficult to measure, but 
in general will be greater than a. These smaller errors will 
result in more constrained x2 measures of goodness of fit and 
might lead one to reject rotation measure values which are in 
fact appropriate. 

As a result the errors in the measurement of the polarization 
position angles most likely lie somewhere between those of the 
averaging method and those of the single feature method. 
However, we find that the polarization position angles from 
the two methods agree reasonably well. 

b) Determination of the Rotation Measures and Rotation 
Measure Differences 

For each polarized source component, the rotation measure 
was determined by a least-squares fit of equation (1) to the 
measurements of polarization position angle 0 at the four fre- 
quencies of observation. The goodness of fit was measured by 
the reduced chi-square, 

XÎ (4) 

where (fri and are the measured polarization position angle 
and its error, respectively, at the wavelength and nf is the 
number of degrees of freedom. The angle is the model polar- 
ization position angle predicted for a rotation measure, RM, 
and corrected for an “ nn ambiguity,” 

ÿ'. = ÿ. — rii n with if/i = 0o + RMAf , (5) 

where nt is found by rounding the quantity (0; — 0,)/^ to the 
nearest integer. 

Extraction of unique rotation measures is complicated by 
the nn ambiguity. It is well-known that in the case of polariza- 
tion position angle measurements at two frequencies, there are 
an infinite number of rotation measures which can fit the 
observations. A polarization position angle measurement at a 
third frequency removes this ambiguity; but, in the presence of 
errors, nonuniqueness returns. 

To combat such ambiguities, additional information which 
can constrain the rotation measure is necessary. One such con- 
straint can be obtained from the depolarization. Extremely 
high values of the rotation measure lead to bandwidth depolar- 
ization. Rankin, Campbell, and Spangler (1975) have derived 
formulae for the depolarization as a function of rotation 
measure. We applied their formulae to determine, for each 
source, the maximum absolute rotation measure, |RMmax|, 
consistent with our measured values of depolarization. For all 
sources, 1000 < | RMmax| <; 2500 rad m-2, with a mean value 
I RMmax I « 1700 rad m-2. Since the observed depolarization is 
almost certainly not due exclusively to bandwidth effects, the 
derived upper limits are most likely overestimates. These limits 
were then used to exclude extremely large rotation measures. 

Another such constraint is the polarization position angle 
difference between the two C bands, A0 = 04835 — 04885- As 
defined, A0 has the same sign as RM, provided that there have 
been no nn “ wraps ” between the two C bands. However, as the 
two C bands are separated by only 50 MHz, it would require a 
rotation measure of 4.5 x 104 rad m-2 for A0 = n. We may 
rule out any such rotation measures from depolarization con- 
siderations and confidently require that A0 and RM have the 
same sign. 

The mean A0 for our sources is 0?5 ± 0?3, indicating that 
rotation measures in this portion of the sky are marginally 
more likely to be positive than negative. If we exclude the 
source 2014-1-355, which alone has large negative values for 
A0, the mean value increases to 0?8 ± 0?4. These results indi- 
cate that, to 2 a, the rotation measures in this portion of the 
sky are more often positive than negative. 

This has two implications. First, it allowed us to narrow the 
range of rotation measures even further. The depolarization 
indicated the maximum of | RM | ; the polarization position 
angle difference provided us with the sign. Second, these 
sources all lie within region A of Simard-Normandin and Kron- 
berg (1980), a region they find to be characterized by predomi- 
nately negative rotation measures. They attribute the negative 
rotation measures in region A to projection effects resulting 
from viewing sources along the large-scale galactic magnetic 
field. The indication that rotation measures in the Cygnus 
region are positive may signify that the magnetic field orienta- 
tion in the Cygnus region is different than that of the Galaxy in 
this direction. 

Even with the constraints on the rotation measure, the nn 
ambiguity remained a problem. As an example of the presence 
and nature of the nn “ wrap ” problem, we present our fit to the 
polarization position angle data of 2007 + 365 in Figure 3. This 
source had the lowest rotation measure among those sources 
in our sample for which we were able to determine the rotation 
measure. The solid lines represent good fits to the data. To 
emphasize the limitations on measuring polarization position 
angles, the solid lines have had an appropriate number of n 
“ wraps ” subtracted so that they remain within the region [0, 
7c]. Clearly, the two L band frequencies are seen on different 
“ wraps ” of the polarization position angle. 

