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13 Laboratoire AIM-Paris-Saclay, CEA/DSM/Irfu-CNRS-Université Paris Diderot, CE-Saclay, pt courrier 131, F-91191 Gif-sur-Yvette, France

14 Department of Physics & Astronomy, University of British Columbia, 6224 Agricultural Road, Vancouver, BC V6T 1Z1, Canada
15 Department of Astrophysics, Denys Wilkinson Building, University of Oxford, Keble Road, Oxford OX1 3RH, UK
16 Astrophysics Group, Imperial College London, Blackett Laboratory, Prince Consort Road, London SW7 2AZ, UK

17 Institut de RadioAstronomie Millimétrique, 300 Rue de la Piscine, Domaine Universitaire, 38406 Saint Martin d’Hères, France
18 Department of Astrophysical and Planetary Sciences, CASA 389-UCB, University of Colorado, Boulder, CO 80309, USA

19 Astronomy Centre, Department of Physics & Astronomy, University of Sussex, Brighton BN1 9QH, UK
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ABSTRACT

We report the discovery of a bright (f (250 μm) > 400 mJy), multiply lensed submillimeter galaxy HERMES
J105751.1+573027 in Herschel/SPIRE Science Demonstration Phase data from the HerMES project. Interfero-
metric 880 μm Submillimeter Array observations resolve at least four images with a large separation of ∼9′′. A
high-resolution adaptive optics Kp image with Keck/NIRC2 clearly shows strong lensing arcs. Follow-up spec-
troscopy gives a redshift of z = 2.9575, and the lensing model gives a total magnification of μ ∼ 11 ± 1. The large
image separation allows us to study the multi-wavelength spectral energy distribution (SED) of the lensed source
unobscured by the central lensing mass. The far-IR/millimeter-wave SED is well described by a modified black-
body fit with an unusually warm dust temperature, 88 ± 3 K. We derive a lensing-corrected total IR luminosity of
(1.43 ± 0.09) × 1013 L�, implying a star formation rate of ∼2500 M� yr−1. However, models primarily developed
from brighter galaxies selected at longer wavelengths are a poor fit to the full optical-to-millimeter SED. A number
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of other strongly lensed systems have already been discovered in early Herschel data, and many more are expected
as additional data are collected.

Key words: galaxies: high-redshift – galaxies: starburst – gravitational lensing: strong – submillimeter: galaxies
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1. INTRODUCTION

The discovery of a population of high-redshift, prodigiously
star-forming galaxies at submillimeter wavelengths has revolu-
tionized our understanding of cosmological star formation (e.g.,
Blain et al. 2002; Chapman et al. 2005). These submillimeter
galaxies (SMGs) are frequently faint at optical wavelengths due
to significant extinction, but some have far-infrared luminosities
in excess of 1013 L�, and are forming stars at >1000 M� yr−1.
They are believed to be the progenitors of nearby massive ellipti-
cal galaxies (Swinbank et al. 2008), yet many of their properties
remain mysterious.

Dusty, star-forming galaxies are responsible for most of the
cosmic infrared background (CIB, e.g., Marsden et al. 2009;
Glenn et al. 2010), which contains as much energy as all of
the optical light ever emitted by galaxies (Puget et al. 1996).
Modelers have had some success in fitting the spectral energy
distributions (SEDs) of SMGs and using this to infer their
properties (e.g., Rowan-Robinson et al. 2008), but it is difficult
to study the sources that produce the CIB in detail because they
are individually faint. These efforts are biased toward extremely
luminous, red galaxies by selection effects, so it is interesting to
test how well such models describe the less luminous Herschel
sources selected at shorter wavelengths.

