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ABSTRACT
The gravitationally lensed galaxy A1689-zD1 is one of the most distant spectroscopically
confirmed sources (z = 7.5). It is the earliest known galaxy where the interstellar medium
(ISM) has been detected; dust emission was detected with the Atacama Large Millimetre
Array (ALMA). A1689-zD1 is also unusual among high-redshift dust emitters as it is a sub-L

�

galaxy and is therefore a good prospect for the detection of gaseous ISM in a more typical
galaxy at this redshift. We observed A1689-zD1 with ALMA in bands 6 and 7 and with the
Green Bank Telescope (GBT) in band Q. To study the structure of A1689-zD1, we map the
mm-thermal dust emission and find two spatial components with sizes about 0.4 − 1.7 kpc
(lensing-corrected). The rough spatial morphology is similar to what is observed in the near-
infrared with HST and points to a perturbed dynamical state, perhaps indicative of a major
merger or a disc in early formation. The ALMA photometry is used to constrain the far-infrared
spectral energy distribution, yielding a dust temperature (Tdust ∼ 35–45 K for β = 1.5 − 2).
We do not detect the CO(3-2) line in the GBT data with a 95 per cent upper limit of 0.3 mJy
observed. We find a slight excess emission in ALMA band 6 at 220.9 GHz. If this excess is
real, it is likely due to emission from the [C II] 158.8 µm line at z[C II] = 7.603. The stringent
upper limits on the [C II] LFIR luminosity ratio suggest a [C II] deficit similar to several bright
quasars and massive starbursts.

Key words: galaxies: evolution – galaxies: formation – galaxies: high-redshift – galaxies:
ISM – submillimetre: galaxies.

1 IN T RO D U C T I O N

With the increasing number of galaxies with spectroscopically con-
firmed redshifts z > 7 (Vanzella et al. 2011; Ono et al. 2012;
Schenker et al. 2012; Shibuya et al. 2012; Finkelstein et al. 2013;
Oesch et al. 2015; Watson et al. 2015; Zitrin et al. 2015; Oesch
et al. 2016; Song et al. 2016), the possibilities for quantifying and
understanding the processes that take place during the earlier stages
of galaxy formation and evolution improve significantly. Spectro-
scopic redshifts are necessary not only for determining the dis-
tance, but also for enabling detailed follow-up observations. For the
z > 6 range, multiwavelength studies of quasars and submillime-
tre galaxies have been very successful (e.g. Maiolino et al. 2005;

� E-mail: kirsten.knudsen@chalmers.se

Venemans et al. 2012; Riechers et al. 2013; Wang et al. 2013;
Bañados et al. 2015; Cicone et al. 2015; Willott, Bergeron &
Omont 2015a; Venemans et al. 2016), however those sources rep-
resent the very bright end of the luminosity function, and they are
not representative of the overall galaxy population.

Recent searches for dust and far-infrared emission lines towards
z ∼ 7 galaxies have resulted in only a few line detections (e.g.
Kanekar et al. 2013; Ouchi et al. 2013; González-López et al. 2014;
Ota et al. 2014; Maiolino et al. 2015; Schaerer et al. 2015; Willott
et al. 2015b; Bradač et al. 2016; Knudsen et al. 2016; Pentericci
et al. 2016). These galaxies have non-detections or marginal detec-
tions in the far-infrared continuum suggesting that the dust mass
is relatively low. However, Watson et al. (2015) found a clear de-
tection of dust emission towards the spectroscopically confirmed z
= 7.5 galaxy Abell 1689-zD1 (A1689-zD1; Bradley et al. 2008)
with an estimated dust mass comparable to that of the Milky Way.
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Table 1. Summary of the ALMA observations, project 2013.1.01064.S. Columns are: ALMA band number, date
of observations, number of antennas (Nant), two columns of calibrators used for each set of observations, and
the central frequency of each spectral window except for the continuum observations where we give the central
frequency of the continuum band.

Date Nant Calibrators νspw, central

(DD-MM-YYYY) Flux Bandpass + Gain (GHz)

Band 6 08-12-2014 35 Ganymede J1256−0547 217.455, 219.036, 220.456
08-12-2014 35 Ganymede J1256−0547 222.306, 223.806, 225.306
08-12-2014 35 Titan J1256−0547 227.156, 228.606, 230.156

Band 7 05-05-2015 34 J1256−0547 J1256−0547 343.5 (continuum)
11-04-2016 42 J1256−0547 J1256−0547 343.5 (continuum)

A1689-zD1 is strongly lensed by a factor of 9.3, thus providing
constraints on a sub-L� galaxy (sub-L� for z ∼ 7.5). The estimated
stellar mass is ∼1.7 × 109 M� and a total star formation rate (SFR)
of ∼12 M� yr−1, which is dominated by dust-obscured star forma-
tion (Watson et al. 2015). Given the relatively short time after the
big bang, it is unclear what mechanisms have produced such a large
dust mass in this galaxy (e.g. Michałowski 2015).

