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Three	  main	  con7nuum	  processes	  in	  
cen7meter	  radio	  astronomy:	  

•  Free-‐free	  (thermal)	  
•  Gyrosynchrotron	  (non-‐thermal)	  
•  Synchrotron	  (non-‐thermal)	  

•  Tomorrow	  we	  will	  see	  millimeter	  processes,	  
mostly	  dust	  and	  molecular	  emissions.	  



M42	  

M43	  



Orion	  nebula	  at	  10.55	  GHz	  

Single-‐dish	  (Effelsberg)	  
observa7ons	  with	  an	  
angular	  resolu7on	  of	  
1.5´.	  
	  
Extended	  free-‐free	  
emission.	  
	  
Subrahmanyan	  et	  al.	  
(2001).	  

M42	  

M43	  



Angular	  resolu7on	  
of	  single	  dish	  



Consider	  two-‐element	  interferometer.	  

The	  signal	  of	  each	  antenna	  pair	  is	  mul7plied	  and	  product	  is	  
integrated	  in	  7me.	  What	  sign	  does	  the	  resul7ng	  number	  has?	  

×	  
Σ	  

B	  =	  baseline	  between	  radio	  telescopes	  



×	  
Σ	  





×	  
Σ	  





Sinusoidal	  response	  in	  plane	  of	  sky	  



Sinusoidal	  response	  in	  plane	  of	  sky	  

The	  more	  distant	  the	  two	  radio	  telescopes,	  the	  closer	  the	  fringes…	  
Now	  angular	  resolu7on	  is	  	  

θ ≈
λ
B



More graphically… 
Young’s double slit experiment: constructive 

interference occurs when path difference is an 
integer number of wavelengths.!

from Dave McConnell 



Interferometer response in sky 

θ =
λ
B



Compact source 



Extended source 



Most	  observa7ons	  made	  with	  the	  Very	  Large	  Array	  (VLA)	  	  
at	  3.6	  cm	  in	  the	  A	  configura7on	  (highest	  angular	  resolu7on).	  
Angular	  resolu7on	  is	  0.2”	  and	  largest	  detectable	  structure	  is	  6”.	  
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Table 1
Characteristics of Compact Radio Continuum Sources in H ii Regions

Class of Emission Spectral Polarization Time Morphology Excitation
Source Mechanism Index Variability

HC H ii region Free–free ∼1 No No Various Internal
Ionized globule Free–free ∼−0.1 No No Cometary External
Proplyds Free–free ∼−0.1 No No Cometary External
Jet Free–free ∼0.6 No Yes Elongated Internal
Spherical wind Free–free ∼0.6 No No Unresolved Internal
Low-mass protostars Gyrosynchrotron −2 – +2 Circular Yes Unresolved Internal
Massive binary stars Synchrotron ∼−0.7 Linear Yes Cometary Internal

Table 2
Bootstrapped Flux Densities for the Phase Calibrator J1832−1035

Frequency 2011 Jun 16 2011 Jun 27 2011 Jul 28
(GHz) (Jy) (Jy) (Jy)

4.96 1.359 ± 0.003 1.315 ± 0.002 1.314 ± 0.002
8.46 1.433 ± 0.004 1.404 ± 0.002 1.404 ± 0.003
22.46 . . . 1.072 ± 0.006 . . .

The data were self-calibrated in amplitude and phase and we
made images using only visibilities with baselines larger than
50 kλ, suppressing structures larger than ∼4′′. The search for
variability within each individual run was made without self-
calibration, since this procedure tends to smooth out amplitude
variations within the time interval where it is applied. At 4.96
and 8.46 GHz we analyzed regions of 8′×8′ in solid angle, while
at 22.46 GHz the region analyzed was 2′ ×2′. At 22.46 GHz our
4σ sensitivity at the center of the field was ∼0.4 mJy beam−1

and the only source detected was M17 UC1, a well-known
HC H ii region embedded in the molecular cloud adjacent to
the SW of the M17 H ii region (Felli et al. 1980). At 4.96
and/or 8.46 GHz we detected a total of 38 compact sources,
in addition to M17 UC1. These sources are listed in Table 3.
The rms noise of the images is not constant across the whole
solid angle analyzed for two reasons. First, the primary beam
response decreases as we move away from the center of the
field (e.g., Cotton & Perley 2010). The correction for this effect
increases both signal and noise. In addition, in this region there
is an arc-shaped ionization front to the east and northeast of
M17 UC1 that makes it noisier than expected (Felli et al. 1984;
Johnson et al. 1998). This structure most probably traces the
interaction of the ionizing photons of NGC 6618, the cluster
ionizing M17, with the molecular clump where M17 UC1 is
embedded.

