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ABSTRACT

An ongoing monitoring program of compact extragalactic radio sources over the past 11 years has revealed
many instances of unusual variations that cannot be explained using the standard models for intrinsic varia-
bility or normal refractive interstellar scintillation. The observations included simultaneous daily measure-
ments at 2.695 and 8.085 GHz of 40 to 150 sources using the Green Bank interferometer over the period
1979-1989. Approximately 330 sources were also monitored with the NRAO 300 foot radio telescope at 3.25
and 4.675 GHz over the 6 month period 1987 December to 1988 May. In total, 594 source-years of observa-
tions have been obtained, of which 4.8 yr constitutes the total time span of unusual variability. The unusual
variations, denoted as extreme scattering events (ESEs), are summarized here. The most striking property of
ESE:s is their frequency dependence, in which departures from the quiescent flux density (by as much as 50%
at 2.7 GHz) have no counterpart at 8.1 GHz. The single exception occurred in the 8.1 GHz light curve of
0954 + 658, which showed spiky variations during the 2.7 GHz event. To date, 10 ESEs have been tentatively
identified in the 2.7 GHz light curves of nine quasars. These ESEs appear to occur preferentially near loops in
the Galactic foreground brightness distribution. A simple model based on diffraction or refraction through

Galactic regions of unusually high electron density turbulence is presented.
Subject headings: ISM: structure — radio continuum: galaxies — turbulence

1. INTRODUCTION

Extreme scattering events (ESEs) are a new class of varia-
tions at gigahertz frequencies, possibly caused by strong ray
path distortions in the interstellar medium (ISM). The first
reported ESEs (Fiedler et al. 1987a) occurred in the light curves
of the quasars 0954 + 658, 1502+ 106, and 1611+ 343. At 2.7
GHz, these events are qualitatively similar in shape, each
having a flat-bottomed minimum with surrounding maxima
(see Fig. 1). Only one of these events (in 0954 + 658) was appar-
ent at the higher frequency observed (8.1 GHz), where the light
curve shows four very strong spikes during the flat-bottomed
minimum at 2.7 GHz. We have tentatively identified ESEs in
the light curves of six more quasars and found that there is a
greater variety in event shape than was at first apparent. An
inspection of the events illustrated in Figure 1 shows a broad
range in shapes, including brief maxima bracketing an
extended flat-bottomed minimum, a rounded minimum with,
or without, bracketing maxima, and variations that appear as
a grouping of two or more events.

We have dubbed the unusual variations “extreme scattering
events,” reflecting a statistical approach in modeling these
events, in which ray path distortions are produced by a large
number of electron density fluctuations confined to a localized
region of the ISM. However, Romani, Blandford, & Cordes
(1987) have pointed out a different approach which relies on a
localized structure in the ISM with a smooth, Gaussian profile
of excess electron density. Whether an ensemble of density
enhancements, or a single smoothly varying density profile, is
responsible for the observed variations remains to be resolved.
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In this paper, we will refer to an unusual variation as an ESE
and to the related ISM structure as the lens.

Despite the variety in shape, the peculiar variations we have
identified as ESEs have in common a strong frequency depen-
dence and are quite unlike the variations commonly observed
in the light curves of compact extragalactic radio sources.
ESEs identified at 2.7 GHz usually have no counterpart at 8.1
GHz, and in the one case where unusual variations do appear
in the 8.1 GHz light curve (0954 + 658), the variations at the
two frequencies are very dissimilar. Although the frequency
coverage of ESEs has been minimal, the fractional deviation
from the mean increases with increasing wavelength, but by an
amount that varies from source to source. There is also the
indication that the deviation above the mean is much more
strongly frequency dependent than is the variation below the
mean (0133 +476 and 1749 +096). Conversely, intrinsic varia-
tions that are usually attributed to the expansion of a region of
relativistic plasma typically appear similar at, say, 2.7 and 8.1
GHz, except that the variations at 2.7 GHz are attenuated and
lag behind those at 8.1 GHz. See Kellermann & Pauliny-Toth
(1981) and the references contained therein.

A second, and generally weaker, contributor to variability at
gigahertz frequencies is normal refractive interstellar scintil-
lation (RISS). Interestingly the variability index of ESEs and
RISS both increase with increasing wavelength (e.g., Rickett
1986). RISS and ESEs, however, are most dissimilar in their
temporal behavior. Variations attributed to RISS appear as
fluctuations with decorrelation timescales measured in days, or
weeks, and persist over many years of observation. This is
generally interpreted, in the case of extragalactic sources, to be
the result of the proper motion of small-scale electron density
turbulence in the ISM (e.g., Cordes, Weisberg, & Boriakoff
1985). The persistence of the fluctuations merely indicates the
overall size of the turbulent region.

Many compact extragalactic radio sources flicker at giga-
hertz frequencies (Heeschen 1984 ; Simonetti, Cordes, & Hees-
chen 1985). Unlike observed ESEs, flickering usually occurs at
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Fic. 1.—Radio frequency light curves of nine quasars that show evidence for extreme scattering events. The variations associated with ESEs are clearly atypical of
the variations normally observed in these sources. Error bars are 3 ¢ in height and the time frame for each ESE is indicated by a bold horizontal line in the panel
corresponding to the 2.7 GHz (2695 MHz) light curve. Except for 0954 + 658, the 8.1 GHz (8095 MHz) light curves have been smoothed using a 5 day boxcar
algorithm to reduce the daily noise level, indicated by the error bar, and to see whether the unusual variations at lower frequencies have any weak counterpart at 8.1

GHz.

the several percent level and is persistent in any given source.
Flickering is probably RISS, caused by continual motion of
electron density turbulence across the line of sight (Rickett
1986). Conversely, ESE variations are smooth, much less
erratic than flicker, and are evident over a clearly defined time
interval, typically a few months.

We suggested in Fiedler et al. (1987a) that unusually strong
refractive effects occurring in localized structures in the ISM
are responsible for ESEs. Here we will expand upon that sug-
gestion to include the effects of a general statistical redistri-
bution of ray paths by a localized, inhomogeneous plasma
structure. Romani (1988) has proposed that the most plausible
scenario for strong lensing in the ISM occurs for lines of sight

through the edge of a Galactic outflow, such as a supernova
remnant, and Clegg, Chernoff, & Cordes (1988) have shown
that ionized shock fronts viewed edge-on create strong refrac-
tion effects at radio frequencies. This edge-on geometry effec-
tively relaxes the constraint on the required magnitude for
electron density fluctuations from 1000 cm ™3, for a spherical
lens, to 100 cm ™3, for a lens with an aspect ratio of 10:1. Even
with the smaller of the two density estimates, the lenses are still
overpressured with respect to the ambient ISM. Possible
associations between the ESEs observed in the light curves of
NRAO 140, 0954+ 658, and 2352+ 495 and specific Galactic
structures are presented in Fiedler et al. (1993b).

In this paper, we present a model that relies on a statistical
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FI1G. 1—continued

approach to simulate the distribution of flux density in the
observer’s plane. We assume that a localized region, referred to
as the lens, contains electron density fluctuations that cause an
angular broadening of the ray bundles arriving from a back-
ground radio source. The angle through which the rays are
dispersed will be referred to as the broadening angle. The ray
path broadening may be ude to diffraction from small-scale
electron density turbulence in the lens; alternatively, the
broadening may be caused by a statistically large number of
refractions by a large number of electron density “clumps”
within the lens. The exact cause of the broadening is not
important at this point because we are merely presenting a
conceptual model for the analysis of ESEs. We are able to

reproduce the variety of shapes of ESEs below 8.1 GHz. The
model depends on the projected two-dimensional geometry of
the lens, the relative angular size of the lens with respect to the
background source, and the relative angular extent of the
broadening angle to the size of the lens. In the discussion of our
observational results, we make a qualitative connection
between these parameters and the observed shapes of events.
The model is intended to provide a conceptual framework so
that the discussion of the varied event shapes can be placed in a
context useful for comparison with other ESE models (e.g.,
Romani et al. 1987).

