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ABSTRACT

Radio observations of young stellar objects (YSOs) enable the study of ionised plasma outflows from

young protostars via their free–free radiation. Previous studies of the low-mass young system T Tau

have used radio observations to model the spectrum and estimate important physical properties of the

associated ionised plasma (local electron density, ionised gas content and emission measure). However,
without an indication of the low-frequency turnover in the free–free spectrum, these properties remain

difficult to constrain. This paper presents the detection of T Tau at 149MHz with the Low Frequency

Array (LOFAR) - the first time a YSO has been observed at such low frequencies. The recovered total

flux indicates that the free–free spectrum may be turning over near 149MHz. The spectral energy

distribution is fitted and yields improved constraints on local electron density ((7.2±2.1)×103 cm−3),
ionised gas mass ((1.0± 1.8)× 10−6M⊙) and emission measure ((1.67± 0.14)× 105 pc cm−6).

1. INTRODUCTION

Classical T Tauri stars are pre-main-sequence stars

which grow in mass through accretion from a surround-

ing circumstellar disk. They are observed to drive jets
which are believed to remove excess angular momentum

from the circumstellar disk thereby allowing accretion to

proceed. These Young Stellar Objects (YSOs) are typ-

ically detected at centimetre or longer wavelengths via

free–free emission from their collimated, ionised outflows
(see e.g. Anglada et al. 2015). The observed free–free

spectrum is characterised by a flat or positive power

law spectral index α (where the flux density Sν ∝ να

at frequency ν) with a value of −0.1 for optically thin
emission, +2 for optically thick emission and interme-

diate values for partially opaque plasma (see e.g. Scaife

2013).

Historically, with typical flux densities at centime-

tre wavelengths of . 1mJy and a tendency to weaken

at lower frequencies, observations of YSOs have been

confined to frequencies > 1GHz (wavelengths λ <

30 cm). However, with their free–free spectra expected
to turnover at low frequencies as the emitting medium

transitions from optically thin to thick (Scaife 2013),

the study of YSOs at low frequencies offers a promis-

ing window into the physical parameters of their jets.

Recent work by Ainsworth et al. (2014, 2016) has used
the Giant Metrewave Radio Telescope (GMRT) to be-

gin studying YSOs at very low radio frequencies (323 to

608MHz) and shows the feasibility of observing YSOs

with interferometers such as the Low Frequency Array
(LOFAR) and, ultimately, the Square Kilometre Array

(SKA).

Ainsworth et al. (2016) discussed the importance of

investigating the radio emission from young stars at low

radio frequencies. Physical properties of the ionised
plasma, such as the electron density, ionised gas mass

and emission measure, can be well constrained once

http://arxiv.org/abs/1611.03282v1
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the low-frequency turnover (between optically thin and

thick behaviour) in the free–free spectrum has been

identified. These GMRT results demonstrated that the

low frequency turnover occurs at frequencies lower than
323MHz for their small target sample. Specifically,

these authors showed that the prototype of an entire

class of low-mass YSOs (Joy 1945), T Tau, would be

well suited for further investigation with LOFAR as

they estimate the turnover frequency to occur around
∼ 200MHz. They identified the sensitivity and resolu-

tion of LOFAR at 150MHz as being well suited to con-

strain the size of the free–free emitting region in T Tau.

Low frequency observations of young stars are also
important for another reason: searching for non-

thermal (synchrotron) emission from YSO jets (see e.g.

Carrasco-González et al. 2010). This result was origi-

nally considered surprising, since the velocities of YSO

jets are much lower than those from Active Galactic
Nuclei, however recent modelling (e.g. Padovani et al.

2016) have shown how YSO jets can accelerate particles

to relativistic energies through diffusive shock acceler-

ation. Moreover, the successful detection of polarised
emission associated with non-thermal processes is now

considered an important window into the magnetic field

environment of the jet. It is also notable that a large

fraction of YSOs detected with the Very Large Array

(VLA) in the Gould Belt Survey of Dzib et al. (2015)
are consistent with non-thermal coronal emission. Flux

densities from non-thermal emission processes increase

with decreasing frequency which should make them eas-

ier to detect with instruments such as LOFAR and the
GMRT.

T Tau (J2000: 04 21 59.4 +19 32 06.4) is a well-studied

triple system located in the Taurus-Auriga Molecular

Cloud at a distance of 148pc (Loinard et al. 2007b).

The triplet consists of an optically visible star, T Tau N,
and an optically obscured binary 0.′′7 (≈ 100 au) to the

south, T Tau Sa and Sb, visible at infrared and longer

wavelengths and with a projected separation of 0.′′13

(≈ 19 au; Dyck et al. 1982; Koresko 2000; Köhler et al.
2008). Two large-scale outflows have been observed

from the system (Reipurth et al. 1997; Gustafsson et al.

