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ABSTRACT

We present ALMA 2-mm continuum and CO (2-1) spectral line imaging of the gravitationally lensed z = 0.654 star-forming/quasar
composite RX J1131-1231 at 240–400 mas angular resolution. The continuum emission is found to be compact and coincident with
the optical emission, whereas the molecular gas forms a complete Einstein ring, which shows strong differential magnification. The
de-lensed source structure is determined on 400-parsec-scales resolution using a Bayesian pixelated visibility-fitting lens modelling
technique. The reconstructed molecular gas velocity-field is consistent with a large rotating disk with a major-axis FWHM ∼9.4 kpc
at an inclination angle of i = 54◦ and with a maximum rotational velocity of 280 km s−1. From dynamical model fitting we find an
enclosed mass within 5 kpc of M(r < 5 kpc) = (1.46 ± 0.31) × 1011 M�. The molecular gas distribution is highly structured, with
clumps that are co-incident with higher gas velocity dispersion regions (40–50 km s−1) and with the intensity peaks in the optical
emission, which are associated with sites of on-going turbulent star-formation. The peak in the CO (2-1) distribution is not co-incident
with the AGN, where there is a paucity of molecular gas emission, possibly due to radiative feedback from the central engine. The
intrinsic molecular gas luminosity is L′CO = 1.2 ± 0.3 × 1010 K km s−1 pc2 and the inferred gas mass is MH2 = 8.3 ± 3.0 × 1010 M�,
which given the dynamical mass of the system is consistent with a CO–H2 conversion factor of α = 5.5 ± 2.0 M� (K km s−1 pc2)−1.
This suggests that the star-formation efficiency is dependent on the host galaxy morphology as opposed to the nature of the AGN. The
far-infrared continuum spectral energy distribution shows evidence for heated dust, equivalent to an obscured star-formation rate of
SFR = 69+41

−25 × (7.3/µIR) M� yr−1, which demonstrates the composite star-forming and AGN nature of this system.

Key words. galaxies: starburst – galaxies: ISM – galaxies: high-redshift – galaxies: star formation – submillimeter: galaxies –
techniques: high angular resolution

1. Introduction

Constraining the kinematic and morphological properties of
galaxies, tracing their interstellar medium (ISM) and estab-
lishing their star formation properties, requires high angular-
resolution observations that can trace molecular gas on scales
of a few tens to around a hundred parsecs. With its long-
baseline capability (up to 16 km) the Atacama Large Millimetre/
submillimetre Array (ALMA) now provides cutting-edge obser-
vations of star forming galaxies and active galactic nuclei (AGN)
on unprecedented spatial scales (ALMA Partnership et al. 2015).
Yet, such studies are still limited to objects in the local Uni-
verse (e.g. Combes et al. 2014). For example, at z = 0.5,
details on 10–100 parsec-scales require an angular resolu-
tion of 1.5–15 mas, which is even beyond the capabilities of
ALMA.

Using strong gravitational lensing as a natural telescope
helps to circumvent this issue. Increasing both the apparent flux-
density and solid-angle, gravitational lensing makes it possible
to spatially resolve galaxies that would otherwise be impossi-
ble to observe with current facilities, or alternatively, allows
the use of more compact interferometric arrays that provide a
better sampling of the uv-plane and require less complex cal-
ibration procedures. In this paper, we take advantage of both
the enhanced spatial resolution provided by ALMA and of the
magnifying power of strong gravitational lensing to study the
distribution and kinematics of the molecular gas in the host
galaxy of RX J1131-1231, discovered by Sluse et al. (2003).

RX J1131-1231 is an exceptional strongly lensed quasar.
It consists of four images of a zq = 0.654 quasar (Fig. 1) with
a total magnification of ∼50 at optical wavelengths (Sluse
et al. 2007). The background quasar is hosted by a luminous
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late-type galaxy that is lensed by a foreground early-type
galaxy at zl = 0.295 (Sluse et al. 2003, 2007). The host galaxy
of the quasar is seen as a prominent Einstein ring in opti-
cal and infrared imaging with the Hubble Space Telescope
(HST) (Fig. 1).

As a consequence, RX J1131-1231 is one of the best stud-
ied lensed quasars found so far, with a wealth of observations
over a broad range of wavelengths at many epochs. Previous
observations include Chandra X-ray monitoring for a micro-
lensing analysis (Sluse et al. 2006, 2007; Dai et al. 2010; Chartas
et al. 2012); integral field spectroscopy (IFS) for the characteri-
zation of low-mass substructure within the lensing halo (Sugai
et al. 2007); and an X-ray observation to estimate the accre-
tion disk spin (Reis et al. 2014). In addition, RX J1131-1231 is
being photometrically monitored bi-weekly in the optical band
by COSMOGRAIL (Tewes et al. 2013) in order to improve
the gravitational lensing time-delay measurement between the
different quasar images. The COSMOGRAIL monitoring and
time delays, together with detailed gravitational lens mass mod-
elling based on HST imaging and the stellar kinematics of the
lens (Suyu et al. 2014), made RX J1131-1231 one of the most
accurate cosmological probes available so far aside from cosmic
microwave background, baryonic acoustic oscillations and stan-
dard candles (Suyu et al. 2013, 2017; Birrer et al. 2016; Chen
et al. 2016; Bonvin et al. 2017).

