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ABSTRACT

The Frequency Agile Solar Radiotelescope (FASR) will obs¢e Sun over a wide range of radio frequencies and make
high spatial resolution images at many frequencies nearylsaneously. FASR will need to be able to observe both the

very bright, usually compact emission from solar flares af asmuch fainter fluctuations in the solar chromosphere

across a broad range of spatial scales (from 1 arcsec to @egt high time resolution, and these constraints impose
severe requirements on telescope design. We discuss thieprof imaging the Sun at radio wavelengths and present
simulations of imaging the thermal free-free emission fithie Sun’s atmosphere using models based on EUV data.
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1. INTRODUCTION

TheFrequency Agile Solar Radiotelescof\SR) will be a solar-dedicated radio interferometricagrthat will be opti-
mized to carry out imaging spectroscopy of the Sun, i.e.r¢olpce high-quality, high spatial resolution images of$iua
simultaneously at a wide range of frequencies. FASR wilfgren coronal magnetography, detect and map nonthermal
populations of electrons from the ground, and identify aadk drivers of space weather. FASR has been highlighted by
a number of NRC panels as an important resource for solaiigggsthe next solar maximum, and detailed planning for
the project has commenced.

An important aspect of FASR is that it will not only, or evernrparily, serve the solar radio astronomy community:
it will serve a large user base comprising solar, solartgrial, and space physicists. All FASR data will be madelfre
available. Instead of placing the burden of data calibratiad reduction on the user, FASR data processing will be
pipelined and the data will be made available as fully caliéd, optimally-deconvolved maps. FASR will “mainstream”
the use of solar radio observations by the wider communitychmas the Solar and Heliospheric Observatory (SOHO)
and the Transition Region and Coronal Explorer (TRACE)l5tgs have mainstreamed the use of solar EUV data, and
the Yohkohsatellite has mainstreamed the use of solar soft and haayXaraging data. FASR will carry out dual roles,
serving both as a basic research instrument and as a soutm&siof synoptic data that can be used to forecast solar
conditions and space weather and geophysical disturbaHeese FASR will provide a direct societal benefit.

A great deal of work has been done over several decades taatBere and understand solar radio emission processes
and phenomena. The science to be done with FASR has beepdatel from this experience, but FASR is such an
advance over current instrumentation (in frequency cay@ramage quality, spatial resolution, and sensitivitigtta
true understanding of what it is capable of requires compiesee-dimensional source model simulations. These are
important for refining such things as the array configuratiarienna number and antenna size. But they are also alcritica
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means to understand observing strategies, calibratiategies, and image processing algorithms that will be saces

to maximize the usefulness and science return of the ingmntmThe models will be constructed by assembling space
and ground-based information necessary to create one @ realistic three-dimensional active region and coronaisna
ejection (CME) models, with the requisite spatial resalnij 1 arcsec) and with appropriate complexity to test thasdee
have for measuring physical parameters of the solar atneweptith FASR. The radio emission from the 3-D models will
be calculated at a range of frequencies, viewed from diffed@ections, sampled with the expected array configunatio
and the resulting image cubes (in dual polarization) wilifmesrted and compared to the model to assess the precision
of extracting the physical parameters. A flaring loop modiéllaiso be generated, with realistic distribution of paltis

and possibly also the appropriate time-dependent behai@se models will guide the observing, calibration, anadgm
processing strategies to be used by FASR. In this paper veepreome early steps to this goal, using EUV images from
the Extreme-ultraviolet Imaging Telescope (EIT) on SOH@eoerate a quiet-Sun model radiating by free-free emission
alone, processing this through a model array and comparitigagtual images. The next section first provides a brief
overview of the FASR project.

