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Executive Summary

The next-generation Very Large Array (ngVLA) is intended to be the premier centimeter-
wavelength facility for astronomy and astrophysics, building on the substantial scientific
legacies of the Karl G. Jansky Very Large Array (VLA) and the Very Long Baseline Array
(VLBA). The ngVLA would open a new window on the Universe through ultra-sensitive
imaging of thermal line and continuum emission to milliarcsecond resolution, while delivering
unprecedented broad-band continuum imaging and polarimetry of non-thermal emission. The
ngVLA would provide a critical electromagnetic complement to a suite of particle detectors
and gravitational-wave observatories, as well as space- and ground-based telescopes operating
from infrared to gamma-ray wavelengths, hence enabling multi-messenger and multi-band
astronomy and astrophysics.

Current construction plans call for the ngVLA to leverage some of the physical infrastructure
of both the VLA and the VLBA, potentially drawing on overlapping personnel and information
infrastructure. Multiple options can be envisioned for a VLA+VLBA to ngVLA transition.
At one extreme, the VLA and VLBA could be kept operating at close-to-maximum scientific
capability as they are now while the ngVLA is constructed, until the ngVLA reaches science
capabilities comparable to those of the current VLA4+VLBA. The benefit of this approach is
that it maximizes scientific opportunities during the transition; its disadvantage is the likely
higher effective construction cost (as the VLA, VLBA, and early ngVLA operations costs
must all be supported). At another extreme, the transition could be as rapid as possible,
essentially shutting down the VLA and VLBA entirely to be replaced by the ngVLA. This
option might be the most cost-effective, but it would imply a clear, unacceptable loss of
scientific training, productivity, and opportunity.

In order to assess risks and benefits of possible transition plans in between the above two
extremes, the ngVLA project established the VLA+VLBA to ngVLA Transition Advisory
Group (TAG)—a group of 18 members of the U.S. and international astronomical community
(including members of the ngVLA Science Advisory Council). The TAG was charged with
identifying (i) scientific opportunities in the coming decade that will critically benefit from
complementary and/or unique observations at radio wavelengths; (ii) key stakeholders for
the transition, (iii) parameters of interest by which to compare transition options; and
(iv) necessary metrics by which to quantify the impact of different transition options. The
primary deliverable from the TAG is a “VLA+VLBA to ngVLA Transition Option Concepts”
report that includes a prioritized list of transition options.

The TAG assembled a set of VLA-VLBA-ngVLA science use cases, leveraging a variety
of resources including the ngVLA Science Book, NRAQO press releases, and, ultimately, the
Pathways to Discovery Decadal Survey. The science use cases were augmented by discussion
of the VLA in the Origins, Worlds, and Life (Planetary Science & Astrobiology) Decadal
Survey and the Ezploring and Safequarding Humanity’s Home in Space (Solar & Space
Physics) Decadal Survey. These science cases, and particularly those identified as ones to
which the VLA or VLBA or both would make a “very significant” contribution (as judged by
Pathways to Discovery), were used to assess the scientific impact of a number of technical
options provided by an NRAO Internal Technical Analysis Team (ITAT). Considerations of
transition options were limited to hardware, and did not encompass other critical aspects of
the VLA or VLBA such as the implementation of scientific operations, data processing, and
data products delivery to the community. The NRAO also provided a nominal plan for the
design, development, and construction of the ngVLA, which envisions a 10 year construction

Some of this material is pre-decisional information and for planning and discussion only.



VLA+VLBA to ngVLA Transition Report

interval with early science beginning three years after the start of construction.

After internal discussion, discussion with the NRAO, and after receiving further feedback
by the NRAO ITAT on potential cost and technical /personnel impacts of various transition
options, the TAG concluded the following. A reasonable transition plan starts with a three-
year interval during the initial ngVLA construction when VLA capabilities remain consistent
with current capabilities; this initial phase is followed by a two-year interval during which one
or both of the transition options described below could be used concurrently with ngVLA
Early Science:

e The VLA receiver suite is reduced at each antenna, provided that at least five of the
current frequency bands are maintained at all antennas, with the notional set being L-,
S-, C-, X-,and K bands.

Should the transition option above be infeasible or insufficient, an additional option is to:

e Adopt a fixed VLA configuration, recognizing that no single configuration has been
identified that preserves a sufficient range of capabilities in angular resolution, flux
density sensitivity, and surface brightness sensitivity.

The TAG recommends further that during the transition from the VLA+VLBA to the
ngVLA, the VLBA observational capabilities remain unchanged compared to current VLBA
capabilities, including the full receiver suite.

An unavoidable conclusion of the TAG’s assessment is that any reduction in capability to
the VLA or VLBA will have a reduced science return. Hence, the preliminary transition
plan described here presents a reduction that would enable the VLA and VLBA to conduct
high-profile science during the construction of the ngVLA in the context of a reduced science
portfolio. This reduction is acceptable only as a temporary measure to enable the enhanced
scientific return that the ngVLA construction would bring.

Some of this material is pre-decisional information and for planning and discussion only.
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1. Introduction

The next-generation Very Large Array (ngVLA) project of the National Radio Astronomy
Observatory (NRAO) is intended to be the premier centimeter-wavelength facility for astron-
omy and astrophysics, building on the substantial scientific legacies of the Karl G. Jansky
Very Large Array (VLA) and the Very Long Baseline Array (VLBA).

The current construction plans envision that some fraction of the physical infrastructure of
both the VLA and the VLBA will be leveraged in order to obtain the ngVLA. This would
have the potential benefit that the construction cost of the ngVLA should be lower than
it otherwise would be. Adopting this approach would require a well-defined process to the
transition from the currently-functioning VLA and VLBA to the future ngVLA (Figure 1),
as portions of the VLA and VLBA are replaced by ngVLA items.

2025 - VLA and VLBA operating
robustly

2039 - ngVLA science operations

o [ o

Construction

rUxLl 2036 BFDkTAM 2038

Early Science

m -

Figure 1: This report provides scientifically-based recommendations for the transition from the currently-
operational VLA and VLBA to the ngVLA, as developed by the TAG. At the time of writing, the timeline
for the ngVLA is for there to be a System Preliminary Design Review (PDR) and a System Final Design
Review (FDR), followed by construction beginning in 2029 and Early Science in 2033. This timeline
influenced the discussions of the TAG. Image credits: NRAO / Associated Universities Inc. (AUI) /
National Science Foundation (NSF).

Multiple possible options exist for this VLA4+VLBA to ngVLA transition. At one extreme,
the transition is gradual with the VLA and the VLBA kept operating at as-close-to-maximum
scientific capability as long as possible as ngVLA capabilities are installed. The benefit of
this approach is that it maintains the overall scientific capabilities at centimeter wavelengths,
at the potential cost of a substantially higher effective cost as the VLA, VLBA, and early
ngVLA operations costs all must be supported. At another extreme, the transition could be
as rapid as possible, essentially shutting down the VLA and VLBA entirely to be replaced
by the ngVLA. This option might be the most cost-effective, but it would imply a clear,
unacceptable loss of scientific productivity and loss of scientific and technical capabilities due
to the inability to use the VLA or VLBA or both.

In order to assess the various risks and benefits, the NRAO’s ngVLA Project established
the VLA4+VLBA to ngVLA Transition Advisory Group (TAG). This document presents the
analysis undertaken by the TAG (Table 1) and its recommendations for the VLA+VLBA
to ngVLA transition. Specifically, §2 presents the charge to the TAG and summarizes the
TAG’s evaluation process; §3 presents an analysis of the scientific opportunities of the next
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decade, focusing primarily on the Pathways to Discovery in Astronomy and Astrophysics
for the 2020s [1], but drawing also upon Origins, Worlds, and Life: A Decadal Strategy for
Planetary Science and Astrobiology 2023-2032 [2] and The Next Decade of Discovery in Solar
and Space Physics: Exploring and Safequarding Humanity’s Home in Space [3]; §4 presents
the technical options considered by the TAG; §5 presents findings and assessments of the
technical options relative to their potential effects on the scientific opportunities; §6 describes
the TAG’s recommendations; and §8 summarizes efforts undertaken by the TAG to encourage
community engagement and feedback on the TAG’s assessments and report.

