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1 Introduction

Solar activity represents a uniquely accessible example of the ubiquitous processes of energy
release and particle acceleration that occur in a wide range of contexts, from planetary
magnetospheres to the galaxy. Among multi-wavelength observations of solar phenomena, radio
observations provide a unifying perspective because of their sensitivity to both thermal plasma and
nonthermal particles and their unique sensitivity to solar magnetic fields—the energy source for
solar activity. Radio emission is particularly unsurpassed in its sensitivity to accelerated particles.
The spatially-resolved radio spectrum provides a powerful source of diagnostic information with
the potential for transformational insights into solar activity and its terrestrial impacts. The same
processes that convert magnetic energy to accelerated particles during solar activity occur in many
other astrophysical contexts, and what we learn of these processes from solar radio studies is
directly applicable to them.

The need to develop the necessary ground based observational infrastructure and analysis tools to
exploit radio observations of the Sun has long been recognized. The Frequency Agile Solar
Radiotelescope (FASR) meets this need. FASR is a solar-dedicated radio telescope (a
radioheliograph) designed to fully exploit the potential of radio diagnostics, combining superior
imaging capability and ultra-broad frequency coverage to address a wide range of science goals.

The potential value of FASR to the solar, heliophysics, and space weather science communities —
as well as the astronomy and astrophysics community - has been recognized by four (!) previous
decadal surveys, two in Astronomy and Astrophysics [22,24] and two in Solar and Space Physics.
[23,25] Specifically, it was ranked as the number one ground-based project by the Solar and Space
Physics decadals, while the Astro2010 decadal radio-millimeter-submillimeter panel ranked FASR
second, behind HERA. Astro2010 performed a CATE analysis of FASR, described it as “doable
now” and singled it out as an exemplar of an ideal mid-scale program. While NSF has now
developed a mid-scale infrastructure budget line, it was only this year that it became available as
an agency-wide “big idea”. Therefore, no investments in FASR development have been made
during the past decade with one outstanding exception: the FASR concept has been validated by
the Expanded Owens Valley Solar Array (EOVSA), a 13-antenna pathfinder array deployed by
NJIT at the Owens Valley in California, funded by an NSF MRI-R2 grant, that leveraged previous
FASR design work. Some important EOVSA results are discussed in the next section.

This white paper outlines steps necessary to restart the FASR initiative to bring this unique and
powerful instrument to fruition.

2 FASR Science Goals and Objectives

FASR is a radio interferometric array designed to perform Fourier synthesis imaging. FASR is a
specialized instrument — one designed and optimized for high-fidelity spectral analysis over the
extreme range of flux density and timescales presented by the Sun. Yet FASR science is as broad
as solar physics itself. The major advances offered by FASR over previous generations of solar
radio instruments are its unique combination of ultra-wide frequency coverage, high spectral
and time resolution, and excellent image quality. FASR measures the polarized brightness
temperature spectrum along every line of sight to the Sun as a function of time. The concept
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proposed here would operate from 200 MHz to 20 GHz, while low frequencies would be covered
by the already funded upgrade to the Long Wavelength Array at the Owens Valley Radio
Observatory (OVRO-LWA). Radiation over this vast wavelength range probes the solar
atmosphere from the middle chromosphere to several solar radii into the corona, a dynamic,
magnetoactive, plasma environment in which a wealth of astrophysical processes occurs. FASR
images the entire solar atmosphere several times a second from the chromosphere through the
corona, while retaining the capability to image a selected frequency range with as little as 20 ms
time resolution. Moreover, FASR’s panoramic view allows the solar atmosphere and the physical
phenomena therein, both thermal and nonthermal, to be studied as a coupled system.

Here we summarize several science goals of the proposed instrument while at the same time
emphasizing the fundamentally new observables enabled by FASR. With its unique and innovative
capabilities FASR also has tremendous potential for new discoveries beyond those presently
anticipated. The science objectives described below flow down to science requirements as
summarized in matrix given in Table 1.

