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ABSTRACT

We present 8.4 GHz Very Long Baseline Array (VLBA) observations of 75 extragalactic radio sources drawn
from the scintillating sources discovered in the Microarcsecond Scintillation-induced Variability survey. This
survey clearly showed that the fraction of scintillating sources and the amplitude of their variability increases
strongly with decreasing flux density, raising the possibility that scintillating sources may be systematically
extremely core dominated. The observations presented here were designed to investigate this hypothesis. The
results indeed show that most of the scintillating sources we observed with the VLBA have an extremely
compact, core-dominated morphology, which has important implications for interpretations of the scintillation
seen in these sources. In addition, these sources are potential candidates for inclusion in the International
Celestial Reference Frame.

Key words: galaxies: active — galaxies: jets — galaxies: nuclei — polarization — quasars: general —
reference systems
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1. INTRODUCTION

It is now clear that interstellar scintillation (ISS; e.g.,
Rickett 1990) is the principal cause of rapid variations in flux
density seen in some compact, flat-spectrum radio sources at
centimeter wavelengths (Jauncey et al. 2003a; Wagner &
Witzel 1995). One predicted effect of ISS is a time delay in the
variability pattern arrival times at two widely separated tele-
scopes. Time delays of minutes have been observed for sev-
eral of the most rapidly variable sources (Bignall et al. 2003;
Dennett-Thorpe & de Bruyn 2002). In addition, an annual
cycle in the characteristic timescale of the variability has
now been found in at least five sources (Rickett et al. 2001;
Jauncey et al. 2003b; Jauncey & Macquart 2001; Dennett-
Thorpe & de Bruyn 2001; Bignall et al. 2002). Such an annual
cycle results from the changing relative velocity of the in-
terstellar medium (ISM) seen from Earth as it moves around
the Sun. For such observations, ISS is the only plausible
explanation.

TheMicroarcsecondScintillation-inducedVariability (MASIV)
survey (Lovell et al. 2003) aims to construct a sample of 100 to
150 scintillating extragalactic sources with which to examine
both the microarcsecond structure and the parent population of
these sources, as well as to probe the turbulent ISM responsi-
ble for the scintillation. A total of 710 compact, flat-spectrum
sources distributed over the northern sky were surveyed using
the Very Large Array (VLA) at a frequency of 4.9 GHz. Over
100 new scintillating radio sources, with variability timescales
from hours to days, have already been discovered by this

program. However, rapid, large-amplitude variables such as
J1819+3845 (Dennett-Thorpe & de Bruyn 2002) are rare.
The MASIV VLA survey results showed an increase in the

fraction of highly variable scintillators (those with rms flux
density variations above 4%) with decreasing flux density.
They also showed an increase in their amplitude of variability
with decreasing flux density. These results raised the possi-
bility that the milliarcsecond scale structures of scintillators
may differ from that of nonscintillators in that the weaker
sources are more ‘‘core dominated,’’ or rather, less milliarc-
second ‘‘jet’’ dominated. Thus, low flux density scintillating
sources may form a distinct population with a differing
morphology.
To investigate this possibility, we have used the National

Radio Astronomy Observatory’s (NRAO)1 Very Long Base-
line Array (VLBA) to image the milliarcsecond-scale structure
of 75 low flux density (see x 2) scintillators discovered in the
MASIV survey. Section 2 describes our sample, experimental
parameters, and data reduction. In x 3 we present the images in
both total intensity and linearly polarized flux density and
tabulate image parameters and the results of models fitted to
each observed source. We also present distributions of source
flux density and source compactness. In x 4 we discuss the
potential use of low-flux scintillator sources, such as those

1 The National Radio Astronomy Observatory is a facility of the National
Science Foundation operated under cooperative agreement by Associated
Universities, Inc.
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Fig. 1.—Total intensity and polarized intensity contour plots of 75 scintillating extragalactic radio sources at 8.4 GHz. Total intensity image parameters are listed in Table 1, and polarized intensity image parameters are
listed in Table 2. The scale of each image is in milliarcseconds. The FWHM Gaussian restoring beam applied to the images is shown as a filled ellipse in the lower left of each panel. In the polarized images the contours
indicate polarized intensity, and the tick marks indicate the direction of the inferred electric field component in the plane of the sky. The length and spacing of these tick marks have no significance.
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observed here, to expand and improve the International Ce-
lestial Reference Frame (ICRF), and our conclusions are set
out in x 5. Comparison of the milliarcsecond-scale morphology
in total intensity and linear polarization of this sample of
scintillators with that of nonscintillators is the subject of future
work.

