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Abstract

This paper discusses compelling science cases for a future long-baseline
interferometer operating at millimeter and centimeter wavelengths, like the
proposed Nexzt Generation Vary Large Array (ngVLA). We report on the
activities of the Cradle of Life science working group, which focused on
the formation of low- and high-mass stars, the formation of planets and
evolution of protoplanetary disks, the physical and compositional study
of Solar System bodies, and the possible detection of radio signals from
extraterrestrial civilizations. We propose 19 scientific projects based on the
current specification of the ngVLA. Five of them are highlighted as possible
Key Science Projects: (1) Resolving the density structure and dynamics
of the youngest HII regions and high-mass protostellar jets, (2) Unveiling
binary /multiple protostars at higher resolution, (3) Mapping planet formation
regions in nearby disks on scales down to 1 AU, (4) Studying the formation



of complex molecules, and (5) Deep atmospheric mapping of giant planets
in the Solar System. For each of these projects, we discuss the scientific
importance and feasibility. The results presented here should be considered
as the beginning of a more in-depth analysis of the science enabled by such a
facility, and are by no means complete or exhaustive.
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1 Executive Summary

The study of the formation of stellar systems—from protostars, to protoplan-
etary disks, down to fully evolved planetary systems—is one of the fastest
growing research fields in astrophysics. It has benefitted tremendously in the
past decade from the synergy of cutting edge instruments covering the ther-
mal domain (Herschel, JVLA, SMA, CARMA, IRAM), where planet-forming
dust, molecules and plasmas are all most readily observed. For example, the
international ALMA project has opened exceptional pathways for the study
of protoplanetary disks, as demonstrated by the recent observations of the
disk around the low mass star HL. Tau (Partnership et al.|2015} see Figure
. In the future, progress in the field will be contingent upon the availability
of comparably high spatial resolution at all thermal wavelengths.

Figure 1: ALMA image of HL Tau, a protostar with an embedded disk that shows signs of
planet formation. The region inside the first gap is optically thick (7" > 200 K); additional
outer rings may be optically thick as well. This image is based on Figure 2 of |[Partnership
et al.|(2015). Image source: almaobservatory.org.

This white paper presents a series of specific science cases that would
be made possible by what is currently designated the “Next Generation
Very Large Array” (ngVLA), a cutting-edge interferometer operating from
1-115 GHz with ten times the effective collecting area of the JVLA and
ALMA. The ngVLA would have ten times longer baselines (300 km), providing



milli-arcsecond resolution, and would also have a dense core of antennas on
kilometer scales for high surface brightness imaging (Carilli et al., |2015)). The
exquisite spatial resolution and sensitivity of the ngVLA will enable major
breakthroughs in the fields of star formation, planet formation, and planetary
science.

In particular, we identify the following five Key Science Projects (KSPs)ﬂ

Resolving the density structure and dynamics of the youngest HII
regions and high-mass protostellar jets (§[2.1)

While improvements in observations, numerical models, and theory
have led to a reasonable understanding of the formation of nearby
individual or binary stars—which are almost exclusively low-mass—our
understanding of the formation of massive stars and their natal clusters
is still quite uncertain. This is largely due to the inherent difficulty in
obtaining observations of massive star-forming regions, both because the
sources are located further from the Sun and because the environments
are much more complex (for a recent review see [Tan et al. [2014)). The
clearest signposts for massive stars are their surrounding HII regions,
which have been the subject of much theoretical work (e.g., Peters et al.,
2010; |[Keto|, 2003; [Franco et al., [2000). The ngVLA, with its superior
spatial resolution and ability to detect the centimeter-wavelength free-
free emission that originates in these ionized environs, will play a
key role in unravelling the mystery of high mass star formation and
evolution.

Unveiling binary/multiple protostars at higher resolution and in
more distant star-forming regions (§/3.1]

A key question in star formation is how a collapsing core fragments
to form binary, or multiple, stellar systems. Present (sub)millimeter
interferometers have the resolving power to peer deep inside the en-
shrouding envelope, but they are hampered by the high dust opacity
that characterizes these regions. As a result of the high optical depth,
pre-stellar cores do not appear to have significant substructure, and
yet by the time the protostars become visible through the envelope,
binary and multiple systems have become quite common. Centimeter-
wavelength observations with the ngVLA will suffer from much lower
opacity, allowing the earliest possible detection of binarity on AU scales
within star-forming cores.

1 We have chosen to present the KSPs in order of decreasing distance to the prime
targets; this is not an implication of priority.



Mapping planet formation regions in nearby disks (§

In the earliest stages of their formation, planets are enshrouded by
dense circumstellar disks, whose thermal emission is optically thick even
at millimeter wavelengths. By operating at centimeter wavelengths,
the ngVLA will allows us to map planet formation regions down to
innermost few AU of these disks. Furthermore, observations over a
range of wavelengths will allow for the removal of any free-free emission
caused by jets or winds emanating from the central protostar, thus
enabling the determination of the thermal emission spectral index—a
robust and key measure of the grain growth that leads to planetary
formation. Another poorly constrained characteristic of disks is their
temperature structure. The ngVLA will provide access to the most
commonly used thermometer for interstellar and circumstellar media—
NHs—at sufficient sensitivity to measure and spatially resolve the
temperature structure of nearby disks, thus benchmarking theories of
planet formation. NH3 observations are also important to map out the
nitrogen reservoirs in disks: nitrogen is one of the key ingredients of
the molecules of life, but its distribution and abundance during planet
formation is unknown due to a lack of observational constraints on the
predicted main carriers.

Studying the formation of complex molecules. (

Centimeter astronomy presents unique access to transitions from very

complex organic molecules that are “crowded out” at shorter (ALMA)

wavelengths by very high densities of lines emitted from smaller molecules.
The elusive and prebiotically important glycine may only be possible

to detect with the ngVLA. Similarly, the ngVLA could provide the first

interstellar detections of sugars, which are the starting point of RNA

and DNA backbones.

Deep atmospheric mapping of giant planets in the Solar System
(§6)
Within our Solar System centimeter-wavelength ngVLA observations
will allow for key observations of the subsurfaces of rocky bodies and
of the denser, deeper levels of giant planet atmospheres. The latter
observations are necessary to disentangle the vertical temperature
profile, the composition, and the distribution of molecular absorbers.
The enhanced sensitivity of the ngVLA will also allow for integration
times significantly shorter than the planet rotation period, providing
good temporal mapping resolution for these planets.



In the sections that follow we describe the main scientific goals of the
KSPs and the other science cases.



2 Formation of high-mass stars

2.1 Resolving the density structure and dynamics of the
youngest HII regions and high-mass protostellar jets

The JVLA has spatially resolved and mapped the dynamics (via hydrogen
recombination lines, or RLs) of the “ultracompact” (UC) and some “hyper-
compact” (HC) HII regions around groups of young O-type stars (see the
reviews by |Hoare et al.l 2007; |Churchwell, 2002). Roughly, free-free emitting
objects at a distance of about 5kpc have flux densities S1.3cm ~ 0.1-1Jy,
optical depths 7 3.m ~0.1-1, and spatial sizes between 0.03-0.3 pc.

However, the faintest objects—those that may be in transition from a
high-mass (shock ionized) protostellar jet to a (photo ionized) HII region—
are currently detected only in continuum, and are not resolved (e.g., Rosero
et al., 2014; van der Tak & Menten, 2005). These objects (see Figure [2]) are
presumably in the latest phase of accretion in the formation of stars more
massive than 10 or 20 Mg and might have characteristic radii of 100-200 AU,
corresponding to the gravitational radius of 10-20 Mg, stars (Lizano, |2008;
Ketol 2002). An angular resolution between 20-40 mas is therefore required
to resolve these objects at the distance of 5 kpc. With an expected angular
resolution of 6-12 mas at 50 GHz, the ngVLA will therefore resolve with
several beams the smallest HII regions.

The smallest photoionized HII regions are known to be variable over
periods of months to years (e.g., De Pree et al., 2014; Galvan-Madrid et al.|
2008)). Radio jets can be variable over timescales as short as days (Liu et al.|
2014)). Simultaneous observations at multiple frequencies are therefore key for
deriving the density structure. This requirement is met by the preliminary
ngVLA design, which delivers simultaneous observations between 5-50 GHz,
with a stretch goal of 1-100 GHz.

Finally, the stellar winds from young stars already on the main sequence
could be routinely detected with the ngVLA. Currently, the JVLA can only
detect the thermal emission of stellar winds from stars more massive than
approximately O9. The ngVLA could directly detect the stellar winds of
B-type stars, expected to be at the level of a few puJy (Dzib et al.l 2013) in
less than one hour of integration.