2. FASR OVERVIEW

The specifications for the Frequency Agile Solar Radiotalpe, as driven by science requirements, are shown in Table
1. While the specification in each category (frequency rafrgguency resolution, time resolution, angular resolui
field of view) may seem relatively modest, it is tbembinatiorof characteristics that makes FASR such an advance over
existing instruments. The main characteristics that the instrument must have are:

e Excellent Snapshot Imagind:he Sun must be imaged with high dynamic range, fidelity, arglikar resolution,
with good sensitivity to both compact and extended sourtemgssionjnstantaneouslyA dynamic rangez 1000
1 and an angular resolution ef 1” at a frequency of 20 GHz are considered reasonable goals.

e Broadband spectroscopypectral coverage over a frequency range of 0.1-20 GHz isinedjto cover the scien-
tifically relevant range of heights and phenomena of thersalmosphere. Continuous frequency coverage over
this range is needed to obtain high-resolution spectragdiatics. Coverage up to 30 GHz is desirable for particle
acceleration diagnostics.

e Polarimetry: Dual polarization observations are required for coronagjnedography and particle acceleration di-
agnostics. The correlations required to form all four Skogarameters are desirable, but not necessarily over the
entire frequency range or at all times.

¢ High time resolution:Spectra must be acquired at a rate sufficient to follow spee#riations during solar flares.
At centimeter wavelengths a full spectrum (2-20 GHz) musbl@ined in< 1 sec. At decimeter wavelengths, the
requirement is more demanding:0.1 sec on a routine basis, with even higher rates over restrizhndwidths as
required.

e Large field of viewlmaging over the full solar disk%() or larger is desired over a significant portion of the spactr
range of the instrument, for mapping coronal mass ejectimasmaximizing the science return.

e Absolute positional accuracyEASR should match space and optical ground-based instin@ssiutions of order
1 arcsec. Quantitative cross-comparisons of FASR obsensatvith those in other wavelength regimes will require
precise knowledge of absolute source positions.

e Easy access by the scientific communig:an operational requirement, the instrument must notegpllae burden
of data reduction on the user. Most of the calibration an@ dadluction should be performed on-site with a data
pipeline, and a wide variety of data products should be maditadle for immediate use.

Although FASR was conceived entirely separately from otleiotelescope projects now being considered, it has
obvious similarities to the Allen Telescope Array (ATA) atalthe Low Frequency Array (LOFAR). LOFAR can be
considered complementary to FASR, in that its frequencgeaill extend below FASR's frequency range. LOFAR will
carry out interesting and important solar and heliosptsgience that is complementary to the key science of FASRe



Table 1. FASR Specifications

Number of antennas ~ 100 Frequency range 0.1-30 GHz (core: 0.5-18 GHz)
Number of baselines ~ 5000 Frequency resolution ~ 1%, 2—30 GHz

Antenna size D=2-6m ~0.1%, 0.1-2 GHz

Angular resolution  ~ (20/vg) arcsec Time resolution 5 0.1 sec, 2-30 GHz

Field of view ~ 1030/(vgD) arcmin 50.01sec, 0.1-2 GHz
Polarization Full Number IFs pairs 4-8

ATA has a similar frequency range of 0.5-11.5 GHz, and wilpdoy several hundred antennas to obtain excellent snapshot
image quality. FASR shares many of the key technology chaéle of ATA. ATA differs from FASR in having shorter
baselines, a smaller frequency range, and weaker pointingti@ints, but more severe spectral processing requiresme
and many more antennas.

3. RADIO IMAGING OF THE SUN

The imaging process has always been a drawback for radionastry, in the sense that, unlike conventional optical
telescopes, interferometers do not image directly: to@kthe full power of an interferometer one usually has toeirtv
the measured visibilities, remove bad data, and deconvolvéhe point response of the telescope, and the practical
difficulties that attend these steps have led to the termckblzelt radio astronomer”, a term that may be viewed as
an honorific amongst radio astronomers but one that is daffiuito the casual user from other wavelength ranges.
Considerable effort will be put into avoiding this perceptifor FASR data, in order that they should be accessible to
as wide a community as possible. To this end, we anticipaertiost users will only ever deal with fully calibrated
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Figure 1. Full disk radio images of the Sun at (left) 1.4 GHz and (righ§f GHz made with the Very Large Array in “D” configuration
on 1999 April 11. In this configuration the full disk fits intbe primary beam of the VLA antennas at 1.4 GHz, but the visiddl do
not adequately sample the full disk spatial scales, so aisliskpplied as a default model in deconvolution. The restpbeam size
at 1.4 GHz is 40. At 4.6 GHz the primary beam is just 2Qthe image shown here is made by mosaicking techniques iohw26
different fields across the Sun are observed and deconvaelitach disk supplied as the default model. The restoring bsiamis 12.
The greyscale is a logarithmic representation of the iritgfi®dm 4000 K to 1.9x 10f K at 1.4 GHz and from 4000 K to 9 1P K at
4.6 GHz.



and deconvolved FASR images; the unit most useful to usgn®lzably that of brightness temperature, since it actually
represents the local temperature in any optically thickaadurce.

