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Radio emission from (low-mass) young stellar objects
Laurent Loinard
Instituto de Radioastronomía y Astrofísica/Instituto de Astronomía
Universidad Nacional Autónoma de México 
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Scope of  the talk
q Continuum radio emission (l > 1 cm) q Young stars (t < 50 Myr) q Low-mass (M < 5 M☉)
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Origin of  radio emission

Envelope

Disk

Jet/Outflow

Magnetic Structures
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Envelope and Disk are dusty structures

Thermal Dust emission ; an > 2

Dominant at mm/submm

Often still important at cm

Jets and outflows are (partially) ionized structures

Thermal Bremsstrahlung emission ; –0.1 < an < 2

Often dominant at cm wavelengths for young YSOs

(in rare cases, also synchrotron emission an < 0)

Magnetic structures

Gyro-emission

Often dominant in older YSOs

Particularly at lower frequencies
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IRAS 16293—2422 (Class 0 binary protostar in the r-Ophiuchi molecular complex)

Protostar B

Protostar A

Thermal dust 
emission

Thermal 
bremsstrahlung 
(free-free) emission

Rodríguez et al. (2005)
Chandler et al. (2005) 
Hernandez et al. (2017)

Typical SED of  a younger YSO (Class 0/I/FS)
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IRAS 16293—2422 (Class 0 binary protostar in the r-Ophiuchi molecular complex)

Protostar B

Protostar A
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The unusual case of  IRAS 16293–2422

Rodríguez et al. (2005)
Chandler et al. (2005) 
Hernandez et al. (2017)
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Pineda et al. (2012) 
Zapata et al. (2013)
Hernandez et al. (2017)

The unusual case of  IRAS 16293–2422

At low frequency, size increases with frequency

(inverse of expected behavior for optically thick  
free-free emission

Molecular emission reveals resolved
inverse P-Cygni profile (the only one 
known so far), indicative of strong 
infall. 

H13CN(8-7) molecular line profile

H13CN(8-7) molecular line maps

Observed 
spectrum vs. 
infall model

Thermal dust ra
dio emission fro

m protostars can 

help constrain early accretion history
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Carrasco-González et al. (2014)

The central part of  the HL Tau disk

Thermal dust radio emission from 

protoplanetary disks can help characterize the 

region of terrestrial planet formation

Central ~10 AU is region of terrestrial planet formation. Optically thick at mm 
wavelengths, but transparent at cm wavelengths
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See review paper by Anglada et al. (2010)

Thermal jets (shock ionized gas at the base of  protostellar jets)
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See review paper by Anglada et al. (2010)

Thermal jets (shock ionized gas at the base of  protostellar jets)
Thermal jet radio luminosity

vs. bolometric luminosity                                                                vs. mechanical luminosity

low-mass YSOs.                  high-mass YSOs low-mass YSOs.                  high-mass YSOs
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Thermal jets as tracers of  variable accretion/ejection processes?

Hartm
ann (1998)

§ The most popular mechanisms (magneto-centrifugal) have the winds launched from
the inner 0.1 AU of the disks (Blandford & Payne 1982, Pudritz & Norman 1983).

§ Theoretical models predict that about Mejected = 0.3 Maccreted (Shu et al. 1988, 1994).

Calvet 1997
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Thermal jets as tracers of  variable accretion/ejection processes?
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Rodríguez-Kamenetski et al. (2016)

Non-thermal jets
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Non-thermal jets
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Non-thermal jets: extragalactic analogs?
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Gyro-emission

Miscellaneous terminology and facts:

q If electrons are non-relativistic (g ~ 1), the emission is called cyclotron.

ü Circular polarization (potentially up to 100%), too weak to be detectable in extrasolar sources except with 
amplification.

q If electrons are mildly relativistic (g of a few) the emission is called gyro-synchrotron.

ü Moderate circular polarization, dominant mechanism in YSOs.

q If electrons are ultra relativistic (g >> 1), the emission is called synchrotron.  

ü Linear polarization.

q Usually, the velocity distribution of the electrons is not
Maxwellian and those mechanisms are non-thermal. 
Acceleration of electrons is through Fermi mechanism in 
ISM, magnetic reconnection in stellar coronae. But see 
talk by Robert Mutel this afternoon.
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Gyro-emission in YSOs

q Associated with active magnetospheres.
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Gyro-emission in YSOs

q Associated with active magnetospheres.

q Almost always highly variable (flares).

Bower et al. (2003)                                                                        Gómez et al. (2008)
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Gyro-emission in YSOs

q Associated with active magnetospheres.

q Almost always highly variable (flares).

q Occasionally detectable circular polarization (but not always: requires organized B fields).

q Known cases are non-thermal; Tb in excess of about 107 K; detectable on very long baselines (VLBI).