Frequency requirement: 10-50 GHz for radio continuum. For recombina-
tion lines, the range between 40-100 GHz is ideal because RLs are brighter
than at lower frequencies (e.g.,|Guzméan et all 2014; |[Keto et al.l |2008), but
are not yet contaminated by molecular lines as is often the case in the ALMA
range at > 100 GHz.
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Figure 2: Ultracompact HII regions have radio fluxes close to the expectation from
photoionization equilibrium and most likely are young, massive (M, > 20 M) stars with
no further accretion. However, there is a population of fainter ionized sources that current
facilities like the JVLA can only detect but cannot resolve. These sources could be small
radio jets, stellar winds, or HII regions that are gravitationally trapped. Determining their
nature is key for understanding the final stages of accretion in the formation of massive
stars.

Sensitivity requirement: the brightness of resolved, faint HII regions at 50,
25, 12, and 8 GHz will be 22, 50, 62, and 145 ;Jy beam™!, respectively, to be
compared with the 0.3 pJy beam ™! noise level achievable with the ngVLA in
1 hr of integration of source. For recombination lines, considering the factor
x 10 improvement in sensitivity with respect to the JVLA, individual recom-
bination lines (RLs) can be mapped in the youngest HII regions at 45 GHz
with 20 mas resolution with integration times of tens of hours. However, RLs
with similar quantum numbers can be stacked together to increase the signal
to noise or to decrease the integration time.

Angular resolution requirement: Assuming an angular size of 40 mas, the
ngVLA will resolve the emission from the smallest HII regions with tens of
resolution elements across at frequencies above 25 GHz.



2.2  High resolution centimeter-wavelength observations of
molecular line absorption against background ionized
sources

Molecular absorption against a bright (high Tp) background continuum
source is possibly the clearest way of diagnosing infall and accretion (e.g.,
Galvan-Madrid et all 2009 Beltran et al., [2006; Ho & Haschick, [1986)). The
JVLA has unambiguously diagnosed infall and accretion via this technique
toward bright ultracompact HII regions down to 100 mas angular resolution
(e.g., Liu et al., 2011} [Sollins et al., 2005, see Figure . The ngVLA can
make these diagnostics around fainter ionized sources at x10 better angular
resolution. For example, direct accretion could be detected toward embedded
low-mass stars, or toward massive stars just after the onset of their HII region.
The ngVLA would also enable time-domain accretion studies by looking at
variability in the molecular absorption.

NH,(3,3) Absorption Against the [ 1"=0.03 pc
1.3 cim Continuum Emission

le—>{
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~ The UC HII Region

Figure 3: JVLA observations of the molecular (left) and ionized (right) accretion flows
in G10.6-0.4. The left panel shows the first moment maps of NHs absorption against the
free-free background of the UCHII region; the right panel shows the H66cx RL in emission.
In this case the JVLA could resolve the accretion flows because the stellar mass inferred
from the kinematics is as large as a few hundred Mg (most likely an aggregate of massive
stars). The ngVLA is needed to resolve the molecular and ionized accretion flows around
individual or binary massive stars. Reproduced from |Sollins et al.| (2005)).

Frequency requirement: the obvious choices are NHj3 lines between 18—
40 GHz, but other lines are possible.

Sensitivity requirement: embedded HII regions are expected to have
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brightness temperatures of several thousand K. Achieving an rms brightness
temperature of ~100 K in 1 km/s velocity channels is ideal for this purpose.

Angular resolution requirement: ~20 mas resolution is sufficient to resolve
the accretion flows surrounding the nearest hypercompact HII regions (and
other ionized sources) at <100 AU scales. Field of view is not an issue since
these sources are typically only a few arcsec wide.

2.3 Linearly polarized dust emission and synchrotron polar-
ization in OB star- or cluster-forming cores

The ngVLA would allow us to understand the role of magnetic fields in
the formation of massive stars and clusters, from 20,000 AU (0.1 pc, or 3"
at 6 kpc) to 100 AU scales. The ngVLA could map the polarization in
massive star formation regions, where magnetic fields may be important
for halting fragmentation and may set star formation efficiencies. Polariza-
tion related to synchrotron could be detected in the centimeter bands (e.g.,
Carrasco-Gonzalez et al., [2010), whereas dust polarization could be observed
in the millimeter bands (e.g., Zhang et al., [2014; Girart et al., [2006). The
ngVLA long millimeter bands have clear advantages over shorter-wavelength
interferometers, since opacities are low in the denser, smaller-scale regions.

Frequency requirement: observations at 40-50 GHz are particularly useful
because many objects are line-crowded in the millimeter band (e.g., Orion BN-
KL), which prohibits continuum/line separation. In addition, on ~100 AU
scales, these regions are optically thick in short millimeter band observations.
Finally, long-millimeter wavelengths have the advantage that de-polarization
due to scattering is negligible.

Sensitivity requirement: it is difficult to predict the strength of the
polarized emission. Synchrotron polarization has been imaged with the JVLA
in a couple of landmark objects (Pérez-Sanchez et al., 2013} Carrasco-Gonzalez
et al., 2010). Linearly polarized dust emission has been detected at millimeter
wavelengths in protostellar envelopes (e.g., |Girart et al., 2006; Hull et al.,
2014)), as well as in a few disks (e.g., [Stephens et al., |2014).

2.4 Star-formation in the inner few pc of the Galactic center

The JVLA has mapped the ionized mini-spirals within the circumnuclear disk
(CND) within 5 pc of the Galactic Center, Sgr A* (e.g., Zhao et al., [2009).
However, only with the sensitivity and angular resolution of the ngVLA will

11



we be able to detect the young stellar object (YSO) population within the
CND and beyond, to address the long-standing question of whether star
formation around the Galactic Center is possible, and if so, how does it
proceed (for a review, see Genzel et al., [2010). The ngVLA will be able to
detect and resolve the entire putative YSO population, low- and high-mass.
The ngVLA could also measure the orbital motions (proper motions and
line-of-sight) of the star-forming gas reservoirs within and beyond the CND
(e.g.,|Liu et al. 2012)—such as peculiar objects like the G2 cloud (Gillessen
et al., 2012)—to test scenarios of stellar migration and address how the stellar
disks around Sgr A* are formed.

Frequency requirement: 27-50 GHz is ideal for avoiding the confusion
either from ambient dust emission, or from the ionized mini-spiral arms. The
spectral slope from 27 GHz to > 50 GHz bands can help diagnose the thermal
emission mechanism. Since the Galactic Center is the most obscured SF
region in the Milky Way, centimeter-band observations of dust emission are
highly preferred. The simultaneous 3:1 frequency coverage would greatly aid
this science case, since the different emission mechanisms of the possible YSOs
could be imaged at the same time: synchrotron from stellar magnetospheres,
free-free from radio jets or stellar winds, and dust from circumstellar disks
and envelopes.

Sensitivity requirement: the estimates depend on the assumption of the
dust opacity. Assuming a radio dust opacity slope § = 1 or smaller, the
ngVLA continuum noise level of 100nJy bm~! (10 hrs on source) can detect
objects that have masses comparable to the Classical T Tauri disks in nearby
star-forming regions. Combining with kinematic information from molecular
line observations, ngVLA maps can trace 3D orbits of individual (proto)stellar
objects or gas cores.

Angular resolution requirement: 10-20 mas angular resolution, to provide
80-160 AU physical resolution, is adequate to resolve individual (proto)stellar
accretion disks (if there are any). High resolution observations are required
to filter out the extended structure. 10-20 mas resolution is adequate for the
purpose of observing proper motions, in an analogous way to what has been
done with stellar objects using telescopes such as the VLT and Keck. (e.g.,
Gillessen et al., |2009; |Ghez et al., |2008).

Field of view requirement: The CND is 1-2” wide, and can be mapped
with 25 m dishes by performing a small mosaic. Large dishes are better than

12



small dishes since this would make it easier to calibrate the long baseline
data at high frequency.
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3 Formation of low-mass stars

Probing the inner regions of the disks and cores around very young protostars
is critical to understanding the earliest stages of disk, outflow, jet, and
binary /multiple formation. This requires high-angular resolution observations
at centimeter wavelengths in order to map both the spatial distribution of
dust and gas as well as the kinematics in the densest regions, which are
opaque at high at millimeter wavelengths. The low frequency, high resolution,
and excellent sensitivity of the ngVLA will open a new observational window,
allowing us to study the physical processes that control the formation of low
mass stars in the innermost dense regions that are unreachable by current
telescopes. The main avenues we discuss in this section are the study of
binary /multiple stars, and the structure of the densest regions of protostellar
cores, disks, and jets.

