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What’s the driving mechanism of 
astrophysical jets?

Open question



Research goals

• Goal #1:  
to observationally investigate the 
interplay between gas dynamics and 
magnetic fields in high-mass protostars

• Goal #2:  
to observationally investigate the 
role of magnetic fields in launching 
and shaping jets from AGN 

Protostars

Active Galactic Nuclei  
(AGN)



1. Jet launching region is small 

2. Innermost regions of AGN are opaque 

3. Magnetic fields are hard to measure

YSO AGN

⇒ High angular resolution 
⇒ High radio frequency 
⇒ Sensitive and accurate polarimetry

Main Observational Limitations (& Solutions)



Angular resolution ~  
Wavelength

Telescope Size

λ
D

=

Ingredient 1. Beating the resolution limit

Very Large Array (VLA) 
Socorro (NM) 
27 antennas of 25m

Dmax<27 km

LMT 50-m telescope (Mexico)

~4” λ1mm𝜽 ~0.1” λ1cm𝜽

D = 50-m



Main global VLBI Networks in the radio  
Frequencies: 1-86 GHz, Wavelengths: 1dm-3mm

Very Long Baseline Interferometry (VLBI)



Orion nebula 
D~420 pc 
VLT

Orion



Orion

Sun-Pluto 
distance

Matthews, Greenhill, Goddi, et al. 2010 

Goddi et al. 2011, Greenhill, Goddi, et al. 2013 

Issaoun, Goddi, et al. 2017



Mm SiO maser distribution from ALMA (from 86 GHz to 350 GHz)ALMA data being analysed by 
Vinicius Ruedas  

Undergraduate student at USP

SiO v=1 
J=5-4



Ingredient 2: High frequencies

Tracers: 

• Thermal molecular lines (CO, SiO, …)  

• Hydrogen recombination lines (HRLs) 

• Mm dust and synchrotron continuum emission



Dense protostellar cluster in W51  
L~107 L☉, D=5.4 kpc

12CO
12CO

1mm cont

Ginsburg, Goddi, et al. 2017

1mm cont

A spectacular multiple system of collimated CO outflows



ALMA Cycle 2 : 
0.2” ang. res. In B6

ALMA longest baselines reveal ultra-compact collimated outflows

CO 2-1 
CO 2-1

Goddi, et al. 2020

ALMA Cycle 3 :  

20-35 mas res. in B6

SiO 5-4

• Fast [+-100 km/s]
• Young [<100 yr]
• Powerful [10-3 M☉ yr-1]
• Compact [<+-1000 AU]



ALMA Cycle 2 : 
0.2” ang. res. in B6
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20-35 mas res. in B6
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• Powerful [10-3 M☉ yr-1]
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ALMA longest baselines reveal ultra-compact collimated outflows

Goddi, et al. 2020

SiO 5-4 



NRAO Press Release: https://public.nrao.edu/news/massive-young-stars-forming/.    Goddi+ 2020, ApJ

https://public.nrao.edu/news/massive-young-stars-forming/


Dense protostellar cluster in W51  
L~107 L☉, D=5.4 kpc

12CO
12CO

1mm cont

Ginsburg, Goddi, et al. 2017

Luiza Olivieri Ponte 
Graduate student at USP



➢ VLBA observations of 22 GHz H2O & 6.7 GHz CH3OH masers [1000 hrs observed] 
➢ VLA observations of radio continuum (in bands S, C, Ku, K, Q) [140 hrs observed] 
➢ ALMA observations of thermal lines: (to be) proposed 

A a statistically significant sample of massive YSOs studied 
with maser VLBI from the BeSSeL VLBA Survey

Reid+09, 14, 19 
Brunthaler +11

POETS: Protostellar Outflows at the EarliesT Stages

Moscadelli, Sanchez-Monge, Goddi, et al. 2016 
Sanna, Moscadelli, Goddi, et al. 2018, 2019 
Moscadelli, Sanna,, Goddi, et al. 2019, 2020



➢ VLA full-polarization observations of non-thermal radio continuum sources 
➢ A- and B-conf.  
➢ Bands  

(1) S-band at 13 cm  (2-4 GHz),  
(2) C-band at 6 cm  (4-8 GHz), 
(3) X-band at 3 cm (8-12 GHz),  
(4) Ku-band at 2 cm (12-18 GHz),  
(5) K-band at 1.3~cm (18-26 GHz) 

