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6 Joint ALMA Observatory, Santiago, Chile
7 Institute of Astronomy, University of Cambridge, Cambridge, UK

8 Cornell University, Ithaca, NY, USA
9 Max-Planck Institute for Astronomy, Heidelberg, Germany

10 European Southern Observatory, Garching, Germany
11 Department of Physics and Center for Astrophysics and Space Sciences, UCSD, La Jolla, CA, USA

Received 2013 November 4; accepted 2013 December 26; published 2014 February 18

ABSTRACT

We present Karl G. Jansky Very Large Array (VLA) observations of 44 GHz continuum and CO J = 2–1
line emission in BRI 1202−0725 at z = 4.7 (a starburst galaxy and quasar pair) and BRI 1335−0417 at
z = 4.4 (also hosting a quasar). With the full 8 GHz bandwidth capabilities of the upgraded VLA, we study
the (rest-frame) 250 GHz thermal dust continuum emission for the first time along with the cold molecular gas
traced by the low-J CO line emission. The measured CO J = 2–1 line luminosities of BRI 1202−0725 are
L′

CO = (8.7 ± 0.8) × 1010 K km s−1 pc2 and L′
CO = (6.0 ± 0.5) × 1010 K km s−1 pc2 for the submillimeter galaxy

(SMG) and quasar, respectively, which are equal to previous measurements of the CO J = 5–4 line luminosities
implying thermalized line emission, and we estimate a combined cold molecular gas mass of ∼9×1010 M�. In
BRI 1335−0417 we measure L′

CO = (7.3 ± 0.6) × 1010 K km s−1 pc2. We detect continuum emission in the SMG
BRI 1202−0725 North (S44 GHz = 51 ± 6 μJy), while the quasar is detected with S44 GHz = 24 ± 6 μJy and in
BRI 1335−0417 we measure S44 GHz = 40 ± 7 μJy. Combining our continuum observations with previous data at
(rest-frame) far-infrared and centimeter wavelengths, we fit three-component models in order to estimate the star
formation rates. This spectral energy distribution fitting suggests that the dominant contribution to the observed
44 GHz continuum is thermal dust emission, while either thermal free–free or synchrotron emission contributes
less than 30%.
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high-redshift – galaxies: starburst

Online-only material: color figures

1. INTRODUCTION

The high-redshift formation of some of the most massive
present-day galaxies is often accompanied by episodes of
extreme far-infrared (FIR) luminosity, as highlighted by the
phenomena of submillimeter/millimeter bright quasar host
galaxies and starbursting submillimeter galaxies (SMGs). The
interpretation of dust-heated star formation to explain the
rest-frame FIR continuum properties of these populations is
supported by the detection of redshifted [C ii] line emission
(e.g., Maiolino et al. 2005; Stacey et al. 2010; Venemans et al.
2012; Wang et al. 2013), as this is typically the strongest cooling
line in the FIR spectrum of nearby galaxies (e.g., Stacey et al.
1991). Fueling the star formation and active galactic nucleus
(AGN) activity requires significant molecular gas reservoirs,
most efficiently studied through observations of redshifted CO
line emission (see Carilli & Walter 2013 for a recent review).
Together, these line and continuum observations can probe the
physical conditions and kinematic properties of the interstellar
medium in galaxies over much of the history of the universe.

Recent studies of gas and dust in high-redshift galaxies have
used photoionization models along with measured values of
the relative intensity between the FIR continuum, low-J CO,
and [C ii] line emission to constrain the ionization rate and

density of the interstellar medium (e.g., Stacey et al. 2010;
Ivison et al. 2010). With new facilities like the Atacama Large
Millimeter/submillimeter Array (ALMA) and the upgraded
Very Large Array (VLA) it is now possible to perform similar
analyses at kpc-scale resolution with some of the most distant
starburst galaxies and AGNs, while also constraining their
kinematic properties (e.g., Riechers et al. 2011; Ivison et al.
2011; Wang et al. 2013; Carilli et al. 2013). Furthermore, with
the combined continuum sensitivity of these interferometers,
one can constrain the emissivity of the thermal dust continuum
emission and obtain independent estimates of the star formation
rates (SFRs) through detection of thermal free–free emission.