2. OBSERVATIONS AND DATA REDUCTION

We used the VLBA to observe 75 sources during two 24 hr
experiments on 2003 January 27 and 30. Our sources were all
scintillators discovered by the MASIV survey (Lovell et al.
2003) and were selected according to the following criteria:

1. Point sources at the resolution of the VLA.
2. Spectral index from 1.4 to 4.9 GHz flatter than 0.5.
3. Flux density at 4.9 GHz less than 0.3 Jy.
4. rms flux density variations during a 72 hr period of Srms >

½0:0032 þ (0:02S)2�1=2 Jy, where S is the mean flux measured
by MASIV at 4.9 GHz.

5. As evenly distributed in right ascension as possible,
given the list of MASIV scintillator sources meeting the above
criteria.

The observations were made at 8.417 GHz (k ¼ 4 cm, X
band) with right- and left-circular polarizations recorded us-
ing 2 bit sampling at 128 Mbits s�1 and a total bandwidth of

16 MHz. Two intermediate frequencies (IFs),2 each divided
into 16 channels of width 0.5 MHz, were used for right- and
left-circular polarizations. Each source was observed for a
total of 30 minutes with the observations split into four
7.5 minute long scans at widely spaced hour angles to ensure
adequate u-v plane coverage.
The data were correlated at the VLBA correlator in Socorro,

New Mexico, and were loaded into NRAO’s Astronomical
Image Processing System (AIPS; Bridle & Greisen 1994;
Greisen 1988). They were then calibrated using standard tech-
niques for Very Long Baseline Interferometry (VLBI) polari-
zation, e.g., Cotton (1993) and Roberts et al. (1994). After data
inspection and initial editing, a correction was made for errors
in the amplitudes in the cross-correlation spectrum that arise
from errors in sampler thresholds, using measurements of the
autocorrelation spectrum. Measurements of antenna gain and
system temperatures were then used to derive the amplitude
calibration for each antenna. The phase of the parallactic angle

TABLE 1

Parameters of Naturally Weighted Total Intensity Images

Beam
a

Source

a

(mas)

b

(mas)

�

(deg)

Peak

(mJy beam�1)

rmsb

(mJy beam�1)

Contour Levels
c

(mJy beam�1)

J0056+1625.......................... 2.5 1.0 1 259.98 0.12 0.37 ; (1, : : : , 29)

J0141+7506.......................... 3.6 2.7 51 39.47 0.29 0.87 ; (1, : : : , 25)

J0150+2646.......................... 2.6 1.1 4 87.70 0.12 0.37 ; (1, : : : , 27)
J0201+0954.......................... 2.4 1.0 2 77.78 0.06 0.18 ; (1, : : : , 28)

J0231+4342.......................... 2.4 1.0 12 72.36 0.07 0.21 ; (1, : : : , 28)

Note.—Table 1 is presented in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here for
guidance regarding its form and content.

a The restoring beam is an elliptical Gaussian with FWHM major axis a and minor axis b, with the major axis in position angle
� (measured from north through east).

b The rms of the residuals of the final hybrid image.
c Contour levels are represented by the geometric series 1, : : : , 2n; e.g., for n ¼ 5 the contour levels would be �1, 2, 4, 8, 16,

and 32.

TABLE 2

Parameters of Naturally Weighted Linear Polarization Images

Beam
a

Source

a

(mas)

b

(mas)

�
(deg)

Peak

(mJy beam�1)
rmsb

(mJy beam�1)
Contour Levels

c

(mJy beam�1)

J0056+1625............. 2.5 1.0 0 9.42 0.13 0.38 ; (1, : : : , 24)

J0141+7506............. 3.6 2.7 51 0.93 0.09 0.81

J0150+2646............. 2.6 1.1 4 9.19 0.13 0.39 ; (1, : : : , 24)

J0201+0954............. 2.4 1.0 2 0.43 0.04 0.24

J0231+4342............. 2.4 1.0 11 1.21 0.05 0.25 ; (1, : : : , 22)

Note.—Table 2 is presented in its entirety in the electronic edition of the Astronomical Journal. A portion is shown
here for guidance regarding its form and content.

a The restoring beam is an elliptical Gaussian with FWHM major axis a and minor axis b, with the major axis in
position angle � (measured from north through east).

b The rms of the residuals of the final hybrid image.
c Contour levels are represented by the geometric series 1, : : : , 2n; e.g., for n ¼ 5 the contour levels would be �1, 2,

4, 8, 16, and 32. When n ¼ 0, only the single contour level is given.