2010): an east-west outflow from T Tau N which termi-

nates at the Herbig-Haro object HH 155 (position an-

gle ∼ 65◦ with inclination angle to the plane of the sky
i ∼ 80◦), and a southeast-northwest flow associated with

HH 255 and HH 355 thought to emanate from T Tau Sa

(position angle ∼ 345◦ with i ≤ 10◦). A separate molec-

ular flow in the southwest direction is associated with
T Tau Sb (Gustafsson et al. 2010). T Tau N appears to

be surrounded by an accretion disk that is nearly face-

on, T Tau Sa is surrounded by a disk that is nearly edge-

on, and both T Tau Sa and T Tau Sb are apparently

surrounded by an edge-on circumbinary torus which is

responsible for the large extinction toward T Tau S (see

e.g. Loinard et al. 2007a, for an overview of the T Tau

system).

At radio (centimetre) wavelengths, previous high an-
gular resolution observations made with the VLA re-

solve the northern and southern components of the

T Tau triple system but do not resolve the southern

binary (Schwartz et al. 1986; Skinner & Brown 1994;

Johnston et al. 2003; Smith et al. 2003; Loinard et al.
2007a). Figure 1 presents the multi-epoch observations

at 5, 8 and 15GHz of Johnston et al. (2003). The emis-

sion from T Tau N does not exhibit a large degree of

time variability and has a spectral index α ≃ 1, indicat-
ing that the emission is thermal in origin (e.g. from a

dense ionised stellar wind, see also Loinard et al. 2007a).

In contrast, the emission from T Tau S shows a high de-

gree of time variability over ≃ 20 years and usually has

a flat spectral index (α ≃ 0) which is normally indica-
tive of optically thin free–free radiation. However, both

T Tau N and S radio sources exhibit circular polarisa-

tion indicating that the emission from each component

has contributions from gyrosynchrotron radiation due
to magnetic activity (Skinner & Brown 1994; Ray et al.

1997; Johnston et al. 2003).

At all epochs, the southern radio source is heavily

dominant (with flux density ratio of order 6:1 between

the southern and northern radio components, see Fig-
ure 1) and therefore makes the major contribution to

the spectrum (and the variability) of the unresolved ob-

servations (lower resolution observations suggest a ratio

10:1, see e.g. Scaife 2011). Johnston et al. (2003) sug-
gest that the southern radio source itself is dominated

by the optically less luminous member, T Tau Sb. This

is further supported by very high angular resolution ob-

servations using the Multi-Element Radio-Linked Inter-

ferometer Network (MERLIN) and the Very Long Base-
line Array (VLBA) which trace the proper motion of

the southern radio source and shows it to be associated,

although not coincident, with T Tau Sb (Smith et al.

2003; Johnston et al. 2004; Loinard et al. 2005, 2007b).
These authors show that this small scale (. 1 au), com-

pact emission arises from non-thermal gyrosynchrotron

radiation implying a magnetic origin. However, there is

another radio component which is extended (with po-

sition angle of 47◦ at 8GHz), unpolarised, only mod-
erately variable and has a spectral index typical of op-

tically thin free–free radiation (α ≃ 0; Loinard et al.

2007a). This extended, large-scale component is pre-

sumed to be diffuse optically thin emission produced by
shocks in the supersonic outflow driven by T Tau Sb.

Based on these results, we would therefore expect large-

scale radio emission from the (unresolved) T Tau sys-

tem to be dominated by the shock ionised plasma of the

T Tau Sb outflow, with only small contributions from
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Figure 1. Time dependence of the flux density (at 5, 8 and
15GHz) and spectral index (α, calculated between 5 and
15GHz except for epochs 1989 and 2001 which were cal-
culated between 8 and 15GHz) of the T Tau system from
Johnston et al. (2003, data are from their Table 2). The
(blue) dotted lines show the measurements for T Tau N, the
(red) dashed lines show the measurements for T Tau S and
the (black) solid lines shows the combined, total measure-
ment of the (T Tau N+S) system. The mean values for the
flux densities and spectral index of the total T Tau N+S
system are quoted on the left of each plot and shown as hor-
izontal (black) dashed lines. It is clear that the total flux
density and spectral index are dominated by the variable
emission from T Tau S (which is more extreme at higher fre-
quencies) and that any unresolved observations are therefore
expected to be heavily dominated by T Tau S in a ratio of
approximately 6:1 (see text for details).

the compact, non-thermal component of T Tau Sb and

the thermal component from T Tau N.