Assuming a typical noise of 0.05 mJy beam−1 at the center of
the field for the 8.46 GHz observations and following Anglada
et al. (1998), we expect to detect only about one background
source above 4σ over the whole solid angle analyzed. We can
then conclude that practically all the detected sources are related
to M17.

3. COMPACT RADIO SOURCES

In Table 3 we list the 38 detected compact radio sources,
giving their positions, flux densities at 8.46 and 4.96 GHz, the
resulting spectral index, and their angular size. Most of the
sources are unresolved (!0.′′2). In Table 4 we list the 19 compact
radio sources with reported counterparts at other wavelengths (in
all cases, stars detected previously at optical, near-infrared, or
X-rays). A counterpart was considered to be associated with the
JVLA source if its position coincided within !1′′ of the radio

Figure 1. Spectral index vs. flux density at 8.46 GHz for the 32 compact
radio sources with determined spectral index. The empty circles indicate the
sources without counterparts, while the solid circles indicate the sources with
counterparts.

position. We tried to find systematic differences between the
radio sources with and without counterparts by plotting them in
a spectral index versus flux density diagram (see Figure 1). This
diagram does not segregate the two classes of sources and we
tentatively suggest that the radio sources without counterparts
are similar to those that have a counterpart, but are very heavily
obscured, which makes detection difficult at wavelengths other
than radio.

4. THE ORIGIN OF THE SPECTRAL INDEX OF THE
HYPERCOMPACT H ii REGION M17 UC1

This bright source has an angular size of ∼0.′′4 that at a
distance of 1.98 kpc (Xu et al. 2011) implies a diameter of
∼0.004 pc, falling in the category of the HC H ii regions (Kurtz
2005). Its morphology is cometary. For this source we obtain
total flux densities of 44, 107, and 194 mJy at 4.96, 8.46, and
22.46 GHz, respectively. These flux densities indicate a spectral
index of β = 0.8 ± 0.2 (Sν ∝ νβ ), consistent with the value
of β & 1 typically found in HC H ii regions (Hofner et al.
1996; Kurtz 2002; Sewilo et al. 2004). The reason for this
intermediate spectral index remains unknown. Homogeneous
H ii regions are expected to show β & 2 when optically thick
(low frequencies) and β & −0.1 when optically thin (high

2

What	  types	  of	  sources	  do	  we	  expect	  to	  detect	  
(cm	  wavelengths)?	  

We	  are	  extending	  with	  the	  JVLA	  the	  pioneering	  work	  made	  by	  the	  
groups	  of	  Felli,	  Garay	  and	  Churchwell	  with	  the	  VLA.	  
	  
It	  is	  possible	  to	  iden7fy	  the	  nature	  of	  the	  source	  with	  the	  
characteris7cs	  listed	  in	  the	  table.	  
	  
As	  we	  will	  see,	  in	  addi7on	  to	  these	  types	  of	  sources,	  we	  have	  
recently	  detected	  two	  other	  types…	  



Zapata	  et	  al.	  (2004)	  on	  Hα	  image	  of	  O´Dell	  &	  Wong	  (1996)	  

Four	  different	  epochs.	  
	  
77	  compact	  sources,	  
most	  with	  
counterparts.	  
	  
Triangles	  =	  Time	  
variable	  
	  
Diamonds	  =	  	  	  	  	  	  	  	  	  	  	  
Non-‐variable	  
	  
Circles	  =	  Faint,	  
detected	  only	  on	  
average	  image.	  
	  
	  



In	  the	  Orion	  BN/
KL	  region	  there	  
is	  an	  example	  of	  
a	  powerful,	  
uncollimated	  
ounlow.	  At	  its	  
center	  there	  are	  
several	  young	  
sources.	  