A method of data display we found illuminating and which 
clearly illustrates the difference between the spatially averaged 
and single feature data is a plot of x2 as a function of RM. 
Figure 4 shows such plots for four features : one component of 
2004 + 369, both components of 2007 + 365, and one com- 
ponent of 2014 + 355. The values of x2 were calculated using 
spatially averaged data for the north-preceding component of 
2007 + 365 and the south-following component of 2014 + 355. 
For the other two components, single feature data were used. 

The predominant feature of these plots is that, for certain 
rotation measures, the reduced chi-square drops to low values, 
indicating a good fit. As a rule of thumb, we adopted a/2 < 3.0 
as the criterion for a good fit. For two degrees of freedom, such 
a x2 corresponds to the 95% confidence level if polarization 
position angle errors are in a Gaussian distribution. Further- 
more, due to the few degrees of freedom used in determining 
Xr, we treated all values of RM for which x2 ^ 3.0 as being 
equally preferable. 

From Figure 4, we see that the only acceptable rotation 
measure for the north-preceding component of 2004 + 369 is 
about 800 rad m-2. Similarly, for the south-following com- 
ponent of 2007 + 365, the only acceptable rotation measure is 
about 320 rad m-2. However, for the north-preceding com- 
ponent of 2007 + 365 and the south-following component of 
2014 + 355, using the spatially averaged estimates, a number of 
rotation measures are statistically permissible. 

In general, the single feature method yielded fewer sta- 
tistically acceptable rotation measures, due to the smaller 
errors associated with this method. Our suspicion that these 
errors were often underestimates was confirmed by the fact 
that for some of the components, no value of the RM produced 
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Fig. 3.—Polarization position angle as a function of the square of the wavelength showing good fits of the data. Shown are the north-preceding (left panel) and 
south-following (right panel) components of 2007 + 365, the source with the lowest rotation measure. 

2007+365: North Preceding Component 

( c ) 

Rotation Measure (rad m ) 

2004+369: North Preceding Component 

2014+355: S. F. Component, hot spot 

2007+365: South Following Component 

Rotation Measure (rad m 2) 
Fig. 4.—The reduced chi-square as a function of rotation measure. In (a) and (b), the north-preceding component of 2007-1-365 and the hot spot of the 

south-following component of 2014 + 355, respectively, are shown with the x2 having been calculated using spatially averaged data. Note that a number of rotation 
measures produce &/? < 3.0, our criterion for an acceptable fit. In (c) and (d), the north-preceding component of 2004 + 369 and the south-following component of 
2007 + 365 are shown with the chi-squares having been calculated using single feature data. Note that in each case, only one rotation measure produces à/2 < 3.0. 
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TABLE 3 TABLE 4 
Unambiguous Rotation Measures 

Source Component RM (rad m 2) 

2004 + 369  NP 822.7 (1.5) 
SF 850.5 (2.3) 

2005 + 368  NP 693.7 (1.3) 
SF 690.0 (5.4) 

2007 + 365  NP 277.7 (1.3) 
SF 334.80(0.92) 

2011 + 360  SP 227.7 (1.7) 
NF 334.4 (2.2) 

a Xr as small as 3, even though there were a few pronounced 
minima. We believe this situation indicates underestimates of 
the errors in the single feature method (as discussed above) 
rather than inadequacy of equation (1) to describe the fre- 
quency dependence of the position angle. 

Due to the good agreement of the polarization position 
angles between the two methods, however, the minima occur at 
nearly the same rotation measure. This fact allowed us to 
reduce the number of possible rotation measures for many 
components. If the averaging method resulted in a great 
number of minima, the single feature results were examined. 
Rotation measures at which deep minima occurred in the 
single feature results were judged to be the most likely pos- 
sibilities. 

As a result of these analyses using the depolarization and the 
polarization position angle difference, we believe that we have 
determined the unambiguous rotation measures for four of the 
sources. Displayed in Table 3 is a list of the unambiguous 
rotation measures. In column (1) is the source, in column (2) is 
the component, and in column (3) is the rotation measure. All 
of the rotation measures given are found using single feature 
polarization position angles. 