Table 1: Decadal Science Priority Question-Transition Technical Option Assessment. Columns summarize
science priority questions from the Decadal Survey report for which the VLA or VLBA or both are identified
as “very significant” contributing instruments (§3). The rows summarize various technical options
(84). Each cell holds the assessment of the effect on the science priority question for implementing the
corresponding technical option (§§5-6): Not Acceptable (N, red)—Science reduced very substantially
and high-profile results likely inaccessible; Moderately Acceptable (M, yellow)—Science return
reduced substantially, but acceptable for a limited duration and high-profile results likely at least partially
accessible; Acceptable (A, green)—Science return is reduced, but high-profile results likely to remain
accessible.

What would stars look di Wha.: po;uerslthg

P " . o . like if we could view iversity ot explosive
athways to Discovery Science Priority Question them like we do the  Phenomena across the

(Section 3.2) Sun? electromagnetic

Why do some compact
objects eject material in
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what is it made of?

: spectrum? .
(Section 3.2.1) (Section 3.2.2) (Section 3.2.3)
Pathways to Discovery Stars, the Sun, and Compact Objects and Compact Objects and
Science Panel Stellar Populations Energetic Phenomena Energetic Phenomena

Transition Technical Option

No Low Frequencies
(e.9.,L,8)

No High Frequencies
Reduced Receiver Suite (e.g., K, Ka, Q)
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(Wrobel & Walker hybrid)
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2. Charge and Evaluation Process

The VLA+VLBA to ngVLA TAG—a group of 18 members of the U.S. and international
astronomical community—was charged to develop, quantitatively assess, and evaluate a set
of possible VLA /VLBA to ngVLA transition options prioritized based on their scientific
promise (given the scientific opportunities for the coming decade), of their cost, and their
technical /personnel impacts. Specifically, the TAG was tasked with:

e Identifying scientific opportunities in the coming decade that will critically benefit from
complementary and/or unique observations at radio wavelengths.

e Defining the relevant stakeholders affected by the transition (e.g., NSF, NRAO staff,
astronomy community, etc.).

e Identifying the relevant parameters of interest to critically compare transition options
(e.g., VLA and VLBA observational capabilities, scientific areas impacted, archival
science opportunities, staff load /sharing, etc.).

e Identifying the necessary metrics by which to quantify the impact of different transition
options.

e Submitting a set of transition options to NRAO (i.e., the Internal Technical Analysis
Team [ITAT)) for detailed (quantitative) costing/impact analysis.

e Write up findings as part of the “VLA/VLBA to ngVLA Transition Option Concepts”
report that includes a prioritized list of transition options.

The TAG main deliverable was defined as a “VLA+VLBA to ngVLA Transition Option
Concept” report that would include a prioritized list of possible transition options, and
intended to provide key input to NRAO and NSF planning.

In light of the above charge and expected deliverable, the TAG began its work by identifying
and compiling VLA /VLBA /ngVLA science use cases, leveraging a variety of resources that
included proposals submitted to the NRAO for observations with the VLA or VLBA, recent
NRAO press releases, the ngVLA Science Book [4], and white papers submitted to the
Pathways to Discovery Decadal Survey [1]. The TAG then constructed a “matrix” of science
use cases (§3) vs. specific technical transition options (§4) based on an initial set of technical
options for the transition put forward by the ITAT. The TAG further evaluated the scientific
impact of each technical option via extensive bi-weekly discussions, and consulted the ITAT
to assess the broad cost and personnel impact of each option (§5 and Table 1). The TAG
ultimately reached consensus on a transition plan that includes ranked options and foresees
no reduction in VLBA capabilities during the VLA to ngVLA transition (§6).

While conducting its work, the TAG advertised its activities broadly and received input
from the scientific community (§§7-8). The TAG plans to make this report available in a
public forum, e.q., arXiv, and accept comments for up to 90 days before producing a final
VErsion.

Some of this material is pre-decisional information and for planning and discussion only.
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3. Scientific Opportunities During the VLA /VLBA to ngVLA Transition

As a first and fundamental step in evaluating technical options, the TAG focused on identifying
science use cases for a VLA4+VLBA to ngVLA transition instrument, initially without
considerations for which specific science might be of the highest opportunity. Perhaps not
surprisingly, the science use cases identified by the TAG broadly mapped onto the priorities
highlighted in Pathways to Discovery in Astronomy and Astrophysics for the 2020s [1],
which charts an ambitious future for the next decade. Both the main report and the report
of the Panel on Radio, Millimeter, and Submillimeter Observations from the Ground [,
Appendix M, hereafter RMS panel] describe the broad contributions of radio wavelength
observations to our current understanding of the Universe, and establish scientific priorities
and opportunities for the next decade.

Without attempting to revisit such priorities, but rather adopting them as representative of
the vision for the next decade from the broad scientific community, here we highlight areas of
particular opportunity during the transition (§3.2-§3.3). To this end, we discuss the Science
Frontier Panel Questions/Discovery Areas identified in the “High-Priority Science Questions
Versus RMS Facilities” [1, Table M.1] for which the VLA, the VLBA, or both are identified
as “very significant” contributing instruments. We stress that, in our discussion, we omit
science cases for which the ngVLA would have an “irreplacable and unique” role (with no
contribution from the VLA or VLBA) so as to keep our focus on the scientific opportunities
of the transition era.

We also highlight scientific priorities identified in Origins, Worlds, and Life [2], released
subsequently to Pathways to Discovery, to which observations by the VLA or the VLBA could
contribute today (§3.4). Finally, also subsequent to the release of Pathways to Discovery
and during the development of this report, the Decadal Survey for Solar and Space Physics
(“Heliophysics”) was conducted, culminating in the release of The Next Decade of Discovery
i Solar and Space Physics: Exploring and Safequarding Humanity’s Home in Space; its
recommendations as they relate to the VLA and VLBA are incorporated here (§3.5).

Throughout this summary, we illustrate recent VLA or VLBA contributions to various
science areas, but we do not aim to provide a comprehensive review of the literature nor of
all of the contributions of these telescopes.

3.1. Discovery Areas Supported by the VLA/VLBA

Pathways to Discovery [1] highlighted several scientific discovery areas that are ripe for rapid
progress in the coming decade. Two of these areas, identified by the “Compact Objects
and Energetic Phenomena” and “Stars, the Sun, and Stellar Populations” panels, would be
supported by VLA and/or VLBA observations [1, Tables 2.2 and §M.1]. We discuss the
continuing and potential contributions of the VLA or VLBA to these discovery areas below.

3.1.1. Transforming our view of the universe by combining light, particles, and gravitational
waves

In recent years, time-domain and multi-messenger astronomy has moved to the forefront
of modern astrophysics. Central to this development were the discovery of electromagnetic
radiation associated with a gravitational wave signal from a binary neutron star merger,
GW170817 [e.g., 57, and references within|, and neutrinos associated with a flaring blazar [8].
In both of these cases, there was a close time-coincidence with a flash of gamma rays, but
radio observations provided crucial and unique information on the sources, in particular their
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relativistic outflows. Broad-band radio light curves, as probed by the VLA, provide insight
into the dynamics, structure, and evolution of jets launched in compact binary mergers [e.g.,
9-14, and references within]. In AGN jets, radio emission is a good proxy for the general jet
activity and radio emission has been suggested to correlate with high-energy neutrino emission
le.g., 15-17]. Very-long baseline interferometry allows for constraints on the expansion rate of
the jet [18] and, in the case of the gravitational-wave event GW170817, it was the conclusive
evidence that the jet was observed off axis [19, 20].