At this early phase in the study of ESEs one must be careful
not to interpret the timescales and amplitudes of the few events
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presented in this paper as representative, or typical, of ESEs. It
is possible that more ESEs are present in our light-curve data
than we currently suspect. Identification is naturally more diffi-
cult when the peak-to-peak variation and timescale of an ESE
is comparable to other sources of variability. Short-timescale
and small-amplitude ESEs may be confused with RISS and,
similarly, long-timescale and small-amplitude ESEs may be
obscured by intrinsic variations. For the present, it is reason-
able to assume that event amplitudes and timescales fall in a
continuous range that merges with both RISS and intrinsic
fluctuations. In this regard, the connection (if any) between
lenses and the turbulent gas responsible for RISS is unclear.
Because of the singular nature of ESEs, for the present we
regard the corresponding lenses as discrete ionized regions.
Also uncertain is the relationship (if any) between lenses and
the AU-scale structure in H 1 reported by Dieter, Welch, &
Romney (1976) and Diamond et al. (1989).

Improvements in our understanding of the physical condi-
tions of the lenses themselves will have to wait until high-
resolution and multifrequency observations are obtained
during and after the next large ESE. The monitoring program
conducted with the Green Bank interferometer will act as the
trigger for these more detailed observations.

2. MONITORING PROGRAMS

The Green Bank interferometer (GBI) and the 300 foot
diameter radio telescope, operated by the National Radio
Astronomy Observatory,* were both used in monitoring pro-
grams of compact extragalactic radio sources in which ESEs
were found. The GBI has been operated by the NRAO since
the fall of 1978 for the US Naval Observatory and the Naval
Research Laboratory as part of a joint program to study the
Earth’s polar motion (1978 October-1988 January). A tran-
sition in the use of the interferometer occurred in early 1988,
when the polar motion observing program was replaced by
one designed to search for more ESEs (1988 February—
present).

The source list of the GBI program during the polar motion
study varied considerably, but averaged about 25 sources
observed every day, or every other day, for 9 yr (Fiedler et al.
1987b; Waltman et al. 1991). The second, and continuing,
phase of the GBI program has a source list of approximately
150 compact extragalactic radio sources that were selected
from the Preston et al. (1985) 2.3 GHz VLBI survey. The
observing frequencies were 2.695 and 8.085 GHz for the period
ending in 1989 August. A receiver upgrade in the fall of 1989
changed the observing frequencies to 2.25 and 8.3 GHz.

The transition in the operational objective of the GBI moni-
toring program occurred near the middle of our six month
observing program (1987 December—1988 May) using the
NRAO 300 foot radio telescope. Approximately 330 sources,
also chosen from the Preston et al. (1985) survey, were
observed every other day at 3.25 and 4.675 GHz with this
instrument. A detailed discussion of these observations is given
by Fiedler et al. (1993a). As of 1989 August, both monitoring
programs combined resulted in a total of 594 independent
source-years of observation. The overall coverage on the sky
was a maximum at Galactic latitudes of 30°-45° (see Fig. 2a).
The minimum at 0° extending toward 30° is a result of both a
paucity of identified extragalactic objects near the plane of the

4 The National Radio Astronomy Observatory is operated by Associated
Universities, Inc., under contract to the National Science Foundation.

Vol. 430

Galaxy and the limitations imposed by Earth-based observa-
tions from the northern hemisphere (see also § 5 and Fig. 4).
Although a substantial number of source-years have been
observed, we point out that roughly 60% of the sources in the
combined lists of the GBI and 300 foot monitoring programs
were observed for a total duration of just under one-half of a
year. These were sources observed as part of the 300 foot moni-
toring program that could not also fit into the regular GBI
monitoring program. The linear-logarithmic plot in Figure 2b
illustrates the number distribution of sources observed from
0.5to 11 years.

Three ESEs were observed during the 6 month 300 foot
monitoring program. They were also observed by the GBI. The
ESEs occurred in the light curves of 01334476, 0300+ 470,
and 1749+096 (see Fig. 1). Unfortunately, these events
occurred around the time when the interferometer was switch-
ing over to the new program, so there was incomplete time
coverage of the 2.7 and 8.1 GHz data. Equally unfortunate was
the failure of the lateral focus drive on the 300 foot radio
telescope during the onset of the 0133+476 and 1749+ 096
events. This mechanical problem manifested itself as a sudden
decrease in antenna temperature for all sources below 60° dec-
lination. The calibration procedure, discussed in Fiedler et al.
(1993a), successfully removed the effects of the hardware failure
from the radio light curves, but not in time to initiate VLBI
observations while the events were going on. In summary, both
instruments were functioning correctly during portions of both
events, and when one instrument was down for maintenance
the other was fully operational. We were therefore able to
obtain simultaneous, or nearly simultaneous, independent
observations of three ESEs at 2.7, 3.3, 4.7, and 8.1 GHz. This
was the first time that ESEs were observed with an instrument
other than the GBI

3. STATISTICAL MODEL FOR FLUX REDISTRIBUTION

Any discussion of the shapes and frequency dependences of
ESEs is more useful if given within the context of a model.
From a cursory examination of Figure 1, one can see that a
satisfactory model must be able to reproduce the varied shapes
of ESEs. In this section we demonstrate the capabilities of the
statistical approach to modeling ESEs. The model presented
here assumes that the lens may be approximated by a screen,
where the broadening angle, the size of the background source
and the screen itself are all of comparable angular extent. The
basic function of the screen is to broaden the angular distribu-
tion of rays from a background source. The exact method of
how the broadening is accomplished is not important at this
stage, where we are simply proposing a conceptual model. The
broadening may occur by diffraction from small-scale electron
density structure within the lens. Alternatively, the same result
could be accomplished by refraction by a statistically large
number of individual clumps within the lens. One difference
between the two models (discussed more fully in the discussion
section) is the required amplitude of the electron density fluc-
tuations. Otherwise, the optics of the two methods is the same
and the end result, vis-a-vis our statistical model, is the same.

A localized plasma structure with a smooth profile in the
excess electron density (such as the Romani et al. 1987 model)
will produce caustic surfaces that an observer will perceive as
maxima in the corresponding light curve, whereas in our
model the caustic structures are de-emphasized due to angular
broadening of the ray paths, but enhancements in the back-
ground source flux density are produced by edge effects. Of
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Fi1G. 2—Histogram of (a) the number of source-years of observation distributed in Galactic latitude taken from surveys using the Green Bank interferometer and
the NRAO 300 foot diameter antenna and (b) the number distribution of sources observed for different durations. Notice that in (b) the number of sources is plotted
logarithmically. These distributions are the result of monitoring a total of 42 sources in a 9 yr period using the GBI, 149 sources in a 2 yr period, also using the GBI,
and finally 328 sources over a 6 month period using the NRAO 300 foot diameter antenna.

particular interest is the possibility of simulating light-curve
variations similar to the observed 2.7 GHz variations with, or
without, significant variations at 8.1 GHz. In view of the
increased number of ESEs observed over the past few years,
the Romani et al. (1987) approach needs to be more carefully
explored for comparison with observations and the statistical
model presented here.

Although little is directly known of the structures in the ISM
responsible for ESEs, there is some evidence to indicate that
Romani’s (1988) suggestion of an association with outflow in
the ISM may be correct. The evidence presented in § 5 shows a
coincidence between Galactic shell (or loop) structures and
ESEs. A relatively large path length through an ionized struc-
ture seen edge-on in the limb of an expanding shell may be the
requirement to produce large refraction angles, evidently
necessary for an ESE to occur. The ionized structure might
comprise a number of loosely connected sheets, filaments, or
shock fronts distributed along the line of sight through the
limb.

