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1. Abstract

We present 16 GHz deep radio continuum observations made with the Arcminute Microkelvin Imager (AMI) of a sample of low-mass young stellar objects (YSOs) driving jets. We compile and
examine spectral energy distributions (SEDs) for each source using data from an extensive literature search and calculate both radio and sub-mm spectral indices in two different scenarios: (i)
fixing the dust temperature according to evolutionary class; (ii) allowing the dust temperature to vary. We use these derived spectral indices to place constraints on the physical mechanisms
responsible for the radio emission and find that 80% of the objects in this sample have spectral indices consistent with free-free emission from a partially ionised outflow. We examine
correlations between the radio luminosity and bolometric luminosity, envelope mass, and outflow force and investigate the error contributions of different spectral parameters to constraining the
radio luminosity of these objects.

2. Introduction

Class 0 protostars represent the youngest phase of proto-
stellar evolution in which the central object has yet to ac-
crete most of its mass from the surrounding envelope, and
is therefore less massive than the envelope (Menv > M∗)
[6]. The subsequent Class I phase [8] occurs when the ma-
jority of the remainder of the envelope has accreted onto the
protostar or its circumstellar disc (Menv < M∗). Embed-
ded YSOs are often found to have partially ionised and col-
limated outflows/jets driven by the accretion from their en-
velopes, detectable at centimetre wavelengths almost cer-
tainly via thermal bremsstrahlung radiation. This free-free
emission is typically found to have a flat or positive power-
law spectral index α, where the flux density Sν ∝ να at fre-
quency ν. Unresolved sources can exhibit partially opaque
spectra with spectral indices in the range -0.1≤ α ≤2,
where a value of -0.1 indicates optically thin free-free emis-
sion and a value of 2 indicates optically thick. α=0.6 is
found for a standard, canonical jet [9].
We present 16 GHz deep radio continuum observations
made with AMI of a sample of low-mass YSOs driving
known outflows. We investigate the properties of this total
radio emission and compare it to the clearly defined trends
with other global properties of these systems, such as bolo-
metric luminosity (Lbol), envelope mass (Menv), and out-
flow force (Fout), measured in previous works [2, 3, 4]. We
combine our results for the flux densities with those found
in an extensive literature search to calculate the spectral
indices at radio wavelengths, and find that they are consis-
tent with free-free emission as the mechanism for the radio
emission.

3. Results

The AMI 16 GHz combined-channel map for one of the tar-
get sources, L1448, is shown in Figure 1, and we mea-
sure an integrated flux density of S16GHz=2.39±0.16 mJy
for this source. Detailed notes on L1448, along with flux
densities, maps and notes for the remainder of the sample,
can be found in [1].

Figure 1: The AMI 16 GHz combined channel map uncorrected for
the primary beam response for L1448. Known protostellar objects (+)
are from [7]. Solid lines indicate outflow axes for L1448 NB (cyan)
and L1448 C (magenta) from [10]. The primary beam response is
shown as a solid circle and the PSF for the dataset as a filled ellipse
in the bottom left corner. Contours at 5, 10, 15, 20σrms etc, where
σrms=24µJy beam−1.

4. SEDs and Spectral Indices

Power-law spectral indices, αAMI, were fitted to the AMI
channel data alone for each object. 78% of the tar-
get sample had αAMI consistent with free-free emission,
and the weighted average spectral index is found to be
αAMI=0.42±0.59, consistent with the value for a canoni-
cal jet.
We then fit a combined radio power law, with spectral in-
dex α′, and blackbody model to the larger data set for each
source. This fit utilised data at wavelengths >100µm col-
lected from an extensive literature search and had the form:
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where β is the dust opacity index,Bν is the Planck function
for a dust temperature Td, K1 is the normalized flux den-
sity at ν1=16 GHz and K2 is the normalized flux density at
ν2=300 GHz.
Fitting was performed in two scenarios to obtain the maxi-
mum likelihood values for α′, β, and Td of each source: (i)
by fixing Td based on evolutionary class, and (ii) by allowing
Td to vary. In both scenarios, 80% of the target sample had
α′ consistent with free-free emission, and α′=0.20±0.4.
The SED for L1448 is shown in Figure 2 with the results
from (ii) overlaid. The SED results and plots for the remain-
der of the sample can be found in [1].