3.1 Binary/multiple stars

The innermost regions of molecular cores and newborn protostellar disks are
expected to be optically thick even at millimeter wavelengths, hampering the
ability to study the formation of multiple systems with ALMA (see Table
and Figures {4| and ; Tobin et al.|2015b). However, high angular resolution
observations at wavelengths longer than 3 mm will allow us to probe very close
binaries that are still embedded in the parent envelopes or disks. For example,
at 1 cm, an angular resolution of 0.01” will enable us to resolve binaries with
~5 AU separation at distances out to ~ 500 pc, allowing us to collect much
better statistics of protostellar multiplicity in nearby star-forming regions.

While ALMA generally probes the thermal dust and molecular emission
from protostars, emission from ionized gas (e.g., free-free emission) is very
important for seeing embedded sources, and complements millimeter observa-
tions (Anglada et al.,|1998; Rodriguez et al., 1998} |Reipurth et al., 2002, 2004
Tobin et al., 2015b). By using the ngVLA we will see the free-free component,
which is another energetic diagnostic inside a collapsing envelope.

Finally, it is key to note that by resolving close separation (< 10 AU)
binary systems, long-baseline cm wave observations will enable binary motion
to be observed on time scales of few years or even months, therefore providing
a tool to directly measure the mass of protostars.

Frequency requirement: Dust and molecular thermal and free-free emission

can be used to probe multiplicity in protostars at high resolution. the optimal
frequency range is ~ 10-30 GHz. Observations at higher frequencies will be

14



Table[I} disk optical depth as a function of wavelength

Frequency Radius

(AU)
450 pm 73.47
850 pm 38.8
1.3mm 25.4
3mm 11.0
8 mm 4.2
lcm 3.3
3cm 1.2

tIn this case the entire disk is optically thick.

Table 1: Radii as a function of wavelength interior to which a typical circumstellar
disk becomes optically thick. This assumes a disk with » = 50 AU, M = 0.1 Mg, and
surface density ocr~!. Further assumptions: %1.3mm = 0.9 cm2/g (dust only); Maisk =
Megas + Maust, with a dust-to-gas ratio of 1:100; dust opacity scales as f = 1. Note that

this is for face-on disks; with any inclination, optical-depth effects will be worse.

B Per2 A+B Taper 1k) )\ = 8 mm B CARMA B robust=-0.5

CARMA B Natural

Dec (12000)

0.5" (115 AU) 0.5" (115 AU) 0.5" (115 AU)
2:17.85 32:17.85 32:17.85

33

17.95 17.90 17.95 17.90 17.95 17.90
RA (}2000) RA (}2000) RA (J2000)

Figure 4: A comparison of observations toward IRAS 03292/Per2: the VLA 8 mm data
(left, Tobin et al. 2015, in prep.) and CARMA 1.3 mm data (right, Tobin et al.|[2015al)
have nearly the same angular resolution. The 1.3 mm data appear to be optically thick,
given the smooth spatial distribution at the highest surface brightness level. This source
may have a self gravitating disk—there is evidence for rotation on ~ 1000 AU scales, and
the mass of the strucuture is 0.1-0.2 M. The rms noise values are, from left to right,
11.3 xJybm™" (8 mm), 1.15mJybm™! (1.3mm), and 1.71 mJy bm™" (1.3 mm).

hampered by the high optical depth of the innermost regions of molecular
cores and protostellar disks, while observations at lower frequency will suffer
from poorer angular resolution and signal-to-noise ratio.

Sensitivity requirement: The environment surrounding protobinary sys-
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Figure 5: Maps of NGC 1333 IRAS 2A obtained with the JVLA at the wavelength of
9mm (left) and with CARMA at the wavelength of 1.3 mm (right) (Tobin et al.|[2015b).
The higher angular resolution of JVLA observations, combined with the lower optical
depth of the 9 mm emission, resolves two components of IRAS 2A that are separated by
about 0.5”. The rms noise values in the IRAS2A images are 5.4 uJybm ™! (9mm), and
1.5mJybm™?! (1.3mm). Contours are plotted every 5x the noise level.

tems is expected to be warm, with temperatures ranging from ~ 100-1000 K.
A sensitivity between 1-10 K in the continuum should therefore be sufficient
to obtain high signal-to-noise ratio maps of these systems. At 30 GHz, and
assuming a beam size of 0.01” a sensitivity of 1 K corresponds to a rms noise
level of about 70 nJy.

Angular resolution requirement: At 30 GHz, an angular resolution of
0.01” is required to resolve protobinary systems with a separation of 5 AU at
the distance of 500 pc. This resolution will allow us to resolve a protobinary
system with 5 AU separation protobinary system in Orion, and a system
with 1 AU separation in the Taurus and Ophiuchus star forming regions
(d = 130pc). At 10 GHz, an angular resolution of 0.03” will enable us to
resolve the youngest protobinary systems, which are still embedded in a very
dense environment, down to a separation of 4 AU and 15 AU, at the distances
of 130 pc and 500 pc, respectively.

3.2 Dust polarization in low-mass protostellar objects

Mapping the morphology of magnetic fields in the cores and envelopes sur-
rounding young, low-mass protostars is critical to further our understanding
of how magnetic fields affect the star-formation process at early times. Under
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most circumstances, spinning dust grains are thought to align themselves
with their long axes perpendicular to magnetic field lines (e.g., [Hildebrand,
[1988; [Lazarian, [2003, [2007; Hoang & Lazarian, 2009; |Andersson} 2012), and
thus the radiation from the grains is polarized perpendicular to the magnetic
field. Thus, this type of observation can be used to infer the magnetic field
morphology in the plane of the sky.

Polarized thermal dust emission from both low- and high-mass protostellar
objects has been studied extensively at millimeter wavelengths and at high
resolution (1-2”) by the SMA (e.g., Girart et al., 2006; Zhang et al., |2014))
and CARMA (e.g., Hull et al 2013} [Hughes et al., [2013; [Hull et al 2014}
Stephens et all, 2014} [Segura-Cox et all [2015). With the newly upgraded
JVLA, it has been possible to begin performing dust polarization studies at
centimeter wavelengths, using the highest-frequency bands available: K, Ka,

and Q bands (18-50 GHz).
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Figure 6: VLA B-config imaging of the deeply embedded protostar NGC 1333 IRAS
4A at 8.1mm (37 GHz); Stokes I emission is shown in the left panel and the magnetic
field orientations inferred from the polarized emission (rotated by 90°) are shown in the
right panel. The grayscale in the right panel is the Stokes I emission. The rms noise is
23 uJybm™'; the contours start at 3¢ and increase in intervals of v/2. Credit: Erin Cox
(Cox et al. 2015, submitted).

See Figures [6] and [7] for preliminary VLA detections of polarized dust
emission at 37 and 43 GHz towards NGC 1333-IRAS 4A, one of the first
sources to be imaged in full polarization and high resolution at submillimeter
wavelengths using the SMA (Girart et al., 2006). For the JVLA, NGC 1333-
IRAS 4A is still one of the very few sources with bright enough polarized
emission that it can be imaged within a few hours. The improved sensitivity of
the ngVLA will allow us to detect many more objects, enabling studies of long-
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Figure 7: Observations of dust polarization toward the Class 0 young stellar object
NGC 1333-IRAS 4A. From left to right are JVLA 6.9 mm (43 GHz) images of Stokes Q,
Stokes U, and polarized intensity, produced with a synthesized beam of ~0.44”. The
grayscale and the dark contours represent polarized intensity; cyan contours represent
Stokes I continuum emission. Negative contours are dashed. The dark contours are —8,
6, 4, -2,2,4, 6,8, 10 x op, where op = 22 uJybm™! is the rms noise in the map of
polarized intensity. The cyan contours are —6, —3, 3, 6, 12, 24, 48, 96, 192 X o, where
o1 =19.5uJybm ™! is the rms noise in the Stokes I map. The polarization percentage at
the peak of the VLA image is ~2%. Credit: Baobab Liu (Liu et al. 2015, submitted).

wavelength polarization in a statistically significant sample of protostellar
sources. These studies will allow us to characterize the polarization in
regions optically thick at ALMA wavelengths, and will also enable us to
characterize the polarization properties of grains by observing the polarization
spectrum (i.e., source polarization as a function of wavelength, from infrared
to (sub)millimeter to centimeter wavelengths).

Considering that ALMA will eventually have Band 1 (~40 GHz), and
it already has a functioning polarization system at Band 3 (~ 100 GHz),
the lower-frequency K and Ka band (18-40 GHz) observations would be
unique to the ngVLA. Also, without considering the unknown polarization
efficiency as a function of wavelength, 18-40 GHz observations are easier
than higher Q band (40-50 GHz) observations at the JVLA site due to the
weather constraints; this may not be an issue for the ngVLA depending on
the weather at the site where the array is constructed.