The recent GMRT observations of T Tau at 323 and

608MHz by Ainsworth et al. (2016) did not resolve the
separate components of the YSO, but detected an ex-

tended source with a 323–608MHz spectral index of

αGMRT = 0.11 ± 0.14, consistent with (partially) op-

tically thin free–free emission. These results are consis-

tent with the extended free–free component of the emis-
sion from the T Tau Sb outflow (Loinard et al. 2007a)

which is expected to dominate on large scales (several

hundred au). Based on their modelling from 323MHz

to ∼ 1THz, Ainsworth et al. (2016) estimated that the
frequency of the turnover in the free–free spectrum of

this emission is ∼ 200MHz, suggesting LOFAR obser-

vations may help constrain the turnover frequency and

greatly improve spectral modelling.

In this paper we present the first detection of a YSO
with LOFAR at 149MHz. In Section 2 we present de-

tails of the observations and data reduction, as well as

a discussion on the accuracy of the recovered LOFAR

fluxes. In Section 3 we present the resulting radio im-
age of the T Tau system made at 149MHz (2m) with a

bandwidth of 49MHz, along with a measurement of the

integrated flux density. In Section 4 we model the spec-

tral energy distribution (SED) and perform an analysis

of the fitting parameters. As a result, we place limits on

the average electron density, the mass of ionised gas and
the emission measure, using a fitted turnover frequency

of 157 ± 27MHz. We make our concluding remarks in

Section 5.

2. OBSERVATIONS AND DATA REDUCTION

The T Tau system was observed for 8 hours with

LOFAR (van Haarlem et al. 2013) in high band (HBA)

mode over a single night on 2014 January 9–10 (Project
code LC1 001). 3C147 was observed as a flux cali-

brator at the beginning and end of the run. A single

beam was used to observe the target field between 110

and 190MHz using 488 sub-bands with 1 second inte-
gration and 64 channels per sub-band. The data were

processed by the default pre-processing pipeline which

performed flagging using aoflagger (Offringa et al.

2012) and averaged the data down to 5 seconds inte-

gration and 4 channels per sub-band. While interna-
tional stations were included in the observation, only

data from the Dutch (core and remote) LOFAR sta-

tions are used in this paper. This results in a resolution

which can be directly compared with the GMRT results
of Ainsworth et al. (2016).

Amplitude and clock calibration were performed

using the pre-facet calibration pipeline prefactor

(van Weeren et al. 2016). This pipeline used the bright

calibrator source 3C147 (observed in two 10 minute
scans) to calculate the amplitude gains, as well as to sep-

arate the clock and TEC (total electron content) phase

delay terms from the overall phase delay. As the qual-

ity of the second (later) scan was much better than the
first, only this scan was used to derive the amplitude and

clock solutions to be applied to the target field. Note

that the TEC delay solutions were not transferred as

they are not applicable to the target field. The diag-

nostic plots produced by prefactor for the lowest and
highest 10MHz of the bandwidth suggested they were

of poor quality and they were excluded from any further

processing.

An initial direction-independent phase calibration was
applied to the target field using data from the LOFAR

global sky model (GSM; van Haarlem et al. 2013), a

fusion of the VLA Low-frequency Sky Survey (VLSS,

VLSSr; Cohen et al. 2007; Lane et al. 2012), the West-

erbork Northern Sky Survey (WENSS; Rengelink et al.
1997) and the NRAO VLA Sky Survey (NVSS;

Condon et al. 1998). A sky model at LOFAR frequen-

cies was then developed using the data itself. The field

was imaged with CASA (McMullin et al. 2007) at five
2MHz bands at regular intervals across the most sen-

sitive region of bandwidth (with central frequencies of
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127.6, 139.4, 151.1, 162.8 and 172.6MHz, respectively)

and the LOFAR source finding software, PyBDSM

(Mohan & Rafferty 2015), was used to make a multi-

frequency sky model of the field. The resulting sky
model was then used to generate a new set of direction-

independent phase solutions for the original dataset and

the process was iterated until two rounds of direction-

independent phase-only self-calibration had been ap-

plied to the dataset. In all cases the standard correc-
tions for the LOFAR beam were applied immediately

before imaging.