The FIR-luminous quasar host galaxies, BRI 1335−0417
and BRI 1202−0725, are two well-studied cases of massive,
unlensed galaxy formation roughly 1.5 Gyr after the big bang.
BRI 1335−0417 is believed to be a “wet” merger at z = 4.4 with
an estimated FIR luminosity of LFIR ∼ 3 × 1013 L� fueled by
∼9×1010 M� of cold molecular gas traced by CO line emission
(Storrie-Lombardi et al. 1996; Ohta et al. 1996; Guilloteau
et al. 1997; Benford et al. 1999; Carilli et al. 1999, 2002;
Riechers et al. 2008). Similarly, BRI 1202−0725 at z = 4.7 is
a quasar host galaxy discovered in the Automated Photographic
Measuring survey (Irwin et al. 1991) and has been shown to be
composed of two FIR-luminous radio sources separated by ∼3.′′8
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(Omont et al. 1996; Yun et al. 2000). Both the quasar host galaxy
BRI 1202−0725 South and the optically faint SMG companion
to the north have FIR luminosities in excess of 1013 L� and a
combined cold molecular gas mass of ∼1011 M� (Carilli et al.
2002; Iono et al. 2006; Riechers et al. 2006). Within the same
region, Hu et al. (1996) identified two fainter Lyα companions,
both of which are thought to exhibit faint 157.7 μm [C ii] line
emission (Carilli et al. 2013). Submillimeter interferometric
observations of [C ii] and dust continuum emission with ALMA
show that the Lyα companion to the SW of the quasar is also
luminous in the FIR (Wagg et al. 2012; R. Williams et al., in
preparation). It is likely that BRI 1202−0725 is at an early stage
of a merger between multiple gas-rich systems (Salomé et al.
2012).

In this work we present VLA observations of rest-frame
250 GHz continuum and redshifted CO J = 2–1 line emis-
sion in the quasar host galaxies, BRI 1202−0725 and
BRI 1335−0417. We adopt a cosmological model with
(ΩΛ, Ωm, h) = (0.73, 0.27, 0.71) (Spergel et al. 2007).

2. OBSERVATIONS AND DATA REDUCTION

Observations were carried out with 27 elements of the VLA
on four dates in January and February of 2013, while the array
was in the most compact D-configuration. The rest frequency
of the CO J = 2–1 line is 230.538 GHz, so that at the
redshifts of our targets this line can be observed at ∼40.5 GHz
for the two most luminous galaxies in the BRI 1202−0725
system, and at 42.6 GHz in BRI 1335−0417. Each field was
observed for a total of 8 hr including overheads associated
with complex gain, bandpass, and flux density calibration. In
the case of each target field, 3C 286 was used to calibrate
the flux density and bandpass shape, while J1229+0203 and
J1354−0206 were used to calibrate the complex gains for
BRI 1202−0725 and BRI 1335−0417, respectively. Using the
recently commissioned 8 GHz bandwidth correlator mode with
the Q-band receivers, our observations covered 40–48 GHz with
a spectral resolution of 2 MHz. The frequency coverage in this
mode is not contiguous, and small 8 MHz gaps between sub-
bands mean that two slightly offset tunings were used to fully
sample the entire range.

The data reduction was performed using the CASA software
package.12 Standard calibration steps are carried out using a
new set of CASA pipeline reduction procedures developed by
NRAO staff. Including only the spectral windows without line
emission, we then use natural weighting and multi-frequency
synthesis imaging to generate the continuum images, achieving
sensitivities of 5.9 μJy and 6.5 μJy beam−1 for BRI 1202−0725
and BRI 1335−0417, respectively. For the spectral line cubes,
we also used natural weighting in the imaging, and the synthe-
sized beamsizes are 2.′′55 × 1.′′95 (P.A. = 2.◦3) and 2.′′57 × 1.′′75
(P.A. = 7.◦4) in the two images. The spectral line maps are re-
sampled to 8 MHz resolution, corresponding to velocity channel
widths of 59 and 56 km s−1 at the redshifted frequencies of the
CO J = 2–1 line in BRI 1202−0725 and BRI 1335−0417, while
the rms per channel is 160 and 170 μJy, respectively.