Frequency requirement: The best frequency range to probe the polarized
emission from large (~1cm) dust grains ranges from 20-50 GHz.

Sensitivity requirement: An initial goal of the ngVLA would be to study
the centimeter-wavelength polarization in the same sets of sources already
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observed at millimeter wavelengths. In the high-resolution (~0.1”) 9mm
VLA image of NGC 1333-IRAS 2A (Figure the peak flux density is
approximately 1mJybm~!. To detect ~1% polarization in that source (and
other similar sources in Perseus) at > 50 and at similar resolution would
require an rms of ~ 1 pJybm™!.

Angular resolution requirement: To match the resolution of previous
millimeter observations will require resolutions of < 3”; to observe polarization
in the inner regions of disks where emission is optically thick at millimeter
wavelengths will require a resolution of ~0.1”.

3.3 Structure of jets in deeply embedded protostars

One of the key contributions of the JVLA to the field of low-mass star for-
mation was the discovery of compact free-free emission toward the central
sources in low-mass protostars (e.g., Rodriguez et al., [1989; |Anglada et al.,
1998) and the strong correlation of free-free emission with bolometric lumi-
nosity (Shirley et al. 2007)). Some of these sources are found to be extended,
suggesting that powerful jets are being driven by low-mass protostars (see
Figure |8 [Rodriguez et al., 2000 Reipurth et al., 2002]).

The JVLA has a maximum resolution at 12 GHz of ~0.2"” (28 AU at
140 pc); at this resolution, the jet launching region is unresolved and much of
the free-free emission in the jets is optically thick (e.g., [Rodriguez et al., [2000;
Shirley et al., 2007). With a spatial resolution several times higher than that
of the JVLA at the relevant frequencies of ~4-30 GHz, the ngVLA will be
able to zoom in on the jet-launching region and characterize the emission
processes. For example, observations at 12 GHz will be able determine if
the jet and/or outflow is being launched from an ionized disk wind and out
to what scales the jet is being launched (at 12 GHz the ngVLA will have a
resolution of ~ 0.05”, which is 7 AU resolution at 140 pc). By probing small
spatial scales we can also probe short timescales, which might allow us to see
changes in brightness (or even physical structure) of optically thin free-free
or gyro-synchrotron emission on orbital timescales.

The emission from protostellar jets is thought to be linked to the mass
accretion process, where the outflow rate will increase as the mass accretion
rate increases (e.g., Pudritz et al) 2007). Thus, variability in the protostellar
jets could be used as a diagnostic of variable accretion in low-mass protostars
that are completely obscured at optical wavelengths. This avenue of exploring
accretion variability will be extremely important given that most luminosity
from protostars is emitted between 70 yum and 160 pm, and the space-based
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Figure 8: Examples of radio jets from protostellar sources. Top: NGC 1333-VLA 2
(commonly known as SVS 13C) from Reipurth et al| (2002 Figure 5). Bottom: VLA 1,
the driving source of the HH 1-2 flow, from |[Rodriguez et al.| (2000} Figure 3).

facilities needed to access these wavelengths have limited lifetimes. Finally,
further observations are needed to constrain how strongly coupled accretion
and outflow/jet emission truly are (Galvan-Madrid et al., 2015).

Additionally, one could use high-resolution observations of optically thin
lines or continuum to probe variability within the disk structure itself, which
might vary independently from the protostar.

Frequency requirement: Jet emission will be observable and potentially
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resolvable by the ngVLA at frequencies of ~4-30 GHz.

Sensitivity requirement: The jet emission from a 1Lg protostar at a
distance of 140 pc typically has a flux density of 300 uJy at 12 GHz (Shirley,
et al., 2007)). If this emission is coming from an ionized disk wind from an
R =50 AU disk, the surface brightness will be ~6 uJybm™!. To detect this
with a SNR of 10, a sensitivity of 0.6 uJy bm™! is necessary.

Angular resolution requirement: In order to begin resolving structure
within free-free jets, spatial resolutions several times higher than the JVLA
resolution will be required at frequencies of ~4-30 GHz: i.e., ~0.05” reso-
lution at 12 GHz. Higher frequencies will also enable the jet emission to be
isolated with higher resolution.
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4 Formation of planets

4.1 Mapping planet formation regions in nearby disks

Planets are predicted to form in the innermost, densest regions of dusty and
gaseous disks orbiting young pre-main sequence stars. Due to the high density
and optical depth of these regions, observations at millimeter and centimeter
wavelengths are required to study the physical processes that control the
formation and early evolution of planetary systems.

High-resolution observations of the (sub)millimeter-wave emission from
young circumstellar disks have revealed large holes and asymmetries in the
circumstellar dust and gas distributions, which are sometimes accompanied
by spiral structures observed at near-infrared wavelengths (see Figure |§| and
the review by |Espaillat et al., 2014]).

These structures can be interpreted as the result of the gravitational
interaction between as-of-yet unseen giant planets and the circumstellar
material, and provide information on the mass and orbital radius of newborn
planets. The most outstanding example is the discovery of annular gaps in
the circumstellar dust distribution around the young (< 10° yr) low mass
star HL. Tau (see Figure , which suggests the presence of giant planets
orbiting at tens of AU from the central star.

A major limitation of observations at wavelengths shorter that 1-3 mm
is that they are incapable of penetrating dust column densities higher than
about 1-3 g cm™? (assuming a dust opacity as in Table [1), therefore making
impossible to study the formation of planets in the innermost regions of disks.
For example, the innermost 10 AU of a Minimum Mass Solar Nebula disk
would be opaque at the wavelengths covered by ALMA. This is presumably
where the planets in our Solar systems formed, and, in general, where the
majority of the planets are expected to form.

By mapping the disk emission at centimeter wavelengths, the ngVLA
offers a unique opportunity to investigate the distribution of dust and gas
in the innermost disk regions not accessible to ALMA. An example of the
imaging capabilities provided by the ngVLA is shown in Figure ngVLA
observations of the dust continuum emission between 1-3 cm will penetrate
dust layers as thick as 12 g cm™2, which, in a MMSN disk, corresponds to an
orbital radius of about 1 AU.

Last but not least, by accessing the innermost disk regions, multi-epoch
ngVLA observations will allow us to follow the temporal evolution of planet
forming disks on time scales comparable with the orbital period of the
circumstellar material.

22



IR-1.6 um ALMA — 450 um

=37°09'1e"

Dec (arcsee)

=37°0917"

15" 5M4R%M5 48%40 15" 5™48%45 48240

R.A. (arczec) R.A. (arczec)

Figure 9: Map of the dust emission observed toward the SAO 206462 young stellar
system. Left: image of the near-infrared scattered light emission observed with HiCIAO at
Subaru (Muto et al., [2012). Right: image of the 450 ym dust continuum emission observed
with ALMA (Pérez et all 2014). The angular resolution of the observations is indicated
on the lower left of each panel.

Frequency requirement: Frequencies between 10 GHz and 50 GHz are
ideal to map the innermost regions of protoplanetary disks because they
provide the best combination of optical depth, intensity of the dust emission,
and angular resolution that can be achieved with the ngVLA.

Sensitivity requirement: A sensitivity of 0.5—1K is required to map the
dust emission with a peak signal-to-noise ratio larger than 10 (this assumes a
disk midplane temperature of 50 K and an optical depth of 0.1).

Angular resolution requirement: An angular resolution of 5-10 mas is
required to detect the perturbations of forming planets that lie within 10 AU
of nearby (d = 130 pc) young stars.

Spatial filtering requirement: a maximum angular scale of about 5” needs
to be mapped in order to recover the total disk flux.
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Figure 10: Multi-frequency maps of the synthetic continuum emission from a planet
forming disk located at the distance of 130 pc from the Earth. The disk hosts a Jupiter
and a Saturn mass planet at 12 AU and 6 AU from the central star, respectively. Because
of the high optical depth within a radius of 10 AU, the emission at frequencies > 50 GHz
reveals only the outermost planet. The emission at frequencies < 50 GHz reveals both
planets. The bottom right panel shows the simulated ngVLA observation of the 25 GHz
disk emission. The angular resolution of the ngVLA observations is 10 mas and the noise
level is 1 K.

4.2 Probing planet formation through the distribution of
dust and pebbles

The spatial distribution of circumstellar dust is shaped by the aerodynamic
interactions between dust and gas, which strongly depend on the dust grain
size. In particular, grains smaller than a few microns are coupled to the gas,
while millimeter dust grains and larger are concentrated toward gas pressure
maxima. This process can lead to local enhancements in the dust-to-gas ratio
that have strong implications for the formation of planetesimals (see, e.g.,
the PPVI review by |Johansen et al. |2014).