In this paper, we present a follow-up study of A1689-zD1 aimed
at a detailed investigation of the structure of the dust emission and
thus the distribution of obscured star formation. Furthermore, we
report observations of emission lines from [C II] 1900.537 GHz
and CO(3-2) in order to study the properties of the interstellar
medium (ISM) and accurately measure the systemic redshift. In
Section 2, we present Atacama Large Millimetre Array (ALMA)
and Green Bank Telescope (GBT) observations. In Section 3, we
show the results of the observations and place it in the context of
previous observations. We discuss the implications of the results in
Section 4. Throughout the paper we assume a �CDM cosmology
with H0 = 67.3 km s−1 Mpc−1, �M = 0.315, and �� = 0.685
(Planck Collaboration XVI 2014).

2 O BSERVATIONS

2.1 ALMA observations

A1689-zD1 was observed with ALMA during Cycle-2 with the
observations carried out during 2014 December using band 6, and
2015 May and 2016 April with band 7. The purpose of the band-6
observations was to search for the redshifted [C II] line and, as the
optical redshift is determined from the Lyman-α break and not from
emission lines (Watson et al. 2015), we designed the observations
to cover a large-frequency range. The receiver was tuned with three
different setups, each with three spectral windows in one side band,
which enabled continuous coverage from 216.51 to 231.06 GHz
corresponding to the redshift range z = 7.225 − 7.778 for [C II].1

The band 7 receiver was tuned to 343.5 GHz for continuum measure-
ments. The telescope configuration has baselines extending between
15 and 348 m. Table 1 summarizes the details of the observations
including a list of the calibrators.

CASA (COMMON ASTRONOMY SOFTWARE APPLICATION;2 McMullin
et al. 2007) was used for reduction, calibration, and imaging. The

1 This frequency range was selected based on the original error range to
a simple fit to the Lyman-α break in the X-Shooter spectrum. However, a
more conservative estimate of the uncertainty based on multiple methods
gives a somewhat larger range and is quoted in Watson et al. (2015).
2 https://casa.nrao.edu

results from the pipeline reduction3 carried out by the observatory
was generally sufficient with only some minor extra flagging, which
did not change the final result. The exception to this was the flux
calibration of the final band-7 observations, for which the flux cali-
bration had to be adjusted with updated flux density values for the
calibrator J1256−0547 (a.k.a. 3C279). This update corresponded
to about 10 per cent. We note that according to the ALMA cali-
brator source catalogue,4 3C279 was variable up to 30 per cent in
the month before our observations in 2016, though in 2016 April
it appears to have been more stable. While individual fluxes for
3C279 have ∼5 per cent errors, we place a conservative flux cali-
bration uncertainty of 10 per cent for our band-6 results. Continuum
maps were made for both the band-6 and band-7 data. Using natural
weighting, the obtained rms is 21 µJy beam−1 and 45 µJy beam−1,
respectively. Additionally, a spectral cube was created for the band-
6 data, and with natural weighting in channels of 26 km s−1 width,
the rms is ∼0.5 − 0.8 mJy beam −1 channel−1 (typically the highest
noise is towards the highest frequency across the spectrum).

Similar to our description in Watson et al. (2015), the most con-
servative estimate of the astrometric uncertainty is half the beam di-
mensions, meaning ∼0.65 arcsec × 0.34 arcsec. There is no notable
emission detected from the nearby, low-z galaxy seen 1.5 arcsec
from A1689-zD1.

We report the serendipitous detection of a background source in
the band-6 data in a forthcoming paper (Knudsen et al., in prepara-
tion).

2.2 GBT observations

The GBT) was used to search for the redshifted CO(3-2) line (νrest

= 345.796 GHz). The dual-beam Q-band receiver was tuned to a
central frequency of 40.265 GHz covering the frequency range of
38.71–42.65 GHz, which corresponds to zCO(3 − 2) = 7.11 − 7.93.
Five observing sessions were carried out between 2014-09-18 and
2014-10-30. Observing scans were taken with the ‘SubBeamNod’
mode which used the subreflector to switch between the two beams
every 6 s. We observed the bright nearby quasar 3C279 every 50–
60 min to point and focus the telescope and to monitor the gain of
the system.

We used the new GBT spectrometer VEGAS for the spectral-
line observations. Four overlapping spectrometers (VEGAS mode-
1) were used to cover the bandwidth for each beam and for both
circular polarizations with a raw channel resolution of 1.465 MHz.
GBTIDL was used to carry out the data reduction and calibration.

3 For details on the pipeline, see https://almascience.eso.org/
documents-and-tools/
4 almascience.eso.org/sc/
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Figure 1. HST WFC3 F160W image overlaid with the contours of the
ALMA band-6 and -7 observations. The ALMA band-6 continuum, shown
in black, imaged with a Briggs robust parameter of 0 resulting in an image
resolution of 1.33 arcsec × 0.67 arcsec (PA = 80◦), which results in an rms
of σ = 30 µJy. The contours are in steps of 90, 120, 150, and 180 µJy. The
blue contours show the band-7 observations, imaged using natural weighting
(resulting beam size of 0.62 arcsec × 0.58 arcsec, PA = 67◦) and with an
rms of σ = 45 µJy; contours are 3σ , 4σ , 5σ , 6σ , 7σ , and 8σ .