In the era of significant upgrades of gravitational wave and neutrino observatories, observa-
tions at radio wavelengths will remain key for making progress in these areas of research. An
emerging area is the TeV emission that is now being observed by Cherenkov telescopes of, for
instance, gamma-ray bursts [21], challenging models of particle acceleration to the highest
gamma-ray energies. Also in this case, radio observations across various spectral, time, and
spatial scales provide unique clues to, and context for, the origin of the highest-energy light
and particles in the Universe.

3.1.2. “Industrial Scale” Spectroscopy

The VLA and the VLBA have produced spectroscopic images naturally since their first
operations. With recent enhancements, the VLA in particular is producing spectrally-resolved
images on an “industrial scale,” with images routinely having spectral coverage across
fractional wavelength ranges or bandpasses of order unity. The combination of increased
sensitivity and spectral coverage and resolution has enabled the VLA to characterize stars
across the Hertzsprung-Russell diagram, probing aspects of their quiescent emission, the
frequency and energetics of their flaring activity, and the chemistry and physical conditions
of their outflows and circumstellar environments [e.g., 22-27].

Moreover, the VLA has been used to conduct high-cadence spectroscopic imaging studies of
solar flares, bursts, coronal mass ejections, and other energetic phenomena [e.g., 28], allowing
the Sun both to serve as a benchmark for other stars and to place it into a larger stellar
context.

3.2. Scientific Areas with VLA/VLBA Very Significant (and ngVLA Unique)
Contribution

Three science priority questions were identified as those to which observations by the VLA
and/or VLBA today “would make a very significant contribution in addressing [...] but would
not be sufficient to address that question by itself (e.g., in the absence of observations at
other wavelengths)” (Figures 2 and 3). Going forward, the ngVLA is expected to address
these science priority questions at different levels. Specifically, the ngVLA will be essential
but not sufficient by itself for addressing the question “What would stars look like if we
could view them like we do the Sun?” (§3.2.1, Figure 2). The ngVLA would play a role
that is “irreplaceable and unique relative to other facilities with U.S. community access” for
addressing the questions (Figure 3) “What powers the diversity of explosive phenomena
across the electromagnetic spectrum?” (§3.2.2) and “Why do some compact objects eject
material in nearly-light-speed jets, and what is it made of?” (§3.2.3).
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ANTARES

Figure 2: The frequency coverage and angular resolution of the VLA enables it to begin developing
three-dimensional views of other stars in a manner analogous to how we can view the Sun, such as
Antares as illustrated here. In this image, not only is Antares itself resolved, a portion of its wind also is
visible on the right, illuminated by its companion Antares B. VLA observations can be augmented by
observations at higher frequencies/shorter wavelengths, such as ALMA illustrated here, to probe deeper
into stellar atmospheres via spectroscopic observations. Figure credits: ALMA (ESO/NAOJ/NRAO),
E. O'Gorman; NRAO/AUI/NSF, S. Dagnello.

3.2.1. What would stars look like if we could view them like we do the Sun?

The VLBA enables imaging the structures around evolved stars [e.g., 34, 35], which reflect
how these stars lose mass and often do so asymmetrically. In turn, such observations both
constrain models for mass loss and foreshadow the end states of stars, either as planetary
nebulae for low-mass stars or the potential interactions between supernovae shocks and the
surrounding circumstellar media for high-mass stars.

Imaging of thermal emission from radio photospheres and chromospheres can obtain the
direct measurements of the diameters of stars [e.g., 36]. Of particular promise are combined
millimeter- (Atacama Large Millimeter /submillimeter Array [ALMA]) and centimeter-wave
(VLA) observations, which have provided among the most detailed radio map yet of any star,
other than the Sun [37, 38]. Combining VLA and near-infrared wavelength observations can
measure wind speeds on brown dwarfs [39, 40], likely resulting from zonal wind patterns, and
potentially analogous flows in (very) low-mass stars. Astrometric observations conducted
with the VLBA can reveal the presence of lower-mass companions [e.g., 41-46], which provide
a more complete description of stellar systems and can assist with discriminating between
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Figure 3: Over the next decade, the VLA and the VLBA will provide crucial observations contributing to
the multi-messenger understanding of explosive events and relativistic jets, thereby addressing multiple
science priority questions. An exemplary case was that of GW 170817 /GRB 170817A, for which the
VLA observations of the radio afterglow (middle panels; [10, 29] and references therein) informed both
the calorimetry and structure of the ejecta. In the case of the ejecta structure, both the total intensity
and the polarization measurements place strong constraints on the nature of the (structured) jet that
emerged [12, 19, 29, 30]. The VLBA observations (right panel) demonstrate convincingly that this event
produced a superluminal jet [31]. VLA and VLBA observations of similar phenomena will contribute in
an analogous manner during future ground-based gravitational wave observatory runs, and they may
contribute to such analyses associated with neutrino events from observatories such as lceCube or
IceCube-Gen2. Figure adapted from [6, 10, 19, 29, 32, 33]. Additional Figure credits: NRAO/AUI/Max
Planck Institute for Gravitational Physics.

stellar surface features and companions.

3.2.2. What powers the diversity of explosive phenomena across the electromagnetic spectrum?

Observations by the VLA and the VLBA across their entire operational frequency range
provide critical information about the existence of fast ejecta (from supersonic ejecta to
highly-relativistic jets) in a variety of astrophysical sources that include stellar eruptions
[e.g., 28], stellar explosions [e.g., 47], stellar disruptions by supermassive black holes [e.g.,
48], mergers of stars [e.g., 10, 12, 18, 19, 31, 49, 50, see also Figure 3], fast radio bursts [e.g.,
51-54], and potentially discoveries of new classes of sources [e.g., 55-58].

These observations, including surveys of the radio sky [e.g. 59, 60] and long-term monitoring
observations, also provide information on the processes behind relativistic particle acceleration
and magnetic field amplification, nature of the interactions between these ejecta and the
ambient media, on the mass-loss history of massive stars before core collapse, on the synthesis
of the heaviest elements of the periodic table, and on the intergalactic medium.
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Particularly in the context of follow-up observations of gravitational-wave [5, 18] and
high-energy neutrino events [61, 62], observations by the VLA or the VLBA or both provide
crucial multi-messenger information about the nature of these events (§3.1.1).

3.2.3. Why do some compact objects eject material in nearly-light-speed jets, and what is it
made of?

The physics of jets has been intensively studied for many years with a variety of observational
and theoretical techniques and in the context of a suite of astrophysical sources including
supermassive black holes (SMBHs) in AGN, stellar-mass black holes and neutron stars in
X-ray binaries, gamma-ray bursts, stripped-envelope core-collapse supernovae, and tidal
disruption events [63-68]. However, these jets are still poorly understood. Both the VLA and
VLBA have a laudable history of studying highly relativistic jets, as illustrated by a significant
number of press releases in the past decade [69-75]. These observations have acquired a new
urgency in the context of both multi-messenger science (Figure 3) and improved computational
modeling efforts. Observations across the entire operational frequency range of the VLA
and/or VLBA trace the relativistic material in the jet from where it launches to where it
interacts with the ambient medium, which may be tens of kiloparsecs from the compact
object. Radio observations (including polarization measurements) are also critical to help
determine the jet composition and magnetic field structure [e.g., 30, 76, 77, and references
therein].

3.3. VLA/VLBA Support to Other Scientific Areas (and ngVLA Irreplaceable Role)

The RMS panel identified a variety of other scientific questions that today’s observations
by the VLA or VLBA or both would “have an impact in addressing [...], but would be one
of several facilities playing supporting roles.” In what follows, we list some of these science
questions in the order that the RMS Panel had them. We stress that, with respect to the
questions described in §§3.3.1-3.3.3 and §3.3.10 below, the ngVLA would play a role that is
“irreplaceable and unique relative to other facilities with U.S. community access.”

