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CRADLE OF LIFE
- 36 persons collaborated to the recently posted white paper.
- 2 coauthors from Mexico, but more interested.
- ∼ 25 faculty across Mexico that are direct users of present generation of
radiointerferometers (8 in Morelia).

KEY SCIENCE DRIVERS

-

Formation of high-mass stars
Formation of low-mass stars
Formation of planets
Structure of debris disks
Chemistry of star and planet formation
Solar system
SETI

FORMATION OF HIGH-MASS STARS (AND CLUSTERS!)
- Free-free radio continuum is the best (sometimes the only) way of looking at the
innermost regions of newly formed stars with M? > 10 M .
- The most massive stars (M? > 20 M ) are believed to start ionizing their own
accretion flow.

Fig: The W49A Galactic ‘mini-starburst’. Colors show molecular gas (SMA+IRAM30m,
Galván-Madrid+2013). Contours show the deeply embedded massive stars (VLA, De Pree+1997).
Red star shows the part of the forming cluster visible in the NIR (Homeier & Alves 2005).

FORMATION OF HIGH-MASS STARS (AND CLUSTERS!)
- The VLA has detected and mapped in the ionized pockets of gas around newly
formed massive (M? > 10 M ) stars (UCHIIs, HCHIIs).
- A combination of continuum and RLs give density structure and dynamics.

Fig: VLA view of the ‘mini-starburst’ Galactic region W51 (Ginsburg+, in prep.).

FORMATION OF HIGH-MASS STARS (AND CLUSTERS!)
... but:
What is the nature of those objects with Scm ∼ 102 µJy and r ∼ 102 AU at kpc distances
(r < 100 mas)?.
So far only unresolved continuum detections.
-

Gravitationally trapped HII regions (Keto 2003).
HII regions ‘quenched’ by accretion (Walmsley 1995, Peters+2010).
Objects in transition between shock-ionized jets and photo-ionized HII regions (Rodrı́guez 1997).
Pure stellar winds (Panagia & Felli 1975).
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These objects are:
- The only way of directly observing the late stages of accretion in the formation of stars
M? > 20 M .
- The only way of having a complete census of the upper end (M? > 5 M ) of the IMF.

FORMATION OF HIGH-MASS STARS (AND CLUSTERS!)
A ×10VLA could map these objects with a few to tens of resolution elements across
with integrations < 1 hr in the continuum and ∼ 10 hr in RLs.

Fig: Resolved molecular+ionized accretion flow around a M? ≈ 200 M

aggregate of massive

stars (Sollins+05). The ngVLA could perform such studies down to M? ∼ 10 M .

JETS IN LOW AND INTERMEDIATE MASS STARS
- Radio jets are the best way of looking at the innermost regions of low-mass
(M? ∼ 0.1 − 5M ) embedded (class 0/I) YSOs.
- Key element of theories of accretion in star formation, expected to launch at < 1 to
few AU (need < 10 mas resolution).
- The VLA has mapped in continuum the brightest among them.
- Magnetic field mapped in 1 object and no kinematical mapping through RLs.
REPORTS
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Fig. 1. Images of the HH 80-81 jet region at 6 cm wavelength. (A) Image of the total continuum
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optical and radio Herbig-Haro objects HH 80 and
HH 81, whereas to the northeast it terminates in
the radio Herbig-Haro object HH 80 N (17) (Fig. 1).
With a total extension of 5.3 pc [for an assumed distance of 1.7 kpc (26)], this is one of
the largest and most collimated protostellar jets
known so far. Previous radio observations showed
that the spectrum of the emission from the central
source is characterized by a positive spectral index, suggesting that it is dominated by thermal
free-free emission (17). In contrast, the negative
spectral indices of the emission from HH 80-81,
HH 80 N, as well as from some of the knots in
the jet lobes, suggest that an additional nonthermal component could be present in these
sources (17).
Our observations (Fig. 1) show that the emission of the knots located ~0.5 pc from the driving
source is linearly polarized, indicating the presence of nonthermal synchrotron emission in this
jet (24) and implying the presence of relativistic
electrons and a magnetic field. The observed polarization vectors are perpendicular to the direction of the jet, with a degree of polarization of the
order of 10 to 30%. The direction of the apparent
magnetic field (the component in the plane of the
sky averaged over the line of sight) is taken to be
perpendicular to the polarization vectors [this is
correct for a nonrelativistically moving source,
such as the HH 80-81 jet; for relativistic jets, such
as AGN jets, additional assumptions on the velocity field are required (27)]. Then, the apparent
magnetic field appears very well aligned with the
direction of the HH 80-81 radio jet (Fig. 1C).
By using the equations 7.14 and 7.15 of
(28) we obtained the minimum total energy, E =
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JETS IN LOW AND INTERMEDIATE MASS STARS
- ∼ 10 mas angular resolution and < µJy sensitivity is needed to perform resolved
demographic studies of YSO radio jets of all masses and evolutionary stages.

Fig: compact radio jet from the center of a transition disk in AB Aur (Rodrı́guez+2014).

MULTIPLICITY IN STAR FORMATION
- The multiplicity of protostars and young stars is poorly constrained.
- How and when stars are born in multiple systems is key to understand protostellar
accretion and the evolution of young stars and their clusters/associations.

Fig: Current estimates of YSO multiplicity are biased toward large (> 100 AU) separations.