H2	  image	  with	  NH3	  
contours	  (Shuping	  et	  al.	  
2004;	  Wilson	  et	  al.	  2000)	  

	  



The	  BN	  object,	  	  a	  “moving”	  UCHII	  region…	  

In the radio, the BN object in 
the Orion BN/KL region is 
detected as an UCHII region 
ionized by a B-type star. 

Since 1995, Plambeck et al. 
reported large proper motions 
(tens of km s-1) to the NW. 

BN Object 

VLA 7 mm 



The Radio Source I is 
also moving in the sky, 
to the SE. 

Controversial nature: 
thermal jet or ionized 
disk? Recent evidence 
favors ionized disk. 

Radio Source I 

VLA  7 mm 



BN,	  I	  and	  
possiby	  (n)	  are	  
all	  moving	  away	  
from	  the	  same	  
point	  (Gomez	  et	  
al.	  2005,	  2007).	  

Age	  of	  ounlow	  
about	  500	  years.	  



Indeed, around the BN/KL 
region there is the well known 
outflow with an age of about 
1000 years. 

It is possible that the outflow 
and the ejection of BN and I 
were result of the same 
phenomenon. 

Energy in outflow is of order    
4X1047 ergs, perhaps produced 
by release of energy from the 
formation of close binary or 
merger. 



Encounters in multiple stellar systems can 
lead to the formation of close binaries or 
even mergers with eruptive outflows (Bally 
& Zinnecker 2005).  

Reipurth (2000) 



Proplyds	  in	  Orion	  



Proplyds	  in	  Orion	  



Obscured	  proplyd	  in	  Orion	  



Orion	  B:	  Another	  region	  of	  massive	  
star	  forma7on	  

Radio	  sources	  on	  Red	  DSS	  image.	  



Obscured	  proplyd	  



Loca7ng	  the	  exci7ng	  source	  



M17	  

2MASS	   39	  compact	  sources	  
(Rodriguez	  et	  al.	  
2012)	  
	  
M17	  UC1	  
	  
Massive	  binary	  
system	  CEN	  1	  
(exci7ng	  source	  of	  
region)	  



Classifica7on	  HII	  regions	  
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Kurtz	  (2005)	  



Spectrum	  of	  homogeneous	  HII	  region	  
http://www.cv.nrao.edu/course/astr534/images/ffspec.svg
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Free-‐free	  process:	  



However,	  in	  HCHII	  regions:	  
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Slope	  =	  1.4	  
Slope	  =	  1.2	  



Figure	  3	  from	  Compact	  Radio	  Sources	  in	  M17	  
Luis	  F.	  Rodríguez	  et	  al.	  2012	  ApJ	  755	  152	  doi:10.1088/0004-‐637X/755/2/152	  

In	  the	  case	  of	  M17	  
UC1,	  the	  power-‐law	  
spectrum	  with	  slope	  
of	  ≈1	  is	  explained	  by	  
the	  gradient	  in	  free-‐
free	  opacity	  across	  
the	  face	  of	  the	  
nebula.	  



Un7l	  now,	  the	  sources	  discussed	  are	  
free-‐free	  (thermal)	  emivers.	  We	  will	  
not	  discuss	  here	  ionized	  stellar	  winds	  
and	  jets.	  
	  
Let	  us	  discuss	  now	  some	  non-‐thermal	  
sources.	  



Some low-mass young stars emit via the gyrosynchrotron mechanism 

2-4 R* 

Gyrosynchotron	  emission	  is	  produced	  
by	  mildly	  rela7vis7c	  electrons	  
(possibly	  produced	  in	  magne7c	  
reconnec7on	  events)	  in	  stellar	  
magne7c	  field.	  



Some low-mass young star emit via the gyrosynchrotron mechanism 
2-4 R* 

This	  makes	  them	  ideal	  
point	  sources	  for	  parallax	  
(distance)	  measurements.	  



Trigonometric	  
parallax:	  the	  most	  
straighnorward	  way	  
if	  gewng	  distances.	  