Confusion noise generally sets the flux limit at which indi-
vidual Herschel sources can be studied. Gravitational lensing
allows this limit to be circumvented. Due to the rapidly ris-
ing source counts at faint flux densities (Glenn et al. 2010)
and the negative K-correction at submillimeter wavelengths,
strong lensing is expected to be relatively common for SMGs
(Blain 1996). Indeed, follow-up of early Spectral and Photo-
metric Imaging Receiver (SPIRE) data has shown that a large
fraction of the brightest sources are lensed by other galaxies
(Negrello et al. 2010). Vieira et al. (2010) discovered a popu-
lation of bright galaxies at 1.4 and 2 mm, and suggested that
these are lensed. Lensing allows us to study the properties of
intrinsically fainter SMGs at a level of detail that is currently
difficult otherwise (Swinbank et al. 2010; Ivison et al. 2010b).
Galaxy–galaxy lensing is expected to dominate, with generally
small image separations, so emission and absorption associated
with the foreground lens may obscure the SMG in the optical
and near-IR; this is the case for all of the sources in Negrello
et al. (2010).

Here we report the discovery of an SMG system (HERMES
J105751.1+573027, hereafter HLSW-01) multiply lensed by a
group of galaxies at z = 2.9575 ± 0.0001 in Science Demon-
stration Phase Herschel/SPIRE observations of the Lockman-
SWIRE field as part of the Herschel Multi-tiered Extragalactic
Survey (HerMES; S. Oliver et al. 2011, in preparation), with co-
ordinates α = 10h57m51sδ = 57◦30′27′′ (J2000). A number of
additional lensed systems are already known in HerMES data.

∗ Herschel is an ESA space observatory with science instruments provided by
European-led principal Investigator consortia and with important participation
from NASA.
36 Hubble Fellow.

The large separation between the images allows us to measure
the SED of this object across a long wavelength baseline. In this
Letter, we model the optical-to-millimeter SED of this object.
The lensing model for this system, based on high-resolution
optical and near-IR observations, is presented in Gavazzi et al.
(2011, hereafter G11). We have also obtained high-resolution
CO line maps (Riechers et al. 2010, hereafter R11) and used the
CO line strength distribution to model the molecular gas (Scott
et al. 2011, hereafter S11).

2. OBSERVATIONS

HLSW-01 was discovered using observations with the SPIRE
(Griffin et al. 2010) on board Herschel (Pilbratt et al. 2010). It
was selected for further follow-up with Z-Spec, a millimeter-
band grating spectrograph at the Caltech Sub-mm Observatory
(Earle et al. 2006), based on its brightness and blue color
(f (500 μm) < f (300 μm)); the latter was intended to avoid
z > 4 sources where a redshift would be difficult to obtain.
Z-Spec gives a secure redshift of z = 2.958 ± 0.007 (S11).
R11 use additional CO lines measured with the Plateau de
Bure Interferometer (PdBI), the Combined Array for Research
in Millimeter-wave Astronomy (CARMA), and Zpectrometer
on the Green Bank Telescope to refine the redshift, yielding
z = 2.9575 ± 0.0001.

HLSW-01 is unresolved in the diffraction-limited SPIRE
observations (FWHM250 μm = 18.′′6). The extreme brightness
(f (250 μm) � 400 mJy) and the morphology in the optical
and near-IR suggested a lensed source. A Subaru i image
from the SERVS survey37 shows clear evidence of lensing. The
source is visible in previously obtained gr WHT observations
and in data from the Spitzer/SWIRE survey (J. A. Surace
et al. 2011, in preparation). We obtained observations with
the Submillimeter Array (SMA) in compact configuration at
880 μm (beam FWHM 2.′′3), resolving the source into at
least four components matching the position of several optical
sources and surrounding a foreground elliptical galaxy. We
further obtained a Kp adaptive optics (AO) observation using
NIRC2 on the Keck II telescope and the laser guide star system
(Wizinowich et al. 2006). PdBI CO maps, presented in R11,
detect at least the two brightest sources and show that they
are at the same redshift. The photometric redshift of the central
elliptical is 0.60±0.04 (Oyaizu et al. 2008). An optical spectrum
obtained with the double spectrograph on the Hale telescope has
absorption features consistent with the photo-z.