2.1 Leading Science Objectives

2.1.1 The Nature and Evolution of Coronal Magnetic Fields

Quantitative knowledge of coronal magnetic fields is fundamental to understanding essentially all
solar phenomena above the photosphere, including the structure and evolution of solar active
regions, magnetic energy release, charged particle acceleration, flares, coronal mass ejections
(CMEs), coronal heating, the solar wind and, ultimately, space weather and its impact on Earth.
Characterized as the solar and space physics community’s “dark energy” problem [20], useful
quantitative measurements of the coronal magnetic field had been largely unavailable until
recently. Although understood in principle for many years, available instrumentation has not been
available in practice to exploit radio observations to make quantitative measurements of coronal
magnetic fields. This has recently changed, with breakthrough flare observations by the FASR
pathfinder EOVSA [e.g, 16] and broadband observations of solar magnetic active regions by the
Karl G. Jansky Very Large Array (JVLA; Fig 1) which demonstrate the use of radio observations
for measuring the strength and dynamics of coronal magnetic fields. These efforts are
complementary to numerical extrapolations of measurements of the magnetic field distribution at
the photospheric or chromospheric level [11], as well as on-going efforts at O/IR wavelengths to
make measurements of above-the-limb coronal magnetic fields via the Hanle and Zeeman effects
(e.g., with DKIST and COSMO). Yet these current efforts are far from what is possible and what
is needed for scientific progress.

The FASR approach is the only means currently available to measure coronal fields against
the solar disk as well as above the limb. This is an essential feature for comparison with
photospheric extrapolations, because accurate extrapolations are not possible above the limb,
where the photospheric measurements are not available. A striking example is provided by radio
observations of thermal gyroresonance emission [6,34,35 — see also the White Paper by Fleishman
et al. 2019]. In the presence of magnetic fields greater than ~100 G, such as those present in solar
active regions, the corona becomes optically thick to absorption at low harmonics of the electron
gyrofrequency ve = 2.8 sB MHz, where s is the harmonic number (typically s =2, 3 for coronal
conditions) and B is the magnetic field in Gauss. By imaging across a broad range of frequencies
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(approximately 1.5-20 GHz), the thin isogauss resonance layer varies systematically with height,
allowing a CAT-scan-like view of nested layers up to coronal magnetic field strengths as high as
1800 G [7], embodying 3D information about the coronal magnetic field. This stands in stark
contrast to the mean longitudinal magnetic field measured using the Zeeman effect, for example,
using optically thin line emission at O/IR wavelengths. Fig. 1 shows an example of a JVLA
observation from 1-8 GHz that shows the coronal isogauss surfaces above an active region (AR
12209) from ~125 G to 950 G. Several additional radio techniques, detailed by [14], are available
for measuring coronal magnetic fields in a wide variety of physical environments ranging from the
quiet solar atmosphere to dynamic phenomena like solar flares and coronal mass ejections. While
the non-solar-dedicated JVLA can do this on an occasional (proposal-driven) basis, and EOVSA
can make daily crude measurements, only FASR can fully exploit this revolutionary capability
with high fidelity, high resolution spectropolarimetry.

Fig. 1 An example
of gyroresonance
emission above a
large solar active
region in Novem-
ber 2014. Con-
tours show iso-
gauss  surfaces.
Coronal magnetic
fields of 140-980G
are sampled.