3.3.1. How do star-forming structures arise from, and interact with, the diffuse ISM?

The VLA and VLBA are playing important roles in supporting the suite of multi-wavelength
observations that are mapping in unprecedented detail the 3-D structure of the dust and
protostars in star-forming regions, probing star-forming structures and their motions, and
tracking the effects of stellar feedback [78-80]. Observations with the VLA can be used to
trace the diffuse gas (21 c¢m), the raw material for all star formation, and a variety of spectral
lines that trace both molecular gas and the ionized gas that results from star forming regions
forming from and interacting with their environments [e.g., 81-84]. Observations with the
VLBA can use masers as indicators of high-mass star formation [e.g., 85], place constraints
on the magnetic field, and measure the distances to younger systems [e.g., 86]. These VLA
and VLBA observations can be used in the context of existing and forthcoming surveys, such
as Herschel, Gaia, the Vera Rubin Observatory’s Legacy Survey of Space and Time (LSST),
the Sloan Digital Sky Survey (SDSS) V, and the Spectro-Photometer for the History of the
Universe and Ices Explorer (SPHEREx), and they complement the pointed observations
being conducted and planned for JWST and ALMA.
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3.3.2. What regulates the structures and motions within molecular clouds?

Observations with the VLA provide critical information about the magnetic field and the
physical conditions (density, and temperature) within molecular clouds, and astrometric
observations with both the VLA and VLBA over the course of several years to a decade
or more can track the motions of stars and outflows [e.g., 86, 87]. Numerical simulations
suggest that molecular clouds are formed when flows within the diffuse interstellar medium
collide [e.g., 88], and gravitational collapse starts rapidly upon cloud formation and results
in the emergence of filamentary structures and dense cores embedded within the filaments.
These expectations are borne out by a number of observations of molecular clouds, most
notably with Herschel. Subsequently, molecular clouds are shaped by competing physical
processes ranging from external flows caused by stellar feedback (e.g., expanding H 11 regions,
supernova blast waves) to magnetic fields to energy and momentum injected by protostellar
outflows. Magnetic field information within these molecular cloud filaments can be obtained
from VLA observations of the Zeeman effect in OH molecules, while observations of the
density- and temperature-sensitive molecule ammonia can trace infall motions and velocity
oscillations along filaments that lead to core formation for a variety of gas densities. These
VLA and VLBA observations complement those of ALMA by probing different condensations
within the molecular gas. Stars born from the densest regions of molecular clouds inherit
the dynamics of the parental clouds and filaments, resulting in typical velocities of several
kilometers per second, which are easily detectable through VLA and VLBA astrometric
observations.

3.3.3. How does gas flow from parsec scales down to protostars and disks?

From scales of parsecs to of order 1000 au, VLA observations provide resolved measurements
of the density structures of the dense cores within which stars are forming [e.g., 89-94], thereby
tracking the processes occurring from the parsec-scale turbulent flows to accreting protostellar
and protoplanetary disks [95]. Among the objectives is to understand how mass is transported
inward and angular momentum is transported outward, resulting in the apparently universal
stellar initial mass function (IMF) and planet-forming disks. These observations include
the (polarized) dust continuum emission, the velocities and line widths of spectral lines of
key molecules such as ammonia, and Zeeman splitting of spectral lines. With these, the
internal kinematics [e.g., 96], density fluctuations, and magnetic field structures [e.g., 97| can
be inferred, thereby constraining the lifetimes of cores, their susceptibilities to fragmentation
and binary star formation, and linking core masses to the stellar IMF. VLA observations,
when combined with those from ALMA and potentially future far-IR missions, are key to
penetrating the high optical depths present in high-mass star formation in environments
with very high dust extinction, and the densest parts (generally smallest-scales) of infalling
low-mass cores.

3.3.4. How do the Sun and other stars create space weather?

Multi-frequency observations with the VLA and the VLBA of stars of different spectral
types help place the Sun’s mass loss and interactions with its environment, a.k.a. “space
weather,” into a broader context. High spatial and temporal resolution observations with the
VLA allow the temporal and spatial evolution of stellar radio bursts to be followed [e.g., 98,
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99]. Likely driven by magnetic activity similar to that that occurs on the Sun, such VLA
observations contribute to constraining the properties of the coronal magnetic fields on other
stars and the potential production of non-thermal particles that can affect the habitability
of extra-solar planets. Particularly for evolved stars, VLA and VLBA observations are not
limited by dust obscuration, and they can be used to characterize and track stellar ejecta
le.g., 100]. Characterizing such stellar ejecta both constrains the processes by which the
stellar mass loss occurs and provides a full measure of the current mass loss. In synergy
with mid-IR observations, the total mass (gas + dust) of the ejecta and its history can be
reconstructed, which is relevant in the context of the chemical enrichment of the ISM.

Finally, monitoring of the non-thermal radio emission from stars, over a wide frequency
range, has the potential to reveal signatures of “extrasolar space weather,” such as coronal mass
ejections from other stars [101]. In addition to providing “extrasolar space weather” events
against which to compare and contrast those from the Sun, the detection and characterization
of such “extrasolar space weather” events may be critical for assessing the potential habitability
of planets.

3.3.5. What are the mass and spin distributions of neutron stars and stellar mass black holes?

The VLA observes millisecond pulsars as part of the North American Nanohertz Observatory
for Gravitational Waves [NANOGrav, 102]. Obtaining the precision pulsar timing required for
gravitational wave observations places stringent requirements on other potential contributions,
such as changes in the radio pulse time of arrival for those pulsars in binary systems.
Consequently, the same precision pulse timing observations can be used to measure the
characteristics of radio pulsars in binary systems, such as determining relativistic Shapiro
delays, which in turn lead to stringent measurements of neutron star masses, including the
most massive neutron star known to date [103]. Relative to many other telescopes, the VLA
provides both increased frequency coverage and increased bandwidth, which are useful to
mitigate interstellar propagation effects that otherwise would vitiate such measurements [e.g.,

33].

3.3.6. What seeds supermassive black holes and how do they grow?

The VLA and the VLBA can be used to search for black holes in or near the centers of dwarf
galaxies [e.g., 104-107], which are expected to have masses in the regime of intermediate mass
black holes (IMBHs, 102 M,—~10° Mg; [108]). IMBHs represent one of the potential seeds for
SMBHs, most notably for those SMBHs found at high redshift (z > 5) for which growth from
stellar masses (~ 10 Mg, is challenging in the available time at high redshifts. The VLA and
VLBA observations help constrain the local population of such SMBH seeds, which in turn
constrains the mechanisms at high redshift. The VLBA also can be used to search for pairs
of active galactic nuclei (AGN, e.g., [109]), and the VLBA is the only telescope with the
resolution capable of detecting pairs with parsec-scale separations. At these scales, pairs of
SMBHs likely form bound binaries, and potentially enter the regime of emitting gravitational
waves, at which which point they are destined to merge. Coupled with multi-wavelength
and multi-messenger observations from the full suite of astronomical facilities, the VLA and
VLBA will contribute to constraining the extent to which IMBHs might have formed the
seeds for the current population of SMBHs and the extent to which SMBHs grow by mergers
rather than by accretion.
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3.3.7. How did the intergalactic medium and the first sources of radiation evolve from cosmic
dawn through the epoch of reionization?

The principal source of reionizing photons in the early Universe is thought to be a population
of low luminosity, low mass star forming galaxies. However the number density of active
supermassive black holes (quasars, radio galaxies) is presently uncertain. There are now
numerous confirmed detections of quasars within the cosmic reionization epoch [e.g. 110],
and although these objects are thought to be a sub-dominant source of ionizing photons,
they can act as signposts for over-densities of galaxies around the most massive dark matter
haloes [111].

Due to their angular resolution and multi-band receiver suites, the VLA and VLBA play a
crucial role in the identification and characterisation of high redshift active black holes, as the
radio emission from such systems is compact and exhibits a steep spectrum due to the inverse
Compton processes associated with the higher temperature cosmic microwave background.
Radio luminosities in excess of what would be expected from purely star-formation driven
synchrotron are also a powerful diagnostic for activity associated with accretion onto a
supermassive black hole.