The need to supply processed images on demand imposes almndbe pipeline processing tasks used for the
purpose. Here we can take advantage of the fact that we knotrahdut the appearance of the Sun at radio wavelengths,
and can make use of this knowledge to simplify the imaging@ss. One important feature is that the size of the radio
source is well understood, and except at low frequenciesegd pnly image to a radius of about 24@6 cover virtually
all solar phenomena that FASR will be able to detect. Howdherfact that the Sun’s radio emission fills such a large
area on the sky poses a problem for algorithms such as CLEAthas really best suited to deconvolving bright sources
that have emission in a small number of pixels. Over mostsofréquency range FASR will have the entire solar disk
within its field of view (FWHM of a dish of diametdd m at frequencyf GHz is 1030/Df), but it will not sample the
very large spatial scales needed to reconstruct complitelgolar brightness at all frequencies. The minimum ptepkc
spacingd between antennas determines the longest fringe spaciagétaration of peaks in the Fourier pattern on the
sky) in the data, being 103@ f, with d in meters andf in GHz: this needs to be at least 1@6 fit the solar disk into
a Fourier lobe, and hence at e.g., 10 GHz, one requires a mmiapacing of order 1 m which is smaller than planned
dish sizes. Thus at high frequencies FASR, as an interfeimmvell not be sensitive to the total solar disk flux (it mag b
possible to measure this quantity independently by a srimgjlesdish).

This is not the disadvantage that it might first seem to be lmeae have considerable experience in restoring data
that do not fully sample the solar disk: Figure 1 shows radiages of the Sun from the Very Large Array at two different
frequencies (1.4 and 4.6 GHz), neither of which fully sarsplee larger spatial scales of solar radio emission. These
images have both been produced using a flat disk as a defad#lfoe maximum-entropy deconvolution. Pioneers in
handling radio data that partially sample the solar diskeheen the Nobeyama Radio Heliograph (NoRH) grép.
NoRH consists of 84 small (80 cm diameter) dishes operatiriyaand 34 GHz. The dishes are too small to detect
sources other than the Sun with uncooled receivers at thegedncies, so they use the Sun itself as a calibrationspurc
at these frequencies the solar disk dominates the quiefi®uand a solar-disk model of a 10000 K source of appropriate
radius, in combination with designed redundancy in theyamarks well for calibrating the data. In imaging NoRH
data, one generally subtracts the solar disk from the rae loaffore proceeding, in order to avoid having to deconvolve a
large flat disk, and this works well in practice. It is inteddbat FASR will be able to detect astrometric calibratorgwi
the advantage of its large bandwidth, and position califnatan then be carried out in conventional fashion. At most
frequencies FASR imaging will probably proceed only aftestfsubtracting a frequency-dependent model disk, whose
radius and brightness will be known a priori, from the dathe ™odel disk can then be restored after deconvolution of
the other emission features.

4. FREE-FREE MODEL OF THE RADIO SUN

Figure 1 shows a humber of features important for routinepivagpof the Sun by FASR: the brightest features in a quiet-
Sun radio image are usually at coronal temperatures of akméllion K, and the disk varies in brightness temperature
from 10° K at low frequencies, where the solar atmosphere is opyidhltk in the corona due to thermal free-free
(bremsstrahlung), to K at high frequencies~ 20 GHz), where the corona is optically thin and one sees dovinet
solar chromosphere. At 1 GHz the quiet-Sun disk temperasuadout 16 K, while at 5 GHz it is 30000 K. Despite
the fact that the optically thick layer one sees down to inatmeosphere becomes cooler and cooler as frequency rises,
the corresponding solar disk contribution to the radio ainis becomes an increasingly prominent feature at higher
frequencies because the brightness temperature of theatiptihin coronal features decreasesfag, which is much
faster than the rate of decrease of the apparent disk tetopera