Before planet formation occurs, large dust grains settle toward the disk
midplane and migrate toward the innermost disk regions, where they interact
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Figure 11: Snapshot of the gas and dust surface density of a disk perturbed by a 10 M
planet orbiting at 20 AU from the central star, after 600 orbits of the planet. The planet is
located at (0, —20). Left: Gas surface density. A circular gap and a vortex develop at the
orbital radius of the planet and at the outer edge of the gap, respectively. Center: Surface
density of 1 mm grains. Millimeter grains are concentrated toward the center of the vortex
(where the dust-to-gas ratio reaches values close to 1), and in the Lagrangian points on
the planet orbit. Right: Surface density of 1 cm grains. Centimeter grains are even more
concentrated toward the center of the vortex (modified from |[Fu et al., 2014).

to form planetesimals. However, as soon as the first planets form, they gravi-
tationally interact with the circumstellar gas, producing local enhancements
in the gas pressure that can catalyze the formation of planetesimals at much
larger orbital radii. This process is currently observed in transitional disks
and might have played an important role in forming trans-Neptunian objects
and comets in our Solar System.

The ngVLA will allow us to map the distribution of pebbles across the
entire planet formation process, and the comparison between ALMA and
ngVLA observations will allow us to investigate the evolution of solids and
the formation of planetesimals (see Figure [11]).

Frequency requirement: Frequencies between 10-50 GHz are required to
map the distribution of centimeter-size pebbles.

Sensitivity requirement: A sensitivity of 0.5-1 K is required to map the
dust emission with a peak signal-to-noise ratio larger than 10 (this assumes a
disk midplane temperature of 50 K and an optical depth of 0.1).

Angular resolution requirement: An angular resolution higher than 0.2” is
required to spatially resolve the distribution of pebbles in circumstallar disks
at a distance of 130 pc. An angular resolution higher than 0.1” is required to
spatially resolve the sub-structures predicted by dust evolution models (see
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Figure [11). An angular resolution higher than 0.05” is required to spatially
resolve the vertical distribution of dust.

Spatial filtering requirement: a maximum angular scale of about 5” needs
to be mapped in order to recover the total disk flux.
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5 Chemical evolution of the star and planet form-
ing environment

5.1 Complex organic molecules in Hot Molecular Cores

Hot molecular cores (HMCs) are the best reservoirs in the Galaxy of complex
organic molecules (COMs). These COMs include prebiotic molecules, which
are the building blocks of life. Prebiotic molecules such as glycolaldehyde or
ethylene glycol were first detected in the interstellar medium towards Sgr
B2(N) in the Galactic Center (e.g., Hollis et al., {2002} 2000), and subsequently
in HMCs such as G31.41-+0.31 (Beltran et al., |2009), Orion KL (Brouillet
et al) [2015), and in the hot corino around the Solar-type protostar IRAS
16293-2422 (Jgrgensen et al., 2012). COMs are important not only because
of the link between prebiotic molecules and the origin of life, but also because
COMs can be used to study higher density regions than those traced by
typical hot-core tracers such as methyl cyanide (e.g., Beltran et al., 2009)).
This allows us to glimpse deep inside molecular cores and study the material
closer to the central (proto)star, where a potential massive circumstellar disk
might be embedded.

COMs in high- and low-mass star-forming regions can be easily observed
at (sub)millimeter wavelengths but are severely affected by line blending.
Moving to the centimeter-wavelength window, the number of spectral lines in
a selected spectral portion is significantly lower with respect to the millimeter
window, and hence the lines are less blended. This allows us to more easily
detect the presence of COMs, and to study the kinematics of high- and
low-mass star-forming regions—in particular of possible accretion disks—in a
very pristine way (e.g., Goddi et al., 2015; (Codella et al., 2014]).

Frequency requirement: COMs have several transitions at cm wavelengths,
but to achieve the higher angular resolution needed to trace the inner regions
of HMCs a good compromise would be to observe between 18-50 GHz.

Sensitivity requirement: We use glycine as a benchmark due to its high
prebiotic interest. Based on the predicted hot core glycine abundances from
Garrod| (2013)) we can expect line brightnesses of ~0.15 K for the strongest
lines in the nearest HMCs, assuming a hot core temperature of 200 K and a
spatial resolution of 0.2”.

Angular resolution requirement: At the typical distances of high-mass star-
forming regions (~ 5 kpc), one needs angular resolutions of < 0.1” to trace
HMCs, which have typical sizes of a few 1000 AU (0.02-0.04 pc). However, to
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trace possible embedded disks with spatial scales of a few 100 AU (typical
of disks around low- and intermediate-mass protostars) one needs angular
resolutions of 20-50 mas, easily achieved by the ngVLA between 27-50 GHz.

Spectral resolution requirement: Typical line widths of COMs in HMCs
are of a few km/s.

5.2 Gas and chemistry in planet forming regions

Investigating the chemistry of planet forming regions in young circumstellar
disks is key for understanding the initial condition that lead to the develop-
ment of life. The primordial amount of carbon, nitrogen, oxygen, and water
present on planets depends on the molecular composition of the parent disk
and on the planet formation history. Furthermore, how far the chemistry of
complex organic molecules and prebiotic molecules extends into the circum-
stellar and interstellar media needs to be understood in order to determine
the complexity of the material that is delivered to planetary surfaces.

The low frequencies of the ngVLA (compared with ALMA) give access
to:

Ammonia (NHs), one of the most (perhaps the most) important N-
bearing volatile. NHjs is a major carrier of nitrogen in interstellar and
perhaps circumstellar environments. It is also the most commonly used gas
thermometer. NHj is frequently observed in pre- and protostellar regions,
but lack of sensitivity has prevented its detection in protoplanetary disks.
Obtaining accurate gas temperatures in disks is a key goal of disk explorations,
since temperature regulates both the chemistry and the physics, including
planet migration patterns. The importance of nitrogen for prebiotic chemistry
also makes it disturbing that we currently do not have observational access to
any of its main carriers during planet formation. Using the chemical model
described in Du et al. (2015), we calculate that detecting ammonia in disks
is within the reach of ngVLA observations. In particular, we estimate that
brightest ammonia radio wavelength transitions around 23.7 GHz from TW
Hya disk can be detected with a signal-to-noise larger than 5 in 1 hour on
source. Detecting the same transitions in disks at a distance of 130 pc would
therefore require about 10 hrs of integration on source.

Volatile molecules in very dense regions, e.g., the innermost parts of
protoplanetary disks, that are otherwise veiled by optically thick dust at
shorter wavelengths. With the advent of high-spatial resolution and high-
sensitivity molecular line millimeter observations with ALMA, it is becoming
clear that a major obstacle to exploring the disk midplane of the innermost
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10s of AU of disks is dust optical depth. This can only be resolved by high-
spatial-resolution observations at longer wavelengths where the dust opacities
are smaller. Since this region is the planet forming region in most disks,
characterizing its volatiles is an important objective. Accessible ngVLA lines
include NHj (see above), HoCO(1-1, 2-2, 3-3) CH3OH(1-0), and perhaps OH,
HCO;, HDO and H5O if the ngVLA is designed with sufficient sensitivity.

Low-lying excitation modes of moderately complex organic molecules, en-
abling the observations of molecules such as CH3CN in the cold regions
where they are proposed to form through ice chemistry. Most observations
of COMs have focused on hot regions where thermal desorption of icy grain
mantles bring all volatiles into the gas phase (e.g., (Oberg et al.[2015 have
detected warm CH3CN in a protoplanetary disk). These molecules form
at low temperatures, however, and tracing the chemical evolution requires
observations of low-lying excitation states of the small abundances of organic
molecules that desorb non-thermally in their formation zones. The centimeter
and 7mm spectral regions give access to these transitions for all common
complex organic molecules, including CH3CN.

Lines of very complex organic molecules such as glycine, because of a lower
line density at centimeter wavelengths compared to millimeter wavelengths.
Very complex organics are difficult to detect for two reasons: (1) they are less
abundant and therefore require high sensitivity, and (2) at these low signal
strengths the millimeter spectra are crowded with emission from complex
molecules and their isotopologues. At longer wavelengths the spectra are
less crowded, enabling their detections given enough sensitivity. The recent
detection of water vapor in the prestellar core L1544 shows that even in
the cold interior of dense cores, cosmic rays yielding secondary high energy
radiation can desorb a measurable quantity of molecules from the ices (Caselli
et al.,|2012). |Jiménez-Serra et al. (2014)) have shown that not only water, but
also complex prebiotic molecules like glycine may be detectable if desorbed
together with the water molecules. A similar argument could be made for
the cold midplanes of protoplanetary disks.