Additionally, the VLA is presently the by far most sensitive instrument capable of targeting
the lower J transitions of the 2CO molecule at redshifts approaching and into the cosmic
reionization epoch, thereby providing the best estimates of the total molecular gas budget for
star formation. It should be noted however that it is challenging to obtain such detections in
all but the most extreme systems.

3.3.8. How do gas, metals, and dust flow into, through, and out of galaxies?

The VLA, and to some extent the VLBA, can trace atomic and molecular gas and cosmic
rays flowing into and being ejected from galaxies. Observing with the distinctive 21 cm line
of H1, the VLA can characterize the large-scale distribution and kinematics of the diffuse
gas in and around nearby galaxies and groups, either pristine gas inflowing or gas that has
been stripped by galaxy interactions [e.g., 112-114]. Both the VLA and the VLBA can trace
radio jets, which may be responsible for driving outflows, across a range of spatial scales (as
described elsewhere in this report). Moreover, both the VLA and the VLBA can characterize
outflows or the interactions of outflows with ambient material via absorption and emission
studies [e.g., 115, 116].

Crucially, observations at radio wavelengths, such as those by the VLA, provide one of
the few means of tracking and characterizing non-thermal processes, namely cosmic rays
and magnetic fields, that could drive galactic winds and more generally affect galaxies, their
circumgalactic media, and the larger intragroup or intercluster media [e.g., 117-122].

These VLA and VLBA form part of the multiwavelength characterization of the baryon
cycle through galaxies, complementing molecular line observations by ALMA or the Northern
Extended Millimeter Array (NOEMA), observations of both neutral and ionized species by
current and future telescopes operating from the infrared to the ultraviolet, X-ray observations
of hot gas by Chandra and potentially future X-ray telescopes, and potentially even y-ray
observations by Fermi.
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3.3.9. How do supermassive black holes form and how is their growth coupled to the evolution
of their host galaxies?

The VLA and VLBA have played a leading role in the study of SMBH feedback, by tracing
the synchrotron radio emission from jetted AGN [123-125] and probing the amount of energy
transferred to interstellar media or intracluster media in conjunction with complementary
multi-wavelength data (e.g., from X-ray telescopes) [126].

As described elsewhere in this section, the VLA and the VLBA play crucial roles in tracking
material potentially flowing toward SMBHs or AGN-driven outflows from galaxies, which
could regulate the star formation of their host galaxies and the effect of SMBH feedback on
even larger scales [e.g., 127-129].

These VLA and VLBA observations are part of a multi-wavelength approach to charac-
terizing SMBH growth and feedback, complementing molecular line observations by ALMA
or the Northern Extended Millimeter Array (NOEMA), observations of both neutral and
ionized species by current and future telescopes operating from the infrared to the ultraviolet,
and X-ray observations of hot gas by Chandra.

3.3.10. How do the histories of galaxies and their dark matter halos shape their observable
properties?

From the discovery of spectacular “threads” and “filaments” [130, 131] to on-going work
to trace star formation and the density and temperature structure of star-forming regions
[132-135], the VLA continues to provide new insights into the extreme environment of the
Milky Way’s Galactic center. Serving as the local model for high-pressure environments
that might occur in other, more distant galaxies, the Galactic center is a region in which
a variety of different environmental effects (turbulence, magnetic fields, cosmic rays, ...)
can be investigated for their effects on the efficiency of star formation [136]. Because radio
wavelengths suffer essentially no extinction toward the Galactic center, the VLA will continue
to be a crucial element in characterizing the properties of the Galactic center over the next
decade.

3.3.11. What are the properties of dark matter and the dark sector?

Interpretations of results, or projections of future results, from the NANOGrav include the
possibility that nanohertz gravitational waves could reveal characteristics of dark matter
within the Galaxy [137]. The VLA contributed to some of the NANOGrav observations,
and it could continue to do so, particularly in light of the loss of the Arecibo Observatory.
Measurements of binary pulsars accelerations constrain the local dark matter density [138].
The VLA also may be able to contribute observations that would help reveal whether the
“Galactic center excess” discovered in data obtained by the Fermi: Gamma-Ray Telescope is
due to emission from millisecond pulsars or results from decay products from dark matter
particles [139].

3.3.12. How will measurements of gravitational waves reshape our cosmological view?

Recent interpretations of results from the NANOGrav have included the possibility that
nanohertz gravitational waves could result from physics in the early Universe beyond the
standard hot Big Bang model [137, 140]. The VLA contributed to some of the NANOGrav
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observations, and it could continue to do so, particularly in light of the loss of the Arecibo
Observatory.

Relevant to higher gravitational wave frequencies, VLBA+VLA observations of the su-
perluminal motion of the jet from GW 170817 [31], combined with previous gravitational
wave and electromagnetic data, led to an independent constraint on Hubble’s constant [141].
Additional localizations can provide constraints on the Hubble constant projected to be
comparable to current CMB and Cepheid-supernova observations.

3.4. VLA and VLBA Contributions to Solar System and Astrobiology Science
Questions

While the RMS Panel identified no science priority question in the area of extrasolar planets,
astrobiology, or the Solar System to which observations by the VLA or the VLBA could
contribute today, Origins, Worlds, and Life Decadal [2] was released subsequently to Pathways
to Discovery. There are several high priority Solar System and astrobiology science questions
that can be answered in part by the VLA, including the ones described below.

In addition to the specific science questions discussed below, there are broader contributions
from the VLA, VLBA, or both to the field of Planetary Science and Astrobiology.

e Astrometric observations with the VLBA have contributed to improved orbits of Solar
System planets, providing improved navigation capabilities.

e The Origins, Worlds, and Life report recommended that NSF and NASA conduct a
study to assess the needed capabilities for ground-based planetary radar observations,
particularly in light of the collapse of the Arecibo Observatory. The resulting study,
“Cross-Disciplinary Deep Space Radar Needs Study,” is now available [142], and both
the VLA and VLBA are identified as existing receiving facilities for the Goldstone
Solar System Radar and for a potential planetary radar capability at the Green Bank
Telescope (GBT). The role of the VLBA in proof-of-concept planetary radar observations
with the GBT has been highlighted [143, 144].

3.4.1. Q1: Evolution of the Protoplanetary Disk

The longer wavelengths at which the VLA can observe probe the protoplanetary disk regions
that are optically thick in the shorter-wavelength ALMA observations [e.g., 145-147], revealing
details of their substructures as well as placing constraints on dust growth in the disk. These
observations are critical for placing disk evolution in context with the protostellar properties.

3.4.2. Q2: Accretion in the Outer Solar System

Radio observations with the VLA have been, and continue to be, instrumental in understanding
the bulk abundances of the giant planets [148, provides a review|, with implications for Q2.1:
How did the giant planets form? and Q2.2: What controlled the compositions of the material
that formed the giant planets?

3.4.3. Q7: Giant Planet Structure and Evolution

The VLA is uniquely capable of spatially resolving the giant planets at depths up to
about 50 bar pressures, providing a window into the deep temperature structure, chemical
abundances, and dynamical processes in these atmospheres that is completely inaccessible at
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other wavelengths [e.g., 149-153]. Moreover, with the VLA, observations can be obtained
over much longer durations, providing important context for spacecraft missions of shorter
duration, such as Juno, the Jupiter Icy Moons Explorer (Juice), and the Europa Clipper.

3.4.4. Q8: Circumplanetary Systems

Multi-wavelength observations of ring systems with the VLA can obtain key information
about ring particle properties such as porosity and about their potential interactions with
planetary magnetospheres or satellites. In the past decade, much of the focus has been on
Saturn’s ring system [154, 155], largely because of the Grand Finale phase of the Cassini
mission. In light of the recommended Uranus Orbiter & Probe mission, and the importance
of characterizing ring properties as part of that mission’s design of its orbits, observations
with the VLA may provide crucial information about the Uranian ring system.

With the launch of the Dragonfly mission scheduled for later this decade, VLA observations
of Titan could serve as a key element of setting the context for that mission, particularly in
concert with likely ALMA observations.