In the remainder of this paper we carry out some data sinmatior the date shown in Figure 1, 1999 April 11. We
simulate primarily the bremsstrahlung component of theosiphere: the brightest features in the 4.6 GHz radio image
are gyroresonce sources that are optically thick in the m@tzecause of the strong magnetic fields over active regions.
This gyroresonance emission will be only briefly discusseth

To derive a radio model incorporating the free-free emis$iom the solar atmosphere, we use coronal temperatures
and emission measures derived from EUV images from the BEreltraviolet Imaging Telescope (EIT) on the SOHO
spacecraft. Here we use Fe IX/X 1&land Fe XII 195A EIT images with a pixel size (from Earth) of 2.6QZTemper-
ature and emission measure maps are derived using stanldapddeedures. The results do not completely characterize
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Figure 2. The SOHO/EIT Fe XIlI 1958 image (upper left) on 1999 April 11 used to determine the eiddr the simulations, the

1 GHz model (upper right) resulting from a free-free caltioia and convolved with a 30beam, the 5 GHz free-free model (lower
left) resulting from the EIT data and convolved with ah l8eam, and the 5 GHz model including both free-free contigiist and
gyroresonance sources determined using a SOHO/MDI lirgghft magnetogram. The temperature and emission meastired
from the EIT data are used to derive bremsstrahlung optieptits (0 f—2) and then brightness temperatures. A chromospheric
contribution is added to the coronal emission, and the madedhown here is convolved with a gaussian of size apprepidathe
observation for comparison with the model FASR images. Tigies are shown with the grey colors scaled logarithmically

the solar atmosphere by any means: the pair of EIT imagesisigedy sensitive to cool coronal material and is not even
comprehensive for the material to which EIT is sensifife but they serve as an appropriate starting point. The EUV
data also do not incorporate the contribution of the solaoriosphere to the radio emission. We add this contribution
separately, following the measurements of Zirin et al.

The procedure is to rotate the EIT images to a common timeyhitte the temperature and emission measure maps
(corrected for the abundance of%ecalculate the (frequency-dependent) optical depth dugrémsstrahlung in each
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Figure 3. The snapshot and beam resulting from a candidate log-smirdiguration of 99 antennas. In this case the minimum spacin
is 10m. The panels show (a) top left, the antenna layout, 88tantennas on each arm and a wrap of 1 turn per arm; (b) top tigh
u, v configuration resulting from this configuration at 5 GHz arisit on 1999 April 11; (c) bottom left, the beam pattern hérsg from
this configuration, with the greyscale showing the rangenfr8% to 40% of the beam peak: the largest negative value ibehen is
-3%; and (d) bottom right, details of the inner regien $ kiloA) of theu, v distribution which is saturated in the panel above.

pixel using standard formulaedetermine the corresponding brightness temperafigre-(To(1 — e~ 7)) and then convert

to radio flux. The chromospheric contribution is then addadpixels on the solar disk. Emission above the limb also
has to be suppressed in the model, because the EIT imagesssuggre material there than is actually present due to
contamination by other lines and off-limb calibration. TEE images also show a grid pattern that is instrumenta it i
partially removed by the calibration procedure, and we lmaMeattempted to remove the residual features.

The original EIT image and typical resulting model radio gea (here for 1 and 5 GHz) are shown in Figure 2. The
1 GHz radio model has been convolved with & 3@am and the 5 GHz model with aff Beam for comparison with
the final maps. As required, the solar disk is a prominentfeatf the radio model despite being largely absent from
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Figure 4. 1.0 GHz model images processed through the test FASR coafigni(Fig. 3). The panel on the leftis a CLEAN image (disk
subtracted from visibilities, residuals CLEANed, thenkdigstored to the subsequent image) while that on the rigatrisaximum-
entropy deconvolution using the same disk as a default madhel restoring beam size is’3Qweighting intermediate between natural
and uniform). These images may be compared with the obsémage (Fig. 1) and the model image (Fig. 2). Note that the H& G
image in Fig. 1 is the result of a 12 hour synthesis obsemdiipthe VLA, whereas the images shown here are the resultapfsbrot
observations. The display is logarithmic from 4000 to %.90° K.