The data have been corrected for the atmosphere and losses due to
drifts in pointing and focus during the observations. Observations
of 3C286 were used to derive the absolute calibration scale of the
data. The uncertainty on the flux scale for the data is estimated to
be 15 per cent. For a channel resolution of 1.465 MHz, we achieved
1σ rms of 0.267 mJy, and smoothed to 8.79 MHz (6 channels) the
measured rms is 0.14 mJy; 8.79 MHz corresponds to 65 km s−1 for
ν = 40.6 GHz.

3 R ESULTS

3.1 Continuum

A1689-zD1 is detected in both bands 6 and 7 in continuum at
>10σ . The emission is resolved with the structure showing two
components. In Fig. 1, we show the bands 6 and 7 contours overlaid
on an Hubble Space Telescope (HST) near-infrared image. Using the
program UVMULTIFIT (Marti-Vidal et al. 2014) assuming a circular
2D Gaussian, we fit both bands together and measure a diameter
(FWHM) of 0.52 ± 0.12 arcsec and 0.62 ± 0.12 arcsec for the
two components (NE and SW, respectively); in the fit we have
allowed for an astrometric offset between the two bands and find
an insignificant offset in right ascension of 0.008 ± 0.108 arcsec,
while in declination the offset is 0.166 ± 0.065 arcsec. Within the
uncertainties, the two components have the same size. We note
that fitting an elliptical 2D Gaussian function does not improve the
results and the estimated major–minor axis ratio is consistent with
one within the estimated uncertainties. Lensing magnification5 is

5 The estimates of the lensing magnification are based on an updated mass
model of Abell 1689 (Limousin et al. 2007; Richard et al., in prepara-
tion) with the calculations done using LENSTOOL (Jullo et al. 2007; Jullo &
Kneib 2009).

Figure 2. The optical-to-mm SED of A1689-zD1. The optical and infrared
measurements come from Watson et al. (2015) and Bradley et al. (2008).
The red, orange, and yellow lines show a modified blackbody for the best-
fitting temperature for varying β-values. The ALMA photometry has been
corrected for the CMB effect according to the β = 1.75 and T = 40.5 K.
The black and green lines show the best-fitting SED models using MAGPHYS

and GRASIL.

estimated to be 1.5 × 6.5 with the axis of the largest magnification
roughly along a position angle 90◦, which implies that the smallest
scale in that direction is about 0.4 kpc. This could indicate that
the two clumps are somewhat elongated (0.41–0.49 kpc by 1.8–
2.1 kpc with an uncertainty of about 50 per cent) as also seen in
the lensing reconstruction of Bradley et al. (2008), however, the
ALMA data does not have sufficient quality to further reaffirm this.
The estimated area for both clumps together is ∼1 kpc2, consistent
with the estimate based on the HST near-infrared data (Watson
et al. 2015).

From the UVMULTIFIT results we also obtain an estimate of the flux
density of fB7 = 1.33 ± 0.14 mJy (the sum of 0.58 ± 0.09 and
0.75 ± 0.11 mJy, for NE and SW, respectively) and fB6 = 0.56 ±
0.1 mJy (sum of 0.20 ± 0.08 and 0.36 ± 0.06 mJy for NE and SW,
respectively). The errors reflect the uncertainties of the flux estimate
and the errors on the total flux density are obtained from adding the
individual errors in quadrature.

We use the photometric data points to constrain the far-infrared
spectral energy distribution (SED). The observed frequencies cor-
respond to rest-frame wavelengths of 157.6 µm and 102.7 µm,
respectively, for z = 7.5. This means we are probing close to the
peak of the dust emission. In Fig. 2, we show the measured fluxes to-
gether with the rest of the SED as presented in Watson et al. (2015).
We constrain the temperature of a modified blackbody spectrum
using the ratio of the fluxes from bands 7 and 6, where the modi-
fied blackbody function is described as νβBν(T). For z = 7.5, the
cosmic microwave background (CMB) temperature is ∼23.4 K. We
estimate that the CMB would increase the temperature by ∼1 per
cent and that ∼5 − 23 per cent of the intrinsic flux is missed due
to the CMB radiation depending on the dust temperature, following
the analysis of da Cunha et al. (2013). When estimating the dust
temperature of A1689-zD1, we take the missed flux into account,
but ignore the small change in temperature. In Fig. 3, we show how
an estimated flux ratio changes with temperature for three different
β-values and compare this to our measured flux ratio of fband-7/fband-6

∼ 2.4. We find the best-fitting values of T ∼ 46.5, 40.5, and 35.8 K
for β = 1.5, 1.75, and 2.0, respectively. When not taking into ac-
count the effects of the CMB, the temperature estimates would be
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