2.1.2 The Physics of Flares

Outstanding problems in the physics of flares include those of magnetic energy release [12],
particle acceleration, and particle transport. As flare energy release requires the participation of a
large coronal volume sometimes comparable to the size of the entire active region [31] one of the
key challenges lies in the lack of measurements for key physical parameters in a broad region
around the flare energy release site. At centimeter wavelengths, gyrosynchrotron emission —
radiation from nonthermal electrons with energies of 10s of keV to several MeV gyrating in a
magnetic field — illuminates any magnetic coronal loop to which energetic electrons have access,
showing when and where accelerated electrons are present. Inversion of the gyrosynchrotron
spectrum allows both the magnetic field in the flaring source and the electron energy
distribution to be deduced, as well as their spatiotemporal evolution. EOVSA has recently
demonstrated the power and utility of broadband (2.5-18 GHz) imaging spectropolarimetry with
observations of the celebrated flares of September 2017 [e.g., 29]. EOVSA measures both the
dynamically changing magnetic field strength and connectivity of the erupting source (e.g. Fig. 2),
otherwise invisible at other wavelengths, but also the spatially and temporally evolving electron
distribution function, placing new constraints on the magnetic energy release in the flaring source
and on electron acceleration [13,15 and the White Paper by Gary et al. 2019]. Perhaps equally
importantly, imaging spectroscopy from EOVSA reveals that microwave emission is present over
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a much wider area around the magnetic energy release site than previously expected (Fig. 2; from
[29]), which opens up the potential for measuring the aforementioned critical physical parameters
not only limited to the primary site where most microwave-emitting accelerated electrons are
present, but also from a much broader region where the magnetic energy release and particle
acceleration and transport processes occur.
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- i, g Fig. 2 EOVSA observation of the 2017 September 10 X8.2-class flare.
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However, the limited dynamic range brought about by EOVSA’s sparse array of 13 antennas
(typically a few times 10:1) prevents the precise measurements from the microwave spectra
outside the immediate site of the dominant microwave emission. Higher dynamic range and image
fidelity are also required for investigating such important phenomena as non-power-law, broken
power-law, and pitch angle dependence of the charged particle distribution, which are not possible
with EOVSA. FASR’s superior imaging in this frequency range (2-20 GHz) is expected to
improve the image dynamic range of EOVSA by more than two orders of magnitude (to 10*:1),
offering a revolutionary view of flare energy release and particle acceleration. Likewise, the
extended frequency range of FASR toward the lower frequency end (0.2-2 GHz) would allow
tracking the charged particles into and above the erupting magnetic flux rope shown by the dashed
contour in Fig. 2, and hence would allow measurements of similar physical parameters in this
essential, but largely unexplored region downstream and upstream of the coronal shock ahead of
the erupting flux rope, where the interplay between flare- and shock-driven particle acceleration is
suspected to occur for the production of solar energetic particles (SEPs; [27]) and their space
weather impacts.

We note that, in the coming decade, no NASA missions are currently in the planning stages that
will provide HXR/g-ray imaging of nonthermal emissions from electrons >100 keV. The stalwart
Ramaty High Energy Solar Spectroscopic Imager (RHESSI) mission ended after 16 yrs in 2018.
The only planned missions by other space agencies (ESA’s Solar Orbiter and China’s ASO-S) will
be limited in flares observed due to data downlink limitations. Hence FASR could be the only
consistently-available high-energy nonthermal imager available for the next solar cycle.

FASR’s extension toward lower frequencies (0.2-20 GHz) also provides access to plasma
diagnostics that are unavailable at higher frequencies. For example, coherent spike bursts and type
III bursts driven by electron beams accompany energetic phenomena such as solar flares [1]. They
are intimately related to the energy release process [2,5] associated with magnetic reconnection in
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both the impulsive phase of flares, and in post-flare loops [5]. The high frequency and time
resolution of the JVLA has been used to demonstrate that the trajectories of electron beams can be
traced from the magnetic reconnection site in X-ray jets and flares [8,10]. A spectacular example
of the unique power of radio imaging spectroscopy at decimeter wavelengths, again by the JVLA,
demonstrates the use of coherent radio emission to trace out the termination shock created by
reconnection outflows resulting from magnetic energy release in a flare and to gain insight into its
role in particle acceleration [9]. By imaging these phenomena simultaneously in different spectral
regimes, FASR provides a unique and unprecedented view of coupled flare processes. Additional
details are provided in the White Paper by Chen et al. (2019).