2 In this context ‘‘intermediate frequency’’ refers to a single signal path
between a telescope and the correlator. Our total bandpass is divided into IFs
that are adjacent in frequency. IFs should be distinguished from the narrow
spectral channels into which they are subdivided, as the geometrical and
propagation errors affecting the data can be large enough to cause significant
phase changes across an IF bandwidth.
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was removed from the residual phases, and the supplied pulse
calibration information was then applied. Global fringe fitting
was performed independently on each IF and polarization using
an implementation of the Schwab & Cotton (1983) algorithm.
Then a short (2 minute) section of cross-hand data from a
strongly polarized calibrator was fringe-fitted to determine the
multiband delay difference between the right- and left-hand
systems of the array, and the resulting correction was applied to
the rest of the data. Finally, the data were averaged across the
channels within each IF and averaged over a 20 s time interval.

The effects of feed leakage terms (also known as instrumental
terms or D-terms; these represent the percentage of nominally
orthogonally polarized flux a feed receives) were calculated
(Leppänen et al. 1995) on a strong source with simple total
intensity structure, observed over a wide range in parallactic
angle. Calibration of the absolute polarization position angle
(also known as electric vector position angle [EVPA]) was
performed using sources for which contemporaneous VLA
observations were available from the VLA/VLBA Polarization
Calibration Page.3 The accuracy of this correction was con-
firmed by comparing results from multiple sources, which

suggest the uncertainty in the EVPA calibration is�4�, with the
variability in the EVPAs of the calibrator sources being the
primary source of error (Taylor & Myers 2000).

After applying D-terms and EVPA corrections, further
editing, self-calibration, and imaging of all sources was
done using the Caltech DIFMAP package (Shepherd 1997;
Shepherd et al. 1994) and AIPS. The final total intensity and
polarized contour maps shown in Figure 1 were made using
the AIPS++4 software package.

3. RESULTS

The resulting total intensity and polarized intensity contour
plots of 75 scintillating extragalactic radio sources observed
with the VLBA at 8.4 GHz are shown in Figure 1. Tables 1 and
2 list parameters of the total intensity and polarized images,
respectively. Following the source name, the next three col-
umns list the major axis, minor axis, and position angle of the
beam. The next two columns list the peak and rms flux density
of the image. The final column indicates the contour levels
used for each image. In the polarized intensity images the
contours indicate polarized intensity, and the tick marks indi-
cate the direction of the inferred electric field component in the
plane of the sky. The length and spacing of these tick marks
haves no significance.

The distribution of the source flux density (sum of all
CLEAN components) is shown in Figure 2. Values range from
a minimum of 50 mJy to a maximum of 370 mJy. The mean
flux density is 120 mJy with a median of 110 mJy.

Gaussian models were fitted to the self-calibrated total in-
tensity visibility data using the Caltech DIFMAP package.
The results of the model fitting are listed in Table 3. After the
source name the following items are listed: component num-
ber, total component flux, distance of component from core,
orientation of component with respect to the core component,
length of major axis of component, axial ratio of component
(1 for circular component), and orientation of major axis of
component. The distribution of fitted core angular size (in
which the core is assumed to be the fitted component at the
origin of the image) has a mean of 0.11 mas and a median of
0.10 mas. Nineteen sources have completely unresolved cores.
The distribution of component angular radii from the core has
a mean of 2.9 mas and a median of 2.1 mas. Only three

Fig. 2.—Distribution of the source flux density for the 75 observed scin-
tillating extragalactic radio sources. The total flux density is defined as the
total CLEANed flux density (i.e., the sum of all CLEAN components).

TABLE 3

Gaussian Models Fitted to Total Intensity Images
a

Source Component

S

(mJy)

r

(mas)

�

(deg)

a

(mas) b/a

�

(deg)

J0056+1625............................ 1 260.6 0.0 . . . 0.04 1.00 . . .

J0141+7506............................ 1 43.3 0.0 . . . 1.17 0.29 �7

2 7.6 4.9 �175 3.63 1.00 . . .

3 13.1 8.4 179 2.49 1.00 . . .