Frequency requirement: Frequencies from 10-40 GHz are required to map
the emission from the molecules described above. A frequency resolution
between 0.1-1km is required to resolve the line profile and study the disk
kinematics.

Sensitivity requirement: Given the large uncertainties in molecular abun-

dances, it is extremely difficult to predict the emission from complex molecules.
A sensitivity of about 30 mJybm™' in a 1kms~! channel is required to detect
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ammonia in disks.
Angular resolution requirement: An angular resolution between 0.2-5"
is required to detect, and possibly spatially resolve, molecular line emission

from circumstellar disks.

Spatial filtering requirement: A maximum angular scale of about 5" needs
to be mapped in order to recover the total disk flux.
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6 Structure of Debris Disks

The end stage of circumstellar disk evolution is the debris disk, where dust is
produced by the collisional erosion of planetesimals. Imaging the structure
of debris disks is important to indirectly infer the presence (and perhaps
the orbital evolution) of planets on wide orbits that are not accessible via
other observational techniques. While the kilometer-sized remnants of the
planet formation process cannot be detected directly, emission from their
dusty debris is linked to them through the collision process and offers a
window into their physical and dynamical properties. Observations of debris
disks at millimeter wavelengths are important because the large grains that
dominate the thermal emission directly trace the planetesimals, unlike the
smaller grains seen in the optical and infrared that are rapidly blown out by
stellar radiation and winds.

Because of the low masses of dust in debris disks compared with the
younger primordial disks, and because dust opacities drop steeply with
wavelength, only a few detections of debris disks in dust continuum emission
at A > 3mm have been reported (see, e.g., Ricci et al,, [2012). In general,
ALMA observations at shorter wavelengths can probe the structure of small
solids (and therefore planetesimals) at higher signal-to-noise ratios than the
ngVLA. However, the improved sensitivity of the ngVLA will enable the
detection of many more debris disks at longer wavelengths, where the spectral
index of the dust continuum emission can be related simply to the underlying
size distribution of centimeter-sized solids, thereby probing the collisional
models.

The reference model is the steady-state catastrophic collisional cascade,
where the relative velocities and tensile strengths of the colliding bodies are
assumed to be independent of size, and velocities are high enough to create
fragments that are all less than half the size of the original parents. This self-
similar shattering recipe leads to a power-law size distribution, n(a) o a=?
with exponent ¢ = —3.5. However, the process is certainly more complex,
and recent analytic and numerical studies incorporate more realistic collision
dynamics and physics, and generally predict steeper size distributions (e.g.,
Pan & Schlichting, 2012)). It is also possible that the particles are more like
rubble piles, or that velocities are small and collisions are gentle, which would
lead to a more shallow size distribution (e.g., Saturn’s rings).

Observations of debris disks with the ngVLA, together with ALMA, will
probe, via the emission spectral index, the size of the solids involved in the
collisional cascade. Observing with the ngVLA is advantageous because the
effect of dust temperature (which also affects the spectral index) is mitigated
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at longer wavelengths. In addition, ngVLA observations of debris disks will
enable us to investigate whether grains with different sizes have different
spatial distributions, and, ultimately, to look for clumps of centimeter size
grains retained in resonance with unseen planets (see, e.g., Wyatt| 2006]).

Finally, longer wavelengths also provide a long lever arm to minimize the
effects of absolute calibration uncertainties. Since it seems likely that not all
debris disks are the same, and that solid properties may vary with dynamical
history and radiation environment, large samples of debris disks will need
to be observed to reach general conclusions about collisional processes in
mature planetary systems.

Frequency Requirement: Frequencies from 10-50 GHz provide good
sensitivity to thermal dust emission from large grains. An extension to
100 GHz would be useful to better define the spectral shape.

Sensitivity Requirement: To reach a sample of 10s to 100s of debris disks
requires an rms sensitivity of roughly 100 nJybm~!.

Resolution Requirement: A beam size of a few arcseconds resolution is

adequate to obtain flux densities of debris disks; only the most nearby targets
will be resolved.
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7 Solar System

The frequency range that may be covered by the ngVLA is appropriate for
measuring radiation from all categories of Solar System bodies: terrestrial
and gaseous planets, rocky and icy small bodies (moons, asteroids, Trans-
Neptunian Objects and other small-body families), and comets. The long-
wavelength tail of the thermal emission from these bodies can be measured,
allowing one to detect and in many cases map the brightness temperature
fields from surfaces or atmospheres. The continuum emission (or radar re-
flection) spectrum originates from depths in subsurfaces or atmospheres that
cannot be probed by other techniques, as well as from relatively large grains
in planetary environments (rings). The combination of long-wavelength
measurements with observations at shorter wavelengths can hence provide
important and unique insight into vertical atmospheric profiles, grain size
distribution and, for surfaces, subsurface structure. In addition, spectroscopic
observations of molecular lines (such as NHz, CO or OH) can provide infor-
mation on gas abundances and temperatures in atmospheres and cometary
comae. If the covered frequencies of the ngVLA extend low enough (below
10 GHz), then non-thermal synchrotron emission from electrons trapped in
the magnetospheres of the giant planets can be mapped, yielding important
information on the distribution of the electrons and the topology of the
magnetic fields.

Strong constraints can be placed on a large range of properties of Solar Sys-
tem bodies by such measurements, which are highly complementary to ground-
and space-based observations in the optical, infrared and (sub)millimeter
regimes. The combination of the exquisite sensitivity, excellent imaging
performance, and especially high spatial resolution that could be offered by
the ngVLA will expand the reach and precision of the type of studies that
are now only partially addressed by the JVLA.

We present here a non-exhaustive list of scientific cases that can be
addressed through ngVLA observations. An extensive review of the science
cases that can be addressed by SKA, partially overlapping the ngVLA cases
at the lowest frequencies, can be found in Butler et al.| (2004).

7.1 Deep atmospheric mapping of giant planets

Understanding the coupling of gas abundances, temperature, and dynamics
of the deep atmospheres of the giant planets is vital to our understanding of
these planets as a whole, and to our understanding of extrasolar giant planets.
Optical and infrared observations probe only to depths less than 1 bar, so
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it is not known whether the cloud features (including storms) seen at those
wavelengths extend into the deep atmospheres of the planets. Observations
at ngVLA wavelengths will probe to much greater depths than the optical or
the infrared—to tens of bars on Saturn, Uranus, and Neptune and a few bars
on Jupiter (deeper if frequencies below 10 GHz are available)—and will yield
information on atmospheric properties’ horizontal and vertical distributions,
and their variations. Previous observations at these wavelengths from the
JVLA have provided important information (Sault et al., 2004; |de Pater
et al., [2014b)), but the sensitivity and resolution of the ngVLA will be so
superior that such observations will revolutionize our understanding of the
deep atmospheres of these planets. For example, on Neptune and Uranus
(2.2" and 3.6” diameter), only the largest-scale features in the troposphere
can be detected with the JVLA. The most extended configurations of the
ngVLA would enable mapping of features with a characteristic size down to
450 km on Neptune.

At ngVLA wavelengths, the bulk of the emission from the atmospheres of
the giant planets results from collisionally induced absorption of the individual
atmospheric molecules (Hy, NHs, PHs, HoS, H2O, etc.). These molecules
do not form observable spectral lines, because the pressures are so great
that they are pressure-broadened into a pseudo-continuum. If the CO(1-0)
transition is available to the ngVLA, the emission comes from high enough in
the atmosphere that a more typical spectral line is seen, at least on Neptune
(Marten et al.l [1993). By observing over a large range of radio frequencies,
one can probe different depths in the atmospheres, and can hence determine
the 3D spatial distribution of these absorbers in a planet’s deep atmosphere,
as well as the absorbers’ coupling to the vertical temperature profile. For
example in de Pater et al. (2014b), VLA observations were used to determine
the humidity of the deep troposphere near Neptune’s South pole (see Figure
12).

A difficulty with the giant planets is their rapid rotation (of order 10
hours for all of them), which can prevent the identification of longitudinal
features in the atmosphere. We cannot simply observe for longer periods to
gain sensitivity and to allow for Earth rotation synthesis to fill in uv-coverage
for better imaging of these bright and complex sources, because they are
changing significantly with time. A technique to overcome this difficulty,
and construct longitude-resolved images, has been developed by [Sault et al.
(2004). When applied to VLA observations of Jupiter, it allowed for the first
time a direct comparison of features seen in the optical/infrared to those in
the radio (at 1.5 cm wavelength), showing a very good correlation between
radio and infrared features. This technique has been applied using more
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sensitive JVLA data (de Pater et al.l 2014a)), which shows even finer detail
than the previous observations. In principle the technique can also be used
on the other giant planets, but that has not been demonstrated yet. For
this technique to work best, good instantaneous uv-coverage is required over
the full range of spatial scales of the planet—from the whole disk (short
spacings) down to the synthesized beam scale (long spacings). Only with an
interferometer like the ngVLA is this possible.