2.1.3 Drivers of Space Weather

The term “space weather” refers to phenomena that disturb the interplanetary medium and/or affect
the Earth and near-Earth environment [18]. This includes recurrent structures in the solar wind
(fast solar wind streams, co-rotating interaction regions), the ionizing radiation and hard particle
radiations from flares, coronal mass ejections, and shock-accelerated particles. Each of these can
cause phenomena on Earth that have societal impacts. The science of space weather (see the
White Paper by Bastian et al. 2019a) is in a fledgling state but its relevance to modern society is
highlighted by the OSTP’s National Space Weather Strategy and Action Plan (2019). Moreover,
its relevance as a touchstone for exo-space weather and planet habitability is increasingly being
recognized (see White Papers by Osten et al 2019 and Airapetian et al 2019), as well as to human
deep space exploration. Comprehensive and diverse observations are needed to understand space
weather as a complex system. The drivers of space weather are all solar in origin. FASR will be
sensitive to eruptive flares, CMEs, filament/prominence eruptions, and type II (shock-driven) radio
bursts. Interest in CMEs is particularly strong because they are associated with the largest geo-
effective events and the largest solar energetic particle (SEP) events. With the detection of
gyrosynchrotron radiation from CMEs at decimeter/meter wavelengths [3,21] a unique tool has
become available to diagnose CME magnetic fields, critical to understanding their
geoeffectiveness. With its unique ability to perform broadband imaging spectropolarimetry, FASR
will be able to simultaneously image the basic shock driver (flare or CME signature), the
response of the atmosphere to the driver (chromospheric/coronal waves [35] and coronal
dimming), and the shocks themselves as a system. In doing so FASR will yield unique new
insights into the relationship between flares, CMEs, SEPs and their space weather impacts.

2.1.4 Energetics of the Quiet Solar Atmosphere

The heating of the solar chromosphere and corona remains an enduring problem. Radio emission
from the quiet Sun atmosphere is dominated by thermal free-free emission but nonthermal
processes also play a role (e.g., [30]). At its highest frequency FASR will image the middle
chromosphere and, as such will complement ALMA’s observations of the low chromosphere with
similar angular resolution. By systematically tuning to lower frequencies, the height from which
the (optically thick) emission originates moves through the top of the chromosphere and into the
corona, again providing a 3D probe into the temperature, density, and the magnetic field structure
[28] of the solar atmosphere. Resonant wave heating [e.g., 32] represents an important class of
models for coronal heating and makes specific predictions of the location and time scales of energy
deposition. Using free-free diagnostics, FASR observations of the resulting temperature changes
in this region encompassing both the chromosphere and the adjacent corona can address the
validity of such predictions. The role of “nanoflares” [17,36] in the energetics of the lower
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atmosphere is also under active investigation. The energetics of such small events depends
critically on their thermal properties and the role of accelerated electrons [30]. Again, the
combination of FASR’s frequency coverage and imaging can apply diagnostics to quantitatively
address both thermal/nonthermal contributions of such events to the energy budget. A third
important quiet Sun FASR science use case is to constrain the precursor environment of flares
(active region filaments) and CMEs (filament cavities). Such measurements are critically
important to understanding the formation, structure, destabilization, and eruption of such structures
and their role in CMEs and interplanetary flux ropes. The exploitation of free-free emission to
determine the spatially-resolved temperature, density and magnetic fields in the quiet
chromosphere, corona, and filaments in 3D is possible only because of FASR’s unique ability
to perform high-resolution, high-dynamic-range imaging spectroscopy. Additional details may be
found in the White Paper by Bastian et al. (2019b).

3 Technical Overview

The FASR concept presented here differs in key respects from previous versions. First, significant
investments have been made in ground-based low-frequency arrays (<200 MHz): LOFAR, MWA,
LWA, OVRO-LWA. A separate antenna subsystem (FASR-C) to observe frequencies <200 MHz
is no longer a priority because arrays like OVRO-LWA will support science in this frequency band
simultaneously with FASR. Second, the requirement for 1” imaging at a fiducial frequency of 20
GHz has been relaxed to 1.5” at 20 GHz, which significantly reduces the number of antennas N
required, the area they occupy, and the size of the correlator, which scales as N?. This descope has
been adopted for three reasons. First, it enables FASR to be deployed at Owens Valley where the
core EOVSA array has already been deployed. Second, there is significant infrastructure and
support available at Owens Valley. Third, it ensures that the cost of FASR remains modest. The
previous costing exercise (see below) put the cost of FASR at approximately $68M (FY2010),
near the cusp between NSF’s new midscale infrastructure program and the Major Research
Equipment and Facilities Construction (MREFC) line. The MREFC line is probably not a realistic
funding vehicle for FASR. It would require significant investments in development and
implementation planning and would likely require many years of effort. FASR has always been
conceived as a midscale project, one that could be implemented more nimbly and, if need be, in
phases. While the angular resolution is slightly decreased by this choice, it is an excellent match
to ALMA mm observations and is sufficient to address the key science objectives outlined in §2.