3.4.5. Q12: Exoplanets

The observations discussed in the previous bullets also carry relevance to exoplanets; compar-
isons between the present-day state of the outer Solar System and the observed properties of
exoplanets and protoplanetary disks were identified as high-priority by the Origins, Worlds,
and Life report.

3.5. VLA and VLBA Contributions to Solar and Space Physics (Heliophysics) Science
Questions

The RMS panel identified the science frontier question “How do the Sun and other stars create
space weather?” as one to which the VLA could provide a supporting role in addressing. The
Next Decade of Discovery in Solar and Space Physics: Exploring and Safequarding Humanity’s
Home in Space Decadal survey report [3] was released subsequently to Pathways to Discovery.
That report identifies the VLA as one of the major ground-based facilities developed by the
NSF and used for solar and space physics investigations. Moreover, the supporting report
from the Panel on the Physics of the Sun and Heliosphere highlights that one of the technical
advances that has led to scientific discoveries has been “the transition from interferometric
imaging at a few discrete frequencies to true radio imaging spectroscopy over broad frequency
bands” [e.g., 156], echoing the “Industrial-Scale Spectroscopy” discovery area identified in
Pathways to Discovery.

Exploring and Safequarding Humanity’s Home in Space identifies three Science Themes,
two of which are “A Laboratory in Space: Building Blocks of Understanding” and “New
Environments: Exploring Our Cosmic Neighborhood and Beyond” and can be addressed
by current and future VLA observations. For example, joint VLA and X-ray spectroscopic
observations of solar flares responds to the Guiding Question “How do fundamental processes
create and dissipate explosive phenomena across the heliosphere?” under the “A Laboratory
in Space” Science Theme [157]. There have been multiple VLA observations of other stars,
often low-mass stars, aimed at understanding both how their magnetic field structures differ
from that of the Sun and what the potential implications are for the habitability of planets
around those stars [e.g., 98, 158, 159]. These observations respond to the Guiding Questions
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“Why Does the Sun and Its Environment Differ from Other Similar Stars?” and “What
Internal and External Characteristics Have Played a Role in Creating a Space Environment
Conducive to Life?” under the “New Environments” Science Theme. Further, the Panel
on the Physics of the Sun and Heliosphere discusses how knowledge of the interplanetary
magnetic field is part of understanding “dynamic solar processes” throughout the heliosphere,
with one of the figures supporting the discussion being from an analysis of measurements

acquired with one of the instruments on Solar Terrestrial Relations Observatory (STEREO)-A
and VLA observations [160].
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4. Technical Options for the Transition

The TAG received from the NRAO ITAT a document entitled “Transition Supporting
Information” outlining a set of technical options that could be considered in implementing
the VLA+VLBA to ngVLA transition. In general, these technical options involved reducing
some measure of capability for either the VLA or the VLBA or both, with the aim of enabling
NRAO to redirect staff efforts from VLA or VLBA operations to ngVLA construction. Further,
the transition options were limited to hardware capabilities and did not encompass other
critical aspects of the VLA and VLBA, such the implementation of scientific operations, data
processing, and data products delivery to the community.

The TAG consolidated these technical options into the following broad set, listed in no
particular order:

Reduced Receiver Suite: The number of receivers maintained at the antennas could be
reduced, reducing the set of frequency bands that could be observed.

Restricted Array Configurations: The number of configurations into which antennas are
moved could be reduced or even restricted to a single configuration, reducing the range of
angular resolution that the VLA could access, the range of surface brightness sensitivities
that the VLA could probe, or both.

Restricted Correlator Setups: The number of possible correlator modes supported could
be reduced, reducing the flexibility of the VLA and decreasing the chances of new
discoveries.

Reduced Observing Time (no daytime observations): The amount of observing time avail-
able could be reduced, recognizing that observations during the daytime may have to
be curtailed or ceased completely during the Transition due to safety considerations.

Stop All VLA Observations: All VLA observations could be ceased for some limited dura-
tion, with the Transition Advisory Group considering a range from three months to
three years.

There also likely are a number of intermediate or “hybrid” approaches. For instance, rather
than retain the current full VLA receiver suite or shut down some of the receivers, the VLA
might be able to be used as a testbed for ngVLA-like receivers. There have been multiple
designs published for wideband receivers [e.g., 161, 162], and one of these designs could be
tested on the VLA antennas, allowing NRAO staff to begin to transition to maintaining
ngVLA-like equipment while maintaining essentially full VLA capabilities. Alternately, there
could be an “early deployment” of ngVLA correlation or data processing, shifting such
capabilities rapidly from the current VLA or VLBA to the ngVLA. This latter approach may
reduce the risk that current VLA or VLBA capabilities are increasingly difficult to maintain
due to obsolescence of digital signal processing or computational equipment. The TAG did
not consider such possibilities at length.
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5. Findings and Assessments

TAG members provided a quantitative assessment of the effect of each of the technical
transition options (§4) on each of the ngVLA science cases, which then were used as the basis
for assessing against the priority science questions identified in the Pathways to Discovery
(83).

After this initial quantitative assessment, the results were discussed extensively during
bi-weekly TAG meetings, and augmented with anonymous surveys to enable TAG members to
provide additional unbiased assessments as the transition options were progressively shaped.

5.1. Findings

During the course of its review of material and deliberations, the TAG made the following
scientific determinations. These are listed below in no particular priority order.

The focus of the transition is on the VLA capabilities. Compared to the VLA, the VLBA
has fewer antennas and they are immobile. The consequence is that the opportunities to
reduce the capabilities of the VLBA are both more limited and more likely to have a greater
reduction in scientific return. Further, there may be other considerations associated with
reductions in the capabilities of the VLBA (§7).

The frequency range of the VLA and VLBA are unique and provide compelling scientific
capabilities. The VLA can observe from 74 MHz to 50 GHz, and the VLBA can observe
from 0.33 GHz to 86 GHz. In both cases, the spectral dynamic range exceeds 100:1, unequaled
by any current or near-term radio-millimeter-submillimeter facility. These large spectral
ranges enable observing a diverse range of sources, with a variety of emission mechanisms to
be studied, and it allows the evolution of a source’s emission in frequency to be tracked.

Time domain science is a compelling opportunity for the next decade. The exquisite com-
bination of resolution and sensitivity of the VLA/VLBA, together with their PI-driven
operation mode, have deeply impacted the field of time-domain and multi-messenger astron-
omy. Over the next decade, the ngVLA will bring multi-messenger time-domain astronomy
to its full potential in combination with current and planned telescopes, particle detectors,
and gravitational-wave observatories.

Near-term planetary science missions offer compelling opportunities for complementary observa-
tions. The VLA is uniquely capable of providing the high spatial resolution, wide bandwidth,
and dense u-v plane coverage necessary for radio observations of Solar System planets. These
are especially valuable when combined with spacecraft observations; the Jupiter Icy Moons
Explorer (JUICE), Dragonfly, and Europa Clipper missions are of highest priority, as JUICE
and Europa Clipper have launched and Dragonfly is scheduled to arrive at its destination by
the early 2030s.

Joint proposal opportunities with external facilities should be retained. The opportunity to
propose for joint observations with external facilities reduces “double jeopardy” aspects
related to having to submit two or more proposals to different institutions to pursue a single
science goal, and it likely has the effects of encouraging observations with potentially higher
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impact and lowering the “potential barrier” for individuals who do not have a long history of
observing with the VLA.

5.2. Assessments of Technical Options

We now provide brief rationales or motivations for the specific assessments in Table 1. In
addition to these science-focused considerations, this section closes with a discussion of
potential cost savings associated these technical options that reflect feedback received by the

ITAT.