MULTIPLICITY IN STAR FORMATION
- The disks+envelopes in class 0/I YSOs are optically thick at r < 10 AU even for the
lowest frequency ALMA band (3 mm).
- Going to λ ∼ 1 cm allows to peer through the dust down to r ∼ 1 AU.
- ×10VLA sensitivity would allow to have noise ∼ K at 10 mas resolution with
integrations of a few hours, expected TB ∼ 102 − 103 K.

Fig: Multiplicity at ∼ 100 AU scales in protostars revealed by 0.1” VLA observations (Lee+2015).

STAR FORMATION AROUND THE GALACTIC CENTER
- Is star formation in the extreme environment of the inner 2-4 pc from the Galactic
Center possible, and if yes, different from SF in the Galactic disk?
- 10 mas (80 AU) resolution can resolve cirmustellar disks/jets around Sgr A∗ .
- Coverage from few GHz to 50-100 GHz is needed to disentangle dust from free-free.

Simulation of SF around a supermassive black hole of MBH = 3 × 106 M

(Bonnel+Rice2008)

STAR FORMATION AROUND THE GALACTIC CENTER
- NGVLA can detect dust disks and radio jets in objects with masses down to T-Tauri.
- Proper motions of young stars can be observed and 3D orbits calculated, similar to
what is done with stars using VLT and Keck.
- Objects in the inner arcsec like the G2 cloud (S7mm ∼ 1 µJy before synchrotron bow
shock takes over) could be imaged and proper motions followed.

Left: Dense (green) and denser (magenta) molecular gas in the Circumnuclear Disk (CND) around
Sgr A∗ (Liu+2013). Right: young massive stars in the inner parsec (Sánchez-Bermúdez+2014)

PLANET FORMATION
- Possibly the main driver for MW science.
- Previous generation of submm interferometers with resolution ∼ 0.3” (15 to 40 AU
for nearest objects) was mostly sensitive to optically-thin dust emission.

Fig: Surface density profiles for protoplanetary disks in the sample of Andrews+09. The SMA
resolution roughly corresponds to τ = 1 at 1 mm.

PLANET FORMATION
- ALMA with long baselines (resolution down to ∼ 25 mas, or 3.5 AU) is providing
astonishing images of disks with signatures of planet formation.

Fig: Deprojected ALMA 1 mm (B6+B7) image of the HL Tau disk (ALMA Partnership 2015).

PLANET FORMATION
- But the terrestrial planet-forming region (r < 10 AU) is opaque at all ALMA bands.
- For relatively massive disks like HL Tau even most of the disk is optically thick.

Fig: Results from radiative transfer modelling of the ALMA LBC maps of HL Tau (Pinte+15).
Top-right panel shows that the disk is optically thick for r < 50 AU even at 3 mm (red line).

PLANET FORMATION
For the brightest disks such as HL Tau, the current VLA with integrations ∼ 15 hrs
illustrates the need for a ngVLA to perform such studies in all disks:
- The entire disk is imaged in optically-thin dust emission.
- Unveiling grain growth across disk.
- Access to terrestrial-planet forming region (r < 10 AU.)

Fig: Deep (noise ∼ 3.5 to 7 µJy) VLA 7 mm images at resolutions of 10 (left) and 6 AU (right) of
the HL Tau disk. Carrasco-González, Henning, Chandler et al., in prep.

DEBRIS DISKS
- Faint. Challenging for detection and imaging.
- ALMA is starting to do detailed mapping.
- The longer λ of the ngVLA gives a more direct probe of cm-sized bodies and
collisional models.

Fig: ALMA map at 1.3 mm of the debris disk HD 107146 (Ricci+2015).

CHEMISTRY OF STAR AND PLANET FORMATION
- Complex organic (including prebiotic) molecules are the building blocks of life.
- Warm sources are more easily detected in the submm, but line blending is a killer.
- For cold sources, λ ∼ 0.5 to 1 cm may be ideal.

Fig: Simulations of the spectrum of Glycine (NH2 CH2 COOH) for a pre-stellar core (top) and a hot
molecular core (bottom). Jiménez-Serra+2014.

CHEMISTRY OF STAR AND PLANET FORMATION
- But detecting simple (and complex!) organic molecules in protoplanetary disks is
challenging.
- ALMA is enabling the detection of molecules such as CH3 CN, HCN, HC3 N in disks,
showing that the rich organic chemistry of the Solar Nebula was not unique.
- A ×10VLA telescope would enable detection of low-E levels of CH3 CN to probe their
formation, and T mapping through the ∼ 23 GHz NH3 lines.

Fig: ALMA mapping of cyanides in the MWC 480 protoplanetary disk. Öberg+2015.

SOLAR SYSTEM: DEEP ATMOSPHERIC MAPPING
- Unknown whether clouds and storms in giant planets extend deep in atmosphere.
- cm observations can probe to tens of bars in Saturn, Uranus, and Neptune (IR and
optical only probe to 1 bar).
- ngVLA angular resolution allows to image small-scale atmospheric structures (disk
sizes of Uranus and Neptune are 3.6” and 2.2”).
- High sensitivity for instantaneous imaging required because rotation periods ∼ 10 hr.

Fig: VLA mapping of Neptune. de Pater+2014.

SOLAR SYSTEM: THE NGVLA AS A RADAR
- The ngVLA could be used as the receiver for bistatic radar observations.
- Sensitivity would expand volume over which potentially dangerous asteroids are
probed.

Fig: Radar mapping of asteroid 2015 TB145. DSS-14 at Goldstone was used as transmitted and
GBT as receiver.
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