For the remaining three sources, we were unable to identify 
unambiguous rotation measures, in the sense that two or more 
rotation measures gave an equally good for each source. 
However, in each cslsq we were able to extract a minimum value 
for the rotation measure difference between components. Since 
the goal of this project is the construction of a rotation 
measure structure function, such rotation measure differences 
are actually the primary quantities of interest. 

The minimum difference was calculated in a straightforward 
manner. For each component of an “ambiguous” source, a set 
of acceptable rotation measures was extracted. From these 
sets, all possible differences |RMX — RM2| were computed, 
and the minimum retained. It is worth pointing out that the 
sources for which we have reported an “ unambiguous ” rota- 
tion measure in Table 3 were also subject to the analysis for 
finding the minimum ARM. In each case, the minimum ARM 
corresponded to the difference of the values given in Table 3. 
The minimum ARM values therefore result from a consistent 
(and, we believe, robust) procedure applied to all the sources. 

The rotation measure difference data are given in Table 4. 
Column (1) gives the source name, and column (2) gives the 
separation between the components in arcseconds. The many 
entries for 2014 + 355 result from the fact that this source has 
two polarized features in each component, and all possible 
differences are considered. Columns (3) and (4) give the 
minimum rotation measure difference, with the two columns 
containing the two different estimates. The values given in 
column (3) were calculated using rotation measures obtained 

Minimum Values for ARM 

Source A6 

Average 
ARMmin 

(rad m 2) 

Feature 
ARMmin 

(rad m 2) 

2003 + 383   
2004 + 369   
2005 + 368   
2007 + 365   
2011 + 360   
2013 + 362   
2014 + 3553 .... 
SF, h to SF, 1 . 
SF, h to NP, h . 
SF, h to NP, 1 
SF, 1 to NP, h 
SF, 1 to NP, 1 . 
NP, h to NP, 1 

11?6 
14.2 
25.5 
74.4 
45.9 
12.7 

11.1 
70.1 
61.0 
59.0 
50.0 
9.3 

69.6(7.1) 
50.9(7.1) 
0.5(8.8) 

59.6(7.1) 

44.1(7.1) 

0.2(7.1) 
52.7(7.1) 

50.4(7.1) 

68.1(7.1) 
27.8(7. l)b 

3.7(7.1)b 

57.1(7.1) 
106.7(7. l)b 

35.2(7. l)b 

0.2(7. l)b 

48.8(7.1) 
44.4(7.1) 
48.6(7.1)b 

44.2(7. l)b 

4.4(7.1) 
a Four polarized features were distinguished in this 

source: SF, h, south-following component, hot spot; SF, 1, 
south-following component, lobe; NP, h, north-preceding 
component, hot spot; NP, 1, north-preceding component, 
lobe. 

b For one or both features, no RM produced a /2 < 3.0. 

from spatially averaged data, while the differences in column 
(4) were obtained from rotation measures using the brightest 
polarized feature data. 

We wish to emphasize the consistency of the results present- 
ed in Table 4. We obtain the same value for the minimum 
rotation measure difference between components, irrespective 
of using the spatial averaging or single feature method to 
obtain the polarization position angle and its error (whether 
we refer to col. [3] or [4] of Table 4). We saw above that the 
most intense feature method frequently indicated an 
“unambiguous” value of the rotation measure, whereas the 
spatial averaging method yielded only a set of possibilities. In 
spite of this quite different result regarding the absolute value 
of the rotation measure, the two techniques yield equivalent 
results for the rotation measure difference between com- 
ponents. 

c) The Sources 
We now discuss each of the eight sources in light of the 

measured rotation measures. 
i) 2003 + 383 

Shown in Figure 2a, this source has a close double or core- 
jet structure, the two components being separated by approx- 
imately 11". The south-preceding component is substantially 
depolarized with the depolarization or ratio of the fractional 
linear polarization at the L bands to that at the C bands being 
0.28. The north-following component is considerably less 
depolarized, the depolarization being 0.72. However, we were 
unable to extract the polarization position angle for the north- 
following component at 4835 MHz. This may have contributed 
to our inability to determine the rotation measures for this 
source. Examination of a reproduction of the Palomar Sky 
Survey print for this portion of the sky shows that this source is 
on the edge of a faint arc of emission which has a slightly 
fibrous appearance. 