The numbering scheme used to identify sources in this Letter
is shown in Figure 1, along with a montage of observations at
multiple wavelengths. The high-resolution Kp image was used
to construct a lensing model, which was compared with the i
and PdBI observations to constrain differential magnification
(see G11 for details). This model has five lensing masses at the
locations of foreground galaxies and gives a total magnification
factor of μ = 10.86 ± 0.68 for all five detected images based

37 http://www.cv.nrao.edu/∼mlacy/servs.html
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Figure 1. Composite of selected multi-wavelength observations of HLSW-01. Each image is 18′′ × 18′′. Clockwise from the upper left: Keck Kp AO image; Spitzer/
MIPS 24 μm; Spitzer/IRAC 4.5 μm; Subaru SuprimeCam i. In all panels the contours show the SMA 880 μm observations. The numbering scheme used to identify
sources in this Letter is shown in the bottom left panel. The highest resolution Herschel/SPIRE passband has a resolution of 18.′′6, larger than the entire field shown
here.

on a cored-isothermal model. The velocity dispersion strongly
suggests that the lenses reside in a massive group of galaxies.

The photometry is summarized in Table 1. At optical wave-
lengths the individual images are blended and partially resolved,
so neither point-spread function (PSF) nor aperture photometry
is entirely satisfactory. We use aperture photometry with a rela-
tively small aperture radius to minimize blending and compute
the aperture corrections for the partially resolved sources by
convolving the lens model to the matching resolution in each
band; the adjustment to the aperture correction compared with
isolated point sources is only a few percent. We exclude pho-
tometry of image 1 because it is contaminated by a foreground
object, and again use the lensing model to correct for the omitted
light, which is a ∼15% correction.

In the Spitzer/SWIRE data, the individual images are separa-
ble in the Infrared Array Camera (IRAC) bands (3.6 to 8 μm),
and the SWIRE PSF photometry is adequate for our purposes.
We use only photometry of sources 2 and 3, again using the lens-
ing model to correct for the omitted sources 1 and 4. HLSW-01
is not present in the SWIRE catalog at 3.6 μm. The FWHM of
the 70 and 160 μm MIPS observations are much larger than the
separation between individual images, so the catalog flux mea-
surement already includes all the images. At 24 μm the SWIRE
aperture is just smaller than the separation, so we re-measured
the photometry using a larger aperture.

The SPIRE fluxes used here are from the HerMES SCATv3.1
catalog (A. J. Smith et al. 2011, in preparation). For the SMA
data we extract photometry and positions using the CASA38

38 http://casa.nrao.edu

Table 1
Photometry

Wavelength (μm) Flux Density Telescope/Detector

0.48 (g) 26.0 ± 0.3 μJy INT/WFC
0.63 (r) 46.5 ± 0.6 μJy INT/WFC
0.76 (i) 47.9 ± 0.3 μJy Subaru/SuprimeCam
2.2 (Kp) 63.1 ± 2.0 μJy Keck II/NIRC2
4.5 376 ± 6 μJy Spitzer/IRAC
5.8 442 ± 11 μJy Spitzer/IRAC
8.0 558 ± 16 μJy Spitzer/IRAC
24 5.5 ± 0.4 mJy Spitzer/MIPS
72 22.2 ± 3 mJy Spitzer/MIPS
160 310 ± 8 mJy Spitzer/MIPS
250 425 ± 10 mJy Herschel/SPIRE
350 340 ± 10 mJy Herschel/SPIRE
510 233 ± 11 mJy Herschel/SPIRE
880 52.8 ± 0.5 mJy SMA
1000–1100 27.5 ± 0.6 mJy CSO/Z-Spec
1100–1200 20.4 ± 0.5 mJy CSO/Z-Spec
1200–1300 16.2 ± 0.5 mJy CSO/Z-Spec
1300–1400 12.0 ± 0.5 mJy CSO/Z-Spec
1400–1500 9.9 ± 0.6 mJy CSO/Z-Spec
3400 0.61 ± 0.19 mJy CARMA
214000 1.8 ± 0.7 mJy VLA

Notes. Combined flux densities for all the detected images as detailed in the
text. For brevity, only the summed flux density from all images is provided. All
values are calibrated relative to an Fν = const SED. Note that calibration errors,
which are dominant at most wavelengths and are strongly correlated between
points, are not included, and neither are contamination/confusion errors. These
values have not been corrected for magnification.
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Figure 2. SED fits to HLSW-01 after correction for flux magnification. The left-hand panels show the modified blackbody fits to the long-wavelength observations (top
panel) and the constraints on the temperature and β (the contours correspond to 68%/95%/99% enclosed probability) for the general form of the model. Note that the
data points are strongly correlated, and the optically thick fit is an excellent match to the data. The right-hand panel compares the optical-to-millimeter SED compared
with the best-fitting CIGALE model, the best combination of templates from Rowan-Robinson et al. (2010), and the IR SEDs of Arp220 and M82 (prototypical nearby
IR-luminous galaxies) scaled to have the same maximum flux density. All wavelengths are observer frame.