Several of the brightest sources with strong artefacts

were then subtracted using SAGECal (Kazemi et al.
2011) with the sky model used in the final direction-

independent self-calibration cycle. To achieve the best

subtraction and account for a known issue in direction-

dependent calibration where the flux of unmodelled

sources can be suppressed, SAGECal was run in “ro-
bust” multi-frequency Message Passing Interface (MPI)

mode (Kazemi & Yatawatta 2013), minimising flux sup-

pression and ensuring smooth solutions between neigh-

bouring bands. A bright off-field source, 3C123, was also
subtracted. Sources to be subtracted were divided into

individual SAGECal solution clusters with unique am-

plitude and phase solutions, while a single cluster with a

single set of amplitude and phase solutions was used to

describe the rest of the field. An integration time of 20
minutes was employed and the solutions were applied to

the visibilities of the bright sources before subtracting

them. The derived solutions for the rest of the field were

not applied to the residual visibilities so as to minimise
any effect on the target itself.

Final imaging was performed using CASA over ap-

proximately 49MHz of bandwidth centred at 149.1MHz

(sub-bands 50-300). Only core and remote stations were

used and the UV range was clipped to above 1 kλ. This
increased the effective resolution of the image, while

suppressing diffuse emission on large scales relative to

the anticipated size of the T Tau system in the GMRT

images of Ainsworth et al. (2016). Three Taylor terms
were employed to describe the sky brightness and 256

W-projection planes were used to image 2◦ of the sky

with a cellsize of 1′′. The data were weighted with a

Briggs Robustness value of zero.

Note that AWImager (Tasse et al. 2013), a LOFAR
imager which can apply further corrections for the LO-

FAR beam during imaging, was also used to image

T Tau. However, as AWImager does not support mul-

tifrequency synthesis imaging with two or more Taylor
terms, this resulted in reduced quality due to the large

fractional bandwidth in the image. As the CASA image

appeared generally of higher quality and primary beam

effects at the phase centre tend to be small, the result

from CASA’s clean task using multi-frequency synthe-

Figure 2. Distribution of spectral index vs. flux density
at 149MHz for all sources detected at 149MHz with LO-
FAR and in the 323MHz GMRT image of Ainsworth et al.
(2016). The dashed line indicates the position of T Tau
with an integrated flux of 1.75 ± 0.36mJy. The dotted line
shows the 3σ sensitivity cutoff for the 323MHz GMRT im-
age (σrms = 103µJy beam−1). Error bars indicate 1σ non-
systematic errors propagated from fits by PyBDSM. There
is no evidence for any systematic variation of spectral in-
dex with flux, suggesting that significant faint sources in the
LOFAR image are free of systematic errors relative to the
brighter sources.

sis was deemed to be the most accurate. PyBDSM was

used to fit the emission from the target, resulting in the

Gaussian parameters reported in Section 3.
CASA was used to measure the standard deviation

of the flux in a 144 arcmin2 box around the T Tau sys-

tem, finding a value of σrms = 0.2mJy beam−1. Figure 2

shows the spectral indices derived for sources detected
in both the two degree LOFAR image and the 323MHz

GMRT image of Ainsworth et al. (2016). No system-

atic change in spectral index is evident as sources ap-

proach the 3 σrms = 0.6mJybeam−1 detection limit of

the 149MHz LOFAR image. This demonstrates that,
even without primary beam correction, there is no visi-

ble artificial suppression or enhancement of the fluxes of

weak sources such as T Tau, at least within the central

part of the image.
While Figure 2 shows a stable flux scale across a wide

range of fluxes, the absolute accuracy of the local flux

scale still needs to be established. Two measures were

taken to test this accuracy. First; in order to quan-

tify errors due to elevation-dependent gain, the clock
and gain solutions were applied to the previously un-

used first scan of 3C147 (taken 8 hours before the sec-

ond calibrator scan). Phase only self-calibration and

LOFAR beam corrections were applied in the same way
as for the T Tau field. 3C147 was imaged using CASA,

recovering a flux of 58.8Jy at 149.1MHz compared to
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the calibrator model flux of 66.7 Jy at 150MHz, esti-

mated to be accurate to within 4% of the true flux

(Scaife & Heald 2012). The mean elevations of the first

and second 3C147 scans were ∼ 40◦ and ∼ 64◦, respec-
tively, compared with T Tau’s mean elevation of ∼ 45◦.

This implies that the elevation-dependent gain error on

the target field is likely less than the 12% observed be-

tween the two 3C147 scans. No correction was applied

to the target field based on this analysis, but the factor
of 12% was considered to be contributing to the system-

atic uncertainty (see below).