ii) 2004 + 369 
Another close double, this source is shown in Figure 2b and 

displays a number of features of interest. The amount of depo- 
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larization is moderate to small, being 0.5 to 0.7. The north- 
preceding component displays, at the two lower frequencies, 
resolved polarization position angle structure. Examination of 
the Palomar Sky Survey print shows that this source is also on 
an edge of an arc of emission, although this arc is considerably 
brighter than the one through which 2003 + 383 is viewed. In 
addition, numerous H n regions are on the line of sight to this 
object and two absorption nebulae lie nearby. 

iii) 2005 + 368 
This double source is shown in Figure 2c and is more 

separated than the previous two with a separation of approx- 
imately 23". The amount of depolarization, if present, is small 
for both components. Both components also display polariza- 
tion structure at the lower frequencies, although the structure 
in the north-preceding component is not evident at the higher 
frequencies. In close proximity to 2004-1-369, this source is 
observed through the same arc of material. In contrast to 
2004 + 369, however, 2005 + 368 lies well within the arc. 

iv) 2007+365 
Shown in Figure 2d, this double with a separation of 

approximately 60" has one of the largest separations in the 
group. It is also one of the weaker sources, yet polarization was 
detected at all frequencies with no evidence of depolarization. 
The polarization position angle is uniform across each com- 
ponent with no polarized emission detected in the bridge. 
Although not viewed through the same arc of emission as the 
two previous sources, 2007 + 365 does appear to lie either on 
the extreme outer edge of the arc or just outside of it. Neverthe- 
less, some material still appears to be evident and a filament 
stretches from the arc toward 2007 + 365, terminating only a 
short distance from the source. 

v) 2011 + 360 
A well-resolved double with a separation of approximately 

40", this source displays considerable polarization structure. 
As is seen in Figure 2e, both components have polarization 
structure which can be resolved at all four frequencies, with the 
north-following component displaying substantial changes in 
the polarization position angle across the feature. These 
changes are large enough to render the spatial averaging 
method inappropriate for this object. Both components also 
have moderate to little depolarization, with the fractional 
linear polarization ratio being between 0.5 to 0.7. This source 
lies on or just to the side of a filament of optical emission. 

vi) 2012 + 388 
As this source is unpolarized at the lower frequencies, Figure 

2/ shows only the total intensity contour image and the 4885 
MHz polarization position angle image. The source lies very 
near a bright region on the Palomar Sky Survey print. The line 
of sight intersects or passes near numerous H n regions. Due to 
lack of polarized emission at the low frequencies, this source 
was excluded from any of the analyses. 

vii) 2013 + 362 
This close double has a separation of approximately 11" and 

is shown in Figure 2g. The depolarization is considerable, 
being less than 0.4 for both components. There is some evi- 
dence for resolvable polarization structure, but in general the 
polarization position angle is uniform across each component. 
This source lies not far from the terminus of the filament on 
which 2011 + 360 is located. The region surrounding the line of 
sight for this source has less prominent optical emission than 
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many of the other lines of sight, however, some faint emission 
can be seen. 

viii) 2014 + 355 
With components separated by approximately 60", this 

double is one of the more widely separated sources in our 
sample. As can be seen from Figure 2/i, four distinct areas, two 
per component, of polarized emission are present at all four 
frequencies. However, there are insufficient data at 4885 MHz 
for the lobe of the north-preceding component to employ the 
spatial averaging method. Nevertheless, with the single feature 
method, it is possible to use these four areas to determine 
changes in the rotation measure within components. The 
separation between features of polarized emission within com- 
ponents is approximately 10". Depolarization, if present, is 
small. This source is viewed through a region of comparatively 
little optical emission. The rotation measure differences stated 
for 2014 + 355 deserve additional comment. There are two sets 
of rotation measures (« —300 rad m-2 and «900 rad m-2) 
which produce deep minima and equivalent rotation measure 
differences using either spatially averaged or single feature 
data. It is possible, using spatially averaged data, to find a 
smaller rotation measure difference. However, this difference is 
between one of the deep minima and a much more shallow 
minimum. Therefore, we consider it probable that the larger 
difference, presented in Table 4, is in fact correct. 