The issue of the magnitude of the refraction angles and the
electron densities implied for ESE-producing structures is at
present based on the tentative VLBI size of 0954+ 658
(Pearson & Readhead 1981), which sets an angular scale on the
order of a milliarcsecond for the broadening angle that drives
ESE variations. More recent VLBI observations of 0954 + 658
and other ESE sources will enable us to refine these parameters
(Fey, Clegg, & Fiedler 1994).

For the purposes of introducing the basic model, we adopt a
band-shaped lens as projected on the sky (see Fig. 5). This
geometry is consistent with an edge-on view through a nearly
planar lens. Other geometries are discussed below. We present
some simple empirical rules for associating the specific features
in the shape of an ESE with the relative angular sizes of the
source angle 6, lens angle 0,, and broadening angle 6,. Here, 0,
is the width of the band-shaped lens. The proper motion of the
lens across the background source is assumed to be along the
small axis of the band. The source brightness distribution is
assumed to be Gaussian with a full width at half-maximum
(FWHM) of 6,.

For a point source, electron density inhomogeneities
throughout the lens are assumed to redistribute radiation ran-
domly over a range of angles characterized by the angular
width 6,. As we pointed out in the beginning of this section,
this could occur via both diffractive and refractive effects due
to inhomogeneities on various scales within the lens. If these
lenses are indeed associated with shock phenomena, as sug-
gested by Romani (1988) and by Clegg et al. (1988), then they
may be quite turbulent over a range of scales, possibly extend-
ing up to the scale size of the lens itself. This is the basic
premise for the general statistical model we are proposing to
describe ESEs.

In this model we represent the broadening of ray bundles as
a Gaussian function with a FWHM of 6,. For diffractive scat-
tering, this is usually a reasonable approximation for the scat-
tered intensity. Flux redistribution resulting from an ensemble
of refractive material within the lens is also assumed to follow a
Gaussian distribution. This distribution is regarded as rep-
resenting the probability that any given ray is refracted
through some angle. A consequence of the assumptions for the
refractive case is that the flux density measured by the observer
at any instant is a result of many rays from all points in the
lens, as opposed to systematic focusing from individual clumps.
Clearly, the angle 6, depends upon the magnitude of the elec-
tron density inhomogeneities within the lens and can in general
vary across it. For simplicity, we assume that 6, is constant
across the lens. In Appendix A, we demonstrate how a light
curve is derived by integrating the redistributed radiation for
all possible incidence angles due to a background source of
finite angular size and combining this with the direct flux.

The critical components of an ESE are labeled in Figure 3a.
The two light curves in Figure 3 are intended to illustrate the
distinction in shape between cases where the lens is larger than
the extent of the background source (Fig. 3a) and smaller than
the background source (Fig. 3b). In Figure 3b, ¢, is at the
origin. Notice that the x-axis represents an angular measure, in
units of the source FWHM 6, and can be converted to a
timescale if 6, and the angular proper motion of the lens are
known. For a Gaussian source-brightness distribution, the
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F1G. 3.—Model light curves of an ESE based on a band-shaped lens, where the size of the lens is (@) larger than the extent of the background source and (b) smaller
than the background source. The components of an ESE are labeled. The ratios refer to the width 6, of the lens, the FWHM 6, of the background source, and the
FWHM 6, of the broadening function resulting from the electron density turbulence in the lens. The normalized amplitudes, F(u,), in (a) and (b) were obtained by

evaluating eq. (A5) in Appendix A.

effective size of the source may be taken as roughly twice its
FWHM. Therefore, the transition from an extended to a
rounded minimum occurs as 8,/6, decreases below about 2.

The consequences of the ratios 6,/6, and 6,/6, for the shape of
an ESE can easily be seen. First, consider the extremes of these
ratios. If the lens subtends a small fraction of the background
source (6,/6, < 1), the amount of redistributed flux will be neg-
ligible compared to the total flux density. Detection of the
resulting variations would then be limited by the sensitivity of
the observation. Similarly, if the lens is extremely large in com-
parison to the background source (6,/0, > 1), the assumption
of a constant broadening angle across the lens implies that
there will be an equal amount of flux redistributed toward the
observer as away. The net result is an absence of amplitude
variations. The exception, of course, is when the edge of the
lens transits the background source. Depending on 8,/6,, large
variations can result during such an edge crossing.

It is evident that the variations peculiar to this statistical
model are simply the result of edge effects. The ratio 8,/6; is a
measure of how strongly the lens will interact with the back-
ground source, and 6,/6, is related to the range of influence of
either edge. The ray-broadening effects of opposite edges may
overlap near the origin, or not at all, depending on the values
of these ratios.

For example, a weak interaction between the lens and the
background source occurs for a lens size less than the full width
of the source (0,/6, < 2). The varying fraction of the source that
is subtended by the lens during an event results in a shallow
and rounded minimum. The details of the shape will be affected
by 6,/6,. Alternatively, for lenses larger than the source size, the
minimum will be flat and deep if the broadening angle is con-
stant across the lens and much larger than the lens (6,/0, > 1).
If the extent of the broadening angle is on the order of the lens
size, then a central peak in the minimum will occur. Allowing
0,/6, to vary across the lens can result in a deep and rounded
minimum. Finally, the fall and rise times between the minimum
and bracketing maxima are closely related to the source size
and the proper motion of the foreground lens.

So far, we have ignored the possibility of extended emission
associated with the compact component undergoing extreme
scattering. Because of this, the results presented above are most
useful when expressed in a form that is independent of effects

due to extended emission. The appropriate observable to
describe the amplitude variations is

\P=(Fmax—F0)/(F0_Fmin)’ (1)

where F,_,,, Fo., and F, are the maximum, minimum, and
quiescent flux density levels, respectively.

Similarly, the most appropriate observable to describe the
timescale of an ESE is, from Figure 3a,

T = trw/trwnm - 2

These observables may be used to obtain a model-dependent
estimate of 6,/0, and 6,/6,, When combined with the fall/rise
time, an estimate for the scale conversion from time to angular
units can be used to determine the angular proper motion of
the lens. The observables corresponding to the ESEs presented
in the next section are listed in Table 1.

Interpretation of these dimensionless observables is compli-
cated by numerous effects that are probably present, but not
accounted for, in the simplified model for ESEs presented here.
In addition to variable 6,/0, across a lens, mentioned above,
there is the geometry of the lens as projected on the sky. If the
lens can be approximated as one-dimensional, i.e., if the long

TABLE 1
DIMENSIONLESS OBSERVABLES

2695 GHz 325 GHz 8085 GHz

SOURCE b 4 T ¥ T ¥ T
0133+476........... 20 ? 2 2 1 1.5
0300+470%.......... 10 ? 1 ? 1 ?
0333+321°.......... 0.5 2.5
0954 +658........... 0.8 12
15024106 ........... 1.0 13
16114343 ........... >3.0? 1.5
17494096 ........... 1.0 ? 0.5 14 <0.2? 1.5
18214107 .oovnn.... 0.3 1.5
23524495 ........... 0.5 12

Note.—These values are only approximate, as they are affected by uncer-
tainties in the estimate of the often variable baseline flux density level and by
asymmetries in the shape of an ESE.

2 Parameters correspond to the first large peak.

b Parameters correspond to the first of the two ESEs seen for this source.

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


http://adsabs.harvard.edu/abs/1994ApJ...430..581F

No. 2, 1994

axis of the lens is much larger than all relevant scale sizes in the
problem, then the flux density will be conserved across the
ESE. Otherwise, the flux density will not be conserved, indicat-
ing that the observable ¥ is geometry dependent. The best
evidence for lens morphology will probably come from VLBI
observations while an event is in progress.