Torres et al. (2012)
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Gyro-emission in YSOs

q Associated with active magnetospheres.

q Almost always highly variable (flares).

q Occasionally detectable circular polarization (but not always: requires organized B fields).

q Known cases are non-thermal; Tb in excess of 106 K; detectable on very long baselines (VLBI).

q Spectral index (for gyro-synchrotron) can be anywhere between something negative and +2.5 
depending on emission opacity (potentially detectable at very low frequency; see talk with Rachael 
Ainsworth later today).
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Assuming a power-law energy 
distribution for the electrons:
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Gyro-emission in YSOs

q Associated with active magnetospheres.

q Almost always highly variable (flares).

q Occasionally detectable circular polarization (but not always: requires organized B fields).

q Known cases are non-thermal; Tb in excess of 106 K; detectable on very long baselines (VLBI).

q Spectral index (for gyro-synchrotron) can be anywhere between something negative and +2.5 
depending on emission opacity (potentially detectable at very low frequency; see talk with Rachael 
Ainsworth later today).

q Radio emission correlates with X-ray luminosity (Güdel-Benz relation)
Güdel 2002

Talk by Scott Wolk on simultaneous VLA-
Chandra observations of Orion.
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The Solar paradigm

Radio X-rays

Yohkoh

http://www.astro.umd.edu/~white

Magnetic structures (loops) interactions                 Magnetic reconnections                 Large energy release

acceleration of electrons                 radio bursts                 Heating of coronal gas                 X-rays
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The Solar paradigm

Different timescales for electron acceleration and 

Heating/cooling of magnetosphere leads to different

Behavior for radio and X-rays (Neupert 1968)

The radio luminosity traces the fast electrons and 
thus the energy injected in a flare. The X-rays

trace the accumulated energy.

Figure: Neupert effect seen in an M dwarf star, 

compared with a solar example in the upper panel

(Güdel et al. 1996).
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The variety of  gyro-emission in YSOs

An electron maser cyclotron in T Tau Sb? 
Sm

ith et al. (2003)

Nearly 100% circular 
polarized emission
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The variety of  gyro-emission in YSOs

Synchrotron emission in V773 Tau? 
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The variety of  gyro-emission in YSOs

Synchrotron emission in V773 Tau? 
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The relation between gyro-emission and multiplicity in YSOs

Orbital period of 
the systemMassi et al. (2002)

Torres et al. (2012)

See talk by Amy Mioduszewski for
more VLBI
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The relation between gyro-emission and multiplicity in YSOs

Torres et al. (2012)

Orbital path measured from NIR 
and VLBI astrometry

At periastron, 
radio emission 
is displaced 
from stars
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How common is gyro-emission in YSOs?
Roughly half (and nearly all WTTS) of the VLA-detected YSOs in Ophiuchus are also detected on VLBI baselines

Ortiz-Leon et al. 2017

By the way, many are 
tight binary systems…
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That’s very useful for astrometry…
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That’s very useful for astrometry…
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Conclusions…

q Radio emission is common in young stars and provide constraints 

on many important phenomena.

ü Thermal dust emission from envelopes/disks

ü Thermal bremsstrahlung from partially ionized jets

ü Synchrotron from jet (singular, so far..)

üGyro-emission from magnetically active YSOs



The Next Generation Very Large Array

A next-generation Very Large Array (ngVLA)
• Scientific Frontier: Thermal imaging at milli-arcsec resolution
• Sensitivity/Resolution Goal:

• 10x effective collecting area & resolution of JVLA/ALMA

• Frequency range: 1.2 –116 GHz
• Located in Southwest U.S. (NM+TX) & MX, centered on VLA

• Baseline design under active development

• Low technical risk (reasonable step beyond state of the art)

Complementary suite from meter to 

submm arrays for the mid-21st century
• < 0.3cm: ALMA 2030 

• 0.3 to 3cm: ngVLA
• > 3cm: SKA

https://science.nrao.edu/futures/ngvla

50% in core:  b < 3km  ~ 1” 

80% in mid:   b < 30km ~ 0.1” 

100% in long: b < 500km  ~ 0.01”

550 km



The Next Generation Very Large Array

ngVLA Key Science Mission
(ngVLA memo #19)

Ø Unveiling the Formation of Solar System Analogues

Ø Probing the Initial Conditions for Planetary Systems and Life with Astrochemistry

Ø Charting the Assembly, Structure, and Evolution of Galaxies Over Cosmic Time

Ø Using Pulsars in the Galactic Center as Fundamental Tests of Gravity

Ø Understanding the Formation and Evolution of Stellar and Supermassive 
BH’s  in the Era of Multi-Messenger Astronomy

Highly synergistic with next-generation ground-based OIR and NASA missions.  
ngVLA 100hr 
25GHz 10mas 

rms = 90nJy/bm = 1K

Jupiter @13AU 
Saturn @6AU

Isella Dust Model0.1” = 13AU

Gas

ALMA

NGVLA

Decarli+2016

HI + CO(1-0) CO(2-1)



The Next Generation Very Large Array

Current Reference Design Specifications
(ngVLA Memo #17)

Band
# 

Dewar fL
GHz

fM
GHz

fH
GHz

fH: fL BW
GHz

1 A 1.2 2.55 3.9 3.25 2.7
2 B 3.9 8.25 12.6 3.23 8.7
3 B 12.6 16.8 21.0 1.67 8.4
4 B 21.0 28.0 35.0 1.67 14.0
5 B 30.5 40.5 50.5 1.66 20.0
6 B 70.0 93.0 116 1.66 46.0

Receiver Configuration

• 214 18m offset Gregorian (feed-low) 
Antennas
• Supported by internal cost-performance analysis

• Fixed antenna locations across NM, TX, MX
• ~1000 km baselines being explored

• 1.2 – 50.5 GHz; 70 – 116 GHz
• Single-pixel feeds
• 6 feeds / 2 dewar package

• Short-spacing/total power array under 
consideration

• Continuum Sensitivity: ~0.1uJy/bm @  1cm, 10mas, 
10hr =>  TB ~ 1.75K

• Line sensitivity: ~21.5uJy/bm @  1cm,  10 km/s, 1”, 
10hr => TB ~ 35mK