In this paper, we have added another dimension to the
datasets available for RX J1131-1231 by taking ALMA contin-
uum and spectral-line imaging in the extended configuration (out
to 1.6 km baselines). The data, obtained in Band 4 (145 GHz),
were taken to spatially resolve the CO (2-1) emission line of the
lensed host galaxy. With these new observations, we mapped
the line intensity and velocity-field across the source, find-
ing evidence for an Einstein ring. We then reconstructed the
de-lensed source surface brightness distribution from the visi-
bility data (this paper) allowing us to investigate in detail the
AGN host kinematics and to further refine the gravitational lens
mass model (Rizzo et al., in prep). Indeed, regions of differ-
ent velocities in the source are affected by lensing in different
ways as they lie at different spatial positions with respect to the
centre of the lensing mass. Each velocity channel therefore pro-
vides an independent lensing configuration, for a fixed lensing
potential.

Our paper is arranged as follows. Section 2 describes the
observations, data reduction and data analysis. Section 3 presents
the observed image-plane properties of the data at mm, radio
and optical wavelengths. Section 4 describes the mass modelling
and the source reconstruction. Section 5 discusses the intrinsic
properties of the molecular gas. Finally, in Sect. 6, we discuss
our results and present our conclusions. We use a flat ΛCDM
cosmology with H0 = 69.6 km s−1 Mpc−1, Ωm = 0.286 and
ΩΛ = 0.714 (Planck Collaboration XIII 2013).

2. Observations

In this section, we present the new ALMA and Herschel obser-
vations of RX J1131-1231 and archival imaging with the VLA,
that we have used for our analysis.

2.1. Atacama Large Millimetre Array

RX J1131-1231 was observed with ALMA on 2015 July 19 (Pro-
posal Code: 2013.1.01207.S; PI: D. Paraficz), using 37 out of
54 of the 12 m array antennas. The purpose of the observa-
tions was to spatially resolve the redshifted CO (2-1) emission

line of the background source, which has a rest-frequency of
230.538 GHz. The data were taken in Band 4 through four
spectral windows. Three spectral windows were used in the
standard continuum mode, each with 128 spectral channels and
2 GHz bandwidth tuned to central observing frequencies of
137.169, 149.118 and 150.993 GHz. One spectral window was
used in spectral line mode, centred on the redshifted CO (2-
1) line at 139.044 GHz, with 480 spectral channels and a total
bandwidth of 1.875 GHz. This provided a spectral resolution
of 8.4 km s−1 channel−1. The data were taken using both lin-
ear polarisations (XX and YY). The telescope configuration had
projected baselines between 27.5 m and 1.6 km, which pro-
vided a sensitivity to structures with a largest angular size of
about 16.2′′.

Titan and Ganymede were used to determine the absolute
flux-density calibration, and the unresolved quasars J1058+0133
and J1118−1232 were used for calibrating the bandpass and cor-
recting for the residual delays, respectively. The observations
were phased-referenced using J1130−1449, with a cycle time
between the target and calibrator of around 4.5–6 min. The
total observing time was about 2.5 h, with about 1.3 h on-
source. The data were reduced and calibrated using the standard
ALMA pipeline using the Common Astronomy Software Appli-
cation package (CASA; McMullin et al. 2007). The corrected
visibilities for the target and calibrators that were produced by
the pipeline reduction were found to have no major calibration
errors. Self-calibration was not used as there was an insufficient
signal-to-noise ratio on the continuum emission to provide good
calibration solutions.

The imaging and de-convolution of the continuum and spec-
tral line data were also carried out within CASA using the
standard CLEAN method – we note that the gravitational lens
modelling of the data is carried out directly in the visibil-
ity plane and the imaging presented in Sect. 3 is to illustrate
the observed image-plane properties of the data. The contin-
uum imaging used all four spectral windows, but without those
channels that contained the emission line, which resulted in
a central frequency of 144.081 GHz (2.08 mm). Images were
made using a Briggs weighting scheme with a robust parame-
ter of 0 and 2 (2 being equivalent to natural weighting), which
resulted in a beam size of 0.28′′ × 0.24′′ and 0.41′′ × 0.34′′,
respectively, and an rms map noise of 15 and 10 µJy beam−1,
respectively.

The spectral line cube was formed using natural weighting
and all 480 spectral channels within the spectral window con-
taining the emission line. These data were cleaned using a mask
and a detection threshold of 3 − σ to remove any strong side-
lobe emission, while limiting any contribution from noise peaks
within the cube. The resulting beam size is 0.44′′ × 0.36′′ with
an rms map noise of about 340 µJy beam−1 for a 8.4 km s−1

channel width. From the cleaned spectral line cube, a veloc-
ity integrated map (moment-zero) of the line emission was
made using those channels covering the line, intensity weighted
velocity (moment-one) and velocity dispersion (moment-two)
maps were made using those pixels with a signal-to-noise
ratio > 3.

