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Characterized by 
thermal free-free cm 
emission very close to 
the star. 
 
-0.1 < spectral index < 2 
 
Typically: α = 0.4-0.7 
(Anglada et al. 2018) 
	

α = 0.6 for a conical jet 
(Reynolds 1986) 

Radio jets around YSOs 

(Anglada et al. 2018) 



Non-thermal radio jets 

(Rodriguez-Kamentzki et al 2015) (Rodriguez-Kamentzki et al 2018) 

In some cases, the radio jet shows 
a thermal core (positive or flat 
spec index) and non-thermal 
lobes (negative spec index) 

Star 
Star 



Synchrotron emission in the HH80 radio jet 

(Carrasco-Gonzalez et al 2010) 

Mechanism: 
 Diffusive Shock Acceleration 
(DSA) mechanism (Drury 1991) 
that can work in the strong shocks 
produced by YSO jets. 
 
Confirmed by models (Araudo+2007, 
Padovani+2016) 
=> Source of cosmic rays? 

Discovery of linearly polarized 
radio emission in the lobes of the 
HH80 radio jet  
(Carrasco-Gonzalez+2010) 
 
è synchrotron emission 
 
è relativistic electrons 



The nature of FIR 3 and FIR 4 in OMC-2 

(Furlan et al. 2014) 

(Furlan+2016) 

Complex region: protostellar 
model + clump of externally 
heated dust. L< 120Lsun 

Class I intermediate-
mass star L~500Lsun 
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Figure 1. IRAC 3.6, 4.5, 5.8, and 8.0 µm, MIPS 24 µm, PACS 70 and 160 µm, SABOCA 350 µm, and LABOCA 870 µm images of the region around OMC-2 FIR 4
(SOF 3, HOPS 108). At 24 µm, the saturated sources to the north, south, and southwest are OMC-2 FIR 3 (SOF 2N, HOPS 370), OMC-2 FIR 5 (SOF 4, HOPS 369),
and SOF 5 (HOPS 368), respectively. The two crosshairs show the position of FIR 3 (northern crosshairs) and FIR 4 (southern crosshairs).
(A color version of this figure is available in the online journal.)

the offset position. The detection of emission offset relative to
the peak position seen at 8–70 µm could be an indication of an
outflow (see Section 5.4). About 6′′ to the north of FIR 4 lies
an object that is brighter in all IRAC bands, but much fainter
at 24 µm and not detected at 70 µm and longer wavelengths
(see Figure 1). This is source MIR 24 tentatively identified with
FIR 4 by Nielbock et al. (2003), but it is a separate source (also
known as HOPS 64 in the HOPS catalog).

The IRS spectrum of FIR 4 is very noisy in the 5–14 µm
region, mostly due to deep ice and silicate absorption features,
but at 8 µm agrees with the IRAC measurement within ∼20%.
Given the slit widths of 3.′′6 for the Short-Low module (SL;
5–14 µm) and 10.′′5 for the Long-Low module (LL; 14–37 µm),
as well as the slit orientations, none of the bright neighboring
sources contaminated the IRS spectrum. Only HOPS 64, located
6.′′3 to the north of FIR 4, partially entered the LL slit, but its
flux contribution at wavelengths !15 µm is small (its MIPS
24 µm flux is 0.57 Jy, compared to 1.5 Jy for FIR 4). There is
a discrepancy between the MIPS 24 µm flux of FIR 4 and the
24 µm flux derived from IRS spectra in that the IRS flux is a
factor of two too high. This could be due to the fact that more
extended emission from the filament was included in the IRS
measurement (slit width of 10.′′5 compared to the typical FWHM

of the MIPS 24 µm PSF of ∼6′′). The IRS spectrum was scaled
by 0.5 to match the MIPS 24 µm flux. When compared to the
SOFIA/FORCAST measurement at 37.1 µm from Adams et al.
(2012), where FIR 4 appears as a point source, the IRS spectrum
is about a factor of 1.3–1.9 too high (the range considers the
calibration uncertainty of the 37.1 µm flux), roughly consistent
with the discrepancy found for the MIPS 24 µm flux.

At 70 and 160 µm, emission toward OMC-2 FIR 4 can be
clearly discerned (Figure 1). FIR 4 is part of a dense filament
extending from FIR 3 (HOPS 370) to the north. At 70 µm, a
point source can be seen near the position of the Spitzer 8 and
24 µm source. To compare the position of the PACS sources
to those in the Spitzer images, the PACS maps have been re-
centered based on the average offsets between the Spitzer and
PACS 70 µm observations of the HOPS targets in the field (see
Figure 2). The offsets were determined independently for the
four distinct images constructed from the four separate groups
of PACS scans that covered FIR 4 as part of the HOPS program.
In these four images, the 70 µm position of FIR 4 is offset from
the Spitzer position by 0.′′4–1.′′4 (Figure 2), much smaller than
the FWHM of 7′′ at 70 µm. These offsets are comparable to
the offsets found for the other HOPS sources in each group and
match the positional uncertainty expected from the Herschel
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FIR 3 

HOPS 108 (FIR 4) 

HOPS 370= FIR 3 



VLA radio observations of OMC-2 FIR 3 and FIR 4 

3.6 cm 

(Reipurth et al. 1999) 

FIR 3 

FIR 4 



VLA radio observations of OMC-2 FIR 3 and FIR 4 

(Osorio et al. 2017) 

3.6 cm 

           

(Reipurth et al. 1999) 

FIR 3 

FIR 4 



Multiwavelength observations of FIR 3 and FIR 4   

(Osorio et al. 2017) 
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 VLA 12 knots move  
away from FIR3 (VLA11) 
è jet ejected by FIR3 

Proper motions from  
multi-epoch observations 

V=100Km/s 

V=100Km/s 

V=37Km/s 



 
*The jet has been imaged in [OI], a 
shock tracer (González-García+2016). 
The [OI] emission is brighter in the 
proximity of  FIR4.  
 
*Other FIR shock tracers: high 
excitation CO, H2O, OH lines near FIR3 
and FIR4 (Manoj+2013, 2018). 
 
*Shimajiri+2008,2015 found 
morphological, kinematical, and 
chemical evidence of shocks near 
FIR4. 
 
*The impact of the jet with an ambient 
cloud may have triggered the formation 
of the HOPS 108 protostar (Osorio 
+2017). 
 

(González-García et al. 2016) 

Additional evidence of shocks 

[OI] 



The non-thermal jet from FIR 3: a possible source of CRs	  

FIR 3 

Shock 
interaction 

FIR 3 drives a non-thermal radio jet. 
A strong shock interaction is taking place 
at the region of its non-thermal lobe. 
This is a source of relativistic particles 
and possible CRs. 
 
Other shock tracers support this strong 
interaction (Shimajiri+ 2018, 2015 Manoj
+2014, Gonzalez-Garcia+2016). 
 
Some authors (Ceccarelli+2014, Fontani
+(2017) have found evidences of a high 
cosmic-ray ionization rate at the position 
of FIR 4. 
 
Padovani+ (2016) proposed that jet 
shocks could be strong accelerators of 
CR protons, which can be boosted up to 
relativistic energies. We believe that the 
jet  driven by FIR 3 is the responsible 
of these CRs. 

FIR 4 



Thanks!	  