Second; in order to quantify imperfect modelling of

LOFAR beam variations across direction and frequency,
the integrated LOFAR fluxes of sources within a de-

gree of T Tau at 149MHz were compared to the GMRT

150MHz TGSSADR survey, which has an estimated flux

scale uncertainty of 10% (Intema et al. 2016) and which

also uses the flux scale of Scaife & Heald (2012). 15
matches were detected within 0.◦5 of T Tau, with LO-

FAR overestimating the GMRT flux by an average of

2%. 53 matches were detected within 1◦ (inclusive of

the 15 within 0.◦5), with LOFAR underestimating the
GMRT flux by an average of 6%. Given this good

agreement with TGSSADR 150MHz fluxes, the LO-

FAR flux scale is likely accurate to within about 10%.

We thus conservatively estimate the LOFAR flux scale

to be accurate to 12% in agreement with the 3C147-
based testing and have added this figure in quadra-

ture to the Gaussian fit uncertainty, σfit, to calculate

the final uncertainty in the integrated flux: σSν
=

√

σ2
fit + (0.12× Sν,int)2. Note that σfit is derived from

both the quality of the Gaussian fit and the local root-

mean-squared noise as determined by PyBDSM.

3. RESULTS

Figure 3 (left) shows the LOFAR detection of the

T Tau system with a peak flux of S149GHz,peak =

0.96 ± 0.20mJy beam−1 at a significance of 4.8 σrms

excluding systematic errors. The integrated flux is
S149GHz,int = 1.75± 0.36mJy (including the systematic

contribution discussed in Section 2) with a Gaussian fit

of (9.′′29± 2.′′32)× (5.′′80± 1.′′04) and a position angle of

46.◦8 ± 23.◦7. When compared to the restoring beam of
6.′′01 × 4.′′90, this indicates that the emission has been

partially resolved at least along one direction. The de-

convolved source size was 7.′′60 × 1.′′41 with a position

angle of 40.◦5. Figure 3 (right) shows the LOFAR data

in colour with the contours overlaid from the GMRT ob-
servations of Ainsworth et al. (2016) at 608MHz. The

radio emission appears extended along the same direc-

tion at both frequencies and consistent with the position

angle of 47◦ of the extended component observed by
Loinard et al. (2007a) at 8GHz. As the T Tau system

is located at a distance of 148pc (Loinard et al. 2007b),

LOFAR’s resolution of ≃ 5.′′4 means that the T Tau

system is being probed on a scale of several hundred

au. At this resolution, we expect the radio emission to

be heavily dominated by T Tau S (specifically the ex-
tended, free–free component from T Tau Sb) based on

the results of Johnston et al. (2003) and Loinard et al.

(2007a, see Section 1 and Figure 1), with which indeed

the LOFAR detection appears to be consistent.

4. DISCUSSION

4.1. SED Analysis

The SED for the T Tau system is presented in
Figure 4, which combines the flux density measured

with LOFAR in this work and the data used in

Ainsworth et al. (2016). These authors ensured that

integrated fluxes in the free–free, low-frequency part
of the spectrum (ν . 15GHz) were taken from ob-

servations with a similar angular resolution so that

only emission on similar spatial scales is modelled.

LOFAR and the GMRT do not resolve T Tau N

and S, therefore where higher resolution VLA data is
used (e.g. Skinner & Brown 1994; Johnston et al. 2003;

Loinard et al. 2007a), the T Tau N and S components

have been added together and as a result may still have

some missing flux. This was also done, in so far as was
possible, for the high frequency (ν & 15GHz) data.

There are two distinct regimes in the SED which need

to be modelled: free–free emission associated with the

partially ionised outflows at low frequencies and thermal

dust emission associated with the circumstellar disks
at high frequencies (see discussion in Ainsworth et al.

2016). Although we do not expect the higher frequency

data to contaminate the flux densities at very low fre-

quencies, the long wavelength tail of the thermal dust
emission has been shown to contribute to the centimetre-

wave flux densities of YSOs which can affect the spec-

tral modelling of the entire free–free spectrum and must

therefore be included (Scaife et al. 2012).

As the turnover in the free–free spectrum had not yet
been detected at GMRT frequencies, Ainsworth et al.

(2016) modelled the partially optically thin/thick free–

free emission using a single power law of α = 0.17±0.01.