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

imfit task. For Z-Spec, we bin the spectrum into five 100 μm
bins after masking noisy channels and the detected CO lines.
The 20 cm photometry is from the FIRST survey (Becker et al.
1995).

We place upper limits on the potential foreground contam-
ination by scaling the observed elliptical galaxy SEDs from
Dale et al. (2007) and Temi et al. (2007) to match the optical
magnitudes of the central lensing elliptical, taking the highest
resulting fluxes in each band as our contamination limit. This is
not relevant at shorter wavelengths where the sources are clearly
resolved. The potential contamination peaks at 6 mJy at 160 μm
and 3 mJy at 70 μm. Given the SED, only the potential 70 μm
contamination is significant, but we adopt the contamination
limits as an additional correlated uncertainty at all wavelengths.
We take calibration errors, which also affect the photometry in
a correlated fashion, from the instrument documentation.

3. SED FITTING AND SOURCE PROPERTIES

We first analyze the SED by fitting simple modified blackbody
models to the long-wavelength data. It is possible that the far-IR
emission has a different spatial distribution than the shorter-
wavelength data used to derive the lensing model, but the
current SMA observations are not high enough resolution to
explore this issue. Therefore, we assume that the near- and far-
IR emission are co-located. G11 find evidence for a small shift
(∼0.′′4) between the PdBI CO emission and the optical emission,
too small to significantly affect our results.

The standard form for a modified blackbody SED is
a frequency-dependent optical depth factor: fν ∝ (1 −
exp[−τ (ν)])Bν(T ), where Bν is the Planck function. The optical
depth is assumed to be a power law in frequency, τ = (ν/ν0)β

following Draine (2006). λ0 = c/ν0 is the wavelength where
the optical depth is unity. In the optically thin case, ν 
 ν0,
this reduces to fν ∝ νβBν (T ). The latter is often used in the
literature to estimate temperatures, but here our data allow us to

Table 2
Modified Blackbody Fits

Model General: 1 − e−τ Optically Thin: νβ

T 88.0 ± 2.9 K 48.5 ± 2.6 K
β 1.95 ± 0.14 1.61 ± 0.15
λ0 197 ± 19 μm NA

LIR (1.43 ± 0.09) × 1013 L� (1.13 ± 0.09) × 1013 L�
SFR 2460 ± 160 M� yr−1 1950 ± 160 M� yr−1

χ2 6.77 for 6 dof 22.1 for 7 dof

Notes. Fit values for the two modified blackbody models, applied to the
magnification corrected 70–1500 μm photometry. The second model assumes
optically thin emission and is only presented for comparison with literature
values. The derived parameters include the uncertainty in the magnification. For
LIR, we assume h = 0.7, Ωm = 0.27, and ΩΛ = 0.73.

drop the assumption of optical thinness. In both cases we join
the modified blackbody to a simple power law on the blue side
of the peak (Blain et al. 2003), which only affects the 70 μm
observation.

We fit both models from 70 μm to 1.5 mm to derive the
temperature and total IR luminosity, including the error on the
magnification. The fit is shown in the left-hand panels of Figure 2
and the parameters are given in Table 2. All of the parameters are
well constrained by our data. We find λ0 � 200 μm, a reasonable
match to the theoretically expected value λ0 � 100 μm (Draine
2006) and similar to that derived for Arp 220 (Blain et al.
2003). The emission is optically thick bluer than observer
frame ∼800 μm. A two-temperature model decreases the χ2

by <0.002 for the optically thick model (since there is virtually
no contribution from the second component for the best fit), and
for the optically thin model by about 5, so the latter remains a
very poor fit.

