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ABSTRACT

The Faraday rotation measures of 38 extragalactic sources have been measured
in order to provide new information on the properties of plasma turbulence in the
Interstellar Medium. Of particular interest is the possibility that such Faraday
Rotation measurements can provide information on the magnetic field component
of interstellar turbulence. The observations were made in an area of the sky that
is unique in that it is the only region away from the galactic plane where the Ha
intensity has been mapped completely, both spatially and in velocity. A portion of
the thesis work consisted of the development of a new and more realistic model for
the ionospheric contribution to the rotation measure.

The rotation measures were found to vary in a relatively smooth fashion across
the entire region. The structure functions of rotation measure and emission measure
were analyzed in order to extract information on the nature of the plasma turbu-
lence in the interstellar medium. This analysis was carried out by comparing the
observed rotation measure and emission measure structure functions with theoreti-
cal expressions developed here for the first time. The measured structure functions
for angular lags 660 > 1.0° are consistent with two dimensional turbulence for both
the magnetic field and plasma density. A model with Kolmogorov turbulence with
an outer scale of 3 pc being contained inside of thin sheets is found to be consistent

with the data. For all angular scales, the level of the rotation measure structure



function is larger than would be expected from only plasma density fluctuations
in an otherwise uniform galactic magnetic field. The data require, in addition to
the plasma density fluctuations, a turbulent magnetic field with an RMS amplitude
of ~1 uG. To the author’s knowledge, this represents the first measurement of
magnetic field fluctuations in the interstellar plasma on spatial scales which appro-
priately may be described as turbulence. The data are consistent with a model in
which a transition from isotropic to two dimensional turbulence occurs on spatial
scales of about 3 parsecs. This transition scale is interpreted as the thickness of

sheets containing the turbulence.
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ABSTRACT

The Faraday rotation measures of 38 extragalactic sources have been measured
in order to provide new information on the properties of plasma turbulence in the
Interstellar Medium. Of particular interest is the possibility that such Faraday
Rotation measurements can provide information on the magnetic field component
of interstellar turbulence. The observations were made in an area of the sky from
1P 50™ to 3" 10™ Right Ascension, and from 32° to 44° Declination. This area
is unique in that it is the only region away from the galactic plane where the Ha
intensity has been mapped completely, both spatially and in velocity. A portion of
the thesis work consisted of the development of a new and more realistic model for
the ionospheric contribution to the rotation measure.

The rotation measures were found to vary in a relatively smooth fashion across
the entire region. Simple galactic models for the rotation measure did not pro-
vide an entirely satisfactory representation of the observed rotation measures. We
attribute this to plasma structures smaller than galactic scales, but larger than tur-
bulent variations. The structure functions of rotation measure and emission measure
were analyzed in order to extract information on the nature of the plasma turbu-
lence in the interstellar medium. This analysis was carried out by comparing the
observed rotation measure and emission measure structure functions with theoreti-
cal expressions developed here for the first time. The measured structure functions
for angular lags 660 > 1.0° are consistent with two dimensional turbulence for both
the magnetic field and plasma density. A model with Kolmogorov turbulence with

an outer scale of 3 pc being contained inside of thin sheets is found to be consistent
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with the data. For all angular scales, the level of the rotation measure structure
function is larger than would be expected from only plasma density fluctuations
in an otherwise uniform galactic magnetic field. The data require, in addition to
the plasma density fluctuations, a turbulent magnetic field with an RMS amplitude
of ~1 uG. To the author’s knowledge, this represents the first measurement of
magnetic field fluctuations in the interstellar plasma on spatial scales which appro-
priately may be described as turbulence. The data are consistent with a model in
which a transition from isotropic to two dimensional turbulence occurs on spatial
scales of about 3 parsecs. This transition scale is interpreted as the thickness of

sheets containing the turbulence.

vii



TABLE OF CONTENTS

Page
LIST OF TABLES . . . . . . . e e e e s e s e e X
LIST OF FIGURES . . . . . . . . . it et xii
CHAPTER
1. INTRODUCTION . . . . . . . . i e e e 1
2.  CORRECTIONS OF RADIOASTRONOMICAL OBSERVATIONS
FOR IONOSPHERIC FARADAY ROTATION . . . . .. . ... ... 6
2.1 Imtroduction . . . . . . . ... 6
2.2 The Structure of the Ionosphere . . . . . . .. ... ... ... 7
2.3  Polarimetry With the Very Large Array . . . . . .. ... ... 8
2.4  Estimation of Ionospheric Faraday Rotation in AIPS . . . . . 13
2.4.1 The Standard Method . . . ... ... ... ..... 13
2.4.2  The Ionospheric Model of Chiu Used in FARAD . . . 16
2.4.3 The Magnetic Field Model Used in FARAD . . . .. 19
2.5 An Improved Ionospheric Faraday Rotation Model . . . . . . 20
2.5.1  The International Geomagnetic Reference Field Model 21
2.5.2  The International Reference Tonosphere Model . . . . 23
2.5.3  The Improved Ionospheric Faraday Rotation Model . 30
2.6 Comparison of the AIPS and the Improved Models . . . . . . 33
2.7 Conclusion . . . ... . ... ... 43
3. OBSERVATIONS AND DATA REDUCTION . .. ... ...... 79
3.1 Imtroduction . . .. . ... ... oo 79
3.2 CQalibration and Mapping . . . . . . . . ... ... ... 80
3.3 Determination of the Rotation Measures . . . . . . . . .. .. 82
4. OBSERVATIONAL RESULTS AND SOURCE PROPERTIES . .. 93
4.1  The Observed Rotation Measures . . . . . . .. ... ... .. 93
4.2  The Observed Sources . . . . . . . .. ... .. ... ..... 96
4.2.1 Source Descriptions . . . . . . ... ... ... 97
5.  THE LARGE SCALE VARIATIONS IN THE
EMISSION MEASURE AND THE ROTATION
MEASURE DUE TO GALACTIC STRUCTURE . ... ... ... 195
5.1 Imtroduction . . . . .. .. ... Lo Lo 195
5.2 Models of the Galactic Electron Density . . . . . . . . .. .. 195

viii



5.3  Models of the Galactic Magnetic Field . . . . . . . ... ...
5.4  Models of the Galactic Rotation Measure . . . ... ... ..

6. THE STRUCTURE FUNCTIONS OF THE EMISSION MEASURE
AND THE ROTATION MEASURE . . . . . . ... ... ... ...

Introduction . . . . . . . . . ... o
The Measured Structure Functions . . . . . . . .. .. .. ..
The Theoretical Structure Functions . . . . . . . . .. .. ..
Analysis of the Observed Structure Functions . . . . . . . ..
6.4.1 Observed and Theoretical Structure Functions . . . .
6.4.2  Value of the Outer Scale . . . .. ... ... .....
6.4.3  The Influence of Galactic Structure . . . . . . . . ..
6.4.4 Modeling the Observed Turbulence . . . . . . . . ..
6.5 Correlation of RMand EM . . . . .. ... .. ... .....
6.6  The Nature of the Turbulence in the ISM . . . . . . . .. ..

S oo
=GO DN =

7. HEATING OF THE INTERSTELLAR MEDIUM VIA
TURBULENT WAVE DISSAPATION . .. ... ... .......

8.  SUMMARY AND CONCLUSIONS . ... .. ... ... ......

APPENDIX A. EXPRESSIONS FOR THE EMISSION MEASURE
AND ROTATION MEASURE STRUCTURE
FUNCTIONS . . . . .. . oo oo

REFERENCES . . . . . .

X



Table
2-1.

2-2.

2-3.

2-4.

2-6.

2-7.

2-8.

2-9.

2-10.

4-2.

o-1.

6-1.

LIST OF TABLES

Page
The Gaussian coefficients used for the geomagnetic field in AIPS. . . . 45
Comparison of predicted TEC from ionospheric models with measured
TEC values for March 1990. . . . . . . . . ... ... .. ....... 46
Comparison of predicted TEC from the IRI ionospheric model with
the measured TEC values at Boulder, Co. . . . . . .. .. ... ... 47
Comparison of predicted TEC from the AIPS ionospheric model with
the measured TEC values at Boulder, Co. . . . ... ......... 48
Monthly mean sunspot number for the period 1980 through 1989. . . 49
Results of a simulation of ionospheric Faraday rotation using the im-
proved ionospheric Faraday rotation model. . . . . . . . . ... ... 50
Results of a simulation of ionospheric Faraday rotation using the AIPS
model ionosphere. . . . . .. L. 51
Comparison of predicted TEC values with measured values on March
21, 1990 during observations of 2230+114. Various inputs into the
improved ionospheric Faraday rotation model (IIFRM) and the AIPS
model have been used. . . . . . . ... ..o 52
Comparison of predicted ionospheric rotation measures towards the
source 22304114 on March 21, 1990. Various inputs into the improved
ionospheric Faraday rotation model (IIFRM) and the AIPS model
have been used. . . . . . . . . ... e 53
Tonospheric rotation measure values towards the source 2230+114 on
March 21, 1990 used by Sakurai (1994). . . .. .. .. ... ... .. 54
Observed Rotation Measures and Depolarization. . . . .. ... ... 103
Observed source component total and polarized peak intensities for
components which could be fitted by a two dimensional Gaussian. . . 106
Comparison of model emission measure with data. . . . . . . . . ... 204
Comparison of model rotation measure with data. . . . . . . . . ... 205
Least squares fit to emission measure structure function for various
velocity ranges. . . . . . .. L L. Lo L 240



6-2.

7-1.

Predicted galactic contribution to rotation measure and emission mea-
sure structure functions from galactic models. . . . . . ... ... ..

Properties of regions were the turbulent ISM may reside. . . . . . ..

pal



LIST OF FIGURES
Figure Page

2-1. A typical daytime and nighttime profile of the electron density in the
Earth’s ionosphere as determined using the International Reference
Tonosphere model. The four main region of the ionosphere, the D, E,
and F regions are identified. . . . . . . . ..o oo 0 0oL 55

2-2. The secular change in the geomagnetic field at the VLA from 1940
through 1995 with predictions continuing through the year 2000. The
solid line represents the total strength of the geomagnetic field at
the VLA while the dashed line represents the strength of the dipole
moment term of the geomagnetic field at the VLA. These data were
obtained from the the World Data Center and show that the geomag-
netic field changes by ~ 8% per century. . . . . ... ... ... ... o7

2-3. Predicted TEC versus the measured TEC at Boulder, Co. during
March 1990 for: (a) the IRI model, (b) the AIPS model, (c¢) the IRI
model with foF2 values measured at Boulder, Co. input into the

2-4. Fractional error between the predicted TEC and the measured TEC
at Boulder, Co. during March 1990 for: (a) the IRI model, (b) the
AIPS model, (c) the IRI model with foF2 values measured at Boulder,
Co. input into the model. . . . . . . . . . .. ... ... ... 61

2-5.  Sample output from the improved ionospheric Faraday rotation model.
The simulation is for observations from the VLA on March 21, 1993
of the source 12004700 at 1.4 GHz with a sunspot number of 89.
Shown are: (a) the phase difference between the right and left circu-
larly polarized waves due to their propagating through the ionosphere
versus time, (b) the left circularly polarized phase versus time, (c) the
right circularly polarized phase versus time and (d) the Azimuth (di-
amonds) and Altitude (circles) of 12004700 versus time. . . . . . . . 63

2-6. Sample output from the improved ionospheric Faraday rotation model.
The simulation is for observations from the VLA on March 21, 1993
of the source 12004700 at 1.4 GHz with a sunspot number of 89.
The ionospheric rotation measure as predicted by the improved iono-
spheric Faraday rotation model versus time is shown as circles. The
predicted ionospheric rotation measure values of the ATPS model for
the same simulation are also shown as diamonds. . . ... ... ... 65

xii



2-7.

2-9.

2-10.

2-11.

2-12.

3-2.

Illustration of how the AIPS model for ionospheric Faraday rotation
can predict the wrong sign for the ionospheric rotation measure. The
line of sight is passing over a magnetic pole and the AIPS model only
evaluates the geomagnetic field at a height h. As can be seen the AIPS
model uses a geomagnetic field which is pointed towards the observer
in this illustration while the line of sight averaged geomagnetic field
is pointed away from the observer. . . . . .. . ... ... ... ...

Sample output from the improved ionospheric Faraday rotation model.
The simulation is for observations from the VLA on March 21, 1993
of the source 12004700 at 1.4 GHz with a sunspot number of 89.
The ionospheric rotation measure as predicted by the improved iono-
spheric Faraday rotation model versus time is shown as circles. The
predicted ionospheric rotation measure values of the AIPS model us-
ing the IGRF geomagnetic field model for the same simulation are
also shown as diamonds. . . . . . . . ... ... ... ...

The azimuth (diamonds) and altitude (circles) angles for the source
2230+114 versus time on March 21, 1990. . . . ... ... ... ...

The ionospheric rotation measure predictions of the improved iono-
spheric Faraday rotation model (IIFRM) and the AIPS model for the
source 22304117 on March 21, 1990. The solid line is the prediction of
the MS model. The dot-dash line is the prediction of the IIFRM with
foF2 values being input into the model. The dotted line is the AIPS
model without any inputs and the dashed line is the AIPS model with
TEC values being input into the model. . . . . . . . ... ... ...

The polarization position angles of the source 22304114 on March
21, 1990 at 20 cm. Several ionospheric Faraday rotation calibration
schemes have been implemented. The solid and dashed lines show the
results when the improved ionospheric Faraday rotation model is used
while the dot-dash line shows the results of the AIPS model. . . . . .

The polarization position angles of the source 22304114 on March
21, 1990 at 18 cm. Several ionospheric Faraday rotation calibration
schemes have been implemented. The solid and dashed lines show the
results when the improved ionospheric Faraday rotation model is used
while the dot-dash line shows the results of the ATPS model. . . . . .

The polarization position angles of the source 02484430 on June 1,
1993 at 1360 MHz. The solid line shows the results when the im-
proved ionospheric Faraday rotation model is used while the dashed
line shows the results of the AIPS model. . . . . . . . . .. ... ...

The polarization position angles of the source 02484430 on June 1,
1993 at 1638 MHz. The solid line shows the results when the im-
proved ionospheric Faraday rotation model is used while the dashed
line shows the results of the AIPSmodel. . . . . . . . ... ... ...

xiil



4-2.

4-3.

Fit of the rotation measure to the polarization position angles at the
position of peak polarization intensity of the two lobes in 0217+4417.
Show are the least square fit of the rotation measure for: (a) compo-
nent A; (b) component D. The values of the least square fit rotation

measure are —81.7 + 0.6 rad m~2 for component A, and —86.1 4 1.2
rad m™2 for component D. . . . . . . .. ... ...

All the rotation measures and the emission measure in the field of
the survey. The emission measure is shown in grayscale while the
rotation measure is shown as a circle for negative rotation measures
and as a diamond for positive rotation measures. There is a plotted
symbol for each of the observed components. The size of the symbol
is proportional to the magnitude of the rotation measure with a scale
for the symbol size being shown on the left hand side of the figure.
We also point out a source whose rotation measure is —2.6 rad m~2.
The pulsar 0320+39 is also included. . . . . . .. ... ... .....

The 69 usable rotation measures and the emission measure in the field
of the survey. The emission measure is shown in grayscale while the
rotation measure is shown as a circle for negative rotation measures
and as a diamond for positive rotation measures. There is a plotted
symbol for each of the 69 rotation measures used in the structure
function analysis. The size of the symbol is proportional to the mag-
nitude of the rotation measure with a scale for the symbol size being
shown on the left hand side of the figure. We also point out a source
whose rotation measure is —2.6 rad m~—2. The pulsar 03204309 is also
included. . . . . . . L

Maps of the source 0157+333. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours for panels (a), (b) and (c)
are 2, 4, 6, 8, 10, 20, 30, 50, 80, 90 and 99 percent of the peak intensity.
The positive total intensity contours for panel (c) are 2 and 50 percent
of the peak intensity. The position angle of the vectors are that of
the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted
are: (a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X163s- 1n panel (d) the
linear polarization intensity is plotted in grayscale on the contours of
the total intensity. . . . . . . ..o oo

xiv



4-4.

4-5.

4-7.
4-8.

Maps of the source 0201+414. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours for panels (a), (b) and (c)
are 2, 4, 6, 8, 10, 20, 30, 50, 80, 90 and 99 percent of the peak intensity.
The positive total intensity contours for panel (c) are 2 and 50 percent
of the peak intensity. The position angle of the vectors are that of
the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted
are: (a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the
linear polarization intensity is plotted in grayscale on the contours of
the total intensity. . . . . . . . . . ..o

Maps of the source 0206+355. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours for panels (a), (b) and (c)
are 2, 4, 6, 8, 10, 20, 30, 50, 80, 90 and 99 percent of the peak intensity.
The positive total intensity contours for panel (c) are 2 and 50 percent
of the peak intensity. The position angle of the vectors are that of
the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted
are: (a) 1360 MHz ; (b) 1638 MHZ; (C) X1360 — X1638- In panel (d) the
linear polarization intensity is plotted in grayscale on the contours of
the total intensity. . . . . . . ... Lo

Map of the direction of the intrinsic magnetic field in 02064355 found
from x, + 90°. Contours of the total intensity at 2, 4, 6, 8, 10, 20 ,40,
60, 80, 90 and 9 percent of the peak total intensity are also plotted.

Map of the source 02114326 showing the total intensity in grayscale.

Maps of the North following lobe of 0211+326. Panels (a) through
(c) show the total intensity contours of the source along with the
polarization position angles. The positive total intensity contours for
panels (a), (b) and (c) are 2, 4, 6, 8, 10, 20, 30, 50, 80, 90 and 99
percent of the peak intensity. The positive total intensity contours
for panel (c) are 2 and 50 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . ... ... ..

XV

121



4-9.

4-10.

4-11.

4-12.

4-13.

Maps of the South proceeding lobe of 0211+326. Panels (a) through
(c) show the total intensity contours of the source along with the
polarization position angles. The positive total intensity contours for
panels (a), (b) and (c) are 2, 4, 6, 8, 10, 20, 30, 50, 80, 90 and 99
percent of the peak intensity. The positive total intensity contours
for panel (c) are 2 and 50 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X1638- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. . .. . ..

Maps of the source 02114348. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. ... ...

Maps of the source 0212+344. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. . . . . ..

Maps of the source 0213+432. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. ... ...

Maps of the source 0215+356. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. ... . ..

xVvi



4-14.

4-15.

4-16.

4-18.

Maps of the source 0215+423. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. .. . . ..

Maps of the source 0216+335. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . ... .. ...

Maps of the source 0217+417. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- 10 panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. ... ...

Maps of the source 0218+396. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X1638- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . ... ... ..

Maps of the source 0219+428. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X1638- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. ... ...

Xvii



4-19.

4-20.

4-21.

4-22.

4-23.

Maps of the source 0220+397. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. .. . . ..

Maps of the source 0224+393. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . ... .. ...

Maps of the source 0227+403. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- 10 panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. ... ...

Maps of the source 0228+344. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X1638- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . ... ... ..

Maps of the source 0228+393. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X1638- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. . .. . ..
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4-27.
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Maps of the source 0228+409. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. .. . . ..

Maps of the source 0229+341. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . ... .. ...

Maps of the source 0229+352. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- 1n panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. ... ...

Maps of the source 0231+385. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X1638- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . . .. ... ..

Maps of the source 0232+411. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X1638- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. ... ...
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4-30.
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Maps of the source 0241+393. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. .. . . ..

Maps of the source 0244+377. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . ... .. ...

Maps of the source 0246+392. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- 1n panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. ... ...

Maps of the source 0247+393. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X1638- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . . .. ... ..

Maps of the source 02474+404. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X1638- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. ... ...
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Maps of the source 0250+358. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. .. . . ..

Maps of the source 0251+393. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . ... .. ...

Maps of the source 0254+409. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- 10 panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. ... ...

Maps of the source 0255+355. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X1638- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . ... ... ..

Maps of the source 0256+423. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X1638- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. . .. . ..
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Maps of the source 0301+336. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. .. . . ..

Maps of the source 0301+350. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . ... .. ...

Maps of the source 0302+341. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X163s- 10 panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. ... ...

Maps of the source 0302+405. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X1638- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . ... ... ..

Maps of the source 0248+430. Panels (a) through (c) show the total
intensity contours of the source along with the polarization position
angles. The positive total intensity contours are 2, 4, 6, 8, 10, 20,
40, 60, 80, 90 and 99 percent of the peak intensity. The position
angle of the vectors are that of the polarization position angles, and
the lengths of the vectors are proportional to the polarized intensity.
The position angles plotted are: (a) 1360 MHz ; (b) 1638 MHz; (c)
X1360 — X1638- In panel (d) the linear polarization intensity is plotted
in grayscale on the contours of the total intensity. . . . .. . .. . ..
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Rotation measure residuals (model RM - observed RM) obtained
by subtracting the (R+S, RL) galactic model for rotation measure
from the observed data. The measured emission measure is shown
in grayscale while the rotation measure is shown as a circle for nega-
tive rotation measure residuals and as a diamond for positive rotation
measure residuals. The size of the symbol is proportional to the mag-
nitude of the rotation measure residual with a scale for the symbol
size being shown on the left hand side of the figure. . . . . .. . . ..

Rotation measure residuals (model RM - observed RM) obtained by
subtracting the (TC, RL) galactic model for rotation measure from the
observed data. The measured emission measure is shown in grayscale
while the rotation measure is shown as a circle for negative rotation
measure residuals and as a diamond for positive rotation measure
residuals. The size of the symbol is proportional to the magnitude of
the rotation measure residual with a scale for the symbol size being
shown on the left hand side of the figure. . . . . . . . ... ... ...

Rotation measure residuals (model RM - observed RM) obtained
by subtracting the (R+s, Az) galactic model for rotation measure
from the observed data. The measured emission measure is shown
in grayscale while the rotation measure is shown as a circle for nega-
tive rotation measure residuals and as a diamond for positive rotation
measure residuals. The size of the symbol is proportional to the mag-
nitude of the rotation measure residual with a scale for the symbol
size being shown on the left hand side of the figure. . . . . .. .. ..

Rotation measure residuals (model RM - observed RM) obtained by
subtracting the (TC, Az) galactic model for rotation measure from the
observed data. The measured emission measure is shown in grayscale
while the rotation measure is shown as a circle for negative rotation
measure residuals and as a diamond for positive rotation measure
residuals. The size of the symbol is proportional to the magnitude of
the rotation measure residual with a scale for the symbol size being
shown on the left hand side of the figure. . . . . . .. ... ... ...

Rotation measure residuals (model RM - observed RM) obtained
by subtracting the (R+S, Bi) galactic model for rotation measure
from the observed data. The measured emission measure is shown
in grayscale while the rotation measure is shown as a circle for nega-
tive rotation measure residuals and as a diamond for positive rotation
measure residuals. The size of the symbol is proportional to the mag-
nitude of the rotation measure residual with a scale for the symbol
size being shown on the left hand side of the figure. . . . . .. . . ..
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Rotation measure residuals (model RM - observed RM) obtained by
subtracting the (TC, Bi) galactic model for rotation measure from the
observed data. The measured emission measure is shown in grayscale
while the rotation measure is shown as a circle for negative rotation
measure residuals and as a diamond for positive rotation measure
residuals. The size of the symbol is proportional to the magnitude of
the rotation measure residual with a scale for the symbol size being
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S

Plot showing the rotation measure structure function. The dashed
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equation (6.4). . . . ... e

Plot showing the emission measure structure function. The dashed
line represents the least squares fit to all data points, equation (6.5). .

Plot showing the emission measure structure function. The two re-
gions of anomalous H, emission have been removed. The dashed line
represents the least squares fit to all data points, equation (6.6).
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Plot showing the emission measure structure function for several dif-
ferent velocity ranges. The dashed lines represent the least squares
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Comparison of the heating rate due to MHD wave damping and the
cooling rate of H II region envelopes. The solid line with hash marks
indicates the cooling rate, the dashed line represents the heating due
to linear Landau damping, the dash-dot line represents the ion-neutral
collision damping heating rate and the dotted lined gives the heating
rate due to the parametric decay instability. The most likely range
for the value of the outer scale is shown as the shaded region.

Comparison of the heating rate due to MHD wave damping and the
cooling rate in the warm ionized medium. The solid line with hash
marks indicates the cooling rate, the dashed line represents the heat-
ing due to linear Landau damping, the dash-dot line represents the
ion-neutral collision damping heating rate and the dotted lined gives
the heating rate due to the parametric decay instability. The most
likely range for the value of the outer scale is shown as the shaded
TEGION. . . . . . . e e e e e
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hash marks indicates the cooling rate, the dashed line represents the
heating due to linear Landau damping, the dash-dot line represents
the ion-neutral collision damping heating rate and the dotted lined
gives the heating rate due to the parametric decay instability. The
most likely range for the value of the outer scale is shown as the shaded
TEZION. . . . . . . e e e e e e e

Comparison of the heating rate due to MHD wave damping and the
cooling rate of the diffuse ISM if it is 100% ionized. The solid line with
hash marks indicates the cooling rate, the dashed line represents the
heating due to linear Landau damping, the dash-dot line represents
the ion-neutral collision damping heating rate and the dotted lined
gives the heating rate due to the parametric decay instability. The
most likely range for the value of the outer scale is shown as the shaded
TEZION. . . . . . . e e e e
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CHAPTER 1
INTRODUCTION

There are many processes in the interstellar medium (ISM) in which electron
density and magnetic field fluctuations associated with interstellar turbulence play
an important role. Electron density fluctuations in our galaxy affect the propagation
of radio waves through the ISM and introduce noise signals in radio astronomical
measurements. Cosmic ray acceleration and diffusion depend on the magnetic com-
ponent of this turbulence (Chevalier and Fransson 1984). The dissipation of this
turbulence might play an important role in the heating of the ISM; with the impor-
tance of turbulent heating being dependent on the mode structure of the turbulence
and the value of its outer scale (Mclvor 1977, Cesarsky 1980, Spangler 1991). The
fluctuations in the galactic magnetic field may also be important in the galactic
dynamo mechanism, as well as playing an important role in the star formation
process.

Recently, Armstrong et al. (1995) have presented observational evidence that
a single power law spectrum can describe the observed electron density fluctua-
tions on scale lengths from ~ 10!° ¢cm (perhaps down to 10° ¢cm) to an outer scale
> 1029 cm. Scale lengths of 10'° cm to 10 cm have been extensively investi-
gated via observations of pulsars and compact extragalactic radio sources; it is on
these scales that the evidence for a Kolmogorov spectra with an index of 3.7 is
most secure. The evidence compiled by Armstrong et al. (1995) is suggestive of a

spectral cascade in which turbulent energy is transferred between adjacent spatial



scales. However, there is no direct evidence that such a cascade is occurring in
the interstellar medium, nor even that the fluctuations on widely disparate scales
are related. The power law nature of the spectrum has not been determined as
securely near the outer scale. The 108 cm to 102° ¢cm scale regime can be explored
using interstellar cloud densities, gradients in the average electron density, emission
measure (EM) fluctuations and rotation measure (RM) fluctuations of extragalactic
radio sources as discussed in Armstrong et al. (1995). Since we will be concerned
with the determination of turbulence properties from measurements of the Faraday
rotation measure and the emission measure, it is worth defining these quantities
at the outset and reviewing how their measurement has allowed the deduction of
turbulence characteristics. A number of observable astronomical quantities, such as
the intensity of an emission line or the intensity of free-free emission, are dependent

on the emission measure, EM, defined as

L
EM:/ n? ds.
0

When a linearly polarized radio wave propagates through a plasma permeated by
a magnetic field, the polarization position angle is rotated by an amount which

depends on a quantity termed the rotation measure, RM,
x(L) = xo + RM - X?
where the rotation measure is given by,

RM = ——— B - ds.
2mm2ct /0 He °

The physics of Faraday rotation are discussed in Davies (1965) and Thompson et

al. (1991). These references discuss the conditions for the validity of equations (1.2)

(1.1)

(1.2)

(1.3)



and (1.3), particularly the validity of the quasi-longitudinal approximations. The
quasi-longitudinal approximation is highly satisfied for the frequencies of observa-
tions and ISM phases considered in this thesis. In equations (1.1) through (1.3), e
and m, are the charge and mass of an electron, c is the speed of light, A is the wave-
length of the observation and L is the distance through the medium to the source.
The polarization position angle is denoted by x; X, indicates the value which would
be measured prior to propagation through the magnetized interstellar medium. The
emission measure is typically given in units of pc cm™3 and the rotation measure

can be expressed as
L — —
RM = 0.81 / no(em=3)B(4G) - ds(pe)
0

with the units being rad m~2. For the case of a turbulent plasma, the density and
magnetic field will be of the form n, = n, 4+ dn and B=B,+ (5]3, where a subscript
“0” indicates the static or large scale quantity, and én and 6B are the fluctuating,
zero mean quantities associated with turbulence. As may be seen from equations
(1.1) and (1.2), the turbulent fluctuations én and 0B will induce fluctuations in
the emission measure and the rotation measure. Simonetti et al. (1984), Lazio et
al. (1990) and Clegg et al. (1992) have used rotation measure fluctuations to study
the ISM turbulence, but have only put lower limits on the outer scale of ~ 10® cm.
Virtually all previous studies of interstellar turbulence via radio propagation mea-
surements have constrained only the plasma density fluctuations.

Another extremely important feature of the interstellar turbulence to determine
is the magnitude of magnetic field fluctuations, and perhaps velocity fluctuations.
In the case of the solar wind, where we have direct measurements, the turbulent
energy density is dominated by magnetic field fluctuations and velocity fluctuations,

with density fluctuations being a dynamically unimportant tracer (Marsch 1991).

(1.4)



An understanding of interstellar turbulence and an assessment of its role in the
interstellar medium will require measurements of the magnetic field fluctuations
6_]3, and that of the velocity ov.

As discussed previously by Simonetti and Cordes (1984), and elaborated at
length below, rotation measure fluctuations are caused by both dn and SB. However,
with only Faraday rotation measurements, it is impossible to determine the relative
contributions of the two types of fluctuations. However, variations in the emission
measure can be measured on the same spatial scales as the rotation measure, and
this quantity is exclusively dependent on the spectral characteristics and spatial
distribution of n.

In this thesis we present new observational results which we hope will further
the understanding of interstellar turbulence. We have made high precision rota-
tion measure measurements of 38 extragalactic sources in order to determine the
properties of the electron density and magnetic field fluctuations on spatial scales
of 1017 cm to 102° cm. All of the extragalactic sources lie in the region from 1® 50™
to 3" 10™ right ascension and 32° to 44° declination. The unique attribute of this
part of the sky is that the H, intensity (and thus the emission measure) has been
mapped out, both spatially and in velocity (Reynolds 1980). The basic data in this
thesis consists of precision Faraday rotation measurements of extragalactic radio
sources. An important aspect of the calibration of such observations is an accurate
removal of the rotation due to the Earth’s ionosphere. We have thus developed
a new model for the precision removal of ionospheric Faraday rotation. We have
applied our model to two sets of VLA observations.

With a combination of rotation measure and emission measure measurements it
is possible to estimate the electron density and magnetic field power spectra sepa-

rately. We compute spatial structure functions rather than spatial power spectra,



since the former are more conveniently calculated in the case of sparse, unevenly

sampled data. The rotation measure structure function (Dgyp) is defined as follows:
Dgrum(660) = ([RM(6) — RM(6 + §6)]?)

where the brackets represent an ensemble average, 6 is any line of sight and 66 is
the separation between any two lines of sight. Dry is assumed to be independent
of position and orientation (i.e. it is homogeneous and isotropic). The emission
measure structure function (Dgyp) is defined in a similar manner as Dgyy.