Complex source and lens morphology as well as curvature in
the lens proper motion, due to the Earth’s orbital motion, will
affect ¥ and 7 and the overall symmetry of an ESE. There is
also the possibility that proper motion will cause the back-
ground source to pass near, but not through, the lens, resulting
in a single broad maximum having no associated minimum.

The frequency dependence of this model is addressed in the
next section.

4. EXTREME SCATTERING EVENTS

Our observational results are summarized by the radio light
curves illustrated in Figure 1. The 10 ESEs found to date are
categorized below by their time and frequency dependence.
Here we discuss the various shapes of ESEs within the frame-
work of our statistical model.

4.1. 2.7 GHz Time Dependence

Figure 1 illustrates the wide variety in event shapes at 2.7
GHz and the striking absence of unusual variations at 8.1
GHz, with the exception of 0954 + 658. Some events appear as
paired maxima surrounding an extended flat minimum, others
as rounded minima with or without surrounding maxima, and
some appear to occur in rapid succession.

4.1.1. Flat Minimum: 0954+ 658, 1611+ 343, and 1749+ 096

The statistical model implies that the flat minima in these
cases are due to lens sizes greater than the angular size of the
background source, 6,0, > 2, and that 6,/0, > 1.4. More
importantly, a flat minimum implies a fairly uniform distribu-
tion in 6, across the lens. All three of these sources are highly
compact at gigahertz frequencies.

Zensus, Procas, & Pauliny-Toth (1984) found that 73% of
the 5 GHz flux density of 0954 + 658 resides in a barely resolv-
ed component with axial dimensions of 0.8 mas by less than 0.5
mas. Pearson & Readhead (1981) reported finding most of the
5 GHz flux density in a component 0.39 mas in size. The differ-
ence in these sizes is probably the result of model fitting to data
sampled differently in the u-v plane and may be an indication
of structure at the resolution limit.

The quasar 1611+ 343 (DA 406) is a low-frequency variable
(Altschuler et al. 1984), with variability characteristics indica-
tive of refractive scintillation (Dennison et al. 1984a). Romney
et al. (1984) report that an unresolved structure (<3 mas) con-
tains at least 80% of the total flux density at 1.67 GHz.

The BL Lac object 1749+ 096 is known to have very little
arcsecond-scale extended emission (Antonucci & Ulvestad
1985). At least 90% of its flux density resides in a 0.2 mas scale
component (Weiler & Johnston 1980). This large percentage is
consistent with the deep minimum and large peaks bracketing
the ESE in this source.

At present it is unclear why the event in 1611+ 343 varied
weakly in comparison with 0954 + 658 and 1749 + 096, despite
the large fraction of total flux density contained within a
milliarcsecond-scale size. One possibility is that the ESE
involved a highly compact substructure containing only a
moderate fraction (~10%) of the total flux density. Clearly, a
detailed understanding of the sub-milliarcsecond structure of

MODEL OF EXTREME SCATTERING EVENTS 587

these sources is required to accurately interpret these events
and to deduce the ray-broadening and geometrical properties
(0,/0, and 6,/0,) of the intervening material. This may have to
await the arrival of orbiting VLBL

4.1.2. Rounded Minimum: 01334476, 0333 + 321, and 18214107

These sources and those listed in the next subsection all have
an ESE with a rounded minimum in their 2.7 GHz light curves.
Although we make a distinction between isolated events and
multiple events, the lenses associated with these ESEs all
contain lenses whose angular sizes are evidently smaller than
the compact background quasar, or 6,/0, < 2. We point out
that, unlike the case for flat minimum where the depth of the
minimum depends primarily on 6,/6, and the relative fraction
of the total flux density in the compact component, the depth
of the rounded minimum strongly depends on these quantities
and 6,/6,.

We note that these conclusions rely on the assumption that
the broadening angle is constant across the lens. If, for
example, the magnitude of the broadening angle 8, peaks at the
center of the lens and decreases toward zero at its edge, then a
flat minimum is no longer possible. Therefore, the presence of a
flat minimum in an ESE, as mentioned earlier, may be used to
argue for uniformity in the broadening angle, but a rounded
minimum is not sufficient to make any unique conclusions
about 6,/6,, or the distribution of 6,/6, across the lens.

The 2.7 GHz light curves of 0133+476 and 1821+ 107 are
especially interesting because of the additional presence of per-
sistent fluctuations that may be attributable to RISS. These
light curves may represent instances of lenses embedded in
regions of extended turbulence. Although the structures
responsible for the ESE and RISS in the light curves of these
sources may not be physically related, the presence of both
effects with comparable peak-to-peak amplitudes could rep-

resent the domain where the conditions for RISS and ESEs

begin to overlap.

Both 0133 +476 (z = 0.858) and 1821+ 107, a BL Lac object,
are highly compact. VLBI studies of 0133 + 476 over a range of
frequencies report that nearly all of the flux resides in a single
barely resolved component (Lawrence et al. 1985; Marscher &
Schaffer 1980; Pearson & Readhead 1988; Zensus et al. 1984).
At 5 GHz, Pearson & Readhead report that more than 89% of
the total flux density isin a 0.9 x 1.4 mas component.

Despite the limited time coverage of the 2.7 GHz ESE in
0133 +476, the event minimum appears to extend only slightly
below the quiescent level, whereas the maximum is well in
excess of it. Our statistical model suggests, for an observer who
views the background source as traversing a diameter of a
two-dimensional lens, that the height of the maximum above
the quiescent level be less than or equal to the depth of the
minimum. This could imply that the proper motion of the lens
caused 0133 +476 to cross a chord, rather than a diameter, and
thereby avoid the area where the greatest amount of flux is
redistributed away from the observer. Such a model would
assume that the broadening has a two-dimensional lens as
discussed above.

The 2.7 GHz light curve of the superluminal source
0333+321 (NRAO 140, z = 1.26) contains the only clear
example of two events separated in time (1.7 yr) by a margin
much greater than the duration of each event (0.1 yr). We also
point out that 0333+ 321 varies strongly at low frequencies
(Dennison et al. 1984b).

Although the VLBI structure at 1.67 GHz of 0333+ 321
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(Marscher et al. 1987) reveals a complex jet, it appears unlikely
that the two events in the light curve of this source were caused
by a single lens crossing the source. The proper motion of the
lens spans roughly 3 times the angular extent of the complex
structure of NRAO 140 over the 1.7 yr interval separating the
two events. This suggests that two lenses produced the two
ESEs. We have assumed that the lens is at the distance of the
Perseus cloud complex (Fiedler et al. 1993b) and have included
the effects of solar motion, Earth orbital motion, and differen-
tial Galactic rotation. The general trend in the proper motion
is roughly along the line joining the individual radio com-
ponents. Including a peculiar motion that corresponds to an
outflow through the foreground of NRAO 140 increases the
discrepancy even further.

Marscher (1988) has reported a remarkable change in X-ray
absorption, implying a column density change from 6 x 10!
cm~2 in 1980 to about 2 x 10?! cm~2 in 1985. These rapid
changes suggest the existence of strong transverse gradients in
the column density of neutral gas on quite small scale sizes in
the ISM. The apparent column density fluctuations are about a
factor of 10° larger than those we inferred for the ionized gas
causing the ESE seen in 0954 + 658.

4.1.3. Multiple Events: 0300+ 470, 1502 + 106, and 2352 + 595

The unusual variations in the 2.7 GHz light curves of these
sources satisfy the basic criteria for ESEs outlined in § 1. That
is, the variations were transient and atypical of those normally
observed in these sources. Also, similar variations were not
observed at 8.1 GHz. Note that these ESEs appear to span up
to about 1 yr, rather than the few month timescale typical of
the other ESEs identified so far.