Figure 2: L1448 SED plotted with Scenario (ii) results. AMI data
points are indicated in red. Only data ν <3 THz (λ >100µm) were in-
cluded in the fit, but IRAS data ν >3 THz are included in the plot (blue
data points) for illustration and could be fitted by a star + disc model.

5. The Greybody Contribution

At 16 GHz there is expected to be a small contribution to the
radio flux density of protostars due to the long wavelength
tail of the thermal dust emission from the envelopes around
these objects [5]. It is important to separate this component
from the free-free emission and we calculate this predicted
contribution to the 16 GHz flux density in the following way:

Sgb,16 = f(K2, β, Td) =K2
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with an associated error
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where ν1=16 GHz, ν2=300 GHz, and σK2
, σβ and σTd

are
the uncertainties on K2, β and Td respectively. In all
cases the error is found to be dominated by the uncer-
tainty on β. For example, in the case of L1448: σ2

S,16 =

4.392± 75.82± 14.32µJy.
We subtract Sgb,16 from the measured 16 GHz flux density
to obtain values of only the radio emission due to the out-
flow component at 16 GHz, Srad,16. We compute the radio
luminosities, Lrad = Srad,16d

2 (where d is distance to the
source), to use in the correlations that follow. All results can
be found in [1].

6. Correlations

Lrad has been shown to correlate with global properties
such as Lbol, Menv, and Fout, and we find that these new
data are broadly consistent with the trends seen in lower
luminosity samples [2, 3, 4]. The correlation with Lbol is
shown in Figure 3, and we find a slight bias towards higher
values of Lbol. The strong correlation of Lrad with Menv

is shown in Figure 4. In Figures 3 and 4, filled circles rep-
resent Class 0 sources from this sample, stars are Class I,
and unfilled circles are previous data. The correlation with
Fout along with a detailed discussion of these correlations
can be found in [1].

Figure 3: Correlation of 16 GHz Lrad with Lbol when Td varies. Best
fitting correlation of slope 0.51±0.26 from [3] is shown as a solid line.

Figure 4: Correlation of 16 GHz Lrad with Menv, where the solid line
indicates the best fitting correlation of slope 0.96±0.41 using the com-
bined data set, the dashed lines indicate a slope of 1.33 and the 1σ
limits on the distribution of data relative to this slope, see [3].

7. Conclusions

• The data presented in this work provides support for free-
free emission as the dominant mechanism for producing
Lrad from these YSOs. Across the AMI channel bands,
78% of the detected YSOs in this sample have spectral
indices αAMI consistent with free-free emission, and we
find an average spectral index of αAMI=0.42±0.59, con-
sistent with the value for a canonical thermal jet.

• We have presented and examined SEDs for each de-
tected protostellar source, combining the AMI data
with available archival data from an extensive literature
search. We tested two scenarios to obtain maximum
likelihood values for α′, β, and Td: (i) by fixing Td for
each source based on evolutionary class, and (ii) by al-
lowing Td to vary. In both scenarios we find that 80% of
the objects in the target sample have α′ consistent with
free-free emission, and we calculate an average spectral
index α′=0.2±0.4 consistent with the value for a well-
collimated outflow.

• We examine the errors associated with determining Lrad
at 16 GHz and find that the dominant source of error is
the uncertainty on β.

• We examine correlations between Lrad and other global
properties of these systems, and find that these data
are broadly consistent with correlations found in previous
samples. We improve the strong correlation with Menv,
and we find a slight bias in the Lrad–Lbol relationship
towards higher values of Lbol.
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