The outline of the thesis is as follows. In Chapter 2 we describe in full detail
the AIPS model for ionospheric Faraday rotation calibration and the improved
ionospheric Faraday rotation model that we have developed. A comparison of these
two models is also presented in Chapter 2. In Chapter 3 the observations and
calibrations of the 38 extragalactic radio sources is presented. The results of the
observations and a brief description of each source is presented in Chapter 4. Using
a simple model for the galactic structure of n. and ]§, we predict the smoothly
varying component of the rotation measure and emission measure in Chapter 5.
The measured structure functions for rotation measure and emission measure are
presented in Chapter 6 along with theoretical expressions for the rotation measure
and emission measure. The measure structure functions are also compared to the
theoretical expressions in Chapter 6. The heating of the interstellar medium due
to magnetohydrodynamical waves which comprise the turbulence is discussed in

Chapter 7. Finally, our conclusions are presented in Chapter 8.

(1.4)



CHAPTER 2
CORRECTIONS OF RADIOASTRONOMICAL OBSERVATIONS FOR
IONOSPHERIC FARADAY ROTATION

2.1 Introduction

Historically, the Astronomical Imaging Processing System (AIPS) of the Na-
tional Radio Astronomy Observatory used measurements of the total electron con-
tent (TEC) of the ionosphere (i.e. column density towards the zenith) to estimate
the ionospheric contribution to the rotation measure for an astronomical source.
The ionospheric measurements used Faraday rotation of a geosynchronous space-
craft signal to determine the TEC of the ionosphere. This procedure had the virtue
that the ionospheric measurements and the observables to be corrected both in-
volved the same physical process, Faraday rotation. The TEC values, however,
have not been available to the VLA since March 1990 due to the demise of the
satellite which served as the trans-ionospheric beacon. In the absence of a direct
measurement of the TEC, it is important to develop a reliable theoretical model.
A desirable feature of such a model should be the ability to accommodate input
information which can improve the a priori model of the ionosphere.

In this chapter we will discuss the removal of the ionospheric Faraday rotation
from observations made with the Very Large Array. In section 2.2 we will briefly
discuss the structure of the ionosphere. A review of the response to and calibration
of polarization data with the Very Large Array will be presented in section 2.3.

The AIPS model for ionospheric Faraday rotation will be reviewed in section 2.4.



Although the AIPS model for ionospheric Faraday rotation works well as a first order
correction and is entirely adequate for most VLA applications, we will show that
this model has several shortcomings, especially when no TEC values are available.
In section 2.5 we will introduce a new model for Ionospheric Faraday rotation based
on the International Reference Ionosphere model (Rawer and Bilitza 1989) and the
International Geomagnetic Reference Field model (Peddie 1982). The development
of this model is motivated by the need for higher precision removal of ionospheric
Faraday rotation from radioastronomical observations and for the need of a model
which could also be applied to VLBA and VLBI observations. Finally, in section
2.6 we will present a comparison of the AIPS ionospheric Faraday rotation model

with that developed in this thesis and described in section 2.5.

2.2 The Structure of the Ionosphere

Since the objective of this work is to study the plasma turbulence characteristics
of the interstellar medium of our galaxy, it is necessary to remove the Faraday
rotation caused by the Earth’s ionosphere from the data. The interplanetary and
intergalactic medium make negligible contributions to to the observations discussed
in Chapter 3 and thus can be ignored. Faraday rotation within the source itself
is potentially a concern, but as will be discussed in Chapter 3, it appears to be
negligible for the sources and observations considered in this thesis. The ionosphere
results from the ionization of the Earth’s upper atmosphere by ultraviolet and x-ray
radiation from the sun and to a smaller extent from cosmic rays. The ionosphere
is influenced by winds, turbulence, traveling disturbances and by variations in the
geomagnetic field. The ionospheric electron density and TEC are thus subject
to diurnal and seasonal variations as well as having dependences on geomagnetic

latitude and the sunspot cycle of the sun.



A typical daytime and nighttime profile of electron density in the Earth’s iono-
sphere during a period of high solar activity is shown in Figure 2-1 as determined
using the International Reference Ionosphere model (Rawer and Bilitza 1989). The
structure of the ionosphere is separated into four main regions called the D, E, F
and topside regions. These regions may be further divided into several re-occurring
features such as the F1 and F2 layers. These features are labeled in Figure 2-1.
The D region lies between 75 and 95 km above the Earth’s surface. The E region
is between 95 and 150 km above the Earth. The F region lies above 150 km up
to the peak electron density altitude. The F1 layer is a stratification feature that
regularly occurs at temperate latitudes. The F2 layer consists of the peak of the
electron density in the ionosphere. Finally the topside region lies above the peak
in the F2 layer and extends upward as high as 1100 km. Since the ionosphere is
also permeated by the geomagnetic field, Faraday rotation will occur for linearly
polarized radio waves propagating through the ionosphere. The ionospheric Fara-
day rotation typically amounts to a rotation of 5° —15° in the polarization position
angle for observations at 1.4 GHz. During periods of high solar activity (i.e. near

solar maximum) the amount of rotation can be even greater, reaching values as high

as 50°.

2.3 Polarimetry With the Very Large Array

We will now briefly discuss the response of an interferometer such as the Very
Large Array (VLA)! to a polarized signal. This discussion is obtained in part from
the discussion presented in Sakurai and Spangler (1994). It will be assumed that

the reader has a basic understanding of both interferometry and polarimetry. The

! The Very Large Array is operated by the National Radio Astronomy Observatory, under contract
from the National Science Foundation.



VLA antennas are each equipped with a right and left circularly polarized receiver.

The outputs from these receivers are given by
Vr = Ggr [ERei(_w+9R) + DLELei(¢+9L)] (2.1a)

and

V5. =Gy, [ELGiWH_HL) + DRERei(_T’H_GR)} (2.1b)

where Ggr and Gy, are the right and left complex gains, Eg and Ep, are the right
and left circular components of the electric field due to the source, 9 is the paral-
lactic angle, g and 0y, are the phase shifts due to propagation through the Earth’s
ionosphere and Dy and Dy, are the complex polarization leakage terms (Bignell
1982). The D terms account for the fact that the feeds are not exactly orthogonal
and for other imperfections in the antenna so that a small amount of right circular
polarization shows up in the left circular polarization channel and vice versa. The
complex gains, Gg and Gy,, contain all amplitude and phase shifts that affect the
signal due to the instrumentation.

The actual measured quantities in an interferometer are the cross-correlations of
receiver outputs between pairs of antennas. The correlator outputs for two antennas

i and j for a simple two element interferometer and a point source are given as

VriVi; = GriGr; (EriER; + EriEf Dije ™™

+ELiER;Drie' + ELiE{f;DriDg;) (2.2a)
VLiVi; = GLiGT; (ELiE}; + ELiER;Df e

+EgiEf;Drie'? + Er;Eg;DLiD5;) (2.2b)
VriVi; = GriGi;(EriEfje ¢ + EriER;Df;

+ELiEEjDRi —l‘ ELiEEjDRiDEJ‘eM’) (220)
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VLiV}*{j = GLiGEj (ELiEEjeid) + ELiEijD;{j

+ER1E§JDL1 + ERlEi‘]DLlDE‘]e_Iqﬁ) (22d)

where an asterisk denotes complex conjugation and ¢ = 2 (¢ — Opr) with the Fara-
day rotation due to the Earth’s ionosphere being given by fpr = (g — 01,) /2. The
correlator outputs can be rewritten in terms of the more familiar Stokes parameters

(Kraus 1986)

I=Ep;E}; + ELE] (2.3a)
V = Er;iE}; — ELiEf (2.3b)
Q = EriEr; + ELiEg; (2.3¢)
U =i (ELiE}; — ERiEf)) (2.3d)

so that equations (2.2) become

VRiVg; = % T+ V] (2.4a)
VLiVi; = % [1-V] (2.4b)
VRgiVi; = % [I (Dri + Dg;) + (Q +1iU) e ] (2.4c)
VLiVi; = % [I(DLi + D§;) + (Q —iU) ] (2.4d)

where we have ignored second order terms in QQ, U, V, Dy, Dy, and their products
since these terms are small.

The standard technique for calibration of VLA data having polarization mea-
surements is to observe a weakly polarized point source at several parallactic angles,
a source with a known flux density and a strongly polarized source with known Q
and U parameters (Perley et al. 1989). In the standard calibration it is assumed

that the Dr and Dy, terms are constant in time while the complex gains, Gr and



Gy, are time variable. External information is then used to provide estimates of Opg
during the observations. These estimates come either from direct observations of
the ionosphere or from models of the Earth’s ionosphere and the geomagnetic field.
Using the polarization calibrator (weakly polarized point source), the terms Dg,
Dy, Gr and Gy, are then determined for each antenna by fitting equations (2.4) to
the data. The phases of each polarization channel for each antenna are determined
with respect to the phase in the same polarization channel of a reference antenna.
In general there will be a remaining phase difference between the right and left
hand polarization channels at each frequency which is the same for each antenna.
This phase difference can then be calibrated using the polarized source with known
Q and U properties. The flux calibrator allows the relative values of the output
voltage from the correlator outputs to be expressed in terms of an absolute flux
scale.

From the calibration scheme described above, it is easily seen that accurate de-
termination of the ionospheric Faraday rotation is essential if high precision Faraday
rotation measurements of extragalactic sources are to be made. Any large uncer-
tainty in the ionospheric Faraday rotation will result in errors in the determination
of the D factors. This in turn will cause a larger uncertainty in the determination of
the source polarization properties as well as resulting in a lower dynamic range and
signal to noise for the polarization observations. The dynamic range is defined as
the ratio of the highest to the lowest brightness levels (Thompson et al. 1991). Ac-
curate removal of the ionospheric Faraday rotation is also necessary if polarization
data sets from different observing sessions are to be combined.

It should be pointed out that one need only predict the correct time evolution
of the ionospheric rotation measure when correcting for the ionospheric Faraday

rotation of a single source or for a group of sources in a small region of the sky. The
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model corrected position angles can differ by a constant amount over the time of
the observations from the true trans-ionospheric position angles without having an
effect on the results of the calibration. Consider an observation of a source whose
polarization position angle is x, upon entering the top of the ionosphere. Upon
reaching the antennas on the Earth’s surface, the polarization position angle will

be

X = 0rr + Xo-

We can separate the ionospheric Faraday rotation into two components

Orr = 0, + 9(’5)

where 0, represents the ionospheric Faraday rotation due to the constant ionospheric
rotation measure term which is not described by the model and 0(t) is the iono-
spheric Faraday rotation described by the models. After determining the values of

the gains and D terms the polarization position angles for the ith antenna will be

Xi = Xo + 0o +dx

where dx is the remaining phase difference between the right and left hand polar-
ization channels which is due to instrumental factors. This error factor (dx) will
also affect the observation of the position angle calibrator (the source with known
Q and U values), and so calibration of the origin of the position angle will remove
this error. The models for ionospheric Faraday rotation must then only predict the
time evolution of the ionospheric rotation measure to be useful in the calibration.
When considering several sources which are separated by several tens of degrees
in the sky (i.e. they are not contained in a small region of the sky) the above

argument will no longer be valid. This is due to the fact that the ionospheric
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Faraday rotation varies with azimuth and zenith angle at any given time. Thus if
the observed sources are in a small region of the sky and all have similar azimuth
and zenith angles, there will be little variation in the ionospheric Faraday rotation
over the whole region. However, if the sources are well separated on the sky then the
ionospheric Faraday rotation will show significant variations between the sources at

any given time, and the above remarks are not pertinent.

2.4 Estimation of Ionospheric Faraday Rotation in AIPS

2.4.1 The Standard Method

The standard routine for the calibration of ionospheric Faraday rotation in As-
tronomical Image Processing System (AIPS) is the task FARAD. We will now dis-
cuss how FARAD calculated the ionospheric Faraday rotation when TEC data were
available (prior to 1990). The TEC values were obtained from the World Data
Center in Boulder, Co. The TEC values were calculated from Faraday rotation
observations of linearly polarized signals from geostationary satellites measured at
Boulder, ~ 6° of latitude north of the VLA. The measurements were made on an
hourly basis (Davies et al. 1975). The sub-ionospheric point, defined as the point
on the Earth’s surface directly below the peak electron density in the ionosphere
for a given line of sight was about ~ 2° of latitude north of the VLA (Bignell 1982).
The ATIPS documentation claims that this allows the TEC values measured hourly
at Boulder to be valid at the VLA without having to extrapolate the data due to
the global structure of the ionosphere.

FARAD approximates the ionosphere as a thin slab of constant electron density
and constant height above the Earth’s surface. This approximation is based on the
fact that the F2 layer dominates the electron density profile of the ionosphere and

is usually strongly peaked. The height of the thin slab is chosen to be constant
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since the height of the peak in the F2 layer is normally between 250 and 400 km
depending on solar activity and shows only small diurnal variations. The FARAD
program documentation claims that these variations cause corresponding variations
in the ionospheric rotation measure that are typically < 1% in magnitude. It is also
assumed that the curvature of the Earth and the ionosphere can be ignored so that
the path length through the ionosphere follows a simple Klsz law where z is the zenith
angle. Although the height of the F2 layer does not vary greatly during the course
of a day for a given latitude and longitude, it does vary with magnetic latitude
and longitude. Thus for lines of sight at large zenith angles the approximation

of constant height can break down. Ignoring the curvature of the Earth results

in the Colsz law overestimating the path length through the ionosphere and thus
overestimating the ionospheric Faraday rotation. Finally, it is assumed that the
electron density in the thin slab remains constant for all points (i.e. the density is
constant for all longitudes and latitudes). This is an invalid assumption since there
are significant diurnal variations in the electron density, especially at sunrise and
sunset, resulting in electron density variations with longitude and latitude. Thus
the approximation that the electron density is constant everywhere and equal to
the zenith electron density breaks down for large zenith angles, especially around
sunrise and sunset.

When the observer chooses to calibrate the ionospheric Faraday rotation with
the TEC data from Boulder, the choice is given to specifying the height of the thin
slab (h) or to allow FARAD to determine the appropriate height to use. The height
of the thin slab is computed using the ionospheric model of Chiu (1975) if the user
does not specify a value. For a given line of sight towards a source with an azimuth
angle, A,, and zenith angle, z, from an antenna at a given longitude and latitude

(A, ) FARAD calculates the ionospheric Faraday rotation as follows. An important
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quantity in the FARAD algorithm is the sub-ionospheric point (SIP). The SIP is
defined, in this case, as the latitude and longitude for which the altitude of the
line of sight equals the thin slab height, h. The zenith and azimuth angles in local
coordinates at the SIP are given by (FARAD FORTRAN code)

Resinz
Re+h

sin (zgrp) = sinz’ =

cos (Agip) = cosA! = cos (arcsin (tan A tan A,)) cos A,

where R, is the mean radius of the Earth. The ionospheric rotation measure (RM;)

is then determined using an interpolation of the TEC data in time and is given by

o —17B|| - TEC -2
RM; =3.62x 107" ———— rad m
COSZ

where the TEC is given in units of 10'®> m~? and B is the line of sight component
of the geomagnetic field in the thin slab given in Gauss. The use of the zenith angle
in the local coordinates of the SIP point results in a first order correction to the

path length problem created by using a Olsz

law. Models of the geomagnetic field
generally use the following coordinate system: the 1 axis is pointing away from the
surface of the Earth, the 2 axis is pointed towards the East and the 3 axis is pointed
towards the North. The line of sight component of the geomagnetic field is then

simply given by
B = —[Bycos 7' + Basinz'sin A, + Bz cos A sinz'].

FARAD calculates the ionospheric Faraday rotation at the sub-ionospheric point
but it uses the TEC values measured at Boulder, Co. without any attempt to
extrapolate the TEC value in order to take into account the diurnal or geographic

dependences of the TEC. This allows for the possibility that the true TEC value
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that should be used in the calculation of ionospheric Faraday rotation could be
significantly different than the model value.

The determination of the ionospheric Faraday rotation using simultaneous TEC
data is the prefered method of use in the AIPS model since it relies on direct
measurements of the ionosphere and thus day to day and hourly variations in the
ionosphere are taken into account. Bignell (1982) states that the accuracy of this
technique for determining the ionospheric Faraday rotation is about 10 —20% and is
limited by anomalies in the ionospheric electron density and the geomagnetic field.
Bignell (1982) also notes that the corrections are not always successful. Observations
at large zenith angles will obviously experience problems with these corrections since
remote features of the ionosphere will be affecting the observations. Furthermore,

some of the assumptions in FARAD will start breaking down at large zenith angles.

2.4.2 The Ionospheric Model of Chiu Used in FARAD

We now turn our attention to the ionospheric model of Chiu (1975) used in
FARAD to calculate the ionospheric Faraday rotation when no TEC data are avail-
able. This model has become more important since the demise in March 1990 of
the geosynchronous satellites which provided TEC measurements. Any polariza-
tion observations made after the demise of these satellites must therefore rely on
the Chiu model to estimate the TEC value of the ionosphere.

Chiu’s ionospheric model is based on monthly averaged, hourly ionospheric
sounding data from 50 worldwide stations from 1957 until 1970. The model al-
lows for the variations of electron density with diurnal, annual and solar activity
cycles. The model only considers the structure of the E, F1 and F2 layers of the
ionosphere with only the F2 layer being used in the AIPS implementation of the

Chiu model. The main ionospheric measurement going into this model is the F2
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layer critical frequency f,F2 which is the plasma frequency v}, for the peak electron
density in the F2 layer of the ionosphere. For an unpolarized signal in a plasma,

the index of refraction is simply given by

2
/ 1%
n=4/1—-2
2
where
5 4mnge?
v, = }

Me

If the frequency of the signal is less than the plasma frequency then the index of
refraction is imaginary and the wave cannot propagate in the plasma. When an
unpolarized signal is sent into the ionosphere with a frequency v < f,F2 then at
some point the wave will no longer be able to propagate into the ionosphere and
will be reflected. Thus f,F2 can easily be measured from the ground by finding
the highest frequency wave that is reflected by the ionosphere, with f,F2 typically
being in the range 5 — 15 MHz. A profile of the the ionospheric electron density
below the foF2 peak can be made by measuring the round trip propagation time of
a wave with v < f,F2. The wave is reflected by the point in the ionosphere where
the local plasma frequency equals the wave frequency and the time delay gives the
altitude which has this density.

The monthly averaged, hourly f,F2 data for each station were fit using a second
order spherical harmonic analysis (the relevant angles of the expansion being the
geomagnetic latitude and the local time expressed as an angle) for each month in
the Chiu model (Rawer and Bilitza 1989). The coefficients for the annual variations
and the solar cycle dependence of the ionosphere were determined first by fitting
the model to the noon-time f,F2 data at each station (Ching and Chiu 1973). The

coefficients from this analysis were then fit for diurnal variations at fixed points in
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the annual and solar cycle. The Chiu model then gives a prediction of the ionosphere
at a given local on the Earth with the only inputs being the location, the date and
time and the monthly mean sunspot number.

When measured values of the TEC are not available, FARAD used the Chiu
model to estimate the TEC in the following manner. First the Chiu model is used
to predict the peak density of the F2 layer along with its altitude. Then a Chapman
profile (Ratcliffe and Weekes 1960) is used to describe the shape of the F2 region.
An equivalent thickness is then determined by performing an integration over the
F2 layer profile. The TEC value is then found simply by multiplying the equivalent
thickness by the peak density of the F2 layer. The relevant equations may be found
in the FORTRAN code for FARAD.

The ionospheric model of Chiu describes the noon-time f,F2 values to within
2 MHz and the TEC of the ionosphere to within 25% (Chiu 1975). However, the
predicted ionospheric properties from this model represent the monthly mean iono-
sphere and do not reflect the daily variations in the ionosphere. This model was
also derived for observations that cover slightly more than one solar cycle and thus
spurious solar cycle variations during the 1957 to 1970 period could have a signif-
icant effect on the model. The model also implements a simple harmonic analysis
of the global properties of the ionosphere which has since been shown to have too
few coefficients to provide a good description of the global properties of the iono-
sphere (Rawer and Bilitza 1989). Chiu’s intent was to develop a simple model of the
ionosphere which did not involve many calculations. We thus see why the preferred
method of determining the ionospheric Faraday rotation is to use the measured

TEC values.
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2.4.3 The Magnetic Field Model Used in FARAD
The task FARAD also utilizes a model for the geomagnetic field in calculating

the ionospheric Faraday rotation. An offset dipole model is used for the geomagnetic
field. The form of the model is adapted from the “Handbook of Geophysics and
Space Environments” by Valley (1965) and from Chapman and Bartels (1940). In
the FARAD model the geomagnetic field is expanded in terms of spherical harmon-
ics, keeping only the terms which describe the dipole moment of the geomagnetic
field. A detailed discussion of the expansion of the geomagnetic field into spherical
harmonics will be presented in Section 2.5.1. The Gaussian coefficients used in the
ATPS geomagnetic field model are presented in Table 2-1. The FARAD FORTRAN
code states that these coefficients describe the geomagnetic field in the year 1922.
The geomagnetic field is determined from the expansion of the Gaussian coefficients
for the point where the line of sight to the source crosses the thin slab ionosphere
(i.e. where the line of sight is at an altitude of h). This value for the magnetic field
is then used to find the component along the line of sight in equation (2.11). This
model for the magnetic field is claimed to return magnetic field values that are good
to within 20% at the VLA site (documentation of FARAD). It seems likely that this
claim is relevant only to the dipole moment of the geomagnetic field.

The task FARAD uses only the dipole term in calculating the magnitude of
the geomagnetic field. The higher order terms are only used in defining where the
center of the dipole is located. Another limitation of the FARAD model is that
the Gaussian coefficients used in computing the geomagnetic field are from epoch
1922. This model for the geomagnetic field thus has two weaknesses. First, the
geomagnetic field does change with time. Since there are ~ 70 years between the

radioastronomical measurements and the epoch of the magnetic field coefficients,
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the secular change in the magnetic field should be taken into account. There is
~ 6% difference in the dipole field strength as measured in 1920 and 1980 (Rikitake
and Honkura 1985). Secondly, the dipole moment of the geomagnetic field only
constitutes about 70% of the total amplitude of the geomagnetic field (Rikitake and
Honkura 1985). We would thus expect a significant improvement in the model if

higher order moments of the geomagnetic field were included in the model.

2.5 An Improved Ionospheric Faraday Rotation Model

Since TEC data are not presently available for use in the calibration of iono-
spheric Faraday rotation for data obtained with the VLA, and since the models for
the ionosphere and geomagnetic field used in AIPS are outdated, we have developed
a new model for use in the calibration of ionospheric Faraday rotation in VLA data.
This model employs improvements in both the ionospheric and geomagnetic field
model. As mentioned above, the geomagnetic field used in FARAD consists of a
model based on measurements of the geomagnetic field in 1922. The geomagnetic
field evolves with time so that the geomagnetic field model used in FARAD is no
longer accurate. The amplitude of the geomagnetic field (solid line) and the strength
of the dipole moment of the geomagnetic field (dashed line) are plotted versus time
in Figure 2-2. These data were obtained from the the World Data Center and show
that the geomagnetic field changes by ~ 8% per century. This plot represents the
geomagnetic field at an altitude of 300 km above the VLA at approximately the
height of the thin slab used to represent the ionosphere in FARAD. In addition to
ignoring time dependence of the geomagnetic field, the model in FARAD used only
the first two orders of the spherical harmonic expansion terms of the geomagnetic
field. We have thus chosen to use the International Geomagnetic Reference Field

(IGRF) model (Peddie 1982) in our improved ionospheric Faraday rotation model.
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The IGRF Gaussian coefficients are updated every five years and thus accounts for
the time evolution of the geomagnetic field.

Improvements have also been made in the model for the ionospheric electron
density. FARAD treats the ionosphere as an unphysical, uniform thin slab. Newer
and better models of the ionosphere are also now available, such as the International
Reference Ionosphere (IRI) (Rawer and Bilitza 1989). Combining the IGRF and IRI
models we have developed a model which treats the ionosphere in a more realistic
manner than does the FARAD model. In this section we will first discuss the IGRF
and IRI models separately before discussing how these two models are combined to
produce the model for ionospheric Faraday rotation correction which comprises this

portion of the thesis.

2.5.1 The International Geomagnetic Reference Field Model
The IGRF model was developed by the International Association of Geomag-
netism and Aeronomy (Peddie 1982). The IGRF model consists of a series of spher-
ical harmonics and their derivatives of up to tenth degree and order describing the
geomagnetic scalar potential (V)
N o /p\nH!
V=R, Z Z (—e) (git cosmA + hi sinm)) P (cos )

r
n=1m=0

where R is the mean radius of the Earth, A is the longitude and 6 is the co-latitude,
P (cosf) are the Schmidt renormalized associated Legendre functions of degree n
and order m, N is the maximum degree and order and gi* and h]* have been named
the Gaussian coefficients and are in the units of Gauss. In the expansion of the
scalar field, terms with m < 0 have been excluded. These terms arise from the
part of the geomagnetic field which has an origin outside of the Earth, while terms

with m > 0 arise from the part of the geomagnetic field whose origin is internal
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to the Earth (Rikitake and Honkura 1985). Gauss (1839) showed that g > g—™
and hi' > h_ ™ for the geomagnetic field. Hence terms with m < 0 can be ignored.
For a given longitude A, co-latitude 6 and height above the Earth’s surface h, the

magnetic field is given by

oV
[ PR
Bl = o (2.15a)
,_ 1 0V
By = rsinf O\ (2.15D)
By =<5 (2.15¢)

where r = Re + h, the 1 axis is radially upward, the 2 axis is towards the East and
the 3 axis is towards the North.

The Gaussian coefficients in the IGRF model are specified at five year intervals,
from 1945 to 1990 (IGRF documentation). The Gaussian coefficients for these
epochs are complete to a degree and order of 10 (Peddie 1982). Linear interpolation
of the Gaussian coefficients is used for observations which occur between these
epochs. There also exists another set of Gaussian coefficients complete to a degree
and order of 8 which predicts the secular evolution of the geomagnetic field for the
period 1990 to 1995. Thus the IGRF model allows us to determine the geomagnetic
field for the epoch of the VLA observations in Chapter 4. Also, it provides a more
complete determination of the amplitude of the geomagnetic field since Gaussian
coefficients of higher degree and order are used (8 or 10 for the IGRF model rather
than 2 for the FARAD model).

In the documentation of the FARAD program, it is claimed that the AIPS

geomagnetic field model is 6% low in dipole intensity and 11° W in magnetic dec-

Bo
N

the true geomagnetic field were made for measurements of the true geomagnetic

lination cosD = These comparisons of the ATPS geomagnetic field with

field in epoch 1965 (FARAD FORTRAN code). Comparing the geomagnetic field



models of AIPS and the IGRF at the VLA (A = 252.38°, ¢ = 34.08°) at an altitude
of 300 km for the year 1965 we find B(AIPS) = (.1099,.0022, —.2593) Gauss and
B(IGRF) = (.17394,.04002, —.45264) Gauss with a dipole moment of .3095 Gauss.
The year 1965 was chosen for the IGRF model since the ATPS model was com-
pared to measurements of the geomagnetic field in epoch 1965. The AIPS geomag-
netic field yields a magnetic declination D = 1.1° E while the IGRF model yields
D =13.0° E. The dipole moment of the IGRF model is ~ 10% greater than the
dipole moment of the AIPS model and the magnetic declination of the AIPS model
is 11.9° W of the magnetic declination of the IGRF model. Thus the IGRF model
provides a better description of the geomagnetic field near the VLA than does
the AIPS model geomagnetic field. The remaining ~ .18 G difference in the AIPS
model geomagnetic field and the IGRF geomagnetic field results from the fact that
the AIPS geomagnetic field neglects the higher order moments of the field. In this
case, the dipole field strength is approximately 67% of the total field strength with

the remainder of the field strength being due to the higher order moments.

2.5.2 The International Reference Ionosphere Model

The International Reference Ionosphere (IRI) is a joint international project of
the Committee on Space Research and the International Union of Radio Science
to provide an empirical standard model of the ionosphere. The IRI is periodically
updated and describes the electron density and temperature and the ion tempera-
ture and composition in the altitude range 60 to 2000 km. The model is based on
data from a worldwide network of over 150 ionosondes, the ISIS and Alouette top-
side sounders, incoherent backscatter radars and in situ measurements with several
satellites and rockets (Rawer and Bilitza 1989). The IRI is designed for producing a

monthly averaged model of the ionosphere in non-auroral regions, for magnetically
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quiet conditions and for twelve month running mean sunspot numbers below 130
(Bilitza 1986). The IRI model produces profiles of electron density, neutral temper-
ature, electron and ion temperature and percentage of O II , HII , He IT , NO* and
OF ions for a given location (geographic or geomagnetic), time (local, universal or
solar), season (month or day of year) and solar activity (mean sunspot number or
10.7 cm solar radio flux).

The IRI model, like the model of Chiu, is based largely on foF2 data. Unlike the
Chiu model however, the IRI model is based on foF2 data from over 150 worldwide
stations and over approximately four solar cycles (Rawer and Bilitza 1989). Monthly
averaged, hourly foF2 data are used from each station as is done in the Chiu model.
The monthly averaged foF2 data are then sorted at each station according to solar
activity. The diurnal variations in foF2 for each station for a given month and solar
activity level are then analyzed using a Fourier series. The Fourier coefficients from
this analysis for all stations worldwide are then fit by worldwide Legendre functions.
This then allows the value of foF2 to be predicted for any location on the Earth at
any time and for any solar activity. The global foF2 data for each month and solar
activity level require as many as 988 coefficients (Rawer and Bilitza 1989). Such an
analysis (hereafter referred to as the Fourier-Legendre analysis) with a large number
of coefficients would have been beyond the reasonable limits of computer processing
available to the average researcher at the time the Chiu model was developed.
This limitation played an important role in the choice of the analysis that Chiu
used (Chiu 1975, 1973). Thus the Fourier-Legendre analysis scheme allows a much
better global model of the foF2 data than does the Chiu model.

This analysis of the foF2 data, however, requires the addition of several “ghost
stations” in areas where very few, if any, stations are located, such as over the Pacific

Ocean. The ghost stations data arise from coastal stations data being copied to the
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ghost station which is located at the same modified dip latitude (u) as the coastal

station. The modified dip latitude is defined as

Y
\/€os ¢

tan p = (2.16)

where siny) = ﬁ is the magnetic dip angle and ¢ is the geographic latitude. These
ghost stations then keep the model from predicting unphysical foF2 values, such as
negative foF2, in the regions not monitored by the real stations. The ghost stations
will not play a role in the determination of the ionospheric Faraday rotation for
data obtained with the VLA since sources are not observed through parts of the
ionosphere over the oceans. However, these ghost stations could play a critical role
in ionospheric Faraday rotation corrections that may be applied to VLBA and VLBI
data since there are antennas in such places as Mauna Kea, Hawaii and St. Croix,
Virgin Islands. Also included in the IRI model are other effects such as the motion of
the ionospheric plasma due to “average meteorological effects” and electromagnetic
forces. The height of the electron density peak in the F2 layer (hmF2) is determined
in a similar fashion as foF2 in the IRI model.

Once the location, time and solar activity have been specified, the IRI model
then computes the foF2 and hmF2 values from the Fourier-Legendre expansion
coefficients, as well as an electron density profile of the ionosphere. The profile is
separated into three regions - the topside, middle (E and F layers) and lower (D
layer) - which are combined to produce the complete profile using the Epstein step

function
_ 1
14 ex

Eo(z) (2.17)

with Hy and S; being experimentally determined values for each

where x = Z_Si
c

boundary between different regions. The model profiles used in the IRI model are



more complicated than the Chapman layers used in the Chiu model and thus allow
a better representation of the true profile of the ionosphere.

The topside model profile is an empirical model that depends on foF2, the
geomagnetic latitude and the level of solar activity. The topside model profile is
based on the model of Benton et al. (1972) and has been modified by Bilitza (1985).
The lower ionosphere profile describes primarily the D layer and to some extent the
lower section of the E layer. The lower ionospheric profile model is based on the
model of Ramanamurty and Rawer (1990) and is referenced to the E layer electron
density peak which is determined in the middle ionosphere profile model.