➢ A pilot on W3(H2O) already observed [20 hours, PI: Goddi]

POETS: Protostellar Outflows at the EarliesT Stages

Science goals: 
1. Map the jet structure. 
2. Build spectral index maps 
3. Measure the magnetic field strength 
4. Infer the magnetic field morphology 
5. Investigate particle acceleration (DSA/Fermi acceleration)

Carrasco-Gonzalez+2010 
Padovani+2015



Main goal of SG2

“To characterise the spatial, kinematics, and magnetic 
structure of protostellar jets on scales from tens to thousands 
of AU” 

1. 3D gas dynamics from multi-epoch VLBI observations of 
molecular masers  

2. Magnetic fields from polarimetric VLBI observations of 
masers.  

3. Magnetic field in ionized jets from radio continuum 
imaging with the VLA.  

4. Gas kinematics and energetics of outflows from ALMA. 

Elis Sales  
PhD student at USP





C. Goddi et al. 2019, The Messenger, 177, 25

Goal #2
To address fundamental questions on extragalactic jet physics: 

1. How do SMBHs form jets?  

2. How are they collimated and 
accelerated? 

ALMA image of the jet



EHTC, 2021, ApJ, L10 
EHTC, 2021, ApJ, L11 
Goddi+EHTC, 2021, ApJ, L12

Ingredient 3: 
Magnetic Fields

3. What is the magnetic field structure and strength near a SMBH and along its jet?



6000 Anni-Luce

6000 light-years

Goddi+EHTC, 2021, ApJL



ALMA 
• 66 telescopes (54 12-m, 12 7-m) 
• 5000 m altitude

EHT median thermal noise: 
• non-ALMA baselines: 7 mJy, 
• ALMA baselines:        0.7 mJy



Targets: ~40 AGN + Sgr A* 
• Radio galaxies, Blazars, QSOs 

Years: 2017, 2018, 2021, 
2022, 2023, 2024, … 
• Long-term monitoring of AGN 

Cadence: multiple 
consecutive days in a week 
• Time-domain (inter-day) studies 

Bands: 3, 6, 7 
• Spectral index 

• Faraday rotation 

Spectral setup: 
• Full-polarization Continumm 

• Spectral lines possible!

Paper I: Mus, Goddi, Carlos+ in prep.

Telescope time:  
500 hours

VAPOLA  
A multi-year, multi-band polarization survey of AGN with ALMA

Alejandro Mus  
Former Postdoc at INAF & UNICA 



Carlos, Goddi+ in prep.

Targets: ~40 AGN + Sgr A* 
• Radio galaxies, Blazars, QSOs 

Years: 2017, 2018, 2021, 
2022, 2023, 2024, … 
• Long-term monitoring of AGN 

Cadence: multiple 
consecutive days in a week 
• Time-domain (inter-day) studies 

Bands: 3, 6, 7 
• Spectral index 

• Faraday rotation 

Spectral setup: 
• Full-polarization Continumm 

• Spectral lines possible!

VAPOLA II 
Spectropolarimetric properties and their evolution

Douglas Carlos, PhD student at USP



Molecular Torii in AGN

Mus, Goddi, Carlos+ in prep.



Molecular Torii in AGN

Janssen, …, Goddi+ 2021 
Mus, Goddi, Carlos+ in prep.

1 light day

• BH mass = 55 106 M☉  
• D = 3.8 Mpc



Goddi+EHTC, 2021, ApJL



Cyanide absorption towards Sgr A* and a nearby Quasar



AGN and Black Hole Physics through Spectral Line 
observations with ALMA and EHT

Raphael P. Rolim
PhD student at USP

Pedro Humire
Postdoc at USP



Lead the efforts for the inclusion of the 
new Argentine-Brazil Large Latin 
American Millimeter Array (LLAMA) in 
the EHT network

ALMA

LLAMA

~200 km



• Africa mm 
Telescope (AMT) 

• Large Latin 
American mm 
Array (LLAMA) 

Goddi et al. 2019b

LLAMA joins the EHT



C. Goddi et al. 2019, The Messenger, 177, 25

What’s the driving 
mechanism of 

astrophysical jets?

https://www.eso.org/sci/publications/messenger/archive/no.177-sep19/messenger-no177-25-35.pdf