The temperatures and β values for the two different models
disagree strongly; this is also the case for the fits to Arp 220
in Blain et al. (2003). The general model (i.e., 1 − exp [−τ ])
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fits our data quite well, but the optically thin model does
not, with a reduced χ2

ν > 3. The derived temperature for the
former is fairly high (∼90 K), suggesting a dust-enshrouded
active galactic nucleus (AGN) contribution. This result is robust
against removing the data from any single instrument or any
individual data point. Obtaining an acceptable fit for a more
typical dust temperature, such as 60 K, requires increasing all
the errors by a factor of >2.2, including calibration errors. It
is possible that the lensing is selectively magnifying a warm
component and that this high temperature is not representative
of the SMG as a whole. The poor quality of the optically
thin fit is similarly robust, unless the SPIRE observations are
removed, in which case it becomes acceptable (χ2

ν = 1.1). It is
therefore possible that such warm SMGs have been missed in
previous surveys that did not have observations near the peak
of the SED, as it would then be difficult to distinguish between
the optically thin and thick cases. Since the general model fits
the data much better, and makes fewer assumptions, henceforth
we only discuss the results of this fit.

The above findings are independent of the lensing model,
unless the location of the emission (and hence the magni-
fication) changes strongly from 250 μm to 1.5 mm, which
is unlikely. Turning to quantities which must be corrected
for the lensing magnification, we find a far-IR luminosity of
LIR = 1.43 × 1013 L�, where LIR is defined as the luminosity
from 8 to 1000 μm in the rest frame. This implies a star for-
mation rate of ∼2500 M� yr−1 from the relation of Kennicutt
(1998), ignoring any AGN contribution. We also measured LIR
by spline-interpolating the observations, which gives a similar
value (1.49×1013 L�). Assuming a mass-absorption coefficient
of κν = 2.64 m2 kg−1 at 125 μm following Dunne et al. (2003),
from the temperature and luminosity we infer a dust mass of
Md � 1 × 108 M�; κν , and hence Md, is uncertain by at least a
factor of three. Further assuming a molecular gas-to-dust ratio
of 60 for SMGs (Coppin et al. 2008), we estimate a gas deple-
tion time of ∼2.4 × 106 yr, considerably shorter than the value
of >4 × 107 yr for “typical” SMGs derived by, e.g., Daddi et al.
(2010); see R11 for actual gas mass estimates.

This source is weakly detected at 1.4 GHz in the FIRST
survey, so we also compute qIR, which is the logarithmic
ratio of LIR and the rest-frame 1.4 GHz flux density. HLSW-
01 has an moderately low ratio, qIR = 1.5 ± 0.2, compared
with the mean value and scatter of qIR = 2.4 ± 0.12 for
HerMES sources with firm radio cross-identifications (Ivison
et al. 2010a), although not the lowest found. The high 1.4 GHz
flux density suggests some AGN contribution. However, the 5′′
resolution of the FIRST survey is not good enough to rule out
foreground contamination. While this is likely small, qIR should
be regarded as a lower limit.

In addition to the above simple models, we have also
investigated a variety of template fits across all wavelengths
using several packages. A similar study was carried out for
isolated, but somewhat intrinsically brighter, Herschel sources
by Brisbin et al. (2010), who found that model templates were
generally a good match to the data. This is not the case here;
available templates generally do not fit both the near-IR and far-
IR through millimeter-wave data simultaneously. The templates
of Rowan-Robinson et al. (2008, 2010) underestimate the far-
IR flux by ∼30%. This is also the case for the models of
Siebenmorgen & Krügel (2007). In both cases this is because the
SED of HLSW-01 peaks blueward of the templates. Similarly,
the models of da Cunha et al. (2008) are unable to reproduce
the full SED (E. da Cunha 2010, private communication). The

potential foreground contamination discussed in Section 2 is
much too small to explain these issues.

Next we turn to the CIGALE package (Noll et al. 2009), which
combines optical/near-IR templates with a longer wavelength
dust model. Using a two-stellar population model, this fits
the SED considerably better, but has some issues in the near-
IR, overpredicting Kp (rest frame g) flux density by a factor
of two and missing the slope of the IRAC observations. We
are unable to explain this discrepancy. Ignoring these issues,
CIGALE finds a total stellar mass of log10 M∗ = 10.8+0.2

−0.3 and a
star formation rate of log10 SFR = 3.3+0.4

−0.5 in M� and M� yr−1,
respectively; 70% ± 30% of the stars are in a young, strongly
extinguished stellar component (AV = 6 ± 2), whose age is not
well constrained. A sample of SED fits is shown in Figure 2.