The middle ionosphere profile model is more complicated than the topside and
lower ionosphere profile models since the E, F1, and F2 layers as well as the valley
(V region) between the E and F layers must be taken into account. The E, F1, F2

and V regions are each described by a LAY-function (Rawer and Bilitza 1989) given

LAY =In [1 + exp (Z_SHX>} —1In [1+exp (%)]

B (z — hm)
So [1+ exp (gt

by

where hm is the height of the peak electron density in a given region. The Lay-
functions represent the height variations of the logarithm of the electron density
in a given region normalized to the peak density in that region. The values of
hmE and foE for the E layer are so well known that they are easily determined
from the solar zenith angle using only empirical formulae. This also holds true for
determining hmF1 and foF1 for the F1 region (Rawer and Bilitza 1989). The height

of the valley region is determined from the peak densities and heights of the E, F1
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and F2 regions. The middle ionosphere profile is then calculated by combining the
LAY-functions for each region.

The IRI model is thus capable of producing a realistic profile of the ionosphere
for any location, time and level of solar activity. The TEC predicted by the IRI
model is then determined by performing a numerical integration of the electron
density over the ionospheric profile. Since the IRI model is based on observations
from more stations over more solar cycles than the Chiu model and produces a
realistic profile of the ionosphere. The IRI model will provide an improved estimate
of the ionospheric Faraday rotation with respect to FARAD, especially at low zenith
angles. It should be noted that both the Chiu model ionosphere and the IRI model
ionosphere model the “monthly averaged ionosphere” and do not attempt to take
into account the day to day variations of the ionosphere.

It is important to know how true ionospheric characteristics, which are subject
to day-to-day variations such as those caused by magnetic storms etc. differ from
those produced by the IRI and Chiu models. To quantify this and demonstrate
the improvement of using the IRI model ionosphere rather than the FARAD model
ionosphere we have plotted the predicted TEC from each model versus the measured
TEC values in Figure 2-3. The TEC values were measured at Boulder, Co. in March
of 1990. In Figure 2-3a the IRI TEC values are plotted versus the measured values
where only the location, time and sunspot numbers have been input into the IRI
model. In Figure 2-3b we plot the AIPS model TEC predictions versus the measured
TEC using only the same inputs as above. In Figure 2-3c we plot the IRI model
TEC versus the measured TEC where values of foF2 measured at Boulder have also
been input into the IRI model. Currently the AIPS task FARAD does not permit

foF2 values to be input and used in its calculations of the TEC. In Figure 2-4 we
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plot a histogram of the fractional error (¢) for each model presented in Figure 2-3

where
_ |TEC(model) — TEC(measured)|
N TEC(measured) '

€ (2.19)

A statistical analysis of the data in Figures 2-3 and 2-4 is presented in Table 2-2.
The first column lists the ionospheric model. The second column gives the average

deviation

N
1
a=g 21: [TEC(measured) — TEC(model)] (2.20)

of the model from the data where N is the number of data points. A nonzero value
of € or « indicates a systematic error in the model estimate of the TEC. The third

column gives the standard deviation of the mean

o= \/ S Y [TEC(measured) — TEC(model)]?

N1 (2.21)

between the model and the data. The fourth, fifth and sixth columns list the
fractional error below which 50% (es0), 75% (e75), and 90% (egp) of the data occur.
The seventh column lists the Kolmogorov-Smirnov statistic which is a measure of
the greatest distance between the distributions of TEC in the measured data and
the modeled data (Press et al. 1989). The eighth column gives the linear correlation
coefficient () between the model TEC values and the measured TEC values.

As can be seen from Tables 2-2 through 2-4, the IRI model provides a better
prediction of the ionospheric TEC than does the AIPS model. The TEC values
predicted by the IRI model have a higher correlation with the measured TEC values
than do the AIPS TEC values in all years except one. In 1984 the AIPS model and
the IRI model had the same correlation coefficient. In all cases the IRI model
had a smaller standard deviation than did the AIPS model. During periods of

enhanced solar activity the IRI model performs significantly better than the AIPS



ionospheric model. At solar minimum the two models become comparable although
the IRI model still generally has a smaller standard deviation and larger correlation
coefficients than the AIPS model.

When the foF2 data are used in the IRI model, the predicted TEC values show
a drastic convergence with the measured TEC values (see Table 2-2). This is not
surprising since we are providing information to the model about the conditions in
the ionosphere at the time of the measurement. Recall that the TEC in the IRI
model is calculated by integrating over a model profile of the electron density in
the ionosphere and that the shape of the profile depends on the value of foF2. This
comparison also serves to point out how important it is to have some information
on the state of the ionosphere, such as the TEC or foF2 values, which can be input
to the ionospheric models when computing the ionospheric Faraday rotation. With
such information, the models are able to make much better predictions about the
ionosphere.

From above we see that having information on the state of the ionosphere, such
as TEC or foF2 values, help constrain the IRI model into making more realistic
predictions. However, this result is true in a statistical sense for a large number
of observations. For any given observation it is likely that specifying the TEC or
foF2 into the model will improve the predictions but there is no guarantee that this
will be the case. During periods when ionospheric and magnetospheric storms are
occuring, the models may not be improved by the inclusion of information on the
state of the ionosphere. This is due to the fact that the models make predictions
for the “average ionosphere” and are not well suited for making predictions for the
ionosphere during stormy periods. Typically the TEC is the best indicator of the
state of the ionosphere at any given time. The value of foF2 alone is generally not

as robust an indicator of the state of the ionosphere at any particular time.
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2.5.3 The Improved Ionospheric Faraday Rotation Model

As we have seen, the IRI and IGRF models provide more realistic and up-to-date
representations of the Earth’s ionosphere and geomagnetic field than do the models
currently used in the AIPS task FARAD. By combining the IRI ionospheric model
and the IGRF geomagnetic field model, we have developed an improved model for
ionospheric Faraday rotation. The improved ionospheric Faraday rotation model
is thus capable of finding the electron density and the geomagnetic field at any
point in the Earth’s ionosphere, allowing the ionospheric Faraday rotation to be
calculated by simply integrating along a given line of sight. Since the IRI model
and the IGRF model both take into account changes in the ionosphere and the
geomagnetic field along a line of sight that are not considered in the AIPS model,
the improved ionospheric Faraday rotation model will provide a better description
of ionospheric Faraday rotation at large zenith angles. It will also be possible, using
the IRI model ionosphere, to utilize foF2 and TEC values from sites other than at
Boulder, Co. to help predict the TEC above the VLA. This can be done by using
the IRI model (without external inputs) to calculate scaling factors relating foF2
and TEC values from other locations to the VLA. This could not be done reliably
with the ATPS model because of its unrealistic treatment of the structure of the
ionosphere.

We will now give a description of the improved ionospheric Faraday rotation
model. The inputs include the frequency of the observation (v), the sunspot number
(R), the right ascension and declination of the astronomical source (o and 6), the
time, day, month and year of the observations, the geographical coordinates (A, ¢),
time zone and height above sea level (H) of the antenna and the number of steps

(N) to take through the ionosphere while integrating to determine the ionospheric
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Faraday rotation. Hourly values of foF2 and hmF2 for the ionosphere above the
antenna can also be input into the model to help provide a better description of
the ionosphere. The model program was written so that a single astronomical
source could be “tracked” as it moves across the sky, giving the ionospheric Faraday
rotation towards the source at regular time intervals which are specified by the user.

After reading in the input parameters, the coordinates of the antenna are deter-

mined
- (Ac + H) cos ¢ cos A
v | = (Ac+ H) cos¢sin A (2.22)
2 (B + H) sin A

where

A
c= ,
VA2 cos? ¢ + B2sin? ¢
A is the equatorial radius of the Earth and B is the polar radius of the Earth.

(2.23)

We have used an Earth centered reference frame with the x axis pointing towards
A = 0°, the y axis pointing towards A = 90° and the z axis pointing towards ¢ = 90°.
Next the unit vector § along the line of sight from the antenna to the astronomical

source is determined by

—sinA —sin¢gcosA cos¢@cosA sin Zsin A,
S=| cosA —singsinA cos¢sinA sin Z cos A, (2.24)
0 cos ¢ sin ¢ cos Z

where Z is the zenith angle of the source, A, is the azimuth angle of the source
and we have used the same coordinate system as in equation (2.22). The Earth
centered coordinates where the line of sight is 65 km (Sg5) and 1000 km (S71000)
above the Earth’s surface are then determined along with the step length used
in the integration along the line of sight. The altitude range on the ionosphere
is chosen to be from 65 km to 1000 km since nearly all the ionospheric Faraday

rotation occurs within this altitude range.



The model now integrates the electron density (n.) and the product n.B) along
the line of sight from Sg5 to S1900 by simply summing n. and dRM over the N
intervals of length ds S——m% through the ionosphere. For the center of each
interval, the Earth centered coordinates are determined using equations (2.22) and
(2.24). Then the IRI model ionosphere is used to find n, and the IGRF geomagnetic
field model is used to find B at the center of the interval. The rotation measure

contribution of the interval k is given by
SRM, = 0.81n,B - dsy
with the rotation measure for the entire line of sight being given by

N
RM; = Z SRMy..
k=1

The rotation measure is also calculated by keeping track of the right and left circular
polarized phase shifts using an expression for the index of refraction of electromag-
netic waves in a magnetized plasma (Davies 1965). This second calculation of the
rotation measure is performed in case that the line of sight is perpendicular to the
magnetic field for a large part of its path length through the ionosphere. This can
happen for some lines of sight for observation made with the VLA when the source
is near the horizon at azimuth angles ninety degrees away from the local direction of
the geomagnetic field. However, there is rarely more than a few tenths of a percent
difference between the two calculations of the ionospheric rotation measure when

this is the case.
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2.6 Comparison of the AIPS and the Improved Models

The results of a simulation using the improved ionospheric Faraday rotation
model (IIFRM) are shown in Table 2-6, Figures 2-5 and 2-6. The calculations
are for a source at a = 12" and 6 = 70° observed on March 21, 1993 from 0" to
23" local time at the VLA (A = 252.38°, ¢ = 34.08°,h = 2.1 km). The observing
frequency used in this simulation was 1.4 GHz, the sunspot number was taken to
be R = 89.46 and 500 steps were taken through the ionosphere in the integration of
the ionospheric Faraday rotation. The first column of Table 2-6 gives the time of the
calculations. The second and third columns give the azimuth and altitude angles
of the source as seen from the VLA. The fourth column gives the rotation measure
as calculated from equation (2.26). The fifth column gives the phase difference
between the right and left hand circularly polarized waves and the sixth column
gives the rotation measure as determined from the phase differences which includes
the effects of any quasi-transverse propagation that occurs along the line of sight.
The seventh column gives the TEC as calculated by the model. In Figure 2-5 we
have plotted the phase difference versus time in panel (a), the left hand phase in
panel (b), the right hand phase in panel (c) and the altitude and azimuth angles of
the source versus time in panel (d). In Figure 2-6 the rotation measures calculated
by the improved ionospheric Faraday rotation model (circles) and the ATPS model
(diamonds) for the simulation are plotted versus time. For comparison, the results
of the AIPS model for the same simulation as above, without any information on
the TEC being input into the AIPS model, is given in Table 2-7. The first column
gives the time, the second column gives the TEC and the third column gives the

rotation measure as calculated by the AIPS model.
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These models predict drastically different values for the ionospheric rotation
measure. Although there are differences in the TEC values predicted by each model
(see Tables 2-6 and 2-7) they cannot account for the differences in the predicted
rotation measures, especially during the period from 10" to 14" local time when the
models predict ionospheric rotation measures with different signs. Since the TEC
cannot be negative the difference in the predicted ionospheric rotation measures
must be a result of the geomagnetic field models and the geometry used in the
two models. As mentioned previously the geomagnetic field model in the AIPS
algorithm uses only the dipole moment of the field while the IGRF geomagnetic
field model used in the improved ionospheric Faraday rotation model incorporates
higher order multipoles of the field. These higher order multipole account for most
of the difference in the predicted rotation measures from 0" to 5! and 21" to 23"
local time in Figure 2-6 (see discussion of Figure 2-7 below).

The difference in the predicted ionospheric rotation measures from 6" to 20" local
time not only depends on the moments used in the expansion of the geomagnetic
field but also on how the ionosphere is modeled. The thin slab model used for
the ionosphere in the AIPS model only allows for the geomagnetic field at one
point along the line of sight to enter into the calculation of the ionospheric rotation
measure. Thus, the AIPS model will be unable to account for the reversal of the
line of sight component of the geomagnetic field along the line of sight. The value
of the line of sight component of the geomagnetic field (B|) used in the AIPS model
can even have the opposite sign from the average along the line of sight of the line

of sight component of the geomagnetic field, i.e.

sgn (B (h)) # sgn (%/O By (s)ds)
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where h is the point along the line of sight which defines the position of the thin
slab. This is illustrated in Figure 2-7. This is particularly likely to occur when the
source is at very low elevation angles towards the North as is the case for the source
in Figure 2-6. The improved ionospheric Faraday rotation model does not encounter
this problem since it uses realistic profiles of the ionosphere and integrates along
the line of sight. Generally, sources are not observed at such low elevation angles
with the VLA and this case should be taken as an extreme example of the problems
with the ionospheric model used in AIPS.

This problem with the thin slab model of the ionosphere used in the AIPS model
is made more apparent in Figure 2-8. Here we have repeated the simulations used to
create Figure 2-6, but have replaced the AIPS dipole geomagnetic field model with
the IGRF geomagnetic field model. Now the differences in the predicted ionospheric
rotation measures from 0" to 5" and 21" to 23" local time are due primarily to the
differences in the TEC values predicted by each model (i.e. due to differences in
the predicted electron densities). However, it is clear that the rotation measures
predicted by the AIPS model between 10" and 14" local time are still negative.
The AIPS model for ionospheric Faraday rotation thus encounters severe problems
when the line of sight component of the geomagnetic field undergoes drastic changes
along the line of sight, especially when it changes sign. This is most likely to occur
for sources at high zenith angles towards the North where the line of sight passes
near the North geomagnetic pole for observations made in North America. To a
smaller extent, we would expect a difference in the magnetic field in the thin slab
in the AIPS model and the average along the line of sight for the line of sight
component of the geomagnetic field of ~ 10% when the line of sight passes over a
“higher order pole” (i.e. where the non-dipole geomagnetic field has a convergence

point on the Earth’s surface). One such pole exists over the United States and is

35



roughly centered over Towa (see Figure 1.17 of Rikitake and Honkura 1985). This
higher order pole could thus have an affect on the AIPS model calculations of the
ionospheric Faraday rotation even if the IGRF geomagnetic field is used in the ATPS
model for observation with the VLA or VLBA.

The above simulation and comparison has illuminated several of the shortcom-
ings and problems the AIPS model for ionospheric Faraday rotation has, such as
the thin slab ionosphere and the “incomplete” geomagnetic field model. We now
seek a comparison of the AIPS model with the improved ionospheric Faraday rota-
tion model under more commonly encountered conditions for observation with the
VLA. We will thus look at the calibration of the ionospheric Faraday rotation for
the observations of Sakurai and Spangler (1994) on March 21, 1990, the last month
for which TEC data is available for use in the AIPS ionospheric Faraday rotation
calibration scheme. The goal of the observations of Sakurai and Spangler was to
measure rotation measure fluctuations due to magnetohydrodynamic waves in the
solar wind and corona. It was known a priori that the amplitude of these fluctua-
tions would be small and that they would occur on time scales of an hour or more.
Thus high precision removal of the ionospheric Faraday rotation was desired and
eventually prompted the development of the improved ionospheric Faraday rotation
model.

The TEC values from Boulder, Co. are not the only measurements of ionospheric
quantities that are available for use in the comparison of the AIPS model to the
improved ionospheric Faraday rotation model for the observations of Sakurai and
Spangler (1994). Data are also available for foF2 and hmF2 at Boulder during
the same time period. These data were obtained from the World Data Center. In
addition, the sunspot number for this period is known. Values of foF2 are available

on an hourly basis for every hour of March 21, 1990 except for 5" and 6" UT during
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which time no observations by Sakurai and Spangler were made. The values of hmF2
are only available for 18" and 20 to 23" UT. Since a change of hmF2 = 300 km to
hmF2 = 350 km results in only ~ 0.4% change in the ionospheric Faraday rotation
predicted by the improved ionospheric Faraday rotation model, we have interpolated
the hmF2 to all hourly values on March 21, 1990.

With the available TEC, foF2, hmF2 and sunspot data we are able to make a
more detailed comparison of the two ionospheric Faraday rotation models. In Table
2-8 we list the TEC values of these models using various inputs and compare them
to the values measured at Boulder, Co. The TEC values computed from the models
are for the VLA, not Boulder. In the first column of Table 2-8 we give the UT time.
Only hours for which the source 22304114 is observable by the VLA are listed. We
have chosen to look at the calibration of the source 22304114 since it was the most
frequently observed source in the observations of Sakurai and Spangler which was
not near the sun. A plot of the azimuth and altitude angle of 22304114 on March
21, 1990 as observed from the VLA are shown in Figure 2-9. In the second column of
Table 2-8 the TEC values measured at Boulder are listed. In the third column the
TEC values predicted by the improved ionospheric Faraday rotation model with
only the sunspot number as an input are given. In the fourth column the TEC
values from the improved ionospheric Faraday rotation model with the foF2 and
hmF2 data being input into the model are listed. The fifth column gives the TEC
as calculated by the ATPS model with only the sunspot number as an input to the
model and the sixth column gives the TEC found by the AIPS model when the foF2
and hmF2 data are used as inputs. It is easily seen that the improved ionospheric
Faraday rotation model with only the sunspot number as an input provides the best

description of the measured TEC data.
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The reason that including the measured foF2 values in the improved ionospheric
Faraday rotation model did not result in an improvement of the TEC predictions
is that the ionosphere was “stormy” during this period. The measured foF2 values
were thus not easily measured and typically are only lower limits on the true values.
The measurements of foF2 were influenced by the presence of stratification and
spread echoes in the ionosphere, attenuation near the critical frequency and due
to the fact that the height of the F2 layer was outside of the normal height range
recorded by the ionosonde (World Data Center data documentation). This results
in the foF2 values not being a reliable indicator of the state of the ionosphere for
this particular time range and leads to a degradation of the predicted TEC values
when used as inputs into the model.

In Tables 2-9 and 2-10 along with Figure 2-10 we present the ionospheric rotation
measure values predicted by the ATPS model and the improved ionospheric Faraday
rotation model with various inputs. The first column of Table 2-9 gives the time.
The second column of Table 2-9 lists the ionospheric rotation measure predicted
by the improved ionospheric Faraday rotation model with only the sunspot number
being input to the model. The predicted ionospheric rotation measure values of
the improved ionospheric Faraday rotation model with the foF2 and hmF2 values
being input are listed in the third column. Various estimates of the ionospheric
Faraday rotation by the ATPS model are listed in columns four through seven with
the inputs being just the sunspot number in columns four and five and with the
foF2 and hmF2 data being input for the predictions in columns six and seven.
The default dipole geomagnetic field model of AIPS was used in the calculations
in columns four and seven while the IGRF geomagnetic field model was used in
the calculations presented in columns five and six. In Table 2-10 we present the

ionospheric rotation measure values from the ATPS model and the values from the
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improved ionospheric Faraday rotation model which were actually used by Sakurai
and Spangler in their calibration of ionospheric Faraday rotation for the observations
on March 21, 1990. The first column of Table 2-10 lists the time when the source
2230+114 was observed. The second column gives the ionospheric rotation measure
of the improved ionospheric Faraday rotation model with only the sunspot number
being input to the model. These values were found by interpolating from the values
in Table 2-9. In the third column of Table 2-10 the ionospheric rotation measure
values predicted by the AIPS model using the TEC measurements from Boulder
are presented.

In Figure 2-10 we plot the various predictions of ionospheric rotation measure
versus time from Tables 2-9 and 2-10. In Figure 2-10 the solid line represents the
predictions of the improved ionospheric Faraday rotation model with the sunspot
number as the only input. The values used by Sakurai and Spangler are given by the
cross symbols (T. Sakurai, private communication). The AIPS model predictions
using the TEC values is shown as the dashed line. The dotted line depict the
predictions of the AIPS model with the measured values of foF2 and hmF2 being
input into the model. Finally, the dash-dot line represents the ionospheric rotation
measure predictions of the improved ionospheric Faraday rotation model with the
foF2 and hmF2 values being input into the model.

We now present a general analysis of the predictions of the improved ionospheric
Faraday rotation model and the ATPS model. Using the predicted ionospheric ro-
tation measure for each model at 14" UT as a reference point, we see that both the
ATPS model predictions shown in Figure 2-10 show increasing ionospheric rotation
measure values from 14" to 18® UT. From 18" to 21" UT both AIPS model pre-
dictions are nearly constant showing a smooth turnover in the ionospheric rotation

measure versus time. From 21" to 24" UT both AIPS model predictions undergo
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a steady decline in the ionospheric rotation measure. For both the improved iono-
spheric Faraday rotation model ionospheric rotation measure predictions there is
an increase in the ionospheric rotation measure from 14" UT through 21" UT, after
which only a modest decrease in the ionospheric rotation measure occurs.

We thus see that the major differences between the ionospheric rotation mea-
sure predictions of the AIPS model and the improved ionospheric Faraday rotation
model are that the AIPS model reaches a peak at ~ 19" UT while the improved
ionospheric Faraday rotation model reaches a peak at ~ 21" UT, and that after
21" UT the AIPS model predicts a large decrease in the ionospheric rotation mea-
sure while the improved ionospheric Faraday rotation model predicts only a slight
decrease. These differences are probably due to the differences in the geometries
of the ionosphere used in each model. As can be seen from Figure 2-9 the first
observation of 22304114 occurred in the early morning when it was at an elevation
angle of ~ 30°. There is a seven hour difference between UT and the local time at
the VLA for these observations. The electron density in the ionosphere generally
reaches its minimum value just before sunrise and increases steadily through the
afternoon. After sunset the electron density drops rapidly for a few hours around
sunset and then undergoes a steady decline until just before sunrise. This behavior
of the ionospheric electron density thus explains the steady increase in the predicted
ionospheric rotation measure values from 14" to ~ 20" UT.

We now introduce the following picture of the ionosphere in order to help us
understand the behavior of the models after 20" UT. Since the sun is the dominant
source of ionization in the ionosphere, the ionosphere can be thought of as being
static (for short time periods - generally a few days) in a reference frame where
the x axis extends from the Earth to the Sun, the z axis points towards the North

celestial pole and the y axis lies in the plane of the ecliptic. In this reference frame

40



the electron density in the ionosphere is constant with time at any given point.
Since the Earth rotates in this reference frame, a person on the Earth will observe
changes in the ionosphere as the Earth rotates and different parts of the ionosphere
are observed.

After 20" UT the source 2230+114 was observed at decreasing elevation angles
and towards the west (see Figure 2-9). This results in the source being viewed
through parts of the ionosphere with local times less than the local time at the
VLA. The observed TEC values at Boulder (almost due North of the VLA) were
for local times near to sunset during this period. However, the source was observed
through parts of the ionosphere whose electron densities had not started dropping
(i.e. through parts of the ionosphere whose local times are nearer to noon). Since
the AIPS model uses only local values of ionospheric quantities, such as the TEC
and foF2 measurements, and makes no attempt to interpolate these quantities to
changing longitudes along the line of sight, it will not predict the correct ionospheric
rotation measure values near sunset for sources observed in the west (like 2230+114).
The end result is that the AIPS model predicts that the ionospheric rotation measure
decreases by a large amount near sunset for sources such as 22304114, whereas in
reality the ionospheric rotation measure values should decrease only slightly since
the source is observed through parts of the ionosphere whose local times are not yet
near sunset. The improved ionospheric Faraday rotation model avoids this problem
because the model allows for the variation of the ionospheric quantities with the
longitude as the model integrates along the line of sight. The improved ionospheric
Faraday rotation model uses the local ionospheric quantities as a reference point for
determining the ionospheric quantities along the line of sight through interpolation.

Based on this analysis of the ionospheric rotation measure as a function of time

for the ATPS model and the improved ionospheric Faraday rotation models, we
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would expect that the improved ionospheric Faraday rotation model would produce
a better calibration of the ionospheric Faraday rotation and thus less scatter in
the polarization position angles of 2230+114 versus time. If the true polarization
position angles of 22304114 are x, at all v before entering the ionosphere then at

the ground the observed polarization position angles are
X =Xo*+ )\2RMi

where RM,; is the ionospheric rotation measure. We would thus expect the polariza-
tion position angles of 2230+114 to decrease after ~ 20" UT when the ionospheric
Faraday rotation is calibrated using the AIPS model since we predict that the AIPS
model rotation measures are too small during this period. The polarization position
angles obtained from a calibration employing the improved ionospheric Faraday ro-
tation model should remain constant within the scatter of the data if the above
remarks are correct.

The resulting calibrated polarization position angles for the source 2230+114
are plotted in Figures 2-11 and 2-12 using three different models of ionospheric
Faraday rotation calibration. The first model is the improved ionospheric Faraday
rotation model with the only input being the sunspot number. We also plot the
ITFRM with the measured foF2 and hmF2 provided to the model and the AIPS
model using the TEC values as input which is the recommended procedure for the
calibration of VLA data. Errors on position angles were scaled from the plotted
error bar symbols of Figure 4 of Sakurai and Spangler (1994) and are roughly 0.2°
at both frequencies. In Figure 2-11 we have plotted the polarization position angles
versus time for the 20 cm data while the 18 cm data appears in Figure 2-12. In
both figures the solid line represents the calibration using the improved ionospheric

Faraday rotation model with only the sunspot number as an input, the dashed line
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represents the calibration using the improved ionospheric Faraday rotation model
with the measured values of foF2 and hmF2 being used as inputs and the dash-dot
line is the calibration using the AIPS model where the TEC values have been used
as inputs.

It is clear that using the improved ionospheric Faraday rotation model for the
ionospheric Faraday rotation calibrations leads to about a factor of two decrease in
the RMS about the mean of the polarization position angles of 22304114 at both
18 ¢cm and 20 cm. From Figures 2-11 and 2-12 it is easily seen that the polar-
ization position angles as calibrated using AIPS make a dramatic plunge towards
more negative values for 22" to 23" UT. This is consistent with the behavior dis-
cussed above for the AIPS model in the late afternoon. The rise in the polarization
position angles towards more positive values during the period 17® to 21® UT at
both wavelengths is most likely due to the ionospheric Faraday rotation being over
estimated by the all the models during this period or due to the underestimation
of the ionospheric Faraday rotation outside of this time range. Our conclusion of
an ionospheric Faraday rotation miscalibration is supported by a systematic time
dependence at both frequencies rather than a scattering of the data about the mean.
These systematic variations may be removed by a second order calibration scheme

as discussed by Sakurai and Spangler (1994).

2.7 Conclusion

The RMS scatter in the polarization position angles about the mean of 5° — 7°
encountered when the AIPS model is used in ionospheric Faraday rotation cali-
bration has generally been treated as marginally acceptable values during periods
of high solar activity. However, using the improved ionospheric Faraday rotation

model of ionospheric Faraday rotation calibration we have shown that the RMS
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scatter in polarization position angle can be reduced by better than a factor of two.
The signal to noise and the dynamic range of the polarization observations will also
be improved when the improved ionospheric Faraday rotation model is used, as is
seen for the observation presented in Chapter 3. This is achieved because the im-
proved ionospheric Faraday rotation model provides a more realistic and up to date
model of the ionosphere than does the AIPS model. It was found that the AIPS
model uses an out of date model for the geomagnetic field and that the slab model
of the ionosphere can create problems for sources near the horizon, especially near
sunset or sunrise and when the geomagnetic field undergoes large changes along the

line of sight.
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Table 2-1. The Gaussian coefficients used for the geomagnetic field in AIPS.

Coefficient (Gauss)
g —0.3095
gl —0.0226
g9 —0.0067
g5 0.0292
g3 0.0143
hi 0.0592
h} —0.0122
h2 0.0133

Source:

FARAD FORTRAN code.
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Table 2-2. Comparison of predicted TEC from ionospheric models with measured
TEC values for March 1990.

Model a(103cm™2) o(1013c¢m™2) €50 €75 €90 K-S v
AIPS 1.15 1.40 0.37 0.69 0.97 0.316 0.914
IRI 0.35 1.06 0.19 0.32 0.45 0.254 0.935
IRI! 0.28 0.85 0.12 0.22 0.39 0.098 0.952

! The IRI model ionosphere with measured foF2 input into the model.



Table 2-3. Comparison of predicted TEC from the IRI ionospheric model with the

measured TEC values at Boulder, Co.

a o
Year  (10%3cm™2) (10%3cm~2) €50 €75 €90 K-S ol r

1980 0.10 0.80 0.18 0.32 047 0.07 0.90 0.93
1981 0.10 0.88 0.24 0.42 0.60 0.13 0.90 0.92
1982 0.17 0.72 0.22 0.40 0.58 0.07 0.91 0.91
1983 0.17 0.49 0.30 0.51 0.75 0.13 0.85 0.86
1984 —0.01 0.41 0.27 0.44 0.65 0.08 0.85 0.86
1985 0.10 0.26 0.31 0.58 1.13 0.20 0.78 0.78
1986 0.19 0.25 0.39 0.77 1.25 0.26 0.83 0.83
1987 —0.03 0.23 0.23 0.43 0.62 0.09 0.85 0.85
1988 —0.20 0.59 0.27 0.44 0.61 0.18 0.89 0.89
1989 —0.03 0.85 0.24 0.42 0.60 0.18 0.91 0.91
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Table 2-4. Comparison of predicted TEC from the AIPS ionospheric model with
the measured TEC values at Boulder, Co.

a o
Year  (10%3cm™2) (10%3cm~2) €50 €75 €90 K-S ol r

1980 0.36 1.03 0.31 0.54 0.84 0.11 0.82 0.84
1981 0.52 1.08 0.34 0.58 0.91 0.14 0.86 0.88
1982 0.48 0.91 0.32 0.58 0.93 0.12 0.87 0.88
1983 0.17 0.57 0.36 0.59 0.87 0.12 0.77 0.79
1984 —0.01 0.41 0.29 0.48 0.73 0.13 0.85 0.83
1985 0.06 0.30 0.36 0.64 1.04 0.11 0.71 0.72
1986 0.14 0.28 0.38 0.69 1.10 0.22 0.74 0.74
1987 —0.04 0.25 0.28 0.51 0.72 0.14 0.83 0.81
1988 —0.05 0.68 0.28 0.47 0.65 0.17 0.84 0.88
1989 0.22 1.15 0.36 0.62 0.89 0.14 0.81 0.81
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Table 2-5. Monthly mean sunspot number for the period 1980 through 1989.

Year Jan Feb Mar Apr May Jun
1989 161.3 165.1 131.4 130.6 138.5 196.2
1988 59.0 40.0 76.2 88.0 60.1 101.8
1987 10.4 2.4 14.7 39.6 33.0 17.4
1986 2.5 23.2 15.1 18.5 13.7 1.1
1985 16.5 15.9 17.2 16.2 27.5 24.2
1984 57.0 85.4 83.5 69.7 76.4 46.1
1983 84.3 51.0 66.5 80.7 99.2 91.1
1982 111.2 163.6 153.8 122.0 82.2 1104
1981 114.0 141.3 135.5 156.4 127.5 90.9
1980 159.6 155.0 126.2 164.1 179.9 157.3
Year Jul Aug Sep Oct Nov Dec
1989 126.9 168.9 176.7 159.4 173.0 165.5
1988 113.8 111.6 120.1 125.1 125.1 179.2
1987 33.0 38.7 33.9 60.6 39.9 27.1
1986 18.1 7.4 3.8 35.4 15.2 6.8
1985 30.7 11.1 3.9 18.6 16.2 17.3
1984 374 25.5 15.7 12.0 22.8 18.7
1983 82.2 71.8 50.3 55.8 33.3 33.4
1982 106.1 107.6 118.8 94.7 98.1 127.0
1981 143.8 158.7 167.3 162.4 137.5 150.1
1980 136.3 135.4 155.0 164.7 147.9 174.4

Source: Solar Geophysical Data
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Table 2-6. Results of a simulation of ionospheric Faraday rotation using the im-

proved ionospheric Faraday rotation model.