V. THE ROTATION MEASURE STRUCTURE FUNCTION 

Having found the rotation measures and/or rotation 
measure differences for seven of the eight sources, we wish to 
use them to form the structure function given by equation (3). 
However, in practice we cannot obtain equation (3) with our 
limited number of measurements. The process of taking an 
expectation value implies averaging an infinite number of inde- 
pendent measurements with the same A0. To construct a rea- 
sonable facsimile of the rotation measure structure function 
would require a major expansion of our data set. Our present 
measurements can only give us an estimate of the rotation 
measure differences on different scales, which can be compared 
with model estimates to see if the observed differences are of 
the same order as the model. 

In Figure 5, we plot the squares of our RM differences as a 
function of the angular separation. The data with separations 
(Á0) of 10"-20" represent either polarized features within the 
same component of a source or components of the closely 
spaced doubles. More widely separated doubles are indicated 
by the data with A0 between 30" and 100". These intrasource 
differences are taken from Table 3 for sources possessing 
unambiguous rotation measures and from Table 4 for the 
remaining sources. Intersource rotation measure differences 
are indicated by the data with A0 greater than 1000"; here we 
are utilizing the data in Table 3. In all cases, we have utilized 
rotation measures obtained from single feature data. 

We note two features of Figure 5 which indicate that the 
Faraday rotation measure fluctuations are of interstellar, 
rather than intrinsic, origin. First, the typical rotation measure 
differences between components, of order 30 to 50 rad m-2 for 
A0 < 100", are considerably greater than those observed for 
similar sources at high galactic latitudes. Simard-Normandin, 
Kronberg, and Button (1981), Simonetti, Cordes, and Spangler 
(1984), and Leahy (1987) all show that for similar radio sources 
at high galactic latitudes, absolute rotation measures are an 
order of magnitude smaller than for our sources and intra- 

FARADAY ROTATION MEASURE VARIATIONS 
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A0 (arcseconds) 
Fig. 5.—The estimate of the rotation measure structure function: data are 

taken from Table 3 for those sources with unambiguous rotation measures and 
from Table 4 for sources with ambiguous rotation measures. The sloping 
straight line is that of eq. (6). 

source rotation measure differences are a few radians m-2 or 
less. The second argument in favor of an interstellar origin of 
the rotation measure fluctuations is that the value of the struc- 
ture function increases with increasing angular separation, À0. 
This is quite comprehensible if the fluctuations arise in the 
interstellar medium (ISM), since more widely separated lines of 
sight are probing different spatial scales; whereas if the rota- 
tion measures were intrinsic, there should be no dependence on 
the separation of the lines of sight. 

Having argued that the structure function in Figure 5 arises 
from interstellar plasma turbulence, we next ask what we 
would expect for such a relationship, given our knowledge 
about such turbulence. The simplest model for the rotation 
measure fluctuations is one in which it is assumed that the 
density fluctuations responsible for the scattering have no 
associated magnetic field variation. This is almost certainly 
physically incorrect; the magnetohydrodynamic equations 
couple these quantities together and, except in extreme cases, a 
variation in one will engender a variation in the other. None- 
theless, we might conjecture that this physically incorrect 
model will correctly predict the magnitude and spectral char- 
acteristics of rotation measure fluctuations within a factor of 2 
or so. The appealing feature of this model is that rotation 
measure variations may be directly related to scattering mea- 
surements. We stress that we do not consider this a satisfactory 
final description of matters. Even so, this model might be suffi- 
cient to indicate if the ISM density fluctuations are broad-band 
in nature or confined to a narrow spectral range. 

Given this simple model for the interstellar density turbu- 
lence, Simonetti and Cordes (1988) have obtained the following 
expression for the expected rotation measure structure func- 
tion: 

Drm(A0) = (2.89 x 105XC2LKB,,>2(LA0)<5'3> . (6) 

Here AO is the angular separation in degrees between the lines 
of sight probed, <Æ||> is the systematic component of the line 
of sight magnetic field strength in microgauss, and L is the path 
length through the turbulent medium in kiloparsecs. This 
expression assumes a Kolmogorov spectrum of density irregu- 
larities. All the parameters on the right-hand side are known 

with the exception of L, which may be reasonably estimated. 
The product C2 L is exactly the quantity determined in angular 
broadening measurements. Spangler et al (1986) have deter- 
mined this quantity to be 0.18 m~(20/3) kpc for lines of sight 
very close to the sources of interest. A good estimate for the 
value of the systematic component of the interstellar magnetic 
field is 4 //G (Heiles 1987). Since in the Cygnus region we are 
looking approximately along the systematic field, uncertainty 
in the projection angle is minimized. Finally, we estimate the 
thickness of the region containing the turbulence to be about 2 
kpc (Bochkarev and Sitnik 1985). This parameter is the most 
poorly known in equation (6). 