2.2. Herschel Space Observatory

RX J1131-1231 was observed at far-infrared wavelengths using
the Herschel Space Observatory on 2012 December 08 (Proposal
Code: OT1_abercian_1; PI: Berciana-Alba) as part of a study
of over 100 lensed quasars (Stacey et al. 2018). The target was
observed at 250, 350 and 500 µm for 90-s using the Spectral
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D. Paraficz et al.: Resolved ALMA view of RX J1131-1231

Fig. 1. Left: HST/ACS image of RX J1131-1231 in the F814W filter taken from Suyu et al. (2014). Right: VLA image at 5 GHz. In each panel, the
ALMA 2.1 mm continuum contours at the (−3, 3, 6, 12, 24, 48, 96) × 10 µJy beam−1 level are overlaid for reference. The synthesised beams are
presented in the lower-left corner of each panel.

Fig. 2. Observed spectral energy distribution of RX J1131-1231 with
the multi-wavelength photometry of the lensed images, not corrected
for the gravitational lensing magnification (blue points with error
bars). From left to right: Herschel 250, 350 and 500 µm (this work),
CARMA 1.4 mm continuum (Leung et al. 2017), ALMA 2.1 mm
continuum (this work), PdBI 2.2 mm continuum (Leung et al. 2017)
and the VLA 4.86 GHz (this work). The rest-frame best-fit modified
black body spectrum for the heated dust is shown in grey, with an
effective dust temperature T = 20.5+5.7

−4.3 K and dust emissivity index
β = 2.7+1.0

−0.7.

and Photometric Imaging Receiver (SPIRE) in small-map mode.
The data were retrieved from the Herschel archive and pro-
cessed within the Herschel Interactive Processing Environment
(HIPE; version 14.2.1). The flux density of the target was mea-
sured at the three far-infrared wavelengths using the time-line
extractor.

2.3. Very Large Array

RX J1131-1231 was observed with the VLA at 4.86 GHz on
2008 December 29 (Proposal Code: AW741; PI: Wucknitz).
The VLA was used in A-configuration, which provided base-
lines between about 0.5 and 33.5 km. In total, 25 out of 27
VLA antennas were available. The observations were phased
referenced using J1130−148, which was used to determine the

complex gains (amplitude and phase) as a function of time, and
3C286 was used to determine the absolute flux-density scale.
The visibility integration time was 10 s and two spectral win-
dows (intermediate frequencies) with 50 MHz bandwidth were
used.

The data were calibrated in the standard way within CASA.
Given the expected brightness of the target, and the likelihood
that the side-lobes from field sources would limit the dynamic
range, wide-field imaging using a natural weighting scheme of
the visibilities was used. This resulted in a beam size of 0.74′′ ×
0.38′′ and an rms map noise of 14 µJy beam−1.

3. Observed image-plane properties

In this section, we discuss the image-plane properties of the
ALMA continuum and CO (2-1) emission, and compare with
the image-plane data from the HST and the VLA.

3.1. Continuum emission

In Fig. 1, we present the continuum emission detected from
RX J1131-1231 at 2.1 mm. We find from our ALMA imag-
ing that there are four compact components associated with the
gravitational lens; three are coincident with the optical/infrared
point-source emission detected from lensed images A, B and C,
and one component is associated with the lensing galaxy. We find
no evidence of any continuum emission associated with lensed
image D down to a 3 − σ detection limit of < 30 µJy beam−1.
The combined flux-density of the three lensed images A, B and
C is S 2.1 mm = 1.95 ± 0.20 mJy, and their flux-ratios seem to
be inconsistent with the expectations for a typical cusp con-
figuration, where the sum of the flux density from images
B and C should be equivalent to the flux density of image
A. The emission from the lensing galaxy is S 2.1 mm = 0.49 ±
0.05 mJy. Table 1 summarizes our ALMA measurements for
RX J1131-1231.

Recent 2.2 mm observations of RX J1131-1231 by Leung
et al. (2017) using the Plateau de Bure Interferometer (PdBI)
at ∼4 × 2 arcsec angular resolution, also found evidence for
extended continuum emission from the gravitational lens system,
which they correctly attribute to be from both the lensing galaxy
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Table 1. ALMA mm-continuum positions, peak surface brightness and flux-densities for the lensed quasar images (A, B, C and D) and for the
lensing galaxy (G), together with their relative positions in the optical (Claeskens et al. 2006; Suyu et al. 2013).

