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Summary

The deep atmospheres of the giant planets provide crucial constraints on their composition, an
essential parameter in planet formation models. These deep atmospheres can only be probed re-
motely at radio wavelengths. The next-generation Very Large Array (ngVLA) will enable the
highest sensitivity and spatial resolution observations at wavelengths of 0.25-26 cm (1.2-116 GHz),
enabling one to derive the composition and atmospheric dynamics of the Ice Giants Uranus and
Neptune from the stratosphere down to tens of bars, and constrain H,O at 100s of bars via mm-
spectroscopy of CO. A comparison of the ngVLA with a future Ice-Giant mission shows that the
ngVLA will provide a spatial resolution at wavelengths - 10 cm that is superior over radio instru-
mentation on an Ice-Giant mission. The ngVLA will provide unique scientific observations (e.g.,
full maps over a broad wavelength range, and mm-wavelength spectroscopy), providing invaluable
support to space missions. It also is a potential ground station for spacecraft telemetry.

1 Introduction

Comparative planetology of the bulk composition is a key ingredient in the development of models
to explain the formation and evolution of our Solar System. For the giant planets, measurements
of the noble gases and condensable species (CH4, NHs, H,S, H,O') provide the essential compo-
sitional information. Only an atmospheric entry probe can measure the noble gases, and such a
probe can determine the temperature profile and composition at its location of entry, as done by
the Galileo Probe on Jupiter down to 20 bar [25]. The depth a probe can sample depends on the
opacity of the atmosphere at the data relay link frequency and the amount of time the orbiter is
within the probe’s antenna beam to receive the signal. The latter limits the depth a probe can reach
to no more than 10 bar on the Ice Giants. A direct link from the probe to Earth requires not only
that the probe be visible from Earth during descent, but extremely large antennas are needed to
receive the probe’s (typically at 100 bits per second) signal; antennas with effective sizes (100’s
km?) that are well beyond those currently envisioned. Hence a probe will only reach depths on the
Ice Giants below its top-most (CHy) cloud layer, leaving composition essentially unsolved.

In this White Paper we discuss how the next-generation Very Large Array (ngVLA) can help
address the two fundamental questions: 1. How did our Solar System form and evolve? 2. How
does a planet’s general circulation affect composition at and above the cloud layers?

The ngVLA is a synthesis radio telescope sensitive to wavelengths = 0.25-26 cm (1.2-116
GHz), which can operate in a phased or interferometric mode. The array will have 214 reflector
antennas, each 18 m in diameter, as well as a dense core of 19 6-m antennas that will be sensitive
to larger angular scales that are not detected by the main array. The ngVLA will be 10 times
more sensitive and provide &10 times higher spatial resolution than the VLA and Atacama Large
(sub)Millimeter Array (ALMA) [21].

We focus our discussion on the Ice Giants, bodies that are common amongst exoplanets [e.g.,
18], and which to date are far from understood. Deriving composition on any giant planet requires

IThe cloud layers are: a deep water (solution) cloud topped off with H,O ice; an NH4SH cloud above which only
NH; or HyS' gas remains, which condenses into its own ice-cloud at higher altitudes; on Uranus and Neptune the
top-most cloud layer is CHy-ice. See Fig. 3b for a schematic.
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Figure 1: a) VLA radio map of Jupiter constructed from several 10-hr observing sessions at three wave-
lengths, after subtraction of a uniform limb-darkened disk: 2 cm (blue), 3.5 cm (gold), and 6 cm (red). Any
longitudinal structure is smeared by the planet’s rotation. [5]. b) Longitude-resolved map from panel a) at 2
cm (Ku band, 12-18 GHz). Bright features indicate a high brightness temperature. Much finescale structure
can be discerned. The GRS and Oval BA are indicated, as well as hot spots (yellow arrows), ammonia
plumes (red), small vortices (cyan), and tiny ammonia plumes (orange) [7].

measurements of the altitude-dependent profiles of the condensible species at depth across the
disk; such profiles also contain clues to the general circulation, essential to interpret composition
at depth.

Below we highlight recent VLA results on Jupiter and the Ice Giants, and discuss how the latter
will be improved with the ngVLA [6]. We end the paper with a comparison of these results with
potential spacecraft missions equipped with instruments like the Microwave Radiometer (MWR)
on Juno. We will briefly address use of the ngVLA to communicate with deep space spacecratft.

2 Ground-based Radio Observations of the Giant Planets

2.1 Deep Tropospheres using Continuum Wavelengths

At the radio wavelengths that probe the deep atmospheres of the giant planets, we observe the
thermal (blackbody) radiation emitted by the atmosphere. The sources of opacity at these wave-
lengths are collision induced absorption (CIA) by H,, and absorption by the trace (condensable)
gases NH3, H,S, PH3, and H,O [7]. For near-solar-composition atmospheres, like Jupiter and Sat-
urn, most of the atmospheric radio opacity has been attributed to ammonia gas. Radio spectra of
Uranus and Neptune, however, show that there is a deficiency of NH3 gas [10]. The S/N ratio on
these planets appears to be considerably (factor of 30) enhanced above the solar value, and the
main source of opacity on these planets is likely H,S gas [3,17,23].

The thermal emission from all four giant planets has been imaged with the VLA. To construct
high signal-to-noise maps, one needs to integrate over several hours, resulting in maps that are
smeared in longitude and only reveal brightness variations in latitude. In order to discern longi-
tudinal structures on radio maps, such as the Great Red Spot (GRS) on Jupiter, we developed an
algorithm to take out a planet’s rotation without significantly degrading its sensitivity [20]. This
algorithm has been applied to VLA data of all planets, and have revealed compositional variations
that show dynamical systems over a range of spatial scales [6,7,17].