FASR’s design is driven by several factors. First, the instrument must meet the science
specifications derived from the key science objectives outlined in §2. Second, it must meet the
needs of the large and diverse scientific community. Since most users will not be radio
interferometrists, they should not bear the burden of data calibration and reduction. As a result,
these functions must be performed by automatic data processing that delivers high-level, fully
calibrated data products to a broad user community. Third, it is imperative to control the long-term
operating and maintenance costs. Finally, it is important to design an expandable/upgradable
system in order to respond flexibly to opportunities presented by new resources, new technologies,
and/or new science objectives in the future. Invaluable experience on all the aspects above has
been gained through the successful construction and operation of EOVSA, which has already been
engaging a much broader community to exploit the new radio imaging spectroscopic data than
ever before.
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3.1 Instrument Specifications

The science objectives outlined in §2 flow down to the high-level science and technical
specifications summarized in the Table 1. FASR is designed to perform Fourier synthesis imaging
using well-established interferometric techniques. For an array of N antennas there are ~N?/2
independent antenna pairs, each of which measures a single Fourier component, or complex
visibility, of the Sun’s radio brightness distribution at a given frequency, time, and spatial
frequency. The ensemble of antenna pairs, or antenna baselines, therefore measures many Fourier
components. Fourier inversion of the visibility measurements yields an image of the Sun’s radio
brightness at a given frequency, time, and polarization. Deconvolution techniques are then used to
remove the effects of the point spread function, the response of the instrument to a point source.

FASR observations will cover
the frequency range of 200
MHz to 20 GHz (wavelengths
from 1.5 cm to 1.5 m) using
two  separate arrays of
antennas, denoted FASR A and
FASR B. Each array provides
frequency  coverage  over
roughly a  decade  of
bandwidth: ~2-20 GHz (FASR
A); ~0.2-2.5 GHz (FASR B).
The number, type, and
configuration of the antennas
in each array are chosen to
address the key science
objectives summarized in §2.
The antennas will  be
distributed over an area with a
diameter ~3 km, providing an
angular resolution of 1.5" at 20
GHz over an hour angle range
of at least £3 hr. The angular

Angular resolution
Frequency range
Number data channels
Frequency bandwidth

Frequency resolution
Time resolution

Polarization

Number antennas deployed

Size antennas

Array size
Absolute positions

Absolute flux calibration

30/vgH, arcsec
200 MHz - 20 GHz

2 (dual polarization)
1 GHz per channel

Instrumental: 125 kHz
Scientific: min(1%, 5 MHz)
~0.4 s (full spectrum sweep)
20 ms (dwell)

Full Stokes (IQUV)

A (2-20 GHz): ~64
B (0.2-2 GHz): ~48
A (2-20 GHz): 2 m
B (0.2-2 GHz): 6 m
3 km linear size

1 arcsec

<10%

resolution scales linearly with wavelength from this fiducial value and is sufficient to resolve
typical solar radio sources as well as being well matched to the capabilities of existing and planned
space missions. The antenna size for each sub-array is determined by the competing needs of full
disk imaging on the one hand, and sufficient sensitivity to calibrate the instrument against sidereal
sources on the other.

4 Technology Drivers

FASR exploits radio astronomical techniques that have a substantial heritage, namely, Fourier
synthesis imaging and image deconvolution. Moreover, a FASR pathfinder array has already been
deployed (EOVSA) that leveraged the previous FASR design effort and has demonstrated the fast-
tuning technology as well as the approach taken to calibration and imaging, thereby retiring
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technical elements that were previously regarded as carrying minor to moderate risk. From a
technical standpoint, there are no “tall poles” barring the way or significant risk elements. We
recognize, however, that the FASR design needs to be re-optimized considering the continued
advances in technology that offer improved solutions to well-understood problems: e.g., better
ultra-wideband feeds and higher performance approaches to digital signal processing for a given
price point are available.