…you need Very Long Baseline Interferometry (VLBA, EVN, VERA, LLAMA… ) 
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Milliarcsecond	  angular	  resolu7on	  and	  posi7onal	  accuracy	  	  



Find	  gyrosynchrotron	  source	  in	  region	  with	  the	  
VLA…	  (HW	  9)	  

Famous	  jet	  



Find	  gain	  calibrators	  around	  source	  of	  interest.	  Observe	  
with	  the	  VLBA…	  



This	  source	  in	  par7cular	  is	  not	  a	  very	  good	  case	  because	  it	  
is	  off	  most	  of	  the	  7me…	  



Fit	  posi7ons	  to	  model	  of	  parallax	  +	  proper	  mo7on	  and	  
get	  distance.	  

D	  =	  	  700±30	  pc	  



Local star-formation: the Gould’s Belt distance survey 

140 ± 15 pc                      
Loinard et al. (2005, 2007)           
Torres et al. (2007, 2009, 2012)  

415 ± 5 pc          
Dzib et al. (2010) 

120 ± 4 pc     
Loinard et al. (2008) 

235 ± 15 pc              
Hirota et al. (2008, 2011) 

1400 ± 80 pc      
Rygl et al. (2012) 

414 ± 7 pc      
Menten et al. (2007) 

Loinard et al. (2004- 



Figure 4 from VLBA Determination of the Distance to nearby Star-forming Regions. V. Dynamical Mass, 
Distance, and Radio Structure of V773 Tau A 
Rosa M. Torres et al. 2012 ApJ 747 18 doi:10.1088/0004-637X/747/1/18 

Information: 
 
Thank you for 
downloading this 
PowerPoint slide 
from The 
Astrophysical 
Journal.  This slide 
was designed to be 
edited; you can: 
 
- Remove 
components 
(including this text 
box!) 
- Resize components 
- Apply a style or 
theme 
- Please remember 
to include the 
original article 
citation information. 

More than distances 

Many of these 
gyrosynchotron 
sources have 
turned out to be 
close binaries.  
Correlation 
between separation 
and intensity of 
radio emission.  
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Non-thermal OB stars 3

3. Stellar wind regions for particle acceleration

In a system composed by two stars with winds there are some regions with
shocks that are capable to accelerate particles up to very high energies, namely,
the wind of each star is prone to su↵er instabilities that produce shocks, the re-
gion where single supersonic winds encounters the interstellar matter, the region
where the two winds collide (see Figure 1). The latter region has a rather strong
magnetic field, related to the stars. In such a scenario non-thermal emission can
be produced. The same population of relativistic particles will be involved in
processes that also produce high-energy photons. Electrons accelerated in the
electrostatic field of the ions give rise to relativistic Bremsstrahlung emission.
The copious UV photons from the OB stars are boosted by relativistic electrons
to higher frequencies (IC scattering). Synchrotron emission is produced by elec-
trons accelerated at the existent magnetic field. Neutral pions generated by
inelastic collisions between relativistic and thermal protons decay into gamma
rays. The possibility that high energy emission can also be produced at the envi-
rons of early-type stars motivates the search for counterparts to the unidentified
gamma-ray sources, e.g. Benaglia et al. (2005), Romero et al. (1999).

Figure 1. Possible regions for shock-mediated particle acceleration in mas-
sive star winds: region a) where, in a massive binary system, two stellar
winds collide; region b) in the unstable single stellar wind of an early-type
star; region c) at the terminal shock produced when and where the stellar
wind encounters the ISM.

4. Published radio continuum data on OB stars

In 1995, a catalogue of all observed stars at radio wavelengths till that date was
presented by Wendker (1995). It listed information on 3021 stellar objects with
spectral types from O to M. About 275 were cataloged as O � B2 stars, of which
around 40 were detected, at one or more radio frequencies. The works cited by
Wendker on the detected cases were reviewed in order to derive spectral index
values. The bibliographic sources consulted were Gibson & Hjellming (1974),

Benaglia (2009) 

Particle acceleration to relativistic speeds can take place 
in the shock produced in the wind interaction region of 
massive binary systems (via the Fermi mechanism). 
Electrons will radiate synchrotron emission. 
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With VLBI observations you can follow the motion 
and morphology changes of wind-interaction 
region. 