Given these input quantities, equation (6) yields the relation- 
ship indicated by the solid line in Figure 5. Despite the crude- 
ness of the model for the turbulence (density fluctuations with 
no corresponding magnetic field perturbation) and uncertainty 
in the thickness of the medium, this is a remarkable reconstruc- 
tion of the observations. Recall that this line is a prediction 
based on the scattering measurements, and not a fit with float- 
ing parameters whose values are otherwise unconstrained. The 
curve reproduces the rotation measure differences for angular 
separations less than a few hundred arcseconds, although it 
appears to overshoot the data on the several degree scale. 

There is no question that there is great latitude in fitting 
these (still admittedly sparse) measurements. For example, one 
could attempt to fit all the data with a single power law of a 
more shallow slope. We feel, however, the most remarkable 
result is that the extrapolated curve in Figure 5 produces the 
correct magnitude for rotation measure differences. It is worth 
emphasizing the vast range in spatial scale over which the 
extrapolation has occurred. The angular separations of 10"- 
100" displayed in Figure 5 correspond, for an assumed distance 
to the turbulent layer of 1-2 kpc, to scales of 1017-1018 cm. 
The turbulence responsible for angular broadening in this 
region (Spangler and Cordes 1988), on the other hand, occurs 
on spatial scales of 108-109 cm. The clear indication of Figure 
5 is then that the same power-law spectrum spans a range of 
nine orders of magnitude in spatial scale. This, together with 
the recent results by Cordes et al (1989) for the pulsar 
1937 + 214, suggests that the density spectrum in the intense 
scattering regions is indeed a Kolmogorov-like power law with 
a large inertial subrange. 

VI. RESULTS AND CONCLUSIONS 

The results of this paper are as follows : 
1. We have discovered eight extragalactic radio sources 

viewed through the galactic plane in the region of Cygnus and 
close to the Cygnus OB 1 association. These sources may be 
suitable as probes of the interstellar medium for other types of 
investigations, such as H i absorption. 

2. Linear polarization observations have been made at fre- 
quencies of 1438,1652,4835, and 4885 MHz. Least-squares fits 
to the polarization position angle data have allowed us to 
extract unambiguous rotation measures for four of the eight 
sources. These rotation measures range from +230 to +853 
radm-2. 

3. The positive rotation measures observed for these sources 
are in contrast with the rotation measures of a large majority 
of sources in region A (Simard-Normandin and Kronberg 
1980), indicating that the magnetoionic component of the ISM 
has highly localized structure. 

4. For three of the remaining four sources as well as the 
preceding four, we have obtained measurements of the 
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minimum rotation measure difference between polarized com- 
ponents of the sources. The rotation measure differences range 
from less than a few rad m-2 to 105 rad m-2. We observe 
roughly 50-100 rad m~2 difference for features separated by 
30"-60". 

5. An observational facsimile to the rotation measure struc- 
ture function has been obtained by plotting the square of the 
rotation measure difference between the two polarized com- 
ponents of a source versus the angular separation between 
these components. The squares of the rotation measure differ- 
ences are larger than typically observed for similar sources, 
similarly observed, at high galactic latitudes. We furthermore 
observe (ARM)2 increasing with angular separation between 
components. These two observed properties lead us to attrib- 
ute these RM fluctuations to the interstellar medium. 

6. The observed rotation measure differences are in quite 
good quantitative agreement with the expected differences if 
the spectrum of density irregularities measured by interstellar 

scattering in this region extends to scale sizes of order 1018 cm. 
The interstellar scattering observations are sensitive to fluctua- 
tions on scales of 108-109 cm. 

7. The plasma density power spectrum in intense scattering 
regions is a quasi-Kolmogorov power law extending over 
approximately nine to ten orders of magnitude. This result 
should have considerable significance for theories on the gener- 
ation of these irregularities. 
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