Time A, Z RM Ax RM(x) TEC
hr. deg deg rad m—2 deg rad m—2 1013 cm—2
0 2.2 54.0 0.527 2.77 0.527 8.39
1 393.6 53.6 0.536 2.82 0.536 8.32
2 346.0 51.3 0.540 2.84 0.540 8.52
3 340.4 47.7 0.503 2.64 0.503 8.34
4 337.0 43.1 0.431 2.26 0.431 7.45
) 335.7 38.1 0.415 2.18 0.415 7.16
6 336.0 33.0 0.539 2.83 0.539 9.64
7 337.7 28.0 0.729 3.83 0.729 15.67
8 340.5 23.6 0.800 4.20 0.800 22.88
9 344.2 19.8 0.706 3.71 0.706 27.77
10 348.7 16.9 0.589 3.10 0.589 30.01
11 353.6 14.9 0.522 2.74 0.522 31.97
12 358.8 14.1 0.485 2.55 0.485 34.24
13 4.1 14.4 0.467 2.46 0.467 35.45
14 9.2 15.9 0.493 2.59 0.493 34.96
15 13.9 18.4 0.587 3.08 0.587 33.65
16 18.0 21.8 0.741 3.89 0.741 31.98
17 21.2 26.0 0.896 4.71 0.896 28.71
18 23.3 30.4 0.935 4.91 0.935 24.25
19 24.4 35.5 0.856 4.50 0.857 19.04
20 23.9 40.6 0.712 3.74 0.712 14.21
21 21.6 45.4 0.596 3.13 0.596 10.89
22 17.1 49.6 0.542 2.85 0.542 9.31
23 10.5 52.6 0.531 2.79 0.531 8.72
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Table 2-7. Results of a simulation of ionospheric Faraday rotation using the AIPS
model ionosphere.

Time TEC RM
hr. 1013 cm—2 rad m—2
0 9.10 0.3055
1 8.12 0.2707
2 7.45 0.2406
3 7.13 0.2172
4 7.18 0.1997
5 7.68 0.1865
6 8.77 0.1738
7 10.65 0.1544
8 13.57 0.1173
9 17.73 0.0508
10 22.98 —0.0457
11 28.53 —0.1482
12 32.85 —0.2095
13 34.61 —0.2024
14 33.66 —0.1125
15 30.84 0.0301
16 27.20 0.1764
17 23.47 0.2900
18 20.01 0.3512
19 17.08 0.3824
20 14.66 0.3860
21 12.72 0.3734
22 11.18 0.3524
23 9.97 0.3282




Table 2-8. Comparison of predicted TEC values with measured values on March
21, 1990 during observations of 2230+4-114. Various inputs into the
improved ionospheric Faraday rotation model (IIFRM) and the AIPS
model have been used.

TEC (103 ¢cm™2)

UT Observed IIFRM I[IFRM? AIPS AIPS?
0.0 49.5 51.9 31.7 34.8 31.2
12.0 7.9 12.9 12.8 12.5 11.2
13.0 8.5 17.0 12.1 11.6 10.4
14.0 21.3 27.1 19.8 19.8 17.7
15.0 32.0 39.9 25.0 25.5 22.8
16.0 37.0 49.7 25.3 26.1 23.4
17.0 48.5 04.4 28.7 30.3 27.2
18.0 96.7 97.2 32.7 34.8 32.7
19.0 o7.1 99.6 34.2 37.1 33.3
20.0 98.1 60.9 32.9 39.5 31.5
21.0 58.0 60.8 36.8 40.4 35.8
22.0 49.0 99.7 34.1 37.1 32.7
23.0 41.9 97.3 32.9 34.8 324
24.0 37.9 51.9 32.9 36.3 32.6

L IIFRM model with foF2 input.

2 ATPS model with foF2 input.



Table 2-9. Comparison of predicted ionospheric rotation measures towards the
source 22304114 on March 21, 1990. Various inputs into the improved
ionospheric Faraday rotation model (IIFRM) and the AIPS model have

been used.
Rotation Measure (rad m~2)

uT IIFRM IIFRM! AIPS? AIPS3 AIPS* AIPS®

0.000 6.39 3.96 0.99 0.86 0.60 0.85
12.000 1.19 1.24 0.50 0.89 0.75 0.45
13.000 1.58 1.16 0.56 1.01 0.91 0.51
14.000 2.67 2.00 1.06 1.97 1.81 0.97
15.000 4.23 2.65 1.42 2.72 2.51 1.31
16.000 5.99 2.76 1.51 2.93 2.71 1.38
17.000 6.28 3.21 1.78 3.50 3.24 1.63
18.000 6.67 3.68 2.05 4.07 3.90 1.96
19.000 7.02 3.95 2.16 4.21 3.89 1.99
20.000 7.30 3.8 2.02 3.84 3.52 1.84
21.000 7.42 4.35 2.20 4.03 3.70 2.01
22.000 7.39 4.09 1.86 3.19 2.91 1.68
23.000 7.19 3.97 1.44 2.12 1.99 1.36
24.000 6.38 4.12 1.00 0.82 0.54 0.85

! IIFRM model with foF2 input.

2 ATPS model without TEC or foF2 input.

3 AIPS model without TEC of foF2 input and using IGRF.

4 AIPS model without TEC input but with foF2 input and using IGRF.

5 AIPS model without TEC input but with foF2 input.



Table 2-10. Ionospheric rotation measure values towards the source 22304114 on
March 21, 1990 used by Sakurai (1994).

uT ITFRM AIPS
rad m~2 rad m™—2

13.994 3.17 3.08
14.078 3.28 3.19
15.266 4.89 4.46
15.340 4.99 4.51
16.346 5.94 5.67
16.423 5.98 5.78
17.438 6.50 7.07
17.518 6.53 7.15
18.646 6.92 7.58
18.713 6.94 7.58
19.733 7.22 7.57
19.812 7.24 7.56
20.827 7.37 7.34
20.909 7.37 7.31
22.042 7.25 5.91
22.126 7.22 5.78
23.122 6.65 4.31
23.206 6.56 4.18

Source: Sakurai, T. private communication.



Figure 2-1. A typical daytime and nighttime profile of the electron density in the
Earth’s ionosphere as determined using the International Reference
Ionosphere model. The four main region of the ionosphere, the D,
E, and F regions are identified.
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Figure 2-2. The secular change in the geomagnetic field at the VLA from 1940
through 1995 with predictions continuing through the year 2000. The
solid line represents the total strength of the geomagnetic field at the
VLA while the dashed line represents the strength of the dipole moment
term of the geomagnetic field at the VLA. These data were obtained
from the the World Data Center and show that the geomagnetic field
changes by ~ 8% per century.
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Figure 2-3. Predicted TEC versus the measured TEC at Boulder, Co. during
March 1990 for: (a) the IRI model, (b) the AIPS model, (c¢) the
IRI model with foF2 values measured at Boulder, Co. input into the
model.
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Figure 2-4. Fractional error between the predicted TEC and the measured TEC at
Boulder, Co. during March 1990 for: (a) the IRI model, (b) the AIPS
model, (c) the IRI model with foF2 values measured at Boulder, Co.
input into the model.
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Figure 2-5. Sample output from the improved ionospheric Faraday rotation model.
The simulation is for observations from the VLA on March 21, 1993 of
the source 1200+700 at 1.4 GHz with a sunspot number of 89. Shown
are: (a) the phase difference between the right and left circularly po-
larized waves due to their propagating through the ionosphere versus
time, (b) the left circularly polarized phase versus time, (c) the right
circularly polarized phase versus time and (d) the Azimuth (diamonds)
and Altitude (circles) of 12004700 versus time.
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Figure 2-6. Sample output from the improved ionospheric Faraday rotation model.
The simulation is for observations from the VLA on March 21, 1993
of the source 12004700 at 1.4 GHz with a sunspot number of 89. The
ionospheric rotation measure as predicted by the improved ionospheric
Faraday rotation model versus time is shown as circles. The predicted
ionospheric rotation measure values of the AIPS model for the same
simulation are also shown as diamonds.
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Figure 2-7. Illustration of how the AIPS model for ionospheric Faraday rotation
can predict the wrong sign for the ionospheric rotation measure. The
line of sight is passing over a magnetic pole and the AIPS model only
evaluates the geomagnetic field at a height h. As can be seen the AIPS
model uses a geomagnetic field which is pointed towards the observer
in this illustration while the line of sight averaged geomagnetic field is
pointed away from the observer.

67



AN




Figure 2-8. Sample output from the improved ionospheric Faraday rotation model.
The simulation is for observations from the VLA on March 21, 1993
of the source 12004700 at 1.4 GHz with a sunspot number of 89. The
ionospheric rotation measure as predicted by the improved ionospheric
Faraday rotation model versus time is shown as circles. The predicted
ionospheric rotation measure values of the AIPS model using the IGRF
geomagnetic field model for the same simulation are also shown as
diamonds.
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Figure 2-9. The azimuth (diamonds) and altitude (circles) angles for the source
2230+114 versus time on March 21, 1990.
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Figure 2-10. The ionospheric rotation measure predictions of the improved iono-
spheric Faraday rotation model (IIFRM) and the ATPS model for the
source 22304117 on March 21, 1990. The solid line is the prediction of
the MS model. The dot-dash line is the prediction of the IIFRM with
foF2 values being input into the model. The dotted line is the AIPS
model without any inputs and the dashed line is the AIPS model with
TEC values being input into the model.
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Figure 2-11. The polarization position angles of the source 2230+114 on March
21, 1990 at 20 cm. Several ionospheric Faraday rotation calibration
schemes have been implemented. The solid and dashed lines show the
results when the improved ionospheric Faraday rotation model is used
while the dot-dash line shows the results of the AIPS model.
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Figure 2-12. The polarization position angles of the source 2230+114 on March
21, 1990 at 18 cm. Several ionospheric Faraday rotation calibration
schemes have been implemented. The solid and dashed lines show the
results when the improved ionospheric Faraday rotation model is used
while the dot-dash line shows the results of the AIPS model.
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CHAPTER 3
OBSERVATIONS AND DATA REDUCTION

3.1 Introduction

A preliminary list of radio sources (the majority presumably being extra-
galactic) in the area covered by Reynolds’s H, measurements was obtained from the
Green Bank All Sky Survey (Condon and Broderick 1986). The literature was then
searched for existing polarization data on these sources. Sources which were found to
be unsuitable for rotation measure measurements as determined by polarization data
from the literature search were rejected from the preliminary list of sources. An initial
survey of the ~ 80 preliminary sources was carried out during an eight hour observ-
ing session on March 13, 1993 using the VLA in the B configuration. A “snapshot”
(< 5 minute integration time) of each source was obtained at 1427.5 MHz and 1507.5
MHz to determine both the total and polarized intensities along with source struc-
ture. A total of 38 sources were found to be suitable for further observations. The
elected sources were reobserved with the VLA in a hybrid C-B configuration during
three eight hour observing sessions on June 1,5 and 6, 1993. Each source was observed
with a longer total integration time (typically 10 to 25 minutes), determined so that
orum < 3 rad m~2 for the major polarized components of each source at each of the two
frequencies 1360.0 MHz and 1638.0 MHz.

For both the initial finding survey as well as the subsequent observations to
precisely measure the rotation measures, a continuum bandwidth of 25 MHz was chosen

to avoid serious problems with L band interference. The frequencies of the observations
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were chosen to avoid known interference problems, while giving as large a range of A2 in
the polarization measurements so as to maximize the precision of the rotation measure
measurement. The sources 0316+413 (3C 84), 02484430 and 05184165 (3C 138) were
observed every half hour as amplitude, phase and polarization calibrators. The source
3C 286 was observed once as an absolute amplitude and polarization position angle

calibrator.

3.2 Calibration and Mapping

Standard calibration techniques were followed except that particular care
was taken when estimating and removing the ionospheric Faraday rotation. A compari-
son of the AIPS model and the improved ionospheric Faraday rotation model, described
in Chapter 2, for the source 02484430 on June 1, 1993 is shown in Figures 3-1 and
3-2. In Figure 3-1 we plot the polarization position angle of 02484430 versus time at
1360 MHz on June 1, 1993. The solid line and circles give the polarization position
angles for 02484430 when the improved ionospheric Faraday rotation model is used for
the ionospheric Faraday rotation calibrations. The dashed line and triangles gives the
polarization position angles of 02484430 when the ATPS model is used for ionospheric
Faraday rotation calibration. Figure 3-2 is the same as Figure 3-1 except that it is for
the polarization position angles of 0248+430 at 1638 MHz. A factor of two reduction in
the RMS of the residual polarization position angles about the mean is obtained when
the improved ionospheric Faraday rotation model (ITFRM) is applied to the calibration,
compared to when the AIPS model is used in the calibration. The RMS noise in Q
and U are also found to be reduced by a factor of two when the IIFRM is used in the
calibration of the data. The dynamic range of the polarization intensity was found to

increase by a factor of 1.5 when the IIFRM model was used.
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Subsequent to correction of the data for ionospheric Faraday rotation, we
solved and corrected for the instrumental polarization of the VLA antennas, using ob-
servations of our calibrator sources, 3C 84 and 0248+430. This was carried out using
the AIPS task POLCAL. Finally, the absolute values of all measured polarization po-
sition angles were established from observations of the sources 3C 286 and 3C 138.
Description of these calibration procedures are given in Bignell (1982) or Sakurai and
Spangler (1994). No attempt was made to correct for time variability of the instrumen-
tal polarization, as described in Sakurai and Spangler (1994). Such variations should
be a small effect relative to the quantities we are measuring.

Once calibrated, the data were processed into Stokes I, Q and U images
using AIPS. Again we had to be careful in the processing of the data since the two
experiments were performed with the VLA in different configurations and thus with
different beams and array responses to the source structure and polarization. Uniform
weighting of the (u,v) data was used along with a two dimensional Gaussian taper with
the e~ ! level at 20 kX in u and 30 kX in v. This had the effect of making the effec-
tive beam nearly identical for all four frequencies and thus making the beam responses
nearly identical at all four frequencies. The data were then Fourier transformed and
CLEANED (Clark 1980) to deconvolve the beam response from the image. The images
at all four frequencies were then convolved with the largest of the four beams, typically
11” by 6”, to provide the same resolution at all four frequencies. Using a beam of
this size has distinct advantages for our RM survey. It is small enough to separately
resolve the core, jets and lobes of extragalactic radio sources without giving more than
a few resolution elements in most of the radio lobes thus maximizing our sensitivity to
weak, polarized features. It should be noted that the (u,v) plane coverage for the two
frequencies in the “precision” experiment were nearly identical so that the above pro-

cedures were performed as a form of fine-tuning of the data. However, for comparing
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the “finder survey” with the precision measurements, the (u,v) plane coverage is dras-
tically different, so that the steps employed here are absolutely crucial to first order.
It should also be emphasized that the second experiment, with more data and better
(u,v) plane coverage, was used for precision measurement of rotation measures. Data
from the initial survey was processed in the manner described above and compared
with the second experiment to insure that derived rotation measures were not affected
by nm position angle ambiguities.

From the Stokes I, Q and U maps, maps of the polarized flux density
P=+yQ2%+ U2

and polarization position angle

—larctan H
X = 2 Q

were produced. The maps for P and y were then clipped for P < 50p where

\/Q2aa + U203,
op =

4P?

and
op

x= 3P

to insure that only data with a high signal to noise ratio were used in our analysis. The
values of oq and oy were measured in off-source portions of the Q and U maps and were

typically of the order of 0.05 — 0.10 mJy/beam in maps from the second experiment.

3.3  Determination of the Rotation Measures

For each source, the data from the four frequencies of observation were

processed as follows. We were fortunate in that for most of the sources there was more
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than one significantly polarized component, or the polarized emission was resolved. The
rotation measure and its error was determined for each pixel that had valid position
angles at all four frequencies using a linear least squares fit to x(A\?). We checked each
source for the possibility that multiple wraps of the polarization position angles (i.e.
nm ambiguities in determining the rotation measure) had occurred between adjacent
frequencies. Such a wrapping would require RM > 700 rad m~2 and was not found for
any of our sources. The rotation measure was then determined for each component of
each source by using a weighted average

ZE:O RMk/Ulz
ZE:O 1/01%

<RM >=

2oL 1
TN ey

where N is the number of pixels in a beam, n is the number of pixels in a given
source component and oy is the weight assigned to each pixel. The reason for the /x
term is the fact that the N pixels in the beam are correlated, thus giving only "/n
independent measurements in each component. As noted above, the amount of data
from the second experiment greatly exceeded that from the finder survey. This fact was
reflected in the weights assigned to the data in the fitting procedure described above. In
addition, rotation measure values were obtained utilizing only data from the precision
experiment. The rotation measures obtained were in all cases equivalent within the
errors to the values obtained as described above. The choice as to the number of
components and location of the component pixels was made for each component on the
basis of inspection of maps of I, P, and Ay = x(1638) — x(1360). The criteria used in
defining a component were a region of high signal to noise ratio and homogeneity in I,

P, and Ayx. The rotation measures determined in this manner were found to agree with
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the rotation measures found at the peak polarization intensity for several randomly
selected sources.

Figure 3-3 illustrates the type of data we worked with to extract the ro-
tation measure data. Figure 3-3 shows the polarization position angles at all four
frequencies measured at the location of peak polarized intensity in the two lobes of
02174417. The position angles are plotted versus the square of the observing wave-
length, so Faraday rotation will produce a linear relationship in such a plot. The top
panel (component A) corresponds to the south-preceding component and the bottom
panel represents the north-following component. The main points of Figure 3-3 are (a)
the good adherence of the data to the A\? dependence of Faraday rotation, and (b) the
similarity of the rotation measures of these two components, —81.7 £ 0.6 rad m~2 for
A, and —86.1 + 1.2 rad m~2 for D.

The rotation measure of each component was determined using equations
(3-5) and (3-6) since gradients in the polarization position angle across a component
were observed for many sources. However, in these cases the rotation measure either
showed much smaller variations, or frequently no significant variations at all. The
fact that intrasource variations in the rotation measure are in all cases very small is
a strong argument that the rotation measures observed here are dominated by, if not
solely comprised of Faraday rotation in our galaxy. As a further check for internal

Faraday rotation, the depolarization

D— Mi638 MHz

Mi360 MHz

was calculated for every component where M = P/I is the percent polarization. Cioffi
and Jones (1980) have shown that internal Faraday rotation in a synchrotron-emitting
source produces a correlated depolarization and position angle variation, in which the

magnitude of the depolarization and the position angle changes are dependent on the
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rotation measure within the source. A value of D significantly in excess of unity is thus
an indicator of internal Faraday rotation, although a fine grained, Faraday rotating
screen outside the synchrotron-emitting region is also a possibility. In either case it
is an undesirable indicator demonstrating the importance of Faraday rotation at the
source rather than in our galaxy. Components that showed significant depolarization
effects, D > 1, were then removed from further analysis. Depolarization effects were
also looked for by comparing the change in rotation measure and the change in D be-
tween components in a source. This allowed for the further detection of components
that might be subject to internal Faraday rotation effects. The basic conclusion drawn
from such analyses for the entire sample of sources is that the Faraday rotation we
observe for these sources is dominated by magnetized plasma in our galaxy, with very
few persuasive cases of Faraday rotation in the radio source or its host galaxy. We
reach this conclusion, cognizant of the well known observations of patches of extremely
high rotation measure observed for some extragalactic radio sources (e.g. Ge and Owen
1993). It appears to be the case that in all such observations the angular resolution was
higher than in our observations, the observing frequency higher or the IF bandwidth
narrower. Such equipment configurations are necessary in the observations of Ge and
Owen (1993) to prevent depolarization by instrumental factors. Given our instrumen-
tal parameters, regions such as those discussed by Ge and Owen (1993) would have
appeared unpolarized and would not have entered into our analysis.

Finally, perhaps the best argument that galactic Faraday rotation domi-
nates our observations is that offered in previous discussions of this matter by Lazio
et al. (1990); the rotation measure structure function, or mean square difference be-
tween rotation measures, is found to depend on the angular separation §6 between the

components, and extrapolates to very small values for 66 — 0. This would not be the
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case if source-related plasma were dominating or making a major contribution to our
measurements.

This argument serves to indicate that most of the rotation measure we
observe arises in the interstellar medium of our galaxy, but is least adequate for the
relatively small, intrasource variations which will be of considerable interest to us in
Chapter 6. In fact, Laing and Garrington (Garrington et al. 1988, Laing 1988) dis-
covered Faraday rotation differences between components of radio sources which are
interpreted as, and must be, intrinsic. We now briefly consider whether the Laing-
Garrington effect might be important in our observations.

We have searched for the Laing-Garrington effect in our data and have
found no evidence for its presence. Laing and Garrington found that for high-
luminosity, compact (< 30" separation) FR II sources the lobe on the jet side has little
depolarization (D ~ 1.2) while the lobe on the counter-jet side has a large depolariza-
tion (D ~ 5) (Garrington et al. 1988). The likely source of the depolarization of the
counter-jet side lobe is a Faraday rotating screen outside of the emitting region (Laing
1988). This then is capable of producing extremely large rotation measure variations
for the counter-jet side lobe. In our data sample we have eliminated all lobes with large
depolarizations (D > 1.5) and our smallest angular separation for two lobes is ~ 70".
Thus effects of the sort discussed by Laing and Garrington have been eliminated from

our sample.
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Figure 3-1.

The polarization position angles of the source 02484430 on June 1, 1993 at
1360 MHz. The solid line shows the results when the improved ionospheric
Faraday rotation model is used while the dashed line shows the results of

the AIPS model.
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Figure 3-2.

The polarization position angles of the source 02484430 on June 1, 1993 at
1638 MHz. The solid line shows the results when the improved ionospheric
Faraday rotation model is used while the dashed line shows the results of

the AIPS model.
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Figure 3-3. Fit of the rotation measure to the polarization position angles at the posi-
tion of peak polarization intensity of the two lobes in 02174+417. Show are
the least square fit of the rotation measure for: (a) component A; (b) com-
ponent D. The values of the least square fit rotation measure are —81.7+0.6
rad m~2 for component A, and —86.1 + 1.2 rad m~?2 for component D.
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CHAPTER 4
OBSERVATIONAL RESULTS AND SOURCE PROPERTIES

4.1 The Observed Rotation Measures

As a result of the data fitting and component selection described in Chap-
ter 3, we finished with a sample of 69 components possessing high quality rotation
measure values which could be used in our structure function analysis. A total of 29
components of the initial 98 sampled were discarded because they showed evidence of
internal Faraday rotation. Components were discarded if they had a depolarization
D> 1.50r D < 0.7 (11 components). All 17 components of 02064355 were discarded
since it is a heavily resolved galactic disk. The source 0248+430 was also removed
since it is observed through a cluster of galaxies which could introduce a non-galactic
contribution to its observed rotation measure. Some sources contributed more than
one component to our sample, while others possessed only a single component with a
good measurement.

In Table 4-1 we present the rotation measures for all sources components.
The first column gives the component name. A letter in the name indicates that there
were two or more usable components in a single source. The second and third columns
give the Right Ascension and Declination of each component in B1950 coordinates.
The fourth column is the measured rotation measure and the fifth column is its er-
ror. The depolarization is listed in the sixth column. All components with a listed
value for the depolarization are > 50 detections while components with no value for

the depolarization listed are between 30 and 50 detections. It should be noted that
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0206+355 is a heavily resolved, single component source having a large radio bridge of
relatively constant intensity. The rotation measure “components” for this source arise
from measuring the rotation measure across this resolved source at intervals separated
approximately by a beam width.

A plot of all the observed rotation measures and the H, measurements is
shown in Figure 4-1. The field is centered near 1 = 144°, b = —21°. The H, intensity
(I,) has been converted into emission measure assuming an effective temperature of

8000 K for the electrons (Reynolds 1991).
EM = 2.75 T$? I, cm™° pc
where Ty is the electron temperature in units of 10* K and I, is in Rayleighs
1 R = 10%/4x photons cm™2 s™* sr™ 1,

Reynolds et al. (1995) found that errors introduced by interstellar extinction are small.
The emission measure is shown in grayscale while the positive rotation measures are
shown as diamonds and the negative rotation measures are shown as circles. The sizes
of the diamonds and circles are proportional to the magnitude of the rotation measure
with a scale being shown on the left hand side of Figure 4-1. One source with a rotation
measure of only —2.6 rad m~2 is also pointed out so that it is not missed by the reader.
In the case of sources with two or more components, each component is represented
with its own plotted symbol. The emission measure map originally had a resolution of
0.8° with a 1.0° separation between the center of pixels. The emission measure map
has been convolved with a /5° beam in order to produce an image without sharp edges
in Figure 4-1. To the extent that a comparison can be made, our rotation measures are
in agreement with the previous observations of Simard-Normandin et al. (1981) and

Broten et al. (1988).
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It should be noted that there are only a few sources that have components
with large differences in rotation measure. These sources appear as annuli in Figure 4-1.
This observation, of itself, is an indicator that most of the observed rotation measures
are due to the interstellar medium of our galaxy. For each occurrence of an annulus, it
was found that one component was heavily depolarized. In Figure 4-2 we plot the 69
“good” rotation measure components that are used in further analysis.

The rotation measures are predominantly negative and vary smoothly
in this region. This region is on the edge of Simard-Normandin and Kron-
berg’s (1980) Region A (b ~ +10° to — 40° and 60° <1< 140°). Region A is char-
acterized by predominantly negative rotation measures that can be as large as
—200 rad m~2 and approximately coincides with radio Loop II, whose edge lies near
2h 50™ RA through this region. Radio Loop II has its center near 1 = 100°,b = —32.5°
(23h 23™ RA, +26° 15™ DEC) and has a radius of ~ 45°. The region of our observa-
tions contains only one O star (HD 14633, 08.5 V, 2P21™.5 +41.4°, d ~ 2 Kpc) that
has no cataloged H II region associated with it. It has been suggested that the bright
emission feature near the eastern edge of this region is associated with an extended H II
region surrounding the 07 star £ Per (Reynolds 1988). It is not known if this feature
has any association with Loop II. Comparing Figure 14 of Wilkinson and Smith (1974)
with Reynolds’ (1980) H, map, it can be seen that the bright H, emission on the
eastern edge of Reynolds map does coincide with a feature in the galactic continuum
synchrotron emission which shows very little depolarization. We will hereafter assume
that this H, feature is part of the H II region of £ Per and is not related to Loop II. &
Per (B1950 3" 58™ 35.6° RA, +35° 46™ 30° DEC) lies at a distance of ~ 400 pc so the
emission measure feature is ~ 90 pc distance from & Per. Reynolds (1988) has shown
that the H, emission from this region is consistent with its origin being the outer edge

of a Stromgren sphere about £ Per with a radius of ~ 90 pc and a RMS electron density
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of 0.5 cm™3. The rest of the emission measure portrayed in Figure 4-1 is assumed to
originate from the diffuse galactic electron density distribution (the so-called Reynolds
layer). The Reynolds’ layer is characterized by clumps of density ~ 0.08 cm™3, a filling
factor of f ~ 0.25, an average galactic mid-plane density of 0.025 4 0.005 cm—2 and an
exponential scale height of 1 Kpc for the diffuse emission within 1 ~ 2 Kpc of the sun
(Reynolds 1991).

In Table 4-2 we present the peak intensities of the total intensity (I) and
the linear polarization intensity (P) for each major source component. In the first
column we identify the component. A letter in the name indicates that there were
two or more components in a single source. The second column gives the peak total
intensity and the third column gives the peak linear polarization intensity for each
component at 1360 MHz. The fourth column gives the peak total intensity and the
sixth column gives the peak linear polarization intensity at 1638 MHz. The fits to the
source components were made using the AIPS program JMFIT which attempts to fit a
two dimensional Gaussian to each source component. Source components which were
highly extended and had no sharp peak in their intensity are thus not modeled well by

JMFIT. These components have been omitted from Table 4-2.

4.2 The Observed Sources

In this section we briefly discuss the structure of each source. The NED?!
database was used for optical identifications, magnitudes and redshifts.
In Figures 4-3 through 4-43 we present plots of all 38 sources observed in

the high precision survey. These plots show the polarization position angles at 1360

1 The NASA/IPAC extragalactic database (NED) is operated by the Jet Propulsion Labo-
ratory, California Institute of Technology, under contract with the National Aeronautics and Space

Administration.



MHz and 1638 MHz plotted over contours of the total intensity in panels (a) and (b) of
each plot. For each of the panels (a) and (b) the direction of the vectors is proportional
to the polarization position angle while the length of the vectors is proportional to the
linear polarization intensity. In panel (c) we plot Xx1360 — X1638 (which is proportional
to the rotation measure) over contours of the total intensity of the source. Finally in
panel (d) we plot the linear polarization intensity in grayscale on contours of the total

intensity.

4.2.1 Source Descriptions

0157+333 is also known as 4C+33.04 and has been optically identified as
a 19th magnitude quasar. This source is just resolved as a double lobed radio source
and is shown in Figure 4-2.

02014414 is a point source with no known optical counterpart and is shown
in Figure 4-3.

02064355 is also known as 4C+35.03 and is identified optically as a 14.3
magnitude galaxy at a redshift of z = 0.03737 & 0.00021. The galaxy (UGC 01651) is
cataloged as being a questionable elliptical galaxy with the dimensions 2.3’ by 2.0’. Our
observations of 0206+355 are shown in Figure 4-4 with the measured intrinsic magnetic
field for 0206+355 being shown in Figure 4-5. The observed radio emission at the 2
percent of the peak flux contour has dimensions 1.5’ by 0.9’. The intrinsic magnetic
field shown in Figure 4-5 along the major axis of 02064355 is typically perpendicular to
the major axis. The magnetic field appears to form two complete loops, one northwest
of the core of the galaxy and the other southeast of the core, with both loops being
centered roughly on the major axis of the galaxy. To first order the magnetic field of
02064355 appears as if it is a magnetic dipole resulting from a current loop lying in a

plane passing through the major axis of the galaxy.
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0211+326 is an FR II radio source with no known optical counterpart. The
two radio lobes are separated by ~ 7.5’. A grey scale image of the total flux is shown in
Figure 4-6. In Figure 4-7 the North following lobe is shown while the South preceding
lobe is shown in Figure 4-8.

0211+348 is also known as 4C+34.06 and is shown in Figure 4-9. 0211+348
is a slightly resolved double lobed radio source. Each lobe is slightly extended towards
the core of the object which could be interpreted as being emission from jets.

02124344 is a point like radio source which shows hints of structure that
is just starting to be resolved by our beam. 02124344 is shown in Figure 4-10.

0213+432 is also a point like radio source which shows hints of structure
that is just starting to be resolved by our beam. 02134432 is shown in Figure 4-11.

02154356 is a point like radio source with no known optical counterpart
and is shown if Figure 4-12. At higher resolution with the VLA this source is resolved
into several components (Rotterging et al. . 1994)

02154423 is also known as 4C+42.06 and is shown in Figure 4-13.
0215+423 is a double lobed radio source.

0216+335 is shown in Figure 4-14. It has no known optical counterpart
and is seen as a barely resolved double lobed radio source in our observations.

02174417, shown in Figure 4-16, is optically identified as a quasar with
a magnitude of 19.09 and a redshift of z = 1.43. This source is a double lobed radio
source with emission from both jets being present and it is thus likely an FR II radio
source. On the South preceding jet a knot of emission is seen on the south side of the
jet while on the North following jet a know of emission is seen on the North side of the
jet. This is suggestive of the jet encountering material and being partially deflected by

ninety degrees such as occurs in X shaped radio sources.
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0218+396 is also known as 4C+39.06 and NRAO 0100. 02184396 is shown
in Figure 4-16 and is likely an FR I radio source. Two radio lobes are observed with the
jet on the south following lobe being clearly detected while a jet on the north preceding
lobe is marginally detected.

