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ABSTRACT
A forward-looking facility such as the next generation Very Large Array (ngVLA) requires forward-looking science. The ngVLA will enable stellar wind detections or robust constraints on
upper limits to bridge the gap between current radio upper limits on cool stellar mass loss and current indirect estimates of stellar mass loss form astrospheric measurements. This will
aid in understanding the interplay between the rotational spindown of stars and wind mass loss rates, important for an understanding not just of stellar astrophysics but the impact on
planet formation and planetary dynamos. Radio observations are currently the only way to explore accelerated particles in cool stellar environments. The upgraded sensitivity of the
ngVLA will enable the detection and characterization of essentially all classes of radio-active cool stars in the galaxy. This will open up new fields of study and contribute to the
understanding of the stellar contribution to exo-space weather, especially with the emphasis on sensitivity above a frequency of bout 10 GHz, where the transition to optically thin
gyrosynchrotron emission occurs. These topics connect and extend the key science topics in the Cradle of Life, in an area in which there is both high academic as well as popular
interest, and which is expected to continue into the next several decades.

PARTICLES AND FIELDS

MASS LOSS ON THE LOWER HALF OF THE MAIN SEQUENCE
Stellar winds affect the migration and/or evaporation of exoplanets (Lovelace et al. 2008) and are important not only for understanding stellar
rotational evolution, but also their influence on planetary dynamos (Heyner et al. 2012). At present only indirect measures of cool stellar mass
loss inform these topics.
Cool stellar mass loss is characterized by an ionized stellar wind, whose radio flux can have a ν0.6 or ν-0.1 dependence if in the optically thick or
thin regime, respectively. Previous attempts at a direct detection of cool stellar mass loss via radio emission have led to upper limits typically
three to four orders of magnitude higher than the Sun’s present-day mass loss, while indirect methods find evidence for mass loss rates
comparable to or slightly higher than the Sun’s present day mass loss rate (up to ~80 times solar Ṁ).
We used analytic expressions for the expected optically thick and thin radio emission from an ionized stellar wind in Wright & Barlow (1975)
and Panagia & Felli (1975); optically thick emission from an ionized stellar wind is expressed as

where Sν is the predicted radio flux in mJy per beam, Ṁ is the mass loss rate in solar masses per year, vw is the velocity of the stellar wind, ν5 is
the frequency normalized to 5 GHz, T4 indicates the temperature of the solar wind in units of 104K, and dkpc is the distance in kpc. As winds
from late-type stars are presumed to originate in the open field lines of the outer corona, a coronal wind temperature of 106 or Tw=100 is used.

Fig. 1: The ngVLA would increase the look-back time for
studying the young Sun. Summary of current mass loss constraints for
nearby solar analogs, along with prospects achievable with the ngVLA. Black
and blue triangles indicate upper limits from C and Ka bands obtained with
the JVLA (Fichtinger et al. 2017) for spherically symmetric winds; orange
squares show mass loss constraints from the rotational evolution models of
Johnstone et al. (2015); and red circle shows the detection from the indirect
method of inferring mass loss via astrospheric absorption (Wood et al. 2014).
Magenta diamonds and error bars display the grasp of the ngVLA, for wind
velocities spanning 200-1000 km s-1. The present-day solar mass loss rate is
2x10-14 Ṁ yr-1. Assuming conical winds lowers the implied mass loss rate by
about a factor of two.
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Habitability studies are interested in the flux of accelerated particles directed outward from the stellar surface; the most energetic ones are the most impactful to an exoplanetary
atmosphere. Studying the population of accelerated particles near the stellar surface can provide details of the particle spectrum. The energetic particles can deplete the ozone layer of
a planet in the habitability zone of an Earthlike planet around an M dwarf experiencing a superflare (Segura et al. 2010).
Variable stellar radio emission in the cool half of the HR diagram is more typical than steady flux levels, at least at microwave frequencies. This is a consequence of the dominance of
emission from accelerated particles, and an indicator of the non-steady levels of particle acceleration, varying as a function of position on the stellar disk and time. We examined objects
characteristic of their class for several types of radio-active cool stars illustrating a large amount of variability. Given a distance and a sensitivity level, the radio luminosity able to be
constrained is
With Lr the radio luminosity, F3σ the flux density sensitivity, and dsens the resulting sensitivity distance. Then the number of stars that can be probed is

where fsky is the fraction of the sky visible from the ngVLA site, ~10.3 steradian (Condon et al. 1998), nobj is the space density of the type of star, LR the radio luminosity, F3σ the sensitivity
threshold, and P(LR) the probability of the stellar object having that luminosity.

Figure 2: The ngVLA can measure or place robust constraints on steady
mass loss for most of the planet-hosting M dwarfs in the solar
neighborhood. An important constraint for further characterization of exoplanets will be
the extent to which stars make their proximate environment helpful or harmful for
habitability. The figure shows regions of stellar mass loss rate which can be constrained by a
12 hour ngVLA integration for studies of radio emission from an ionized stellar wind, for M
dwarfs in the solar neighborhood. Stars indicate the expected amount of optically thick
emission at 28 GHz from a spherically symmetric with with wind velocity equal to the
escape velocity, and cyan shaded region gives the area encompassed by a range of assumed
wind velocities, from 200-1000 km s-1. Current observational limits on M dwarf wind mass
loss rates are indicated at the distance of the objects: the green triangle indicates the upper
limit for Proxima based on X-ray limits from charge exchange emission (Wargelin & Drake
2001), along with the uncertainty in their model. The stellar wind mass loss rate implied by
the detection of Lyman α astrospheric absorption towards the M dwarf EV Lac at 5.1 pc is
also indicated (Wood et al. 2004).

Figure 3: Luminosity distributions enable a more
precise assessment of radio detectability. Cumulative
distributions of 8 GHz radio luminosities for different categories
of variable cool stellar objects: red, blue, yellow, and green
histograms are active binary systems (Algol and RS CVn-type
systems); purple dashed histogram is several campaigns of the M
dwarf EV Lac (Osten et al. 2005, Osten et al. prep.); grey red
dotted histogram is from an ultracool dwarf (Ngoc et al. 2007,
Osten et al. 2009); grey dotted histogram shows results of young
stellar objects from Forbrich et al. 2016.
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Figure 4: The ngVLA would be able to detect pretty
much all of the selected types of radio-active stars.
Number of stars detectable with the ngVLA as a function of radio
luminosity, using the radio luminosity distributions shown in Figure 3.
A five minute integration, at a frequency of 10 GHz is assumed. A
spherical geometry is assumed for simplicity. Inflections in the radio
luminosity distribution (shown in Fig. 3) appear as departures from
the LR3/2 trend.
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