3. RESULTS

Figure 1 shows the 44 GHz continuum images of the two
target fields, where we also overlay contours of the 340 GHz
continuum observed in BRI 1202−0725 with ALMA. The two

12 http://casa.nrao.edu

Figure 1. Top: contours of the VLA 44 GHz continuum emission from
BRI 1202−0725 overlaid on the image of the 340 GHz continuum emission
observed with ALMA (Wagg et al. 2012). The rms in the 340 GHz continuum
image is 0.4 mJy beam−1, and the synthesized beamsize is 1.′′30 × 0.′′86 (not
shown). Contour intervals are (−2, 2, 3, 4, 5, 6, 7, and 8)×5.9 μJy beam−1,
and the synthesized beamsize is 2.′′40 × 1.′′60 (P.A. = 3.◦4; bottom left). Bottom:
contour map of the 44 GHz continuum emission in BRI 1335−0417 at z = 4.4.
The beamsize is 2.′′53 × 1.′′92 (P.A. = 6.◦4) and the contour levels are (−3,−2,
2, 3, 4, 5, and 6)×6.5 μJy beam−1.

(A color version of this figure is available in the online journal.)

most luminous submillimeter sources in the BRI 1202−0725
field are detected at 44 GHz, with peak flux densities of
53 ± 6 μJy and 24 ± 6 μJy for the northern and southern
components, respectively. The integrated flux densities are
similar to the peak values for both components, so they are
unresolved. BRI 1335−0417 is also detected with a peak flux
density of 40±7 μJy, which is in agreement with the prediction
by Carilli et al. (1999), who assume a thermal dust emissivity
index β = 1.5. Future higher spatial resolution continuum
observations will determine the size of this emission region.

From the spectral line data cubes we extract spectra of the CO
J = 2–1 line emission at the positions of our three primary targets
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Table 1
Observed Line and Continuum Properties of BRI 1202−0725 and BRI 1335−0417

Source S44 GHz z[CO]
a ΔVFWHM

a SdV L′
[CO J=2–1]

(μJy) (km s−1) (Jy km s−1) ×1010 (K km s−1 pc2)

BRI 1202−0725 North 51 ± 6 4.692 1108 ± 60 0.42 ± 0.04 8.7 ± 0.8
BRI 1202−0725 South 24 ± 6 4.694 352 ± 18 0.29 ± 0.02 6.0 ± 0.5
BRI 1335−0417 40 ± 7 4.406 322 ± 13 0.38 ± 0.03 7.3 ± 0.6

Note. a The CO J = 2–1 redshifts and line widths (ΔVFWHM) are determined from the best-fit parameters of a Gaussian fit to the spectra.
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Figure 2. Top: spectra of CO J = 2–1 line emission in BRI 1202−0725 North
and South compared with the continuum-subtracted [C ii] line profiles measured
by ALMA. The continuum-subtracted [C ii] line emission has been scaled down
and offset from zero for comparison with the CO. The velocity offsets are
relative to z = 4.6915 and 4.6942, and the rms per 59 km s−1 channel is
160 μJy. Bottom: the CO J = 2–1 line emission detected in BRI 1335−0417 at
z = 4.4065. The rms per 56 km s−1 channel is 170 μJy.

(A color version of this figure is available in the online journal.)

(Figure 2). For comparison, we show the [C ii] line profiles for
the BRI 1202−0725 SMG and quasar host galaxy measured
from recent ALMA commissioning observations (Wagg et al.
2012; Carilli et al. 2013; Lentati et al. 2013). Table 1 gives
the redshift, line widths, and integrated intensities of the CO
J = 2–1 line emission observed here with VLA, which have
been calculated assuming that the data can be described by a
single Gaussian line profile. However, based on the [C ii] line
observations and the CO J = 5–4 and CO J = 7–6 line emission
observed with the Plateau de Bure Interferometer (PdBI) by

Salomé et al. (2012), the line profiles of BRI 1202−0725 North
appear to be best described by two Gaussian components.
The CO J = 2–1 redshift and line width for the quasar
BRI 1202−0725 South are in excellent agreement with previous
observations of [C ii] and CO line emission (Omont et al. 1996;
Carilli et al. 2002; Wagg et al. 2012); however, these data hint at
the presence of broad wings in both sources, and more sensitive
observations are needed to confirm this.