5.2.1. Reduced Receiver Suite

Consistent with the more general finding of the uniqueness of the VLA and VLBA’s spectral
dynamic range, a reduction of the VLA’s receiver suite accomplished by eliminating the
VLA’s low- or high-frequency capabilities would not be acceptable during the VLA+VLBA
to ngVLA transition. Instead, reducing the number of frequencies that could be observed,
while maintaining approximately the full spectral dynamic range of the VLA, would ensure
that the VLA continues to make “very significant” contributions to addressing the Pathways
to Discovery science priority questions, while also contributing in a supporting role to many
others. Indeed:

e A key aspect of understanding stellar physics, particularly in its relation to any orbiting
planets, is magnetically-driven activity. Moreover, such observations are ones for which
radio wavelengths provide critical information. At the Sun, tracing magnetic field
structures is conducted by tracking emissions as a function of frequency, which requires
observations from at least S band to K band.

e Many explosive phenomena produce incoherent emission (and sometimes are termed
“slow transients,” e.g., novae, Type II supernovae, gamma-ray burst afterglows), which is
distinguished by a spectrum with characteristic frequencies that evolve to lower values
with time, and specifically with a self-absorption frequency that cascades to lower values
as the emitting region becomes increasingly optically thin. Tracking the self-absorption
frequency evolution, and more generally constraining the position of the break frquencies
via panchromatic observations including the radio band, provides unparalleled (or nearly
so) measures of the explosion parameters such as energy of the ejecta and interstellar
medium density.

e As material moves along a jet, it can and often does evolve in frequency. Tracking this
frequency evolution, including potential rebrightenings, as jets impact ambient material,
provides constraints on both the jet itself and its environment.

5.2.2. Restricted Array Configurations

The VLA’s current operations include cycling through four configurations, from a compact D
configuration that is intended for observations requiring high surface brightness sensitivities
to an extended A configuration that is intended for observations requiring high angular
resolution. In general, restricting the VLA to only compact configurations was assessed to
be unacceptable during the VLA /VLBA to ngVLA transition. Particularly for the science
priority questions for which the VLA provides “very significant” contributions, the sources
being observed tend to be compact, and potentially faint, so high angular resolution is
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required both to avoid “blending” with other sources and to mitigate confusion due to faint,
unresolved sources. Adding to these general considerations are the following important facts:

e For nearby stellar systems observed at high angular resolution, which requires the
extended configurations, it is often possible to resolve binaries. The consequence of
not having compact configurations would be a reduced capability to observe the Sun,
though some of those observations might be able to be provided by other observatories,
such as the Extended Owens Valley Solar Array (EOVSA).

e A typical metric is that approximately arcsecond resolution is required to associate
an extragalactic transient with its host while distinguishing host light from transient
emission. Arcsecond resolution is also required to associate a radio counterpart with a
transient observed at other wavelengths. For some observations of transients powered by
explosive phenomena, a configuration that would combine some of the antenna locations
from the B configuration with some of the antenna locations from the D configuration
(a “B+D” configuration) could be acceptable, as it would provide for arcsecond- or
sub-arcsecond-resolution at the higher frequencies.

e Jets likely are launched on scales of order of 10 gravitational radii or less. Jets evolve
on scales of astronomical units to parsecs, and their effects on the ambient media or
host galaxies can occur on sub-parsec to parsec scales. Consequently, sub-arcsecond
angular resolutions are required.

The TAG discussed various “mixed” configurations, e.g., an “A+C” configuration that
would combine some of the antenna locations from the A configuration with some of the
antenna locations from the C configuration, with the intent of providing arcsecond- or sub-
arcsecond-resolution at the higher frequencies while preserving some measure of surface
brightness sensitivity. The TAG also was presented with the concept of an “F” configuration
[163]. Further analysis of this configuration requested to the ITAT by the TAG resulted in the
ngVLA Memorandum 126 [164]. This Memorandum highlights that it is difficult to identify a
single configuration that preserves both the surface brightness sensitivity and the high angular
resolution capabilities of the current VLA. Further analysis by the ITAT also identified that
the VLA operations are structured around being able to conduct regular maintenance on the
antenna by rotating them through the “antenna barn” during configuration changes. Hence,
with a fixed array configuration there would be an increased risk that required maintenance
would be more difficult (or even could not be performed in the field), resulting both in
reduced imaging performance (“poorer u-v coverage”) and reduced sensitivity (§5.2.4). The
consequences would be poorer performance for all science cases.

5.2.3. Restricted Correlator Setups

The ITAT identified the elimination of the 3-bit sampler system from the VLA’s correlator as
the only possible benefit (in terms of reducing the required support effort) from a reduction
in correlator setups. The TAG did not consider this option at length.

5.2.4. Reduced Number of Antennas

Current VLA operations require that no more than three antennas can be out of service.
For both the science priority questions for which the VLA can provide “very significant”
contributions and across the larger set of ngVLA science cases, reducing the number of VLA
antennas in use was assessed to have at least moderate and more likely significant effects.
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Observations at radio wavelengths of polarized emission traditionally have been one of the
few means of tracing magnetic fields, which is of cross-cutting relevance to the physics of
solar and stellar phenomena, explosive (transient) phenomena, and jets. However, polarized
emission also typically is only a (small) fraction of the total intensity, and a reduction in VLA
sensitivity would be of greater effect. Moreover, observations of solar and stellar phenomena,
explosive (transient) phenomena, and jets often involve an element of the time domain,
tracking or monitoring changes in sources. The reduction in sensitivity resulting from having
fewer antennas cannot be compensated by having longer-duration observations. Indeed, the
duration of some current observations are already problematic or prohibitive. For example,
a single recent observation of the late-time ejecta of GW170817 required 30 hrs. If only
20 antennas were available, 50 hr would have been required, and, if only 15 antennas were
available, more than 75 hr would have been required. Finally, allowing for a reduced number
of antennas affects not only the sensitivity, but also potentially the configuration. Depending
upon which antennas are out of service, or allowed to be out of service temporarily, the
resulting effective configuration might not provide the angular resolution required for the
various science cases.

5.2.5. Reduced Observing Time

Reducing the available observing time was assessed to have effects ranging from moderate to
significant.

e While reduced observing likely would have a moderate effect on stellar observations,
there would be a significant effect on solar observations if, for instance, no daytime
observations were possible. The effect might be mitigated somewhat because other
facilities would be able to acquire at least some of the relevant observations.

e In general, explosive phenomena occur at random times. A reduction in observing
time introduces the significant risk that high-profile observations could not be acquired,
particularly if the reduced observing time meant that simultaneous or contemporaneous
observations with other facilities as part of a larger multi-wavelength campaign could
not be conducted.

e Across the range of ngVLA Science Cases related to observing jets, the consequences
of reduced observing time was judged to be of moderate impact. The one potential
exception is spectral timing of jets from stellar-mass compact objects; however, this
science case also is covered by the assessment related to explosive phenomena.

5.2.6. Stop All VLA Observations

With regard to a complete cessation of VLA observations, there are both scientific and
foundational concerns. From a scientific perspective, ceasing VLA observations for any
significant duration introduces the risk that it would not be able to participate in multi-
wavelength campaigns with other facilities in pursuit of high-profile science. Ceasing VLA
observations for any significant duration also may introduce the risk that current agreements
with other telescopes and facilities for joint proposals could not be sustained. From a
foundational perspective, the absence of new VLA observations likely would result in significant
harm to early career researchers, the cohort that will make the greatest use of the ngVLA. The
standard post-doctoral researcher appointments range from one to three years. A cessation of
even six months would be a significant fraction of a post-doctoral researcher’s appointment.
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Longer duration cessations would have the potential to affect not only post-doctoral researchers
but graduate students as well.

While the TAG assessed that a cessation of VLA observations for less than three months
likely would be of low to moderate impact, both for the science priority questions for which
the VLA provides “very significant” contributions and for the broader range of ngVLA Science
Cases, there is the risk that unforseen events would cause the duration to increase well beyond
three months.