the Fe XIl image: in the radio image it is due to the chromosphehich is absent from the EUV coronal images. The
brightest features in the radio model are exactly those dhatbrightest in the EIT image, since they are the densest
regions in the corona and hence have the largest opticahsleptadio wavelengths. Note however that some features are
underrepresented in the radio model: the filament chanoehalthe south pole that is prominent in the Fe XIl image is
barely discernible in the radio image, because it lies inggoreof weak emission in the Fe Xll image that produces only
a small coronal brightness temperature contribution taréitéo model. This contribution is much smaller than the sola
disk contribution from the chromosphere, and the contrégtefilament channel does not show up in the model against
this brighter background. The actual observation (Fig.dgsdshow the filament channel as a prominent feature that we
attribute to a chromospheric signature that is not includdte models.

To show the effects of including magnetic fields in the cadtioh of the radio models, Fig. 2 also presents a 5 GHz
model in which gyroresonance sources are added using theesapproach of assuming that the corona is optically thick
at the temperature derived from the EUV data if the magnedid fn that pixel exceeds the value required to match the
third harmonic of the local gyrofrequency. The magnetiaffislestimated from a SOHO/MDI line-of-sight magnetogram
obtained at 19 UT (essentially the same time as the EUV datag result is a number of bright compact sources at
brightness temperatures in excess of Kothat are much brighter than anything in the free-free modiény of these
sources can be seen to be present in the VLA image in Fig. 1.

5. SIMULATED IMAGES

For imaging simulations here we use an array consisting dri8nnas arranged on 3 essentially log-spiral arms each
making a full 360 turn. The outer antennas are approximately 1700 m from ttasy @enter, and the maximum baseline
length is about 3 km. The antenna size is 6 m and the minimuenaatseparation is 10 m. The array is shown in
Figure 3 together with the snapshot distribution and the resulting snapshot beam pattern. Tbdetdata described
are converted into a model observation using the NRAO AIBB t&/CON1° This array is just an example of a possible
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Figure 5. 5.0 GHz model images processed through the test FASR coafignrconsisting of 99 6-m dishes. The panel on the left is
a CLEAN image (disk subtracted from visibilities, residu@LEANed, then disk restored to the subsequent image) whaleon the
right is a maximum-entropy deconvolution using the samé disa default model. The restoring beam siz€'isThese images may
be compared with the observed image (Fig.1) and the modgertf@g. 2).

configuration that FASR might use: log-spiral arrays are ofhgeveral configurations being considered for large arrays
such as the Atacama Large Millimeter Arrdly1? The visibilities are weighted to produce a beam intermediatween
pure natural and pure uniform weighting; the resulting siap beam for this array has a maximum negative of just 3%
of the beam maximum, but it does have a significant widespspadl pattern of positive response at a low level that can
spread flux over a wide area from the many pixels filled by sefission.

The results of analyzing the model data at 1 GHz are showngar€i4, which can be compared with the starting
model in Fig. 2 and the actual VLA 1.4 GHz observation in Fig.TWo deconvolution techniques are compared here.
One is the “CLEAN” approach?® but with the disk component subtracted from the visibiligtaifirst and then restored
in the image plane after deconvolution to avoid having tawclghe flux in all the disk pixels due to this component. The
second technique is to make dirty maps and then deconvaéve tising the maximum entropy metHédising the disk
component as a default image. In this method the results epart on whether or not the algorithm is forced to achieve
a specific total flux. The minimum 10 m baseline does sampléidheisk flux at 1 GHz, so the disk flux is reconstructed
well no matter what the technique.

The two deconvolved images in Fig. 4 are essentially idahtithe peaks in the difference image are typically less
than 0.25% of the maximum, and appear to be dominated by $ealires typical of CLEAN images in which many
clean components are required, leading to low-level inktigs. As noted above, the beam shown in Fig. 3 does have
significant low-level response that spreads flux in the dirgp well outside the solar disk, and even after subtractieg t
disk it takes many clean components to clean the image wadh at the relatively low resolution of this image the solar
disk contains over 4000 resolution elements and each of toatains flux.