In the case of BRI 1335−0417, the CO J = 2–1 line profile
measured here is slightly narrower than that of the previous [C ii]
and CO J = 5–4 lines detected (∼430 km s−1; Guilloteau et al.
1997; Wagg et al. 2010), and also blueshifted by ∼50 km s−1.
The integrated intensity of the CO J = 2–1 line emission
measured here (0.38 ± 0.03 Jy km s−1) is in good agreement with
the previous observations reported by Riechers et al. (2008), who
measure 0.43 ± 0.02 Jy km s−1 using the old VLA correlator.
This implies that the narrower bandwidth of past observations
was wide enough to encompass the velocity width of the line,
suggesting that the differences in the linewidths can be attributed
to the low signal-to-noise ratio of the [C ii] and CO J = 5–4
spectra.

4. ANALYSIS

4.1. Continuum Emission

We use archival Herschel SPIRE submillimeter-wavelength
and lower frequency, 1.4 and 5 GHz VLA observations of our
targets (project AC878) to better sample their (rest-frame) FIR
through centimeter-wavelength spectral energy distributions.
For BRI 1202−0725 the FIR spectral energy distribution has
been observed with ALMA, PdBI, and Herschel SPIRE. From
the level 2 pipeline-processed SPIRE maps we extract flux den-
sities at the pixels corresponding to the 44 GHz peak posi-
tion of BRI 1335−0417, measuring S250 μm = 33 ± 6 mJy,
S350 μm = 41±5 mJy, and S500 μm = 44±6 mJy, while in the case
of BRI 1202−0725 the total 350 μm flux density of both com-
ponents measured in the SPIRE beam is S350 μm = 78 ± 6 mJy.
Figure 3 shows the observed spectral energy distributions for
BRI 1202−0725 and BRI 1335−0417.

In order to model the spectral energy distribution, we assume
that the data can be described by a power-law synchrotron com-
ponent dominating at frequencies below ∼30 GHz, a thermal
free–free component with a power-law index of αff = −0.1, and
a single-temperature graybody component that is described by
a dust temperature, Td, and emissivity index, β. Following Yun
& Carilli (2002), we use the linear relationships between the
total SFR and the three components describing the radio-to-FIR
spectral energy distribution (Condon 1992) to obtain simultane-
ous constraints on all parameters in the model. The parameters
we fit are therefore synchrotron spectral index, ν−α , a scal-
ing factor for the non-thermal synchrotron emission (fnth; see
Equation (13) of Yun & Carilli 2002), and finally the SFR, Td,
and β. Our fitting method is based on the principles of Bayesian
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Figure 3. Top: far-infrared spectral energy distributions of BRI 1202−0725
North and South along with the best-fitting graybody, synchrotron, and thermal
free–free models described in the text and parameters given in Table 2. Observed
data are from Carilli et al. (2002), this work, Salomé et al. (2012), and Wagg et al.
(2012). The solid curves show the best-fit models, while the dotted lines show
the synchrotron and thermal dust components. The thermal free–free component
of the model is not shown but does make a small contribution to the solid line.
Bottom: the observed spectral energy distribution of BRI 1335−0417 plotted
with the best-fitting model (solid line) composed of the thermal dust continuum
and synchrotron emission curves (dotted lines), and only a small contribution
from the thermal free–free emission. Observed data are from Carilli et al. (1999),
this work, and Guilloteau et al. (1997).

(A color version of this figure is available in the online journal.)

inference, which provides a consistent approach to the estima-
tion of a set of parameters Θ in a model or hypothesis H given
the data, D. Bayes’s theorem states that

Pr(Θ | D,H ) = Pr(D | Θ,H )Pr(Θ | H )

Pr(D | H )
, (1)

where Pr(Θ | D,H ) ≡ Pr(Θ) is the posterior probability
distribution of the parameters, Pr(D | Θ,H ) ≡ L(Θ) is
the likelihood, Pr(Θ | H ) ≡ π (Θ) is the prior probability
distribution, and Pr(D | H ) ≡ Z is the Bayesian evidence.

In parameter estimation, the normalizing evidence factor is
usually ignored, since it is independent of the parameters Θ.
Inferences are therefore obtained by taking samples from the
(unnormalized) posterior using, for example, standard Markov
chain Monte Carlo (MCMC) sampling methods. An alternative
to MCMC is the nested sampling approach (Skilling 2004),
a Monte Carlo method targeted at the efficient calculation of
the evidence, which also produces posterior inferences as a by-
product. In Feroz & Hobson (2008) and Feroz et al. (2009)
this nested sampling framework was developed further with
the introduction of the MultiNest algorithm, which provides an
efficient means of sampling from posteriors that may contain
multiple modes and/or large (curving) degeneracies and also
calculates the evidence. We make use of the MultiNest algorithm
to obtain our estimates of the posterior probability distributions
for the spectral energy distribution parameters.