However, the flux density measured at 149MHz with
LOFAR lies significantly (3 σ) below this power law (see

Figure 4). Assuming this drop in flux is due to the tran-

sition between optically thin and thick behaviour in the

free–free spectrum, we now have the spectral constraint

necessary to begin to model the full free–free spectrum.
The radio flux density from such emission is given by

(

Sν

mJy

)

=7.21586× 10−4
( ν

GHz

)2

×

(

Te

K

)

(

1− e−τν
)

(

Ωs

arcsec2

)

(1)
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Figure 3. Left: The LOFAR image of the T Tau system at 149MHz with a CLEAN beam of 6.′′01 × 4.′′90 and position angle
276.◦16 shown by the filled ellipse. Contours are shown at -3 (dashed), 3 and 4σrms, where σrms corresponds to 0.20mJy beam−1.
The dashed line with arrows indicates the axis of the T Tau Sb extended component seen at higher frequencies (with position angle
of 47◦, see Loinard et al. 2007a) with which the LOFAR detection is consistent. The emission has a peak flux of 0.95mJy beam−1

and an integrated flux of 1.75±0.36mJy. Right: The colour scale shows the 149MHz LOFAR data. Contours are the GMRT data
of Ainsworth et al. (2016) at 608MHz, shown at -3 (dashed), 3, 6, 9, 12 and 15σrms where σrms corresponds to 45µJy beam−1.
The beam size of the 608MHz GMRT image is 6.′′03×5.′′01 with position angle 276.◦18 which is only 3% greater than the LOFAR
beam area.

(see e.g. Scaife 2013), where τν is the optical path length

(depth) for free–free emission which can be approxi-

mated by

τν = 8.235× 10−2

(

Te

K

)−1.35
( ν

GHz

)−2.1
(

EM

pc cm−6

)

(2)

(Altenhoff et al. 1960). This approximation has an esti-

mated accuracy of over 94% for LOFAR frequencies and

temperatures of up to 1.5×104K. In these equations, Te

is the electron temperature and Ωs =
πθ2

4 ln 2
corresponds

to the solid angle of the emission where θ is the geo-

metric mean of the deconvolved angular size. EM is

the characteristic property of emission measure which is
a function of the average electron number density (ne)

and source size (Mezger & Henderson 1967),

(

EM

pc cm−6

)

= 7.1× 10−3

(

D

kpc

)(

θ

arcsec

)

( ne

cm−3

)2

(3)

where D is the distance to the source.

We model the flux distribution over the entire range of

frequencies using a combination of equation 1 to model
the free–free emission at low frequencies and a power law

to model the thermal dust emission at high frequencies.

This model has the form
(

Sν

mJy

)

=7.21586× 10−4
×

( ν

GHz

)2
(

Te

K

)

(

1− e−τν
)

(

Ωs

arcsec2

)

+K100GHz

( ν

100GHz

)αdust

(4)

where αdust is the power law index to be fitted to the

high frequency data andK100GHz is a normalisation con-

stant which normalises the high frequency component of

the model at 100GHz.

In a fully optically thick medium (τν ≫ 1) the ob-
served flux density scales with frequency as Sν ∝ ν2,

while in an optically thin medium (1 − eτν ≈ τν)

Sν ∝ ν−0.1 (see e.g. Scaife 2013). Although in the case of

the T Tau system, where a combination of emission from
three distinct outflow sources is detected in a medium

that may be partially optically thick, or have contri-

butions to the total flux from both thermal and non-

thermal emission, it might be expected that the overall

dependence of flux density on frequency is more compli-
cated.

As discussed in Section 1, T Tau S has been shown

to dominate the total radio flux density and spectral

index over the entire system. However, the steeper
(α ≃ 1) thermal emission from T Tau N will add a small

contribution to the total spectral index of the unre-
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Figure 4. The spectral energy distribution for T Tau (left) and plots for fitted parameters (right). The measured flux density
from this work is shown as a filled diamond and those from the literature are shown as filled circles (see Ainsworth et al. 2016).
The SED is fitted with a combined model to describe the free–free emission from the outflow (dashed line) and the thermal dust
emission from the circumstellar disk/envelope (dotted line). The total fit is shown as a continuous line. The corner plot on the
right shows the posterior distributions calculated during the MCMC fitting for the emission measure, temperature and spectral
index of the free–free emission, as well as the normalisation constant and spectral index of the power law describing the thermal
dust emission. The histograms represent one dimensional distributions of the variable in question, while the contour plots show
two dimensional distributions of two variables with contours at 0.5, 1.0, 1.5 and 2.0 σ. The lines indicate the position of the
mean values (see Section 4).