5 Project Organization and Status

Previously, the FASR project was conceived as a consortium of university partners and national
observatories under the management of Associated Universities, Inc. Lack of funding brought
FASR development to an end aside from efforts leading to EOVSA, as well as narrowing of the
consortium to implement EOVSA. Our multiple proposals to NSF to provide funding for
continuing development and implementation of FASR have not been successful despite the
multiple decadal endorsements. This is in large part a result of the fact that, until this year, NSF
had no specific mechanism to fund mid-scale infrastructure. A bright spot, however, has been the
EOVSA pathfinder project for which NJIT leveraged earlier development to successfully construct
a 13-antenna array that began operating in early 2017. It is producing superb demonstrator flare
science (see example in §2) and has served as the impetus for developing spectral analysis theory
and for designing analysis tools to support dynamic radio imaging spectroscopy [e.g., 20,33].

FASR as a project requires a restart, both in terms of re-establishing the university-led partnership
and in terms of developing a detailed design and implementation plan.

6 Project Schedule

We are not in a position to provide a detailed schedule, although as noted earlier the technology is
ready to support completion in time for the next solar maximum (2025) given a new start by 2021.
As noted, the project needs to update the design, prototype subsystems that take advantage of
recent technological advances, and develop a detailed project execution plan, which will include
cost and schedule. We presented a detailed plan to the Astro2010 decadal based on 5 years of
planning funded by NSF. We went through a CATE evaluation and the project was described as
“doable now” and was given a number two ranking by the RMS panel, as a midscale program with
a total cost of approximately $68M, and a schedule of 5 years. However, as noted, there was no
budgetary mechanism to move the project forward within NSF at that time. We believe that a
detailed implementation plan for the descoped FASR described here could be developed on a time
scale of 2 years with deployment of the instrument requiring 4 years.

7 Cost Estimate

The FASR instrument concept has evolved over the years and has gone through several different
costing exercises. The most comprehensive costing exercise was the result of the FASR team’s
response to the NSF ATM Mid-Sized Infrastructure (MSI) Opportunity a decade ago for which
detailed costs were developed for a reference instrument. The proposal was prepared by the FASR
team, with task leaders providing detailed cost estimates for each element of the work breakdown
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structure. Both the budget and schedule were reviewed by an external “red team”. This
subsequently served as the basis for the cost estimate conveyed to Astro2010, which evaluated the
project using the CATE process (analogous to the TRACE process). In addition, costs were
analyzed for operations and maintenance of FASR, including a data management plan. These are
no longer relevant.

Here, we can only provide a rough estimate (SWAG) of the rescoped FASR concept based on
scaling up EOVSA, recognizing that detailed costing is required as part of the (re-)development
effort. Table 3 provides rough cost estimates for FASR A and FASR B in k$, assuming a four-
year project. The costs of the latter are more uncertain because the site has not been selected and
because a complete system has not been prototyped. The numbers are based on scaling an NSF
MSIP proposal that would have sited a prototype array in the radio quiet zone in Green Bank, WV.
We are aware that overall costs depend on a number of factors, including the duration of the
project, whether the two antenna subsystems (FASR A and B) are co-located, and whether they
are constructed as part of a single project or as two largely independent efforts.

We note that the project cost presented to Astro2010 was $53M plus contingency and management
fees for a total of $68M. We do not include contingency and fees here and so the comparison
should be made with the $53M figure; i.e., the descoped version of the instrument will cost
approximately half the full original: ~§26M. FASR is a mid-scale ground-based project.

WBS Task name FASR A FASR B
no. (64 antennas) | (32 antennas)
1.01 | Project office 3000? 2000
1.02 | Site development 1140 2100
1.03 | Antennas 2560° 6800
1.04 | Analog systems 3550 600
1.05 | Digital systems 380 1000
1.06 | Software and computing 1500°¢ 1000

systems (SW&C)
1.07 | Systems engineering and 1500 1000
integration (SE&I)
1.08 | Science, education and public 300 -
outreach (S/EPQO)
13930 12400

2 Project office costs depend on a number of factors, including the duration of the project, whether the two antenna
subsytems are co-located, and whether they are constructed as part of a single project or as two largely independent
efforts.

® Antenna costs are based on vendor quotes for small numbers. The numbers likely over-estimate, perhaps
significantly, the actual cost for the proposed number of FASR A and B antennas. In addition, for FASR B, there are
ongoing development efforts to substantially decrease the cost of 5-6m antennas from which the project will benefit.

¢ Software and computing costs reflect the fact that EOVSA has developed robust data calibration and analysis
algorithms and associated software.
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