The variations in the light curves of 0300+470 and
1502+ 106 appear to be three closely spaced events, whereas
for 2352+ 595 the variations appear as two events. One likely
cause for multiple events is a multicomponent structure in the
background source, or clumpiness in the turbulent electron
density distribution defining the lens, or both. The event in the
light curve of 0300+ 470 is particularly interesting because the
first minimum is not preceded by a steep maximum, but is
followed by one. This event shape can occur when the edge of a
very large lens crosses through the observer’s line of sight to
the background quasar.

Unlike the ESE in 0300+ 470, the event in the light curve of
1502+ 106 appears to be a series of minima bracketed by
maxima. This pattern is consistent with a separation distance
that is on the order of the clump size in a complex source or
lens distribution. Inspection of Figure 1 shows that the ESE in
1502+ 106 occurred during a flare that was probably intrinsic
to the source. This apparent coincidence may have relevance
for the likelihood of observing an ESE. Two conditions must
be met to produce an ESE. First, there must be a compact
background source, and, second, unusually strong electron
density fluctuations must be present in a foreground Galactic
object. Some sources may not have sufficiently compact struc-
tures, or the fractional flux density in the compact component
may be too small to produce a noticeable ESE. However, if
such a source flares, the evolving compact flare component
could represent a sizeable fraction of the total flux density of
the source and thereby increase the likelihood of an ESE.

It is tempting to associate the multiple variations of the
ESEs in 03004470 and 1502+ 106 with complex structure in
the ISM such as a shock wave, its precursors, or its cooling
substructure. This is because both of these sources are highly
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compact (Antonucci & Ulvestad 1985; Lawrence et al. 1985;
Weiler & Johnston 1980; Zensus et al. 1984). Although good
maps at these frequencies are apparently unavailable at
present, it appears that in both cases most of the flux density
originates in sub-milliarcsecond size scales. Alternatively,
however, complex substructure in the morphologies of these
sources may be responsible for the repetitive nature of the
events. .

Another possible mechanism for producing multiple events
may be illustrated by considering the case of 1502 + 106, where
the two ESE minima are separated by roughly 0.5 yr. Although
two closely spaced lenses, each having a transverse velocity
well in excess of the Earth’s orbital motion, could have produc-
ed the observed events, we note that a single lens could, in
principle, produce the same result via parallax. For example, if
the foreground lens were at a distance of 1 kpc and if its pecu-
liar motion were roughly parallel to the solar motion as pro-
jected on the sky, then retrograde motion can carry the lens in
front of 1502 + 106 more than once. There will be two crossings
separated by roughly 0.5 yr if the peculiar velocity of the lens is
around 5 or 27 km s~ ! in the indicated direction. These com-
plementary solutions, at 5 and 27 km s~ !, occur near cusps in
the proper motion of the lens. The former corresponds to a
“looping” proper motion extended toward the southwest
and the latter to the motion reversed toward the northeast.
As in the case of 0333+321, we have included the
effects of Galactic rotation, Earth orbital motion, and solar
motion.

A third possibility for the two events in 1502+ 106 is that a
single lens had passed in front of two compact components
separated by <1 mas. Again, by exploring possibilities in
proper motion we find that there is a wide range in component
orientation and lens-peculiar motion that will satisfy this latest
possibility. However, there are several possible caveats that
should be mentioned for this case. The compactness of
1502 + 106 was inferred primarily from VLBI observations at 5
GHz (Zensus et al. 1984). 1t is possible that at 2.7 GHz two or
more components are present with a separation of several
milliarcseconds. Similar arguments apply to 03004470,
although the compact flux density distribution is not well con-
strained in this case (Weiler & Johnston 1980). Clearly, better
VLBI observations of these sources are needed.

Unfortunately, based on observational evidence, none of
these three possibilities may be ruled out as an explanation for
the apparent multiple ESE in the light curve of 1502 + 106.

The quasar 2352+ 495 has been mapped at 5 GHz (Pearson
& Readhead 1988) and has complex structure around a
compact component (0.9 mas FWHM) comprising about
three-quarters of the total flux density. Most of the remaining
flux density in the map lies within several milliarcseconds of
the most compact component.

If the shape of the ESE is attributed to intrinsic source struc-
ture, then the inferred proper motion of the lens is <3 mas
yr L. As before, this proper motion translates to a relative
velocity smaller than the Earth’s orbital velocity, assuming the
lens is not much farther than 1 kpc. Interestingly, the shape of
the ESE in the 2.7 GHz light curve need not be a result of
complex structure in the source or lens. If the lens has an
angular size greater than that of the source (6,/0, > 2) and the
broadening angle is roughly equal to the size of the lens
(6,/6, ~ 1), then our statistical model predicts a peak in the
middle of an otherwise flat minimum, as observed. This possi-
bility is compatible with the radio map as long as the lens is
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larger than about twice the source extent, or about 4 mas. In
this case, the proper motion is ~6 mas yr !, which gives a
transverse velocity of ~30 km s~ ! at a distance of 1 kpc.
Because of the more reasonable proper motion, we prefer this
latter explanation for the shape of the ESE in 2352 +495.

4.2. 8.1 GHz Time Dependence

The most striking aspect of ESEs is the absence of unusual
variations at 8.1 GHz despite the large, in some cases 50%,
variations observed at 2.7 GHz. Equally striking is the one
exception, 0954 + 658, which shows four strong spikes at 8.1
GHz, simultaneous with the ESE observed at 2.7 GHz. The
duration of each of these spikes is about 10 days (see Fig. 1).

We suggested in Fiedler et al. (1987a) that the spikes may be
due to strong refractive focusing by the lens. In this case, the
refraction angles are comparable with the angular spacing
between clumps, so that, in effect, this angular scale has a focal
length comparable with the distance to the lens. Additionally,
the background source must have compact structure on scales
not significantly in excess of the refraction angles. At 2.7 GHz,
the refraction angles are larger by a factor of 9, in which case
the lens redistributes flux in the statistical manner described by
our model. The main difference between our refractive focusing
model for the spikes and the caustic model of Romani et al.
(1987) is that in our model the occurrence of spikes is rare,
because of the requirements set forth above. The caustic sur-
faces in our model are smeared out and de-emphasized due to
ray broadening, whereas the caustics in the Romani et al.
model remain sharp and easily observed.

Although we find no other clearly identifiable ESEs in the
8.1 GHz data, there are weak features in a few of the 8.1 GHz
light curves that appear suspicious. These features contain
local minima and maxima that occur at the same time as those
in the ESEs found at lower frequencies. Although these weak
variations may be coincidental, being related to either RISS or
intrinsic effects, nevertheless they may be found at 8.1 GHz in
0133+ 476 following the gap in the data, in 0300+ 470 preced-
ing the gap in the data, in 0333 + 321 during the first event, and
possibly even in 2352 + 495.

4.3. Frequency Dependence

For the sources 0133 +476, 0300+ 470, and 17494096 we
have reasonably good frequency coverage, despite some unfor-
tunate gaps in the light curves, especially at 8.1 GHz. First, we
note that there is a general trend for the peak-to-peak ampli-
tudes and the overall widths of these events to decrease with
increasing frequency as expected.

As noted earlier, the rounded minimum of 0133 +476 sug-
gests that 0,/0, < 2. Recall that 26, represents the full width of
the background source. Since the source size is likely to vary
with frequency, so then does the ratio 6,/0,. We point out that
the source size is the size “seen” by the lens. It will depend on
intrinsic effects and possibly on scattering by electron density
inhomogeneities located beyond the structure causing the ESE.
For the purposes of the present discussion we will assume
6, oc v~ 1. We therefore expect the ratio 6/, to vary in propor-
tion to the frequency.

Because the source represents a smaller fraction of the lens
as the frequency increases and because we can expect the
broadening angle 6, to decrease even more rapidly with fre-
quency (0, oc v~2), the overall duration of an ESE is also
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expected to decrease. The decrease in the fall/rise time, ¢, — t;
(see Fig. 3a), is due primarily to the changing source size,
whereas the duration of the wings of the ESE is governed by
the broadening angle 6,. The proportional change in duration
of an ESE is expected to be larger when 6,/ <2, as in
01334476, since the source, rather than the lens, dominates
the duration of the ESE in this limit.