5.3. Cost Savings and Personnel Impacts

The charge to the TAG includes not only a science assessment of potential VLA+VLBA
to ngVLA transition options (§2), but also “their cost” and “technical /personnel impacts.”
Following the development of a draft initial set of recommendations, the TAG received from
the NRAO’s ITAT an assessment of the potential cost savings and implications for personnel
of those recommendations. The consensus within the TAG was that the projected cost
savings, even if all of the potential options were adopted, was not significant, particularly
with respect to the projected construction cost of the ngVLA. The ITAT’s assessment did
influence the priority ranking of the TAG’s recommendations.
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6. Recommendations

This Section presents the recommended approaches for the VLA4+VLBA to ngVLA Transition.
Recognizing that circumstances and scientific priorities may change between the time of this
report and the start of the Transition itself, the TAG presents four recommended options,
ordered by priority.

The TAG emphasizes that any reduction in capability, to either the VLA or the VLBA
or both, will have scientific consequences, as demonstrated by the many references to work
involving these telescopes that are cited in Pathways to Discovery (and Origins, Worlds, and
Life and Ezxploring and Safequarding Humanity’s Home in Space) and described in in §3. The
recommendations of the TAG are developed under the assumption that the Transition is both
limited in duration and concludes with much greater capability, namely the ngVLA such as
described in the NRAO and community white papers forming the basis of the support for
the ngVLA in Pathways to Discovery.

In that spirit, in order to maximize the scientific return during the VLA4+VLBA to ngVLA
transition, the TAG recommends that the transition instrument that will bridge the operations
of the VLA+VLBA to the ngVLA does not begin operations until ngVLA construction funds
have been obligated and construction activities have begun. The transition should end once
ngVLA capabilities comparable to the current VLA/VLBA are operational.

6.1. VLBA Transition

The TAG recommends that the VLBA observational capabilities remain unchanged compared
to current VLBA capabilities, including the full receiver suite, during the transition. Moreover,
any significant changes in the operational capabilities of the VLBA would have to be
coordinated with the United States Naval Observatory (USNO), which provides 50% of
VLBA'’s operational funding (§7). The TAG did not consider this aspect of the VLBA
operations in its deliberations.

6.2. First VLA Transition Option

Given the preeminent position of the VLA and the risks associated with a long duration, the
TAG recommends that the VLA should remain at full capabilities for as long as possible
during the construction of the ngVLA. Specifically, with reference to Figure 1, which is based
on the current plan for the design, development, and construction of the ngVLA provided
by NRAO, a reasonable transition plan is the following: A three-year interval during the
initial ngVLA construction during which the VLA capabilities remain consistent with current
capabilities, followed by a two-year interval during which one or both of the transition options
described below could be used concurrently with ngVLA Early Science.

The TAG acknowledges that this plan carries risks as well. As part of the NRAO/ITAT
response to the TAG’s initial set of recommendations, various subsystems within the VLA
were identified as either at or approaching obsolescence. Should one of those subsystems fail,
and repair be infeasible or exorbitant, accelerating the Transition may be required.

6.3. Second VLA Transition Option

Should the first transition option be infeasible or insufficient, the recommended second
option is to reduce the set of receivers at each antenna, provided that at least five of the
current frequency bands are maintained at all antennas. The TAG judges that no fewer than
five frequency bands are required in order to enable the VLA to have a sufficient spectral
dynamic range (§5). Further, at a minimum, these five frequency bands must span from
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“low” frequency to “high” frequency. Here, “low” frequency is considered to be C band
(4 GHz-8 GHz) and lower frequencies while “high” frequency is considered to be K, band
(12 GHz-18 GHz) and higher frequencies. X band (8 GHz-12 GHz) must be maintained at
all times as it is required for reference pointing calibration for higher frequencies, and X band
is one of the most heavily-demanded bands on the VLA. Based on these considerations, the
baseline set of receivers for the transition is L-S-C-X-K. We note that this suite of receivers
does not include either the low-frequency (P-band) or Q-band receivers, which has the effect
of reducing the extent to which the VLA’s frequency range is unique.

6.4. Third VLA Transition Option

Given that no single arrangement of antennas appears capable of retaining the VLA’s
combination of surface brightness sensitivity and angular resolution capabilities [164] and the
potential for increased difficulties in maintaining the antennas (§5.2.2), a fixed configuration
should be adopted only if necessary.
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7. Other Considerations

In addition to the specific considerations of the scientific opportunities and technical options,
the TAG discussed other topics related to the VLA4+VLBA to ngVLA transition.

Experience from the transition from the VLA to the Expanded VLA (EVLA) and finally
the Karl G. Jansky VLA should be taken into account. Most notably, as commissioning of
the ngVLA begins, involving the community in so-called “shared risk observing” ensures
engagement and enables more rapid commissioning progress to be made.

While the TAG recommends that the Transition be of as limited duration as possible
(§6.2), there is the possibility that VLA observations would have to cease for some interval.
Even so, the VLA Archive remains a rich source of scientific results and a means by which
early-career researchers can gain experience with radio astronomical interferometers. The
TAG did not discuss such possibilities at length, but a limited-duration “archival data analysis”
program may be warranted to ensure continued engagement between the current NRAO user
community and NRAO facilities, should there have to be a cessation of new VLA observations.

Finally, the USNO is a 50% partner with the NSF in supporting the operations and
maintenance (O&M) of the VLBA. The USNO requires daily, weekly, monthly, and other
non-regular cadence use of VLBA in order to sustain its mission in support of producing the
Celestial Reference Frame (CRF) and Earth Orientation Parameters (EOPs). In addition
to the O&M funds, the USNO, working with its mission partners, has enabled the funding
of significant upgrades to the VLBA including hydrogen masers, generators, new high-rate
tracking receivers that are currently being deployed across all ten VLBA sites, and the VLBA
New Digital Architecture (VNDA) upgrade, which will digitize the signal chain and replace
the aging, outdated, irreplaceable Roach Digital Backends (RDBESs). These modernization
efforts are expensive investments that are made in order to ensure the resilience of the VLBA
for use in USNO’s CRF and EOP mission well into the 2030’s timeframe. Any transition
from VLBA to ngVLA will require careful coordination with USNO in order to prevent any
loss in the ability to meet USNQO’s mission requirements.
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8. Stakeholder Engagement

The TAG engaged in a number of activities in an effort to ensure broad awareness within the
community and solicit input from the community.

e At the NRAO Town Hall during the 241" Meeting of the American Astronomical Society
(2023 January), the ngVLA Project Scientist described the TAG and identified the
Chairs. Multiple individuals subsequently discussed with the Chairs the TAG’s charge
and its importance.

e A poster reporting the current status was presented at the “New Eyes on the Universe’
conference sponsored by NRAO and the Square Kilometre Array Observatory (SKAO),
and a “poster flash” talk also was given.

e A Splinter Session entitled “The Next-Generation VLA: Update and Community Forum’
was organized at the 2425° Meeting of the American Astronomical Society (2023 June)
in order to present an overview of the current status and seek community input.

e The NRAO Users Committee has been briefed by NRAO on the progress of the TAG.
Among comments in published Users Committee reports are an interest in ensuring
that simulations are conducted prior to any decision to eliminate VLA configuration
changes, echoing a TAG recommendation.

e The NRAO Newsletter (Volume 16, Issue 6, 2023 June 23) contained a summary of the
Splinter Session at the 2425 AAS Meeting, including a link to the slides presented and
an invitation to submit feedback via an online form.

e A poster reporting the current status was presented at the “Follow the Monarchs:
A Journey to Explore the Cosmos at (Sub)milliarcsecond Scales with the ngVLA”
conference, and a “poster flash” talk also was given.

e A Splinter Session entitled “The Next-Generation VLA: Update and Community Forum”
was organized at the 245" Meeting of the American Astronomical Society (2025 January)
in order to present an overview of the current status and seek community input.

In addition to these activities, the TAG plans to conduct a post the initial report on arXiv
(astro-ph) in order to seek comments, with at least 90 days provided for community members
to submit comments, and to conduct a Webinar. These comments will be assessed as part of
developing the final Transition report.

?

Y
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