0219-+428 is also known as 3C 66A and is optically identified as a BL: Lac
object with a magnitude of 15.5 and a redshift of z = 0.444. 0219+428 is has also
been observed as an X-ray source. 02194428 is shown in Figure 4-17 and is a core
dominated source with extended emission to the north and south of the core. The
extended emission to the north of the core is brighter than that to the south. Both the
core and the extended emission towards the north how linearly polarized emission.

02204397 is also known as 3C 65 and is a radio galaxy. Optically it has
been identified as a 23rd magnitude galaxy at a redshift of z = 1.176. 0220+397 is
shown in Figure 4-18 and is seen as a double radio source that is partially resolved.

02244393 has been identified with a 19th magnitude optical object, how-
ever the optical object has not been classified as to what type of object it is. 0224+393
is shown in Figure 4-19 and is seen as a point like source.

02274403 has also been identified with an optical object of 17th magnitude
which is yet to be classified. 02274403 is shown in Figure 4-20 and appears as a point
like source with possible extended emission to the east and west of the core.

0228+344 has no known optical counterpart and is shown in Figure 4-21.
It appears as a double lobed radio source. The resolution of our observations is just
sufficient to separate the emission from each lobe into individual components.

02284393 is also known as 4C+39.08 is optically identified as a galaxy
with a redshift of 0.801. 0228+393 is shown in Figure 4-22 and appears as a double

lobed radio source.
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0228+409is shown in Figure 4-23 and has no known optical counterpart.
This source appears to be point like with possible extended emission to the north and
source of the core.

0229+341 is also known as 3C 68.1 and NRAO 0105. It has been optically
identified as a quasar with a magnitude of 19 and a redshift of z = 1.238. There are three
absorption line systems seen against this quasar at redshifts of z = 1.2248 4+ 0.0003,
z = 0.7754 4+ 0.0003 and z = 0.2022. 02294341 is shown in Figure 4-24 and appears as
a double lobed radio source. The north preceding lobe is seen as a point like source
while the south following lobe was barely detected in our observations.

02294352 is also known as 4C+35.05 and is shown in Figure 4-25.
02294352 appears as a slightly resolved double lobed radio source.

0231+385 has no known optical counterparts and is shown in Figure 4-
26. 02314385 has three source components as is dominated by the core. The north
following and south preceding components have no linearly polarized emission while
the core is seen to have linearly polarized emission. This source is similar in structure
to 02194428 (3C 66A) and may possibly be a BL Lac type object.

0232+411 is also known as 4C+41.04 and is identified as a quasar with a
magnitude of 17 and a redshift z = 0.5. 02324411 is shown in Figure 4-27 and appears
as an FR I radio source. The core of 0232+411 is seen to have a jet extending to the
south preceding lobe while no jet is observed towards the north following lobe.

0241+393 is also known as 4C+39.09 and is shown in Figure 4-28. The
physical structure of this source is somewhat ambiguous. As can be seen in Figure 4-28
three bright lobes of emission are present. However, the central lobe and the north
following lobe has extended emission between themselves that is suggestive of these
two lobes forming an FR II radio source with the south preceding lobe being another

point like source. This interpretation of this source is supported by the fact that the
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FR II source shows linearly polarized emission while none is observed for the point like
source. Also a galaxy has been optically identified at the position of the core of the
FR II source.

02444377 is also known as 4C+37.07 and has no known optical counter-
part. 02444377 is shown in Figure 4-29 and appears as a single lobed radio source
which is slightly extended.

0246+392 has no known optical counterpart and is shown in Figure 4-
30. 02464392 appears as a triple lobes radio source for which each component is just
resolved. The south preceding lobe has the largest intensity while the core lobe is the
next brightest lobe.

02474393 is also known as 3C 73 and is optically identified as a magnitude
18.6 galaxy at a redshift of z = 0.204. 02474393 is shown in Figure 4-31 and appears
as an FR II radio source.

02474404 is shown in Figure 4-32. 02474404 appears as a core dominated
source with extended emission suggestive of the fact that there are two radio lobes on
either side of the core that are only slightly resolved.

0250-+358 is shown in Figure 4-33 and appears as a point like radio source.
0250+358 has no known optical counterpart.

02504393 is identified with a 15.4 magnitude optical source with an un-
known physical structure. 0250+393 is shown in Figure 4-34 and appears as a double
lobed radio source.

02544409 is shown in Figure 4-35. 0254+409 appears as a single lobed
source. However 0254+409 is not a point source and shows evidence that it is just
starting to be resolved by our beam.

02554355 has no known optical counterpart and is shown in Figure 4-36.

This source appears to have three lobes with the core being the dominant lobe. There
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is extended emission to the west of the south following lobe that has linear polarization
emission associated with it. The south following lobe does not have any detected
linearly polarized emission.

02564423 is shown in Figure 4-37. It is an unresolved single component
source.

0301+336 is also known as 4C+33.06 as is identified as an 18th magnitude
galaxy. 0301+336 is shown in Figure 4-38 and appears to be a single lobed radio source
which is showing evidence of having structure at higher resolutions.

0301+350 is shown in Figure 4-39. It appears to be an unresolved source
and has no known optical counterpart.

0302+341 is also known as 4C+34.12 and is identified as a magnitude 17.5
quasar. 03024341 is shown in Figure 4-40 and appears as a double lobed radio source.

0302-+405 is shown in Figure 4-41 and has no known optical counterpart.
0302+405 is a double lobed radio source.

0248+430 appears to be an unresolved radio source and is shown in Figure
4-42. 0248+430 is optically identified as a quasar with a magnitude of 17.45 and a
redshift z = 1.31. Four absorption line systems are seen along the line of sight to this

quasar. This quasar is also seen through a cluster of galaxies.
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Table 4-1. Observed Rotation Measures and Depolarization.

RA DEC RM ORM

Name h m S ° / " (rad m=2?) (radm=2) D
0157+333A 1 57 51134 433 23  47.000 — 64.3 2.6 1.8
015743338 1 57 49301 433 23  42.660 — 75.1 0.9 1.0
02014414 2 1 41778 441 27 31.940 — 79.6 1.0 1.2
0206+355A 2 6 42415 435 33  25.500 — 56.4 1.1 1.6
0206+3558B 2 6 42.087 435 33  15.000 — 394 1.0 1.7
0206+355C 2 6 40.981 435 33  20.500 —125.6 0.8 1.3
0206+4-355D 2 6 40.367 435 33  17.000 —126.6 1.2 1.7
0206+4-355E 2 6 38851 +35 33 15.500 — 814 1.3 1.2
02064-355F 2 6 39.342 435 33  23.000 - 77.1 1.4 1.1
0206+355G 2 6 38.482 435 33  33.000 — 67.1 1.2 1.3
0206+355H 2 6 40.244 435 33  30.500 — 64.7 0.8 1.2
020643551 2 6 39.793 435 33  38.000 — 58.7 0.5 1.3
0206+4-355J 2 6 42.047 435 33  40.000 - 97.0 1.0 1.6
0206+355K 2 6 40.818 435 33  49.500 — 68.6 1.1 1.2
0206+355L 2 6 36.761 435 33  42.000 — 63.0 1.3 1.4
0206+355M 2 6 37949 435 33  45.000 — 60.1 0.8 1.2
0206+355N 2 6 39.176 +35 33  49.000 — 80.0 0.6 1.5
0206+3550 2 6 37.703 435 33 57.500 — 61.5 0.6 1.2
0206+355P 2 6 38.947 435 34 5.500 — 67.8 1.2 1.3
0206+355Q 2 6 36.720 +35 34 7.500 — 43.3 0.9 1.7
0211+4326A 2 11 9.802 432 36 32.910 — 62.0 3.3 0.9
021143268 2 11 30.025 +32 38 9.610 — 68.1 0.4 1.0
0211+326C 2 11 26.817 432 37 57.000 — 58.8 5.9 1.1
0211+4-326D 2 11 16.607 432 36  58.970 — 62.1 2.5 0.9
0211+326E 2 11 8.029 432 36 8.220 — 66.2 0.8 1.1
0211+348A 2 11 59.411 +34 53 2.700 — 52.3 1.4 1.1
02114-348B 2 11 58.462 +34 52  36.160 — 53.5 1.2 1.8
02124344 2 12 50.199 +34 29 10.070 — 60.6 1.5 1.0
02134432 2 13 32933 +43 17  41.470 + 51.7 1.2 1.9
0215+356 2 15 27918 435 36  10.260 — 71.8 1.5 1.3
0215+423A 2 16 3.338 442 19  22.620 — 81.0 0.8 1.0
021544238 2 15  58.843 +42 19 4.430 — 79.6 0.5 1.1
0215+423C 2 16 1.091 +42 19 13.525 - 717 13.9
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Table 4-1 —continued

RA DEC RM ORM

Name h m S ° / " (rad m™2?) (radm™2) D
0216+335A 2 16 49.719 +33 34  38.920 — 654 1.6 1.6
0216+335B 2 16 49.732 +33 34 27.460 — 65.9 1.3 1.1
0216+4335C 2 16 49.720 +33 34  33.190 — 63.0 4.8 1.2
0217+417A 2 17 4.486 +41 43  34.150 — 81.7 0.6 1.0
0217+417B 2 17 5.933 +41 43 42011 — 81.0 1.5 1.1
02174+417C 2 17 7434 441 44 2.006 — 82.8 1.5 1.2
0217+417D 2 17 8.964 441 44 10.530 — 86.1 1.2 1.3
0218+396A 2 18  44.975 +39 41 18.320 — 824 0.8 1.1
02184-396B 2 18  40.402 +39 42 28.110 — 80.3 2.6 1.1
0219+428A 2 19 29575 +42 48  38.170 — 91.9 4.5 0.9
0219+428B 2 19 29.989 +42 48 29.340 — 88.3 4.5 1.0
0220+397A 2 20 36.536 +39 47 18.220 — 854 1.4 3.6
0220+397B 2 20 37484 +39 47  16.350 — 90.7 0.5 3.0
02244393 2 24 1.102 439 18  14.900 — 68.6 1.6 1.4
02274403 2 27 37468 +40 19  35.980 — 76.3 0.6 1.0
0228+344A 2 28 58598 +34 29 24.910 — 33.0 6.2 1.2
0228+344B 2 28 57131 434 29 8.420 — 38.5 1.1 1.2
0228+393A 2 28 42352 439 19  53.500 —103.9 7.6 1.5
02284-393B 2 28  41.246 439 19 42.920 — 41.6 3.0 2.1
02284409 2 28 29.6564 +40 56  38.450 — 59.9 3.1 0.8
0229+4-341A 2 29 27315 +34 10 11.760 — 70.3 1.6 e
0229+4-341B 2 29 27.028 +34 10  55.130 — 958.5 0.2 0.8
0229+352A 2 29 26929 +35 17 42.220 — 44.2 6.4 3.0
02294-352B 2 29 25982 435 17  44.510 — 404 1.1 1.2
0231+385 2 31 21.657 +38 31  48.440 — 734 4.5 0.8
0232+411A 2 32 50946 441 10 32.140 — 80.4 0.3 1.0
0232+411B 2 32 44494 441 10 8.090 — 784 1.5 1.1
0232+411C 2 32 41.763 441 9  55.140 — 83.2 0.7 1.0
0241+393A 2 41 27744 +39 22 12.660 — 58.2 0.7 0.9
02414-393B 2 41 25488 +39 21  5H8.770 — 584 0.7 1.1
0241+4393C 2 41 22166 439 21  20.040 — 604 0.5 1.0
02414-393D 2 41 24.054 +39 21  37.860 — 58.1 0.9 1.2
02414-393E 2 41 20195 +39 21 2.600 — 60.1 0.3 1.1
0244+377TA 2 44 2385 +37 42 20.570 — 63.2 3.1 1.2
0244+377B 2 44 23897 +37 42 30.070 — 65.3 12.3
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Table 4-1 —continued

RA DEC RM ORM
Name h m S ° / " (rad m™2?) (radm™2?) D
0246+392A 2 46 23,535 +39 17 6.420 — 37.2 3.1 1.0
0246+392B 2 46 23194 +39 16  56.470 — 37.1 1.6 1.0
0246+392C 2 46  22.621 +39 16 42.960 — 40.1 3.1 1.1
0246+4-392D 2 46 22439 +39 16  35.660 — 35.1 9.4 1.1
0247+393A 2 47  11.019 +39 22 4.680 — 40.6 0.3 1.0
024743938 2 47 4.342 +39 21 51.150 — 49.7 3.2 2.2
0247+393C 2 47 7295 439 22 3.400 — 42.6 1.6 1.2
02474-393D 2 46  59.082 +39 22 19.160 — 53.8 0.3 1.1
0247+404A 2 47  58.133  +40 29  52.620 - 719 1.2 1.4
024744048 2 47  58.213 +40 29  45.500 — 66.3 3.1 1.3
02474404C 2 47 57883 +40 30 3.750 — 72.6 4.6 1.2
0250+358 2 o0 16.327  +35 48 53.260 — 72.8 0.8 1.4
0251+393 2 ol 31.327 439 19 25.220 — 60.1 3.0 0.7
02544409 2 04 21584 440 55  46.680 — 47.1 1.5 1.2
0255+355A 2 95 25390 435 30  59.780 — 35.0 1.5 1.2
0255+355B 2 95 24.711 +35 30  49.620 — 39.7 1.5 1.1
0255+355C 2 25  25.168 +35 31 8.420 — 40.2 1.5 1.1
02554-355D 2 95 25,397  +35 31 22.110 — 41.6 4.5 1.3
02564423 2 56 21.030 +42 23  55.200 — 82.0 1.5 0.3
03014336 3 1 35698 +33 37 5.090 — 27.6 0.5 1.1
0301+350 3 1 44.793  +35 0 30.930 — 26 0.9 1.2
0302+4341A 3 2 33200 434 10 33.290 — 18.7 0.6 1.1
0302+341B 3 2 30.681 +34 10 7.570 — 18.2 1.6 1.0
0302+4-341C 3 2 32235 +34 10 23910 — 259 1.6 1.3
0302+341D 3 2 3138 +34 10 14.460 — 20.8 0.6 1.1
0302+405A 3 2 19413 +40 30  47.680 — 12,5 1.1 1.1
0302+4-405B 3 2 18.631 +40 30  38.650 - 9.9 1.6 1.1
0302+405C 3 2 18.142 +40 30 29.210 — 12.2 1.6 1.1
0302+405D 3 2 16981 +40 30  13.600 — 128 1.1 1.0
02484430 2 48 18.496  +43 2 56.940 + 32.5 0.5 0.9




Table 4-2. Observed source component total and polarized peak intensities for com-

ponents which could be fitted by a two dimensional Gaussian.

1360 MHz 1638 MHz
Peak I Peak P Peak I Peak P

Name (mJy) (mJy) (mJy) (mJy)
0157+333A 185.41 £+ 0.22 8.458 + 0.387 159.81 4+ 0.24 5.283 + 0.031
0157+333B 198.45 +0.24 3.701 £ 0.574 177.79 £ 0.26 10.651 £+ 0.039
0201+414 214.78 £ 0.27 12.422 £+ 0.008 197.94 4+ 0.29 13.904 £+ 0.025
021143268 114.21 £0.33 19.480 £ 0.090 97.19+ 0.26 16.993 £ 0.080
0211+326E 62.72 £ 0.31 6.430 £ 0.025 51.12 4+ 0.26 5.780 £+ 0.023
0211+348A 155.70 4 2.00 6.131 +0.075 135.00 £ 1.70 5.656 £+ 0.057
0211+348B 549.00 + 2.00 8.007 £ 0.082 471.50 + 1.70 11.477 £ 0.087
02124344 158.53 £ 0.30 9.440 + 0.009 153.90 £ 0.24 8.888 + 0.010
02134432 408.40 £+ 0.50 9.562 4+ 0.009 365.40 + 0.30 15.669 £ 0.014
0215+356 303.70 + 0.40 15.018 £ 0.019 260.70 4+ 0.30 16.613 £+ 0.020
0215+423A 151.97 +0.45 18.723 +0.053 128.17 £+ 0.43 16.298 £+ 0.056
0215+423B 383.70 + 1.60 34.350 + 0.160 331.50 + 1.30 32.120 + 0.160
0216+335A 237.71 £ 0.18 4.784 £+ 0.013 219.34 £ 0.15 8.215 £ 0.550
0216+335B 154.42 £ 0.19 11.517 £+ 0.006 135.59 £ 0.16 10.483 £ 0.007
0217+417A 84.43 +£0.74 11.700 4+ 0.213 74.00 £ 0.60 10.601 £ 0.200
0217+417D 50.91 £ 0.18 6.562 £+ 0.024 43.99 £ 0.17 6.784 £+ 0.018
0218+396A 328.50 + 3.90 38.170 + 0.200 279.30 + 3.00 35.030 + 0.220
0218+396B 207.02 + 4.26 10.831 £ 0.192 180.65 + 4.10 9.924 + 0.181
0219+428B 1113.00 + 9.00 17.769 4+ 0.082 1112.70 &+ 7.90 15.126 4+ 0.060
0220+397A 2031.00 £ 3.70 25.830 + 0.010 1699.00 + 3.20 63.670 4+ 0.020
0220+4-397B 1167.10 £ 2.10 8.588 £ 0.016 949.40 + 1.80 24.043 + 0.040
0224+393 245.40 £ 0.30 5.247 £ 0.006 343.70 + 0.20 6.925 £ 0.006
0227+403 557.70 + 0.50 26.360 4+ 0.030 535.60 &+ 0.50 24.841 + 0.033
0228+344A 144.52 £ 0.29 7.797 £ 0.095 129.09 £ 0.22 7.971 £ 0.045
0228+344B 323.00 = 0.80 24.138 +0.023 277.80 £ 0.70 23.419 £ 0.074
0228+393A 291.60 + 2.30 4.103 + 0.035 258.30 4+ 2.00 5.190 £ 0.022
0228+393B 296.90 + 1.70 6.686 £ 0.016 260.70 4+ 1.40 12.382 £ 0.036
0228+409 296.70 + 0.40 6.397 £ 0.017 264.60 4+ 0.30 4.333 +£0.017
0229+341A 92.00 £0.74 75.68 £0.61 ce
0229+341B 2019.40 £ 2.90 138.190 £ 0.160 1784.90 + 2.60 93.760 4+ 0.180
0229+352A 320.70 £ 0.50 3.712 £0.043 285.70 + 0.40 10.284 4+ 0.041
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Table 4-2 —continued

1360 MHz 1638 MHz

Peak I Peak P Peak 1 Peak P
Name (mJy) (mJy) (mJy) (mJy)
0229+352B 268.10 + 0.60 15.120 £ 0.046 241.30 £+ 0.40 16.296 4 0.039
02314385 160.08 &= 0.12 5.545 £ 0.007 158.55 + 0.15 4.269 £ 0.027
0231+385B1 18.69 +£0.11 17.75+0.12
0231+385C?2 20.62 £ 0.10 C 14.17 4+ 0.12 -
0232+411A 214.85 +1.17 38.490 + 0.290 194.10 + 1.02 34.640 £ 0.260
0232+411C 299.30 + 1.20 17.708 + 0.135 273.00 £+ 1.00 16.131 +0.128
0241+393A 111.4241.17 18.112 +0.137 100.30 + 0.97 16.107 + 0.121
0241+393D 280.70 = 1.90 42.330 £+ 0.550 238.01 =+ 1.75 38.460 £ 0.480
02414-393F3 194.85 4+ 0.49 .. 165.16 = 0.48 o
0244+377A 583.00 £+ 0.90 5.091 £+ 0.007 525.80 + 0.90 5.491 £+ 0.012
0246+392A 29.49 + 0.10 2.913 £ 0.033 26.17 + 0.09 2.701 +0.036
0246+392B 32.74 4+ 0.06 4.529 4+ 0.029 29.59 £+ 0.05 4.051 £ 0.032
0246+392C 77.85 £0.06 3.359 £ 0.035 68.08 £ 0.05 3.380 £ 0.039
0247+393A 109.99 £ 0.62 9.618 £ 0.087 96.04 £ 0.54 8.586 £ 0.077
0247+393B 25.69 £+ 1.33 C 14.68 £ 0.18 -
0247+393D 127.72 4 0.98 16.390 4 0.300 112.22 + 0.86 15.487 + 0.296
0247+404 113.06 4= 0.46 6.791 £ 0.099 99.61 4+ 0.41 9.201 +0.134
0250+358 443.60 £+ 0.50 24.198 + 0.020 405.90 £+ 0.50 30.430 £ 0.010
0250+393 208.92 +0.19 3.879 £+ 0.026 250.20 £+ 0.20 3.078 +0.033
0250+393* 18.38 = 0.16 .. 17.10 £ 0.20 o
0254+409 218.15 +0.37 4.412 4+ 0.045 195.82 4+ 0.30 4.706 £ 0.050
0255+355C 77.26 +0.87 4.882 +0.071 72.85 £+ (.82 4.860 £ 0.067
0256+423 606.70 £ 0.30 14.027 £ 0.005 575.40 £+ 0.40 3.853 £0.016
0301+336 723.70 &+ 0.60 38.670 = 0.070 702.50 £ 0.50 39.670 £ 0.070
0301+350 542.80 + 0.30 18.800 £ 0.006 476.00 £ 0.20 19.154 + 0.011

1Unpolarized component is at 2" 31™ 22.3175
2Unpolarized component is at 2" 31™ 21.587°
3Unpolarized component is at 2 41™ 17.184%

4Unpolarized component is at 2" 51™ 33.276°

+ 38° 31™ 59.74°
+ 38° 31™ 36.96°
+ 39° 20™ 46.76°

+39° 19™ 19.52°
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Table 4-2 —continued

1360 MHz 1638 MHz

Peak 1 Peak P Peak 1 Peak P
Name (mJy) (mJy) (mJy) (mJy)
0302+341A 134.64 4+ 0.52 19.081 + 0.061 116.22 + 0.45 18.666 & 0.067
0302+341D 155.66 £+ 0.76 20.888 + 0.081 135.10 + 0.70 18.822 4+ 0.105
0302+405A 89.86 + 0.26 8.399 + 0.095 75.99 + 0.20 7.466 + 0.094
0302+405D 72.06 == 0.51 9.747 £+ 0.044 64.00 £ 0.47 8.694 + 0.042
02484430 997.60 = 0.70 22.300 £+ 0.011 1139.60 £ 0.70 24.368 + 0.019
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Figure 4-1. All the rotation measures and the emission measure in the field of the
survey. The emission measure is shown in grayscale while the rotation
measure is shown as a circle for negative rotation measures and as a dia-
mond for positive rotation measures. There is a plotted symbol for each
of the observed components. The size of the symbol is proportional to the
magnitude of the rotation measure with a scale for the symbol size being
shown on the left hand side of the figure. We also point out a source whose
rotation measure is —2.6 rad m~2. The pulsar 0320+39 is also included.
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Figure 4-2. The 69 usable rotation measures and the emission measure in the field of
the survey. The emission measure is shown in grayscale while the rota-
tion measure is shown as a circle for negative rotation measures and as
a diamond for positive rotation measures. There is a plotted symbol for
each of the 69 rotation measures used in the structure function analysis.
The size of the symbol is proportional to the magnitude of the rotation
measure with a scale for the symbol size being shown on the left hand
side of the figure. We also point out a source whose rotation measure is
—2.6 rad m—2. The pulsar 0320+309 is also included.



42

W w B
()] (o0} o

DECLINATION (B1950)

g

32

112

H_apha IPOL 45670E+14 HZ EM.IMAP.2

I I [

| |

I

|

I I l | | |

I I | | | |

03 10 00 02 50

Grey scale flux range=

2.0

40 30 20 10 00 01 50
RIGHT ASCENSION (B1950)
295 1e7 erg



113

Figure 4-3. Maps of the source 0157+333. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours for panels (a), (b) and (c) are 2, 4,
6, 8, 10, 20, 30, 50, 80, 90 and 99 percent of the peak intensity. The
positive total intensity contours for panel (c) are 2 and 50 percent of the
peak intensity. The position angle of the vectors are that of the polariza-
tion position angles, and the lengths of the vectors are proportional to the
polarized intensity. The position angles plotted are: (a) 1360 MHz ; (b)
1638 MHz; (c) x1360 — X163s- In panel (d) the linear polarization intensity
is plotted in grayscale on the contours of the total intensity.
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Figure 4-4. Maps of the source 0201+414. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours for panels (a), (b) and (c) are 2, 4,
6, 8, 10, 20, 30, 50, 80, 90 and 99 percent of the peak intensity. The
positive total intensity contours for panel (c) are 2 and 50 percent of the
peak intensity. The position angle of the vectors are that of the polariza-
tion position angles, and the lengths of the vectors are proportional to the
polarized intensity. The position angles plotted are: (a) 1360 MHz ; (b)
1638 MHz; (c) x1360 — X163s- In panel (d) the linear polarization intensity
is plotted in grayscale on the contours of the total intensity.
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Figure 4-5. Maps of the source 0206+355. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours for panels (a), (b) and (c) are 2, 4,
6, 8, 10, 20, 30, 50, 80, 90 and 99 percent of the peak intensity. The
positive total intensity contours for panel (c) are 2 and 50 percent of the
peak intensity. The position angle of the vectors are that of the polariza-
tion position angles, and the lengths of the vectors are proportional to the
polarized intensity. The position angles plotted are: (a) 1360 MHz ; (b)
1638 MHz; (c) x1360 — X163s- In panel (d) the linear polarization intensity
is plotted in grayscale on the contours of the total intensity.
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Figure 4-6. Map of the direction of the intrinsic magnetic field in 0206+355 found from
Xo + 90°. Contours of the total intensity at 2, 4, 6, 8, 10, 20 ,40, 60, 80,
90 and 9 percent of the peak total intensity are also plotted.
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Figure 4-7. Map of the source 02114326 showing the total intensity in grayscale.
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Figure 4-8. Maps of the North following lobe of 0211+326. Panels (a) through (c)
show the total intensity contours of the source along with the polarization
position angles. The positive total intensity contours for panels (a), (b)
and (c) are 2, 4, 6, 8, 10, 20, 30, 50, 80, 90 and 99 percent of the peak
intensity. The positive total intensity contours for panel (c) are 2 and
50 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-9. Maps of the South proceeding lobe of 0211+326. Panels (a) through (c)
show the total intensity contours of the source along with the polarization
position angles. The positive total intensity contours for panels (a), (b)
and (c) are 2, 4, 6, 8, 10, 20, 30, 50, 80, 90 and 99 percent of the peak
intensity. The positive total intensity contours for panel (c) are 2 and
50 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-10. Maps of the source 0211+348. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-11. Maps of the source 0212+344. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-12. Maps of the source 0213+432. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-13. Maps of the source 0215+356. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-14. Maps of the source 0215+423. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-15. Maps of the source 0216+335. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-16. Maps of the source 0217+417. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-17. Maps of the source 0218+396. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-18. Maps of the source 0219+428. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-19. Maps of the source 0220+397. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-20. Maps of the source 0224+393. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-21. Maps of the source 0227+403. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-22. Maps of the source 0228+344. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-23. Maps of the source 0228+393. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-24. Maps of the source 0228+409. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-25. Maps of the source 0229+341. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-26. Maps of the source 0229+352. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-27. Maps of the source 0231+385. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.



0231+385 |POL  1360.000 MHZ  0231+385_360.ICLN.1

I I I I
383215 [~
or @)
g
2
a
z
(o)
Z
2 34
=
o
w
o
30—
| | | | | |
02 31 24 23 22 21 20 19
RIGHT ASCENSION (B1950)
Pol line 1 arcsec = 1.0000E-03 JY/BEAM
Peak flux = 1.5818E-01 JY/BEAM
Levs = 1581803 * ( 2.000, 4.000, 6,000,
8,000, 10,00, 20.00, 40.00, 60.00, 80.00,
90.00, 99.00)
0231+385 IPOL 1638000 MHZ  0231+385 638ICLN.1
I I I I
383215 [
o0 |-
g
&
a
z
(o)
Z
2 34
=
o
w
o
30—
| | | | | |
02 31 24 23 20 19

2 21
RIGHT ASCENSION (B1950)
Pol line 1 arcsec = 1.0000E-03 JY/BEAM

Pesk flux = 15707E-01 JY/BEAM

Levs = 15707E-03 * (2.000, 4.000, 6.000,

8,000, 10.00, 20.00, 40.00, 60.00, 80.00,

90.00, 99.00)

0231+385 |POL  1638.000 MHZ  0231+385 638.CLN.1

I I I
383215 [
o0
g
]
Q
z
o]
g
Z 3145
=
0
w
o
30—
| | | | | |
023124 20 19

DECLINATION (B1950)

383215

3145

2 21
RIGHT ASCENSION (B1950)
Pol line 1 arcsec = 1.0000E-03 JY/BEAM

Pesk flux = 15707E-01 JY/BEAM

Levs = 15707E-03 * ( 2.000, 4.000, 6.000,

8,000, 10.00, 20.00, 40.00, 60.00, 80.00,

90.00, 99.00)

GREY: 0231+385 PPOL  1638.000 MHZ  0231+385 638.POLIOK.1
CONT: 0231+385 |POL  1638.000 MHZ  0231+385 638.CLN.1

02 31 24 23 22 21 20
RIGHT ASCENSION (B1950)
Grey scale flux range=  1.818  4.335 MilliJY/BEAM
Peak contour flux = 1.5707E-01 JY/BEAM
Levs = L15707E-03 * (2,000, 4.000, 6.000,
8,000, 10.00, 20.00, 40.00, 60.00, 80.00,
90.00, 99.00)

(d)

162



163

Figure 4-28. Maps of the source 0232+411. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-29. Maps of the source 0241+393. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-30. Maps of the source 0244+377. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-31. Maps of the source 0246+392. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-32. Maps of the source 0247+393. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-33. Maps of the source 0247+404. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.



40 30 15

DECLINATION (B1950)

0247+405 IPOL  1360.000 MHZ  0247+404_360.ICLN.1

02 48 00.5 00.0 47 59.5 59.0 58.5 58.0 57.5 57.0 56.5

40 30 15

DECLINATION (B1950)

29 45

02 48 00.5

RIGHT ASCENSION (B1950)
Pol line 1 arcsec = 1.0000E-03 JY/BEAM

Pesk flux = 12994E-01 JY/BEAM

Levs = 12994E-03 * (2000, 4.000, 6.000,

8,000, 10.00, 20.00, 40.00, 60.00, 80.00,

90.00, 99.00)

0247+405 |IPOL  1638.000 MHZ  0247+404_638.ICLN.1

000 47 595 500 585 580 575 570 565
RIGHT ASCENSION (B1950)

Pol line 1 arcsec = 1.0000E-03 JY/BEAM

Pesk flux = 11376E-01 JY/BEAM

Levs = 11376E-03 * ( 2.000, 4.000, 6.000,

8,000, 10.00, 20.00, 40.00, 60.00, 80.00,

90.00, 99.00)

40 30 15

DECLINATION (B1950)

DECLINATION (B1950)

0247+405 |IPOL  1638.000 MHZ  0247+404_638.ICLN.1

40 30 15 [—

30—

02 48 005 000 47 595 500 585 580 575
RIGHT ASCENSION (B1950)
Pol line 1 arcsec = 1.0000E-03 JY/BEAM
Pesk flux = 11376E-01 JY/BEAM
Levs = 11376E-03 * ( 2.000, 4.000, 6.000,
8,000, 10.00, 20.00, 40.00, 60.00, 80.00,
90.00, 99.00)

(b)

GREY: 0247+405 PPOL  1360.000 MHZ  0247+404_360.POLIOK.1
CONT: 0247+405 |POL  1360.000 MHZ  0247+404_360.ICLN.1

29 45

02 48 00.5 00.0 47 595 59.0 58.5 58.0 57.5 57.0
RIGHT ASCENSION (B1950)
Grey scale flux range=  3.624  9.389 MilliJY/BEAM
Peak contour flux = 1.2994E-01 JY/BEAM
Levs = 1.2994E-03 * ( 2.000, 4.000, 6.000,
8.000, 10.00, 20.00, 40.00, 60.00, 80.00,
90.00, 99.00)

(d)

174



175

Figure 4-34. Maps of the source 0250+358. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.