ID RA Dec RA Dec RA Dec Ipeak S 2.1 mm µAGN
This work Claeskens et al. (2006) Suyu et al. (2013) Jy beam−1 Jy

A =0 =0 =0 =0 =0 =0 1.1 × 10−3 1.4 × 10−3 −21.29
B +0.029 ± 0.006 +1.196 ± 0.006 +0.032 ± 0.002 +1.188 ± 0.002 0.039 1.182 2.6 × 10−4 3.3 × 10−4 14.43
C −0.615 ± 0.018 −1.113 ± 0.012 −0.590 ± 0.003 −1.120 ± 0.001 −0.557 −1.112 7.5 × 10−5 9.9 × 10−5 11.29
D · · · · · · −3.112 ± 0.003 +0.884 ± 0.002 3.111 −0.876 < 3.0 × 10−5 < 3.0 × 10−5 −1.187
G −2.035 ± 0.007 +0.604 ± 0.007 −2.016 ± 0.002 +0.610 ± 0.002 −2.028 −0.599 3.4 × 10−4 4.9 × 10−4 · · ·

Notes. The absolute positions are quoted relative to the phase-referenced position of image A (RA = 11:31:51.582, Dec = −12:31:58.88). The
uncertainty in the surface brightness and flux-density is assumed to be 10%.

(motivated by the previous detection of radio emission from
the lensing galaxy with the VLA and MERLIN; Wucknitz &
Volino 2008; see also Fig. 1) and the lensed images; here our
ALMA imaging at 0.3 arcsec angular resolution (Briggs weight-
ing; Robust = 0) clearly separates the individual components.
The radio-mm spectral index of the lensing galaxy emission is
α6 cm

2 mm = −0.21, which is consistent with a flat-spectrum radio
source (this assumes a power-law spectrum; S ν ∝ ν

α). This, cou-
pled with the extended jet emission seen from the VLA at 5 GHz
confirms the initial interpretation by Leung et al. (2017) that
there is excess mm-emission, and this is due to AGN emission
from within the lensing galaxy. This is the third case of a fore-
ground lensing galaxy having emission at mm-wavelengths, the
others being SDP.81 (ALMA Partnership et al. 2015) and the
8 o’clock arc (McKean et al., in prep.), which may have implica-
tions for interpreting low-resolution data at far-infrared to mm-
wavelengths from ALMA and Herschel for other lens systems.

In Fig. 2, we present the observed spectral energy distribu-
tion (SED) from RX J1131-1231, excluding the emission from
the lensing galaxy; here we expect the contribution at shorter
wavelengths to be negligible given the spectral index of the emis-
sion and radiative cooling from synchrotron emission. We find
that the far-infrared emission is consistent with a modified black
body, with a cold dust temperature of Tdust = 21.0+6.0

−4.6 K and
dust emissivity of β = 2.6+1.0

−0.7. These values are consistent with
typical dusty star-forming galaxies (e.g. Chapman et al. 2010).
However, we find that from the lensed images, there is also an
excess of emission at 2 mm that could be either due to free-
free emission from H II regions associated with star-formation,
or possibly from synchrotron emission from the lensed quasar.

Finally, we note that there is a significant difference in the
emission seen at radio and mm-wavelengths, where the VLA
(see Fig. 1) and MERLIN (Wucknitz & Volino 2008) imaging
shows an extended arc, whereas the mm-emission has three com-
pact components. The radio emission that forms the arc between
images A, B and C is thought to be due to star-formation pro-
cesses as it is resolved out at mas-scale angular resolution with
very long baseline interferometry (VLBI) (Olaf Wucknitz, priv.
comm.). Further, sensitive imaging with e-MERLIN and VLBI
can confirm this. Nevertheless, the excess of mm-emission and
the different morphology suggests that the ALMA continuum
emission is not probing the heated dust associated with obscured
star-formation.

3.2. CO (2-1) emission

In Fig. 3, we show the integrated CO (2-1) spectrum over
the full extent of RX J1131-1231, and in Fig. 4 we show the
moment-zero, -one and -two maps. The integrated spectrum

Fig. 3. Spatially integrated CO (2-1) emission line profile for RX
J1131-1231. The asymmetric double-horned profile is due to differen-
tial magnification across the source. The systemic velocity corresponds
to a redshift of z = 0.654, and is the LSRK (Local Standard of rest –
Kinematic) frame using the radio definition of the redshift.

shows a double horn profile, which is typically associated with a
rotating disk, that is also highly asymmetric. Leung et al. (2017)
also found an asymmetric emission profile in their PdBI CO
(2-1) and CARMA CO (3-2) spectra, albeit at a much lower
signal-to-noise ratio. In Fig. 5, we show image slices of the CO
(2-1) line, which clearly demonstrates the position dependent
structure of the molecular gas emission as a function of velocity.
Similar to the case of SDP.81 (ALMA Partnership et al. 2015),
the asymmetric line profile can be attributed to differential mag-
nification (e.g. Rybak et al. 2015b; see also discussion by Leung
et al. 2017). This highlights the importance of carrying out a
proper reconstruction of the surface brightness distribution of
the background object, when it is extended, as a single value for
the magnification is no longer valid.