Similarly, as the angular extent over which flux is redistrib-
uted decreases, departures in the light curve away from the
quiescent level are also expected to decrease. The broadening
angles referenced to the angle at 2.7 GHz for the other three
observing frequencies are estimated to be 6,(3.3)/6,(2.7) ~ 2/3,
0,(4.7)/0,(2.7) ~ 1/3, and 0,(8.1)/6,(2.7) ~ 1/9. Very little ray
broadening is expected at 8.1 GHz, consistent with our obser-
vations.

The multiple ESE in 0300+470 is evidently a result of
complex structure in the foreground lens. Notice that the rise
toward maximum occurring around 1987.9-1987.95 at 3.3
GHz is larger than at 2.7 GHz. However, if the peak-to-peak
variation is normalized by the quiescent flux density level, esti-
mated by the midpoint of the rise, we find that the variations
are the same at both frequencies. In fact, we find no obvious
frequency dependence between the 2.7 and 3.3 GHz light
curves on either side of the gap in the 2.7 GHz data.

At 4.7 GHz the variations do appear to diminish slightly, but
not to the degree observed for the ESE in 0133 +476. Inter-
estingly, there is some marginal evidence for extreme ray path
disturbances at 8.1 GHz. The successive maxima and minima
spanning 1987.85-1988.0 at 2.7 GHz coincide with weak local
maxima and minima at 8.1 GHz.

In view of our statistical model, the gradual frequency
dependence together with the unique shape of the ESE in
0300+ 470 imply a specific morphology for the lens. Although
we mentioned earlier that crossing the edge of a large lens,
where 6,/0, <1, can produce an ESE with no leading
maximum, this geometry is unlikely because the amplitude
variations are very sensitive to changes in 6,.

The weak frequency dependence and rounded minima are
consistent with 6,/6; < 2. In this regime the amplitude of the
maxima of an ESE are predicted to be fairly constant over a
wide range in broadening angles, provided that 6,/6, > 2. For
example, the values of 6,/0, at the four frequencies may be
roughly 4.5, 3, 1.5, and 1 as the frequency increases to 8.1 GHz.
Below 6,/0, ~ 2 the amplitude decreases rapidly toward the
quiescent flux density level. Similar comments can be made
about the depth of the minimum. The slight rise in flux density
preceding the first minimum at 2.7 GHz is easily accounted for
if a gradient in 0, is assumed; i.e., 8, monotonically increases as
the initial substructure of the lens passes through the obser-
ver’s line of sight to 0300+ 470. The subsequent variations in
the ESE are probably due to additional substructures, also
0,/0, < 2, spaced roughly 26, or less apart.

The ESE in 1749 + 096 appears to follow the same general
behavior as the one in 01334476, as the amplitude of the
maxima and the depth of the minimum both decrease with
increasing frequency. If the minima at 3.3 and 4.7 GHz are
taken as flat-bottomed, and by implication the minimum at 2.7
GHz would also be flat-bottomed, then the event in 1749 + 096
probably has a larger relative lens than the event in 0133 + 476,
namely, 0,/0, > 2 at these three frequencies.

From equation (1) and the model dependence of ¥ on 7 we
find that for decreasing 0,/6,, or increasing frequency, the
height of the bracketing peaks above the quiescent level should
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become a substantial fraction of the depth of the minimum.
This is contrary to observations of the 4.7 GHz ESE in
1749+ 096. Bracketing peaks are not observed despite the
presence of a substantial minimum. Whether this is true for the
4.7 GHz event in 0133 +476 is difficult to tell, since the quiesc-
ent level of the source evidently changed during the event.

However, if peaks are present in the 1749 +096 event, but
hidden in the noise, then we would expect ,/6, > 5 at 4.7 GHz,
assuming, by inspection of the light curve, that ¥ < 0.2. One
consequence of such a large 6,/6, is that the depth of the
minimum is not expected to change appreciably as the
broadening angle increases corresponding to a decrease in fre-
quency to 2.7 GHz. This is contrary to the observed variation
in the depth of the minimum with frequency.

Our concern over the apparent absence of maxima bracket-
ing the ESE at 4.7 GHz in 1749 + 096 should be tempered by
the fact that we have a small baseline in the light curve on
either side of the ESE. It is possible, although not convincing,
that there are significant peaks, of comparable widths to those
in the 3.3 GHz light curve, that are heavily corrupted by noise.

Finally, if the peaks are truly absent at 4.7 GHz, then one
avenue to explore in a search of the missing flux density would
be to consider anisotropic flux redistribution. That is, aniso-
tropic ray broadening that is frequency dependent—weakly
anisotropic at 2.7 GHz and strongly anisotropic at 4.7 GHz
and above, in the case of 1749 +096. The flux that would have
otherwise produced a maximum has been redistributed in
directions other than along the observer’s path through the
image cast by the lens. Judging from the observations of extra-
galactic sources scattered by the interplanetary medium (e.g.,
Narayan, Anantharamaiah, & Cornwell 1989; Armstrong et al.
1990) and the modeling by Higdon (1984) of anisotropic mag-
netogasdynamic turbulence, one would expect that if ESEs are
associated with shocked regions, where planar symmetry has
been introduced to the local magnetic field distribution, aniso-
tropic ray broadening could play a significant role in the inter-
pretation of lensing in the ISM.
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5. SPATIAL DISTRIBUTION AND RATE OF ESEs

Positions of the 365 sources from the combined lists of our
two monitoring programs are plotted in Figure 4. The stars
indicate the positions of the nine sources exhibiting one or
more ESEs. Also shown are the four major Galactic contin-
uum loops (Berkhuijsen, Haslam, & Salter 1971). A possible
association of event sources with the foreground loops is
evident, as first suggested by Romani (1988). Also, the event
sources appear to be grouped in the North Polar Spur associ-
ated with Loop I, and in a 20° x 10° region along Loops II and
IIT just below the plane near the Galactic anticenter. The
source which showed the strongest event, 0954 + 658, is located
near the northern extreme of Loop III.

To test for a possible association between loops and event
source we rank-ordered all compact sources monitored
according to their angular distances from the nearest loop
(with rank 1 assigned to the source closest to a loop). We used
the center coordinates and radii of the four loops given by
Berkhuijsen et al. (1971). Our compactness criterion required
that a source have a fringe visibility of at least 0.30 or a corre-
lated flux of at least 430 mJy in the VLBI survey of Preston et
al. (1985), for which the fringe spacing was about 3 mas at 2.3
GHz. This criterion encompasses all nine event sources and
insures that the other sources in the sample are sufficiently
compact to show an ESE. There are 211 sources satisfying the
compactness criterion. The sum of the ranks of the nine event
sources was used as the test statistic W and found to be 479.
Under the null hypothesis, in which the event sources have no
relationship with the loops, the expectation and standard devi-
ation of W in this case are (W) =954 and oy = 179 (see
Appendix B). For large overall sample size the distribution of
W is nearly Gaussian, and we find that the measured value of
W differs from that expected on the basis of the null hypothesis
by 2.65 0. For a one-sided test (i.e., we suspect that the event
sources are preferentially close to the loops), we would expect
to find a value of W < 479 in 0.4% of a large number of cases.
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FiG. 4—Angular distribution, in Galactic coordinates, of sources observed by our monitoring programs. Those sources that have an ESE in their light curve are
labeled, and the loops represent the four most prominent large-scale continuum loops in the Galaxy.
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To test this, we ran 10,000 computer simulations, in each of
which the sky north of —18° declination was randomly popu-
lated with 211 sources. Nine sources were then randomly selec-
ted and designated as event sources. The entire source
population was rank-ordered as described above, and W was
computed by summing the ranks of the nine designated source
events. The resulting distribution of W over 10,000 simulations
was found to be consistent with Gaussian. Values of W < 479
resulted in 33 cases. This is consistent with the number
expected from Gaussian statistics (~40) and confirms the esti-
mated probability (0.4%) that the apparent association
between event sources and loops is a random occurrence.