The corresponding results at 5 GHz are shown in Figure 5. Herérequency is too high for the array of 6 m dishes
satisfactorily to sample the full solar disk, so in the maximentropy approach one must specify the final total flux; if
this is not done too little flux is recovered. In this case m@itdeconvolution does as well as in the 1 GHz models. The
maximum entropy image appears to be a cosmetically sdiisfazpresentation of the input model, but in detail it does
not match the model well, and the 5 GHz CLEAN image is surpglsi poor. We suspect that a combination of reasons is
responsible for this result. At this frequency the solakdigntains 60000 resolution elements, while only 9000 gtiaat
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Figure 6. The 5.0 GHz model image processed through a test FASR coatfiguiconsisting of 99 2-m dishes with a minimum spacing
of 3 m. The observation is for 30 minutes immediately follogiransit. The image is a maximum-entropy deconvolutiangia flat
disk as a default model. The restoring beam sizée'isThis image may be compared with the observed image (Figd ttze model
image (Fig. 2).

are measured by the observation (4500 baselines, each dscomymber), so in principle the data do not contain enough
information to reconstruct fully the model. Further, udithe VLA, whose shortest baseline is about 40 m and therefore
completely resolves out the solar disk scale at this frequehe 10 m minimum antenna spacing of this test array means
that the disk is present in the data but inadequately sampled

For this reason, the current plan for FASR calls for an arfagnaaller dishes operating at frequencies above 3 GHz.
We have simulated the imaging problem using the same 5 Glézffee model observed by an array of 99 2-m dishes
having a minimum spacing of 3 m and a realistic solar-doneidalstem temperature. In addition, we simulate the result
of a 30-minute observation which helps to fill in thev plane somewhat. The result is shown in Figure 6 using MEM
deconvolution with a default disk (CLEAN is less efficienathMEM because of the number of pixels required to cover
the solar disk at the appropriate resolution). The decautian has not been optimized and we believe that this affects
the restoration of the low surface brightness emissionthmibrighter coronal free-free emission is recovered exély
well. When the brighter gyroresonant sources are also deddy MEM deconvolution does not work as well: this is a
well-known effect whose solution is to CLEAN and subtrae bright compact sources from the data before using MEM
deconvolution on the remaining emission.

6. CONCLUSION

These results give an impression of the considerationstiuat be taken into account in designing FASR such that it
can achieve its scientific goals. Here we have highlightetaioly the most difficult issue for FASR imaging, namely
the problem of dealing with emission from both large and $s@ditial scales over a wide frequency range. The need
to obtain short-spacing data at high frequencies is empbddiy Fig. 5, and this drives FASR to include smaller dishes
for the higher frequencies. In addition, observing stregegan ameliorate the lack of short spacings even with the 6
m antennas: it is well established that mosaicking obsemnstwith an interferometer (observations of fields of view
that overlap by half a primary beam width) contain inforroatbn spatial scales corresponding to about half the shortes
spacingt>~17 This technique is used to create the 4.6 GHz VLA image of thefBm 26 overlapping fields shown in
Fig. 1. The combination of interferometer data with singlkhdneasurements of the total power from the Sun will also



help to sample the large spatial scatesand frequency-synthed®?°may also help to fill in the snapshatv distribution
for broadband sources. Nonetheless, Figs. 4 and 6 show dggrigmpower that FASR will deliver.

Additional simulations of a range of science issues (cdraregnetography, flare science, coronal mass ejections)
will also be carried out in order to guide design decisionstifie array. With the combination of images at many fre-
guencies, each probing different depths in the solar athmrgpbecause of the frequency dependence of both free-free
and gyroresonance opacity, and information from the twoutér polarizations, FASR observations contain a grealt dea
of information on the three-dimensional structure of thiasatmosphere (temperatufg densityn. and magnetic field
strengthB). Considerable effort is needed before we can understawdinach of the three-dimensional structure can be
retrieved by “inversion” of the radio spectrum in each pixel
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