The velocity integrated line intensity map (moment-zero)
shows the CO (2-1) forms a complete Einstein ring of emis-
sion which total is well detected at the 76-σ level, and has a
highly structured surface brightness distribution. We also find
no evidence for CO (2-1) emission at the position of the lens-
ing galaxy, which further supports that the continuum emission
at that location is from the lensing galaxy, as opposed to a
core-lensed image.
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Fig. 4. Upper-left: Naturally weighted continuum emission from RX J1131-1231 at 2.1 mm. Continuum emission from three of the lensed images
and at the position of the lensing galaxy has been detected. The beam size is 0.41′′ × 0.34′′ at a position angle of 62 degrees east of north, and
the rms noise level is 10 µJy beam−1. Upper-right: Naturally weighted CO (2-1) integrated line emission (moment-zero) map for RX J1131-1231,
showing an Einstein ring structure. The beam size is 0.44′′ × 0.36′′ at a position angle of 60 degrees east of north, and the rms noise level is
0.038 Jy beam−1 km s−1. Lower-left: Naturally weighted CO (2-1) intensity weighted velocity (moment-one) map for RX J1131-1231, showing
the clear velocity dependent structure of the molecular Einstein ring emission. Lower-right: Naturally weighted CO (2-1) intensity weighted
velocity dispersion (moment-two) map for RX J1131-1231, showing evidence for turbulent molecular gas regions with a dispersion between 10 and
50 km s−1. The beam size of the moment-one and moment-two maps are the same as the moment-zero map. In each panel, the ALMA 2.1 mm
continuum contours at the (−3, 3, 6, 12, 24, 48, 96) ×10 µJy beam−1 level are overlaid for reference.

The velocity field shows a spectacular Einstein ring in veloc-
ity space that is dominated, due to differential magnification, by
the redshifted gas component. There is also evidence for varia-
tions in the velocity dispersion from around 10–50 km s−1 that
are correlated with the intensity changes in the line emission.
From Fig. 4, it is clear that the peaks in the velocity integrated
molecular gas distribution and the regions with the largest veloc-
ity dispersion are not coincident with the quasar emission. We
will discuss these correlations further in Sect. 5.

4. Lens modelling and source reconstruction

The distorting effect of the foreground lensing galaxy on the
background object is corrected for using the visibility-fitting
lens modelling technique (see Rybak et al. 2015a,b), which is
an extension to the visibility domain of the Bayesian pixelated
technique developed by Vegetti & Koopmans (2009).

In short, for a given observational noise n (assumed to be
Gaussian and uncorrelated), this method relates the observed
complex visibility function d and the unknown background
source surface brightness distribution s by a set of linear
equations,

FL(ψ(η, x))s + n = d. (1)

Here, L is the lensing operator that relates the un-lensed surface
brightness distribution, s, to a model lensed surface brightness
distribution and F is the response operator, which relates the
model image-plane surface brightness distribution Ls to a model
visibility function. ψ(η, x) denotes the lensing potential for a
given set of lens-model parameters η and x the image-plane
position. By construction, F contains information about the sam-
pling function of the interferometer and the primary beam profile
of the individual antennas. The un-lensed surface brightness
distribution s is reconstructed on an adaptive Delaunay tessel-
lation with magnification-dependent resolution (see Vegetti &
Koopmans 2009 for details).

The projected mass density profile of each lensing galaxy
is described by an elliptical power-law. Specifically, our mass
model has eight free parameters: the normalised surface-mass
density, ellipticity, position angle, centre coordinates, mass-
density slope as a function of radius (only for the main galaxy;
we assume the satellite to follow an isothermal mass profile), and
the external shear strength and position angle. We refer to these
parameters collectively as η.

The optimisation is performed in the visibility space via the
following penalty function,

P(s, η, λ | d) ∝ [FLs − d]T Cd
−1 [FLs − d] + λ2 ‖Hs‖22, (2)
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Table 2. Parameters of the best lens model for RX J1131-1231, derived from the integrated CO (2-1) data.

κ0 q θ ∆X ∆Y γ Γ Γθ
[arcsec] [deg] [arcsec] [arcsec] [deg]

Main lens 1.70 ± 0.09 0.767 ± 0.014 111 ± 1 −0.83 ± 0.01 0.28 ± 0.14 2.04 ± 0.03 0.084 ± 0.016 93 ± 3
Satellite 0.19 ± 0.05 0.890 ± 0.081 1 ± 22 −0.07 ± 0.10 0.74 ± 0.14 ≡ 2 ≡ 0 ≡ 0

Notes. The position of the main lens is given with respect to the ALMA phase-tracking centre; the position of the satellite is given with respect to
the centre of the main lens.

where Cd is the diagonal covariance matrix of the data and λ is
the regularisation constant that encodes the level of smoothness
of the background source surface brightness distribution, which
is also a free parameter of the model.