J0150+2646............................ 1 81.0 0.0 . . . 0.12 1.00 . . .
2 16.3 0.7 124 0.13 1.00 . . .

3 5.3 2.5 112 1.42 1.00 . . .

Note.—Table 3 is presented in its entirety in the electronic edition of the Astronomical Journal. A portion is
shown here for guidance regarding its form and content.

a The models fitted to the visibility data are of Gaussian form with flux density S and FWHM major axis a and
minor axis b, with the major axis in position angle � (measured from north through east). Components are separated
from the (arbitrary) origin of the image by an amount r in position angle �, which is the position angle (measured
from north through east) of a line joining the components with the origin.

3 Available at http://www.aoc.nrao.edu/~smyers/calibration. 4 See http://aips2.nrao.edu.
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components were found to be separated by greater than 10 mas
from the core.

As an additional estimate of the compactness of the sources,
we calculate the ratio of the core flux density to the total flux
density. The core flux density is defined as the sum of the
CLEANed flux density within one synthesized beam. The total
flux density is defined as the total CLEANed flux density (i.e.,
the sum of all CLEAN components). The distribution of source
compactness (ratio of core flux density to total flux density) is
shown in Figure 3. With a mean value of 0.90 and a median of
0.94, Figure 3 indicates that scintillating extragalactic radio
sources in this sample are extremely compact and core domi-
nated. This result has important implications for interpretations
of scintillation seen in compact radio sources. This will be
explored in a future paper. The degree of compactness of these
sources also suggests their efficacy as reference sources in
future realizations of the radio reference frame as discussed
below.

4. SCINTILLATING SOURCES AS ICRF SOURCES:
VIABILITY AND BENEFITS

VLBI observations of selected strong compact extragalactic
radio sources have been used to define and maintain a radio
reference frame with submicroarcsecond precision (Ma et al.
1998). This International Celestial Reference Frame (ICRF)
was adopted as the fundamental celestial reference frame at
the 23rd General Assembly of the International Astronomical
Union held on 1997 August 20 in Kyoto, Japan. The ICRF is
currently defined by the radio positions of 212 extragalactic

objects obtained using the technique of VLBI at radio fre-
quencies of 2.3 and 8.4 GHz over the past 20 years.
The ICRF is currently limited by a number of factors. First,

there is a deficit of defining sources, particularly in the southern
hemisphere (although this is being addressed; e.g., Fey et al.
2004). Many defining sources have variable core-jet structure,
which causes position variations, which can, in principle, be
corrected. Finally, the ICRF is composed mostly of the brighter
(>0.2 Jy at 8.4 GHz) sources, many of which suffer the most
from structure problems. Thus, future improvement will in-
volve both increasing the number of defining sources, as well as
incorporating sources that have little or no structure, presum-
ably leading to increased position stability.
The observations reported here show that low flux density

scintillating sources are among the most compact, core-
dominated, extragalactic radio sources. This makes them
suitable candidate reference sources for the next generation
(Mk IV/V) astrometry and geodesy reference frames. The
increased sensitivity of Mk IV/V VLBI will probably be re-
quired to observe the generally lower flux density scintil-
lating sources. While the compact morphology of scintillating
sources suggests their use as ICRF sources, their position
stability will need to be established.

5. CONCLUSIONS

The VLBI observations presented in this paper show that
radio sources that exhibit rapid variability in their light curves
as a result of radio wave propagation through turbulent elec-
tron density fluctuations in the interstellar medium are among
the most compact sources in the sky. In particular, the most
variable low flux density sources, which constitute the sample
observed here, might be the most pointlike and thus, some of
the best candidates for densification of the ICRF and conse-
quent improvement in its accuracy. Further, the advent of the
Mk IV/V VLBI system, with its greater sensitivity, will make
use of weaker sources easier, provided their positional stability
can be established.
It is important to note that, as VLBI assumes that sources do

not change over the period of observation, the amplitude var-
iability of scintillating sources may introduce spurious struc-
ture into their VLBI images and fundamentally limit their
fidelity.

We thank Malte Marquarding for writing the AIPS++ scripts
used to generate the final contour maps. This research has made
use of the United States Naval Observatory Radio Reference
Frame Image Database. The VLBA and VLA are facilities of
the National Radio Astronomy Observatory, which is operated
by Associated Universities, Inc., under a cooperative agreement
with the National Science Foundation.
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