Naturally, the model parameters are correlated. For exam-
ple, when fitting thermal dust continuum emission there are
degeneracies between the emissivity index, β, and Td (e.g.,
Priddey & McMahon 2001; Blain et al. 2003). These corre-
lations can be seen in the probability density plots shown in
Figure 4, and the means of the posterior parameter values are
given in Table 2. Although we impose the prior that the total
350 μm emission in BRI 1202−0725 North and South should
be equal to the flux density measured by SPIRE, the relative
temperatures of these two components are unknown. In an at-
tempt to overcome this, we include priors on the dust tempera-
tures based on recent submillimeter-wavelength observations of
high-redshift starburst galaxies (Td = 40 K; e.g., Magnelli et al.
2012) and quasar host galaxies (Td = 50 K; Beelen et al. 2006;
Wang et al. 2008). However, we find that the resulting fits do
a poor job of reproducing the measured 44 GHz flux densities,
and so we adopt the values derived in the free-floating parameter
analysis.

Evidence for thermal free–free emission has recently been ob-
served in gravitationally lensed, FIR-luminous starburst galaxies
(Thomson et al. 2012; Aravena et al. 2013). The models provide
an estimate of the contribution from such free–free emission to
the observed 44 GHz continuum emission in our targets. Based
on the fitting analysis, the main contribution to the 44 GHz flux
density in each source is thermal dust continuum emission. In
the case of BRI 1335−0417, that contribution is 54%, with 30%
coming from synchrotron emission and only 16% from thermal
free–free emission. In the case of the SMG BRI 1202−0725
North, the thermal dust emission contribution from our model
fit is 75%, while 17% and 8% come from synchrotron and
free–free emission, respectively. The model fit to the spectral
energy distribution of the quasar BRI 1202−0725 South has a
67% contribution to the 44 GHz flux density from thermal dust
emission, while only 12% comes from synchrotron emission
and 21% is found to come from free–free emission. Although it
is not considered in our models, another possibility is that the
44 GHz emission arises from a flat-spectrum AGN embedded in
the starburst host galaxies; however, higher resolution imaging
is needed before we can determine the likelihood of this.

4.2. CO J = 2–1 Line Emission

Following the definition of line luminosity given by Solomon
et al. (1992), we calculate the line luminosities to be
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Table 2
Best-fit Spectral Energy Distribution Model Parameters for BRI 1202−0725 and BRI 1335−0417

Source SFR α log fnth Td β

(M� yr−1) (K)

BRI 1202−0725 North 3508 ± 1990 0.97 ± 0.13 0.88 ± 0.26 67.8 ± 17.5 1.54 ± 0.19
BRI 1202−0725 South 4411 ± 2141 1.17 ± 0.17 0.79 ± 0.26 63.7 ± 15.6 2.04 ± 0.22
BRI 1335−0417 5040 ± 1304 0.91 ± 0.18 0.52 ± 0.27 58.3 ± 4.5 1.89 ± 0.23

Note. Values quoted are the mean and 1σ uncertainty.
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(A color version of this figure is available in the online journal.)

L′
CO = (8.7 ± 0.8) × 1010 K km s−1 pc2 and L′

CO = (6.0 ±
0.5) × 1010 K km s−1 pc2 for BRI 1202−0725 North and
South, respectively, and L′

CO = (7.3 ± 0.6) × 1010 K km s−1 for
BRI 1335−0417. For BRI 1202−0725, these luminosities are

in excellent agreement with previous lower spectral resolution
observations with VLA (Carilli et al. 2002), as well as with
the high-J CO lines measured by Omont et al. (1996) and
Salomé et al. (2012), and support the claim that the line emis-
sion is thermalized. This is also the case for BRI 1335−0417,
for which the CO J = 5–4 line luminosity, L′

CO = (8.5 ± 0.9) ×
1010 K km s−1 pc2, measured by Guilloteau et al. (1997) is
similar to what we measure in CO J = 2–1.