We find the best fitting mass distribution parameters ηbest
by combining all channels in the CO (2-1) emission line
together to improve the overall signal-to-noise ratio and to
provide the largest number of observational constraints; recall
that the observed structure at different velocities will probe dif-
ferent parts of the lensing potential. We then split the data
into eight velocity channels and remodel them individually by
keeping the mass model fixed to ηbest and by deriving the
most likely a posteriori source surface brightness distribution
and regularisation level for each individual velocity channel
of width 84 km s−1. The reconstructions of the 8 velocity
channels studied here are presented in Fig. 6, which shows a
good agreement between the observed and model image plane
data.

We find that the inferred lensing mass model parameters
(see Table 2) are in agreement generally within 2-σ with those
derived by Suyu et al. (2013) and Birrer et al. (2016) from a mod-
elling of the HST data, as well as with those derived by Chen
et al. (2016) from a modelling of Keck-II adaptive optics data at
2.2 µm (with the largest discrepancy being on the mass density
slope of the main galaxy). Both the HST and Keck-II data have
an angular resolution that is over a factor of 5 better than the
ALMA Band 4 observations presented here; the coarser resolu-
tion of the ALMA data shows itself in the large scatter in the
derived parameters for the satellite galaxy’s mass distribution.

In contrast, our model is not consistent with the lens param-
eters recently derived by Leung et al. (2017), who used imaging
with the PdBI of the CO (2-1) line at ∼4× 2 arcsec angular reso-
lution, which also shows tensions with Suyu et al. (2013), Birrer
et al. (2016) and Chen et al. (2016). In particular, Leung et al.
(2017) do not account for the presence of the satellite galaxy to
the north of the main lensing galaxy, and do not allow for an
external shear contribution; this leads to a mass model that is
significantly flattened (q = 0.56), and could bias their CO (2-1)
emission line reconstruction.

5. Intrinsic source properties

In this section, we discuss the reconstructed source to infer the
intrinsic properties of the host galaxy of RX J1131-1231.

5.1. CO (2-1) intensity and velocity distribution

In Fig. 7, we present the reconstructed integrated CO (2-1)
line intensity and velocity field maps, and the molecular gas
distribution relative to the reconstructed optical emission from
the host galaxy. From both the molecular gas and optical
emission, we see the clear disk like structure of the host
galaxy, which is distributed over the full extent of the source

(∼21 kpc). The major-axis FWHM of the CO (2-1) surface
brightness distribution is 9.4 ± 1.0 kpc. The velocity field
shows the typical structure that we would expect to see for a
rotating disk.

We find that the CO (2-1) emission has a complex distribu-
tion that is clumpy, showing a two spiral arm structure. There
is also clear evidence that the peak in the CO (2-1) emission is
not coincident with the centre of the host galaxy, and hence, the
location of the AGN, but may be part of a bar that is close to
the centre of the host galaxy. From comparing with Fig. 4, we
see that this peak in the CO (2-1) distribution is also coincident
with the region of higher velocity dispersion, demonstrating that
this region has increased gas turbulence. It is not clear if the
enhanced brightness distribution and velocity dispersion in the
CO molecular gas in this region of the source is associated with
a site of ongoing star-formation or if the offset from the cen-
tral engine is due to feedback from the AGN. We note that the
velocity field in this region is consistent with the overall smooth
structure of the rotating disk, with no evidence for outflowing
gas. Therefore, it is most likely that the peak in the CO (2-1)
distribution is associated with star-formation. Further observa-
tions of, for example, the mm-continuum at a higher frequency
closer to the peak in the dust bump of the spectral energy dis-
tribution may show evidence of dust obscured star-formation in
this region.

From our reconstructed CO (2-1) intensity map, we derive
an intrinsic line intensity of ICO = 2.06 ± 0.43 Jy km s−1,
which corresponds to a line luminosity of L′CO = 1.2 ± 0.3 ×
1010 K km s−1 pc2 (see Solomon et al. 1997). We find that our
calculation of the intrinsic line intensity is about 30% lower
than that found by Leung et al. (2017), most likely due to
the differences in the lens models and the fact that the PdBI
dataset was taken at a lower angular resolution. In particular,
we associate this discrepancy with the mass model differences,
as our mass model predicts a factor of 2 higher magnifica-
tion in the red channels, which dominate the image-plane line
intensity. Moreover, Leung et al. (2017) detected CO emis-
sion as far out as ∼400 km s−1, which we do not see in our
deeper ALMA images; this adds an additional ∼10% to their
inferred ICO.

Finally, although Leung et al. (2017) discuss a possible CO
(2-1) component from a source-plane companion satellite galaxy
in their PdBI data. However, we find no evidence for this satel-
lite component in our higher resolution and higher sensitivity
spectral line imaging with ALMA.