4. CONCLUSIONS

The unusually large image separation of HLSW-01 compared
with most lensed submillimeter sources provides an opportunity
to study a submillimeter galaxy at a level of detail typically only
possible for more luminous sources. Due to confusion noise,
this will generally not be feasible for un-lensed sources until
the completion of ALMA. Detailed models of the gas and dust
content based on CO emission are presented in S11 and R11.

Modified blackbody fits to the long-wavelength data (70 μm
to 1.5 mm) imply a warm dust temperature of 90 K and a star
formation rate of ∼2500 M� yr−1. Compared with other SMGs,
we find a short gas depletion timescale of only a few million
years, assuming negligible AGN contribution to LIR. This is
one of the few SMGs that have been studied across such a
wide wavelength range, due to the large image separation, so
it is interesting that SED fits from the optical to the millimeter
are generally a fairly poor fit to the data, typically matching
the short-wavelength data well but underpredicting the far-
IR peak. We obtain somewhat better results with CIGALE,
but it significantly overpredicts the 2 μm flux and is not a
great match to the IRAC observations. It is unclear if this
galaxy is simply unusual, or if the templates—which were
largely derived from even brighter galaxies selected at longer
wavelengths—are not a good representation of galaxies selected
at wavelengths near the peak of the far-infrared background. The
latter would have significant implications for the inferred history
of high-z star formation. Such warm systems may have been
missed by previous surveys lacking data near the peak of the
SED because of the common assumption of optical thinness.
Models suggest there should be a large number of strongly
lensed SMGs in Herschel data, which is consistent with early
observations (Negrello et al. 2010), so we expect to address this
question soon. The variations in lensing magnification make
this a promising tool to study SMGs across a wide range of
intrinsic luminosities, although relatively few sources will have
such a large image separation. Additional multi-wavelength
observations, particularly at high resolution, would improve the
SED constraints significantly.

SPIRE has been developed by a consortium of institutes led
by Cardiff University (UK) and including University of Leth-
bridge (Canada); NAOC (China); CEA, LAM (France); IFSI,
University of Padua (Italy); IAC (Spain); Stockholm Observa-
tory (Sweden); Imperial College London, RAL, UCL-MSSL,
UKATC, University of Sussex (UK); Caltech, JPL, NHSC,
University of Colorado (USA). This development has been
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supported by national funding agencies: CSA (Canada); NAOC
(China); CEA, CNES, CNRS (France); ASI (Italy); MCINN
(Spain); SNSB (Sweden); STFC (UK); and NASA (USA). The
Submillimeter Array is a joint project between the Smithsonian
Astrophysical Observatory and the Academia Sinica Institute
of Astronomy and Astrophysics. The IRAM Plateau de Bure
Interferometer is supported by INSU/CNRS (France), MPG
(Germany), and IGN (Spain). The National Radio Astronomy
Observatory is a facility of the National Science Foundation
operated by Associated Universities, Inc. Support for CARMA
construction was derived from the Gordon and Betty Moore
Foundation, the Kenneth T. and Eileen L. Norris Foundation,
the James S. McDonnell Foundation, the Associates of the Cal-
ifornia Institute of Technology, the University of Chicago, the
states of California, Illinois, and Maryland, and the National
Science Foundation. Ongoing CARMA development and oper-
ations are supported by NSF grant ATI-0838178 to CARMA,
and by the CARMA partner universities. The authors thank Elis-
abete da Cunha for running her models for us. The Herschel data
presented in this Letter will be released through the Herschel
Database in Marseille, HeDaM.39

Facilities: Herschel (SPIRE), CSO (Z-Spec), Subaru
(SuprimeCam), SMA, Hale (SWIFT), Keck:II (NIRC2),
IRAM:Interferometer, ING:Newton (WFC), Spitzer (IRAC;
MIPS), CARMA, VLA, GBT (Zpectrometer)
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