Because the event sources were all monitored for periods of
at least 2.42 yr, the majority of the sources in the sample, being
monitored for 0.48 yr in the 300 foot program, are less likely to
show any events. Therefore, we eliminated all sources moni-
tored for less than 2.4 yr, leaving a total of 30 sources, and
repeated the analysis. In this case, we found W = 88 as com-
pared with an expected value of 139.5 and oy = 22.1, giving a
deviation from the expected value of 2.33 ¢. This indicates that
the null hypotbhesis, if true, yields such a result in 1% of cases.
This was confirmed by running 10,000 simulations. Values of
W < 88 occurred in 102 cases, consistent with the expected
number. As in the previous case, the distribution of W was
found to be Gaussian with the predicted mean and standard
deviation.

Several additional tests were carried out to eliminate the
possibility that this correlation might be the result of some
other correlation in the data. We tested the subpopulation of
sources monitored for long periods of time (> 2.40 yr) for prox-
imity to the loops, using the same method, and found no sig-
nificant correlation. (Of course, as we have shown, even within
this subpopulation the event sources lie preferentially closer to
the loops at the 99% confidence level) We also varied the
coordinates and radii of the loops within the error estimates
given by Berkhuijsen et al. (1971) and found relatively little
change in W.

We conclude, therefore, that compact sources with small
angular separations from major loops in the Galactic fore-
ground radio emission are more likely to exhibit ESEs than
compact sources with large angular separations from the
loops. The probability that the correlation we have observed is
a chance occurrence is about 1 in 100. Evidently, the loop
structures provide the necessary conditions of enhanced elec-
tron density turbulence required for ESEs. The correlation
with the circular outline of the loops strongly suggests an
enhancement of diffractive or refractive effects along lines of
sight nearly tangent to the spherical structures that constitute
the loops. If these structures are outflows as seems likely, they
may contain numerous small-scale structures such as shocks
and secondary outflows. An ESE may be the result of an align-
ment between the long axis of quasi-continuous sheets or fila-
ments and the observer’s line of sight to a background compact
source. The transverse angular dimension of these structures
seen edge-on, inferred in Fiedler et al. (1987a), would be on the
order of a few milliarcseconds.

Evidently, the distribution of ESE-producing structures
along the loops may not be uniform, with the southern periph-
ery of Loop III and the North Polar Spur having a greater
density of these structures. The loops may also play a role in
low-frequency variability (Shapirovskaya 1978).

The rate of occurrence of ESEs may be estimated by com-
paring the number of source-years spanned by all of the ESEs
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and the number of source-years observed in our two monitor-
ing programs,

G = 4.8/594 ~ 0.008 event-years per source-year . (3)

The 4.8 yr estimate corresponds to the total duration of the
horizontal bars plotted in the 2.7 GHz panel in the light curves
shown in Figure 1. Also, since we observed 10 ESEs in 594
source-years of monitoring, one can expect

H = 10/594 ~ 0.017 events per source-year , 4)

or about two ESEs per year using our current GBI source list
of 150 sources.

More important, equation (3) can be used to estimate the
total number density of lenses on the sky. From the discussion
of the statistical model, we interpret the angular width of a lens
to correspond to tpwyym and not the total duration of an event
(see Fig. 3a). Since G is based on the total duration of the
observed events, a correction factor, a ~ 2, is used to estimate
the effective covering factor of lenses on the sky, G/a. The
number density of lenses, n,, can then be seen as

G/
~ 5
nesc Qesc' ’ ( )

where Q.. is the average solid angle subtended by an ESE-
producing lens. The area Q. can be estimated by assuming a
diameter of 5 mas (Fiedler et al. 1987a) and an axial ratio of
(>1), or Q.. ~ 208 mas?. Notice that equation (5) assumes
that the lenses are uniformly distributed across the solid angle
subtended by our monitoring programs. If the regions are con-
fined to an area within 10° of a Galactic continuum loop, then
equation (5) would increase by a factor of 1/0.44, correspond-

.ing to the reciprocal of the fraction of source-years observed

within this area.
We estimate the number density of lenses to be

Nese < 200/B or 450/ arcsec™ 2, (6)

depending on whether the lenses are distributed over an area
corresponding to the scope of our survey, or over an area
within 10° of the Galactic continuum loops, respectively.

6. DISCUSSION

The statistical model presented here successfully explains the
varied morphologies of ESEs, although their frequency depen-
dence is less well understood. This model is a generalization of
the one given in Fiedler et al. (1987a), in that it allows the flux
redistribution to occur on diffractive or refractive scales, or on
both. In this section we estimate the rms density fluctuation in
an ESE-producing structure harboring a spectrum of irregu-
larity scales. As an example, we consider a power-law spectrum
of the form

Py (@) =Clq7% qo<q<gq;, (7)

where q is the spatial wavenumber, P;,, is the power spectrum
of electron density irregularities .over the range of outer and
inner scales I, = 2n/q, and I, = 2n/q;, respectively, and the
constant C2 measures the strength of the fluctuations. For
most situations in the ISM, the power-law index is ~ 4 (Rickett
1990).

An initially planar wave front emerges from the medium
corrugated. For simplicity we consider refraction, which results
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from transverse gradients imposed upon the wavefront. The
refraction angle is

=2 Vo, ®
2n
where ¢ is the emergent phase. The gradient is two-
dimensional in a plane perpendicular to the line of sight; the
overbar indicates a two-dimensional vector in this plane. The
ensemble average of 62 is straightforwardly calculated to be

A2 _
02> = <4—nz> ”dqx dg,q°P,(q) - ©)
The power spectrum of the emergent phase fluctuations, P,(q),
is related to that of the density fluctuations by
P(p(é) = 27!75)»221)6"2(&, qz = 0) > (10)

where Z is the thickness of the medium, and r, is the classical
electron radius. For a = 4, we find that

0> =r2*zC & | (11)
9o
and
on2y = Jffd3‘lpang(f1) ~4nClq, " . (12)

Since we are considering just refraction in this example we
have included only those spatial wavenumbers between g, and
the Fresnel wavenumber, ¢; = 2n/(AZ)'/, in calculating {6?).

We can now estimate the rms density fluctuation required to
produce the rms broadening angle, since

4n 02>
(on?y ~ L
> n@/a0) 74,

We assume that the outer scale is set by the transverse dimen-
sion of the region; i.e., g, ~ 27/L, then q, Z ~ 27nh, where h is
the region’s depth-to-width ratio. In the case of the event in
1749 + 096, our model predicts 6,/0, ~ 6 and 6,/6, ~ 1.3. Using
a source size of 0.2 mas (Weiler & Johnston 1980) gives 6, ~ 1.2
mas and <6%)'? = 0,/[2(In2)"/*] ~ 1.0 mas. This gives
(on2)Y? ~ 140 cm~3/h. In calculating the ratio g;/qo ~
L/(Ar)'? ~ 0/(r/2)!/2, we have arbitrarily assumed a distance r
of 500 pc, giving q¢/qo, ~ 75. The rms density fluctuation esti-
mated above is of course highly insensitive to this ratio.