5.2. Star-formation rate, far-infrared luminosity and dust mass

We have determined the intrinsic properties of the dust emis-
sion from the modified black body spectrum that was fitted to
the far-infrared and mm-wavelength continuum emission (see
Fig. 2). This fit is limited by the precision of differential magnifi-
cation and the lack of short wavelength data that would properly
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Fig. 5. Channel maps (82 km s−1 width) for the CO (2-1) emission line from about −300 to +400 km s−1, relative to the systemic velocity. The
maps show the clear velocity dependent structure of the line surface brightness distribution. Each map covers a sky area of 12.8′′ × 12.8′′ and the
linear intensity-scale ranges from −0.04 to 0.2 Jy beam−1 km s−1. The systemic velocity corresponds to a redshift of z = 0.654, and is in the LSRK
frame using the radio definition of the redshift. The synthesised beam has a size of 0.44 × 0.36′′ at a position angle of 60 degrees east of north, and
is shown in the bottom left-hand corner of each map as the white ellipse.

define the cold dust temperature and the possibility that there is
also heated dust emission from the AGN at short wavelengths.
For these calculations, we assume that the dust emission is
traced by the molecular gas distribution and hence has the same
magnification (µCO = 7.3). We find a total infrared luminosity of
L8−1000 µm = 4.14+2.56

−1.50 × (7.3/µIR)× 1011 L� and a star-formation
rate of SFR = 69+41

−25 × (7.3/µIR) M� yr−1.

5.3. Dynamical mass and CO–H2 conversion factor

In Fig. 7 we also show the rotation velocity as a function of
radial distance from the host galaxy centre (defined by the

position of the AGN). To do so, we extract the velocity infor-
mation along the major axis of the galaxy for each of the 8
velocity bins (84 km s−1 velocity resolution). The rotation curve
is corrected for the inclination of the disk i = 54◦, which we
find from the reconstructed morphological axial ratio. While
a full dynamical analysis of the disk (joint with the contin-
uum) is out of the scope of this work, we estimate the total
enclosed dynamical mass, assuming the gas to be virialized,
using

Mdyn =
σ2R
G

, (3)
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Fig. 6. Reconstruction of the CO (2-1) emission for our 8 velocity channels. From left to right are shown the dirty image of the data, the dirty
image of the best model (normalised to the peak of the dirty image data), the residuals of the data-model, the best image-plane model and the best
source-plane model (in units of mJy km s−1 arcsec2). The white lines denote the critical lines and caustics in the image plane and the source plane,
respectively. The axis coordinates are in arcsec with respect to the ALMA phase-tracking centre. The spatial scale in the source plane (right panels)
is 1′′ = 7.030 kpc.

where σ is rotational velocity (σ = Vrot/ sin i) at radius
R and G is the gravitational constant. Our inclination-
corrected mass within 5 kpc is M(r < 5 kpc) = 1.46 ± 0.31×
1011 M�.

We also derive the Toomre parameter, according to the
standard instability analysis defined by Toomre (1964), using

Qg =
cs k
πGΣ

, (4)
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Fig. 7. Upper-left: Moment-zero (integrated line intensity, in units of mJy km s−1 kpc−2). Upper-right: Moment-one (velocity field, in units of
km s−1). For the moment-one map, only regions with a signal-to-noise ratio > 1 are taken into account. The thin black lines trace the 25, 50 and 75
per cent contours of the moment-zero peak intensity. The coordinate system is centred on the AGN position obtained from the HST imaging (Suyu
et al. 2013). Lower-left: Overlay of the reconstructed CO (2-1) moment-zero map (red contours) on the optical continuum image (grey scale, Suyu
et al. 2013). The source-plane caustics are shown as solid grey lines. Lower-right: One-dimensional rotation curve of the reconstructed CO (2-1)
source, displaying a shape typical for disk-like dynamics. The blue solid line represents the rotation curve, corrected for disk inclination of i = 54◦.

where cs is the sound speed that we approximate with mean
velocity dispersion, k is epicyclic frequency k =

√
2Vrot/R, G

is the gravitational constant and Σ is the surface density of
the disk at radius R. We find from our high angular resolution
ALMA data that Q = 1.07 for the RX J1131-1231 molecular gas
distribution, consistent with a stable rotating disk for the host
galaxy.

From our dynamical mass, we estimate the gas mass by
assuming a contribution of 30% from the dark matter halo and
a stellar mass of M∗ = 3.0 ± 1.0 × 1010 M�, the latter derived
by Leung et al. (2017) from the magnification corrected opti-
cal/infrared spectral energy distribution. We find a gas mass of
MH2 = 8.3 ± 3.0 × 1010 M�, which implies a CO–H2 conversion
factor of α = 5.5 ± 2.0 M� (K km s−1 pc2)−1 for RX J1131-1231.

5.4. Comparison with far-infrared bright galaxy populations

In Fig. 8 we show the L′CO and LIR luminosity of RX J1131-
1231 in comparison, as in (Daddi et al. 2010), with various
local and distant samples of dusty star-forming galaxies, both
with and without evidence of quasar emission, and the star-
formation efficiency (L′CO/LIR) for the sample of galaxies as a
function of redshift. In addition, the last panel of Fig. 8 shows
the comparison of the CO emission region sizes.