Cyg OB2#5; Dzib et al. (2013) 
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Eccentric orbit. Wind-interaction region  plunges in 
and out of radio photosphere of star(s), becoming 
undetectable for periods of time. 
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Disappearance of wind-interaction region. 
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JVLA results; Rodriguez et al. 2012 

CEN 1A and CEN 1B,  
the two O4 stars that 
ionize M17, are also 
radio sources and 
most probably close 
massive binaries each 
of them. 

The Astrophysical Journal, 755:152 (9pp), 2012 August 20 Rodrı́guez et al.
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CEN 1b

CEN 1a

Figure 4. JVLA images of the CEN 1 region. In each panel the crosses mark the X-ray positions of CEN 1a and CEN 1b given by Broos et al. (2007). Left column:
images at 4.96 GHz for the three epochs of observation. Contours are −3, 3, 6, 10, 15, 20, and 30 times 72 µJy beam−1, the average rms noise of the images. The
half-power contour of the synthesized beams is shown in the bottom left corner of each panel. Right column: same as in the left column, but for the frequency of
8.46 GHz. Contours are given times 57 µJy beam−1, the average rms noise of the images.

With these new (u, v) data, the real and imaginary parts of the
interferometer data were plotted as a function of time, averaged
over the (u, v) plane. The real part gives us information on
the flux density of the source and the imaginary part on its

position and symmetry. We then averaged over time in bins
of approximately 10 minutes. A detailed description of this
technique is given by Neria et al. (2010). The flux density as a
function of time for the two time-variable sources during a given

6
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Finally, let us talk of two “new” types of 
sources: 
 
-Radio sources at the center of ultra or 
hypercompact HII regions. What are they? 
 
-A source with a very peculiar radio 
spectrum.  
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southwest. The fact that the radio shell extends farther
than the optical image suggests that the optical asymmetry
arises from obscuration local to the NGC 6334 complex.
In the Palomar images two bright sources are located
near the shell’s center; this is the visual binary system
HD 319703AB. Component A, located at
!(2000) = 17h19m46 915; "(2000) = !36"05052>2, is an O7.5
III(f) star, while component B, about 1300 distant, is an O6.5
V(f) star (Chlebowski, Harnden, & Sciortino 1989). No 330
MHz emission was detected from these stars at a 3 # level of
21 mJy. Unfortunately, this upper limit is not stringent.
G351.02+0.65 was also detected at 20 cm by the NVSS
(Condon et al. 1998) and at 6 cm with the VLA (archive
data).

The radio shell of G351.02+0.65 is relatively extended
with a diameter of about 70, or 3.5 pc. The thickness of the
shell is about 5000, or 0.4 pc. The 330MHz flux measurement
is rather uncertain due to contamination from extended
emission in the region. From a map obtained using the
parameter ROBUST = !5, which is equivalent to uniform
weighting, we measure a flux density of 6 Jy for the shell.
This, however, is probably a lower limit due to the under-
sampling of extended emission. The 6 cm map suffers from
the same undersampling due to lack of short spacings. The
shell is clearly detected at 6 cm but the flux determination is
quite uncertain; a lower limit is about 4.5 Jy. From the
NVSS image of G351.02+0.65 we measure a 20 cm flux of
about 2 Jy. Compared with the 90 cm flux density of 6 Jy it
appears that the shell’s radio spectrum has a negative slope,
suggesting synchrotron radiation. Further suggestion of a
synchrotron origin for the radiation comes from the fact
that the NVSS images show evidence for partial linear
polarization of the radio emission. A linear polarization of
about 4% is suggested by the observations. If the radio emis-

sion is synchrotron, G351.02+0.65 is probably a young
supernova remnant. This source is not found, however, in
the updated Green catalog of SNRs2 or the pulsar catalog
of Taylor, Manchester, & Lyne (1993). We caution that the
uncertainties of the flux densities are large and the detection
of linearly polarized radiation is marginal. Alternatively,
HD 319703AB could be the ionization source of the region.
Dedicated radio and/or optical observations are needed to
investigate the nature of this object.