35 49 05

DECLINATION (B1950)

40

02 50 180

35 49 05

48 55

DECLINATION (B1950)

40

02 50 180

0250+358 IPOL  1360.000 MHZ  0250+358_360.ICLN.1

AT

ST A7,

KL ALT,
'/’&l.~

i

/’;/722/;//'//0//’ 2
A ,.,/"/
O@W%%M/////f/’
777

175 17.0 165 160
RIGHT ASCENSION (B1950)
Pol line 1 arcsec = 1.0000E-03 JY/BEAM

Peak flux = 4.4087E-01 JY/BEAM

Levs = 4.4087E-03 * (2.000, 4.000, 6.000,

8,000, 10.00, 20.00, 40.00, 60.00, 80.00,

90.00, 99.00)

0250+358 |IPOL  1638.000 MHZ  0250+358 638.ICLN.1

155

175 17.0 165 160
RIGHT ASCENSION (B1950)
= 1.0000E-03 JY/BEAM
175E-01 JY/BEAM
Levs = 4.0175E-03 * (2.000, 4.000, 6.000,
,000, 10,00, 20.00, 40.00, 60.00, 80.00,
90.00, 99.00)

Pol line 1 arcsec
lux = 4.0

155

150

0250+358 IPOL  1638.000 MHZ  0250+358 638.ICLN.1

\\\) I I I I
3549 05 [~
< o\
= R ooy
0o e
_ SO T
g LR
: RN
E we i RN
z
z A \\\\
g \\\§:\§\t‘§
E 50 - \\\\‘\\\\\‘ “‘
d SR RRRRRR SR
a S=tunuuneatCc
SR
sl
40 —
1 1 1 1 1
02 50 18.0 175 170 16.5 16.0 155 150
RIGHT ASCENSION (B1950)
Pol line 1 arcsec = 1.0000E-03 JY/BEAM
Peak flux = 4.0175E-01 JY/BEAM
Levs = 4.0175E-03 * ( 2.000, 4.000, 6.000,
8.000, 10.00, 20.00, 40.00, 60.00, 80.00,
90.00, 99.00)
GREY: 0250+358 PPOL  1360.000 MHZ  0250+358_360.POLIOK.1
CONT: 0250+358 IPOL  1360.000 MHZ  0250+358_360.ICLN.1
35 49 05
00
=)
8
g
=~ 4855
z
e}
E
<
= 50
e
g
o
45
40
02 50 18.0 175 170 0 155 15.0

16.5 16.
RIGHT ASCENSION (B1950)
Grey scale flux range= .6 23.9 MilliJY/BEAM
Peak contour flux = 4.4087E-01 JY/BEAM

Levs = 4.4087E-03 * (2.000, 4.000, 6.000,

8.000, 10.00, 20.00, 40.00, 60.00, 80.00,

90.00, 99.00)

(d)

176



177

Figure 4-35. Maps of the source 0251+393. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-36. Maps of the source 0254+409. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-37. Maps of the source 0255+355. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-38. Maps of the source 0256+423. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-39. Maps of the source 0301+336. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.



333715

DECLINATION (B1950)

36 55

333715

DECLINATION (B1950)

36 55

0301+336 IPOL

1360.000 MHZ ~ 0301+336_360.ICLN.1
T

01 37.5 37.0

Pol line 1 arcsec =

365 36.0 355 350
RIGHT ASCENSION (B1950)
1.0000E-03 JY/BEAM

Peak flux = 7.3395E-01 JY/BEAM
Levs = 7.3395E-03 * (2.000, 4.000, 6.000,
8.000, 10.00, 20.00, 40.00, 60.00, 80.00,

90.00, 99.00)

0301+336 |IPOL

34.0

1638.000 MHZ ~ 0301+336_638.ICLN.1
T T T T

7
11T,
/7]

0//7/8/1/
/i

%‘{!!/l/l/lllllllll 11k
i Z

s oS
f/”"i/ 7 T i :;.Ni\

01 37.5 37.0

Pol line 1 arcsec =

365 36.0 355 350
RIGHT ASCENSION (B1950)
16667E-03 JY/BEAM

Peak flux = 7.1196E-01 JY/BEAM
Levs = 7.1196E-03 * (2.000, 4.000, 6.000,
8.000, 10.00, 20.00, 40.00, 60.00, 80.00,

90.00, 99.00)

345

34.0

DECLINATION (B1950)

DECLINATION (B1950)
&
T

333715 [~

36 55 [~

0301+336 |POL  1638.000 MHZ  0301+336_638.ICLN.1
T T T

03 01 375 37.0 36.5 36.0 35.

.5 35
RIGHT ASCENSION (B1950)

Pol line 1 arcsec = 1.0000E-03 JY/BEAM
Peak flux = 7.1196E-01 JY/BEAM

Levs = 7.1196E-03 * (2.000, 4.000, 6.000,
8.000, 10.00, 20.00, 40.00, 60.00, 80.00,
90.00, 99.00)

GREY: 0301+336 PPOL  1360.000 MHZ  0301+336_360.POLIOK.1
CONT: 0301+336 IPOL  1360.000 MHZ  0301+336_360.ICLN.1

e

333715

03 01 375 370 36.!

Grey scdle flux range= 23 39.3 MilliJY/BEAM
Peak contour flux = 7.3395E-01 JY/BEAM

Levs = 7.3395E-03 * (_2.000, 4.000, 6.000

8,000, 10.00, 20.00, 40.00, 60.00, 80.00,

90.00, 99.00)

5 36.0 35.5 35.0
RIGHT ASCENSION (B1950)

(d)

186



187

Figure 4-40. Maps of the source 0301+350. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-41. Maps of the source 0302+341. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-42. Maps of the source 0302+405. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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Figure 4-43. Maps of the source 0248+430. Panels (a) through (c) show the total in-
tensity contours of the source along with the polarization position angles.
The positive total intensity contours are 2, 4, 6, 8, 10, 20, 40, 60, 80, 90
and 99 percent of the peak intensity. The position angle of the vectors are
that of the polarization position angles, and the lengths of the vectors are
proportional to the polarized intensity. The position angles plotted are:
(a) 1360 MHz ; (b) 1638 MHz; (c) Xx1360 — X1638- In panel (d) the linear
polarization intensity is plotted in grayscale on the contours of the total
intensity.
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CHAPTER 5
THE LARGE SCALE VARIATIONS IN THE EMISSION MEASURE AND
THE ROTATION MEASURE DUE TO GALACTIC STRUCTURE

5.1 Introduction

Before turning to the main theme of this paper, which is the characteristics
of mesoscale fluctuations in dn and 6B in the interstellar medium, we consider the
smooth trends in emission measure and rotation measure which may be discerned in
Figure 4-2. These trends contain information on the large scale pattern for the galactic

magnetic field and plasma density which is of interest in its own right.

5.2 Models of the Galactic Electron Density

We have used several simple models for the interstellar electron density and
magnetic field in order to determine the contribution of galactic structure to rotation
measure differences between different extragalactic radio sources. These models used
combinations of two electron density models and three magnetic field models. The first
electron density model consists of the Reynolds layer with a classic Stromgren sphere
to model the contribution of the H II region associated with £ Per (this model hereafter
is referred to as the Reynolds + Strémgren, or R + S, model). The Stromgren sphere is
modeled as a sphere of uniform density (ng = 0.5 cm™3) surrounding ¢ Per, the radius

of which is given by the equation

s _ 3Q(H°)



(Osterbrock 1989) where Q(H®) is the number of photoionizing photons emitted by &
Per per second and ap is the recombination coefficient of Hydrogen to all levels but the
ground state. For an O7V star, such as ¢ Per, Q(H®) ~ 10487 photons/sec and for a
gas temperature of 10,000 K, ag = 2.6 - 10713 cm3 s7!, giving R ~ 85 pc (Osterbrock

1989). The electron density for this model is then given by

ne = 0.0275 exp (%) (1-0(r) +0.50(r) cm™3

where r is the distance from & Per and O(r) = 1 for r < R and is zero otherwise. The
second electron density model is that of Taylor and Cordes (hereafter referred to as
the TC model)(Taylor and Cordes 1993). This model is based on pulsar dispersion
measures (DM) and scattering measures (SM) and allows for a variation of n, with
galactic radius as well as height above the galactic plane, and also accounts for spiral
arms in the galaxy. A modified version of the Taylor and Cordes model was also
used in which the mid-plane density of the diffuse galactic electrons was changed from
0.019 cm™3 to 0.027 cm~3 providing a more realistic value for this region of the sky.
The galactic radial cutoff distance A, in the Taylor and Cordes model was also extended
from 8.5 Kpc to 15 Kpc. Cordes and Lazio (1995) are in the process of determining the
radial extent of ionized matter in the galaxy and suspect that the Cordes and Taylor
model needs to extend the galactic radial cutoffs to larger galactocentric radii. If this
does indeed turn out to be the case then the change in density used above may not be
necessary due to the longer path lengths through the galaxy created by using a larger
value of A,.

To test the viability of each of these models, we calculated the correlation
coefficient between the observed H, map of Reynolds (1980) and the model emission
measure map obtained from each of the aforementioned models for the interstellar

electron density. For these calculations we assumed a filling factor of 0.25. The standard
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deviation of the residual emission measures (observed - model) was also calculated. To
improve the degree of fit, we permitted ourselves the option of slight adjustments to
the nominal mid-plane density. These adjustments are described further below.

The results of this test of the various electron density models are given
in Table 5-1. Column 1 gives the model under consideration and column 2 gives the
correlation coefficient between the emission measure map calculated from that density
model and the observed emission measure map. Column 3 gives the standard deviation
of the residuals. For purposes of comparison, the mean observed emission measure over
this field, outside of the strong H,, emission region associated with the H II region of ¢
Per, is 5.2 cm~%pc.

The prominent band of enhanced emission measure at the left hand side
of the field is almost certainly distinct from the mean background medium modeled
by the Reynolds’ layer and the Taylor and Cordes model. This recognition was the
basis of the “Reynolds + Stromgren” model. We therefore repeated the goodness of
fit calculations for the Reynolds’ layer model and the Taylor and Cordes model, using
only the portion of the field exterior to the enhanced band. These results are presented
in the lower portion of Table 5-1.

The Reynolds + Stromgren model provides the best overall fit to the data,
as indicated by the highest correlation coefficient and lowest RMS residual. This result
is perhaps not surprising, given that it is the only model which specifically accounts for
the region of enhanced H, emission. From the lower portion of Table 5-1 we see that
the Taylor and Cordes model provides a much better representation of the portion of
our field away from the putative H II region. The second of the two entries for this
model represents an upward adjustment to the mid-plane density from 0.019 cm ™3 to

0.027 cm ™3, to provide a better fit to the observations. The same degree of improvement
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could have been achieved by retaining the nominal mid-plane density of the Taylor and

Cordes model and lowering the filling factor of the diffuse medium.

5.3  Models of the Galactic Magnetic Field

Modeling the rotation measures also requires a model for the galactic mag-
netic field. The first magnetic field model, based on Rand and Lyne (1995), consists
of an azimuthal galactic magnetic field which has a sinusoidal modulation of the am-
plitude of the magnetic field in galactocentric distance. The model presented by Rand
and Lyne (1995) was developed from a set of measurements of pulsar rotation measure
and dispersion measure. Rand and Lyne (1995) find an amplitude of the sinusoidal
field (equal to the maximum value of the interstellar field) B, = 2.1 £ 0.2 G, with
a reversal every 2600 £ 300 pc in the radial direction. According to their model, the
nearest neutral line is 400 + 70 pc from the sun, in the direction of the galactic cen-
ter. However, they find no compelling evidence that magnetic field reversals occur for
galactocentric radii outside of the Solar Circle (i.e. for R > R)). Rand and Lyne also
find evidence that at least one of the field reversal boundaries does not lie along a line
of constant galactocentric radius. Hence, we use an azimuthally directed magnetic field
with a constant amplitude of B, = 2.1 £ 0.2 pG for this model. Hereafter we will refer
to this model as the “RL” model.

Clegg et al. (1992), however, find evidence that at least one magnetic field
reversal does occur outside of the Solar Circle. The second magnetic field model is
then taken to be the model of Rand and Lyne (1995) with magnetic field reversals also
occurring outside of the Solar Circle. In fitting this model to our rotation measure data,
we found values for the radial wavelength and neutral line location of the magnetic field

outside of the Solar Circle to be consistent with those listed above for the Rand and
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Lyne model. However, our rotation measure data require a substantially higher value
of B, ~ 3 —4 pG. The nature of this discrepancy is discussed further below.

The third magnetic field model consists of a bisymmetric magnetic field of
pitch angle ~ 12° with abrupt field reversals at the leading edge of spiral arms, similar
to the model of Rand and Kulkarni (1989) (see their Figure 5). In this model, the
magnetic field follows the spiral arms with boundaries between field reversals (neutral
lines) occurring at the leading edges of the spiral arms, and a sinusoidal modulation of
the amplitude of the magnetic field in a direction perpendicular to the spiral arms. For
the region of our observations we only need to deal with two spiral arms: the Orion-
Cygnus Arm and the Perseus Arm. The leading edges of these arms are given by the
following equation (Rand and Kulkarni 1989):

r = aexp(kf) Kpc

where k = 0.22 rad~! , and 6 and r are galactocentric coordinates with the direction
6 = 0° parallel to 1 =90°. Equation (5.3) thus gives the location of the magnetic
neutral lines. For the Orion-Cygnus Arm we use a = 4./ exp(3rk) and for the Perseus
Arm we use a = 4./ exp(mk). The magnetic field direction at the sun is toward 1 = 78°
and the strength of the magnetic field is considered as an adjustable quantity, subject

to the constraints of independent observations.

5.4 Models of the Galactic Rotation Measure

Various combinations of the electron density and magnetic field models
were then used to generate models of the galactic rotation measure in the direction of
our field. A comparison of these models with observed rotation measures is presented
in Table 5-2. The two sources which have positive rotation measures were excluded

from these comparisons since only negative rotation measures are predicted by the
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models. For purposes of comparison the mean rotation measure across the field is
—57.9 rad m~2. The first and second columns list the electron density and magnetic
field models used in the comparison. For the magnetic field models, “RL” indicates the
Rand and Lyne model, “Az” indicates the azimuthal magnetic field model with field
reversals outside of the Solar Circle and “Bi” indicates the bisymmetric spiral magnetic
field model. The third column gives the maximum amplitude of the magnetic field used
in the model. The amplitude of the magnetic field was chosen so that the mean rotation
measure from the model equals the mean rotation measure from the data. The fourth
column gives the correlation coefficient between the rotation measure model and the
data. The fifth column gives the standard deviation of the residual between the rotation
measure model values and the data. The sixth and seventh columns are the same as
the fourth and fifth columns, respectively, computed such that the region affected by &
Per’s H II region is omitted from the analysis. None of the six combinations of electron
density and galactic magnetic field models are clearly superior in terms of matching the
observed rotation measure. However, the models which include magnetic field reversals
outside of the Solar Circle have larger correlation coefficients and smaller standard
deviations of the residuals. This can be taken as evidence weakly in favor of magnetic
field reversals occurring outside of the Solar Circle.

It should be kept in mind in this analysis that the models for the electron
density and the galactic magnetic field were determined by observations which sampled
a very large volume of the interstellar medium. They are therefore indicators of the
global structure of the interstellar plasma. The observations discussed in this paper, on
the other hand, probe a much smaller volume of the interstellar medium. It is therefore
natural to expect that plasma density and magnetic field perturbations on scales much
smaller than galactic structure, but much larger than turbulence, could significantly

distort the true “mean” quantities from those adopted here.
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The residuals found by subtracting the rotation measures predicted by the
various models in Table 5-2 are shown in Figures 5-1 through 5-6. A large discrepancy
between the models and the data does exist in the area of the H II region associated
with £ Per in that all the models predict rotation measures that are too negative in this
region. The differences between the models and the data are much less for the region
west of the H II region. As noted above, the value for the strength of the magnetic field,
B,, which we need to account for our rotation measures is larger than that previously
quoted by Rand and Kulkarni (1989) and Rand and Lyne (1995) for both the “Az” and
“Bi” magnetic field models. We now discuss the possible resolutions of this discrepancy.

The edge of the H II region associated with & Per lies roughly at a Right
Ascension of 2" 50™ and the edge of radio Loop II also lies roughly at a Right Ascension
of 2" 50™ in this region of the sky. It is easy to notice that the magnitude of the rotation
measures is largest inside of radio Loop IT (RA < 2P 50™) (see Figure 4-2). The rotation
measures inside of the H II region (RA > 2" 50™) tend to have magnitudes which are
significantly less than those inside of radio Loop II. Thus, it seems likely that a magnetic
anomaly associated with one of these features is causing the observed discrepancies. In
fact, it is the contention of Vallée (1984) that a magnetic bubble is associated with
radio Loop IT with a shell magnetic field strength of 10 4G. Another possibility is that
the length between magnetic field reversals in this region of the sky is different from
those of the model or that the boundary between magnetic field reversals may lie along
a curve which differs significantly from the boundaries assumed in the models.

Alternatively, it is possible that the magnetic anomaly is associated with
the H II region, and that the part of Figures 4-2 and Figures 5-1 through 5-6 with
RA < 2P 50™ are more representative of the general ISM. It is worth noting that the
values of the interstellar magnetic field we report in Table 5-2 are relatively close

to the values which Cox (1988) argues must be present on the basis of dynamical
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considerations. It is certainly reasonable to speculate that expansion of the H II region
associated with & Per has produced a local distortion of the galactic magnetic field,
which manifests itself as a rotation measure anomaly. It is worth emphasizing that, to
first order, the obvious plasma density enhancement associated with the H II region is
not responsible for the large rotation measure residuals in this part of the sky, since it
has been accommodated in the Reynolds 4+ Stromgren density model. A perturbation
in the interstellar magnetic field is therefore indicated. However, to higher order the
density enhancement might be partially responsible to the extent that our estimate of
the plasma density in the H II region is in error. In summary, the fact that we have
found a larger value for the galactic magnetic field strength than previous investigations
using pulsar data may be the result of a magnetic anomaly in this region of the sky or
due to the incorrect modeling of the magnetic field in this region of the sky.

There is indeed evidence that the characteristics of the galactic magnetic
field change significantly in the direction of the H II region. There are three extragalac-
tic sources known to the authors that lie between the enhanced H, emission region and
¢ Per whose rotation measures have been determined. These sources and their ro-
tation measures are as follows: 031343426 with RM = +29 + 3 rad m~2, 031444141
with RM = +18 + 1 rad m~2 and 0333+3208 with RM = +58 & 1 rad m—2 (Broten et
al. 1987). These rotation measures indicate that the rotation measure becomes more
positive as we enter the H II region. There is also a pulsar (03204-39) which also lies
between the enhanced H, emission region and £ Per. This pulsar has a dispersion
measure of DM = 25.8 + .5 cm ™2 pc, a rotation measure of RM = 58 4+ 3 rad m—2 and
temporal broadening of pulses at the standard frequency of 1 GHz of 73 = 0.107 usec
(Taylor et al. 1993). These values then indicate that the line of sight component of
the magnetic field is B = +2.8 + .2 uG and, with the estimated distance to the pulsar

being 1.47 Kpc, that C2 = 10=2 m—2%/3 for the line of sight to the pulsar. This value
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for B is significantly different from the value B = —0.8 uG found from the rotation
measure models described above. It is also worth noting that all three magnetic field
models discussed above predict that the line of sight component of the galactic mag-
netic field should be negative towards the pulsar. It thus appears quite plausible that
there is a magnetic field anomaly associated with the H II region of £ Per.

Reynolds et al. (1995) have made a detailed comparison of the H, and
H I emission in this region. They have identified several filaments, loops and H, — H 1
clouds that lie in this region of the sky. We do not, however, see any signatures in
the measured rotation measures which correspond to any of these structures except for
their Region A. Region A is the enhanced H, emission region that is associated with
the H II region of £ Per where we observe a dramatic change in the rotation measures as
described above. It is also possible that the rotation measures are sampled too sparsely
to identify some of the regions in Reynolds et al. (1995) on the rotation measure map

in Figure 4-2.
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Table 5-1. Comparison of model emission measure with data.

Model Compared Correlation Standard Deviation
With Data Coefficient cm ™% pe
Reynolds Layer 0.60 5.45
Reynolds 4+ Strémgren 0.69 4.72
Taylor and Cordes 0.60 7.7
Taylor and Cordes® 0.60 4.97

Excluding ¢ Per’s H II Region

Reynolds Layer 0.65 1.84
Taylor and Cordes 0.65 3.35
Taylor and Cordes! 0.65 1.77

1 The Taylor and Cordes model was modified so that the mid-plane
density of the diffuse electrons with a scale height of 880 pc was
0.027 cm ™3 rather than 0.019 cm=3.



Table 5-2. Comparison of model rotation measure with data.

All Sources

East of H IT Region

Model B, correlation o correlation o
Ne B uw G coefficient rad m—2 coefficient rad m—2
R+S RL 2.0 .28 22.07 .49 15.44
TC! RL 2.1 42 20.83 50 16.51
R+S Az 4.6 .50 15.33 .68 15.33
TC! Az 3.7 .70 18.46 .67 14.47
R+S Bi 2.7 .63 17.99 .66 13.43
TC! Bi 3.6 .65 17.53 .65 13.56

1 The Taylor and Cordes model was modified so that the mid-plane
density of the diffuse electrons with a scale height of 880 pc was
0.027 cm~3 rather than 0.019 cm=3.
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Figure 5-1. Rotation measure residuals (model RM - observed RM) obtained by sub-
tracting the (R+S, RL) galactic model for rotation measure from the ob-
served data. The measured emission measure is shown in grayscale while
the rotation measure is shown as a circle for negative rotation measure
residuals and as a diamond for positive rotation measure residuals. The
size of the symbol is proportional to the magnitude of the rotation measure
residual with a scale for the symbol size being shown on the left hand side
of the figure.
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Figure 5-2. Rotation measure residuals (model RM - observed RM) obtained by sub-
tracting the (TC, RL) galactic model for rotation measure from the ob-
served data. The measured emission measure is shown in grayscale while
the rotation measure is shown as a circle for negative rotation measure
residuals and as a diamond for positive rotation measure residuals. The
size of the symbol is proportional to the magnitude of the rotation measure
residual with a scale for the symbol size being shown on the left hand side
of the figure.



42

w W B
(o2} oo o

DECLINATION (B1950)

®

32

H_alpha

IPOL

45670E+14 HZ EM.IMAP.1

03 10

Grey scale flux range= 2.0

00

02 50 40 30 20
RIGHT ASCENSION (B1950)
295 1e-7 erg

10

00

01 50

209



210

Figure 5-3. Rotation measure residuals (model RM - observed RM) obtained by sub-
tracting the (R+s, Az) galactic model for rotation measure from the ob-
served data. The measured emission measure is shown in grayscale while
the rotation measure is shown as a circle for negative rotation measure
residuals and as a diamond for positive rotation measure residuals. The
size of the symbol is proportional to the magnitude of the rotation measure
residual with a scale for the symbol size being shown on the left hand side
of the figure.
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Figure 5-4. Rotation measure residuals (model RM - observed RM) obtained by sub-
tracting the (TC, Az) galactic model for rotation measure from the ob-
served data. The measured emission measure is shown in grayscale while
the rotation measure is shown as a circle for negative rotation measure
residuals and as a diamond for positive rotation measure residuals. The
size of the symbol is proportional to the magnitude of the rotation measure
residual with a scale for the symbol size being shown on the left hand side
of the figure.
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Figure 5-5. Rotation measure residuals (model RM - observed RM) obtained by sub-
tracting the (R4S, Bi) galactic model for rotation measure from the ob-
served data. The measured emission measure is shown in grayscale while
the rotation measure is shown as a circle for negative rotation measure
residuals and as a diamond for positive rotation measure residuals. The
size of the symbol is proportional to the magnitude of the rotation measure
residual with a scale for the symbol size being shown on the left hand side
of the figure.
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Figure 5-6. Rotation measure residuals (model RM - observed RM) obtained by sub-
tracting the (TC, Bi) galactic model for rotation measure from the observed
data. The measured emission measure is shown in grayscale while the ro-
tation measure is shown as a circle for negative rotation measure residuals
and as a diamond for positive rotation measure residuals. The size of the
symbol is proportional to the magnitude of the rotation measure residual
with a scale for the symbol size being shown on the left hand side of the
figure.



42

w W B
(o2} oo o

DECLINATION (B1950)

®

32

H_alpha

IPOL

45670E+14 HZ EM.IMAP.1

03 10

Grey scale flux range= 2.0

00

02 50 40 30 20
RIGHT ASCENSION (B1950)
295 1e-7 erg

10

00

01 50

217



218

CHAPTER 6
THE STRUCTURE FUNCTIONS OF THE EMISSION MEASURE
AND THE ROTATION MEASURE

6.1 Introduction

The structure function Dg(dx) of f(x) at dx is defined as the ensemble

average of the square of the difference of f(x) and f(x + 0x)
D¢ (6x) = ([f(x) — f(x + 6x)]*). (6.1)

If f(x) has a correlation length of d, an RMS about the mean of f(x) of o¢ and a
measurement error of A then the behavior of the structure function is as follows. As
bz — 0, Dg(6x) — A% For x < d D¢(dz) increases from A? until x ~ d. For x > d the
structure function is constant at D¢(dx) ~ 207 since f(x) and f(x + dx) are uncorrelated
for x > d. An example of this behavior for the structure function is shown in Figure
6-1 where we have chosen d ~ 1 and A% =.2-02. The advantage of using structure
functions to analyze data rather than using the correlation function is that the structure

function can easily be formed for irregularly sampled data. The correlation function,

however, is not easily obtained for irregularly sampled data.

6.2 The Measured Structure Functions

The rotation measure and emission measure structure functions were de-

termined by averaging the squares of the differences of pairs of measured values, binned
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in logarithmic intervals in §6.

Diont (56) = % S [EM(6) — BM(6 + 664 (6.2)
and N
Dt (06y) = % S [RM(6) — RM(0 + 66,)]? (6.3)

where §0y is a given bin in 60 and the summation is over the N pairs of components
with §6x in the desired interval. Here we take 66 to be the angular separation between
two sources, or source components, on the sky. The error associated with the observed
structure function in a given bin was taken to be the standard deviation of the mean of
the sum (6.3). To weight properly the baselines 60 + A, neighboring 66y, which are not
statistically independent from the measurement on 06y, we have weighted each compo-
nent by one over the number of neighboring components. A component is considered
to be a neighboring component if it is within an angle A = 0.01 - 66y of a component
defining the baseline d6.

The experimental rotation measure and emission measure structure func-
tions are shown in Figures 6-2 and 6-3, respectively. The functional forms of the
observed rotation measure and emission measure structure functions for angular sep-
arations 66 > 1.0° were obtained by least squares fitting a power law of the form
D (00) = A 60° to the data. The least squares fits (shown as dashed lines in Figures

6-2 and 6-3) give
Drym (06 > 1.0°) = (340 + 30) 60%-6450-96 1ad2 ;=4 (6.4)

and

Dgn (60) = (10.0 £ 0.5) §0°73E0-04 ¢ =12 pe2, (6.5)



In calculating the emission measure structure function, we have removed
two apparently anomalous regions located at approximately RA 2P 35™, DEC + 43°
and RA 28 55™, DEC + 37°. These two regions have emission measures which are ap-
proximately 10 cm~6 pc larger than the emission measures observed throughout the
rest of the field and thus do not seem characteristic of the diffuse medium seen in the
remainder of the field. These two bright emission measure regions thus have the affect
of biasing the power of the observed structure function by a factor of two. Another
argument for excluding these two regions is that no radio sources with usable rotation
measures were observed in this part of the field. The rotation measure structure func-
tion thus contains no information on these regions or features. Excluding these two
regions from the data set, the emission measure structure function shown in Figure 6-4

is obtained. A least squares fit to these data give
Dem(50) = (5.5 £ 0.6) §6° 73008 ¢=12 2,

The removal of any other two randomly chosen regions does not affect the observed
emission measure structure function. Even if these two bright emission measure regions
are typical features observed in the diffuse ISM, they are under-sampled in the avail-
able H, data. Thus these two regions have been excluded from the emission measure

structure function shown in all further analysis.

6.3 The Theoretical Structure Functions

In this section we consider theoretical models for the rotation measure
structure function which can be compared with the observational results presented in
Figures 6-2 and 6-4. These models incorporate various estimates for the intensity and
spectral characteristics of the magnetic field and density fluctuations in the interstellar

medium. Previous derivations of Dry have been made by Simonetti et al. (1984),
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but have assumed that the rotation measure fluctuations occur in ,g = n.B without
segregating the contributions of density and magnetic field components. To the author’s
knowledge a derivation for Dgy; has not been made in the literature. We will now derive
Dgrwm and Dgy assuming that fluctuations occur separately in both the electron density
and magnetic field. We will use the following geometry (see Figure 6-5): the observer
is located at the origin of a rectangular coordinate system and observes the rotation
measure and emission measure along two lines of sight separated by an angle 60. The
random fluctuations in the electron density and magnetic field are described by the
following:

n=n, +Jn

B =B, + 6B
where n, and B_:) are the mean large scale components of the electron density and mag-
netic field described in Chapter 5. The quantities én and SB are the spatially fluctuating
components of the electron density and magnetic field respectively. The amplitudes of
the fluctuations are assumed to be zero mean, isotropic Gaussian processes. It is also
assumed that the fluctuations in the magnetic field and the electron density are related

in such a fashion that

< 6n|oB| ># 0

but

< dndéB; >=0

where i=1,2,3 and B; is the component of §B along the i axis. Equation (6.10) most
likely does not represent the actual case for the turbulence in the ISM. In reality the
electron density fluctuations are most likely aligned along the magnetic field such as

seen in the solar wind (Armstrong et al. 1990). Evidence for anisotropy of density
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irregularities in the interstellar medium does indeed exist (Wilkinson et al. 1994 and
Molnar et al. 1995), but the degree of anisotropy is not so pronounced as is the case
for the solar wind (Armstrong et al. 1990). Although the difference in the observed
anisotropy for the solar wind and interstellar medium may be due to greater random-
ization by line-of-sight integration for the latter medium, we feel it is premature at this
point to take into account anisotropy of the turbulence. Finally, our observations are
sensitive to ISM fluctuations on large scales, which are comparable in magnitude to
the systematic field B,. For such large amplitude fluctuations there are no theoretical
reasons for expecting anisotropic turbulence (Zank and Matthaues 1992). It is also
assumed that the fluctuations in the electron density and magnetic field occur over the
same size scales in the ISM. This assumption stems from the fact that events which
put energy into the ISM, such as supernova explosions or stellar winds, will affect both
the interstellar electron density and magnetic field on roughly the same size scales.

We now have the following relations and definitions to use in deriving the
structure functions:

<on>=0
<I0B;>=0
< 0BiéB; >=0 for i# ]
Ra([T]) =< on(r3)on(rs 4+ 1) >
Rp([f]) =< 6B;(r5)dB; (13 + F) > = < 0B;(13)dB;(rs + 1) >
Ry (IT1) =< on(55)?0n(rs + )% >
R%ijk1(|f'|) =< 6B;i(13)B;(r5) 0Bk (s + T)0Bi(rs + T) >

R ([f]) = < dn(ry)d0B;(rs)dn(ry + F)oB;i(ry + ) >
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(6.14)
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(6.16)
(6.17)

(6.18)
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where B; is a component of the magnetic field along one of the axes (i.e. i,j,k, and
1=1,2,3). The fact that R,, R, R and R} are only a function of the separation |f],
independent of position, results from the assumptions of the homogeneity and isotropy
of the turbulence.