RX J1131-1231 has very similar properties to both local spi-
ral galaxies and z = 1− 2 BzK galaxies (Daddi et al. 2010). First,
the L′CO in RX J1131-1231 is directly comparable to that of high-
redshift BzK galaxies. While the average SFE of BzKs is 1.5
times larger than that of RX J1131-1231, this discrepancy might
be due to the limited coverage of the FIR part of the spectral
energy distribution of RX J1131-1231.

Finally, the size of the molecular gas reservoir in RX J1131-
1231 as traced by the CO (2-1) line agrees well with that of BzK
galaxies (∼10 kpc FWHM), while being only slightly larger than
in local spirals.

On the other hand, we clearly see that the molecular gas
and heated dust properties of RX J1131-1231 are notably dif-
ferent from the population of ultra-luminous infrared galax-
ies (ULIRGs), sub-mm galaxies (SMGs) and high-redshift
quasars.

In particular, the large extent of the CO (2-1) emission stands
in contrast to previous studies of molecular disks around zs = 1-4
gravitationally lensed quasars (Solomon & Vanden Bout 2005;
Riechers et al. 2011; Sharon et al. 2016), which have a typ-
ical diameter of 1–5 kpc indicating that the molecular gas
is concentrated in a compact circumnuclear region. No such
circumnuclear concentration of molecular gas is seen in CO
(2-1) in Fig. 7, rather, the extended CO (2-1) emission makes
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Fig. 8. Comparison of CO and IR properties of RX J1131-1231 to various local and distant samples as in Daddi et al. (2010). Upper-left: CO
vs IR luminosity. Upper-right: star-formation efficiency (SFE) as a function of redshift. Lower: FWHM CO region size as a function of redshift.
Individual symbols indicate: SMGs (blue circle, Greve et al. 2005; Daddi et al. 2009; Frayer et al. 2008), QSOs (green circles, Riechers et al.
2006; Solomon & Vanden Bout 2005), local ULIRGs (yellow circles, Solomon et al. 1997), local spirals (black circles, Leroy et al. 2008; Wilson
et al. 2009), BzK galaxies (red circles, Daddi et al. 2010). For local spirals, we associate a Hubble-flow redshift (right panel) based on the actual
distance. The solid line in the upper left panel shows the best-fitting LCO vs. LIR relation to the combined sample of local spirals and distant BzK
galaxies. The star-formation efficiency (SFEs) is defined as the ratio LIR/L′CO. For the CO sizes, only resolved sources from individual samples have
been used. Given the limited number of SMGs in Daddi et al. (2010) with resolved CO emission, in the bottom panel, we include the SMG sizes
reported by Tacconi et al. (2008).

RX J1131-1231 morphologically more similar to disk galax-
ies, rather than high-redshift quasars. However, we can not
rule out a presence of a higher-excitation CO reservoir in the
central region: future higher J-level imaging of CO at high angu-
lar resolution are required to confirm an existence of such a
reservoir.

This suggests that the global properties of these galaxies are
not determined by their AGN activity, but by their host galaxy
morphology. This is also seen in our estimate of the CO–H2 con-
version factor, where for RX J1131-1231 the value is consistent
with typical disk galaxies both at low redshift (e.g. the Milky
Way) as well as higher redshifts (z ∼ 1.5; Daddi et al. 2010).

6. Conclusions

We have presented new high-resolution ALMA continuum and
CO (2-1) spectral line imaging of the star-forming and AGN
composite galaxy RX J1131-1231. Our analysis illustrates the
combined power of gravitational lensing and high resolution
interferometry as a tool to study distant galaxies and the co-
evolution of AGN activity with the host galaxy star-formation
properties. Our spectral line imaging, after correcting for the
distortions from the gravitational lensing, represent the highest

angular resolution mapping of CO (2-1) in an AGN system
beyond the local Universe (see also Riechers et al. 2008). We
find that the CO (2-1) molecular gas distribution is extended on
the order of ∼21 kpc across the host galaxy, with a well-ordered
velocity field consistent with a rotating disk, but with significant
structure both in the molecular gas intensity and velocity dis-
persion, that we attribute to ongoing star-formation within the
quasar host galaxy.

Although the optical and mm-wave emission of RX J1131-
1231 is dominated by its AGN, its star-formation efficiency, the
size of the molecular disk and CO–H2 conversion factor make
it more similar to the nearby and high-redshift disk galaxies,
rather than other high-redshift quasars. This suggests that the
star-forming properties of these systems are dependent on the
morphology of the host galaxy, as opposed to the level of AGN
activity. This is consistent with the similarity in the molecular
gas and dust luminosities of high redshift dusty star-forming
galaxies and AGN (Sharon et al. 2016). In particular, our finding
that the CO–H2 factor is similar to the Milky-Way derived
value can have significant consequences for the applicability
of scaling relations to estimate the molecular gas masses of
high-redshift infrared-bright AGN systems. We note that such
a large CO–H2 factor has also been reported for the very
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high-redshift (z ∼ 4) gravitationally lensed quasar
APM 08279+5255 (Weiß et al. 2007).
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