Frequency requirement: The frequency coverage determines the range of
depths probed in the atmosphere. Since centimeter-wavelength mapping is
the only technique that allows us to directly probe the deep atmosphere, the
widest coverage is desirable.

Angular resolution requirement: Any improvement in spatial resolution
with respect to JVLA would directly translate into the ability to observe
smaller atmospheric features.

Field of view requirement: A large instantaneous field of view (~ 1 arcmin)
is preferable for imaging giant planets.

Imaging requirements: Observations on short and long baselines are
essential to capture the large range of spatial scales at play, and must be
obtained simultaneously due to the relatively short timescale of dynamic
atmospheric features.

Other requirements: Studies of time-variable phenomena may require
flexible scheduling capabilities.

7.2 Surface and subsurface thermal emission

Since surfaces are not opaque at radio wavelengths, the thermal emission
from bodies where a surface can be sensed represents the contribution from
not only the surface, but from the subsurface as well. The rule of thumb
for rocky surfaces is that the main contribution comes from depths within
about ~10 wavelengths of the surface. At ngVLA wavelengths, this would
correspond to sounding depths in the 3-60 cm range. Such a wide range is
of particular interest since it samples both within and beyond the typical
diurnal skin depth (section of surface sensitive to diurnal variations). The
possibility to measure the vertical temperature profile across the skin depth
provides strong constraints on surface properties such as thermal inertia,
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Radio Images of Neptune
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Figure 12: JVLA radio images of Neptune at five wavelengths, as indicated. The intensity
scale in units of brightness temperature is indicated on the right for each image, and the
beam size (FWHM) is indicated in the lower left corner. Neptune has been rotated in these
images so that the north pole is pointing up. Reproduced from |de Pater et al] (2014b)
(Figure 6).

and also reveals the nature of the surface (porosity, roughness). Obtaining
continuum spectra of spatially unresolved small bodies (asteroids, Kuiper
Belt Objects, small moons), can hence offer a resolved vertical view of the
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thermal structure within the surface.

High spatial resolution mapping of the largest bodies can add the horizon-
tal component to achieve a full 3-D thermal map of a surface. The objective is
then to link thermal features to insolation effects, geographic features and the
distribution of surface properties (albedo and thermal inertia in particular).
With the ngVLA, the resolution would be sufficient to map Mars, Venus
and Mercury (at all frequencies), large moons and Pluto (at mid and high
frequencies), and main-belt asteroids down to roughly 100 km diameter (at
high frequencies). In addition, the possibility to map the variation of the
polarization as a function of emission angle across a surface is the most direct
method to derive a surface’s dielectric constant.

Frequency requirement: Frequency coverage determines the range of
depths probed in the subsurface. The possibility of measuring low frequency
emission is especially valuable for probing subsurface emission below the
diurnal skin depth.

Angular resolution requirement: Resolution down to ~ 50 mas, at least
at high frequencies, is a minimum for imaging the surfaces of the largest
moons and asteroids. Any improvement over this would allow us to reach for
mid-size asteroids.

Other requirements: Observations may require stringent scheduling
constraints, related to observing geometry.

7.3 Surface and subsurface bistatic radar

Radar observations have been used to probe the surfaces and subsurfaces of
all of the terrestrial planets and many smaller bodies in the Solar System
(Ostro, [2003). Notable findings include the first indications of water ice in
the permanently shadowed regions at the poles of Mercury (Slade et al.
1992; [Harmon et al.; |2001), searches for water ice in the polar regions of
the Moon (Stacy et al., [1997; Campbell et al.l 2003), and mapping of polar
ice and anomalous surface features on Mars (Muhleman et al., 1991). More
recently, there has been considerable effort in using radar observations both
to characterize near-Earth objects (NEOs) and determine their physical
properties, spin, and orbital state (Margot et al., [2002; Busch et al.| 2010]).
Precise knowledge of their orbits is essential to assess the extent to which
they might represent impact hazards to the Earth (Committee to Review
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Near-Earth-Object Surveys, 2010)), and to support both robotic and crewed
spacecraft missions (e.g., Chesley et al., 2014]).

Radar observations are currently conducted at S band (~ 2.3 GHz)
and X band (~ 8.5 GHz), and future radar observations may also be conducted
at Ka band (~32GHz). All of the planetary radar bands could be within
the frequency coverage of the ngVLA. Existing planetary radar observations
with the VLA have been used to image the radar return and make plane-of-
the-sky astrometry measurements. Such “bistatic radar aperture synthesis”
has produced spectacular images that convincingly demonstrate the presence
of water ice at the poles of Mercury and Mars. With a factor of five better
angular resolution, the ngVLA could produce a correspondingly better linear
resolution on the surface of target bodies and open the possibility of produc-
ing resolved images of smaller objects. For example, de Pater et al. (1994])
imaged 4179 Toutatis with the VLA with an angular resolution corresponding
to a linear resolution of ~10 km on the asteroid. The asteroid showed clearly
distinct residual radar features, suggestive of a bi-lobed structure, but the
estimate of the separation of these features was limited by the VLA’s beam
size. With the improved angular resolution of the ngVLA, features with
scales of about 2 km would have been distinguishable.

In addition, ngVLA sensitivity would expand the set of targets for tra-
ditional bistatic delay-Doppler planetary radar. The signal-to-noise ratio of
radar observations scales as R~%, where R is the range to the object. With a
fixed radar transmitter power (and gain), the signal-to-noise ratio can only
be improved by using increasing the gain (i.e., sensitivity) of the (bistatic)
receiving element. The increased sensitivity of the ngVLA would increase
the range to which NEOs could be targeted for radar observations, partic-
ularly for targets that are outside of the declination range of the Arecibo
Observatory. If the ngVLA reaches a sensitivity of five times that of the
current VLA, it would more than triple the accessible volume (enlarge the
range by a factor of 50%) for NEO observations. In addition, for NEOs with
close approaches to the Earth (short round-trip light travel times), it can be
difficult or impossible to switch a radar facility from transmitting to receiving
rapidly enough, and using a bistatic configuration is the only way to probe
them with radar.

Frequency requirement: S-band (~2.3 GHz) and X-band (~ 8.5 GHz)
coverage is desirable.

Sensitivity requirement: Sensitivity directly constrains the limit in target
distance. The nominal improvement of sensitivity by a factor 5 compared to

38



the JVLA already significantly increases the number of potential targets.

Angular resolution requirement: Resolution of the order of 300 mas at
S-band (~ 2.3 GHz) would allow for high-resolution radar mapping of several
near-Earth asteroids.

Other requirements: The availability of a bistatic configuration is critical
for observing some of the nearest targets.

7.4 Comets’ chemistry and nuclei

Comets are considered to be among the most primitive objects of the Solar
System. Their rich coma chemistry, which has been explored in depth in par-
ticular at (sub)millimeter wavelengths Biver et al| (1997)), may contain clues
related to the physical and chemical conditions of the primitive Solar System.
At the ngVLA wavelengths, emission from water, ammonia, formaldehyde,
methanol, OCS, and other coma constituents could be mapped, and their
ratios measured. In particular, the true ammonia/water ratio could be derived
by the simultaneous mapping of the 22 GHz water line and 24 GHz ammonia
line in the near-nucleus coma (within 1000 km). This measurement, which is
connected to a science case for disk studies with ngVLA, should enable us to
explore how comet chemistry is linked to the protoplanetary disk.

If lower frequencies are available, molecules such as OH and CH could
also be mapped, either directly or via the method of occultation (Butler &
Palmer, |1997). Probing the lower-lying transitions of these molecules (those
not available to ALMA, for instance) is important for understanding their
abundance and temperature. Unfortunately, these transitions are fundamen-
tally much weaker than the higher-level transitions, since the lines are all
thermally excited and hence the flux density scales like 3. Because of this,
such studies have been very limited in the past(for an exception, see, e.g.,
Snyder et al. [1989). The high sensitivity provided by the ngVLA is thus
critical for these types of observations. One challenge for a number of these
molecules is the size of the emitting region, which can be very large. In
some cases (including ammonia), it may be necessary to use the ngVLA
for the equivalent of single-dish observations, potentially using position- or
frequency-switching.