If the spectrum continues to scales smaller than the Fresnel
scale, then diffractive scattering also will be present, and if
q; > g, then the diffractive scattering angle will be comparable
to the refractive angle calculated above (Cordes, Pidwerbetsky,
& Lovelace 1986). If o < 4, then diffractive scattering will
dominate over refractive broadening. If, on the other hand,
o >4 and ¢, < ¢;, then refractive broadening will dominate
(Cordes et al. 1986). Yet another possibility is that the density
fluctuations are confined to scales larger than the Fresnel
scales (q; < ¢y), in which case refractive broadening will domi-
nate. This case would apply, for example, if the fluctuations are
within an order of magnitude of the scale size of the lens region
itself. This was essentially the model proposed in Fiedler et al.
(1987a). Clearly it is not yet possible to definitively evaluate the
relative contributions of refractive and diffractive effects in the
ESEs presented here. Certainly, refraction must account for
the 8.1 GHz spikes in the 0954 + 658 event, however.

The nature of the ray-broadening process and the under-

S@=4). (13)
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lying electron density inhomogeneities can be examined using
VLBI observations of sources undergoing an event. There are
very definite differences among refractively and diffractively
broadened images (Dennison et al. 1988; Goodman &
Narayan 1985) and images which result from deterministic
effects by a coherent structure as proposed by Romani (1988).

Interestingly, the statistical model agrees well with a remark-
able period of anomalous disturbances of radio waves from the
Crab pulsar (Lyne & Thorne 1975). The event was observed as
a large increase in the pulse width. The duration of the event
(about 4 months), inferred from the pulse-broadening param-
eters and density contrast, clearly identify it as an ESE. More-
over, the radio light curve shows a very deep rounded
minimum coincident with the interval of large pulse broaden-
ing. Although Lyne & Thorne did not interpret the minimum
as a direct result of diffraction or refraction, we argue that
observing a minimum coincident with an independent mea-
surement of enhanced pulse broadening is a direct confirma-
tion of the statistical model. The broadened pulse shape is in a
sense a crude one-dimensional map of the redistributed inten-
sity. As Lyne & Thorne note, this effective intensity distribu-
tion is frequently lumpy and changes over a period of days to
weeks. Clearly, these lumps indicate the presence of refractive
effects.

7. CONCLUSIONS

As is illustrated in Figure 1, ESEs display a wide variety in
shape, amplitude, and duration. The event shapes include
paired maxima surrounding a prolonged and usually flat
minimum, a rounded minimum with or without surrounding
maxima, and groupings of two or more events. ESEs are found
to range in duration from 0.25 to 1.2 yr and have a maximum
deviation from the mean from 6% to 100% at 2.7 GHz.

A statistical model has been offered for comparison with
observations and other potential models for ESEs. In this
model, the variety of the ESEs may be attributable to differ-
ences in the relative angular sizes between the background
extragalactic source, the lens, and the broadening angle over
which the intrinsic emission is spread. Source components
comparable to, but smaller than, a lens will dominate the char-
acter of the variations associated with an ESE. Furthermore,
the fraction of the total source flux density in that component
must be significant for the ESE variations to be distinguishable
from other causes of variability in radio light curves, such as
RISS or variations intrinsic to the source itself. Also, complex
source or lens structures could be responsible for the repetitive
time dependence of some ESEs.

Although direct observations of the material responsible for
extreme scattering have yet to be obtained, the clumped spatial
distribution of ESEs suggests that this material may be associ-
ated with well-known, but poorly understood, Galactic loops
or spurs. ESEs are found to be clumped in the region coin-
cident with the North Polar Spur (Loop I), and near the Galac-
tic anticenter where the Galactic continuum Loops III and IV
intersect (Fig. 4). These loops may provide the conditions that
are apparently necessary for extreme scattering to occur, i.e.,
long path lengths in regions of enhanced turbulence in the
electron density distribution.

The Green Bank interferometer is currently monitoring 150
compact extragalactic radio sources every other day. When the
next occurrence of a large ESE is observed, observations will
be initiated on other instruments during and after the event in
the hope of studying more directly the lens itself.
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APPENDIX A

THE STATISTICAL MODEL FOR FLUX REDISTRIBUTION

The model used to generate the light curves in Figure 3 assume a band-shaped geometry for the lens when projected on the sky
(see Fig. 5a). The size of the long axis of the rectangular band is considered to be much larger than all other relevant angles in the
problem. The angular width of the band is 6,. Because of this geometry, no generality is lost by assuming a relative motion that
carries the background source perpendicular to the long axis of the band. Other straight-line paths in relative motion will merely
effect a scale change along the temporal axis of the resulting light curve. The background source is assumed to have a circular
Gaussian brightness distribution with a FWHM of 6,. Furthermore, all parallel ray bundles incident on the lens are assumed to be
broadened into a Gaussian brightness distribution of FWHM 6, (see Fig. 5b).

The redistributed flux density from each individual point in the two-dimensional lens is a convolution between the source
brightness distribution and the broadening function. Since both of these quantities are normally distributed, the resulting distribu-
tion is also a normal function whose standard deviation is equal to the standard deviations of the source and broadening functions
summed in quadrature:

4In2
(02 + 67)

where the integrated source brightness has been assumed to be unity and p is the radial angular distance from a given point in the
band. We have also assumed strong broadenmg, e.g., when the source is behind and much smaller than the band, all of its flux is
redistributed. Note that equation (A1) is independent of the geometry of the lens. The redistributed flux density at y, the angular
coordinate perpendicular to the long axis of the band, may be obtained by integrating equation (A1) over the two-dimensional area
of the band:

I(p) e —4p21n2/(0s2 +6p2) , (AI)

d+6y/2

F.(d) = J+w1(P = /x* + yHdxdy, (A2)

d—01/2

where x is the angular coordinate parallel to the long axis of the band and d is the y-coordinate of the background source (see Fig.
5a). The origin of the y-axis is at the center of the band. Similarly, the direct flux density is

—01/2—d +
Funscat(d) J. B(p)dx dy + J‘ J B(p)dx dy H (A3)
01/2—d — -
where B(p) is the assumed source brightness distribution,
4In2
B —4p21n2/952 . A4
0) =g (A49)
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FiG. 5—Band-shaped geometry of the lens region shown (a) from the perspective of the observer and (b) from the plane of the lens
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Combining equations (A2) and (A3) and performing the substitutions indicated in equations (A1) and (A4) gives the normalized form

' of the light curve for a band-shaped lens

F(d) = N[c(d — 0,/2)/0ca1, c(d + 0,/2)/0co] + N[c(6)/2 — d), + 0] + N[ — 0, ((—6,/2 - d)] , (A3)

where 0, is assumed to be unity, ¢* = 81n2, 62, = 1 + 07, and

1 b
Nla, b =—je"’2/2dv. A6
! Van J, . (A6)

1n deriving equation (A5) we have assumed that the FWHM 0, of the broadening function is constant across the lens. Gener-
alizing the problem to include arbitrary geometries for the bounds of the lens and an arbitrary dependence of 6, on position across
the lens is straightforward. However, until a detailed understanding of the milliarcsecond structure of the background sources is
obtained, one must be careful not to over interpret the observational data with respect to this, or any other, model attempting to

describe extreme scattering events.

APPENDIX B

MEAN AND VARIANCE OF W

As described in the text, the test statistic W used to evaluate the relative “nearness” of event sources to loops was the sum of
ranks R, of the m event sources, where all N sources are ranked in order of distance from the nearest loop. Under the null hypothesis
that the locations of the event sources are unrelated to the loops, and therefore that their ranks are completely random, the

expectations of W and W? are readily calculated as

Wy = ¥y =MD ®Y)
and
W= St 128
_m(N + 1;(2N +1) :;EZ: 11)) {N2<N;- 1>2 ~ N[(N + 1)(62N + 1)]} ' ®2)
The variance of W is then found to be
ot = Wy — (wyr TN LD, (83)

12

For sufficiently large N, the distribution of W approaches a Gaussian with mean (W) and standard deviation oy. Rather than
attempt to calculate the sample size required for the Gaussian approximation to be valid, we check the inferred frequency of
occurrence of a set of outcomes (i.e., W < W,,, where W,, is a measured value) by Monte Carlo simulation as described in the text.
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