Using the geometry shown in Figure 6-5, we will assume that the medium
is a plane-parallel slab of thickness L in the z-direction. For a line of sight L/, at an
angle d6 with the z-axis, we have I’ = L./ cos §6. The equations for Dgry and Dgy are

then

L L'
Dem(08) = < [/0 n(z,0)?dz —/0 n(¢ cos 86, ¢ sin 60)2d¢]? > (6.19)

L - —
DrMm(00) =< [/ n(z,0)B(z,0) - dz
0
L’
—/ n(¢ cos 66, ¢ sin 66)B(C cos 66, ¢ sin 60) - d(]? > (6.20)
0

where (:' is a unit vector along the line of sight L’. Applying the conditions in equations
(6.11) through (6.18) and assuming that LI;'60 < 1 and L > 1,, so that we can let
fOL’ dz fOL d¢ — ffooo dy fOL d¢ where y = ¢ — 7, we find (see Appendix A)

Drwm(60) = 4C2 [f(a)n? + g(a)qi~2#C2] L1507 (6.21)
Drwm(60) = (0.81)2 [f(a) (n3CF + B2,C2) + CZChg(a)ql 2] L2 +150% (6.22)

for 0.5 < a < 4 where p = /2 — 1,

B 47T (1 — p)
) = S )+ )

(6.23)

(0) = 2730 (e — 0.5)%I'(1 — p)
S T 2 DL @u— D+ 1)

and « is the spectral index of the power law describing the fluctuations with C2 and C3

(6.24)

being the renormalization constants. We have also made the assumption that the outer



scale for electron density fluctuations is the same as the outer scale for magnetic field
fluctuations. Details of the derivation are given in the Appendix A. For Kolmogorov

turbulence, o = 11/3, equations (6.21) and (6.22) can be expressed as
n 2 o\ >/? C2
Dn(06) = [15.316 (> )"+ 1.405 > n
EM( ) [ 0.1 cm—3 + pc 10—3-0 ;n—20/3

o2 L \8/3 50 \5/3
% (10_3-O m—20/3) (kpc) (degrees)

n, 2 C%
Do) =126 (22" (o)
B\’ ca
c2 Ch b\
+23.043 (10_3_0 m—20/3> (10—13 m~—2/3 uG2> <§>

) L \8/3 50 \5/3
kpc degrees ’

The expressions for the rotation measure and emission measure structure

functions, equations (6.20) and (6.21), depend on several characteristics of the tur-
bulence. These are a, the power law index of the spectra, C2, C%, the outer scale
l, = i—: and the mean characteristics of the interstellar plasma, n, and Bo, = B). In-
dependent information from previous observations yields plausible initial estimates for
all of these quantities. In addition, we used the observed structure functions to fine
tune some of these quantities. A large body of interstellar scintillation data suggests
a = 11/3, the Kolmogorov value. The line of sight component of the magnetic field
was chosen such that the mean rotation measure for this field is reproduced when com-
bined with the electron density models. For a scale height of 1 kpc in the Reynolds
layer, we find an average path length, L, of 2.9 kpc through the Reynolds layer for
the region. Cordes et al. (1985) find a range of values for C2 for the diffuse ISM with
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C2 = 10-3% m~2%/3 being the average value. Armstrong et al. (1995), however, find
a nominal value of C2 = 10730 m~2%/3 for the diffuse ISM. The data of Armstrong et
al. include measurements of the ISS turbulence on larger scale sizes than was avail-
able to Cordes et al. Since the Armstrong et al. data include information from larger
scale sizes, and thus on scale sizes nearer to the size scale we are interested in, we
adopt C2 = 10730 m—29/3 35 the nominal value for the diffuse ISM. There is a pulsar
(J0156+4-3949) that lies at the western edge of the region were the H, measurements
where made. This pulsar shows a dispersion measure of DM = 59.0 + 6.0, which in-
dicates a value of C2 = 10722 — 10736 m=2%/3 (see Figure 9 of Cordes et al. 1985).
The pulsar 0320439, which lies just to the east of the region of our observations has
a measured value of C2 = 10~29%1 1n=29/3, With the lack of a direct measurement of
o2

2 within our region of observations we adopt a value of C2 = 10=30 m—2%/3, This

choice is based on the nominal value of C2 found by Armstrong et al. (1995) and
is found to be consistent with data from the two pulsars on either side of the field.
We have adopted a value of the outer scale of 3 pc. This choice was made from the
observed structure functions and will be justified in Section 6.4. Assuming that the
outer scale of the magnetic turbulence is also 3 pc, and further assuming that the RMS
value of the magnetic field fluctuations on this scale is of the order (~ 1 uG), we have
C% =3 x 10713 uG? m~2/3,

With the above parameters for the characteristics of turbulence in the
interstellar medium, we have for the model emission measure and rotation measure

structure functions,

D (68) = 73.7 66°/3 cm ™12 pe?

and

Dy (060) = 5906 66%/3 rad® m—*
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If we consider that only fluctuations in the electron density cause rotation measure

fluctuations (i.e. 6B = 0), then we have
D (60) = 2611 66°/3 rad? m—* (6.29)

for the rotation measure structure function. Equation (6.29) is equivalent to equa-
tion (6) of Simonetti (1988), with the value of C2 = 1030 m=2%/3 from above used,
L = 2.9 kpc (a typical path length for this region), and B = —0.8 uG for the line of
sight component of the magnetic field. The value of B was calculated from the galactic
magnetic field models described in Chapter 5 and parameterized in Table 5-2.

In the derivation of the structure function, an expansion in terms of the
powers of L151<50 was made assuming L1566 < 1.0. Using the values L = 2900 kpc and
l, = 3 pc we find that L1580 = 1.0 for 66 = 0.06°. Thus for 66 > 0.06° this expansion
breaks down. We would therefore expect the §65/3 behavior of the structure function to
break down around 46 ~ 0.06°. Physically, this critical lag corresponds to the angular
size associated with the outer scale. Thus examination of empirical plots like Figures
6-2 and 6-4 allows one to measure the outer scale by noting the angular scale at which

the power law functional form of the structure function changes.

6.4 Analysis of the Observed Structure Functions

6.4.1 Observed and Theoretical Structure Functions
In this section we consider the extent to which the observed structure
functions shown in Figures 6-2 and 6-4 correspond to the theoretical estimates discussed
in the preceding section. Both the magnitude and functional form of the structure
function contain information on interstellar turbulence.
The first thing to note from Figures 6-2 and 6-4 is that the slopes for

both structure functions are not in agreement with the expected /3 value for angular



separations 60 > 1.0°. What makes this particularly notable is that a power law with
an exponent of 2/3 does indeed appear to be an appropriate representation of the
data for both emission measure and rotation measure, rather than an unnatural fit
to observations described by some quite different mathematical function. In addition,
for angular lags 6 > 1.0°, the predicted structure functions (equations 6.27 and 6.28)
with a single Kolmogorov spectrum have larger variance than that which actually is
observed. Recall that these predictions employ an extrapolation of Kolmogorov spectra

to arbitrarily large scales.

6.4.2 Value of the Outer Scale

In our model for the interstellar turbulence described in Section 6.2, we
chose an outer scale of 3 parsecs. Since the emission measure data are complete both
spatially and in velocity for our region of observations, we can constrain the value of the
outer scale by dividing the emission measure data into various velocity ranges. Figure
6-6 shows the emission measure structure function calculated for several velocity bins.
Once again, the dashed line is a least squares fit to the data. The values for the least
squares fits to these structure functions are listed in Table 6-1. The first column in
Table 6-1 gives the velocity range for a given velocity bin while the second column
gives the distance estimate for these velocities assuming that the velocities are due to
galactic rotation (Reynolds 1980). The third and fourth columns list the parameters
found for a least squares fit to the emission measure structure function for each velocity
bin. For this region of the sky the more positive the velocity with respect to the local
standard of rest, the nearer the gas is to the sun. What we observe is that at large
distances the structure function is nearly constant for all angular separations. This is
what is to be expected if we are looking at angular separations that are greater than

the outer scale of the turbulence. As we look at the structure function for velocity bins
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whose distances are closer to the sun, we observe that the structure function starts to
approach a slope of ~ 1. However, even for the nearest gas, the structure function
does not show a /3 slope consistent with Kolmogorov turbulence. Since the gas at
Visr > —16 km/s lies at a distance of < 500 pc and shows that the outer scale for
Kolmogorov turbulence is less than one degree, we can put an upper limit of 9 pc on
the outer scale for turbulence in the interstellar medium. Galactic rotation models
predict that all Vygr in this region of the sky should be negative. Since we do observe
gas at positive velocities and there is good evidence that this region is associated with
the H II region of £ Per, we can assume the distance to & Per of 400 pc for the distance
to the gas at Visgr > 0 kmn/s, thus giving an upper limit of ~ 7 pc for the outer scale
of Kolmogorov turbulence in the interstellar medium.

We can also put a lower limit on the value for the outer scale of Kol-
mogorov turbulence in the ISM. This is achieved in the following manner. We know
that the observed emission measure structure function does not exhibit the character-
istic Kolmogorov slope of ®/3. Thus, the prediction of equation (6.19) for a given C2
and q, = 21—0” (assuming the Kolmogorov value o = !!/3) cannot be a valid solution if
it predicts a 66°/3 emission measure structure function for angular lags on which the
observations show Dgy; o< 660°7. This can be stated as the condition

10

2p
m> > 5.5+ 0.6 cm ™2 pe?.

12 [ + gla)al 2] 12+

We have relaxed the condition that equation (6.21) is only valid for 6§ < Z= and only

require that the §6°/3 power law (assuming Kolmogorov turbulence) of equation (6.21)
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only be valid for 6§ < 1.0°. Using a value of C2 = 10~29 m~2%/3 in equation (6.30)

with a path length of 2.9 kpc through the medium gives a lower limit of 1, > 0.1 pc.

6.4.3 The Influence of Galactic Structure

In spite of the uncertainty in modeling the large scale magnetic field in
this region of the sky, we can still use these models to predict the contribution of
galactic structure to the structure functions, which describe rotation measure variabil-
ity attributable to interstellar turbulence. Values for the rotation measure (Dgy) and
emission measure (Dgyr) structure functions derived from the rotation measure and
emission measure models are presented in Table 6-2. The structure functions were
calculated directly from the model rotation measures. These calculations were carried
out because the structure functions will be our basic tool for measuring interstellar
turbulence, and as discussed by Simonetti et al. (1984), large scale, deterministic
variations in the galactic rotation measure also contribute to the structure function.
These contributions must be accurately estimated to allow determination of the turbu-
lent component. We model both the emission measure and rotation measure structure
functions by D(60) = AdA®, where 66 is in degrees. The first and second columns of
Table 6-2 give the magnetic field and density models respectively. The third and fourth
columns list the values of A and B found for the rotation measure structure function
derived from the model rotation measures. The fifth and sixth columns list the values
of A and B found for the emission measure function derived from the density mod-
els. The logarithmic slopes (corresponding to B in Table 6-2) for Dry are near 2 as
would be expected for the contribution of galactic structure to the structure functions
(Simonetti et al. 1984). This is also the case for Dgy using the Taylor and Cordes
electron density model. However, the Reynolds + Stromgren model has a logarithmic

slope less than two, which is probably due to the fact that the H II region has been
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added to this model. Thus we would not expect to find a slope of two like the simple
model for the large scale structure contribution to the structure function, as discussed
by Simonetti et al. (1984). Although the rotation measure models do not provide an
entirely adequate description of the large scale rotation measures, they should provide
an adequate estimate of the deterministic, galactic structure contribution to the mea-
sured structure functions. Using the fits in Table 6-2, we find that the galactic structure
contribution is totally negligible at angular lags of order a degree, and approaches the
order of several tens of percent of the observed value only for the largest angular lags of
10°. We conclude that large scale galactic variations will not affect the interpretation

of the structure functions.

6.4.4 Modeling the Observed Turbulence

As has been discussed in section 6.4.1, the observed slopes for the emission
measure and rotation measure structure functions are consistent with slopes of 2/3
rather than the Kolmogorov slope of 5/3. In section 6.4.2 we found that the outer scale
of the Kolmogorov turbulence is in the range 0.1 pc < 1, < 7 pc. For an average path
length of L = 2900 pc through the ISM in the region of the sky, it would be expected
that the §6°/3 power law behavior of the structure function breaks down in the range
0.002° < 46 < 0.14°.

Since there are no data points for Dgy for 66 < 1° and there are only
three data points for Dgy below 06 < 0.15°, we are not able to directly measure the
slope of the structure function indicative of Kolmogorov turbulence. However, the ob-
served slopes for the emission measure and rotation measure structure functions with
06 > 1° suggest a slope of 2/3 which is consistent with two dimensional turbulence
(Thompson et al. 1991). Thus we postulate a model in which the Kolmogorov tur-

bulence in the ISM (at least for this region of the sky) is contained in thin sheets or
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filaments. In this model, Kolmogorov turbulence (D ox §6°/3) is observed for angular
separations corresponding to scale sizes smaller than the thickness of the thin sheets
or filaments. For angular lags corresponding to scale sizes larger than the thickness
of the thin sheets, the turbulence appears to be two dimensional and the structure
functions at these angular lags are proportional to 66%/3. Thus a slope of 2 /3 for the
two dimensional turbulence implies that @ = 11/3 for the three dimensional turbu-
lence. Interstellar scintillation observations provide evidence for Kolmogorov density
fluctuations on smaller scales (107 to 101 ¢cm) and we are assuming that a transition
to two dimensional turbulence occurs on the scales we are measuring. We can thus use
the information on the turbulence provided by the ISS measurements in our model for
the structure functions.

The predictions in section 6.4.2 for the rotation measure and emission
measure structure functions (equations 6.21 and 6.22) for Kolmogorov turbulence (o =
11/3) are taken to be valid for L1516 < 1. At L1560 = 1 the structure functions are
assumed to “turn over” to a power law with a logarithmic slope of 2/3. The structure

functions predicted by this model have the following structural form

D (66)= A89%* for 60 < 15

10 2u—1 10
— — > =
AL59 for 66 3

where

A = 4C [f()n? + g(a)ql2C2] L+

and

o
D (60)= B> for 660 < T

10 2pu—1 10
— — > =
B I 06 for 66 T
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where

B = (0.81) [f(a) (nCh + B2,C2) + C2Che(a)ql 2] L2+,

0z —n

Since we have prior knowledge that C2 = 10739 m~20/3 n, = 0.025 cm™3,
Boz = —0.8 G and L = 2900 pc we first “fit” equation (6.31) to the measured emis-
sion measure structure function in order to determine the outer scale of the Kolmogorov
turbulence. It should be noted that both the measured emission measure and rotation
measure structure functions are consistent with a 2/3 slope. The outer scale is deter-
mined from the angular lag 66, at which the theoretical expression (6.21) intersects
the least squares fit power law (equation 6.6). The outer scale is related to the corre-
sponding angular scale by 1, = 66, L. The result is an outer scale I, =3+ 1 pc. The
resulting structure function (equation 6.31) is shown in Figure 6-7. The dashed line in
Figure 6-7 is the least squares fitted power law (equation 6.6) and the solid line is the
prediction of equation (6.31) with C2 = 10=3° m=20/3 and 1, = 3 pc.

We now fit equation (6.32) to the measured rotation measure structure
function to determine what values of C% are permissible. This is done in a sim-
ilar manner as above, requiring that the theoretical expression (6.22) is equal to

the least squares fit power law (equation 6.4) at J6 = resulting in a value of

E,
CZ = (3+1) x 10713 m~2/3 4G2. The fit to the observed rotation measure structure
function is shown in Figure 6-8. The dashed line shown in Figure 6-8 is the least squares
fit of the power law to the data (equation 6.4) while the solid line is the prediction of
equation (6.32) with C2 =103 m=2/3 1, =3 pc and C% = 3 x 10~13 m~2/3 uG2.
For comparison we have plotted the prediction of equation (6.32) with C% = 0 as the
dotted line in Figure 6-8. It is easily seen that all but two points are several sigma

above the prediction of equation (6.32) with C4 = 0 (i.e. electron density fluctuations

only). This is the first separation of the magnetic field and density contributions to
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rotation measure fluctuations in the interstellar medium. Our result may be taken as
observational evidence of true magnetohydrodynamic turbulence in the ISM. It is worth
noting that Hollweg et al. (1982) used an observational signature identical to ours, an
excess in the rotation measure above what could be produced from density fluctuations
alone, to infer the presence of magnetic field fluctuations and hydromagnetic waves
in the solar corona. With I, =3 pc and C3 =3 x 1073 m~2/3 4G? we find that the
amplitude of the magnetic field fluctuations is ~ 1.1 G, which is about 30 — 50% of
the amplitude of the uniform magnetic field. This is the Kolmogorov spectrum portion
of the fluctuating magnetic field. The total magnitude of the random field including a
contribution from the two dimensional turbulence would be larger.

If we assume that a smaller value of C2 is appropriate for this region, then
the emission measure structure function requires a larger outer scale (see Figure 6-7
and equation 6.31). This leads to the result that the required value of C3 needed to
fit the observed rotation measure structure function decreases. If we let C2 become
larger then a smaller outer scale is needed and a larger value for C% is needed to model
the observed rotation measure structure function. A lower limit of the value of C% can
thus be obtained by assuming that 1, = 7 pc, the maximum value permitted (see section
6.4.2). The value of C% which results is C% > 1.3 x 1073 m~2/3 yG2. The structure
function which results from this set of parameters falls well below the measurements
for the smallest angular lags. It is thus a less satisfactory model than the one shown
in Figure 6-8.

We now address the question of determining the outer scale of the two
dimensional turbulence (12P). The outer scale of the two dimensional turbulence
can be estimated from the emission measure structure functions in the various ve-
locity ranges (see Table 6-1 and Figure 6-6). From Table 6-1 it is easily seen that

the measured slope of the emission measure structure function for the velocity range
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Visr = +8 — +20 km s~ ! is consistent with a slope of 2/3 for angular lags from
00 = 1° — 10°. Since the H, emission for this velocity range is at a distance of
~ 400 pc, we find 12P > 70 pc. The emission measure structure function for the velocity

range Vpgr = —76 — —64 km s~ 1

is consistent with being a constant value. Since the
H,, emission for this velocity range is at a distance of sim5500 pc, we find 12° < 96 pe.
Thus we have the limits 70 pc < 1§D < 96 pc for the outer scale of the two dimensional
turbulence. Lazaryan and Shutenkov (1990) found an outer scale of 90 pc for the mag-
netic field fluctuations in the galactic background radiation towards the north galactic
pole. It should be noted that the outer scale of the two dimensional turbulence is such
that the corresponding angular sizes are ~ 5° (half the size of our region of observa-
tions) at a distance of 1 kpc. Thus the magnetic field anomaly discussed in Chapter 5
may well be due to magnetic field fluctuations with scale sizes near the outer scale of
the two dimensional turbulence.

We have found that the observed emission measure and rotation measure
structure functions are consistent with a model in which Kolmogorov turbulence is
contained in thin sheets or filaments of about 3 pc thickness with C2 = 10730 m—20/3
and C& =3 x 10713 m~2/3 G2, The level of Kolmogorov turbulence in this model is
consistent with that inferred from ISS observations, and thus supports the idea of a
power law spectrum spanning many decades of wave number (Armstrong et al. 1995).

This model also indicates that magnetic field fluctuations are present in the ISM such

that the turbulence in the ISM is truly magnetohydrodynamical turbulence.

6.5 Correlation of RM and EM

We have also computed the cross structure function for the observed emis-

sion measure and rotation measure values. The cross structure function is defined as
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follows:
< [RM(6) — RM(6 + 60)] [EM(0) — EM(6 + 60)] >

D,(60) =
(96) 20RMOEM

(6.29)

where ory and ogy are the standard deviation of the measured rotation measures and
emission measures respectively. Note that the cross structure function can have negative
values. For angular lags 60 = 1° — 4°, the cross structure function of emission measure
and rotation measure is Dy = 0.00 = 0.03. This indicates that for angular lags 66 < 4°
there is no correlation between fluctuations in the emission measure and fluctuations in
the rotation measure. For angular lags 60 > 4°, the cross structure function increases
with increasing 66. This can easily be explained by noting that in the H II region of
& Per the emission measure increases dramatically and the rotation measure becomes
more positive. Thus for angular lags 66 > 4°, we interpret the increase in the cross
structure function as being due to the H II region of ¢ Per and the magnetic field
anomaly that is most likely associated with the H II region.

As a cautionary note to the reader, it should be pointed out that the H,
measurements had a resolution of 0.8° while the rotation measure data had a resolution
of ~ 10”. It is thus possible that the cross structure function is affected or biased by
the highly dissimilar resolutions of the two data sets. However, even in the case of the
solar wind, for which direct, in situ plasma measurements are available, the correlation
between density and magnetic field fluctuations is lower than theoretically expected,

for reasons which are not entirely understood (Bavassano and Bruno 1995).

6.6  The Nature of the Turbulence in the ISM

For angular separations 6 > 1.0°, the emission measure and rotation mea-
sure structure functions are consistent with a logarithmic slope of 2/3. This slope is
what is found for two dimensional turbulence (Thompson et al. 1991). One explana-

tion of our results is that for angular separations 66 < 0.06° we are seeing Kolmogorov



turbulence and for angular separations 060 > 0.06° we are seeing effectively two dimen-
sional turbulence. This situation could arise if the Kolmogorov turbulence is contained
within thin sheets or filaments. For angular separations corresponding to distances
less than the thickness of a thin sheet or filament, we would be probing the isotropic
Kolmogorov turbulence inside the feature and would find a slope of ®/3 for the struc-
ture functions. For angular separations greater than the thickness of the thin sheet
or filament, the turbulence would appear two dimensional and we would then expect
to find a slope of 2/3. This effect is actually observed for the Earth’s troposphere
(Thompson et al. 1991). Another possible explanation would be that for gas near the
sun we are sampling separations less than the outer scale where the structure functions
should have a slope of 5/3 while for the most distant gas we are sampling separations
greater than the outer scale where the structure functions should be constant. Thus
the observed structure function would appear to have a slope that is an “average” of
these two cases and would be near to 2/3. However, the analysis of the velocity data
for the emission measures argues against this since Kolmogorov turbulence is not even
observed for the gas nearest to the sun (see Table 6-1).

It is quite plausible that the turbulence in the interstellar medium lies in
thin shells or filaments in this region of the sky. The strong emission measure features
on the eastern side of the region shown in Figure 4-1 are possibly associated with the
H II region of ¢ Per, lying at the edge of a classical Stromgren sphere surrounding
& Per. The velocities of these emission measure features also suggest that they are
possibly the ionized edge of an H I cloud, which is itself part of an expanding shell
of H I associated with Per OB2 (Reynolds 1988 and Sancisi 1984). If these features
are in fact the ionized edges of H I clouds then the plasma at a small distance from
the sun would lie in a thin sheet in this region. This would mean that we would be

capable of resolving the Kolmogorov turbulence inside the thin sheet at small angular
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separations, while at larger angular separations we would observe the turbulence as
being two dimensional. Reynolds et al. (1995) have also identified several more fil-
aments and loops in the H, and H I emissions from this region of the sky. The H,
emission from other galaxies commonly show that filaments, shells and loops exist in
the H, structure (Walterbos and Braun 1994, Tenorio-Tagle and Bodenheimer 1988).
In the Magellanic Clouds, it is found that the typical thickness of a shell filament is of
the order of 5 pc (Kennicutt and Bresolin 1995). In our own galaxy, the H, emission
exhibits filamentary structure for angular scales > 1° (Rand 1994). The filaments of H,
could be the result of holes in the H II regions surrounding hot stars, whereby ionizing
radiation could escape in small beams into the surrounding medium. Such filaments
surrounding H II regions are seen in the Magellanic Clouds (Kennicutt and Bresolin
1995). The H,, filaments could also be the result of shocks seen edge on. Radio Loop II
traverses the eastern side of our region with the edge of its shell following the western
side of the bright emission measure features. It is not known if radio Loop II has any
association with these emission measure features. Since Loop II is an old supernova
remnant at a distance of ~ 300 pc (Spoelstra 1984) it could also contribute to the

> of the turbulence. Loop II would have presumably swept up

“thin sheet morphology’
the magnetic field and gas of the interstellar medium as it expanded, leaving behind a
shell structure in both the magnetic field and electron density. Wilkinson and Smith
(1974) have estimated that the scale sizes of magnetic field irregularities in the galactic
radio loops range from 0.1 pc to ~ 5 pc. It is thus quite clear that there are several
relatively nearby features which can produce shell like and filamentary features in the
interstellar plasma. This would then be capable of giving rise to a composite structure
function for rotation measure and emission measure in which Kolmogorov turbulence

is seen for small angular separations while for larger angular separations the turbulence

appears in two dimensional sheets and filaments causing the structure function to have
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an entirely different slope. The size scales of the these features (~ 5 pc) are also in
rough accord with the apparent outer scale of 3 pc found from our observations.

It is interesting to note that the observations of Simonetti et al. (1984)
from1=70° — 110° and b = —45° — +5° (his region 1), which is inside the boundaries
of Loop II, show that the rotation measure structure function has a logarithmic slope of
~ 1 for angular separations 660 > 1°. This result is similar to what we observe although
our observations are concentrated in another part of Loop II. Further observations
by Simonetti and Cordes (1986 and 1988) (see Figure 10 in Simonetti and Cordes
1986 and Figure 1 in Simonetti and Cordes 1988) show that for angular separations
00 < 0.1° in this region, the rotation measure structure function is consistent with
the Kolmogorov slope of 5/3 although they did not make this interpretation of their
data. For Simonetti’s region 3, concentrated from 1 = 180° — 220° and b = 10° — 50°,
an area near the galactic plane which is not inside a galactic loop, and also for his
region about the North Galactic Pole (b > 60°) the rotation measure structure functions
are both consistent with a logarithmic slope of zero for angular separations 66 > 1°.
This would indicate that the outer scale for all the turbulence (Kolmogorov and two
dimensional) in the interstellar medium is < 1° in these directions. It is inviting to
speculate that since no galactic loops exist in these regions, we would not expect to see
a slope of %/3 at large angular separations since there is no large, nearby shell in the
interstellar magnetic field and electron density to produce a two dimensional turbulent
spectra. We would thus see the rotation measure structure function increase with a
5/3 slope until it reached the outer scale at which the structure function would become
constant for larger angular separations. Most likely the two dimensional turbulence
occurs in the nearby shell of a supernova remnant. The observations of Simonetti et al.

(1984, 1986 and 1988), when combined with our data, seem to suggest that the angular
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scale corresponding to the spatial outer scale for Kolmogorov turbulence in the ISM is

< 1.0° over most of the sky.



Table 6-1. Least squares fit to emission measure structure function for various velocity

ranges.
Visr(km/s) Distance(Kpc)? A B
—76 — —64 5.4 0.11 £ 0.01 0.13 = 0.07
—64 — —52 4.5 0.18 0.1 0.33 £ 0.05
—52 — —40 3.6 0.19+0.01 0.39 £ 0.03
—40 — —28 2.6 0.16 £0.1 0.44 +0.04
—28 — —16 1.6 0.23 £0.02 0.56 £ 0.05
—16 — —4 0.5 0.71 £ 0.06 0.68 £ 0.06
—4 — +8 < 0.5 1.31 £ 0.07 0.90 £ 0.04
+8 — +20 <0.5 0.54 +£0.04 0.76 £ 0.06
All Velocities 10.0 £0.5 0.73 4+ 0.04

IThe distance values for each velocity bin were adapted from Reynolds (1980).

Note: The data are least squares fits of the structure functions to the

formula:D = A§6B.
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Table 6-2. Predicted galactic contribution to rotation measure and emission measure
structure functions from galactic models.

_ Model EM

B N A B A B
RL R+S 3.94+0.5 2.16 = 0.07 0.74 £+ 0.06 1.07 = 0.06
RL TC! 424 0.6 2.15+0.07 0.06 £ 0.08 1.87 4+ 0.08
Az R+S 2.1+0.3 2.11 +0.06 0.74 £+ 0.06 1.07 £ 0.06
Az TC! 2.0+0.5 24+4+0.1 0.06 = 0.08 1.87 £ 0.08
Bi R+S 5.0£1.0 24+0.1 0.74 £ 0.06 1.07 £ 0.06
Bi TC?! 6.0+1.0 2.3+0.1 0.06 &= 0.08 1.87 £ 0.08

1 The Taylor and Cordes model was modified so that the mid-plane

density of the diffuse electrons with a scale height of 880 pc was
0.027 cm ™3 rather than 0.019 cm~3.

Note: The data are least squares fits of the structure functions to the

formula:D = A§HB.
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Figure 6-1. An example structure function for a function f(x) which is assumed to have
a measurement error of .207 and a standard deviation about the mean of
o¢ for all measured values. The correlation length of f(x) is ~ 1.
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Figure 6-2. Plot showing the rotation measure structure function. The dashed line
corresponds to the least squares fit to data point with 60 > 1.0°, equation
(6.4).
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Figure 6-3. Plot showing the emission measure structure function. The dashed line
represents the least squares fit to all data points, equation (6.5).
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Figure 6-4. Plot showing the emission measure structure function. The two regions of
anomalous H, emission have been removed. The dashed line represents
the least squares fit to all data points, equation (6.6).
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Figure 6-5. Geometry for the calculation of the structure functions of rotation measure
and emission measure. Two lines of sight of length L. and L’ are separated
by an angle §6. The two lines of sight lie in a plane defined by the vectors
z and §.
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Figure 6-6.

Plot showing the emission measure structure function for several different
velocity ranges. The dashed lines represent the least squares fit to all
data points (see Table 6-1). The velocity ranges shown are: panel (a)
—64 km/s < v < —52 km/s; panel (b) —40 km/s < v < —28 km/s; panel
(c) =16 km/s < v < —4 km/s; (d) +8 km/s < v < 420 km/s.
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Figure 6-7. Plot showing the emission measure structure function. The dashed line
represents the least squares fit to all data points, equation (6.5). The solid
line is the prediction of the model (equation 6.31).
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Figure 6-8. Plot showing the rotation measure structure function. The dashed line
corresponds to the least squares fit to data point with §0 > 1.0°, equation
(6.4). The solid line is the prediction of the model (equation 6.32). The
dotted line is the prediction of the model (equation 6.32) with no magnetic
field fluctuations.
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CHAPTER 7
HEATING OF THE DIFFUSE INTERSTELLAR MEDIUM
VIA TURBULENT WAVE DISSIPATION

In this chapter we consider the heating of the interstellar medium (ISM)
due to magnetohydrodynamic (MHD) waves which are postulated to comprise the
observed turbulence in the ISM. In light of the measurements of the outer scale of the
turbulence in the ISM and the measurement of the strength of the turbulent magnetic
field presented in this thesis along with the recent measurements of the inner scale
of the turbulence in the ISM by Molnar et al. (1995) and the determination of the
plasma density in the scattering regions from H, measurements (Reynolds 1991), we
can now completely describe the turbulence in the ISM on observational grounds. The
only qualification to this statement is that the magnetic field fluctuations are assumed
to have the same power law behavior as the electron density fluctuations and the
spectrum is assumed to have the same inner and outer scale as the electron density
fluctuations. This is not an entirely unreasonable assumption to make for the ISM.
These new measurements allow us to apply the theoretical expressions for the heating
rates for various MHD wave damping mechanisms presented by Spangler (1991) to the
diffuse interstellar medium.

Spangler (1991) assumed that the turbulence in the ISM is consists of an
ensemble of compressible MHD waves which are distributed homogeneously throughout
the ISM. The electron density fluctuations are produced by MHD waves, such as Alfvén

and magnetosonic waves. Spangler (1991) determined the heating rate for H II region
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envelopes and the warm ionized medium (WIM) assuming an outer scale in the range
10! c¢m to 10'® cm and a turbulent magnetic field strength of 0.3 uG. The reader is
referred to Spangler (1991) for a detailed discussion of how the turbulence is modeled as
MHD waves. It should be emphasized that Spangler (1991) considered wave damping
in the regions responsible for heavy interstellar scattering. In this chapter we consider
the same microphysical arguments for the more diffuse phase of the ISM responsible for
relatively light interstellar scattering. As a result of the data presented in this thesis,
we have good estimates of the characteristics of the turbulence and background plasma
in this part of the interstellar medium.