solved T Tau N+S system. Using a least-squares fitting

method in Python, the spectral index of the combined
T Tau N+S system is expected to be of order α ≃ 0.12

based on the VLA observations of Johnston et al. (2003,

see Appendix A). We therefore replace the τν ∝ ν−2.1

dependence (equation 2) with τν ∝ νη in our model

to account for this small contribution from T Tau N.
This will also allow for intermediate values of the opti-

cal depth from regions where the electron density distri-

bution is different to ne(r) ∝ r−2 (i.e. exhibits a more

jet-like geometry, see e.g. Reynolds 1986) and/or has
contributions from non-thermal, gyrosynchrotron emis-

sion due to magnetic activity. We note, however, that

the gyrosynchrotron radiation has been shown to only

dominate the emission detected on small (≪ 1 au) scales

(Smith et al. 2003; Loinard et al. 2007a,b) and we ex-
pect the total radio emission on large (∼ 100 au) scales

to be predominantly associated with free–free radia-

tion due to shock ionisation from the outflow driven by

T Tau Sb (Loinard et al. 2007a).
The Python Monte Carlo analysis package, pymc

(Patil et al. 2010), was used to find the best fit be-

tween equation 4 and the data in Figure 4 using a

Markov Chain Monte Carlo (MCMC) approach. The

prior ranges used for fitting were−2.1 6 η 6 0, 3×103 6
Te

K
6 2 × 104, 104 6 EM

pc cm−6 6 107, 10 6 K100 GHz

mJy
6 40

and 0 6 αdust 6 4. The fitting also allowed the posterior

distributions of the fitted parameters to be determined,

as well the uncertainties in their mean values (see Fig-

ure 4).

4.2. Constraints on physical parameters

Through a measurement of the optically thick sur-

face due to the detection of the turnover frequency, we

can break the degeneracy between source size and elec-
tron density inherent within the emission measure and

constrain the mass of the ionised gas surrounding the

T Tau system on scales of several hundreds of au. Fig-

ure 4 shows the fitted value of EM = (1.67 ± 0.14) ×

105 pc cm−6 to be well constrained by our SED mod-
elling and we measure a geometric mean of the decon-

volved angular source size of θ = 3.′′27 from our LOFAR

image. We then use equation 3 to find an average elec-

tron number density of ne = (7.2± 2.1)× 103 cm−3 and
an approximate mass may be derived from this result.

Assuming a simple spherical geometry, the density dis-
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Figure 5. Selected values of electron density (ne in cm−3)
and total ionised mass (Mion in solar masses) plotted against
electron temperature (Te) and source size (θ) using equations
2 and 3 and assuming a spherical cloud of constant density.
The shaded region indicates the area within 1σ of the geo-
metric mean of the deconvolved angular source size and fitted
temperature (θ = 3.′′27± 2.′′59, Te = (1.4± 0.3) × 104 K).

tribution can be integrated to give the ionised gas mass

as Mion = 4
3
πr3gasmHne = (1.0± 1.8)× 10−6M⊙, where

the radius of the sphere rgas = D θ
2
and mH is the atomic

mass of Hydrogen.

The model fitted returns an electron temperature of

Te = (1.4±0.3)×104K for the low frequency component,

a value consistent with the temperature of 104K used
in the modelling of Ainsworth et al. (2016). It is clear

from Figure 4 that this estimate does not constrain the

temperature very well as a large range of temperatures

from about 104 to 1.8×104K fit the data almost equally
well, thus the fitted value can be only regarded as a

rough estimate. Figure 5 shows how the electron den-

sity and total ionised mass vary with deconvolved source

size and temperature according to equations 2 and 3 for

a spherical gas cloud of constant density. The shaded
region indicates the 1 σ boundary around the measured

deconvolved source size and fitted electron temperature

reported above.

The high frequency component was fitted with values
of K100GHz = 28.3 ± 1.1mJy and αdust = 2.56 ± 0.03

(corresponding to a dust opacity index β ≈ αdust − 2 =

0.56). The posterior distributions plotted in Figure 4

show these results to be very well constrained and, as ex-

pected, closely matched with the original high frequency
results of Ainsworth et al. (2016).

A turnover frequency of 157± 27MHz was calculated

from equation 2 using the model parameters and set-

ting τν = 1. This value is consistent with the inter-
pretation that the low frequency turnover of the free–

free spectrum has been observed with LOFAR. A mean

value of −1.83 ± 0.01 was determined for η, the mod-

ified spectral index term in equation 2. Thus the flux

density scales with ν0.17 above the turnover frequency

of 157MHz. This is consistent with the spectral in-
dex found in Ainsworth et al. (2016) and does not differ

greatly from the canonical relationship of ν−0.1 for opti-

cally thin emission, but takes into account the partially

optically thick nature of the plasma and the contribution

from T Tau N (see Appendix A).
The spectral index will also be affected by the variabil-

ity of T Tau S, which can be clearly seen in Figures 1

and 4 by the range of flux densities for a given frequency

measured at different epochs. It is possible that the sig-
nificant decrease in flux density at 149MHz is due to

variability, as the flux density has been shown to change

by up to 50% in the past (see e.g. Johnston et al. 2003;