Observations of the thermal emission from cometary nuclei is similar in
principle to the observation of surfaces of small bodies, and allows one to
estimate the nucleus’ equivalent size and its surface emissivity properties.
Due to the nuclei’s icy composition, radio observations usually sound deeper
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levels in cometary nuclei than in rocky surfaces. Bistatic radar of comets
(see above) also provides information on the nuclei and their “icy grain halos”
(Harmon et al., 2004)).

Frequency requirement: K band (18-27 GHz).

Sensitivity requirement: High sensitivity is crucial to detect the ammonia
line at a range of heliocentric distances.

Spectral resolution requirement: Kinematics studies could be performed
on ammonia lines in comets if the lines are sufficiently resolved, requiring a
spectral resolution below 0.2kms™! at 24 GHz.

Field of view requirement: Due to the large extent of comets’ comae,
mosaicking may be necessary.

Imaging requirements: Similar to the giant planet case, simultaneous
observations of short and long baselines are a must. Even with short base-
lines, large spatial scales may still be filtered out, warranting a single-dish
observation mode.

Other requirements: Observations may require stringent scheduling con-
straints.

7.5 Rings

Much information can be extracted from radio observations of Saturn’s rings.
High precision maps of the rings at high spatial resolution and at different
frequencies (2-50 GHz) can be used to determine the mass fraction of non-icy
material in the rings (and how this varies throughout the rings), as well as
the nature and size distribution of the smallest particles in Saturn’s rings
(Zhang et al., 2014)). Similar to atmospheric observations of the giant planets,
observations of Saturn’s rings require simultaneous coverage of small and long
baselines. Measuring the polarization of the rings is also useful to determine
particle properties from their scattering characteristics.

Other requirements: linear polarization.
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7.6 Jupiter synchrotron emission

Jupiter’s synchrotron emission originates from the interaction of energetic
electrons with Jupiter’s strong magnetic field. The synchrotron emission
morphology and intensity is changing over time in response to comet impacts,
interplanetary shocks and other phenomena that induce changes in the
energetic electron distribution in Jupiter’s magnetosphere. With the limited
signal-to-noise in the older VLA maps, and because of changes in Jupiter’s
size as the planet orbits the Sun, it has been difficult to assess the reality
of short-term time variations (de Pater et al., [1997). With the ngVLA
sensitivity, such studies can be carried out. It is ideal to observe over the
entire frequency range, from the lowest frequencies (0.3 GHz) up to ~ 50 GHz.
If time variability is observed, the source and mode of transport of energetic
electrons can be determined—this is one of the outstanding questions in
Jovian magnetospheric physics. Given the large spatial scales involved, the
simultaneous use of extended and short baselines is necessary to study the
full emission extent.

Frequency requirement: Frequency coverage as wide as possible is prefer-
able.

Sensitivity requirement: A continuum sensitivity at least 5 times better
than JVLA is desirable.

Field of view requirement: A large instantaneous field of view (~1 arcmin)
is preferable, and mosaicking will be necessary to map Jupiter’s environment.

41



8 SETI

SETI (Search for ExtraTerrestrial Intelligence) experiments seek to determine
the distribution of advanced life in the universe through detecting the presence
of advanced technology, usually by detecting electromagnetic emission from
communication technology (Tarter, 2003), but also by detecting evidence
of large scale energy usage (Carrigan, 2008; Wright et al. [2014alb), or
interstellar propulsion (Guillochon & Loeb|, 2015). For more than 100 years,
technology constructed by human beings has been producing radio emission
that would be readily detectable at tens of parsecs using receiving technology
only moderately more advanced than our own. Some emission, including that
produced by the planetary radars at Arecibo Observatory and the NASA
Deep Space Network, would be detectable across our galaxy. Modern radio
SETI experiments have been ongoing for the last 55 years, but for the most
part they have searched only a small fraction of the radio spectrum accessible
from the surface of the Earth and have probed only a few nearby stars at
high sensitivity. The sensitivity and flexibility of the ngVLA, leveraged
by the wealth of new SETT targeting information that will be forthcoming
from experiments such as GAIA (Perryman et al| 2001) and the Transiting
Exoplanet Survey Satellite (TESS) (Ricker et al., 2014), could enable a vastly
more powerful radio SETI search than has been conducted in the past. For
example, at 5 x JVLA sensitivity, ngVLA could detect radio emission of
comparable luminosity to our own high-power aircraft radar from dozens of
nearby stars in only 10 minutesﬂ Further, the proposed frequency coverage
and putative sky coverage of the ngVLA would be very complementary to
other upcoming radio SETTI facilities, including the SKA (Siemion et al.|
2015)).

SETT observations require access to low-level time-domain data products in
order to achieve high sensitivity to coherent and/or technologically modulated
signals. For interferometers, generally this is accomplished in a manner similar
to operating the telescope as a single unified VLBI station—e.g., the signals
from all antennas are phased up (or beam-formed) to one or more positions on
the sky, and the resultant voltage time series is recorded to disk or analyzed
in-situ with one or more custom signal processing systems (Deboer, [2006)).
Multiple beams on the sky are especially effective because they allow powerful
multi-beam interference excision to be employed in the candidate-sorting
stage (Barott et al., 2011)). Although SETT signal processing systems are

2We note that this statement applies only generally to isotropic transmitters of similar
equivalent isotropically radiated power (EIRP), not to the specific case of detecting true
Earth-analog radar systems
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custom in the sense that they run specific signal detection algorithms that
may differ from those used in other radio astronomy applications, recently
the hardware portion has been largely constructed from commodity elements,
e.g., rack mount CPUs and GPUs (Korpela et al., 2014)).

One could envision several possible paradigms for SETI observations with
the ngVLA | including both commensal and primary-user modes. In the case
of the former, SETI observations would be most successful if a capability were
built into the overall system that permitted simultaneous beam-forming, and
subsequent SETT signal analysis, within the primary beam of the telescope
regardless of what other activities were underway. In general, SETI targets
are isotropic on the sky. Although one can make reasonable arguments for
concentrating on regions of high galactic stellar density in raster scan surveys,
there are sufficient unknowns that a true all-sky survey is at least as effective
(Shostakl, 2000). For both commensal and primary-user modes, access to as
wide a phased bandwidth as possible will maximize search speed.

Frequency requirement: Large instantaneous bandwidths would allow
searching a wide range of possible transmission frequencies quickly.

Sensitivity requirement: As discussed above, at 5 x JVLA sensitivity,
ngVLA could detect radio emission of comparable luminosity to our own
high-power aircraft radar from dozens of nearby stars in only 10 minutes.
Higher sensitivity allows probing more Earth-like luminosity functions for
artificial transmitters.

Angular resolution requirement: For targeted SETI searches, most sources
of interest would be unresolved with any Earth-based radio telescope. For
SETI surveys, it is desirable to have a small number (N & 10) of relatively
large beams on the sky in order to scan large fields of view quickly without
having to search many independent signal paths.

Spectral resolution requirement: The characteristic frequency resolution
for narrow-band SETI experiments at cm-wavelengths is ~ 0.1 Hz.

Field of view requirement: For a targeted SETI search, it would be
desirable to have a field of view large enough that there were as many
potential SETT targets within the field as there were beams available to
search them. For a catalog of 1M objects distributed isotropically, and 10
available SETI search beams, FoV ~ 0.5 deg? would be ideal.
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9 Summary of the technical requirements and con-
clusions

We presented a series of science cases that will be made possible by a long-
baseline array operating at millimeter and centimeter wavelengths, such as
the Next Generation Very Large Array (ngVLA). Table [2| summarizes the
technical specifications required to successfully achieve the presented scientific
goals. The Key Science Projects are listed in bold.

The majority of the presented science cases, and in particular all the key
science projects, require observations between 10-50 GHz. We note that this
range of frequency would be covered only marginally by the SKA and the
ALMA Band 1 receivers.

The most compelling science involving the formation of stars and planets
is enables by achieving a maximum angular resolution between 0.005-0.01".
This would require baselines as long as 400 km for a nominal frequency of
30 GHz. Mapping projects, such as mapping planet formation regions and
the innermost part of dense molecular cores, require high fidelity images,
which in turn requires good coverage of the uv-plane. Deep mapping of the
atmosphere of the giant planets in our Solar system, and, in general, Solar
system related science, requires large field of view capabilities, coupled with
intermediate angular resolution (0.05-0.5”). The request of high angular
resolution, large field of view, and good uv-coverage should be carefully taken
into account in designing the array.

Finally, since several of the presented science cases will benefit from
complementary ALMA and SKA observations, the location of such a future
array should be chosen in order to maximize the overlap of sky coverage.
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