We will only consider the damping of the MHD waves due to linear Landau
damping, ion-neutral collisional damping and the parametric decay instability. Other
damping processes have been shown to contribute much less to the heating of the
ISM (Spangler 1991). We also consider the heating of the diffuse gas comprising the
Reynolds’ layer in addition to the regions considered by Spangler (1991).

The cooling rates for the regions discussed by Spangler (1991) were derived
from the cooling functions of Reynolds (1990) for H II regions. We will adopt the same

cooling function as Spangler (1991) which is

L=5x10"*n?ergs™! cm™

for a gas temperature of T ~ 10* K, which is relevant for the regions of the ISM dis-
cussed here. Spangler (1991) found the heating rate due to linear Landau damping to
be

2 . 2 —-1/3
errp = 1.2 x 1072°6°F (g) (L) (bT) ( I 12 )

106 cm s~ 1 uG 108 cm 1034 cm?

in erg s~ cm™3 where
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for an obliquely propagating fast magnetosonic wave in a medium with Kolmogorov

turbulence. In equations (7.2) and (7.3), the Alfvén speed is given by

Va=22x10t BG) et

n(cm—3)
v; and v, are the thermal ion and electron velocities, respectively, b% is the variance of
the turbulent magnetic field strength, § is the ratio of the gas pressure to the magnetic
field pressure and 0 is the angle between the direction of wave propagation and the static
magnetic field. For a plasma with 8 ~ 1, F(8) ~ 1. For the obliquely propagating fast

magnetosonic wave, the density compressions are given by (Spangler 1991 and Sakurai

i (Y
n, =T BO Sin

where dn is the density fluctuation, n, is the mean density, db is the amplitude of the

1994)

wave, B, is the large scale magnetic field strength along which the wave propagates, 7
is a coefficient of order unity and 6 is as defined above. If the same spectrum, outer
scale and inner scale characterize both the density and magnetic field fluctuations in
the ISM then we have CZ o ((6n)?) and C% o ((6b)?) with the same proportionality

constant for each relationship. Thus equation (7.5) can be rewritten as

. B,\’ /C2
o= (22) ()

and we can estimate 6 for different regions of the ISM from the observed properties:
B, ~ 3 uG, C2 =10"3%m=20/3 and C? =3 x 10~13 m—2/3 uG2.

In Table 7-1 we list the properties of the regions of the ISM being considered
in this chapter. We give the name of the region in the first column, the density in column
2, the fractional ionization in column 3, the Alfvén speed in column 4, the collisional

frequency in column 5 and € in column 6 for the various regions of the ISM which
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we are considering. For the diffuse ISM, Reynolds (1995) found that the hydrogen is
at least 40% ionized. We have thus calculated the heating rates for the diffuse ISM
assuming that it is either 50% or 100% ionized. Reynolds (1991) also found that the
diffuse ionized hydrogen exists in clumps with an average density of 0.08 cm~3. For
the diffuse ISM, the above parameters in equation (7.6) yield sin# > 1. For purposes of
the present calculation we adopt a value of 6 ~ 30° thus obtaining a lower limit to the
heating from linear Landau damping. If # is much larger than 30° then the damping
rate predicted by equation (7.2) is no longer valid. For the H II region envelopes we
use the value of § = 3° derived from equation (7.6). It should be noted that the region
of the sky considered in this thesis has no features that could be labeled as H II region
envelopes. Before continuing, it is worth emphasizing that equation (7.6) is meaningful
only if the density fluctuations responsible for interstellar scintillation arise from oblique
propagation of MHD waves.

For ion-neutral collisional damping Spangler (1991) found the heating rate

to be
b \ 2 [\ 261
en(ergs s7t em™3)= 7.7 x 1074y, (u—é> (k_o) ko < ke
C
b\ 2
— 7.7 x 10"y, (u—é> ko > ke
where k, = 21—0”, n is the number density of hydrogen and
. (1 + ;’—i) Vo
=T y.

pi and p, being the mass density of ionized and neutral species and v, being the collision

frequency. The collision frequency is given by

Vo =1.3x 1070, s7t
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in a medium were the hydrogen is fully ionized and helium has the standard cosmic

abundance (Spangler 1991), and by
Vo=19x10""n(H) s! (7.10)

for partially ionized hydrogen with a neutral hydrogen density of n(H) (in cm™3) at
a temperature of T ~ 10* K (Mclvor 1977). The collisional frequency is greater for
the partially ionized hydrogen since H — HT collisions become more important at lower
ionization fractions. Finally for the heating rate due to the parametric decay instability

Spangler (1991) finds

_ VA 3 ,U,G bT 3 1017 cm ki
— 5.6 x 102 L Y 11
ép1 = 9.6 x 10 (106 cm s_1> < B, ) (,A}) L) 10k, (7.11)

where k; = 21—”

We can now determine the heating rate of the ISM due to the damping of
the MHD waves which are assumed to comprise the turbulence observed in the ISM.
We take the mean large scale magnetic field to be B, ~ 3 G, the outer scale to be
in the range 0.1 pc < 1, < 7.0 pc with the most likely value being 3 + 1 pc. The inner
scale is taken to be the value determined by Molnar et al. (1995) I; = 300 £ 150 km.
In Figures 7-1 through 7-4 we compare the cooling rates of the three regions to the
heating rates of the damping mechanisms considered above. In Figures 7-1 through
7-4, the dashed line represents the linear Landau damping heating rate, the dot-dash
line represents the ion-neutral collisional damping heating rate, the dotted line is the
parametric decay instability heating rate and the solid line with hash marks represents
the cooling rate. The most likely range for the value of the outer scale (3£ 1 pc) is
shown as the shaded region. In the following discussion we shall only consider the

heating rates within the shaded region.



For the H II region envelopes we find that all the heating rates for damping
mechanisms are smaller than the cooling rate (see Figure 7-1). If the properties for the
magnetic field fluctuations and electron density fluctuations that we have observed for
the diffuse ISM are applicable to H II region envelopes, then the turbulent heating rate is
~ 1% of the cooling rate. However, many lines of sight which show enhanced interstellar
scintillation close to H II regions, and thus plausibly pass through extended H II region
envelopes (Spangler 1991). It is thus likely that the value C2 = 1073* m=29/3 yugsed
in determining the curves in Figure 7-1 is not correct and that a more realistic value
is in the range C2 = 1073° — 1 m~2%/3 (Cordes et al. 1985). This would cause 6, as
determined from equation (7.6), to increase, resulting in an increase in the heating rate

due to linear Landau damping. For C2 =1 m—20/3

it is found that the heating rate
of H II region envelopes due to linear Landau damping is equal to the cooling rate if
the outer scale is ~ 3 pc. It is also possible that the amplitude of the magnetic field
fluctuations in the H II region envelopes is larger, which would further increase the
heating rate due to linear Landau damping.

For the WIM, we see from Figure 7-2 that the heating rates for linear
Landau damping and the parametric decay instability are greater than the cooling
rate. The heating rate due to ion-neutral collisions is ~ 2/3 the cooling rate of the
WIM. Finally, we consider the diffuse ISM, which is characteristic of the part of the
interstellar medium probed by the observations in this thesis. We find that all three
damping mechanisms produce heating rates greater than the cooling rate of the diffuse
ISM if it is 50% ionized (see Figure 7-3). If the diffuse ISM is 100% ionized (see Figure
7-4), then then the heating rates for linear Landau damping and the parametric decay

instability are greater than the cooling rate of the diffuse ISM. The ion-neutral damping

heating rate is ~ 20% of the cooling rate of the diffuse ISM if it is 100% ionized. If the
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observed turbulence in the ISM is composed of MHD waves we find that the damping
of these waves would contribute too much heating to the WIM and the diffuse ISM.

It is not clear whether the turbulence measured in Chapter 7 exists in the
diffuse ISM or in higher density regions (i.e. the H IT envelope of ¢ Per or the supernova
remnant observed as radio Loop II). Since we seem to observe the turbulence occurring
in thin sheets or filaments it is possible that this consists of turbulence inside of the
higher density shell like regions. If this is indeed the case, then it is possible for the
turbulence to be entirely comprised of MHD waves. However, the largest observed
density seen in this region is n, ~ 0.5 cm?® (Reynolds 1988) which is more indicative of
the WIM than of H II region envelopes.

If a significant portion of the observed turbulence is in the diffuse ISM,
as does seem to be the case for this region of the sky, then we must conclude that
the interstellar turbulence does not consist of MHD waves. This arises because the
MHD waves would heat the diffuse ISM faster than it could cool and thus cause it to
reach higher temperatures than are observed. It is therefore possible that the turbulence
theory of Higdon (1984, 1986) may be more relevant for the diffuse ISM. Higdon showed
that the heating rate of the turbulence is greatly reduced if the turbulence is comprised
of highly elongated, field-oriented irregularities or non-propagating entropy structures
rather than an ensemble of MHD waves. Higdon’s (1984) “cloud shell H II region”
has similar properties to those of the diffuse ISM discussed above. Higdon estimated
that this region has an outer scale of 1, ~ 0.7 pc and that its heating rate is ~ 20%
of the cooling rate for his model of the turbulence in the ISM. Molnar et al. (1995)
have found evidence for anisotropy in the turbulence on small spatial scales which
may be interpreted as support for the model of Higdon. It thus seems likely that the
turbulence model for the ISM of Higdon (1984, 1986) may provide abetter description

of the observed turbulence than does the model of Spangler (1991).
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Ferriere, Zweibel and Shull (1988), Bykov and Toptygin (1987), Mclvor
(1977) and Kulsrud and Pearce (1969) have all previously examined this subject and
have also concluded that wave heating would overpower the radiative cooling capabili-
ties of the diffuse ISM. However, these previous authors were forced to make estimates
of various quantities, such as the outer scale of the turbulence and the variance of the
magnetic field, for which data now exist. We have been able to put more stringent
constraints on the wave heating rates of the ISM due to the recent measurements of
these quantities which were not previously available. This allows us to rule out the

possibility that turbulence in the diffuse ISM is composed entirely of MHD waves.
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Table 7-1. Properties of regions were the turbulent ISM may reside.

Region ne(cm™3) % ionized Va(10% cm s71) vo (s71) 7

H IT envelopes 4.0 100 0.33 5.2 x 10710 3°

WIM 0.25 68 1.32 2.24 x 10710 44°
Diffuse ISM 0.08 50 2.33 2.28 x 10710
Diffuse ISM 0.08 100 2.33 1.04 x 1011
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Figure 7-1. Comparison of the heating rate due to MHD wave damping and the cooling
rate of H II region envelopes. The solid line with hash marks indicates the
cooling rate, the dashed line represents the heating due to linear Landau
damping, the dash-dot line represents the ion-neutral collision damping
heating rate and the dotted lined gives the heating rate due to the para-
metric decay instability. The most likely range for the value of the outer
scale is shown as the shaded region.
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Figure 7-2. Comparison of the heating rate due to MHD wave damping and the cool-
ing rate in the warm ionized medium. The solid line with hash marks
indicates the cooling rate, the dashed line represents the heating due to
linear Landau damping, the dash-dot line represents the ion-neutral colli-
sion damping heating rate and the dotted lined gives the heating rate due
to the parametric decay instability. The most likely range for the value of
the outer scale is shown as the shaded region.
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Figure 7-3. Comparison of the heating rate due to MHD wave damping and the cooling
rate of the diffuse ISM if it is 50% ionized. The solid line with hash
marks indicates the cooling rate, the dashed line represents the heating
due to linear Landau damping, the dash-dot line represents the ion-neutral
collision damping heating rate and the dotted lined gives the heating rate
due to the parametric decay instability. The most likely range for the value
of the outer scale is shown as the shaded region.
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Figure 7-4. Comparison of the heating rate due to MHD wave damping and the cooling
rate of the diffuse ISM if it is 100% ionized. The solid line with hash
marks indicates the cooling rate, the dashed line represents the heating
due to linear Landau damping, the dash-dot line represents the ion-neutral
collision damping heating rate and the dotted lined gives the heating rate
due to the parametric decay instability. The most likely range for the value
of the outer scale is shown as the shaded region.
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CHAPTER 8
SUMMARY AND CONCLUSIONS

We have measured the rotation measures of 38 extragalactic radio sources
in a region of the sky where the H, intensity has been mapped out spatially and in
velocity. The emission measure across this region can be modeled with the Reynolds
layer or the galactic electron density model of Taylor and Cordes. However, we have
to include a model of the H II region of ¢ Per in order to completely account for the
observed H, emission. Use of three standard models for the galactic magnetic field
with these density models fails to account for the mean characteristics of the rotation
measure observed in this part of the sky. For the model rotation measures to agree
with the observed ones, we conclude that the strength of the fields in spiral arms must
be of order 3 — 4 uG, larger than indicated by previous investigations. In addition, to
account for the rotation measure gradient across our field, we must posit a magnetic
field anomaly, associated with either the ¢ Per H II region, or radio Loop II. It is also a
possibility that this magnetic field anomaly is the result of a magnetic field fluctuation
with a size scale near the outer scale of the observed two dimensional turbulence.

We have developed an improved ionospheric Faraday rotation model for
the use in the calibration of polarization observations of radioastronomical sources.
The RMS scatter in the polarization position angles about the mean of 5° — 7° found
using the AIPS model in ionospheric Faraday rotation calibration for these sources
have generally been treated as marginally acceptable values during periods of high

solar activity. However, using the improved ionospheric Faraday rotation model of
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ionospheric Faraday rotation calibration we have shown that the RMS scatter about
the mean in polarization position angle can be reduced by better than a factor of two.
This is achieved because the improved ionospheric Faraday rotation model provides a
more realistic and up to date model of the ionosphere than does the AIPS model. It
was found that the AIPS model uses an out of date model for the geomagnetic field
and that the slab model of the ionosphere can create problems for sources near the
horizon, especially near sunset or sunrise and when the geomagnetic field undergoes
large changes along the line of sight. The use of the model developed in this thesis
allows for higher precision calibration of polarization data obtained with the VLA.
This results in the calibrated data having a larger signal to noise in Q and U when the
model developed in this thesis is used, compared to when the FARAD model is used.
We have found that for angular separations 0 > 1.0°, neither the rotation
measure nor emission measure structure functions adhere to a functional form appro-
priate if the turbulence had a Kolmogorov spectrum on all scales. This statement even
holds for the emission measure structure function of the gas nearest to the sun, as
determined from the emission measure data in various velocity ranges. However, for
these angular separations both the emission measure and rotation measure structure
functions have logarithmic slopes of 2/3, indicative of two dimensional turbulence. We
also have made the first detection of the contribution of magnetic field fluctuations
to rotation measure fluctuations on large scales in the ISM. This indicates that the
turbulence in the ISM is actually magnetohydrodynamical turbulence. We find that
a model in which the three dimensional, Kolmogorov turbulence responsible for inter-
stellar scintillations is contained within thin sheets or filaments of ~ 3 pc thickness is
consistent with the observed data. For scale sizes larger than the thickness of the thin

sheets or filaments the turbulence appears to be two dimensional with and outer scale
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of 70 pc < 12P < 96 pc. From an analysis of the structure functions we conclude that
the outer scale for the Kolmogorov turbulence is 3 =1 pc.

The heating rate of the ISM due to the damping of MHD waves which
possibly comprise the observed turbulence in the ISM was also investigated. It was
found that MHD wave damping would heat the ISM faster than it could cool for the
WIM and diffuse ISM. This indicates that the electron density fluctuations in the
diffuse ISM do not arise from the oblique propagation of MHD waves. An alternative
explanation of the nature of the turbulence in the ISM is that it is composed of highly
elongated, field oriented structures and non-propagating entropy structures. If this is
the case then the heating rate of the ISM due to the turbulence is expected to be much

less than the heating rate due to the damping of MHD waves.
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APPENDIX A
EXPRESSIONS FOR THE EMISSION MEASURE AND
ROTATION MEASURE STRUCTURE FUNCTIONS

Using the geometry shown in Figure 6-5, we will assume that the medium
is a plane-parallel slab of thickness L’ in the z-direction. For a line of sight L, at an

angle §6 with the z-axis, we have L = L/ cos §6. The equations for Dgry and Dgy are
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then
L' L
Dem(60) =< [/ n(z, 0)%dz —/ n(¢ cos 66, ¢ sin §0)%d¢)* > (A.1a)
OL’ ] 0 ]
Drm(60) =< [/ n(z,0)B(z,0) - dz
0
L
— / n(¢ cos 66, ¢ sin 66)B( cos 66, ¢ sin 66) - d(]? > (A.1Db)
0

where 5 is a unit vector along the line of sight L.
The random fluctuations in the electron density and magnetic field are
described by the following:

n=n,+94n

B =B, + 6B
where n, and B, are the mean large scale components of the electron density and mag-
netic field described in Chapter 5. The quantities dn and 6B are the spatially fluctuating

components of the electron density and magnetic field respectively. The amplitudes of

the fluctuations are assumed to be zero mean, isotropic Gaussian processes. It is also

(A.2)

(A.3)
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assumed that the fluctuations in the magnetic field and the electron density are related

in such a fashion that

< 6n|dB| ># 0 (A.4)

but

< 0ndB; >=0 (A5)

where i=1,2,3 and 0B; is the component of 6B along the i axis. Equation (A.5) most
likely does not represent the actual case for the turbulence in the ISM. In reality the
electron density fluctuations are most likely aligned along the magnetic field such as
seen in the solar wind (Armstrong et al. 1990). Evidence for anisotropy of density
irregularities in the interstellar medium does indeed exist (Wilkinson et al. 1994 and
Molnar et al. 1995), but the degree of anisotropy is not so pronounced as is the case
for the solar wind (Armstrong et al. 1990). Although the difference in the observed
anisotropy for the solar wind and interstellar medium may be due to greater random-
ization by line-of-sight integration for the latter medium, we feel it is premature at this
point to take into account anisotropy of the turbulence. Finally, our observations are
sensitive to ISM fluctuations on large scales, which are comparable in magnitude to
the systematic field B;. For such large amplitude fluctuations there are no theoretical
reasons for expecting anisotropic turbulence (Zank and Matthaues 1992). It is also
assumed that the fluctuations in the electron density and magnetic field occur over the
same size scales in the ISM. This assumption stems from the fact that events which
put energy into the ISM, such as supernova explosions or stellar winds, will affect both
the interstellar electron density and magnetic field on roughly the same size scales.

We now have the following relations and definitions to use in deriving the
structure functions:

<on>=0 (A.6)
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<o0B;>=0 (A.7)

< 0Bi6B; >=0 fori#j (A.8)

Ru(|F]) =< 0n(r3)dn(3 +T) > (A.9)

Ri(|]) =< 6B;(13)0B;(r5 + F) > = < 6B;(13)dB; (15 + ) > (A.10)
R(|7)) =< 6n(r)?0n(rg + )2 > (A.11)

R, (IF)) =< 0B;(13)8B;(15) 0By (15 + F)IBy (15 + T) > (A.12)
Rup([t]) = < dn(r5)dBi(r5)on(rs + 1)dB;i(r5 + 1) > (A.13)

where B; is a component of the magnetic field along one of the axes (i.e. i,j,k, and
1=1,2,3). The fact that R,, Rp, R: and R} are only a function of the separation |f],
independent of position, results from the assumptions of the homogeneity and isotropy
of the turbulence.

Applying the conditions in equations (A.2)-(A.13) we find

L/ L
Dion (66) =W int(50) + 802 / dz / dC(< 8n(z,0)8n(C,0) > — < 8n(z, 0)dn(C, C56) >)
0 0

L' L
+2] / dz / d¢(< dn(z,0)%6n(C,0)> > — < dn(z,0)%n(C, C56)° >)
0 0

L' L
Vs (60) + [ do [ dClSuERA(s— C0) + 2REH — G,0)
0 0

—8n2Ro(z — C, (80) — 2RA(z — ¢, (50)] (A.14)

L’ L
Drwm (66) :\IJRM((59)+(0.81)2{2113 / dz / d¢ [< 6B,(z,0)6B,(¢, 0) >
0 0
— < 0B,(2,0)0B,(¢, (d6) >]

L' L
+2B2 / dz / d¢ [< 6n(z,0)6n(C,0) > — cos(86) < dn(z, 0)5n(C, ¢50) >]
0 0
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’ L
+2 / dz / d¢ [< (2, 0)5B, (2, 0)5n(C, 0)5B,(C, 0) >
0 0
—cos(60) < dn(z,0)0B,(z,0)dn(¢, 00)0B,(¢, CH6) >]
’ L
+2B,,Boy sin(&@)/ dz/ d( [cos(d6) < on(z,0)én(¢,0) >
0 0

— < dn(z,0)0n(¢, CH0) >]

2 n2\ w2 v -
+ (B2, — BZ,) sin®(6) dz [ d¢ < én(z,0)on(¢,0) >
0 0

! L
:\IJRM(69)+(O.81)2{211(2) /0 dz /0 d¢ [Rp(z — ¢,0)
_RB(Z - Ca C(Se)]

L' L
+2B2, / dz / dC [Ru(z — ¢, 0) — cos(60)Ra (7 — ¢, C00)]
0 0
L' L
+2 / dz / dC [Rup (2 — ¢, 0) — cos(08)Rup (2 — C, C56)]
0 0
! L
+2B,, By sin(56) / dz / d¢ [c08(30)Ra(7 — ¢, 0) — Ru(7 — C, C56)]
0 0
L' L
+ (B2, — BZ,) sin*(40) / dz / dCRn(z—C,O)} (A.15)
0 0

where Wg\(d0) and WRy(06) are geometric components due to the structure of the

medium.

Upnm(00) =niL266?

Urn(66) =[noBos (L' — Lcos(68)) — noBeyL sin(66)]° (A.16)

We have ignored all three point correlations in deriving the above equations since we
are assuming that the turbulent fluctuations are Gaussian processes.

Armstrong et al. (1995) have shown evidence that the electron density
fluctuations can be described with a single power law from the spatial scales of 10° m

up to ~ 10'® m where our rotation measure survey is sensitive. This power law is a
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Kolmogorov power law and has a logarithmic slope ~ 11/3. Thus we will assume for

further analysis that the electron density and magnetic field fluctuations are described

by power laws with the same outer scale (q, = 21—0”) so that we have

2 —ig-F
< 0n(rgy)on(ry + ) >= /d3q (Cne— (A.17)
q

< (SBi(I'—(;)5Bi(I'_(; + F) >= /dgq (A18)

The four point correlations in (A.1) and (A.14) are analyzed using the following identity

< X1(t1)X2(t2)X3(t3)X4(t4) >:k4(t1, to, ts, t4)+ < X1 (tl)Xg(tz) >< X3(t3)X4(t4) >
+ < Xl(tl)Xg(t3) >< Xg(tg)X4(t4) >

+ < Xl(tl)X4(t4) >< Xz(t2)X3(t3) > (Alg)

where kg is the fourth order cumulant which is zero for Gaussian processes (Nicholson
1982). Applying equation (A.19) to the four point correlation terms R:(x — x',y — y')

and Rig(x — x',y —y') we find
Ra(e =%,y =) = Ru(, y)Ra(x,¥') + 2[R = ',y =y (A.20)
Riz(x—x,y-¥)=Ru(x—x,y -y )Re(x—-x,y - ). (A.21)
Using equations (A.20) and (A.21) we can now rewrite the structure functions as

Dem(00) =VEm(60) + 82 [11(2 — ¢, 0,n) — 11 (z — ¢, (66, 1)]

+4 [12 (Z - Ca Oa n, Il) - I2 (Z - Ca C(Sea n, Il)] (A22a’)
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and
Drm (660) =Ugrwm(560) + (0.81)% {2nf [I1(z — ¢, 0,B) — L1 (z — (, (50, B)]
+2B(2)z [Il (Z -0, Il) - COS(60)11 (Z — ¢, 600, Il)]
+2 [12 (Z - Ca 07 n, B) - IQ(Z - Ca C(Sea n, B)]
+2B,,Boy sin(06) [cos(06)I1(z — ¢,0,n) —I;(z — ¢, (06, n)]
+ (BZ, — BZ,) sin(60)I1(z — ¢,0,n) } (A.22Db)
where
' L
L(x—x,y—vy.,k) = d d¢(R —x,y—y A.22
=y =y = [ an [ aRulx =y -y) (A.22)
L L
Lx—x,y—-vy,j,k) = / dz/ d¢Ri((x—x",y —y)Rx((x = x',y = ¥') (A.23)
0 0

with j and k being either n or B and we have utilized the fact that the power spectra for
the electron density (A.17) and the magnetic field (A.18) are are of the same functional

form. In obtaining equation (A.22a) we have utilized the fact that

/0 i /0 ¥ ARy (2,0) = /O Y /0 ¥ dCRo (€. C50) (A.24)

which arises due to the fact that the turbulence is isotropic and homogeneous. The
integrals in (A.24) involve averages of the fluctuations in the electron density at two
points which are always along the same line of sight. Thus through a simple rota-
tion of the axes we see that the integrals are indeed equal for homogeneous, isotropic
turbulence.

The structure functions can now be easily integrated. We will first look at
the term I;(z — ¢, 0). Inserting the power law functional form used in equations (A.17)

and (A.18) we obtain

L L o0 ™ oo CZe~idx (=)
Ii(z—¢,0,k) = / dz/ dC/ qrdqr/ dq¢/ dq, a2 (A.25)
0 0 0 —7 —oo [+ a2 +q?]
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where we have adopted a cylindrical coordinate system whose axis is the z axis with
qe = 0° being parallel to the y axis. We now make the approximations that (L, L') > 1,
and 60 < 1 rad. Since the correlation of < dn(r5)dn(r + T) > goes to zero when 7] >> I,

we can allow the limits on the integral over the z axis to go to infinity so that we have

—¢,0,k) =

C2eiCIzy
/ dy/ dC/ qrdqr/ dq¢/ dq, k 7 A.26
— [a2 + 2 + q?]

where we have also used the substitution y = ( — z and recall that the limits on ( are

zero and infinity. Using the definition for the Dirac delta function

2mH(x) = / Ty o ((A.27)

we find

CRe19:=9)5 ()

I (Z - ¢,0, k): 47T2L/ qrdqr/ dq,
0

[a2 + a2 + 2]/
o 1
— 4n?LC2 / Qedgy ——————. (A.29)
“Jo [aZ + 2%/
For the case a < 2 we use the substitution g, = g, tan 6 to obtain
/2 —472LC2 1
I(z — ¢,0,k) = 4m*LCiq; 2 / dfsinf (cos§) "7 = LG L 5 (A.30)
0 2:“’ CIQH
where
p=a/2—1. (A.31)
For o > 2 we find
1 4m2LC2
—¢,0,k k :
iz =G0k) = o 2 (A.32)
through the direct integration of equation (A.29) so that
Am2LC2
L(z— ¢ 0k) = — 7k (A.33)

2lp  q2H
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for a # 2.

We can now evaluate the

L L ) ™ oo Cj2€—iqz (z—0)
I(z—¢0,j, k) =/ dZ/ dC/ qrdqr/ dq¢/ dq,
o JoJo —r e a3+ a2+ a2

/ e / " dpy [ dp, e (A.34)
X PrAD, pq')/ Pz « .
0 —m —oo  [p2+p2+p2*?

term in a very similar manner. Recall that we have assumed that the outer scale for

the electron density and magnetic field turbulence are the same so that q, = po. Using

equation (A.27), the approximations for L and 60 and y = { — z we find that

o o 1
Io(z— ,0,j, k) =87°LC2C? / adar / da,
0 [a2 + q2 + ¢2]

oo oo 1
X/O prdpr/ dp, 2]a/2. (A.35)

—oo  [q2 + p2 + p?

a/2

Now using the result (equation A.33) of the integration of equation (A.29) we find that

2
87'('30202qu 4p 00 d
L(2 = ,0,j,k) = . / b (A.36)
dp —oo [1+y?]
were we have used the substitution y = qz . Using the substitution tanf =y and inte-
grating we find
8m3CICRLay~** 2421 (2 — 0.5)?
IQ(Z - <7 07.]7k) = 17k o ( a ) (A37)

442 [(4p —1)

for o # 3/2.
We now turn our attention to the integration of the Iy (z — ¢, (46, k) term.

Using equations (A.17) and (A.18) we have

I(z — ¢, (60, k) =

CZ —iq(z—¢)—iq: {00 cos q4
/ dz/ dC/ qrdqr/ dq¢/ dq, TR (A.38)
[a3 + a2 + d7]
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We now use equation (A.27) and the relation

/ dqge'e00c08 9% — 27 (q,(56) (A.39)

—T

along with the approximations L > 1, and 66 < 1 to find

L
= ( rC59)

where J, is the zeroth order Bessel function. Integrating over dq, we find

¢o0 1 (00€60)
<qo) (i 1) (A-41)

I1(z — ¢, (60, k) = 4w2CE / d¢

0

for o > 0.5 and K, is the modified Bessel function of order p. Expanding K, (x) into

a series,
x\2m [e’e] x\2m+
K, (x) C(p+ 1)1 —p) Z (5) 3 Z (5) " (A.42)
# 2p m= om'F(m p+1) 0 P(m+p+1)
we find
2r2C2LI(1 — p) [ & 2472M (g, Lg)*™
I,(z — k) ==——k -
1(z — ¢, ¢d0,k) u,2“q(2)“' Z m!T'(m—p+ 1) (2m + 1)
B io: 2—p—2m(q0L50)2m+2p (A 43)
miT(m+p+ 1) 2u+2m+1) | '

Finally we have the integration of the

I2Z_ 659.]7 )_

/ J 1qz(z ¢)—iq: {6 cos q¢
dz / dC / qrdqr / dq¢ / qu
— 02 + ¢2 + 2]/

ke_lpz(z_ )—ip: {86 cospg
X/ prdpr/ dp¢/ dpz /2 (A.44)
0 - —oo [a3 + pZ + p?]
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term where we have already assumed that the outer scale for the two power laws are the
same. Again we now use equations (A.27) and (A.39) along with the approximations

L > 1, and 00 < 1 to find

L o0 o
| Jo(aqrCo0
To(z — ¢, (00, k, j)= 87°C{C? /0 d¢ /_ qu/O dqr[q2q+ qZ(quz]LH

dp,— Prlo(P:C%) (A.45)
0 (a2 + p2 + 2" !

where the Dirac delta function from the integration over dz has set p, = q,. From the

integration of equation (A.40) we see that

§73C2C2 (L oo _
7k 2pu (2 2\ K
o 7 J, 96 (007 (@ + )

[Ku(orvVE+ )] (A40)

Iy (Z - Ca Cée) =

Using equation (A.42) to expand equation (A.46) and then integrating we get the result

27TSCJ-2012(q;4“F(1 —1)?

224(00) p?

9—2—4(m+n)+6p (Lq050)2(m+n)+1 F(2,U, —m-—n— 5)2
mn!T'(m—p+ 1) —p+1)2m+2n+ 1)I'(4p —2m — 2n — 1)

I2(Z - Ca C507J7 k) =

DI
m=0n=0

N 9=2—4(m+n)=2u ([q 50) 2T THI Dy 5)2
mh!'(m+p+ Do+ p+1)(4p+2m+ 2n+ 1)I'(—2m — 2n — 1)

B 9—1-4(m+n)+2u (qu(se)z(m+n)+2ﬂ+1 F(,U, —m-—n— 5)2
mnT(m+p+ 1) —p+1)2m+2n+ 2+ 1)I'(2p — 2m —2n — 1) |

(A.47)

Upon performing the integrations and keeping the lowest order terms in

660 since L > 1, and 06 < 1 rad we find

Dgwm(80) =4C2 [f(@)n2 + g(a)qt "2 CZ] L2+ 50%+ (A.48)
Drwm(60) =(0.81) [f(e) (n5CB + BE,C7) + CRCha(a)de ]

xL2#+1 50K (A.49)



for 0.5 < @ < 4 and « # 1.5,2 where

f(a) = A T(1 — p)
222+ Hpl(1+ p)

and
27r3F(u — 0.5)2F(1 — )

gla) =

p22p+ T2 — DI + )
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(A.50)

(A.51)
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