ALMA observations reveal [C ii] line emission in the two
Lyα emitters at z ∼ 4.7 associated with the BRI 1202−0725
system (Carilli et al. 2013). We search the Q-band spectral line
data cubes at the positions of Lyα-1 and Lyα-2 and the expected
frequencies of redshifted CO J = 2–1, but this emission is
undetected. Assuming Gaussian line profiles, we set 3σ upper
limits to the line luminosities, L′

CO < 4.8 × 109 K km s−1 pc2

and L′
CO < 1.2 × 1010 K km s−1 pc2 for Lyα-1 and Lyα-2

assuming FWHM linewidths of 56 and 338 km s−1.

5. DISCUSSION

Although the uncertainties are large, the SFRs estimated for
the three targets are similar to previous estimates derived from
the FIR luminosities (e.g., Wagg et al. 2010; Salomé et al. 2012;
Carniani et al. 2013). The FIR emission model fit to the SMG
BRI 1202−0725 North favors an emissivity index of β ∼ 1.5,
while the quasars BRI 1202−0725 South and BRI 1335−0417
appear to have values closer to β ∼ 2.0. Both of these values are
similar to what has been measured in 60 μm selected galaxies in
the nearby universe (e.g., Dunne et al. 2000). More recent studies
of the full FIR through submillimeter-wavelength emission in
normal star-forming galaxies from the KINGFISH sample show
that nearby galaxies can exhibit a broad range in emissivity
indices, β ∼ 0.8–2.5 (Galametz et al. 2012). Our measured
values are therefore not unusual. If free–free emission does
not contribute significantly to the 44 GHz emission observed
in BRI 1202−0725 North, then these data suggest that the cold
dust mass is a factor of ∼2.5 higher than that in the quasar
BRI 1202−0725 South.

In all three sources, the contribution from thermal free–free
emission to the rest-frame 250 GHz continuum is �20%.
Free–free emission typically contributes less than 10% of the
230 GHz continuum emission observed in normal, nearby
galaxies (e.g., Albrecht et al. 2007), and so our results are
consistent with what is observed in these more quiescent star-
forming galaxies. Strong free–free emission has been detected
in lensed SMGs (Aravena et al. 2013), and the SFRs estimated
are in good agreement with those estimated from the FIR
luminosities.

Our measured CO J = 2–1 line luminosities are in good
agreement with previous observations of both the low- and
high-J CO emission observed in these objects (Guilloteau et al.
1997; Carilli et al. 2002; Riechers et al. 2006, 2008). The lumi-
nosities imply cold molecular gas masses ∼1011 M� assuming
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the recently measured value αCO = 0.6 M� (K km s−1 pc2)−1 for
the CO-to-H2 conversion factor in ultraluminous infrared galax-
ies (ULIRGs; Papadopoulos et al. 2012), similar to the original
value of Downes & Solomon (1998). However, we note that this
factor can be uncertain by ∼8 for ULIRGs. A recent analysis of
the [C ii] line emission observed in BRI 1202−0725 infers dy-
namical masses for the quasar and SMG based on the kinematic
properties of the gas (Carniani et al. 2013). They calculate dy-
namical masses of Mdyn ∼ 4 × 1010 M� and ∼6 × 1010 M� for
the quasar and SMG, respectively, implying very high molecu-
lar gas mass fractions of ∼80%–90%. Such high gas fractions
are inferred for some local ULIRGs (e.g., Papadopoulos et al.
2012). Planned subarcsecond imaging of this cold molecular
gas in these targets would be complemented by higher resolu-
tion imaging of the (rest-frame) FIR continuum and [C ii] line
emission with ALMA in order to infer the ionizing radiation
field and gas density on kpc scales.

6. SUMMARY

We present VLA observations of redshifted CO J = 2–1 line
and thermal dust continuum emission in high-redshift quasar
host galaxies, observing BRI 1202−0725 and BRI 1335−0417.
The luminosities measured in the CO J = 2–1 line detected in all
three targets are similar to previous observations of CO J = 5–4
line emission, implying that the gas kinetic temperature is close
to the excitation temperature. The observations reveal strong
(rest-frame) 250 GHz continuum emission associated with all
three FIR luminous galaxies, with stronger emission observed
in the two starburst galaxies than the quasar BRI 1202−0725
South. Although synchrotron and thermal free–free likely con-
tribute to some of this emission, we interpret the remainder as
due to thermal dust emission. Future observations at frequen-
cies between 10 and 40 GHz will allow us to better constrain
the relative importance of the three processes.
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