3.4. Shell-like CompactH iiRegions: The Age Problem

We have described radio observations of NGC 6334 in
which three radio sources present shell-like morphology. A
fourth shell-like region in NGC 6334, the H ii region
G351.20+0.70, was mapped by Jackson & Kraemer (1999)
with the VLA at 3.5 cm. In their map we measure a shell
diameter of #2<2, or 1.1 pc, and a width of #2600, or 0.2 pc.
The diameters of the four shells in the region vary from
about 3.5 to 0.12 pc, the bigger ones being located to the
southwest of the complex. Of the four shells, at least three
are H ii regions, and two of them have central radio sources.
From the values listed in Table 3 we note that the ratio of
shell thickness to diameter remains relatively constant (from
0.11 to 0.18) compared with the shell diameters that vary by
a factor of about 30.

Several models have been proposed to explain shell struc-
ture H ii regions; these include (1) wind-driven bubbles, (2)
dust cocoons, (3) champagne flows, and (4) mass-loading
models. In the wind-driven bubble model the mechanical
input from the stellar wind dominates the dynamics of the
region and determines its evolution (Castor, McCray, &
Weaver 1975; Weaver, McCray, & Castor 1977; Shull
1980). In the cocoon models a remnant shell of gas and dust
is left from the process of star formation and kept from fall-
ing into the star by the stellar radiation pressure (Davidson
& Harwit 1967; Kahn 1974; Cochran & Ostriker 1977;
Yorke & Krugel 1977). The champagne model describes the
flow produced when an expanding H ii region breaks
through the edge of a cloud, producing a bright rim and an
evacuated cavity after the flow has emptied into the sur-
rounding intercloud medium (Tenorio-Tagle 1979; Bedijn
& Tenorio-Tagle 1981). Finally, in the mass-loading models
the stellar UV radiation field and a powerful wind interact
with clumpy material in the stellar neighborhood producing
ultracompact H ii regions of various morphologies (Dyson,
Williams, & Redman 1995; Redman, Williams, & Dyson
1996). The wind-driven bubble is the more accepted model,
but serious problems appear when it is applied to young,
shell-like H ii regions (e.g., Turner & Matthews 1984;
Breitschwerdt &Kahn 1994).

Our detection of central sources associated with two
young shells seems to support the wind-driven bubble
model. Assuming that the central radio sources in NGC
6334E and NGC 6334A are associated with stellar winds,
one can estimate the mass-loss rate _MM, following the calcu-
lations of Panagia & Felli (1975). If we assume a wind elec-
tron temperature of T = 104 K, a wind velocity of
vexp = 1000 km s!1, an average ionic charge of !ZZ ¼ 1, and a
mean atomic weight per electron, l = 1.2, we derive
_MM = 8.5 % 10!6 M& yr!1 for NGC 6334E, given the mea-

2 At http://www.mrao.cam.ac.uk/surveys/snrs.
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Fig. 4.—The 3.5 cm image of the H ii region NGC 6334A. Contours are
!4, 4, 5, 6, 8, 10 and 12 % 1.3 mJy beam!1, the rms noise of the image. The
compact source near the center of the nebula is proposed to trace the excit-
ing star. There are no known counterparts to this radio source. The small
cross marks the position of IRS 19, taken from 2MASS. The half-power
contour of the beam (0>72 % 0>56; P.A. = 41") is shown in the bottom left
corner of the image.
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NGC 6334(A); Carral et al. (2002) 

Point source at 
center of shell-like 
UCHII region 
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Source at  center of shell-like NGC 6334(A) HII 
region. 
 
Compact, time-variable, synchrotron spectrum. 
 
⇒ Most likely wind-interaction region in 

massive binary. 
 
Distance determination, period of system. 
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Compact source at center of  W3 (OH). 
Free-free spectrum, radio recombination line. 
We may be seeing photoevaporating disk 
associated with ionizing star of the region. 
Slope = 1.3±0.3. Massive transition object? 



Figure 7 from Compact Radio Sources in M17 
Luis F. Rodríguez et al. 2012 ApJ 755 152 doi:10.1088/0004-637X/755/2/152 
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Our biggest problem now is understanding 
M17 JVLA 35. Spectrum and characteristics 
cannot be explained with any of the 
mechanisms discussed. 
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M17 JVLA 35 

Spectrum similar to self-absorbed synchrotron, but angular 
size and turnover at high frequency imply too large a 
magnetic field. 
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Conclusions 
 
Study of compact radio sources 
in regions of massive star 
formation is only starting. Many 
astronomical uses. 
 
Although mostly understood, 
there are many unknowns in the 
field. 
 