Loinard et al. 2007a) and an increase in the flux by up to

50% would be consistent with the Sν ∝ ν0.17 spectrum.
The variability has been suggested to be due

to the compact, non-thermal component associated

with T Tau Sb and a range of emission mecha-

nisms have been proposed to produce it, the most
likely of which being non-thermal gyrosynchrotron

emission (Skinner & Brown 1994; Johnston et al. 2003;

Smith et al. 2003; Loinard et al. 2007a). The spectral

index for this component was found to be α ≃ 0.5 by

Loinard et al. (2007a), which suggests that the peak of
the gyrosynchroton spectrum is at higher frequencies

and therefore we might expect to see less variability at

lower frequencies. This is supported by the multi-epoch,

multi-frequency observations of Johnston et al. (2003)
which show that the T Tau S flux density increases ap-

proximately by a factor of four between 1986 and 1988

at 15GHz and only by a factor of approximately two

at 5GHz (see Figure 1). However, the spectral index

of this component has been shown to be variable and
helicity reversals of the circular polarisation have been

observed (see e.g. Skinner & Brown 1994; Smith et al.

2003). It is therefore difficult to quantify the relative

contribution of this component to the total flux density
and variability at LOFAR frequencies.

In the absence of multi-epoch data at these very low

frequencies, the LOFAR data suggests a turnover in the

free–free spectrum. Simultaneous multi-frequency data

extending from LOFAR to VLA frequencies can be used
to probe the variability in this regime and constrain

these physical properties further.

5. CONCLUSIONS

The T Tau system has been successfully detected at

149MHz with LOFAR. We suggest that this emission

is dominated by the extended, free–free component pro-
posed to arise from shock ionisation in the outflow of

T Tau Sb. This is the lowest frequency observation
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of a YSO to date and the first detection of a YSO

with LOFAR. The integrated flux of 1.75 ± 0.36mJy

lies significantly below the power law extrapolated from

Ainsworth et al. (2016). Additional LOFAR observa-
tions are required to probe the variability of the flux

density at 149MHz. In the absence of such multi-epoch

observations, we suggest that the turnover in the free–

free spectrum has been observed. This flux measure-

ment, along with an estimate of the size of the emit-
ting region based on the partially resolved detection,

has allowed the degeneracy between emission measure

and electron density to be broken by fitting the SED

between 149MHz and 900GHz. New estimates of the

emission measure, electron density and ionised gas mass
have been made. This result establishes the utility of

LOFAR as a probe of the spectra of YSOs close to their

free–free turnover points, however sensitivity constraints

mean that, for now, only the brightest YSOs will make

suitable targets for observation at these low frequencies.

APPENDIX

A. PREDICTED SPECTRAL BEHAVIOUR OF T TAU N+S SYSTEM

To ensure that only emission on similar spatial scales is modelled, the SED presented in Figure 4 comprises integrated

fluxes taken from observations with similar angular resolutions to these LOFAR observations. However, the LOFAR

data presented cannot resolve the T Tau N and S sources and therefore the SED will have contributions from each.

To estimate the overall spectral index above the turnover frequency for the unresolved T Tau N+S system, we fit

the sum of two power laws based on the time averaged data presented in Johnston et al. (2003, see Figure 1) using
least-squares minimisation in Python. The power laws are of the form

Sν = AJ,avg

( ν

8GHz

)αJ,avg

. (A1)

AJ,avg is the 8GHz flux density averaged over the five epochs measured in Johnston et al. (2003) and equals 0.76mJy

for T Tau N and 5.16mJy for T Tau S. αJ,avg is the spectral index calculated between 5 and 15GHz (except for

epochs 1989 and 2001 which were calculated between 8 and 15GHz) and averaged over the seven epochs measured

in Johnston et al. (2003). The average spectral index values are 1.04 for T Tau N and 0.03 for T Tau S. We note
that the T Tau S spectrum itself will have contributions from both the compact/non-thermal and extended/thermal

components associated with gyrosynchrotron radiation from the T Tau Sb magnetic fields and free–free radiation

from shock ionised plasma of the T Tau Sb outflow, respectively. However, these components were unresolved by

Johnston et al. (2003) and therefore we do not model them separately here.
The two spectra were then added together and fitted with a single power law, resulting in an overall spectrum with

Sν ∝ ν0.12, see Figure A1. This frequency dependence is close to the ν0.17 measured in Section 4.2 and fits the archival

flux density measurements (filled circles in Figure A1). The LOFAR datum (filled diamond) is clearly discrepant from

this power law and, if not due to variability, suggests we have detected the turnover in the free–free spectrum.
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